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1 Glossary 

 

BPd   Break Down distance 

BS   Base Station 

CDF   Cumulative Distribution Function 

CSI   Channel State Information 

DL   Down Link 

LOS   Line Of Sight 

MAC   Medium Access Control layer 

MIMO   Multiple Input Multiple Output 

MMSE   Minimum Mean Square Error 

MTMR   Multiple Transmit Multiple Receive 

MS   Mobile Subscriber 

NLOS   Non Line Of Sight 

pdf   probability density function 

PER   Packet Error Rate 

PFS   Proportional Fair Scheduling 

PHY   PHYsical layer 

RX   Receiver 

SDM   Spatial Division Multiplexing 

SM-STBC   Spatially Multiplexed STBC (users) 

SNIR   Signal to Noise plus Interference Ratio 

SNR   Signal to Noise Ratio 

STBC   Space-Time Block Coding 

TDD   Time Division Duplex 

TX   Transmitter 

UL   Up Link 

VoIP   Voice over IP 

WLAN   Wireless Local Area Networks 

WMAN   Wireless Metropolitan Area Networks 

ZF   Zero-Forcing 
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2  Introduction 

In this report, we focus on the multi-user MIMO techniques.  

From sections 3-10, we addres the problem of the downlink. 

In Sections 3-7, interference cancellation problem is taken into consideration and balanced against the 
need of high throughput. The best method achieving sum capacity, called Dirty paper coding technique, is 
non linear decoding technique but is quite sophisticated to be implemented in a practical system. Other 
techniques can be employed such as the sphere encoding which is more simple to operate than DPC and 
approaches the sum capacity. This technique is based on the use of a replicated constellation for 
mapping at the encoder and a modulo function at receivers. The performance of the system depends on 
the sensitivity to noise of the modulo function. In our contribution, we propose to implement a new non-
linear energy packing function based on the use of a periodically flipped constellation for mapping at the 
encoder associated to a modified modulo function at the receiver to perform decoding. We show that this 
technique improves the performances at low SNR by reducing detection errors due to noise impacting.  

In Section 8, OFDM context is considered. The problem of subcarrier allocation in fair manner between 
active users  is fixed.   

Then, in Sections 9-10, we focus on opportunistic beamforming introduced by Viswanath which is a com-
bined user scheduling and data transmission scheme specifically suited to exploit the multi-user diversity 
inherent in a wireless network. Each user experiencing independent time-varying channels, the system 
can benefit from the tracking of their variations to schedule transmissions when the instantaneous chan-
nel quality reaches its peak. The diversity gain increases with the dynamic range of the channel fluctua-
tion and is thus limited in environment with little scattering and/or slow fading like it is the case with out-
door channels. The opportunistic beamforming technique proposes to add a virtual fast fading to the 
channel by using an orthogonal random weighting at the BS side. In comparison with exact beamforming, 
opportunistic beamforming also offers to reduce the necessary feedback in broadcast channels as a sim-
ple metric (such as the SNIR) while, most of the time, full CSI is needed at the transmitter which requires 
channel information from users. Several compromises exist between the system overhead and i) the pre-
cision of the weighting vectors, ii) the precision of the feedback and iii) the length of the codebook. We 
demonstrate that only 5bits are needed in our framework to quantify the weighting vector which is not a 
huge payload for the system. The two last points were largely studied in the case of generic broadcast 
channels. Some of the solutions are already introduced in 3GPP (for instance, the MIMO scheme called 
PU2RC proposed by Samsung). From the classical concept of opportunistic beamforming, we developed 
different aspects of deployment to improve the overall results in the case of a universal frequency reuse 
network: 

o In the case of a collaborative network, we showed that it is more interesting to capitalize 
on the inter BS cooperation than on the inter-sector so that the topology of the network 
should be reconsidered 

o In the case of a distributed virtual antenna array, we studied the optimal deployment and 
we converged on two solutions: one with three omni directional antennas regularly 
dropped over the cell and one with directional antennas which fit with hexagonal deploy-
ment but an optimal antenna aperture between 80° and 100° is recommended. 

o To maximize the interference area where opportunistic beamforming outperform classical 
techniques, we study the potential interest of the use of a set of fixed beams generally 
called Grid of Beams. Preliminary results are presented here. 

Our work presents the generic concepts, the simulation framework and the compromises and limitations 
of this concept. Some aspects of this study were limited by the channel model we adopted here. The next 
release of the report will present results with specific outdoor channels and MIMO channels. 

Then uplink is studied as well in Sections 11-13 of this report. We focus on an uplink (UL) transmission 
scheme and proposes a dedicated metric to perform user grouping of simultaneously transmitting STBC 
users helping in reducing inter-user interference for the BS decoding resulting in a larger aggregated 
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throughput. The goal is to provide a mean to select the users that by transmitting simultaneously will yield 
an increased sum capacity. Typically, it would help to serve more VoIP users. Thus the basic idea is to 
schedule STBC users in time and frequency, as usual, but also in space. This way through user selection 
we benefit from an additional gain capitalizing on multi-user diversity. In practice it enables to decrease 
the interference penalty occurring in the decoding process. We here consider an uplink scenario consist-
ing in two STBC 2TX MS transmitting simultaneously and decoded by a 4RX BS using an MMSE MIMO 
equalizer. The user paring is achieved by picking two MS among a larger pool of users to be served that 
will result in a lower inter-user interference in the MMSE decoding. The method requires in order to mate-
rialize the multi-user diversity gain the exploitation of an a-priori knowledge which is in our case the 
Channel State Information (CSI) of the various users. In essence, the proposed strategy is to combine 
open-loop STBC and confine CSI knowledge exploitation for the scheduling to in a simple interference 
metric. Various user pairing strategies are investigated and evaluated from complex-
ity/performance/fairness trade-off standpoints. Simulation results highlight that with a simple linear MMSE 
approach (i.e. without succesive interference cancellation) and a fair optimized user pairing, a capacity 
gain of 80% is achievable using spatial multiplexing compared to a pure TDMA approach. The two goals 
of this part of document are:   

    1.  investigate the gain of multi-user MIMO strategies for WMAN for UL transmissions;  

    2.  evaluate benefit of such techniques in preparation of IEEE 802.16m standardization. 

Latest WMAN standards: IEEE 802.16e proposes STBC transmission modes as a mean to reduce the 
occurence probability of deep fadings through coherent combination of channel coefficients on different 
transmit branches. This technique increases the link robustness or range of coverage and motivates their 
use in cellular systems. However, in a multi-user context, the STBC gain when considering scheduling is 
challenged. This comes from the variance reduction incurred by the use of STBC of the equivalent 
channel power distribution seen at reception. Indeed a more stable equivalent channel results in a loss in 
multi-user diversity and thus penalizes the expected gain from a clever scheduler considering the overall 
cell capacity. This phenomenon is known in the academic domain as the channel hardening issue. The 
channel hardening effect is illustrated through probability density function and cummulative distribution 
function analysis (pdf and CDF) of the received SNR. Closed forms are derived in the context of Rayleigh 
channels that are used for justifying the benefit of the proposed scheduling strategies for spatially 
multiplexed STBC users. Evaluation of the proposed method is performed where a single cell cellular 
deployment is considered using classical IEEE 802.16m and IEEE 802.11n system parameters. 

 

3 Multiuser downlink precoding 

3.1 Motivation 

 In multi-antenna deployments, a base station communicates at the same time with multiple terminals. 
Even if this approach is better in terms of capacity than orthogonal separation [29], it needs additional 
processing in order to reduce the interference level between users. In downlink, this processing is 
preferably performed at the base station, since terminals have limited calculation resources. A BS 
communicating to more than one device has to precode the transmitted signal so that each terminal is 
able to recover its destined data with very low additional interference processing. This section presents 
different techniques which can be used in cellular base stations to serve different users in the same time 
by managing co-channel interference between users. This techniques rely on channel state information 
knowledge at the transmitter and consequently needs a feedback from terminals to their corresponding 
BS. We focus on a particular scheme introduced by [30] which is the block diagonalization. We evaluate 
the impact of imperfect channel knowledge at the BS on the link performance, which gives a guidance to 
the tradeoff between feedback overhead and link quality. 
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3.2 Scenario and notations  

 

   We consider a mono cell downlink deployment where a BS serves K users in the same time using a 
transmit precoding. The BS has Tn  antennas and each user among K1�  has kRn  antennas. The 

transmit processing at the BS can be written in a generic form as:  

 )d(f= kk

K

1=k
�s  (1) 

 

where s is the transmitted signal which is a 1xnT  vector, kf  is the function which precodes the data for 

the k th user. The k th terminal receives the following signal:  

 kkk = �sHr +  (2) 

kr  is a 1xn kR  length vector, kH  is the channel matrix between the BS and k th receiver and k�  is a 

kRn  length Gaussian noise vector with covariance matrix I2s . The transmitted data is recovered via 

another set of functions :K1k ,gk �Î  )(g=d̂ kkk r . Depending on the precoding function, we can 

consider two categories: linear precoding when kf  functions are linear, and non linear precoding.  

 

4 Multi-User MIMO downlink: Single Antenna Receiver 

 We begin our discussion of multiuser MIMO broadcast algorithms with users having only one receive 
antenna: 1=n

j
R . With one antenna, the receiver is unable to execute any spatial interference 

suppression itself, so the transmitter is responsible to precode the data in such a way that the 
interference seen by each user is minimal. In this context, we introduce two linear techniques: channel 
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inversion, regularized channel inversion [31,32,33] before turning to the nonlinear algorithms: sphere 
encoding and iterative balancing [34,35]. However, this study can be trivially extended to multiple antenna 
receivers by viewing each as a separate ''user'' provided that the total number of receive antennas for all 
users is no greater than the number of transmit antennas. 

 

4.1 Channel inversion 

 Channel inversion simply amounts to undoing the effects of the channel via precoding. In other words, 
data is precoded using the pseudo inverse of the channel. 

We assume that RT n=Kn ³ , and full CSI at the transmitter:  

 dHHHs 1HH )(
1

= -

g
 (3) 

 where the scaling factor g  is used to limit the total power to some predefined value r . 

This method is a good solution for low-noise or high-power situations. However, it has been shown that it 
does not result in the linear capacity growth with )n,n(min RT  that should be achievable in the multiuser 
channel. 

Obviously, this is because with a power constraint, if the channel is ill-conditioned 1, when inverted it will 
require a large normalization factor (scaling factor g ) that will dramatically reduce the SNR at the 
receivers. 

