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Chapter 1
Introduction

1.1 Research Background and Significance

With the rapid development of society and the continuous prosperity of science and
technology, we are more and more dependent on the transmission and processing of
information. During the past 30 years, the wireless data rate increased by 2 times
every 18 months, and the data communication rate is approaching the capacity limit
of wired communication system [1]. The era of “data explosion” has come. The
2017–2022 Visual Networking Index (VNI) White Papers released by Cisco in 2019
predicts that by 2022, the number of global Internet users will increase to 4.8 billion,
accounting for 60% of the global population; global IP traffic will increase more than
threefold, reaching 396 EB per month. The forecast of global IP traffic per month
from 2017 to 2022 is shown in Fig. 1.1. Meanwhile, IP video traffic will quadruple
and the Internet gaming traffic will grow ninefold [2]. Such a large demand for data
traffic will bring great challenges to the existing network communication devices,
and the development of high-speed broadband communication network becomes an
urgent task.

Since the birth of wireless communication technology, the demand for higher
speed and lower delay is growing every ten years, and this trend is expected to
continue in the future [2]. Consumers’ demand for quality of service (QoS) is
increasing. Some applications, such as virtual reality (VR), augmented reality (AR),
cloud computing and Internet of things (IoT), also put forward higher demand on
real-time communication speed to a considerable extent. After decades of develop-
ment, the existing wireless mobile communication technology will officially enter
the era of 5G Internet of things this year. The 5G technology has the characteristics
of low delay, broad bandwidth and large-scale access, which will bring a new experi-
ence to people’s lifestyle. Big data, wireless cloud, ultra-fast wireless download and
seamless data transmission will change the development of communication industry
in the future and innovate the way people communicate and obtain information.

The increase of communication demand forces us to make efforts to expand the
channel capacity. We have studied the scheme to improve modulation and coding
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Fig. 1.1 Cisco forecasts
global IP traffic per month
from 2017 to 2022
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and the technology of antenna beamforming to improve signal noise ratio (SNR) [2].
However, we will reach the physical limit in reducing SNR. At present, the allocated
commercial radio spectrum below 10 GHz, which is occupied by multiple users in
time and space, is facing the situation of resource exhaustion. Shannon formula has
pointed out that the channel capacity of communication system is proportional to
the channel bandwidth [3]. There is no doubt that the most effective way to expand
channel capacity quickly is to increase channel bandwidth and expand available
spectrum. At present, the frequency band used in 5G communication technology has
entered millimeter wave (30–300 GHz) range, and the large bandwidth of millimeter
wave band will bring a breakthrough to the transmission rate. Countries all over the
world have also obtained lots of achievements in the research and promotion of 5G
technology [4].

In recent years, our focus on the research of 5G technology has always been on the
frequency band below 60 GHz, and the maximum frequency of carrier is no higher
than 90 GHz, because it is the limit that current commercial devices can achieve
[5]. The number of available channels is also relatively limited in millimeter wave
band. For example, the maximum available bandwidth is only 7 GHz in the 60 GHz
millimeter wave band [5]. Although 5G network is an order of magnitude better
than 4G in data rate, network latency and channel capacity, if we need to improve
the performance more to support data transmission rate of Tbps and delay of less
than 1 ms, it is necessary to study beyond 5G technology [6, 7]. We have already
tried the next leap in communication performance and capacity beyond 5G. With
the continuous development of wireless market, there will be demand for frequency
bands above 90 GHz, including terahertz band from 0.1 to 10 THz. With wireless
mobile data communication developing to higher frequency, it is an inevitable trend
to step into terahertz wave band.

Terahertz wave band is an area which has not been extensively explored and has a
very broad application value and development space. The position of terahertz wave
band in radio spectrum is represented in Fig. 1.2. The frequency of carrier increases
gradually from radio frequency band, microwave band, infrared band to visible band,
and the available spectrum, throughput and path loss also increase at the same time;
on the contrary, the lower the frequency is, the higher the space coverage and mobile
applications are, but the mutual interference between signals increase, too.
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Fig. 1.2 Position of terahertz wave band in radio spectrum

The frequency of terahertz wave band is from 0.1 to 10 THz, and its wavelength is
from 3 mm to 30 µm, which is between microwave and far infrared. The long wave-
length of terahertz wave band partially coincides with millimeter wave band (wave-
length is from 10 to 1 mm), and its short wavelength partially coincides with infrared
band (wavelength is from 1 to 760 mm). So we can consider that terahertz frequency
band is in the transition region from macro classical theory to microquantum theory
[8].

Terahertz is between microwave and infrared, so it has some special characteris-
tics. Characteristics of terahertz are as follows [9, 10]:

1. Transient. We can learn from researches that the pulse width of terahertz
is in picosecond order, so it can be used to study the time resolution of
various materials in the circumstance of effectively reducing background noise
interference.

2. Coherence. Terahertz pulse is generated by dipole oscillation driven by coherent
current, or by nonlinear optical parameters and difference frequency effect
driven by coherent laser pulse. The coherentmeasurement technology can detect
the phase and amplitude of the radiated electric field directly, so it improves the
stability and reduces the amount of calculation.

3. Penetrability. Terahertz wave has a good penetration on many materials, so it
can be used in many aspects, such as security.

4. Low energy. The photon energy of terahertz is only a few millielectron volts,
so it is more suitable to detect biological tissues than X-rays.

5. Strong absorption. Most of polar molecules have a strong ability of absorption,
so we can use the characteristic spectrum of these polar molecules to detect the
quality or composition of materials and products.

Compared with millimeter wave, infrared frequency and other systems, terahertz
wireless communication has the following advantages in communication:
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1. A large number of unallocated frequencies: Federal Communications Commis-
sion (FCC) have not allocated frequencies above 300 GHz so far [11].

2. Ultra-high bandwidth. In terms of communication frequency band, terahertz
wave spectrum is from 0.3 to 10 THz, and it can be divided into many narrow
communication frequency bands. Furthermore, the bandwidth of terahertz spec-
trum is 1000 times of the total bandwidth of long wave (LW), medium wave
(MW) and microwave (30 GHz). As a result, terahertz communication can
provide a very considerable bandwidth.

3. High security. First of all, terahertz signals have large atmospheric attenua-
tion [12], so it is only suitable for short-range communication in space and
is difficult to eavesdrop. Besides, for communication in broadband spectrum,
if the eavesdropper does know the certain frequency, it is difficult to find the
specific frequency in the broad spectrum, making terahertz communication a
safe way to communicate.

4. Strong directionality. Terahertz wave has less free space diffraction due to its
shorterwavelength, so at the same transmitter aperture, terahertz communication
link is more directional than millimeter wave (MMW) link to transfer informa-
tion using directional beam. This kind of small antenna with good directionality
can be used in terahertz communication to reduce the transmission power and
signal interference of different antennas.

5. Longer propagation distance than infrared (IR). In some certain circumstances
of bad weather (such as fog, dust and air turbulence), the attenuation of terahertz
radiation is lower than IR, and the propagation distance is longer, too.

6. The sensitivity of detectors is relatively strong. At present, the intensity modu-
lation and detection of infrared photodetectors are not as sensitive as terahertz
detectors.

7. Less environmental noise. There is usually more IR optical noise than tera-
hertz noise. In ordinary indoor and outdoor environment, sunlight, incandes-
cent lighting and fluorescent will cause strong environmental infrared noise.
The terahertz wave band has less noise, so it can improve the quality of signal
transmission to a certain extent.

Terahertz has a lot of applications in many aspects, such as spectrum, imaging,
broadband communication, environmental monitoring, entertainment technology
and so on [9, 12–16], which are shown in Fig. 1.3.

The applications of terahertz include:

1. Spectroscopic technology.Time-domain spectroscopy is a non-contactmeasure-
ment technology. Different materials have different absorption and dispersion
of terahertz signals, so THz-time-domain spectroscopy (THz-TDS) system has
already become a laboratory standard of terahertz spectroscopy. In THz-TDS
system, frequency characteristics are obtained by Fourier transform of time-
domain data, and the resolution of frequency is limited by the time window
given by optical delay. The typical frequency resolution of a THz-TDS system
is about 100 MHz–1 GHz, which is decided by the repetition rate of pulse laser
and the scanning length of optical delay line. The technology is widely used
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Fig. 1.3 Applications and directions of terahertz technology

because of its high detection SNR, broad bandwidth and high sensitivity. Other
potential applications of terahertz spectroscopy are reflected in the inspection
and evaluation of materials made of semiconductors, solar cells, polymer films,
dielectric composites, plastics, coatings and so on.

2. Imaging technology. Terahertz is similar to other electromagnetic waves to be
used in imaging objects. Terahertz wave can penetrate many non-conductive
materials, but it can be absorbed by polar molecules, such as water molecules,
and it can also be reflected by metals. Therefore, terahertz can be used in spec-
tral imaging, such as medical imaging of biological tissues, detection of unla-
beled proteins, detection of distribution of polymorphs in tablets and so on.
Since Hu and Nuss established the first terahertz wave imaging device in 1995,
researchers have carried out many researches, such as electro-optic sampling
imaging, tomography, terahertz wave mono-pulse time-domain imaging and so
on, and have been widely used in quality control, archeology, safety detection.

3. Terrestrial communication technology. In order to keep up with the rapid devel-
opment of optical fiber network, higher transmission rate required by wire-
less communications has always been high. Due to the limit of devices and
other conditions, wireless rate that can match the optical fiber transmission
rate has not been reached, so it is necessary to explore other ways to reach
higher frequency bands, larger bandwidth and higher rate. Terahertz band has
not been allocated in larger numbers, so there are still lots of spectrum resources
to use, which lays a good foundation for high-speed wireless communication.
In terms of enabling technologies like semiconductor electronic devices and
integrated circuits, the most realistic way is to develop frequency from 100
to 500 GHz. In addition, from the view of electromagnetic wave attenuation
in the atmosphere, the attenuation of signals changes with frequency. When
the frequency exceeds 300 GHz, the size of antenna will be submillimeter,
which is smaller than the lens used in IrDA module, and the cost of transceiver
module will be reduced sharply. Considering spectrum resources, data rate
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requirements and other factors, terahertz communication will be the main used
frequency band of 6G or 7G or even higher generation mobile communication
in the future. Compared with microwave and optical communication, terahertz
has broader prospects in long-distance satellite space communication, large-
capacity short-reachmilitary secure communication, high-speedwireless secure
access networks and so on.

In addition, the propagation distance of terahertz band communication is short
due to the large absorption loss of molecules. Although it is a disadvantage, from
another point of view, the confidentiality is enhanced because short distance cannot
be eavesdropped, and narrow beam and short pulse duration can make ensure the
communication. Furthermore, spread spectrum technology can be used to avoid and
deal with serious interference attacks in THz frequency band.

4. Environmental monitoring. Nano-sensors with terahertz communication can
sense chemical compounds in the environment at a density of one billionth, so
they can be used to monitor the density of toxic elements in the environment or
urban drinking water reservoirs and report results in time, which can improve
people’s quality of life through smart city applications. Similarly, terahertz band
wireless nano-sensors network can be used to monitor air pollution. Nano-
sensors and global positioning system (GPS) loaded on vehicles can collect data
from the city when driving. Terahertz receiver systems installed on roadsides or
traffic lights can be used to download data collected by vehicles.

5. Entertainment technology. The advanced development of vision technology,
such as blue laser, 3D movie, game platform, ultra-high definition movie and so
on, requires very high data rate. In addition, many emerging technologies, such
asAR,VR,HDholographic video conference, haptic communication and haptic
Internet, also have a huge demand for high data rate. In order tomeet the demand,
ultra-side THz band can be used. By using terahertz frequency band, files with
huge amounts of data can be downloaded from deployed devices, so that users
of hand-held devices can achieve a data rate of 100 Gbps. For example, high-
definition holographic video conference AR and VR use THz communication
because it can realize the seamless connection between ultra-highwired network
andwireless devices. If eyes and ears are not synchronized, therewill be comfort
of dizziness while using AR and VR systems. The synchronization delay must
be less than 10 ms, and terahertz networks can meet the demand. Terahertz
network is a candidate system to realize ultra-low latency, so it can be an ideal
choice for the infrastructure of these needs. It can be expected that terahertz
networkwill become a catalyst for the progress and development of applications
like augmented reality and virtual reality, providing almost zero latency at an
extremely high data rate.

6. Space communication. Compared with millimeter wave band, terahertz band
will offer broader bandwidth for communication. In theory, the bandwidth can
reach several THz and can provide potential communication capacity of several
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Tbps [17]. Terahertz signals have narrower beam and better directivity. Direc-
tional beam and limited propagation distance make terahertz signals very suit-
able for safe wireless communication, and the possibility of eavesdropping
communication data is also lower [18]. Compared with infrared and visible
light band, terahertz band also has a lot of advantages. Visible light communi-
cation (VLC) signals can only propagate in a straight line through line of sight
(LOS) and cannot be propagated if there is any occlusion. However, terahertz
signals can be propagated through non-line of sight (NLOS) [19], so it is a
good option for uplink communication. Terahertz signals can also overcome
bad weather conditions like fog, dust, turbulence and so on [20], which can
ensure the quality of communication in harsh environment. Infrared communi-
cation and visible light communication are affected by various kinds of optical
environmental noise in daily life, while terahertz signals are not affected by
environmental noise. In addition, infrared wave band and visible light band are
very sensitive to objects and reflection, and the limit of emission power for
personal safety is also high. Too high infrared or visible light emission power
will damage eyes, while terahertz band is not affected by human health or
safety limit [21]. Hybrid terahertz/optical link is a feasible solution for future
wireless communication, which combines terahertz communication with free
space optical communication (FSO) [22]. We can choose between terahertz
link and free space optical link flexibly according to weather conditions. FSO
technology can be used in sunny weather, and terahertz link can be used to
establish reliable communication connection in bad weather conditions like fog
or strong wind. THz band can be used in satellite communication, even if the
propagation distance is short due to spread spectrum and molecule loss. We
can extend the propagation distance of THz by using large antenna array tech-
nology, high output power and high gain amplifier. It is more suitable to use
THz band in dry area, because molecule absorption is mainly caused by water
vapor. Optical wireless communication technology, which combines terahertz
communication with optical fiber communication, combines the flexible access
of wireless communication with high capacity and long distance of optical fiber
communication. It will become a necessary means to ensure smooth communi-
cation in case of natural disasters and other special conditions, and will be used
for the access of the last kilometer of optical fiber.When the optical fiber devices
are damaged in some special conditions (such as natural disasters), the link can
be used as broadband wireless link and can also be used in the connection of
mobile wireless equipment base stations, which guarantees the integrity of the
communication system.Opticalwireless terahertz communicationwill also play
an important role in the return link of future cellular network, and its schematic
diagram is shown in Fig. 1.4. Large-capacity optical fiber access to the optical
core network or backbone network, each base station provides services for a
5G cell. Using terahertz link for back-propagation between each base station
can improve channel capacity effectively compared with the existing traditional
return link.
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Fig. 1.4 Applications of terahertz return link in future cellular network

Terahertz communication can also be used to improve the performance of data
centers. A large number of servers are deployed in data centers to provide enough
bandwidth for various applications. Fixed wired networks cannot deal with the traffic
burst caused by static link and limited network interface. Researchers suggest that
terahertz link can be used as parallel technology to improve the performance of data
centers [23]. The millimeter bandwidth used in data centers is limited, the coherent
detection of infrared communication is very complex and there are limitations in
square law detection, so the performance of terahertz link is better than millimeter
wave and infrared technology. The size of terahertz antenna is very small, so it
is convenient to integrate into wearable devices, which is helpful to form a new
nano-Internet of things (NIoT) networks [24].

In summary, terahertz band has a broad application space. At present, terahertz
band is a frequency band that has not been fully developed and has a huge market
prospect and application potential. It is necessary to study and develop terahertz band
communication.

1.2 Research Status at Home and Abroad

Due to many excellent characteristics of terahertz wave in communication, IEEE
802.15 standard established “terahertz research group” as early as 2008, and it is
the start of the establishment of terahertz communication standard [25]. Frequency
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allocation above 275 GHz has also been put on the agenda of “World Radiocommu-
nication Conference 2019” of International Telecommunication Union (ITU) [26].
Research institutions and companies at home and abroad have carried out extensive
researches on terahertz communication.

1.2.1 International Research Status

Foreign research institutions have made many research achievements in high-speed
communication, and some research progress of terahertz wireless communication is
shown in Table 1.1.

NTT company made an attempt in terahertz communication in 2004 and real-
ized the wireless transmission of amplitude shift keying (ASK) modulated 10 Gb/s
signal in 120 GHz frequency band. The system can transmit 6 channels of uncom-
pressed HDTV signals at the same time, which was used in the live broadcast of
Beijing Olympic Games in 2008 and the wireless transmission distance was more
than 1 km [27]. In 2006, Hirata et al. designed a 120 GHz terahertz communication
system based on the microwave photonic technology. The frequency of the optical
subcarrier is 125 GHz and the data transmission rate is 10 Gb/s. This system has
a low power consumption. Its receiving power is lower than −30 dBm, while the
communication distance can reach 200 m, and the maximum transmission distance
is expected to reach 3–4 km. Connecting wireless link connected with the 10 Gb/s
optical fiber communication system can realize the access of the last kilometer of
optical fiber communication [28]. In 2008, Braunschweig Communication Labora-
tory of Germany successfully realized the real-time transmission of analog color
video baseband signals on 300 GHz channel, and its modulation bandwidth is more
than 1 kHz and transmission distance is longer than 22 m [29]. In 2011, National
Institute of Information and Communication Technology of Japan realized the trans-
mission of 40 Gb/s 16QAM radio over fiber (RoF) signals in W-band (75–110 GHz)
[30]. Technical University of Denmark realized the transmission of 16QAM signals
in the optical wireless hybrid link by using optical heterodyne transmitter inW-band,
with the rate of 100 Gb/s and the wireless communication distance of 120 cm [31].
The achievement is the highest rate that can be reached in W-band at that time and
becomes a new breakthrough of terahertz communication rate. In 2011, the German
Institute of applied solid state physics developed a set of all solid terahertz wire-
less communication system whose working frequency is 220 GHz. The transmitting
and receiving front end of the system includes multi-functional millimeter wave
microwave integrated circuits (MMICs) that are designed and developed indepen-
dently, and can realize the transmission of 256QAM signals with a rate of 14 Mb/s,
and the data rate of on–off keying (OOK) signals can reach 25 Gb/s, and wire-
less transmission distance is 50 cm. The system is small in size and low in power
consumption, and it is a successful attempt to realize terahertz communication in pure
electronicmode [32]. Bell Laboratory has realized 625GHz terahertz communication
system in all electric mode andmade a new breakthrough in the frequency of carriers.
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The system generates frequency doubling terahertz signal source by using four times
frequency doubling and one time frequency tripling and uses dual binary baseband
modulation, which can achieve 2.5 Gb/s transmission rate in laboratory distance [33]
and realize error free transmission [34]. South Korean researchers have realized the
real-time wireless transmission of 1.485 Gb/s HDTV signals at the frequency of 240
and 300 GHz over 4.2 m transmission distance [35]. In 2012, Karlsruhe Institute of
Technology in Germany realized the transmission of 25 Gb/s wireless OOK signals
at 220 GHz over 10 m distance by using MMIC [36]. Japanese researchers realized
the real-time transmission experiment of 24 Gb/s wireless data in 300 GHz band over
50 cm distance by using uni-traveling carrier photodiode (UTC-PD), with transmis-
sion power of less than 200 µW, and bit error rate of less than 1 × 10−10 [37]. In
2013, Koenig. S and others in Germany reached the transmission rate of 100Gb/s and
the wireless transmission distance of more than 20 m at 273.5 GHz based on optical
frequency comb [51]. In 2014, Japanese researchers designed and realized a direct
quadrature modulation and demodulation MMIC, which integrates a half Gilbert
cell mixer for the modulation and demodulation of signals. This method can realize
the balance of signals and can reach higher conversion efficiency when the circuit is
simple. The system uses quadrature phase shift keying (QPSK)modulation format to
realize the transmission rate of 50 Gbit/s at 300 GHz over 2 mwireless distance [38].
In 2014, British researchers used optical frequency comb combined with polariza-
tion multiplexing technology to realize a multi-input multi-output (MIMO) system,
which realized 75 Gbit/s dual channel real-time transmission in 200 GHz band [39].
In 2014, Lille University in France used a terahertz optical mixer integrated broad-
band antenna and heterodyne detector and realized a wireless transmission rate of
46 Gb/s at 400 GHz over 2 m wireless distance [40], with the transmission power
of less than 1 µW. In 2015, British researchers realized a four-carrier downlink
transmission system by using external injection gain adjustable optical frequency
comb to generate terahertz signals. The data rate of overall downlink channel can
reach 100 Gbit/s and the uplink OOK signals rate can reach 10 Gb/s [41]. Multi-
carrier transmission can increase the data rate in the case of high spectral efficiency
and reduce the bandwidth requirements of photoelectric conversion devices. Tech-
nical University of Denmark realized a terahertz wireless transmission system with
400 GHz carrier frequency, which can transmit 60 Gb/s wavelength division multi-
plexing (WDM) QPSK signals in real time in Nyquist channel. It is the highest rate
that can be reached at the carrier frequency of more than 300 GHz at that time [42].
In 2017, University of Duisburg-Essen in Germany realized coherent radio over fiber
(CRoF) terahertz communication link, which can support the transmission of offline
59 Gb/s 64QAM-OFDM (orthogonal frequency division multiplexing) signals. The
link can realize the real-time transmission of HDTV at 328 GHz over 1.5 m distance,
and the modulation bandwidth is more than 6 GHz [43].

In recent years, foreign research institutions have made a lot of new progress
and breakthrough in terahertz communication, and it is possible to realize a rate
of 100 Gb/s in 300 GHz frequency band. Data rate of more than 100 Gb/s real-
ized in traditional laboratory environment is usually realized by using space division
of frequency division multiplexing technology, which will increase the complexity
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and energy consumption of the system. In 2017, Technical University of Denmark
realized a single 0.4 THz optical wireless fusion terahertz link by using a group
of terahertz transmitters and receivers. It reached the wireless transmission rate of
106Gb/s over 50 cmwireless distancewithout using space division or frequency divi-
sion multiplexing technology. The result was realized by using modulation format
of high-frequency spectral efficiency, ultra-broad bandwidth terahertz receivers and
transmitters and advanced digital signal processing [44]. In 2018, French researchers
realized the data transmission rate of 100 Gb/s at 280 GHz with a bit error rate of less
than 10−6 [45]. In 2019, German researchers simplified the structure of receivers by
using Kramers–Kronig (KK) scheme, which realized the effect of coherent detection
by using a single photodiode and transmitted 16QAM signals of 115 Gbit/s net rate
on 0.3 THz carrier over 110 m distance successfully [46]. Terahertz communication
transmission experiments are not limited to single-carrier system but also have some
new achievements in OFDM systems with high spectral efficiency. In 2019, Univer-
sity of Duisburg-Essen in Germany transmitted 64QAM-OFDM signals on coherent
radio over fiber (CRoF) system at 325 GHz successfully and the frequency spectral
efficiency reached 5.9 Bit/s/HZ [47]. The exploration of higher carrier frequency is
going on. Japanese researchers realized the transmission rate of more than 12.5 Gb/s
in 700 GHz frequency band for the first time by using UTC-PD and Schottky diode
mixer receiver based on photon-assisted technology [48].

The standardization of terahertz communication is also advancing. In early 2008,
IEEE establishedTHz InterestGroup (IGTHz) under the framework ofOEEE802.15
[53]. In 2013, the group transformed into terahertz communication research group
and prepared for the standardization of terahertz communication. In 2014, the “100G
Wireless” task group (TG100G, IEEE 802.15.3d)was established to design standards
for the physical layer and media access control (MAC) layer of THz communication
[53]. More than 500 research institutions and units have made contributions to the
standardization of terahertz communication since 2014. Application requirements
document published in May 2015 described the application, performance and func-
tional requirements of terahertz communication [54]. The document introduced the
network architecture suitable for different cases and specified the target communi-
cation range and data rate of the selected application, so it is widely used by IEEE
802.15.3d task group in subsequent researches. The technical requirements docu-
ment (TRD) released in March 2016 specified the target requirements according to
the range, data rate, bit error rate and so on. The latest TRD also provides some
media access control protocols for lower THz frequency band communication [55].
The new standards of terahertz released by IEEE 802.15.3d in 2017 defines another
physical layer (PHY) for point-to-point links in the frequency band from 252 to
325 GHz and also defines two types of PHYmodes which can realize the data rate of
100 Gb/s by using eight different bandwidths from 2.16 to 69.12 GHz. The standard
also defines the standard for physical layer and MAC layer of the high data rate
wireless connection of fixed and mobile devices [56].

In terms of the architecture of terahertz communication, the “Wireless Tera-
hertz System Architecture for Networks Beyond 5G” White Papers [57] released
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by TERRANOVA in 2018 gives three alternative technical solutions to tera-
hertz system architecture, which are used for three different scenes respectively,
including point-to-point (P2P) link, point-to-multi-points (P2MP) link and indoor
quasi-omnidirectional link [57].

Beamforming technology is particularly important due to the stronger directivity
of terahertz beam. Physical channels in the real world have the characteristic of
three-dimension, so the two-dimensional MIMO technology which is widely used
at present is not the best choice [58]. In order to reduce the inevitable path loss
in the channel, 3D beamforming is a better solution to construct directional beam,
extend communication range and reduce interference [25]. It can also improve the
signal intensity by positioning the vertical main lobe on the receiver accurately. The
principle and applications of terahertz beamforming are introduced in Ref. [59],
including path length based method, phased array method, passive array method and
the use of leaky broadcast antenna.

1.2.2 Domestic Research Status

Universities and institutions studying terahertz communication in China include
PekingUniversity, FudanUniversity, ZhejiangUniversity,BeijingUniversity of Posts
and Telecommunications, HunanUniversity, Shanghai Institute ofMicrosystems and
Information Technology and so on. Some research achievements are summarized in
Table 1.2.

Zhejiang University has realized a 300–500 GHz optical wireless link, realizing a
transmission rate of 160 Gb/s by using single transmitter, and it is the new record of
the frequency band rate above 300GHz at that time [65]. TianjinUniversity generates
terahertz source by using optical frequency comb heterodyne mixing. The system
can realize the transmission of 5 GBaud 4-carrier 16QAM signals at 400 GHz, with
a total data rate of 80 Gb/s [66]. China Academy of Engineering Physics proposed a
wireless communication scheme based on carrier consistent mixing and carrier bias
power synthesis and realized wireless communication of 16 Gb/s OOK signals on
140 GHz carrier [68].

In terms of terahertz communication study, our research groupof FudanUniversity
has also made a lot of progress. We have realized fusion transmission of 108 Gb/s
Polarization Division Multiplexing (PDM)-QPSK signals through 80 km optical
fiber link and 1 m wireless link at 100 GHz frequency band. It is the first time to use
optical fiber and wireless link to transmit 100 Gb/s signals on 100 GHz link [61]. We
have realized the 2× 2 MIMOW-band RoF system to transmit 16QAM signal over
100 km single-mode fiber and 40 m W-band wireless distance, with a net bit rate of
51.2 Gb/s [67]. We have realized the transmission of two-channel 224 Gb/s PDM-
16QAM signal and two-channel 216 Gb/s PDM-QPSK signal in 400 GHz optical
wireless communication system. This achievement is the first implementation of
terahertz frequency band 400 GHz optical wireless system and is the new record of
terahertz wireless transmission rate [62].
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In 2017, we generated D-band vector QPSK terahertz signals based on balanced
precoding optical frequency quadrupling technology, which is the first time to
generate D-band vector terahertz signals [73] by using a Mach–Zehnder modu-
lator (MZM) without using optical filters. In 2017, we studied the use of proba-
bilistic shaping (PS) technology in terahertz system. Comparedwith traditional equal
probability distribution 16QAM, probability shaping can bring greater bit error rate
improvement [69]. MIMO system, multi-carrier and polarization multiplexing tech-
nology can greatly improve system rate. In 2017, we realized the first multi-carrier
2× 2 MIMO terahertz link to transmit 6-channel 20 Gb/s PDM-QPSK signals [70].
In high-speed communication, using probability shaping, Nyquist shaping, look up
table (LUT) and other advanced digital signal processing technology can improve the
system performance greatly. We have realized the wireless transmission of D-band
photon-assisted vector terahertz signal, which can transmit two paths of PS-64QAM
millimeter wave signals over 3.1 m wireless distance at the same time with a net
rate of 1.056 Tb/s. It is the highest rate of terahertz communication system in the
world at that time [71]. In 2018, we realized a new breakthrough in transmission
rate and distance of 2× 2 MIMO terahertz link, which can transmit 120 Gb/s QPSK
signal over 10 km optical fiber and 142 cm wireless distance at 375–500 GHz broad-
band [72]. In 2019, we proved experimentally that 132 Gb/s photon-assisted single-
carrier PDM-64QAM-PS5.5 terahertz signal can transmit 20 km optical fiber and
1.8 m wireless distance at 450 GHz. The experiment results show that probabilistic
constellation shaping can improve transmission capacity and system performance
significantly [74].

1.3 Challenges of Terahertz Communication Research

Although terahertz wave has a very good application prospect in communication,
and various research institutions and companies at home and abroad have achieved a
lot of achievements. However, terahertz communication still faces many challenges
due to its unique characteristics [75–82].

First of all, the spectrum range of terahertz signals is very broad, which can ensure
ultra-high data transmission rate. However, the corresponding cost is its high path
loss [75]. The path loss of terahertz frequency band is very sensitive to humidity and
the distance between transmitters and receivers. The wireless path loss of terahertz
signal may reach 100 dB under the transmission distance of 1 km [76]. The path
loss is not constant with the increasing frequency, so it is a little difficult to use the
continuous band of broadband [77].

Second, the wavelength of terahertz wave is very short and the penetrating power
is low, so it cannot penetrate walls and other surfaces. The special characteristics
can be applied in other fields, such as the detection of explosives [78], high resolu-
tion imaging [79] and so on, but it is a challenge for mobile communication. Low
penetrating power reduces the space coverage and is very sensitive to the blocking
between transmitter and receiver links.
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Thirdly, high-performance terahertz devices are needed, including high-
performance terahertz signal source, amplifier, antenna and receiver. It is necessary to
improve the efficiency of photoelectric conversion when generating terahertz signals
by photoelectric mixing. It is also necessary to improve the gain of terahertz antenna.
The receiving power is proportional to transmitting power and antenna gain and is
in inverse proportion to path loss [80]. So the path loss will increase when carrier
frequency increases.We cannot use too much transmit power due to the limit of tech-
nology. In order to improve the intensity of received signals, it is necessary to improve
the gain of antenna, which is in inverse proportion to the width of antenna beam [81].
Therefore, we need to use a narrow beam directional antenna. It is necessary to know
the position of transmitter and receiver in advance when using directional antenna,
which can be realized in static or fixed wireless communication. However, the trans-
mitting and receiving antennas must be continuously aligned and trained in mobile
scene, and the perfect beam alignment is difficult [82]. Terahertz transceivers should
be integrated as much as possible to reduce the volume and power consumption.
In addition, terahertz chips need to be developed to realize various digital signal
processing algorithms.

In summary, although terahertz communication faces various challenges, it still
has great research significance and value due to its transmission characteristics of
high speed, broad bandwidth and high security in today’s explosion of data demand,
which is worthy of more researches in the field of terahertz.

1.4 Main Contents and Structure of the Book

The book mainly introduces the advanced research direction of high-speed terahertz
communication. It introduces the principle of terahertz communication and high-
speed terahertz communication system and realizes the generation, transmission
and security application of high-performance terahertz signal. In the generation of
terahertz signal, we improve the system capacity by using probabilistic shaping
technology and propose two new generation schemes of photon-assisted terahertz
signal. In the transmission of high-performance terahertz signal, we use KK receiver
algorithm to improve system performance. In the security application, we use chaotic
encryption technology improve the security and confidentiality of the system.Wealso
introducehow to realize the seamless fusion transmissionof terahertz andoptical fiber
and the transmission of broadband long-distance terahertz signal and propose several
multi-dimensional multiplexing architectures. These technologies introduced in this
book are expected to help the future high-speed wireless communication system
improve capacity and enhance performance.

The first chapter introduces the research background and significance of terahertz
communication, the development and research status at home and abroad and chal-
lenges that terahertz communication will face. Next, it introduces main contents and
structure of this paper.
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The second chapter introduces the principle of terahertz communication system,
including the transmitting and receiving principle of terahertz signal, transmission
link of terahertz signal, path loss and atmospheric absorption parameters.

The third chapter introduces the basic algorithm and experimental verification of
high-speed single-carrier terahertz communication system. In this chapter, we first
introduce the back-end equalization algorithm of terahertz communication system
and then introduce twoexperimental systems.One is terahertz communication system
with pure electronic devices. It uses electronic devices to generate and receive signals,
which can reduce the complexity of the experimental device to the greatest extent.
The other system is photogenerated single-carrier terahertz communication system.
In this system, we generate single-carrier 16QAM terahertz signal by using photon
beat.

The fourth chapter introduces the basic algorithm and experimental verification
of high-speed multi-carrier terahertz communication system. In order to reduce the
high PAPR ofmulti-carrier terahertz signal and improve the accuracy of channel esti-
mation effectively, advanced digital signal processing algorithm can be introduced
to improve system performance, such as DFT-S, ISFA and Volterra nonlinearity
compensation algorithms. We introduce two terahertz OFDM transmission experi-
ments in this chapter. In the first experiment, we set up an OFDM terahertz commu-
nication system of optical carrier wireless communication. In the second experiment,
we studied the transmission of multi-order QAM terahertz signals. We improved the
performance of signal greatly by using probabilistic shaping and Volterra algorithm.
We realize the transmission of 10 Gbaud 4096-QAM terahertz signal over 13.42 m
wireless distance with a bit error rate under the soft decision FEC threshold of 4 ×
10−2.

The fifth chapter introduces the 2 × 2 MIMO wireless link based on optical
polarization multiplexing. Compared with SISO wireless link, the 2 × 2 MIMO
wireless link based on optical polarization multiplexing can be used to transmit
polarization multiplexing wireless signal and can double the wireless transmission
capacity effectively. Next, it introduces the 4 × 4 MIMO wireless link based on
antenna polarization multiplexing, the same antenna polarization MIMO wireless
transmission link and the 2 × 2 MIMO wireless link based on antenna polarization
diversity with low wireless crosstalk and simple structure. We also demonstrate a
photon-assisted 2× 2MIMOwireless THzwave signal transmission system through
experiments, which realized 2 × 2 MIMO wireless transmission of polarization-
multiplexed THz wave signal for the first time.

Chapter 6 introduces the 2 × 2 MIMO wireless transmission of 375–500 GHz
multi-band THzwave signal, which is the first time to realize theMIMO transmission
of multi-band terahertz wave signal. Our transmission link is 10 km wired SMF-28
optical fiber and 142 cm wireless 2 × 2 MIMO link, which transmits 6 × 20 Gb/s
6-band PDM-QPSK terahertz wave signal.

In Chap. 7, we propose two optimization schemes of photogenerated vector tera-
hertz signal. Firstly, we introduce the principle of several optical externalmodulators,
including phase modulator, Mach–Zehnder modulator and optical I/Q modulator,
and then we introduce the two schemes proposed. The first scheme is based on two
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cascaded optical external modulators, which can generate multi-frequency vector
terahertz signals. The scheme based on optical independent sideband can improve
the flexibility and stability of the system. We prove the scheme through experiments
and realize the optical wireless fusion transmission. The second scheme is based on
optical carrier suppression and optical single sideband modulation without the use
of optical filter, which can further reduce the system cost. We also verify the effec-
tiveness of the scheme through experiments and realize the optical wireless fusion
transmission of terahertz signals generated.

Chapter 8 introduces the application of probability shaping technology in terahertz
communication system. Firstly, we introduce the principle of probabilistic shaping
technology. We prove the advantage of probabilistic shaping technology in Gaussian
white noise channel by simulation and carry out experiments using probabilistic
shaping technology in photon-assisted terahertz system.We compare he constellation
points after probabilistic shaping with uniform constellation points and prove the
advantage of probabilistic shaping system.

In Chap. 9, we introduce the application of KK receiver scheme in terahertz
communication system. We first introduce the principle and implementation method
of KK receiver and application conditions.We prove the effectiveness of KK receiver
by simulation and apply the KK receiver scheme to the experimental system of
photon-assisted terahertz communication.

In Chap. 10, we mainly introduce the technology and main research progress
in the transmission of large-capacity terahertz signal. In the field of large-capacity
terahertz communication, our main progress includes: (1) We prove a D-band tera-
hertz transmission system which can support a large capacity by experiment. The
scheme proposed uses independent sideband modulation and multi-band modula-
tion, and realizes a transmission rate of 352 Gb/s by using MB-CAP format; (2) We
demonstrate a photon-assisted wireless signal transmission system of D-band (110–
170 GHz) 4 × 4 MIMO PS-64QAM terahertz signal, with a wireless transmission
distance of 3.1 m. The total bit rate is 1.056 Tb/s and the bit error rate is 4 × 10−2.

Chapter 11 introduces the application of chaotic encryption technology in tera-
hertz communication. Firstly, we analyze the advantages of communication encryp-
tion in physical layer and introduce the advantages of chaotic encryption system.
Next,we introduce the principle and implement of chaotic encryption technology, and
the constellation of encrypted signal is given to illustrate its performance. Then we
realize an optical terahertz communication system using chaotic encryption through
experiments and prove the effectiveness of the system. To our knowledge, it is the
first time to use chaotic encryption to improve its confidentiality in terahertz system.

Chapter 12 introduces twokinds of optical fiber-wireless-optical fiber fusion trans-
mission systembased onPDM-QPSKmodulation: optical fiber-wireless-optical fiber
fusion transmission system based on push–pull MZM and optical fiber-wireless-
optical fiber fusion transmission system based on PM. At the end of this chapter,
we introduce an optical fiber and wireless fusion real-time transmission system of
commercial real-time coherent optical transmitter and receiver based on heterodyne
detection. The system transmits 138.88 Gb/s (34.72 GBaud) PDM-QPSKmillimeter
wave signal and the frequency of carrier is 24 GHz.
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Chapter 13 focuses on the research of optical fiber-THz wireless-optical fiber
seamless fusion system. We propose and demonstrate a 450 GHz seamless optical
fiber-THz-optical fiber integrated system for the first time.
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Chapter 2
Generation and Detection of Terahertz
Signal

This chapter mainly introduces the generation and detection of terahertz signal in
terahertz communication system. The frequency of terahertz signal is high, so the
generation of stable, continuous and low-cost high-quality signal has become one of
the bottlenecks for further development and commercialization of terahertz commu-
nication. Meanwhile, high-sensitivity terahertz receivers and advanced digital signal
processing algorithms are also needed to ensure the quality of communication system
at the receiver end. Therefore, this chapter introduces the main ways to generate and
detect terahertz signal.

2.1 The Generation of Terahertz Signal

There are two main ways to generate terahertz signal at present, one is based on elec-
tricity, and the other is based on photonics. Figure 2.1 shows the general classification
of these two methods. This section mainly elaborates from these two directions.

2.1.1 Generating Terahertz Signal by Electronic Devices

It’s relatively simple to generate terahertz signal by electrical methods, which can
be divided into two types. One is to generate terahertz signal directly by elec-
tronic devices, and the other is to use frequency doubling method to reach terahertz
frequency band indirectly.

(1) Generating terahertz signal directly by using electronic devices. Electronic
devices used to generate terahertz signal can be mainly divided into two kinds.
One is vacuum electronic devices, and the other is solid-state semiconductor
devices. The latter is mainly used in communication. We can use integrated
circuit (IC) oscillator made of semiconductor transistor, resonant tunnel diode
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Fig. 2.1 Methods to generate terahertz signal

(RTD) [1], Bloch oscillator [2] and so on, to generate terahertz signal. Solid-
state semiconductor devices can be divided into two types, one is diode, and
the other is semiconductor transistor. Electronic diode can work at higher
frequency and can be widely used in signal generation and detection of various
terahertz systems. Generation frequency of both Gunn diode and IMPATT
diode can be higher than 100 GHz. Gunn diode can generate terahertz signal
with output power more than 100 mW, while IMPATT diode can generate
terahertz signal with output power more than 1 W. The frequency of tera-
hertz signal generated by resonant tunnel diode can be higher than 100 GHz,
while the power is lower than 1 mW, which is excellent in integrated antenna.
Semiconductor transistors are mainly Group III-V and silicon-based transis-
tors. High electron mobility transistor (HEMTs) and heterojunction bipolar
transistor (HBTs) are composite semiconductor devices based on III-V family.
Advantages of these devices are high operating speed and generation signal
frequency of as high as 600 GHz, and the estimated maximum frequency
can exceed 1 THz [3]. They also have large breakdown voltage and high
substrate resistivity, which influence the output power of devices and prop-
agation loss of signal respectively. However, silicon-based devices also have
unique advantages, such as higher compatibility, mature design environment,
accurate equipment model, high reliability and low cost and are suitable for
mass production.

(2) Generating terahertz signal by frequency doubling. The generation of
millimeter wave signal is amature technology. Terahertz signal can be obtained
bymultiplying the lower-frequencymillimeter wave signal (about tens ofGHz)
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with frequency multiplier. It can be realized by diode frequency multiplier
based on SBD. The frequency multiplier uses the nonlinear characteristics of
diode to generate and obtain the required harmonic components to achieve the
effect of frequency doubling. The highest frequency that can be reached by
using frequency doubling method at present is 625 GHz [4, 5]. It is realized by
up–down-conversion and various modulation and mixing methods. Because of
the conversion loss of electronic devices, the transmitting and receiving power
is low, the transmission distance is short and transmission rate is low.

As is shown in Fig. 2.2, terahertz electrical signal is used as carrier, mixer is
used to mix baseband signal to generate modulation signal, and terahertz antenna
is used to transmit signal after amplification. Terahertz lens is used to converge
beam in the experiment to improve the quality of terahertz signal and transmission
distance as much as possible. All electric terahertz communication transmitter has
simple structure, so it has a high demand for equipment bandwidth and gain. The
conversion loss is large during modulation and demodulation, and the equipment is
expensive.

The modulation format of terahertz signal can be ASK, or other quadrature modu-
lation such as QPSK, or other high-order QAM modulation. On–off keying (OOK)
is the simplest modulation of ASK. Figure 2.3 is the constellation diagrams of OOK,
BPSK,QPSKand 16QAM. In order to obtain the best performance of signal, symbols
are usually distributed in square grid with equal spacing. This kind of constellation

Arbitrary waveform generator

Mixer Electric amplifierRF source Antenna LensFrequency multiplier

All electric terahertz communication transmitter

Fig. 2.2 Transmitter of terahertz communication system based on electronic devices

Fig. 2.3 Constellation of a OOK, b BPSK, c QPSK and d 16-QAM
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Fig. 2.4 Vector error diagram of a constellation point under non-ideal condition

can also reflect the quality of I/Q signal directly. In addition to using bit error rate to
reflect the quality of signal, another common way to evaluate signal quality is error
vector magnitude (EVM). This parameter can reflect the deviation degree of signal
symbol relative to the ideal position. Figure 2.4 is the diagram of the vector error of
a constellation point in non-ideal condition. The root mean square of EVM can be
expressed by the following formula:

EVMRMS =
√
√
√
√

1
N

∑N
k=1 ek

1
N

∑N
k=1 (I 2ideal,k + Q2

ideal,k)
× 100% (2.1)

ek = (Iideal,k − Imeas,k)
2 + (Qideal,k − Qmeas,k)

2 (2.2)

In formulas (2.1) and (2.2), ek represents vector error, N is the total number of
symbols, I ideal, k , Qideal,k , Imeas,k , Qmeas,k represent the ideal and measured I and Q
vector values of each symbol respectively.

When millimeter wave or terahertz QAM signals are generated, I and Q signals
need to be mixed and modulated with the same frequency LO signals, and then
high-frequency QAM signals are generated by vector summation and combination.
Figure 2.5 is the generation diagram of high-frequency QAM signal.

Figure 2.6 is the generation diagram of conventional I/Q millimeter wave elec-
trical signal. I (In-phase) andQ (Quadrature-phase) signals are generated by a digital
to analog converter (DAC). I and Q signals are filtered by low-pass filter respec-
tively, and then up-converted with LO signal by mixer. The up-converted I/Q signals
are amplified after power combination and then transmitted through antenna. This
method can generate signals with bandwidth of more than 10 GHz and frequency of
100 GHz at present.
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Fig. 2.5 Generation diagram of high-frequency QAM with total bits of 2 × n

Fig. 2.6 Generation diagram of I/Q millimeter wave signal

2.1.2 Generating Terahertz Signal by Photonics Methods

Photonics methods to generate terahertz signal can be divided into pulse method
and continuous wave method. Photoconductive antenna is commonly used in pulse
method. Fast photoconductivematerials, such asGaAs, are used in themetal structure
as fast switch. When biased at constant voltage, there is no photo induced charge
carrier in photoconductive switch, so there is no current flow in devices. When
irradiated by short optical pulse, the photoconductive switch closes and reaches a
highly conductive state, and a short current surge occurs in the antenna structure.
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According to Maxwell’s electromagnetic equation, the time-varying current will
induce free propagation electromagnetic wave. This kind of pulse has a bandwidth
of about 0.1–2.5 THz and a wavelength range of 0.12–3 mm.

We usually use continuous wave method in experiments. Both photonics-aided
generation of terahertz signal and direct generation by using semiconductor lasers
belong to continuous wave method.

Photonics-aided method is also known as optical heterodyne method. The
frequency of terahertz signal generated is usually below 1 THz. By using the high
frequency of laser and the broad bandwidth of optical devices, we can break through
the limit of insufficient bandwidth andgenerate higher frequency terahertz signal. The
specific implementation method is to generate two laser beams by using two lasers
with certain frequency difference, and the two laser beams are usually generated by
narrow bandwidth laser source with stable frequency. The polarization, frequency
and phase of the input beam must be stable. Using external modulator to modulate
the electrical signal into one of the laser carriers and the other laser does not carry
any information. Then the two lasers are coupled together with an optical coupler
and input into the photodetector. Optical heterodyne beat frequency generates tera-
hertz signal whose frequency is the frequency difference between the two beams.
Terahertz signal generated in this way will be limited by the linewidth of the laser.
In order to solve the frequency drift of two-way signals, there are some methods,
such as mode-locked laser, two-mode laser and so on. In order to reduce cost, optical
frequency comb creates another possibility to generate terahertz signal. Using RF
source to drive optical external modulator and generate multiple optical signals with
a certain frequency spacing. Any two optical signals can be selected to beat frequency
to generate terahertz signal. This method can select the frequency of terahertz signal
independently and has a certain flexibility. What is more, it can also reduce the cost
of generating terahertz signal by using single laser.

Supposing the output optical signals of the two lasers are expressed as:

E1(t) = A1 exp[ j2π f1t + jθ1(t)] (2.3)

E2(t) = A2 exp[ j2π f2t + jθ2(t)] (2.4)

whereA1 andA2 represent the amplitude of the two optical signals respectively, f 1 and
f 2 are the frequency of the two optical signals, respectively, θ1(t) and θ2(t) represent
the initial phase information of each laser, respectively [6]. After data information
modulation, the first light can be expressed as:

Es(t) = A1 · [I (t) + j Q(t)] · exp[ j2π f1t + jθ1(t)] (2.5)

where I(t) + jQ(t) represents the modulated baseband vector signal, and then two
optical signals are coupled in coupler. The signal can be expressed as:
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E(t) = A1 · [I (t) + j Q(t)] · exp[ j2π f1t + jθ1(t)] + j · A2 exp[ j2π f2t + jθ2(t)]√
2

(2.6)

After entering the detector of square law detection, the electric signal current
generated by two lights beat frequency can be expressed as:

I (t) = R|E(t)|2
= RA2

1

[

I 2(t) + Q2(t)
] + RA2

2 + 2RA1A2 I sin{2π( f1 − f2)t + [θ1(t) − θ2(t)]}
+ 2RA1A2Q cos{2π( f1 − f2)t + [θ1(t) − θ2(t)]} (2.7)

where R represents the responsivity of the photodetector, whose unit is A/W. The
specific expression is:

R = eη

� f
(2.8)

where e is electron quantity, η is the quantum efficiency of the photodetector, h is
the Planck constant and f is the center frequency of the optical carrier detected by
photodetector.

Equation (2.7) can be simplified as:

I (t) = RA2
1

[

I 2(t) + Q2(t)
] + RA2

2

+ 2RA1A2[I (t) sin(2π f�t + θ�(t))

+Q(t) cos(2π f�t + θ�(t))] (2.9)

where f � is the difference between f 1 and f 2, and θ�(t) is the difference of θ1(t) and
θ2(t). It can be seen from Eq. (2.9) that the first two terms of the current expression
are DC components, and the last term is the terahertz wave information we need.
When we adjust the frequency difference between the two lasers to the terahertz
band, terahertz band signal can be generated after beat in a photodetector.

At present, the main way to generate broadband terahertz signal at home and
abroad is photonics-aided beat frequency method, which has many advantages. First
of all, the generated frequency can be precisely adjusted and flexibility is high. We
only need to adjust the two pump lasers at different frequencies to obtain various
terahertz signals of different frequencies, which can theoretically cover all available
atmospheric transmission windows [7]. Secondly, it is possible to adjust the band-
width dynamically. The modulator we use is the electro-optic modulator of optical
communication, so the transmission bandwidth after electro-optic conversion can be
very wide, and the main limit of the system is the devices needed to generate the
carrier wave. What is more, multi-carrier generation system plays an important role
in improving system capacity. The use of different modulation formats improves the
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flexibility and capacity of the system. However, this kind of technology needs precise
optical devices and platforms, the transmission power is limited, and the conversion
efficiency of photonics-aided technology is relatively low. When using the same
average power, the conversion efficiency of the system is inversely proportional to
the duty cycle of the pump laser, and the conversion efficiency from optical signal
to terahertz signal is 10−6–10−5, and the typical output power is at micro watt level
[6].

Another key component of terahertz system is photomixer, which must have high
response, high saturation output power and wide bandwidth response to obtain high
output power in THz range. Uni-traveling carrier photodiode (UTC-PD) can meet
these key requirements [7]. The short transmission time of electrons and low space
charge effect in depletion layer can provide high bandwidth response (more than
1 THz) for UTC devices.

In a system integrating UTC-PD with wideband log-periodic antenna, when the
frequency is 1.04 THz, 430 mW optical power input can generate 2.3 µW radiation
power. The radiation output power and bandwidth of TWUTC-PD are also enhanced.
The integration of TW UTC-PD and resonant antenna can further improve the radi-
ation output power and bandwidth. At 914 GHz, 100 mW optical power input can
generate 24µW radiation power. Commercial products basically adopt this structure
at present.

For single UTC device, power consumption limits the total transmission power,
but the power combination technology based on photodiode array can produce higher
output power level. In one setup, the output power of dual UTC photodiodes in a
single chip exceeds 1 mW at 300 GHz, and the photocurrent of each PD is 20 mA.

Figure 2.7 shows the signal transmitter end of terahertz communication system
based on photon assistance. The research is from ASK modulation with simple
structure to high-order QAMmodulation to improve spectral efficiency. Then wave-
length division multiplex (WDM) and polarization multiplexing (PDM) technology,
combined with advanced digital signal processing technology, are used to improve
system capacity and transmission quality and further improve the existing terahertz
communication system.

Arbitrary wave generator

Laser 1

Laser 2

LensAntenna

I/Q modulator

Optical amplifier

Adjustable attenuatorOptical coupler

Photodetector

Photon assisted terahertz communication system 
transmitter

Optical amplifier

Fig. 2.7 Transmitter of photon assisted based terahertz communication system
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Data
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Fig. 2.8 Terahertz communication transmitter based on quantum cascade laser

Using semiconductor lasers to generate terahertz signal can provide higher
frequency terahertz signal, such as signal above 1 THz. Generally, quantum cascade
laser (QCL) and free electron laser (FEL) are used in this method, andQCL is usually
used to transmit continuous wave with relatively high power. QCL was initially used
as a semiconductor laser for mid infrared and far infrared region emission, and then
optimized for long wavelength, it can transmit signals with frequency up to several
THz. THz-QCL is small in size, compact in structure and easy to integrate. The
lifetime of its carrier is very short, so it can directly modulate the laser at high speed.
However, the disadvantage is that this kind of laser needs towork at ultra-low temper-
ature and its application range is limited. Laser medium in free electron laser (FEL)
and synchrotron light source is actually very high-speed electrons. They move freely
through periodic magnetic structure and can emit very high power, so they can be
tuned in a wide frequency range. However, the volume is huge and the cost is high, so
their use in basic physics experiments is limited [8]. Figure 2.8 shows the transmitter
end of terahertz communication system based on quantum cascade laser.

In terahertz communication system, terahertz signal amplifier is another important
device. At present, commercial amplifiers are mainly produced by American and
German companies.Among them, lownoise amplifier produced byGerman company
Radiometer Physics GmbH can provide 25 dB gain in 260–350 GHz band, and the
noise figure is about 12 dB. Amplifiers of American VDI company can achieve a
maximum of 260 GHz, a typical gain of 24 dB and a saturation output power of
16 dBm.

2.2 The Reception of Terahertz Signal

We introduce the methods to generate terahertz signal by electrical and photonics
methods in the previous section and also introduce the transmitter end of terahertz
communication system based on electrical devices, photonics-aided and quantum
cascade lasers. This section mainly introduces the receiving end of terahertz commu-
nication system and classifies it from two aspects of direct receiving and coherent
detection.
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2.2.1 Direct Detection of Terahertz Signal

The sensitivity of the receiver is very important because of the high atmospheric
attenuation of terahertz signal. Direct detection is a simple and common method,
and Schottky barrier diode (SBD) envelope detection or heat electron bolometer
(HEB) is mainly used at present. Terahertz signal generated by electrical method is
received by antenna after free space propagation, and the received terahertz signal
is directly converted into baseband signal by diode detector, and then processed
by digital signal processing algorithms. This situation is more suitable for some
simple amplitude modulation systems such as OOK or ASK but is not suitable for
more complex QAM systems or even higher-order systems. The cut-off frequency of
commercial Schottky barrier diodes is 1–10 THz, with advantages of high sensitivity,
broad bandwidth and low noise. In the follow-up, complex carrier recovery circuit
is not needed, which has the advantages of integration and reducing system power
consumption. Figure 2.9 shows the diagram of the direct detection receiver end using
Schottky barrier diodes. After receiving the terahertz signal, the antenna will also
use the preamplifier to moderately amplify the signal.

HEB mixers are generally used in coherent receivers, but in some specific cases,
they are used in direct receivers [9]. Guzman R et al. used a single quasi optical
Schottky receiver module to test the performance in carrier frequency range of 90–
330 GHz and realized 1 Gb/s transmission at different subterahertz carrier frequency
[10]. The latest experiment of Schottky receiver is published in Ref. [11]. It uses
Schottky barrier diode and Kramers–Kronig receiver algorithm to realize the trans-
mission of 100 Gbit/s QPSK signal at 0.3 THz over 110 m wireless distance.
Figure 2.10 is the experimental setup. Figure (a) is the photo of the transmitter,
and figure (b) is the photo of the receiver.

Electrical
demodulator

Data signal

Antenna PreamplifierLens Diode detector Baseband integrated 
circuit

Direct detection all electric terahertz 
communication receiver

Fig. 2.9 Electronic diode direct detection system receiver
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Fig. 2.10 Photos of terahertz signal transmission and receiving based on envelope detection in Ref.
[21]. a transmitter end; b receiver end. LNA: Low noise amplifier; SBD: Schottky diode (envelope
detection)

2.2.2 Heterodyne Coherent Detection

In order to meet the demands of terahertz detection for sensitivity, heterodyne
coherent detection is a very good method [12–15]. We can obtain the sensitivity
and phase information of terahertz signal, reduce the linewidth of laser, and improve
the sensitivity of heterodyne coherent receiver in this way. In short, it can be divided
into the following three situations:

(1) After being received by antenna, terahertz signal is input into electrical mixer
with electrical signal local oscillator to realize the heterodyne detection of
electrical signal. Electrical mixer commonly used is SBD or Bolometer, which
are shown in Fig. 2.11a.

(2) After terahertz signal is received by antenna, a light source is selected as local
oscillator signal source to convert the optical signal to electrical signal, and then
the heterodyne detection is completed by using the electrical mixer with the
received terahertz signal. The commonly usedmixer is SBD or SIS in this case.
The advantage of this method is that optical fiber is no longer used to transmit
LO signal and the natural frequency of generated signal can be adjusted, which
increases the bandwidth of the receiver, as shown in Fig. 2.11b.

(3) After being receivedby antenna (lens), terahertz signal ismixedwith twobeams
of optical local oscillator signals with a certain spacing by photoelectricmixing
to obtain intermediate frequency electrical signal. Commonly used mixers are
photoconductor (PC), electro-optic materials (EO), and photodetector (PD)
and so on, as shown in Fig. 2.11c.
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Fig. 2.11 Three different schemes to realize heterodyne detection

We demonstrate coherent wireless terahertz communication using photoelectric
receiver and tunable optical local oscillator (LO). Figure 2.12 is a photo of photoelec-
tric down-conversion in photoconductive terahertz receiver (Rx). We give a detailed
derivation of the relevant mathematical model in the following.

Terahertz data signal is transmitted by transmitter, and the angular frequency of
the carrier is �S = 2π fS .The asymmetric bow-tie antenna receives the terahertz
signal, and terahertz wave voltage generated at both ends of the feed point is:

Fig. 2.12 Photo of photoelectric down-conversion in photoconductive terahertz wave receiver (Rx)
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U (t) = U
∧

S(t) cos(ωSt + ϕS(t)) (2.10)

where Us(t) is the amplitude of voltage modulating terahertz wave, ϕS(t) is modu-
lation phase. The feed point of antenna is connected with photodiode, and the two
unmodulated continuous lights are received by the photodiode. Continuous light
fields ELO,a(t) and ELO,b(t) can be expressed as:

ELO,a(t) = E
∧

LO,a cos(ωLO,at + ϕLO,a)

ELO,b(t) = E
∧

LO,b cos(ωLO,bt + ϕLO,b) (2.11)

where ωLO,a and ωLO,b are the frequency, E
∧

LO,a and E
∧

LO,b are the amplitude, ϕLO,a

and ϕLO,b are the phase. The beat frequency is ωLO = ∣
∣ωLO,a − ωLO,b

∣
∣, and its power

amplitude P
∧

LO can be expressed as

PLO(t) = PLO,0 + P
∧

LO,1 cos(ωLOt + ϕP,LO) (2.12)

PLO,0 and P
∧

LO,1 are expressed by the normalized electric field intensity, and ϕP,LO

is expressed by the relative phase of the two continuous beams:

PLO,0 = 1

2

(

E
∧2

LO,a + E
∧2

LO,b

)

,

P
∧

LO,1 = E
∧

LO,a E
∧

LO,b,

ϕP,LO = ϕLO,a − ϕLO,b (2.13)

According to (2.14), photogenerated carriers are generated by absorbing photons:

G(t) = gPLO(t) = G0 + G
∧

LO cos(ωLOt + ϕLO) (2.14)

where g is the proportional constant of the sensitivity of the photoconductor. If the
period of LO power oscillation is of the same order of magnitude as that of the free
carrier lifetime of the photoconductor, the phase ϕLO of conductance oscillation may
be different from that of optical power oscillation ϕP,LO. The composite current I(t)
of photoconductor is given by the product of time-varying conductance G(t) and
time-varying voltage U(t):

I (t) = G(t)U (t)

= G0U
∧

S(t) cos(ωSt + ϕS(t))
︸ ︷︷ ︸

(1)
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+ 1

2
G
∧

LOU
∧

S(t) cos((ωS + ωLO)t + ϕS(t) + ϕLO)
︸ ︷︷ ︸

(2)

+
1

2
G
∧

LOU
∧

S(t) cos((ωS − ωLO)t + ϕS(t) − ϕLO)
︸ ︷︷ ︸

(3)

(2.15)

After the current I(t) is amplified by a transimpedance amplifier (TIA), only the
low-frequency part (3) of (2.15) exists, so the current of intermediate frequency
ωIF = |ωS − ωLO| is:

IIF(t) = 1

2
G
∧

LOU
∧

S(t) cos(ωIFt + ϕS(t) − ϕLO) (2.16)

Therefore, intermediate frequency signal contains the amplitude and phase infor-
mation of terahertz data signal, so it can be processed by low-frequency electronic
devices.

