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Abstract—This paper presents an asymptotic analysis of mul-
tisignature code-division multiple access (CDMA) in the presence
of frequency-selective channels. We characterize the sum spectral
efficiency and spectral efficiency regions for both the optimal
and linear minimum mean-squared error (MMSE) multiuser
receivers. Both independent and identically distributed (i.i.d).
signatures and isometric signatures, which are orthogonal at each
transmitter, are considered. OQur results are asymptotic as the
number of signatures per user and processing gain both tend to
infinity with fixed ratio. The spectral efficiency of the MMSE
receiver is determined from the asymptotic output signal-to-in-
terference-plus noise ratio (SINR). For isometric signatures, our
results rely on approximating certain covariance matrices with
unitarily invariant matrices that are asymptotically free. This
approximation is shown to be very accurate through comparison
with both simulation and an “incremental-signature” analysis,
which can be used to compute asymptotic moments. Also, a novel
proof of the convergence of the empirical spectral distribution of
the signal correlation matrix is presented. From these results, we
derive the optimal coding-spreading tradeoff, which maximizes
the MMSE spectral efficiency, for the case of a single user with
multiple i.i.d. signatures. Simulation studies demonstrate that the
asymptotic results accurately predict the performance of finite-size
systems of interest. The resulting expressions are used to high-
light and infer properties of the multisignature CDMA system,
including the benefit of orthogonal relative to i.i.d. signatures,
and the tradeoff between spectral efficiency and the versatility of
providing a variable data rate service through multiple signatures.

Index Terms—Capacity, code-division multiple access (CDMA),
multiuser detection.

1. INTRODUCTION

ROADBAND wireless networks require transmission
schemes which are resilient to both time- and fre-
quency-selective fading, while supporting flexible per-user data
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rates. Code-division multiple access (CDMA) with multiple
signatures per user is well suited for this purpose [1]-[3]. Mul-
tisignature CDMA can be implemented in either conventional
direct-sequence (DS) mode, or multicarrier (MC) mode [4]. An
important advantage of these schemes is that they can operate
with minimal coordination among users, since the number
of signatures (and hence the data rate) can be chosen inde-
pendently by the users. In contrast, orthogonal schemes such
as orthogonal frequency-division multiple access (OFDMA)
require the users to coordinate their transmitted spectra. As
with OFDMA, both DS and MC CDMA can employ a cyclic
prefix to remove the interference from previous symbols, and
to diagonalize the channel matrix, and hence simplify receiver
processing. Linear receivers, such as the matched filter, decor-
relator, and linear minimum mean-squared error (MMSE) can
be used either in the time or frequency domains.

We consider a multisignature CDMA system with a general
channel model which only requires statistical knowledge of the
channel eigenvalues. For example the model includes the up-
link of a multiuser multisignature MC-CDMA system with fre-
quency-selective fading channels, where each user spreads data
bits across subcarriers using a set of frequency-domain signa-
tures, as in [4], [S]. It also applies to multisignature versions
of standard symbol-synchronous DS-CDMA systems with fre-
quency-selective fading channels.

In this paper, we characterize the asymptotic spectral effi-
ciency of multisignature CDMA. Asymptotic refers to the limit
as both the number of signatures per user and spreading gain
both tend to infinity with fixed ratio, which is called the system
load. As in earlier work on the asymptotic spectral efficiency
of DS-CDMA [6], [7], we consider both the MMSE and op-
timal receivers. We emphasize, however, that the asymptotic
analysis presented here differs from prior large system analyses
of DS-CDMA (e.g., [6]-[12]) in that we allow multiple signa-
tures per user, and fix the number of users. By varying the system
load across users, we are able to compute an associated spectral
efficiency region, in addition to the sum spectral efficiency.

We consider two types of signature assignments, namely
random independent and identically distributed (i.i.d.) signa-
tures, and random isometric signatures in which the signatures
assigned to a particular user are orthogonal but are independent
of other users’ signatures. Note that with frequency-selective
channels and multiple users, the orthogonality of isometric
signatures is lost at the receiver. As such, it is not clear a priori
whether isometric signatures have any advantage over i.i.d.
signatures. (Note that in [13] it was observed that isometric

0018-9448/$20.00 © 2006 IEEE



1114

signatures do have advantages for a single user with multiple
signatures.)

Related asymptotic analyses of DS-CDMA with i.i.d.
signatures are presented in [12], which considers multisig-
nature DS-CDMA with flat fading, and in [7], [10], [11],
which consider single-signature DS-CDMA with flat and
frequency-selective fading. In previous work, we derived the
asymptotic signal-to-interference-plus-noise ratio (SINR) for
CDMA with the MMSE receiver for a single-user with multiple
i.i.d. signatures, and multiple users with an equal number of
i.i.d. signatures per user [14]. A related asymptotic analysis of
MC-CDMA has also been independently presented with i.i.d.
signatures in [15], and with both i.i.d. and isometric signatures
in [13], however the multiuser multisignature case has not been
considered.

In this paper, we consider the general multiuser case, where
there is no restriction on the allocation of signatures among
users. We compute the asymptotic output SINR of the MMSE
receiver with both i.i.d. and isometric signatures, which is then
used to compute asymptotic spectral efficiency. (Note that the
asymptotic SINR can also be used to evaluate both uncoded
and coded bit error rates, as in [11], [14].) We also compare
the results to the (optimal) asymptotic spectral efficiency of the
CDMA channel. For isometric signatures, our results rely on
approximating user covariance matrices with unitarily invariant
matrices that are asymptotically free.! This approximation be-
comes exact for a large number of users, and is shown to be
accurate for any number of users through comparisons with
both simulation results and an “incremental-signature” analysis
which evaluates the incremental change in the quantity of in-
terest when a user adds a single signature. This method can be
used to evaluate asymptotic moments, and to establish asymp-
totic convergence of performance measures.

The asymptotic expressions are functions of the system loads
across users, noise power, received powers, and the fading prop-
erties of the channel (i.e., first-order distribution). In the case
of a single user with multiple i.i.d. signatures and the MMSE
receiver, we solve for the optimal load, or equivalently, the op-
timal spreading—coding tradeoff, which maximizes spectral ef-
ficiency. Although, strictly speaking, our results for isometric
signatures are valid only for a large number of users, our nu-
merical studies show that the analytical results accurately pre-
dict simulation results for all practical cases considered.

Our results allow us to illustrate the performance of multisig-
nature CDMA with different parameters and operating condi-
tions. For example, we examine the effect of allocating power
to users in proportion to the number of assigned signatures, and
quantify the expansion in spectral efficiency region relative to
assigning each user equal power. Additional comparisons are
made contrasting the performance with isometric and i.i.d. sig-
natures, and with the optimal and MMSE receivers. We also
compare the performance of CDMA with OFDMA, in which
the users are orthogonal.

IFree probability theory applies to sets of noncommuting random variables,
which includes large random matrices as a canonical example [16], [17]. The
notion of freeness in free probability theory is analogous to independence in
classical probability theory. (A comprehensive treatment is given in [17].) Re-
cent applications of free probability theory to communications problems have
been presented in [10], [13], [18], [19]. See also the tutorial [20].
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We now summarize our main results.

¢ The sum spectral efficiency increases with i.i.d. signa-
tures, and decreases with isometric signatures, as the
number of users increases, for a fixed total system load
(summed over users) and ﬁ—g This is true for both the
MMSE and optimal receivers. Furthermore, the asymp-
totic sum spectral efficiency with isometric signatures
is always higher than that with i.i.d. signatures. (Both
spectral efficiencies converge to the same value as the
number of users tends to infinity.) For example, with a
total system load of three signatures per subchannel and
ﬁ—z = 10 dB, as the number of users increases from one
to infinity, the optimal sum spectral efficiency increases
by about 25% with i.i.d. signatures and decreases by
about the same percentage with isometric signatures.
We therefore conclude that self-interference, caused by
signatures which pass through the desired user’s channel,
is more detrimental than interference from other users
(i.e., signatures which pass through different channels)
with i.i.d. signatures, but is less detrimental with iso-
metric signatures. In both cases, more users means more
channels, and hence more channel diversity. With i.i.d.
signatures, this translates to a benefit for both the MMSE
and optimal receivers. However, with isometric signatures
adding users increases the correlation among signatures
(on average) which compromises the diversity gain and
leads to a net loss in performance.

e With an MMSE receiver, the user with the least number
of signatures receives the highest (lowest) SINR with i.i.d.
(isometric) signatures. This again implies that self-inter-
ference is worse (better) than other-user interference with
i.i.d. (isometric) signatures.

