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Abstract—This work proposes a dynamic precoding and power
allocation policy for mutually cooperative device-to-device (D2D)
transmitter-receiver pairs that underlay a cellular system in the

uplink. The cooperative transmission consists of two phases:

a data-sharing phase (i.e., phasel) and a joint transmission
phase (i.e, phase2). Multicast precoders are used in phasel
and coordinated block-diagonalization precoders are considered
in phase 2. The precoders are jointly designed to maximize
the long-term utility of the D2D users subject to long-term
individual power and rate-gain constraints, and an instantaneous
interference constraint at the base-station. The long-term ob-
jective and constraints allow cooperating users to adapt their

active at a time or orthogonal resources were allocated to
difference D2D pairs, and, thus, the focus was on reducing the
interference between D2D and cellular transmissions. More
recently, in [9]-[11], cases with multiple transmitting D2D
pairs were examined with further consideration on the inter-
pair interference. Specifically, in [9] and [10], both the inter-
pair interference and the interference towards the cellular
transmission were considered by imposing a transmit power
constraint on the D2D transmitters; in [11], the issues of in-
terference and energy-awareness were analyzed for ultra-dense

resources more flexibly over time, but increases the complexity D2D networks using a mean field game framework. However,

of the design. By adopting the Lyapunov optimization framework
and by constructing virtual queues to record the temporal
evolution of the system states, the long-term utility maximization
problem can be decoupled into a series of short-termweighted-

rate-minus-energy-penalty (WRMEP) optimization problems that

can be solved efficiently. A low-complexity algorithm is further
proposed for solving the WRMEP problem when multicasting in
the data-sharing phase is performed by a spatially white input.
Theoretical performance guarantees and a bound on the virtual
queue backlogs are also derived.

|. INTRODUCTION

Device-to-device (D2D) communication has been propos
as a promising technique for improving the spectrum utiliz
tion of next generation cellular systems [1], [2]. This is don
by allowing nearby devices to communicate directly with ea
other without relaying information through the cellular bas

station (BS). As the number of user devices increases,

amount of data that need to be offloaded to D2D transmissi
will inevitably increase and, thus, the system must be able
accommodate a larger number of simultaneously active D
links. However, without cooperation among these D2D pair
the overall system performance will eventually be limited b
the interference that they cause to each other as well as to

cellular system.

In the literature on D2D communications, interferenc
management [3], resource allocation [4], power control [5
[6], and transmission mode selection [7], [8] methods wer
proposed to reduce the interference in D2D underlaid cellular
systems. In [3]-[8], only one D2D pair was assumed to tﬁ

0]

these works do not exploit the advantages of cooperation. With
cooperation, users will be able to better reduce interference
and increase spatial spectrum utilization and, thus, allow more
D2D pairs to be simultaneously active.

User cooperation was studied extensively in wireless com-
munications since the seminal works in [12]-[14]. Many
different scenarios were considered depending on the number
of sources, relays, and destinations, and also on whether or not
there exists dedicated relays (or sources temporarily acting as
relays to help forward the information of others) [15]. Most
of these works considered the use of a two-phase transmission
sgheme, where the source(s) first transmits information to
fite relay(s) in phasé, and then the relay(s) forwards the

a-

|enformation to the destination(s) in pha&eThe works that are

C'HOSt related to ours are those that consider multiple sources

and multiple destinations, such as those in [16]-[24]. In

i&G]—[Zl], sources and destinations were served by dedicated

re(?ays that do not have their own data to transmit and, thus,
lfocate all of their resources to the forwarding of signals

Y_g)m the sources to the destinations. In this case, the relays
can form a distributed antenna array and adopt distributed
Béamforming or space-time coding schemes to exploit the
%I\j/gilable spatial degrees of freedom. Moreover, in [22]-[24],

sources were instead mutually cooperative and took turns
%cting temporarily as relays for one another. No dedicated
elays were assumed to exist in these works. Space-time
oding was adopted in these works to exploit the cooperative
iversity gains. Furthermore, in the context of D2D networks,

Sudies on user cooperation were examined more recently in

5]-[29], where interference against the cellular system was

The authors are with the Institute of Communications Engineering, Ng‘-"ther taken into consideration. However, all of the above

tional Tsing Hua University, Hsinchu, Taiwan (Emailyyswang@erdos.ee;

cooperative transmission schemes assume instantaneous (or

ywhong@ee; wichen@gsithu.edu.tw). Y.-W. P. Hong is also with MOST ghort-term) power constraints, which limits the adaptability

Joint Research Center for Al Technology and All Vista Healthcare.

This work was supported in part by Ministry of Science and Technologﬁ

Taiwan, under grant MOST 107-2634-F-007-005.

f the system over time, and do not consider fairness or
performance guarantees among sources.


IT 8.1
Typewritten text
IEEE Transactions on Wireless Communications Volume: 18 , Issue: 6 , June 2019 


IEEE Transactions on Wireless Communications Volume: 18 , Issue: 6 , June 2019

The main objective of this work is to propose a cooperative resource-sharing over time and among users;
transmission scheme for D2D users that not only takes intoe the decoupling of the long-term optimization problem
consideration short-term interference temperature constraints into practical short-term subproblems that can be solved
at the BS, but also long-term power constraints and cooperative efficiently;
performance guarantees. Cooperation allows multiple D2D. the proposition of a low-complexity scheme that utilizes
pairs to transmit simultaneously in the uplink frame of the spatially white input in phasé.
cellular system without causing significant interference to eachThe remainder of this paper is organized as follows. In
other as well as to the BS. Here, we adopt a two-phase &gaction II, we introduce the system model and the problem for-
operative transmission scheme that consists d&ta-sharing mulation. In Section Ill, we propose the Max-WRMEP policy
transmissiorin phasel and acooperative joint transmissian  that converts the long-term optimization problem into a series
phase2. Specifically, in phase, D2D transmitters (DTs) take of short-term subproblems that depend only on the queue and
turns broadcasting their data to other DTs using physical layg{annel states at that time. A low-complexity alternative is
multicasting techniques. In phase the DTs cooperatively then proposed in Section IV. Finally, we provide numerical
transmit their data to their respective D2D receivers (DR)mulations in Section V to demonstrate the effectiveness of

using coordinated multi-user precoding. Here, we assuf proposed scheme, and conclude in Section VI.
that the DTs are located close to each other (e.g., within a

certain hot spot [29]-[32]) so that the data-sharing in phase
1 can be done efficiently, and adopt the coordinated block-

diagonalization (BD) precoding scheme [33]-[35] in phase Let us consider a cooperatiye D2D netwqu that_ consists of
to ensure that inter-pair interference is eliminated. K multi-antenna D2D transmitter and receiver pairs, denoted
b_g the index set = {1,2,..., K}, as illustrated in Fig.

The proposed cooperative D2D transmission scheme 1> The transmitter and the receiver of tieth D2D pair

formulated as a long-term precoder design problem, thgedenoted by DTk and DR &, respectively. The number
the objective is to maximize the long-term utility subject t transmit and receive anten'nas at each DT and DR are

long-term individual power and rate-gain constraints as w and N,, respectively: Moreover, we assume that there

as_ln_star_naneous constraints on _the mt_erference power "?‘t sts a concurrent uplink transmission between a cellular user
This is different from most works in the literature that consid ltu) and the BS. The D2D and cellular transmissions are
only short-term constraints on the power and the target ra ?multaneously active and, thus, may cause interference to each

Long-term constraints allow cooperative users to allocate th%irher The number of CU and BS antennas Ateand N
resources more flexibly over time and among users. That Hgspéctively b
some users may be favored over other users at a certain timef_’et us consider a time-slotted system with slot duration
but not at others. In particular, the long-term individual pow:

N - : Vormalized tol. The transmission in each time slot is divided
constraint is used to limit the transmit power of each device;

; N ffito two phases: alata-sharingphase (i.e., phast) and a
the long-term rate-gain constraint is used to ensure that e

Il. SYSTEM MODEL

D2D pair achi | te th h tion- and t transmissionphase (i.e., phas®). In phasel, the trans-
pair achieves a larger rate through cooperation; and e s take turns broadcasting their information to all other
short-term interference constraint limits the interference t

the D2D t o th Il " Lnsmitters and, in phasy the transmitters together form a
€ ransmission may cause on tne cefiuiar System. [y iy ;ted antenna array to cooperatively transmit their data to

adopting the Lyapunov optimization framework [36]__[43]' Wehe respective DRs. The portion of time allocated to each user
are able to decouple the long-term design problem into a seri

