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Abstract 
In this paper, we consider multi-user scheduling to avoid other cell interference (OCI) in the uplink of 
cellular systems. The base station (BS) determines a user group that can minimize the interference from other 
cells by exploiting the spatial correlation matrix of users from adjacent BSs. The proposed scheme is 
applicable to multi-input multi-output (MIMO) as well as single-input multi-output (SIMO) environments by 
applying an eigen-beamforming technique, enabling the use of flexible antenna structures at the transmitter. 
Simulation results show that the proposed multi-cell scheduling significantly increase the ergodic capacity by 
avoiding the OCI compared to conventional scheduling schemes, particularly in high mobility and highly 
correlated channel environments.  
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   1. Introduction 
Increasing demand for packet data applications in the 

uplink of cellular networks has encouraged the reuse of 
frequency spectrum to increase the system capacity. 
However, when the frequency resource is universally 
reused, the uplink capacity can severely be degraded by 
interference from users in the adjacent cells, so-called 
other-cell interference (OCI) [1]–[3]. Since the received 
signal power transmitted near the cell boundary is much 
weaker than that near the cell center, the OCI can 
adversely affect the uplink signal transmitted near the cell 
boundary. It is desirable to mitigate the OCI to increase the 
throughput of the uplink signal transmitted near the cell 
boundary. 

Assume that base stations (BSs) near the target BS are 
fully coordinated (i.e., fully share instantaneous channel 
state information (CSI) of all users near the cell boundary 
with no delay). Then, each BS can schedule users to 
minimize the OCI effect, improving the uplink throughput 
near the cell boundary [2]. In practice, however, it takes 
time to exchange the CSI (e.g., the mobile WiMAX and 
3GPP LTE set a constraint on the maximum cooperative 

interval in an order of ten seconds to minutes [4]). As a 
consequence, the use of a full coordinated scheduling 
scheme may not be feasible in practice. 

Instead of the coordination, the use of a Max-SNR 
scheduling policy has been considered based on 
instantaneous CSI [5]. However, it can suffer from so-
called channel mismatch problem, mainly due to the time 
delay between the time of channel estimation and signal 
reception at the BS. This channel mismatch problem makes 
the reception performance worse as the user mobility 
increases [6]. To alleviate this problem, the use of long-
term CSI (e.g., spatial correlation) has been considered 
[3],[7],[8], which varies slowly. However, most of spatial 
correlation-based scheduling schemes have been proposed 
in single-cell environments. Although they can somewhat 
alleviate the channel mismatch problem, they still suffer 
from the OCI effect when applied to multi-cell 
environments. 

In this paper, we consider cooperative multi-user 
scheduling based on the spatial correlation to maximize the 
ergodic capacity of the uplink in multi-cell environments. 
The BS can schedule users near the cell boundary based on 



the transmit/receive correlation matrix. Since the spatial 
correlation varies slowly, it can be exchanged among the 
BSs through a backbone network without serious outdated 
problem [6]. Based on the spatial correlation matrix of 
users near the cell boundary, each BS selects its users 
minimally affected by the OCI from adjacent cells, 
maximizing the ergodic capacity of the uplink. Since the 
proposed scheme makes the use of long-term CSI, it can be 
quite effective in high mobility and highly correlated 
channel environments. 

The rest of the paper is organized as follows. Section II 
describes the system model in consideration. Section III 
proposes a cooperative user scheduling scheme that 
minimize the OCI effect on the uplink signal by exploiting 
the spatial correlation of users. Section IV verifies the 
proposed scheduling scheme by computer simulation. 
Finally, conclusions are given in Section V. 
 

   2. Multi-user MIMO Uplink Channel 
Consider the uplink of a multi-input and multi-output 

(MIMO) cellular system comprising B  BSs, where the 
BS has N  receive antennas and K  users have M  
transmit antennas. Fig. 1 illustrates a MIMO cellular 
system where two BSs are serving K  users near the cell 
boundary. Let ks  be the transmit signal from user k , 

,i kP  be the average signal power transmitted from user k  
to BS i , ku  be the transmit beam weight vector of user 
k , and ,i kH  be the ( )N M×  channel matrix between 
user k  and BS i . Then, the received signal at BS i  can 
be represented as 
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where in  is the ( 1)N ×  additive white Gaussian noise 
(AWGN) vector with covariance 0 NN I . 

