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Microwave Photonic Mixer Based on Polarization
Rotation and Polarization-Dependent Modulation

Qi Zhou and Mable P. Fok, Member, IEEE

Abstract— A microwave photonic mixer capable of both
amplitude and phase modulation is proposed and experimentally
demonstrated. This scheme utilizes single-sideband modulation in
dual-drive Mach–Zehnder modulator and polarization rotation
in semiconductor optical amplifier to generate a pair of phase
coherent optical carriers with different polarizations, while a
polarization sensitive Mach–Zehnder intensity modulator (MZM)
is used for modulating the IF signal onto one of the generated car-
rier. Both the optical and the electrical spectra are measured and
show successful frequency mixing. By setting the bias point of the
MZM at slightly different voltages, our scheme supports binary-
phase-shift keying, on–off keying, and amplitude-shift keying
modulations. Widely opened eye diagrams and clear waveforms
are experimentally obtained for all modulations. Moreover, the
proposed scheme does not have a hard limit on the supported
lowest local oscillator frequency and no reconfiguration is needed
when a frequency change in the local oscillator is required.

Index Terms— Microwave photonics, frequency modulation,
mixers.

I. INTRODUCTION

THE rapidly growing demands on high-speed any-time
any-where multimedia services have driven the need of

a significant increase in data-rates in wireless communica-
tion network [1]. Due to the broadband, high-capacity, and
low-loss characteristics of fiber optics, radio-over-fiber (RoF)
techniques are the most efficient way to distribute and trans-
mit high-speed multimedia signals. To meet the growing
demand of high data-rate wireless communications as well
as to fully utilize the capacity of optical fiber, microwave
photonic signal processing techniques have attracted lots of
research interests [2]. In RoF, the microwave signal is first
modulated onto a high-frequency carrier (usually refers as
the local oscillator (LO)) with an electrical mixer, and then
this modulated signal is used to modulate the optical carrier
for transmitting in the optical fiber. Due to the increasing
data-rate demanded by the high-speed wireless system as
well as the corresponding high-frequency carrier needed, the
frequency requirement reaches the bandwidth limitation of
electrical mixer. With the broadband and low loss char-
acteristic of photonics, photonics based microwave mixer
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can realize ultra-wideband mixing operation and can support
RF signal and LO that are at distributed locations. Due
to the high isolation provided by photonic components, the
microwave photonic mixer has an infinite isolation between
RF, IF, and LO ports [3] which is a desired feature in most
microwave systems. Various approaches for demonstrating
a microwave photonic mixer has been proposed, including
the use of cascading Mach-Zehnder modulators (MZM) [4],
a dual-parallel MZM [5], dual-wavelength phase modulation
followed by optical filtering [6], single-wavelength phase
modulation with stimulated Brillouin scattering for carrier
suppression [3], as well as single sub-carrier modulation
together with LO mixing from a separate optical path [7]–[10].
However, the existing approaches are either having low con-
version efficiency, suffering from the disability for phase
modulation, or requiring complicated off-line digital signal
processing for compensating the phase incoherence between
carriers. Recently, a photonic microwave mixing technique
based on coherent orthogonal optical carriers’ generation has
been demonstrated [11], which solves the challenges men-
tioned above. However, spectral filtering is required during
coherent orthogonal carriers generation which hinder the abil-
ity to tune the LO frequency as well as setting a limit to the
lowest possible frequency for the LO.

In this letter, we present and experimentally demonstrate
a microwave photonic mixer that works well for both ampli-
tude and phase modulation without the need of complicated
off-line processing for phase compensation or an optical filter
that limits the LO frequency range. The elimination of an
optical filter removes the lower frequency limit imposed on
the LO as well as enables flexible tuning of LO frequency.
The ability to tune the LO frequency can potentially enable
dynamic spectral access and enhance transmission security.
Principle of the proposed optical mixer is based on the
use of single-sideband modulation in a dual-drive MZM
followed by polarization rotation in a semiconductor optical
amplifier (SOA) for the generation of phase coherent optical
carriers. Both the power of the single-sideband signal and the
SOA bias current are optimized, such that when a single-
sideband signal is launched into the SOA, the phase shift is
the same for both the transverse-electric (TE) and transverse-
magnetic (TM) modes of the carrier, however, the +1st order
sideband will have a different phase shift between its TE
and TM mode [12]. Thus, polarization angle discrepancy
between the optical carrier and the +1st order sideband is
resulted and a pair of phase coherent carriers with different
polarization are obtained. The proposed scheme can support a
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Fig. 1. Experimental setup of the microwave photonic mixer. LD: laser
diode, DDMZM: dual-drive Mach-Zehnder modulator; SOA: semiconductor
optical amplifier; PC: polarization controller; MZM: Mach-Zehnder intensity
modulator; Pol: polarizer; EDFA: Er-doped fiber amplifier; BPF: bandpass
filter; PD: photodetector; LO: local oscillator; IF: intermediate frequency,
RF: radio frequency.

