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Abstract— In this paper, a full-duplex transceiver with a two-
stage analog interference cancellation architecture is proposed for
the prevailing wireless full-duplex communication, which enables
simultaneous transmission and reception on the same frequency.
This two-stage cancellation architecture jointly combines the
structures of two typical analog self-interference (SI) cancellation
approaches, i.e., the radio frequency (RF)-tapping and the
baseband-tapping approaches, and mitigates the SI signal in two
steps to provide an improved analog cancellation performance
with reduced restrictions on the RF components required to
build the cancellation architecture. The stage-I cancellation uses
a dual-tap analog canceling circuit to mitigate only the direct
leakage and one refection component within the SI signal to
yield a residual multipath SI of reduced dynamic range. In the
stage-II cancellation, a nonlinear model is particularly designed
to build a multipath canceling signal in digital domain, which
is capable of characterizing the joint effect of the multipath
SI propagation channel, the transmitter nonlinearity, and the
receiver nonlinearity of high accuracy. The digital canceling
signal is then transmitted through an auxiliary transmit chain
to cancel the residual SI from the stage-I cancellation to further
improve the overall analog cancellation performance. Simulations
are explicitly performed on a variety of wideband signals to verify
cancellation capability of the proposed full-duplex transceiver.
For proof-of-concept verification, experiments are also performed
on our self-designed testbed to validate the cancellation perfor-
mances of each cancellation stage.

Index Terms— Analog cancellation, full-duplex communi-
cation, multipath propagation channel, nonlinear distortion,
self-interference (SI).

I. INTRODUCTION

FULL-DUPLEX transceiver has gained much attention
in both academia and industry for its capability of

simultaneously transmitting and receiving on the same fre-
quency carrier [1], [2] and the potential of doubling the
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Fig. 1. Example of a single-antenna full-duplex transceiver with an
analog cancellation using either: 1) the RF-tapping approach [4], [5] or
2) the BB-tapping approach [8].

throughput in theory [3]. Within a full-duplex transceiver,
however, the transmitted signal also propagates into the local
receiver through a direct path between the transmit and receive
antennas [4] (or the direct leakage path of a single-antenna
case [5]) and the reflection paths created by the transmit
signal scattering off nearby objects, as demonstrated by the
example shown in Fig. 1. These transmitted signals combine
together at the RF front-end of the local receiver and become
a self-interference (SI) that is overwhelmingly stronger
than the desired signal from a remote user. For instance,
a single-antenna full-duplex transceiver transmitting a signal of
20-MHz bandwidth at +20-dBm power level would generate
an SI of up to 0 dBm, which is approximately 100 dB above
the noise floor of the local receiver. This strong SI would
saturate the analog-to-digital converter (ADC) of the receive
chain, and thus needs to be suppressed at the RF front-end
before the ADC quantization process [6], [7].

Analog cancellation has been widely recognized as a nec-
essary step to mitigate the SI, whose objective is to rebuild a
copy of the RF SI waveform by some dedicated circuits. The
rebuilt signal will be subsequently used to subtract from the
received signal at the analog front-end of the local receiver to
mitigate the strength of the SI signal. Generally, the analog
cancellation techniques can be categorized into two major
groups, i.e., the radio frequency (RF)-tapping approach and
the baseband (BB)-tapping approach.

1) RF-Tapping Approach: The RF-tapping approaches [4],
[5], [9], [10] are featured by using a dedicated circuit of some
tunable RF components to reconstruct the SI signal from a cou-
pled RF transmitted signal. For instance, the single-tap design
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in [4] first uses a balanced/unbalanced (balun) transformer to
generate an inverted copy of the coupled RF transmitted signal
in the analog domain and then uses a circuit to adjust the
delay and attenuation of the inverted signal to match the SI at
the receive antenna. However, due to the limited accuracy of
practical programmable delays (with an achievable minimum
resolution of 100 ps at the current stage), this approach can
achieve only 25 dB in analog cancellation [10]. It has been
shown that cancellation techniques using similar single-tap
structure can operate only over narrow instantaneous band-
width [11] and inherently cannot address reflection paths from
the environment. To alleviate this problem, the multitap design
in [5] passes the coupled RF transmitted signal through a
more complicated circuit that consists of 16 parallel fixed lines
of different delays and tunable attenuators to reconstruct the
multipath SI signal. It is reported that this approach is capable
of adapting to more complex environments and can provide
an analog cancellation of 45 dB [5]. However, the associated
RF cancellation circuit contains 16 finely designed coaxial
lines and tunable attenuators, which dramatically increases the
complexities in hardware design and requires sophisticated
algorithms for attenuation tuning instead of more general
gradient descent approaches [10].

2) BB-Tapping Approach: The BB-tapping approach [8] is
featured by building a digital copy of the SI signal from
the BB transmitted signal and then transmitting the digital
copy through an auxiliary transmit chain (i.e., the canceling
transmitter) to reconstruct the RF SI signal. In this approach,
a finite impulse response (FIR) filter is implemented in the
digital domain to characterize the SI propagation channel to
generate a reconstructed SI signal of multipath components.
The transmission delay and amplitude of the reconstructed SI
signal can be easily adjusted by modifying the coefficients
of the FIR filter to ensure that it is a close match of the
practical SI signal [9], [12]. Besides, this approach can be
easily extended to cover applications with more multipath
components by simply increasing the order of the FIR filter.
However, the disadvantages of this approach are also obvious.
First, as the two transmit chains are not coherent with each
other, the nonlinear distortion and the noise introduced by
the main transmitter cannot be mitigated by canceling sig-
nal generated from the auxiliary transmitter. Second, due to
the inherent noise of the transmitter circuit and the limited
dynamic range of the digital-to-analog converter (DAC) in the
canceling transmitter, the signal-to-noise ratio (SNR) of the
canceling signal is limited. Therefore, although the strength
of SI can be reduced by this analog cancellation approach to
some extent, the associated impairments would become new
sources of interference that significantly raise the noise floor
of the local receiver [5].