Assuming that the channels are spatially correlated, 
,i kH  can be represented as [9] 
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where ,i kH  is an ( )N M×  matrix whose entries are 
independent and identically distributed (i.i.d) zero-mean 
complex Gaussian with unit variance, and ,i kR  and ,i kT  
are ( )N N×  receive and ( )M M×  transmit correlation 
matrix from user k  to BS i , respectively. ,i kH  can also 
be represented as 
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where ( )
,
l

i kh , 1, 2, ,l M= , is the ( 1)N ×  receive 
channel vector between the BS and the l -th transmit 
antenna of user k , ( )

,
m

i kg , 1,2, ,m N= , is (1 )M×  
transmit channel vector between user k  and the m -th 
receive antenna of the BS, and the superscript * denotes 
conjugate transpose. 

The receive correlation matrix ,i kR  is equal to the 
covariance of ( )

,
l

i kh  when excited by any transmit antenna 
1, 2, ,l M= , and is the same for all transmit antennas [9]. 

Simply, it can be represented in an exponential decay form 
[10] 
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where ,
, ,| | i kj

i k i k e θρ ρ=  is the receive correlation 
coefficient between the adjacent receive antennas of BS i  
associated with any transmit antenna of user k . Here 

,| |i kρ  ,(0 | | 1)i kρ≤ <  and ,i kθ  ,( )i kπ θ π− < ≤  denote 
the magnitude and the phase of the receive correlation, 
respectively. 

This model can occur when the receive antennas receive 
scatters with the same angle spectra. This condition arises 
if the receive antennas are closely located and have the 
same radiation pattern. In a similar manner, the transmit 
antenna correlation matrix ,i kT  defined by the covariance 
of ( )

,
m

i kg , 1,2, ,m N= , can be represented as [10] 
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where ,
, ,| | i kj

i k i k e φμ μ=  is the transmit correlation 
coefficient between the adjacent transmit antennas of user 
k  associated with any receive antenna of BS i . Here 

,| |i kμ  ,(0 | | 1)i kμ≤ <  and ,i kφ  ,( )i kπ φ π− < ≤  denote 
the magnitude and the phase of the transmit correlation, 
respectively. 
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Fig. 1. Modeling of a multi-user MIMO uplink system 



3. Proposed Multi-cell Cooperative Scheduling 
Scheme 
Assume that each user transmits the signal with a beam 

weight using M  transmit antennas and the BS receives it 
using N  receive antennas. The singular value 
decomposition (SVD) technique was previously applied to 
the uplink of a multi-user MIMO system [12], where the 
signal is transmitted with a beam weight generated by the 
right singular vector corresponding to the largest singular 
value of the instantaneous CSI. However, the use of this 
beam weight may suffer from the channel mismatch 
problem. Moreover, since this scheme requires 
instantaneous CSI, causing a large feedback signaling 
overhead. 

To alleviate this problem, we consider the use of an 
eigen-value decomposition (EVD) technique for the 
generation of transmit beam weight. Since the transmit 
correlation matrix ,i kT  is Hermitian, it can be represented 
as 
 *

, , , ,i k i k i k i k= ∑T V V  (6) 

where ,i k∑  is a diagonal matrix whose diagonal elements 
(1) (2) ( )
, , ,

M
i k i k i kλ λ λ> > >  are the eigen-values and ,i kV  is an 

unitary matrix whose columns (1) (2) ( )
, , ,[ , , , ]M

i k i k i kv v v  are the 
eigen-vectors corresponding to the eigen-values. Obviously, 

(1)
,i kv  and ( )

,
M

i kv  are the eigen-beam weight maximizing 
and minimizing the average SNR, respectively. It is known 
that the use of an eigen-beam weight corresponding to the 
largest eigen-value of the channel covariance matrix is 
asymptotically optimum when the spatial correlation is 
high [13]. Since it is of concern on correlated channel 
environments, we consider the use of eigen-beamforming 
that allocates all power to the strongest eigen-dimension of 
the channel. 