The latest research result of terahertz signal detection using Fig. 2.11c is in Ref.
[13]. Figure 2.13a, b is the photos of the transmitter end and receiver end of terahertz
signal respectively. At transmission end, two beams of laser with frequency spacing
of about 300 GHz are used to beat to generate several gigabits of QPSK signals.
Then terahertz signal with power of −15 dBm is generated by beat frequency in
UTC-PD. After 58 m wireless transmission, two cascaded terahertz amplifiers are
used for amplification, and then the signal is detected by down-conversion using
photoelectric mixing method, which is shown in Fig. 2.11c. The frequency spacing
of two LO optical signals is about 309 GHz. Ref. [13] uses this way to realize the
highest-speed transmission of 10 Gb/s (single channel) and 30 Gb/s (multi-channel)
signal over 58 m wireless distance.

Terahertz signal can also be detected by balanced detection, which is helpful
to suppress the DC component and ensure the maximum output photocurrent. The
diagram of coherent detection system of optical wireless link in balanced detection

Fig. 2.13 a Photo of transmitter end in Ref. [17], A: UTC-PD, B: antenna, C: focusing lens; b photo
of receiver end in Ref. [13], D: focusing lens, E: antenna, F: terahertz amplifier, G: antenna, H:
terahertz photoelectric mixer
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mode is shown in Fig. 2.14 [16]. However, the bandwidth of balanced receiver is
limited, and the highest bandwidth reported is 100 GHz [14].

In order to ensure the same polarization of received signal light and local oscillator
light, polarization controller (PC) is needed to adjust the polarization of signal light
so that they have the same polarization direction. If all devices are polarization
maintaining, PC is not needed.

The modulated optical signal can be expressed as:

ES(t) = A(t) exp[ j (�St + θS(t))] (2.17)

where A(t) is the amplitude of the complex signal, �S is the angular frequency of
optical carrier, θS is the phase of optical signal. We define local oscillation light LO
as:

ELO(t) = E0 exp[ j (�LOt + θLO(t))] (2.18)

where E0 is the amplitude of local oscillator light, �LO is the angular frequency of
local oscillation, θLO is the phase of local oscillation light.

Optical signal entering the balanced detector can be expressed as:

E1(t) = 1√
2
ES(t) + ELO(t)

E2(t) = 1√
2
ES(t) − ELO(t) (2.19)

After PD beat, the two output currents from the balanced receiver are [16]:

I1(t) = R

2

[

PS + PLO + 2
√

PS PLO cos{�IFt + θS(t) − θLO(t)}
]

I2(t) = R

2

[

PS + PLO − 2
√

PS PLO cos{�IFt + θS(t) − θLO(t)}
]

(2.20)
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Fig. 2.14 Coherent detection system of optical wireless link based on balance detection
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where �IF is the frequency difference of received optical signal and LO, which is
the frequency of the intermediate frequency signal in heterodyne detection. R is the
detection responsivity of PD. The output current of balanced detection is:

I (t) = I1(t) − I2(t) = 2R
√

PS PLO cos[�IFt + θS(t) − θLO(t)] (2.21)

The advantage of the scheme in Fig. 2.11b is that not only THZ LO signal can
be transmitted through optical fiber cable, but also the bandwidth of the receiver can
be increased due to the wider frequency adjustability of inherent in optical signal
generation. The heterodyne (or homodyne) system in Fig. 2.11c can provide broader
bandwidth.

2.3 Comparison of Two Kinds of Photodetectors

The bandwidth bottleneck of electronic devices can be effectively overcome by using
photonics-aided method. It can generate ultra-high-speed wireless terahertz signal
relatively easily and promote the seamless integration of optical fiber network and
wireless network.

In photonics-aided technology, the most important device to generate terahertz
signal is photodetector for optical electrical conversion. At present, PIN photode-
tectors (PIN-PD) and uni-traveling carrier photodiode (UTC-PD) are mainly used in
terahertz wave band.

The schematic diagram of PIN-PD is shown in Fig. 2.15a, and the schematic
diagram of UTC-PD is shown in Fig. 2.15b. In PIN-PD, both optical absorption
and the creation of electron–hole pair occur in the intrinsic InGaAs region. The
active region of UTC-PD consists of two layers, one is neutral narrow gap optical
absorption layer (P-type InGaAs), and the other is undoped or lightly doped N-type
wide gap carrier collection layer (InP). Electron–hole pair is only formed in the

Electronics

Hole

Optical signal

Light absorption layer
(InGaAs)

P+

N+

(a)

Electronics

Hole

Optical signal

P+

N+

Non absorption

(b)

Fig. 2.15 Diagram of two kinds of photodetector. a PIN-PD, b UTC-PD [12]
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absorption layer, and the carrier collection layer is transparent to illumination light
whose wavelength is 1.55µm. In UTC structure, only electrons act as active carriers,
and the bandwidth and output current are improved at the same time [17].

The performance of two commercial PIN-PD and UTC-PD has been tested and
compared [18]. The test results show that the power difference of twoPD is significant
below 300 GHz. At 250 GHz, the radiation power of UTC-PD is 100 µW, while that
of PIN-PD is 30 µW. However, at 130 GHz, the power of PIN-PD is 200 µW, while
that of UTC-PD is only 30 µW [18]. The difference of output power is mainly
caused by the high saturation current of UTC-PD. Generally, PIN-PD is mainly used
in system with carrier frequency below 300 GHz, while UTC-PD-based receiver is
mainly used when the frequency is above 300 GHz.

2.4 Transmission Link of Terahertz Signal

2.4.1 Free Space Channel Transmission Model

The classical Friis formula [19] describes the power attenuation when terahertz
signal is transmitted in free space channel. In line-of-sight transmission, the power
of received signal is:

Pr (d) = PtGtGrλ
2

(4π)2Ld2
(2.22)

wherePr(d) is the power of received signal when the distance between the transmitter
and receiver isd,Pt is the power of transmitted signal,Gt is the gain of the transmitting
antenna, λ is the wavelength of the transmitted signal and L is the loss coefficient of
the system.

When d approaches zero, formula (2.20) approaches infinity, which is obviously
false. Therefore, formula (2.22) is modified to introduce the reference distance d0.
The revised formula is:

Pr (d) = PtGtGrλ
2

(4π)2Ld2
0

· d
2
0

d2
= Pr (d0) · d

2
0

d2
, d > d0 (2.23)

Considering the influence of different environments, the formula (2.23) can be
further modified by introducing the environmental factor n:

PLLD(d)[dB] = PLF (d0) + 10n lg

(
d

d0

)

(2.24)
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2.4.2 Atmospheric Absorption of Terahertz Signal

Terahertz signal is sensitive to many environmental parameters, in which the loss
caused by distance and humidity is the largest. The absorption loss of terahertz
signal in the atmosphere is mainly caused by molecule absorption, especially water
molecules. When the relative humidity is fixed at 20% and the temperature is fixed at
25 °C, the atmospheric absorption of 0.1 T–10 THz signal with distance increasing
from 1 to 30 m is shown in Fig. 2.16 [20].

As can be seen from Fig. 2.16, the absorption intensity of terahertz signals with
different frequencies in the atmosphere is different, and there are absorption peaks
and low absorptionwindows. Since the research scope is up to 1 THz, the observation
window can be enlarged and only the atmospheric absorption in 300 GHz–1 THz is
considered. When the distance is fixed at 10 m and the water vapor concentration
increases from0 to 23g/m3, the total atmospheric absorption loss is shown inFig. 2.17
[20].

As can be seen in Fig. 2.17, the attenuation of terahertz signal in the atmosphere
changes with frequency, and there are some relatively flat frequency windows in

Fig. 2.16 Total atmospheric absorption loss in the frequency range of 0.1–10THz (relative humidity
20%, temperature 25 °C)

Fig. 2.17 Total atmospheric absorption loss in the frequency range of 300 GHz–1 THz (distance
10 m, temperature 25 °C) [15]
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Table 2.1 Transmission windows of terahertz wave band

Distance (m) Average center frequency
(GHz)

Average bandwidth
(GHz)

Number of continuous
windows

0.3 424.5, 659.5, 842, 946 249, 173, 150, 50 4(>50 GHz),
0(<50 GHz)

1 374.5, 498.5, 599, 684,
843, 946.5

149, 95, 44, 120, 146, 49 5(>50 GHz),
1(<50 GHz)

1~2 340, 416.25, 497.25,
603.25, 683.25, 847,
946.5

80, 62.5, 88.5, 35.5,
114.5, 136,43

5(>50 GHz),
2(<50 GHz)

3~10 313, 351.7, 416.8, 466.7,
504.5, 611, 681.2, 854.7,
946.2

76.75, 56.75, 18.75, 56.5,
20, 104.5, 120.75,36

5(>50 GHz),
3(<50 GHz)

10~11 313, 351.5, 414.75, 467,
503.5, 611.5, 646.25,
694.25, 856.75, 945.75

26, 45, 46.5, 16, 48, 10,
25.5, 66.5, 106.5, 29.5

2(>50 GHz),
8(<50 GHz)

which larger transmission bandwidth is expected to be obtained. Some transmission
windows can be summarized in Table 2.1 [20].

As can be seen from Table 2.1, available frequency bands are sensitive to distance
and humidity. At 0.3 m, the maximum available continuous bandwidth can reach
250 GHz. When the distance increases to 1 m, the width of the available frequency
band will drop to about 150 GHz. When the transmission distance reaches 10 m, this
band can obtain a bandwidth of 10GHz, which is higher than the bandwidth currently
provided by millimeter wave band [20]. Therefore, in today’s shortage of wireless
spectrum resources, it is necessary to analyze the frequency window of terahertz
band.

2.5 Conclusion

This chaptermainly introduces several aspects of terahertz communication, describes
the generation of signal from the electrical and photonics perspectives and introduces
the reception of terahertz communication from the perspective of direct detection
and heterodyne coherent detection. What is more, it also compares two kinds of
photodetectors and introduces the influence of free space condition and atmosphere
on terahertz link.

Section 2.1 introduces two methods to generate terahertz signal, namely elec-
trical method and photonics method. The advantages of electrical method are to
facilitate the integration of circuits, reduce the volume of devices and reduce the
cost of signal generation to a certain extent. The disadvantage is that it is limited by
electronic devices. The increase of frequency will reduce the power, affect the power
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of generated signal and indirectly affect the communication quality. The advan-
tage of photonics methods such as photonics-aided method is that the frequency of
generated signal is flexible, which can cover most of terahertz band windows. The
generated signal has good directivity, especially by opticalmixingmethod, which has
wide frequency range and high signal to noise. However, the problem of photonics
method is that the integration is not high, the cost is high and it is not conducive to
mass production.

Section 2.2 introduces detection methods of terahertz signal, which are mainly
divided into direct detection and heterodyne coherent detection. Direct detection
is relatively simple, which only needs appropriate receiver devices. Heterodyne
coherent detection has certain selection requirements for devices. Additional local
oscillator, which needs to meet the stable state and has more requirements, is needed
to beat frequency.Comparedwith direct detection, sensitivity of thismethod is greatly
improved, but it is not conducive to system integration.

Section 2.3 introduces two kinds of photodetectors used in photonics-aided tech-
nology. PIN-PD and uni-traveling carrier photodiode (UTC-PD) are commonly
used.

Section 2.4 introduces the influence of free space and atmosphere on terahertz
transmission channel, describes the channel transmission model of free space and
the total atmospheric absorption loss under certain conditions and concludes the
transmission windows of terahertz frequency.

This chapter systematically introduces some specific situations of terahertz
communication system. Terahertz communication is a promising development
direction, which is worthy of further research.
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Chapter 3
Basic Algorithm and Experimental
Verification of Single-Carrier Terahertz
Communication System

3.1 Introduction

As mentioned in Chap. 2, one of the ways to generate terahertz signal is all-electric
method. Using RF source and frequency multiplier to generate carrier signal in
terahertz band directly, and then baseband signal is modulated to the carrier bymixer,
which is directly transmitted into free space. This method is simple in structure
and easy to implement and can realize 2.5 Gb/s error-free transmission at carrier
frequency of 625 GHz by using terahertz source based on frequency doubling chain
[1]. However, all-electric method is limited by the bandwidth of electronic devices.
Few commercial devices on the market can process terahertz signals. Even if there
are devices, the price is very expensive.

In order to break through the bandwidth limit of electronic devices, photonics-
aided technology emerges as the times require and has been paid much atten-
tion. Compared with bandwidth-limiting all-electric technology, large bandwidth
photonics technology is more practical to realize the generation, modulation and
detection of terahertz wave [2–4]. In the scheme of photonics-aided technology, two
free-running lasers generate two optical carriers with different wavelength, respec-
tively, and the photodetector is used to realize the beat of two optical signals, which is
the wideband terahertz signal we need. However, it is difficult to keep the frequency
spacing constant between two lasers, and there will be frequency and phase offset
in detected signal. The traditional PLL cannot work in terahertz band, and advanced
digital signal processing technology is needed to correct the frequency and phase.
Compared with all-electric technology, photonics-aided terahertz signal generation
scheme has relatively complex structure and low conversion efficiency, so carrier
recovery and carrier phase noise correction are essential.

Comparedwith othermodulation codes, single-carrier NRZ-OOK (non-return-to-
zero) modulation format is still applied and studied in the classical terahertz commu-
nication system due to its many advantages such as simple scheme, easy debugging,
clear eye diagram, and so on, and its back-end digital signal processing program is
relatively simple. Therefore, it is still necessary to study single-carrier NRZ-OOK

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
J. Yu, Broadband Terahertz Communication Technologies,
https://doi.org/10.1007/978-981-16-3160-3_3

47

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3160-3_3&domain=pdf
https://doi.org/10.1007/978-981-16-3160-3_3


48 3 Basic Algorithm and Experimental Verification …

terahertz communication system. In addition, the reported terahertz communication
system based on microwave photonics usually uses optical single-carrier modulation
[5–7]. As a strong competitor of optical single-carrier modulation, optical OFDM
modulation has high spectral efficiency and can improve transmission bit rate signif-
icantly and is robust to the dispersion and polarization mode dispersion in optical
fiber transmission [8–10]. In wireless mobile communication system, OFDMmodu-
lation format can also effectively resist multipath effect. Therefore, photonics-aided
OFDM terahertz communication system is worthy of studying. We will discuss this
multi-carrier terahertz communication system in Chap. 4.

In Sect. 3.2 of this chapter, we will first introduce the basic algorithms used in
single-carrier terahertz transmission system. Next, Sect. 3.3 introduces an experi-
mental system of high-speed terahertz communication system. We realize a clas-
sical all-electric terahertz communication system to transmit 3.5 Gb/s OOK signal at
carrier frequency of 441.504GHz. In Sect. 3.4, we introduce a photogenerated single-
carrier 16QAM terahertz communication system. We also introduce probabilistic
shaping technology into this system to improve system performance [11–14].

3.2 Basic DSP Algorithm in High-Speed Single-Carrier
Terahertz Communication System

3.2.1 Basic DSP Algorithm in Single-Carrier Terahertz
Communication System

The structure diagram of the classical all-electric terahertz communication system is
shown in Fig. 3.1. In DSP, at the transmitter end, a pseudo-random binary sequence
(PRBS) with fixed length is generated and then mapped to transmitted symbols. The
commonly used single-carrier modulation format is OOK modulation and QAM
modulation. We usually use filers to shape the baseband signal spectrum, and the
commonly used filters are raised cosine (RC) filters. Nyquist filters can also be used
to further improve the spectral efficiency [15]. The filter signal needs to be digital
up sampled to match the sampling rate of DAC devices at the transmitter end. In all-
electric system, baseband analog signal is mixed with terahertz source by electrical
mixer at the transmitter end and then transmitted through terahertz antenna and
wireless channel.

At the receiver end, received signal is down-converted into IF signal. In DSP at the
receiver end, the received signal needs to be resampled first. OOKmodulation is used
in our all-electric terahertz communication system, so the digital signal processing at
the receiver end is relatively simple. After square law detection of the received signal,
low-pass filter is used to filter out the baseband signal. Constant modulus algorithm
(CMA) blind equalization constant algorithm [20] is used to equalize the baseband
signal, and then the bit error rate can be calculated. These are the most basic digital
signal processing algorithms. As can be seen in the following chapter, we can use
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Fig. 3.1 Structure diagram of all-electric single-carrier terahertz communication system

more complex algorithms to overcome the nonlinear effect to greatly improve the
performance of terahertz signal.

The structure diagram of terahertz signal generation by photon beat is shown in
Fig. 3.2. There is no big difference between the DSP process at the transmission end
and all-electric system. However, the transmission link integrates optical fiber and
wireless transmission, and the amplitude of optical signal will be attenuated after
transmission, so there is signal distortion caused by linear and nonlinear effects of
optical fiber [21]. Therefore, the digital signal processing algorithms for optical and
wireless fusion link will be more complex.

At the receiver end, digital down-conversion process is needed after resampling to
convert the intermediate frequency signal into baseband digital signal. After filtering
the signal with the matched filter, subsequent digital signal processing is carried
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out. In the coherent detection system, the frequency difference between the local
oscillator source and laser at the transmitter end is unstable and the local oscillator
source laser has linewidth, so there is frequency and phase offset in electrical signal
generated by beat, which brings difficulty to the back-end signal recovery. Traditional
PLL technology cannot work at terahertz frequency band, so digital signal processing
algorithm is needed for the above loss and distortion, such as frequency and phase
recovery algorithm, decision-directed least mean square algorithm, and so on, to
further correct the signal distortion and loss.

3.2.2 Back-End Signal Processing Algorithm
in Single-Carrier Terahertz Communication System

This sectionwill introduce theback-end equalization algorithms inhigh-speed single-
carrier terahertz communication system introduced in the previous section, including
digital down-conversion, I/Q two-way orthogonalization and normalization, clock
extraction, CMA/CMMA (cascaded multi-modulus algorithm) channel blind equal-
ization algorithm, look up table (LUT) algorithm, carrier recovery algorithm and
DD-LMS.

(1) Digital down-conversion

Terahertz wave will be converted into IF signal carrying vector data I(t)+ jQ(t) after
heterodyne coherent reception. The subsequent digital signal processing algorithms
are suitable for baseband signal, so we need a digital domain local oscillator source
whose frequency is the same with the IF frequency to multiply the IF signal. The
baseband signal is then obtained by filtering out the high-frequency components
through the digital filter. The digital down-conversion is completed.

(2) I/Q two-way orthogonalization and normalization

In theory, the I-path and Q-path signal are orthogonal, that is, there is a difference
of π /2 in phase. But in the actual system, the orthogonality of I/Q two ways is
destroyed because of the noise interference, so the orthogonalization of I/Q twoways
is necessary before the subsequent algorithm processing. Power normalization is also
needed to solve the accuracy problem caused by photodetector response and ADC
convertor and improve the compensation accuracy of the subsequent algorithms. The
orthogonalization algorithms can be realized by Gram–Schmidt algorithm [16], and
the calculation process is:

Iout = rI (t)√
P1

, PI = E
{
r2I (t)

}
(3.1)

Q′ = rQ(t)
ρrI (t)

P
, ρ = E

{
rI (t) · rQ(t)

}
(3.2)
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Qout = Q′(t)
√
PQ

, PQ = E
{
r2Q(t)

}
(3.3)

where rI (t) and rQ(t) represent the I-path andQ-path signal at the receiver end, respec-
tively, Iout andQout represent I-path andQ-path output signal after orthogonalization,
respectively.

(3) Clock extraction

AnADC is needed at the receiver end of the system to sample the signal. However, the
clock of ADC is independent of that at the transmitter end, and the clock oscillator
of the ADC itself cannot reach the ideal value in practice, which will cause the
frequency and phase offset between the clock at the receiver end and the transmitter
end. In addition, the frequency offset and phase jitter between the transmitter and
receiving end will be increased because of various signal damage in the channel.

The clock extraction can compensate the error of the clock between the trans-
mitter and receiver end and find the best sampling point accurately. The square clock
recovery algorithm for cascaded digital filtering proposed by M. Oerder et al. is an
effective clock error compensation method [17]. The single-carrier signal with QAM
vector information received at the receiver end can be expressed as:

r(t) =
+∞∑

n=−∞
angT (t − nT − ξ(t)T ) + n(t) (3.4)

where an represents the QAM vector signal transmitted at the transmitter end, gT (t)
represents the transmitted signal pulse, T represents the symbol period, n(t) repre-
sents the channel noise, ξ (t) represents the unknown slow varying delay, namely the
clock error. The flowchart of the algorithm is shown as Fig. 3.3. The signal at the
receiver end is filtered by the digital matched filter gR(t) and then sampled at n times
the symbol rate, and the sampling value is calculated by the modulus square. Next,
take L symbols as a group and calculate the Fourier transform of the LN sampling
points of this group. Finally, the unbiased estimation of clock error can be obtained
by calculating the phase of the result.

(4) CMA/CMMA blind equalization algorithm

Fig. 3.3 Flowchart of square timing recovery algorithm for cascaded digital filter
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According to whether training sequence is used or not, the channel equalization algo-
rithm can be divided into blind equalization algorithm and equalization algorithm
based on training sequence. The training sequence is not needed in the blind equal-
ization algorithm, and the tap coefficients of the equalizer can be adjusted by gradient
descentmethod to reduce the cost function. The convergence standard is the statistical
information of the signal itself. It is widely used in communication system because of
its low computational complexity and easy implementation, which is suitable for the
equalization of constant-envelope signal and part of non-constant-envelope signal
and correcting the linear loss in the system.

We can use the butterfly structure adaptive filter bank composed of four filters to
estimate and equalize terahertz wireless channel and realize the polarization demul-
tiplexing of the polarization-multiplexed signal and the suppression of wireless
crosstalk [18]. The structure of the filter band is shown as Fig. 3.4.

The relationship of the output and input of the structure can be expressed as:

xout(k) = hT
xx · xin + hT

xy · yin

=
M−1∑

m=0

hxx (m)xin(k − m) + hxy(m)yin(k − m) (3.5)

yout(k) = hT
yx · xin + hT

yy · yin

=
M−1∑

m=0

hyx (m)xin(k − m) + hyy(m)yin(k − m) (3.6)

where xin and yin represent the received signals in x and y states input into the
filter bank, respectively, xout and yout represent the output value of the filter bank,
respectively,M represents the number of the filter taps. h represents the transmission
matrix of the channel, whose values are unknown. We can estimate the channel by
the random gradient algorithm and update the coefficients in the channel matrix. The
update algorithm is:

hxx → hxx + μεx xoutx∗
in (3.7)

Fig. 3.4 Structure chart of
butterfly filter xxh

xyh

yxh

yyh

inx

iny

outx

outy
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hxy → hxy + μεx xouty∗
in (3.8)

hyx → hyx + μεy youtx∗
in (3.9)

hyy → hyy + μεy youty∗
in (3.10)

where μ represents the step size and ε represents the error. The constant modulus
algorithm is a classical error convergence algorithm, and the error function of the
algorithm is:

ε(i) = E
∣∣Zx,y

∣∣2p

E
∣∣Zx,y

∣∣p − ∣∣Zx,y(i)
∣∣ (3.11)

where Zx,y represents the received symbol of the filter bank. The algorithm is usually
used for modulation formats with constant amplitude, such as 4QAM and m-PSK.
The expression after power normalization is:

ε(i) = 1 − |z(i)| (3.12)

For 16QAM-modulated signals, compared with the CMA algorithm, the CMMA
algorithm can greatly improve the SNR performance, but it reduces the robustness
of the equalizer convergence process at the same time. In the blind equalization
multi-mode algorithm, the radius of the transmitted signal is an important parameter,
whether the signal can be recovered depending on the correct judgment of the radius
of the transmitted signal to a large extent. The interval between different rings of the
QAM signal is less than the minimum interval between symbols, so the judgment
of the signal radius through statistical information will be inaccurate [19] when the
SNR is very low or the signal is severely distorted. Therefore, CMA algorithm can
be firstly used to preconverge the signal, and then the CMMA algorithm can be
used for processing to increase the robustness of the system without affecting the
performance.

(5) Frequency offset and phase offset recovery algorithm

In photonics-aided terahertz communication system, terahertz signal is generated by
using local oscillator light and signal light beat frequency. However, it is difficult to
make sure that the frequency difference between the local oscillator source and the
laser at the transmitting end is completely constant, which will bring the frequency
offset. At the same time, the linewidth of the laser will bring a phase offset to the
signal. Therefore, in RoF terahertz communication system, it is very necessary to
recover the frequency and phase during the DSP processing.
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Fig. 3.5 Diagram of frequency offset and phase offset estimation in RoF system

We usually use the carrier recovery algorithm based on the classical Viterbi-
Viterbi algorithm [20] to recover the carrier frequency and phase in M-PSKmodula-
tion format system. The system block diagram of frequency offset and phase offset
estimation is shown in Fig. 3.5.

Firstly, calculate the Mth power of the signal, where M = 2N , and N is the order
of the phaser modulation, and the data modulation phase can be removed. Then
calculate the phase rotation rate and obtain the frequency offset between the local
oscillator source and the laser at the transmitting end. After removing the frequency
offset, calculate the Mth power of the signal again to remove the data modulation
phase [20]. Finally, the decoding can be completed by judging the position of the
sampling phase in the coding area of the QPSK signal.

Viterbi-Viterbi algorithm is suitable for signals with constant modulus modula-
tion, such as QPSK signal, and is less suitable for high-order QAM. Blind phase
search (BPS) algorithm is needed for the carrier frequency and phase estimation of
high-order QAM modulation signal [19].

(6) LMS/DD-LMS algorithm

The least mean square (LMS) algorithm is an equalization algorithm using training
sequence. The cost function and convergencemethod are determined by theminimum
mean square error criterion. The structure diagram is shown in Fig. 3.6.

Z-1 Z-1 Z-1 Z-1y(n) y(n-1) y(n-N)

Tap coefficients update
e(n)

( )NW n0 ( )W n 1( )W n

( )x n

( )d n

Fig. 3.6 Structure diagram of least mean square (LMS) algorithm
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Table 3.1 Conclusion of
LMS algorithm

Information Value

Decision signal x̃(n) = ∑N
i=0 wi (n)y(n − i)

Error signal e(n) = d(n) − x̃(n)

Tap update algorithm W(n + 1) = W(n) + 2μe(n)Y(n)

Initial equalizer coefficient w(0) = 1, i = n;
w(0) = 0, i �= n;

Z-1 Z-1 Z-1 Z-1
y(n) y(n-1) y(n-N)

Tap coefficients update
e(n)

( )NW n0 ( )W n 1( )W n

( )x n

( )d n
Decision

Fig. 3.7 Structure diagram of DD-LMS algorithm

Where d(n) is the known training signal, e(n) is the error between the true value
and the equalized signal by the equalizer, W (n) is the coefficient of the equalizer
and y(n) is the received signal. Use the error between true value and the equalized
signal by the equalizer to update the tap coefficients until convergence. Finally, use
the converged filter coefficients to equalize the received signal. The information of
the LMS algorithm is summarized in Table 3.1.

Different from LMS algorithm, DD-LMS algorithm is to obtain the standard
constellation point after determining the output constellation point of the equalizer,
and then, the decision result is used as the expected value of the output signal of
the LMS filter. The error between the expected value and the output result of the
equalizer is used to update the filter coefficients. DD-LMS is a blind equalization
algorithm and does not need the training sequence, whose structure diagram is shown
in Fig. 3.7. DD-LMS algorithm can be combined with CMA algorithm to effectively
correct the distortion of the constellation points.

3.3 Experimental Research on Electro-Generated
Terahertz Wireless Communication System

The first two sections introduce the single-carrier and multi-carrier high-speed tera-
hertz communication system, respectively, and the corresponding signal processing
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and recovery algorithms, and then we will introduce our experimental research on
terahertz communication system.

In view of the simple structure and easy implementation of the electro-generated
terahertz wireless communication system, we propose and realize an electro-
generated terahertz communication system. The system uses an all-electric struc-
ture with a carrier frequency of up to 441.504 GHz and realizes the point-to-point
transmission of 3.5 Gb/s OOK signal over 88 cm distance in free space. The system
we proposed has advantages of simple structure and low power consumption and
realizes the all-electric terahertz communication system in this band for the first time
by experiments.

3.3.1 Experimental Setup of Electric Generation Terahertz
Wireless Communication System

The experimental setup of the high-speed electro-generated terahertz wireless
communication system we proposed is shown in Fig. 3.8 [21]. We use a sine wave
generator and a frequency multiplier to generate carrier wave in terahertz band.
Without the help of photonics and precise optical devices, the system is simpler and
easier to implement.

First, an RF signal source is used to generate a sine wave with a frequency of
9.198 GHz, and a frequency multiplier is used to quadruple the frequency to (9.194
× 4) GHz. Another cascaded frequency multiplier multiplies this frequency by 12
times and converts the frequency to (9.198 × 4 × 12) GHz = 441.504 GHz, and the
sine wave is the terahertz carrier wave we need. We generate a set of OOK signals
with a symbol length of 215 in the digital domain and use and arbitrary waveform
generator (AWG) to generate baseband electrical signals. The maximum sampling
rate of the AWG is 12 GSa/s, the 3 dB bandwidth is 3.5 GHz, and the peak-to-peak
value of the output voltage is 1 V. Use the Mixer1 at the transmitter end to modulate
the basebandwithOOK information to the terahertz carrier and generate the terahertz

Oscilloscope×4 ×12

AWG
Frequency
multiplier

Frequency
multiplier

RF Source

9.198GHz

Mixer 1 Antenna

441.504GHz WR2.2
26dBi

10cm 10cm

68.58cm

AntennaLens Lens Mixer 2

×12 ×3

Low noise amplifier

10dB

30GHz
80GSa/s

12.068GHz434.448GHz

Frequency
multiplier

Frequency
multiplier RF Source3.5GHz 12GSa/s

Fig. 3.8 Experimental setup of high-speed electro-generated terahertz wireless communication
system
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Table 3.2 Performance
parameter of mixer 1

Characteristic Parameter

Operating RF band 325–500 GHz

RF output flange WR-2.2

Frequency multiplier
max/min

48/12

Input power of local
oscillator

6.77–10.42 Low 27.08–41.67
High

RF power limitation Compr. /Damage −20/−10 dB

Conversion loss of mixer 16 dB

Maximum available
bandwidth of IF signal

40 GHz

Average noise level −150 dBm/Hz

signal carrying information. The parameters of the Mixer1 are shown in Table 3.2,
and the loss curves at different frequencies are shown in Fig. 3.9.

Ordinary commercial electric mixers have bandwidth limits of electronic devices.
The mixers used in our experiment can support the large bandwidth of terahertz
signal, but still have a large conversion loss, which is as high as 16 dB. Therefore,
the output power will reduce to about −30 dBm after the mixer. After Mixer1, the
horn antenna in the transmitter is used to transmit the signal into free wireless space.
The waveguide interface of the horn antenna is WR2.2 and the gain is 26 dBi. In
order to better converge the terahertz signal, we use two terahertz lenses between
the transmitter and the receiver. The focal length of the two lenses is 10 cm, and the
diameter is 5 cm.

After indoor 88 cm wireless transmission in free space, we use the same horn
antenna as the horn antenna in the transmitter to receive the THz signal, and its

Fig. 3.9 Loss versus frequency curve of Mixer1
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Fig. 3.10 Loss versus frequency curve of Mixer2

waveguide interface is still WR2.2. At the receiver end, a sine wave signal source
with a frequency of 12.068 GHz generates local oscillator signal, and two frequency
multipliers (3 and 12 times, respectively) are used to multiply the frequency of the
RF source by 36 times to generate a 434.448 GHz terahertz signal as the local
oscillator source. Mixer2 uses the local oscillator to realize the coherent reception of
the terahertz signal and converts the terahertz signal into an intermediate frequency
signal with a frequency of 7.056 GHz. It also integrates a low-noise amplifier (LNA)
whose gain is 10 dB to amplify the power of the received signal. The conversion loss
of the combination ofMixer2 and LNA is shown in Fig. 3.10.We use an oscilloscope
with a bandwidth of 30 GHz and a sampling rate of 80 GSa/s to capture the received
data. The diagram of the entire communication system is shown in Fig. 3.11.

3.3.2 Experimental Results and Analysis

After 88 cm wireless transmission, the intermedium frequency signal is collected by
the high-speed oscilloscope. After receiving the intermedium frequency signal, we
perform the offline digital signal processing. First, perform the square law detection
on the received signal and filter out the baseband signal with the filter. Use the
CMA algorithm for blind equalization to recover the transmitted OOK symbol. The
recovered OOK symbol is shown in Fig. 3.12.

We can clearly see from Fig. 3.12 that the recovered OOK symbols are concen-
trated in the distribution of −1 and 1, and the positive and negative symbols have a
large degree of discrimination, which can be distinguished clearly. Compared with
the known transmitted symbol sequence, the calculated BER is less than 3.8 × 10–3,
satisfying the hard decision forward error correction threshold of 7%. It is worth
noting that the amplitude of the symbol “1” fluctuates greatly, and the fluctuation
range is between 0 and 2. It is because that after the 88 cm transmission of the tera-
hertz signal, the attenuation is large, and the signal SNR is very limited. In order to
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Fig. 3.11 Experimental setup of high-speed terahertz wireless communication system. LO: Local
oscillator; LNA: low-noise amplifier

Fig. 3.12 Recovered OOK
symbol

better test the performance of the system, we adjust the baud rate of the baseband
signal and measure the corresponding bit error rate, and the corresponding BER
curve is shown in Fig. 3.13. We can see that BER satisfies the HD-FEC threshold
of 7% when the baud rate reaches 3.5 GBaud. With the increase of signal baud rate,
the signal bandwidth increases, so the attenuation of the channel increases and the
BER of the signal decreases. When the baud rate reaches 4.4 GBaud, BER can still
satisfy the soft decision forward error correction threshold of 20%.



60 3 Basic Algorithm and Experimental Verification …

Fig. 3.13 Relationship
curve between BER and
baud rate of OOK terahertz
communication system

The experimental results show that terahertzwavehas great potential in high-speed
communicationwithin short-reachwireless ranges and ultra-large bandwidth enables
terahertz wave to support high-speed data transmission. As shown in Fig. 3.8, we do
not use amplifier at the transmitter end, because the current commercial amplifiers
cannot satisfy the ultra-wideband requirements of the terahertz band. There is no
amplifier at the transmitter end, so the transmitting power is relatively low. Therefore,
terahertz signal in this experiment can only be transmitted within the laboratory
distance and the wireless transmission distance is only 88 cm. Although the mixer
we use can support a frequency range of 500 GHz, it has an inherent conversion loss
of up to 16 dB, which also results in a shorter transmission distance. In addition, the
3 dB bandwidth of the AWG we use is 3.5 GHz, which also limits the transmission
rate of the system.

The terahertz systemwe propose realizes the transmission of 3.5Gb/s OOK signal
at 440.504 GHz carrier frequency over 88 cm wireless distance, and the measured
BER is lower than the HD-FEC threshold of 7%. This high-speed terahertz wireless
communication system only uses pure electronic devices and has a very simple
structure. It is a good attempt for us to study high-speed terahertz communication.

3.4 Experimental Research on Photogenerated
Single-Carrier 16QAM Terahertz Signal Transmission
System

We realize the photogenerated single-carrier 16QAM terahertz transmission wireless
communication system through experiments, and the transmission rate is 32 Gb/s
and the wireless transmission distance in the terahertz link is 142 cm. We introduce
the probabilistic shaping (PS) technology into terahertz system andmeasure the BER
performance of the PS-16QAM signal and the uniform-16QAM, respectively, after
demodulation and digital signal processing. We will introduce the PS technology in
detail in Chap. 8. In addition, we compare the bit error performance under different
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probability distribution in the case of probabilistic shaping. According to the exper-
imental results, it can be concluded that the PS technology can effectively improve
the performance of the photonics-aided wireless terahertz communication system at
a higher transmission data rate.

3.4.1 Experimental Setup

The experimental setup of photonics-aided wireless terahertz communication system
is shown in Fig. 3.14. At the transmitter end, we use two external cavity lasers (ECL)
with a linewidth of less than 100 kHz to generate two continuous wave (CW) light
waves. The operating frequency of ECL1 is 193.10 THz, and the operating frequency
of ECL2 is 193.55 THz. Therefore, the frequency interval between them is 450 GHz,
which belongs to terahertz band. The CW light generated by ECL1 is transmitted into
the I/Q modulator, which has a half-wave voltage of 2.3 V at 1 GHz and an optical
bandwidth of 3 dB at 32 GHz. The 8 GBaud single-carrier PS-16QAMdriving signal
we generate in the baseband is generated by arbitrary waveform generator (AWG),
and its I/Q signal components are amplified by two parallel electrical amplifiers
(EA) to modulate the continuous light wave generated by ECL1. Next, we use a
polarization-maintaining erbium-doped fiber amplifier (PM-EDFA) to amplify the
signal. The output power of the PM-EDFA is 13.0 dBm. The ECL2 is used as an
optical local oscillator (LO), whose output power is 13.0 dBm. Laser lights generated
by ECL2 and ECL1 carrying signal are coupled through a polarization-maintaining
optical coupler (PM-OC).

After being amplified by EDFA, the optical carrier terahertz signal is generated
and transmitted to the antenna-integrated photomixer module (AIPM, IODPMAN-
13001) of NTT Electronics company to generate 450 GHz terahertz electrical signal,
and then the electrical signal is transmitted into free space. We use an optical atten-
uator to adjust the input power of AIPM. The typical output power of the AIPM is
−28 dBm and its operating frequency range is 300–2500 GHz. It is an integration
of a UTC-PD and a bow-tie antenna.
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Fig. 3.14 Experimental setup of photonics-aided wireless terahertz communication system
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In the 142 cm wireless link, there are three terahertz lenses that can be used to
focus the terahertz band signal. By adjusting the positions of the three lenses, we
can maximize the power of the received signal. The relationship of the distances of
these lenses is shown in Fig. 3.14. The diameter of the first two lenses is 10 cm,
and the focal length is 20 cm. The diameter of the third lens is 5 cm, and its focal
length is 10 cm. At the receiver end of the terahertz signal, we use a terahertz band
antenna with a gain of 26 dBi to receive the wireless signal. For the down-conversion
of the signal, we use a 36-order harmonic terahertz Schottky mixer operating at 300–
500 GHz to multiply the frequency of the local oscillator source by 36 times and
then is mixed with the received terahertz signal to generate intermediate frequency
signal. Here, the frequency of the electrical LO signal we use is 12.278 GHz and the
frequency of the generated IF signal carrier is about 8 GHz (450–12.278 × 36). The
intermediate frequency signal is amplified by a LNA, which has a gain of 40 dB, a
saturated output power of 14 dBm, and an operating frequency range of 4–18 GHz.
We use a digital storage oscilloscope to convert analog signals into digital signal. The
storage oscilloscope has a sampling rate of 80 GSa/s and an electrical bandwidth of
30 GHz. When the input power is 13 dBm, the output power of the optical mixer is
−30 dBm. The path loss is 88.5 dB, and the power entering the terahertz receiver is
−69.5 dBm. The conversion loss of the mixer is 18 dB, and the power of the signal
after the terahertz mixer is −87.5 dBm, which leads to a low input power of LNA.
Therefore, the SNR after the LNA is very low. In this low-SNR system, PS can be
used to improve the BER performance.

3.4.2 Experimental Results and Analysis

Since the wireless transmission power is PT , the wireless transmission distance
d and the ratio of the transmitter and receiver antenna gain GT /GR are known.
According to Chapter, we estimate the wireless receiving power PR after 1.4 m
wireless transmission based on Friis transmission equation [22, 23]:

PR(dBm) = PT + GT + GR − 20 lg(4πd/λ) − LF − L A × d (3.13)

where λ represents the operating wavelength of the wireless transmission link, LF

represents the loss of the antenna feeder. LA represents the atmospheric loss factor,
and the LA value corresponding to 450 GHz in sunny day is about 10 dB/km. In
out experiment, PT is −230 dBm, GT and GR are both 26 dBi, the wavelength λ

corresponding to 450 GHz is about 0.67 mm and LF is about 3 dB. Therefore, we
estimate that the wireless reception power is about −69.5 dBm after 1.4 m wireless
transmission at 450 GHz.

In the process of signal recovery, the digital heterodyne coherent detection tech-
nology can realize the high-sensitivity detection and recovery of probabilistic shaping
signals in terahertz band. After the analog down-conversion at the wireless receiver
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end, terahertz band probabilistic shaping signals can be down-converted to a lower
carrier frequency. Then we use a series of advanced digital signal processing algo-
rithms to recover the original transmitted data from the intermediate frequency prob-
abilistic shaping signal. We can realize the down-conversion of the intermediate
frequency probabilistic shaping signal to the baseband based on a digital local oscil-
lator, and after the carrier phase recovery algorithm, DD-LMS algorithm is further
used to improve the performance. The look-up table algorithm or Volterra algorithm
can also be introduced into the high-speed optical transmission system to compensate
the impact of nonlinear effects on advanced QAM signals.

In our experiment, the digital signal processing method of PS-16QAM signal
is similar to that of uniform-16QAM signal. The main DSP includes clock
recovery, down-conversion, chromatic dispersion (CD) compensation, cascaded
multi-modulus algorithm (CMMA) equalization, carrier recovery, differential
decoding and BER calculation [21], where the PRBS length of the SC-16QAM
signal is 215 × 4–1.

Figure 3.15 shows the spectrum of PS-16QAM signal after PM-OC, whose band-
width resolution is 0.1 nm. The distribution of the PS-16QAM signal we transmit is
the Maxwell–Boltzmann distribution, and in order to compare the BER performance
under different probability distributions, we keep the net bit rate of the PS-16QAM
signal at 32 Gb/s. At this time, the baud rate of the PS-16QAM signal ranges from
8.649 to 9.142 GBaud, and the baud rate of the uniform-16QAM signal is fixed at
8GBaud. Under the same baud rate, the unequal probability of the constellation point
distribution will make the source entropy lower, so the PS technology has overhead
in the bit rate. The net bit rate of the PS signal we test in the experiment is kept at
32 Gb/s. In this way, BER performance can be measured under different probability
distributions and the performance of the PS signals and uniformly distributed signals
can be compared.

Figure 3.16 shows the BER versus input power at PS-16QAM signal with non-
equal probabilities and uniform-16QAM signal. According to the test results, the PS
signal we use has the best BER performance when the baud rate is 9.412 GBaud.
When the SD-FEC threshold is 2.0 × 10–2, the PS technology can increase the

Fig. 3.15 Spectrum of
PS-16-QAM signal after
PM-OC
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Fig. 3.16 BER versus input
power at PS-16QAM signal
distributed with non-equal
probabilities and
uniform-16QAM signal

system sensitivity by about 1 dB. Considering the 20% overhead of SD-FEC, the net
transmission bit rate is (1–20%) × 32 = 25.6 Gb/s.

We also give the spectrum of PS-16QAMand uniform-16QAMsignal after down-
conversion and the constellation after demodulation and digital signal processing,
as shown in Fig. 3.17. The input power of the AIPM is fixed at 13.0 dBm. The
amount of information contained in the uniform-16QAM symbols is 4-bit/symbol,
and the amount of information of the PS-16QAM symbol is 3.4-bit/symbol. It can be

Fig. 3.17 Experiment results of uniform-16QAM and PS-16QAM signal transmission. 4-
bit/symbol uniform-16QAM signal: a spectrum after down-conversion; b signal constellation at
the receiver end. 3.4-bit/symbol PS-16QAM signal: c spectrum after down-conversion; d signal
constellation at the receiver end
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seen from the recovered constellation points that for PS-16QAM, the transmission
probability of inner constellation points is higher than that of the outer points. It is
worth noting that when the overhead of PS is higher, the transmission probability
of the inner points is higher. When the baud rate is 9.412 GBaud, the net amount of
information of each symbol is 3.4-bit/symbol and the overhead of PS is 15%.

3.5 Conclusion

In this chapter, we first introduce the back-end equalization algorithm of the terahertz
communication system. In the single-carrier terahertz communication system, the
blind equalization algorithm and decision-directed least mean square algorithm are
mainly used. There are also carrier frequency and phase offset in photogenerated
terahertz wave system, and there are corresponding algorithms for these problems,
which can recover the received signal to the original transmitted signal to the greatest
extent.

In order to prove the performance of the terahertz communication system, we
build two different systems through experiments.

The first is the terahertz communication system with pure electronic devices. The
generation and reception of the signal are both completed by electronic devices,
which can reduce the complexity of the experimental setup to the greatest extent.
The system we propose can realize the transmission of 3.5 Gbit/s OOK signal. The
frequency of the terahertz carrier is as high as 441.504 GHz and the system BER is
lower than the HD-FEC threshold of 7%. When the baud rate reaches 4.4 GBaud,
the BER satisfies the SD-FEC threshold of 20%. This is also the first time to realize
the generation and wireless transmission of terahertz signal by electronic methods
in terahertz communication experiment of this band.

The second is photogenerated single-carrier terahertz communication system.
We generate the single-carrier 16QAM terahertz signal by photon beat method. In
order to extend the wireless transmission distance, we introduce the probabilistic
shaping technology into this system.We realize thewireless transmission of 32Gbit/s
16QAM signal at 450 GHz over 1.4 m distance, and the probabilistic shaping tech-
nology can increase the system sensitivity by about 1 dB. It can be seen from the
demodulated constellation that the constellation points after probabilistic shaping
are clearer, and the ability to deal with nonlinear effects is stronger.
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Chapter 4
Basic Algorithms and Experimental
Verification of Multi-carrier Terahertz
Communication

4.1 Introduction

Orthogonal frequency division multiplexing (OFDM) technology is a signal modu-
lation format and special multi-carrier multiplexing scheme. It has high spectral effi-
ciency and can resist themulti-path fading inwireless transmission and the dispersion
effect and polarization mode dispersion effect in optical fiber transmission. There-
fore, it has become a very advantageous signal modulation format in photonics-aided
generation of millimeter wave and terahertz communication [1, 2]. Although the
millimeter wave communication system using OFDM modulation format has been
widely used, there is still a need to solve the defects of the OFDM-modulated signal
in millimeter wave system. The main problem of these OFDM signals is the high
peak-to-average power ratio (PAPR). Excessive PAPR in photonics-aided millimeter
wave and terahertz communication system will affect the normal operation of ampli-
fiers and other devices, and it is necessary to reduce the PAPR to improve the signal
transmission quality. In addition, OFDM signal in photonics-aided millimeter wave
and terahertz communication system will be interfered by noise in optical channel
and wireless channel, and how to accurately estimate the channel is an important
issue. In order to reduce PAPR and improve the accuracy of channel estimation,
advanced digital signal processing (DSP) method can be considered.

This chapter introduces the OFDM terahertz communication system based on
advanced DSP algorithm. Firstly, we introduce the terahertz communication system
based on optical heterodyne beat frequency scheme and coherent reception. Next,
we introduce the discrete-Fourier transform spread (DFT-S) technology which can
reduce the PAPR of OFDM signal, and the intrasymbol frequency-domain averaging
(ISFA) technology which can improve the accuracy of channel estimation in detail.
In the high-frequency terahertz system, no matter whether it adopts all-electric tech-
nology or photonics-aided technology, it is easy to suffer from the nonlinear effect
due to the non-ideal photoelectric devices at the transmitter and receiver end and the
high PAPR of the transmitted signal. In order to reduce the nonlinear effect, Volterra
nonlinear compensation algorithm can be used for nonlinear compensation. We will
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Fig. 4.1 Diagram of terahertz communication system based on heterodyne beat frequency scheme
and coherent reception

introduce these three algorithms intomillimeter wave and terahertz system and verify
the improvement of system performance through experiments.

4.2 Terahertz Communication System Based on Optical
Heterodyne Beat Frequency Scheme and Coherent
Reception

The structure diagram of terahertz communication system based on optical hetero-
dyne beat frequency scheme and coherent reception is shown in Fig. 4.1. The signal
in this system uses OFDMmodulation format. Terahertz wave is generated by optical
heterodyne beat frequency scheme at the transmitter end. In this scheme, two inde-
pendent lasers emit optical signals, respectively, one ofwhichmodulates the electrical
OFDM signal to the light by external modulator, and then the two optical signals
enter the photodiode (PD). The two light waves beat frequency by the PD detected
by the square law to generate terahertz signal with the difference between the two
light frequencies. This scheme has a simple structure and can flexibly control and
generate the required terahertz frequency. The generated electrical terahertz wave
is then sent out through the antenna. The coherent reception scheme is used at the
receiver end, and the system has a high receiving sensitivity. After the wireless
signal is received by the antenna, it is heterodyne coherent down-converted with a
RF signal sent by the RF source in a mixer. The down-converted signal is interme-
diate frequency OFDM signal, which is captured by real-time digital oscilloscope.
The received digital signal is then digital down-converted to baseband OFDM signal,
and OFDM signal demodulation and bit-error ratio (BER) calculation are employed.

4.3 Multi-carrier OFDMModulation Format

OFDM technology is a signal modulation format and also a special multi-carrier
multiplexing scheme. In 1966, R. W. Chang in Bell Labs first proposed the prin-
ciple of OFDM, which simultaneously transmits data at the maximum rate in linear
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bandwidth-limited channel and realized no interchannel interference and no inter-
symbol interference (ISI) [3]. Then, R. W. Chang applied for a patent for OFDM [4].
In 1985, L. Cimini analyzed and simulated the application of OFDM technology in
wireless channels for the first time [5]. In 1996, P. Qi et al. applied OFDM technology
in optical communication for the first time [6].

The idea of OFDM is to convert the high-speed serial data stream into low-rate
parallel data stream, as shown in Fig. 4.2. Compared with serial high-speed data
stream, the symbol duration of the low-speed parallel data stream is longer. Therefore,
the OFDM signal can resist the fading and multi-path interference in the wireless
channel and the dispersion in the optical fiber channel. In the OFDM signal, parallel
data streams are modulated to carriers with different frequencies to realize frequency
division multiplexing. The frequencies between these carriers are orthogonal to each
other and the spectrum is shown in Fig. 4.3. The spectrum of the traditional frequency
division multiplexing signal is shown in Fig. 4.3a, and there is frequency interval
between the carrier frequencies. The carrier frequencies of the OFDM signal remain
orthogonal and overlap each other, which are shown in Fig. 4.3b. It improves the
spectral efficiency greatly, and each carrier can transmit data in different modulation
formats according to actual applications.

Figure 4.4 shows the modulation and demodulation of the OFDM signal. The
OFDM signal modulated by the transmitter end can be expressed as [7]:

Serial data
Parallel data

Fig. 4.2 Diagram of serial-to-parallel conversion of data
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The formula shows the signal expression of one symbol period,whereT represents
the symbol period, xi represents the data carried by the ith subcarrier, f i represents
the frequency of the ith subcarrier, N represents the number of subcarriers, rect
represents the rectangular function, and rect(t) = 1, |t | ≤ T/2.

The orthogonality of the OFDM signal reflects in the frequencies of each subcar-
rier. In an OFDM symbol, the symbol period is an integer multiple of the period of
each subcarrier, and the number of periods of adjacent subcarriers differs by one.
The frequency of the ith subcarrier can be defined as:

fi = f0 + i

T
(4.2)

The orthogonal relationship is:

1

T

T∫

0

exp( j2π fn) · exp(− j2π fm)dt =
{
0 m �= n
1 m = n

(4.3)

As shown in Fig. 4.4, the OFDM signal can use the orthogonal relationship
at the receiver end to integrate with the carrier of the corresponding frequency to
demodulate the transmission data on each subcarrier, which can be expressed as:
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In practical applications, a large number of multipliers, integrators, filters and
other devices are needed in the structure system shown in Fig. 4.4, which greatly
increases the complexity and cost of the OFDM signal transmission system. DSP
can effectively solve the problem and reduce the complexity and cost of the system.
In an OFDM symbol period, the analog signal can be simply expressed as:

s(t) =
N−1∑

i=0

xi exp

(

j2π
i

T
t

)

(4.5)

Sample the OFDM signal at a sampling rate of N /T. The sampling value of the
digital signal at the kth moment can be expressed as:

s[k] =
N−1∑

i=0

xi exp

(

j2π
i

T
· kT
N

)

=
N−1∑
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xi exp

(
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N

)

= IDFT{x[i]},
k = 0, 1, . . . , N − 1

(4.6)

The OFDM signal modulation corresponds to the inverse discrete Fourier
transform (IDFT).

The demodulation of the OFDM signal at the receiver end can be expressed as:

x[i] =
N−1∑

k=0

sk exp

(

− j2π
ik

N

)

= DFT{s[k]},
i = 0, 1, . . . , N − 1 (4.7)

It can be seen that the demodulation of the OFDM signal corresponds to the
discrete Fourier transform (DFT). Inverse fast Fourier transform (IFFT) algorithm
and fast Fourier transform (FFT) algorithm are usually used to replace the IDFT
algorithm and DFT algorithm to reduce the computational complexity from O

(
N 2

)

to O
(
N log2 N

)
.

In the modulation of OFDM, the length of FFT needs to be considered compre-
hensively. The increase of the length of FFT will increase the processing difficulty
of the transmitter and receiver, and the PAPR of the signal. But the proportional
overhead of the cyclic prefix can be reduced and the spectrum can be increased at
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the same time. In practical applications, the FFT size is usually a power series of 2,
and the common size is usually between 128 and 1024.

When the OFDM signal is transmitted in a multi-path fading channel, ISI will
be caused. As shown in Fig. 4.5a, during the propagation of the slow subcarrier, the
information part of the time Td in the current period will fall into the next symbol
period. In order to eliminate ISI, the guard time is needed to be inserted into each
OFDM symbol. As long as the guard time is longer than multi-path delay extension,
the multi-path will not cause ISI. An OFDM system which does not emit signals
in the guard interval is called a zero-padding OFDM (ZP-OFDM) system. The ZP-
OFDM has a relatively low transmission power. The multi-path effect makes the
period of the two subcarriers within FFT integration time no longer be and integer
multiple, and the subcarriers cannot remain orthogonal to each other, which will
cause intercarrier interference (ICI), as shown in Fig. 4.5b. In order to reduce ICI,
the OFDM symbol can send cyclic prefix (CP) in guard time. Copy the tail signal of
the OFDM symbol to the head to construct the CP, which can ensure that the period
of the delayed OFDM signal is always an integer multiple within the DFT integration
period. In the case that the multi-path delay is shorter than the guard time, ISI will not
be caused, and subcarriers are orthogonal to each other, which is shown in Fig. 4.5c.

The symbol synchronization algorithm is used at the receiver end to determine the
starting position of the OFDM signal after capturing the OFDM signal. In 1997, T.

Guard 
time

Guard 
time

Cyclic 
prefix

Cyclic 
prefix

(a) Diagram of protection time (b)Diagram of ICI

(c) Diagram of cyclic prefix

Fig. 4.5 Diagram of protection time, ICI and cyclic prefix
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M. Schmidl et al. proposed a synchronization algorithm based on training sequence
(TS). This classical algorithm has a timing platform and cannot accurately position
[8]. Later, H. Minn et al. improved Schmidl’s TS, using the opposite number to
eliminate the timing platform [9]. Then P. Byungjoon et al. proposed a four-segment
structure TS based on conjugate symmetry, which further improved the accuracy
of the symbol synchronization [10]. Algorithms to estimate the channel and reduce
PAPR have specific application in the subsequent chapters and will not be repeated
here.

4.4 Discrete-Fourier-Transform Spread Technology

4.4.1 Principle of Discrete-Fourier-Transform Spread
Technology

A main disadvantage of OFDM modulation technology is that the modulated signal
has a high PAPR. When the instantaneous power of the transmitted OFDM signal is
too high, the gain of the electrical amplifier in the system will saturate at this time,
which will clip the OFDM signal and produce signal nonlinear distortion. Especially
in photonics-aided millimeter wave system, there are nonlinearities in the optical
fiber transmission, and it is more challenging to reduce the impact of PAPR.

DFT-S technology can be used to reduce the PAPR of OFDM signals and make
multi-carrier modulated OFDM has the characteristics of single-carrier signals [11].
The time-domain waveform of the OFDM-modulated signal in one cycle can be
expressed as:

s(t) =
N∑

k=1

ake
j2π k−1

Ts
t , t ∈ [0, Ts] (4.8)

where N represents the number of modulated subcarriers of the OFDM signals, and
Ts represents a symbol period, ak represents the data information modulated on each
subcarrier, which is usually high-order quadrature amplitude modulation (QAM)
complex information. The PAPR of the OFDM-modulated signal is defined as:

PAPR = max
{|s(t)|2}

E
{|s(t)|2} , t ∈ [0, Ts] (4.9)

Normalize the power:

E
{|s(t)|2} = N , t ∈ [0, Ts] (4.10)
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When z is complex, Re(z) ≤ |z|, ∣∣∑ zn
∣
∣ ≤ ∑ |zn|:
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where ρ(k) is the non-periodic autocorrelation function of the IFFT input signal [12],
which is specifically expressed as:

ρ(k) =
N−k∑

n=1

ak+na
∗
n , k = 1, 2, . . . , N (4.13)

It can be seen from (4.13) that when the autocorrelation function value of the IFFT
input signal in the system is smaller, the PAPR of the OFDM signal is controlled
to be smaller. The correlation of the information sequence can be reduced by using
DFT matrix, which can reduce the PAPR of the OFDM signal in the system.

4.4.2 Applications of Discrete-Fourier-Transform Spread
Technology

The modulation and demodulation of OFDM signal based on DFT-S technology are
shown in Fig. 4.6. In the modulation end, a period of data information N is divided
into n groups, and M points in each group perform DFT first, and then the N points
perform IDFT together. The demodulation is corresponding to the modulation end.
The received data performs theN-point DFT first and then is divided into n groups to
performM-point IDFT in each group. It can be seen that comparedwith the traditional
modulation and demodulation of OFDM signal, the difference of the OFDM signal
based on DFT-S technology is that DFT and IDFT are needed to perform at the
modulation and demodulation end, respectively.
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Fig. 4.6 Flowchart of modulation and demodulation of DFT-S OFDM

Fig. 4.7 CCDF value of
DFT-S OFDM at different
sets

The size of the packet value is an important parameter in the DFT-S OFDM
signal modulation. When designaled data N is divided into n groups, the size of n
needs to be selected. Considering that n takes the maximum value, that is, when n
equals to N, the DFT-S OFDM modulation can be regarded as traditional OFDM
signal modulation, and its PAPR will not be improved. Considering that n takes
the minimum value, that is, when n equals to 1, the DFT-S OFDM modulation can
essentially be regarded as single-carrier modulation. At this time, the PAPR is the
lowest and has the characteristics of single carriers. Therefore, the smaller the value
of n, the smaller the PAPR of the DFT-S OFDM signal. On the basis of OFDM
modulation, the minimum value of n is equal to 2.

