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Abstract—This paper considers the wireless multicast cell, in
which two source nodes with multiple antennas communicate
with two destinations over a common medium simultaneously
assisted by a multi-antenna relay node. Assume that the sources
and relay have individual power constraints. The purpose of
this work is to develop an optimal algorithm to compute the
source beamforming vectors and the relay beamforming matrix to
maximize the system sum-rate, subject to the power constraints in
the sources and relay. The problem is nonconvex and apparently
has no simple solution. In this paper, We first develop the
beamforming vectors at the sources, and then explore the linear
beamforming matrix for the nonregenerative relay, Finally, we
present a coordinated optimal algorithm to jointly optimize
the vectors and matrix, which performance is compared with
the conventional methods. Simulations demonstrate that our
algorithm outperforms the conventional methods.

I. INTRODUCTION

Recently, there has been considerable interest in multiple-
input, multiple-output (MIMO) communications in the wire-
less relay systems, due to their potential for dramatic gains in
channel capacity and increasing the coverage of the wireless
communications under power and spectral constraints. To date,
most works on relay network have focused on the three nodes
model [1], where the presence of other co-channel user is not
considered. More recently, attention has been shifted to two-
way relay channels, where two sources exchange informations
via a relay based on network coding techniques [2] [3].
However, all these works focus on the point-to-point or multi-
access model. The studies on multicast model [4] [5] are
very rare in the literatures. However, the multicast topology
is very popular in practical wireless networks, such as video
on demand, and information gathering in wireless sensor
networks. Hence, it is desirable to investigate the performance
in a wireless relay multicast cell (see Fig.1).

A wireless relay can be classified as regenerative and
nonregenerative relay. The regenerative relay requires digital
decoding and re-encoding at the relay, which will cause a
significant increase of delay and complexity. However, the
nonregenerative relay does not need any digital decoding and
re-encoding at the relay, and only performs linear process-
ing (amplifying), which has advantage over the regenerative
relay [6] in the term of complexity. In this paper, we consider
the nonregenerative relay in our wireless multicast cell, where
the relay applies a beamforming matrix to process the received
signal and then forward it to both destinations. There have
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been many research efforts on nonregenerative MIMO relay
ststems [6]. The MIMO two-way relay formulation in [3]
includes the analog network coding relay problem as a special
case. In [4], the authors have studied the power allocation
for multicast cell with regenerative network coding in the
high SNR region. To the best of our knowledge, there is no
any research on the relay beamforming matrix in the wireless
multicast cell.

In this paper, we focus on the design of beamforming
vectors at the sources and the beamforming matrix at the non-
regenerative relay, where the sources and relay are equipped
with two antennas, while the destinations only have one
receive antenna. We are going to find the optimal beamforming
vectors at the sources and the beamforming matrix at the
relay to maximize the system sum-rate subject to the power
constraints at the sources and relay under the assumption
that the channel state informations (CSIs) are available at
the sources and relay. By making good use of the related
CSIs, the sources and relay are able to carry out some
further signal shaping. Consequently, the sources can carry
out transmit beamforming, and the relay is no longer simple
amplifying and forwarding the received signal, or decoding
and re-encoding the signals transmitted from the sources. The
processing at relay is a transceiving beamforming. To exploit
the optimal beamforming vectors at sources and matrix at
relay, we propose an algorithm in which the sources and relay
coordinate to each other to maximize the system sum-rate.
First, the sources process the signals as a multi-user multicast
system [7]. Then the relay process the received signals as a
point-to-point MIMO relay [8] combined with two-way MIMO
relay [3] system treating sources’ beamforming vectors as
known. Finally, the sources and relay jointly optimize the
vectors and matrix.

II. SYSTEM MODEL

We first consider the downlink of the multicast relay system
with two sources, one relay and two destinations (2-1-2
mode) [4] as illustrated in Fig. 1, where the sources and relay
are equipped with two antennas, but each destination only has
one antenna. It is easy to be extended to a general multiple
antenna relay system.

