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Abstract—Wireless systems which can simultaneously transmit
and receive (STAR) are gaining significant academic and
commercial interest due to their wide range of applications such
as full-duplex (FD) wireless communication and FMCW radar.
FD radios, where the transmitter (TX) and the receiver (RX)
operate simultaneously at the same frequency, can potentially
double the data rate at the physical layer and can provide many
other advantages in the higher layers. The antenna interface of
an FD radio is typically built using a multi-antenna system, or
a single antenna through a bulky magnetic circulator or a lossy
reciprocal hybrid. However, recent advances in CMOS-integrated
circulators through spatio-temporal conductivity modulation
have shown promise and potential to replace traditional bulky
magnetic circulators. However, unlike magnetic circulators,
CMOS-integrated non-magnetic circulators will introduce some
nonlinear distortion and spurious tones arising from their clock
circuitry. In this work, we present an FD radio using a highly
linear CMOS integrable circulator, a frequency-flat RF canceler,
and a USRP software-defined radio (SDR). At TX power level of
+15 dBm, the implemented FD radio achieves a self-interference
cancellation (SIC) of +55 dB from the circulator and RF canceler
in the RF domain, and an overall SIC of +95dB together with
SIC in the digital domain. To analyze the non-linear phenomena
of the CMOS circulator, we calculated the link level data-rate
gain in an FD system with imperfect SIC and then extended
this calculation to count the effect of TX-RX non-linearity of the
circulator. In addition, we provide a qualitative discussion on
the spurious tone responses of the circulator due to the clocking
imperfections and non-linearity.

Index Terms—Circulator, CMOS, conductivity modulation,
full-duplex, non-reciprocity, self-interference cancellation.

I. INTRODUCTION

Traditional wireless systems are half-duplex (HD), where
the transmission and reception of radio signals are separated
in either different time slots (e.g., time-division duplexing,
TDD). Another common approach is to use different frequency
bands for the transmitter (TX) and the receiver (RX) (e.g.,
frequency division duplexing, FDD). In-band full-duplex (FD)
wireless is an emerging wireless communications paradigm
which allows simultaneous transmission and reception at the
same frequency, and has the potential to improve the spectral
efficiency at the physical (PHY) layer and to provide many
other benefits at the higher layers [1]-[5]. Therefore, FD can
possibly be applied to many applications including PHY layer
security [6], relaying and forwarding [7], [8], and network
localization [2], [6].
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The fundamental challenge associated with FD wireless
is the tremendous amount of self-interference (SI) leaking
from the TX into the RX, which needs to be canceled
to successfully receive the desired signal. This is usually
achieved through SI suppression at the antenna interface and
the self-interference cancellation (SIC) in the RF/analog and
digital domains. At the antenna interface, the SI can be
suppressed by using multi-antenna systems (separated TX and
RX antennas) [9], [10], or a single antenna shared through a
circulator [4], [11], [12] or a reciprocal hybrid such as the
electrical balance duplexer [13], [14]. In addition, practical
levels of SIC in the RF and digital domains have been
demonstrated using off-the-shelf components or integrated
circuits (ICs) [4], [10]-[12], [15], [16]. A traditional approach
to realize circulators is to use ferrite materials biased by an
external magnetic field. However, ferrite materials are not
compatible with existing CMOS and, therefore, lead to large
form-factors and high implementation cost.

Recent advances in CMOS-integrated circulators through
time modulation [17]-[19] has shown potential to replace
the bulky magnetic circulators. In this work, we present an
FD radio using a highly linear CMOS circulator [17] and a
USRP2 software-defined radio (SDR), which achieves high
TX power handling of up to +16dBm (limited by overall
SIC) and +95dB overall SIC across the antenna, RF, and
digital domains. We also analyze the effects of the circulator
TX-RX non-linearity on the achievable SIC. In addition, we
provide a conceptual illustration on the spurious tone response
of the circulator caused due to non-idealities and clocking
imperfections.

