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Abstract—A high spectral efficiency coherent microwave pho-
tonic link (MPL) supporting amplitude and phase modulation
incorporating a digital phase noise cancellation is proposed and ex-
perimentally demonstrated. At the transmitter, a continuous-wave
light wave is amplitude- and phase-modulated by two microwave
vector signals carried by a microwave carrier at an identical fre-
quency. The modulated optical signal is polarization multiplexed
with an unmodulated optical carrier and transmitted over a length
of a single-mode fiber (SMF). At the receiver, the optical signal is
detected coherently by a coherent receiver to which a local oscil-
lator (LO) laser source is also applied. Through advanced digital
signal processing, the microwave vector signals are recovered, and
the phase noise introduced by both the transmitter laser source
and LO laser source is cancelled. An experiment is performed.
The transmission of a 2.5-Gb/s 16-QAM and a 1.25-Gb/s QPSK
microwave vector signals both at 2.5 GHz over a 25-km SMF is
implemented. The total bit rate of the MPL is 3.75 Gb/s. The
transmission performance of the MPL in terms of error vector
magnitudes and bit error rates is evaluated.

Index Terms—Digital signal processing (DSP), high spectral
efficiency, laser phase noise, microwave photonic link (MPL),
optical coherent detection, phase noise cancellation (PNC).

I. INTRODUCTION

THE transmission of microwave signals over an optical
fiber, or radio over fiber, is considered a potential solu-

tion for next generation broadband wireless access networks
since a radio over fiber link or microwave photonic link (MPL)
presents several advantages over a conventional copper coax-
ial analog link, including a much wider bandwidth, lower link
loss, and immunity to electromagnetic interferences [1]–[3]. In
a conventional MPL, intensity-modulation and direct-detection
(IM/DD) is usually employed which has an advantage of imple-
mentation simplicity. However, compared with a coherent MPL
which can detect both intensity- and phase-modulated signals,
an MPL employing IM/DD has a much lower spectral efficiency,
since direct detection can only detect an intensity-modulated
signal. For broadband wireless access networks, high spectral
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efficiency is always needed. In addition, a coherent MPL has a
receive sensitivity of about 20 dB higher than that of an IM/DD
MPL, which provides an added advantage to a coherent MPL
[4].

Numerous solutions have been proposed to implement coher-
ent MPLs recently [5]–[12]. In [5], [6], a phase-modulation
and coherent-detection (PM/CD) MPL was proposed. The
phase noise was cancelled through the use of a digital phase
locked loop. In [7], [8], two intensity-modulation and coherent-
detection (IM/CD) MPLs were proposed in which the phase
noise was cancelled by digital signal processing (DSP)-based
envelope detection or DSP-based coherent detection. The limi-
tation of the schemes is that only the phase [5], [6] or amplitude
[7], [8] information on the optical carrier can be detected, thus
the spectral efficiency is still limited. To increase the spectral
efficiency, in [9] we proposed a photonic approach to modu-
lating two microwave vector signals, which have the same RF
center frequency, on a single optical carrier employing optical
IQ modulation and coherent detection. The spectral efficiency
is significantly increased, but the phase noise introduced by
the transmitter laser source was not cancelled, which will de-
grade the transmission performance. A simple way to avoid the
phase noise from the local oscillator (LO) laser source is to use
an additional fiber to deliver an LO signal from the transmit-
ter to the receiver [10]–[12]. But the system cost is increased.
In addition, because of the link loss, the LO signal needs to
be amplified at the receiver by an optical amplifier to satisfy the
power level needed for coherent detection, which may introduce
an additional noise due to the amplified spontaneous emission
noise from the optical amplifier.

