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Abstract—Recent advancements in Radio-over-Fiber (RoF)
technology have positioned it as a promising solution for high-
capacity wireless communications. This paper explores novel ap-
plications of RoF systems in enhancing phased array antenna
(PAA) performance for multi-channel wireless communication ap-
plications through the modulation instability (MI) phenomenon.
Utilizing fibers experiencing MI with varying group velocity disper-
sions (β2) of −20, −11.3, −3.2, and −2 ps2/km, the RoF system
achieves operational flexibility across distinct central frequencies
of 12, 16, 30, and 38 GHz, respectively. This approach represents
a significant advancement in wireless communication technology,
leveraging MI gain and an MI-based control system architecture to
enhance performance across diverse frequency bands. The study
investigates the impact of MI on modulation efficiency, presenting
experimental results validating the feasibility and effectiveness of
the proposed approach. The maximum MI gain by employing a
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30 km fiber under MI is 18 dB, experimentally. Further optimiza-
tion, achieved by increasing the fiber length to 45 km and adjusting
nonlinear parameters and input power, demonstrates a remarkable
MI gain of 38.1 dB. MI-based true time delay (TTD) techniques also
address beam squint challenges, enhancing beamforming capabil-
ities. The findings suggest that integrating MI into RoF systems
holds excellent potential for improving wireless communication
capabilities with reduced costs and space requirements compared
to conventional methods. This research contributes to the growing
body of knowledge in the field of RoF systems and offers insights
into their practical applications in modern wireless communication
networks.

Index Terms—Modulation instability (MI), Mach-Zehnder
modulator, phased array antenna, radio-over-fiber, wireless
application.

I. INTRODUCTION

ROF technology has recently become one of the most
well-known schemes for the forthcoming high-capacity

wireless communications industry due to its benefits, including
large bandwidth, cost efficiency, and reduced signal attenua-
tion [1], [2]. Several methods have already been presented using
this technique to provide multiple services for mobile and fixed
users by utilizing the advantages of wired and wireless technolo-
gies [3], [4]. Due to the availability of dynamic spectrum allo-
cation in wireless communication and the transparent carriage
of analog or digital signals, RoF systems can be used in many
radio-frequency (RF) bands [4], [5]. Many of these applications,
such as new generation communication 5G/6G [6], [7], [8], [9],
Internet of Things (IoT) [10], [11], supporting terahertz devices
and antenna [12], [13], [14], and medical sensors [15] operate
at RF bands. RoF technology integrates optical communication
and wireless systems to provide long-distance transmission of
wireless signals with reduced cost solutions and higher data rates
due to its advantages, including immunity to RF interference, re-
duced power consumption, dynamic resource allocation, multi-
operator, and multi-service. This technique integrates wireless
systems with optical fiber infrastructure, distributing RF signals
across multiple base stations (BSs) via optical fiber links [16],
[17], [18], [19]. Despite these advantages, RoF systems are
susceptible to phase noise, which originates from imperfections
in oscillators and other electronic components. However, the
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impact of phase noise on RoF systems can be managed and
mitigated through various techniques, making it less detrimen-
tal than in different communication systems. Phase noise can
degrade signal quality, increase bit error rates (BER), and cause
leading to interference and crosstalk between channels. As a
result, understanding and mitigating phase noise is essential to
maintaining the performance and reliability of RoF systems [20],
[21]. Advanced modulation formats [22], digital signal process-
ing (DSP) [23], and high-quality oscillators [24] can signifi-
cantly reduce the effects of phase noise in RoF systems. These
methods help maintain signal integrity and ensure the reliable
performance of RoF technology in modern communication
networks. Modulators and photodetectors perform electrical-
to-optical (EO) and optical-to-electrical (OE) transformations
on the transmitting and receiving sides of the photonic link,
respectively [25], [26].

The optical modulation process, a pivotal aspect of RoF
systems, involves manipulating the properties of light to encode
information onto optical carriers [27], [28]. This process can
be achieved through various techniques, including the use of
external modulators, such as an electro-absorption modulator or
a Mach-Zehnder modulator (MZM). The features of MZM, like
low harmonic distortion and high speed, make it an essential
component in advancing coherent technology [29]. The half-
wave voltage (Vπ), which is an important MZM characteristic,
is the voltage needed to cause a 180◦ (π radians) shift on the
optical carrier as it travels through the MZM waveguide arms.
Additionally, due to its connection to the design, manufacture,
and packaging of the optical modulator and also the dependency
ofVπ to the frequency, it is necessary to evaluate the performance
of optical modulators [30].

In the experimental case, critical elements, including
impedance mismatching, plasmonic losses, and variations in
microwave-optical velocities, lead to a drop in modulation flex-
ibility with frequency. Furthermore, in the modes which has
high-efficiency, the product of the arm length of EO modulators
and modulation voltage remains constant (VπL = α). Conse-
quently, the EO arm’s length increases as Vπ decreases. The
modulation response declines faster with increasing frequency,
leading to a decrease in the bandwidth. Consequently, in many
cases, there is a direct proportionality between the modulators’
Vπ and bandwidth [31], [32], [33].

