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ABSTRACT

We consider the downlink of an inter-operator spectrum sharing sce-
nario where two operators share the same piece of spectrum and use
it simultaneously. A base station of one operator cooperates with a
base station of the other operator in order perform joint user selection
and beamforming using a central unit. Optimal scheduling, in the
sense of maximizing sum-rate or proportional fairness, is in many
cases impractical due to high computational complexity. Therefore,
we propose a heuristic algorithm that schedules users basedon sim-
ple beamforming techniques. Once the users are scheduled, we com-
pute the optimal beamforming vectors for them. This method still
performs an exhaustive user search. Therefore, we also propose a
greedy user selection scheme. From numerical evaluations,we no-
tice that these schemes perform close to the optimal selection. Also,
we use our proposed methods to identify when spectrum sharing pro-
vides extra gains over the non-sharing scenario.

Index Terms— Beamforming, spectrum sharing, user selection.

1. INTRODUCTION

We study the joint user selection and beamforming problem inthe
downlink of a cellular network where two operators share thespec-
trum. The concept of spectrum sharing was proposed to overcome
the spectrum scarcity in wireless networks, e.g., in [1]. Recently,
in [2], it was shown that one of the most promising spectrum shar-
ing techniques is when the users can switch to another operator than
their contracted service provider on transmission time interval. We
assume that two operators share a piece of spectrum and use itsimul-
taneously. Hence, they cause interference to each others’ users. We
model this scenario as two overlapping cellular networks asillus-
trated in Fig. 1. We assume that the base stations (BSs) are equipped
with multiple antennas and serveK mobile stations (MSs) (or users)
each. A BS of the first operator, we denote it BS1, coordinates its op-
eration with the closest BS of the second operator, i.e., BS2, but they
do not cooperate with the other BSs. Since we assume frequency
reuse one, this is a worst-case interference scenario.

For the described setup, we consider proportional fair schedul-
ing (PFS), which is implemented by performing weighted sum-rate
(WSR) maximization. It is known that this problem is NP-hard
even for the single-antenna case [3]. Therefore, in practical sys-
tems, suboptimal iterative distributed methods for the WSRprob-
lem are preferable, e.g., in [4]. However, these kinds of algorithms,
apart from BS coordination, need feedback channels from MSsto
BSs which are used in each iteration and consume resources. For
the single-cell scenario, i.e., the multiple-input single-output (MISO)
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Fig. 1. Illustration of the system under study. The two cooperating
cells are marked by thick borders. Cells with solid and dashed bor-
ders belong to operator 1 and 2, respectively. The big dots represent
the BSs. No MSs are located inside the small circles.

broadcast channel (BC), the user selection problem is well-studied,
e.g., see [5]. The advantage is that there is no need to exchange infor-
mation between BSs. In that case heuristic user selection algorithms
are used only to reduce the computational complexity. Therefore, it
is not straightforward to extend the methods developed for the MISO
BC to the multi-cell setup.

In this initial study, we restrict tont = 2 BS antennas. In
the spectrum sharing scenario we use one spatial degree-of-freedom
(DoF) to serve one MS and the other DoF to suppress interference
to the other BS’s MS. This setup is modeled by the two-user MISO
interference channel (IC) for which we use our method [6] to effi-
ciently and optimally find the maximum WSR. For the non-sharing
scenario, modeled by the two-user MISO BC, we use the DoFs to
serve two users. For this case we find the maximum WSR using the
BC-multiple-access channel (MAC) duality [7, Ch.10]. Using these
methods, we can efficiently validate the proposed algorithms with
the globally optimal solutions.

We propose to use a two-phase algorithm. First, the algo-
rithm selects users based on simple beamforming vectors such as
zero-forcing (ZF) and maximum signal-to-leakage-plus-noise ratio
(MSLNR) beamforming. The rate pairs associated with these beam-
forming vectors give an indication of the shape of the achievable
rate region and, hence, the optimal WSR. The larger the WSR is
for the ZF or MSLNR beamforming vectors, the larger we expect
the optimal WSR to be. Second, the algorithm chooses the pairof
MSs that yield the largest WSR and performs optimal beamforming
to improve the WSR. Since the computational complexity still is
quite high, we propose a greedy user selection algorithm. First,



the algorithm selects the MS that achieves the largest single-user
rate. Second, from the MSs of the other operator it selects the MS
that achieves the largest WSR for the two MSs using either ZF
or MSLNR beamforming. Recently, in [8], a method similar to
ours was proposed. However, this is a decentralized method which
involves more MS to BS communication than our method. We
evaluate the proposed algorithms by comparing them to the cases of
WSR-optimal beamforming for the selection of the MSs, uncoor-
dinated selection and beamforming, and no spectrum sharing. The
sum-rate degradation of the suboptimal algorithms is smalland we
point out scenarios where there are potential spectrum sharing gains.

