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ABSTRACT

Coordinated Multi-Point Transmission (CoMP) has been proposed
for 4G standards, like WiMAX and LTE-Advanced, as an effective
mean to control intercell interference and to increase spectral effi-
ciency in single frequency reuse networks. In practical systems,
the remarkable benefits of CoMP operation over conventional sin-
gle basestation transmission need to be traded against a significant
overhead in network complexity and associated operational costs. In
order to retain the benefits of CoMP at reasonable costs, we consider
the problem of joint basestation selection and multicell beamforming
(JBSB). We address this problem via a mixed integer second order
cone programming (MI-SOCP) approach. We propose a novel MI-
SOCP formulation of the JBSB problem and a reformulation with
tighter continuous relaxations. Based on this formulation, we pro-
pose fast algorithms to find almost optimal feasible solutions. We
show via simulations that the proposed algorithms outperform exist-
ing solutions in terms of both complexity and total transmitted power
at a guaranteed signal-to-interference-plus-noise-ratio (SINR) level
at each mobile station (MS).

Index Terms— Coordinated Multi-Point Transmission, Base-
station Selection, Beamforming, Mixed Integer Conic Programming

1. INTRODUCTION

Coordinated Multi-Point Transmission (CoMP) is a promising path
towards energy efficient transmission and for intercell interference
(ICI) reduction in current and future cellular networks with universal
frequency reuse, such as WiIMAX and LTE-Advanced [1-5]. CoMP
has been demonstrated, in theory [4] and practice [5] to significantly
increase spectral efficiency and coverage of cell-edge mobile sta-
tions (MSs) [3-5]. However, besides its unquestioned benefits in
suppressing ICI, CoMP operation also induces significant overhead
in network complexity and associated operational costs. According
to [1], the additional expenses associated with CoMP are mainly due
to the increased demand to acquire and exchange channel state infor-
mation (CSI) among basestations (BSs) and MSs, signaling beam-
forming weights to each BS, and routing data between multiple BSs.
In this paper, our objective is to retain the energy efficiency offered
by CoMP operation while reducing the overall network complexity.

Apparently, selecting a limited number of cooperating BSs for
each MS can simultaneously reduce the communication overhead
for signaling beamforming weights and routing data to cooperating
BSs. Several works have recently addressed the problem of base-
station selection in cellular networks with CoMP (see, e.g., [3], for a
comprehensive survey). More recently, the authors of [1] proposed
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a framework to jointly optimize basestation selection and multicell
beamforming (JBSB), which aims for sparsity w.r.t. the number of
connections between BSs and MSs. In this approach, the intractable
lp-norm sparseness constraint is approximated using the /{-norm
relaxation to heuristically generate approximate solutions [1]. Al-
though the method of [1] has very low computational complexity
and outperforms other existing heuristic methods, there are still sev-
eral open issues. For example, the algorithm of [1] yields sparse
beamformers, rather than sparse network topologies.

In contrast to [1], in this paper, we study the JBSB problem
within a mixed integer second order cone programming (MI-SOCP)
framework [6]. In this framework the binary variables represent the
connections between BSs and MSs, i.e., a BS is connected to a MS
if the BS is selected to serve the MS. When solving a MI-SOCP
problem, the quality of its continuous relaxation, which arises from
the MI-SOCP by relaxing the binary constraints, plays an important
role [6,7]. We present a reformulation of the MI-SOCP problem
that has a tighter continuous relaxation which often leads to binary
solutions (even if these have been relaxed) and also provides better
lower bounds on the original objective function. This does not only
give rise to good approximate solutions, but also plays an important
role in the branch-and-bound (BB) procedure and its variations [7],
which are the state of the art techniques in finding optimal solutions
for MI-SOCP problems [7]. The continuous relaxation of the pro-
posed MI-SOCP formulation significantly reduces the running time
of BB based commercial software like IBM ILOG CPLEX [7].

Based on the proposed MI-SOCP formulations of the JBSB
problem, we further develop fast heuristic algorithms which are
particularly useful for applications in large networks. We show by
Monte Carlo simulations that the proposed fast algorithms outper-
form in terms of both computational complexity and total transmit-
ted power the method of [1], and the proposed heuristic algorithms
consume much less time than the BB implementation in CPLEX [7].

2. SYSTEM MODEL

Consider a cellular network with L multiple-antenna BSs and K
single-antenna MSs, as shown in Fig. 1, where the [th BS is equipped
with M; > 1 antennas, VI € £ £ {1,2,---,L}.

