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Abstract—We consider a multi-carrier joint processing (JP)
coordinated multi-point (CoMP) cellular system wherein the
beamformers are designed by a centralized controller (CC).
Those are subsequently fed back to the respective base stations
(BSs) via finite capacity backhaul link. Hence, we design transmit
beamformers at the CC that associate users to BSs depending on
their backhaul capacity and users channel state to address this
problem. Upon identifying the active links, user multiplexing and
scheduling over spatial and frequency dimensions are performed
in conjunction with the beamformer design for all BSs subject
to the objective of minimizing the number of backlogged packets
at the CC. Since the beamformers are notified to the respective
BSs along with the data, the backhaul utilization must include
the overhead incurred by the quantized beamformers, which has
higher precision as it is used by all data symbols transmitted over
a coherence block. In this paper, we assume fixed quantization
levels for each complex entry in the beamformers. Therefore, we
select a subset of entries for each beamformer to reduce the over-
head incurred by the active antennas, which when removed has
the minimal impact on the user rate. With the above mentioned
constraints and requirements, the beamformer design becomes
a nonconvex combinatorial problem. Therefore, we provide a
solution for the proposed formulation by employing successive
convex approximation technique to handle the nonconvexity and
the combinatorial search involving binary variables are replaced
by a linear bounds along with a sparsity inducing term in
the objective. The proposed method is useful only when the
backhaul usage due to the beamformers is significantly larger
when compared to the overhead incurred by the active users data.
Numerical results are provided to illustrate the performance.

I. INTRODUCTION

We consider a cooperative multi-cell joint processing (JP)
coordinated multi-point (CoMP) transmission wherein mul-
tiple base stations (BSs) coherently transmit the same data
to users over an orthogonal frequency division multiplexing
(OFDM) framework. Serving users by multiple BSs increases
their throughput significantly [1]. However, due to finite back-
haul capacity, it is often not possible to include all BSs in the
network for CoMP transmission as it requires the users’ data
to be conveyed through the backhaul. Therefore, due to the
limitations imposed by the finite backhaul capacity, the number
of cooperating BSs is restricted to a subset of BSs only. In such
cases, the beamformer design becomes more challenging as it
involves both user association and beamformer design for the
chosen subset of users [2]-[6].

Typically, downlink transmissions are focused to provide
certain quality-of-service (QoS) for users that are either di-
rectly or indirectly related to the minimization of queued
packets with certain priorities imposed by the physical layer.

Therefore, we focus on the queue minimization objective
for the design of beamformers at the centralized controller
(CCO). Earlier studies on queue minimization were summa-
rized in the survey paper [7]. In particular, the problem
of power allocation to minimize the number of backlogged
packets was considered in [8] for a single-input single-output
(SISO) OFDM system. Since the beamformers are designed
by the CC, both users’ data and beamformers are signaled
via backhaul to the respective BSs by the CC. Therefore, to
reduce the backhaul utilization, the beamformers are quantized
with enough number of bits to guarantee sufficient accuracy
for a JP CoMP transmission. The problem of multi-antenna
beamformer quantization was studied extensively in [9]-[13].

Due to channel coherency in both time and frequency
dimensions, multiple data symbols in a frame are precoded
with the same beamformer. Therefore, it is efficient to send
beamformers and data symbols from finite alphabets separately
to the respective BSs. However, if the BSs act as a remote
radio head, then signaling the beamformers and data symbols
separately is not an efficient choice [5], [6]. Thus, as an
extension to [3], we consider the signaling of both users’ data
and the beamformers from the CC to all the BSs, since both are
available only at the CC. As the number of antennas increases,
the overhead incurred by the quantized beamformers will be
significant enough to limit either the number of served users
or the rate. Thus, we consider antenna selection as a candidate
to reduce the beamformer overhead.