The rest of the paper is organized as follows. Section II
discusses the concept of spatio-temporal conductivity
modulation (STCM), and the implementation of a highly-linear
non-magnetic CMOS circulator with on-chip loss-free and
inductor-free isolation tuning. Section III presents the
implementation details of the FD radio built using the
CMOS circulator. Here we also discussed the spurious tone
response of the circulator and the effect of circulator’s TX-RX
non-linearity on overall SIC. Measurement results of the
FD radio are presented in Section IV. Finally, Section V
concludes the paper.
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Fig. 1. (a) Time domain operation of the ultra-wideband gyrator. (b) Non-reciprocal circular ring supporting only clockwise mode propagation. (c) Circulator
concept, including inductor-free, loss-free antenna balancing and design for high TX-power handling.

II. A CMOS MAGNETLESS NON-RECIPROCAL
CIRCULATOR WITH LOSS-FREE, INDUCTOR-FREE
ISOLATION TUNING

This section describes the architecture and implementation
details of the non-magnetic circulator used in our FD
radio prototype. The non-magnetic circulator is built using
the concept of synchronized spatio-temporal conductivity
modulation (STCM) around transmission lines [20], [21].

A. An Ultra-Broadband Gyrator Based on STCM around
Transmission Lines

The gyrator element consists of a differential transmission
line with a characteristic impedance equal to the differential
port impedance, which is sandwiched between two
doubly-balanced switch sets as shown in Fig. 1(a). The
modulation signal of the right-hand-side switches is delayed
with respect the left hand-side-switches by a value of
T,./4, which is quarter period of the modulation signal,
and also the propagation delay of the transmission line.
In this configuration, as illustrated in the time domain
bounce diagram in Fig. 1(a), the signal traveling in the
forward direction (left to right) experiences the delay of the
transmission line, T}, /4. In the reverse direction (right to left),
the signal experiences the delay of the transmission line with
an additional sign flip. This additional sign flip in the reverse
direction creates a ultra-broadband non-reciprocal phase shift
of 180°, resulting in an ultra-broadband gyrator. The gyrator
is postulated as a fifth fundamental circuit element [22]
after resistor, capacitor, inductor, and transformer, and is
considered as the basic building block for designing an
arbitrary non-reciprocal circuit.

B. Architecture of the CMOS Circulator

This phase non-reciprocity is converted into amplitude
non-reciprocity by wrapping a 3\/4 line (—270° phase
response at signal frequency) around a gyrator with +90°
and —90° phase response in forward and reverse directions
respectively (Fig. 1(b)). A circulator is then created by

inserting 3 ports namely, TX, ANT, and RX, along the 3)\/4
transmission line with A/4 spacing as depicted in Fig. 1(c).
While the ports can be placed anywhere along the transmission
line, placing the RX port right next to the gyrator [23] protects
the CMOS switches in the gyrator from large TX swing, and
hence substantially increases the linearity of the circulator.
In addition, the TX power handling of the circulator has
been improved due to the ultra-broadband gyrator architecture
which allows lowering of the modulation frequency. For an
operation frequency of 1 GHz, the switches in the gyrator
were modulated at 333 MHz (1/3 of the signal frequency),
thus enabling the use of the thick oxide 320nm transistors
with higher breakdown voltage, and consequently, higher
power handling. This work notably improves linearity and
power handling by 10-100x compared with our prior CMOS
non-reciprocal circulators [23], [24], while compensating for
a wide ANT impedance range.

C. In-built Isolation Tuning

TX-RX isolation of all shared-ANT interfaces is susceptible
to antenna mismatches. The TX signal travels to the ANT
port, and a portion of it gets reflected back due to the
antenna mismatch and travels into the RX port. Typically,
circulators are followed with antenna tuners but these
introduce additional loss. In this work, a novel loss-free,
inductor-free isolation tuning approach is proposed (Fig. 1),
which leverages the inherent —90° phase shift in the
TX-ANT path. A feedforward cancellation path consisting of
a digitally-controlled capacitance bank is introduced from TX
to RX, which injects a current that is —90° out of phase with
the TX voltage due to its reactive nature, and is programmable
in magnitude. Another such path is introduced from ANT to
RX, and since the voltage at the ANT port is —90° out of
phase with respect to the TX voltage, this path introduces a
current which is in-phase with the TX signal. A differential
circulator implementation enables sign inversion in each of
these paths, and therefore complete coverage of the complex
plane is enabled without inductors and resistors (i.e., additional
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Fig. 2. (a) Block diagram of the FD radio prototype using CMOS circulator.
(b) Block diagram of the frequency-flat amplitude- and phase-based RF
canceller implemented using discrete components.

loss). In addition, the notch frequency of the isolation can
be easily tuned by changing the tunable capacitor settings.
The maximum isolation from this tuning technique is limited
to —55dB by the resolution of the digitally-tunable switched
capacitor banks.

