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Abstract—A new microwave photonic link to simultaneously
transmit and detect two microwave vector signals modulated on
a single optical carrier based on orthogonal modulation and opti-
cal Hilbert transformation is proposed and demonstrated, for the
first time to the best of our knowledge. In the proposed system, two
microwave vector signals are phase and intensity modulated on a
single optical carrier at a dual-parallel Mach–Zehnder modulator
and transmitted over a single-mode fiber (SMF). At the receiver, the
optical signal is applied directly to a photodetector (PD) to recover
the microwave vector signal that is intensity modulated and the
second microwave vector signal is recovered by using an on-chip
optical Hilbert transformer (OHT) to perform phase-modulation
to intensity-modulation conversion followed by photodetection at
a second PD. An experiment is performed. The transmission of a
16QAM and a QPSK signal with a total data rate of 2.4 Gb/s over
a 10-km SMF is implemented. The performance of the transmis-
sion in terms of error vector magnitude, bit error rate, and energy
efficiency is evaluated.

Index Terms—Optical Hilbert transformer, phase modulation
to intensity modulation conversion, silicon microdisk resonator,
vector signal generation.

I. INTRODUCTION

THANKS to the low propagation loss, ultra-broad band-
width and immunity to electromagnetic interference, mi-

crowave photonic links (MPLs) have been considered a good
solution for wideband and low-loss microwave signal transmis-
sion and have found numerous applications such as in radio over
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fiber communications and antenna remoting [1], [2]. To meet the
ever-increasing demand of higher-data-rate transmission, future
wireless access networks are required to have a high spectrum
efficiency to maximize the use of the limited spectrum resources.
To reach this goal, advanced modulation formats can be used.
These advanced modulated signals are vector signals, such as
phase-shift keying (PSK) and quadrature-amplitude modulation
(QAM). The combination of the MPL transmission technology
and advanced signal modulation schemes can further enhance
the data transmission capacity, which has become an active re-
search topic recently [3]–[13].

To transmit a microwave vector signal over an optical fiber,
a microwave vector signal is usually generated in the electrical
domain and encoded on an optical carrier at an electro-optic
modulator for transmission over an optical fiber [3]–[5]. Since
the microwave vector signal generated in the electrical domain
has a low microwave carrier frequency, to have a high carrier
-frequency microwave vector signal, photonic techniques have
been proposed [6]–[11]. For example, an optical heterodyning
technique can be used to up-convert a low carrier-frequency mi-
crowave signal to a high carrier-frequency. However, the main
problem associated with this technique is that only one mi-
crowave vector signal is carried by an optical carrier, which
limits the spectrum efficiency. To have a high spectrum effi-
ciency, it is highly preferred that multiple microwave vector
signals could be carried by a single optical carrier and trans-
mitted over a single optical fiber. Recently, we proposed two
approaches to generate and transmit multiple vector microwave
signals that are carried by a single optical carrier [12], [13]. In
[12], two microwave vector signals are modulated on a single
optical carrier and transmitted over a fiber at the transmitter.
At the receiver, coherent detection using a local oscillator (LO)
light source assisted with digital signal processing (DSP) is per-
formed to recover the two microwave vector signals. To further
enhance the spectrum efficiency [13], four microwave vector
signals are modulated on a single optical carrier, and the detec-
tion of the four microwave vector signals is performed based on
coherent detection and DSP using an advanced algorithm. Al-
though coherent detection-based MPL could offer an increased
spectral efficiency and improved receiver sensitivity, an expen-
sive coherent receiver, an LO light source and a high-speed DSP
unit are needed, which would make the system implementation
complicated and costly.
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To have a high spectrum efficiency while maintaining a simple
configuration, in this paper we propose and demonstrate an MPL
to simultaneously transmit two microwave vector signals mod-
ulated on a single optical carrier based on intensity and phase
modulation and optical Hilbert transformation. In the proposed
system, two independent microwave vector signals are phase
and intensity modulated on a single optical carrier at a dual-
parallel Mach-Zehnder modulator (DP-MZM) and transmitted
over a single-mode fiber (SMF). At the receiver, the transmit-
ted optical signal is split into two channels. One channel is
applied directly to a photodetector (PD), and the microwave
vector signal that is intensity modulated on the optical carrier is
recovered. The other channel is sent to an on-chip optical Hilbert
transformer (OHT) to perform phase-modulation to intensity-
modulation conversion and is then detected at a second PD, and
the microwave vector signal that is phase modulated on the op-
tical carrier is recovered. The approach is analyzed theoretically
and verified by an experiment. The transmission of a QPSK and
16QAM signal with a total date rate of 2.4 Gb/s over a 10-km
SMF is demonstrated. In implementing the Hilbert transforma-
tion, to improve the power efficiency, a small frequency shift
between the optical carrier and the notch center of the OHT is
introduced, to avoid the optical carrier being suppressed. The
transmission performance in terms of error vector magnitude
(EVM) and bit error rate (BER) is evaluated. Compared with a
conventional microwave vector signal transmission link, the key
advantage of the proposed MPL is that the spectrum efficiency
is doubled since two microwave vector signals carried by an
optical carrier are simultaneously transmitted in a single optical
fiber. In addition, thanks to the small frequency shift between
the optical carrier and the notch center of the OHT, the optical
carrier is not suppressed, and the power efficiency of the OHT is
increased, which makes the transmission of the two microwave
vectors signals have identical performance.