In this paper, we propose and experimentally demonstrate a
high spectral efficiency coherent MPL supporting amplitude and
phase modulation with digital phase noise cancellation (PNC)
without using an additional fiber link. At the transmitter, a light
wave from a laser source is split into two channels. In the up-
per channel, the light wave is first intensity modulated by a 16
quadrature amplitude modulation (16-QAM) microwave vec-
tor signal and then phase modulated by a quadrature phase
shift keying (QPSK) microwave vector signal. The light wave
in the lower channel is not modulated. Then, the two light
waves from the two channels are polarization multiplexed at
the polarization beam splitter (PBS) and sent to a receiver over
a single mode fiber (SMF). At the receiver, the two orthogo-
nally polarized light waves are demultiplexed by a second PBS
and then detected by a coherent optical receiver, to generate
four currents which contain the information of the 16-QAM
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Fig. 1. Schematic of the proposed coherent MWP link with a DSP-based PNC module. ADC: analog-to-digital converter, OC: optical coupler, PC: polarization
controller, CW laser: continuous- wave laser, balanced PD: balanced photodetector, MZM: Mach–Zehnder modulator, QPSK: quadrature phase shift keying, PM:
phase modulator, PBS: polarization beam splitter, PR: polarization rotator, 16-QAM: 16 quadrature amplitude modulation, SMF: single mode fiber.

and QPSK signals. An algorithm is developed to recover the
16-QAM and the QPSK microwave vector signals while can-
celling the phase noise introduced by both the transmitter laser
source and LO laser source. The proposed technique is validated
by an experiment. The transmission of a 2.5-Gb/s 16-QAM and
a 1.25-Gb/s QPSK microwave vector signals over a 25-km SMF
is demonstrated. The transmission performance is evaluated by
measuring the error vector magnitudes (EVMs). The EVM of the
recovered 16-QAM microwave vector signal can reach 8.05%
and that of the recovered QPSK microwave vector signal can
reach 8.23%. The bit error rates (BERs) calculated from the
measured EVMs are also evaluated. Compared with coherent-
detection MPLs based only on phase [5], [6], or amplitude mod-
ulation [7], [8], the spectral efficiency of the proposed scheme is
significantly increased while maintaining the same transmission
performance.

II. PRINCIPLE OF OPERATION

Fig. 1 shows the schematic diagram of the proposed high
spectral efficiency coherent MPL. At the transmitter, a light
wave from a CW laser source is split by an optical coupler
(OC) (95% and 5% optical powers for Channel 1 and Chan-
nel 2, respectively) into two channels. In Channel 1, the light
wave is amplitude- and phase-modulated by a 16-QAM and
a QPSK microwave vector signal, respectively, at a chirp-free
single-electrode Mach–Zehnder modulator (MZM) and a phase
modulator (PM) while the light wave in Channel 2 is not mod-
ulated. The two light waves from the two channels are then
polarization multiplexed at a PBS (PBS1) and sent to a receiver
via a 25-km SMF. At the receiver, a second PBS (PBS2) which
is incorporated in the polarization- and phase-diversity coherent
optical receiver (Discovery Semiconductors DP-QPSK 40/100
Gb/s Coherent Receiver) is used to demultiplex the two orthog-
onally polarized light waves (Channel X and Channel Y), which
are then sent to two 90o optical hybrids inside the coherent op-
tical receiver. An LO signal from a second laser source is split
into two channels and also sent to the two hybrids. After bal-
anced detection in the coherent optical receiver, four channels
(XI, XQ, YI and YQ) of signals corresponding to the in-phase
and quadrature (IQ) components of the two orthogonally polar-
ized signals from the PBS2 are obtained, which are then sent
to a DSP-based PNC module. An algorithm is developed to
recover the 16-QAM microwave vector signal and the QPSK

microwave vector signal while cancelling the phase noise intro-
duced by both the transmitter and LO laser sources.

At the transmitter, for Channel 1, the MZM is biased at the
quadrature point and 16-QAM microwave vector signal is ap-
plied to the MZM via the RF port. The optical field at the output
of the MZM is given by

E0(t) =
√

2Ps1Ls1 cos
[
πSRF −16QAM (t)

2VπIM
+

π

4

]

× exp{j[ωct + ϕc1(t)]} (1)

where Ps1 is the optical power at the input of Channel 1, ωc is
the angular frequency of the light wave, SRF −16QAM (t)is the
microwave vector signal applied to the MZM, the modulation
format is 16-QAM, ϕc1(t)is the phase term of the transmitter
laser source for Channel 1, VπIM is the half-wave voltage of the
MZM, and Ls1 is the link loss between the OC and PBS1 for
Channel 1.

