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Abstract: A novel inserting pilot scheme to generate and distribute a frequency 16-tupling millimeter
wave (MMW) radio over fiber (ROF) system without the bit walk-off effect via Mach–Zehnder
modulators (MZMs) is proposed. The operation principle is analyzed and the feasibility of our
proposed scheme is verified by simulation test. The main part of our scheme is a ±8th-order sidebands
generator (SG), which is constructed by four MZMs connected in parallel. In the back-to-back (BTB)
transmission case, by properly adjusting the voltage and initial phase of the radio frequency (RF)
drive signals of the MZMs, ±8th-order sidebands are generated by the SG. In the data transmission
case, the data signal is first split into two beams, one of which modulates the RF drive signal with
an electrical phase modulator (PM) while the other is amplified by an electrical gainer (EG), and
then the two beams are combined into one and used as the composite RF drive signal of the MZMs.
By adjusting the modulation index of the PM and the gain of the EG, the data signal can only be
modulated to the +8th-order sideband of the output of the SG. The optical carrier from the continuous
wave (CW) laser is split into two paths: one is sent into the SG, and the other is used as a pilot signal.
The output signal of SG is combined with the pilot signal and is transmitted to the base station (BS)
via optical fiber. At the BS, the pilot signal is filtered out by a fiber Bragg grating (FBG) and used as
the carrier for the uplink for carrier reuse. After filtering out the pilot, the signal from the FBG, which
is composed of ±8th-order sidebands, is injected into a photodetector, and a frequency 16-tupling
MMW with downlink data is generated. The key parameters’ influence on the bit error rate (BER)
and Q factor in the system is also analyzed. Our scheme can not only effectively overcome the bit
walk-off effect caused by optical fiber chromatic dispersion and greatly increase the fiber transmission
distance but can also effectively improve the performance and the tunability of system. Therefore, it
has important application prospects in ROF systems.

Keywords: radio over fiber (ROF); millimeter wave (MMW); Mach–Zehnder modulators (MZM); bit
walk-off effect; pilot signal

1. Introduction

With the rapid development of wireless communication, such as wireless access
networks, 5G, and 6G, ultrahigh-speed data can be realized by using high-frequency
millimeter waves (MMWs). The radio over fiber (ROF) system is a key part of wireless
communication [1–4]. In the ROF system, the generation of MMW signals beyond 100 GHz
in electronic domains faces a serious challenge because of restrictions on the frequency
responses of electronic modules and components [5].

This limitation can be overcome by generating MMWs in the optical domain [6]. The
MMWs generated in the optical domain is referred to as optical MMWs. Optical MMWs
consist of two coherent beams of light with a frequency interval of 30 GHz to 3000 GHz,
with which the electrical MMW signal can be generated by beating these beams in a
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photodetector. It is important to note that the optical MMWs are different from electrical
MMW signals; they comprise optical wave signals, which is a key technical term used in
ROF systems.

The generation of optical MMWs is a key technique to realize low cost and high trans-
mission performance in ROF systems [7]. Many schemes to generate optical MMW have
been proposed, such as optical heterodyning methods [8], optoelectronic oscillator meth-
ods [9], mode-locked lasers methods [10], external modulator methods [11–14], and optical
nonlinear effect methods [15,16]. Among the above methods, the external method with
MZMs offers several advantages, such as a high frequency multiplication factor (FMF), a
greater tunability, a higher reliability, a higher conversion efficiency, and receiver sensitivity.
It is the most commonly used and proven method and has been widely exploited. The first
proposal to utilize photonic frequency multiplication techniques for mm wave signal gen-
eration was made by O’Reilly J.J. [17]. The principle of photonic frequency multiplication
techniques is as follows: firstly, the nonlinear property of an external modulator is utilized
to generate multi-order sidebands, and the two sidebands, spaced at the desired millimeter
wave, are extracted by various optical methods, which are called the optical millimeter
wave. At the same time, it is necessary to suppress the other sidebands as much as possible.
Then, these two extracted sidebands are injected into the photodetector for photo-electronic
conversion to generate the desired millimeter-wave signals; in most cases, symmetrical
±nth-order sidebands are extracted and injected into the photodetector to generate the
millimeter-wave with a frequency of 2n fRF, where fRF is the frequency of the RF driving
signal loaded into the external modulator, and 2n is called the frequency multiplication
factor (FMF). In order to obtain high-frequency millimeter-waves, either the FMF or the fRF
should be increased. Due to the limitations of the frequency of the RF driving signal and the
frequency response of the external modulator, the general method to obtain high-frequency
millimeter-waves is to increase the FMF. To improve the FMF, it is necessary to select the
higher-order sidebands while suppressing the lower-order sidebands; this can be realized
through cascading external modulators. External modulator methods, as well as frequency
doubling [18,19], quadrupling [20], octupling [21], 12-tupling [22], and 16-tupling [23]. The
highest FMF reached 24 [24,25] and 32 [26–28] in recent years. In general, the higher the
FMF, the more complex the structure of the system.

