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Non-Orthogonal Unicast and Broadcast
Transmission via Joint Beamforming
and LDM 1n Cellular Networks

Junlin Zhao ', Deniz Giindiiz

Abstract—Limited bandwidth resources and higher energy
efficiency requirements motivate incorporating multicast and
broadcast transmission into the next-generation cellular network
architectures, particularly for multimedia streaming applica-
tions. Layered division multiplexing (LDM), a form of non-
orthogonal multiple access (NOMA), can potentially improve
unicast throughput and broadcast coverage with respect to tradi-
tional orthogonal frequency division multiplexing (FDM) or time
division multiplexing (TDM), by simultaneously using the same
frequency and time resources for multiple unicast or broadcast
transmissions. In this paper, the performance of LDM-based uni-
cast and broadcast transmission in a cellular network is studied
by assuming a single frequency network (SFN) operation for the
broadcast layer, while allowing arbitrarily clustered cooperation
among the base stations (BSs) for the transmission of unicast data
streams. Beamforming and power allocation between unicast and
broadcast layers, the so-called injection level in the LDM litera-
ture, are optimized with the aim of minimizing the sum-power
under constraints on the user-specific unicast rates and on the
common broadcast rate. The effects of imperfect channel coding
and imperfect channel state information (CSI) are also studied to
gain insights into robust implementation in practical systems. The
non-convex optimization problem is tackled by means of succes-
sive convex approximation (SCA) techniques. Performance upper
bounds are also presented by means of the S-procedure followed
by semidefinite relaxation (SDR). Finally, a dual decomposition-
based solution is proposed to facilitate an efficient distributed
implementation of LDM in each of the SCA subproblems, where
the unicast beamforming vectors can be obtained locally by the
cooperating BSs. Numerical results are presented, which show the
tightness of the proposed bounds and hence the near-optimality
of the proposed solutions.
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I. INTRODUCTION

ITH the growing demand for multimedia streaming
Wapplications, research efforts to incorporate multicast
and broadcast transmission into the cellular network archi-
tecture have intensified in recent years. In 3G networks,
multimedia broadcast multicast services (MBMS) was intro-
duced to support new point-to-multipoint radio bearers and
multicast capability in the core network [2]. However, due
to its reduced capacity, which did not meet the requirement
of mass media services, MBMS has never been deployed
commercially. The broadcast extension of 4G LTE is named
evolved MBMS (eMBMS), commercially known as LTE
Broadcast [3].

Following many field trials worldwide, the first commer-
cial deployment of eMBMS was launched in South Korea in
2014. eMBMS provides full integration and seamless transi-
tion between broadcast and unicast modes [4], and significant
performance improvement with respect to MBMS, thanks
to the higher and more flexible data rates provided by the
LTE architecture. Furthermore, it also allows single frequency
network (SFN) operation across different cells as in digital
television broadcasting, since the LTE waveform is OFDM-
based. While it is commonly accepted that eMBMS, in its
current form, needs further enhancements to be adopted as
a successful commercial platform for TV broadcasting [5],
it has been proposed as a converged platform in the UHF
band for TV and mobile broadband [6], [7]. For eMBMS TV
services, a study has been carried out within 3GPP in 2015
for application scenarios and use cases, as well as for potential
requirements and improvements [8]. In 2017, advances have
been published in the 3GPP Release 14, including standardiza-
tion of radio interfaces between mobile network operators and
broadcasters and the possibility for free-to-air reception, which
is an essential feature for broadcasting TV programs over
mobile networks [9]. While the standardization and evolve-
ment of point-to-multipoint transmission are primarily led by
multimedia broadcasting services, point-to-multipoint trans-
mission techniques have also been adopted in LTE-Advanced
Pro for emerging use cases including vehicular to every-
thing (V2X), Internet of Things (IoT) and machine-type
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communication (MCC) [10]. In 2019, the Study Item on
potential enhancements on the existing 5G architecture for
5G multicast-broadcast services has been approved by 3GPP,
which opens the door to the standardization of MBMS in the
3GPP Release 17 for 5G [11].

LTE Broadcast entails a reduction in system capacity for
unicast services, since eMBMS and unicast services are
multiplexed in time in different sub-frames. Superposition cod-
ing, a form of non-orthogonal multiple access (NOMA), was
proposed in [12] to improve unicast throughput and broad-
cast coverage with respect to traditional orthogonal frequency
division multiplexing (FDM) or time division multiplexing
(TDM), by simultaneously using the same frequency and
time resources for multiple unicast or broadcast transmissions.
Superposition coding has been adopted in the next-generation
TV broadcasting U.S. standard ATSC 3.0 [13] under the
name layer division multiplexing (LDM) [14]. To improve the
performance of the LTE-based eMBMS service specified in
the 3GPP Release 14, LDM has been identified as a candi-
date technology in LTE-based 5G Terrestrial Broadcast, also
known as 5G Broadcast, as part of the 3GPP Release 16
framework [15].

At the cost of an increased complexity at the receivers,
which need to perform interference cancellation by decod-
ing the generic broadcast content prior to decoding the
unicast content, LDM may provide significant gains espe-
cially when the superposed signals exhibit large disparities in
terms of signal-to-noise-plus-interference ratio (SINR). This is
expected to be the case for multiplexing broadcast and unicast
services. In fact, the unicast throughput is limited by intercell
interference; and hence, increasing the transmit unicast power
across the network does not necessarily improve the unicast
SINR. In contrast, broadcast does not suffer from intercell
interference in an SFN, and increasing the broadcast power
results in an increased SINR. This not only helps improve
the reliability of the broadcast layer, but it also reduces the
interference on the unicast messages as the broadcast layer
can be decoded and canceled more reliably. A performance
comparison of LDM with TDM/FDM for unequal error pro-
tection in broadcast systems in the absence of multicell
interference from an information theoretic perspective can be
found in [16].

