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A Silicon Photonic RF Phase Shifter With Linear
Phase Response and Low RF Power Variation

Qihang Shang
Yikai Su

Abstract— We propose and experimentally demonstrate a
microwave photonic phase shifter based on a tunable silicon
photonic interleaver. This device consists of a microring res-
onator, a tunable interleaver, and a 2 x 1 multimode interferom-
eter (MMI). By thermally tuning the interleaver, a linear phase
shift of 188° is realized with a linearity of 0.08 and a radio-
frequency (RF) power variation within 1 dB for a 40-GHz signal.

Index Terms— Interleaver, linear phase shift, microwave pho-
tonics, silicon.

I. INTRODUCTION

NTEGRATED microwave photonics has been a topic of

interest owing to its compact footprint, low transmis-
sion loss and electromagnetic interference immunity [1].
Microwave photonics can find many applications, such as
phased array beamforming [2] and microwave photonic fil-
ters [3]. Recently, phased array beamforming technologies at
the millimeter-wave frequency have attracted much attention
for the fifth generation (5G) wireless networks [4].

Microwave photonic phase shifters are key components
for optical beamforming in phased array antennas [1], [2].
Conventional phase shifters are limited to narrow band oper-
ations due to the nonlinear phase responses [4], [5]. In recent
years, some schemes have been proposed to realize radio
frequency (RF) photonic phase shifters with large linear
phase-shifting properties. A dual-microring resonator that can
achieve a full 360° quasi-linear phase shift was demonstrated
with an RF power variation of lower than 2 dB [6]. Since this
structure employs two cascaded microring resonators (MRRs),
it is required to align and maintain the resonance wavelengths
of the two resonators. A phase shifter with a semi-linear
phase shift of 360° was proposed based on silicon graphene
waveguides consisting of two ring cavities [7].

To achieve a phase shifter with a linear phase response
and a low RF power variation, here we propose an
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on-chip RF phase shifter based on a tunable silicon photonic
interleaver. An interleaver is a periodic optical filter in wave-
length, which combines or separates wavelength-division mul-
tiplexed (WDM) signals [8]. Interleavers are usually designed
to possess flat-top passband transmission. Since ideal bandpass
filters are supposed to be dispersionless [9], many interleavers
are designed with high-linearity phase responses in the pass-
bands [10]. In our previous work [11], we presented an
interleaver that consists of an interfering loop containing a
Fabry—Perot cavity formed by two Sagnac loops. The group
delay characteristic analyzed in [11] shows that the interleaver
has almost linear phase responses in the passbands, which can
be used to realize a linear phase shifter. In addition, the flat-top
passbands of the interleaver enable a low RF power variation
of the phase shifter.

In this letter, we propose and experimentally demonstrate an
interleaver-based phase shifter (IBPS). The IBPS is composed
of an add-drop MRR, an interleaver, and a 2x1 multimode
interferometer (MMI). The two tones of an input RF photonic
signal are separated by the add-drop MRR and combined by
an MMI. The thermo-optic effect of the interleaver is used to
shift one of the tones. A full 360° phase shift for a 40-GHz
RF photonic signal can be realized, while a linear phase shift
of 188° is achieved with a linearity of 0.08 and a <I1-dB
RF power variation. The proposed device was fabricated on
a silicon-on-insulator (SOI) platform which can be integrated
with photonic and electronic circuits.

II. PRINCIPLE AND SIMULATIONS

The schematic diagram of the proposed IBPS is shown
in Fig. 1. The device includes an add-drop MRR, an interleaver
and a 2x1 MMI. The add-drop MRR is used to separate the
two tones of the input RF photonic signal. The interleaver
contains a directional coupler and two Sagnac loops. Based
on the scatter matrix method, the field transmission function
of the interleaver is given by [11]:

T

(1] =k — k3)ajazas — Ankinkaatar (1 + aja3)
1+ 4t22k§a%a§ '
(1

where #; and k; (tl-2 + ki2 = 1, i = 1, 2) represent the
transmission and coupling coefficients of the directional cou-
plers, respectively. a; =exp(- al;- jpl;) (i = 1, 2, 3) are the
transmission factors associated with the waveguides. [; (i =
1, 2, 3), a and S are the lengths, the loss factor and the
propagation constant of the waveguides, respectively. Fig. 2(a)
shows the simulated transmission spectrum of the interleaver.
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Fig. 1. Schematic diagram of the IBPS.
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Fig. 2. Simulated (a) transmission spectrum and (b) phase response of the
interleaver.

