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ABSTRACT Wireless technology is growing at a fast rate to accommodate the expanding user demands.
Currently, the radio frequency (RF) spectrum is overcrowded. Hence, it is more susceptible to signal
fratricide and interference. To enhance spectrum access, in-band full duplex systems are implemented to
achieve simultaneous transmission and reception (STAR) and double the spectral efficiency. However, STAR
systems require suppression of the high power transmit signals that can leak into the receiver chain. This
type of self-interference (SI) can significantly reduce the receiver.s dynamic range and often leads to its
desensitization. Therefore, successful STAR implementation requires considerable isolation between the
transmitter and receiver to reduce the SI signal. To do so, RF self-interference cancellation (RFSIC) stages
are considered. In this paper, we present a two-stage SIC system that includes transmit and receive antennas
isolation and RFSIC filter stages. Notably, the isolation between the transmit and receive antennas is based
on a novel symmetric suppression technique. The RFSIC filter is based on a hybrid finite impulse response
(FIR) filter and resonator architecture. Adding a resonator to the FIR filter provides improved matching to
approximate and suppress the direct SI coupling. Our design achieves ∼52 dB isolation on average across a
500 MHz bandwidth (viz. 1-1.5 GHz) in simulation. Simulation results show a minimum cancellation of 41
dB and a maximum cancellation of 65 dB. A prototype was fabricated and tested, showing an average of ∼
44 dB cancellation which is in good agreement with our simulation.

INDEX TERMS Coupling signal, in-band full duplex (IBFD), STAR, self-interference cancellation (SIC).

I. INTRODUCTION
Current electromagnetic spectrum (EM) is too congested to
facilitate a continuous frequency spectrum for ultra-wideband
(UWB) communication [1]–[4]. This limitation has spurred
the necessity for efficient spectrum access techniques such as
in-band full-duplex (IBFD) or simultaneous transmit and re-
ceive (STAR) [5]–[7]. The latter enables a cellular network to
transmit and receive simultaneously over the same frequency
band [8]. As such, STAR enables frequency re-use. Hence, the

spectral efficiency is doubled. Since the existing RF spectrum
is very costly, greater spectrum efficiency in the STAR system
implies significant cost reduction for spectrum licensing [9].

The key challenge to realize STAR systems is in mitigat-
ing self-interference (SI) [10], [11]. The latter refers to the
high power transmit signal that couples to the receiver port,
which is typically ∼ 100 dB stronger than the received signal,
and causes receiver desensitization [2]. To circumvent this
issue, typical communication systems have adopted different
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methods such as time-division duplexing (TDD) or frequency
division duplexing (FDD) [4], [12]–[15]. However, these
duplexing schemes exploit orthogonality of time/frequency
resources at the expense of spectral efficiency [16]. In brief,
TDD and FDD occupy double the time and frequency, re-
spectively. In addition, TDD requires stringent time/phase
synchronization to realize full-duplex, whereas FDD uses ex-
tra guard band beyond its dedicated transmit (Tx)/Receive
(Rx) frequencies.

Alternatively, doubling the spectral efficiency can be
achieved using STAR systems [17]. The successful imple-
mentation of these systems requires high isolation between
transmitter and receiver of as much as 100 dB [17]–[22]. To
do so, we must 1) cancel the transmit signals that directly
couple to the receiver chain, 2) suppress harmonics from
power amplifiers (PAs), and 3) eliminate coupled noise from
the Tx chain. Further, advanced STAR circuits are needed to
remove multipath reflected signals. Notably, coupled interfer-
ence suppression from nearby transmitters should be enacted
adaptively to unlock the impact of dynamically varying envi-
ronments.

So far, STAR implementations have overcome the un-
wanted SI through the implementation of multiple stages
of coupled signal suppression techniques across the receiver
chain. As such, SI cancellation was achieved in 1) propagation
domain, 2) analog domain, and 3) digital domain [23]. Propa-
gation domain cancellation was accomplished by employing
techniques such as cross-polarization of Tx/Rx antenna or
Tx beamforming [24]–[27]. Notably, these techniques have
shown that SI becomes even higher in the case of an antenna
array. Therefore, to realize an efficient STAR system, the
interfering signal must be sufficiently cancelled at subsequent
RF and baseband stages. Analog stage cancellation incorpo-
rates an RF filter to cancel the replica of the transmit signal
from the receiver chain [16], [28], [29]. However, analog
self-interference cancellation (SIC) needs to achieve enough
cancellation to preserve the analog to digital converter (ADC)
dynamic range (DR). For a linear ADC, the DR is calculated
using DR=6.02n +1.76 (dB) [30]. Hence, assuming a 12 b
ADC (including a 2 b margin), the dynamic range is 62 dB.
Therefore, we require 48 dB of analog suppression to achieve
a total of 110 dB cancellation. The digital domain involves
probabilistic modeling of the propagation channel for post-
processing the digitized signal to further reduce the SI in the
receiver chain [31].