. ifiphasel is 7, and that allocated to the joint transmission in
of short-term subproblems, one for each time slot. To do so, Sp M J

. ) Rase is 12. Hence, we havé&n; +7, = 1. Here, we assume
construct virtual data, rate-gain, and energy queues to rec %
C
|

T all D2D pairs participate in the cooperative transmission
the system states and to enable separate optimization in e

. X ach time slot. In particular, to ensure that cooperation is
time slot based on these states. The effectiveness of the Lga\'/antageous we assume that the DTs are located close to
punov optimization framework [36], [37] in solving various '

issues in wireless networks was demonstrated in studies ﬁ?;h other, forming a cluster within a certain hot spot, so
o : : t data-sharing in phase be d fficiently. Simil
e.g., energy efficiency [38]-[40], downlink scheduling [41] ara-snaring In phasecan be done eticienty. simrar

d Ci h tina devi ¥ ttings have also been considered in [29]-[32]. The problem
and energy management in energy harvesting devices | 'determining who can or should join the cooperation (i.e.,

[43]. In particular, given the queue states and the channel SiR%es of admission control and partner selection) can both

|nf(_)rmat|on (CS|). of each time slot, we propose the MaxiMuiye studied on top of our proposed cooperative transmission
weighted-rate-minus-energy-penalty (Max-WRMEP) policy Qeheme. but are beyond the scope of this paper.
determine the BD cooperative precoders in each time slot. '

A low-complexity implementation is then proposed for the

case where spatially white input is used for the multicastifty Two Phase Cooperation and Constraints

in phasel. Theoretical performance guarantees and a boundSpecifically, in phasé of time slot¢, DT & transmits the
on the virtual queue backlogs are also derived. Our masignal

contributions can be summarized as follows: chﬂ[t] — Wl(cl)[t]sl(cl)[t] (1)

. the mOd_e”mg of Iong-te_rm optlmlzat|0n prObI_em_S fOr 17he number of transmit and receive antennas need not be the same for al
cooperative networks, which provides better flexibility foD2D pairs, but is assumed to be the same here for ease of exposition.
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whereG, ([t] £ “I‘El)[t]G;C ¢[t] is the effective channel matrix

anda (" [t] £ TIV[](Gefx V[ + n{V[f)~ CA(0, 1, is

Dfmzef:g“ i \)i the effective noise. Therefore, to ensure that all other DTs can
‘ successfully decode in phasgethe transmission rat®),[¢] of

DT k must satisfy

T i i : ~ D H
. i i Rilt] < min logy (In, + G ([t]Q; [t]Gy o [t]]

cetpar > D2D where Q,(Cl)[t] = W,(Cl)[t] (W,(Cl)[t])H is the input covariance
Cell User matrix of DT & in phasel.
In phase2, DTs transmit cooperatively to their respective
(@) Direct D2D transmissions. DRs using joint multiuser transmit precoding. L&f’[t] €
CM*1 pe the data signal intended for DR, where M
is the number of transmltted data streams due to spatial

multiplexing, and letw! )[] € CN+*M pe the precoding
matrix employed by DT to transmits,(f) [t]. By collecting the
precoding matrices from all DTs into a joint precoding matrix
Wl = (WP, ... W2, [17]7, Wk, and by letting
Hk[t] = [Hlyk[t],...,HKyk[t]], WhereHM[t] € CN-xN: i
celular D20 the channel matrix between XTand DRk, the received signal
8 interference at DR £ can be written as
ell T

o i 1] = H W s 1] + D He[IW s 1

(b) Cooperative D2D transmissions. £k

D2D Transmitters D2D Receivers

®3)

D2D Transmitters D2D Receivers

D2D - cellular
interference

2 2
Fig. 1. lllustration of D2D networks without and with cooperation. + HC,k[t]Xg )[ ] + n( )[ ] (4)

to all other DTs for data sharing, wheee"[] € CNex! whereH, ;[t] € CN~*Ne is the channel matrix between CU
is the information-bearing signal ariW (1) [] € CN*Ne is  and DR, x(f)[] ~ CN(0, QCL]) is the signal transmitted
the multicast precoding matrix. We assume that the Gausy CU during phase, and n](C [t] ~ CN(0,0%1y,) is the

sian codebook is used for transmission [13], [35], [41], an8WGN. Similarly, by choosing the n0|se whltenlng matrix

thus, the entries 01’5 )[t] are independent and identicallyyg T(2 [t] € CN-*xNr such that(( [])HT 2)[ )t =
distributed (i.i.d.) Gau53|an with zero mean and unit variancg;, [ JQ[HH, [t] + o2Ly,, the equwalent received signal
ie. s,(g1 [t] ~ CN(0,1y,).2 The received signal at DTduring at DR/ after noise- whitening is
the multicast transmission by DA, for k #£ £, is @)

i [t
Yirlt) = GraldWL 1t + Gl 1l + 0l @ "oy o) [t] -
where xV[t] ~ CN(0,Q.[t]) is the signal transmit- —TI, [t|W +ZH (W P[P [t +22 [t (6)
ted by CU during phasel, Gy,[t] € CN*Nt is the 12k

channel matrix between DTk and DT ¢, G t] €

CNexNe is the channel matrix between CU and DT and Wwhere Hy[t] 2 T [t{]H,[¢] is the effective channel matrix
§1>[] ~ CN(0,0%1y,) is the additive white Gaussianand i ~(2 [t] £ T,(f)[t]( H. i [t]x (2)[]+n [t])~ CN(0,1x,)

noise (AWGN). The interference plus noise covariance me- the effective noise. We assume throughout this work that

trix at DT £ is G ([t]Q.[{]G/,[t] + o21x,% By choosing all channel gains are bounded.

the n0|se Whltenlng matrix agf( )H c CNexNe gych that  To eliminate interference among D2D pairs, we adopt the

((T [])HT 1)[ 1)1 = Gelt ]Qc[ JGH,[t]+021y, [44], the block diagonalization (BD) precodlng technlque [34], [35],

equivalent received S|gnal at DTafter noise-whitening is ~ Where the precoding matricad;” (1], for k = 1,..., K, are

chosen such that
~(1 1 1 = 1 1 ~ (1
yirlt) = Ty = Gr WL s 1] + agP [,

fIg[t]W,(f) [t] =0, V¢ + k. @)
2The Shannon capacity formulae in (3) and (9) are based on the use (2) (2)r,\H
the Gaussian codebook. The code rates achievable under this assumptio rlettmg Q W [ ](W [ ]) be the K N; x KN;

serve as an upper bound to that of practical systems where finite alphagdft COV&rlanCe matrlX for the signal intended for DRthe

codebooks are often adopted. constraint in (7) can be written equivalently as
3To compute the noise whitening matrix, it is necessary for DTo
obtain knowledge of the channel matrix between itself and CU (and, thus, I:Ig[t]Q(z) [t]I:If [t] =0, V0 +k (8)
k -9 :

the interference plus noise covariance matrix). This channel matrix can be
estimated by having DT overhear the pilot signal emitted by CU during its . L .

transmission to the BS. The noise whitening matrix at DBan be computed Notice that it is ne_c_essary to haw; > N, in orde_r ]
similarly. for the above condition to hold. To ensure that the joint
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transmission from the DTs to DR in phase2 is successful, aid the transmission of others (as well as serve their own
the transmission rat&y,[t] must also satisfy transmissions). Hence, it is often difficult to ensure that all
D2D pairs gain instantaneously in each time slot due to
cooperation (as compared to transmitting non-cooperatively
by themselves). Here, we instead determine a BD-based trans-
mission policy (i.e., a sequence of BD cooperative precoding
schemes{Q,(cl)[t], Ef) [t], Ri[t], Vk}52, over time) that max-
imizes the long-term utility subject to long-term individual
power and rate-gain constraints at all D2D pairs. In our
72 log, ‘INT + ﬁk[t]QEf) [t]ﬁkH[t]‘ } case, the cooperative advantages are ensured in the long-term
o ) instead of in each time slot, which provides more flexibility in
Furthermore, to limit the interference that each D2D trangse resource allocation. These constraints are detailed in the

9)

Consequently, by (3) and (9), the transmission r&igt] of
the k-th D2D pair in time-slott must satisfy

Rylt] < nelogy |y, + QL [RL[1].

