A Statistical Transmit Power Allocation Scheme for Spatially Corr elated MIMO Systems and its Robustness to Estimation Err ors

Jan Mietzner^1, Peter A. Hoeher^1, Claudiu Krakowski^2, and Wen Xu^2

1 Information and Coding Theory Lab, Faculty of Engineering, University of Kiel, Kaiserstrasse 2, D-24143 Kiel, Germany URL: www-ict.tf.uni-kiel.de E-mail: { jm,ph}@tf.uni-kiel.de

2 BenQ Mobile GmbH & Co. OHG, Haidenauplatz 1, D-81667 Munich, Germany URL: www.BenQmobile.com E-mail: { Claudiu.Krakowski,Wen.Xu}@BenQ.com

Abstract— We consider a simple statistical transmit power allocation scheme for spatially corr elated multiple-input multipleoutput (MIMO) systems, which is based on the Karhunen-Lo ève transf orm. The consider ed scheme is solely based on secondorder channel statistics, i.e., no instantaneous channel knowledge is requir ed at the transmitter . We consider differ ent transmit power allocation strategies and pr opose a simple transmitter -sided maximum-ratio-combining scheme, which pr ovides near -optimum perf ormance over a wide signal-to-noise ratio range. Specifically, substantial gains over equal power allocation ar e obtained. Finally, the impact of estimation err ors concer ning the transmitter corr elation matrix is studied, and it is shown that the consider ed transmit power allocation scheme pr ovides a robust perf ormance.

Index Terms— Wireless communications, MIMO systems, spatial corr elation, space-time codes, transmit power allocation, Karhunen-Lo ève transf orm, estimation err ors.

I. INTRODUCTION

S^{INCE THE END of the 1990’s, it is well known that wire-}

less communication systems with multiple antennas offer huge advantages over conventional single-antenna systems. On the one hand, it was shown in [1],[2] that the capacity of a multiple-input multiple-output (MIMO) system with M transmit (Tx) antennas and N receive (Rx) antennas grows linearly with min{ M , N }. Correspondingly, multiple antennas provide a promising means to increase the spectral efficiency of a system. On the other hand, it was shown in [3],[4] that multiple antennas can also be utilized, in order to provide a spatial diversity gain and thus to improve the error performance of a system.

The results in [1]-[4] are based on the assumption that the individual transmission links from the transmit antennas to the receive antennas are statistically independent. Spatial correlation, caused by insufficient antenna spacings or by a lack of scattering from the physical environment, can cause significant degradations in capacity and error performance [5],[6]. In cellular systems, spatial correlation is an issue both at the base station and at the mobile station: Though at the base station generous antenna spacings can be granted, there is comparably little scattering from the physical environment, because the transmitted/ received signals are typically concentrated within a small angular region. As opposed to this, the mobile station normally experiences rich scattering from many local scatterers, but the antenna spacings are often small due to a limited terminal size.

In several publications, it was shown that the performance of MIMO systems may be improved significantly by using some sort of channel knowledge at the transmitter, see e.g. [7]. The use of (full or partial) instantaneous channel knowledge at the transmitter was, for example, considered in [2],[8]-[13]. However, accurate instantaneous channel knowledge at the transmitter is costly and may be difficult to acquire [14]. As an alternative, the use of statistical channel knowledge at the transmitter was studied in [7],[14]-[20]. Statistical channel knowledge can easily be gained in a practical system, for example off-line through field measurements, ray-tracing simulations or based on physical channel models, or on-line based on long-term averaging of the channel coefficients [14].

In this paper, we consider a simple statistical transmit power allocation scheme for spatially correlated MIMO systems, which is based on the Karhunen-Loève transform (KLT) [21, Ch. 8.5]. The scheme requires solely knowledge of the secondorder channel statistics at the transmitter (in terms of the transmitter correlation matrix) and is therefore of high practical relevance. The general structure of the scheme was earlier considered in [14],[15],[17],[18]. Specifically, optimal transmit power allocation strategies were derived in [14],[15],[18] with regard to different optimization criteria: Minimum symbol error probability [14], minimum pair-wise error probability [15], and maximum ergodic capacity [18].

Within the scope of this paper, we combine the statistical transmit power allocation scheme with an outer space-time code. First, we discuss different transmit power allocation strategies and propose a simple transmitter-sided maximumratio-combining (MRC) scheme. By means of analytical performance results we show that the MRC scheme provides a nearoptimum performance over a wide signal-to-noise ratio (SNR) range. Specifically, substantial gains over equal power allocation are obtained. Finally, we consider the impact of estimation errors concerning the transmitter correlation matrix and show that the considered statistical transmit power allocation scheme provides a robust performance.

In [22] it was shown that there is a certain duality between spatially correlated MIMO systems and MIMO system with distributed transmitters, where multiple cooperating transmitters (distributed on a larger scale) establish a virtual multipleantenna system. Examples include simulcast systems [23] and relay-assisted systems, e.g. [24],[25]. Due to this duality, the statistical transmit power allocation scheme under consideration can also be applied in distributed MIMO systems, without any loss of optimality.