¢ For a fixed number of equal power users, sum spectral ef-
ficiency is relatively insensitive to the load per user. How-
ever, for i.i.d. (isometric) signatures it is maximized (min-
imized) when each user has the same number of signa-
tures, assuming the total load is fixed.

¢ In the infinite-user limit with a single signature per user,
the spectral efficiency of CDMA with frequency-selective
fading is the same as that of CDMA without fading (i.e.,
constant channel).

In Section II, we describe the CDMA system model. In
Section III, we present the asymptotic spectral efficiency of
CDMA with the optimal receiver, and in Section IV, we de-
rive the asymptotic SINR for the MMSE receiver, along with
the associated capacity. Numerical results, which illustrate
the analysis, are presented in Section V, and conclusions are
discussed in Section VI.

II. SYSTEM MODEL

We consider the uplink of a multisignature CDMA system
with J synchronous users and frequency-selective channels. Let
K denote the total number of signatures, and K; denote the
number of signatures assigned to user ;7 € J, where J =
{1,...,J}.Let N denote the spreading gain, which is either the
number of time-domain chips in DS-CDMA or the number of
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subcarriers in MC-CDMA. We also refer to N as the number of
transmit (and receive) diminsions. The ratio o = jeq Kj /N
is the total system load, and o; = K /N is the per-user load.

In matrix notation,? the sequence transmitted by user 5 during
a CDMA symbol is of length NV, and is given by z; = S,b;,
where §; is the user’s N x K signature matrix with the &th
signature 8;  in column k, and b; = [b;1,b;2,..., bj,Kj]T is
a vector of K; data symbols. For convenience, we will absorb
the different transmit power levels of the users into the channel
model, and hence without loss of generality, we assume unit
power, zero mean, i.i.d. data symbols with E[bjb;] = Ig,.

We consider both randomly assigned i.i.d. signatures and
random orthogonal signatures for each user. In the i.i.d. case,
the elements of NS ; are i.i.d. circularly symmetric complex
random variables, with zero mean, unit variance, and finite
positive moments. The asymptotic performance results do not
depend on the particular distribution of the elements. In the
random orthogonal case, we assume that S; is obtained by ex-
tracting K; columns from an N x N Haar-distributed® unitary
random matrix @j, where K; < N. We will assume that the
matrices ©;,5 = 1,...,J, are independent. Note that [13]
considers both i.i.d. and isometric signatures for MC-CDMA
in frequency-selective fading with .J = 1.

All users transmit their symbols synchronously, and any in-
terference between successive CDMA symbols due to multipath
is removed by the insertion of a cyclic prefix of length G > M.
The received vector is

r=Y H;S;b+n (1
JjET
where H ; is the channel matrix for user j, and n isan N x 1
vector of additive noise with i.i.d., circularly symmetric, com-
plex Gaussian elements with zero mean and variance o2. We
also denote the average received power for each signature of the
jthuser as p; = E[Tr[H}L.Hj]].

For DS-CDMA, H; is the standard circulant matrix con-
structed from the time-domain channel impulse response (CIR).
For MC-CDMA, H is diagonal where the diagonal contains
the N-point discrete Fourier transform (DFT) of the CIR. The
MC-CDMA channel H ;\_40 differs from the DS-CDMA channel

H?S only in that H?/IC includes an additional IDFT/DFT

operation, i.e.,
MC _ DSyt
H]- _WFHJ» Wi

where W r is the DFT matrix. Our analysis does not depend on
the particular basis used, but rather depends only on the eigen-
values of H; H ;r_’ which are clearly the same for both systems.
Furthermore, if the channel order is finite, then the assumption
of a cyclic prefix is unnecessary in either case as N — oo.

2Notation: All vectors are defined as column vectors and designated with
bold lower case; all matrices are given in bold upper case; ( - )" denotes trans-
pose; (- )* denotes complex conjugate; ( - )T denotes Hermitian (i.e., complex
conjugate) transpose; | - | denotes matrix determinant; tr[ - ] denotes the matrix
trace; Tr[ -] denotes the normalized matrix trace tr[-]/N; and, I 5 denotes the
N X N identity matrix. Expectation and variance are denoted E[ - | and Var][-],
respectively.

3An N x N random matrix © is Haar distributed if its probability distribution
is invariant to left multiplication by any constant unitary matrix. If X is an N x
N random matrix with i.i.d. complex Gaussian centered unit variance entries,
then the unitary matrix X XX ~1/2 is Haar distributed.
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Therefore, our results apply equally to both DS-CDMA and
MC-CDMA.

For the MMSE receiver, the estimate of the symbol carried
on the kth signature for user j is given by

lA)j_’k = 8;(7kH;[R711' (2)

where
R=0.Ix+ ) R, 3)

ueJ
R,=H,8,S H!. (4)
The corresponding SINR is

SINR; \, = Py (5)

where
N _¢t HR ! H.s, (6)

p],k sj,k jitd; g Js.lyk'

and Ry, , denotes R with the (j, k)th data stream removed, i.e.,
Rdj,z\- =R- Hij’kSI-TkH;r-.

Throughout this paper, we consider the limit as V and K; —
oo with Kj/N — a; for each j € J. We will denote this limit
as “lim,” and evaluate the spectral efficiency in bits per chip.
Note that each multisignature user can be considered as being
equivalent to a fixed proportion of the users in single-signature
CDMA systems (e.g., as considered in [9]).

When evaluating the limit as N — oo, we will assume that
the bandwidth of the signal increases, as opposed to increasing
the time duration of the symbol. In other words, as N — oo, the
frequency diversity order increases in proportion with N. Fur-
thermore, we will assume that the eigenvalues of P; = H;H ;r
are uniformly bounded over N, ie., supy [|P;|| < oo for
J € J, and that the empirical distribution of the N eigenvalues
of P; for each j € J converge in distribution almost surely to
a deterministic distribution F'p, (- ), with mean p; and compact
support on the real nonnegative axis. With these assumptions,
we will show that the spectral efficiency and MMSE SINR
converge in the almost-sure sense as N — oco.

An example of a specific channel model which satisfies
the preceding assumptions is a wideband frequency-selective
fading channel with a finite-length impulse response, where
the coefficients are modeled as zero-mean, complex-valued,
circularly symmetric Gaussian random variables (i.e., Rayleigh
fading). Here we use the term “wideband” to indicate that there
are many coherence bands, so that a normalized histogram of
the squared absolute value of the frequency domain channel
gains is well approximated by an exponential probability
density function (pdf). Technically, we must truncate the expo-
nential distribution, in order to meet the requirement of compact
support, however, the truncation value can be arbitrarily large.
It can be verified that the associated truncation error vanishes
as the truncation value tends to infinity.

III. SPECTRAL EFFICIENCY REGION

The spectral efficiency for user j,C;, is defined as the max-
imum number of bits per chip summed over the user’s signatures
that can be reliably transmitted [6]. Since the bandwidth of a
CDMA system is roughly equivalent to the reciprocal of the chip
duration, the total spectral efficiency (summed over users) can
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be viewed as the maximum bits per second per hertz (bits/s/Hz)
supported by the system.

In this section, we derive the (optimal) asymptotic spectral ef-
ficiency region of the multiuser multisignature CDMA model.
We start by considering the capacity region of the Gaussian
multiple-access channel (GMAC) [21]. We then consider each
boundary of the region, and express the boundaries in terms
of Stieltjes transforms. Unfortunately, for isometric signatures,
these transforms cannot be computed,* however, we will make
approximations to the transforms using free probability [17].

In what follows, we assume that the transmitter has no knowl-
edge of the channel, hence, the information rate Iz j,, which is
carried on signature k for user j, is independent of k. That is,
for a particular user, the rate per signature does not vary across
signatures, although the total rate I2; can vary with user j. This
corresponds to coding the information sequence at rate 12, and
then spreading the coded symbols evenly across the user’s sig-
natures. The spectral efficiency for user 7, and the sum spectral
efficiency are therefore, respectively, given by

K.

G = W]R]' =a;R; (7
C=) G, (8)
jeT

The capacity region of the GMAC was derived in [21]. Since
multisignature CDMA is a form of the GMAC channel with a
specific mixing matrix, the corresponding capacity region is

5=

IcT

C/:0<> G <C(a),

i€T

Cj:0forj¢1} 9)

where
7 (o) = %log [Tz + 028181 (10)
= K (1)
1€
SI = [HL 311 HI|I\SI|1\] (12)

and Z; denotes the 2th element of the set Z, which is a subset
of J.