Then, the amplitude-modulated optical signal is phase-
modulated by a QPSK microwave vector signal. The optical
field at the output of the PM is given by

E1(t) =
√

2Ps1Ls1 cos
[
πSRF −16QAM (t)

2VπIM
+

π

4

]

× exp
{

j

[
ωct + ϕc1(t) +

πSRF −QP SK (t)
VπP M

]}
(2)

where SRF −QP SK (t) is the QPSK microwave vector signal
applied to the PM, the modulation format is QPSK and VπP M

is the half-wave voltage of the PM.
For Channel 2, the light wave is not modulated. The optical

field at the output of Channel 2 is given by

E2 (t) =
√

2Ps2Ls2 exp {j [ωct + ϕc2(t)]} (3)

where Ps2 is the optical power at the input of Channel 2, ϕc2(t)is
the phase term of the transmitter laser source for Channel 2, and
Ls2 is the link loss between the OC and PBS1 for Channel
2. Note, ϕc1(t) and ϕc2(t) are different, since the optical sig-
nals from the transmitter laser source are split by an OC and
transmitted through two fibers.

Then, the two light waves from the two channels are po-
larization multiplexed at PBS1 and transmitted over the SMF.
At the receiver, the two orthogonally polarized light waves
are demultiplexed by PBS2 into two channels (Channel X and
Channel Y).
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The optical fields at the outputs of PBS2 for Channel X and
Channel Y are given by

Ex (t) = E1 (t) (4)

Ey (t) = E2 (t) . (5)

On the other hand, the optical field at the output of the LO
laser source can be written as

ELO (t) =
√

2PLO exp {j [ωLO t + ϕLO (t)]} . (6)

Through tuning PC6, with the help of the polarization rotator
in Fig. 1, the light wave from the LO laser source is co-polarized
with the other optical signals at the inputs of the two 90o optical
hybrids. At the outputs of the two 90o optical hybrids, eight
optical fields are obtained, given by

[
Ea (t) Eb (t) Ec (t) Ed (t)

Ee (t) Ef (t) Eg (t) Eh (t)

]

=
√

Lh

[√
Lf Ex (t) ELO (t) ejϕx /

√
2

√
Lf Ey (t) ELO (t) ejϕy /

√
2

]

·
(

1 1 1 1

1 ejπ ejπ/2 e−jπ/2

)

(7)

where Lh is the link loss caused by the two 90° optical hybrids,
Lf is the link loss caused by the SMF, and ϕx ,ϕy are the phase
terms arising from the polarization mismatch between the signal
and the light wave from the LO laser source.

By applying (Ea,Eb ), (Ec,Ed ), (Ee,Ef ), (Eg ,Eh ) to four
balanced PDs which are terminated with 50-Ω resistors, four
output photocurrents are obtained, which are given by

IP D1 = 2RLh

√
2Ps1PLO Lf Ls1

× cos
[
πSRF −16QAM (t) /2VπIM +

π

4

]

× cos [Δωt + ϕ1 (t) − ϕx + πSRF −QP SK (t)/VπP M]

(8)

IP D2 = 2RLh

√
2Ps1PLO Lf Ls1

× cos
[
πSRF −16QAM (t) /2VπIM +

π

4

]

× sin [Δωt + ϕ1 (t) − ϕx + πSRF −QP SK (t)/VπP M]

(9)

IP D3 = 2RLh

√
2Ps2PLO Lf Ls2 cos [Δωt + ϕ2(t) − ϕy ] (10)

IP D4 = 2RLh

√
2Ps2PLO Lf Ls2 sin [Δωt + ϕ2(t) − ϕy ] (11)

with

Δω = ωc − ωLO ,

ϕ1(t) = ϕc1(t) − ϕLO (t), ϕ2(t) = ϕc2(t) − ϕLO (t)

where Δω is the frequency difference between the transmitter
laser source and the LO laser source, ϕ1(t), ϕ2(t)are the phase
noise introduced by the transmitter laser source and the LO
laser source. Before we explain the method to recover the 16-
QAM microwave vector signal and the QPSK microwave vector

signal, it is important to investigate how the phase noise affects
the 16-QAM microwave vector signal and the QPSK microwave
vector signal.