A. Paper Organization The remainder of the paper is organized as follows: In Section II, the system and correlation model used throughout this paper is introduced. In Section III, the statistical transmit power allocation scheme is discussed along with different power allocation strategies. Specifically, closed-form expressions and numerical results for the resulting bit error rates are presented. Finally, in Section IV the impact of estimation errors concerning the transmitter correlation matrix is analyzed, and conclusions are drawn in Section V.

B. Mathematical Notation Matrices and vectors are written in upper case and lower case bold face, respectively. If not stated otherwise, all vectors are column vectors. The complex conjugate of a complex number a is marked as a^∗ , and the Hermitian transposed of a matrix A as A^H . The trace of an (M× M )-matrix, i.e., the sum over all diagonal elements, is denoted as tr( A ). The squareroot A^{1/2} of a Hermitian matrix A (i.e., A = A^H ) is defined as A^{1/2 H} A^{1/2} = A^{1/2} A^{1/2 H} = A . diag (a) is a diagonal matrix with diagonal elements given by the vector a, and vec(A ) is a vector which results from stacking the columns of an (N× M )- matrix A in a joint vector. E{ .} denotes statistical expectation.

II. SYSTEM AND CORRELATION MODEL Throughout this paper, the complex baseband notation is used. We consider a MIMO system with M transmit and N receive antennas. The corresponding discrete-time channel model for quasi-static frequency-flat fading is given by

y [k] = Hx [k] + n [k], (1)

where k denotes the discrete time index, y [k] the (N× 1)- received vector, H the (N× M )-channel matrix, x[k] the (M× 1)-transmitted vector, and n [k] an (N× 1)-noise vector. It is assumed that H , x[k] and n [k] are statistically independent. The channel matrix H is assumed to be constant over an entire data block spanning K subsequent time indices, and changes randomly from one data block to the next. The entries h_{j i} of H (i = 1, ..., M , j = 1, ..., N ) are assumed to be zero-mean (circularly symmetric) complex Gaussian random variables with variance σ^2_h /2 per real dimension, i.e. h_{j i} ∼ CN { 0, σ^2_h } (Rayleigh fading).^1 The instantaneous realizations of the channel matrix H are assumed to be perfectly known at the receiver. The entries x_i [k] of x[k] are zero-mean random variables drawn from a finite symbol alphabet A, and the entries of n [k] are zero-mean, spatially and temporally white complex Gaussian random variables with variance σ^2_n /2 per real dimension, i.e., n_j [k] ∼ CN { 0, σ^2_n } and E { n [k]n^H [k^′] } = σ^2_n ·δ[k− k^′] ·I_N .

The spatial correlation between two channel coefficients h_{j i} and h_j ′_i ′ is defined as

ρ_{ij ,i} ′_j ′ := E{ h_{j i} h^∗_j ′_i ′ }/σ^2_h = ρ^∗_i ′_j ′_{,ij} . (2)

(Note that the magnitude of ρ_{ij ,i} ′_j ′ is always between zero and one.) Moreover, we define

R_{Tx} := E{ H^H H }/(N σ^2_h ), R_{Rx} := E{ HH^H }/(M σ^2_h ), (3)

where R_{Tx} denotes the transmitter correlation matrix and R_{Rx} the receiver correlation matrix (tr( R_{Tx} ) = M , tr( R_{Rx} ) = N ).

1 For simplicity, we assume equal variances for the individual channel coefficients h_{j i} . A generalization to unequal variances is, however, straight forward.

Within the scope of this paper, the Kronecker-correlation model [5] is used. This means that (i) the transmit antenna correlations ρ_{ij ,i} ′_j =: ρ_{Tx ,ii} ′ (i, i^′= 1, ..., M ) do not depend on the specific receive antenna j under consideration, (ii) the receive antenna correlations ρ_{ij ,ij} ′ =: ρ_{Rx ,j j} ′ (j , j^′= 1, ..., N ) do not depend on the specific transmit antenna i under consideration, and (iii) the spatial correlations ρ_{ij ,i} ′_j ′ can be written as the product ρ_{ij ,i} ′_j ′ := ρ_{Tx ,ii} ′ ·ρ_{Rx ,j j} ′ . Altogether, the overall spatial correlation matrix R := E{ vec(H )vec(H )^H }/σ^2_h of size (M N× M N ) can be written as the Kronecker product

R = R_{Tx} ⊗ R_{Rx} , (4) R_{Tx} := [ρ_{Tx ,ii} ′ ]_{i,i} ′_{=1 ,...,M} , R_{Rx} := [ρ_{Rx ,j j} ′ ]_{j ,j} ′_{=1 ,...,N} . (5)

Moreover, the channel matrix H can be written as

H := R^{1/2}_{Rx} G R^{1/2}_{Tx} , (6)

where G denotes an (N× M )-matrix with spatially uncorrelated entries g_{j i} ∼ CN { 0, σ^2_h }. The square-roots R^{1/2}_{Tx} and R^{1/2}_{Rx} can be obtained via the eigenvalue decompositions of R_{Tx} and R_{Rx} (e.g., by means of the Jacobian algorithm [26, Ch. 8.4]):