Note that the boundaries of the spectral efficiency region in
(9), i.e., the values of C&¥ (52), are random, since they depend
on the particular realizations of H; and S;,j € J. We now
proceed to obtain an asymptotic limit for each of the conditions
in (9). Note that

KZ

NZIOg (14077 Xk)
k=1

Y (on (13)

where A, is the kth eigenvalue of STIS'I and Z C 7. Since the
eigenvalues of §7.S7 and the nonzero eigenvalues of

Rr £ 8781 =>"R;

JET

(14)

4A more general case of this problem is solved using a novel approach in [22,
Theorem 1].
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are identical (where R; is defined in (4)), we can replace S'TZS'I
by Rz in (10) and sum to N in (13), to obtain

1 _
2 _NZ 1+0'n2)\k)

= /log (1+0,%)) dFiJ{\;()\)

15)

(16)

where F g : R — R is the empirical eigenvalue distribution
T

(e.e.d.) of the random matrix RI, ie.,

FN(/\) |{/\ A < MY

In order to determine the asymptotic limit of (16), we

i)  determine the convergence of the (random) e.e.d. of RI
to a (determinstic) asymptotic eigenvalue distribution
(a.e.d.);

ii) express the limit of (16) in terms of the Stieltjes trans-
form of the a.e.d. of Rz; and R

iii) determine the Stieltjes transform of the a.e.d. of Rz.

In order to address item i) above, first note that all terms in

the expansion of the kth moment of R (and Rz) have the form
considered in the following theorem.

Theorem 1: The family of N x N random matrices
S}Z{Rl,...,RI,Pl,...7P],0'3LIN}, 0<I<J<x
has an almost-sure limit distribution. That is, fm, N —— Km
s (N,K;) — o00,K;/N — a; > 0,j = 1...J, for all
m € M(I + J+ 1), where
*  M(M) denotes the set of all finite-length sequences of

positive integers from the set {1,..., M}, M € Z7;
*  Km,N is the empirical moment given by

|m|
K N = —tr HX : (17)
¢ X, is the kth element of S};
* K IS a deterministic polynomial in aj,5 = 1,...,1,
where the degree of a; is equal to
i =Him@) <I,m(Gi)=j,i=1,...,|ml}| (18)

and the coefficients of the polynomial are completely de-
termined by o> and finite moments of P;,j € 7.
Proof: See Appendix II. O

Theorem 1 establishes the convergence of the kth moment
of R,k > 0, for both i.i.d. and isometric signatures, which in
turn establishes the almost-sure convergence in distribution of
the e.e.d., since the spectral norm of R is bounded.

With a trivial relabeling of the indices of R;,j € J, the
above argument also holds for Rz in place of R. Moreover, as
log(1 + o, 2%\) is bounded and continuous on the support of
the a.e.d. of Rz, from [32, Theorem 4.4.1], we conclude that
CY (02) -

Cr(—o2y| == 0, where

Calz) = / log(1 - =~1A) dFp_(A) (19)

and F_ : R — R denotes the a.e.d. of RI. The argument z
is introduced in (19) in order to express Cz(z) in terms of the
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Stieltjes transform® of F , using the following method from
[18]. Differentiating (19) with respect to z gives
dCI(Z)

e (20)

-1
=-Gp (2) —27".
Using the boundary condition lim,_,_., Cz(z) = 0 (i.e., the
spectral efficiency goes to zero as the noise level increases to
infinity), we have

Cz (—02) = - /_aﬁ (Gap () +27") az

J —oo

21

where Gy, is the Stieltjes transform of F'_. This completes
step ii) described above.

Step iii) requires determining G, (z) for both i.i.d. and iso-
metric signatures, as considered separately in the following sub-
sections.

A. ii.d. Signatures

To determine G, (z) for i.i.d. signatures, first define
Z

7?(Z)==TTKRI:-ZIN)_W
pyz(z) = Tr[Pj(Ry — zIN)7"]

(22)
(23)

and note that v (z) is the Stieltjes transform of the e.e.d. of Ry.
Also, note that we use the notation p}';(z) for the term in (23),
since it is shown in Section IV to be directly related to p;V  In
(6).

An application of [24, Theorem 16.3]°¢ gives that as
(N,K;) — oo with K;/N — «j, |fyév(z)—GRI(z)| 250
and |pN;(2)—pjz| == 0, where G (2) and p; 7 are the
solutions to the following set of |Z| 4+ 1 equations:

et
G, (2)=—z""|1-a+) . (24)
RI -
JET Ipjz
I -1
Qi .
7=E |H; z+§ j=1l¢el.
pjz J ( ’ 1+Pj,2> J
1€T
(25)

where the expectation in (25) is with respect to { H, },c7, and H;
is a scalar random variable according to the a.e.d. of H; H j In
addition, for z € C*, a unique solution G I (2) e Ct,pj1 €
CT,j € I to (24)—(25) exists.

B. Isometric Signatures

For isometric S, determining G () is not straightforward,
since the matrices R;,j = 1,...,J, are not asymptotically
free.” If they were, then the a.e.d. of the sum could be computed

5The Stieltjes (or Cauchy) transform of the distribution of a random variable
X € R* is E[7-], where = € C™ is the transform variable, and

C* = {z|x € C,Im(x) > 0}.

6The authors thank P. Loubaton for bringing this reference to our attention.

7We show in Appendix I that lim Tr[R, R, R, R,] is not the same as the
corresponding limit obtained by assuming that R; and R, are asymptotically
free.
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by using the R-transform.8 Nevertheless, we will see that there
is negligible error (for all cases considered) associated with ap-
proximating the component matrices in R by asymptotically
free matrices. We therefore proceed by defining

EI = ZEJ
JET
where R, = U]-RjU;r-, and {U,},c7 is a set of independent
random unitary matrices. Note that R; and R; have the same
eigenvalues, and the matrices Ej, 7 =1,...,J are asymptot-
ically free since they are unitarily invariant, and have an al-
most-sure limit distribution due to a straightforward extension
of Theorem 1, and thus satisfy [17, Theorem 4.3.5]. We will ap-
proximate Gg, () with Gg_(z). The accuracy of this approx-
imation is discussed in Section V-A and in Appendix 1. Note
that it becomes exact for large .J. Namely, as .J increases, the
elements of R become Gaussian, in which case the a.e.d. of Rz
and R; is the fixed point of the R-transform.
Using this approach, we will show that Stieltjes transform
G, (2), satisfies the following |Z| + 1 equations:

7] -1
Gs (2) =
R _ZjeIZj

Aty z
1 M\
o o
Ga (2)=Gp |z [1+ —2 B
&, (%) =GP, z]( +2jGRZ(z)> 2
(28)

where G p, (z) denotes the Stieltjes transform of the a.e.d. of P;.

To see this, first note that R; has the same eigenvalues as
SjS';r-Pj. Now, note that S'jS'} can be written as GjEjE;GZ,
where the N x N matrix E; = diag([1,...,1,0,...,0]) with
tr[E;] = K; < N. From [17, Proposition 4.3.9], the family
{P;,8 ]-S;r»} is almost-surely asymptotically free, and the
Stieltjes transform G'g (z) can be computed by applying the
S-transform [25]. The S-transform computation is summarized
by the following identity. Namely, the Stieltjes transform of
the distribution of the product of two noncommutative free
random variables, ¢ = ab, is the solution to the following three
equations (written in compact form) in the three unknowns
Ge(2), 2q, and zp,:

G.(z) =

(26)

27)

forjeZ,a; <1

1
2(zzqzp — 1)

1
= ——Gu(z,t
Gl )
1
= — Gzt
22 b(z b )
where G, (z) and G}(z) denotes the Stieltjes transform of the
distributions of a and b, respectively.

Applying this to R; gives

(29)

1
R )
1
= _GPj (2;1)

zZZ1

- % (zfj —( _O‘j)>

8The R- and S-transforms allow the computation of the distribution of sums
and products, respectively, of noncommutative free random variables. See, e.g.,
[17], [20].

(30)
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Now, (30) can be rewritten as the fixed-point equation

1—a; 1—a;
Gr (2) = Gp, z(l—l— o Y. @31

g zGﬁj (z)) 2

Applying the R-transform to (26) with (31) gives the result.

