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Abstract: We present an optimized technique to improve the optical carrier-to-sideband ratio (OCSR) in a radio-over-fiber (RoF) link
using a Sagnac loop configuration. Improving OCSR is important for better power efficiency and efficient bandwidth usage in modern
communication systems. The proposed system consists of a Sagnac loop integrated with a LINbO3 modulator and a polarization splitter.
To optimize OCSR, key performance parameters such as extinction ratio (ER), spurious-free dynamic range (SFDR), bit error rate
(BER), error vector magnitude (EVM), and signal-to-noise ratio (SNR) are analyzed. Results show that increasing ER plays a major
role in enhancing optical carrier suppression. The Sagnac-based RoF system improves SFDR by more than 19 dB over a wide range
of radio frequency (RF) frequencies. Although SNR slightly reduces due to power fading compensation, overall system performance
improves significantly. Compared to conventional Mach—Zehnder modulators, the proposed design achieves better performance, with

an EVM of 12.31%, BER of 0.4765 at high RF power, and a peak SFDR of 113.34 dB-Hz*? at 20 GHz.
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1. Introduction

Radio-over-fiber (RoF) technology enables the transmission
of radio frequency (RF) signals through analog optical links. In
an RoF system, RF signals are modulated onto an optical carrier
(OCQ) at a central station and then transported to remote locations
or base stations (BS) via optical fibers. The BS then broadcasts
the RF signal over small regions using microwave antennas [1].
RoF systems are widely preferred in communications because of
their lightweight design, low signal loss, high capacity, and robust
resistance to electromagnetic interference. Despite the fact that the
OC does not hold any actual information [2], it absorbs most of
the optical power in a quadrature-biased modulation link. RoF
combines the benefits of both fiber-optic and wireless communi-
cations. Nonetheless, the process of converting electrical signals to
optical ones introduces nonlinear distortion [3], specifically third-
order intermodulation distortion (IMD3), into the RF signal.
Periodic power fading due to chromatic dispersion also deteri-
orates the signal-to-noise ratio (SNR) [4]. Nonlinear distortion
and power fading significantly degrade the spurious-free dynamic
range (SFDR) and limit the applications of RoF systems [5].

The IMD3 has been constrained by introducing an appro-
priate phase shift into the OC band [6]. Digital post-processing or
digital predistortion can suppress IMD?3 in the electrical domain
[7]. In the optical field, IMD3 suppression can be accomplished
by different methods, such as creating a parallel inverse nonlinear
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distortion link [8], subjecting the OC to the proper phase shift [9],
adjusting the power distribution of the system [10], or maintaining
the polarization state of the system [11]. Moreover, an integrated
dual-drive dual-parallel Mach-Zehnder modulator (MZM) [12]
can be used to suppress IMD3 [13]. Also, a fiber Bragg grating
along with a dispersive fiber is used to nullify the effect of IMD?3.

Various studies are being conducted to prevent wavelength-
dependent distortion and periodic power fading [14]. Wavelength-
dependent distortion will eventually alter the phase of the RF
signal by forming its Hilbert transform [15]. Periodic power fad-
ing can be prevented by adjusting the polarization controller (PC)
prior to the modulator. The periodic power fading can be com-
pensated using a Sagnac loop by controlling the phase difference
between the two sidebands. This eliminates periodic power fading
and lowers the power of the orthogonally polarized carrier, which
is generated by fading. Further, the bias of the modulator is also
adjusted to counteract periodic power fading.