II. PRINCIPLE OF OPERATION

Fig. 1(a) shows the schematic diagram of the proposed MPL,
in which two microwave vector signals carried by a single opti-
cal carrier over a single optical fiber are transmitted to a receiver
where the vector signals are recovered with one by direct pho-
todetection and the other through an OHT and then photodetec-
tion. In the transmitter, a continuous-wave (CW) optical signal
generated by a laser diode (LD) is sent to a DP-MZM in which
the optical signal is equally split into two channels with one be-
ing intensity modulated by a first microwave vector signal I(t) at
a sub-MZM (sub-MZM1) and the other being phase modulated
by a second microwave vector signal Q(t) in a second sub-MZM
(sub-MZM2). Note that sub-MZM1 is biased at the quadrature
point, thus a double-sideband intensity-modulated signal is gen-
erated. To achieve phase modulation, sub-MZM2 is biased at the
null point, thus a double-sideband without carrier signal is gen-
erated. By applying a bias voltage to the main-MZM to introduce
a π phase shift to the two sidebands, and by adding the opti-
cal carrier from sub-MZM1 to the two sidebands, an equivalent
phase modulated signal is obtained [14]. Then, the combined
phase- and intensity-modulated optical signals are transmitted

Fig. 1. Schematic diagram and operation principle of the proposed MPL.
(a) Experimental setup. LD: laser diode; PC: polarization controller; OC, op-
tical coupler; DP-MZM: dual-parallel Mach-Zehnder modulator; OHT: optical
Hilbert transformer, PD: photodetector; SMF: single-mode fiber. (b) Optical
spectrums of the intensity- and phase-modulated optical signals at the point A.
(c) Recovered microwave vector signal I(t) at the output of PD1. (d) Magnitude
and phase responses of the OHT. (e) Optical spectrums of the modulated optical
signals at the output the OHT at the point B. (f) Recovered microwave vector
signal Q(t) at the output of PD2.

to the receiver over a length of SMF. At the receiver, the optical
signal is divided into two channels with one directly detected at
a first PD (PD1), to recover the intensity-modulated signal I(t).
The other one is sent to an OHT to perform phase-modulation to
intensity-modulation conversion. The PM-IM converted signal
is then applied to a second PD (PD2) and the signal Q(t) is
recovered.

Mathematically, the optical carrier from the LD is written as

Ein (t) = E0e
jω0 t (1)

where E0 is the amplitude and ω0 is the angular frequency of
the optical carrier.

The two microwave vector signals I(t) and Q(t) are applied
to sub-MZM1 and sub-MZM2, respectively. Supposing that the
vector signal I(t) is a 16QAM signal and the vector signal Q(t)
is a QPSK signal, the two vector signals could be generally
expressed as

I(t) = EI (t) cos [ωI t + ϕI (t)] (2)

Q(t) = EQ (t) cos [ωQt + ϕQ (t)] (3)

where EI (t) is the amplitude, ωI is the angular frequency, and
ϕI (t) is the phase of the microwave signal I(t). EQ (t) is the
amplitude, ωQ is the angular frequency, and ϕQ (t) is the phase
of the microwave signal Q(t).
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The optical fields at the outputs of sub-MZM1 and sub-MZM2
are given by