For ease of description, assume that BS 1 is the target 
BS. Letting ( )Q i  be the index of a user scheduled by BS 
i , the received signal at BS 1 can be represented as 
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where the first term is the desired signal from user (1)Q , 
the second term is the OCI from users  scheduled by 
adjacent BSs and the third term is the AWGN vector. Here, 
h  is an ( 1)N ×  vector whose entries are independent and 
identically distributed (i.i.d) zero-mean complex Gaussian 
random variables with unit variance. 

The OCI term defined by 1O  can be rewritten as 
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where ( ) ( )* (1)
( ) 1, ( ) , ( )
j j

Q i Q i i Q iδ v v , 1,2, ,j M= . It can be seen 
that the OCI power increases as (1)

( )Q iδ  increases, while 
decreasing as ( )

( )
M

Q iδ  increases. This implies that the OCI 
can be minimized in an average sense by making the beam 
weight of users in cell ( 1)i ≠  has the same direction as the 
eigen-vector corresponding to the smallest eigen-value of 

1, ( )Q iT  (i.e., (1) ( )
( ) , ( ) 1, ( )

M
Q i i Q i Q l= =u v v ). On the other hands, 

the OCI can be maximized in an average sense by making 
the direction of ( )Q iu  and the eigen-vector corresponding 
to the largest eigen-value of 1, ( )Q iT  the same.  

With the use of the eigen-beamforming, (7) can be 
rewritten as 
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Assume that the BS determines the receive weight to 
maximize the output signal-to-interference plus noise ratio 
(SINR). Then, the optimum received weight can be 
determined as [11] 
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The use of receive weight 1w  yields an output SINR of 
user (1)Q  represented as 
 

1

(1) * 1
1 1, (1) 1, (1) 1, (1) 1, (1)Q Q Q z QPγ λ −= h K h  (12) 

and the corresponding ergodic capacity is given by 
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Applying Jensen’s inequality, it can be shown that  
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Since { }* tr( )E =h Ah A  and tr( ) tr( )=AB BA , (14) can 
be rewritten as 
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Similarly, it can be shown that the ergodic capacity of 
BS i , 1, 2, ,i B= , is upper-bounded as 
 { } ( )(1) 1
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ii i Q i i Q i z i Q iE C Pλ −⎡ ⎤≤ +⎣ ⎦K R . (16) 

Thus, the ergodic capacity of the uplink MIMO cellular 
system is upper-bounded as 

 { } { }Total
1

B

i
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E C E C
=
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It can be seen from (16) and (17) that the ergodic 
capacity of the uplink near the cell boundary in a MIMO 
cellular system is associated with the spatial correlation 
matrix of users. Provided that the BSs can share the spatial 
correlation matrix of users near the cell boundary, they can 
determine a group of users (e.g., one for each cell) that 
yields the maximum ergodic capacity. The procedure of 
the proposed cooperative user scheduling can be 
summarized as follows. 

1. Estimate the spatial correlation of users near the 
cell boundary and share it with the adjacent BSs. 

2. Estimate the ergodic capacity for all possible 
choices of user groups in (17). Then, determine 
the optimum target user ( )Q i  and the 
corresponding time slot according to the 
scheduling policy (e.g., maximizing the total 
ergodic capacity Total{ }E C ). Since all the BSs 
share the correlation information and have a 
common value Total{ }E C  in (17), they know 
which users are selected in the adjacent cells. 
Repeat this step until all users are group-wise 
selected. 

3. Schedule users according to the scheduling 
policy. To maximize the output SINR, generate a 
receive weight in (11). 

 
4. Performance Evaluation 

The performance of the proposed multi-cell user 
scheduling scheme is verified by computer simulation. 
Since it is of concern on users near the cell boundary, the 
performance is evaluated in low SNR region. Common 
simulation parameters are summarized in Table 1. For 
comparison, the performance of the conventional Max-
SNR with full instant CSI [5] and random scheduling is 
also evaluated. 

