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Abstract We experimentally demonstrate, for the first time to the best of our knowledge, an integrated
microwave photonic phase shifter with ultra-high dynamic range. We achieved 2r tunable phase shift
with amplitude variation of < 1 dB and a spurious-free dynamic range of 121.6 dB - Hz /5. ©2022 The

Author(s)

Introduction

Integrated microwave photonic (MWP) phase
shifter holds great promise in communication,
sensing, and defense systems for its advantages
of large bandwidth, low loss, and electromagnetic
interference immunityll.  Previous works have
already demonstrated key functionalities such
as the ultra-wide bandwidthlehSl fast response
timel, and small power variations®. However,
the spurious-free dynamic range (SFDR), which
is an important figure of merit to evaluate the
linearity of the MWP system, is barely discussed
in the integrated MWP phase shifter design.

The SFDR is the dynamic range of the RF
power that can be accommodated in the MWP
system with sufficient signal-to-noise ratio (SNR)
and negligible intermodulation distortiont). Most
previous methods to enhance the SFDR rely on
additional lasers or modulators or waveshapers
for spectral shaping, which would increase the
cost and complexity of the systeml®-l7l. Recently,
we reported an on-chip linearization method
with an integrated spectral shaperl®®. It can
be applied to synthesize an integrated MWP
notch filter while achieving a record-high SFDR
simultaneously!'9.

In this work, we show that the integrated
spectral shaper can be reconfigured to realize
a wide-band tunable phase shifter with world-
record high SFDR. We apply two cascaded all-
pass ring resonators at the over-coupled (OC)
state to cover a 27 phase shift with an amplitude
variation of < 1 dB. Moreover, by independently
controlling the phase and amplitude of the
carrier and the sidebands, the third-order
intermodulation distortion (IMD3) terms from

different beating products destructively interfere
with each other. Consequently, the IMD3 is
suppressed by more than 34 dB, and an SFDR as
high as 121.6 dB - Hz */5 is achieved. Our results
point to the great potential of an MWP system with
advanced functionality and high linearity.

Working Principles

The proposed phase shifter is based on
separating and independently shaping the optical
carrier and 2"4-order sideband. The schematic
and the signal flow of the experiment are shown
in Fig. |1} First, light is sent to a phase modulator
(PM). Because of the nonlinearity of the PM,
multi-order sidebands would be generated. We
filter out the lower sidebands but leave the
optical carrier and both the 1%t- and 2"d-order
upper sidebands for further processing. For the
linearization purpose (as explained later), we also
suppress the optical carrier with the bandpass
filter. After that, the signal is amplified with an
erbium-doped fiber amplifier (EDFA) and coupled
into the integrated spectral shaper.

The integrated spectral shaper consists of a
spectral de-interleaver, a tunable attenuator, a
phase shifter, a combiner, and two cascaded
all-pass ring resonators®l.  The spectral de-
interleaver spatially separates the 2"d-order
upper sideband from the optical carrier and the
15t-order upper sideband. Then, the phase
shift is introduced to the optical carrier with two
cascaded all-pass ring resonators to achieve the
MWP phase shifter function. The 2"4-order upper
sideband is processed using a phase shifter and a
tunable attenuator for linearization simultaneously
with the phase shifter function. After that, the
signals are recombined and converted to the RF
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Fig. 1: Schematic and signal flow of the linearized integrated MWP phase shifter. EDFA: erbium-doped fiber amplifier.
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Fig. 2: a. Amplitude and b. phase response of the two
cascaded all-pass ring resonators at the OC state.

domain with the photodetector.

The amplitude and phase responses of the
cascaded all-pass ring resonators are shown in
Fig. Both rings are tuned to the OC state to
create a total phase shift range of 4x. To reduce
the power variation at different phase shift, the
notches are tuned to be close to each other and
only the bottom of the stopband with variation
< 0.2 dB is used for phase shifting.

Linearization Method

Because of the nonlinearity of the MWP systems,
higher-order sidebands are always generated
along with the first-order sidebands, which would
be converted to the intermodulation distortion
signals, e.g., IMDS3, in the RF domain, and limit
the SFDR of the system.