R^{1/2}_{Tx} := U_{Tx} Λ^{1/2}_{Tx} U^H_{Tx} , R^{1/2}_{Rx} := U_{Rx} Λ^{1/2}_{Rx} U^H_{Rx} , (7)

where Λ_{Tx} , Λ_{Rx} are diagonal matrices containing the (realvalued) eigenvalues λ_{Tx ,i} and λ_{Rx ,j} of R_{Tx} and R_{Rx} , respectively, and U_{Tx} , U_{Rx} are unitary matrices containing the corresponding eigenvectors (U_{Tx} U^H_{Tx} = I_M , U_{Rx} U^H_{Rx} = I_N ). Note that the eigenvalues λ_{Tx ,i} and λ_{Rx ,j} are always greater or equal to zero [27, Ch. 1.5]. Since Λ_{Tx} and Λ_{Rx} are diagonal, Λ^{1/2}_{Tx} and Λ^{1/2}_{Rx} are also diagonal and contain the (non-negative) square-roots of the eigenvalues λ_{Tx ,i} and λ_{Rx ,j} , respectively.

III. STATISTICAL TRANSMIT POWER ALLOCATION FOR SPATIALLY CORRELATED MIMO SYSTEMS The transmission model under consideration is depicted in Fig. 1. The information symbols a[k] are space-time encoded, which yields an (M× 1)-vector x^{′′}[k]. (The information symbols are assumed to be drawn (randomly) from a Q-ary symbol alphabet.) Within the scope of this paper, we focus on orthogonal space-time block codes (OSTBCs) [3],[4] such as the wellknown Alamouti-STBC for M = 2 transmit antennas. (However, the statistical transmit power allocation scheme considered here can be used in conjunction with any other space-time coding technique.) In the case of flat fading, the information symbols a[k] can be recovered at the receiver by means of a simple linear detection operation based on an equivalent channel matrix H_{eq} [3],[4].^2 For simplicity, the entries x^{′′}_i [k] of the space-time encoded vector x^{′′}[k] are assumed to have zero means and equal variances. Moreover, we assume an overall power constraint of P /N , i.e., E{| x^{′′}_i [k]|^2 } := P /(M N ) for all i = 1, ..., M . (Thus, a fair comparison is possible between systems with different numbers of antennas.) Typically, the entries

2 The transmission system can easily be generalized to the case of frequencyselective fading, by using a bank of appropriate a-posteriori probability (APP) equalizers [28] at the receiver (one for each receive antenna). In a final step, the APP values provided by the individual equalizers have to be combined accordingly (e.g., in the case of log-likelihood ratios, by a summation). Alternatively, one might replace the OSTBC by a space-time coding scheme suitable for frequency-selective fading, such as (generalized) delay diversity [28]-[30] or the time-reversal STBC in [31].

y[k] x^′[k]

W^{1/2}

x^{′′}[k] H n [k]

H^′ = R^{1/2}_{Rx} G Λ^{1/2}_{Tx}

x[k]

U_{Tx}

a[k]

H^{′′}= H^′W^{1/2}

OSTBC

Power weighting

Decorrelation stage (KLT)

M virtual Tx antennas

M physical Tx antennas N Rx antennas

Info symbols

Fig. 1. Transmission model: OSTBC system with statistical transmit power allocation for spatially correlated MIMO channels.

of x^{′′}[k] are statistically independent random variables (only across the individual transmit antennas, not in time direction), i.e., E{ x^{′′}[k]x^{′′H} [k]} = P /(M N ) ·I_M .

The statistical transmit power allocation scheme consists of an inner decorrelation stage based on the KLT and an outer power weighting stage with weighting matrix

W := diag ([w_1 , ..., w_M ]), tr( W ) = M . (8)

The overall transmission model can be written as (cf. Fig. 1):

y [k] = H x[k] + n [k] = H U_{Tx} W^{1/2} x^{′′}[k] + n [k]

=: H^′ x^′[k] + n [k] =: H^{′′}x^{′′}[k] + n [k], (9)

with H^′:= H U_{Tx} , x^′[k]:= W^{1/2} x^{′′}[k], and H^{′′}:= H^′ W^{1/2} . (Note that the detection of the space-time encoded information symbols has to be carried out based on the system model y [k]= H^{′′}x^{′′}[k]+ n [k].) The decorrelation stage transforms the given channel matrix H according to (6) into a semi-correlated channel matrix H^′ = R^{1/2}_{Rx} G Λ^{1/2}_{Tx} , by using the unitary matrix U_{Tx} from the eigenvalue decomposition of R_{Tx} as a precoding matrix: E { H^{′H} H^′ } = U^H_{Tx} E { H^H H } U_{Tx} = N σ^2_h Λ_{Tx} . (10)

The channel matrix H^′ is often called virtual channel matrix in the literature, and the M inputs to the precoding matrix U_{Tx} (vector x^′[k]) represent virtual transmit antennas. Finally, note that due to the trace constraint on W , the transmitted vector x[k] will always meet the same overall power constraint as the vector x^{′′}[k], i.e., tr( E{ x[k]x^H [k]}) = P /N .

