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Abstract

We consider the downlink of a multicell system comprised of base stations (BSs) and user terminals equipped with
multiple antennas respectively on the condition that arbitrary BS cooperation and distance dependent propagation
path loss are assumed. In this paper, we consider homogeneous networks for the rectangular coordinates and show
the cell edge performance of cellular networks based on distance from their cell center, i.e., BS. We focus on the
downlink capacity of edge users in the cellular networks and show that BS cooperation can improve the spectral
efficiency. The BSs cooperate for their transmission to the cell edge users in order to improve their signal-to-
interference-plus-noise ratio (SINR) for inter-cell interference (ICI) cancelation in downlink multicell systems. When
fractional frequency reuse (FFR) is applied to the cell edge, it is conjectured that BS cooperation, or a coordinated
multipoint (CoMP), will further improve the system performance. Simulation results show that the proposed
scheme outperforms the reference schemes in terms of the cell edge SINR with a minimal impact on the path loss
exponent in the networks.

Keywords: Multicell MIMO, Power constraint, Cell edge channel capacity, Inter-cell interference, Fractional
frequency reuse
1 Introduction
In conventional cellular networks, a major degrading fac-
tor affecting the system performance is inter-cell interfer-
ence (ICI). This is caused by neighboring cells using the
same frequency band. The ICI can cause significant
performance loss at user (mobile station (MS)) terminals,
especially, at cell edge users located in the vicinity of cell
boundaries. Various techniques have been recommended
to mitigate ICI [1, 2]. Users close to the base station (BS)
typically have a high mean signal-to-interference-plus-
noise ratio (SINR), whereas, the users at cell intersections
suffer from low SINR levels. Multi-input multi-output
(MIMO) has emerged as a key method to achieve high
spectrum and power efficiency in mobile communication
[3, 4]. Though the capacity region of MIMO broadcast
channel (BC) is an unsolved problem for lack of a general
theory on non-degraded broadcast channels, an achievable
region for MIMO broadcast channel was obtained by
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applying the dirty paper coding (DPC) [5] at the transmit-
ter [6–8] which established the duality of achievable re-
gion and the capacity region of the MIMO. This makes
the solution of sum capacity of MIMO BC possible, since
the solution of sum capacity of MIMO BC is in general a
non-convex optimization, while MIMO multiple access
channel can be solved by convex optimization. In this
paper, we consider a multicell network, where primary cell
edge users suffer severe ICI due to their location on the
cell boundary. As a solution, we explore the problem of
ICI mitigation on the primary cell edge users by deploying
cells at the borders of adjacent primary cells to serve pri-
mary cell edge users. The cell edge problem of this system
is addressed. In [9–11], it is shown that with the optimal
power control, such BS cooperation eliminates the inter-
cell interference penalty. In other words, a network of
interfering cells has the same per-cell capacity as a single,
isolated cell.
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In order to further reduce the complexity of the joint
cooperation and coordination strategies, the emerging
distributed solutions to the intriguing multicell capacity
maximization problem have drawn more and more at-
tention, with only local information achievable [12–14].
Typically, the frequency reuse factor is much less than
unity, so that the level of co-channel interference is low.
Thus, interference is controlled by fixing the frequency
reuse pattern and the maximum power spectral density
levels of each base station. We analyze the cooperation
scenario in a multicell environment where the other cell
interference is significant. The capacity achieved through
cooperation is shared equally among the cell edge users,
i.e., resources are shared fairly among the cooperating
users. The transmission rate to each user is determined
based on the SINR. Cooperative transmission by three
BSs can improve this SINR by transmitting jointly to
one user at a time.
A recent study on the fractional frequency reuse

