Proceedings of 2009 APSIPA Annual Summit and Conference, Sapporo, Japan, October 4-7, 2009

Pre-Nulling for Selt-Interference Suppression in
Full-Duplex Relays

Byungjin Chun, Eui-Rim Jeong', Jingon Joung*, Yukyung Oh, and Yong H. Lee

Dept. of EECS, Korea Advanced Institute of Science and Technology (KAIST)
373-1 Guseong-dong, Yuseong-gu, Daejeon, 305-701, Republic of Korea
E-mail: {bchun, ykoh}@stein kaist.ac.kr, yohlee@ee.kaist.ac.kr

iDivision of Information Communication and Computer Engineering, Hanbat University

San 16-1 Dukmyung-dong, Yuseong-gu, Daejeon, 305-719, Republic of Korea

E-mail: erjeong @hanbat.ac.kr

iDept. of EE, University of California Los Angeles (UCLA)
Los Angeles Californica 90095 USA

E-mail: jgjoung@ee.ucla.edu

Abstract—We consider a full-duplex relay that simultaneously
receives and transmits signals over a shared channel and propose
techniques for suppressing self-interference caused by huge
difference in the signal power of the transmitted and received
signals. In particular, a pre-nulling method for self-interference
reduction is introduced. It is shown that self-interferences can
be efficiently suppressed by pre-nulling without degrading bit
error rate (BER) performance of the destination receiver in
the flat channel environment. In addition, a hybrid method
combining the proposed pre-nulling method and conventional
adaptive interference suppressor is proposed to reduce the self-
interference further. It is shown by simulations that the hybrid
method can secure more relay gain margin for stable operation
of full-duplex relays.

I. INTRODUCTION

Although full-duplex relay that simultaneously receives and
transmits signals over a shared channel can provide sub-
stantially higher spectral efficiency than half-duplex relaying
(two channel uses) [1] [2] [3], use of the former is not
popular in practical relay networks because of its difficulty
in implementation. Huge differences in the power of relay’s
transmitted and received signals cause severe self-interference
(shortly, interference) at the relay’s receiver front-end, and thus
full-duplex relays need a robust receiver front-end and effi-
cient interference mitigation techniques. Implementing these
techniques for a full-duplex relay has been a difficult and
expensive task. However, with the advent of new devices such
as high speed/precision analog-to-digital converters (ADC) [4]
and digital signal processing devices [5], full duplex relays
became practical for certain applications [6] [7]. For example,
commercial products are available for full-duplex amplify-and-
forward (AF) relaying in the third generation (3G) mobile
communications [7]. The output-to-input power ratio of this
product is 100 dB, and by isolating and polarizing trans-
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mit/receive antennas, the interference-to-signal power ratio at
the relay’s receiver front-end is reduced to below 30 dB. Then,
the residual interference entering the receiver is suppressed by
baseband signal processing.

In this paper, we propose an alternative structure for im-
plementing the full-duplex relay. In contrast to the existing
techniques that suppress the interference in the relay’s receiver
side [6], the proposed method performs a pre-processing
for interference reduction. The proposed full-duplex relay
employs one receive antenna and multiple (typically two)
transmit antennas and periodically estimates the interference
channel from the transmit antennas to the receive antenna (see
Fig. 1).! Then, a pre-nulling is performed using the estimate
of the interference channel. It is shown that the pre-nulling
has no influence on the bit-error-rate (BER) performance of
the destination receiver in the flat channel environment. The
pre-nulling relieves stringent requirements on transmit/receive
antenna isolation and simplifies the receiver front-end and
baseband signal processing. As a result, the full-duplex relay
with the pre-nulling is considerably simpler to implement than
conventional full-duplex relays.”

Even though the pre-nulling technique can be applied to
both full-duplex AF and decode-and-forward (DF) relays, we
consider the full-duplex AF relay only in this paper. Basically,
the AF relay is a cheaper solution than the DF relay, so
there are great commercial interests in it. For any relay, it is
important to maximize the relay gain in order to give higher
SNR at the destination. In the case of the AF relay, however,
because reception and transmission of the identical signal are

I'The channel may be estimated by emitting a pilot signal from each transmit
antenna when the channel from the source to destination is idle (e.g., a guard
interval between downlink and uplink subframes in the time division duplexing
systems).