Recently, more research has been done to concurrently reduce
both periodic power fading and IMD3. To achieve link lineariza-
tion, a sufficient phase shift is introduced into the OC band.
Hence, IMD3 can be suppressed and power fading reduced by
adding a sufficient phase shift between the odd and even side-
bands. However, none can completely prevent the effect, though
they reduce the effects of periodic power fading. By biasing the
modulator at the minimum point and adding an extra OC, IMD3
is mitigated. Periodic power fading can be prevented by modi-
fying the phase difference between the OC and sidebands. It is
noted that certain IMD3 portions cannot be suppressed. Trans-
mission performance can be maximized by using an optimal
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optical carrier-to-sideband ratio (OCSR). The OCSR is optimized
by adjusting the angle between the signal and the polarizer (Pol).
To maximize the OCSR, the bias voltages of the dual-polarization
MZM are adjusted, and to further enhance the OCSR, the two
polarized light beams are rotated by a PC. By utilizing cascaded
polarization modulators, a tunable OCSR is achieved. In this
paper, a Sagnac loop with a lithium niobate (LiNbO3;) MZM and
a polarization splitter is designed to achieve better carrier suppres-
sion compared to traditional MZM modulators. The Sagnac loop
utilizes two light waves traveling in clockwise (CW) and coun-
terclockwise (CCW) directions. In the CCW direction, the light
is modulated with the carrier signal, while in the CW direction,
the light is suppressed. This configuration reduces power fading
and improves signal efficiency. The optimized optical carrier-to-
sideband ratio (OCSR) significantly enhances the performance of
the RoF link, assessed through various parameters such as the
modulator’s extinction ratio (ER), SFDR, bit error rate (BER),
error vector magnitude (EVM), and SNR. SFDR is a critical
parameter that depends on the noise floor, gain, and noise figure
and is commonly used in radio receivers to determine the range of
input power for noise-free signal detection and amplification with-
out nonlinear distortion. The ER, defined as the ratio between
two optical power levels of a digital signal produced by an opti-
cal source, indicates better carrier suppression with higher values.
As a result, the proposed link demonstrates lower EVM and BER
at higher input RF power levels, confirming that the RoF system
design achieves a better OCSR compared to previous methods.
This novel system approach provides tunable carrier suppression
ratio (CSR), contrasting with methods such as simply adjusting
the modulator’s direct current (DC) bias or achieving tunable
CSR by adjusting the PC in Wu et al. [16]. The standout fea-
ture of the proposed system is its lower EVM and BER at higher
input RF power, confirming superior OCSR performance over
previous techniques. The proposed link demonstrates an EVM of
12.31% and a BER of 0.4765 at a 20 GHz input signal frequency,
significantly improving over prior methods and showing strong
potential for enhanced tunable CSR performance [17].

We propose an optimized RoF link that enhances the OCSR
using a Sagnac loop. Optimizing OCSR is essential for improv-
ing power efficiency and bandwidth utilization in communication
systems. The system is built with a LiNbO3; modulator and a
polarization splitter to construct the Sagnac loop. Key perfor-
mance metrics such as ER, SFDR, BER, and SNR are optimized
to achieve a significant enhancement in OCSR, leading to more
efficient and reliable RoF communication.

The paper is organized as follows: Section 2 describes the
design and analysis of the proposed system. Section 3 presents the

obtained results and evaluations. Finally, Section 4 concludes the
paper.

2. System Design

The schematic diagram of the proposed RoF link is illus-
trated in Figure 1. Light generated by a laser diode is directed
into a Sagnac loop through a PC and an optical circulator. The
circulator has three ports: port 1 is connected to the output of the
PC, port 2 is linked to the Sagnac loop—comprising a polariza-
tion beam splitter (PBS) and a lithium niobate (LiNbO3) MZM
for carrier suppression, and port 3 is connected to the input of the
phase shifter [18]. The signal undergoes phase shifting to achieve
orthogonality, thereby reducing dispersion effects. This attenuated
signal is further adjusted by passing it through a PC, and its power
is subsequently amplified using an erbium-doped fiber amplifier
(EDFA). Finally, a photodiode converts the optical signal into an
electrical signal [19].