In this paper, we study the performance of non-orthogonal
unicast and broadcast transmission in a cellular network via
LDM, in order to demonstrate and quantify its benefits com-
pared to orthogonal transmission methods, i.e., TDM and
FDM. We assume an SFN operation for the broadcast layer,
while allowing arbitrarily clustered cooperation for the unicast
data streams. Cooperative transmission for broadcast traffic,
and potentially also for unicast data streams, takes place by
means of distributed beamforming at multi-antenna base sta-
tions. To better account for potential practical impairments,
and to evaluate the robustness of LDM in real systems, we
also consider imperfections in channel state information (CSI)
through an additive error model. Beamforming and power
allocation between unicast and broadcast layers, and the so-
called injection level in the LDM literature (see, e.g., [16]),
are optimized with the aim of minimizing the sum-power

under constraints on the user-specific unicast rates and the
common broadcast rate. The optimization of orthogonal trans-
mission via TDM/FDM is also studied for comparison, and the
corresponding nonconvex optimization problems are tackled
by means of successive convex approximation (SCA) tech-
niques [17], as well as through the calculation of performance
upper bounds by means of the S-procedure followed by
semidefinite relaxation (SDR) [18].

Finally, we also present an efficient distributed implementa-
tion of the proposed LDM system based on the dual decompo-
sition method. The dual decomposition based-algorithm allows
each cluster of BSs cooperating to transmit a unicast mes-
sage to obtain their beamforming vector locally with limited
information exchange. A completely distributed implementa-
tion is not viable due to the presence of the broadcast layer,
whose beamforming vector needs to be determined centrally
at one of the BSs or in the cloud; however, local computa-
tion of the unicast beamforming vectors allows exploiting the
computation resources distributed across the network, which
can help parallelize these computations.

With regards to previous work, the optimization of the
beamforming vectors in multicell systems has been investi-
gated in [19] and [20], where the base station in each cell
multicasts one or more data streams to the specified given
groups of in-cell users. The coexistence of broadcast and
unicast traffic is studied in [21], where the surplus of degrees-
of-freedom provided by massive MIMO systems is leveraged
to broadcast data to a group of users whose CSI is not
available, without creating interference to conventional uni-
cast users. Recently, the rate splitting technique is considered
in [22] to construct the unicast and multicast messages, which
are then transmitted through joint beamforming. In [23], joint
beamforming for multicast and unicast transmission and BS
clustering is considered, which is shown to improve the system
performance as compared to fixed BS clustering in [1]. Robust
coordinated beamforming in a multicell network with imper-
fect CSI is studied in [24], where the optimization problem
is solved by a second-order cone program after relaxing
the worst-case SINR requirement. The same problem is also
studied in [25], [26], and [27], where the infinitely many con-
straints introduced due to the imperfect channel estimation are
tackled by the S-procedure.

Distributed implementations of multigroup multicast beam-
forming have also been a focus in the literature. A dual
decomposition-based scheme has been proposed in [28] by
creating consensus over inter-cell interference terms between
all the BSs. In [20], a primal decomposition-based algorithm
and an alternating direction method of multipliers (ADMM)-
based algorithm have been proposed for the SDR version of
the original problem. In [29], instead of directly dealing with
the relaxed problem, the authors proposed to apply ADMM
for each of the convexified SCA problems, obtaining a double-
loop scheme. In [27], an ADMM-based algorithm is proposed
for a distributed solution of the problem with imperfect CSI
after relaxing the original problem with S-procedure.

The rest of this paper is organized as follows. Section II
introduces the system model and the problem formulation.
In Section III, the characterized problem is tackled by using
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Fig. 1. Illustration of a multicell network with N = 3 cells and K = 3 users
in each cell with simultaneous unicast and broadcast transmission.

the S-procedure and the SCA technique. Dual decomposition-
based distributed algorithms for both TDM and LDM are
developed in Section IV. Numerical results are presented in
Section V, followed by the conclusions in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we present the model of the joint unicast
and broadcast transmission system under study, by highlight-
ing orthogonal and non-orthogonal multiplexing schemes. For
both schemes, we formulate a power minimization problem
under user quality of service (QoS) constraints.

A. System Model

We investigate downlink transmission in a cellular network
that serves both unicast and broadcast traffic. Specifically, we
focus on a scenario in which a dedicated unicast data stream is
to be delivered to each user, while there is a common broadcast
data stream intended for all the users. A more general broad-
cast traffic model, in which distinct data streams are sent to
different subsets of users, could be included in the analysis
at the cost of a more cumbersome notation, but will not be
further pursued in this paper.

As illustrated in Fig. 1, the network is comprised of N cells,
each consisting of a base station (BS) with M antennas and
K single-antenna mobile users. The notation (n, k) identifies
the k-th user in cell n. All BSs cooperate via joint beam-
forming for the broadcast stream to all the users, while an
arbitrary cluster C, x of BSs cooperate for the unicast trans-
mission to user (n, k). Accordingly, all the BSs have access to
the broadcast data stream, while only the BSs in cluster C, «
are informed about the unicast data stream to be delivered to
user (n, k). Note that, non-cooperative unicast transmission,
whereby each BS serves only the users in its own cell, can be
obtained as a special case when C, x = {n}, for all users (n, k).
Similarly, fully cooperative unicast transmission is obtained
when Cy, x = {1, ..., N}, for all users (n, k). We denote the set
of users whose unicast messages are available at BS i as

Ui = {(n, b)li € Cox}- (1)
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We assume frequency-flat quasi-static complex channels,
and define h; ,x € CMx1 a5 the channel vector from the BS
in cell i to user (n, k). We use the notation squ’ ¢ to denote an
encoded unicast symbol intended for user (n, k), and sB to
represent an encoded broadcast symbol. The signal received
by user (n, k) at any given channel use can then be written as

N
Ynk = Y hP i xi+n g, 2)

i=1

where x; € C¥*! is the symbol transmitted by BS i, and
npx ~ CN(O, a,i ) 1s the additive white Gaussian noise. We
assume that both the intended and the interference signals at
each user are in perfect synchronization without inter-symbol
interference.

In practice, BSs have to operate with imperfect CSI. In
Frequency Division Duplex (FDD) systems, it may arise from
errors in downlink training-based CSI estimation, limited reso-
lution in CSI feedback links, or from delays in CSI acquisition
over fading channels, while in Time Division Duplex (TDD)
systems, CSI errors are caused by impairments in channel
estimation or imperfect channel reciprocity (see [26] and ref-
erences therein). As common in the literature, we model the
CSI uncertainty with an additive error by setting

~

hink =hink+eink, 3)

where I;i,n,k € CM*1 s the estimated complex channel vector

from cell i to user (n, k) available at the BSs, and e; , x € cMxl
is the additive channel error. We consider a bounded error,
which is typically used to model CSI imperfections resulting
from quantization error due to feedback links of limited capac-
ity. Hence, the set of channel vectors from BS i to user (n, k)
can be defined as

Hi,n,k = [hi,n,k : hi,n,k = hi,n,k + €inks
H .
€1 Qini€ink < 1}, Vi, n, k, 4)

where @, ,  is a known positive definite matrix. Accordingly,
the structure of the uncertainty set of the quantization error
vectors is known at the transmitters.

