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Abstract—Base station cooperation is considered as a promis-
ing approach to increase the quality of service (QoS) in uplink.
Base stations are connected via high-capacity backhaul links,
which makes it possible to perform joint detection through
information sharing among several base stations. Joint detection
broadens the feasible signal to interference ratio (SIR) region,
in which any SIR assignment for all users can be concurrently
supported. Thus it provides a higher system throughput. We
characterized the Pareto-optimal boundary of the feasible SIR
region of power control with base station cooperation by utilizing
the property of concave interference function. We suggest a
distributed power control algorithm that exploits the broader fea-
sible SIR region and optimizes the SIR assignment. Depending on
the feasibility of the network to support cooperation, we analyze
3 degrees of cooperation: no cooperation, limited cooperation,
and full cooperation.

I. INTRODUCTION

In modern mobile communications systems, the network
has to support multiple mobile stations simultaneously. Due to
aggressive frequency reuse where several users are allocated
simultaneously at the same frequency- and time resource,
power control has a very important role in uplink. Without
power control, cell-edge users would be disadvantaged by
users located closer to the base stations, since the interference
coming from the closer mobile stations overwhelm the signal
of the cell-edge users. The quality of receive signal in base
station depends on the ratio of signal to interference plus noise
(SINR). The use of high power levels leads to a significant
reduction in network performance, since the transmission
power by one user is considered as interference from other
users. Thus power control is important to control the multi-
user interference.

The conventional distributed power control algorithm targets
to minimize the overall transmit power while maintaining cer-
tain fixed SIR requirement (see [1] and references therein). The
algorithm was motivated for wireless voice networks, namely
to satisfy the minimum SIR requirement. However, in wireless
data network the operator would like to support variable SIR
assignment, where higher SIR provides a user with higher
data rate, while smaller SIR can still support lower data rate
applications. Due to multi-user interference, unfortunately not
all SIR vectors can be supported. The feasible SIR region is
defined as the region, in which any SIR assignment for all
users can be concurrently supported. The SIR assignment can
not go beyond the feasible SIR region. Thus it is important

to find a distributed algorithm to assign SIRs that belong to
the feasible SIR region and yet optimal. A distributed power
control algorithm, which achieves the optimal SIR assignment,
has been recently found [2].

In future wireless networks, base stations are connected
via high-capacity backhaul links, which makes it possible to
perform joint detection among the distributed antenna arrays
through information sharing between several base stations.
This additional degrees of freedom broadens the feasible SIR
region and provides a higher system throughput. Base station
cooperation for uplink wireless networks has been considered
in [3]. However, as their objective is to minimize total transmit
power with fixed SIR assignment, the algorithm doesn’t fully
exploit the knowledge of the broader feasible SIR region due
to base station cooperation. This paper extends the distributed
power control algorithm in [2] with the aim to exploit the
broader SIR region and to approach an optimal SIR assignment
for uplink base station cooperation. While the feasible SIR re-
gion in [2] has a log-convexity property, which allows convex
optimization problem formulation and ensuring global optimal
solution, unfortunately the feasible SIR region for base station
cooperation is generally not log-convex. The optimal SIR
assignment solution must lie on the Pareto-optimal boundary
of the feasible SIR region to achieve the highest possible
efficiency. Fortunately, the boundary of the feasible SIR region
for base station cooperation can be characterized by using the
property of the concave interference function [4]. Therefore
the optimization problem over the whole feasible region can
be transformed to the optimization along the Pareto-optimal
boundary. Depending on the feasibility of the network to
support cooperation, we analyze 3 degrees of cooperation: no
cooperation, limited cooperation, and full cooperation.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider the uplink of a wireless cellular network with
M mobile stations, each equipped with 1 transmit antenna,
sending independent information to /N base stations, where
each base station is equipped with K receive antennas. Assum-
ing the cellular network is being connected via a high-speed
optical fiber backbone such that message passing between
several base stations is possible and a signal can be jointly
received and coherently combined by several base stations.
The signal transmitted by mobile station 7 is detected by a set
of base stations 7r;. The cardinality |7r;| is the number of base
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Fig. 1.

