J. Mietzner and P. A. Hoeher, “Equivalence of spatially correlated and distributed MI MO systems,” in Proc. Int. ITG/IEEE Workshop on Smart Antennas (WSA) , Castle Reisensburg, Gnzburg, Germany, Mar. 2006, pp. .

© 2006 IEEE. Personal use of this material is permitted. However, permission t o reprint/republish this material for advertising or promotional purposes or for cre ating new collective works for resale or redistribution to servers or lists, or to re use any copyrighted component of this work in other works must be obtained from the IEEE.

Equivalence of Spatially Correlated and Distributed MIMO Systems

Jan Mietzner and Peter A. Hoeher

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

Abstract— Wireless communication systems with multiple antennas, so-called multiple-input multiple-output (MIMO) systems, offer huge advantages over conventional single-antenna systems – both with regard to capacity and error performance. Typically, quite restrictive assumptions are made in the literature concerning the antenna spacings at transmitter and receiver: On the one hand, one normally assumes that the individual antenna elements are co-located, i.e., they are part of some antenna array. On the other hand, it is often assumed that antenna spacings are sufficiently large so as to justify the assumption of uncorrelated antennas. From numerous publications it is known that spatially correlated links lead to a loss in capacity and error performance. We show that this is also the case when the transmit and/or the receive antennas are spatially distributed on a larger scale. (Possible applications include simulcast networks, reach-back links for wireless sensors, as well as relay-assisted wireless networks.) Specifically, we show that any spatially correlated system that obeys the so-called Kronecker-correlation model can be transformed into an equivalent (with regard to the capacity distribution) spatially distributed system, and vice versa. Correspondingly, both types of MIMO system can be treated in a single unified framework. We also prove (asymptotic) equivalence with regard to the pairwise error probability of space-time codes. Moreover, we consider a simple performance measure originally proposed for spatially correlated systems and find the equivalent measure for distributed systems. Finally, we discuss appropriate transmit power allocation schemes that are based on second-order channel statistics.

Index Terms — Wireless communications, MIMO systems, spatial correlation, distributed antennas, virtual antenna arrays.

I. INTRODUCTION

W^{IRELESS communication systems with multiple anten-}

nas, so-called multiple-input multiple-output (MIMO) systems, have gained much attention during the last decade, because they offer huge advantages over conventional singleantenna systems. On the one hand, it was shown in [1]-[3] that the capacity of a 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 [4]-[6] 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]-[6] are based on quite restrictive assumptions with regard to the antenna spacings at transmitter and receiver: On the one hand, it is assumed that the individual antenna elements are co-located, i.e., they are part of some antenna array (cf. Fig. 1 (a)). On the other hand, the antenna spacings are assumed to be sufficiently large so as to justify the assumption of independent fading on the individual transmission links. In [7]-[9], it was shown that spatial fading correlation, caused by insufficient antenna spacings (cf. Fig. 1 (b)), can lead to significant degradations in capacity and error performance.^1

1 Note that the notion of insufficient antenna spacings is relative, because spatial correlation effects are not only governed by the geometry of the antenna arrays, but also by the richness of scattering from the physical environment, the angular power distribution of the transmitted/ received signal, and the employed carrier frequency.

In this paper, we show that this is also the case when the individual transmit and/or receive antennas are distributed on a larger scale (cf. Fig. 1 (c)).

In such distributed MIMO systems, multiple distributed transmitting or receiving nodes cooperate in terms of a joint transmission/ reception strategy and thus establish a virtual antenna array. By this means, the cooperating nodes – possibly equipped with just a single antenna – can enjoy some of the benefits offered by conventional MIMO systems. Examples of distributed MIMO systems include (i) simulcast networks for broadcasting or paging applications [10], where distributed transmitting nodes (e.g., multiple base stations) perform a joint transmission scheme; (ii) reach-back links for wireless sensors, where measured data of wireless sensors are collected by multiple distributed receiving nodes (and are then processed in a joint fashion); (iii) relay-assisted wireless networks [11],[12] where multiple wireless relays forward messages of a certain source node to a certain destination node (in a cooperative fashion).

At the first glance, MIMO systems with co-located antennas and MIMO systems with distributed antennas have little in common. However, we show that these two types of system can, in fact, be treated in a single unified framework: For the case of flat Rayleigh fading, we prove that any MIMO system with co-located antennas, which follows the so-called Kroneckercorrelation model [7], can be transformed into an equivalent (with regard to the capacity distribution) MIMO system with distributed antennas, and vice versa. Moreover, with regard to space-time coding we show that (asymptotically) both MIMO systems lead to identical pairwise error probabilities (PEPs). Finally, we discuss the use of transmit power allocation schemes that are based on statistical channel knowledge. Optimal transmit power allocation strategies for spatially correlated MIMO systems were, for example, proposed in [13]-[15]. Due to the above equivalence, these schemes can be reused for distributed MIMO systems, without any loss of optimality.

The equivalence proofs presented here are based on two unitary matrix transforms: The first transform is related to the well-known Karhunen-Loè ve transform (KLT) [16, Ch. 8.5], which is often used in the literature in order to analyze correlated systems. The second transform was earlier established in [17]. These transforms were already used in [17], in order to prove that any spatially correlated MIMO system employing an orthogonal space-time block code (OSTBC) can be transformed into an equivalent (with regard to the average symbol error probability) distributed OSTBC system, and vice versa. The present paper therefore constitutes an extension of [17] to arbitrary (coded) MIMO systems.