Eout1 (t) =
1
2
Ein (t)

∞∑

n=−∞
Jn [βI (t)] ejn [ωI t+ϕI (t)+π ]

cos
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πVDC 1
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− nπ

2

)
(4)

And

Eout2 (t) =
1
2
Ein (t)
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Jn

[
βQ (t)

]
ejn [ωQ t+ϕQ (t)+π ]
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where Jn [βI (t)] and Jn [βQ (t)] are the Bessel functions
of the first kind, βI (t) = πEI (t)/(2Vπ1) and βQ (t) =
πEQ (t)/(2Vπ2) are the modulation indices, Vπ1 and Vπ2 are
the half-wave voltages of sub-MZM1 and sub-MZM2, respec-
tively, and VDC 1 and VDC 2 are the bias voltages applied to
sub-MZM1 and sub-MZM2, respectively.

A bias voltage VDC 3 is applied to the main-MZM to induce
a phase shift to the modulated signal from sub-MZM1. At the
output of the DP-MZM, the two optical signals are combined
and the optical field could be written as

Eout (t) = Eout1 (t) e
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where VπDC is the half-wave voltage of the main-MZM. To real-
ize double-sideband with carrier modulation for the microwave
vector signal I(t), sub-MZM1 is biased at the quadrature point
with VDC 1 = Vπ1/2. For the microwave vector signal Q(t),
equivalent phase modulation should be performed, which is
done by biasing sub-MZM2 at the null point with VDC 2 = Vπ2
to generate a double-sideband without carrier signal. By biasing
the main-MZM at the quadrature point with VDC 3 = VπDC /2
to introduce a π phase shift to the two sidebands, and by adding
the optical carrier from sub-MZM1 to the two sidebands, an
equivalent phase modulated signal is obtained [14]. Since the
small-signal modulation is assumed, the higher order (�2) side-
bands are ignored. The optical field at the output of the DP-MZM
can be simplified as
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(7)

Since the microwave signal is much smaller than the half-
wave voltage of the DP-MZM, we have J0 [βI (t)] ≈ 1. Eq. (7)
can be further rewritten as

Eout (t) = Eout1 (t) e
[j (π V D C 3

V π D C
)] + Eout2 (t)

≈ Ein (t)
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The combined optical signals are transmitted over a length of
SMF. Fig. 1(b) shows the optical spectrums of the modulated
optical signals after the transmission over a length of SMF at
point A in Fig. 1(a). The phase relationship between the optical
carrier and the two sidebands shows the microwave signal I(t)
is intensity modulated, and the microwave signal Q(t) is phase
modulated. By applying the optical signals directly to a PD
(PD1), only the intensity-modulated signal will be detected.
The current at the output of the PD could be written as

IA (t) = � [Eout (t) × E∗
out (t) ]

≈ 1
4
�P0

{
1
2 + 1

2 J+1 [βI (t)] ej [ωI t+ϕI (t)]

− 1
2 J−1 [βI (t)] e−j [ωI t+ϕI (t)]

}
(9)

where � is the photon responsivity of PD1, and P0 is the
optical power of the carrier. Using the relation J+1[βI (t)] =
−J−1 [βI (t)], the current at the output of the PD1 could be fur-
ther rewritten as

IA (t) ≈ 1
4
�P0

{
1
2

+ J+1 [βI (t)] cos [ωI t + ϕI (t)]
}

(10)

Thanks to the intensity modulation of I(t) and phase modula-
tion of Q(t), only the vector microwave signal I(t) is recovered
at the output of PD1 and no microwave signal Q(t) is detected,
as shown in Fig. 1(c). The reason is that when a phase-modulated
optical signal is applied to a PD, the beating between the opti-
cal carrier and the upper sideband will fully cancel the beating
between the optical carrier and the lower sideband.

To recover the vector signal Q(t), the output signal Eout(t) is
sent to an OHT, to perform PM-IM conversion. The frequency
response of an OHT is given by

HOHT(ω) =

⎧
⎨

⎩

e−jπ/2 , ω > ω0 + Δω
0, ω = ω0 + Δω

ejπ/2 , ω < ω0 + Δω
(11)

where Δω is the frequency shift between the optical carrier
and the notch center of the OHT, and ω0 is again the angular
frequency of the optical carrier.

