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Abstract—In this paper, we analyze the capacity of multiple-input
multiple-output (MIMO) corrlated channels in the presence of fading
correlation at both the transmitter and the receiver, assuming that the
channel is unknown at the transmitter and perfectly known at the
receiver. We apply the block circulant Jakcet matrix to the covariance
of the channel matrix, which improve the performance of the system.

Index Terms—MIMO, Jacket matrix, channel capacity, block circulant
matrix.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) communication systems
using multiple transmit and receive antennas promise high spectral
efficiency and link reliability for wireless communications [1]. Al-
though the linear growth of capacity with the number of antennas
indicates the potential of MIMO systems, the true benefits of the use
of multiple antennas may be limited by spatial fading correlation
due to closely-spaced antenna configurations and poor scattering
environments in realistic wireless channels [4],[5]. Since the pioneer-
ing work of [1][3] in the area of multiple-antenna communications
predicted remarkable spectral efficiency of MIMO wireless systems in
independent and identically distributed (i.i.d.) Rayleigh fading, much
subsequent work has concentrated on characterizing MIMO capacity
under correlated fading [4][5]. However, the exact analytical results
for the capacity such as ergodic (or mean) capacity, capacity variance,
and outage capacity (i.e., capacity versus outage probability) have
been known for only a few special cases, largely due to mathematical
intractability (see, e.g., [3], [6] for i.i.d. flat Rayleigh fading and
[2] for a one-sided correlated MIMO channel). For a more general
case of correlated fading at both the transmitter and the receiver,
which we will refer to as doubly correlated MIMO channels in the
paper, some limited results are available: the capacity distribution for
a small number of antennas are the numbers of transmit and receive
antennas, respectively), upper and lower bounds on the ergodic
capacity, capacity statistics for the case with a large number of
antennas , and the asymptotic mean and variance of the capacity
in the limit as the number of antennas tends to infinity. The temporal
behavior of the capacity was analyzed in [4] in terms of level crossing
rates and average fade durations.

The remainder of this paper is organized as follows. The next
section states system model. Section III introduces block circulant
matrices to the correlated MIMO channel, which can improve the
performance of the system.

II. SYSTEM MODEL

For a MIMO system with NT transmit and NR receive antennas,
as shown in Figure 1, a narrowband time-invariant wireless channel
can be represented by NR×NT deterministic matrix H ∈ C

NR×NT .

Fig. 1. Architecture of the MIMO channel.

Consider a transmitted symbol vector x ∈ C
NT×1, which is com-

posed of NT independent input symbols x1, x2, · · · , xNT . . Then,
the received signal x ∈ C

NR×1 can be rewritten in a matrix form as
follows:

y =

√
Ex

NT
Hx+ z (1)

where z = (z1, z2, · · · , zNr )
T ∈ C

NR×1 is a noise vector, which
is assumed to be zero-mean circular symmetric complex Gaussian
(ZMCSCG). Ex is the energy of the transmitted signals. Note that the
noise vector z is referred to as circular symmetric when ejθz has the
same distribution as z for any θ. The autocorrelation of transmitted
signal vector is defined as

Rxx = ExxH . (2)

Note that Tr(Rxx) = NT the transmission power for each transmit
antenna is assumed to be 1.

In general, the MIMO channel gains are not independent and
identically distributed (i.i.d.). The channel correlation is closely
related to the capacity of the MIMO channel. In the sequel, we
consider the capacity of the MIMO channel when the channel gains
between transmit and received antennas are correlated. When the SNR
is high, the deterministic channel capacity can be approximated as
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C ≈ max
Tr(Rxx)=N

log2 det(Rxx) + log2 det(
Ex

NN0
HwHH

w ) (3)

From Equation (3), we can see that the second term is constant,
while the first term involving det(Rxx) maximized when Rxx = IN .
Consider the following correlated channel model:

H = R1/2
r HwR

1/2
t (4)

where Rt is the correlation matrix, reflecting the correlations be-
tween the transmit antennas (i.e., the correlations between the column
vectors of H), Rr is the correlation matrix reflecting the correlations
between the receive antennas (i.e., the correlations between the row
vectors of H), and Hw denotes the i.i.d. Rayleigh fading channel
gain matrix. The diagonal entries of Rt and Rr are constrained to
be a unity. Then, the MIMO channel is given as

C = log2 det(I +
Ex

NN0
R1/2

r HwRtH
H
w RH/2

r ) (5)

The narrorband MIMO radio channel H ∈ C
M×N which describes

the connection between the MS and the BS can be expressed as

RT =

⎛
⎜⎜⎜⎝

α11 α12 · · · α1N

α21 α22 · · · α2N

...
...

. . .
...

αM1 αM2 · · · αMN · · ·

⎞
⎟⎟⎟⎠ .

where αmn is the complex transmission coefficient from antenna
n at the MS to antenna m at the BS. For simplicity, it is assumed that
αmn is complex Gaussian distributed with identical average power.

The spatial correlation matrix at the MS and the BS and is given
by

RMIMO = RR ⊗RT , (6)

where ⊗ represents the Kronecker product. This has also been
confirmed in [7].

