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Abstract-Longterm eigenbeamforming techniques that 
combine beamfoming gains with spatial multiplexing of 
data streams have proved to be a v e y  strong candidate 
for link level processing. On system level, fa s t  scheduling 
brings multi-user diversity which increases wi th the number 
of active users in the cell. We propose a system with user 
specific longterm eigenbeams to  transmit spatially multiplexed 
data streams. For each data stream a feedback measurement 
regarding the link quality is  performed and reported by each 
user for link adaptation and scheduling. Due to  the scheduling 
the inte~ference pattern usually changes a t  the moment of 
using the feedback measurement, leading to  mismatches in 
the link adaptation and throughput loss compared with the 
ideal case. The aim of this paper is  to  investigate these 
new insights in the multi-user MIMO systems and propose 
advanced methods to  decrease the mismatch in the feedback 
measurement. Simulation results are presented to  evaluate the 
schemes taking as base the W S  - HSDPA system extended 
for M M O  applications. 

I. INTRODUCTION 
The purpose of this paper is to present a multi-user 

MIMO cellular system using long-term eigenbeamform- 
ing [l], [Z] and link adaptation based on fast feedback 
[3], [4] and to highlight the problems that might appear 
in this combination. An inherent problem when com- 
bining eigenbeamforming, i.e. user specific beamforming 
weights, with fast feedback is that if the scheduler 
decision will change, the interference pattern will change 
and the feedback report will not be accurate anymore. 
The result will be throughput loss compared with the 
ideal scheme were perfect link adaptation is assumed. 
Note that this mismatch is independent of the velocity 
and no prediction is possible. Also, the effect is related 
to the link adaptation, where concrete MCS are defined 
and it is not visible for idealistic system assumptions and 
information theory investigation approaches [5], [6]. 

In a cellular system the interference is one of the major 
limiting factors of the link capacity. In the downlink the 
transmitter can be designed to minimize the interference 
between the served users (when it knows the channels 
to the users) [7], [SI, but still the intercell interference 
can not be estimated. The quality of the link, including 
short term information about the channel and the inter- 
ference, can be subject to feedback transmission from the 
receivers. This feedback is called fast feedback because it 
contains instantaneous (small scale fading) information 
about the environment the mobile is in. As with the 

channel state information, we can not assume the full 
information to be transmitted back from the receiver, but 
only a measure of the quality of the reception. Based 
on this feedback value, the transmitter will perform the 
scheduling of the users and adapt the M,sdulation and 
Coding Scheme (MCS). 

11. SYSTEM MODEL 

We are proposing a cellular system using eigenbeam- 
forming at the transmitter and Space-Time MMSE (ST- 
MMSE) equalization at the receiver 191, [IO]. The trans- 
mitter (Tx) and a receiver (Rx) equipped with MT, re- 
spective A& antennas. We model a system using spatial 
multiplexing of data streams, the data to be transmit- 
ted being demultiplexed in N parallel streams. The 
Tx linearly maps the N streams on the MT antennas, 
using the prefiltering matrix V, Figure 1.a. The signal 
is then pulse shaped, passed through the channel and 
received with MR antennas. At the receiver, the signal is 
filtered with the filter matched to the pulse shape and 
sampled before it enters the discrete time linear Space 
T i e  - MMSE (ST-MMSE) equalizer. We can describe 
an equivalent discrete time MIMO system, having N 
transmit antennas and MR receive antennas, connected 
by an equivalent discrete time channel h(kAt),  that is 
the result of the convolution of the transmit processing, 
the actual channel and the receiver front-end, Figure 
1.b. The same link level model was used in [9] where 
the link to system level interface was investigated. The 
input-output relaticn of the equivalent MIMO frequency 
selective channel can be written in matrix form as: 

Y(W = r w  + +), (1) 

where: 
- y(k) = [yo(k) ...yMR1( k)lT is the received vector at 
moment k; r h y o )  ... hO+'(O) . . . 

... hMR'>O(L-l) , , , h""R'3N-l (L-1) 
is the space-time channel matrix; 
- hr"(l), 1 = 0.. . L - 1 is the channel impulse response 
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Fig. 1. a. Link level processing. b. Equivalent model. 

from Tx antenna n to Rx antenna T ,  having length L received samples at the MR receiver antennas . 