 

4.2 Regularized channel inversion 

 To be less impacted by noise amplification, we can regularize the inverse channel matrix in the ZF  filter 
[30]. The approach is equivalent to use a minimum mean-squared error )(MMSE  criterion to design the 
beamformer weight. Applying this to the transmit side, the solution will be: 

 

 ( ) dIHHHs
1HH  

1
=

-
+z

g
 (4) 

 

The presence of nonzero value for z  will mean that the transmit beamformer does not exactly cancel the 

effect of the channel. The key idea is to define z  that optimizes the trades off between reducing the 

effects of noise amplification and the amount of interference produced [32]. Thus, choosing 
r

z
K

=  

maximizes the SINR at each receiver and leads to linear capacity growth with RT n=n=K . 

 

                                                      

1Large singular values in the pseudo-inverse of H 
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4.3 Dirty Paper Code (DPC) 

 The two linear methods already defined are not capacity optimal. As mentioned above, the nonlinear 
algorithm called dirty paper coding (DPC) reaches the multiuser capacity. In this section, we present Dirty 
Paper Coding technique introduced by Costa in 1983 [36], before introducing the vector perturbation 
approach [34,35] which is called also sphere encoding, to implement it in the MU MIMO case. 

Costa introduced DPC while considering an AWGN channel with additive interference known at the 
transmitter but not at the receiver [36]. The idea is described as:  

 h++ is=y  (5) 

 where y is the received data, s is the signal used to transmit a user codeword d, i the interference known 
deterministically at the transmitter, but unknown at the receiver, and h  is a Gaussian noise. 

To illustrate its principle, we describe a simple method based on the use of a simple modulo operator 

tm , that also reduces energy of the transmitted signal. We define the modulo function:  

 t
t
t

t  
/2y

y=)y(m ��

�
��

� +
-  (6) 

 

where s is the transmitted signal and u is the user information. We have: k id=)id(m=s tt ---  

where k is an integer. 

Applying the modulo function to the received data:  

 d=)ik id(m=)y(m httt ++--  (7) 

 for a proper choice of t . 

 

4.3.1 Vector perturbation techniques (Sphere Encoder) 

  

At the transmitter 

 As discussed above, the most obvious method to perform precoding is channel inversion [34]. Although 
this method removes all interuser interference, it performs poorly since the scaling factor g  is very large 
for ill-conditioned channels. The main idea behind the sphere encoding technique [35] is to form a 
transmitted signal that requires minimum power. This signal is then found as:  

 ) (
1

= ddHs t
g

++  (8) 

where +H  is the pseudoinverse channel matrix ( 1HH )(= -+ HHHH ). 

t  is chosen in order to get a periodic extension of the signal constellation at the channel output, i.e:  

 )
2

2(=
D

+maxct  (9) 
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 where maxc  is the distance from the origin to the farthest constellation point ( 1=maxc  for BPSK and 

QPSK ; 3=maxc  for 16QAM, ...), D is the distance between any two constellation points ( 2=D  for M-

QAM constellation), and d  is chosen in order to minimize the transmitted power, such as:  

 
2HH ) (argmin=) () (argmin= ddHddHHddd

dd
ttt +++ +++   (10) 

 The minimisation in (10) refers to the well-known closest point problem: d  is found as the point in the 

lattice k2
r   Z+Ht  closest to rr dH +- , where  

 
�
�
�

�

�
�
�

�

Â

-Â
++

++
+

)()(

)()(
=r

HH

HH
H

I

I
 (11) 

and T
r ])( )([= ddd IÂ . 

 

At the receivers 

 Each receiver employs the modulo [35] function to eliminate the contribution of the vector perturbation:  

 )wd(=)wdd(m=)y(m=y jjjjjj
'
j ggtg ttt +++  (12) 

 

 

Illustration 

 In the following, we present an example in order to illustrate this classical technique. For simplicity, we 
will consider the special case of QPSK modulation and we will study the transmission and the detection 
per user. 
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Figure  4.1: Classical sphere encoding: QPSK constellation - 1= -d  

   

As we can see from this illustration 4.1, the transmitted signal represents the image of the information 
symbol in the translated constellation chosen in order to minimize the transmitted power (Figure. 4.1). 
Suppose that the information data to be sent for a user i  is i11=di +-  (symbol A in Fig. 4.1) and the 

corresponding perturbation is i01=di +- . In this fig, the transmitted signal with minimal power to be 

sent is i15+-  (symbol B). By applying the modulo function )y(m it  to the noisy received signal (C), we 

get the desired symbol A. 

 

4.3.2 A successive algorithm to generate an integer offset vector 

 The vector precoding technique is very powerful, but it is computationally expensive. We can use the 
successive algorithm based on LQ decomposition of the channel matrix H: it generates the integer offset 
by repeated application of a modulo operation [32]. We resume:   

    • LQ  decomposition of the channel: LQ=H , where L is a lower triangular matrix, and Q is unitary 

matrix. This triangular structure leads to the Kth  user seeing interference from user 11,..., -K . The 

transmitter compensates for his interference by using its knowledge of 1K1 s,...,s -  to generate Ks  from 

Kd , for Kk 2,...= :  

 d
~

Q
1

=s *

g
 (13) 
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    • d
~

 is computed such that :  

 11 d=d
~

 

��
	



��
�



- 1

22

21
22 d

~
l
l

dm=d
~

t  

�   

��
	



��
�



�-
-

=

1K

1i
i

KK

Ki
KK d

~
l
l

dm=d
~

t   

 

 

    • At the receiver:  

 ed
~

L
1

=eHs
1

=y ++
gg

 

 

Each user computes:  

 ( ) ( )jj
k

j
k

j edf=yf=y +tt  (14) 

  

 

 

4.4 Performance Comparison 

 A typical simulation has been run in order to compare the uncoded bit error probability for the channel 
inversion algorithm and the sphere encoding discussed so far for 10=n10,=n RT , over a Rayleigh 
fading channel and for QPSK and 16QAM constellation respectively. 
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Figure  4.2: Uncoded BER for  channel inversion technique and sphere encoding - QPSK constellation, 

Tn =K=10 
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Figure  4.3: Uncoded BER for  channel inversion technique and sphere encoding - 16QAM constellation, 

Tn =K=10 

  

As we can see from the 2 figures 4.2 and 4.3, reducing the scaling factor g  (the signal attenuation) in the 
sphere encoding case leads to a huge gap between the channel inversion and the sphere encoding 
performance. It is clear from the plot that, for SNRs high enough to achieve reliable decoding, modulo 
precoding offers a significant improvement. 

We observe that the gain in SNR is equal to 6 dB at a BER = 110-  for the QPSK constellation and 8 dB 

at a BER = 110-  for the 16QAM constellation. 

 

5 Multi-User MIMO Downlink: Multiple Antenna Receivers 

5.1 Motivations 

With single antenna, the users as mentioned above, are unable to perform any spatial interference 
suppression. With multiple antennas, the transmitter and the receiver can coordinate their spatial 
processing, and appropriately allocate the available spatial resources. In this section, we will introduce 
the channel block diagonalization algorithm with full CSI, the transmitter having complete channel 
information and we present the advantage of the presence of multiple antennas at the receivers: 
increased throughput, enhanced interference suppression, etc; and in the next chapter we will develop 
the BD approach with partial information at the base station. 



 

Urban planning for Radio Communications 

SYSTEM@TIC PARIS-REGION 

 

Ref. URC_SP4_D4.3.1 ed. 1.1 Page 17 of  64 

 

 

5.2 Block diagonalization 

Block diagonalization (BD) is a generalization of channel inversion for situations with multiple antennas 
per user [30,32]. It is a preprocessing technique that decomposes a multiuser multiple-input multiple-
output (MU MIMO) downlink channel into multiple parallel independent single-user (SU) MIMO downlink 
channels. 

The algorithm can be applied to either the throughput maximization or power control problems but is 
restricted to channels where the total number of receive antennas in the network, over all the users 

)n( R  is smaller than the number of transmit antennas )n( T : TR nn £ . The main idea is suppressing 
completely all interference among all the different users, although allowing interference among the 
different data streams directed to the i -th user. 

 

5.2.1 Precoder calculation 

  The block diagonalization can be viewed as a transmitter linear precoding which focus only on 
interference suppression. It can be described in this simple principle:  

  ensures that the precoder of user k  does not disturb any other user  

 

According to the notations of section 5.1, the signal destined for user k  writes:  

 dBkkk =)d(f  (15) 

 where kB  is a ksTxnn  matrix ksn  is the number of simultaneous streams transmitted to user k . In 

the sequel only mono stream case is considered. The transmitted signal is given by  

 jj

K

1=j
= dBs �  (16) 

This signal will go through different channels K1 HH � . 

The received vector at user k  writes as:  

 jjj

K

1=j
jk = �dBHy +�  (17) 

 

The interference (disturbance) caused by user 1 on user j  is given by 

 

 11j dBH  (18) 

 According to the principle cited above, the precoder 1B  must annihilate all disturbance caused on users 

K2� . 
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�

�

�
�
�

�

�
�  (19) 

 Thus, the columns of matrix 1B  must belong to the null space of the matrix [ ]T2 KHH � . This writes 
as:  

 (1)
1

(0)
11 = VVB  (20) 

 

where (0)
1V  is a matrix whose columns span the null space of [ ]TK2 HH �  and (1)

1V  is a matrix which 

needs to be optimized according to a determined criterion. 

After eliminating all inter-user interference, the equivalent channel between the BS and all users is given 
by a block diagonal matrix:  

 [ ]
�
�
�

�

�

�
�
�

�

�

�
�
�

�

�

�
�
�

�

�

K

1

K1

K

2

= 

M0

00

0M

BB

H

H

�

�

�

��  (21) 

 where K1 MM �  are the equivalent channels for each user K1� , (1)
j

(0)
jjj = VVHM . 

If we want to maximize the capacity for user 1 the matrix (1)
1V  is the solution of the following problem  

 

( )

�
	



�
�

 +

+

£

£

(1)
1

(0)
11

H
1

H(0)
1

H(1)
12

1
P2

1
H

12

1
P2

(1)
1

detlogargmax=

detlogargmax=

1

1

VVHHVVI

MBIV

M

M
 (22) 

 where 1P  is the maximal power allocated to user 1. According to [37], the columns of (1)
1V  are the 

k1=n ks "  first singular vectors of the matrix (0)
11VH  weighted by waterfilling allocation in order to 

respect the power constraint 1P . In what follows we focus only on the mono-stream case i.e. 1=sn  

which is also called the dominant eigenmode transmission (DET). In this case no waterfilling is not 

needed since (1)
1V  is a column vector proportional to the first eigenvector of (1)

11
H

1
H(0)

1 VHHV . 

 

5.2.2 Geometric interpretation of BD 

 In single user case, the best linear precoder in terms of BER performance is the first singular vector of 
the channel matrix. This precoder maximizes the signal energy at the receiver. However in multiuser 
case, this precoding does not care about interference introduced between users. Since we want to 
maximize the signal to noise and interference ratio, we need to project the beamformer which maximizes 
the signal energy on a space which ensures minimal (or null) interference. More rigorously we have to 
project all singular vectors of the matrix 1H  and choose the one whose projection on minimal 
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interference space has the greatest norm. However in practical cases, the first singular value of a MIMO 
channel is few dBs greater than others. That's why, considering the projection of the first singular vector 
is a simple but efficient alternative. This is illustrated in figure 5.1.  