A. Paper Organization The paper is organized as follows: In Section II, the system and correlation model used throughout this paper is introduced. In Section III, the capacity distribution of co-located and distributed MIMO systems is considered. The pairwise error prob-

Tx_2

Tx_M

Tx_1

Rx_1 Rx_N

(c) Cooperating transmitting nodes

Receiving node Rx_1 Rx_N

Tx_1 Tx_2 Tx_M Tx^2

Rx_1 Rx_N

Tx_1 Tx_M (a) (b)

Fig. 1. MIMO systems with different antenna spacings. (a) Conventional MIMO system with co-located antennas and statistically independent links; (b) MIMO system with co-located antennas and correlated links (insufficient antenna spacing at the transmitter side); (c) MIMO system with distributed transmit antennas.

ability of space-time codes resulting for both types of system is considered in Section IV. In Section V, a simple performance measure originally proposed for spatially correlated MIMO systems is discussed [18], and the equivalent measure for distributed systems is derived. Finally, the use of statistical transmit power allocation schemes is discussed in Section VI. Conclusions are drawn in Section VII.

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 (i, j )-th element of A is denoted as [A ]_{i,j} . The trace of an (M× M )-matrix A , i.e., the sum over all diagonal elements, is denoted as tr( A ). The rank and the determinant of A is denoted as rank( A ) and det( A ), respectively. The square-root 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 . Moreover, ||A ||_F = √ tr( AA^H ) denotes the Frobenius norm of 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. Finally, E{ .} denotes statistical expectation.

II. SYSTEM AND CORRELATION MODEL Throughout this paper, the complex baseband notation is used. We consider a point-to-point MIMO communication link with M transmit and N receive antennas. The transmit and receive antennas are either co-located or distributed and are assumed to have fixed positions. The 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 kth received vector of size (N× 1), H the (N× M )-channel matrix, x[k] the kth transmitted vector of size (M× 1), and n [k] the kth additive 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 of length N_b , and changes randomly from one data block to the next. Correspondingly, we will sometimes use the following block transmission model:

Y = H X + N , (2)

where Y := [ y [0], ..., y [k], ..., y [N_b − 1] ], (3)

X := [ x[0], ..., x[k], ..., x[N_b − 1] ], (4)

N := [ n [0], ..., n [k], ..., n [N_b − 1] ]. (5)

The entries h_{ji} of H (i = 1 , ..., M , j = 1 , ..., N ) are assumed to be zero-mean (circularly symmetric) complex Gaussian random variables with variance σ^2_{ji} /2 per real dimension, i.e. h_{ji} ∼ CN { 0, σ^2_{ji} } (Rayleigh fading). The instantaneous realizations of the channel matrix H are assumed to be perfectly known at the receiver. The covariance between two channel coefficients h_{ji} and h_j ′_i ′ is denoted as

σ_{ij,i} ′_j ′ := E{ h_{ji} h^∗_j ′_i ′ } = σ^∗_i ′_j ′_{,ij} (6)

and the corresponding spatial correlation as

ρ_{ij,i} ′_j ′ := σ_{ij,i} ′_j ′ /√ σ^2_{ji} σ^2_j ′_i ′ . (7)

(Note that |ρ_{ij,i} ′_j ′ | is always between zero and one.)

The entries x_i [k] of the transmitted vector x[k] are treated as zero-mean random variables with variance σ^2_{x i} . (Possibly, they are correlated due to some underlying space-time code.) We assume an overall transmit power constraint of P , i.e., ∑ i σ^2_{x i} ≤ P . For the time being, we consider the case of equal power allocation among the transmit antennas, i.e., σ^2_{x i} = P/M for all i =1 , ..., M . Finally, the entries of n [k] are assumed to be 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 .

A. MIMO System with Co-located Antennas

In the case of co-located antennas (both at the transmitter and the receiver side), all links experience – on average – similar propagation conditions. It is therefore reasonable to assume that the variance of the channel coefficients h_{ji} is the same for all transmission links. Correspondingly, we define σ^2_{ji} := σ^2 for all i = 1 , ..., M and j = 1 , ..., N . (A generalization to unequal variances is, however, straightforward.) Moreover, we define

R_{Tx} := E{ H^H H }/(Nσ^2 ), R_{Rx} := E{ HH^H }/(Mσ^2 ), (8)

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

Throughout this paper, the so-called Kronecker-correlation model [7] is employed. 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 ,jj} ′ (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 ,jj} ′ . Altogether, the overall spatial correlation matrix R := E{ vec(H )vec( H )^H }/σ^2 of size (MN × MN ) can be written as the Kronecker product

R = R_{Tx} ⊗ R_{Rx} , (9) R_{Tx} := [ ρ_{Tx ,ii} ′ ]_{i,i} ′_{=1 ,...,M} , R_{Rx} := [ ρ_{Rx ,jj} ′ ]_{j,j} ′_{=1 ,...,N} . (10)

Moreover, the channel matrix H can be written as

H := R^{1/2}_{Rx} G R^{1/2}_{Tx} , (11)

where G denotes an (N× M )-matrix with independent and identically distributed (i.i.d.) entries g_{ji} ∼ CN { 0, σ^2 }, i.e., E{ vec(G )vec( G )^H }= σ^2 I_{MN} . The square-roots of R_{Tx} , R_{Rx} can be obtained via the corresponding eigenvalue decompositions (e.g., by means of the Jacobian algorithm [19, 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} , (12)

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 [20, 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.

B. MIMO System with Distributed Antennas To start with, consider a MIMO system with distributed transmit antennas and co-located receive antennas, as depicted in Fig. 1 (c). The cooperating transmitting nodes may, for example, be part of a simulcast network [10] that serves a certain area around the receiving node. In this example, the receiving node would represent a single user with a fixed position or a subscriber home equipped with a fixed antenna array.^2 Alternatively, the cooperating transmitters may also be wireless relays [11],[12], forwarding messages of a certain source node to a certain destination node (in a cooperative fashion). In this example, the receiving node would represent the destination node.

