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Abstract—A multi-pair two-way relaying scenario with multi-
antenna mobile stations is considered. The bidirectional com-
munications between the mobile stations are supported by an
intermediate non-regenerative multi-antenna relay station. It
is assumed that the mobile stations can subtract the back-
propagated self-interference. Different relay transceive filter
design approaches which utilize the fact that the mobile stations
can perform self-interference cancellation are introduced. First,
a self-interference aware MMSE transceive filter is derived.
Second, a multi-antenna MMSE extension of the zero-forcing
block-diagonalization based approaches is proposed and an upper
bound for these approaches is given. The proposed transceive
filters require less antennas at the relay station and achieve
higher sum rates compared to conventional relay transceive filter
approaches which do not exploit the capability of the mobile
stations to perform self-interference cancellation.

I. INTRODUCTION

Relaying techniques can be used to expand the coverage of
wireless networks and to increase the achievable throughput.
To support multiple bidirectional communications via an inter-
mediate half-duplex relay station RS, multi-antenna techniques
can be used to spatially separate the communication pairs
and to enable the simultaneous communication of all pairs.
Within each pair, the two-way relaying protocol of [1] can be
applied to overcome the duplexing loss of conventional one-
way relaying schemes. The achievable sum rates for two-way
relaying depend on the overall channel and therewith on the
transceive filter design at RS. Furthermore, the achievable sum
rates depend on the capability of the mobile stations to perform
self-interference cancellation and on the available channel
state information (CSI). If the mobile stations can subtract
the back-propagated self-interference before recovering the
desired signal, the achievable sum rates can be increased.

In [2] and [3], the optimal transceive filter at RS is derived
for one-way relaying with multiple antennas in a single-pair
scenario. Non-regenerative multi-antenna two-way relaying
in a single-pair scenario is investigated in [4], [5], [6]. A
minimum mean square error (MMSE) transceive filter at RS
exploiting self-interference cancellation is derived in [4]. In
[5], a gradient based transceive filter approach for sum rate
maximization is presented and in [6] joint source and relay
precoding designs are investigated. Non-regenerative multi-
pair two-way relaying with single-antenna mobile stations
and a multi-antenna relay has been considered in [7], [8],
[9] and different transceive filter designs based on zero-

forcing block-diagonalization (ZFBD) are proposed to exploit
self-interference cancellation. Considering multi-antenna mo-
bile stations and exploiting the multiplexing gain increases
the achievable sum rates. The authors of [10] investigate a
pairwise communication of multi-antenna mobile stations via
an intermediate multi-antenna relay. However, the introduced
transceive filter approaches are based on mitigating self-
interferences at RS without exploiting the capability of the
nodes to subtract these interferences.

In this paper, a multi-pair two-way relaying scenario with
multi-antenna mobile stations is considered. The bidirectional
communications are performed via an intermediate half-duplex
multi-antenna relay station. It is assumed that the mobile
stations can subtract the back-propagated self-interference
and that each mobile station transmits one data stream per
antenna element to exploit the multiplexing gain. Different
relay transceive filter design approaches which utilize the
fact that the mobile stations can perform self-interference
cancellation are introduced. First, a self-interference aware
MMSE transceive filter is derived. Second, a multi-antenna
MMSE extension of the zero-forcing block-diagonalization
(ZFBD) based approaches is proposed and an upper bound
for these approaches is given.

The paper is organized as follows. In Section II, the system
model is given. Self-interference aware transceive filter designs
are presented in Section IIL. In Section IV, the receive filters at
the mobile stations are given. Simulation results in Section V
confirm the analytical investigations and Section VI concludes
the paper. !

