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Abstract—A microwave photonic link (MPL) with quadrupled
capacity based on coherent detection and digital phase noise can-
cellation is proposed and experimentally demonstrated. At the
transmitter, a continuous-wave (CW) light wave is intensity mod-
ulated by four independent microwave vector signals with two
having an identical center microwave frequency at a dual-parallel
Mach-Zehnder modulator (DPMZM) consisting of two dual-drive
MZMs (DEMZMs) with the sub-DEMEMs biased at the quadra-
ture transmission point. Four intensity-modulated optical signals
are generated and transmitted over a single-mode fiber (SMF) to
a coherent receiver. To perform coherent detection, a second CW
laser source as a local oscillator (LO) is also applied to the coherent
receiver. To recover the microwave vector signals, a novel digital
phase noise cancellation algorithm is developed and applied to
eliminate the joint phase noise from the transmitter laser source
and the LO laser source as well as the unstable offset frequency
between the two laser sources. A theoretical analysis is performed
to show the recovery of the microwave vector signals which is
verified by an experiment. For four independent 16 quadrature
amplitude modulation (16-QAM) microwave vector signals with a
symbol rate of 0.5 GSymbol/s, error-free transmission over a 9-km
SMF is achieved when the received optical power at the coherent
receiver is higher than −18 dBm with forward error correction
(FEC).

Index Terms—Coherent detection, digital signal processing
(DSP), laser phase noise, microwave photonics, offset frequency,
phase noise cancellation, radio over fiber (RoF).

Manuscript received 15 February 2022; revised 4 April 2022; accepted 23
April 2022. Date of publication 3 May 2022; date of current version 21 October
2022. This work was supported in part by the Natural Sciences and Engineering
Research Council of Canada (NSERC) and in part by the National Research
Council Canada. (Corresponding author: Jianping Yao.)

Peng Li is with Microwave Photonics Research Laboratory, School of Elec-
trical Engineering and Computer Science, University of Ottawa, Ottawa, ON
K1N 6N5, Canada, and also with the Center for Information Photonics and
Communications, School of Information Science and Technology, Southwest
Jiaotong University, Chengdu 611756, China (e-mail: pli080@uottawa.ca).

Zheng Dai and Jianping Yao are with Microwave Photonics Research Lab-
oratory, School of Electrical Engineering and Computer Science, University
of Ottawa, Ottawa, ON K1N 6N5, Canada (e-mail: zdai049@uottawa.ca;
jpyao@uottawa.ca).

Lianshan Yan is with the Center for Information Photonics and Communi-
cations, School of Information Science and Technology, Southwest Jiaotong
University, Chengdu 611756, China (e-mail: lsyan@swjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JLT.2022.3171627.

Digital Object Identifier 10.1109/JLT.2022.3171627

I. INTRODUCTION

COMPARED with a copper coaxial analog link, a mi-
crowave photonic link (MPL) or radio over fiber (RoF) link

has several advantages, including low insertion loss, large band-
width, and immunity to electromagnetic interference (EMI),
which has been considered one of the promising solutions for
broadband wireless access networks [1]–[5]. To support higher
data rate mobile communications, the transmission of multiple
microwave signals over a single optical carrier to improve the
spectral efficiency of RoF links is highly needed.