In this paper, by exploiting the advantages of the two typical
SI cancellation approaches, we propose a joint SI cancellation
approach. In this approach, the SI signal is split into two
parts of strong amplitudes and weak amplitudes, which are
mitigated by two consecutive analog SI cancellation stages,
respectively. In stage-I cancellation, a simple RF-tapping
structure is adopted by deploying two identical canceling
circuits for SI signal reconstruction. The first canceling circuit

is used to reconstruct and counteract the direct leakage SI
component, while the other one is used to track and suppress
the antenna reflection for a full-duplex radio with single
antenna or the strongest reflection from the varying environ-
ment for a full-duplex radio with separate antennas. With a
simple gradient-based tuning algorithm, the dual-tap structure
is capable of adapting to the varying environment as well
as the temperature change of the RF components. In stage-II
cancellation, a BB-tapping structure is adopted by including
a novel nonlinear model, which characterizes the joint effect
of the transceiver nonlinearity and SI multipath propagation,
to provide a more accurate estimation and reconstruction of
the multipath SI signal. Besides, as the dynamic range of
stage-II cancellation is equivalently extended by an amount
equal to the stage-I cancellation capability, the inherent noise
of the auxiliary transmitter in this stage is reduced by the same
amount. In summary, the two-stage cancellation is capable of
mitigating both the strong components and the weak space
multipath components of the SI signal, as well as the nonlinear
distortion of the transceiver when transmitting at high power
levels.

This paper is an extended version of [9] where the two-stage
analog canceller was first introduced. This paper extends the
work in [9] in three aspects.

1) The stage-I cancellation in [9] is extended to cover
SI signal of wider bandwidth by including an extra
cancellation circuit that is also capable of tracking and
mitigating an extra strong reflection from either the
antenna (for full-duplex radio with single antenna) or the
varying environment (for full-duplex radio with separate
antennas).

2) In stage-II cancellation, the channel model is extended
from a simple linear FIR filter to a nonlinear model
to characterize the joint effect of the multipath propa-
gation channel, the transmitter nonlinear behavior, and
the receiver nonlinear behavior. To the best of our
knowledge, this is the first work addressing such an issue
within a BB-tapping structure.

3) Along with the architecture description, a detailed intro-
duction of the cancellation algorithms and exhaustive
simulations and experimental results for SI cancellation
performances are also presented in this paper.

This paper is organized as follows. In Section II, the signal
model of the considered full-duplex transceiver with practi-
cal components is introduced. A detailed description of the
proposed two-stage analog cancellation architecture and its
tuning algorithms are presented in Section III. Measurement
and simulation results are presented in Section IV. Conclusions
are presented in Section V.

II. FULL-DUPLEX TRANSCEIVER MODEL WITH

PRACTICAL COMPONENTS

The BB-equivalent structure of the analyzed full-duplex
transceiver is illustrated in Fig. 2, which comprises a local
transmitter, a local receiver, and a two-stage analog cancella-
tion architecture. The transmitter first converts the BB signal
x[n] to its analog version x(t), and then feeds it to the
power amplifier (PA) for amplification before transmitting via
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Fig. 2. Schematic of the BB-equivalent model of the analyzed full-duplex
transceiver with the proposed two-stage analog cancellation.

the antenna. For typical wireless full-duplex communications,
the transmitted s(t) also propagates into the receive chain and
becomes the SI signal sI (t). In this considered scenario, as the
transmitter and the receiver share the same antenna by using a
three-port circulator, the SI signal sI (t) (particularly, the direct
leakage and the antenna reflection components) can be over
100 dB stronger than the desired signal from a remote user.
Thus, it needs to be effectively mitigated; otherwise, it would
saturate the ADC of the local receiver and prevent the desired
signal from entering the receiver.

In this section, the principal behavioral model for each key
component that contributes to the SI signal sI (t) is introduced,
followed by a complete characterization for the SI waveform
in different stages of the transceiver, taking into account the
realistic multipath coupling channel, the transmitter nonlinear-
ity, the receiver nonlinearity, and the transmitter noise.

A. SI Channel
The multipath channel impulse response between the trans-

mit and the receive antennas can be given as

h(t) =
M∑

i=1

hiδ(t − τi ) (1)

where hi is the channel gain for the i th multipath component
and δ (t−τi ) is the continuous-time unit impulse function (also
known as delta function) with transmission delay τi . After
propagation through the SI channel, the transmitted signal s(t)
becomes an SI signal sI (t) at the receiver RF front-end as

sI (t) = s(t) � h(t) =
M∑

i=1

hi s(t − τi ) (2)

where (�) denotes the convolution operation.
Note that (2) is also applicable to the single-antenna case,

where h1δ (t−τ1), h2δ (t−τ2), and
∑M

i=3 hiδ(t−τi ) represent
the direct leakage path, the antenna reflection path, and the
multipath reflection paths from the environment. Generally,
for practical realization of small and low-cost full-duplex
transceiver, the transmitter and receiver may use either the
same antenna with a circulator or separate, but closely spaced

antennas. In either case, the isolation between transmit and
receive chains is limited, resulting in strong SI at the local
receiver. Consider a single-antenna full-duplex transceiver
using a 20-dB circulator isolation to connect the transmitter
and the receiver. Transmitting a signal of 20-MHz bandwidth
at +20 dBm will generate a leakage SI of 0 dBm power level at
the local receiver RF front-end. This leakage SI is 97 dB above
the receiver noise floor of −97 dBm with a 4-dB noise figure,
and thus needs to be mitigated. Otherwise, it will saturate the
receive chain and prevent the desired signal of a remote user
from entering receiver.