II. SYSTEM MODEL

As shown in Figure 1, K pairwise bidirectional communi-
cations via an intermediate multi-antenna relay station RS of

1 Throughout this paper, boldface lower case and upper case letters denote
vectors and matrices, respectively, while normal letters denote scalar values.
The superscripts (-)T, (-)* and (-)H stand for matrix or vector transpose,
complex conjugate and complex conjugate transpose, respectively. The oper-
ators tr(-), diag[-], ® denote the sum of the main diagonal elements of a
matrix, the construction of a diagonal matrix with the elements contained in
the vector and the Kronecker product of matrices, respectively. The operators
R[], || - ||]2 denote the real part of a scalar or a matrix and the Frobenius
norm of a matrix, respectively. The vectorization operator vec(Z) stacks the
columns of matrix Z into a vector. The operator vecjwly v (+) is the revision
of the operator vec(+), i.e., a vector of length M N is sequentially divided
into N smaller vectors of length M which are combined to a matrix with M
rows and N columns. The operator modyx returns the modulus of x after
division by y and Ip; denotes an identity matrix of size M.



2K multi-antenna half-duplex mobile stations are considered.
Mobile stations Sy and S; form a bidirectional communication
pair for I = kK — 1+ 2 -modsk, £k = 1,2,...,2K, ie., S;
and So, S3 and Sy, ..., Sox_1 and Soi form bidirectional
communication pairs. The transmit power at each mobile
station and at the relay station RS is limited by Pyis,max and
Prs max, respectively. Each mobile station is equipped with
M antennas and simultaneously transmits M data streams.
The number of antennas at RS is given by L > M (2K — 1).

The channel H;, € CY*M from S; to RS is assumed to
be constant during one transmission cycle of the two-way
scheme and channel reciprocity is assumed. RS is assumed to
have perfect channel state information (CSI) and the mobile
stations have receive CSI and can subtract the back-propagated
self-interference. All signals are assumed to be statistically
independent and the noise at RS and at the mobile stations
is assumed to be additive white Gaussian with variances
02 rg and o7, respectively. The system equations for two-
way relaying are presented in the following where all mobile
stations are simultaneously transmitting to RS in the first
time slot. The transmitted symbols of S, are contained in
the vector xg, and the transmit filter at S is given by

Pys max

Qk’ =\ M
RS is given by

- Ips. Thus, the received baseband signal at

2K
yrs = Y HyQxXs, + nrs, &)
k=1
where ngrg represents the complex white Gaussian noise vector
at RS. RS linearly processes the received signal and the
transceive filter at RS is given by

G =1G, @)

where G is the transceive filter at RS which does not implicitly
fulfill the power constraint and + is a scalar value to satisfy
the relay power constraint. It is given by

_ PRS,max
= = — .
et IGHQ4|IZ + [IG[307 ks

The relay transmits the linearly processed version of yrg to
all mobile stations. The received signal yj using the receive
filter D;, at mobile station Sy, is given by

vs, = Di(H} Gyrs +ny), 4)

3)

v

where nj, represents the complex white Gaussian noise vec-
tor at Si. The compositions of the receive signals are also
illustrated in Figure 1. Each mobile station receives its in-
tended useful signals, receives interference from the sig-
nals intended for the other mobile station termed inter-pair-
interference, and receives back-propagated self-interference as
well as noise. The inter-pair-interference has to be mitigated
by the transceive filter at RS, but the back-propagated self-
interference can be subtracted at each mobile station [1]
assuming that HY GHy, is perfectly known at S. After self-
interference cancellation, the received signal ygs, —s1 at Sy is
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Fig. 1. Composition of useful signals and interferences in a bidirectional
multi-pair two-way relaying scenario.

given by
2K
ys.-s1 =%s, =D/H}G > H;Q;xs,
j=1,j#k
+ Dy (Hy Gngs + ny), ®)
where Xg, is the estimate of xg, at mobile station S which
bidirectionally communicates with S;. The signal, interference

and noise covariance matrices after self-interference cancella-
tion for the transmission from Sy to S; are given by

A’ = H GH, QR4 Q' H}/G"H],

2K
B —H/G| ) H;QR. QH}|G"H],
§=1,5#k,1
C% = H'GR,,.G"H} + R,,, (6)

respectively, with Rxsk the signal covariance matrix of xg,
and Rpgg, Rng, the noise covariance matrices at RS and S,
respectively.