(FFR) scheme with the BS cooperation/coordinated
multipoint (CoMP) [15, 16] applies CoMP with BS
joint transmission in FFR cell edge only for multiuser
diversity, leaving the FFR cell center region not in co-
operation [17, 18]. In [15], the authors analyze a clus-
ter of three-cell cooperative MIMO base station with
FFR scheme, showing that the scheme via antenna
rearrangement can improve the spectral efficiency.
Inter-cell interference coordination (ICIC) scheme
that makes use of inter-cell coordination is investi-
gated in a multicell environment with aggressive fre-
quency reuse. In the recent years, the FFR scheme
has attracted the attention of the researchers in dif-
ferent standardization bodies and forums. The behind
FFR lies in the fact that mobile stations (MSs) in the
central area of a cell are more robust against interfer-
ence due to low path loss and hence they can tolerate
higher reuse compared to those at the cell border
suffering from high interference as well as high path
losses [19, 20]. Therefore, it makes sense to use dif-
ferent degrees of reuse factor for MSs in the cell cen-
ter and cell edge areas. A common example of FFR
for a network with base BSs is a blend of reuse factor
of 1, 3, and 7 in the cell center and cell edge areas,
respectively. The performance of this scheme is com-
pared with that of some reference schemes, for ex-
ample, reuse of one, reuse of three, and reuse of
seven schemes [21, 22]. Reuse 1 scheme represents
the no coordination case, and the other two represent
cases where coordination is used in a static manner.
The main contributions of this paper are summarized
as follows:

➢ We consider a new multicell structure for the
downlink system. Multicell downlink is a cooperative
technology which coordinates multiple separated
cells. It improves the performance of cell edge for
ICI cancelation in BS cooperative downlink systems.

➢ It is well known that a major drawback of this
system is having strong interference since users
located at cell edges may experience much
interference from signal transmitted in adjacent cells.

➢ We try to quantify the cell edge performance of
cellular systems with and without ICI according to
the distance from their cell center.

➢ We consider 19 cells composed of two tiers. MSs in
the cell edge determined by the polar and
rectangular coordinates experience the interference.

➢ We note that at a path loss exponent of 3.6, we
observe an approximately 13-dB improvement in cell
edge SINR by using reuse of three relative to reuse
of one based on FFR. A reuse of seven increases cell
edge SINR by 8 dB.

The rest of this paper is organized as follows. The system
model is described in Section 2. In Section 3, we discuss
multicell cooperation scheme. In Section 4, we address
inter-cell interference technique control. In Section 5, we
are amenable to analysis for multicell cellular systems with
ICI. In Section 6, we introduce power constraint for per
base station and simulation results in Section 7. Finally, we
conclude the paper in Section 8.
2 System model
In mobile cellular scenarios, the radio propagation can
be characterized by three independent phenomena: path
loss variation with distance, large-scale shadowing, and
small-scale fading. A large-frequency reuse factor is as-
sumed to isolate the cells, and the ICI is negligible by
spectrum allocation carefully among coordinated BSs.
We consider the cellular system has L coordinated cells,
each with M antennas as shown in Fig. 1. Each cell has
K users each with N antennas. Perfect CSI at the BSs is
assumed, and we also consider each cell the same as
each BS. The precoded transmit signal vector xk of MS
is given by

xk ¼ T ksk ð1Þ
where Tk is the precoding matrix and sk is the data for
user k. Thus, the received signal vector at the user k can
be expressed as

yk ¼ Hk;kxk|fflfflffl{zfflfflffl}
desired signal

þ
XL

j¼1; j≠k

Hk;jxj|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
ICI

þnk

¼ Hk;kT ksk þ
XL

j¼1; j≠k

Hk;jT jsj þ nk ; ð2Þ



Fig. 1 Block diagram of multicell downlink system
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where nk is a vector of Gaussian noise with variance σ2.
Here, we assume channel switching system because all
interference is eliminated. Furthermore, the per-cell power
constraints are defined as tr{Qk} ≤ Pk, where
is the covariance matrix of the transmission vector and Pk
is the total transmission power. The fading coefficients re-
main quasi-static within some time interval (called a
block) and change independently between blocks. There-
fore, the channel from MS k to jth cell can be modeled as
a N ×M random matrix

Hk;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cd−α

k;j gk;j
q

Bk;j; ð3Þ

where cd−α
k;j denotes the path loss, dk,j is the distance (in

km) between MS-k and the BS; α is the path loss expo-
nent, c is the median of the mean path loss at the refer-
ence distance of 1 km; gk,j is a log-normal distributed
shadowing variable with variance, and Bk,j ∈ ℂ

