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Design of Reduced-Rank MMSE Multiuser Detectors
Using Random Matrix Methods

Linbo Li, Antonia M. Tulino, Member, IEEE, and Sergio Verdd, Fellow, IEEE

Abstract—Reduced-rank minimum mean-squared error
(MMSE) multiuser detectors using asymptotic weights have been
shown to reduce receiver complexity while maintaining good per-
formance in long-sequence code-division multiple-access (CDMA)
systems. In this paper, we consider the design of reduced-rank
MMSE receivers in a general framework which includes fading,
single and multiantenna receivers, as well as direct-sequence
CDMA (DS-CDMA) and multicarrier CDMA (both uplink and
downlink). In all these cases, random matrix results are used to
obtain explicit expressions for the asymptotic eigenvalue moments
of the interference autocorrelation matrix and for the asymptotic
weights used in the reduced-rank receiver.

Index Terms—Code-division multiple access (CDMA), fading
channels, minimum mean-squared error (MMSE) receivers,
multiantenna systems, multicarrier CDMA, multiuser detection,
random matrix theory.

1. INTRODUCTION

HE analysis of randomly-spread direct-sequence code-di-

vision multiple access (DS-CDMA) in the asymptotic
regime of number of users K and spreading gain [V going to in-
finity with a constant ratio has received much attention because
it helps gain insight into the behavior of multiuser receivers for
large DS-CDMA systems employing pseudonoise spreading
sequences (e.g., [13], [33], [38], [39]). Particular attention
has been paid to the linear minimum mean-squared error
(MMSE) receiver, which maximizes the output signal-to-inter-
ference-plus-noise ratio (SINR). For single and multiantenna
DS-CDMA, the output SINR of the MMSE receiver is shown
to converge [18], [33] in the asymptotic regime to the solution
of a fixed-point equation by using results on the eigenvalue
distribution of large random matrices.

To maximize the output SINR, the MMSE receiver needs
to invert a matrix whose dimensionality is equal to either the
number of users or the spreading gain. In large systems, this is
a computationally intensive operation. It is therefore desirable
to find a receiver which approaches the optimal output SINR
of the MMSE receiver at a lower computational cost. Multi-
stage MMSE receivers, studied in [21], [28], approximate the
MMSE receiver by a linear operator on a signal subspace and,
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hence, reduce the computational complexity. The multistage
Wiener (MSW) filter, originally proposed in [10], [11], is
analyzed in [21] for unfaded DS-CDMA in the asymptotic
regime. It is shown in [21] that the MSW filter is equivalent
to the reduced-rank MMSE receiver, which approximates the
matrix inversion through a polynomial expansion. It is further
demonstrated in [21] and [26], numerically and analytically,
respectively, that the number of stages D needed in the re-
duced-rank receiver to achieve a desired output SINR does
not scale with the system size; in fact, D = 8 is sufficient to
achieve near-full-rank output SINR regardless of the dimension
of the signal space. However, the weights of the reduced-rank
receiver depend on the spreading sequences. Therefore, for
long-sequence CDMA, where the period of the spreading
sequences is usually a large multiple of the symbol duration,
they need to be re-evaluated and updated from symbol to
symbol, which hampers real-time implementation.

To overcome this problem under the random spreading
model, [29], [35], and [25] proposed the asymptotic re-
duced-rank MMSE receiver, which replaces the optimal
weights by their limiting values calculated in the asymptotic
regime (K, N — oo with % — (3). In contrast to the exact
weights, the asymptotic weights depend neither on the realiza-
tion of the spreading sequences nor on the realization of the
channel. Since the asymptotic weights depend only on 3 and
the channel fading distribution, they do not need to be updated
from symbol to symbol. Therefore, real-time implementation
becomes feasible. In order to compute these asymptotic weights
explicitly, explicit expressions for the asymptotic moments of
the received spreading sequence matrix have been derived using
random matrix theory. The scenario considered in [29] is that
of DS-CDMA with equal-power users and no fading. In turn,
[25] considers the more general scenario of DS-CDMA with
unequal-power users and flat-fading.! In addition, [25] extends
the analysis to multiantenna receivers (with the constraint that
the received amplitudes at those antennas be equal).

Although, theoretically, the difference between the asymp-
totic weights and the optimal weights only vanishes in the limit
of infinite system sizes, the numerical results in [25] show that
the asymptotic weights work well for even moderately large
effective spreading gain (the spreading gain multiplied by the
number of antennas). For instance, for a system with effective
spreading gain equal to 32, the performance loss due to the
use of the asymptotic weights is at most 1 dB for the input
signal-to-noise ratio (SNR) considered.

Section II gives several definitions and general results on
asymptotic reduced-rank receivers used throughout the paper.

ISimilar results were later reported in [5].
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In addition to random matrix theory, we import results from
noncrossing partition theory and their connection with the min-
imal factorization of a cyclic permutation. Using these tools, we
obtain recursive expressions (which may be of independent in-
terest) for the asymptotic moments of random matrices with in-
dependent nonidentically distributed entries. These expressions
depend on the variance of the entries of the random matrix and
generalize the relationship relating moments and free cumulants
found in [32]. In the special case in which the matrix of vari-
ances can be written as an outer product, we prove an explicit ex-
pression for the asymptotic eigenvalue moments which had been
independently conjectured in [42] in the context of the analysis
of least squares algorithms for DS-CDMA. We also compute the
asymptotic moments of some classes of random matrices whose
entries are correlated across the columns but independent across
the rows. This result encompasses the case of a product of a ma-
trix with independent and identically distributed (i.i.d.) entries
and an independent Hermitian matrix analyzed by [43].

Applying the technical results developed in Section II, we go
beyond the design methodology put forth in [25] for DS-CDMA
channels subject to flat fading. While adhering to the setting of
spreading matrices with independent entries, Section III extends
the analysis of reduced-rank MMSE by [25] in two different
directions. First, DS-CDMA channels subject to frequency-se-
lective fading are considered for both uplink and downlink sce-
narios? and, then, DS-CDMA flat-faded channels with multiple
receive antennas are studied (removing the constraint, imposed
in [25], of equal amplitude at each such antenna). Unlike pre-
vious works that deal exclusively with the downlink, our up-
link analysis requires finer random matrix tools and is general
enough to encompass non-Gaussian chip distributions.

In Section IV, we generalize the channel models to embrace
multicarrier CDMA (MC-CDMA) subject to frequency-se-
lective fading. In particular, Sections IV-A and IV-B derive
the asymptotic reduced-rank receiver for uplink and down-
link MC-CDMA, respectively. Further, in Section IV-C, the
full-rank MMSE receiver is analyzed for both uplink and
downlink MC-CDMA. A fixed-point equation for the asymp-
totic maximum output SINR is derived for both cases,> which
particularizes to the Tse—Hanly equation for the special case of
DS-CDMA subject to frequency-flat fading [33].

Our numerical results in Section V show that, for practical
processing gains, the performance loss due to the use of asymp-
totic—rather than exact—weights is very small for input SNR
levels of interest.

II. ASYMPTOTIC EIGENVALUE MOMENTS

Throughout the paper, (A); ; indicates the (4, j)th entry of
the matrix A, (A); indicates its jth column, A; indicates the
submatrix obtained by removing from A the jth column, and,
finally, (z); indicates the jth entry of the vector .

2For the downlink, the full-rank MMSE receiver for isometric spreading see-
quences is studied in [3], [4] under the assumption that the users are partitioned
into a finite number of classes, each having a distinct power.

3For downlink MC-CDMA in the special case of equal-power users, a fixed-
point equation for the asymptotic maximum output SINR was independently
derived in [6] for both isometric and i.i.d. spreading sequences.
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The basic model used throughout the paper is a general linear
model that accommodates most single and multiuser communi-
cation scenarios. Such multiple-input multiple-output (MIMO)
model is

r=Tb+n )

where b is the nr-dimensional input vector whose entries are
modeled as zero-mean unit variance and uncorrelated, r is the
n.-dimensional output vector, and the n,-dimensional vector n
is the additive Gaussian noise, whose components are indepen-
dent complex Gaussian random variables with zero mean and
independent real and imaginary parts each with variance o2 /2
(i.e., circularly symmetric). T' = [(T)1, ..., (T)n,], in turn, is
the n, X n; complex random matrix describing the channel and
it is independent of n.

Model (1) encompasses a variety of channels of interest in
wireless communications such as multiaccess channels, linear
channels with frequency-selective and/or frequency-dispersive
fading, multidimensional channels (multisensor reception, mul-
ticellular system with cooperative detection, etc), crosstalk in
digital subscriber lines, signal space diversity, etc. In each of
these cases, n,, n1 and T take different meanings. For example,
ny and n, may indicate i) the number of transmit and receive an-
tennas, respectively, with T" describing the fading between each
pair of transmit and receive antennas, ii) the spreading gain and
the number of users with T' the signature matrix, or iii) time/fre-
quency slots with T the tone matrix. Naturally, the same linear
model applies to problems that incorporate more than one of the
above features; in these cases, it may be more convenient to use
matrices or higher dimensional objects to represent the input and
output quantities (for example, in a multiantenna DS-CDMA
system with processing gain N, n, = NL with L the number
of receive antennas.)

In the remainder of the paper, we always consider a linear
MMSE receiver that has perfect knowledge of the channel ma-
trix. Consequently, the decision statistic adopted at the receiver

to decode the kth input signal is (b);, = ¢'r where?

