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Abstract—We propose and experimentally demonstrate a
wideband and continuously tunable microwave photonic
(MWP) phase shifter based on an active InP/InGaAsP micro-
ring resonator (MRR) incorporating two semiconductor optical
amplifiers (SOAs) and a phase modulator (PM). By tuning the
gain provided by the SOAs, the loss in the ring cavity can be
compensated and the extinction ratio of a resonance is decreased
to nearly 0 dB, while maintaining the optical phase shift range
of nearly 2 within the resonance bandwidth. A theoretical
analysis is performed. The key advantages of using the proposed
MRR to achieve a microwave phase shifter are that the power
variation at the output of the phase shifter is minimized during
phase tuning and the microwave phase can be continuously
tuned by tuning the PM in the MRR theoretically. The proposed
phase shifter is experimentally demonstrated. A continuously
tunable microwave phase shift over a phase tuning range of 291°
from 5 GHz to 20 GHz by tuning the injection current to the PM
is implemented. The microwave power variation is lower than 5
dB.

Keywords—integrated optics devices, ring resonators, phase
shift.

I. INTRODUCTION

Microwave phase shifter is one of the most important
devices that is widely used in modern microwave systems,
such as Radar [1], wireless communications [2], 5G networks
[3], and warfare systems [4]. Pure electronic microwave phase
shifters are limited by the bandwidth and tunability which may
not be able to meet the requirements needed by modern
microwave systems [4-6]. Modern photonics, especially
integrated photonics, with key features such as broad
bandwidth, large tunability and small size can be employed to
implement microwave photonic (MWP) phase shifters [6-9].
The most representative integrated device employed to
implement an MWP phase shifter is a micro-ring resonator
(MRR) [10-12]. By locating the optical carrier in the
bandwidth of a resonance, a phase shift is introduced to the
optical carrier. Then, by beating the optical carrier with a
sideband, a phase shifted microwave signal with its phase shift
translated from the optical carrier is generated. By cascading
two MRRs on a silicon on isolator (SOI) platform, a maximum
microwave phase shift range of 600° was achieved at a
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microwave frequency of 40 GHz [13]. A high Q MRR based
on aluminum nitride (AIN) material system was used to
realize an MWP phase shifter. A phase shift range of 332° over
a frequency range from 4 GHz to 25 GHz was demonstrated
[14]. A cascaded MRRs based on silicon nitride (Si3zN4)
material system was also employed to demonstrate an MWP
phase shifter with a 2n phase tunable range [15]. An MRR
based on InP/InGaAsP material system has the key advantage
of electrical pumped optical gain, which does not exist in the
above-mentioned material systems, and thus has the ability to
provide a loop gain to compensate for the loss. It makes an
InP/InGaAsP-based MRR has an additional degree of
flexibility to control its spectral response, thus making it more
suitable for realizing an MWP phase shifter.

In this letter, we propose and experimentally demonstrate
an add-drop type InP/InGaAsP material based MRR which is
employed to realize a continuously tunable microwave phase
shifter. Two semiconductor optical amplifiers (SOAs) and a
phase modulator (PM) are integrated in the ring cavity to
provide an optical gain and realize phase shift tuning,
respectively. When the loss in the active MRR is compensated
by the gain provided by the SOAs, the optical extinction ratio
of a resonance is reduced to nearly 0 dB, while a large phase
shift range in a resonance bandwidth is maintained almost
unchanged. The problem that a large phase shift may result in
a large microwave power variation for an MRR-based MWP
phase shifter is solved. The key advantages of using the
proposed active MRR to achieve an MWP phase shifter are
that the power variation at the output of the phase shifter is
minimized during phase tuning and the microwave phase can
be continuously tuned by tuning the PM in the MRR
theoretically. The proposed MRR-based MWP phase shifter
is demonstrated experimentally. A continuously tunable
microwave phase shift over a phase tuning range of 291° from
5 GHz to 20 GHz by tuning the injection current to the PM is
implemented. The microwave power variation is lower than 5
dB.