N ×M

represents the small-scale fading.
In a cell, each MS with a high SINR will be assigned

spatially multiplexed data streams, based on the rank of
the MIMO channel and the MIMO capacity. The low
SINR cell boundary MSs which seek cooperation are
always assigned a single stream of data. The SINR expe-
rienced by a user k is given by

SINRk ¼
HH

k;kT
H
k Hk;kT kXK

k¼1; j≠k

XL
j¼1

HH
k;jT

H
k;jHk;jT k;j þ σ2I

: ð4Þ

Let (ςj, ψj) represent the polar coordinate of the jth re-
mote antenna unit (RAU) in cell, and (μk, ωk) denote the
polar coordinate of MS-k. The distance dk,j is noticed by
the locations of the MS, BS, and RAU as shown in Fig. 2.
Then, the BS-MS distance is given by

dk;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2k þ ς2j −2μkςj cos ωk−ψj

� �r
: ð5Þ

To evaluate the cell edge performance, first define the
location-specific downlink spectral efficiency [23]. In the
multicell environment, the mutual information of the
wireless channel can be expressed as



Fig. 2 System model: polar and rectangular coordinates
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I ¼ log2 det ILN þ P
M

Hk;jH
H
k;j

� �
¼ log2 det IM þ P

M
HH

k;jHk;j

� �

¼ log2 det IM þ Pc
M

XL
j¼1; j≠k

gk;j
dα
k;j
BH
k;jBk;j

 !
;

ð6Þ
which is a random variable depending on the fading
condition. The location-specific spectral efficiency can
be obtained by taking the mean of (6) with respect to
shadowing and small-scale fading coefficients, i.e.

C μk ;ωk
� 	 ¼ E log2 det IM þ Pc

M

XL
j¼1; j≠k

gk;j
dα
k;j
BH
k;jBk;j

 !" #
:

ð7Þ

3 Multicell cooperation scheme
BS cooperation entails sharing control signals, transmit
data, user propagation channel state information (CSI),
and precoders via high-capacity wired backhaul links to
coordinate transmissions. BS cooperation approach is
feasible; the BSs are connected by a high-speed wired
backbone that allows information to be reliably ex-
changed among them. Full cooperation leads to the
highest sum rates at the cost of increased overhead due
to global CSI requirements and the exchange of a
greater amount of information among BSs, including
CSI, transmit data, and precoding data. In the BS co-
operation schemes, the CSI at the BSs plays an import-
ant role in maximizing the system performance. The BSs
use this information to adapt their transmission strat-
egies to the channel conditions. We analyze the cooper-
ation scenario in a multicell environment where the
other cell interference is significant. The capacity
achieved through cooperation is shared equally among
the cell edge users, i.e., resources are shared fairly
among the cooperating users. The transmission rate to
each user is determined based on the signal-to-
interference-plus-noise ratio (SINR). Cooperative trans-
mission by two base stations can improve this SINR by
transmitting jointly to one user at a time. However, this
improvement in terms of throughput may not always be
enough to increase the throughput of each user. The sig-
nals from the serving BS and from the neighbor BS ar-
rive at the terminal at the same time, i.e., received
signals by the terminal from the two BSs are frame
synchronized.
Moreover, the maximizing system performance is also

accompanied by the overhead cost for the CSI acquisi-
tion via channel training and feedback in frequency
division duplex (FDD) systems. It needs to scale propor-
tionally to the number of transmit and receive antennas
as well as the number of users in the system in order to
maintain a constant gap of the sum rate with respect to
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the full CSI case. The cooperative BSs via a wired back-
bone network brings about huge data traffic and
information.

3.1 No cooperation
Under normal operation, there is no cooperative trans-
mission, i.e., the signal is received only from home BS;
the SINR in the downlink for MS is given by Eq. (4).
The capacity for terminal MS in bits/s/Hz under no co-
operation can be derived from the Shannon capacity
given by

Cnc ¼ log2 1þ βSINRncð Þ; ð8Þ

where β is determined by the SNR gap between the
practical coding scheme and the theoretical limit.