II. SYSTEM MODEL & PROBLEM FORMULATION

We consider a model with Np BSs, each equipped with
Np transmit antennas, serving K single antenna users over N
OFDM sub-channels or coherence bands.'! The set of all BS
in the system is denoted by B = {1,2,..., Ng} and the set
of all users is represented by U = {1,2, ..., K}. The received
symbol yy, , of user k on the nth sub-channel is given by

Yen = Z Z hb,k,nmb,k,ndk’,n + €k,n (1)
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where hy ;. ., € CY*N7 denotes the channel between user k
and BS b on the nth OFDM sub-channel. The transmit data
symbol dy ,, corresponding to each user k has E[|d ,|?] = 1
and ey, is a sample of circularly symmetric additive white

The term sub-channel refers to a group of frequency resources for which
the channel is assumed to be constant. Hence, the beamformers are designed
for a group of sub-carriers over which multiple data symbols are transmitted.



complex Gaussian noise drawn from CN(0, Ny). The transmit
beamformers my, ;. ,, € CNT>1 yged to transmit data to user
k, are designed by the CC and provided to the respective
BSs in B for coordinated transmission. The received signal-
to-interference-plus-noise ratio (SINR) of user k is given as
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by assuming that the users are served by all BSs coherently.
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Let Q; be the number of backlogged packets destined for
user k£ at a given scheduling instant. The queue dynamics of
user k are modeled using the Poisson arrival process with the
average number of packet arrivals of A; = E;{\;} packets
or bits, where \i[i] ~ Pois(Ay) represents the instantaneous
number of packets arriving for user k at the ¢th time instant.
The total number of queued packets at the (¢ 4+ 1)th instant
for user k, denoted as Qi + 1], is given by

Q[ + 1] = max { Qg [i] — t1[i],0} + \g[i] 3)

where t;, denotes the number of transmitted packets or bits
for user k£ over N OFDM sub-channels. The maximum trans-
mission rate achieved in the ith slot is given by #;[i] <
Zﬁle logy (1 + vk nli]) for a SINR ~4.,,. Note that ¢ and
Q. are represented by the same units, i.e., in bits defined per
channel use. We drop the time index ¢ for clarity reasons.

To minimize the number of backlogged packets associated
with the users, we consider CoMP model with the objective

“4)
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where t}, ,, is the rate seen by user k on the nth sub-channel
and aj, is a constant which can be used to emphasize the
user priority. The exponent ¢ € Z, determines how the
backlogged packets of the users should be treated [14].

We assume that the channel state information (CSI) is
available at the CC for designing transmit beamformers as
it involves BSs to CC traffic. Even though the CSI has a finite
resolution, it can be improved by differential feedback due
to time-correlated nature of the channels. However, due to the
instantaneous arrival process and rapidly changing interference
structure, transmit beamformers used by BSs need not be the
same even if the associated channels are constant. Therefore,
the backhaul link between the CC and BS is used to signal
both data and the beamformers. Due to the finite backhaul
capacity, transmit beamformers are quantized before signaling
them to the corresponding BSs. We assume that each complex
entry of the beamformer vector is quantized with Ng bits.
Since multiple data symbols in a frame are precoded with
a same beamformer, it is efficient to send beamformers and
data symbols from finite alphabets separately to the respective
BSs. However, if the BSs act as a remote radio head, then
signaling the beamformers and data symbols separately is not
an efficient choice [5]. Hence, we consider the former scenario.

Even if we assume that BS b is serving user k, it cannot
be ensured that user k is served by BS b on all sub-channels.

Hence, to evaluate the total utilization of the backhaul to serve
user k by BS b, we introduce a binary variable ¢, , € {0, 1},
which has one when user & is served by BS b on the nth sub-
channel and zero otherwise. Thus, the total signaling via the
finite backhaul link between BS b and the CC is given as

N N
Z Z Cpkntin + NoNT Z Z Coen < By (5)

n=1kelU n=1kel

where Ng N7 is the total number of bits required to signal the
beamformer and By, is the respective backhaul link capacity.
Now, the optimization variable ¢ ,, in (4) is determined
by the SINR 7y ,, which in turn depends on the transmit
beamformers by (2). To ensure that ¢y 1, ,, determines whether
BS b is serving user k over a sub-channel n or not, the binary
variable ¢ 1 ,, should be associated with beamformer as

