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In this paper, we introduce the probabilistic shaping (PS) technique to the normal (3, 1) vector signal and simulate the generated
PS (3, 1) photonic vector signal on an optical transmission system. The PS (3, 1) photonic vector signal is generated by a radio
frequency (RF) signal at 12 GHz driving a Mach-Zehnder modulator- (MZM-) based optical carrier suppression (OCS) doubling,
and the PS (3, 1) photonic vector signal is not precoding. The PS (3, 1) photonic vector signal and the normal (3, 1) photonic vector
signal are used to transmit in 5 km, 10 km, and 20 km single-mode fibers (SMF), respectively. The simulation results demonstrate
that the bit error ratio (BER) of the PS (3, 1) vector signal is less than the forward error correction (FEC) threshold of 3.8 x 1073,

and the BER performance is better than that of the normal (3, 1) vector signal at 4 Gbit/s and 8 Gbit/s transmission rates.

1. Introduction

Optical communication is a communication method using
the laser as the carrier and fiber optics as the transmission
medium, which has the advantages of huge carrier resources
and small transmission attenuation. Internet business has been
exploding as people’s demand for information expands dra-
matically, and the bandwidth demand for network data services
continues to increase. Now, more and more video streams, as
well as cloud computing, and mobile data transmission put
forward higher requirements on optical communication system
network size, communication speed, communication capacity,
and communication distance. The radio-over-fiber (ROF)
communication combines optical communication and wireless
transmission, which offers the advantages of high bandwidth,
low loss, low power consumption, and flexible operation [1-6].
Besides, the vector modulation format has high spectral effi-
ciency and allows more information to be transmitted in a
limited bandwidth, thus reducing the bandwidth requirements
on optical devices [7]. The transmission capability is effectively
increased by the vector modulation in the ROF system, and it is
widely used to drive external modulators using low-cost radio

frequency (RF) signals, which generate more stable photonic
vector signals based on the optical carrier suppression (OCS)
technique [3-6].

Since the power limitations are caused by the fiber
channel, the signal must be optimized to increase the
spectral efficiency and transmission capacity without in-
creasing the transmit power. The probabilistic shaping (PS)
technique is an excellent solution to these problems, as its
purpose is to decrease the probability of signal positions with
high energy and increase the probability of signal positions
with low energy, thus reducing the average transmitted
energy. As can be seen from recent studies, it can be seen that
the PS can provide longer transmission distance, larger
transmission capacity, and higher transmission rate [8-16],
which has become a hot issue of discussion.

At present, Xiao et al. [17] demonstrate that a (3, 1)
vector signal has superior bit error ratio (BER) performance
than the quadrature phase shift keying (QPSK) vector signal
in the optical transmission. This scheme does not require
amplitude precoding, and the data from the (3, 1) vector
signal are acquired primarily as phase information. Com-
bined with the square-law property of the photodetector
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(PD), the Euclidean distance between the (3, 1) vector signal
constellations is balanced, effectively avoiding the phased
precoding operations and reducing the complexity of the
system. In this paper, the PS technique is invoked to further
optimize the system performance, and a (3, 1) photonic vector
signal based on the PS technique is generated, hereinafter
referred to as the PS (3, 1) photonic vector signal. The PS (3, 1)
photonic signal is generated by the PS (3, 1) electronic vector
signal as an RF signal at 12GHz driving an external
Mach-Zehnder modulator (MZM). Then, the PS (3, 1)
photonic vector signal is simulated by an optical transmission
system for transmission in 5km, 10km, and 20km single-
mode fibers (SMF), respectively. The simulation results
demonstrate that the method has a BER lower than the
forward error correction (FEC) threshold of 3.8x107° in
optical transmission at 4 Gbit/s and 8 Gbit/s transmission
rates, and the BER performance of the PS (3, 1) vector signal is
better than that of the normal (3, 1) vector signal.