Note that in the particular case of frequency-selective
Rayleigh fading discussed in Section II (for which the a.e.d. of
P; is an exponential distribution with mean p;)

1 .
G, (2) = -1 (1) (32)
f(z) =z Lexp(z HEi(z 1) (33)
Ei(z) = / e "t dt (34)
1

and hence, (28) simplifies to

1 (pi(e;=1) p; ,
G; =-——flZ21— - forjeZ, a; <1.
Ez(z) 2 (ZQGR (z) =z )’ orJEL s

(35)

In summary, (21) is evaluated using (24)—(25) or (27)—(28)

in order to determine the boundaries of the asymptotic spectral
efficiency region.

IV. MMSE RECEIVER SPECTRAL EFFICIENCY

In this section, we consider the performance of a system with
an MMSE receiver. Asymptotically, the interference-plus-noise
at the output of the MMSE receiver is Gaussian [26], hence, the
asymptotic capacity per signature for user j with a single-sig-
nature decoder is log(1 + p;) [27] where p; is the asymptotic
output SINR of the MMSE receiver for the jth user, defined
below. The asymptotic total (sum) capacity with single-signa-
ture decoders is therefore

CriMsE = Z ajlog(1 + pj).
jeJ

(36)

‘We now require the asymptotic MMSE SINRs p;,j € J.
With i.i.d. signatures, [10, Lemma 1] and [23, Lemma 2.6]
applied to (6) give

fax Xk =P} | =20 37)

as (N, K;) — oo with K;/N — «; for j € J, where
= Tr[P;R™") (38)
which corresponds to p};(z) with z = —02 and 7 = 7, as

defined in (23). Therefore, solving (24)—(25) at z — —o2 gives
the asymptotic SINR.

We note that an alternate approach to deriving the SINR in
this i.i.d. case is presented in [33]. There a set of simultaneous
equations is derived using an incremental signature method (see
Appendix 1) in terms of the der1vat1ves 0GR(z)/0a; and the
moments Tr{R '} and Tr{R *}. However, in [33], the mo-
ments were evaluated using the free approximation we use here
for isometric signatures.

To compute the asymptotic MMSE SINR with isometric sig-
natures, we use a generalization of the approach presented in
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[13] for J = 1. As in the previous subsection, we will em-
ploy an approximation in order to use the S-transform. The
mean-squared error (MSE) for user j is given by 1 —1n; , where

my, =8 HIR 'H;s;, (39)

"17 k
11—,
in Appendix I and [23, Lemma 2.6], we have that

. From Lemma 1

and the corresponding SINR is p%, k=

Tr[R™'R;]| 0 (40)

maX «
E<K | ]n]k

in the limit considered, and moreover

Tr[R;(R; + R; )]

-1
=Tr [Rj (R;_l - R}! (I + RjR;_l) RjR;_lﬂ (41)

X.
:E J
|:1+X]}

where the second equality is the matrix inversion lemma, and
X is arandom variable with distribution according to the e.e.d.
of X; = R;R;. Let Yx,(2) = —2~'Gx,(z7!) — 1, where
Gx,(z) is the Stieltjes transform of a.e.d. of X, which exists
due to Theorem 1. We then have from (40) that

(42)

2
—E|X, - 1
[] 1+Xj

puax lamie + Tx,(=1)| =0 (43)
We again approximate Gx,(z) by Gx (z), where X; =

R; Bj__l and

J
R, _=oIv+ > R,

u=1,u#j

Since R; and R;_ are asymptotically free (from [17, The-
orem 4.3.5]), we can compute the Stieltjes transform of a.e.d.
of X , namely, G X via the S-transform. Equivalently, we
may transform and apply the S-transform identity given in (29),
to obtain

= T]_{j—_l (22) (44)
where Tg;(#) can be determined from G, (z), given in (31).
Also,

A1z z

where X is a real-valued random variable with distribution given
bytheae.d of R, ,and Gg, (z) is given by (27)—(28), where

T=JNi}

Summarizing the preceding derivations, we have

zZ1z
Tx ()= = (46)

TXV(Z) +1

1 =i .
TX] (2) = —ZGPj <21(T§j (Z) n aj)) a;  (47)
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Fig. 1. Empirical (N = 32) positive and negative moments of R and R (labeled Free approximation) for J = 2 equal-power users with isometric signatures.

(a) 0 dB per-signature SNR, (b) 10 dB per-signature SNR.

J—2
Tx ()= — 2(_ 2 (48)
22 = 5 = Dueq /(i) Yu
zo(1 — u -
TK}_ (Z) = ZQGPu Ty 1 + %
—M, ue T/} (49)

These relations specify Y x (z) as a system of .J + 2 nonlinear
equations in J + 2 unknowns. The unknown variables are
{Tx (2),21,22,x;}, where £; = {z,Ju € JT/{j}}. The
asymbtotic MSE can therefore be computed from (43) and
(46)—(49).

V. NUMERICAL RESULTS

A. Accuracy of Free Approximation for Isometric Signatures

1) Comparison of Moments of R and R: The results for iso-
metric signatures in this paper are based on approximating the
a.e.d. of R by the a.e.d. of R. In this section, we discuss the
accuracy of this approximation by comparing the moments of
R and R. Identical asymptotic moments would imply that the
a.e.d.’s are the same.

Fig. 1 shows plots of the moments Tr[R"| and Tr[R"] versus
nfor J = 2,N = 32,a; = «/J, and per-signature received
SNRs p; /02 as 0 and 10 dB with isometric signatures. These
plots are obtained by averaging over 2000 realizations of the re-
spective matrices. They show that the approximation is very ac-
curate over a wide range of parameters (SNRs and system load
«). The approximation becomes less accurate as « increases be-
yond o = 1, in particular, for the large negative moments, and
for high per-signature SNR. Similar plots for J > 2 show that
the differences between the moments of R and R diminish fur-
ther. As discussed in Section III, as .J increases, these differ-
ences must tend to zero since the a.e.d.’s of R and R converge
to the same distribution.

The asymptotic positive moments of R and R can be com-
puted exactly via an incremental-signature technique. In Ap-
pendix I, we show that the first three asymptotic moments are
identical, and that the differences in the higher moments are
polynomials in the per-user system loads {c;} and average re-
ceived power per signature p;,j = 1,...,J, and the noise
power per receive dimension o2, This implies that the approxi-
mation is very accurate for « < 1 and low SNR, as observed in

Fig. 1.

B. Comparison of Gy, (z) and GRZ (2)

The Stieltjes transform Gz(z) is used in (21) to compute
the asymptotic optimal spectral efficiency, and is also used to
compute the asymptotic MMSE SINR. Fig. 2 compares Gz ()
computed empirically for N = 16 (since asymptotic results are
not available) with G R, (z) for real, negative z, and two users
with isometric signatures, equal powers and loads. Note that the
approximation is most accurate for o < 1.

1) Comparison of Empirical and Approximate Asymptotic
Sum Spectral Efficiency: Fig. 3 compares empirical values of
CY with (approximate) asymptotic values of Cz for Z = {1,2}
as a function of « over a range of per-signature SNRs (0-20 dB
in 2-dB steps) for two users with isometric signatures, equal
power and loads. Empirical curves represent averages over 2000
realizations of (13) with N = 32. The approximation is nearly
exact for all points shown. The small but visible differences be-
tween the empirical and approximate curves shown in Fig. 2 for
small values of z therefore introduce negligible error when com-
puting sum spectral efficiency.

2) Comparison of Empirical and Approximate Asymptotic
SINR for Two Users: Fig. 4 shows empirical (N = 32) and
asymptotic values of output MMSE SINR pJN and p; versus «
for two equal-power users with as = 3ay. Curves are shown
for per-signature received SNR ranging from zero to 20 dB, in
steps of 2 dB, along with infinite SNR.

These results again show that the asymptotic approximation
made for isometric signatures is very accurate, especially for
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Fig. 3. Empirical and (approximate) asymptotic values of sum spectral

efficiency versus «, over a range of per-signature SNRs (in 2-dB steps), for two
users with isometric signatures, equal power and loads.

o < 1. The small differences between the empirical and ap-
proximate asymptotic curves in Fig. 2 therefore contributes neg-
ligible error.

Note that for i.i.d. signatures, the asymptotic SINR is higher
for the transmitter with the least number of signatures, even
though the received power per signature is the same for all sig-
natures in the system. For isometric signatures, the reverse is
true.