First, an ideal situation is considered, where Δω = 0 and no
signal is sent to the PM (SRF −QP SK (t) = 0). Then, (8) can be
rewritten as

IP D1 = 2RLh

√
2Ps1PLO Lf Ls1

× cos [πSRF −16QAM (t) /2VπIM + π/4]

× cos [ϕ1 (t) − ϕx ] . (12)

From (12), it can be seen that the phase noise ϕ1(t) is con-
verted to an amplitude noise given by cos (ϕ1(t) − ϕx) at the
output of the coherent receiver.

If Δω = 0 and no signal is sent to the MZM, (8) can be
expressed as

IP D1 = 2RLh

√
2Ps1PLO Lf Ls1 cos (π/4)

×
{

cos [ϕ1(t) − ϕx ] cos [πSRF −QP SK (t) /VπP M ]

− sin [ϕ1 (t) − ϕx ] sin [πSRF −QP SK (t) /VπP M ]

}

.

(13)

As can be seen, the phase noise ϕ1(t) is also converted to an
amplitude noise given by sin (ϕ1(t) − ϕx).

Then, a more realistic situation is considered where Δω �= 0
and both the intensity and phase of the optical light are modu-
lated. Equations (8) and (9) can be further expanded as

IP D1 = 2RLh

√
2Ps1PLO Lf Ls1

× [(A × C − A × D) − (B × C − B × D)] (14)

IP D2 = 2RLh

√
2Ps1PLO Lf Ls1

× [(A × E + A × F ) − (B × E + B × F )] (15)

with

A = cos [πSRF −16QAM (t) /2VπIM ] cos (π/4)

B = sin [πSRF −16QAM (t) /2VπIM ] sin (π/4)

C = cos [Δωt + ϕ1 (t) − ϕx ] cos [πSRF −QP SK (t) /VπP M ]

D = sin [Δωt + ϕ1 (t) − ϕx ] sin [πSRF −QP SK (t) /VπP M ]

E = cos [Δωt + ϕ1 (t) − ϕx ] sin [πSRF −QP SK (t) /VπP M ]

F = sin [Δωt + ϕ1 (t) − ϕx ] cos [πSRF −QP SK (t) /VπP M ] .

In (14) and (15), if we assume that both the QPSK and the
16-QAM microwave vector signals are small signals, then A×D
and A×E represent the detected QPSK microwave vector signals
at the outputs of the coherent receiver (IP D1 and IP D2). The
frequencies of the detected QPSK microwave vector signals are
up converted because of the frequency difference between the
transmitter laser source and LO laser source. And B×C, B×F
represent the detected 16-QAM microwave vector signals and
their frequencies are also up converted due to the same reason. If
the center frequencies and bandwidths of the QPSK microwave
vector signal and the 16-QAM microwave vector signal are
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identical, for each output of the coherent receiver (IP D1 and
IP D2), the spectra of the detected 16-QAM signal and the de-
tected QPSK signal are completely overlapped. In addition, both
the detected QPSK and 16-QAM microwave vector signals are
affected by the phase noise introduced by both the transmitter
laser source and LO laser source. Apparently, it is impossible
to recover and demodulate the two microwave vector signals
directly from the outputs of the coherent receiver. To demodu-
late the 16-QAM microwave vector signal and the QPSK mi-
crowave vector signal, DSP algorithms are employed to cancel
the phase noise, eliminate the frequency shift and recover the
signals from the overlapped spectra.

