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Abstract— We present a unified large-system analysis of linear
receivers for a class of random matrix channels. The technique
unifies the analysis of both the minimum-mean-squared-error
(MMSE) receiver and the adaptive least-squares (ALS) receiver,
and also uses a common approach for both random i.i.d. and
random orthogonal precoding. We derive expressions for the
asymptotic signal-to-interference-plus-noise (SINR) of the MMSE
receiver, and both the transient and steady-state SINR of the ALS
receiver, trained using either i.i.d. data sequences or orthogonal
training sequences. The results are in terms of key system
parameters, and allow for arbitrary distributions of the power
of each of the data streams and the eigenvalues of the channel
correlation matrix. In the case of the ALS receiver, we allow
a diagonal loading constant and an arbitrary data windowing
function. For i.i.d. training sequences and no diagonal loading,
we give a fundamental relationship between the transient/steady-
state SINR of the ALS and the MMSE receivers. We demonstrate
that for a particular ratio of receive to transmit dimensions and
window shape, all channels which have the same MMSE SINR
have an identical transient ALS SINR response. We demonstrate
several applications of the results, including an optimization of
information throughput with respect to training sequence length
in coded block transmission.

Index Terms— Large-System, Least

Squares, MIMO, CDMA.

MMSE, Recursive

I. INTRODUCTION

ARGE-system analysis of linear receivers for random

matrix channels has attracted significant attention in
recent years, and has proven to be a powerful tool in their
understanding and design (e.g., see [1] and references therein).
In particular, large-system analysis of the matched filter, decor-
relator, and minimum-mean-squared-error (MMSE) receivers,
which have knowledge of the channel state information, has
been exhaustively studied for the downlink, using results such
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as the Silverstein-Bai theorem [2], Girko’s law [3], and free
probability [4]. In this paper we take a different approach to
the problem, which allows us to consider random i.i.d. and
orthogonal channels (or matrix of signatures) in the same
treatment, in contrast to the existing separate analyses of
i.i.d. [5] and orthogonally precoded [6,7] channels. The new
approach also allows us to consider a more general class of
signal models, and a receiver which does not have the benefit
of channel state information, namely the adaptive least-squares
(ALS) receiver.

In this paper, we consider both the MMSE and ALS
receivers. The ALS receiver approximates the MMSE receiver
and requires training symbols [8]. In particular, the autocor-
relation matrix of the received vector (an ensemble average),
which is used in the MMSE receiver, is replaced in the ALS
receiver by a sample autocorrelation matrix (a time average).
Given sufficient training symbols, the performance of the ALS
receiver approaches that of the MMSE receiver. In this paper,
two types of adaptive training modes are considered, based on
those presented in [9], where either the training sequence is
known at the receiver, or a semi-blind method is employed. In
a time-varying environment, weighting can be applied to the
errors to create data windowing, which allows for tracking.
When implemented online as a series of rank-1 updates with
exponential windowing, this receiver is often referred to as
the recursive least-squares (RLS) receiver [8]. To prevent ill-
conditioning of the sample autocorrelation matrix with RLS
filtering, diagonal loading can be employed, which refers to
initializing this matrix with a small positive constant times the
identity matrix.

Prior relevant work on ALS techniques (in particular, as
applied to channel equalization and estimation) includes [10],
where an approximate expression is derived for the transient
excess mean-squared-error (MSE) of the ALS receiver with
respect to the MMSE receiver, often referred to as self-noise,
for a general channel model and windowing function. Also,
an approximate expression is given for the convergence time
constant of the receiver when tracking non-stationary signals.
Steady-state and transient analysis of the RLS receiver was
also considered in [11]. A comprehensive treatment of ALS
techniques and variations is contained in [8].

The application of ALS to CDMA was considered in [12],
where the convergence of a blind multiuser detector based
on a stochastic gradient-descent adaptation rule is also ana-
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lyzed. In [9], approximate expressions are given for the rela-
tionship between the MMSE signal-to-interference-plus-noise-
ratio (SINR) and the steady-state ALS SINR with exponential
windowing for DS-CDMA in flat-fading. This was extended in
[13] to a steady-state analysis of two-stage algorithms based on
RLS using decision-directed adaptation. A review of adaptive
interference mitigation techniques is given in [14].

Large-system analysis for ALS receivers was first consid-
ered in [15, 16], which considered DS-CDMA in flat fading
with i.i.d. training sequences, and an ALS receiver with di-
agonal loading and rectangular or exponential weighting. The
transient SINR (i.e., after a given number of training symbols)
and steady-state SINR (i.e., after an unlimited number of
training symbols) of the ALS receiver was derived in the
limit where the number of transmit dimensions, the number
of multiplexed data streams, and the number of training
symbols all tend to infinity with fixed ratios. With rectangular
windowing and no diagonal loading, a relationship between
the MMSE SINR and the transient ALS SINR was given. In
other work, large-system analysis has been applied to so-called
subspace-based blind ALS receivers in [17-19].

In this paper, we consider a more general complex-valued
AWGN matrix-vector channel model of the form r =
HSAD +n, where H is an arbitrary matrix, A is an arbitrary
diagonal matrix, and S is either an i.i.d. or orthogonal matrix.
For example, the model applies explicitly to downlink syn-
chronous direct sequence (DS) or multi-carrier (MC) CDMA
in frequency-selective fading, as well as multi-input multi-
output (MIMO) channels. In fact, if we additionally require
that the data vector b is unitarily invariant, then the MMSE
and ALS results we obtain apply to all AWGN matrix-vector
systems of the form r = Cb-+n, provided that the eigenvalues
of CCT converge to a well-behaved deterministic distribution.
As such, the results can be applied to systems not previously
considered in large-system analysis, such as equalization of
single-user finite-impulse-response (FIR) channels.

For this channel model, we derive the SINR of the MMSE
receiver, with either i.i.d. or orthogonal S, in the large-system
limit where the number of transmit and receive dimensions,
and the number of multiplexed data streams all tend to infinity
with fixed ratios. The expression for the SINR is a function of
these ratios and the received SNR, and allows for arbitrary
asymptotic eigenvalue distributions (a.e.d.’s) of AAT and
HH'. This result can also be derived under the same set
of assumptions using the S-transform from free probability.
However, unlike the free probability technique, we show that
the technique used to derive this result also applies to the ALS
receiver.

For the ALS receiver, we extend the work of [16] to the
general channel model described. We consider an arbitrary
data windowing function and both i.i.d. and orthogonal train-
ing sequences. That is, we determine both the transient and
steady-state ALS SINR in the limit described for the MMSE
receiver, and also as the number of training symbols tend to
infinity.

Also, we present an expression which relates the SINR of
the MMSE receiver to the transient and steady-state SINRs of
the ALS receiver for the case of i.i.d. training sequences and
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no diagonal loading. We demonstrate that in this situation, for
a particular ratio of receive to transmit dimensions and window
shape, all channels, which have the same MMSE SINR, have
an identical transient ALS SINR response. Since our results
hold for all well-behaved matrix-vector systems for which the
data vector is unitarily invariant (as previously discussed), the
MMSE-ALS relationship is in fact seen to be a fundamental
property of adaptive least-squares estimation.

It is interesting to compare our results to an approximate
expression for the steady-state ALS SINR given in [9] for the
special case of DS-CDMA in a flat-fading channel, with i.i.d.
spreading and exponential weighting. A comparison of the
expressions reveals the approximation in [9] to be excellent,
particularly for large window sizes. Also, we note that for a
general channel model, the study in [11] previously came to
the conclusion that the ALS convergence rate is independent
of the channel; however, their conclusion was based on mak-
ing several approximations, and only exponential windowing
(RLS) was considered. This conclusion was stated for DS-
CDMA in [9]; however, an explicit relationship between the
MMSE SINR and the transient ALS SINR, such as derived in
this paper, is not given in either of those papers.

Unfortunately, we have not determined a simple relationship
between the MMSE SINR and ALS SINR with orthogonal
training sequences and/or diagonal loading. This remains an
open problem. Inspection reveals that with orthogonal training
sequences and no diagonal loading, the transient relationship
will depend on the channel.

During the course of the analysis we solve for the Stieltjés
(or Cauchy) transforms of the a.e.d.’s of both the autocorrela-
tion matrix and the weighted sample autocorrelation matrix
of the received signal. These expressions are found using
matrix manipulations, which do not require the use of free
probability. The first transform can also be derived using free
probability; however, such techniques cannot be applied to
derive the second transform, since the associated constituent
matrices are not free. As such, the results are of independent
mathematical interest.

Through numerical studies, we demonstrate the applicability
of the large-system results to finite systems, and the ben-
efits of orthogonal precoding and training is examined. We
demonstrate an application of the results in the optimization
of information throughput with respect to training sequence
length in coded block transmission.

The paper is arranged as follows. Section II outlines the
general transmission model, the receivers considered, and
defines the large-system limit. Section III discusses the general
approach we take for the analysis. Section IV reviews analyt-
ical approaches to the MMSE SINR problem, and presents
the general solution based on the unified analytical approach.
An alternate expression for the MMSE SINR, different from
those presented in [1], is also presented which allows the
relationship between the MMSE SINR and ALS SINR to be
derived in certain cases in later sections. Section V presents
the general result for the ALS SINR. A simple relationship
between the ALS SINR and MMSE SINR with i.i.d. training
and without diagonal loading is then presented in Section VI.
Finally, numerical studies are presented in Section VII.
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II. SYSTEM MODEL

This paper considers a general matrix-vector transmission
model. It applies to a wide range of practical data communi-
cation systems, including frequency-flat fading MIMO chan-
nels, and both frequency-flat and frequency-selective fading
downlink DS- or MC-CDMA channels.

A. General Transmission Model

In matrix notation', the received signal in the m"™ symbol
period is
r, = HSAb,, +n,, (1)

where

o H e CM*N is a complex-valued channel matrix.
e S=[s; - -skg] € CN*K contains either

— random orthonormal columns, i.e., we assume that S
is obtained by extracting K < N columns from an
N x N Haar-distributed? unitary random matrix, or,

- ii.d. complex elements® with mean zero and variance
%. For example, i.i.d. real & imaginary parts which
are either 1/v/2N with equal probability, or i.i.d.
Gaussian with zero mean and variance 1/(2N).

We shall call the first case ‘isometric (iso.) S’, and the
second case ‘i.i.d. S’, as is done in [6].

o A ¢ CK*K j5 a diagonal matrix of transmit coefficients,
ie. A = diag(A;,...,Ak). In fact, the results which
follow depend only the values of P, = |Ax|?, and so
to simplify notation, without lack of generality, we may
assume Ay, £ = 1,..., K, is non-negative and real
valued.

e b,, € CE*1 cither contains transmit data, or training
symbols (for an ALS receiver). Elements of b,, can be
either i.i.d. with zero mean and unit variance® (for data
and i.i.d. training cases), or they can be drawn from a
set of orthogonal sequences (for orthogonal training, as
explained further in Section II-D).

e n,, € CM*l contains ii.d., zero mean, circularly
symmetric, complex Gaussian entries with variance per
dimension o2 /2.

« H S, A, b, and n,, are mutually independent.

B. Discussion

The general transmission model in (1) is widely applicable,
and in particular includes the following systems.

Notation: All vectors are defined as column vectors and designated with
bold lower case; all matrices are given in bold upper case; ()T denotes
transpose; (-)T denotes Hermitian (i.e. complex conjugate) transpose; (-)¥
denotes the operation X* = XXT; tr[-] denotes the matrix trace; |-| and |||
denote the Euclidian and induced spectral norms, respectively; Iy denotes
the N x N identity matrix; R* = {# € R : x > 0}; and, expectation is
denoted E[].

2 A unitary random matrix €2 is Haar distributed if its probability distribu-
tion is invariant to left or right multiplication by any constant unitary matrix.
If X is a square random matrix with i.i.d. complex Gaussian centered unit
variance entries, then the unitary matrix X (XTX) ~1/2 is Haar distributed.

3For technical reasons, we also require the elements have finite positive
moments. Also, if H # Iy, we additionally require that S is unitarily
invariant, however, we believe the results apply more generally.

e Downlink MC- or DS-CDMA: In this case, S represents
the matrix of K signatures with spreading gain N.
Typically, the number of output dimensions equals the
number of input dimensions and hence H is square.

— For flat-fading DS-CDMA, H = Iy and A rep-
resents the combined effect of each users’ transmit
power and channel coefficient.

— For MC-CDMA in frequency-selective fading, H
is the diagonal matrix of the channel frequency
response in each subcarrier, and A represents the
transmit amplitude of each signature.

— For DS-CDMA in frequency-selective fading, H is
a circulant or Toeplitz matrix constructed from the
channel impulse response, and A represents the
transmit amplitude of each signature.

e ‘Rich’ MIMO: The standard point-to-point flat fading
MIMO channel model is given by (1), where K and
N correspond to the number of transmit and receive
antennas, respectively. The standard MIMO channel ma-
trix with i.i.d. circularly symmetric complex Gaussian
coefficients between each pair of transmit and receive
antennas corresponds here to setting H = Iy and S i.i.d.
Gaussian. The matrix A defines the transmit amplitudes
on each antenna.

e MIMO with richness parameter: The MIMO channel
model introduced in [20] can also be described by (1),
with S i.i.d. and H = ®C, where ® is i.i.d., and C is
diagonal. In this case, S models the propagation from
the transmitter to a ‘scattering array’, modeled by C,
and ® models the propagation from the scattering array
to the receiver. The rank of the scattering array matrix
determines the richness of the MIMO channel.

o If we additionally require that the data vector b is
unitarily invariant, then the MMSE and ALS asymptotic
SINR results we obtain apply to all AWGN matrix-vector
systems of the form r = Cb—+n, under certain conditions
on the channel matrix C, and the data and noise vectors,
b and n. A full explanation is given in Section II-E.

C. MMSE Receiver

The output of the MMSE receiver with full channel state
information (CSI) and knowledge of S for stream k at symbol
interval m is given by

by (k) = ciry, 2)

where
cr. = R 'Hsy,, (3)
R = (HSA)! + 021y, . 4)

Now, identifying the signal and interference components of
the received signal in (1), i.e., r,,, = AxHsib,, (k) + rin, the
corresponding output SINR is defined as

Ellc o Iy2
Elleyrr,[?]

where the expectation in (5) is with respect to b,,, and n,,,. The
subscript N indicates that this is a non-asymptotic quantity.




D. ALS Receiver

The output of the adaptive least-squares (ALS) receiver with
7 training symbols for stream k at symbol interval m > i is
given by

Bm(k) _ é;irm (6)
where
ék = Rilék 9 (7)
. 1 M
R= ZRWR + HIM ) ®)
R =HSAB! + N, ©)
. %’wak , With‘ tra'ining, (10)
Hs,, , semi-blind.
and where

e« B € C**X contains training data, where the m® row of
B is bf . The ¥ column of B will be denoted as by.
We consider both i.i.d. and orthogonal training sequences,
ie.,

— B contains i.i.d. elements with zero mean, unit
variance, and finite positive moments, or,

— B contains either random orthogonal rows or
columns. If K < i then B'B = iIx, and we assume
that %B is obtained by extracting K columns from
an ¢ x ¢ Haar-distributed unitary random matrix. If
K > 4, then BB = KI,, and we assume that
—=BT is obtained by extracting ¢ columns from a

x K Haar-distributed unitary random matrix.

We shall call the first case ‘i.i.d. B’, and the second case?

‘orthogonal (ort.) B’.

e N € CMXi contains observation noise, where the m™
column is n,,.

o 1 € R* is a diagonal loading constant, and n = i/N.

e W ¢ R is a diagonal data windowing matrix, i.e.
W = diag(wi,...,w;) where w,, € R* for m =
1,..., . For example, with exponential weighting w,, =
€=™, where € € (0,1], or, without windowing W = I,.

Note that, although strictly speaking the model in (1) applies

only to time-invariant systems, we include windowing to allow
for practical situations such as slowly time varying channels,
or users entering/leaving the system. The term ‘semi-blind’ in
(10) refers to the case when H and s; are known, and there
is no training data, whereas ‘with training’ refers to when just
B is known. For more details on the practical issues, see [9],
where this ALS formulation is considered for DS-CDMA in
flat-fading.

The SINR for the k™ stream at the output of the ALS

receiver, SINRQ’LJ\S,, is defined by the right-hand side of (5),
however, with ¢, replaced by cj.

E. Large-System Limit

We define « = K/N and § = M/N, and for the ALS
receiver, n = i/N.

4As the columns of iso. S are orthonormal, while the columns/rows of ort.
B are just orthogonal, we do not refer to B as isometric.
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Throughout this paper we consider the asymptotic limit
(M,N,K,i) — oo with K/N — a > 0, i/N — n > 0,
and M/N — (8 > 0 constant. For isometric S, o < 1.

With data windowing it is necessary to consider how
W is defined for each ¢ so that the empirical distribution
function (e.d.f.) of its diagonal values converges to something
appropriate. Any finite window length becomes negligible in
the large-system limit as ¢ — oo, therefore it is necessary to
scale the window shape with the system size. For example,
as in [16], with exponential windowing we define L = 1;
as the ‘average’ window length, and take L. — oo with
L/N — L > 0 constant.

To facilitate the large-system analysis, we also require that
H!, A2, and W each have a uniformly bounded spectral
norm,’ that is, a bound which is independent of the system
dimension N. Also, we require the empirical distribution
functions of the eigenvalues of A2 H and W to converge in
distribution almost surely to non-random distributions on the
non-negative real axis, which will have compact support due
to the previous assumption. We also assume that the limiting
distributions of A2, Hf, and W are non-trivial, i.e., do not
have all mass at zero.