@ Control Unit

Backhaul

Fig. 1: A cellular network with CoMP (K =2, L =4, M; = 2)

ICASSP 2012



It is assumed that CoMP is employed by multiple BSs in the
downlink transmission. We consider that all BSs are synchronized
and mutually fully connected over a BS interface (e.g., by a X2 type
interface in LTE), and therefore, the data of all users can be made
available at each BS with associated operational costs. Let hy; €
CMi*1! denote the frequency-flat channel vector from the /th BS to
the kth MS, VI € L,k € K £ {1,2,---,K}, and define hy £
[hg,lv h{,27 ) hg,L]T € CMX! with M £ ZlL:1 M, VE €
K. Accordingly, we denote wy,; € CM*! as the beamforming
vector used at the /th BS for transmitting to the kth MS, VI € L, k €
K, and we define wi £ [wWi,, wio, -, WEL]T e CcMx1
Vk € K. Assuming that all BSs share the same subchannels, the
received signal y;, € C at the kth MS can be written as

K
Yp = thwkxk + Z thW]'xj + 2, Vk € K, (1)
J=1,i#k

where x;, € C denotes the unit-power data symbol designated for
the kth MS, and zx € C denotes the additive white Gaussian noise
at the kth MS, with mean zero and variance O';%, Vk € K.

Note that there is no need to share the data of the kth MS with
the /th BS if the [th BS is not selected for transmitting to the kth MS.
Further, in this case the beamformer wy; = 0 and the communica-
tion overhead required for signaling the beamforming weights wy, ;
to the /th BS can also be saved.

We assume that the data symbols for different MSs are mutually
statistically independent and independent from the noise. Further
assuming that single user detection is performed at the MS receivers,
i.e., the cochannel interference is treated as noise at the MSs, the
receive SINR of the kth MS, denoted by SINRy, is given by [1,2]

H H
hyhPw),
SINRj, = — ok ok ’““}’I" _ k€ K. )
> i1k W hih w; + o}

Throughout this paper, it is assumed that there exists a central
unit with full CSI for all possible MS-BS connections that dynam-
ically selects the BSs serving each MS and computes the optimal
beamforming vectors corresponding to that network topology.

3. PROBLEM FORMULATION
3.1. Related work

The JSBS problem has previously been addressed in [1], where the
following problem formulation has been proposed:

K L K L
min ZZHwk,l|§+zz)\k,lU(Hwk,l|

2) (3a)
{wia} k=11=1 k=11=1
L
st > U ([Iwelly) < e, VE €K, (3b)
=1
SINRj, > +{™™ Vk € K, (3e)
K
S lwkally < PP Vie L, (3d)
k=1
0, ifr=0,
Ulr) = { 1, ifr >0,

The constant Ax,; > 0 quantifies the penalty for selecting the
Ith BS to serve the kth MS, VI € £,Vk € K, and the integer' ¢, €

! As argued in [1], due to limited backhaul capacity, there may be an upper
bound on the number of cooperating BSs for each MS.
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[1, L] denotes the maximum number of BSs that can be selected for
the kth MS, Vk € K. Further, the constant 'y,imm) > 0 denotes the
SINR level at the kth MS required to provide sufficient quality-of-
service (QoS), Vk € IC, and the constant Pl(max) > 0 denotes the
maximum available transmit power at the [th BS, VI € L.

It is well-known that the optimal beamformers {wy,Vk € K}
for the JSBS problem (3) are rotation-invariant in the sense that the
following second order cone reformulation of the SINR constraints

(3c) can be used [1,8], with W £ [w1, wa, -, wk| € CM*K,
H [h,{?w, ak] H2 <141/ Re{hf wi},Vk € K, (4a)
Im{hf/ w;.} = 0,Vk € K. (4b)

Even with the convex reformulation of the SINR constraints in
(4), the JSBS problem (3) is intractable due to the non-convexity of
the Step functions in (3a) and (3b). In order to find approximate
solutions to the JSBS problem (3), the authors of [1] have proposed
the following convex approximation of problem (3):

K L K L
min YD w3+ YD Aealwiall, o)

Wit} =1 =1 k=11=1
s.t. (3d) and (4), (5b)
After solving problem (5), the constraints in (3b) are re-enforced
in the basestation selection procedure [1]. It has been demonstrated
in [1] that the method described above outperforms in terms of both
computational complexity and total transmitted power the other
heuristic approaches [1]. However, an essential drawback of this
method is that the /1 -norm approximation in (5) favors sparse beam-
forming vectors (i.e., antenna selections), rather than sparse network
topologies (i.e., basestation selections) as requested by the original

problem formulation (3).

