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Abstract—This paper studies energy-efficient joint coordinated
beamforming and antenna selection in multi-cell multi-user
multigroup multicast multiple-input single-output systems. We
focus on interference-limited scenarios, e.g., when the number of
radio frequency (RF) chains is of the same order as the number
of multicasting groups. To tackle the interference, we exploit
rate-splitting to divide the group messages into common and
group-specific sub-messages. We propose a per-cell rate-splitting
approach, where the common message is locally designed to
be decoded by the in-cell users, while treated as noise by the
out-cell users. We consider the case where the number of RF
chains is smaller than that of antennas, and consider a switching
architecture, that is, the antenna selection is employed to choose
the best antennas for transmission. Numerical results illustrate
the potential of the proposed approach to significantly improve
the energy efficiency in the interference-limited regime.

Index Terms—Coordinated beamforming, antenna selection,
energy efficiency, rate splitting, multicasting.

1. INTRODUCTION

The increasing popularity of smart mobile handsets and
the associated applications have created a special type of
data traffic in wireless communications. In particular, much
requested data can be highly correlated. A typical reason
is the case wherein many users request or share the same
information simultaneously. Multicasting transmission [1]-[3],
where a common beamformer is designed for a group of users,
is highly efficient for such a scenario. Multicast beamforming
(BF) has been investigated for different performance metrics,
e.g., transmit power minimization [1], [2], max-min fairness
[2], sum rate maximization (SRmax) [3], and energy efficiency
(EE) maximization [4], [5].

The above works adopted the conventional BF approach,
wherein all the interference is simply treated as noise. When
the number of degrees of freedom (DoF) in the network
is small, e.g., in ultra-dense networks where the numbers
of base station (BS) radio frequency (RF) chains and users
are comparable, the interference coordination capability of
the conventional approach is relatively limited, leading to
a significant performance degradation. For such situations,
Joudeh et al. [6], [7] proposed to use rate-splitting (RS), and
illustrated significant performance gains over the conventional
BF in terms of max-min fairness. Specifically, they considered
a single-cell multigroup system, where each group message
is divided into the lower-rate private (group-specific) and
common sub-messages (SMs). All the common SMs are then

packed and encoded into a single common stream (using a
public codebook), while the private SMs are encoded to inde-
pendent streams. All the private signals are then superposed
on top of the common signal and transmitted simultaneously
using a separate beamformer for each stream. Since the desired
information for the users is contained in two different streams,
each user first decodes the common message, and then their
own desired group-specific SM using successive interference
cancellation (SIC). The strategy is based on partial decoding
of interference, i.e., the users decode the common SMs of the
other groups only for interference mitigation. However, in a
practical multi-cell scenario, encoding all the common SMs
into a single transmission as in [6] is challenging to realize,
because different groups are served by different BSs.

RS has been considered in other works as well. Dai et
al. [8] considered hybrid precoding for multiuser mmWave
system with analog phase shifters. It has been also studied in
the context of massive MIMO [9], multiantenna interference
channels [10], [11] and under different performance metrics,
such as SRmax [8], [12] and max-min fairness [8], [13].
Howeyver, it has not been studied for EE maximization or for
multi-cell joint coordinated multigroup multicast beamforming
and antenna selection (JBAS) to the best of our knowledge.

In this paper, we study energy-efficient coordinated beam-
forming (CB) for multi-cell multigroup multi-user multicast
multiple-input single-output (MISO) systems. We assume a
limited number of RF chains at each BS, which are connected
to the larger antenna array via a switching circuit.! We consider
a standard network EE as a performance metric [4], [5], [15],
[16]. All the BS antennas are individually constrained by
maximum power and the users have minimum rate targets.
The scenario of interest is the interference limited case so that
treating interference as noise is highly suboptimal. Based on
[6], we propose the per-cell RS approach, which is motivated
by the fact that it does not require any data sharing between
the BSs. That is, each BS splits each group message of its
own groups to a common (BS-specific) and private (group-
specific) SMs. At each BS, the common SMs are then packed
and encoded into a single stream, while the private SMs are

! Another option would be to use analog phase shifters, or combination of
both, which, however, consume more power compared to the switches [14].
This is an interesting topic for future work.



encoded to independent streams. Thereby, each user served by
the same cell decodes first the common stream while treating
all the private streams and common streams of the neighboring
cells as interference, and then use SIC to decode its desired
private stream.

