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Abstract: A wideband microwave photonic phase shifter implemented based on a special
dual-parallel Mach—Zehnder modulator (DP-MZM) consisting of two sub-MZMs and a po-
larization rotator is proposed and demonstrated. A microwave signal to be phase shifted
is applied to the two sub-MZMs, via a 90° hybrid coupler, to generate two orthogonally
polarized intensity-modulated optical signals, which are combined at a polarization beam
combiner. A phase-shifted microwave signal is obtained by detecting the combined signal
at a photodetector. The tuning of the phase shift is realized by tuning the DC bias voltages
applied to the sub-MZMs. Since the phase shift tuning has been done electrically, high speed
phase tuning can be implemented. The proposed phase shifter is experimentally demon-
strated. A continuous phase tuning from 0° to 360° with small magnitude variations of less
than +1 dB and phase ripple standard deviation of less than 2.7° in a decade bandwidth
from 2.5 to 25 GHz is realized. The system insertion loss is measured to be 10.8 dB. Inves-
tigation on the cause of magnitude and phase deviations is also performed by simulations,
which are confirmed by experimental measurements.

Index Terms: Radio frequency photonics, fiber optic links and subsystems, analog optical
signal processing, wideband phase shifters.

1. Introduction

Processing microwave signals in the optical domain has been a subject of interest over the past
30 years as it has numerous advantages such as wide bandwidth, large tunability, and low loss
when distributing microwave signals over an optical fiber [1]. The immunity to electromagnetic
interferences (EMIs) is another important feature which makes the processing and transmission
of microwave signals in the optical domain extremely attractive, especially in an electromagnetic
complex environment [1], [2]. For wireless communications and radar systems, the transmission
performance can be improved using a phased array antenna by which the direction of a microwave
beam can be steered electrically at a fast speed without mechanical movement. The key devices
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in a phased array antenna are the phase shifters which should have a large phase tunable range
over a wide bandwidth with a low loss [3], [4].

Numerous photonics-based microwave phase shifters have been proposed in the last few years
[5]-[15]. The phase tuning can be realized by optical means, through either tuning the optical
wavelength [5]-[7] or the optical power [8], [9]. The major limitation associated with optical tuning
is the slow tuning speed and poor tuning resolution. For example, in [5], an optically-controlled
microwave phase shifter implemented based on stimulated Brillouin scattering (SBS) was reported,
in which the tuning of the phase shift was realized by controlling the optical pumping wavelength.
The tuning of the pumping wavelength was realized by modulating a light wave having a fixed
wavelength with a microwave signal to produce a double sideband without an optical carrier. Thus,
by tuning the microwave frequency, the pumping wavelength could be tuned. The phase shift tuning
speed is determined by the frequency tuning speed of a microwave signal generator, which is in the
range of hundreds of microsecond for a commercial microwave signal generator. In addition, the
phase shifter in [5] has a complicated structure and is expensive since two modulators, a microwave
signal generator and a long fiber as an SBS medium are needed which would also increase the loss
and deteriorate the noise figure due to the strong SBS noise. In [10], a photonics-based microwave
phase shifter was reported in which the tunable phase shift was realized based on controlling the
phase of the two sidebands of a double-sideband modulated optical signal using a Fourier-domain
optical processor. The settling time of a commercial Fourier-domain optical processor is 500 ms
[16], which is too slow for most beamforming applications. In [11], a microwave phase shifter with
a tunable phase shift realized by tuning the light polarization state was reported, in which an
electrically-controlled polarization controller was used to tune the light polarization state. The use
of an electrically-controlled polarization controller can ensure a high-speed phase tuning, but the
device is bulky and expensive. A microwave phase shifter can also be implemented using a dual-
parallel Mach-Zehnder modulator (DP-MZM), in which two sub-MZMs and a phase modulator are
integrated. The phase tuning is realized by tuning the bias voltages applied to the two sub-MZMs
and the phase modulator [12]. However, three DC bias voltages are needed.