The data modulation format is an important issue for ROF. It will greatly affect
the transmission performance of the ROF system. The conventional data modulation
formats for the optical MMW in an ROF are single-sideband (SSB) modulation, double-
sideband (DSB) modulation, and optical carrier suppression (OCS) [29–32]. In the optical
MMW, (a) when the optical carrier has two sidebands, it is regarded as the generalization
DSB; (b) when there are two sidebands without an optical carrier, it is regarded as the
generalization OCS; (c) when there is one sideband with the optical carrier, it is regarded
as the generalization SSB. In the conventional modulation format of data in ROF, fiber
chromatic dispersion causes not only the fading effect [33] but also the bit walk-off effect [34].
DSB modulation’s optical MMW suffers from both the periodical fading effect and the bit
walk-off effect [35]. SSB and OCS modulation’s optical MMWs are immune to the fading
effect [35], but there is the bit walk-off effect, which limits their transmission distance [36].
To avoid the bit walk-off effect, data signals have to be modulated on only one sideband
of the optical MMW. Many schemes were proposed to modulate data signals onto only
one of the two optical sidebands [37,38]. In the methods presented above, one of the
optical sidebands was picked out with an optical filter first, and then the data signal was
modulated on it [39,40]. The use of a filter will make the system very complicated, limit the
frequency tuning speed, and lead to large insertion losses. Modulating data on one of two
sidebands of the optical MMW without a filter has been the hot research issue in ROF in
recent years. Two schemes were proposed with a dual parallel MZM (DPMZM) [41,42]. The
structures of these schemes are complicated. To simplify the structure and increase the FMF,
Z.H. Zhu. et al. proposed to generate optical MMW filterless schemes in which the data are
modulated only on the −nth-order sidebands to overcome chromatic dispersion [43–46]. In
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their scheme, by properly adjusting the bias voltages of the MZM, as well as through the
amplitudes and phases of the RF driving signal and the gain of the electrical gainer, the
baseband data are only modulated on −nth-order sidebands. Their schemes can overcome
the bit walk-off effect. However, the repetitive frequency of the optical MMW is only two
times [43], four times [44], eight times [45], and twelve times [46] that of the RF signal. To
influence the BER and Q factor, most parameters are related to the phase modulation index
and the gain of the baseband signal. These were not considered in the literature.

To reduce the cost, the carrier reuse technique is often used in ROF systems at the
BS. In the conventional frequency multiplication ROF system, one of the most common
methods is that a part of the power of the idle sidebands is filtered out by an FBG for
carrier reuse at BS [43,44]. One of the problems introduced by this method is that the
center frequency of the FBG must be changed with the frequency of the idle sidebands.
The frequency of the idle sidebands is changed with that of the RF driving signal. This
limits the tunability of the system. There is another problem caused by this method. The
carrier reuse is realized by reflecting part of the idle sidebands with the FBG. This method
will cause a power imbalance between the two sidebands and reduce the performance of
the downlink.

To reduce the frequency of the RF signal and the cost of the ROF system, it is necessary
to increase the FMF of the optical MMW and the tunability of the system.