Recently, electronic devices have decreased their output volt-
age by increasing frequency, aiming to enhance modulation effi-
ciency. However, in modulator devices like MZMs, this strategy
contradicts the desired effect of high frequency on maintaining
a constant Vπ. Various techniques, including the utilization of
novel materials [34], have been investigated to improve the
effectiveness of Vπ . However, these approaches often introduce
complexities and elevate costs associated with modulator design.
Furthermore, endeavors aimed at reducingVπ by integrating var-
ious resonators and refining electro-optic circuitry have resulted
in intricate structures that are highly susceptible to fabrication
intricacies [35], [36], [37]. Additionally, the resonant character-
istics of these structures may induce fluctuations in modulation
response within the sideband spectrum, potentially distorting
the output signal. Hence, the pursuit of enhancing Vπ presents a

challenging endeavor demanding innovative methodologies and
solutions.

On the other hand, beamforming and gain enhancement stand
as indispensable and challenging components in modern wire-
less communication systems, especially with the evolution of
PAA. These techniques are instrumental in shaping the direc-
tionality of signals, thus enabling efficient transmission and
reception in diverse environments [38]. The PAA system can
focus its radiation pattern toward specific directions through
beamforming, allowing for improved signal strength and re-
duced interference. Gain enhancement techniques amplify the
transmitted signals and improve the overall system perfor-
mance by increasing the SNR and extending the communication
range [39], [40]. Furthermore, beam control mechanisms enable
adaptive steering of the beams, optimizing the coverage and
capacity of the communication network while mitigating the
effects of multipath propagation and signal attenuation [41],
[42].

Traditionally, electrical phase shifters have been used to con-
trol beam direction, which has some disadvantages such as lim-
ited steering resolution, frequency dependency, complexity and
cost, sensitivity to environmental factors, and potential phase
coherence issues [43]. New developments in true-time-delay
(TTD) employing frequency comb (FC) technology offer an
improved alternative to traditional techniques. In contrast to
single-mode-fiber (SMF) based methods, which employ mul-
tiple fibers to supply an M-element PAA [44], [45], TTD with
FC provides accurate and programmable time delays using just
a single fiber, making it possible to achieve highly precise beam
steering [46], [47].

The modulation instability (MI) phenomenon is a signifi-
cant nonlinearity observed in optical fibers, owing to its role
in producing soliton pulses and super-continuum generation.
Numerous studies have explored MI, such as beam laser con-
trol [48], crystal fiber [49], rogue waves analysis [50], polariza-
tion control [51], and optical soliton [52], none have ventured
into the realm of wireless communication applications utilizing
microwave photonic technology. These investigations predomi-
nantly focus on terahertz frequencies within the fields of physics
and optical applications.

The MI phenomenon, induced by altering the optical fiber’s
structure, increases power within the sidebands of the carrier
signal, thereby enhancing the RF signal for antenna transmis-
sion. Employing FC based on TTD can facilitate PAA systems,
where each comb drives a single element, ensuring all elements
benefit from MI gain. The adoption of TTD effectively addresses
the challenge of beamforming.

This paper presents a novel method of utilization of the
MI phenomenon in RoF systems, addressing the challenges
previously discussed. Our research aims to implement PAA
systems by integrating MI-based gain enhancement and TTD
techniques into RoF systems to be performed over a multi-
frequency band, benefiting wireless communication systems
over a wide frequency range. The utilization of MI in fiber
optics has led to enhancements in the effective half-wave voltage
(Vπ,eff ). Consequently, MI gain helps simplify the modula-
tor’s structure by discarding additional pumps, saving the input
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power consumption, and reducing the shot noise effect caused
by the photodetector, which improves wireless communication
links.

Our experimental results agree with the simulation, con-
firming the feasibility of our approach in achieving advanced
microwave and RF signal processing capabilities with the po-
tential for reduced costs and space requirements compared to
alternative solutions. The simulations were conducted using Op-
tisystem software, which can perform Monte Carlo simulations
to analyze the statistical variation in RoF system performance
due to factors such as optical noise, fiber imperfections, and
component variability.

The rest of the paper is structured as follows: Section II
examines the MI phenomenon in optical fibers, including its
gain and its impact on Vπ. Section III presents the proposed
RoF system architecture for different wireless communication
frequency bands. Section IV discusses the detailed control sys-
tem architecture within the RoF system, addressing both MI
phenomenon and beam pattern management. In Section V, TTD-
based beamforming techniques are explored, highlighting their
advantages over traditional methods. Section VI investigates the
use of MI to generate a boosted FC and its implications for
RoF system performance. Section VII focuses on SNR in the
proposed system, and finally, Section VIII concludes the paper
by summarizing key findings.