First, the four signals,IP D1 ,IP D2 , IP D3 and IP D4are sepa-
rately sampled and digitized by four ADCs. Then, the DSP al-
gorithm is employed [8]. By summing the squared magnitudes
of IPD1 and IPD2 , we can obtain

I1 = I2
P D1 + I2

P D2

= 4R2L2
hLf Ps1PLO Ls1

×{1 − sin [πSRF −16QAM (t) /VπIM ]}
≈ 4R2L2

hLf Ps1PLO Ls1 {1 − [πSRF −16QAM (t) /VπIM ] }.
(16)

As can be seen, the QPSK microwave vector signal is not
present in the expression and the phase noise is cancelled, thus
a recovery of the 16-QAM microwave vector signal free from
phase noise is realized.

Also, through DSP, we can obtain (17) as shown at the bottom
of the page.

In (17), the maximum frequency of ϕ (t)is determined by the
linewidth of the transmitter laser source. So, if the lower fre-
quency of the QPSK microwave vector signal is higher than the
maximum frequency of ϕ (t), the QPSK microwave vector sig-
nal can be simply selected by a digital bandpass filter. The signal
at the output of the digital band-pass filter is then expressed as

I2 ≈ πSRF −QP SK (t)
VπP M

. (18)

Similarly, the 16-QAM microwave vector signal is not present
in the expression and the phase noise is cancelled, thus a recov-
ery of the QPSK microwave vector signal free from phase noise
is also realized.

III. EXPERIMENTAL DETAILS

An experiment based on the setup shown in Fig. 1 is per-
formed. A tunable laser source (TLS) operating at 1550.57 nm
with a linewidth of about 100 kHz and an output power of 16
dBm is utilized as the transmitter laser source. The light wave
from the TLS is split into two channels by an OC with a splitting
ratio of 95:5 (95% optical power for Channel 1 and 5% optical
power for Channel 2). In Channel 1, the light wave is sent via
a polarization controller (PC1) to a chirp-free single-electrode
MZM (JDS-Uniphase) that is biased at the quadrature point, and
is modulated by a 16-QAM microwave vector signal. Then, the
amplitude-modulated light wave is sent to a PM (JDS-Uniphase)
via a second PC (PC2), and is phase-modulated by a QPSK mi-
crowave vector signal. The optical signal at the output of the
PM is then sent to PBS1 via PC3. The polarization extinction
ratio of PBS1 is 20 dB. Both the 16-QAM microwave vector
signal and the QPSK microwave vector signal are generated by
an arbitrary waveform generator (Tektronix AWG7102) with a
carrier frequency at 2.5 GHz. The symbol rate for each of the
digital modulated microwave signals is 625 MSymbol/s, or the
bit rate for the 16-QAM microwave vector signal is 2.5 Gb/s
and for the QPSK microwave vector signal is 1.25 Gb/s, and the
total bit rate for the whole system is 3.75 Gb/s. The MZM has a
bandwidth of 10 GHz, a half-wave voltage of about 5.5 V and a
insertion loss of 4.5 dB, and the PM has a bandwidth of 20 GHz,
a half-wave voltage of 5 V and a insertion loss of 4.5 dB.

In Channel 2, the light wave is not modulated, which is sent to
PBS1 via PC4. PC3 and PC4 are used to make the polarization
directions of the two signals align with the two principal axes
of PBS1, thus the two light waves are polarization multiplexed,
which are transmitted over a 25-km SMF and sent to a coher-
ent receiver (Discovery Semiconductors DP-QPSK 40/100 Gb/s
Coherent Receiver Lab Buddy) via PC5. Through tuning PC5,
the two polarization multiplexed light waves can be demulti-
plexed by PBS2, which is inside the coherent receiver (Here,
PC5 can be replaced by a dynamic polarization controller in a
practical system [13].). On the other hand, a second TLS (Yoko-
gawa AQ2201) operating at 1550.619 nm with a linewidth of
about 1 MHz and an output power of 9.3 dBm is used as the LO
laser source. The wavelength difference between the transmitter
laser source and the LO laser source is 0.048 nm, corresponding
to a beat frequency of about 6 GHz. The light wave from the
LO laser source is sent to the LO port of the coherent receiver
through PC6. A Digital Storage Oscilloscope (Agilent DSO-X