III. BLOCK CIRCULANT JACKET MATRIX FOR CORRELATED

MIMO CHANNEL

The bivariate or two-dimensional Gaussian PDF. The mean mx

and the covariance matrix M for this case are

mx =

(
m1

m2

)
,M =

(
σ2
1 μ12

μ12 σ2
2

)
,

where the joint central moment μ12 is defined as

μ12 = E[(X1 −m1)(X2 −m2)]. (7)

It is convenient to define a normalized covariance

ρij =
μij

σiσj
, i �= j (8)

where ρij satisfies the condition 0 ≤ |ρij | ≤ 1. When dealing with
the two-dimensional case, it is customary to drop the subscripts on
μ12 and ρ12. Hence the covariance matrix is expressed as

M =

(
σ2
1 ρσ1σ2

ρσ1σ2 σ2
2

)
.

For example, in 2 × 2 correlated transmitter receiver setup, let
a = [w, x, y, z]T be a vector of four complex zero-mean, unit vari-
ance independent random variables. Applying the Gaxpy algorithm

[6, p. 143], the lower-triangular matrix C, result of the Cholesky
decomposition of Γ,is given by shown at the bottom of the page.

Defining A = [α11, α12, α21, α22]
T , the channel coefficients αij

are generated as

A = Ca, (9)

⎛
⎜⎜⎝

α11

α12

α21

α22

⎞
⎟⎟⎠ = C

⎛
⎜⎜⎝

w
x
y
z

⎞
⎟⎟⎠

Then we can have

〈α11, α11〉 =
E[α11α

∗
11]

σ2
α11

(10)

=
E[α11wα11w

∗]
σ2
α11

(11)

=
σ2
α11

E[ww∗]
σ2
α11

(12)

= 1 (13)

since w has unit variance.

〈α11, α12〉 =
E[α11α

∗
12]

σα11σα12

(14)

=
E[σα11w

(
σα12ρ

∗w + σα12

√
1− |ρ|2x

)∗
]

σα11σα12

(15)

=
σα11σα12ρE[ww∗] + σα11σα12

√
1− |ρ|2E[wx∗]

σα11σα12

(16)

= ρ (17)

〈α11, α21〉 =
E[α11α

∗
21]

σα11σα21

(18)

=
E[σα11w

(
σα21μ

∗w + σα21

√
1− |μ|2y

)∗
]

σα11σα21

(19)

=
σα11σα21μE[ww∗] + σα11σα21

√
1− |μ|2E[wy∗]

σα11σα21

(20)

= μ (21)

Therefore, we have

ρij =
μij

σiσj
. (22)

We will apply block circulant Jakcet matrix (BCJM) to im-
prove time-invariant Gaussian MIMO channel capacity. Simulation
computes the ergodic MIMO channel capacity when there exists
a correlation between the transmit and receive antennas, with the
following channel correlation matrices: Rr = I4 and.

Case 1: Toeplitz channel matrix

RT =

⎛
⎜⎜⎝

ρ0 ρ1 ρ2 ρ3

ρ3 ρ0 ρ1 ρ2

ρ2 ρ3 ρ0 ρ1

ρ1 ρ2 ρ3 ρ0

⎞
⎟⎟⎠ .

Rr = I4 states that no correlation exists between the receive
antennas. Figure has been generated by program , from which it
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Fig. 3. Comparison of 4×4 MIMO and Block Diagonal 4×4 MIMO Symbol
Error Rate.

can be shown that a capacity of 3.3 bps/Hz is lost due to the channel
correlation when SNR is 18dB.

Case 2: Block circulant Jakcet matirx.
We have the R is a Block circulant matrix.

R =

⎛
⎜⎜⎝

1 1
1 −1

ρ

( −1 −1
−1 1

)

ρ∗
( −1 −1

−1 1

)
1 1
1 −1

⎞
⎟⎟⎠ , |ρ| ≤ 1

From Fig. 2 and Fig. 3, we observe that the block circulant
Kronecker channel capacity could improve than conventional MIMO
as an efficient capacity achieving scheme at high signal-to-noise
ratio regime. Fig. 3 shows the average BER performance versus
input SNR for comparing the proposed transceiver scheme with the
existing transceiver algorithms. It can be seen that smaller correlation
coefficients lead to a better performance. It shows the ability of
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Fig. 4. CDF of channel capacity.

the proposed algorithm to deal with the channel correlation. Figure
4 shows the CDFs of the correlated 2 × 2 and 4 × 4 MIMO
channel capacities, it is clear from figure that the MIMO channel
capacity improves with increasing the number of transmit and receive
antennas.

The simulation shows the significance of proposed system.

IV. CONCLUSION

In this paper, we have applied the block circulant jacket matrices
into correlated MIMO channel, since the transform is jacket matri-
ces, the inverse transform is easily obtained by the reciprocal and
transpose operations. Furthre, it has a fast efficient algorithm. On the
other hand, since it is block circulant matrix, it can easily get the
covariance of the correlated MIMO channel, which lead to a better
performance.
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