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Abstract—To meet the enhanced-mobile-broadband (eMBB)
challenges in 5G, we have systematically explored the potential of
the photonics-aided millimeter-wave (mm-wave) communication
in terms of the wireless transmission capacity and distance it can
accommodate. Enabled by various kinds of advanced multiplexing
and digital-signal-processing (DSP) techniques, we have success-
fully achieved the significant enhancement of the wireless mm-wave
signal transmission capacity from 100 Gb/s to 400 Gb/s, even to
1 Th/s. Since our large-capacity (>100-Gb/s) experimental demon-
strations typically have a very short wireless transmission distance
of several meters, we have further explored the techniques for the
extension of the wireless mm-wave signal transmission distance,
and successfully achieved a series of field-trial demonstrations on
photonics-aided long-distance (>100-m) wireless mm-wave signal
transmission. We have realized the record-breaking product of
wireless transmission capacity and distance, i.e., 54 Gb/s X 2.5 km.

Index Terms—Enhanced mobile broadband (eMBB), large-
capacity wireless transmission, long-distance wireless transmis-
sion, millimeter-wave communication, multiplexing, digital signal
processing, photonics-aided technology.

I. INTRODUCTION

T IS well known that the fiber-optic communication can pro-
I vide huge transmission capacity and ultra-long transmission
distance. But it has no mobility, and cannot realize wide-area
seamless coverage. The millimeter-wave (mm-wave) wireless
communication can cover anywhere in theory. But it has limited
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available spectrum resources, and it can also easily affected by
various impairments. Therefore, the mm-wave wireless commu-
nication has very limited transmission distance. The mm-wave
fiber-wireless-integration (FWI) communication combines the
advantages of both fiber-optic communication and mm-wave
wireless communication, and can meet the requirements of
future communication networks for both communication band-
width and mobility [1]-[9]. Therefore, the mm-wave FWI com-
munication has various kinds of application scenarios, such as
5G and beyond mobile communication, indoor broadband net-
work, defense space communication, large-capacity emergency
communication, and so on.

There are several typical techniques which can be used to
realize large-capacity fiber-optic transmission, including opti-
cal polarization multiplexing, high-level quadrature-amplitude-
modulation (QAM) modulation, electrical/optical multi-carrier
modulation, as well as advanced transmitter-based and receiver-
based digital-signal-processing (DSP) algorithms. Particularly,
the advanced DSP algorithms can be used to compensate for
various linear and nonlinear impairments from components
and fiber-optic transmission links, and therefore will improve
the receiver sensitivity and system performance [10]-[15]. In
order to make the mm-wave wireless transmission to match
the large-capacity fiber-optic transmission, we can introduce
the aforementioned optical communication techniques into the
wireless mm-wave systems [16]-[29]. In this case, we need to
investigate how to realize the generation and wireless trans-
mission of the polarization-multiplexing mm-wave signal, the
high-level QAM modulated mm-wave signal, as well as the
multi-carrier mm-wave signal, based on the photonics-aided
technology. We also need to investigate the realization and
integration of various kinds of advanced techniques within the
mm-wave band to realize large-capacity wireless mm-wave
signal transmission. The introduction of the aforementioned
optical communication techniques into the wireless mm-wave
systems can reduce the transmission baud rate, increase the
transmission capacity, and promote the seamless integration
of fiber-optic communication and mm-wave wireless com-
munication systems [6]-[9]. In the meantime, the advanced
coherent DSP algorithms will also be required by the wire-
less mm-wave systems to recover the multi-dimensional multi-
level mm-wave signal and to enhance system performance

[6]-[9].
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Fig. 1. Our experimental demonstrations on photonics-aided large-capacity
(>100-Gb/s) wireless mm-wave signal transmission.

Here, we would like to emphasize that, the enhanced
mobile broadband (eMBB) communications, as one of
the three typical application scenarios of the 5G mobile
communication networks, will be required to meet the demands
of future ubiquitous virtual reality/augmented reality (VR/AR),
4k/8k high-definition video, artificial intelligence, and so on.
Therefore, eMBB will motivate the explosive increase of mobile
data traffic and rates, which requires more bandwidth at higher
carrier frequencies. Mm-wave band (30 GHz-300 GHz) is one
of the promising candidates for 5G, since it has larger available
bandwidth to accommodate higher mobile data traffic and rates
[30]-[37]. Therefore, it is interesting to explore the potential
of the mm-wave band in terms of the mobile data capacity it
can accommodate, and to investigate how to realize mobile data
transmission within the mm-wave band at a data rate as high as
possible.