wide range of frequency [13] that is governed by the modulator
bandwidth, which significantly extends the lower frequency
range of the LO (as low as 1 GHz) as well as improves
the frequency tunability of the LO. Furthermore, the phase
coherent optical carriers are generated in one single path, such
that phase fluctuation between the carriers can be avoided.
In this letter, we are demonstrating up-conversion where a
LO is mixing with an intermediate frequency (IF) signal such
that a radio frequency (RF) signal is resulted. The MZM for
modulating the IF signal onto the optical carrier is polarization
sensitive, such that TE and TM axis of the MZM have different
modulation efficiencies. As a result, the IF signal will mainly
be modulated onto the +1st order sideband by aligning it to
the high modulation efficiency axis in the MZM. Due to the
phase coherence of the optical carrier and +1st order sideband,
our approach supports both amplitude modulation and phase
modulation. With the proposed scheme, we have successfully
demonstrated the modulation of phase stable binary-phase-
shift keying (BPSK), amplitude-shift keying (ASK) and on-off
keying (OOK) signals. Widely opened eye diagrams and clear
waveforms are obtained for all of the modulation formats.

II. EXPERIMENTAL SETUP

Fig.1 shows the experimental setup of the proposed
microwave photonic mixer for up-conversion. A distributed
feedback (DFB) laser at λc is used as the light source
for modulation in the dual-drive Mach-Zehnder modulator
(DDMZM). Sinusoidal microwave signal fL O is used as the
LO, which is launched to the DDMZM via a 90° hybrid
coupler. By properly setting the bias voltage applied to the
DDMZM, single-sideband modulation with more than 30-dB
suppression on the −1st order sideband is obtained. The optical
fields of the carrier and +1st order sideband are governed by(

Ec(t)
Es (t)

)
=

[
Ec · e j (ωct+ϕ0)

Es · e jωs t

]
(1)

Ec(t) and Es(t) are the optical fields of the carrier and the
+1st order sideband respectively, while Ec and Es are the cor-
responding amplitudes of the optical fields. ωc, ωs and ϕ0 are

Fig. 2. Principle of the proposed microwave photonic mixer based on
polarization rotation in SOA.

the optical frequencies of the carrier and +1st order sideband,
and the initial phase difference between them, respectively.
Fig. 2 illustrates polarization evolution of the carrier and the
+1st sideband in SOA as well as during IF modulation process
in MZM. TE and TM are the axis of the SOA, and the output of
the DDMZM at 5 dBm is launched to the SOA at a polarization
angle of α with respect to the TM axis of SOA. Phase shift
induced onto the carrier is the same for both TE and TM
modes, while the phase shift induced onto the +1st order
sideband are different for the TE and TM mode [12].

Thus, there is a polarization rotation in the +1st order
sideband relative to the polarization of the carrier, resulting
in new polarization angles of β1 and β2 for the carrier
and +1st order sideband with respect to the TM axis of
the SOA, respectively. Ideally, polarization between the carrier
and the +1st order sideband should be orthogonal to obtain
the best modulation performance by the IF. The MZM for
IF modulation also consists of both TE and TM axis, we refer
the two axis as x and y. Then, we align the output signal of
SOA to the MZM axis such that the carrier is aligned with the
x axis. Thus, output from the SOA can be expressed as:(

Eout–c(t)
Eout–s (t)

)
=

[
Ec−x · e j (ωct+ϕ0)