A. Signal-to-Noise Ratio Gain at the Receiver If the transmitter correlation matrix R_{Tx} is known at the transmitter (and thus the corresponding eigenvalue decomposition), the power weights w_1 , ..., w_M can be optimized with respect to the eigenvalues λ_{Tx ,1} , ..., λ_{Tx ,M} of R_{Tx} . By this means the overall received SNR can be improved, which is seen by considering the covariance matrix of the received vector: E { y [k]y [k]^H } = E { H^′ W^{1/2} E{ x^{′′}[k]x^{′′H} [k]}W^{1/2 H} H^{′H} } + σ^2_n I_N = P M N ·E { HU_{Tx} W U^H_{Tx} H^H } + σ^2_n I_N = P M N ·R^{1/2}_{Rx} E { GU_{Tx} WΛ_{Tx} U^H_{Tx} G^H } R^{1/2 H}

Rx + σ^2_n I_N

= P σ^2_h M N M∑ i =1

w_i λ_{Tx ,i}

=: f_{snr} (W , Λ_{Tx} )

R_{Rx} + σ^2_n I_N . (11)

In the case of equal power allocation, i.e., W = I_M , one obtains f_{snr} (W , Λ_{Tx} ) = P σ^2_h /N (since tr( Λ_{Tx} ) = M ). However, using an appropriate transmit power allocation strategy, it is possible to achieve an overall SNR gain (f_{snr} (W , Λ_{Tx} ) > P σ^2_h /N ).

Note that the transmitter requires solely knowledge about the second order statistics of the MIMO channel (in terms of the transmitter correlation matrix R_{Tx} ), in order to accomplish the SNR gain. No knowledge about specific channel realizations is required. Apart from the overall received SNR, the achieved diversity advantage is of major interest (especially for high SNR values), which is discussed next.

B. Diversity Advantage In the sequel, the error performance of a spatially correlated OSTBC system with statistical transmit power allocation is evaluated, so as to study the diversity advantage for high SNRs.

To start with, we consider the case of equal power allocation and study the impact of the transmitter- and receiver-sided correlation on the error performance of the OSTBC system. The OSTBC (in conjunction with the appropriate linear detection step at the receiver) transforms the (M× N )-MIMO system (1) into an equivalent single-antenna system of form [32]

z[k] = M∑ i =1 N∑ j =1

|h_{j i} |^2 a[k] + w[k], (12)

where z[k] denotes the kth received symbol after the linear detection step, a[k] the kth information symbol, and w[k] an additive white Gaussian noise (AWGN) sample. Correspondingly, the (M× N )-OSTBC system is equivalent to an (1× M N ) maximum-ratio-combining (MRC) system [33], where we assume that (i) the OSTBC provides a temporal rate of 1 symbol/ channel use (‘full rate’)^3 and (ii) the underlying overall

3 It should be noted that full-rate OSTBCs exist solely for two transmit antennas (Alamouti-STBC) [34]. However, since in this paper focus is on the statistical transmit power allocation stage, we will always assume a full-rate OSTBC for simplicity.

received energy per information symbol, E_s , after linear detection/ MRC is the same in both systems. Using the average power constraint P /(M N ) from Section II for the transmitted symbols, the overall received SNR after linear detection/ MRC results as P σ^2_h /σ^2_n =: E_s /N_0 , where N_0 denotes the singlesided noise power density.

The error performance of a spatially correlated (1× M N )- MRC system (and thus of the corresponding (M× N )-OSTBCsystem) can in turn be analyzed by means of the KLT. Consider the following (1× M N )-system:

y [k] = h a[k] + n [k]. (13)

(For the (1× M N )-channel vector h and the (1× M N )-noise vector n [k], the same statistical properties are assumed as in Section II.) Let R := E{ hh^H }/σ^2_h denote the overall spatial correlation matrix, which corresponds to the Kronecker product of the transmitter and receiver correlation matrix in the associated (M× N )-OSTBC system, cf. (4). Based on the eigenvalue decomposition R := UΛU^H , the system (13) is decorrelated as

y^′[k] := U^H y [k] =: h^′ a[k] + n^′[k], (14)

where E{ h^′h^{′H} }= Λ and E{ n^′[k]n^{′H} [k]}= σ^2_n I_N . As can be seen, the decorrelated system is characterized by unequal average link SNRs determined by the eigenvalues λ_1 , ..., λ_{M N} of R . In [35] it was shown that the two systems (13) and (14) are equivalent in the sense that MRC provides the same average symbol error rate in both cases.

In the following, we focus on binary antipodal transmission^4 (i.e., a[k] ∈ {± 1}). The average bit error rate (BER) of the (decorrelated) MRC-system – and thus of the associated OSTBC-system – can be calculated in closed form, according to [36, Ch. 14.5]

P̄_b = 1 2 M N∑

j =1

M N∏

j ′=1 j ′≠ j

γ_j γ_j − γ_j ′ ( 1 − √ γ_j 1 + γ_j ) , (15)

where γ_j := P σ^2_h λ_j /(M N σ^2_n ), j = 1, ..., M N , denotes the average SNR for the j th receive antenna. (The overall average SNR is given by γ := γ_1 + ... + γ_{M N} = E_s /N_0 .) A high-SNR approximation (σ^2_n → 0) of (15) yields [36, Ch. 14.5]

P̄_b ≈ ( M N 4 γ )_{M N} ( 2M N − 1 M N )_{M N}∏

j =1 1 λ_j

, (16)

where it was assumed that all eigenvalues of the correlation matrix R are greater than zero. Two important observations can be made in (16): (i) Asymptotically, P̄_b is always proportional to γ^{− M N} , i.e., the diversity order of the system is not reduced as long as the correlation matrix R has full rank; (ii) the product term in (16), which is solely determined by the eigenvalues of R , causes an asymptotic up-shift of the BER curve (in a loglog plot): As shown in [22], the product term is always greater or equal to one (and it is only equal to one in the uncorrelated case, i.e., for Λ = I_{M N} ).