II. MODULATION INSTABILITY IN FIBER OPTIC

MI is one of the most interesting phenomena in studying
nonlinear waves. MI dynamics are linked to energy exchange
between a continuous background and a periodic perturbation.
In optical fiber systems, MI often occurs due to the interplay
between the Kerr effect, dispersion, and non-linearity [53]. The
intensity modulation induced by the Kerr effect can interact with
dispersion to produce sidebands in the optical spectrum, leading
to the onset of MI. As a third-order nonlinear process, the Kerr
effect causes four-wave mixing between the frequency com-
ponents of optical signals. This phenomenon results in a sym-
metrical frequency band centered around a specific frequency
due to the conservation of photon energy �w. Additionally, the
conservation of photon momentum �β(w) dictates that only
even components of the propagation constant contribute to the
phase-matching condition [54], [55]. The effects of fiber disper-
sion are compensated for by expanding the mode-propagation
constant in a Taylor series around the central frequencyw0 when
w = w0 +Ω (Ω is the frequency detuning), which is as follows:

β(w0 +Ω) = β0 +

∞∑
m=1

βm

m!
(Ω)m = β0 + δβe + δβo (1)

where β0 = β(w0) denotes the propagation constant at the cen-
tral frequency, while δβe and δβo represent the even and odd
parts of the dispersion relation, respectively.

It’s worth highlighting that δβe plays an essential role in the
process of the Kerr effect. When employing standard SMFs in the
C-band, the group velocity dispersion β2 is dominant, rendering
the higher-order coefficients negligible. Hence, δβe =

β2

2 Ω2.

Under the slowly varying envelope approximation, the uni-
directional propagation of nonlinear waves, including optics, is
described by the one-dimensional nonlinear Schrödinger equa-
tion (NLSE). This slowly-varying envelope U(z, t) normalized
to the input peak power (P0) along the fiber, traveling with the
group velocity vg = 1/β1, where T = 1− β1z is described by
using the NLSE as follows [56]:

ı
∂U

∂z
+ ı

α

2
U − β2

2

∂2U

∂T 2
+ P0γ |U |2 U = 0 (2)

where γ, β2, and α are the nonlinear coefficients due to the Kerr
effect, group velocity dispersion coefficient, and the fiber power
attenuation coefficient, respectively.

Equation (2) can be easily solved by neglecting the time
derivation to produce the steady-state continuous radiation so-
lution. The continuous wave described by this equation exhibits
a soliton form when the laser’s response is lossless [56], [57]. A
soliton refers to any optical field that remains unchanged along
propagation due to an ideal balance between nonlinear and linear
effects in the medium [58].

In a conventional RoF system, the group velocity dispersion
of the fiber typically is positive (β2 > 0), resulting in a real
wave number (K) and a stable steady state that withstands
small perturbations. Conversely, a negative group velocity dis-
persion (β2 < 0) yields an imaginary wave number, amplifying
perturbations. This parameter is a key factor in determining
the operating frequency. In the scenarios where the interplay
between nonlinearity and negative group velocity dispersion
(β2 < 0) coincide in a fiber, MI results. Consequently, the carrier
sideband experiences amplification. A notable advantage of such
a system lies in its capability to amplify the input pulse when
modulated at the desired frequency.

A. Analytical Expression of the MI Gain

The linear stability analysis, whose derivation is based on the
signal-idler technique used in optical parametric amplification
(OPA), is applied to the NLSE to derive the MI gain. Assume
the m and p denote the signal and idler or the Stokes and anti-
Stokes components around the pump frequency. By employing
the linear stability analysis, it obtained that the signal at fiber
position L is given by m(L) = m(0)A(L) + p(0)B(L). A and
B are the signal and idler field gains, which are given by [56],
[59]:

A(L) = cosh(Lg) + i
Δβ/2 + γP0

g
sinh(Lg) (3)

B(L) = i
γP0

g
sinh(Lg) (4)

where P0, γ, and Δβ are the input pump power, the nonlinear
coefficient, and the linear phase mismatch. The signal gain GS

is achieved by replacing the initial conditions m(0) = 1 and
p(0) = 0 on the field so that m(L) = A(L) and thus:

Gs = |m(L)|2 = 1 +

(
γP0

g

)2

sinh2(Lg) (5)
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Fig. 1. MI gain spectrum through a 45 km SMF with β2 = −20 ps2/km for (a) different values of input power and nonlinear parameter γ at 0.45 W−1/km
and under (b) different values of nonlinear coefficient and typical power values of 100 mw.

It is important to note that, the idler gain GI is obtained by
applying m(0) = 0 and p(0) = 1 on the field evolution leading
to m(L) = B(L) and therefore:

GI = |m(L)|2 =

(
γP0

g

)2

sinh2(Lg) (6)

Since background noise operates as both a signal and an idler for
MI, random variables can represent the beginning conditions. In
this case, the Stokes and anti-Stokes components have the same
intensity, which we set equal to unity to calculate gains because
it is presupposed that the noise is white. The final gain value is
the incoherent summation of the GI and GS when the signal
and initial idler are white noises. Therefore:

GMI = Gs +GI = 1 + 2

(
γP0

g

)2

sinh2(Lg) (7)

where L is the fiber length and the parametric gain coefficient g
is defined as:

g2 = −Δβ(γP0 +Δβ/4) (8)

whichΔβ denotes the linear phase mismatch between the pump,
signal, and idler. Note that g can take a real or imaginary value,
depending on the sign of the phase mismatch Δβ. For standard
SMFs at 1550 nm, Δβ can be expressed as β2Ω

2, where Ω =
ω − ω0 is the frequency shift around the pump frequencyω0 and
β2 is a principal characteristic of the anomalous fiber.

