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Abstract—In this paper, we propose an adaptive receiver for
joint self-interference cancellation and equalization in an amplify-
and-forward (AF) bi-directional relaying network. In particular,
we develop an efficient receiver that does not require the complex
matrix inversions. The performance of the proposed scheme is
demonstrated by computer simulations.

Index Terms—Adaptive receiver, bi-directional relaying net-
work, equalization, joint detection, self-interference cancellation.

I. INTRODUCTION

Bi-directional relaying networks have attracted lots of at-
tention owing to its ability to circumvent the loss of spectral
efficiency in one-way relaying networks [1]-[4]. Further, var-
ious relaying protocols have been combined with space-time
block codes (STBCs) to further improve the spectral efficiency
[2]-[3]. Although many researches related to bi-directional
relaying networks have been established, the issues on the
receiver design have gained relatively little attention in the
literature. One of the main reasons for this is due to the com-
mon belief that such issues can be explained by the traditional
point-to-point communication or one-way relaying systems.
However, in bidirectional relaying networks, such issues would
be different from those of such systems due to the several
reasons: First of all, in bi-directional relaying networks, the
amount of system overheads increases compared to the one-
way relaying protocol due to the separate processing of self-
interference cancellation and data detection, i.e., the required
number of links to be estimated increases. In particular, in
frequency selective fading channels, more challenges on such
issues will appear since a long training sequence (TS) should
be used for the reliable channel estimation [5]. Moreover, if the
nodes have multiple antennas, the minimum required length of
TS increases due to the increasing number of propagation links
[5]. Secondly, because of the two phase transmissions, if STBC
is employed, the block size must be shorter than a quarter
of the channel coherence time to prevent the performance
degradation caused by the time selectivity. It further reduces
spectral efficiency since the ratio of pure payload to overhead
decreases. As a result, the improvement of spectral efficiency,
main advantage of a bi-directional relaying compared to one-
way relaying, could not be maximized. Finally, more im-
portantly, additional overhead signaling is further required at
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the relay node during the second phase in order to estimate
channel state of relay-to-destination link which is necessary
to compute covariance matrix of the effective noise used in
minimum mean square error (MMSE) equalization processing.
This procedure makes the frame structure complex and reduces
spectral efficiency. To avoid these unfavorable effects, the
approximate approach can be applied to the computation of
covariance matrix [6]. However, it leads to the performance
degradation significantly.

In this paper, as an alternative to the channel state infor-
mation (CSI)-based receiver, we develop an adaptive joint re-
ceiver that does not require CSI. To the best of our knowledge,
it is the first attempt to apply adaptive scheme to bi-directional
relaying network. The presented joint receiver requires no
complex matrix inversion and can reduce system overhead
compared to CSI-based receiver as well as provides MMSE-
like performance. Thus, it can be simply implemented and
improve the spectral efficiency with high quality of reception
in slow fading channels.

Notations: |-|, (-)*, (-)T and ()T denote the absolute value,
complex conjugate, transpose, and Hermitian transpose oper-
ations, respectively. ®, tr(-), and E[-] stand for the Kronecker
delta product, a trace of a matrix, and expectation, respectively.
() mod N denotes the modulo-N operation. 0y« x and Ips
denote M x K all-zero matrix and identity matrix of size
M x M, respectively. Q denotes the N x N discrete Fourier
transform (DFT) matrix. P denotes an /N x N permutation ma-
trix and it performs a reversed cyclic shift. For instance, given
a=[a(0),...,a(N —1)]7, Pa=[a(N —1),...,a(0)]T.

II. TR-STBC BI-DIRECTIONAL RELAYING NETWORKS
A. System Model

Let us consider a bi-directional relaying network consisting
of two source terminals (T, Ts) and a single relay (R) as
depicted in Fig. 1. At this time, it is assumed that T; and T,
are equipped with two antennas while R has a single antenna
[3]. In Fig. 1, we define x¥ = [2¥(0),..., 28 (N —1)]T of size
N x1 (i = 1,2) as the kth data block transmitted from the ith
antenna of Ty to R. Similarly, d¥ = [d¥(0),...,d¥(N —1)]T
of size NV x 1 represents the transmit signal from the ith
antenna of Ty to R. In addition, according to the encoding

rule of a time-reversal STBC (TR-STBC) [7], the k + 1th
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Fig. 1. TR-STBC bi-directional relaying network over frequency-selective
fading channels.

data blocks to be transmitted are defined as x™' = Px5*,

xEtl = _Pxb*, d5T! = Pd*, and d5T' = —PdY*. We
also define the CIR of the propagation link between the ith
antenna of T; and R as h® = [rk(0),... RE(L; — 1)]T
with 337 B[|RE(D)?] = 1. g = [gF(0), ..., gk (P, — )]T
with leﬁl E[|gF(1)|?] = 1 is the CIR of the link between
the ith antenna of T9 and R. Here, L; and P, denote the
corresponding channel lengths. It is also assumed that the
entries of h¥ and gF are statistically independent of each
other. Moreover, let HY and G¥ be N x N circulant matrices,
whose entries are given by [H¥],,; = h¥((m — ) mod N)
and [G¥],n; = g¥((m — 1) mod N), respectively [7]. We
consider a block fading wireless channels where the channel
remains constant over blocks, and changes from block to block
slowly.