In this paper, we propose and experimentally demonstrate a fully electrically tunable photonics-
based wideband microwave phase shifter with a simple structure and a low loss. The microwave
modulation and phase shifting are simultaneously achieved at a special DP-MZM consisting of
two sub-MZMs and a polarization rotator where two orthogonally polarized intensity-modulated
optical signals are generated. A phase-shifted microwave signal is obtained by combining the two
orthogonally polarized optical signals at a polarization beam combiner (PBC) and detected at a
photodetector (PD). The tunable phase shift is realized by tuning the DC bias voltages applied to the
upper and lower sub-MZMs in the DP-MZM. Since the tuning is done electrically, the tuning speed
is ultrafast and the resolution is high. The proposed phase shifter is experimentally demonstrated.
A continuous phase tuning from 0° to 360° with small magnitude variations of less than +1 dB and
phase ripple standard deviation of less than 2.7° in a decade bandwidth from 2.5 to 25 GHz is
realized.

2. Topology and Operation Principle

In a microwave receiver where a photonics-assisted phased array antenna is employed, the mi-
crowave signal received by the antenna needs to be converted to an optical signal, which is usually
done using an optical modulator. In addition, the phase of the received microwave signal needs to
be controlled for beamforming. It has been demonstrated that controlling the DC voltages into two
or more modulators connected in parallel can shift the phase of an RF modulated optical signal
[12]-[14]. Therefore, a modulator with two parallel MZMs has two functions; one is RF signal modu-
lation and the other is RF signal phase shift. This reduces the phase array receive antenna system
complexity and weight. However, in the past, the modulators that have the ability to control the RF
signal phase are not commercially available [13], the phase shifters have a limited lower operating
frequency and high loss due to the use of an optical filter to remove one RF signal modulation
sideband [14], and/or require at least three modulator DC bias voltages [12], [14].
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Fig. 1. Proposed photonics-based microwave phase shifter. LD: laser diode, MZM: Mach-Zehnder
modulator, PBC: polarization beam combiner, PD: photodetector.

In this paper, we propose to implement a microwave photonic phase shifter using only a single
DP-MZM to perform both electrical-to-optical conversion and microwave phase shifting. Fig. 1
shows the structure of the proposed photonics-based microwave phase shifter that can be used in
a microwave receiver for phased array beamforming. A continuous-wave light from a laser diode
(LD) is sent to a DP-MZM. The DP-MZM is a special modulator that consists of two sub-MZMs
(sub-MZM; and sub-MZM,) and a 90° polarization rotator connected after sub-MZM, to make
the two light waves from the sub-MZMs orthogonally polarized. A 90° polarization rotation can be
realized by using a TE-TM mode converter [17] or a half wave plate. The sub-MZMs are driven by
a pair of 90° phase difference microwave signals. The two orthogonally polarized RF modulated
optical signals at the output of the special DP-MZM are combined at a PBC and then applied to
a PD. Thanks to the polarization orthogonality between the two RF modulated optical signals, the
detection of the two signals at a PD would enable a phase shift by controlling the two DC bias
voltages to the two sub-MZMs. Since only a single DP-MZM with only two DC bias voltages is
employed, the system is greatly simplified.

A microwave signal with an angular frequency wgr to be phase shifted is applied to the two
sub-MZMs in the integrated DP-MZM via a 90° hybrid coupler. The electric fields at the outputs of
the two sub-MZMs are given by

2. _—
Eout,top = %E/ne/‘“c[\/t—ﬁ [1 + e/(ﬂ,q,: S|anFt+ﬂb1)] (1)
2. ,
E out bottom = \/T—E,-nelwct\/t—ﬁ [1 + ol(Brr COSwRFt+5b2)] @)

where E;, is the amplitude of the electric field into the DP-MZM, w, is the optical carrier angular
frequency, tyis the MZM insertion loss, Bgr = nVge/V, is the modulation index, Vgr is the RF signal
voltage into the modulator, V,; is the modulator switching voltage, Byt = 7Vp1/ Ve, Br2 = 7V2/ Vs,
and Vpy and Vo are the bias voltages applied to sub-MZM; and sub-MZM,, respectively. Since
the optical signals from sub-MZM; and sub-MZM, are orthogonally polarized, the combined optical
power into the PD is given by