Ryt] < min { min s log, |Ly, + G e1QL" (G []

(10)

mission may cause on the cellular system, we further impoﬁﬁ’lowing

an instantaneoumterference temperature (ITgonstraint on
the expected interference power from each D2D pair. By as-
suming that the DTs know only the expected channel statistics
towards BS, the IT constraints are given by [45]

E[mtr(Gr o [11QL NG, [t]) + matr(Go QL7 (NG 1)]
= mtr(Ce, , QY []) + m2tr(Ce, Q) <ITh,  (11)

for all k, where G ,[t] € CNo*N¢ is the channel matrix
between DTk and the BS,Gy[t] = [G1[t],. .., Grult],
and Ckab £ E[Gk}{b[t]Gk,b[tH and CGb £ E[Gg—l[t]Gb[tH
are the channel covariance matrices known at the DTs. Here,
we assume tha€g, , and Cg, are full rank, which occurs
whenN, > K N, and the channel coefficients are independent
with positive variances. In this case, the IT constraint in (11)
imposes a constraint on the maximum transmission rate in each
phase. A feasible BD cooperative precoding scheme for the
k-th D2D pair refers to{Qg)[t], Ef) [t], Ri[t]} that satisfies

Wi =0, QP[] = 0, ReJt] > 0 as well as (8), (10),
and (11). Let us denote the set of all feasible BD cooperative
precoding scheme for thé-th D2D pair by T'(H[t], ITy),
where?[t] is the set of all channel states at time

It is worthwhile to note that cooperation may not always be
advantageous since additional overhead is required for DTs
to share their own data with other DTs in phake This
holds for almost all cooperative transmission schemes [12]—
[15] even in the two-user case. However, without cooperation,
each D2D pair is allocated onlly/ K portion of time for direct
transmission between the corresponding DT and DR. Hence,
cooperation can be beneficial if the DTs are sufficiently close
to each other such thaf; (i.e., the data-sharing overhead)
can be made small, in which case, 1 — Kn (i.e.,
the portion of time used to jointly serve all DRs in the
cooperative case) can be greater thigif{. In this work,

we assume that the issues of admission control and partner
selection have already been resolved, and focus on the design

of cooperative transmission schemes that can fully exploit

the available cooperative advantages. Here, we assume that

perfect CSl is available at all nodes for precoding and receiver
processing, but later examine the impact of CSl acquisition and
channel estimation imperfections through simulations.

B. Problem Formulation

When cooperation is employed to improve the overall
system performance, D2D pairs expend their resources to

Long-Term Individual Power ConstrainThe long-term
individual power constraint for Dk is given by

D
Py £ lim — ;E[Pk 1] < Prave,  (12)
where
K
Plt] 2 mtr(QU[) + 72 Y 1(©:Q7 1) (13)
/=1

is the transmit power of Dk in time slott, and®y, is

a KN, x KN, diagonal matrix with{®}, ; = 1, for
j=Ni(k—1)+1,..., Nk, and{®}, ; = 0, otherwise.
Different from conventional per-time-slot power con-
straints, long-term individual power constraints provide
DTs with more flexibility to distribute their power over
time (e.g., allocate more power to time slots with more
favorable channel conditions and vice versa). Since the
slot duration is normalized to, the transmission power
coincides with the energy consumption in each time slot.

e Long-Term Rate-Gain Constraint.ong-term rate-gain

constraints ensure that all D2D pairs eventually achieve
larger rates through cooperation. In particular, for the case
without cooperation, we assume that each D2D pair is
allocatedl/ K of the total slot duration for transmission.
In this case, an achievable rate for the¢h D2D pair in
the non-cooperative case is given by
ology [Ly, + F QAL (14
where Qp°[¢t] is the input covariance matrix at
DT k, Yi[t] € CY*Nr s chosen such that
(el T3e1) ! = He i [()Qe[t1H, [t] + 021y, , and
Hy, x[t] 2 TL°[t|H} . [t]. Then, the maximum achievable
rate for thek-th D2D pair in the non-cooperative case is

given by

1
Z max —
Qpeftleone K

pefrj2

3 logy | Iy, + Hy. o [t Qe [tIHS . [1]],

(15)

where the maximization is performed over the set of
precoding matrices satisfying both power and IT con-
straints, i.e., Q" £ {Q°[t] tr(QLeft])/K <

Py, tr(Cg, ,Qp°[t])/K < 1T}}. Note that (15) is convex
and, thus, can be solved efficiently using general purpose
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solvers, e.g. CVX [46]. Hence, the long-term rate-gaileads to a solution in which the choice of the precoding

constraint for thek-th D2D pair is given by

R £ lim %;E[Rk[t]]

IV
3
=
Nl
=
E

(16)

Let Q(R) be the Iong—term ut|I|ty, wher€(-) is a concave,

continuous, and entry-wise non-decreasing function Rngé
[Ri,..
rates of the D2D pairs. For example the utility functiQr)
can be defined a$)(R) = Zk 1 log Ry, for proportional
fairness optimization or a®(R)
maximization. Then, the problem is formulated as

scheme in each time slot, eQ{Q(l)[] ,(f)[t],Rk[t]} for

all & at timet, depends only on its current CSI and system
states (and not on those of other time slots). The resulting
optimization problem in each time slot can also be decoupled
into K subproblems that can be solved in parallel at the DTs.
The solution that is obtained, albeit suboptimal in general, can
be made arbitrarily close o,y with an appropriate choice of
parameters. In particular, this is done by constructing virtual
data, rate-gain, and energy queues to record the system state,

, R] is the vector of long-term average transmissioand by showing the equivalence between the stability of these

gueues and the feasibility of the long-term constraints.
Specifically, to adopt the Lyapunov optimization technique,

ZkK | Ry, for sum rate Wwe introduce auxiliary variables!,[t], for all k& and ¢, and

modify the problem in (17) as

max QR) (17a) g max Q(A) (18a)

QL7 1,Q7 1], Ri[t],Vk,t QL [1.Q7 (1), Ry [t], A [t] Wkt
subject to {Q\[t], Qi [t], Ry[t]} € T(H[t],1T}), (17b) subject to (17b) (17¢) (17d) (18b)
Pk < Pk,avga Vk7 (17C) Ry > Ak,Vk, (18C)
R > Ry, Vk,t. (17d) 0 < Agt] < Agmax, Yk, t, (18d)

Let us denote the optimal objective value of this problemhere Q(A) 2 limr o &3/ E[Q(A[t])] and A[t] 2
as Wopt, 1.€., wopr = Q(R*) with R* being the solution to [41[t],. .., Ax[t]]. The constraints of the original problem are
(17). This problem is difficult to solve in practice since mncluded above and, thus, are also satisfied by the solution
generally requires noncausal CSI. However, a near-optingdithe modified problem. Le{tQ(l)*[] 14, R [t), AL},
policy can be obtained by adopting dynamic control andk andVt, be the solution of the modified problem in (18). It
Lyapunov optimization techniques [36], [37] as we showpllows that
in the following sections. It is worthwhile to note that the Q(R*) > Q(A*) > Q(A ) > wopt (Amax), (19)
CSI between DTs and DRs, and also that between all D2D B
users and the active uplink CU are required to compute théiere A* 2 limp_, & 377 E[A*[t]], and wopt(Amax)
precoders. This can be done by having DTs and DRs estim@téth A ax = [A1 max; - - - Ak max]) iS the optimal objective
the channel matrices locally using pilot signals emitted byalue corresponding to the original problem in (17) with
DTs and CU, and forward their local estimates to the nodglditional constraint® < Ry < Ay max, for all k. The first
performing the computation. This node can be either BS (inequality follows from (18c) and the fact th&k(-) is non-
the centralized case [5]-[8]) or DTs themselves. More efficieflecreasing; the second inequality follows from the concavity
feedback mechanisms, e.g., [47]-[49], can also be develogdd(-); and the last inequality holds sincé[t] = Ry €
to reduce the overhead in practice. In this work, we assurlie Axmax), for all k£ andt, yields a feasible policy for (18)
that perfect CSI is available at all nodes, and examine tkgee also [36, Chapter 5]). This shows that the optimal rates
gains that can be achieved under this ideal scenario. Toktained from the modified problem can achieve at least as
impact of the CSI acquisition overhead and channel estimatigfod an objective value as,,(Ampax)-
imperfections will be further evaluated through simulations in To solve the modified problem in (18), we first transform
Section V. its long-term constraints (namely, (17c), (17d), and (18c)) into