(6)

where 141, is an additional optimization variable, which
corresponds to the power allocated by BS b to user k& on
sub-channel n. Therefore, if either cp ., or vy, is zero,
the respective beamformer my ;, will be a zero vector,
thereby ensuring the absence of transmission from BS b to
user k£ on the nth sub-channel. Let O = {0,1,..., N} be
the set of all sub-channel indices and {m} £ {my;.,},
Vb € B,Vk € U,Yn € O be the collection of all transmit
beamformers. Similarly, {t} and {~} denotes the collection of
all users rates from each sub-channel and the transmit power
from all BSs to each user. Now, the problem of designing
transmit beamformers is given as

||1f11b,k,n||2 < Cokn Vbkyn

N
minimize Z ag ’Qk — Z tk,n’ (7a)
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subject to  log(1 + Yk n) > trn (7b)
N
D bk < P, Vb (7c)
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(5),(6), and c¢p k. € {0,1},Vb,VE,Vn (7d)

where 7, ,, is defined in (2). The constraint (7c) is included to
limit the total transmit power from each BS within P, ,x. The
constraint (7b) introduces %, as an under-estimator for the
rate seen by user k on sub-channel n, since ty,, = log(1l +
“Vk,n) cannot be handled directly in (7) as a convex constraint.

III. BEAMFORMER DESIGN & QUANTIZATION OVERHEAD
To solve (7), we relax the SINR expression in (2) as
2
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since the expression (2) cannot be handled directly. We assume
that the beamformer precision is high enough to guarantee
sufficient accuracy. Eq. (8a) is an under-estimator for ~ .,
and by ,, in (8b) is a over-estimator for the total interference

> Ve (82)
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seen by user £ on sub-channel n. Even after relaxing (2) with
(8), the problem is not convex due to (8a) and (5). Hence, we
adopt successive convex approximation (SCA) wherein each
nonconvex set is replaced by a convex subset, which can be
solved iteratively until convergence [14], [15].

Let us begin by considering an equivalent representation for
the SINR expression in (8a) for user k£ on sub-channel n as

€))

where the stacked channel vector hy, € C'*IBINT and
transmit beamformer my, ,, € CIBINT*1 are defined as
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The fractional term in (9) is of quadratic-over-linear form,
and can be bounded by the linear first order Taylor series as
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where ﬁ,(f)n(mk ns Dk, n) is a linear under-estimator for the r.h.s

term in (9) and {mk - ,(j)n} are the operating points that are
updated in each step by the solution obtained from the pre-
vious SCA step. Due to the quasi-concavity of ¢ . ntx n, the
backhaul constraint (5) becomes a nonconvex one. Therefore,
to find a convex approximation for (5), we express ¢p i ntk,n
by an equivalent difference-of-convex (DC) function as

(o — tin)? - (12)

1
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In spite of using (12), (5) is still nonconvex due to the concave
nature of the second term in (12). Hence, we linearize it as

ZZ[Cbkn+tkn)
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where the operating points Cz(f;m and t,(;)n are the solutions for
Cp.k,m and ty ,,, respectively, from the (¢ — 1)th SCA iteration.

Now, by replacing (8a) with (11) and (5) by (13), we obtain
a mixed-integer quadratic programming (MIQP) subproblem

for each SCA iteraiton 7 as
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(7b) — (14d)

where ;. ,, is positive even after relaxation, since a negative
value for v, ,, reduces ¢, ,, in (7b) for a non-zero beamformer
entry my, ;. ,, thereby consuming power without minimizing
the objective. Typically, the users’ data symbols that are
mapped to a coherence block for transmission, are precoded
by a common beamformer. Therefore, the traffic caused by
the quantized beamformers is only a fraction of the respective
data symbols, which is captured by the constant p in (14c).

Due to the complexity involved with (14), we propose a
relaxation for the binary decision variable as ¢, 5., € [0,1].
However, by doing so, the resulting solution for ¢y, may
not be binary. Therefore, to encourage binary solution for the
linear variable ¢ 1, we include an additional constraint in
the formulation to enforce sparsity in the solution. One such
function is the entropy measure, defined as

Ha( A—Z:ZCbknlOg (Cb,keyn)

= 15)
k=1n=1
where ¢; is a vector formed by stacking all ¢, ., Vk and Vn
corresponding to BS b. In order to ensure binary outcome for
¢y, Hp(cp) in (15) must be equal to or less than zero. By doing
so, the constraint with H;(c;,) < 0 will become nonconvex
due to the concavity of the entropy function. Thus, we relax
the constraint by the partial Lagrangian approach with dual

variables 7, Vb € B as

{gli?ililigg} Z ak’Qk — Z tr n’ + Z T, Hp(cp) (16a)
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subject to 0 < ¢ppn <1, VD, Vk,Vn (16b)
(7b) — (7¢), (8b), (14b), and (14c) (16¢)

which is similar to reweighted ¢; minimization method in [16].