B. Transmitter Nonlinearity
The strong nonlinearity of the PA and the relatively weak

nonlinearities of the mixer and the DAC contribute to the over-
all transmitter nonlinearity [13], which can be approximated
by a memory polynomial (MP) model [14], [15] as

xPA(t) =
K∑

k=0

∫ tQ

0
γ2k+1(τ )|x(t − τ )|2k x(t − τ )dτ (3)

where

γk(t) = akqδ(t − τq), q = 1, 2, . . . , Q (4)

(2K + 1) is the maximum order of nonlinearity, tQ represents
the maximum depth of memory effect, and akq is the complex
coefficient of the MP model. For a PA with a typical third-
order output intercept point (OIP3) of 35 dBm, the nonlinear
distortion component is approximately 30 dB below the linear
component when transmitting a 20-MHz signal at +20-dBm
power level. After the 20-dB circulator isolation, the nonlinear
distortion component at the receiver RF front-end would be
62 dB above the receiver noise floor of −97 dBm (with
20-MHz bandwidth and 4-dB noise figure).

C. Receiver Nonlinearity
The receiver nonlinearity is a combined effect of the rel-

atively strong nonlinearity of the low-noise amplifier (LNA)
and the weak nonlinearities of the mixer and the ADC of the
receive chain [16]. For typical full-duplex applications, as the
strength of the SI signal can be suppressed by the analog
cancellations [4], [9] at the RF front-end, the residual SI that
enters the receive chain would be much lower than the third-
order input intercept point (IIP3) of the receive chain, more
specifically, of the LNA. For example, for the case with the
residual signal being 30 dB smaller than the IIP3 of the LNA,
the nonlinear distortion components would be 60 dB lower
than the SI signal. In such a case, the nonlinear distortion of
the receiver would be much lower than that of the transmitter.
However, as the transmission power increases, the nonlinear
distortion of the receiver would become considerable. Thus,
to model the weak nonlinearity of the receiver, a power series
is used in this paper for simplicity

rLNA(t) =
K R∑

k=0

bkrC1(t)|rC1(t)|2k (5)

where rLNA(t) and rC1(t) are the complex BB output and input
of the LNA, respectively. (2K R + 1) represents the maximum
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order of nonlinearity of the receiver, which is typically less
than the PA nonlinear order (2K + 1). bk is the complex
coefficient of the LNA nonlinear model.

D. Transmitter Noises

Along with the PA nonlinear distortion, the transmitter also
suffers from other imperfections, such as the phase noise of
the local oscillator, the quantization noise of the DAC, and the
inherent thermal noise of the transmitter circuit. From mea-
surements in [17] and analysis in [18], the combined effects
of these transmitter imperfections can be closely approximated
by an independent zero-mean Gaussian noise w(t), which is
injected into the transmit chain after the PA as shown in Fig. 2.
Thus, at the transmitter antenna port, the transmitted signal
s(t) is now given as

s(t) = xPA(t) + w(t) (6)

with a typical SNR of approximately 60 dB for 20-MHz
orthogonal frequency division multiplexed systems [5]. When
the full-duplex transceiver transmits at +20-dBm power level,
w(t) would reach a power level of approximately −40 dBm,
which is 37 dB (with 20-dB circulator isolation) above the
receiver noise floor of −97 dBm. Thus, the transmitter noise
should also be effectively suppressed; otherwise, it would
become a new source of interference that would raise the noise
floor and degrade the sensitivity of the local receiver.

In summary, the received SI signal at the RF front-end
experiences the multipath propagation, the transmitter nonlin-
ear distortion, and the receiver nonlinear distortion. In order
to maximize the SI cancellation performance to reduce the
stringent requirement on the dynamic range of the ADC, one
needs to take these factors into consideration.

III. PROPOSED TWO-STAGE ANALOG CANCELLATION

As analog cancellation is critical to implement a full-duplex
transceiver, simply applying conventional RF-tapping or
BB-tapping approaches would raise stringent challenges on
the RF components selection and tuning algorithm, yielding a
limited SI cancellation performance. In this paper, by exploit-
ing the advantages of the two approaches, a two-stage analog
cancellation is proposed based on the signal model introduced
in Section II.

A. Stage-I Analog Cancellation

The proposed stage-I analog cancellation uses a dual-tap
structure as illustrated in the dashed box in Fig. 2. This
structure can be regarded as an simple extension of the work
in [9], where a one-tap structure was introduced for analog
cancellation.

For a single-antenna case as shown in Fig. 2, the SI signal
sI (t) in (2) is typically given by [19]

sI (t) = h1s(t − τ1)︸ ︷︷ ︸
sI L(t)

+ h2s(t − τ2)︸ ︷︷ ︸
sI R(t)

+
M∑

m=3

hms(t − τm)

︸ ︷︷ ︸
sI M (t)

(7)

which is a composite signal including three components:
1) the direct leakage sI L (t); 2) the antenna reflection sI R(t);
and 3) the space multipath component sI M (t). As the direct
leakage and antenna reflection components are much stronger
than the space multipath components, the dynamic range of
the composite SI signal sI (t) could be reduced by particularly
mitigating sI L (t) and sI R(t) from sI (t), alienating the problem
caused by the limited SNR of the auxiliary transmitter in
BB-tapping approach.

This is similar for the case with separate antennas,
where sI L(t), sI R(t), and sI M (t) represents the direct path,
the strongest reflection, and the other weak reflections from the
environment, respectively. In such a case, the proposed stage-
I cancellation is also capable of tracking and mitigating one
strong reflection from the environment, adding more flexibility
and generality to the similar work in [9]. For simplicity,
only the single-antenna case is considered and verified by
simulations and experiments, in the following sections.

