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Abstract—To make full-duplex radios, the most fundamental
challenge known today is self-interference cancellation. This pa-
per takes a new look at digitally controlled all-analog interference
cancellation channel consisting of clustered taps (c-taps) of step-
attenuators and other passive components such as RF power
combiners and dividers. The performance of such a cancellation
channel is robust to carrier frequency and attenuation-dependent
phases of attenuators. Without the cost for and the errors
from down-converting the input RF waveforms of any of the
attenuators, a blind digital tuning algorithm based on the residual
interference waveforms collected during a training phase is shown
to be promising.

I. INTRODUCTION

Interference cancellation is the most fundamental problem
in realizing a full-duplex radio. For more than a century since
radio communication was first invented, the world has not
yet seen a commercially viable full-duplex radio that can
transmit and receive at the same time and the same frequency.
To our knowledge, the problem of self-interference in full-
duplex radio is largely unsolved especially for high power and
broadband applications.

Inside a full-duplex radio, there must be a transmit (Tx)
chain and a receive (Rx) chain. The Tx chain converts a signal
from baseband to radio frequency. The Rx chain converts a
signal from radio frequency to baseband. Compared to the Rx
chain, the Tx chain tends to be much noisier and nonlinear. To
avoid the limitations of the Tx chain, an interference cancel-
lation channel should typically tap the source of interference
from the output of the Tx chain power amplifier [5] and [7]
(not from the baseband of the Tx chain except for high quality
transmitters on which transmit beamforming is based upon
[6]). Furthermore, to avoid a potential saturation of the Rx
chain by a high power interference, it is desired to cancel the
interference before it reaches the low-noise-amplifier of the Rx
chain. It is important to note that an interference is considered
high power as long as it is much stronger than a desired signal
to be received. A combination of the above two features leads
to a strategy called all-analog cancellation in [7] and [9], which
has also been previously attempted in [1], [3] and [4].

The MIT work shown in [1] assumes the complete knowl-
edge of all the waveforms that are scaled by complex weights
in an analog transversal filter. In practice, these waveforms
are not only expensive to obtain by using additional down-
converters but also inaccurate due to noise and biases from
these down-converters. Also each of the complex weights is not
easy to implement by using a variable attenuator and a variable
phase. A practical attenuator has an attenuation-dependent

Fig. 1. An architecture of all-analog interference cancellation channel which
follows the same idea conveyed by Fig. 8 in [9]. Each c-tap (clustered-tap of
attenuators) has four branches evenly distributed in phase (not necessarily
exactly). Each c-tap uses four variable/step attenuators. The branching-in
arrows denote power combiners. The branching-out arrows denote power
splitters. The heavy dots denote impedance-matching terminators. The in-
air interference channel between the two antennas could be replaced by any
isolation channel such as that in a circulator.

phase and a practical phase adjuster has a phase-dependent
insertion loss. The approach shown in [1] only yielded a 30dB
30MHz-bandwidth cancellation in a hardware-based test [2].

The Stanford work shown in [3] reports a prototype of
full-duplex radio using a cancellation channel consisting of
uniformly time-delayed attenuators. While impressive exper-
imental data are reported there, it is known that the perfor-
mance of such a cancellation channel is very sensitive to
the carrier frequency as shown in [8]. A new architecture
of the cancellation channel shown in [8] and [9] consists of
multiple clustered-taps (c-taps) of attenuators. It can cancel
70dB 100MHz-bandwidth interference with just 8 attenuators
(two c-taps) for an interference channel with 1000 random
multipaths of delay spread 1μs. The performance of the new
architecture is also robust to the carrier frequency as shown in
[8]. More on this architecture will be discussed later.