   

 

 

Figure  5.1: Block Diagonalization 

    

5.3 Conclusion 

 The block diagonalization is primarily an interference nulling technique combined with beamforming. It 
allows to separate multiple users in the space domain with simple linear precoders. Such technique can 
be an alternative to non linear schemes like superposition/(dirty paper) coding. The next section presents 
a simulation based assessment of this technique with various antenna and feedback configurations. 

 

6 Performance evaluation in single carrier case 

6.1 Introduction and problem overview 

 Much of the work on both linear processing and dirty paper coding approaches for multi-user MIMO 
channels assumes that the transmitter and receivers know the channel exactly. Accurate CSI may be 
obtained when the channel is changing slowly, as for example indoor scenarios [32], but it is much more 
difficult in situations where a large number of users are sharing a network with rapidly time-varying 
channels, where each user tends to exhibit different channel statistics. 

In this section, we first assess the performance of the block diagonalization (BD) through simulations with 
full CSI as discussed above in several configurations, then we extend our study to the case where the 
transmitter knows partially the channel. We analyse the effect of imperfect CSIT on the behaviour of BD 
when the channel is fed back in quantized form. 
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6.2 Simulation Results of BD with full CSI 

 We have performed a simulation campaign to assess the performance of BD with dominant eigenmode 
and to compare it to several approaches. For all Monte Carlo simulations:   

    • the channel model is assumed to be quasistatic flat Rayleigh fading;  

    • we use QPSK modulation.  

 

For convenience, we will use the notation T
K

R
1

R n}n,...,n{ ´  to denote a multiuser MIMO antenna 

system, which has Tn  transmit antennas at the base station and K  mobile users, each with 
k

Rn  

receive antennas. 

 

Numerical results: Case 1 

 We present in this studied case two figures respectively, Fig. 6.1 with three configurations: 
6{ 1,1,2,2} ´ , 6{ 2,2,2} ´ , and 6,1}{ 1,1,1,1,1 ´  and Fig. 6 with 4{ 2} ´ , 4{ 2,2} ´  and 4{ 1,1,2} ´  

configurations, to show the average bit error rate (BER) as a function of the SNR. 

 

 

Figure  6.1: Impact of single antenna users on the average BER (6 TX BS) 
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Figure  6.2: Impact of single antenna users on the average BER (4 TX BS) 

  

It is clear from these two illustrations that users with single antenna degrade the overall performance of 
the network system: as we can see from Fig. 6.1 the gain in SNR of 6{ 2,2,2} ´  compared to 

6,1}{ 1,1,1,1,1 ´  is equal to 8.9 dB at BER = 210- . We also observe on Fig. 6.2 that the degradation in 

performance to 4{ 2} ´  is worse when we add two single antenna users (13.5 dB) than when a single 
dual antenna user is added (3.5 dB), as presented on table 1. 

  

Table  1: SNR loss at BER = 210-  by adding 2 users with one antenna each, or 1 single user with 2 
receive antennas, to the 4{ 2} ´  configuration 

  

 4{ 1,1,2} ´    4{ 2,2} ´  

 13,5 dB   3.5 dB  

  

  

Single antenna users have poor performance compared to multiantenna terminals. This is caused mainly 
by the rank relation resulting from zero multiuser interference condition. Assume for example that user 1 

has only one antenna. Its nuller precoder (0)
1V  is a single column vector because 
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�

H

H

� . Consequently, the beamformer precoder 1V  is a scalar =1. Since the 0
1V  does 

not depend on 1H , no signal maximization can be performed and the block diagonalization behaves for 

user 1 as any random linear precoding. 

 

Numerical results: Case 2 

 In the following, we consider the configuration: 6{ 1,1,2,2} ´  (Fig. 6.3) in order to compare the individual 
BER for single antenna and dual antenna users, that also leads to the same conclusion as discussed 
above.  

   

 

Figure  6.3: BER for  user  with single-antenna and BER for  user  with 2 antennas 

   

We observe an SNR gain of dB13.5  at BER = 210-  for double antennas users compared to single 
antenna ones. 

 

6.3 Numerical results: Case 3 

 Figure 6.4 illustrates the impact of the number of users on the individual BER of a given terminal. One 
can see that the BER for user with two antennas is the same for {2,1,1} and {2,2} configurations. This 
because the nuller precoder depends only on the number of antennas of all other users and never on the 
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number of users itself. Figure 6.4 illustrates also the performance loss caused by BD with respect to 
single user beamforming with a 2 antenna terminal. A SNR  loss of 5 dBs is observed between the BER 
of {2}x4 single user scenario and {2,2}x4 multiuser setting. 

 

 

Figure  6.4: BER for  user  with 2 antennas with 4 TX BS 

   

This illustration highlights that either a single user having two receive antennas or two 
monoantenna users introduce the same effect on the individual BER of a given user. Thus the 
performance of that user depends directly on the total number of receive antennas and not on the number 
of users. 

 

6.3.1 Numerical results: Case 5 

 Figure 6.5 illustrates the gain obtained when increasing the number of transmit antennas to a full 
loaded system. The gains are summarized in table 6.1 and show more than 2dB per additional transmit 
antenna. 
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Figure  6.5: Increasing the number of transmit antennas 

   

  

Table  6.1: SNR gain by increasing the number of transmit antennas for  the configuration 4{ 2,2} ´  at BER 

= 310-  and BER = 410-  respectively 

   

 5{ 2,2} ´    6{ 2,2} ´  

 2.5 dB   6 dB  

 2.75 dB   6.8 dB  

  

  

 

6.4 Partial CSI 

 In the previous section we assumed that the BS has a perfect knowledge of all channel 
matrices.. In practice, this assumption is not valid since the channel seen by each user need to be fed 
back to its corresponding BS through a finite rate channel. In the remaining of this section we evaluate 
the impact of channel quantization on the system performance. Many quantization techniques have been 
proposed for multiuser MIMO channel, however this is not the scope of this report. That's why we adopt a 
simple quantization technique which allows to see the degradation caused by the flooring effect due the 
discrete representaton of the channel.  
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6.4.1 Quantization of the channel 

 For each channel kH  we compute the minimal and the maximal values of real and imaginary 

coefficients denoted here km  and kM .  

 ( ) ( )( )j,ij,i
T

nj,1
kR

ni1
k ,minm HH IÂ=

££££
 

 ( ) ( )( )j,ij,i
T

nj,1
kR

ni1
k ,maxM HH IÂ=

££££
 

The interval [ ]kk Mm  is divided into k
q

2  sub-intervals, where kq  is the number of bits per real 
coefficient. The channel coefficient are then represented by the nearest points in the square grid defined 
by this sub-division. 

 

6.4.2 Impact of imperfect channel on BD 

 With imperfect channel knowledge, the multiuser interference cannot be annihilated perfectly. 
The signal to noise and interference ratio for user k  is given by:  

 
2

lk
H
k

H
l

kl

kk
H
k

H
k

k =SINR
s+�

¹
BHHB

BHHB
 (23) 

 The equality kl for lk ¹BH  is no longer ensured. In the same way, the precoder kB  is not perfectly 
aligned with the main beamformer of user k channel. 

 

6.4.3 Performance analysis 

We assume that all terminals adopt the same resolution for the channel quantization i.e. 
K1k ,q=qk �Î" . Figure 6.6 draws the BER for a {2,2}x4 configuration with various settings of q  pa-

rameter. One can see that the performance of BD with 6 bits/real coefficient is very close to the perform-
ance with perfect channel knowledge (represented by 0 on the figure). With 1 and 2 bits per real coeffi-
cient, an error floor is observed; this is caused by the residual amount of interference which cannot be 
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eliminated. The degradation with respect to perfect channel knowledge is evaluated in table 6.2. 

 

Figure  6.6: Quantization of the channel using different numbers of bits  

   

  

Table  6.2: Compar ison at BER = 310-  between BD with perfect CSI for  the configuration 4{ 2,2} ´  and 
BD with quantized channel with different numbers of bits (2,3,6) for  each real or  imaginary part of channel 

coefficients 

  

 2   3   6 

 8.5 dB   1.25 dB   0.25 dB  

  

   

 

6.4.4 Comparison with sphere encoding 

 A typical simulation 6,1}{ 1,1,1,1,1 ´  has been run in order to compare the BD with  sphere 
encoding  when the users are equipped with one antenna each. 
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Figure  6.7: Compar ison between BD and DPC, with perfect CSI  

   

It is obvious in this figure 6.7 that the DPC is significantly better at high SNR (9.5 dB at BER = 
310- ) , comparing to BD with perfect channel. 

 

6.5 Conclusion 

 This section presented a simulation evaluation of the performance of BD in various antenna and 
quantization settings. One can notice that in order to avoid the error floor induced by residual interference 
due to channel uncertainties a 3 bit quantization is needed. Depending on the channel variability, this 
overhead need to be taken into account in the system design in order to balance between performance 
and rate loss caused by feedback.  
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7 Periodically Flipped Constellation for multiuser MIMO downlink 
precoding schemes 

7.1 Introduction  

Single user MIMO systems have been widely studied in the wireless communications literature because 
of the significant gain provided in term of capacity over single antenna links. More interestingly, this gain 
is independent of whether the channel state information (CSI) is available at the transmitter or not.  

In the multiuser downlink context, the situation is considerably different. The interference cancellation 
must be taken into account in addition to need of high throughput. Transmit CSI is the key element to 
achieve these goals and to preserve low complexity receiver at terminals. Several precoding techniques 
were proposed in order to maximize the sum capacity while taking into consideration the interference 
cancellation.  

The Dirty Paper Coding (DPC) is a non linear decoding technique that allows to achieve the maximum 
sum capacity while minimizing the interference effect under the constraint of fixed transmit power. DPC is 
a quite sophisticated technique and challenging to implement in an actual system. Motivated by this 
issue, practical coding scheme were proposed that approaches the sum capacity while being simpler to 
operate than DPC. Hoshwald et al [34,35] describes an algorithm based on channel inversion and sphere 
encoding. In this technique, the minimal energy constraint is satisfied using a replicated constellation 
combined to the modulo function. The performance of the system is then dependent on the sensitivity to 
noise of the modulo function. 

In this contribution, we propose to implement a new non-linear energy packing function consisting of two 
components:   

    • usage of periodically flipped constellation mapping for the encoding;  

    • associated modified modulo function for performing the decoding.  