I2 = atan
[
(IP D2 × IP D3 − IP D1 × IP D4)
(IP D1 × IP D3 + IP D2 × IP D4)

]

= atan
{

sin [πSRF −QP SK (t) /VπP M + ϕc1 (t) − ϕc2 (t) − ϕx + ϕy ]
cos [πSRF −QP SK (t) /VπP M + ϕc1 (t) − ϕc2 (t) − ϕx + ϕy ]

}

= πSRF −QP SK (t) /VπP M + ϕ (t) (17)

with

ϕ (t) = ϕc1 (t) − ϕc2 (t) − ϕx + ϕy .
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Fig. 2. Spectrum of the signals at the first output port of the coherent receiver
(IPD1 ).

Fig. 3. Spectrum of the signal at the third output port of the coherent receiver
(IPD3 ).

93204A) is employed to perform the analog-to-digital conver-
sion at a sampling rate of 40 GSa/s. The sampled signals (IP D1 ,
IP D2 , IP D3 and IP D4) are processed off-line in a computer
with the proposed DSP algorithms developed to recover the 16-
QAM and the QPSK microwave vector signals while cancelling
the phase noises from the transmitter and LO laser sources.

In order to recover the 16-QAM and the QPSK microwave
vector signals free from the phase noise, the lengths of the four
paths for the in-phase and the quadrature components of the two
orthogonally polarized signals from PBS2 should be precisely
matched. In the experiment, the length differences of the cables
at the outputs of the coherent receiver between the four paths are
controlled within 1 mm, and the four paths inside the coherent
receiver are well matched. Thus, the proposed DSP-based PNC
algorithm is applicable for a coherent system using any commer-
cial laser sources that are designed for optical communications
applications.

Fig. 2 shows the spectrum at the first output port of the coher-
ent receiver (IP D1), which contains the 16-QAM and the QPSK
microwave vector signals. As can be seen, the detected mi-
crowave vector signals (the signals with the center frequencies
of 3.5 and 8.5 GHz) in Fig. 2 are just the mixing products of the
2.5-GHz transmitted microwave vector signals and the 6-GHz
electrical carrier whose frequency is just the frequency differ-
ence between the two laser sources. In addition, the spectra of
the 16-QAM microwave vector signal and QPSK microwave
vector signal are completely overlapped, as mentioned in
Section II.

Fig. 4. Spectrum of the recovered 16-QAM microwave vector signal at the
output of the DSP-based PNC module.

Fig. 5. Spectrum of the recovered QPSK microwave vector signal at the output
of the DSP-based PNC module.

Fig. 6. EVM measurements at different received optical power levels for the
QPSK and the 16-QAM signal transmitted over the 25-km SMF.

Fig. 3 shows the spectrum at the third output port of the
coherent receiver (IP D3). As can be seen, the microwave vector
signals contains a strong phase noise which is introduced from
both the transmitter laser source and LO laser source. Figs. 4
and 5 show the spectra of the recovered 16-QAM and QPSK
microwave vector signals at the output of the DSP-based PNC
module. Apparently, the signals are frequency translated back
to the exact radio frequencies of the original signals after the
digital signal processing.

Then, we evaluate the performance of the system in terms of
EVMs for the recovered microwave vector signals as a function
of the received optical power. The results are shown in Fig. 6.
As can be seen when the received optical power is −21.5 dBm,
the constellations of the 16-QAM microwave vector signal and
the QPSK microwave vector signal are clear and well separated.
In order to demonstrate the effectiveness of the proposed PNC
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Fig. 7. Schematic diagrams of (a) an IM/CD MPL, and (b) a PM/CD MPL
without digital PNC module.

