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Abstract—Tunable frequency response is designed and exper-
imentally demonstrated in this paper. The performance of fre-
quency response in proposed radio-over-fiber (RoF) systems is
investigated in terms of theoretical analysis, simulations, and exper-
imental results with various fiber transmission distances. The notch
in frequency response can be easily circumvented by changing
the oriented angle of polarized lightwave in the proposed direct
detection (DD) scheme. For comparison, the conventional Mach-
Zehnder modulator (MZM) based DD scheme suffers from fixed
frequency notch at certain frequencies, which generates forbidden
frequency bands for W-band signal delivery. Our experimental
results show that the proposed DD scheme exhibits a stable EVM
performance of the 16-QAM signal from 83 GHz to 87 GHz via
25-km standard single-mode fiber (SSMF) and 1-m wireless trans-
mission. On the contrary, the conventional MZM-based DD scheme
encounters severe signal degradation at 85 GHz and 86 GHz. In
this paper, the proposed scheme is implemented to demonstrate
full bandwidth availability within a desirable frequency range by
tuning the frequency response. Furthermore, a 10-Gbps 16-QAM
signal located at 85 GHz is successfully transmitted by the proposed
DD scheme which can provide 10-gigabit data transmission under
5G requirement.

Index Terms—Optical signal processing, radio-over-fiber,
W-band.

I. INTRODUCTION

R ECENTLY, the demand for high-quality media applica-
tions such as virtual reality (VR), augmented reality (AR)
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and 8K video streaming is increasing in mobile data communi-
cations. However, the conventional wireless spectra of below 6
GHz are already heavily congested which is very challenging to
provide multi-gigabit data transmission with limited frequency
resource. Therefore, the urgency to deploy millimeter-wave
(MMW) frequency bands with large bandwidth has been inves-
tigated by the telecommunication community [1]–[8]. W-band
(75–110 GHz) signals exhibiting lower air absorption loss than
V-band (45–75 GHz), would be a valuable radio frequency (RF)
band to address the issue on bandwidth shortage. To generate
and transmit such high-frequency signals, radio-over-fiber (RoF)
system with photonic-aided techniques have been developed
[9]–[16]. In these reports, a simple remote radio unit (RRU)
design and centralized management with low-latency data trans-
mission, has been investigated. Intensity-modulation and direct
detection (IM-DD) system has simple hardware design at the
RRU side, and MMW signals can be generated by the heterodyne
beaten optical sidebands after square law detection thorough the
photodetector (PD) [17], [18]. Since the optical sidebands are
generated by the Mach-Zehnder modulator (MZM) driven by
RF input signals, the generated MMW signal in the distributed
unit (DU) is more stable than those signals generated by using
two free-running lasers without frequency locking [19]. How-
ever, the RF selective power fading caused by the chromatic
dispersion in fiber transmission depending on fiber length and
employed RF frequency, may cause severe signal degradation at
certain frequencies. Moreover, this frequency fading is getting
worse for the very high-frequency signal (i.e. W-band signal)
through a 25-km standard single-mode fiber (SSMF) in the
mobile fronthaul. Thus, it leads to forbidden frequencies located
in the W-band that wastes valuable frequency resources. To
mitigate the chromatic dispersion induced RF power fading
effect in W-band, the optical single sideband (OSSB) mod-
ulation based on optical filtering is proposed [20]. However,
strictly designed optical filters should be utilized and it is also
susceptible to the bandwidth of the modulated signal. Other
methods to address this impairment in different frequency bands
such as separate modulation and combination of the sidebands,
using silicon ring-modulations, and transmitting duplicated data
streams on two wavelength channels via two opposite-chirped
modulators have been investigated [21]–[23]. Comparing to
MZM, polarization modulator (PolM), which is immune from
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Fig. 1. Schematic diagram of the proposed PolM-based and the conventional MZM-based DD schemes. (DU: distributed unit, PC: polarization controller, SW:
switch, PolM: polarization modulator, PM: phase modulator, MZM: Mach-Zehnder modulator, PBS: polarization beam splitter, SSMF: standard single-mode fiber,
RRU: remote radio unit, RX: receiver, PD: photodetector, PA: power amplifier.)