The problems to be solved in this paper are as follows: (1) the bit walk-off effect caused
by fiber dispersion in a frequency 16-tupling MMW ROF system; (2) the performance
degradation of the downlink of ROF caused by the conventional carrier reuse in ROF. The
innovations of our proposed scheme are as follows: (1) the bit walk-off effect has been
overcome in the frequency 16-tupling MMW ROF system, which greatly increases the
transmission distance of the system; (2) the novel method of inserting guide frequency to
realize carrier reuse can effectively improve the performance of the downlink of the system.

We also discuss the effect of the phase index of PM, the gain of the EG, and the
extinction ratios of the MZM on the BER and Q factors of data transmission when they
deviate from their theoretical or default values.

The system structure is presented in Section 2. The principle part of the operation is
provided in Section 3. The simulation experiment is provided in Section 4. The system
stability is provided in Section 5. Section 6 is devoted to the discussion. The conclusion is
provided in Section 7.

2. System Design

Figure 1 shows the schematic diagram of the inserted pilot signal frequency 16-tupling
MMW ROF system without the bit walk-off effect caused by MZMs.

Photonics 2024, 11, x FOR PEER REVIEW 4 of 17 
 

IM Uplink data

SMF

SMF

OA

EA

LPF2
PD2

PD1
FBG

A

B C

D

CS BS

0

E

F

Downlink Data

Uplink data

 LD

OC1 OC2

+8
-8

+8-8
Downlink Data +8-8 0

±8th order
sidebands 
generator

Recovery

Composite
RF signal

optical switch

O

 
Figure 1. Schematic diagram of the structure of the frequency 16-tupling MMW ROF system. 

Figure 2 shows a schematic diagram of the three modules in Figure 1. These are the 
composite RF signal module, the ±8th-order sideband generator module, and the data re-
covery module, respectively. 

DPMZM2 

EPS7
MZM4

MZM3EPS5

EPS6

V5(t)

V6(t)

V7(t)

V8(t)

±8th order sidebands generator

EPS4

DPMZM1 

EPS3
MZM2

MZM1EPS1

EPS2

V1(t)

V2(t)

V3(t)

V4(t)

Composite RF signal

AO

RF LO1

PM

EG

Composite RF signal

 switchDownlink Data

BP
F LPF1

RF LO2

Mixe
r

Recovery

Downlink Data

 
Figure 2. Schematic diagram of the composite RF signal module, the ±8th-order sideband generator 
module, and the data recovery module. 

The system is composed of two radio-frequency (RF) local oscillators (labeled LO1, 
LO2), electrical phase shifters (EPS) (labeled EPS1~EPS7), an electrical phase modulator 
(PM), an electrical gainer (EG), a continuous-wave (CW) laser, six 3 dB optical couplers(la-
beled OC1~OC6), a fiber Bragg grating (FBG), four MZMs (labeled MZM1~MZM4), an op-
tical amplifier (OA) an electrical amplifier (EA), an intensity modulator (IM), a mixer 
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Figure 2 shows a schematic diagram of the three modules in Figure 1. These are the
composite RF signal module, the ±8th-order sideband generator module, and the data
recovery module, respectively.
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Figure 2. Schematic diagram of the composite RF signal module, the ±8th-order sideband generator
module, and the data recovery module.

The system is composed of two radio-frequency (RF) local oscillators (labeled LO1,
LO2), electrical phase shifters (EPS) (labeled EPS1~EPS7), an electrical phase modula-
tor (PM), an electrical gainer (EG), a continuous-wave (CW) laser, six 3 dB optical cou-
plers(labeled OC1~OC6), a fiber Bragg grating (FBG), four MZMs (labeled MZM1~MZM4),
an optical amplifier (OA) an electrical amplifier (EA), an intensity modulator (IM), a mixer
(Mixer), a bandpass filter (BPF), two lowpass filters (labeled LPF1, LPF2), and two pho-
todetectors (labeled PD1, PD2). The four MZMs are divided into two groups. Each group
is constructed by two MZMs connected in parallel and is equivalent to a dual parallel
MZM(DPMZM). The two DPMZMs are labeled as DPMZM1 (MZM1, MZM2), and DP-
MZM2 (MZM3, MZM4). When the initial values of EPS1~7 are set to 180◦, 90◦, 180◦, 45◦,
180◦, 90◦, and 180◦, respectively, each MZM operates in maximum transmission point mode
(MATP). The four MZMs that are connected in parallel can be regarded as a ±8th-order
sideband generator (SG). The dashed line and solid line in Figure 1 indicate the electrical
path and the optical path, respectively.

