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Abstract: Optical twin-single sideband (Twin-SSB) modulation, due to the left sideband (LSB) and
right sideband (RSB) signal carrying individual data, has become an attractive technique in fiber
transmission because it satisfies the demand of the explosive increase in data traffic. This paper
focuses on reducing the complexity of Twin-SSB system and further enhancing the spectral efficiency
by proposing a polarization division multiplexing (PDM) Twin-SSB modulation scheme. LSB and
RSB signals are extracted using de-mapping algorithm instead of optical bandpass filters (OBPFs)
to reduce system complexity. To further improve spectral efficiency, PDM is employed to meet the
polarization multiplexing transmission and achieve a higher transmission capacity. Based on the PDM
Twin-SSB system, the LSB is 3-arr phase-shift-keying (3PSK) modulated, while RSB is quadrature
phase-shift keying (QPSK) modulated. We simulated that the bit error ratio (BER) performance of
LSB and RSB of X-polarization (X-Pol) and Y-polarization (Y-Pol) at 8-Gbaud, 10-Gbaud, 12-Gbaud,
14-Gbaud, and 16-Gbaud in the case of back-to-back (BTB) and 2 km standard single-mode fiber
(SSMF) transmission. The simulation results verify the effectiveness and practical feasibility of the
proposed PDM Twin-SSB scheme for future short-distance transmission owing to low cost, simplified
structure, low algorithm complexity, and high data transmission capacity.

Keywords: PDM; Twin-SSB; system complexity; spectral efficiency; de-mapping algorithm

1. Introduction

With the rapid development of information services, such as 5G, virtual reality (VR),
cloud computing, and other new services, such as smart homes and autonomous driving,
access network traffic is increasing explosively. The potential capacity demand imposes
challenging burdens on optical transmission communication. To improve the capacity of
optical transmission systems, a variety of advanced system architectures using novel mod-
ulation formats have been reported, including optical single sideband (SSB) modulation
technology with direct detection (DD) [1–6]. These schemes have various advantages over
conventional double sideband (DSB) modulation. This is due to the fact that this scheme
is not only free from the dispersion-induced radio frequency power fading observed in
the transmission of DSB signals but is also capable of doubling the spectral efficiency
by halving the spectral width of DSB signals [7–10]. In addition, efficient transmission
power is expected. In these schemes, however, there are two serious shortcomings in the
optical SSB system: the first is that the signal-signal beat interference (SSBI) induced by the
square-law detection of the photodetector (PD) significantly degrades the system perfor-
mance, and the second is that the partial bandwidth of the transmitter digital-to-analog
converters (DACs) is wasted because the optical SSB signal only carries one sideband
information. To improve spectral efficiency, Twin-single sideband (Twin-SSB), an efficient
modulation technique evolving from the SSB modulations [11,12], has recently been stud-
ied for bandwidth-economic radio communication systems [13–23], in which two groups
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of independent signals are modulated onto the LSB and the RSB [24]. Compared with
the optical SSB system, the optical Twin-SSB system has many advantages. Particularly,
it nearly doubles the transmission capacity when compared to the optical SSB scheme
because the LSB and RSB carry independent data information. As a result, the Twin-SSB
modulation can theoretically eliminate the dispersion-induced power fading and double
the spectral efficiency due to the SSB modulation for the independent signals and fully
utilizing the redundant sideband. Ref. [25] proposes a modulation technique called Twin-
SSB. To generate Twin-SSB signals, a commercially available dual-driver Mach–Zehnder
modular (DDMZM) is used. Two groups of independent signals are modulated onto LSB
and RSB. At the receiver side, two steep OBPFs and PDs are employed for signal detections,
compared with the conventional SSB signal, which has the potential to double the spec-
tral efficiency. Ref. [26] proposes a simple 2 × 2 multiple-input multiple-output (MIMO)
optical-wireless integration system, in which optical independent SSB modulation enabled
by an in-phase-quadrature modulator (IQM), instead of DDMZM, is used to assist the
simultaneous generation of Twin-SSB signals. However, all of these schemes require two
steep OBPFs to separate LSB and RSB signals at the receiver side, resulting in a complex
and unstable system structure. In addition, the conventional Twin-SSB system scheme still
has some shortcomings, the most serious of which is their crosstalk. The reason is that the
OBPFs cannot completely separate LSB and RSB signals, resulting in two optical signals
with residual optical signals of the other optical signal; moreover, the input power of two
independent-sideband signals is unbalanced [27–31]. As a result of these factors, system
performance deteriorates. To mitigate this problem, a guard band between two indepen-
dent sidebands and optical carrier is required, which results in spectral waste. Ref. [13]
uses an optical IQM to optimize optical carrier-to-signal power ratio (CSPR), which further
improves the receiver sensitivity of spectrally efficient guard-band DD optical orthogonal
frequency-division multiplexing with Twin-SSB modulation technique. Ref. [14] proposes a
Twin-SSB suppressed carrier (Twin-SSBSC) which can be modulated using a commercially
available DP-QPSK modulator. The signals on the LSB and RSB can be demultiplexed by
simple electrical operations including Hilbert transforms without requiring steep OBPFs.
Dispersion tolerant characteristics and error vector magnitude (EVM) performance was
investigated by numerical simulation. Ref. [11] proposes a spectrally efficient Twin-SSB
single carrier system based on MIMO processing. In C-band transmission, 264 Gb/s per
polarization over 80 km SSMF with a net bit rate of 220 Gb/s using 88 GSa/s DACs is
experimentally demonstrated with KK receiver. To the best of our knowledge, almost
all studies on Twin-SSB require two OBPFs and PDs to separate and detect signals at the
receiver side. This not only increases system complexity and cost but also deteriorates
receiver performance due to hardware imperfections, particularly the non-ideal property of
the OBPF. Furthermore, in most previous Twin-SSB works, only one optical polarization is
utilized. As is known to all, however, the optical polarization division multiplexing (PDM)
technique is a promising method for spectral-efficient optical transmission, which can be
used to double the system capacity and spectral efficiency [32–36]. Thus, the optical PDM
signal is adopted in this paper to improve system capacity and spectral efficiency.