2The cost for this simplicity is the interference channel estimation.
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made at the almost same time, the AF relay gets vulnerable to
oscillation as the relay gain increases. Therefore, prediction of
the maximally allowed relay gain without causing oscillation is
of a great concern. Our study in this paper provides a guideline
in this regard.

The contents are as follows. In Section II, the system
model is described; In Section III, the proposed pre-nulling
scheme, probability of stability, and effect of pre-nulling on
the destination performance are analyzed; In Section IV, the
hybrid method is described; In Section V and Section VI,
overall system simulations are made, and some concluding
remarks are given, respectively.

The following notations are used in this paper: The matrices
and vectors are denoted as the bold capital and lowercase
letters, respectively;

o (-)T: the transpose;

(\)H: the conjugate transpose;

®: the convolution;

e [a]: the minimum integer larger than or equal to a;

o CM*N: the set of the complex M-by-N matrices;

C: the set of the complex numbers;

z ~ (+): random variable z follows the distribution (-);
CN (m,v): the complex Gaussian distribution with mean
m and variance v;

|v]|: the 2-norm of vector v;

E[]: the expectation;

Pr{E}: the probability that the event E occurs;
{ak}fz_ol: the set comprising ag, -+ ,ax_1.

II. SYSTEM AND SIGNAL MODEL

We consider a full-duplex relay system (see Fig. 1) where
a relay equipped with one receive antenna and N transmit
antennas is relaying signals between a source and a destination
with single antenna per each. We assume that there is no direct
path from the source to the destination.

When the signal zg(k) with power Ps was transmitted
from the source, the received signal yp(t) at the relay can
be expressed as

yr(k)

Ozshs(k) & xs<k’)
+O‘R Z hR,n(k)
n=0

where aghg(k) means the channel impulse response from
the source to the relay; ag is the corresponding path
loss; {hs(k)}12;" is the corresponding normalized channel
response of span Lg with hg(k) ~ CN(0,0%(k)) and
Zfso "o2%(k) = 1. In the same way, aghg (k) means the
interference channel impulse response from the n-th transmit
antenna to the receiver at the relay; ap is the corresponding
attenuation including the path loss and the isolation effect;
{hrn(k)}E 7! is the corresponding normalized channel re-
sponse of span Lp with hg (k) ~ CN(0, a%,n(k)) and
ZfRO ! 0%, (k) =1, ¥n. In addition, {zg . (k VN are the
retransmitted signals from the n-th transmit antenna at the

@xrn(k) +nr(k) (1)
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relay; {ng(k)} is the additive white Gaussian noise (AWGN)
sequence at the relay with CA/(0, 07 ).

The yr(k) is amplified by the relay gain gg, then applied
to the N parallel pre-nulling filters {w,, (k)}2_} of span M.
For convenience, we call the branch point to {w,(k)} Node
1. After pre-nulling, the retransmitted signal from the n-th

transmit antenna is modeled as
xR,n(k) =JdRr- wn(k) ® yR(k) 2

We define v = ar - gr which represents, without pre-nulling
filters, the square root of the effective interference power (or
loop gain of the feedback system).

Finally, the received signal at the destination is written as

N-1
k)=ap Y hpa(k
n=0

where again aphp ,(k) means the channel impulse response
from the n-th transmit antenna to the destination; ap is the
corresponding path loss; {hp (k) é’jg ! is the corresponding
normalized channel response of span Lp with hp (k) ~
CN(0,0%,(k)) and ZLD "o2 (k) = 1, ¥n. In addition,
{np(k)} is the AWGN sequence at the destination with
CN(0,07,).

The channels are assumed independent of each other not
only across the source-to-relay, the interference, and the relay-
to-destination channels but also across channel taps of re-
spective channels. We assume that the relay has the channel
state information (CSI) on the interference channel, and the
destination has the relay-to-destination channel, respectively,
but the relay has no information on the latter. Since stability of
the system according to the proposed method is sensitive to
the estimation error of the interference channel, we assume
the CSI on the interference channel is imperfect so as to
investigate the effect of the estimation error on the stability
whereas that of the relay-to-destination channel is perfect.
All the channels are assumed quasi-static, i.e., they are fixed
during a frame but changes independently every frame.