The Intel work shown in [4] introduces a cancellation
channel that has multiple time-delayed taps and each tap has
multiple attenuators shifted with different phases. While in-
dependently developed, the cancellation channel architectures
shown in [4] and [9] share a common feature in terms of a
fixed phase-shifter connected to each attenuator. However, the



tuning algorithm developed in [4] relies on the measurement
of the input signals to all attenuators, which is similar to that
in [3]. The tuning algorithm developed in [9] does not require
the input signal to any of the attenuators in the cancellation
channel and hence saves a substantial hardware cost. This type
of tuning algorithms is called blind digital tuning, which will
be further discussed later.

This paper focuses on all-analog cancellation. Since all-
analog cancellation using passive components virtually does
not generate additional noise in the residual interference (in
comparison to methods using active components), the hybrid
and/or all-digital methods such as those discussed in [7] and [5]
can be used as a following stage of interference cancellation
in a practical full-duplex radio. The amount of interference
cancellation referred to in this paper does not include the
initial interference attenuation between a Tx antenna and a Rx
antenna or via the isolation channel inside an RF circulator.

In section II, we revisit an all-analog cancellation channel
previously shown in [8] and [9] and consider the effect of the
attenuation-dependent phases of the attenuators. Also shown is
a prototype of a c-tap of the all-analog cancellation channel.
In section III, we revisit the approach of blind digital tuning
previously shown in [9] and present a new algorithm. The
statistical performance of the algorithm based on random
realizations of the interference channel and the IQ imbalances
in Tx and Rx chains is given in section IV.

II. ARCHITECTURE OF ALL-ANALOG CANCELLATION
CHANNEL

The architecture of the all-analog cancellation channel
is crucial for ultimate performance of cancellation. A good
architecture should have the following features: 1) it has a
high capacity to match an interference channel affected by
wireless scatterers around the Tx and/or Rx antennas; 2) it
only uses reliable tunable devices; 3) it is highly integrable
with the entire radio system.

The impulse response of a typical RF interference channel
can be written as (subject to a frequency band of interest, e.g.,
|f − fc| < 20MHz):

hint,RF (t) =

I−1∑
i=0

aiδ(t− τi − T0) (1)

where I is the number of multipaths, ai is the attenuation of
the ith path, and τi + T0 is the delay of the ith path. Let the
carrier frequency be fc and the bandwidth of interest be W .
Then, the baseband equivalent of hint,RF (t) is

hint(t) = e−j2πfcT0

I−1∑
i=0

aie
−j2πfcτisinc(W (t− τi − T0)).

(2)
As the environment changes, the values of I , ai and τi also
change in general although T0 can be pre-calibrated for a given
setup of the Tx and Rx antennas. To be able to cancel the
interference, the impulse response of the cancellation channel
should be as close to the above equation as possible.

An architecture of the cancellation channel is shown in
Fig. 1 where the only tunable devices are step attenuators. The
technology of step-attenuators is rather mature. The difference

between Fig. 1 and Fig. 8 in [9] is that here we have added
additional 90-degrees power splitters to balance the insertion
losses and phase shifts of all four branches in each tap (or
c-tap). In this way, the (fixed) phase distribution among the
four branches is about even and so is the insertion loss.

The impulse response of this cancellation channel is (sub-
ject to a frequency band of interest):

hcan,RF (t) =

N−1∑
l=0

[P 3
0 gl,0 + P 2

0Pπ/2gl,1 + P0P
2
π/2gl,2

+P 3
π/2gl,3]δ(t− lT − T̂0) (3)

where gl,m is the gain of the mth attenuator in the lth c-tap,
P0 is the transfer function for the 0-degree output of a 90-
degree power splitter, and Pπ/2 is the transfer function for the
90-degree output of the 90-degree power splitter. And T̂0 is an
initial delay matched to T0 of the interference channel, and T
is the time delay between two adjacent c-taps. The baseband
equivalent of hcan,RF (t) is

hcan(t) = e−j2πfcT̂0

N−1∑
l=0

P 3
0Gle

−j2πfclT sinc(W (t−lT−T̂0))