To compare our scheme with the conventional frequency 16-tupling MMW ROF
system, we added an electrical switch to the module of the composite RF signal and an
optical switch to the central station. When those switches are open, the system is the
conventional frequency 16-tupling MMW ROF system.

3. Operation Principle
3.1. The Expression of the Output from MZMs

The optical carrier from CW laser is expressed as E0(t) = 8E0 exp(jω0t), where 8E0
and ω0 are the amplitude and angular frequency of the optical carrier, respectively. The
binary data signal is denoted as s(t) = ∑n Ing(t − nT), where In ∈ {0, 1} is the binary
sequence, g(t) is the code form function, and T is the code word duration.

The gain of EG is denoted as G and set as 6. The phase modulation constant of PM is
denoted as P and set as 33.75◦ (3π/16). The half-wave voltage Vπ of the MZMs is set as 4V.
The RF drive signal of the MZMs is expressed as follows:

Vi(t) = VRF cos
[

ωRFt +
3π

16
s(t) + φi

]
+ 6s(t) (1)
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where VRF and ωRF are the amplitude and angular frequency of the RF driving signal,
φi = 0, π, π/2, 3π/2, π/4, 5π/4, 3π/4, 7π/4(i = 1, 2, 3, 4, 5, 6, 7, 8).

The output signal of MZM1 can be expressed as follows:

EMZM1 = E0ej{ω0t+π
VRF
Vπ

cos [ωRFt+ 3π
16 s(t)]+π G

Vπ
s(t)} + E0ej{ω0t+π

VRF
Vπ

cos [ωRFt+ 3π
16 s(t)+π]+π G

Vπ
s(t)}

= 2E0ejω0t
∞
∑

n=−∞
(−1)n J2n(m)ej2n[ωRFt+ 3π

16 s(t)]+j 3π
2 s(t) (2)

where m = (VRF/Vπ)π is the modulation index of MZM. In the process of the derivation

of Equation (2), the Jacoby–Angell constant equation ejxcosθ =
∞
∑

n=−∞
jn Jn(x)ejnθ is applied,

where Jn(x) is the nth-order Bessel function of the first kind.
When the initial phases of the RF driving signal of MZM1 and MZM2 are 0 and 90◦,

respectively, the output signal of DPMZM1 can be expressed as follows:

EDPMZM1 = EMZM1 + EMZM2

= E0ejω0t[
∞
∑

n=−∞
2(−1)n J2n(m)ej2n[ωRFt+ 3π

16 s(t)]+j 3π
2 s(t) +

∞
∑

n=−∞
2(−1)n J2n(m)ej2n[ωRFt+ 3π

16 s(t)+ π
2 ]+j 3π

2 s(t)]

= E0ejω0t[
∞
∑

n=−∞
4J4n(m)ej4n[ωRFt+ 3π

16 s(t)]+j 3π
2 s(t)]

(3)

The structure of DPMZM2 is the same as that of DPMZM1. When the initial phase
difference of the RF driving signals loaded into DPMZM2 is 45◦ compared to DPMZM1,
the output signals of the SG are expressed as follows:

Ec1 = EDPMZM1 + EDPMZM2

= E0ejω0t[
∞
∑

n=−∞
4J4n(m)ej4n[ωRFt+ 3π

16 s(t)]+j 3π
2 s(t) +

∞
∑

n=−∞
4J4n(m)ej4n[ωRFt+ 3π

16 s(t)+ π
4 ]+j 3π

2 s(t)]

= E0ejω0t
∞
∑

n=−∞
8J8n(m)ej8n[ωRFt+ 3π

16 s(t)]+j 3π
2 s(t)

, (4)

From Equation (4), we can see that the output of SG is the ±8n-order sideband signals.

