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Abstract—In this paper, we investigate the ergodic capacity of
multiple-input multiple-output (MIMO) Rician fading channels
in the presence of spatial correlation at both the transmitter
and the receiver with perfect channel state information (CSI) at
the receiver. Based on majorization theory and the distribution
of quadratic forms in normal random variables, we propose a
tight lower bound on the ergodic capacity in terms of Meijer G-
function. Our analytical results are validated through extensive
Monte Carlo simulations using the exponential correlation model.

I. INTRODUCTION

In wireless communication systems, the transmitted signals
are attenuated by various phenomena including shadowing due
to large objects in the signal path, such as buildings and hills,
and fading due to multi-path propagation, both yielding a
great challenge for reliable communication. Recently, the use
of multiple-input multiple-output (MIMO) systems has gained
considerable attention in the combat against such phenomena
of the wireless medium. Among the benefits of multi-antenna
communication, we stand out the multiplexing gain, where
multiple streams can be sent simultaneously as a means to
improve the capacity of the communication system, and the
diversity in order to enhance the link reliability.

The multiplexing gain calculation is related to the ergodic
capacity, which is a fundamental metric of performance that
determines an information-theoretical bound on the achievable
average rate for reliable communication. Since the pioneer
work of [1], [2], which shows that in independent and identi-
cally distributed (i.i.d.) Rayleigh fading MIMO channels, the
ergodic capacity increases linearly with the number of receive
and transmit antennas, various papers have investigated the
ergodic capacity of MIMO systems under different settings
to understand the fundamental restrictions of multi-antenna
communication.

In this work, we take into consideration the line-of-sight
(LoS) component of the channel between the transmitter and
the receiver and investigate the ergodic capacity under Rician
fading. Modeling the channel fading statistics according to
a Rice distribution encompasses the Rayleigh distribution.
Specifically, we study the ergodic capacity on jointly corre-
lated Rician fading MIMO channels and we derive a closed-
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form expression for a lower bound on the ergodic capacity,
assuming uniform power allocation across transmit antennas
and perfect channel state information (CSI) at the receiver.

There are several papers in the literature focusing on exact
expressions, closed-form bounds and approximations on the
ergodic capacity. In general, such results are derived from the
complex non-central Wishart distribution which has a complex
mathematical treatment. For example, for uncorrelated Rician
MIMO channels, a converging series expression was achieved
to represent the ergodic mutual information in [3]. In turn, [4]
obtained a lower bound for i.i.d. uncorrelated Rician fading
MIMO channels using the Bartlett decomposition. In [5], [6],
the impact of spatial fading correlation was investigated and
tight upper and lower bounds were provided. In turn, an analyt-
ical upper bound of dual MIMO systems was proposed in [7]
together with an explicit asymptotic expression. Most recently,
following as well an asymptotic approach, [8] presented a good
approximation for the ergodic capacity of separately correlated
Rician fading MIMO channels with co-channel interfering
multiple-antenna systems.

In this paper, we take on the approach in [9] for Nakagami-
m fading MIMO channels and obtain tight bounds on the
ergodic capacity based on majorization theory [10], avoiding
thus direct use of the involved non-central Wishart distribution.
Such results are derived from infinite series of Meijer G-
functions. It is important to mention that the Meijer G-function
has been explored in Rician literature. For instance, [11] has
been presented some exact results on the capacity of MIMO
Rician channels from the moment generating function (MGF)
of the mutual information.

In turn, the analysis developed here is also different from
previous work on Rician fading MIMO channels due the
application of majorization theory and the consideration of
Weichselberger channel model [12], [13].

The rest of this paper is organized as follows. In Section II,
a brief overview of the distribution of complex non-central
quadratic forms and basic results from majorization theory are
presented, which are required in the remainder of the paper.
In Section III, we introduce the system model, the Rician
fading MIMO channel as well as the Weichselberger corre-
lation channel model. In Section IV, we derive a closed-form
expression for a lower bound as well as tight approximations
on the ergodic capacity for spatially correlated Rician MIMO
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channels. Numerical results are provided in Section V, while
the paper is concluded in Section VI.