Es−x · e jωs t + Es−y · e jωs t

]
(2)

here, Eout–c(t) and Eout–s(t) are the output fields of the SOA
at optical frequency ωc and ωs. Ec−x, Es−xand Es−y represent
the field amplitudes of the carrier and sideband at polarization
axis x and y, respectively. Output signal of the SOA, which is
a pair of phase coherent carriers is aligned to the MZM axis
such that the carrier polarization is aligned with the x-axis
that has minimum modulation efficiency, while the +1st order
sideband polarization is aligned close to the y-axis such that
it experiences a significantly efficient modulation. IF signal
at f I F is applied to the MZM and the optical field can be
written as(

E′
out–c(t)

E′
out–s (t)

)
=

[
Ec−x · e j (ωct+ϕ0)

Es−x · e jωs t + E ′
s−y(t) · e j (ωs t+∂(t))

]
(3)

where E′
out–c(t) and E′

out–s(t) represent the fields of the
carrier and +1st order sideband at the output of the MZM.
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Fig. 3. (a) Optical spectrum measured after the polarizer. (b) Electrical
spectrum of the PD output. (c) Waveform of the LO with the frequency
at 10 GHz.

E
′
s−y(t) and ∂(t) are the intensity and phase modulation on

the +1st order sideband, respectively. A polarizer is placed
after the MZM and has its polarization angle (δ) aligned in
between the two polarization states of the carrier and +1st

order sideband, such that the polarization component at δ
is extracted from both the carrier and +1st order sideband
for beating at the photodetector (PD). The optical process is
completed at this point and the resultant signal at polarization
δ can be expressed as:

Eδ(t) = Ec−δ · e j (ωct+ϕ0)+Ex−δ · e jωs t +E y−δ(t)·e j [ωs t+∂(t)]

(4)

where δ is the polarization angle of the polarizer with respect
to the x axis and Eδ(t) represents the output field of the
polarizer. δ is optimized such that the eye diagram at the
optical mixer output has the best performance. Ec−δ , Ex−δ,
Ey−δ(t) are the amplitudes of the δ polarization component of
the carrier and +1st order sideband along the x- and y-axis.
The measured optical spectrum after the polarizer is depicted
in Fig. 3(a), which shows that the IF signal is only modulated
onto the +1st order sideband (indicated by the sub-sideband
around λs) but not the carrier. An Er-doped fiber amplifier
is used to provide amplification while a 0.4nm band-pass
filter is used to suppress the amplified-spontaneous-emission
noise. A 10-GHz photodetector is used to convert the optical
signal back to electrical domain. According to the square law
detection, the photocurrent is governed by:

IP D ∼ Eδ (t) · E∗
δ (t) = E2

c−δ + E2
x−δ︸ ︷︷ ︸

DC Component

+ 2 · Ec−δ · Ey−δ (t) · cos [2π fL O t + ϕ0 − ∂ (t)]︸ ︷︷ ︸
Mixing Signal

+ 2 · Ec−δ · Ex−δ · cos [2π fL Ot + ϕ0]︸ ︷︷ ︸
LO

+ 2 · Ex−δ · Ey−δ (t) · cos[∂ (t)] + E2
y−δ(t)︸ ︷︷ ︸

BasebandSignal

(5)

where E∗
δ (t) is the conjugate of Eδ(t) and fL O is the newly

generated microwave signal, which equals to the optical

frequency difference between the carrier and the +1st order
sideband. As shown in equation (5), the mixing signal
indicated as 2·Ec−δ · Ey−δ(t) · cos[2π fL Ot + φ0 − ∂(t)] has
been produced. With the PD, the intensity and phase that
were modulated on the +1st order sideband at the MZM are
now converted to the intensity and phase modulation of the
generated electrical carrier fL O . Electrical spectrum of the
PD output is shown in Fig. 3(b). New frequency components
at fL O , fL O − fI F and fL O + f I F have been generated,
indicate that frequency mixing and signal modulation are
achieved. Fig. 3(c) is the PD output measured by a 40-GHz
oscilloscope when no IF signal is being applied to the MZM.
A clear sinusoidal waveform with stable amplitude has been
generated, which indicates that the phase coherence between
the optical carrier and the +1st order sideband has been
maintained throughout the whole system.

