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Abstract: A new microwave photonic phase controlling structure that can realize a con-
tinuously tunable 0� to 360� phase shift using only one DC voltage control is presented.
Unlike other phase controlling structures, the radio-frequency (RF) signal phase shift
produced by the new phase controller has a predefined linear relationship with the con-
trol voltage. This enables users to easily determine the control voltage needed to realize
the desired RF signal phase shift. The microwave photonic phase controller is based on
an integrated dual-polarization dual-parallel Mach–Zehnder modulator (DPMZM) and a
polarization-dependent optical phase shifter. It is suitable for realizing multiple RF signal
phase shifts, which are required in beamforming applications. Experimental results are pre-
sented which demonstrate the realization of a continuously tunable �180� to 180� phase
shift with little phase and amplitude variations over a wide frequency range, as well as a lin-
ear RF signal phase shift to control voltage relationship.

Index Terms: Microwave phase controller, microwave photonics, wideband phase controllers,
phased-array antennas.

1. Introduction
Beamforming is a spatial filtering technique for transmitting or receiving signals illuminating an
array of sensors from some specific directions while attenuating signals from other directions [1].
A common example is a phased-array antenna system, which consists of a group of multiple ac-
tive antennas coupled to a common source or load to produce a directive radiation pattern, and
has the benefits of fast scanning, the elimination of mechanical complexity and reliability issues,
and the ability to host multiple beams on the same array. The direction of the radiation pattern
generated by a phased-array antenna can be controlled using phase controllers. Typical phased-
array antenna systems used in radar defense applications require a large number of phase con-
trollers. Each phase controller needs to provide a tunable 0� to 360� phase shift with constant
output radio-frequency (RF) signal amplitude over the system bandwidth. Currently, microwave
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phase controllers are implemented using ferrite materials, p-i-n diodes, or field effect transistor
(FET) switches [2]. Microwave phase controlling techniques such as those based on monolithic
microwave integrated circuits (MMICs) [3], microelectromechanical systems (MEMS) [2], active
vector modulator [4], and variable resonant circuits [5] have been reported. However, they have
limited tuning resolution, have a limited phase shift range, require multiple controls, or require high
DC power. Furthermore, all of them have limited bandwidth. Recently, an active phase controller
based on 0.18 �m SiGe BiCMOS technology have been demonstrated to achieve 0� to 360�

phase shift in 6 GHz to 18 GHz frequency range, but its resolution is limited to 5 bits and has
around 4 dB changes in the output RF signal amplitude during the phase shifting operation [6].

Photonics provides a promising solution to overcome the limitations in conventional micro-
wave phase controllers. Processing microwave signals in the photonic domain also has the ben-
efits of excellent isolation, electromagnetic interference immunity and remote antenna feeding
[7]. Various microwave photonic phase controllers have been reported [8]–[22]. Some require
multiple controls to realize full 0� to 360� RF signal phase shift without large changes in the out-
put RF signal amplitude, e.g., controlling two bias voltages into a dual-parallel Mach–Zehnder
modulator (DPMZM) [8], adjusting the wavelengths of two RF phase modulated optical signals
into a nonlinear phase response optical filter [9], controlling the probe and pump laser power
into a highly nonlinear fiber [10], and controlling two optical switches and optical attenuators at
the dual-output Mach–Zehnder modulator outputs [11]. A single-control RF phase controller is of
interest since it reduces the phase shifting operation complexity. The reported microwave pho-
tonic phase controllers that require only a single control to shift the RF signal phase either have
a limited bandwidth [12]; have a complex structure requiring a long length of fiber, which in-
creases the system size and weight [13], [14]; cannot achieve full 0� to 360� phase shift [15]; re-
quire a programmable photonic processor comprising a 2-D array of liquid crystal on silicon
pixels [16], [17], which is expensive and has a slow response time; rely on using a polarization
controller to adjust the light polarization state [18], which does not have a simple predefined re-
lationship between the RF signal phase shift and the polarization controller adjustment; perform
the phase shifting operation and the RF signal modulation on the same device, e.g., a DPMZM
[19], which is not practical for beamforming applications as multiple phase shifts require multiple
broadband DPMZMs.