II. PRINCIPLE

Figure 1 (a) shows the schematic of the proposed add-drop
type InP/InGaAsP-based MRR. As can be seen the MRR has
two SOAs (SOAsl1-2) and a PM (PMO) in the cavity. Two
tunable couplers (TCs) consist of two PMs (PM1 and PM2)
and two multi-mode interferometer (MMI) 3-dB couplers. The



coupling ratio of each TC can be adjusted by tuning the
injection currents to the PMs in a TC. By tuning the injection
current to PMO in the ring cavity, the resonance frequency of
the MRR can be continuously tuned for tens GHz. In addition,
four other SOAs (SOAs3-6) are integrated in the four straight
waveguides which are mainly used to compensate for the
coupling loss from the lens fiber to the chip. Note that the
SOAs integrated on the chip can operate in two states. When
an SOA is forward biased, it operates in the amplification
states, while when an SOA is reverse biased, it operates as an
optical absorber. Fig. 1 (b) shows the photograph of the
proposed chip which is wire-bonded to a polychlorinated
biphenyl carrier for the experimental measurement. Two lens
fibers are used to couple the light into (or out from) the chip
through the edge couplers integrated on the chip.
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Fig. 1. (a) The schematic of the proposed active MRR. The inset shows the
details of the tunable coupler. (b) The photograph of the proposed MRR chip.

To simplify the analysis, the self-coupling coefficients of
the two TCs are regarded as constant over the frequency range
and the coupling loss is ignored. By employing the transfer
matrix method, the transfer function of the proposed add-drop
type InP/InGaAsP-based MRR can be expressed as [16]
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where 7, and .., are the self-coupling coefficients of
TCl and TC2, respectively. G,
transmission gain from point d to point a and G, is the

accumulated transmission gain from point b to point c.
¢(w) =t , o is the angular frequency and 7 is the one

is the accumulated

round trip time for the light transmitting in the ring circuit. The
resonance frequency is given by @7 =2nz (n is an integer).
When PMO in the ring circuit is tuned, 7 is changed. Thus,
the resonance frequency is changed. By tuning the gain

provided by SOA1 and SOA2, the loss in the ring resonator
can be compensated. In this case, #,.,G,G, is close to unity.

Then, Eq. (1) can be written as
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One can find that the expression in the numerator (

e g "% ) is a complex conjugate of the

expression in the denominator (&/*”* —¢,.,e *’*). Thus,

the magnitude response ( 7' ) of the transmission is unity which
can be written as
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The phase response in transmission can be written as [11]
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Thus, the phase shift range within the resonance maintains
27 theoretically when the ¢(®) increases from (2n—1)x to

(2n+1)7z , nis an integer.

III. EXPERIMENTS

The proposed MRR is fabricated based on the
InP/InGaAsP material system and the use of the MRR to
achieve MWP phase shifter is experimentally evaluated. In the
experiment, the self-coupling coefficient of TC1 is first
measured. SOA3 is forward biased at an injection current of
20 mA to compensate for the coupling loss from the lens fiber
to the chip. SOA4 is reverse biased with a voltage of -3 V to
make it works as a photodetector (PD). By tuning the injection
current from 0 mA to 7 mA which is applied to PM2 of TCI,
the self-coupling coefficient is recorded, as shown in Fig. 2(a).
The self-coupling coefficient of TC2 is measured in the same
way, which is shown in Fig. 2(b). To obtain a small extinction
ratio at the resonance bandwidth, the injection current applied
to PM2 in TC2 is tuned to 2 mA to get a largest 7., .
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Fig. 2. Experimentally measured tunable self-coupling coefficients of TC1
and TC2.

Then, the transmission response of the MRR is
characterized. The injection currents to SOA1 and SOA2 are
set to 24 mA and 22 mA. The injection current to PMO in the
ring cavity is set to 0.8 mA. Both SOA3 and SOA4 are biased
with a current of 20 mA to compensate for the coupling loss,
and SOAS and SOA6 are reverse biased to prevent from
unexpected light reflection. We first use an optical vector
network analyzer (OVNA, Luna 5400) to measure the



magnitude response, as shown in Fig. 3(a). As can be seen the
free spectral response (FSR) of the MRR is around 0.203 nm
(or 25.38GHz).
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Fig. 3. The measurement results of the active MRR. (a) The magnitude
response. (b) The magnitude response at 1543.92 nm and (c) the_phase
response. (d)The magnitude response when the resonance wavelength is tuned
by PMO and (e) the corresponding phase response.

Since the resolution of the OVNA is not high enough to
measure the details of the spectral response of the MRR, we
build a measurement system based on single sideband
modulation to get a high resolution spectral response
measurement through sweeping the sideband [17, 18]. The
optical carrier is set at 1544.002 nm with the lower sideband
sweeps from the optical carrier to a shorter wavelength. Here,
the injection current to SOAIl is fixed at 24 mA. The
extinction ratio at a resonance at 1543.92 nm is decreased
when the injection current to SOA?2 is increased from 20 mA
to 23 mA, as shown in Fig. 3(b). When the injection current is
larger than 23 mA, the gain will be greater than the loss in the
ring cavity, but the lasing still dose not start. Thus, the
response of the MRR should be stable when the injection
current applied on SOA2 is less than 23 mA. Fig. 3(c) shows
the phase response when the injection current to SOA2 is
increasing. As can be seen the phase shift range of about 300°
is maintained almost unchanged. A slight resonance frequency

shift, as shown in Fig. 3(b) and (c), is mainly caused by the
thermal effect introduced by the SOAs. Fig. 3(d) shows the
resonance wavelength tuning of the MRR. As can be seen the
resonance frequency is shifted from 9.7 GHz to 14.7 GHz
when the injection current applied to PMO is increased from
0.8 mA to 2 mA. During the wavelength tuning, the phase
response is laterally shifted, but the phase shift range is
remained almost unchanged (shown in Fig. 3(¢)).