Pout = |Eout,top |2 + |Eout,botrom|2 (3)
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with
1 .
|E out,top |2 = ZPin tr[1 + cos (Bar Sin wrrt + Bo1)] 4)

1
| E out,bottom \2 = Z'Din t[1 + cos (Brr COS wrrt + Br2)] (5)

where P, is the optical power into the DP-MZM. Since the photocurrent is the product of the optical
power into the PD with its responsivity 9%, the output photocurrent at the RF signal frequency can
be obtained from (3) and is given by

1 . . . _4 {sin
I RF out = _ZmpmtffﬁHF\/S|n2,3b1 + sin?Bp x sin <60RFH- tan~’ <Sin ?j)) ) (6)
It can be seen from (6) that both the amplitude and phase of the output RF photocurrent are
dependent on By and Bp2, Which in turn are dependent on the two bias voltages to the sub-MZMs.
By designing 8,1 and B to have the relationship

T
Bv1 = 5 Bp2 (7)
the output RF photocurrent becomes
1 .
I RF out = ZmpmtffﬂRF sin (wrrt + Br2 + 7). (8)

This shows the output RF signal phase shift can be tuned by controlling the bias voltages to the
sub-MZMs while the output RF signal amplitude remains unchanged. Equation (8) also shows the
phase shift produced by the proposed phase shifter has a linear relationship with the modulator
bias voltage Vp,.

By connecting a phase shifter having a structure shown in Fig. 1 to each antenna element in
a phased array antenna system and using wavelength division multiplexing (WDM), the beam
direction can be steered via controlling the bias voltages. The advantage of using the proposed
technique is that the phase shifting and RF modulation can be achieved using a single DP-MZM,
which simplifies greatly the receiver system and reduces the cost compared to the previously
reported DP-MZM based microwave photonic phase shifters, which either rely on an additional
optical filter to remove one RF signal modulation sideband [14], or require two laser sources or two
PDs to avoid the coherent interference problem [15]. In addition, the number of DC bias voltages
used in the proposed phase shifter is less than that used in a conventional DP-MZM which requires
three DC bias voltages [18]. Since the phase shift tuning speed is dependent on the speed of the
DC bias tuning, which can be ultra-fast, the phase shifter can thus provide high speed phase shift
tuning. For example, a DC power supply from Keysight Technologies [19] has a fast transient time
of <50 us. This DC power supply also has a high voltage resolution of 1 mV, which enables the
realization of a high phase shift resolution of <1°.

Note that a 90° hybrid coupler is required in the proposed phase shifter to produce two 90° phase
difference RF signals into the DP-MZM. The bandwidth of the 90° hybrid will limit the bandwidth of
the entire phase shifter. Currently, 90° hybrid couplers with a bandwidth of tens of GHz are available
[20]. However, the frequency-dependent magnitude and phase imbalance in the coupler outputs
would cause ripples in the magnitude and phase responses. In our analysis, by including the non-
ideal magnitude and phase characteristic of a 90° hybrid coupler, the output RF photocurrent is
given by

[Sin Bo1 + k (wrr) €OS (6 (wrr)) SiN Bra]®

1
IRE.out = —=NPintiBre x
Jout 47" J-i-[sin(@ (wrF)) sin Bez)?

x sin (a),qFt + (,0) (9)
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Fig. 2. Simulated (a) magnitude and (b) phase responses of the proposed microwave photonic phase
shifter with the inclusion of the frequency response of a commercial 2-26.5 GHz bandwidth 90° hybrid
coupler.
where