2.1. Optimization of optical carrier-to-sideband ratio

The lithium niobate (LiNbO3;) MZM is biased to ensure
that the OC components are canceled at its output. The opti-
cal signal generated at the output of the MZM is represented by
Equation (1):

E, . (t) = Eycos[mV()/2V ;7] cos(w,.1) 1)

where E and w, are the amplitude part and angular frequency
part of the input OC, respectively. V is the half-wave voltage
of the modulator. It is crucial in determining the efficiency of
phase modulators, such as those used in electro-optic modulation
systems [20]. ¥(¢) is the applied driving voltage; it consists of an
electrical sinusoidal signal and a DC-biased voltage, as given by
Equation (2):

V() = Viias + Vi cos(wgrpt) 2

where V7, is the biased voltage and V), and w gy are the modu-
lation voltage and the angular frequency of the electrical driving
signal, respectively. The output of the modulator converted from
exponentials to sinusoidal results in Equation (3):
E () = Eg coS(7/2[Vpias! Vi
+ V,,/ Vi cos(wgpt)]) cos(w,.t)
= Ey(Cosx.cos[mcos(w gpt)]

— sinx.sin(mcos(wgrt))) cos(w.1)

Figure 1
Schematic diagram of the proposed optimized RoF link
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Note: PBS: polarization beam splitter, MZM: Mach—Zehnder modulator, EDFA:
erbium-doped fiber amplifier, PD: photodetector.
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where x = (V},;,/2V )7 is a constant phase shift that is
induced by the DC-biased voltage and m = (V,,/2V ;)7 is the
phase modulation index.

Equation (3) can be rewritten in terms of the Bessel function.
The output of the modulator in terms of the Bessel function is
given by Equation (4):

E, (1) = Eycos x(Jo(m) cos(w,1)

+ 3 [Jan(m) cos(w.t + 2nwgpt — nr) 4
n=1
+ Jon(m) cos(w .t — 2nwgst + nm)l)

where J,, is the Bessel function of the first order n. The ini-
tial term in this equation represents the carrier component, while
the subsequent terms correspond to the odd-order and even-order
sidebands, respectively. If the bias voltage equals the driving volt-
age, Vb,,; = Vm, then cos x = 0 and sin x = 1, as x = (Vb;,/2
Vr) 7. The modulator’s output with suppressed carrier is given
by Equation (5).

Eu) = Bo( X o1 (m)cos(et + gt = n7)
n=1

+ Jo,—1(m)cos(w.t — 2nwppt + nw))

It is evident that the performance of the RoF system improves
after the carrier signal is suppressed. SFDR is a crucial per-
formance metric in many systems. SFDR is defined as the
range between the minimum detectable signal level and the point
where the third-order intermodulation product (noise) exceeds the
minimum detection level [21]. Essentially, SFDR indicates the
maximum SNR achievable within a system, making it a vital
measure of performance. It is given by Equation (6):

SFDR = %(IMD3 — MDS) (©6)

where MDS is the minimum detectable signal in dBm. Min-
imum detectable signal (MDS) is the lowest signal power level
that a receiver can detect and process above the background noise
to yield the necessary output. For accurate detection, the signal

power level must surpass the noise floor or background noise.
MDS is expressed as Equation (7).

MDS =10 x log1o(—~)
ImW (7)
+ NoiseFigure + 10 X logo(Bandwith)
where T is the temperature in K, k is Boltzmann’s constant
(228 dBW/(K-Hz)), noise figure is expressed in dB, and bandwidth
is expressed in HZZMHz/GHz.
OCSR is calculated based on the expression given by
Equation (8):
P

CSR = P—:i (©)]

where P, is the OC power and P, is the 1¥-order sideband
power.

The Sagnac loop works by splitting light into two counter-
propagating beams, and the phase shift between them, caused by
rotation, is used to measure angular velocity. Polarization con-
trol is crucial to ensure accurate operation, as fiber-optic systems
are sensitive to polarization-dependent losses and phase shifts.
A PC before the loop sets the input polarization, ensuring both
beams have the same initial polarization, while a second PC after
the loop aligns the output polarization for optimal recombina-
tion. This ensures that polarization mismatches do not distort the
interference pattern, leading to precise rotation measurements.

