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Abstract—In this letter, we propose a novel and straightforward
scheme for Q-band (33–50 GHz) millimeter-wave signal generation
enabled by a Mach-Zehnder modulator (MZM)-based joint algo-
rithm, which combines probabilistic shaping (PS) and precoding
technology, to enhance the anti-interference ability of the trans-
mission system. Based on the proposed scheme, we experimentally
demonstrate the generation and transmission of 1.4-Gbaud 46-GHz
PS-16-quadrature-amplitude-modulation (PS-16QAM) vector sig-
nals, showcasing improved bit-error-ratio (BER) in both standard
single-mode fiber (SSMF) and wireless transmission cases. The
proposed scheme exhibits a clear advantage in terms of nonlinear
interference suppression and satisfies the hard-decision forward-
error-correction (HD-FEC) threshold with a BER of 3.8 × 10−3 in
radio-over-fiber (RoF) systems.

Index Terms—Millimeter-wave (MMW), radio-over-fiber (RoF),
probabilistic shaping (PS), precoding.

I. INTRODUCTION

INCREASING demand for mobile data traffic and high-
definition (HD) services has led to a growing need for

increased bandwidth in fifth-generation (5G) radio access net-
works. Millimeter-wave technology has gathered more and more
attention due to its vast available bandwidth and ability to
support high data rates [1], [2], [3]. High-speed millimeter-wave
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signals can be generated by using photonic-aided millimeter-
wave systems, which can also facilitate fiber-wireless integra-
tion transmission. The photonic-aided radio-over-fiber (RoF)
technique has been proposed to deliver millimeter-wave signals
at high frequencies, and a considerable amount of literature
has been published on photonic vector mm-wave signal gen-
eration [2], [3], [4], [5]. Although these schemes only employ
one Mach-Zehnder modulator (MZM), the precoding technique
considerably reduces the Euclidean distance of the transmitter
constellation, hence restricting the transmission distance [6], [7].
In order to improve the signal-to-noise ratio (SNR), increasing
the optical power into the photodetector (PD) for high-power
electrical millimeter-wave signal generation is necessary for a
long transmission distance. However, the high input power will
restrict the system’s performance due to the saturation of the op-
toelectronics. Predictably, the system performance will improve
if the saturation nonlinearity can be appropriately compensated.

Nonlinearity compensation and constellation equalization are
two major areas of communication research in recent years.
Probabilistic shaping (PS) is a common algorithm used to
compensate for nonlinearity distortion [8], [9], [10], [11]. PS
technique stands out among other algorithms due to its ability to
achieve fine rates and closely approach ultimate performance by
bridging the shaping gap. Through the use of time superposition,
PS enables the realization of the Maxwell-Boltzmann distribu-
tion by sending each quadrature amplitude modulation (QAM)
symbol with a unique probability. Compared with normal uni-
form constellations, PS reduces the average power and source
entropy, leading to better system performance in terms of near-
Shannon performance. It is well known that the PS scheme can
reduce the transmitted power that has influence on the introduced
nonlinear distortion. It has been demonstrated that the usage
of PS significantly enhances transmission performance with
extended distance and increased capacity [10], [11], [12], [13].
Over the past decade, the PS has been well verified to be able
to bring significant performance gains with extended distance
or increased capacity. Many different PS schemes have been
proposed in the literatures and their performance improvement
has also been verified.

In this letter, we propose a novel scheme for generating a high-
frequency PS-16QAM vector radio-frequency (RF) signal. The
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Fig. 1. The principle of photonic PS-16QAM vector signal at frequency fs. (a) Scheme diagram of generating the PS-16QAM signals. (b) Schematic spectrum of
driving electrical PS-16QAM vector signal. (c) Schematic spectrum of photonic PS-16QAM vector signal after passing through the MZM. (d) Schematic spectrum
of the received signal after the PD. ECL: external cavity laser, MZM: Mach-Zehnder modulator, PD: photodiode.

system generates photonic vector signals at Q-band enabled by
MZM-based optical carrier suppression (OCS) technique. The
driving (RF) signal, carrying multi-amplitude QAM transmitter
data, is optimized through a joint optimization algorithm, incor-
porating PS and precoding techniques. The proposed scheme
has significantly enhanced bit-error-ratio (BER) performance
in both standard single-mode fiber (SSMF) and wireless trans-
mission scenarios. Experimental results demonstrate that the
joint optimization algorithm can efficiently improve the system
performance, with all BERs meeting the hard-decision forward
error correction threshold (HD-FEC) of 3.8 × 10−3.

