
MULTIUSER MIMO SYSTEMS AND INTERFERENCE AVOIDANCE 

Dimitrie C. Popescu 

Department of Electrical Engineering 
University of Texas at San Antonio 

6900 North Loop 1604 West 
San Antonio, TX 78249-0669 

dpopescu@utsa.edu 

ABSTRACT 
We present application of interference avoidance methods to mul- 
tiuser systems with multiple inputs and multiple outputs. A gen- 
eral signal space formulation is used which makes the approach 
applicable to any MIMO system model regardless of the choice of 
basis functions. Information is transmitted via multicode CDMA 
where symbols that comprise the data frame from a given user are 
“spread” over the available dimensions using a precoding matrix. 
Optimal precoding matrices that maximize signal-to-interference 
plus noise-ratio for all symbolslusers are then obtained by appli- 
cation of distributed greedy interference avoidance methods. Nu- 
merical simulations have been performed and the signal-to-noise 
ratio distribution for receiver antennas and complementary cumu- 
lative distribution functions for sum capacity with optimal precod- 
ing matrices are also presented. 

1. INTRODUCTION 

Wireless communication systems with multiple inputs and multi- 
ple outputs (MIMO) in which many antennas are used for trans- 
mission and reception have received increased attention from the 
research community over the past years Usually, multiple anten- 
nas are employed to provide spatial diversity and improve system 
performance by mitigating the effects of multipath fading [l-31. 
New modulation schemes for multiple antenna systems have also 
been proposed and analyzed [4,5] in an attempt to bring perfor- 
mance close to the theoretical limits [1,21. 

In this paper we present application of interference avoidance 
methods to multiuser MIMO systems such as those associated with 
the uplink of a wireless system in which USCIS and the base sta- 
tion are equipped with multiple antennas. These methods provide 
distributed algorithms for codeword optimization in CDMA sys- 
tems [6 ,  71 based on maximization of the signal-to-interference 
plus noise-ratio (SINR). Our approach is based on application of 
interference avoidance to general multiaccess vector channels [8, 
91 for the particular case that corresponds to a multiuser MIMO 
system. We note that a vector channel representation is natural in 
the case of MIMO systems, and several models can be found in the 
literature [1-3,5]. We also note that the approach is general and 
applicable to any MIMO system model. 

Information is transmitted over the MIMO channel using mul- 
ticode CDMA where a sequence of information symbols from a 
given user is “spread over the available dimensions using a pre- 
coding matrix. Formulation of the MIMO channel problem in this 
CDMA context allows direct application of interference avoidance 
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techniques [8,9] to determine optimal precoding matrices which 
maximize the SINR for all symbolslusers. The codeword ensemble 
formed by the optimal precoding matrices satisfies a simultaneous 
water filling solution which is an emergent property of interference 
avoidance algorithms [8,9] and ensures also maximization of sum 
capacity [IO]. Howeverjnterference avoidance is a codeword op- 
timization procedure, and is in general different from water filling 
algorithms which optimize the signal covariance directly. Water 
filling algorithms have been proposed recently for multiuser mul- 
tiple antenna systems [I l]. 

2. THE MIMO SYSTEM MODEL 

We consider the uplink of the multiuser system in Figure 1, in 
which L users communicate with the base station, and all are equip- 
ped with antenna arrays for uansmission/reception. 

~ 

u u r  I 

Fig. 1. Multiuser MIMO system in which users and the base sta- 
tion are equipped with antenna arrays for uansmission/reception. 

Let Te be the number of transmit antennas of user e, I = 1, . . . , L, 
and R be the number of receive antennas at the base station. 