2. SYSTEM MODEL

We focus on the two cooperating BSs and let MSkj
denote thekth

MS of BSj . We assume that theK MSs per BS are selected from
a larger set by an upper-layer application. The system occupiesNs

frequency-flat subchannels, where each subchannel is either a time
or a frequency resource. Assuming that the scheduling algorithm
selected the MS pair(k1, k2), the received signal at MSk1

is1

yk1
=h

H
1k1

w1s1 + h
H
2k2

w2s2 + ek1
+ uk1

. (1)

In (1), hikj
∈ C

nt is the (conjugated) channel vector between
BSi and MSkj

, wj is the beamforming vector of the signalsj ∼
CN (0, 1) intended for MS scheduled for BSj. The transmit power
per scheduled MS and subchannel is constrained as‖wj‖2 ≤ P .
We model the termal noise at MSk1

by ekj
∼ CN (0, σ2

kj
) and the

interference from uncoordinated BSs byuk1
∼ CN (0, Ik1

). Note
that for ease of exposition, we skip the subchannel index in (1). For
the MS pair(k1, k2) we have the situation modeled via the MISO
IC and the achievable rate of MSk1

, in bits per channel use (bpcu),
assuming Gaussian coding and treating interference as noise, is

Rkj
(w1,w2) = log2

(

1 +
|hH

1k1
w1|2

|hH
2k2

w2|2 + σ2
k1

+ Ik1

)

. (2)

We model the channel vectors as

hikj
=
√

βikj
h̃ikj

, i, j = 1, 2, kj ∈ {1, . . . ,K}. (3)

In (3), h̃ikj
∼ CN (0, I) models the small-scale (fast) fading. We

assume that the realizations ofh̃ikj
are independent both over the

users and the subchannels. Byβikj
, zikj

/dαikj
we model the ef-

fects of shadowing and path-loss. The log-normal random variable
zikj

models the shadow fading between BSi and MSkj
whereasdikj

is the normalized distance between BSi and MSkj
andα is the path-

loss exponent. The path-loss and shadowing are the same for all
subchannels and transmit antennas. We assume that each BS has
perfect knowledge of the channels to the MSs both in its cell and the
coordinated one.

We model the channels between the uncoordinated BSs and the
coordinated MSs as in (3) and assume that the BSs use random
beamforming vectors. The elements of these vectors are i.i.d. com-
plex Gaussian and normalized to the desired transmit power.This as-
sumption makes sense since the WSR optimal beamforming vectors
are linear functions of the i.i.d. complex Gaussian channelvectors,
see [6] and references therein. Moreover, we assume that theunco-
ordinated transmit with powerρP. The activity factorρ models that
a BS is active with probabilityρ. For the case without and with full
uncoordinated interference, we haveρ = 0 andρ = 1, respectively.

1Whenever an expression is given with respect to a MS of one BS,switch
BS index to obtain the expression for the other MS.

3. SCHEDULING ALGORITHMS

We assume that PFS is performed. The reason is that we by using
PFS can guarantee that all users get some service. A maximum sum-
rate scheduler would select the strong users close to the BSsand
ignore the remote users. The objective of the PFS is to maximize
∏

2

j=1

∏K

kj=1
R̄kj

with R̄kj
, E

{

Rkj

}

, where the expectation is
over the small-scale fading. This optimization is too complex and
requires non-causal channel knowledge. To overcome that, we adapt
the standard approximation, e.g., see [9]. On each subchannel n, we
maximize 2

∑

j=1

K
∑

kj=1

Rkj ,n/Tk,n, where (4)

Tkj,n+1 = (1− 1/nc)Tkj ,n +Rkj ,n/nc (5)

is a moving average of the throughput of MSkj
with nc being the

time constant of the scheduler. The largernc, the longer will the
scheduler wait for a MS to go from a bad to a good fading state.
Since, we independently select one pair of MSs per subchannel, we
formulate the WSR maximization problem

max
k1,k2

{

maximize
‖wj‖2

≤P, j=1,2

Rk1
(w1,w2)

Tk1,n

+
Rk2

(w1,w2)

Tk2,n

}

. (6)

We obtain the optimal solution to (6) by solving the inner maxi-
mization for each MS pair(k1, k2). The inner WSR maximization
problem is NP-hard in general [3], but for the two-user scenario we
find the solution really fast using our method in [6]. However, that
method requires sampling of the boundary of the rate region.To
avoid that, we propose that the first algorithm uses simple beamform-
ing vectors to lower bound the optimal value of the inner maximiza-
tion. The outer maximization is a combinatorial problem with com-
plexity O(K2), which might bothersome for largeK. Therefore,
we propose a greedy selection algorithm with complexityO(K).

