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Abstract—Consider a network consisting of one multi-antenna
base station (BS) and multiple pairs of multi-antenna user
equipments (UEs). For each UE pair, the communication between
transmitter and receiver is established either through BS or via
device-to-device (D2D) link. We assume that D2D transmission
and cellular transmission are equally prioritized and share
the same resources. To improve the network throughput, we
maximize the sum rate by jointly optimizing the transmission
mode of each UE pair and the associated transceivers. Due to
the NP-hardness of this problem, we first perform some efficient
approximation to it and then design an iterative algorithm, which
is guaranteed to converge to a stationary solution by solving
a series of weighted minimum mean square error (WMMSE)
problems. The proposed algorithm has two distinguishing fea-
tures. First, it only solves the WMMSE problem inexactly in
each iteration, which thereby has a simplified algorithm structure
and accelerated convergence behavior than the classical one.
Second, we further fit the WMMSE problem into the alternating
direction method of multipliers (ADMM) framework, making it
amenable to parallel and distributed computation. Finally, the
approximated problem is solved efficiently and distributively,
with simple closed-form solutions in each step.

Index Terms—Device-to-device (D2D) communication, mode
selection, transceiver design, weighted minimum mean square
error (WMMSE), alternating direction method of multipliers
(ADMM).

I. INTRODUCTION

Device-to-device (D2D) communication, which allows two
user equipments (UEs) to exchange information directly with-
out the intervention of a base station (BS), has been widely
accepted as an important key technology in the fifth-generation
(5G) mobile networks [1], [2]. By exploiting the proximity
gain, reuse gain, hop gain, and pairing gain, D2D can remark-
ably improve the network performance in terms of spectral
and energy efficiencies [3]-[5]. However, to achieve these po-
tential benefits, D2D communications should be appropriately
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managed. Many important yet challenging issues, such as D2D
discovery, D2D synchronization, transmission mode selection,
wireless resource allocation, power control, interference mit-
igation, etc., need to be carefully addressed [6], [7]. In this
paper, we focus on the joint transmission mode selection and
interference mitigation problem for the D2D communication
underlaying cellular networks. Although such a problem has
been intensively investigated, most current studies impose
some constraints onto the setting of D2D communications,
e.g., the UE status [4], [8], the UE/antenna number [8], [9], the
resource sharing strategy [7], the priority of D2D transmission
[4], etc. As a consequence, the D2D performance gains are
not fully utilized. Naturally, to maximally explore the D2D
potentials, a more general and flexible formulation of the joint
mode selection and interference mitigation problem should be
considered.

A. State of the Art

So far, various schemes have been proposed for joint mode
selection and interference mitigation in D2D communications.
Basically, the literature can be categorized according to the
network size and the way of algorithm execution (centralized
or distributed).

1) Network Size: Most early studies formulated this problem
in single-antenna networks which consist of only one cellular
UE and one pair of D2D UEs [8]-[10]. They usually selected
the transmission mode (e.g., cellular mode or underlay/overlay
D2D mode) for the D2D UE pair by exhaustive search,
and then optimized the power allocation to achieve the best
performance in throughput and/or power efficiency. Recently,
to accommodate the explosive demand for wireless data, the
network size (e.g., the UE number and/or the antenna number)
has been increasing sharply and inevitably. The approach of
exhaustive search is thereby computationally prohibitive, and
some advanced techniques, such as game theory [11], graph
theory [12], and nonlinear optimization [13], have been intro-
duced to help the mode selection and interference mitigation.
Specifically, as far as the multi-antenna D2D communication
is concerned, beamforming is widely utilized to manage the
interference. For instance, many studies applied zero-forcing
(ZF) beamforming to avoid the interference between cellular
UEs and D2D UEs [14]-[16]. A more general beamforming
scheme was addressed in [17], where the transceivers were
designed to maximize the entire D2D and cellular transmission
rates, and the sequential quadratic programming method was
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adopted to solve this problem. This approach outperforms the
ZF approach, but does not involve the issue of mode selection.
The authors in [18] considered the joint mode selection and
transceiver design for rate maximization in multi-input multi-
output (MIMO) D2D networks, and then solved the problem
by applying the approach of successive convex approximation
(SCA). In this work, however, each UE pair may perform
cellular and D2D transmissions simultaneously, thus rendering
heavy operational burdens. Obviously, a more practical mode
selection strategy should be exclusive, i.e., the communication
within each UE pair is established either through base station
(BS) or via D2D link.

2) Algorithm Execution: In addition to the centralized
algorithms, many distributed algorithms have been proposed
since it may not be easy to solve the high-dimensional D2D
communication problems as the network size increases. For
instance, several heuristic algorithms were developed to dis-
tributively solve the joint mode selection and power control
problem [19], [20]. In [21], some energy-splitting variables
were introduced such that the mode selection and the resource
allocation could be decoupled and optimized independently.
Another popular approach worth mentioning is game theory,
which has been successfully applied to tackle many distributed
selfish optimization problems about joint mode selection and
resource allocation in D2D communications [22], [23].

In summary, despite the differences in problem formulation
and algorithm design, most current studies divided the UEs
into cellular UEs and D2D UEs in advance, and fixed their sta-
tuses during the entire communication process. Moreover, they
usually took cellular UEs as the primary users, and thus their
quality of service (QoS) requests were delivered with priority.
In this circumstance, one important task of D2D management
was to limit the interference from D2D UEs to cellular UEs.
To guarantee this, cellular UEs were set to communicate with
BS constantly, while only D2D UEs were involved in mode
selection. In addition, to better protect cellular transmissions
from D2D interference in underlay D2D communications,
D2D UEs usually reused the cellular resources in uplink only,
while keeping idle in downlink [7], [24], [25].

Obviously, this has significantly affected the flexibility of
D2D management. Thus, the performance gains of D2D are
not fully utilized. Actually, there are still continuing debates in
the Third Generation Partnership Project (3GPP) on the mode
selection between cellular and D2D communications and its
priority, although a lot of progress has been made in the stan-
dardization of D2D discovery, channel models, deployment
scenarios, evaluation methodologies, and so on [24]-[26]. In
this paper, we relax these constraints and formulate the D2D
communication problem from a more general perspective. A
key point is that we equally prioritize the cellular transmission
and the D2D transmission. Let us explain the reasonability of
this setting. The idea that the D2D UEs exchange data by
reusing the cellular resources is quite similar to the concept
of the secondary user (SU) introduced in cognitive ratio (CR)
networks [5]. This is one possible reason why a lot of studies
have prioritized cellular UEs over D2D UEs, and imposed
some constraints on D2D communications. However, there are
some essential differences between D2D and CR. In particular,

the D2D connection utilizes licensed spectrum bands and is
supervised by a central entity (e.g., the cellular BS), whereas
in CR the SU is not controlled by the primary user (PU)
networks. In brief, the involvement of the cellular network in
the control plane is the key difference between D2D and CR
[2], [5], [25]. Since D2D communications are fully controlled
by the cellular network, to maximally utilize the performance
gains of D2D, it may be more reasonable to assume that
cellular UEs and D2D UEs have the same priority. A similar
idea has been mentioned in [4], [7], [19], but no details have
been provided on how to fulfill it.

B. Contributions and Organization

In this paper, we consider the D2D communication under-
laying multi-user MIMO networks. By jointly optimizing the
transmission mode and the associated transceiver for each UE
pair, we aim to maximize the network throughput. Departing
from most current studies, we formulate this problem from a
more general perspective. Specifically, we prioritize the cellu-
lar transmission and D2D transmission equally. They share the
same resources in both uplink and downlink. The status of each
UE pair (cellular or D2D) is not specified in advance, and all
the UE pairs are involved in mode selection. The transmission
mode of each UE pair can freely switch between cellular and
D2D, depending on its contribution to the total throughput and
its interference to other UE pairs. This setting endows more
flexibilities to D2D management, but yields a challenging NP-
hard problem [27]. As a compromise, we pursue some efficient
approximate solutions with manageable complexity.

Specifically, by performing the weighted minimum mean
square error (WMMSE) reformulation [28], [29], we develop
an algorithm which handles this problem by iteratively solving
a series of WMMSE problems. In particular, the WMMSE
problem in each iteration is only solved inexactly to simplify
the algorithm structure and accelerate the convergence. For this
reason, the algorithm is referred to as the iterative algorithm
based on inexact WMMSE (IA-IWMMSE). We show that IA-
IWMMSE is guaranteed to converge to a stationary solution.
Next, to facilitate the algorithm execution, we further fit the
WMMSE problem into the framework of alternating direction
method of multipliers (ADMM) [30], so that IA-IWMMSE can
be executed in a distributed manner. Finally, the problem can
be solved distributively and efficiently, with a simple closed-
form solution in each step.

