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Abstract

We consider multiple access communication on a binary input additive white Gaussian noise channel
using randomly spread code division. For a general class of symmetric distributions for spreading
coefficients, in the limit of a large number of users, we prove an upper bound on the capacity, which
matches a formula that Tanaka obtained by using the replica method. We also show concentration
of various relevant quantities including mutual information, capacity and free energy. The mathe-
matical methods are quite general and allow us to discuss extensions to other multiuser scenarios.

1 Introduction

Code Division Multiple Access (CDMA) has been a successful scheme for reliable communication between
multiple users and a common receiver. The scheme consists of K users modulating their information
sequence by a signature sequence, also known as spreading sequence, of length N and transmitting.
The number N is sometimes referred to as the spreading gain or the number of chips per sequence.
The receiver obtains the sum of all transmitted signals and the noise which is assumed to be white and
Gaussian (AWGN).

The achievable rate region (for real valued inputs) with power constraints and optimal decoding has
been given in [1]. There it is shown that the achievable rates depend only on the correlation matrix
of the spreading coefficients. It is well known that these detectors have exponential (in K) complexity.
Therefore, it is important to analyze the performance under sub-optimal but low-complexity detectors
like the linear detectors. For a good overview of these detectors we refer to [2]. In [3], the authors
considered random spreading (spreading sequences are chosen randomly) and analyzed the spectral
efficiency, defined as the bits per chip that can be reliably transmitted, for these detectors. In the large-
system limit (K — oo, N — 00, % = [3) they obtained nice analytical formulas for the spectral efficiency
and showed that it concentrates. These formulas follow from the known spectrum of large covariance
matrices. In [4],[5] the authors analyzed the signal to interference ratio for the decorrelator and the
MMSE receiver and showed that it is asymptotically Gaussian with variance going to zero.

Now consider the case where the user input is restricted to take only binary values. Not much
is known in this case except for the spectral efficiency in the case of high SNR which is analyzed in
[6]. The random matrix techniques used for Gaussian inputs do not apply here because the spectral
efficiency cannot be written in terms of just the covariance matrix of the spreading sequences. Tanaka [7]
applied the formal replica method, developed in statistical mechanics, to this problem and conjectured
the formula for spectral efficiency and bit error rate (BER) for uncoded transmission. These results were
later extended in [8] to include the case of unequal powers and channel with fading. The replica method
is non-rigorous but believed to yield exact results for some models in statistical mechanics [9]. More
recently Montanari and Tse [10] have made progress towards a rigorous derivation of Tanaka’s capacity
formula in a restricted range of parameters.



Our main contributions in this paper are twofold. First we prove that Tanaka’s formula is an upper
bound to the capacity for all values of the parameters and second we prove various useful concentration
theorems in the large-system limit.

1.1 Statistical Mechanics Approach

There is a natural connection between various communication systems and statistical mechanics of
random spin systems, stemming from the fact that often in both systems there is a large number of
degrees of freedom (bits or spins), interacting locally, in a random environment. So far, there have
been applications of two important but somewhat complementary approaches of statistical mechanics of
random systems.

The first one is the very important but mathematically uncontrolled replica method. The merit of
this approach is to obtain conjectural but rather explicit formulas for quantities of interest such as,
free energy, conditional entropy or error probability. In some cases the natural fixed point structure
embodied in the mean field formulas allows to guess good iterative algorithms. This program has been
carried out for linear error correcting codes, source coding, multiuser settings like broadcast channel (see
for example [11], [12], [13]) and the case of interest here [7]: randomly spread CDMA with binary inputs.

The second type of approach aims at a rigorous understanding of the replica formulas and has its
origins in methods stemming from mathematical physics (see [14, 15], [9]). For systems whose underlying
degrees of freedom have Gaussian distribution (Gaussian input symbols or Gaussian spins in continuous
spin systems) random matrix methods can successfully be employed. However when the degrees of
freedom are binary (binary information symbols or Ising spins) these seem to fail, but the recently
developed interpolation method [14],[15] has had some success'. The basic idea of the interpolation
method is to study a measure which interpolates between the posterior measure of the ideal decoder and
a mean field measure. The later can be guessed from the replica formulas and from this perspective the
replica method is a valuable tool. So far this program has been developed only for linear error correcting
codes on sparse graphs and binary input symmetric channels [16], [17].

In this paper we develop the interpolation method for the random CDMA system with binary inputs
(in the large-system limit). The situation is qualitatively different than the ones mentioned above in that
the “underlying graph” is complete. Superficially one might think that it is similar to the Sherrington-
Kirkpatrick model which was the first one treated by the interpolation method. However as we will see
the analysis of the randomly spread CDMA system is substantially different due to the structure of the
interaction between degrees of freedom.