The problem at hand is inherently nonconvex and not easy
to solve in general. We propose an iterative algorithm to find
a high-quality suboptimal solution using the continuous relax-
ation and successive convex approximation (SCA) framework.
Several reformulations are introduced to exploit the hidden
convexity of the problem. The numerical results show that
the proposed per-cell RS approach provides significant perfor-
mance gains over the conventional multi-cell JBAS scheme.

The rest of the paper is organized as follows. Section II
presents the system model and reviews the conventional multi-
group multicast BF. The proposed approach and the solution
are provided in Sections III and IV. The simulations and
conclusions are presented in Section V and VI, respectively.

The following notations are used. |x| denotes the absolute
value of « if x is scalar, and length of z, otherwise. ||x||2 is
the Euclidean norm of x and boldcase letters are vectors. [X];
denotes the ith component of x. x, Re(x) mean Hermitian
transpose and real part of x, respectively. For a positive integer
K, K is defined as the set {1,...,K}.

II. SYSTEM MODEL AND CONVENTIONAL BEAMFORMING
A. System Model

We consider a network of B BSs, where BS b € BB has
N, antennas, transmitting messages Wy,g € G, C §G to its
multicasting groups, where G, is the set of groups served by
BS b and G is the set of groups in the network.? Each BS b
has only L, < N, RF chains, i.e., fully digital beamforming
is not possible. Instead, analog switching circuit is employed
to select the best antenna to be connected to each RF chain.
The serving BS of user group ¢ is denoted as b,. The set
of single-antenna users in group ¢ and cell b is denoted by
Ky C K and Uy, C K, respectively, where K is the set of users
in the network. We assume that each user belongs to only one
group, ie., K;NK; =0, Vi, j € G, i#j.

Conventional Multigroup Multicasting Scheme: To appreci-
ate the method proposed in the next section, we briefly review
the conventional multigroup multicasting scheme. Convention-
ally, the messages are encoded into independent data symbols
sq € C,g € G and transmitted using linear beamforming. The
received signal at user k in group g is given by

desired signal inter-group interference

—_—
e = hbg,kagW959+Zieg\{q}

where hy, ;; € C**v is the channel (row) vector from BS b
to user k, w, € CLvx1 ig the transmit BF vector for group g,
F;, € CNo*Lv s the analog switching matrix which involves
only a single 1 at each column, while other elements are zero,
ni, ~ CN(0,0%) is the complex white Gaussian noise sample
with zero mean and variance o7. Conventional multicasting

hy, . Fy, wis; +n5(1)

2Each group is served by a single BS without any data sharing.

treats all the interference as noise, and, thus, the SINR of
user k can be written as I'y(w) = |hy, xFy, we|?/(No +
>ucar(g) Mo, kFo, wul?), where No = Woj is the total
noise power over the transmission bandwidth W .3

III. PER-CELL RATE-SPLITTING

Treating all interference as noise is simple, but the resulting
performance is very poor with low DoF, because the inter-
group interference becomes a limiting performance factor. It
is certainly better to decode part of the interference instead.
These approaches can be combined with the RS method, which
was originally proposed for the two-user interference channel
in [17], [18]. Joudeh et al. [6] proposed RS for max-min
fairness in a single-cell multigroup multicasting system, where
each group message is split into two different SMs, one of
which is broadcast to all the user groups (i.e., transmitted as a
single-group multicasting manner) and one group designated
SM. Each receiver decodes its desired message contained in
two separate streams but also the common SMs of other users
for the sake of interference mitigation.

The RS approach as described above is more challenging
for a multi-cell system with CB, because the splitting can
only be possible for the in-cell users due to the constraint
that data sharing is not allowed among the BSs. For CB, we
propose a per-cell RS that works as follows. The message
W, for group g is split into two SMs as W, = {W S, WS,
where ch and I/VqG is the common and group designated
SM, respectively. Under the assumption of CB, all the user
groups inside the same cell (i.e., served by BS b,) can decode
all the common SMs W;; ,Vg' € Gp. All the common SMs
from BS b, are packed into a single concatenated message
Wep, = {W{}ieg, and encoded into an independent data
symbol dcyp,. The group designated parts WE i € Gy are then
separately encoded in a conventional way to independent sym-
bols d;,i € Gy. As a result, the transmitted signal vector from
BS b can be written as x, = Fywepdoy + Fyw,d,,
and the received signal at user k is