Assuming that optimal Gaussian codebooks are used for
each data stream, the achievable rate from Sy to S; considering
self-interference cancellation is given by
1
2

and the sum rate Cyyyy, is given by

Cs, = = log, |(Tns + AS* (B + C5) 7)), )

2K
C’sum = Z CVS;C . (8)
k=1

III. TRANSCEIVE FILTER DESIGN AT RS

The achievable sum rate Cg,,, (8) for the considered multi-
user multi-antenna scenario under the given transmit power
constraints shall be maximized. The sum rate maximization
is a non-convex problem and an analytical solution cannot
be obtained. To tackle this problem, different transceive filter
approaches at RS are investigated in this section.

First, a self-interference aware MMSE transceive filter is
derived. For the derivation of this transceive filter, the transmit
and receive filters at the mobile stations are assumed to be
fixed to obtain a convex problem. Thus, an analytical MMSE
filter solution can be derived. Second, a multi-antenna MMSE
extension of the ZFBD based approaches is proposed and an
upper bound for these approaches is given.



A. Self-interference aware MMSE transceive filter

In the following, a self-interference aware MMSE transceive
filter termed MMSE-SI is derived. For the derivation of
the MMSE-SI filter, the error caused by self-interference is
removed in the equations for the mean square error (MSE)
so that back-propagated self-interference is only considered in
the power constraint at RS and is not intentionally suppressed
by the transceive filter design. The general equation for the
transceive filter design at RS is given by

2K
G = argmln E {Z ||Xsk Xs,, ||2} ®

k=1
The MSE for the transmission from Sy to S; is given by

-~ 2
E{Hxsk - XSkHQ}

—tr (RXSK.) - 2R [tr (DlHlTGHkaRXSk)}

+ tr (DlH’lTGHkaRxSk QIIEHIIEGHH;D}{)
2K
-+ Z tr (DlHrlTGHj QjRij Q?H]HGHH?D}{)
J=1,j#k,l

+ tr (D;H] GRp, . G'H; D! + D/R,,, D). (10)

The MSE of (9) in combination with the power constraint
of RS results in a convex problem with respect to G for fixed
transmit and receive filters at the mobile stations. This problem
can be solved by using Lagrangian optimization. Let matrices
Y*) and Y be given by

nsg

1

T® = Hy QiR QUH] + ok —1Bmes,  (113)
2K

T =) HiQiRyx, QUH}' + Rugs. (11b)

Using matrices Y® and Y of (11) in (9) and considering
the power constraint at RS, the Lagrangian function with the
Lagrangian multiplier 7 results in

2K
= Z F‘(G‘r7 k/’) —n (tr (GTGH) - PRS,max) ;
k=1

(12)
with
F(G,k) =tr (Rxsk) — 2R {tr (DlH;rGHkaRxsk)}

2K
+ur| Y DH/GYVG'H;D}
J=1j#l

tur (Dansl ) .

where [ = k — 1+ 2 - modsk. From the Lagrangian function,
the Karush-Kuhn-Tucker (KKT) conditions can be derived:

(13a)

2K

=3 f(G,k) —n G YT =0, (14a)
k=1

n (tr (GTGH) - PRS.,max) = 0, (14b)

with: f(G,k) = — HiD/ Ry, QyHj
2K
+ Y HDID/HIG YW (15
J=1,j#1

The KKT conditions can be used to determine the optimal
transceive filter according to (9), because the optimization
problem is convex for fixed transmit and receive filters at the
mobile stations. In the following, matrix K is defined as

2K 2K

K= Y [x0"e
TT PRS max <ZRnSk> IL] . (16)

Using Egs. (2), (3) and (16), the MMSE-SI filter at RS which
solves problem (9) is given by

a7

(H;DD.H])]

2K
G=rv- vecZ}L <K1 vec (Z HZDERXSZ Q'
k=1
with [ = k — 1+ 2 - modsk.