The classical sphere encoding as described in [35] has already been presented in section 4.3.1. Then, we 
highlight the problem that motivates our contribution in section 7.2 and we describe the new algorithm 
that we propose. Section 7.3 is dedicated to numerical results obtained while using perfect and quantized 
estimation for the channel. 

   

7.2 Periodically Flipped constellation applied to sphere encoding   

7.2.1 Motivations 

 In the sphere encoding case, the transmitted signal represents the image of the information symbol in the 
replicated constellation chosen in order to minimize the transmitted power (figure 7.1a). In our 
contribution, we propose to assign to each information symbol a transmitted signal that is less sensitive to 
the channel noise. The transmitted signal will represent then the image of the data symbol in a 
periodically flipped constellation (refer to figure 7.1b). 
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Figure 7.1 : Compar ison of the sphere encoding with replicated constellation and per iodically flipped 
constellation 

 

In the following, we will present an example in order to illustrate the technique that we propose compared 
with the classical one. For simplicity, we will consider the special case of QPSK modulation and we will 
study the transmission and the detection per user. Suppose that the information data to be sent for a user 
i  is idi 11= +-  (symbol A in fig. 7.1a and 7.1b) and that the corresponding perturbation is 

idi 01= +- . 

For classical sphere encoding in fig 7.1b, the transmitted signal with minimal power to be sent is i15+-  

(symbol B). By applying the modulo function )( iyft  to the noisy received signal (C), we get the point D 

and we detect symbol E instead of A. 

Let's suppose now that the perturbation that minimizes the norm of the transmitted signal chosen while 

using periodically flipped constellation (see figure 7.1b) is idi 01= + , the signal to be sent is i15+  

(symbol B) that corresponds to the image of the data information symbol in the periodically flipped 
constellation. By applying the modulo function )( iyft  to the noisy received signal (point C), we get the 

point D and then we correctly detect the signal; 

 

7.2.2 Algorithm description 

In the PFC case, the transmitted symbol is found as  

 ( ) 22)]([2)]([
)()(1)()()(1)(

1
= dmidmidedeHx

dmde

n

IIRR
IR tt

g
+-++-+   

 where the periodical left/right flip is defined by 2)]([
1)(

deR
-  and the periodical up/down flip is defined by 

2)]([
1)(

dmI
- .  

As with replicated constellation, the perturbation d  is choosen to minimize the tranmitted power in 
equation (8).  

Each receiver employs a modified modulo function according to the position of the received symbol in the 
PFC. This corresponds to (.)tf-  when constellation is flipped and (.)tf  if not. 
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The following algorithm describes the proposed technique. 

  

Periodically flipped constellation applied to sphere encoding   

At the transmitter: CSIT required   

Choose the perturbation d  in the PFC that minimizes 

  )( 22)]([2)]([
)()(1)()()(1)(= dmidmidedeH

dmde
n IIRR

IR ttg +-++-+     

 In order to model the flips in the PFC:   

        1. 1=1)( 2)]([ deR
-  if d  is even and -1 otherwise;  

        2. 1=1)( 2)]([ dmI
-  if d  is even and -1 otherwise.  where 2][a  denotes the remainder of a/2.    

 

At the receivers: ng  required (estimated from pilots).   

rY  denotes the received signal and [ ])()(= rrvect YmYeY IR .    

        1. For all users, determine on each axis if the constellation image is flipped or not:  

�
	



�
�

 +1/2=

t
vectY

floorcheck     

2. Determine the signs to be applied to the modulo function  checks 1)(= -    

         3. Detection of ( ))( vectYfs tÄ  allows to recover the original symbols,  where Ä  denotes the 

element by element multiplication.   

7.2.3 Comparison in term of symbol error rate 

 When data information are encoded using BPSK constellation (-a, +a), the normalisation factors cg  and 

ng  are the same, nc gg = . Figure 7.2 describes the error event with RC and PFC. As it could be seen, 

the error probability by using PFC is divided by two. 

 

Figure  7.2: Compar ison of the BER for  BPSK constellation sphere with replicated constellation and 
per iodically flipped constellation 
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The following table summarizes the symbol error probability per user based on the knowledge of ng  at 

the receiver:   

  M-QAM   RC   PFC  
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n

s

g
Q  

  

where cg  and ng  denotes the scaling factor obtained with replicated constellation and Periodically 

Flipped constellation respectively. cg  and ng  are different for the cases when only one (real/imaginary) 

component of the symbol is flipped. Numerical results shows that in average of cg  is less than ng . But at 

low SNR, the added value of the flips improves the performance although we have this difference in g . 
From previous table, it is obvious that the gain in SNR decreases for higher order constellations. This can 
be deduced from the fact that the technique we propose protects only the border points of the 
constellation. 

 

7.3 Numerical results 

Figure 7.3 shows the curves of uncoded bit error probability of the algorithm discussed so far for 
4== kM , Rayleigh fading channel and QPSK constellation. 

Simulations are done when using perfect channel knowledge at the transmitter and quantized channel 
estimation. The quantized channel estimation we consider is done over 3 bits for each of the real and 
imaginary part of the channel coefficients. 

We notice that the periodically flipped constellation improves significantly the system performance at low 

SNR. The gain in SNR of PFC compared to RC is equal to 1.4dB at BER 110= -  with perfect channel 
estimation. 
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Figure  7.3: Uncoded BER for  sphere encoding w/wo PFC - QPSK constellation - Per fect and quantized 
channel estimation , M=k=4 

7.4 Conclusion 

 In this section, we present a new Multi-User MIMO downlink technique for next generation broadband 
wireless systems. This technique that consists in modified DPC precoding scheme and modulo function 
improves BER/PER performance by reducing detection errors due to noise impacting especially the 
constellation outer points; The proposed technique applies to data and pilot, and is providing enhanced 
protection for BPSK/QPSK preambles, signalisation fields and pilots. 

 

8 Margin Adaptive Resource Allocation in Downlink Multiuser 
MIMO-OFDMA system with Multiuser Eigenmode Transmission 

8.1 Introduction 

User demands for high data rates at guaranteed Quality of Service (QoS) levels are motivating research 
efforts to develop efficient resource allocation strategies along with sophisticated coding, modulation and 
multiplexing schemes to improve the quality of wireless communication links. This has led to increased 
interest in adaptive resource allocation schemes especially in MIMO-OFDMA systems. Multiple Input Mul-
tiple Output (MIMO) is a promising technique to enhance data rates and its contribution to Orthogonal 
Frequency Division Multiple Access (OFDMA) has received a great deal of attention due to the reality that 
both have a designated orientation toward achieving high performance [41], [42]. Dynamic resource allo-
cation has the advantage of efficiently utilizing channel variations and exploiting multiuser diversity [43]-
[45]. Based on OFDM technique, OFDMA inherits immunity to inter-symbol interference in frequency se-
lective channels. It has a remarkable ability to multiplex several users on different subcarriers without in-
terference which enables dynamic allocation of subcarriers and power allocation by waterfilling over the 

inverse of the channel gains [46]. With perfect channel knowledge of   antenna user channels at  
antenna base station, eigenmode decomposition of MIMO channel on each subcarrier results in 

 parallel SISO subchannels and a separate data stream can be transmitted on each ei-
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genmode [47]. In multiuser scenario, performance can be further improved by multiplexing  streams 
from different users resulting in Multiuser Eigenmode Transmission (MET) [48]. In this paper we consider 
MET based margin adaptive resource allocation in MIMO-OFDMA systems which results in transmit 
power minimization subject to QoS requirements of the users. Margin adaptive solution is more applicable 
to delay sensitive traffic e.g. voice transmission or real time video streaming where target rates need to 
be satisfied all the times based on instantaneous channel conditions.  

Margin adaptive resource allocation especially in MIMO-OFDMA systems is a challenging task due to 
involved degrees of freedom and individual QoS constraints. Moreover, simultaneous transmission of ei-
genmodes by different users cause inter-stream interference on the subcarriers since user channels are 
not orthogonal to each other. This forces the use of transmit beamforming which makes Signal to Inter-
ference and Noise Ratio (SINR) of each user a function of all other users sharing the subcarrier and re-
sults in a combinatorial and non-convex problem. Hence, SINR cannot be determined until we know the 
selected user set on each subcarrier and subcarrier allocation cannot be done unless we know the SINR. 
In [49] this joint problem of resource allocation and beamforming is considered with predetermined power 
distribution and a heuristic algorithm is proposed which does not guarantee data rates of each user until 
they further simplify the problem by denying the reuse of subcarriers. In [50], authors decouple the prob-
lem by using Matched Filter (MF) receivers that are matched to individual user's beams. The resource 
allocation problem is formulated as non-linear and non-convex problem which is solved by neighborhood 
search scheme. However, due to non-convexity, their proposed algorithm may converge to local opti-
mum. To obtain a global optimum solution a good initial solution has to be selected which further in-
creases the complexity of their solution. 

In this work we decouple beamforming and resource allocation by forming users groups on the subcarri-
ers. We determine SINR's achieved by users in these groups and develop an algorithm which achieves 
our objective. There are in fact two major issues involved in this approach. First, formation of all the user 
groups is infeasible even for a small number of users, subcarriers and antennas in the system e.g, 4x4 
MIMO system with 10 users and 24 subcarriers will amount to 91390 user groups on each subcarrier and 
a search across  (91390)24 user groups. Second, the optimization problem in general is not convex and 
the solution is not easily visible. We propose a reduction in the number of user groups by exploiting semi-
orthogonality among user channels as done in [51]-[53]. This idea is based on Gram-Schmidt orthogo-
nalization principle or QR decomposition of the channel therefore, user ordering is important [54]. The 
authors in [51] maximize sum capacity by selecting first user as the one with the largest channel gain and 
then in each step drop the users whose channels are not semi-orthogonal to the already selected users. 
A user with the largest projected norm to the orthogonal component of the span of already selected users 
is then included in the user set. Using the same principle we first employ receive beamforming at the re-

ceiver to get an effective channel matrix comprising of   row vectors for each user on each subcarrier. 

Then by allowing each of the  row vector of the effective channel matrices on subcarrier  as the 

first selected user we will form  user groups. The notion of imposing semi-orthogonality results in the 
selection of best possible row vector during each iteration step. The selected set of rows in each user 
group produce least interference among each other and this fact is crucial in terms of power minimization. 
After forming user groups, we formulate the problem as a convex optimization problem and use Lagrange 
dual decomposition method [55], [56] to develop an algorithm which selects user groups instead of indi-
vidual users subject to power minimization with the fulfillment of data rate constraints. Simulation results 
reveal comparable performance with the hugely complex optimal solution. 