As a generalization to Fig. 1 (c), the individual transmitting nodes may in the sequel be equipped with multiple antennas. To this end, let T denote the number of transmitting nodes, M_t the number of antennas employed at the tth transmitting node (t = 1 , ..., T), and let M again denote the overall number of transmit antennas, i.e., ∑ t M_t =: M . As earlier, let N denote the number of receive antennas used. For simplicity, we assume that all transmit antennas are uncorrelated. (For antennas belonging to different transmitting nodes, this condition is surely met.) A generalization to the case of correlated transmit antennas is, however, straightforward.

Similar to Section II-A, it is again reasonable to assume that all channel coefficients associated with the same transmitting node t have the same variance σ^2_t . Correspondingly, assuming an appropriate ordering of the columns of H , we obtain

E{ H^H H }/N = diag([ σ^2_1 , ..., σ^2_t , ..., σ^2_T ]) =: Σ_{Tx} , (13)

where each variance σ^2_t occurs M_t times. Following the Kronecker-correlation model, we may thus write

H := R^{1/2}_{Rx} G Σ^{1/2}_{Tx} , (14)

2 Simulcast networks are typically employed for broadcasting applications (where many users are served simultaneously) or for paging applications (where a single user with unknown position is served).

where G denotes an (N× M )-matrix with i.i.d. entries g_{ji} ∼ CN { 0, 1}. Typically, the variances σ^2_t (and thus the average link SNRs) vary significantly between the individual transmitting nodes, due to different link lengths and, possibly, due to shadowing effects.^3 (Note that the received power decays at least with the square of the link length.)

Similarly, in a MIMO system with co-located transmit antennas and distributed receive antennas, where R receiving nodes (possibly equipped with multiple antennas) cooperate, we have

E{ HH^H }/M = diag([ σ^2_1 , ..., σ^2_r , ..., σ^2_R ]) =: Σ_{Rx} (15)

and H := Σ^{1/2}Rx G R^{1/2}Tx , (16)

where g_{ji} ∼ CN { 0, 1} with E{ vec(G )vec( G )^H } = I_{MN} . The cooperating receivers may, for example, be part of a reach-back network for wireless sensors, which serves a certain area around the transmitting node. (In this example, the transmitting node would represent a single wireless sensor broadcasting measurements to the nodes within the reach-back network.)

C. Normalization In order to treat systems with co-located antennas and systems with distributed antennas in a single unified framework, we employ the following normalization in the sequel: tr ( E{ vec(H )vec( H )^H } ) := MN. (17)

For MIMO systems with co-located antennas this means we set σ^2 :=1 , i.e., E{ vec(H )vec( H )^H } = R = R_{Tx} ⊗ R_{Rx} . For MIMO systems with distributed transmit or receive antennas, it means we set tr( Σ_{Tx} ):= M or tr( Σ_{Rx} ):= N , respectively.

III. EQUIVALENCE OF SPATIALLY CORRELATED MIMO SYSTEMS AND DISTRIBUTED MIMO SYSTEMS In the following, we will show that for any MIMO system with co-located antennas, which follows the Kronecker-correlation model (11), an equivalent MIMO system with distributed antennas can be found, and vice versa, in the sense that both systems are characterized by identical capacity distributions.

For the time being, we assume that no channel state information is available at the transmitter. In this case, the capacity of the MIMO system (1) is given by the well-known expression [2]

C(H ) = log_2 det ( I_N + P Mσ^2_n

HH^H ) bit /channel use .

(18) C(H ) is in the following called instantaneous capacity, because it is associated with a single realization of the random channel matrix. Correspondingly, C(H ) itself is a random variable with probability density function (pdf) denoted as p(C(H )).

A. Capacity Distribution in the Case of Co-located Antennas To start with, consider a MIMO system with co-located transmit and receive antennas and an overall spatial covariance matrix E{ vec(H )vec( H )^H }= R_{Tx} ⊗ R_{Rx} .

3 As long as the transmitting nodes have fixed positions and a single receiving node is considered (also with a fixed position), no macroscopic diversity is available. Shadowing effects are solely captured by the variances σ^2_t . The benefits of macroscopic diversity would, for example, become apparent when averaging over many possible positions of the receiving node.

Let R_A , R_B := { R_{Tx} , R_{Rx} if M <N R_{Rx} , R_{Tx} else , (19)

i.e., the matrix R_A is always related to the side with less antennas. Moreover, let

N_{min} := min { M, N } and N_{max} := max { M, N }. (20)

For simplicity, we assume that both matrices R_A and R_B have full rank and distinct eigenvalues

0 < λ_{A,1} < ... < λ_{A ,N min} and (21) 0 < λ_{B ,1} < ... < λ_{B ,N max} , (22)

respectively. Under these premises, the characteristic function (cf) of the instantaneous capacity C(H ),

cf_C (jω ) := E{ e^{jωC (H )} } (23) (j= √ − 1, ω ∈ IR), was evaluated in [21]. The result is of form

cf_C (jω ) =

K φ (jω ) ψ (R_A , R_B ) det ([ V (R_B ) M (R_A , R_B , jω ) ]) , (24)

which depends on the number of transmit and receive antennas, the overall transmit power P , the noise variance σ^2_n , and the matrices R_A and R_B (see [21],[22] for further details).^4 More specifically, the term ψ (R_A , R_B ) as well as the ((N_{max} − N_{min} )× N_{max} )-Vandermonde matrix V (R_B ) and the (N_{min} × N_{max} )-matrix M (R_A , R_B , jω ) depend solely on the eigenvalues of R_A and R_B , but not on specific entries of R_A or R_B . Moreover, the constant K and the term φ (jω ) are completely independent of R_A and R_B . Correspondingly, any MIMO system having an overall spatial covariance matrix