Usually in OFDM system, a complementary cumulative distribution function
(CCDF) variable is introduced in order to measure the PAPR of the signal. The
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variable represents the probability distribution of the PAPR of the OFDM signal
exceeding a certain threshold. Figure 4.7 shows theCCDF curve of theDFT-SOFDM
when n takes different values in simulation [12]. It can be seen from the curve that the
simulation situation is consistent with theoretical analysis. When takes 2, the signal
has the best CCDF curve, and with the increase of n, the PAPR of the signal becomes
larger. It can also be seen from the simulation diagram that the CCDF curve of the
traditional OFDM signal is the worst, and it has higher PAPR compared with DFT-S
OFDM signal. In the subsequent system applications, take n equal to 2 for DFT-S
OFDM signal modulation in order to improve the PAPR to the greatest extent.

In addition, when performing DFT-S OFDM signal modulation, TS used for
channel estimation needs to be discussed whether to perform additional DFT and
IDFT. According to the corresponding rules of DSP, TS at the DFT-S OFDM signal
modulation end should also perform additional DFT, and the TS becomes analog
sequence at this time. However, TS only occupies a small part of the entire OFDM
symbol, and the improvement brought additional DFT is small. Ref. [13] shows
that in the optical channel, TS does not need additional DFT, that is, digital TS is
more conducive to system performance. This is because compared with digital TS,
analog TS is more susceptible to the influence of the optical channel during trans-
mission, causing a more serious response amplitude and phase jitter during channel
estimation [13]. In the subsequent system applications, digital TS is selected, that is,
like traditional OFDM, no additional DFT is performed on TS to optimize system
performance.

4.4.3 Test Experiment

Here, simple experimental tests are carried out for traditional OFDM signal and
OFDM signal based on DFT-S technology. The experiment builds a simple optical
systemwith intensitymodulation and direct detection.Generate signal by an arbitrary
waveform generator and modulate the electrical signal onto the light by a direct
intensity modulator. The optical signal is converted into electrical signal in PD in
the back-to-back (BTB) condition and finally received by the oscilloscope for signal
recovery. The DFT-S OFDM signal used in this experimental test uses digital TS,
and the number of packets is 2.

The test results are shown in Fig. 4.8. The subcarriers of the signal use quadrature
phase shift keying (QPSK). Figure 4.8a–c represents the demodulation constellation
of the OFDM signal at the receiver end when the signal rate is 1 GBaud, 2 GBaud and
4 GBaud, respectively. When the rate increases to 4 GBaud, BER reaches the 1 ×
10–4. Figure 4.8d, e represents the demodulation constellation of the DFT-S OFDM
signal at the receiver end when the signal rate is 1 GBaud, 2 GBaud and 4 GBaud,
respectively. From the comparison of the constellations, the demodulation constel-
lations of traditional OFDM signal are more divergent and the system performance
is poor. When the rate of DFT-S OFDM signal increases to 4 GBaud, the BER is still
0.
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Fig. 4.8 Demodulation constellation of traditional OFDM signal and DFT-S OFDM signal when
the mapping mode of subcarriers is QPSK

In addition, the system also tests the transmission performance of the traditional
OFDM and DFT-S OFDM when the mapping mode of subcarriers is 16-ary quadra-
ture amplitude modulation and the results are shown in Fig. 4.9. It can be seen that
similar to the result of QPSK mapping mode, the transmission quality of the DFT-S
OFDM signal is significantly better than the traditional OFDM signal. The demod-
ulation constellation points at the receiver end are more convergent and the BER is
lower. The transmission performance of the system can be improved by reducing
PAPR.

4.5 Intrasymbol Frequency-Domain Averaging Technology

4.5.1 Channel Estimation

Channel estimation is a key process in OFDM system. Signals transmitted in the
optical fiber and wireless channel will be interfered by damage factors such as
chromatic dispersion and polarization mode dispersion in optical fibers, as well as
multi-path fading and frequency selective fading in wireless channels. The channel
information can be obtained by necessary channel estimation, and the accurate data
information at the receiver end can be recovered by compensating the damage of the
signal.
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Fig. 4.9 Demodulation constellation of traditional OFDM signal and DFT-S OFDM signal when
the mapping mode of subcarriers is 16QAM

The channel estimation technology can be divided into three categories. The first
is known data-aided category, that is, add specific known data to the transmitted
unknown data information.When the data is received at the receiver end, the required
transmission channel response information can be obtained through the size and posi-
tion of these data to recover the transmitted data accurately. The second is the blind
estimation. This kind ofmethod does not insert any known data at the transmitter end,
and the transmission channel characteristics can be estimated through the statistical
information characteristics of the received signal at the receiver end of the system
to recover the data information. The third type is semiblind estimation. This method
combines the previous two methods to obtain transmission channel characteristics.
The second blind estimation and the third semiblind estimation do not need or only
need very little additional known information, which makes the spectral efficiency
of the system higher. However, the complexity of the algorithms is high, and the
convergence speed and the accuracy of the channel estimation are reduced.

The channel estimation in this chapter uses the first data-aided scheme, which
is simple and has a low computational complexity, and is suitable for high-speed
OFDMsystems. The corresponding cost of this scheme is that it increases redundancy
and reduces the spectral efficiency of the system. In the channel estimation of the
traditional OFDM signal, the commonly used data-aided method is to insert TS or
pilot. In this chapter, we insert a quantitative known TS before a certain number of
symbols. Algorithm to obtain the channel response mainly includes least square (LS)
algorithm [14], linear minimum mean squared error (LMMSE) algorithm [15] and
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maximum-likelihood (ML) channel estimation algorithm [16]. The complexity of
LMMSE algorithm and ML algorithm is relatively high. The LS algorithm is most
widely used because of its low complexity, and it is used in this chapter. We will
introduce and derive the applications of this algorithm in channel estimation.

The known training data inserted at the transmitter end of the system is Xp, and
the training data after transmission received at the receiving end is Yp. Assuming that
the channel response at the position of TS data transmission is Hp, and the additive
white Gaussian noise interference isWp:

YP = XPHP + WP (4.13)

Using the LS algorithm to estimate the channel response Hp in (4.13), the
following equation needs to be minimized:

J =
(
YP − Y

∧

P

)H(
YP − Y

∧

P

)
=

(
YP − XPH

∧

P

)H(
YP − XPH

∧

P

)
(4.14)

where H
∧

P is the estimated value of the transmission channel frequency-domain
responseHp andY

∧

P is the output value of theTSdata. In order tominimizeEq. (4.14),
the following formula must be satisfied:

∂

{(
YP − XPH

∧

P

)H(
YP − XPH

∧

P

)}

∂H
∧

P

= 0 (4.15)

The channel frequency-domain response can be obtained from (4.15), and the
estimated value of the channel frequency-domain response obtained by using LS
algorithm is:

H
∧

P,LS = X−1
P YP (4.16)

It can be seen from Eq. (4.16) that when using LS algorithm, only data signal Xp

at the transmitter end and signal Yp at the receiver end need to be known, without
additional knowledge of statistical characteristics including channel noiseWp. It can
be seen that the advantages of the LS algorithm are low computational complexity
and simple implementation.

4.5.2 Principle of Intrasymbol Frequency-Domain Averaging
Technology

The existence of random noise in the OFDM transmission system will reduce the
accuracy of the channel estimation. In order to eliminate the influence of random
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noise in the system, multi-TSs are usually inserted into the transmitted data, and the
channel response of each is calculated at the receiver end and then averaged. This
method to eliminate noise inserts a large amount of known assisted data, causing a
decrease in the spectrum utilization of the system. In order to eliminate the influence
of randomnoise in the systemand increase the accuracyof channel estimationwithout
adding too much assisted data, ISFA technology is proposed [17–19].

In a traditional system which uses TS to estimate the channel response. In a TS,
the calculated channel response estimation value of the kth subcarrier isHk . Average
the channel response value of this subcarrier and its adjacent first m and next m
subcarriers, totaling 2m + 1 subcarriers to obtain the optimized channel response
estimation value of the kth subcarrier position. The formula is as follows:

HISFA =
∑k+m

k ′=k−m Hk ′

min
(
k ′
max, k + m

) − max
(
k ′
min, k − m

) + 1
(4.17)

where k ′
max and k ′

min represent the largest and the smallest subcarrier sequence
numbers in an OFDM symbol period. When the sequence number value of k ′ in
the calculation process is not within the range of subcarrier sequence number, the
value of Hk ′ is 0 by default. The optimized channel response estimation value is
calculated according to Eq. (4.17), which is then used to restore the transmitted data
information.

The averagenumber of subcarriers used in calculating the channel responseof each
subcarrier is called the tap size. The selection of the tap size affects the performance
of the ISFA technology. When the tap size is increased, it means that the average
number of subcarrier samples is larger, which is more conducive to the suppression
of random noise. However, when the tap size is too large, the correlation between
the subcarrier samples will decrease, which will reduce the accuracy of channel
estimation. Therefore, the selection of the tap size needs to balance the suppression
of random noise and the correlation between carriers.

4.6 OFDMMillimeter Wave Coherent Reception System
Based on DFT-S and ISFA

4.6.1 Experimental Setup

The experimental setup of OFDM signalW-bandmillimeter wave coherent reception
system based on DFT-S technology and ISFA technology is shown in Fig. 4.10. The
OFDM signal is generated offline by using MATLAB. 256 subcarriers are used
in each symbol period, of which 193 subcarriers carry data information, and each
subcarrier uses high-order 16QAM mapping mode. A 32-point CP is inserted into
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Fig. 4.10 Experimental setup of W-band millimeter wave coherent reception system

each symbol period, and a TS is inserted into every 100 OFDM symbol periods for
channel estimation, and the TS length occupies one OFDM symbol period.

Then the offline generated OFDM data is imported into and AWG, which has a
sampling rate of 8 GSa/s and a bandwidth of 13 GHz. Therefore, the data rate sent
by the transmitter end is: 8× 193/256× 4× 256/(32 + 256) × 0.99 = 21.2 Gb/s.

The operating wavelength of the external cavity laser 1 is set at 1549.232 nm,
and the output power is 14.5 dBm. The electrical OFDM signal is generated
by the AWG, and then modulated onto a continuous light wave by an in-
phase/quadrature (I/Q) modulator. Then the optical OFDM signal is amplified by
a polarization-maintaining EDFA and coupled with another continuous light wave in
the polarization-maintaining coupler. The other light is generated from the external
cavity 2, with a wavelength of 1548.564 nm and a power of 13 dBm. The spectrum
of the two light waves after coupling is shown as Fig. 4.11. Control the power of
the two light waves similar to each other, and the frequency interval is the required
W-band frequency. The frequency interval in this experiment is 84.5 GHz.

As shown in Fig. 4.10, the two light waves are beat in a PDwith a 3 dB bandwidth
of 100 GHz, and the generated 84.5 GHz millimeter wave passes through a W-band

Fig. 4.11 Optical spectrum
of two optical signals with a
frequency interval of
84.5 GHz
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Table 4.1 Parameters of key
devices in W-band millimeter
wave coherent reception
system

Device Parameters

External cavity laser 1 Operating wavelength:
1549.232 nm
Linewidth: ~100 kHz
Output power: 14.5 dBm

External cavity laser 2 Operating wavelength:
1548.564 nm
Linewidth: ~100 kHz
Output power: 13 dBm

Photodetector 3 dB bandwidth: 100 GHz

W-band electrical amplifier Gain: 30 dB
Saturated output power:
3 dBm

W-band horn antenna Gain: 25 dBi
Interface: WR-10

Local oscillator microwave
source

Frequency: 75 GHz
Output power: 16 dBm

Digital storage oscilloscope Sampling rate: 50 GSa/s
3 dB bandwidth: 16 GHz

electrical amplifier with a gain of 30 dB and a saturated output power of 3 dBm. Then
it is transmitted through a W-band horn antenna (25 dBi gain and WR-10 interface)
and received by another same W-band horn antenna after 2 m wireless distance. At
the receiver end, a W-band electrical amplifier which is the same as the transmitter
end to amplify the electrical signal. Then the 84.5 GHz electrical millimeter wave is
received by coherent detection, and down-converted with a 75 GHz local oscillator
microwave source with an output power of 16 dBm. The down-converted signal is
amplified by an electrical amplifier with an operating frequency of DC ~40 GHz,
and then obtained by a real-time digital storage oscilloscope with a sampling rate of
50 GS/s and a 3 dB analog bandwidth of 16 GHz. Finally, the IF signal captured by
the oscilloscope is recovered offline by using DSP inMATLAB, including frequency
conversion to baseband, DFT-S OFDM signal demodulation and BER calculation.
The parameters of the key devices in this experiment are shown in Table 4.1.

4.6.2 Experiment Results

This experiment comparatively tests the performance of the system using both DFT-
S technology and ISFA technology and the system using only DFT-S or ISFA.
Figure 4.12 shows the constellation, frequency-domain spectrum and time-domain
waveform of the OFDM signal at the receiver end during the test. Figure 4.12a shows
the constellation of the received OFDM signal using ISFAwhen the receiving optical
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(e) Wave form of received signal using ISFA
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Fig. 4.12 Constellation, spectrum and time-domain waveform of the received signal

power is−5.5 dBm. Figure 4.12c, e represents the corresponding spectrum and time-
domain waveform, respectively. Figure 4.12b shows the constellation of the received
OFDM signal using both DFT-S and ISFA when the receiving optical power is −
5.3 dBm. Figure 4.12d, f represents the corresponding spectrum and time-domain
waveform, respectively, when the optical power is −5.3 dBm. By comparison, it can
be seen that when the receiving optical power is basically the same, the constellation
using DFT-S is more convergent and the error rate is lower. The amplitude of the
signal in Fig. 4.12f is relatively average, while the PAPR of the signal in Fig. 4.12e
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Fig. 4.13 System BER
curve at different received
optical power
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is higher. It can be seen that the DFT-S technology can improve the PAPR of the
OFDM signal in the system.

Figure 4.13 shows the BER curve of the system using DFT-S only, using ISFA
only, and using DFT-S and ISFA in combination. It can be seen that when the two
technologies are used in combination, theBERperformance can be improved, and the
receiving sensitivity is improved bymore than 0.5 dB.When the two technologies are
used in combination, BER is lower than the hard-decision forward error correction
(HD-FEC) threshold of 3.8 × 10–3 when the receiving optical power is −6.3 dBm.

4.7 Volterra Nonlinear Compensation Technology

4.7.1 Principle of Parallel Volterra Nonlinear Compensation
Technology

We can use Volterra nonlinear compensation algorithm to compensate for the nonlin-
earity in the terahertz system [20]. Assuming that x(t) represents the input of the
signal, y(t) represents the output of the signal, then:

y(t) = h0 +
M−1∑

k=0

h1(k)x(t − k) +
M−1∑

k1=0

M−1∑

k2=k1

h2(k1, k2)x(t − k1)x(t − k2)

+ · · · +
M−1∑

k1=0

· · ·
M−1∑

kn=kn−1

hn(k1, · · · , kn)x(t − k1) · · · x(t − kn) (4.18)
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where hn represents the coefficient of the nonlinear term in the Volterra series, M
represents the memory length of the system, h0 represents a constant. When the
coefficient of the nonlinear term in the Volterra series increases and the memory
length of the system increases, the nonlinear parameter in the expressionwill increase
exponentially. Therefore, considering the complexity of the algorithm and the needs
of the practical system, we need to adjust the memory length and the number of
nonlinear terms of the system.

In a general system, the number of the nonlinear terms is generally taken as 2,
and the above expression can be simplified as:

y(t) = h0 +
M−1∑

k=0

h1(k)x(t − k) +
M−1∑

k1=0

M−1∑

k2=k1

h2(k1, k2)x(t − k1)x(t − k2)
(4.19)

According to the size of the memory length, we divide the nonlinear system
into memory and non-memory systems. When M = 0, the above expression can be
simplified as:

y(t) = h0 + h1x(t) + h2x
2(t) (4.20)

A nonlinear compensation algorithm using the square difference of the adjacent
signals is mentioned in the literature [21]:

yi =
N∑

j=−N

v j xi− j+
N∑

k=−N

k−1∑

j=−N

vk, j
(
xi−k − xi− j

)2
(4.21)

where x and y represent the input and output signal of theVolterra series, respectively.
N represents the number of the taps of theVolterra series, which is thememory length
of the nonlinear system, vj and vk,j represent the weight coefficients of the linear and
nonlinear filters, respectively.

Volterra nonlinear compensation technology is generally used in time domain to
process real signals. In Ref. [22], the transmitted signal is DMT signal, which is a real
number, so it can be processed directly. If the signal is an OFDM imaginary signal, it
cannot be directly processed by Volterra nonlinear compensation technology. With
this in mind, OFDM signal is divided into I/Q parts, which are processed by Volterra
nonlinear compensation technology at the receiver end, respectively. The equalizer
can be described as:

yi(I,Q) =
N∑

j=−N

v j xi− j +
N∑

k=−N

k−1∑

j=−N

vk, j (x(i−k)(I,Q) − x(i− j)(I,Q))
2 (4.22)
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where x and y represent the input and output signal of theVolterra series, respectively.
N represents the number of taps of the Volterra series, which is the memory length
of the nonlinear system. vj and vk,j represent the weight coefficients of the linear and
nonlinear filters, respectively. The weight coefficients are adaptively updated based
on the least mean square (LMS), which will be introduced below. The I and Q in
the equation represent the I/Q part of the signal. At the receiver end, the received
IF signal is down-converted into the baseband signal by digital signal processing.
Schmidt is used to normalize the baseband signal, and the I/Q signal at the receiver
end will be subjected to Volterra nonlinear processing [22].

4.8 Experimental Verification of Terahertz RoF-OFDM
Communication System

In this section, wewill introduce two terahertzOFDM transmission experiments. The
first experiment introduces the radio-over-fiber OFDMcommunication system based
on photonics-aided technology operating at 350−510 GHz [23]. The system can
realize the radio-over-fiber transmission of OFDM-QPSK signal with a bandwidth
of 4.46 GHz (equivalent to an effective data rate of 8.92 Gb/s) at 450 GHz frequency.
The transmission distance on the optical fiber link can reach 35 km, the length of the
wireless link is 2.5 inches and the system BER is 3.8 × 10–3. The system we realize
has relatively stable system performance in the terahertz wave band frequency range
of 350–510 GHz and proves the potential and application prospects of terahertz in
ultra-wide communication. The second experiment introduces the transmission of
high-order QAM OFDM signal. In this experiment, we use probabilistic shaping
technology and Volterra algorithm to improve the performance of high-order QAM
OFDM. We realize the transmission of the highest order of 4096QAM signal over
more than 13.42 m wireless distance with the rate of more than 50 Gb/s successfully.

4.8.1 Experimental Setup of 350−510 GHz Terahertz
RoF-OFDM Communication System

The experimental setup of the 350–510 GHz RoF-OFDM communication system
we realized is shown in Fig. 4.14. At the transmitter end, we use two free-running
external cavity lasers (ECL) to generate and modulate terahertz signal by using
optical heterodyne beat frequencies. The output optical power of ECL1 is 15 dBm,
the line width is <100 kHz and the operating wavelength is fixed at 1552.524 nm.
ECL1 outputs continuous wave (CW) optical carrier. The output optical power of
ECL2 is 11 dBm, and the linewidth is <100 kHz. It serves as the optical oscillator
source at the transmitter end.We adjust the operating wavelength of the ECL2within
the range of 1548.395–1549.715 nm, so that the frequency difference between the
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Fig. 4.14 Experimental setup of photonics-aided terahertz communication system

optical carrier and optical local oscillator source is within the range of 350–515 GHz,
so as to test the system performance in the broadband terahertz range.

Weuse 10GBaudbasebandOFDM-QPSKelectrical signal tomodulate the optical
carrier. In the digital domain, inverse fast Fourier transform (IFFT) is used to generate
a baseband OFDM-QPSK digital signal with a size of 1024, and the baseband digital
signal is converted into an electrical signal by using Tektronix AWG. We use 505
of the 1024 subcarriers to carry QPSK data and use the aforementioned discrete-
Fourier-transform spread (DFT-spread) technology to reduce the peak-to-average
power ratio (PAPR) of each OFDM symbol [24]. After IFFT, we add the 32-point
cyclic prefix (CP) to each OFDM symbol and add a training sequence (TS) before
every 42 FODM symbols, which includes 2 OFDM symbols to help the channel
estimation at the receiver end. Therefore, one OFDM frame includes a TS and the
subsequent 42 OFDM symbols. We also add 1024 zeros before each OFDM frame
to help the time synchronization based on the receiver. The effective bandwidth of
the 10 GBaud OFDM-QPSK signal we transmit is (42 × 505)/(1024 + 44 × 1056)
× 10 ≈ 4.46 GHz.

We use I/Q modulator to modulate the data. The 3 dB optical bandwidth of the
I/Q modulator is 32 GHz, and its half-wave voltage at the 1 GHz frequency point
is 2.3 V. The generated OFDM-QPSK optical signal is amplified by polarization-
maintaining EDFA (PM-EDFA) and then coupled with the optical LO through a
polarization-maintaining optical coupler (PM-OC) to generate the optical terahertz
signal.

Figure 4.15 shows the spectrum after PM-OC coupling with a resolution of
0.01 nm, corresponding to the frequency difference between the two lights of 350,
400, 450 and 510GHz.Next, we transmit the generatedRoF signal over the 10–50 km
single-mode fiber (SMF-28), which has a dispersion of 17 ps/km/nm at 1550 nm.
The optical power is amplified by an EDFA, and the antenna-integrated photomixer
module (AIPM, IOD-PMAN-13001) of NTT Electronics is used to realize the
optical/electrical conversion of the terahertz signal. The integrated antenna radiates
the converted terahertz signal into available space. The AIPM can be regarded as a
monolithic integration of UTC-PD and terahertz antenna, with an operating range of
300–2500 GHz and a typical output power of −28 dBm. We add a tunable optical
attenuator before the AIPM, which is convenient for adjusting the input power of
AIPM for BER measurement.
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Fig. 4.15 Optical spectrum after PM-OC, the frequency difference of the two light waves is:
a 350 GHz, b 400 GHz, c 450 GHz, d 510 GHz

After 1–5 inches wireless transmission, we use a horn antenna with a gain of
25 dBi to receive the terahertz electrical signal, and the operating frequency of the
antenna is 330–500 GHz. Next, we use a spectrum analyzer extender (SAX, VDI
module: WR2.2SAX) driven by a sine wave local oscillator to down-convert the
received terahertz electrical signal into a lower-frequency IF signal. The SAX can be
regarded as an integration of a mixer and a frequency multiplier, with an operating
frequency range of 330–500 GHz and the maximum IF bandwidth of 40 GHz. In
the operating frequency range of 330–500 GHz, the conversion loss is relatively
flat, and the average value is 16 dB. For SAX with local oscillator input ranges of
6.88–10.42 GHz and 27.5–41.67 GHz, the frequency multiplication factors are 48
and 12. In the experiment, the frequency multiplication factor we use is 48, and the
frequency range of the local oscillator RF signal is 6.88–10.42 GHz.

After obtaining the IF signal, we use an electrical amplifier (EA) to enhance the
down-converted IF signal. The electrical amplifier has a gain of 40 dB and an oper-
ating frequency range of 4–18GHz.Next,we use a digital storage oscilloscope (DSO)
to capture the signal. The oscilloscope has an electrical bandwidth of 13 GHz and
a sampling rate of 40 GSa/s. The subsequent offline digital signal processing (DSP)
includes down-conversion, time synchronization, channel estimation and recovery
aided by training sequence, QPSK demapping and BER calculation. At the same
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time, we use the aforementioned intrasymbol frequency-domain averaging (ISFA)
algorithm to improve the accuracy of channel estimation [24].

4.8.2 Experimental Results and Analysis of 350–510 GHz
Terahertz RoF-OFDM Communication System

We set the frequency of the terahertz carrier to 450GHz andmeasure the BER perfor-
mance of the system first. The LO frequency of the driving SAX is set to 9.254 GHz,
so the down-converted IF frequency is 5.856 GHz. When the wireless transmission
distance is increased from1 to 5 inches, the relationship between themeasured system
BER and the wireless transmission distance is shown in Fig. 4.16. For the measure-
ment in Fig. 4.16, we set the input power of the AIPM to 12.7 dBm, considering the
case of no optical fiber transmission. With the increase of the wireless transmission
distance, the BER performance gradually deteriorates, mainly because the increase
in distance leads to the increase of the wireless path loss. If a pair of terahertz lenses
can be added to focus the wireless terahertz signal [25, 26, 21], the corresponding
wireless transmission distance will increase accordingly. When the wireless trans-
mission distance increases to 3 inches, BER is still below the hard-decision forward
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Fig. 4.16 Relationship between the BER of RoF-OFDM signal and wireless transmission distance.
The illustration shows the spectrum of the captured 5.856 GHz IF signal and QPSK constellation,
and the corresponding wireless transmission distance is 1 inch
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error correction (HD-FEC) threshold of 3.8 × 10–3. The 5.856 GHz IF signal spec-
trum captured by the oscilloscope and the QPSK constellation corresponding to the
1 inch wireless transmission distance are shown in Fig. 4.16.

When we increase the input power of the AIPM from 9.7 to 12.7 dBm, the rela-
tionship between the measured BER performance and the input power of the AIPM
is shown in Fig. 4.17. For the measurement in Fig. 4.20, we consider the 2.5 inch
wireless transmission, but not optical fiber transmission. We observe that the BER
gradually gets better as the input power increases. When the input power increases to
~12.2 dBm, it reaches the threshold of HD-FEC.When the optical fiber transmission
distance increases from 0 to 50 km, the relationship between the measured BER
performance and the optical fiber transmission distance is shown in Fig. 4.18. For
the measurement in Fig. 4.18, we set the input power of the AIPM to 12.7 dBm,
considering the 2.5 inch wireless transmission. We observe that the BER gradually

Fig. 4.17 Relationship
between the BER and AIPM
of RoF-OFDM system
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fiber transmission distance of
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Fig. 4.19 The relationship between BER and terahertz wave frequency

gets worse with the increase of the optical fiber transmission distance. When the
optical fiber transmission distance increases to 35 km, it is still below the threshold
of HD-FEC.

In order to verify the ability of the system to operate under the ultra-wideband
conditions,we adjust the terahertz carrier frequency in the rangeof 350–515GHz, and
the corresponding measured BER performance of the system is shown in Fig. 4.19.
TheLO frequency of the driving SAX is set to 7.438GHz. For the carrier frequency of
350, 400, 425, 450, 475, 500, 510 and 515GHz, the frequency of the RF signal source
at the transmitter end is 8.468, 8.994, 9.253, 9.774, 10.294, 10.504 and 10.584 GHz.
We set the input power of the AIPM to 12.7 dBm, considering the 2.5 inch wireless
transmission and no optical fiber transmission. We observe that in the terahertz wave
frequency range from 350 to 510 GHz, the BER is below the threshold of HD-FEC,
and the system BER performance is relatively stable, which proves the stability of
the performance of the ultra-wideband terahertz communication system.

4.8.3 High-Order QAM Terahertz RoF-OFDM
Communication System Experiment

Figure 4.20a is the experimental setup of the heterodyne coherent detection of a
117 GHz carrier frequency terahertz transmission system [22]. Figure 4.20b, c shows
the offlineDSP flowchart of OFDMgeneration and recovery. InMATLAB, a pseudo-
random binary sequence with a length of 215 is first generated, and is mapped to
probabilistic shaping (PS) 256, 1024, 2048 and 4096QAM signal. A number of
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(a)

(b) (c)

Fig. 4.20 Experimental setup and the algorithm flow. a Experimental setup of the heterodyne
coherent detection of 117 GHz terahertz system, b offline DSP of OFDM generation and c offline
DSP of OFDM recovery EA: electrical amplifier, PM-EDFA: polarization-maintaining EDFA, Att:
adjustable optical attenuator, LNA: low-noise amplifier, LO: local oscillator

bits per symbol after removing the PS overhead of 256, 1024, 2048 and 4096QAM
signals are: 7.2856, 8.0586, 9.0592 and10.0585.The size of the fast Fourier transform
(FFT) is 1024, of which 980 subcarriers are used for data transmission. After IFFT,
a 64-point cyclic prefix is added before the parallel-to-serial (P/S) conversion. A
frame of data consists of two training sequences (TS) and 12 OFDM symbols. TS
before theOFDMsymbol is used for synchronization and channel estimation.OFDM
signal generated offline will be loaded into the arbitrary waveform generator (AWG).
The two analog signals loaded into the AWG are amplified by two parallel linear
amplifier and then used to drive the I/Q modulator. The amplified signal will use
an I/Q modulator with a 3 dB bandwidth of 32 GHz to modulate the optical carrier
generated by the external cavity laser (ECL1). The insertion loss of the modulator is
6 dB.The signal is coupledwithECL2 through the optical coupler, and the signal light
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is in the same polarization state with themodulator by the polarization controller. The
coupled signal will be transmitted through the 100 m standard single-mode fiber. We
use a tunable optical attenuator to adjust the power of the signal entering UTC-PD.
117 GHz terahertz wave signal will be generated in UTC-PD by beat frequency and
transmitted through the integrated butterfly antenna. Then, a lens with a diameter
of 10 cm and a focal length of 20 cm will be used to transform the terahertz signal
into a parallel signal for transmission in free space. After 13.42 m transmission,
the wireless signal will be focused by the same lens and then received by a D-band
antenna with a gain of 25 dBi. Use a mixer and the 112 GHz electrical local oscillator
for down-conversion to generate IF signal and use the 13 GHz 40 Gsa/s digital
storage oscilloscope (DSO) for capture. The measured loss of the 13.42 m wireless
link is 5.8 dB. At the receiver end, offline processing includes down-conversion,
resampling, frame synchronization, Volterra nonlinear compensation, FFT, channel
estimation, QAMdemodulation and decoding and then calculates the BER, as shown
in Fig. 4.20c.

4.8.4 Experimental Results of High-Order QAM Terahertz
RoF-OFDM Communication System

The BER performance of the 10 GBaud 1024QAM signal with different tap lengths
is shown in Fig. 4.21, and the optical number of taps of the parallel Volterra nonlinear
compensation algorithm is 335. Since thenumber of taps is relatively long, the amount

Fig. 4.21 BER versus taps of Volterra nonlinear filter of 10 GBaud 1024QAM signal
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Fig. 4.22 a BER versus ROP at different QAM signal in the case of 10 GBaud without Volterra
algorithm, b BER versus baud rate at different QAM signal without Volterra algorithm (UTC-PD
input power is fixed at 10 dBm), cBER versus ROP at different QAM signal in the case of 10 GBaud
with Volterra algorithm, d BER versus baud rate at different QAM signal with Volterra algorithm
(UTC-PD input power is fixed at 10 dBm)

of calculation is relatively large. When the optimal input power is 9 dBm, the BER is
7 × 10–3 when the number of taps is 335. When the number of taps is 305, BER can
only achieve 1.6 × 10–2. It can be seen from the figure that an appropriate number
of taps can greatly improve the performance of the transmission system.

Figure 4.22a is the relationship between the BER and ROP of 10 GBaud signal
without using Volterra algorithm. It can be seen from the figure that the optimal input
power is 9 dBm, but with the continuous increase of ROP, the UTC-PD works in the
saturation region and the performance deteriorates. When the input power is 9 dBm,
the corresponding BER is 0.14 (256QAM), 0.155 (1024QAM), 0.19 (2048QAM)
and 0.23 (4096QAM). Figure 4.22b is the relationship between the BER and baud
rate when the UTC-PD input power is 10 dBm without using Volterra algorithm.
When the baud rate is 5 GBaud, the corresponding BER is 0.066 (256QAM), 0.095
(1024QAM), 0.114 (2048QAM) and 0.142 (4096QAM). When the baud rate is
10 GBaud, the corresponding BER is 0.141 (256QAM), 0.175 (1024QAM), 0.195
(2048QAM) and 0.222 (4096QAM). Figure 4.22c is the relationship between the
BER and ROP of different QAM signals when the baud rate is 10 GBaud with
Volterra algorithm. The corresponding BER is 5.7 × 10–4 (256QAM), 6.5 × 10–3
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(1024QAM), 0.017 (2048QAM) and 0.031 (4096QAM). Figure 4.22d is the relation-
ship between BER and baud rate when the UTC-PD input power is fixed at 10dBm.
When the baud rate is 5 GBaud, the corresponding BER is 1.6× 10–4 (256QAM), 3.1
× 10–3 (1024QAM), 0.016 (2048QAM) and 0.026 (4096QAM). When the baud rate
is 10 GBaud, the corresponding BER is 5.5× 10–4 (256QAM), 0.0075 (1024QAM),
0.019 (2048QAM) and 0.03 (4096QAM). These BERs are all below the FEC soft
decision threshold of 4× 10–2, and error-free transmission can be realized after FEC
processing.

Figure 4.23 is the constellation of different QAM signals after 13.42 m wire-
less distance transmission when the baud rate is 7 GBaud and the UTC-PD input
power is 10 dBm. The 256QAM, 1024QAM, 2048QAM and 4096QAM rates of the
10GBaud signal are 52.78Gb/s, 58.38Gb/s, 65.63Gb/s and 72.86Gb/s, respectively.

Fig. 4.23 Constellation a 256QAM, b 1024QAM, c 2048QAM and (d) 4096QAM
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The corresponding spectral efficiency is approximately 5.2, 5.8, 6.6 and 7.3 b/s/Hz
(assuming a bandwidth of 10 GHz).

4.9 Conclusion

Considering the inherent shortcomings ofOFDMsignals in the application ofOFDM
modulation format to terahertz system, advanced DSP algorithms can be intro-
duced to effectively reduce the PAPR and improve the accuracy the channel esti-
mation, which improves the system performance. This chapter first introduce the
high-frequency millimeter wave and terahertz wave system based on optical hetero-
dyne beat frequency scheme and coherent reception, and then introduces the DFT-S
technology and ISFA technology. We introduce and derive the two DSP algorithms
and apply them in the W-band millimeter wave coherent reception system experi-
ment. 94.5 GHz W-band millimeter wave is generated by optical heterodyne beat
frequency and then transmitted 2 m wireless distance by using horn antenna. At the
receiver end, a local high-frequency oscillator is used to drive the mixer to realize
millimeter wave down-conversion, and heterodyne coherent detection technology is
used to modulate the signal. The experiment successfully realizes the transmission
of 21.2 Gb/s 84.5 GHz carrier frequency 16QAM OFDM signal over 2 m wireless
distance, and controls the BER within the HD-FEC threshold of 3.8 × 10–3 with 7%
redundancy. The experiment verifies that ISFA technology that optimizes channel
estimation and DFT-S technology that reduces signal PAPR can improve the trans-
mission performance. When the two technologies are used in combination, the BER
performance of the system is improved and the receiving sensitivity is improved by
more than 0.5 dB.

In the high-frequency terahertz system, no matter whether all-electric technology
or photonics-aided technology is adopted, it is susceptible to non-linear effects due
to the non-ideal photoelectric devices and the high PAPR of the transmitted signal.
In order to reduce the nonlinear effect, Volterra nonlinear compensation algorithm
can be used for nonlinear compensation.

We introduce two terahertz OFDM transmission experiments. In the first experi-
ment, we build an optical-carrier wireless OFDM terahertz communication system,
and prove the feasibility of the RoF-OFDM system in terahertz wave band. In the
second experiment, we study the transmission of high-order QAM terahertz signal.
We use probabilistic shaping and Volterra algorithm to improve the signal perfor-
mance greatly. When the baud rate is 10 GBaud, we realize the transmission with
BER of 5.5 × 10–4 (256QAM), 0.0075 (1024QAM), 0.019 (2048QAM) and 0.03
(4096QAM). These BERs are all below the FEC soft decision threshold of 4 × 10–2,
and the error-free transmission can be realized after FEC processing.
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Chapter 5
Terahertz Signal MIMO Transmission

5.1 Introduction

Antenna multiple-input multiple-output (MIMO) technology uses multiple transmit-
ting and receiving antenna, which can not only effectively increase the wireless trans-
mission capacity of the system, but also significantly reduce the wireless transmitting
power required to reach the given wireless transmission capacity [1–25]. What is
more, antenna MIMO technology can also be combined with multiple multiplexing
method, including spatial multiplexing [1–7, 9–14], wave band multiplexing [14,
24, 25] and antenna polarization multiplexing [9, 14]. It can effectively reduce the
signal baud rate and the bandwidth requirement for photoelectric devices, improve
the sensitivity of the receiver and realize the transmission of millimeter wave signal
at high speed and spectrum efficiency.

This chapter will first introduce the 2 × 2 MIMO wireless link based on optical
polarization multiplexing. Compared with single-input single-output (SISO) wire-
less link, 2× 2MIMOwireless link based on optical polarizationmultiplexing can be
used to transmit polarization-multiplexed wireless millimeter wave signal to effec-
tively double wireless transmission capacity [1–7]. Next, it will introduce the 4 × 4
MIMO wireless link based on antenna polarization multiplexing, which can be used
to transmit dual-channel polarization-multiplexed wireless millimeter wave signal
at the same time. In this kind of wireless link, vertical (V) polarization and hori-
zontal (H) polarization multiplexing can be adopted, which can reduce the signal
baud rate and performance requirements for photoelectric devices at the expense
of doubling the number of antenna and other devices [9]. Next, it proves that the
wireless crosstalk in the same antenna-polarized MIMO wireless transmission link
can be overcome by constant-modulus algorithm (CMA) equalization based on the
receiver end by theoretical analysis and experiments [10]. Next, it introduces the 2
× 2 MIMO wireless link based on antenna polarization diversity with low wireless
crosstalk and a simple structure [11].
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Finally, we experimentally verified a 2× 2MIMO terahertz transmission system.
We demonstrate through experiments a photonics-aided 2× 2MIMOwireless trans-
mission system in the terahertz band. In our system, the 4GBaud polarization divi-
sion multiplexing quadrature phaser shift keying (PDM-QPSK) signal generated by
photonics-aided heterodyne detection technology at 450 GHz can transmit through
142 cm 2 × 2 MIMO wireless transmission link with a BER below the HD-FEC
threshold of 3.8× 10–3. The power penalty caused by 50 km singlemode fiber (SMF-
28) transmission is negligible. As far as we know, this is the first time to realize the
2 × 2 MIMO wireless transmission of polarization-multiplexed THz-wave signals.

5.2 2 × 2 MIMOWireless Link Based on Optical
Polarization Multiplexing

Figure 5.1 shows the schematic diagram of a 2× 2MIMO-based wireless link which
can be used to transmit polarization-multiplexedwirelessmillimeterwave signal. The
polarization-multiplexed optical signal is first received by an optical heterodyne up-
convertor. This optical heterodyne up-convertor consists of a local oscillator (LO)
light source, twopolarizationbeamsplitters (PBS), twooptical couplers (OC) and two
high-speed balanced photodiodes (PD). The frequency interval between the LO light
source and the received polarization-multiplexed optical signal is in the millimeter
wave band to generate the millimeter wave carrier. Two PBSs and two OCs are used
to realize the polarization diversity of the received polarization-multiplexed optical
signal and LO light source in the optical domain. Two PDs are used as two optical
mixers to up-convert the X-polarization component and Y-polarization component
of the polarization-multiplexed optical signal to the millimeter wave band. Next,
the generated wireless millimeter wave signals in X-polarization and Y-polarization
directions are transmitted into the atmosphere by two transmitting antennas, respec-
tively. After a certain distance of wireless transmission, they are received by two
receiving antennas, respectively, which constitutes a 2 × 2 MIMO wireless link

Fig. 5.1 Schematic diagram of a 2 × 2 MIMO-based wireless link used to transmit polarization
multiplexing wireless millimeter wave signal
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based onmicrowave polarizationmultiplexing. There is a two-stage down-conversion
at the wireless millimeter wave receiver. In the first-stage analog down-conversion
based on the balanced mixer and sinusoidal radio frequency (RF) signal, the wireless
millimeter wave signals in X-polarization and Y-polarization directions are down-
converted to a lower intermediate frequency (IF), respectively. Then, after analog-to-
digital conversion, intermediate frequency down-conversion and data recovery are
realized by digital signal processing (DSP) in the digital domain.

It is worth noting that due to the polarization rotation of the polarization-
multiplexed optical signal caused by fiber transmission, the polarization sate of the
optical signal at the input end of PBS is arbitrary. Therefore, each output end of PBS
is actually a mixture of X-polarized and Y-polarized data encoded at the transmitter
end simultaneously. For the convenience of presentation, we define the two outputs
of PBS as X-polarization component and Y-polarization component, respectively, in
this chapter.

5.3 4 × 4 MIMOWireless Link Based on Antenna
Polarization Multiplexing

H-polarization andV-polarization are two orthogonal antenna polarization states, and
there is a large isolation between the two antennas with different antenna polariza-
tions. For generally described 2 × 2 MIMO wireless link, the two pairs of antennas
are set to the same antenna polarization (H-polarization or V-polarization) state. If we
use two pairs of H-polarized antennas and two pairs of V-polarized antenna simul-
taneously to constitute a MIMO wireless link to transmit polarization-multiplexed
millimeter wave (we define it as antenna polarization multiplexing technology), it
can effectively reduce the baud rate of the signal and the performance requirements
of optical and wireless devices and increase the wireless transmission capacity.

5.3.1 Study of Antenna Isolation and Crosstalk

We study the isolation between the H-polarized and V-polarized horn antennas by
experiments. Figure 5.2 shows the experimental setup used to study the antenna
polarization isolation. A 18.725 GHz sinusoidal RF signal first passes through an
active multiplier (×2) and a 60 GHz electrical amplifier (EA) and then is transmitted
into the atmosphere by a horn antenna inQ-band at the transmitter end. The 37.5GHz
wireless millimeter wave signal after 2-m wireless transmission is received by a
horn antenna in Q-band at the receiver end and then sent into a microwave spectrum
analyzer (Agilent 8565EC). Each horn antenna has a power gain of 25 dBi and a
frequency range of 33–50 GHz. We fix the position and angle of the horn antenna
at the transmitter end to make it in V-polarization state and adjust the angle of the
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Fig. 5.2 Experimental setup
used for antenna polarization
isolation study

horn antenna at the receiver end at the same time to study the polarization isolation
of the antenna. Figure 5.3a–b shows the photos of V-polarized and H-polarized horn
antennas, respectively.

We choose the H-polarization state as a reference and define it as 0°. Figure 5.4
shows the variation of the antenna polarization isolation when the angle of the horn
antenna at the receiver end increases from 0° to 25°. It can be seen that when the
angle of the horn antenna at the receiver end is 0°, the maximum antenna polarization
isolation is 33 dB; when the angle of the horn antenna at the receiver end is 10°, the
antenna polarization isolation is about 19 dB,

Fig. 5.3 Photos of
V-polarized and H-polarized
horn antenna
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Fig. 5.4 Relationship
between the antenna
polarization isolation and
horn antenna angle at the
receiver end

We also study the crosstalk between H-polarized and V-polarized wireless trans-
mission links by experiments. Figure 5.5 shows the experimental setup used for
antenna polarization crosstalk. For the convenience of presentation, we use TX1,
TX2 and TX3 to represent the three transmitter horn antennas, and RX1 and RX2 to
represent the two receiver horn antennas, respectively.

First, we turn off TX3, adjust RX1 so that it can obtain the same wireless power
from TX1 and TX2, and then fix RX1. Next, we adjust RX2 so that it can obtain
the same wireless power from TX1 and TX2, and then fix RX2. Then, we fix and
turn off TX1 and TX2, and turn on TX3. Next, we adjust TX3 so that RX1 and RX2
can obtain the same wireless power from TX3, and fix RX3. Here, TX1, TX2 and
TX3 are at the same antenna polarization state. Finally, we turn on TX1, TX2 and
TX3, and adjust the antenna polarization state of TX3 to measure the signal BER.
TX1 and TX2 are used to transmit data1, and TX3 is used to transmit data2. Data1
and data2 are both 56Gb/s, 37.5 GHz polarization-division-multiplexing quadrature-
phase-shift-keying (PDK-QPSK)-modulated electrical signals. It is worth noting that
data2 should also be transmitted by two transmitter horn antennas, but in order to

Fig. 5.5 Experimental setup
used for antenna polarization
crosstalk study
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Fig. 5.6 Relationship
between BER and the angle
of TX3. a–e: The received
constellation in
Y-polarization direction
when the angle of TX is 3°,
6°, 10°, 20° and 30°

simplify the experimental setup, we only use one transmitter horn antenna here. Each
horn antenna has a power gain of 25dBi and a frequency range of 33~50 GHz. The
wireless transmission distance is 2 m.

We choose V-polarization state as a reference and define it as 0°. Figure 5.6 shows
the variation of BER when the angle of TX3 increases from 0° to 30°. Here, TX1,
TX2, RX1 and RX2 are all in the H-polarization state. It can be seen that the BER
degrades with the increase of the TX3 angle. When the angle of TX is about 10°,
the BER is 3 × 10–3, which is below the HD-FEC threshold of 3.8 × 10–3. The
illustrations a–e in Fig. 5.6 show the received constellations in the Y-polarization
directions when the TX angles are 3°, 6°, 10°, 20° and 30°, respectively.

5.3.2 Principle of Antenna Polarization Multiplexing

Based on the above experimental study on antenna polarization isolation and
crosstalk, we propose a MIMO wireless transmission link based on antenna polar-
ization multiplexing, which can be used to transmit dual-channel polarization-
multiplexed wireless millimeter wave signals. Figure 5.7 shows a schematic diagram
of MIMO wireless transmission link based on antenna polarization multiplexing.
Take a dual-channel dense wavelength division multiplexing (DWDM) signal (ch1
and ch2) for example. Before the optical heterodyne up-conversion, we first use a
wavelength selective switch (WSS) to demultiplex the dual-channel DWDM signal.
Next, two polarization-multiplexed optical signals corresponding to ch1 and ch2
are up-converted into polarization-multiplexed wireless millimeter wave signal via
an optical heterodyne up-convertor (which has the same structure with the optical
heterodyne convertor in Fig. 5.1). The subsequent MIMO wireless link includes
four transmitting antennas and four receiving antennas: The above two transmitting
antennas and two receiving antennas are allH-polarized to constitute anH-polarized 2
× 2MIMOwireless link to transmit the polarization-multiplexed wireless millimeter
signal corresponding to ch1; the below two transmitting antennas and two receiving
antennas are bothV-polarized to constitute aV-polarized 2× 2MIMOwireless link to
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Fig. 5.7 Schematic diagram of a MIMO wireless link based on antenna polarization multiplexing
technology for transmitting dual-channel polarization-multiplexedwireless millimeter wave signals

transmit the polarization-multiplexed wireless millimeter wave signal corresponding
to ch2. After MIMO wireless transmission, the received dual-channel polarization-
multiplexed wireless millimeter wave signal is analog-to-digital converted by digital
storage oscilloscope, and then the original transmitted data is recovered by using
offline DSP technology.

Although antenna polarizationmultiplexing technology can effectively reduce the
signal baud rate and the performance requirements for optical and wireless devices
and increase the wireless transmission capacity, there are also several shortcomings:
double antennas and devices are needed and there are more strict requirements for
V-polarization. In addition, there may be great wireless crosstalk in the 2× 2MIMO
wireless link polarized by the same antenna,whichwill affect the systemperformance
seriously.

5.4 Wireless Crosstalk in MIMOWireless Link

We experimentally study the wireless crosstalk in the 2 × 2 MIMO wireless trans-
mission link polarized by the same antenna under different situations. As shown in
Fig. 5.8, we construct a parallel 2 × 2 MIMO wireless link and three crossed 2 × 2
MIMO wireless link by fixing the positions of the two horn antennas at the receiver
end and adjusting the positions of the two horn antennas at the transmitter end. The
power gain of each horn antenna is 25dBi. The wireless distance between the two
horn antennas at the receiver end is 10 cm. At the input end of each receiving end
horn antenna, the 3 dB beam width is approximately 40° × 40°.
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Fig. 5.8 Photos of parallel and crossed 2 × 2 MIMO wireless link and crossed 2 × 2 MIMO
wireless link

The 50 Gb/s PDM-QPSK-modulated optical baseband signal after 80 km single-
mode fiber-28 (SMF-28) transmission is first up-converted to a PDM-QPSK-
modulated 100 GHz wireless millimeter wave signal via an optical heterodyne up-
convertor and then transmitted by the four kinds of 2 × 2 wireless link shown in
Fig. 5.8. Here, the incident optical power of the 50 Gb/s PDM-QPSK-modulated
optical baseband signal is 2dBm.

For situation 1 shown in Fig. 5.8a, the wireless distance of each pair of horn
antennas is 0.6 m; the wireless distance between the two horn antennas at the trans-
mitter end and receiver end is both 10 cm. Due to the high directivity, there is no
wireless crosstalk in the 2 × 2 wireless link in this situation.

For situation 2 shown in Fig. 5.8b, the two transmitting horn antennas are moved
to a position with the same wireless distance from the two receiving horn antennas,
and the wireless distance of each pair of horn antennas in horizontal direction is 0.6
m. In this situation, each receiving horn antenna can obtain the same wireless power
from the two transmitting horn antennas.

For situation 3 shown in Fig. 5.8c, we fix the position of the transmitting horn
antenna TX1 and move the transmitting horn antenna TX2 to the position with the
samewireless distance from the two receiving horn antennas. Thewireless distance of
each pair of horn antennas in horizontal direction is 0.6-m. In this situation, the horn
antennaRX2 can only receive thewireless power transmitted by the transmitting horn
antenna TX2, while the receiving horn antenna RX1 can obtain the same wireless
power from the two transmitting horn antennas.

For situation 4 shown in Fig. 5.8, the two transmitting horn antennas are both
moved to the position with the same wireless distance from the two receiving horn
antennas. In addition, thewireless distance of a pair of antennas (TX1 andRX1) in the
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horizontal direction is 0.8 m, and the wireless distance of the other pair of antennas
(TX2 and RX2) in the horizontal direction is 0.6-m. In this situation, each receiving
horn antennas can obtain the same wireless power from the two transmitting horn
antennas. By setting the transmitting horn antenna TX2 at a lower position relative
to the transmitting horn antenna TX1 (i.e., the two transmitting horn antennas have
different heights on the optical platform), the blocking effect of the transmitting
horn antenna TX2 can be avoided. The photo of the 2 × 2 MIMO wireless link
corresponding to this situation is shown in Fig. 5.8e.

For the three 2 × 2 MIMO wireless link shown in Fig. 5.8b–d, there is wireless
crosstalk because the receiving horn antenna can receive the wireless power from
the two transmitting horn antenna.

For polarization-multiplexed signals, both optical fiber link and 2 × 2 MIMO
wireless link can be considered based on a 2 × 2 MIMO model. The total transfer
function of seamlessly fused optical fiber and 2 × 2 MIMO wireless link can be
expressed as:

(
rx
ry

)
=

(
Hxx Hyx

Hxy Hyy

)
.

(
sx
sy

)
+

(
nx

ny

)
. (5.1)

where (sxsy)T represents the transmitted polarization-multiplexed signal, (nxny)T

represents noise, (rxry)T represents the polarization-multiplexed signal after the
transmission of optical fiber link and 2 × 2 MIMO wireless link. The 2 × 2 Jones
matrix in the above formula includes the channel response of the optical fiber link
and 2 × 2 MIMO wireless link, that is:
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Therefore, in order to recover the transmitted polarization-multiplexed signal
(sxsy)T , we need to estimate the total transition matrix. Therefore, the use of classic
CMA equalization based on DSP at the receiver end can realize the polarization
demultiplexing of polarization-multiplexed signal and the suppression of wireless
crosstalk at the same time. In addition, for high-speed wireless transmission in
millimeter wave band, compared with the pilot-based channel state information esti-
mation, CMA blind equalization can effectively avoid the overhead introduced by
inserting pilots and the non-negligible computational complexity.

Here, the PDM-QPSK-modulated 100GHzwirelessmillimeter wave signal trans-
mitted over the four kinds of 2 × 2 MIMO wireless link shown in Fig. 5.8 is first
analog down-converted to PDM-QPSK-modulated 28 GHz IF electrical signal based
on sinusoidal RF signal and balanced mixer in the first stage at the wireless receiver
end, and then sent to a real-time digital oscilloscopewith a sampling rate of 120GSa/s
and an electrical bandwidth of 45 GHz to perform analog-to-digital conversion. The
subsequent DSP process includes IF down-conversion, dispersion compensation,
CMA equalization, carrier recovery, difference decoding and BER calculation [14].
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Fig. 5.9 Relationship
between BER and optical
SNR under four different
situations

The CMA equalization here uses two complex-valued adaptive finite response filters
with 19–35 T/2 taps based on the classic CMA algorithm to realize the polarization
demultiplexing of the signal and the suppression of the wireless crosstalk caused by
wireless transmission at the same time.

Figure 5.9 shows the relationship between BER and optical signal-to-noise ratio
(OSNR) of the 2 × 2 MIMO wireless link corresponding to the above four different
situations. Among them, the number of CMA taps in situations 1–3 is 19; the number
of CMA taps in situation 4 is 27. If situation 4 also uses 19 CMA taps, the BER
performance will be very poor. More CMA taps are needed in situation 4 because the
two pairs of horn antennas have different wireless distances, which is equivalent to
a large group delay effect in the transmission fiber. When the CMA taps increase to
35, the wireless crosstalk in situation 4 is almost completely removed. What’s more,
compared with situation 1, the OSNR cost caused by wireless crosstalk at a BER of
3.8 × 10–3 in situations 2–4 is only 2 dB when a similar number of CMA taps is
used, which shows that classic CMA equalization can be used to equalize the wired
and wireless fused 2 × 2 MIMO channel.

Figure 5.10a shows the relationship between the BER and the number of CMA
taps when the OSNR is 22 dB corresponding to situation 3, while Fig. 5.10b shows
the relationship between the BER and the number of CMA taps when the OSNR is
23 dB corresponding to situation 4. It can be seen that no matter in situation 3 or
situation 4, the general trend is that the BER performance is continuously improved
as the number of CMA taps increases. This is mainly because increasing the number
of CMA taps can reduce the wireless interference. But at the same time, we also
notice that for the above two situations, the BER performance will not be improved
when the number of taps exceeds 35.

Compared with situation 1, the optimal additional number of taps required
in situation 4 can be calculated by the following Formula:

�n = 2nlb

c
= 2 × 1 × 0.2 × 12.5 × 109

3 × 108
≈ 16.7. (5.3)
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Fig. 5.10 Relationship between BER and number of CMA taps

where n is the dielectric coefficient (n = 1 in the air), l is the wireless distance
difference between the two pairs of horn antennas, c is the speed of light in vacuum,
b is the signal baud rate. It can be seen that when the optimal number of CMA taps
required by situation 1 is 19, the optimal number of CMA taps required by situation
4 is about 19 + 16 = 35. As shown in Fig. 5.9, when using 35 CMA taps in situation
4, we can obtain a BER curve similar to situation 1.

In summary, increasing CMA taps can overcome the wireless interference in 2 ×
2 MIMO wireless link and improve the BER performance. When the two pairs of
antennas have different wireless distances, more CMA taps should be used. When
the number of CMA taps is large enough, the wireless interference can be almost
completely removed.

5.5 2 × 2 MIMOWireless Link Based on Antenna
Polarization Diversity with Low Wireless Crosstalk
and a Simple Structure

Whether it is the 2×2MIMOwireless link based onoptical polarizationmultiplexing
introduced in Sect. 5.2 or the 4 × 4 MIMO wireless link based on polarization
multiplexing introduced in Sect. 5.3, seriouswireless crosstalkmay occur in the same
antenna polarization state, so long-tap CMA equalization is required at the wireless
receiver end. As mentioned in 5.3.1, we experimentally verify that the isolation
between the H-polarized and V-polarized antennas exceeds 33 dB. Based on the
above theory and experimental research, we further propose a new 2 × 2 wireless
link, which uses a pair of H-polarized antennas and a pair of V-polarized antennas
at the same time. In this way, the components of the polarization-multiplexed signal
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Fig. 5.11 2 × 2 MIMO wireless link with single antenna polarization and antenna polarization
diversity

transmitted on different antenna polarizations can be effectively isolated, which is
called antenna polarization diversity technology.

Figure 5.11a and b shows the schematic diagrams of 2 × 2 MIMO wireless link
based on single antenna polarization and antenna polarization diversity, respectively,
and both of them can realize the transmission of polarization-multiplexed wireless
millimeter wave signals.

First of all, for the two 2 × 2 MIMO wireless link, the received wireless power
of the two transmitting antennas should be the same, or the transmitted data cannot
be effectively recovered from the received wireless millimeter wave signal at the
wireless receiver end. This is because the unequal wireless power from the two trans-
mitting antennas will cause the amplitude imbalance between the X-polarization and
Y-polarization components of the received wireless millimeter wave signal. When
the amplitude imbalance becomes serious, the DSP process at the wireless receiver
end will be useless, which will cause the degradation of system performance. In
order to make sure that the wireless power from the two transmitting antennas is the
same, we need properly adjust the position and direction of each receiving antenna.
For the 2 × 2 MIMO wireless link based on single antenna polarization shown in
Fig. 5.11a, each receiving antenna can receive the wireless power from two transmit-
ting antennas at the same time, which will cause the wireless crosstalk. In addition,
with the increase of the wireless transmission distance, the wireless crosstalk will be
more serious, which makes it difficult to properly adjust the two receiving antennas
in the case of long-distance wireless transmission. For the 2× 2MIMOwireless link
based on antenna polarization diversity shown in Fig. 5.11b, there is a large isola-
tion (more than 33 dB) between the H-polarized and V-polarized antennas, so each
receiving antenna can only detect the wireless power from the transmitting antenna
of the same antenna polarization, which can effectively avoid the occurrence of wire-
less crosstalk. Therefore, the antenna adjustment of the 2 × 2 MIMO wireless link
based on antenna polarization diversity shown in Fig. 5.11b is easier than that of the
2× 2MIMOwireless link based on single antenna polarization shown in Fig. 5.11a.

As described in Sect. 5.3, classic CMA equalization can be used at the wireless
receiver end to realize the signal polarization demultiplexing and the suppression of
wireless crosstalk. For the parallel 2× 2MIMOwireless link shown in Fig. 5.8, two
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pairs of antennas have a high directivity. Each receiving antenna can only receive the
wireless power from the corresponding transmitting antenna, so there is no wireless
crosstalk.

However, for the crossed 2 × 2 MIMO wireless link shown in Fig. 5.8, the
receiving antenna can receive the wireless power from the two transmitting antennas
at the same time in the case of single antenna polarization. Therefore, there is wireless
crosstalk and long-tap CMA equalization is needed. Especially for the crossed 2× 2
MIMOwireless link shown in Fig. 5.8d, there is not only wireless crosstalk, but also
a large equivalent group delay effect introduced by different wireless transmission
distance, which requires a larger number of CMA taps.