DC drifting problem, is an alternative that can be applied in
the DD system. PolM is a special phase modulator that can
support both transverse-electric (TE) and transverse-magnetic
(TM) modes with opposite phase modulation indices [24]. A
DD system based on PolM was successfully implemented to
enhance the signal bandwidth of PAM-4 signal transmission
[25]. Additionally, a photonic microwave notch filter based on
a PolM was also achieved and demonstrated at 27-GHz and
28-GHz by shifting the frequency notch to remove the unwanted
signal [26]. In our previous work, the PolM-based structure was
proposed to shift the frequency notches in W-band to make sure
the transmitted MMW signals can survive from RF fading effect
[27] where only QPSK modulation format was applied in a proof
of concept experiment without detailed theoretical analysis.

In this paper, we propose and demonstrate a DD RoF system
with tunable frequency response using a dual-color optical car-
rier source and a PolM. The dual-color optical carrier source is
employed to generate an optical MMW signal with adjustable
wavelength spacing. The frequency responses of both proposed
PolM-based and conventional MZM-based DD schemes are
simulated and analyzed. Moreover, the multi-tone signals are
used to modulate the dual-color optical carrier to investigate the
frequency response after fiber transmission. System simulations
are conducted to verify the theoretical analysis and experimental
results of the tunable frequency response. For W-band RoF
transport system, 1Gbaud 16-QAM signals carried by different
intermediate frequencies (IF) from 3 GHz to 7 GHz are inserted
into the PolM and MZM to modulate the dual-color optical
carrier, respectively. In the proposed scheme, we can easily
manage the frequency notch due to RF power fading by ro-
tating the polarization controller (PC) to vary the angle between
the polarized lightwave and the subsequent polarizer. There-
fore, the desired W-band signals can be arbitrarily assigned to
fully explore the available bands. Comparing with conventional

MZM-based DD scheme which encounters forbidden transmis-
sion bands, the proposed scheme can efficiently use the full
bandwidth in W-band by the optical signal processing via tuning
frequency response. The rest of the paper is organized as follows:
Section II. describes the theoretical analysis of frequency re-
sponse of the proposed PolM-based and conventional MZM-
based DD schemes; Section III. exhibits the experimental setup
and results as well as simulations of the investigation on the
frequency response; Section IV. presents experimental setup
and results of the W-band RoF transport system based on the
proposed PolM-based DD scheme and the conventional MZM-
based DD schemes; Section V. depicts the conclusion of the
presented work.

II. THEORETICAL ANALYSIS

Schematic diagrams of the conventional MZM-based and pro-
posed PolM-based DD system are shown in the Fig. 1. In the DU,
the dual-color optical carrier with adjustable wavelength spacing
is modulated by the IF band signals to up-convert the IF signal
to higher desired frequency band (i.e.W-band) by heterodyne
beating through the PD at the RRU. Whereas, if the IF signal is
modulated by the MZM, the periodically frequency notches at
fn1 and fn2 caused by the chromatic dispersion will deteriorate
the signals at these frequencies resulting the forbidden bands
for data delivery. This will reduce the flexibility of the network.
On the contrary, the frequency notch can be shifted by changing
the lightwave incident angle to the polarizer in the proposed
PolM-based scheme. With the capability of tuning the frequency
response, the desired W-band signal can always survive from
the RF frequency notch in any IF arrangement. The detailed
theoretical analysis is elaborated below. To generate the dual-
color optical carrier, the tunable laser source with amplitude and
angular frequency of E0 and ω0 is modulated via a sinusoid RF
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signal with angular frequency of ωc by a MZM. To suppress
the carrier, the MZM is biased at null point and thus the output
E-filed of MZM can be expressed as

EMZM−out =
1

2
E0e

j(ω0t)(ejm1 cos(ωct)ej
π
2

+ ej(−m1 cos(ωct))e−j π
2 )