E{ vec(H )vec( H )^H } = ( U_M R_{Tx} U^H_M ) ⊗ (U_N R_{Rx} U^H_N ) =: R^′_{Tx} ⊗ R^′_{Rx} , (25)

where U_M is an arbitrary unitary (M× M )-matrix and U_N an arbitrary unitary (N× N )-matrix, will exhibit exactly the same characteristic function (24) of the instantaneous capacity C(H ), because the eigenvalues of R^′_{Tx} and R_{Tx} and of R^′_{Rx} and R_{Rx} are identical. Specifically, we may choose U_M := U^H_{Tx} and/or U_N := U^H_{Rx} , in order to find an equivalent (with respect to the characteristic function cf_C (jω )) MIMO system with distributed transmit and/or distributed receive antennas:

U^H_{Tx} R_{Tx} U_{Tx} = Λ_{Tx} =: Σ_{Tx} (26) U^H_{Rx} R_{Rx} U_{Rx} = Λ_{Rx} =: Σ_{Rx} . (27)

The characteristic function cf_C (jω ) contains the complete information about the statistical properties of C(H ). Specifically, the pdf of C(H ) can be calculated as^5 [21]

p(C(H )) = 1 2π ∫_{+ ∞} −∞ cf_C (jω )e^{− jωC (H )} dω. (28)

Based on the pdf p(C(H )), further statistical characteristics of C(H ) can be obtained, such as the cumulative distribution function (cdf) Pr { C(H ) <C_0 }, the ergodic capacity C̄ = E{ C(H )}, or the p%-outage capacity C^{p%}_{out} , i.e., the capacity value C_0 for which the cdf yields p% [2].

4 If the eigenvalues of R_A or R_B are not distinct, the characteristic function of C (H ) can be obtained as a limiting case of (24).

5 The characteristic function of a random variable can be interpreted as the Fourier transform of the corresponding pdf, evaluated at − jω . Therefore, the pdf can be obtained from the characteristic function via the corresponding inverse transform.

B. Capacity Distribution in the Case of Distributed Antennas Based on (26) and (27), for any spatially correlated MIMO system an equivalent distributed MIMO system can be found. Vice versa, given a MIMO system with distributed transmit and/or distributed receive antennas, the diagonal elements of the matrix Σ_{Tx} / Σ_{Rx} may be interpreted as the eigenvalues of a corresponding correlation matrix R_{Tx} / R_{Rx} (provided that the normalization according to Section II-C is applied).

In [17] it was shown that for any number of transmit/ receive antennas, a unitary matrix Ũ_M / Ũ_N can be found such that the transform Ũ_M Σ_{Tx} Ũ_{HM} =: R_{Tx} (29)

Ũ_N Σ_{Rx} Ũ^H_N =: R_{Rx} (30)

yields a correlation matrix R_{Tx} / R_{Rx} with diagonal entries equal to one and non-diagonal entries with magnitudes ≤ 1. Suitable unitary matrices are, for example, the (n× n)-Fourier matrix with entries ũ_{ij} = e^{j2 π (i − 1)( j − 1) /n} / √ n (i, j = 1 , ..., n), which exists for any number n, or the normalized (n× n)- Hadamard matrix, which is known to exist for all n =2^ν , where ν is an arbitrary positive integer number.

C. Two Simple Examples Consider a system with two co-located transmit antennas and a single receive antenna, and let

R_{Tx} = [ 1 ρ ρ^∗ 1 ] , ρ = |ρ|e^{jϕ} , (31)

where |ρ|≤ 1 and ϕ ∈ [0, 2π). In this case, one obtains

U_{Tx} = 1 √ 2 [ e^{jϕ} − e^{jϕ} 1 1 ] , Λ_{Tx} = [ 1+ |ρ| 0 0 1−| ρ| ] . (32)

Thus, setting Λ_{Tx} =: Σ_{Tx} , we have found an equivalent system with two distributed transmit antennas and a single receive antenna: Let D denote the distance between transmitter and receiver in the co-located system. Assuming that the received power scales with D^{− p} , where p denotes the path-loss exponent (typically, 2≤ p≤ 4), we obtain D^′_1 = D (1+ |ρ|)^{− 1/p} and D^′_2 = D (1−| ρ|)^{− 1/p} for the distances in the equivalent distributed system. For example, for ρ =0 .8, D =100 meters, and p=2 we get D^′_1 ≈ 74.5 meters and D^′_2 ≈ 223.6 meters.

Next, consider a system with two distributed transmit antennas and a single receive antenna, and let

Σ_{Tx} = [ σ^2_1 0 0 σ^2 ] , σ^2_1 , σ^2 ∈ IR_{≥ 0} . (33)

where σ^2_1 + σ^2 = M =2 . Using the (2× 2)-Hadamard matrix

Ũ_2 := 1√ 2 [ 1 1 1 − 1 ] (34)

we find an equivalent system with two co-located transmit antennas, one receive antenna and a transmitter correlation matrix

R_{Tx} := Ũ_2 Σ_{Tx} Ũ^H_2 = [ 1^1_2 (σ^2_1 − σ^2 ) 1 2 (σ^2_1 − σ^2 ) 1 ] . (35)

Let D_1 and D_2 denote the distances between the distributed transmit antennas and the receive antenna. Then, the corresponding distance D^′ in the equivalent co-located system is given by D^′= D_1 ·(σ^2_1 )^{− 1/p} = D_2 ·(σ^2 )^{− 1/p} .