The measured insertion losses of the circulator are
2.1/2.9dB in the TX-ANT and ANT-RX paths, and ANT-RX
noise figure is 3.1dB. Using the tunable switched capacitor
banks, >40dB TX-RX isolation is achieved across the entire
1.85 ANT VSWR circle and beyond. The measured in-band
TX-ANT/ANT-RX IIP3s are +50.03dBm and +36.90dBm
respectively. TX-ANT input Pjgp is >+30.66 dBm (limited
by the measurement setup), at which point the compression is
only 0.66 dB, while the ANT-RX input Pj4g is +21.01 dBm.
Measured TX-RX IIP3 is 24.22dBm. Once tuned to +50 dB
isolation at low TX power levels, the TX-RX isolation is
>40dB for TX powers up to +21.60 dBm. While the isolation
can be tuned back for high TX powers, maintaining a decent
isolation form low to high TX power is very critical in systems
with large peak-to-average powers ratios.

III. A FULL-DUPLEX RADIO PROTOTYPE USING THE
CMOS MAGNETLESS CIRCULATOR

In this section, we present the prototyped FD radio
which consists of an antenna, an integrated non-magnetic
CMOS circulator as described in Section II, a conventional
frequency-flat amplitude- and phased-based RF SI canceller!,
and a USRP2 SDR. Fig. 2(a) shows the block diagram of the
prototyped FD radio.

A. Design of the Conventional RF Canceller

The block diagram of the passive RF canceller is shown in
Fig. 2(b). The 0.8—-1.3 GHz RF canceller taps a reference signal
at the output of the USRP TX port and performs SIC at the

'An FD wireless link demo based on this conventional RF SI canceller
was presented in [25]. An improved version of this RF SI canceller was
integrated with then open-access ORBIT testbed for the research community
to experiment with FD wireless [26].
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Fig. 3. Measured TX-RX isolation in the RF domain achieved by the
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input of the USRP RX port. In particular, a portion of the TX
signal is coupled from the output of the power amplifier (PA)
through a 6 dB directional coupler. The TX reference signal is
then adjusted in amplitude and phase by using an attenuator
and a passive phase shifter, which are software-controlled from
the laptop through a SUB-20 controller. The 5-bit attenuator
provides an attenuation range from 0dB to 15.5dB with a
0.5dB resolution. As a result, TX leakage between —31dB
to —15dB (with respect to the absolute TX power levels)
can be canceled. The passive phase shifter is controlled by
an 8-bit digital-to-analog converter (DAC) and covers the full
360° range with a 1.5° resolution.

As mentioned in Section II, the isolation of the circulator
can be tuned to —55dB using the switched capacitor banks.
However, the maximum attenuation to the TX signal from the
RF canceller is limited to —31 dB. Therefore, the RF canceller
is configured to cancel the TX leakage from circulator at a
small offset frequency from the circulator notch frequency
as shown in Fig. 3. We also note that an RF canceller
with larger attenuation range can potentially cancel the TX
leakage from the circulator at its notch frequency, hence
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Fig. 5. (a) Chip microphotograph of the 1 GHz circulator implemented using
180nm SOI CMOS technology. (b) Measurement setup of the FD radio
prototype using CMOS circulator.

improving the TX-RX isolation. However, even with the
current configuration, it can clearly be seen that the RF
canceller increases the isolation as well as its bandwidth.