However, most of these STAR topologies have only been
applied to narrow band signals (viz. <100 MHz) [32]–[35].
Frequency selectivity at the antenna interface limits the SIC
bandwidth. Conventional RF canceller mimics at a single
frequency point, limiting the SIC bandwidth to achieve infi-
nite cancellation. For wideband SIC cancellation, we need to
mimics the SI signal at several frequencies to extend the SIC
bandwidth. In a recent work [34], an RF front-end for a full
duplex radio system with three antennas (ATRX1, ATRX2,
and ARXD) is presented. The transmitting signal is first fed to
a rat race coupler with two output transmit antennas (ATRX1

and ATRX2). The transmit signals at ATRX1 and ATRX2 are
summed out of phase at the differential port of the rat race
coupler and fed to the receive antenna port (ARXD). At the
receiver side, two SI reference generators are implemented to
further reduce the residual signal by 60 dB across 80 MHz.
In our work, one TX and 2 RX antennas were employed
with 1 splitter, 2 directional couplers, 1 hybrid coupler, and 2
custom-made SIC FIR resonator. Our design achieves 52 dB
across 500 MHz. Furthermore, in our work, we are using
direct coupling in the RF domain instead of residual signals
in the time domain used in [34]. We note that direct coupling
provides more cancellation across a wider bandwidth. In [35],
two narrow band tunable resonators were used in the antenna
array near field to provide a 30 dB reduction in Tx/Rx cou-
pling across 110 MHz.

Recently, researchers have been working on fully integrated
RFIC incorporating SIC for STAR system. In [36], a multiple-
stage bandpass filter (BPF) is implemented using nanoscale
CMOS technology for SI cancellation in the RF domain. Tun-
ability, reconfigurability, and high Q are the favorable features
for this CMOS implementation. However, this technique is ca-
pable of achieving 20 dB of SIC across a 20 MHz bandwidth
(BW). A CMOS transceiver is implemented with 65 dB deep
Tx SI cancellation across 80 MHz in another study [37]. In
[38], a seven-tap RF canceller with time-interleaved switched
capacitor delays is designed in a 65 nm CMOS platform.
However, this technique can operate in narrow BW and pro-
vides an average of 32.5 dB cancellation across 20 MHz BW.

Multi-tap finite impulse response (FIR) filters were also
implemented for SIC. Particularly, a 16-tap filter was imple-
mented in [18] and demonstrated 47 dB cancellation across
a narrow bandwidth of 80 MHz. This cancellation circuit
used a large number of attenuators (in this case, 16) implying
additional complexity of the optimization algorithm that was
used. In [39], a time-domain narrowband cancellation using a
filter with four tap delay lines and attenuators demonstrated
30 dB cancellation across a BW of 30 MHz. Researchers in
[40] used multiple RF bandpass filters to implement RF-SIC
in the canceller that channelizes the desired bandwidth. This
approach showed 20 dB of SI cancellation across 27 MHz.
Other multi-stage STAR implementations introduced a stage
of digital baseband cancellations to achieve up to 60-80 dB
cancellation [41], [42].

More recently, research on wideband STAR systems
abound. In [43], one pair of Tx and one pair of Rx antennas
were designed with two 3 dB 180◦ hybrid couplers, resulting
in 39.6 dB of SI cancellation across 4:1 BW. Another study
showed 35 dB Tx/Rx isolation across 2-2.9 GHz using a ring
array [44]. However, this approach requires an external beam-
former to improve isolation to 50 dB, implying additional
complexity (see Table 1 in Section VIII). In [3], [16], wide-
band FIR filters were implemented to provide RF cancellation
across 500 MHz. Indeed, multi-tap FIR filter provides more
degrees of freedom (such as tunability and attenuation) to
achieve cancellation across larger bandwidth. This approach
was able to achieve 25 dB RF cancellation across 500 MHz.
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TABLE 1. Performance Comparison With the State-of-the-Art in STAR System Implementations

This work was later expanded to obtain 25 dB cancellation
across 1 GHz bandwidth by cascading multiple FIR filters
[45], [46]. However, this cascaded approach is hardware in-
tensive.