In this paper, we present a new microwave photonic phase controller that only needs one
control voltage to achieve full 0� to 360� RF phase shift in a wide range of frequency. The con-
cept is based on employing a commercially available integrated dual-polarization dual-parallel
Mach–Zehnder modulator (DP-DPMZM) to realize a single sideband (SSB) RF modulated opti-
cal signal in which the optical carrier and the sideband are in an orthogonal polarization state,
together with a polarization dependent optical phase shifter (OPS) to control the optical phase
difference between the sideband and the carrier. It has a simple structure, a high phase shift
resolution and a fast tuning time. The phase controller can also be controlled in a remote loca-
tion. Experimental results are presented demonstrating the RF phase tuning capabilities for
beamforming applications and the phase controller has a linear control voltage to RF signal
phase shift relationship.

2. Phase Controller Principle of Operation
The operation of the new microwave photonic phase controller structure is based on introduc-
ing an optical phase difference between a single RF modulation sideband and an optical
carrier and converting this optical phase difference into an RF signal phase shift when the
sideband and carrier beat at the photodetector. Most of the reported microwave photonic
phase controllers operate on this principle. However, they have a complex structure and/or
other limitations such as slow tuning time, high cost and difficult to control, which make them
not suitable for use in phased-array antenna systems that have a large number of phase
controllers. The new microwave photonic phase controller structure shown in Fig. 1 provides a
solution to these problems. It consists of an integrated DP-DPMZM for RF signal modulation
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and a polarization dependent OPS with a 45� polarizer. The light from the optical source is
modulated by an integrated DP-DPMZM driven by an input RF signal. By designing the modu-
lator bias voltages, a SSB RF modulated optical signal where the RF modulation sideband and
optical carrier are in an orthogonal polarization state, can be obtained at the modulator output.
The spectrum of the SSB RF modulated optical signal is also shown in Fig. 1. The two orthog-
onal polarization components pass through a polarization dependent OPS, which introduces
different optical phases to the sideband and carrier by changing the DC voltage into the OPS.
A 45� angle linear polarizer connected after the OPS converts the polarization state of the RF
modulation sideband and the optical carrier to have the same polarization state with a 45� an-
gle to the slow axis. The sideband and carrier having the same polarization state beat at the
photodiode to generate an RF signal with the phase the same as the sideband and carrier opti-
cal phase difference. Note that the DP-DPMZM is an electro-optic device like a normal MZM
used for RF signal modulation therefore it is polarization sensitive and hence a polarization
maintaining fibre is needed between the laser source and the DP-DPMZM. Like many micro-
wave photonic phase controllers [10]–[15], [18], polarization maintaining components are re-
quired to implement the DP-DPMZM and OPS based microwave photonic phase controller in
order to obtain a stable output that is insensitive to changes in light polarization state. In the
case where the phase control function is performed at the transmitter, the DP-DPMZM, the
OPS and the 45� polarizer can be integrated together to avoid light polarization state changes
between these components. In the case where the phase control function is performed in a re-
mote location, a polarization maintaining fibre is needed to connect between the DP-DPMZM
and the OPS. Alternatively a normal single mode fibre can be used with a polarization stabi-
lizer [24] at the OPS input to fixed and align the carrier and sideband polarization state to the
slow and fast axis respectively.