Suppose that both S; and Sy transmit their messages to
the same destination set { D1, D2} simultaneously. We assume
that the crossover direct links between the source .S; and
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Fig. 1. The multicast cell with two sources, one relay, and two destinations

destination D; {i,j = 1,2,9 # j,} are very weak and
negligible due to the transmission range. The shared relay is
used to assist the transmission from sources to destinations.
When the relay is half-duplex, the transmission process takes
two steps, i.e.,

1. Sy = {R, D} with Xg,; Sy — {R, D2} with Xg,,
2. R —{Dy, Dy} with f(Xs,, Xs,),

where f(-) denotes the processing protocol at the relay. There
are two basic protocols: (A). Nonregenerative processing,
in which the mixed signals from the two sources are not
decoded before retransmission to the destinations [1], [4]; (B).
Regenerative processing, in which the relay can decode both
S1 and Sy’ signals, and then do network coding in Complex
field or Galois field before retransmission [4]. The signal
vector transmitted by source 5; is

x;(n) = w;s;(n), (D

where s;(n) is the complex symbol sent by source S; using
the beamforming vector w; € C?*!. We assume that s;(n)
is a zero mean, unit covariance circularly symmetric complex
Gaussian signal, n is the symbol index, i.e. s;(n) ~ CN(0,1).
The transmit power of the source S; can be shown equal to

pi = Enf{as(n)@;" (n)} = ||w;|]* < P )

Note that p; is the allocated transmit power at S;, and P; is
the power constraint at S; (i = 1,2).

All the channels involved are assumed to be flat-fading over
a common narrow-band. It is assumed that the transmission
protocol uses two consecutive equal-duration time slots for
one round of information transmission. It is also assumed that
perfect synchronization has been established among 57, 59
and R prior to data transmission. During the first time-slot,
the transmission from the sources to destination, and to relay
can be modeled as the standard point-to-point MISO, and
MIMO channel, respectively. Therefore, the received baseband
signal at the destination and relay in the first time-slot are
respectively,

y11(n) = hiza(n) + 21(n), (3a)
y21(n) = homa(n) + 22(n), (3b)
yr(n) = Hirz1(n) + Hapza(n) + 2r(n),  (3c)

where y;;(n) € C is the received signal by D; in the jth time-
slot at symbol index n, n = 1,..., N with N denoting the
total number of transmitted symbols during the first time-slot,
yr(n) € C?*1 is the received signal vector by R, h; € C1*2,
and H;r € C?*? represent the channel vectors from S, to
D,, and channel matrix from S; to R, respectively, which are
assumed to be constant during the first time-slot, z;(n) € C
and zr(n) € C?*! are the receiver noise, independent of n.
Without loss of generality, assume that z;(n) ~ CA(0,1), (i =
1,2) and zr(n) ~ CN(0,1), Vn.

As mentioned above, the relay have two options: nonregen-
erative processing or regenerative processing. In this paper, we
only consider linear nonregenerative processing at relay, and
hence the forward signal from R can be concisely represented
as

zr(n) =Ayr(n), n=1,...,N, 4)

where zr(n) € C2*! denotes the transmitted signal by R,
and A € C?*? is the relay processing matrix. Note that, the
transmit power of R can be expressed as

pr = (B, [zr(n)zr(n)"])

2
= tr (A (Z H, pw,wH, + I> AH> < Pg. (5)

i=1
The transmission from R to both destinations can be modeled
as traditional MISO-BC. Thus, the received signals at D; and
D> in the second time-slot can be expressed as

yi2(n) =hrizr(n) + 21
=hpiAH gz1(n) + hpi AHogxo (n)+

hr1Azg(n) + z1(n), (6a)
y22(n) = hpoxr(n) + 22
=hroAH gz (n) + hpo AHogxa(n)+
hpoAzg(n) + Z2(n). (6b)

In this paper, we consider that both destinations decode both
sources’ data. Hence, in destination’s opinion, the transmission
from both sources to each destination can be modeled as a
traditional MISO-MAC in the total two time-slots with the
help of a relay. Assuming that all the channel information
and beamforming vectors or matrix are perfectly known at
D, and D, prior to data transmission. Hence, each destination
can perform successive decoding in which the D; first decodes
S;’s data and then subtract the 5;’s signal to decode the desired
signal from the other source (S;, j # ¢). From (6a), subtracting
the S;’s data from y;o yields

gi = hRiAHjRZEj (n) + hRiAzR(n) + Zl(n) (7)

