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Abstract—In Radio Over Fiber (RoF) systems, a commonly 
used approach to reduce the Dispersion Power Fading (DPF) 
effects is to convert the spectrum of modulated optical signals 
into Optical Single Sideband (OSSB). This process can be 
done by modulating the optical carrier using two RF signals 

that differ in phase by 90. The optical modulator used is the 
Dual-Drive Mach Zehnder Modulator (DD-MZM). However, 
implementing this modulation scheme requires a complex 
transmitter setup. In this study, a novel technique is proposed 
to address DPF, called as Unbalanced Sideband Modulation 
(USM). USM is generated by varying the optical signal 
carrier according to the RF signal using a Single-Drive Mach 
Zehnder Modulator (SD-MZM). The output of the SD-MZM 
is subsequently combined with an optical signal of a 
frequency equivalent to the sum of the optical carrier 
frequency and the Radio Frequency (RF) signal frequency. 
The result outcomes indicate that at a modulation index (m) 
of 1, the DPF level in an RoF link employing conventional SD-
MZM as an Electro-Optic (E/O) converter is approximately 
8.2. In contrast, when using the OSSB produced by the DD-
MZM, the DPF level of a RoF link is around 0.9. Remarkably, 
the DPF level significantly drops to 0.2 when the USM scheme 
is adopted. This result shows the high efficacy of the USM 
scheme in eliminating DPF compared to both the 
conventional SD-MZM modulation scheme and the OSSB 
scheme generated by DD-MZM. Both model calculations and 
numerical simulations conclusively demonstrate that the 
USM method effectively mitigates DPF, offering a promising 
solution in optical communication systems. 

Keywords—Dispersion power fading, radio over fiber, Single-

Drive Mach Zehnder Modulator (SD-MZM), unbalance 

sideband modulation  

I. INTRODUCTION 

Currently, the development and research of systems 

capable of transmitting Radio Frequency (RF) signals via 

optical fibers have made significant progress. These 

systems are used to utilized mobile communication system 

known as Radio Over Fiber (RoF). Optical signals are 

modulated by RF signals using Electro-Optic (E/O) 

converters in the process of transmitting signals from the 

Central Office (CO) to the Radio Access Point (RAP). This 

modulated optical signal is then at the Radio Access Point 

(RAP) converted back into an RF signal using an Opto-

Electric (O/E) converter. Then, the output RF signal of the 

E/O converter is transmitted over the air from the RAP to 

the user’s Mobile Station (MS). The E/O process can be 

done through direct modulation or externally. Both 

modulation techniques can produce intensity modulation 

(amplitude) as well as phase modulation. RF signal 

recovery in Intensity Modulation (IM) techniques is 

commonly known as Direct Detection (DD), while in the 

case of phase modulation, it is known as Coherent 

Detection (CD) [1–3].  

When an RF signal modulates an optical signal with the 

IM technique, it will produce an optical signal with an 

Optical Double Sideband (ODSB) shaped spectrum. This 

spectrum encompasses components such as the optical 

carrier, upper sidebands, and lower sidebands [4–7]. 

When an ODSB signal is passed into an optical fiber, 

the optical carrier and sideband components will propagate 

at different velocity. This happens due to the chromatic 

dispersion of the fiber. The velocity difference of these two 

components also causes a phase difference by . The value 

of  is affected by factors such as fiber length (L), RF 

signal frequency (fm), and wavelength (λc). The existence 

of  triggers the formation of two RF signals in the opto-

electronic (O/E) conversion process that have the same 

magnitude but differ in phase by 2. As a result, 

constructive and destructive interference appears within 

the generated RF signal. A decrease in power in the 

generated signal occurs when destructive interference 

occurs, a phenomenon known as Dispersion Power Fading 

(DPF). To make matters worse, when  = π/2, the 
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generated signal power will be equal to zero. The condition 

when this occurs is referred to as deep fade [8]. 

One of the techniques employed to mitigate DPF is the 

Carrier Phase Shifted (CPS) techniques [9]. In these 

techniques, the phase of optical carrier () is preconfigured 

at transmitter, ensuring that  becomes zero after 

transmission. Through this approach, the recovered RF 

signal consistently maintains a constructive condition. 

However, a limitation of this method is that the , needs to 

be consistently re-adjusted to match the specific 

parameters of L, fm, and λc. This adjustment is necessary 

because the proportion of  is contingent upon L, fm, and λc 

values. Therefore, this method is not convenience and 

lacks robustness. 

Furthermore, another approach to reduce DPF involves 

transforming the shape of the modulated optical signal 

spectrum into Optical Carrier Suppressed (OCS) format  

[10–14]. OCS modulation is generated by suppressing the 

optical carrier component of the ODSB signal so that the 

signal consists of only the lower and upper sidebands. 

With this technique, the photodetector generates only one 

RF signal which is the multiplication of the lower and 

upper sidebands thus effectively avoiding DPF. However, 

the drawback of this technique is that the resulting RF 

signal frequency is double the original RF signal frequency. 

Therefore, a down conversion process is required at the 

receiver to restore the original frequency. 

The DPF can also be effectively addressed using the 

Optical Single Sideband (OSSB) modulation scheme [5, 

13, 15–21]. The OSSB modulation generates a spectrum 

that included only one of the sidebands (upper or lower) 

and the optical carrier. With OSSB modulation, a single 

recovered RF signal is generated, having the same 

frequency as the transmitted RF signal. As a result, the 

receiver does not require a down-conversion prosses. 

