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On the Outage Capacity Distribution of Correlated
Keyhole MIMO Channels

Georgy Levin and Sergey Loyka, Senior Member, IEEE

Abstract—Keyhole multiple-input-multiple-output (MIMO) channels
have recently received significant attention since they can model, to a
certain extend, some practically important propagation scenarios and
also relay channels in the amplify-and-forward mode. This paper inves-
tigates instantaneous signal-to-noise ratio (SNR) and outage capacity
distributions of spatially correlated keyhole MIMO channels with perfect
channel state information (CSI) at the receive end and with or without
CSI at the transmit end. For a small number of antennas, the impact
of correlation on the capacity distribution can be characterized by the
effective average SNR. This SNR, as well as the outage capacity, decreases
with correlation. For a large number of transmit (receive) antennas, the
keyhole channel is asymptotically equivalent (in terms of capacity) to the
Rayleigh diversity channel with a single transmit (receive) antenna and
multiple receive (transmit) antennas. The outage capacity of the keyhole
channel is upper-bounded by that of the equivalent Rayleigh diversity
channel. When the number of both transmit and receive antennas is large,
the outage capacity distribution of the keyhole channel is asymptotically
Gaussian. In some cases, the asymptotic Gaussian approximation is
accurate already for a reasonably small number of antennas. The perfect
transmit CSI is shown to bring a fixed SNR gain. A more general channel
model with multiple keyholes is proposed. For a large number of antennas,
the capacity of a multikeyhole channel is a normally distributed sum of
the capacities of single keyhole channels. The fact that, despite the strong
degenerate nature of the keyhole channel, its outage capacity distribution
is asymptotically normal indicates that Gaussian distribution has a high
degree of universality for the capacity analysis of MIMO channels.

Index Terms—Capacity distribution, correlation, keyhole channel, mul-
tiple-input-multiple-output (MIMO) system, relay channel, symbol error
rate.

I. INTRODUCTION

Multiple-input-multiple-output (MIMO) systems have become an
attractive solution in wireless communications due to potentially high
spectral efficiency. One of the major statistical characteristics of MIMO
channels in a multipath environment is their outage capacity, which
gives the ultimate upper limit on the error-free information rate with
a given probability of outage [1], [35], [2]. The outage capacity dis-
tribution of various MIMO channels has been extensively studied, and
many analytical and empirical results have been obtained. The uncor-
related and correlated Rayleigh/Rice MIMO channels have been well
studied and closed-form expressions for their outage capacity distri-
butions have been found [3]. Many measurement-based works show
that a wide range of real channels follows closely those analytical re-
sults [4]. Closed-form expressions for the mean capacity and outage
capacity distribution of various MIMO channels deploying space—time
block coding (STBC) have been also obtained [5], [6].

On the contrary, the outage capacity distribution of keyhole MIMO
channels has not been studied in sufficient depth yet. The keyhole
channel was analytically predicted in [7] as a channel in multipath
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environment, where certain propagation mechanisms reduce the
channel rank. It can be represented as a concatenation of two fading
subchannels separated by a keyhole whose dimension is much smaller
than the wavelength. The presence of a keyhole degenerates the
channel, i.e., its rank is one regardless of the number of transmit (Tx)
and receive (Rx) antennas [7]. Thereby, the capacity of such a channel
deteriorates significantly compared to the Rayleigh channel with the
same number of Tx and Rx antennas. There is a significant interest
in keyhole channels in recent literature as they can describe some
practically important propagation scenarios. Chizhik ez al. [8] suggest
a keyhole scenario where the only link between Tx and Rx ends is
due to the 1-D diffraction. The measurements of the channel capacity
along a hallway reported in [9] show a decrease in capacity with
distance, which is explained by the keyhole effect in long corridors.
The first convincing experimental evidence of a keyhole channel was
demonstrated in [10] and [11], where it was shown, in particular, that
the keyhole model describes well the wireless channels where the
wave propagates via narrow tunnels or waveguides. The importance
of a MIMO keyhole channel is also due to its unique position as a
channel with only one nonzero eigenmode, which describes the worst
case MIMO propagation scenario. It should also be mentioned that
relay channels in the amplify-and-forward mode can be represented
by the keyhole channel model considered here and, thus, our results
apply to such channels as well.

However, the literature dealing with the information theoretic anal-
ysis of such channels is rather limited. Closed-form expression for
the mean (ergodic) capacity of spatially uncorrelated keyhole channels
is presented in [12]. Performance analysis of space-time block codes
over uncorrelated keyhole channels is given in [13], where, in partic-
ular, the moment generating function of the instantaneous postdetection
signal-to-noise ratio (SNR) is derived, and the symbol error rates (SER)
for various codes are evaluated. A tight lower bound and an approxi-
mation of the mean capacity of spatially correlated keyhole channels
are proposed in [14] and [15], respectively.

These papers, however, do not consider the outage capacity, which is
a more relevant performance measure in a fading channel from a prac-
tical perspective (i.e., for a given quality of service) as compared to the
mean capacity. To fill the gap, the present paper derives the closed-form
expressions for the instantaneous SNR and the outage capacity distri-
butions of correlated keyhole MIMO channels. We consider a particular
but common case where the correlation matrices at the Tx and Rx ends
are nonsingular and have distinct eigenvalues. We show that the key-
hole channel distribution and so its outage capacity is different from
that of traditional diversity channels with single antenna at one end,
which also have rank one. However, in terms of capacity and when the
number of Tx (Rx) antennas is large, the keyhole channel is asymptoti-
cally equivalent to the Rayleigh diversity channel with a single Tx (Rx)
antenna. The capacity distribution of the keyhole channel is bounded
from below by that of the equivalent Rayleigh diversity channel.

Since the expression for the exact capacity distribution with arbi-
trary number of Tx and Rx antennas is rather complicated and does not
allow for significant insight, we consider two cases, where the number
of antennas is either small or asymptotically large. We show that for
a small number of antennas, the impact of correlation is characterized
by the effective average SNR, i.e., an increase in correlation results in
smaller effective SNR and consequently in smaller outage capacity. To
derive the outage capacity distribution of keyhole channels with a large
number of Tx and Rx antennas, we use the asymptotic analysis, which
has been already successfully exploited in [16] and [17] for correlated
and uncorrelated Rayleigh-fading MIMO channels, respectively. We
show that, under certain mild conditions on correlation and despite the
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degenerate nature of the keyhole channel, its outage capacity distri-
bution is asymptotically Gaussian; while the mean is affected by the
average SNR and is independent of correlation, the latter affects the
variance. The analogy in asymptotic capacity distribution between the
Rayleigh and keyhole MIMO channels indicates that Gaussian approx-
imation has a high degree of universality for MIMO capacity analysis in
general. In order to study the impact of the correlation on the outage ca-
pacity in explicit form, we propose a scalar measure of MIMO channel
correlation and consider as an example the exponential and quadratic
exponential correlation matrix models [18], [19], [20] to show analyti-
cally that the larger the correlation, the larger the variance of the asymp-
totic outage capacity. In turn, larger variance results in smaller capacity
at low outage probabilities. We demonstrate that in some cases the exact
capacity distribution follows closely the asymptotic one already for a
reasonably small number of Tx and Rx antennas; the discrepancy is in-
significant from the practical point of view. Hence, not only does the
simple asymptotic expression offer a significant insight, but can also
be applied to realistic problems.

We show that the upper [12] and lower [14] bounds on the mean ca-
pacity of keyhole channels can be easily obtained based on the derived
instantaneous SNR distribution. Moreover, the upper bound is tight for
small SNR and the lower bound is tight for large SNR.

Unlike high-rank MIMO channels with a perfect knowledge of
channel state information (CSI) at the Tx end, where finding the ca-
pacity is usually associated with significant mathematical complexity,
it is shown that in keyhole channels, the perfect Tx CSI brings a fixed
SNR gain. Moreover, we find an explicit expression for the optimal
input covariance matrix, which shows that the best transmission
strategy in this case is the Tx beamforming to the keyhole. Since the
fixed SNR gain does not change the channel statistics, we conclude
that the results obtained for the keyhole channel with no CSI at the Tx
end hold true for the channels with a perfect CSI at both ends as well.

When the channel state information is available at the Rx end only,
Alamouti space time code [22] is the optimal transmission technique
in keyhole channels with one or two Tx antennas and any number of
Rx antennas, since it achieves the capacity.

