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1. Introduction

Due to the explosive growth of mobile data traffic, the spectrum
resources of sub-6-GHz have become increasingly crowded. In
recent years, millimeter-wave (mm-wave) wireless communica-
tions, which can provide larger bandwidths, have received much
attention because of their higher carrier frequencies (30-
300 GHz). Among them, the W-band (75-110 GHz) can
support broadband communication up to 35 GHz and has
low atmospheric attenuation (< 0.5dB/km) with good direc-
tionality, which is very suitable for large-capacity, long-distance
wireless transmission. In addition, high-speed long-distance
point-to-point W-band wireless links can also replace the fiber
links for wireless cellular base stations backhaul, as an alternative
deployed in special terrain areas, where it is difficult to lay opti-
cal cables, or as an emergency plan to deal with communication
interruptions caused by sudden natural disasters. Generally, due
to the limitation of electronic components, it is very difficult
to generate high-frequency mm-wave radio frequency (RF)
signals based on pure electric ways, while the photonics-aided
mm-wave generation technique can overcome the bandwidth
limitation of electronic components and be easily deployed in
fiber-wireless integrated systems for the seamless connection
between fiber networks and wireless networks'' ). There are
many mm-wave generation techniques using novel optical
sources that have been proposed!®~'?),

As can be seen, many large-capacity photonics-aided W-band
mm-wave signal transmission results have been reported
recently"*~'°!. With the comprehensive use of multiple multi-
dimensional multiplexing techniques, such as high-order
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We experimentally built a photonics-aided long-distance large-capacity millimeter-wave wireless transmission system and
demonstrated a delivery of 40 Gbit/s W-band 16-ary quadrature amplitude modulation (QAM) signal over 4600 m wireless
distance at 88.5 GHz. Advanced offline digital signal processing algorithms are proposed and employed for signal recovery,
which makes the bit-error ratio under 2.4 x 10~2. To the best of our knowledge, this is the first field-trial demonstration of
>4 km W-band 16QAM signal transmission, and the result achieves a record-breaking product of wireless transmission
capacity and distance, i.e., 184 (Gbit/s)-km, for high-speed and long-distance W-band wireless communication.

Keywords: millimeter-wave communication; digital signal processing; W-band; photonics-aided technique.

modulation format, optical polarization multiplexing, antenna
polarization multiplexing, and line-of-sight (LOS) multi-input
multi-output (MIMO), the transmission rate can reach more
than 100 Gbit/s, or even 400 Gbit/s. However, most of these
experiments are restricted indoor with short wireless distance,
and few of them demonstrate field-trial transmission beyond
1 km. Figure 1 summarizes a series of experimental demonstra-
tions?*~** that we have successfully achieved in the past on
photonics-aided W-band mm-wave signal transmission over
long wireless distances (> 100 m) and clearly indicates the car-
rier frequency, the achieved data rate, the delivered wireless dis-
tance, and the detailed signal modulation format for each
transmission. Notably, in Ref. [23], a 20 Gbit/s photonics-aided
W-band quadrature phase-shift keying (QPSK) signal delivery
over 1.7 km wireless distance at 94 GHz is reported, and Ref.
[24] achieves the product of wireless transmission capacity
and distance of 54 Gbit/s X 2.5km = 135 (Gbit/s) - km at the
90 GHz W-band employing optical polarization multiplexing
and antenna polarization multiplexing techniques together,
which is the best experimental result so far.

In this Letter, the delivery of a 10 Gbaud 16-ary quadrature
amplitude modulation (QAM) W-band signal over 4600 m is
demonstrated experimentally, based on a high-speed and long-
wireless-distance photonics-aided mm-wave system. At the
same time, we also try and discuss advanced digital signal
processing (DSP) algorithms for signal recovery at the receiver,
such as flexible carrier phase recovery (CPR) algorithms and
nonlinear equalizers, to obtain better system performance. To
the best of our knowledge, the corresponding product of wireless
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Fig. 1. Our experimental demonstrations on photonics-aided W-band mm-
wave signal transmission over long wireless distance (>100 m).

transmission capacity and distance, i.e., 184 (Gbit/s)-km, is a
record-breaking result for high-speed and long-distance
W-band wireless communication.