=
1

2
E0e

j(ω0t)(

∞∑
n=−∞

jnJn(m1)e
jnωctej

π
2

+

∞∑
n=−∞

jnJn(m1)e
jn(ωct+π)e−j π

2 ) (1)

where m1 is the modulation index of the MZM, Jn is the first
kind Bessel function of the nth term. By neglecting the higher
order terms (n>1) for simplicity, we have

EMZM−out = − E0J1(m1)e
j(ω0t−ωct)

+ E0J1(m1)e
j(ω0t+ωct+π)

= − E1e
j(ω0t−ωct) + E1e

j(ω0t+ωct+π) (2)

Eq. (2) exhibits the E-filed of the dual-color optical carrier
of which the schematic optical spectrum is shown in Fig. 1(a).
In the proposed PolM-based DD scheme, the dual-color optical
carrier is connected to the PC1 prior to the PolM to align the
lightwave to 45 degrees with respect to the x-axis of PolM as
shown in Fig. 1(b). Thus, the lightwave is equally projected
to both axes of PolM and modulated by another RF signal with
angular frequency ofωr . Inset (c) of Fig. (1) illustrates the output
E-field of PolM which is

[
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]
=
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2
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⎥⎥⎦

(3)

where m2 is the modulation index of PolM and φ is the phase
difference between x- and y-axis of PolM which can also be
adjusted by PC1. By applying Jacobi-anger expansion to (3),
we have
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(4)

The PC2 and a polarization beam splitter (PBS) are utilized as
a polarizer. The PC2 is employed to orient the angle between the
principal axis of PolM and the PBS. For instance, if the x-axis of
PolM is oriented at θdegrees to the x-axis of the PBS as shown
in Fig. 1(d), the output E-field of x-axis of the PBS is written as

[EPBS−x] = [cos θEx + sin θEy] (5)

As the SSMF is a dispersive medium, the lightwave with
different optical angular frequencies will experience different
phase delays after traveling in the fiber. Therefore, we utilize
the second order Taylor series to express the phase delay near
the optical frequency ω0 which is

θ(ω) ≈ zβ(ω0) + zβ̇(ω0)(ω − ω0) +
1

2
zβ̈(ω0)(ω − ω0)

2

(6)

where β̇(ω0) and β̈(ω0) are the first and second derivatives of
β(ω0) in regard to ω0 and z is the length of SSMF. Eq. (7) and
the point (e) of Fig. 1 illustrate the phase delays of six optical
components after fiber transmission as
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1

2
zβ̈(ω0)(ωc + ωr)

2

ω2 = ω0 + ωc, θ2= zβ(ω0) + zβ̇(ω0)(ωc)+
1

2
zβ̈(ω0)(ωc)

2

ω3 = ω0 + ωc − ωr,

θ3 = zβ(ω0) + zβ̇(ω0)(ωc − ωr)+
1

2
zβ̈(ω0)(ωc − ωr)

2

ω4 = ω0 − ωc + ωr,

θ4 = zβ(ω0) + zβ̇(ω0)(−ωc + ωr)+
1

2
zβ̈(ω0)(−ωc + ωr)

2

ω5 = ω0 − ωc, θ5= zβ(ω0) + zβ̇(ω0)(−ωc)+
1

2
zβ̈(ω0)(−ωc)

2

ω6 = ω0 − ωc − ωr,

θ6 = zβ(ω0) + zβ̇(ω0)(−ωc − ωr)+
1

2
zβ̈(ω0)(−ωc − ωr)

2

(7)

By introducing the phase delays to their corresponding optical
terms, the optical components received at PD can be written as
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The photo current detected by the PD only considering fre-
quency terms of 2ωct+ ωrt is

iPD−PolM =
1
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By substituting (7) to (9) and we have

iPD−PolM ∝ (sin( 12zβ̈(ω0)(2ωcωr + ω2
r)) cos 2θ

− sin 2θ sinφ cos( 12zβ̈(ω0)(2ωcωr + ω2
r)))

(10)

The dispersive parameter can be expressed as [28]