In this study, we propose a low complexity PDM Twin-SSB modulation scheme, in
which LSB and RSB signals are detected by one single-ended PD and extracted by de-
mapping algorithm. Compared with the conventional Twin-SSB scheme, our proposed
scheme needs no OBPFs to split LSB and RSB signals and only requires one single-ended
PD and ADC at the receiver side. Simultaneously, the optical PDM technology is adopted
to realize a higher data capacity and spectral efficiency. By an orchestra of these techniques,
the carrier is modulated on LSB and RSB signals in X-polarization (X-Pol) and Y-polarization
(Y-Pol). The polarization separation and Twin-SSB signal generation are implemented using
a cascaded polarization beam splitter (PBS) and IQM, which is also helpful for the carrier
suppression of the opposite polarization. At the receiver side, the signal is split into two
branches, and two branches are detected without OBPFs filtering. The Y-Pol interference in
the X-Pol or X-Pol interference in the Y-Pol is mitigated by constant modulus algorithm
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(CMA) algorithm. After digital signal processing (DSP), LSB and RSB signal in X-Pol and
Y-Pol are separated by de-mapping algorithm. We first simulate the PDM Twin-SSB system
BER performance at 8-Gbaud, 10-Gbaud, 12-Gbaud, 14-Gbaud, and 16-Gbaud in BTB case.
We then demonstrate the 2-km SSMF transmission with a BER below the hard-decision
forward-error-correction (HD-FEC) threshold of 3.8 × 10−3. It is shown that our proposed
PDM Twin-SSB scheme based on de-mapping algorithm is feasible, and that the system
capacity can be approximately doubled compared to the single optical polarization system.

2. Principle
2.1. Principle of Twin-SSB Signal Generation

A schematic diagram of the PDM Twin-SSB signal generation is depicted in Figure 1. At the
transmitter, first, four sets of independent pseudo-random binary sequences (PRBSs), which are
denoted by PRBS1, PRBS2, PRBS3, and PRBS4, are 3PSK and QPSK mapped and filtered by root
raised cosine (RRC) filter to generate four independent signals represented by SX,L(t), SX,R(t),
SY,L(t), and SY,R(t), respectively, where SX(Y),L(t) = AX(Y),L exp

[
jθX(Y),L(t)

]
,

SX(Y),R(t) = AX(Y),R exp
[

jθX(Y),R(t)
]
, θX(Y),L, and θX(Y),R are the phase information of

signal carried on the LSB and RSB signal of X-Pol and Y-Pol, AX(Y),L and AX(Y),R are signal
amplitude of LSB and RSB signal of X-Pol and Y-Pol, respectively. SX(Y),L(t) corresponds
to LSB signal in X-Pol or Y-Pol, while SX(Y),R(t) corresponds to RSB signal in X-Pol or
Y-Pol respectively.