Fig. 1(d) shows the magnitude and phase responses of an
OHT. As can been, a notch is located at the center of the mag-
nitude response and a π phase shift is seen at the center of the
phase response. The optical carrier is slightly away from the
center of the notch by Δω. When a phase-modulated optical
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signal is applied to the OHT, a π/2 phase shift is introduced to
the lower sideband and the optical carrier, and a −π/2 phase
shift is introduced to the upper sideband. The phase modulated
signal is then converted to an intensity-modulated signal.

Since the optical carrier is located away from the notch center
of the OHT, as shown in Fig. 1(d), the optical power of the
optical carrier is not suppressed, which leads to an increased
power efficiency. At the output of the OHT, the transmitted
optical signal could be written as

Eout (t) =
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By observing the phase relationship between the two side-
bands and the optical carrier, shown in Fig. 1(e), at the out-
put of the OHT, the phase-modulated signal is converted to an
intensity-modulated signal, and the intensity-modulated signal
is converted to a phase-modulated signal. By applying the con-
verted optical signals to a PD (PD2), the current at the output of
PD2 is

IA (t) ≈ 1
4
�P0

{
1
2

+ J+1 [βQ (t)] cos [ωQt + ϕQ (t)]
}

(13)

Thanks to the Hilbert transformation, microwave vector sig-
nal Q(t) is recovered, as shown in Fig. 1(f).

Based on PM-IM conversion using an OHT, two microwave
vector signals on a single optical carrier are simultaneously
transmitted and recovered. In the analysis, the two microwave
vector signals are considered a 16QAM and a DPSK signal, the
proposed MPL still works when the microwave vector signals
with other modulation formats are employed. The key advantage
of the proposed method is that the spectrum efficiency is doubled
since two microwave vector signals on a single optical carrier
are transmitted. In addition, compared with conventional Hilbert
transformation [15], [16], in which the optical carrier has to
be placed at the notch, the power efficiency of the OHT is
significantly enhanced since a small frequency shift between the
optical carrier and the notch center of the OHT is introduced,
to avoid the bandstop filtering of the optical carrier. Thus, no
optical amplifier is needed at the output of the OHT to boost up
the power of the recovered microwave vector signal, to make
the two recovered microwave vector signals in the two channels
have similar transmission performance.

III. EXPERIMENT AND DISCUSSION

A proof-of-concept experiment based on the setup in Fig. 1(a)
is performed. A light wave from a tunable laser source (TLS,
Anritsu MG9638A) with a linewidth of about 100 kHz and
an output power of 15 dBm is sent to the DP-MZM (Fujitsu
FTM7980EDA) via a polarization controller (PC). The PC is
used to adjust the state of polarization of the incident light
to minimize the polarization-dependent loss. The DP-MZM
has a bandwidth of 10 GHz and a half-wave voltage of about

Fig. 2. (a) SEM micrograph of the fabricated MDR. (b) Measured trans-
mission response of the fabricated MDR. (c) Measured phase response of the
fabricated MDR, where Δω1 = 5 GHz, Δω2 = 2 GHz.

6.3 V. Two microwave vector signals are applied to the two sub-
MZMs in the DP-MZM to modulate the optical carrier. The two
microwave vector signals (16QAM and QPSK) have an iden-
tical center frequency of 10 GHz and an identical symbol rate
of 400-MSymbol/s, which are generated by an arbitrary wave-
form generator (Keysight M8195A). By biasing sub-MZM1 and
sub-MZM2 at the quadrature and null point, respectively, and
biasing the main-MZM at the quadrature point, the 16QAM
and QPSK signals are intensity- and phase- modulated on the
optical carrier, respectively. At the output of the DP-MZM, the
modulated optical signals are combined and transmitted over a
10-km SMF. At the receiver, the modulated optical signals are
split equally into two channels using an optical coupler (OC)
with a splitting ratio of 50:50. In the upper channel, the optical
signals are sent to a 10-GHz photodetector (PD1) directly, and
the 16QAM signal is recovered since it is intensity modulated.
In the lower channel, the optical signals are sent to a silicon-
based on-chip microdisk resonator (MDR), which functions as
an OHT to perform Hilbert transformation. After the MRD, the
optical signals are detected at another 10-GHz photodetector
(PD2), and only the QPSK signal is recovered since it is con-
verted to an intensity-modulated signal and the 16QAM signal
cannot be detected since it is converted to a phase-modulated
signal. A real-time oscilloscope (Keysight DSOZ504A) is used
to simultaneously monitor the detected microwave vector sig-
nals from the outputs of the two channels.