Using a general signal space formulation the multiuser MIMO 
system in Figure I is described by the multiaccess vector channel 
equation [I, 3, SI 

L 

r = 1 Hew + n (1) 
e = ,  

with xe being the Npdimensional signal vector transmitted by 
user e, He the N x Ne MIMO channel matrix corresponding to 
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Fig. 2. Multicode CDMA approach for sending frames of infor- 
mation. Each symbol, b r )  in user e's frame is assigned a distinct 
signature waveform s ! ' ) ' ~ )  and the transmitted signal xe( t )  is a 
superposition of all signatures scaled by their corresponding infor- 
mation symbols. 

user e. and n the noise vector at the receiver. We note that di- 
mensions of the transmitter and receiver signal spaces depend on 
the number of transmit and receive antennas employed [ I ,  3,51. 
We assume that users transmit sequences of symbols consisting 
of zero-mean unit variance Gaussian random variables as frames 
using a multicode CDMA approach (Figure 2). For user e the Np- 
dimensional transmitted vector xe is obtained from the sequence 
of symbols to be sent be = [bf) . . . bFtlT through a spreading 
operation specified by the Ne x Me precoding matrix Se, whose 
columns have unit norm and determine the "spreading" of corre- 
sponding symbols in the frame over the Nr available dimensions. 
The transmitted vector sent by user e becomes xe = Stbm, and our 
problem is to optimize precoder matrices Se, e = 1,. . . , L,  such 
that the SINR corresponding to all codewordslusers is maximized. 

3. PRECODER OPTIMIZATION THROUGH 
INTERFERENCE AVOIDANCE 

The fact that equation (1) is identical to that of a general multi- 
access vector channel suggests that greedy interference avoidance 
can be used for precoder optimization [8,9]. We note that numer- 
ous interference avoidance algorithms can be formulated based on 
repeated application of the greedy interference avoidance proce- 
dure, depending on the particular order in which codewordslusers 
are selected for replacement. These are in general not water filling 
schemes although they yield a simultaneously water filling code- 
word ensemble as a consequence of the emergent water filling 
property of interference avoidance IS, 91. 

However, this is different from finding the optimal transmit 
covariance matrices for all users such that the sum capacity of the 
multiple access vector channel defined by equation (1) is maxi- 
mized. While the solution to both problems tums out to satisfy 
a simultaneous water filling condition [8-10], the latter problem 
implies an iterative water filling algorithm. 

A straightforward way to implement a precoder optimization 
algorithm for MIMO systems based on interference avoidance is to 
sequentially update all codewords of a given user k until conver- 
gence and then iterate this procedure for all users. This procedure 
defines the eigen-algorithm for multiuser MIMO systems and is 
formally stated below: 

The Eigen-Algorithm for Multiuser MIMO Systems 

1. Start with a randomly chosen set ofprecoder matrices {Se}f=L=l 

2. For each user k = 1. . . L 

(a) Compute the transformation that whitens the interfe- 
rence-plus-noise seen by user k 

(b) Change coordinates and compute transformed user 

(c) Apply SVD and project the problem onto user IC's sig- 

k's MIMO channel matrix 

nal space 

(d) Define the equivalent problem for user k as in [8,9] 

(e) Adjust user k's transformed precoder matrix by re- 
placing its columns sequentially using the greedy in- 
terference avoidance procedure 

(0 Iterate previous step until convergence 

3. Repeat step 2 iteratively for each user until a fixed point is 
reached for which further modification of codewords will 
bring no additional improvement. 

We note that steps 2(e)-(0 represent application of the basic 
eigen-algorithm [6,7] and "water fill" user k's signal space while 
regarding the remaining users in the system as noise. Therefore, 
applied iteratively by each user, the eigen-algorithm for MIMO 
systems is an instance of iterative water filling and is thus guar- 
anteed to converge to codeword ensembles which maximize sum 
capacity of the multiple access vector channel in equation (1). 

However, we also note that the distributed and asynchronous 
nature of independent users and codeword updates might not ad- 
mit such a simple tightly coordinated sequential approach. For- 
tunately, interference avoidance can still be applied under the as- 
sumption of asynchronous codeword updates since each update in- 
creases sum capacity [8,9]. 

