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Ahsfrat-Multiple antennas at both transmitter and meiver 
enable the application of spatial multiplexing as a way of 

Aiming at the design of broadband wireless systems, the 
combination of OFDM and MIMO techniaues offers a good 

the channel is known at the transmitter, performance can be 
improved by multiple* Sign& ac- beams Pointing along 

approaches, mostly conceived using flat-fading channels as a 
model, to frequency selective ChaMek. .~ 

the directions of the eigenvectors of the transmit correlation ~ i ~ h  spectral requires of informa. 
matrix. These eigenbeams constitute a unitary transformation 
that bas already been shown to be optimum in tentlF of tion over the spatial components offered by a MIMO channel. 
ca,,acity in Ralei&-fadhZ H ~ ~ ~ ~ ~ ~ ,  the effectiveness This technique is called spatial multiplexing and can be readily 
oftbis-techniqueudecisiveiy depends on bit and power loading extended to OFDM on a per subcarrier basis. If no channel 
a c r m  eigenb-. Here, a method for bit and power bad- 
h g  is P=ented that based On the notion Painvire error 
probahiIify (PEP) leads to an optimum distribution of bits and 
power for a even transmit power and spectral eficiency in 
an orthogonal frequency-division multiplexing (OFDM) context 
Ontimality refers to the minimization of a fieure of merit that 

knowledge is available at the transmitter, information (hits) 
and power are uniformly distributed along transmit antennas, 
Performance will be good as long as the dimensionality offered 
by the MIMO channel equals the number of transmit antennas. 
However, a reduced dimensionality, which can originate from 

The effectiveness of this method is verified by means of simulated 
curves for three channels with different correlation properties. 

cLan lead to dranlaticLperfOrmance degradationd [3]. partial 
channel state information (CSI) or knowledge of the transmit 

I. INTRODUCTION 

Spectrum is a scarce and expensive resource. At the same 
time there is a demand for wireless mobile systems with ever 
increasing transmission rates [I]. These two facts make MIMO 
techniques indispensable due to the high spectral efficiency 
they offer. Unfortunately, this comes at the expense of more 
expensive hardware and more complex algorithms. 

Multipath propagation in the wireless channel causes tem- 
poral inter-symbol interference (1.51). which increases the 
processing burden required at the receiver to recover the 
transmitted signals. While narrowband signals are hardly 
affected by multipath, frequency selectivity poses a serious 
impediment to the efficient detection of broadband signals. 
OFDM circumvents this problem by introducing a cyclic prefix 
between consecutive symbols. If the cyclic prefix is longer 
than the channel delay profile the frequency selective channel 
can he effectively decomposed in a number of parallel flat- 
fading channels, which dramatically eases the detection of 

-transmitted signals [21. 

correlation matrix of the MIMO channel can help to combat 
loss of dimensionality due to spatial correlations on the 
transmitter side, which are the main source of rank reduction 
in the downlink of a mobile system 141 [51. 

While extensive literature exists on the topic MIMO OFDM 
that considers either perfect, e.g. [6], [7], or no channel 
knowledge at all, e.g. [2] ,  [8], to date, hardly any publication 
can he found that considers partial CSI in a multicarrier 
context as it is understood here, namely as knowledge of the 
transmit channel correlation matrix. 

In the work at hand we consider a MIMO OFDM system 
with partial CSI at the transmitter. Partial CSI is shown 
to provide no information ahout the spectral characteristic 
of the channel. However, adaptive bit and power loading 
can still be performed over spatial eigenbeams given by the 
eigenvectors of the transmit correlation matrix. In [9] the 
loading algorithm presented in [ 101 for multitone transmission 
is straightforwardly applied to distributing hits and power over 
eigenbeams. Thereby, eigenheams are treated as if they were 
orthogonal, i.e. non-intefering, and non-fading. Here, based on 
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an upper bound of average PEP, a figure of merit is obtained 
which takes into account the fading nature of eigenbeams and 
can be optimized over the choice of bit and power loading. 
This figure of merit includes all significant parameters of the 
constellations employed over each eigenbeam and does not 
make use of any approximation for the relationship of average 
power, bits per symbol and distance between constellation 
points. The method proposed exhaustively searchs for the 
optimum bit loading over a set of plausible hit allocations, 
whose cardinality will be low for common numbers of transmit 
antennas and bits per canier. For any allocation of bits the 
optimum power loading is given by a closed form expression. 

The remaining of the paper is structured as follows. Section 
I1 introduces the system model and some notation. In Section 
111 a figure of merit based on average PEP is introduced 
that depends on bit and power loading. In Section IV the 
optimization problem is set up and an algorithm is presented 
which provides the optimum bit and power loading. Section 
V shows some simulation results and finally, conclusions are 
drawn in Section VI. 