The DP-DPMZM is formed by two DPMZMs, a 90� polarization rotator followed by a polari-
zation beam combiner (PBC), as shown in Fig. 2(a). Each DPMZM contains two MZMs. It has
two RF input ports and three bias ports. A single sideband suppressed carrier (SSB-SC) RF
modulated optical signal can be generated by designing the modulator bias voltages. Detailed
discussion on the structure and the operation principle of a DPMZM for SSB-SC modulation
can be found in [23]. A pair of RF signals with 90� phase difference is fed into the RF input
ports of the lower DPMZM in the DP-DPMZM. The modulator bias voltages (Vb1, Vb2 and Vb3)
are designed to suppress both the right sideband and the optical carrier leaving only the left
sideband at the lower DPMZM output. No RF signal is applied to the upper DPMZM. The bias
voltages (Vb4, Vb5 and Vb6) of this DPMZM are designed to minimize the loss of the light
passing through this modulator. The bias voltages of the two DPMZMs required to obtain the
above operation condition are given in the next section. The polarization state of the light at
the lower DPMZM output is rotated by 90� via a 90� polarization rotator. The output of the
DPMZM in the upper arm and the output of the 90� polarization rotator in the lower arm are
combined via a PBC generating an orthogonally polarized sideband and carrier at the output
of the DP-DPMZM. The polarization state of the sideband and carrier at the DP-DPMZM out-
put are aligned to the fast and slow axis, respectively, as shown in Fig. 2(c). It should be

Fig. 1. New microwave photonic phase controller.
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pointed out that the DPMZM in the upper arm of the DP-DPMZM can be eliminated as it sim-
ply allows the light from the modulator input to be passed to the modulator output. However,
an optical modulator formed by an upper direct path and a lower path consists of a DPMZM
needs to be custom made. On the other hand, a DP-DPMZM is commercially available from
manufacturers such as Fujitsu, which is used for dual-polarization quadrature phase shift key-
ing (DP-QPSK) transmission.

Note that a single modulator bias controller instead of multiple DC power supplies can be used
to provide six bias voltages for the DP-DPMZM. The bias controller from PlugTech [25] is very
compact and low cost. It allows the modulators inside the DP-DPMZM to be biased at any trans-
mission point defined by the user. The modulator operating points are fixed by the bias controller,
which has a fast response time to ensure the system has a stable performance. The OPS formed
by a Z-cut Lithium Niobate crystal (LiNbO3) is a polarization dependent device. It is capable of
supporting light travels in both the transverse magnetic (TM) mode and the transverse electric
(TE) mode. The optical phase shift efficiencies for the two modes are different. When the polari-
zation states of the sideband and carrier in the fast and slow axis are aligned with the TE and TM
modes, different optical phases of ’s and ’c are introduced to the sideband and carrier respec-
tively, and the optical phase difference between the sideband and carrier ’c � ’s can be tuned
by changing the DC voltage into the polarization dependent OPS. Note that the optical phase
change in LiNbO3 is due to the Pockels effect, which is a change in the refractive index or bire-
fringence that depends linearly on the electric field applied to the modulator [26]. Thus the phase
controller output RF signal phase, which is equal to the optical phase difference ’c � ’s, has a
linear relationship with the DC voltage into the polarization dependent OPS.

3. Analysis
When a DPMZM is driven by a pair of 90� phase difference RF signals, the DPMZM output elec-
tric field can be written as

Eout;DPMZM ¼ Ein;DPMZM

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LDPMZM

p
Ae jð!c tþ�Þ þ Be j ð!cþ!RF Þtþ�ð Þ þ Ce j ð!c�!RF Þtþ�ð Þ� �

(1)

where Ein;DPMZM and !c are the electric field amplitude and angular frequency of the light at the
DPMZM input, respectively; !RF is the angular frequency of the input RF signal; LDPMZM is the

Fig. 2. (a) Structure of the integrated DP-DPMZM where the lower DPMZM is driven by a pair of
90� phase difference RF signals. Polarization direction of the light at the (b) input and (c) output of
the DP-DPMZM.
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DPMZM insertion loss; A, B, C, �, �, and � are the amplitudes and phases of the carrier, right
sideband, and left sideband, respectively, and are given by

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcos ’1 þ cos ’2 cos ’3Þ2 þ ðcos ’2 sin ’3Þ2

q
(2)

B ¼ J1ð�RF Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�sin ’2 cos ’3Þ2 þ ðsin ’1 � sin ’2 sin ’3Þ2

q
(3)

C ¼ J1ð�RF Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�sin ’2 cos ’3Þ2 þ ð�sin ’1 � sin ’2 sin ’3Þ2

q
(4)

� ¼ tan�1 cos ’2 sin ’3

cos ’1 þ cos ’2 cos ’3

� �
(5)