After that, signal SX,L(t), SX,R(t), SY,L(t), and SY,R(t) are upconverted using complex
sinusoidal radio-frequency (RF) sources with frequencies − fs and fs. The LSB and RSB
signal of X-Pol and Y-Pol can be expressed as:

EX,L(t) = AX,L exp[−j2π fX,Lt + jθX,L(t)] (1)

EX,R(t) = AX,R exp[j2π fX,Rt + jθX,R(t)] (2)

EY,L(t) = AY,L exp[−j2π fY,Lt + jθY,L(t)] (3)

EY,R(t) = AY,R exp[j2π fY,Rt + jθY,R(t)] (4)

The spectrograms of the LSB signal and the RSB signal are shown in Figure 1(b(i,ii)),
respectively. Then, the four independent SSB signals are combined to obtain Twin-SSB
signal, which can be expressed as follows:

EX,Twin-SSB(t) = EX,L(t) + EX,R(t) (5)

EY,Twin-SSB(t) = EY,L(t) + EY,R(t) (6)

where EX,Twin-SSB(t) and EY,Twin-SSB(t) are Twin-SSB signal of X-Pol and Y-Pol, respectively.
Consequently, the real part and imaginary part of the Twin-SSB signal of X-Pol are used
to drive IQM1, while the real part and imaginary part of the Twin-SSB signal of Y-Pol are
used to drive IQM2. For the optical IQM, the real and imaginary parts of the signal are
uploaded into the two input ports of the IQM. The continuous wave (CW) optical signal
with the center frequency fc emitted from an external cavity laser (ECL) is divided into two
branches by a polarization maintaining optical coupler (OC) with the same power. One is
used as the optical input of IQM1, and the other is used as the optical input of IQM2. Both
IQM1 and IQM2 work at the lowest bias point. Thus, the output signal can be expressed as:
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Figure 1. (a): The generation scheme of the PDM Twin-SSB. (b) Single polarization spectrum dia-
gram of Twin-SSB signal generation. inset (i): Schematic diagrams of RSB signal; inset (ii): Sche-
matic diagrams of LSB signal; inset (iii): Schematic diagrams of twin-SSB signal; inset (iv): Sche-
matic diagrams of I-path digital domain signal; inset (v): Schematic diagrams of Q-path digital 
domain signal; inset (vi): Schematic diagrams of twin-SSB signal through I/Q modulator; inset 
(vii): Schematic diagrams of received digital domain signal. ECL: external cavity laser; IQM: in-
phase and quadrature modulator; PD: photodetector; PBC: polarization beam combiner; PBS: po-
larization beam splitter. 

After that, signal , , ,( ), ( ), ( )X L X R Y LS t S t S t , and , ( )Y RS t  are upconverted using complex 
sinusoidal radio-frequency (RF) sources with frequencies sf−  and sf . The LSB and RSB 
signal of X-Pol and Y-Pol can be expressed as: 

, , , ,( ) exp 2 ( )X L X L X L X LE t A j f t j tπ θ = − +   (1)

, , , ,( ) exp 2 ( )X R X R X R X RE t A j f t j tπ θ = +   (2)

, , , ,( ) exp 2 ( )Y L Y L Y L Y LE t A j f t j tπ θ = − +   (3)

, , , ,( ) exp 2 ( )Y R Y R Y R Y RE t A j f t j tπ θ = +   (4)

Figure 1. (a): The generation scheme of the PDM Twin-SSB. (b) Single polarization spectrum diagram
of Twin-SSB signal generation. inset (i): Schematic diagrams of RSB signal; inset (ii): Schematic
diagrams of LSB signal; inset (iii): Schematic diagrams of Twin-SSB signal; inset (iv): Schematic
diagrams of I-path digital domain signal; inset (v): Schematic diagrams of Q-path digital domain
signal; inset (vi): Schematic diagrams of Twin-SSB signal through I/Q modulator; inset (vii): Schematic
diagrams of received digital domain signal. ECL: external cavity laser; IQM: in-phase and quadrature
modulator; PD: photodetector; PBC: polarization beam combiner; PBS: polarization beam splitter.

EIQM1(t) ≈ ECW(t)[AX,L J−1(m) exp(−j2π fst + jθX,L(t)) + AX,R J1(m) exp(j2π fst + jθX,R(t))] (7)

EIQM2(t) ≈ ECW(t)[AY,L J−1(m) exp(−j2π fst + jθY,L(t)) + AY,R J1(m) exp(j2π fst + jθY,R(t))] (8)

where J−1(.) and J1(.) are Bessel functions of the first class, and m is the modulation
coefficients. Then, the outputs of IQM1 and IQM2 are coupled together by a polarization
beam combiner (PBC). Figure 1(b(vi)) shows the output of the IQM.