9<€Gsp

desired common stream desired private stream

Ye =

+ Z hy, 1 Fo, wydy + Z h;  Fjwgjdc; +ng. (2)
ueG\{g} jeB\{by}
private stream interference common stream interference
The common stream dcyp, is first decoded by all the users
served by BS b,. The private and common streams of the other
cells are treated as Gaussian noise. Thus, the SINR expression
for the common stream at user k belonging to group g reads

hy, 1 Fo,wep, dep, + hy, 1 Fo,wed,

|hb ka WCh |2
F F _ g g g 3
ck(w, F) No + Ick(we, F) + I(wa, F) v

Ick(we, F) ZjeB\{bQ} lh;  Fjwe;
Iy(wg,F) £ > icg Iy, xFy,w;|* are functions denoting the
interference caused by the common streams of other cells and

all the private streams, respectively, and wo = {wcp }pess

where |2 and

3The bandwidth is dropped from the equations for notational simplicity.



we = {wylseg,w = {{wc},{wc}}. We have to
guarantee that the common message Wcy, can be decoded
by all the users in cell b, i.e., the rate for the common
stream is defined as R{(w) = mingey, (Rok(w)), where
Ror(w) £ Wlog(1 + I'cx(w, F)). Note that, since message
Wep consists of |Gyl common SMs, the rate of the gth
common stream is C, = (|WC|/Zu€Qb [WERE (w). In
other words, >° o Cy = Ré( F). After the common
stream has been decoded, the users remove it from the private
streams by means of SIC. Thus, the SINR expression for the
private stream becomes

D(w, F) = LA @
No + Ick(we, F) + Ik(Wg, F)
where I, (wg,F) £ > ucar (g} o, kFp, wy|?. The total rate
for group g is Ry(w) £ Cy + mingex, log(1 + T'y(w, F)).
Power Consumption Model: To formulate the EE optimiza-
tion we consider the power consumption model

1 2 2
Po= Qo IIFwwall3+ 3, IFswanl3) + P (5)

where 7 € [0, 1] describes the efficiency of the power ampli-
fiers, and Py £ Pre Y5 Lo+ Psw Y pe Lo + Poa+ | K| Pue-
Here, Psw is the power consumed by each switch, FPrp is the
power consumption of an RF chain, Py, is the power consumed
by cooling systems, power supplies, local oscillators, etc., and
Pyg is the power consumption of each user [4], [15].

Problem Formulation: We consider the problem of net-
work EE maximization. Note that we can equivalently think
analog switching as fully digital beamforming involving N
RF chains, but only L; elements of those are chosen. That
is, let us introduce u, = F, w, € CNo*! as extended
digital beamformer for private stream of group g and uc, €
CNox1 for common stream of BS b. Then, we collect all
the beamformers related to a single antenna to a vector
~ A . . . 1T . .
Wpi = [u_gb(l) [Z], UQb(g) [Z], ceey UQb(Gb) [’L], Uucy [Z]] which in-
cludes the beamforming coefficients related to antenna ¢ of BS
b. Then introduce binary variables a;; € {0,1}, which is 1 if
antenna ¢ is selected for transmission and zero otherwise. As
a result, the JBAS problem is expressed as

R,(u
max deg o(W) - (6a)
=3 > i+ (Pre+Psw) Y. D> ani+ B
N beBiEN, beEBIEN,
s.t. log(1+Tx(n) +Cy > Ri,Vg € G, k€ K,, (6b)

log(1+T >
og(1 +Tck(u)) = degb
> o ai<Ly,¥heB (6d)
16./\/1, ’
[Wo.il|3 < aj vb,i, Vb € B,i € N, (6e)
v < Py, Vb€ Byi e Ny (6f)
ap; € {0,1},Vb e B,i € N (62)
vyhere the variables are u,a,v and C > 0, and we denote
Py £ Py, +|K|Pyg. Compared to the conventional multigroup

multicast JBAS [4], we have additional variables {ucp}pes
and Cy,Vg € G for optimizing the rate of common streams.