) @ xrn(k) +np(k) 3)

III. PROPOSED SELF-INTERFERENCE SUPPRESSION
METHOD

A. Pre-nulling filters

The proposed pre-nulling method suppresses the interfer-
ence component ag ny;ol hrn(k) @ xr (k) in (1) in the
air before reaching the relay’s receiver front-end. To this end,
it exploits the CSI on {hp,(k)}Y- estimated in advance.
Let us express the interference component in a matrix form as
follows. First, the interference channel® from Node 1 through

the n-th transmit antenna to the relay front-end

Un (k) = hpn(k) ® wy(k) 4)
has length Kp = Lr + M — 1 and can be expressed as
u, = HR,an (5)

3For notational convenience, « R is ignored for a while and will be counted
for later.
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Fig. 1. A full-duplex AF relay system employing the proposed pre-nulling filters for interference suppression at the relay.
where Let us consider the simplest and the most practical example
W = [un©). o\ un(Kn—1) ]T c cKrx1 with two tra}nsmit antennas (N = 2). Assuming (8) is satisfied
© haa(0) 0 0 _ and expanding Hrpw = 0, we have Hg gwo + Hp 1wy =0
' for some nonzero wg and wq, or
hr.n(1) hr.n(0)
hRyo(]f) ® wo(k') + hR,1(kJ) & wl(k) =0 9)
hR,n . .
H B mn (D) 0 for some nonzero wy(k) and wi (k). An obvious solution of
Rn = | (Lr—1) hg.n(0) the equation is
0 hrn(Lr—1) hrn(1) wo(k) = A-hr1(k), wi(k)=-A-hgro(k) (10)
: - : where A is a normalization constant necessary to satisfy
" OM 0 hpn(Lr—1) |[w||> = 1. This means we can achieve the pre-nulling simply
echnx by taking the opposite interference channel responses with
Wy, = [wn(0), ., wn(M-1) ]T c cMx1, the opposite signs as the pre-nulling weights. In this case, M

Then, the overall interference channel can be expressed as

N-1 N—1
u=>» u, =Y Hg,w,=Hzw (6)
n=0 n=0
where
Hr = [HR,m - HR,N—l] S CKRX(MN)
w o= [wl .., wh_ ]l ecMN)x1,

The proposed pre-nulling filter nullifying the interference
power with normalized filter coefficients (||w||> = 1) can be
written as

)

There exists such w if the dimension of the null space of
Hpg, null(Hpg), is greater than zero [8]. In other words, if the
column length Kp = Lr + M — 1 of Hp is smaller than the
row length M N so that*

W = arg)|y|2=1 (Hrw =0).

Lr
N_1h
and w € null(Hg), the interference can be completely
suppressed.

M= ®)

4 ali is ti an usus iti Lp—1
Inequality (8) is tighter than usual condition M > | 1\1[%71

an integer. For example, try Lp = 2 and N = 4.

1 since M is
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corresponds to L, satisfying the condition in (8). Moreover,
if the interference channel is flat (i.e., Ly = 1), it is enough
to have M = 1 in order to cancel out the interference with
the two antennas.

In the next subsections, we will discuss two main issues
raised by employment of the pre-nulling scheme: the stability
of the relay system and the effect on the destination perfor-
mance. As a preliminary study, the frequency-flat channels
only will be considered.

B. Stability analysis in the flat interference channel environ-
ment

The perfect interference suppression under the condition in
(8) is based on the perfect channel estimation of {hr ,(k)}.
However, even smallest channel estimation error may drive the
system unstable due to the huge relay gain and imperfect isola-
tion between the receive and transmit sides. In this subsection,
we will check out the condition on « (equivalently g = %)
guaranteeing the stable operation of the relay system.