Figure 5.12 shows the crossed 2 × 2 MIMO wireless link with different wireless
transmission distances using single antenna polarization and antenna polarization
diversity, respectively. Assuming that the wireless distance between the transmitting
antenna TX1 and receiving antenna RX2 is L1, the wireless distance between the
transmitting antenna TX1 and receiving antenna RX1 is L2, and the wireless distance
between the transmitting antenna TX2 and receiving antenna RX2 is L3. It can be
seen from Eq. (5.3) that the number of additional CMA taps required to overcome
the equivalent group delay effect caused by different wireless transmission distances
is proportional to the maximum wireless distance difference. In the case of single
antenna polarization shown in Fig. 5.12a, the maximum wireless distance difference
is L1-L2. However, in the case of antenna polarization diversity shown in Fig. 5.12b,
the maximum wireless distance difference is L3–L2. Obviously there is L1–L2 >
L3–L2. That is to say, the use of antenna polarization diversity can not only avoid
the occurrence of wireless crosstalk, bit also effectively reduce the equivalent group
delay effect caused by different wireless transmission distances. Therefore, using
antenna polarization diversity in the crossed 2 × 2 MIMO wireless link can reduce
the required CMA taps and calculation time.

Fig. 5.12 Crossed 2 × 2 MIMO wireless link with different wireless transmission distance
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Fig. 5.13 Experimental setup of 2 × 2 MIMO wireless transmission system at THz-band

5.6 2 × 2 MIMOWireless Terahertz Wave Signal
Transmission System

5.6.1 Introduction

As we all know, due to the huge available bandwidth, the terahertz frequency band
(THz frequency band, 0.3–10THz) can hold several gigabits of mobile data capacity
evenwith a very simplemodulation format and systemstructure. In addition, terahertz
wave band antenna can be monolithically integrated with other front-end circuits due
to its small size [26]. Considering the high atmospheric attenuation of the terahertz
frequency band, the research community pays more and more attention to the appli-
cation of the terahertz frequency band in indoor short-range wireless personal area
networks (WPAN) and wireless local area networks (WLAN) [27–38].

The photon-generated terahertz signal has a wider bandwidth than the all-electric
technology [35–38]. However, the reported photonics-aided terahertz wave signal
systemusually uses single-input single-output (SISO)wireless transmission link, and
fiber-wired transmission is not considered [27–38].We all know that the combination
of wireless MIMO and optical polarization multiplexing can effectively double the
wireless transmission capacity [1, 4, 14, 39]. Therefore, it is meaningful to study the
photonics-aided 2 × 2 MIMO wireless THz wave signal transmission system with
optical polarization multiplexing function.

In this paper, we experimentally demonstrate the photonics-aided 2 × 2 MIMO
wireless transmission system in the THz frequency band. The systemwe demonstrate
includes 50 km single-mode fiber (SMF-28) and 142 cm wireless 2 × 2 MIMO link.
The measured BER after transmission is below the HD-FEC threshold of 3.8× 10–3.
As far as we know, this is the first time to realize the 2 × 2 MIMO wireless signal
transmission in THz band through optical polarization multiplexing.
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5.6.2 Experimental Setup

Figure 5.13 shows the experimental setup of the photonics-aided 2 × 2 MIMO
wireless transmission system in THz band. In the system we demonstrate, we use the
photon long-range heterodyne method with two continuous wavelength (CW) light
waves to generate the PDM-QPSK-modulated 450 GHz wireless THz wave signal.
The two continuous light waves with 450 GHz frequency interval are generated by
two free-running external cavity lasers (ECL) with a linewidth of less than 100 kHz,
namely ECL1 and ECL2. The CW lightwave from ECL1 is used to transmit 3–
5GBaud PDM-QPSK signal, while the CW lightwave from ECL2 is used as an
optical local oscillator (LO).

At the optical transmitter end, we use the arbitrary waveform generator (AWG) to
generate 3–5GBaud electrical QPSK signal with a pseudo-random binary sequence
(PRBS) of 215, which is amplified by two parallel electrical amplifiers (EA). Next,
with the help of I/Q modulator cascaded with the polarization multiplexer (PM), we
use the amplified 3-5GBaud electrical QPSK signal to modulate the CW lightwave
generated from ECL1 to realize the optical PDM-QPSK modulation. I/Q modulator
has a halfwave voltage of 2.3V and an optical bandwidth of 3 dB at 32GHz.We insert
a PM-EDFA between the I/Q modulator and PM to compensate the modulation loss
and insertion loss. Then, we transmit the generated optical PDM-QPSK baseband
signal over 10–50 kmSMF-28 from the optical transmitted end towireless transmitter
end, and the fiber has a dispersion of 17 ps/nm/km at 1550 nm.

At the wireless transmitter end, the received PDM-QPSK optical baseband signal
has an optical power of 3.4 dBm, while the CW lightwave generated from ECL2
is amplified by EDFA (EDFA1) to 14.4 dBm. A PC is added before the EDFA1 to
adjust the polarization direction of the optical LO.We use an integrated polarization-
separated 90°mixer to realize the polarization separation of the received optical base-
band signal and the optical LO. The integrated optical mixer with two input ports
and eight output ports integrates two PBSs and two 90°optical mixers. As shown in
Fig. 5.13, we only use the two output ports of the integrated optical mixer, whose
output can be regarded as the 450GHz PDM-QPSK terahertz signal. The two parallel
EDFAs (EDAF2 and EDFA3) are used to amplify the PDM-QPSK terahertz signal.
Two parallel NTT Electronics antenna integrated photoelectric mixer modules are
used to convert the amplified optical PDM-QPSK terahertzwave signal into electrical
signal and radiate the up-converted terahertz signal into free space. The typical output
power of each AIPM is -28dBm, and the operating frequency range is from 300 to
2500GHz. TheAIPM integrates a uni-traveling carrier photodiode (UTC-PD) and an
asymmetric butterfly antenna. It is worth noting that due to the polarization rotation
causedbyoptical fiber transmission, theX-polarizationorY-polarization components
after PBS1 contain data encoded as X or Y-polarization at the optical transmitted
end. Therefore, the selected two outputs of the integrated optical mixer and the two
different signal components of the generated electrical PDM-QPSK terahertz wave
signal contain X-polarized and Y-polarized transmitting data. For simplification, the
X-polarization and Y-polarization marked in Fig. 5.13 appear below. It is also worth



114 5 Terahertz Signal MIMO Transmission

noting that the ideal mixer used to detect optical polarization multiplexing signal
should be insensitive to polarization, because the optical polarization-multiplexed
signal contains two orthogonal polarized (X-polarization and Y-polarization) signal
components. However, the mixer we use in our experiment is sensitive to the polar-
ization of the input optical signal, which will degrade the performance, resulting
in the need for more input optical power. In our experiment, we add a polarization
controller before each optical mixer to adjust the polarization direction of eachmixer,
so that we can obtain the maximum output from each photodiode.

Next, we study a 2 × 2 MIMO THz transmission link with a distance of 142
cm from the wireless transmitter end to the wireless receiver end. We transmit the
450 GHz PDM-QPSK terahertz electrical signal over this transmission link. In our
wireless transmission link, the X-polarized and Y-polarized wireless transmission
link is parallel, and three pairs of focusing lenses are used. The optical axes of lenses 1,
3 and 5 are aligned with the X-polarized wireless transmission link, while the optical
axes of lenses 2, 4 and 6 are aligned with the Y-polarized wireless transmission link.
For the X-polarized (Y-polarized) wireless transmission link, the distances between
AIPM and lens 1 (lens 2), lens 1 (lens 2) and lens 3 (lens 4), lens 3 (lens 4) and lens 5
(lens 6), lens 5 (lens 6) and horn antenna are 17.78, 96.52, 20.32 and 7.62 cm. Lenses
1–4 are the same. Each lens has a diameter of 10 cm and a focal length of 20 cm.
Lenses 5 and 6 are the same. Each lens has a diameter of 5 cm and a focal length of
10 cm. Two pairs of larger lenses are used to focus the wireless terahertz wave signal
to maximize the terahertz electrical signal received by the wireless receiver end to
the largest extent. Two pairs of smaller lenses are used to fine-tune the position of the
focusing optical elements because the size of the horn antenna (HA) is very small.

At thewireless receiver end,we use twoparallelHAwith a gain of 26dBi to receive
the PDM-QPSK terahertz wave signal. The antenna has basically the same gain in the
terahertz wave frequency range of 330-500 GHz. For X-polarized signal, we use the
VDT integrated mixer/amplifier/multiplier (IMAMC) driven by a 12.308 GHz sine
wave local oscillator to realize the analog down-conversion. The IMAMC integrates
the mixer, amplifier and × 36 multiplier and has an operating frequency range of
330–500 GHz. Therefore, the local oscillator frequency used to drive the mixer is 36
× 12.308= 443.088 GHz. Next, the down-converted 6 GHz X-polarized IF signal is
amplified by an LNA, which has a gain of 40 dB, a saturated output power of 14dBm
and an operating frequency of 4–18 GHz. In the frequency range of Y-polarized
signal, we use the VDI spectrum analyzer extender (SAX, WR2.2SAX) driven by
a 9.231 GHz sine wave local oscillator to realize the analog down-conversion. The
SAX integrating the mixer and × 48 multiplier has an operating frequency range
of 330–500 GHz and an inherent mixing single sideband (SSB) conversion loss of
16 dB. Therefore, the local oscillator frequency used to drive the mixer is 48× 9.231
= 443.088 GHz, which is equal to the local oscillator frequency used to drive the
mixer in X-polarization. Next, the down-converted 6 GHz Y-polarized IF signal is
enhanced by the LNA with a gain of 50 dB, a saturated output power of 15 dBm and
an operating frequency range of 7–16 GHz. Because of the lack of available devices,
we use different analog down-convertors and LNAs for X-polarized and Y-polarized
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signals. Then,we use the digital storage oscilloscope (DSO) and two 80GSa/s analog-
to-digital convertor (ADC) channels to capture the X-polarized and Y-polarized IF
signals at the same time. Each 80GSa/s ADC channel has an electrical bandwidth
of 30 GHz. The subsequent offline digital signal processing (DSP) includes down-
conversion to baseband, constant modulus algorithm (CMA) equalization, carrier
recovery and BER calculation [4].

5.6.3 Experimental Results

We measured the BER performance of the photonics-aided 2 × 2 MIMO wireless
THz wave signal transmission system we demonstrated over 2.54 cm and 142 cm
wireless transmission distances. The three pairs of lenses used in the 142 cmwireless
transmission link are all removed in the 2.54 cm wireless transmission link. We add
a tunable optical attenuator (TOA) before each AIPM to adjust the input power of
each AIPM for BER performance. In our experiment, 10 sets of sampling points
(each group contains 106 bits) are used to calculate BER.

5.6.3.1 BER Performance Measured in 2.54 cm Wireless Transmission

Figure 5.14 shows the BER performance measured in 2.54 cmwireless transmission.
Figure 5.14a shows the measured BER performance when we change the input
power of each AIPM. Without considering optical fiber transmission, 3 and 4GBaud
PDM-QPSK signal transmissions correspond to 33 and 43 CMA taps. We can see
that 3GBaud and 4GBaud PDM-QPSK signal transmission can reach the HD-FEC
threshold of 3.8 × 10–3, while 4GBaud PDM-QPSK signal transmission requires
an additional input power of more than 1 dB (compared with the 3GBaud PDM-
QPSK signal transmission at HD-FEC threshold). Figure 5.14b shows the measured
BER performance in 3GBaud PDM-QPSK signal transmission with the AIPM input
power of 13dBmwhen the CMA taps increase from 33 to 73.Without considering the
optical fiber transmission, when the number of CMA taps ≤ 23, we cannot recover
the X-polarization and Y-polarization constellations successfully. It can be seen that
when the number of CMA taps increases from 33 to 73, the BER performance is
relatively stable. Here, more CMA taps are needed (≥33) to compensate for the
optical fiber delay caused by the distance difference between the X-axis and the
X-axis. In Y-polarization transmission path, the optical fiber length between EDFA2
and EDFA3 is different. The inset in Fig. 5.14b shows the captured 6 GHz IF signal
spectrum and the recovered X-polarization and Y-polarization QPSK constellations,
respectively, which are used for 3GBaud PDM-QPSK signal transmission with 33
CMA taps and a BER of 2.4 × 10–4. In the case of 2.54 cm wireless transmission
and no optical fiber transmission, the inset in Fig. 5.14b is measured when the input
power of each AIPM is 13 dBm.
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Fig. 5.14 MeasuredBERperformance after 2.54 cmwireless transmission: aRelationship between
BER and input power of each APIM. b Relationship between BER and CMA taps. c Relationship
between BER and transmission baud rate. d Relationship between BER and optical fiber length

When we increase the transmission baud rate from 3 to 5GBaud, Fig. 5.14c shows
the measured BER performance when the input power of each AIPM is 13 dBm,
without considering the fiber transmission.We can see that with the increase of trans-
mission baud rate, the BER performance gradually deteriorates. This is mainly due
to the insufficient bandwidth and performance differences of the two LNAs used in
our experiment. If two same LNAs with sufficient bandwidth are available, we can
realize a higher transmission baud rate with a higher BER performance. Figure 5.14d
shows the measured BER performance of the 3GBaud PDM-QPSK signal transmis-
sion with the AIPM input power of 13dBm when the transmission length increases
from 10 to 50 km. The larger 59 taps are used to further compensate the polarization
rotation and distortion caused by fiber transmission.We can see that with the increase
of fiber length, the BER performance is relatively stable. This is because the EDFA
before each AIPM can effectively compensate the transmission loss of optical fiber,
and the DSP algorithm at the receiver end can effectively compensate the problems
caused by the linear effect of the optical fiber. Because the fiber transmission distance
is relatively short, the nonlinear effect of optical fiber can be ignored.
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Fig. 5.15 Measured BER performance after 142 cmwireless transmission. a Relationship between
BER and input power of each APIM. b Relationship between BER and optical fiber length

5.6.3.2 BER Performance in 142 Cm Wireless Transmission

Figure 5.15 shows the measured BER performance in 142 cm wireless transmission.
Figure 5.15a shows themeasured BER performancewhenwe change the input power
of each AIPM without considering the optical fiber transmission. We can see that
the 3GBaud and 4GBaud PDM-QPSK signal transmission can reach the HD-FEC
threshold. In contrast, the 4GBaud PDM-QPSK signal transmission below the HD-
FEC threshold requires an additional input power of more than 1 dB. When we
compare Fig. 5.15a with Fig. 5.14a, we can see that compared with 2.54 cm wireless
transmission, 142 cm wireless transmission only produces a power cost of about
1.2 dB at the HD-FEC threshold. Even the use of three pairs of lenses significantly
extends the wireless transmission distance at the expense of very small power loss.
Figure 5.15b shows the measured BER performance of the 3GBaud PDM-QPSK
signal transmission with each AIPM input power of 13dBm when the transmission
fiber length increases from 10 to 50 km. We can see that similar to the 2.54 cm
wireless transmission, the BER performance is relatively stable with the increase of
fiber length.

5.7 Conclusion

This chapter first introduces the 2 × 2 MIMO wireless link based on optical polar-
ization multiplexing. Compared with SISO wireless link, the 2 × 2 MIMO wireless
link based on optical polarization multiplexing can be used to transmit polarization-
multiplexed wireless millimeter wave signal to effectively double the wireless trans-
mission capacity. Next, it introduces the 4× 4MIMOwireless link based on antenna
polarization multiplexing, which can be used to transmit dual-channel polarization
multiplexing wireless millimeter wave signal at the same time. In this wireless link,
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V-polarization and H-polarization are used to reduce the signal baud rate and the
performance requirements for photoelectric devices at the expense of doubling the
number of antennas and other devices. Then, it proves through theory analysis and
experiment verification that the wireless crosstalk in the same antenna-polarized
MIMO wireless transmission link can be overcome by the CMA equalization at the
receiver end. Finally, it introduces the 2 × 2 MIMO wireless link based on antenna
polarization diversity with low wireless crosstalk and a simple structure.

We experimentally demonstrate a photonics-aided 2 × 2 MIMO wireless THz
wave signal transmission system, which realizes the 2× 2MIMOwireless transmis-
sion of the polarization-multiplexed THzwave signal for the first time. In our system,
4GBaud (16 Gb/s) 450 GHz PDM-QPSK signal can be transmitted over 50 kmwired
SMF-28 link and 142 cm wireless 2 × 2 MIMO link. The three pairs of lenses used
in the 2× 2MIMOwireless terahertz wave transmission link significantly extend the
wireless transmission distance. We believe that the use of components with enough
high performance and photodiodes (mixers) insensitive to polarization can further
improve the transmission baud rate.
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Chapter 6
Multi-band Terahertz Signal Generation
and Transmission

6.1 Introduction

The use of multi-band multiplexing can reduce the baud rate of a single-band signal,
thereby reducing the bandwidth of the optoelectronic device signal, reducing the
corresponding flatness of the system and meeting the needs of multiple users, so
the terahertz generation method of multi-band signals has attracted more and more
attention. This chaptermainly introduces the realization of broadband terahertz signal
transmission based on the generation of multi-band terahertz signals.

In terms of realizing terahertz wave signal, transmission and detection [1, 2], the
use of photonic technology is more practical than the all-electric technology with
bandwidth limitation. According to reports, photon-assisted terahertz wave signal
systems usually use single-input single-output (SISO) wireless transmission links,
and fiber optic transmission is not considered [3–5]. Many articles have fully proved
that the combination of wireless multiple input multiple output (MIMO) and optical
polarization multiplexing can effectively double the wireless transmission capacity
[6–12]. The further introduction of optical multi-band modulation into the wireless
MIMO system can reduce the signal transmission baud rate and increase the wireless
transmission capacity [13, 14]. Therefore, it is very important to study the photon-
assisted 2 × 2 MIMO wireless THz wave signal transmission system with optical
multi-band modulation. In this chapter, we have proved through experiments that
the optical multi-channel 2 × 2 MIMO wireless transmission system in the THz
frequency band [12, 15]. The experimental system can realize the transmission of
6 × 20 Gb/s six-channel polarization division multiplexing quadrature phase shift
keying (PDM-QPSK) terahertz wave signal on 10 km wired single-mode fiber 28
(SMF-28) link and 142 cm wireless 2× 2MIMO link, and the bit error rate (BER) is
under the hard-decision forward error correction (HD-FEC) threshold of 3.8× 10–3.
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6.2 Multi-band Terahertz MIMO Transmission
Architecture

Figure 6.1 shows the principle of our proposedwirelessMIMO technology combined
with optical multi-carrier modulation. Here, we take the generation of a multi-carrier
terahertz signal and 2× 2MIMOwireless transmission as an example. At the optical
transmitter, the transmitted data modulates multiple optical carriers with a certain
frequency interval from the optical multi-carrier source and then performs polar-
ization multiplexing to generate a multi-channel polarization-multiplexed optical
baseband signal. Transmitter data can use advanced vector signal modulation, such
as QPSK, 8QAM and 16QAM. The optical multi-carrier source used can be multiple
free-running lasers or a multi-carrier optical frequency comb.

In the next experiment, we adopted the scheme of multiple free-running lasers
because it has two obvious advantages. The first advantage is that based on multiple
free-running lasers, it is easier to generate terahertz signals at any carrier frequency.
Second, the output of a free-running laser has a higher signal-to-noise ratio than
a multi-carrier optical frequency comb [16–22]. However, the solution of using
multiple free-running lasers has a disadvantage in that digital signal processing
is required at the receiving end to compensate for frequency drift. The schematic
diagrams of the spectrum before and after polarization multiplexing are shown in
Fig. 6.1a–b, respectively.

After transmission through a single-mode optical fiber, the wireless transmitter
receives the multi-path polarization-multiplexed optical baseband signal. At the
wireless transmitting end, a free-running laser is used as the local oscillator light
source, and then we use a 90° optical mixer that integrates polarization diversity and
phase diversity to achieve the polarization diversity of the received multi-channel
polarization-multiplexed optical baseband signal and local oscillator light. The inte-
grated optical mixer has two input ports and eight output ports. It integrates two
polarization beam splitters and two 90° optical mixers. As shown in Fig. 6.1, we
simply use the two output ports of the integrated optical mixer. The output of these
two output ports can be regarded as a multi-channel polarization-multiplexed optical
terahertz signal. The size of the terahertz antenna is small, so it can be integrated with

Fig. 6.1 Principle of wireless MIMO technology combined with optical multi-carrier modulation.
a Schematic diagram of spectrum after optical modulation. b Schematic diagram of spectrum
after polarization multiplexing.c Schematic diagram of electrical spectrum after antenna integrated
optical mixer
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an optical mixer in the terahertz band on commercial products. Therefore, we use
two parallel antenna integrated photoelectric mixing modules to convert the multi-
channel polarization-multiplexed optical terahertz signal into an electrical signal and
radiate the electrical terahertz signal to free space.

It is worth noting that the X or Y-polarization component after the polarization
beam splitter 1 contains the data encoded on the X and Y-polarization at the light
emitting end, which is caused by the polarization rotation caused by fiber transmis-
sion. Therefore, the two outputs of the selected integrated optical mixer and the two
different signal components of the generated electrical terahertz signal both contain
the emission end data of X-polarization and Y-polarization, the X-polarization and
Y-polarization marked in Fig. 6.1 and the polarization appearing below are only for
simplification. The electrical spectrumdiagramof the transmittedXorY-polarization
multi-channel electrical terahertz signal is shown in Fig. 6.1c. Subsequently, the X-
polarized and Y-polarized multi-channel electrical terahertz signals are simultane-
ously transmitted through parallel X-polarized andY-polarizedwireless transmission
links, that is, our 2 × 2 MIMO wireless terahertz transmission link.

At the wireless receiving end, two horn antennas in the terahertz frequency band
are used to simultaneously receive X-polarized and Y-polarized multi-channel elec-
trical terahertz signals. Then, we perform analog down-conversion to down-convert
the X-polarized and Y-polarized multi-channel electrical terahertz wave signals from
the carrier frequency in the terahertz band to the carrier frequency in the microwave
or millimeter wave band. Two parallel low-noise amplifiers can not only enhance the
down-converted electrical signal, but also act as two parallel band-pass filters to select
the channel we need. The signal is then captured by a digital storage oscilloscope for
subsequent offline digital signal processing.

6.3 Multi-band Terahertz Transmission Experimental
Device Diagram

Figure 6.2 shows our experimental device for 6 × 20 Gb/s photon-assisted multi-
channel terahertz wave signal transmission. We transmit a wireless distance of more
than 142 cm in a 2 × 2 MIMO system. We use the optical remote heterodyne beat
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frequency method to generate a six-channel PDM-QPSK-modulated wireless tera-
hertz signalwith a frequency range of 375–500GHzand a channel spacing of 25GHz.
The frequency interval of the six external cavity lasers ECL1-ECL6 is 25GHz, which
is used to generate six-channel optical signals, and the ECL7 is used as the local oscil-
lator. ECL1-ECL7 are produced by AInair Labs, the model is TLG-300 M, all are
free-running, their line width is less than 100 kHz.

At the optical transmitter, the three continuous light waves generated by ECL1-
ECL3 are combined by the polarization-maintaining optical coupler 1, and then
a 5GBaud electrical QPSK signal is modulated on the optical carrier through the
I/Q modulator 1. The three continuous light waves generated by ECL4-ECL6 are
synthesized by the polarization-maintaining optical coupler 2 and then modulated
by another 5GBaud electrical QPSK signal through the I/Qmodulator 1. The pseudo-
randombinary sequence symbol length of each 5GBaud electricalQPSKsignal is 215.
They are generated by an arbitrary waveform generator and amplified by two parallel
electrical amplifiers. The 3 dB optical bandwidth of each I/Q modulator is 32 GHz,
and they have a half-wave voltage of 2.3 V at 1 GHz. The two parallelMach–Zehnder
regulators in each I/Qmodulator are biased at zero, and the phase difference between
the upper arm and the lower arm of each I/Qmodulator is fixed at π /2. The outputs of
the two I/Q modulators are coupled together by the polarization-maintaining optical
coupler 3 and then amplified by the polarization-maintaining erbium-doped fiber
amplifier, and the polarization multiplexer performs polarization multiplexing to
generate a six-channel PDM-QPSK-modulated optical baseband signal, the spectrum
is shown in Fig. 6.3a.

The measured spectrum polarization multiplexer processed by the polarization
multiplexer includes a polarization-maintaining optical coupler to divide the signal
into two branches. The optical delay line on one arm provides a delay of 150 symbols,
and the optical attenuator on the other arm is to balance the power of the two branches,
and a polarization beam combiner is to recombine the signal. Then, we transmit the
generated six-channel optical signal to a standard single-mode fiber over 10 km, and
the dispersion coefficient of the fiber at 1550 nm is 17 ps/km/nm.

At the wireless transmitting end, the received six-channel optical signal has an
optical power of 3.4 dBm, while the power of the continuous light wave generated by

1548 1550 1552 1554

-60

-40

-20

0

20

O
pt

ic
al

 p
ow

er
 (d

B
m

)

Wavelength (nm)

0.1nm, 5Gbaud per channel

1548 1550 1552 1554

-60

-40

-20

0

20

O
pt

ic
al

 p
ow

er
 (d

B
m

)

Wavelength (nm)

0.1nm, 5Gbaud per channel

1548 1550 1552 1554

-60

-40

-20

0

20

O
pt

ic
al

 p
ow

er
 (d

B
m

)

Wavelength (nm)

0.1nm, 5Gbaud per channel

(a) (b) (c)

375GHz

LOLO
Multi-channel 

signal

ch1-ch6
ch1-ch6

500GHz

Fig. 6.3 Measured signal spectrum a Signal spectrum after polarization multiplexer. b Local
oscillation light spectrum generated by laser 7. c Signal spectrum after polarization diversity
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ECL7 after passing through the polarization-maintaining erbium-doped fiber ampli-
fier 1 (EDFA1) rises to 14.4 dBm. We add a polarization controller before EDFA1 to
manually adjust the polarization direction of the local oscillator light. The integrated
optical mixer is manufactured by OptopleX, and the model is HB-C0GFCS002. The
measured spectrum after ECL7 is shown in Fig. 6.3b, and the measured spectrum of
an output port of the integrated opticalmixer is shown in Fig. 6.3c,with a resolution of
0.1 nm. We use parallel EDFA2 and EDFA3 to amplify the power of the six-channel
optical terahertz signal, and use two NTT antenna integrated optical mixer modules
(AIPM, model IOD-PMAN-13001) to realize the photoelectric conversion of the
six-channel optical terahertz signal. The typical output power of each AIPM is −28
dBm, the operating frequency range is 300–2500 GHz, it integrates a unidirectional
carrier photodiode (UTC-PD) and a terahertz antenna.

It should be noted that the ideal optical mixer used to detect the optical
polarization-multiplexed signal should be polarization insensitive, because the
optical polarization-multiplexed signal contains two signal components under
orthogonal polarization (X-polarization and Y-polarization). However, the optical
mixer used in our experiment is polarization-sensitive to the input optical signal,
which will cause performance degradation, which requires greater input optical
power. In our experiment, we add a polarization controller before each optical mixer
to adjust the polarization direction in each optical mixer to obtain the maximum
output of each optical mixer.

Then, we use a 142 cm 2× 2 MIMO wireless terahertz transmission link to send
six channels of electrical terahertz wave signals from the wireless transmitter to the
wireless receiver. Here we use three pairs of lenses. The centers of lenses 1, 3 and 5
are aligned with the wireless transmission link of X-polarization, and the centers of
lenses 2, 4 and 6 are aligned with the wireless transmission link of Y-polarization.
The distance between the integrated AIPM module and the lens and the distance
between each lens are shown in Fig. 6.2. Lenses 1–4 are the same, and each lens
has a diameter of 10 cm and a focal length of 20 cm. Lens 5 and lens 6 are the
same, and each lens has a diameter of 5 cm and a focal length of 10 cm. Two pairs
of larger lenses, namely lenses 1–4, are used to focus the wireless terahertz signal
to maximize the received power of the wireless receiving end. Since the size of the
receiving terahertz band antenna is very small, we use a pair of smaller lenses, namely
lens 5 and lens 6, to finely adjust the position of the convergent beam.

At the wireless receiving end, we received two parallel horn antennas with a
gain of 26 dBi to receive six-channel wireless terahertz signals, and each signal
works in the terahertz frequency range of 330–500 GHz. For X-polarized signals,
we use an integrated mixer/amplifier/multiplier chain (IMAMC), which is driven by
a 13.720 GHz sine wave local oscillator source to achieve analog down-conversion.
IMAMC integrates a mixer, an amplifier and a 36 times frequency multiplier, and
its operating frequency range is 330–500 GHz. The frequency of the local oscillator
used to drive the mixer here is 36 × 13.720 GHz = 493.92 GHz. Subsequently, we
used a low-noise amplifier with a gain of 40 dBi, a saturated output power of 14
dBm, and a working frequency range of 4 ~ 8 GHz to amplify the down-converted
X-polarized IF signal.
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Fig. 6.4 2 × 2 MIMO
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Weuse two analog-to-digital converters with a sampling rate of 80GSa/s to simul-
taneously capture the intermediate frequency signals of X and Y-polarization. Each
analog-to-digital converter has an electrical bandwidth of 30 GHz. The subsequent
offline DSP includes channel demultiplexing, digital down-conversion, CMA equal-
izationwith a tap order of 87, carrier recovery, and bit error rate calculation. Figure 6.4
shows a photo of a 142 cm 2 × 2 MIMO wireless terahertz wave transmission link,
wireless transmitter and wireless receiver.

6.4 Experimental Results of Multi-band Terahertz
Transmission

Figure 6.5 shows the measured bit error rate and the input power of each AIPM after
142 cm wireless MIMO transmission. Each channel carries a 5GBaud PDM-QPSK
signal. Add a tunable optical attenuator (TOA) before each AIPM to adjust the input
power of each AIPM for bit error rate measurement. As shown in Fig. 6.5, when the
input power of each AIPM is greater or equal to 15 dBm, the bit error rate of the 6
channels can all be lower than the HD-FEC threshold of 3.8 × 10–3. Channels 1–3
have similar error performance, while channel 6 has the best error rate performance.

The IF signal spectrum captured by the oscilloscope and the recovered X-
polarization and Y-polarization QPSK constellation are shown in Fig. 6.6, which
corresponds to the channel 6 signal at 500 GHz, the input power is 15 dBm, and
the bit error rate is 3.1 × 10–5. We can see that the signal spectrum captured in
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Fig. 6.5 Curve of bit error
rate of 6 channels and AIPM
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Fig. 6.6a, in addition to the 6 GHz IF signal component that corresponds to the larger
power of 500 GHz, also has undesired 475 GHz of channel 5 with lower power. The
19 GHz intermediate frequency signal component is caused by the mismatch and
imperfect band-pass filtering characteristics of the two low-noise amplifiers used
at the wireless receiving end. All other intermediate frequency signal components
corresponding to channels 1–4 are completely suppressed. It can also be seen from
Fig. 6.6a that there are several line peaks in the captured IF signal spectrum, which
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Fig. 6.7 Relationship curve
between the tap order of
CMA equalizer and bit error
rate
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are caused by the imperfect characteristics of the oscilloscope we use. When these
line peaks are located in the desired signal channel, the signal performance will
degrade. Channel 6 can completely avoid these line peaks, so in all 6 channels, its
bit error rate performance is the best, as shown in Fig. 6.5.

After 142 cmwireless MIMO transmission, the measured bit error rate of channel
6 data at a frequency of 500 GHz and the CMA equalizer tap coefficient is shown
in Fig. 6.7, where the input power of each AIPM is fixed at 15 dBm. When the tap
coefficient of the CMA equalizer is 87, the error performance is the best. Here, a
larger CMA tap coefficient is needed to compensate for the fiber delay caused by
the distance difference between the X-polarized and Y-polarized transmission paths
(the fiber length between EDFA2 and EDFA3 is different).

6.5 Summary

The use of multi-band multiplexing enables the generation of high-speed terahertz
signals with relatively low baud rate signals. In this chapter, we introduced the real-
ization of 2 × 2 MIMO wireless transmission of THz wave signals through the
multi-frequency bands of 375–500 GHz. This experiment is the first to realize the
MIMO transmission of multi-band terahertz wave signals. Our transmission link is
10 kmwired SMF-28 fiber and 142 cmwireless 2× 2MIMO link, which transmits 6
× 20 Gb/s six-band PDM-QPSK terahertz wave signal. Here, it is worth noting that
our wireless 2 × 2 MIMO link is different from the traditional MIMO link defined
in the wireless communication field. It provides direct point-to-point transmission
without interference or gain. We believe that if high-performance components and
polarization-insensitive optical mixers are used, the transmission baud rate can be
further increased.



References 129

References

1. T. Nagatsuma, S. Horiguchi, Y. Minamikata et al., Terahertz wireless communications based
on photonics technologies. Opt. Expr. 21(20), 23736–23747 (2013)

2. A.J. Seeds, H. Shams, M.J. Fice et al., Terahertz photonics for wireless communications. J.
Lightwave Technol. 33(3), 579–587 (2014)

3. M.F. Hermelo, P.T.B. Shih, M. Steeg et al., Spectral efficient 64-QAM-OFDM terahertz
communication link. Opt. Expr. 25(16), 19360–19370 (2017)

4. X. Pang, S. Jia, O. Ozolins et al., Single channel 106 Gbit/s 16QAM wireless transmission in
the 0.4 THz band. in Optical Fiber Communication Conference. (Optical Society of America,
2017): Tu3B. 5

5. S. Jia, X. Yu, H. Hu et al., 120 Gb/s multi-channel THz wireless transmission and THz receiver
performance analysis. IEEE Photon. Technol. Lett. 29(3), 310–313 (2017)

6. K. Liu, S. Jia, S. Wang et al., 100 Gbit/s THz photonic wireless transmission in the 350-GHz
band with extended reach. IEEE Photonics Technol. Lett. 30(11), 1064–1067 (2018)

7. X. Li, Z. Dong, J. Yu et al., Fiber-wireless transmission system of 108 Gb/sdata over 80 km
fiber and 2 × 2multiple-input multiple-output wireless links at 100 GHz W-band frequency.
Opt. Lett. 37(24), 5106–5108 (2012)

8. J. Yu, X. Li, N. Chi, Faster than fiber: over 100-Gb/s signal delivery in fiber wireless integration
system. Opt. Expr. 21(19), 22885–22904 (2013)

9. X. Li, J. Xiao, J. Yu, Long-distance wireless mm-wave signal delivery at W-band. J. Lightwave
Technol. 34(2), 661–668 (2015)

10. X. Li, J. Yu, J. Xiao, Demonstration of ultra-capacity wireless signal delivery at W-band. J.
Lightwave Technol. 34(1), 180–187 (2016)

11. R. Puerta, J. Yu, X. Li et al., Demonstration of 352Gbit/s photonically-enabledD-bandwireless
delivery in one 2× 2 MIMO system. in Optical Fiber Communication Conference. (Optical
Society of America, 2017): Tu3B. 3

12. X. Li, J. Yu, K. Wang et al., Photonics-aided 2× 2 MIMO wireless terahertz-wave signal
transmission system with optical polarization multiplexing. Opt. Expr. 25(26), 33236–33242
(2017)

13. C. Wang, J. Yu, X. Li et al., Fiber-THz-fiber link for THz signal transmission. IEEE Photon. J.
10(2), 1–6 (2018)

14. J. Zhang, J. Yu, N. Chi et al., Multichannel 120-Gb/s data transmission over 2×2 MIMO
fiber-wireless link at W-band. IEEE Photon. Technol. Lett. 25(8), 780–783 (2013)

15. Z. Cao, L. Shen, Y. Jiao et al., 200 Gbps OOK transmission over an indoor optical wire-
less link enabled by an integrated cascaded aperture optical receiver. in 2017 Optical Fiber
Communications Conference and Exhibition (OFC). pp. 1–3. (IEEE, 2017)

16. X. Li, J. Yu, K. Wang, M. Kong, W. Zhou, Z. Zhu, C. Wang, M. Zhao et al., 120 Gb/s wireless
terahertz-wave signal delivery by 375 GHz-500 GHz multi-carrier in a 2× 2 MIMO system. J.
Lightwave Technol. 37(2), 606–611 (2019)

17. X. Li, J. Yu, J. Zhang et al., Antenna polarization diversity for 146Gb/s polarization multi-
plexingQPSKwireless signal delivery atW-band. inOptical FiberCommunicationConference.
(Optical Society of America, 2014): M3D. 7

18. X. Li, J. Yu, Generation and heterodyne detection of> 100-Gb/s $ Q $-Band PDM-64QAM
mm-wave signal. IEEE Photonics Technol. Lett. 29(1), 27–30 (2016)

19. X. Li, Y. Xu, J. Yu, Over 100-Gb/s V-band single-carrier PDM-64QAM fiber-wireless-
integration system. IEEE Photon. J. 8(5), 1–7 (2016)

20. J. Yu, X. Li, J. Zhang et al., 432-Gb/s PDM-16QAM signal wireless delivery at W-band using
optical and antenna polarization multiplexing. in 2014 The European Conference on Optical
Communication (ECOC). pp. 1–3. (IEEE, 2014)



130 6 Multi-band Terahertz Signal Generation and Transmission

21. X. Li, J. Yu, J. Xiao et al., Photonics-aided over 100-Gbaud all-band (D-, W-and V-band)
wireless delivery. in ECOC 2016, 42nd European Conference on Optical Communication.
pp. 1–3. (VDE, 2016)

22. X. Li, J. Yu, L. Zhao et al., 1-Tb/s photonics-aided vector millimeter-wave signal wireless
delivery at D-band. in 2018 Optical Fiber Communications Conference and Exposition (OFC).
pp. 1–3. (IEEE, 2018)



Chapter 7
Frequency-Stable Photogenerated Vector
Terahertz Signal Generation

7.1 Introduction

5G networks are developing rapidly. Its new features of low latency, high speed and
large-scale access will provide a new lifestyle for real-time streaming, supercloud,
virtual reality world and smart home. In recent years, mobile data services have
grown rapidly, and the demand for communication networks has increased year by
year. Electronic equipment is limited by electrical bandwidth, and the photon-assisted
method for generating terahertz signals can break this limitation. Compared with
traditional wireless communication, RoF or terahertz over optical system combines
the advantages of optical fiber communication and wireless network. The long
distance and large capacity of optical fiber communication combined with the advan-
tages of flexible access of wireless communication make RoF system an ideal for
future communication networks.

In the RoF system, the generation of the light vector terahertz signal is very
important. The traditional RoF system uses the double-sideband (DSB) modulation
format in transmission. In the 1550 nm band, it will be severely interfered by the fiber
dispersion. The walk-off effect caused by the dispersion causes the frequency fading
effect, and the SNR of some frequency points, especially the high frequency, will
be seriously reduced. The optical single-sideband (SSB) signal can resist chromatic
dispersion and can be transmitted over long distances in standard single-mode fiber
(SSMF) at 1550 nm without fading effects [1–3]. Compared with DSB signal, SSB
signal has higher spectral efficiency, which is the best modulation format for long-
distance transmission vector signal in optical fiber.

Taking into account the practical application of the RoF system, the future
will rely heavily on multi-frequency signal generation technology to overcome
frequency overlap and provide better flexibility in wireless networks. Therefore,
in this chapter, we have studied the optimization scheme of the photogenerated
vector terahertz signal, proposed two novel photogenerated vector terahertz signal
generation technologies and conducted experimental verification in our system.
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We first explained the principles of several optical external modulators and then
proposed our scheme.

In the first scheme, we use a cascaded phase modulator and I/Q modulator to
generate a sixfold vector terahertz signal. First, a phase modulator is used to generate
a multi-frequency optical carrier with a low-cost and simple structure. Then use
the independent optical sideband modulation scheme realized by I/Q modulator [4]
to generate the required 6 times photogenerated vector terahertz signal, and the
output signal is composed of several optical sidebands at different frequencies. In this
solution, the optical carrier needs to be suppressed to improve modulation efficiency
and reduce power loss; the generation of baseband data is realized in the digital
domain, which reduces system complexity while improving system stability.

In view of the fact that almost all systems that generate photogenerated terahertz
signals in the past require the use of sophisticated optical filters, which undoubtedly
increases the cost and complexity of the system. We explored a scheme for gener-
ating photogenerated terahertz signals without optical filters. Based on the carrier
suppressed frequency eightfold (CSFE) scheme [5], D-band terahertz signal gener-
ation can be achieved without optical filters. First, an intensity modulator driven by
an RF source is used to suppress the original optical carrier and generate two contin-
uous light waves. The frequency difference between the two continuous light waves
is 8 times that of the driving RF signal. Then another intensity modulator is used to
realize optical SSB modulation [6]. Therefore, we can successfully generate D-band
terahertz signals without optical filters.

7.2 Principle of Optical External Modulator

Optical external modulators mainly include phase modulators, intensity modulators
and I/Qmodulators. The optical externalmodulator canmodulate the electrical signal
onto the optical carrier generated by the laser. They cannot only be used to realize
the modulation of optical signals of different modulation formats, but also can be
used to generate multi-frequency light sources under the drive of sinusoidal signals.
They are widely used in optical communications.

7.2.1 Phase Modulator

The working principle of the phase modulator is that the refractive index of the
lithium niobate (LiNbO3) crystal changes with the applied electric field, so its light
propagation speed and phase also change accordingly. The structure of the optical
phase modulator is shown in Fig. 7.1. When a modulation voltage is applied to the
electrode, the refractive index of the waveguide changes with the applied electric
field, and the phase of the light after passing through the electrode also changes,
realizing the function of phase modulation.
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Fig. 7.1 Optical phase
modulator structure
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According to the electro-optical effect, the phase change ϕPM(t) after the phase
modulator changes as shown in Eq. (7.1), which can be regarded as a linear function
of the input drive voltage u(t).

ϕPM(t) = 2π

λ
· k�neffL · u(t) (7.1)

Among them, λ is the wavelength of the input light, L is the length of interaction
between the light and the electrode, and �neff is a function of the effective refractive
index. Define the main characteristic parameter of the modulator, the half-wave
voltageVπ ,which is themodulation voltage requiredwhen the phase of themodulator
changes π, also known as the half-wave voltage. It can be expressed as:

Vπ = λ

2k�neffL
(7.2)

FromEqs. (7.1) and (7.2), the relationship between the phase change and the input
drive voltage after the phase modulator is:

ϕPM(t) = u(t)

Vπ

π (7.3)

7.2.2 Mach–Zehnder Modulator

TheMach–Zehnder modulator (MZM) is an optical modulator based on the principle
of interference. Its structure is shown in Fig. 7.2.

The composition of theMach–Zehnder modulator is to combine two phase modu-
lators in parallel on a LiNbO3 crystal substrate. A pair of strip waveguides are fabri-
cated on aLiNbO3 substrate, and both ends ofwhich are connected to a 3 dBY-shaped
branch waveguide. After the input beam passes through the first Y-shaped branch
waveguide, it is split into two beams of equal power and coupled into two parallel
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Fig. 7.2 Structure diagram
of Mach–Zehnder modulator

waveguides. The upper and lower arms are added with drive signals, and the two
arms are phase modulated separately [7]. After passing through the second Y-shaped
branchwaveguide, the two-phase-modulated signals interferewith each other and are
converted into intensitymodulation. The driving of the upper and lower arms includes
the radio frequency signal and the DC bias voltage, which together determine the
working state of the MZM.

The output photocurrent of the Mach–Zehnder modulator can be expressed as:

Eout = Ein · 1
2

· (
e jϕ1(t) + e jϕ2(t)

)
(7.4)

Among them, ϕ1(t) and ϕ2(t), respectively, represent the phase shift of the upper
and lower arms of the MZM, which can be expressed as:

ϕ1(t) = u1(t)

Vπ1
π, ϕ2(t) = u2(t)

Vπ2
π (7.5)

Vπ1 and Vπ2, respectively, represent the driving voltage that makes the phase
shift of the upper and lower arms π, that is, half-wave voltage. u1(t) and u2(t),
respectively, represent the external voltage of the upper and lower arms, including
the radio frequency drive voltage uRF(t) and the DC bias voltage uDC(t).

When the MZM works in the push–push mode, the phase shift of the upper and
lower arms is exactly the same, and it is still phase modulation.

When MZM works in push–pull mode, the phase shift between the upper and
lower arms is opposite, that is, ϕ1(t) = −ϕ2(t), u1(t) = −u2(t) = 1/2u(t), and the
output terminal gets the intensity-modulated optical signal. The expression of the
output optical signal is:
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Fig. 7.3 MZM signal
amplitude/power
transmission curve

Eout(t) = 1

2
· Ein(t) · (

e jϕ1(t) + e jϕ2(t)
)

= 1

2
· Ein(t) · [cos(ϕ1(t)) + cos(ϕ2(t)) + j · (sin(ϕ1(t)) + sin(ϕ2(t)))]

= Ein(t) ·
(

�ϕMZM(t)

2

)
= Ein(t) · cos

(
u(t)

2Vπ

π

)
(7.6)

When performing intensity modulation, the DC bias of the modulator should be
at the quadrature point. A typical MZM signal amplitude/power transfer function
curve is shown in Fig. 7.3, where V pi is the half-wave voltage of the modulator, the
solid line represents Pout(t)/ Pin(t), and the dashed line represents Eout(t)/ Ein(t).

MZM is a nonlinear modulator. When the signal amplitude enters the high
nonlinear region of MZM, it will be severely distorted and reduce system perfor-
mance. Therefore, the loaded signal should be located in the high linearity area of
the MZM as much as possible to make the modulator work efficiently. The working
area of the MZM can be controlled by adjusting the peak value of the signal and the
bias voltage of the MZM.

7.2.3 Optical I/Q Modulator

The optical I/Q modulator consists of two MZMs and a 90° phase shifter, and its
structure is shown in Fig. 7.4. The input optical signal is equally divided into two
signals of in-phase component (I path) and quadrature component (Q path), which
are transmitted along different paths. Subsequently, one of the two signals passes
through the phase modulator, and the bias voltage of the phase modulator is set to
Vπ /2, so the two optical signals have a relative phase difference of 90°. TheMZMs of
the I and Q channels work in push–pull mode, and the DC bias is at the lowest point
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Fig. 7.4 Structure diagram of optical I/Q modulator

of the power transfer function. Finally, the two signals interfere with the coupler at
the output and merge into one signal [8].

As shown in Fig. 7.4, in the quadrature branch of the I and Q channels, the phase
difference produced by MZM modulation is:

ϕI (t) = uI (t)

Vπ1
π, ϕQ(t) = uQ(t)

Vπ2
π (7.7)

Set the driving voltage of PM as UPM = −Vπ /2, then the transfer function of the
optical I/Q modulator can be expressed as:

Eout(t) = 1

2
· Ein(t) ·

(
cos(

ϕI (t)

2
) + j sin(

ϕQ(t)

2
)

)
(7.8)

7.3 Multi-Frequency Vector Terahertz Signal Generation
Scheme Based on Cascaded Optical External
Modulator

Based on the three optical external modulators described above, we propose a new
scheme for generating multi-frequency vector terahertz signals. We adopt the inde-
pendent sideband (ISB) modulation scheme, using cascaded phase modulators and
I/Q modulators to generate photogenerated terahertz signals.

The phase modulator is driven by a single-frequency radio frequency source to
generate a multi-frequency optical carrier with a constant frequency interval as the
light source input of the I/Q modulator. The electrical signal driving the I/Q modu-
lator is composed of a vector-modulated SSB QAM signal and an unmodulated SSB
RF signal. The two signals are located on different sides of the zero frequency. The
output of the I/Qmodulator contains several optical sidebands and suppressed optical
carriers. Wavelength selector switch (wavelength selector switch, WSS) selects two
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optical sidebands of different frequencies to beat in the PD. The multi-frequency
vector terahertz signal generated by this scheme has high flexibility, and the highest
frequency can reach 400 GHz. Our experiments have realized the generation and
transmission of D-band multi-frequency vector terahertz signals, which are trans-
mitted through 80 km SMF-28 optical fiber and 10 m wireless channel, the carrier
frequency is 133 GHz, and the bit rate is 18.4 × 2 = 36.8 Gb/s.

7.3.1 Technical Scheme of Multi-frequency Vector Terahertz
Signal Generation Based on Cascaded Optical External
Modulator

The principle of the multi-frequency vector terahertz signal generation technology
based on cascaded optical external modulators we proposed is shown in Fig. 7.5.
First, the laser generates a CW wave at the frequency f c as the optical input source
of the phase modulator. According to the previous section, the output of the phase
modulator can be written as Eout = Ein exp(jr(t)), where Eout represents the output
optical signal, and Ein = ALWexp(j2π f ct) is the input light source, as shown in
Fig. 7.5 c. r(t) is the input electric drive signal. When it is a radio frequency source
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with frequency f m, it can be expressed as r(t) = ARFsin(2π f mt + ϕ0). Therefore, the
output of PM is:

Eout = ALW exp( j2π fct + jr(t)) = ALW exp( j2π fct + j ARF sin(2π fmt + ϕ0))

(7.9)

According to Jacobi–Anger equation ei z cosϕ = ∑+∞
n=−∞ i n Jn(z)einϕ , the output

of PM can be written as:

Eout = ALW exp( j2π fct + jr(t))

= ALW

∑+∞
n=−∞ Jn(ARF ) exp{ j[2π( fct + n fmt) + nϕ0]}

= ALW

∑+∞
n=−∞ Jn(ARF ) exp{ j[(ωct + nωmt) + nϕ0]} (7.10)

Therefore, after PM modulation, a single-frequency laser will become a multi-
frequency optical carrier. As shown in Fig. 7.5d, the center frequency is f c, and the
frequency interval between adjacent carriers depends on the frequency of the driving
RF source.

The digital signal processing (DSP) process of baseband signal generation in
the digital domain is shown in the left frame of Fig. 7.5. First, generate a fixed-
length pseudo-random binary sequence (PRBS), modulate it into a QPSK/16QAM
baseband signal and use a low-pass filter (LPF) to filter. We use two real sine wave
signals with operating frequencies f s1 and f s2 to perform Hilbert transform on them
to generate a single-sideband signal and eliminate the frequency spectrum on the
other side of the frequency axis [4, 8]. Therefore, two complex sine wave radio
frequency sources can be generated, each radio frequency source having only one
side of the spectrum. The RF source with frequency f s1 retains the negative spectrum,
while the RF source with frequency f s2 retains the positive spectrum. We mix the
baseband vector modulation signal with the −f s1 RF source, and linearly up-convert
the baseband signal into an low sideband (LSB) vector signal at the carrier frequency
−f s1, as shown in Fig. 7.5a. The frequency spectrum on the positive side of the radio
frequency source f s2 is shown in Fig. 7.5b. Next, the real part of the LSB vector
signal and the real part of the positive frequency part of the RF source f s2 are added
together as the in-phase input of the I/Q modulator. Similarly, add the imaginary part
of the LSB vector signal and the imaginary part of the RF source f s2 as the quadrature
input of the I/Q modulator. We use optical independent sideband (ISB) modulation
to maximize the sideband energy, because this can effectively suppress the optical
carrier.

In the specific implementation of the modulator, since there are three adjustable
DC bias voltages (one PM, two MZM) in the I/Q modulator, in order to achieve I/Q
modulation, theDC bias voltage of the PM in the I/Qmodulator should be set toVπ /2
to ensure that the phase difference between the in-phase input and the quadrature
input is π /2. In order to achieve ISB modulation, we fix the two DC offsets of the
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twoMZMs to Vπ to suppress the optical carrier and convert the linear SSB electrical
signal into an SSB optical signal.

The transfer function of the I/Q modulator can be written as:

T = Eout

Ein
= 1

2
[cos(ϕI (t)

2
) + cos(

ϕQ(t)

2
) · eiφ]

= 1

2
[cos(π

2
· VI (t) + VDCI

2
) + cos(

π

2
· VQ(t) + VDCQ

2
) · eiφ] (7.11)

Among them, ϕ = VDCPM·π /Vπ is the phase difference caused by PM. When
VDCPM = π /2, the phase difference is π /2. VDCI and VDCQ are the DC offsets of the
two MZMs. We set them to Vπ to suppress the optical carrier, so there are:

T = Eout

Ein
= 1

2
[sin(π

2
· VI (t)

Vπ

) + j sin(
π

2
· VQ(t)

Vπ

)] (7.12)

Baseband data can be expressed as Data = Aexp(−j2π f s1t) + Bexp(j2π f s2t),
where A represents a QPSK or 16QAM baseband signal, B represents the amplitude
of the RF source, and the contents of A and B can be interchanged. Therefore, the
in-phase input of I/Q modulation is VI (t) = Acos(2π f s1t) + Bcos(2π f s2t), and the
quadrature input is VQ(t) = −Asin(2π f s1t) + Bsin(2π f s2t).

For simplicity, we first consider a single optical carrier, let Ein = E0exp(j2π f ct).
Therefore, the output of the I/Q modulator can be written as:

Eout = E0 exp( j2π fct) · 1
2

⎧
⎪⎪⎨

⎪⎪⎩

sin(
π

2
· A cos(2π fs1t) + B cos(2π fs2t)

Vπ

)

+ j sin(
π

2
· −A sin(2π fs1t) + B sin(2π fs2t)

Vπ

)

⎫
⎪⎪⎬

⎪⎪⎭

(7.13)

When the input signal is relatively small, the output can be approximately written
as:

Eout ≈ E0e
j2π fct · π

4Vπ

{A cos(2π fs1t) + B cos(2π fs2t) + j

[−A sin(2π fs1t) + B sin(2π fs2t)]}
= π

4Vπ

· {AE0 exp[ j2π( fc − fs1)t] + BE0 exp[ j2π( fc + fs2)t]} (7.14)

Therefore, the optical carrier at the frequency f c is suppressed, and the SSB
electrical signal is linearly converted into the optical domain. At the output of the I/Q
modulator, we obtain two independent optical sidebands, one is the vector-modulated
LSBon the frequency f c−f s1, and the other is the unmodulatedUSBon the frequency
f c + f s2. f s1 and f s2 can be not equal, so we use optical independent sideband
modulation technology.
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Combining the previously generated multi-frequency optical carrier in PM can
generate a multi-band vector-modulated optical signal. Each optical carrier has two
sidebands on both sides, so that almost all optical carriers are suppressed to a large
extent. The subsequent spectrum diagram is shown in Fig. 7.5e. Next, two optical
sidebands are selected for beating in the PD through WSS or optical filters, and the
frequency of generating the terahertz signal is determined by the frequency difference
between the two optical sidebands.

The available frequency range of this scheme is very wide. For example, we
choose the vector-modulated optical sideband at the frequency f c−f m−f s1 and the
unmodulated optical sideband at the frequency f c + f s2. The frequency difference
between the two sidebands is f m + f s1 + f s2, thus generating terahertz signal with
the frequency of f m + f s1 + f s2. Optical SSB signals can overcome the walk-off
effect caused by fiber dispersion and can be transmitted over long distances in the
fiber. This solution greatly improves the flexibility of the system and reduces noise.

7.3.2 Optical Terahertz Signal Transmission Experiment
Setup

Based on our proposal for generating vector terahertz signals, we built a corre-
sponding experimental system to verify the performance. The experimental setup
of 133 GHz QPSK/16QAM-modulated SSB vector terahertz signal generation and
optical fiber wireless fusion transmission based on this scheme is shown in Fig. 7.6a,
and the photos of the transmitter and receiver are shown in Fig. 7.6b and c. The ECL
with a line width of less than 100 kHz and an output power of 14.5dBm produces
continuous light of 1552.32 nm for multi-frequency optical carrier generation. The
sine wave signal source works at 14.5 GHz. After six times the frequency, a sine wave
radio frequency source of 87 GHz can be obtained. After electrical amplification, a
sine wave source with a power of 28 dBm is obtained, which is used to drive the PM
to generate a multi-frequency optical carrier. The PM used in the experiment has an
insertion loss of 2.5 dB, a 3 dB bandwidth of 30 GHz, a 6 dB bandwidth of 65 GHz
and Vπ at an RF frequency of 1 GHz is 5 V.

At the transmitter DSP, we use a fixed length to generate vector-modulated
QPSK/16QAM signals. As shown in Fig. 7.5a, after mixing with a complex sinu-
soidal RF source (with a frequency at −26 GHz) in the digital domain, the vector
signal is linearly converted into an LSB vector signal at −26 GHz. As mentioned in
the previous section, by adding the LSB vector signal and the real/imaginary part of
the USB complex sine wave RF source (whose frequency is at 20 GHz), the I and Q
data are generated in the digital domain, respectively. The generated I-channel and
Q-channel data are converted into analog signals by a DAC with a sampling rate of
92GSa/s, amplified by an EA with a working range of DC ~ 40 GHz and then used
to drive the I Q modulator to achieve optical ISB modulation.
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Fig. 7.6 Experimental device for generating and transmitting 133 GHz QPSK/16QAM-modulated
SSB vector millimeter wave signal: a system structure diagram; b transmitter photo; c receiver
photo

The spectrum of themulti-frequency optical carrier after PMmodulation is shown
in Fig. 7.7a, and the frequency interval between each optical carrier is 87 GHz. The
spectrum of the multi-frequency optical sideband is shown in Fig. 7.7b, and it can be
seen that the optical carrier is effectively suppressed. There are two optical sidebands
on both sides of the frequency of each optical carrier, one is the vector-modulated
LSB, and the other is the unmodulated USB. After being amplified by EDFA, the
optical signal selects two optical sidebands through the WSS or optical filter to
be transmitted in the optical fiber wireless fusion link. The spectrum is shown in
Fig. 7.7c. The frequency space between the suppressed optical carrier and the two
sidebands is 26 and 20 GHz, and the interval between two adjacent optical carriers
is 87 GHz, so the frequency space between the two selected sidebands is 26 + 87
+ 20 = 133 GHz, and its spectrum is shown in Fig. 7.7 b. This is based on the
results obtained from the two sidebands we selected in this experiment. In practice,
the highest frequency of the terahertz signal we generate can reach 133 + 87 * 3 =
133 + 261 = 394 GHz.

After being amplified by EDFA, the two optical sidebands are transmitted on
80 km SSMF. We did not use the optical dispersion compensation module, and the
optical power entering the fiber was 13 dBm. In order to compensate for the power
loss in the fiber, we use another EDFA to increase the optical power. The spectrum
after SSMF transmission is shown in Fig. 7.7d. After the polarization controller
which is used to adjust the signal polarization, the optical signal is converted by
a PD with a bandwidth of 110–170 GHz to a vector-modulated D-band terahertz
signal and is amplified by a D-band amplifier with a gain of 30 dB. Subsequently, the
terahertz signal is transmitted by a D-band horn antenna with a gain of 25 dBi, and
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Fig. 7.7 Signal spectrum: a Multi-frequency optical carrier after PM modulation. b Multi-
frequency optical sideband after I/Q modulator. c Vector-modulated optical sideband and optical
continuous wave after WSS. d Vector modulation optical sideband and optical continuous wave
after 80 km SMF transmission

the wireless transmission distance is 10 m. We use a pair of lenses in the wireless
link to collect terahertz signals. The use of lenses can increase the signal trans-
mission distance. After wireless transmission, the terahertz signal is received by
the same horn antenna and mixed with the 112 GHz local oscillator to generate a
21 GHz intermediate frequency signal. The intermediate frequency signal is ampli-
fied by an EA with a bandwidth of DC-45 GHz and captured by a real-time digital
oscilloscope with a bandwidth of 45 GHz and a sampling rate of 120GSa/s. The
offline digital signal processing flow includes the down-conversion, CMA/CMMA
post-equalization, carrier recovery (including carrier frequency and phase recovery),
DD-LMS and BER calculation described in Chap. 3.