In what follows, we will consider two modes of trans-
mission, namely orthogonal transmission via TDM and non-
orthogonal transmission via LDM, where the former will serve
as a benchmark to evaluate the potential performance gains
from the LDM scheme.

1) TDM: We first consider the standard TDM approach
based on the orthogonal transmission of unicast and broadcast
signals. Note that orthogonalization can also be realized by
means of other multiplexing schemes such as FDM, yielding
the same mathematical formulation. With TDM, each trans-
mission slot of duration 7' channel uses is divided into two
subslots: a subslot of duration 7y channel uses for unicast
transmission, and a subslot of duration T — T for broadcast
transmission. Therefore, the signal x; transmitted by cell i can
be written as

U U
X = 2 noeth Win kS
whsB

for0<t<Ty

for To <t<T, )
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where wU nk € CM*1 represents the unicast beamforming
vector applled at the BS in cell i towards user (n, k), and
w, e CM*1 i5 the broadcast beamforming vector applied at
the same BS.

The received signal y, i at user (n, k) can be expressed as

H U U
Ziecnk ki, Win k)sn & T Znk T ngp for0 <t <Tp

Yk =
Zz lhtnkw )S + 1 k

forTo <t<T,
(6)

where

ink =

2

.9)#(n.k)

denotes the interference at user (n, k).

2) LDM: In LDM, the transmitted signal x; from the BS in
cell i is the superposition of the broadcast and unicast signals
for the entire time slot, which can be written as

X; = w?sB + Z wil’]n’ksflj’k for0<t<T, (8)
(n,k)el;

U
Z hl n kwtp q |%p.a Q)

i€Cpq

for all channel uses in an entire time slot, i.e., for0 <t <T.
We note that the power ratio between broadcast and unicast,
which is referred to as the injection level (IL) in the literature
(see, e.g., [16]), can be obtained as

PB
IL == 10 loglol)—U, (9)

where P8 = Zl 1 ||wB||2 is the total broadcast power, and
=y, Yo wE, 17 is the total unicast power. The
received signal at user (n, k) is given by

H U U
Ynk = (thnkw )S + Z hi,n,kwi,n,k S,k

iECn,](

+ ik +rpp, for0<r<T, (10)

where z, i is the interference as defined in (7).

B. Problem Formulation

The power minimization problem for the above systems can
be expressed in the following form:

N
. 2
min S WET Y Wl ana
Wb wined i (k) eld;
s.t. n%n SINRE > yB, vn,k, (11b)
min SINRY, >y, Vn.k, (11c)

where the explicit expressions for the SINRs at user (n, k)
for broadcast and unicast transmissions, namely SINRE’ ¢ and
SINRZ « Will be given below for TDM and LDM separately.
The constraints in (11b) and (11c) are imposed on the worst-
case SINRs for all possible channel realizations in the set H =
[ 1.0k Hink- Note that, since all the users receive the same
broadcast signal, we have enforced a common broadcast QoS
requirement. In contrast, the unicast SINR requirements are
allowed to be user-dependent.

1) TDM: From the expression of the received signal in (6),
we derive the SINR for the broadcast layer in TDM for user
(n, k) as

SINRZ-TPM — o™ "w i
n, ’

n k

T ¢ @NMx1

12)

where h,; = [th’n’k, . ,hg,’n,k] is the aggre-
gated channel vector from all the BSs to user (n, k). All
broadcast beamforming vectors are similarly aggregated into
the vector w8 = [w¥ ,...,wﬁT]T e CVMx1_ The SINR for
the unicast layer is 1nstead given as

2

k
SINRY;TPM — i ,

‘ +ank

13)

where h(p @) [hl . k]z Cpg is the aggregated channel vector
to user (n k) from all the BSs in cluster C, , of BSs that serve
user (p, q), and wn’k = [wl.’n’k]iecn’k is similarly defined as the
aggregate unicast beamforming vector for user (n, k) from all
the BSs in cluster C, x.

We observe that the SINR targets y,’; and y
for unicast and broadcast traffic can be obtalned from the
corresponding transmission rates R,ﬁ{ , and RE, respectively, as

U-TDM B-TDM

T
70 logy (1 + v, M) = Ry (14)
and
T — T,
% logy (1 + 5 ™M) = RE (15)

2) LDM: With LDM, the broadcast layer, which is intended
for all the users and usually has a higher SINR, is decoded
first by treating unicast signals as noise, as in [12]. The
users decode their unicast data streams after canceling the
decoded broadcast message. The broadcast SINR in LDM for
user (n, k) is hence obtained from the received signal (10) as
follows

hH wh|?
SINRg:]E,DM — | n, k | 5 ,
‘ +Gn% %

(16)

U
wpq

while the unicast SINR is the same as TDM given in (13),
ie.,

SINRYFPM = SINR[/TPM. (17)

Similarly to TDM, SINR thresholds for unicast and broad-
cast can be obtained from the transmission rates R;lf, X and RB,
respectively, as

U-LDM

logy (1+ v, ™M) = R, (18)

and
log, (1 4 y#tPM) = R®. (19)
In [I], a performance lower bound on the power

minimization problem is obtained by standard semidefinite
relaxation (SDR), assuming that perfect CSI is available at
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all the BSs. In this paper, the problem formulation incor-
porates CSI uncertainty in (11b) and (11c) by imposing
constraints on the worst-case performance over all possible
channel realizations on the optimization problem. The formu-
lated worst-case quadratically-constrained quadratic program
(QCQP) is intractable due to the induced additional constraints
on the CSI error vectors. Nevertheless, the uncertainty due
to CSI errors can be tackled by applying the S-procedure as
in [26], as a result of which SDR can be employed as in the
perfect CSI case to obtain a lower bound on the optimal solu-
tion. Furthermore, an achievable beamformer design under the
worst-case SINR constraints will be obtained based on SCA,
and its performance will be compared with the obtained lower
bound.