After SSMF transmission, the received signal is first separated into the two orthogonal
polarizations (X-Pol and Y-Pol) by using a single polarization beam splitter (PBS) and a
finely adjusted polarization controller (PC). Then, signal of each polarization is directly
fed into PD. Note that dropped OBPFs reduce complexity of Twin-SSB system, where the
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left and right sidebands carrying the data and the center carrier will beat each other in
the PD. Taking the X-Pol as an example, by setting the modulation coefficients to 1, the
photocurrent generated can be expressed as:

iX,PD(t) = R
∣∣EIQM1(t)

∣∣2 ≈ R|ECW(t)|2



1
2 A2

X,L +
1
2 A2

X,R
+AX,L AX,R cos(θX,L(t)− θX,R(t))
+AX,L AX,R cos(2π · (2 fs)t + (θX,L(t)− θX,R(t)))
+ 1

2 A2
X,L cos(2π · (2 fs)t + 2θX,L(t))

+ 1
2 A2

X,R cos(2π · (2 fs)t + 2θX,R(t))

 (9)

where R represents PD responsivity. Figure 1(b(vii)) is the output of the PD. The output
of the PD contains the direct current part, the baseband signal, the desired sideband
signal, and the crosstalk. In Equation (9), the first term is direct component which can
be filtered. The second term is the baseband signals which can be neglected. The third
term is desired signal obtained from the beating of modulated LSB and RSB signal locating
at 2 fs. The fourth and fifth term are generated from the beating of LSB and RSB whose
center frequency also locating at 2 fs, which will induce crosstalk. As for Y-polarization, the
process is the same. By adding equalization algorithm, the crosstalk can be mitigated to an
acceptance value.

2.2. Principle of Twin-SSB Signal Detection Based on a Single PD

Since the received signal is an intermediate frequency signal, down-conversion is
applied to attain baseband signal. After DSP algorithm, quadrature demodulation is per-
formed to obtain the in-phase and quadrature components. According to Equation (9),
owing to the signal amplitude being a constant and possible to be eliminated by normal-
ization in the subsequent DSP, we mainly consider the relationship between SX(t) and the
values of θX,L(t) and θX,R(t). Taking the X-Pol signal as an example, Table 1 shows the
values of SX(t) corresponding to different values of θX,L(t) and θX,R(t). the LSB signal
is 3PSK modulated, where the phase θX,L(t) value of the LSB signal is (0, 2π/3, 4π/3),
and the RSB signal is QPSK modulated, where the phase θX,R(t) value of the RSB signal is
(π/4, 3π/4, 5π/4, 7π/4).

Table 1. The relationship between SX(t) and the value of θX,L(t) and θX,R(t).

θX,R(t)
θX,L(t)

π/4 3π/4 5π/4 7π/4

0 exp(j3π/12) exp(j9π/12) exp(j15π/12) exp(j21π/12)

2π/3 exp(j11π/12) exp(j17π/12) exp(j23π/12) exp(j5π/12)

4π/3 exp(j19π/12) exp(jπ/12) exp(j7π/12) exp(j13π/12)

From Table 1, it can be found that the values of SX(t) corresponding to different values
of θX,L(t) and θX,R(t). Table 1 shows the value of SX(t) is (π/12, 3π/12, 5π/12, 7π/12,
9π/12, 11π/12, 13π/12, 15π/12, 17π/12, 19π/12, 21π/12, 23π/12). That is, the sig-
nal SX(t) is a 12PSK signal, and each constellation point corresponds to a combination
of θX,L(t) and θX,R(t). For example, consider the constellation point with phase π/12 of
SX(t). The constellation phase is the sum of LSB 3PSK 4π/3 and RSB QPSK 3π/4 constel-
lation, which indicates that, at the receiver side, phase π/12 of SX(t) signal is separated as
phase 4π/3 of 3PSK and phase 3π/4 QPSK signal constellation using the simplified offline
de-mapping algorithm.