In the past several years, based on the photonics-aided
technology, we have systematically explored the potential of
various mm-wave bands, particularly the Q-band (33 GHz-
50 GHz), the V-band (50 GHz-75 GHz), the W-band (75 GHz—
110 GHz), and the D-band (110 GHz-170 GHz) [16]-[29],
[38]-[43]. We have investigated the largest wireless transmis-
sion capacity they can accommodate [16]-[29] as well as the
longest wireless transmission distance they can provide [38]-
[43]. Fig. 1 summaries our demonstrated >100-Gb/s photonics-
aided large-capacity wireless mm-wave signal transmission in
terms of the employed mm-wave carrier frequencies, the em-
ployed high-order vector modulation, and the achieved wire-
less transmission capacity. We can see from Fig. 1 that our
>100-Gb/s experimental demonstrations are mainly located
at 40-GHz Q-band, 60-GHz V-band, 100-GHz W-band, and
140-GHz D-band. The mainly employed high-order vector mod-
ulation is polarization-division-multiplexing quadrature-phase-
shift-keying (PDM-QPSK), polarization-division-multiplexing
16-ary quadrature-amplitude-modulation (PDM-16QAM), and
PDM-64QAM. With our continuous efforts and exploration, we
have successfully achieved the significant enhancement of the
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Fig. 2. Our experimental demonstrations on photonics-aided long-distance
(>100-m) wireless mm-wave signal transmission.

wireless transmission capacity from 100 Gb/s to 400 Gb/s, even
to 1Tb/s. We can also see from Fig. 1 that, the higher mm-wave
carrier frequencies, for example, the 100-GHz W-band and
140-GHz D-band, and the higher-order vector modulation, such
as 16QAM and 64QAM, are more suitable for the realization
of larger wireless transmission capacity. Our record-breaking
432-Gb/s wireless transmission capacity is enabled by 100-
GHz W-band and 16QAM modulation [27], while our record-
breaking 1.056-Tb/s wireless transmission capacity is enabled
by 140-GHz D-band and 64QAM modulation [29]. As a com-
parison, we also listed in Fig. 1 the most representative large-
capacity achievement from other research groups. That is, in
2011, X. Pang et al. demonstrated a photonics-aided PDM-
16QAM mm-wave signal transmission at 87.5-GHz W-band car-
rier frequency with a wireless transmission capacity of 100 Gb/s,
which is evidently lower than our achievements [44].

We also have successfully achieved a series of field-trial
demonstrations on photonics-aided long-distance (>100-m)
wireless mm-wave signal transmission, as shown in Fig. 2.
All our field-trial demonstrations are carried out under a good
weather and line-of-sight (LOS) transmission. We can see from
Fig. 2 that our field-trial demonstrations are mainly located
at 20-GHz K-band (18 GHz-27 GHz) and 90-GHz W-band,
since these two bands have relatively low atmospheric loss.
The mainly employed vector modulation is relatively low-order
QPSK, 8QAM, and 16QAM. The largest product of wireless
transmission capacity and distance, i.e., 54 Gb/s x 2.5 km
= 135 Gb/s-km, has been achieved at 90-GHz W-band with
8QAM modulation [43]. Similarly, as a comparison, we also
listed in Fig. 2 the most representative long-distance achieve-
ment from other research groups. That is, in 2012, A. Hirata
et al. demonstrated a photonics-aided 10-Gb/s mm-wave signal
transmission at 120-GHz D-band carrier frequency with a wire-
less transmission distance of 5.8 km [45]. The corresponding
product of wireless transmission capacity and distance, i.e.,
58 Gb/s-km, is evidently smaller than our largest achievement of
135 Gb/s-km.
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The remainder of the paper is just as follows. Section II
will introduce various multiplexing and DSP techniques which
we have used to realize >100-Gb/s photonics-aided large-
capacity wireless mm-wave signal transmission, as well as corre-
sponding experimental demonstrations. Since our large-capacity
(>100-Gb/s) experimental demonstrations typically have a very
short wireless transmission distance of several meters, we
have further explored the techniques for the extension of the
wireless mm-wave signal transmission distance and success-
fully achieved a series of field-trial demonstrations on >100-m
photonics-aided long-distance wireless mm-wave signal trans-
mission, which will be introduced in detail in Section III. Section
IV gives our conclusions.

II. MULTIPLEXING AND DSP TECHNIQUES FOR >100-GB/S
LARGE-CAPACITY WIRELESS TRANSMISSION

In this Section, we will mainly introduce seven kinds of
multiplexing and DSP techniques which we have used to re-
alize >100-Gb/s large-capacity wireless mm-wave signal trans-
mission. These techniques include photonics-aided mm-wave
generation, heterodyne coherent detection combined with ad-
vanced DSP, wireless multiple-input multiple-output (MIMO)
with optical polarization multiplexing, optical multi-carrier
modulation, antenna polarization multiplexing, multiple mm-
wave frequency multiplexing, and probabilistic constellation
shaping (PS). The introduction of these techniques into the
photonics-aided mm-wave signal communication systems can
typically reduce the signal transmission baud rate and loosen
the bandwidth requirement for optical and electrical devices,
and therefore enhance the wireless transmission capacity.

A. Photonics-Aided Mm-Wave Generation

The methods for the mm-wave signal generation include
electrical ones and photonics-aided ones. The methods for the
electrical mm-wave signal generation typically have a simple
structure and are easy for system integration. However, the com-
mercially available electrical devices usually have very limited
bandwidth, and meantime the manufacture of higher-frequency
radio-frequency (RF) devices is relatively difficult and expensive
[46]-[51]. As a result, it is very difficult, and even impractical,
to generate the wideband and high-carrier-frequency mm-wave
signal, only based on electrical devices.