D(λ0) =
(ω0)

2zβ̈(ω0)

2πc
(11)

By controlling the PC1, the phase difference can be adjusted
toφ = π/2, and substituting (11) to (10), the frequency response
of the PolM-based scheme is obtained as

H(ωr)PolM ∝ sin

(
2θ − πczD(λ0)ωr(2ωc + ωr)

(ω0)
2

)
(12)

According to Eq. (12), the frequency response of PolM -based
DD scheme can be tuned by changing the angle of θ. In the
conventional MZM-based DD scheme, the dual-color optical
carrier is modulated by the same sinusoid RF signal with the
angular frequency of ωr as described in the PolM part, and the
MZM is biased at quadrature point. The frequecny response of
the conventional MZM-based scheme can be wirrten as

H(ωr)MZM ∝ cos

(
πczD(λ0)ωr(2ωc + ωr)

(ω0)
2

)
(13)

As shown in (13), the frequency response of conventional
MZM-based scheme is fixed as the fiber length is unchanged.

According to the above-mentioned theoretical analysis, we
have further investigated the frequency responses of both
schemes in term of the experiment and simulation in the next
section.

III. EXPERIMENTAL SET UP AND RESULTS OF THE

INVESTIGATION ON FREQUENCY RESPONSE

To investigate above-mentioned frequency responses of both
MZM-based and PolM-based DD schemes, we measure the
electrical spectrum of the multi-tone signals after fiber trans-
mission. The experimental setup is illustrated in Fig. 2(a) and
the schematic diagrams of multi-tone signals show the expected
results of both schemes. As the fiber length is fixed, the MZM-
based scheme encounters fixed frequency notch at certain fre-
quency. On the contrary, the proposed PolM-based scheme can
manage the frequency notch by tuning its frequency response

Fig. 2. (a) Experimental setup of both schemes. Measured optical spectra of
the (b) tunable laser and (c) dual-color optical carrier. (EDFA: erbium-doped
fiber amplifier.)

as changing the θvia PC2. In the dual-color optical carrier
generation, a tunable laser emitted at 1550.28nm is launched
to a 40-GHz MZM and modulated by a 10 GHz RF signal.
The MZM is biased at its null point where the Vpi is 2.42V to
generate the frequency doubling signal via carrier suppression.
Fig. 2(b) and (c) show the measured optical spectra of the tunable
laser and the dual-color optical carrier, respectively. Fig. 2(c)
exhibits the dual-color optical carrier with 20 GHz wavelength
spacing has achieved a high carrier suppression ratio of around
25 dB. Then the 200 multi-tone signals starting from 100 MHz
to 5 GHz generated by the arbitrary waveform generator (AWG),
with a sampling rate of 65 GSa/s and a bandwidth of 25 GHz,
are launched to the PolM and MZM to modulate the dual-color
optical carrier, respectively. In the PolM-based DD scheme, the
modulated dual-color optical carrier is then passed to the PC2
prior to the PBS. After SSMF transmission, the PD converts
the optical signals into the electrical signals which are captured
by the real time oscilloscope (OSC) with a sampling rate of
80 GSa/s.

Fig. 3 shows the measured and simulated electrical spectra
of the multi-tone signals after different SSMF transmissions
as well as the simulated frequency responses. For the PolM-
based scheme, the frequency notch is successfully shifted from
20 GHz to 25 GHz after 25-km SSMF by rotating the PC2
as shown in Fig. 3(a-1). The red curves stand for the simu-
lated frequency response based on our theoretical model from
Eq. (12). As the simulated frequency responses exhibit good
matches with the experimental results, the corresponding θ to
each frequency notches can be confirmed. To further verify the
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Fig. 3. Electrical spectra of the multi-tone signals by the proposed PolM-based scheme after 25-km SSMF transmission (via (a-1) experiment and (a-2) simulation)
and 115-km SSMF transmission (via (b-1) experiment and (b-2) simulation). Electrical spectra of the multi-tone signals by the conventional MZM-based scheme
after 25-km, 50-km, 65-km, 90-km, and 115-km SSMF transmission (via (c-1) experiment and (c-2) simulation). Simulated frequency responses of the proposed
PolM-based scheme ((d-1):25km (d-2):115km) and (d-3) the conventional MZM-based scheme.