In the experiment, a specifically-designed MDR is used for
the implementation of the OHT. Fig. 2(a) gives the SEM micro-
graph of the fabricated MDR. The distinct feature of the MDR
is that an additional slab waveguide is used to wrap the disk and
bus waveguide to weaken the sidewall roughness on the confined
optical field, which is of help to elevate the optical confining ca-
pacity of the MDR [17], [18]. The coupling gap between the disk
and bus waveguide is carefully designed to make the MDR work
in the critical coupling condition. Thus, a π phase shift would
be achieved in the phase response of the notch, which is critical
for implementation of an OHT using the MDR. Fig. 2(b) and (c)
shows the magnitude and phase responses of the MDR around
the resonance wavelength of 1559.803 nm measured using the
optical single sideband (OSSB) modulation approach with a
40-GHz electronic vector network analyzer (EVNA) (Agilent
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Fig. 3. (a) Measured optical spectrums of the transmitted optical signal after
passing the OHT with a different frequency shift Δω. (b) Measured EVMs with
three different frequency shifts at different received optical power levels. Insets
show the constellations for the recovered QPSK microwave vector signals.

N5230A) [19]. The 3-dB bandwidth of the MDR is measured
to be around 20 pm, corresponding to a Q-factor of 78,000,
and the phase shift at the notch center of the MDR is mea-
sured to be 3.08 rad, which is very close to the ideal π phase
shift.

Since the optical carrier has a frequency shift from the notch
center of the OHT, the optical carrier is located out of the notch
center. Thus, most of the optical carrier power is maintained
after the OHT, which is of help to have a higher power efficiency.
Thus, no optical amplifier is needed at the output of the OHT to
boost up the power of the recovered microwave vector signal, to
make the two recovered microwave vector signals have similar
transmission performance.

We first evaluate the system performance in the term of EVMs
for the phase-modulated QPSK signal when the Hilbert trans-
formation is performed with different frequency shift Δω. The
microwave carrier frequency is 10 GHz. By tuning the wave-
length of the optical carrier, the frequency shift Δω between the
optical carrier and the notch center of the OHT is tuned. Fig. 3(a)
shows the measured optical spectrum of the transmitted optical
signal after the OHT with different frequency shifts. When the
frequency shift Δω is 0 GHz, the optical carrier is located in
the notch center, which causes a heavy suppression of the op-
tical carrier and thus a low power efficiency is resulted. When
the frequency shift Δω is 2 GHz, the optical carrier moves a
little out of the notch center, the optical carrier has a power of 6
dBm smaller than the first-order sidebands. When the frequency
shift Δω is 5 GHz, the optical carrier has the same power as
the first-order sidebands. Fig. 3(b) shows the measured EVMs
for the QPSK microwave vector signal with the corresponding
frequency shifts at the different received optical power levels.
As can be seen, when the frequency shift Δω is 0 GHz, due
to a heavy suppression of the optical carrier after the OHT,
the measured EVM at 0 dBm is larger than 12% and degrades
significantly as the receiver optical power decreases. When the
frequency shift Δω is 5 GHz, the measured EVMs become much
smaller and have a slow growth with the received optical power
decreasing. Inset (I) and (II) in Fig. 3(b) shows the measured
constellations for the recovered QPSK microwave vector sig-
nals at a received optical power of 0 dBm when the frequency
shift Δω is 0 and 5 GHz, respectively. Compared the two con-

Fig. 4. (a) Measured EVMs and (b) BERs at different received optical power
levels for the QPSK and 16QAM microwave vector signals. (c) Measured con-
stellations for the recovered microwave vector signals at a received optical power
of 0 dBm.

stellations, the constellation when the frequency shift Δω is 5
GHz is much clearer. These experimental results confirm the
effectiveness of the proposed OHT and high power efficiency
when a frequency shift between the optical carrier and the notch
center of the OHT is introduced.