(4)
where Gl = gl,0 − jg1,1 − gl,2 + jgl,3. Note that because
of very large fc (i.e., fc � W ), [2πfcT̂0]modulo−2π �=
[2πfcT0]modulo−2π while we can write sinc(W (t − T̂0)) =
sinc(W (t− T0)) with |T0 − T̂0| �

1
W in practice. Also note

that as long as T̂0 and P0 are fixed, any imperfection in these
values can be absorbed into the variables Gl and consequently
into the variables gl,m. What is important here is whether
or not hcan(t) (or its Fourier transform Hcan(f)) can well
match hint(t) (or its Fourier transform Hint(f)) once gl,m
are optimized.

If maxi�=j |τi − τj | �
1
W , it is easy to verify that even for

N = 1 there exists a complex G0 such that hcan(t) = hint(t).
Otherwise, it is necessary to choose N > 1 for improved
matching between hcan(t) and hint(t).

The choice of T is important. From the classic sampling
theory, it is known that since hint(t) has the (double-sided)
bandwidth W , there exist Ĝl for −∞ < l < ∞ such that∑∞

l=−∞ Ĝlsinc(W (t − lT − T0)) with T = 1
W can match

hint(t) exactly. But a problem with this sampling theory is
that if T = 1

W then the number of required c-taps N can
be very large even when the delay spread maxi�=j |τi − τj |
is in the order of 1

W . Such a delay spread is typical for a
full-duplex radio with W = 20 ∼ 40MHz. To reduce the
number of the c-taps, we suggest to choose T as a small
fraction of 1

W . Intuitively, in this way, each c-tap is effectively
used to model a cluster of multipaths with a delay spread
equal to that fraction of 1

W . The definition of bandwidth W
varies according to application. Since we are interested in
interference cancellation all the way to the receiver noise floor,
the bandwidth W referred to earlier should be the bandwidth
of interest at the noise floor. This could be larger than a 40dB-
drop (for example) bandwidth of a high power interference.

There is a fundamental difference between Fig. 1 and that
in Fig. 3 in [3]. In the latter, fixed delays are evenly distributed
among all attenuators. As shown in [8], such an architecture



(a) 1 attenuator per c-tap. G = g0. (b) 2 attenuators per c-tap. G = g0−
g1.

(c) 3 attenuator per c-tap. G = g0 +
e−j2π/3g1 + ej2π/3g2.

(d) 4 attenuators per c-tap. G = g0−
jg1 − g2 + jg3.

Fig. 2. Impedance coverage of a single c-tap where each attenuator (i.e., gi,
i = 0, 1, 2, 3) has the attenuation range (i.e., range of −20 log10 |gi|) from
0dB to 32dB with 1dB step size. Each attenuator also has an attenuation-
dependent phase (i.e., arg(gi) = −α20 log10 |gi| with α = 1.1). Each of
the plots shows the coverage of (−20 log10 |G|)ej arg(G) .

with uniformly distributed attenuators with respect to delays
can suffer serious performance degradation depending on the
choice of carrier frequency. In particular, if the time delay
between two adjacent attenuators is Tu = m

fc
with m being

an integer, then the cancellation channel loses all its capacity
to match the interference channel. The heuristic justifications
given in [3] (see the 1st column of page 4 there) missed an
important fact that the RF interference channel is a bandpass
channel. If the authors of [3] actually referred to the highest
frequency of the RF interference in their application of the
sampling theory, then the required delay between samples
would be no larger 0.23ps for fc = 2.2GHz. Then for a
multipath delay spread of 10ns (corresponding to just 3m
distance difference), they would need at least 43 × 103 delay
lines and the same number of attenuators.

Unlike that in [3], the architecture shown in Fig. 1 is
robust to carrier frequencies. The capacity of how well this
architecture can match an interference channel with 1000
random multipaths and a delay spread of 1μs is studied in
[8] and [9]. With just two or more taps and T = 0.1

W , the
architecture in Fig. 1 can cancel 70 ∼ 80dB 100MHz-
bandwidth interference.