III. RESULTS AND DISCUSSION

OOK modulation and ASK modulation are the fundamental
modulation schemes in RoF systems due to its simplicity in
implementation and demodulation. To investigate the perfor-
mance of the proposed microwave photonic mixer, we first
study the modulation of ASK and OOK signal onto a 10-GHz
microwave carrier. A 10-GHz sinusoid microwave signal is
generated from a signal generator and is used to drive the
DDMZM as a LO. A 1-Gbps 215 − 1 pseudo-random-bit-
sequence (PRBS) signal is used as the IF signal, which is
used to drive the polarization sensitive MZM. Polarization of
the input light is set such that the carrier is aligned with the
MZM axis with minimum modulation efficiency, such that the
PRBS signal is modulated onto the +1st order sideband but
not the carrier. The MZM is biased at the positive slope of
the transmission curve, where bit-0 voltage level is aligned
with the minimum transmission point of the MZM. Thus,
an OOK modulation is obtained on the 10 GHz LO after
being detected by the PD. Widely-opened eye diagrams of
the modulated signal are resulted and are shown in Fig. 4(a)-
4(b). Fig. 4(a) is the eye diagram showing four complete
bits in the PRBS signal, while Fig. 4(b) is the zoom-in view
within one bit. When an eight-bit bit sequence of 11010010
is applied to the MZM as an IF signal, a clear waveform
is shown in Fig. 4(c) while a zoom-in view is shown in
Fig. 4(d). Both Fig. 4(c)-4(d) clearly indicate OOK modulation
of the 10-GHz LO is successfully achieved and a conversion
efficiency of 3-dB is obtained, which is comparable to existing
approaches. To achieve ASK modulation, the MZM for IF
modulation is biased at a point on the positive slope such that
bit-0 voltage level is aligned slightly away from the minimum
transmission point of the MZM. Both a PRBS signal and a
11010010 sequence are used as the IF signals. Widely opened
eye diagrams and clear waveforms are obtained as shown in
Fig. 4(e) – 4(h), indicating ASK modulation of the LO is
achieved.

Phase modulation capability is crucial to enable advanced
modulation schemes for improved transmission capacity and
performance. The carrier and the +1st order sideband gen-
erated in our scheme have good phase coherence between
them; thus, our scheme also works well for phase modulation
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Fig. 4. (a)-(b) Eye diagrams of PRBS OOK modulation at 1-Gbps; (c)-(d)
11010010 bit sequence OOK modulation; (e)-(f) Eye diagrams of PRBS ASK
modulation at 1-Gbps; (g)-(h) 11010010 bit sequence ASK modulation.

Fig. 5. 1-Gbps phase modulation (a) Eye diagram; (b) Waveform.

without the need of complex off-line signal processing for
phase compensation. To perform phase modulation, the MZM
for IF modulation is biased at its minimum transmission point
such that a 0 phase is resulted when the modulating signal is a
bit 0, while π phase is resulted when the signal is a bit 1. A 1-
Gbps 215 − 1 PRBS signal is used as the IF for modulation.
Fig. 5(a) is a zoom-in view of the resulting eye diagram after
phase modulation, which clearly indicates the 0 phase and π
phase of the BPSK signal. The eye diagram is noisier than
the amplitude modulated counterpart due to the insufficient
nonlinear polarization rotation in the SOA for the generation
of orthogonal optical carriers. A bit sequence with alternative
1 and 0 is used as the IF signal to observe the change in phase.

Fig. 5(b) is the waveform with the edges of the bits marked by
the red arrows. During bit 0, the valley of the 10-GHz LO is
aligned with the vertical grid lines, representing 0 phase; while
the peak of the 10-GHz LO is aligned with the vertical grid
line during bit 1, which indicates a π phase shift in the LO.

IV. CONCLUSION

In summary, we propose and demonstrate photonic mixer
scheme that is capable for performing both amplitude and
phase modulation. Our approach utilizes SSB generation in
DDMZM and polarization rotation in SOA for the generation
of phase coherent optical carriers. Various modulation schemes
including OOK, ASK and BPSK have been implemented and
verified by the resultant widely opened eye diagrams and clear
waveforms. Our scheme does not have a hard limit on the
supported lowest LO frequency and the LO frequency can be
tunable without the need of reconfiguring the setup.
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