3.2. Selection of the Modulation Index of MZM

From Equation (4), we can see that the amplitudes of the ±8n-order sidebands are
proportional to J8n(m). For the case of m = 5.5201, there are J0(5.5201) = 7.45 × 10−6,
J8(5.5201) = 0.0344, J16(5.5201) = 3.44 × 10−7. It can be seen that the 0th-order sideband
(the central optical carrier) is well suppressed and the ±8nth (n > 1)-order sidebands are too
small to be neglected. When the sidebands are neglected except the ±8th-order sidebands,
Equation (4) can be simplified as follows:

Ec1(0, t) = E0

{
J8(m)ej(ω0t+8ωRFt)+jπs(t) + J−8(m)ej(ω0t−8ωRFt)

}
(5)

From Equation (5), we can see that the data are modulated only on the +8th sideband.

3.3. Output of the Central Station

The optical carrier from the CW laser is split into two beams: one is injected into the
SG, and the other is used as the pilot signal. The output signal of the central station (CS) is
the combined signals created by the output of the SG and the pilot signal with OC2, and
can be expressed as follows:

Eout = Ec1 + Ec2 = E0

{
J8(m)ej(ω0t+8ωRFt)+jπs(t) + J−8(m)ej(ω0t−8ωRFt)

}
+ E0ejω0t (6)

3.4. Effect of Fiber Optic Dispersion on the Generated Frequency 16-Tupling MMW

In the base station (BS), after reflecting the 0th-order sideband via the FBG, the input
optical signal is left only with the ±8th-order sidebands.
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In the back-to-back (BTB) system, after beating the ±8th-order sidebands in the PD1,
the frequency 16-tupling MMW is generated and can be expressed as follows:

I(0, t) = µ|Eout(0, t)|2 = 2µE2
0 J2

8 (m){1 + cos[16ωRFt + πs(t)]} (7)

where µ is the responsivity of the PD1.
In the optic fiber transmission system, the ±8th-order sidebands signals have different

group velocities caused by fiber chromatic dispersion. After they transmit the distances of
z, the output signal from the fiber can be expressed as follows:

Eout(z, t) = e−γzE0

{
J8(m)ej[ω0t+8ωRFt−β(ω0+8ωRF)z]+jπs(t−t′)+

J−8(m)ej[ω0t−8ωRFt−β(ω0−8ωRF)z] + ej(ω0t−βω0z)

}
(8)

where γ is the fiber loss coefficient, t′ = (ω0 + 8ωRF)
−1β(ω0 + 8ωRF)z is the time delay of

the binary code word, and β(ω) is the propagation constant. Since the optical power is not
very high, the nonlinearity of fiber is neglected here.

Comparing Equation (8) with Equation (6), we can see that the spectrum does not
change after it transmits through the optical fiber. Injecting the output of fiber in the PD,
the output electrical current from the PD can be expressed as follows:

I(z, t) = µ|Eout(z, t)|2 (9)

Expanding β(ω0 ± 8ωRF) in Equation (8) with the Taylor series, in the expanded form
of β(ω0 ± 8ωRF) the terms of β(n)(ω0)(n ≥ 3) are very small. Neglecting the terms of
β(n)(ω0)(n ≥ 3), the β(ω0 ± 8ωRF) can be expressed as follows:

β(ω0 ± 8ωRF) ≈ β(ω0)± 8ωRFβ′(ω0) + 32ω2
RFβ′′ (ω0) (10)

Substituting Equations (8) and (10) into Equation (9), the output current from the PD1
can be expressed as follows:

I(z, t) = µ|Eout(z, t)|2

= 2e−2γzµE2
0 J2

8 (m){1 + cos[16ωRFt + β(ω0 + 8ωRF)z − β(ω0 − 8ωRF)z − πs(t − t′)]}

= 2e−2γzµE2
0 J2

8 (m){1 + cos[16ωRFt + 16ωRFβ′(ω0)z − πs(t − t′)]}
(11)

From Equation (11), it can be seen that the code words of the data signal do not
undergo bit walk-off, except for the time delay.

4. Simulation Experiment
4.1. Simulation Parameter

According to Figure 1, a simulation system is designed using the Optisystem simula-
tion tool. The parameters of the main devices in the simulation are listed in Table 1.

Table 1. Parameter values of the main devices in the simulation system.