(3) 
symbol interval sampled. 

is the transmitted signal vector from antennas 0.. . N - 1 
that influences the received signal at moment k through 
the convolutive channel; 
- n ( k )  = [no(k). . . nn'~-l(k)lT is the noise realization 

The use of fast feedback in a mobile communication 
system makes sense only when the channel varies slowly 
enough, so that it is practically constant between the 
feedback measurement and the use of this information. 
We also make this assumption that the channel is - n E ( k ) =  [n(k)"'n(k-E+l)l' 
constant, so we have dropped the index k for 
relation (1). 

The prefiltering matrix V consists of the eigenvectors 
of the transmit spatial covariance matrix, restricted to 
the significant eigenmodes: 

[ v  V I ] [ ;  

yE(k)  = r E z E ( k )  + n E ( k ) >  - z (k )=[zO(k ) .  . . z ' y k ) .  . ..O(k-&l). . .zN-'(k-Ml)]T 
where now:' 
- yE(k) = [y(k) .  . . y(k-E+l)]T; 

r 0AJRrN . . .  0AfRxN 
O A & X N  r ... ~ n e x n r  

0nJRxN ofiIRxN ... r 
... 

vector; r E  = 

- zE(k)=[zO(k)  ... ZN--l(k) . . .  zO(k-E-L+2) ... zN-l(k- 
E-L+2)1T; 

Starting from yE(k) we will derive the MMSE equal- 
izer, which should recover the transmitted signal at 
antennas 1,. . . , N ,  at some moment k-d.  We are looking 
for a matrix W that by filtering y E ( k )  will estimate the 
vector: 

(4) 

in , 

z ( k - d )  = [ z o ( k - d )  ... zN-'(k-d)lT,  
V1IH=RTx.  (') minimizing the mean square error: 

W=argminE{jlWyE(k)-z(k-d)1(2}. (5) 

The solution of this minimization problem is the Wiener 
filter 1131, extended for the MIMO case 191: 

Power and bit loading schemes based on the long term W 
eigenvalues are well known to maximize the capacity 
[I], [Z], [ll]. The additional variation of the power on 
the eigenbeams will lead to an increased variation of the 
interference power, resulting in an increased mismatch of 
the feedback measurement. Also, many practical system 
do not allow power loading schemes not to increase the 
signaling and the interference in the cell for the other 
users. Still using only bit loading as fast l i  adaptation 
partially compensates for the lack of power loading. In 
our application the total power of the transmitter is fixed 
being equally split among the eigenmodes. The number 
of eigenmodes N is so decided to maximize the l i  
throughput. 

For receive processing we have decided for Space- 
T i e  MMSE equalization, being the most flexible among 
the linear receivers [l], [lo]. Compared with nonlinear 
receivers it provides a good equalization of the channel 
at a relatively low processing complexity It is also 
considered as baseline for comparison of MIMO system 
level-gains in standardization bodies such as 3Gl'P. 

To perform FIR space time equalization over E chips 
we will have to rewrite equation (1) extending it for E 

W=E { 4 k - d ) & k ) }  (E {YE(~)Y! (~) } ) - ' .  (6) 

Computing the two expectations and plugging them 
on the right side of relation (6) we get the space time 
equalizer matrix: 

1 
w = ( rEaEIEr;  + h,)- , (7) 

- where = E{z(k - d)z ; ( k ) } ,  kEI, - 
E{zE(k)&(k)}  depend on the statistics of the input sig- 
nals and h,, = E { n ~ ( k ) n Z ( k ) }  depend on the statistics 
of the noise and the interference. 