Assuming the interference channel is flat so that Lp = M =
Kp =1, we regard the relay system as a feedback loop with
the loop gain (see (6))

N-—1
c=qyu=7Y hrn(0)- wn(0). (11)
n=0



Proceedings of 2009 APSIPA Annual Summit and Conference, Sapporo, Japan,

Let A
hRyn(O) = hR,n(O) + AhRm(O), n,

where h . (0) is an estimate of hp_,, (0), and Ahg ,(0) is the
corresponding channel estimation error with independent and
identically distributed (i.i.d.) CA(0,02). Inserting (12) into
(11) and noting Zg;ol hi.n(0)-w,(0) = 0 since w is chosen
so that (7) holds, (11) can be rewritten as

12)

N—-1
c=7Y_ Ahgu(0) - w,(0). (13)
n=0

In order for the feedback system to be stable, it is necessary
and sufficient to have

le]? < 1. (14)
From (13) and (14), we have
N-1 2
V1D Ahgp(0) - wa(0)| <1 (15)
n=0

for the stability. Assuming w is fixed, we can see that
Ahpg.n(0) - w,(0) ~ CN(0, 02w, (0)]?) so that

N—-1
3" Ahpa(0) - w,(0) ~ CN(0, 0?) (16)
n=0

due to the independence condition of {Ahg,(0)} and
|w||? = 1. Thus, we have
2

N-1
0=|>" Ahpn(0) wa(0)| ~x3(0?) a7
n=0

where x3(v) means the chi-squared distribution with degree-
of-freedom (dof) two derived from CN (0, v).

From (15) and (17), the probability of stability as a function
of v can be analytically calculated as

P(stability) ('7) Pr {6‘ < 0* ('7)}
Fy {07 (7)}

where 0* () ,Y%, and Fy(0) is the cumulative distribution
function (cdf) of & ~ x3(02). Using eq. (2-1-114) of [9] to
evaluate Fy(#) =1 —exp (—2 ), we have

(18)

stabilt 1
plstabil ty)(fy) = 1—exp (_0272> (19)
in the flat interference channel environment.
In Fig. 2, theoretical probabilities of instability,

plinstability) () = | _ p(stability) (~) "in the flat interference
channel are plotted for the channel estimation error variances
o? 1073,1074,107°,107°, respectively.” We can see
that the probabilities start to rise from 1076 around
v = 18,28, 38,48 dB for respective o> values. This means
that the system starts to be unstable after those values (critical

points) with some nonnegligible probability, respectively.

5The reason why P(instability) jngtead of P(stability) s plotted is
that we want to show the details of the instability probability in the normal
operation condition which has high probability of stability (e.g., > 0.9).
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Fig. 2. Theoretically calculated probabilities of instability as a function of
v in the flat interference channel for the channel estimation error variances
crg =103,10"%,107°,1075, respectively.

C. Effect of pre-nulling on the destination performance

The pre-nulling filters are designed to suppress the interfer-
ence at the relay’s receiver front-end without any consideration
on the destination. Therefore, it is of interest to see if it has
any effect on the performance of the destination under the
proposed scheme.

Assuming the signal zp with power Pr at Node 1, the
received signal vector at the destination has the length Kp =

Lp + M — 1 and can be written as
yp =apHpw - zr +np (20)

where w is defined in (7) and

Yo = [yD(O)» ce s yD(Kpfl)]T c CKD><1
Hp = [HD,(), ey HD,Nfl] GCKDX(MN)
r hon(0) 0 0 ;
hp,n(1) (o))
hp,n(1) 0
R [OOSR -
0 hpn(Lp—1) hp (1)
-0 0 hpn(lp-1).
€ cfpxM
D = [WD(O)7 RO nD(KD_l)}T c cKpx1

Define the effective relay-to-destination channel vector hp =
Hpw € CXp*!, Assuming that a matched filter is employed
at the destination for symbol-by-symbol detection [11], the
matched filter output is given by

hEYD

O(DhghD TR+ hg’l]D.

ZD

ey
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For comparison, the matched filter output without pre-nulling
would be given by

BgYD
aphghD TR+ hgnD

ZD

(22)

where hp is any of hp ., = [hpn(0), -+ hpa(Lp — 1)]F
€ Ctrx1 (say hp = hp ).