2. Experimental Setup and Advanced DSP Algorithms

The entire experimental setup is shown in Fig. 2. At the optical
transmitter, two tunable external cavity lasers (ECLs) with line-
width less than 100 kHz emit two continuous waves (CWs) as an
optical local oscillator (LO) and for signal modulation, respec-
tively. The frequency spacing of the CWss is set at approximately
88.5 GHz to generate the RF signal at the corresponding carrier
frequency by means of optical beating. Considering that the
emission frequencies of lasers are not locked, the frequency
offset recovery algorithm in the offline DSP is necessary. The
electrical signals output by an arbitrary waveform generator
(AWG) are amplified by two parallel electrical amplifiers
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(EAs) and then fed into an in-phase and quadrature (I/Q)
modulator with 25 GHz bandwidth for electrical-to-optical con-
version to generate the optical QAM signal. After the insertion
loss and modulation loss are compensated by the polarization-
maintaining erbium-doped fiber amplifier (PM-EDFA), the
signal and the optical LO with the same power (13 dBm) are
coupled by a polarization-maintaining optical coupler (PM-
OC). As depicted in Fig. 3(a), the optical transmitter is placed
indoors. After the fronthaul over 100 m standard single-mode
fiber, the optical signal and LO are converted to a W-band
mm-wave by a 100 GHz single-ended photodiode (PD).

The wireless transmitter and receiver are located on two roofs
4.6 km apart between the two campuses of Fudan University,
as shown in Fig. 3(b). Note that there is also a vertical height
difference of about 120 m between the wireless transmitter
and receiver. The mm-wave RF signal is boosted by a W-band
low-noise amplifier (LNA) with 30 dB gain and W-band power
amplifiers (PAs) with 18 dBm saturation output power. The
wireless signals are transmitted and received by means of a pair
of horn antennas (HAs) with 25 dBi gain working at the W-
band, and the 3 dB beam width is about 10° for the E-plane
and 10.5° for the H-plane at 88.5 GHz. It is worth noting that
the addition of two lenses in front of the HAs increases the
antenna gain Gy to 34 dBi and Gy to 54 dBi. The position of
the lenses has been tested in advance for optimum gain.
Based on the Friis transmission equation, we can estimate the
wireless received power as!*”’

4nd
Pp(dBm) = Py + Gy — 20 log(%) —Lyxd+ Gy (1)

where Py denotes the wireless transmitted power, 1 denotes the
carrier operating wavelength of the wireless link, d denotes the
wireless distance, and L, denotes the atmospheric loss factor,
which is determined by weather conditions.

In our experiment, considering that the free space path loss of
the W-band signal at 88.5 GHz (4 is ~3.39 mm) is about
144.6 dB after 4600 m wireless transmission, and L, is about
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Fig. 2. Experimental setup of the photonics-aided W-band mm-wave signal transmission system.
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Fig. 3. (a) Photos of the optical transmitter indoors; (b) satellite map display of 4600 m wireless transmission link and the photos of the wireless transmitter and

receiver.

0.5 dB/km at the W-band on a sunny day'*’, when the wireless
transmitted power is 16 dBm, the received power after HA is
calculated as 16+ 34 — 144.6 +54 — 0.5 X 4.6 =—42.9dBm,
which is very close to our measured value of —43.1 dBm. The
small gap between theoretical and measured values may be
due to other factors, such as the additional power loss caused
by the devices” connection.

At the receiver end, the signal is firstly boosted by a W-band
LNA and then down-converted to an intermediate frequency
(IF) signal at 13.5 GHz with a mixer driven by a 75 GHz elec-
trical LO. Finally, the signal is amplified by an EA with 26 dB
gain and captured at 100 GSa/s by a real-time oscilloscope
(OSC) with 33 GHz bandwidth.

The offline DSPs include down-conversion to baseband,
resampling, T/2-spaced constant-modulus algorithm (CMA)
for coarse equalization, frequency offset recovery, CPR, 171
tap T-spaced direct-detection least mean square (DD-LMS)
for fine equalization and advanced nonlinear equalization, as
shown in Fig. 4(a).