OSSB can be generated from a Dual Drive Mach-Zehnder 

Modulator (DD-MZM) biased at the Quadrature Bias 

Point (QBP) and given two RF signal inputs having a 

phase difference of π/2 [22–27]. It’s important to note that 

generating OSSB modulation using this approach requires 

a complex transmitter circuitry due to the required phase 

adjustment and biasing configuration. To address these 

challenges, this research introduces the Unbalanced 

Sideband Modulation (USM) method. Several 

contributions from this study are outlined below: 

1) The proposed USM scheme, implemented using SD-

MZM, demonstrates significantly greater effectiveness 

compared to both the conventional SD-MZM and the 

OSSB scheme generated by DD-MZM. 

2) Furthermore, the USM scheme can be achieved by 

combining a conventional SD-MZM with an additional 

optical signal and a combiner. This simple adaptability 

enables its integration into existing fiber optic 

networks utilizing conventional SD-MZMs. 

3) The application of the USM method does not require 

adjustments to parameters such as fiber length (L), RF 

signal frequency (fm), and wavelength (λc). 

Consequently, the obtained results exhibit enhanced 

stability and robustness. 

4) Both calculated and simulated results show the 

remarkable effectiveness of the USM scheme in 

eliminating DPF when compared to both the 

conventional SD-MZM scheme and the OSSB scheme 

generated by the DD-MZM. These comprehensive 

analyses conclusively establish the USM methods 

capability to effectively counteract DPF, thereby 

offering a promising avenue for enhancing optical 

communication systems. 

Moreover, it should be noted, as the limitation of this 

study, the laser powers used in this research (0 dBm, 5 

dBm, and 10 dBm) are only for the samples. This aims to 

prove the hypothesis that the greater the difference in 

power between USB and LSB, the more effective USM is 

in overcoming DPF. From the results of calculations and 

simulations, it is shown that only laser powers of 5 dBm 

and 10 dBm can overcome DPF better than OSSB. This 

means that for LD2 power greater than 10 dBm, USM 

performance will be better than OSSB, whereas if the laser 

power is smaller than 5 dBm, USM performance will be 

increasingly reduced. This is because the smaller the 

difference in USB power compared to LSB, the smaller the 

difference in the resulting RF1 and RF2 signal power will 

be. The lesser the magnitude of the difference, the greater 

the interference encountered. 

II. SINGLE DRIVE MACH ZEHNDER MODULATOR (SD-

MZM) 

A. Principle of SD-MZM 

The SD-MZM represents a commonly used external 

optical modulator in the field of optical communication. 

The fundamental architecture of the Mach-Zehnder 

Modulator (MZM) consists of two arms, as depicted in Fig. 

1. The incident optical signal is split into these two arms. 

The MZM can be actuated (driven) along one or both of 

these two arms. Specifically, when modulation is applied 

to a single arm, it is denoted as a SD-MZM. Output of the 

SD-MZM, which receive the optical input signal 𝐸in(𝑡) =
𝐸𝑜𝑒𝑗2𝜋𝑓𝑐𝑡 originating from a laser diode (LD) and driven 

by the electrical signal XTX(t), while under the influence of 

a bias voltage Vbias, is mathematically expressed as detailed 

in reference [28]. 

 
Fig. 1. The structure of SD-MZM. 

𝐸SD−MZM(𝑡) =
1

2
𝐸𝑜𝑒𝑗2𝜋𝑓𝑐𝑡 [𝑒

𝑗𝜋(
𝑋TX(𝑡)+𝑉bias

𝑉𝜋
)

+ 1]    (1) 

where Eo and fc represents the amplitude and optical 

frequency, respectively. Additionally, 𝑉𝜋  denotes the 

MZM switching voltage. 

If XTX(t) represents an RF signal, it can be calculated as 

𝑋𝑇𝑋(𝑡) = 𝑉𝑚 𝑐𝑜𝑠 2𝜋𝑓𝑚𝑡,                   (2) 
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Fig. 2. The structure of SD-MZM. 

B. Dispersion Power Fading 

Dispersion power fading (DPF) on link RoF can be 

observed through curve of the C/N penalty, while the DPF 

level can be measured by calculating the standard 

deviation of the C/N penalty [30]. The C/N penalty 

represents the reduction proportion in the generated RF 

signal power over a fiber length L (Prec(L)) due to fiber 

dispersion. The C/N penalty is obtained from comparison 

with and without fiber of the Prec(L). This can be expressed 

as [8] 

𝐶

𝑁
penalty = 10 log |

𝑃rec(𝐿)withfiber

𝑃rec(𝐿)withoutfiber
|         (11) 

Prec(L) equation needs to be derived in order to calculate 

the C/N penalty of the RoF channel with SD-MZM. The 

model of this channel can be seen in Fig. 3. This channel 

is composed of an E/O converter (using SD-MZM), an 

optical fiber with response of H(f), and an O/E converter 

(using a photodetector (PD)). 

 
Fig. 3. RoF link with SD-MZM as E/O converter. 