In the flat channel environment (M = Lp = Kp 1),
hp has the same statistical property as hp since hp =
Zﬁ:ol hp,(0) - w,(0) follows CN(0, 1) just as hp =
hp,o(0). This can be seen from the same argument leading
to (16). Therefore, in the flat channel environment, the pre-
nulling does not have any effect on the performance of the
destination compared with the case without pre-nulling.

For reference, we give expressions of the SNR and BER at
the destination output. Define 3 = hZhp and 3 = hilhp.
Conditioned on Hp and w (thus (3), zp in (21) becomes
Gaussian with the output SNR

042DPR5
2
nD

SNRp(B) = (23)

’

and the BER in the BPSK modulation case is given by
BER(B) = Q (V2SN En(5))

where Q(z) = [~ \/#27 exp_é dt.

(24)

IV. HYBRID METHOD

The conventional single-input single-output (SISO) interfer-
ence suppressor is based on the well-known adaptive interfer-
ence suppression algorithm [10]. However, the huge amount
of interference may overload the interference suppressor that
it may not be able to suppress the interference completely.
In order to improve performance further, we can come up
with a hybrid version of the two solutions (Fig. 3). That is,
by putting the two solutions together, a considerable amount
of interference can be reduced in advance by the pre-nulling
when it reaches the front-end of the receiver, and the residual
interference can be tracked down to zero by the interference
Suppressor.

The conventional adaptive SISO interference suppressor
(indicated by Post-processing in Fig. 3) is described below.
Denoting the signal at Node 1 in Fig. 3 as p(k), the post-
processing filter tap coefficient vector v(k) is updated accord-
ing to the following least mean square (LMS) algorithm:

: p(k—V-&-l)}T ecVxt
, 'UV—l(k)]T ecVx1

[p(k). p(k—1), -

v(k) = [vo(k), va(k), -

q(k) = yr(k) —v"(k)-p(k — D)
p(k) = gr-q(k)

v(k+1) = v(k)+p-q" (k) -p(k—D).

Here, (-)* means the conjugate operator, 4 is the step size of
the LMS algorithm, V' is the post-processing filter tap length,
and D is the system delay (> 1) from Node 1 to yr(k).

(25)
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Fig. 4. Received signal power at the relay versus v for o2

1073,107%,1075,1079, respectively. Note that, in the case of the con-
ventional SISO, the received signal power at the relay increases with an
apparent slope as < increases due to addition of the interference whereas
those for the proposed scheme do not exhibit such phenomena until reaching
the critical points thanks to the pre-nulling. Also, note that the critical points
almost coincide with those where P(imstability) — 106 jn Fig. 2. This
can be easily understood since even single event of oscillation out of 106
independent trials for given « will cause the plot to diverge at the + value.

V. COMPUTER SIMULATIONS

The interference suppression performance of the proposed
pre-nulling method was evaluated through computer simula-
tions. The reference system for performance comparison is
the conventional SISO interference suppressor. The simulation
environments are as follows. The source signal is an uncoded
binary phase shift keying (BPSK)-modulated signal; the num-
bers of transmit and receive antennas at the relay are 2 and 1,
respectively; the received signal power at the relay with respect
to the relay noise power is assumed to be 20 dB; o2 =1,

NrR
02 =1, ap = 0 dB, and ap —20 dB are assumed,

np
respectively; 105 times of independent trials were made and
averaged per each ~; in the simulation of the conventional
SISO algorithm, p = 0.0001, V = 2, and D = 2 are chosen;

the flat channel is assumed all through the simulations.