. . .. .. _queue-stability problems for virtually constructed data queues,
Remark 1. It is worthwhile to note that the optimization .. _gain queues, and energy queues. The data queue records
problem in(17) may not always be feasible due to the "al&%he amount of data in the transmission buffer, the rate-gain

a[]eue records the amount of service that each user should be

be satisfied, the DTs should be sufficiently close to each other .14 in order to achieve a rate advantage over the non-
such that the overhead required for data-sharing is tolerab 5

. operative case, and the ener ueue records the amount of
and should be sufficiently far from BS so that the trans P A

rTBhergy that each user has consumed in excess to its long-term
power is not overly constrained by the IT constraint. The

lated i f ad | 1501, 15 HOWer constraint.
issues are related to studies of admission control [50], [ Let D4[t] be the size of the virtual data queue of the

and partner selection [52], [53], which are beyond the SCOPR, p2D pair at the beginning of slat and let A, [] (where
of this article. 0 < Agft] < Ak max) and Ry[t] be its arrival and departure
in slot t. By letting D[t] £ [D1[t],...,Dk[t]] and R[t] £
[Ri[t], ..., Rk]t]], the evolution of theX data queues can be
gritten as

IIl. DYNAMIC BD-BASED TRANSMISSIONPOLICY FOR
COOPERATIVED?2D PAIRS

In this section, we solve the problem in (17) using th

Lyapunov optimization approach [36], [37]. This approach D[t + 1] = (D[t] - R[t])" + A[t], (20)
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where (x)* = [max{0,z;},...,max{0,z,}] for x = cooperative precoding scheme at tihés obtained as

[1,...,2,]. Moreover, letOy[t] be the size of the rate-gain the solution of the following optimization problem:

qgueue of DTk at the beginning of slot. Here, the arrival in 1)

slot ¢ is the non-cooperative ratg;°[t] and the departure is QW ggﬁ?ﬂ " [t}(Dk [t]+ O [t]) R [t] —mtr (B[] Q. °[t])

the cooperative rat&y[t]. The queue evolution can be written B _ @)

as —n2tr(®[t] Q7 [t]) (26a)
Ot +1] = (O[t] - R[t])" + R"[t], (21) subject to{Q\"]t], Q\?1], Ry[t]} €T (H[1],1Ty), (26b)

where Oft] £ [Oi[t],...,Oklt] and R[] = where®[t] £ S | E,[t)©,. This problem can be solved

[RY°[t], ..., REE[t]. The queue sizeO,[t] can be viewed in parallel for theK D2D pairs.

as the credit that thé-th D2D pair earned by sharing itsji) Updates of QueuesD[t], O[t], and E[{]: The virtual

resources to the cooperative transmission of other DTs’ data. queues are updated according to (20), (21) and (22), using

cooperative resources (i.e., transmit its own data at a highe

Notice that the original problem in (17) involves the opti-
rate) whenOy[t] is larger, and vice versa. Finally, 1€ [t] 9 b (17 P

) , *I*) " mization of a long-term utility function under long-term power
be the size of thEk'th v!rtuall energy queue at the beglnnlnqmd rate-gain constraints, which generally requires noncausal
of slott. The a_rrlval at tlm_ef IS the transmit powePs[f], a_md CSI and joint optimization of parameters over multiple time
the dgparture %%, avg, Which is (ionstant for all. By letting slots. The proposed Max-WRMEP policy instead determines
E([t] N [Eaft], -, Ex(t], Pavg = [Pl-ra"g’:"’PKvan] ar!d the BD cooperative precoding on a slot-by-slot and user-by-
P[t] = [Alt],.., Px[t]], the queue evolution can be writteny g, basis, which makes the problem more tractable in prac-
as N tice. Specifically, in (i), the virtual data arrivals are determined
Eft +1] = (E[t] = Pavg)” + Pt]. (22) by exploiting the tradeoff between maximizing the objective
Here, Ey[t] can be interpreted as the amount of energy us&¢nction (-) and reducing the backlo@[t]. In particular,
by DT k that is in excess to its per time slot budd®t .. Wh}((enQ_(R) is chosen to be the average sum rate (LR ) =
o > x—1 Rk, the virtual data arrival is given bylx[t] = A max,
Definition 1 ([36]). For any k, the queue{Dy[t]}{<; (and, jf > Dy[t], and A, [t] = 0, otherwise; and whef(R) 2
similarly, for {O[t]}22, and { Ex[t]}22,) is strongly stable if Zszl log(Ry,), we haveAy[t] = min(V/Dg[t], Ap.max). I

1 X (i), the input covariance matrices and rates are determined
lim sup — ZIE[Dk[t]] < o0, (23) based on the queue states at that time. Here, more power is
T—oo T expended to increase the effective rate of thth D2D pair
and is mean-rate stable if if the data queue_backlo_@k [t] and/or the credit accumglated
through cooperatio®,[t] is larger, whereas less power is used
lim E[Dy[T1]] —0. (24) if the violation of the energy budget (i.e5[t]) is too large.
TS T The queues are then updated in (iii).

Note that strong stability ensures that the queue-lengthdn addition, let us consider a special class of stationary ran-
are bounded, and implies mean-rate stability as long as themized policies, called{-only transmission policies, where
difference between the expected departure and arrival in edleé transmission control actions in each time slot depend only
time slot is bounded [36, Theorem 2.8], which is satisfied ion the channel statg/[t] at that time. It is defined formally
our case. On the other hand, mean-rate stability of the virtuag follows.

queues implies that the long-term constraints in (17¢), (17%?finition 2. An H-only transmission policy is a policy that

ooses, at each time slat the control actionsA[t] €
Apmax) and {QUV[t], Q7 [¢], Ri[t]} € T(H[t],1Ty), VE,
sed only on the set of channel stat¢g] at that time.

and (18c) are satisfied [36, Theorem 2.5]. Hence, a feasi
solution for (18) is a BD-based transmission policy th b
ensures mean-rate stability of the virtual queues while havi g
0 < Ag[t] < Ak max, for all k and¢. The proposednaximum-
weighted-rate-minus-energy-penalty (Max-WRMERBRhsmis-  We know from [36, Theorem 4.5] that, if (17) is feasible,
sion policy, to be described in the following, achieves thien there exists ai-only transmission policy that performs
task. arbitrarily close to the optimal solution. This policy is used
Max-WRMEP Policy (at time slot ¢): to show the optimality of our proposed Max-WRMEP trans-
(i) Virtual Data Arrival A[t]: The virtual arrival A[t] Mission policy and the corresponding queue-length bounds as
at time ¢ is obtained as the solution of the followingstated in the following theorems.
optimization problem:

Theorem 1. Suppose that the problem if17) is feasible.
K Then, under the proposed Max-WRMEP policy, the long-
A[t]:OSAﬂfnghmm% VQ(A[t]) — Z Dy [t)Ak[t], (25) term constraint{17c) (17d) and (18c)are satisfied, and the
k=1 resulting long-term average utility yields
whereV > 0 is some predefined constant. 1 I
(i) BD Cooperative Precoding Scheme lim inf Q (T Z]E[R[t]]) > Wopt (Amax) —
t=1

(27)
{QV[1], QP[t], Ry[t],Vk}: For each k, the BD T

<la
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where(C' is a positive constant specified in Appendix A. [37], they are necessary to establish the optimality of the

The proof follows similar procedures as in [36], [37] and igroposed scheme and its performance bounds.

given in Appendix A. Recall thaw,pi(Amax) is the optimal
objective value of the problem in (17) with additional con-
straints) < Ry, < Aj max, for all k. Hence, Theorem 1 implies
that, for A max sufficiently large (or, more specifically, for
Apmax > R®, where RYP'[t], Vt, is the rate solution to the
original problem in (17)), the proposed Max-WRMEP policy
can achieve a utility that is arbitrarily close to the optimal The Max-WRMEP policy proposed in the previous section
value w,p, by setting” to be sufficiently large. In Theorem allows the virtual data arrivals and the BD cooperative pre-
1, we have shown the mean-rate stability of the virtual queugsder in each time slot to be determined based only on the
and the feasibility of the proposed policy. In the followingcurrent channel and queue states. However, the precoders in
we further show the strong stability and boundedness of theth phases still require solving the optimization problem in
virtual queues. (26) correctly. This is can be done using standard numerical
Theorem 2. Suppose that, for anye > 0, there _optir_ni_zation toolboxes, such as .CVX [46], W.hiCh can be
exists an H-only transmission policy (as per Defini-'neﬁ'c'e_nt when th_e problem size is large. In this section, we
fon 2) Wi actons Au(H) < (0.4, and 7o SErbe e cplmalstucure of he 8D conperatieprecoc:
1 2 , -

{Q (1), Q7 (H[1), Re(H[1)} € T(H[1), 1Ty), for all k solution that utilizes spatially white multicast input in phase
andt, such that . S .