The rest of this paper is organized as follows. The system
model and problem formulation are given in Section II. In
Section III, we propose IA-IWMMSE to solve the problem
and show its convergence. In Section IV, we next show how
to distributively solve the WMMSE problem in IA-WMMSE,
with the help of ADMM. Simulation results are provided in
Section V. Section VI concludes this paper.

Notations: Boldface capital and little letters denote matrices
and vectors, respectively. Italic letters denote scalars. For a giv-
en matrix X, we denote its transpose, Hermitian, and inverse
by X7, Xt, and X!, respectively. Similarly, we denote the
transpose and Hermitian of vector x by x” and x. We use
I - ||, to denote the i,-norm, p = 0, 1, 2. Little subscripts “m”
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TABLE I
SUMMARY OF THE VARIABLES USED IN THIS PAPER

G% Cellular UL channel between TX_UE,,, and BS
g FBWL D2D UL channel between TX_UE,, and RX_UE,,
Z | vy UL TX beamformer of TX_UE,,
% ub{ m D2D UL RX beamformer of RX_UE,,, for TX_UE,,
= ugm Cellular UL RX beamformer of BS for TX_UE,,

GE1 Cellular DL channel between BS and RX_UE,,,
g F% n D2D DL channel between TX_UE,, and RX_UE,,
: vdD’m D2D DL TX beamformer of TX_UE,,, for RX_UE,,
% vBm Cellular DL TX beamformer of BS for RX_UE,,
é ung,m D2D DL RX beamformer of RX_UE,,, for TX_UE,,

ugm Cellular DL RX beamformer of RX_UE,,, for BS

and “n” denote the UE index; little subscripts “c” and “d”

denote cellular mode and D2D mode; capital superscripts “U”
and “D” denote uplink and downlink. For instance, xgm is
some vector variable associated with UE m in the uplink D2D
transmission, while ch is some vector variable associated
with UE n in the downlink cellular transmission.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

As shown in Fig. 1, we consider a network that consists of
one BS and aset M = {1,2,--- , M} of UE pairs, where each
UE pair includes a transmitter UE (TX_UE) and a receiver UE
(RX_UE). The BS is equipped with N, antennas, while each
UE with N, antennas. By employing the frequency division
duplexing (FDD) strategy, each UE pair can communicate
either in cellular mode or in D2D mode. In cellular mode, the
BS adopts the decode-and-forward strategy to transmit data
from one TX_UE to its intended RX_UE through orthogonal
uplink and downlink frequency bands. In D2D mode, one
TX_UE sends data to its intended RX_UE directly by reusing
the cellular resources in both uplink and downlink. We assume
the interfering broadcast channel (IBC) model [28], i.e., each
transmitter generates interference to all the other receivers.

The channel and transceiver variables used in uplink and
downlink are summarized in Table I. Without loss of general-
ity, let us assume in Fig.1 that the mth UE pair (the transmitter
and receiver are denoted as TX_UE,, and RX_UE,,) selects
the D2D mode, while the nth UE pair (the transmitter and
receiver are denoted as TX_UE,, and RX_UE,,) selects the
cellular mode. Therefore, the system depicted in Fig. 1 works
as follows.

The uplink transmissions are shown in Fig. 1(a). In the up-
link band, TX_UE,, sends data to RX_UE,, directly through
the uplink D2D channel F}) =~ € CN«*Nu using the TX
beamformer v¥ € CN«*1 while TX_UE,, sends data to BS
via the uplink cellular channel GY € CNo*Ne using the TX
beamformer vy € CNu*1. Then, RX_UE,, decodes the data
from TX_UE,,, using the RX beamformer u}i{m € CNux1,
while BS decodes the data from TX_UE,,, using the RX
beamformer uY, € CNox1,

The downlink transmissions are shown in Fig. 1(b). In the
downlink band, TX_UE,, sends data to RX_UE,, directly
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Fig. 1. D2D communications underlaying multi-user MIMO cellular net-
works. The solid lines denote the intended transmit channels, and the dashed
lines denote the interfering channels.

through the downlink D2D channel FP € CNeXNu ysing
the TX beamformer vd m € CNux1, Whlle BS forwards the
data from TX_UE,, (decoded in uplink) to RX_UE,, via the
downlink cellular channel GB € CNuxNo, using the TX
beamformer v?, € CN**!. Then, RX_UE,, decodes the data
from TX_UE,,, using the RX beamformer u?, € CNuwxl,
while RX_UE,, decodes the data from BS, using the RX
beamformer u?, € CNu*1,

Compared W1th many current schemes, our setting endows
more flexibilities to the D2D management, thereby making it
possible to fully utilize the network resources and maximize
the system throughput. On the other hand, this flexible setting
also introduces extra interferences, and then complicates the
network management. To achieve the potential benefits of this
flexible setting, we should appropriately select the transmis-
sion mode for each UE pair and carefully design the associated
transceivers to mitigate the interference.

B. Problem Statement

We first define the D2D set D and the cellular set D+, with
DNDL = and DUD+ = M. If UE pair m works in D2D

U _ogvD —0ud — o0
mode, we have m € D and u,,, =0,v.,, = 0,u;,, =0;
otherwise, we have m € D+ and uj,, = 0, v) = 0,

ugm = 0. Next, we formulate the signal-to-interference-plus-
noise-ratio (SINR) and rate terms of each UE pair. As shown
in Fig. 1, the uplink D2D transmission between TX_UE,,, and
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RX_UE,, via channel FY

m,m

is interfered by all the other
TX_UE,, via channel F},I“;, Vne M, n # m, while the
downlink D2D transmission between TX_UE,,, and RX_UE,,
via channel F%m is interfered by all the other D2D transmitter
TX_UE, via F) ..V n € D,n # m, and by the BS via

channel G,[,)L. Thus, in D2D mode, the uplink and downlink
SINRs of UE pair m are computed as

() T F Y V]

SINRU — | m,m m ] la
d,m g2||ugmL ;+ZneM‘(ug,m)TF%,nv}f|2 5 ( )
n#m
D tpD D |2
SINREm — |(ud,m) m,mvd,m| (lb)

2
+Znep [(ug,) FD v |
n#m

2(,,D [|2 D \{~D_D |2\’
(anu¢m|2+z;EDLku¢m>vaqA

where o2 is the noise power. Let BY and B denote the uplink
bandwidth and the downlink bandwidth, respectively. Then,
the total rate of UE pair m in D2D mode can be expressed as

Ry = BYlog(1+SINRy,,,) + B log(1+ SINRY,,,). (2)

Similarly, in cellular mode, the uplink and downlink SINRs
of UE pair m are computed as
uY )TGU vU 2

SINRY,, = () Gy

2 2y
o2 [[al [P+ men| (0¥, ) TGYVY]
n#m

c,m
(U2|

The rate of UE pair m in cellular mode is actually determined
by the smaller one of the uplink rate and the downlink rate,
i.e.,

(3a)

|, )fGDvl |

D 2 D D _D |2\ °
w2, ep @R, TGRVE, )

SINRY,, = (3b)

n#Em
2

D D D
+>nep ‘ (uc,m)TFm.an,n

Re.m = min{BYlog(1 + SINRY, ), B” log(1 + SINRY,,)}.

“)
Therefore, the sum-rate maximization problem based on joint
mode selection and transceiver design is formulated as

max Z Ram + Z Rem
€D

(PA): D,DL,V,U
@oivor meD-+

s.t. Z Vel < Ps, (5a)
meM
IValls < oo IVE 3 < Py Ve M, (Sb)
DNDt =0, DUDt =M, (5¢)

where V and U denote {v3,vD vD 1, cr and {uy, .
U D alye U D y
uc’m,udﬂn,uc,m}meM, respectively; p,, and p, are the

transmit power budgets of TX_UE,, in uplink and downlink,
VYm € M; Pg is the BS power budget.