¢= (TTT ¥ 021) ), @)

i o7\ 7!
~ (Tka to I) (T) 3)
where T, is the n, X (n1 — 1) matrix defined as
Ty =[T), -, (Te-1, (D1, -, (T)k]. C))

The complexity of computing the inverse of the n, X n, ma-
trix (TkTTk + 02I') can be lowered by approximating the ma-
trix inversion with the following polynomial expansion:

D-1

ep =Y (W) (T} +0°T)" (T ©)

m=0

“4For convenience, the explicit dependence of ¢ on k is omitted.
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where D is the rank (or the number of stages) of the receiver. The
weights, chosen to minimize the mean-squared error (MSE), are
given by [21], [25]

w =
Hi+HoHo Hp+Hp-1Ho [ Ho
Hp+Hp-1Ho Hop-1+Hp-1Hp-1 D-1
(6)
where the (7,7)th entry of the matrix in (6) is Hit;—1 +
Hi_lHj_l with
Mo = (T)} (TkT; + 021) (T)s. )

D = n, corresponds to the full-rank MMSE receiver. From
(7), we note that the optimal weights depend on the channel
matrix T. Therefore, for applications where T' changes at every
symbol interval (like in the case of aperiodic DS-CDMA with
long spreading sequences), the weights must be re-evaluated
and updated at every symbol interval. To lift the burden of
computing the weights from the received spreading sequences
for every symbol interval, [29], [35], and [25] proposed the
asymptotic reduced-rank MMSE receiver which replaces the
optimal weights with their limiting values in the asymptotic
regime (ng,n, — oo with -+ — () with the intuition that
their dependence on the recelved spreading sequences would
vanish asymptotically. For the scenarios considered in [25],
namely, single and multiantenna (with the constraint of equal
received amplitudes at those antennas) receiver for DS-CDMA
subjected to flat fading, with and without linear conjugate
transformations, as for scenarios analyzed in [29] and [35], this
intuition was validated.

In this paper, following the philosophy in [25], we also cal-
culate the limits of the optimal weights (6) in the asymptotic
regime for more general and diverse scenarios whose mathe-
matical model can be described by (1). From (6), the asymptotic
weights boil down to the asymptotic value of H,,, namely

HZ® = lim H, (8)

ny— oo
from which it follows that the asymptotic weights (w®),,’s are
given by (6) where each H,, is replaced by its asymptotic coun-
terpart H;?, i.e
H® + HEHE® HES +HES He 17!

- H3p 1 +Hp 1 HE
Hg*

HE +HE_Hg®

)
D-1

The calculation of the asymptotic weights (9) is closely re-
lated to the evaluation of the asymptotic eigenvalue moments of
TT". Several models for the random matrix T' are adopted in
the various problems studied in this paper.
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* A matrix with zero-mean independent entries, arbitrarily
distributed.

* A matrix of the form T = [A;1(S)1,...,4n,(S),,]A
where A is an n; x ny arbitrary deterministic diagonal
matrix, Ay for K = 1,...,ng is an arbitrary sequence of
No X Mo (possibly random) Toeplitz matrices, while S is
an n, X ny zero-mean random matrix with i.i.d. entries and
variance 1/n,.

We always assume that
n

6 = lim L

No—00 N

(10)

is finite and strictly positive.
Let us now introduce some convenient definitions.

Definition 1: The empirical distribution F.\™(a) of
A = (a1,aq,...ay,), is defined as

L Z Ha; < a},

i=1

F\(a) = (11)

S

where 1{-} denotes the indicator function. For an n X p matrix A,
the empirical distribution (of the square of its singular values),
F{(A), is defined as

n 1
YRCVESD BRIV (12)

i=1
where )\; is the ith eigenvalue of AA.

If (11) and/or (12) converge as n — 0o, then the corre-
sponding limits (asymptotic empirical distributions) are denoted
by Fa(a) and Fa()), respectively.

Let us first focus on the case that T'is an n, X n; matrix whose
entries are zero-mean independent complex random variables
arbitrarily distributed with variances

V)i

Mo

E[|(T) ;] = (13)

where V is an n, X n deterministic matrix whose entries are
uniformly bounded. For each n,, let

v 1 [0,1) x [0,1) - R
be a function given by

(V)m’»
1,7 satisfying

v("°)(x,y) =

-1 7—1
<$<—
No No NI

<y<L 4
nr

and assume that the sequence v(") (z,y) converges uniformly
to a limiting bounded measurable function v(z,y), which will
be referred to as variance profile of T.

Denoting by

1
o) = —Tr

No

(") (15)

the nth moment of TT", we give the following theorem.
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Theorem 1: The nth moment of TT" converges almost
surely (a.s.) to

lim (") 2y, = E[ma (X))

No—00

(16)

with m,, (x) obtained through the following recursive equation:
my(x) =0 Z me—1(z)Ev(z,Y)
=1

>

ny+-tn;=n—~
1<i<n—¢

 E (X, Y ), —1 (X)Y]]

E (X Y)mp, —1(X)[Y]

7)

where mg(xz) = 1 and where, in the second summation, the
ny’s are strictly positive integers. Finally, X and Y are two in-
dependent continuous random variables uniformly distributed
in [0, 1].

Proof: See Appendix A.

Define m,, () through the following recursive equation:

>

ni+nz+--+n,=n

mn1_1($) P ’I;Lné_l(l?)

(18)

e () = BEo(a, Y)E (X, Y)|Y]]

from which 7 (z) = ci(z) and My (z) = ca(x) + ¢ (z). In
several interesting special cases, such as v(x, y) = v,(z)vr(y),
we can show E[m,(X)] = E[m,(X)], with m,(z) given by
the recursive expression in (17). In other cases, there is strong
numerical evidence that the relationship holds in general. How-
ever, a general proof has not been found.

Furthermore, for a given k, let vkn") (z) be a function defined
in [0, 1] such that
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Corollary 1: The relationships between the moments
E[m,(X)]’s and the 6,, ;s are

Efma(X)] = 83 Else-1(Y)

> nyc1(Y) o b _1(Y)] (22)
ny+-+n;=n—~
1<i<n—¢
and
Sk =By E|Elmy_1(X) v (X)v(X,Y)|Y]
(=1
> i1 (Y) . b1 (V)] (23)

ni+--+n;=n—~
1<i<n—{

with
6q(y) = E[v(X, y)mq(X)].

Notice that 6,(y) represents the quadratic form given in (20) for
k = |yn]| with y denoting the normalized column index.

When the matrix of variances V introduced in (13) has a spe-
cial structure, a nonrecursive explicit expression for the asymp-
totic moments of T can be derived by resorting to techniques of
noncrossing partitions (see [32] for definition) and the comple-
mentation map (see [24] for definition). More concretely, let us
consider now those cases where the variances of the entries of
T are such that the n, x ny matrix V' is the outer product of two
vectors with deterministic nonnegative entries

V = v}, (24)

Equivalently, T is given by the product of two deterministic di-
agonal matrices that pre- and post-multiply a random matrix S
with zero-mean and nL variance independent entries, i.e.,

n . . . ) — 1 ) . .
v,(c °)(a:) = (V)ir, i satisfying ! <z<— (19 T = \/diag (v,) § v/diag (vr).
o o
whose limit as o — oo is denoted by v(). For this common structure, we prove the following result.
Th 3:S that th irical distributi f v,
Theorem 2: Consider the following quadratic form: eorem uppose that the empincal distbution of
converges as 1, — 00 to an asymptotic distribution F, and the
57(:2) — (T)L (TkTTk ) (T)5. (20) empmcal distribution of vy converges to an asymptotlc distri-
bution F as ny — oo, then as ny,no — oo while ny/n, — G,
As n, and ny go to infinity the mth moment of T'T" converges a.s. to (25) at the bottom of
no) a.s. th , with
lim 87 %26, = Elmy, (X)vi (X)] @1 —cpaeew
Tro00 B(m17"'7mk7n17"'7nm+1—k)
where X is a random variable uniformly distributed on [0, 1], m(m — k)!I(k — 1)!
L . = (26)
and m,, () is given by (17) in Theorem 1. f(my,...omg)- f(n1, ..., Nmt1-k)
Proof: See Appendix B. where V1 </ <m
Corollary 1 follows from Theorems 1 and 2. Flr,.eyie) = fil-- finl 27
M = Z /Bk Z Z B(m1 ..... My MLy nm+1_k)
k=1 mi+-t+mrp=m ni+-+nNmp1_p=m
my<--<my, ny < <nmgpi—k
CEIVP]- ENTHENVG] - EVe™ ] (25)
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with f; equal to the number of entries of the vector [i1, . .., /]
equal to ¢.5 The random variables V,, and V are independent
and distributed according to F;, and F7, respectively.

Proof: In Appendix C.

Note that B(my,...,mg,n1, ..., Nmt1—k) is the number of
noncrossing partitions 7 on {1, . .., m} satisfying the following
conditions:

i) the cardinalities of the subsets in 7 are (in increasing
order) mq, ..., mg;

ii) the cardinalities of the subsets in K (7), which is the com-
plementation map (see [24]) of 7, are (in increasing order)

Niyer ey Mm41—k-
Corollary 2: If V. = wov?l, then as no,n; — oo with
nl/no - ﬂ

bnk=(v1)k E[Vomn(Vo)l=(v1)k &n (28)
where &, can be computed through the following recursive
equation:

n =B ENZme1(Vo)]

(=1 Z

ni+---4n;=n—~¢
1<i<n—¢

E[Vé—i—l]&n—l ..

Eni—1 (29)

with

mu(r) = Pr Z my—1(r)
(=1
>

ny+---4+n;=n—~L
1<i<n—¢

For the special case in which the variances of the random en-
tries change only from column to column and are row-wise uni-
form (i.e., in (24) v, = 1 with 1 denoting the n,-dimensional
vector with all entries equal to one), the eigenvalue moments
admit the following explicit expression.

ENV T en o1 €nmr. (30)

Theorem 4: [25]¢ If the matrix of the variances of T'is V =
lv?, the mth moment of TT" converges a.s. to

m

>0

k=1 mi+--+m=m
iy <<

c(m,...,mg) E[V7']--- E[V]"]

€1y

m!

Theorem 5: Consider an n, X n; matrix T' = S o B with
o denoting the Hadamard (element-wise) product and with S
and B two independent n, X n; random matrices where B
has independent columns. The entries of 8, (§); ;, are modeled

(32)

SFor example, f(1,1,4,2,1,2) = 3!- 2! 1L
6A related result with an additional condition on T is given in [43].
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as zero-mean i.i.d. complex random variables arbitrarily dis-
tributed with variance 1/N.7 Denoting by |- | the closest smaller
integer, assume that for a given = € [0,1) the empirical distri-
bution of

|(B) anoj,1|27 ) |(B) lzn, |,n1 |2

converges a.s. to a nonrandom limiting cumulative distribution
F, with all moments finite and that, for a given y € [0, 1), the
empirical distribution of

(B)1, 1yn) 1+ (B, Ly I

converges a.s. to a nonrandom limit Fy also with all moments
finite.