Proposition 1: The large-system MMSE and ALS SINRs
corresponding to the transmission model in (1) are the same
as the large-system MMSE and ALS SINRs, respectively,
computed for any matrix-vector system of the form r =
Cb + n in which

o« Cc CM*K b e CK*! and n € CM*X! are mutually

independent,
e n satisfies the same conditions as n,,, above,
« the data/training vector b satisfies the same conditions as
b,, above, and additionally is unitarily invariant,’

o the channel matrix C is such that the e.d.f. of C*
satisfies the conditions on H* mentioned in the previous
paragraph,

and corresponds to taking H = C, S to be K x K isometric,
and A = I, respectively.

Proof: Since b is unitarily invariant, all data streams
have identically distributed SINRs. Since b has the same
distribution as Ub, where U is a K x K Haar-distributed
random unitary matrix, we see that the distribution of the
MMSE and ALS SINR associated with ' = CUb + n are,
respectively, the same as that for r, and will share a common
large-system limit, if it exists. O

Proposition 1 implies that our model encompasses the clas-
sic equalization model. Namely, r represents N = M samples

SIn particular, this condition is required for the derivations in the appen-
dices, which frequently rely on Lemma 9 in Appendix I along with other key
lemmas as a precursor to the asymptotic analysis contained in the remaining
appendices.

OThat is, the elements of Ub have the same joint distribution as b for any
K x K unitary matrix U. This is an extra restriction on i.i.d. data vectors. For
training vectors from Haar-distributed matrices, this condition is automatically
satisfied, and is easily verified for a > n (that is, when b is a column from
a Haar-distributed matrix). For o« < 7, note that Ub corresponds to the
Hermitian transpose of a row of BUT, and BUT can be written as OFE K UT,
where © is ¢ X ¢ Haar, and Ex = [Ig, OK,Z',K]T. Alternately, we have
BUT = @UEg, where U is the unitary matrix created by replacing the
upper left K x K sub-block of I; with UT. Since @ is Haar, ®U is also
Haar, and hence BUT has the same distribution as B.
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at the output of a single-input/single-output (SISO) FIR chan-
nel h of length L., i.e., r(n) = ZL:Cal h(¢)b(n —¢) 4+ n(n).
If a cyclic prefix of appropriate length is used, we set C
defined in Proposition 1 equal to the circulant channel matrix.
Therefore, from Proposition 1, the corresponding model (1)
takes A = Iy, S as N x N isometric, and H as C or
equivalently as an N x N diagonal matrix with the /N-point
DFT of h on the diagonal.

III. UNIFIED LARGE-SYSTEM ANALYSIS

In Sections IV and V, we derive the asymptotic SINR for
the model (1) with both MMSE and ALS receivers. The SINR
in both cases is directly related to the Stieltjés transform’ of
the a.e.d. of the received signal correlation matrix R for the
MMSE receiver, and R for the ALS receiver. For the MMSE
case, there are a number of existing methods for finding such
transforms directly (see e.g., [1]). However, those methods do
not extend to the ALS problem. We now discuss a general
approach, which applies to both i.i.d. and isometric S for both
the MMSE and the ALS receiver.

The aim is to derive a set of equations for each “constituent”
dimension in R (or f{), which can be solved for the Stieltjés
transform. For example, R has three constituent dimensions
(K, N, and M), while R has four, since it also includes <.

Each equation is based on expanding the simple identity
R!R = I; (or R"!R = I,,) in each constituent dimen-
sion. That is, since R (or f{) is Hermitian, this term in the
identity can be written as a sum of vector outer products,
where the sum index runs up to the value of the dimension.
Taking the normalized trace of both sides of the resulting
equation can be simplified, and involves terms which have
equivalent asymptotic forms, which can be evaluated using an
asymptotic extension to the matrix inversion lemma. These
equivalent forms are in terms of scalar variables, some of
which are mixed matrix moments. Each of these moments
can be expressed in terms of the other variables.

The result is a set of equations, which can be solved for the
Stieltjés transform, and other unknowns (e.g., various matrix
moments). Interestingly, in all cases we consider, the equations
can be written in a form such that solving for the Stieltjés
transform numerically amounts to zero-finding in at most two
dimensions.

IV. ANALYSIS OF MMSE RECEIVER

It has been shown that, for both i.i.d. and isometric S, the
asymptotic SINR for the ™ stream at the output of the full-
CSI MMSE receiver in (3) satisfies [7,21]

max [SINRY'\*"
k<K ’

— Pupl’| =50 (1

. . . a.s.
under the limit considered, where — denotes almost-sure
convergence,

o {}Vtr[HiR—l] ,iid. S,

= 12
e tr[(HIDR ™Y | iso. S, (12)

1 =

"The Stieltjés (or Cauchy) transform of the distribution of a real-valued
random variable X is the expected value of 1/(X — z), where z € CT is
the transform variable, and Ct = {z | z € C, Im(z) > 0} (e.g., see [2]).

and TI? = Iy — St.

We now discuss some existing methods for computing the
limit of the moment pY in (12) with the MMSE full-CSI
receiver, and note that the methods do not extend to the
ALS receiver. We then present the main result of this section,
namely, a general SINR expression, which applies to both
ii.d. and isometric S, derived using the approach discussed
in Section III.

For ii.d. S, and square invertible H, the SINR can be
obtained in terms of the limiting distribution of H* and A2,
using the result of Silverstein and Bai [2] after writing

= %tr[(SAZST +o2(HH)H) ™Y (13)
as was done in [22], and for more general channel distributions
in [6, Theorem 2]. More generally, a solution for arbitrary
(non-square) channel models can be obtained for i.i.d. S via
Girko’s law (see e.g., [5, Lemma 1], or [23, Theorem IV.2]
for just the Stieltjés transform of R), again in terms of the
limiting distributions of H* and A2. We note that neither of
these techniques can be used to compute the output SINR for
the MMSE receiver with isometric S, or the ALS receiver.

For isometric S and square H, the asymptotic SINR was
first presented in [6] with A = Ik, and was extended in [7]
to include general A. Although this approach could also be
used to consider non-square H, it does not extend to the ALS
receiver since it relies on the particular structure of R, which
is not shared by R.

A. Asymptotic SINR for MMSE Receiver

The following theorem allows us to evaluate the limit of p
(and hence the asymptotic MMSE SINR) for general channels
and for either i.i.d. or isometric S. The theorem is in terms
of the Stieltjés transform of the e.d.f. of the eigenvalues of
(HSA)*. That is, we generalize the definition of R from
(4) by replacing 0% by a complex variable z € C*t (ie.,
R = (HSA)* — zIy,), such that the Stieltjés transform of
the e.d.f. of the eigenvalues of (HSA)* is given by G (2) =
+7tr[R™!]. The theorem is given in terms of the two additional
random sequences pY € CT, as defined in (12) using the
redefinition of R, and 7V € CT. The variable 7i¥ is defined
in terms of matrix equations, and is given in Appendix III-A
since the definition is lengthy and is not needed to state the
following result.

Theorem 1: Under the assumptions in Section II-E, as
(M,N,K) — oo with M/N — 3 >0and K/N - a >0
fixed, the Stieltjés transform of the e.d.f. of the eigenvalues of
(HSA)}, GY (2), z € C*, along with pY¥ and 7V satisfy

IGR(2) = | == 0, (14)
1 — 1| =0, (15)
| — | &30, (16)
where v, p1, 71 € CT are solutions to
_ a
Y1 =—Z2 1 (1 — 6/)151,1) 5 (17)



—2 718" Hy 4 ,iid. S,
p1= —2 " H1a iso. S (18)
1-8(1+2y) > 7
(18171 N ii.d. S7
T =ap— a&i o, S (19)
1-8(1+z2y) ~ 7
where $* = min(0, 1), and
P
&1 =E {Hpm] ) (20)
HP
Hp |:1+HZ_1(7'1—O[]7):| ’ @

for p € Z*. The expectations in (20) and (21) are with respect
to the scalar random variables P and H, respectively, and
the distributions of P and H are the asymptotic eigenvalue
distributions of A2 and the first 3* N = min(M, N) non-zero
eigenvalues of H*, respectively, and p = E[P].

Proof: See Appendix III. O
Remarks:

o If (17)-(19) has a unique solution® vy, p;, 7 € CT for

any given z € CT, then Theorem 1 additionally implies
that the e.d.f. of the eigenvalues of (HSA)* almost surely
converges in distribution to a deterministic distribution,
whose Stieltjés transform is Gr(z).
Moreover, we have that pY¥ converges almost surely to
the deterministic value p; in the limit considered, and
so, letting z = —o2 + ¢j and taking € — 0, as suggested
by (11), the MMSE SINR of the k™ data stream almost
surely converges to Pyp;.

e Foriid. S, Theorem 1 can be obtained via Girko’s law
(see e.g., [23, Theorem IV.2]). For isometric S, this result
appears to be new. However, in both cases Theorem 1 can
be derived (under the same set of assumptions) using the
S-transform from free probability, or the method of [24].
We give a different proof, relying only on elementary
matrix manipulations. The primary reason for presenting
this result is to lead into the ALS analysis, which will
follow the same general procedure outlined in the proof
of Theorem 1 in Appendix III.

o The following steps describe how to find Gr(z) numer-
ically via Theorem 1 for specific distributions of P and
H, and given values of z, a, and S3.

— Consider (18) as a scalar function of pq, i.e.,
X(p1) =0.

— Numerically find the unique positive root of X (p;)
using standard techniques (e.g., using a routine such
as fzero in Matlab), where, for a given value of pq,
the corresponding values of 7; and +; are directly
evaluated using (19) for 7, and (17) for ;.

o In fact, (17) is just one of many possible expressions
which can be derived from the identity 77 tr[RR™'] = 1.
Other expressions involving ; derived in this manner

SCertainly, for i.i.d. S, the equations of Theorem 1 have a unique solution,
since the same result can be obtained via Girko’s law, for which the solution
is known to be unique. Although it is not proved, we believe that this is also
true for isometric S. Numerical studies support this.
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include

Bl+zm) =a(l—=E&,) = api€ia
=p"(1—-Ho1) = B2 —ap)Hi 1

These expressions, derived in Appendix III, are used in
the proof of Theorem 1.

o If H is exponentially distributed with mean one (i.e., MC-
or DS-CDMA in frequency-selective Rayleigh fading),
Hii = (1 — f(x))/x, where = = 271 — ap),
and f(z) = 2 'exp (z7')Ei(z7') where Ei(z) =

J° e7=tt~1dt is the first-order Exponential Integral.

(22)
(23)

B. Alternate Representation of MMSE SINR

We now present an alternate expression for the asymptotic
value of SINRI,Z{I}/IVSE, which will allow us to determine the
relationship between the asymptotic MMSE SINR and the
asymptotic ALS SINR considered later in Sections V-VI.
This expression depends on the additional random sequences
pé-v € R*, 7 =2,3,4, which, along with the auxiliary random
sequences TJN € R*, j = 2,3, are defined in terms of matrix
equations in Appendix III-A (The definitions of these variables
are lengthy, and are not needed to state the following result;
so to facilitate the flow of results they are not stated here.)

It is shown in Appendix V that, under the assumptions in
Section II-E,

ma SINRY'F — =0 (24)
as (M,N,K) — cowith M/N — 3 > 0and K/N — a > 0.
Moreover, ‘pév — pj| iy 0,5=2,3,4, and }TJN — Tj| iy 0,
Jj = 2,3, in the limit considered, where p; € R*, j = 2,3,4,
and 7; € R*, 7 = 2,3, are solutions to the following set of
equations. For i.i.d. S,

B* 2|72 (Hi2+mHo2) , Jj=2,

pi=R B P A+ ) Hae  , j=3, (25
ap3€ o , Jj=4
T =apia , Jj=2,3. (26)
while for isometric S,

B* |22 (Hi2+mHo2) , j=2,

B |27 (1+73)H22 , J=3,

alpsiz — |p1l* E12) , =4
pj = ; 27

Oz(go’g — 1) + 1
—o, 2
apjao — B 2| Tlap — | " Hj—12 .
o L j=2,3. (28)
i B (Hoa —1) +1 J (
where
pr
Epo=E|———| ., (29)
" 1+ Ppy [
HP
Hp,Q = 2 ) (30)
|1+ Hz=1(1 — ap)|

for p € Z*, and &;1, Hy 1, ¢ € Z7, p1, 71, P, 8%, P, and H
are determined from Theorem 1.



max
k<K
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Again, assuming that (17)—(19) and also (25)—(28) have
unique solutions, then we also have that the SINR of the
k™ data stream converges almost surely to the deterministic

quantity Py |p1|* /(pa + 02 po).

V. ANALYSIS OF ALS RECEIVER

In this section we derive the asymptotic SINR for the
adaptive receiver, using the general approach discussed in
Section III.

Firstly, we derive the asymptotic transient ALS SINR after
a specified number of training intervals (either with training,
or semi-blind). Our aim is to characterize the typical transient
response of the receiver as a function of 7, i.e., as the number
of training symbols increases. The resulting expression is in
terms of several large matrix variables involving the sample
autocorrelation matrix. We present a theorem which gives the
Stieltjés transform of the a.e.d. of the sample autocorrelation
matrix, and fixed-point expressions for each variable required
to compute the asymptotic SINR.

Secondly, from the transient SINR solution we determine
the steady-state asymptotic ALS SINR, that is, the SINR as the
number of training intervals (either with a training sequence,
or semi-blind) goes to infinity (i.e., n — oo). Without data
windowing, we verify that the solution for the ALS SINR
converges to the MMSE SINR. Then we determine the steady-
state SINR when an arbitrary windowing function is used.

A. Transient ALS SINR

The following result relates the transient SINR of the ALS
receiver to six auxiliary random sequences, [)jv and 1[)N ,
7 = 1,2,4. The definitions of these variables are in terms
of matrix traces and quadratic forms, and are quite lengthy.
So, for clarity of presentation, and also since asymptotically
equivalent values of these variables can be calculated from
subsequent results, the definitions are given in Appendix VII-
A.

Theorem 2: In the limit as (M,N,K,i) — oo with
M/N — (3>0, K/N - «a>0,and i/N — n > 0 fixed,

|P1’
)+Iakzl &y

SINRR'Y —

+o2)
3D

AR

a.s.
=0

where

(ak 1, ak 2) _ (17 _Akﬁiv)
T (Ag(@ — 1), 1)

w is the mean of the a.e.d. of W, and the definitions of ,6§V
and 1/35\7 ,j =1,2,4 are given in Appendix VII-A.

Proof: See Appendix VIII. Note that the definitions and
derivations of Appendix VII necessarily precede Appendix
VIIL O

Remarks:

, semi-blind LS,

. - (32)
, LS with training.

« Expressions, which can be used to compute asymptoti-
cally equivalent values of ﬁ;v and 1/)§V ,J =1,2,4, are
presented in Theorem 3 and Lemma 1.

o The preceding ALS SINR expression resembles the alter-
nate MMSE SINR expression (24) derived in Section I'V-
B. However, a simplified expression for the ALS SINR,
such as that presented for the MMSE SINR in Theorem 1,
is not possible. This is due to the fact that a simplification
of the interference power, as discussed in the proof of (24)
in Appendix V, is not possible for the ALS receiver.

The following Theorem and Lemma give a sufficient num-
ber of relations to calculate the asymptotic moments required
for the asymptotic SINR in (31) of Theorem 2.

In a similar manner to Section IV, firstly we determine
expressions for the Stieltjés transform of the e.d.f. of the
eigenvalues of the sample autocorrelation matrix. That is, we
generalize the definition of R as follows, R = %RWRT —
2157, where z € CT, such that the Stieltjés transform of the
e.d.f. of the eigenvalues of JRWRT is given by G (2) =
ﬁtr[l’f{’l]. The result is necessarily stated in terms of the
additional random sequences IQ{V s ﬁ{v , 7'1 s ¢1 , w1 , and
P{V € C*. As in Theorem 2, the definitions of these variables
are in terms of matrix traces and quadratic forms, and are
lengthy. To facilitate the presentation of results, the definitions
of these variables are given in Appendix VII-A.

Theorem 3: Under the assumptions in Section II-E, as
(M,N,K,i) — oo, with M/N — 3 >0, K/N — «a > 0,
and i/N — n >0 ﬁxed, the Stieltjés transform of the e.d.f.
of the eigenvalues of IRWRI, G’N (2), z € C*, along with

N, pN N N ON and 7N € (C+ satlsfy

|G (2) =% (33)
Y — pn 7Y = n =20, G4
[0 — by oY —an| =50, (39)
|07 — | =50, [P =7 =5 0. (36)

where 41, p1, 71, Y1, W1, V1, and 71 € CT are solutions to

= <1 + 6p1(1/11 — )&y, 1) , (37)
1
ity R 38
%1 0'2W1,1 — ’ ( )
1B M ,iid. S,
p1 = 1715*7:[1,1 0. S (39)
1=BA=A/tn) ~
a(hy —w)éry  ,iid. S,
fi=ap0+{ o — )iy . (40)
— , iso. S,
1= B —91/in)
£* = min(g, 1), and
Wi , iid. B,
1= Wi ort. B (1)
1= Z(1—4/m)
g,5151,1 ,iid. B,
n .
Wi = P i B (42)

1— 2@ —41/m)



n* = max(n, «), and

N [ pr
&1 =E — , 43)
| 1= Ppi(¢h1 — w)
N I HP
Hpa =E _1Hl71(%10425w)} ()
= e
W <€ | @)
(46)

~ ~ 24
7“1=w1+7)0 M

for p € Z*. The expectations in (43), (44), and (45) are
with respect to the scalar random variables P, H, and W,
respectively, where the distributions of P, H, and W are
the a.e.d.s of A2, the first 5*N eigenvalues of Hf, and W,
respectively. Also, p = E[P] and w = E[W].