4. SIMULATION RESULTS 

The MIMO channel model used for simulations is derived by us- 
ing the same set of basis functions for the signal space as in [9,121 
consisting of real sinusoids (sine and cosine functions). Follow- 
ing [9,12] we assume that the frame duration 'T >> qy), Qe> z, j ,  
which implies that sinusoids are eigenfunctions for all the cban- 
nels in the multiple antenna link. We denote by N, the num- 
ber of frequencies used. The number of transmit antennas for 
user e is Te and the number of receiver antennas is R. In this 
context the MIMO channel matrix He of user e has dimension 
2N,R x 2N,Tr and is composed of R x Tt diagonal matrices of 
dimension 2N, x 2N, containing gain matrices of all channels in 
the multiple antenna link between user e and the base station. This 
MIMO channel model has been derived under the implicit assump- 
tion that the N ,  periods of spanning sinusoids are large compared 
to the propagation delays between antenna elements so that the 
sine and cosine components are still approximately synchronized 
at the receiver even in the presence of multiple transmit and re- 
ceive antennas. In addition, for simplicity, carrier synchronization 
for received signals has also been assumed. 
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4.1. Receiver SNR Distribution 

With random precoding matrices and for a particular set of chan- 
nels, the SNRs at different receive antennas have the hell-shaped 
distribution in Figure 3 (upper plot).Application of interference 
avoidance water fills the channels appropriately and results in a 
fixed set of SNRs at each receive antenna for given instances of the 
channel(s). As it can he seen from Figure 3 (lower plot), doubling 
the number of antenna elements in both transmitter and receiver 
results in about 3 dB improvement in the SNR. Also note that after 
interference avoidance the SNR is approximately the same for all 
receive antennas, even though no a priori assumption about equal 
SNRs at each antenna [I] has been made. 

4.2. Fading Channels and Outage Capacity 

In the case of fading environments, which is characteristic of wire- 
less communications, the impulse responses of channels in the 
multiple antenna link change over time and it becomes difficult to 
apply interference avoidance to determine optimal precoding ma- 
trices corresponding to all channel realizations that occur during 
the duration of the transmission. In such cases interference avoid- 
ance is applied using average characteristics of the channels [I31 
to determine precoder matrices which are optimal far the average 
channel. 

We have considered a frequency selective Rayleigh fading en- 
vironment [13,14], and we firstdetermineprecoding matricesopti- 
mal for the average channel defined in terms of the average values 
of the Rayleigh random variables. Then we compute capacity val- 
ues for distinct realizations of these Rayleigh random variables. 
The resulting CCDFs are presented in Figure 4 for a system with 
L = 2 users. In these plots we compare sum capacity in the case 
of only one transmit antenna per user and one receive antenna with 
the case of two transmit antennas per user and two receive anten- 
nas, and four transmit antennas per user and four receive antennas 
respectively. 

5. CONCLUSIONS 

Application of interference avoidance methods to multiuser MIMO 
systems has been presented and analyzed in the paper. Such sys- 
tems are associated with the uplink of a wireless system in which 
users and the base station have multiple antennas. 

Our approach is based on application of interference avoid- 
ance to general multiaccess vector channels in [E] for the partic- 
ular case of multiuser MIMO systems. The approach is general 
and applicable to any MIMO system model. Information is sent in 
frames using multicode CDMA with spreading over the available 
dimensions implied by a precoding matrix. Optimal precoding 
matrices are obtained through application of greedy interference 
avoidance by all users in the system. For illustration an extension 
of the eigen-algorithm [6,7,9] is presented, which is an instance 
of iterative water filling [IO]. 

Numerical results based on simulations were also presented in 
the paper. We note that these results are consistent with the well 
known results in the multiple antenna literature, namely that the 
use of multiple antennas in both the transmitter and the receiver is 
beneficial for system performance. 
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Fig. 3. SNR distributions at receiver antennas with random precod- 
ing matrices for a single user (upper plot), and SNRs with optimal 
precoding matrices yielded by interference avoidance(1ower plot). 
Signal space has dimension N = 10, and the relative noise power 
at each receive antenna is No = 0.5. 
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Fig. 4. Sum capacity CCDFs for a two-user MIMO system in a 
signal space of dimension N = 10. The TI = TZ = R = 1 
antenna case is compared with the TI = Tz = R = 2 antenna 
case (upper plot) and with the Ti = T2 = R = 4 antenna case 
(lower plot) for various values of the relative noise power NO. 
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