The problem in (16) is nonconvex due to the concave nature
of the entropy function. Therefore, to formulate a tractable
problem, we employ the SCA technique to find a linear over-
estimator for the entropy function as

Hb(cb) S Hb Cb; cbZ) £ — Z Z Cb k.n 10g cgf;@n) -
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which is a first order Taylor approximation of the entropy
function. Now, for fixed 73, Vb, the relaxed convex subproblem
for the SCA iteration ¢ is given as
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(18b)
(18¢)

subject to 0 < ¢y <1, VD, Vk,Vn

(7b) — (7c),(8b), (14b), and (14c)

where Tb(i),Vb are the fixed dual variables, given by the
subgradient update as
. . ) ) ) N+
ﬁHDZﬁ”+ﬂ”P$R¢H%Q% (19)
where ¢ is the solution for ¢, in the ith iteration, p
is a fixed step size with p(*) > 0 to ensure sparse solution
upon convergence and [z]* £ max (z,0). As ¢y — {0,1},
Hp(cp) — 0, and thus Hz(;l) (cp; c,()z)) has no effect on (18a).

(i+1)
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IV. BEAMFORMER DESIGN WITH ANTENNA SELECTION

Due to the fixed quantization levels for all complex entries
in the beamformers my, j, ,,, the backhaul overhead increases
linearly by p1/Ng as the number of antennas in each BSs
scales-up. Therefore, to reduce the beamformer overhead in the
backhaul, we can adopt either one of the following approaches.

« Instead of using a fixed high precision quantization levels,
the beamformers corresponding to each cooperating BSs
can be quantized with different resolutions based on their
respective contribution in the users’ rates. However, the
problem formulation will be difficult as it involves both
beamformers and their respective quantization levels as
an optimization variables.

o Alternatively, by keeping the quantization levels fixed and
sufficiently high enough for all beamformers to ignore
distortion, the number of active transmit elements can be
reduced by setting zero power to insignificant antennas
in the beamformers, thereby utilizing the backhaul effi-
ciently to increase the users data rate.

The first approach is studied in [17], whereas this work is
focused on the approach of reducing the number of active an-
tennas used by the BSs to serve users in a CoMP transmission.

Now, to identify a subset of active antennas for each
transmission link, we introduce an additional binary variable
for each antenna to identify the respective status as

Imp gD < ap g () wopn(l)

where ap 1., (1) € {0,1} and w5, € RY™*! denote the
status and the power of the /th complex entry in myj .,
respectively. Now, by using the newly introduced variable
Wy, k,n. the constraint (6) can be expressed as

Nt
[y ll? < posen (Zwb,k,n(l))
=1

and the total power budget (7c) can also be rewritten as

(20)
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thereby eliminating the need for 14, ,, in the problem.

Now, by introducing antenna selection in the problem for-
mulation, the backhaul can be utilized efficiently by finding a
trade-off between the amount of bits allocated for users’ data

and for beamformer notifications. In order to do so, the BS
specific backhaul utilization (5) should be modified to reflect
the savings due to antenna selection as Vb € B

N Nt
Z Z {Cb,k,n,tk,n,JruNQCb,k,nZab,k,n(l) < By, (23)
=1
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where o is the ratio between beamformer and the number of
data symbols for which it is applied. Furthermore, we should
include an additional overhead to notify the beamformer
entries that are not present in the feedback from CC to the
respective BSs for each active transmission.

