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Abstract: An integrated photonics based scheme for radio-frequency self-interference cancella-
tion is proposed and demonstrated. It is achieved using a dual-parallel Mach-Zehnder modulator
that eliminates the interference signal in the optical domain. The output of the modulator is a
carrier suppressed double-sideband waveform that contains only the signal of interest. Finally,
the signal of interest is recovered by combining the modulator output with a local optical carrier
and detecting it at a high-speed photodetector. We present a detailed theoretical analysis and
derive the optimal condition for self-interference cancellation for small modulation indices. The
modulators were designed and fabricated on IMEC’s Silicon-on-Insulator iSiPP50G platform.
Using this technique, we experimentally obtain a cancellation depth of 30 dB and a signal to
interference ratio of 25 dB for frequencies up to 20 GHz, limited only by the equipment used.
This is the first demonstration of self-interference cancellation on a silicon photonics platform
and a further expansion of the functionalities offered by integrated microwave photonics.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Radio-over-fiber (RoF) technology has attracted considerable interest in the past few years as
it promises to facilitate high bandwidth, low latency, electromagnetic interference immune,
and sustainable connectivity between devices operating at radio frequencies (RF) [1]. In this
technology, the radio signal is modulated over an optical carrier, the required signal processing is
carried out in the optical domain and the signal is then transported to the remote radio heads.
Finally, the signal is demodulated to recover the microwave signal, is amplified to the desired
signal strength, and is passed on to an antenna for the last mile connection. Traditionally, the
uplink (transmitted by the user) and downlink (received) microwave frequencies from the base
station (BS) are different to avoid any self-interference [2—4]. Self-interference arises due to the
direct reception of the downlink signal by the uplink receiver as shown in Fig. 1. Since the uplink
signal is subsequently transmitted to the central office (CO), self-interference degrades the quality
of the signal received at the CO. Though different frequency operation alleviates self-interference,
the spectrum efficiency can be doubled if the uplink and downlink frequencies are kept identical
(in-band). Given the ever-increasing demand for higher data rates, in-band radio communication
channels are being explored with an emphasis on self-interference cancellation (SIC) at the BS
[5].

Microwave photonics based implementations of SIC have garnered considerable interest owing
to their large bandwidth of operation, low-loss, and cost-effectiveness. For example, in [6—13]
SIC was achieved for single frequency and wideband signals using a dual-parallel Mach-Zehnder
modulator (DPMZM) as well as series of MZMs by driving the modulators with the interference
signal and adjusting the bias of each modulator to reduce the output power of the interference
signal. In [14], SIC was achieved by creating a matched copy of the interference signal using
optical attenuators and tunable optical delay units and later subtracting it from the received signal.
Other methods include using electro-absorption modulators and a balanced photodetector [15],
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Fig. 1. Optical domain SIC concept. The BS receives both interference and the signal of
interest. The interference signal is removed in the optical domain and the signal of interest
is further transmitted to CO. BS: base station, CO: central office.

and parallel polarization modulators [16]. DPMZMs have also been explored for adaptive control
and cancellation by including an amplifier in one of the Mach-Zehnder arms and using the RF
output as a feedback to control the amplification with the help of complex algorithms [17]. In
the aforementioned solutions, the self-interference is mitigated in the optical domain and the
recovered microwave signal is free from any interference signal. However, such SIC units have
been built using discrete fiber-optic components that have high cost, occupy large space, and are
not easily portable.

These challenges can be overcome by exploring integrated photonics based SIC solutions as
they have a smaller footprint, consume less power, and as they rely on mature fabrication processes
from the CMOS industry, can be mass manufactured cost-effectively. Chip scale photonics is
already a well-established field that has found its applications in a variety of fields [18]. However,
there has been only one integrated photonics based demonstration for microwave SIC [19,20]. It
was realized on an InP material platform and entails two lasers, a balanced photodetector, and
three amplifiers and offers SIC over a frequency range of 6 GHz. Given the unique advantages
offered by silicon platforms, such as low-loss transmission at telecommunication wavelengths, it
would be highly advantageous to explore SIC also on this platform [21].