To demonstrate that using four attenuators evenly dis-
tributed in phase per tap is a good choice, let us look at the per-
tap impedance coverage shown in Fig. 2 for each of the four
cases: i.e., one, two, three or four attenuators evenly distributed
in phase per tap. It is clear that the coverage shown in Fig.
2(d) is the most desirable since its coverage is the most dense.

(a) Custom fabricated PCB of a single
c-tap.

(b) 100 (out of 324) measured sam-
ples of impedance of the c-tap.

Fig. 3. A prototype of c-tap using four step-attenuators (PE43703), six (could
be five) 90-degree splitters (QCN27) and a power combiner (WP4U1+).

A custom fabricated single c-tap PCB, based on a slight
variation of Fig. 1, is shown in Fig. 3(a). One hundred (out of
324) samples of the effective impedance of the implemented
single c-tap is shown in Fig. 3(b). The red group samples,
for example, were collected when each of the 1st and 2nd
attenuators was set at 1dB, 7dB, 14dB, 21dB and 28dB (total
25 combinations), and 3rd and 4th attenuators were both set
at 31.75dB. The data from this prototype confirm the desired
property of the c-tap.

III. BLIND DIGITAL TUNING

While an all-analog cancellation channel such as Fig. 1 has
a high capacity to match an interference channel of random
multipaths over a wide bandwidth (and it is also robust to the
choice of carrier frequency), online tuning of the cancellation
channel is a separate challenge. Online tuning is necessary
since the interference channel is affected by wireless scatterers
in the environment around the Tx and Rx antennas. As reported
in [3], for every 100ms, the cancellation channel of a WiFi
in full-duplex mode would need to be re-tuned. For hand-held
devices, the required tuning would be more frequent.

A classic approach for online tuning of the cancellation
channel is as follows:

min
gl,i∀l,i

E

∥∥∥∥∥y(t)−
N−1∑
l=0

P−1∑
i=0

gl,ixl,i(t)

∥∥∥∥∥
2

(5)

where P = 4 for Fig. 1, y(t) is the interference before
cancellation, and xl,i(t) are the input signals to the attenuators.
Measuring xl,i(t) requires special hardware, which is very
costly especially when N > 1. Cheap hardware would not
measure xl,i(t) accurately. The tuning method shown in [4]
follows this classic approach. They applied the LMS (least-
mean-square) algorithm and observed a rather poor conver-
gence property when the down-converters used for measuring
xl,i(t)∀l, i have a small amount of IQ imbalances and phase
noise. These impairments are only part of the reality. Due to
analog interfaces of the RF attenuators in the circuits, the input
waveforms xl,i(t)∀l, i to the attenuators are inherently ambigu-
ous along with the actual attenuations of the attenuators. Every
analog connector introduces an unknown insertion loss and
phase.

To avoid the cost and the errors in measuring xl,i(t)∀l, i,
there is a new approach called blind digital tuning. This



approach was first presented in [7] and then refined in [9].
Blind digital tuning has two basic phases. In phase 1, a training
process is conducted to learn the relationship between the
controllable values of attenuations of the attenuators and the
observable values of the residual interference. In phase 2, a
computational optimization process is executed to determine
the optimal controllable values of the attenuators. The con-
trollable value of the attenuation of an attenuator does not
need to be the same as the actual attenuation that an attenuator
brings to the circuit. The mismatch between the controllable
values and the actual values is absorbed into the system model
established in the training phase. The controllable values are
typically digitally controllable. Blind digital tuning is blind to
the input waveforms of the attenuators.