1. Further analysis on the Lagrange multipliers in the latter

IV. MAXIMUM WRMEP PRECODING WITH SPATIALLY
WHITE MULTICAST INPUT

E[Ax(H[t]) — Re(H[t])] < —e, (28) case leads to a more efficient iterative algorithm for solving
E[R™[t] — Ri(H[t])] < —e (29) the cooperative precoder in phade

g P Specifically, letF_[t] 2 [FH |t HI [, HY [t
E[PL(H[1]) ~ Proavel < —c. (30 ~ Specifically, letHllr] = [FIy [f], ... Hi—, 1), i, 11

..., HIL[]] be the collection of effective channels asso-
for all %k and ¢, where Py(H[t]) 2 nitx( ,(:)(H[t])) 4+ ciated with all DRs_other than DR and let H_,[t] =
1 21 tr(©, QY (H[t])) is the transmit power. Then, the Uk [tl[Z[t] O[V[t] Vi[t]]* be the singular value decompo-

iH K—1)N,x(K—1)N,
queues{ Di[t]} 2. {Ok[t]}iZ, and {Ex[t]}=,, for all k, are ZI:(;) n[\(fS\[{t?){(f)f [Ig]ik[et]' \!Cv?(ef\gexg%t] irg | unit)aryX (matr)ices
strongly stable and are bounded as k k : ' ’
9y and X [t] € CHE-DN-x(K=DN: js g diagonal matrix of

1 LXK singular values. HereV,[t] € CKN*M' and V,[i] €
lim sup 7 > > (EIDu[t] + E[Ok[t] + E[E[t]]) CKNeXKENe=M' \where M’ £ KN, — (K — 1)N,. It was
o0 T =1 k=1 shown in [35] that, to satisfg/ the BD constraints in (8), the
L CHVIQA) —w) (31) lransmit covariance matriQ > [¢] in phase2 must take on the

€ following structure

wherew, £ E[Q(A(H][t]))] and C is the positive constant
given in Theorem 1. Q[ = Vi[1QP [V, (32)

The proof is given in Appendix B. Theorem 2 shows that,
if there exists a policy within the interior of the set of feasible,, 41 % and+ Wherle) 1] € CM'xM' g a positive semi-

policies, then the queues are strongly stable with a bound @ginite matrix. This implies that, to satisfy the BD constraint,

the average queue length given in (31). This bound illustratgg, ransmit signal for DR: should lie in the null space of
the dependence of the average queue lengtly pa and the H_,[t]. By the optimal structure in (32), the phaseate
difference betwee2(A) andw.. From the above theorems’constraint in (9) for thek-th D2D pair can be written as

we can see that, by choosiig to be sufficiently large, the

utility value of the proposed policy can be made arbitrarily

close to the optimal value, albeit at the cost of an increaseg,[t] < . log, |In, + H[t] VL [HQP [V H 1] (33)
average queue length. The queue length affects the time that

is required for the time-averaged utility to become stable and R ~

approach its limiting value. Also, if the performance of thavhereH,[t]V[t] is the projection of the effective channel ma-
proposed policy, i.eQ(A), is close to that of aft-only policy trix H[t] onto the null space o _[t]. In this caseQEf) [t]

with largee, then the average queue length will be small. If this the transmit covariance matrix of the signal transmitted
H-only policy obtains a solution that is close to the boundaner the effective interference-free chankil[t]V[t]. Notice

of the set of feasible policies (i.e., sma)l the upper bound that K N; — (K — 1)N, is the maximum number of parallel
of the average queue length becomes large and more tidega streams that can be transmitted while satisfying the BD
would be required to achieve a stable time-averaged utilitpnstraint and, thus, we choose the number of transmitted data
value. Even though the theorems were obtained followirefreamsM equal to M’. Then, the optimization problem in
standard procedures in Lyapunov optimization theory [36]R6) for finding the BD cooperative precoding scheme can be
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written as t#k, andy’, ;. A, = 1. By the complementary slackness
condition, we know that\, , > 0 (and, thus,\}. , > 0) onl
max  (Dylf] + Ok Relt) — mir(B1QP) we > 0 ke > 0) only
QY [1,Q7 [t), Rk [1]
— atr(©4 []QV (1) (34a) logy \IN, + aka,Zng‘ < log, ]IN, +arGr oGl | (39)
subject to for all ¢ # k. Hence, we have
Rylt] < mlogy|In+ G QL NGE, 1] v # &, (34b) .
? ) } Z Ao logy ‘INt + Oéka.,szH,g‘
Rylt) S malogy Ly, + L[V (IQP HIVE A ], (340) i
~ ~ ~H
mtr(Ca, , Q" [1) + mtr(Ca, , [1QP (1) < 1Ty, (34d) = (Pt Ok = “’“);A“ log, [ Ly, +n GG (40
Q[ = 0, Q1] = 0, Relt] >0, (34e) . - -
i K = (Di+ O — ) minlog, ‘INt + akangkHJ’ . (4D

for k = 1,...,K, where ©,[t] £ VH[t]®[t]V,[t], and
Ca,,[t] £ VI[t]Cg,Vi[t]. This problem is convex andBy (38) and (41), the dual optimization problem can be
can be solved by off-the-shelf solvers such as CVX [46leformulated as
However, these general purpose solvers do not further exploit i
the structure of this problem and the computational complexity ,,, 205, >0
required may increase with the number of D2D pairs.

To reduce the complexity of the design, we propose to adopt 771{(Dk + Oy, — px) minlog, ‘INt + akékygégll
a spatially white input for multicasting in phase where 7k '
Q}(Cl) = oy Iy,, for all k. This has been commonly adopted — [ExN; + S4tr(Ce )]Oék}
in the literature on physical layer multicasting, e.g., in [54], o
to reduce the complexity of the precoder design and the CSI
requirement, and is known to perform well when the number

max
@ >0,Q” -0

+m{ et Ly, + FLVLQ VIR

of users is large or sufficiently spread out. In this case, the _ _ - (2)

Lagrangian function can be written as —tr[(Or + 0k Ca,,)Qy ]} + k1T (42)
L(Riy i, Q) It oz s Ok) It is interesting to observe that, at the optimal point, (34c)
— (Du 4+ O Ry — 11 Ex Noctr — motr (é ~ (2)) must be satisfied with equality since otherwise, we can always

(D e) R — mEelNeo —me kQi chooseRy, to be larger or choosQ,(f) to be smaller to further
. Z Nt (Rk — 1 log, ‘IN#Oékék,eégzD increase th_e quectiye value, which contradicts with the fact
7 ’ that the point is optimal. By the same argument, (34b) must

@) also be satisfied with equality for sondeThis implies that
. (Rk — o log, ‘IN + V. QP VIS D

— 5 (nlaktr(Ckab)—|—772tr(Ckaka )—ITk), (35)

where {\; ¢ }ek, pi, andd, are the non-negative Lagrange

m 1&12 log, ‘IN, + aka,eGgg‘

— 12 log, ‘INT + ﬁkkal(f)VfﬁkH‘ =0 (43)

multipliers. The Lagrange dual function is given by at the optimal point. Moreover, by the complementary slack-
A\ ik 0) = ness condition o, we also know that, at the optimal point,
u({Aneheens ks Ok) = (2) 0 > 0 only if the IT constraint is active, i.e.,
max LRy, o, Qs { Mk e f et i 0x) - (36) . = (2)
Ry >0,06>0,Q7 =0 nlaktr(CGk’b) + thr(CGk,ka ) — 1T, =0. (44)
and the dual optimization problem can be written as Notice that the left-hand-side of (43) is weighted bwk
min W Nkt Yot fhies O ) (37) in (42) and, thus, the maximization over, and Q,g)
Ak, 20,EEk, 11, 20,65, >0 (42) must yield solutions that cause the left-hand-side of
By the stationarity condition with respect 8., the optimal (43) to be non-increasing with respect/ . Similarly, these
solution must satisfy solutions must also cause the left-hand-side of (44) to be
non-increasing with respect t,. Hence, when the IT con-
Dy + O, = Z)\k,e+uk- (38) straint is active (i.e., whem;, > 0), the optimal u; and
t#k 0 can be found by employing a two-dimensional bisection