3. Research Methodology

The experimental setup begins with a laser source operating
at a wavelength of 1550 nm, analyzed using an optical spectrum
analyzer to verify the spectral characteristics of the generated opti-
cal signals. These signals are routed through a PC and an optical
circulator before reaching the PBS. The LiNbO3; MZM employed
in the system exhibits an insertion loss of 6.5 dB and a switch-
ing bias voltage of 4 V, with a biasing range from -2 V to 2 V.
A key design parameter—ER—is optimized at 35 dB to achieve
efficient optical carrier suppression (OCS).

To test the system’s modulation performance, a two-tone
microwave signal comprising 5 GHz and 10 GHz components
is fed to the modulator’s RF input. These tones are phase-
shifted and assigned orthogonal polarization states. By precisely

Figure 2
(a) Optical spectra with suppressed carrier obtained at the output of the Sagnac loop and (b) frequency response characteristics of the
proposed system based on the Sagnac loop and the conventional system based on MZM
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Figure 3
Optical spectrum obtained at the output of the Sagnac loop, showing the extent of carrier suppression by varying the value of ER at
(a) 15 dB, (b) 20 dB, (c) 25 dB, (d) 30 dB, and (e) 35 dB; (f) variation of CSR (dB) with respect to different values of ER (dB)
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adjusting the polarization angle and aligning the polarizer, the
carrier component is suppressed, and power fading is mitigated.
The amplified optical signal is then passed through an EDFA
operating in automatic power control mode, and the link is tested
over a practical transmission distance of 50 km. The optical sig-
nal is finally converted to an electrical signal using a photodiode
with a responsivity of 0.45 A/W.

Carrier suppression is verified through spectra obtained at the
Sagnac loop output, as shown in Figure 2(a), where a suppression
level of —49 dBm is observed. The modulator is biased to oper-
ate in an OCS regime, with a quadrature phase shift (90°) applied
to enable single-sideband (SSB) modulation. This approach effec-
tively reduces power fading, particularly at frequencies prone to
destructive interference.

To assess frequency response, the RF input is swept from
2 GHz to 22 GHz. As illustrated in Figure 2(b), the conven-
tional system shows significant power fading at 12 GHz and 18
GHz. In contrast, the proposed system maintains a nearly flat fre-
quency response, indicating superior performance for broadband
applications. The ER is further varied to examine its impact on
OCSR. At 35 dB ER, the OCSR reaches 6.32 dB. A decrease

in ER to 15 dB results in reduced OCSR (3.2 dB), demonstrat-
ing the sensitivity of carrier suppression to modulator biasing.
Figure 3(a)—(e) show the modulated optical spectra for different
ER values. The highest suppression is obtained at ER = 35 dB,
consistent with the observed OCSR trend in Figure 3(f).

Figure 4(a) presents the electrical spectrum captured at the
photodetector output, showing a maximum received power of
—42 dBm at 10 GHz, validating effective RF transmission.
Figure 4(b) depicts the optical spectrum at the EDFA output
after 50 km transmission, confirming the system’s viability for
medium-range optical wireless links.

The system’s linearity is benchmarked using SFDR, an
essential performance metric in high-frequency RoF systems.
Figure 5(a) shows SFDR values ranging from 100.23 to
98.34 dB.Hz?'3 across 1-20 GHz, offering an enhancement of over
19 dB compared to conventional MZM-based links. This improve-
ment is attributed to optimized carrier suppression and minimized
intermodulation distortion (IMD3) in the proposed link.

EVM is measured for a 16-Quadrature Amplitude Modula-
tion (QAM) signal modulated at 10 GHz. As RF input power
increases from —20 dBm to 20 dBm, the EVM drops from 16.34%

Figure 4
Electrical spectra obtained at the output of the photodetector, showing the power level of the received signal. (b) Optical spectra
obtained from the EDFA at a length of 50 km
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Figure 6
(a) Variation of BER with respect to power of the input signal (in dBm) and (b) variation of SNR (in dB) with respect to power of the
input signal (in dBm)
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Table 1
Comparison of key parameters between the proposed system and traditional MZM-based systems
Parameter Proposed system Traditional MZM-based system
OCSR 6.32dB at ER =35dB 3 dB (typical)
SFDR 98.34-100.23 dB.HZz*? 81-82 dB.HZz*?
EVM 12.56-16.34% (varies with power) 16.5% (typical)
BER 0.4734-0.4913 0.5 (typical)

Performance at high frequencies

Stable across frequencies (no fading)

Fading at 12 GHz, 18 GHz

to 12.56%, as shown in Figure 5(b), indicating improved signal
fidelity under high power conditions.