The notification overhead is given by the number of bits
required to notify ay ., for each active link. The overhead
can be reduced if the CC signals only the missing beamformer
entries after notifying the active complex values with Ng bits
each. Since the number of disabled antennas is usually small
as it reduces the achievable throughput, this would be an ideal
choice as it requires log,(Nr) bits for each disabled index.
Therefore, if the number of inactive antenna entries is small
when compared to N7, then the overhead will be given by

Nt
Cokon = logy(N7) Np — Z%km(l)) (24)
=1

However, if the number of disabled entries increases, (p 1., >
Nr, then sending the whole vector ay, ;. ,, will be an efficient
choice as it requires only Np bits. Therefore, we have to
choose between the two signaling techniques, i.e.,

« to signal only the disabled entries after the transmission
of active complex values with Ng bits each or
o to signal the whole vector ay, ;., when (5, > Np.

Additionally, for the following two cases, there is no need for
any signaling, namely, (i) when a user is not served by a BS
on a sub-channel, i.e., ¢y 1, = 0, and (ii) if all the antennas
are active for a transmission by BS to user on a sub-channel.

The above mentioned requirements can be implemented by
the following notification constraint as

Nt
N — Z ab,k,n(l)) } (25)

min {NT7 logs(Nr)
=1

If the notification type is based on overhead minimization, then

the signaling of either the disabled entries or the whole binary

vector can be identified implicitly by opting for whole ay, 1, ,,

when N7 < (1, thereby avoiding an additional bit. Hence,

by including (25) in (23), we get the backhaul utilization as

N Nt
By > Z Z [u NG b kn Z ab,k,n(l)> + ¢ knthn
=1
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+ g min {NT7 log, (NT)

1=1
Due to the presence of binary variables in (26), it is not
possible to solve the beamformer design efficiently. Thus, we

relax all the binary variables by a linear one as discussed in



Section III along with a sparsity inducing entropy constraint
Hp(ap) < 0, where the function H,, is defined in (15).

Now, let us handle the terms in (26) separately. As earlier,
the product term ¢ i »tx,, cannot be handled directly due to
quasi-concavity of the function. However, it can be represented
by a DC form (12), and thus can be upper bounded by using
(13). Then, we have quantized beamformer overhead, which
is also a quasi-convex function due to the product of linear
variables. Now, by using (12), the first term in (26) can be
replaced by a suitable convex function similar to (13) as

(1) L @) (1) A
Fy (cbak7"7ab7k7n7cb,k,rwab,k:m =
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Finally, the notification overhead (25) is also nonconvex,
and therefore it has to be replaced by a suitable convex upper
bound to make (26) as a convex constraint in the joint queue
minimization problem. Instead of finding an convex upper
bound, we replace it by a linear interpolation between two
values by introducing a new variable dy , ,, as

O kn N+ (1 = b 1m) Cooken

and by restricting 0 < 6p, < 1. In order to show the
equivalence between (28) and (25), let us analyze the behavior
of (28). Since Oy 1., is a free variable, it can take any value
between [0, 1] to reduce the overhead, which in turn minimizes
the objective. Thus, if ¢y ., < N7, then 6y, = 0 to reduce
the notification overhead in the backhaul. On the contrary, if
Co,k,n >= Nr, then 6 i, = 1 for the same reason. However,
when the link is inactive, i.e., ¢p ., = 0, then (28) will have
non-zero values for all 0 < &1 < 1 if appp = 0T,
and thus leading to a non-zero overhead. Nevertheless, by
inspecting (26), we can see that this issue is avoided by
having c¢; 1, before the antenna status variable ay j ., since,
when ¢ 1., = 0, then ay 1, can take 17, thereby leading to
Cp,k,n = 0 and 6y ., = O without contributing to the overhead.
Similarly, if the link is active with all antennas enabled, i.e.,
Cpen = 1 and ap ., = 17T, then Op,k,n Will be zero to avoid
the antenna status notification from the backhaul. Now, by
using similar approximation as in (13) and (27) for the second
term in (28), the total overhead is given by

(28)
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where 55,1 ,, 18 the fixed operating point of & , upon which
the approximation is defined.