Algorithm 1 (exhaustive): The inner problem of (6) is approx-
imately solved by using simple beamforming strategies withgood
performance, e.g. ZF or MSLNR beamforming vectors. For the pair
(k1, k2), the ZF beamforming vector is given as [10]

w
ZF
1 = arg max

h
H
1k2

w=0,

‖w‖2≤P

|hH
1k1

w|2 =
√
P

Π
⊥
h1k2

h1k1

∥

∥

∥
Π⊥

h1k2
h1k1

∥

∥

∥

, (7)

whereΠx ⊥, I−xx
H/ ‖x‖2, and the MSLNR beamforming vec-

tor is given as [11]

w
MSLNR
1 =

√
P arg max

‖w‖2=1

|hH
1k1

w|2/(σ2
k1

+ Ik1
)

|hH
1k2

w|2/(σ2
k2

+ Ik2
) + 1/P

=
√
PC1h1k1

/ ‖C1h1k1
‖ , (8)

whereC1 , I−Ph1k2
h
H
1k2

/(P ‖h1k2
‖2+σ2

k1
+ Ik1

). In general,
ZF beamforming is suboptimal in the sense that the rate pointlies
the interior of the achievable rate region. On the other hand, at high
signal-to-noise ratio (SNR) it converges to the maximum sum-rate
point. The MSLNR beamforming point lies on the outer boundary
of rate region [11]. For the MS pair that achieves the highestWSR
using either ZF or MSLNR beamforming, we compute the maxi-
mum WSR beamforming vectors using our method in [6]. As we
will see in Sec. 4, the choice of ZF beamforming vectors leadsto
slightly lower rates than MSLNR. This exhaustive search algorithm
is summarized in Tab. 1.

Algorithm 2 (greedy): To reduce the complexity we propose a
greedy selection algorithm. First, it finds the MS that maximizes



1: Input: P, hjkj
, σ2

kj
, andIkj

for all j andkj
2: InitializeTkj ,0 = 1 for j = 1, 2, andkj = 1, . . . ,K
3: for n = 1 : Ns

4: Find the pair(k1, k2) that maximizes the weighted
sum-rate for either ZF or MSLNR beamforming.

5: For the pair(k1, k2), compute optimal max WSR
beamforming vectors using [6].

6: Update the throughputTkj ,n according to (5).
Non-scheduled users are updated withRkj ,n = 0.

7: end

Table 1. Description of Algorithm 1 (exhaustive).

1: Input: P, hjkj
, σ2

kj
, andIkj

for all j andkj
2: InitializeTkj ,0 = 1 for j = 1, 2, andkj = 1, . . . ,K
3: for n = 1 : Ns

4: Find user that maximizeslog2(1 + P
∥

∥hjkj

∥

∥

2
)/Tkj

5: Find user of operator̄j 6= j such that WSR is maximized
using either ZF or MSLNR beamforming vectors.

6: For the pair(k1, k2), compute optimal max WSR
beamforming vectors using [6].

7: Update the throughputTkj ,n according to (5).
Non-scheduled users are updated withRkj ,n = 0.

8: end

Table 2. Description of Algorithm 2 (greedy).

Rkj
/Tkj

, using maximum-ratio transmission (MRT), i.e.,wj =√
Phjkj

/
∥

∥hjkj

∥

∥. Then, from the other operatorj̄, it selects MSkj̄

such that the WSR of the MSs is maximized using either ZF or
MSLNR beamforming vectors. Finally, for the chosen pair, wecom-
pute the optimal WSR beamforming vectors using [6]. The complex-
ity of this algorithm, which is summarized in Tab. 2, isO(K).