As an application of the outage capacity distribution, we demonstrate
that a simple yet reasonably accurate estimate of SER in a fading key-
hole channel for a variety of modulation formats can be obtained using
the outage probability derived from the outage capacity distribution,
which becomes especially simple when the number of antennas is large.

Since the ideal keyhole channel in not often encountered in real
propagation environment [10], [11], we propose a generalized model
of a channel with multiple keyholes, the “multikeyhole channel.” We
show that asymptotically the capacity of such a channel is a Gaussian-
distributed sum of capacities of single keyhole channels. Moreover,
while the mean capacity of the multikeyhole channel increases with
the number of keyholes, its outage capacity may decrease.

The rest of the paper is organized as follows: In Section II we give
basic expressions for the capacity of keyhole channels. The exact dis-
tributions of the instantaneous SNR and the outage capacity when CSI
is available at the Rx end only are derived in Section III. The asymp-
totic outage capacity distribution is obtained in Section IV. The mean
capacity is discussed in Section V. The capacity of keyhole channels
with prefect CSI at the Tx end and capacity achievability are consid-
ered in Sections VI and VII, respectively. A SER estimate is proposed
in Section VIII. The multikeyhole channel is introduced in Section IX.
Section X concludes the correspondence.

II. KEYHOLE MIMO CHANNEL CAPACITY

Consider a spatially correlated keyhole MIMO channel with n; Tx
and n,. Rx antennas (see Fig. 1). Let element Hy,,, ,k = 1---n,.;m =
1.--n¢, of the channel matrix H be a complex gain from the mth
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Fig. 1. Keyhole MIMO channel. Each subchannel undergoes Rayleigh fading.

transmit to the kth receive antenna. The keyhole channel matrix is given
by [7]

H = h,h; (1)

where ()7 denotes the Hermitian transpose; h;[n, x 1] and
h,[n, x 1] are the vectors representing the complex gains from
the transmit antennas to the keyhole and from the keyhole to the
receive antennas, respectively. Assume that h; and h, are mutually
independent complex circular symmetric correlated Gaussian random
vectors with zero means and correlation matrices R = F {hth{{ }
and R, = F{h,h7}, respectively, where E{} denotes the ex-
pectation. Without loss of generality, H is normalized so that

E{||H||*} = nn,., where |H|| = /tr{HH"} is the Lo norm,

and n; "E{||h/|*} = n;'E{||h.||*} = 1, which also implies
ny ' tr{R,} = ny tr{R,} = 1.

‘When the CSI is available at the Rx end but not the Tx end, the
instantaneous capacity (i.e., the capacity of a given channel realization)
of a frequency-flat quasi-static MIMO channel in natural units [nat] is
given by [2]

C = Indet <I + lHHH) @)
NNy
where det is the determinant, I is n, X n, identity matrix, and o is
the total average SNR at the Rx end. Substituting (1) in (2) and using
the fact that for any matrices A and B with suitable dimensionality
det[I + AB] = det[I + BA] [1], [35], it is straightforward to show
that the instantaneous capacity of the keyhole channel is [21]

C=In (1 + a> 3)
NNy
where @ = ||h||*||h,||* is the power gain of the equivalent scalar

channel. Up to a constant factor, « determines the instantaneous
SNR(= « - vo/(nn,)) in the equivalent scalar channel. Since the
instantaneous capacity is a continuous, monotonically increasing
function of «, the cumulative distribution function (cdf) of C', which
is also the outage capacity distribution Fe (), is given by

Fo(r) = F ("—( - 1)) @
o

where F,, () is the cdf of «. The exact expression for Fy, () is given

and analyzed in the next section.

III. SNR AND OUTAGE CAPACITY DISTRIBUTION
Theorem 1: Let « = B¢ - 3., where 3; = ||h¢||*, 3 = ||h,||* and
h., h, are mutually independent complex circular symmetric corre-
lated Gaussian random vectors. When both R; and R, are nonsingular
and have distinct eigenvalues A\, k = 1---n¢,and A, m = 1-- - n,,
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respectively, the probability density function (pdf) f.(z) and the cdf
F,(2z) of «v are as follows:

e Mg

ALAT 4
falw) =2 who () e 20 )
§o bt ([

k=1m=1

Fu(w):l—ii%

k=1m=1

4z 4
A" (" x>
X A"L\/Ai/\fn K, (\/M/V%;) ,ae >0 (6)

where K, () is the n-order modified Bessel function of the second
kind, A% and A7, are the coefficients of a partial fraction decomposi-
tion given by

- Am )7
A= ]] <1— Ak> (7

m=1

m#£k

and Ay, is either A} or A}, .. is either A}, or A}, and n is either n; or
Nr.

Proof: See Appendix A.

Consider a number of cases where Theorem 1 does not apply or ap-

plies with some modifications.

i) The channel at the Tx, Rx, or both ends is uncorrelated, i.e.,
Ar = 1for k = 1---n (the eigenvalues are not distinct). While
Theorem 1 does not apply in this case, fo(z) and F.(x) can be
evaluated based on the characteristic function (CF) @ (w) given
in [12] for uncorrelated keyhole channels.

ii) There is a number of fully correlated antennas, i.e., R+, R, or
both have some zero eigenvalues. In this case the pdf and so cdf
of « is also calculated by (5) and (6), respectively, but the sum-
mation is taken over nonzero eigenvalues only, i.e., zero eigen-
values and corresponding eigenvectors are excluded as they do
not contribute to the SNR. This follows directly from the proof
of Theorem 1. In particular, when the channel is fully correlated
at both the Tx and Rx ends, it is equivalent to a keyhole channel
with a single antenna at each end and the gains equal to n; and

n.., respectively. In this case, A} = A7 = 1,A} = n; and
Al = n,, so that (5) and (6) reduce to
2 4z
folz) = Ao< : >7:czo ®)
NNy NNy

Folx)=1- \/ 4o K, <\/ Az ) ;> 0. 9)
nin, .

In all the cases, the exact expression for the outage capacity distri-
bution is obtained from (4) using the instantaneous SNR cdf.

The analytical expressions above have been validated by Monte-
Carlo simulations for various 7+, n., 70, R+ and R.,.. In all considered
cases, no difference has been found between analytical and numerical
results.

To get some insight into (4), let us consider a 2 x 2 keyhole MIMO
channel with equal correlation matrices

1 ;
RIZR,:L* ’“}, Ir] <1 (10)

1

where 7* is a complex conjugate of r. Using the Maclaurin series of
x - K1 («) and exp(a), it is straightforward to show that for small =

Fo(a) > c- { (11)
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Fig. 2. Outage capacity distribution: correlated keyhole channel (bold line),
uncorrelated one with effective average SNR (dotted line).

where ¢ = 5 — 4(v. — In(2)) and v. = 0.577 is the Euler constant
[24]. Using numerical simulations, we found that the lower bound in
(11) gives a good approximation for the capacity distribution at outage
probabilities F(x) > 1077, Moreover, from (11), an effective av-
erage SNR, i.e., the SNR of an uncorrelated keyhole channel with the
same probability of outage, can be defined as
et = Yo(1 = [r[*). (12)
Apparently, an increase in correlation decreases the effective average
SNR and results in lower capacity. For example, |r| = 0.7 corresponds
to a= 3 dB decrease in v.rr. Interestingly, (12) is identical to the ef-
fective SNR in the correlated Rayleigh channels with maximum ratio
combining (MRC) [23] and in full-rank MIMO channels [18]. From
numerical simulations, the impact of correlation on the outage capacity
is accurately characterized by the effective average SNR not only for
2 x 2 keyhole channels, but also for channels with up to four antennas
at each end. To demonstrate this, Fig. 2 compares the outage capacity
distribution of 2 x 2,3 x 3,and 4 x 4 correlated keyhole channels
to that of the equivalent (with respect to effective average SNR) uncor-
related keyhole channels. For the correlated channels, R and R, are
simulated using exponential correlation model [18] with the same cor-
relation parameter || = 0.7 at both Tx and Rx ends. The average SNR
at the uncorrelated channels is set to v given by (12). The difference
between the capacity distributions of correlated and corresponding un-
correlated channels increases with the number of antennas. Similar ob-
servations can also be made for the channels where R; and R, are
modeled by quadratic exponential correlation matrices! [19], [20].
For more than 4 X 4 systems, the effective SNR alone is not enough
to represent the effect of correlation. In this case (4) has a complicated
form, which makes it difficult to obtain insight and to evaluate the ef-
fect of various parameters on the capacity. In particular, the effect of
correlation is difficult to see. Moreover, when n; or n,- are large and the
correlation at the Tx or Rx ends is low, the partial fraction decomposi-
tion coefficients in (7) become too large, so that numerical evaluation of
(4) suffers from the loss of precision. To overcome these problems, we
derive below the asymptotic outage capacity distributions when 7, n,
or both are asymptotically large.