3.2 Cooperation
When terminal MS is in cooperation with BSs, SINRcoop

and SINR of the downlink channel will depend on the
type of cooperation scheme. Then, the capacity for ter-
minal MS under cooperation in bits/s/Hz will be

Ccoop ¼ δ log2 1þ βSINRcoop
� 	

: ð9Þ

The factor δ in Eqs. (8)–(9) defines the proportion of
resource sharing among the terminals under cooper-
ation. In our system, considering resource fairness, the
value for δ is 1/2.
The users in the serving cell and the neighbor cell

who decided to cooperate for an SINR improvement will
share the available resource between them equally.
Therefore, the individual user throughput is 1/2 of the
actual capacity of the cooperative transmission as in (9),
considering β = 1 in the capacity expressions (8) and (9),
for a low SINR regime, as log (1 + x) ≈ x. The exact ex-
pression for the capacity for cooperative scheme with re-
source constraint to perform better than normal
transmission, i.e., Ccoop > Cnc, is shown below:
Fig. 3 An ICI broadcast channel based on the rectangular coordinate
1
2
log 1þ βSINRcoop
� 	

> log 1þ βSINRncð Þ
⇒ log 1þ βSINRcoop

� 	
> log 1þ βSINRncð Þ2

⇒1þ βSINRcoop > 1þ 2βSINRnc þ βSINRncð Þ2
⇒SINRcoop > βSINR2

nc þ 2SINRnc

:

ð10Þ

Hence, it is worthwhile for the user to decide whether
to perform cooperation in the downlink channel.

4 Inter-cell interference technique control
In this section, we provide the cell edge performance for
rectangular coordinate. The performance of cell edge is
usually either noise limited or interference limited [21].
In noise-limited situation which typically occurs in large
cells in the rural areas, the performance can be usually
be improved by providing a power gain.

4.1 Inter-cell interference: an example 2-cell case
The received signal strength goes down as the path loss
increases with distance from the serving BS. The ICI
goes up because when a MS moves away from one BS, it
is generally getting closer to another BS as shown in
Fig. 3. Furthermore, we assume a universal frequency re-
use, which means that both BS1 and BS2 transmit on
the same frequency resources. Here, we consider each
BS has M antennas and each cell K users each with N
antennas. Therefore, the signal transmitted from BS2 ap-
pears as interference to the MSs. From Eq. (5), we con-
sider θ = 90°, β = 0; then, we assume d = ρ for the polar
coordinate case. The SINR experienced by the MS at a
distance d from BS2 can be written as similar way to (4)
for the rectangular case:

SINR ¼ P1hkd
−α
kX

j≠k

P2hj 2R−dð Þ−αj þN0

; ð11Þ

where α is the path loss exponent, N0 is noise, and Pk is
the transmit power for the kth BS. Also, R is the cell ra-
dius with 2R as the distance between BS1 and BS2. In
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general, all the BSs in a system use the same transmit
power; and therefore, we will assume P1 = P2. In a se-
verely interference-limited scenario, the background
noise N0 can be ignored.
The above Eq. (11) expression can be simplified as

SINR ¼ P1d
−α

N0 þ P2 2R−dð Þ−α ¼
Pd−α

P 2R−dð Þ−α

¼ 1
2R
d −1
� 	−α ¼ 2R

d
−1

� �−α

: ð12Þ

We note that SINR degrades with increasing d. Also,
for a given d < R, the SINR is higher for a larger path
loss exponent α. This is because the interference travels
a longer distance for d < R and is attenuated more for
larger α. We also note that the maximum SINR at the
cell edge with d = R is limited to 0 dB.
Let us assume the path loss model for desirer BS1

PLs ¼ 128:1þ 37:6 log10 dð ÞdBs: ð13Þ

The same path loss model is assumed for the interferer
BS2.

PLi ¼ 128:1þ 37:6 log10 2R−dð ÞdBs: ð14Þ

The SINR experienced by the MS can be written as
Fig. 4 An interference experienced by a cell edge MS based on the rectan
SINRwith‐ICI ¼
Phk 10

PLs
10

� �
N0 þ Phj 10

PLi
10

� � : ð15Þ

When the ICI is not present, the SINR experienced by
the MS can be written as:

SINRwithout‐ICI ¼
Phk 10

PLs
10

� �
N0

: ð16Þ

However, in case of downlink using multiuser MIMO,
it is possible that many users located at the cell edge are
receiving to their corresponding cell (BS2) in the down-
link as shown in Fig. 3. A user receiving in BS2 from the
cell edge will see these multiple interferers transmitted
at BS2 with approximately the same power as its own
transmitted power at BS2. When the number of these
interfering BS1 users is greater than 2, the SINR seen on
the downlink can be lower than the uplink SINR in
interference limited scenarios.