4 Channel coding is not taken into account. However, an outer channel coding scheme can be added to further improve performance.

Since R is the Kronecker product of the transmitter correlation matrix R_{Tx} and the receiver correlation matrix R_{Rx} in the associated (M× N )-OSTBC system, the set of eigenvalues { λ_j | j = 1, ..., M N } of R is given by all pairwise products { λ_{Tx ,i} ·λ_{Rx ,j} | i = 1, ..., M , j = 1, ..., N } of the eigenvalues of R_{Tx} and R_{Rx} [37, Ch. 12.2]. Therefore, based on (15) the average BER of a spatially correlated (M× N )-OSTBC system with statistical transmit power allocation results as

P̄_b = 1 2 M∑ i =1 N∑ j =1

M∏ i^′=1 N∏ j^′=1

(i^′,j^′) ≠ (i,j ) 1 1 − w^{i ′} λ^{Tx ,i ′} λ^{Rx ,j ′} w_i λ_{Tx ,i} λ_{Rx ,j} ×

× ( 1 − √ P σ^2_h w_i λ_{Tx ,i} λ_{Rx ,j} M N σ^2_n + P σ^2_h w_i λ_{Tx ,i} λ_{Rx ,j} ) , (17)

where it was assumed that w_i > 0 for all i = 1, ..., M . The corresponding high-SNR approximation (σ^2_n → 0) is given by

P̄_b ≈ ( M N 4 γ )_{M N}( 2M N − 1 M N )_M∏

i =1 N∏ j =1 1 w_i λ_{Tx ,i} λ_{Rx ,j}

=: f_{div} (W , Λ_{Tx} , Λ_{Rx} )

. (18)

Correspondingly, in order to maximize the diversity advantage for high SNR values, the transmit power weights w_i should be chosen such that the term f_{div} (W , Λ_{Tx} , Λ_{Rx} ) is minimized.

C. Appropriate Transmit Power Allocation Strategies In order to maximize the overall received SNR, i.e., to maximize the term f_{snr} (W , Λ_{Tx} ) in (11), the optimal power allocation strategy is to concentrate the complete transmit power on the strongest eigenvalue λ_{Tx ,max} of the transmitter correlation matrix R_{Tx} , i.e., W_{opt} = diag ([0, ..., 0 M 0, ..., 0]) [14],[15]. This power allocation strategy is in the sequel denoted as (onedimensional) eigen-beamforming (EBF).

Similarly, in order to maximize the diversity advantage for high SNR values, i.e., to minimize the product term f_{div} (W , Λ_{Tx} , Λ_{Rx} ) in (18), the optimal power allocation strategy is to use equal power allocation (EPA), i.e., W_{opt} = I_M [14],[15]. In other words, the asymptotic up-shift of the BER curve caused by the product term in (16) cannot be reduced by any statistical transmit power allocation strategy. Moreover, any statistical transmit power allocation scheme that yields an SNR gain with respect to the EPA scheme will at the same time lower the diversity advantage at high SNR values.

For arbitrary SNR values, the optimal statistical transmit power allocation strategy – in terms of a minimum symbol error probability – was derived in [14]. The result is a waterfilling solution with respect to the inverse eigenvalues 1/λ_{Tx ,i} of the transmitter correlation matrix R_{Tx} :

w_{i, opt} = M 1 M^′ − 1 γ 1 λ_{Tx ,i} − 1 M^′

M^′∑

i^′=1 1 λ_{Tx ,i} ′ + , (19)

where [x ]_+ := max { 0, x} and M^′ denotes the number of virtual antennas actually used (i.e., the number of power weights w_{i, opt} > 0). Note that the optimal waterfilling solution depends on the overall SNR γ = E_s /N_0 . For high SNR values, the waterfilling solution tends to the EPA-solution, and for low SNR values one obtains the EBF-solution.

As an alternative to the optimal waterfilling solution (19), we propose to use a transmitter-sided MRC scheme, where the eigenvalues λ_{Tx ,i} themselves are used as weighting factors (W := Λ_{Tx} ), i.e, strong eigenvalues are strongly weighted and weak eigenvalues are weakly weighted. As will be shown in the next section, the simple MRC scheme yields a near-optimum performance over a wide SNR range.