11. SYSTEM MODEL 
Given a zero-mean complex Gaussian distributed MIMO 

channel with Mt transmit antennas, A&. receive antennas and 
L delay paths the relationship between vector yf' E C*f7x1 
of receive signals and a vector xp) E of signals 
transmitted over subcanier k E (0 , .  . . , N - 1) during OFDM 
block b E {l, . . . , B }  might he written as 

ykb) = H ~ U ~ P : / ' ; C ? )  + n f )  (1) 

where nib) E is a white Gaussian distributed noise 
vector, Hk E is the channel matrix at subcanier k ,  
which is assumed to be approximately constant for the duration 
of B OFDM blocks, Uk E @ n r , x N =  is an arbitrary matrix 
with orthonormal columns, Pi" E RNexNa is a diagonal 
matrix that assigns a cenain transmit power to each signal 
component and E{/z:'1'} = 1. Ne 5 Mt is the number 
of spatial dimensions of the signal to be transmitted over the 

The relationship between the channel matrices in the fre- 
quency domain and the channel matrices corresponding to 
each delay path in the time domain is given by [ I  I] 

channel. 

where ne is the delay of temporal path e. If an uncorrelated 
scatterer assumption holds for the channel, i.e. the fading 
processes of different delay paths are mutually uncorrelated, 
then the transmit covariance matrix in the frequency domain 
is found to he 

L 

R = E { H ; H * }  = ER;), ( 2 )  

which turns out to he independent of frequency. Therefore, the 
conclusion can be drawn that panial knowledge as considered 

e=i 

here provides information about the spatial structure of the 
channel hut not about its spectral characteristic. In [4] it 
has been shown that, assuming complex Gaussian distributed 
entries in the channel matrices and spatial decorrelation of the 
fading process at the receiver, for a system model as given 
by Eq. 1 the optimum matrix Uk has the eigenvectors of the 
transmit covariance matrix of the channel as columns. This 
result can be readily extended to channels showing spatial 
correlation at the receiver. As a consequence, index k is hence- 
forth left out and U will be referred to as eigenbeamforming 
matrix. Furthermore, due to the fact that no information about 
the spectral characteristic of the channel is available at the 
transmitter there is no reason for a frequency dependent 
allocation of transmit power. Accordingly, a unique power 
allocation matrix P will be applied to all subcaniers. Taking 
into account these observations and arranging all B OFDM 
blocks in a matrix format, our system model can be compactly 
expressed as 

Yk = HkUP'/'Xk + N k ,  

The transmitter suucture that we consider in this work 
is depicted in Fig. 1. The outer code correlates information 
transmitted over different space and frequency components 
and thus leverages diversity. The adaptive unit conveniently 
multiplexes bits over spatial components and assigns them a 
fraction of the total transmit power. The goal of the present 
work is a proper design of the adaptive unit given a certain 
raw binary rate at its input and a maximum transmit power as 
constraints. To this end, a figure of merit 3 is required that 
relates performance to bit and power loadings. In Section 111 
a figure of merit is introduced based on the notion of average 
PEP. 

Fig. I .  Tmsminer srmcme for partial CSI. 

For purposes of clarity, the following noJation is introduced 
that will be used in the next section. A = I L  @ A and 
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wk,t = . - jZnkn</N,  

111. DESIGN CRITERION 

Considering all dimensions of a transmitted signal, 
which can he expressed in matrix form as X = 
[ Xo X I  ... X N - ~  1, and a maximum-likelihood 
(ML) detector at the receiver, the probability that estimate 
X is equal to X' having transmitted X conditioned on a 
particular channel realization is called PEP. For our system 
model this probability can he expressed in closed form using 
the Gaussian error function [ 2 ] ,  

where u2 is the variance of the complex-valued noise pro- 
cess, H stands for a particular channel realization and 
d ( X ,  X ' ,  H )  is the distance of the two transmit signals at 
the receiver, which is given by 

N-I  

d 2 ( X , X ' , H )  = IIHkUP'/2AkI12 , (4) 
k=O 

with A k  = X ;  - X k .  Since at the transmitter no information 
about the instantaneous channel realization is available, it 
is appropriate to calculate the expectation of Eq. 3 over all 
possible channel realizations, which leads to the average PEP. 
However, for this expectation no closed solution is available. 
Fortunately, Eq. 3 can be tightly upperbounded using the 
Chemoff hound for the Gaussian error function as 

d Z  X . X ' . H )  

P ( X  + x'/x, H )  5 e- ( 1-2 , (5 )  

whose mean value gives an upper bound of average PEP. This 
upper bound is computed in 1121 and reads, 

P ( X + X ' I X ) <  ( det ( I + -  4uEJr))-A'7 ' (6) 

Thereby. 