4.2 Multicell for frequency reuse case: cell edge
performance
Let us consider a case of hexagonal cell layout, two tiers
of interferers, and universal frequency reuse, i.e., reuse
of one as shown in Fig. 4. A network consisting of 19
cells is shown in Fig. 4. Cell 1 is surrounding six neigh-
boring cells from 2 to 7. Each cell is served by BS with
gular coordinate
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M transit antennas and K users in the cell have N re-
ceive antennas. Each cell has radius R, and an additional
cell parameter called the inter-cell coordination distance
is defined in Fig. 4. The distance defines the boundary
between the cell interior and the cell edge users.
We apply frequency reuse, so the users at the cell edge

may suffer a high degree of interference from neighboring
cells. Multiple neighboring cells have channel information
of edge users, and they coordinate for the data transmis-
sion: one of these cells is selected to act as the home cell
to transmit data to such a user, and other neighboring
cells will take this user into consideration when designing
precoding matrices. With pre-cancelation of intra-cell
interference provided by the home cell and pre-
cancelation of ICI at other neighboring cells, there will be
no interference for this edge user from those cells.
With such a coordination strategy, the interference for

both cell interior and cell edge users is efficiently miti-
gated. FFR is another technique for interference manage-
ment where BSs cooperatively schedule users in different
downlink bandwidths. However, FFR is a frequency do-
main interference management technique. This technique
coordination strategy is a spatial domain technology that
can be implemented with a universal frequency reuse.
The main idea of inter-cell coordination is to do

interference pre-cancelation at all the neighboring
cells for the active edge user and select one cell to
transmit information data to this user. The precoding
technique used for inter-cell coordination is multicell
MIMO, the same as for intra-cell coordination. Each
edge user selects a cell based on the channel state,
denoted as the home cell, while the other neighboring
cells act as helpers for the data transmission. The
remaining cells are interferer cells.

4.2.1 Case I: reuse-1
In this case, a MS at the cell edge experiences interfer-
ence from 11 cells with two interferers at distance R
(cells 5, 6), three interferers at distance 2R (cells 4, 7,
10), and six interferers at a distance of 2.7R (cells 2, 3, 8,

9, 11, 12) where R is the cell radius. From Eq. (5), cos

ρk−φj

� �
¼ cos π

2

� 	 ¼ 0, then, dk;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2k þ β2j

q
. In Fig. 4,

we can calculate the distance of six interferers as

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
Rþ 2R

� �2

þ
ffiffiffi
3

p

2
R

� �2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5
2
R

� �2

þ
ffiffiffi
3

p

2
R

� �2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25
4
R2 þ 3

4
R2

r
¼ 2:7R: ð17Þ

In this case, 2 cells = R, 3 cells = 2R, and 6 cells = 2.7R.
In the worst-case SINR,
SINRreuse‐1 ¼ R−α

2� R−α þ 3� 2Rð Þ−α þ 6� 2:7R½ �−α
¼ 1

2þ 3� 2ð Þ−α þ 6� 2:7ð Þ−α ;

ð18Þ

where α is the path loss exponent. If we ignore the six
interferers at a distance of 2.7R(6 × (2.7)− α = 0), the
worst-case SINR is given as

SINRreuse‐1 ¼ R−α

2� R−α þ 3� 2Rð Þ−α
¼ 1

2þ 3� 2ð Þ−α : ð19Þ

We note that the SINR increases faster with increasing
path loss exponent when a larger number of interferers
are assumed. The frequency reuse factor is the rate (C)
at which the same frequency can be used in the network.
It is 1/L where L is the number of cells which cannot
use the same frequencies for transmission [21]. The cap-
acity limit for cell edge users for reuse of one can be ap-
proximated as

Creuse‐1 ¼ 1: log2 1þ SINRreuse‐1ð Þ b=s=Hz: ð20Þ

4.2.2 Case II: reuse-3
Let us now assume a reuse of three for cell numbers 1,
5, and 6 only. In this case, the interference from two
dominant interferers at distance R (cells 5 and 6) from
the MS is eliminated. The distance of the 3 cells = 2R
and 6 cells = 2.7R. So, this results in a worst-case SINR
as given below.