In this paper, we present a two-stage wideband STAR archi-
tecture operating across 500 MHz, as shown in Fig. 1. This is
an extension of our previous work, published in [47], that was
solely based on simulation. This paper brings forward several
novelties, among them:

1) The passive symmetric cancellation technique is intro-
duced in the RF domain and is achieved using two
customized SIC circuits.

2) The SIC circuit is novel and based on a hybrid FIR
filter and resonator topology. The resonator adds extra
flexibility to approximate the SI signal.

3) The cancellation is 30 dB across a wide bandwidth of
500 MHz. Other published work showed 30 dB cancel-
lation across 80 MHz [34].

4) The benefit of passive symmetric RF cancellation is that
we can achieve additional SIC cancellation using a 180-
degree hybrid coupler,

5) Since implementing the FIR resonator requires a high
tuned solution and no initial guess, we have cho-
sen a differential evolution (DE) algorithm. DE is a
population-based optimizer for finding the best solution
of a problem. DE, in its most basic form, is the process
of adding the weighted difference between two popula-
tion vectors to a third vector. The differential evolution
algorithm works well for no initial solution and is also
effective for a high-tuned solution.

Our STAR architecture was able to achieve 41 dB minimum
to 65 dB maximum isolation (simulation) and 40 dB minimum

to 50 dB maximum isolation (measurement) between the Tx
and the two Rx ports across 1 to 1.5 GHz. In particular, we
introduce a symmetric coupling suppression technique using
a three-element antenna array. The symmetry between the Tx
and each of the Rx antennas leads to a of 12 dB isolation.
The latter can potentially improve to 32.5 dB if a 180◦ hy-
brid coupler is used to combine the two Rx ports. Instead,
more isolation can be achieved by introducing an RF stage
using a novel six-tap FIR-resonator circuit between Tx and Rx
antenna. This achieves a total cancellation of 40 dB. Finally,
the 180◦ hybrid is employed between the Rx ports to further
improve on average cancellation down to 52 dB.

Overall, the proposed architecture improved spectral effi-
ciency across various space communication bands including L
band by providing highly coveted isolation of 52-70 dB. We
anticipate that the triad of antenna isolation, customized SIC
filters suppression, and couplers will lead the way for prac-
tical, secure, and spectrally efficient STAR radios for space
and satellite communication. It is noted that STAR technol-
ogy also provides great advantages for magnetic resonance
imaging (MRI) where a significant amount of isolation is
the crucial requirement over various loading conditions in an
MRI scanner [48]. In summary, the applications include next-
generation (5 G/6 G) wireless systems, phased array radar
systems, military, law enforcement, and aerospace communi-
cations, pulse-Doppler radar systems, biomedical field, etc.

This paper is structured as follows. Section II describes the
principle of the operation of the symmetric SIC technique.
In Section III, we show symmetric coupling suppression us-
ing the three antenna structure and 3-dB hybrid coupler. In
Section IV, we perform symmetric coupling suppression us-
ing our novel SIC circuits. Section V shows the simulation
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FIGURE 1. A two-stage wideband STAR system operating across 500 MHz. The architecture is based on symmetric coupling suppression at the antenna
stage, followed by two SIC circuits, and a hybrid coupler. The total SIC is up to 52 dB.

performance of the SIC circuit. Sections VI and Section VII
show the fabricated prototype and measurement setup, re-
spectively. Section VIII presents a comparison of our system
with other state-of-the-art STAR implementations. Section IX
concludes the paper.

II. A TWO-STAGE RF SELF -INTERFERENCE
CANCELLATION
In this paper, a compact, symmetric, analog RF cancellation is
developed across a wide bandwidth, viz. 500 MHz. The whole
architecture consists of a three-element antenna array, one for
Tx and two for Rx, two SIC circuits, three power splitters,
and one power combiner, as depicted in Fig. 1. In bistatic
STAR, one pair of Tx and Rx antennas is common in practice
to achieve a balanced configuration and provide sufficient SIC
cancellation. The design of the entire system is presented first,
followed by a detailed procedure of the RF SIC circuits design
and optimization from 1 to 1.5 GHz.

As already mentioned, STAR systems require significant
cancellation of the coupled Tx signal into the Rx chains.

Coupling suppression can be achieved by improving the iso-
lation between the Tx and Rx antennas, as well as introducing
SIC circuits at the RF and/or analog/digital baseband. In our
design, two Rx antennas are placed at equal distance away
from the Tx antenna, as shown in Fig. 2(a).