D. Numerical Results In order to illustrate the findings of Section III-A and III-B, some numerical results are presented in Fig. 2, for different MIMO systems with four transmit and three receive antennas. Displayed are the capacity distributions resulting for (i) a conventional MIMO system with uncorrelated links, (ii) a colocated MIMO system with correlated antennas, and (iii) the corresponding equivalent distributed MIMO system. (Moreover, the associated ergodic capacities are marked by dotted lines.) For the spatially correlated MIMO system, a singleparameter (n× n)-correlation matrix

R_{n,ρ} :=

1 ρ ρ^4 · · ·ρ^{(n − 1) 2} ρ 1 ρ · · ·ρ^{(n − 2) 2}

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

(36)

(ρ ∈ IR) was used for R_{Tx} and R_{Rx} , which was proposed in [23] for uniform linear antenna arrays with n antenna elements. For the transmitter side, the parameters n = M and ρ_{Tx} =0 .8 were chosen, and for the receiver side the parameters n = N and ρ_{Rx} =0 .7. The corresponding matrices Σ_{Tx} and Σ_{Rx} in the equivalent distributed MIMO system are given by

Σ_{Tx} = diag([ 0 .0198 0.2125 1.0459 2.7217 ]), (37) Σ_{Rx} = diag([ 0 .1228 0.7599 2.1173 ]). (38)

As can be seen in Fig. 2, the capacity distributions for the spatially correlated MIMO system and the equivalent distributed MIMO system are, in fact, identical. Compared to the conventional MIMO system with uncorrelated links, the ergodic capacity is significantly reduced (from 23.7 bit/channel use to 18.9 bit/channel use), and the width of the capacity distribution is (slightly) increased.

IV. ASYMPTOTIC EQUIVALENCE CONCERNING THE PAIRWISE ERROR PROBABILITY OF SPACE-TIME CODES The results in Section III are very general and provide theoretical limits for coded MIMO systems with co-located or distributed antennas. In the following, we focus on space-time coded MIMO systems with spatially correlated or distributed antennas. Specifically, we will show that (asymptotically) spatially correlated MIMO systems and distributed MIMO systems lead to identical pairwise error probabilities (PEPs).

Consider the block transmission model (2). We assume that a space-time encoder with memory length ν (e.g., a space-time trellis encoder) is used at the transmitter side – possibly in a distributed fashion. The space-time encoder maps a sequence of (N_b − ν) information symbols (followed by ν known tailing symbols) onto an (M× N_b ) space-time transmission matrix X (N_b >M ), which is referred to as code matrix in the sequel. Assuming that the channel matrix H is perfectly known at the receiver, the metric for maximum-likelihood sequence estimation (MLSE) is given by [24]

μ(Y , X̃ ) := || Y − H X̃

||_2 F , (39)

where X̃ denotes a hypothesis for the code matrix X . The PEP P (X → E ), i.e., the probability that the MLSE decoder decides

10 12 14 16 18 20 22 24 26 28 30 0

0.05

0.1

0.15

0.2

0.25

0.3

Capacity C(H) in bit/channel use

Capacity distribution p(C(H))

Conventional (4x3)-MIMO system (independent links) Co-located (4x3)-MIMO system with correlated antennas Equivalent distributed (4x3)-MIMO system

Fig. 2. Capacity distributions for different MIMO systems with four transmit and three receive antennas, at an SNR of 10 log_{10} P/(Mσ^2_n ) = 20 dB (analytical results according to (24) and (28); the results were validated by means of Monte-Carlo simulations over 10^7 independent channel realizations).

in favor of an erroneous code matrix E ≠ X , although the matrix X was transmitted, is given by [25]

P (X → E ) = Pr { μ(Y , E ) ≤ μ(Y , X ) } (40) = E { Q ( √ P 2Mσ^2_n || H (X − E ) || F )} , where Q(x) denotes the Gaussian Q-function. (The expectation is taken over the channel matrix H .) The PEP can, for example, be used to approximate the resulting bit error rate (BER) [24].

A. PEP in the Case of Co-located Antennas Consider again a system with co-located antennas and spatial covariance matrix E{ vec(H )vec( H )^H } = R_{Tx} ⊗ R_{Rx} . Let us denote Ψ_{X ,E} := ( X − E )(X − E )^H . (41)

In the sequel, we assume that the employed space-time code achieves a diversity order of MN (full spatial diversity). This implies that the matrix Ψ_{X ,E} has always full rank, i.e.,

rank( Ψ_{X ,E} ) = M (42)

for any pair of code matrices (X ≠ E ). In [25], it was shown that the PEP (40) can be expressed in the form of a single finiterange integral, according to

P (X → E ) = 1 π ∫_{π/ 2} 0 M∏ i =1 N∏ j =1 [ 1 + P 4Mσ^2_n ξ_{Tx ,i} λ_{Rx ,j} sin^2 θ

]_{− 1} dθ, (43) where ξ_{Tx ,1} , ..., ξ_{Tx ,M} denote the eigenvalues of the matrix Ψ_{X ,E} R_{Tx} and λ_{Rx ,1} , ..., λ_{Rx ,N} the eigenvalues of R_{Rx} , as earlier. Moreover, it was shown in [25] that the presence of receive antenna correlation always degrades the PEP (for any SNR value, particularly for high SNRs). As opposed to this, the impact of transmit antenna correlation depends on the employed space-time code: In the low SNR regime, the presence of transmit antenna correlation can improve the PEP, whereas for large SNR values the PEP is always degraded.

B. PEP in the Case of Distributed Antennas

Based on the same arguments as in Section III, we can always find a MIMO system with distributed receive antennas, which leads to exactly the same PEP as the above co-located system: Any MIMO system with overall spatial covariance matrix

E{ vec(H )vec( H )^H } = R_{Tx} ⊗ (U_N R_{Rx} U^H_N ), (44)

with U_N being an arbitrary unitary (N× N )-matrix, will lead to the same PEP expression (43). In particular, we may again choose U_N := U^H_{Rx} , in order to obtain U^H_{Rx} R_{Rx} U_{Rx} =: Σ_{Rx} .