Device Parameter Value

CW
frequency 193.1 THz (default)
linewidth 10 MHz (default)

data speed 2.5 Gbit/s (default)

RF-LO
frequency 10 GHz (default)
amplitude 7.0284 V (computed)

phase modulator P 3π/16 (computed)
electrical gainer G 6 (computed)

MZM Vπ 4 V (default)
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4.2. Results of the Simulation Experiment

Figure 3 is the optical spectrum of point A in Figure 1, from which we can see that
all the sidebands are suppressed except the ±8th-order sidebands; the peak power of the
+8th-order sideband is lower than that of the −8th-order; the data are only modulated into
the +8th-order sideband.
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Figure 4 is the optical spectrum of point B in Figure 1. In Figure 1, the 0th-order
sideband is the inserted pilot signal.
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Figure 4. Optical spectrum at the output of the CS (Point B) in Figure 1.

Figure 5 is the optical spectrum of point C in Figure 1, which is the optical spectrum
obtained after filtering out the pilot signal. Figure 5 is similar to Figure 3.
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Figure 5. Optical spectrum at the output of the FBG (Point C) in Figure 1.

Figure 6 is the optical spectrum of point D in Figure 1, from which we can see that the
uplink data were modulated onto the pilot signal.
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Figure 6. Optical spectrum at the output of the OA (Point D) in Figure 1.

Figure 7 is the spectrum of point E in Figure 1. From Figure 7, we can see that the
output of the PD contains the frequency 16-tupling MMW with the downlink data.
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Figure 8 is the spectrum of point F in Figure 1, which is the baseband signal of the
uplink data.
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Figure 8. Spectrum at the output of the PD2 (Point F) in Figure 1.

In Figure 9, the relation curve of the Q factor with the length of the transmission fiber is
shown. The eye diagrams of the data signal at particular points of the curve at 0 km, 20 km,
40 km, and 60 km are inserted in Figure 9. From Figure 9, we can see that the distance of
the transmission fiber can reach up to 60 km for a Q greater than 6.
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Figure 9. The relationship of the Q factor with the transmission distance of the fiber.

Figure 10a,b show the relationship between the BER and the received power of the
PD for the uplink and downlink, respectively. From Figure 10a, we can see that the power
penalty in the downlink is 0.49 dB and 1.16 dB for transmission distances of 10 km and
20 km, respectively. From Figure 10b, we can see that the power penalties in the uplink are
0.48 dB and 0.99 dB for transmission distances of 10 km and 20 km, respectively.
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4.3. Compare the Conventional Frequency 16-Tupling ROF System with Our Scheme

When the optical switch and electrical switch in Figure 1 are open, the system is the
conventional frequency 16-tupling MMW ROF system. The downlink data are simultane-
ously modulated onto the ±8th-order sidebands.

The conventional ROF system reaches the maximum transmission distance when the
eye diagram is fully closed. The maximum transmission distance satisfies the following
equation [36]:

z <
τc

16λ2
c D fRF

(12)

where η is the duty cycle of the code word, τ is the code word period, D is the dis-
persion constant of fiber, fRF is the frequency of the RF driving signal, λc is the center
wavelength of the optical carrier, respectively. When η = 1, τ = 0.4 ns, fRF = 10 GHz,
D = 16.75 ps/nm/km, λ = 1552.52 nm, according to Equation (12), the maximum trans-
mission distance is 18.6 km.

The optical spectrum at point A is shown in Figure 11, from which we can see that the
data are modulated on the ±8th-order sidebands.
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Figure 13 shows the eye diagram obtained at different transmission distances in the 
conventional frequency 16-tupling MMW ROF system. From Figure 13, we can see that 
the width of the code word becomes narrower and narrower as the transmission distance 
increases. The eye diagram is almost closed when the distance is 18.6 km; these results are 
in agreement with Equation (12). 
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Figure 12 shows the spectrum of the generated frequency 16-tupling MMW. From
Figure 12, we can see that the main component in the output signal from the PD is the
frequency 16-tupling MMW, along with the data.
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Figure 13 shows the eye diagram obtained at different transmission distances in the 
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Figure 13 shows the eye diagram obtained at different transmission distances in the
conventional frequency 16-tupling MMW ROF system. From Figure 13, we can see that
the width of the code word becomes narrower and narrower as the transmission distance
increases. The eye diagram is almost closed when the distance is 18.6 km; these results are
in agreement with Equation (12).
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As the BER is less than 10−9, the improvements in the sensitivity of the receivers are 
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Figure 14 shows the eye diagrams obtained at different fiber transmission distances
for our designed system. From Figure 14, we can see that the eye diagram is still open even
though the transmission distance is 60 km.
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4.4. Compare the Conventional Carrier Reuse System with Our Scheme