Uplink system model.

stations which serve user 7. We assume that the cardinality
|7r;| depends by the feasibility of the network to support
cooperation (i.e. no cooperation, limited cooperation, or full
cooperation). Denote h; as the |m;|K x 1 complex valued
channel vector from mobile station ¢ to its serving cooperative
base stations 7r;. These channel vectors are estimated at base
stations using pilot signals transmitted by mobile stations. Let
x; be the information signal sent by mobile i. The receiver,
which is the set of cooperative base stations 7r;, employs

a linear joint beamforming vector w; € CI™iIE*1  with

[|w;|| = 1, resulting in a received signal for mobile station
1 given by

H H H H
Wi Yri = (Wi b i)z + E (Wi'hgj)x;  + W, Zr,,
—_——— gy ——
Useful signal for MS ¢ Noise
Interference from another MS (1)

where z,, is a vector of dimension |7;|K x 1, which contains
the additive white Gaussian noise (AWGN) component with
variance o2, ie. Elzrzl] = o’L Let E{|z*} = p;i
be the transmit power from mobile 7. The transmit power
from all users are collected in a power allocation vector,

p = [p1,...,pn]T. The instantaneous SIR, +;, for link i is

i W, |?
i = Pi|Wi" hr i
defined as in [5]

. The interference coupling matrix is
Z]‘;ﬁi P IWihy, [ +02 phng

WIRs Wi e
[V(W,H)]ij = WHR, iw; if ¢ 7& 7, 0
O’ lf Z = j’
where the matrix Rp,; = E[hmjhfﬂ} is the spatial co-

variance matrix of the vector channel h,, ;. The interference
coupling matrix, V(W, IT), contains interference coefficients,
which determine in which way the users’ transmit signals
are affected by multi-user interference. It depends on the
receive beamforming vectors wy, ..., Wy, which are collected
in matrix W, and the cooperative base stations assignment
vectors 71,...,7, which are collected in matrix II. The
interference experienced by the ¢th user can be modeled by
an interference function, which is defined as

Ii(p’ W’ H) = [V(W’ H)p]z + ¢i,

i=1,...,M, (3

with ¢; = -. Note that if we have a constant W and a

g
H
w; R,,iiw1

constant IT, the interference function I;(p) is linear. We can
stack the interference function in a vector, so that

I(p,W,II) = V(W,IT)p +c. 4)

S~ - ~ L OF(p™, W,TI)

e

log SIR(User 2)

w,m?

w,mp

Feasible SIR Region

'
|
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w,mP\ "
‘ 0
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log SIR(User 1)

Fig. 2. The feasible SIR region is the union of regions associated with all
possible combinations of (W, II). Each (W, II)* stands for a fixed choice
of beamformer coefficients and cooperative BS assignment sets. By varying
the power vector p, we get the associated trade-off curve. OF (p™, W, II) is
the Pareto-boundary of the feasible SIR region [5].

Let +; be the SIR achieved by link ¢ with v =
pi/Ii(p, W, II) and define an SIR assignment matrix I'(vy) =
diag(v1,...,vm), then

The power allocation equation can be formulated as
p=(I-T(7)V(W,II))"'T(y)e. (6)

Since the power allocation vector must be non-negative,
ie. p = 0, it is required that (I — T'(y)V(W,II))~! to
be also non-negative. Thus not all SIR assignments ~ are
achievable. A clever selection of each user’s cooperative base
stations assignment and beamforming vector will cause the
interference coupling matrix V(W, II) to have a smaller value,
thus can support a higher SIRs. By the Perron-Frobenius
theorem, an SIR assignments I'(7y) is feasible if and only
if p(T(y)V(W,II)) < 1, where p(.) is a spectral radius
function [6]. Thus the unconstrained feasible SIR region =
is BW,II) = {y = 0 : p(T(y)V(W,II)) < 1}. If
the interference coupling matrix V doesn’t depend on other
variables, it is known that the logarithm of the feasible SIR
region is convex [7]. However since now the interference
coupling matrix V(W,II) depends on the joint beamforming
strategy W and cooperative base stations assignment strategy
I1, then the feasible SIR region B(W, IT) becomes the union
of regions associated with all possible combinations of W and
II. Generally the union of convex regions is not a convex
region. Taking the maximum transmit power constraint p™
into account, the power allocation must satisfy p < p™. The
power-constrained feasible SIR region is defined as