3. Simulation Settings and Results
3.1. Simulation Settings

To verify the PDM Twin-SSB transmission performance, the simulation setup is de-
scribed in detail in Figure 2. At the transmitter, the Twin-SSB signals are modulated with a
light-wave at 1548.706 nm generated from an external cavity laser (ECL) with <100 kHz
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linewidth and 16 dBm output power. X-Pol signal is generated as follows: two sets of
PRBSs are generated using offline programming. Here, the PRBS length is 214. LSB adopts
3PSK modulation, while RSB adopts QPSK modulation. Next, independent SSB signals
are up-sampled and digitally shaped using a root raised cosine (RRC) with a roll-off factor
of 0.01. Similarly, another two sets of PRBSs are generated for transmission of the Y-Pol
state. Corresponding to 16 GHz carrier spacing, LSB adopting 3PSK modulation is linearly
converted located at a carrier frequency of −16 GHz, respectively, while RSB signal adopt-
ing QPSK modulation is linearly converted located at a carrier frequency of 16 GHz. After
up-conversion and serial conversion, the PDM Twin-SSB signals of X-Pol and Y-Pol are
loaded into ports of IQM. Figure 2i shows the measured output optical spectrum of the
IQM with two independent LSB and RSB sideband spaced by 16-GHz from the central
optical carrier. In our simulation, we adjust the three DC biases of the IQM using two
steps. In the first step, we adjust the three DC biases to ensure that the two MZM have a
minimum output optical power and the PM has a π/2 phase shift. In the second step, we
appropriately adjust the DC biases of two MZM while fixing the DC bias of the PM. The
generated Twin-SSB signals are combined via a PBC and fed into the fiber link.
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Figure 2. Simulation setup and DSP of the simplified PDM Twin-SSB system; inset (i): Optical 
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(a) DSP diagram of the PDM- twin-SSB signal at the receiver side. LPF: low-pass filter; PBC: polar-
ization beam combiner; VOA: variable optical attenuator; PC: polarization controller; PBS: polari-
zation beam splitter; OBPF: optical bandpass filter. 
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the fixed polarization state, the polarization controller (PC) is required before PBS to 
match the polarization state of the received signal. Subsequently, LSB and RSB signals of 
X-Pol and Y-Pol is upconverted by one single-ended PD to 32-GHz electrical signal, re-
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Blind Phase Search (BPS) algorithm is used to further compensate the phase noise, and 
then recover the LSB and RSB signals of each polarization using de-mapping algorithm. 
Finally, the BER calculation is followed. 

Figure 2. Simulation setup and DSP of the simplified PDM Twin-SSB system; inset (i): Optical spectra
of Twin-SSB signal after IQM; inset (ii): Spectrum of received electrical signal via PD; inset (a) DSP
diagram of the PDM- Twin-SSB signal at the receiver side. LPF: low-pass filter; PBC: polarization
beam combiner; VOA: variable optical attenuator; PC: polarization controller; PBS: polarization beam
splitter; OBPF: optical bandpass filter.

After SSMF transmission, a variable optical attenuator (VOA) is employed to adjust
the received optical power. Then, the received signal is separated into the two branches
orthogonal polarizations (X-Pol and Y-Pol) by PBS, and then each polarization is simultane-
ously detected by one single-ended PD. Since the output of the IQM cannot guarantee the
fixed polarization state, the polarization controller (PC) is required before PBS to match
the polarization state of the received signal. Subsequently, LSB and RSB signals of X-Pol
and Y-Pol is upconverted by one single-ended PD to 32-GHz electrical signal, respectively.
The measured spectrum is shown in Figure 2ii. To achieve the simulation results close to
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the experimental results, we add an OBPF with 45-GHz in front of one single-ended PD to
limit the bandwidth of PD. Noting that the polarization of the fiber after PBC is arbitrary,
and the X-Pol and Y-Pol component at the output port of the PBC contains a mixture of the
data, which is simultaneously encoded on the X-Pol and Y-Pol at the transmitter.

The captured signals are offline processed, and the receiver side DSP diagram is shown
in Figure 2a. The signal down-conversion is also achieved at first. After that, retiming is
executed in order. The 21-tap T/2 spaced CMA equalizer is followed to realize polarization
demultiplexing and remove the crosstalk at the same antenna polarization. Blind Phase
Search (BPS) algorithm is used to further compensate the phase noise, and then recover the
LSB and RSB signals of each polarization using de-mapping algorithm. Finally, the BER
calculation is followed.

For a DD system, the optical CSPR should be optimized owing to the SSBI mitigation.
we first optimize CSPR so that this PDM Twin-SSB system work at the optimal condition.
The CSPR is adjusted by fixing the optical carrier power before loading into the IQM and
changing driving signal power for the IQM at the transmitter DSP. When the CSPR is too
low, the crosstalk induced by the beating term of modulated signals from LSB and RSB
cannot be neglected. A high CSPR can efficiently reduce the crosstalk induced by the
beating of the LSB and RSB signals. However, the optical signal-to noise ratio (OSNR) of
signals will also be decreased with the increasing CSPR.