III. BOUNDS ON THE MINIMUM TOTAL POWER

The optimization problem formulated in (11) is nonconvex
due to the QoS constraints in (11b) and (11c). Therefore, there
are in general no numerical solution techniques with guaran-
teed convergence to a global optimal solution. In this section,
we will present numerical tools to obtain lower and upper
bounds on the minimum total transmit power.

A. Lower Bound via S-Procedure

The optimization problem in (11) contains an infinite num-
ber of constraints in (11b) and (11c¢), thus it is intractable. To
address this issue, S-procedure [18] will be adopted to derive
an equivalent but tractable problem formulation. Following the
CSI error model in (4) we can form the aggregated CSI error
vector e, ; for user (n, k) consistent with the aggregated chan-
nel vector h,, x, and define the relaxed set of possible channel
vectors to user (n, k) as:

Hak = [hn,k Chak =Rk + e, e 0, renk < 1}, (20)
where

| Q1 nk 0
Qi = 5 @n
0 On .k

It is noted that the set of possible channel vectors in (20) is
a relaxed version of the original set given in (4). For refer-
ence, we present the S-procedure in the following lemma for
completeness.

Lemma 1 (S-Procedure): Let fi(x) = x"Fix + glx +
xfg, + ¢, fori=0,1, where F; € CNM*N¥M i5 Hermitian
semidefinite, g € CVM*! and ¢; € R, then f(x) < 0 for all x
satisfying fo(x) < O holds if and only if there exists a A > 0

such that
[F1 g1}<)\[1’o go}.
g{{ cr ] gg co

1) TDM: The constraint for the broadcast layer in (11b)
can be rewritten as

~H ~
H B 2 B
(hn,k + en,k>W <hn»k + en,k) = O iV ko

for Vefszn’ken,k <1,

(22)
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where W2 2 wBywB" By applying the S-procedure, the worst-
case SINR constraint in (11b) can be recast as

wh Whh,, i
N B Qn,k 0
|:thWB 2 +)”n,k|: of _1] =0,

n, kW hn k — 02
(23)
for some AB > 0, Vn,k. Accordingly to Lemma 1, the
constraints on the unicast transmissions in (11c) can be
written as

" wlr

U
,kWn,kT"’k - pq’" P, ‘1

. H
(hn,k + en,k) — T Z

ik P.@) £,

x (izn,k + en,k> > 62, for Ve 0, ens < 1, (24)

U

where WUk =w kwn ¢» and T , is a constructed block matrix

of dimension |Cp 4| x N such that h(p D _ T p.qhn k- Following

the S-procedure, the worst-case SINR constraint for the unicast
layer can be recast as

V. Vo ih
i nk H n,f n,k , + )\,[l/k|:an~k 0 ] = 0.Vn. k.
hn,kvflvk hn,kV"akhn’k - O-rz,k ' 0 -1
(25)
for some )‘fz]k >0, Vn, k, where V,, ; is defined as
1
Vi 2 y—TTkWnank— > 1L Wl T, (26)

n.k P.9)#(n.k)

Following these transforms and definitions, the problem in (11)
can be relaxed to a tractable semidefinite program by dropping
the rank constraints on matrices W2 and W,E{ - Specifically, for
TDM, the relaxed problem after SDR is given by

tr(WB) + Z Z tr(W,Llfk)

. mmB (27a)
WE (WU, .08 0.0 ) =

s.t. (23) and (25), (27b)

M= 000 >0, Vn k. (270)

2) LDM: Similar to the analysis in TDM, the constraint
on the broadcast transmission in LDM can be equivalently

written as
0
]+Aﬁk[%"f" =0 e
where Afljk >0, Vn,k, and U is defined as

T ywU
Z Ty gWp.oT
(X))
The unicast constraint in LDM can be reformulated as in (25),

hence the relaxed problem after dropping the rank-1 con-
straints on matrices W2 and WUk is obtained as follows:

U Uh, i
~H ~H A
h, U hy, Uh, i — a,f, '

Ué—WB
Vnk

(29)

(W2 + > (W)

. mmB (30a)

WE WU 08 0.0 ) =
s.t. (25) and (28), (30b)
=0l >0, Vn k. (300)
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As the rank-1 constraint has been dropped in (27) and (30), the
corresponding optimal solutions provide lower bounds on the
optimal solutions of the original problems in (11). Note that,
under perfect CSI, i.e., e; 5 v = 0, the problem formulation in
(11) boils down to the one presented in [1], and the solution
obtained by first applying the S-procedure is equal to that
obtained directly by SDR.

B. Upper Bound via SCA

Instead of adopting Gaussian randomization [30] to obtain
a feasible (achievable) beamforming scheme, we leverage the
SCA method [17] to obtain an achievable beamformer, which
yields an upper bound on the minimum required power. In
particular, by rewriting the nonconvex QoS constraints as
the difference of convex (DC) functions, the SCA algorithm
reduces to the conventional convex-concave procedure [31].
We remark that the SCA scheme is known to converge to a
stationary point of the original problem [17].

In order to apply the SCA approach, each nonconvex
constraint in (11) will be expressed as

gw) =g (w) —g (W) <0, €29

where g (w) and g~ (w) are both convex functions on the set
of all beamforming vectors w. Then a convex upper bound is
obtained by linearizing the nonconvex part around any given
vector u, yielding the stricter constraint on the solution w as

—g W) —vwg @'w—u)<0. (32)

1) TDM: The constraint in (11b) on the broadcast layer
can be approximated and replaced by the following tighter
constraint:

pH B H . B H
h, w ‘ — |eff wP| = VyBoux for V el 0, renr < 1, (33)

which can be further tightened as:

~H
B
hn’kw ‘ —

gow;u) = gt (w)

Z \/ﬁo}l,kv

(34)

1
—2..B
0, i

_1
since |enkaB| <1Q, ,?wBH holds for the CSI error vectors e, i

as we have e, € {Q, {u | |u| < 1}.