The loss factor a and the group index ng are assumed to
be 2 dB/cm and 4.352, respectively. The free spectral range
(FSR = A%/(n ¢L)) is determined by the cavity length of the
FP cavity (L = I, 4+ I3). Il1, I> and I3 are designed to be
41.89 um, 64.83 um and 207.55 um, respectively, leading to
a ~2-nm FSR of the interleaver as a choice to keep a low
tuning power while maintaining the linearity of the device.
A maximally-flat response of the interleaver is realized by
setting 1 = 0.924, and r» = 0.977. Linear phase responses
in the passbands are shown in Fig. 2(b). The transmission-
coefficient deviations may affect the performance of the IBPS.
When #1/t; increases, the power variation firstly increases and
then decreases in a certain spectral range around the central
wavelength of the interleaver. The increasing of 7, leads to a
better linearity in the passband.

To demonstrate a photonic RF phase shifter, optical carrier
suppression (OCS) modulation is employed to generate two
optical tones. A 40-GHz frequency interval is used in the
following discussion. The input optical field of the IBPS can
be expressed as:

Ein(t) = A_1explj(wo — wrp)t] + Ay explj(wo + orr)t],
2

where A_j and Ajare the amplitudes of the two input tones,
respectively. wp and wgrp are the angular frequencies of the
optical carrier and the input RF signal, respectively. By con-
trolling @y, the right tone in wavelength is set at a resonance of
the MRR. This tone is coupled to the drop port of the MRR,
and the left tone is fed into the interleaver. Then, the two
tones are combined by an MMI. The output of the IBPS can
be written as:

Eour = a—1A_yexplj(wo — wrp)t] - exp(jO_1)
+ai Ay explj(wo + wrp)t] - exp(jér), (3)

where a_ and 611 are the amplitude gain and the opti-
cal phase shift, respectively. The signal is detected by a
photo-detector (PD), and the output current is:

iac(t) «2Ra_1A_ja1Ajcos[2orrt + (0-1 —01)], (4)

where R is the amplitude response of the PD. The phase
of the generated RF signal is #_; - €. Since 6_;is fixed,
the phase shift is determined by #;. As illustrated in Fig. 3,
the change of 6 is realized by tuning the central wavelength
of the interleaver. Here, we use a diameter of 86.7 um
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Fig. 3. Simulated wavelength tuning of (a) the transmission spectrum and
(b) the phase response of the IBPS. Green dotted lines: the two tones of an
OCS signal.
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Fig. 4. Simulated wavelength tuning process with (a) the transmission

spectrum and (b) the phase response of the MRR. Green dotted lines: the
two tones of an OCS signal.

for the add-drop MRR to achieve the same FSR as that
of the interleaver. The transmission coefficients of the thru
port and the drop port of the MRR are 0.990 and 0.937,
respectively. The flat-top passband transmission and the linear
phase response of the interleaver enable a low power variation
and a linear phase shift of the output RF signal.

The performance of the proposed IBPS is evaluated here
with a figure of merit (FoM) in terms of RF phase-shift range,
RF power variation and RF phase-shift linearity, and compared
with the widely exploited MRR-based phase shifter. Most prior
arts focused on the RF power variation and the RF phase-shift
range. Some of them addressed the phase-shift linearity issue
but there was no quantitative analysis [6], [7]. In our work,
the RF phase-shift linearity is taken into account. Here we
define the FoM with the performance indicators of interest,
as expressed below:

RF phase-shift range(°)
RF power variation (dB) x Linearity

FoM = (5)
In the quantification of the linearity, the phase deviation
between the phase shifts and their linear fitting, and the
RF phase-shift range should be considered. Thus we define
the RF phase-shift linearity as:

. . maximum phase deviation (°)
Linearity = - . (6)
RF phase-shift range (°)

In the simulation for the MRR-based phase shifter [12], the
amplitude transmission coefficient of the coupling region is
t = 0.933 and the radius of the ring is 20 xgm. The loss factor
o and the group index are the same as that in the simulation of
the IBPS. As depicted in Fig. 4, the MRR-based phase shifter
is simulated at an RF frequency of 40 GHz. A maximum
FoM of 271 °/dB is achieved with an RF power variation
of 6.21 dB and an RF phase shift of 274°, which are shown
in Figs. 5(a) and (b), respectively.