B. Relaying Protocol

In Fig. 1, each block transmission is completed during
two time-slots [2]-[3]. In the first time-slot, both T; and T,
transmit signals to R, simultaneously. Before the transmission,
we notice that a cyclic-prefix (CP) of length-v is appended
in front of the data block and it satisfies the condition of
v > max(Lq, Lo, P1, Py) — 1. At the receiver side of R, the
relay removes the CP and its resulting signal is given by

2
vh=>" (,/E1/2fof + \/E2/2Gfdf) +nh (D)
1=1
where F; denotes the average transmit power of T; (z: = 1,2),
and n’f% denotes the additive white Gaussian noise (AWGN)
vector whose entries are statistically zero-mean and vari-
ance o2,. Then, in order to meet the power constraint of
Er at the transmit side of R, the relay scales y% with
VERr/(E1 + Ey + 02 p), of which output signal r* can be
expressed as

rF =~y (HExF + HExE) 47 (GEAE + GEdE) +y3nf (2)

where the scaling factors 3, 72, and 3 are
defined as v = VEEr/(2(Er + B2 + 025)),
2= EEr/Q2(Ei+Ez+ong), and g3 =

VER/(E1 + Ey +02p), rtespectively. In the second
time-slot, R broadcasts the signal to T; and T. after
re-inserting the CP into r¥. Here, we also notice that the
receiver operation and structure of T; and Ts are identical
to each other [1]-[4]. Hence, without loss of generality, we
will only describe the signal reconstruction at T in the rest
of this letter. As a result, considering H’; effect into r* and
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discarding the CP, the received signal at the pth antenna of
T; (for p =1, 2) can be expressed as

y]; =N (HZ1XI1C + ngxg) +72 (I:I’;1dlf+ﬂl;2d§)+A}; (3)

where H’;q = H’;H’; and I:I’;q = H’;G’; (g = 1,2). Here,
it is assumed that the CIRs remain constant during two time-
slots. This assumption does not lose the generality since the
length of data block is determined to preserve good TR-
STBC decoupling performance and the adaptive filter gener-
ally works in slow fading environments [8]-[9]. In (3), Aﬁ =
vsHyn}; 4+ nf, | denotes the effective noise vector, where
nf p denotes AWGN vector generated in the pth antenna of
T, with each entry having zero-mean and variance o2, and

nos

L1
BlApAGTh] = (Fonp 3202 ()P +07)In £ 03 Iy
I11. THE PROPOSED ADAPTIVE RECEIVER SCHEME

In this section, we first derive the frequency-domain CSI-
based receiver composing of separate processing of self-
interference cancellation and MMSE equalization. Then, from
the mathematical formulation of CSI-based receiver, we de-
rive an efficient adaptive receiver that jointly performs self-
interference cancellation, TR-STBC decoupling and channel
equalization.

Before the presentation, let us first assume that the CIRs are
constant over two consecutive blocks for a complete TR-STBC
decoupling, ie., HE, = HFF!' £ H), and I:I]’;’q = I:I’;;IH =
H,, in (3). Again, it should be noted that this assumption
does not lose the generality. It is also assumed that the related
CIRs are perfectly known to the receiver. As a result, using
the encoding rule of TR-STBC [7] and taking DFT processing
Q into (3), the received frequency-domain signals at the pth
antenna of Ty over the blocks k and k + 1 can be written as
follows

Vi =T X5 + 5pX5 + A D + ApDs + QAL (4)
yitt = —shat + =0 ab - AlLDY + Al DS+ QAL
where y§ = Qyt, 5)];“ = QPy, ", X[ =Qxf (=
1,2), D = Qdf, and Ak+! = PAM In 4), 3, =
1QH,Q', =}, = mQPH;, PQf, A, = 1.QH,,Q, and
A;f?q = 'YQQPHZ[IPQT denote the effective diagonal channel

matrices [7].