C. Problem Reformulation

In this subsection, we reformulate (PA) to avoid optimizing
D and D+ directly. First, we give some more general forms
of the downlink SINRs in D2D and cellular modes. Replacing
n € D and n € D+ in (1b) and (3b) simply by n € M, we

get
— |02 D VB[
SINRd — - ,m m,m ,m (6a)
™ TR TS s ena | (0B, GV P
2
# S (05, FE, 1 VE.
n m
soD (P, ) GRVvD,.|?
SINRD,, = (e i (6b)

2 D D D
2+Zn€./\/1 (uc‘m)Tvac,n
n#m

(UQIIHEM )
e | @D DTFR VPP

The rates of UE pair m in D2D and cellular modes can then
be computed as

Ry = BYlog(1 + SINRY,,) + B log(1 + SINR,,,,,),
()

Re,n = min{BY log(1 + SINRY,,,), B log(1 + SINR,.,,,)}.
(7b)

Second, in our original formulation, the mode selection strat-
egy is exclusive; i.e., the communication within a UE pair
should be established either through BS or via D2D link.
To achieve this, we further introduce the binary vector d =
[dy,da,- -, dpr] to indicate the transmission mode of each UE
pair. If d,, = 1, UE pair m works in D2D mode; if d,, = 0,
UE pair m works in cellular mode. Then, the total achievable
rate of UE pair m is computed as

Rm = dde,m + (1 - dm)Rc,m- (8)

Proposition 1: (PA) can be equivalently reformulated as the
following problem (PB),

PB): R,
(PB) : g,y 2 e
s.t.  (5a) and (5b) satisfied,
dm € {0,1}, Vm € M. 9
Proof: See Appendix A for the details of proof. |

It has been well known that the sum-rate maximization
problem in multi-user MIMO-IBC networks is NP-hard [27].
Compared with the conventional sum-rate maximization prob-
lem, (PB) is obviously more challenging. This motivates us to
seek some approximate solutions with manageable complexity.

III. ITERATIVE ALGORITHM BASED ON INEXACT
WMMSE

A. Brief Review of WMMSE

The WMMSE approach [28], [29] transforms the sum-rate
maximization problem to a weighted mean square error (MSE)
minimization problem, and the two problems are equivalent in
the sense that they have the same global optimal solutions.

We consider an MIMO-IBC network consisting of M pairs
of UEs, where each UE pair contains one TX_UE and one
RX_UE. Denote H,, ,,, as the channel between TX_UE,,, and
RX_UE,,. Let v,, and u,, denote the TX beamformer of
TX_UE,, and the RX beamformer of RX_UE,,, respectively.
We can express the SINR and rate of RX_UE,, as

|ujn H7n,'m\'7n ‘2

0-2”um H§+Zn¢¢n ‘UIILHWL,nVn ‘2 ’

R,, =log(1 + SINR,,,)

SINR,,, =

(10)
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Utilizing the well-known relation between SINR and MSE,
we have max(y,, 1(1 + SINR,,) = maxg,, 1 €;,', where e,
is the MSE at RX_UE,,,, which is given by

em =|1— u:anmymva + Z |uInH
n#m

m,nvnl2 + O—QHUMHE'

(1)
Note that log(e,,) = mingy, >0} Wmem — log(wy,) + 1, then
the following sum-rate maximization problem (PC) and the
weighted sum-MSE minimization problem (PD) are equiva-

lent
(PC): max | D Fom
s.t. ||VmH2 < P, Vm,
PD) : min Winem — log(wy,) +1
( ) {V'm sUm , Wm } ; [ ( ) ]
s.t. ||Vm||§ S Pma v m,

where w,,, is the weight of e,,, and P,, is the transmit power
budget of TX_UE,,.

The weighted sum-MSE minimization problem (PD) can be
solved by the block coordinate descent (BCD) technique which
updates {v,,, }M_; {u,,}M_, and {w,, }}_, alternately, i.e.,

-1
M
(12a)
M , -1
uy,, = anl Hm,nvnV Hm n+o°l H,mVin,
(12b)
wp = (1= 0f, o nvin) (12¢)

where (,, > 0 is the Lagrangian multiplier associated with
[Vinll3 < P, and should be chosen carefully such that the
Karush-Kuhn-Tucker (KKT) complementarity conditions [31]
are satisfied; u,, is the MMSE receiver such that the MSE,
i.e., e,, defined in (11), can be minimized; w,, is updated by
the reciprocal of the minimum e,,.

According to Theorem 3 in [28], the WMMSE algorithm!
iteratively computes a stationary point of (PC) by repeating
the steps in (12).

B. Problem Approximation

In this subsection, we formulate an efficient approximation
of (PB) for which the WMMSE approach is applicable.

To this end, we first relax the binary indicator d,,, € {0,1}
by 0 < d,, < 1. After that, we deal with the product terms in
Ry = dmBRam + (1 — dm)Rc,m. Specifically, we introduce
some auxiliary variables {sd m sd ms Se;m fmem, and bound
them by d,, BV log(1+ SINRy,,,) > (sY,,)% dmBP log(1 +

IThere are key differences between (PB) and the conventional sum-rate
maximization problem (PC). First, we consider the underlay D2D commu-
nication scenario which involves both D2D uplink/downlink transmissions
and cellular uplink/downlink transmissions, while (PC) only considers the
cellular downlink transmission. Second, the objective of (PB) adopts a more
complicated form involving the product terms of dp, Rc,m and dde m-
Therefore, the WMMSE algorithm cannot be directly applied to solve (PB)

SINRd m) > (s2,)2, (1= dp)BY log(14+SINR,,) > 52,

and (1 — d,,,)BP log(1 + W?m) > s2,., m € M. Then,
the term of R,, can be replaced by (sgm)’2 + (88m)° + 520
in the objective of (PB). Considering that the “quadratic-over-
linear” function h(w,v) = “’72 is convex as v > 0 [31], we
can recast gv > w? as a convex constraint 0> “’72 for v > 0.

Following this idea, we get an approximation of (PB) as

(PE) :

max

WD i)+ () + s

meM
s.t. (5a) and (5b) satisfied,

0<dy <1, Vme M, (13a)
BYlog(1 + SINRY,,) > Sl v € M, (13b)
BV log(1 + SINR,,,,) > (,}“1 ,YmeM, (13c)
BYlog(1 + SINRY,,), 2
min D D7 C7m+57
BZlog(1 +SINR )
Ym € M, (13d)

where s denotes {s7,,, 5 ,: Se.mmem, and € is a small
positive number introduced to avoid the numerical problems
of zero denominator.

We further apply the WMMSE reformulation to handle the
log(-) terms in (13b) — (13d), thereby generating (PF). From
Theorem 1 in [28] and Lemma 3 in [29], (PE) and (PF)
are equivalent in the sense that they have the same optimal
solutions. Specifically, (PF) is expressed as

(PF) :

min

U 2 D 9 5
(VUW.ds) Z (Sdm)” + (Sgm)” + 52

meM
s.t. (5a),(5b) and (13a) satisfied,

(sd,m)?
log(wg,m) - w}i{me}i{m(VUv u}ijﬂn) +1> ma
Ym e M, (14a)
(54.0m)°
108(Wg ) = Wgmedm (VD 0 0m) + 12> o™
Ym e M, (14b)
log(wgm)_wgm cm(VU U )+]—EMa
Vm € M, (l4c)
log(w?m)_w]c)m cm(VD D )+1>ﬁa
Ym e M, (14d)

where W is the collection of weighting factors {w},, wgm,

w? wP Vevms VY oand VP odenote the uplink TX

d,m>» %ec,m
beamformers {vY},,cas and the downlink TX beamformers
(V8 Ve tmerts e (VY ug, ) and ef | (VP u? ) are
the uplink and downlink D2D MSE values of UE pair m;
U (VvY,uY, )andel, (VP ub, ) are the uplink and down-

lmk cellular MSE values of UE palr m. Similar as (11), these
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MSE values are defined in (15),

eg,m(VU7ug,m) = O-QHUg,mH% —+ |1 - (ugm)TFgm m‘z
+ D [(ud)EL v (15a)
nemM
n#m
eam (VP ug,,) = 0 ug 3 + 11— (g ) Fr Vel
+ Z |(u}i),m TFEL nvd,n|2 + Z ‘(udD,m TGEL 13"‘2’
nem nem
n#m
(15b)
eUm(VUa ugm) = Uz”"ﬂ:{m”% + |]' - (ugm)TGglvng
+ ) l(ud,) GV, (15¢)
nemM
n#m
om(VP up,y,) = 0 |lug,, |3 + 1 — (u,) ' Gove, |2
+ Y D) FR Ve P+ Y ((ud,) GRve
nem nem
n#m
(15d)

C. Iterative Algorithm Based on Inexact WMMSE

Due to its non-convex objective, we handle (PF) by iter-
atively solving its sequential convex approximations (SCA)
based on the idea of difference-of-convex (DC) programming
[32]. Specifically, in each iteration, we perform the first-order
approximation to [(sy,,)? + (s,,)% + s2,,], and then solve
the resultant problem
(PG) _2zsdmsdm+sdmsdm+scmscm

meM
s.t. (5a),(5b),(13a) and (14a) — (14d) satisfied,

min
{V,U,W,d,s}

D

dm and

with 57 . 80, and &, being the iterates of s, s
S¢,m 1n the previous iteration. '
Following the WMMSE framework of (12), we divide the
variables {V, U, W,d, s} of (PG) into three blocks, i.e., {V,
d,s}, U, and W, and then apply the BCD method to solve
it iteratively. First, fixing U and W, we solve the following

convex problem to update {V,d,s},

U
Sdmsdm +Sdmsdm +Scm86’m
meM

s.t. (5a),(5b),(13a), and (14a) — (14d) satisfied.