Figure 3 shows the measured BER performance at different CSPR conditions for
8-Gbaud signals versus the CSPR from 5 dB to 30 dB at the −16 dBm received optical
power. From 5 dB to 13 dB, the BER performance is improved with the increasing of CSPR.
However, when the CSPR is larger than 14 dB, the BER performance begins to deteriorate,
so the optimal CSPR is 14 dB.
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3.2. Results

Figure 4a–e show the measured LSB and RSB signals BER of X-Pol and Y-Pol versus
the received optical power for 8-Gbaud,10-Gbaud, 12-Gbaud, 14-Gbaud, and 16-Gbaud
at BTB transmission scenario. We can conclude that no matter which baud rate is used
(i.e., 8-, 10-, 12-, 14-, or 16-Gbaud), the BER of LSB and RSB in X-Pol and Y-Pol is lower
than the HD-FEC threshold of 3.8 × 10−3. For BTB transmission, higher baud rate can be
expected, and thus higher spectral efficiency can be seen. However, at the threshold of
3.8× 10−3, compared to the 8-Gbaud, the 16-Gbaud case shows about 2-dB power penalties.
The degradation of BER performance is mainly due to the higher baud rates bringing
larger interference.
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(a) 8-Gbaud, (b) 10-Gbaud, (c) 12-Gbaud, (d) 14-Gbaud, (e) 16-Gbaud.

Figure 5a–e show PDM Twin-SSB signal BER performance at 2-km SSMF transmission
scenarios with 8-Gbaud, 10-Gbaud, 12-Gbaud, 14-Gbaud, and 16-Gbaud rate cases. When
baud rate is lower than 14-Gbaud, the BER can reach below the HD-FEC threshold of
3.8 × 10−3. In Figure 5e, it can be found that the BER cannot reach below the HD-FEC
threshold of 3.8 × 10−3 after 2-km SSMF channel transmission. The BER performance of
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the is significantly reduced compared to the 16-Gbaud BTB transmission. From Figures 4
and 5, increasing the received optical power may improve the BER performance.
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4. Conclusions

In this study, we propose a low complexity PDM Twin-SSB modulation scheme which
features a receiver front-end with reduced hardware comprising a single-ended PD. We also
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improved spectral efficiency by exploiting the PDM technique. The feasibility of the PDM
Twin-SSB scheme is verified by simulation experiment, where 16 GHz 8-Gbaud, 10-Gbaud,
12-Gbaud, 14-Gbaud, and 16-Gbaud mapped LSB 3PSK and RSB QPSK of X-Pol and Y-Pol
BTB and transmission over 2 km SSMF are achieved with the aggregate BER below the
HD-FEC threshold of 3.8 × 10−3. The results show that our proposed simplified PDM
Twin-SSB scheme is a promising candidate for future short-distance optical transmission.

Author Contributions: Writing—original draft preparation, Y.Z.; writing—review and editing, J.X.
and Y.Z.; supervision, J.X., Y.Z., J.M., L.W., D.W. and L.Z.; funding acquisition, J.X. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Key Research and Development Program of China
(No. 2018YFB1801503), National Natural Science Foundation of China (No. 61675048), Research
Project of Key Laboratory for Information Science of Electromagnetic Waves (MoE) (EMW201911).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the funding and the support of the reviewers
as well as the editors for their insightful comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Takano, K.; Naganuma, Y.; Nakagawa, K. Performance analysis of optical single sideband modulation based on Mach-Zehnder

interferometers and its dispersive fiber transmission. IEICE Trans. Commun. 2005, 88, 1994–2003. [CrossRef]
2. Sampath, K.I.A.; Takano, K. PAPR reduction technique for optical SSB modulation using peak folding. In Proceedings of the 2015

Opto-Electronics and Communications Conference (OECC), Shanghai, China, 28 June–2 July 2015; pp. 1–5.
3. Sampath, K.I.A.; Takano, K.; Sato, M. Self-phase Modulation Based Signal Distortions of Optical SSB-SC Signal with Pilot Carrier.

In Proceedings of the 2016 21st OptoElectronics and Communications Conference (OECC) held jointly with 2016 International
Conference on Photonics in Switching (PS), Niigata, Japan, 3–7 July 2016.

4. Li, X.; Xu, Y.; Yu, J. Single-sideband W-band photonic vector millimeter-wave signal generation by one single I/Q modulator. Opt.
Lett. 2016, 41, 4162–4165. [CrossRef]

5. Li, X.; Xiao, J.; Yu, J. Long-distance wireless mm-wave signal delivery at W-band. J. Lightw. Technol. 2016, 34, 661–668. [CrossRef]
6. Wang, Y.; Yu, J.; Chi, N. Experimental Demonstration of 120-Gb/s Nyquist PAM8-SCFDE for Short-Reach Optical Communication.

IEEE Photon. J. 2015, 7, 1–5. [CrossRef]
7. Chen, X.; Antonelli, C.; Mecozzi, A. High-capacity direct-detection systems. In Optical Fiber Telecommunications VII; Academic

Press: Cambridge, MA, USA, 2020; pp. 419–441.
8. Zhang, L.; Zuo, T.; Mao, Y. Beyond 100-Gb/s transmission over 80-km SMF using direct-detection SSB-DMT at C-band. J. Lightw.