For the given w; and A, the maximum instantaneous achiev-
able rates 7;; and r;; for the end-to-end links from \S; to both
D; and D; (3,5 = 1,2,4 # j) with the help of the relay R,
respectively, satisfies [9]

hRjAHiRwi|2>

ri: < log (14 DRPALRWIT Y (8a)
’ g( Thr A2 +1

rii < log (14 |hyw;|* + T7) (8b)

4604



with equality for zero-mean, circularly symmetric complex
Gaussian signal used at sources, where
T, 2 |hr; AH; pw; |2 .
|hriAH jrw;|* + [[hri Al[* 41
Note that the transmission rate r; of the source S; must be not
more than min{r;;,r;;} to make sure that both destinations
can decode the S;’s data successfully, i.e. r; < min{r;;,r;;}.
Next, we define the instantaneous capacity region
C(Py, Py, Pr), of the multicast cell, where P, P, and Pg
denote the transmit powers subject to the constraints at Sy, Sa,
and R, respectively. Then, C(Py, Ps, Pr) is defined as

C(Py, Py, PR) & U {r1,m2}, i=1,2. (10)
[|lW;i||<Pi,pr(A)<Pr

Note that, C(Py, P», Pg) in (10) can be obtained by taking the
union over all the achievable regions.

In the rest of this paper, we focus on the characterization
of C(Py, P», Pg) for some fixed Py, P, and Pr. We design
w1y, w2 and A so as to maximize the instantaneous capacity
Crm. Let W 2 {wq,w2,A } denote the collection of all the
beam-vector or matrix. Then the problem formulation is :

(9a)

arg my%x Cm =11+ 712 (11)
S.t.: pi <P, 1=1,2, (12)
PR < Pr,. (13)

III. ALGORITHM

In this section, we first relax the optimization problem for
joint design of wj,ws and A at the sources and relay, so as
to maximize the sum-capacity of the multicast cell subject to
a set of power constraints.

A. Beamforming Vectors

Toward solving our problem, we first consider the relay ma-
trix A is given, and at high SNR regime the equations (8a,8b)
can be recast as follows:

|G, H;rw;|? < » hgjA
rij =log(l+ ———5——), |G; = (14a)
J T ey V7 ThegAl
H. nw: |2
rii = log [ 1+ [hyw;[* + G, ;RwZ” . ,
1GHRwj|1* + 1+ xye
(14b)

Consequently, the inequality r; < min{r;;,r;;}, is equiva-
lent to 7; < min{ ||G;H;rw;|?/(1+ m) |hyw; | +
||GlHlR’wl|‘2/(‘|G1HJRIUJ||2 + 1+ m)} Now, the
instantaneous capacity maximization problem can be reformu-
lated as following:

arg mv%x Cp = I{lualX 1+ %azx T, (15a)
st.ipi <P, i=1,2. (15b)
PR < Pg, (15¢)

Obviously, the optimization problem in (15) is nonconvex,
leading to the fact that no closed-form solutions are available.
To maximize 7; (¢ = 1,2), there are three cases:

1) : if 7 is always equal to |h;w;®> +
|G Hirwi|*/(/|GiHrw; || + 1+ —gpz)  for  any
wj, then, the optimal w; is p;h? [10] where p, is a power
control factor which satisfied the power control equation (2).

2) ¢ if 7; is always equal to ||G;H;pw;||?/(1 + m)
for any w;, then, the optimal w; is ps(G;H;r)™ [10] where
ps 1s a power control factor which satisfied the power control
equation (2).

3) : if r; is not aforementioned cases, we can set up an
equation by adding a slack variable k; € R,i € {1,2} since
lhywi* > [|GiHirwi| */(|GiH;rwj|* + 1+ - ay2)-
One obtains the relaxed equation:

|G, H;pw;||?