(PH): min -2

{Vv.,d,s}

Problem (PH) is convex can be optimally solved by CVX [33].
Define the mapping function Q(U, W;§), where § denotes
{88 m>88%.m» Se.m }mem, such that every element in the range
of the map is an optimal solution to (PH). Then, the update
of {V,d,s} can be simply written as

{V,d,s} € Q(U, W;3). (16)

Next, fixing {V,d,s} and W, we update U by solving the
following problem,

(PT) mm —QZSdedm+Sdedm+Scmscm
meM
s.t. (14a) — (14d) satisfied.

In this subproblem, U only appears in the MSE terms in (14),
ie., {eJ, egm, eV el dmeam. Since we consider a sum-
rate maximization problem here, U is selected to minimize the
MSE terms so that the rates of the UE pairs can be maximally
improved in this step. In addition, updating U as the optimal
MMSE receiver also maximizes the right-hand side of (14),
thereby maximally enlarging the searching space of {V,d,s}
in the next iteration. This helps improve the system throughput
quickly. Therefore, the optimal solution of U is given by

-1

u}i{ﬂ'l = Z F77l’n n (FU ) +O—21 Fg ,M m
LneM
(17a)
-1
ul,, = Z GU HGEHT +6211 GUvY  (17b)
LneM
- 1-1
FD R (V) (FD)

D m,n¥dn\Vd,n m,n 2 D D
ug,, = +0o Il FoVim
d, ZLGMWW] i

LneM
(17¢)
- 1-1
FO w2 (vD I(ED
= | X[ h O e o] e,
B RRc A NE AUl N
(17d)

For the sake of brevity, we simplify the formulas of updating
U as
U=r(v). (18)

Lastly, fixing {V,d, s} and U, we update W by solving the
following problem,

(PJ) mm -2 g Sdedm+Sdedm+ScmScm
meM

s.t. (14a) — (14d) satisfied.

Similarly, W is chosen to maximize the right-hand side of
(14), which is actually the reciprocal of the minimum MSE,
ie.,

U

wgm [1 (ud,m)TFg m, m] ! (19a)
welm = [1= (uEm)*GE FA (19b)
wc]?rn [1 (uzia,m) m,mVd, m] - (19C)
wP, = [1 =@, )GEvl, 1™ (19d)
where uy ,uf, uf = and up,, are computed as in (17).

Again, for the sake of brevity, we simplify the formulas of
updating W as
W= Y(V,U). 20)

By repeating the steps of (16), (18) and (20), the WMMSE
algorithm iteratively solves (PG) with some given $. Then, we
update § = s, and repeat the above WMMSE loop. Finally, a
two-layer (including the outer DC programming layer and the
inner WMMSE layer) algorithm was developed to iteratively
solve (PF) or the equivalent (PE) with stationary convergence
guarantee, which is referred to as the iterative algorithm based
on exact WMMSE (IA-EWMMSE) in this paper, since the
update of § is based on the exact solution of the inner WMMSE
problem (PG). We summarize ITA-EWMMSE in Table II
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TABLE II
SUMMARY OF IA-EWMMSE

Initialize {U, W, §};
Repeat (outer DC programming layer)
Repeat (inner WMMSE layer)
{V,d,s} € Q(U, W;3);
U=TI(V);
W =T(V,U);
Until some stopping criterion is satisfied;
S=s;
Until some stopping criterion is satisfied;

VXA NRE WD

TABLE III
SUMMARY OF IA-IWMMSE

Initialize {U, W, §};
Repeat
{V.d,s} € Q(U, W;8);
U=T(V);
W =7(V,U);
S=s;
Until some stopping criterion is satisfied;

Nk W=

(more details can be found in our previous conference paper
[1]), where the stopping criterion is satisfied as the difference
between the iterates of two adjacent iterations falls below some
predefined threshold (same for Tables III and IV).

However, it may be difficult to implement IA-EWMMSE in
practice due to the complicated two-layer loops. To simplify
the algorithm structure, it is natural to consider designing some
algorithm, which updates § based on the inexact solution of
(PG) while with convergence guarantee. Motivated by this
idea, we propose an algorithm referred to as the iterative
algorithm based on inexact WMMSE (IA-IWMMSE). The
main steps of IA-IWMMSE are summarized in Table III,
where (16), (18), and (20) are executed only once in each
iteration to update S. Interestingly, although S is updated in
an inexact manner, we still have the following convergence
result, i.e., Proposition 2, for IA-TWMMSE2. As shown later
in the simulation results of Fig. 4, in addition to having the
simpler single-layer structure, IA-IWMMSE accelerates the
convergence, and thereby has lower total complexity than [A-
EWMMSE.

Proposition 2: Every accumulation point of the iterates
generated by IA-IWMMSE in Table III is a stationary solution
of (PE).

Proof: See Appendix B for the details of proof. (|

Before closing this section, we summarize our methodology
for problem (PA). First, to avoid optimizing the set vari-
ables D and D+ directly, we introduce the binary indicators
{dm } mem, and obtain the equivalent problem (PB). Then, we
relax the binary indicators and approximate (PB) by (PE).
Since (PE) is still NP-hard, we next perform the WMMSE
reformulation to get (PF), which is equivalent to (PE) in the
sense that they have the same optimal solutions. However, the
non-convex objective of (PF) prevents us from applying the

2 After IA-TWMMSE converges, we quantize {d, } meaq to binary values
to identify the cellular UEs and the D2D UEs. Then, we optimize the
transceivers by solving two independent (i.e., uplink and downlink) sum-rate
problems with known transmission modes. Since these problems have been
intensively studied [28], we omit the details due to the space limitation.

TABLE IV
SUMMARY OF THE INTRODUCED AUXILIARY VARIABLES

Variable Name Description

T (m)=V"Y:

T{ (m) T3 (m) = {t3,,(m)}nems

VY = {vT}nem.
""""""""""""""""""" T™m)y=vY,
T (m) T (m) = {tJ,(m)}nerm.

VY= {VE}HGJVL
""""""""""""""""""" ™m)y=v>,
TZ (m) TR (m) = {t5.4.,.(m), th. . (M) ners

vPb = {V(?,nav?,n}nej\/l-
""""""""""""""""""" ™m)y=v>,
TCD(m) T?(m) = {th;d,n(m),tgc,n(m)}ne/\m
vPb = {V(]inav?,n}nej\/l-
arfgml, a:gm, w]i,m, .'L'E,,n BU;cgmL = y}l{m, BU:L"L{m = Ye,m>
Y s Yums Ye,m BPal ., = Yh e BP2D . = Yo m-
z}im =dm + ¢, zgm =dm + €,

19 D
Zd,m> *d,m» Zc,m
Zeem =1 —dm + €

WMMSE algorithm. To tackle this, we iteratively solve its
sequential convex approximations, i.e., (PG), by performing
the first-order approximation. In each iteration, we further
use BCD to divide (PG) into three convex subproblems, i.e.,
(PH), (PI), and (PJ). Finally, we get a stationary solution of
(PF), which is also a stationary solution of (PE). In summary,
the original problem (PA) is challenging to solve, and even
its approximation (PE) is still NP-hard. As a compromise,
we pursue a stationary solution of (PE) with manageable
complexity.

IV. DISTRIBUTED ADMM ALGORITHM FOR (PH)

Except for updating {V,d,s}, IA-IWMMSE can be exe-
cuted distributively. Unfortunately, updating {V,d,s} in the
centralized way, e.g., by the interior-point (IP) method [31],
requires a per-iteration complexity of O(M3(N, + Ng)?),
which dominates the total computational cost. Obviously, a
fully distributed algorithm is preferred in this circumstance,
which may compute {v;,, vy, ., v2, tmer, {dm}mer and
{sg)m, sgm, S¢,m tmem independently. To this end, we further
recast (PH) so that it fits into the ADMM framework [30], and
then devise a distributed algorithm to solve it, with a simple
closed-form solution in each step.