For comparisons, the performance of the IBPS is also
simulated with a 274° RF phase shift, which is presented
in Figs. 5(c) and (d). In the case of the same RF phase shift,
the IBPS exhibits a higher FoM of 2511 °/dB, a lower RF
power variation of 3.41 dB and a better linearity of 0.032 com-
pared to the MRR-based phase shifter. For the IBPS, different
RF phase-shift ranges lead to different RF power variations.
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Fig. 5. (a) Relative RF power versus wavelength shift for the MRR-based

phase shifter. (b) RF phase shift versus wavelength shift for the MRR-based
phase shifter (blue-solid line) and its linear fitting (red-dotted line).
(c) Relative RF power versus wavelength shift for the IBPS. (d) RF phase
shift versus wavelength shift for the IBPS (blue-solid line) and its linear fitting
(red-dotted line).

TABLE I

PERFORMANCE COMPARISON OF MICROWAVE PHOTONIC
PHASE SHIFTERS

RF signal generator Voltage

EA T mzm

Fig. 7. Experimental setup for the measurement of the IBPS. EA: electrical
amplifier. OSA: optical spectrum analyzer.
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Fig. 6. The microscopic picture of the IBPS.

A tradeoff between the RF power variation and the RF phase-
shift range should be considered. TABLE I summarizes the
results.

III. FABRICATION, EXPERIMENTAL SETUP AND RESULTS

A. Fabrication

The device was fabricated on a SOI wafer with a
220-nm-thick silicon layer and a 3-um-thick buried silicon
dioxide layer. The silicon waveguide was etched by an
inductively coupled plasma (ICP) etching process. Then, a
1-um-thick silica layer was deposited on the top of the
device as upper cladding by plasma enhanced chemical vapor
deposition (PECVD). Fig. 6 shows the microscopic picture
of the tunable IBPS. Two microheaters and three pads were
formed by 100-nm-thick Ti and 1-um-thick Al, respectively.
The cross sections of the silicon waveguides are 450 nm x
220 nm. The diameter of the ring is 20 um. The coupling
gap (ring-to-waveguide gap) of the through port and the drop
port are 200 nm and 260 nm, respectively. The coupling
lengths of directional couplers for #; and f, are 3.1 um and
1.4 um, respectively, and both the coupling gaps are 200 nm.
Grating couplers are employed for vertical coupling between
the silicon chip and the single mode fibers.

B. Experimental Setup

Fig. 7 illustrates the experimental setup for system demon-
stration of the tunable IBPS. An optical carrier is output by

device, respectively.

a tunable laser source (Keysight 81960A), which is modu-
lated by a 20-GHz RF signal generated from a microwave
signal generator (APSIN20G) via a Mach-Zehnder modula-
tor (MZM). Then the generated OCS signal is amplified by
an erbium-doped fiber amplifier (EDFA). Two polarization
controllers (PCs) are used to ensure that the polarization states
of the optical waves are aligned to the MZM and the device.
At the output port of the silicon chip, a 1:9 power splitter
is used to split the output power into two parts. One part is
detected by an optical spectrum analyzer (APEX AP2040C),
and the other is amplified by an EDFA followed a tunable
bandpass filter (BPF). The BPF is used to suppress the
amplified spontaneous emission (ASE) noise. Then the filtered
signal is detected by a PD. After the optical-to-electrical (O/E)
conversion, a desired microwave signal is generated. An oscil-
loscope (Keysight DCA-X 86100D) is used to record the phase
shift and the RF power of the received signal.