A. Self-Interference Cancellation

To detect ’Df (I=1,2)in (4), T, first eliminates the self-
interference signals (knows as its own transmit signals) X
by assuming that the corresponding channel coefficients X,
is known to T;. As a result, at the pth branch (connected with
pth antenna), by subtracting 3,; X ]f + XX ’5 from )7]; and
721;2X]f+2;1 X’; from ?i“ in (4), the outputs Z; and 2,
at the respective branches can be written as an Alamouti-like
form:

Z1=MD+Yy, Z9=M>D+7Y, (5)
where D = [D}", D5T]T, T, = [QAT QALY and
the effective channel matrices M and M are

Ay A12} M2:[A21 Aoy

|
—AL AL —AL AL

}. (6)
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B. MMSE Equalization where X7 and X, are defined as [see (4)]
For data decoding from the outputs of (5), MMSE equal- -3 =3 —39; -39
ization including TR-STBC decoupling is then accomplished. = [ »i _»f } ;o = [ i _>i } - (13)
12 11 22 21

Multiplying MJ{ to Z; and Mg to Z,, the outputs of TR-
STBC decoupling are given, respectively, by

Mz, = (L ® (|JAu >+ A1) D+ M,

MIZ; = (T @ (|Aar]” + [An|?)) D + MIT,
where it is noticed that it suffices to look into only one data
block in the equalization process, since the effective channel
gain matrices for both ’D’f and ’D'z" are equal and the noise
terms are identically distributed and statistically uncorrelated
with each other. Therefore, without loss of generality, the
detection is shown only for the case of ’D]f. We also drop the
block index k and replace ’D’f with D for brevity. Stacking

the output vectors of the respective TR-STBC decoupling in
(7), we define the following equation

(7

S=ID+w (®)

where I' denotes the effective channel gain matrix defined as
I [A11]? +|Aga)?

r= = 9

L—‘J [1\212 + |[Agz|? ©)

and w stands for the effective noise vector with the associate
covariance matrix ®,, = E[ww’] being

@w = |:FY%UZII‘1 ET :|

10
€ ’73022112 (10)

where € = 137302 5 (AL, A1y + AgsAlL). After the channel
equalization, the output of MMSE equalization is transformed
back to the time-domain. As a result, the error vector between
the output of the equalizer and the true signal can be expressed
as e = QWS — QID, where W = (W1, Wa] denotes
the MMSE equalization and its submatrices Y1 and W, are
real-valued N x N diagonal matrices. From the orthogonal
principle, E[(QWS—QID)S'] = 0 x x, W can be readily
obtained as

W=T! (T +&,) " (11)

Moreover, the theoretical MSE given by tr( E[eef]) /N will be
tr(Iy — Iy + @S0~ ITT @ IT) /N.

C. Derivation of The Proposed Adaptive Receiver

In what follows, referring the results of (5), (7), and (11),
we present the proposed adaptive receiver processing. From (4)
and (5), let us define 2 = (27, ZT|T, y, = (Y7, yit 7T
(i =1,2), and X = [X" 245T]T. Then, stacking Z; and
Z,, the outputs of the self-interference cancellation given by
(5) can be expressed as

z_ Ly | Oavson | 21 z; (12)
Oanson | Lov | 22 x
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From (7)-(9) and (11), we can see that the combined process-
ing of TR-STBC decoupling and MMSE equalization can be
equivalently expressed as

B:{ WiIAL -WiAp,

W1AJ{2 WiAn
where it is noticed that B; (i = 1,2) is an orthogonal matrix,
since W, is a real-valued diagonal matrix and A,; is a
diagonal matrix. By premultiplying B to (12), the output of
the MMSE equalization for two streams is given by

W2A§1 —WsAg }
W2A§2 WalAg

31:(12®W1)M1 32:(12®W2)M;

(14)

=BiY1+BoYo + (B35 + BoXs ) X
—_—
Bs

K 15)

2

From the fact that the sum or product of two orthogonal
matrices has an orthogonal structure, we can see that B3 in
(15) is also an orthogonal matrix. As a result, using those
properties, (15) can be rewritten as in (16), where it is noticed
that F of size 6N x 1 performs jointly the self-interference
cancellation, TR-STBC decoupling, and channel equalization.
Furthermore, F can be adaptively updated by using a block
version of the recursive least-square (RLS) algorithm as shown
in Table. I (on the next page), where D), denotes the desired
symbol vector given by [7]-[9]

k
[ gkl* ] , for training mode
Dy = @21« (17)
_ kl* , for decision-directed mode
D,

where ’13? (¢ = 1,2) denotes the frequency response of the
output of the decision device. From Table. I, it is noticed that
that the proposed scheme is efficient since =y is a diagonal
matrix, i.e., a complex matrix inversion is not required.

IV. PERFORMANCE EVALUATIONS

Simulations have been run to demonstrate the performance
of the proposed adaptive joint detection. We considered
frequency-selective fading channels with uniform delay power
profile and QPSK modulation. We assumed that the signal-
to-noise ratios (SNRs) at the relay and source terminals are
identical [4]. It was also assumed that the channel length of
each link is 2, ie., L1y = Ly = P, = P, = 2, and CP of
length-1 (1 = 1) is appended [see Section II. B]. The length
of a single data block was 64, and the training block was

February 16~19, 2014 ICACT2014



SER

1 1 1 1 1
094 095 09 097 0.98

forgetting factor ( A)

0'3 1 1 1
0.9 0.91 0.92 0.93 0.99

Fig. 2. SER performances of the proposed adaptive receiver as a function of
forgetting factor A (0.90 < A < 0.99), when SNR is 20 dB.