3.2. Proposed MI-SOCP formulation

As an alternative to the problem formulation (3), we propose a novel
formulation within the MI-SOCP framework. Later in Section 4.2
we propose a variation of this MI-SOCP formulation that exhibits
desirable properties of the associated continuous relaxation.

Let the binary variable ax,; € {0, 1} take the value ax,; = 1if
the [th BS serves the kth MS, and ax,; = 0 otherwise. Further, we
postulate that wy; = O if ar,; = 0, Vk € K,Vl € L. The JBSB
problem (3) can then be reformulated as the following MI-SOCP:

K L K L
min Z Z ||Wkl||§ + Zz)\k,lak,l (6a)

{Wk,laak,l} k=11=1

k=11=1
s. t. aky € {0,1},Vk e K,Vl € L, (6b)

L
Zak,l <c,Vk €K, (6¢)

1=1
[wiill, < axi\/ P Ve e K,V e £, (6d)
(3d) and (4). (6e)
Here, we use the well-known big-M formulation in (6d) to en-
sure that wy; = 0, if ap,; = 0, and that no additional constraint
is enforced on wy, , if ag,; = 1 [9]. This follows since 4/ Pl<max)

is the associated upper bound according to (3d), such that the con-
straint in (6d) is implicit if the /th BS is selected to serve the kth MS
(ie., if ax,; = 1). Otherwise, when ax,; = 0, the constraint (6d)
ensures that the corresponding beamformer is zero, i.e., wi,; = 0,
Vk € K, VI € L. However, the bound P on [|wy,;||? in (6d) is
generally loose as according to (3d) this bound represents the total
available transmit power of the /th BS, VI € L.



4. OPTIMAL SOLUTIONS
4.1. MI-SOCP solvers and continuous relaxation

The popular BB procedure and its variations [7] are commonly
applied to obtain exact (or also approximate) solutions to the MI-
SOCPs at reasonable computational complexity. These procedures
are based on the continuous relaxation of the original MI-SOCP
problem and subproblems arising from fixing binary (or integer)
variables. Considering the JBSB problem (6), its continuous relax-
ation of all binary variables is given by

ZZHWMHQ+ZZ>\MCLM (7a)

{“’k'““} k=1 1=1

k=11=1
st 0<ar  <1,VkeK, V€L, (7b)
(3d), (4), (6¢), and (6d), (7¢)

where the binary variable ax; has been relaxed to be a continuous
variable taking value in [0, 1], Vk € K,VI € L. After solving the
continuous relaxation, the BB procedure continues searching for fea-
sible points via recursively creating subproblems by setting binary
variables to 0 or 1, respectively, and comparing objective function
values of the different subproblems [7].

‘We remark that, in the continuous relaxation (7), the second term
in (7a), i.e., 25:1 ZLL:1 Ak,1ak,1, can be interpreted as the [;-norm
of the vector & € Rf Lx1 that is obtained by stacking the variables
{ Ak, 1ax,1,Vk € K,VI € L}. However, as can be observed from (6d)
the components inside the /1-norm term in (7a) relate to the l2-norm
of the beamforming vectors wy; instead of to its single component
like in (5). For that reason, problem (7) favors sparse solutions of
the vector &, and thus sparse network topologies.

4.2. An improved MI-SOCP formulation

A known drawback of the big-M formulations of problem (7) is the
associated poor running-time performance of BB solvers [9]. This
can be explained by the looseness of the bound meax) used in (6d),
which correspond to weak lower bounds on the objective of the ex-
act problem obtained during the BB procedure [9]. In this section
we provide a variation of the MI-SOCP formulation in (7) which is
associated with a much tighter continuous relaxation. Specifically,
by introducing auxiliary variables {tx,; > 0,Vk € IC,VI € L}, we
can rewrite the JBSB problem in (6) as follows:

ZZ(tk 1+ Akia,1) (8a)

{Wklakltkl} k1 1—1

s. t. Wil < arites,Vk € KVl € L, (8b)
K

Str <P Ve, (8c)
k=1

(4), (6b), and (6¢), (8d)

where the on-off hyperbolic constraints in (8b) can be transformed
into the following second order cone constraints:
2w, @k — tealllz < akg+ i, Ve € KVEE L. (9)