8.2 System Model and User Grouping 

We consider a single cell downlink multiuser MIMO-OFDMA system with  transmit antennas at the BS 

and  receive antennas at each user terminal. There are  users and  subcarriers in the system. 

We assume that  and . Each user demands a certain number of packets during 
each TTI which is equivalent to the transmission of  bits per OFDM symbol during each TTI. The 

MIMO channel of user k on subcarrier  is given by  matrix . The signal received by user 

k on subcarrier  is, 
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where,  is the transmitted signal vector on subcarrier f and  is the Additive 

White Gaussian Noise (AWGN) vector. The Singular Value Decomposition (SVD) of  leads to, 

, where  is the diagonal matrix of ordered singular 

values,   and  are the left and right unitary matrices respectively. We 

assume that at the receiver beamforming matrix  is multiplied to the received signal giv-

ing an effective channel matrix,  of dimensions . The 
rows of this effective channel matrix are orthogonal to each other and represented by . We as-
sume that  is fed back to the base station from all the users where on each subcarrier f, these val-

ues are concatenated to get  matrix which has  rows. It is clear that not all the rows of  are 
mutually orthogonal. For the sake of clarity we can write, 

 

where,  are the row vectors of the effective channels of  us-
ers respectively on subcarrier f. At the base station we can consider h i as a channel vector for a terminal 
with single receive antenna. We will form KQ groups by setting each of these channel vectors as the first 
row, thereby giving maximum advantage to each row in its respective group. The remaining Q-1 rows of 
each user group are selected by using the Semiorthogonal User Selection algorithm (SUS) as given in 
[51]. The algorithm to form user groups is outlined below: 

Loop:    

Initialization:     

 

Loop:   

Loop:       

 

 

 

  

 

 is a small positive number which forces semi-orthogonality by dropping the rows which are not semi-
orthogonal to . Complexity is reduced because the dropped rows are not considered for selection in 
subsequent iterations. Finally a row is selected whose projected norm is the largest because it produces 
the least amount of interference to already selected row vectors. This process is repeated till all the ei-
genmodes are allocated. Once user groups are formed, we know the eigenmodes allocated to the users 
in each user group on each subcarrier. Zeroforcing beamforming (ZFBF) is then performed on each user 
group to get the effective channel gains to noise ratios (GNRs) which are denoted by, . It is 

the GNR of th eigenmode of user  of group  on subcarrier . Note that if , it 

means that user  is not given the eigenmode  in group . Finally   represents the number of 
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eigenmodes allocated to user  in group  on subcarrier . In the next section we formulate the prob-
lem as a convex optimization problem. 

 

8.3 Margin Adaptive Solution 

We assume that  is the power allocated to th eigenmode of user  of group  on subcar-
rier . The optimization problem can be written as; 

 

subject to the following rate constraint, 

 

where (1) represents the total transmit power and the data rate constraints are given by (2). 

Since we have to find optimal user groups on the subcarriers, the above optimization problem is a combi-
natorial problem in user groups. To make the problem tractable, we use the technique of time sharing by 

allowing the user groups to time share a subcarrier. Let,  be the th group time sharing 

factor on frequency  such that, 

 

In order to make the problem convex we further suppose that  is 

the average power allocated to th eigenmode of user  in group . With this change of variable, the 
final optimization problem becomes, 

 

subject to the following constraints, 

 

 

This is a convex optimization problem with linear and convex constraints. Let  and  be the La-
grange multipliers associated with (5) and (6) respectively. The Lagrangian can be written as, 
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It can be readily decomposed into sub-problems by using Lagrange dual decomposition theory [55], [56]. 
Since the objective and constraint functions are differentiable, Karush-Kuhn-Tucker (KKT) conditions pro-
vide necessary and sufficient optimality conditions to arrive at the final solution, 

 

and, 

 

Thus, power allocation turns out to be of waterfilling type over the inverse of the channel gains and a 

group l is selected on subcarrier f for which  is maximum. We can form an algorithm based on the 
above analysis to achieve data rates for each user subject to power minimization.    

 

8.4 Algorithm 

1. Start with small values of . 

2. On each subcarrier , calculate the value of  for each group  and select the group which gives 
the maximum value. 

3. Calculate the powers and the data rates achieved by the users based on the selected groups and de-
note the achieved data rates by . 

4. If , increase the waterlevel  for all such users. Keep unchanged the waterlevels of the us-
ers for which . 

5. Repeat the process till the data rates of all the users are achieved. 

 

8.5 Numerical Analysis 

In the simulations we consider a single cell downlink multiuser MIMO-OFDMA system with perfect chan-
nel state information available at both the transmitter and the receivers. We use 3GPP spatial channel 
model for MIMO systems defined in [57] for urban canyon macro scenario. We consider a six-tap fre-
quency selective Rayleigh fading channel with exponential delay profile. We assume that users are uni-
formly distributed in a cell of radius . Path losses are calculated according to Cost-Hata Model 
[58] and shadow fading is log-normally distributed with a standard deviation of 8dbs. The power spectral 
density of noise is                 -174dbm/Hz. The demanded rates are in terms of Packets/TTI which are 
converted into nats/OFDM symbol and resources are allocated during each TTI(1ms) in such a way that 
these rates are achieved. We further assume same target rates for all the users in the system. We con-
sider a 3x3 MIMO system with 10 users and 24 subcarriers each having a bandwidth of 375KHz. 

We compare the performance of our approach with two cases: 1) optimal case where all the user groups 
(4060 groups) are formed and then the best user group is selected on each subcarrier and 2) No MET 
case when we do not form user groups and give all the eigenmodes to only one user. In figure 1 we plot 
sum-power versus � . It is important to find optimal value of �  because if it is too large, channel gains are 
reduced due to zero forcing channel inversion while if it is too small multiuser diversity gain is reduced. 
Infact when �  is zero only orthogonal row vectors are selected in each group. Since row vectors corre-
sponding to same user are orthogonal to each other therefore multiuser diversity is completely lost in the 
eigenmode selection process (just like No MET case). From figure 1 we can see that for k=10, transmit 
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power decreases as �  increases till � =0.2. This decrease in sum-power is achieved due to the fact that 
semi-orthogonal rows corresponding to different users get involved in the selection process. Optimal 
value of �  corresponds to the best utilization of muliuser diversity that can be achieved without degrading 
the system performance. When �  is increased beyond 0.2 despite of the fact that even more row vectors 
are involved in the selection process transmit power increases. This is because the multiuser diversity 
gain cannot compensate for the degradation which results from zero forcing channel inversion of non-
orthogonal row vectors. Figure 2 compares the total transmit power required at BS for different data rate 
constraints assuming that the users are uniformly distributed in a cell of radius 700m. The power con-
sumed is minimum for the optimal case but it results in a search across 4060 user groups on each sub-
carrier. By searching across semi-orthogonal user groups (30 on each subcarrier) at � =0.2, maximum 
power loss is less than 1db for the rate constraint of 5 packets/TTI. The number of user groups formed by 

our approach are only a small fraction of the total number of user groups i.e. . 
This reduction is very huge compared to the power penalty resulting from the sub-optimality of our algo-
rithm. Moreover, from figure 13.2 it is also clear that the total power consumed by our approach is always 
less than case(2) for all the demanded rates which comes from better exploitation of multiuser diversity 
across the eigenmodes. The difference between MET and case(2) is more prominent at higher values of 
demanded rates so MET is more useful in case of heavily loaded systems.  

 

Figure 8.1: Transmit Power vs �  for  3x3 MIMO system with 10 users and 24 subcarr iers. Cell Radius=700m, 
Packet Size=1kbits, Rate constraint= 5packets/tti/user . 
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Figure 8.2: Transmit Power vs Rate Constraints per  user  for  3x3 MIMO system with 10 users and 24 subcar-
r iers. Cell Radius=700m, Packet Size=1kbits, � =0.2. 

 

8.6 Conclusion 

In this report, we have given a two step solution to the margin adaptive resource allocation problem in 
multiuser MIMO-OFDMA system. In the first step we formed reduced number of user groups. Each group 
is best with respect to a particular user in terms of power minimization. In the second step, we formulated 
the problem as a convex optimization problem and developed an efficient resource allocation algorithm. 
This algorithm selects the best user group on each subcarrier in such a way that all the data rates are 
achieved while minimizing the total transmit power. From the simulations, we have seen that this ap-
proach is able to exploit all the degrees of freedom in the system as well as multiuser diversity. Moreover, 
our approach is able to provide huge reduction in complexity (more that 99% in terms of user groups) 
without any significant performance loss. 
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9  Opportunistic beamforming overview 

9.1 Introduction to opportunistic beamforming 

Firstly introduced by Viswanath in [14], opportunistic beamforming is a combined user scheduling and 
data transmission scheme specifically suited to exploit the multi-user diversity inherent in a wireless net-
work. Each user experiencing independent time-varying channels, the system can benefit from the track-
ing of their variations to schedule transmissions when the instantaneous channel quality reaches its peak. 
The diversity gain increase with the dynamic range of the channel fluctuation and is thus limited in envi-
ronment with little scattering and/or slow fading. The opportunistic beamforming technique proposes to 
add a virtual fast fading to the channel by using an orthogonal random weighting at the BS side. 

This has been first introduced with a single beam in [14]. In [15], it is extended to the case of SDMA by 
using N beams, N being the number of transmit antennas, in order to serve N users at the same time. In 
[16], opportunistic beamforming is investigated in the OFDMA context. 

Opportunistic beamforming also offer to reduce the necessary feedback in broadcast channels, where 
most of the time full CSI is needed at the transmitter which requires channel information from users. On 
the contrary, opportunistic beamforming does not require full CSI at the transmitter but only the SNIR. 
The concept is the following: the transmitter generates N orthogonal beams and uses them to transmit 
simultaneously to N users, chosen according to their SINR with the generated beams. 

9.2 Algorithmic choices for the present study 

9.2.1 Algorithm 

We consider a multi-user OFDMA downlink scenario with a base station (BS) with N antennas. In a first 
time, we suppose that subcarriers have been allocated to groups of K users, and we consider only one 
subcarrier. For simplicity reasons, users have only one antenna, though the extension to multiple-antenna 
users is straightforward. 

The BS constructs N random complex orthonormal beams q i, i=1,…,N that will be used during a whole 
time slot of length T. q i, i=1,…,N are vectors of size N, each component corresponding to a transmit an-
tenna. At the beginning of the time slot, the BS transmits the beams successively and all K users estimate 
their SINR with each beam. At the end of this training period, each user feeds back its best SNIR together 
with the index of the beam allowing to achieve this SINR. Then the BS schedules the N users achieving 
the best SINRs for simultaneous transmission with these beams on the considered subcarrier until the 
end of the time slot. For the next time slot, a new set of beams is generated by the BS. 