Let p(x,y) : [0,1]> — R be a two-dimensional function such
that, if X is uniform in [0, 1], the distribution of p(X,y) equals
F, and, if Y is uniform in [0, 1], the distribution of p(z,Y)
equals F.. Analogously, define for every k the one-dimensional
function pg(z) : [0,1] — R such that if X is uniformly dis-
tributed in [0, 1], the distribution of py,(X) equals the nonrandom
asymptotic empirical distribution of |(B)1 x|?, .- ., |(B)n, x|>:3
Then, as no,n; — oo with ny/n, — [, the results derived in
Theorems 1 and 2 hold with v(z, y) replaced by p(x, y). More-
over, if the elements of B admit the factorization

(B)ij|* = Ci P
with {C;} and {P;} nonnegative random variables—indepen-
dent on S—whose empirical distributions converge a.s, then
lim (") =, = Elm, (C)] (33)

N, —00
where m, () is obtained through the recursive equation (34) at
the bottom of the page, where C' and P are independent random
variables with cumulative distribution equal to the asymptotic

empirical distribution of C1,...,C,, and Pi,..., P,,, respec-
tively.® Furthermore
lim 6" 2 PLE[Cm,(C). (35)

n,—00

Proof: In Appendix D.

Next, let us focus on the case that the entries of T' are corre-
lated. In particular, let

T = A,54 (36)

where A, is an arbitrary deterministic Toeplitz matrix, S is
a zero-mean random matrix with i.i.d. entries with variance
1/no, and A is an arbitrary deterministic diagonal matrix.
Important scenarios where this matrix appears include unequal

TThe assumption of identical distribution can be replaced by that of equal
variance 1/ N if the entries have bounded fourth-order moments [36].

8For a given y (respectively, for a given x) p(x, y) is the generalized inverse
of the distribution function F, (respectively, F, ). For a given y (respectively, =)
p(x, y) is aleft continuous and nondecreasing function. If for a given y (respec-
tively, for a given x) p(«, y) and F, (respectively, F) are strictly increasing,
then they are inverse to each other [27]. Analogously, considerations hold also
for pi. ().

9An explicit expression for (33) is given in (25) with V, and V; replaced,
respectively, by C' and P.

>

ni+--4n;=n—~L
1<i<n—¢

mp(r) = Or Z me—1(r)
=1

E[PFYE[Cmy,~1(0)]... E[Cmy,,_1(C)]]

(34)
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power DS-CDMA subject to frequency-selective fading (the
spreading sequences for different paths of a given user are
linearly shifted versions of the original sequence) and unequal
power MC-CDMA subject to frequency dispersive and/or
selective fading.

If S is a zero-mean complex Gaussian matrix!® or a uni-
tarily invariant matrix!! with independent entries, then it fol-
lows immediately that the moments of TT" are given by (25)
with V, and V| two random variables distributed according to
the asymptotic distributions F4, and Fj, respectively. There-
fore, in terms of its moments and, consequently, its asymptotic
distribution, T is equivalent to a matrix with zero-mean inde-
pendent unequally distributed entries whose variance matrix V'
is the outer product of two vectors A, and Aj representing the
squared singular values of the matrices A, and A.

For arbitrarily distributed S, we prove the following—more
general—result.

Theorem 6: Consider the n, X ny random matrix
T=1[A4:(5),--. ,AnI(S’)m]A 37

where S represents an no X mp matrix with zero-mean i.i.d.
entries with variance — A defines an arbitrary deterministic
diagonal matrix whose emplrlcal distribution converges to Fj.
The n, X n, matrices Ay, k = 1, ..., nj are either finite order
or infinite order absolutely summable Toeplitz!'? independent
random matrices, independent of S, whose empirical distribu-
tion converges a.s. to a nonrandom distribution function. Then,
as ny,no, — oo while ny/n, — (3, for any n > 1, the nth mo-
ment of TT" converges a.s. to
lim T (@T")") = Elma(X)]
no—00 Ng
where X is a random variable uniformly distributed in [0, 1],
and m,(x) is obtained through the recursive (17) with the
function v(x, y) in (17) replaced by the two-dimensional func-
tion p(z, y), such that denoting by A;(A;) the ith eigenvalue of
A; AT and by A; the jth coefficient of the diagonal matrix A:
. 1f X is uniformly distributed in [0, 1], the distribution of
p(X, y) for a given y is equal to the asymptotic empirical
distribution of

|ALyn1J | Al(ALanJ) ---- |ALyn1J | An (ALanJ )i
o if Y is uniformly distributed in [0, 1], the distribution of
p(x,Y) for a given z is equal to the asymptotic empirical
distribution of

|Al |2 )\anoJ (Al) ;

(38)

y |A”I |2 )‘L$”0J (Anl)

Analogously
lim _E[5;s] = lim P[(T)] (TkT;)” (T)s]
ZE[mn( )pr(X)] (39)
with m,,(z) defined as in (38) and px(z) : [0,1] — R such

that if X is uniformly distributed in [0, 1], the distribution of

10A complex Gaussian matrix T is a matrix whose entries are jointly Gaussian
complex random variables.

1A unitarily invariant random matrix T is a random matrix whose distribu-
tion is invariant to unitary transformation [20].

2The assumption of finite order or infinite order absolutely summable
Toeplitz matrix is made in order to simplify the proof. For the extension of the
results to summable Toeplitz matrices, the reader is referred to [36]
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pk()S) equals the nonrandom asymptotic empirical distribution
of [Ag? M1 (Ar), -, [Ak[* An, (Ar).
Proof: In Appendix E.
From Theorem 6 it follows that the empirical distribution (of

the squared singular values) of T' converges a.s. to a nonrandom
limiting distribution Frr(A), whose transform S(z) is [36]

oo
S(z) = dFr()\) = Elu(X, z 4
()= [ ) = Bluxz) o)
where u(z, z) satisfies the equation
u(z,z) = 1 41)

z,Y
1+ zBE |:1+zE[u(pX(,z)p)(X,Y) |Y]i|

for every - € [0, 1] with X and Y defined as in Theorem 6.
The following corollary is a direct consequence of The-
orem 6.

Corollary 3: 'When A;,’s, defined in Theorem 6, are such that
A, = A, for every k, then the mth moment of TT' converges
a.s. to (25) where the two random variables V., and V; are dis-
tributed according to F5, and F3, respectively, and with A as
defined in Theorem 6.

A special case of this corollary, where S is a unitarily in-
variant random matrix with independent entries and A, = A,
k = 1,...ny, has been analyzed in [16], [17]. Results for the
asymptotic distribution and, consequently, for the moments of
random matrices with more general correlation structures than
the model considered in (37) have been obtained in [34] and in
[36].

In the following sections, we consider a variety of wireless
communication problems corresponding to the models for T" an-
alyzed in this section.

III. DIRECT-SEQUENCE CDMA

We begin by considering DS-CDMA and expanding the anal-
ysis of [25] in order to incorporate frequency-selective fading as
well as multiple receive antennas. Both uplink and downlink are
analyzed and, in fact, it is shown that the downlink reduces to a
special case of the uplink.

A. Single-Antenna DS-CDMA With Frequency-Selective
Fading

1) Uplink: Let us consider a synchronous DS-CDMA up-
link with K active users employing random spreading codes
and operating over a frequency-selective fading channel. The
receiver as well as each of the transmitters is equipped with a
single antenna.

Denote by p(t) = [pi(t),...,px(t)]T the K-dimensional
vector representing the baseband equivalent of the transmitted

signal with
= Ay Z bi.(n

where Ay, b.(n), and s (t — nTs) represent the amplitude, nth
symbol of the kth user, and signature waveform of the kth user
in the nth symbol interval, and T’ is the symbol duration. De-
noting by ¢(¢) the chip pulse, the received signal over a linear (in

)sk(t — nTy)
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general time-varying) channel, at the output of the chip-matched

filter is
r(t) = (/

where the kth entry of the K -dimensional vector ¢(t, T) repre-
sents the impulse response of the channel for the kth user. As-
suming that the symbol duration T’ is much larger than the delay
spread, we can disregard the intersymbol interference. Stacking
the samples corresponding to 7(t) observed in the nth interval
into an /NV-dimensional vector we obtain

K
r=> ACx(S
k=1

where (8)y, is the transmitted signature sequence of user k& while

with A being a K x K deterministic diagonal matrix containing
the amplitudes of the users. In turn, C}, is an N x N Toeplitz
matrix defined as

@ = [ [ertt.natr = (0= )T~ G = T
o (= (n— )Ty — (i — 1)T,) dt dr

with ¢ (¢, 7) denoting the impulse response of the channel for
the kth user independent across the users.

The signature matrix S is modeled as having i.i.d. complex
random entries arbitrarily distributed with zero mean and vari-
ance 1/N . Furthermore, C}, is assumed to be either a finite order
or an infinite order absolutely summable Toeplitz matrix.'3 It is
convenient to define a two-dimensional variance profile func-
tion on the unit square

p(z,y), (7)€

such that denoting by \;(C), the ith eigenvalue of CC"

« if X is uniformly distributed in [0, 1], the distribution of
p(X,y) for a given y is equal to the asymptotic empirical
distribution of

|A Ly PA(C ) s - [ Ak P AN(Clyk) )

¢ if Y is uniformly distributed in [0, 1] the distribution of
p(z,Y) for a given x is equal to the asymptotic empirical
distribution of

|Al|2 /\[xNJ (Cl>7 R |AK|2 )‘LmNJ (CK)

Analogously, we also introduce a one-dimensional variance
profile for a given k as the one-dimensional function pg(x) :
[0,1] — R such that if X is uniformly distributed in [0, 1], the
distribution of pj(X) is equal to the asymptotic empirical dis-
tribution of |Ax|? A1 (C4), ... ,|Ak|?> An(C}). Assuming that
the channel behaves ergodically,# a.s. neither px(x) nor p(z, y)
depend on the channel realization.

e(t, 7 p(t - r)df) ca(—)  @2)

Jobe +n=Tb+n (43)

[0, 1]? (44)

13The results derived in this section can be extended to the case of summable
Toeplitz matrices [36].