IThe exponential and quadratic exponential correlation models are consid-
ered in detail in Section IV. The corresponding correlation matrices are given
by (21) and (25), respectively.
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Fig. 3. Outage capacity distributions: n;, X3 keyhole and 1 X 3 Rayleigh
correlated channels.

IV. ASYMPTOTIC OUTAGE CAPACITY DISTRIBUTIONS

Theorem 2: Consider an n¢ X n, keyhole channel, where h; and
h, are mutually independent complex circular symmetric correlated
Gaussian random vectors with zero mean and correlation matrices R
and R.,.

i) If lim,,, oo n;ltr{Rt} < oo and limy,, — o n;lHRfH =0,
then there is an asymptotically equivalent 1 X n,- Rayleigh fading
channel, so that the instantaneous capacities of both the keyhole
and Rayleigh channels are identical in distribution as n; — oo,
ie.,

C&n <1 + E,@,) asn; — oo (13)

Ly

where 2 denotes convergence in probability.
ii) Due to the symmetry in (3) and under the same conditions, (13)
holds true as n,, — oo, if Tx and Rx ends are exchanged.
Proof: See Appendix B.

The asymptotic behavior of the keyhole channel indicated by The-
orem 2 is well explained by the fact that when n:(n,) — oo, the
Rayleigh subchannel (see Fig. 1) at the Tx (Rx) end is asymptotically
a nonfading AWGN one with a single equivalent Tx (Rx) antenna,
and the whole keyhole channel is equivalent to the Rx (Tx) diversity
Rayleigh channel. This observation has already been made in [13] for
uncorrelated keyhole channels. Theorem 2 shows that the same is true
for the correlated keyhole channels under the aforementioned condi-
tions.2

Corollary 2.1: If R, is nonsingular and has distinct eigenvalues, the
asymptotic outage capacity distribution of the keyhole channel is given
by

Fo(x) — Fpg, <’L—7(67C — 1)) as n; — 00 (14)
Yo
where
Py (z)=1-=)Y Apexp{—a/M\}, 22>0 (15)

k=1

Due to the symmetry in (3) and under the same conditions, (14) holds
true as n, — o0, if Tx and Rx ends are exchanged.
Proof: See Appendix B.

2A physical interpretation to the conditions of Theorem 2 can be found in
[27].
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Consider the outage capacity distribution when the number of an-
tennas increases. Assume that new antennas do not change the elec-
tromagnetic environment and thereby the channel for already existing
ones. In such a case, an increase in the number of Tx antennas has
two opposite effects: 1) under a total Tx power constraint, it decreases
the average transmitted power per Tx antenna, and 2) increases the di-
versity order of the channel. At low outage probabilities the effect of
the increasing diversity order is dominant, which causes F¢ () to de-
crease. At high outage probabilities, the effect of decreasing Tx power
prevails over the increasing diversity order so that F¢:(x) increases.
Thus, the cdf curves of two keyhole channels with n and m(m > n)
Tx antennas and a fixed (same) number of Rx antennas should cross
each other, so that at low outage probabilities the channel with m an-
tennas has higher outage capacity and, correspondently, the channel
with n antennas has higher outage capacity at high outage probabili-
ties. Since the equivalent Rayleigh diversity channel is an asymptotic
case of the keyhole channel as n; — oo the following inequality holds
at low outage probabilities

Féi(x) < F& (2) (16)
where F (2) and Ff(z) are the capacity distributions of the key-
hole and equivalent Rayleigh diversity channels, respectively, i.e., at
low outage probabilities, the outage capacity of the equivalent Rayleigh
channel upper-bounds that of the keyhole one. To validate (16), the ca-
pacity distributions of correlated n+ X 3 keyhole and equivalent 1 x 3
Rayleigh diversity channels are plotted in Fig. 3. The exponential corre-
lation model [18] with the correlation parameter |r| = 0.7 was used to
simulate both R and R.,.. Clearly, the outage capacity of the Rayleigh
channel is higher than that of the keyhole one, the latter approached the
former as n; increases.

Even though Theorem 2 shows the relationship between the keyhole
channel and the equivalent Rayleigh diversity channels, the asymptotic
distribution in (14) is still complicated and does not contribute much to
the understanding of the impact of various parameters in general and
correlation in particular on the outage capacity. To gain such under-
standing, we proceed with the following theorem.

Theorem 3: Let C' be the instantaneous capacity of the corre-
lated keyhole channel defined in (2). When both n; and n, tend
to infinity, the distribution of C is asymptotically Gaussian if
limy,, —co 'nt_ltr{Rf,} < oo, limy,, oo n:]tr{Rr} < oo and
lim,, —co n; ?|Re||> = lim,,—con?||R.|> = 0. Moreover,
if h; and h, are normalized so that lim,, ..o 7, 1t1~{Rt} =
1,1im,,, — n; "tr{R,} = 1, the mean y and the variance > of C'
are as follows:

p=1In(147);
2
. ~ 1 . 1 .
2 /0 2 2
= — IR —||R~ .
= () (IR + IR )

Proof: See Appendix C.

A7)

Note that the conditions of Theorem 3 do not require distinct eigen-
values of the correlation matrices R+ and R... Hence, the outage ca-
pacity distribution of the uncorrelated keyhole MIMO channel with
R; = R, = Iis asymptotically normal, with s = In(1 + 7o) and
% = (30/(1 4+ )" 2(n." + n; "), From (17), it is not always true
that an increase in the number of antennas decreases the variance and
thereby the outage probability (as one would intuitively expect based
on the increasing diversity argument), but only if o is monotonically
decreasing with n; and n,, i.e., if [|R¢|| and ||R. || increase not faster
than n; ~°* and nl =2, respectively, for some =1, £2 > 0. Even though
the conditions of Theorem 3 do not require such monotonicity, we show
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below that the exponential [18] and quadratic exponential [19], [20]
correlation models possess this monotonicity property.

Since p is a function of vy only, the effect of correlation on the mean
capacity vanishes asymptotically. In contrast, the variance o2 is af-
fected by the correlation, but does not depend on the average SNR from
moderate to high o, since vo /(1 + o) & 1 in (17). This explains why
for large n, and n, the effect of correlation is not adequately repre-
sented by the effective average SNR in (12). Note also that the asymp-
totic mean capacity in (17) is identical to the upper bound on the mean
capacity of the finite order uncorrelated keyhole channel given in [12],
i.e., Theorem 3 shows that the bound also holds for the correlated chan-
nels and it is asymptotically tight.

To analyze o2 in (17), let R € R, where R is a set of all n x n
correlation matrices such that tr(R) = n. Using Cauchy-Schwarz’s
inequality

2
Lo gl 11 1

with the equality if A\, = A, for all k,m = 1...n, where \; are
eigenvalues of R, i.e., if R = I. Thus, » %||R/||* achieves its min-
imum when the channel at the Tx(Rx) end is uncorrelated with the same
power at each Tx(Rx) antenna. Furthermore, since every R € R is pos-
itive semi-definite (A, > 0,k = 1...n)

n n 2
]- 2 1 2 1
SIRIT = — ,;,1 P < (;l k,> (19)

with the equality if Ay = n for some %, and \,, = OVm # k. Thus,
7~ 2||R||? achieves its maximum when the channel at the Tx (Rx) end
is fully correlated. From (18), (19) and following the properties of the
L norm [24], n2||R||? is a mapping of R onto a closed interval of
real numbers [1/n; 1] (note that [1/n; 1] converges to (0;1] as n —
oo, which has a certain degree of similarity with the scalar correlation
coefficient). This leads to the following definition.

Definition 1: A channel with correlation matrix R; € R is said to
be equally or more correlated than one with R, € R if

0~ Rl > 7Ry (20)
Definition 1 introduces » 2 ||R||* as a measure of correlation for chan-
nels with large n, alternative to that in [25]. Unlike [25], Definition 1
is not based on the majorization theory [26] and allows comparing cor-
relations between any pair R1, R, € R, with no exception.? Equation
(17) shows that the variance of outage capacity is directly proportional
to the total measure of correlations (n; 2||R¢||* + n, ?[|R.||?). As a
simple application of this definition and Theorem 3, we have the fol-
lowing result.