Photonics-aided mm-wave signal generation can overcome
the bandwidth limitation of electrical devices, and is more
suitable for the generation of the wideband and high-carrier-
frequency mm-wave signal [52]-[55]. Fig. 3 gives the basic
principle of photonics-aided mm-wave signal generation. The
generation of two optical carriers spaced by a certain frequency
fs as well as their heterodyne beating in a high-speed pho-
todetector (PD) are key for photonics-aided mm-wave signal
generation. Here, the optical carrier at frequency of (f. + fs)
is used to carry the transmitter data, while the optical carrier at
frequency of f. functions as the optical local oscillator (LO).
Their frequency spacing f is just located within the mm-wave
band. After optical coupling, we can get an optical mm-wave
signal at carrier frequency of f;. We then use a high-speed PD
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Fig. 3. The basic principle of photonics-aided mm-wave signal generation.
LO: local oscillator, OC: optical coupler, PD: photodetector, EA: electrical
amplifier.

to realize the optical-to-electrical conversion to get the electrical
mm-wave signal at carrier frequency of f.

As for the generation of the aforementioned two optical
carriers, the methods in the early days are mainly based on a
kind of structure of a single laser source cascaded with external
optical modulation [7], [9]. This kind of structure can generate
two or more optical subcarriers enabled by the nonlinear effect of
the optical modulator, and an additional optical filter is required
when the number of the generated optical subcarriers is over
two, in order to select the two desired optical subcarriers. Based
on this kind of structure, we can use low-frequency RF driving
signal to generate high-carrier-frequency mm-wave signal via
photonic frequency multiplication, which significantly reduces
the bandwidth requirement for electrical and optical components
at the transmitter end. However, the optical power from the
single laser source is shared by multiple optical subcarriers,
and therefore the generated mm-wave signal has a relatively
low signal-to-noise ratio (SNR). Moreover, the generated high-
frequency mm-wave carrier by this kind of structure will occupy
most of the available bandwidth of the optical modulator, and
therefore the signal it carries cannot have very large bandwidth.

Very recently, two free-running laser sources have been
mainly used to generate the aforementioned two optical carriers,
in order to realize the ultra-wideband mm-wave signal genera-
tion [16]—[29]. This kind of structure can be used to generate the
mm-wave signal with high SNR, which is capable of carrying
the ultra-high-speed transmitter data. However, the free-running
characteristic of the two laser sources will lead to the drift of
both carrier frequency and phase, which is needed to eliminate
at the receiver end, particularly for the vector mm-wave signal
generation. Luckily, this problem has been perfectly resolved
by fast-developing coherent detection techniques and advanced
DSP algorithms, particularly the receiver- and DSP-based carrier
recovery algorithms.

B. Heterodyne Coherent Detection Combined
With Advanced DSP

As mentioned in the introduction, the application of ad-
vanced optical communication techniques, including optical
polarization multiplexing, high-level QAM modulation, elec-
trical/optical multi-carrier modulation and so on, into the wire-
less mm-wave systems, can reduce the transmission baud rate,
increase the transmission capacity, and make the mm-wave
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Fig. 4. The integrated structure for heterodyne coherent detection combined
with DSP. PBS: polarization beam splitter, LO: local oscillator, OC: optical
coupler, BPD: balanced photodetector, ADC: analog-to-digital converter.

dSa uimyo

Fig. 5. The simplified structure for heterodyne coherent detection combined
with DSP. PBS: polarization beam splitter, LO: local oscillator, OC: optical
coupler, BPD: balanced photodetector, ADC: analog-to-digital converter.

wireless transmission to better match large-capacity fiber-optic
transmission. In this scenario, heterodyne coherent detection,
combined with advanced DSP algorithms, is required to detect
the multi-dimensional multi-level mm-wave signal and to en-
hance the system performance [16]-[29].

Figs. 4 and 5 gives the integrated and simplified structures for
heterodyne coherent detection combined with advanced DSP,
respectively. We can see from Fig. 4 that, the integrated structure
for heterodyne coherent detection includes two polarization
beam splitters (PBSs), two optical 90° hybrids, and four balanced
photodiodes (BPDs). Two PBSs and two optical 90° hybrids are
used to implement the polarization diversity and phase diversity
of the polarization-multiplexing optical signal and optical LO
in the optical domain, and typically, they are monolithically
integrated in the commercially available products. Since optical
phase diversity is unnecessary for heterodyne coherent detec-
tion, the monolithically integrated two PBSs and two optical
90° hybrids can be simplified into two PBSs and two optical
couplers (OC), just as shown in Fig. 5. The number of the
required BPDs and ADCs can be also reduced by half, since
the in-phase (I) and quadrature (Q) signal components at each
polarization (X- or Y-polarization) are still combined together
and there are simply two different signal tributaries after optical
polarization diversity. Obviously, the simplified structure for
heterodyne coherent detection is more hardware efficient than
its corresponding integrated structure. Moreover, thanks to the
availability of high-speed large-bandwidth BPDs and analog-
to-digital converters (ADCs), the intermediate-frequency (IF)
down conversion as well as the separation of I and Q signal
components can be realized in the digital domain via offline
DSP [16].