141n the absence of ergodicity, the results derived in this section remain valid
but become dependant on the specific realization of the channel.
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Let us now evaluate the asymptotic reduced-rank-D MMSE
receiver for the kth user, which is given by (5) with the asymp-
totic weight vector defined as in (9). Through a binomial ex-
pansion of (7), the calculation of H; boils down to the limiting
value of the quadratic form

bn = lim (D] (TkT;) (T)x (45)

n

=|AAOLCL| Y|4 CiS)(8)C}) CuS)x.
t#k
Straight application of Theorem 6 yields

Hy = lim |A()LC]

Y 1APC(S)e(S

(#£k

i <7:> O_2m—2n6n’k

n=0

> (ﬂ’f) 022" Bfmy, (X) pr(X)]
n=0
with m, (x) obtained through the recursive (17) given in The-
orem 1 with the function v(z, y) in (17) replaced by p(z,y) de-
fined in (44). Therefore, the asymptotic reduced-rank-D MMSE
receiver is characterized in very general conditions.
Specializing this result to the case that the signal transmitted
by each user propagates through L discrete chip-spaced paths
(where L does not grow with V), the channel matrix for the kth
user C), becomes

(46)

m

NC+ 2T | Cr(S)k

(47)

[Hi 1 0 0 ... 07
Hg o Hi 1 0 0
C, — . : : : :
g Her Hez—1 ... ... 0
0 HkL Hkl

where Hy ¢ represents the channel fading coefﬁc1ent for path
[ of user k‘ modeled as a Gaussian random variable with zero
mean and variance Vy = E[|Hy, ¢|?] i.i.d. across both users and
paths. As N — oo, since the C}’s are finite-order Toeplitz
matrices, their singular values are bounded. Using the explicit
expression for the eigenvalues of the circulant approximation
[12, Theorems 4.1 and 4.4], we have that the mth moment is
equal to

N
. 1 m
Hm(Cr) = Jim > " (An(Cr))
n=1
N-1l| L 2m
_ A}Hn o Z Z 1271'Fn/N (48)
o n=0 |/{=

where \,,(C},) are the eigenvalues of C’ k CL. Let P be a random
variable whose distribution is given by the asymptotic empirical
distribution of

L L
{|A1|ZZ|H1,2|27 . |AK|ZZ|HK,Z|2}
=1 =1

then we have the following.
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Fig. 1. The solid line is the spectrum of TT" while the dashed line is the density of TT" with N' = 64, K = 15, and L = 4

Corollary 4: As K, N — oo with K/N — [, while L is
kept constant, the mth expected moment of TTT, b, CONVErges

to
Zﬁk Z c(m17mk)E[Pml]E[Pmk]
k=1 my+-4mp=m
my<--Smg
(49)
with
m!

c(my,...,mg) = ( (50)

Moreover, denoting by Py = |Ag|? Y2+, |Hg.|2, we obtain

6("0)
nhinoo %;k = fom: Gb

Proof: Appendix F.

Corollary 4 shows that with perfect knowledge of the fading
coefficients at the receiver, the asymptotic expected moments
for multipath fading channels have the same expression as those
for a single-path fading channel with the received power of
each user equal to the total received power of that user over
all the paths. From the equivalence of the moments and using
the same technique as in [25], the equivalence of the asymp-
totic full-rank MMSE output SINR between a multipath and a
single-path system can also be established. Therefore, we con-
clude that, asymptotically as N — oo, each multipath interferer
with a fixed number of resolvable paths acts like a single-path
interferer with received power equal to the total received power
of that user from all the paths. Fig. 1 depicts the eigenvalue den-
sity function of TT" with N = 64, K = 15,and L = 4 and
compares it with the corresponding eigenvalue density function
of TT" where T = 8D with D = diag(Px, ..., Px) and
Py = |Ax|2 Y5, |He.o|2. Notice that, even for these moderate
numbers of dimensions, both nonasymptotic distributions are al-
ready very close.

Let us now consider the case when, as N grows large, the
chips become shorter and, equivalently, the system bandwidth
scales up. The temporal resolution thus increases and hence the
number of resolved paths L grows with N. In accordance with
the classic wide-sense stationary uncorrelated scattering prop-
agation model [15], these paths remain uncorrelated and thus
we model them as zero-mean Gaussian random variables with
variance V; = E[|Hy ¢|?], i.i.d. across users and paths. In this
case, if the matrix C}, satisfies the hypothesis of Theorem 6
then n> = >°,2, Vi < oo; moreover, using steps analogous
to those in Corollary 4, we have that as K, N — oo with
K/N — p,and L/N — « the mth moment of the limiting
eigenvalue distribution of TT' is given by (49) where P is a
random variable whose distribution equals the limiting distribu-
tion of ?|A1]?,..., n?|Ax|*

2) Downlink: Inthe downlink, all users experience the same
frequency-selective fading i.e., C, = C Vk. Consequently, (43)
particularizes to

K
r(n):ZAkC(S)kbk+n:CSAb—|—n (52)
=1

which, contrasted with the linear general model in (1), corre-
sponds to T = CSA. The assumptions on S,C, A are as in
Section III-A1. This implies that the empirical distribution of C
converges a.s. to a nonrandom limit.

Applying Corollary 3, we obtain that the expression given in
(47) simplifies to!>

" (m
H — Qm,—QnA QE/\ n A
R M (L ENGR TY
where A is a random variable whose distribution equals the
asymptotic eigenvalue distribution of CC", P is a random vari-

(53)

I5A special case of this result can be found in [16], [17], where the asymp-
totic weights are calculated using free probability theory for CDMA with uni-
tarily invariant i.i.d. spreading in frequency-selective fading; the case of iso-
metric spreading is also studied in [16], [17].
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able whose distribution is given by the asymptotic distribution
of [A1|%,... ,|AK]|? and m,(r) satisfies (54) at the bottom of
the page.

B. Multiantenna DS-CDMA With Flat Fading

In this subsection, we study the impact of having a base sta-
tion equipped with multiple receive antennas. The focus here is
entirely on the uplink, as the downlink was analyzed in [25].

The full-rank MMSE receiver for such a synchronous uplink
is analyzed in [18] and the asymptotic maximum output SINR
of the desired user has been found as the solution to a fixed-point
equation. In [25], the asymptotic reduced-rank MMSE receiver
is proposed and the asymptotic weights are calculated for the
multiantenna receiver. In [25], the received amplitudes of each
user at different antennas are constrained to be equal, a restric-
tion that we lift in this section.

Let us denote the amplitude of user k by Ay > 0. The output
of the chip-matched filter at the /th antenna is

K

= ZAka,lbk(S)k +ny, (55)

k=1
where H},; indicates the fading of user £ at the /th antenna, by,
is the transmitted symbol of user k, assumed to be i.i.d. across
users and to have unit energy as in the previous section, and
n; is the additive white Gaussian noise vector distributed as
N (0, 0°1) that is independent across [. (S)y, the signature se-
quence of user k, has independent zero mean entries with vari-
ance 1/N that are independent across k. With rich scattering
and a sufficient separation between antennas, the fading coef-
ficients Hy; can be modeled as independent across k and [
with uniformly distributed phases on [0, 27). For a given user
k, Hy 1, ..., Hy, 1 are identically distributed. However, due to
the different geographic location of the users, their fading dis-
tributions are different. This models the usual microdiversity
scenarios (see, e.g., [18]) in which all the receive antennas are
placed at the same base station.

Equation (55) can be written as

r=8b+n (56)
where
5=[(8) (S)x]
(8)r = [AxHy 1 (8)F,- -, AHy (S)i)]"
n=[ni,..., ny]”
and

b= (br,....bx)T.

This scenario corresponds to the general linear model in (1)
where T = §. The rank-D reduced-rank MMSE receiver for
user k is found in (5) with the weights given by (6) and

Hom = (8)}(848L + 0 D)™ (8)s (57)
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with

(8)r=1, (841, - (S)k]-

As discussed in [25] and in the previous section, in a long-se-
quence DS-CDMA system we can use the asymptotic weights
instead of the actual weights to reduce the complexity of the re-
ceiver. Therefore, we need to calculate the large system limit of

H

S =[(8)1,...,

m-
Let By = Ay|Hy,|- We note that the By, ;’s are again inde-
pendent across k and [ and, for a given user k, By 1,..., By L
are identically distributed.

Proposition 1: Let P}, = Elel B}, be the total received
power of user k and F'(P) be the asymptotic empirical distri-
bution of Py, ..., Py as K — oo. Then, as K, N — oo with

’ ’

K/N — 3, Hun/ Pr converges in probability to

L /(A +0%)™dG(N)
Py .

with G(\) a cumulative distribution function with mth moment

/ A" dG(N)
=S >

1 my+---+mp=m
my <oy,

.my)-E[P™]- - - E[P™]

c(ma,. .

(58)
and
m!
e, my) = 59
c(ma, ..., mg) C I T Er— (59)
, B

==, 60
g =t (60)

with f(mg,...,my) defined as in the previous section.

We note here that ;¢ is the same as that in a single-antenna
system with processing gain LN while user k’s received power
is given by the total received power Py. This point can be proved
using [18, Theorem 17] or, alternatively, generalizing the com-
binatorial approach of [25, Proposition 2]. In the latter case, the
condition of bounded Py is not needed (as already conjectured
in [18, Theorem 17]).

For the sake of brevity, we will not make explicit the results
that consider the impact of frequency selectivity and multiple re-
ceive antennas on the DS-CDMA uplink. They can be obtained
using the results in Sections III-A and III-B.

IV. MULTICARRIER CDMA

MC-CDMA is one of the most promising technologies for
wireless high data rate transmission [19]. In MC-CDMA, there
are IV subcarriers shared by all the users. As in DS-CDMA, the
information symbol to be transmitted by each user is spread onto
the entire bandwidth available to the system. First, the spreading

my(r) = ﬁrzml—l(T) Z

ni+---4+n;=n—~{
1<i<n—¢

[P E[Am,, —1(N)] ... E[Am,, _1(N)]]. (54)
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sequence of each user is modulated by its information symbol.
Then, the N resulting chips are modulated onto the IV subcar-
riers and transmitted in parallel. Therefore, N plays a similar
role as the spreading gain does for DS-CDMA. In the remainder
of this section, we present our results for both uplink and down-
link MC-CDMA.