1.2 Communication Setup

We consider a scenario where K users send binary information symbols z = (z1,...,zx)", = € {£1}
to a common receiver, through a single AWGN channel. Each user k£ has a random signature sequence
S, = (S1k, .oy S Nk)t where the components are independently identically distributed. For each time
division (or chip) interval i = 1,..., N the received signal y = (y1,...,yn) is

1 K
-:—E SikTk + ony;
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where n = (ny,...,ny)" are independent identically distributed Gaussian variables N'(0,1) so that the
noise power is o2. The variance of s;, is set to 1 and the scaling factor 1/ VN is introduced so that
the power (per symbol) of each user is normalized to 1. Our results hold for the rather wide class of
distributions satisfying:

Assumption A. The distribution p(s;) is symmetric
p(sik) = p(—sik)
and has a rapidly decaying tail. More precisely, there exists positive constants sg and A such that Vs > sg

Plsip > 5) < e 4%

1Let us point out that, as will be shown later in this paper, the interpolation method can also serve as an alternative
to random matrix theory for Gaussian inputs.



In particular, our favorite Gaussian and binary cases are included in this class, and also any compactly
supported distribution. An inspection of our proofs suggests that the results could be extended to a
larger class satisfying:

Assumption B. The distribution p(s;) is symmetric with finite second and fourth moments.

However to keep the proofs as simple as possible only one of the theorems is proven with such generality.
In the sequel we use the notations s for the N x K matrix (s;x), S for the corresponding random
matrix, and X, Y for the input and output random vectors.
Our main interest is in proving a “tight” upper bound on

O = = maxBs [1(X; )] (1)

Px

in the large-system limit K — 400 with % = ( fixed. In the next few paragraphs we discuss various
settings for which it is justified to consider this formula as a capacity. In principle for multiaccess
channels one maximizes over product distributions px (z) = Hszl pr(zr). But in fact this restriction
makes no difference when one maximizes the expected mutual information because the maximum is
attained for a uniform distribution. Indeed for any given s the mutual information I(X;Y) is a concave
functional of px and thus so is its average. Moreover the later is invariant under the transformations
px (21,22, ..., TK) — Dx (€121, €22, ..., ex T ¢ ) where ¢; = £1. Combining these two facts we deduce that
the maximum in (1) is attained for the convex combination

- 1
2_K Z p&(elxlu-'waxK) = 2_K

€1,..,€K

which is nothing else than the product of uniform distributions for each user. Before discussing the
meaning of (1) for the CDMA setting let us note that it can also be interpreted as the capacity of a MIMO
system with binary constellations, K transmit, N receive antennas, and ergodic channel coefficients s;x
that are known to the receiver only [18], [19].

In the traditional CDMA setting (see for example [2]) the spreading sequences are assigned to each
user and do not change from symbol to symbol. Moreover it is assumed that the users and the receiver
know s. The general analysis of multiaccess channels implies that the total capacity per user (or maximal
achievable sum rate) is

1

— max [(X;Y 2

K I pe(en) &L ®
where the maximum is over p;(z) = pid(x — 1) + (1 — p;)d(z + 1) and p; € [0,1], ¢ = 1,...,k. In the
large-system limit we are able to prove a concentration theorem for the mutual information I(X;Y)
which implies that if (p1,...,px) belongs to a finite discrete set D with cardinality increasing at most
polynomially in K, then (2) concentrates on % maxpep Es[I(X;Y)]. Of course by the same argument
as before this maximum is attained for p = % as long as % € D. Unfortunately, in order to extend these
arguments to the more realistic case of exponential cardinality of D, or even all possible continuous
values of the input distribution (and thus to fully justify (1)) we would have to prove stronger forms of
concentration.

At this point it is interesting to discuss the situation for the continuous input case. There it is known
that the maximum of (2) is attained for a Gaussian input distribution independent of the spreading
sequence realization [1]. Then the concentration theorems for I(X;Y) suffice to prove that in the large-
system limit (2) asymptotically equals (1). It is an open problem to decide if an analogous result holds
in the binary input case, namely that the maximum of (2) is attained for the uniform distribution. We
conjecture that this is the case.

Alternatively, following [3] one may consider the case of “long spreading sequences”, that is sequences
that extend over many symbol durations. Then by “ergodicity” one can compute the capacity as an
expectation of (2) over S. In the continuous input case it turns out that one can switch the expectation
and the maximum because it can be shown (by the standard argument adapted above for the binary
case) that the maximum of the expectation is attained for the same Gaussian input distribution. Thus,
remarkably, in the continuous case one exchanges the expectation over S with the maximum over product
distributions even for finite K.

Finally let us return to the binary case and consider the situation of long spreading sequences as
in [3] that are assumed to be unknown (or rather not used) to the encoder and known to the receiver.