F(p™,W,II) = {v e B(W.II) | p(v) =p"} (V)

The SIR optimization problem for uplink base station co-
operation over non-convex feasible SIR region, F(p™, W, II)
can be formulated as a Network Utility Maximization (NUM)
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problem

M
> U(B(w)
i=1

max.
s.t. ~ € F(p™, W, II)
p=0
variables p,W,IIL ~. )

A class of utility functions is introduced in [8], where different
optimization goals can be achieved by varying the parameter
a>1

log(B;)) ifa=1,
Ui(Bi) = § gi-= fasl’ )
-« :

and we define the user throughput 3; = loga(14-;) as the QoS
metric. In this paper we consider proportional fairness utility
with @ = 1 to create a balance between maximizing total
wireless network throughput while at the same time allowing
all users at least a minimal level of service.

III. OPTIMIZATION USING CONCAVE INTERFERENCE
FUNCTIONS

The assignment of m; and w; can be optimized indepen-
dently for each user, since it doesn’t influence the interference
perceived by other users, thus we get a concave interference
function [4]

I (p)

[V(W,ID)pl; +

. . o?
= min min “Ho
il <|mi | <N \wis][wi||=1 w Ry, iw;

0.2
in ( min Vi<Wi,7TZ‘)p-‘r )

m
i 1<|mw |[<N \wi:||w;||=1 WlHRﬂ-”WZ
. 1
= min — )
7 1<|m |[<N L H 2 H
hmi ol + Ej;éi pjhﬂ'ijhﬂ'ij hr,i

(10)

Concave interference function belongs to the standard inter-
ference function [1], which fulfills the following axioms:

o Al Positivity I;(p) > 0.
o A2 Monotonicity if p > p’, then I;(p) > L;(p’).
o A3 Scalability ol;(p) > I;(ap) if a > 1.

The concave interference function, I (p), attains the mini-
mum interference among all choices of cooperative base sta-
tions assignment and beamforming vector at power allocation
p. The corresponding optimal linear beamformer for I;” t(p)
is the Minimum Mean Square Error (MMSE) beamformer [9]
[10]:

-1

W?pt(P) = ijhmjhf,-j +0%1 hri.
i

(11)

Interference

™ I"(p=w;‘:ﬂ'?) ],‘(p7W?,7T?)
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7
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Fig. 3.  Concave interference function attains the minimum interference
among all choices of cooperative BS assignment and beamforming strategy.

The optimal choice of cooperative base stations assignment
corresponds to I (p) is

7 (p)
2
- argmin [V(WP )pl; + tHG—t
il <|mi|<N W;Jp Rﬂ'q‘,iw;)p

(12)

Based on the cardinality of the cooperative base stations
assignment |7;|, which is defined by the feasibility of the
network to support cooperation, we can define 3 degrees of
cooperation:

1) No Cooperation.
If |[w;| =1 Vi, we assume that there is no cooperation
between base stations. In this case, user 7 is assigned
to the base station at which its interference function is

minimized.
I (p)
. 1
= ,.Inlnfl -1
=t (a2l+ > pjhmhfij> B

13)

2) Full Cooperation.
The transmitted signal of user ¢ is jointly detected at
|7r;] = N cooperative base stations. This case achieves
the maximum performance from these 3 degrees of
cooperation, since the interference function is totally
minimized by joint detection from all base stations.

1
I1°Pt(p) =
7 (p) H 5 H —1
hmi oI+ Zj;éi pjhmjhmj hr,;

3) Limited Cooperation.
The limited cooperation case is considered, in which
the received signal of user ¢ is jointly detected at d;
cooperative base stations with 1 < d; < N . This criteria
is more feasible than full cooperation case, since only
limited number of base stations need to perform joint
detection. However there are (é\i ) possibilities to find
the optimal combination of d; cooperative base stations

(14)
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from the overall NV base stations which minimizes the
interference function.