numerical model of the frequency response, we build a virtual
experimental testbed in the simulation with the same parameters
as the experimental setup. By designating the specific θ in the
simulation, the simulated electrical spectra of multi-tone signals
are obtained as shown in Fig. 3(a-2). The frequency notches of
simulation results are located at the same frequencies as the
experiment results, pointing that the experimental results and

simulated frequency responses correlate with each other. Since
the RF power fading effect becomes more severe when the fiber
transmission distance is longer, a 115-km SSMF is employed
and the measured and simulated electrical spectra are shown in
Fig. 3(b-1) and (b-2), respectively. The first frequency notch
appears at 20 GHz and it can be successfully shifted to 22
GHz by varying the θ from 90 to 152 degrees. Same as the
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Fig. 4. (a) Experimental setup of the W-band RoF transport system of both
schemes. Measured optical spectral of the dual-color optical carrier (b) before
and (c) after modulation via PolM. (AWG: arbitrary waveform generator, UE:
user equipment, LO: local oscillator, OSC: oscilloscope scope, VSA: vector
signal analysis software.)

25-km SSMF, the experimental results agree with the theoret-
ical analysis in the 115-km SSMF transmission. Additionally,
the electrical spectra of the MZM-based DD scheme are also
demonstrated in Fig. 3(c-1) and (c-2). Both the experimental
and simulation results show that the frequency response only can
be tuned by varying the fiber length and it is observed that the
frequency notch is shifted to lower frequency as the fiber length
is increased in the MZM-based scheme. To demonstrate the
RF fading effect more straightforward, the simulated frequency
responses for both schemes are illustrated in Fig. 3(d-1), (d-2)
and (d-3). Since the operation bandwidth of the OSC is 25 GHz,
the simulation only presents the frequency response from 20
to 25 GHz to fit the experiment results. Fig. 3(d-1) and (d-2)
show the simulated frequency responses versus different θof 25-
and 115-km SSMF in the PolM-based DD scheme, respectively.
The second frequency notch is observed when the length of
fiber is increased from 25 to 115 km and it also can be tuned
flexibly by different θ. On the contrary, the frequency notch of
the MZM-based DD scheme is fixed unless the fiber length is
changed as shown in Fig. 3(d-3).

IV. EXPERIMENTAL SET UP AND RESULTS OF THE W-BAND

TRANSPORT SYSTEM

The experimental setup of the W-band RoF transport system is
shown in Fig. 4(a). We employed and operated the same tunable
laser presented in section III at the DU side. The dual-color
optical carrier with 80-GHz wavelength spacing is successfully
generated by inserting a 40-GHz sinusoid signal to the MZM
under its carrier suppress mode. A 50/100 GHz interleaver (IL)
is utilized to increase the central carrier suppression ratio which
is around 40 dB as shown in Fig. 4(b). The optical power

Fig. 5. Measured EVM, SNR and constellation diagrams from 83 GHz to
87 GHz of the (a) MZM-based DD scheme and (b) PolM-based DD scheme.

of the dual-color optical carrier is boosted by an EDFA with
13.7-dBm output power. Then, the dual-color optical carrier is
modulated by 16-QAM signals with different IF frequencies
from 3 to 7 GHz with an increment of 1 GHz via MZM and
PolM, respectively. Fig. 4 (c) shows the optical spectrum of the
dual-color optical carrier after modulated by a 5 GHz 1Gbaud
16-QAM signal in the PolM-based scheme. The 1Gbaud 16-
QAM signal is shaped by a root-raised cosine filter with the
roll factor of 0.35 before the AWG output. Another EDFA is
utilized to increase the optical power before the DU output. The
16-QAM signal is up-converted to W-band frequency from 83
GHz to 87 GHz via direct detection by a PD after transmitted by
a 25-km SSMF. Then, the wireless data is delivered by a 25-dBi
gain horn antenna after amplified by a W-band PA with 35-dB
gain, at the RRU. After 1-meter on-air transmission, a paired
horn antenna receives the wireless signal which is then mixed
by a 74-GHz LO to down-convert its frequency to the IF band
starting from 9 GHz to 13 GHz. Subsequently, the IF band signal
is recorded by the OSC. The performance of the received signal
is then evaluated after analog-to-digital conversion in terms of
its error vector magnitude (EVM) and constellation diagrams
through the Keysight vector signal analysis (VSA) software.