A. ADMM Reformulation of (PH)

To decouple the variables in (PH), we first introduce three
groups of auxiliary variables, which are summarized in Table
V.

1) We introduce M copies of the TX beamformers, i.e.,
{TY (m), TV (m), T (m), T2 ()} ner. where TY(m) =
TV(m) = VY, and TP (m) = TP (m) = VP, Ym € M.
Then, we replace the VV in (14a) and (14c) by TY(m) and
TV (m), respectively, to decouple the 2M uplink constraints
of VY. Similarly, we replace the VP in (14b) and (14d)
by TR (m) and T2 (m), respectively, to decouple the 2/
downlink constraints of VP.
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. . . U D
2) We introduce two series of variables: {x} d.m> Lo, s T >

U _

cm}m€M and {yd m? yd m» Ye, m}meM’ Where B xd m
Y s BU2Y 0 = Y, BP2R =y, and BP2D, |
VYm € M.

3) We also introduce a series of indicators: {27,250 .

U _ D _ : T

Zem tmems Where 25, = dm +€, 27, = dm+€ and ze,m =
1—dmy+e€, Yme M.

Inserting these variables into (PH), we equivalently recast
it as

= Ye,m>»

(PK) : min

D
. ) 2 : sd msdm +sd msdm
{V,d,s,T,x,y,z} + Sc,mSe,m

s.t.  (5a),(5b) and (13a) satlsﬁed,

log(wé{m) - wgmegm(Tg(m), u}i{m) +1> xg)m,

Vm € M, (21a)
log(wgm) — wgmegm(Tg(m), udDm) +1> I’Em,

Vm e M, (21b)
10g(We ) = WomCom (Te (M), ug,,) + 12> x

Vm €M, )
10g(We ) = W meom (T (M), ug,,) + 1> 20,

Vm e M, (21d)
W > Sl g > Chnd > e

7 7 VYm € M, (21e)

zgm > e, ZdD,m > € Zem > €, YmeEM, (211)
Bngm = ygm, BDmg7,L = yclzm, VYm e M, (21g)
B0, = yem, B2, = yem, YmeM,  (21h)
zgm =dny + ¢, zgm =dp+e€ Zem=1—dy +e¢,

VYm € M, (21i)
ty,(m) =v), t0, (m)=v), VmmneM, (2lj
tian(m) = togn(m) = v, YmneM, (21K
togn(m) =tl. . (m)=vy,, VmmneM. (1)

The partial augmented Lagrangian function [30] of (PK)
is defined as (22) at the top of next page, where ¢ > 0 is the
penalty parameter; ®, 1), and @ are the associated Lagrangian
multipliers. Dividing the variables {V,d,s, T,x,y,z} into
two blocks of {V,s,y,z} and {T, d, x}, we perform the two-
block ADMM framework shown in Table V to iteratively solve
(PK), with global convergence guarantee [30].

Remark 1: In ADMM framework, (PK) is divided into two
simple subproblems of {Vs,y,z} and {T,d, x}. Moreover,
due to their separable structures, these two subproblems can
be further separated into smaller problems. More interestingly,
all these smaller problems have closed-form solutions. Finally,
(PK), or the equivalent (PH), can be solved distributively and
efficiently. We will elaborate more on this in the following
subsections.

B. Update {V,s,y,z}
The problem of {V,s,y,z} is totally separable among v\,
D v ,Uu U D ,D D

Vd,m’ {Sd,m7yd,m7’zd,m}’ {Sd,'rn’yd,m’ Zd,m}’ {SC,WL?yC,m?

TABLE V
TwO-BLOCK ADMM FRAMEWORK FOR (PK)

Repeat
2. Update {V,s,y,z} with other variables fixed:
{V’ S, Y, Z} = al.grnin{v,s,y,z} [’C()
s.t.  (5a), (5b), (21e) and (21f),
3. Update {T, d, x} with other variables fixed:
{T,d,x} = argmingp 4 3 Lc(*)
s.t.  (13a) and (21a) — (21d),
Update Lagrangian variables {®, 1, 0} [30],
Until some stopping criterion is satisfied

vk

Zem y form € M, and {ng}me M. Therefore, we can update
the (5M + 1) subproblems independently and in parallel.

1) Update v3 and {v2,  }mem: The problem of
vU

"L

m’ vd m’
is expressed as

19) 18] 1 ,.U 2
v, —t n)— = n
(PL) i &Y (” = tim(n) = 28 )
v nemM + ”Vm - tam(n) - E¢c,m(n)”2
Vil < P (23)
which is solved as

U Znem|Plm)+8Y ,, (n)+c(ty
Vm = 2(cM+al,)

U {ZHGM [, () + ¢ 1 () +e(t,m (W) +
m 2 p,n

(n)+tg,, (n)]

+
), cM]

24
where ol is the Lagrangian multiplier for ||vY |3 < pY, and
[T = maX{O, 3.

The problems of vgm and {V]cj,m}me M can be similarly
solved. We omit the details for brevity.

2) Update {S}ij,m’ yclijmw Z([ij,m}’ {S?,,m’ yg,m’ Zr]?m}’ and
{S¢,;m»Ye.ms Ze,m - The problem related to {s}i{m, Ydmo zé{m}
is expressed as

«

U U.U 1,0 2
%(yd,m - B xd,m T c d,m)
(PM) : min + (28 — dm — €+ 107 ,)?
{Sg,mVy}ij,mvzg,m} AU’ U o
- 2Sd,m8d,m
U (sd,m)?
s.t Ydm = 20 Zdm > € (25)
Exploring the first-order optimality conditions, we obtain
U _ 3dmZdm
Sd’m BdT’
U B 24 i +¥dm +Bdm
Yim = Lo dym (26)

(sd nz)z

u
ed,'m] 6}
B m c 17

> 0 is the Lagrangian multiplier of yg >

zg —max{[d +e+

where ﬂg

(Sd m)2

, and should be chosen properly such that the Karush-
Kuhn Tucker (KKT) complementarity conditions [31] are sat-
isfied. Spec1ﬁcally, we define 3, £ H If 85, >0

(Sd m)

and yy, < , we solve the cubic equation

|Bd m._Bd

B Y B _ ()
c (BT )2

27)
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9
EC(V7d7SaT7XaY7Za@7'¢'7 __2 Z Sdmsdm+sdmsdm+scm86m)
meM

Ly oy e (@Y (m) (e, (m) = v) + (8, (m) (¢, (m) = v1)|

meM nem +5 116 (m) = v |13 + ([t (m) — v, [13]
+ Z Z Re _((ﬁgdm(m))T(tgdm( ) Vd n) ((bd c n( )) (td c n(m) - ‘];EnZ:|

meMneM +7 [”td;dm(m) - vd,n||2 + ||td‘c n(m) - Ve 2}
o5 5 R [OBanm) €2 = VB e ) (6B 22 )

meM neM [“tcdn( ) Vdn||2+ ||tccn( ) vcn” ]
+ Z {1:[}}1{m (BUx}ij,m - y(IJlj,m) + ’l/)d,m (BD‘Td,m - yd,m) + % [(BU:Ed,m - y}ij )2 + (BDIE,'HL - ydDm)Q} }

meM

2 {0l (Bt ) + 0B, (B
meM

N Z Hgm(zgm —dm —€)+ Hgm(zgm —d,
mem +% (Ztlij,m - dm - 6)2 + (Zglj,m

m yc,’m) + %[(Bngm

—dpy — 6)2 + (Zc,m -

- yc,m)2 + (BDch,m

=€)+ Oem(zem — 1+ dpy — e)}

- yc.,m)Q] }

to find the optimal 5}1ij otherwise, we solve the following

quartic equation
cBYeg A B 2

C

(Sd m) (Sd m,)

(ﬁf{m)z

U
_ Oam

(28)
to get the optimal Bgm. Since both cubic and quartic equations
can be solved analytically, the closed-form solution to Bg’m is
achievable.