 

𝐸SD−MZM(𝑡) = 𝐴𝑐𝑒𝑗2𝜋𝑓𝑐𝑡 + 

∑ {𝐴ln𝑒𝑗2𝜋(𝑓𝑐−𝑛𝑓𝑚)𝑡 + 𝐴un𝑒𝑗2𝜋(𝑓𝑐+𝑛𝑓𝑚)𝑡}∞
𝑛=1   (12) 

where: 

𝐴𝑐 =
1

2
𝐸𝑜{1 + 𝑒𝑗𝜋𝛾𝐽0(𝑚)} 

𝐴𝑙𝑛 = 𝐴𝑢𝑛 =
1

2
𝐸𝑜𝑒𝑗𝜋𝛾𝑗𝑛𝐽𝑛(𝑚) 

The dispersive fiber channel transfer function is given 

by [31]: 

𝐻(𝑓) = 𝑒
𝑗𝐷𝐿𝜆𝑐

2(𝑓−𝑓𝑐)2

𝑐                    (13) 

where D, c, L, λc, and f are the chromatic dispersion 

(ps/(nm.km)), speed of light in vacuum, fiber length, 

wavelength, and frequency offset of the optical carrier, 

respectively. While ESD-MZM(t) is enters the dispersive 

channel, a phase difference ϕ appears among the optical 

carrier and the first-order sideband.  

𝜙 =
𝐷𝐿𝜆𝑐

2𝑓𝑚
2

𝑐
,                           (14) 

while the ϕ is the distance of frequency square (± nfm) 

given by [32] 

𝜙𝑛 = 𝑛2𝜙                             (15) 

so, at the receiver will arrive an optical field (ERX(t)) has 

the form: 

𝐸RX(𝑡) = 𝐴𝑐𝑒𝑗2𝜋𝑓𝑐𝑡 + 

∑ {𝐴𝑙𝑛𝑒𝑗2𝜋(𝑓𝑐−𝑛𝑓𝑚)𝑡 + 𝐴𝑢𝑛𝑒𝑗2𝜋(𝑓𝑐+𝑛𝑓𝑚)𝑡}∞
𝑛=1 𝑒𝑗𝑛2𝜙 (16) 

Detecting process of ERX(t) at the receiver using  

photodetector is the squared envelope operator given by [8] 

f

Al2

  fc-2fm       fc-fm       fc        fc+fm        fc+2fm

Al1

Ac

Au1

Au2

M
a
g
n

it
u
d

e
 (

d
B

)
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where fm and Vm is the frequency and RF signal amplitude 

respectively. Therefore, (1) can be expressed as

𝐸SD−MZM(𝑡) =
1

2
𝐸𝑜𝑒𝑗2𝜋𝑓𝑐𝑡 {𝑒

(𝑗𝜋
𝑉𝑚
𝑉𝜋

cos(2𝜋𝑓𝑚𝑡)+𝑗𝜋
𝑉bias

𝑉𝜋
)

+

1} (3)

Eq. (3) can be further simplified as:

𝐸SD−MZM(𝑡) =
1

2
𝐸𝑜𝑒𝑗2𝜋𝑓𝑐𝑡{𝑒(𝑗𝑚 cos(2𝜋𝑓𝑚𝑡)+𝑗𝜋𝛾) + 1}

=
1

2
𝐸𝑜𝑒𝑗2𝜋𝑓𝑐𝑡{𝑒𝑗𝑚 cos(2𝜋𝑓𝑚𝑡). 𝑒𝑗𝜋𝛾 + 1}     (4)

where 𝑚 = 𝜋 𝑉𝑚 𝑉𝜋⁄ is the modulation index of SD-MZM, 

and 𝛾 = 𝑉bias 𝑉𝜋⁄ is the bias voltage of normalized. For 

easy analysis, Eq. (4) can be derived as:

𝐸SD−MZM(𝑡) =
1

2
𝐸𝑜𝑒𝑗2𝜋𝑓𝑐𝑡{𝐴𝑒(𝑗𝜋𝛾) + 1}        (5)

where

𝐴 = 𝑒𝑗𝑚 cos(2𝜋𝑓𝑚𝑡)                         (6)

By utilizing a Jacobi Anger expansion [29], where

𝑒𝑗𝑚 cos 𝑥 = ∑ 𝑗𝑛𝐽𝑛(𝑚)𝑒𝑗𝑛𝑥∞
𝑛=−∞            (7)

𝑒𝑗𝑚 sin 𝑥 = ∑ 𝐽𝑛(𝑚)𝑒𝑗𝑛𝑥∞
𝑛=−∞                (8)

So, Eq. (6) becomes

𝐴 = ∑ 𝑗𝑛𝐽𝑛(𝑚)𝑒𝑗𝑛(2𝜋𝑓𝑚𝑡)∞
𝑛=−∞             (9)

where Jn(m) is a Bessel function the nth order. Therefore, 

Eq. (4) can be determined by

𝐸SD−MZM(𝑡)

=
1

2
𝐸𝑜𝑒𝑗2𝜋𝑓𝑐𝑡 { ∑ 𝑗𝑛𝐽𝑛(𝑚)(𝑒𝑗𝑛(2𝜋𝑓𝑚𝑡). 𝑒𝑗𝜋𝛾 + 1)

∞

𝑛=−∞

}

=
1

2
𝐸𝑜{𝑒𝑗2𝜋𝑓𝑐𝑡 + ∑ 𝑒𝑗𝜋𝛾𝑗𝑛𝐽𝑛(𝑚)𝑒𝑗2𝜋(𝑓𝑐+𝑛𝑓𝑚)𝑡∞

𝑛=−∞ }   

(10)

Eq. (10) indicates that the output of the SD-MZM is an 

optical field consisting of optical carriers and infinite order 

sidebands. The SD-MZM output has a double sideband 

(ODSB) spectrum, as can be seen in Fig. 2. The lower and 

upper sideband of each order have the same magnitude. 