The constraint in (34) is in the DC form, for which SCA can
be adopted to obtain an iterative algorithm which converges
to a stationary point of the original problem. The constraint at
the v-th iteration of the SCA algorithm is given by

rank+

~H ~
hnykhn’kw

+

~H
B
nkw hn!kw (v)‘

" () 'y

hn’ka(v)’

(35)

Also, the constraint in (11c) for the unicast transmission can
be tightened by considering the worst-case SINR, i.e.,

2

n k

) > ynl{k, for Vn, k,
U 2
Wp, q‘ + Ok

(36)

which can then be replaced equivalently by the following set
of constraints:

H
max |7 wl,| < BLD. Vi k VL) £ (0. (BTa)
mm ‘h(” ol will =1, (37b)
2
Ol Y BB 4ok - <0. 370

.9)#(n.k)

where {t’ll/ ¢ and {ﬁ,(lp ]’(q)} are auxiliary variables. Note that

B 9 indicates the interference power from BSs in the clus-

ter C p.q to user (n, k), and tUk indicates the received unicast
power at user (n, k). The constraint in (37a) and (37b) can be
further relaxed by

~ () wU ®.9
hn,k LW pq‘ = /3” kq ’
v, k,¥(p, q) # (n, k), (38)
and
—1/2 ,\( k)H
o[ W - s Wl <00 69
-1/ —
respectively, where Q’({’ ,’{q) = 0, V2 . According to

(31) and (32), in the SCA algonthm the corresponding
constraints in the v-th iteration for (37c) and (39) can be
written as

2
y,ffk( > ﬂ(‘”’) + an%k) + 1) — 28, (i, <0, Vn,k,
P DML

(40)
and
1
U (nby 2 U U
tn,k + HQn,k wn,k wn,k(v)
A(n,k) (n k) H
h wY, (v)
_ otk ni W wl, <0, Yk, (41)
A (n,)H U ’
h, wn’k(v)
respectively.

Due to the fact that the feasible convexified constraints
in (35), (38), (40) and (41) are stricter than the original
constraints in (11), the solution obtained at each iteration is
feasible for the original problem (11) as long as a feasible ini-
tial point is available. When the stopping criterion is satisfied,
we take the last iteration as the solution of the SCA algorithm.
Please refer to Table I for an algorithmic description of the
SCA approach.

When obtaining the numerical results in the next section,
initialization of the SCA algorithm is carried out based on
the solution {WB } and { Wfl{ )} obtained from the S-procedure.
Specifically, we perform a rank-1 reduction of matrices {W?}
and { Wfl{ «)» obtaining vectors {wP} and {w,ll{ «)»> respectively, as
the largest principal component. These vectors are then scaled
with the smallest common factor ¢, which is evaluated through
line search, to satisfy constraints (11b) and (11c¢), yielding the
initial points {w?(1)} and {wlgk( 1)} for SCA. If a feasible value
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TABLE I
SCA ALGORITHM

STEP 0: Set v = 1. Set a step size u
Initialize w? (1) and wn i (1) with feasible values
STEP 1: If a stopping criterion is eatliﬁed, then STOP
STEP 2: Set wB (v + 1) = w8 (v) + p(w? — w?B(v)),
wg,k-(’/ +1)= wg,k-(’/) + .U*('wg,k- - w,({,k(l/))y
where {wP} and {w?, } are obtained as solutions
of problems (42) for TDM and (49) for LDM
STEP 3: Set v = v 4 1, and go to STEP 1

for t is not found through a line search, then the SCA method
is considered to be infeasible. Further discussion on this point
can be found in Section V.

As a summary, the relaxed version of the problem for (11)
in TDM in the SCA form is given as

B2 U 12
min w 4 W “2a)

wh, {wn k} {ﬁ(p q)} {té{k} ” ” mZ/;)” n,k“
s.t. (35), (38), (40), and (41). (42b)

2) LDM: Similarly to the TDM approach, the constraint
in (11b) can be relaxed as the worst-case SINR constraint, i.e.,

minyy |hn W |2

> y5, (43)

WU

? 2
pq‘ T Ok

which is then replaced by the following equivalent constraints:

max ‘h(p " ‘ < ﬂ(p ) (44a)
min |k wP| >3, (44b)
in |k, :
2
e DY ~ <0 (4o
@.9

for all n, k, where {tB } are auxiliary variables indicating the
received broadcast power at user (n, k). Similarly to the relax-
ation we adopt for the TDM case, the constraint in (44a) can
be relaxed as

h(P )7 U

—1/2
for all n, k. The constraint in (44b) can be relaxed as

_1
tBk + Qn,/?wB

n,

Aﬁka’ <o, (46)

which is in the convex-concave form. According to
(31) and (32), in the SCA algorithm, the corresponding con-
straints in the v-th iteration for (44c) and (46) can be written as

2
vEL S BEE w02 |+ Bw) — 28 B < 0.V, k,

(247)]
47)
and
_1
+”Q"”?WB + B} WP ()]
~H ~
B h, w8 v
= 2—"”jH"’k KON <0, Vnk, (48
fwB )
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respectively. As a summary, the relaxed version of the (11)
for LDM in the SCA form is given as

min ||wB|| + ||w || (49a)

wB ol 1 BL YA )il ) (nXk:) "
S.t. (40), (41), (45), (47), and (48).
(49b)

IV. DUAL DECOMPOSITION-BASED DISTRIBUTED
OPTIMIZATION

In this section, we propose a distributed algorithm to solve
the SCA problem in (49) using dual decomposition as in [17].
In particular, while the broadcast beamforming vector w? is
designed at a central node that gathers full CSI between all
the BSs and the users, the optimization of unicast beamform-
ing vectors {w,l,{k} is offloaded to the processing unit of the
corresponding cluster C,, which can be located at one of
the BSs within the cluster. This distributed implementation is
made possible by the fact that the optimization of {wfl{ &} can be
decomposed into NK independent subproblems and the pro-
cessing unit of each cluster C,  can calculate wn ¢ locally, but
still optimally, based only on local CSI, in addition to certain
limited information exchange with other clusters.

The benefits of this distributed implementation are as fol-
lows. First, it reduces the computational requirements on
the central processing unit as compared to the centralized
approach. This is done by parallelizing the computation by
distributing it across many nodes in the network. Second,
transmitting all the CSI back to a central unit may lead to
increased CSI uncertainty, as the CSI could need to be fur-
ther compressed to be communicated to a single node. In our
formulation here, for simplicity, we consider the same CSI
error variance for both the broadcast and unicast beamforming
optimization problems. Finally, in the absence of a broadcast
message destined for the whole network, all computations can
be carried out locally at the cluster heads.