A prototype was fabricated, as shown in Fig. 2(b). The
isolation between the Tx and each of the Rx antennas is 12 dB.
Notably, the coupled signals at each Rx antenna are symmetric
and fed to a 180◦ hybrid coupler to achieve >32.5 dB coupling
suppression at the antenna stage, as shown in Fig. 2(c). The
antenna isolation alone is not enough for STAR implemen-
tation, as for high Tx power (on the order of a few dBW),
the coupled signal after the antenna stage is still very high
and risks to desensitize the Rx chain. Therefore, an additional
stage is introduced to further improve on average cancellation
down to 52 dB. An SIC circuit is implemented between the
Tx antenna and each of the Rx antennas (see Fig. 1). The SIC
circuits are designed with a response conjugately matched to
the coupling between the Tx and each of the Rx antennas.
To do so, a 3-way power splitter is used to split the transmit
signal. One output is fed to the Tx antenna. The other two
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FIGURE 2. (a) Simulated 3 element monopole array; (b) Fabricated
prototype of 3 element monopole array; and (c) Schematic of a SIC for 3
element monopole array using hybrid coupler.

outputs are fed to each of the SIC circuits between the Tx and
Rx ports.

At each of the Rx chains, the SIC circuit’s output is com-
bined with the coupled signal using a power combiner to
achieve the required cancellation. The combiner’s output is
then fed to an 180◦ hybrid coupler to cancel out the total cou-
pling at both antenna elements. This approach demonstrates
better symmetric cancellation in the RF stage. Finally, the
output of the hybrid coupler is fed to the Rx chain. Also note
that the SIC circuits are implemented between the Tx and Rx
chains and not along the Rx chains. Therefore, these circuits
will not affect neither the Tx neither the Rx signals, and will
not contribute to any additional losses. However, there is a
loss of 4.77 dB at the TX port. But at the same time, with

FIGURE 3. Channel capacity ratio between FD and traditional system.

this loss, we were able to feed the two SIC filters. Previous
work [37] has used only one SIC. In this case, a power splitter
with a loss of 3 dB is needed. However, only a single SIC was
used and a cancellation of 65 dB was achieved across 80 MHz.
Conversely, in this work, using a 3-way power splitter, we
could achieve a minimum of 41 dB and a maximum of 65 dB
cancellation across 500 MHz with a loss of only 4.77 dB.

It is worth mentioning that such a loss does not greatly
affect the Full Duplex (FD) capacity. This can be validated by
referring to the basic transceiver’s channel capacity, specified

as C=BW.log2(1 + 10
SNR0

10 ). Here, BW denotes the channel
bandwidth and SNR0 denotes the received signal-to-noise ra-
tio. In our FD system, the bandwidth BW increases to 2BW,
however with an SNR0 reduction of 4.77 dB due to 4.77-
dB losses in both Tx and Rx chains. As a result, the new

channel capacity is equal to C/ = 2B.log2(1 + 10
SNR0−4.77

10 )
To achieve a higher capacity (viz. C/C ≥ 1) with our system,
SNR0 5.01 dB is needed, as shown in Fig. 3. We note that most
digital modulations schemes require a minimum SNR0 of 10
to 15 dB which imply that our system will always achieve a
high capacity that traditional systems.

More details on the antenna design and SIC circuits are
provided in the next section.

III. ANTENNA ISOLATION
For symmetric coupling cancellation, the geometry of the lin-
ear 3-element monopole antenna array is shown in Fig. 2(a).
The total antenna dimensions (L × W×h) are 260 mm×70
mm×50 mm. Fig. 2(a) shows that the geometry of the de-
signed monopole array consists of rectangular patch with
width=50 mm, length=50 mm, and an elliptical patch of
radius ratio equal to 1.25 with major axis equal to 25 mm,
and minor axis equal to 20 mm. The addition of elliptical
patch improves the bandwidth of the monopole antenna array.
The Tx antenna (Port 2) is placed at the center of the array.
The two Rx antennas (Port 1 and Port 3) are placed at equal
distance away from the center element (viz. 80 mm). The
prototype (see Fig. 2(b)) is printed on a Rogers 5880 substrate
with loss tangent of 0.0009, dielectric constant of 2.2, and
a substrate thickness of 1.27 mm. To achieve high isolation
between the Tx antenna and both Rx antennas, the transmis-
sion coefficients S(1,2) and S(3,2) are required to be identical.
This is realized using a perfectly symmetric configuration. As
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FIGURE 4. Photograph of a SIC setup for fabricated 3 element monopole
array using hybrid coupler.