¢ =tan™’ < k(wrr) sin (0 (@rr)) Sin Bre ) 10)

sin By1 + k (wrr) €O (0 (wrF)) Sin Br2

and k(wgr) and 6(wgr) are the ratio between the two RF signal voltages and the phase difference
between two RF signals at the 90° hybrid coupler outputs, respectively. They are dependent on the
RF signal frequency. Note that when k(wgr) = 1 and 6(wge) = 90°, (9) can be simplified to (6).
The magnitude and phase responses of a commercial 2-26.5 GHz bandwidth 90° hybrid coupler
are measured to obtain the value of k(wgr) and 6(wgr), which are used together with (9) and (10) to
simulate the magnitude and phase responses of the proposed photonic phase shifter for different
phase shifts as shown in Fig. 2. The variations in magnitude for 0°-360° phase shifting operation
within the 90° hybrid coupler bandwidth are within 3 dB. For a slight smaller frequency range of
2.5-25 GHz, the magnitude variations and phase deviations are <+1 dB and <=+2°, respectively.
Phase shifter output amplitude reduction and phase deviation from the desired value in the 0-2 GHz
frequency range can be seen in Fig. 2. This is due to the insertion loss of the 2—26.5 GHz bandwidth
90° hybrid coupler used in the simulation increases as the frequency reduces to below 2 GHz. Using
a coupler that has a lower operating frequency of <1 GHz in the phase shifter structure enables the
phase shifter to operate at lower frequencies. Such 90° hybrid couplers are commercially available
from manufacturers such as Marki Microwave. Nevertheless, the simulation results in Fig. 2 reveal
the proposed phase shifter has a flat magnitude and phase responses over 2.5-25 GHz frequency
range, which cannot be achieved using a phase shifter that relies on an optical filter to remove one
RF signal modulation sideband.

3. Experimental Results

An experiment was conducted based on the setup shown in Fig. 3. A 1550-nm continuous-wave
light from a laser source with an optical power of 14 dBm and a linewidth of 100 kHz was launched
into the DP-MZM (Fujitsu FTM7980). An RF signal from a microwave generator was sent to a
2-26.5 GHz bandwidth 90° hybrid coupler (Marki Microwave QH0226). A bias tee with a bandwidth
of 40 GHz was connected between the output of the 90° hybrid coupler and the RF port of the
DP-MZM. The reason to not use the DC bias ports of the DP-MZM is to increase the tuning speed
since the DC bias ports have a low response speed. Note that the phase shift tuning speed is
determined by the system response time, and the response time is inversely proportional to the
bandwidth. The bandwidth of the DP-MZM RF port and DC port were measured to be >25 GHz
and <10 MHz, respectively. Therefore the phase shifter can have a much faster response speed
only limited by the DC power supplies when applying the DC bias voltages into the modulator RF
ports to control the RF signal phase, compared to that when applying the DC bias voltages into
the modulator DC ports. This leads to high phase shift tuning speed. Note that the two RF ports
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Fig. 3. Experimental setup of the proposed photonics-based microwave phase shifter.
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Fig. 4. Measured transfer functions of the upper (blue line) and lower (red line) sub-MZMs inside the
DP-MZM.

also have smaller switching voltages of 1.8 V and 1.7 V compared to those of 8.2 V and 8.75 V for
the DC bias ports in the upper and lower sub-MZMs, respectively. This enables DC power supplies
with small output voltages to be used in the proposed microwave photonic phase shifter to realize
the full 0°—360° phase shift. Since all the components in the DP-MZM were integrated on a Lithium
Niobate substrate, there are no length matching and polarization control problems inside the DP-
MZM. A polarization controller (PC) was placed before the DP-MZM to align the polarization state
of the incident light to minimize the polarization-dependent loss. An erbium-doped fiber amplifier
(EDFA) was connected to the output of the DP-MZM to compensate for the system loss, and a
1 nm bandwidth optical filter was connected after the EDFA to reduce the amplified spontaneous
emission (ASE) noise. Note that the EDFA and the optical filter can be eliminated if a high-power
laser source was used. The optical signal at the output of the optical filter was detected by a 33-
GHz PD (Discovery Semiconductors DSC20H). The magnitude and phase responses of the phase
shifter were measured by a 26.5-GHz bandwidth vector network analyzer (VNA, Agilent N5222A).