7.3.3 Experimental Results and Analysis

In order to better study the performance of the system, we first transmitted QPSK
signals at different baud rates,whichwere 4, 9.2 and 18.4GBaud.Under 10mwireless
transmission, the constellation diagram of the QPSK intermediate frequency signal
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Fig. 7.8 Signal constellation diagram of 4GBaud QPSK signal after 10 m of wireless transmission.
a After clock recovery. b After CMA equalization. c After frequency recovery. d After phase
recovery

Fig. 7.9 Signal constellation diagram after 9.2GBaud QPSK wireless transmission 10 m. a After
clock recovery. b After CMA equalization. c After frequency recovery. d After phase recovery

with a baud rate of 4GBaud and a frequency of 21GHz is shown inFig. 7.8. Figure 7.9
shows the constellation diagram of the 9.2GBaudQPSK IF signal after 10mwireless
transmission. The constellation diagram recovered from the 4GBaud QPSK signal
is very clear and the BER is low. For the 9.2 GBaud QPSK signal, due to more
severe channel loss, the recovered constellation becomes blurred. The constellation
diagram of 18.4GBaud QPSK signal after 10 m wireless transmission is shown in
Fig. 7.10. As the transmission baud rate continues to increase, the constellation points
of QPSK signals are gradually blurred, which is affected by the attenuation of the
wireless channel.

We also tested the bit error rate performance of the system. When 18.4GBaud
QPSKsignal is transmitted in 80kmSMF+10mwireless link andonly 10mwireless
link, the relationship between BER and input PD power is shown in Fig. 7.11a.
From the two curves, as the input power increases, the BER first decreases and then
increases. This is due to the power saturation of the PD. For wireless links, when the
input power is higher than −2.6 dBm, the BER is lower than the 7% FEC threshold
of 3.8× 10–3; and when the input power is -1.6 dBm, the BER reaches the minimum.
For optical fiber wireless links, the best results can be obtained when the input power
is about −0.5 dBm. We added two additional EDFAs during 80 km SMF-28 fiber
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Fig. 7.10 Signal constellation diagram of 18.4GBaud QPSK signal after 10 m of wireless trans-
mission. a After clock recovery. b After CMA equalization. c After frequency recovery. d After
phase recovery
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signal
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Fig. 7.12 Signal constellation diagram of 4GBaud 16QAM signal after 10 m of wireless transmis-
sion. a After clock recovery. b After CMA equalization. c After frequency recovery. d After phase
recovery

transmission, and the OSNR was reduced. Therefore, a power loss of 2.5 dB was
observed at a BER of 3.8 × 10–3. The 133 GHz D-band QPSK signal generated by
this solution can be transmitted through 80 km SMF fiber combined with 10 m of
wireless transmission when the bit rate reaches 18.4 × 2 = 36.8 Gb/s. When only
10 m of wireless transmission is performed, the minimum BER can reach 1.27 ×
10–3.

We, respectively, transmitted 4GBaud and 9.2GBaud signals to measure the
performance of 16QAM signals. The test results of 4GBaud 16QAM signals with
different optical fibers and wireless transmission distances are shown in Fig. 7.11b.
The 4× 4 Gb/s 16QAM signal of 133 GHz can be transmitted through a 10 km SMF
and a 10-m wireless network, and the BER is lower than the FEC threshold of 3.8 ×
10–3. After 80 km SMF-28 transmission, the BER cannot be lower than 3.8 × 10–3,
but it can be lower than the 20% FEC threshold of 2 × 10–2. Due to the decrease
of OSNR and the influence of nonlinear effects in the optical fiber, the performance
loss is relatively large.

When the input power is −1.6 dBm, the constellation diagram of the 16QAM
signal after transmitting 10 mwireless distance is shown in Fig. 7.12. After measure-
ment, theminimumBER of the system can reach 1.08× 10–3. For 9.2Gbaud 16QAM
signal transmission, the relationship between BER and PD input power is shown in
Fig. 7.11c. As the input power of the PD increases, the BER first decreases and then
increases. When the input power is -0.5dBm, the BER reaches its minimum value.
We can achieve 36.8 Gb/s 16QAM signal transmission in a 10 m wireless network
with a BER lower than 2× 10–2, but cannot achieve SMF over 80 km combined with
10 m wireless transmission.
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7.4 Vector Terahertz Signal Generation Scheme Based
on Carrier Suppression Eighth Frequency and Optical
Single Sideband

In the previous section, we proposed a photogenerated vector terahertz signal gener-
ation scheme based on optical independent sideband modulation and conducted
experimental verification. In view of the fact that this solution still requires the
use of optical filters, which adds complexity and cost to the system, we propose a
new solution based on carrier suppressed frequency eightfold (CSFE), which can
realize D-band terahertz signal generation without optical filters and greatly reduce
the system complexity. Through this scheme, we successfully realized the fusion
transmission of 150 GHz 10GBaud QPSK signal and 4GBaud 16QAM signal in
10 km SMF combined with 1 m wireless.

7.4.1 Technical Scheme of Vector Terahertz Signal Based
on Optical Carrier Suppression Eighth Frequency
and Optical Single-Sideband Modulation

The principle of D-band signal generation based on the CSFE scheme and corre-
sponding spectrum without optical filter is shown in Fig. 7.13. The whole method
includes three parts: CSFE, SSB modulation and O/E conversion. Among them,
CSFE and SSB modulation can be completed by using an intensity modulator,
respectively.

The CSFE scheme utilizes the nonlinearity of the MZM modulation curve. Use
ECL to generate a single-frequency optical carrier and then use an intensity modu-
lator driven by a 20 GHz radio frequency signal (single-drive MZM is used in the
experiment) to modulate the optical carrier to generate multiple optical carriers with
fixed frequency intervals. The structure is shown in Fig. 7.13. We denote the optical
carrier as E0(t) = E0exp(jω0t), the two drive signals of MZM are recorded as V 1(t)
= VRF1cos(ωm1t), V 2(t) = VRF2cos(ωm2t), the two DC offset voltages of MZM

ECL IM

RF

Push-pull MZM

RF data

Photodetector(a)
(b)

(c) (d)

OSFE SSB O/E conversion

RF DC

Data I

 MZM

Data Q

DCI

DCQ

PD MZM

Fig. 7.13 Based on CSFE scheme and optical SSB D-band photogenerated terahertz signal
generation principle
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is denoted as VDC1 and VDC2, respectively. The output signal of the first MZM is
expressed as [9]:

Eout(t) = E0e
jω0t · [√ρ1(1 − ρ2) · exp( jφ1) + √

ρ2(1 − ρ1) · exp( jφ2)] (7.15)

Among them, ϕ1 = π [V 1(t) + VDC1]/Vπ , ϕ2 = π [V 2(t) + VDC2]/Vπ , Vπ is the
half-wave voltage of MZM. For single-drive MZM, VRF2 and VDC2 can be set to
zero, and ϕ2 is also zero. Formula (7.15) can be simplified as:

Eout(t) = E0 · exp[ j (ω0t + η + β cosωmt)] (7.16)

where η = πVDC1/Vπ , β = πVRF1/Vπ . Considering the Jacobi–Anger equation,
Formula (7.16) expands to:

Eout(t) = (1/2) · E0·
{
J0(β) · cos(ω0t + η) + 2 cos(ω0t + η)[

∑+∞
n=1

J2n(β) · cos(2nωm1t + nπ)]
−2 sin(ω0t + η)[

∑+∞
n=1

J2n−1(β) · sin((2n − 1)ωm1t + (2n − 1)/2π)]
}

(7.17)

The output contains the odd and even sidebands of the Bessel function and the
optical carrier. FromEq. (7.17), if cos(ω0t + ϕ)+ J0(β)cosω0t = 0 and J0(β)(cosω0t
+ η) = 0, the optical carrier will be suppressed [9]; if the MZM is biased to the zero
point of the transfer function, the even-numbered sidebands will be suppressed [6]; if
theMZM is biased to the maximum transmission point, the odd-numbered sidebands
will be suppressed [9]. Therefore, we adjust the bias voltage of the single-driveMZM
to the maximum transmission point to suppress odd-order sidebands.

The even order of the Bessel function of the first kind is shown in Fig. 7.14, where
the abscissa X is β in Formula (7.17). When β is 5, compared with J4(β), J0(β),
J2(β), J6(β) and J8(β) are relatively small, so we can generate the two-channel
frequency difference to drive MZM 8 times the optical tone of the RF source, the
corresponding spectrum is shown in Fig. 7.14 i.

The second part of our proposed scheme is optical SSB modulation. We use a
dual-drive MZM to achieve I/Q modulation, and the phase difference between the
two branches of the MZM should be π /2. The output of MZM is:

Eout(t) = (1/2) · Ein(t) · {exp[ j ( π

Vπ

I (t) − π

2
)] + exp[ j π

Vπ

Q(t)]}

= 1/2Ein(t) · { - j · exp[ j π

Vπ

I (t)] + exp[ j π

Vπ

Q(t)]} (7.18)

Among them, I(t) and Q(t) represent the input data of the two branches of MZM.
When I(t) andQ(t) are small signals, Formula (7.18) can be approximately expressed
as:
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Fig. 7.14 Schematic diagram of the even order of the first kind of Bessel function and the corre-
sponding frequency spectrum of each point in Fig. 7.13: (i) the optical tones generated by the CSFE
scheme, (ii) the push–pull modulator used for single-sidebandmodulation drive RF data, (iii) optical
single-sideband signal, (iv) terahertz signal sideband

Eout(t) = (1/2) · Ein(t) · { - j · [1 + j
π

Vπ

I (t)] + [1 + j
π

Vπ

Q(t)]}

= 1/2Ein(t){
π

Vπ

· [I (t) + j Q(t)] + 1 - j
π

2
} (7.19)

Therefore, the electrical signal is linearly converted to the optical domain, and
the dual-drive MZM can achieve I/Q modulation. We generate baseband data in the
digital domain, digitally up-convert it to frequency f s, and generate electrical SSB
data. The frequency spectrum is shown in Fig. 7.14 (ii). The real part and imaginary
part of the electrical SSB signal are used as two input driving signals of the dual-drive
MZM, respectively. In order to generate the SSB signal, MZM should be offset at
the quadrature point. The drive data of MZM can be written as:

Data = A exp(i2π fs t)

I (t) = real(Data) = A cos(2π fs t)

Q(t) = imag(Data) = A sin(2π fs t) (7.20)

Substituting Formula (7.19) into (7.20), we get:

Eout(t) = π A

2Vπ

[cos(2π fct) + j sin(2π fct)]

[cos(2π fs t) + jsin(2π fs t)] +
1

2
Ein(t)(1 − j

π

2
)

=
π A

2Vπ

{exp[ j2π( fc + fs)t]} +
1

2
Ein(t)(1 − j

π

2
) (7.21)
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Therefore, the optical SSB signal can be obtained, and the corresponding spectrum
is shown in Fig. 7.14(iii).

After theO/E conversion is realized by the beat frequency in the photodetector, the
frequency spectrumof the generatedD-band terahertz signal is shown inFig. 7.14(iv).
In the whole process, we did not use any optical filters, thus reducing the system
complexity.

7.4.2 Experimental Setup of D-band Terahertz Signal
Transmission Based on CSFE Scheme and Optical SSB
Modulation

The experimental device of the D-band terahertz signal generation system based on
the CSFE scheme and optical SSB modulation is shown in Fig. 7.15 [10, 11]. The
system schematic diagram is shown in Fig. 7.15a, and the photos of the transmitter
and receiver are shown inFig. 7.15b.WeuseECLworking at 1552.316 nm to generate
the optical carrier and use the MZM driven by a 20 GHz radio frequency source to
achieve CSFE modulation. The insertion loss of the MZM is 3.9 dB, the extinction
ratio is 30 dB and the Vπ of the RF signal at 1 GHz is 2.8 V, 3 dB bandwidth is
30 GHz. After EA amplification, the input power of the RF signal entering the MZM
is 31 dBm. The output optical tone ofMZMhas a fixed frequency interval of 20 GHz.
After eight times the frequency, the maximum frequency interval is 160 GHz. PM-
EDFA is used to amplify the power of the optical carrier. The transmitted I and Q
data are generated in the digital domain and converted into analog signals by a DAC
with a sampling rate of 80GSa/s.
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Fig. 7.15 Experimental device of D-band signal generation system based on CSFE and optical
single-sidebandmodulation: a system schematic diagram;bTransmitter photo; cTransceiver photo;
d Receiver photo
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Subsequently, the I/Q data is amplified by two EAs with the same bandwidth of
DC-40 GHz and used as the two inputs of the dual-drive push–pull MZM to achieve
optical SSB modulation. The insertion loss of MZM is 4.9 dB, the extinction ratio is
30 dB, the Vπ of the RF signal at 1 GHz is 2.7 V, and the 3 dB bandwidth is 37 GHz.
Subsequently, the optical signal is transmitted through a 10 km SMF, and we use two
identical EDFAs to amplify the optical power, and use a polarization controller (PC)
to adjust the polarization of the optical signal. Finally, the optical signal is converted
into a D-band terahertz signal through a PD with a bandwidth of 110–170 GHz and
amplified by an LNA with a gain of 30 dB. Terahertz signals are broadcast into free
space through D-band horn antennas and are transmitted over a wireless distance of
1 m.

At the receiving end, the same horn antenna is used to collect the terahertz signal,
and the 112 GHz RF source is used as the LO for down-conversion. The received
signal is mixed with LO to form an intermediate frequency signal, amplified by an
EA with a bandwidth of DC-50 GHz and received by a digital oscilloscope with
a bandwidth of 45 GHz. Since the MZM drive signal is digitally up-converted to
10 GHz, there are two IF signals after mixing. The frequencies of the two IF signals
are 160–10–112 GHz= 38 GHz and 160+ 10–112 GHz= 58 GHz. The OSCwe use
has a bandwidth of 45 GHz, which can capture 38 GHz IF signals, while 58 GHz IF
signals are too high to be detected byOSC.Therefore, only one IF signal is received in
the end. Offline digital signal processing includes down-conversion, CMA/CMMA
post-equalization, carrier recovery (including carrier frequency and phase recovery),
DD-LMS and BER calculation.

7.4.3 Experimental Results and Analysis

The spectrum of the optical carrier after CSFE modulation is shown in Fig. 7.16a.
The first MZM generates an optical carrier with a fixed frequency interval, and the
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Fig. 7.16 Spectrumof the signal: aMultiple optical tones generated afterCSFEmodulation.bAfter
optical SSB modulation of a single optical carrier
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frequency space of the two carriers with the highest optical power is 8 × 20 GHz =
160 GHz. For optical SSB modulation, the upper sideband of the generated optical
signal is greatly suppressed. The spectrum of a single optical carrier SSBmodulation
is shown in Fig. 7.16b.

The SSB signal is modulated to all optical carriers. The spectrums of the 4Gbaud
QPSK signal, 4Gbaud 16QAM signal and 10Gbaud QPSK signal after SSB modu-
lation are shown in Fig. 7.17. In Fig. 7.17c, there is a 150 GHz frequency difference
between the A terminal and the B terminal, so a 150 GHz terahertz signal can be
generated by beating in the PD. Similarly, the C terminal and D terminal can also
generate 150 GHz terahertz signals. The E and F ends have a frequency difference of
160 GHz, which can generate 160 GHz terahertz signals. However, when the trans-
mitted baud rate is high, the dispersion will affect the performance of the 160 GHz
terahertz signal, so we did not use this higher frequency terahertz signal.

We alsomeasured the relationship betweenBERperformance and PD input power
for the recovered QPSK and 16QAM signals, as shown in Fig. 7.18. Figure 7.18a
shows the relationship between BER and PD input power when 4GBaud QPSK
signals are transmitted via 1 m wireless and 10 km SMF + 1 m wireless, respec-
tively. When the input power increases, OSNR will increase, so BER will decrease.
In order to meet the 7% FEC threshold of 3.8 × 10–3, the receiver sensitivity in both

Fig. 7.17 Spectrum of the signal: a 4Gbaud QPSK-modulated signal; b 4Gbaud 16QAM-
modulated signal; c 10Gbaud QPSK-modulated signal
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cases is−2.5dBm.Figure 7.18a shows the frequency spectrumand recovered constel-
lation diagram of the 38 GHz IF signal. For 4Gbaud QPSK signals, the constellation
diagram is very clear. The received signal is recovered by an offline DSP program,
and the BER is lower than the FEC threshold. Therefore, we did not apply other
methods to suppress other unwanted harmonic components. Figure 7.18b shows the
relationship between theBER curve and the input power of the PDwhen the 10Gbaud
QPSK signal is transmitted via 1 m wireless and 10 km SMF + 1 m wireless. For
1 m wireless transmission, when the input power is higher than 1.5dBm, the BER
is lower than the FEC threshold. For 10 km + 1 m wireless transmission, as the
input power increases, the BER first decreases and then increases. This is due to the
saturation of the PD, and the walk-off effect will also affect the system performance.
Figure 7.18c shows the corresponding BER curve and the input power of the PD
for a 4GBaud 16QAM signal. When transmitting through 1 m wireless, under 4.5
dBm input power, the minimum BER can be lower than 3.8 × 10–3. After 10 km of
SMF-28 transmission, the minimum BER is 1.7 × 10–2. We cannot make the BER
less than 3.8 × 10–3.
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7.5 Summary

In view of the importance of the terahertz signal generation scheme in the RoF link,
in this chapter we propose two schemes for generating terahertz signals based on
cascaded optical external modulators.

The first scheme uses independent sideband (ISB)-modulated cascaded phase
modulator and I/Q modulator to generate a multi-frequency vector terahertz signal.
PM is driven by a single-frequency RF source to generate a multi-frequency optical
carrier with a constant frequency interval as the optical input of the I/Q modulator.
The electrical signal driving the I/Q modulator is composed of a vector-modulated
SSB QAM signal and an unmodulated SSB RF signal. The two signals are located
on different sides of the zero frequency. The output of the I/Q modulator contains
several multi-frequency optical sidebands and a suppressed optical carrier, which is
suppressed by the ISB modulation scheme. WSS selects two optical sidebands of
different frequencies to beat the terahertz signal in the PD.

The multi-frequency vector terahertz signal generated by this scheme has high
flexibility and can effectively reduce the complexity of the transmitter. The highest
frequency for generating a terahertz signal can be as high as 400 GHz. We have
demonstrated through experiments the fusion transmission of 133GHzD-bandmulti-
frequency vector terahertz signals on 80 km SMF-28 and 10 m wireless links, with
a transmission rate of 18.4 × 2Gbit/s = 36.8 Gb/s. In this case, the input power of
the PD is as low as −0.5 dBm, the system power consumption is low, and low power
consumption is a necessary function of the future metropolitan area network and data
center.

At the same time, because optical filters will increase the system cost, we have
proposed a terahertz signal generation scheme that does not require optical filters.
Based on CSFE technology and optical SSB modulation, two cascaded MZMs are
used to generate D-band terahertz signals. The first single-drive MZM is used to
generate multiple optical tones with a fixed frequency space, the frequency space
can reach up to 160 GHz, while suppressing the corresponding optical center carrier.
The second dual-drive MZM is used to implement optical SSB modulation. SSB is
the best modulation format in C-band optical fiber communication because it can
tolerate fiber dispersion and fading effects. Subsequently, the optical signal enters the
PD and is converted into a terahertz signal. This solution does not require an optical
filter, which reduces system complexity and cost. Through experiments, we have
realized the fusion transmission of 150 GHz 10GBaud QPSK signal and 4GBaud
16QAM signal in 10 km SMF combined with 1mwireless link. The BER of 4GBaud
16QAMsignal is lower than the soft decision threshold of 20%FEC2× 10–2, and the
BER of 4GBaud QPSK signal is low. The hard decision threshold of 7% FEC is 3.8
× 10–3, which fully demonstrates the feasibility and practicability of our proposed
scheme.
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Chapter 8
Application of Probabilistic Shaping
Technology in Terahertz Communication

8.1 Introduction

Although the terahertz communication system has a huge bandwidth and can achieve
a large transmission capacity, the transmission distance is reduced by the high atmo-
spheric attenuation of the terahertz frequency band, and the signal-to-noise ratio is
reduced. The terahertz frequency band lacks a corresponding low noise amplifier
(low noise amplifier, LNA), and power compensation cannot be achieved.

Traditional low-order modulation formats such as OOK can no longer meet the
needs of high-speed wireless access networks. Increasing the modulation order is
a relatively direct method that can effectively improve the spectrum efficiency of
the terahertz communication system. At present, there are high-order modulation
formats such as QPSK, 16QAM, 64QAM and 128QAM, which have been widely
studied and applied to realize high-speed wireless signal transmission. However,
as the modulation order continues to increase, the constellation points with higher
peripheral power of the QAM signal are affected by the nonlinear effect, and it is
very easy to produce nonlinear distortion, whichmakes subsequent equalization very
difficult and severe system performance degradation.

Due to the power limitation of the terahertz communication system, it is necessary
to optimize the transmitted signal in order to improve the signal spectrum efficiency
without increasing the transmission power. In recent years, the emergence of geomet-
rical shaping (GS) and probabilistic shaping (PS) technologies can achieve higher
spectral efficiency (SE) in a given signal-to-noise ratio and can also improve the SNR
tolerance of a given SE. In geometric shaping, the constellation points are no longer
the square distribution presented by traditional QAM signals, but a more flexible and
optimized position distribution to achieve higher SE or greater tolerance to nonlinear
distortion.

Compared to geometric shaping, probabilistic shaping can provide higher gain
and flexibility. Applying probabilistic shaping technology to advanced codes such as
16QAMand 64QAMcan achieve unprecedented transmission capacity and spectrum
efficiency and significantly improve the performance of terahertz communication
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systems [1]. Existing research results show that the probabilistic shaping modulation
technology can be used to extend the transmission distance or increase the capacity
at a specific transmission distance [2,3]. Probabilistic shaping technology is a coded
modulation scheme with unequal probability distribution. In probabilistic shaping,
the position of the constellation point is the same as that of the traditional squareQAM
signal, but the probability distribution of each constellation point is different, and the
probability of the points with high peripheral power is lower, while the probability
of the points with lower inner power is higher, which makes the system capacity
closer to the Shannon limit capacity of the channel [4]. The energy of the internal
constellation points is lower and the probability of occurrence is higher than that of
the external points, so the average power of the PS signal is lower than the power
of the uniform points. For Gaussian channels, probabilistic shaping technology can
asymptotically increase the SNR tolerance by up to 1.53 dB [5].

Therefore, in order to meet the needs of a large increase in wireless communi-
cation network capacity and dynamic changes in capacity, the use of probabilistic
shaping technology to dynamically improve performance and capacity through the
use of new modulation techniques can expand the current wireless transmission
limitations, and can transmit signals faster and faster, significantly improve the spec-
trum efficiency of wireless communications, and provide better performance without
increasing network complexity. Exploring the key theories and application research
of probabilistic shaping technology for high-order modulation signals has received
extensive attention at home and abroad and has bcome an important topic in the
field of terahertz communication technology, which is of great significance to the
development of ultra-high-speed terahertz communication networks in the future.

8.2 Principles of Probabilistic Shaping Technology

The current probabilistic shaping technology usually uses the two-dimensional
Maxwell–Boltzmann distribution. In each dimension, the greater the signal strength,
the lower the probability of the distribution, and the signal distribution can be flex-
ibly adjusted by key distribution parameters. This distribution is proved to be the
probability distribution with the largest gain in Gaussian white noise channel, and
the more uniformly distributed signal has larger shaping gain [6].

8.2.1 Probabilistic Shaping Modulation Principle Based
on Maxwell–Boltzmann Distribution

In traditional communication systems, equal probability signal modulation methods
are often used; that is, each constellation point has the same symbol probability.
Probabilistic shaping technology adjusts the probability distribution of constellation
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points to achieve system information entropy gain. The Maxwell–Boltzmann distri-
bution is currently the most commonly used probability distribution. In the Gaussian
channel, signal transmission using this probability distribution is proven to have
the highest average mutual information. In this chapter, we mainly discuss the two-
dimensional QAM modulation format. The expression of the Maxwell–Boltzmann
distribution in two-dimensional discrete form is as follows:

P(x, y) = e - v(|x |2+|y|2)/
∑

x ′∈X
∑

y′∈Y e
−v(|x ′|2+|y′|2) (8.1)

where (x, y) represents the coordinates of the QAM constellation points, P(x,
yl represents the distribution probability of each constellation point, and v deter-
mines the shape of the Maxwell–Boltzmann distribution function. Therefore, we can
achieve different probability distribution constellation points by changing the value
of v in the experiment. Different probability distributions will change the source
entropy of the signal. According to the knowledge of information theory, the source
entropy of a signal can be calculated by the following formula:

H(X) =
∑

xi∈X
p(xi ) · log(1/p(xi )) (8.2)

Taking 16QAM as an example, the value ranges of its horizontal and vertical
coordinates are: X = {−3, −1, 1, 3} and Y = {−3, −1, 1, 3}. For a specific value of
v, the corresponding constellation point probability distribution and source entropy
can be obtained byFormulas (8.1) and (8.2). Figure 8.1 shows the 16QAMprobability
distribution and its source entropy corresponding to different v values.

Fig. 8.1 Probability distribution and demodulation constellation points of 16QAM signals with
different probabilities
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Since the value of v is continuously variable, there are infinite kinds of probability
distributions forQAMsignals of anyorder.Weneed to select the optimal constellation
point probability distribution for a specific channel quality situation. Mutual infor-
mation defines the amount of information transferring between the transmitted signal
and the received signal, so it can be used as a criterion for determining the transmis-
sion performance of a probability distribution signal. Suppose the transmitted signal
is X(×1, × 2…× n), the received signal is Y (y1, y2…yn), the calculation expression
of mutual information is as follows:

I (X; Y ) = H(X) − H(X |Y )

= H(X) + H(Y ) − H(X,Y )

=
∑

x
p(x)log(

1

p(x)
) +

∑
y
p(y)log(

1

p(y)
)

−
∑

x,y
p(x, y)log(

1

p(x, y)
)

=
∑

x,y
p(x, y)log(

p(x, y)

p(x)p(y)
) (8.3)

8.2.2 Probabilistic Shaping Realization Method Combined
with FEC Coding and Decoding Technology

The block diagram of the traditional optical communication system is shown in
Fig. 8.2a. At the optical transmitter, the input binary information first needs to be FEC
encoded to generate parity bits, then the original information and parity information
are mapped to the constellation points to generate the QAM-modulated signal we
need, and then the QAM signal is input to the optical transmitter and then enters the
channel for transmission. At the optical receiving end, the signal demodulated by the
optical receiver is first subjected to QAM demapping, and then the original binary
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Wireless 
Channel Receiver FEC 

Decoder

Transmitter
Channel

(a)

(b)
FEC 

Encoder
Wireless 
Channel Receiver FEC 

Decoder

Transmitter
Channel

Distribution
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Distribution
De-matcher

Fig. 8.2 Flowchart of traditional terahertz communication system (a) and probability shaping
terahertz communication system (b)
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signal is recovered through the FECdecoder. The FEC code can automatically correct
errors generated during transmission at the receiving end by performing redundant
encoding on the original data. In the actual system, FECcoding can effectively control
errors when transmitting data in unreliable or strong noise interference channels by
introducing gain coding techniques such as cascaded channel coding.

For a terahertz communication system that uses probabilistic shaping and modu-
lation, its structure is almost the same as that of a traditional terahertz communi-
cation system. The difference between them is: in the probabilistic shaping system,
a distribution matcher needs to be added before the FEC encoder and a distribu-
tion dematcher is needed after the FEC decoder. The function of the distribution
matcher is to convert the original binary information with equal probability into a
binary signal with a specific probability distribution, so as to generate a QAM signal
conforming to the Maxwell–Boltzmann distribution after QAM mapping. The role
of the distributed dematcher is just the opposite. Therefore, how to combine the
distribution matcher necessary for probabilistic shaping with the FEC encoder is the
key to the practical application of the probability shaping technology.

Figure 8.3 shows the implementation method of combining probabilistic shaping
and FEC encoding and decoding technology used in the experiment. For QAM
signals, we, respectively, perform probabilistic shaping and modulation on the I
channel and Q channel information. The input I original bit stream is divided into
two parts: U1 and U2. U1 generates an amplitude information sequence PA with
unequal probability after passing through a distributed matching device (CCDM).
Mapping the amplitude information sequence PA back to the bit stream, we can get
a new bit sequence B1. Compared with the original bit sequence U1, B1 is unequal
probability distribution, and because of the redundant information, the length of B1
is larger than the original bit stream.

Then, the obtained B1 is combined with another set of original sequence U2
and then input into the LDPC generating matrix, so that the corresponding LDPC
check sequence B2 can be obtained. It is worth noting that the generated LDPC
check sequence B2 is a uniformly distributed bit sequence. We can use the original
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Uniform Bits b(S nc+1)...b(Snc) b-1(·) S1...Snc
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Fig. 8.3 Implementation method of combining probabilistic shaping and FEC encoding and
decoding technology
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bit sequence U2 and the LDPC check sequence B2 as the sign bit of the amplitude
information sequence PA. The same operation is performed on the Q channel signals,
and finally, a QAM signal meeting a specific probability distribution can be obtained
after QAM mapping.

Although the signal amplitude distribution after probabilistic shaping is unequal
probability, because its constellation points meet central symmetry on a two-
dimensional plane, the sign bit information is still a “01” bit sequence with equal
probability distribution. This method preserves the specific probability distribution
of the signal sequence after CCDM by placing the generated LDPC check sequence
in the sign bit of the QAM signal and finally realizes the combination of probabilistic
shaping and FEC coding and decoding technology. At the same time, this method
is transparent to the modulation format and will not increase the complexity of the
system structure and digital signal processing.

8.3 Simulation Research on Probabilistic Shaping
Technology

In order to better illustrate the ability of probabilistic shaping technology to
improve system performance under AWGN channels, we conducted simulations
and compared the performance of the signal constellation points of the probabilistic
shaping modulation with the common uniform signal constellation points. The simu-
lation results are shown in Figs. 8.4 and 8.5. We perform simulations under Gaus-
sian white noise (AWGN) channel. The transmission performance simulation of
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Fig. 8.4 Transmission performance simulation of uniformly distributed 16QAM and PS-16 signals
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Fig. 8.5 Transmission performance simulation of uniformly distributed 64QAM and PS-64QAM
signals

uniformly distributed 16QAM and PS-16 signals is shown in Fig. 8.4. In the figure,
the abscissa is the ratio of the transmitted signal power Eb to the Gaussian white
noise power N0, which is the signal-to-noise ratio SNR of the signal. The ordinate
is mutual information (MI). The quality of the channel can be represented by SNR.
In the Gaussian channel, for each specific SNR, an optimal probability distribution
can be found, which has the largest amount of mutual information to be transmitted.
Figure 8.4 shows the mutual information curve of the best PS-16QAM and uniform
16QAM signals after transmission in Gaussian white noise channels with different
SNRs. The black line is the Shannon limit, and the red and blue are the mutual
information curves of uniform 16QAM and PS-16QAM symbols, respectively. It
can be seen that the PS-16QAM signal is closer to the Shannon transmission limit
than the uniform 16QAM signal. The illustrations in the figure also show the PS-
16QAM signal and the uniform 16QAM signal constellation points when the SNR
is 7, respectively.

Similarly, we simulated the transmission performance of PS-64QAM signals and
uniform 64QAM signals, and the simulation results are shown in Fig. 8.5.

It can be seen that comparedwith the uniformly distributed 64QAMsignal constel-
lation points, the required SNR of PS-64QAM is reduced by 0.8 dB under the condi-
tion of reaching the same information transmission volume; that is, the maximum
SNR gain is 0.8 dB. This is through encoding can achieve a relatively large gain.

In addition, it is worth noting that this result is obtained in an ideal Gaussian
channel model. In actual high-speed optical transmission systems, due to various
reasons such as device bandwidth limitations and optical/electrical amplifier satura-
tion, the transmitted QAM signals are often subject to nonlinear damage. These
nonlinearities generally cause the QAM signal’s outer circle constellation point
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error performance to drop sharply, and the constellation diagram is distorted. Prob-
abilistic shaping can reduce the distribution probability of constellation points in
the outer circle, and more information is distributed on the constellation points in
the inner circle with better performance, thereby improving the tolerance to optical
transmission nonlinearity. Therefore, in actual experiments, probabilistic integration
technology can bring greater performance improvements to the system.

8.4 Experimental Research on Probabilistic Shaping
Technology in Single-Carrier Terahertz
Communication

Weadopt integratedphotonics technology,wireless 2×2MIMO,high-order 64QAM
modulation and PS technology to achieve carrier frequency 450 GHz, rate 132 Gb/s
single-carrier terahertz signal transmission under 20 km optical fiber and 1.8 m
wireless distance, below the SD-FEC threshold of 4 × 10–2 and was verified by
experiments. The use of PS significantly improves the transmission capacity and
system performance. As far as we know, this is the first time that a single-carrier
64QAM-modulated wireless terahertz signal transmission above 100 Gb/s has been
realized [7–15].

The experimental setup of the 2 × 2 MIMO photon-assisted wireless transmis-
sion system based on the terahertz band is shown in Fig. 8.6. In the system we
demonstrated, the uniformly distributed PDM-64QAM signal and PDM-64QAM-
PS5.5 signal (information entropy of 5.5bit/symbol/polarization) are modulated on
a 450 GHz terahertz carrier, which is composed of two frequencies with a 450 GHz
frequency interval polarization diversity light generated by two continuous optical
carriers that are heterodyne remotely. Two free-running lasers, ECL1 at the light emit-
ting end and ECL2 at the wireless emitting end, are used to generate two continuous
light waves.

At the optical transmitter, we use a digital-to-analog converter (DAC) with a
sampling rate of 64GSa/s to generate a six-level electrical signal, which is modu-
lated by uniform 64QAM or 64QAM-PS5.5 and then amplified by two parallel
electrical amplifiers. Figure 8.6a shows a schematic diagram of the probabilistic
shaping of a 64QAM signal. The in-phase component and quadrature component
of the 64QAM signal can be regarded as two independent PAM signals, and the
level of each PAM signal is distributed with non-equal probability according to the
Maxwell–Boltzmann distribution [9]. From the perspective of the 64QAM signal
constellation, the inner constellation points with lower energy have a higher trans-
mission probability than the outer constellation points with higher energy. In our
transmitter DSP, the PAM level distribution of 64QAM-PS5.5 is [0.41, 0.32, 0.19,
0.08]. Using the cascaded I/Q modulator and polarization multiplexer, the amplified
six-level electrical signal modulates the continuous light generated by the ECL1 to
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Fig. 8.6 132 Gb/s single-carrier terahertz signal transmission experimental device. ECL: external
cavity laser, I/Q MOD: I/Q modulator, EA: electric amplifier, DAC: digital-to-analog converter,
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storage oscilloscope. a Probabilistic shaping principle;b X-polarization signal spectrum after light
polarization diversity

achieve optical PDM-64QAM modulation. The 3 dB bandwidth of the I/Q modu-
lator we used is 32 GHz and has a 2.3 V half-wave voltage at 1 GHz. We insert
a polarization-maintaining erbium-doped fiber amplifier (PM-EDFA) between the
I/Q modulator and the polarization multiplexer to compensate for modulation and
insertion loss. Subsequently, the generated optical PDM-64QAM baseband signal is
transmitted through a standard single-mode fiber (SMF-28) of more than 20 km, and
the transmission dispersion coefficient at 1550 nm is 17 ps/km/nm.

At the wireless transmitting end, the received optical baseband signal passes
through the polarization controller and then passes through polarization diversity
based on the local oscillator light source, polarization beam splitter (PBS) and
polarization-maintaining optical coupler (PM-OC). Here, the PBS completely sepa-
rates the X-polarization and Y-polarization components of the received optical base-
band signal. The separated X and Y-polarized terahertz signals are amplified by two
parallel erbium-doped fiber amplifiers (EDFA), passed through two parallel polar-
ization controllers (PC) and finally are converted into two terahertz signals by two
parallelNTTantenna integrated photoelectricmixingmodules (IOD-PMAN-13001),
which can be regarded as electrical terahertz signals modulated by PDM-64QAM.
The typical output power of each AIPM is −28 dBm, the operating frequency range
is 300–2500 GHz, it integrates UTC-PD and a terahertz antenna. It should be noted
that the ideal optical mixer used to detect the optical polarization-multiplexed signal
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should be polarization insensitive, because the optical polarization-multiplexed
signal contains two signal components (X-polarization andY-polarization).However,
the fiber end of the terahertz band optical mixer used in our experiment is a
polarization-maintaining fiber. In our experiment, we add a PC in front of the
optical mixer of each terahertz band to adjust the polarization direction to obtain
the maximum output of each optical mixer.

Then, we transmit 450 GHz electrical terahertz signals through a 1.8 m 2 × 2
MIMO wireless terahertz transmission link. The wireless transmission links of X-
polarization and Y-polarization are parallel. We use two pairs of lenses to focus the
terahertz signal to maximize the wireless power received by the wireless receiving
end. The centers of lenses 1 and 3 are aligned with the X-polarized wireless transmis-
sion link, and the centers of lenses 2 and 4 are aligned with the Y-polarized wireless
transmission link. All lenses are the same, and each lens has a diameter of 10 cm and
a focal length of 20 cm. The distance between each lens and the corresponding horn
antenna (HA) is 17.78 cm, and the insertion loss of each lens is less than 0.1 dB.

At the wireless receiving end, we use two parallel HAs with a gain of 26
dBi to receive wireless terahertz signals, and the operating frequency of each
signal is between 330 and 500 GHz. For X-polarized signals, we use an integrated
mixer/amplifier/multiplier chain (IMAMC), driven by a 12.008 GHz sine wave local
oscillator source, to achieve analog down-conversion. IMAMC integrates a mixer,
an amplifier and a × 36 frequency multiplier, and the operating frequency ranges
from 330−500 GHz. The local oscillator frequency used to drive the mixer is 36 ×
12.008 GHz = 432.288 GHz. We then use an LNA with a gain of 40 dB, a saturated
output power of 14dBm and a working frequency range of 4–18 GHz to amplify the
down-converted 18 GHz X-polarized IF signal. For Y-polarized signals, we use a
spectrum analyzer extender (SAX, WR2.2SAX) driven by a 9.006 GHz sine wave
local oscillator to achieve analog down-conversion. SAX integrates a mixer and a
× 48 frequency multiplier, operating frequency ranges from 330 to 500 GHz, about
16 dB inherent mixer SSB conversion loss. The frequency of the local oscillator
used to drive the mixer is 48 × 9.006 GHz = 432.288 GHz, which is equal to the
frequencyof the local oscillator used to drive themixer inX-polarization.Thenweuse
an LNA with a gain of 50 dB, a saturated output power of 15 dBm, and a working
frequency range of 7–16 GHz to enhance the 18 GHz Y-polarized IF signal after
down-conversion. Here, due to the lack of available components, we use different
analog downconverters and LNAs for the X and Y-polarization signals. Then use
the two 120GSa/s ADC channels of the digital storage oscilloscope to capture the
intermediate frequency X-polarization and Y-polarization signals. Each 120GSa/s
ADC channel has an electrical bandwidth of 45 GHz. The subsequent offline DSP
includes down-conversion to baseband, CMMA equalization, carrier recovery, DD-
LMS equalization and BER calculation. The spectrum of the measured X-polarized
terahertz signal after optical polarization diversity processing is shown in Fig. 8.6b,
with a resolution of 0.02 nm, corresponding to a uniform 64QAMsignal of 11GBaud.

We measured the relationship between the BER performance of the system and
the input power of each AIPM, as shown in Fig. 8.7a. We can see that compared with
ordinary 64QAM, 64QAM-PS5.5 signals have better bit error rate performance in a
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larger OSNR range at the same bit rate. The 450 GHz PDM-64QAM-PS5.5 signal
with a rate of up to 12GBaud (12 × 5.5 × 2 Gbit/s = 132 Gbit/s) can be transmitted
within a 20 km SMF-28 and 1.8 m wireless distance, with a bit error rate lower than
4 × 10–2 SD-FEC threshold. After removing the 27% of the SD-FEC overhead, a
total bit rate of 132Gbit/s is equivalent to a net bit rate of 103.9 Gbit/s.

The spectrum diagram of the uniform 8GBaud PDM-64QAM 18 GHz interme-
diate frequency signal captured by the digital oscilloscope and the recovered Y-
polarized signal constellation diagram are shown in Fig. 8.7 b and c. The input power
of each AIPM is 16 dBm, and the bit error rate is 2.6× 10–2. The frequency spectrum
of the PDM-64-QAM-PS5.5-modulated intermediate frequency signal of 9GBaud
and the constellation of the recovered Y-polarized signal are shown in Fig. 8.7d and
e. The input power is 15.4 dBm, and the bit error rate is 1.2 × 10–2. The photo of
1.8 m wireless terahertz transmission link is shown in Fig. 8.7f.

8.5 Experimental Study of Probabilistic Shaping
Technology in Multi-Carrier W-band Communication
System

Probabilistic shaping technology cannot only improve the transmission performance
in a single-carrier system, but also in a multi-carrier OFDM system [16–18]. In this
section, we introduce the experimental results in this respect [19].
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8.5.1 Experimental Setup

Figures 8.8 are diagrams of experimental setups based on W-band heterodyne
coherent detection 64QAM OFDM signal transmission system, in which the optical
wireless transmission distances are 1, 3, 5 and 13 m, respectively. We first generate
a digital OFDM signal through offline MATLAB and then load the digital OFDM
signal into an arbitrarywaveformgenerator (AWG) to generate amulti-carrierOFDM
signal. In this scheme, the inverse fast Fourier transform (IFFT) size of OFDM
modulation is 1024, of which 980 carriers are used for data transmission, 4 low-
frequency carriers are zero as DC offset, and the remaining 40 zero carriers are
used for upsampling. The specific process of OFDM signal generation includes: (1)
generating pseudo-random sequence, (2) 64QAM mapping (probabilistic shaping),
(3) serial–parallel conversion, (4) IFFT, (5) adding cyclic prefix (CP), (6) adding
training sequence (TS), (7) parallel–serial conversion, (8) adding 1000 0 s for frame
synchronization before TS. There are two types of training sequences (TS) in front
of the data stream, the first is used for synchronization and the other is used for
channel estimation. One frame of data consists of 1000 0 s, 2 TSs and 12 OFDM
data symbols. At the transmitting end, an external cavity laser (ECL1) is used to
generate a continuous light, and then a 64QAM baseband OFDM electrical signal is
used to drive an optical in-phase/quadrature (I/Q) modulator to modulate the light
wave to generate an optical OFDM signal. The insertion loss of the I/Q modulator is
6 dB, and its 3 dB bandwidth is 32 GHz. The 64QAM-OFDM signal of the baseband
is amplified to about 2.5Vpp by two parallel amplifiers before driving the I/Q modu-
lator. Then, a polarization-maintaining erbium-doped fiber amplifier (PM-EDFA)
is used to amplify the signal. ECL2 plays the role of optical local oscillator (LO).
The frequency separation between ECL1 and ECL2 is 82 GHz. The line width of
ECL1 and ECL2 is both less than 100 kHz, and their output power is 13 dBm. The

Fig. 8.8 Diagram of experimental setup for heterodyne coherent detection of W-band 64QAM
OFDM signal. ECL: external cavity laser, I/Q MOD: I/Q modulator, EA: electric amplifier, DAC:
digital-to-analog converter, PM-EDFA: polarization-maintaining erbium-doped fiber amplifier,
SMF-28: single-mode fiber, PM-OC: polarization-maintaining optical coupler, OATT: optical atten-
uator, PD: photodiode, DSO: digital storage oscilloscope, HA: horn antenna, ELO: electric local
oscillator
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Table 8.1 Experimental
parameters (1 m wireless)

Parameter Value

Baud rate (PS) 8.2 Gbaud

Baud rate (Unite) 7 Gbaud

entropy (PS) 5.148

entropy 6

Overhead of OFDM 38%

Overhead of PS 16.5%

System total bit rate (1 m wireless) 30.43 Gb / s

two laser beams are coupled by a polarization-maintaining coupler (OC). Then the
signal is transmitted through 22 km single-mode fiber. A 100 GHz optical band-
width photodiode (BPD) is used for heterodyne beat frequency to generate 82 GHz
64QAMW-band millimeter wave electrical signals, and an optical attenuator is used
to adjust the power entering the photodiode. The electrical signal from the photo-
diode is amplified by a W-band electrical amplifier with a gain of 25 dB and then
sent to the free space by the output of a horn antenna (HA) with a gain of 25 dBi
(Table 8.1).

The receiving end uses aW-band horn antennawith 25 dBi gain to receivewireless
signals. The 82 GHz electric wireless signal and the 75 GHz local oscillator signal
enter the mixer to generate a 7 GHz intermediate frequency signal. Then, the 7 GHz
IF signal is amplified by a low noise amplifier, which has a gain of 30 dB and a 3 dB
bandwidth of 25 GHz. Finally, the signal is captured by a digital storage oscilloscope
(DSO) with a sampling rate of 50 GSa/s and a bandwidth of 20 GHz, and the analog
signal is converted into a digital signal. The received signal is recovered offline
by the DSP. First, the received intermediate frequency signal is down-converted
to baseband. Secondly, the first type of training is used to synchronize the 64QAM
OFDM signal. Third, a 1024-point fast Fourier transform (FFT) is used to convert the
signal from the time domain to the frequency domain. The second training sequence
is used for channel estimation in the frequency domain. Fourth, the recovered signal is
demapped according to the 64QAMmapping rule. Finally, the error rate is estimated
by comparing the original bits and demodulated bits.

8.5.2 Experimental Results

Figure 8.9 shows the PD input power and bit error rate curves of 7GBaud uniform
64QAM OFDM signal and 8.2GBaud PS-64QAM OFDM signal during 1 m wire-
less transmission. The total bit rate of uniform 64QAM and PS-64QAM is 42 Gb/s
(normal 64QAM is 7 × 6 Gb/s, PS-64QAM is 8.2 × 5.148 Gb/s). We measured
the transmission fiber and non-transmission fiber, respectively. It can be seen from
Fig. 8.9 that as the input power of the BPD increases, the bit error rate first decreases
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Fig. 8.9 Experimental
measurement of the
relationship between bit
error rate and input power
(through 1 m wireless
transmission). Constellation
diagram: a Probability
shaping 64QAM. b Uniform
64QAM. BTB: Back to back
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and then increases. Because when the input power is relatively low, the signal-to-
noise ratio is low and the bit error rate is high. When the input power increases,
the input power gradually saturates the photoelectric receiving device. Obviously,
compared with the uniform 64QAM scheme, the PS-64QAM scheme can transmit
data with a lower bit error rate. It can be seen from the figure that the system dete-
rioration caused by 22 km of transmission fiber is negligible. When the optimal
input power of the PD is −1.3 dBm and the entropy of the probabilistic shaping
constellation distribution is 5.148bit/symbol, the best bit error rate performance can
be obtained. The restored constellations corresponding to PS and uniform 64QAM
are symmetrical on the real and imaginary axes, as shown in the inserts (a) and (b) in
Fig. 8.9. The BERs are 1.02 × 10–2 and 3.4 × 10–2, respectively. After soft-decision
FEC, error-free transmission can be realized.

Figure 8.10 describes the relationship between the bit error rate of the OFDM
signal after 3 m wireless transmission of 6GBaud uniform 64QAM OFDM signal
and 7GBaud PS-64QAM and the input power into the photodetector. The total bit
rate of uniform 64QAM and PS-64QAM is both 36 Gb/s (average 64QAM is 6
× 6 Gb/s, PS-64QAM is 7 × 5.148 Gb/s). Obviously, compared with the uniform
64QAM scheme, the probability shaping 64QAM scheme can transmit data with a
lower error rate.

Figure 8.11 shows the relationship between the bit error rate of the OFDM signal
and the input power into the photodetector when a 3GBaud uniform 64QAMOFDM
signal and a 3.5GBaud PS-64QAM signal are transmitted over a 5 m wireless link.
The total bit rate of uniform 64QAM and PS-64QAM is 18 Gb/s (average 64QAM
is 3 × 6 Gb/s, PS-64QAM is 3.5 × 5.148 Gb/s). It can be seen from the figure that
compared with the uniform 64QAM scheme, the PS-64QAM scheme can transmit
data with a lower bit error rate.

Figure 8.12 describes the relationship between the bit error rate of a 2GBaud
uniform 64QAM OFDM signal and a 2.3GBaud PS-64QAM OFDM signal after a
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Fig. 8.11 a Curve of bit error rate and input power after 5 m wireless transmission. b Experimental
device under 5 m wireless distance

13 m wireless distance transmission and the input power into the photodetector. The
total bit rate of uniform 64QAM and PS-64QAM is 12 Gb/s (average 64QAM is 2×
6 Gb/s, PS-64QAM is 2.3 × 5.148 Gb/s). It can be seen that the PS-64QAM scheme
can transmit data with a lower error rate.

Figure 8.13 shows the relationship between the bit error rate and the bit rate of the
uniform 64QAM-OFDM and PS-64QAM-OFDM signal when the BPD input power
is −1.3 dBm and the wireless link is 1 m. It can be seen from Fig. 8.13 that the bit
error rate increases as the bit rate increases. The number of bits per symbol of PS-
64QAM is 5.148. 16.5% ((6–5.148)/5.148) is the overhead of PS, and the overhead
of OFDM is 38%. The cost calculation method is {[1000 + 14 × (1024 + 64)]−12
× 980}/(12 × 980).



170 8 Application of Probabilistic Shaping Technology …

(a) (b)

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.06

0.08

0.1

0.12

0.14
0.16
0.18
0.2

 2Gbaud, uniform, 13m wireless, 20km
 2.3Gbaud, PS, 64QAM

B
ER

Input power to PD (dBm)

Fig. 8.12 a Curve graph of bit error rate and input power after 13 m wireless transmission. b 13 m
wireless distance experimental device

Fig. 8.13 Bit error rate and
bit rate curve of ordinary and
probability-shaped 64QAM
OFDM signals

32 34 36 38 40 42 44 46 48 50 52
1E-3

0.01

0.1

 PS
 Uniform

B
ER

Bit rate (Gb/s)

When the baud rate of PS-64QAM is 8.2GBaud, its bit rate is 42.2 Gb/s (5.148 ×
8.2 Gb/s). In order to maintain the same bit rate as PS-64QAM, the uniform baud rate
of 64QAM is 7GBaud (5.18 × 8.2/6GBaud). When the baud rate of the PS-64QAM
signal increases from 6.7 to 9.7GBaud, the corresponding baud rate of the uniform
64QAM scheme increases from 5.7 to 8.3GBaud. As shown in Fig. 8.13, the bit error
rate of the corresponding point of the PS-64QAM OFDM signal is lower than that
of the uniform 64QAM OFDM signal. It can be seen that PS can greatly improve
the performance of the 64QAM OFDM system. When the bit error rate 4 × 10–2 is
lower than the FEC threshold 2 × 10–2, the net bit rate of PS-64QAM is 49.9 Gb/s
(5.148 × 9.7 Gb/s).

Figure 8.14 shows the variation curve of the bit error rate of each symbol with the
number of bits when the input power of the PS-64QAM OFDM signal is −1.3 dBm
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Fig. 8.14 Relationship
between bit error rate and bit
per symbol
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and the wireless distance is 1 m. When we increase the number of bits per symbol
from 4.8 to 5.75, we fix the total bit rate to 42 Gb/s. As can be seen from Fig. 8.14,
the bit error rate decreases first, and then increases as the number of bits per symbol
increases. We conclude that when the number of bits per symbol of PS-64QAM is
5.148, the system has the best bit error rate performance.

8.6 Summary

Compared with the traditional uniformly distributed constellation points, the prob-
abilistic shaping technology changes the constellation point distribution, increasing
the probability of low-power constellation points and reducing the probability of
high-power constellation points. It has been proven to be a method that can improve
spectrum efficiency and reduce nonlinear effects.

In this chapter, we introduced the basic principles and application methods of
probabilistic shaping and presented the simulation of themutual information between
the probabilistic shaping constellation point and the uniformconstellation point under
different SNRs in theAWGNchannel. Both simulation and experimental results show
that, compared with the uniform distribution, the performance of the constellation
points after probabilistic reshaping is improved, and the PS signal can be transmitted
in the photon-assisted wireless terahertz wave system, which is a future study of
photon-assistedwireless terahertz communication systems. The research has brought
new directions to help improve system capacity and performance.

We have proven through experiments that probabilistic shaping technology
improves the performance of terahertzwireless communication systems. In the exper-
iment, we adjusted the parameter values of the probability distribution to make the
signals of different baud rates have the same net bit rate. We have experimentally
proved a 450 GHz photon-assisted vector terahertz wave signal wireless transmis-
sion system,which realizes 132Gb/s (12GBaud) single-carrier PDM-64QAM-PS5.5
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terahertz wave signal transmission, and the transmission distance is 20 km optical
fiber transmission and 1.8 m wireless transmission, the bit error rate is below 4 ×
10–2. We use advanced DSP technology including probabilistic shaping to greatly
improve the transmission capacity and the air distance performance of the new 5G
wireless mobile data communication.

In another experiment, we also verified that PS technology can greatly improve
the transmission performance in a multi-carrier OFDM millimeter wave system,
including extending the transmission distance and increasing the transmission rate.
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Chapter 9
Terahertz Communication System Based
on KK Receiver

9.1 The Introduction

As described in Chap. 3, the terahertz generation system based on the photon-assisted
scheme can realize the generation and modulation of ultra-wideband signals at very
high carrier frequencies. At present, commercial PDs can reach an available band-
width of up to several hundred GHz, and it has become a reality to generate high-
frequency terahertz signals. In recent years, the development of optical short-range
wireless links has promoted the exploration of high-performance and cost-effective
transmission solutions. In order to make the generated terahertz signal have the
maximum output power, the input power of the optical signal should be the same
as the local oscillator light source (LO). High input power will cause the signal
generated by the beat frequency in the PD to have signal-signal beat interference
(SSBI), which is determined by the PD square detection characteristics [1]. SSBI is
a second-order nonlinear interference, which can cause serious errors in systems that
use PD as the detection method.

The Kramers–Kronig (KK) receiver algorithm [2] can effectively reduce the SSBI
interference caused by the square detection of PD. Based on the basic Kramers–
Kronig (KK) relationship, the KK receiver is a digital signal processing solution at
the receiving end. In optical communication systems, direct detection can be used
to achieve the effect of coherent detection, and the signal amplitude can be used
to uniquely determine the reconstruction of the signal phase. The KK relationship
describes the deterministic relationship between the real and imaginary parts of the
complex signal in the minimum phase system [3]. The KK algorithm has been used
in optical communication systems for direct detection, which can achieve ultra-long
distance and ultra-high spectral efficiency optical fiber signal transmission [4]. The
literature has proved that among several methods to reduce SSBI, KK algorithm has
the best performance [1].

The KK receiving solution only needs to be processed in the back-end digital
signal processing process, does not require hardware changes and is convenient to
operate, low in complexity and easy to implement. The KK receiver solution also
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allows digital post-compensation for linear propagation damage at the back end.
Compared with other existing solutions, it is more efficient in terms of spectrum
occupancy and reception efficiency. Using the KK receiver solution can reduce the
power consumptionof the systembyone third, and lowpower losswill have important
value and significance for future mobile data center communications [5].

In our terahertz communication system, the second-order SSBI brought by the
flat-law detection of PD is almost inevitable. It is very necessary to apply the KK
algorithm in the terahertz system to improve system performance. There have been
examples of using the KK algorithm in themillimeter wave band before and applying
the KK algorithm in the W-band (75–110 GHz) to achieve coherent detection of
millimeter wave signals [6].

Using the KK algorithm, we conducted a terahertz RoF communication exper-
iment in the D-band. In our experiment, what is generated at the baseband is a
double-sideband (DSB) signal. Compared with DSB signal generation, generating
SSB signals requires twice the bandwidth, so generating DSB baseband signals can
reduce the bandwidth requirements of the transmitter. Compared with the W-band,
the D-band (110~ 170 GHz) has a higher carrier frequency and wider bandwidth,
which provides great potential for improving the rate and quality of mass data trans-
mission. Compared with the previous results [6], we have achieved larger capacity,
higher signal frequency and longer-distance wireless transmission.

9.2 The Principle and Application of KK Algorithm

The KK algorithm can achieve coherent detection through intensity detection, and
the phase can be recovered uniquely by the intensity of the signal. The realization of
the KK algorithm requires that the signal at the transmitting end meets the minimum
phase condition, and what enters the receiver is an optical single-sideband signal.
In this case, the PD beat frequency will generate SSBI, and the KK algorithm can
reduce this interference, restore the original transmitted signal and improve system
performance. Moreover, it is compatible with the digital signal processing algo-
rithm that compensates for linear damage at the back end, without increasing system
complexity. Studies have shown that in the bandwidth-limited intensity detection
system, the KK scheme is the best in terms of information capacity [4].

9.2.1 Intersignal Beat Frequency Interference (SSBI)
Generation

In optical communication systems, ordinary single mode fiber (SMF) has the lowest
loss in the 1550 nm band, but its dispersion is high, with a typical value of
17 pm/(nm·km) [7]. Using the SSBmodulation format can resist the performance loss
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caused by dispersion to a certain extent. In the direct detection optical communication
system, when the photodetector is used for square detection, SSBI will inevitably
occur. The principle of SSBI generated by the optical SSB communication system
after PD detection is shown in Fig. 9.1. In the optical SSB communication system,
complex signals (such as QAM signals) can be sent, but a strong continuous light
source needs to be sent at the same time to propagate together with the signal. The
complex light field before entering the PD can be expressed as

E(t) = A + S(t) exp( jπBt) (9.1)

Among them,A is a constant, representing the intensity of continuous light waves,
S(t) is the information-carrying signal, its bandwidth isB, and S(t)exp(jπBt) is to shift
S(t) to the right by the distance of its bandwidth along the frequency axis, which is a
single-sideband signal. Therefore, E(t) is a single-sideband signal plus a continuous
light wave. The frequency interval between continuous light and the signal is almost
zero, and there is no guard band. This is to maximize spectral efficiency.

After PD’s square law detection, the received single-sideband direct detection
signal can be expressed as

I = |E(t)|2 = |A|2 + A∗ · S(t) exp( jπBt) + A · S∗(t) exp(− jπBt) + |S(t)|2
(9.2)

The useful signal is A*S(t)exp(jπBt), and |S(t)|2 is the beat frequency interference
term SSBI of the baseband signal. This is a second-order nonlinear noise, which will
bring interference to the signal to be detected and reduce the system performance.

There are currently three common ways to transmit SSB signals with continuous
light, as shown in Fig. 9.2.