M = R(L),H/2~~1/2GTG*B1/2~HR(t),l/2 

where 

R(t) = &g{ R ( t )  Rt) . . . R!) } E CLA'ft X L h f e  
1 

is the block diagonal covariance matrix in the time domain, 
R ( t )  = R ( t ) , ' / 2 R ( t ) , H / 2  and 

N 

GTG* = n 6 A k A F f B k H  

k = l  

with 
a;=[ W k , l  " '  W k , L  I T @ 1 N . .  

Eq. 6 is a figure of merit that can he computed at the 
transmitter and depends on the outer code employed, the 
stn~cture of the mapper and the power loading (cf. Fig. 
1). A joint optimization of these parameters would thus he 
theoretically possible, though practically unfeasible. 

Here, we assume that the design of the adaptive unit is 
made independently of the outer code. At its input, bits are 
considered uncorrelated and the mapper is a mere multiplexer 
of bits over eigenvectors. The adaptive unit together with 
the channel form an equivalent channel for the outer code. 
At the receiver, this channel is equalized, then symbols are 
detected and mapped to bits. The reliability of these detected 
raw bits will determine the performance obtained after the 
decoding process. Thus, properly designing the adaptive unit 
for uncoded transmission, though not optimum, is an effort in 
the right direction. 

Since the available CSI is independent of frequency the 
design of the adaptive unit must also he frequency invariant. 
Therefore, an upper bound of the average PEP per subcanier is 
desirable, which of course will also be frequency invariant for 
equal pairs ( X k ,  x k ) .  For any subcanier k, setting A k .  = 0 
for k' # I;  in Eq. 6, we obtain, 

where A denotes the matrix of eigenvalues of the transmit 
correlation matrix in the frequency domain and B = 1 has 
been assumed. This assumption is pulposeful as we are not 
interested in coding the signal over several OFDM blocks but 
in adapting transmission to the available channel knowledge, 
which happens to be time invariant as long as the channel 
remains stationary. 

Eq. 7 depends very strongly on the particular choice of X k  
and X;. Since we are interested in an optimization of the 
mapping of bits to symbols, a figure of merit is needed that 
does not depend on particular symbol pairs but on general 
constellation parameters. A way to obtain such a figure is by 
further upperbounding Eq. 7 as follows, 

where d, denotes the minimum distance between any two 
points of the constellation employed for transmission over 
eigenbeam n, A, denotes its associated eigenvalue and P, its 
power load. For reasons of generality, Ne = AJt and d, = 00 

if b, = 0, b, being the bit load of eigenbeam n. Each term in 
Eq. 8 is an upperbuund of the maximum average PEP resulting 
from the transmission over single eigenheams. Note that cross- 
talk among eigenbeams is ignored but still the fading nature 
of eigenbeams is captured. 

Now, if we include a factor an in each term of Eq. 8 
accounting for the average number of closest neighbouring 
points to any other within a constellation, the following figure 
of merit is obtained that explicitly depends on power loading 
and all relevant constellation parameters, 

Each of the terms in Eq. 9 represents an upperhound of 
the expected symbol error probability (SEP) resulting from 
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transmission over single eigenbeams. It should be noted that 
3 is not directly applicable to estimation of SER or BER at 
the receiver since an important characteristic of the system 
such as cross-tak among eigenbeams has been lost due to 
upperbounding (Eq. 8). However, simulations have shown that 
for common values of SNR and bit rate, F very faithfully 
reflects the behaviour of BER curves. 

Iv. BIT AND POWER LOADING 
The hit and power loading optimization problem reads 

min 3 
L P ,  

A1 with constraints CFL, P, = PT and b, = R, where 
R is the amount of raw bits to be allocated per channel use 
and PT the maximum transmit power per subchannel. 

Due to the discrete nature of bits the conventional opti- 
mization approach based on derivatives is not possible. Two 
alternatives exist. The first is based on a continuous approx- 
imation of d,(bn) and an(b,) over an fictitious continuous 
range of b,. Thereby the conventional approach is applied and 
the final result is rounded to allowable values of b, adjusting 
powers P, conveniently. The second alternative consists of 
an exhaustive evaluation of all possible bit allocations with 
optimized power loading. The former can be implemented very 
efficiently if certain approximative assumptions are made (cf. 
[IO]) at the cost of accuracy. This is specially advantageous 
for large numbers of hits and locations. The latter finds the 
optimum solution but must evaluate all possible bit allocations. 
However, considering typical values of bits and locations, i.e. 
eigenbeams, for a system model as described in Section 11, 
we note that the number of meaningful allocations remains 
relatively low, which renders this second alternative specially 
atractive. 