According to the function of Bessel, the sideband 

formation orders is determined by the m value. 

Specifically, larger values of m result in the formation of 

more sideband orders. 

To simplify the analysis, Eq. (10) is rewritten as



|𝐸RX(𝑡)|2 = 𝐸RX(𝑡)𝐸RX
∗ (𝑡)                (17) 

By taking the term fm, it is obtained: 

|𝐸RX(𝑡)|2 = 𝑒𝑗2𝜋𝑓𝑚𝑡{𝐴𝑐𝐴𝑙1
∗ 𝑒−𝑗𝜙 + 𝐴𝑐

∗ 𝐴𝑢1𝑒𝑗𝜙

+ 𝐴𝑙1𝐴𝑙2
∗ 𝑒−𝑗3𝜙 + 𝐴𝑢1

∗ 𝐴𝑢2𝑒𝑗3𝜙

+ 𝐴𝑙2𝐴𝑙3
∗ 𝑒−𝑗5𝜙 + 𝐴𝑢2

∗ 𝐴𝑢3𝑒𝑗5𝜙 + ⋯ } 

= 𝑒𝑗2𝜋𝑓𝑚𝑡{∑ 𝐴𝑙𝑛𝐴𝑙(𝑛+1)
∗ 𝑒−𝑗(2𝑛+1)𝜙 +∞

𝑛=0

                    𝐴𝑢𝑛
∗ 𝐴𝑢(𝑛+1)𝑒𝑗(2𝑛+1)𝜙}                                (18) 

where Al0 = Au0 = Ac.  

 

 

  

𝑃rec(𝐿) = {∑ 𝐴𝑙𝑛𝐴𝑙(𝑛+1)
∗ 𝑒−𝑗(2𝑛+1)𝜙 +∞

𝑛=0

                                     𝐴𝑢𝑛
∗ 𝐴𝑢(𝑛+1)𝑒𝑗(2𝑛+1)𝜙}

2
                  

(20) 

where: 

𝜙 =
𝐷𝐿𝜆𝑐

2𝑓𝑚
2

𝑐
 

𝐴𝑐 =
1

2
𝐸𝑜{1 + 𝑒𝑗𝜋𝛾𝐽0(𝑚)} 

𝐴𝑙𝑛 = 𝐴𝑢𝑛 =
1

2
𝐸𝑜𝑒𝑗𝜋𝛾𝑗𝑛𝐽𝑛(𝑚) 

𝐴𝑐
∗ =

1

2
𝐸𝑜 (1 + 𝑒−𝑗𝜋𝛾𝐽𝑛(𝑚)) 

𝐴𝑙𝑛
∗ = 𝐴𝑢𝑛

∗ =
1

2
𝐸𝑜𝑒−𝑗𝜋𝛾(−𝑗𝑛)𝐽𝑛(𝑚). 

The RF signal results from multiplying the nth-order 
lower sideband by the conjugate of order (n+1), plus 

multiplying the conjugate of the nth-order upper sideband 
by order (n+1). Here, n is an integer. Furthermore, the RF 
signal power is calculated by squaring the amplitude of the 
RF signal. 

The DPF of the RoF channel with SD-MZM was 
observed using the C/N penalty curve calculated using (11), 
where Prec(L) is determined using (20). For this calculation, 
the SD-MZM is biased at the quadrature bias point (QBP) 

with  = ½. The optical wavelength used (λc) = 1550 nm, 

the optical signal amplitude (Eo) = 0.045 V or equivalent 
to the laser power (Po) = 0 dBm (assuming impedance Z = 
1 Ω). The dispersion coefficient (D) for this wavelength is 
17 ps/nm.km. The RF signal frequency (fm) employed is 60 

GHz. Fiber length range (L) is chosen from 0 km to 5 km 
with an interval of 0.1 km. The modulation index (m) in 
this calculation is set to 0.1, 0.5, 0.8, and 1. The calculated 
C/N penalty curve for the RoF channel with SD-MZM is 

shown in Fig. 4. 
In Fig. 4, the vertical and horizontal axes represent the 

C/N penalty (dB) and fiber length (km), respectively. The 
curve shows that power fluctuations occur in the produced 

RF signal across all m, and deep fade are consistently 
observed at approximately the same points: L = 1.5 km and 

L = 3.5 km. This means the presence of persistent DPF in 
the RoF channel with SD-MZM. Remarkably, deep fade 
consistently emerges at similar fiber lengths for different 
m. The DPF levels for this RoF link, corresponding to m 

of 0.1, 0.5, 0.8 and 1, are measured as 6.6, 6.9, 8.9 and 8.2 
dB, respectively. This clearly shows substantial fluctuation 
in the generated RF power signal within the RoF channel 
using SD-MZM. 