Note that, since ar; € {0,1},Vk € K, VI € L, problem (8) is
equivalent to problem (6) and thus also the original formulation (3).
The continuous relaxation of all binary Variables in (8) is given by

Zztkl‘l‘zz)\klakl (102)

{Wklvaklvtkl} k=11 k=1 1=1
S. t. Ogak,l <1,VkeK\VleL, (10b)
(4), (6¢), (8c), and (9). (10c)

3219

Comparing the continuous relaxation (10) with the one in (7) we
observe that the former formulation has the following advantages:

i) The variable ¢ ; in (8b) can be interpreted as an upper bound
on ||[wg,||3. This upper bound is much tighter than the correspond-
ing bound Pl(max) in (6d) as t,; models the power required for a
single connection, i.e., between the /th BS and kth MS, whereas P,
denotes the power available for all connections of the {th BS. In ad-
dition, in the MI-SOCP problem (8), the variable ¢; represents the
actually transmitted power from the /th BS to the kth MS as used in
the objective and not a power budget that may be deceeded.

ii) In the continuous relaxation (10), it can be proved by con-
tradiction that at optimum the constraints (9) are all active. This
suggests that at optimum, we have, Vk € K,V € L,

[[w

2
%1”2 > w3, if axs € (0,1], an
k

’

tey =

which implies that in the continuous relaxation (10), the per-BS sum-
power constraints are strengthened if the relaxed variable ax,; €
(0,1). In this sense the constraints in (9) promote binary solutions.

iii) Equation (11) also suggests that the first term of the objective
function in (10a) favors binary solutions.

Each of the above three points suggests that the continuous re-
laxation (10) provides better lower bounds of the objective function
(8a) as compared to the continuous relaxation in (7).

5. PROPOSED HEURISTIC SOLUTIONS
5.1. Proposed inflation procedure

Although available BB procedure based MI-SOCP solvers, like IBM
ILOG CPLEX [7], have made much progress recently to solve even
larger problems in reasonable time, many difficult and large-scale
problems are still intractable. This motivates the development of
fast heuristic algorithms to find suboptimal solutions for large-scale
JBSB problems (8) at low computational complexity. We propose in
this section the following inflation procedure.

In the first step, the continuous relaxation (10) is solved, e.g.,
using interior-point methods. We denote the obtained solutions as
{wi 1, ak 1 ti Yk € K,VI € L}). If problem (10) is infeasible,
the JBSB problem in (8) is also infeasible and the algorithm stops.

In the second step, exactly ¢ BSs out of L BSs are selected to
serve the kth MS, Vk € K. This is done by choosing the largest
cx entries of {aj ;,Vl € L}. If two entries of {a} ;,Vl € L}, e.g.,
aj. ., and ay, ,,, have the same value and only one of the BSs {m, n}
can be selected then we compare the lo-norm of the vectors, wj, ,,
and Wzyn, and we select the BS corresponding to a smaller l3-norm.

Denote the set of serving BSs selected by the proposed method
by £; C L, Vk € K. After the BSs are selected for each MS, the
following convex optimization problem:

mln Z Z Wil (12a)

{wea} =1

st wiy =0,k € K,V ¢ L], (12b)
(3d) and (4). (12¢)

is solved to refine the beamformers and to further optimize the total
transmitted power. If problem (12) is infeasible, the algorithm stops.
The proposed inflation procedure is summarized in Tab. 1.

We remark that the proposed Alg. 1 has the same computational
complexity as the algorithm of [1], which both mainly consist in
solving two SOCPs. The two algorithms mainly differ in that the
continuous relaxation (10) is used in Alg. 1, whereas the [;-norm



approximation (5) is used in [1]. Further, an interesting observation
is that, for ¢, = L, Vk € I, problem (8) (also problem (3)) is
feasible if and only if the continuous relaxation (10) is feasible.

1 Initialization: Setting £}, to be empty set, Vk € K.
2 Solving problem (10). If it is infeasible, stop.

3 for k =1to K do

4 while |£}| < ¢ do

5

Finding BS: | = argmax aj, ;. If more than one is
VieL\L},

found, the one with the smallest Hw; ! H , 1s chosen.
Updating the selected sets of BSs: £j, = L}, + 1
end
end
Solving problem (12) with {L},Vk € K}.