The most common technique is shown in Fig. 9.2a, using an electrical SSB signal
with a bandwidth of B to directly drive the I/Q modulator, while adjusting the two

1550nm 
Laser I/Q modulator

Tx DSP

DAC
I Q

Rx DSP

Optical tone

B
S(t) S(t)
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fc 0 SSBI

SMF fiber

EDFA EDFA PD

Fig. 9.1 Principle of SSBI generated by the optical SSB communication system after PD detection
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Fig. 9.2 Schematic diagram of three different transmitting terminals of direct detection optical
SSB signals: a generate optical continuous wave by biasing I/Q modulator at the transmitting
terminal. b An additional laser is added at the emitting end to produce an optical continuous wave.
c Generation of a virtual carrier in a baseband signal to produce an optical continuous wave
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DC bias voltages of the I/Q modulator at the quadrature point, to generate an optical
carrier at the frequency of the laser at the transmitter. The maximum baud rate that
can be achieved with this method is equal to the bandwidth of the DAC that generates
the electrical SSB signal. Although this method is simple, it requires that the SSB
signal be generated at the transmitting end, which will double the required electrical
bandwidth, limit the highest baud rate of the generated signal and therefore limit the
achievable data rate.

The second method is shown in Fig. 9.2b, using a baseband electrical signal with
a bandwidth of 2B to drive the I/Q modulator and at the same time adding a separate
laser light wave as a continuous light wave at the transmitting end. Compared with
SSB signal generation, the baud rate of the generated baseband signal is doubled,
and the bandwidth of the final generated optical signal will be twice that of the first
method. The I/Q modulator is biased at the zero point to suppress the optical carrier.
However, thismethod requires an additional laser source or comb frequencygenerator
to generate continuous light waves, which greatly increases the implementation cost
and system complexity.

The third method is shown in Fig. 9.2c, which can overcome the shortcomings of
the first two methods. The digital signal and virtual carrier with a bandwidth of 2B
are generated in the baseband [8], which can effectively realize high baud rate SSB
transmission with lower implementation complexity. Similar to the second method,
this method biases the I/Q modulator at zero to suppress the optical carrier.

9.2.2 Minimum Phase Condition

As mentioned in the introduction, in the optical communication system, the KK
receiver can use direct detection to achieve the effect of coherent detection. The KK
receiver program is convenient to operate, low in complexity and easy to implement.
It can reduce the SSBI generated by the PD beat frequency and improve system
transmission capacity and distance.

However, if you want to use the K–K algorithm to reconstruct the signal phase,
the transmitted signal needs to meet certain conditions, namely the minimum phase
condition. When the signal meets this condition, its phase can be uniquely recovered
from its intensity. The method is now explained as follows.

There is a baseband signal S(t) whose bandwidth (positive frequency part) is B/2,
as shown in Fig. 9.3a. Multiply S(t) by a complex radio frequency signal to obtain
S(t)exp(−iπBt) as a single-sideband signal, as shown in Fig. 9.3b. Let the signal b(t)
= A + S(t)exp(−iπBt), where A is a constant and A > |S(t)|, as shown in Fig. 9.3c.
At this time, the signal b(t) is the minimum phase signal, and the phase of b(t) can
be uniquely determined by its amplitude.

At this time, the phase of b(t) is
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Fig. 9.3 Schematic diagram of the minimum phase signal spectrum: a Schematic diagram of the
baseband signal spectrum with a bandwidth of B/2. b Schematic diagram of the single-sideband
signal spectrum. c Schematic diagram of the minimum phase signal spectrum

ϕ(t) = 1

π
p.v.

+∞∫

−∞

log
[∣∣b(t ′)∣∣]
t − t ′

dt ′ (9.3)

We make a proof of the above conclusion [2].
Let the signal u(t) = ur(t) + iui(t) be a single-sideband signal, and its amplitude

is 0 on the negative half axis of the frequency axis. Suppose the Fourier transform
of u(t) is ũ(�), then when � < 0, ũ(�) = 0. Therefore, the Fourier transform of
the single-sideband signal u(t) can be written as

ũ(�) = 1

2

[
1 + sign(�)

]
U (�), where sign(�) =

⎧⎨
⎩

- 1, � < 0
0, � = 0
1, � > 0

(9.4)

And because the inverse Fourier transform of sign(�) is −i
π t , the inverse Fourier

transform of (9.4) can be obtained

u(t) = u(t)/2 + i p.v.

+∞∫

−∞

u
(
t ′
)
dt ′

2π(t − t ′)
(9.5)

Therefore,

u(t) = i p.v.

+∞∫

−∞

u
(
t ′
)
dt ′

π(t − t ′)
(9.6)

According to theKKrelationship, the real and imaginary parts of a single-sideband
signal have the following relationship:

ur (t) = −p.v.

+∞∫

−∞

ui
(
t ′
)
dt ′

π(t − t ′)
, ui (t) = p.v.

+∞∫

−∞

ur
(
t ′
)
dt ′

π(t − t ′)
(9.7)
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Let 1 + u(t) = |1 + u(t)| exp(iφ(t)), where φ(t) is the phase part of the
signal 1 + u(t), define a new signal U (t) = lg[1 + u(t)] = lg[|1 + u(t)|] + iφ(t),
then lg[|1 + u(t)|] and φ(t) will be the real and imaginary parts of the signal U(t),
respectively.

Next we need to prove that as long as 1 > |u(t)|, then U(t) is a single-sideband
signal, that is, the real and imaginary parts of U(t) satisfy the KK relationship.

Set 1 > |u(t)|, then U(t) can be expanded as

U (t) = lg[1 + u(t)] =
∞∑
n=1

(−1)n+1un(t)

n
(9.8)

According to the nature of the Fourier transform F{ f n(t)} = ( j�)n F(�), where
F is the Fourier transform, we can know that F{un(t)} = ( j�)nũ(�). Because u(t)
is a single-sideband signal, that is � < 0, ũ(�) = 0, when � < 0, the Fourier
transform of U(t) which is U (�) also equals to 0, and therefore, U(t) is also a
single-sideband signal.

Because U (t) = lg[1 + u(t)] = lg[|1 + u(t)|] + iφ(t) is a single-sideband signal,
its real part and imaginary part satisfies the KK relationship shown in Eq. (9.5), and
its imaginary part should be

φ(t) = p.v.

+∞∫

−∞

log
∣∣1 + u

(
t ′
)∣∣2

2π(t − t ′)
dt ′ (9.9)

Therefore, when u(t) is a single-sideband signal, and 1 > |u(t)|, the phase φ(t)
of the signal 1 + u(t) can be completely determined by the amplitude of the signal.

Similarly,whenb(t)=A+S(t)exp(−iπBt), the phaseϕ(t) = 1
π
p.v.

+∞∫
−∞

log[|b(t ′)|]
t−t ′ dt ′

of the signal b(t) is Eq. (9.3).
Further, we define the signal ES(t) = E0u(t), where E0 is a positive number, then

ES(t) is also a single-sideband signal, and p.v.
∫ log(E2

0 )

2π(t−t ′) = 0.
Define signal A(t) = log[E0 + E0u(t)] = log[E0 + Es(t)], and set the phase of

signal E0 + E0u(t) to θ(t).
Because of E0 + E0u(t) = |E0 + E0u(t)| exp[iθ(t)],
A(t) = log[E0 + E0u(t)] = log(|E0|) + log(|1 + u(t)|) + iθ(t) and A(t) is also

a single-sideband signal. Therefore, θ(t) = p.v.
+∞∫
−∞

log|E0+Es (t)|2dt ′
2π(t−t ′) .

Let I (t) = |E0 + Es(t)|2, then θ(t) can be regarded as the Hilbert transform
of log[I (t)]. Therefore, in practical applications, the KK receiving scheme can be
realized by using the Hilbert transform.
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9.3 Application of KK Receiver

From the above derivation, it can be seen that using theKK relationship to reconstruct
the phase in the direct detection system, it is necessary for the transmitted signal to
meet the minimum phase condition. In actual operation, the implementation of the
KK algorithm needs to transmit a continuous wave signal at an edge of the signal
spectrum that carries information, and the amplitude of the continuous wave must
be greater than the maximum amplitude of the signal.

We let the signal carrying information be Es(t), and its limited optical bandwidth
is B, as shown in Fig. 9.4a. Let the amplitude of the continuous light wave be E0, and
let it be located at the edge of the information-carrying signal Es(t) on the spectrum.
As shown in Fig. 9.4b, the optical signal entering the PD can be expressed as

E(t) = Es(t) + E0 exp(iπBt) (9.10)

After the light signal enters the PD, the generated photocurrent can be expressed
as I(t) = |E(t)|2, where we set the response index of the PD to 1 to simplify the
calculation.

According to Sect. 9.2.2, when the amplitude of the continuous light E0 is large
enough, it can be considered that the signal E(t)exp(−iπBt) = E0 + ESexp(−iπBt)
satisfies the minimum phase condition, and its spectrum diagram is shown in
Fig. 9.4c. Therefore, the KK relationship can be used to reconstruct its phase based
on its amplitude.

φE (t) = 1

2π
p.v.

+∞∫

−∞

log
[
I
(
t ′
)]

t − t ′
dt ′ (9.11)

Es(t) =
{√

I (t) exp[iφE (t)] − E0

}
exp(iπBt) (9.12)

By (9.11) and (9.12), the original signal Es(t) can be recovered from the received
photocurrent amplitude, and the influence of SSBI can be eliminated. In practical
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E(t)=Es(t)+E0exp(iπBt)(b)
0

B

(c) E(t)exp(-iπBt)

B

Fig. 9.4 Practical application of KK receiving algorithm. a Schematic diagram of the baseband
signal spectrum. b Schematic diagram of the baseband signal plus continuous light spectrum.
c Schematic diagram of the minimum phase signal spectrum
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applications, the phase is obtained by Hilbert transform after taking the logarithm
of the current. The specific DSP flow is shown in Fig. 9.5. PD adopts square law
detection, so it is first necessary to square the detected signal as the amplitude value
of the final signal. After taking the natural logarithm of the modulus of the amplitude
value, Hilbert transform is performed to obtain the phase of the signal. The signal
can be reconstructed by combining the phase and amplitude.

The signal detected by the PD is a double-sideband signal, and its frequency
spectrum is shown in Fig. 9.6a. Using the KK receiving algorithm, the received
double-sideband signal can be restored to a single-sideband signal, as shown in
Fig. 9.6b. In the subsequent digital signal processing, the single-sideband signal
is down-converted to baseband, and then, the subsequent equalization and carrier
recovery processing are performed, as shown in Fig. 9.6c.
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B

Fig. 9.6 Practical application ofKK receiving algorithm. a Schematic diagramof spectrumafter PD
detection. b Schematic diagram of spectrum after removing SSBI using KK algorithm. c Schematic
diagram of spectrum after digital down-conversion
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9.4 KK Algorithm Performance Simulation

In order to verify the effect of the KK receiver, we conducted an optical transmission
simulation. The optical simulation part is based on the VPI optical simulation plat-
form. We have built a QPSK signal transmission system, using an optical I/Q modu-
lator to achieve optical SSB modulation, and a minimum phase optical transmission
system.

Among them, the baud rate of the QPSK signal is 16GBaud, the system sampling
rate is 64 GHz, and the laser operating frequency is 151.2THz. According to the KK
principle, we perform four times upsampling at the signal transmitter and adjust the
DC bias voltage of the I/Q modulator in the system, which can change the carrier-
sideband power ratio (CSPR) of the optical carrier and the signal to find the best
working point. After detecting with the KK receiver, we downsample the received
signal by four times. The offline DSP processing process includes frequency offset
correction, phase offset correction algorithm, CMA algorithm described in Chap. 4,
and then, the decision and BER calculation are performed. The relationship between
the BER curve and the bias voltage of the I/Q modulator with and without KK
detection is shown in Fig. 9.7.

The simulation results show that, because the KK receiver has a strong ability to
reduce SSBI, it has an improvement in BER compared to the direct receiver. When
the OSNR is 12 dB, adjust the DC offset. Compared with the direct detection, the
KK receiver can reduce the BER from 0.0032 to 0.0017 at most, a drop of 46.8%,
which proves the performance of the KK receiver.

Fig. 9.7 Relationship between the system BER and the bias point of the I/Q modulator obtained
by simulation
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9.5 Experimental Research on Photon-Assisted
Single-Carrier RoF Communication System

In order to verify the actual effect of the KK algorithm, we built a photon-assisted
single-carrier RoF communication system and realized the high-speed transmission
of D-band terahertz signals based on the KK algorithm. We use advanced algo-
rithms such as K-K algorithm, CMMA and DD-LMS post-equalization technology
to achieve D-band 16QAM terahertz signal transmission over a wireless distance of
3.47 m through experiments with a transmission rate of 80 Gb/s. As far as we know,
this is the first time that the KK algorithm has been used to improve system perfor-
mance in a D-band RoF terahertz signal transmission system over a large bandwidth
and a wireless distance of up to several meters.

9.5.1 Experimental Setup

The experimental setup diagram of the D-band photon-assisted RoF terahertz
communication system is shown in Fig. 9.8 [9]. We used two lasers, denoted as
ECL1 and ECL2. ECL1 generates a free-running optical carrier for carrying signals,
and the light wave generated by ECL2 is used as LO to generate terahertz signals by
beating in PD. The wavelengths of ECL1 and ECL2 are 1557.578 and 1558.608 nm,
respectively, and the frequency difference between the two lasers is 127.2 GHz. The
terahertz signal generated by the beat frequency belongs to the D-band.

The PRBS generated in the digital domain has a length of 214 and is modulated
into a 16QAM digital signal. It is filtered by a digital-raised cosine filter with a roll-
off factor of 0.01 to generate a Nyquist 16QAM signal, which is then converted to
an analog signal using a DAC. The bandwidth of the DAC we use is 20 GHz, and the
maximum sampling rate is 80GSa/s. The data of channel I and channel Q is amplified
by two EAs, respectively, and then used to drive the I/Q modulator to modulate the
optical carrier generated by ECL1. Therefore, we can obtain a 16QAM optical signal
with a baud rate of 20Gbaud and a bit rate of 80Gbit/s. The signal upsamplingmultiple
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Fig. 9.8 Experimental setup of D-band photon-assisted RoF terahertz communication system
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is four times, because the KK algorithm needs to be upsampled, and the upsampling
multiple needs to be greater than 3 [2].

After I/Q modulation, the optical signal is amplified by a polarization-
maintaining erbium-doped fiber amplifier (PM-EDFA), coupled with the LO through
a polarization-maintaining optical coupler (PM-OC), and the coupled light is ampli-
fied by EDFA.We used an attenuator to adjust the optical power entering the PD. The
two optical signals are beat in the PD, and 127.2 GHz terahertz signals are generated
in the D-band. The terahertz signal is transmitted by a D-band horn antenna with
a gain of 25 dBi. We also use a pair of terahertz lenses to converge the signal and
increase the transmission distance. The diameter of the lens is 10 cm, the focal length
is 20 cm, and its insertion loss is less than 1 dB.

After 3.47 m wireless transmission, the terahertz signal is converged by another
lens and received by another D-band horn antenna. The lens and antenna on the
receiving end are the same as those on the transmitting end. At the receiving end,
the received signal is mixed with the local oscillator LO by the D-band mixer. The
frequency of the LO is 112 GHz, and the output power is 13dBm. After mixing with
LO, the signal is down-converted to an intermediate frequency signal of 15.2 GHz,
amplified by an EAwith 35 dB gain and 27dBmoutput power and then sampled by an
oscilloscope. The sampling rate of this oscilloscope is 120 GSa/s, and the bandwidth
is 45 GHz.

The digital signal processing flow of the transmitter and receiver is shown
in Fig. 9.9. The transmitting end DSP includes PRBS generation, QAM symbol
mapping, upsampling, RC filter and up-conversion, as shown in Fig. 9.9a. The KK
algorithm flow used in the actual operation is shown in Fig. 9.9b. Take the logarithm
of the square root of the received symbol, and then, perform the Hilbert transform to
obtain the phase of the signal. The recombination of the signal amplitude and phase
can get the original signal. Then, use matched filter filtering, use CMMA and DD-
LMS post-equalization algorithm to further reduce the error rate, and then, calculate
the error rate, as shown in Fig. 9.9c.

Let Glens denote the power gain of the terahertz lens, λ denotes the wavelength of
the wireless signal, d denotes the transmission distance, GT is the transmit antenna
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Fig. 9.9 Digital signal processing flow at the transmitter and receiver: a DSP process at the
transmitter. b DSP process at the KK receiver; c DSP process at the receiver
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Fig. 9.10 Relationship between measured path loss and wireless transmission distance

gain, GR is the receive antenna gain, and PM is the measured power loss. According
to the Friis transmission equation, the power gain provided by the lens pair can be
expressed as

G lens = 20 log(
4πd

λ
) − GT − GR − PM (9.13)

Change the distance between the transmitter and the receiver, and measure the
power loss by calculating the power displayed in the OSC. Compared with the case
without wireless transmission, the measured power loss of 1 mwireless transmission
is about 2 dB when the signal frequency is 140 GHz, as shown in Fig. 9.10. GT and
GR are equal to 25 dBi, and the path loss of 1 m wireless in D-band is about 78 dB.
Therefore, a pair of lenses can bring about 26 dB of power gain (78–25–25–2 =
26 dB).

9.5.2 Experimental Results and Analysis

The spectrum of the signal and the local oscillator light we measured is shown in
Fig. 9.11. It can be seen that in order to ensure the maximum output power, we make
the signal light and the local oscillator optical power almost the same.

Part of the signal spectrums is shown in Fig. 9.12. When the input power of the
PD is 14 dBm, the BER of the signal can be reduced to 1.79 × 10–3 after 3.47 m
of wireless transmission. The frequency spectrum of the received 16QAM IF signal
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Fig. 9.11 Optical spectrum
of the signal and LO (0.2 nm
resolution)

after down-conversion is shown in Fig. 9.12a, and the corresponding baud rate is
20GBaud. Through the KK algorithm, the SSB signal can be reconstructed, and
SSBI can be reduced to a large extent. The spectrum after KK algorithm is shown
in Fig. 9.12b. Subsequently, the intermediate frequency signal is digitally down-
converted to the baseband signal and processed by the subsequent DSP program.
The frequency spectrum of the baseband signal is shown in Fig. 9.12c.

We then measured the relationship between the BER performance of the system
and the input power of the PD under different wireless distances, as shown in
Fig. 9.13.

In the case of back to back (BTB), when the input power increases from 9.4 to
10.3dBm, the BER gradually decreases due to the increase in SNR; when the input
power continues to increase to 10.7 dBm, the BER performance begins to deteriorate.
This is due to the saturation effect in the system. Therefore, the optimal input power in
this case is 10.3 dBm, and the corresponding signal constellation after the DD-LMS
algorithm is shown in the inset in Fig. 9.13. When the wireless distance is increased
to 1 m, within the input power range of 10.3–12 dBm, the BER is lower than the 7%
HD-FEC threshold of 3.8× 10–3. When the input power is 11.1 dBm, the system has
the best BER performance. When the wireless transmission distance reaches 3.47 m,
as the input power increases, the BER continues to decrease and reaches the lowest
point of 14 dBm. The corresponding signal constellation diagram is also shown in
the illustration in Fig. 9.13. Therefore, the optimal BER of the system is 1.79× 10–3,
which is less than the FEC threshold of 3.8 × 10–3. When the input power of the PD
is 14 dBm, the current of the PD is 21 mA.

9.6 Summary

This chapter introduces the research significance, principle and implementation
method of the KK receiver. The simulation proves the effectiveness of the KK
receiver. The photon-assisted single-carrier terahertz RoF communication system
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Fig. 9.12 Part of the received signal spectrum: a IF signal spectrum after PD detection; b signal
spectrum after KK receiver, c spectrum after digital down-conversion
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Fig. 9.13 Relationship
curve between the input
power into the PD and the
system BER, the inset is the
signal constellation diagram
corresponding to the
corresponding power value
and the transmission distance

based on the KK receiver is implemented through experiments. In optical communi-
cation, a receiver that uses PD for direct detection has a simple structure and low cost
and is a good choice for short-range wireless communication. However, the direct
detection can only detect the amplitude of the signal, not the phase of the signal. The
KK receiver uses the classic KK relationship to achieve coherent detection through
digital signal processing in a direct detection system, greatly reducing system cost
and power consumption. To use the KK receiving scheme, the transmitted signal
needs to meet the minimum phase condition. In practice, it is necessary to send a
continuous light wave while emitting a single-sideband signal. The frequency of
the continuous light must be located at the edge of the information-carrying optical
signal. This can be achieved by adding an independent laser source at the transmitting
end or adding a virtual carrier when generating the digital signal. We have verified
the superiority of KK receiver in optical communication system through simulation.
In the optical carrier wireless terahertz communication system, we have realized the
experimental research of the D-band photon-assisted single-carrier terahertz RoF
communication system based on the KK receiver for the first time. In order to make
the terahertz signal obtained by the beat frequency have the maximum output power,
the optical signal carrying the data and the optical LO have the same power. Through
KK algorithm, CMMA equalization and DD-LMS, the nonlinear influence of SSBI
on PD can be eliminated. Using the KK receiving solution, we realized the wireless
transmission of 80 Gb/s 16QAM signals on the D-band over a wireless transmis-
sion distance of 3.47 m. After removing 7% of the FEC overhead, the net bit rate is
74.7Gb/s, and the systemBER is 1.79× 10–3, which is less than the FEC threshold of
3.8 × 10–3. Our research is better than previous experiments using the KK reception
scheme on the W-band. The transmission distance is longer, and the system capacity
is larger, which is a breakthrough.
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Chapter 10
Ultra-Large-Capacity Terahertz Signal
Wireless Transmission System

10.1 Introduction

The ultimate goal of communication network development is to achieve real-time,
high-speed and reliable information access anytime, anywhere. Terahertz waves have
high frequency, large available bandwidth and various excellent characteristics suit-
able for signal transmission and have broad application prospects and potentials
in future wireless communications. Optical fiber communication can provide huge
transmission capacity and ultra-long transmission distance, but its mobility is poor
and cannot achieve seamless wide area coverage. Terahertz wireless communication
can theoretically cover any place, but due to insufficient frequency resources and
various impairments, the communication bandwidth and transmission distance are
limited [1, 2]. Terahertz communication has appeared ultra-high wireless transmis-
sion rate (>40 Gb/s), which is equivalent to or even exceeds the transmission rate
of optical fiber [3]. However, it is difficult to generate such ultra-high-speed wire-
less signals only by electronic devices with limited bandwidth. Therefore, photon-
assisted terahertz technology has emerged and has been studied in depth [4, 5]. In
order tomeet the increasing demand for communication bandwidth, the future broad-
band access network needs to balance and seamlessly integrate wireless communi-
cation and optical fiber communication, which is the so-called optical fiber–wireless
integration technology [6]. Terahertz fiber–wireless integration (FWI) communica-
tion combines the advantages of optical fiber communication and terahertz wireless
communication and canmeet the requirements of future communication networks for
communication bandwidth andmobility [7, 8], and terahertz FWI communication has
multiple application scenarios such as 5G and above mobile communications, indoor
broadband networks, defense space communications and large-capacity emergency
communications.

The optical fiber–wireless integrated access system effectively combines the
advantages of optical fiber communication in communication bandwidth and trans-
mission distance, as well as the advantages of wireless communication in mobility
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and seamless coverage. This is an important development trend of future broad-
band access networks. Moreover, the optical fiber–wireless integrated access system
can make full use of the simple and low-cost photon-assisted terahertz genera-
tion technology, overcome the bandwidth bottleneck of electronic equipment and
generate ultra-high-speed wireless terahertz signals [9]. It can also make full use of
various multiplexing technologies, including spatial multiplexing, frequency band
multiplexing, antenna polarization multiplexing, etc., to reduce the signal baud rate
and bandwidth requirements of optoelectronic devices and greatly improve wireless
transmission capabilities [10]. Advanced digital signal processing (DSP) technology
can be further applied to fiber–wireless integrated access systems to effectively
compensate for various linear and nonlinear damages caused by fiber–wireless inte-
grated transmission links and achieve optical fiber–wireless integrated transmission
with high spectral efficiency and high receiver sensitivity.

The future 5G/5G + mobile communication technology also needs to meet the
requirements of ultra-large capacity, ultra-high reliability and accessibility anytime
and anywhere to solve many problems such as “traffic storm". It needs to integrate a
variety of new wireless access technologies on the basis of existing wireless access
technologies, and the fiber–wireless integrated access system can provide ultra-
wideband, low-interference wireless routing, which can be used in future 5G/5G
+ networks use. In recent years, the large-capacity optical fiber–wireless integrated
communication and transmission technology that canbe applied to different scenarios
has attracted more and more domestic and foreign researchers. Therefore, research
on large-capacity terahertz transmission technology is very important for the devel-
opment of high-speed terahertz communication and has broad application space and
research value.

This chapter introduces our latest developments in the research of large-capacity
terahertz transmission technology. First, we briefly introduce the methods of imple-
menting large-capacity terahertz transmission, including multi-band multiplexing,
polarization multiplexing, spatial multiplexing and other multi-dimensional multi-
plexing methods. First-order QAM modulation, photon-assisted methods, advanced
digital signal processing technologies, etc., these methods can effectively increase
the channel capacity and increase the system transmission rate. This chapter
then introduces our two latest research developments in large-capacity terahertz
transmission.

10.2 Methods of High-Speed Wireless Transmission

In optical fiber communication, there are several typical technologies to achieve
large-capacity optical fiber transmission, including optical polarization multi-
plexing, multiple input multiple output structure, high-order QAM modulation,
electrical/optical multi-carrier modulation and advanced digital signal processing
(DSP) algorithms based on transmission and reception. Advanced DSP algorithms
can compensate various linear and nonlinear damages of devices and optical fiber
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transmission links, thereby improving receiver sensitivity and system performance
[11–16]. The emerging photon-assisted terahertz transmission technology uses the
large bandwidth of optical fiber channels to generate broadband terahertz signals
using photon beats, which can break through the bandwidth limitations of elec-
tronic devices. In order to match the terahertz wireless transmission with the large-
capacity optical fiber transmission, we can introduce the above-mentioned optical
communication technology into the wireless terahertz communication system [5]. In
this case, we need to study how to realize the generation and wireless transmission
of polarization-multiplexed terahertz signals based on photon-assisted technology,
high-level QAM-modulated terahertz signals and multi-carrier terahertz signals. We
also need to study the implementation and integration of various advanced technolo-
gies in the terahertz frequency band to achieve the transmission of large-capacity
wireless terahertz signals. The introduction of the above-mentioned optical commu-
nication technology into the wireless terahertz system can reduce the transmission
baud rate, increase the transmission capacity and promote the seamless integration
of optical fiber communication and the terahertz wireless communication system. In
addition, advanced digital signal processing (DSP) technology can also correct linear
or nonlinear losses in the channel to further increase the channel capacity. Wireless
terahertz systems also need advanced coherent DSP algorithms to recover multi-
dimensional andmulti-level terahertz signals and improve systemperformance [6–9].
This sectionwill introduce several high-capacity terahertz transmission technologies,
includingmulti-bandmultiplexing, high-order QAMmodulation, polarizationmulti-
plexing and other multi-dimensional multiplexing, photon-assisted technologies and
advanced DSP algorithms.

10.2.1 Photon-Assisted Methods

Terahertz signal generationmethods include all-electricmethods and photon-assisted
methods. The all-electric method for generating terahertz signals has a simple struc-
ture and is easy to integrate. However, the bandwidth of commercial electronic equip-
ment is usually very limited. At the same time, the manufacture of high-frequency
radio frequency (RF) equipment is relatively difficult and expensive [17–22]. There-
fore, it is very difficult, or even impractical, to generate broadband high carrier
frequency terahertz signals using only electronic devices. The generation of photon-
assisted terahertz signals can overcome the bandwidth limitation of electronic devices
and is more suitable for generating broadband and high carrier frequency terahertz
signals [23–26]. Simple and economical photonic terahertz vector signal generation
technology is the key to realizing fiber–wireless integrated systems and networks.
The photon-assisted method is described in detail in Chaps. 2 and 7 of this book, so
I will not go into details here.
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10.2.2 Multi-dimensional Multiplexing

The realization and collaborative integration of multiple multi-dimensional multi-
plexing technologies can significantly reduce the signal baud rate of the fiber–
wireless integrated access system and improve the transmission capacity of the
system. Figure 10.1 summarizes the typical multi-dimensional multiplexing tech-
nologies used in fiber–wireless integrated access systems, including multiple-
input multiple-output (MIMO) spatial multiplexing, high-order modulation formats,
antenna polarization multiplexing and multi-band multiplexing [10, 25, 27–38].

(1) MIMO spatial multiplexing technology

MIMO spatial multiplexing technology uses multiple transmitting and receiving
antennas, which can well integrate optical polarization multiplexing technology and
significantly improve system transmission capabilities. However, the cost of this is
a relatively complex antenna structure, and the transmission energy of each trans-
mitting antenna is significantly reduced [37, 38]. In addition, when MIMO spatial
multiplexing technology is applied to high-speed fiber–wireless integrated systems,
the influence of antenna spacing on signal interference becomes a key issue. The
independence of MIMO signals is usually determined by the Rayleigh distance,
which depends on the operatingwavelength, the number of transmitting and receiving
antennas and the antenna spacing between the transmitter and receiver. The definition
of Rayleigh range can be expressed as

Fig. 10.1 Typical multi-dimensional multiplexing technology used in fiber–wireless integrated
access system
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R ≤ nDT DR

λ
(10.1)

In the Formula, n is the number of antennas, and DT and DR are the distances
between the transmitting antenna and the receiving antenna, respectively. λ is the
working wavelength.

Figure 10.2 is a schematic diagram ofMIMO spatial multiplexing. The size of the
antenna, theweight of the antenna and the transmission distance can be compromised
by selecting the number of antennas and the distance between the antennas at the
transmitting end and the receiving end.

In the Rayleigh range, MIMO signals are independent of each other, and in this
case, they can be received without a lot of signal processing. However, it is difficult to
maintain signal independence beyond theRayleigh distance, so additional processing
is required to decompose these related signals. Figure 10.3 shows the relationship
between the Rayleigh distance and the carrier frequency when the antenna spacing
is from 1 cm to 10 m. It can be seen that when the terahertz carrier frequency is close
to 1THz and the antenna spacing is close to 10 m, the Rayleigh distance is close
to 1000 km. We have introduced the use of MIMO to transmit terahertz signals to
increase transmission capacity in Chap. 5.

(2) Polarization multiplexing technology
In optical fiber communications, the optical polarization multiplexing tech-
nology can double the capacity of the optical fiber link, which is a practical
solution for high-speed optical transmission with high spectral efficiency in

Fig. 10.2 MIMO spatial multiplexing structure diagram
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Fig. 10.3 Relationship between Rayleigh distance and carrier frequency and antenna spacing

the future. In the photon-assisted terahertz communication system, polariza-
tion multiplexing technology is also a solution that can effectively increase the
system capacity. After polarization multiplexing, the terahertz signal can be
converted from two-dimensional to three-dimensional, thereby doubling the
wireless transmission capacity.
How to realize the generation and wireless transmission of multi-channel
polarization-multiplexed terahertz signals, so as to realize FWI communica-
tion, is a very meaningful research topic.We can use single-input single-output
(SISO) wireless links to transmit single-polarized terahertz signals [39–43].
The principle of optical polarization multiplexing wireless MIMO technology
is shown in Fig. 10.4. The whole system structure includes five parts, namely
optical baseband transmitter, optical fiber link, optical heterodyneup-converter,
2 × 2 MIMO wireless link and wireless terahertz receiver. In optical base-
band transmitters, we use optical modulators and polarization multiplexers
to generate polarization-multiplexed optical baseband signals. The optical
heterodyne up-converter receives the polarization-multiplexed optical base-
band signal after optical fiber transmission. In the optical heterodyne up-
converter, we use two polarization beam splitters and two optical couplers to
perform optical polarization diversity operation on the received optical base-
band signal and local oscillator optical signal. The local oscillator optical signal
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Fig. 10.4 Principle of using optical polarization multiplexing technology to realize the generation
and wireless transmission of multiplexed terahertz signals

is generated by the laser 2. It is worth noting here that the laser 2 in the optical
heterodyne up-converter and the laser 1 in the optical transmitter are both free
to run, and their frequency interval is exactly the terahertz carrier frequency
we need.

It is worth noting that in our corresponding experimental system [44], both laser
1 and laser 2 are typical commercial external cavity lasers (ECL), the linewidth of
the laser is less than 100 kHz, and the operating frequency is around 193.1 THz.
Therefore, it can be calculated that the frequency offset of the experimental system
is about 0.001 ppm, which is very small, and the use of a DSP-based carrier recovery
algorithm at the receiving end can effectively eliminate the frequency offset caused
by the laser linewidth.

Then, we use two parallel photodetectors for photoelectric conversion. The two
photodetectors can be single-ended or balanced. The photodetector generates two
terahertz electrical signals, which can be regarded as a polarization-multiplexed
terahertz electrical signal. Compared with single-ended photodetectors, balanced
photodetectors can eliminate noise and improve system stability. It is worth noting
here that the output and input optical baseband signals of each polarization beam
splitter contain the transmitted data encoded at the optical baseband transmitting end
in the X and Y-polarization directions. This is due to the polarization rotation caused
by fiber transmission. To simplify the expression, in Fig. 10.4, we use the “X” and
“Y” labels to describe these two polarization states.

Subsequently, we use the 2 × 2 wireless MIMO link to transmit the generated
multi-channel polarization-multiplexed terahertz electrical signal. In some cases,
each receiving antenna can receive wireless power from two transmitting antennas at
the same time, so wireless crosstalk may occur. In the wireless terahertz receiver, the
analog down-conversion based on a balanced mixer and a sine wave radio frequency
signal is first used to down-convert the high-frequency terahertz signal into a lower-
frequency intermediate frequency signal. Then, we use a dual-channel digital storage
oscilloscope to capture the intermediate frequency signal for subsequent offline
digital signal processing (DSP). For multiple polarization-multiplexed signals, both
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the optical fiber link and the 2 × 2 MIMO wireless link can be regarded as a 2 × 2
model, which can be represented by a 2 × 2 Jones matrix. Since the product of two
2 × 2 Jones matrices is still a 2 × 2 matrix, we can use the CMA/CMMA algorithm
based on the receiving end to simultaneously perform polarization demultiplexing
and wireless crosstalk suppression of signals [45].

Figure 10.5 shows the detailed structure of our optical baseband transmitter
in the 100 Gb/s experimental prototype [32], which can realize optical PDM-
QPSK/PDM-16QAM/PDM-64QAM modulation. The optical baseband transmitter
mainly includes a free-running external cavity laser, an in-phase/quadrature (I/Q)
modulator and a polarization multiplexer. The I/Q modulator consists of two Mach–
Zehnder intensity modulators (MZM) and a phase modulator. By adjusting the three
DC offsets of the I/Q modulator, we can make the two MZMs work at the zero point
of the transfer function and make the phase modulator work at the π /2 phase shift
point. In this case, when we use electrical binary/four-level/six-level signals to drive
the I/Q modulator, we can implement optical QSPK/16QAM/64QAM modulation,
respectively.

The polarization multiplexer includes a polarization-maintaining optical coupler
used to divide the output of the I/Q modulator into two branches evenly. One branch
is used to realize a single-arm optical delay line with a delay of 150 symbols. An
optical attenuator used to balance the optical power of the two branches on one
branch, and a polarization beam combiner used to combine the two branches. After
polarization multiplexer, we can get a PDM-QPSK/PDM-16QAM/PDM-64QAM-
modulated optical baseband signal. It is worth noting that the higher the modulation
order, the larger the number of bits per symbol, and the lower the required signal baud
rate. At the same time, as the modulation order increases, higher receiver sensitivity
is also required. Therefore, there is a trade-off between the optimal vectormodulation
and the overall performance of the system.

(3) Multi-carrier modulation technology

In order to increase wireless transmission capacity, we further introduce optical
multi-carrier modulation technology into our terahertz communication system.
Optical multi-carrier modulation techniques include optical orthogonal frequency

Fig. 10.5 Structure of
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division multiplexing (OFDM) and Nyquist wavelength division multiplexing
(WDM) technologies,which provide the possibility for photonic carrier optimization.

The schematic diagram of the photon-assisted terahertz system integrating polar-
ization multiplexing, wireless MIMO structure and optical multi-carrier modulation
technology is shown in Fig. 10.6. This system can be used to realize the gener-
ation and wireless of multi-carrier polarization-multiplexed terahertz signals [46]
transmission.

Here, we take a three-channel WDM signal as an example. The frequency of
the terahertz carrier is the frequency separation between channel 2 and the optical
local oscillator signal. We used the same optical heterodyne up-converter, 2 × 2
MIMO wireless link and wireless terahertz receiver as described in the second part
of this section. In the wireless terahertz receiver, after analog down-conversion, an
intermediate frequency signal with full channel information can be obtained. We
can use the receiver-based joint channel DSP as shown in Fig. 10.7 to process the
intermediate frequency signal while recovering the complete three WDM channels
[45]. As can be seen from Fig. 10.7, channel demultiplexing is implemented in the
digital domain. After down-conversion to baseband at the same time, we perform the
same DSP process from dispersion compensation to bit error rate calculation for all
three WDM channels.

(4) Antenna polarization multiplexing technology

In order to increase the wireless transmission capacity, we further introduce
the antenna polarization multiplexing technology into our terahertz communica-
tion system. Figure 10.8 shows the schematic diagram of the [28] photon-assisted
terahertz system integrating polarizationmultiplexing, wirelessMIMO,multi-carrier
modulation and antenna polarizationmultiplexing.Here,we take the dualwavelength
division multiplexing signal as an example. In the optical heterodyne up-converter,
we first use the wavelength selective switch (WSS) to separate the channel 1 and
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Fig. 10.7 Joint channel digital signal processing (DSP) algorithm based on multi-carrier polariza-
tion multiplexing terahertz signal at the receiving end
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Fig. 10.8 Schematic diagram of a photon-assisted terahertz system integrating polarization
multiplexing, wireless MIMO, multi-carrier modulation and antenna polarization multiplexing

channel 2 signals. After optical heterodyne up-conversion, the terahertz carrier we
use carries the signals of channel 1 and channel 2. Then, we use two pairs of hori-
zontally polarized (polarized) antennas to transmit the signal of channel 1 and use
the other two pairs of vertically polarized (polarized) antennas to transmit the signal
of channel 2. We define this antenna structure as antenna polarization multiplexing.
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The use of antenna polarization multiplexing can further double the wireless
transmission capacity, but requires twice the number of optoelectronic devices. We
have also measured that for a typical horn antenna, the vertical polarization and
horizontal polarization can have a polarization separation greater than 33 dB [47].
Therefore, the use of antenna polarization multiplexing can effectively suppress the
wireless crosstalk between channel 1 and channel 2.

For large-capacity fiber–wireless integrated systems based on multi-dimensional
multiplexing technologies such as spatial multiplexing, terahertz frequency multi-
plexing and antenna polarization multiplexing, it is necessary to further optimize the
antenna structure to achieve the complete integration of the multi-dimensional multi-
plexing technology. In the antenna structure design based on antenna polarization
multiplexing, cross polarization discrimination can be increased, antenna structure
parameters can be optimized, and the depolarization effect of the transmission path
on the transmitted signal can be reduced.

10.2.3 High-Order QAM Modulation Combined
with Probabilistic Shaping Technology

High-order QAMmodulation, especially 64QAMmodulation, has been extensively
studied in optical fiber transmission systems and photon-assisted terahertz systems to
achieve higher transmission rates and spectral efficiency. The 16QAM and 64QAM
constellation diagrams are shown inFig. 10.9.Comparedwith the spectrumefficiency
of 16QAM modulation, the spectrum efficiency of 64QAM modulation can reach 6
bit/s/Hz. However, due to the lack of power amplifiers in the high-frequency terahertz
band, power-limited fiber channels or insufficient power wireless terahertz channels

Fig. 10.9 Signal constellation diagram: a 16QAM-modulated signal. b 64QAM-modulated signal
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usually limit the transmission distance or capacity of high-level QAM signals. Proba-
bilistic shaping (PS), as a coding andmodulation scheme, has been a research hot spot
in recent years. It can increase the capacity or extend the transmission of high-order
QAM signals under a certain transmission distance without increasing the transmis-
sion power to the optical fiber or wireless channel [48–57]. In the PS scheme, the
in-phase and quadrature components of the transmitted high-level QAM signal can
be regarded as two independent pulse amplitudemodulation (PAM) signals. The level
of each PAM signal follows Maxwell–Bolzmann distribution, which is an unequal
probability distribution [48–50]. In other words, from the perspective of high-order
QAM signal constellations, constellation points with lower internal energy have a
higher transmission probability than constellation points with higher external energy.
Figure 10.10 shows a schematic diagram of 64QAM signal probability shaping.

Therefore, the average power of the signal constellation after probabilistic shaping
is lower than that of the original constellation, so the transmitting power can be
reduced. Although the PS scheme will reduce the average number of bits of QAM
symbols, thereby reducing the effective bit rate, the energy saved is greater than the
energy used to compensate for the loss of bit rate. In addition, for a fixed transmitting
power, the PS scheme can increase the effective Euclidean distance for transmit-
ting QAM signals, thereby improving the noise immunity of the system. In addi-
tion, the coherent DSP algorithm used for normal QAM signals is also suitable for
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PS QAM signals. Therefore, the DSP-based PS scheme has great flexibility when
applied to optical fiber transmission systems and photon-assisted terahertz commu-
nication transmission systems, without changing the existing system structure, and
the computational complexity is also very low.

10.2.4 Advanced DSP Algorithm

As mentioned in the previous article, the application of advanced optical commu-
nication technologies, including photon-assisted methods, multi-dimensional multi-
plexing and high-order QAM modulation, can reduce the transmission baud rate
of wireless terahertz communication systems and increase transmission capacity
to better meet the large-capacity optical fiber transmission. High-efficiency digital
signal processing (DSP) is essential for fiber–wireless integrated systems, because it
can effectively reduce or compensate various linear and nonlinear damages caused by
imperfect components and transmission links, thus significantly improving system
performance. Moreover, in the heterodyne coherent detection system, it is necessary
to combine advanced DSP algorithms to detect multi-dimensional and multi-level
terahertz signals to improve system performance and reduce system complexity.

The overall structure and simplified structure of heterodyne coherent detection
combined with advanced DSP are shown in Figs. 10.11 and 10.12, respectively. It
can be seen from Fig. 10.10 that the integrated structure of heterodyne coherent
detection includes two polarization beam splitters, two 90° optical mixers and four
balanced photodetectors. In the optical domain, two polarization beam splitters and
two 90° optical mixers are used to achieve polarization diversity and phase diversity
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of polarization-multiplexed optical signals and local oscillators. They have been
integrated with commercial devices.

Since heterodyne coherent detection does not require optical phase diversity, the
two polarization beam splitters and two 90° optical mixers can be simplified into
two polarization beam splitters and two optical couplers, as shown in Fig. 10.12.
The number of balanced photodetectors and analog-to-digital converters required
can also be reduced by half, because the in-phase (I) and quadrature (Q), signal
components at each polarization (X- or Y-polarization) are still combined, and only
two different signal branches remain after the light polarization diversity. Obviously,
the simplified heterodyne coherent detection structure has higher hardware efficiency
than the corresponding integrated structure. In addition, due to the availability of
high-speed broadband-balanced photodetectors and analog-to-digital converters, the
down-conversion of intermediate frequency signals and the separation of I and Q
signal components can be achieved in the digital domain through offline digital
signal processing [58].

It is worth noting that in our photon-assisted terahertz communication experiment,
when we use PDM-QPSK and PDM-16QAM modulation formats, we usually use
a simplified heterodyne coherent detection structure, as shown in Fig. 10.12. When
we adopt PDM-64QAM modulation, we usually adopt the integrated structure of
heterodyne coherent detection as shown in Fig. 10.11. This is because PDM-64QAM
modulation requires higher system stability than PDM-QPSK and PDM-16QAM
modulation, and the stability of the structure with the integrated polarization beam
splitter and 90° optical mixer is higher than that of the simplified structure with
the discrete polarization beam splitter and optical coupler. In addition, when we
use the integrated detector to detect PDM-64QAM signals, we only use the two
output ports of each 90° optical mixer, so in this case, only two balanced photodetec-
tors and two analog-to-digital converter are needed.For the optically carried terahertz
PDM-QPSK-modulated signal, the offline digital signal processing flow after hetero-
dyne coherent detection includes IF signal down-conversion, chromatic dispersion
(CD) compensation, clock recovery, constant modulus algorithm (CMA) equaliza-
tion, carrier recovery and differential decoding. Code, bit error rate (BER) calculation
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Fig. 10.13 Broadband wireless receiver based on heterodyne detection and DSP

[58], an example of a broadband wireless receiver based on heterodyne detection and
offline digital signal processing, is shown in Fig. 10.13.

After down-conversion and dispersion compensation, we use clock extraction and
clock recovery algorithms to achieve the best sampling point. Here, we use CMA
equalization to achieve polarization demultiplexing of PDM-QPSK signals while
suppressing wireless crosstalk. The signal constellations corresponding to before
CMA equalization, after CMA equalization and after carrier recovery are shown in
the three illustrations in Fig. 10.14.

Before CMA

After CMA

After carrier recovery

Down Conversion

CD Compensation

CMA Equalization

Carrier Recovery

Differential Decoding

BER Calculation

Clock Recovery

X-pol. Y-pol.DSP

Fig. 10.14 Offline digital signal processing flow based on the PDM-QPSK signal at the receiving
end, and the constellation diagrams restored before CMA equalization, after CMA equalization and
after carrier recovery



208 10 Ultra-Large-Capacity Terahertz Signal Wireless …

Considering the compatibility and efficiency of different algorithms for different
modulation formats, we can combine feedforward equalization and feedback equal-
ization to maximize the overall performance of the system. We need to use different
DSP algorithms for different light-borne terahertz PDM-QAM-modulated signals.
For example, for polarization demultiplexing of PDM-16QAM signals with three
amplitudes, we need to use cascaded multi-mode algorithm (CMMA) equaliza-
tion instead of CMA equalization. For PDM-64QAM-modulated signals with more
amplitude values, we need to increase the decision-oriented least mean square (DD-
LMS) equalizationwith a large-taporder after carrier recovery.ComparedwithQPSK
and 16QAM, 64QAM has shorter Euclidean distance and worse noise tolerance. The
large-tap DD-LMS equalization based on the stochastic gradient descent method can
eliminate phase noise and converge each constellation point. Therefore, the use of
PDM-64QAM modulation can significantly improve system performance.

10.3 Large-Capacity Terahertz Transmission

This section will introduce our research progress in large-capacity terahertz trans-
mission, including 328 Gb/s single-carrier dual polarization D-band terahertz 2 × 2
MU-MIMO optical carrier wireless transmission and D-band 1 Tb/s terahertz signal
wireless transmission.

10.3.1 328 Gb/s Dual Polarization D-band Terahertz 2 × 2
MU-MIMO Optical Carrier Wireless Transmission

Carrier-free amplitude-phasemodulation and itsmulti-frequency scheme (MB-CAP)
is a modulation format that exhibits great transmission potential in optical fiber and
wireless transmission. In CAP modulation, through two orthogonal digital filters,
the modulation of the subcarrier generated in the digital domain achieves the effect
of quadrature amplitude modulation (QAM) that suppresses the carrier. Because
CAP modulation is performed in the digital domain, the modulated subcarrier can
be transmitted through intensity/amplitude modulation and can be demodulated by a
simple incoherent receiver, such as a matched filter. MB-CAP modulation can make
better use of the large bandwidth wireless connection available in optical fiber fusion
terahertz communication, and at the same time, because of its non-flat frequency
response and the limited bandwidth of electrical/optical equipment, it can reduce
channel damage. In addition, the MB-CAP modulation format does not need to rely
on pilot tone or pilot symbol time and frequency synchronization, its peak-to-average
power ratio (PAPR) is low, which can alleviate the limitation on the amplifier’s
working range, and its implementation has low computational complexity.
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One of the disadvantages of CAP and MB-CAP modulation is that the spectral
efficiency is reduced when modulating optical or radio frequency carriers. In the
best case, it is only half of the spectral efficiency of QAM modulation. However,
considering that multi-band modulated signals can be transmitted and modulated
by intensity/amplitude, this drawback can be overcome by single sideband (SSB)
modulation and independent sideband (ISB) modulation.

We propose the use of photonics technology to achieve ultra-high-capacity tera-
hertz signal transmission in theD-band.Wegenerated optical ISB-CAPand ISB-MB-
CAP-PDM signals and transmitted two polarization signals through a 2 × 2 MU-
MIMO (multi-user multiple-input multiple-output) wireless link. The state signal
uses a pair of dedicated transmitting and receiving antennas, and the transmission
net bit rate reaches 328.97 Gb/s. Due to the imbalance of the I/Q components, we
discussed the number of equalizer tap orders that need to be used in the receiver
signal equalization stage. As far as we know, this is the highest data rate achieved by
a single 2 × 2 MU-MIMO system in the terahertz band.

CAP modulation is a variant of QAMmodulation, which produces a QAM signal
that suppresses the carrier. Instead of modulating the amplitude of two quadrature
carrier waves of the same frequency to generate the in-phase (I) and quadrature (Q)
components of the transmitted signal, the signal is generated in the digital domain
by two quadrature filters. These filters are the result of time-domain multiplication
of two orthogonal carriers and an impulse shaping function in the form of finite
impulse response (FIR) filters. CAP modulation is divided into two stages. First, the
signal modulates a subcarrier in the digital domain, and then, this digitally modulated
subcarrier modulates an optical carrier or a radio frequency carrier. Therefore, CAP
modulation has two major advantages. First of all, because the I and Q quadrature
components of the CAP signal are composed of subcarriers generated in the digital
domain, they can be transmitted by intensity/amplitude modulation, such as ampli-
tude modulation (AM) radio communication, direct modulation laser (DML) and
MZM intensity modulation. Secondly, at the receiving end, the I and Q components
of the CAP signal can be detected by a simple matched filter, which can replace
coherent detection or fast Fourier transform (FFT)-based receivers. In view of the
advantages of CAP modulation, MB-CAP can be used in wireless and fiber links
to achieve high spectral efficiency over a large bandwidth. MB-CAP modulation
allows the independent use of bit loading and power loading techniques based on the
signal-to-noise ratio of the signal and the channel conditions of each band in each
band. The I andQ components of each frequency band are generated by its own pair
of FIR quadrature filters. Then, we add the signal components of all frequency bands
to form a single signal.

Although the CAPmodulation signal has some advantages, when the same signal
baud rate and pulse shaping function are used, the CAP signal is used to modulate the
intensity of the optical carrier or the amplitude of the radio frequency carrier, and the
resulting optical spectrum efficiency can only reach half of that of QAMmodulation.
In order to overcome this shortcoming, digital Hilbert transformfilters and optical I/Q
modulation can be used to achieve SSB modulation and ISB modulation. Therefore,
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the spectral efficiency of CAP and MB-CAP modulation can be improved to match
the spectral efficiency of QAM modulation.

In order to generate an ISB-modulated signal, first need to generate two inde-
pendent SSB signals. In order to generate each SSB signal, first use the FIR Hilbert
transform filter to filter the original signal. Subsequently, the corresponding analytic
signal, that is, the signal in the form of SSB, is generated by using the original signal
as the real part and the Hilbert transform of the original signal into the imaginary
part of the complex signal. By adding or subtracting its Hilbert transform as the
imaginary part to the original signal, we can decide whether to cancel the lower side-
band (LSB) or cancel the upper sideband (USB). We filter two independent (that is,
uncorrelated) CAP/MB-CAP signals, and each time we cancel a different edge band
to generate two analysis signals and add them to generate the ISB signal. It should
also be pointed out that the FIR Hilbert transform filter estimates the actual analysis
signal, so the spectral efficiency of the ISB-CAP signal is slightly lower than that of
the QAM-modulated signal, because a frequency interval must be left between the
optical carrier and the CAP band in order to avoid signal distortion. This is due to
the frequency response of the digital Hilbert filter shown in Fig. 10.15a, and there is
a transition band between the negative spectral component and the positive spectral
component.

In order to maximize the output power of the optical I/Q modulator, the peak-
to-peak driving signal voltage must be Vπ when biased at the quadrature point.
However, due to the variability of the system, such as temperature changes, the
quadrature point of the MZM that constitutes the I/Q modulator will change over
time. Therefore, the modulation index of the optical signal may be greater than or
equal to 1, overmodulation occurs, and the carrier phase will be reversed. Therefore,

Fig. 10.15 FIR Hilbert transform filter: a frequency response; b impulse response
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after optical heterodyne beat frequency and wireless transmission, it is necessary to
implement a digital Costas loop [59, 60], even if the carrier is slightly suppressed (that
is, the modulation index is slightly greater than 1), the correct RF carrier recovery
can always be guaranteed.

At the receiving end, we use a digital equalizer combined with an adaptive
training algorithm. The decision feedback equalizer partially alleviates the determin-
istic damage in the channel by eliminating the feedforward and post-feed impulse
responses of the channel [61]. In the optical fiber transmission part, the suppres-
sion of chromatic dispersion (CD) is realized; in the wireless transmission part, the
suppression of the multipath effect is realized. In addition, in both cases, DFE also
compensates for intersymbol interference (ISI) caused by the limited bandwidth of
electronic and optical equipment and I/Q imbalance.

The main modules that generate ISB-modulated signals are shown in Fig. 10.16a.
First, map two decorrelating pseudorandom binary sequences (PRBS) with a length
of 211–1 bits to the symbol constellation corresponding to each sideband (upper
sideband USB and lower sideband LSB), and then uo-sample the resulting multi-
level sequence, using CAP root-raised cosine (RRC) quadrature filter for filtering,
the filter roll-off coefficient is 0.03. Subsequently, the Hilbert transform is performed
on the CAP signal of each sideband to obtain the I and Q components of the LSB
and USB analytical signals. In order to avoid the distortion caused by the transition
band of the FIR Hilbert filter, in the baseband CAP signal generation process, we
leave a 500 MHz frequency interval between the direct current (DC) and the start of
the CAP band.

The laser source used for transmission is a free-running external cavity laser
(ECL) with a line width of <100 kHz and an output power of 13 dBm. Its output
continuous light is modulated by an optical I/Q modulator. A dual-channel 88 GSa/s
digital-to-analog converter (DAC) with a 22 GHz electrical bandwidth is used as an
electrical signal generator to drive the optical I/Q modulator. Each channel is loaded
with the I and Q components of the analytical signal generated by the FIR Hilbert
transform filter. The generated ISB optical signal is amplified by an erbium-doped
fiber amplifier (EDFA). After the power is amplified, the EDFA output is separated
by using a polarization-maintaining optical coupler (PM-OC), an optical delay line

Fig. 10.16 Diagram of experimental device
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is added to one of the outputs to decorrelate the two polarization signals, and then,
a polarization beam combiner (PBC) combines the two polarization states again to
achieve polarization multiplexing (PDM).

After PDM, the optical signal is transmitted over 25 km in standard single-mode
fiber (SMF). The spectra of the X-polarized and Y-polarized signals and their respec-
tive independent sidebands are shown in Fig. 10.16b. Before wireless transmission,
each polarization is received by a polarization beam splitter (PBS).We use the second
ECL as the local oscillator light source, which has a relative frequency separation of
141 GHz from the ECL at the transmitter. The two lasers generate a D-band terahertz
radio frequency carrier on the photodetector (PD) through optical heterodyne beats.
When transmitting only LSB, transmitting only USB and transmitting two sidebands
at the same time, the spectrum comparison of the 22GBaud signal for each sideband
is shown in Fig. 10.17.

The terahertz signal of each polarization state is first amplified by a D-band elec-
trical amplifier (EA) with a gain of 15 dB and then wirelessly transmitted through
two pairs of horn antennas (HA) at the transmitting/receiving end. The gain of each
HA is 25 dBi. The setup of the 2 × 2 MU-MIMO antenna is shown in Fig. 10.16c.
After wireless transmission, the received signal is mixed by two parallel balanced
mixers and two 112 GHz electric local oscillator sources and then down-converted to
an intermediate frequency signal of 29 GHz. The down-converted signal is amplified
and stored in a 160GSa/s digital storage oscilloscope (DSO) with 65 GHz bandwidth
and 8-bit vertical resolution for further offline DSP. The main DSP receiving module
includes the Costas loop to achieve carrier and phase recovery, CAP matched filter,
down-sampling to construct symbol constellation and DFE equalization, as shown
in Fig. 10.16d.

In order to reflect the flexibility of the proposed ISB modulation scheme and the
improvement in channel capacity, we have transmitted multiple CAP and MB-CAP
signals. Since ISB modulation makes each sideband independent of each other, in
order to clearly show our results, we measured four sets of data, namely the bit error
rate of the LSB and USB of each polarization state.

Fig. 10.17 Comparison of
the spectrum of the 22GBaud
CAP signal transmitted in
each sideband under the two
polarization modes
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In the first transmission, the CAP signal with a baud rate of 22GBaud is assigned
to two polarization states and two sidebands. By transmitting QPSK symbols in two
sidebands of two polarization states, we have achieved a total bit rate of 176Gbit/s.
At the receiving end, digital equalization is accomplished by a DFE with 25 feed-
forward and 51 feedback taps. When the length of the SMF is fixed at 25 km, the
relationship between the measured BER and the wireless transmission distance is
shown in Fig. 10.18a. When the wireless transmission distance is 20 cm, the bit error
rate is lower than the 7% forward error correction (FEC) threshold of 3.8 × 10−3,
and when the wireless transmission distance reaches 80 cm (only upper sideband
signals), the bit error rate is lower than the 20% FEC threshold of 2× 10−2. Keeping
the same baud rate, by greatly increasing the tap order of DFE, using 51 feedforward
taps and 525 feedback taps, the transmission of 16QAM signals in the two sidebands
can reach a total bit rate of 352 Gb/s. The relationship between BER and wireless
transmission distance is shown in Fig. 10.18b. When wireless transmission is 20 cm,
the BER is below the FEC threshold of 7%.When the wireless transmission distance
reaches 60 cm, only the two polarization state signals of the upper sideband can
reach the threshold below 20% FEC. When the fixed wireless transmission distance
is 20 cm, the relationship between the measured BER and the optical fiber transmis-
sion distance is shown in Fig. 10.18c. For all SMF lengths, before fiber transmission,
we adjust the EDFA gain to keep the received optical power at the input of the
photodetector at 9dBm. The measurement results show that within 50 km, the BER
is lower than the FEC threshold, but within a longer distance, the power saturation
of the EDFA will reduce the system performance.

In further transmission,we allocated a 2-bandMB-CAP signal in both polarization
sidebands, where the baud rate of each frequency bandwas 11GBaud.When the fixed
fiber length is 25 kmand the fixedwireless distance is 20 cm, the relationship between
the BER and the transmission rate measured in each polarization state and waveband
is shown in Fig. 10.19a. It can be seen that when the bit error rate is lower than the
7% FEC threshold, we can reach a transmission rate of 176Gbit/s, and when the bit
error rate is lower than the 20% FEC threshold, we can reach a transmission rate
of 286Gbit/s. When the transmission rate is 286 Gb/s, the frequency spectrum of

Fig. 10.18 Experimental results: a the relationship between BER and wireless distance during
176 Gb/s transmission; b the relationship between BER and wireless distance during 352 Gb/s
transmission. cBER and optical fiber transmission length during 352Gb/s transmission relationship
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Fig. 10.19 Experimental results: a BER versus transmission rate curve; b 286 Gb/s IF signal
electrical spectrum and X-polarization state of the received signal constellation

the intermediate frequency signal and the received X-polarization constellation are
shown in Fig. 10.19b. We can clearly see the independence of each sideband and the
gain non-uniformity caused by the D-band electrical amplifier.