111. LINK TO SYSTEM LEVEL INTERFACE 

The link to system level interface must be a measure 
which can be used at system level to express as good 
as possible the link level performance, without simu- 
lating each l i .  In 191 we have shown that a good 

' O A , ~ ~ ~ .  denotes a matrix of sire MR x N of rems 
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candidate for link to system level interface in MIMO 
systems with ST-MMSE equalization is the signal to 
noise and interference ratio (SINR) per stream at the 
output of the equalizer. This measure can be computed 
based only on the system level parameters (channel, 
intra/intercell interference) and can be easily mapped 
to link performance expressed by the frame error rate 
and throughput. The mapping is done assuming that 
the total interference and noise results in an additive 
Gaussian random variable, and using link level results 
for different modulation and coding schemes. 

The SINR at the output of the equalizer can be com- 
puted writing the relation between the equalized signal 
and the transmitted signal: 

(8)  % ( k )  = wrEZE(k) + w n E ( k )  

and expanding for each stream: 

P ( k )  = W;lydN+*"n(k - d )  + 

TABLE I 
REFERENCE MCS 

240 
120 

Each mobile station (MS) performs a feedback mea- 
surement of the link quality, based on which the BS will 
do the scheduling and the link adaptation (selection of 
the MCS). 

The scheduling is a time division multiple access 
(TDMA) component, one user being scheduled at a time. 
We have investigated three classic scheduling strategies: 
Round Robin, maximum throughput ancl proportional 
fair scheduling. 

(9) v. FEEDBACK MEASUREMENI 
N ( E + L - 1 ) - 1  

m 

m=O,m#dN+n We have already put in the introductioa the problem 

where tu: is the nth row on matrix W and ym is the mth 
column of the matrix FE. LE] denotes the largest integer 
smaller than 5 and represents the delay of the Tx signal; 
151 denotes the remainder of the integer division of m 
to A' and represents the index of the substream. 

The first term on the right part of equation (9) rep- 
resents the desired signal part in P(k), the second 
term represents the interference from the other streams 
and the remaining Intersymbol Interference (1%) and 
the third part represents the noise component including 
the intra and intercell interference. Defining the average 
SINR as the ratio between the desired signal energy 
and the interference energy, the average SINR of the nth 
stream will be given by: 

of combining fast feedback with user specific beamform- 
ing vectors and scheduling. We will show in this section 
how the feedback measurement can be computed and 
what is the mismatch to the true value when the user 
is served. We will also show what are the effects of the 
mismatch and evaluate the associated 10s:;. 

The link to system level interface is the SINR per 
stream and we will use this measure also as feedback 
measurement being input to the scheduler decision and 
to selecting the modulation and coding scheme. 

Let us first look at the signals in the system at the 
moment of feedback measurement. We can identify the 
following signals: 
1. signals transmitted for the scheduled user(s); 
2. other simals in the cell, like control channels, d o t  - 

IbJ:YdN+n12d" channels; 
SI", = N(E+L-I)-l ' 3. signals coming from the surrounding BSs, that form 

Cm=O.m#dN+n IwLym12u:Lw1 + wL&nwk 
. .. the intercell interference. 

More than this, each user will be able to estimate its own 
The next step is the mapping between SINR and channel, based on the pilot channels. If we consider any 

throughput based on link level results. For example user, let's call it user 1, its channel including the beam- 
in [4] are presented l i i  level results for HSDPA, for forming filtering will be denoted It will receive all 
Modulation and Coding Schemes (MCS) listed in Table signals from the serving BS through the same physical 
1 and Chase Combining Hybrid Automatic Repeat channel, but prefiltered with the beamforming vectors 
Request (HARQ) scheme. Figure 2 shows these results corresponding to the scheduled users. The equivalent 
that we will use also later on in our evaluations. channels, including the beamforming vectors, will be 

denoted rE,m, m E Ul being the indices of the scheduled 
users (user 1 can be or not among them). Further on, 
we denote the other channels in the cell, not bearing IV. SYSTEM LEVEL MODEL 

We model the downlink of a cellular system. The data, as r E , o c  and the channel through which the signal 
serving base station (BS) is selected based on the average propagates to user 1 from the other cells with rg,,,,,,, 
propagation attenuation (including pathloss, shadowing all including the corresponding beamforn~g  vectors. 
and antenna gains). We will model only the central BS, The equalizer matrix computed by user 1, will try to 
the rest of the BSs acting as intercell interference. equalize its own channel and to minimize the interfer- 
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Throughput curves for Chase Combining with different MCS Fig. 2. 

ence from the other signals (the superscript f denotes 
the moment of feedback measurement): 

\ -1 

where Rin = CO, Roc + C,,,, ant,, + fin is the total 
interference from non data channel, intercell interference 
and noise; & = rE,mR,,,,,,r2,,, a E {m, oc,inter}. 