FIGURE 5. Transmission coefficient at different ports. Coupling channels
from Tx to Rx antennas are nearly identical resulting in significant
cancellation when combined (pink color) showing the measured isolation
of 36 dB.

FIGURE 6. Simulation and measurement of the active reflection
coefficient for the 3-element monopole array prototype.

such, the coupled signals at each of the Rx ports are identical.
When combined out of phase using a 180◦ hybrid coupler
(see Fig. 2(c)), the coupled Tx signal is substantially reduced.
The 3-element antenna prototype with the hybrid coupler was
tested, as shown in Fig. 4.

A ∼36 dB isolation was measured across 1–1.5 GHz band,
as shown in Fig. 5. We note that, we have not designed the
hybrid coupler. It was purchased from a vendor with ∼3.5 dB
insertion loss. The part number for this item is ZAPDJ-2.
Therefore, the actual antenna isolation without hybrid coupler
insertion loss is ∼32.5 dB. Fig. 6 shows the simulated and
measured reflection coefficients at each of the ports. The phase
coupling and its corresponding antiphase response are also

FIGURE 7. Simulation and measurement of phase and anti-phase
response of symmetric coupling path between the Tx and each of the
Rx antenna ports.

FIGURE 8. RF FIR-resonator circuit operating across 500 MHz. This circuit
consists of delay lines, attenuators, and a resonator stub. The order of
filter is determined by the number of taps.

shown in Fig. 7. The antiphase coupling is required to improve
isolation, as will be discussed in the following section.

IV. SYMMETRIC COUPLING CANCELLATION IN THE RF
STAGE
The symmetric configuration of the antennas demonstrates
up to 32.5 dB of isolation. Additional suppression can be
achieved (>50 dB) by employing a second stage of SIC at
the RF front-end, as depicted in Fig. 1. The SIC circuit at
the front-end is a hybrid combination of an FIR filter and a
resonator, as depicted in Fig. 8. RF cancellation is achieved
by tapping the transmitted signal prior to transmission, then
applying gain/delay adjustments using SIC circuit, and sub-
sequently inserting the modified signal into the Rx chain for
cancellation. More in detail, the coupling between the Tx
and each of the Rx antennas is represented by the impulse
response hchnl1 and hchnl2 (see Fig. 1), respectively. Since both
coupling are identical,

S(1, 2) = S(2, 3) (1)

The scattering parameters are related to the channel impulse
response using [1]:

hchnl1 = S(1, 2)(1 − �L )(1 − �S )

(1 − S(1, 1)�L )(1−S(2, 2)�S )−S(2, 1)�LS(1, 2)�S
(2)
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hchnl2 = S(3, 2)(1 − �L )(1 − �S )

(1−S(3, 3)�L )(1−S(2, 2)�S )−S(2, 3)�LS(3, 2)�S
(3)

where, �L and �S are the reflection at the source and load
of the two-port network formed by the Tx and each of the
Rx ports. Under matching condition, �L = �S = S(1, 1) =
S(2, 2) = S(3, 3) = 0

Hence, (2) and (3) become

hchnl1 = S(1, 2) (4)

hchnl2 = S(3, 2) (5)

Referring to (1)

hchnl1 = hchnl2 (6)

In Fig. 1, we define s(t ) as the power amplifier’s (PA) output
signal and s̃2(t ) as the output of the power splitter feeding
the Tx antenna port. s̃1(t ) and s̃3(t ) are the signals at ports
1 and 3 of the power splitter, that will be fed to the each of
the SIC circuits, respectively. The coupled signals r̃1(t ) and
r̃3(t ) represent the SI at ports 1 and 3 of the Rx antennas,
respectively, such as

r1(t ) = s̃1(t ) ∗ hchnl1(t ) (7)

r3(t ) = s̃3(t ) ∗ hchnl2(t ) (8)

To cancel these coupled SI signals, the outputs of the power
splitter s̃1(t ) and s̃3(t ) are passed through the two designed
RF SIC circuits of impulse responses hsic1(t ) and hsic2 (t),
respectively. The filtered signals at each Rx ports are then,

c1(t ) = s̃1(t ) ∗ hsic1(t ) (9)

c3(t ) = s̃3(t ) ∗ hsic2(t ) (10)

At the Rx ports, a 2:1 power combiner is employed. The
combined Rx signals from both symmetric sides are:

y1(t ) = c1(t ) + r1(t ) (11)

y2(t ) = c3(t ) + r3(t ) (12)

Thus, our goal is to minimize y1(t ) and y2(t ). This is accom-
plished by designing SIC circuits with the following impulse
response:

hsic1(t ) = −hchnl1(t ) (13)

hsic2(t ) = −hchnl2(t ) (14)