SINRreuse‐3 ¼ R−α

3� 2Rð Þ−αþ6� 2:7R½ �−α
3

¼ 3
3� 2ð Þ−α þ 6� 2:7ð Þ−α : ð21Þ

The capacity limit for cell edge users for reuse of three

Creuse‐3 ¼ 1
3

� �
log2 1þ SINRreuse‐3ð Þ b=s=Hz: ð22Þ

4.2.3 Case III: reuse-7
Now, let us assume a reuse of seven implemented in cell
numbers 1–7. In addition to the interference from two
dominant interferers at distance R (cells 5 and 6) for the
case of reuse of three, the interference from two inter-
ferers at distance 2R (cells 4 and 7) and another two in-
terferers at distance 2.7R (cells 2 and 3) is eliminated.
This results in a worst-case SINR as given below.
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SINRreuse‐7 ¼ R−α

2Rð Þ−αþ4� 2:7R½ �−α
7

¼ 7
2ð Þ−α þ 4� 2:7ð Þ−α : ð23Þ

In a similar way, we can get the capacity limit for re-
use of seven

Creuse‐7 ¼ 1
7

� �
log2 1þ SINRreuse‐7ð Þ b=s=Hz: ð24Þ

However, when a frequency reuse scheme, for ex-
ample, with a reuse of three, is applied, the interference
from these multiple users receiving on the downlink in
BS1 is eliminated. This results in a larger improvement
in SINR and correspondingly larger improvements in
downlink capacity or throughput. Moreover, since the
starting SINR with reuse of one is low, the capacity
scales approximately linearly with SINR and therefore
results in larger gains in downlink capacity for cell edge
users. The comparison of three frequency reuse is shown
in Table 1.

5 Performance analysis for multicell cellular
network with ICI
This section addresses the cell edge performance consid-
ering the ICI. From (2), the ICI plus noise is given by

~n ¼
XL

j¼1;j≠k

Hkxj þ nk : ð25Þ

The covariance matrix of ~Qk , conditioned on the user’s
location and the log-normal shadowing, can be derived as

~Qk ¼ E ~nk ~nk
H

� 	 ¼
1þ Pc

M

XL
j¼2; j≠k

g1;j
dα
1;j

0

⋱

0 1þ Pc
M

XL
j¼2; j≠k

gL;j
dα
L;j

2
6666664

3
7777775⊗IM;

ð26Þ
where ⊗ denotes the Kronecker product. According to
the central limit theorem, ICI is asymptotically Gaussian
when the number of interferers is large. So, ñk can be
approximated as an equivalent Gaussian noise with co-
variance (25). With the Gaussian approximation for the
Table 1 Comparison of frequency reuse

Frequency
reuse

SINR

Reuse-1 SINRreuse‐1 ¼ 1
2þ3� 2ð Þ−α

Reuse-3

Reuse-7

SINRreuse‐3 ¼ 3
3� 2ð Þ−αþ6� 2:7ð Þ−α

SINRreuse‐7 ¼ 7
2ð Þ−αþ4� 2:7ð Þ−α
ICI, the mutual information of the downlink channel,
given the channel matrix Hk and the noise covariance
~Qk , can be written as

I ¼ log2 det ILN þ P
M

Hk;jH
H
k;j
~Qk

−1
� �

¼ log2 det ILN þ P
M

HH
k;j
~Qk

−1
Hk;j

� �

¼ log2 det IM þ Pc
M

XK
j¼1

1þ Pc
M

XL
j¼2; j≠k

gk;j
dα
k;j

 !−1

HH
k;jHk;j

" #

¼ log2 det IM þ Pc
M

XK
j¼1

1þ Pc
M

XL
j¼2; j≠k

gk;j
dα
k;j

 !−1

� gk;j
dα
k;j
BH
k;jBk;j

" # ;