In a conventional RoF link, wavelength-division multiplexing
(WDM), a technique to multiplex multiple optical wavelengths
and transmit them over a single optical fiber, is employed for
multiple microwave signal transmission over a fiber [6], [7].
To improve the spectral efficiency, it is expected that a single
wavelength or optical carrier can carry multiple microwave
signals. One effective solution is to use coherent detection
[8]–[14]. For example, two microwave vector signals modulated
on a single optical carrier based on IQ modulation and coherent
detection was proposed [8]. In the system, an unmodulated
optical carrier from the transmitter laser source is transmitted
and used as the local oscillator (LO) laser source. Since the LO
light is generated by the transmitter laser source, the phase noise
can be canceled at the coherent receiver. However, to perform
coherent detection, the LO light should have much higher power,
which required the LO light to be amplified. In addition, an
additional wavelength that does not carry information will make
the spectrum efficiency reduced. To avoid transmitting an LO
light from the transmitter, one may use an independent laser
source at the coherent receiver. The major challenge using an
independent LO laser source is the joint phase noise between
the transmitter laser source and the LO laser source, which is
translated directly to the detected microwave signal, making the
signal has poor signal-to-noise ratio (SNR). In addition, the
unstable offset frequency between the two laser sources also
makes the recovery of the microwave signal difficult. Thanks to
the advancement of state-of-the-art digital signal processors that
can operate at a high speed, by implementing real-time signal
processing to eliminate the joint phase noise and the unstable
offset frequency, the microwave signal can be accurately recov-
ered. For example, the transmission of two microwave vector
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signals on a single optical carrier that is detected based on
a coherent receiver with an independent LO laser source was
proposed [9], [10]. The approach was then expanded to transmit
four independent microwave vector signals [11]. Although the
microwave signals were modulated on a single optical wave-
length, two polarization states were employed, making polar-
ization multiplexing to further extend the spectral efficiency
impossible [9], [10]. Recently, we have proposed an approach
to transmitting two microwave vector signals on a single optical
carrier with one polarization state based on coherent detection
with an independent LO laser source [13]. By using digital
phase noise cancellation, the two microwave vector signals are
recovered free from the joint phase noise and unstable offset
frequency. To double the spectral efficiency, polarization multi-
plexing was employed to transmit four independent microwave
vector signals on a single optical carrier [14]–[15]. By using a
digital phase noise cancellation algorithm and a polarization de-
multiplexing algorithm, the four microwave vector signals free
from the joint phase noise and unstable offset frequency were
recovered.

To further increase the spectral efficiency without using a
second polarization state, in this paper we propose and ex-
perimentally demonstrated a novel approach that is able to
transmit four independent microwave vector signals on a sin-
gle optical carrier with one polarization state, in which a new
digital signal processing (DSP) algorithm is developed. Since
only a single polarization state is employed, the capacity can
be further increased to transmit eight independent microwave
vector signals on a single optical carrier if polarization division
multiplexing (PDM) is employed, which is, to the best of our
knowledge, the first time that eight microwave vector signals
are transmitted on a single optical carrier over an MPL. The
proposed MPL consists of a transmitter and a coherent receiver
(including a DSP module). At the transmitter, a CW light from a
transmitter laser source is sent to a dual-parallel Mach-Zehnder
modulator (DPMZM) driven by four independent microwave
vector signals. The DPMZM consists of two dual-drive MZMs
(DDMZMs) biased at the quadrature transmission point. Four
intensity-modulated optical signals are generated at the output
of the DPMZM and sent to a coherent receiver via a single-mode
fiber (SMF). To perform coherent detection, an independent
LO laser source is employed to generate a CW light which is
applied to the coherent receiver. To recover the four microwave
vector signals, a digital phase noise cancellation algorithm is
developed to eliminate the phase fluctuations including joint
phase noise and unstable offset frequency introduced by the
transmitter laser source and the LO laser source. The proposed
scheme is evaluated experimentally. In the experiment, four
independent 16 quadrature amplitude modulation (16-QAM)
microwave vector signals with a symbol rate of 0.5 GSymb/s
are transmitted over a 9-km SMF and recovered at a coherent
receiver. The transmission performance of the proposed MPL
link is evaluated by measuring the error vector magnitudes
(EVMs) and bit error rates (BERs). The results show that when
the received optical power at coherent receiver is higher than
−18 dBm, error-free transmission is achieved with forward error
correction (FEC).

Fig. 1. Schematic diagram of the proposed RoF link for four independent vec-
tor signal transmission. LD: laser diode; PC: polarization controller; DDMZM:
dual-drive Mach-Zehnder modulator; OC: optical coupler; DC: direct current;
DPMZM: dual-parallel Mach-Zehnder modulator; SMF: single-mode fiber;
LO: local oscillator; BPD: balanced photodetector; ADC: analog-to-digital
converter; DSP: digital signal processing.

II. PRINCIPLE

Fig. 1 shows the schematic diagram of the proposed MPL link
for four microwave vector signal transmission based on coherent
detection and digital phase noise cancellation. A laser diode
(LD), as a transmitter laser source, is used to generate a CW light
which is sent to a DPMZM via a polarization controller (PC1).
PC1 is used to minimize the polarization-dependent loss (PDL).
The DPMZM consists of two sub-DDMZMs (sub-DDMZM1
and sub-DDMZM2). Four microwave vector signals are applied
to the DPMZM. Both the sub-DDMZMs are biased at the
quadrature transmission point. At the output of the DPMZM,
four intensity-modulated optical signals are generated, which
are transmitted over an SMF, and sent to a coherent receiver.
To perform coherent detection, a second laser source is used
to generate an LO light which is applied to the receiver. At
the output of the coherent receiver, two currents are generated,
which are sampled and processed at a signal processor. Thanks
to the use of our developed DSP algorithm, the four microwave
vector signals that are free from the joint phase noise and
unstable offset frequency are recovered.