A. Uplink

Given K synchronous users, the received vector at the output
of the front-end is

K

=SAb+n (62)
where (S); = H(8)) and (8) is the spreading sequence
of user k£ modeled as a vector with independent zero-mean
random complex entries with variance 1/N. Furthermore,
H, = diag{H},...,H)} with H (1 < i < N) the fading
of the ith subcarrier of user k, Ay > 0 is the amplitude
of user k, by is the transmitted symbol of user k, assumed
to be i.i.d. across users and to have unit energy as in the
previous sections, the noise m is complex and distributed as
N(0,0°1), S = ((S’)l, (S)K) A = diag{A4,,...,Ax},
and b = (by,...,bx)". Thus, this scenario corresponds to
(T)1, = Ak(S), and T = SA, which is assumed to be known
at the receiver.

In what follows, our results on the asymptotic moments of the
autocorrelation matrix of the received vector and the asymptotic
weights of the reduced-rank receiver are presented.

Define the variance profile p(x,y) as the two-dimensional
function on the unit square [0, 1] such that, if X is uniform in
[0, 1], the distribution of p(X, y) equals the asymptotic empirical
distribution of

H{yre) Ay P H i Ay P

and, if Y is uniform in [0, 1], the distribution of p(x,Y) equals
the asymptotic empirical distribution of

\HEN A2 HEN AR

Analogously, we also define a one-dimensional variance profile
for a given k as the one-dimensional function pi(x) : [0,1] —
R such that if X is uniformly distributed in [0, 1], the distribu-
tion of py(X) equals the asymptotic empirical distribution of
|HEAR|%, ..., |HY Ax|?. The channel is assumed to be ergodic

in the sense that a.s. none of these asymptotic empirical dis-
tributions for any given y and x depend on the actual channel
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realizations.!'® Under these hypotheses, applying Theorem 5 to
the binomial expansion of (7), we have that

M = Jim (428 (5:5L +0%1)" (B

= (m) el (63)
n
n=0
where
Ok = E[my(X)pr(X)] (64)

with m,, () obtained through the recursive equation

—,[3ng 1(z)E[p(x,Y)

ni+-+n;=n—~
1<i<n—t

with mg(x) = 1. Plugging (63) into (9), the asymptotic weight
vector and, therefore, the asymptotic reduced-rank-D MMSE
receiver are derived in very general conditions. Notice that here
we have not imposed independence of the fading coefficients
H ,i, but just ergodicity. If ergodicity is not satisfied, then the
results depend on the specific realization of the channel.

Let us next specialize the general result in (63) to the relevant
case that the fading experienced by the K users is independent
across k = 1, ... K but statistically identical with

E[|H{|] = Vi (66)

As a result, the empirical distribution of |H}|?, ..., |HY|?
converges to a nonrandom limit that does not depend on k.
While the fading at different subcarriers is usually statistically
identical, in the presence of interference, the noise may not be
and such differences can be accounted for by scaling the fading.
Thus, we keep the model general and allow for V; to depend on
1. Furthermore, the fading experienced by each user k across dif-
ferent subcarriers is zero-mean and asymptotically (in the car-
rier separation) independent.!”” Denote by Fp(P) the limiting
distribution P, = A%,...,Px = A% as K — oo. Further,
denote by Fg(C) the limit to which the empirical distribution
of Vi,...,Vn converges for N — o0.'®8 Applying Theorem
5, we have that as K, N — oo with K/N — [, the mth

moment of S’AATS'Jr converges a.s. to (67) at the bottom of
the page, where C' and P are random variables whose distribu-
tions are FC(C’ ) and Fp(P), respectively, while the coefficient
B(my,...,mg,n1,...,nmy1—x) is defined as in (26).

16A special case where this assumption holds is when the fading H; (1 <
1 < N,1 < k < K) is independent across ¢ and k.

7This would be the case if the total bandwidth were scaled up while the width
of each subcarrier were kept constant.

I8If V; = 1V4, then (67) and (69) reduce to their counterparts derived in [25].

SN YD

mi4dmp=m ni+Fn, 1 r=m
my<--<my 1< L<Nopyy1—k

S Nmt1-k) - E[P™] -

E[P™]E[C™]--- E[C™+ -] (67)
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For example, letm =5,k = 3, my = 1, my = 2, m3 = 2,
andnl = 1,712 = 1,’[’1,3 =3

5(5 — 3)1(3 — 1)!
In this case, since m and k are small, it is even possible to

enumerate all five noncrossing partitions that satisfy conditions
1) and ii):

B(1,2,2,1,1,3) = =5. (68)

™ K(r)
{(1),(2,3),(4,5)} | {(2),(4),(1,3,5)}
{(2),3,4),(1,5)} | {(3),(5),(1,2,4)}
{3),(4,5),(1,2)} | {(4),(1),(2,3,5)}
{(4),(1,5),(2,3)} | {(5),(2),(1,3,4)}
{(5).(1,2),(3,4)} | {(1),(3),(2,4,5)}

Because the asymptotic distributions of [H}|%, ..., |H)|?
and |Hi|?,..., |[H%|? do not depend on k or on i, (64) partic-
ularizes to

onk = PrE[Cm,(C)] = P&, (69)
with
& =B Elme1(C)C?]
=1
S B[Pt r b (T0)
ni+---+n;=n—~L
1<i<n—t
and
r) = ,[37“2771[_1(7“)
=1
> B[P b (D

ni+---4+n;=n—~{
1<i<n—¢

In turn, (63) simplifies to (53) where the random variables A and
P are replaced by C and P, respectively. From (69), explicit
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expressions for the first six &,,’s are listed in (72)—(77) at the
bottom of the page.

To close our analysis of the MC-CDMA uplink, we further
specialize it to the case of equal power users where the fading
is not only independent across users, but also asymptotically in-
dependent across subcarriers and marginally equally distributed
with E[|H}|?] = 1. In this case, the asymptotic weights and the
corresponding asymptotic rank-D MMSE receiver are obtained

plugging

eSO )

n=0 =1

into (9).

B. Downlink MC-CDMA

In the downlink, the fading experienced by the N subcar-
riers is common to all users. If these fading coefficients are
Hy, ..., Hy, the received vector at the output of the multicar-
rier front end is

K
r= Z Akka(S)k +n
k=1

=HSAb+n (80)

which corresponds to (1), = AxH(S)r and T = HSA in
the general linear model (1). The assumptions on S, H, A are
as in Section IV-A. Since the downlink can be seen as a special
case of the synchronous uplink when H; = H for all k, it is
immediate that in terms of the asymptotic moments of

TT' = HSAA'STH'

and of the limiting value of § ,(1]\,? as defined in (20), the downlink
scenario is a special case of the uplink.

Consequently, the asymptotic weight of the rank-D MMSE
receiver in the downlink scenario can be easily derived com-
puting

(79)

= a3 () o) @
n=0

with m,, (r) given by (71) and where C is now the random vari-
able whose distribution is the asymptotic empirical distribution
of H while P is defined as in Section IV-A.

o = E[C] (72)
& =BE[PIE[C?] (73)
& = BE[P?)E[C]E[C?] + B*E[P)*E[C?] (74)
& = BE[PP|E[CE[C?] + 8*E[P|E[P?|(2E[C]E[C®] + E[C*?) + B°E[P]* E[C] (75)
¢4 = BE[PYE[CPE[C?] + B*E[P|E[P°|(2E[C]E[C?)* + 2E[C*E[C°])+
B*E[P*P(E[C|E[C?] + E[CT’E[C®]) + 8° E[P)* E[P*|(3E[C]E[C*] + 3E[C*|E[C®]) + B*E[P]*E[C®]  (76)
&s —ﬂE[P°] [CI*E[C?] + B E[P|E[PY]|(2E[C]* E[C®] + 3E[C)* E[C*)*)+
2E[P?|E[P3|(3E[C)E[C?)* 4+ 2E[C2E[C?)) + B*E[P?E[P?|(4E[C?|E[C*] 4+ 2E[C3]? + 4E[C|E[C®])+
SE[P]?E[P?|(6E[C]E[C*E[C?] + 3E[C]*E[C*] + E[C?]®) + B°E[P]°E[C®]+
[33 [P1E[P?)*(6 E[C]E[C*|E[C®] + 3BE[C)*E[C*] + E[C?]®). (77)
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C. Asymptotic Maximum Output SINR

In this subsection, we analyze the asymptotic output SINR
of the full-rank MMSE receiver for MC-CDMA. A compar-
ison between the results obtained in Section IV-B for the down-
link and the ones derived in Section IV-A for the uplink subject
to (asymptotically) independent fading across subcarriers and
users immediately yields that, if the asymptotic empirical dis-
tributions of H and A in (80) equal, respectively, the cumula-
tive distributions F(C') and Fp(P) as defined in Section IV-A,
then the asymptotic moments of 7" in the (synchronous) up-
link and in the downlink MC-CDMA (and consequently, the
asymptotic reduced-rank receiver weights) are the same. From
this equivalence, the equivalence of the respective asymptotic
full-rank MMSE output SINRs follows. Our numerical results
also show that the difference between the output MMSE SINRs
of the two links is negligible for moderate system size (/N = 64,
K = 33).

For the uplink, the SINR at output of the MMSE receiver is

SINRy, = (8)](S1 AvALSL + 0D~ 1(8)r. (82

Proposition 2: Let v, be the signal-to-noise ratio (SNR) of
the kth user |Ax|?/o%. As N, K — oo, the SINR of the k =
|y | user, SINRg, at the output of the MMSE receiver con-
verges a.s. to a deterministic constant f(y,~yx), which can be
obtained by solving the fixed-point equation

p(X,y)

XY
1+98E [£55%

Fly,v)=F (83)

|x]
where the two-dimensional variance profile p(z,y) is defined

as in Section IV-A, and X and Y are independent and uniformly
distributed in [0, 1].

Proposition 2 is an immediate consequence of Lemma 1 in
Appendix B whose proof can be found in [34, Lemma 7].

The downlink can be analyzed as a special case of Proposi-
tion 2.