 
Fig. 4. C/N penalty from RoF link with SD-MZM as E/O converter. 
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The real part of Eq. (18) is equal to the power of the 
photodetector (Xrec(t)) [31], therefore:

𝑋rec(𝑡) ≈ {∑ 𝐴𝑙𝑛𝐴𝑙(𝑛+1)
∗ 𝑒−𝑗(2𝑛+1)𝜙 +∞

𝑛=0

                                    𝐴𝑢𝑛
∗ 𝐴𝑢(𝑛+1)𝑒𝑗(2𝑛+1)𝜙} 𝑐𝑜𝑠 2𝜋𝑓𝑚𝑡   

(19)

The power of Xrec(t) is obtained by squaring the 
amplitude term from Eq. (19) [8], so that the power of 
generated RF signal as a function of L is stated by:

The occurrence of DPF on the RoF link can be 
explained through the evolution of the optical spectrum in 
Fig. 5 (a) – Fig. 5 (c). Optical signal modulation by RF 
signals using SD-MZM produces a spectrum with a 

Double Sideband (DSB) shape, as shown in Fig. 5 (a). 
When the DSB signal propagates over a dispersive link, 
each spectral component will traverse the medium at a 
different speed. This variance in speed leads a relative 

phase difference among the two sidebands and the Optical 
Carrier (OC), illustrated in Fig. 5 (b). When this signal is 
detected using a PD, two RF signals are generated, as 
shown in Fig. 5 (c). The RF I signal originates from the 
beating between the OC and the Lower Sideband (LSB), 

while the RF II signal is formed from the beating between 
the OC and the Upper Sideband (USB). These two signals 
have the same magnitude but differ in phase by 2ϕ. 
Because the value of ϕ is influenced by the length of the 

fiber (L), then constructive and destructive interference 
(known as DPF) will occur as L changes. When the ϕ value 
reaches π/2, the two RF signals counteract each other 
resulting in a substantial drop in RF signal power, which 

is known as a deep fade.

In this paper, we propose an Unbalanced Sideband 

Modulation (USM) method to overcome DPF. USM is an 

optical modulation scheme characterized by a spectrum 

configuration, as shown in Fig. 5 (d). In this scheme, the 

magnitude of USB is intentionally rendered greater than 

that of the OC and the LSB. When the USM signal 

propagates through the dispersive channel, a relative phase 

difference among the two sidebands and the OC arises, 

illustrated in Fig. 5 (e). When this signal is detected using 

a PD, two RF signals that differ in phase by 2ϕ will be 

III. UNBALANCE SIDEBAND MODULATION

A. Principle of Unbalance Sideband Modulation



generated. These two signals also have different 

magnitudes as shown in Fig. 5 (f). Because these two 

signals have different magnitudes, the interference 

originating from these two signals is mitigated. The greater 

the magnitude difference, the lesser the interference 

encountered. 

 
Fig. 5. Optical signal evolution along the RoF link: (a) – (c) with SD-MZM as E/O converter [conventional], (d) – (f) with USM [proposed]. 

 
Fig. 6. Proposed of schematic of USM modulator. 

 
Fig. 7. Optical spectrum of USM [proposed]. 

USM can be generated using a circuit like in Fig. 6. The 

SD-MZM output is combined with the LD2 output, which 

has a frequency of fc+fm. LD1 generates an optical carrier 

signal represented by 𝐸in1(𝑡) = 𝐸𝑜1𝑒𝑗2𝜋𝑓𝑐𝑡  which 

modulated by an RF signal that has a frequency of fm using 

SD-MZM. This modulated signal is subjected to a bias 

voltage of Vbias. The SD-MZM output and the optical 

signal generated by LD2 are then combined using an 

optical combiner (OC). The optical signal generated by 

LD2 is expressed by 𝐸in2(𝑡) = 𝐸𝑜2𝑒𝑗2𝜋(𝑓𝑐+𝑓𝑚)𝑡, where Eo1 

and Eo2 denote the optical signal amplitudes of LD1 and 

LD2, respectively. 

The output optical field of the USM modulator (ETX(t)) 

results from the addition of ESD-MZM(t) and Ein2(t). This can 

be expressed as follows: 

𝐸TX(𝑡) = 𝐸SD−MZM(𝑡) + 𝐸𝑖𝑛2(𝑡) 

=
1

2
𝐸𝑜1 {𝑒𝑗2𝜋𝑓𝑐𝑡 + ∑ 𝑒𝑗𝜋𝛾𝑗𝑛𝐽𝑛(𝑚)𝑒𝑗2𝜋(𝑓𝑐+𝑛𝑓𝑚)𝑡

∞

𝑛=−∞

} + 

𝐸𝑜2𝑒𝑗2𝜋(𝑓𝑐+𝑓𝑚)𝑡                                                 (21) 

 

  

  

 

 
Fig. 8. RoF link with unbalance sideband modulator [proposed]. 

For ease of analysis, (21) can be arranged to mirror (12), 

yielding 
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From Eq. (21) it can be seen that USB I of the USM 

optical field exhibits a larger amplitude compared to the 

LSB I. Moreover, the amplitudes of USB and LSB for 

other orders remain uniform. The shape of the output 

spectrum of the USM modulator can be seen in Fig. 7.

B. USM’s Performance in Mitigating DPF

Prec(L) equation needs to be derived to see the 

performance of USM in mitigating DPF on the RoF 

channel. The RoF channel model with USM is shown in 

Fig. 8. The RoF channel is composed of a transmitter, link 

and a receiver. The transmitter is composed of an SD-

MZM, LD1 as an optical carrier generator, and LD2 as an 

injector for an upper sideband order I. The link in this 

model is a dispersive fiber optic channel with the response 

of H(f). On the other hand, the receiver consists of 

photodetector (PD) which functions as an O/E converter. 
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𝐸TX(𝑡) = 𝐴𝑐𝑒𝑗2𝜋𝑓𝑐𝑡 + ∑ {𝐴𝑙𝑛𝑒𝑗2𝜋(𝑓𝑐−𝑛𝑓𝑚)𝑡 +∞
𝑛=1

                            𝐴𝑢𝑛𝑒𝑗2𝜋(𝑓𝑐+𝑛𝑓𝑚)𝑡}                          (22) 

with values of Ac, Aln and Aun is equal to the values in (12). 