4. SIMULATION RESULTS

In this section, we provide various numerical results in order to eval-
uate the performance of the proposed algorithms and to identify po-
tential gains of performing inter-operator spectrum sharing. The pa-
rameters which are common for all simulations are given in Tab. 3.
It should be noted that one Monte-Carlo (MC) run is one drop ofMS
positions. The MSs are uniformly placed in the cell outside the inner
circle of normalized radiusrI . The choice ofNs = 64 is compara-
ble to the number of resource blocks on a 10 MHz band in LTE. The
choice ofnc = 10 is quite small. On the other hand, it more or less
guarantees that all MSs are scheduled in each MC run. The rateon
the axes in Figs. 2–7 is the per BS sum-rate divided byNs.

In Fig. 2, we evaluate the proposed algorithms assuming max
sum-rate scheduling forK = 2 andK = 8. We make the compari-
son with and without uncoordinated interference. The sum-rate loss
of the proposed schemes is approximately 2% for exhaustive search
with ZF and slightly less for both the exhaustive and greedy search
algorithms with MSLNR.

In Figs. 3–6, we use the proposed algorithms to identify poten-
tial spectrum sharing gains. We plot the average rate that the BSs
achieve with an outage probability of at most 10% versus either the
distancedBS between the BSs or the cell-edge SNR. The solid and
dashed curves are forK = 2 andK = 8 users, respectively. For the
non-sharing scenario, each operator usesNs/2 subchannels each.
For the sharing scenarios we also compare with the cases of uncoor-
dinated scheduling but coordinated beamforming, i.e., theBSs select

Number of subchannels Ns = 64
Number of Monte-Carlo runs Nm = 10000
Normalized cell-radius rO = 1
Normalized inner cell-radius rI = 0.1

BS distance within an operator
√
3

Path-loss exponent α = 3.5
Shadowing log-normal with std 4 dB
Small-scale (fast) fading i.i.d. Rayleigh
Time-constant of PFS nc = 10

Table 3. Parameters which are common in all simulations.

MSs separately but they cooperate in the beamforming design, and
the case of no coordination at all, i.e., each BS uses MRT to its best
MS, ignoring the interference.

In Figs. 3 and 4, we fix the distance between the cooperating
BSs and vary the SNR. For uncoordinated interference in Fig.3, we
notice a gain of about 10% for the spectrum sharing case forK = 8.
For K = 2 there is even a small loss by doing spectrum sharing.
For the interference free scenario in Fig. 4, we observe a spectrum
sharing gain of 10-20% for bothK = 2 andK = 8.

In Figs. 5 and 6, we fix the cell-edge SNR and vary the BS
distance. For uncoordinated interference in Fig. 5, we observe that
spectrum sharing is only feasible ifdBS is small. The reason might
be that the uncoordinated BSs come closer to the MSs when thedBS

increases. For the interference free scenario in Fig. 6, thespectrum
sharing gain is 10-20% for bothK = 2 andK = 8. The perfor-
mances, except for that of no coordination, do not change much.

For all the cases in Figs. 3–6, we see that there are gains of 5-
10% by coordinating both selection and beamforming. On the other
hand this loss might vanish if we also consider the overhead of co-
ordination. Clearly, if one considers to do spectrum sharing, the BSs
should at least coordinate the beamforming design.

In Fig. 7, we use the exhaustive search algorithm to study multi-
user diversity gains. We plot the median rate and compare it to
the non-sharing case. We consider the cases of no uncoordinated
interference(ρ = 0), full interference(ρ = 1), and low activity
(ρ = 0.3). Except for the cases of uncoordinated interference with
a handful of MSs, we have spectrum sharing gains. Even at low
activity, the performance is substantially decreased.

5. CONCLUDING REMARKS

We proposed two heuristic joint user selection and beamforming al-
gorithms them in an inter-operator spectrum sharing setup.We ob-
served that both the exhaustive search and the greedy selection algo-
rithms have only a small (approximately1%) rate-loss compared to
optimal selection and beamforming. It is hard to draw general con-
clusions on the potential of spectrum sharing in the way we treat it.
For the case of only a few MSs per BSs and uncoordinated interfer-
ence should not be performed. On the other hand, for a large number
of users, there are some potential gains.

Extensions of this work can be made in several directions. We
should relax the restriction of only one scheduled MS per BS and ex-
tend the number of cooperating BSs, since larger cooperation clus-
ters might yield higher spectrum sharing gains. Also, it will be im-
portant to study the problem of acquiring channel knowledge. Basi-
cally, the larger coordination cluster we have, the more orthogonal
pilots we need, which will compete for signal space with the pay-
load.
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