D. Numerical Results As an example, we consider a (4× 1)-OSTBC system with a transmitter correlation matrix R_{Tx} ≠ I_4 . Specifically, we use a single-parameter correlation matrix

R_{M ,ρ} :=

1 ρ ρ^4 ··· ρ^{(M − 1) 2} ρ^∗ 1 ρ ··· ρ^{(M − 2) 2}

ρ^{4 ∗} ρ^∗ . . . . . . ... . . ρ^{(M − 1) 2 ∗} ρ^{(M − 2) 2 ∗} ··· ··· 1

(20)

(ρ ∈ IC) for R_{Tx} , which was proposed in [38] for uniform linear antenna arrays with M antenna elements. In the sequel, we set ρ := 0.8 (real-valued). Fig. 2 displays the BER performance as a function of E_s /N_0 in dB, which results for the different transmit power allocation strategies discussed above (solid lines).

For low SNR values the EBF scheme is best (as expected), although the difference to the MRC scheme is barely visible.^5 In fact, the MRC scheme provides a good performance over the complete SNR range under consideration and is quite close to the optimal waterfilling solution according to (19). Depending on the SNR value the MRC scheme provides a gain of up to 2 dB over the EBF scheme/ the EPA scheme. Interestingly, even for SNR values up to 15 dB the MRC scheme still outperforms the EPA scheme. However, for larger SNR values the EPA scheme becomes superior (not shown).

IV. IMPACT OF ESTIMATION ERRORS So far, we have assumed that the correlation matrix R_{Tx} is perfectly known at the transmitter. In the case of estimation errors, the statistical transmit power allocation scheme will be based on an erroneous transmitter correlation matrix R̂_{Tx} . In general, both the eigenvectors and the eigenvalues of R̂_{Tx} will be different from those of the actual correlation matrix R_{Tx} , i.e.,

R̂_{Tx} = Û_{Tx} Λ̂_{Tx} Û^H_{Tx} , (21)

where Û_{Tx} ≠ U_{Tx} and Λ̂_{Tx} ≠ Λ_{Tx} . (We assume that R̂_{Tx} is still a Hermitian matrix.) This has two effects: First, the transmitter will use a mismatched decorrelation stage Û_{Tx} . If Û_{Tx} ≠ U_{Tx} , the product Û H_{Tx} U_{Tx} does not yield the identity

5 Note that the BER curve of the EBF scheme has the same asymptotic slope as the curve of the single-antenna system, because the EBF scheme reduces the diversity order from four to one. However, compared to the single-antenna system an SNR gain of 10 log_{10} (2.72) dB ≈ 4.4 dB is achieved, since the maximum eigenvalue of R_{Tx} is given by λ_{Tx ,max} = 2.72.

-5 0 5 10 15 20

10^{-4}

10^{-3}

10^{-2}

10^{-1}

10^0

10*log_{10}(E_s/N_0) dB

BER

Single-antenna system (2x1)-OSTBC system, uncorrelated (4x1)-OSTBC system, uncorrelated (4x1)-OSTBC system (ρ =0.8, EPA) (4x1)−OSTBC system (ρ =0.8, EBF) (4x1)−OSTBC system (ρ =0.8, MRC) (4x1)−OSTBC system (ρ =0.8, optimal)

Fig. 2. BER performance of a (4× 1)-OSTBC system with different statistical transmit power allocation strategies (analytical results according to (17)): Binary transmission, flat Rayleigh fading, transmitter correlation matrix R_{Tx} = R_{M ,ρ} with M = 4 and ρ = 0.8. All analytical results were validated by means of Monte Carlo simulations. As an example, simulation results are included for the EBF scheme (marked by black dots).

matrix, i.e., equation (10) does not hold anymore and generalizes to E { H^{′H} H^′ } = N σ^2_h Û^H_{Tx} U_{Tx} Λ_{Tx} U^H_{Tx} Û_{Tx} . (22)

Second, the transmit power allocation stage will be based on an erroneous eigenvalue matrix Λ̂_{Tx} . This means that a mismatched weighting matrix Ŵ will be used, which might lower the obtained performance gains. Altogether, there will be an overall mismatch in the power weighting, which is captured by the diagonal elements ξ_{ii} (i = 1, ..., M ) of the matrix

Ξ := Û^H_{Tx} U_{Tx} Ŵ Λ_{Tx} U^H_{Tx} Û_{Tx} . (23)

(If R_{Tx} is perfectly known at the transmitter, one obtains Ξ = WΛ_{Tx} .)

In the following, the impact of estimation errors concerning the transmitter correlation matrix is illustrated by means of a simple example. For this purpose, we assume that the transmitter correlation matrix R_{Tx} is of form (20), and that a direct estimateρ̂ of the correlation parameter ρ := |ρ|e^{jϕ} is available at the transmitter. Correspondingly, the statistical transmit power allocation scheme will be based on an erroneous transmitter correlation matrix R̂_{Tx} = R_{M ,ρ̂} .

In the case M = 2, the diagonal entries of Ξ can be calculated in closed form: For R_{Tx} = R_{2,ρ} one obtains

U_{Tx} = 1 √ 2 [ e^{jϕ} − e^{jϕ} 1 1 ] , Λ_{Tx} = [ 1+ |ρ| 0 0 1− |ρ| ] . (24)

Thus, the diagonal entries of Ξ result as

ξ_{11} = 1 2 ( ŵ_1 (1+ cos Δ ϕ) + ŵ_2 (1− cos Δ ϕ) ) λ_{Tx ,1} , (25)

ξ_{22} = 1 2 ( ŵ_1 (1− cos Δ ϕ) + ŵ_2 (1+ cos Δ ϕ) ) λ_{Tx ,2} , (26)

where Δ ϕ := ϕ − ϕ̂. Obviously, for perfect knowledge of R_{Tx} we have ŵ_{1,2} = w_{1,2} and Δ ϕ = 0, i.e., ξ_{ii} = w_i λ_{Tx ,i} (i = 1, 2).