Additionally, the value of Au1 can be expressed as 
1

2
𝐸𝑜1𝑒𝑗𝜋𝛾𝑗𝐽1(𝑚) + 𝐸𝑜2. Because (22) has the same form as 

(12), the equation for the recovered RF signal for this RoF 

link (Xrec(t)) also retains the same structure as (19): 

𝑋rec(𝑡) ≈ {∑ 𝐴𝑙𝑛𝐴𝑙(𝑛+1)
∗ 𝑒−𝑗(2𝑛+1)𝜙 +∞

𝑛=0

                                  𝐴𝑢𝑛
∗ 𝐴𝑢(𝑛+1)𝑒𝑗(2𝑛+1)𝜙} 𝑐𝑜𝑠 2𝜋𝑓𝑚𝑡 (23) 

Furthermore, the recovered RF signal power for this 

RoF link (Prec(L)) maintains the same form to (20): 

𝑃rec(𝐿) = {∑ 𝐴𝑙𝑛𝐴𝑙(𝑛+1)
∗ 𝑒−𝑗(2𝑛+1)𝜙 +∞

𝑛=0

                                     𝐴𝑢𝑛
∗ 𝐴𝑢(𝑛+1)𝑒𝑗(2𝑛+1)𝜙}

2
            (24) 

were 

𝜙 =
𝐷𝐿𝜆𝑐

2𝑓𝑚
2

𝑐
 

𝐴𝑐 =
1

2
𝐸𝑜{1 + 𝑒𝑗𝜋𝛾 . 𝐽0(𝑚)}  

𝐴𝑙𝑛 = 𝐴𝑢𝑛 =
1

2
𝐸𝑜 . 𝑒𝑗𝜋𝛾𝑗𝑛𝐽𝑛(𝑚)  

𝐴𝑐
∗ =

1

2
𝐸𝑜 (1 + 𝑒−𝑗𝜋𝛾𝐽𝑛(𝑚)) 

𝐴𝑙𝑛
∗ = 𝐴𝑢𝑛

∗ =
1

2
𝐸𝑜 . 𝑒−𝑗𝜋𝛾(−𝑗𝑛)𝐽𝑛(𝑚). 

where Au1 and A*
u1 values are 

1

2
𝐸𝑜1𝑒𝑗𝜋𝛾𝑗𝐽1(𝑚) + 𝐸𝑜2 and 

𝐴𝑢1
∗ =

1

2
𝐸𝑜(−𝑗). 𝑒−𝑗𝜋𝛾𝐽1(𝑚) + 𝐸𝑜2, respectively. 

To evaluate USM’s performance in overcoming DPF, 

the calculation of C/N penalty is done using Prec(L) that 

derived from (24). This result is then compared to the C/N 

penalty of the RoF channel with SD-MZM. Calculations 

are performed with the same parameters as previously 

defined. The calculations are performed for a modulation 

index (m) of 1, while varying the LD2 laser power at 0 dBm 

(Eo2 = 0.045), 5 dBm (Eo2 = 0.08) and 10 dBm (Eo2 = 0.14). 

 
Fig. 9. C/N penalty of RoF link with SD-MZM and USM [model]. 

Fig. 9 shows the C/N penalty curve for both the RoF link 

utilizing SD-MZM and USM. From the curve it can be 

seen that USM can effectively handle DPF. This is 

characterized by the minimal power fluctuations and the 

absence of deep fades. The DPF levels observed for the 

RoF link employing USM with LD2 power set at 0, 5 and 

10 dBm are recorded as 1.3, 0.4, and 0.2, respectively. This 

indicates that higher LD2 power results in improved 

performance of the USM scheme. For the same m, the DPF 

level on the RoF channel with the OSSB spectrum 

generated using DD-MZM is 0.9. This means that the 

USM modulation scheme with LD2 power of 5 and 10 

dBm surpasses the performance of the OSSB spectrum in 

effectively eliminating DPF. 

 
(a) 

 
(b) 

Fig. 10. RoF link simulation circuit: (a) with SD-MZM as E/O converter 

and (b) with USM. 

IV. NUMERICAL SIMULATION 

To validate the model and evaluate USM’s performance 

in overcoming DPF, this study conducts simulations using 

the OptiSystem software. Performance evaluation is 

performed by comparison between the C/N penalty curves 

of RoF channels using SD-MZM and RoF channels using 

USM. The C/N penalty is obtained from the comparison of 

the RF signal power for various fiber lengths (L) and RF 

signal power without fiber (L = 0 km) which is the output 

of the PD. L was chosen from 0 to 5 km in 0.1 km 

increments. The simulation setups for both scenarios can 

be seen in Fig. 10. Fig 10 (a) represents the simulation 

circuit for the RoF channel with SD-MZM, while Fig. 10 

(b) shows the simulation circuit for the RoF channel with 

USM. 