7' (p)
1

= min

s |=ds -
mlml=dpH (‘721 T2 pihmhfij) s
15)

The optimal SIR assignment solution must lie on the Pareto-
boundary of the feasible SIR region to achieve the highest
possible efficiency. Using the property of concave interference
function we can characterize the Pareto-boundary of the fea-
sible SIR region.

Theorem 1: Pareto-Boundary Characterization of the Fea-
sible SIR Region of BS Cooperation
Let OF (p™, W, II) be the Pareto-boundary of the feasible SIR
region. The interference vector I(p, W, II) on 8F(p™, W, II)
must be the concave interference function 7°P!(p) with at least
one user transmits with full power: p € {p X p™| i : p; =
p;n}'

Proof: The power allocation vector on the Pareto-optimal
boundary must be in the set {p < p™ |3 : p;, = p"},
which is proved in [2]. Suppose the tupple (p, W', II') is
the power-, beamformer-, and cooperative BSs assignment
vector on Pareto-boundary, so that v' € 8F(p™, W, II) with
interference vector I’(p). Assume that the pair (W', II") #
(W°P! TI°P"). From equation (10) we know that I7*'(p) <
I'(p) for each user, which means that for the same user’s
transmit power p; then y** > ~/, for each user. Thus proving
the claim by contradiction. |
Thus by utilizing the concave interference function I°Pt(p)
from equation (10), the optimization problem (8), which is
over the whole feasible SIR region F(p™, W, IT), can be trans-
formed to the optimization along the Pareto-optimal boundary
OF(p™, W, II) since the optimal SIR assignment must lie on
the Pareto-boundary

max.

ZUi(%‘)

st op >IN (p), i=1,2,....M
0=<xp=p™
variables p,W.II ~. (16)

To solve this optimization problem, we combine the ascent-
direction algorithm from [2] and the concave interference func-
tion I}” t (p) to develop a greedy algorithm, which searches
a local optimum solution on the Pareto boundary. Ascent-
direction means that Zf\il U(wlt +1]) > Zf\il Ui(v[t]),
where t is the iteration index. The power-interference repre-
sentation is re-parameterized into the so-called load-spillage
representation, so that the SIR is re-parameterized into a load-

spillage term
Vilt] = L[]/ silt].

Spillage s; represents the effect of interference emitted by
mobile station ¢ transmission on other users in the network

a7)

\.\ ~. ~€iF(pm.W.H)

log SIR(User 2)

log SIR(User 1)

Fig. 4. Tllustration of the algorithm. The algorithm starts with an initialization
point and goes iteratively to the boundary of the feasible SIR region until local
optimum SIR assignment is achieved.

weighted by other user loads [; plus the power price v;.

silt] = Y VWP TIP)[A], 15[t] + wilt).

J

(18)

A mobile station with large spillage would easily carry over
interference into another mobile stations and hence should be
assigned a smaller SIR. Link ¢, with an SIR ~;, and responsible
for spillage s;, loads the network with I; = s;7; in the sense
that it is less tolerant by a factor of /; to interference from other
users in the network. The power price v; for mobile station @
is updated depending upon the transmit power constraint p;"
and is determined through an iterative subgradient update to
bring down the SIR assignment from unconstrained feasible
SIR region B(W, II) to power constrained feasible SIR region
F(p™, W,II).

vi [t +1] = [; [t] + Suo(pilt] — pI™)] T (19)

where §,, > 0, is a sufficiently-small step-size [11]. The
term [2]* = max{z,0} denotes the projection onto the non-
negative orthant. The larger the load factor user ¢ has, the
more immune is user ¢ against interference from other users.
Therefore, the load factor is chosen in greedy manner, where
in each step the search direction is towards the largest load
each user can have by utilizing concave interference function

Lit+1] = Li[t] + 6 ALt + 1] (20)
!

Alz[t + 1] UOYZPSFYZ [t])')/l[t] _ lz [t],
L7 (plt +1])
where 0; > 0 is a sufficiently small step-size for the load factor
[11] and U(y;) = ﬁl _&%m. The ascent-direction
update arrives on the Pareto-optimal boundary after it satisfies
Theorem 1, namely as p[t] € {p < p”|Fi : p; = pI"} and
the current interference I(p[t], W,m) = I°P*(p[t]). Then it
slides along the Pareto-optimal boundary in ascent-direction
and converges towards the local utility-optimal point.