When the optical switch in Figure 1 is on and the electrical switch is off, the system is
the conventional carrier reuse system. In this case, the central frequency of the FBG in the
BS is shifted to 193.02 THz from 193.1 THz, as shown in Figure 1.

Figure 15 shows the relationship between BER and the received power of the PDs in
the conventional carrier reuse system and our scheme.
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As the BER is less than 10−9, the improvements in the sensitivity of the receivers are
listed in Table 2 for the transmission distances of 0 km,10 km, and 20 km, respectively.

Table 2. The received power of the PD1 at BER = 10−9.

Conventional Systems Our System Improvement

BTB −23.63 dBm −23.953 dBm 0.323 dBm

10 km −23.05 dBm −23.467 dBm 0.417 dBm

20 km −22.31 dBm −22.793 dBm 0.483 dBm

We can see that improvement in the sensitivity of receivers is increased with the
increase in the fiber transmission distance.

5. Stability of System

The stability of a system is the range within which the main parameters in the system
are allowed to deviate from their theoretical or default values, provided that specific
requirements are met. In general, the wider the allowed range, the better the stability of
the system.
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The parameter values of the devices chosen in the simulation experiments are based
on the theoretical analysis values and default values of the simulation tool. In practical
applications, due to the variance in the environment and the limitations of the device
fabrication process, those values often deviate from the theoretical values or default values;
this will inevitably affect the Q factor of the system.

For the general requirements of digital communication systems, the BER is required to
be lower than 10−9, or a Q factor greater than 6 is needed.

In practical systems, the factors that most affect the Q factor are the extinction ratios of
the MZMs, the modulation index P of PM, and the gain G of the EG.

The larger the MZM extinction ratio, the more effective it is in suppressing the unde-
sired sidebands. According to the theoretical analysis presented above, the P and G only
directly affect the realization of modulating data on the +8th-order sideband.

5.1. Effect of Extinction Ratio of MZMs

Figure 16 shows the relationship between the extinction ratio of the MZM and the Q
factor of the downlink. As seen in Figure 16, in the case of BTB and a 20 km transmission
distance, the Q factor of the downlink remains unchanged when the extinction ratio is
increased over 30 dB. In the case of a 40 km transmission distance, the Q factor of the
downlink remains unchanged when the extinction ratio is increased over 40 dB.
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5.2. Effect of the Phase Modulation Index P of the Phase Modulator PM

According to the previous analysis, the theoretical value P is 33.75◦. When P varies
in the range of 30.75◦~36.75◦, the relationship between the P and Q factors is shown in
Figure 17. As seen in Figure 17, the Q factor rapidly decreases as P deviates from the
theoretical value, and when P varies in the range of 32.26◦~36.38◦, Q > 6 is satisfied.
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5.3. Effect of the Amplification G of the Electrical EG

According to the previous analysis, the design value G is 6. When G varies in the
range of 4.5 to 7.5, the relationship between G and the Q system is shown in Figure 18. As
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seen in Figure 18, the Q factor decreases rapidly as G deviates from the theoretical value;
and when G varies in the range of 5.1 to 6.7, Q > 6 is satisfied.
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5.4. Effects of P and G

The effects on the Q factor when P and G deviate from the theoretical values are
analyzed above, respectively. In practical applications, P and G often deviate from the
theoretical values at the same time. Figure 19 shows the relationship of the Q factor with
the P and G. In Figure 19, the blue marking line indicates a Q factor greater than 6, and the
black marking point is the Q factor when G = 6 and P = 33.75◦. It can be seen that when
G = 6, and P = 33.75◦, the Q factor reaches the peak value of 10.82.
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6. Discussion

(1) It is important to point out that our scheme is only applicable to cases which do
not need to cancel the central optical carrier. If our designed mothed is adopted in a system
that needs to cancel the central carrier, the data signal will be modulated onto the carrier
component in addition to the +nth-order sidebands, and the center carrier that contains
data cannot be completely cancelled out.