Next, we consider the case M = 4. As an example, numerical results for the (4× 1)-OSTBC system considered in Section III-D have been included in Fig. 2 (ρ = 0.8) for the case of the MRC scheme (dashed lines). Specifically, for |ρ̂| values of 0.9 ρ and 1.1 ρ were assumed, and for Δ ϕ a value of 0.1 rad. As can be seen, the BER performance of the MRC scheme is quite robust with regard to these estimation errors.^6 (Moreover, since the MRC scheme is not optimal, estimation errors can even improve the performance slightly.)

V. CONCLUSIONS In this paper, a simple statistical transmit power allocation scheme for spatially correlated MIMO systems has been considered, which consists of an inner decorrelation stage based on the Karhunen-Loève transform and an outer power weighting stage. The considered scheme requires solely statistical knowledge of the MIMO channel, which can easily be acquired in practical systems. It was shown that an appropriate choice of the power allocation strategy offers significant performance improvements compared to equal power allocation, especially in the case of low SNR values. Finally, the impact of estimation errors was investigated, and it was shown that the considered scheme yields quite a robust performance.

ACKNOWLEDGMENT The authors would like to thank Ronald Böhnke (Dept. of Communications Engineering, University of Bremen) for fruitful discussions.

REFERENCES

[1] G. J. Foschini and M. J. Gans, “On limits of wireless communications in a fading environment when using multiple antennas,” Wireless Pers. Commun., vol. 6, no. 3, pp. 311-335, Mar. 1998.

[2] E. Telatar, “Capacity of multi-antenna Gaussian channels,” Eur. Trans.

Commun., vol. 10, no. 6, pp. 585-595, Nov.-Dec. 1999. [3] S. M. Alamouti, “A simple transmit diversity technique for wireless communications,” IEEE J. Select. Areas Commun., vol. 16, no. 8, pp. 1451- 1458, Oct. 1998.

[4] V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block coding for wireless communications: Performance results,” IEEE J. Select. Areas Commun., vol. 17, no. 3, pp. 451-460, Mar. 1999.

[5] D.-S. Shiu, G. J. Foschini, M. J. Gans, and J. M. Kahn, “Fading correlation and its effect on the capacity of multielement antenna systems,” IEEE Trans. Commun., vol. 48, no. 3, pp. 502-512, Mar. 2000.

[6] M. K. Özdemir, E. Arvas, and H. Arslan, “Dynamics of spatial correlation and implications on MIMO systems,” IEEE Radio Commun., vol. 1, no. 2, pp. S14-S19, June 2004. (Supplement within the IEEE Commun. Mag.)

[7] A. Goldsmith, S. A. Jafar, N. Jindal, and S. Vishwanath, “Capacity limits of MIMO channel,” IEEE J. Select. Areas Commun., vol. 21, no. 5, pp. 684-701, June 2003.

[8] H. Sampath, P. Stoica, and A. Paulraj, “Generalized linear precoder and decoder design for MIMO channels using the weighted MMSE criterion,” IEEE Trans. Commun., vol. 49, no. 12, pp. 2198-2206, Dec. 2001.

[9] D. J. Love, R. W. Heath, Jr., and T. Strohmer, “Grassmanian beamforming for multiple-input multiple-output wireless systems,” IEEE Trans. Inform. Theory, vol. 49, no. 10, pp. 2735-2747, Oct. 2003.

[10] H. Zhuang, L. Dai, S. Zhou, and Y. Yao, “Low complexity per-antenna rate and power control approach for closed-loop V-BLAST,” IEEE Trans. Commun., vol. 51, no. 11, pp. 1783-1787, Nov. 2003.

[11] L. Collin, O. Berder, P. Rostaing, and G. Burel, “Optimal minimum distance-based precoder for MIMO spatial multiplexing systems,” IEEE Trans. Signal Processing, vol. 52, no. 3, pp. 617-627, Mar. 2004.

[12] Ting See Ho, K. Sakaguchi, and K. Araki, “Performance analysis of MIMO eigenmode transmission system under realistic channel and system conditions,” in Proc. IEEE Veh. Techn. Conf. (VTC’04-Spring), May 2004, pp. 708-712.

6 Note that the estimation errors considered here are already quite large. Usually, such an estimation accuracy can easily be achieved, for example, by averaging the channel coefficients over a reasonable number of channel realizations.

[13] S. H. Nam, O.-S. Shin, and K. B. Lee, “Transmit power allocation for a modified V-BLAST system,” IEEE Trans. Commun., vol. 52, no. 7, pp. 1074-1079, Jul. 2004.

[14] S. Zhou and G. B. Giannakis, “Optimal transmitter eigen-beamforming and space-time block coding based on channel correlations,” IEEE Trans. Inform. Theory, vol. 49, no. 7, pp. 1673-1690, Jul. 2003.