DSP

X-pol. | | Y-pol.  Before CMA
Down Conversion
CD Compensation o
After CMA
Clock Recovery (Aper Chd
CMA Equalization
Carrier Recovery After carrier recovery
Differential Decoding - s
BER Calculation e

Fig.6. Receiver-based offline DSP for PDM-QPSK signal as well as recovered
constellations before CMA equalization, after CMA equalization, and after
carrier recovery, respectively.

Particularly, for optical PDM-QPSK modulation, the detailed
offline DSP after heterodyne coherent detection includes IF
down conversion, chromatic dispersion (CD) compensation,
clock recovery, constant-modulus-algorithm (CMA) equaliza-
tion, carrier recovery, differential decoding, and bit-error-ratio
(BER) calculation [16], just as shown in Fig. 6. Here, the
CMA equalization is used to realize the signal polarization
de-multiplexing for the PDM-QPSK signal. The three inserted
recovered constellations in Fig. 6 correspond to the DSP pro-
cedures before CMA equalization, after CMA equalization, and
after carrier recovery, respectively. For optical PDM-16QAM
modulation, during the offline DSP, we use the cascaded multi-
modulus algorithm (CMMA) equalization, instead of CMA
equalization, to realize signal polarization de-multiplexing for
the three-modulus PDM-16QAM signal [17]. For optical PDM-
64QAM modulation, during the offline DSP, we need to add
large-tap T-spaced decision-directed least-mean-square (DD-
LMS) equalization after carrier recovery [24], [25]. Compared
to QPSK and 16QAM, 64QAM has a shorter Euclidean distance
and worse tolerance to noise. The large-tap T-spaced DD-LMS
equalization, based on stochastic gradient descent method, can
eliminate the phase noise and converge each constellation points.
Therefore, its employment can significantly improve the system
performance with the PDM-64QAM modulation.

It is worth noting that, in our experimental demonstrations on
photonics-aided large-capacity (>100-Gb/s) wireless mm-wave
signal transmission, we typically employ the simplified structure
of heterodyne coherent detection as shown in Fig. 5 for PDM-
QPSK and PDM-16QAM modulation [16]-[23], [26], [27],
while we employ the integrated structure of heterodyne coherent
detection as shown in Fig. 4 for PDM-64QAM modulation [24],
[25], [29]. This is because PDM-64QAM modulation has a
higher requirement for the system stability than PDM-QPSK
and PDM-16QAM modulation, while the integrated version with
monolithically integrated PBSs and optical 90° hybrids is more
stable than the simplified version with separate PBSs and OCs.
In addition, when we use the integrated version to detect the
PDM-64QAM signal, we simply use two output ports of each
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Fig. 8.

optical 90° hybrid, and therefore only two BPDs and two ADCs
are required in this scenario.

C. Wireless MIMO With Optical Polarization Multiplexing

On the one hand, it is well known that the technique of optical
polarization multiplexing can be used to double the capacity of
a fiber-optic link, and it is a practical solution for the future
spectrally-efficient high-speed optical transmission. Therefore,
it is interesting to investigate how to realize the generation
and wireless transmission of the polarization-multiplexing mm-
wave signal, in order to realize the FWI communication. After
polarization multiplexing, the mm-wave signal can be converted
from two-dimension to three-dimension, and therefore the wire-
less transmission capacity can be doubled. On the other hand,
we can use a single-input single-output (SISO) wireless link to
deliver the single-polarization mm-wave signal [56]-[60]. For
the delivery of the polarization-multiplexing mm-wave signal,
however, we need to use a 2 x 2 MIMO wireless link based on
two pairs of antennas [61]-[67].

Our 100 Gb/s-class experimental demonstrations based on T-I. T-I: wireless MIMO with optical polarization multiplexing.

Pol. Mux

oc/ DL \BBC

Fig.9. The detailed structure of the optical baseband transmitter in our exper-
imental demonstrations for optical PDM-QPSK/PDM-16QAM/PDM-64QAM
modulation. ECL: external cavity laser, EA: electrical amplifier, /Q MOD:
1/Q modulator, DAC: digital-to-analog converter, Pol. Mux: polarization mul-
tiplexer, OC: optical coupler, DL: optical delay line, ATT: optical attenuator,
PBC: polarization beam combiner.

In this case, we have proposed the technique of wire-
less MIMO with optical polarization multiplexing to realize
the generation and wireless transmission of the polarization-
multiplexing mm-wave signal [16], [67]. In the following part,
we will use T-I to denote this technique for simplification. Fig. 7
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gives the principle of T-I. The overall system structure includes
five parts, i.e., the optical baseband transmitter, the fiber link,
the optical heterodyne up-converter, the 2 x 2 MIMO wireless
link, and the wireless mm-wave receiver.