As illustrated in Fig. 2, analog canceller consists of two
identical circuits, each of which contains a fixed delay di ,
a variable attenuator ai , and a phase shifter φi with i = 1,
2, to counteract the direct leakage and the antenna reflection
components introduced by the circulator. This analog canceller
could provide some enhancement and flexibility compared
with the one-tap designs [4], [9] with reduced complexity
compared with the multitap designs [5]. As h1, τ1, h2, and τ2
are determined by the structure of the circulator, the antenna,
and the feed line adopted, it is reasonable to consider them as
invariable for any specific full-duplex radio. Consequently, this
significantly reduces the complexity of the analog canceller
by adjusting the attenuators and phase shifters using offline
measurements and adapting them online within a smaller
range.

To perform analog cancellation, a canceling signal c1(t) is
generated by the analog canceller as

c1(t) = α1s(t − d1)e
jφ1 + α2s(t − d2)e

jφ2 . (8)

Four steps are carried out to ensure that c1(t) is an exact
copy of the composite SI signal (sI L (t) + sI R(t)) with 180◦
phase shift, given the attenuators and phase shifters are finely
calibrated.

1) Measure h1, h2, τ1, and τ2 using vector network ana-
lyzer.

2) Configure the two variable attenuators α1 and α2 with
attenuations corresponding to h1 and h2, respectively.

3) Select appropriate transmission lines with d1 ≈ τ1 and
d2 ≈ τ2.

4) Tune the phase shifters to ensure the power of the
resulting signal after cancellation, i.e., E{|rC1(t)|2} =
E{|r(t) − c1(t)|2}, reaches its minimum with φ1 =
(τ1 − d1)/ωc +π and φ2 = (τ2 − d2)/ωc +π , where ωc

is the carrier frequency.
After the four steps, the canceling signal c1(t) is generated as

c1(t) = h1
|s(t − d1)|
|s(t − τ1)| s(t − τ1) + h2

|s(t − d2)|
|s(t − τ2)| s(t − τ2) (9)

which closely approximates (h1 s(t −τ1)+h2 s(t −τ2)) given
|s(t − d1)|/|s(t − τ1)| ≈ 1 and |s(t − d2)|/|s(t − τ2)| ≈ 1.
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By subtracting c1(t) from the received SI signal r(t) within
the power combiner as shown in Fig. 2, the strength of the SI
is reduced by an amount equal to the cancellation capability
of this stage, which is defined as the power ratio between the
SI signal before and after cancellations

GS1 = E{|r(t)|2}
E{|rC1(t)|2} = E{|r(t)|2}

E{|r(t) − c1(t)|2} . (10)

As a result, the output of the power combiner rC1(t) mainly
consists of the space multipath components and some parts of
the leakage and antenna reflection, which can be expressed in
a more general form as

rC1(t) =
M∑

m=1

h̃ms(t − τm) (11)

where h̃m (m = 1, 2, . . . , M) are the coefficients of the
channel model for the residual multipath SI with h̃1 = h1(1−
|s(t − d1)|/|s(t − τ1)|), h̃2 = h2(1 − |s(t − d2)|/|s(t − τ2)|),
and h̃m = hm for m = 3, 4, . . . , M .

It is shown in (11) that the residual SI signal rC1(t) is
a superposition of M attenuated copies of the transmitted
signal s(t), with attenuation coefficients being h̃m (M =
1, 2, . . . , M). As the transmitter noise w(t) is included within
s(t) = xPA(t) + w(t), it is naturally attenuated along with the
SI signal by GS1. If ηs1 +GS1 > Gobj is satisfied where ηs1 is
the SNR of the transmitted signal s(t) and Gobj is defined as
the total cancellation amount required to suppress the SI close
to the receiver noise floor, the transmitter noise w(t) will drop
below the receiver noise floor and will not impact the further
SI cancellation that followed.

Note that the stage-I cancellation also alleviates the problem
caused by the limited SNR of the auxiliary transmitter of
the BB-tapping approach. The achieved cancellation capability
GS1 equivalently extends the SNR of the BB-tapping approach
by the same amount as GS1. As such, the inherent transmitter
noise of the auxiliary transmit chain would also drop below
the receiver noise floor, if ηs2 +GS1 > Gobj is satisfied, where
ηs2 is the SNR of the canceling signal c2(t) generated by the
auxiliary transmitter.

Note that the leakage SI signal does not need to be com-
pletely canceled out at the current stage, and any residual
leakage SI signal would be regarded as a component of the
multipath SI yMP(t) and could be further suppressed by the
following multipath SI cancellation stage. Thus, this feature
somehow relaxes the requirement on the accuracies of the RF
devices used for phase and attenuation adjustments and it also
reduces the complexity of the associated tuning algorithm.

B. Stage-II Analog Cancellation

After the stage-I SI cancellation, the dynamic range of the
residual SI signal (composed of the space multipath SI signal
and the residual leakage and antenna refection) is signifi-
cantly reduced (by approximately GS1), which also relaxes
the dynamic range requirement on the DAC of the stage-II
transmitter chain. However, for most full-duplex applications,
the dynamic range of the residual multipath SI signal is still
beyond that of the ADC εADC, i.e., Gobj − GS1 > εADC.

Thus, the objective of this analog cancellation stage is to mit-
igate the multipath components (space multipath reflections)
of the SI to further suppress its strength.