Cy,Vb € B, k € Uy, (6¢)

The first constraints make sure that the user k’s rate is at least
the predefined value Ry, the second constraints guarantee that
the common stream of cell b is decodable by all the users
in its cell. Constraint (6d) guarantees that no more than L
antennas are selected. In the above formulation, we have used
the formulation as in [15], [4] to introduce constraints (6e) and
(6f), where v, ; is a soft power level for antenna 7 of BS 0.
That is, constraint (6e) guarantees that beamformers related to
antenna i of BS b are zero if ap; is zero, and vy ; = ||Wp.i||3
if ap; is binary, and finally (6f) restricts the antenna-specific
output powers to P ;. Note that this formulation is used to
tighten the feasible set of the relaxation and improve the
algorithm as in [15], [4]. Even when continuous relaxation of
the binary variables is used, the difficulty of the above problem
lies in the non-convexity of (6a), (6b), (6¢), (6e).

IV. PROPOSED SOLUTION
The aim is to use continuous relaxation and SCA to solve
(6). That is, as a first step, (6g) is replaced by ap,; € [0,1].
Then, to tackle the non-convexity of (6), we use the approach
from [4] to equivalently transform it as

qug(mln log(1+ k) + Cy)

max — (7a)
% ZbGB ZiGNb Ub,i + ZbeB Z’LGN}; Ab,i + P
.t. mi > R
5.t min log(1 +x) +Cy > ]?éa/C}Z(Rk)an €g (7b)
>
log(1 + o) > degb Cy, Vb € B,k € Uy, (7¢)
h 2
e < R Ve (7d)
No + Ick(uc) + Ir(uc)
[hy, ucy|?
< ke K (7e)
Yok = No + Ick(uc) + Ix(ug)’
|[W.i]15/v6.i < ab)i,Vb cB,ic N, (7f)
Ogab,i < 17Vb6877’€Nb7(6d)7(6f) (7g)

where v £ {71, vck }reic are new slack variables to optimize
the SINR of the private and common streams at each user k,
respectively. Note that (7b) is the compact form of (6b).

Looking at (7), we observe that the objective is a concave-
convex fractional function and the remaining challenge in
solving (7) is in the nonconvex constraints (7d), (7e) and (7).
To handle (7d), (7¢), we use the same idea as in [4], [16] to
replace them equivalently as

Y < he, wug|® /B, ver < [hypuce|?/Ber, Yk € K (8a)
Br. > No + Ick(uc) + Ix(ug), vk € K (8b)
Bk > No + Ick(uc) + Ix(ug), vk € K (8¢c)

where B¢ 2 {Br}rex and B¢ = {Bck }rex are new variables
representing total interference-plus-noise for the private and
common stream at user k, respectively. We remark that (8b)
and (8c) are convex while (8a) are in difference-of-convex
forms. We now recall the following inequality regarding con-
vex quadratic-over-linear term |hy,, jug|?/ 8y

Iy, g |?/ B > 2Re((ul™)Thil | by, uy)/5L"
—(Jhy, 5ul™|/BU0)28 2 W (ug, Br) (9)



Algorithm 1 Proposed JBAS Design with Per-Cell RS.

Initlallzatlon Set n = 0, find feasible
(uG ’5(") ”)’ Ejn)’a(n))_

1: repeat

2. Solve (11) with (u (G , G u (" ﬁ(") a(™ and get
optimal solutions (u *G,ﬁG,uc,ﬁc, a*).

3 Update u(éwrl) = G,,B("+1) = ﬁa,uglﬂ) =
ug, 8 ey = B&,alnth = a* and
‘I’(n+l (Wy, Br), \118? )(WCb,ﬁCk) Tl(j z+ )(ab,z)~
Set n:=n-+ 1.

4: until specified accuracy level
Output: a; ;,Vb € B,i € Ny
5. At each BS b, choose L; antennas ¢ with the largest ay ;.
6: Run steps 1 — 4 again with fixed a to find beamformers
with reduced dimensions.
Output: w;, w¢,,Vg€ G beB

where \IJ,(C") (ug, Bx) is a linear lower bound approximation. A
similar approximation applies to |hy,, kucs|?/Bck, denoted as
\IJ&) (ucy, Bek). Moreover, (7f) is also in a form where both
sides are convex. Thus, we can approximate it as [4]

a2, > (") + 205" (ay; — a)) 2 X (). (10)

Based on the SCA framework, we obtain the follow-

ing concave-convex fractional program at fixed point
(n) gn) L™ g o (n)
(ug',Bg  ug s Be,a™)

qug(mm log(1 + &) + Cy)
max —
- EbeB Zier Up,i + ZbeB Zier ap,; + Po
sty < U (wy, Bi)s vor < U0 (wan, Bor), Yk € K (11b)
W13 /vp,i < L5 (a1,0), Wb € B,i € N, (11c)

(8b), (8¢), (7b), (7¢), (Tg) (11d)

where the variables are u,v,a,~v,3,C > 0 with 3
{{Bc}, {Bc}} Though (11) is not convex at hand, it can
be solved optimally using the Dinkelbach’s method [19] or
reformulated as a convex program using the Charnes-Cooper
transformation [20] as in [4], [16]. After convergence, the
Ly antennas at each BS having the largest a;; are chosen,
and the algorithm is rerun without antenna selection for the
fixed antenna set (i.e., a low-dimensional problem). The whole
method is outlined in Algorithm 1.