Fig. 8. Constellations of the detected QPSK microwave vector signal. (a) The
IM/CD MPL without digital PNC module, (b) the PM/CD MPL without digital
PNC module.

technique, we also measure the constellations of the detected
signals for an IM/CD MPL and a PM/CD MPL without a digital
PNC module. The experiment setups are shown in Fig. 7(a) and
(b). Here, the microwave vector signal for both setups is a QPSK
signal with a center frequency of 2.5 GHz and a symbol rate of
625 MSymbol/s. The linewidth of the laser source is 100 KHz.
As discussed in Section II, the output signals at XI ports of the
coherent receivers in Fig. 7(a) and (b) can be expressed as (12)
and (13). Fig. 8(a) and (b) shows the constellations of the output
signals at the XI ports of the coherent receivers in Fig. 7(a)
and (b). As can be seen, the quality of the recovered QPSK
microwave vector signals are very poor which confirms that
the QPSK microwave vector signals for both cases are strongly
affected by the phase noise.

Finally, we evaluate the BER performance of the system. As-
suming that the noise after the digital PNC module is a stationary
random process with Gaussian statistics, we can calculate the
BERs of M-ary QAM from the EVMs based on the relationship
given by

PM −QAM =
2

log2 M

(
1 − 1√

M

)

×erfc

(√
3

2 (M − 1)
× SNR

)

(19)

with

SNR = 1/EV M 2 (20)

where erfc () is the complementary error function and SNR is
the signal-to-noise ratio [14]–[17]. The BERs as a function of
the received optical power calculated from the measured EVMs
are shown in Fig. 9. Again, when the received optical power is
−21.5 dBm, the BER is 10−8 for the QPSK signal, which is
sufficiently small to recover the original signal. The BER for
the 16-QAM signal is 10−4, which is poorer than that of the
QPSK signal. By using a state-of-the-art forward error correc-
tion (FEC) technique, the recovered signal would have a signal

Fig. 9. BERs at different received optical power levels for the QPSK and the
16-QAM microwave vector signals transmitted over 25-km SMF.

quality that is still suitable for error-free transmission [6], [18],
[19]. When the received optical power is –13.5 dBm, according
to (19), the estimated signal-to-noise ratios of the QPSK and
16-QAM microwave vector signals after the PNC module are
20.45 and 20.61 dB, respectively. For such signal-to-noise ra-
tios, error-free detection with higher-order modulation formats
can be achieved by using the FEC techniques. Considering the
FEC limit (The FEC technique can be applied to improve a raw
BER of up to 3 × 10−3 to an effective BER of 1 × 10−15, at
the expense of a 6.7% overhead [19]), for a signal with a signal-
to-noise ratio of 20.45 dB, the highest-order modulation format
for error-free detection is 32-QAM. So the spectrum efficiency
of the proposed scheme can reach 10 bit/s/Hz. For the conven-
tional IM/DD MPL in [7], when the received optical power was
–12.5 dBm, since the SNR and the estimated BER of the re-
ceived microwave vector signal were 9.3299 dB and 3 × 10−3,
the highest-order modulation format for error-free detection is
QPSK. So the spectral efficiency is only 2 bit/s/Hz.

IV. CONCLUSION

A high spectral efficiency coherent MPL supporting simulta-
neous amplitude and phase modulation with digital phase noise
cancellation was proposed and experimentally demonstrated.
Through advanced DSP, amplitude- and phase-modulated mi-
crowave vector signals could be recovered and the phase noise
introduced by both the transmitter laser source and LO laser
source could be effectively cancelled. The proposed tech-
nique was evaluated experimentally. Two microwave vector
signals with one being a 16-QAM microwave vector signal at
2.5 Gb/s and another being a QPSK microwave vector signal at
1.25 Gb/s were transmitted over a 25-km SMF link and recov-
ered at the receiver. The EVMs for the recovered 16-QAM and
QPSK microwave vector signals were measured to be 8.05%
and 8.23%, respectively, which are good enough to achieve
error-free transmission with FEC.
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