� ¼ tan�1 sin ’1 � sin ’2 sin ’3

�sin ’2 cos ’3

� �
(6)

� ¼ tan�1 �sin ’1 � sin ’2 sin ’3

�sin ’2 cos ’3

� �
(7)

where JmðxÞ is the Bessel function of mth order of first kind, �RF ¼ �VRF=V� is the modula-
tion index, VRF is the input RF signal amplitude, V� is the modulator half wave voltage, and
’n ¼ �Vbn=V� is the optical phase change introduced by the bias voltage Vbn into the
DPMZM. In order to suppress the right sideband and the carrier so that only the left side-
band appears at the modulator output, the conditions where A ¼ B ¼ 0 and C 6¼ 0 need to
be satisfied. This requires ’1 ¼ ’2 ¼ ’3 ¼ �=2 as can be seen from (2)–(4), which can be
obtained by setting the modulator bias voltages Vb1 ¼ Vb2 ¼ Vb3 ¼ V�=2. Under this condition,
(1) can be rewritten as

Eout;DPMZM ¼ Ein;DPMZM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LDPMZM

p
� J1ð�RFÞe j ð!c�!RFÞt��=2ð Þ: (8)

When there is no RF signal at the DPMZM input, the DPMZM output electric field can be
written as

Eout;DPMZM ¼ Ein;DPMZM

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LDPMZM

p
Ae jð!c tþ�Þ: (9)

In order to maximize the amplitude of the optical carrier at the modulator output, Vb1, Vb2 and
Vb3 are set to 0 so that ’1 ¼ ’2 ¼ ’3 ¼ 0. Therefore, (9) can be rewritten as

Eout;DPMZM ¼ Ein;DPMZM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LDPMZM

p
e j!c t : (10)

With reference to the DP-DPMZM configuration shown in Fig. 2(a), when the light at the
DP-DPMZM input is aligned to the slow axis and the modulator bias voltages Vb1 ¼ Vb2 ¼
Vb3 ¼ V�=2 and Vb4 ¼ Vb5 ¼ Vb6 ¼ 0, the DP-DPMZM output electric field becomes

Eout;DP�DPMZM ¼
ffiffiffi
2

p
Ein

2

ffiffiffi
L

p
ŷe j!c t þ x̂J1ð�RFÞe j ð!c�!RFÞt��=2ð Þ� �

(11)

where Ein is the DP-DPMZM input electric field amplitude, L is the DP-DPMZM insertion
loss, and x̂ and ŷ are the polarization states representing light travelling in the fast axis
and slow axis respectively. Equation (11) shows the output of the DP-DPMZM contains a
pair of orthogonally polarized left sideband and optical carrier. When the slow and fast axis
at the output of the DP-DPMZM are aligned with the TM and TE modes of the LiNbO3
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crystal in the OPS, changing the DC voltage into the OPS introduces different optical phases to
the left sideband and carrier. The OPS output electric field can be written as

Eout;OPS ¼
ffiffiffi
2

p
Ein

2

ffiffiffiffi
L0

p
ŷe jð!c tþ’c Þ þ x̂J1ð�RFÞe j ð!c�!RFÞt��=2þ’sð Þ� �

(12)

where L0 is the total insertion loss of the DP-DPMZM and OPS, and ’s and ’c are the optical
phase introduced by the polarization dependent OPS to the left sideband and optical carrier
respectively. The electric field after a linear polarizer with a transmission axis at a 45� angle
between the fast and slow axis, is given by

Eout;Pol ¼ Ein
ffiffiffiffiffiffiffiffiffiffi
Ltotal

p
2

e jð!c tþ’cÞ þ J1ð�RFÞe j ð!c�!RFÞt��=2þ’sð Þ� �
(13)

where Ltotal is the total insertion loss of the DP-DPMZM, OPS and polarizer. The microwave
photonic phase controller output photocurrent at the RF signal frequency can be obtained from
(13) and is written as