At the optical baseband transmitter, we use an optical modu-
lator and a polarization multiplexer to generate the polarization-
multiplexing optical baseband signal. After fiber transmission,
the polarization-multiplexing optical baseband signal is received
by the optical heterodyne up-converter. At the optical heterodyne
up-converter, we use two PBSs and two OCs to perform the
operation of optical polarization diversity for the received optical
baseband signal and the LO signal. The optical LO signal is
generated from Laser 2. Here, it is worth noting that, both
Laser 2 at the optical up-converter and Laser 1 at the optical
transmitter are free-running, and their frequency spacing is
just our desired mm-wave carrier frequency. It is also worth
noting that, in our corresponding experimental system [67],
both Laser 1 and Laser 2 are typically commercially available
external cavity lasers (ECLs) with a laser linewidth less than
100 kHz, and their operating frequency is around 193.1 THz.
Therefore, we can calculate the frequency deviation of our
experimental systems is about 0.001 ppm, which is quite small.
Moreover, the frequency deviation caused by the laser linewidth

can be effectively eliminated by our DSP-based carrier recov-
ery algorithms at the receiver end. Then, we use two parallel
PDs to perform the optical-to-electrical conversion to generate
two electrical mm-wave signals, which can be considered as a
polarization-multiplexing electrical mm-wave signal. The two
PDs can be single-ended ones or balanced ones. Compared
to the single-ended PD, the BPD can eliminate the noise and
increase the system stability. Here, it is worth noting that each
output of the PBS with the input of the optical baseband signal
contains both X- and Y-polarization transmitter data encoded
at the optical baseband transmitter, because of the polarization
rotation caused by fiber transmission, and we use the labeling
of ‘X’ and ‘Y’ in Fig. 7 for simplification.

We then use the 2 x 2 MIMO wireless link to deliver the
generated polarization-multiplexing electrical mm-wave signal.
In some cases, each receiver antenna can simultaneously receive
the wireless power from two transmitter antennas, and therefore
wireless crosstalk may occur. At the wireless mm-wave receiver,
we first use the analog down conversion based on balanced mixer
and sinusoidal RF signal, to down-convert the high-frequency
mm-wave signal to a lower-frequency IF signal. We then use a
dual-channel digital storage oscilloscope (OSC) to capture the
IF signal for the subsequent offline DSP. For a polarization-
multiplexing signal, both fiber link and 2 x 2 MIMO wireless
link can be considered as a 2 x 2 model, and denoted by a
2 x 2 Jones matrix. Since the product of two 2 x 2 Jones matrixes
is still a 2 x 2 matrix, we can use receiver-based CMA/CMMA
algorithms to perform the signal polarization de-multiplexing
and wireless crosstalk suppression at the same time [18].

Fig. 8 summarizes our 100 Gb/s-class experimental demon-
strations based on T-1. For example, we have realized 108-Gb/s
signal delivery over 1-m wireless distance at W-band [16], [67],
112-Gb/s signal delivery over 0.5-m wireless distance at Q-band
[17], 120-Gb/s signal delivery over 1-m wireless distance at
V-band [25], and so on. It is worth noting that our experimental
demonstrations mainly employ PDM-QPSK, PDM-16QAM,
and PDM-64QAM modulation.

Fig. 9 gives the detailed structure of the optical base-
band transmitter in our aforementioned 100 Gb/s-class ex-
perimental demonstrations, which can realize optical PDM-
QPSK/PDM-16QAM/PDM-64QAM modulation. The optical
baseband transmitter mainly includes a free-running ECL, an
in-phase/quadrature (I/Q) modulator, and a polarization multi-
plexer. The I/Q modulator is made up of two Mach-Zehnder
intensity modulators (MZ-IMs) and a phase modulator. By
adjusting the three DC-biases of the I/Q modulator, we can
make the two MZ-IMs operate at the null point and the phase
modulator operate at a 7/2 phase shift. In the case, when we
use an electrical binary/four-level/six-level signal to drive the
I/Q modulator, we can realize optical QSPK/16QAM/64QAM
modulation, respectively. The polarization multiplexer includes
a polarization-maintaining OC to equally split the output of the
I/Q modulator into two tributaries, an optical delay line in one
arm to create 150-symbol delay for one tributary, an optical
attenuator in the other arm to balance the optical power of two
tributaries, and a polarization beam combiner (PBC) to recom-
bine the two tributaries. After the polarization multiplexer, we
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T-1I: optical multi-carrier modulation.

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 bit number per symbol and the
lower the required signal baud rate. But at the same time, a
higher receiver sensitivity is also required with the increase of
the modulation order. Therefore there is a tradeoff between the
optimal vector modulation and the overall system performance
[70]-[72].

D. Optical Multi-Carrier Modulation

We further introduce the second technique of the optical
multi-carrier modulation, denoted by T-II, into our mm-wave
systems to increase the wireless transmission capacity. The
employment of T-II, such as optical orthogonal-frequency-
division-multiplexing (OFDM) and Nyquist wavelength divi-
sion multiplexing (WDM), gives the possibility for optical
sub-carrier optimization [18], [62].