We shall use the following notations throughout the paper.
Vectors and matrices will be indicated by bold lowercase
and uppercase, respectively. The superscripts ()7 and (-)¥
denote the transpose and the transpose conjugated. We use
I, to represent the n x n identity matrix, det (-) stands for
the determinant of a square matrix, and diag (a1, a2, -+ ,a,)
is a diagonal matrix with diagonal entries ay,as, -+ ,a,. In
turn, vec (A) denotes a vector obtained by staking the columns
of A. The symbol ® denotes the Kronecker product and ®
is the element-wise product of two matrices. The expectation
operator is represented by E{-}. Finally, z ~ N (u,0?)
implies that the random variable = follows a complex normal
distribution with mean y variance o2, while x ~ CA,, (u, X)
indicates an n x 1 vector with a multivariate complex normal
distribution with mean vector g (n x 1) and covariance
matrix X (n X n).

II. MATHEMATICAL PRELIMINARIES

In this section, we briefly present the distribution of
quadratic forms in normal random variables and some results
from majorization theory. Majorization theory is a very useful
tool for deriving inequalities and it have been recently received
significant attention for analyzing the performance of wireless
communication systems among other applications [14]-[16].

A. Distribution of Quadratic Forms

We present the probability density function (PDF) of linear
combinations of non-central chi-squared random variables or,
equivalently, the PDF of quadratic forms in normal variables.
Let x be the complex p-dimensional normal random vector
with mean g € CP*! and covariance matrix ¥ € CP*P, or
x ~ CNp (1, ). The random variable Y = x”x has a non-
central chi-squared distribution with p degrees of freedom and
non-centrality parameter s> = p!’ pu. Furthermore, the PDF of
Y is given by [17]

yiH~texp (—8y)
28)5H0 (2 +1)’
where [ is an arbitrary positive constant, and T'(-) is the

Euler gamma function [18]. The coefficients ¢; are obtained
recursively by

12 ror3 1/2
co = exp (—2 Z |bi|2> H (X) )
i=1

i=1 i

py(W) =Y a )

=0

(2a)

-1
1
= ;dl_rcr, 1>1 (2b)

with
p l p 2 -1
B > b3 B
Z; Ai Z;M Ai
Here, Xl,Xz, S ,Xp are the eigenvalues of the covariance

matrix ¥ and b; is the ¢-th element of the complex vector
b=X"zpu.

B. Majorization theory

For any vectors x and y in R"*!, x is said to be majorized
by y, denoted by x <y, if

k k
Zx[ﬂézym, 1<k<n-—-1 (3a)
=1 i=1
Z Ty = Zy[i] (3b)
1=1 =1

where z[; and y; denote the i-th largest components of x
and y, respectively. For example, if x = (21,9, ...,x,) and
s = (s1,0,...,0) are vectors in R™*!, with s; = > ' |,
then the vector x is majorized by s, i.e.

X < S. “4)

Here, it is worthwhile to mention that the above result will be
instrumental in this work.

We present now a class of real-valued functions which
changes the partial order relation among the entries of the
vectors previously majorized. In other words, such functions
transform a majorization relationship into a numerical inequal-
ity. Specifically, a real-valued function S(-) on R™*? is said
to be Schur-concave if

S(x) > S(y) forall x < y. (5)

An important case of Schur-concave functions is given by
Sx) = Y gl@), 6)
i=1

since, g : R — R is a concave function. For more details about
majorization theory, the interested reader is referred to [10].

III. SYSTEM MODEL

We consider a single-user flat-fading MIMO system with
np receive antennas and np transmit antennas with perfect
channel knowledge at the receiver but not at the transmitter.
For convenience, we define r = min{ng,nr} and t =
max {ng,nr}, and we assume that the number of receive
antennas does not exceed the number of transmit antennas.
The input-output relation of the system is given by

y=Gx+n, @)

where y € C™! and x € C'*! are the received and
transmitted signal vectors, respectively, while n € C 1 is the
complex additive white Gaussian noise (AWGN) vector with
n ~ CN.(0,NoL.). Here, we assume that the transmitted
signal vector satisfies the power constraint E {XH x} < Pr.In
turn, G € C"** is the random channel matrix whose elements
gi; represent the complex fading parameter between the j-th
transmit and ¢-th receive antenna. The channel gain undergoes
Rician fading with spatial correlation occurring at both ends
of the MIMO link. As such, the channel matrix G is modeled
according to the Kronecker model

G =R{’HR)". )
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We consider the entries of the matrix H = [h] to be i.i.d. and
expressed in terms of the in-phase and quadrature components
as hy = hi, + jhgl, where the in-phase component satisfies
the condition hf;, ~ N/ (s,o?), while the quadrature component
is also a Gaussian random variable with zero mean and
variance o2, i.e. thl ~ N(0,0?). Thus, the envelope

2
hual =\ () + (1) ©)

is Rician distributed.