Technol. 2016, 34, 723–729. [CrossRef]
9. Zhang, X.; Zhang, C.; Chen, C. Non-optical carrier SSB-OFDM PONs with the improved receiver sensitivity and potential

transmission nonlinearity tolerance. IEEE Photon. J. 2017, 9, 1–10. [CrossRef]
10. Zhang, X.; Zhang, C.; Chen, C. All-optical VPN utilizing DSP-based digital orthogonal filters access for PONs. Opt. Commun.

2018, 413, 347–352. [CrossRef]
11. Fan, S.; Zhuge, Q.; Sowailem, M.Y.S. Twin-SSB Direct Detection Transmission over 80 km SSMF Using Kramers-Kronig Receiver. In

Proceedings of the 2017 European Conference on Optical Communication (ECOC), Gothenburg, Sweden, 17–21 September 2017.
12. Lyons, W. SSB/ISB systems for long-distance radiotelegraphy. Electr. Eng. 1960, 79, 146–149. [CrossRef]
13. Chen, M.; Peng, M.; Zhou, H. Receiver sensitivity improvement in spectrally-efficient guard-band Twin-SSB-OFDM using an

optical IQ modulator. Opt. Commun. 2017, 405, 259–264. [CrossRef]
14. Kashiwagi, S.; Nakamura, R.; Nakamura, M. Novel Twin-SSB-SC method using a DP-QPSK modulator. In Proceedings of the

2017 Opto-Electronics and Communications Conference (OECC) and Photonics Global Conference (PGC), Singapore, 31 July–4
August 2017; pp. 3–10.

15. Fan, S.; Li, Y.; Xing, Z. Comparison of Kramer-Kronig receiver and one-stage SSBI mitigation algorithm in Twin-SSB direct
detection transmission systems enabled by MIMO processing. Opt. Commun. 2019, 434, 75–79. [CrossRef]

16. Zhu, Y.; Ruan, X.; Zou, K. Beyond 200G direct detection transmission with Nyquist asymmetric Twin-SSB signal at C-band. J.
Lightw. Technol. 2017, 35, 3629–3636. [CrossRef]

17. Chien, H.C.; Jia, Z.; Zhang, J. Optical independent sideband modulation for bandwidth-economic coherent transmission. Opt.
Express 2014, 2, 9465–9470. [CrossRef]

http://doi.org/10.1093/ietcom/e88-b.5.1994
http://doi.org/10.1364/OL.41.004162
http://doi.org/10.1109/JLT.2015.2500581
http://doi.org/10.1109/JPHOT.2015.2461011
http://doi.org/10.1109/JLT.2015.2464091
http://doi.org/10.1109/JPHOT.2017.2648640
http://doi.org/10.1016/j.optcom.2017.12.052
http://doi.org/10.1109/EE.1960.6433062
http://doi.org/10.1016/j.optcom.2017.08.033
http://doi.org/10.1016/j.optcom.2018.10.043
http://doi.org/10.1109/JLT.2017.2718098
http://doi.org/10.1364/OE.22.009465


Sensors 2022, 22, 7700 11 of 11

18. Wang, Y.; Yu, J.; Chien, H.C. Transmission and Direct Detection of 300-Gbps DFT-S OFDM Signals Based on O-ISB Modula-
tion with Joint Image-cancellation and Nonlinearity-mitigation. In Proceedings of the 42nd European Conference on Optical
Communication, Dusseldorf, Germany, 18–22 September 2016; pp. 1–3.

19. Dong, Z.; Chien, H.C.; Yu, J. Very- high-throughput coherent ultra-dense WDM-PON based on Nyquist-ISB modulation. IEEE
Photon. Technol. Lett. 2015, 27, 763–766. [CrossRef]

20. Zhang, L.; Zuo, T.; Zhang, Q.; Zhou, J.; Liu, G.N. Single wavelength 248-Gb/s transmission over 80-km SMF based on Twin-SSB-
DMT and direct detection. Opt. Commun. Conf. 2016, 133–135.

21. Zhang, L.; Zuo, T.; Zhang, Q. 150-Gb/s DMT over 80-km SMF transmission based on spectrally efficient SSBI cancellation using
guard-band Twin-SSB technique. In Proceedings of the ECOC 2016 42nd European Conference on Optical Communication,
Dusseldorf, Germany, 18–22 September 2016; pp. 1178–1180.