BER and SNR are also evaluated as indicators of system
reliability. Figure 6(a) shows a BER reduction from 0.4913 to 0.4734
asinput power increases, while Figure 6(b) indicates that SNR varies
from 16.45 dB to 12.45 dB over the same range [22]. Compared to
traditional MZM-based links, the proposed architecture exhibits
better BER stability due to effective nonlinear distortion mitigation
through carrier suppression and polarization control [23].

The complete validation process involved testing the sys-
tem under practical deployment conditions, including real optical
components (laser, EDFA, photodiode) and varying modulation
parameters [24, 25]. The proposed link maintained consistent
performance across a 50 km transmission span, highlighting
its potential for implementation in high-speed metropolitan or
inter-building RoF networks. Table 1 shows the comparison of
key parameters between the proposed system and traditional
MZM-based systems.

4. Conclusion

In this paper, we proposed an optimized approach to improve
the linear OCSR and compensate for power fading in a RoF

link using a Sagnac loop configuration. The system’s perfor-
mance was evaluated using various metrics including ER, SFDR,
BER, EVM, and SNR. The optical spectrum at the output
of the Sagnac loop demonstrated effective carrier suppression,
which improved consistently with increasing ER values—from
15 dB to 35 dB—resulting in a corresponding rise in CSR.
The frequency response comparison highlighted superior perfor-
mance of the proposed Sagnac loop system over the conventional
MZM-based system. Electrical spectra from the photodetector
output showed a strong received signal, and the optical spectra
after 50 km fiber transmission confirmed stable signal integrity.
The system exhibited an SFDR improvement of more than 19 dB,
reaching a peak of 113.34 dB-Hz%? at 20 GHz, as shown by the
SFDR versus frequency analysis. Further, the system achieved a
BER of 0.4765 and an SNR of 32 dB at higher RF input power
levels. The EVM dropped to 12.31%, confirming effective power
fading compensation. Plots of BER, EVM, and SNR versus input
power support these observations. Overall, the proposed Sagnac
loop-based RoF link demonstrates improved carrier suppression,
dynamic range, and signal quality, outperforming conventional
MZM-based systems and positioning itself as a strong candidate
for high-performance RoF communication systems. Table 2 shows
the comparison of the proposed RoF system with related works.

Table 2
Comparison of the proposed RoF system with related works
Reference Technique used Key performance metrics Remarks
Zheng et al. Carrier Phase-Shift Pulse Width ~ Focus on harmonic suppression; Not designed for optical carrier
[23] Modulation (PWM) in Per- limited to electrical domain suppression or RoF
manent Magnet Synchronous applications
Motor (PMSM) systems

Chen et al. [19] Standard MZM-based RoF link

OCSR 3 dB, SFDR 81-82 dB.Hz*?,
BER 0.5, Power fading at 12/18 GHz

Performance degraded at higher
RF frequencies due to two-
sideband interference
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Table 2
(Continued)
Reference Technique used Key performance metrics Remarks
Zheng et al. Conventional RoF with no EVM 16.5%, BER unstable, significant ~ Lacks robustness at high mod-
[23] polarization control power-dependent distortion ulation indices and longer
links
This work Optical Carrier Suppression + OCSR = 6.32 dB, SFDR Superior spectral efficiency,
(proposed) Polarization Control + SSB =98.34-100.23 dB.Hz¥?, BER robust transmission over 50
Modulation =0.4734, EVM = 12.56%, Stable km, ideal for high-speed RoF
from 2-22 GHz links
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