The derived MMSE-SI transceive filter at RS minimizes the
MSE for given transmit and receive filters at the mobile
stations. To effectively suppress inter-pair interference at the
receivers it only requires L > M (2K — 1) antennas at RS
compared to a conventional MMSE transceive filter which
requires L > 2K M antennas at RS.

B. Multi-antenna MMSE extension of ZFBD approaches

In the following, a multi-antenna MMSE extension of the
ZFBD based approaches investigated in [7], [8] and [9] is
proposed. Applying the ZFBD technique, which has been
introduced for downlink spatial multiplexing in [11], to the
two-way relay channel, the relay transceive filter G can be
described by

E GF,; Gsingle,j GRF, j,
||GTF J

single, ]GRF 7 ||2
(18)

where Gty ; and Ggrr,; are transmit and receive prefilters for
the jth pair to remove the inter-pair interference and where
Gisingle,j 1 a single-pair transceive filter for pair j. Instead
of completely suppressing inter-pair interference, we propose
to allow some inter-pair interference according to the MMSE
principle. Thus, the noise enhancement at RS is decreased and
therewith the achievable sum rate is increased.

Let HJ = [Hl, Ho, ... ng_g, H2j+1, ey HQK] denote the
channel matrix of all users not belonging to the jth pair. Thus,
the proposed MMSE prefilter design for Eq. (18) based on the



SVD H; = U;S;V; is given by

- H

Grr = (UiDrey) (19)

Grrj = U;Drr (19b)
& G on RS E

with : Dgr; = | S;ST + ﬁh , (19¢)
,max

S.QT Uﬁ mz

Drr, = (887 + 521 ) (19d)

The proposed prefilter design requires L > M(2K — 1)
antennas at RS to effectively suppress inter-pair interferences
at the receivers, but it is also applicable if the number of
antennas at RS is lower.

The design of the single-pair transceive filter Ggingle,;
of Eq. (18) is based on the equivalent receive channel
Hg ; = Ggrr j[Haj—1,Hs;] and on the equivalent trans-
mit channel Hr ; = [H%,H%fl]TGTF,j for the jth pair,
7 =12 ..., K. In the case of only considering single antenna
mobile stations, one approach, termed Pairwise-MF in the
following, is to choose Ggingle,; = H¥jH§] Only the
prefilter design of this approach differs from the ZFBD based
”NC-SM C. Combining” approach introduced in [9].

For multi-antenna mobile stations, a self-interference aware
single-pair transceive filter supporting the multiplexing of M
data streams per mobile station should be applied for Ggingle, ;
to maximize the achievable sum rate, e.g., the gradient based
approach of [5]. The self-interference aware MMSE-SI filter
derived in the Section III-A can also be applied for each single-
pair transceive filter Gingle, ;. In this case, the mobile stations
of the jth pair and the corresponding equivalent channels are
considered for the calculation of the MMSE-SI single-pair
transceive filter. This approach is termed BD-MMSE-SI in the
following.

For performance comparison, an upper bound for the
achievable sum rate can be derived based on the proposed
prefilter design. First, to separate each pair, the prefilters
are calculated according to Eq. (19a) and (19b). Second,
it is assumed that the bidirectional communication of each
pair is performed via two unidirectional relays. The two
unidirectional relays equally share the overall relay transmit
power and are affected by the same overall noise power as
the single relay of the real system. Under these assumptions,
the optimal unidirectional transceive filters given in [2] and [3]
for unidirectional relaying can be applied for each direction of
transmission. This upper bound is a non reachable upper bound
for the average achievable sum rate over different Rayleigh
fading channels as soon as the mobile stations are equipped
with more than one antenna. It is termed BD-Bound in the
following.