Let us call ki, i=1,…,N the index of the user assigned to the beam i, and ski the modulated symbol to be 
transmitted to user ki . Then the Nx1 transmitted signal is: 

ik

N

i
i s�

=

=
1

qx  

The signal received by a user k  is: 

  kk

N

i
i

T
kk wsy

i
+= �

=1

qH  

where kH is the 1´N channel vector from the BS to the user k, and kw  a Gaussian noise whose vari-

ance is 2

kws . Therefore, the SINR of the user k on beam i is: 
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As proposed in [15] and [16], assuming that the Nii
T
k ,,1, �=qH  are known by the user k, each user 

can compute its SINR on each beam and feed back its best value to the BS. 

We propose here to take the receiver into account, and to compute the SINR after equalization. If the 
user k is allocated the beam i, then the equalized received signal can be written as: 
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and the SINR of the user k on beam i after equalization is: 
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The achievable rate of the user k on beam i is: 

  ( )),(1log),( 2 ikSINRikR eq+=  

9.2.2 Metrics 

The performances of the opportunistic beamforming algorithm presented above were measured by differ-
ent metrics, namely the following: 

- the cell, sector of group of sectors sum capacity 

- the mean capacity per user 

- the variance of the user capacity, which gives insight of the user capacity flatness 

- the necessary feedback 

- the needed overhead (length of the training period for example) 

9.3 Typical simulation results 

9.3.1 System assumptions 

The system assumptions are those adopted for 802.16m as expressed in [17]. The main parameters are 
recalled in Table 9.1. For sake of simplicity and for the first approach of opportunistic beamforming we 
use a Rayleigh channel model. 

We assume a classical path loss model with a break-point distance as expressed below: 
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The shadowing was taken into account through a model described in [18] by Peterson so that the shad-
owing is spatially correlated as illustrated in Figure 8.1. 

 

System Assumptions 802.16m 

Center frequency 5.25GHz 

Emitting power at the BS 40W 

Emitting power at mobile 0.2W 

Signal bandwidth 20MHz 

Path loss exponent 3 

Break Point distance (BPd) 10m 

Antenna Gain at Mobile 0dB 

Antenna Gain at BS Omni or Parabolic model 

Noise figure at the BS receiver 7dB 

Noise figure at the mobile re-
ceiver 

10dB 

Table 9.1: System assumptions (based on 802.16m definition) 

 

 

Figure 9.1: I llustration of the spatially correlated shadowing on a typical deployment over a cell. 

 

9.3.2 Simulation framework 

We consider here a hexagonal cell with three omni-directional antenna at the base station located in the 
centre of the cell. We drop 50 users randomly and uniformly over the cell and generate 100 channels at 
each step of the simulation. For sake of simplicity, in this first release of our report, a Rayleigh channel 
model is applied. Since such channels present less correlation than outdoor channel, the gain afforded by 
this method should be considered as the worst possible. 

In this framework, we used the SNIR defined in the section Erreur ! Source du renvoi introuvable. and 
monitor a set of characteristics of the cell performance: 

o The capacity per user and the induced mean sum capacity of the cell to observe the ho-
mogeneity of the coverage 

o The access channel of each user. 
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Typical results are presented in Figure 9.2. On the left side, a map of the capacity per user is presented. 
Each circle represents a user with the colour code represented on the side bar. A non-coloured point 
should be considered as a non served user. In this case, the capacity per user appears uniform over the 
cell and all users (except one) are served over the simulation time. On the right side, the distribution of 
the capacity per user is represented as a function of the distance from the BS. We observe that with this 
method the cell capacity is shared in a fair manner over the cell. 

The limitations of this simulation framework rely on the channel model. The Rayleigh channel in conjunc-
tion with the multi-user context of this study provides a strong fast fading on the channel that provides a 
strong dynamic of the channel fluctuations. This point would be improved in the next release to show the 
efficiency of this method against slow fading channels. SCME model will be implemented. 

 

   

Figure 9.2: Capacity observed for  each user  over  100 consecutive channels. Users are competing to access the 
channel by set of 20. 

 

9.4 Remarks and variants 

9.4.1 Performance/feedback compromise 

The algorithm described below can be modified depending on the desired performance/feedback com-
promise. It can lead to several variants: 

·  In order to reduce the feedback from users, it is possible to set a minimal value of SINR SINRmin 
for which only users who can get a SINR greater than SINRmin send it back. 

·  In order to improve the performance in terms of sum capacity, users may feed back all their 
SINRs with all beams, which ensure that all beams can be used for each beam generation, but 
leads to a very big feedback. A compromise solution is to allow users to feed back not all SINRs 
but the two or three best SINRs. 

As presented in [22], the precision of the feedback (whatever the chosen value) is impacting on the per-
formance of the system. Two main parameters are directly deriving from this: the scaling law of the sum 
rate and the multiplexing gain. If the first quantity is satisfied with only on bit [23], the second rely on a 
linear dependence of the SNR with the number of bits [24]. 

9.4.2 Performance/precision compromise 

The opportunistic beamforming is based on the orthogonality of the each beam sequence i.e. the or-
thogonality of the set of vector q. For sake of implementation, the set of vector must be quantized some-
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where in the system. Depending on the number of bits used to make the storage or the transmission, the 
orthogonality of the set of vectors will not be fulfilled and the performance will declined. 

The pending question is then how many bits are needed to maintain acceptable performance? 

We bring here a response by assessing the mean sum capacity of the cell when the vectors are quan-
tized. For this, the same set of orthogonal vectors is generated with the same set of users and BS and we 
calculated the cell characteristics when quantizing the real and imaginary part of each vector on 3, 4, 5, 6, 
8, 10 and 12 bits. 

 

Number of bits 
for real and imag. 

parts 
Perfect 12 10 8 6 5 4 3 

Mean sum ca-
pacity 9.2306 9.2317 9.2302 9.2223 9.2132 9.1834 9.0632 8.5814 

Table 9.2: Mean sum capacity of the cell for  different number of bits use to quantize the beam generator  

 

We can observe that the technique is relatively robust and we can consider that a 5 bits quantization is as 
performing as the non quantized case. From a feedback point of view, we have to consider that if we want 
to use completely random vectors at the base stations broadcasted to the users, 10 bits are needed (5 for 
the real part and 5 for the imaginary part) for each vector i.e. for each antenna. 

This method can be rapidly prohibiting when the number of user and antenna increase. Anyway, this sim-
ple assessment gives the basic element to determine the size of the database of vector that has to be 
stored in each mobile and base station.  

9.4.3 Beams generation or codebook? 

The original opportunistic beamforming algorithm requires that the base station generates N pseudoran-
dom orthogonal beams at each time slot. This can be done for instance by generating a size N pseudo-
random square matrix with a normal distribution, and computing its QR transformation. Then the matrix Q 
is orthogonal and its columns are the beams. 

However, at each beams generation, the base station has to broadcast all beams in order that users 
compute their SINR with each beam. This training period may be too long for some applications. Another 
possibility is to use a codebook containing pre-generated square orthogonal matrices of beams. In that 
case, the base station has only to generate a random integer to select the matrix of beams to use, and to 
broadcast it. Then each user can compute its SINRs using the codebook. This method has been pre-
sented in 3GPP TSG RAN WG1 in the MIMO scheme called PU2RC (Per User Unitary and Rate Control) 
proposed by Samsung [21][20]. 

The pending question is then to determine the necessary number of vector to achieve comfortable per-
formance and then the corresponding number of bit used in the feedback for identification. 

To answer this question, following the same methodology as in the previous paragraph, we generate a 
fixed set of vectors and consider successively a larger number of orthogonal vectors (8, 16, 32… 4096, 
infinite). All other conditions remaining the same (same set of users, base stations…). Unfortunately no 
noticeable changes neither in the mean sum capacity nor the distribution of the capacity nor the access 
channel rhythm were observed.  We assume that this effect is mainly due to the Rayleigh channel that is 
varying too fast to observe a decrease of the performance. 

 

10 Collaborative opportunistic beamforming 

In this section, we apply the concept of opportunistic beamforming to the framework of collaborative net-
works and virtual antenna arrays. Two complementary paths must be considered: 
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o The first approach consists in taking a classical hexagonal network where all BS are col-
laborating. To observe the effect on users we can consider the shifted network where the 
elementary cell is composed of three base stations with sectored antenna located on 
three corners and pointing to its centre. This approach is described in Erreur ! Source 
du renvoi introuvable.. 

o The second consists in searching the optimal position of the base stations and the opti-
mal antenna aperture to achieve the best mean SNR and observe the corresponding 
flatness of the coverage. This will be detailed in Erreur ! Source du renvoi introuvable.. 

10.1 Classical collaborative deployment 

We consider here the case of a cellular network. Each cell is divided into three sectors. The base station 
can embed different type of antenna to cover each sector: omni-directional or directive antennas. We as-
sume a universal frequency reuse network so that both cells and sectors shared the same frequency.  

We will consider only one group of three sectors constituting a cell as represented on Figure Erreur ! 
Source du renvoi introuvable. and we will not consider interferences from other sectors. The last con-
figuration described in Figure 10.3 tackles this specific problem since it is built by three facing sectors that 
interfere directly. We also assume that the base-stations have only one antenna by sector for simplicity 
reasons. 

 

 

Figure 10.3: Typical cell configuration. The two tops deployment mainly encourages inter  sector  cooperation 
when the bottom one encourages inter-BS cooperation. 

 

The collaborative opportunistic beamforming scheme proposed here consists in using the three antennas 
of the three facing sectors as a virtual antenna array. With the opportunistic beamforming algorithm de-
scribed in section Erreur ! Source du renvoi introuvable., up to 3 users can be scheduled on the same 
subcarrier. 

We performed the following simulations: 20 deployments of 50 users have been drawn. For each user 
deployment, 100 channels are generated. For each channel, a set of 3 random orthogonal beams is gen-
erated, and 3 users are selected using the opportunistic beamforming algorithm described below. For 
each user deployment, the mean capacity of each user is computed in order to get a map of user capacity 
in function of its location. Red and green points represent users who get a capacity greater and lower 
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than the mean user capacity respectively. Non-filled points represent users who are not served at all dur-
ing the 100 channels. 

The results presented in Erreur ! Source du renvoi introuvable. show three different kinds of deploy-
ments. 

o The top map represents a deployment with omni-directional antennas. This map must be 
considered as a reference where the coverage is uniform since the power budget on the 
downlink side is large enough to reach the edge of the cell. The two bottom figures rep-
resent two deployments using sectored antennas. 

o The middle one is the typical deployment using three sectored antennas at the BS radiat-
ing to the exterior of the cell. The resulting capacity pattern reveals the advantage of the 
inter-sector cooperation. Unfortunately, the small value of the antenna aperture (typically 
70° as recommended in [17]) reduces the area of cooperation. 

o The bottom one presents the results obtained with a collaborative deployment using di-
rective antenna of 70° aperture. Because of their position, the interference area is larger 
so that we can take a better advantage of such deployment. 