Corollary 3.1: Consider two keyhole channels with the same
nt, N, v and with different variances 7 > ¢3 of instantaneous
capacity (see (17)),.i.e., according to Definition 1, the channel with
o7 has higher correlation. Thus, FZ(z) > Fg(;t) for x > p, and
F&(x) < F&(z) for x > p, i.e., the channel with higher correlation
has smaller outage capacity (higher outage probability) at outage
region Fo(xz) < 1/2, and larger outage capacity at outage region
Fo(x) > 1/2; the latter region, however, has limited importance from
practical perspective).

Proof: Under the conditions of Theorem 3, the outage capacity of
both channels is asymptotically Gaussian with equal means p1; = p1o =
jt. Compare two equal-mean Gaussian cdfs F& () (with variance o7 )

3The majorization-theory-based definition does not allow full ordering of cor-
relation matrices with more than two nonzero eigenvalues [25], i.e., some cor-
relation matrices cannot be compared.
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and F 5(1’) (with variance ¢3). It follows that they cross each other at
the single point 2 = p such that F&(p) = F&(p) = 1/2, and that
Fl(x) > F&(x) forz < p,and Fl(x) < F&(x) forz > .Q.E.D.

To validate the general discussion above and to show explicitly the
impact of correlation on asymptotic outage capacity distribution, con-
sider two single-parameter correlation matrix models for R; and R.,..

A. Exponential Correlation Model

In this model the elements of correlation matrix R, either R; or
R, are represented through a single complex correlation parameter
r, which is the correlation between adjacent antennas [18]

R B Tnz—k; m Z k
fm Y mem <

rl <1 (21)

This model allows for significant insight and has been successfully
used for many communications problems. Despite its simplicity, it is a
physically reasonable model in the sense that the correlation decreases
as the distance between antennas increases. It can be shown that R in
(21) satisfies the conditions of Theorem 3, i.e., n~*tr{R} = 1 and as
n — oo

1 14

-2 2
) R — -
nIRI

—=0,|r| <1 (22)
(see Appendix D for a proof). Thus, when both R, and R, are given
by the exponential model, the outage capacity distribution of such a
keyhole channel is asymptotically Gaussian with the mean given in (17)
and the variance

SR G TR N O T S
14+ 90 ne 1 —|r? n, 1—|r|?

where r; and 7, are the correlation parameters in R+ and R..., respec-
tively. Note that 2 is monotonically decreasing with n; and n,. (mono-
tonicity property). To get some insight, assume that n = n; = n, and
r = ry = r,; then, for the same 7o in both channels, the capacity dis-
tributions of uncorrelated » = 0 and correlated » # 0 channels have
the same mean yt = In(1 4 o), but different variances ¢2 and 72, so
that

(23)

e o

o2 1-

>1,|r 1.
R

(24)
From (24), 72 > ¢2, and 5 is a monotonically increasing function of
7|, i.e., the larger |r| results in larger o2. This supports Definition 1.
Thus, following the general discussion above, the outage capacity of the
uncorrelated asymptotic channel is larger than that of the correlated one
at outage probabilities less than 0.5. Note that even for small ||, the
capacity gap between correlated and uncorrelated channels can still be
significant at low outage probabilities. As an example, Fig. 4 shows the
asymptotic outage capacity distributions of the 3 x 3 keyhole channels
with exponential correlation at both ends for |r| = |r(| = |r.|. Clearly,
the outage capacity decreases at outage probabilities less than 0.5 as |r|
increases. For |r| < 0.2, correlation has no significant impact on the
asymptotic capacity except at extremely low outage probabilities.

B. Quadratic Exponential (QE) Model

This is a physically based single-parameter correlation matrix model
where the elements of the correlation matrix R are given by [19], [20]

.(m*’C)Z. >k
Rim = {’ T el < 1
(r*) im < k

Here the correlation between different antennas decays much faster
with distance | — k| than in the previous example. This is a physical

(25)
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Fig. 4. Asymptotic outage capacity distributions of 3 X 3 keyhole channels
with exponential correlation.

model as it represents the scenario with a Gaussian profile of multipath
angle-of-arrival [19], [20]. Similarly to the exponential model, the QE
one also satisfies the conditions of Theorem 3, i.e., n " tr{R} = 1and
for a sufficiently large n and |r| < 1

e e <o imip < L [ VT
n v(r) n v(r)
(26)
where v(r) = /—2In|r|,E(x) = erfe(x) is the complemen-

tary error function [24] (see Appendix D for a proof). Since both
the upper and lower bounds converge asymptotically to zero, then
lim, oo n ?||R||* = 0. Therefore, from Theorem 3, the outage
capacity distribution of the keyhole channel with QE correlation at
both the Tx and Rx ends is asymptotically Gaussian with the mean
st = In(1 4 7o) and the variance bounded for ||, 7| < 1 by

2 (35) (G [380
s )

ne | v(ry)
20T
“\1l+ ne |

ne | v(ry)

27

From the numerical simulations, o2, as well as its upper and lower
bounds, decreases monotonically with n; and », (monotonicity prop-
erty), and increases with |r;| and/or |r,|. As the result, similarly to the
exponential model, the outage capacity decreases with correlation at
outage probabilities less than 0.5.

To demonstrate the effect of correlation structure (the rate of correla-
tion decay with distance |m — k|) on the outage capacity, Fig. 5 shows
n~?||R||? versus |r| for n = 100 when R is given by the exponential
and QE models. n™?||R||? is numerically evaluated for both models
and is shown together with the approximation in (22) (for the exponen-
tial model) and the bounds in (26) (for the QE model). For low corre-
lations, |r| < 0.4, the behavior of 7 2||R/|? in both models is sim-
ilar. For || > 0.4, n™?||R||* in the exponential model increases more
rapidly with |r| as compared to the QE model, i.e., the more rapidly the
correlation decays with distance, as in the QE model, the higher r can
be tolerated without significant loss in capacity. Thus, the effect of cor-
relation on outage capacity is characterized not just by the correlation
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Fig.5. n~2||R||? in exponential and QE models versus correlation parameter.
The variance of outage capacity distribution follows the same tendency [see

ani.

between adjacent antennas, but also by its rate of decay with distance
|m — k|, which is accounted for in Definition 1.

The uniform correlation model [28] can also be considered. How-
ever, unlike the exponential and QE, this model does not satisfies the
conditions of Theorem 3 (lim,, .. n~ 2||R||*> # 0), so it impossible
to say based on Theorem 3 whether the outage capacity of a key-
hole channel with uniform correlation is asymptotically Gaussian as
N, Ny — OO,

C. Convergence Rate and Numerical Results

From the practical point of view, the asymptotic analysis above is
important as an approximation to real channels with a finite number of
antennas. From the proof of Theorem 3 (see Appendix C), the outage
capacity converges to the Gaussian distribution with the same rate as
n; !||R+|| and n'||R.|| go to zero, which is 1//n (n is either ns or
n,.) for the exponential and QE correlation models [see (22) and (26)].
Extensive numerical simulations were used to assess the accuracy of
the asymptotic approximation. Some of the results are shown in Fig. 6,
where the exact capacity distributions of 2 x 2, 3 x 3, and 5 X 5 key-
hole channels with exponential correlation at both Tx and Rx ends are
compared to the corresponding Gaussian approximations. Clearly, the
difference between the Gaussian approximation and the exact distri-
bution is negligible for most practical purposes. Usually, for finite 7
and n.., the asymptotic distribution overestimates the exact one. When
the approximation (22) and the upper bound in (26) are used in place
of the true o2, the exact distribution, in some cases, follows closely
the asymptotic one already for two antennas at each end. However, we
were not able to find a compact general rule indicating the accuracy of
the approximation for given parameters.

The asymptotic normality of outage capacity of keyhole channels
with Rayleigh-fading subchannels can be generalized for a wider class
of keyhole channels.