3) Comparison of Empirical and Approximate Asymptotic
SINR for Four Users: Fig. 5 shows empirical (N = 128) and
asymptotic values of output SINR p7° versus «, for J = 4
equal-power users with a1 = /2, a0 = a/4,a3 = 3a/16,
and ay = «/16. Again, these curves show close alignment be-
tween the asymptotic and empirical values. As in Fig. 4, we ob-
serve that the output SINR for a particular transmitter decreases
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(increases) as the load increases for i.i.d. (isometric) signatures,
even though the received power per signature is the same for all
signatures in the system. This indicates that for i.i.d. signatures,
self-interference, caused by signatures which pass through the
desired user’s channel, is slightly worse than interference from
other users, i.e., signatures which pass through different chan-
nels. For isometric signatures the reverse is true.

C. Asymptotic Spectral Efficiency

The preceding numerical comparisons show that the asymp-
totic results give very accurate predictions of finite-system per-
formance. Hence, in what follows we only show asymptotic re-
sults, and omit comparisons with empirical results for finite-size
systems.

1) Two-User Asymptotic Spectral Efficiency Regions: Con-
sider two users, each with equal variance per Rayleigh sub-
channel p; = p,. Each user allocates equal power across his
own signatures, that is, at the receiver SNR; ;, = pj.s}: w8k /02
does not depend on k. We shall consider two power assign-
ment schemes. In the first, the power per user is proportional
to the user’s system load (i.e., equal-power per signature). This
is motivated by current CDMA systems in which the rate per
user is varied by varying the number of assigned signatures. We
will refer to this scheme as proportional power allocation. In
the second scheme, we assume that each user is assigned equal
power. In both cases, the sum total power over the two users is
equal, and the two schemes are identical when «; = .

Fig. 6(a) shows three asymptotic optimal spectral efficiency
regions with proportional power allocation corresponding to dif-
ferent values of a; with a; + as = 1 and per-signature re-
ceive SNR = 8 dB. Regions are shown for both i.i.d. and iso-
metric signatures, based on numerical integration of Gz (2)
and G R, for 7 = {1, 2}, respectively, according to (21). Note
also that, for isometric signatures, the horizontal and vertical
boundaries are exact asymptotic values (calculated using the
exact single-user expressions), whereas the boundaries on sum
spectral efficiency are approximate. Also shown is the corre-
sponding region with MMSE receivers and i.i.d. signatures, as-
suming single-signature decoders. Fig. 6(b) shows the union
of asymptotic spectral efficiency regions over all «; such that
a1 + as = 1, where all other parameters are the same as in Fig.
6(a).

As expected, Fig. 6(a) shows that the spectral efficiency for
a particular user increases with the number of assigned signa-
tures, or load. With i.i.d. signatures, the boundary of the spectral
efficiency region is concave, and the sum capacity C; + Cs is
maximized with a1 = ag = 0.5, whereas with isometric signa-
tures the boundary is convex, and the sum capacity is minimized
at ; = oo = 0.5; the maximum is at either vy = 0 or 1. Still,
the minimum sum spectral efficiency with isometric signatures
is greater than the maximum spectral efficiency with i.i.d. sig-
natures. This again implies that with i.i.d. signatures self-inter-
ference corresponding to a signature from the same user is more
harmful than interference corresponding to a signature from an-
other user. In contrast, with isometric signatures self-interfer-
ence is less harmful than other-user interference.

Also shown in Fig. 6(b) are the regions corresponding to
OFDMA with additive white Gaussian noise (AWGN) and
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Fig. 5. Empirical (N = 128) and asymptotic values of output SINR pj-\' and p; versus « for four equal-power transmitters with oy = /2, a0 = /4, a3 =
3a/16, a4 = a/16. Curves are shown for per-signature received SNR at 6 and 20 dB. (a) i.i.d. signatures, (b) isometric signatures.

Rayleigh-fading channels. In OFDMA, the users occupy
nonoverlapping sets of subchannels, and hence there is no mul-
tiuser interference. In that case, the system load «; designates
the fraction of total bandwidth allocated to user j. For the case
a = 1 considered, the curves are given by

COFDMA ( 2 )

awen (o2) =logy (1+0,?)

:/ logy (1 +0,%2) e "da.  (51)
Jo

(50)

Chrdimg — (77)
The figure shows that the capacity region of fully loaded
OFDMA (a0 = 1), which is an orthogonal multiple-access
scheme, is larger than that of CDMA. This is also true for
CDMA sum capacity with one signature per user [6]. Of
course, OFDMA is limited to o < 1, requires more coordina-
tion among users, and is also more susceptible to interference
from other cells and cochannel systems. As « increases be-
yond one, the spectral efficiency region of CDMA becomes
largerthan that of OFDMA in Rayleigh-fading channels, as
indicated later in Fig. 9.

Fig. 6(b) shows that the CDMA curve with isometric sig-
natures meets the OFDMA fading curve at the axes. In other
words, a single CDMA user with « = 1 and isometric sig-
natures has the same spectral efficiency as OFDMA, even
though the CDMA signatures are not orthogonal at the re-
ceiver. This is because the CDMA spectral efficiency is
+ Zle log(1 + 0,,2)\,,) where {\,} are the eigenvalues of
H'H for OFDMA, and S"H'HS for CDMA. With isometric
signatures, these eigenvalues are the same in both cases.

Fig. 7(a) and (b) shows the union of asymptotic spectral
efficiency regions over «; for two users with proportional and
equal-power allocation, respectively. Regions are shown for
total loads a1 + as = a = 0.5,0.75 and 1, per-signature
received SNR = 8 dB, and with both i.i.d. and isometric
signatures. In both cases, the region expands as « increases.
These graphs show that proportional power allocation gives a
larger spectral efficiency region than allocating equal power per
user. Note that with only one active user, corresponding to the
intersection of the boundary with each axis, proportional power
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assignment allocates twice as much power to the active user as
equal-power assignment.

2) Spectral Efficiency Versus ﬁ—’; and System Load: Fig.
8 shows asymptotic sum spectral efficiency versus ﬁ—g for

OFDMA and CDMA with i.i.d. and isometric signatures for
J =1,2 4, and K users, and proportional power allocation. In
each case aj = 1/J, so that & = 1. Note that
Ey, SNR  aSNR
N R C
(The isometric .J = 1 and OFDMA curves coincide.)

Fig. 8(a) and (b) shows that as .J increases, the spectral ef-
ficiency increases with i.i.d. signatures, but decreases with iso-
metric signatures. Note that the J = K curve is common to both
figures, so that the asymptotic spectral efficiency with isometric
signatures is always greater than that for i.i.d. signatures, and
the difference goes to zero as J increases.

Fig. 9 shows asymptotic sum spectral efficiency versus total
system load o for OFDMA and CDMA with i.i.d. and isometric
signatures for J = 1, 2,4, and K users, and proportional power
allocation with f,—z = 10 dB. In each case a; = «/J. Also
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case a; = a/J. (a) i.i.d. signatures, (b) isometric signatures.

shown are the single-user spectral efficiencies with AWGN and
flat fading, given by (50) and (51), respectively. Fig. 9(a), cor-
responding to i.i.d. signatures, shows curves for both the op-
timal receiver (from (21) and (24)—(25)) and the MMSE receiver
(from (36) and (24)—(25)). As observed in [6] for the case of
single-signature CDMA, the spectral efficiency of CDMA with
an optimal receiver increases with a, whereas the spectral ef-
ficiency for the MMSE receiver reaches a maximum when the
system load is less than one.

Fig. 9(a) shows that as & — oo, the optimal spectral ef-
ficiency with J = K (single signature per user) appears to
approach the AWGN single-user spectral efficiency, and the
single-user, multisignature spectral efficiency with i.i.d. signa-
tures appears to approach the flat-fading single-user spectral
efficiency. We also observe that the spectral efficiency of the
MMSE receiver with i.i.d. signatures increases with .J for fixed
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Sum spectral efficiency versus o for OFDMA and CDMA for J = 1,2, 4, and K users, and proportional power allocation with i—g = 10 dB. In each

«. This is due to the fact that self-interference is worse than
other-user interference.

In the isometric signature case, presented in Fig. 8, curves are
shown for both the optimal and MMSE receivers. Of course,
in this case we must have & < J. As in Fig. 8, the J = K
curve is the same for i.i.d. and isometric signatures. Again for
any finite number of users, the spectral efficiency with isometric
signatures is always greater than that with i.i.d. signatures.