The maximum MI gain (Gmax) happens at frequency shift of

Ωmax = ±Ωc√
2
=

√
2γP0

|β2| . Regarding (9), this amplification is

related to the frequency, carrier power, and fiber parameters (β2

and γ).

Gmax = Ω2
c |β2|L = 4γP0L (9)

A nonlinear fiber with a specified design and under MI amplifies
a particular spectral range of the carrier sideband by nonlinear
frequency variation on the carrier. The amplification can be
applied without a separate pump using the anomalous fiber [14],
[60]. Moreover, in certain long-distance wireless applications,

the signal received by the receiver may exhibit a lower amplitude
than the transmitted signal. Consequently, this technique enables
the amplification and detection of weak signals [61], [62].

In Fig. 1(a), the MI gain spectrum is presented for a SMF
across different input power of 100, 250, and 350 mW and
Fig. 1(b) shows the MI gain spectrum for different non-linear
coefficient of 0.45, 0.9, and 1.35 W−1/km. The analytical
results are given directly from the MI gain equation in (7),
and the simulation results have been obtained by employing
OptiSystem, a widely recognized software tool for designing
and analyzing optical communication systems.

The small difference between simulation and theory ob-
served outside the carrier sideband is caused by the higher-order
MI [63], [64], which is only present at very high power levels
(above the typical power regime used in optical fiber systems)
and is neglected in the analytical model.

Fig. 2 illustrates the amplification of carrier sidebands across
varying fiber lengths and group velocity dispersion coefficients.
Increasing the fiber length under MI amplifies MI gain, with
the maximum gain rising from 10.5 dB to 31 dB as the fiber
length increases from 15 km to 45 km. On the other hand, the
variation in β2 can solely change the amplification frequency
range. In this scenario (Fig. 2(b)), the central frequencies of the
sidebands at 7 GHz and 14 GHz can be amplified by employing
fibers with group velocity dispersion of β2 = −36 ps2/km
and −9 ps2/km, respectively. Unlike altering the power and
nonlinear characteristics of the fiber under MI (as shown in
Fig. 1), tuning the length (L) and β2 of the fiber (as shown
in Fig. 2) to define the desired gain and frequency, respectively,
can be an effective strategy to be used in microwave-photonic
systems. Consequently, this technique can be utilized to improve
the efficiency of wireless communication systems across various
frequency bands.

Fig. 3 shows the amplification of the input signal (Gaussian
pulse) with a central frequency of 12 GHz by different fiber
lengths of 15 km, 30 km, and 45 km, respectively. In this case,
the −6 dBm unboosted input signal is amplified at the carrier
sideband. Increasing the length of the fiber results in a higher

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


AZIZPOUR et al.: MULTI-CHANNEL RADIO-OVER-FIBER COMMUNICATION SYSTEMS THROUGH MODULATION INSTABILITY PHENOMENON 7201813

Fig. 2. MI gain spectrum with power level of 200 mw and γ = 0.88 W−1/km for (a) different length of fiber with β2 = −20 ps2/km and for (b) different
values of β2 with fiber length of 45 km.

Fig. 3. Unboosted and boosted input Gaussian pulses with a central frequency
of 12 GHz.

MI gain at the sideband carrier. The amount of maximum MI
gain in the fiber lengths of 15 km, 30 km, and 45 km is 12.6 dB,
26.7 dB, and 38.1 dB, respectively. Therefore, the signal power
increased to −25.9 dBm when using a 45 km fiber. The group
velocity dispersion and the nonlinear refraction index of fiber
are β2 = −20 ps2/km and γ = 0.88 W−1/km, respectively.
Also, the carrier frequency and the input power are 193 THz
and 250 mw, respectively.

B. Vπ Challenge in Mach-Zehnder Modulator

Increasing the Vπ with regards to raising the frequency is
one of the critical challenges in designing broadband traveling-
wave modulators like MZM that have approved performance.
However, this ratio is inverse in electrical technology, such as
devices that use CMOS [65]. Using the MZM in the proposed
structure makes it possible to modulate the Gaussian pulse on the
carrier. The transfer function for the MZM with an electro-optic
element inserted in one arm creates a general method to evaluate

EO modulation [56]:

Pout =

(
Pin

2

)(
1 + cos

(
φ0 + π

(
v

vπ

)))
(10)

This represents the typical voltage change necessary to cause the
phase shift between the modulator arms. Sideband fields rise by
G

1/2
MI where GMI is the MI gain. The square of G1/2

MI is directly
proportional to the RF output power, resulting in the following:

Pout ∝
(

1

v2π

)
PinGMI (11)

With respect to (11) the raise of Pout by GMI is equivalent to a
Vπ reduction byG1/2

MI , therefore the improved half-wave voltage
is achieved:

Vπ,eff (ωRF ) = Vπ(ωRF )
L
1/2
Dep

G
1/2
MI(ωRF )

(12)

In this equation, L1/2
Dep < 1 is the consumption factor for the

power carrier. The effective half wave voltage Vπ,eff is de-
creased by utilizing the GMI in the sideband, which helps to
overcome the Vπ challenge.