Theorem 4: Let C' be the instantaneous capacity of the correlated
keyhole channel where h; R: / *g, and h, R ’g,.,  denotes
identical distribution, g; and g, are zero mean complex random vectors
with independent entries (not necessarily complex Gaussian or identi-
cally distributed). When both n+ and n,- tend to infinity, the distribution
of C' is asymptotically normal if:

i) maqs(k) < oo and mo(k) > 0 forall k and some 6 > 0, where

ms(k) = E{(|gx|*—E{|gx|*}*} is the central moment of | gy |*
of order 6, and gy, is the kth entry of either g; or g..
ii) Both R; and R, satisfy a Lyapunov-type condition
IAll2+5

lim ——— =0

(28)
wte [l
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Fig. 7. Mean capacity of correlated keyhole channels versus SNR.

where [ A = (37, (A)™)'/™ is the L, norm of the eigen-
values.
Proof: See Appendix E.

Lyapunov-type condition (28) is also important for asymptotic anal-
ysis of Rayleigh-fading channels [17]. Its detailed theoretical analysis
and some practical implications are presented in [27]. Even though the
condition (28) is in a closed form, its usefulness for practical com-
putations is rather limited due to two reasons: 1) The eigenvalues are
known in a closed form only for some simple matrices. Consequently,
the above condition can be evaluated analytically only in such cases. 2)
Numerical evaluation of this condition is also difficult, since the numer-
ical complexity (number of operations, inaccuracy, etc.) of the eigen-
value problem increases rapidly with n, so that n — oc is problematic
if possible at all. The following Corollary gives a condition that is easier
to evaluate.

Corollary 4.1: 1f both R; and R, have Toeplitz structure, i.e., the
k — mth element of R (either R; or R..) is Ry = Ri—.m, then (28)
is equivalent to
(29)

lim »7'|R|® < oo
n—oc

for both Rt and R.,..
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Proof: See Appendix E.

If lim, oo n Y|R|* < oo, then lim, .. n 2||R||* = 0, and
there is an analogy between the conditions of Theorem 3 and Corol-
lary 4.1, as both require the measure of correlation .~ *||R|| to vanish
asymptotically. Theorem 3, however, does not require Toeplitz struc-
ture of R; and R, but is restricted to complex Gaussian h; and h,..
Since Corollary 4.1 applies to a wider class of h; and h., it indicates
that the measure of correlation proposed in Definition 1 has a higher
degree of universality than just for MIMO channels defined through
complex Gaussian random vectors.

V. BOUNDS ON THE MEAN CAPACITY

Even though the outage capacity is the relevant performance mea-
sure for nonergodic fading channels, the mean capacity is also im-
portant as it gives an upper limit on error-free information rate sup-
ported by ergodic channels. The exact expression for the mean capacity
C of a correlated keyhole channel is rather complicated and involves
Meijer G-functions [12]. However, using (3) and Jensen inequality it is
straightforward to show that the upper bound on C' of correlated key-
hole channels is

C <In(1+ ). (30)

This bound does not depend on correlation and is identical to that
proposed by Shin and Lee [12] for the uncorrelated channels. Cui and
Feng [14] have proposed a tight lower bound

C>ln <1 4 31)

NNy

exp[O(Ry) + G(Rr)])

where, based on (15) in [14], if R, either R or R.,, is nonsingular and
has distinct eigenvalues,
O(R) = —7. + Z“ In(A) (32)

k=1

(for a proof see Appendix F). From Theorem 3, the upper bound (30) is
asymptotically tight with respect to the number of antennas at both the
Tx and Rx ends, in addition, in Appendix F, we show the following.
i) The lower bound (31) is easily obtained using the instantaneous
SNR distribution given by Theorem 1 (this indirectly validates
(5), (6)).
ii) While the upper bound (30) is tight as v — 0, the lower bound
(31) is tight as vo — oo (the last statement has been proven in
[14] for noncorrelated channels; we extend this results for cor-
related channels). To illustrate i) and ii), Fig. 7 shows the mean
capacity and its bounds of 2 X 2 and 12 x 12 keyhole chan-
nels versus 7. C' was numerically evaluated using the instanta-
neous SNR pdf in (5). The exponential correlation model with
the same correlation parameter was used at both the Tx and Rx
ends. Clearly, the lower bound is tight (for 12 x 12 channel, it
is practically indistinguishable from the true mean capacity), the
upper bound becomes tight for both 2 x 2 and 12 x 12 at low
SNR.

A. Impact of Correlation

Unlike the outage capacity, which reduces significantly with corre-
lation, the mean capacity of keyhole channels is almost independent
of correlation (even very high one), as Fig. 8§ demonstrates. An intu-
itive explanation of this is that high correlation reduces the effective
rank of a full-rank channel; for instance, the rank of a fully correlated
(Jr| = 1) Rayleigh-fading channel is one regardless of the number of
antennas. As the result, the mean capacity, in this case, reduces dramat-
ically with correlation [18], primarily due to loss in the effective rank
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at high correlation. Unlike full-rank channels, the rank of a keyhole
channel is already one, regardless of correlation, and hence nor further
loss in rank is possible, so that the mean capacity is not affected much.

It also follows from the comparison between the mean capacity of
various keyhole channels and the upper bound in (30) that the discrep-
ancy between the two does not exceed 30% in the worst case. Thus,
the upper bound can be used as a simple rough approximation for the
mean capacity regardless of correlation.

VI. ACHIEVABILITY OF THE KEYHOLE CHANNEL CAPACITY

It is always intriguing and important to find a system architecture
that achieves the capacity. While Alamouti scheme [22] (with appro-
priate temporal coding) is known to achieve the capacity of channels
of ny = 1 orn, = 1, itis strictly suboptimal for n; = 2 rank-2 chan-
nels. However, in keyhole channels, Alamouti scheme achieves the full
capacity with either n, = 1 or n; = 2 and any n,. Theorem 5 below
formalizes this result.

Theorem 5: Let C' be the instantaneous capacity (2) of a MIMO
channel (not necessarily keyhole) with n¢ = 1 or ny = 2 and any n,,
and C'4 is the capacity when Alamouti scheme is deployed.

i) In arbitrary channel, C = C4 if rank = 1 (which includes

n: = 1 case), and C > C'4 if rank = 2.

ii) In a keyhole channel, C' = C4.

Proof: From (2),

C = In det (I T lHHH)

NNy

> In <1+ i ||H||2) =Ca (33)
NNy
where the equality is achieved for rank-1 channels only. Q.E.D.

Note that Theorem 5 holds for all MIMO channels irrespectively of
the underlying fading distribution.

VII. THE IMPACT OF PERFECT Tx CSI

In general, finding the channel capacity when the perfect CSIis avail-
able at both Tx and Rx ends is associated with significant mathemat-
ical complexity. However, as indicated by the following theorem, in the
keyhole channels the effect of Tx CSI is a fixed SNR gain, and there-
fore does not induce additional complexity into the analysis.

3239

Theorem 6: Consider a keyhole channel with the channel matrix
H given by (1). Under the transmitted power constrain Pr < ny, the
perfect Tx CSI at Tx is equivalent to n¢-fold SNR gain, i.e., the instan-
taneous channel capacity Cc:s) in this case is

Cosi(v0) = Cno) (34)
where C' is given by (3). The optimal input covariance matrix that
achieves the capacity in (34) is

hfh{_l n
el

Q= (35)
i.e., the optimal transmission strategy is the beamforming to the key-
hole.

Proof: From [1], [35], the instantaneous capacity of the keyhole
channel with full CSI at both Tx and Rx ends is given by

C = max Indet <I + ‘}—OHQHH>
tr{Q}<n; NNy
= max Indet <I + —° h hi’Qh,h! ) (36)
tr{Q}<n; Ty
where the second equality is due to (1). Note that

maxi,;{Q}<n, h Qh, = n|/h|”. The maximum is achieved when

Q has a single nonzero eigenvalue Amax = n¢, with the corresponding
eigenvector h; /||h||, i.e., Q is as in (35). Substituting (35) in (36),
one obtains (34).

Since the fixed SNR gain does not change the channel statistics, due
Theorem 5, the results obtained above for the keyhole channel with no
Tx CSI, including mean and outage capacities, hold true for the chan-
nels with the perfect CSI at both ends as well, with the correspondingly
adjusted SNR.