In detail, in this research, we propose a new method to 

overcome DPF by changing the shape of the modulated 

optical spectrum from ODSB to USM. USM is generated 

by injecting one of the first sidebands (USB or LSB) of the 

ODSB signal using a second laser diode. USM can handle 

DPF better than DSB and OSSB by using a transmitter 

circuit configuration that is simpler than the OSSB 

transmitter circuit generated using DD-MZM. However, it 

should be noted that USM can overcome DPF more 

effectively than OSSB when LD-2 powers of 5 dBm and 

10 dBm are used. The greater the LD-2 power, the more 

effective USM is in overcoming DPF. 

The simulation circuit for RoF channel with SD-MZM 

comprises the following components: optical fiber, sine 

generator, electrical bias, photodetector PIN, CW laser, 
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band pass rectangle filter, SD-MZM, optical spectrum 

analyzer, electrical power meter, and RF spectrum 

analyzer. Pure RF signal (fm) with frequency = 60 GHz was 

generated using a sine generator. The switching voltage 

(𝑉𝜋) of SD-MZM is set at 2 volts. The complete settings 

for the SD-MZM can be seen in Table I. The sine generator 

voltage (Vm) is adjusted to 0.637 V to produce a value of 

m = 1. The SD-MZM is fed a RF signal generated by a sine 

generator. To produce γ = ½, the RF signal from the sine 

generator is given an additional bias voltage (Vbias) of 1 volt. 

CW laser was set with the parameters: λc = 193.414 THz, 

linewidth = 10 MHz, and Power = 0 dBm, and then used 

as the input optics of the SD-MZM. 

The spectrum shape of the optical signal modulated 

using SD-MZM was examined using an optical spectrum 

analyzer (OSA). The shape of the output optical signal 

spectrum of SD-MZM can be seen in Fig. 11 (a). The SD-

MZM output is sent to receiver via single mode fiber, with 

fiber parameters as specified in Table II. Because this 

simulation is focused on observing the impact of chromatic 

dispersion on the power of received RF signal, the effect 

of fiber attenuation is disregarded. A PIN photodetector set 

with parameters dark current = 10 nA and Responsivity = 

1 A/W is used to detect optical signals at the receiver. The 

output of photodetector is then filtered using a band pass 

rectangle filter to remove unwanted frequencies. To obtain 

a 60 GHz frequency of RF signal, the band pass rectangle 

filter parameters are configured as follows: frequency = 60 

GHz, bandwidth = 10 MHz, depth = 100 dB, and insertion 

loss = 0 dB. The resulting RF signal power is measured 

using an electrical power meter. Power measurements 

were carried out across varying fiber lengths, ranging from 

0 to 5 km with intervals of 0.1 km. 

TABLE I. THE PARAMETER SETTING OF SD-MZM 

Parameters Value Units 

Splitting ratio 1.3 - 

Modulation type Phase-Shift - 

Bias Voltage 1 -4 V 

Bias Voltage 2 -2 V 

Normalize electrical signal Unchecked - 

Operation mode Change in V2 = 0  - 

 

TABLE II. THE PARAMETER SETTING OF OPTICAL FIBER 

Parameters Value Units 

Attenuation effect Unchecked - 

Third-rder Dispersion Unchecked - 

Reference wavelength 193.414 THz 

Length 0 – 5 Km 

Group Velocity Dispersion Checked - 

Dispersion 17 ps/nm/km 

 

The simulation circuit for RoF link with USM has 

almost the same components as the simulation circuit for 

RoF channel with SD-MZM. But in the RoF link with 

USM, the output of SD-MZM is combined with the output 

of CW laser II using power combiner (PC). Because the fm 

used is 60 GHz, the CW laser II is set with λc = 193.474 

THz, linewidth = 10 MHz. The power of the CW laser II 

is varied by 0, 5 and 10 dBm. The PC output is connected 

to the OSA to see the shape of the optical spectrum of the 

USM signal. The shape of the optical spectrum of the USM 

signal can be seen in Fig. 11 (b), Fig. 11 (c) and Fig. 11 (d). 

A single-mode optical fiber is then used to transmit the PC 

output. At the receiver, a PIN photodetector is used to 

detect optical signals. A band pass rectangle filter is used 

to select the RF signal with the desired frequency. The 

generated RF signal power is measured using an electrical 

power meter. Measurements were taken at fiber lengths of 

0, 0.1, 0.2, ... 5 km. 

Fig. 11 illustrates the profiles of the SD-MZM and USM 

output spectrum. The horizontal and vertical axis 

corresponds to frequency in Hz and the power of each 

component in dBm, respectively. In Fig. 11 (a), it is 

evident that the SD-MZM output spectrum is in the form 

of a double sideband, wherein the magnitude of the upper 

and lower sideband power for all orders are identical. The 

spectrum of the USM optical signal with an LD2 power of 

0 dBm can be seen in Fig. 11 (b). The upper and lower 

sideband power of order I exhibit a difference of 14 dB. 

Similarly, the spectrum of the USM optical signal with an 

LD2 power of 5 dBm is illustrated Fig. 11 (c), showing a 

20 dB difference in the upper and lower sideband power of 

order. In Fig. 11 (d), the spectrum of the USM optical 

signal is displayed with an LD2 power of 10 dBm, wherein 

the upper and lower sideband powers of order I differ by 

25 dB. From Fig. 11 it can be said that the derived (10) and 

(21) can accurately represent the optical fields of both the 

SD-MZM and USM outputs.  