Fig. 10 gives the schematic diagram of the photonics-aided
mm-wave system based on the integration of T-I and T-II, which
can be used to realize the generation and wireless transmis-
sion of the multi-carrier polarization-multiplexing mm-wave
signal [18]. Here, we take a three-channel WDM signal as
an example. The mm-wave carrier frequency is the frequency
spacing between Channel 2 and the optical LO signal. We have
used the same optical heterodyne up-converter, 2 x 2 MIMO
wireless link, and wireless mm-wave receiver as mentioned in
Section ITA. At the wireless mm-wave receiver, after analog
down conversion, we can get an IF signal with full-channel
information. Therefore, we can use the receiver-based joint-
channel DSP, as shown in Fig. 11, to deal with the IF signal
and recover all the three WDM channels at the same time [18].
We can see from Fig. 11 that the channel de-multiplexing is
implemented in the digital domain. After simultaneous down
conversion to baseband, we individually implement the same
DSP operation, from CD compensation to BER calculation, for
all the three WDM channels. Fig. 12 summarizes our 100 Gb/s-
class experimental demonstrations within both the W-band and
Terahertz-band (THz-band), based on the integration of T-I and
T-1I.

E. Antenna Polarization Multiplexing

We further introduce the third technique of the antenna po-
larization multiplexing, denoted by T-III, into our mm-wave
systems to increase the wireless transmission capacity. Fig. 13
gives the schematic diagram of the photonics-aided mm-wave
system based on the integration of T-I, T-II, and T-IIT [19]. Here,
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Fig. 13. The schematic diagram of the photonics-aided mm-wave system

based on the integration of T-I, T-II, and T-IIT. WSS: wavelength selective switch.

we use a two-channel WDM signal as an example. At the optical
heterodyne up-converter, we first use a wavelength selective
switch (WSS) to separate Channel 1 and Channel 2. After optical
heterodyne up-conversion, both Channel 1 and Channel 2 are
carried by the same mm-wave carrier frequency. Then, we use
two pairs of antennas at horizontal-polarization (H-polarization)
to deliver Channel 1, and we use another two pairs of antennas at
vertical-polarization (V-polarization) to deliver Channel 2. We
define this kind of antenna arrangement as antenna polarization
multiplexing. The employment of antenna polarization multi-
plexing can further double the wireless transmission capacity,
but requiring doubled optical and electrical devices [19], [26].
Also, we have measured that, for a typical horn antenna (HA), the
H- and V-polarization can have >33-dB polarization isolation
[19]. Therefore, the employment of antenna polarization multi-
plexing can effectively suppress the wireless crosstalk between
Channel 1 and Channel 2.

Fig. 14 summarizes our 100 Gb/s- and 200 Gb/s-class ex-
perimental demonstrations based on the integration of T-1, T-II,
and T-III. Particularly, we have realized the simultaneous trans-
mission of 216-Gb/s W-band signal over 0.7-m wireless distance
and 224-Gb/s Q-band signal over 1.5-m wireless distance, which
forms a >400-Gb/s wireless mm-wave signal transmission at the
hybrid Q- and W-band [26].

F. Multiple Mm-Wave Frequency Multiplexing

We then further introduce the fourth technique of the multiple
mm-wave frequency multiplexing, denoted by T-1V, into our
mm-wave systems to increase the wireless transmission capac-
ity. For this technique, the employed multiple mm-wave carrier
frequencies can be located within the same mm-wave band, and
also can be located within several different mm-wave bands, just
as shown in Fig. 15.

Fig. 16 summarizes our 400 Gb/s- and 1Tb/s-class exper-
imental demonstrations simply based on T-I or based on the
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Fig. 14.

Our 100 Gb/s- and 200 Gb/s-class experimental demonstrations based on the integration of T-I, T-II, and T-III. T-I: wireless MIMO with optical

polarization multiplexing. T-II: optical multi-carrier modulation. T-III: antenna polarization multiplexing.
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Fig. 15.  Schematic diagram of multiple mm-wave frequency multiplexing.

integration of T-I, T-II, T-III, and T-IV. Particularly, we have
achieved 1056-Gb/s signal delivery over 3.1-m wireless dis-
tance at D-band based on the integration of T-I to T-IV [29],
[75]. Our 1056-Gb/s demonstration has employed the high-level
64QAM modulation and the technique of probabilistic con-
stellation shaping (PS), which, as a kind of coded modulation
scheme, is one of the recent research hotspots in the field of
optical communication [29], [75]-[80]. Here, PS5.5 denotes
that the effective bit number per symbol per polarization is 5.5
for the 64QAM signal after PS. Employing the same 64QAM
modulation and PS5.5, we have also achieved the single-carrier
352-Gb/s signal delivery over 3.1-m wireless distance at D-band,
simply based on T-I [29], [75]. In the following Subsection, we
will introduce in detail the principle of the PS and the realization
of the 1056-Gb/s wireless transmission capacity.