One effective way to enhance the SFDR is
to independently shape the amplitude and the
phase of the optical carrier and sidebands, and
let the IMD3 from different beating products
destructively interfere with each other. The RF

signal at the photo detector is:

Ipp(t) = Rpp | Ey(1)°

= I1 COS Wiund, »t + I3 cCOSWIMD3, »t

(1)

Where Rpp is the responsivity of the photo
detector, £, is the electric field of the light at
the photodetector, and wynq, , and wnps, , are
the frequencies of the fundamental tunes and
IMD3 respectively. The electric field at the photo
detector in the proposed phase shifter can be
approximately expressed asl®:

Ep — \/1[»)1 eJwot
OéngejAwo + OégJoJQ@j(zwfu"dl’Qt+ALp2)
_aojfej(wlet-‘-As&o) + JoJpel@mdi ot
7J1J26jWIMD31‘2t
2
Where P; is the input optical power, wq is the
frequency of the carrier, wivp2 is the frequency
difference between the two fundamental tones,
ag and ao are the amplitude attenuation of the
carrier and the 2"-order sideband, Ay and Ags
are the phase shift of the carrier and the 2"4-order
sideband, and J,, is the n-th order Bessel function
of the first kind.

Applying (@) into (T) and taking the small-signal
approximation, we find that the IMD3 terms can
be perfectly canceled when the attenuation and
phase shift imposed to the optical carrier and 2"9-
order sideband satisfy the condition:

Qo — 30[0 =0
{220 ®

It means that the power attenuation at the
optical carrier should be 9.54 dB larger than that
of the +2 optical sideband, and the phase shift
to the optical carrier and the 2"-order sideband
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Fig. 3: a. Phase shift and b. power variation of the proposed
phase shifter.

should be opposite to achieve the highest IMD3
rejection.

Experiments

A series of experiments are performed to verify
the feasibility of the proposed linearized phase
shifter and the effectiveness of the linearization
method. An optical carrier set at 1550 nm with
an optical power of 18 dBm is emitted from a
low relative-intensity noise (RIN) continuous wave
(CW) laser (Pure Photonics PPCL550). The
optical carrier is modulated using a PM (Thorlabs,
40 GHz) driven by an RF signal from a vector
network analyzer (VNA, Keysight P5007A). The
output of the PM is then sent to a bandpass filter
(EXFO XTM-50) to filter out the lower sideband
and introduce 9 dB attenuation to the optical
carrier for the linearization method. Then, the
phase modulation spectrum is amplified by a low-
noise EDFA (Amonics) and injected into the SisNy
photonic chip (LioniX International BV). The free
spectral range (FSR) of the on-chip de-interleaver
and all-pass ring resonator is 160 GHz and 50
GHz, respectively.

By applying different voltages to corresponding
heaters, the coupling coefficient and resonance
frequency of the rings can be tuned to process
the optical carrier and sidebands. The processed
optical signal is sent to a photodetector (APIC 40
GHz) and the converted RF signal is measured
with a VNA. For the SFDR measurement, the
phase modulator is driven by a two-tone signal
generated by RF signal generators (Wiltron
69147A and Rohde-Schwarz SMP02), and the
converted RF signal is measured with an RF
spectrum analyzer (Keysight N900O0B).

Fig. shows the phase and amplitude
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Fig. 4: a. Measured RF spectrum and b. SFDR of the phase
shifter with and without linearization.

response of the proposed phase shifter. It can
cover the 27 phase shift range. The phase
response is relatively flat from 12 to 20 GHz, and
the amplitude variation at different phase shifts is
< 1dB.

The measured RF spectrum and SFDR of the
proposed phase shifter are shown in Fig.
As a comparison, we also show the spectrum
and SFDR of a standard phase shifter without
linearization, which is realized by changing the
phase of the optical carrier with two cascaded all-
pass ring resonators at the OC state. As shown in
Fig.[4p, the IMD3 can be suppressed by > 34 dB
when the condition in (3) is satisfied after applying
the linearization method to the system. Due to
the cancellation of the IMD3, the IMD5 begins
to dominate in the SFDR measurement, and a
SFDR as high as 121.6 dB - Hz */5 is achieved.

Conclusions

We have demonstrated, for the first time to
the best of our knowledge, an integrated
MWP phase shifter with the highest SFDR of
121.6 dB - Hz %°. This result points to the
great potential of an integrated MWP system with
advanced functionality and high linearity.
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