We transmitted the generated ISB-modulated signal by the optical fiber–wireless
integrated 2 × 2 MUMIMO system and conducted experiments to verify that the
total transmission bit rate in the D-band is as high as 352 Gb/s. These results are
achieved through high spectral efficiency modulation, polarization multiplexing and
spatial multiplexing, namely our MU-MIMO system. The main transmission loss is
due to the different sideband performance caused by the uneven gain of the D-band
electrical amplifier, high free space path loss and optical I/Q imbalance, that is, the



10.3 Large-Capacity Terahertz Transmission 215

mismatch of power and phase. In the experiment, due to the lack of D-band signal
amplifiers, our wireless transmission distance was limited to less than 1 m.

On the other hand, our experimental results prove that polarization and wireless
crosstalk basically have no problems in the system. Due to the highly directional
horn antenna and the higher polarization isolation (>25 dB), the bit error rate of the
sidebands of the two polarization states is actually the same. In addition, the DFE
used can further alleviate the remaining polarization mode dispersion (PMD). In
addition, in a more ideal implementation, the use of polarization controllers should
be avoided, and polarization demultiplexing should be implemented through a digital
radius-oriented equalizer (RDE). However, in this case, each receiver or user can
receive the information of two polarization states, but in the MU-MIMO system,
each polarization state signal is transmitted to different users. Generally, the change
rate of the state of polarization (SOP) can reach 50 kHz, and a commercial high-speed
automatic polarization controller can be used to track these changes and stabilize the
SOP.

In our transmission, due to the requirement ofHilbert transform, the I/Q imbalance
reduces the performance of ISBmodulation. Ideally, there is a perfect π /2 phase shift
between the I and Q components. However, in the actual experiment, this condition
is difficult to always meet. Therefore, the image crosstalk between the sidebands
always exists.

The image effect when we transmit at 352 Gb/s is shown in Fig. 10.20. When we
increase the feedback tap order of the DEF filter to 525, the I/Q imbalance effect can
be compensated, and a bit error rate below the FEC threshold can be obtained. This
is due to the correlation of the I/Q components, you can refer to Literature [62]. In
the special case of our 352Gbit/s transmission, although we deliberately decorrelate
the symbol sequence of each sideband during its generation and transmission, these
signals are still correlated. This is because the pseudorandom binary sequence used
in each sideband is generated based on the same polynomial generator [62], and we
use the same symbol constellation in both sidebands.

The cross-correlation of a sequence of symbols received by each sideband is
shown in Fig. 10.21a, which shows a strong correlation at about the 500th symbol.
Figure 10.21b shows the real part of the DFE feedback equalizer coefficients. As
expected, 525 feedback taps can compensate for image crosstalk caused by I/Q
correlation. It is worth noting that through proper I/Q imbalance compensation, the
equalization complexity can be greatly reduced.

10.3.2 Wireless Transmission of 1 Tb/s Terahertz Signal
in D-band

We use photon-assisted technology, wireless MIMO and PS to experimentally
demonstrate the wireless transmission of 4× 4MIMO-PS-64QAM terahertz signals
with a distance of more than 3.1 m in the D-band. The total bit rate is 1.056 Tb/s,
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Fig. 10.20 Image crosstalk: a Lower sideband image crosstalk. b Upper sideband image crosstalk
due to optical I/Q imbalance in 352 Gb/s transmission

and the bit error rate is 4× 10–2 [27]. In addition to PS, other advanced digital signal
processing techniques, including Nyquist shaping and look-up table predistortion,
are also used to improve system performance. As far as we know, this is the first
wireless transmission of terahertz signals with a rate higher than 1 Tb/s.

As described in Sect. 10.2.3, the combination of probabilistic shaping tech-
nology and high-order QAMmodulation can effectively eliminate the nonlinear loss
in the channel and increase the transmission capacity and transmission distance.
In our next experiment, in order to better balance the PS overhead and system
performance, we used PS-64QAM modulation with an information entropy of
5.5bit/symbol/polarization, that is, 64QAM-PS5.5 modulation, see reference for
the implementation method in Literature [49–51]. The PAM level distribution of
64QAM-PS5.5 modulation is [0.41, 0.32, 0.19, 0.08].

With the continuous improvement of optical fiber transmission rate, more and
moremode-dependent nonlinear distortions caused by bandwidth-limited devices for
signal modulation, amplification and detection in optical fiber transmission systems
and photon-assisted terahertz transmission systems. Mode-related nonlinear distor-
tionwill introduce second-order or even higher-order harmonics of the original trans-
mitted signal, thereby reducing systemperformance. LUTpredistortion is considered
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Fig. 10.21 Experimental results when transmitting at a rate of 352 Gb/s: a Cross-correlation of
symbol sequences received by each sideband. b Real part of DFE feedback equalization

to be a promising candidate to solve this problem, especially for high-level QAM
signals with finite states [63–66].

Figure 10.22 shows the LUT predistortion principle of the PS 64QAM modula-
tion system. The mode-dependent nonlinear distortion of the in-phase component
and quadrature component of the PS 64QAM signal can be reduced by the in-phase
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component and the quadrature component of the look-up table, respectively, and the
in-phase component and the quadrature component of the look-up table are gener-
ated by transmitting the known PS 64QAM-modulated training symbol sequence
in advance. Since the in-phase component and the quadrature component of the PS
64QAMsymbol can be regarded as two independent PAMsymbols, we only consider
the in-phase component or the quadrature component of the PS 64QAM symbol in
the following description.

We use a sliding window with a fixed length of 2M +1 to select a pattern symbol
sequence from the known training symbol sequence to form the index of the LUT.
Therefore, the LUT should have 82M+1 indexes, and the known training symbol
sequence should be long enough to cover all possible 82M+1 patterns in order to
estimate the channel response as accurately as possible. At the beginning, we set all
elements of the LUT to zero. Let X(m−M: m + M) denote the transmission symbol
pattern sequence with X(m) as the center symbol, and Y(m−M: m + M) denote the
corresponding signal recovered at the receiving end with Y(m) as the center symbol.
X(m−M: m + M) and Y(m−M: m + M) have a fixed length of 2M + 1, which
corresponds to the index k in the LUT. The difference between Y(m) and X(m), that
is, e(m) = Y(m)−X(m), is stored in the entry under the k index in the LUT. As the
slidingwindow continues tomove,when the slidingwindowmoves to the last symbol
of the known training symbol sequence, more and more values are stored in the LUT.
The calculation process of the final value stored under the k index in the LUT is:

LUT(k) = LUT(k) + e(m) (10.2)

N (k) = N (k) + 1 (10.3)

LUT(k)e(m) = LUT(k)/N (k) (10.4)

Among them, LUT(k) and LUT(k)e(m), respectively, represent the updated value
and final value of the LUT element when the index in the LUT is k.N(k) is the number
of values stored in the LUT tracked when the LUT index is k. Based on the average
of all values stored in the LUT, we can finally create such an index table. Then, we
can find the predistortion of the corresponding symbol pattern according to the value
of k in the LUT index and get the symbol X’(k) = X(k)−LUT(k)e(m). Increasing the
length of the pattern by 2 m+1, the accuracy of predistortion will improve, but the
cost of computational complexity will increase significantly. Therefore, in order to
better balance the LUT predistortion accuracy and computational complexity, we
have selected an appropriate mode length 9 in subsequent experiments.

Figure 10.22 also shows the detailed process of digital signal processing based on
the transmitter and receiver used in our next experiment. The transmitter-based DSP
includes pseudorandom binary sequence generation, PS-64QAM mapping, LUT
predistortion and Nyquist shaping. Nyquist shaping is implemented by a root-raised
cosine function with a roll-out coefficient of 0.1. The receiver-based DSP includes
down-conversion, resampling, dispersion compensation, clock recovery, cascaded



10.3 Large-Capacity Terahertz Transmission 219

multi-mode algorithm (CMMA) equalization, carrier recovery, decision-guided least
mean square (DD-LMS) equalization, differential decoding and bit error rate calcu-
lation. The clock recovery we adopted is based on the peak search method. Carrier
recovery includes frequency offset estimation based on the fast Fourier transform
(FFT) method and feedforward carrier phase estimation based on the blind phase
search (BPS) method.

Based on the D-band optically assisted wireless 2 × 2 MIMO system, we exper-
imentally studied the improvement of system performance by PS. Our experiments
have proved that by using PS-64QAMmodulation, we can realize the wireless trans-
mission of a vector terahertz single-carrier signal with a rate of 352Gbit/s, the wire-
less transmission distance can reach 3.1 m, and the bit error rate is below the SD-
FEC threshold of 4 × 10–2. Compared with the traditional uniformly distributed
64QAMmodulation signal, the channel capacity is increased by 47%, and the trans-
mission distance is increased by 94%. We also experimentally studied the perfor-
mance improvement of the photon-assisted wireless 2 × 2 MIMO system and the
scalability of the terahertz carrier after using Nyquist shaping and LUT technology
in the D-band.

Figure 10.23 shows the experimental setup of photon-assisted D-band single-
carrier terahertz signal transmission in a 2 × 2 MIMO system. In the system we
demonstrate, we use ordinary PDM-64QAM modulation and PDM-64QAM-PS5.5
modulation and use optical remote heterodyne to generate a single-carrier terahertz
signal in the D-band. We use two free-running external cavity lasers, namely laser 1
on the light emitting end and laser 2 on the wireless transmitting end, which provide
optical carrier and local oscillator light source, respectively. We fix the working
frequency of laser 1 and adjust the working frequency of laser 2 to generate D-band
terahertz carrier with a frequency range of 124–152 GHz. The line width of the two
lasers we use is less than 100 kHz.

At the optical transmitting end, the continuous light wave generated by laser 1
is first modulated by a six-level electrical signal through an I/Q modulator, then
amplified by a polarization-maintaining erbium-doped fiber amplifier, and finally,
polarization multiplexed by a polarization multiplexer to generate a uniform PDM-
64QAM-modulated optical baseband signal or a PDM-64QAM-PS5.5-modulated
optical baseband signal. The six-level electrical signal used as the driving signal
adopts ordinary 64QAM (6bit/symbol/polarization) modulation or 64QAM-PS5.5
modulation, which is generated by a digital-to-analog converter with a sampling rate
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of 64GSa/s, and is amplified by two parallel electric amplifier. The 3 dB bandwidth of
the I/Q modulator we use is 32 GHz, and it has a 2.3 V half-wave voltage at 1 GHz.
The two parallel Mach–Zehnder modulators (MZM) in the I/Q modulator are all
biased at zero, and the phase difference between the upper branch and the lower
branch of the I/Q modulator is fixed at π /2. The polarization multiplexer includes
a polarization-maintaining optical coupler (PM-OC) that divides the signal into two
branches, an optical delay line (DL) on one arm to provide a 150-symbol delay and an
optical delay line (DL) on the other arm. An optical attenuator is used to balance the
optical power of the two branches, and a polarization beam combiner (PBC) is used
to recombine the signal. Subsequently, we transmit the generated optical baseband
signal through a standard single-mode optical fiber of 10 km, which has a dispersion
coefficient of 17 ps/km/nm at 1550 nm.

At the wireless transmitting end, the received optical baseband signal passes
through the polarization controller and then passes through the light polarization
diversity. The polarization diversity of light is realized by a local oscillator, a polar-
ization beam splitter (PBS) and three polarization-maintaining light couplers. Here,
the PBS completely separates the X-polarization and Y-polarization components of
the received optical baseband signal. Subsequently, the generated X and Y–polar-
ized terahertz signals are amplified by two parallel erbium-doped fiber amplifiers,
pass through two parallel optical couplers and are finally converted into two parallel
D-band terahertz signals by two parallel uni-traveling carrier photodetectors, which
can be regarded as an electric terahertz single-carrier signal using uniform PDM-
64QAM modulation or PDM-64-QAM-PS5.5 modulation. It is worth noting that
the ideal photodetector for detecting optical polarization-multiplexed signals should
be polarization insensitive, because optical polarization-multiplexed signals contain
two signal components (X-polarization and Y-polarization) under orthogonal polar-
ization. However, the fiber pigtail of the D-band PD used in our experiment is a
polarization-maintaining fiber. In the experiment, we added a polarization controller
before each D-band PD to adjust the polarization direction to obtain the maximum
output of each PD. In this experiment, each D-band PDworks in the frequency range
of 110–170 GHz, the DC bias is −2 V, and the output power is −7 dBm.

Subsequently, we will generate the single-carrier vector terahertz signal in the
D-band through the 1.5–7.6 m 2 × 2 MIMO wireless link transmission. In our wire-
less transmission link, the X-polarization and Y-polarization wireless transmission
links are parallel, and the two pairs of D-band horn antennas are in the same antenna
polarization state, that is, horizontal polarization (H polarization) or vertical polar-
ization (V polarization). Each D-band horn antenna has a gain of 25 dBi and a 3 dB
beam width of 10°. We use two pairs of lenses to focus the terahertz signal to ensure
that the wireless power received by the wireless receiving end is maximized. All
lenses are the same, the diameter of each lens is 10 cm, the focal length is 20 cm,
the distance between each lens and the corresponding horn antenna is 20 cm, and the
insertion loss of each lens is less than 0.1 dB. We measured the power loss caused by
the wireless transmission of 3.1 m at 140 GHz, compared with the situation without
wireless transmission. Here, we have removed the horn antenna. We measured the
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power loss to be about 7.5 dB. Therefore, we can calculate the corresponding wire-
less path loss from 20lg(4πD/λ) to be about 85.2 dB. Therefore, in this case, a pair
of lenses can at least bring about 27.7 dB (85.2–7.5–25 × 2 = 27.2) power gain.

At the wireless receiving end, we first use two parallel D-band mixers to perform
analog down-conversion on the received X-polarized and Y-polarized terahertz elec-
trical signals. Each D-band mixer is driven by a 112 GHz sine wave LO source and
has a conversion loss of approximately 9.5 dB. Subsequently, two parallel power
amplifiers amplify the down-converted X- and Y-polarized intermediate frequency
signals. The amplifier gain is 33 dB, the saturated output power is 14dBm, and
the operating frequency range is DC-50 GHz. Subsequently, we use two digital
storage oscilloscopes with a sampling rate of 160GSa/s analog-to-digital converter
channels to simultaneously capture the down-converted X- and Y-polarized interme-
diate frequency signals. Each 160GSa/s ADC channel has an electrical bandwidth of
65 GHz. Table 10.1 lists the key components and device parameters of the D-band
photon-assisted wireless 2 × 2 MIMO system.

Table 10.1 Key components and device parameters of D-band photonics-aided wireless 2 × 2
MIMO system

Device name Device parameters

Digital-to-analog convertor Sampling rate: 64 GSa/s

Electrical bandwidth: 13 GHz

I/Q modulator Half-wave voltage at 1 GHz: 2.3 V

Optical bandwidth at 3-dB: 32 GHz

Standard single-mode fiber Dispersion coefficient at 1550 nm: 17 ps/km/nm

D-band photodetector Operating frequency range: 110~170 GHz
DC bias: −2 V
Output power: −7 dBm

D-band horn antenna Gain: 25 dBi

Beam width at 3−dB: 10°

lens Diameter: 10 cm

Focal length: 20 cm

Insertion loss: <0.1 dB

Distance from corresponding horn antenna: 20 cm

D-band mixer DC bias: 5V

Conversion loss: ~9.5 dB

Driving local oscillator frequency: 112GHz

Power amplifier Gain: 33dB

Saturated output power: 14 dBm

Operating frequency range: DC~50 GHz

Digital storage oscilloscope Sampling rate: 160 GSa/s

Electrical bandwidth: 65 GHz
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We first measured the relationship between the BER performance of the system
and the input power of each PD without Nyquist shaping and LUT predistortion,
as shown in Figs. 10.24, 10.25 and 10.26. The terahertz carrier frequency used
in Figs. 10.24, 10.25 and 10.26 is 140 GHz, which corresponds to the 28 GHz
intermediate frequency after analog down-conversion at the wireless receiving end.
Figure 10.24 shows the performance comparison between ordinary PDM-64QAM
and PDM-64QAM-PS5.5 under the same baud rate and bit rate in a 1.6 m wireless
transmission scenario. Here, for ordinary PDM-64QAM, 20GBaud corresponds to
a bit rate of 240 Gb/s, and for PDM-64QAM-PS5.5, 20GBaud and 22GBaud corre-
spond to bit rates of 220 and 242 Gb/s, respectively. It can be seen from Fig. 10.24
that compared with uniform PDM-64QAM, whether it is at the same baud rate of
20GBaud or at the same bit rate of 240Gbit/s, the PDM-64QAM-PS5.5 signal has
better bit error rate performance within a larger range of optical signal-to-noise ratio.

Fig. 10.24 Under the same
baud rate and bit rate, the
performance comparison of
uniform PDM-64QAM and
PDM-64QAM-PS5.5 at
1.6 m wireless transmission
distance

Fig. 10.25
PDM-64QAM-PS5.5 signal
transmission performance
comparison of different baud
rates under the same 1.5 m
wireless distance
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Fig. 10.26 Performance
comparison of
PDM-64QAM-PS5.5 signal
when transmitting different
wireless distances under the
same baud rate of 32GBaud
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Figure 10.25 shows the performance comparison of PDM-64QAM-PS5.5 signals
with different baud rates under the same 1.5 m wireless distance. It can be seen from
Fig. 10.25 that as the transmission baud rate increases, the OSNR range that can
make the bit error rate meet the SD-FEC threshold of 4 × 10–2 becomes smaller. It
can also be seen from Fig. 10.25 that when the SD-FEC threshold is 4 × 10–2, when
the signal carrier frequency is 140 GHz, the PDM-64QAM-PS5.5 signal with a rate
of up to 32GBaud (32× 5.5× 2 Gbit/s= 352Gbit/s) can be transmitted within 1.5 m
wireless distance, and the BER value is 4 × 10–2.

Figure 10.26 shows the performance comparison of PDM-64QAM-PS5.5 signals
with different wireless transmission distances under the same baud rate of 32GBaud.
It can be seen from Fig. 10.26 that as the wireless transmission distance increases, the
OSNR range that can make the bit error rate meet the SD-FEC threshold of 4 × 10–2

is significantly smaller. It can also be seen from Fig. 10.26 that when the SD-FEC
threshold is 4 × 10–2, when the carrier frequency is 140 GHz, the PDM-64QAM-
PS5.5 signal of 32GBaud (32 × 5.5 × 2Gbit/s = 352Gbit/s) can be transmitted
within a wireless distance of up to 3.1 m, with a bit error rate of 4 × 10–2. Therefore,
the use of PS-64QAM modulation can bring a 47% increase in capacity and a 94%
increase in distance. Compared with the normal 64QAM modulation format, when
the wireless distance exceeds 1.6 m, the transmission of the single-carrier terahertz
signal with a rate of 240 Gbit/s can bring a 47% increase in capacity and a 94%
increase in distance, as shown in Fig. 10.24.

We further evaluated the performance improvement of using LUT predistortion
and Nyquist shaping (NQ-0.1) with a roll-off coefficient of 0.1 when the 24GBaud
PDM-64QAM-PS5.5 signal is transmitted over 7.6 m wireless distance through
experiments, as shown in Fig. 10.27a. Here, we use the 126 GHz terahertz carrier
frequency, which corresponds to the 14 GHz intermediate frequency signal after
analog down-conversion at the wireless receiving end.We use the LUTwith a pattern
length of 9 for predistortion.At a carrier frequency of 126GHzand awireless distance
of 3.1m, we transmit a 24GBaud PDM-64QAM-PS5.5 signal, and the input power of
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Fig. 10.27 Experimental
results: a Performance
comparison of
64QAM-PS5.5 signal with
or without NQ-0.1/LUT.
b Constellation diagram of
recovered X-polarized
64QAM-PS5.5 signal

4x10-2

(a)

(b)

each PD is 9.9dBm. It can be seen from Fig. 10.27a that the use of LUT predistortion
and a Nyquist shaping filter with a roll-off coefficient of 0.1 can achieve better bit
error rate performance in a larger OSNR range, because Nyquist shaping can over-
come the cut-off effect of the digital storage oscilloscope, and the LUT predistortion
can precompensate the nonlinearity of the signal component. It can also be seen from
Fig. 10.27a that if the wireless transmission distance of the 24GBaud PDM-64QAM-
PS5.5 signal is reduced from 7.6 to 3.1 m, after using LUT predistortion and NQ-0.1,
we can get better bit error rate performance in a larger OSNR range. Figure 10.27b
is the constellation diagram of the recovered X-polarized 64QAM-PS5.5 signal.
We transmit the 24GBaud PDM-64QAM-PS5.5 signal within a wireless distance of
3.1 m, and the corresponding input power is 10.4dBm. The bit error rate is 4.14 ×
10–3.

Figure 10.28 shows the relationship between the measured BER performance of
the 24GBaud PDM-64QAM-PS5.5 signal and the terahertz carrier frequency after
7.6 m wireless transmission. Here, we use both LUT predistortion and Nyquist
shaping with a roll-off factor of 0.1, and the input power of each PD is fixed at
10dBm. It can be seen from Fig. 10.28 that when the terahertz carrier frequency
changes from 124 to 152 GHz, the bit error rate performance is relatively stable.
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Fig. 10.28 Relationship
between the measured BER
performance and the
terahertz carrier frequency
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Utilizing PS-64QAM modulation technology, Nyquist shaping technology and
LUT predistortion technology, we have successfully realized the wireless transmis-
sion of vector terahertz signals higher than 1Tbit/s on theD-band 4× 4MIMOsystem
using the photon-assisted method. In our experimental system, we used two different
D-band terahertz carrier frequencies at the same time, namely 124.5 and 150.5 GHz.
These two frequencies are just within the scalable frequency range of our D-band
system (124–152 GHz), as shown in Fig. 10.28. The 124.5 and 150.5 GHz terahertz
carriers can carry up to 24Gbaud (24 × 5.5 × 2Gbit/s = 264Gbit/s) PDM-64QAM-
PS5.5-modulated vector data, respectively, whichwe define as dual-subcarrier vector
terahertz signals. The 24GBaud PDM-64QAM-PS5.5 modulation vector data we use
uses NQ-0.1 to suppress intercarrier interference and uses the same LUT predistor-
tion as above to precompensate the nonlinear damage of the two components. Based
on the optical remote heterodyne technology, we can generate two dual-subcarrier
vector terahertz signals at the same time to achieve a total data capacity of 264 × 2
× 2 Gbit/s = 1.056 Tbit/s.

Figure 10.29 shows the experimental device we demonstrated for photon-assisted
D-band vector terahertz signal transmission greater than 1 Tb/s. The system can
realize 4 × 4 MIMO transmission with a wireless transmission distance of 3.1 m.
In our experimental system, four lasers (lasers 1–4) are used at the light emitting
end, which work at 1550.908, 1551.118, 1553.133 and 1553.343 nm, respectively,
to provide optical carriers. Both the laser 5 and the laser 6 work at 1552.118 nm and
are used to provide a local oscillator light source at the wireless transmitting end.
Lasers 1–6 are all free-running, and their line widths are all less than 100 kHz. In
our experimental system, we used the same devices as Table 10.1, and they have the
same device parameters.

At the optical transmitting end, the two continuous light waves generated by laser
1 and laser 3 (labeled as channel 1 and channel 3, respectively) are first coupled by
a polarization-maintaining optical coupler, then modulated by a 24Gbaud six-level
electric signal through an I/Qmodulator, then amplifiedby apolarization-maintaining
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Fig. 10.30 Measured spectrum: a the signal spectrum of the optical transmitter; b the optical
polarization diversity signal spectrum corresponding to channel 1 and channel 2; c the optical
polarization diversity corresponding to channel 3 and channel 4 Signal spectrum

erbium-doped fiber amplifier and finally multiplexed by a polarization multiplexer to
generate a dual-channel optical PDM-64QAM-PS5.5 signal with a channel spacing
of 275 GHz (124.5 + 150.5 = 275). We perform the same operation on the two
continuous light waves generated by laser 2 and laser 4 (labeled as channel 2 and
channel 4, respectively) to generate another dual-channel optical PDM-64QAM-
PS5.5 signal with a channel spacing of 275 GHz. Each 24Gbaud six-level driving
electrical signal is modulated by 64QAM-PS5.5, using an NQ-0.1 filter, and we have
also performed a 9-mode length LUT predistortion on it.

Subsequently, we couple the two generated dual-channel optical PDM-64QAM-
PS5.5 signals generatedwith a polarization-maintainingoptical coupler and then send
the combined optical signal from the optical transmitter to the wireless transmitter
with an optical power of 2.9dBm. The transmission length on the single-mode fiber
exceeds 10 km, and the measured spectrum (with a resolution of 0.02 nm) is shown
in Fig. 10.30a.

At the wireless transmitting end, the received optical signal passes through a
1 × 4 programmable wavelength selective switch (WSS) with a minimum grid of
10 GHz and then is divided into two dual-subcarrier optical signals, namely the dual-
subcarrier optical signal including channel 1 and channel 2 and the dual-subcarrier
optical signal including channel 3 and channel 4. After passing through the polariza-
tion controller, the dual-subcarrier optical signal including channel 1 and channel 2
(or channel 3 and channel 4) then undergoes optical polarization diversity operation.
Then, the generated X- and Y-polarized dual-subcarrier optical terahertz signals are
amplified by two parallel erbium-doped fiber amplifiers, pass through two parallel
polarization controllers and are finally converted into two dual-subcarrier terahertz
signals by two D-band photodetectors, which can be considered as a dual-subcarrier
electrical terahertz signalmodulated byPDM-64QAM-PS5.The two terahertz carrier
frequencies are 124.5 and 150.5 GHz. From the perspective of operating wavelength,
the local oscillator light source, laser 5 or laser 6, is located in the center of channel
1 and channel 4 (or channel 2 and channel 3). Figure 10.30b and c shows the X-
polarization spectra measured after the optical polarization diversity operation of
channel 1 and channel 2, and channel 3 and channel 4, respectively, with a resolution
of 0.02 nm.
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Then, we transmit the generated two dual-subcarrier electrical terahertz signals
through a 3.1 m 4 × 4 MIMO D-band wireless terahertz transmission link. The four
wireless transmission links are parallel. Two pairs of horizontally polarized D-band
horn antennas are used to transmit dual-subcarrier electrical terahertz signals corre-
sponding to channel 1 and channel 2, and the other two pairs of vertically polarized
D-band horn antennas are used to transmit dual-subcarrier electrical terahertz signals
corresponding to channel 3 and channel 4. We use four pairs of lenses to focus the
terahertz signal to maximize the wireless power received by the wireless receiver.

At the wireless receiving end, we first use four parallel D-band mixers to perform
analog down-conversion on the received two dual-subcarrier terahertz signals, and
then, the down-converted dual-subcarrier IF signals each carry the 12.5 and 38.5GHz
subcarrier frequencies are enhanced by four parallel power amplifiers. Then, we
use four analog-to-digital converters with a sampling rate of 160GSa/s of a digital
storage oscilloscope to simultaneously capture two down-converted dual-subcarrier
IF signals.

Figure 10.31a–c, respectively, shows the photos of the 3.1 m wireless transmis-
sion link in the D-band and the wireless transmitter and wireless receiver. It is worth
noting that the D-band photodetectors, horn antennas and mixers all have relatively
small dimensions, which will help the integration of D-band photodetectors and horn
antennas at the wireless transmitting end, as well as the integration of the D-band
horn antenna and mixer at the wireless receiving end. However, in our experimental
system, we used a lens with a certain diameter, which requires a certain distance
between the four transmitters (receivers) to ensure that the wireless signal of each
wireless transmission path can be focused without interfered by other wireless trans-
mission paths. Therefore, the layout of the wireless transmitter and receiver compo-
nents is relatively scattered, which may hinder the integration of our experimental
system. When we consider compact size and system integration, the use of D-band
broadband amplifiers will be better than lenses.

Lens

HA

PA

OSC

(c)HA PDLens (b)

Mixer
TX

(a)

RX

3.
1m

Fig. 10.31 Photo of the experimental device: a D-band 3.1 m wireless transmission link. b Photo
of wireless transmitter. c Photo of wireless receiver
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Fig. 10.32 Experimental
results: a Bit error rate
performance of
dual-subcarrier
PDM-64QAM-PS5.5
terahertz signal in 4 × 4
MIMO wireless transmission
system. b The input power
collected by the oscilloscope
is 10.5dBm The electrical
spectrogram of the
X-polarized dual-subcarrier
IF signal corresponding to
channel 1 and channel 2 at
time

4x10-2

ch1ch2

(a)
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We measured the bit error rate performance of the system when two dual-
subcarrier PDM-64QAM-5.5-modulated vector terahertz signals were simultane-
ously transmitted in a 4 × 4 MIMO wireless communication system, as shown in
Fig. 10.32a. The total baud rate of the vector terahertz signal modulated by the two
dual-subcarrier PDM-64QAM-PS5.5 we sent is 24 × 2 × 2Gbaud = 96GBaud, the
total bit rate is 96 × 5.5 × 2Git/s = 1.056 Tb /s, the wireless distance can be trans-
mitted over 3.1 m, and the bit error rate is lower than the SD-FEC threshold of 4 ×
10–2. It is worth noting that the SD-FEC threshold of 4 × 10–2 requires 27% FEC
overhead, while 64QAM-PS5.5 modulation introduces (6–5.5)÷ 5.5× 100%= 9%
PS overhead. When the SD-FEC and PS overhead are removed, the corresponding
net bit rate is 1056 ÷ (1 + 27%) ÷ (1 + 9%) = 762.2 Gb/s. Figure 10.32b shows the
captured X-polarized dual-subcarrier IF signal, and the input power corresponding
to channel 1 and channel 2 is 10.5dBm.

10.4 Summary

This chapter mainly introduces our technology and main research progress in large-
capacity terahertz signal transmission.

In terms of large-capacity terahertz signal transmission, we can use photon-
assisted methods to generate terahertz signals. This structure is more convenient and
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easy to integrate. In addition, the combination of multi-dimensional multiplexing
methods, including MIMO spatial multiplexing technology, optical polarization
multiplexing technology, multi-carrier modulation technology and antenna polar-
ization multiplexing technology, can expand the dimensions of signals and greatly
increase transmission capacity. High-order QAM modulation can also improve
system capacity due to its inherent high spectral efficiency. However, the peripheral
signals of high-order QAM are easily affected by nonlinear distortion in the channel.
For this reason, we combine probabilistic shaping technology with high-order QAM
modulation together, which can effectively reduce the degree of nonlinear distortion.
Advanced DSP algorithms can also effectively increase transmission capacity and
transmission distance.

The second half of this chapter introduces our main research progress in detail,
including experimental settings and experimental results. In the field of high-capacity
terahertz communications, our current major developments include

(1) We have experimentally proved a D-band terahertz transmission system
that supports ultra-high capacity. The scheme we propose applies indepen-
dent sideband modulation and multi-band modulation schemes, using multi-
band carrier-free amplitude and phase modulation (MB-CAP) format, and a
transmission rate of up to 352Gbit/s is reached.

(2) We experimentally demonstrated a D-band (110–170 GHz) 4 × 4MIMO PS
64QAM photon-assisted wireless signal transmission system for terahertz
signals. The wireless transmission distance is 3.1 m, the total bit rate is
1.056Tbit/s, and the bit error rate is 4× 10–2. The use of advanced digital signal
processing technologies, including probability shaping, Nyquist shaping and
look-up table (LUT) predistortion, can greatly improve transmission capacity
and distance and system performance. As far as we know, this is the first time
to achieve wireless transmission of terahertz signals with a rate higher than
1Tbit/s.
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Chapter 11
Application of Chaotic Encryption
Technology in Terahertz Communication

11.1 Introduction

With the rapid development of mobile data communications, individuals and busi-
nesses have increasingly relied on wireless data transmission day by day. The rapidly
increasing data volume and complex services placemore demands on communication
systems.

Due to the complex topology of the communication network and the open charac-
teristics of wireless links, the signal beams broadcast into free space are easily eaves-
dropped, and it is difficult to implement complex high-level encryption algorithms in
wireless communication networks. Security strategies based on traditional cryptog-
raphy gradually cannot meet the needs of today’s era [1], and the security and confi-
dentiality of wireless communication have therefore become an issue that requires
urgent attention. Compared with MAC layer encryption, physical layer encryption
can protect transmitted data aswell as control information andheader information [2].
Therefore, a reliable OFDM-PON physical layer security scheme is essential. With
the development of wireless communication, technologies such as channel coding,
multi-carrier transmission and dense wavelength division multiplexing continue to
innovate, and physical layer resources are gradually enriched, and the development
and use of security technologies based on physical layer information are becoming
increasingly common. Starting from the physical layer, the physical layer security
technology that uses the characteristics of the channel to protect the transmitted
information was born. If the physical layer security strategy can be combined with
the existing cryptography-related technology, the security and confidentiality of the
existing wireless communication system can be greatly enhanced.

The terahertz signal has a very short wavelength, and a smaller antenna array
can be used to communicate with a narrower directional beam, so the confiden-
tiality of wireless communication can be improved. In order to take advantage of the
excellent confidentiality of terahertz communication and further improve the security
performance of the system, the physical layer information encryption method can be
applied to terahertz communication. The physical layer key generation technology
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uses physical layer characteristics, such as the amplitude andphase ofwireless fading,
to generate keys. The feasibility of key generation based on wireless channel state
information (CSI) has been proved in the mid-1990s [3].

In Chap. 3, we introduced the structure of the multi-carrier OFDM terahertz
transmission system and verified the system performance by experiments. In this
chapter, in order to improve the security of data transmission, we use a physical
layer encryption scheme to encrypt each OFDM frequency band. The encryption
methods proposed in the past for the physical layer security of the OFDM system
include Arnold mapping [4] phase masking and Brownian motion encryption [5].
However, these encryption methods have a fixed target mapping and are vulnerable
to statistical analysis.

In 1963, American meteorologists Rossler proposed the first Lorenz chaotic
system [6], which laid the foundation for the study of chaos in nonlinear systems.
Since then, chaotic systems are combined with data encryption, and chaotic cryptog-
raphy is born, which encrypts the systemby generating keys. As a branch of nonlinear
science, chaotic systems have good pseudo-random characteristics, unpredictability,
ergodicity, determinism, and sensitivity to initial states and control parameters. These
characteristics are consistent with many requirements of cryptography, and are suit-
able for encryption. The output signal of a chaotic system has an infinite period,
which is difficult to distinguish from a pure noise signal in power. The chaotic
dynamic system has high sensitivity to initial values, high concealment, and easy
operation. It has great potential in the future secure information and communication
technology and has become an important research direction of secure communica-
tion. After using chaotic encryption to map the QAM constellation, the generated
noise-like constellation can effectively hide the original information and improve the
security of the RoF-OFDM system.

At present, no chaotic encrypted terahertz communication system has been
reported, so we consider adopting such a method to improve the confidentiality
of the terahertz communication system. Compared with the traditional single-vortex
chaotic system, the multi-vortex chaotic system has more complex dynamic char-
acteristics and structure. We use the third-order multi-vortex Jerk chaotic system to
encrypt the OFDM-16QAM signal, and the encrypted noise-like constellation points
effectively enhance the security of the system. We have experimentally proved that
the OFDM-16QAM signal is transmitted in the optical carrier wireless link, the tera-
hertz frequency is 375 GHz, the data rate is 2 GBaud, the transmission distance is
20 km SSMF and 2 m wireless space, the system can achieve BER less than 7%
FEC threshold of 3.8 × 10–3. As far as we know, this is the first time that chaotic
encryption has been used in a terahertz signal transmission system to improve the
confidentiality of the system.
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11.2 The Principle of Chaotic Encryption Technology

Chaotic communication has attracted widespread attention and research due to its
pseudo-randomness, ergodicity and high sensitivity to initial values. In the chaotic
encryption scheme, the initial value of the chaotic differential equation can be
regarded as an indispensable key between the sender and the receiver.

The chaotic encryptionmainly uses the sequence generated by the iterative chaotic
system as a factor sequence of the encryption transformation. The theoretical basis
of chaotic encryption is the self-similarity of chaos, which makes the locally selected
chaotic key set similar in distribution to the whole. The nonlinear mapping of the
chaotic sequence creates a huge key space and produces perfect noise similarity
randomness. The chaotic system is highly sensitive to the initial state, complex
dynamic behavior, and the distribution does not conform to the principle of prob-
ability statistics. It is a quasi-random sequence with a complex structure and can
provide good randomness, correlation and complexity. The quasi-random sequence
makes it difficult to reconstruct, analyze and predict the chaotic system. Even if the
decryptor has mastered the equation that generates the chaotic sequence, it is difficult
to guess the coefficient parameters that determine the chaotic sequence and the initial
value of the chaotic sequence.

For the chaotic encryption method of OFDM signal, the direct data encryption
method is to change the real part of the OFDM signal to cause the amplitude change
on the constellation diagram or change the imaginary part of the signal to cause the
phase rotation on the constellation. Another method is to permutate the OFDM signal
constellation. The arrangement order or the amount of change of the I-channel signal
and the Q-channel signal will completely depend on the given specific digital chaotic
sequence, thereby regenerating the encrypted constellation of the OFDM signal
before data transmission. Mathematically, the chaotic disturbance or arrangement
on the constellation can be regarded as a chaotic matrix, that is, the chaotic matrix
is suitable for multiplying the original OFDM data in the time domain/frequency
domain [2]. In addition, the chaotic sequence is easy to generate and store, because
the receiver only needs to share the initial chaotic value.

In order to reduce the computational complexity of the system, we use the third-
order Jerk chaotic system function [7, 8] to encrypt theOFDMsignal. The third-order
Jerk chaotic function is as follows:

dx

dt
= ky − sign(y),

dy

dt
= kz,

dz

dt
= −0.6 ∗ k(x + y + z − sign(x) − sign(y)) (11.1)

where k is a real constant, we set k to 1, x, y and z are chaotic encryption sequences,
corresponding to the derivative, the second derivative and the third derivative, respec-
tively.We set the initial key value to {−0.1, 0.05, 0.1}, and the specific phase diagram
of the Jerk chaotic system is shown in Fig. 11.1. It can be seen that x, y and z are
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Fig. 11.1 Phase diagram of chaotic encryption sequence: a x-y phase diagram; b x-z phase diagram;
c y-z phase diagram; d x-y-z phase diagram

randomly distributed in the phase plane, the value range of x and y is [−1, 1], and
the value range of z is [−0.5, 0.5].

Different physical layer modulation technologies use different encryption
schemes. In OFDM systems, commonly used encryption techniques include
exclusive-or (XOR) encryption, phase encryption and OFDM subcarrier encryp-
tion. The encrypted information is used for phase rotation, virtual subcarrier posi-
tion transformation or subcarrier scrambling/interleaving and other processing [1].
Among them, XOR encryption is the most direct and lightweight solution, and it
can be implemented efficiently in hardware, because XOR is bitwise operated and
usually occurs before encoding. The data transmitted from the MAC layer is always
in binary form, so the XOR encryption scheme is suitable for almost all wireless
technologies.

After randomly generating the PRBS data sequence, we perform the XOR oper-
ation on the PRBS sequence and the z sequence, then modulate the binary data into
a 16QAM modulation format and encrypt the x and y sequences by formula (11.2):

E = (real[C] + x) + j (imag[C] + y) (11.2)

Among them, C is the original modulated 16QAM constellation symbol, x and
y are the encrypted sequence obtained from Eq. (11.1) and E is the chaotically
encrypted signal.
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Fig. 11.2 Chaotic encryption OFDM-16QAM signal DSP process: a transmitting end DSP;
b receiving end DSP

Figure 11.2 shows the flowchart of OFDM-16QAM transmitter and receiver DSP
combined with chaotic encryption algorithm. Other DSP processes are the same as
ordinary OFDM-16QAM signal transmitters, except that the PRBS sequence and the
z sequence are XORed before signal modulation, and the x and y sequences are used
to process the I and Q signals, respectively, after signal modulation.

The unencrypted original 16QAM signal constellation diagram is shown in
Fig. 11.3a, and the chaotically encrypted signal constellation diagram is shown in
Fig. 11.3b. It can be seen that compared to the original constellation diagram, the
constellation diagram after chaos encryption is distributed in the entire phase plane,
showing a noise-like nature, so it is difficult to distinguish the original transmission

Fig. 11.3 OFDM-16QAM constellation diagram before and after chaotic encryption: a original
OFDM-16QAM constellation diagram; b noise-like OFDM-16QAM constellation diagram after
chaotic encryption
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signal. If there is no corresponding key value, the original signal cannot be decoded
correctly, thus ensuring the security performance.

11.3 Application of Third-Order Chaotic Encryption
Technology in Terahertz Communication

11.3.1 Experimental Setup of Third-Order Chaotic
Encryption Terahertz Communication System

The experimental device of the optical-carrying wireless terahertz communication
scheme using the third-order chaotic encryption algorithm is shown in Fig. 11.4.
The experimental setup is similar to the system described in Chap. 3. The two ECLs
have a fixed frequency interval of 375 GHz, and the measured spectrum is shown
in the inset in Fig. 11.4. The DSP processing flow of the transmitter and receiver is
shown in Fig. 11.2. The baseband digital data is divided into in-phase and quadrature
components, which are converted into analog signals by AWG with a maximum
sampling rate of 12 GSa/s. Before the I and Q signals enter the I/Q modulator, we
use two identical attenuators (ATT) and electrical amplifiers (EA) to adjust the power
of the electrical signals. The optical carrier generated by the laser ECL1 is used as
the input light source of the I/Q modulator. The I/Q modulator has an insertion loss
of 7 dB. When the RF signal frequency is 1 GHz, the Vπ is 2.7 V, and the 3 dB
bandwidth is 30 GHz. The optical signal carrying data is transmitted 20 km in SMF-
28 optical fiber and then amplified by EDFA to supplement the power loss in the
optical fiber. The laser ECL2 is used as a local oscillator light source and is coupled
with the modulated optical signal through a polarization-maintaining optical coupler
(PM-OC).

In the photoelectric signal conversion part, we use the antenna-integrated photo-
electric mixing (AIPM) module. As described in Chap. 3, this AIPM integrates
UTC-PD and bow-tie antenna, and its operating frequency is up to 2500 GHz.

Fig. 11.4 Experimental setup diagram of the chaotic encryption RoF-OFDM communication
system
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The terahertz signal generated by AIPM is collected by a pair of terahertz lenses
and transmitted through a 2 m wireless space. After being collected by the horn
antenna at the receiving end, it is mixed with a radio frequency local oscillator
source with a frequency of 372.42 GHz (10.345 GHz × 36) in the integrated
mixer/amplifier/multiplier chain (IMAMC) to down-convert the terahertz signal into
an analog intermediate frequency signal. The IAMMC integrates a mixer, an electric
amplifier and a 36 frequency doubler, and its operating frequency range is 330–
500 GHz. The IF signal is received by a digital oscilloscope after being amplified by
another EA. The 3 dB bandwidth of this oscilloscope is 33 GHz and the sampling
rate is 80 GSa/s. Our offline DSP reception and signal recovery process is shown in
Fig. 11.2b. In the experiment, in order to reduce the PAPR of the OFDM signal, we
used the DFT-S algorithm.

11.3.2 Experimental Results and Analysis

The frequency spectrum of the intermediate frequency signal directly received by the
oscilloscope and the frequency spectrum after digital down-conversion to baseband
are shown in Fig. 11.5a, b, respectively.

After 20 km SSMF and 2 m wireless fusion link transmission, the relationship
between the measured system BER curve and the different input power into PM-
OC is shown in Fig. 11.6. Our input power is measured by the output power of
EDFA, and the output of ECL2 is fixed at 14.5 dBm. After 2 m wireless transmis-
sion, when the input power to PM-OC is as high as 14 dBm, the received chaotic
encrypted signal constellation diagram is shown in the inset (I) of Fig. 11.6. The
constellation diagram is very similar to noise. Because there is no statistical law, it is
difficult to restore the original information through statistical methods. As described
in Sect. 11.2, the encrypted signal can be accurately decoded using the same initial
key. The received constellation diagram after decryption is shown in the illustrations
(I) and (III) in Fig. 11.6. It can be seen that the signal constellation point has been
restored to the transmitting constellation point. When the DD-LMS algorithm is not
used, the constellation diagram of the recovered signal is shown in the illustration
(III) in Fig. 11.6. After the DD-LMS algorithm is used, the constellation diagram of
the recovered signal is shown in the illustration (II) in Fig. 11.6. The constellation
diagram processed by the DD-LMS algorithm is clearer, and the BER is lower, which
can be lower than the HD-FEC threshold of 3.8 × 10–3. Since the output power of
the AWG is 500 mV, we added a fixed attenuator to change the input power of the RF
amplifier, fixed the output power of the EDFA at 14 dBm, and used attenuators with
power attenuations of 3, 6, 10 and 13 dB to measure the relationship between BER
curve and RF attenuator. The relationship curve between system BER and RF power
attenuation is shown in Fig. 11.7. When the attenuator is 10 dB, the BER is lower
than the threshold of 3.8 × 10–3. This is because the PD will have a saturation effect
when the power is too high, and when the power is too low, the best performance
cannot be achieved due to insufficient OSNR.
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Fig. 11.5 Frequency spectrum of the electrical signal: a the frequency spectrum before the down-
conversion of the intermediate frequency signal;b the frequency spectrumafter the down-conversion
of the intermediate frequency signal

Fig. 11.6 Curve of the
system BER and the optical
signal power of the input
PM-OC



11.4 Summary 243

Fig. 11.7 Curve of system
BER and RF attenuator
power attenuation

11.4 Summary

The continuous increase in the amount of wireless communication data puts forward
new requirements for communication security and confidentiality. Encryption at the
physical layer is simple and can effectively protect the transmitted data. The terahertz
band has a high frequency and has a certain degree of confidentiality advantage
compared to traditional wireless communication. The chaotic encryption algorithm
has many excellent properties, such as unpredictability, randomness and noise-like
characteristics. In order to enhance the confidentiality of terahertz communication,
we have proved a chaotic encrypted RoF-OFDM signal transmission system through
experiments, which can transmit 2 GBaud OFDM-16QAM signals on a 375 GHz
carrier with a transmission distance of 20 km SSMF and 2 m wireless space. As we
have shown, this is the first RoF terahertz communication system that uses chaotic
encryption algorithms for data security.
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Chapter 12
Large-Capacity Optical and Wireless
Seamless Integration and Real-Time
Transmission System

12.1 Introduction

As the data capacity of optical access and wireless access continues to increase,
optical and wireless convergence systems have become a research hotspot in recent
years because of their large capacity and flexibility in optical communications. The
terahertz communication system can provide data communication close to the optical
fiber communication capacity, and the transmission rate can be hundreds of Gbps to
Tbps [1]. In this way, we can seamlessly integrate terahertz and optical fiber trans-
mission systems to meet some special requirements, such as emergency commu-
nications or signal forwarding of 5G+ wireless systems [2, 3], emergency services
when large-capacity long-distance optical cables are cut during natural disasters
such as earthquakes and tsunamis. In environments that require roaming connec-
tions, such as conference centers, airports, hotels and ultimately homes and small
offices, optical wireless networks based on fiber-optic wireless convergence are
also emerging as a lower-cost alternative solution [4–8]. By adopting polarization
multiplexing quadrature-phase-shift keying [9] (polarization-division-multiplexing
quadrature-phase-shift keying, PDM-QPSK), polarization multiplexing 16-order
quadrature amplitude modulation [10] (polarization-division-multiplexing 16-ary
quadrature-amplitude-modulation, PDM-16QAM), photon-assistedmillimeter wave
or terahertz wave generation and advanced digital signal processing (DSP) technolo-
gies and optical fiber-wireless fusion systems with speeds up to 100G and 400G
have been implemented [11–13]. However, in the previous scheme, the generated
PDM-QPSK-modulated high-speed wireless millimeter wave signal is demodulated
in the electrical domain, and it has limited radio frequency (RF) cable transmission
distance at such a high millimeter wave frequency. Moreover, as the transmission bit
rate and millimeter wave carrier frequency increase, the electrical domain demod-
ulation of the PDM-QPSK-modulated high-speed wireless millimeter wave signal
will become more and more complicated. Literature [14] proposed a RF-transparent
photonic millimeter wave demodulation technology based on coherent detection
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and baseband DSP, which has the advantage of converting QPSK-modulated wire-
less millimeter wave signals into optical baseband signals. The converted optical
baseband signal can be directly transmitted in the optical ber network. However,
in the proven ber-wireless-ber fusion system using the above-mentioned photon
millimeter wave demodulation technology, the transmitted millimeter wave signal
is single-polarized, and there is no wireless transmission and long-distance ber
transmission [15]. As we all know, for the future spectrum-efcient high-speed
optical transmission, polarization multiplexing technology is a practical technology
that doubles the capacity of optical ber links [ 16, 17]. Therefore, it is necessary
to study how to realize the transmission of polarization-multiplexed signals in a
ber-wireless-ber fusion system.

In this chapter, we will rst introduce two RF-transparent photonic millimeter
wave demodulation technologies for wireless millimeter wave signals: based on
pushpull MachZehnder modulator (MZM) photonic millimeter wave demodula-
tion technology [18 22] and photonic millimeter wave demodulation technology
based on phase modulator (PM). Through the theoretical analysis and compar-
ison of these two photonic millimeter wave demodulation technologies based on
Bessel function expansion, it can be seen that both PM-based and pushpull MZM-
based electro-optical conversion can be regarded as a linear light intensity modula-
tion process. But in actual implementation, because commercial PM usually has a
larger modulation bandwidth and smaller insertion loss than commercial MZM, PM-
based photonic millimeter wave demodulation technology is better than pushpull
MZM-based photonic millimeter wave demodulation technology.

Building a real-time system to verify system performance is the next research
topic for optical and wireless convergence networks. Existing reports include wire-
less millimeter wave transmission up to 24.08 Gb/s in V-band or W-band [23], Wu
CY et al. demonstrated the four-channel concept real-time RoF system for 5G C-
RAN downlink using off-the-shelf components. For the 3.5 GHz frequency band,
the 3.5 Gbps 256QAM signal transmission is realized on 20 km single-mode ber
[24]. Chen et al. demonstrated through experiments the real-time Q-band wireless
ber based on orthogonal frequency division multiplexing (OFDM-RoF) system to
achieve error-free real-time Reed-Solomon coding 16-QAM-OFDM-RoF transmis-
sion over 4.5 km single-mode ber and 0.8 m wireless distance at a net bit rate of
1.2 Gb/s [25], Guillory et al. realized the real-time transmission of 3 Gbit/s between
two commercial wireless-HD devices through the 60 GHz RoF system [26], and the
recent 34 GBaud PDM-QPSK rate has reached 100 G/s at the 300 GHz terahertz
band over 100 km ber and 50 cm wireless transmission distance [ 27].

In the last part of this chapter, we introduce the experiments of the RoF real-
time transmission communication system of commercial real-time coherent optical
transmitters and receivers based on heterodyne detection. In the previous chapters,
we introduce the seamless integration of ber-THz wireless-ber-terahertz network
structure. All communication network system structures that integrate optical ber
and wireless need to continuously improve the quality of wireless transmission
to match the advantages of optical ber communication to achieve the maximum
utilization of the system [28 30].
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12.2 Principle of Photonic Millimeter Wave Demodulation

12.2.1 Principle of Photon Demodulation Based
on Push–Pull MZM

Figure 12.1 shows the principle of push–pull MZM-based photon demodulation for
PDM-QPSK-modulated wireless millimeter wave signals. The wireless millimeter
wave signal modulated by PDM-QPSK is generated through remote heterodyne beat
frequency technology. At the central office (CO) of the transmitting end, a continuous
wavelength (CW) light wave with a wavelength of λ1 is first externally modulated by
the transmitted data, and then polarization multiplexed to generate a PDM-QPSK-
modulated optical baseband signal. At the base station (BS) of the transmitting end,
the PDM-QPSK-modulated optical baseband signal transmitted through the optical
fiber and a CW light wave with a wavelength of λ2 heterodyne beat frequency,
thereby up-converting to obtain a PDM-QPSK-modulated wireless millimeter wave
signal. The carrier frequency of the generated wireless millimeter wave signal is
fRF = c|1/λ1 − 1/λ2| (c represents the speed of light), and then passes through
a 2 × 2 multiple-input multiple-output (MIMO) on the same antenna polarization,
which is a wireless link transmission.

At the receiving end BS, when the received PDM-QPSK-modulated wireless
millimeter wave signal is located on a higher-frequency millimeter wave carrier
(such as W-band), due to the limited modulation bandwidth of MZM, analog down-
conversion based on a sinusoidal RF signal and an electrical mixer is first used to
down-convert the wireless millimeter wave signal to a lower-frequency millimeter
wave carrier. A CW light wave with a wavelength of λ3 is firstly divided into two
tributaries through a polarization-maintaining optical coupler (OC), and then each
tributary is externally modulated by the X-polarization or Y-polarization component
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of a wireless millimeter wave signal with a frequency of ƒIF down-converted by an
MZM. Each MZM adopts push–pull operation and is DC biased at the null point to
realize electric field modulation of wireless millimeter wave signals. A polarization
beam combiner (PBC) is used to recombine the two modulated tributaries.

Assuming that the CW light wave with wavelength λ3 can be expressed as

Ein(t) = Ec cos(2π fct) (12.1)

In the formula, Ec and f c are used to characterize the amplitude and frequency of
the CW light wave with a wavelength of λ3, respectively. Assuming that the electrical
intermediate frequency (IF) signal with the carrier frequency of ƒIF at the input of
the push–pull MZM can be expressed as

SIF(t) = VIFs(t) cos(2π fIFt) (12.2)

In the formula, s(t) characterizes the transmitted signal, and V IF characterizes the
amplitude of the millimeter wave carrier whose frequency is f IF after analog down-
conversion. Therefore, the output of the push–pull MZM working at the optical
carrier suppression (OCS) point can be expressed as:

EMZM(t) = Ec cos(2π fct) cos
[π

2
+ βMZMs(t) cos(2π fIFt)

]

= −2Ecs(t) cos(2π fct)

{+∞∑
n=0

J2n+1(βMZM) sin[(2n + 1)(2π fIFt)]

}

(12.3)

In the formula, βMZM = π (V IF/Vπ ) (Vπ is the half-wave voltage of MZM), which
is used to characterize the modulation index of MZM; Jn characterizes the Bessel
function of the first kind with order n. When βMZM is small enough, the high-order
components (n ≥ 1) in the output of MZM can be ignored, and Eq. (12.3) can be
approximated as

EMZM(t) ≈ 2Ecs(t)J1(βMZM) cos(2π fct) cos
(
2π fIFt + π

2

)

= Ecs(t)
{
J1(βMZM) cos

[
2π( fc − fIF)t − π

2

]

+J1(βMZM) cos
[
2π( fc + fIF)t + π

2

]}
(12.4)

From Eq. (12.4), it can be seen that the output ofMZM theoretically only contains
two first-order components with a carrier frequency of f 3 ± f IF that both carry the
transmitted data in amplitude. In practice, theOCS signal generated after PBCusually
contains two PDM-QPSK-modulated sidebands with a carrier wavelength of λ3 ±
λIF and a small central optical carrier with a wavelength of λ3. This is because the
limited extinction ratio ofMZMcannot completely suppress the center optical carrier.
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Next, the upper sideband and center optical carrier with a carrier wavelength of λ3

+ λIF are suppressed by a tunable optical filter (TOF), so a PDM-QPSK-modulated
equivalent optical baseband signal with a carrier wavelength of λ3 −λIF is sent to the
receiving end CO via optical fiber transmission. Illustrations (b) and (c) in Fig. 12.1
show schematic spectra after PBC and TOF, respectively.

At the receiving end CO, the transmitted data is recovered from the equivalent
optical baseband signal modulated by PDM-QPSK via homodyne coherent detection
and baseband DSP. The operating wavelength of the local oscillator (LO) used in the
CO at the receiving end is λ3 − λIF. It is worth noting that the TOF at the receiving
end BS can also filter out the lower sideband and central optical carrier with a carrier
wavelength of λ3 − λIF. In this case, the wavelength of the generated equivalent
optical baseband signal and the carrier of the LO used in the receiving end CO is
both λ3 + λIF.

It should be pointed out that if the millimeter wave or terahertz signal is not
down-converted at the receiving end BS, an ultra-high bandwidth external modulator
can also be directly driven to generate millimeter wave or terahertz optical signals.
Literature [31] has already transmitted a 50 Gb/s QPSK signal in the 285.5 GHz
frequency band through 16 m wireless transmission through a THz amplifier to
directly drive a plasmonic-organic hybrid (POH) modulator with a 3 dB bandwidth
of 1 THz, so they successfully realized the signal conversion from electricity to light.
Figure 12.2a shows the frequency response of the POH modulator. It can be seen
that the bandwidth exceeds 1 THz. Figure 12.2b is a diagram of the experimental
setup of the transceiver. Figure 12.2c is a photo of the electro-optical conversion
of the transceiver. Figure 12.2d is a schematic diagram of the experimental device.
Figure 12.2e is a schematic diagram of the receiving end. Figure 12.2f shows the
error codes measured under different baud rates and eye diagrams of 30 and 50 Gb/s.
After 16 m wireless transmission of 50 Gb/s QPSK signal, the bit error rate can be
less than 2 × 10−2.

12.2.2 PM-Based Photon Demodulation Principle

Figure 12.4 shows the PM-based photon demodulation principle for PDM-QPSK-
modulated wireless millimeter wave signals. Different from Fig. 12.1, two PMs at
the receiving-end BS in Fig. 12.3 replace two push–pull MZMs to perform electro-
optical conversion, and the receiving-end BS also avoids the analog down-conversion
stage based on the sinusoidal RF signals and the electrical mixer.

Similarly, assuming that the wireless millimeter wave signal with a carrier
frequency of f RF received at the input of the PM can be expressed as:

SRF(t) = VRFs(t) cos(2π fRFt) (12.5)

In the formula, VRF characterizes the amplitude of the wireless millimeter wave
signal whose carrier frequency is f RF. Therefore, the output of PM can be expressed
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Fig. 12.2 Experimental device diagram and main experimental results in [31]. a Is the frequency
response of the POH modulator. b Is the diagram of the transceiver experimental device. c Is
the photo of the electro-optical conversion of the transceiver. d Is the schematic diagram of the
experimental device. e Is the schematic diagram of the receiver. f Is the bit error rate measured
under different baud rates And 30 and 50 Gb/s eye patterns

as:

EPM(t) = Ec cos[2π fct + βPMs(t) cos(2π fRFt)]

= Ecs(t)
+∞∑

n=−∞
Jn(βPM) cos

(
2π fct + 2nπ fRFt + nπ

2

)
(12.6)

In the formula, βPM = π (VRF/Vπ ) (Vπ is the half-wave voltage of PM), which
represents the modulation index of PM. When βPM is small enough, the high-order
components in PM output can be ignored, and Eq. (12.6) can be approximated as:
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EPM(t) ≈ Ecs(t){J0(βPM) cos 2π fct

+ J−1(βPM) cos
[
2π( fc − fRF)t − π

2

]

+J1(βPM) cos
[
2π( fc + fRF)t + π

2

]}
(12.7)

It can be seen from Eq. (12.7) that the output of PM includes a baseband with
a frequency of f c and two first-order components with a carrier frequency of f 3 ±
f RF, and both the baseband and the two first-order components carry transmitted data
in amplitude. Therefore, after suppressing a sideband and the center optical carrier
through TOF, a desired sideband very similar to that shown in Fig. 12.1 can also
be obtained. Therefore, in the case of combining TOF filtering, both PM-based and
push–pull MZM-based electro-optical conversion can be regarded as a linear light
intensity modulation process.