Fig. 2 depicts the performance of the proposed scheme 
according to the number of users in a (1x4) highly 

correlated SIMO channel when users are uniformly 
distributed. The performance was estimated in two 
difference environments where user mobility is 10 and 60 
km/h due to mobility sensitivity of the Max-SNR 
scheduling. It is assumed that it takes 5 ms delay1 for the 
Max-SNR scheduling to start the transmission to the 
selected user. The actual channel of user k  can be 
represented using Jake’s model as [14]  
 actual measured 2

, , ,
ˆ1i k i k i kε ε= + −h h h  (18) 

where 1/2
, , ,

ˆ
i k i k i kh R h  is a random vector whose 

covariance is ,i kR , and ε  denotes the time correlation 
coefficient between correlated channels (i.e., actual

,i kh  and 
measured
,i kh ) given by [15] 

 ( ) ( )0 22 2d dJ f J fε π τ π τ= +  (19) 

Here, ( )kJ ⋅  the k -th order Bessel function of the first 
kind, df  is the maximum Doppler frequency, and τ  
represents the time delay between the instant of channel 
measurement and actual transmission [14]. 

It can be seen that the Max-SNR scheduling provides 
high performance gain when the user mobility is low. This 
is due to the fact that the Max-SNR scheduling can achieve 

                                                           
1 It is frame interval in mobile WiMax system. 

TABLE I 
COMMON SIMULATION PRAMETERS 

Parameters Setting 

Cell configuration Three sectored 19 cells (two-tier) 
Cell radius 1 km 

Path loss 4 
Antenna configurations 1 Tx at each user, 4 Rx at the BSs 

(SIMO) 
2 Tx at each user, 4 Rx at the BSs 
(MIMO)  

Center frequency 2.3 Ghz 
Channel Raleigh fading 
Link adaptation Ideal (Shannon capacity) 
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Fig. 2. Performance of the proposed scheme according to  

the number of users 
 



instant channel gain (i.e., instant multi-user diversity gain) 
in low mobility environment as the number of users is 
increased. However, due to the channel mismatch problem, 
the Max-SNR scheduling degrades performance when the 
user mobility is high. On the other hand, the proposed 
scheme is quite insensitive to the user mobility as much as 
the random scheduling that utilizes no CSI. This is mainly 
because the spatial correlation is mobility invariant 
information, making the proposed scheme quite effective 
for mobile environments. It can be also seen that the 
proposed scheme provide high performance gain as the 
number of users is increased. This is mainly because as the 
number of users is increased, it is quite probable that users 
maximizing the ergodic capacity are grouped (i.e., the 
proposed scheme can achieve long-term multi-user 
diversity gain). 

Fig. 3 depicts performance of the proposed scheme in a 
(2x4) highly correlated MIMO channel as a function of the 
average SNR when eight users are uniformly distributed in 
each cell at a mobility of 10 and 50 km/h. The transmit 
signal is weighted by the spatial correlation-based EVD 
and instant CSI-based MU-SVD [12] techniques in the 
proposed and Max-SNR schemes, respectively. It can be 
seen from Fig. 3 that the use of instant CSI is very 
susceptible to the user mobility. As a consequence, the 
Max-SNR scheduling outperforms when the the user 
mobility is low. It can also be seen that the proposed 
cooperative scheduling provides affordable performance 
regardless of the user mobility since it utilize time 
invariant channel information (i.e., spatial correlation 
information). Therefore, the proposed scheme can 
outperform the Max-SNR scheduling in high mobility 
environment. 

 
5. Conclusions 

We have considered cooperative user scheduling based 

on the spatial correlation information in the uplink of 
multi-cell mobile environments. Based on the spatial 
correlation information of users, the proposed scheme can 
improve the ergodic capacity by cooperatively scheduling 
users near the cell boundary to minimize the OCI. The 
proposed scheme is applicable to both the SIMO and 
MIMO environments, enabling the use of flexible mobile 
antenna schemes. The ergodic capacity of the proposed 
scheme has been analyzed using an upper bound and then 
verified by computer simulation. The simulation results 
show that the proposed scheme provides noticeable 
performance improvement over the conventional user 
scheduling schemes in highly correlated channel 
environments and that it provides performance less 
susceptible to the user mobility, working better than the 
Max-SNR scheduling scheme even in moderate mobility 
environments. In conclusion, the proposed scheduling 
scheme is quite effective in the presence of high channel 
correlation and/or user mobility. 
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according to the average SNR 