The MRR is then employed to implement an MWP phase
shifter. The experimental setup is shown in Fig. 4. An optical
carrier from a tunable laser source (TLS, Anritsu MG9638A)
is modulated by a microwave signal generated by a vector
network analyzer (VNA, Agilent E8364A) at a PM. After
amplification by an erbium-doped fiber amplifiers (EDFA),
the optical signal is sent to a tunable bandpass optical filter
(OF) where one sideband is filtered out, to get an optical
single-sideband (OSSB) signal. Then, the OSSB signal is
coupled into the MRR through a polarization controller (PC2).
The optical signal at the output of the MRR is detected by a
PD to recover the microwave signal, which is sent to the VNA
for intensity and phase analysis.

pC1 EDFA PC2
[ s @ Pm > oF =95+ mrr ]|
A
\

————) Optical path ‘

A 4
¢7<{ PD

Fig. 4. Experimental setup for the proposed MWP phase shifter.
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In the experiment, the wavelength of the optical carrier is
set at 1543.884 nm, located at the resonance wavelength
shown in Fig. 3(d) when the injection current to PMO is 1.2
mA. The two sidebands are located at outside of the
resonance, and one sideband is removed by the optical filter.
To avoid the nonlinear effect in the MRR, the power of the
optical carrier light is controlled less than -3 dBm before
coupling into the MRR. A phase shift is introduced to the
optical carrier from the phase response of the MRR, and the
phase shift can be tuned by tuning the injection current to
PMO. The beating between the optical carrier and the sideband
will translate the phase shift in the optical carrier to the
microwave signal.
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Fig. 5. Experimental results of the (a) phase response and (b) magnitude
response of the phase shifter by decreasing the injection current applied on the
PM in the ring cavity.



In the experiment, the injection currents to SOA3 and
SOA4 are 20 mA. SOAS5 and SOAG6 are reverse biased with
an identical voltage of -3 V. The injection current to SOAL is
set at 24 mA and the injection current to SOA2 is set at 23
mA. The injection currents applied to TC1 and TC2 are 1.5
mA and 2 mA, respectively. By tuning the injection current to
PMO from 2 mA to 0.84 mA, a phase shift from —148° to 143°
with a total phase tunable range of 291° for a microwave
frequency range from 5 GHz to 20 GHz is realized, as shown
in Fig. 5(a). The microwave power variation is controlled
small by fixing the injection currents which are applied to
SOAT1 and SOA2 to make the gain compensate the loss in the
resonance cavity. As can be seen, in Fig. 5(b), the microwave
power variation is smaller than 5 dB. This power variation can
be attributed to the noise of the SOA and thermal noise in the
chip. Once the chip is well temperature controlled, the
microwave power variation during phase shifting can be
suppressed. Moreover, since the MRR used in our experiment
is an active device without packaging, the microwave power
variation due to environmental changes is relatively high,
which can be reduced if the device is well packaged. The
bandwidth of the proposed MWP phase shifter is mainly
limited by the FSR of the MRR. By reducing the length of the
ring cavity, the FSR of the MRR could be increased. Thus, the
bandwidth of the proposed MWP phase shifter can be
broaden.

IV. CONCLUSION

We have proposed and experimentally demonstrated a
continuously tunable MWP phase shifter based on the add-drop
type InP/InGaAsP-based MRR. By tuning the optical gain in the
MRR, the extinction ratio of the magnitude response at a resonance
was decreased to nearly zero, while the large phase shift range was
maintained almost unchanged. This unique feature of the MRR is
preferable for the implementation of a microwave phase shifter. The
proposed phase shifter was experimentally demonstrated. A
continuously tunable microwave phase shift over a phase tuning
range of 291° from 5 GHz to 20 GHz by tuning the injection current
to the PM was implemented. The microwave power variation was
controlled as low as 5 dB. The proposed MWP phase shifter is
simple and can be expected to be fully integrated on a chip by
incorporating the laser source and the PM in the chip. It has great
potential for using on integrated system and practical microwave
applications.
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