2. Principles

2.1. Principle of PS Technique. The PS is a modulation op-
timization technique that obeys our predefined probabilistic
distribution for the probability of each symbol occurring in
the signal after coding and mapping. This probabilistic
distribution is characterized by an increase in the probability
of occurrence of the midzero position constellation point
and a decrease in the probability of occurrence of the outer
three-position constellation points compared to the normal
(3, 1) signal that is uniformly distributed, as shown in
Figure 1. As a result, the probability of occurrence of low
BER constellation positions is increased and the probability
of occurrence of high BER constellation positions is de-
creased, thus improving the BER performance of the system.
Figure 1(a) shows the probability distribution of normal (3,
1) signal constellation positions, and Figure 1(b) shows the
probability distribution of PS (3, 1) signal constellation
positions, respectively. In addition, the average power of the
PS (3, 1) signal will be lower than the average power of the
normal (3, 1) signal after decreasing the probability of the
occurrence of positions with higher amplitude, thus saving
the transmit power and helping to solve the power limita-
tions issue due to the nonlinearity in optical communication.
The probability distribution used in this paper is the
Maxwell-Boltzmann distribution as follows:
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this is a formula for one-dimensional symbols, which can
calculate the probability for each distribution position of the
(3, 1) signal, where v is the scaling factor, and its larger value
represents a higher level of the PS, and M represents the
number of constellation positions. For multiple signals, it
can also be written as

Py(x) = 1 x e (Res) (),
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(2)
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Here, we first set the value of v to 0.4, and then the
probability of the outer three-position constellation points
and the midzero position constellation point appearing is
0.222626675641, 0.222626675641, 0.222626675641, and
0.332119973077, respectively. Thus, the achievable infor-
mation rate (AIR) reaches 1.9756bit/symbol. By the fol-
lowing power calculation formula,

P=) |x.|” x P(X)), (3)

the average relative power of the PS (3, 1) signal can be found
to be 0.6679, whereas the normal (3, 1) signal has an average
power of 0.7500, which is 1.1230 times higher than that of
the PS (3, 1) signal. It is necessary to set the average power of
the two to be equal to increase comparability; therefore, the
amplitude of each symbol of the PS (3, 1) signal should be
increased by a factor of 1.0587, as shown in Figure 2.
Figure 2(a) shows the constellation of the normal (3, 1)
signal, and Figure 2(b) shows the constellation of the ex-
panded PS (3, 1) signal.

2.2. Principle of PS (3, 1) Photonic Vector Signal Generation.
Figure 3 shows a principle diagram of the OCS-based PS (3,
1) photonic vector signal generation. First, we produce a
pseudorandom binary sequence (PRBS) in MATLAB and
then let each symbol of the (3, 1) signal be encoded and
mapped by PS so that its probability of occurrence obeys our
predefined distribution. Afterward, the generated PS (3, 1)
signal is divided into I and Q channels and are mixed with
two sinusoidal RF signals in the orthogonal phase at f,,
respectively, and then upconverted to the intermediate
frequency (IF) signal. Finally, the two signals are super-
imposed to generate the PS (3, 1) electronic vector signal, as
shown in Figure 3(a). The PS (3, 1) electronic vector signal is
used as RF, and the PS (3, 1) photonic vector signal is then
generated through MZM driven by the RF. Figure 3(b)
shows the relationship between MZM output power and
direct current (DC) bias voltage. The DC bias voltage of the
MZM needs to be set to the minimum transmission point to
realize the OCS technique. Then, the two first-order side-
bands are generated, and the frequency of the optical carrier
becomes 2 f .. The optical spectrum of the signal at the MZM
output is shown in Figure 3(c). PD conversion follows the
square law, and Figures 3(d) and 3(e) show the change in
constellation points before and after PD, which are mapped
point by point with the same color. Upon comparison, it can
be seen that the constellation points after PD have changed
the phase at “10” and “11,” and it is only necessary to change
the decoding method to correct this error due to the phase
change.