If Dy, + O — s = 0 (e, if Ae = 0 for all £ # k) at the Search [55] aiming towards finding;, & [0, Dy + O] and
optimal point, the value ofy;, that maximizes the Lagrangiand+ € [0,0kup] that satisfies (43) and (44), whebe ., =
function, regardless of the value of other parameters, is zero Tﬁ maxez tr(GrGf,) — % Notice that,
this case, the optimal raty, is 0 and, thus, thé&-th D2D pair when' 6k = Skup, the objective function in (42) is non-
remains silent. Otherwise, D, + O, — ux > 0, we can define increasing W|th respect tay, > 0 regardless of the choice

ko = £ % for all £ # k, such that\; , > 0, for all  of . and Qk On the other hand, when the IT constraint is
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inactive, the problem reduces to a one-dimensional bisectiftgorithm 1 BD Cooperative Precoding with Spatially White
search oveyy, € [0, Dy + Og]. Multicast Input

In each iteration of the bisection search, whegeandd, -  Set  dx 10w &~ 0 and  Gpup «
are given, the optimal transmit powes, in phasel can be tr(g(’;k%maxbek tr(Gk.,ngg) - %
found by solving the following optimization problem: - If rank(©;) = M’, then seby, + 0. Else éeﬁk VG -
Dy, + Oy, — i) min1 ‘I + Gy, G ‘ Ohup)/2
max (Dk + Ok — ik min logy | In, + ak Grr, Gy while 6j.up — Otow > €
- Set g iow < 0, fkup < Di + Ok, and pg, < (i 1ow +
- [Eth+§ktr(CGk,b)] ak} Mk7up)/2'
N while HEup — Mk low > € .
— max {(Dk +Op — ) min > log, (1 4 Oékﬁf,z,n) - Compute the singular value{s}kymiﬁle of H,.
k=20 b Compute Bim < (&5 — )7, for all m, and
k,m
— [Eth + 5ktr(Ckab)} Ozk}, (45) Rk,2 N2 Z%:l 1Og2(1 + 61%7mﬁk,m)-
Computeay, by solving (45) with the bisection line

where{c. s, }2* | are the singular values €, ;. The optimal
ay, can be found by simple convex optimization procedures for

search overy, € [0, ag, up), Whereay up, is defined in
(47).

single parameter optimization [56]. For example, we can adopt - COMpPUteR;. 1 < m min#ﬂlm + Okak.,leH,e‘-

the bisection line search ovey, € [0, ay up], Whereay, ,, can - Setpgiow < pik, if Ri1 > Ry 2, and seluy up < ik,
be chosen such that an upper bound of the derivative at this ~ otherwise. Updatgy, < Llowtihne,
point is 0, i.e., end while
; ~ A (2)
(Dy + Oy — i) Ny - Setdi jow Ok, if nlaktr(CGk,b) + 772tr(CGk,ka ) >
oy 02 — [ExN; + 0xtr(Ca, )] = 0. (46) 1T, and setdy ., + 6%, Otherwise. Updaté, < (54 10w +
" Skup) /2.
In this case, we have endeh“e

o & (D4 Ok — )Ny
k,up [ExN¢ + 0rtr(Ca, , )] In2°

(47)
The solution is given by

+
Mk 1
ﬁk,m <1H2 &;%7m> ) (52)

for m = 1,...,M’. It is necessary to note that the so-
lution depends ond; through the values ofs3 ., Vm,

since 0, is embedded |nP12k By summarizigg the above,
Notice that the optimab;, must be positive to mak®; + the optimal ASOlu“(?r;Ifqul(c) is given by Q;” = (@ +
5:Ca,, full rank (if © is not) smce otherwise, (48) could5kCGk ») 2 ViBiVi (O, +6:Cg, )~ 2. The optimal rate
become unbounded by taku(g = Bpvvi with 8, — oo s then given by

wherev is the elgenvector correspondmg to the zero elgen
value of@;C By letting Q ((9;C + 6kCGk b) 2 Qk ((9;C +

Moreover, the optimalQEf) can be found by solving the
following optimization problem:

max i log, ‘INT + I:IkaQEf)V,?I:IkH’
Q-0

- tr[(@k + 5kCGk b) (2)]. (48)

Rk = HliIl {Iln;z??’]l 1Og2 ’INt + Oékék_’[ék}{é‘ y

6,C z, the problem in (48) can be written as S A (2 H
+Cc.,) ¥ the p (48) n210g, [Ly, + Ho V. QL VI HY| } (53)
H (2)
Qn&afo i 1ogy I, + H’“Q H ‘ ) (49) The proposed BD cooperative precoding scheme with spa-
R R o tially white multicast input is summarized in Algorithm 1.
whereH,, £ Hka((Bk—i—ékCGk .- 3. Let H, = UkEkV,‘;‘I Specifically, in Algorithm 1, we first check whether or not
be the SVD ofH,, wheres;, = diag{d, REEE oen }, Uy Oy, e, if rank(@k) M'. If so, then the solution ofiy,

is an N, x M’ semi-unitary matrix, andv;, is an M’ x M’ ay, and{py»}}_, are computed fob;, = 0. If the solution

un|2tary matrix. By Hadamard's inequality [57], the optimain this case yieldsyaxtr(Ce,,) + thr(CkabQ,(f)) <

,(C) must take on the form 1Ty, then we are done. If not, then the algorithm con-
tinues with the bisection search ovér between the ini-

tial Iower and upper bound$y o = 0 and dxup =

Dyp+O0y _ __EpNs
whereBy, = diag(SBk,1, - .., Bk, mv). In this case, the optimiza- t(Cg,, ;) In2 axestk tr(G’fafGM) tr(Ca, )"

tion problem further reduces to the following form:

. ;(f) = VB, V/, (50)

V. NUMERICAL COMPARISON

In this section, we evaluate the performance of the proposed
Max-WRMEP policy through computer simulations. Notice

M’ M’

-2
5 1 22 0 (1 B ) = 3 (50

m=1
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Fig. 2. Convergence of the average sum rate over time. Fig. 3. Convergence of the average transmit power over time

18

-A-Max-WRMEP Policy, ¢ =1
-©-Max-WRMEP Policy, d =3

that cooperative D2D transmission is suitable for cases whe 16 i

the DTs are located close to each other, e.g., within a cert; Mo WRMEP with S, = |
hot spot [29]-[32]. To focus on such a scenario, we assur |9 Max-WRMEP with SWh, d = ¢
in these experiments that the DTs are distributed according
a uniform distribution within a circular hot spot of radids
meters centered at locatioqr-150, —150) and the DRs are
also uniformly distributed within a ring distanced betwee
d» and d3 meters from the center of the hot spot. The B!
is located at the origin and the active cell user is locate
randomly according to a uniform distribution within a circula
area of radiusky = 300 meters. The center of the hot spo ‘ ‘ ‘
(=150, —150) is only chosen so that it is more or less ir ® Average Transmit Power Constraint per DT Fyary (dBm) ®
the middle between the center and the edge of the cell. Tne

.number of fransmit antennas at each DT and that at the CFlng’. 4. Average sum rate comparison for different valuedofvith K = 4,
i.e., N; and N., are both equal ta3, and the number of ;,"_ 30, andd; = 40.

receive antennas at each DR and that at BS /dre= 3

and N, = 3K, respectively, whereX is number of D2D drift and, thus, the average transmit power (i.e., the arrival into
pairs. The entries i , are assumed to be i.i.dA(0,d, 7)., the virtual energy queue) will be larger. This results in a larger
where dj, is the distance between nodés and /. The backlog for other queues as well, as indicated in Theorem
statistics of other channel matrices are given similarly. Tiie We can also see that a larger utility can be achieved by
results are averaged oveo different user locations ant0*  choosingA.., to be larger since, in this case, the additional
channel realizations per location. Moreove),|t] is chosen constraint on the data arrival is loosened and, thus, the solution
to maximize the point-to-point transmission rate between Qbkcomes closer to that of the original problem in (17).
and BS in the absence of D2D interference under the transmiin Figs. 4 and 5, the average sum rate of the proposed
power constraintPcy = tr(Qc[t]) = 24 dBm. The noise Max-WRMEP with spatially white input (Max-WRMEP with
power iso; = —110 dBm at all nodes. The IT constraintSwI) is compared to that of the case with no cooperation for
is set aslT; = v/10Pcu300~2/K, for all k, so that a target different choices ofl; andds, respectively. Specifically, in Fig.
SINR of —5 dB can be achieved by cell edge users [58]. 4, we show the average sum rate versus the average transmit
In Figs. 2 and 3, the convergence of the proposed algoritipower constraint per DT for the case witti = 4, d2 = 30,
is shown in terms of the average sum rate and the averafje= 40, and different values ofi;. The proposed Max-
transmit power for the case where DTs are equally spac&RMEP policy with optimized multicast input in problem
on the boundary of a circle with radius5m centered at (34), which is solved numerically by CVX, is also shown
(—150,—150), DRs are35m away from the center (alignedfor comparison. Due to higher computational complexity, the
with their corresponding DTs), and CU is placed(260,0). results obtained from CVX are only averaged o@different
The long-term average transmit power constraifit.., is user locations and000 channel realizations per location. We
set asb dBm. Recall from (58) and (59) that the proposedan observe that the average sum rate is larger when
Lyapunov optimization method aims to minimize an uppes smaller (i.e., when the phadetransmission rate can be
bound of the drift minus thé/-weighted objective value. higher). Notice that the average sum rate for the case with
Hence, a larger utility (i.e., sum rate) is achieved with a largao cooperation is not significantly affected by the choice of
choice of V. This is also shown explicitly in Theorem 1. Ind; since there is no need for data exchange among DTs. We
fact, whenV is large, less emphasis is put on minimizing thean also see that the low-complexity Max-WRMEP with SWI