Proposition 3: As N,K — oo, the SINR of the %k user,
SINRy, at the output of the MMSE receiver converges a.s. to a
deterministic constant | A |2£(vx), which is the solution to the
fixed-point equation

C
14+~3CE [ngm)]

where C and P are defined as in Section IV-B.

F)=E (84)

D. Precoding

The assumption of perfect knowledge of T at the receiver but
not at the transmitter is very reasonable for the uplink. How-
ever, it becomes questionable if we focus our attention on a mul-
tiuser downlink where, at each receiver, only partial knowledge
(specifically, the kth column) of T will be available. For this
case, [23] proposes a scheme where, assuming perfect knowl-
edge of the channel matrix T at the transmitter, the signal input
is suitably precoded in order to manage the mutual interference
between the signals being broadcasted to multiple users. The
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precoder is such that the kth precoded input signal is given by
the kth element of the vector

(z)), = ((Z-‘I’T;Tk + 021> - b)

with T, defined as in (4) and b the information symbol vector.
Consequently, the decision statistic will be obtained simply by
projecting the received n,-dimensional vector 7 onto (T");. In
order to avoid the complexity of computing ( Z—‘I’Tsz +o2I)71,
we could use the framework of this paper and replace (85) with
a lower complexity input

D-1 o m
@)k = (Z(’w%o)m (n_iTLTk + 02I> b)

m=0

(85)
k

k

where D is the rank (or the number of stages) of the precoder.
Then the asymptotic weights w7’ can be evaluated using the
results presented in this paper.

V. NUMERICAL RESULTS

In this section, we compare the output SINR of two re-
ceivers: 1) the reduced-rank MMSE receiver that uses the
actual weights; and ii) the asymptotic reduced-rank MMSE
receiver that uses the asymptotic weights. The output SINR of
the matched filter and the full-rank MMSE receiver are also
plotted for comparison. In every simulation, the channel is
assumed perfectly known at the receiver. For each input SNR,
the plotted output SINR is the average of the output SINRs of
a large number of independent simulations. Therefore, it can
be viewed as the time-average performance of the receivers in
a long-sequence system.

For the implementation of the asymptotic reduced-rank re-
ceiver, the moments of Fj, the limiting empirical distribution
of A = (ay,...,ay), are approximated for finite n by those of
the empirical distribution of aq, ..., a,, i.e.,

m m 1 = m
E[A™] = /a dFp(a) = 52@, : (86)
. =1
A. Frequency-Selective Fading Channels

Specializing the expression of C}, to the case of three chip-
spaced paths, we have

Hyei O 0

Hr2 Hg 0

C. = Hrs Hi2 He: ... 0
0 ... Hgs Hgpo Hi;

The channel-fading coefficient Hy, ¢, for path £ of user £, is mod-
eled as a Gaussian random variable with zero mean and variance
V, independent across both users and paths. The total average
received power over the three paths of the interfering users is
5 dB above the desired user, which makes for a relatively chal-
lenging environment. The horizontal axis represents the input
SNR Py / o2 where P is the total received power over the three
paths of user 1. In the results, N = 64, K = 15,and D = 6
(number of stages of the reduced-rank receiver) are used.
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Fig. 2. Frequency-selective fading: the spreading sequences for each of the three paths of a given user are independent. N = 64, ' = 15, and D = 6.
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Fig. 3.
D = 6.

Fig. 2 shows the performance of the receivers when the
spreading sequences for different paths of a given user are
independent. We can see that the output SINR of the asymptotic
reduced-rank receiver approximates very closely that of the
receiver using actual weights for the input SNR considered,
and both of them perform much better than the matched filter.

Fig. 3 plots the performance of the receivers when the
spreading sequences for different paths of a given user are
shifted with partial overlap (i.e., with zeros preceding the
shifted sequence). The resemblance of Fig. 3 to Fig. 2 but-
tresses the analytical results in Section III-A1.

Frequency-selective fading: the spreading sequences for each of the three paths of a given user are shifted with partial overlap. N = 64, K’ = 15, and

B. Multiantenna

In these numerical results, N = 32, K = 65, L = 4 (number
of antennas), and D = 6 (number of stages) are used. The
received amplitudes By, ;’s are independent Rayleigh random
variables, and for a given k, By, 1, ..., By, are identically dis-
tributed. The distributions across users have different second
moments (powers) and are chosen so that the powers of the in-
terfering users are 5 dB higher than the desired user. From Fig. 4,
we can see that the performance of the asymptotic reduced-rank
receiver approximates that of the reduced-rank receiver using
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Fig. 4. Multiantenna: N = 32, K = 65, L = 4,D = 6.
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Fig. 5. Uplink MC-CDMA: N = 64, K = 33, and D = 3.
actual weights and the maximum loss in the output SINR is less
than 1 dB for the input SNR considered.

C. Uplink MC-CDMA

In these results, the transmitted amplitudes of the interfering
users are uniformly distributed and the interfering users have
the same transmitted power as the desired user on average. The
fading experienced by each user k is zero-mean independent
across k = 1,... K and across different subcarriers. The lim-
iting empirical distribution of v/V7, . .., v/Vx is a Rayleigh dis-
tribution with unit second-order moment, and a three-stage re-
duced-rank receiver is used in the simulation. We point out that
significant gain in the output SINR of the reduced-rank receivers

10 12 14 16 18 20
Input Signal-to—Noise Ratio (dB)

can be achieved if more stages are used. In Figs. 5 and 6 we see
that the performance loss due to the use of asymptotic weights is
small for the input SNR considered. Moreover, the performance
gap between the upper two curves in Fig. 6 is smaller than that
in Fig. 5. This suggests that the performance of the asymptoti-
cally weighted reduced-rank receiver converges to that of the re-
duced-rank receiver using the actual weights in a large CDMA
system.

D. Downlink MC-CDMA

The power profile of the interfering users and the number of
stages are the same as in the uplink case. The fading coefficients
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Fig. 6. Uplink MC-CDMA: N = 128, K = 65, and D = 3.
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Fig. 7. Downlink MC-CDMA: N = 32

are complex Gaussian zero-mean and independent across dif-
ferent subcarriers with E[|H} |?] = 1. The similarity of Fig. 5
to Fig. 8 is not surprising given the asymptotic equivalence be-
tween downlink and uplink. Figs. 7 and 8 present the same
downlink scenario with different numbers of users and different
processing gains, always such that K/N ~ 1/2. A compar-
ison of those figures also illustrates the rapid almost sure con-
vergence of the H,,’s to the same limit.

E. Downlink and Uplink Full-Rank MMSE

We compare the full-rank MMSE output SINR of the uplink
and donwlink MC-CDMA systems for N = 64 and K = 33.
The power profile of the interfering users and the fading profile

of the subcarriers are the same as before. As seen in Fig. 9,
the difference between the two links is negligible in accordance
with Section IV-C.

APPENDIX A
PROOF OF THEOREM 1

The proof of Theorem 1 requires the following result [9,
Corollary 10.1.2].

Theorem 7: Let T be an n, X my random matrix with inde-
pendent entries which are zero-mean and satisfy the condition

noVar (T, ;) < a (87)
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Fig. 8. Downlink MC-CDMA: N = 64, K = 33, D = 3.
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Fig. 9. Full-rank MMSE: N = 64, K = 33.

for some uniform bound @ < co. Moreover, define for each n,
a function v,,, : [0,1]> — R as

Un, (2, 9) = noVar(T; ),

. 1 . 1
1, J satisfying niga: < (Z:—), %§y<%
[e] [e]

(88)

and suppose that v,,, converges uniformly to a limiting bounded
function v with a countable number of discontinuities.!® Then,
as no — 00,ny — oo with ny/n, — 3, for each 2 € C* the
empirical distribution (of the squared singular values) of T' con-

19The continuous assumption in [9] can be dropped following the method of
[14], [30].

verges a.s. to a nonrandom limiting distribution Fp(\), whose
transform S(z) is

'S} 1 1
S(z) = —dFr()\) = dx. 8
@)= [ gt = [ i 69
where u(z, z) satisfies the equation
! 90
u(z, 2) v(z,y)dy ©0)

= I
1
+ 2/8 fO 1+2z fol w(w,z)v(w,y)dw

for every x € [0, 1]. The solution of (90) exists and is unique in
the class of functions u(xz, z) > 0, analytical on z and contin-
uous on z € [0,1].
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Here we note that the almost sure convergence of the empir-
ical distribution of T" can also be found in [14]. From this almost
sure convergence it follows that

ple) = iTr(TT*)" (91)
No

s i LT, 92)

No—00 Mg
Consequently, to prove Theorem 1 we need to prove the fol-
lowing equality:

lim iE[(TTT )™ = i

No—00 Ng

93)

with p,, defined as in (16). To that end, let us notice that from
(90)
v(z,Y)
L+ yE[u(X, Y)u(X, 7)[Y]
%94)

u(wFY) =1 _ﬂ’YU(w’Y)E

with v a nonnegative real number and with X and Y two fic-
titious independent random variables uniformly distributed in
[0, 1]. If we assume that u(z, ) also admits the following power
series in ~y:

u(@,y) =Y ma(x) (=7)"

=1+ ma(x)(=7)" 95)
n=1

where mo(z) = 1, then, substituting (95) into (94), we obtain
(96) at the bottom of the page. Identifying and equating the coef-
ficients of every degree at either side of the equality, we obtain
(97) and (98), also at the bottom of the page, where we recall
that mo(z) = 1. From (89) in Theorem 7 we know that [40,
Remark 3.3.3]
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where X is a fictitious random variable uniformly distributed in
[0, 1]. Thus, E[m,(X)] = E[A"] represents the nth moment of
TT'.

APPENDIX B
PROOF OF THEOREM 2

The proof of Theorem 2 can be obtained following analogous
steps to the ones described in Appendix A using as a starting
point the following result.

Lemma 1: [34, Lemma 7] Let T be an n, X np matrix as
defined in Theorem 7. Further define

F(y,7) = () [ T+ (1) (D)}

qF#j

(T);,

with

j— 1

J <y< J
ni ni
As no,n1 grow large with their ratio kept constant, (") con-

verges a.s. to a function f(y, ) that is the solution to the fixed-
point equation

v(X,y)

v(X,Y
1+70 B | 32505

Fy,v)=E (100)

X]

with X and Y two fictitious independent random variables uni-
formly distributed in [0, 1].