For limited cooperation, 1 < d; < N, however, the
complexity to find an optimal cooperative base stations assign-
ment to determine 17" (p) is prohibitive due to (év ) possible
combinations. Therefore for limited cooperation we propose a

21
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TABLE 1
SIMULATION ASSUMPTIONS.
channel model 3GPP SCME
scenario urban-macro
f c 2 GHZ
intersite distance 500 m
number of BS 37
BS height 32 m
number of receive antenna each 2
number of MS in each cell 1
MS height 2 m
number of transmit antenna each 1
transmit power constraint 1 mW

sub-optimal cooperation strategy, where the cooperative base
stations assignment is chosen based on its link gain. Thus the
interference function becomes

) = — .
hz; (021 + 2 Pjhmjhmj)

where 7r; is a d; element set and its link gain has the maximal
energy norm ||hy,;||2. The interference function I:“*°P*(p)
is still concave, since the interference function is minimized
through the optimal beamforming vector in Eq. (11). The price
that we pay for this simplification is the smaller feasible SIR
region, since the interference coupling matrix depends only on
beamforming V(W). It is important to note that under full-
cooperation case, the performance of the optimal and sub-
optimal cooperative base stations assignment are the same,
since each user is assigned to all cooperative base stations.
The distributed algorithm exploits the high-capacity back-
haul links connecting the base stations for iteratively exchange
information between them. After several iterations when the
convergence is achieved, the cooperative base stations 7r;
communicates the optimal power to mobile station 4.

1

(22)

1 )

hTr,Li

IV. SIMULATION RESULTS

In order to evaluate the performance of uplink base station
cooperation, we simulate the algorithm in system-level sim-
ulator by using the 3GPP Spatial Channel Model Extended
(SCME) [12]. We consider frequency flat channels to analyze
the performance. We use omnidirectional antenna array with
two elements at the base station. Each cell is loaded with one
user. Each mobile station is equipped with a single antenna.
The maximum transmit power for each mobile station is 1
mW. The simulation assumptions are given in the Table 1. The
geometric mean of the user throughput is used as a measure
of the network QoS as in [2]. It is computed as the exponent
of the mean proportional fairness utility over 3;(7;)

M 1/M
|JEIRD)
=1

Figure 5 shows the convergence behavior of the algorithm
for different degrees of cooperation, namely no cooperation,

| M
=exp | o- > log Bi(v:) (23)
i=1

o B
@
0
2 ]
N
T
B
Q
=2
P i
o
g
X<
(=3
g ]
[
= ===No Cooperation
-=-Limited Cooperation 2 BSs
2] -=-Limited Cooperation 3 Bss | |
===Limited Cooperation 7 BSs
===Full Cooperation 37 BSs
. . . | . | . |
G0 10 20 30 40 50 60 70 80 90 100
Iteration
Fig. 5. Convergence behavior of the algorithm for different degrees of
cooperation.

limited cooperation with 2, 3, and 7 cooperative base stations,
and full cooperation. Due to ascent-direction updates of the
algorithm, the QoS of the network increases with each iteration
step until it reaches a convergence state. From Figure 5 we
observe that with each addition of cooperative base station
the QoS performance of the network increases. Figure 6
shows the cumulative distribution functions (CDFs) of user
throughput. The CDFs are obtained using the maximization of
the sum of proportional fairness utility function of 500 network
instances. It can be seen that as the number of cooperative
base station increases, the user throughput increases as well.
We observe that almost half of the performance increase with
full cooperation can be obtained when only 7 base stations
with the strongest links are performing joint detection.

V. CONCLUSIONS

We have introduced the consideration of power control for
uplink base station cooperation to achieve an optimal SIR
assignment. We characterized the Pareto-optimal boundary of
the feasible SIR region of power control with base station
cooperation by utilizing the property of concave interference
function. We developed a distributed greedy algorithm which
achieves utility-optimal point on the Pareto-optimal boundary.
It has been shown that base station cooperation broadens the
feasible SIR region and provide a higher system throughput.
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