B. Digital SIC

The residual SI after circulator isolation and RF cancellation
is further suppressed in the digital domain. The digital SI
canceller is modeled as a truncated Volterra series [11],
[16] and is implemented based on a non-linear tapped delay
line to cancel both the main SI and the inter-modulation
distortion generated on the SI. Specifically, the output of the
discrete-time SI canceller, ¥,,, can be written as a function of
the current and past TX digital baseband signals, x,, and z,, g
(k represents the delay index), i.e.,

K K K
n = Z hig(Tn—r)+ Z ho ki (Tn—k)? + Z sk (Tn—k)?,
k=0 k=0 k=0
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Fig. 6. Conceptual illustration of the spurious tone response of the circulator
in presence of a strong transmitted signal Prx, received signal Prx at the
same frequency.

in which K corresponds to the maximum delay in the SI
channel and h,,x (m = 1,2,3) is the m™ order digital
canceller coefficient. Depending upon the SI channel, higher
order nonlinear terms can be included (the model in (1) only
includes up to the 3-order non-linearity). Using a pilot data
sequence, the digital SI canceller coefficients can be found by
solving the least-square problem and is implemented in GNU
Radio software.

C. Spurious Tone Response of the Periodically Time-Varying
Circulator

Unlike time-invariant systems, time-varying systems should
be characterized for their spurious tone responses as they
can violate the spectral mask. We now qualitatively illustrate
various spurious tones that can be created due to the clocking
imperfections and non-linearity of the circulator. Let us
consider the circulator operating in FD mode, with a signal
Prx at the TX port of the circulator at a frequency frx
equal to 3fr0, and Panr at the ANT port of the circulator
as shown in Fig. 6. The strong TX signal, Prx, creates
out-of-band spurious tones at the odd-harmonics of the clock?,
and an in-band image signal at the RX port of the circulator.
Ideally, there should be no out-of-band spurious tones, but
in practice they are present due to clocking imperfections.
However, owing to the large offsets from the frequency of
operation, these out-of-band spurious emissions can be heavily
suppressed by using a filter between the antenna and the
radio. Also, like all I/Q mixing systems, this circulator can
be calibrated for image rejection, which would improve the
suppression of the image tones to 50—60 dB so that they do not
limit the circulator isolation. In addition, TX-RX non-linearity
of the circulator results in in-band IM tones of the TX signal,
at the RX port.

2Spurious tones near even-harmonics of the clock are suppressed due to
the differential implementation of the circulator.



D. Effect of Circulator Non-Linearity on the SIC

At high TX powers, the TX-RX non-linearity of the
circulator limits the maximum amount of SIC that can
be achieved in an FD radio. For instance, the 3"-order
non-linearity of the circulator implies that the signal at the
RX port of the circulator consists of TX signal (due to finite
isolation of the circulator) along with its 3™-order non-linear
terms created by the circulator. These non-linear terms created
by the circulator cannot be canceled in RF/analog domains
as the portion of TX signal coupled into these cancellers
does not contain the information of the non-linear terms
created by the circulator, i.e., the RF/analog cancellers can
only cancel the linear portion of the TX signal. However,
these non-linear terms can be canceled in the digital domain
using the non-linear tapped delay line model (see (1)). More
significant non-linearity implies larger coefficients of the
non-linear terms in (1). In the presence of the circulator
non-linearity, the self-interference-to-noise ratio (XINR) of the
FD radio, vseit, is given by

Pres + Pres

SI,linear SI,non-linear

VSelf = = 7YSelf linear T YSelf,non-linear»

Pnr
res res 1
where Pgpyi o and Fgrl o inear are the power levels of the linear

and non-linear components of the residual SI, respectively,
with corresponding XINR values of Yselt linear a0d Yself non-linear-
Recall from Section II that the TX-RX IIP3 of the circulator
when tuned for the maximum isolation of +50dB is +24 dBm
(see Fig. 4). The total SI power introduced by the 3™-order
non-linearity at the RX port of the circulator, denoted by
Prx1v3, can be expressed in terms of TX power Prx as

PRX,IM3 = (PTX — 50) —2X (24 — PTX) = (3PTX — 98) dBm.