APPENDIX C
PROOF OF THEOREM 3

Applying again Theorem 7 we know that the empirical distri-
bution of T' = y/diag (v,)S \/diag (v) converges a.s. to the
nonrandom limiting distribution whose expression is given in

Shvy)=1+ i EN (=)™ (89), (90). Consequently
= E[u&; 7)] i) = niTr(TTT)k (101)
=14 Elma(X)] (=7)" (99) s fim L [T (102)
0o 0o 0o 0o 4
> (@) (=) =8 (=) frmp_(2)E |o(z,Y)> <ZE [v(X, Y)m;(X)|Y] (—v)”l) (96)
n=1 k=1 =0 1=0
n M n—~
ma(z) =B me_1(2)E |v(z,Y) > > E[w(X,Y)mp, _1(z)]...E [U(X,Y)mm_l(z)]l (97)
=1 L 1=1 ny+--+n;=n—~
=B me_1(2)E |v(z,Y) > E[0(X,Y)mpn,—1(x)] ... E [0(X,Y)mp, _1(z)] (98)
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from which follows that in order to prove Theorem 3 we need
to prove that the mth expected asymptotic moment of TT' is
given by (25). For simplicity of notation we let

C = diag(v,) P = diag(vy). (103)
Consequently, the mth expected asymptotic moment of TT' is
as given by (104)—(108) at the bottom of the following page,
where, in (104)—(108), P; and C; are the sth coefficients of the
diagonal matrices P and C, respectively, and W;; represents the
(4,7)th entry of S.

From [25], we know that the only nonzero contribution
to (108) arises as follows: for a given partition 7 of indexes
{41,-..,4m} into k disjoint subsets (recall that indexes
assigned to the same subset are identical in the summation,
whereas indexes assigned to different subsets are distinct), there
exists a good partition 7 of {iy,..., i, }into (m+ 1 — k) sub-
sets such that the product W7 , Wi, j ---W7 . = W; ;.
is composed of m modulo squares of random variables. Then,
we take expectation with respect to the random spreading
sequences. Considering the fact that each random chip value
has variance 1/n,, we have (109) and (110), also at the bottom
of the page, where two partitions 7 and 7 are mutually good if

1003

The above matching ensures that no random variable appears
alone in the expectation, which would make the expectation
zero. If such a partition of j1,...,J, exists, we call it a good
partition for the given partition of 21, ..., %p,.

Suppose that the cardinalities of the subsets in 7 are
mq,...,mg, and the cardinalities of the subsets in 7 are

.y Mm+1—k, then (110) converges to

Z ,[3kE[V?“] . E[VTA']E[VZI]E[VZ’"“*’“]
T,T mut‘;’eﬁly good

(112)
where Vi and V, denote two random variables whose distribu-
tion is given by the asymptotic empirical distribution of v1 and
v,, respectively, while £ is the number of disjoint subsets in the
partition.

To avoid cumbersome notations, m = 4 is used to illustrate
the idea by which the convergence to (112) is proved. For gen-
eral m, (112) can be proved by means of induction. Let m = 4,
k=2, m={(j1,J2), (Js,ja) }, then 7 = {(i1), (is), (2, 74)}.
According to (110) the contribution of 7, 7 is

Z lepjzpjspj4

1
lim —
ng .. .
(J1=42)#(Jz=ja)

. PN eNeNe (113)
(. ] ) ( ] ) ( ) i1¢i3#(i2—i4)
21,1 12, ]2 Zma]’m
e R 111 _ L 2 p2 2
(i1,72) (2, J3) (brm» J1) (115 = hm Z P;, b, Z Ci O, (114)
J17éjs i1 F#i2 73
every ordered pair in the upper row is matched? with exactly
one ordered pair in the lower row, and every ordered pair in the = hm — Z P]’Z1 PJZ3
lower row is matched with exactly one ordered pair in the upper ° jistjs
TOW.
20Two ordered pairs are matched iff the first indexes in both of them are in hm -3 Z Ci Cz (115)
the same set, and so are the second indexes. ° i1 FioFls
1
Eljim] = lim —E [Tr {(OSPST)W}] (104)
Tvo
. - i i
= lim —E | Tr > (Csjsl)---(Cs;, 8! )PP, (105)
° L Tty dm=
.1 -
= lim —E > sl Cs; -8t Cs; PP (106)
° endm=1
: 1 — = * *
= lim =P > > Wi CoWi g Wi Co Wi Py Py (107)
° edm =L =1
: 1 — = * *
= lim — > > [Wn dm Wit "'Wim,jm,lvvim,jm} Py - P, Cip -G, (108)
© G dm =11 sim =1
1
E = lim — 2 A p. ... P . O
[m] = lim no Z Z |W21 gl Wi i ] Py, - B, Ci - Gy, (109)
Jis--dm =111, im =1
= lim —ry > Pj - P, Ci - Cy, (110)

7,7 mutually good
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Since
1 2 2
ﬁ Z lepja
© j1#7s
_ 2 2 2
-y ZP ~Loy e e
=1 © ja=1 © j1=js=1
_ml Z'ELZ Z (117)
No NT I ngmy 4 s s =
= =1 1=
— BPEV}? (118)

because the first term in (117) converges to 2 E[VZ]? from the

convergence of the empirical distribution of Py, ..., P, , and
the second term converges to zero because
L 4
- Z EV3]. (119)
Jj1=1
For the second factor in (115)
PR eN et
il#iz?fia
- LYo Lyl
®i=1 io=1 Ciz=1
1 2
- no3 Z Ci G,
(i1 =iz)#iz
1 2 1 2
— n03 Z Cil 072 Cig - n—03 Z qul C’ig Cig
(i1=13)7F#12 (i2=13)7F#11
> . cre (120)
iy =ip=is
— E[V,]?E[V2]. (121)

where (121) follows because the first term in (120) con-
verges to E[V,]?E[VZ], and similar to (119) all the other
terms converge to zero. So the overall contribution of 7,7 is
B2EV?2E[V,]2E[V2], which agrees with (112). For m = 4,
all the other terms in (112) can be obtained by following a
similar argument.

Therefore, in terms of noncrossing partitions and the comple-
mentation map, (112) can be expressed as (122) at the bottom
of the page, where the coefficient

B(’I?’Ll,...7 ,nm+1_k)
is the number of noncrossing partitions 7 satisfying the fol-
lowing conditions:

mg,n1, - .-

i) the cardinalities of the subsets in 7 are (in increasing

ii) the cardinalities of the subsets in K (), which is the com-
plementation map (see [24]) of 7, are (in increasing order)
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can be obtained by enumerating the noncrossing partitions
that satisfy conditions i) and ii). To obtain an explicit ex-
pression for B(mq,...,Mg,N1,...,Nmy1—k), We need to
solve the above combinatorial problem for general values of
m and k. This problem can be solved by the embedding of
noncrossing partitions into the permutations group. It was
shown by Biane in [2] that B(mq, ..., mg, N1, ... Nmy1—k)
represents the number of factorizations of a cycle of length m
into a product of two permutations of respective cycle type

(mqy,...,mg) and (nq, ..., s Nm+1—Fk ). An explicit expression
for B(m, ... 7mk,nl, oe oy Numt1—k) 18 given by
B(m1 ..... Mgy MN1yenny an,k)
KNk -1
_ mim - Rk 1) 1)
flma, ..., mg) - f(n1, ..o, Nnt1—k)

with f(mq ,myg) and f(ny,..., ,Nm+1—k) defined as in
7).

APPENDIX D
PROOF OF THEOREM 5

= +/C;P;, whereby T

Let us first consider the case (B); ;
simplifies to

T-SoB=B, SB,,

with B,,_ and B,,; random diagonal matrices defined as

B,,, =diag(v/C1,...,/Cn.)

B, =diag(\/P1,...,\/Pn,). (124)
In this case, it can be easily inferred from [31, Theorem 1] (for
details see [36]) that the empirical distribution (of the squared

singular value) of T' converges a.s. to a nonrandom limit Fp
whose transform is

S(z) = ,/O'OO ZA+1

where u(c, z) is the solution of the following fixed-point equa-
tion:

dFr(\) = E[u(C, 2)] (125)

1
P
L+ 2B ¢ ElszFrieacay)

(126)

u(e, z) =

with C and P two independent random variables whose distri-
butions equal the almost sure asymptotic empirical distributions
of B,,, and B,,, respectively.

Let us next focus on the more general case T' = S o B. First,
we consider the scenario where the entries of B, (B); ;’s, are
random variables compactly supported and such that

(B)i|* <a

“}7 sy Mt l—ke ) for some uniform bound @ < oo. Then, applying Theorem 7 we
For given small m and k, the coefficient have that, conditioned on B, the empirical distribution of T' con-
B(ma,...,mg,n1, ..., Nmt1—k) verges to (90) with v(x,y) defined as in Theorem 7. Denoting
> Bt > > B(my, ..., M, 01,y Mgt k) - EVT] - EVPEVE - - EVg™ 7]
k=1 mi+odtme=m niteotnm,p_p=m

my<--<Smy nlg"'gn717,+l—L‘

(122)
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by X and Y two independent random variables uniformly dis-
tributed in [0, 1], for almost all B we can rewrite (90) as

St(z) = E[u(X, 2)]. (127)
with u(x, z) satisfying the equation
1
’lL(LE7 Z) - v(z,Y)
L+ 20F [1+zE[u(X,z)v(X,Y) |Y]i|
1
(128)

- z,Y
1+ z8E [1+zE[1t(p)((,z)p)(X,Y) \Y]:|

where v(z,y) is the variance profile of T, conditioned on B,
and p(z,y) is defined as in Theorem 5.

The scenario where the (B); ;s are noncompactly supported
random variables requires more care. Denoting by a a finite
deterministic constant, let us consider the following truncated
random variables:

(B)ij = (B)i; H|(B)ijl < Va} (129)
with 1{-} as the indicator function. Furthermore, let T' be de-
fined as T = S o B with

~ log ne

(8)ij = (8)i; H{I(8)i 4l < ﬁ}'

At this point, we invoke the following lemma.