Assuming that the four microwave vector signals with two
different center frequencies are given by

s1 (t) = m1 (t) cos [ω1t+ θ1 (t)] (1)

s2 (t) = m2 (t) cos [ω1t+ θ2 (t)] (2)

s3 (t) = m3 (t) cos [ω2t+ θ3 (t)] (3)

s4 (t) = m4 (t) cos [ω2t+ θ4 (t)] (4)

where mi(t) and θi(t) are the amplitude and phase of the i-th
microwave vector signal, ω1 is the center angular frequency of
s1(t) and s2(t), ω2 is the center angular frequency of s3(t)and
s4(t), and B is the bandwidth of the four microwave vector
signals. Here, we assume ω2 > ω1, thus the angular frequency
difference is δω = ω2 − ω1.

In the system, the two sub-MZMs are biased at the quadrature
transmission point and the main MZM is biased at the null point.
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The optical field at the output of the DPMZM is given by [16]
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where Ps is the optical power of the optical wave at the output
of the transmitter laser source, L is the link loss between the
transmitter laser and the DPMZM, ωc and ϕc(t)are angular
frequency and phase noise term of the optical wave from the
transmitter laser source, and Vπis the half-wave voltage of the
DPMZM.

It can be seen from (5), four intensity-modulated optical sig-
nals are generated. The two microwave vector signals, s1(t)and
s2(t) , are linearly mapped to the optical domain with a phase
shift of 90° due to the bias of sub-DDMZM1 at the quadrature
transmission point. Similarly, s3(t)and s4(t) are also mapped
to the optical domain with a phase shift 90° due to the bias
of sub-DDMZM2 at the quadrature transmission point. The
generated optical signals are transmitted over an SMF and then
detected at a coherent receiver consisting of a 90° optical hybrid
and two balanced photodetectors (BPDs), as shown in Fig. 1. To
perform coherent detection, a light wave generated by the LO
laser source is also applied to the coherent receiver. The optical
field at the output of the LO laser source can be written as

ELO (t) =
√
PLO exp j [ωLOt+ ϕLO (t)] (6)

where PLO , ωLO, and ϕLO(t) are the optical power, angular
frequency, and phase noise term of the light wave at the output
of the LO laser. After the 90° optical hybrid, four optical signals
are generated, with two applied to each of the two BPDs. At the
output of the BPDs, two photocurrents can be obtained, which
are given by
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Fig. 2. Flow chart to recover the microwave vector signal s1(t) free from
the joint phase noise and unstable offset frequency. LPF: low-pass filter; BPF:
bandpass filter.
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where R is the responsivity of the two BPDs, Δω = ωc − ωLO

is the angular frequency difference between the light waves from
the transmitter laser source and the LO laser source, and ϕ(t)
are the joint phase noise introduced by the transmitter laser
source and the LO laser source. As can be seen from (7) and
(8), the first term in each of the two currents consists of two
sinusoidal functions of the phase fluctuations including the joint
phase noise and the unstable offset between the transmitter laser
source and the LO laser source, the second term is the crosstalk
between the microwave vector signals s1(t)and s2(t), which
is affected by the phase fluctuations, and the last term is the
crosstalk between the microwave vector signals s3(t)and s4(t),
which is also affected by the phase fluctuations. As can be
seen, the four microwave vector signals cannot be recovered
from the two photocurrents if no further signal processing is
implemented.

If the two photocurrents are sampled and digitized, then we
can apply digital signal processing solutions to recover the
four microwave vector signals. Specifically, when the frequency
difference between the two laser sources Δω is lower than
ω1 − 2πB −Δω, the first term can be obtained by using a
digital lowpass filter (LPF). When ω1 + 2πB +Δω is less than
ω2 − 2πB −Δω, the second and third terms do not overlap
and can be separated by using two bandpass filters (BPFs) with
different center frequencies. The process is shown in the flow
charts given by Figs. 2 –5 and it is mathematically expressed by
the four equations,

i9 (t)= (i3 (t) + i6 (t))× i4 (t) + (i6 (t)−i3 (t))

× i7 (t) =

(
πPsLPLOR

2

2Vπ
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Fig. 3. Flow chart to recover the microwave vector signal s2(t) free from
the joint phase noise and unstable offset frequency. LPF: low-pass filter; BPF:
bandpass filter.