IRF ¼ 1
2
<LtotalPinJ1ð�RFÞsin !RF t þ ð’c � ’sÞ½ � (14)

where < is the photodiode responsivity, and Pin is the optical power into the DP-DPMZM.
Equation (14) shows the output RF signal phase can be controlled by varying the RF modula-

tion sideband and the optical carrier phase difference. This can be obtained by changing the
DC voltage into the polarization dependent OPS. A LiNbO3 electro-optic phase modulator sup-
porting light travelling in both TM and TE polarization states with different modulation efficien-
cies can be used to produce a polarization dependent optical phase shift. The relationship
between the sideband and carrier optical phase difference, i.e. the RF signal phase shift pro-
duced by the microwave photonic phase controller, and the phase modulator input DC voltage
VDC can be written as

’c � ’s ¼ �VDC

V�;PM
ð1� �Þ (15)

where V�;PM is the phase modulator half wave voltage for light travelling in the TM polarization
state, and � is the ratio of the TE to TM polarized light phase modulation efficiency. The value
of � is mainly dependent on the LiNbO3 electro-optic coefficient along the TE and TM axis, and
can be varied in the range of 0.22 to 0.33 dependent on the sample of LiNbO3 crystal that is
used to implement the phase modulator [27], [28]. Equations (14) and (15) show the microwave
photonic phase controller RF signal phase shift and the control voltage have a linear relation-
ship. This is important as it allows users to design the required DC voltage to obtain an RF sig-
nal phase shift whereas similar relationship is not defined in conventional phase controlling
structures, e.g., [18], which relies on a polarization controller adjustment to shift an RF signal
phase. Note that altering the DC voltage into an electro-optic phase modulator only changes
the sideband and carrier optical phase difference without affecting their amplitudes. Hence the
DP-DPMZM and OPS based microwave photonic phase controller output RF signal amplitude
remains constant while shifting the RF signal phase.

4. Simulation Results and Discussion
The phase controller structure was simulated using VPItransmissionMaker photonic simulation
software [29]. The DP-DPMZM was set up using two DPMZMs having the same structure as
shown in [23]. The outputs of the upper DPMZM and the lower DPMZM followed by a 90� polari-
zation rotator were combined in a PBC. The lower DPMZM was driven by a pair of 90� phase
difference RF signals whose frequency was swept from 0 to 40 GHz. The bias voltages of the
two DPMZMs were set to obtain an orthogonally polarized single RF modulation sideband and

Vol. 8, No. 4, August 2016 5501114

IEEE Photonics Journal DP-DPMZM and Microwave Phase Controller



optical carrier. A polarization dependent OPS was implemented by using a polarization
beam splitter (PBS) to split the orthogonally polarized sideband and carrier, connecting the
PBS outputs to two phase modulators with different modulation efficiencies, and using a
PBC to combine the two phase modulator outputs. A linear polarizer with a 45� angle was
connected after the polarization dependent OPS. The output RF signal was monitored on an
RF spectrum analyzer connected to the photodetector output. Fig. 3 shows the amplitude
and phase response of the microwave photonic phase controller for different DC voltages
into the polarization dependent OPS. Fig. 3 shows that the phase of the output RF signal
can be shifted over the full range from �180� to 180� with no change in the output RF sig-
nal amplitude. The output RF signal phase shift versus the DC voltage into the polarization
dependent OPS for different � values is shown in Fig. 4. A linear relationship can be seen.
Note that a polarization dependent OPS with a different � value requires a slightly different
DC voltage range to shift the output RF signal phase from �180� to 180�. The RF signal
modulation efficiency and the nonlinearity of the DP-DPMZM operated under the bias condi-
tion of the phase controller described in Section 2 were also investigated. VPItransmission-
Maker simulation results show for the same input RF signal power and the same laser
power into the modulators, the DP-DPMZM output RF signal power is smaller than that of
the quadrature-biased MZM. One can increase the DP-DPMZM output RF signal power by
increasing the modulation index, but this also increases the output third order harmonic com-
ponent. However, simulation results show the ratio of the RF signal power to the third order
harmonic component power at the DP-DPMZM output is similar to that of the quadrature-
biased MZM when using a high modulation index.