For clarity, to start, we reproduce the problem in (49):

. 2 2
min W%+ 3w (50a)
(n,k)
(0. 12 ,
s.t. |k, i gq HQ(p 9 g’qH < ﬂ,(fkq), Vn, k, p, q,
(50b)
2
vl S B a2 | + i)
(P, @) #(n.k)
21, k(v) =0, Vn,k, (50¢)
wU A"
n k + nk + hn,k wn,k(v)
il(n k)H A (n,k) w0 ()
_2 n.k nk nk ,[,]kfo, vn. k. (50d)
’\(”yk) U ’
h, « wn’k(v)

2 2
vE DS BRY o2 | + 5w
».9)
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— 28, (i <0, Vn.k, (50e)
_1 ~H
i+ ’Qn,iwg + hn,ka(V)‘
~H ~
B h, w8 (v
) n,,]an,k ( ) B <0, vn. L (Sof)
hn,kw (V))

We now introduce Lagrangian multipliers A £ {A(p q)} =

{unid e & fnid & 2 (Eidop = {pux} for the
constraints in (50b)-(50f), respectively, and define z 2

wE, w3 4B, k‘”} {8 .}, {tY, ). Then the Lagrangian of (50)
can then be obtained as

LA, p k& p.2:200) = Lys(p. w; wl(1))
+ Z Lyu, (Mnkr Knks Wi s Wi (1))
n,k '

+ Z ’Cﬂn,k ()”"’k’ Monks En ks ﬂn,k)

nk
U ..U
+ Z ‘ct'l;{k (:u'n,kv Kﬂ,k? tﬂ,k’ tn’k(v))
nk

+ DLy (ks oot 1), 5D
n,k '
where
Lys(p. WP wP () £ [wP|* + an,k Q.;
h B (v
22 Prk =i im0 w?, (522)
fiy WP )|
Lo, (w Bl wl ) 2wl 2
(n H —1/2
+ ol ([ i+ o™ i)
A(n,k) (n k) H
-4 h wli (v)
k Jk k
+ Kk Q,(:]’C )2 wyl,{k - 2Kn,k - o k)n wllqj,k’
b, wlw)
(52b)
Lg,  (Anks tnks Enks Bug) = — Z )»,(f,}q)ﬁ,(ficq)
p.q
2
+ounre > B D 4 Ear?, ST BET, (520
P @#K) .9
Et)lll,k (Mn,lm Kn,k> t,%{ki t,i],k(‘))) £ _2Mn,kt,2{k(‘/')t,§{k + Kn,ktyll],k’
(52d)
L (Ener kst 1 k() = =2ty (01 1+ Pty -
(52e)

The optimization problem in (50) is strongly convex and satis-
fies Slater’s condition, thus strong duality holds. Therefore, the
optimal solution can be obtained by solving its dual problem,
which is given by

max D, pu, k. &, p;z(v)) (53a)
Aw.k.&.p
st. A>0,u>0,k>0,E>0,p>0, (53b)

where the dual function D(A, u, k, &, p; z(v)) is obtained by
minimizing the Lagrangian over the primal variables as

D\, .k, &, p;z(v)) = min L,5(p, WP w2 (1))

+Zm{i]n£w’s/ (ln ks Kn,ks W gk, nk(v)) (54b)
nk Wnk

(54a)

+ Y min £ o0 (Anke e G BT ) (540)

n,k ﬂt(fl’cq)
+ Y min L (ki 18 15,(0)  (54d)
nk tfllka i
+> min L (En puke 15315, (1), (54e)
I‘B n,k ’ )
nk ‘nk
yielding the optimal solutions Z(A, u, k, &, p) =

(Wn o Wik {,3(p Dy, {?Uk} {tBk}) The optimization over
w, k’ B (pkq), t,s] o tB ok i (54) can be decomposed into NK sep-
arable subproblems The dual function DA, u, k, &, p; z(v))

is differentiable with its gradient given by

( NN
Vit Dk i, & p:20)) = [y Wiy
12 .
HQ(n : nki Ba®\ Vp.q, (55a)
A 2
Vi D, k& p120)) = 1, Z /33,”1’((1) +o7;
(.9 #(n,k)
ATT2 n
+17,) =265, iy, (55)
1
k N
Vo Dbk £ pi20) =18, Qi
(”vk) (nk) UH
A~ ,kH ( )A
iy Wl )] =275 wt Wi (550)
il(n’k) U
n.k wn,k(v)
~ 2
Ve, DOk & 9 200) = vl | B+ ok
P.q)
+ &) — 218 k(v)in, (55d)
Vp"kD()‘ m.k.§, p; Z(U)) = n ”Q i
A h w v
+ [ W (v)‘ ”k niw? ( )AB (55¢)

h ka(v)‘

all of which can be computed efficiently in a distributed
manner.

Overall, the obtained algorithm is a double-loop scheme.
The outer loop consists of the SCA iterations as described in
Table I. In each of the SCA iteration, gradient descent based
dual ascent algorithm is adopted. First, the primal variable
7 is updated by solving the optimization problems outlined
in (54a)-(54e), each of which is solved by solving NK sub-
problems. Speciﬁcally, the update of w Ik only requires local

CS], i.e., IAEI(, q for Vp, g, and other local information such
as A0 and Kk Similarly, the updates of ¢V ok and tB only

require local information. On the other hand, the update of the
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TABLE II
DISTRIBUTED ALGORITHM WITHIN THE v-TH SCA ITERATION IN LDM

STEP 0: Set j = 1. Initialize dual variables AU, u0, k0, €0, p0.
STEP 1: If the stopping criterion is satisfied, then STOP
STEP 2: At the central node:

solve (54a) to obtain w5’
At each cluster Cy, :
Ui tUj
n,k’"n,k’

. j—1
update 37, with )\Elp'kq)? from Cp 4 where (p, q) # (n, k)
STEP3: The central node broadcasts w5’ to all the clusters

update w tg]k with only local information

Each cluster Cy, j, sends Bflp;ﬂqy to Cp,q
STEP 4: At each cluster C,, i:
update A Wy s Ky i & s P2, according to (55a)-(55¢)