22. Zhu, Y.; Wang, P.; Jiang, M. 4×288Gb/s Orthogonal Offset Carriers Assisted PDM Twin-SSB WDM Transmission with Direct
Detection. In Proceedings of the 2019 Optical Fiber Communications Conference and Exhibition (OFC), San Diego, CA, USA,
3–7 March 2019.

23. Yam, Y.O.; Wong, K.H. An innovative AM broadcasting system for voice and data information. In Proceedings of the Proceedings
of 1997 Asia-Pacific Microwave Conference, Hong Kong, China, 2–5 December 1997; pp. 1121–1124.

24. Zhu, M.; Zhang, L.; Wang, J. Radio-Over-Fiber Access Architecture for Integrated Broadband Wireless Services. J. Lightwave
Technol. 2013, 31, 3614–3620. [CrossRef]

25. Zhang, L.; Zuo, T.; Zhang, Q. Transmission of 112-Gb/s + DMT over 80-km SMF enabled by Twin-SSB technique at 1550 nm. In
Proceedings of the 2015 European Conference on Optical Communication (ECOC), Valencia, Spain, 27 September–1 October 2015;
pp. 1–3.

26. Li, X.; Yu, J. 2×2 multiple-input multiple-output optical–wireless integration system based on optical independent-sideband
modulation enabled by an in-phase/quadrature modulator. Opt. Lett. 2016, 41, 3138–3141. [CrossRef]

27. Chen, X.; Yao, J. Wavelength Reuse in an RoF Link Based on CS-DSB, Coherent Detection and DSP. IEEE Photon. Technol. Lett.
2017, 29, 975–978. [CrossRef]

28. Chen, X.; Dong, P.; Chandrasekhar, S. Characterization and Digital Pre-compensation of Electro-optic Crosstalk in Silicon
Photonics I/Q Modulators. In Proceedings of the 42nd European Conference on Optical Communication, Dusseldorf, Germany,
18–22 September 2016.

29. Khan, Z.A.; Zenteno, E.; Händel, P. Digital Predistortion for Joint Mitigation of I/Q Imbalance and MIMO Power Amplifier
Distortion. IEEE Trans. Microw. 2017, 65, 322–333. [CrossRef]

30. Pan, X.; Zhang, B.; Liu, X. Mitigation of crosstalk between RSB and LSB signals generated by one I/Q modulator. Opt. Express
2020, 28, 2238–2250. [CrossRef]

31. Petit, M.; Springer, A. Analysis of a Properness-Based Blind Adaptive I/Q Filter Mismatch Compensation. IEEE Trans. Wireless
Commun. 2016, 15, 781–793. [CrossRef]

32. Xiao, J.; Yu, J.; Li, X. 40-Gb/s PDM-QPSK signal transmission over 160-m wireless distance at W-band. Opt. Lett. 2015, 40,
998–1001. [CrossRef]

33. Li, X.; Yu, J.; Xiao, J. Fiber-wireless-fiber link for 128-Gb/s PDM-16QAM signal transmission at W-band. IEEE Photonics Technol.
Lett. 2014, 26, 1948–1951. [CrossRef]

34. Li, F.; Cao, Z.; Li, X. Fiber-wireless transmission system of PDM-MIMO-OFDM at 100 GHz frequency. J. Lightwave Technol. 2013,
31, 2394–2399. [CrossRef]

35. Zhang, J.; Yu, J.; Jia, Z. 400 G Transmission of Super-Nyquist-Filtered Signal Based on Single-Carrier 110-GBaud PDM QPSK with
100-GHz Grid. J. Lightwave Technol. 2014, 32, 3239–3246. [CrossRef]

36. Wang, W.; Zou, D.; Feng, X. Optical polarization division multiplexing fiber-wireless integration system at Ka-band based on a
low-cost dual-drive MZM. Opt. Express 2021, 29, 37453–37463. [CrossRef]

http://doi.org/10.1109/LPT.2015.2391281
http://doi.org/10.1109/JLT.2013.2286564
http://doi.org/10.1364/OL.41.003138
http://doi.org/10.1109/LPT.2017.2700763
http://doi.org/10.1109/TMTT.2016.2614933
http://doi.org/10.1364/OE.382874
http://doi.org/10.1109/TWC.2015.2478777
http://doi.org/10.1364/OL.40.000998
http://doi.org/10.1109/LPT.2014.2342711
http://doi.org/10.1109/JLT.2013.2266353
http://doi.org/10.1109/JLT.2014.2343016
http://doi.org/10.1364/OE.441081

	Introduction 
	Principle 
	Principle of Twin-SSB Signal Generation 
	Principle of Twin-SSB Signal Detection Based on a Single PD 

	Simulation Settings and Results 
	Simulation Settings 
	Results 

	Conclusions 
	References