Proof: See Appendix VIIL. |
Remarks:

o If (37)—(46) has a unique solution 41, 1, p1, 71, 1&1,
W1, 1 € CT for any given z € CT, then Theorem
3 additionally gives that the e.d.f. of the eigenvalues
of %T\’,WRT almost surely converges in distribution to
a deterministic distribution, whose Stieltjés transform is
Gﬁ(z)

e Note that for ii.d. B and ¢ — 0 (i.e., i.i.d. training
sequences and no diagonal loading), Wi 191, Wi, 1p1,
and W 1 (71 —apw) satisfy the same equations as 71, p1,
and (7 — ap) from Theorem 1. Moreover, due to (50),
we have that W, ; is a function of only [, 7, and the
window shape. This observation, along with the alternate
MMSE SINR expression of Section IV-B, are the key
elements in determining the relationship between the ALS
and MMSE SINRs, outlined later in Section VI.

o For exponential weighting with L < oo (where L is
the large-system window size defined in Section II-E),
in Appendix VI the e.d.f. of W is shown to converge in
distribution to the fixed distribution

Fw(w):l—F%lnw, e M <w<1 47
which is the relevant distribution of W required in (45).
Also, for z — Re(z), values of W,,, 1 which are required
can be evaluated using (47), and are given by

L 1 —n/Lz
Wo = = log (””) 1, @8)
’ n 1+7
1
W171 = E(l — Wo,l) . 49)

o In fact, (37) is one of many possible expressions, which
can be derived from the identity 77 tr[RR™'] = 1. Other
expressions involving 4; derived in this manner include

B+ 291) =n(1 —=Wo1), (50)
5(1 - @1/171) = 77031W1,1 (51)
=a(l—&) = —api(¥1 — W) (52)

=3 (1=Ho1) = —i1(f1 — ap@)f* M1 . (53)
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Note the similarity to the expressions (22)—(23), derived
in a similar manner for the MMSE receiver. These
expressions, derived in Appendix VII, are used in the
proof of Theorem 3.

« Note that 5},)1, H,.1, and W, ;1 are all of the form X, ; =
E[X?/(14 xX)], for which the following simple and

useful identity holds.

1+zX
1+2X

E[X?] =E [Xp ] = X1 +aXp11  (54)

for p € Z*. Observe also that the last equality in each of
(22), (23), (52) and (53) follows from the identity (54), as
does (49). This identity also relates (50) to (51), although
in a less obvious way.

o The set of equations in Theorem 3 can be solved numeri-
cally in a similar manner to that discussed for the MMSE
case after Theorem 1. Here, however, it is advantageous
to consider (39) and (42) as a two-dimensional equation
in the variables’ p; and 7. During zero finding, given
these values, the remaining variables 41, 1, 7y, 1&1, w1,
51’1, 7—Al1’1, and W ;1 can be directly calculated.

o For reference, an independent treatment of the as-
ymptotic distribution of sample covariance matrices of
information-plus-noise signals is given in [25].

Using Theorem 3, we may now calculate p; and 1&1, which
are asymptotically equivalent to /Y and 1/3{\’ , two of the
quantities which appear in the asymptotic SINR expression
of Theorem 2.

The following Lemma gives expressions, which may be
solved for quantities asymptotically equivalent to ,65\' , wj»v €
R*, 7 = 2,4, and which occur in (31) of Theorem 2. This
Lemma introduces more auxiliary random sequences, namely,
AN, N, DN ON N e RY, j =2,3,4, plus 0N, 7N € R*,
j = 2,3, which are defined in terms of matrix traces and
quadratic forms in Appendix VII-A.

Lemma 1: In addition to the assumptions and definitions
of Theorem 3, under the limit specified, ”ij —’yj| 2500,

z/}jv_z/}j‘ 50, (oM — @] & o,

! 2,3,4, and |0 —i;] =5 0,
’TJN —Tj‘ SERN 0, ] = 2,3, where ’ij’ ﬁj, ’(/A)j, Q)j, ’Fj S R*,
j =2,3,4, and 7;, 7; € R*, j = 2,3, are solutions to the
following equations.

PN i) 5

/\N _on.
|r< 7

2500, 4 =

n. N
ZﬁT(B)TQWLQ — %) )

*

¥ ﬁ*(ﬁﬂ:{m + ) foHan)) , j=3,

j:27

4 = (55)
E(ﬁ2€1,2 + 1/32 |f31|2 52,2) ,  J=4,
~ 12 2 A .
1 =2
oy = |V21|A(24:0 2Wa) i=2 (56)
o || 3 Wa 2 s J=3,

9That is, unless z — 0 is being considered (i.e., no diagonal loading),
in which case it is necessary to instead consider p; and @w; as the search
variables, since 71 depends only on (3, n, and Wy 1 due to (50).
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B*(DaHy 2 + 72 |1 ] Han) — athy |p1]* 12 y J=2,
B (D3Hi2 + (1 + 73) \f/1|2 Ha2) — aibs \;51|2 E12 , J=23,
- lapséia+dslpil Ean — A+ da) |1 E12) =4,
pi = . , (59)
Ck(gowg - ].) +1
a(Poi o + @ — 12 p2ban) — B 0o lapw — 71|* Hi o y J=2
. a(Ps€io + @ — 12 p3éa) — B |apw — 71| (3 Hap + |1 Hoo) , j =3, 60)
Tj = = ,
! B*(Ho2 — 1) +1
For i.i.d. S, for ;, p;, 75, 1[1]-, wj, and 7; are dAerived in the same manner
ﬂ*(ﬁzﬂl,z 4 |ﬁ1|2 7:27:{272) L =2 as the expressmns for 1, p1, 71, z/J.l, w1, aAnd' 71 in Theorem
L .o 9 S . 57) 3, respectively. Also, as the expression for 47 in Theorem 3 is
pi =18 (V?’AHLQ + 1] 2(1A+ 73)Ha2) j =3, ( derived from the identity RR™! = I, so the expression for
a(p3€i2 + V3 |p1]” Ea,2) s J=4 42 in (55) is derived from the identity RTR-TR~' = R~

7= O‘(d}jél,Q + |w — ¢1|2ﬁj52,2) , J=2,3, (58)
while for isometric S, see (59)-(60). For i.i.d. B,

b =7Waa, (61)
5 (hs€00 + || 958 . J=23,
wj = Z([fj et Wgw’ 22) / (62)
S(Pa&i + |prl” (M +a)ap) =4
while for orthogonal B,
Jy =
B ST D B .
PiWao — — |0 — 1 |7p;€1 2 .7 =2,3,

FaWa 2 — ;W) — 1|2 (paro + |91 P Ea) L =4,

7%(50,2 -1)+1

b

(63)
o) =
o, 4 “ ~ 4 N N .
E(Pjgm + 1011 iéa2) — 0277’%%' |1* Was 11 =23,
o, 4 “ ~ 5 ~ ~ .
E(ﬂ451,2 + 111 (1 +1a)éa2) — 02:%74 @1]* Waz, j =4,
I 1> Waa — 2Re(@ W 1)) + 1
(64)
Also,
. [ PP
£,0—E S — (65)
1= Ppi(thy —w)|?
. [ H?
Hp72 - E A /A —_ N2 | (66)
|11 = Hin (71 — apw)]
S
Woo=E|——|, (67)
P2 _1+Wf1|2]
A 20, _
P=0i kot g s =1t (68)

for p € Z*, where 41, i1, p1, 71, V1, 1, 15 Eg1s Hoa
and Wy.1, ¢ € Z*, are determined by Theorem 3, and again
z = —p/n.

Proof: The proof of Lemma 1 follows the same approach
as the derivation of Theorem 3. That is, the above expressions

A full derivation can be found in [26, Appendix D.7]. O
Remarks:

« For exponential weighting with L < oo, as z — Re(z),
the required expressions for W, > can be evaluated using
(47), and are given by

w
Wiz = .
BT (U4 (14 e /TRy

1
Wa o = E(Wm —Wia), (70)

. (69)

where w = %(1 — e /Ly,

o Note that £, 2, Hj 2, and W, 5 are all of the form &}, » =
E [Xp /11+2X |2} for which the following simple and
useful identity holds.

1= = Xpo+ 21X, 10 (71)

(1+2Tx)XxP
114 2X]|?

for p € Z*. This identity can be used to simplify the
calculation of certain terms in Lemma 1, and also gives
(70).

o These equations can be solved numerically using three
zero-finding routines, two of which are for two variables,
while the third is for one variable. Specifically,

1) First solve the subset of equations given by (68),
(55), (56), and depending on the type of S, (57) and
(58), or (59) and (60), and depending on the type of
B, (61) and (62), or (63) and (64), to find 72, 72, V2,
D2, T2, 1/32, and @wy. This can be done numerically
using a zero-finding routine for the two variables 75
and ps.

2) Solve the subset of equations given by (68), (55),
(56), and depending on the type of S, (57) and (58),
or (59) and (60), and depending on the type of B,
(61) and (62), or (63) and (64), to find 73, 73, V3,
03, T3, 1/33, and @s. This can be done numerically
using a zero-finding routine for the two variables w3
and ps.

3) Now solve the subset of equations given by, (68),
(55), and depending on the type of S, (57) or (59),



and depending of the type of B, (61) and (62), or
(63) and (64), to find 74, Y4, P4, Y4, and ©4. This
can be done numerically with a zero-finding routine
for one variable, namely 4.

o The solution (55) is one of many possible ex-
pressions, which can be derived from the identity
ZtrRIR-TR™!] = Ltr[R7!. All possible expres-
sions involving %, derived in this manner include

~ N .
A1+ 2149 = B]T2W1,2 ) (72)
JUEN ~ ~ [P Nt N R A
YoV1 — Y1V2 = B((T/Jl — w)TPQ + p112) \l/1|2 &2 (73)
= (71 — apw) Ty + i1 70) |1 Hio . (74)

B

When solving the set of equations in Lemma 1, both
of these expressions are more useful than (55) when
considering z — 0 (i.e. no diagonal loading).

B. Steady-State ALS SINR

We now determine the steady-state ALS SINR, that is, the
SINR as the number of training intervals n — oo (either
with a training sequence, or semi-blind), from the transient
ALS SINR expressions in Section V-A. Of course, with no
windowing (i.e., W = I;), the output SINR converges to
that of an MMSE receiver with full CSI. We first verify this
result, and then turn to the more interesting case of data
windowing and (optionally) diagonal loading. We will see
that the steady-state response is the same for both i.i.d. and
orthogonal training sequences, which matches intuition, since
i.i.d. training sequences become orthogonal as n — oo.

An approximate analysis of the steady-state performance of
the ALS receiver with exponential windowing was presented
in [9] for DS-CDMA with flat fading. The large-system steady-
state ALS performance is considered in [16, Corollary 2]. In
[16], results from asymptotic analysis of reduced rank filters
are used, which rely on arguments related to non-crossing
partitions. Here we give a more direct derivation of the large-
system steady-state performance of the ALS receiver for the
general transmission model (1).

Strictly speaking, Theorems 1 and 3 require z € CT, how-
ever for the following discussion we shall implicitly consider
z — —0o? and z — —pu/n, respectively.

1) No Windowing: We first consider the limit of the equa-
tions in Theorem 3 as n — oo, and show that without
windowing (i.e., W = I;) the ALS SINR converges to the
MMSE SINR.

First note that &w; — 0 for both i.i.d. and orthogonal B,
which means W, , — 1, and therefore Y — 0 and i —
1/02. Moreovet, £, , — &, 4 and H, , — M, 4 from Theorem
1. We see that the expressions for the ALS moments 41, p1
and 71 from Theorem 3 converge to the MMSE moments 71,
p1, and 7, respectively, in Theorem 1 at z — —o? as n — oo.

Now consider the limit of the equations in Lemma 1 with
no windowing as n — oo. Clearly, @y, w3, and @, all — 0,
and hence also '172}2, 7,23, and 1[)4 also — 0 for either i.i.d. or
orthogonal B. It follows that 5 — (1/02)? and 73 — 0.
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Substituting the preceding limits into (57)—(60), we see
immediately that as 17 — oo, the variables ps, p3, P4, T2, and
T3 satisfy the same set of equations as ps, ps, ps, T2, and 73 for
the MMSE receiver, which appear in the SINR expression in
Section IV-B, given by (25)—(28). Therefore, o4 + 02ps — p1
as n — oo, and therefore the ALS SINR converges to the
MMSE SINR as 77 — co. The diagonal loading constant /7
disappears in this limit.

2) Fixed-Length Data Windowing: The following results
apply to fixed-length windowing functions. That is, the large-
system window size does scale with 7.!° For example, in the
case of exponential windowing this corresponds to fixed L.
More precisely, we define fixed-length windowing as

lim nE[W,] > 0, (75)
n—00

0 w <0
lim F; = ’ ’ 76
2, Fiw, () {1 w0, 7o

where, for given 1, W, denotes a scalar r.v. with distribution
Fw, (w), given by the (compactly supported) a.e.d. of W.
In other words, Fy, converges in distribution to a delta-
distribution at zero as n — oo, with the mean of W, of
order 1. For example, for exponential windowing, the mean
window size is w = £(1 —e /"),

We have the following corollary to Theorem 2, Theorem
3, and Lemma 1, which specifies the steady-state ALS SINR
with fixed-length windowing.

Corollary 1: Under the limit specified in Theorem 2, and
also as n — oo, provided all asymptotic moments exist, the
asymptotic steady-state SINR for the ALS receiver for stream
k with fixed-length windowing is given by the asymptotic ALS
SINR specified in Theorems 2, 3, and Lemma 1, where

o the i.i.d. B relations are used for both i.i.d. and ort. B,

e z is replaced by —pu,

« 7 is replaced by one, and,

o the variables @ and W, , are replaced by w and Wpyq,

where
w= lim nw, (77)
n—00
Wyg = lim nW,, . (78)
7’,4)00
Proof: See Appendix IX. O
Remark:
o With exponential windowing, w = L, and from (78) we
have
- 1 — U~
Vo, = A in) (79)
1
- L
= 80
Wiz =175 (80)
- 1 / -~ -
Wa o = N (W1,1 - Wi 2) , (81)

where 71 = exp(%(l — 1)) — 1, and we have used (50)
to obtain (79).

100f course, the actual window size should increase with N in order to
define a meaningful large-system limit, as explained in Section II-E. Here we
are referring to the large-system window size after the large-system limit has
been determined. With exponential windowing this is the difference between
L and L.
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VI. RELATIONSHIP BETWEEN MMSE AND ALS
RECEIVERS

In this section we present a simple relationship between
the SINRs of the MMSE and ALS receivers given in the
previous sections. We note that this relationship has recently
been studied in the special case H = Iy, i.i.d. S, i.i.d. training,
and no diagonal loading. An approximate relation was given
for rectangular windowing in [17], with a corresponding exact
large-system expression given in [16, Corollary 1]. Also, [9]
obtained approximate expressions for the steady-state SINR
relationship (7 — oco) with exponential windowing.

A. Transient Response

The following theorem applies to any H, both i.i.d. and
isometric S, and any windowing shape. The only restrictions
are that there is i.i.d. training and no diagonal loading (i.e.,
1 = 0). The theorem relates the expressions in Theorem 3 and
Lemma 1 to the alternate MMSE SINR expression of Section
IV-B.

Theorem 4: For the k™ data stream, the asymptotic SINR
of the full-CSI MMSE receiver SINRYMSE is related to the
asymptotic SINR of the ALS receiver with i.i.d. training se-
quences, data windowing, and no diagonal loading, SINR’;LS,
according to

SINRQMS = % (82)
with training sequences, and
SINRQMS = k (83)

" (4 (¢ — 1)SINR}MSE

for semi-blind training, with either i.i.d. or isometric S, where

Wi
= (84)
Wi 2
which depends only on 1, 3, and the window shape.
Proof: See Appendix X. O

Remarks:

« To calculate ¢, note that from (50) we have Wy ; =1 —
% for any window shape. Since Wy ; is a fixed known
function of 71, we can invert this equation to find 7. For
example, with exponential windowing, we obtain from
(48) that

_ ePIL 1
L T eB-n/L

and with rectangular windowing, #; = 3/(n — (). Given
71, we can directly calculate W, , from the definition
given in (45), and ¢ from (84). The point here is that 71,
Wh.q> and ( are essentially constants, depending only on
B, n, and the window shape.

o Remarkably, Theorem 4 implies that SINR‘,?LS only de-
pends on 3, 7, the window shape, and SINRI,Z[MSE. That
is, the convergence rate of the ALS SINR to the steady-
state value is independent of the channel (of course, the
steady-state value itself depends on the channel). Stating
this another way, for a particular 5 and window shape,

(85)

7’;

all channels, which have the same MMSE SINR, have
an identical transient ALS SINR response. ‘Channel” here
refers to the product HSA. This has been observed in [9,
11], although a transient SINR relationship, such as that
given in Theorem 4, has not previously been determined.

o Recall that due to Proposition 1, Theorem 4 also holds
for the general AWGN model r = Cb + n for which
b is unitarily invariant, and the eigenvalues of C* are
well behaved. In that sense, Theorem 4 is a fundamental
property of linear estimation.

o In fact, our assumption that the additive noise n,, is i.i.d.
complex Gaussian distributed is an unnecessary restric-
tion, as all results presented hold for any distribution such
that n,, is unitarily invariant, and the elements of n,,, are
i.i.d. with zero mean and variance 2.

o With exponential windowing we have

_ B(1—e L)
= LA =B /By (1 —e /)

and for rectangular windowing, we have { = 1+ 3/(n—
(). With rectangular windowing and 8 = 1 (i.e., square
H) this matches the expression derived in [16] for DS-
CDMA with i.i.d. signatures in flat fading.