In order to characterize a measure of the line-of-sight
(LoS) component of the environment, the Rician distribution is
commonly described in terms of a fading parameter /C, defined
as

82

= 2527

where s is referred to as the non-centrality parameter of the
envelope. Specially, when I = 0 the Rician faded envelope
reduces to the Rayleigh fading channel, while X — oo
corresponds to free space propagation.

(10)

A. Weichselberger MIMO Channel Model

The well-known separable transmit and receive correlation
model described in eq. (8) is a particular case of the Weichsel-
berger model, which is able to model the correlation properties
at the transmitter and receiver jointly. The equivalent represen-
tation of the Kronecker model is written as follows [12]

G =Ug, (QoH)UZ, (11)
where Up_ and Ur, are deterministic unitary matrices ob-
tained from the eigenvalue decomposition of the transmit
and receive correlation matrices Ry, = UTIATIUﬁ and
Rp, = Ug,Ap, Uf |, respectively, with .

Ar, = diag (A{w,Ag“w, - AtT) (122)
Ar, = diag ()\fz, AE Afm). (12b)
In turn, the matrix €2 is given by
172 (y1/2\©
Q=2 (A7) (13)

Here the vectors /\1T/ % and /\}{2 are defined as containing the
square root of the eigenvalues of Ry, and Rpg,, respectively.

B. MIMO Channel Capacity

In the sequel, we assume that channel state information is
available only at the receiver side. Thus, the power along
transmit antennas is equally allocated. Based on eq. (11),
the ergodic capacity of the Weichselberger MIMO model
previously described is given by

C=E {10g2 {det (IT n g(ﬂ OH)(QO H)H)] } (1)

where p £ % is the received signal-to-noise ratio (SNR).

Equivalently, the ergodic capacity can be written in terms of
the eigenvalues A1, Aa, -+, A, of A2Q0H as

C:E{;log2 (1+i/\i)},

where r is equal to the rank of A. Without loss of generality,
we assume that the matrix A has full rank and the eigenvalues
A; are in decreasing order, i.e. A; > A;41.

5)

IV. LOWER-BOUND ON ERGODIC CAPACITY

In this section, we shall derive a new closed-form expression
for a lower bound on the ergodic capacity of jointly correlated
Rician MIMO channels using results from the distribution of
quadratic forms and majorization theory. Moreover, from the
chi-squared series expansion derived in our analytical lower
bound, we also propose approximations to the ergodic capacity
with a truncated version of these series.

A. Analytical Lower-Bound

In order to obtain the analytical expression, we estab-
lish the following intermediate derivations. First, we de-

fine in R"™*! the vectors: d<AAH> = (di,da,...,d,),
A (AAH) = (A A2s . A) and A = (3, A,0,...,0).

Here, d; corresponds to the i-th diagonal element of AAT
while \; represents the i-th eigenvalue.
Next we define the following real-valued S(-) on R™*!

= zjlog2 (1 + ?ml)
i=1

Since g(z) = log, (1 + £x) is a concave function, then S(-) is
a Schur concave function as seen in eq. (6). Thus, we can apply
this result on the majorization relationship A (AAT) < A
(see eq.(4)) to obtain the following fundamental numerical
inequality for our purposes: S (A) < S (A (AAH2 . Con-
sequently, the ergodic capacity presented in eq. (15) can be
given by C = E {S (A (AAHS)}
ClO 2 E{S(A)}. ie. C =E{S(A)} <C.

Expressing now the last operator expectation E {-} in inte-
gral form we have

) _ gl 147 .
C {Og2<+t;)\z

(16)

and lower bounded by

_ PN 17
_E{log2<1+t2dl>} a7
i=1
1 [ p
=13 In (1 + gs)ps(e)da,
where pg(-) is the PDF of the random variable
T t
S=3 " A=A |hy . (18)
i=1 j=1
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The random variable S’ can be conveniently represented as fol-
lowing the distribution of quadratic form in normal variables.
Indeed, S = vec (A)" vec (A), where vec (A) is distributed
as a (¢ - r)-variate nonsingular normal random vector with

vec (A) ~ CNy., (svec (G),20°Ar, @ Ag,) . (19)
Thus, based on eq. (1), the PDF of pg(-) is given by
o gt lexp (—%5)
ps(e) = (20)

Cy T ; .
= 2027 T(5+1)
With the objective of accelerating the convergence of such
series, we choose 3 = 2023,, with 3, = min /\f“' )\;‘F’” [19].