This configuration offers an advantage by enhancing the MI
gain in the carrier’s sideband, thereby improving the Vπ of the
MZM. In communication applications involving transmission
and reception, boosting the modulator’s gain enhances its per-
formance, consequently reducing Vπ,eff and facilitating better
detection of the received signal.

III. PROPOSED MI-BASED ROF SYSTEM

Fig. 4 illustrates the proposed MI-based RoF system. This
system offers multi-channel RF tunable microwave TTD lines
for PAAs utilizing an integrated on-chip micro-ring resonator
(MRR) optical FC source. The generation of a broadband Kerr
comb featuring numerous comb lines enables the feeding of
PAAs with a large number of elements. By programming and

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


7201813 IEEE PHOTONICS JOURNAL, VOL. 16, NO. 5, OCTOBER 2024

Fig. 4. Schematic diagram of the TTD device based on an integrated optical comb source. LD: laser diode, BPF: optical bandpass filter for optics application,
PC: polarization controller, MRR: Micro ring resonator, WDM: wavelength division multiplexer. PD: photodetector.

shaping the optical comb, this device can achieve high angu-
lar resolution and a wide range of beam steering angles with
minimal beam squint.

The MZM modulates the microwave signal using the Non-
Return-to-Zero (NRZ) format onto the FC, then transmits it
through a fiber experiencing MI [17], [66], [67].

The FC’s flatness plays a pivotal role in achieving optimal per-
formance enhancements in wireless systems based on photonics.
A wave-shaper can adjust the distribution of power among the
carriers within the FC, leading to a more uniform profile.

In this approach, the scheme permanently assigns frequencies
f1, f2, . . . ,fM to antenna elements 1, 2, . . . , and M, respectively,
with a free spectral range (FSR) of 200 GHz.

The RF TTD-based signal, utilizing an integrated optical
comb source, is transmitted over an optical fiber switching
controller system concerning the desired frequency band re-
quired for specific wireless communication applications. This
MI-based Control system utilizes four optical fibers under MI
to cover four different frequency bands. Each fiber is selected
with the specific β2 based on the corresponding frequency.

In the next stage, a programmable bit-control system modifies
the length of the positive group velocity dispersion of fiber to
offset the delay caused by MI. This system effectively manages
and controls the antenna beam by ensuring that it is accurately
directed and maintained.

At the BS, the transmitted modulated optical signals are
separated into individual wavelengths and converted into RF
signals through photodetection.

IV. ARCHITECTURE OF CONTROL SYSTEMS

Two distinct control systems are in place: one designed to
address the MI phenomenon and the other tailored for managing
the beam pattern.

In (9), it is theoretically demonstrated that by adjusting only
the parameter β2, while keeping the carrier power and fiber loss
factor constant, the amplified frequency band can be tailored to
meet specific requirements.

Fig. 5. The carrier sideband amplification by different group velocity disper-
sion (β2) of the fiber with 45 km length.

The MI-based switching control system, illustrated in Fig. 4,
employs fibers with varying dispersion characteristics. Switches
00, 01, 10, and 11 correspond to fibers with group velocity
dispersions of β2 =−20, −11.3, −3.2, and −2 ps2/km, respec-
tively. This system is utilized to amplify different frequency
bands with central frequencies of 12, 16, 30, and 38 GHz, as
depicted in Fig. 5. Therefore, the modulated signals pass through
the desired fiber with respect to their frequency bands. This
amplification is related to the frequency, carrier power, and fiber
parameters. Then, the control system selects the fiber according
to the desired frequency band.

Therefore, this system can accommodate various wireless
communication applications across different frequency bands.
By leveraging the flexibility the MI-based switching control sys-
tem provides, the communication infrastructure can be tailored
to each application’s specific requirements, ensuring optimal
performance and efficiency.

The TTD provided by the FC under MI phenomenon with an
FSR of 200 GHz (Δλ = 1.6 nm) and a fiber length of 45 km is

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


AZIZPOUR et al.: MULTI-CHANNEL RADIO-OVER-FIBER COMMUNICATION SYSTEMS THROUGH MODULATION INSTABILITY PHENOMENON 7201813

calculated as Δτ = |DmiLmi|Δλ, surpassing the required time
delay for the antenna. To address this discrepancy, the beam-
controller system integrates positive group velocity dispersion
(β > 0) of fiber to mitigate the excess time delay.

If we assign wavelengths λ1, λ2, . . ., λn with a narrow spacing
of Δλ, we can assume that they all have the same dispersion
parameter, D.

The relation between the total value of the TTD and the length
of the fibers can be expressed as follows:

Δτ = (|DmiLmi| − |DcLc|)Δλ (13)

where Dmi and Lmi represent the dispersion and the length of
the fibers affected by MI, while Dc and Lc denote the dispersion
and length of standard fibers (β2 > 0) employed in the beam-
controller system.