ð27Þ

where ~Q−1
k denotes the inverse matrix of ~Qk . The

location-specific spectral efficiency of the distributed an-
tenna selection with ICI is defined as

C μk ;ωk
� 	 ¼ E log2 det IM þ Pc

M

XK
j¼1

1þ Pc
M

XL
j¼2; j≠k

gk;j
dα
k;j

 !−1

� gk;j
dα
k;j
BH
k;jBk;j

" #
:

ð28Þ

6 Power constraints for per base stations
In this section, we present the sum rate maximization
problem for the downlink in cooperative multicell
system. A variety of inter-cell cooperation schemes
have been proposed to mitigate ICI, ranging from a
fully cooperative network to partially coordinated
beamforming [24–27]. We focus on the network
MIMO approach with limited cooperation, where co-
operating BSs act as a single distributed MIMO trans-
mitter and interference from other cell is treated as
noise. The power constraint corresponding to BS ap-
plies to the transmit covariance matrix of BS k which
can be defined as

Qk ¼
X
k

V kΩkV
H
k ; ð29Þ

where Ωk denotes the diagonal element of Qk, corre-
sponding to the power allocated to the kth user. There-
fore, sum rate maximization problem with per-cell
power constraints can be expressed as
Cell edge channel capacity

Creuse‐1 ¼ 1: log2 1þ SINRreuse‐1ð Þ
Creuse‐3 ¼ 1

3

� 	
log2 1þ SINRreuse‐3ð Þ

Creuse‐7 ¼ 1
7

� 	
log2 1þ SINRreuse‐7ð Þ
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arg max Ωkf g
XL

j¼1;j≠k

log I þH j;kV j;kΩkV
H
j;kH

H
j;k




 



s: t: tr

X
k

V kΩkV
H
k

( )
≤Pk ; k ¼ 1;…;K

Ωk≥0; k ¼ 1;…;K :

ð30Þ
Thus, the problem is categorized as a convex

optimization problem. The sum power constraint is
given by

tr Qkð Þ ¼
XK
k¼1

XL
i¼1

Ωj
k≤Pk ; ð31Þ

where Psum ¼
XL
k¼1

Pk . The sum rate maximization re-
duces to

arg max
Ωkf g

XK
k¼1

XL
j¼1

log 1þ Λj
kΩ

j
k

� �
: ð32Þ

Letting Λj
k ¼ HH

k Hk denotes the diagonal element for
j = 1,…, L. For per-BS power constraints, we can use
Lagrange duality and the sub-gradient iteration method
as given in the following. The Lagrangian function for
(32) is given by

ℒ Ω; λð Þ ¼
XK
k¼1

XL
j¼1

log 1þ Λj
kΩ

j
k

� �
−λP; ð33Þ

where λ ≥ 0 is a vector of dual variables corresponding
Fig. 5 SINR as a function of distance from the cell center
to the BS power constraints. The KKT conditions are
given by

∂ℒ

∂Ωj
k

¼ 1

1þ Λj
kΩ

j
k

Λj
k−λ≤0: ð34Þ

Solving for qjk, we find

Λj
k

1þ Λj
kΩ

j
k

−λ ¼ 0⇒Ωj
k ¼

1
λ
−

1

Λj
k

" #
: ð35Þ

The solution of (35) subject to the sum power con-
straint is given by the water filling. It follows that the
dual problem can be solved by the vector of dual vari-
ables λ.

7 Simulation results
In this section, the cell edge performance is evaluated
via MATLAB simulations. We plot SINR with and with-
out assuming ICI as a function of distance from the cell
center d for a MS receiving transmission in Fig. 5 from
Eqs. (15)–(16). The total background noise in a 10-MHz
bandwidth is N0 = −104 dBm. Also, we assume the BS
transmit power of P = 46 dBm. We note that the SINR
gain by ICI elimination is larger for lower SINR MSs.
The lower SINR happens when d approaches R, which is
the case for cell edge MSs. The relative gains in through-
put by ICI eliminations are expected to be even larger
for low SINR MSs as the capacity scales almost linearly
at lower SINR. For high SINR users, small gains in SINR
by ICI elimination do not translate into any meaningful
gains in throughput. From this discussion, we can
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Fig. 6 Cell edge SINR for various reuse factors
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conclude that ICI is more important for cell edge MSs
than for the cell center MSs.
The cell edge SINR for various reuse factors is given