VIII. OUTAGE CAPACITY AND SYMBOL ERROR RATE

Consider an application of the outage capacity distribution to esti-
mating symbol error rate (SER). If an M -ary modulation is used to
transmit digital data over a pass-band channel, the maximum rate in
natural units per unit bandwidth, which satisfies the zero ISI Nyquist
criterion, is R = In(M). If C' < R, the channel is in outage and all
the received blocks of symbols are in error with high probability. As-
suming that the outage events are the dominant contributor to the block
error rate (BLER), it can be estimated via the outage probability

P.(M) = Pr{C < R} = Fc(In(M)) (37)
where Fe:(x) is given by (4). In general, the BLER upper bounds the
SER [33]. When the coherence time of the channel significantly ex-
ceeds the symbol duration (i.e., long bursts of errors during outage
events), the two are close and (37) can serve as an estimate of the SER
as well. Table I compares P. (M) in (37) using the exact F, () in (6)
and the SER of 8-PSK and 16-QAM with Alamouti scheme in the 2 x 2
uncorrelated keyhole channel given in [13]. As expected, (37) indeed
upper-bounds the SER and is of the same order of magnitude. Thus,
the outage probability provides a simple estimation of the SER, which
captures the effect of modulation level M, without detailed and com-
plicated analysis usually encountered in such problems. Furthermore,
for large systems the asymptotic capacity distribution can be used in
(37) for this purpose, simplifying the estimation even further.

IX. MULTIKEYHOLE CHANNEL

The ideal keyhole channel is not often encountered in practice [10],
[11], since the assumption of a single nonzero eigenmode is only a
rough approximation for most propagation scenarios. More often, the



3240

TABLE I
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Fig. 9. Multikeyhole MIMO channel.

channels may be comprised of multiple keyholes (see Fig. 9), the “mul-

tikeyhole channels.” Following (1) and assuming that contribution of

the Tx-Rx paths propagating via more than one keyhole is negligible,

the transfer matrix of the multikeyhole channel can be represented as:
M

H= Z arhachil = H.AH

k=1

(38)

where M is a number of keyholes, a, is the complex gain of the
kth keyhole, hyi[n¢ x 1] and h,x[n, x 1] are random vectors rep-
resenting the complex gains from the transmit antennas to the kth
keyhole and from the kth keyhole to the receive antennas, respec-
tively. H, = [h“ cee hm/j], H, = [h,rl .. h,r]\/[] are [nt X f\é[]
and [nr x M) matrices, respectively, and A is a [M x M] diagonal
matrix with elements Axr = ar,k = 1---M. Assume that for
every k,h¢ and h,; are mutually independent complex circular
symmetric Gaussian vectors with zero means and corresponding
correlation matrices Rix = E{hqh/L} and R, = E{h,;h/]}.
Assume also, that the keyholes are independent of each other, i.e.,
E{h;.hfi,} = E{h,;h”,} = 0 for any k& # m. For comparison
purposes, H is normalized so that E{||H||?} = n:n, and for every
E,ng "E{|h|*} = ny ' E{||h«||*} = 1, which implies

M
S ot =1
k=1

i.e., we compare between the channels when the average SNR is con-
stant regardless the number of keyholes.

By substituting (38) in (2), it is straightforward to show that the
instantaneous capacity of a frequency-flat quasi-static multikeyhole
MIMO channel in natural units with CSI available at Rx end only is
given by

(39)

C =Indet(I+vB,AB,A") (40)

where B, = HIH,/n, and B, = HF H,. /n,.. From (40), the distri-
bution of a full-rank multikeyhole channel with M > min{n, n,} is
different from the full-rank Rayleigh channel.

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 54, NO. 7, JULY 2008

Theorem 7: Let C' be the instantaneous capacity of a mul-
tikeyhole channel defined above. If lim,, .o n; ||hew|® <
00, limy,, — o ny! ||hrk||2 < oo and lim,,, —o 71;2t1‘[Rt]]£Rf]\/[] =
0, limy oo nf%r[Rf#kR,ﬁM] = 0 forevery k,m = 1--- M, then as
both n¢, n, — oo,

M 2
P |ak| Yo 2 2
L3 m (1 10 ) . @1)

k=1
Proof: See Appendix F.

From Theorem 7, the asymptotic instantaneous capacity of a multi-
keyhole channel is the sum of the capacities of M single keyhole chan-
nels, i.e., the subchannels supported by different keyholes are essen-
tially decoupled of each other.

Corollary 6.1: Under the conditions of Theorem 7, the instanta-
neous capacity of the multikeyhole channel is asymptotically Gaussian
with the mean pand variance o2 as follows:

M
p= 3 (L + o)

k=1

~ 2 1 M

2 Y 2
= R

7 <1+7’o) (n? 2 IRl

k=1
1 M
2
b 3R,

Proof: Under the conditions of Theorem 7, C' in (41) is a sum of
independent random variables, which, from Theorem 3, 4 are asymp-
totically Gaussian. Therefore, C' is also asymptotically Gaussian with
the mean and variance given by (42).

(42)

Using Jensen inequality and the normalization in (39), it is straight-

forward to show that
< Mn(l+~/M) (43)

with equality if |ax| = /1/M,k = 1--- M, i.e., if the gains of all
the keyholes are same. Since M In(1+4~y /M ) increases monotonically
with M, the channel with more equal-gain keyholes has higher mean
capacity. However, this is not necessarily true for the outage capacity,
since an increase in M increases not only pbut also o® (see (42)). Thus,
the outage capacity for some outage probabilities may increase, while
for others it may decrease. To demonstrate this, consider a marginal
case where the channel has A equal-gain keyholes and M is large.
From (43), lima/—oo pt = 70, i.€., asymptotically does not depend
on the number of keyholes. In contrast, o2 increases with M. Thus,
from the analysis given in Section IV for two Gaussian cdfs with the
same mean and different variances, we conclude that an increase in M
decreases the outage capacity of such a multikeyhole channel at outage
probabilities less than 0.5 and increases it at outage probabilities greater
than 0.5 (we stress that this conclusion holds true under normalization
(39) and may change if a different normalization is adopted).

Similarly to (17), o2 in (42) is a sum of correlation measures over
all keyholes at the Tx and Rx ends. Based on Definition 1 and the anal-
ysis presented above, a decrease in correlation and/or an increase in,
decrease o2 (assuming that for every k, n~ " ||Ry|| decreases monoton-
ically with n, where R is either R, or R..). Therefore, the asymp-
totic outage capacity increases at outage probabilities less than 0.5 and
decreases at outage probabilities greater than 0.5.

4Note that if the conditions of Theorem 5 are fulfilled, then the conditions of
Theorem 3 are also satisfied.
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X. CONCLUSION

A profound reason to study keyhole channels is not only in prac-
tical applications (i.e., as a model of physical propagation channels, in-
cluding relay amplify-and-forward channels), but also due to the unique
position of these channels as a model of the worst case MIMO propaga-
tion scenario (i.e., rank-one MIMO channels). The investigation of the
keyhole channels can reveal how well a system performs in channels
other than the Rayleigh ones (which were extensively studied and are
well understood by now), and how much the results established for the
Rayleigh channels apply elsewhere (i.e., robustness). The present study
shows that, despite the degenerate nature of keyhole channels, their
outage capacity is, similarly to full-rank Rayleigh channels, asymptot-
ically Gaussian, when the number of antennas is large, regardless of
whether or not the channel state information is available at the Tx end.
This conclusion, together with other results on the asymptotic outage
capacity of uncorrelated and correlated Rayleigh channels [16], [17]
indicates that the Gaussian distribution has a high degree of univer-
sality (robustness) in the outage capacity analysis of MIMO channels
in general.

APPENDIX A
PROOF OF THEOREM 1

Let 3 be either 8; = ||h¢|?, 8- = ||h.|*. Under the adopted as-
sumptions, the distribution of 3 is generalized x* with the character-
istic function ®3(w) = det™*[I — jwR], where R.is either R or R.,.,
and j = v/—1 [29]. When R is nonsingular and has n distinct eigen-
values Mg,k = 1---n. The characteristic function (CF) of 3 can be
represented as

n n

H(l —jw) T = ZAI.:(I — jwde)™!

k=1 k=1

By(w) = (A1)

where A;, are the coefficients of the partial fraction decomposition of
®3(w), such that >, Ap = 1 [24]. From (A1)

oA [T (1 —jwrm) =1.