Unfortunately, we do not have a compact expression, analo-
gous to Theorem 4, which relates the ALS and MMSE SINRs
with orthogonal training sequences and/or diagonal loading,
although it seems likely that such a relationship exists. What
we can say is that with orthogonal training sequences and no
diagonal loading the moments of Theorem 1 and Theorem 3
are related via

(86)

Dy
Nl = 87
2t Wl.,lpl , (87)
S (88)
Y1 = Wl’l’Yl )
W o
# = —LL(r —ap) + awp, (89)

Dg

where Dp = 1 — % p1&;,1. Interestingly, these relationships
depend on the channel through Dg (which was not the case
with i.i.d. training). Finding a complete compact relation for
the SINRs with orthogonal training and/or diagonal loading
remains an open problem.

B. Steady-State Response

For the steady-state response (n — oo) with fixed-length
data windowing, Theorem 4 holds with

Wi

(==
Wi 2

(90)

where Wp,q = lim;_,oc NWp, 4. This result is proved simply
by letting 7 — oo in Theorem 4. Of course, this steady-state
relationship also holds for orthogonal training sequences.

With exponential weighting, we have from (86) that ( =
W. Note that as L. — oo (i.e., as we increase the
window size) ¢ — 1 (using L"Hopital’s rule), and SINR/,?Ls —
SINRI,\C/IMSE, as expected.



In [9], similar approximate relationships were derived for
the steady state performance of the ALS receiver with expo-
nential windowing for DS-CDMA in flat fading. The equiva-
lent value of ¢ there is (' = 1-¢(N — 1), which converges to
¢ — 57 + 1 as N — oo after substituting e = 1 — <. Fig.
1 shows a plot of this approximation, which is quite accurate
when compared to the exact large-system value at 3 = 1,
particularly for large L.

o T !
3'57;‘i |I — p=4 1
[ == p=2
1 - p=l
al: 'l ', B=1, Approximate value from Poor & Wang, 1997.
i “ “““ B=0.5
[
Cey 1
a0
25F I \‘ )
) \
N 1o
1 \
27 .’\ \‘ 4
' \
% N
LN \\
* .
15t s AN ]
" S~
£y \.’ Se o -
. S -
rrrrrr ?777""'"»"" ~-----"‘------_.
Wb A e s 0
0 1 2 3 4 5 6 7 8
L
Fig. 1. ¢ vs. L for n = oo and a range of 3, from (84).

C. Capacity Relationship

Consider the difference in capacity per data stream'! of the
MMSE and the ALS receivers, defined as ACY; g = log(1 +
SINRY™SE) _log(1 + SINRL™). We have from (82) and (83)

1
ACK g =1Tn (1 + (1 - C) SINRZ‘MSE) 1)
with semi-blind training, and
_1
ACkg=In |1+ W SINRMMSE | - (92)
—c T 1

with training sequences.

As ¢ — 1, the capacity difference approaches zero, whereas
as ( — oo, the difference approaches In (1 +SINR£‘C/IMSE).
Recall that ¢ only depends on 7 (the ratio of training symbols
to transmit dimensions), 3 (the ratio of receive to transmit
dimensions), and the window shape, and does not depend on
the SNR, the (normalized) number of data streams «, or the
channel distribution. Nor does this value depend on whether
S is i.i.d. or isometric. Fig. 1 shows the steady-state value of
¢ vs. L with exponential windowing and a range of /3 values.

"IThat is, we are assuming each data stream is independently coded and
decoded. Also, we are assuming that the residual multi-access interference
(MAI) is Gaussian, which one would expect to be valid in the asymptotic
limit considered due to the central limit theorem.
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VII. NUMERICAL STUDIES

We now present various applications of the results presented

in previous sections. We shall focus on three example systems:

o The first is the standard model of a MIMO channel with

rich scattering, for which we set H = Iy and S i.id,

so that K and N represent the number of transmit and
receive antennas, respectively.

e The second example system is CDMA in frequency-

selective Rayleigh fading, for which S contains either
ii.d. or isometric signatures, and H is a square N x N
matrix (hence 3 = 1), for which the a.e.d. of the channel
correlation matrix H* is exponential with mean one (i.e.,
fu(h) = exp(—h) for h > 0 is the density used to
compute the 7:(1,7,1 values).

o The third example system is a SISO FIR channel with a

cyclic prefix, as described after Proposition 1 in Section
[I-E, where h = [0.227, 0.46, 0.688, 0.46, 0.227]T (ie.,
where the ALS and MMSE receiver is used to equalize
the so-called Proakis Channel-C [27, pp. 616]). That is,
the empirical results will be obtained using H given by
the circulant matrix obtained from h, and S = A = 1.
As described in Proposition 1, the analytic results are
obtained from the isometric S equations with o = 1, and
H distributed according to the spectra of h, i.e., Fy(h) =
LSV u(h — Q(n)), where u(t) is the step function,
and Q(n) = [DFT%(h)|*, where DFT%, (h) denotes the
n' element of the N-point discrete Fourier transform of
h.

Unless otherwise stated, we shall assume equal transmit
power per data stream (i.e., A = Ig), and SNR= 10 dB,
where SNR is defined as the energy transmitted per data stream
in each symbol interval, divided by o2.

In the following plots we determine empirical values from
averages of a size N = 32 system with QPSK modulation
for comparison with the large-system results. The asymptotic
values for the MMSE curves have been determined from
Theorem 1, and the asymptotic values for the ALS curves have
been determined from Theorem 2, Theorem 3, and Lemma
1. The steady-state values of the ALS receiver have been
determined from Corollary 1. Where possible, the ALS SINR
has been determined from the MMSE SINR using Theorem
4 (i.e., any situation with i.i.d. training sequences and no
diagonal loading).

A. Transient ALS SINR response and comparison with empir-
ical values

1) MIMO example: Firstly, we demonstrate the relevance
of the large-system limit to practical finite systems. Fig. 2
shows both asymptotic and empirical values of MMSE and
ALS SINR vs. training length for the example MIMO system
with rich scattering. For the ALS receiver, the diagonal loading
value is ;¢ = 0.1, and rectangular windowing is used. Clearly,
the empirical (finite) values match the analytic (asymptotic)
values very closely.

Note that the orthogonal training sequences clearly outper-
form the i.i.d. training sequences, particularly for ‘small’ 7.
This gap also widens as the number of receive dimensions
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decreases. Also, the performance of the semi-blind ALS
receiver is comparable to the performance of the ALS receiver
with training for the 2 to 1 transmit to receive antennas ratio
case, but is significantly worse in the 1 to 2 transmit to receive
antennas ratio case.

2) CDMA in frequency-selective fading: Fig. 3 shows
empirical and asymptotic values of MMSE and ALS SINR
vs. 1 for the example CDMA system in frequency-selective
Rayleigh fading with o = 0.50. The ALS receiver uses rec-
tangular windowing and a diagonal loading constant . = 0.1.
Curves are shown for both i.i.d. and isometric signatures, and
ii.d. and orthogonal training sequences. Again, the empirical
(finite) values match the analytic (asymptotic) values.

Figure 3(b) shows the intuitively pleasing result that for a
small number of training symbols (i.e., small ), orthogonal
training sequences improve the performance of the ALS re-
ceiver more than isometric signatures, and as 7 increases, this
situation is quickly reversed. This is due to the fact that the K
i.i.d. training sequences of length ¢ become ‘more orthogonal’
as ¢ increases, and also since isometric signatures consistently
outperform i.i.d. signatures.

In subsequent plots, we shall omit the empirical values, and
concentrate on applications of the analytical results.

3) Equalization: Fig. 4 shows empirical and asymptotic
values of MMSE and ALS SINR vs. 7 for the example SISO
FIR system at 20dB SNR. The ALS receiver uses exponential
windowing and a diagonal loading constant ;1 = 0.1. Curves
are shown for both i.i.d. and orthogonal training sequences.
Note that Proposition 1 requires that b,,, is unitarily invariant,
whereas the empirical values in the figure are based on
standard QPSK modulation (i.e., b,, is not unitarily invariant).
Clearly, at least in this case, the asymptotic results are a very
good approximation for non-unitarily invariant data vectors.

We remark that, in practice, an adaptive LS equalizer for
a SISO FIR channel would process the inputs sequentially,
as opposed to the block processing assumed here. Hence, the
convergence to steady-state would require much less training
than what is shown in Fig. 4. Characterizing the transient
performance of such an adaptive equalizer remains an open
problem.

B. Capacity with exponential windowing

Now we examine the performance of the ALS receiver with
both rectangular and exponential windowing, relative to the
MMSE receiver. Fig. 5 shows the capacity difference per-
signature as a function of the window size L (determined from
(91) and (92)) for the example CDMA system in frequency-
selective Rayleigh fading with i.i.d. signatures, i.i.d. training,
and a system load of o = 0.75. Curves for the ALS receiver
are shown with both rectangular and exponential windowing,
and diagonal loading constant 1 = 0. Also, fp(p) = 36(p —
1) + 16(p — 1), that is, one quarter of the signatures are
transmitted at half the power of the remaining signatures.

In this figure, we do not take into account the loss in rate due
to the training. This is considered in the following subsection.
Rather, for a single channel use at a certain SNR, we wish
to see the relative capacity of the MMSE receiver (using full

CSI) and the ALS receiver, as a function of the number of
training symbols used to generate the filter. Also, for the ALS
receiver, we wish to compare exponential windowing with
rectangular windowing at a given value of 7 as a function
of the exponential windowing window size, L.

Firstly, we see that for either type of windowing, increasing
the number of training symbols is an exercise in diminishing
returns. Also, we see that as the window size increases,
exponential windowing asymptotes to rectangular windowing,
as would be expected for the time-invariant system model (1).
Of course, exponential windowing is included to allow for
time-varying channels. As such, the curves for exponential
windowing are a valid approximation for a time-varying sys-
tem in which the coherence time of the system'? is at least as
large as the effective window size created by the exponential
windowing. As such, the values of capacity or SINR obtained
represent best possible values, which are only attained if the
system remains static for the duration of the ALS training
period. Extending these results to time-varying systems is an
open problem, and is likely to be difficult.

C. Application: Throughput Optimization

We now demonstrate how the results can be used to opti-
mize the throughput with packet transmissions. More training
symbols gives a higher ALS SINR, but leaves less room
for data-carrying symbols in the packet. Clearly, there is an
optimal ratio of training symbols to data-carrying symbols.
Such an optimization has been considered for MIMO block
fading channels and SISO FIR channels in [28,29] with
an optimal (maximum-likelihood) receiver. In that work, the
training symbols are used to estimate the channel directly.
A lower bound on the capacity is derived, and is used to
optimize the training length. Related work in [30] applies the
large-system transient analysis in [16] for the MIMO i.i.d.
channel to optimize the training length with an ALS receiver
(without exponential windowing or diagonal loading). It is
shown there that for large packet lengths (¢) the training length
that maximizes capacity grows as O(\/z) Optimization of
power levels between the training and data symbols is also
investigated.

Suppose we consider a packet containing 7' > 4 symbols,
of which the first ¢ are training symbols, and the remainder
consists of data-carrying symbols. There are K equal power
data streams, which are coded independently with capacity-
achieving'® codes with rate R, = log,(1 + SINR*). We
focus on the ALS receiver with known training symbols. The
number of information bits per block is therefore K R (T —
i), while the number of transmit dimensions per block is
NT. Therefore, the number of information bits per transmit
dimension (hereafter referred to as ‘normalized capacity’) is
C = aRe, where Rer = R.(1—n/¢) and £ = T'/N. We shall
consider the additional limit 7' — oo with T/N — ¢ > 0 in
order to optimize C' with respect to the normalized training

12<Coherence time’ here refers to the number of symbols over which HS A
and o2 remain approximately constant.

13Here we assume that the residual interference at the receiver output is
ii.d. circularly symmetric complex Gaussian.



14 IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. X, NO. XX, XXXX 2006

1/2 transmit/receive antennas

SINR (dB)

1/2 transmit/receive antennas

SINR (dB)

A
k of L4 * MMSE - MIMO (empirical N=32)

L N MMSE - MIMO (analytic) A MMSE - MIMO (analytic)

! = ALS - MIMO & orthog. training seqs (empirical N=3p) ’ = ALS - MIMO & orthog. training seqs (empirical N=3p)
¢' — ALS - MIMO & orthog. training seqgs (analytic) A," — ALS - MIMO & orthog. training seqgs (analytic)

-2r ,’| 4 ALS - MIMO &.i.i.d. training segs (empirical N=32) —2‘: s’ A ALS - MIMO & i.i.d. training seqs (empirical N=32)
"‘ ,? - - AL§ - MIMO 87 ii.d. ‘trainin‘g seqs (analytic) ‘ ‘ A,‘ ’,' - AL§ - MIMO 87 i.i.d. ‘trainin‘g segs (analytic) ‘ ‘
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
n n

(a) ALS with training

(b) semi-blind ALS

Fig. 2. SINR vs. training length: (Rich MIMO) equal transmit power per antenna, SNR= 10dB, ¢ = 0.1, rectangular windowing. Comparison with empirical

values N = 32, QPSK modulation.
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Fig. 3. SINR vs. training length: CDMA in frequency-selective fading, SNR=10dB, a = 0.50, px = 0.1, rectangular windowing, equal power per signature,

exponential distribution for a.e.d. of H¥. Comparison with empirical values N = 32, QPSK modulation.

length 7. We keep Ej/0? = SNR/R. constant, and unless
otherwise stated, in the numerical examples Fj/ o2 =10 dB.

Fig. 6(a) shows the normalized capacity of the example
CDMA system in frequency-selective fading as a function of
7 and « for a normalized block length of ¢ = T/N = 15.
The ALS receiver uses rectangular windowing and no diagonal
loading. Fig. 6(b) shows the additional normalized capacity
obtained, relative to the results for i.i.d. training in Fig. 6(a),
if orthogonal training sequences are used. Although not shown,
plots analogous to Fig. 6 may also be obtained for iso. S.

Fig. 6(a) shows that there is an optimum value of 7/, i.e.,
the ratio of training length to block length, for each value
of system load, «. Fig. 7(a) shows the value of normalized

capacity at the optimum value of 7, again for /¢ 15,
as a function of the system load «. Fig. 7(b) shows the
corresponding value of 7 (expressed as a percentage of f)
which maximizes the normalized capacity. Also shown in Fig.
7(a) is the normalized capacity of the MMSE receiver at the
same value of E},/c?, for both types of signatures. Of course,
the MMSE receiver assumes perfect CSI.

We now consider throughput optimization for the example
MIMO system, and consider the growth in normalized capacity
with respect to the normalized block length, ¢. In this example,
since K represents the number of transmit dimensions, the
number of transmit dimensions per block is KT, and hence
the number of information bits per transmit dimension is C' =
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Fig. 5. Capacity difference between ALS and MMSE receivers vs. window size of exponential window: CDMA in frequency-selective fading, i.i.d.

signatures, i.i.d. training, SNR=10dB, oo = 0.75, i = 0, rectangular and exponential windowing. Note the window size for rectangular windowing is 7. Also,
fp(p) = %6(1) —1)+ ié(p - %) Curves shown correspond to the first 3/4 of the signatures. Note that the scale of the vertical axis of Fig. 5(b) is twice

that of Fig. 5(a).

R.g. Figure 8(a) shows the growth in normalized capacity,
optimized with respect to 7/¢. These results show that the
gain in using orthogonal training sequences appears to be more
pronounced in situations where there is a high ratio of transmit
antennas to receive antennas (i.e., o > 1).

Figures 8(b) and 9 show the optimal value of training
length 7 corresponding to Figure 8(a), for i.i.d. and orthogonal
training sequences, respectively. In Figure 8(b), 7 is expressed
as a percentage of the block length /. In Figure 9, it is
interesting to note the case o = 4, where we see that n < 4

SINR (dB)

n - o asymptote (analytic)

— ALS: orthog. training segs (analytic)

m == ALS:i.i.d. training segs (analytic)

MM SE (empirical, N=32)
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05 | L L T T T

5 10 15 20 25
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Fig. 4. SINR vs. training length: Equalization of Proakis C-channel (i.e.,
H circulant matrix constructed from impulse response, and S = A = Iy)
at SNR=20dB. The ALS receiver uses u = 0.1, exponential windowing,
with training using i.i.d. and orthogonal training sequences. Comparison with
empirical values N = 32, QPSK modulation. Analytic values are obtained
using isometric S equations with o = 8 = 1, as specified by Proposition 1.

is never optimal. Recall that for o > 7, we have orthogonal
rows of B and for a < 7, we have orthogonal columns of B.
Clearly, orthogonal columns are preferable. If the axis were
extended, we would see the same behavior in the other curves.

VIII. CONCLUSIONS

Determining the transient behavior of ALS algorithms with
random inputs is a classical problem, which is relevant to
many communications applications, such as equalization and
interference suppression. The large-system results presented
here are the first set of exact results, which characterize the
transient performance of ALS algorithms for a wide variety of
channel models of interest. Namely, our results apply to any
linear input-output model (see Proposition 1), where the input
is unitarily invariant, and the channel matrix has a well-defined
a.e.d. with finite moments. As such, these results can be used
to evaluate adaptive equalizer performance in the context of
space-time channels. This represents a significant generaliza-
tion of the previous large-system results in [16], which apply
only to an i.i.d. channel matrix. Furthermore, the analytical
approach relies only on elementary matrix manipulations, and
is general enough to allow for orthonormal spreading and/or
training sequences, in addition to i.i.d. sequences. Numerical
results were presented, showing that orthogonal training se-
quences can significantly outperform i.i.d. training sequences.