As opposed to this, a MIMO system with distributed transmit antennas and overall spatial covariance matrix

E{ vec(H )vec( H )^H } = Σ_{Tx} ⊗ R_{Rx} (45)

(Σ_{Tx} := U^H_{Tx} R_{Tx} U_{Tx} ) will normally not lead to the same PEP expression (43), because the eigenvalues of Ψ_{X ,E} R_{Tx} and Ψ_{X ,E} Σ_{Tx} are, in general, different. Still it can be seen that asymptotically, i.e., for large SNR values, the PEP expressions again become the same: In [26] it was shown that for large SNR values (43) is well approximated by

P (X → E ) ≤ ( P 4Mσ^2_n

)_{− r Tx r Rx} × (46)

× det( Ψ_{X ,E} R_{Tx} )^{− r Rx} det( R_{Rx} )^{− r Tx} ,

where r_{Tx} :=rank( R_{Tx} ) and r_{Rx} :=rank( R_{Rx} ). Assuming that R_{Tx} has full rank (r_{Tx} := M ), we have

det( Ψ_{X ,E} R_{Tx} ) = det( Ψ_{X ,E} ) det( R_{Tx} )

= det( Ψ_{X ,E} ) det( Σ_{Tx} ) = det( Ψ_{X ,E} Σ_{Tx} ), (47)

i.e., the expression (46) does not change if R_{Tx} is replaced by Σ_{Tx} . Similarly, given a MIMO system with distributed transmit/ receive antennas, we can find an (asymptotically) equivalent co-located MIMO system by evaluating (29), (30).

V. A SIMPLE PERFORMANCE MEASURE

Section III and IV have shown that co-located and distributed MIMO systems are (asymptotically) equivalent with regard to many important performance measures, such as the capacity distribution (and thus the ergodic and outage capacity) and the PEP of space-time codes. Apart form this, it was shown in [17] that co-located and distributed MIMO systems are also equivalent with regard to the average symbol error rate of OSTBCs.

The antenna correlation matrices R_{Tx} and R_{Rx} (or, equivalently, the matrices Σ_{Tx} and Σ_{Rx} ) do, however, not directly reflect the associated system performance in terms of capacity or error rate. Correspondingly, it is not immediately clear, how two systems with different correlation matrices compare. To this end, we consider a simple performance measure Δ( R ) between zero and one, which allows for a classification of different systems. The performance measure was earlier proposed in [18] in order to categorize spatially correlated MIMO systems with regard to their ergodic capacity. Moreover, it was already successfully used in [17] for categorizing spatially correlated and distributed OSTBC-systems with regard to their average symbol error rate.

Consider again a MIMO system with co-located antennas and an overall spatial covariance matrix R = R_{Tx} ⊗ R_{Rx} . The corresponding performance measure Δ( R ) is defined as [18]

Δ( R ) = 1 √ MN (MN − 1) MN∑ i =1 MN∑ j =1 j ≠ i

| [R ]_{i,j} |^2 . (48)

Note that Δ( R ) is always between zero and one, where zero corresponds to the uncorrelated case (Δ( I_{MN} ) = 0 ) and one to the fully correlated case, where | [R ]_{i,j} |=1 for all i, j . We may reformulate (48) according to

Δ( R ) =

||R − I_{MN} ||_F √ MN (MN − 1)

. (49)

Moreover, let the eigenvalue decomposition of R be given by

R := U_{MN} Λ U^H_{MN} , (50)

where U_{MN} U^H_{MN} = I_{MN} . Since R is the Kronecker product of R_{Tx} and R_{Rx} , the set { λ_i | i =1 , ..., MN } of the eigenvalues of R is given by all pairwise products λ_{Tx ,i} λ_{Rx ,j} of the eigenvalues of R_{Tx} and R_{Rx} [27, Ch. 12.2]. Utilizing the fact that the Frobenius norm is invariant under a unitary matrix transform, we have

||R − I_{MN} ||_F = ||Λ − I_{MN} ||_F , (51)

i.e., (49) may be reformulated as

Δ( R ) =

√ ∑_M

i =1

∑_N

j =1 (λ Tx ,i λRx ,j − 1) 2 MN (MN − 1)

. (52)

Thus we have found a new expression for Δ( R ) as a function of the eigenvalues of R_{Tx} and R_{Rx} , which can directly be used for MIMO systems with distributed transmit and/or receive antennas (by replacing the eigenvalues λ_{Tx ,i} by the variances σ^2_t and/or the eigenvalues λ_{Rx ,j} by the variances σ^2_r ).

VI. TRANSMIT POWER ALLOCATION SCHEMES BASED ON STATISTICAL CHANNEL KNOWLEDGE 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. [28]. The use of (full or partial) instantaneous channel knowledge at the transmitter was, for example, considered in [3],[29],[30]. However, accurate instantaneous channel knowledge at the transmitter is costly and may be difficult to acquire [13].

As an alternative, the use of statistical channel knowledge at the transmitter was studied in [13]-[15],[28]. Statistical channel knowledge can easily be gained in practical systems, 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 [13]. Optimal statistical transmit power allocation schemes for spatially correlated MIMO systems were, for example, derived in [13]-[15] with regard to different optimization criteria: Minimum symbol error probability [13], minimum PEP of space-time codes [14], and maximum ergodic capacity [15]. Due to the (asymptotic) equivalence of co-located and distributed MIMO systems, these power allocation strategies can also be used in distributed systems, without any loss of optimality.

As an example, we will consider the ergodic capacity as the performance measure of interest.