Lemma 2: [41] Denoting by F; the empirical distribution
of T, the variance of f a:de;", conditioned on B, satisfies

4k
Var U akdFp B} < ni <74k n M) (2h) 242

o nO
with 7 = max{|(B)i7j| 11 <i<mo,1<j<nr}. Moreover

/ e*dF7e = R(no,m) + R+ R” (130)
with
R < T
No
E[R"|B] =0
and with
R(no,m)
1 7\ T 7 T
= n_ Z(T)il,jm (T)il.,jl '"(T)im,jm_l(T)im,jm (131)
where the summation ranges over all 2m-tuples i1, ..., %,

J1s---5Jm satisfying 1 < 4y < nrand 1 < j, < no, such
that the cardinality of the set of distinct values of i, plus the
cardinality of the set of distinct values of j, equals k£ + 1, and
such that there is a one-to-one pairing of the unconjugate and
the conjugate terms in the products.

Denoting by 11y the expected kth moment of T’ from Lemma 2
we have that

. 1 NAYERT . k N
Jim BT (T )i i P [ atarg
=lim lim E[R(no,,m)]. (132)

Furthermore, using again Lemma 2 and following the same
steps as those given in the proof of [41, Theorem 1.1.4], we

finally conclude that

gE </xde,_’;° -E [/a;edF,}“’DQ] < o0

1005

from which it follows that
D(Fr, F;) 220 (133)
where D(+, -) is the so-called D-metric (or Dudley metric) [7].
With that, we have proved that the empirical distribution of 7'
converges a.s. to a nonrandom limit. Again, we can apply The-
orem 7 and find that, conditioned on B, the empirical distribu-
tion of T' = S o B converges a.s. to

Si(2) = Elu(X, 2)]. (134)
with a(x, z) satisfying the equation
w(z,z) = 1 (135)

5(X,Y
1+ 2zpE |:1+zE[ﬂ(X(,z)f))(X,Y) |Y]]

where ©(, y) denotes the variance profile of T, conditioned on
B, as defined in (13) and (14). Taking the limit as a — oo we
have that, for almost all realizations of B

Se(:) = lim Sz(2)
= lim Efu(X,2)]

a— 00

=E[lim (X, z)]
= Elu(X, z)] (136)
where u(z, z) is
1
u(z,z) = o)
L+ 2pE |:1+zE[u(X,z)v(X,Y)|Y]]
1
(137)

- (@)
1+2BE [1+zE[u<px7z>p<x,v> |Y]}
This, in conjunction with Theorems 1 and 2, concludes the
proof.

APPENDIX E
PROOF OF THEOREM 6

Since A; for j = 1,...,ny are either finite order or infinite
order absolutely summable Toeplitz matrices, each of them is
asymptotically equivalent to a circulant matrix, which we denote
by C; [12, Lemma 4.6]. Consequently, it follows from [43, eq.
3.4] that as n, — oo the Dudley metric

Dy(Fr — Fp, ) 50 (138)
with
Tere = [C1(8)1,...,Cn (8)n,]A. (139)

Write C; in its spectral decomposition
C1C; = Ujdiag (A)1,- -+ (A)n, ;) U
Itis immediate that if S is a complex zero-mean Gaussian matrix

with i.i.d. entries, then the asymptotic empirical distribution of
T equals the asymptotic empirical distribution of

Teire = [V diag((A)1)(8)s1, - .., vV diag((A)n; ) (8)n; A
where the n,-dimensional vector S i = U;r- (8); is still com-
plex zero-mean Gaussian with i.i.d. entries. From Theorem 5 it
follows that the moments of T, and, consequently, of T de-
pend on p(x, y) which is a function of the asymptotic empirical
distribution of C; that equals the (nonrandom) limiting distri-
bution of the squared singular values of A; [12, Theorem 4.2].
Theorem 6 then follows immediately if S is Gaussian.



1006

Elu*) = -

J1sesdm =121, tm=1dy,....dmn =1L

)SIND SENED SIS S (59

.....

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 50, NO. 6, JUNE 2004

*

0)i,

Ak n
S jm )iy, Sey -

lyn=1

8 s @it 8t | Bisio ) Wiy A/ Wi i\ B B i,

(148)

In the more general case of non-Gaussian S the same argu-
ments given in [31, Sec. 3] and [43] allow us to replace the as-
sumptions on the entries of S by standardized (i.e., zero-mean
and unit variance) variables bounded in absolute value by a fixed
multiple of In n,/n,. Furthermore, again the same arguments
applied in [31] and [43] allow us, also, to replace A with the
diagonal matrix A, whose diagonal coefficients are

A.); =1{|(4);] < o}
with & = lnn,, from which Dy(Fr,, —

Fj,dr )220 follows,
where F

s the asymptotic empirical distribution of

c1rc - [Cl(s) - Cm( )nI]A
with
Inn,e

85 = )51 {I50,1 < 222
5 |® {1 < 2] as0

and Fr,,_ is the asymptotic empirical distribution of T, as de-
fined in (139). Therefore, to prove that the empirical distribu-
tion of T' converges a.s. to a nonrandom limiting distribution,
we need only to prove that T, has an empirical distribution
converging a.s. to a nonrandom limit. From (140), we have
A Inne A
(5)i41 < o Ell(8)ill = 0.

Vo
We first prove that the mth expected moment of T, admits
expression (38) before we prove almost sure convergence.

For convenience of notation, in the following we denote
(8); = C;(8);.

Consequently, the mth expected asymptotic moment Tc"cTCIrc
is as in (141)—(146) at the bottom of the page, where in these
equations P; = |(A,);|> and W, ; is the ith entry of (S);.
Moreover, denoting by A the n, X ny matrix whose (4, 7 )th entry,
(A);,; represents the ith eigenvalue of C'jC';-, we have that
Wij=/(A)i;Wi,

with W; ; the ith entry of U T(S’)

Let us now investigate all poss1ble ways to partition indexes
, i, Into k disjoint sets for 1 < k < m. Indexes in the
same set remain identical in the summation and indexes in dif-
ferent sets remain distinct in the summation. More precisely, we
decompose the summation in (146) into three terms

.....

p{m) = R(ng,m) + R+ R" (147)
with
1 . \
R(no,m) = — S W Wi Wi Wi
: \/(A)z‘l.,jm \/(A)z‘l.,jl S \/(A)im,jm_l \/(A)im im Py P,

where the summation is asin (131). Since W; ; is the ith entry of
U;(8);, (148) follows (see the top of the page). Consequently,

Blu§) = —EB [Tx {@acTiom}] (141)
1 Ly
= 5[ {(84,4.5")"}]
No
- il . nr ~
=—E |Tr Pi(8); (8 - P (8);, (8 (142)
’ - jl:l jvmzl
I N . i
=B Y 3B ), BB )
° jl,--.,jmzl
1 . . )
- 7’L_E Z Z i1,0m 801 T Y e 1 Y Amsdm le s ij (144)
° It dm=11%1,..,im=1
R *
- No Z Z \/T]'rn i1,0m 11 Wi gy - \/mvvimdm_l A)’im,]m Wi im |
© 1y dim =11, =1
B (145)
1 ) )
= n_o Z Z E [WL1 Wi, '~'W£m,jm,1Wim,jm} .
1503 Jm =111 ,e00ylm =1
\/(A)ilajm \/(A)llajl cee \/(A)im 7]"17171 \/(A)Z’m 7jn7. F)]1 cee ij, (146)
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using (147) and the fact that gd .,i» 8 are independent and zero-
mean, it is easy to check by the following arguments analogous
to the ones in [41, Lemma 1.2] that

/ m"™ T 2m ., . -
|R | < 7‘L— Sup{|(Tcirc)i,j| 1< ng,g < no}

E[R"] = 0.

The assumption on A; of either finite order or infinite order
absolutely summable Toeplitz, implies that the eigenvalues of
A; (and, consequently, of C;) are bounded. From this, thanks
to the truncation of (8); j and A, and thanks to the structure of
U;, it follows that lim,, . |R’| — 0. Therefore,

lim E[p)] = lim E[R(no,m)]

= lim E[MST?"’G)]
= pPm (149)

with f,,, defined as in Theorem 6 and lim,,, _, o E[p (""’G)] de-

noting the mth expected moment of T Ty;,.. From (149) it
clearly follows that, since for the case that S is Gaussian the
limiting distribution of T exists and its moments satisfy the Car-
leman sufficiency condition, the same considerations hold for T'
when the matrix S is a matrix with i.i.d. entries arbitrarily dis-
tributed.

Finally, in order to prove almost sure convergence

lim iTr (TTT) LA hm B[] = fim

No—00 Mg

for each m as n, — 0o, we just need

Z E[(nlim p{me) — lim E[p)))?] < oo
— 0 —00 Ny —00
which can be established following the same steps as those given
in [43].
Summarizing, we have proved that the transform S(z) of the
nonrandom limiting distribution (of the squared singular values)
of T is given by (89) with u(z, z) satisfying

1
u(z,z) =
1420 fo v

(150)

p(r,J)dJ
u(w,z)

(w,y)dw
from which, following the same steps adopted in Theorem 7, the
expression of ¢, ; given in (39) follows immediately.
APPENDIX F
PROOF OF COROLLARY 4

Applying Theorem 7, the transform Sr(z) of T is
1 -1

— 7 T
Sr(z) = A}lm E[Tx (I+ 2TT ) ]

= lim

1
AMOON;E[u(n,z)] (151)

where

(152)

1
u(n, z) = FEEWC)

B K
1+ K Zk:l 1+2A2 3 u(n,z)An (Cy)

>
N n=1
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with

L

2 H

L27rln/]\7

nlck

independent across the users. Since the asymptotic empirical
distribution of {A;(C}), Xi(Ck)} does not depend on 1,
using Parseval equality we have that

1

A7 IZ[ 1H"2‘2

r(2)A2 > [Hiel?
(153)

from which, invoking the fact that across users the fading coef-
ficients are i.i.d., it follows that the right side of (153) converges
to

lim F

K—oo

ST(Z) =

1424 Y5 11 ss

1
P
L+ Z/BE |:1+zP$T(z)i|

with P a random variable whose distribution equals the non-
random limiting distribution of

L
AT Hil? . A%
=1

ST(Z) =

(154)

L
> Heel.
(=1
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