3. The Construction of Simulation System

Figure 4 shows the system simulation platform built to
research the PS (3, 1) vector signal. In the transmission
system, the PS (3, 1) electronic vector signal is amplified and
used as RF to drive the MZM to generate the PS (3, 1)
photonic vector signal. The PS (3, 1) electronic vector signal
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FIGURE 2: (a) Normal (3, 1) and (b) PS (3, 1) signal constellations.
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FIGURE 3: Schematic diagram of PS (3, 1) photonic vector signal generation: (a) the method of generating PS (3, 1) electronic vector signals;
(b) relationship between MZM output power and DC bias voltage; (c) optical spectrum of the signal at the MZM output; (d) distribution of
pre-PD constellation points; (e) distribution of post-PD constellation points.

transmit center frequency of 191.1 THz, a line width setting
of 100kHz, and an average power setting of 16dBm.
Figure 4(a) shows the spectrogram of the PS (3, 1) photonic

is generated at 12 GHz by MATLAB offline programming.
The length of PRBS is 2'% and the sampling rate is set to
64 GSa/s. The tunable external cavity laser (ECL) has a
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FIGURE 4: PS (3, 1) vector signal system diagram: (a) spectrogram of the PS (3, 1) photonic vector signal with v=0.4 at 12 GHz after MZM;

(b) spectrogram of the PS (3, 1) vector signal with v=0.4 after PD.

vector signal with v= 0.4 after MZM. The PS (3, 1) photonic
vector signal is transmitted through the SMF after an er-
bium-doped fiber amplifier (EDFA), and the length of SMF
is set at 5km, 10 km, and 20 km. The attenuation coefficient
of SMF is 0.2x107> db/m, the chromatic dispersion at
1550nm is 16x10™°s/m? and the dispersion slope is
0.08 x 10’ s/m>. The PD has a sensitivity of 1 A/W, and
Figure 4(b) shows the spectrogram of the PS (3, 1) vector
signal with v=0.4 after PD, which is a 24 GHz carrier
bandwidth after doubling the frequency. Finally, the binary
sequence recovery is done by digital signal processing (DSP),
including downconversion, chromatic dispersion (CD)
compensation, clock extraction, constant multimodulus
algorithm (CMMA), blind phase search (BPS) algorithm,
and BER calculation.

Figure 5 shows the constellation of the PS (3, 1) vector
signal generated at v=1.5 with a transmission rate of 4
Gbit/s after 5km SMF in the optical system. These DSP
steps include (a) the constellation of the original signal, (b)
the constellation after clock extraction, (c) the constellation
after CMMA, and (d) the constellation after BPS. The
probability of the outer three-position constellation points
and the midzero position constellation point appearing is
0.133659657679, 0.133659657679, 0.133659657679, and
0.599021026963, respectively. For a better view of the re-
sults, the DSP is shown here when the received optical
power is =27 dBm. It is clear from the figure that more of

the data are concentrated at the midzero position, which is
caused by the PS technique.

4. Simulation Results

We transmit the single carrier normal (3, 1) vector signal and
the PS (3, 1) vector signal with v=0.4 over a 5 km SMF at 4-8
Gbaud, respectively. Figure 6 shows the BER versus the baud
rate for the two cases when the received optical power is
—23 dBm. The PS (3, 1) vector signal at 7 Gbaud already has a
BER below the FEC threshold of 3.8 x 107, so the achievable
maximum baud rate of the single carrier PS (3, 1) vector
signal over a 5 km SMF reaches 7 Gbaud at a received optical
power of —23 dBm. The AIR of the PS (3, 1) vector signal is
1.9756 bit/symbol, so here the maximum bit rate that the PS
(3, 1) vector signal can achieve is 7 x 1.9756 = 13.8292 Gbit/s.
For the same baud rate of 7 Gbaud, the BER of the normal (3,
1) vector signal is higher than 3.8 x 107>, which is below the
FEC threshold at 6 Gbaud. Thus, the achievable maximum
baud rate of the normal (3, 1) vector signal with the AIR of
2bit/symbol is 6 Gbaud at a received optical power of
—23dBm. The maximum bit rate that the normal (3, 1)
vector signal can achieve is 6 x2 =12 Gbit/s, which is smaller
than the value of the PS (3, 1) vector signal. The simulation
result demonstrates that the BER of the PS (3, 1) signal is
much better than that of the normal (3, 1) signal at 4-8
Gbaud, which can be summarized as the PS technique is
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FIGURE 5: Constellation for the 4 Gbit/s over 5 km SMF transmission when the received optical power is —27 dBm: (a) the constellation of the
original signal; (b) the constellation after clock extraction; (c) the constellation after CMMA; (d) the constellation after BPS.
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FIGURE 6: BER of the normal (3, 1) vector signal and the PS (3, 1)
vector signal with v=0.4 versus baud rate for 5km SMF trans-
mission at a received optical power of —23 dBm, respectively.

sacrificing a small amount of spectral entropy for a large
reward from BER performance. In the following, we further
investigate the improvement of the system BER performance
by the PS technique.