A. Maximizing Ergodic Capacity Consider again a MIMO system with co-located antennas and an overall spatial covariance matrix R = R_{Tx} ⊗ R_{Rx} . In order to maximize the ergodic capacity, it was shown in [15] that the optimal strategy is to transmit in the directions of the eigenvectors of the transmitter correlation matrix R_{Tx} . To this end, the transmitted vector in (1) is pre-multiplied with the unitary matrix U_{Tx} from the eigenvalue decomposition of R_{Tx} . Moreover, a diagonal weighting matrix

W^{1/2} := diag([ √ w_1 , ..., √ w_M ]), tr( W ) := M, (53)

is used in order to perform the transmit power weighting along the eigenvectors of R_{Tx} (see, for example, [31] for further details). Altogether, the transmitted vector can be expressed as

x[k] := U_{Tx} W^{1/2} x^′[k], (54)

where σ^2_x ′_i := E{ x^′_i [k]x^{′∗}_i [k]}= P/M for all i =1 , ..., M . Under these premises, the instantaneous capacity (18) becomes

C(H , Q_x ) = log_2 det ( I_N + 1 σ^2_n

HQ_x H^H ) bit /channel use ,

(55) where Q_x := E{ x[k]x^H [k]} = P/M ·U_{Tx} WU^H_{Tx} denotes the covariance matrix of x[k].

Unfortunately, a closed-form solution for the optimal weighting matrix W_{opt} , which maximizes the ergodic capacity C̄(Q_x ):= E{ C(H , Q_x )}, is not known. The optimal power weighting results from solving the optimization problem [15]

maximize

g(W ) := E { log_2 det ( I_N + M∑ i =1

w_i λ_{Tx ,i} z_i z^H_i σ^2_n )} (56)

subject to tr( W ) := M and w_i ≥ 0 for all i ,

where the vectors z_i are i.i.d. complex Gaussian random vectors with zero mean and covariance matrix Λ_{Rx} , i.e., z_{i,j} ∼ CN { 0, λ_{Rx ,j} } for all i =1 , ..., M . (Note that the optimum power weighting depends both on the eigenvalues of R_{Tx} and on the eigenvalues of R_{Rx} .) Based on the same arguments as in Section III, the resulting transmit power weighting will also be optimal for a distributed MIMO system with overall covariance matrix R = Σ_{Tx} ⊗ R_{Rx} or R = R_{Tx} ⊗ Σ_{Rx} with Σ_{Tx} , Σ_{Rx} given by (26) and (27).

The expression (56) is, in general, difficult to evaluate. In the following, we will therefore consider a tight upper bound on C̄(Q_x ), which greatly simplifies the optimization of W . Since the log-function is convex-∩ , we may apply Jensen’s inequality to the expression for C̄(Q_x ) [32], which yields

C̄(Q_x ) ≤ log_2 E { det ( I_N + 1 σ^2_n

HQ_x H^H )} . (57)

For the case Q_x = P/M ·I_M , the right-hand side of (57) was further evaluated in [32], based on the principal minor determinants of R_{Tx} and R_{Rx} . In this context, the only constraint on R_{Tx} and R_{Rx} is that they have to be positive definite Hermitian matrices. Now, from Section III it is known that the pdf of C(H ) does not change, if R_{Tx} and R_{Rx} are replaced by the corresponding eigenvalue matrices Λ_{Tx} and Λ_{Rx} (which are,

−5 0 5 10 15 20 0

5

10

15

20

25

10*log_{10} P/(Mσ_n^2) dB

Ergodic capacity E{C(.)}

Conventional (4x3)−MIMO system (independent links) Correlated (4x3)−MIMO system (equal power allocation) Correlated (4x3)−MIMO system (optimal, Rx corr. unknown) Correlated (4x3)−MIMO system (optimal, Rx corr. known)

Fig. 3. Ergodic capacity as a function of the SNR P/(Mσ^2_n ) in dB, for uncorrelated and correlated MIMO systems with four transmit and three receive antennas. Solid lines: Simulative results obtained by means of Monte-Carlo simulations over 10^5 independent channel realizations. Dashed lines: Corresponding analytical upper bounds based on (58). The transmit power weights for the red and the green curve were optimized numerically.

of course also positive definite Hermitian matrices). Moreover, since the log-function is bijective, this will also hold for the pdf of det( I_N +P/(Mσ^2_n ) HH^H ), and in particular for the expected value. Correspondingly, the principal minor determinants of R_{Tx} and R_{Rx} occurring in [32] may be replaced by appropriate products of eigenvalues. Finally, moving on to the case of unequal power allocation, i.e., Q_x = P/M ·U_{Tx} WU^H_{Tx} , we may simply replace R_{Tx} by U_{Tx} WΛ_{Tx} U^H_{Tx} (or, equivalently, Λ_{Tx} by WΛ_{Tx} ), since the latter is still a positive definite Hermitian matrix. Altogether, one thus obtains

C̄(Q_x ) ≤ log_2 ( 1 + N_{min}∑

m =1 ( P Mσ^2_n

)_m m! × (58)

× ∑ i∈I_m

w_{i 1} λ_{Tx ,i 1} · · ·w_{i m} λ_{Tx ,i m} ∑ j ∈J_m

λ_{Rx ,j 1} · · ·λ_{Rx ,j m} ) , where I_m and J_m denote index sets defined as

I_m := { i := [ i_1 , ..., i_m ] | 1≤ i_1 <i_2 < · · ·<i_m ≤ M } (59) J_m := { j := [ j_1 , ..., j_m ]| 1≤ j_1 <j_2 < · · ·<j_m ≤ N } (60)

(m ∈ ZZ, 1 ≤ m ≤ N_{min} ). For a fixed SNR value P/(Mσ^2_n ), the right-hand side of (58) may now be maximized numerically in order to find the optimum power weighting matrix W_{opt} .