Fig. 5(a) and (b) show the measured EVM, signal-to-nose
ratio (SNR) and constellation diagrams of the 1Gbaud 16-
QAM signal with -2dB received optical power (ROP) after
25-km SSMF and 1-meter on-air transmission via the conven-
tional MZM-based and the proposed PolM-based DD schemes,
respectively.

Fig. 5(a) shows the measured EVM of the MZM-based
scheme is strongly correlated to the RF power fading and the
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Fig. 6. (a) Measured EVM versus different ROPs of both schemes. (b) Mea-
sured electrical spectra and corresponding constellation diagrams of 10Gbps
16-QAM signal of both schemes.

EVM value of 85 GHz and 86 GHz is far from the 3rd Generation
Partnership Project (3GPP) standard of 16-QAM signal (i.e.
12.5%). Therefore, this wastes the valued frequency resources
in W-band due to the fixed frequency notches. In contrast to
the MZM-based scheme, the measured EVM of the proposed
scheme is relatively flat and with around 1.1% fluctuation within
the frequency range from 83 GHz to 87 GHz. Moreover, the
averaged EVM around 8.17% is achieved and the constellation
diagrams of selected frequencies are also much clearer than
those of the MZM-based DD scheme as shown on the right
side of both Fig. 5(a) and (b). This can be understood that
the RF fading can be circumvented by tuning the frequency
notch far from the desired signals by varying θ via rotating the
PC2. Different data rate of the 16-QAM signal located at 85
GHz are applied to both schemes to increase the transmission
capacity. Fig. 6(a) illustrates the measured EVM performance
of the 16-QAM signal with different data rate from 4 to 10 Gpbs
versus different ROPs after 25-km SSMF and 1-meter wireless
transmission. 10 Gbps is achieved at the ROP of −2 dBm under
the specified 3GPP requirement in the PolM-based scheme.
However, the signal cannot be restored even with only 1-Gbaud
rate in the MZM-based scheme. Fig. 6(b) shows the electrical
spectra of the down-converted 10Gpbs 16-QAM signals of both
schemes. Due to the unavoidable frequency notch, the signal is
severely degraded with a blurred constellation diagram in the

MZM-based DD scheme whereas it can be recognized clearly
in our proposed scheme.

V. CONCLUSION

We propose an RoF system based on a dual-color optical
carrier generator using a polarization modulator with the ca-
pability of tunable frequency response in W-band. Detailed
theoretical analysis of both proposed PolM-based and conven-
tional MZM-based DD schemes are presented. To demonstrate
desirable frequency responses of the dual-color optical carrier
after different fiber transmission distances, the electrical spec-
tra of the multi-tone signals are measured and validated. The
measured electrical spectra are consistent with the simulated
frequency responses, which prove the numerical analysis of
theoretical models for both schemes is correct. In our W-band
transport experiments, the PolM-based DD scheme, with tunable
frequency response, successfully demonstrates stable system
performance of transmitted 16-QAM signals from 83 GHz to
87 GHz with the averaged EVM value of 8.17% via 25-km
SSMF and 1-m wireless transmission. For comparison, the
conventional MZM-based DD scheme suffers from forbidden
operation bands with frequency notches at 85 GHz and 86 GHz
resulting in severe signal degradation. Furthermore, 10-Gbps
16-QAM signal located at 85 GHz is successfully transmitted
by the proposed PolM-based DD scheme to deliver 10-gigabit
signal over 25km SSMF in mobile fronthaul.
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