Fig. 3. VPI simulated (a) amplitude and (b) phase response of the microwave photonic phase
controller for different DC voltages into a polarization-dependent OPS with a TE to TM polarized
light phase modulation efficiency ratio � of 0.22.
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In practice, a pair of 90� phase difference RF signals can be generated by employing a 90�

hybrid coupler to split an RF signal into two with a 90� phase difference. Broadband 90� hybrid
couplers are commercially available, e.g., a 3 dB 90� hybrid coupler from Marki Microwave has
a bandwidth of 8 to 67 GHz [30], but have phase and amplitude imbalance in the two coupler
outputs. The effect of the microwave photonic phase controller performance due to the coupler
phase and amplitude imbalance was analyzed. Equations (16) and (17), shown below, show the
phase controller output RF signal phase shift �ð!RF Þ and amplitude variation K ð!RF Þ with the in-
clusion of the 90� hybrid coupler phase and amplitude imbalance

�ð!RFÞ ¼ tan�1 Y ð!RFÞ
X ð!RFÞ

� �
(16)

K ð!RFÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X ð!RFÞ2 þ Y ð!RFÞ2

q
(17)

where

X ð!RFÞ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Að!RFÞcos�ð!RFÞ½ �2þ 1� Að!RFÞsin�ð!RFÞ½ �2

q

� sin tan�1 1� Að!RFÞsin�ð!RFÞ
�Að!RFÞcos�ð!RFÞ

� �
� ’c þ ’s

� �

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Að!RFÞcos�ð!RFÞ½ �2þ �1� Að!RFÞsin�ð!RFÞ½ �2

q

� sin �tan�1 �1� Að!RFÞsin�ð!RFÞ
Að!RFÞcos�ð!RFÞ

� �
þ ’c � ’s

� �
(18)

Y ð!RFÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Að!RFÞcos�ð!RFÞ½ �2þ 1� Að!RFÞsin�ð!RFÞ½ �2

q

� cos tan�1 1� Að!RFÞsin�ð!RFÞ
�Að!RFÞcos�ð!RFÞ

� �
� ’c þ ’s

� �

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Að!RFÞcos�ð!RFÞ½ �2þ �1� Að!RF Þsin�ð!RFÞ½ �2

q

� cos �tan�1 �1� Að!RFÞsin�ð!RFÞ
Að!RFÞcos�ð!RFÞ

� �
þ ’c � ’s

� �
(19)

where �ð!RFÞ and Að!RFÞ are the 90� hybrid coupler phase and amplitude imbalance, respec-
tively. Note that in the ideal case where the coupler has no phase imbalance and no amplitude
imbalance, i.e. �ð!RFÞ ¼ 90� and Að!RFÞ ¼ 1, the microwave photonic phase controller RF signal
phase shift and amplitude variation become �ð!RF Þ ¼ �c � �s and K ð!RF Þ ¼ 2, indicating the
phase controller has a constant amplitude. Equations (16)–(19) show, in practice, that the micro-
wave photonic phase controller implemented using a 90� hybrid coupler has a frequency

Fig. 4. VPI simulated RF phase shift versus DC voltage into the polarization-dependent OPS for
different values of �.
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dependent amplitude and phase response performance. The phase and amplitude imbalance
of a commercial 2–26.5 GHz bandwidth 90� hybrid coupler were measured to be ±4.3� and
±1.9 dB respectively. They were used together with (16)–(19) to simulate the performance of the
DP-DPMZM and OPS based microwave photonic phase controller. The simulated phase controller
amplitude and phase response shown in Fig. 5 reveal that there exist 7.2� and 3.3 dB phase and
amplitude variation. This shows a 90� hybrid coupler with low phase and amplitude imbalance is
needed for the phase controller to obtain a flat phase and amplitude response performance.