Alternatively, the backhaul constraint in (26) can also be

expressed by using the linear interpolation variable 6y, j; ., as

N Nr
By > Z Z [Cb,k,ntk,n +u Ng Z ap ion (D) +

n=1keld =1
6b,k,n Ch,k,n NT + (1 - 5b,k,n) Cb,k,n>:| (30)

where the difference between (26) and (30) is only from the
usage of ¢y .. Again, the constraint (30) is nonconvex due
to the functions on the r.h.s of the inequality. Thus, we resort
to the SCA technique as earlier to handle the nonconvexity as
in (13) and (27). The relaxed convex form of (30) is given as

N Nt N
H { Z Z No Zab,k,n(l) + Z Z (Cb,k,n

n=1keld =1 n=1kel
- NT logQ(NT) 5bvkvn> + ‘FIEL) (Cb,k,TU 5b7k7n; cl()lf;%’l’ﬂ 51(77:])671’7,

+10g5 (N7) F{” (8 k. 80 e Oy s @ }

—|—]:lfi)(Cb,k,mtk,n;Cz(,?m,t;(f’)n < By. (31

Using (31) in the problem has an impact on the variables
ap k,n and Oy, compared to (29). In contrast to (29), if the
link is inactive by setting cp ., = O, then ay 3, = 0T and
the variable 6y 5, = 1, thereby choosing cp ;N7 = 0 as
the notification overhead. On the contrary, if all the links are
active, then 05, = 0 to choose (3, With zero value to
avoid the notification overhead for this scenario as well. As
a comparison between (29) and (31), we can see that due
to the linear relaxation of cp i 1,05k, and a,p . the term
b k,n0b k,n in (31) emphasize more on reducing the number
of active antennas, since to disable a link and to minimize
the backhaul overhead, le\fl apk,n (1) should be minimized.
Whereas in (29), ap ., — 1T when ¢yk,n — 0 in order
to avoid the notification overhead, and hence, it favors larger
numbers of antennas for active transmission by finding a
balance between the user rate and the beamformer overhead.

Now, by using the above approximations and constraints, an
approximate queue minimizing beamformer design problem
for the SCA iteration ¢ is given by

.. @) (z) (1)
minimize a — ten| + T, Hy (cp;
(ininize, ) ac|Qx Z il ZB )
Cwh e} keu be
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+ 3 o) Hy (ay;a”) (32a)
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0<chpn <L, 0<ppn<1 (32d)
0" <app, <1% (32e)
(8b), (20), (21),(22) and (29) or (31) (32f1)

where the constants 7, and ¢, are the dual variables
corresponding to the entropy constraints of ¢ j., and ay i p,
respectively. In each SCA iteration ¢, they are updated as

l()7.+1) _ (bl()z) + Oé(l) Hl()z)(al()erl);agl)) + (33)
where p(* (defined in (19)) and ¥ are the positive step
sizes which can be an increasing sequence as i — co, thereby
ensuring sparsity upon convergence [16]. Once the solution is
sparse, the entropy function will be zero and the goal becomes
the original queue minimization objective defined in (4).

For initialization, the dual variables TZEO) and gzﬁl()o) are all
set to zero so as to focus on the queue minimizing objective
without emphasizing on the sparsity. As the SCA iteration
increments, binary constraint is emphasized by the subgradient
update in (19) and (33). The values of p and o will be
saturated upon reaching binary solution for the respective
variables. If 7 > p, then (32) emphasizes more on active
user links with highly random ay j, having large entropy.
However, as i — 00, apkn(l) — {0,1}. Even though, we
performed antenna selection for each link, i.e., the for each
user, frequency and BS, it can be performed at the user level
as well, i.e., by disabling a same set of antennas on all sub-
channels for a service between each BS and user. In this
way,the notification overhead can be reduced further. However,
by doing so, there will be a trade-off between the achievable
user rate and the reduction in the notification overhead when
a subset of antennas is disabled on all sub-channels.