II. PRINCIPLE

Fig. 1 illustrate the generation procedure of photonic vector
RF signal at the frequency of fs which carries the electrical
quadrature amplitude modulation data. The signal has under-
gone shaping through the utilization of a distribution matcher
(DM) and a precoding module.

Fig. 1(a) depicts the schematic representation of generating
the PS-16QAM signals. After the module, the mapping of QAM
modulation, and up-sampling, the resulting constellation points
in the PS-QAM format display a distribution that follows the
Maxwell-Boltzmann distribution, which can be respectively ex-
pressed as [11]

PX (xi) =
1

∑M
k=1 e

−v|xk |2
e−v|xi|2 (xi

= am + bnj; am , bn = ±1,±3; ) (1)

Where v is a scaling factor that can be adjusted to change the
information entropy and achieve rate-adaptation.

The principle of probabilistic fold shaping (PFS) scheme is
a technique that can be used to actualize N-fold rotationally
symmetrical QAM formats, specifically the 4-fold symmetrical
16-QAM format [14]. The scheme operates by first converting
the PRBS into the PS module. And then the signal is divided into
two branches consisting of U1 and U2 bits. U1 bits on the upper
branch are transmitted into DM to generate the non-uniformly
distribution for different amplitude. The output of the DM is
represented by V1 symbols. In order to generate the PS-16QAM
format that follows the Maxwell-Boltzmann distribution, the
probability of V1 symbols should satisfy

PA (am) =
1

∑√
M/2

k=1 e−va2
k

e−va2
m ( am = 1, 3) (2)

Therefore, we have

PA (am) ∗ PA (bn) = PX (xi) ( xi = am + bnj) (3)

As Fig. 1 shows, V1 bits converted from V1 non-uniformly
distributed symbols are concatenated with U2 original bits,
which have a uniform distribution. The resulting sequence is then
encoded using Forward Error Correction (FEC) encoding, which
guarantees the absence of bit errors at the receiving end. The
encoded sequence, consisting of uniformly distributed parity
check bits and U2 information bits, is utilized as the fold index
bits, providing symmetry for the symbol mapping. Meanwhile,
V1 information bits converted from non-uniformly distributed
symbols are used as amplitude bits. These bits pass through a bit-
interleaver, which divides them into two branches to change the
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amplitude distribution of I and Q. The non-uniformly distributed
points are indicated by different colors, each representing a
different probability. Finally, the fold index bits and amplitude
bits are combined in Quadrature Amplitude Modulation (QAM)
and transformed into a sequence of symbols with Maxwell-
Boltzmann distribution, resulting in the PS-16QAM format. It is
essential to highlight that FEC encoding plays a crucial role in
ensuring the integrity of the data before it reaches the distribution
de-matcher at the receiving end.

After the PS module, the precoding approach is then used to
process the signal and ensure that the PD output signal is a signal
at frequency fs can be expressed as

ERF (t) = K1 (t) sin [2πfst+ ϕ (t)] . (4)

WhereK1 andϕdenote the amplitude and phase of the driving
RF signal at frequency fs, respectively. K1 has a variety of
values since the transmitter data adopts multi-amplitude vector
modulation.