For J =1 and a = 1, MC-CDMA with isometric signatures
has the same spectral efficiency as OFDMA, as discussed in
relation to Fig. 8(b). However, for a < 1, the spectral efficiency
is greater than that of OFDMA. This is due to the higher degree
of frequency diversity obtained with MC-CDMA, because it
spreads over all subcarriers. Also note that the MC-CDMA
spectral efficiency decreases slightly as .J increases, even
though there is greater diversity with larger .J. This is due to
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the fact that the assigned signatures are not orthogonal among
users. The minimum spectral efficiency with J = K (i.e., a
single signature per user) is greater than the spectral efficiency
with i.i.d. signatures (for any .J).

D. Discussion

The preceding numerical results indicate the effect of split-
ting a total number of signatures (i.e., system load) and power
between two users. In general, the preceding analysis can be
used to optimize the allocation of signatures and powers among
many users to meet specific system objectives. For example, if
each user has a target information rate, then we can determine
a set of assigned powers and system loads, which can achieve
these rates. An objective in that case might be to minimize the
total power summed over the users. The set of powers and loads,
which minimize the total power, appears to be difficult to deter-
mine analytically, but can be computed via a gradient search. For
both the optimal and MMSE receivers, the total load « can also
be considered a design parameter. For the optimal receiver, both
the sum spectral efficiency and the receiver complexity increase
with «. For the MMSE receiver, « can be selected to optimize
the coding—spreading tradeoff, as previously discussed.

VI. CONCLUSION

We have analyzed the spectral efficiency of multiuser mul-
tisignature CDMA over frequency-selective fading channels.
Both the optimal and MMSE receivers have been considered
with i.i.d. and isometric random signatures. Our results are
asymptotic as the number of signatures per user and processing
gain tend to infinity with fixed ratio (system load), and account
for variations in system load and transmitted power across
users. By optimizing the system loads across users, we can
compute a maximum achievable spectral efficiency region.
The analysis has been used to illustrate the dependence of the
spectral efficiency region on power and signature allocation
across users, and the spectral efficiency of the optimal and
MMSE receivers as a function of the code rate.

Our numerical results indicate that with i.i.d. signatures,
self-interference from signatures which pass through the same
channel as the desired signature, is worse than other-user
interference, i.e., from signatures which pass through a dif-
ferent channel. Namely, we have observed that for the MMSE
receiver, a user with a smaller system load experiences a higher
output SINR. Also, for both the MMSE and optimal receivers,
the sum spectral efficiency increases with the number of users,
given a fixed total system load (summed over users). That is,
the spectral efficiency is maximized when each user is assigned
a single signature, and the number of users and processing
gain both tend to infinity. In contrast, with isometric signatures
other-user interference is worse than self-interference, so that
the sum spectral efficiency decreases with the number of users.
The comparison results with CDMA and OFDMA can be used
to quantify the tradeoffs among spectral efficiency, receiver
complexity, and versatility (e.g., the amount of user coordina-
tion) when providing a variable data rate service.
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APPENDIX |
MOMENTS OF R AND R

Here we show that the first three (asymptotic) moments of R
and R are identical, and that the difference in fourth moments
is a polynomial in the set of loads {«;} and powers {p,}. We
also show that the difference in the fourth moments is small
compared with the magnitude of the fourth moments.

Let P;, 7 € J,be ascalar random variable whose distribution
is the a.e.d. of P;.

The incremental signature method® is used to show the
equality of the first three (asymptotic) moments of R and R,
and that all terms in the polynomial for the difference in the
fourth moment have the form (o ;v )?Var[P;|Var[P,], j # u,
where Var[P;] denotes the variance of P;. In general, the
difference in the nth moments is a polynomial in the noise
power 02, the set of loads «j, and the moments of P;,j € J.
In particular, the difference in the nth moments is a polynomial
containing two types of terms. The first type has the same
form as those found in the polynomial for the difference in the
(n — 1)th moment, but multiplied by o2. The second type has
the form

¢ H o E [P (52)

jeTJ

where ¢ is a constant (possibly zero), and for each j € 7,
0<a; <nm—2,and Zjej a; = n. Also m; 1, and m; o are
nonnegative integers with m;1m; o, = a;. Moreover, we find
that for the moments computed here, a majority of significant
terms in the moment polynomials cancel in the difference poly-
nomials (e.g., terms such as Tr[R?]). Therefore, the difference
in nth moments is small in comparison to the moment, espe-
cially for small c;.

In principle, this comparison can be used to bound the approx-
imation error incurred when replacing R by R in the expressions
for optimal spectral efficiency and SINR for the MMSE receiver.
We also remark that this moment analysis can be used to com-
pute the exact SINR and spectral efficiency associated with a
reduced-rank MMSE receiver [15], [30].

We require the following notation. Let @ = [y, .., as]'.
Also let

vn,n(a) = Tr[R"] (53)

v, n(a) = Tr[R"] (54)

vp n(@) = v, (@) = van(a) (55)

P, =U'P,U, (56)

We will require the following lemma for isometric signatures.

Lemma 1: Let S be K < N columns from an N X N Haar-
distributed random matrix, and let 8 be a column of S. Let X x
be an N x N random matrix with uniformly bounded spectral
norm, which is a nontrivial function of S, and satisfies X y =

9In [30, Appendix B], this incremental signature method was used for i.i.d.
signatures and DS-CDMA. In this appendix, we extend the method to isometric
signatures.
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X n where Xy is X with S substituted by SQ, and € is an
independent K X K unitary matrix. Then

1 1 a.s.
st X s — Wtr[sTXNS] 250 (57)

as (N,K) — oo with K/N — «.
Proof: This is a straightforward extension of [13, Propo-
sition 3]. O

Additionally, using the definitions and assumptions of

Lemma 1, note that if instead X y is independent of S, then
Is" X v — Tr[X v]| 225 0
under the limit given.

In what follows, we use the incremental signature technique
with both i.i.d. and isometric signatures. For i.i.d. signatures,
it is preferable to add a signature when deriving the derivative,
whereas for isometric signatures we subtract a signature. This
is because in the i.i.d. case, we can use [10, Lemma 1] when the
incremental signature is independent of other terms in the ex-
pression. This occurs when the incremental signature is added.
For isometric signatures, we can use Lemma 1 when the incre-
mental signature is contained in R;. This occurs when the in-
cremental signature is subtracted.

The following two lemmas are used to show convergence of
random finite differences to deterministic derivatives for i.i.d.
and isometric signatures, respectively.

Lemma 2: Let {{ann}n=1..|cN]}N=1,.. denote an infinite
sequence, indexed by N, where the [Nth element is a complex-
valued sequence, indexed by n, of length [¢N[,0 < ¢ < 0.
Suppose

e IN(an,n41 = anm) = f(n/N)] == 0

as N — oo, where f : [0,¢] — R is uniformly bounded above
on [0, ], and f’ represents the derivative of f, which is assumed
to be continuous. Additionally assume |ay o — f(0)] == 0 as
N — oo. Then

(58)

lan,(en) = f(c)] =50 (59)
as N — oo.
Proof:
lan,|en) — f(0)]
LCNJ—I
= lan e = D anm — f(c) (60)
n=0
LCNJ—I
= Z (aNnt1 —ann) +ano — f(c) (61)
n=0
LCNJ—I
= Z (aNn+1 — anm) +ano
n=0

leN|-1

1 /
+ n};ﬂ F'(n/N) = f(o)|  (©62)

IN

max IN(annt1 — ann) — f'(n/N)| + |an,o — £(0)]

leN|—1

IO+ S PN -fo] 20 63
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as N — 00, due to (58) and the Riemann integrability of f. Note
that the symbol =+ is used as shorthand for ax+b=a+b—0. O

Lemma 3: Let {{ann}n=1..|cN)}N=1,.. be as defined in
Lemma 2, however with 0 < ¢ < 1. Suppose

max

N — _
leN | <n<N ‘ (aN,n AN ,n 1)

m

— <n/—NaN,n +f(71/N)>

as N — oo, where f : [¢,1] — R is continuous and uniformly
bounded above on [¢, 1], and m is a finite positive integer. Addi-
tionally, assume |ay, n — Co| 2% 0as N — oo, where Cp € R
is a finite constant. Then

250 (64)

lan, (en] — 9(c)] =20 (65)

as N — oo, where g(c) = ¢™(Cy — jcl f(x)z—™dx).
Proof: Fix m. Note that the derivative of g(c) is given by
g'(c) = 2g(c) + f(c), and

N

g(l)—% >

n=|cN]+1

g'(n/N) | —g(c)] =0 (66)

as N — o0o. As such, define gf\,’n =

o] 7N AN + f(n/N) for
cN| <n < N.Now

lan,jen) = g(c)]
N

>

n=|cN]+1

= |an,[eN) £ ann — g(c) (67)

N
= |lan,N + Z (ann=1 —ann) —g(c)| (68)
n=|cN]|+1

N
= |an,N + Z (aNn=1 — an,n)

n=|cN]|+1
1 N
5 D Ona ()] (©9)
n=|cN]+1
< N n - n— - g
< LcNJTlag(ngN| (AN = aNm—1) = IN.ul
1 N
/
+9) -+ > d(n/N)=g(o)
n=[cN]+1
+ lan,n — Col
™m a.s.
m w—g(n/N 0 (7
+ LcNJrflagngNmN’ g(n/N)| — (70)
as N — 00, due to (64) and (66). O

We now address the difference in the asymptotic positive mo-
ments of R and R. Clearly, the difference between the first mo-
ments is zero, i.e., v{ y(a) = 0, since

Tr[R,] = Tx[U;R,;UY] = Tr[R;].