In [9], the observable value of the residual interference
is assumed to be the power of the residual interference.
Assuming a linearity between the controllable gains (inverses
of attenuations) of the attenuators and the residual interference
waveform, the power of the residual interference is a quadratic
function of the controllable attenuations:

ep = gTAg+ bTg+ c (6)

where ep denotes the averaged power of the residual inter-
ference, g is a real-valued vector of the controllable gain
values. And the real matrix A, the real vector b and the
real number c are all unknowns and need to be estimated
during training. Measuring the residual interference typically
requires a down-converter which almost always has some level
of IQ imbalances. Using real-valued data representation, the
IQ imbalances do not destroy the linearity [9]. The linearity
between the gain of an attenuator and its output typically holds
strongly. To estimateA, b and c, a sequence of training vectors
of g has been developed in [9].

In this paper, we assume that the observable values
of the residual interference are the entire waveforms of
the residual interference. Let e(t) be the observed wave-
form of residual interference in the baseband in response
to a training vector g. Here, g = [gT

0 , · · · ,g
T
N−1]

T with
gl = [Re{gl,0}, Im{gl,0}, · · · , Re{gl,3}, Im{gl,3}]

T . Let e =
[Re{e(0)}, Im{e(0)}, · · · , Re{e((K − 1)Ts)}, Im{e((K −
1)Ts)}]

T with K being the number of samples and Ts being
the sampling interval. Here, we can choose Ts =

1
W . It follows

that
e = y −Xg + v = X̄ḡ+ v (7)

where v is the receiver noise, X̄ = [y,X] ∈ R2K×(8N+1) and
ḡ = [1,−gT ]T ∈ R(8N+1)×1. And both y and X are treated
as unknowns although y corresponds to the interference before
cancellation. During training, the transmitted power and/or the
sensitivity of the receiver can be reduced to avoid saturation.

Assume a sequence of training vectors of ḡ, i.e.,
ḡ(0), · · · , ḡ(Ng−1). For the ith training vector ḡ(i), we
can measure the corresponding e for Nt times to obtain:
e(i,0), · · · , e(i,Nt−1). It follows that e(i,r) = X̄(i,r)ḡ(i)+v(i,r)

where X̄(i,r) is subject to Tx random noise. We then com-
pute e(i) = 1

Nt

∑Nt−1
r=0 e(i,r), and therefore for either large

Nt or low receive noise, e(i) = X̄(i)g(i) where X̄(i) =
1
Nt

∑Nt−1
r=0 X̄(i,r). Also, for either large Nt or low transmit

noise, X̄(i) should be invariant to i. For this reason, we can
now write e(i) = X̄g(i).

Let E = [e(0), · · · , e(Ng−1)] and Ḡ = [ḡ(0), · · · , ḡ(Ng−1)].
It follows that

E = X̄Ḡ (8)

If Ḡ has a full row rank, then the least square solution to the
above equation is

X̄ = EḠ+ = EḠT (ḠḠT )−1 (9)

From X̄, we then obtain y and X. The optimal g is given by

g = X+y = (XTX)−1XTy (10)

There are numerous choices for Ḡ with a full row rank.
To show such an example, let us assume N = 1. Then, we
can choose Ng = 0 and

Ḡ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 1 1 1 1 1
0 1 0 0 0 0.15 0 0 0
0 0 0 0 0 0.5 0 0 0
0 0 1 0 0 0 0.15 0 0
0 0 0 0 0 0 0.5 0 0
0 0 0 1 0 0 0 0.15 0
0 0 0 0 0 0 0 0.5 0
0 0 0 0 1 0 0 0 0.15
0 0 0 0 0 0 0 0 0.5

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(11)

where each entry Ḡ except the first row is a real or imaginary
component of a complex gain, e.g., 1 corresponds to 0dB
attenuation, 0 to maximum attenuation (32dB in simulation),
and the number 0.15+ j0.5 to 16dB attenuation along with an
attenuation-dependent phase. The example of Ḡ shown above
is a good one because of its sparseness useful for computation.