The transfer functions of the upper and lower sub-MZMs inside the DP-MZM were measured with
the modulator RF port as an input port in order to determine the bias voltages V,y and Vy, required
to obtain a given phase shift. This was done by connecting a PC and a polarization beam splitter
(PBS) after the DP-MZM to select one polarization state. The optical power at the output of the
PBS was measured while sweeping the bias voltage V,y or Vo, and the measurements are shown
in Fig. 4. It can be seen that the upper sub-MZM has a switching voltage of 1.8 V and the lower
sub-MZM has a switching voltage of 1.7 V. The figure also shows the upper and lower sub-MZM
transfer functions were shifted by 1.1 V and —0.9 V respectively. According to (8) and the transfer
functions, when B, = —m, the output RF signal phase is 0°, which requires the bias voltage V.
to be —2.6 V. Meanwhile, V,1 needs to be 0.06 V to satisfy the condition By1 + Bp2 = 7/2. The
frequency-dependent characteristic of the RF cables, the DP-MZM and the PD were calibrated out
when the modulator bias voltages of V1 = 0.06 Vand V,, = —2.6V were chosen for 0° phase shift.
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Fig. 5. Measured (a) magnitude and (b) phase response of the new DP-MZM based microwave photonic
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Fig. 6. Measured (dotted) and simulated (solid) phase shifts for different DC bias voltages (V1 and Vo).

By continuously increasing the bias voltage Vy, while adjusting the bias voltage V) to satisfy the
condition given in (7), the phase shifter magnitude and phase responses were measured, as shown
in Fig. 5. The experimental results reveal that, in a 2.5-25 GHz frequency range, the phase shifter
has magnitude variations of <+1 dB and phase deviation standard deviation of <2.7°, which agree
well with the simulated results given in Fig. 2. The magnitude variations and phase deviations are
mainly resulted from the magnitude and phase imbalance of the 90° hybrid coupler, as discussed
in the previous section. It can be seen from Fig. 5 that the frequency ranges where the phase
has relatively large deviation are 10-14 GHz and 22-25 GHz. The reason why these frequency
ranges have a larger phase deviation than other frequency ranges is the 90° hybrid coupler used
in the experiment has large phase ripples in these frequency ranges. Using a 90° hybrid coupler
with a flatter phase response than the coupler used in the experiment can improve the phase
shifter phase deviation performance. The phase shift for different bias voltages was measured and
is shown in Fig. 6. The simulated phase shift is also shown. Again, the experimentally achieved
phase shift agrees well with the simulated phase shift. Note that the simulation result shown in
Fig. 6 was obtained using (7) together with the upper and lower sub-MZM switching voltages and
transfer function shifts found from the measured sub-MZM transfer functions. A look up table for
the modulator bias voltages (V1 and Vyp) required to obtain a given phase shift can be created
from Fig. 6, which can be used to program the DC power supplies connected to the DP-MZM
input. Programmable DC power supplies with a fast transient time and a high voltage resolution are
commercially available [19].