In other words, if the phases of the coupled and filtered
SIC signal are 180◦ out-of-phase, destructive interference is
achieved, leading to signal cancellation. Further reduction of
SI can be achieved using a 180◦ degree hybrid coupler. At the
output of the hybrid coupler, the total coupled signal cancels
out. As such, y1(t ) and y2(t ) are combined out of phase,
leading to additional cancellation. In other words,

y1(t ) + y2(t ) = 0 (15)

V. SELF-INTERFERENCE CANCELLATION CIRCUIT
In this section, we present the design and optimization of the
SIC circuit. For our design, a 6-tap FIR-resonator is consid-
ered, as depicted in Fig. 8. The delay lines, attenuators, and
resonator stub were optimized to achieve a filter response
that satisfied (13) and (14). In other words, the hybrid FIR-
resonator response can be matched conjugately to antenna
channel response by adjusting the gain delay of the attenuators
and the transmission lines (copper trace), respectively, across
the desired frequency band (1-1.5 GHz). Adding resonator
provides for additional tunable parameters and hence, extra
degree of freedom to mimic the SI signal. We note that, in
our SIC circuit design, we considered the measured results of
the symmetric coupling of the fabricated 3-element antenna
prototype, shown in Fig. 5 and Fig. 7.

For the three-element monopole array, one antenna acts as a
Tx antenna and the other two antennas are Rx antennas (Rx1,
Rx2). The coupling from Tx to Rx1 is denoted as S(1, 2), and
coupling from Tx to Rx2 is denoted as S(3, 2). Let the signal
transmitted from antenna 2 be s̃2(t ), hence the SI signal is at
antenna Rx1 due to coupling is s̃2(t )S(1, 2). Similarly, the SI
at Rx2 due to Tx is s̃2(t )S(3, 2). The coupling function can be
expressed as S(1, 2)=S(3, 2)= e−sT

(α(s)) with T = d
c , where d is

the inter-antenna distance, α is the attenuation constant. Here
SI can be suppressed using SIC circuit (viz. FIR resonator)
having transfer function (TF) hsic(t )=S(1, 2)=S(3, 2).

From the basic network, we know that the passive multiport
networks corresponding to the antenna arrays with mutual
coupling contain TFs with both zeros and poles in their
integer-order polynomial representations. The approximation
of such coupling functions using FIR resonator is possible.
However, the only trade-off is the order of the FIR resonator.
Here, we are using microstrip substrate to keep the circuit low
profile. To reproduce this network’s unit impulse response, an
FIR filter would need to sample it at close intervals of time
and use the sampled values as weights (viz. taps) for the FIR
realization.

The TF of the FIR resonator can be represented using cir-
cuit taps and a resonator. The FIR resonator designed is static.
Circuit taps are implemented using tap delay lines and tap
coefficients. Open stub line is used to design the resonator
circuit. To realize the FIR resonator in analog domain, the
tap delays and resonator are realized by microstrip line and
tap coefficients are realized by attenuators. The width and
length of the delay lines, attenuators, and resonator stub are
optimized to achieve a transfer function that is conjugately
matched to the channel transfer function between the Tx and
Rx antennas. Adding resonator provides for additional tunable
parameters and hence, extra degrees of freedom to mimic the
SI signal.

More in detail, we design a 5th order circuit (viz. 6 taps).
This topology is passive, as it only consists of passive el-
ements: delay lines, attenuators, and a resonator stub. The
width and length of the delay lines, attenuators, and resonator
stub are optimized to achieve a TF that is conjugately matched
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FIGURE 9. EM model of FIR- resonator circuit.

to the channel’s TF (between the TX and Rx antennas). The
delay spread and filter coefficients are obtained using a DE
algorithm. For optimization, we have considered several fac-
tors. To calculate population size, a general rule is to multiply
the number of optimizable parameters by 5 until the maxi-
mum number of parameters is reached (60 in this case). A
small population size produces faster results, but it is also
more likely to stall in a local optimum. Independent of the
number of parameters, population sizes greater than 60 are
generally not beneficial. In our circuit tuning for mimicking
the coupling response, our population size was always less
than 60. In our SIC design, we have chosen greedy strategy,
since it produces the most rapid results. With no initial guess,
the problem becomes complex. Therefore, we have chosen
higher cross over probability. Typical values are between 0.0
and 1.0. In our case, the cross over probability is 0.9. We first
performed circuit simulation to get the optimum weights of
the circuit elements using this algorithm.