[N
S

-£1-Max-WRMEP with SWI,d =5
H-A: No Cooperation, d =1
-®- No Cooperation, d =3
| |3 No Cooperation, d =5

»4
N
B0

[N
o

Average Sum Rate (bits/s/Hz)
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173 channel u 1077 channel use

DTs to BS:
L |cshcsiy

DRs to BS:
CSly, CSly

BS to DTs:
precoders

BS-based
Approach

Data Transmission ‘

[N
o

140 channel u; 1110 channel u:

i
~

DTs to DTs:

DT-based |
CSly, CSls, CSls

Approach | +

DRs to DTs: ‘

Csl,, CSl, Data Transmission ‘

[
N

1214 channel

No |
Cooperation |

‘ Data Transmission ‘

=
o

DTs send BRs to DTs: S Hylth k=1,..., K Cslst Gulth k= 1,..., K
pilots CSly, CSl, CSly: G [t], Ve # k

-A-Max-WRMEP with SWI, ¢ = 1D |
-©-Max-WRMEP with SWI, ¢ =20
Max-WRMEP with SWI, d =3 . .
-A: No Cooperation, 1 :mq 1 Fig. 7. Example of frame structure for channel acquisition.
-@ No Cooperation, g = 20
-3 No Cooperation, g = 30

Average Sum Rate (bits/s/Hz)

‘ ‘ ‘ computation is performed at BS (i.e., the BS-based approach),
-5 o 5 10 15 the required CSI can be acquired as follbws
Average Transmit Power Constraint per DT P .y, (dBm) Lo . . .
Step 1:DTs take turns emitting their respective pilot sym-
Fig. 5. Average sum rate comparison for different valuegd-nfvith K = 4 bols to other DTs, DRs, and BS. (This enables DTs to
dlg': 3, anddf =ds + 10. P ° - estimateCSIs, DRs to estimat€Sl,, and BS to estimate
CSI5).
Step 2: DTs take turns broadcasting their local estimates of
CSI; andCSI; to BS.
Step 3: DRs take turns broadcasting their local estimates of
CSI, and CSly to BS.
Step 4:BS computes and broadcasts the precoders

(W]} and {W?[¢]} to DTs.
Note that one can also consider the DT-based approach

18

[N
o

i
~

[
N

=
(=}

©

Average Sum Rate (bits/s/Hz)

e ; gm::mmgngvm Sw.spals where the computation i_s perf_ormed directly at DTs. In this
e Max-WRMEP with SWI, 3 Paifs case, Step 4 can be avoided since the precoders are computed
"3 No Cooperation 4 paire ] directly at the DTs. In the conventionabn-cooperativease,
; ‘ I-E No Coperation. 3 Pairs CSI;, CSIs, part of CSl4 (i.e., the intra-pair channels), and
-5 0 5 10 15 CSI; are also required at the DTs to compute their respec-

Average Tranamit Power Gonsiraint. per DT P (4Bm) tive precoding matrices. Hence, on§S13 and the inter-pair

channels inCSI, are additional requirements for cooperation.
The frame structure for the abovementioned CSI acquisition

. , ._procedure is illustrated in Fig. 7.
policy performs close to the optimal Max-WRMEP policy Let us consider the case with — 4 D2D pairs, N, —

Fig. 6. Average sum rate comparison for differétit with d; = 3, d> = 30,
andds = 40.

solved by CVX. Similarly, in Fig. 5, we show the average SUM; _ N — 3 antennas at each DT, DR and CU, aNg =

rate versus the average transmit power constraint per DT EQFN:: 12 antennas at BS. We assume that each complex
tEe case V\ch[h{ =4,d, =3, and d|ﬁﬁrent valules ofz (and, \a1ye is quantized intd2 bits (i.e.,16 bits each for the real and
thus, ds, which is set asi; +10). In this case, larger averagéy,q imaginary parts). By approximating the transmission rate
sum rates are also observed for smaller valueg,ofin both between nodes andb, for a,b € {BS,DT,DR}, asR,;, =

figures, we can see that, even though the average sum r%?§og(1 + P,/(d% ,02)), and by setting the transmit powers
increase withP ..., they eventually saturate (f@f v, > 10 as Por = Pon “:’b 2’21 dBm and Pss — 40 dBm, and the

dBm) QUe to the IT constraint. distances agpr ps = dpr.ps + 30 = 250 m anddpr pr =

In Fig. 6, we show the average sum rate versus the average . 40 — 50 m (i.e., the maximum distances between
transmit power constralnt. per DT for the case with = 3, different types of nodes in our experiments), the total number
dy = 30, ds = 40, an_d d|ffere|j1t values ofy. We can Se€ . channel uses required for channel acquisition and feedback
that, for both cases with and without cooperation, the average| -3 tor the BS-based approach ando for the DT-based
sum rate increases monotonically wiff ..., but saturates approach. By considering a channel with bandwitith— 1
earlier whenkK is larger since the total interference that cagyi, and coherence timé. — 2.5 ms (i.e., the case with user

be allowed at the BS is fixed. For the case without cooperaticmobi”ty equal to64 km/hr [59]), the overhead occupias.s
this effect causes the case wilh= 3 to outperform the case and 11.2 percent of the coherence interval 8250 channel

with K = 4, K' =5 for Py avg that is sufficiently large. uses respectively for the BS-based and DT-based approaches.
Up to this point, we have focused on the ideal scenario,, Fig. 8, we show the impact of the channel acquisition

where .perfect F:SI IS avallqble for the computation of th8verhead as well as the channel estimation imperfections for
precoding matrices. In particular, the CSI required for this

computation can be denoted B}g1; to CSI5, as defined at the  “Note that DTs’ estimate of:SI; and CSI5 and DRs’ estimate 0€SI,
bottom of Fig. 7. In practice, the channel acquisition proceduf@" be obtained by overhearing the pilot signals emitted by CU and BS in

. . . . . e uplink and downlink frames. Hence, they are assumed to be available at
requires non-negllglble overhead for p”Ot S|gnalllng and Céﬁeir respective locations and, thus, are not considered explicitly in the D2D
feedback. For example, by considering the case where thennel acquisition procedure described here.
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16 ‘ ‘ ‘ groups and the group association problem should be further
examined.
4 T O=== ===
12+
; J APPENDIXA
10 g-=" X _ ___ - J PROOF OFTHEOREM 1

Let S[t] = {DJt],O[t],E[t]} be the state of the virtual
gueues at timeg and let the Lyapunov function be defined

Max-WRMEP with SWI, DT-based Approach, Perfect CSI as
A\ Max-WRMEP with SWI, DT-based Approach, P = 10 dBm
-B-Max-WRMEP with SWI, BS-based Approach, Perfect CSI
2L -Max-WRMEP with SWI, BS-based Approach, P = 10 dBm A

% L(S[t]) =

Average Sum Throughput (bits/s/Hz)

N —
N | =

No Cooperation, No Exchange Overhead, Perfect CSI

K K
1
Dilt] + Oiltl + = Y Eilt]. (54
No Cooperation, with CSI Exchange Overhead, P = 10 dBm| Z k[ ] Z k[ ] 2 Z k[ ] ( )

0 k=1 k=1 k=1
-5 0 5 10 15

Average Transmit Power Constraint per DT Py (dBm) Its one-slot conditional Lyapunov drift is then given by
A(S[t]) £ E[L(S[t +1]) — L(S[t]) | S[t]].