It is evident from (13) that there are two manners to adjust
the steering angle. The first method involves manipulating the
FSR (Δλ). By adjusting the FSR, the spacing between the
frequency components of the input signal can be modified,
thereby influencing the output of the PAA. The second method
of controlling the beam in a PAA is by varying the length of
the optical fiber. Changing the fiber length allows the effective
path length traveled by the optical signals within the PAA to be
adjusted. This alteration in path length directly impacts the time
delay experienced by the signals, consequently affecting their
interaction and output behavior within the PAA [14], [68]. Both
control methods offer distinct advantages and may be employed
based on the application’s specific requirements. However, ad-
justing the fiber length is often favored for its simplicity and ease
of implementation in practical systems.

Avoiding time delay is also possible by considering
|DmiLmi| = |DcLc|. Therefore, we have developed a config-
urable dispersion matrix to achieve precise control over the time
delay introduced by the fiber under MI.

Employing a fiber with positive group velocity dispersion
(β > 0) effectively mitigates excessive time delays within PAA
while also allowing us to regulate time delay by fine-tuning
the minimum time delays [69], [70]. Through this approach,
the programmable dispersion matrix comprises optical switch
devices and dispersive fibers, as depicted in Fig. 4 with four
bits. Following this, the comb line undergoes photo-detection
and de-multiplexing processes.

By assuming |Dc| = |Dmi| = 1.7 ps
nm.km , and Lmi = 45 km,

the minimum fiber length required in bit-controler system is
Lmin = 3 km. Therefore, the minimum time delay can be set
as Δτ = 8.2 ps.

Fig. 6 illustrates the time delay condition for PAA, determined
based on the minimum time delay mentioned earlier. By adjust-
ing the binary code, we can modify and regulate the time delay
to direct the main beam of PAA.

The directional orientation of an array antenna’s beam is
dictated by various design characteristics, prominently the wave-
length of the operational frequency and the separation between
its individual elements, denoted as d = λ/2. Determining the
beam angle is crucial for optimizing antenna performance in
telecommunications and satellite communication systems ap-
plications.

Fig. 6. The value of TTD of the comb lines under the bit-control system,
covering states from “0001” to “1111”.

The beam angle of an array antenna can be precisely quantified
using a formula derived from its design parameters. This formula
calculates the angle at which the antenna’s beam is focused, pro-
viding insights into its coverage pattern and efficiently directing
its signal transmission or reception. The formula for calculating
the radiating steering angle (θ0) of an array antenna is as follows:

Θ0 = sin−1 c.Δτ

d
(14)

where c and Δτ represent the speed of light in a vacuum and the
time delay, respectively.

V. TTD-BASED BEAMFORMING

PAAs play a crucial role in enhancing communication per-
formance in wireless applications by dynamically steering RF
beams. Traditional beamforming techniques often rely on phase
shifting to control the direction of the beam. However, employ-
ing TTD in beamforming offers distinct advantages, particularly
in wireless scenarios [71].

Firstly, TTD beamforming provides greater flexibility in beam
steering compared to phase shift-based methods. By intro-
ducing precise delays to the signals at each antenna element,
TTD enables the formation of beams with arbitrary angles and
shapes. This flexibility is especially advantageous in dynamic
environments where the angle of arrival of signals may vary
rapidly or the antenna array needs to adapt to changing propa-
gation conditions. Thus, TTD-based beamforming enhances the
adaptability and robustness of wireless communication systems,
ensuring reliable connectivity in challenging scenarios [72],
[73]. Moreover, TTD beamforming improves performance in
mitigating interferences and enhancing signal reception. By
adjusting the time delays of individual antenna elements, TTD
beamforming can optimize the spatial filtering characteristics
of the array, effectively suppressing unwanted signals and en-
hancing the reception of desired signals. This capability is
particularly beneficial in crowded wireless environments where
multiple signals, such as urban areas or dense networks, may
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Fig. 7. Comparing array factors across three distinct frequencies, each directed
to a 10-degree angle through (a) phase shifting and (b) TDD methods.

overlap. TTD-based beamforming enables efficient utilization
of the available spectrum. It enhances wireless communication
systems’ overall capacity and reliability, ultimately improving
the user experience and enabling the deployment of advanced
wireless services [74], [75].

The expression for the array factorGa(θ, λ)of an array steered
with phase shifters is as follows [76]:

Ga(θ, λ) =
sin2[Mπd(sinΘ/λ − sinΘ0/λ0)]

M2 sin2[πd(sinΘ/λ − sinΘ0/λ0)]
(15)

where θ and M signify the angle of interest and the number
of antenna elements, respectively. This equation allows for the
precise calculation of the antenna array’s performance. The
terms θ0 and λ0 serve as reference angles and wavelengths,
respectively, offering a baseline for comparative analysis.