(A2)
k=1 m=1
m#k
Since the equality in (A2) holds for every w, at w = —j /\,:1, k=
1---n (A2)is
Ap T 0 =2/ = (A3)
it

which proves (7).
Based on (A1), the pdf and the cdf of 3 are given for 2 > 0 by

fow) = o [ Baw)edu

_ n ﬂ i

= 2 N exp < )\k> (A4)
Fy(x) = /fg(t)dt_ 1— ZAk exp <_7> (A5)
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Since « is a product of 3, 3., and 3, 5 are assumed to be indepen-
dent, the pdf f.(z) and the cdf F,(z) of « are

fu(z) = /% fl7t(3/x)f%7r(x>d1n(x) (A06)
0

F.(z)= /0 Fp,(z/2)f3,.(x)dx (A7)

where Fg, (), f3,(z) and Fp, (z), f3,.(x) are the cdf and the pdf of
B¢ and fr, respectively. Thus, by substituting (A4) and (AS5) in (A6)
and (A7) one obtains (5) and (6). Q.E.D.

APPENDIX B
PROOF OF THEOREM 2 AND COROLLARY 2.1

Lemma B: Let /3 be a generalized y* random variable with the CF
Bs(w) = det™'[I — jwR] [29]. If lim,,—. n~"tr{R} < oo and
lim, —oo 7 2||R||?> = 0, then, as n — oo, the distribution of n 13
is Gaussian with the mean ;¢ = n~"tr{R} and the variance 0% =
| R,

Proof: Since /3 is a generalized x> random variable with CF
$5(w) = det I — jwR], the characteristic function of n™ 173 is
®(w) = [}, (1 — jwlr/n)~", where \j are the eigenvalues of R.
Or equivalently In(®(w)) = = >, In(1 — jwAx/n). Assume that
n is large enough such that for every Ag, |[wA,/n| < 1, then the ex-
pansion of In(®(w)) in Maclaurin series gives

7u1/\k

In(®(w)) = Z Z

k=1m=1

B

nmm

Define L,, = n="™ Y ;_, Ap,m = 1,2,...
of summation, (B1) can be rewritten as

By changing the order

= hl(q)fl("'))) + Z (jw)m[/m/"n

m=3

In(®(w)) (B2)

where &, (w) = exp(jwLi —w? L2/2) is the CF of a Gaussian random
variable with the mean # = L and the variance 0> = L. Note
that L, = n~'tr(R) and L» = n~?||R||*. Therefore, the necessary
conditions for lim,— ®(w) = P4(w) are

lim L; < oo, hm Ly < hm L,/L;=0form >3 (B3)

n—oo n—

Below we show in two steps that the sufficient condition to ensure
limp,—co Lin/Lo = 0 for m > 3 is lim,—o L» = 0. Note that
|wAr/n| < 1 follows from lim, ., L> = 0, and hence it holds true
under the conditions of Lemma B.

1) Iflimy,—c Lo = Othenlim, —oo Laswm /Lo = 0form = 2,3,...

T
. . 1 -2 2
lim Lom/Lo = lim Ly n "™ g A
n—00

T — OO k:1
< lim Ly? <n2 Z )\f)
n—od k:1
= lim Ly ' =0. (B4)
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The inequality is because all A; are nonnegative. Thereby, since
Hlnnﬂoo L?n/LZ 2 0

lim Lym/Ls =0,

7n— 00

m > 2. (BS)
2) Based on (B5) and Cauchy—Schwarz’s inequality, for m > 2
lim Lwn-‘,—l/LZ

= lim L;'n —(m+1) ka+1 <

n— 00

k=1
n n
. _1 . .
< lim L; n—2m E Azm. Ip—2 E A2
~ n—oo ’ ’
k=1 k=1

= lim L3'VIom - VL2

= lim y/Lom/L2 =0. (B6)
Using the same argument as for (B5)

lim Lpt1/Lo=0, m>2. B7)
Therefore, if lim, .. rfltr(R) < oo and

lim,—ce n?R|]*? = 0,lim,—oe ®(w) = Oy(w), ie
n '3 is asymptotically Gaussian in distribution. Q.ED.

Corollary B: Under the conditions of Lemma B

155 lasn — oo (B8)

Proof: From Chebyshev inequality [29], for any = > 0O:

Pr{{n™'8 — E{n" "8} >} < Var{n~'3}/c (B9)
where Var denotes variance. Since under the adopted normalization
E{n~'3} = 1 and following Lemma B Var{n '3} = n ?||R|* —
0 asn — oo, using the continuity property of probability measure, one
obtains

e (

Proof of Theorem 2:

i) ny — o0, ny < oo: From Lemma B and Corollary B, nflﬁt LA
1 asn; — oo. Thus, from Slutsky Theorem [[30, Th. 6’a]], C EiN
In(1 4 ~v03-/n.) as ny — oo. Note that under the adopted as-
sumptions In(1 + 03, /n, ) is the instantaneous capacity of an
1 x n, Rayleigh fading channel.

ii) n¢ < 0o, n, — oo : Due to the symmetry, the proof follows the
same arguments when the Tx and Rx ends exchanged. Q.E.D.

Var(3/n
272/) =0. (B10)

n—o00 N, 71— 00

lim E — 1‘ > 6) < lim

Q.E.D.

Proof of Corollary 2.1:

i) ne — oco,n, < oo:LetJ = In(l+ ~03-/n,). Since J
is a continuous monotonically increing function of 3., its cdf
is Fy(x) = Fp,(ny(e® —1)/%). Thus, from Theorem 2 and
using the fact that convergence in probability implies conver-
gence in distribution, as n; — oo

Fo(x) — Fi(x) = Fg,(no(e” —

1)/%)-
If R, is nonsingular and has distinct eigenvalues Aj,k =
1---n4, F,(x) is given by (A5).

ii) n; < 00, n, — o0 : Due to the symmetry, the proof follows the
same arguments when the Tx and Rx ends exchanged. Q.E.D.

(B11)
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APPENDIX C
PROOF OF THEOREM 3

Define a function f(z,y) = In(l + vz - y). From (3),
C = f('n/t_lﬂt,n/fl,{ir). From Lemma B, as n;y — oo and
n. — oo,n; B and n; '@, are asymptotically Gaussian in
distribution with the means E(n;'3,) = E(n,;'3,) = 1 and the
variances n; 2||R+||* and n, 2||R..||*. Since the derivative of f(=,y)
is continuous in the neighborhood of x = 1 and y = 1, using Cramer
Theorem [31], [30, Th. 7], C' is asymptotically Gaussian with the mean

= f(1,1) = In(1 4 ) (&)

and the variance

c?f(w,y)‘ ] IR
0f(x,y)

2 2
IR~
oy z=1 n2
y=1

N (" 1 1
= () (R + i) e
QED.

+

APPENDIX D
APPROXIMATIONS OF CORRELATION MODELS
A. Exponential Model

Consider an n X n exponential correlation matrix R whose elements
are defined in (21). Then

n”'tr{R} =1 < . (D1)
For a finite » and |r| # 1, || R
n—ln—k—1
||R||2 :tr{RR}:ZZ Z —n=
k=0 m=0
N e sl
=2 Z = | P -n
_ Z,m, _
= e S
1 12 2 2(n41) _ 2
B N (el JeS
=P’ =1
Therefore as n — oo
—2 2 1 1+ |7'|2
n” || R el EE —0lr] < 1. (D3)
Q.E.D.

B. Quadratic Exponential Model

Consider an n X n quadratic exponential correlation matrix R whose
elements are defined in (25). Then

n'tr{R} =1 < . (D4)
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n—ln—k—1

IR|* = tr{RR} = 2 Z Z 2m 0

k=0 m=0

(D3)

IR||? can be bounded using Cauchy convergence test [24] which is
based on the following: Let ax be a decreasing sequence of k € Z (aset
of integer numbers) and a(x) be a monotonically decreasing function
such that a(x) = aj at @ = k, then

n+1

/n(r)dT<Zak</ a(x)d

Let by, be an increasing sequence of & € Z and b(x) be a monoton-
ically increasing function such that b(x) = by at & = k, then:

(D6)

n n n«&:l
/b(;r)dx <> b < / b(x)da. (D7)
1 k=0 0
1) Upper bound on n7?||R||* for n — oo : Let a =

. Since for |r| < lag is a sum of the de-
2m” we use (D6) to obtain

ZZ,—:IB_1 |T|27r12
creasing sequence |r|

n—k—1

n—k—1
ar =1+ Z |7,|2m2 S 1+ |7'|212d;p
m=1 0
—14 VT &if(n — k= Dy(r)] DS)
2 v(r)

where v(r) = \/—21ln|r|, & («

[24]. From (D5)