C. Experimental Results

The normalized measured transmission spectrum of the
IBPS in the spectral range from 1535 nm to 1545 nm is shown
in Fig. 8, where the resonance region of the add-drop MRR
can be observed. The valley in the yellow circle of the zoom-
in view can be attributed to the fabrication errors. To ensure
a large phase shift in the passband, the resonance of the add-
drop MRR is tuned to the stopband of the interleaver by using
a thermo-optic heater. In this device, one of the resonance
wavelengths is ~1541.20 nm. Thus, the wavelength of the
input laser source is set at 1541.04 nm. The optical carrier
is suppressed by biasing the MZM at the transmission null
with a 25-dB suppression ratio, which is shown in Fig. 9(a).
The suppression is sufficient to avoid the harmonic distortion.
The spectrum of the OCS signal at the output port of the
device is provided in Fig. 9(b). A loss of ~20 dB comes from
the insertion loss of the fabricated device and the fiber-chip
coupling losses. In the device, the losses of the drop port of
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)
=3
=3
D

> =
= @ Z221(b)
2150 22
2 £5% 009600000
=]
2 2
5 50 —Fitted S
0.2 0.4 0.6 0.8 1 1.2 0.2 0.4 0.6 0.8 1 1.2
Wavelength shift (nm) Wavelength shift (nm)

Fig. 11. Measured linear phase shift (a) and relative RF power (b) versus
the wavelength shift.

* 0mWe 3mW* 6mWe 9mWe 12mW=* 15mWe 18 mW ¢ 21 mW ¢ 22 mW
200 —— T T T T T T

=
T

=

(

1 i I 1 H

28 30 32 36 38 40
RF frequency (GHz)

Phase shift (°)

)
S

22 24 26

Fig. 12. Measured phase shifts for different heating powers over a frequency
range from 20 GHz to 40 GHz.

the MRR, the interfering loop, and the MMI are ~2.0 dB,
~1.0 dB and ~3.0 dB, respectively.

Fig. 10 depicts the waveforms of the generated RF sig-
nals with different phase shifts. When the applied heating
power increases from 0 mW to 23.07 mW, a full 360°
phase shift with a 3.9-dB RF power variation is achieved.
The measured wavelength-tuning efficiency is ~0.08 nm/mW.
The RF gain was measured to be approximately —12.05 dB.
In [13], a high-Q MRR was used to achieve a 336° phase shift
with a 11-dB RF-signal power variation and a 1.6-mW power
consumption. Inthe case of the same phase shift, the IBPS
can achieve a relatively lower RF-signal power variation and
a better linearity. The linear phase shift and the RF power
variation as a function of the wavelength shift are provided
in Fig. 11. The linearity of the measured phase shifts can be
calculated by (6). As a result, a linear phase shift of 188°
is achieved with a linearity of 0.08 and a <1-dB RF power
variation.

The IBPS works with different RF frequencies.
Fig. 12 shows the tunable RF phase shift range up to
320° over an RF bandwidth from 20 to 40 GHz. The
microwave signal at a 12-mW heating power is used as a
reference. For the top and bottom curves in Fig. 12, the left
tone of the OCS signal is close to the stopband of the
interleaver, which is the main cause of the phase distortions.
In practical applications, one can use the central part of the
passband to ensure a good linearity. Since the add-drop MRR
filter with a bandwidth of ~ 40 GHz is used to separate the
two tones of an OCS signal, the minimal RF frequency is
limited to 20 GHz. The power variation and the linearity
of the device relate to the wavelength dependences of the
directional couplers, which set fundamental limits on the
performance of the device in terms of the power variation
and the linearity.

It should be noted that any interleavers with flat-top pass-
bands and linear phase responses can be used to realize
RF phase shifters. The maximum phase shift, the RF power
variation, and the phase-shift linearity highly depend on the
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performance of the interleaver employed. The upper bound
of the RF frequency is limited by the passband width of the
interleaver. Note that in our device only one tone needs to be
tuned in phase while the other one remains fixed, which is
different from a conventional true time delay line. The optical
single sideband modulation with full carrier (OSSB+C) can
also be used with our device to generate an optical delay
on the modulated RF signal, which is similar to the scheme
employed in [14].

IV. CONCLUSION

In this letter, an RF phase shifter based on an interleaver was
proposed and experimentally demonstrated. The IBPS exhibits
an FoM improvement from 271 °/dB to 2511 °/dB relative to
the MRR-based phase shifter, based on numerical calculations.
The experimental results showed a 360° phase shift with an
RF power variation of 3.9 dB, or a linear 188° phase shift
with an RF power variation of less than 1 dB at the 40-GHz
RF frequency. The linearity of the IBPS was 0.08 with the
phase-shift tuning range of 188°. A tunable phase shift of
320° over an RF frequency range from 20 to 40 GHz was
also experimentally demonstrated.
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