Next we compute the feedback SINR after equaliza- 
tion. It makes a difference if the user that we are looking 
at is itself scheduled or not. If user 1 is scheduled at the 
moment of feedback measurement, then the interference 
will come as self interference (intersymbol interference 
and interference from the other spatially multiplexed 
streams) denoted with index se l f ,  the interference from 
the other users scheduled (U) ,  the other channels (oc) 
in the cell and the intercell interference (inter). Each is 
computed according to formula (10) with the equalizer 
matrix being W f  and the equivalent channel matrix 
defined above. The SINR expressed for each stream, 
n = 1.. . N is: 

f f '  SIIVR;~ = 
P:eif,n + pixn + P,f,,n + ptnter,, + pnOtse,,, 

(12) 

In the second case, if user 1 is not scheduled, then there 
is no data signal transmitted to him. Still it can compute 
from the equalizer matrix W f  and its estimated channel 
the power of the useful signal that it could receive if 
scheduled: P&. The interference will come now from 

the data signals scheduled, the other non-data channels 
in cell and the intercell interference. 

Starting from the feedback reports from all users, 
the scheduler will decide for a set of users U2 to be 
scheduled, that is likely to be different from the set 
that was transmitted to at the moment of feedback mea- 
surement. Due to the user specific eigenbeamfonning, 
the interference pattem will change, the corresponding 
equalizer matrix must be computed and SINR will be 
different from the reported one. 

Without loss of generality we can assume that user 
1 is scheduled and we compute its equalizer matrix. To 
simplify the problem and to keep tractability we assume 
that the physical chaniiel is slowly changing, so from 
the moment of feedback measurement until the moment 
of scheduling it is constant. We assume, also, that the 
non-data channels in the cell (voice channels, common 
channels, pilot channels) and the intercell interference 
remain constant in this time interval. 

Then, the equalizer matrix of user 1 after scheduling 
(denoted by superscript s) will be: 

We remark here that due to the fact that the physical 
channels are constant the term Rkn is the same between 
the feedback measurement and the scheduling. The 
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equalizer matrix and the SINR are modified only due 
to the change in the beamforming vectors. 

The SINR for each data stream to user 1 will be the 
ratio of power of the useful signal to interference, formed 
by self interference, intracell and intercell interference, 
and noise. 

From equations (U), (13) and (15) we see that the 
reported SINRf  is different from the SINR" the mo- 
bile will experience when scheduled. The effect of this 
mismatch is that the transmitter may decide to transmit 
on a MCS that is not optimal, resulting in throughput loss. 
We define the SINR mismatch as: 

'ASIR,  = 10 loglo ('IRB,) - [dB]. (16) SIRL  
To estimate the actual mismatch in the link adaptation 

we have run several simulations with parameters of the 
HSDPA system [14] in a realistic frequency selective 
MIMO channel, described in [15]. We have allocated 
50% of the power to scheduled users and 50% of the 
power to other channels (voice, pilot, common 
nels). 12 codes with spreading factor 16 are allocated 
to HSDPA. For scheduling we have implemented the 
standard single user scheduling techniques mentioned 
in section 2.4. Single user scheduling means that all 
the available resources are used for one user at a time, 
spatially multiplexing several streams. This leads to a 
simplification in the computation of the equalizer and 
the SINR, the sets U1 and Uz having only one element. 
The worst case scenario is when always a different 
user is served at the moment of feedback measurement 
than at the moment of scheduling (as it is the case in 
the Round Robin scheduling). For this case we present 
results in Table 2, for different antenna configurations 
and channel environments. As a figure of merit we have 
computed the mean mismatch, its standard deviation 
and the throughput loss compared with the ideal scheme 
where there is no mismatch in the Link adaptation. 