Considering the complexity and performance under different
received signal power, two algorithms, blind phase search (BPS)
and principal component-based phase estimation (PCPE)*”,
are flexibly selected for CPR. In general, BPS is a classical algo-
rithm for CPR of higher-order M-QAM constellations, which is
suitable for parallel implementations and has been shown to
have excellent performance. However, PCPE is a more robust
CPR algorithm for the high-power signals distorted by satura-
tion, as well as the probabilistic-shaped (PS)!**) QAM signals.
This is because the BPS algorithm relies on blind search and
decision operation to test the phase. If the constellation points
of the outer ring are squeezed together, or the probability of
occurrence is very low, it may lead to serious errors in the deci-
sion operation of the BPS algorithm. The PCPE algorithm only
extracts the principal components of the squared QAM constel-
lation and does not involve the decision operation of a single
constellation point. Compared with other optical communica-
tion systems, the nonlinear saturation effect caused by high-
power signal injection into the optical/electrical (O/E) devices

is more significant in our mm-wave systems, so PCPE is a good
choice to replace BPS at this time. The flow of the PCPE algo-
rithm is shown in Fig. 4(b).

In our experimental system, the unequal drive amplitude
before the modulator and the wrong offset point of the z/2
phase shifter in the optical I/Q modulator, as well as the imper-
fection of the electrical mixer at the receiver, will bring about
the I/Q amplitude or phase imbalance. Moreover, the timing
skew between I/Q channels may lead to I/Q skew. These prob-
lems will seriously degrade the performance of the system. We
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Fig. 4. (a) Block diagram of the offline DSPs for signal recovery; (b) block
diagram of PCPE algorithm.
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commonly use the Gram-Schmidt orthogonalization process
(GSOP) algorithm to mitigate the I/Q imbalance and I/Q skew
in the digital coherent optical systems. The computational com-
plexity of the GSOP algorithm is low, but it is hard to completely
correct the IQ-distorted QAM constellation.

Regarding the nonlinear compensation for O/E components
in optical communication, it has not yet been formulated as a
standard in actual products, but it has been widely discussed
in research. However, at the technological edge of high-speed
transmission, nonlinear compensation will be extremely impor-
tant. The Volterra nonlinear equalizer (VNLE) based on the
principle of the Volterra series can realize nonlinear compensa-
tion of the received signal by fitting separately from low-order to
high-order. In general, a third-order VNLE is sufficient to over-
come most nonlinear effects in the system and keep the compu-
tational complexity from being too bulky. The fundamental
formula of a third-order VNLE can be expressed as'*”’

L-1 N-1 i
ym) =Y m@x(n—i)+ Y Y hijx(n—ix(n - j)
i=0

= i=0 j=0
M-
+ > hs(ijk)x(n = ix(n = x(n—k), ()

j
i=0 j=0 k=0

—

i

where L, N, and M represent the first, second, and third-order
tap numbers, respectively.

Here, we propose and apply a novel widely linear and VNLE
(WL-VNLE) in the experiment to address the I/Q and nonlinear
effects of the signal simultaneously, which can be expressed as

L-1 L-1
ym) = m()x(n—i) + Y hye()x* (n— i)
i=0

i=0

N-1 i
+ YD hali)x(n — i)x(n - j)
i=0 j=0
M-1 i j
+ D> > hjk)x(n = i)x(n = x(n k), (3)
i=0 j=0 k=0

where [-]* means complex conjugate operation. The nonlinear
parts of the equalizer are unchanged, while the linear part is
expanded to input the signal and its complex conjugate together.
This extra part in the equation can effectively correct the I/Q
misalignment.

3. Experimental Results and Discussions

Figure 5 shows the bit-error ratio (BER) versus input optical
power into the PD for the 10 Gbaud QPSK signal, as well as the
constellation diagrams under different algorithms at —2 dBm.
Since the QPSK modulation has only four signal positions,
the influence of the I/Q mixing effect on the received constella-
tion and the performance of different correction algorithms can
be clearly perceived. When neither GSOP nor VNLE algorithms
are used, the received constellation has significant skew com-
pared to the standard QPSK constellation diagram. VNLE can
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Fig. 5. BER versus input optical power into PD for 10 Gbaud QPSK signal and
the constellation diagrams under different algorithms at -2 dBm.

further overcome nonlinear effects in the system, which makes
the constellation points appear more convergent. A very intui-
tive conclusion is that the performance of VNLE/WL-VNLE
becomes better as the optical power of the input PD increases,
which is due to the positive correlation between the channel
nonlinear response and the input power. VNLE can bring a
sensitivity gain of ~0.5dB at the 20% soft decision forward-
error-correction (SD-FEC) threshold of 2.4 X 1072. After using
WL-VNLE, the I/Q imbalance and I/Q skew are better corrected,
compared to cascading VNLE and GSOP. We can obtain a pre-
FEC BER below 10™* by WL-VNLE for a 10 Gbaud QPSK signal
with input power more than —4 dBm.