We then evaluate the system performance in terms of the
EVMs and BERs for the transmission of a phase-modulated
QPSK signal and an intensity-modulated 16QAM signal. The
microwave carrier frequencies for the two signals are identical,
which are 10 GHz. The frequency shift Δω for the evaluation
is controlled at 5 GHz. In the proposed MPL system, the sym-
bol rate for each of the digitally modulated microwave signal
is 400-MSymbol/s, or a bit rate for the 16QAM microwave
vector signal is 1.6 Gb/s and for the QPSK microwave vector
signal is 0.8 Gb/s, and the total bit rate for the entire system
is 2.4 Gb/s. Fig. 4(a) and (b) shows the measured EVMs and
BERs of the two vector signals for back-to-back (BTB) and
10-km SMF transmission at a received optical power from −4
to 0 dBm. As can be seen in Fig. 4(a), with the received optical
power increasing, the EVMs are improved since the signal-to-
noise ratio (SNR) of the received signal is increased. Especially,
when the received optical power is larger than −2 dBm, the
measured EVMs for the QPSK and 16QAM signals after a
10-km SMF transmission is almost the same as the ones for
BTB transmission. Similar result can also be found in the BER
measurement shown in Fig. 4(b). When the received optical
power is larger than −2 dBm, the measured BERs for the recov-
ered microwave signal after a 10-km SMF transmission are still
less than 3 × 10−3 , which ensures error-free transmission when
forward error correction is employed [20]. Fig. 4(c) gives the
measured constellation diagrams of the QPSK and 16QAM vec-
tor signals for BTB and 10-km SMF transmission at a received
optical power of 0 dBm. As can be seen, the constellations are
clear and no significant deterioration is presented. Note, a dif-
ference in the measured EVMs and BERs between the two mi-
crowave vector signals is observed, this is caused due to a large
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Fig. 5. Measured constellations for the recovered (a) QPSK and (b) 16QAM
vector signals at an identical microwave carrier frequency of 6 GHz after trans-
mission over a 10-km SMF. The received optical power is 0 dBm.

insertion loss resulted from the fiber-to-chip and chip-to-fiber
coupling.

One important feature of the proposed MPL is that no elec-
tronic or optical filters are employed, which allows the fre-
quency of the transmitted microwave vector signals to be tuned
in a broad range. To evaluate the tunability, two new microwave
vector signals having a new and identical carrier frequency of
6 GHz are generated and transmitted over a 10-km SMF trans-
mission. Fig. 5 shows the measured constellations, EVMs and
BERs for the two signals when the received optical power is
0 dBm. The measured EVMs and BERs have the similar values
as those when the carrier frequency of the microwave signals is
10 GHz, and the constellations are also clear, which confirms
the effectiveness of the MPL for the transmission of microwave
vector signals at different microwave carrier frequencies. The
minimum microwave carrier frequency of a microwave vector
signal in our proposed MPL is determined by the 3-dB band-
width of the MDR, and the maximum microwave carrier fre-
quency is determined by the bandwidth of the DP-MZM, which
is 10 GHz in the experiment. Therefore, the frequency range of
the microwave vector signals that could be transmitted in the
MPL is from 2.5 to 10 GHz. To further increase the frequency,
a DP-MZM with a broader bandwidth should be used.

IV. CONCLUSION

We proposed and experimentally demonstrated an MPL to
simultaneously transmit two microwave vector signals on a
single optical carrier based on intensity modulation and phase
modulation and optical Hilbert transformation. The detection of
the phase-modulated vector signal at the receiver was realized
using an OHT to convert the phase-modulated signal to an
intensity-modulated signal. In addition, in implementing the
OHT, a frequency shift was introduced between the optical
carrier frequency and the notch center of the OHT, to increase
the power efficiency of Hilbert transformation. The effective-
ness of the proposed MPL was evaluated by an experiment.
The transmission of two microwave vector signals on a single
optical carrier with a total date rate of 2.4-Gb/s transmitted over
a 10-km SMF was demonstrated. The transmission performance
in terms of EVM and BER was evaluated. Compare with a
conventional microwave vector signal transmission link, the

key advantage of the proposed method is that the spectrum
efficiency is doubled. In addition, thanks to the small frequency
shift between the optical carrier and the notch center of the OHT,
a high power efficiency was achieved. The proposed technique
can be combined with other techniques, such as polarization
multiplexing, to further increase the spectrum efficiency.
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