While the phase constraint on the attenuators (the
attenuation-dependent phase) is easy to impose in choosing
Ḡ, the solution from (10) does not automatically meet the
phase constraint. One way to solve this problem is to use the
following equation for each c-tap (lth c-tap):

gl,0 − jgl,1 − gl,2 + jgl,3 = ĝl,0 − jĝl,1 − ĝl,2 + jĝl,3 (12)

where the left-hand-side terms are chosen from (10) and the
right-hand-side terms meet the phase constraint. In particular,
when step-attenuators are used, we can use a brute-force
search for the best choice of the right-hand-side terms. The
complexity is in the order of

(
DdB

ddB

)4

N where DdB is the
dynamic range in dB of each step-attenuator and ddB is the
step size in dB. In practice, we can pre-calibrate each c-tap
digitally. The digital map of the c-tap is readily useful for
blind digital tuning.

IV. SIMULATION

The simulation follows Fig. 4. There are random Tx and
Rx I/Q imbalances. The effect of Tx I/Q imbalances on the real
and imaginary components of x[n] is equivalent to multiplying
[Re{x[n]}, Im{x[n]}]T by the matrix:[

(1 + δT ) cos θT (1− δT ) sin θT
(1 + δT ) sin θT (1− δT ) cos θT

]
(13)

For the Rx I/Q imbalances, the matrix is[
(1 + δR) cos θR (1 + δR) sin θR
(1− δR) sin θR (1− δR) cos θR

]
(14)



Fig. 4. System diagram for simulation. The analog components are repre-
sented by those operating at a frequency L-times higher than the baseband
frequency.

The parameters δT , θT , δR and θR are uniformly random
between [−0.05, 0.05]. The sampling rate for the baseband
waveform x[n] equals W = 40MHz. The components after
the interpolator and before the decimator are operating at the
sampling rate equal to LW where L = 500. w{m} and v{m}
are the Tx and Rx noises. The corresponding signal-to-noise
ratios are denoted by SNRT and SNRR. The responses of
the interference and cancellation channels are represented by
hint(

m
LW ) and hcan(

m
LW ) respectively from (2) and (4).

The attenuation factors of the multipaths in (2) have the
form

ai =
εαi

(d+ cτi)2
(15)

where a0 = ε
d2 , c = 3 × 108m/s, d = 0.3m, 0 ≤ τi ≤ 10ns

(uniform random), 0 ≤ αi ≤ 1 (uniform random) and ε =
8× 10−4. Also, I = 100.

Shown in Fig. 5 are the cumulative distribution functions
(CDF) of the normalized power of residual interference after
the cancellation optimized by blind digital tuning. The normal-
ized power equals 0dB before any cancellation. There are four
cases shown here. For Fig. 5(a), there are no Tx/Rx noise and
no quantization of attenuators. For Fig. 5(b), there are Tx/Rx
noise such that SNRT = 30dB and SNRR = 60dB but no
quantization of attenuators. For Fig. 5(c), there are the same
noise and 0.5dB step size for attenuators. For Fig. 5(d), there
are the same noise and 1dB step size for attenuators. Note
that the “signal” used in computing SNRT is everything at
the output of the Tx chain except w{m}, and the “signal”
used on computing SNRR is everything at the RF frontend
of the Rx chain except v{m}. We see that the step size of the
attenuators has a major impact on the performances. Due to
space limitation, we omit the results for smaller step sizes such
as 0.25dB which is also common in practice. Also omitted
are results of the improvement of two-stage cancellation over
single-stage cancellation.

V. CONCLUSION

In this paper, we have revisited an all-analog interference
cancellation channel using c-taps of digitally controllable at-
tenuators and a blind digital tuning approach. The presented
architecture of all-analog cancellation channel has a very high
capacity to match a randomly given interference channel. The
blind digital tuning algorithm shown in this paper can realize
the capacity of the all-analog cancellation channel without the
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Fig. 5. CDF of normalized powers in dB of residual interferences after
optimized cancellations.

cost of and the errors from down-converting the input RF
waveforms of any of the step-attenuators in the cancellation
channel.
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