= [hyw;|* + ks, (16)

L+ g a7
where, we can modify w; and change the k; to make the
equation hold subject to the power constraints. Therefore, the
following equality [7] can fulfill the constrain in (16) :

i el A h;
] (o)

where ¢; = |h;w;|?, and d; = (¢; + k;) x (1 + m), for

arbitrary real-valued ¢; and @2. We can solve w; by setting:

- alP1
\\/Fc%im } = n1hj" +ny(G;H;g)".
(18)

It shows that w; must be trade-off between h; and G,;H;g.
Then, the transmit power at source .S; can be computed as:

w; = HY (HH) [

pi = |lwilf
= am 4 dims + 2/ cidR{e7 )}

where, 71,72 and 73 are the entries at the upper left, upper
right, and lower right of the 2 x 2 matrix (H;H!!)~!. Since the
equality in (19) is invariant with respect to a phase rotation, we
can choose 1 = 0, without loss of generality. Maximizing c;
subject to power constraints p; < P; is therefore equivalent to
minimizing R{e’¥27,} with regard to (,. Hence, the optimum
value can be solved as [7]

(19)

o =T — LTy, (20)
that leads to R{e’?275} = —|73|. After inserting (20) into (19)
and explicitly computing the the matrix (H;H!)~!, we can
obtain:
cil[hi||? + |G Hyp|]* — 2V/eid;|hi G Hig|

HwiHQ: hI|1211G.H, »||2 hiG.H.
[Ihil |G Hir||* - b’ G;Hig|

2D
Therefore, we can modify the ¢; and d; to satisfy the power
constraint at the source S; according to the channels.

B. Beamforming Matrix

Next, we first consider the solution to explore the optimal
beamforming matrix A for given w; and ws. Then jointly
optimize the A and w;, (i = 1,2).

In the previous works, the optimal beamforming based
nonregenerative processing structure at relay to maximize the
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end-to-end [8] [11] or two-way-relay [3] channel capacity have
been studied. However, the model we considered in this paper
is the combination of the end-to-end relay and two-way-relay
structures. Therefore, the previous results can not be applied
to our model directly.

Lemma 1: The optimal relay beamforming matrix A at
relay in our multicast cell, must be the matrix to maximize
the sum-rate of the r15 and ry1, from S; to Dy and from Sy
to D; via R, respectively.

Proof: Here, we only present a brief proof. For given
w; (i = 1,2), if modify the beamforming matrix from A to
A1, the ro; in (14) changes to r21, and the rq; changes to
ru But we can easy prove that Ay = |r21 — ro1| is bigger
than Ay = I’rll — 7“11| So do the r12 and ras. |

According to Lemma 1, we can first not consider the
channel links from S; to D; (i = 1,2), but only consider
the cross-links from S; to D; (4,5 = 1,2;j # i) via R. Thus,
we can set up the following optimization problem w.r.t. A as

(22a)
(22b)

arg max y =ri +ra1
st (9).

Before solving this optimization problem, we first recast the
r;; as another expression and then set up a new equivalent
problem by introducing a new lemma. Due to

|hp; AH, pw; |? )
rij = log (14 RIATTRWIT
’ g( ||hRJA|\2+1
= —log (1—

AHhRJ j hRjA-H qu)
= — IOg (1 — mthjAHiRwi

THLAYhE;
+m,;F;m/")
£ _log ej, (23)
where
F; £ hg;A (H;pww Hf, + 1) A"hj; + 1,
m; £ w]H,A"hj, F ;'

(24)

(25)
Note that, we here used the Woodbury identity property:
(a4ubv)™ ' =a ' —a tu(d™ + va_lu)_lva_l.

Lemma 2: Let M £ {m;,my}, and W £ {w;,ws},
where wi = 0 is a weight factor for the kth receiver. Then,
the solution for the following problem is also the solution for
the original problem formulated in (22):

2
Z Tr (Wkek)

i —1 26
o, 2 og (W) , (26a)
st.: (5), (26b)

Proof: For any A and M, it can readily obtain the optimal

wy, which is equal to
wp=e;', k=12 (27)

Then, substituting wy, = e,;l into (26), we can complete
the proof [12]. [ |

In fact, this new optimization problem is also a non-
linear non-convex problem and its closed-form solution is
still intractable. But, if fixing two of the three matrix vari-
ables (M, W, A), the problem is convex w.r.t. the remaining
variable, and the solution has a closed-form. In particular, as
in the proof Lemma 2, with given M and A, the solution for
W is given in (27). The solution for M is given in (25) with
given W and A.