It should be noted that for additional explanation, Fig. 9 

and Fig. 12, show the performance of a standard RoF 

system with a DSB spectrum, a RoF system with an OSSB 

spectrum, and a RoF system with a USM optical spectrum. 

These figures illustrate that the RoF system with the USM 

spectrum has a curve with smaller fluctuations compared 

to the RoF system with the OSSB spectrum. It is indicating 

that USM can handle DPF better than OSSB. The 

connection between this and DD-MZM is that the OSSB 

spectrum in this RoF system is generated using DD-MZM, 

which receives an optical signal input modulated by two 

RF signals with a phase difference of 90 degrees.  

In details, the DPF level was evaluated by calculating 

the standard deviation of the C/N penalty values at all 

points along a 5 km length. In Fig. 9, it is shown that for a 

RoF system with OSSB, the DPF level is 0.9. For a RoF 

system with USM, with LD2 power levels of 0 dBm, 5 

dBm, and 10 dBm, the DPF levels are 1.3, 0.4, and 0.2, 

respectively. This means that USM with LD2 power levels 

of 5 and 10 dBm has better DPF levels of 0.4 and 0.2. 

Meanwhile, the performance of USM with an LD2 power 

of 0 dBm is similar to OSSB. However, it should be noted 

that OSSB modulation using the DD-MZM scheme 

requires a complex transmitter setup. Here, we propose a 

USM solution for eliminating dispersion without using the 

DD-MZM scheme.



   
(a)                                                                                                       (b) 

     
(b)                                                                                                      (d) 

Fig. 11. The spectrum shape of (a) SD-MZM Output, (b) 0 dBm USM, (c) 5 dBm USM, and (d) 10 dBm USM RoF link simulation circuit. 

 
Fig. 12. C/N penalty simulation of RoF link with SD-MZM, DD-MZM, 

and USM. 

Then, Fig. 12 depicts the C/N penalty curves derived 

from the simulated RoF link configurations utilizing SD-

MZM and USM. These curves are constructed by 

computing the difference between the simulated power at 

a given length L and the simulated power at L = 0 km. On 

the RoF link with SD-MZM, deep fade occurs at L = 1.5 

and L = 3.5 km. These values of L are consistent with the 

results of previous calculations. Conversely, the RoF link 

equipped with USM experiences no deep fades. DPF level 

for RoF link using USM with LD2 powers of 0 dBm, 5 

dBm, and 10 dBm are measured at 0.9, 0.3 and 0.3. The 

simulation results show that the RoF link with USM at LD2 

powers of 5 dBm and 10 dBm, exhibits equivalent 

performance. Comparing these outcomes to the calculation 

results, it becomes evident that the performance of the RoF 

link with USM is enhanced with higher LD2 power levels. 

Moreover, it can be observed that even OSSB modulation 

also has a low C/N penalty value. However, implementing 

this DD-MZM scheme requires a complex transmitter 

setup. 
It should be noted that, as a limitation of this study, it is 

shown that only laser powers of 5 dBm and 10 dBm can 
overcome DPF better than OSSB. This means that for LD2 
power greater than 10 dBm, USM performance will be 
better than OSSB, whereas if the laser power is smaller 
than 5 dBm, USM performance will be increasingly 
reduced. This is because the smaller the difference in USB 
power compared to LSB, the smaller the difference in the 
resulting RF1 and RF2 signal power will be. The lesser the 
magnitude of the difference, the greater the interference 
encountered. 

A more comprehensive evaluation of the USM’s 
performance in overcoming DPF can be observed through 
a detailed comparison of the calculated and simulated 
results, as depicted in the curves of Fig. 13. In Fig. 13 (a), 
Fig. 13 (b), and Fig. 13 (c), C/N penalty curves for the RoF 
links employing USM are presented, showing the 
calculated and simulated outcomes for LD2 powers of 0 
dBm, 5 dBm, and 10 dBm, respectively. Both model 
calculations and numerical simulations conclusively 
demonstrate that the USM method effectively mitigates 
DPF, offering a promising solution in optical 
communication networks. 
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(a) 

 
(b) 

 
(c) 

Fig. 13. The spectrum shape of (a) SD-MZM Output, (b) 0 dBm USM, 

(c) 5 dBm USM, and (d) 10 dBm USM RoF link simulation circuit 

V. CONCLUSION 

In this study, a novel technique of USM method is 

successfully developed to address DPF. USM is realized 

by modulating the optical carrier signal with an RF signal 

using a SD-MZM. The output of the SD-MZM is then 

combined with an optical signal of a frequency equivalent 

to the sum of the optical carrier frequency and the RF 

signal frequency. The result outcomes indicate that at a 

modulation index (m) of 1, the DPF level of a RoF link 

utilizing conventional SD-MZM as an Electro-Optic (E/O) 

converter is approximately 8.2. In contrast, the DPF level 

for a RoF link employing the OSSB modulation is around 

0.9. Remarkably, the DPF level drops significantly to 0.2 

when adopting the USM scheme. This result shows the 

highly capability of the USM scheme in eliminating DPF 

surpassing the performance of both the conventional SD-

MZM modulation scheme and the OSSB scheme 

generated by DD-MZM. Then, both model calculations 

and numerical simulations conclusively demonstrate that 

the USM method effectively mitigates DPF, offering a 

promising solution in optical communication systems. 
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