G. Probabilistic Constellation Shaping (PS)

In this Subsection, the 64QAM modulation is used as an
example to explain the principle of the PS. The PS is typically
implemented at the transmitter end based on DSP. As shown
in Fig. 17(a), each dimension of the two-dimensional 64QAM
signal constellation can be considered as an independent 4-ary
pulse-amplitude-modulation (PAM-4) signal, the levels of which
appear with non-equal probabilities following the Maxwell-
Boltzmann distribution [29], [75]-[80].

It is more vivid for us to observe this characteristic of the PS
at the receiver end, from the comparison between the recovered
normal 64QAM signal constellation and the recovered 64QAM
signal constellations after the PS. As shown in Fig. 17(b), for
the recovered normal 64QAM signal constellation, each con-
stellation point appears with an equal probability. After the PS,
however, the inner constellation points with lower energy appear
with larger probabilities, while the outer constellation points
with higher energy appear with smaller probabilities. Therefore,
the total signal power is reduced after PS.

It is obvious that, however, the employment of the PS will
also lead to the reduction of the effective bit number per symbol

and therefore the reduction of the effective transmission bit
rate. However, the saved energy by the PS is larger than that
used to compensate for the loss of the transmission bit rate.
Therefore, after the PS, we can still get enough power budget to
improve the system performance. Moreover, the employment
of the PS can enhance the system tolerance to noise for a
certain transmitter power, since the effective Euclidean distance
of the 64QAM signal is enhanced after the PS. Also, for a fixed
transmission bit rate, the higher the degree of the PS, the higher
the transmission baud rate and the higher the requirement for
the employed component bandwidth. Since the commercially
available components typically have limited bandwidth, a larger
transmission baud rate may lead to the filtering effect, which
will partially or even completely offset the advantage brought
by the PS [79]. As a result, there exists an optimal degree of the
PS for a fixed transmission bit rate.

The wireless mm-wave channel is usually power-insufficient
because of the lack of high-frequency mm-wave power am-
plifiers, which will limit the wireless transmission distance or
capacity, particularly for the higher-level QAM signals. The
introduction of the PS into the wireless mm-wave systems can
increase the wireless transmission capacity at a certain trans-
mission distance or extend the wireless transmission distance,
without increasing the launch power into the wireless mm-wave
channel.

We first experimentally investigated the performance of the
PS in a D-band photonics-aided single-carrier mm-wave sig-
nal system, and demonstrated that the employment of the
64QAM-PS5.5 can increase the wireless transmission capacity
by 1.5 times (i.e., from 240 Gb/s to 352 Gb/s) and the wireless
transmission distance by 2 times (i.e., from 1.6 m to 3.1 m) at the
same time [29], [75]. Based on the same D-band mm-wave signal
system, we further introduced the techniques of the look-up-
table (LUT) pre-distortion and Nyquist shaping with a roll-off
factor of 0.1 (NQ-0.1), which are both transmitter- and DSP-
based, and found a better bit-error-ratio (BER) performance
within a larger optical signal-to-noise ratio (OSNR) range can be
obtained. We also measured that, enabled by the 64QAM-PS5.5,
LUT pre-distortion, and NQ-0.1, the performance of the D-band
system is relatively stable when the mm-wave carrier frequency
is located within the frequency range from 124 GHz to 152 GHz.

As aresult, we selected two D-band carrier frequencies, i.e.,
124.5 GHz and 150.5 GHz, from the aforementioned frequency
range to realize our 1056-Gb/s demonstration. Our 1056-Gb/s
demonstration has employed the 64QAM-PS5.5, LUT pre-
distortion, NQ-0.1, as well as the aforementioned T-I to T-IV
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Our 400 Gb/s-and 1 Tb/s-class experimental demonstrations based on the integration of T-I, T-II, T-III, and T-IV. T-I: wireless MIMO with optical

polarization multiplexing. T-II: optical multi-carrier modulation. T-III: antenna polarization multiplexing. T-IV: multiple mm-wave frequency multiplexing.

[29], [75]. In our 1056-Gb/s demonstration, we have simultane-
ously delivered two dual-carrier mm-wave signals. Each dual-
carrier mm-wave signal has used two mm-wave carriers located
at 124.5 GHz and 150.5 GHz, respectively. Each mm-wave
carrier carries 24-Gbaud transmitter data, and each 24-Gbaud
transmitter data has employed optical polarization multiplexing
and 64QAM-PS.5.5. Therefore, 24 Gbaud x 5.5 x 2 x 2 x 2
yields the total capacity of 1056 Gb/s.