= er f(x) is the error function

n—1
IR|* =2 Z ap —n<n
= n—1
e Z &l(n =k = 1)r(r)]

n—1

—n—|— \/_ Zflm v(r)]<n

ﬁ e x-v(r)]dx
e / &1l v(r)d
= nyT n-v(r
=nt v(r) &l (r)]
1= expl=(n - #(r)?]
—v2(7r) (D9)

The second inequality is due to (D7), since &1 - v(r)] is an
increasing sequence of m. Thereby, as n — oo

(D10)

SR|E < L [1+ ‘/;} —0.
n

v(r)

2) Lower bound on n2||R/|* for n — oc: From (D6) for |r| < 1

n—k—1

ap =1+ Z 'zm >1—|—/||“ dx

Y.
=1+ T(T)(él[(n

Eyv(r)] —&Ev(r)]) (DI11)
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Then following (D5)

n—1

IR|* =2 Z ag —n>n
Z
k 0
_IL'\/TE&[V( ) = (L Z [m -
\/‘ n
v(r)

Eyv(r)]

Sl zn+ Y [ &fe- ()

—’;g ()] =n+ E/;(Sl[n v(r)] = Efv(r)])
n 1- exp[—(vL v (r))?] D12)
. —v3(r)
ie,asn — oo
SR>~ {1 + % [v(:)]] ~0 (D13
where E(x) = erf c( 2) is the complementary error function
[24] Q.ED.
APPENDIX E

PROOF OF THEOREM 4, COROLLARY 4.1

Lemma E: Leth < RY/ 2g, where g is an n x 1 zero mean complex
random vector with independent entries, and R is an n X n correlation
matrix. Asn — oo, n *||h||* is asymptotically normal in distribution
if: mays(k) < oo and ms (k) > 0 for all k and some & > 0, where
ms(k) = E{(lgx|* — E{|gr|*}°} is the central moment of |gx|> of
order 6, and gy. is the kth entry of g, and 2)

Z(5) = lim_ [Al+o/[\l2 = 0 (ED)

where [|Allm = (327, (\)™)"/™ is the norm of the eigenvalues of

R.
Proof: Under the adopted assumptions

n
Y Aelgnl?
k=1

From Lyapunov Theorem [[32, p. 310]] »!||h||? is asymptotically
normal in distribution as n — oo, if for some 6 > 0

n”Hh|)® o« n (E2)

n s
(St A s (1)) /T

- =0 E3
(S5, A2 - ma (k) =

lim

n—oo

Let M = maxp{mays(k)} < oo, and m = ming{mz(k)} > 0,

then
n S 24-6)
( . /\z+5m2+5(k))1/()+ )
n : 1/2
(S, A2 - ma (k)
ML/ (248 (221:1 /\i+6)1/(2+6)

(S a2

~ n—oo 771,1/2

AL/ (2+8)
T

(E4)
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Under the conditions of Lemma E, M*/+®) /;m1/2 < oo Thereby,
from (E4), if Z(4) = 0, the limit in (E3) holds, i.e., »~*||h||? is asymp-
totically normal in distribution. Q.E.D.

Proof of Theorem 4: Define a function f(x,y) = In(1 + vox - y).
From (3), C' = f(n;'Bt, n, '3,). From Lemma E and under the
adopted normalization, as n; — oc and n, — oo,n; B and
n, 13, are asymptotically Gaussian in distribution with the means
E(n'8) = E(n:'8,) = 1. Since C is a smooth function
(first-order derivative is continuous) in the neighborhood of E(n; ! 3;)
and E(n,'3,), using Cramer Theorem [31], [[30, Th. 7]], C is
asymptotically Gaussian Q.E.D.

Proof of Corollary4.1: Let R (either R, or R.;-) be a Toeplitz corre-
lation matrix with vector eigenvalues A. Let t4_,,, be the k, m element
of R. From [27, Th. 1], Z(6) = limy,,—cc ||A||2+6/||A|]2 = O for any
6> 0if

n—1

Z |tk|2 < o0

k=—nt1
i.e., R is square-summable. From Szego Theorem [34]

lim

n—oo

(E5)

n—1

Z [te

k=—n+1

n—1
. -1 2
= lim n E AL
T — OO
k=0

= lim » 'R
N — 0O

lim

n—oo

(E6)

where ), are the eigenvlues of R. Thus, if lim,, .. n ™' [|R|]* < oo,
then Z(§) = 0 forany 6 > 0. Q.E.D.

APPENDIX F
BOUNDS ON MEAN CAPACITY

From (3) and following the approach proposed in [14]

)

oxp[E (o]}

C:E{ln<1+ RN
NNy

>In <1 + o
tn

(F1)

n

r

The inequality is due to the convexity of In(1 + exp[z]). The gen-
eralized moments of « are

F{a"} = /0 T AP ()

¢
=T u+1]- )
k=1

AL Y AL (F2)
m=1

where F, () is given by (6), I'(z) is the Gamma function [24], A}, A7,
are the eigenvalues of the correlation matrices R; and R, and both
Al AT, are given by (7) when A}, A7, are distinct and nonzero. Sub-
stituting (F2) in E{ln o} = (d/du)E{a" }|u=0 one obtains

E{lna} =0(Ry) + O(R,) (F3)
where O(R¢) = —ve + > 1L, Ay In(A;) and O(Ry) = —7e +
S Ar, In(A7,). Substituting (F3) in (F1) gives the lower bound
in 31). Q.E.D.
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Denote the upper and lower bounds in (30) and (F1) by C', and 4,
respectively. From (F1), as 4o — 00, C' — In(vo/(ntn, )+ E{lnal,
and so C; — In(vo/(nsn,)) + E{lna}, thus, ¢ — C as vy —
0. Q.E.D.

From the expansion of the right hand side of (F1) and (30) in
Maclaurin series, as o — 0,C — (y0/(n¢n,))E{a} = o, and so
C. — 70, where E{a} = nn, due to the adopted normalization.
Therefore C,, — C as Y — 0 Q.E.D.

APPENDIX G
PROOF OF THEOREM 7

Lemma G: Let H be an n X M random matrix with M mutu-
ally independent columns hy ---hjys, and A is an M x M diagonal
matrix with elements Ayx = n~'||h;||*, where hy, &k = 1--- M,
is a Gaussian circularly symmetric vector with the correlation matrix
R: = E{hih]'}. H"H/n and X are asymptotically equivalent in
probability, i.e., H"H/n £ Xasn — oo, if n ™ tr{Rs} < oo and
lfztl'[RkRm] — 0, k,m=1---M,as n — oo.

Proof: Without loss of generality, assume that hy, k = 1--- M
are normalized, so that n~'tr{Rs} = 1. Thus E{HH/n} =
E{\} =1, where I is the M x M identity matrix, since hy - --hys
are mutually independent. From Chebyshev inequality [24], for any
e>0

Pr{|[H"H/n - A| > c} <& *- B{IH"H/n - A’} (G1)
where
E{|H"H/n - A"}
=n *t/[E{H"HH"H}]
—2tr[E{H"H/n - A\}] + tr[E{AA}]
=n"tr[E{HH"HH"}] — tr[E{AA}]
M M
=n"? Z an[E{h,nh,Zihkh,i’}]
m=1 k=1
M
—n7? Y tr[E{h,h; b
m=1
M M
=n"? 3" > tr[E{h,hi hehi'}]
m=1 ‘5;:1
M M
=n"? Z Z tr[R.. Ry] (G2)
m=1 k=1
k#m

where the second equality is since tr[ E{H” H/n-A}] = tr[E{AA}].
By substituting (G2) in (G1)

M

M
1
Pr{|H"H/n - A > ¢} < )2 Z Z tr[RRi]  (G3)

m=1 k=1
k#m

Therefore, if = ?tr[RtRm] — 0,k,m = 1--- M, as n — oc, then
from (G3) using the continuity property of the probability measure, for
any £ > 0

Pr{|H"H/n - \| >} = 0, asn — oo (G4)

Q.E.D.

Proof of Theorem 7: From Lemma G, B, & X, and B, & X,
where A, and A, are diagonal matrices with elements nt_1 ||k ||2 and
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ny||hrag||?, kym = 1--- M, respectively. Thus, from Slutsky The-

orem [30, Th. 6’a], as both n¢, n, — oo

C 2 Indet(I+ oA AAAT)

e 5
= Zln <1 + k—n‘m||hf,k||2||hrk||2> (G5)
htilr

n
k=1

Q.E.D.
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