Considering that the spectral entropy of the PS (3, 1)
vector signal will be less than 2 bit/symbol, the same baud
rate represents a small deviation from the information rate,
so it is necessary to compare the BER performance at the
same bit rate. Figures 7 and 8 show the BER of a single carrier
normal (3, 1) vector signal and the PS (3, 1) vector signal
versus received optical power for 5km and 20km SMF
transmission at 4 Gbit/s and 8 Gbit/s, respectively. The PS (3,
1) photonic vector signal generated at v=0.4 is used here,
and then probability of the outer three-position constella-
tion points and the midzero position constellation point
appearing is 0.222626675641, 0.222626675641,
0.222626675641, and 0.332119973077, respectively. Figure 7
shows the BER versus the received optical power for four
different cases: (1) normal (3, 1) signal 5km SMF 4 Gbit/s,
(2) PS (3, 1) signal 5km SMF 4 Gbit/s, (3) normal (3, 1)
signal 20km SMF 4 Gbit/s, and (4) PS (3, 1) signal 20 km
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FIGURre 7: BER of the normal (3, 1) signal and the PS (3, 1) signal
versus received optical power for 5km and 20km SMF trans-
mission at 4 Gbit/s, respectively.

SMF 4 Gbit/s. The simulation result demonstrates that the
BER of the PS (3, 1) vector signal over the 20 km SMF is less
than the FEC threshold of 3.8x107> when the received
optical power is —25 dBm, and the overall BER performance
is better than that of the normal (3, 1) vector signal. This
result is completely consistent with the theoretical analysis.
Figure 8 also shows the BER versus the received optical
power for four different cases: (1) normal (3, 1) signal 5km
SMF 8 Gbit/s, (2) PS (3, 1) signal 5km SMF 8 Gbit/s, (3)
normal (3, 1) signal 20km SMF 8 Gbit/s, and (4) PS (3, 1)
signal 20km SMF 8 Gbit/s. The simulation result demon-
strates that the BER of the PS (3, 1) vector signal over the
20 km SMF is less than the FEC threshold of 3.8 x 107> when
the received optical power is —23 dBm, and the overall BER
performance is better than the normal (3, 1) vector signal.

Figure 9 shows the BER of the normal (3, 1) vector signal
and the PS (3, 1) vector signal versus received optical power
for 5km, 10 km, and 20 km SMF transmission at 16 Gbit/s,
respectively. We also set the PS (3, 1) photonic vector signal
generated at v = 0.4. The simulation result demonstrates that
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the BER of the PS (3, 1) vector signal over 5km SMF is less
than the FEC threshold of 3.8x107 when the received
optical power is —22 dBm, and the BER of the PS (3, 1) vector
signal over 10km SMF is less than FEC threshold of
3.8x 107 when the received optical power is —20 dBm. In
addition, the simulation result demonstrates that the PS (3,
1) vector signal over 20 km SMF does not reach the FEC
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threshold of 3.8x107> at 16 Gbit/s. However, the overall
BER performance of the PS (3, 1) vector signal is still better
than that of the normal (3, 1) vector signal.

5. Conclusion

In this paper, we introduce the PS technique to the normal
(3, 1) vector signal and simulate the generated PS (3, 1)
photonic vector signal on an optical system. The simulation
results demonstrate that the maximum reliable information
rate of the PS (3, 1) vector signal is higher than that of the
normal (3, 1) vector signal in our simulation system, and the
PS (3, 1) vector signal has better BER performance than the
normal (3, 1) vector signal at the same transmission rates of
4 Gbit/s, 8 Gbit/s, and 16 Gbit/s. From the above results, it
can be seen that the PS technique balances both spectral
efficiency and BER performance, making the effectiveness
and reliability of the optical transmission system guaranteed.
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