Fig. 4. Flow chart to recover the microwave vector signal s3(t) free from
the joint phase noise and unstable offset frequency. LPF: low-pass filter; BPF:
bandpass filter.

Fig. 5. Flow chart to recover the microwave vector signal s4(t) free from
the joint phase noise and unstable offset frequency. LPF: low-pass filter; BPF:
bandpass filter.
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Fig. 6. The measured spectrum of the electrical signal at the first output port
of the coherent receiver (i1(t)).

It can be seen from (9) to (12), after the phase noise cancella-
tion algorithm, the four microwave vector signals are recovered
and free from the joint phase noise and unstable offset frequency
introduced by the transmitter laser source and the LO laser
source.

III. EXPERIMENTAL SETUP AND RESULTS

An experiment based on the setup as shown in Fig. 1 is
conducted. At the transmitter, a CW light at 1550 nm from a
transmitter laser (Yokogawa, AQ2201) with a power of 8 dBm
and a linewidth of 100 kHz is sent to a DPMZM (JDS-U) via
PC1. Note that PC1 is used to minimize the PDL at the DPMZM.
The bandwidth and half-wave voltage of the DPMZM are 10
GHz and 6.3 V, respectively. Two independent 16-QAM mi-
crowave vector signals (s1(t)and s2(t)) with a center frequency
of 4 GHz and a baud rate of 0.5 GSym/s are generated by an
arbitrary waveform generator (AWG, Keysight M8195A). The
AWG has a sampling rate of 65 GSa/s and a bandwidth of 25
GHz. The two generated microwave vector signals are applied to
sub-DDMZM1. Two other 16-QAM microwave vector signals
(s3(t) ands4(t)) with a center frequency of 7 GHz and a baud
rate of 0.5 GSym/s, also generated by the AWG, are applied to
sub-DDMZM2. The two sub-DDMZMs are both biased at the
quadrature transmission point. At the output of the DPMZM,
the modulated optical signals are transmitted over a 9-km SMF
and sent to a coherent receiver (Keysight N4391A) via PC2. To
perform coherent detection, a second CW light at 1550.006 nm
from a LO laser source with a power of 10 dBm and a linewidth
of 100 kHz is also applied to the coherent receiver via PC3.
Note that the two PCs (PC2 and PC3) are used to co-polarize
the modulated optical signal and the LO optical signal. After
coherent detection, two electrical signals are generated which
are sampled by a digital storage oscilloscope (Agilent DSO-Z
504A). The oscilloscope has a bandwidth of 50 GHz and a
sampling rate of 160 GSa/s. The sampled signals are sent to
a DSP unit where the four microwave vector signals free from
the joint phase noise and unstable frequency offset introduced by
the transmitter laser source and LO laser source are recovered.
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Fig. 7. The spectrum of the electrical signal at the output of an LPF (i3(t)).

Fig. 8. The spectrum of the electrical signal at the output of a BPF1 (i4(t)).

Fig. 6 shows the spectrum at one of the two outputs of the
coherent receiver (i1(t)). It can be seen, a microwave signal
around 0.7 GHz is generated due to the wavelength difference be-
tween the transmitter laser source and the LO laser source. Two
microwave signals at 3.3 GHz and 4.7 GHz with a bandwidth
of 0.5 GHz are generated due to the mixing products between
the 0.7 GHz microwave signal and the 4 GHz microwave vector
signals. The other two microwave signals at 6.3 GHz and 7.7
GHz with a bandwidth of 0.5 GHz are also observed due to the
mixing products between the 0.7 GHz microwave signal and
the 7 GHz microwave vector signals. The electrical powers of
the four microwave signals are different due to the different
frequency response of the DPMZM at 4 GHz and 7 GHz. The
0.7 GHz microwave signal can be obtained by using an LPF with
a bandwidth of 1 GHz, as shown in Fig. 7. The two microwave
signals at 3.3 GHz and 4.7 GHz can be obtained by using a
BPF with a center frequency of 4 GHz and a bandwidth of 3
GHz, as shown in Fig. 8, while the other two microwave signals
at 6.3 GHz and 7.7 GHz are separated by using a BPF with a
center frequency of 7 GHz and a bandwidth of 3 GHz, as shown
in Fig. 9. Through digital phase noise cancellation, microwave
vector signals s1(t) and s3(t) are recovered and free from the
joint phase noise and the unstable offset frequency, as shown in
Figs. 10 and 11. Fig. 12 shows the measured constellations of
the four recovered microwave vector signals at the output of the
DSP unit, where the optical power at the input of the coherent