The illustrations (a)–(c) in Fig. 12.3 show schematic spectra after optical hetero-
dyneup-conversion, PBCandTOF, respectively.As shown in the inset (b) inFig. 12.3,
the optical signal generated after PBC contains two PDM-QPSK-modulated side-
bands, which have an interval of λRF(λRF = (λ32f RF)/c) with the PDM-QPSK-
modulated center optical carrier. As shown in the inset (c) in Fig. 12.3, the upper
sideband and central optical carrier with a carrier wavelength of λ3 + λRF are filtered
out by TOF, and the carrier wavelength of the generated equivalent optical baseband
signal is λ3 − λRF, which is also the operating wavelength of the LO used in the CO
at the receiving end.

Although the above two types of photon demodulation technologies are very
similar in principle (the process of electro-optical conversion can be approximated
as a linear light intensity modulation process), in actual implementation, the PM-
based photon demodulation technology has more advantages than the MZM-based
photon demodulation technology, because commercial PM usually has larger modu-
lation bandwidth and smaller insertion loss than commercial MZM. First, the larger
modulation bandwidth of the PM can avoid analog down-conversion of the received
wireless millimeter wave signal located on a higher carrier frequency (e.g., the W-
band), thereby simplifying the structure of the receiving end BS. Secondly, the larger
modulation bandwidth and smaller insertion loss of PMmake the signal obtained by
electro-optical conversion have a larger optical signal-to-noise ratio (OSNR), which
helps to achieve longer optical fiber transmission distance.

12.2.3 Polarization Demultiplexing
of PDM-QPSK-Modulated Fiber-Wireless-Fiber
Fusion System

Assuming that (Ein,x, Ein,y)T represents the X and Y-polarization components of the
PDM-QPSK-modulated optical baseband signal generated at the transmitter CO,
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then the received optical baseband signal transmitted through the first segment of
fiber can be expressed as:

(
Eout1,x

Eout1,y

)
=

(
Jxx Jxy
Jyx Jyy

)(
Ein,x

Ein,y

)
= J

(
Ein,x

Ein,y

)
(12.8)

In the formula, J is a 2 × 2 Jones matrix, which is used to characterize the
transfer function of the first segment of optical fiber transmission from the sending
end CO to the sending end BS; Jxx and Jyy are used to characterize the crosstalk
introduced between the initial X-polarization and Y-polarization components after
the first segment fiber transmission.

Next, the wireless millimeter wave signal received at the receiving end BS after
transmission through the 2 × 2 MIMO wireless link can be expressed as:

(
Eout2,x

Eout2,y

)
=

(
Wxx Wxy

Wyx Wyy

)(
Eout1,x

Eout1,y

)
coswt = W

(
Eout1,x

Eout1,y

)
coswt (12.9)

In the formula,W is a 2× 2 gain matrix, which is used to characterize the transfer
function of 2 × 2 MIMO wireless transmission from the transmitting end BS to the
receiving end BS;Wxy andWyx are used to characterize the crosstalk between the X-
polarization and Y-polarization components introduced by the 2× 2MIMOwireless
transmission, which means that each receiver antenna can simultaneously detect the
wireless power from the two transmitter antennas. In the next experiment, because the
two pairs of antennas forming a 2× 2MIMOwireless link have high directivity, each
receiving end antenna can only detect the wireless power from the corresponding
transmitting end antenna, so the values of Wxy and Wyx are all approximately zero.
w represents the millimeter wave carrier frequency.

Finally, the equivalent optical baseband signal received at the receiving-end CO
after transmission through the second section of optical fiber can be expressed as:

(
Eout,x

Eout,y

)
=

(
J ′
xx J ′

xy

J ′
yx J ′

yy

)(
Eout2,x

Eout2,y

)
cos(−wt) = J ′

(
Eout2,x

Eout2,y

)
cos(−wt)

= J ′W J

(
Ein,x

Ein,y

)
= H

(
Ein,x

Ein,y

)
(12.10)

In the formula, J ′ is also a 2 × 2 Jones matrix, which is used to characterize
the transfer function of the second segment of optical fiber transmission from the
receiving end BS to the receiving end CO; H is used to characterize the total
transfer function of fiber-wireless-fiber link, obviously, as the product of three 2 × 2
matrices is still a 2 × 2 matrix. Therefore, the classical constant modulus algorithm
(CMA) equalization can be used at the receiving end CO to realize the polarization
demultiplexing of the PDM-QPSK signal.
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12.3 Experiment of Q-band Fiber-Wireless-Fiber Fusion
System Based on Push–Pull MZM

This section introduces a Q-band fiber-wireless-fiber fusion system based on push–
pull MZM, which can realize the transmission of 40 Gb/s@40 GHz PDM-QPSK
signal over 20 km single-mode fiber-28 (single-mode fiber-28, SMF-28), 2 m 2 × 2
MIMOwireless link and 20 kmSMF-28, and the corresponding experimental devices
are shown in Fig. 12.4. In the experiment, four external cavity lasers (ECL) with a
linewidth of less than 100 kHz and a maximum output power of 14.5 dBm run freely
and have different operating wavelengths.

At the transmitter CO, a CW light wave generated from ECL1 with a working
wavelength of 1549.39 nm is first modulated by a 5–12.5 GBaud electrical binary
signal in an in-phase/quadrature (I/Q) modulator and then amplified by an Erbium-
doped fiber amplifier (EDFA), and then polarization multiplexed by a polarization
multiplexer. The generated PDM-QPSK-modulated optical baseband signal is sent
to 20 km SMF-28, and the input fiber optical power is 0 dBm.

At the transmitting end BS, ECL2 with a working wavelength of 1549.70 nm
is used as LO, which has a frequency offset of 40 GHz relative to ECL1. The
received PDM-QPSK-modulated optical baseband signal is directly up-converted
into a 40 GHz PDM-QPSK-modulated wireless millimeter wave signal via an optical
heterodyne up-converter. The two single-ended photodiodes (PD) in the optical
heterodyne up-converter have a 3 dB bandwidth of 70 GHz and an input power
of 9 dBm.

The generated 40 GHz wireless millimeter wave signal is transmitted via a Q-
band 2 × 2 MIMO wireless link located on the same antenna polarization. In this
2 × 2 MIMO wireless link, there is a 2 m wireless transmission distance between
each pair of horn antennas; the wireless transmission links in the X-polarization and
Y-polarization directions are parallel; there is a 10 cm wireless distance between
two horn antennas at the transmitting end (receiving end). Each horn antenna has a
power gain of 25 dBi and a frequency range of 33~50 GHz and is connected to an
electrical amplifier (EA) with an electrical bandwidth of 17 GHz, a gain of 30 dB
and a saturated output power of 20 dBm.

At the receiving end BS, a CW light wave generated from ECL3 with a working
wavelength of 1550.08 nm is first divided into two tributaries by a polarization-
maintaining OC, and then each tributary passes through an MZM and modulated
by the X-polarization or Y-polarization components of the received 40 GHz wire-
less millimeter wave signal. Each MZM has a 3 dB bandwidth of about 36 GHz, a
half-wave voltage of 2.8 V and an insertion loss of 5 dB. In order to achieve OCS
modulation, each MZM is DC biased at the minimum output when the wireless
millimeter wave signal is turned off. The peak-to-peak driving voltage applied to
each MZM is 1.7 V. The optical power input into each MZM is 16 dBm. The two
adjusted tributaries are recombined via a PBC. The OCS signal generated after PBC
contains a central optical carrier with a wavelength of 1550.08 nm and two PDM-
QPSK-modulated sidebands separated from the central optical carrier at 40GHz. The
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subsequent EDFA is used to amplify the power of the OCS signal. Then, a 0.3 nm
TOF is used to suppress the upper sideband, center optical carrier and amplified
spontaneous emission (ASE) noise. The generated PDM-QPSK-modulated equiva-
lent optical baseband signal is sent to the second section of 20 km SMF-28, and the
fiber input power is 0 dBm.

At the receiving end CO, the working wavelength of the ECL4 as the LO is the
same as the carrier wavelength of the equivalent optical baseband signal received.
Before balanced detection, a classic dual-mixer structure is used to achieve polariza-
tion diversity and phase diversity in the optical domain between the received optical
signal and the LO [29]. The analog-to-digital conversion is implemented in a real-
time digital oscilloscope with 80 GSa/s sampling rate and 20 GHz bandwidth. After
analog-to-digital conversion, offline DSP processing is performed [29]. Here, CMA
equalization with a tap length of 39–59 is used to realize polarization demultiplexing
of PDM-QPSK signals.

Figure 12.5a shows the spectrum (0.1 nm resolution) after optical domain polar-
ization diversity at the transmitting end BS corresponding to a bit rate of 50 Gb/s. It
can be seen that there is a 40 GHz frequency gap between the signal and the LO, and
the LO power exceeds the signal power by 4 dB. Figure 12.5b shows the spectrum
(0.1 nm resolution) after PBC at the receiving end BS corresponding to a bit rate of
50 Gb/s. It can be seen that there is a frequency separation of 40 GHz between the
central optical carrier with a wavelength of 1550.08 nm and the two PDM-QPSK-
modulated sidebands.And due to the limited extinction ratio and limited drive voltage
of MZM, the center optical carrier has a relatively large optical power. Figure 12.5c
shows the spectrum (0.1 nm resolution) after transmission via the second section of
20 km SMF-28 corresponding to a bit rate of 50 Gb/s (Fig. 12.6).

In the case of 2 m 2 × 2 MIMO wireless transmission and (20 + 20) km SMF-28
transmission, Fig. 12.7a–e, respectively, shows the constellation of theY-polarization
signal received at the receiving end CO corresponding to 50 Gb/s transmitting rate
before clock recovery, after clock recovery, after CMA equalization, after frequency
offset estimation and carrier phase estimation.

40GHz
50Gb/s, 0.1nm

40GHz

50Gb/s
0.1nm

Carrier

Signal Signal

(a) After polarization diversity 
at TX BS 

40GHz

50Gb/s
0.1nmLOSignal

(b) After PM-OC at RX BS (c) After the second-span 
20-km fiber transmission 

Fig. 12.5 Schematic diagram of the spectrum of ordinary frequency division multiplexing signal
and OFDM signal



256 12 Large-Capacity Optical and Wireless Seamless Integration …

(a) Before clock recovery (b) After clock recovery (c) After CMA 
equalization 

(d) After frequency 
offset estimation

(e) After carrier 
phase estimation

Fig. 12.6 Received Y-polarized QPSK constellation corresponding to a bit rate of 50 Gb/s

ECL1
I/Q MODPol. Mux

PBC

ATT

DL OC
10~27.4Gbaud

EDFA

80km
 SM

F-28

TX CO

X

YY

X
PBS

ECL2PBS

OC

OC

PD

PD

EA

EA

TX2

TX1

X

Y

MZM

MZMECL3
OC

EDFA
TOF

0.6nm

TX BS RX BS

2m

12GHz Po
w

.D
iv

.

EAx2
EAx3

EAx3

X

Y

EA EA

PBC

EA EA

Mixer

Mixer

RX2

RX1

80km
 SM

F-28

R
e-sam

ple

C
D

 C
om

pensation

C
M

A
 E

qualization

C
arrier R

ecovery

D
ifferential D

ecoding

B
E

R
 C

ounting

RX CO

90°
optical 
hybrid

90°
optical 
hybrid X

Y Y

X
PBS

PBS

ADC

ADC

ADC

ADC ECL4

EDFA VOA

Fig. 12.7 Experimental setup diagramofW-band fiber-wireless-fiber fusion system based on push–
pull MZM

12.4 Experiment of W-band Fiber-Wireless-Fiber Fusion
System Based on Push–Pull MZM

This section introduces aW-band fiber-wireless-optical fiber fusion system based on
push–pull MZM, which can achieve 109.6 Gb/s@95 GHz PDM-QPSK signals in
order of 80 km SMF-28, 2 m 2 × 2 MIMO wireless link and 80 km the transmission
on SMF-28, the corresponding experimental device is shown in Fig. 12.8. Compared
with Fig. 12.4, due to the adoption of a higher-frequency millimeter wave carrier and
the limitedmodulation bandwidth of theMZM, an analog down-conversion operation
based on a sinusoidal RF signal and an electric mixer is added at the receiving end
BS.
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Fig. 12.8 CCDF value curve of DFT-S OFDM under different grouping values

After the second section of 80 km SMF-28, a variable optical attenuator (VOA)
is used to adjust the received optical power to complete the OSNR measurement,
and an EDFA is used to preamplify the received light after the VOA. signal. The
homodyne coherent detection and baseband DSP at the receiving end CO are exactly
the same as the corresponding parts in Fig. 12.4.

Figure 12.8a shows the spectrum (0.1 nm resolution) after optical domain polar-
ization diversity at the transmitting end BS corresponding to a bit rate of 50 Gb/s.
It can be seen that there is a 95 GHz frequency interval between the signal and the
LO, and the LO power exceeds the signal power by 20 dB. Figure 12.8b, c shows the
spectrum (resolution of 0.02 nm) after PBC at the receiving end BS corresponding
to the bit rate of 50 and 109.6 Gb/s. When the signal is turned off, the amount
of noise generated by the serial EA before MZM is about 36 dBm at a bit rate of
50 Gb/s and about 46 dBm at a bit rate of 109.6 Gb/s. The maximumOSNR is 21 dB.
There is a 23 GHz frequency separation between the central optical carrier and the
two PDM-QPSK-modulated sidebands. And due to the limited extinction ratio and
limited drive voltage of MZM, the center optical carrier has a relatively large optical
power. Figure 12.8d shows the spectrum (resolution of 0.02 nm) after transmission
via the second segment of 80 km SMF-28 corresponding to the bit rate of 109.6 Gb/s.

12.5 Experiment of W-band Fiber-Wireless-Fiber Fusion
System Based on PM

This section introduces aPM-basedW-bandfiber-wireless-fiber fusion system,which
can achieve the transmission of 44 Gb/s@88 GHz PDM-QPSK signals in 100 km
SMF-28, 3 m 2 × 2 MIMO wireless links and 100 km SMF-28 in turn, and the
corresponding experimental devices are shown in Fig. 12.9. Comparedwith Fig. 12.7,
although this PM-basedW-band fiber-wireless-fiber fusion system also uses a higher-
frequency W-band millimeter wave as the wireless carrier, because PM usually has
a larger modulation bandwidth than MZM, there is no need to perform an analog
down-conversion operation based on a sinusoidal RF signal and an electric mixer on
the received W-band wireless millimeter wave signal at the receiving end BS.
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Fig. 12.10 Signal spectrum in the experimental system

At the receiving end BS, the X-polarization or Y-polarization component of the
88 GHz wireless millimeter wave signal received is amplified by two serial W-band
EAs before being used to drive the PM. A CW light wave generated from an ECL3
with a working wavelength of 1547.41 nm is first divided into two tributaries by
a polarization-maintaining OC, and then each tributary is modulated by the X or
Y-polarization component of the 88 GHz wireless millimeter wave signal amplified
by a PM. The two adjusted tributaries are recombined via a PBC. The optical signal
generated after PBC contains a PDM-QPSK-modulated central optical carrier with
a wavelength of 1547.41 nm and two PDM-QPSK-modulated sidebands with an
interval of 88 GHz from the central optical carrier.
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Figure 12.10a shows the spectrum (resolution of 0.02 nm) after optical domain
polarization diversity at the transmitting endBS corresponding to a bit rate of 32Gb/s.
It can be seen that there is an 88 GHz frequency gap between the signal and the LO,
and the LO power exceeds the signal power by 14 dB. Figure 12.10b shows the
spectrum (0.02 nm resolution) after PBC at the receiving end BS corresponding to
a bit rate of 32 Gb/s. It can be seen that there is a frequency separation of 88 GHz
between the central optical carrier modulated by PDM-QPSK and the two PDM-
QPSK-modulated sidebands. Figure 12.10c shows the spectrum (with a resolution
of 0.02 nm) after TOF at the receiving endBS corresponding to a bit rate of 32Gb/s. It
can be seen that the lower sideband and the center optical carrier are suppressed, and
only the upper sideband is retained. Figure 12.10d shows the spectrum (resolution of
0.02 nm) after transmission via the second segment of 100 kmSMF-28 corresponding
to the 32 Gb/s bit rate.

12.6 Real-Time Transmission Experiment Based
on Heterodyne Detection

This section introduces the RoF real-time transmission communication system of
coherent optical transmitter and receiver based on heterodyne detection. It trans-
mits 138.88 Gb/s (34.72 GBaud) PDM-QPSK millimeter wave signal, the carrier
frequency is 24 GHz and the transmission distance is two sections of 20 km SMF-
28 fiber. In order to simplify the experimental structure, there is no wireless link
transmission. In the experiment, if the SD-FEC decision with 27% overhead is used,
error-free signal transmission can be realized.

12.6.1 Real-Time Transmission Experiment Graph

In this section, we introduce the experiments of the RoF real-time transmission
communication system of commercial real-time coherent optical transmitters and
receivers based on heterodyne detection [30]. Figure 12.11 shows the experimental
setup of the system. The experiment transmitted a PDM-QPSK signal with a
frequency band of 24 GHz and a rate of 138.88 Gb/s (34.72 GBaud), and it was
transmitted in two 20 km SMF-28 optical fibers successively, and finally the signal
was processed by real-time coherent detection. If the soft-decision forward error
correction (SD-FEC) with an overhead of 27% is used, error-free transmission can be
achieved. After removing 27%of the SD-FEC overhead, the net bit rate of 109.3Gb/s
is, as far aswe know, the highest transmission rate so far in the real-timeRoF network.

As shown in Fig. 12.11, at the transmitter central office (TX CO), a commercial
real-time coherent optical transmitter is used to generate optical baseband signals.
The parameters of commercial real-time coherent optical transmitters, including
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Fig. 12.11 Signal spectrum in the experimental system

signal baud rate, signal modulation format, signal PRBS length, FEC overhead,
optical carrier frequency, output optical power, etc., can all be implemented through
software definition.

In our experiment, the output of a commercial real-time coherent optical trans-
mitter is 34.72GBaud PDM-QPSK-modulated optical baseband signal, PRBS length
is 231, SD-FEC overhead is 27%, optical carrier frequency is 193.5 THz, and optical
power is 0 dBm, and its spectrum is shown in Fig. 12.11a. Then the 34.72 GBaud
PDM-QPSKoptical baseband signalwas transmitted through 20 kmof SMF-28 fiber.
The total fiber insertion loss at 1550 nmwas 4 dB, and the chromatic dispersion (CD)
was 17 ps/km/nm. The EDFA function before the 20 km SMF-28 fiber is used to
compensate the transmission loss of the fiber.

At the transmitting base station (TXBS) end, an external cavity laser (represented
by ECL1) is used as an optical local oscillator (LO) to work at 193.476 THz. The
polarization-separated integrated 90° optical mixer integrates two polarization beam
splitters (PBS) and two 90° optical mixers to realize the polarization separation of
the received optical signal and the optical domain LO in the optical domain. This
integrated polarization-separated mixer has 8 output ports. In our experiment, only 4
output ports are used, because heterodyne coherent detection does not require optical
phase separation. The spectrogram of the output port used is shown in Fig. 12.11b,
which shows the 24 GHz optical domain RF signal. Then two balanced photodiodes
(BPD) are used for photoelectric conversion: two 24 GHz radio frequency RF optical
signals are converted into two 24 GHz radio frequency electrical signals. The elec-
trical signal can be transmitted in the air through a 2 × 2 MIMO wireless link [30].
In our experiment, for simplicity, no wireless transmission was performed.

At the receiving base station (RX BS) end, the 24 GHz PDM-QPSK electrical RF
signal is amplified by two cascaded electrical amplifiers, and the 3 dB bandwidth
of each amplifier is 40 GHz. The amplified signal then drives the Mach–Zehnder
modulator (MZM). The free-running external cavity laser (represented by ECL2)
generates 193.476 THz continuous light (CW). First, it is divided into two branches
using a polarization-maintaining optical coupler (PM-OC). The two CW waves are
used as optical carriers to drive theMZM. The 3 dB bandwidth of eachMZM is about
36 GHz, the half-wave voltage is 2.8 V and the insertion loss is 5 dB. The DC bias
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point of each MZM is set at the optical carrier suppression (OCS) point for electric
field modulation. The two MZM output signals are then combined by the optical
polarization combiner (PBC) and amplified by the EDFA. Figure 12.11c shows the
measured spectrum after EDFA amplification. It can be seen from the figure that
the signal output by EDFA has a residual central optical carrier and two first-order
sidebands of the PDM-QPSK signal separated from the central optical carrier by
24 GHz. The relatively large power of the center carrier is caused by the limited
extinction ratio and uncompensated driving voltage of the MZM. Then use 0.6 nm
tunable optical filter (TOF) to suppress the upper sideband, central optical carrier and
ASE noise, and filter out the lower sideband of the PDM-QPSKmodulation we need.
Figure 12.11d shows the spectrum after TOF filtering. The signal at this time can be
regarded as a PDM-QPSK optical baseband signal with a carrier frequency of 193.5
THz. The signal continues to be transmitted through 20 km SMF-28 fiber, received
by a 600 Gb/s commercial real-time coherent optical receiver [32]. Figure 12.11a–d
resolution is 0.01 nm.

12.6.2 Experimental Results

Figure 12.12a shows the variation of the BERof the 34.72GBaud PDM-QPSK signal
transmitted in real time on three different transmission links and the input optical
power of the real-time coherent optical receiver without FEC. These three situations
are that the real-time coherent optical transmitter and receiver are directly connected
(back-to-back), as shown in the figure, the system link without any optical fiber and
the complete experimental link. It can be seen from Fig. 12.12a that the introduction
of theRoFnetworkbetween the real-time coherent optical transmitter and the receiver
results in an optical power loss of about 3 dB under the SD-FEC threshold of 3.9
× 10−2, and further introduction 20 km SMF-28 optical fiber transmission hardly
causes power loss. In order to meet the SD-FEC threshold with a bit error rate of less

(a) (b) (c)

(d)

3.9×10-2

3.9×10-2

Fig. 12.12 a Relationship between BER performance and input power without FEC, b the rela-
tionship between BER performance and RoF carrier frequency, c the restored X-polarization QPSK
constellation, d the restored Y-polarization QPSK constellation
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than 3.9 × 10−2, the RoF network based on real-time coherent optical transceivers
requires an input power of −33 dBm. If the overhead of 27% SD-FEC is used, the
BER of 3.9 × 10−2 can be reduced to zero, and the net rate of 109.3 Gb/s can
be achieved by removing the overhead of 27% SD-FEC. Figure 12.12b shows the
relationship between the 34.72 GBaud PDM-QPSK signal BER and the RoF carrier
frequency in the RoF network of two 20 km SMF-28 optical fiber transmission based
on real-time coherent optical transceivers.When theRoF carrier frequency is 22GHz,
the BER reaches the minimum and the system performance is the best at this time.
Figures 12.12c, d show the X and Y-path polarization signal constellation points for
the recovery of the 34.72 GBaud PDM-QPSK signal transmitted in the RoF network
containing two 20 km optical fibers. The corresponding input power is −26 dBm,
and the BER is 1.05 × 10−3.

12.7 Summary

This chapter introduces two PDM-QPSK-modulated fiber-wireless-fiber fusion
transmission systems through theoretical analysis and experimental verification:
push–pull MZM-based fiber-wireless-fiber fusion transmission system and PM-
based fiber-wireless-fiber fusion transmission system. Although both PM-based and
push–pull MZM-based electro-optical conversion can be regarded as a linear light
intensity modulation process, in actual implementation, because commercial PM
usually has larger modulation bandwidth and smaller insertion loss than commercial
MZM, PM-based fiber-wireless-fiber fusion transmission system has more advan-
tages than push–pull MZM-based fiber-wireless-fiber fusion transmission system.
First of all, the larger modulation bandwidth of the PM can avoid analog down-
conversion of the received wireless millimeter wave signal located on a higher carrier
frequency (e.g., the W band), thereby simplifying the structure of the receiving end
BS.Secondly, the largermodulationbandwidth and smaller insertion loss of PMmake
the optical signal obtained by electro-optical conversion have a larger OSNR, which
helps to achieve longer-distance optical fiber transmission. In addition, becauseDML
has the characteristics of small size, low drive voltage and low cost, DML can also be
used to implement electro-optical conversion in the photon-assisted demodulation
part to reduce system complexity and cost. And DML has a nonlinear saturation
effect, which can suppress the noise in wireless transmission [28].

In the last part of this chapter, we introduced a commercial real-time coherent
optical transmitter and receiver based on heterodyne detection real-time transmis-
sion communication system of fiber and wireless fusion, transmitting 138.88 Gb/s
(34.72 GBaud) PDM-QPSK millimeter wave signal, the carrier is 24 GHz, and the
transmission distance is two 20 km SMF-28 optical fibers. In order to simplify the
experimental structure, we did not carry out wireless link transmission. In the exper-
iment, if SD-FEC with 27% overhead is used, error-free signal transmission can be
realized. The net bit rate of 109.3 Gb/s is by far the largest real-time RoF network
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rate. If a higher-level QAM modulation (such as 16QAM) is used, the transmission
bit rate can be further increased.
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Chapter 13
THz and Optical Fiber Communication
Seamless Integration System

13.1 Introduction

In the previous chapters, we have introduced the method of generating terahertz or
millimeterwaves based on photonic technology not only can overcome the bandwidth
limitation of electronic components [1–15], but also can effectively promote the
seamless integration of terahertz and optical fiber [16]. At the terahertz transmitter,
we can use photonics-assisted schemes to generate terahertz signals. At the terahertz
receiving end, we down-convert the signal to tens of GHz, and then this down-
converted signal is used to drive an intensity or phase external modulator or a direct
modulation laser (DML) to achieve electro-optical conversion. The converted optical
signal can be transmitted in optical fiber. Compared with the intensity modulator or
phasemodulatormentioned in the previous chapter [16–19],DMLhas the advantages
of small size and simple structure. In this chapter, we will introduce the use of DML
to realize electro-optical conversion and realize long-distance transmission of signals
in optical fibers.

This chapter mainly focuses on the transmission of fiber-terahertz wireless-fiber
system. First introduce the process algorithm of heterodyne coherent detection and
then introduce the 450 GHz fiber-THz wireless-fiber integrated system in the third
section, which can transmit up to 13 Gb/s quadrature phase shift keying (QPSK)
signal [20]. The signal can be transmitted through a 10 km single-mode fiber (SMF-
28) wired link first, then through a free space terahertz (450 GHz) wireless link
exceeding 3.8 m and finally another 2.2 km SMF-28 wired link. The code rate can
reach a hard-decision forward error correction (HD-FEC) threshold of less than 3.8
× 10–3. The third section mainly introduces a 2× 2MIMO architecture to realize the
seamless integration of fiber-THz fiber. This is the first time we have implemented
a terahertz 2 × 2 MIMO communication system. The BER of this system reaches
18 Gbit/s when it is lower than the hard-decision error threshold. The link of the
whole system is divided into 10 km SMF-28 optical fiber, and then through 3.8 m 2
× 2 MIMO 450 GHz wireless link transmission and 2.2 km SMF-28 optical fiber.
Finally, summarize this chapter.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
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13.2 Process Algorithm for Heterodyne Coherent Detection

The structural diagram of the terahertz communication system based on the optical
heterodyne beat frequency scheme and coherent reception will involve coherent
detection in several experiments in this article. The DSP algorithm flow at the
receiving end is: I/Q imbalance equalization, orthogonalization and normaliza-
tion, dispersion compensation, nonlinear compensation, clock recovery, polarization
demultiplexing and polarization mode dispersion compensation, frequency offset
estimation, phase recovery, andfinal decision and bit error rate determination.Among
them, other algorithms other than fiber dispersion compensation have been intro-
duced in Chap. 3, so I won’t repeat them here. We only introduce fiber dispersion
compensation. In fiber-terahertz fusion systems, fiber dispersion sometimes has a
serious impact, especially in double-sideband modulation and carrier suppression
modulation systems.

Dispersion is due to the broadening of signal pulses due to different group veloc-
ities when transmitted in optical fibers, causing signal distortion. The dispersion in
optical fiber can be divided into three types: material dispersion, waveguide disper-
sion andmodal dispersion. There are two types of digital compensation for dispersion
at the receiving end, one is frequency-domain dispersion compensation and the other
is time-domain compensation.

The complexity of frequency-domain compensation is relatively low. It is mainly
compensated by the dispersion frequency-domain transfer function. Simply put, the
compensation function can be obtained by inverting the dispersion coefficient. First
divide the received time-domain signal into several blocks, and perform FFT on each
sub-block data to obtain the frequency-domain signal, and then use the dispersion
frequency-domain compensation transfer function to multiply the frequency-domain
signal to obtain the compensated frequency-domain signal, and then perform IFFT
transformation to obtain the compensated signal in the time domain. The dispersion
frequency-domain transfer function is as follows:

G(z, w) = exp

(
j
Dλ2

4πc
ω2

)
(13.1)

Similarly, for time-domain compensation, the system impulse response function
needs to be compensated in the time domain. By inverting the dispersion coefficient
of the chromatic dispersion time-domain impulse response, the impulse response
of the time-domain dispersion compensation filter can be obtained, but because the
system response time is not limited and the system is non-causal, sampling frequency
aliasing may occur, so it is necessary to shorten the impulse response time of the
system to a limited amount to solve the frequency aliasing phenomenon. Using a
non-recursive structured tap delay FIR filter can realize dispersion compensation in
the time domain.
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13.3 Optical Fibe-Terahertz Wireless-Fiber Seamless
Fusion Communication System

13.3.1 System Experiment

This section mainly introduces the 450 GHz fiber-THz wireless-fiber integrated
system experiment.

Figure 13.1 shows the experimental setup of the THz band fiber-wireless-fiber
integrated transmission system. Since the frequency response range of the laboratory
mixer is 330–510 GHz, we choose the intermediate frequency (450 GHz) for better
response. In this system, we use photon long-range heterodyne to generate 450 GHz
THz band signal. In other words, the frequency separation between two external
cavity lasers (ECL) is 450 GHz. The frequency of ECL1 is 193.100 THz, which
is used to load QPSK signals, while the frequency of ECL2 is 193.550 THz as the
optical local oscillator (LO).

At the transmitter end, ECL with a line width of less than 100 kHz is used as
the light source. The continuous wave CW is output from the ECL, modulated by
the QPSK signal, and the QPSK signal is generated offline in MATLAB. Then load
it into an arbitrary waveform generator (AWG) to generate a baseband electrical
signal. The highest sampling rate of the AWG is 12 GSa/s, and the 3 dB bandwidth
is 4 GHz. Before modulating the optical carrier, the electric amplifier drives the I/Q
modulator, and the signal after digital-to-analog conversion is modulated by the I/Q
modulator to realize the electric-optical conversion. The 3 dB bandwidth of the I/Q
modulator is about 30 GHz. The modulated signal after the modulator is input to
the first polarization-maintaining erbium-doped fiber amplifier (PM-EDFA), which
is mainly used to compensate the insertion and modulation loss of the I/Qmodulator.
Then use a 3 dB polarization-maintaining optical coupler (PM-OC) to couple the
QPSK optical signal and the optical LO. After 10 km of SMF-28 fiber transmission,
another EDFA is used to increase the signal optical power. Then use the optical
attenuator (ATT) to adjust the received optical power for sensitivity measurement.
Use NEL UTC-PD with integrated antenna to receive terahertz optical signals. The
model of the mixer is IOD-PMAN-13001, the output power at 450 GHz is−28 dBm
(13 dBm optical input power), and the UTC-PD chip is integrated with a broadband
butterfly antenna (Bow-tie) chip. The chip is placed on a superhemispherical silicon
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EA
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 Polarization 
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Fig. 13.1 Schematic diagram of terahertz communication system based on heterodyne beat
frequency scheme and coherent reception
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lens through which the terahertz wave is emitted. This process causes the optical
signal to be converted into an electrical THz signal. The pigtail of the optical mixer
has the characteristic ofmaintaining polarization, sowe need a polarization controller
to control the polarization direction of the signal entering the optical mixer.

After the optical mixer, three different types of lenses are introduced to accurately
focus the THz beam onto a fixed transmission link. Lens 1 and lens 2 are lenses with
a diameter of 10 cm and a focal length of 20 cm. The diameter of the lens 3 is 5 cm,
and the focal length is 10 cm. Lens 1 is 20 cm away from UTC-PD. The distance
between lens 1 and lens 2 is 3.4 m, and the distance between lens 2 and lens 3 is
0.2 m. The distance between the lens 3 and the receiver is 0.2 cm. These lenses help
to maximize the power of the wireless signal. The experimental results show that
3.8 m is the farthest distance that can be reached in our experiment. After wireless
transmission, the signal is received by a horn antenna (HA) with a gain of 26 dBi, and
the signal is further processed by the SAX signal analyzer extension (SAX) module
manufactured by VDI, which has a WR2.2 waveguide input part. SAX includes a
THz mixer and a frequency multiplier with a 40 GHz intermediate frequency (IF)
bandwidth. Subsequently, the down-conversion process of the electrical signal is
realized in SAX with 9.231 × 48 GHz radio frequency (RF) source. The center
frequency of the SAX output signal is about 6.91 GHz, and then it passes through a
low noise amplifier (LNA) with a bandwidth of 5–17 GHz and a gain of 40 dB. Then,
the baseband signal is modulated again by DML having a bandwidth of 10 GHz. This
10GHzbandwidthDML (NLK1551SSC) has a bias point of 50mA, an optical output
power of 2.26 mW, and a driving voltage amplitude of 1.75 V. After 2.2 km SMF-
28 fiber transmission (total insertion loss is 1 dB), the received signal is detected
by a photodiode with a bandwidth of 15 GHz. Due to fiber dispersion, the double-
sideband modulation signal is severely affected by the walk-off effect of the fiber.
So after DML, the signal can only realize the transmission of SMF-28 optical fiber
2.2 km. Finally, the signal is recorded and stored by a real-time oscilloscope (OSC)
with a 3 dB bandwidth of 30 GHz and a sampling rate of 80 GSa/s, and the received
signal is compensated for further digital signal processing (DSP).

13.3.2 Experimental Results

The previous section mainly introduced the experimental process of the fiber-
wireless-fiber seamless integrated transmission system. After a complete set of
system transmission, we made the following analysis and comparison. Figure 13.2a
shows the optical signal power before 10 km SMF-28 fiber transmission. The
frequency separation between the two lasers is 450 GHz. Figure 13.2b shows the
optical power of the 5 Gbaud QPSK signal after transmitting 10 km of SMF-28 fiber.
Figure 13.2c shows the optical power of the 5 Gbaud QPSK signal before 2.2 km
SMF-28 fiber transmission, and Fig. 13.2d shows the optical power after 2.2 km
SMF-28 fiber transmission. The side mode suppression ratio of DML is higher than
40 dB, so the signal has a slight energy attenuation after transmission.
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Fig. 13.2 Signal power spectrum of each node a before 10 km fiber transmission, b after 10 km
fiber transmission, c before 2.2 km fiber transmission d, after 2.2 km fiber transmission

As shown in Fig. 13.3a, we compared three cases in 5 Gbaud (10 Gbit/s) data:
only THz wireless link, THz link + DML and 10 km SMF + THz link + DML.
It can be seen from Fig. 13.3a that there is no significant difference after 10 km
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(a)

(c)

(b)

Fig. 13.4 Spectrum and constellation diagram of transmission signal

of SMF-28 fiber, whether or not DML is attached. When the input signal power of
the optical signal mixer increases to 12 dBm, the BER is lower than the HD-FEC
threshold of 3.8× 10–3. However, the power loss is 0.5 dB after the 2.2 km SMF fiber
is connected after the signal transmission DML, as shown in Fig. 13.3b. The main
reason is that this 2.2 km fiber has a dispersion effect caused by fiber dispersion, and
the signal generated by the DML has a red-shifted chirp effect. Figure 13.3c shows
the relationship between input optical power and BER. It can be seen that as the bit
rate increases, the BER gets higher and higher. When the bit rate is initially equal to
13 Gbit/s, the BER will exceed the FEC threshold of 3.8 × 10–3. The main reason
for this phenomenon is that the transmission of higher bit rate signals requires higher
signal-to-noise ratio or higher receiver input power.

We believe that if we add a THz amplifier to the transmitter or receiver to increase
the terahertz power, we can achieve a higher transmission bit rate and better bit error
rate performance. Figure 13.4a shows the signal spectrum when the input power of
the optical mixer is 13 dBm. Figure 13.4b shows the signal spectrum filtered by the
low-pass filter. The constellation diagram of the signal after offline digital signal
processing (DSP) is shown in Fig. 13.4c.

13.4 Optical Fiber-Terahertz Wireless-Optical Fiber 2 ×
2MIMO Transmission System

The second section of this chapter mainly introduces the basic fiber-THz wireless-
fiber seamless fusion system. Based on this, we need to improve the transmission rate
and system capacity of the system, so we continue to do more in-depth exploration.
Multi-input multi-output (MIMO) provides a very good way to increase system
capacity in the communications field. Based on this, we have further improved
the basic fiber-THz wireless-fiber seamless fusion system. We have demonstrated
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through experiments a 2 × 2 MIMO architecture to realize the seamless integration
of fiber-THz-fiber [21]. This is the first time we have implemented a THz-MIMO
communication system. The BER of this system can reach 18 Gbit/s, which is lower
than the hard-decision error threshold. The transmission link of the entire system
consists of 10 km SMF-28 optical fiber, 3.8 m 2 × 2 MIMO 450 GHz wireless link
and another section of 2.2 km SMF-28 optical fiber.

13.4.1 System Experiment

Figure 13.5 shows the experimental device of 2×2MIMOarchitecturewith seamless
integration of terahertz fiber and wireless fiber, which can realize the transmission of
the 18 Gbit/s PDM-QPSK signal on 10 km SMF-28 fiber, 3.8 m 2 × 2 MIMO THz
(450 GHz) wireless link and 2.2 km SMF-28 fiber link.

The two external cavity lasers used in the experiment have different working
wavelengths, and the line width is less than 100 kHz. ECL1 generates a CW wave
to load the PDM-QPSK signal, and ECL2 is the optical local oscillator (LO). At the
transmitter, an arbitrary waveform generator (AWG) is used to generate the QPSK
electrical signal, and then two parallel electrical amplifiers (EA) are used to drive
the I/Q modulator. The continuous light wave generated by ECL1 completes the
QPSK modulation of light through the I/Q modulator. PM-EDFA can compensate
for the insertion and modulation loss of the modulator and then use polarization
multiplexing to generate the PDM-QPSK signal. Input the generated PDM-QPSK
optical baseband signal into a 10 km SMF-28 optical fiber, and the measured power
of the transmitted signal is 5.6 dBm. As the LO, ECL2 has a frequency separation
of 450 GHz from ECL1. The polarization controller (PC) after ECL2 can adjust the
polarization direction of the optical LO. The PC output power is equal to 9 dBm.
We use the polarization diversity 90° optical mixer to realize the optical polarization
diversity of the signal and LO, so that we can obtain the X and Y-polarization signals.
Then we use two parallel PCs to adjust the polarization direction and thus obtain the
maximumoutput power.After boosting the power throughEDFA, twoparallel optical
mixers are used for beat frequency. Each photoelectric mixer has a polarization-
maintaining pigtail, so we must precisely control the polarization direction of the
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signal and LO. If the pigtail is not sensitive to polarization, there is no need to
control the polarization direction of the signal. Then, we get 450 GHz THz electrical
signals and transmit them into the air through a horn antenna with 26 dBi gain.

In free space, there are three pairs of lenses in two parallel X and Y-polarized
wireless links. These lenses help focus the terahertz signal to maximize wireless
transmission power. In the X-polarization (Y-polarization) link, lens 1 (lens 2) and
lens 3 (lens 4) are the same, with a diameter of 10 cm and a focal length of 20 cm.
They are Plano-Convex Teflon lenses. Lens 5 (lens 6) is a Microtech instrument
model PTL-2-100BW with a diameter of 5 cm and a focal length of 10 cm. Lens
1 (lens 2) is 20 cm from UTC-PD. The distance between lens 1 (lens 2) and lens 3
(lens 4) is 3.6 m. The distance between lens 3 (lens 4) and 5 (lens 6) is 0.2 m. The
distance between lens 5 (lens 6) and the receiver is 2 cm. Since the THz signal has
very good directivity, there is no crosstalk between the two THz paths.

At the wireless receiver end, a horn antenna with a gain of 26 dBi is used to receive
the PDM-QPSK THz wireless signal, and then two parallel mixers driven by the
443.08 GHz LO realize down-conversion. Due to the lack of available components,
we use different mixers to process the X and Y-polarized signals. For X-polarized
signals, we utilize a VDI integrated mixer/amplifier/multiplier chain (IMAMC)
driven by a 12.308 GHz sinusoidal LO source. IMAMC integrates a mixer, an ampli-
fier and a × 36 frequency multiplier, the operating frequency range from 330 to
500 GHz. For the Y-polarization signal, we use a VDI spectrum analyzer extender
(SAX, WR2.2SAX), driven by a 9.231 GHz sinusoidal LO source. The operating
frequency range of SAX with integrated mixer and ×48 frequency multiplier is
330 –500 GHz. The down-conversion signal amplified by the electric amplifier is
used to drive the DML with a 55 mA DC bias and a 2 V drive voltage. The output
power of DML in X-(Y-) polarization is 5.2 dBm (5.5 dBm). These optical signals
are then transmitted through a 2.2 km SMF-28 optical fiber and then detected by
two parallel 3 dB bandwidth 15 GHz photodetectors (PD) to achieve photoelectric
conversion. After that, use a real-time digital oscilloscope (OSC) with 80 GSa/s
sampling rate and 30 GHz bandwidth to record the sampled signal and complete the
analog-to-digital conversion. The subsequent offline DSP includes down-conversion
to baseband, CMA equalization, carrier recovery and BER calculation.

13.4.2 Experimental Results

As shown in Fig. 13.6a, we measure the signal spectrum before the optical mixer,
and the frequency interval between ECL1 and ECL2 is 450 GHz. We tested the
performance of using this 2× 2MIMO system to transmit 4 Gbaud (16Gb/s) data for
comparison.When the THz wireless link exceeds 3.8 m, the bit error rate is 2× 10–4,
and the BER performance is still the same in the case of 10 km SMF-28 fiber+3.8 m
THzwireless link. After adding DML, the BER is equal to 1.6× 10–4, and the system
transmission effect is better. But when we add another 2.2 km SMF-28 fiber after
DML, the BER increases to 2.3× 10–4. The signal performance is slightly degraded
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Fig. 13.6 a Spectrum before optical mixer, b spectrum and constellation diagram of X-polarization
and cY-polarization, d relationship between BER and LO input power, e relationship between BER
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because the signal after DML is a double-sideband signal, which will be affected
by the dispersion effect caused by DML fiber dispersion and chirp. Figure 13.6b,
c shows the signal spectrum and constellation diagram of X-polarization and Y-
polarization. When the power of the signal input to the polarization diversity 90°
mixer is 5.8 dBm and the signal baud rate is 2 Gbaud, we change the LO input power
from 6 to 14 dBm and draw the relationship between the input power and BER. As
shown in Fig. 13.6d, the BER has been below the FEC threshold of 3.8 × 10–3. We
transmit 4 Gbaud (16 Gb/s) signals on 10 km SMF-28 optical fiber, 3.8 m wireless
link and 2.2 km SMF-28 optical fiber, and the input power of each optical mixer is
13 dBm. Then the number of taps is increased from 65 to 107, and the relationship
between BER and the number of taps is shown in Fig. 13.6e. The BER performance
is better when the number of taps is greater than 70, and the lowest bit error rate
can be achieved when the tap coefficient is 97. The need for a larger tap coefficient
is because the distances the signals travel on the two paths are different. Finally,
Fig. 13.6f shows the relationship between bit rate and BER when the input power of
each optical mixer is 13 dBm.

13.5 Summary

The application of terahertz technology brings countless possibilities for future
communications. This chapter mainly focuses on the fiber-THz wireless-fiber seam-
less fusion system. First, wefirst introduced the coherent receiving process algorithm,
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and then we proposed and experimentally demonstrated the 450 GHz seamless fiber-
THz-fiber integrated system for the first time. In other words, any small piece of
optical fiber can be seamlessly replaced by a THz wireless link. At the same time,
the system can combine the advantages of both terahertz and optical fiber, which
means that there are better improvements in communications. In our first experi-
ment, the maximum speed is as high as 13 Gb/s, and the BER is less than 3.8 ×
10–3. The transmission distance is 10 km wired fiber +3.8 m wireless distance +
2.2 km wired fiber. What follows is a fiber-terahertz-fiber 2 × 2 MIMO communi-
cation system. The terahertz frequency is 450 GHz. The entire link is divided into
10 km SMF-28 fiber, 3.8 m 2 × 2 MIMO link and 2.2 km SMF-28 fiber, success-
fully realized polarization-multiplexed QPSK signal transmission, the rate can reach
18 Gb/s, and the bit error rate is controlled below the error threshold 3.8× 10–3. We
believe that if a terahertz amplifier is used at the transmitter or receiver, the bit rate or
transmission distance can be greatly increased, and the performance will be further
improved.

References

1. J. Ma, Terahertz wireless communication through atmospheric turbulence and rain. New Jersey
Institute of Technology (2016)

2. G.K. Kitaeva, Terahertz generation by means of optical lasers. Laser Phys. Lett. 5(8), 559–576
(2008)

3. K.L.Vodopyanov,Terahertz-wavegenerationwith periodically inverted galliumarsenide.Laser
Phys. 19(2), 305–321 (2009)

4. V. Bratman, M. Glyavin, T. Idehara et al., Review of subterahertz and terahertz gyrodevices at
IAP RAS and FIR FU. IEEE Trans. Plasma Sci. 37(1), 36–43 (2008)

5. K. Ajito, Y. Ueno, THz chemical imaging for biological applications. IEEE Trans. Terahertz
Sci.Technol. 1(1), 293–300 (2011)

6. P.H. Siegel, Terahertz technology in biology and medicine. IEEE Trans. Microw. Theor. Tech.
52(10), 2438–2447 (2004)

7. J.F. Federici, R.L.Wample, D. Rodriguez et al., Application of terahertz Gouy phase shift from
curved surfaces for estimation of crop yield. Appl. Opt. 48(7), 1382–1388 (2009)

8. Y.L. Hor, J.F. Federici, R.L. Wample, Nondestructive evaluation of cork enclosures using
terahertz/millimeter wave spectroscopy and imaging. Appl. Opt. 47(1), 72–78 (2008)

9. R. Appleby, H.B. Wallace, Standoff detection of weapons and contraband in the 100 GHz to 1
THz region. IEEE Trans. Antennas Propag. 55(11), 2944–2956 (2007)

10. Counterterrorist Detection Techniques of Explosives. (Elsevier, 2011)
11. A. Sinyukov, I. Zorych, Z.H. Michalopoulou et al., Detection of explosives by terahertz

synthetic aperture imaging—focusing and spectral classification. C R Phys. 9(2), 248–261
(2008)

12. A.J. Seeds, H. Shams, M.J. Fice et al., Terahertz photonics for wireless communications. J.
Lightwave Technol. 33(3), 579–587 (2014)

13. X. Li, J. Yu, K. Wang et al., Photonics-aided 2 × 2 MIMO wireless terahertz-wave signal
transmission system with optical polarization multiplexing. Opt. Exp. 25(26), 33236–33242
(2017)

14. H.J. Song, K. Ajito, Y. Muramoto et al., 24 Gbit/s data transmission in 300 GHz band for future
terahertz communications. Electron. Lett. 48(15), 953–954 (2012)



References 275

15. K. Kitayama, A. Maruta, Y. Yoshida, Digital coherent technology for optical fiber and radio-
over-fiber transmission systems. J. Lightwave Technol. 32(20), 3411–3420 (2014)

16. T. Nagatsuma, K. Kato, J. Hesler, Enabling technologies for real-time 50 Gbit/s wireless
transmission at 300 GHz, in Proceedings of the Second Annual International Conference on
Nanoscale Computing and Communication (2015), pp. 1–5

17. J. Yu, G.K. Chang, Z. Jia et al., Cost-effective optical millimeter technologies and field demon-
strations for very high throughput wireless-over-fiber access systems. J. Lightwave Technol.
28(16), 2376–2397 (2010)

18. S. Koenig, J. Antes, D. Lopez-Diaz et al., 20 Gbit/s wireless bridge at 220 GHz connecting
two fiber-optic links. J. Opt. Commun. Netw. 6(1), 54–61 (2014)

19. L.Moeller, J. Federici,K. Su, THzwireless communications: 2.5Gb/s error-free transmission at
625 GHz using a narrow-bandwidth 1mWTHz source, in 2011 XXXthURSI General Assembly
and Scientific Symposium (IEEE, 2011), pp. 1–4

20. C. Wang, J. Yu, X. Li et al., Fiber-THz-fiber link for THz signal transmission. IEEE Photonics
J. 10(2), 1–6 (2018)

21. C.Wang, X. Li, K.Wang, et al., Seamless integration of a fiber-THzwireless-fiber 2× 2MIMO
broadband network, in 2018 Asia Communications and Photonics Conference (ACP) (IEEE,
2018), pp. 1–3


	Contents
	1 Introduction
	1.1 Research Background and Significance
	1.2 Research Status at Home and Abroad
	1.2.1 International Research Status
	1.2.2 Domestic Research Status

	1.3 Challenges of Terahertz Communication Research
	1.4 Main Contents and Structure of the Book
	References

	2 Generation and Detection of Terahertz Signal
	2.1 The Generation of Terahertz Signal
	2.1.1 Generating Terahertz Signal by Electronic Devices
	2.1.2 Generating Terahertz Signal by Photonics Methods

	2.2 The Reception of Terahertz Signal
	2.2.1 Direct Detection of Terahertz Signal
	2.2.2 Heterodyne Coherent Detection

	2.3 Comparison of Two Kinds of Photodetectors
	2.4 Transmission Link of Terahertz Signal
	2.4.1 Free Space Channel Transmission Model
	2.4.2 Atmospheric Absorption of Terahertz Signal

	2.5 Conclusion
	References

	3 Basic Algorithm and Experimental Verification of Single-Carrier Terahertz Communication System
	3.1 Introduction
	3.2 Basic DSP Algorithm in High-Speed Single-Carrier Terahertz Communication System
	3.2.1 Basic DSP Algorithm in Single-Carrier Terahertz Communication System
	3.2.2 Back-End Signal Processing Algorithm in Single-Carrier Terahertz Communication System

	3.3 Experimental Research on Electro-Generated Terahertz Wireless Communication System
	3.3.1 Experimental Setup of Electric Generation Terahertz Wireless Communication System
	3.3.2 Experimental Results and Analysis

	3.4 Experimental Research on Photogenerated Single-Carrier 16QAM Terahertz Signal Transmission System
	3.4.1 Experimental Setup
	3.4.2 Experimental Results and Analysis

	3.5 Conclusion
	References

	4 Basic Algorithms and Experimental Verification of Multi-carrier Terahertz Communication
	4.1 Introduction
	4.2 Terahertz Communication System Based on Optical Heterodyne Beat Frequency Scheme and Coherent Reception
	4.3 Multi-carrier OFDM Modulation Format
	4.4 Discrete-Fourier-Transform Spread Technology
	4.4.1 Principle of Discrete-Fourier-Transform Spread Technology
	4.4.2 Applications of Discrete-Fourier-Transform Spread Technology
	4.4.3 Test Experiment

	4.5 Intrasymbol Frequency-Domain Averaging Technology
	4.5.1 Channel Estimation
	4.5.2 Principle of Intrasymbol Frequency-Domain Averaging Technology

	4.6 OFDM Millimeter Wave Coherent Reception System Based on DFT-S and ISFA
	4.6.1 Experimental Setup
	4.6.2 Experiment Results

	4.7 Volterra Nonlinear Compensation Technology
	4.7.1 Principle of Parallel Volterra Nonlinear Compensation Technology

	4.8 Experimental Verification of Terahertz RoF-OFDM Communication System
	4.8.1 Experimental Setup of 350−510 GHz Terahertz RoF-OFDM Communication System
	4.8.2 Experimental Results and Analysis of 350–510 GHz Terahertz RoF-OFDM Communication System
	4.8.3 High-Order QAM Terahertz RoF-OFDM Communication System Experiment
	4.8.4 Experimental Results of High-Order QAM Terahertz RoF-OFDM Communication System

	4.9 Conclusion
	References

	5 Terahertz Signal MIMO Transmission
	5.1 Introduction
	5.2 2 × 2 MIMO Wireless Link Based on Optical Polarization Multiplexing
	5.3 4 × 4 MIMO Wireless Link Based on Antenna Polarization Multiplexing
	5.3.1 Study of Antenna Isolation and Crosstalk
	5.3.2 Principle of Antenna Polarization Multiplexing

	5.4 Wireless Crosstalk in MIMO Wireless Link
	5.5 2 × 2 MIMO Wireless Link Based on Antenna Polarization Diversity with Low Wireless Crosstalk and a Simple Structure
	5.6 2 × 2 MIMO Wireless Terahertz Wave Signal Transmission System
	5.6.1 Introduction
	5.6.2 Experimental Setup
	5.6.3 Experimental Results

	5.7 Conclusion
	References

	6 Multi-band Terahertz Signal Generation and Transmission
	6.1 Introduction
	6.2 Multi-band Terahertz MIMO Transmission Architecture
	6.3 Multi-band Terahertz Transmission Experimental Device Diagram
	6.4 Experimental Results of Multi-band Terahertz Transmission
	6.5 Summary
	References

	7 Frequency-Stable Photogenerated Vector Terahertz Signal Generation
	7.1 Introduction
	7.2 Principle of Optical External Modulator
	7.2.1 Phase Modulator
	7.2.2 Mach–Zehnder Modulator
	7.2.3 Optical I/Q Modulator

	7.3 Multi-Frequency Vector Terahertz Signal Generation Scheme Based on Cascaded Optical External Modulator
	7.3.1 Technical Scheme of Multi-frequency Vector Terahertz Signal Generation Based on Cascaded Optical External Modulator
	7.3.2 Optical Terahertz Signal Transmission Experiment Setup
	7.3.3 Experimental Results and Analysis

	7.4 Vector Terahertz Signal Generation Scheme Based on Carrier Suppression Eighth Frequency and Optical Single Sideband
	7.4.1 Technical Scheme of Vector Terahertz Signal Based on Optical Carrier Suppression Eighth Frequency and Optical Single-Sideband Modulation
	7.4.2 Experimental Setup of D-band Terahertz Signal Transmission Based on CSFE Scheme and Optical SSB Modulation
	7.4.3 Experimental Results and Analysis

	7.5 Summary
	References

	8 Application of Probabilistic Shaping Technology in Terahertz Communication
	8.1 Introduction
	8.2 Principles of Probabilistic Shaping Technology
	8.2.1 Probabilistic Shaping Modulation Principle Based on Maxwell–Boltzmann Distribution
	8.2.2 Probabilistic Shaping Realization Method Combined with FEC Coding and Decoding Technology

	8.3 Simulation Research on Probabilistic Shaping Technology
	8.4 Experimental Research on Probabilistic Shaping Technology in Single-Carrier Terahertz Communication
	8.5 Experimental Study of Probabilistic Shaping Technology in Multi-Carrier W-band Communication System
	8.5.1 Experimental Setup
	8.5.2 Experimental Results

	8.6 Summary
	References

	9 Terahertz Communication System Based on KK Receiver
	9.1 The Introduction
	9.2 The Principle and Application of KK Algorithm
	9.2.1 Intersignal Beat Frequency Interference (SSBI) Generation
	9.2.2 Minimum Phase Condition

	9.3 Application of KK Receiver
	9.4 KK Algorithm Performance Simulation
	9.5 Experimental Research on Photon-Assisted Single-Carrier RoF Communication System
	9.5.1 Experimental Setup
	9.5.2 Experimental Results and Analysis

	9.6 Summary
	References

	10 Ultra-Large-Capacity Terahertz Signal Wireless Transmission System
	10.1 Introduction
	10.2 Methods of High-Speed Wireless Transmission
	10.2.1 Photon-Assisted Methods
	10.2.2 Multi-dimensional Multiplexing
	10.2.3 High-Order QAM Modulation Combined with Probabilistic Shaping Technology
	10.2.4 Advanced DSP Algorithm

	10.3 Large-Capacity Terahertz Transmission
	10.3.1 328 Gb/s Dual Polarization D-band Terahertz 2 × 2 MU-MIMO Optical Carrier Wireless Transmission
	10.3.2 Wireless Transmission of 1 Tb/s Terahertz Signal in D-band

	10.4 Summary
	References

	11 Application of Chaotic Encryption Technology in Terahertz Communication
	11.1 Introduction
	11.2 The Principle of Chaotic Encryption Technology
	11.3 Application of Third-Order Chaotic Encryption Technology in Terahertz Communication
	11.3.1 Experimental Setup of Third-Order Chaotic Encryption Terahertz Communication System
	11.3.2 Experimental Results and Analysis

	11.4 Summary
	References

	12 Large-Capacity Optical and Wireless Seamless Integration and Real-Time Transmission System
	12.1 Introduction
	12.2 Principle of Photonic Millimeter Wave Demodulation
	12.2.1 Principle of Photon Demodulation Based on Push–Pull MZM
	12.2.2 PM-Based Photon Demodulation Principle
	12.2.3 Polarization Demultiplexing of PDM-QPSK-Modulated Fiber-Wireless-Fiber Fusion System

	12.3 Experiment of Q-band Fiber-Wireless-Fiber Fusion System Based on Push–Pull MZM
	12.4 Experiment of W-band Fiber-Wireless-Fiber Fusion System Based on Push–Pull MZM
	12.5 Experiment of W-band Fiber-Wireless-Fiber Fusion System Based on PM
	12.6 Real-Time Transmission Experiment Based on Heterodyne Detection
	12.6.1 Real-Time Transmission Experiment Graph
	12.6.2 Experimental Results

	12.7 Summary
	References

	13 THz and Optical Fiber Communication Seamless Integration System
	13.1 Introduction
	13.2 Process Algorithm for Heterodyne Coherent Detection
	13.3 Optical Fibe-Terahertz Wireless-Fiber Seamless Fusion Communication System
	13.3.1 System Experiment
	13.3.2 Experimental Results

	13.4 Optical Fiber-Terahertz Wireless-Optical Fiber 2 × 2MIMO Transmission System
	13.4.1 System Experiment
	13.4.2 Experimental Results

	13.5 Summary
	References