J
Each cluster C,, 1, sends )\glék)

STEP 4: Set j = j + 1, and go to STEP 1

0 Cp,q

networkwide beamforming vector w? needs full CSI across
the network, as well as gathered information p,; from all
the clusters. The update of B, ;, which measures the received
interference powers at user (n, k) from BSs outside the cluster
Cn.k, involves the exchange of {)»,(11’7 ,’f)} from all p, g. Once the
primal variable is updated, dual variable updates can be exe-
cuted with the gradient descent method, with gradient given
in (55a)-(55e), respectively. Note that the update of dual vari-
ables can be performed locally with the message w? from the
central processing unit. The detailed algorithm description can
be found in Table II. We finally remark that, while the com-
putation of the broadcast beamforming vector is performed at
a processing unit with full CSI, the proposed implementation
is more efficient when compared to the centralized approach
thanks to the distributed optimization of unicast transmissions.
Specifically, the optimization problems in (54b)-(54e) can be
solved in parallel using distributed computing resources, and
each of the problems is for a single scalar variable or for a
vector of dimension M or NK.

V. SIMULATION RESULTS

In this section, simulation results are presented to obtain
insights into the performance comparison between LDM and
TDM for the purpose of transmission of unicast and broad-
cast services in cellular systems. Unless stated otherwise,
we consider a network comprised of macro-cells, each with
K = 3 single-antenna active users. The radius of each cell
is 500 m, and the users are located uniformly around the
BS at a distance of 400 m. Each BS is equipped with
M = 3 antennas. All ghannel vectors h;,x are written as
hink = (IO_PL/IO)I/Zh,-,n,k, where the path loss exponent
is modeled as PL = 148.1 4 37.6log;o(d;n k), With d; ,
denoting the distance (in kilometers) between the i-th BS and
user (n, k), and h; , ; denoting an i.i.d. vector accounting for
Rayleigh fading of unitary power. The noise variance is set
to a}i ¢ = —134 dBW for all users (n, k). Unless stated oth-
erwise, we assume non-cooperative unicast transmission, i.e.,
each BS is informed only about the unicast data streams of its
own users.

A. Perfect CSI

Initially, we assume perfect CSI at all the BSs in the
network. We plot the cumulative distribution function (CDF)
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Fig. 2. The CDF of power consumption per BS with target rates RB =
3 bps/Hz and RV =05 bps/Hz.
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Fig. 3. Power consumption per BS as a function of the number of cells with
target rates RB =3 bps/Hz and RU =05 bps/Hz.

of the transmission power per BS for LDM and TDM with
N = 3 cells in Fig. 2. For the latter, we consider differ-
ent values for the fraction of time 7y/7T devoted to unicast
traffic. Other values of 7p/T were seen not to improve the
performance. The transmission power per BS is defined as
the sum-power divided by the number of BSs. We observe
that the curves may represent improper CDFs in the sense
that their asymptotic values may be below 1. This gap
accounts for the probability of the set of channel realizations
in which the problem is found to be infeasible. We refer to
the previous section for the assumed definition of infeasibility
for SCA, whereas the standard definition is used for the con-
vex problems in (27) and (30) solved using the S-procedure.
Henceforth, we refer to the probability of an infeasible channel
realization as the outage probability.

We can observe from Fig. 2 that LDM enables a significant
reduction in the transmission power per BS as compared with
TDM. In fact, even with an optimized choice of Ty/7, LDM
can improve the 95th percentile of the transmitted power per
BS by around 7 dB. Another observation is that SCA operates
close to the lower bound set by SDR. Note also that LDM has
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Fig. 4. Power consumption per BS as a function of the number of cells with
target rates RB =3 bps/Hz and RV =05 bps/Hz.

a significantly lower outage probability than TDM. Finally, we
remark that a large value of T(/T is beneficial to obtain a lower
outage probability in TDM, suggesting that the unicast con-
straints have more significant impact on the feasibility of the
problem due to the need to cope with the mutual interference
among unicast data streams. For the rest of this section, the
displayed power values correspond to the 95th percentile of
the corresponding CDF.

Next we study the impact of the number of cells on the
performance of the system. To this end, Fig. 3 and Fig. 4
show the power per BS as a function of the number of cells.
Specifically, Fig. 3 shows the overall power per BS, while
Fig. 4 illustrates separately the power per BS used for the
broadcast and unicast layers. Note that in Fig. 4 we fixed
To/T = 0.5, while in Fig. 3 we also show the power obtained
by selecting, for any number of cells, the value of T/T that
minimizes the overall sum-power consumption (obtained by
a line search). A key observation from Fig. 3 is that the
power saving afforded by LDM increases with the number of
cells. This gain can be attributed to the following two facts:
(i) the optimal injection level is high (see Fig. 4), and hence
the broadcast layer requires more power than unicast; and
(i) the performance of LDM is enhanced by the presence of
more cells broadcasting the same message in the SFN, which
increases the broadcast SINR and the broadcast layer can be
more easily canceled by the users. The latter fact can be seen
from Fig. 4, in which the required unicast power decreases
with the number of cells when using LDM, unlike in TDM.
Furthermore, the optimal IL of TDM decreases significantly,
also suggesting that TDM is more sensitive to the mutual
interference introduced by unicast data streams.

Fig. 5 compares the required power per BS for non-
cooperative unicast transmission and for fully cooperative
unicast transmission, i.e., clusters C,r = {l,...,N} for all
users (n, k). Here we consider a network comprised of N =3
cells, and set To/T = 0.8 for TDM. From Fig. 5, it can
be concluded that a higher unicast rate entails larger power
savings by means of cooperative unicast transmission, espe-
cially for TDM. It is also worth mentioning that the LDM
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Fig. 5. Power consumption per BS, separately for the unicast and broadcast

signals, for values of unicast rate with RB =2 bps/Hz for non-cooperative
and fully cooperative schemes.
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Fig. 6. Power consumption per BS as a function of the broadcast rate with
RU = 0.5 bps/Hz.

approach without BS cooperation in unicast transmission can
even outperform the fully cooperative TDM approach in cer-
tain scenarios, e.g., when the rate for unicast messages is
considerably lower than the broadcast rate.