The following Lemma is used to consider the difference in the
second and third asymptotic moments of R and R.



1126

Lemma 4: For any 4,5,k € J, we have (71)—(73) at the
bottom of the page.
Proof: Firstnote that Tr[R]'] = Tr[R}'] for integer n > 0,
which establishes (71) when i = j. Now define ¢y g,
Tr [R?] The incremental signature technique applied to ¢ g,
involves the addition (subtraction) of an i.i.d. (isometric) signa-
ture 8 to §;. This yields

N(Q@N,Kj:l:l — (pNij) = :i:ZSTH;(RjHjS + (STPJ'S)2 (74)
Now, due to [10, Lemma 1] and Lemma 1, we have that

J

s'H'R;H s ** o E[P?]
and

. 1
|s"HIR;H ;s — —on | =50
J

and similarly, sP;s = E[P;] for both signature types. In
addition, note that px o = 0 and o N —> E[PJZ] as N — oo
for i.i.d. and isometric signatures, respectively. Therefore, from
Lemmas 2 and 3, we obtain the second and third lines of (73).

For the ¢ # j case in (73), it is convenient (for what follows)
to evaluate the limit of

MN,K;1y, - Kiry = Tr

L
H Ri(ﬁ)]

(=1

with0 < L < Jyi(-) € J, and i(l) # i(m) for [ # m (i.e.,
distinct indices). Similarly, let

mN,Km),---,Ki(L) =Tr

L
Hﬂiu)] :

=1
The incremental signature  technique applied to
MN,K, 1, Ki(1) and simplified via Lemmas 2 and 3
gives
|mN7K7(1)7---7K7(1,) - m(a)] =0
in the limit considered, where
Lm(a) [/ E[Piy], iid.sigs
= L -1 .. (75)
a1y -+ Oz m(a) [T,y gy, isosigs

with the boundaries conditions m(a) is zero at & = 0 for i.i.d.
S;, and

m(a) = [] ElPiw)]
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An identical treatment of my 0 gives

(1) K

|mN,Ki(1),...,K1-(L) — m(a)| =50

in the limit considered, where my g, ,, . x,, and m(a) sat-
isfy the same relation given in (75) for MN, K1), K1) and
m(a), respectively. However, in order to obtain this it is also

necessary to use the fact that in the limit considered

Tr a5 (76)

L L
II Ei(f)] - [1E [P0
/=1 =1

fori(-) € J,i(l) # i(m) and [ # m, due to the almost-sure
asymptotic freeness of P;, £ =1,..., L.
We therefore have the solution

m(e) = m(e) = [ ] ai E[P;o)]

establishing the 7 # j case of (71), and also the first line of (73).

Now consider (72). Since tr[AB] = tr[BA], we need only
consider the cases 1 = j = k,2 = j # kandi # j # k.
The 7 = j = k case is readily obtained since Tr[R]'] = Tr[R]]
for integer n > 0. The ¢ # j # k case holds since m(a) =
m(a) (here L = 3). Finally, we consider ¢ = j # k. Define
ﬁNyKika = TT[RZZRk], we have

‘N(ﬁN,K“Kkil —IN, K, Ky)

1.i.d. sigs| a.s.

_ {UN,Ki,Km —0 ((77)

_o%kﬁN,Ki,Kk: iso sigs

in the limit considered, where vy x, = Tr [P, R?]. In addition,
note that ¥n x, 0 = 0 and ¥ i, N = Un, K, forii.d. and iso-
metric signatures, respectively. In addition, we consider vy k,
in a similar manner to obtain (78) at the top of the following
page in the limit considered, and note the boundary conditions
vno = 0and [uy x — E[P]E[P?]| == 0 for i.i.d. and iso-
metric signatures, respectively. Applying Lemmas 2 and 3 to
(77) and (78), we obtain vy, k, 23, v(ey) and In K, K, 23,
¥(a), where v(a;) and ¥(a) are omitted, but may be obtained
from the above. More significantly, the above derivations also
hold for R; and Ry, replaced by R, and R, respectively, again

at a;y = 14 =1,..., L for isometric S;. due to (76), establishing (72). O
ITr[R;R;] — Tr[R,R;]| == 0 (71)
|TI‘[R1RJR]€] — TI[ELEJEk” i 0 (72)
and
aiajE[PL-]E[Pj], for ¢ 75 J

Tr[R;R;] 25

alE[P?] + o;E[P]?,
(ILZVELI‘[PZ] + OéiE[PiF,

for + = j and i.i.d. signatures
for: = j and isometric signatures.

(73)
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20;;E[P,)E[P;] + E[PL)E[P;]?,
N(vn, Kk, +1 — UN,K;) — { _;JN,CI](_ [_|_ I]E[Pk][E[l}]’Z]Z[ ]
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¥.1.d..51gs as (78)
iso sigs

We now show that the differences in the second and third
asymptotic moments of R and R are zero. From (73) of Lem-
ma 4 we have

|v5,n ()| = |Tr[R?] — Tr[R?)]
<207 ) |Tr[R;] - Tr[R;)|
J1ET
+> ) |Tr[R;R,] - Tr[R,R,]|
JET ueJg
2% (79)

and similarly, we can use (72) to show |5 ()| = 0 in the
limit considered. /

Proceeding to the difference in the fourth moments of R and
R, we require the following lemma.

Lemma 5: Fori,j,k,l € J
|Tr[R,R; R, R)] — Tr[R;R; R, Ri]| =0
in the limit considered unless

{(i, 4,k 0)]i = k,j = Land i # j}.

Proof: As in the proof of Lemma 4, considering each case
for (7,7, k, 1) and applying the incremental signature technique
gives the result. O

From Lemmas 4 and 5 we have

i@ =D D by, — V)| 20
€T keT /{i}
(80)
where
éN,K],K,\, = Tr[Ej@kEjBk]
and

on, i, K, = Tr[R; R R; Ry .

For i.i.d. signatures, the incremental signature technique and
Lemma 2 gives |¢n k, x, — ¢j.k(c)] = 0, where

5o ix(@) = 2uss(a) + EIPPE(D, ot 81
3‘3 (@) = yul) + iy (@) + E[PELP 0, (82)
a—%@z}jk(a) — a; lim Tr[P; P, P, Py). (83)
Integrating gives
bir(a) = a2} lim Tr[P; Py P; Py
+EIRPEPP (o3 +afay) . (4

The same technique applied to ¢ PNk, K gives an expression

identical to (84), but where Tr[P PkP iPy] is replaced by
Tr[P; P, P,P,]. Note that

Te[P; Py P;Py] == E[P;]E[P{] (85)
Tr[P;P.P;P, ] = E[Pj]ZE[P,f]
+ E[PJ°E[P}] — E[P;]’E[P]* (86)

where (86) is found by applying the method for calculating
mixed moments of free random variables (e.g., see [31]). For
i.i.d. signatures we combine (80), (84), and (85)—(86) to obtain

a)+ > > Var[P]Var[P](een)?| 25 0.
JET keT /{i}
(87)
For isometric signatures we also have

— ¢ii(a)] == 0

from the incremental signature technique and Lemma 3, where

|¢N7ijKk

pik(a) = afwjn(on) + aj(1 — a;) (E[P]E[P:])* (88)
@jk(ar) = Caai + (E[PE[Py])*ay, (89)
C2 = lim TI‘[PJPkPJPk] - (E[f)]]E[f)k])2 (90)

The same technique applied to qb K also gives (88)—(90)

where Tr[P;P;P,;Py] is replaced by Tr[P P, P.P,], given
by (86). Thus, for isometric signatures we again comblne (80)
and (88), so that v§ v () with isometric signatures also satisfies
(87).