2
With a USRP noise floor of Pyg = —90dBm for 10 MHz
signal bandwidth®, a +16dBm TX signal would result in
an non-linear SI power of —90dBm after digital SIC (i.e.,
Pxm3 — 40dB digital SIC with Prx = +16dBm), which
is equal to USRP receiver noise floor. Therefore, for TX
power levels greater than+16 dBm, vses is degraded due to
the non-linear components of the residual SI, which will lead
to lower FD rate gains at the same link SNR value. In other
words, better exploiting the watt-level power handling at the
circulator TX port will require either improving circulator
TX-RX IIP3 or better nonlinear digital cancellation algorithms.

IV. MEASUREMENTS

Fig. 5(a) shows the chip microphotograph of the CMOS
circulator implemented in 180nm SOI CMOS process, and
Fig. 5(b) shows the measurement setup of the FD radio
implemented using the CMOS circulator. A QPSK signal
with +15dBm and 10 MSa/s sampling rate is provided at the
TX of the circulator, and the SI spectra after the circulator
isolation and RF cancellation, and after the digital cancellation

3This USRP noise floor is the measured noise floor when an antenna is
connected to the RX port. The true noise floor of the USRP is lower when
the RX port is terminated with a 50 Q2.
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Fig. 7. Measured spectra of the received signal at the FD radio prototype
at +15dBm TX power (a) with the 1 GHz CMOS circulator as descibed in
Section II, and (b) with the 2"d-generation 1 GHz CMOS circulator.

are shown in Fig. 7(a). The residual SI power (Pgf}i cor +
PgiS ontinear) & —80dBm and the prototyped FD radio achieves
an overall SIC of +95dB across the antenna, RF, and digital
domains. We note that using an analog domain canceller [23],
[27] has the potential to achieve further improved SIC, and the
overall SIC of the FD radio will be limited by the circulator
TX-RX non-linearity. Fig. 7(b) shows the measured spectra
when the 2™ circulator is used in the same FD radio. Here,
465 dB isolation is achieved using the circulator and the RF
canceller, and the residual SI is further canceled to the USRP
noise floor after the digital SIC.

Table I shows the corresponding FD rate gain computed
using similar methods as described in [28], with
experimentally measured XINR values of ~sf = 10dB
(Fig. 7(a)) and s = 0dB (Fig. 7(b)). We also account for
the additional 3 dB link-loss due to the additional hardware
in the FD radio, namely the CMOS circulator which features
5dB total loss in TX-ANT and ANT-RX paths, when
compared to a typical TDD radio with a T/R switch that
features 1dB loss in TX-ANT and ANT-RX paths each. The
results show the relationship between the XINR, ~ser, with
varying HD link SNR values. It can be seen that higher link
SNRs and lower values of ~ser will result in increased FD
rate gain, but lower link SNRs and higher values of 7ses can
also possibly results in an FD rate gain of less than 1.



TABLE I
FD RATE GAIN COMPUTED USING SIMILAR METHODS AS DESCRIBED
IN [28], BY TAKING THE ADDITIONAL LOSS DUE TO FD HARDWARE
(ADDITIONAL 3DB WHEN COMPARED TO A TRADITIONAL HD RADIO)
INTO ACCOUNT ALONG WITH EXPERIMENTALLY MEASURED
YseLr = 10DB (FIG. 7(A)) AND ~sg r = 0DB (FIG. 7(B)).

HD Link SNR (dB) 0 10 20 30 40 50
Yseif = 10dB 0.13 |1 031 | 0.74 | 1.11 | 1.33 | 1.46
Yself = 0dB 0.65 | 1.05 | 1.41 | 1.60 | 1.70 | 1.76

V. CONCLUSION

In this work we present an FD radio which is implemented
using a highly linear CMOS integrable magnetless circulator,
an RF canceller and an USRP2 SDR. At a TX power level of
+15dBm, SIC of +55dB has been achieved from circulator
isolation and RF canceller, and an overall SIC of +95dB
is measured after the digital cancellation. We also analyzed
the effects of TX-RX non-linearity on the overall SIC of FD
radio. In addition, we also presented a qualitative discussion
on the spurious response of the circulator in the FD operation
in presence of a blocker. Improving the TX-RX nonlinearity
of the circulator and adding an analog canceller to achieve
even higher SIC is a topic of future research.
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