The problems of {sdD,m,yEm, zgm} and {Sc.m, Ye.m, Zem |
can be solved similarly. We omit the details for brevity.

i + e+

C. Update {T,d,x}
It can be easily observed that updating {T,d,x} is com-
pletely separable among {TY (m), T4 gL {TD( ), a:dm}
{TY(m), 2, }. {T2(m),x2,,} and {dm}, Vm € M. Then,
we update the 5M subproblems independently and in parallel.
1) Update {T}] (m), de’m}, {TE (m), dem}, {TY(m), 2V

and {TP(m),zD,,}: The problem related to {TY (m), chm}
is expressed as

Y It (m)

— Vit L (m)l3

(PN) : , min g nem
T (m),z
i) T+ (BY2Y, — o — 20Y,)°
s.t log(w}i{m) — wgme}l{m(Tg(m), ugm) +1> de,m-
(29)
It is solved as
t}i{m(m) [2511 mwd m(FU ) ugm(ugm)TFEn m + CI]il
[ - ¢d m( ) +25d m,wd m(FU ) ugm]
tg,n( ) [26dm dm(FU ) ugm(ugm)TFgl,n + CI]

x [evy = dgn(m)], ¥n#m
CBUy}iJ,m+BU1/)g,7n_6g,m
C(BU)2

(30)

1+dpy — 6)2}
where 5}1{"1 > 0 is the associated Lagrangian multiplier and
should be properly chosen such that the KKT complementarity
conditions are satisfied. That is, if (29) holds for (Sd m =0, we
have 5U = 0; otherwise, we choose some 5U > 0 such that
(29) holds for equality, which can be easily done by bisection
search.

Similarly, the problems of {T% (m), T4 Emt AT (m), 27}
and {TP (m),z?,,} can be solved.
2) Update d,,: The problem of d,, is
Ocn — 05 1y — 00 )i + £(dpm + € — 23 )2
(PO) - min ( s d,m c%m,)2 ( €— dm) ,
m —|—§[(dm—|—6—zd,m) + (dm —1—€+ 2zem)”]

st. 0<d,, <1, 31

which is solved as

o]

where [ - ]} denotes the projection onto the range of [0, 1].

Since (PH) can be solved distributively, we obtain the fully
distributed TA-IWMMSE by updating {V,d,s} based on the
ADMM algorithm in Table V.

Remark 2: The complexity comparison of the ADMM algo-
rithm and the IP algorithm for (PH) is listed in Table VI. With
the problem dimension being M (N,, + Ny), the per-iteration
complexity of the IP algorithm is O(M3(N, + N;)3). By
contrast, the complexity of the ADMM algorithm is dominated
by the update of {T,d, x}. As shown in (30), the per-iteration
complexity is O(max{M?2N2, M?N, N,}) if we use the rank-
one update rule to compute the matrix inverse. Obviously, the
ADMM algorithm is more efficient.

(28t 20 m—2e,m+1—€) = (0c,m—07
3c

P !
- d~m)] (32)
I3 0

V. NUMERICAL EXAMPLES

Consider a network consisting of one multi-antenna BS and
M = 10 pairs of multi-antenna UEs. The BS is located at the

|
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TABLE VI
COMPLEXITY COMPARISON OF ADMM ALGORITHM AND IP ALGORITHM

Per-Iteration Complexity
O(M?(Nu + Np)*)
O(max{M?N2, M>N,N})

IP Algorithm
ADMM Algorithm

center of a hexagonal cell with the side length being d = 1 km,
and the UEs are randomly deployed in the cell. We assume
the Rayleigh channel with zero mean and variance L(200/r)3,
with r being the distance between transmitter and receiver,
and L being the shadowing effect satisfying 10log;,(L) ~
N(0,64). We assume that all TX_UEs have same transmit
power budgets in uplink and downlink, i.e., py =py = - =
Y, PP = pY = .-+ = pY. The background noise spectral
density is —174 dBm/Hz, and the noise power depends on
the bandwidth values, e.g., BY and BP. The parameter e is
set as 1079 in the following simulations.

We first show the convergence behaviour of the ADMM
algorithm for (PH). To this end, we solve (PH) by CVX
and then solve the equivalent (PK) by ADMM under the
same network configurations. The typical convergence traces
(starting from the same initial point) are shown in Fig. 2. It
is clear that the ADMM algorithm can converge to the CVX
solution, while the convergence behaviour is sensitive to the
value of c. In our simulation, the ADMM algorithm typically
converges in about 200 iterations with ¢ = 10.

Next, we validate the efficiency advantage of the ADMM
algorithm against CVX (the IP algorithm) for (PH). In Fig.
3, we compare the CPU running times of the two approaches
at different UE pair numbers, which are obtained by running
the simulations on a computer with i5-3320M CPU and 8 GB
RAM. The results show that the ADMM algorithm has higher
efficiency regardless of the UE pair number M, owing to the
simple closed-form solutions in each step. We should mention
here that the results in Fig. 3 are not consistent with those
in Table VI. This can be explained as follows. In Table VI
we actually compare the per-iteration complexities of the two
algorithms, while in Fig. 3 we show the total CPU times they
need to solve (PH). The mismatch between them is mainly due
to the fact that the two algorithms require different numbers
of iterations to achieve the optimal solution of (PH).

In Fig. 4, we compare the convergence behaviours of IA-
IWMMSE and IA-EWMMSE. In TIA-EWMMSE, we update
§ only after (PG) has been exactly solved (i.e., at the red
circles in Fig. 4). Notice that updating § yields apparent
performance improvement, especially in the first few DC
programming iterations. Generally, IA-EWMMSE converges
after 250 WMMSE iterations. By contrast, we update S in each
WMMSE iteration in IA-IWMMSE, and thereby the most of
performance improvement can be achieved in the first few
iterations. As a consequence, IA-IWMMSE is more efficient
and converges faster (typically in 100 WMMSE iterations). It
can also be observed in Fig. 4 that the performance of IA-
IWMMSE is better than that of IJA-EWMMSE. This is due
to the fact that the two algorithms may converge to different
stationary solutions. Since (PF) is non-convex, it is difficult

4000

2000

—-2000
o

—4000,

—-6000 -

objective value

—-8000

—-10000

—»— CVX

~——+— ADMM (c = 10)
—6— ADMM (c = 2)
—&— ADMM (c=0.2) | . ]

—12000

—-14000.+-

-16000 L 5
10 10 10 10
iteration

3

Fig. 2. Typical convergence traces of the ADMM algorithm for (PH), with
M =10, N, = 3, and N,, = 2.

—E©— ADMM (c = 10)

091 —a—cvx

08f
0 07 » ‘ : : D
E
=
S o6f
o
]
o 0.5
d)
N
g 0.4
s

03f

0.2f

0.

0 i i i i i i i
4 5 6 7 8 9 10 11 12

UE pair number M

Fig. 3. CPU time comparison at different UE pair numbers M, with N, = 3
and Ny = 2.

to achieve the global optimum. Both IJA-EWMMSE and IA-
IWWMSE are only guaranteed to converge to a stationary
solution (local optimum) of (PF). The two algorithms have
the same computational steps, while the order of execution is
different (see Tables II and III). In consequence, they have
different convergence traces and finally reach different local
optimums. However, since the objective function of (PF)
depends on the random D2D and cellular channels, there is
no theoretical guarantee that one local optimum will be better
than the other. This is confirmed in Fig. 5, where we record
the sum rates and iteration numbers for convergence of the two
algorithms with 50 different channels. Interestingly, although
the two algorithms may behave differently in each simulation
trial, their average performances are close to each other. The
advantage of IA-IWMMSE against IA-EWMMSE mainly lies
in the simplified algorithm structure (see Table III) and the
accelerated convergence behaviour (see Figs. 4 and 5).

After that, we compare TA-IWMMSE with the following
approaches to show its advantages in sum-rate maximization.
(1) IA-EWMMSE. (2) All-cellular approach; i.e., all UE pairs
communicate through BS. (3) All-D2D approach; i.e., all
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Fig. 4. Typical convergence traces of IA-IWMMSE and IA-EWMMSE, with
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Fig. 5. Comparison of IA-IWMMSE and IA-EWMMSE for 50 different
channels with M = 10, N, = 3, N, = 2, BY = BP = 15 kHz,
Pp =15 dBm, p? = pY, = 0 dBm, Vm.

UE pairs communicate via the D2D link. (4) Exhaustive
search approach, which compares the throughput results of all
possible transmission mode settings and select the best one.
This approach is computationally intolerable in practice, yet its
results can be used to show the gap between our approximate
solution and the optimum. (5) The approach in [18], which
considers the joint mode selection and transceiver design for
sum rate maximization in MIMO D2D networks, and solves it
by utilizing the method of SCA. Besides the solution approach,
our work differs from [18] mainly in that we employ an
exclusive (i.e., either cellular or D2D) mode selection strategy
for each UE pair, while [18] allows simultaneous cellular and
D2D transmission (i.e., it does not use d,, when computing
the achievable rate of the mth UE pair, see R,, in (8)) to
further improve the network throughput, which, of course,
raises heavy operational burden and signaling cost in practice.
To avoid unfair comparison, as simultaneous cellular and D2D
transmission occurs for some UE pair in [18], we force it to
select the mode contributing more to the throughput.