For the general ALS algorithm and model considered, the
output SINR can be expressed as the solution to a set of
nonlinear equations. These equations are complicated by the
fact that they depend on a number of auxiliary variables, each
of which is a particular large matrix moment involving the
sample covariance matrix. Still, it is relatively straightforward
to solve these equations numerically. Illustrative examples
were presented showing the effect of training length on the
capacity of a block fading channel.
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Throughput optimization: CDMA in frequency-selective fading, i.i.d. S, normalized block length T'/N = 15, rectangular windowing, no diagonal

loading, %:10 dB. Fig. 6(b) shows the additional normalized capacity (with respect to Fig. 6(a)) obtained if orthogonal training sequences are used.
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%:10 dB, equal power per signature, exponential distribution for a.e.d. of H¥.

In the case of i.i.d. training sequences and no diagonal
loading, the set of equations for output SINR yields a simple
relationship between the SINRs for ALS and MMSE receivers,
which accounts for an arbitrary data shaping window. This
relation shows that ALS performance depends on the chan-
nel matrix only through the MMSE. In other words, ALS
performance is independent of the channel shape given a
target output MMSE. Whether or not an analogous relation
holds with orthogonal training sequences and/or diagonal
loading remains an open problem. Application of the analysis
presented here to more general channel models (e.g., multi-
user/multi-antenna) is also a topic for further study.

APPENDIX I
PRECURSOR TO ASYMPTOTIC ANALYSIS

Definition 1: Let {an}n=1,.. and {by}n=1,. denote a
pair of infinite sequences of complex-valued random variables
indexed by N. These sequences are defined to be asymptot-
ically equivalent, denoted an =< by, iff |ay — by| 220 as
N — oo, where =% denotes almost-sure convergence in the
limit considered. O
Clearly < is an equivalence relation, transitivity being obtained
through the triangle inequality. We shall additionally define
asymptotic equivalence for sequences of N x 1 vectors and
N x N matrices in an identical manner as above, where the
absolute value is replaced by the Euclidean vector norm and
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where c is a finite positive deterministic constant which does
not depend on N, and {2} }n=1,.. is a judiciously chosen
sequence which is used to bound |zy|. Here, |zx| is any of

Fig. 8. Throughput optimization: MIMO channel, rectangular windowing, no diagonal loading, %:10 dB, equal transmit power per antenna.

S9r due to the submultiplicative property of the spectral norm.
g The following definition and related results, however, are
% S5¢ concerned with scalar complex sequences.

o Also, it can be shown that any of the requirements for
8 asr uniform upper bounds in Lemma 2 may be relaxed to either:
P

g 4 lznv] =0 (In”(N)) , 0<p<oo, (93)
2

£ or,

8 35- 4 tx/rx antennas

~ / a.s.

= 1/2 tx/rx antennas lzn| < |2yl ¢ as N — oo, (94)
®

=

©

>

©

£

g

4 2/1 tx/rx antennas

2
10 20 30 40 50 60 70
block length / receive antennas

Fig. 9. Optimal value of normalized training length 7 for orthogonal training
sequences corresponding to Figure 8(a).

the associated induced spectral norm, respectively.

If ay < by and =y = yy, it follows that (ay + zy) =<
(bn +yn ), again due to the triangle inequality. Multiplication,
however, requires a little more care.

Lemma 2: If ay =< by and zy < yn, and if |ay]|, |yn]
and/or |by|, || are uniformly bounded above'* over N, then
anyxy < byyn. Similarly, ay/xn < by /yn if |ay yN|_1
and/or |by|, |zx| " are uniformly bounded above over N.

Proof: See Appendix II-A. O
Note that the multiplicative part of Lemma 2 holds for
any mixture of matrices, vectors or scalars for which the
dimensions of ay and x are such that ayxy makes sense,

s

14A sequence {an}n=1,... of complex-valued N x 1 vectors or scalars
is uniformly bounded above over N if supy |an| < oo, or in the case of
complex-valued N X N matrices, supy [lan|| < oo.

lan ], o], lzn]s lyn]s len| ™" or Jyn| ™' Also, f(N) =
O(g(N)) means that there exists some finite positive constant
C' such that, for large enough N, C'g(N) is an upper bound
on f(N).

The relaxed bound in (93) is a consequence of the fact
that >N, 1“}(”],\7) = 24-((x)|,_, is finite for any finite
integers m > 0 and n > 2, and where ((z) is the Riemann
Zeta function. Of course, the uniform upper bound condition
is subsumed by (93) with p = 0.

Also, the relaxed bound in (94) is referred to as being
bounded above almost surely. That is, |z2x| < 2¢ < oo for
all N > N’ for N’ sufficiently large, with probability one.

Definition 2: Let H{anntn=1, N}N=1,. and
{{bNn}n=1,. N}N=1,.. denote a pair of infinite sequences,
indexed by N. The N™ element is a complex-valued sequence
of length N, indexed by n. These sequences are defined to be
uniformly asymptotically equivalent, denoted an = bnn»
iff max,<n |ann — Onnl 2% 0as N — oo. O
Also we define an and by, (as defined in Definitions 1 and 2
above) as being uniformly asymptotically equivalent (denoted
an L bnn), if anp L bn,n where ay ., = an for all n =
1,...,N.

) s s




As was the case with <, if an Z by, and T < YN, it
follows that (an n+2N,n) = (b, n+YynN,n). For multiplication
of two sequences, we have the following result, analogous to
Lemma 2.

Lemma 3: If an Z by, and zn ., Z YNn, and if
lan.nl|, |ynn| and/or |by |, |znn| are uniformly bounded
above over N and n, then ay TN, z bN nYN n- Similarly,
aN,n/xN,n Q bN,n/yN,n if ‘aN,n|7 |Z/N,n|_1 and/or ‘bN,n|7
| N’n|71 are uniformly bounded above over N and n. O
As in the discussion after Lemma 2, the requirements for
uniform upper bounds in Lemma 3 may be relaxed to either
of (93) or (94), except that in this case |zy| is any of
max,<n |an,,|, max,<y |byn|, etc.

1 N -
bN,ns then WZn:l anN, X

) s

Lemma 4: If any, =

N
% Zn:l bNa"'

Proof: This follows immediately from

N

% Z(QN,n - bN,n)

n=1

<max|ann, — byl -
n<N

L

Lemma 5: For N = 1,..., let Xy = My — zIy, where
My is an N x N Hermitian matrix and z € C*, and suppose
uy € CV. Denote uy = u},XK,luN. If juy| ™" and || Xy
are uniformly bounded above by b and B, respectively, then

Im(uy) > Im(z)(bB) 2

and hence uy € CT.
Proof: See Appendix II-B. O

The following lemma is an asymptotic extension of the
matrix inversion lemma, and is used extensively in the subse-
quent appendices to remove matrix dimensions as described
in Section III. It is based on an approach in [16].

Lemma 6: Let Yy = Xy + vNu}fv + qu;r\, + cNuNu;rV,
where vy, uy € CN, ey € R*, and Xy = My —zIy, where
My is an N x N Hermitian matrix and z € C*. Denote

N R |
EN—UNXNVN,
_ o x-1
uy =uyXy uy,
vN:v;rVXR,lvN.

Assume that as N — oo,

len] 250 (95)
and
b = sup|uN|_1 < o0, (96)
N
B = Stji[pmax{HXJ\zH7 [vnl, lun], len]} <oco.  (97)
Then,
Xy (uy — as
‘YNIUN— N (uy —unvy) as g 98)
1-— UN(UN — CN)
’YvaN _ Xy o £ (L enun)Vi) | as,
1-— UN(UN — CN)
99)
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as N — oo, and

(SZi%f‘l—uN(UN—CN)l > 0 (100)
where ¢ depends only on b, B, and Im(z).
Proof: See Appendix II-C. O

In addition, we remark that it can be shown the restrictive
requirements of uniform upper bounds in (96)—(97) may be
replaced by bounds of the form given in either (93) or (94).

Lemma 7: Let Ay be an N x N Hermitian matrix, and sup-
pose supy ||A x| < oo. Using the definitions and assumptions
of Lemma 6, additionally define

eV = ul X3 ANX v, (101)
Q) = vi X ANX Y uy (102)
iy = u X AnXJluy, (103)
on = Vi X ANX G VN (104)
Then,
trANY y'] =< tr[AN X
uNﬁN+(UN—CN)I’LN—€S\}) —65\2,) (105)

1-— unN (UN — CN)
Proof: See Appendix II-D. O

Lemma 8: [2, Lemma 2.6] Let z € Ct, A and B N x N
Hermitian, 7 € R, and q € CV*1. Then,

o [((B — 2Ly) "' — (B + rqq’ — 2Iy) ") A]| < I'm‘?!) .

|

Lemma 9: [32, Lemma 1] Let Cy be an N X N complex-

valued matrix with a uniformly bounded spectral norm, i.e.,

supy [|Cn| < o0, and y = [X1,..., Xn]T/V/N, where the

X,’s are i.i.d. complex random variables with mean zero, unit
variance, and finite eighth moment. Then

4
c

1
’yTCNy — Ntr[CN]

where the constant ¢ > 0 does not depend on N, C, nor on
the distribution of Xj. O

Lemma 10: Let S be K < N columns of an N x N Haar
distributed random matrix, and suppose s is a column of S.
Let Xy be an N x N complex-valued matrix, which is a
non-trivial function of all columns of S except s, and has a
uniformly bounded spectral norm. Then, provided K/N —
a<las (N,K)— oo,

|

where ® = Iy — (St —st).
Proof: This result is a straightforward extension of [7,
Proposition 4]. O
Throughout the subsequent derivations, we shall use the fact
that since we have assumed that the e.d.f.’s of A2, HHT,

4

st X ys — tr[®@Xy]| | = O(N7?)

1
N-K
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and W converge in distribution almost surely to compactly
supported non-random distributions on R*, we have [33]

1 K
Iggnmg;f@k) = E[f(P)], (106)
1 X
. 2 o
Az n;f(dn) = E[f(H)], (107)
1
Jlim ;m;f(wm) = E[f(W)], (108)

almost surely, where d,, is the nth singular value of H, and
f:R* — R* is any fixed, bounded, continuous function on
the support of the a.e.d. of A2, the first 3*N eigenvalues of
HHY', and W, respectively.

APPENDIX II
PROOFS FOR APPENDIX I

A. Lemma 2

Proof: The fact that ayxy < byyn can be seen after
writing anNTN —byyn = anTN —bNyN+anyN —anyn and
hence layzn — byvyn| < lan| |2y — yn| + lyn|lan — bn].
Alternatively, we may add and subtract byxy from ayxy —
byyn to obtain |aNxN — bNyN| < |.Z‘N| ‘ClN - bN‘ +
|bx| [N — yiv|. The division property, an/zn < by /yn, can
be shown in the same way

lan|lzen—yn| | |an—bn]|

an _ by < {b \H‘C|N||ZJN| | Jr‘ |be\ |

T N||TN—YN aN —ON
N UN enllan] T lon]

If we have that |yy| is uniformly bounded below by some
constant 0 < 0 < oo, then, given a realization for which
|ty —yn| — 0, we may take N’ sufficiently large such that
|ty —yn| < 6/2 and hence |zy| > /2 for all N > N'.
Using this fact, and the uniform upper bounds for |ay| or
|bx|, we obtain the result. The same argument holds if we
have that || is uniformly bounded below. O

B. Lemma 5

Proof: First, we note the inequality (from the proof of
[31, Lemma 16.5])

xTYx
xTx

xx -
xtY-1x —
for any x € CV, x # 0, and Hermitian positive definite N x N
complex-valued matrix Y.
Now,

(109)

1
Im(uy) = 2—juj\,(X’1 — X Huy
= Im(2)ul, (XTX) " tuy (110)

and hence using (109) and the bounds for [uy|~" and || Xy
we obtain

)

1 1
Im(un) - f(XiX)-1
N Im(z)uy (XTX)~luy
ul X Xuy X2
T Im(z)(uhuy)? T Im(2) uy|?

which, with z € CT gives the result. O

C. Lemma 6

Proof: We consider a realization for which (95) holds,
and take N’ sufficiently large such that |ex| < 1/2 so that

1+en|>1/2 ,YN>N'. (111)

Now, note that uy € CT due to Lemma 5 and (96)—(97).
Also, due to the definition of X,

XA < Im(z)7t. (112)

Therefore, |ux| < B?Im(z)~! due to (97) and (112). Also,

Im(—uy') = Im(uy)/ lun|? and |u]7\,1| < Im(uy)~!. Addi-

tionally, note that Im(vy) > 0, using an identical argument
to (110). Using these facts we obtain

| b

I —unvy |—uy' +on| T Im(—uy' +on)
|u§1| |uN|2 vB2 \*

< L < S < . (113)

Im(—uy) Im(uy) Im(z)

And so,

5’zirj\1rf|1—quN|>(). (114)
In the same way, also using cy € R*, we obtain an identical
uniform upper bound on |1 — uy(vy — cy)| ", and hence
obtain (100).

In what follows, we will drop the dependence on N from
UuN, VN, CN, UN, VN, X, and Y y to clarify the derivations.
Define X; and X according to the following equations

Y = X, + cuu',
X2=X1+HVT,
X1:X+vuf.

The matrix inversion lemma gives

X5 tuuf X5

-1 _ -1 _
Yo =X 1+cufX;'u’ (115)
X luviX!
—1 -1 A 1
X =% 14+ viX;tu’ (116)
X lyutX-1
-1 _ —1
X=X Xy (17

First consider Xl_l, and note from (117), (95), Lemma 2,
(97), (111), and (112) that

Xt =X - X lvafx Tt (118)

In fact, in the remainder of the proof, we shall repeatedly use
(95), (97), (100), (111), (112) and (114) in order to apply
Lemma 2, without explicitly stating this, however, it should
be clear from the context.
From (118) we obtain
X 'u=xX"t(u—uv),
Xl_lv =X"lv,
viX7t = (v —ouh)X 1, (120)
WXt =xulXt,

(119)
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From this, we obtain

u' X tuxu,
viXitv =,
viXitu = —ww,

u'X; v =<0.

(121)

Before we consider X5 1, we first analyze the denominator
of the second term in (116). Firstly, due to (121), we may
take N’ large enough such that |VTX1_111—|— uv’ < ¢'/2 for
all N > N, and hence with (114) we obtain |1 + vIXi " u| >
&'/2. With this fact, we obtain (1+vI X u)™' < (1—uv)~1,
since

1 1 B |VTX1_1u+uv’
1+viXj'u 1-—ww |1+ viX{ |1 — wl
2 -
< e VX7 tutw| VN >N (122)

Now consider X5 !, for which from (116) and the preceding
discussion we obtain

X tuvtX oty
1+ viX;ta
vX;

X;lv =Xt —

Similarly,

—1.. _
X5 ux

(123)

vixX;t =

u'X; ! = (124)

and so,

_ _ VU
uX; v < viXstu < —

1—uv’
u

uf X5 u = ,
1—wuv

va2_1v = Y ,
1—wv

1—u(v—rc)

1—uv

14 cufX;u = (125)

Before considering Y ', we note that from (97),
(100), (125), and similar arguments preceding (122), that
|1 —|—cuTX2_1u| > §/2 for all N > N” for N” sufficiently
large, and hence 1/(1+cufX; u) < (1—uv)/(1—u(v—c)).

Considering Y ~! using (115) and the preceding discussion,
we obtain

X5 tu _ 1

Y lu= =
1+ cufX;'u 1—u(v—-c)

X u—uv).
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Similarly,
X1
Y lv=X;'v - cuiz‘:lxglu
14 cufX; u

VU

= X! — X!

2 V+Cl—u(v—c) 2 U
1
= ——— X" (—vu+ (1 +ucyv).

T 1—u(v—rc)

D. Lemma 7

Proof: The proof continues from the proof of Lemma 6.
Again, we drop the subscript N for convenience. We see from
(95), (117), (111) and (101) that

tr[AX; Y] = tr[AX 1] — @)
while (116), (119), (120), (121), and (101)~(104) give

(vl —ou)XTAX " (u — uv)
1 —wv

tr[AX; '] =< tr[AX[ Y] —

— [AX ]+ wd + vt — @) — ype® .

1—uv
Similarly, (123), (124) and (101)—(104) give

W XCIAX Ly (uf —uvHXTAX " (u — uv)
2 2 UX

(1 —uv)?
Cd 4 u?d —u(e® 4+ £?)
(1 —uv)?
and finally (115) and (125) yield
_ _ 1—wuv _ _
tr[AY 1} = tr[AX2 1] — CmuTXQ 1AX2 1u .
Combining the above, we obtain (105). O

APPENDIX III
PROOF OF THEOREM 1

The analysis in these appendices is based on removing
a single dimension from matrices and vectors, as described
in Section III. The dimension removed will correspond to a
particular data stream, transmit/receive dimension, or symbol
interval. For example, in what follows, R;, represents the
matrix R with the n transmit dimension removed. The
symbol t,, is used in this case since the n'" transmit dimension
is removed. We will use dj when removing the k™ data stream,
and r,, for removing the m™ received symbol interval.