Since the case of omni directional antenna is an ideal case, we should pay more attention to the case 
with directive antennas. Thus, the opportunistic beamforming plus the collaborative deployment provide 
an interesting result where a larger area of interference gives a better coverage of the cell. 
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Figure 10.4: Map of best served users as a function of their  location (red points indicate a rate higher  than the 
mean, green points indicate a rate lower  than the mean, blue circle is for  not served user). 

10.2 Other collaborative deployment 

10.2.1 General considerations 

In this section, we seek the optimal solution in terms of SNR coverage over the cell obtained with three 
virtual antennas. Because of the symmetry of the hexagonal cell, the antenna cannot be somewhere else 
than on the three main diagonals and they should necessarily point along these diagonals. We then pa-
rameterize their position along the diagonal between -1 and 1. The sign of this reduced coordinate indi-
cate if the antenna is pointing in the cell or out the cell. On the other hand, we simulate all kind of antenna 
from theoretical omni directional antenna of 360° (equivalent here to 0° aperture). 

10.2.2 Methodology 

To monitor the overall performance we calculated the global SNR over the cell by summing the power 
received from each antenna and observing the main statistics (mean and standard deviation). The result 
was obtained by firstly estimating the received power from each BS on a hexagonal grid, then by deriving 
the overall SNR and, finally, weighting each point with the surface of each element, by deriving the statis-
tical figures. 

The present results were obtained in the downlink case and verified for the uplink. The power level at the 
BS or the mobile only produces a shift of the absolute value presented on the average SNR map. The 
relative fluctuations and our conclusions remain unchanged. 

10.2.3 Optimal solution 

Figure 10.5 presents the average SNR. Two values of the reduced position must be considered specifi-
cally: with 0 (antennas at the centre) the result will mainly impact the inter-sector cooperation, for 1 (or -1) 
it will mainly impact the inter BS cooperation. The following conclusions can then be drawn: 

o In the omni directional case (obtained here with 0° aperture), we observe that the optimal 
position is at half distance between the centre and a corner. In this configuration the 
mean SNR is nearly equivalent to the case of a classical sectored deployment with three 
70° aperture antennas on corners but the flatness is slighty degraded. 

o If the antenna must be co-localized at the centre, the aperture of 70° recommended in 
the standard is nearly the optimum but this area on the present figure is flat enough to al-
low aperture from 60° to 110° with a slight increase of the mean SNR for the greater val-
ues. 

o To increase results in the case of inter BS cooperation (reduced coordinate equal to 1), 
the optimum is between 80° and 100° instead of 70°. 

Figure 10.6 presents the corresponding flatness of the SNR. Co-localized antennas afford a stronger con-
trast than for non co-localized base stations. The lower area presenting the best flatness corresponds to a 
map with a very mean SNR and then is of non interest. Anyway, this figure emphasizes the interest of the 
cooperative deployment to flatten the performance over the cell. 
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Figure 10.5: Color  map representing the average SNR over the cell depending on the BS position along the 
main diagonals and the antenna aper ture 

 

 

Figure 10.6: Color  map representing the SNR flatness (calculated as the standard deviation) over  the cell de-
pending on the BS position along the main diagonals and the antenna aperture 
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10.2.4 Remark 

To build the SNR map, we pay a specific attention to keep the total power radiated from each antenna 
constant whatever the directivity of the antenna. We use the model recommended in 802.16m [17], ex-
pressed as: 

2

max
3

( ) max 12 , FB
dB

G G G
q

q
q

� �
 

� �= + - � �
� �� 	� �

 

11 Multiuser versus spatial diversity: a closed form approach 

11.1 System description and hypothesis 

 Let's consider one base station (BS) serving K mobile subscribers (MS). Denote by k
jih ,  the complex 

channel coefficient between the thi  antenna at the BS and the thj  antenna of the thk  user. Assuming a 

Rayleigh fading distribution, h  are independent Gaussian random variables with zero means and unit 
variances. Moreover, we consider quasi static fading so that the channel response remains constant 

during one time slot and is drawn independently at each new realization. Finally, define )(skg  as the 

SNR experienced by the BS related to its link with user k  during time slot s  and kg  the average SNR. 

The goal of this section is to illustrate the channel hardening effect considering multiuser transmission 
scheme with proportional fair scheduling based on an SNR statistical analysis neglecting the effects of 
interference between users. 

 

11.2 Statistical approach: pdf and CDF calculation 

Depending on the transmission scheme considered, it is possible to derive the statistics of the SNR from 
the statistics of the channel coefficients:   

    • In the SISO case, the received SNR for user k  is:  

 2
1,1 ||=)( kkk

SISO hs gg  (1) 

  

    • In the STBC case, the received SNR expression for user k  using an Alamouti scheme is:  

 2
,

1,2=,

||
2

=)( k
ji

ji

k
k
STBC hs �g

g  (2) 

  

 Using the same approach and neglecting the inter-user interference, the statistics of the SNR 
experienced at the BS in an UL when two MSs are transmitting simultaneously with Alamouti scheme. In 
the sequel this scheme is referred as 2xSTBC. In this case, the SNR expression is:  

 22
,
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 Note that since all the users are transmitting at the same power and are considered as independent 
units, no normalization of the total transmitted energy is performed in the SNR calculus. 

We consider here that each user are emitting successively on a slot by slot basis following a Proportional 
Fair Scheduling (PFS) [6][7]. For sake of simplicity and to follow classical hypothesis, we assume that 

each user has the same average SNR ( gg =k ). Following this hypothesis, the user scheduled for time 

slot s  is the one who maximizes the following criteria:  

 { })(maxarg= sK k
k

g  (4) 

 

In the case of a Rayleigh channel, it is possible to obtain an analytical expressions of kg  in the SISO, 

STBC and 2xSTBC cases based on the normal distribution of the k
jih , . Therefore, )( ,

k
jihRe  and )( ,

k
jihIm  

coefficients are following a normal law and 2
, || k
jih  is then following a chi-square law with 2 degrees of 

freedom. On the same assumptions, k
STBCg  and k

xSTBC2g  are also following chi-square laws with 4 and 8 

degree of freedom. The probability density function can be inferred in each case:   

    • In the SISO case, the pdf yields:  

 
g
g

gg -exp
1

=
SISO

f  (5) 

  

    • In the STBC case, the pdf becomes:  

 
g
g

g

g
g

2
exp4= 2 -

STBC
f  (6) 

  

    • In the 2xSTBC case, the pdf is:  

 
g
g

g

g
g

2
exp

3
8

= 4

3

2
-

xSTBC
f  (7) 

  

 

Thus, the probability that the SNR is below a given value is directly linked to the expression of the 
cumulative distribution function what can be inferred by integrating the pdf:  

 ggggg g

g

g ¢¢¢ ¢¢ � dfPF )(=)<(=)(
0

 (8) 

 

Finally, the cumulative distribution function of the SNR for a system of K users is defined by :   

    • In the SISO case, the CDF becomes:  
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    • In the STBC case, the CDF becomes:  
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    • In the 2xSTBC case, the CDF becomes:  
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11.3 Conclusion on the performance of the different systems 

  

Average SNR CDF of the SISO, STBC and 2xSTBC systems are presented in Erreur ! Source du 
renvoi introuvable.. The first set of curves describe the behavior of a system including only one user 
(K=1). The second set of curves presents the performance of a system with K=50 users. For sake of 
comparison, the CDF achievable by a system operating with an optimal transmit beamforming based on a 
perfect CSI has been included. This clearly illustrates the inherent tradeoff between spatial and multi-user 
diversity: in the multi-user case, classical STBC result more in a penalty than an advantage. Note that still 
STBC performance remains superior than a pure SISO scheme for 50 users. 

Moreover, the double Alamouti distributed STBC over 2 different users yields better performance in a 
multi-user transmission scheme. This transmission scheme is a straightforward extension of the single 
user one known as SDM-STBC code and studied in the framework of IEEE 802.11n [8][9]. 

This study highlights the fact that the gain in multi-user diversity is not to be seeked in enhancing the 
signal strength of the received signal and indicates that a performance improvement can be obtained 
through clever interference aware scheduling approaches. 
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Figure 11.1: Cumulative Distr ibution Function (CDF) of the effective SNR for  some different transmission 
modes and different number of users K. 

   

 

12 Code design : combining STBC and SDM in multi-user context 

12.1 Combining STBC and SDM for single user 

This basic scheme (single user context) provides the advantage of space-time block coding and spatial 
division multiplexing, i.e. robustness towards fading and increase of the spectral efficiency [8][9]. This aim 
is achieved by transmitting several signals at the same time, each signal being encoded accordingly to a 
STBC to benefit from transmit diversity. To add the advantage of the multi-user diversity, we propose to 
assign each user a dataflow encoded with the STBC. At the receiver, detection can then be performed by 
applying to the new system one of the techniques already proposed for SDM schemes.  

For sake of simplicity, we restrict our study to the multiplexing of Alamouti codes, but similar analysis can 
easily be conducted with any space-time block code. In this configuration, a hybrid system with N  an-
tennas at the emitter can transmit simultaneously 2N/  streams, and each stream is transmitted over two 
antennas and two time intervals according to Alamouti coding. Thus an overall data rate of 2N/  is 
achieved, instead of 1 for Alamouti coding, and of N  for a classical SDM scheme.  
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Let us consider a system with two transmit antenna per user what is resulting in an equivalent system of 
four transmit elements. The corresponding emitter is depicted on Erreur ! Source du renvoi introuva-
ble..  

 

 

Figure 12.1: Spatial Division Multiplexing of two Alamouti codes 

This results in transmitting four complex symbols 1s , 2s  belonging to the first user and 3s , and 4s  be-

longing to the second user according to the following code matrix:  

 
1 2 3 4

2 1 4 3

s s s s
C

s s s s

� �
� �
� �

* * * *� �
� �

=
- -

 (12) 

where the symbols of the thn  column of C  are sent from the thn  antenna.  