Tab. 1: The proposed inflation procedure (Alg. 1)

e e 9 &

5.2. Proposed deflation procedure

A shortcoming of Alg. 1 (and the algorithm of [1]) is that it selects
exactly ¢ BSs to serve the kth MS, Vk € IC, resulting in a total
ZkK:l ci, connections. To find solutions with less connections than
215:1 ck, we propose a deflation procedure in the following.

We start from feasible sets {Z;, C £, Vk € K} of selected con-
nections in the network, e.g., obtained from Alg. 1. Then, in the
proposed deflation procedure, we successively delete BSs from the
current sets of serving BSs {ZZ, Vk € K} and solve the correspond-
ing problem (12) with the updated sets {ZZ,Vk € K} unless the
problem becomes infeasible. Specifically, in the first step of each
iteration, a connection, e.g., between the kth MS and the Ith BS, is
found and deleted, i.e., the set Zi is updated as: Zz = Zi — 1. In
the second step of each iteration, the feasibility of the correspond-
ing problem (12) is checked with the updated sets of serving BSs
{Lr,Vk € K}. If it is feasible, the deflation procedure goes back to
the first step and repeats. Otherwise, the deflation procedure stops.

The metrics used in the deflation procedure is received powers,
ie., {|bf;wr |?,Vk € K,l € L}, with {w},,Vk € K,l € L}
being the solutions to problem (12) with the sets of serving BSs
{L,Yk € K}. In each iteration, we de-select the BS that gives
the smallest received power. If two entries have the same value, we
de-select the BS corresponding to a larger l2-norm of the associated
beamformers. The deflation procedure is summarized in Tab. 2.

1 Finding BS to delete: (l?:7 l_) = argmin |hﬁlW27l|‘ If more
VkEK,IEL),
than one is found, the one with the largest ||w7 ;|2 is chosen.
2 Updating the selected sets of BSs: £ = Lf — I;
3 Solving problem (12) with {227 Vk € K}. If feasible, go to

step 1 and repeat; otherwise, set Zz = ZE + 1, and stop.

Tab. 2: The proposed deflation procedure (Alg. 2)
We remark that the worst-case computational complexity of the
proposed Alg. 2 mainly consists in solving K (L — 1) SOCPs.

6. NUMERICAL RESULTS AND DISCUSSIONS

We simulate a cellular network with L = 7 BSs and K = 10 MSs,
and we choose ¢ = 4,7™™) = 10 dB, and M; = 2, and A\ ; = A,
Vk € K,Vl € L. The channel model and parameters are set the
same as in [1]. The simulation results are averaged over 400 Monte
Carlo runs. The results labeled with "CPLEX” are the best feasible
solutions of the JBSB problem (8) found by the BB implementation
in CPLEX [7] under a run-time limit of 45 seconds.

In Fig. 2 the overall transmitted power and the total number of
connections vs. the penalty factor A are shown. We can observe
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that, the proposed Alg. 1 provides solutions with a lower total trans-
mitted power while using the same number of connections as com-
pared to the method of [1]. In addition, the proposed Alg. 2, initial-
ized with Alg. 1, yields solutions with notably less total transmitted
power while using slightly more connections as compared with the
solutions found by the BB implementation in CPLEX [7].

oY Ir A A N N A
2 —6—CPLEX ||
16 A 5 —A— Alg. of [1]
39 —8— Alg. 1 H
B 158 385 Alg. 2
° X
= 1]
L. : s ® 1
3 15. g
< —6— CPLEX 2375 ]
] —A— Alg. of [1] S a7 ki
E 15.4(| —B— Alg. 1 %
4 —%— Alg. 2 S 365
= z
S 152 36
g
= 355
1 35
- | 345 5
05 1 15 2 25 3 05 1 15 2 25
A A

(a) Total Transmitted power (b) Total No. of Connections

Fig. 2: Total Transmitted power and No. of Connections vs. .

In Tab. 3 the run-time (in seconds) is listed. It is clear that the
proposed Alg. 1 consumes almost the same time as the algorithm
of [1], and both the proposed Alg. 1 and Alg. 2 consume much less
time than the BB procedure implementation in CPLEX [7].

Methods Alg. of [1] | Alg. 1 | Alg.2 | CPLEX
CPU Time 3.39 3.48 7.73 48.03
Tab. 3: Average Running Time (in seconds)
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