We proposed a method to solve this problem. A band-rejected filter is added before the
PD to filter out the carrier with data. This method can ensure the data signal is modulated
only on the +nth-order sidebands. Adopting a filter will increase the cost of the system and
limit the tenability of the system.

(2) The method proposed in this paper can be suitable as a generic method to generate
2n frequency multiplication MMW, with the data carried only on the +nth-order sidebands.

According to the theoretical analyses, the key parameter for the realization of the data
carried only on +nth-order sidebands is the selection of the P of PM and G of EG.
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We suppose the RF drive signals loaded onto the MZMs can be expressed as follows:

Vi(t) = VRF cos[ωRFt + Ps(t) + φi] + Gs(t) (13)

The final output expression after multiple MZMs can be expressed as follows:

Eout = E0ejω0t
∞

∑
n=−∞

J2n(m)ej2n[ωRFt+Ps(t)]+j πG
Vπ

s(t) (14)

To make it possible to carry data only on the +nth-order sidebands, it is necessary to
satisfy the following equation:{

2nP+πG/Vπ = (2k1 + 1)π
−2nP+πG/Vπ = 2k2π

(15)

where the n is the order of the sidebands and k1 and k2 are integers.
From Equation (15), we can obtain the following:

G = (k + 1/2)Vπ , P =
(
k′ + 1/2

)
π/2n (16)

where k = k1 + k2 and k′ = k1 − k2 are integers.
Due to the limitation of the manuscript length, this paper did not discuss the issues

presented above; they will be the subjects of our future research.
(3) The experiments in our manuscript are simulation experiments with “Optisystem

15.0” software. According to the literature available to us, due to the limitations of the
experimental conditions in the schemes for generating high-frequency MMWs using MZMs,
some schemes in which the frequency multiplication factor (FMF) is less than 12 were
verified through experiments, and the innovation of most schemes in which the FMF is
greater than 12 were generally verified by simulation. Due to the limitations to conditioning
in our laboratory, it is still difficult to experimentally verify the method proposed in this
paper. In the future, if the experimental conditions are available, we will continue with the
related physical experiments.

7. Conclusions

A novel inserting pilot scheme to generate a 16-tupling frequency MMW ROF system
with data modulated only on the +8th-order sideband is proposed. A ±8th-order sideband
generator (SG) is constructed by connecting four MZMs in parallel. By adjusting the
amplitude and initial phase of the RF drive signals of the MZMs, the output of the SG is
±8th-order sidebands. The data signal is first split into two beams: one first modulates the
RF driving signal with the PM, another beam is gained by EG, and then the two beams
are combined into one, which is used as the composite RF driving signal of the MZMs.
By appropriately adjusting the P of the PM and the gain G of the EG, the data signal is
modulated only to the +8th-order sideband.

We designed a conventional frequency 16-tupling MMW ROF system with the same
structure and same parameters, except the part of the data that were modulated. For the
transmission distance of 20 km with 2.5 Gpbs of data, under the condition that the Q factor
is greater than 6, for our designed scheme, the power penalty of our designed scheme is
1.16 dB and the Q factor of the conventional ROF system is less than 6.

This paper also analyses the effects on the BER and Q factor when the extinction ratio
of the MZM, the P of the PM, and the G of the EG deviate from their theoretical values. For
the case of 40 km transmission distance with a data rate of 2.5 Gbps, the extinction ratio of
the MZM is greater than 40 dB, the P varies in the range of 32.26◦~36.38◦, the G varies in
the range of 5.1 to 6.7, and the Q factor is greater than 6.
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The scheme designed in this paper can effectively solve the bit walk-off effect caused
by fiber chromatic dispersion in the ROF system, greatly improve the fiber transmission
distance, and has important application prospects in ROF.
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