Additionally, the coefficients ¢; can be obtained recursively by

1/2
K
cozexp( " )HH(AR%T) . e

i=175=1

-1
1
=N e, 1>1 21b
21; e (21b)
with
r t B l
-5 ()
= Y 21c)

r t 6 6 =1
KD Smy (1w> '

Here we use the Rician K-factor as presented in eq. (10).
Now, substituting eq. (20) into eq. (17), we can rewrite the

ergodic capacity lower bound C!® as

1 o0

Cl
rt X
g (28)* 7T (5 +1)

o 14 Tty 1 1
In (1 + 75)57’ “exp (—5) de.
J Ot :
Finally, based on [9, Eq. 42], together with basic properties
of the Meijer G-function G [-|-] [18], the last integral
can be easily calculated after some algebraic manipulations.

Hence, the ergodic capacity of spatially correlated Rician
MIMO channels is lower bounded by

(o) _

(22)

1 & e 28p |1-5 111
(o) — = S
‘ ‘ln%ww%[ L e

B. Truncation Error

In practice, we consider a truncated version of the infinite
series in eq. (20) as

(24)

Therefore, we obtain the following approximation to the lower
bound on the ergodic capacity in terms of the truncation
factor L

1 L
clo(r, j{: aL3
n2 & Tt-%l G

2 1-2—11,1
[ Br ’ } . (25)
In order to specify an accurate truncation factor, we define the
following truncation error

o(L) = / " ps(e)de - / " ps(el)de

which represents an approximation error of the area under the
PDF pg(-). Note that the last expression can be rewritten as

_Z +ZF ’r’t_|_l)

& rt 1
-1
X €2 exp | ——¢ | de.
/0 ( 28 )

Now, introducing the integration result [18, Eq. (8.312-2)], the
approximation error e(+) is given by e(L) = 1 — ZzL:o ¢;. The
numerical details in the truncation factor L and the respective
approximation error e(L) are described in the next section.
Another truncation version of the infinite series (20) can be
found in [20].

(26)

27)

V. NUMERICAL RESULTS

In this section, we validate the analytical results presented in
the previous section via Monte Carlo simulations. Specifically,
we evaluate the lower bound on the ergodic capacity in
different system configurations. We adopt in all systems the

same Rician /C-factor, with L = 1 , and we assume the
exponential correlation model [6] with transmit and receive
correlation coefficients equal to 67 = 0.3 and dp = 0.1,
respectively.

In Fig. 1, the approximation error from the area under the
chi-squared series PDF in eq. (20) versus the truncation factor
is depicted. We observe that that with small number of terms in
each series, we obtain tight approximations to the lower bound
on the ergodic capacity. Specifically, for a single-input single-
output (SISO) system, the number of series terms required is
L =3,L=10for1 x4 and 2 x 2 channels, while in 3 x 3
MIMO systems, the truncation factor required is L = 32.

In Fig. 2, the empirical ergodic capacity obtained through
Monte Carlo simulations is compared with the analytical
lower bound approximation in the low SNR regime. From
the truncation factors investigated in the last paragraph, we
obtain an accurate closed-form approximation to the ergodic
capacity, mainly for SISO and MISO (multiple-input single-
output) systems, where the respective curves overlapping.

Finally, for a fixed SNR value, Fig. 3 shows the behavior
of the ergodic capacity as the Rician /C-factor grows large.
Here, we set p = —5 dB. For all values of K, it can be
verified that the gap between the theoretical and the simulation
results is small, justifying the validity of the derived closed-
form expressions as well as the truncation factor method.
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Fig. 1. Approximation error of the area under the PDF pg(-) vs. truncation

factor.
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Fig. 3. Ergodic capacity for different Rician /C-factors and p = —5 dB.

VI. CONCLUSIONS

In this paper, we derived an analytical lower bound ex-
pression on the ergodic capacity of MIMO system under

Comparison of the empirical ergodic capacity and analytical lower

spatially correlated Rician fading channels and perfect CSI
only at the receiver side. Using majorization theory, our
analytical result can be expressed in a quadratic form in normal
random variables. Furthermore, based on the analytical lower
bound expression, we proposed tight approximations to the
lower bound on the ergodic capacity as a function of the
truncation factor of the chi-squared series PDF, associating
an effective approximation error for such series. Finally, our
analytical results have been verified through Monte Carlo
simulations. Future work will focus on the investigation of
the ergodic capacity for Nakagami-m fading channels under
the Weichselberger correlation model.
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