IV. RECEIVE FILTERS AT THE MOBILE STATIONS

In Section III, MMSE based transceive filters at RS are
presented assuming predefined transmit and receive filters
at the mobile stations. However, in case of multi-antenna

mobile stations, optimizing these filters with respect to the
transceive filter at RS increases the achievable sum rates. In
this section, an alternating optimization between the receive
filters at the mobile stations and the transceive filter at RS is
presented. For the receive filter design, the available CSI is
used and MMSE receive filters based on the overall channel
Hs, ov = HEGHZQI are applied. Based on the derivations in
[12], the filters are given by

Dy :Hgk,ov(HSk=OVHgk,ov + Nsk)_lv (20)

with Ns, = Rpg, + H} GRn, s G'H;, the noise matrix.
Inter-pair interference is neglected in the receive filters, be-
cause considering inter-pair interference requires additional
CSI. The alternating optimization is performed in three steps:
First, the transceive filter at RS is calculated assuming unitary
receive filters Dy, = Is. Second, the receive filters according
to Eq. (20) are calculated. Third, an alternating optimization
between the transceive filter at RS and the receive filters
at the mobile stations is performed until convergence. Joint
optimization with the transmit filters at the mobile stations
requires additional CSI and is not considered in this paper.

V. SIMULATION RESULTS

In this section, numerical results on the achievable sum rates
for the introduced transceive filter designs at RS are investi-
gated. It is assumed that Py max = PRS,maxs Ohg = 02 and
K = 2. For comparison, a conventional MMSE approach is
used, which does not exploit self-interference cancellation for
the design of G. The path-loss on the i.i.d. Rayleigh fading
channels is varied and is represented by an average receive
signal to noise ratio (SNR) at RS in the figures.

The average achievable sum rates over different receive
SNRs for a single-antenna scenario, M = 1, L = 4, are shown
in Figure 2. The performance of the MMSE-SI transceive filter
and the BD-MMSE-SI transceive filter at RS are the same and
both achieve sum rates close to the BD-Bound. The perfor-
mance gap between the Pairwise-MF transceive filter and the
MMSE-SI transceive filter is small, but the performance of
the NC-SM C. Combining approach is significantly worse for
small up to medium SNR values, because this approach uses
ZFBD to suppress all inter-pair interferences. The performance
of the conventional MMSE approach is significantly worse
for an increase in the SNR, because it does not exploit the
capability of the mobile stations to perform self-interference
cancellation.

The average achievable sum rates over different number L
of antennas at RS for the single-antenna scenario, M = 1,
SNR = 15dB, are shown in Figure 3. The performance
of the MMSE-SI transceive filter and the BD-MMSE-SI
transceive filter at RS are the same and both achieve sum rates
close to the BD-Bound. For three and four antennas at RS,
the NC-SM C. Combining approach performs worse than the
Pairwise-MF approach, because for low number of antennas at
RS, the noise enhancement due to using ZFBD increases. The
performance gap between the conventional MMSE approach
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and the other approaches increases which an decreasing num-
ber of antennas L at RS, because the performance loss due to
additionally mitigating self-interferences at RS increases.
The average achievable sum rates over different SNRs for
a scenario with M = 2 antennas at each mobile station and
L = § antennas at RS are shown in Figure 4. The performance
of the Pairwise-MF and the NC-SM C. Combining approach
are not shown, because these approaches are not designed
to support the multiplexing of two data streams per mobile
station. The performance of the MMSE-SI transceive filter
at RS which is alternately optimized with the receive filters
at the mobile stations is termed MMSE-SI alternating. The
performance is only slightly better than the performance of
the MMSE-SI filter without alternating optimization termed
MMSE-SI. The conventional MMSE filter performs worse due
to not taking advantage of the capability of the mobile stations
to perform self-interference cancellation. The achievable sum
rates of the MMSE-SI transceive filter are close to the BD-
Bound.

VI. CONCLUSIONS

Non-regenerative two-way relaying for a multi-pair multi-
antenna scenario has been investigated. A self-interference
aware MMSE transceive filter is derived and a multi-antenna
MMSE extension of the zero-forcing block-diagonalization
based approaches is proposed. The proposed MMSE-SI
transceive filter requires less antennas at RS compared to a
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Fig. 4. Average achievable sum rates over different SNRs for multi-antenna
mobile stations, M = 2, L = 8.

conventional MMSE filter and achieves significantly higher
sum rates due to exploiting self-interference cancellation at
the mobile stations for the transceive filter design at RS.
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