The reconstruction of the canceling signal comprises three
key steps: 1) digital multipath canceling signal modeling;
2) digital multipath signal generation; and 3) analog multipath
canceling signal conversion. The major difference between this
paper and the ones in [9] and [8] lies in the construction
of the model used to characterize the multipath propagation
channel between the transmit and receive antennas. In this
paper, we use a nonlinear model to characterize the joint effect
of the multipath channel, the transmitter nonlinearity, and the
receiver nonlinearity, which is an extension from the linear
FIR model used in [9].

1) Digital Multipath Canceling Signal Modeling: In this
reconstruction stage, the digital transmitted signal x[n] is
used as the source signal to generate a digital version of the
multipath SI signal that enters the receive chain. Thus, all the
factors that contributes to the SI signal need to be consid-
ered, including the transmitter nonlinearity, the multipath SI
channel, and the receiver nonlinearity.

For simplicity, the nonlinear order of the receiver model is
chosen to be KR = 3, and thus, (5) is reduced to

rLNA(t) = b1rC1(t) + b1rC1(t)|rC1(t)|2 (12)

where rC1(t) is the input of the LNA of the receiver. As rC1(t)
can also be expressed as the analog residual SI model in (11),
we could be closely approximate it by an FIR filter in the
digital domain as [9]

rC1[n] =
L−1∑

l=0

ĥl s[n − l] (13)

in which ĥl is the filter coefficient and L is chosen to ensure
L × Ts ≥ τM−1 satisfies, with Ts being the sampling time
interval of the digitized signals rC1[n] and s[n]. Note that ĥl

attenuates the digital signal s[n] by the same amount as h̃m

does on the analog signal s(t − τm) in (11).
Thus, a digitized version for rLNA(t) can be obtained

rLNA[n] = b1rC1[n] + b1rC1[n]|rC1[n]|2. (14)

By substituting (13) into (14), we can obtain the joint model
of the multipath channel and the receiver nonlinearity as

rLNA[n]

=
L−1∑

i=0

b1ĥl s[t − l] +
L−1∑

i=0

b1ĥl s[t − l]
∣∣∣∣∣

L−1∑

i=0

ĥl s[t − l]
∣∣∣∣∣

2

=
L−1∑

i=0

b1ĥl s[t − l]
︸ ︷︷ ︸

rlin[n]

+
L−1∑

q=0

L−1∑

m=0

L−1∑

l=0

b3ĥq ĥmĥl s[t − q]s[t − m]s∗[t − l]
︸ ︷︷ ︸

rnon[n]

(15)

where rlin[n] and rnon[n] are the linear model and third-order
nonlinear model of the joint model.
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By replacing the analog signals with their digitized versions
in (3) and (6), we could relate the BB digital signal x[n] with
the transmitted signal s[n] as

s[n] = xPA[n] + w[n]

=
K∑

k=0

Q−1∑

q=0

akq x[n − q]|x[n − q]|2k + w[n] (16)

where Q represents the maximum depth of memory effect.
Thus, by substituting (16) into rlin[n] in (15), we can
obtain

rlin[n] =
K∑

k=0

Q−1∑

q=0

L−1∑

l=0

ĥlakq x(n − q − l)|x(n − q − l)|2k

+
L−1∑

l=0

ĥlw[n − l]

=
K∑

k=0

Q+L−1∑

p=0

ωkp x(n− p)|x(n− p)|2k +
L−1∑

l=0

ĥlw[n − l]

(17)

where

ωkp =
p∑

m=0

hmak(p−m), (p ≥ m) (18)

is the coefficient for a regular MP nonlinear kernel with order
2k + 1 and memory p. It can be concluded from (17) that the
L-tap multipath channel extends the memory depth of an MP
model from Q to (L + Q −1), yielding a new MP model with
coefficients being wkq .

In order to obtain the digital model for the third-
order distortion term rnon[n] within (15) in terms of the
BB signal x[n], we reform the transmitted signal s[n]
in (16) as

s[n] =
Q−1∑

q=0

a0q x[n − q]
︸ ︷︷ ︸

slin[n]

+
K∑

k=1

Q−1∑

q=0

akq x[n − q]|x[n − q]|2k

︸ ︷︷ ︸
snon[n]

+w[n] (19)

where slin[n] and snon[n] represent the linear and the nonlinear
components of the transmitted signal s[n], respectively. For
transmitter of high linearity, e.g., with the adjacent channel
leakage ratio being below −45 dBc, the power of the nonlinear
term snon[n] is approximately 45 dB lower than that of the
linear term slin[n] [24]. Feeding these two signal (slin[n] +
snon[n]) to the LNA, the nonlinear distortion caused by snon[n]
would be 125 dB smaller than that caused by snon[n], and thus
ignored for simplicity. As such, the third-order distortion term

rnon[n] can now be closely approximated as

rnon[n]

=
L−1∑

q=0

L−1∑

m=0

L−1∑

l=0

b3ĥq ĥm ĥl s[n − q]s[n − m]s∗[n − l]

≈
L−1∑

q=0

L−1∑

m=0

L−1∑

l=0

b3ĥq ĥm ĥl slin[n − q]slin[n − m]s∗
lin[n − l]

=
Q+L−1∑

q=0

Q+L−1∑

m=0

Q+L−1∑

l=0

θqml x[n − q]x[n − m]x∗[n − l]

(20)

where θqml is the model coefficient for third-order nonlinear
kernel x[n − q]x[n − m]x∗[n − l] given by

θqml = b3

( q∑

i=0

ĥi a0i

)(
m∑

i=0

ĥ j a0 j

) (
l∑

i=0

ĥua0u

)
. (21)

Therefore, based on (16), (18), and (19), the signal model
that combines the transmitter nonlinearity, the multipath SI
channel, and the receiver nonlinearity is now given as

rLNA[n]

=
K∑

k=0

Q+L−1∑

p=0

ωkq x[n − p]|x[n − p]|2k

+
Q+L−1∑

q=0

Q+L−1∑

m=0

Q+L−1∑

l=0

θqml x[n − q]x[n − m]x∗[n − l].