In addition to having a very easy control phase controlling operation, the phase controller
shown in Fig. 1 has a simple structure and can be built using off-the-shelf components. Both the
resolution and the response time of the phase controller are determined by the DC power supply
that provides a control voltage into the polarization dependent OPS. Normal commercial
DC power supplies have high < 10 mV voltage resolution and a fast G 50 �s response time.
Therefore the DP-DPMZM and OPS based microwave photonic phase controller is able to
obtain an RF signal phase shift with a 1� phase shift resolution and a tuning speed similar to
that of the phase controllers which are based on controlling one or more DC voltages into an
optical modulator to realize an RF signal phase shift [8], [19]. The phase modulator, which is
used as a polarization dependent OPS, does not need to have a wide bandwidth. A polarizer
can be integrated to the output port of the phase modulator to form a compact and low-cost
device for RF phase controlling operation.

Note that the new microwave photonic phase controller can be extended to realize multiple
RF signal phase shifts for use in phased array antennas as shown in Fig. 6. The 1-to-N coupler
splits the orthogonally polarized single RF modulation sideband and optical carrier after the
DP-DPMZM into N outputs. Each output is connected to a polarization dependent OPS followed
by a 45� angle linear polarizer to shift an RF signal phase. Therefore N RF signal phase shifts
only require N pairs of an OPS and a polarizer. This shows the realization of multiple RF signal

Fig. 5. Simulated microwave photonic phase controller (a) amplitude and (b) phase response with
the inclusion of the amplitude and phase imbalance in a pair of 90� phase difference RF signals
into the DP-DPMZM.
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phase shifts using the new phase controller structure is much simpler than other microwave
photonic phase controllers such as those based on stimulated Brillouin scattering [13], [14] or
those where the RF phase controlling operation and the RF signal modulation are performed on
the same device [8], [19]. Note that microwave photonic phase controller structures for realizing
multiple RF signal phase shifts have been reported [20]–[22]. However, they either require a
wavelength tunable laser source or an electrical controlled polarization controller for each RF
phase shift, which are expensive, and do not have a simple linear RF phase shift to control volt-
age relationship.

5. Experimental Results
Experiments were set up as shown in Fig. 7 to demonstrate the new microwave photonic phase
controller. The optical source used in the experiment had a 1550 nm wavelength and 100 kHz
linewidth. The DP-DPMZM was a commercial device from Fujitsu (FTM7977HQA). An optical
phase modulator from Covega (Mach-10 053-10-S-A-A) was used as a polarization dependent
OPS. It had a half wave voltage of 3.5 V. An erbium-doped fiber amplifier (EDFA) was con-
nected to the polarizer output to compensate for the system loss. A 1 nm bandwidth optical filter
after the EDFA was used to suppress the amplified spontaneous emission noise. The output op-
tical signal was detected by a photodiode having a 50 GHz bandwidth.

Fig. 6. Topology of the DP-DPMZM and OPS based microwave photonic phase controllers for
realizing multiple RF phase controlling operation.

Fig. 7. DP-DPMZM and OPS based microwave photonic phase controller experimental setup.
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A 2–26.5 GHz bandwidth 90� hybrid coupler was used in the setup to demonstrate the RF
phase controlling operation. The DP-DPMZM output optical spectrum, when the lower DPMZM
inside the DP-DPMZM was driven by an 18 GHz RF signal, was measured on an optical spec-
trum analyzer (OSA), as shown in Fig. 8(a), in which the left sideband has been suppressed
leaving only the right sideband and the carrier. Note that the horizontal axis on the OSA display
is in wavelength. Therefore a right sideband in wavelength corresponds to a left sideband in fre-
quency. In order to verify the right sideband and the carrier in Fig. 8(a) have an orthogonal po-
larization state, a polarizer was connected at the DP-DPMZM output after PC2. The polarization
state of the right sideband was adjusted via PC2 to align with the polarizer transmission axis,
and the polarizer output optical spectrum is shown in Fig. 8(b). The figure reveals the optical
carrier is largely suppressed while the right sideband is reduced by only around 3 dB, which is
caused by the insertion loss of PC2 and the polarizer. This shows the carrier from the upper
DPMZM of the DP-DPMZM and the right sideband from the lower DPMZM have an orthogonal
polarization state. Note that the undesired component at 1549.85 nm wavelength is the left side-
band, which has the same polarization state as the right sideband and cannot be fully sup-
pressed due to the non-ideal characteristic of the DPMZM and the 90� hybrid coupler. However,
this undesired component is more than 25 dB and 50 dB below the sideband and carrier at the
DP-DPMZM output respectively, which has a negligible effect to the phase controller.