Assuming that the continuous-wavelength (CW) light wave
emitted by an external cavity laser (ECL) with the center fre-
quency of fc has constant amplitude K2 and can be expressed
as

ECW (t) = K2 exp (j2πfct) . (5)

The MZM is biased at its minimal transmission point to
implement OCS modulation by adjusting the DC bias voltage.
The two first-order subcarriers from the MZM can be expressed
as

EMZM (t) = 2jK2 {J−1 (k) exp [j2π (fc − fs) t− jϕt]

+J+1 (k) exp [j2π (fc + fs) t− jϕt]} (6)

Where J−1 (.) and J+1 (.) is the Bessel function of the first
kind. k is equal to πVdrive K1 (t)/Vπ, while Vdrive and Vπ ,
denote driving voltage and half-wave voltage of the MZM,
respectively. The (6) demonstrates that the MZM generates two
first-order subcarriers that are spaced by 2fs. Fig. 1(c) shows
the schematic output spectrum of the MZM.

At the receiver, the incoming signal is directly fed into the
PD. After the square-law PD conversion, the output current of
the PD can be expressed as

iRF (t) =
1

2
RJ2

1 (k) cos [2π · 2fst+ 2ϕ (t)] (7)

Where R denotes the PD sensitivity. According to Fig. 1(d),
we can see from (7) that the frequency 2 fs of the obtained RF
signal is double of the driving RF signal (fs).

Based on the frequency doubling scheme [15], the frequency
of the output signal change to 2fs , and the corresponding phase
turns to be 2ϕ (t) shown by (7). Additionally, the amplitude of
the output signal is carried by the term of the square of J1 (k),
which depends on the ratio of Vdrive to Vπ . The amplitude K1

and phase ϕ of the driving RF signal should satisfy

Kdata = J2
1 (πK1Vdrive/Vπ) ; ϕdata = 2ϕ (8)

Where Kdata and ϕdata respectively denote the amplitude
and phase of the original transmitter data. For the 16QAM
transmitter data, the obtained value of amplitude K1 and phase

ϕ by resolving (8) are just the precoded amplitude and phase
which can be assigned to the driving RF signal.

III. EXPERIMENT AND RESULT

To validate the proposed scheme, a simulation was conducted
to generate PS-16QAM vector signals with PD direct detection.
At the transmitter, a precoded 8-GHz vector signal, carrying
0.5-Gbaud PS-16QAM data, was generated by MATLAB pro-
gramming and then uploaded into an arbitrary waveform genera-
tor (AWG) with 128-GSa/s sampling rate, to implement digital-
to-analog conversion (DAC). Then, using an MZM driven at
its minimum transmission point, the analog signal was utilized
to modulate the CW output from an ECL. To set the specified
optical signal-to-noise ratio (OSNR), the output from the MZM
was passed through a device that can add depolarized noise to the
input signal. After that, the resulting optical signal was fed into a
PD. The signal underwent additional processing at the receiver’s
DSP module, including down-converting, down-sampling, and
de-mapping.

The BER performance of the traditional and PS-precoded
16QAM signals is shown in Fig. 3. The results demonstrate that,
in the range of interest for OSNR, the PS-precoded 16QAM
signal outperforms the traditional 16QAM signal in terms of
BER. When the OSNR is about 13 dB, the error rate of the
probabilistic shaping system falls below the HD-FEC thresh-
old. Compared with the traditional 16QAM system, the OSNR
requirement for reaching a BER of HD-FEC threshold is 1 dB
lower in the proposed PS-precoded system. This indicates that
the proposed integration scheme can provide reliable informa-
tion transmission by utilizing standard HD-FEC. The simulation
results demonstrate that the proposed scheme has superior anti-
interference capabilities and a reduced BER value.