In Fig. 7(a), the array factor for a PAA with 16 radiation
elements (M = 16) is plotted for three different frequencies
of 12, 14, and 16 GHz. Phase shifter settings were determined
relative to a center frequency of 14 GHz. It’s notable how the
beam’s position shifts with varying frequencies when utilizing
the phase shifter method for steering. On the other hand, when
the system uses TTD, the expression for the array pattern is as

follows [76]:

Ga(θ, λ) =
sin2[Mπ(d/λ)(sinΘ− sinΘ0)]

M2 sin2[π(d/λ)(sinΘ− sinΘ0)]
(16)

The array factor plot, depicted in Fig. 7(b), illustrates the behav-
ior across the same three frequencies mentioned earlier. Notably,
all beams are directed towards a fixed angle of 10◦.

The plots depicted in Fig. 7 illustrate the advantages of TTD-
based beam steering: it enables the accommodation of wide in-
stantaneous bandwidths without experiencing beam squint. This
feature holds significant value, especially in applications where
resolution enhancement is sought with broader bandwidths.

The angle of the main beam in PAAs can be accurately deter-
mined by the value of time delay obtained from the bit-control
system, as expressed in (14). To achieve precise control over
the array antenna patterns, we explore the manipulation of time
delays through binary switches. By adjusting these time delays,
we can steer the main beam of the array antenna.

The minimum time delay, as mentioned earlier, is 8.2ps and
binary switches with 4-bit configurations provide 16 unique
states, as depicted in Fig. 6. Therefore by considering a binary
switch with control sequences of ‘0001’, ‘0010’, and ‘0011’,
which correspond to time delays of 8.2ps, 16.4ps, and 24.6ps,
respectively, the beam angles can be 13.27◦, 26.54◦, and 39.81◦,
respectively.

VI. MI-BASED FREQUENCY COMB

In our proposed approach, we exploit MI to generate a boosted
FC that enhances the performance of RoF systems, particularly
when integrated with PAAs. These indicate that the enhance-
ments achieved through MI in the single CW can be applied to
systems powered by an FC source. One potential application of
this technology is to alleviate the issues of low response of MZM
and high signal loss in high-frequency signals used in wireless
communications.

Fig. 8 illustrates the boosted FC generated by the MI-based
technique, showcasing the equidistant spectral lines resulting
from the MI phenomenon. As mentioned in section III, MMR is
used to create an FC source with FSR= 200 GHz. These combs’
sidebands are amplified through 30 km fiber under MI with
group velocity dispersion of β2 = −20 ps2/km. This process
occurs alongside MI-based switching utilizing a binary code
of 11, effectively amplifying the frequency band centered at
12 GHz. With an input power of 200 mW, the maximum MI
gain reaches approximately 18 dB.

The simulation results (Fig. 8(a)) confirm the benefits of
utilizing MI-based FC, including enhanced signal quality, im-
proved spatial resolution, and dynamic frequency allocation
capabilities. Moreover, the measurements (Fig. 8(b)) validate
the feasibility of implementing our approach in practical RoF
systems, paving the way for next-generation wireless communi-
cation technologies with improved performance and reliability.

The range of fiber length that can be used without signal
degradation due to nonlinear effects depends on various factors
such as the type of fiber, signal power, signal frequency, and
modulation type. This range may vary for each system and
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Fig. 8. (a) Simulation and (b) experimental results of MI response to FC by fiber lengths of 30 km with a central frequency of 12 GHz.

Fig. 9. Variation of received power with fiber length for proposed RoF system
without EDFA and conventional RoF system with different values of EDFA
gain, 5 dB, and 10 dB.

technology. However, in the “linear region” range, nonlinear
effects typically remain limited and controllable, and signal
degradation does not occur.

In most of the conventional RoF systems that utilize normal
fiber in their structures, the received power decreases with the
length of the optical fiber. Therefore, while external amplifiers
like EDFA may prove beneficial, the proposed model achieves
this amplification through the utilization of the MI phenomenon
in fiber optics [77], [78]. Eliminating external devices reduces
costs and increases the system’s efficiency. This model im-
proves communication networks, especially in long-distance
applications.

In order to demonstrate this point, as shown in Fig. 9, we
analyze and compare the carrier sideband power based on fiber
length in two different RoF systems for 1) in a conventional
system with an external amplifier and 2) in the proposed model
without an external amplifier.

Fig. 10. BER in four different RF frequencies over fiber length.

Fiber parameters in the proposed model are the same in
Fig. 2(a) withβ2 =−20 ps2/km and γ at 0.45W−1/km, and for
conventional RoF system β2 =+20 ps2/km. The attenuation of
both systems is 0.2 dB/km. We demonstrated the desired power
could be achieved using the proposed model for long-distance
applications without any external amplifier (like the EDFA). As
a result, it helps to reduce the cost of wireless systems. The re-
ceived power in typical RoF systems reduces as the optical fiber’s
length increases. However, the MI phenomenon can be used to
enhance the performance of this system by extending the fibers.

Also, Fig. 10 illustrates the BER at different fiber lengths.
BER is plotted for four different RF frequencies on a logarithmic
scale: 12, 16, 30, and 38 GHz. The graph shows that up to
45 km of optical link, the BER value lies on a negative axis,
which means low transmission error. The BER approaches can
be estimated at large distances as a significant transmission error.