Appendix I contains several important definitions and results

required for the following analysis. In particular, we define Q
and = according to Definition 2 in Appendix I, where the
maximum is over £k < K and n < N, respectively, and the
limit is as (M, N, K) — oo with K/N — a > 0and M/N —
[ > 0 constant, as described in Section II-E.
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A. Definitions

Let R = (HSA)* — 21/, z € CT. The Stieltjés transform
of the e.d.f. of the eigenvalues of (HSA)* is given by
GR(2) =1, and the MMSE SINR in (5) is given by Pypy,
where

1 .
ry]N = Mtr[X(ﬂ)] ,forj=1., (126)
P =hiXPh, L forj=1,....4, 0<k<K,
(127)
where h;, = Hsy, and
Ril ) J = ]-9
| P
xo) - JBR =2
R-THIR™! ,j=3,
RT(HSA)R"! ,j=4.

Furthermore, ch ) is defined by removing the k" data stream,
0 < k < K, from X)), by replacing R, S, and A by Ry, ,
Sq,, and Ay, , respectively, where

Ry, = (HSy Ay )t — 21y,

S4, is S with the k™ column removed, and A, is A with the
k™M row and column removed. That is, R, =R - thkhz.

The following proposition shows that we may substitute H
with an equivalent matrix, without lack of generality. This
substitution is essential in the analysis which follows.

Proposition 2: For the model (1), the distribution of both
the Stieltjés transform of the e.e.d. of (HSA)* and the MMSE
SINR are invariant to the substitution of VD for H, where V
is an M x M Haar-distributed random unitary matrix, and D
is a M x N diagonal matrix containing the singular values of
H.

Proof: Let T be an independent M x M Haar-distributed
random matrix. Now, note that the quantities of interest,
namely 'ij and pﬁ’k, are unchanged by the substitution of
TH for H. That is,

1
= Ntr[Rfl} =

= %tr[((THSA)i —zIu)7Y.

1
Mtr[TiRil}

Writing THS = (TU,,)D(ULS), where Uy DUY, is the
singular value decomposition of H, the unitary invariance of
T and S infers the result for the Stieltjés transform. A similar
treatment of p;V i gives the result for the MMSE SINR. [0
Therefore, in the remainder of this appendix, we substitute
H with VD everywhere.”> We denote the n column of V
as v,, for 0 < n < M, and define v,, = 0 for n > G*N.
Define {di,...,dg~n} as the diagonal elements of D, note
that 5*N = min(M, N), and define d,, = 0 for n > §*N.
For isometric S only, we also require the following general-
ization of the system model and asymptotic limit.'® We shall
assume that D and S have dimensions M x N and N x K,

15We stress that VD is an equivalent matrix, as defined in Proposition 2,
as opposed to a decomposition of H.

16Without this step, it is not possible to show the uniform asymptotic
equivalence in (130).

respectively, where 0 < N < N. Also, we shall include the
limit N — oo with N/N — ¢ where ¢ € (0,1). That is,

diag(D) = {dl,-u,dﬁ*N},
St =[5 ---85],

where the definition of 5* is extended to 3* = min(f,<).
Note also that s, now has dimension N x 1, and the maximum
involved in = shall be over n < N. The desired result will
be obtained by considering ¢ — 1~. Fori.i.d. S, N = N, and
hence ¢ = 1 and 8* = min(g, 1).
We can now define

N o=ufXPu, L forj=1,2,3, 0<n<pN, (128)
where u,, = thStnA2§n. Also, ngj denotes X with
the effect of the n™ transmit dimension removed, 0 < n <
B*N, by replacing R, H, and S with R, , H; , and S; ,
respectively, where

R;, = (thStn}A)I —zIn,
th = th Dtn 5

and where V; and S; are V and S with their ™ column
and row removed, respectively, and D;_ is D with both the
n'™ column and row removed.

Returning to (127) and (128), note that these quadratic
forms are uniformly asymptotically equivalent to the following
expressions, derived in Appendix IV. These will be important
in the subsequent analysis.

N LN Ftr[HEX )] kS o
e T tr[(HIT)IXG)] | iso. S,
N oo~ _ | atr[(HSA?)IXW)] ,iid. S,
Tj,n - 7—j - 1 2m\ 1y (4) . (130)
v tr[(HSAE)* X iso. S,
where
II° =1y - SST, (131)
2% =1Ix - S's (132)
Also, note that
siH'Hs;, £ 3*E[H] > 0 (133)

from Lemma 9 or Lemma 10, the Borel-Cantelli lemma, and
(107). The positivity of (133) is implied by g* > 0 and
E[H] > 0. Note that E[H] > 0 is implied by the assumption
that the distribution of H has a compact support on R*, and
does not have all mass at zero.

In addition, letting c,, = ! A%3,, and p = E[P], we have

n _
Cp X QP .

(134)

This is shown in a similar manner to (133) using (106). For
iso. S it first requires S,, written as described before (178).

We now give several bounds on particular matrix and vector
norms which are required in order to apply Lemmas 2 and 3
later. Firstly, the assumption that z € CT gives

IR7Y| < Im(z2)~!. (135)
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Secondly, the assumptions on H, S, and A outlined in Section
IT imply

Hpax = sup |H|]? < o0, (136)
sup |A|[* < oo, (137)

IS[? = (1 +Va)? , (.id. S), (138)

skl £, (139)

5,2 £« (140)

where (138) is due to [34], while (139) and (140) are shown in
an identical manner to (133) and (134), respectively. Of course,

IS|| = 1 for isometric S. Moreover, (135)—(140) imply that
all of
IR, (141)
Lnga&(maxﬂuﬂ y lenl} (142)
max{’pj—v ,max|p§-vk|} , forj=1,...,4., (143)
max{ |7} ], max\ N, forj=1,...,3., (144

are bounded above almost surely, that is, have a upper bounds
of form given in (94). For this to be the case for (141), it also
requires the assumption that |z| < oco.

B. Derivations

We start by applying Lemma 6 to R = Ry, +thkh£, ie.,
to extract the k™ data stream from R, as described in Section
III. Namely, we substitute R, Ry, , 0, hg, and Py for Yy,
XnN, VN, Uy, and cy in the Lemma, respectively. Condition
(95) is satisfied trivially, while (133) and (136)—(141) satisfy
(96) and (97), respectively, in the almost-sure sense. Hence,”
Lemma 6 states that

-1 R, 1hk
L+ Prpyy,
i%fglga%c 1+ Pupli| > 0, as. (146)
This may be applied to the following identity to obtain
1 1 &
1= Mtr[RR_l] = N 4 i > PchfR7'hy,
k=1
PkPl k
= z’y —|— - — (147)
! Z 1+ Pkpl k

Now, due to (129), (137), (143), (146), and Lemma 3, it
follows that

Purte & Pipl (148)
L+ Pepl, © 1+ Pepll
From (147), (148), and Lemma 4 we obtain
@ @
Lo = gpélh = 3(1-64)  (149)

170f course, (145) holds with = in place of <, due to the matrix inversion
lemma. We use Lemma 6 instead in order to obtain (146), which is needed
to show (148).
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where

p’l_Kzl+PkP1

For future reference, note that from (145), following the

proof of (149) gives

itr[(HSA2)iR’1] _ 1 i Beo a(p—EN)
N TN &1 Pyl pP=eia)s
(150)
1o oY
—tr[(HS)IR ! = — Lk qpNeN
[( ) ] N;1+Pkplk P1¢Co,1 -
(151)

To prove the remaining equations in Theorem 1, we consider
another expansion of the correlation matrix R, this time to
remove the n transmit dimension, 0 < n < B*N, as
described in Section III.

R = (H;, S, +d,v,5)A*(H;, S;, +d,v,s
=Ry, + dnunVIL + dnvnuIL + dicnvnvIL

IL)T —z2In
(152)

where u,, and c¢,, are defined after (128) and above (134),
respectively.

We now apply Lemma 6 to (152), where Y n, Xy, vV, up,
and cy in the statement of the Lemma correspond to R, Ry, ,
dyuy,, v, and c,, respectively. We shall now verify that the
conditions of the Lemma are satisfied. For any n < 3* N, since
HInvn = 0 we have Ry v, = —2zv,, and RInvn = —ztv,,
and moreover

(153)
(154)

vLR;ﬂlvn =z,

uLR;ﬂlvn = vLR;ﬂlun =0,
where VILR; Ll v,, corresponds to u in the Lemma, and (154)
satisfies condition (95) of the Lemma. Since |v,,| = 1, condi-
tion (96) is satisfied, and along with (141)—-(142) condition

(97) is satisfied in the almost-sure sense. Note that Tf\fn,
defined in (128), corresponds to vy in the Lemma. Therefore,

R;nl (vn + dnz_lun)

R v, = , 155
v 1+ d2z7H(r], —cn) (155)
R! —d, ™ v,, + (1 — d2 sCpZT Uy,
R 'u, < = (Zduril (N ) . (156)
14+ d2z=1(r{ o Cn)
inf min |1+ dj 2 _1(7'1Nn—cn)’ >0 ,as., (157)

N n<N
which we shall now use to derive (18) and (19). Note that (157)
will be required when using Lemma 3, to satisfy almost-sure
uniform bound conditions.
With i.i.d. S we see from (130) that (150) gives an
expression for Tl For isometric S, we see from (130) that in
addition to (150) we require

N
1 2aq\t 2% i -1
A r[(HSA®ST) R™! Z [(HSAZS,)' R

N
= % > wr[(up + dpenva) R (158)
n=1
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where we have used HSA?S,, = u,, + d,,c,Vv,. Continuing
with the preceding application of Lemma 6, we may use
Lemma 7 to determine an equivalent asymptotic representation
of the argument in the sum in (158), where Ay in the
statement of Lemma 7 corresponds to (u,, + d,c,vy,)*. That
is, using (154), (155), and (156), we note that the terms cor-
responding to 55\}) and 853) are both asymptotically equivalent
to —d%cnz_lrf\fn, while the terms corresponding to iy, Uy,
and tr[ANX;,l] are asymptotically equivalent to d2c?z~2,
d2(r",)?, and 7%, — d2cZ 27", respectively. Therefore, after
some algebra, we obtain from (105)

N

tr[(u, + dnenvn)FR7Y = ¢ + Tim — n

n nCtnVn —~ Cn 1+d%3_1(7-11\,]n_cn)

(159)
and from Lemma 3, (130), and (134) we obtain
7—1Nn — Cp n N — Oép
= ap

1—|—0l2 U, = cn) 1+d22 N — ap)

(160)

noting that the bounds required for the application of Lemma
3 are almost-surely satisfied by (144), p < oo, and (157).
We therefore obtain from (158), (159), (160), and Lemma

dimension NNV, as opposed to the dimension K in (149). That
is,
*N

Z

1+29 == d.81 A%( ST HJr +dps, v )R v, .

(166)

Applying (154) and (155) to the argument to the above sum
gives

shA2(S! HI +d,8,v[)R7'v,

uT—i—d chTR v + dpz"ta,
= ( ) (N Un) (167)
1 + d%Z 1(7_1,77, - Cn)

n 1
=<1- 168
I+ @ (7 —ap) (o9

and so applying Lemma 4 to (166) with (168) gives

1+zv{vx%(1f?{é\{1). (169)

We now use (169) and (149) to simplify (163) and (165)
in the case of isometric S. Combining (169) with (149) gives
14 3*(Hy; — 1) < 1= (1 + z7{"), which combined with
(163) gives

4 that N~ op an! (170)
1 [ T Y
= 2qHVIR—11 < cni N \(pr(yN
v HHSATSH R™] =< cap+ (17 — ap)(6"(Hols — 1) +<) gimilarly, combining (149) with (165) gives
(161) _ﬁ*zle{\fl
N ;
= — 171
where - B+ 27]) (47
N d2p In summary, the expressions (149), (150), (164), (170), and
Hp1 = 22 Z 2 5\ (171) may be expressed as
6] N 1+ d2z71(]N — ap)
N N N N
Moreover, from (130), (150), and (161) we have x( )(z) = o) (X( )(Z)> + €l )(Z) (172)
1 _ _ (N)
= _ (tr[(HSAZ)iR - tr[(HSAQST)iR 1]) Wf]l\tf‘,re A}fc (z)N (ienotes the randf)m. vector
N-N 11 (2), p1' (2), 71 (2)]' (Note that we have highlighted the
1 . N N N
= — (a(ﬁ _ 5N ) — cap — ( —ap)(B (Hé\ﬁ 1)+ g)) dependence of vy ,(,]%l) ,and 7;" on z for what follows). Also,
1-¢ each element of € almost-surely converges to zero, and
(162)  the vector-valued function ™) is given by
or equivalently, _
R . o (o (3G -1
7-1N = ap — o1 . (163) ® (X (Z)) B _5*2_1DN('Z)71/{\’[1
ﬁ*(H(n ) +1 O‘(ﬁ_DN(Z)gl,l)

For i.i.d. S, using (129) and (154)—(155) in the same manner
as the derivation of (161), we have that

B*N
1
N _ L 2 tm—1 -
1 *denVnR v, < Nzl—i—dQ

n=1

71d2
(Tl n Cn)

(164)

= —ﬂ*zlef{l

and similarly from (129), (151), and (164) we obtain for
isometric S

1

11—«

We now simplify the preceding solution by noting that
the identity -;trf[RR™!] = 1 may also be expanded in the

Pl = (=827 "HY — ap &) - (165)

where Dpy(z) =
(1=8+2) "

(2)
We now show that x
steps.'®

1y

1 for iid. S,
for isometric S.
(N)(2) has a limit by the following

and Dy(z) =

Consider a countable family (z).en With an accumu-
lation point contained in a compact subset of C*.
Note that on a set (k) with probability one,
€M) (z,) — 0 for each k.

Each element of the vector x(™V) is analytic and bounded
on CT, due to the definitions (126) and (129)—(130).
Due to point 3, we may apply Montel’s theorem [36]
to state that there exists a subsequence x(V¢) of x(N)

2)
3)

4)

18This follows essentially the same steps as the proof of [35, Theorem 2.5].
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which converges uniformly on each compact subset of
C™ to a function x* analytic on C*. Denote x*(z) =
[1(2), p1(2), Ta(2)]T

5) Due to the almost-sure convergence of the e.d.f.’s of
HHT and A2, it follows from point 4, (106), and (107)
that, on {NN,}, H;Xﬁ — Hp,1 and Szj)\ff — Epy forp =

0, 1, where
PP
Ep1=E|———| ,
[1 + Pm(Z)}
HP
=E
My [1 + Hz=(mi(2) — aﬁ)}

6) Now, due to (172) and points 2, 4, and 5, on the set
Q =, Q(k) (which has probability one), we must

have that
x*(z) = ®* (x*(24)) (173)
for each x, where ®* is the function
21 (%pl(z)&J -1
" (x"(2)) = |  —p* 2 1D(2)H1s (174)
a(p—D(2)E11)
where D(z) = 1 for iid. S, and D(z) =

(1—B(1+2v(2)))"" for isometric S.

7) Moreover, on {2, since x*(z) is analytic, we have the
analytic continuation x*(z) = ®* (x*(z)) for each z €
C™* (due to the identity theorem [36]).

8) Assuming this set of equations has a unique solution
x(z), we have x*(z) = x(z), and that on €, every
convergent subsequence of (x(N)(z))yen converges to
the same point x(z). Moreover, this implies almost-sure
convergence of the whole sequence, i.e., on (2, xV )(z)
converges to x(z) for each z € C™, as stated in (14)-
(16).

Finally, (173)~(174) gives (17)~(19) at ¢ — 1.

C. Shortcut to (163).

Note that due to the conditions of Lemma 10, the uniform
asymptotic equivalence in (130) does not hold for isometric
S if N/N — 1. This is the motivation for introducing the
independent parameter N and specifying N/N — ¢ < 1.
Moreover, this extra step yields the trace expression in (130),
which was used in (162) to derive the relationship (163) for

N However, the following argument shows that it is possible
to arrive at (163) directly, without introducing the parameter
N, and without relying on Lemma 10 to provide an expression,
which does not depend on n.

First, we note that since STS = I, we may state

%tr[(HSA‘Z)iR*l] = —tr[(HSAZSTfR7Y.  (175)
Now we assume (without proof) that, T]J?fn is uniformly as-
ymptotically equivalent to another sequence, which does not
depend on n. In that case, for isometric S with N = N, we

can write
Tj =T

(176)

Rk
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With this assumption, (161) holds at ¢ = 1, and combining
this with (175) and (150) gives

a(p—EN) < ap+ (r — ap)(B*(HY, — 1) + 1),

which indeed corresponds to (163) at ¢ = 1. Moreover,
establishing the convergence of (172) to (173) is unaffected
by the parameter .

In what follows, we will use this argument as a shortcut
to derive analogous relations in Appendix VII. The assump-
tion (176) can be proven by introducing N, and taking the
appropriate limits with N/N — ¢ < 1. Because we cannot
take N = N when N is finite (see Lemma 10), this does not
establish (176) for N /N = 1. However, this assumption, com-
bined with (175), leads to the same expressions in Theorem
1, which are obtained by introducing the parameter NN, and
taking ¢ — 1~ after the large-system limit.

APPENDIX IV
PROOF OF (129) AND (130) IN APPENDIX III.

0 and

a.s. . . . . .
max,<y |75, — V| =5 0 for j = 1 in the limit considered.
The remaining cases j = 2,3,4 are shown in an identical
manner using the same results as outlined below.

For 1sometnc S, we need the following representatlon

a.s.
—

Here we show manSK‘péVk—

Let 6; and 9 denote the k™ column and n™ row of the
N x N Haar dlstrlbuted matrix ©® from which S is obtained,
respectively. Deﬁne E, = [I;,0, v_3] for 0 <z < N, so
that S = ENGEK, sy = Ex0Og, 8, = EKOH, and therefore

p1y, = tr[(HER60,) R, ', (177)
Y, = tr[(Hy, S, A’Ex0,)'R; 1. (178)
Define
oY — Sir[HIR, ] Liid S,
1Ktr[(HHdk)iR;kl] , is0. S,
" 1
Pivk =N Ktr[(HH)ingl} , iso. S,

5 =11 +s; .