(11a)

V. NUMERICAL RESULTS

The performance is studied for a quasistatic frequency flat
Rayleigh fading channels by considering B = 2 BSs. The path
loss is calculated as 351og;y(dp,i) + 30 dB, where dj, 1[m] is
the distance from BS b to user k. In order to consider the
worst-case interference scenario, we set d , = 150m, Vb, k.
Each BS serves (i, = G groups of users with U users per
group, i.e., the total number of users in the network is K =
2GU. We assume a bandwidth of 20 MHz and noise power
Ng = —125 dBW. We set N, = N for all b, i.e., N is the
number of antennas at each BS, and L;, = L,Vb € B. The
other parameters are set as n = 0.35, Psw = 5 mW, P, ; =0

16
=
E 14f .
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E 12 -
o ——Alg. 1
Z 10 ——Alg. 1, noRS .
| | 1
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Fig. 1. Average EE versus N with G = 3,U =2, L = 3.
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Fig. 2. Average TX power versus N with G =3, U = 2, [ = 3.

dBW, FPrg = 0.4 Watts, Py, = 6 Watts, Pygg = 0.1 Watts,
Rr = R = 4 Mbits/s, Vk € K. The results are averaged over
100 channel realizations.

Fig. 1 plots the average EE versus N. We compare the
proposed method with the conventional energy-efficient multi-
group multicast JBAS strategy which was proposed in [4]. We
can see that in both cases the EE increases with N (up to a
saturation point) because there are more independent antenna
paths, providing more diversity in the selection. It is observed
that the additional DoF in the RS approach provide significant
EE gains over the conventional method.

Fig. 2 compares the transmit power of the strategies versus
N. Specifically, since only part of the available power is
used for energy-efficient transmission, it is interesting to see
how the RS approach uses the power. It is observed that
it is actually energy-efficient to use a lot more power than
in the conventional method. This is because the RS enables
‘bad’ groups to be served with common streams (using rate
close to minimum target), which then makes it possible to
transmit some of the private streams with high rate (with
lower interference or interference-free). It is also observed that
increasing the number of antennas (by keeping the number of
RF chains fixed) decreases the transmit power in the energy-
efficient transmission, because the same rate can be achieved
with lower power consumption.

Fig. 3 shows how increasing the number of RF chains
for fixed N impacts on the performance. It is observed that
significant gains are achieved in the RF chain limited case and
the gap naturally decreases when L increases (and also when
N increases), because it increases the DoF and RS provides
performance improvements only when DoF is limited.

Fig. 4 illustrates the effect of the number of groups. First,
when G = 1, the proposed approach does not provide benefit
compared to the conventional method since only per-cell rate
splitting is applied. When the number of groups increases,
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clear improvements are obtained over the conventional method.
The EE decreases with the increasing number of groups both
due to the extra power consumption of additional users and the
increased interference (more users have to be served with the
target rate). However, the rate splitting approach can handle
the interference significantly better and take a clear advantage
of it both in fully digital beamforming (N = 4) and joint
beamforming and antenna selection (/N = 8).

Fig. 5 illustrates the effect of multicasting group size on the
performance. The EE decreases with the group size because the
group rate is determined by the worst user, and also the power
consumption increases with the number of users. However,
it is observed that RS scheme is able to provide significant
improvements with different group sizes both in the fully
digital case (/N = 3) and the JBAS scheme (N = 9).

VI. CONCLUSIONS

This paper has studied energy-efficient multi-cell joint
multigroup coordinated beamforming and antenna selection
using a rate-splitting approach. We proposed a per-cell rate-
splitting method, where the common message was locally
designed to be decoded by all the users belonging to the same
cell, while treated as interference in the neighboring cells. The
simulations have illustrated significant performance gains over
the conventional beamforming in terms of the EE.
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