[15] H. Sampath and A. Paulraj, “Linear precoding for space-time coded systems with known fading correlations,” IEEE Commun. Lett., vol. 6, no. 6, pp. 239-241, June 2002 [16] M. T. Ivrlač, W. Utschick, and J. A. Nossek, “Fading correlations in wireless MIMO communication systems,” IEEE J. Select. Areas Commun., vol. 21, no. 5, pp. 819-828, June 2003.

[17] Z. Hong, K. Liu, R. W. Heath, Jr., and A. M. Sayeed, “Spatial multiplexing in correlated fading via the virtual channel representation,” IEEE J. Select. Areas Commun., vol. 21, no. 5, pp. 856-866, June 2003.

[18] E. A. Jorswiek and H. Boche, “Channel capacity and capacity-range of beamforming in MIMO wireless systems under correlated fading with covariance feedback,” IEEE Trans. Wireless Commun., vol. 3, no. 5, pp. 1543-1553, Sept. 2004.

[19] M. Kiessling, Statistical Analysis and Transmit Prefiltering for MIMO Wireless Systemsin Correlated Fading Environments. Ph.D. dissertation, Stuttgart, Germany, 2004.

[20] Y. Li and Z. Ye, “On optimal transmission power strategy in MIMO systems with covariance feedback,” IEEE Commun. Lett., vol. 9, no. 5, pp. 444-446, May. 2005.

[21] H. Stark and J. W. Woods, Probability and Random Processes with Applications to Signal Processing. 3rd ed., Upper Saddle River (NJ): Prentice Hall, 2002.

[22] J. Mietzner and P. A. Hoeher, “On the duality of wireless systems with multiple cooperating transmitters and wireless systems with correlated antennas,” in Proc. 14th ISTMobile & Wireless Commun.Summit, Dresden, Germany, June 2005, paper no. 245.

[23] A. Wittneben, “Basestation modulation diversity for digital simulcast,” in Proc. IEEE Veh. Technol. Conf. (VTC’91), May 1991, pp. 848-853.

[24] J. N. Laneman and G. W. Wornell, “Distributed space-time-coded protocols for exploiting cooperative diversity in wireless networks,” IEEE Trans. Inform. Theory, vol. 49, no. 10, pp. 2415-2425, Oct. 2003.

[25] J. Mietzner, R. Thobaben, and P. A. Hoeher, “Analysis of the expected error performance of cooperative wireless networks employing distributed space-time codes,” in Proc. IEEE Global Telecommun. Conf. (Globecom 2004), Nov./Dec. 2004, pp. 2854-2858.

[26] G. H. Golub and C. F. van Loan, Matrix Computations. 3rd ed., Baltimore ·London: The Johns Hopkins University Press, 1996.

[27] J. Hartung and B. Elpelt, Multivariate Statistik. 5th ed., Munich/Vienna:

R. Oldenbourg Verlag, 1995. [28] J. Mietzner, P. A. Hoeher, and M. Sandell, “Compatible improvement of the GSM/EDGE system by means of space-time coding techniques,” IEEE Trans. Wireless Commun., vol. 2, no. 4, pp. 690-702, Jul. 2003.

[29] A. Wittneben, “A new bandwidth efficient transmit antenna modulation diversity scheme for linear digital modulation,” in Proc. IEEE Int. Conf. Commun. (ICC), May 1993, pp. 1630-1634.

[30] N. Seshadri and J. H. Winters, “Two signaling schemes for improving the error performance of frequency-division-duplex (FDD) transmission systems using transmitter antenna diversity,” in Proc. IEEE Veh. Technol. Conf. (VTC’93), May 1993, pp. 508-511.

[31] E. Lindskog and A. Paulraj, “A transmit diversity scheme for channels with intersymbol interference,” in Proc. IEEE Int. Conf. Commun. (ICC’00), June 2000, pp. 307-311.

[32] E. A. Jorswieck and A. Sezgin, “Impact of spatial correlation on the performance of orthogonal space-time block codes,” IEEE Commun. Lett., vol. 8, no. 1, pp. 21-23, Jan. 2004.

[33] D. G. Brennan, “Linear diversity combining techniques,” Proc. IRE, vol.

47, pp. 1075-1102, June 1959. [34] X.-B. Liang and X.-G. Xia, “On the nonexistence of rate-one generalized complex orthogonal designs,” IEEE Trans. Inform. Theory, vol. 49, no. 11, pp. 2984-2989, Nov. 2003.

[35] X. Dong and N. C. Beaulieu, “Optimal maximal ratio combining with correlated diversity branches,” IEEE Commun. Lett., vol. 6, no. 1, pp. 22- 24, Jan. 2002.

[36] J. G. Proakis, Digital Communications. 4th ed., New York: McGraw-Hill, 2001.

[37] P. Lancaster and M. Tismenetsky, The Theory of Matrices. 2nd ed., New York: Academic Press, 1985.

[38] A. van Zelst and J. S. Hammerschmidt, “A single coefficient spatial correlation model for multiple-input multiple-output (MIMO) radio channels”, in Proc. 27th General Assemblyof the Int. Union of Radio Science (URSI), Maastricht, the Netherlands, August 2002.

� � �