The amplitude and phase response of the microwave photonic phase controller were mea-
sured from 2 GHz to 26.5 GHz for different DC voltages VDC into the phase modulator, and the
results are shown in Fig. 9. This demonstrates a continuous �180� to 180� phase shift with a flat

Fig. 8. (a) Optical spectrum at the output of the DP-DPMZM and (b) the optical spectrum at the
output of the DP-DPMZM followed by a polarizer.

Vol. 8, No. 4, August 2016 5501114

IEEE Photonics Journal DP-DPMZM and Microwave Phase Controller



phase and amplitude response performance over a wide range of frequency. The measurements
show < 9� phase deviation and < 3.6 dB amplitude variation over 2–26.5 GHz frequency range,
which is limited by the bandwidth of the 90� hybrid coupler. The measured phase controller
phase and amplitude variation were mainly due to the 90� hybrid coupler phase and amplitude
imbalance, and are agreed with the simulation results shown in Fig. 5. Fig. 10 shows a total of
8.9 V DC voltage is needed to achieve the full �180� to 180� RF signal phase shift. It also demon-
strates the phase controller has a linear RF signal phase shift to control voltage relationship.

Finally, the 2–26.5 GHz bandwidth 90� hybrid coupler used in the experiment was replaced
by a 0.5–9 GHz bandwidth 90� hybrid coupler to show the phase controller not only can operate
at high frequencies but also at low frequencies. Fig. 11 shows the phase controller exhibits a

Fig. 9. Measured DP-DPMZM and OPS based microwave photonic phase controller (a) amplitude
and (b) phase response for different DC voltages into the phase modulator.

Fig. 10. Experimentally measured RF signal phase shift as a function of DC voltage into the phase
modulator.
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flat phase and amplitude response over the 0.5–9 GHz frequency range when the 0.5–9 GHz
bandwidth 90� hybrid coupler was used to generate a pair of 90� phase difference RF signals
into the DP-DPMZM. The amount of DC voltage needed to achieve the full �180� to 180� RF
signal phase shift was 8.8 V, which is similar to that when using the 2–26.5 GHz bandwidth
90� hybrid coupler. The phase and amplitude variation over the measurement frequency range
of 0.5–9 GHz were < 4� and < 2.3 dB, respectively. Using the measured 90� hybrid coupler
±1.4� phase imbalance and ±0.7 dB amplitude imbalance, simulation results show the phase
controller has < 2.4� phase deviation and < 1.3 dB amplitude variation, which are agreed with
the measurements. This shows the phase controller phase and amplitude variation are deter-
mined by the 90� hybrid coupler phase and amplitude imbalance, and a 90� hybrid coupler with
low phase and amplitude imbalance can be used to improve the flatness of the phase controller
phase and amplitude response.

6. Conclusion
A novel microwave photonic signal processor for RF phase controlling operation has been pre-
sented. It is based on a DP-DPMZM and a polarization dependent OPS. It can realize a continu-
ously tunable 0� to 360� phase shift with high resolution. The phase controller has a fast tuning
time, a simple structure, and requires only one DC voltage control. It can easily be extended to
obtain multiple RF signal phase shifts suitable for beamforming applications. Experimental re-
sults demonstrate a �180� to 180� RF phase controlling operation with a flat phase and ampli-
tude response performance over 2–26.5 GHz frequency range, and results demonstrate the RF
signal phase shift and the control voltage has a linear relationship. The phase controller phase
and amplitude variation have been investigated, and the measurements are agreed with the
simulation results.

Fig. 11. Measured DP-DPMZM and OPS based microwave photonic phase controller (a) amplitude
and (b) phase response for different DC voltages into the phase modulator when a 0.5 to 9 GHz
bandwidth 90� hybrid coupler is used to generate a pair of 90� phase difference RF signals.
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