For i.i.d. S, we may apply Lemma 9 to (127). For isometric
S, we may we apply Lemma 10 to (177), noting that the
appropriate choice of orthogonal projection matrix is Iy —
(G)ETK)i + 6%, and simplify using

Ef (Iy - (OE} )" Ey = II?
where IT is defined in (131). Hence we have p{', L P, for

both i.i.d. and isometric S, due to the Borel-Cantelli lemma.
Now, for isometric S, we have |p2,

N 1| N
~“Pik| = Nk |P1k]
. . . Nk ”
which with (143) gives pY;. < p{';.. Also, from Lemma 8 we

Im(z)(N K) for

have ‘pl — o 'k ‘ < g) forii.d. S, and <

isometric S (Hp,.x is defined in (136)), and hence ,017,C x pl .

. k ’ k ..
Putting these together, we have p1', < pi', = pY for iid. S,

/ k " k
and P1 e = pl B = p{vk = p¥ for isometric S, as claimed in

(129).
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Turning our attention to 7'1 - for iid. S define

| B
i = ~tr[(Hy, S, A?)TR T

Tl,’n - N
1" 1
T = Ntr[(thstnAZ)iR—l] )

Firstly, 7{%, = {%, from Lemma 9 and the Borel-Cantelli
lemma. Now, applylng Lemma 7 to

N/ N//
‘Tlm - 7—1711

1 _ _
N |tr[(H,, St A*) (R =R,

and using (143) (144), and (157) it is straightforward to show
N X N7 Also,

N//
‘Tl n ’

((Hy,Si, A% — <HSA2)*)]’
’ d unv +d,v,u T—i—dQCnvan)]

(2d,, [un| + d2 |cn)) (179)

-N1<>

where u,, and c,, are defined in Appendix III-A, and we have
used |v,| = 1 and (135). It is clear from (136) and (142)
that the terms inside the bracket of (179) are almost-surely

7" 'r’L
uniformly bounded above over NV and n < N, so Tan = 7.
n ! 77, " n
Moreover, as 71V, = Tan = TJN = 7V, and therefore we
)

have completed the proof of (130) for i.i.d. S.
Now turning to (130) for isometric S, we may apply Lemma
10 to (178), where the appropriate choice of orthogonal

(Ex®))) +6,.
Ex (Iy — (Ex©®)HH) El, = =2.

projection matrix is Iy — and simplify using

where = is defined in (132). Then, using the same steps

outlined above in showing pV, = k p1 and 7Y, =< 7' for

iid. S, it can be shown that 7'17,I = 7'1 also for isometric S.

APPENDIX V
ALTERNATE MMSE SINR OF SECTION IV-B

Note from (145) that the filter R 1h;c has the same SINR
as R7thy. "lz"he associated signal and interference powers
are P’C’pl,k’ and p47k + o2 p27,C respectively, as defined
in Appendix III-A. It is easily shown that the latter term

simplifies to p1', (when z — —0?), and hence the MMSE
SINR is Pkpf{k. Namely,

pay + 0Py
=hIR; (Ry, +2In)R; hy, + 0?h[ R, TR hy,
— hLde hy as 2 — —o2.
We now seek expressions for each of the variables which
enter the interference power, without using the preceding

simplification. Following on from the assumptions and results
of Appendix III, firstly, note that in extension to (153)—(154),
y J =2,

e
0 j=3

VLXgi)un :uTXg)vn =0 ,

n

vixy, = (180)

j=1,2,3., (181

forn=1,...,06*N. Also, define
K
1 pr
R o S
D,2 K kzl |1 +Pkp{\[|2
dz
p,2 5*]\/’ Z |1+d2 _1( —0425)|2

Considering terms which arise in pj , defined in (129), we
have from (155) and (145), and additionally using (180)—(181),

1 B*N ;o . .
i'EI‘[Hi}((j)] —{N Zrll(:l dnan(J)Vn , 7 =23,
N N Zio PR RTTHIR 'y, j =4,

B* |2 (HYy + VMY, L 5=2,
=4 8% |22 (1 + MY, ,j =3, (182)
apy Ery j=4

which corresponds to pj for i.i.d. S. Additionally note that

K

1 1 o
—tr[(HS)F XY = =3 "h[X0)h,
N N &
NeN,  i=23.
R et P (183)
a(p s + || €M) =4

Combining (182) and (183) according to (129) for isometric
S gives

B* |Z‘_2 (Hl 2 T 75 Hz 22)

b -:27
o€ 1) +1 ’
N = 551272 (1 + 7 MY, iz3
I 04(50271)+1 ' ’
a(ﬂzjsvgm ’P | 5

alffy—1)+1 ’

Considering terms which arise in TJN , defined in (130), we
have from (145)
1 1 &
j j —  NegN
SI(HSA?)IXO)] = < ;P;?hlx(”hk = ap) e,

(184)
for j = 2, 3, which corresponds to 7'JN fori.i.d. S. Additionally,
noting from (155)—(156) that
R;Ll (un +dn(cn — T{Yn)vn)
1+ d%z—l(TfYn —¢p)

R (u, + dpcavy) =<
we obtain that

L 261X 0)] 5 ()
~(HSA?ST)IX Ztr [ W, + dpenvi) X }

XTJN(B*(HéYQ_l)+§)+ﬂ El |CY]5—7'1 | Hj—1,2

(185)
for 7 = 2,3, also using (180). Combining (184) and (185)

according to (130) for isometric S, and solving for T gives
N ap; 522 B |Z\7 |045*T1N| Hé‘\im =23
J 6*(’”6\{2_1)4'1 ’ 5 e
(186)
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It follows (using the same arguments outlined after (171)
in the proof of Theorem 1, this time assuming that (25)—(28)
has a unique solution) from Theorem 1, (106), (107), (182),
(183), (184), and (186), that for all z € CT, pév — pj| 225,
j = 2,3,4, and ’TJN —Tj‘ 220, j = 2,3, where p; and
7; € R* are solutions to (25)—(28). In addition, since pfl\,[ e T

k k
o?pyp = py +0?py and plY, =< py’, the SINR satisfies (24).

APPENDIX VI
PROOF OF (47): CONVERGENCE OF THE E.D.F. OF W FOR
EXPONENTIAL WEIGHTING

With exponential weighting, the e.d.f. of the 7 x ¢ matrix
W corresponds to the distribution of a random variable, W;,
which is uniformly distributed on the set {¢!(1=7/9) : j =
1,...,i}, where € = (1 — &) is the exponential weighting
constant. The corresponding distribution function is Fyy, (w).
To prove convergence in distribution of the a.e.d. of W to
Fy (w), we show that lim; . Fw,(w) = Fw(w) where
Fw (w) is given in (47), i.e., pointwise convergence. We have

Fw, (U)) = Pr<Wz < w) = PI‘(Ei(lfJi) < w)
‘ Inw
ilne

Inw 1Zl J
r(JZ_ ilne) i u(i +
(187)

j=1

for ¢ < w < 1, where J; is a discrete random variable
uniformly distributed on the set {j/i : j = 1,...,i}, and
where u(t) is the step function, i.e., u(t) is zero for ¢ < 0 and
unity for ¢ > 0. Now,
log(1 — L
lim ¢lne = lim g(. ”‘) =

71— 00 71— 00 ’L_l

lim;_ oo % log(1 — %)

lim; oo i1

lim; o0 #ﬁ -
= m 2 = L
im; o0 —1
and similarly, the limit of the lower bound on w simplifies to
lim; o € = e /L, Taking the limit of the Riemann sum in
(187) then gives

L -
L
lim Fyy, (w) :/ i dt =1+ —Inw
100 1-‘,—%7 In w n

where we have also used lim; o, Fyy,(w = 1) = 1. This
establishes that as ¢ — oo, F;(w) converges in distribution to
Flw)=1+ %Inw for e™"F < w < 1.

APPENDIX VII
PROOF OF THEOREM 3

As in Appendix III, the analysis in this appendix is based
on removing a single dimension from matrices and vectors, as
described in Section ITI. We will use ¢,, when removing the n"
transmit dimension, dj, when removing the k" data stream,
and 7,,, for removing the m™ received symbol interval.

We define Q, Q, and Z according to Definition 2 in
Appendix I, where the maximum is over k£ < K, n < N, and
m < i, respectively, and the limit is as (M, N, K,i) — oo
with K/N — o > 0, i/N — n >0, and M/N — (>0
constant, as described in Section II-E.
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A. Definitions

As in Appendix III, throughout this appendix, we substitute
H with VD without loss of generality, where V is an M x M
Haar-distributed unitary matrix, D is a diagonal M x N matrix
containing the singular values of H. The justification for this
substitution in this case will be established later in Proposition
3. We denote the n™ column of V as v,,, and define v,, = 0

for n > M. Also define d,, via diag(D) = {d1,...,dg+n},
and let d,, = 0 for n > B*N.
Define the following quantities
1 N
N =l XWr, j=1,...,4, 0<m<i, (188)
9 /L m
AN =0l XWh, | j=1,,...,4, 0<m<i, (189
oY = wnXWw,,  j=1,...,4, 0<m<i, (190)
AN =hiXPh, ,j=1,...4 0<k<K, (19D
oNy=alXPa, L j=1...,4, 0<k<K, (192)
N =X, L j=1,2,3, 0<n< BN, (193)
oM =viXPv, L j=123 0<n<BN, (194)
where
N 1
n,, = \Tinm 5
1
wm = —HSAb,, ,
Vi
hk = Hsk )

1
qr = ZRd’“ka ;

1
Tn = -R¢, WBAS,, ,
1

and

R! =
ﬁ'—TR_l B ] -
R THIR! ,j=3,
R T(HSA)YR™! | j=4.

X0 —

Further, we define Xq(njm) , X((f);), and XE{} by removing the
contribution of the m™ training symbol, the k™ data stream,
and the n transmit dimension, respectively, from X @) as
follows:
« To remove the contribution of the m™" received training
symbol interval, for some 0 < m < i, replace R and R
with er and R, , respectively, where

R, =R, W, RI

Tm Tm

- ZI]M (195)

and R,, and W, are R and W with the m™ column,
and m™ row and column removed, respectively. That is,
R, =R - S

o To remove the contribution of the k™ data stream, for
some 0 < k < K, replace f{, R, S, A, and B with fldk,
Ra,.> Sa,. Adg,, and By, , respectively, where

R 1
Ry, = ;deWRLk — 2l
Ra, = HS4, Ag, Bl +N,
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and Sy, and By, are S and B with their k" columns
removed, respectively, and A4, is A with the k™ column
and row removed.

« To remove the contribution of the n transmit dimension,
for some 0 < n < B*N, replace f{, R, H, and S with
R, . R:,. Hy , and S, , respectively, where

R 1
R, = ER%WRIW — 2y,
R:, =H; S, AB' + N,

H;,, =V, D,

and V;_ and S;_
row removed, respectively. Also, Dy
column and row removed.

n

are V and S with the n® column and
is D with the nt

Considering (189)—(194) asymptotically, it can be shown
using the same steps as in the proof of (129) and (130) in
Appendix IV that

n . m . 1 S(
3o =5 Am =y = Mtr[X“)h (196)
N N = wj+a2§fyj.v, (197)
1tr[(HSA) X ()] ,iid. B,
@;\’m z @;JN - %Zjﬂzl @N ,ort. B, a <7,
ey [(HSAT)iXU)] ,ort. B, a >,
(198)
and
1 MHEX ) ii
N kN tr[H+*X )] ,1id. S,
5N = L 199
Pik = P; { L_tr[(HIT)!X)] | iso. S, (199)
! tr[(RW)iXU)] ,iid. B,
PN E N = R 7 (RWY)IXO)] ort. B, a <,
= Zk:l 1/;% ,ort. B, a > 1,
(200)
and
r Ltr[(RWBA)IX®] | iid. S
’IA'jvn XL/IA_JN _ ]Ifﬂ r]\[f( AN ) ] Tl ) (201)
ﬁzn 1 Tim , is0. S,
AN L AN _
Vim =Vj = 5*N Z Vjm (202)

where IT is defined in (131) (with N = N and hence I’ =
II), and

I, — 1BBf
1= 1
Ix — BB

Although the derivations of the uniform asymptotic equiva-
lence in (199)—(202) are not shown, note that they rely on
expressions derived later in this appendix, namely (231)—(233)
and (244)-(246).

Also, analogous to the discussion in Appendix III-C, we
assume that VJN is uniformly asymptotically equivalent to
another sequence which does not depend on n, in which case

oL 1/ , as stated in (202). Applying the shortcut described

7,

7a<’r]7
, Q> ).

in Appendix III-C will give an asymptotic expression for f/JN ,
which, in the large-system limit, leads to (38) in Theorem 3.
To make this rigorous, we could introduce a new independent
parameter N, corresponding to the number of columns in V.
Then, the large-system limit would also contain the condition
N — oo with N/N — ¢ < 1, and (38) is obtained by
letting ¢ — 17 (after taking the large-system limit). A similar

argument is applied to the other variables &7, , Z o (for ort.
B,a<77),1/)JkA1/JN(f0r0rtBa>77) and 7 Q%]N
(for iso. S).
Note that (133) again applies, and also
_ k _
Wy < W0, (203)
n = QP (204)
]. m
“rl v Zaftn ' pE[H] + o267 > 0, (205)
i

for0< k< K,0<n<N,and 0 <m <14, where
_ 1+
Wy = fbkwbk ,
i
Cp = lg,LABTWBAgn ,
i
P = E[P], and w = E[W]. (203) is shown in identical manner
to (133) and (134), in this case using (108). (204) can be

shown in an identical manner to (134), also using (203), i.e.,

1
—tr[WBA?Bf] =

o
(3

1 K
NZP“D’“ = qup.

tr[(HSA)! +
[(HSA)Y] =

Finally, (205) can be shown from irf r,,
o215] using (106), (133), and i [ni,w,,|”
“Z_E[P|E[H].

We now give several bounds on particular matrix and vector
norms which are required in order to apply Lemmas 2 and 3
later. Firstly, the assumption that z € CT gives

T 1y
=
1
m
= tr

IR~ < Im(z) ! (206)
Recall that assumptions on H, S, and A outlined in Section II
again give (136)—(140), and additionally the assumptions on
W, B and N give

SIIprIWH < oo, (207)
%HBHQ = (1++an? |, ({id B), (208)
SINJ? = 014 Van Ty (209
%Ibkl2 £, (210)
%Ibml2 = ant, @11
Sl 2 gy (212)

where (208)—(209), like (138), is due to [34]. Of course,
+|BJ[? = n* for orthogonal B. Moreover, (136)—(140) and
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(206)—(212) imply that all of

IR, (213)
%ai)(cmaxﬂhk\ slakl, wr} (214)
gléagmax{lml Jenl}, (215)
max{|F | ,%2§yf§,,L|} ,forj=1,...,4., (216)
max{|ﬁ§y|,£n§al>(<|ﬁfk‘} ,forj=1,...,4., (217)
max{‘w : va‘} Cforj=1,....4., (218
max{ ||, max| N forj=1,....3., (219
max{ |7}, max| Ny forj=1,....3., (220)

are bounded above almost surely, that is, have a upper bounds
of form given in (94). For this to be the case for (213), it also
requires the assumption that |z| < oco.

B. Derivations

Note that 4 = -tr[R~!] is the Stieltjés transform of the
e.d.f. of the eigenvalues of 2RWRT. The proof of Theorem
3 proceeds as described in Section III, by applying Lemma
6 to remove the effect of the m™" training interval, k" data
stream, and n® transmit dimension from R, 0 < m < i,
0<k<K,0<n<f*N. The removal of each dimension
generates a pair of variables; expressions for which are then
derived. Additionally, these results are applied to expansions
of the identity RR™ =1, to yield relationships between
GIIA{V (z) and the variables generated.

1) Expanding Dimension i: From Lemma 6, (188), (195),
(205), and (213) we have that

R 'r,, < R,, R it S (221)
inf max |1+ wnil,| >0, as., (222)

where Ry, = 1/(1+ wp,#{,,). In addition, since
wi R 'h, Zal R lw, X0 (223)

m ~ .
= o020@y, we have from the matrix

223) that

. ey 71 ~
due to 7 wInRTmnm
inversion lemma and

R 'w,, = RmR

Wm — wmd}{\fmﬁm) ;
(224)

R, < Ry R (—wnAtwm + (1 + wnd],, )im)

(225)

;,: ((1 + wm:)’fm)

Now, we expand the identity R IR =1, along dimension
1 using (221). We have that

1 3 X me1 m
1= —trf[R7'R] = —23 .
M I‘[ ] Z’Yl M Z 1+wmr1m
(226)
It follows from Lemma 3, (197), (216), (207), and (222) that
~N AN
WmT m m m
nlm o Dmll g (227)
1+ Wi T, 1+ w,,7
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Moreover, from (226), (227), and Lemma 4, we have
(1 - WY
1 +z‘y{v = '2(AN N0,1)
3" Wia
where the expressions in the right hand side of (228) are
related via (54), and

(228)

i
P
A _ 1 _ Wm
p,l - Z 1+ AN
= Wi T1

2) Expanding Dimension K: In this case, we write

1
R = -(Rq, + Ahib)W(Rq, + Axhyb))f - 2Ly

= Ry, + Arqph + Aghiql + @, Pohyhl o (229)

We now apply Lemma 6 to (229), where Yy, Xy, uy, vy,
and cy in the Lemma correspond to R de, hy, Arqg,
and P wy, respectlvely Therefore un and vy in the Lemma
correspond to p1 ' and Pkwl > Tespectively. Note that

h! f{;:qk = qLR—lhk = 0 (230)

duetoN‘h R qk‘ A1/J3kand (218) for i.i.d. S, and simi-

larly with isometric S, it can be shown (N — K) ’hT R, qu
has a finite, almost-sure, uniform upper bound. And so, (230)
satisfies condition (95) of the Lemma. Additionally, (133) and
(213)—(214) satisfy conditions (96) and (97) of the Lemma,
respectively, in the almost-sure sense.