We present the required power per BS of LDM and TDM as
a function of the broadcast rate in Fig. 6. The unicast rate is set
to RV = 0.5 bps/Hz for all the users. The optimal time alloca-
tion T in TDM is found by a line search with step size 0.05.
When only unicast transmissions exist, i.e., RB = 0, both LDM
and TDM problems boil down to the multigroup multicast
beamforming problem, and have the same performance in
terms of power consumption. When the broadcast message and
unicast messages are jointly transmitted, LDM always outper-
forms TDM in the considered range of broadcast rates. It is
also concluded that the performance gain of LDM is larger
with a higher user density.

Finally, we show the impact of the distance between users
and the BS on the performance of TDM and LDM in Fig. 7.
Here we consider the network consisting of N =5 cells, each
with a BS of M =5 antennas. The scenarios with K = 1 and
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Fig. 7. Power consumptlon per BS as a function of the distance between
users and BSs with R8 =1 bps/Hz, RU =05 bps/Hz, N =5, and M = 5.

K = 5 users in each cell are simulated to observe the impact of
user density on the performance of the system. It can be seen
that LDM always outperforms TDM and has a power gain of
around 5 dB in the considered range of distances. It is also
observed that LDM can provide the same level of performance
for cell-edge users as cell-center users in TDM.

Next, we present the performance comparison between
TDM and LDM considering two practical impairments,
namely, imperfect channel coding, and imperfect CSIL.

B. Imperfect Channel Coding

To account for the channel coding suboptimality, the SNR
gap to capacity for broadcast and unicast layers is introduced
as in [16]. Then, the SINR expressions of the broadcast signal
are modified as follows:

|l wE 2
SINRETPM — ;5 "U"T (56)
n,k
and
B2
h w
SINRELPM — 3B "] . . 6D
2
2. w}()}q‘ T 0k

as opposed to (12) and (16) for TDM and LDM, respectively,
where A8 is the SNR gap to capacity of the broadcast layer.
Similarly, the SINR expressions for the unicast transmission
in (13) and (17) are modified to

SINRU LDM SINRU -TDM

nbf U
hn’k w

2
n,k‘

=)V

. (58)

)wU

2 2
PQI +Gn,k

where AU is the SNR gap to capacity for the unicast layer.
The outage probability versus the SNR gap, measured in
dB, is presented in Fig. 8(a), while the corresponding trans-
mission power per BS for LDM and TDM are depicted in
Fig. 8(b). It can be observed that the outage probability of
TDM significantly increases with the increased SNR gap from
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Fig. 8. Outage probability and power consumption per BS for various values
of SNR gap from ideal channel coding with target rates RB =13 bps/Hz and
RY = 0.5 bps/Hz.

perfect channel coding, while the outage probability of LDM
remains zero in our setting. In the state-of-the-art terrestrial
broadcasting system where AY = A = —1 dB are considered
as the realistic values for the SNR gaps of the two layers [16],
although TDM provides acceptable system service availability,
the power consumption is found to be about 10 dB higher than
LDM, as shown in Fig. 8(b). It can be further noticed that even
when the SNR gap is 3 dB in LDM, the power consumption
is still lower than TDM with ideal channel coding.

C. Imperfect CSI

We then demonstrate the effect of imperfect CSI on the
performance. The channel error covariance matrix is set as
Qink=1 /€Iy, where €2 is the common CSI error variance
for all e;,’s. It is observed in Fig. 9 that the power con-
sumption per BS increases for both TDM and LDM systems,
with the increase in CSI error variance €2. It is interesting
to note that the minimum required power of TDM increases
faster than that of LDM, indicating that TDM is more sensi-
tive to CSI errors compared to LDM. This effect resembles
the results encountered with higher unicast rate requirement
and more users. In general, LDM outperforms TDM in terms
not only of power consumption, but also of robustness against
flexible system QoS targets and CSI imperfections.
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Fig. 9. Power consumption per BS as a function of CSI error bound €2 with
target rates RB=1 bps/Hz and RU =1 bps/Hz.
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Fig. 10. Convergence of the dual decomposition-based algorithm and relative
error within dual ascent iterations for a given SCA subproblem.

D. Distributed Implementation

We first demonstrate that the distributed algorithm can con-
verge to the same optimal solution as the centralized scheme,
as shown in Fig. 10(a). The centralized solution was obtained
by solving the optimization problem in (49) by CVX. The
performance of the proposed dual decomposition-based dis-
tributed algorithm is studied in Fig. 10(b). The relative error at
the j-th iteration of the algorithm in the v-th SCA loop is com-
puted by 8 = |p/ — p*|/p*, where p/ denotes the dual ascent

solution at iteration j, and p* denotes the optimal solution
obtained by CVX in the best precision mode. The appro-
priate penalty parameters p are found empirically to observe
fast convergence. Accordingly, Fig. 10(b) shows the conver-
gence behavior of the distributed solution as a function of the
number of iterations. It can be seen that for LDM, the algo-
rithm converges fast to achieve an acceptable relative value,
say 8 = 10™*, within 500 iterations for a N = 7 cell network.

VI. CONCLUSION

In this paper, we have analyzed the performance gain
of LDM over TDM/FDM as a potential NOMA approach
for simultaneous transmission of broadcast and unicast mes-
sages over cellular networks. Joint beamforming design and
power allocation was formulated as a sum-power minimization
problem under distinct QoS constraints for the individual
unicast messages and the common broadcast message. The
resulting non-convex problem has been tackled by means
of SCA and S-procedure, which provide upper and lower
bounds on the optimal solution, respectively. Our numerical
results have shown that the upper and lower bounds are tight,
which indicates the near-optimality of the proposed solutions.
We have also observed that LDM significantly improves the
performance as compared to orthogonal transmission, and that
it provides power savings for both the unicast and broadcast
transmissions thanks to the larger bandwidth available. We
have seen that the benefit of the increased bandwidth available
for the broadcast layer outweights the interference caused by
unicast transmissions. In the case of imperfect CSI, we have
noted that, while increased CSI error adversely affects both
LDM and TDM, the increase in minimum required power as
a function of the CSI error variance is much faster with TDM
compared to LDM, indicating that LDM also provides better
robustness against CSI uncertainties commonly experienced in
real systems. A dual decomposition-based distributed solution
has also been presented, which facilitates efficient distributed
implementation for the LDM technique.
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