For fabrication purposes, circuit simulation is not enough
to get the accurate result for SIC cancellation. Therefore,
we have performed an EM simulation to get more accurate
results. Here also, DE algorithm was also performed with
the EM simulation. The EM model is developed, as shown
in Fig. 9. We considered the vendor’s actual S-parameter of
the circuit element so that the fabricated prototype is well-
matched to the antenna coupling. In brief, EM simulation
of the circuit elements’ actual S parameter helps find total
optimum weights. The specific filter taps (viz. weighted filter)
coefficient are 3, 3, 5, 0, 0, 15 and delay spread are 0.02,
0.039, 0.065, 0.015, 0.017, 0.063 ns at the center frequency.
Insertion loss depends on the mutual coupling of the antenna
array. The insertion loss of the FIR resonator is defined by
−20log10|S(2, 1)|dB and is shown in Fig. 10(a). We note that,
the dimension of the SIC circuit is 37 mm×31 mm. A com-
parison between the magnitude response and phase response
of the FIR-resonator and complex conjugate of the channel
is depicted in Fig. 10(a) and (b). Clearly, the magnitude and
phase response of the FIR-resonator and the channel between
Tx and Rx antennas are in good agreement across 500 MHz
bandwidth. Then, using the FIR-resonator response, SIC is

FIGURE 10. Simulation results showing the (a) magnitude and (b) phase
response of the simulated hybrid FIR- resonator circuit, and the complex
conjugate of the channel.

FIGURE 11. Computed SIC using the simulation results showing an
average cancellation of ∼30 dB at each of Rx ports.

computed according to the following expression [3]:

SICdB =
[

20 log10
1

2 | hchnl,n |2 (| hchnl,n |2 + | hsic,n |2)

+2 | hchnl,n || hsic,n | cos(< hsic,n− < hchnl,n)
]2

(16)

Using (16), an average of 30 dB suppression is obtained from
1 to 1.5 GHz, as also shown in Fig. 11.

Since we are building the SIC circuit across a wider
frequency range, the variable delay lines provide greater flex-
ibility in terms of achieving cancellation. A fixed delay line is
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FIGURE 12. Effect of variable and fixed delay lines on SIC.

FIGURE 13. Effect of amplitude mismatch and phase mismatch on SIC.

FIGURE 14. Fabricated RF FIR-resonator prototypes.

also able to provide SI cancellation despite the fact that it is
operating within a limited bandwidth. Fig. 12 shows the RF
SIC response using SIC circuit for fixed and variable delay
lines.

For STAR, amplitude and phase matching are critical fac-
tors in achieving the desired SI cancellation across operational
bandwidth. We have commercial off-the-shelf (COTS) com-
ponents in our system that contribute to phase and magnitude
imbalance. The impact of phase and amplitude imbalances on
the RFSIC is shown in Fig. 13.

VI. FABRICATED SELF-INTERFERENCE CANCELLATION
CIRCUIT
Two FIR-resonator prototypes were fabricated for each of
the symmetric channels, as shown in Fig. 14. Each prototype
was constructed on TMM10 substrate with dielectric constant
of 9.2, loss tangent of 0.0027, and substrate thickness of
1.52 mm. Fig. 15 show the measured magnitude and phase
responses of the fabricated prototypes, demonstrating excel-
lent matching with the antenna coupling responses. Using
(16), these results imply 26 dB and 27 dB SIC of the coupled

FIGURE 15. Measured results showing the (a) magnitude and (b) phase
response of the fabricated hybrid FIR-resonator circuit, with the complex
conjugate of the channel.

FIGURE 16. Computed SIC using the measured results showing an average
of ∼26.5 dB cancellation at each of Rx ports.

signal at each of Rx antenna, as depicted in Fig. 16. The slight
discrepancy between the channel coupling and measured FIR
resonator results are mainly due to fabrication tolerances.

VII. OVERALL RF SELF-INTERFERENCE CANCELLATION
SYSTEM
Additional cancellation is achieved using a 180◦ hybrid cou-
pler to combine the cancelled signals y1(t ) and y2(t ) at the
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FIGURE 17. SIC of the simulated two-stage SIC system showing ∼ 52 dB
cancellation.

FIGURE 18. Measurement setup of the two-stage SIC system.

output of the power combiner at each of the Rx sides, as
depicted in Fig. 1. Doing so, simulation shows that up to 65 dB
with average 52 dB of coupling suppression across 500 MHz
is achieved (see Fig. 17). Particularly, the addition of a hybrid
coupler provides additional 12 dB avg. isolation between the
Tx and combined Rx port, as depicted in Fig. 17.