Fig. 9. The spectrum of the electrical signal at the output of a BPF2 (i5(t)).

Fig. 10. The spectrum of the recovered microwave vector signal s1(t) at the
output of the digital phase noise cancellation (i9(t)).

Fig. 11. The spectrum of the recovered microwave vector signal s3(t) at the
output of the digital phase noise cancellation (i11(t)).

receiver is −10 dBm. It can be seen that the constellations are
very clear which indicates the four microwave vector signals are
successfully recovered.

Figs. 13 and 14 show the measured EVMs and corresponding
estimated BERs as a function of the received optical power
for the four recovered microwave vector signals over a 9-km
SMF, which is changed from -20 dBm to −10 dBm with a step
of 2 dBm. Here, BERs are estimated based on the assumption
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Fig. 12. Measured constellations of the four recovered 16-QAM microwave
vector signals at the output of the DSP unit (fiber length: 9 km, the received
optical power: −10 dBm). (a) s1(t), (b) s2(t), (c) s3(t), and (d) s4(t).

Fig. 13. Measured EVMs at different received optical power levels for the four
recovered 16-QAM microwave vector signals transmitted over a 9-km SMF.

Fig. 14. Estimated BERs at different received optical power levels for the four
recovered 16-QAM microwave vector signals transmitted over a 9-km SMF.

that the noise after the DSP unit is a stationary random process
with Gaussian statistics [17]–[19]. It can be seen that, when
the received optical power is −10 dBm, the EVMs for the
four recovered 16-QAM microwave vector signals are 7.7%,
8.0%, 9.3%, and 9.4% and the estimated BERs are 6.3×10−11,
9.6×10−9, 5.3×10−7, and 6.6×10−7, which are far below the
FEC limit. The quality of the recovered microwave vector Sig-
nal3 and Signlal4 are slightly lower than that of Signal1 and
Signal2 due to the different frequency response of the DPMZM
at 4 GHz and 7 GHz. When the optical power is −18 dBm,
the estimated BERs are 1.9×10−5, 3.1×10−4, 1.6×10−3, and
1.5×10−3, which are all lower than 3×10−3, thus the four
microwave vector signals can be error-free transmitted when
the state-of-the-art FEC technique is employed at the expense
of a 6.7% overhead [20].

IV. CONCLUSION

We have proposed and experimentally demonstrated an MPL
with quadrupled capacity based on coherent detection and digital
phase noise cancellation. Four microwave vector signals with
two sharing the same center microwave frequency were mod-
ulated on an optical carrier at a DPMZM and transmitted over
an SMF. The signals were detected at a coherent receiver, to
which an LO light from a free-running laser source was also
applied. A new digital phase noise cancellation algorithm was
developed, which was employed to recover the four microwave
vector signals, to eliminate the joint phase noise and unstable
offset frequency. The operation of the MPL was experimentally
evaluated in which four independent 16-QAM microwave vector
signals with a symbol rate of 0.5 GSymb/s were transmitted.
When the received optical power was −10 dBm, the EVMs
for the four recovered 16-QAM microwave vector signals were
7.7%, 8.0%, 9.3%, and 9.4% and the estimated BERs were
6.3×10−11, 9.6×10−9, 5.3×10−7, and 6.6×10−7, which are
far below the FEC limit. When the optical power was −18
dBm, the estimated BERs were 1.9×10−5, 3.1×10−4, 1.6×10−3,
and 1.5×10−3, which are all lower than 3×10−3, thus error-
free transmission of the four microwave vector signals can be
achieved when the state-of-the-art FEC technique is employed.
If PDM is employed, the capacity of the MPL can be further
increased to transmit eight microwave vector signals.
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