(22)

For typical indoor channel [20] with a maximum transmission
delay of 400 ns, an FIR filter of L = 40 orders will
be used to reconstruct the multipath channel (sampling rate
being 100 MS/s), resulting in large number of coefficients for
model (22). However, for many cases, we do not need all of
the coefficients in practice. For instance, in some scenarios,
depending on the signal bandwidth and sampling rate, it may
not be necessary to implement all delay taps (p, q , m, and l).
Therefore, in general, it is useful to rewrite (22) in terms of
index arrays

rLNA[n] =
∑

k∈K

∑

p∈P
ωkq x[n − p]|x[n − p]|2k

+
∑

q∈Q

∑

m∈M

∑

l∈L
θqml x[n − q]x[n − m]x∗[n − l]

(23)

where K is the index array selected from the PA nonlinear
order array {0, 1, . . . , K − 1}, while P , Q, M, and L are
the index arrays selected from the transmission delay array
{0, 1, . . . , Q + L − 1}.

2) Digital Multipath Canceling Signal Reconstruction: By
considering the fact that the SI channel between the transmit
and the receive chains remains constant within each transmit
symbol, (23) could be written in a matrix form by gathering
N samples within each transmit symbol as

rLNA = �X (24)
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where

rLNA = [rLNA(0), rLNA(1), . . . , rLNA(N − 1)]T

� = [W,�], X = [X1, X2].
Matrices W, �, X1, and X2 are, respectively, defined as

W = [w00, . . . , wkq , . . . , wK ,(Q−1)]
� = [θ000, . . . , θqml , . . . , θ(Q+L−1),(Q+L−1),(Q+L−1)]

X1 = [X0, X1, X2, . . . , XN−1]T

X2 = [X̃0, X̃1, X̃2, . . . , X̃N−1]T

in which matrices Xn and X̃n are, respectively, defined as

Xn = [x(n, 0, 0), . . . , x(n, k, q), . . . , x(n, K − 1, Q − 1)]T

with x(n, k, q) = x(n − q)|x(n − q)|2k being the nonlinear
kernel for the MP model, and

X̃n = [x(n, 0, 0, 0), . . . , x(n, q, m, l), . . . ,

x(n, Q + L − 1, Q + L − 1, Q + L − 1)]T

with x(n, q, m, l) = x(n − q)x(n − m)x∗(n − l).
The solution to (24), i.e., the parameter estimation, can

be derived by applying the least square (LS) algorithm
as [23], [25]

�̂ = [Ŵ, �̂] = (XH X)−1XH rLNA (25)

in which XH indicates the conjugate transpose of a complex
matrix X.

Therefore, the digital canceling signal can now be recon-
structed from the BB signal x[n] as

c2[n] =
∑

k∈K

∑

p∈P
ω̂kq x[n − p]|x[n − p]|2k

+
∑

q∈Q

∑

m∈M

∑

l∈L
θ̂qml x[n − q]x[n − m]x∗[n − l] (26)

which includes the multipath SI channel, the transmitter non-
linearity, and the receiver nonlinearity.

3) Analog Multipath Canceling Signal Conversion: By
feeding c2[n] to the auxiliary transmitter, the analog canceling
signal c2(t) is generated to subtract from the residual SI
of the stage-I cancellation, i.e., rC1(t), following conven-
tional designs [8], [9]. As the canceling signal c2(t) closely
approximates the residual SI rC1(t) in amplitude but with
180◦ in phase, the residual SI is significantly mitigated after
subtraction within the power, yielding a residual signal

rC2(t) = rLNA(t) − c2(t) (27)

which closely approximates zero, given the model parameters
wkq and θqml being accurately estimated by (25).

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Condition and Results

During the simulations, we consider the multipath coupling
channel between the transmit and receive chains has power
profiles of −20, −60, −70, and −75 dB for delays of zero,
one, two, and four samples, respectively, which is modified
from [21], [22] to fit better to full-duplex transceiver scenarios.

TABLE I

SYSTEM-LEVEL PARAMETERS OF THE CONSIDERED
FULL-DUPLEX TRANSCEIVER

The −20-dB attenuation with zero delay results from either the
20-dB circulator isolation or antenna separation corresponding
to a distance of roughly 20 cm between the transmit and
receive antennas [20].

For transmitter nonlinearity simulation, the MP model
in [15] is used here with coefficients being

a10 = 1.0513 + 0.0904 j a30 = −0.0542 − 0.2900 j

a50 = −0.9657 − 0.7028 j a11 = −0.0680 − 0.0023 j

a31 = 0.2234 + 0.2317 j a51 = −2451 − 0.3735 j

a12 = 0.0289 − 0.0054 j a32 = −0.0621 − 0.0932 j

a52 = 0.1229 + 0.1508 j

while for receiver nonlinearity simulation, the memoryless
model nonlinear model is used with coefficients being

b1 = 1.0108 + 0.0858 j

b3 = 0.0879 − 0.1583 j

b5 = −1.0992 − 0.8891 j.

To illustrate the relative strengths of the different components
of the SI signal at different cancellation stages, the corre-
sponding power levels are calculated with typical component
parameters listed in Table I for a specified transmission power
range from −10 to 30 dBm. Note that the LNA and the VGA
in the receive chain are assumed to be capable of ideally
amplifying the received signal at the ADC input to the desired
voltage range of the ADC. Thus, the gains of the LNA and
the VGA are not considered in the calculations without loss
of generality.