In this section, we assume that the system operates in a quasi-static flat fading environment, and we de-
note by nh  the 1M ´  vector formed of the channel coefficients between the transmit antenna n  and the 

M  receive antennas. We also denote by 1y  and 2y  the 1M ´  signals received on the st1  and nd2  time 

slots, and by 1n  and 2n  the corresponding additive noise components. The received signal can then be 

expressed as  
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 (13) 

The channel matrix 1 2
� �
� �� �= |H H H  is formed of two orthogonal sub-matrices 1H  and 2H  such as  

 
2 2

1 1 1 2 2 1 2
H c


 

� �� �
� 	

= +H H h h I I
  (14) 

and  

 
2 2

2 2 3 4 2 2 2
H c


 

� �� �
� 	

= +H H h h I I
  (15) 

 

We can then recover the four transmitted symbols using equation (2). If we compare the characteristics of 
the hybrid system to a SDM one with same number N  of transmit antennas, we first notice that the num-
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ber of unknown is the same whereas the number of observations is twice more as we consider two time 
slots. Thus for any ZF or MMSE based receiver the minimum number of receive antennas required for the 
combination of SDM and STBC is equal to 2N/  instead of N . Moreover the hybrid scheme also benefits 
from the orthogonality of each Alamouti code, and in consequence benefits from transmit diversity.  

Different strategies can be applied to recover the transmitted signals, from optimal Maximum Likelihood to 
ZF or MMSE equalization. In the following, we focus on ZF or MMSE based receivers, possibly combined 
with the V-BLAST detection scheme, to get reasonable complexity.  

12.2 Zero-Forcing Receiver 

In order to recover the four transmitted symbols 1s , 2s , 3s , and 4s , ZF equalization can be applied to the 

hybrid system (2) by applying the Moore-Penrose pseudo-inverse matrix of H  to the received signal y .  

The pseudo-inverse #H  of the channel matrix is defined as follows:  

 ( ) 1# H H-
=H H H H  (16) 

and can be rewritten as a function of the sub-matrices 1H  and 2H :  

 

1

1 1 11 2

2 1 2 2 2

H HH
#

H H H

-� � � �
� � � �
� � � �
� � � �
� � � �� � � �

=
H H H H H

H
H H H H H

 (17) 

Let us introduce the orthogonal matrix P  defined as:  

 1 2
H=P H H  (18) 

Due to the orthogonality of this matrix, P  verifies the relation  

 3 2
H H c= =PP P P I  (19) 

where  

 
2 2

3 1 3 2 4 1 4 2 3
H T H Tc * *= + + -h h h h h h h h  (20) 

 

We can therefore derive an analytic form of the pseudo-inverse of the channel matrix:  
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 (21) 

such as no matrix inversion is needed.  

The Zero-Forcing receiver can then be decomposed into two stages. We first filter the received signal y  

by 1
ZFW  to remove the contribution from the other signal within each Alamouti code. Second we apply 

the filter 2
ZFW  to the resulting signal in order to recover the two transmitted streams. These two stages 

lead to the same SNR within each Alamouti code, i.e.  
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= - / ,

= - / .
 (22) 

The second term in the expression of the SNRs (11) corresponds to the cost of spatial multiplexing com-
pared to the SNR achieved by the classical Alamouti scheme.  

12.3 Minimum Mean Square Error Receiver 

In the previous subsection we have derived an analytic form of the ZF receiver. We now conduct a similar 
study for the MMSE receiver based on the filter W :  

 
12

4
H H

ns
-
 


� �
� 	

= + ,W H H I H  (23) 

to be applied to the received signal y  (2). 2
ns  denotes the variance of the additive white gaussian noise 

and the symbols are assumed to be adequately normalized.  

We can easily prove that W  can be expressed without matrix inversion as  

 

�
12

2 2 1

1 21 2 3 2

1

MMSEMMSE

H

H H

WW

d

dd d c

� �� �
� �� �
� �� �
� �� �
� �� � � �

-
=

--

I P H
W

P I H
� � � � 	

 (24) 

with  

 

2 2 2 2
1 1 2 1

2 2 2 2
2 3 4 2

n n

n n
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d c

s s

s s

= + + = +

= + + = +

h h

h h
 (25) 

First stage of filtering using 1
MMSEW  is performed in a same way as for ZF detection to benefit from the 

orthogonality within each Alamouti code. Second stage based on the 2
MMSEW  filter then takes into ac-

count the variance of the additive noise to better detect the two transmitted streams and is specific to 
MMSE equalization.  

12.4 Extrapolation to multi-user context 

Assuming that each terminal embeds two antennas, we propose to assign each of the Alamouti block to a 
specific user so that the equivalent system presents four transmit antennas. As presented in (11), the 
SNR of each Alamouti block has two terms:  

the first one 1c  (resp. 2c ) corresponding to the SNR that each user would have if he was emitting 

solely,  

the second one 3 2c c/  (resp. 3 1c c/ ) corresponding to a term of interference, melting the channel 

characteristics of both users.  

Aiming to increase the average capacity of the system, given the monotonic behavior of all the operators 
implied in this section, we can expect that increasing the SNR of each user would help reaching our goal. 
This way reducing 3c  for each pair of user by the mean a rule of choice between the user would improve 

the final system capacity and by the way the overall throughput of the system.  



 

Urban planning for Radio Communications 

SYSTEM@TIC PARIS-REGION 

 

Ref. URC_SP4_D4.3.1 ed. 1.1 Page 56 of  64 

 

A good metric to consider respecting the symmetry is 3 1 2( )c c c/ . Thus, each user will see the same cor-

rective term expressed as 3 1 21 ( )c c c- / . Defining ( 1ih , 2ih ) as the channel experienced by user i  (re-

placing 1h  and 2h  in (2)) and ( 1jh , 2jh ) as the channel experienced by user j  (replacing 1h  and 2h  in 

(2)), our interference metric ( )mI i j,  between these two users is defined by:  

 

2 2
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h h h h h h h h

h h h h
 (26) 

 

mI  is of course a sub-optimal metric to determine if the overall capacity is increased however it conveys 

the minimum of information to improve it. The simulation presented in the next section show the trade-off 
between complexity of the algorithms using the optimal metric or the one presented here in a more realis-
tic context. It shows that in a majority of cases, the use of the suboptimal metric is sufficient.  

12.5 Remark 

The calculation of mI  implies a number of multiplication and addition growing like the number of received 

antenna.  

13 Assessment of the multiuser STBC on a realistic deployment 

  

13.1 System modelization and characteristics 

  

Here a single cell deployment is considered serving a given number of users. The antennas at the BS are 
supposed isotropic: from 2 up to 8 antenna configurations are captured. A two slopes classical path loss 
model is adopted:  
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 where d , BPd  and a  are respectively the distance, the breakpoint distance and the path loss 
exponent. The different parameters of the system are recalled in Tab. 12.1. 

  

Table 13.1: System parameters. 

   

 Syst. assumptions   802.11n   802.16m  

Center frequency   5.2GHz   2.4GHz  

Emitting power at the BS   0.2W   10W  
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Signal bandwidth   20MHz   20MHz  

Break Point distance (BPd)   10m   10m  

Path loss exponent after BPd   3.5   2.5  

Shadowing Std Dev before BPd   3   3  

Shadowing Std Dev after BPd   5   5  

Antenna Gain (Rx Tx)   0dB   0dB  

Noise Figure at the receiver   10dB   10dB  

  

  

Shadowing is taken into account in the simulations through a ray-tracing approach more suited for a 
single cell deployment. A set of obstacles are dropped over the cell with a random attenuation and 
aperture (the distribution is given by the channels parameters). Assuming a dominant line of sight 
component, the losses due to shadowing effect are directly computed by summing the loss of each 
obstacle on the path. 

An example of resulting deployments including the path loss calculation using this simulation 
methodology are depicted in Erreur ! Source du renvoi introuvable. and 13.2 

 

  

 

Figure 13.1: SNR map computed for  a given deployment based on the ray-tracing modelization of the 
shadowing for  a 802.11n-like system. X and Y axes represents the distance in m. 
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Figure 13.3: SNR map computed for  a given deployment based on the ray-tracing modelization of the 
shadowing for  a 802.16m-like system. X and Y axes represents the distance in m. 

   

  

 

13.2 Presentation of the sequencing/pairing algorithms 

The following paragraphs presents the different algorithms designed to optimize the sequencing and 
pairing of users i.e. to pick for each time slot the best couple of active user so that the system capacity is 
increased by means of the inter-user interference reduction. We assume that a total of pN 2=  users 
are present in the cell. 

13.2.1 Fair algorithm 

This algorithm is designed to keep the original sequencing of the different users and, for each time slot, 
find the best one to schedule simultaneously with the objective of minimizing the metric defined in (26). 
The advantage of this algorithm is that it boils down to a simple overlay on any existing algorithm 
incurring a very low arithmetical complexity increase since the number of operations varies like 

1)/2( -pp . 

For instance, if the user i  is scheduled for the next time slot, the paired users will be defined as:  
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13.2.2 Best couple 

A way to improve the previous algorithm consists in scheduling not only the best second user when the 
first one is scheduled by an independent method but to pick the pair scheduled by minimizing mI  over the 

next time slot. This method is thus defined so that the pair scheduled for a given time follows:  
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ji
 (29) 

where i  and j  are all possible active users. This algorithm is more complex than the previous one since 

its complexity varies like 11)1)(4(1/6 --+ ppp . 

 

13.2.3 Exhaustive 

The exhaustive search tests all the combinaison of users on all time slots. Calculating the capacity of 
each of these sequences, the algorithm returns the best one. If this method provides the optimum 

solution, the complexity of this method is exponential: the number of operations grows like !//2)!(2 pp p . 
Practically speaking, it would not be reasonable to think that this method would result in an 
implementable solution on a BS: this method is presented here as a benchmarking reference. 

13.3 Results and conclusion 

The simulations in this section are conducted for a various number of users and a various number of Rx 
antennas at the BS. The influence of the number of obstacles is not discriminating on the final capacity 
gain (less than 0.3% of gain increase). The number of set of users per configuration and the number of 
channel tested is adjusted so as to produce a smooth distribution (5000 sets of users and 1 channel per 
user). 
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Figure 13.4: Representation of the gain distr ibution. 

   

  

Finally the best trade-off between complexity and performance is provided by the fair algorithm which also 
present the advantage of being implemented as an overlay to existing scheduling. The gain in 
performance of this method are summarized in 13.5 as a multi-vari chart for various antenna 
configurations and size of the pool of users. 
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Figure 13..5 : Mean gain observed with the fair  algor ithm (nU stands for  number of users). 
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To help highlight the interest of such pairing/scheduling techniques, we also implemented an arbitrary 
method that performs the user sequencing randomly. Both methods were first compared on the basis of 
the gain provided over a classical TDMA scheme: a null gain corresponds to no improvement over TDMA, 
whereas a 100% gain is equivalent to perfect spatial multiplexing with no interference (or perfect 
interference cancellation). 

Figure 13.4 provides the gain distribution for the various scheduling approaches considered (list sorted 
from the worst to the best performing one): arbitrary, fair, best couple and exhaustive. The average gain 
varies depending on the trade-off between spatial diversity (linked to the number of Rx antenna) and the 
multi-user diversity (linked to the number of users). 
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