In Fig. 6, we compare the sum rates of different approaches
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~
S
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Fig. 6. Sum-rate comparison at different BS antenna numbers Ny, with M =
10, Ny, = 2, BY = BP = 15 kHz, Pg = 15 dBm, pJ, = 0 dBm,
pa = 0dBm, Vm.
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Fig. 7. Some details of IA-IWMMSE at different BS antenna numbers Ny,
with M = 10, N,, = 2, BU = BP = 15 kHz, Pg = 15 dBm, pJ, =
0 dBm, p,;, = 0dBm, Vm.

at distinct BS antenna numbers N;. Among these approaches,
the all-D2D approach works independently of the BS antenna
number, while the other approaches achieve higher throughput
as N, increases, since more space diversity can be exploited.
The exhaustive search approach surely achieves the highest
sum rate by exploring all the mode selection possibilities.
By performing the system-level optimization on transmission
mode selection and transceiver design, IA-IWMMSE and [A-
EWMMSE achieve the sum rates close to that of the exhaus-
tive search approach and outperform the other approaches. The
performance gap between IA-IWMMSE and the exhaustive
search approach is mainly due to the relaxation of d,, and
the first-order approximation in solving (PB). Although the
approach in [18] also jointly optimizes the transmission mode
and the associated transceivers for each UE pair, it is not de-
signed for the exclusive mode selection strategy. Consequently,
when required to select only one kind of transmission for each
UE pair, it suffers from performance degradation because the
mode selection may not be optimal. When all the UE pairs
communicate through BS, the network tends to be congested.
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with M = 10, N, = 10, Ny, = 2, BY = BP = 15 kHz, pJ, = —3 dBm,
pP = —3 dBm, Vm.

Therefore, the all-cellular approach has the worst performance
in the case of small N,. When N, increases, the congestion
will be alleviated, and hence it gradually outperforms the all-
D2D approach. In Fig. 7, we further show some details of
IA-IWMMSE. As N, increases, the extra space diversity in
cellular transmission drives more UE pairs to select the cellular
mode. Then, the D2D UE pair number decreases and the traffic
through BS increases.

We compare the sum rates of these approaches at different
BS power budgets Pp in Fig. 8, and show some details of [A-
IWMMSE in Fig. 9. In the case of very small BS power budget
(e.g., P = —3 dBm), IA-IWMMSE suggests that all the UE
pairs should select the D2D mode. Therefore, IA-IWMMSE
and the all-D2D approach have the same performance. [A-
EWMMSE and the approach in [18] achieve similar perfor-
mance at this point, implying that they also select the D2D
mode for all UE pairs. The above approaches outperform the
all-cellular approach when Pp is small. As Pp increases, the
D2D UE pairs are more likely to select the cellular mode
for higher rate. As a consequence, the D2D UE pair number

—6— IA-IWMMSE
—H8— IA-EWMMSE
—A— Al D2D

=57 All Cellular
—Q— Exhaustive
—<€— Approach in [18]
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Fig. 10. Sum-rate comparison at different UE downlink power budgets pL,
with M = 10, N, = 5, N, = 2, BY = BP = 15 kHz, Py = 15 dBm,
p% = 0dBm, Vm.
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Fig. 11. Some details of IA-IWMMSE at different UE DL power budgets pa,
with M = 10, N, = 5, Ny, = 2, BY = BP = 15 kHz, Pg = 15 dBm,
p% =0dBm, Vm

decreases and the sum rate increases. The order of achievable
sum rate in this simulation is the same as that in Fig. 6 due to
the reason aforementioned. We emphasize that IA-IWMMSE
and IA-EWMMSE perform close to the exhaustive approach
and outperform the other approaches.

We compare the sum rates of these approaches at different
UE downlink power budgets p> in Fig. 10. In this simulation,
the sum rate of the all-cellular approach is independent of
p2 . while the sum rates of other approaches increase with
pD since they all involve D2D transmission. The descending
order of these approaches in terms of sum rate is the exhaustive
search approach, IA-IWMMSE (IA-EWMMSE), the approach
in [18], the all-D2D approach, and the all-cellular approach.
In Fig. 11, we show more details of IA-IWMMSE. In cellular
mode, the rate of one UE pair is determined actually by the
smaller one of uplink rate and downlink rate, while in D2D
mode the rate is the sum of them. Therefore, increasing the
UE downlink power budget improves the rates of D2D UE
pairs, thereby encouraging UE pairs to select the D2D mode.
In consequence, the D2D UE pair number and the sum rate
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with M = 10, N, = 5, BY = BP = 15 kHz, Pg = 15 dBm, pY, =
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increase with pP . The proportion of D2D rate in the sum rate
increases with p2 also.

We compare the sum rates of these approaches at different
UE antenna numbers N, in Fig. 12, and show more details of
IA-IWMMSE in Fig. 13. As N, increases, all the approaches
in comparison achieve higher sum rates. However, the per-
formance of the all-cellular approach grows far more slowly
compared with the other approaches, especially in the case
of large N,. This is reasonable since when N, is large, the
BS antenna number N, becomes the bottleneck of throughput
improvement in cellular transmission, thus limiting the per-
formance of the all-cellular approach. By contrast, the D2D
transmission benefits from the extra space diversity introduced
by increasing N,,. Then, the other approaches can effectively
improve the network throughput by letting more UE pairs to
select the D2D mode. Again, among these approaches, IA-
IWMMSE achieves the performance close to that of exhaustive
search and outperforms the others. It can be observed that both
the number of D2D UE pairs and the traffic through D2D link
increase with N, in IA-IWMMSE. Moreover, in the case of

N, = 12, the evident advantage of D2D transmission in space
diversity drives all the UE pairs to communicate directly, and
hence the sum rate curves of all these approaches (except the
all-cellular approach) coincide.

VI. CONCLUSION

In this paper, we consider the joint mode selection and
transceiver design problem in underlay D2D multi-user MIMO
networks for sum rate maximization. Different from most
current studies, we assume that the cellular and D2D trans-
missions are equally prioritized, and each UE pair can switch
between cellular mode and D2D mode freely. We develop
a low-complexity algorithm, based on inexact WMMSE, to
iteratively compute a stationary solution of the sum-rate max-
imization problem. To facilitate the algorithm’s implementa-
tion, we further apply the ADMM framework to decouple the
WMMSE problem. Finally, an efficient distributed algorithm
is devised, with a simple closed-form update in each step. The
efficacy and efficiency of the proposed algorithm have been
demonstrated by extensive numerical simulations.

APPENDIX A
PROOF OF PROPOSITION 1

Theoretically, (PA) and (PB) can be solved by the method
of exhaustive search; i.e., we compare the throughput results
of all possible transmission mode settings and select the best
one. Therefore, to establish the equivalence between (PA) and
(PB), it is sufficient to show that their resultant problems with
the same transmission mode setting are equivalent.

The key step in proof is to show that if UE pair m works
in D2D mode and UE pair n works in cellular mode, i.e.,
d,, = 1 and d,, = 0, then we have vgm =0 and vgn =0
at the optimal solution of the resultant problem of (PBV). This
can be proven by contradiction.

Specifically, assume that UE pair m works in D2D mode,
and {V*,U*} is the optimal solution of the resultant problem
of (PB) with v?, # 0. Then, we can get another feasible
solution of the problem by simply letting ng = 0, which is
denoted as {V*, U*}. From the downlink SINR expressions of
(6a) and (6b), we conclude that letting vgm = 0 eliminates the
cellular interference from TX_UE,, to all the other downlink

transmissions, and then improves SINRdDm,V n € M, and
SINR. ¥ n € M,n # m. According to (7a) and (7b),

this pfoduces increased Rd,n,v n € M, for the M D2D
transmissions, and non-decreased Rc,n,v n € M,n # m,
for the (M — 1) cellular transmissions. In other words, among
the 2M rate terms of { Ry, Rennem, only R, decreases
to zero. Recall that UE pair m works in D2D mode, i.e.,
d,, = 1, then from (8) we know that Ram does not count
for the throughput. Hence, we claim that {V*,U*} is not
the optimal solution since {V*, U*} yields higher throughput.
There comes the contradiction. Similarly, we can show that if
UE pair n works in D2D mode, we have vgn = 0 at the
optimal solution of the resultant problem of (PB).