As shown in Fig. 3, power levels of the transmitter non-
linearity and noise within the received SI signal are higher
than the receiver noise floor when transmission power exceeds
5 dBm and thus needs to be considered and suppressed in the
analog domain to avoid raising the receiver noise floor. For
stage-I analog cancellation, the cancellation capability in the
simulation is roughly 40 dB, which is limited to this value
due to the presence of the space multipath components (40 dB
below the main SI component). After analog cancellation in
this stage, both the transmitter nonlinearity and noise are
suppressed along with the SI signal. This result is consistent
with other RF-tapping approaches in [4], [5], [9], and [10],
because these designs share the same idea in essence, except
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Fig. 3. Power levels of different signal components at the input of the receiver
analog front-end (without analog SI cancellation).

Fig. 4. Power levels of different signal components after stage-I analog
cancellation.

with structures of different complexities and accuracies to
provide different cancellation capabilities. As shown in Fig. 3,
the power levels of the residual SI after the proposed stage-I
cancellation, the transmitter nonlinearity, and the transmitter
noise are all attenuated by an amount of 40 dB.

The residual SI signal after stage-I analog cancellation
enters the receive chain through some imperfect RF com-
ponents, i.e., the LNA, the mixer, and the VGA. However,
even after the stage-I analog cancellation, this residual SI is
still 67 dB above the receiver noise floor for the case with
transmission power being 30 dBm. By further considering the
fact that the residual SI is distorted by these imperfect RF
components, extra nonlinearity will be introduced. As shown
in Fig. 4, the power level of the receiver nonlinearity of
the residual SI signal also becomes observable when the
transmission power exceeds 14 dBm.

To account for the joint effect of the multipath SI channel,
the transmitter nonlinearity, and the receiver nonlinearity,
we use the proposed nonlinear model in (23) instead of the
linear model used in [9] in the stage-II analog cancellation
for further SI mitigation. As a result, the residual multipath SI
signal and its associated transmitter nonlinearity and receiver
nonlinearity are all effectively suppressed to close to the
receiver noise floor as shown in Fig. 5. Whereas the linear
modeling approach in [9] mitigates only the linear component
of the residual SI signal and provides poor cancellation capa-
bility when transmission power exceeds 10 dBm. Note that the

Fig. 5. Power levels of different signal components after stage-II analog
cancellation.

Fig. 6. Photograph and the block diagram of the experimental setup for the
proposed two-stage analog cancellation performance verifications.

small gap between the residual SI after stage-II analog can-
cellation and the receiver noise floor for transmission power
below +25 dBm is caused by the modeling and cancellation
process of this stage (the modeling and cancellation process is
considered to have a 3-dB SNR loss on the processed signal
in a more realistic way). Also note that when transmission
power exceeds 25 dBm, the power of the residual SI slightly
increases and raises the receiver noise floor. This is caused by
the increase in the inherent noises from the two incoherent
transmitters, which are by definition noises and are difficult
to mitigate. Therefore, for high-power applications, larger
antenna isolation and/or RF-tapping analog cancellation with
higher cancellation capability will be required to ensure the
BB-tapping analog cancellation functions properly.

B. Experimental Setup and Results

To verify the effectiveness of the two-stage analog SI can-
cellation architecture and evaluate the cancellation capability
of each cancellation stage, a testbed is designed as shown
in Fig. 6, where a photograph and a block diagram of the
setup are illustrated. The BB board (labeled BB) provides
the physical interfaces for the transmitter (labeled TX) and
the receiver (labeled RX) of the full-duplex radio, as well as
a USB cable to download/upload data from/to a computer
running the MATLAB software. Within in the TX chain,
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Fig. 7. Power delay profiles of the SI channel measured at different locations.

a 1-W wideband amplifier (12-dB gain and 35-dB OIP3 at
2.35 GHz) is used to drive the transmitted signal to a maximum
power level of 27 dBm to clearly demonstrate the nonlinear
distortion. The transmitter TX and the receiver RX are then
connected by a circulator with approximately 20-dB isolation,
i.e., the direct leakage is approximately 20 dB lower than the
transmit signal.

For stage-I analog cancellation, an analog canceller is
designed following the RF-tapping approaches [4], [9], which
couples the RF transmitted signal and passes it through two
parallel reconstruction circuits for canceling signal generation.
As illustrated in Fig. 2, each circuit is mainly composed of
a phase shifter (PE44820, from Peregrine Semiconductor),
a variable attenuator (EVA-3000+, from Mini-Circuits), and
a field-programmable gate array chip that runs the gradient-
based tuning algorithm for phase and attenuation adjustments
and adaptations as introduced in Section III.

The experiments are performed at 2.4-GHz frequency band
with 20 MHz signal bandwidth, in the center of a room
(14 × 11 × 3.3 m3). The power delay profiles of the indoor SI
channel are measured with the antenna being place at 0.7, 1.7,
and 2.4 m heights, respectively. As shown in Fig. 7, the leak-
age and the antenna reflection components are approximately
42 dB stronger than the space multipath components. In the
multipath SI channel modeling process, to reconstruct a wide
range of multipath components, an FIR filter with order being
L = 32 is selected in (22), which is capable of characterizing
a maximum path delay of 104 ns (for an ADC sampling rate
of 307.2 MS/s). To reduce the number of the coefficients for
the joint nonlinear model in (23), we select only some of
the delays for implementation, as shown by the dashed lines
in Fig. 7 where only the paths of delays being 0, 10, 22, 40,
46, 63, 80, and 93 ns are selected to reconstruct the space
multipath components (corresponding to delays of 0, 3, 7, 12,
14, 20, 25, and 29 samples, respectively).