It is easy to show that for a particular bit allocation 

minimizes 3, where p is chosen to satisfy the constraint 

and 

As for the bit loading, solving an elemental combinatorial 
problem we note that R bits can be allocated over' A& 
eigenbeams in 

different ways. Each of these combinations could be evaluated 
by an exhaustive search algorithm to chose the allocation 
yielding the lowest value for 3. However, if, without loss of 
generality, we assume XI 2 XZ 2 . . . 2 X*ft, only allocations 
with the property bl 2 b2 2 ... 2 bnf, seem to make 

sense. This is in accordance with the results in [4], where 
strong eigenbeams receive optimally more power than weak 
eigenbeams, which implicitely also applies for the bit loading 
since signals are assumed to be Gaussian. 

The number of combinations for which the non-increasing 
bit loading property applies can be computed as 

R - 1 - 3(b3 - 1) 

R - (Aft - 2) - 3(b3 - b j )  . . . - dlt(bn1, - 1 )  
bir ,  E l  > O  2 

b s t .  ->bnr, 

where 1.J returns the integer part. As an example, for Art = 4 
and R = 6 a total of 84 bit allocations are possible. If we 
consider the ordering restriction this number reduces to 9. 

In order to find the optimum allocation a search algorithm 
can be easily implemented using a series of nested loops that 
evaluate each allocation in a well defined order (cf. Fig. 2) .  

f o r  b2 = b3 : L(R - bM, - bnr,-, - , . . - b3)/21 

bl = R - bnf, - bn<,,-l - . . . - b2 
compute P, V n  
evaluate 3 
if 3 < 3,i" 

Pnpt = P,, bEpG = b, Vn 
3,i" = 3 

Fig. 2. Joint power and bit loading search algorithm 

V. SIMULATION RESULTS 
In order to verify the validity of the proposed design 

criterion, simulations have been nm over frequency selective 
channels with strong, moderate and weak spatial correlations 
at the transmitter and weak correlation at the receiver. Trans- 
mission is uncoded, h.lt = 4, h.lT = 4 and ML detection is 
considered. 

Fig. 3 shows results for a channel with 
A = diag{ 14.6 1.4 0 0 } and R = 4 bitshbcarrier. 
For partial CSI, beamforming minimizes 3 at all SNR values. 
For perfect CSI the algorithm in [ I O ]  has been used. Due to 
the high correlation, all channel realizations exhibit a similar 
spatial sttucture which partial CSI provides. The difference 
between partial CSI and perfect CSI is only due to the 
frequency selectivity of the channel, which is only known by 
the latter. 

In Fig. 4, curves are depicted for a channel with 
A = diag{ 5.5 4.5 4 2 } and R = 4. Now, the 
optimum bit loading consists of transmitting two bits over the 
two strongest eigenheams. Due to the weak correlation, partial 
CSI provides very little knowledge about the spatial structure 
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of concrete channel realizations. This fact increases the gap 
between perfect and partial CSI. However, partial knowledge 
is still enough to obtain some gain with respect to the case 
with no CSI. 

Finally, Fig.5 compares the performance of the proposed 
loading algorithm with the one of the algorithm presented in 
[9] for a channel with A = diag{ 9.7 4.9 1.2 0.2 } 
and R = 6. While the algorithm in [9] recommends the use 
of the three strongest beams with 3, 2 and I bits respectively, 
our algorithm recommends the use of the two strongest beams 
with 3 bits each at SNR = 0 and 4 and 2 bits at all other values 
of SNR. The performance gain amounts to more than 1 dB. 
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Fig. 4. BER curves for weakly correlated channel, 

VI. CONCLUSIONS 
Bit and power loading for a MIMO OFDM system with 

partial CSI at the transmitter has been discussed. Partial CSI 
has been shown to be frequency invariant, which leads to 
a uniform distribution of bits and power over caniers. By 
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Fig. 5. Comparison of the proposed method and the loading method proposed 
in [9l for a moderately correlated channel. 

contrast, a non-trivial loading of hits and power over eigen- 
beams results in significant performance gains. An algorithm 
has been presented that relies on the notion of PEP to realize 
bit and power loading. Simulation results have been shown 
that corroborate the effectiveness of this method. 
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