In conclusion, for the same transmission mode setting, the
resultant problems of (PA) and (PB) are equivalent in the
sense that they have the same optimal solutions due to the
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same SINR and rate expressions. Based on this, we further
claim the equivalence between (PA) and (PB).

APPENDIX B
PROOF OF PROPOSITION 2

Using subscript k to denote the iteration index, we express
the updating rules in each iteration of IA-IWMMSE as

{V(k+1) qt+, (k+1)} e QU Uk ),W(k);é(k)% (33a)
U+ — (V(k—&-l)), (33b)
W+ — T(V(k+1), U(k-l-l))7 (33¢)
gk+1) _ g(k+1) (33d)
We next define the following two objective functions
Q(d,s,V;U W) & — Z (s}i{m)Q + (sdDm)2 + sim
meM
(34a)
(3m)” + (38m)? + §§m
Q(d,s, V;UW,8) & Y | —25 sV —230 s
meM _ 28077”5(177”

(34b)

where Q(d, s, V; U, W,3§) is the first-order approximation of
Q(d,s,V;U, W) at s = §; @ is the objective of (PF), and
Q is a general form of the objective of (PG).

Since the WMMSE iterations produce monotonically de-
creasing objective values (even if only one WMMSE itera-
tion is executed), and the first-order Taylor expansion is a
global overestimate of any concave function, we claim that
IA-IWMMSE generates monotonically decreasing objective
sequence (see (36) and the following discussion). In addition,
due to the compactness of the feasible set of {V,d} and
the continuous mapping among V, U and W, the objective
sequence is lower bounded and thus converges.

We denote {V*,d*,s*, U*, W* §*} as a limit point of the
iterates generated by IA-IWMMSE, and Q* as the correspond-
ing objective value. Denote {V (*:) d(ke) g(ke) k) Wike),
é(kt)},?il as a subsequence converging to this limit point. We
show that {V*,d*,s*, U*} is a stationary solution of (PE)
by the following two Lemmas.

Lemma 1: If {V* d* s*, U*, W* §*} is a limit point of
the iterates generated by IA-IWMMSE, then {V* d*, s*, U*,
W*} is a stationary solution of (PG) with § replaced by §*.

proof: We establish this by showing that {V* d*, s*, U*,
W*} is a KKT point of (PG). To this end, we need to prove
that U* = I'(V*), W* = T(V*,U*), and {V*,d*,s*} €
Q(U*, W*;§8*). According to the updating rules in each IA-
IWMMSE iteration, i.e., (33), we directly have U* = T'(V*),
W* =T (V* U*), and §* = s*, i.e,

lim {V (k) d(kt) (’%)7 U(kt)’ W(kt)7 é(kt)}

t—o00
— {V*,d*,s*7U*,W*,é*}

= {V*,d*, 5", T(V*),T(V*,U"),s}. (35)

We next show that {V* d* s*} € Q(U*, W*;8*
cally, we have

). Basi-

Q (d,s, ViU, Wik 50 (36)

Y

o) (d<kt+1>, sUern) y(kess), gke) yy(ke) g(kt))

Y

Q( <kt+1>,5(kt+1)7v(m1);U(kt+1)7w(kt+1>’§<kt))
Q

Y

(d(kt+1) S(kt+1) V(kH—l) Uket1) W(kt+1))
— O (qFe+1) glker1) y(Ferr). 1ykesr) (k1) g(ket1)
Q d y S 7V ,U 7W ;S .

where the first inequality is due to the fact that {V(kt“)
d(Fe+1) s(k“fl)} is the global optimal solution of (PH), which
minimizes Q(-) with respect to {V,d,s} at U = Uk,
W = W) and § = §ke); similarly, the second 1nequa11ty
comes from the fact that U*++1) and W(#++1) are the optimal
solutions of the corresponding minimization problems with
respect to U and W, i.e., (PI) and (PJ), respectively; the third
inequality is because of that the first-order Taylor expansion is
a global overestimate of a concave function; the last equality
can be easily verfied in (34). Interestingly, by replacing the
first item by Q(d(kt)7s(kt)7V(kt);U(kt)7W(kt)7é(kt)), (36)
also indicates that IA-IWMMSE generates monotonically de-
creasing objective sequence of (PG).

Taking the limits of both sides of (36) with respect to ¢, we
get?

Q(d,s, V;U*, W*,§") > Q (d*,s*, V*; U*, W* §*) > Q*,

(37)

which implies {V*,d*,s*} € Q(U*, W*;§*), or equivalent-
ly, the KKT conditions of (PH) are satisfied at {V*,d*,s*}
with U =U*, W = W* and § = §*.

For the sake of conciseness, we define the superscript A €
{U,D} and the subscript | € {c,d} to simplify the notations.
For instance, h;f‘m(dm, Sm) with s, = {S}i{m’ S8 > Se,m} May
denote the following four functions,

s (sdm)? U A 52

h’d Tn(dWl? Sm) = BU(dd e’ h (dmv Sm) = BU(1—dy+e)’
(s2.m)’ Som

hdvm(dm’s"”) = BD(dd +e)? hD m (i, Sm) = BO (I—dm+te)”

The KKT conditions of (PH) at {V*,d*,s*} with {U, W, s}
= {U*, W* §*} are expressed as (38) at the top of next

page, where & | 7, K, v, v, and vD are the associated
Lagrangian multipliers.

Due to the facts of U* = T'(V
we must have

A, x
wy VA

Um

*) and W* = Y(V*, U*),

ef}m(VA up m) =0,
vV Ae{U,D}, Il €{cd}, me M,
Vw“f‘,, [wﬁy;:el m,(VA * ul m) log(wl m )] = Oa

v Ae{U,D}, I €{c,d}, me M.

(39)

To complete the proof, we perform a tactful reformulation. In
particular, we multiply the equations in (39) by the Lagrangian

3We remark that taking the limit inside the objective value Q(-) is
legitimate, as the objective function is continuous.
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Ae{U,D} le{c,d}

15
Z Z §U wlUn* vUCEn(VU * ul ) +21/U U *=0, Yme M,
neMlie{c,d}
Z Z §D D*V b eln(VD* ’*)+21/(?7mvdm*0 Ym e M,
neMlie{c,d}
Z Z & wan* vgmefn(VD * ul )20V =0, Vm € M,
neMlie{c,d}
VXWLQ(d*7 S*’ V*’ U*7 W*’ A* Z Z €l TYLVX'm hl Tn(d* rn) + va d Hvam drn = 07 (38)

U D
v Xm S {dm7sd}m; Sd,masC,m}7 m e M7

0< vl Lpd —v9™ I3 >0, 0<vR,, Lph —IvEr3 >0, ¥meM,
0< T Ld >0, 0< ki, L1=d}, >0, 0<v2 LPg— Y [IVEr[3>0,
meM
O<§lmJ-log(wlm)iwfn::el,m(VA* ufr:)+17hﬁm(d:nastn) 207 VAG {UaD}a ZE {Cvd}7 mEM'

multipliers fl“f‘m and then obtain
A% *
lAmwl m VuA €] A (VA s m) =0,
VAE{U D}, l e {e,d}, meM,

Sfmvw{\ ’[szwjel m(VA - sy m) log(wl m )} 07

vV Ae{U,D}, l €{cd}, me M.
(40)
We can exactly get the KKT conditions of (PG) at {V*,d*,
s*, U*, W*} by directly combining (38) and (40). Then, we
claim that {V* d* s*, U*, W*} is a stationary solution of
(PG). O
Lemma 2: If {V*,d* s*, U*, W*} is a limit point of the
iterates generated by IA-IWMMSE, then it is a stationary
solution of (PF).
proof: According to the results of Lemma 1, we know that
{V*,d*,s*,U*, W*} is a stationary solution of (PG), and
$* = s*. Based on the definitions of (34), we obtain

S
V., Q(d*,s*, V*; U* ' W*)
=V, Q(d* s*, V; U W* §* =s%),
v Xm € {dmwsd,nmsd,m?SQM}? m e M

Replacing VXmQ(d*,s*,V*;U*,W*,é*) by V,,, Q(d*,s*,
V*, U*, W*), (38) and (40) still hold. Then, we get the KKT
conditions of (PF) at {V* d* s*, U* W* §*}, indicating
that it is a stationary solution of (PF). (]

Utilizing the properties of WMMSE reformulation (Theo-
rem {2, 3} in [28] and Proposition 1 in [29]), we conclude that
{V* d*,s*, U*, W* §*} is also a stationary point of (PE).

(41)
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