Finally, based on the required maximum gain, and by keeping
away the signal from distortion, the Vπ of MZM and also the
PAAs performance is enhanced. Table I shows the gain and
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Fig. 11. Output (a) signal power and (b) SNR vs fiber length for different input power.

TABLE I
PROPOSED ROF SYSTEM RESULT

Fig. 12. Shot noise effect on the (a) input RF signal with proposed struc-
ture by the different fiber length and with the amount of SNR (b) 12.6 dB,
(c) 26.7 dB, and (d) 38.1 dB.

improvement of Vπ upon fiber features and the frequency, where
the acquired gain is by almost 38.1 dB, and we achieve over 70
times reduction in Vπ . The input power, in this case, is −6 dBm.

VII. SNR IN ROF SYSTEM

The random variation in the appearance of electrons and holes
at the device’s output side causes shot noise in a communication

channel. Three approaches can be used to explain shot noise:
I) statistical analysis employing Schottky’s original premises,
II) semiclassical explanation of photodiode detection, and fi-
nally, III) completely quantum mechanical treatment of pho-
todetection. According to the original definition, the cathode of
a vacuum tube would emit electrons at random, causing current
variations with the mean squared value of:

< i2sh >= 2qidcΔf (17)

where q, idc, and Δf are the elementary charge constant, the
DC current, and the bandwidth, respectively.

The formula commonly used to define shot noise is (17). Such
a photodiode functions as a traditional square-law device and
can convert optical power into electrical power with reasonable
efficiency. The corresponding photocurrent for an incident op-
tical field E(t) is I(t) = �A(ε/μ)1/2|E(t)|2/2, where � is the
photodiode responsivity in units of A/W, where μ is the fiber
core permittivity, A is the cross-sectional area of the fiber mode,
and ε is the fiber core permeability.

Therefore, the DC photocurrent sourced from a p–i–n junction
illuminated by an average optical power <Popt> is

idc = � <Popt> (18)

This expression assumes Specific quantum efficiency for the
power transfer from the fiber core to the photodiode. It is essen-
tial to note that, between the fiber and the photodiode absorption
zone, when the structure is lossless, the responsivity becomes
an “effective responsivity”�eff , where�eff = ηq

hw . With using
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(17) and (18) we have [79] :

<i2sh>=
2ηq2

hw
<Popt> Δf (19)

(19) is semiclassical in the sense that it employs quantization of
the electron charge (q) and the photon energy (hw).

Therefore, the shot-noise power due to the photodetector is
directly proportional to the input power. In some cases, when
the signal power level is very low, or even when it is near the
level of shot noise power, detecting the signal is very difficult
since the noise power and input power increase simultaneously.
When the fiber length increases, the signal can be amplified
separately while the noise power remains constant by utilizing
the MI of optical fiber. Furthermore, the SNR in photonic
microwave structures is proportional to the inverse square of
the Vπ,eff , which improves the SNR due to its reduction and
channel capacity [56].

SNR =
PPRF,inZmRd

4qΔf

π2

V 2
π,eff

(20)

where Zm is the electrical impedance of the modulator, Rd

is the photodetector responsivity expressed as the ratio of the
photo-generated electrical current divided by the incident optical
power. Therefore, by increasing the gain and improving the
voltage of the modulator, the effect of noise decreases.

Fig. 11 illustrates the output signal power and SNR vs fiber
length for different carrier power. In fact, by increasing the input
power or fiber length, the gain or SNR can be improved. It is
essential to note that we can achieve the same gain or SNR with
a longer fiber length to recompense the effect of the lower power
of the laser.

Now, we investigate sending a weak signal despite the shot
noise generated by the photodetector. Fig. 12(a) shows the
normalized RF input signal modulated on the carrier with a
power of 300 mW. By increasing the length of the fiber, the
signal is amplified and can be distinguished from noise. It should
be noted that the nonlinear effect is small enough not to affect
the signal’s amplitude.

Fig. 12 illustrates how the shot noise effect decreases as the
fiber length increases to 15 km, 30 km, and 45 km. In this case,
the RoF system response with a Gaussian pulse is displayed,
and the photodetector experiences shot noise at a power level
of −36 dBm. Increasing the fiber length enhances the MI gain,
leading to a significant reduction in the noise effect.

VIII. CONCLUSION

This paper demonstrates the significant potential of RoF
systems wireless communication technology contribution. By
leveraging the MI phenomenon and MI-based control system
architecture, RoF systems can enhance the performance of PAA
across diverse frequency bands. The experimental results vali-
date the feasibility and effectiveness of the proposed approach,
showcasing MI gains of 18 dB through 30 km fiber under MI. The
proposed RoF system features RF signals with central frequen-
cies ranging from 12 to 38 GHz and traverses fibers ranging from
1 km to 45 km in length, resulting in MI gains ranging from 0.84

dB to 38.1 dB, respectively. Unlike conventional systems, the
system’s gain increases as the fiber’s length increases. Notably,
employing a 45 km fiber, the system achieves over 70 times Vπ

reduction. Therefore, the proposed structure is a good candidate
for wireless communication systems.
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