In this letter, for the first time, we demonstrate narrowband RF SIC on a silicon-on-insulator
platform, using a DPMZM. Although the design could in principle also be used for wideband
RF cancellation, we restrict the discussion to narrowband RF in this work owing to the limited
availability of RF components in the lab. The schematic of the DPMZM is shown in Fig. 2(a). It
consists of two child MZMs placed in each arm of a parent MZI. The design of the child MZMs is
based on the single drive series push-pull traveling wave MZM described in [22]. The modulators
are realized with lateral pn-junction phase shifters using the iSiPP50G silicon photonics platform
of IMEC [23]. The pn-doped waveguides of the child MZMs are closely placed together and
are driven using a single traveling wave electrode. The push-pull configuration is achieved
by connecting the pn-junctions of each arm of the child MZIs in series with opposite polarity.
The electrodes are terminated with a 50 Ohm resistor to avoid any unwanted microwave signal
reflections. The bias for the child MZMs is provided by a separate biasing contact using a long
metal trace (B1, B2 in Fig. 2(a)). Thermo-optic phase shifters, with a common ground, are
placed on each arm of the child and parent interferometers. Static bias to the child MZMs and
parent MZI is provided using these phase shifters. The dc pads are grouped on one side of the
device and are wire-bonded to a carrier substrate for easier control. The RF signal is provided
to the child MZMs using a high-speed GSSG probe. The DPMZM is realized using 450 nm X
220 nm single-mode silicon waveguides, and six multi-mode interferometers acting as power
splitter/combiners. Light is coupled in and out of the device using fiber-to-chip grating couplers
with 6dB/coupler loss. A microscope image of the wire-bonded chip along with the high-speed
probe and the optical fibers used for coupling light in and out of the chip is shown in Fig. 2(b). A
microscope image of the fabricated device is shown in Fig. 2(d) and the passive transmission is
shown in Fig. 2(c). The insertion loss of the pn-doped waveguide is 3 dB/cm. We measured the
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half wave voltage V; of the child MZMs to be 15 V. Taking into account the geometrical length
of the doped region in the child MZMs, 1.6 mm, this is equivalent with a VL of 2.4 V cm.
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Fig. 2. Design and response of DPMZM, (a) schematic of DPMZM, (b) measurement setup
with electrical connections and optical fibers, (c) passive transmission, and (d) microscope
image of DPMZM. P: thermo-optic phase tuner pad for the parent MZI, C: common ground
pad for child and parent MZI, B1, B2: bias pads for child-2 and child-1 respectively, C1 and
C2: pads for thermo-optic tuners for the child MZMs.

We first explain the working principle and derive the necessary conditions for the DPMZM
to achieve SIC. The uplink signal, which is the signal-of-interest (SOI), is denoted as Vg (¢)
while the interference signal (downlink signal) is denoted as V;(¢). Child-1 MZM is driven by
the corrupted signal (Vso;(¢) + V;(¢)) and Child-2 MZM is driven by an attenuated version of the
interference signal, which we refer to as the reference signal, Vg(¢). The SOI, interference, and
reference signals can be expressed as:

Vsor(t) = Aj cos (Q1 + ¢11) )
Vi(t) = Az cos (Qt + ¢rt) 2)
Vr(t) = A3 cos (Qf + ¢3t) 3)

The interference and reference signals will have different amplitudes and phase. However,
their phase can be made identical by introducing an RF time delay to make ¢» = ¢3. The output
from the DP-MZM for an input optical carrier S;, = Ae*®" is then given by:

t 1
om( ) _ cos (a1 + B cos (Qf + ¢1(2)) + B2 cos (Qf + ¢a(1)))
A \2

' | o 4

X/t 4+ — cos (ay + B3 cos (Q + ¢1(1))) x /7«

V2

where a; = "V' 2 the bias applied on the child MZMs, B3 = 123 the modulation
index with A3 the SOI, 1nterference and reference RF amplitudes in volts, and 0= ZnnepAL + 52 ”V3

AL is the path length difference between the two arms of the parent MZI and V3 is the Voltage
applied on the parent MZI thermo-optic phase shifter. Performing Jacobi-Anger expansion of
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Eq. (4) under the approximation that 85 3<<1 and retaining only first order sideband terms
leads to the condition for self-interference as:

—exp(j6) sin (a2)J1(B3) = sin (a1)Jo(B1)J1(B2) (5)

Under this condition, the output of the DPMZM will be independent of ¢, and ¢3. In the
limiting case when 6 = 7, and @, = a1, Eq. (5) becomes:

J1(B3) = Jo(B1)J1(B2) (6)

which was also derived in Ref. [6,7]. However, Eq. (5) is general and can be applied for a range
of bias points as long as the MZMs are weakly modulated. Under this condition, assuming unit
amplitude for the input optical signal at a frequency wj, the output of the DPMZM takes the form:

Jo(B2)J1(B1)
V2

Eout(t) = COos (Qt + ¢1 (t))exp(iwlt) (7)

n
(g) , allowing

to further simplify Eq. (7) to Eyu, () = % cos (Qt + ¢1(#))exp(jw;t). Equation (7) represents
a carrier suppressed double sideband signal with the desired uplink signal information in the
sidebands. Finally, the carrier suppressed signal is combined with an attenuated optical carrier
tapped from the input laser to give a double sideband with carrier signal. The optical output is
then written as:

For small arguments, the Bessel functions can be approximated as J,(8) = 5

Epnal(t) = 2% cos (Q + 1 (1))expljeort) + Bexpljeo) ®)

where B is the amplitude of the tapped optical carrier from the input laser which is combined with
the carrier suppressed signal from the DPMZM. In this way, the uplink RF signal can be retrieved
by applying the DPMZM output, combined with the tapped optical carrier, at the photo-detector.
The output optical signal can suffer from a power fading effect from BS to CO due to optical
fiber dispersion. This can mitigated by including a polarization controller at the DP-MZM output
and providing a static phase shift to the optical carrier [7].