Fig. 4 shows the received signal power at the relay versus 7.
We compared the received signal power conditioned on various
o2. In this figure, abruptly increasing powers at some - values
indicate that the relay system starts to diverge (i.e., unstable) at
the points due to insufficient interference suppression. We can
see that the critical points almost match the ~ values where
P(v) starts to rise from 107% in Fig. 2. We also showed
the result of the conventional SISO interference suppressor
in the figure (plotted as the dashed line). In the conventional
method, the received signal power increases proportionally
to v to some extent. This is because the interference power
is added to the received signal power unsuppressed. Then,
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Fig. 3. A full-duplex AF relay system employing the hybrid method for interference suppression at the relay.

it finally diverges around v = 12 dBS. On the other hand,
the received signal powers according to the proposed method
maintain almost the same values until v reaches the critical
points, respectively. This is because the interference power has
already been canceled out by the pre-nulling when it reaches
the receiver. Eventually, they also diverge after the critical
points, but the critical values are considerably larger than that
of the conventional method. We can see that the critical value
increases in the almost same scale as the estimation error
variance improves. Let us coin a term relay gain margin to
describe the margin of the current relay gain until the system
gets unstable. Then, the pre-nulling with 02 = 10~3 has
about 5 dB more relay gain margin than the conventional
SISO model and this margin tends to increase by 10 dB
more each time o2 improves by 10 dB. These results indicate
that the proposed pre-nulling method can provide larger relay
gain without driving the system unstable, and requires smaller
dynamic range of the relay’s receiver front-end than the
conventional technique.

Fig. 5 compares performance of the pre-nulling and pro-
posed hybrid methods when o2 = 1075, The hybrid method
combines the conventional method and the pre-nulling method.
It is seen that the hybrid method has about 20 dB more relay
gain margin than the pre-nulling method.

Fig. 6 shows the BER performance at the destination of
the full-duplex relay system when the pre-nulling and hybrid
methods are used at the relay, respectively. Both methods
show similar decreasing BER curves to some extent as -y
increases. In the similar way to Fig. 5, however, the pre-nulling
and hybrid methods show abruptly deteriorating BER curves
around v = 40 and 60 dB, respectively, where the relay system
finally starts to oscillate. However, the hybrid method has 20
dB more relay gain margin than the pre-nulling method. Of
course, the pre-nulling with perfect channel estimation (i.e.,
02 = 0) does not show such BER deterioration but only flat
noise floor for higher v values.

OThis value may vary according to p. Smaller 41 can raise the critical point
more or less. However, excessively small x4 may increase adaptation time too
long. Thus, there is a tradeoff in choosing .
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Fig. 5. Received signal power at the relay versus  according to the pre-
nulling and hybrid methods. 02 = 10~? assumed.

Fig. 7 shows the BER performance of the conventional SISO
and the proposed pre-nulling methods, respectively. Here, both
the methods are assumed to be free from the interference
due to a perfect interference suppression. This assumption is
intended to check out the effect of the pre-nulling only on
the performance at the destination, without considering the
effect on the relay. In the same way as Fig. 6, the destination
performs the matched filter detection for a single transmitted
symbol. As expected from Section III-C, it is confirmed that
the BER performance is almost the same for both methods.
Even though there exists a certain amount of the relay noise
(nRr), its contribution to the BER performance is observed
negligible in this simulation.

VI. CONCLUSION

In this paper, a pre-nulling method using multiple antennas
at the transmit side of the full-duplex relay was proposed for
the self-interference suppression, and the stability probability
of the system as a function of the relay gain was presented in
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Fig. 6. BER performance at the destination versus v when pre-nulling and
hybrid methods are used at the relay, respectively. 02 = 10~° assumed for
both cases, but 02 = 0 for ideal pre-nulling. Flat Rayleigh fading, uncoded
BPSK modulation, and matched filter bound are assumed.
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Fig. 7. BER performance at the destination as a function of gr according

to the conventional SISO method and the proposed pre-nulling method. Flat
Rayleigh fading, uncoded BPSK modulation, and matched filter bound are
assumed.

the flat interference channel environment. Simulation results
showed that the pre-nulling method has an advantage over
the conventional interference suppressor in terms of the relay
gain margin for the stability: about 5 dB for the channel
estimation error variance 1073, and additional 10 dB per
every 10 dB improvement of the error variance. Moreover,
the hybrid method combining the pre-nulling method and the
conventional method brought about 20 dB more relay gain
margin. It was also shown that the pre-nulling scheme has
little influence on the BER performance at the destination in
the flat channel environment.
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Extension of the analysis to the selective channel environ-
ments is left as a further work.
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