V. NUMERICAL EXAMPLES

The performance of the proposed beamformer designs using
the average number of backlogged bits for various arrival rates
is demonstrated. The model considers a cell-edge scenario
wherein the path loss between users and BSs is fixed to 0
dB and the fading channels hy , are is drawn from i.id
CN(0;1). The noise variance and the transmit power are fixed
to No = 30 dBm and P.x = 40 dBm, respectively. In all
figures, we have denoted the non-coordinated transmission as
isolated approach wherein each user is served by single BS,
which is assigned during system initialization. Additionally,
we also compared with beam-selection scheme, which can be
obtained with an additional constraint ), - ¢y x.n = 1, VEVR
in (18), i.e., on any sub-channel, a user is served by one BS
only. For unquantized designs, which are used as performance
benchmarks, no beamformer overhead is accounted for in the
backhaul, i.e., only the user rate is considered in the backhaul
overhead. However, for all the quantized designs, beamformers
are also included with the users data. The amplitude and the
phase of each complex entry are uniformly quantized with 8
bits each to avoid any degradation due to quantization. The
solutions with constraints (29) and (31) are denoted by B and
A, respectively. The convex subproblems obtained in each SCA
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Fig. 1. Behavior of {Np, K, N, Ny} = {2,8,2,16} over 500 slots with
backhaul capacity 30 and 40 bits, respectively, and p = 0.01. Both phase and
amplitude are quantized using 8 bits each to avoid any loss due to quantization.

step are modeled and solved by using [18]. The beamformer
to data fraction g = 0.01 is assumed in all simulations, i.e.,
each beamformer is used for 100 data symbols.

Fig. 1(a) plots the total number of residual bits in the
system for all the proposed schemes by varying the average
packet arrival rates of the users. Comparing the unquantized
designs, the centralized CoMP has the least number of residual
packets, followed by the beam selection scheme and then by
the isolated scenario. However, in the presence of quantization,
the total number of backlogged packets increases significantly
for the two cooperative designs wherein the beamformers
are designed at the CC. In the presence of beamformer
quantization, the proposed antenna selection designs performs
noticeably better than the other two quantized schemes by
resorting to antenna selection. These gains will be magnified
by the number of data symbols present in each coherence block
(sub-channel). As the average arrival rate increases per user,
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Fig. 2. Average number of active antennas used for active transmissions and
the average number of active users per BS for a same system settings.

BS coordination is preferred over cooperation, which can be
seen from Fig. 1(b) by a drop in the number of serving BSs
per user. It is obtained by taking average of the maximum
number of BSs serving each user over all sub-channels.

As discussed in Section IV, Fig. 2 illustrates the emphasis
of the constraint (31) or (A) on reducing the number of active
antennas than restricting the total users count. On the contrary,
(29) or (B) manages the backhaul capacity by restricting the
number of active users over the antenna selection counterpart.
As the arrival rate increases, the objective can be minimized
by serving only a subset of users with better channel quality as
there will be enough backlogged packets. Thus, by selecting
an efficient subset of antennas for transmission, beamformer
overhead can also be minimized. This trend is shown in
Fig. 2. Moreover, by choosing less number of antennas,
the active users count is also increased as shown in Fig.
2. For a fixed quantization bits and backhaul capacity, the
antenna selection designs outperform other schemes if either
one of the following is true, namely, the number of transmit
antennas used by the BSs increases or when the channel
coherency is limited, which leads to few data symbols for each
beamformer (u increases). The proposed designs has no use
if 0y.1.n > Ng, i.e., when the notification overhead is greater
than the quantization bits.

VI. CONCLUSIONS

We have proposed two transmit beamformer designs for a
multi-carrier joint processing coordinated multi-point cellular
systems wherein a centralized controller was used to design,
quantize and feed back them to the respective base station
(BS) via a finite backhaul link along the associated user data.
Due to the restrictions laid by the finite backhaul capacity and
the beamformer design, it became a nonconvex combinatorial
problem with the objective of minimizing the total number
of backlogged packets. We resorted to the successive convex
approximation technique to address the nonconvex constraints
and linear relaxation for the binary variables. Furthermore,

we regularized the objective with an entropy measure of the
relaxed variables. The overhead due to fixed beamformer
quantization becomes a single dominant factor as the number
of transmit antennas increases. Hence, we have proposed two
solutions based on antenna selection wherein few insignificant
antennas were disabled to provide more room for users data
in the backhaul. Numerical results were shown to justify the
benefits of the proposed design. Even though antenna selection
may not be a wise decision while multiplexing users spatially,
it turns out that for our current problem, it is in fact beneficial.
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