Therefore, from Lemma 6 we have

R™'hy, < KRy (hy — Apptpan) (231)
R 'qy =< Kdek (=AYb + (1 + e Popty)ar)
(232)
1}1\1{f Ignln 1 — Pppy, k(wl = WE)| >0 Las., (233)
where K, = 1/(1 — Pyp; k(z/)l k — W)).

Now, we expand the 1dent1ty R IR=1, along dimension
K using (231)—(232). We have

trRTINWRT] .
(234)

Expanding the first term in (234) with respect to dimension
K using (231)—(232), we have

1
1+ 240 = Wtr[R—1HSABTWRT] +

1
—tr[RT'HSABIWRT] =

7 ZAkaWRTR h,,

)(

K
Z p K (Apwihy + Qk)TR

k:

e
- 1(1_171)5{\,[1

where we have used (199), (200), (203), (230), and (233), and
define

(hy, — Akﬂl ka)

(235)

K Pp
“_?Z — PN (N —w)
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Now considering the second term in (234), using (221),
(223), and (196) we see

1 1 < Wi (Wi + 1) TRy
— [RTINWRI = — ) L
arl ] T T wl,

= o4V W, . (236)
Combining (234), (235), and (236) gives
B(1 - ’Y{V/Vl ) < a(l— éé\,fl) = —ap; (wl - w)éf\,fl .
(237)

Note that up until this point, none of the analysis has relied
on the fact that we have made the substitution of H with
VD. Therefore, we are in a position to state the following
proposition, which shows that this substitution is valid. Note
that the analysis in the remainder of this appendix relies on
this substitution having been made throughout.

Proposition 3: For the model (1), the distribution of both
the Stieltjés transform of the e.e.d. of %RWRT and the as-
ymptotically equivalent ALS SINR given in (31) are invariant
to the substitution of VD for H, where V is an M x M
Haar-distributed random unitary matrix, and D is a M x N
diagonal matrix containing the singular values of H.

Proof: Using (231)—(232), we may derive the asymptot-
ically equivalent form of the ALS SINR given in (31) (see
Appendix VIII), which depends on pAJ and zﬁ ,jg=1,...,4.
Now note that the distributions of 4", pj and wj , j =

,4 are unchanged by the substitution of H by VD. That
is, let T be an independent M x M Haar-distributed random
matrix. Then,

1

A= Mtr[ﬁ_l] =

1
= ul(TR)W

1 -1
Ntr[TTTR ]
(TR)T — 21p)7 1.

Note that TR = THSAB' + TN, and so, writing HS =
(TU)D(ULS), where UyDUY, is the singular value
decomposition of H, the unitary invariance of T, S, and N
implies the result for the Stieltjés transform of R. A similar
treatment of ﬁ;v and 1/35\7 gives the result for the asymptotically
equivalent form of the ALS SINR given in (31). O
3) Expanding Dimension N: Writing
B*N
R =) dv,(BAS,) +N

n=1
and substituting this into (8), in a similar manner to (229), we
have for some 1 <n < g*N

R= Rtn + ngnTIL + dnﬂrnv}; + diénvnv}; . (238)

We now apply Lemma 6 to (238), where Y n, Xy, uy, Vn,
and cy in the Lemma correspond to f{, f{tn, Vo, AdpTn,
and dién, respectively. Therefore, uy and vy in the Lemma
correspond to z?{vn and dfﬁf\fn, respectively. We have (213),
(215), and |v,| = 1, which almost-surely satisfy conditions
(96)-(97) of the Lemma. We now show

ViR 'r, 2 TIR; v, £ 0 (239)

which, with (136) satisfies condition (95) of the Lemma. To
see this, note that v};‘rn z 0, since

N

no 1
N |vir.|” = 5 (VINWBAS,)! = -t (NWBA)'|
20[
= Z2E[PIE[W?]. (240)
n
Also, since Hlnvn =0, we have
. 1
R, vp = 2RthNT Vi — 2V, . (241)
From (241), we find
~ n 1 ~
zTILR[nlvn = {TLR{,}RM WN'v,
N v iR
= - Z wmnmvnrnRtn | (242)
1

m=1

Considering the argument in the preceding sum, note that

" t -1 m W o2 T Rt" ”
Wpn), VTR Ty X —N

243
m L+ wpfyy, (243)

where we define 47, , 71", ,and @], from 47", 7, and &
in (196), (197), and (198), respectively, with the contribution
of transmit dimension n removed, as explained in Appendix
VII- A Returning to (242), and additionally using 1+z‘y{\ftn =

N . . . . .
1tnM Zm 1 71+wm7 , which is shown in an identical

manner to (228), it follows that

~N
. 2w
-1 Ltn 1
TRy v—x— <0.
1 ytn

Now, since z, w{v ¢.»and 7 N '+, arein C™ almost surely (through
an application of Lemma 5) and also since |r1 . | is almost-
surely uniformly bounded above over N and n < N (which
is shown identically to (216)), we have (239).

So we may apply Lemma 6 to (238), to obtain

R, < VR (v — dnil, 7). (244)
R, < VoR N (—dn 7, v + (L + d2é,00)Ty) , (245)
mf mln |1 —d*i] n(ﬂNn &) >0 Las., (246)

for 1 <n < B*N, where V,, = 1/(1 — A2, (7, — én)).

Now, we expand the identity RIR=1Iy along dimension
N using (244)—(245). Continuing from (234), we may expand
the first term along dimension /N to obtain

B*N
1 -1 FWRT s ABTWRT
mtr[ HSABTWRI) —Zd st AB'WRIR v,
*N
= — Z n(dnCnvy —|—Tn)TR;n (Vi — dpt nTn)
1 *N
= 7= dQ‘/ﬂyln(A 77211\,[17,)
n=1
~BHY, -1
={ 5o ) 5 (247)
= (7 — apw) H1 1
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where

Y, = ird
Pl B*Nzl—dQ N(#N — apw)

n=1

and we have also used (201), (202), (204), and (246).
Combining (234), (247), and (236) gives

B(1 —’Y{V/Vl =pg"(1 —7%(])\,71) = _Q{V(ﬁN —aﬁw)ﬁ*ﬂ{\fr

(248)

4) Identities via moment definitions: In order to find ex-
pressions for &N, pN, N #N and oV, we now apply (221),
(224)—(225), (231)—(232), and (244)—(245) to expansions of
the definitions of these variables, or expressions related to
them. After applying (221) or (224)—(225), we shall use (196),
(197), (198), (223), and (227) in conjunction with Lemmas 3
and 4 to further simplify the resulting expression. Similarly,
after applying (231)-(232), we shall use (199), (200), (217),
(218), (203), (230), and (233) in conjunction with Lemmas
3 and 4 to further simplify the resulting expression. Finally,
after applying (244)-(245), we shall use (201), (202), (219),
(220), (204), (239), and (246) in conjunction with Lemmas 3
and 4 to further simplify the resulting expression.

Firstly, consider w;* in (198). From (231)—(232) we obtain

K

1 N
{tr[(HSA)iR Z PKphiR;! (hy — Appt ar)
k:l
QN oA
= prf & (249)

which corresponds to & for i.i.d. B. For orthogonal B with
a < n, we use (249) and %BTB = Ix to obtain

1 . 1 .
NEN = Str[(HSABH)'R™'] < — FR!
11 = 5 r[( ) ] . Z W,

7

=0 (1—aPWih) (250)

which is proven in an identical manner to (228), also using
(224), and may be simplified using (228) to give

s
oN = nP1 :
L= 2 =4{/o)

(251)

Now if a > 7, we have directly from (249) and (250)

1 ~
oN =2 1 Y ATSTHIR'HSA]
nK—1

o Qo
Xa—n <77P{V5f\,fl_a (1_W{VW11)> .

Combining this with (228) gives

N *Pl 5
= . 252
R TR PR 2

Now we consider %IN , defined in (201), using (231)-(232).
Firstly, note that YRWb, = 1(R,, +Ahyb] )Wb,, = qi.+
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Apwihy, and hence

K
. 1 .
T H(RWBA)R™ = = 3" Petr[(RWhy) 'R ]
k=1

N
k=1
1 & -
X azs ZPkKk(1/}1 —whpy (Y1 — )
k=1
= a(wp+ (b —w)&N) (253)

Wthh corresponds to 7" for i.i.d. S. To find an expression for
7N with isometric S, we use STS = I and (253) in reverse,
i.e.,

a(wp + (7 — w)EN)

1
= 5t tr[(RWBAST)IR™]
| XN
= N Z Va(Tn + d"énvn)TR;} (Tn + dn(Cn — 721N,n)vn)
n=1
| XN
= > (ln+ (7 = e)Va)
n=1
= ap + (7 — apw)(B*(H); — 1) + 1) (254)
where we have used 1RWBAs, = YR, +
dnvin$,)WBAS, = 71, + d,¢,v,. Moreover, using
(248) to simplify (254) we obtain
« PN — w é’N
N = apw + (W1 1 (255)

1= B =4 /oY)
Now we consider [){V defined in (199), using (244)—(245).
Firstly,

1 1 AN
Ntr[HiR = N2 AviR v,
1 X
=~ 2V, viR v, < o BHY (256)
n=1

which corresponds to p with iid. S. Note that
Ltr[(HS)IR™] = ap] 8 follows from an analogous
derivation to (249). Therefore combining this with (256), we
obtain for isometric S,

i = 1i (iR - ulEs) R

(5* ANHl 1 a/f’{vgol\,ﬁ) .

Moreover, combmlng this with (237) gives
5*ﬁ{v7:[N

N 1=p(1=4Y/o)

Now we consider 1[){\7 , as defined in (200), using (221).
Firstly,

p (257)

1 i w2 7:Nm
St[(RW)IR™!] = Z - o — W

i? 1—|—wmr1m

(258)
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which  corresponds  to ﬁ{v for iid. B. Note that
wzt[(RWB)IR™Y] =< a(w + () — w)&);) from
an analogous derivation to (253). Therefore, combining this
with (258), we obtain for orthogonal B and a < 7,

vy =

iU (;tr[(nvv)iﬁl]— tr[(RWB)iﬁl])

n—a
no N IN _ —\éN
= w—Wi, — —(w+ (Y —w)&E .
=W = S (O —m)E)
Moreover, combining with (237) gives
. Wi
ol = > (259)

1_*(1_7{\[/”1 )
Finally, for orthogonal B and o > 7, from (258) and
%BTB =1I,, we have
1
ﬁtr[(RWB)iR 1
@+ (P — w)g(])\,fl

following an analogous derivation to (253). Moreover, com-
bining with (237) gives

X

w - W

)(

Wi
1= 214N /o)
To derive an expression for 74, we start with (241) and
obtain

oY = — (260)

1< R
L4200, == wpnl,voviR; 1, (261)
7 ,
m=1
for which, like (243), we have
m W, U2V
wpnf, v, viR r,, & (262)

" AN AN
where we have additionally used 77, , = rl m = rl , which

follows from Lemma 7, continuing on from the application
of Lemma 6 in Appendix VII-B.3. Therefore, from (261) and
(262), we obtain

~N _ ~N

1420 = oW, . (263)

It follows (using the same arguments outlined after (171) in
the proof of Theorem 1, this time assuming that the resulting
equations have a unique solution) from (106)—(108), (197),
(235), (249), (251), (252), (253), (255), (256), (257), (258),
(259), (260), and (263) that, with probability one, for all
zeCH, ]G}f{(z) f%‘ =0, |3V - pr
‘/&{V - 12}1‘ — 0,
[PV — 71| — 0, where 41, p1, 1, 91, @1, D1, and 7 € CF
are solutions to (37)—(46).

-] -0,

oY =@ — 0, [pY =] — 0, and

APPENDIX VIII
PROOF OF THEOREM 2: ASYMPTOTIC SINR
This proof continues on from the proof of Theorem 3 in
Appendix VII. Firstly, note that the steering vector (10) can
be written as

. {Qk + Apwihy, , ALS with training,

Sk = . (264)
h; , semi-blind ALS.

That is, (231) is the equivalent asymptotic form for the semi-
blind LS filter given in (7). Also, using (264), (231)—(232)
we obtain the equivalent asymptotic form for the ALS filter
with training. We can express the asymptotic form for both
receivers as

Ci < KkR;kl (akj\{lhk + GQQQk) (265)
where
(@, o) (Ag(@y, — 9N,), 1), ALS with training,
a1, Q = AN A -
k.1 Tk,2 (1, —Arply) , semi-blind ALS.

We now compute the large-system SINR for the filter (265)
for stream k, and symbol interval m > <. For notational
simplicity, we drop the subscript m in this appendix. Note
therefore that in this appendix by, denotes b,, with the
k™ element removed. Since K, cancels in the ratio when
calculating the SINR, we ignore this constant. The signal
component is

Arcihyb(k) = Ay (a by + afoqr) Ry Thyb(k)
= Agay 1b(k)hiR; "hy
using (137), (217), and (230). The interference component is

c}; (HSg4, A4, by, +n)
= (ap hy + ot,cNqu)T R, (HS,, Ay by, +n)
= a}} (hT R, HS,, Ayby, + bR, n)
+a (qu HS,, Ay by, +qlR; n) .
Therefore, the mgnal power is asymptotically equivalent to

Py |ak,1| M kL Also, the interference power, averaged over
the data symbols and noise is asymptotically equivalent to

2, . 2, - -
|akN,1’ (Pi\,jk + 02pé\fk7) + ‘akN,2’ (wiﬂ + 021/)%3) .
Moreover, from (191), (192), (199), (200), we have

SINR’,?L]\S,Q Pk‘ak: 1‘ |P1|

o[ 5 + o2+ ol | B + 02
(266)

APPENDIX IX
STEADY-STATE ALS SINR WITH WINDOWING

By inspection of Theorem 3 and Lemma 1, we note the
following limits as n — oo:
,?__ lim ’?1/77 »j:L

T oo A/ LG =2,3,4.

N . w1 , ] 1
wj = lim i
n—oo |w;/n ,j=2,34
. . 1 ,Jj=1
7; = lim < ]
n—oo | #i/n , j=2,3,4.
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and
~ 1. ﬁl/n sj:]-s
pj = lim <", ]
n—eo | pi/n® ,j=2,3,4
- by L i=1,
$; = lim o J
n—oo |, j=2,3,4.
and
1
7; = lim V1/772 A
n—oo | Di/m* ,j=2,3
- I Nty L5 =1,
j: 1m .
n—oo | 7 ,1=2,3
and
w = lim nw,
n—o0

Wp e = lim nW,
P = 0 T Vpg s

Epg=lim &g,
n—00
Hpq = nhng Hpq -

Moreover, the variables ¥;, p;, 7, 1/~)j, wj, v, Tj, gpg, pr_q,
and W, 4 satisfy the same set of equations as ¥;, p;, 75, ¥j,
Wj, Uy, 74, Ep.g» Hp,q» and W, 4, respectively (for appropriate
values of j, m, and n), if we set z = —u, n = 1, and assume
that B is i.i.d..

APPENDIX X
SKETCH OF PROOF OF THEOREM 4

We provide a sketch of the proof for i.i.d. S only, mainly
due to the fact that the equations are simpler to manipulate.
However, the same approach is valid for isometric S.

Firstly, according to the remark made after Theorem 3, with
iid. B and p = 0 we have W 1p1 = p1. That is, the term
p1 in the numerator of the asymptotic SINR in (31) can be
written as kal\h,l SINR}MMSE,

Consider the denominator of the alternate MMSE SINR
expression in Section IV-B with i.i.d. S. Solving (25)—(26)

for py + o2 po gives

5*(0451,27'(2,2 - ZH1,2)

22 —af*EoHan
which from Appendix V equals p;.

The next step is to simplify the p4 + 02po term in the
denominator of the ALS SINR (31). To do this, we solve (57),
(58), (61), and (56) to find ps3, 73, 1ﬁ4, 73 in terms of ps and
P2, and then substitute into (57). We then solve (55), (58), and
(61) for A9 7o, and 7]12 in terms of p4 and po, and substitute
into (57). Combining these results gives

p1 _  Wa a5
Wl,Z(l awlylplgl,l)

S - .
1- awff p1(&1,2 + p1Wh1E2,2)

pa+o’py =

pa+ o?py =

Now we use the identity (71) to obtain 5’1,1 = 51,2 +
p1Wh ,1E2,2, and so we have that
P 1
Wi .o PWiiWi 2

pa+02py = SINRYMSE (267)
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Next we simplify the 1/34 + Uzlﬁg term in the denominator
of the ALS SINR (31). To do this, we solve (55), (62), (61),
(61) and (62) for A2, W, e, 14, and @y, and form the sum

2,2((p1 + 02p2)E1 2 + p3Ea )W o + 02 B4

A N W.
Yy 4 0Py = —
Wi 2(n — api€s oWV 2)

Substituting (267) and 7y = %(aﬁlél,l + B0241), and simpli-
fying with (71) gives

Wip
W2
Substituting (267) and (268) into (31) along with the ex-

pressions for a1 and ax,2 from (32), and simplifying gives
(82) and (83).

by + 04y = 1. (268)
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