B. Numerical Results As an example, we consider a co-located MIMO system with four transmit and three receive antennas. As in Section III-D, the correlation matrices R_{Tx} and R_{Rx} are assumed to be of form (36) with correlation parameters ρ_{Tx} :=0 .8 and ρ_{Rx} :=0 .7. Fig. 3 displays the ergodic capacity as a function of the SNR P/(Mσ^2_n ) in dB that results for different MIMO systems. (Simulative results are represented by solid lines; the corresponding analytical upper bounds are represented by dashed lines.) As can be seen, compared to the uncorrelated system (blue curve) the ergodic capacity of the correlated system (equal power allocation, black curve) is reduced significantly, especially for large SNR values. For the red and the green curve, the transmit power weights w_1 , ..., w_M were optimized numerically, based on (58). The green curve represents the case, where both R_{Tx} and R_{Rx} is known at the transmitter side. For the red curve, however, it was assumed that the transmitter knows only R_{Tx} (i.e., the transmitter presumes R_{Rx} = I_N .) As can be seen, in both cases the ergodic capacity of the correlated system is improved significantly, especially in the low SNR regime. (For SNR values smaller than − 2 dB, the achieved capacity is even larger than in the uncorrelated case.) Interestingly, although the upper bound (58) depends both on the eigenvalues of R_{Tx} and R_{Rx} , the difference between the red and the green curve is negligible in the considered example, i.e., the knowledge of R_{Rx} at the transmitter is of little benefit. Finally, it should be noted that for P/(Mσ^2_n ) → 0 the optimal power weighting tends to the (one-dimensional) beamforming solution, where the complete transmit power is focussed on the largest eigenvalue of R_{Tx} (see also [15]). For P/(Mσ^2_n ) →∞ , however, one obtains (in the considered example) an equal power allocation solution over the N_{min} =3 largest eigenvalues of R_{Tx} .

VII. CONCLUSIONS

This paper has shown that MIMO systems with co-located antennas and MIMO-systems with distributed antennas can be treated in a single unified framework. Specifically, it was shown that for any MIMO system with correlated antennas an equivalent MIMO system with distributed antennas can be found, and vice versa, in the sense that both systems are characterized by identical capacity distributions. Moreover, with regard to space-time coding is was shown that both systems offer the same (asymptotic) pairwise error probability. Finally, the benefits of statistical transmit power allocation schemes was demonstrated. Due to the above equivalence, these schemes can be used both for spatially correlated and for distributed MIMO systems, without any loss of optimality.

REFERENCES

[1] G. J. Foschini, “Layered space-time architecture for wireless communication in a fading environment when using multi-element antennas,” Bell Syst. Tech. J., pp. 41–59, Autumn 1996.

[2] 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.

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

Commun., vol. 10, no. 6, pp. 585-595, Nov.-Dec. 1999. [4] V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes for high data rate wireless communication: Performance criterion and code construction,” IEEE Trans. Inform. Theory, vol. 44, no. 2, pp. 744-765, Mar. 1998.

[5] 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.

[6] 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.

[7] 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.

[8] D. Gesbert, M. Shafi, D. Shiu, P. J. Smith, and A. Naguib, “From theory to practice: An overview of MIMO space-time coded wireless systems,” IEEE J. Select. Areas Commun., vol. 21, no. 3, pp. 281-302, Apr. 2003.

[9] 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.)

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

[11] 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.

[12] 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.

[13] 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.

[14] 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 [15] 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.

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

[17] 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 IST Mobile & Wireless Commun. Summit, June 2005, paper no. 245.

[18] M. T. Ivrlač and J. A. Nossek, “Quantifying diversity and correlation in Rayleigh fading MIMO communication systems,” in Proc. 3rd IEEE Int. Symp. on Signal Processing and Inform. Technol. (ISSPIT), Dec. 2003, pp. 158-161.

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

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

R. Oldenbourg Verlag, 1995. [21] S. Park, H. Shin, and J. H. Lee, “Capacity statistics and scheduling gain for MIMO systems in correlated Rayleigh fading,” in Proc. IEEE Veh. Technol. Conf. (VTC-Fall 2004), Sept. 2004, pp. 1508-1512.

[22] E. Biglieri and G. Taricco, Transmission and Reception with Multiple Antennas: Theoretical Foundations. Hanover (MA) ·Delft: now Publishers Inc., 2004.

[23] 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 Assembly of the Int. Union of Radio Science (URSI), August 2002.

[24] M. Uysal and C. N. Georghiades, “On the error performance analysis of space-time trellis codes,” IEEE Trans. Wireless Commun., vol. 3, no. 4, pp. 1118-1123, Jul. 2004.

[25] J. Wang, M. K. Simon, M. P. Fitz, and K. Yao, “On the performance of space-time codes over spatially correlated Rayleigh fading channels,” IEEE Trans. Commun., vol. 52, no. 6, pp. 877-881, June 2004.

[26] H. Boelcskei and A. J. Paulraj, “Performance of space-time codes in the presence of spatial fading correlation,” in Proc. Asilomar Conf. on Signals, Systems and Comput., Oct./Nov. 2000, pp. 687–693.

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

[28] A. Goldsmith, S. A. Jafar, N. Jindal, and S. Vishwanath, “Capacity limits of MIMO channels,” IEEE J. Select. Areas Commun., vol. 21, no. 5, pp. 684-702, June 2003.

[29] 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.

[30] 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.

[31] J. Mietzner, P. A. Hoeher, C. Krakowski, and W. Xu, “A robust receive diversity scheme for spatially correlated multiple-antenna systems using second-order channel statistics,” accepted for Proc. 4th Int. Symp. on Turbo Codes & Rel. Topics/ 6th Int. ITG Conf. on Source and Channel Coding (SCC), Apr. 2006.

[32] H. Shin and J. H. Lee, “Capacity of multiple-antenna fading channels:

Spatial fading correlation, double scattering, and keyhole,” IEEE Trans. Inform. Theory, vol. 49, no. 10, pp. 2636-2647, Oct. 2003.

� � �