Finally, observe that the limit of v§ () is a polynomial in
the per-user system loads «; and the variance of the subchannel
powers, Var[P;],j € J. Fig. 1, presented earlier, showed that
for n = 4 the numerical value of (87) is small in comparison
to the moment v4 () over the wide range of « and the two
values of SNR shown. This is largely due to the fact that only
J(J — 1) terms are nonzero out of the total (J + 1)* terms in
the expansion of (80).

By extension, we see that the limit of v}, ~ (@) is a polynomial
in the loads a;, and the moments of P;, as shown in (52). For
n > 4, the noise power o2 enters terms with degree n — 4 as
well.10

APPENDIX II
ALMOST-SURE LIMIT DISTRIBUTION OF R

Proof of Theorem 1: The proof is by induction on I. Note
that the family Sf} has an almost-sure limit distribution, since for
anym € M(I+J+1), Km,~ in (17) clearly has an almost-sure

10The noise power does not appear in the moment difference for n < 4 since
it only appears in v;, () as a coefficient of terms which are asymptotically
identical for both R and R, e.g., o2 Tr|R?]
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limit of the form o2* E[P{""] - - - E[P§] for some integers 0 <
a; < ocoandj = 0,...,.J. Observe this limit is a polynomial
ofdegreede—Oma]J—l ..... ..

Now assume the family S5 I=1 has an almost- sure limit distri-
bution for some 0 < I < J and hence, K, N —> K, in the
limit considered for all m € M(I + J) where &, is a polyno-
mial of degree d.,, ; in aj forall j = 1,...,I — 1 with coeffi-
cients determined by o2 and finite moments of Pi,j=1...J
(hereafter, refer to this as x,,, having “the stated form”). For the
induction argument on I, we wish to show that S} has an al-
most-sure limit distribution, and that for all m e M(I+J+1),
Km, N 25 Km in the limit considered, where ,,, has the stated
form.

To do this, we use a further induction argument on d, ;.
We start this induction by noting that due to the previous
inductive assumption for all m € M(I+J+1) with d,, 1 =
Km,N 25 Km in the limit considered, where k,, has the
stated form, since the trace in (17) contains only R; for j < I.
Therefore, for this induction argument, assume that for all
m € M(I+J+1) withd,, ; < D, where D is a finite positive
integer, Ky, N 23 K in the limit considered, where &, has
the stated form.

We now demonstrate that for all m € M(I + J + 1) with
dm,1 = D,Km N > Ky, in the limit considered, where £,
has the stated form. To do this, we use the incremental-signa-
ture technique with respect to user I. To do this, we consider a
sequence m for which d,,, ; = D, and indicate the dependence
of Km,~ and k,, on Ky and oy by writing kv = Km N, K;
and K, = km(ag).

We have

[m|

Rm N K;+1 = Tr H (Xm(z) + 617m(i)H1881‘H;) (C2))]

i=1

where 6,4 is unity when a = b and zero otherwise, and the &
sign in (91) and in what follows is positive for i.i.d. signatures
and negative for isometric signatures, as discussed in Appendix
I. Note that (91) holds for general sequences m; however, in
this induction step we will only be concerned with sequences
for which d,,,r = D > 0.

Expanding (91) gives
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where the ¢th bit of b refers to the standard binary representation
of the |m|-bit positive integer b, defining the most significant bit
as the “first” bit.

Suppose there are n7(b) terms of the form Hrss'H } in the
product in (93). Note that there will always be at least one term
of this form, since D > 0 and b # 0. So 1 < nr(b) < m. Also,
from the expansion of (91), the degree of Ry in T'(b) is equal to
D — ny(b), and is therefore at most D — 1.

In other words, the argument of the trace in 7°(b) is a product
of |m| terms, given in (94), where there are precisely ny(b) >
0 which have the form H;ss'H } We now use the fact that
tr[AB] = tr[BA] to create products of terms in which s"H ;
appears on the left and H ;8 appears on the right.

More precisely, we now have

ny (b)

== [T toe (95)
(=1
mp,—1
tb,[ = .STH} 60,mb,zI+ H Xm(sb_ée’)i) H[S (96)
e=0

where 0 < my , < || denotes the number of terms between
the /th (STHI}./ H 38) pair in T'(b), and & denotes modulo-|m|
addition. Also, 1 < s; ¢ < |m/| denotes the bit index at which the
first term of the form X;, occurs between the /th (s" H }, H;s)
pairin7'(b). Now applying [10, Lemma 1] and Lemma 1 to (96),
we have that |¢;, o — 5;,,1;| 2% 0 in the limit considered, where
we get (97) at the bottom of the page due to [10, Lemma 1] in
the i.i.d. case and Lemma 1 in the isometric case.

Consider sequences m of interest, i.e., those for which
dy,r = D. For i.i.d. signatures it is apparent that the product
term in the right-hand side of (97) is a monomial in elements of
S 5 having degree with respect to Ry less than D. This is due to
the fact that EM has at most the same degree as T'(b), which we
previously established is at most D — 1. Similarly, for isometric
signatures it is apparent that the right-hand side of (97) is either
equal to a%"m N,k (this occurs D times, corresponding to
when ny(b) = 1), or has a trace argument which is a monomial
in variables from S 5 having degree with respect to Ry less than
D.

For i.i.d. signatures, and isometric signatures for the cases
where fby ¢ does not equal a%“m, N,K;, according to the
induction assumptions we have now established that £b’g al-

e most-surely converges to a polynomial in «; with degree

N (B, N1y d1 = Ko, N, ) = Z () ©2) equal to tlze degref of R; irl: tlile argument 0]f the traci in

b=1 97) for 7 = 1,...,1I, and coefficients determined by cr and

B | moments of Pj, 7 = 1,...,J. Moreover, for these cases,

b) = tr H Tb,i ©3) T'(b) almost-surely converges to a deterministic polynomial in

=t aj,j = 1,...,1 — 1, of at most degree d,, ;, and in oy with

. {X m(i) if the 4th bit of b is zero 94) degree at most D — 1 for i.i.d. signatures, and with degree
b +61miyH 188t HT  otherwise D — 2 for isometric signatures.

E[PI] My = 07
fu _ Tr [PI H b, z 1 Xm(sb_c®‘)i| s My ¢ ;é 0, 1.i.d. SigS (97)

1 Tr [RI Hmb =1 Xm(sb,é@e)] , My # 0, is0 sigs.
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Therefore, for any sequence {ij }r—1,...,m for which d,,, 1 =
D > 0, we can write (92) in the following general form:

N(“m,N7K1+1 - “m,NJ&’z)

-1
1 a.s. .. .
— g cidaf] 220, iid. sigs (98)
£=0
N(’im,NJ(z - HmyN7KI—1)
D D-2
iso £ a.s. . .
— | —Em,N K, + ce’ar || — 0, isosigs (99)
oy —

(=0

Wherecigid,ﬁz 0,....,D— 1andci;°7£: 0,...,D —2are de-
terministic values which do not depend on «;;. In addition, con-
sidering the boundary conditions, note that we also have from
the inductive assumption that #.,,, v,0 and K, v, n forii.d. and
isometric signatures, respectively, almost-surely converge to de-
terministic polynomials in «;,7 = 1,...,I — 1, of at most de-
gree d,, j. And so, we may apply Lemmas 2 and 3 to obtain
that km N K, 2% km(ar), where ki, () is a polynomial of
degree D in ay, given by N
D iid.

m(or) =3 %E00d i signat 100
km(0r) = —, 0, iid.signatures (100)
=1
D_l CISO
; 01 . .
km(ar) = caf + 7 Daf, isometric signatures
=1
(101)
where
D—1 ;
% — ¢ — clési)l
{—D
=1

and ¢ is the boundary condition found via |k, n, N — €] 2500,
Moreover, this completes the induction and implies that S7
has an almost-sure limit distribution. O

Under the assumption of a positive compact distribution for
P;,j € J,and the well-known fact that ||SJSI|| < (1+/a;)?,
Theorem 1 implies the almost-sure convergence in distribution
of the empirical distribution function of R to a deterministic
distribution with compact support.
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