The experiment setup, employing the 1-m wireless or 3-km
SSMF and 1-m wireless transmission of a 46-GHz RF signal,
is depicted in Fig. 2. The electrical PS-16QAM vector signal
is generated in MATLAB with the code length is 32768 bit and
then loaded into an arbitrary waveform generator (AWG) with
92 Gsa/s sampling rate. The power-amplified vector signal drives
the 40 GHz bandwidth of MZM, which is biased at its minimum
transmission point to enable OCS modulation, to modulate the
continuous wave from the ECL. Fig. 2(a) and (b) illustrate the
optical spectra of the normal 16QAM and PS-16QAM signals
after they pass through the MZM, respectively. The optical signal
is then amplified by an Erbium-doped fiber amplifier before be-
ing transmitted over either a 3-km SSMF or directly to a PD. The
optical-to-electrical (O/E) conversion is implemented by a 50-
GHz PD. EA2 amplifies the detected signal at 46-GHz, which is
subsequently sent to a rectangular horn antenna operating in the
22–50-GHz frequency range. After 1-m wireless transmission,
an identical rectangular horn antenna receives the mm-wave
signal, which is then amplified by a low-noise electrical amplifier
(EA3). To perform the analog-to-digital conversion, the signal
is captured by a digital storage oscilloscope (OSC) with 128-
GSa/s sampling rate and subsequently processed via offline DSP
comprised of down-conversion, resampling, constant modulus
algorithm (CMA), blind phase search (BPS), decision-directed
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Fig. 2. Experimental setup. EA: electrical amplifier, EDFA: erbium-doped fiber amplifier.

Fig. 3. Simulated BER versus the OSNR.

least mean square (DDLMS), K-means clustering algorithm,
De-Mapping, and final BER calculation.

Fig. 4 compares the BER performance of three different
transmission scenarios. The results demonstrate the feasibil-
ity of the system, as both normal 16QAM and PS-16QAM
can achieve a BER performance below the SD-FEC threshold
with a power input higher than −3 dBm. Conversely, in the
absence of PS, the BER performance is hardly reduced below
the HD-FEC threshold. However, for the cases with PS, the BER
performance is consistently maintained at an acceptable level
and is effectively reduced below the HD-FEC threshold. These
results highlight the superiority of probabilistic shaping in im-
proving BER performance. Compared with the fixed probability
distribution of tradition constellation, under the condition that
the minimum Euclidean distance in the constellation remains
unchanged, PS greatly reduces the average power of the constel-
lation, improving the anti-interference ability of the transmis-
sion system. The results demonstrate that the PS technique can

Fig. 4. Measured BER versus the power into PD.

effectively alleviate the nonlinear effects of signals in the RoF
systems.

Fig. 4 demonstrates that the BER of Back-to-Back (BTB)
systems is consistently higher compared to the other systems.
This can be attributed to the saturation of optoelectronics caused
by the high input power. The received constellations at −4 dBm
and −5 dBm are presented in Fig. 5. Due to energy loss in
the transmission link, the constellations of the latter two sys-
tems exhibit superior performance, resulting in a better BER.
The sixteen clusters in the constellations are well separated,
demonstrating the effectiveness of the precoding technology
and the DSP algorithm at the receiver. The clearness of the PS-
16QAM constellation diagram indicates that the improved BER
performance is a result of the joint algorithm. The probability
distribution of the PS-16QAM constellation points successfully
achieves the goal of having dense low-energy points and sparse
high-energy points, while maintaining the minimum Euclidean
distance in the constellation.
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Fig. 5. Received constellations of PS-16QAM after different transmission cases. The power into PD is −5 dBm : (a) BTB, (b) 3 km-smf+1 m-wireless,
(c) 1 m-wireless. The power into PD is −4 dBm : (d) BTB, (e) 3 km-smf+1 m-wireless, (f) 1 m-wireless.

IV. CONCLUSION

In conclusion, we propose a novel joint algorithm based on
PS and precoding technology for multi-amplitude QAM vector
signals in the mm-wave band. The proposed scheme leverages
the MZM-based OCS modulation to generate the 1.4-Gbaud
16QAM and PS-16QAM vector signals at 46 GHz. The exper-
imental results demonstrate that, the BER of the PS-16QAM
vector signal can be maintained below the HD-FEC threshold
of 3.8 × 10−3 after fiber-wireless integration transmission. The
results of our experiments indicate that the proposed scheme is
capable of effectively compensating for nonlinearity distortion
and can support longer distances with increased input optical
power into the PD.
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