The impact of the wavelength variations on the accuracy of the generated phase shift was
investigated. To do so, we tuned the laser wavelength by 1 nm. The results show a phase change
of less than 1° was observed, which demonstrates that the phase shift is not sensitive to the laser
wavelength change and a critical control in the laser wavelength is not required. The carrier to noise
ratio (CNR) of a phase shifted signal at the output of the phase shifter was also measured at a
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Fig. 8. Eye diagram of a 2.7 Gbit/s PRBS at the (a) input and (b) output of the microwave photonic
phase shifter.

phase shift of 90° (Vyy = —0.8V and Vp,, = —1.69V) for an RF signal at 13 GHz with a power
of —3.7 dBm into the 90° hybrid coupler. A CNR of 130.2 dB-Hz, was measured by an electrical
spectrum analyser with a 100 kHz resolution bandwidth, as shown in Fig. 7. In the measurement,
the optical power into the PD was controlled to be 15 dBm. Note that this PD is a high optical power
handling PD. It was found from experiment that the photocurrent at the PD output has a linear
relationship with the input optical power between 0 mW to 35 mW. Therefore the second order
harmonic component generated by the PD is small compared to those generated by the special
DP-MZM, which is biased in the way to shift the RF signal phase. It should be pointed out that
previously reported microwave photonic phase shifters implemented using two MZMs connected in
parallel [12], [15] also generate second order harmonic components. The insertion loss of the phase
shifter was 10.8 dB. To compare its insertion loss with a simple fiber optic link, we constructed a fiber
optic link using the same laser source, the same EDFA and the same PD, while the DP-MZM was
replaced by a 40-GHz bandwidth MZM (Photline MX-LN-40). The insertion loss of the fiber optic
link was found to be 5.3 dB when operating under the same conditions, i.e., the same modulation
index and the same optical power into the PD, as the phase shifter. This shows the proposed phase
shifter only introduces an additional 5.5 dB loss compared to a fiber optic link. This additional 5.5 dB
loss is due to the combination of various factors. These include the special DP-MZM splits the input
light into two and combines them in an orthogonal polarization state, which introduces an additional
loss compared to a quadrature-biased MZM in a fiber optic link, the insertion loss of the 90° hybrid
coupler at the DP-MZM input, and the DP-MZM and the MZM used in the experiment have different
switching voltages. A pattern generator generating a 2.7 Gbit/s pseudorandom binary sequence
(PRBS) was connected to the phase shifter input port. An eye diagram at the input and output of
the phase shifter were measured on a 4 Gbit/s oscilloscope and are shown in Fig. 8. It can be
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seen that the phase shifter output has an open eye and is slightly noisier than the eye at the phase
shifter input.

4. Discussion and Conclusion

The proposed microwave photonic phase shifter has a simple structure as it only involves a laser
source, a DP-MZM and a PD. It utilizes both the upper and lower RF modulation sidebands for the
phase shifting operation. As a result, its insertion loss performance is 3 dB better than a phase
shifter using single-sideband modulation. The proposed phase shifter is not sensitive to wavelength
change while phase shifters that rely on the use of an optical filter to remove one sideband require
a critical control of the laser wavelength. The proposed phase shifter has a high CNR performance
since it has low insertion loss and does not introduce additional noise components other than
the laser intensity noise, the shot noise and the thermal noise, which are the fundamental noise
components in a fiber optic link.

In conclusion, a wideband microwave photonic phase shifter implemented based on a special
DP-MZM consisting of two sub-MZMs was proposed and experimentally demonstrated. The phase
shifting operation was realized by adjusting the bias voltages to the two sub-MZMs in the DP-MZM.
Unlike the phase shifters using a conventional DP-MZM, here a special DP-MZM with a 90°
polarization rotator in one branch was used, thus the RF modulated optical signals at the output of
the DP-MZM were orthogonally polarized. The detection of the two orthogonally polarized optical
signals at a PD would generate a phase shifted microwave signal with its phase shift determined
by the bias voltages applied to the two sub-MZMs. The key advantages of the proposed phase
shifter include: simple structure, high tuning speed, low insertion loss, high CNR, and insensitive
to optical wavelength change. An experiment was conducted to evaluate the operation of the
proposed phase shifter. The generation of a tunable phase shift from 0° to 360° over a bandwidth
of 2.5-25 GHz was demonstrated.
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