The conclusions that we can draw from this table is 
that for some scenarios the gain obtained by transmitting 
on the eigenbeamforming vectors of the users will be 
considerably diminished by the throughput loss due to 
mismatch in the link adaptation. This loss has to be taken 
into consideration when designing a scheme based on 
user specific beamforming vectors. 

In the next section we propose methods to significantly 
decrease this loss, so that the benefits from MIMO eigen- 
beamforming can be fully exploited. 

VI. IMPROVED FEEDBACK MEASUREMENT 

will now investigate how the mismatch cim be reduced, 
proposing modified schemes for computing the feedback 
SINR. 

The difference in the SINR values comes from two 
reasons. First, the equalizer matrix is different at the 
two moments ( W f ,  W") ,  due to the fact that the re- 
ceived signals that must be equalized have different 
components. This difference has an important influence 
on the useful signal power and the interference power, 
even if we assume that the physical chanriel is constant: 
the powers will be different, even if the same rEJ ,  

r E , o e  and rE,mter will enter the equations Second, there 
are different signal components that enter the SINR 
formula after the scheduling (the sets U1 and 242 will 
have different elements). 

To exemplify these issues we select one of the scenar- 
ios from Table 2 that show a large mismatch in the SINR 
suburban macrocellular with 6 Tx and 4 Rx antennas. 
Assuming that user 1 is scheduled based on its feedback 
report, while at the moment of feedback measurement 
user 2 was scheduled, we compute: 

1 

wf  = h=E,lr;,l (rE,2h1E,2r;,2 +IC. ) -  , (17) 

Further on, we have designed two genie aided meth- 
ods of measuring the feedback StNR. T h  first method 
assumes that user 1 knows beforehand the equalizer 
matrix W" and uses it also for feedback measurement. 
This will lead to a perfect estimation of the useful sig- 
nal power, interference power from non-data channels, 
intercell interference and noise power. VJe denote this 
as genie equalizer (GW). The second method subtracts 
ideally the interference from the user 2 and adds its 
own self interference in the SINR formula, but not in the 
computation of the equalizer; we call it genie interference 
(GI): 

-1 

WfGw = ws = R, = E , i G , i  ( r E , i ~ = s , i ~ ; , i  + RL) 
(21) 

In the previous section we have shown why there Wf,cr = W f  = 
1 

will be a link adaptation mismatch in MIMO eigenbeam- IE,lr;ll (rE,2~11E,21r;,2+~;n) - 
forming and what are the effects of this mismatch. We 
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TABLE II 
SINR MISMATCH RESULTS A N 0  THROUGHPUT LOSS 

Of course, a third genie can be considered, that fixes 
both the W and the S I N R  formula, which will lead to 
no mismatch at all. 

A comparison of the three methods (the normal and 
the 2 genie methods) is presented in Figure 3. We can 
see how much the feedback SINR can be corrected by 
the ideal assumptions. 

In order to derive realistic improved schemes for 
feedback measurement we will follow the directions of 
the genie methods: stabilize the equalizer matrix and 
compensate for the variation in the interference due to 
changes in the scheduled users. 

It must be noted that the signals for the scheduled 
users can, in practice, not be distinguished from the 
other interference (non-data channels and intercell 
interference) to be extracted in the equalizer matrix 
computation or in the SINR formula. The only available 
information is the channel of the user that performs the 
measurement. 

Method 1: addition of the own channel in the equalizer 
matrix. 

By this method it seems that we make a systematic 
error in the computation of the equalizer matrix, but it 
should not have a significant influence on the SINR be- 
cause Wf>' appears both in the powers at the nominator 
and the denominator of the SINR 

n f . 1  

The resulting SINR mismatch is plotted also in Figure 
3. We see that the SINR mismatch is decreased leading 
to a lower throughput loss than the normal scheme. 
The performance of this method is limited to the genie 
equalizer performance. 

Method 2: addition of the own channel and subtraction 
of an average interference of the other scheduled users 
in the equalizer matrix. 

Not knowing the beamforming vectors of the sched- 
uled users, user 1 can only assume that the power is 
uniformly radiated in the cell. This way it computes 
an average interference that can be subtracted in the 
computation of the equalizer matrix, besides adding its 
own channel. 