TABLE 1
PROCEDURE FOR UPDATING JF USING RLS ALGORITHM [9]

Initialize the algorithm by setting
Po = 8Isnx6N
where the regularization parameter § is a large positive constant.
JF and P are updated at every two block time (k = 0,2,4,...)
according to the following recursion

B = Loy + A UL PLUL

Priz = AP — A 2PULE TULP,

Ey =Dy —UFy

Fryo=Fr + ,Pk+2u1k;Ek
where A is a positive constant close to, but less than 1.

Fo=06Nx1>

appended in every 50 blocks in the proposed adaptive joint
detection. In the following results, it is once again noticed
that CIRs are constant over single block and it vary every
block.

We first evaluate the effect of the forgetting factor A\ on
the symbol error rate (SER) performance and the associated
results are shown in Fig. 2. In particular, we considered three
different cases for the normalized Doppler frequency', i.e.,
fm = 0/5x1075/1075. Moreover, we restricted our attention
to the cases of 0.90 < X\ < 0.99, since A is generally close
to 1. From Fig. 2, we can see that the SER performance is
degraded as A increases unless the channel is static. On the
other hand, when fm = 0 the minimum SER performance
could be achieved at A = 0.99. This is due to the fact that the
system can not keep track of the channel variation, when A is
very close to 1.

Fig. 3 depicts the SER performance of the proposed adaptive
receiver as a function of link SNR. Based on the results of
Fig. 2, we chose A\ = 0.99/0.93/0.93 for the cases of f,, =

! f, is defined as f, = fmTs where f, and T denote the maximum
Doppler frequency and symbol duration, respectively. When f,,, = 1076,
the channel is considered to be very slow fading channel. On the other hand,
fm = 10—* corresponds to the very fast fading channel [8].
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Fig. 3. SER performances of the proposed adaptive receiver and CSI-based
receiver-A/B/C.

0/5 x 1076/107°, respectively.

For comparisons, we considered various CSI-based re-
ceivers composing of separate self-interference and MMSE
equalization as follows:

o CSI-based receiver-A that has perfect knowledge of CIR
and 0% . This receiver provides an ideal performance and
cannot be realized in practice.

o CSI-based receiver-B operated based on estimated CIR
and perfect aQAP, here, we exploit the repeated and phase-
rotated Chu (RPC) sequences of length-4K to optimally
estimate CIR? [5]. In practical manner, this receiver can-
not be also realized since it requires a perfect knowledge
of O'2Ap.

o CSI-based receiver-C that exploits estimated CIR and
approximate O'QAP, here, we approximate O'QAP from [6].
This receiver can be used in practice.

The simulation results show that the proposed adaptive
scheme approaches the CSI-based receiver-A, when the chan-
nel is static (f,, = 0) by virtue of the convergence property
of the RLS algorithm [8]-[9]. On the other hand, the SER
performance of the proposed adaptive scheme is degraded
as fm increases. Nevertheless, compared to the CSI-based
receiver-B, the proposed scheme provides a better performance
in the case of f,, = 0 and has a similar performance in the
case of f,, = 5 x 1079 More importantly, it is observed
that the proposed scheme outperform the CSI-based receiver-
C as SNR increases. Basically, the performance degradation
of the CSI-based receiver-C is due to the incorrect estimation,
i.e., approximation, of UzAp. In low SNR regions, the effects
of approximation error can be ignored. However, in high SNR
regions, it cannot be ignored since its magnitude is much larger
than that of noise. Thus, the error floor phenomenon occurs
in these regions. To relieve this problem, the additional TS
should be inserted at R. Unfortunately, such a procedure makes

2In the TR-STBC bi-directional relaying protocol considered, the length of
TS must be equal to or longer than 4K in order to distinguish all links, where
K =2max{Li,L2,P1,P2} —1
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frame structure complex and decreases spectral efficiency.
Furthermore, the estimation performance can be improved
by using longer TS in the CSI-based receiver-B/C. On the
contrary, the proposed joint detection provides better or similar
performance with very low overhead.

V. CONCLUSIONS

In this paper, we presented the adaptive scheme for use
in TR-STBC bi-directional relaying networks. The developed
receiver jointly performs the self-interference cancellation,
TR-STBC decoupling, and equalization. The main advantage
of this receiver is that it requires no CSI, no complex matrix
inversion, and a small amount of overhead while delivering
a better or similar performance compared to the CSI-based
receivers operated with a practical channel estimation.
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