Fig. 8. Average sum rate in the presence of channel acquisition overhead angtjrst, by taking the square on both sides of (20), we have
imperfect CSI forK = 4, di = 3, d2 = 20, andds = 30. The MMSE

gzﬂmg:%rnvzlsltréomlsc?g;gv&/.erPE = 10 dBm is adopted here when channeIDi[t + 1]§(Dk[t]—Rk[t])2+Ai [t]—|—2Ak[t](Dk[t]—Rk [t])+

the case whereX = 4, di = 3 m, do = 20 m, and SD%UHR%[L‘]_2Dk[t]Rk[t]+Ai[t]+2Ak[t]Dk[t]'

ds = 30Vm.[l]-|ered, we [a}s?ume” zhat the estijmated channel ¢ iows that D2t + 1] — D2f] < R2[f] + A2[f] —

matricesGy i [t] andHy [t], for all ¢, k, are used to compute . - :

the precoding matrices, and adopt the rate expressionspin [ k[?]-(Rk 1] = Ax [t-])' BY summing overk and by taking the
o . condition expectation give§[t], we get

[61], where the channel estimation error plus interference

is treated as Gaussian noise. We can see that the proposed 1 K K

scheme still outperforms the non-cooperation case even when QE[ D2t +1] — Z D3[t] ’S[t]]

taking into account the overhead required for CSI acquisition = k=1

and feedback, and the impact of imperfect CSI.

<

IM=1I

1
5 > E[RIlt] + 14| ST]
VI. CONCLUSION

WE

In this paper, a dynamic cooperative transmission policy Dk[t]E[Rk[t] - Ak[t]‘s[t]}' (59)

was proposed for multiple underlaying D2D pairs using Lya-
punov optimization. The proposed policy employs a twaNotice thatA[t] < Axmax and that, due to the IT constraint
phase transmission scheme that consists afata-sharing on the transmit power and by the boundedness assumption on
transmissionin phasel and acooperative joint transmission the channel gains, the raté, [t] are bounded as well. Let us

in phase2. The transmit precoders in both phases were jointfenote the bound on the transmission ratéfy,..[t], which
designed with the goal of maximizing the sum utility ofmay depend on the channel state at that time. Hence, the first
the average transmission rates subject to long-term indivigrm in (55) can be bounded as

ual power constraints, long-term rate-gain constraints, and
instantaneous IT constraints. By adopting the framework of
Lyapunov optimization, virtual data, rate-gain, and energy
gueues were constructed to record the temporal states of the

K K
system. By doing so, the long-term cooperative precoding < %ZE{RQ [t]} +%ZAi,max 20 (56)
k=1

el
Il

1

%I;E[Rﬁ[t] + A0S

problems were reduced to solving a series of short-term k,max
weighted-rate-minus-energy-penalty (WRMBERaximization

subproblems. A low-complexity cooperative precoding scheréiere C1 is a bounded constant SincRy max[t]}i2, is
was proposed by assuming spatially white multicast inpgtationary. It follows that
in phasel. Theoretical performance guarantees and bounds % X
on the virtual queue backlogs were also derived. Finally, the EE{ZDi[t +1]— ZD%M’SM]
effectiveness of the proposed policies was evaluated through 2 P

computer simulations. In addition to the cooperative transmis- K

sion scheme proposed in this work, the problem of determining <O — Z Dk[t]E[Rk [t] — Ap [t]‘S[t]] . (57)
who can or should join the cooperative group of D2D pairs =1

(i.e., issues of admission control and partner selection) can also ) K K

be studied on top of our proposed cooperative transmissighnilarly, we havejE[>°,", OF[t+1] -3, OF[t]|S[t] <
scheme. Moreover, the framework can also be extended@o—> "1, Ox[tE[Ry.[t]— R°[t]|S[t]] andiE[ S EZ[t+
cases with multiple cooperative groups of D2D pairs, in which — Zszl EZM|S[E]] < C5 — Zszl Ei[t]E[Pgavg —
case, the interference coordination among different cooperatNﬂtHS[t]], whereCy and C5 are bounded constants.

k=1

k=1
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It thus follows from the definition of the Lyapunov drift andThen, by taking the expectation, summing overnd rear-

the inequalities above that ranging the terms, we have
A(S[t]) — VE[Q(AT])|S[t] — C T S
I %ZE[Q(AM)} > wopt(Amax) — % _ ]E[LéiT[lm.
< Y E[Delt)Ault] + OuAR ) — Erlt]Prave| ST -

k=1

S E [Dk[ |Ri[t] + Ol R[] — Exlt)Pult] ‘S[t]}

k=1

Therefore, with L(S[1]) < oo, it follows from Jensen’s
inequality that

T
o 1 C
E[ )}S[tH? (58) l}TrIigor(l)fQ <T Z]E[A[t]]) > wopt(Amax) - V (66)
t=1
where C £ C; + Cy + Cs. Here, an additional term .
VE[Q(A]t])|S[t] is subtracted from both sides oftheinequalIE[Alsz’ t])Té[t]]regr;?(rEmg) Eﬁ?hasgd by the fact that
ity. By substitutingP,[¢] with that in (13) and by rearranging - fmax
the terms, the right-hand-side can be written as A(S[t]) < C + V(U Amax) — Wopt(Amax))-  (67)
_ ]E{VQ ZD’f [t] Ax[{] ‘S } Hence, by [36, Theorem 4.1], we know that all queues are
mean rate stable which implies that the long-term constraints
K in (17c¢), (17d), and (18c) are achieved. The bound in (27) thus
_ ZE[(Dk [t] + Ow[t]) Ri[t] — mtr(Ex[t] (1>[ ) follows from (18c), (66), and the fact th&x(-) is continuous
—1 and entry-wise non-decreasing.
K
2
—nztr(z 0[t]©®cQy, [])‘ H} APPENDIX B
=1 PROOF OFTHEOREM 2
+ ZE[ [t]REC[t] — Ex[t|Pk ave S[t]], (59) By plugging the inequalities in (28)-(30) into (60), we have
A(S[t]) — VE[Q(A \S )] -¢C

which is minimized by (25) and (26) of the proposed Max-
WRMEP policy. Hence, for any other alternative policy that
yields arrival { A}[t], Vk} such that0 < A} [t] < Ak max
for all k, transmission rate§R; [t], Vk}, and transmit powers
{P/[t],VEk}, it holds that

Mx

Ht]) - R (H[H))|S[]

Mw

+ ) ElOx[t](RR[t] - Ru(H[t]) | S[t]
A(S[t]) — VE[QA)|S[t] — C k;l
< i E[Dy[t]AL[1] + OkRETE] — ByltPravs |S[H] + D BIBf(Pu(HIt]) ~ Prae) |SIH) - VEIAA (HI))]
k=1 k=1
K K
— S E[DulRLE + OclRLE - BR[| =€ ,; E[(Dx[t]+Oxlt]+ Exlt])|S[H] — Vwe. (68)
_ 1;; [Q(A’[t])|8[t]}, (60) By taking the expectation, the time average oveand by

rearranging the terms, we get
whereA'[t] = [A}[t], ..., A [t]].

Note that the feasibility of (17) in the premise of the theorem Z IE Z
implies the feasibility of (18). Therefore, by [36, Theorem ‘T =
4.5], we know that, for anyy > 0 there exists ar{-only -
policy (as per Definition 2) withA,(H[t]) € [0, Ak.max), Z Vet E[L(S[l])] (69)
vk, and {Q; (H[1]), Qi (It]). R (1)} € T(M[1].ITy), = T
Vk, t, such that

[t] + Ok[t] “rEk[t])] - C
t=1

’ﬂ |

Then, by taking the limit on both sides and dividing §ywe

E[Q(At])] < wopt(AmaX) +4, (61) obtain
[Aég [t] - Ry [t]] <6 (62)
E[R[t] — RL[t]] < 5 (63) limsup 7 Z Z ] + E[Ox[t] + E[Ex[1])
/ o t 1 k=1
E[P[t] = Prave] <9, (64) O+ VA —w)
By plugging the above inequalities into (60) and by taking < c : (70)

00, we have It thus follows by Definition 1 that the queuddDy[t]}2,,

A(S[t]) = VE[QA])|S[t] < C — Vwops(Amax).  (65) {Ok[t]}i2, and {Ex[t]};2,, for all k, are strongly stable.
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