III. TECHNIQUES FOR >100-M PHOTONICS-AIDED
LONG-DISTANCE MM-WAVE WIRELESS TRANSMISSION

Our large-capacity (>100-Gb/s) achievements mentioned in
Section II typically have a very short wireless transmission
distance of several meters. Therefore it is interesting to further
investigate how to increase the wireless transmission distance
of photonics-aided mm-wave communication to hundreds of
meters, while maintaining its relatively large wireless transmis-
sion capacity. Fig. 18 shows various kinds of approaches for the
extension of wireless transmission distance for photonics-aided
mm-wave communication [81]. The first approach is to employ
relatively low-order vector modulation, such as QPSK, 8QAM,
and 16QAM. The lower the modulation order, the larger the
Euclidean distance and therefore the lower the required receiver
sensitivity. A relatively low receiver sensitivity requirement is
advantageous to the extension of wireless transmission distance,
if the wireless signal transmitting power is fixed. The second
approach is to employ large-gain/high-power RF electrical am-
plifiers (EAs). For example, the commercially available W-band
low-noise amplifier (LNA) can have a large gain of ~25 dB
within the whole W-band, while the commercially available
W-band power amplifier (PA) can have a high output power
of over 20 dBm within the frequency range from 77 GHz to
100 GHz. We have experimentally demonstrated that when we
add the large-gain LNA and high-power PA into our wireless
transmitter/receiver ends, the wireless transmission distance at
W-band can be significantly extended [39]. The third approach
is to employ heterodyne coherent detection combined with
DSP. Compared to homodyne coherent detection, simplified
heterodyne coherent detection is much more hardware-efficient

DSP-based PS at the transmitter
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constellation.

and suitable for system integration [82]. Moreover, the state-
of-the-art receiver-based DSP algorithms can effectively im-
prove the receiver sensitivity and system performance [83], [84],
and therefore promote the extension of wireless transmission
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Various kinds of approaches for the extension of wireless transmission distance for photonics-aided mm-wave communication. (a) Relatively low-

order vector modulation. (b) Large-gain/high-power RF EAs. (c) Heterodyne coherent detection combined with DSP. (d) Antenna polarization diversity. (e) The

employment of the CA.
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Fig. 19.  Our field-trial demonstrations on >100-m photonics-aided long-distan

distance. The fourth approach is to employ antenna polariza-
tion diversity. Wireless crosstalk may occur in antenna MIMO,
and can become more severe with the increase of wireless
transmission distance, which makes the proper adjustment of
receiver antennas difficult for long-distance wireless mm-wave
transmission. The antenna MIMO based on antenna polariza-
tion diversity, in which one pair of antennas is horizontally
polarized while the other pair is vertically polarized, can effec-
tively suppress wireless crosstalk and offers an easy antenna
installation and adjustment [69]. Therefore, the employment
of antenna polarization diversity can effectively promote the
extension of wireless transmission distance. The last but not
the least approach is to employ the cassegrain antennas (CAs).

ce wireless mm-wave signal transmission.

Compared to the typical HA, the CA has a large gain and a
small half-power beamwidth at the cost of a large size and a
heavy weight. Therefore, the wireless transmission distance can
be extended from several meters with HAs to several kilometers
with CAs.

Fig. 19 summarized our field-trial demonstrations on >100-m
photonics-aided long-distance wireless mm-wave signal trans-
mission based on the aforementioned five kinds of techniques.
Particularly, we have achieved the bidirectional delivery of W-
band signal and K-band signal over 2.5-km wireless distance
[43], [86]. For W-band downlink, we have used 94-GHz mm-
wave carrier, which carries 9-Gbaud (54-Gb/s) PDM-8QAM
signal. For K-band uplink, we have used 23-GHz RF carrier,
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which carries 4-Gbaud (32-Gb/s) PDM-16QAM signal. For
both W-band downlink and K-band uplink, we have employed
at each wireless transmitter end two cascaded mm-wave EAs,
i.e., a large-gain low-noise amplifier (LNA) cascaded with a
high-power power amplifier (PA), which can significantly extend
the wireless transmission distance. Our 2.5-km LOS wireless
transmission link has been set in the mid-air on a sunny day,
while two high buildings are used to locate the wireless trans-
mitter and receiver ends, respectively. A telescope is used at
both the wireless transmitter and receiver ends to do the antenna
alignment.

In addition, we also proposed the photonic mm-wave demod-
ulation technique, which can implement the electrical-to-optical
conversion for the dual-polarization high-speed electrical vector
mm-wave signals, so that another fiber-optic transmission is
realized after wireless transmission [87]. Based on our afore-
mentioned photonics-aided mm-wave technologies as well as
the photonic mm-wave demodulation technique, we also fur-
ther proposed and experimentally demonstrated several large-
capacity bidirectional full-duplex photonic-wireless-photonic
systems [88]. As a result, our proposed large-capacity/long-
distance photonics-aided mm-wave transmission systems can be
potentially applied to the fixed wireless system for the wireless
front-haul/back-haul in 5G.

IV. CONCLUSION

Enabled by photonics-aided mm-wave generation technique,
multiple multi-dimensional multiplexing techniques, and state-
of-the-art devices, we have achieved the record-breaking wire-
less transmission capacity up to 1 Tb/s as well as the record-
breaking product of wireless transmission capacity and distance
up to 54 Gb/s x 2.5 km. Our investigation and achievements will
form the basis for the development, standardization and final
implementation of photonics-aided mm-wave communication
systems to meet the eMBB challenges in 5G.
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