Lastly, with given M and W, the optimization problem in
(26) w.r.t. A can be adjusted as following

(28a)

st (5). (28b)

This optimization problem w.r.t. A is a convex problem [13].
Thus, the Lagrangian function of (28) for A is given as

L(A) =
Ztr (—

+ijthjA (HlRw ’UJHH + I) AHh ) +

u( < (lzz;Hszw HE +I>AH>—PR>.(29)

Then, the KKT conditions can be expressed as following

HyyH A Hy,H H
wjmthjAHiR'wi — W;w; HzRA hijj

oL
A = A+;®AH +nAQ =0, (30)
p(tr (AQAM) — Pgr) =0, 31)
tr (AQAT) < Pr,  (32)

where

A S ZhRJm wwlHE, ®jﬁhRJm w;mjhg;,

I, 2 Hizw,wHEL +1, Q2 ZHlwa HL +1.

=1
Based on (30), we can obtain

—1

Vec(A) |,

2

>

j=1

A(p) = Mat 096, +uNel

(33)
where p is the Lagrangian multiplier which can also be solved
by a 1-D search method since tr (A (1) QA (M)H) < Pp is

monotonically decreasing function of .

C. Joint Design of the Beamforming Vectors and Matrix

Based on the above observations, we can obtain the fol-
lowing algorithm for jointly design the optimal beamforming
vectors w; at sources S; (¢ = 1,2) and the matrix A at relay
R, respectively.
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Algorithm 1 Coordinated Beamforming for Multicast System

given: h;, H;gr, hg;, i=1,2.
initialization: w;, A and k = (kq, k»).
repeat

Update the w; using (18) for fixed A.
Update m; using (25) for fixed w; and A.
Update w; using (27) for fixed w; and A.
Update A using (33) for fixed w;, m,; and w;.
Update the k = (T3, T%) using (9a).

until The termination criterion is satisfied.

R e A A Rl e

IV. SIMULATIONS

In this section, we present the numerical result on the
achievable system sum-rate of the proposed algorithm via
Monte-Carlo simulations, and compare them with other two
suboptimal beamforming structures for matrix at relay in [3],
i.e., (A) Maximal-ratio reception and maximal-ratio transmis-
sion (MRR-MRT); (B) Zero-forcing reception and zero-forcing
transmission (ZFR-ZFT). All channels’ data are generated by
assuming the entries of h;, H;r and hp; being independent
complex Gaussian random variables with zero mean and unit
variance. As mentioned earlier, we assume that the related
CSIs are available at the sources and relay, i.e., S; knows
the hy,Hig, hr; and hgs. Sy knows the hy, Hogr, hry and
hgs. R knows H; and hg;, (j = 1,2). We assume that the
maximum power constraints at the sources and relay are the
same, i.e. P, = P, = Pg.

Fig. 2 compares the sum-rate of the coordinated beam-
forming algorithm, MRR-MRT, ZFR-ZFT, and average power
matrix at relay, versus the same power constraints at sources
and relay. It turns out that the proposed algorithm yields
a significant larger sum-rate of overall system than average
power matrix and the MRR-MRT and ZFR-ZFT beamforming
structures for relay.

V. CONCLUSION

In this paper, we develop an optimal coordinated beam-
forming algorithm to generate the source beamforming vectors
and the relay beamforming matrix for a wireless multicast
cell with a nonregenerative multi-antenna relay. The optimal
source beamforming vector and relay beamforming matrix
maximize the system sum-rate between both sources and
both destinations in the absence of the crossover direct links.
Simulation results show that the proposed algorithm yields a
significantly larger sum-rate of overall system than the average
power vectors or matrix and the MRR-MRT and ZFR-ZFT
beamforming structures for relay.
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