in Fig. 6 from Eqs. (19), (21), and (23). We note that at a
path loss exponent of 3.6, we observe an approximately
13-dB improvement in cell edge SINR by using reuse of
three relative to reuse of one. A reuse of seven increases
cell edge SINR by another 8 dB. Note that with a reuse
of three and seven, the power spectral density on the
Fig. 7 Cell edge channel capacity for path-loss exponent with various reus
transmitted bandwidth increases by a factor of 3 and 7,
respectively. This is because, with a higher reuse, the fre-
quency bandwidth used in each cell in the reuse scheme
decreases. We have accounted for this increase in power
spectral density in the above calculations.
The cell edge channel capacity limits for various reuse

factors are plotted in Fig. 7 from Eqs. (18), (20), and
(22). It can be noted that, at a path loss exponent of 3.6,
a reuse of three provides approximately two times
e factors



Table 2 Simulation parameters

Parameters Value

Number of cells 19

Number of cooperation BSs 7

Cell shape Hexagon diagram

BS position On circle with radius

User position Cell edge

(BS, user) antenna number (7, 3)

Carrier frequency 2 GHz

Bandwidth 10 MHz

Log-normal shadowing Gaussian distribution with zero mean,
10-dB standard deviation

Transmission power (BS) 46 dBm

SNR −15 to 20 dB

Path loss exponent α = 3.5

Path loss 128.1 + 37.6log10 (d)

Fading i.i.d. Rayleigh
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improvement in cell edge throughput relative to the case
of universal frequency reuse. Therefore, the potential
improvement in performance is merely an indication of
the gains achievable by ICIC for the cell edge users. We
further note that reuse of seven while providing some
capacity gains relative to universal frequency reuse per-
forms worse than reuse of three.
A 19-cell full reuse multicell environment is simulated

to analyze the performance of user capacity and SINR
for two transmission scenarios, namely (i) without
-15 -10 -5 0
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Fig. 8 Sum rate capacity of multiple cooperation
cooperation (ii) with cooperation. A cellular network of
radius 500 m, operating at 1800 MHz with one cell edge
user per cell, is considered for simulations. The channel
gains for both signal and interference are based on path
loss model including fading and log-normal shadowing.
The shadowing component is a Gaussian random vari-
able with zero mean and 10-dB standard deviation. Fad-
ing component is an i.i.d. random variable with zero
mean and unit variance. The transmission power of each
base station (at the antenna) is 46 dBm. The simulation
parameters are shown in detail in Table 2.
From Fig. 8, when BSs do not cooperate, the chan-

nels from user k to BS k, k ∈ {1, 2, 3}, are not shared
among the adjacent cells. Thus, the capacity is
achieved when cells do not cooperate and therefore
interference is limited. On the contrary, all cells co-
operate in the sense that they proceed to joint decod-
ing of the users operating at the same frequency.
However, in the cooperative case, power allocation
can be clearly performed under either sum power
constraint or individual power constraint for each
user. So BSs are connected by backhaul, the capacity
maximizing number of cooperative cells.
8 Conclusions
In this paper, we focus on increasing the cell edge cap-
acity in the multicell networks. We also propose the de-
ployment scheme consisting of 19 cells with two tiers
for the rectangular coordinate and show the cell edge
performance of cellular systems with and without ICI
5 10 15 20
R[dB]

Cooperation

Non-cooperation



according to the distance from their BSs. We show that
13-dB improvement in the cell edge SINR with fre-
quency reuse factor of three can be achieved compared
to frequency reuse factor of one. BS cooperation has
been proposed to mitigate the cell edge effect. The mul-
ticell coordinated MU-MIMO scheme is proposed to
improve the cell edge user throughput, which can satisfy
higher spectral efficiency requirements of the LTE Ad-
vanced systems as well as the capacity by maximizing
the number of cooperative cells/BSs.
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