To verify the simulation, we carried out a laboratory exper-
iment using our combined RF analog cancellation topology.
The measurement setup is depicted in Fig. 18. The system was
not evaluated in isolated environment. It is worth mentioning
that the accuracy of the measurements is contingent to the
accuracy of the attenuators values, exact phase balance of each
power combiner, and hybrid coupler losses. Fig. 19 shows an
average measured cancellation of 44 dB with a minimum of
40 dB suppression across a BW of 500 MHz. In the mea-
surements, the hybrid coupler provided an average of 8 dB
of additional cancellation across 500 MHz. However, we note
that an average of 11 dB cancellation was observed across
1.25 GHz to 1.45 GHz, implying a total of 47 dB average
cancellation. We note that the insertion losses of the hybrid
couplers and power combiners were subtracted from overall
SIC in Fig. 17 and Fig. 19.

FIGURE 19. SIC of the measured two-stage SIC system showing ∼44 dB
cancellation.

FIGURE 20. SIC performance with a reflector (antenna) placed at different
distances.

FIGURE 21. SIC with a QPSK signal. Simulated performance shows
cancellation with a maximum of 65 dB and an average of 52 dB across the
operational BW (1 to 1.5 GHz).

To evaluate the effect of reflections of neighboring objects,
we have placed a reflector antenna at different distances away
from our setup. In particular, the reflector was placed at 2 cm,
10 cm, and 100 cm. For each of these distances, measurements
were conducted and SIC was computed, as shown in Fig. 20. It
is obvious that SIC is not greatly affected by the position of the
reflector. Undoubtedly, hardware non-idealities and calibra-
tion errors are the main cause of the slight difference between
the simulated and measurement results.

We ran another experiment to test our STAR system with a
modulated system. A Quadrature Phase Shift Keying (QPSK)
modulated signal was generated and fed to the system with
0 dBm. Simulation results show an average isolation of 52 dB
across a 500 MHz, as depicted in Fig. 21. The result was
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FIGURE 22. SIC with a QPSK signal. Measurements show cancellation with
a maximum of 50 dB and an average of 44 dB across the operational BW
(1 to 1.5 GHz).

also verified with our COTS components. An average SIC of
44 dB is achieved, which agrees with our simulated results.
The measured performance is shown in Fig. 22.

VIII. COMPARISON WITH OTHER STATE-OF-ART STAR
SYSTEM
In Table 1, we present a comparison of our 2-stage STAR im-
plementation with other state-of-the-art systems. Early STAR
architectures used two stages of interference cancellation: 1)
antenna isolation and 2) analog post-processing to achieve up
to 78 dB cancellation for very narrowband signals (20 MHz
BW) [39]. Other bi-static STAR implementations achieved up
to 60 dB cancellation across 80 MHz BW [34]. It is clearly
shown that these techniques were all narrowband. On the
contrary, research on wideband STAR has shown 25 dB to
50 dB (across > 500 MHz), by only designing a single stage
without a comprehensive system implementation [16], [46] or
by introducing hardware complexity (e.g., beamformer [44]).
In our work, we implemented a two-stage wideband cancel-
lation system based on the symmetric coupling cancellation
technique with wideband cancellation. This is the first time a
comprehensive two-stage STAR system is implemented using
a low profile FIR resonator architecture. We have achieved
an average of 52 dB (a minimum of 41 dB and a maximum
of 65 dB) coupling cancellation across a BW of 500 MHz.
Clearly, our design shows higher isolation for the wideband
application with reduced hardware complexity.

IX. CONCLUSION
This paper presented a two-stage STAR architecture operating
across 500 MHz that achieved 52 dB (a minimum of 41 dB
and a maximum of 65 dB) coupling suppression between Tx
and Rx ports. Our design consists of a three-element antenna
(one Tx and two Rx) with a total isolation of 12 dB. Channel
cancellation is achieved by implementing 6-tap FIR-resonator
circuits between Tx and Rx antenna ports that increase the
total isolation to 40 dB. The final stage consists of combining
the two Rx ports using a 180◦ hybrid coupler to achieve
overall average cancellation of 52 dB. Our system was fab-
ricated and tested showing 44 dB (a minimum of 40 dB
and a maximum of 50 dB) of measured cancellation. The

discrepancy between simulation and measurement is mainly
due to the fabrication tolerance, exact phase balance of the
power combiner, hybrid coupler, and phase matched cables.
This unprecedented wideband performance makes our STAR
system a leading candidate for future 5 G communication.
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