After stage-I analog cancellation, the residual SI rLNA(t) is
captured by the RX chain, digitized, and stored as rLNA[n] for
the propagation channel modeling (both the transmitter nonlin-
earity and the receiver nonlinearity are included). As presented
in Section III-B, the stored residual SI signal rLNA[n] and the
source signal x[n] are synchronized and organized in a matrix
form as shown in (24) to extract the coefficients �̂ through
the LS algorithm as shown in (25). Subsequently, the extracted
coefficients �̂ are used to generate a digital canceling signal

Fig. 8. Spectra of the 20-MHz signals at the three test points of the testbed
at 17 dBm transmission power level.

Fig. 9. Spectra of the 20-MHz signals at the three test points of the testbed
at 27 dBm transmission power level.

c2[n] through the proposed nonlinear model in (23). c2[n] is
then transmitted through another transmitter (labeled TX3)
to generate an analog canceling signal of low carrier fre-
quency c2(t). Due to the limit of our testbed, the physical
chain between the two power combiners (including the LNA,
the mixer, and associated circuits illustrated as the red dashed
line in Fig. 6) is not available at the current stage. In this
experiment, without loss of generality, we combine the current
RX chain and an extra transmitter (labeled TX2) to regenerate
the residual SI with low carrier frequency rLNA(t) from the
stored digital SI rLNA[n] to replace the physical chain. After
fine alignment in digital domain, the canceling signal c2(t)
would closely match the regenerated residual signal rLNA(t)
in amplitude but with 180◦ phase shift. By redirecting these
two signals to the power combiner, the residual signal could
be mitigated.

To evaluate the RF cancellation performances of the two
analog cancellation stages, the spectra of signals at the three
test points (labeled TP1, TP2, and TP3 in Fig. 6) are measured,
corresponding to the signals before analog cancellation, after
stage-I cancellation, and after stage-II cancellation, respec-
tively. In stage-II cancellation, the linear cancellation approach
in [9] is also implemented and measured for comparison.

The RF cancellation performances for a 20-MHz long-
term evolution (LTE) signal are shown in Figs. 8 and 9 for
transmission power levels of 17 and 27 dBm, respectively.
It can be seen that the stage-I cancellation attenuates the power
of the SI signal by almost 37 dB for both cases, due to fact that
the adopted RF-tapping approach in this cancellation stage is
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Fig. 10. Spectra of the 100-MHz signals at the three test points of the testbed
at 17-dBm transmission power level.

Fig. 11. Spectra of the 100-MHz signals at the three test points of the testbed
at 27-dBm transmission power level.

capable of attenuating the transmitter nonlinearity and noise
along with the SI. The stage-II cancellation with the proposed
nonlinear modeling attenuates the power of the multipath
SI signal by another 29 dB for both transmission power
levels. As a comparison, the stage-II cancellation with linear
modeling method [9] attenuates the power of the multipath
SI signal by 20 and 15 dB for transmission power levels
of 17 and 27 dBm, respectively. The dramatic drop in the
cancellation performances is due to the increased nonlinear
distortion within SI caused by the joint effect of the trans-
mitter nonlinearity and the receiver nonlinearity, which are
not included in the linear modeling method. This result is
consistent with simulation results in Figs. 4 and 5.

The RF cancellation performances for a 100-MHz
LTE-advanced signal are shown in Figs. 10 and 11 for trans-
mission power levels of 17 and 27 dBm, respectively. It can
be seen that the stage-I cancellation attenuates the power of
the SI signal by approximately 37 dB for both cases, which is
only 2 dB lower than the case with 20 MHz bandwidth. The
stage-II cancellation with the proposed nonlinear modeling
attenuates the power of the multipath SI signal by another
29 dB for both transmission power levels. Whereas the stage-II
cancellation with linear modeling approach [9] attenuates only
the power of the multipath signal by 21 and 10 dB for
transmission power levels of 17 and 27 dBm, respectively.
Compared with 20-MHz LTE signal, the LTE-advanced signal
of 100-MHz bandwidth demonstrates more severe nonlinear
distortion caused by the transmitter and the receiver. As the
transmission power increases, the distortion becomes more
obvious, resulting in an increase of the receiver nonlinear

distortion and hence a cancellation performance degradation
for linear modeling approaches [8], [9].

Therefore, the two-stage analog cancellation with nonlinear
modeling can provide an overall analog cancellation of up
to 66 dB, which is roughly 13 dB higher than the RF-tapping
canceller in [26]. Such high cancellation on the SI signal could
effectively prevent the ADC of the receive chain from being
saturated. After this analog cancellation, the desired signal
from a remote user could now enter the local receive chain
for further processing.

V. CONCLUSION

A full-duplex transceiver of a novel analog cancellation
architecture is proposed for the prevailing full-duplex wireless
communications, by exploiting the structures of the con-
ventional RF-tapping [5] and digital-tapping [8] approaches,
and incorporating their advantages. Particularly, the proposed
architecture uses a nonlinear model to characterize the joint
effect of the multipath SI channel, the transmitter nonlinearity,
and the receiver nonlinearity to yield a reconstruction of the
multipath SI signal with improved accuracy. The effectiveness
of the analog cancellation method is validated by a self-
designed testbed with 20-MHz and 100-MHz LTE signals.
This architecture provides an alternative solution to suppress
the strong SI of wide range of multipath components as well
as the nonlinearities of the transmitter and the receiver.

In future work, we plan to investigate the effect of this pro-
posed two-stage analog SI cancellation scheme on the demod-
ulation of the desired signal from a remote user. As high-power
transmission will inevitably place stringent requirements on
the BB-tapping structure, we also plan to investigate antenna-
domain and RF-tapping approaches of higher cancellation
capabilities to work with the BB-tapping approach to provide
satisfactory SI cancellation even in high-power applications.
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