The results, also plotted in Figure 3, are not as 
promising as with method 1. The explanation is that 
the equalizer do not adapt well anymore to the channel 
and interference, the feedback SINR not being accurate 
anymore. 

Method 3: addition of self interference in the equalizer 
matrix and modification of the SINR formula to 
account for self interference and to subtract an average 
interference from the scheduled users. 

We will use the equalizer matrix from method 1, which 
showed good performance and try to compensate for 
the differences in the formula of the SINR. We do this 
by adding the self interference term and subtracting 
an average interference of the scheduled users, again 
obtained by assuming uniformly radiated signal: 

W f . 3  ~ WfJ ~ & rE,lrt,l ~ E , l % x ~ . l r ~ , l +  

-1 (29) 
+ r E , 2 f i 1 E , 2 r ; , 2  + RL) , 

p f , 3  

f . 3  + p f > 3 - p f , 3 + p f , 3  f 3  f 3  PSeif+ 2," 2 , ,  oc.n+P,,L,~.,+Pnb,,,,, 

S I N g 3  = S,n 

(30) 

149 



. . .  . - Normal scheme -* Genie Equalizer 
4 Genie interference 
-8- Modified 1 
4 Modified 2 
+ Modified 3 

-5 -4 -3 -2 -1 0 1 2 3  4 
SINR mismatch [de] 

Fig. 3. Comparison of the SINR mismatch for the normal and the modified schemes 

This method that combines both effects have proven to 
be the most suitable. 

I scheme I mean I std I Tloss I 

TABLE III 
SINR MISMATCH RESULTS 

Several simulations were performed for the other 
channel environments, antenna configurations and all 
the three scheduling strategies. We do not present all 
here due to lack of space. The improvements are similar. 
Still, to get a first insight about the gains from using sev- 
eral antennas at the transmitter and at the receiver and 
to see the improvement of the modified schemes over 
the normal scheme we present average cell throughput 
results of the data users for MIMO-HSDPA. We compare 
the normal scheme with the modified scheme 3, for 4, 
respectively 2 transmit antennas and increasing number 
of receiver antennas. 

VII. CONCLUSIONS 

We have presented a MIMO cellular :system where 
users are served on the eigenmodes cif  the spatial 
channel covariance matrix. Each user measures the l i i  
quality, computing the SINR after ST-MMSE equaliza- 
tion and reports it to the BS for link adaptation and 
scheduling. The benefits of eigenbeamforming and fast 
link adaptation are well known in the o3en literature. 
We investigated here the problems that appear in the 
combination of these methods. 

The reported SINR is dependent on the interference 
status at the moment of feedback measmement. After 
scheduling, the users served by the BS will probably 
change. Even if we assume that the physical channel 
remains the same (for low mobile velocity and fast 
scheduling), due to the directivity of the radiation with 
user specific beamforming the interference pattern will 
change and the SINR experienced by the scheduled users 
will be different from the one reported. This difference 
will lead to mismatches in the link adaptation and finally 
to throughput loss compared with the ideal scheme 
where there is no mismatch. 

Taking as example the UMTSHSDP.9 system ex- 
tended for MIMO applications, we have simulated the 
throughput loss due to this effect. Further on we have 
shown what are the limits that can be achieved when 
genie information is available for computation of the 
feedback SINR. Following the same direction we have 
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Microcelluiar environment, 4 Tx antennas 

8 Round Robin - normal Sdeme + Round Robin - modified 3 
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Number of Rx antennas 

Microcellular environment, 2 Tx antennas 

m 0) 

e 
z 

4 
0' 

1 2 
Number of RX antennas 

Fig. 4. Average throughput results for MIMO-HSDPA in microcellular 
environment 

developed realistic schemes that improve the feedback 

measurement and have tested them with simulations. 
In the formalism the problem is defined, the investiga- 

tion can be easily extended to spatial parallel scheduled 
users, where more than 1 user is scheduled at a time. 

These results are important steps towards a realistic 
estimation of the system level performance of MIMO 
systems. 
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