(Laser >l
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Fig. 3. SIC experimental setup. AMP: RF amplifier, TDL: time delay unit, EDFA: Erbium
doped fiber amplifier, ATT: attenuator, PD: photo-detector, and ESA: electrical spectrum
analyzer.
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Fig. 4. Optical response of the DPMZM (a) without SIC (only V;(¢) applied on Child 2)
and with SIC (V;(¢) applied on Child-2 and Vg(¢) on Child 1) (b) SOI with SIC enabled
(Vi(t) + Vr(t) + Vsoi(t)) when the reference laser is ON and OFF.
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The experimental setup is shown in Fig. 3. A continuous wave tunable laser (Santec 510) acts
as the optical input to the DPMZM. The RF port of the child-1 MZM is driven by the interference
signal as well as the SOI (Vgo;(7) + Vi(¢)). The interference signal and SOI are generated from
two different RF sources (Rohde & Schwarz SMB 100A and SMR40) and are amplified before
being applied to the device. The bandwidth of the amplifiers used for the SOI and interference
signal is 15 GHz and 60 GHz respectively. The MZMs are reverse biased at 3 V. The RF port of
the child-2 MZM is driven by the interference signal after passing it through a time delay unit
(Spectrum C3117) and an RF attenuator. We maintain a; = a; by the 3 V bias of the MZMs
leading to Eq. (6) and the time delay unit is used to make the phase of the interference and
reference signals equal. The applied RF signals have 8; = 0.36, 5, = 0.33, and 33 = 0.32, which
closely satisfies Eq. (6). The carrier-suppressed double sideband output from the DPMZM is
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Fig. 5. Electrical spectra of the single frequency signal from the photodetector with and
without SIC and SOI when the RF frequency is (a) 7 GHz, (b) 10 GHz, (c) 16 GHz, and (d)
20 GHz. The signals are shifted by 0.1 GHz for better representation

recorded using an OSA. For the RF domain analysis, it is combined with the tapped optical
carrier from the input laser, and inspected on an ESA.

The optical spectrum recorded on the OSA (Anritsu MS9740A) is shown in Fig. 4. Figure 4(a)
shows the output from the DPMZM when the SIC is disabled (interference signal applied only to
child-1 MZM) and when it is enabled (interference signal applied to both child MZMs). With the
SIC disabled, the interference signal modulates child-1 MZM resulting in a carrier suppressed
double sideband signal. This is also suggested from our theoretical analysis. The carrier is not
completely suppressed due to the small extinction ratio of the interference pattern generated by
the DPMZM (12 dB). Since the modulation index is small, the second order sideband is 26 dB
smaller than the first order. When SIC is enabled, the optical power in the sidebands reduces
by 14 dB. This demonstrates the interference signal indeed has been suppressed in the optical
domain. Figure 4(b) shows the output when also the SOI, with SIC enabled, is applied to Child-1.
Since the interference signal is suppressed, the sidebands contain the SOI information. Before
supplying this signal to the PD, the optical carrier, tapped from the input laser, is added to it
using an optical coupler. Figure 4(b) also shows the final output, a double sideband signal with
optical carrier.

Figure 5 shows the obtained RF signal at the PD for three conditions: only V;(f) applied on
Child-1 MZM (no SOI, no SIC), V(¢) applied on Child-1 MZM, Vg(t) applied on Child-2 MZM
(with SIC and without SOI), and with SIC and with SOI, for different RF frequencies. The
signals are separated by 0.1 MHz for clear representation. Two key parameters are labeled in the
figure. First, the cancellation depth of the interference signal, which is the measure of the power
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reduction in the interference signal power when SIC is enabled. It remains in the range of 30 dB
till 20 GHz. The second parameter is the difference between the power level of the SOI and the
remaining interference signal, the signal to interference ratio, with SIC enabled. We obtain this
parameter to be in the range of 25 dB till 16 GHz of operation and it falls to 10 dB at 20 GHz.
We attribute this reduction to the limited bandwidth of the SOI RF amplifier. At 20 GHz, the
output of the SOI RF amplifier is just 10 dBm (V,,, = 2V).

In summary, a silicon photonics based approach for RF self-interference cancellation was
proposed and demonstrated for in-band radio over fiber systems. The cancellation was achieved
in the optical domain using a dual-parallel Mach-Zehnder modulator and a cancellation depth of
33 dB is achieved experimentally. The modulator was fabricated in the IMEC CMOS pilot line
and offers a path towards mass manufacturing and large-scale system integration. A theoretical
model was developed and the necessary conditions for optimal performance were derived. We
believe this first silicon photonics based demonstration of interference cancellation will pave the
way for future research work in this field.
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