The results for the 10 Gbaud 16QAM signal and the constel-
lation diagrams under different algorithms at —2 dBm are shown
in Fig. 6. When the input power is larger, the 16QAM signal suf-
fers from more nonlinear distortion, which is mainly due to the
saturation effects of the LNA and PA in the wireless transmitter.
While 16QAM is a high-order modulation format, its constella-
tion is more affected by device saturation effects than QPSK. The
BER performance begins to degrade after the input power
increases to greater than —2 dBm. This is a trade-off for getting
a higher SNR or suffering from less nonlinear distortion. At
input powers of —1 dBm and 0 dBm, the BPS algorithm cannot
even successfully estimate the phase noise due to the squeezing
and deformation of the inner and outer constellation points.
In this situation, the PCPE algorithm can work without prob-
lems, and CPR is achieved. Furthermore, VNLE greatly allevi-
ates the nonlinear distortion in the experimental system,
allowing the BER to reach under the 20% SD-FEC threshold.
WL-VNLE can bring an additional sensitivity gain of ~0.5dB,
compared to cascading VNLE and GSOP.

103901-4




Chinese Optics Letters

T |
—=— 16QAM w PQ;')PE&GSOP
—v}— 16QAM w BI?S&GSOP
S 16QAM w VNLE&GSOP
—A— 16QAM w WL—VNLE

|

|

\

|

T T T T T T T T
-8 7 -6 -5 4 3 2 -1 0 1

Optical power into PD (dBm)

GSOP only VNLE and GSOP WL-VNLE
Fig. 6. BER versus input optical power into the PD for 10 Gbaud 16QAM signal
and the constellation diagrams under different algorithms at —2 dBm.

The transmission performance at different carrier frequencies
is also tested and presented in Fig. 7(a). For photonics-aided
mm-wave generation systems, this is easily achieved by simply
tuning the operating wavelength of the ECLs. As the IF increases
from 13.5 GHz to 20.2 GHz (carrier frequency from 88.5 GHz to
95.2 GHz), the performance of the 10 Gbaud PS-16QAM signal
generally tends to decrease. As shown in Figs. 7(b) and 7(¢), sig-
nal fading is more serious in the receiving spectrum when the IF
is 20.2 GHz rather than 13.5 GHz. In the high-frequency region
beyond 98 GHz, the signal spectrum is almost overwhelmed by
noise because the carrier frequency deviates from the optimal
response range of the devices.

Due to the limitations of devices and experimental conditions,
it is difficult to experimentally explore the potential transmis-
sion performance of the photonic mm-wave system. Therefore,
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Fig.7. (a) BER versus IF for 10 Gbaud PS-16QAM signal at —3 dBm; (b), (c) elec-
trical spectrum of received signal at IF 13.5 GHz and 20.2 GHz.
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under the premise of restoring the real experimental parameters
as much as possible, we conducted a virtual photonics integrated
(VPI) simulation of the entire transmission system.

Figure 8 shows the results of 16QAM signal performance with
higher baud rates. Since the simulation does not involve the I/Q
mixing effects and nonlinear saturation effects, the correspond-
ing compensation algorithms are not applied. All results in the
figure are measured with the input optical power at —2 dBm and
carrier frequency at 88.5 GHz. The two curves on the figure esti-
mate the effect of the PA frequency response on transmission
performance under experimental conditions and under more
ideal conditions, respectively. If the 3 dB bandwidth of the PA
is only set to 10 GHz (similar to that used in the experiment), the
maximum baud rate that can be tolerated under the SD-FEC
threshold is less than 15 Gbaud, and the total rate is less than
60 Gbit/s. When the frequency response of the PA is more ideal,
the system has a potential transmission capacity of more than
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0.1
/ '
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Fig. 8. Simulation results of 16QAM signal transmission over 4600 m with
higher baud rates.
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Fig. 9. Simulation results of 10 Gbaud 16QAM signal transmission in different
weather.
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