Then, by the analysis in [18], formula (1) gives the capacity. If users do not cooperate px is really a
product distribution. But in any case the maximum is attained for the uniform distribution.

Let us now collect a few formulas that will be useful in the sequel. The conditional entropy H(X |
Y) = Eys[H(X | y)] is the average over Y given s of the Shannon entropy for the posterior distribution

px(x) 1 _1
plz]y,s) = Z0.5) exp(—5 5y — N~ Zszl|?) (3)
with the normalization factor
1
Z(y,s) = Zpi(z)e*%%”ng Zsz |’ )

X

Note that this is the distribution used by the ideal or optimal detector. The average over Y is carried
out with the distribution induced by the channel transition probability

1
N™ 25?2 1

e 2(,2 lly—
Pl = 2 e e = e A0 °

where in the sum 20 is interpreted as the input signal. The normalization factor (4) can be interpreted

as the partition function of interacting Ising spins xj, = +1 with free measure px. In view of this it is
not surprising that the free energy

1
fly,s) = ?ln Z(y,s) (6)
plays a crucial role. In appendix A we show that it is related to the mutual information by
LI Y) = 5=~ Byl i) 7)
K\ = 26 vY|slJ\Y;S
Therefore )
Ck = =57 —minEy s[f(y,s)] (8)
273 PX.

Of course by the previous discussion the min,, is attained for px(z) = QLK

1.3 Tanaka’s formula for binary inputs

By using the formal replica trick of statistical mechanics Tanaka reduced the calculation of the conditional
entropy to a variational problem. His conjectural formula is

i, Cre = nl, crs () ®

where the “replica symmetric capacity functional”

crs(m) = é(1 +m) — —In\o? — /Dz In(2 cosh(VAz + \)) (10)

2 25
with

1
A= o2+ B(1 —m) (11)

and Dz the standard Gaussian measure Dz = £ \/i dz, has to be maximized over a parameter? m. It is

easy 2 to see that the maximizer must satisfy the fixed point condition

m= /Dz tanh(vVAz + \) (12)

2this parameter can be interpreted as the expected value of the MMSE estimate for the information bits
3using integration by parts formula for Gaussian random variables



The formal calculations involved in the replica method make clear that the formula (9) should not depend
on the distribution of the spreading sequence (see [7]).

In the present problem one expects a priori that replica symmetry is not broken because of a gauge
symmetry induced by channel symmetry. For this reason Tanaka’s formula is conjectured to be exact.
Our upper bound (Theorem 6) on the capacity precisely coincides with the above formulas and strongly
supports this conjecture.

Recent work announced by Montanari and Tse [10] also provides strong support to the conjecture
at least in a regime of 8 without phase transitions (more precisely, for 8 < (s(c) where §s(o) is the
maximal value of §# such that the solution of (12) remains unique). The authors first solve the case
of sparse signature sequence (using the area theorem and the data processing inequality) in the limit
K — co. Then the dense signature sequence (which is of interest here) is recovered by exchanging the
K — oo and sparse — dense limits.

1.4 Gaussian inputs

In the case of continuous inputs zj € R, in formulas (4), (5) >, are replaced by [ dz. The capacity is
maximized by a Gaussian prior, B
_ =)
)= = (13)
)= —7
p&(— (27T) N/2
and one can express it in terms of a determinant involving the correlation matrix of the spreading
sequences. Using the exact spectral measure given by random matrix theory Shamai and Verdu [3]
obtained the rigorous result

1 1
lim Cg =3 log(1 + o ZQ(U_275))

K—oo

1 IR R Q(a7%0)
+%log(1+a ﬁ—ZQ(U 56))_W (14)

where

Qe.2) = (ol Va4 1= \falr - VaR ¢ 1)2

On the other hand Tanaka applied the formal replica method to this case and found (9) with

crs(m) = %log(l +A) - % log A\o? — %(1 —m) (15)

where A = (02 + 3(1 —m))~!. The maximizer satisfies
m=-—- (16)

Solving (16) we obtain m = %Q(a*,ﬂ) and substituting this in (15) gives the equality between (14)
and (15). So at least for the case of Gaussian inputs we are already assured that the replica method
finds the correct solution.

As we will show in section 7.3 our methods also work in the case of Gaussian inputs, and yield the
upper bound.

1.5 Contributions and organization of this work

The main focus and challenge of this work is on the case of binary inputs for the communication set
up described above, although the methods also work for many other constellations including Gaussian
inputs. The main results are explained in section 2 while the remaining sections are devoted to the
proofs.

We prove concentration of the mutual information in the limit of K — +o0o and f = % fixed
(Theorems 1, 3 in section 2.1). As we will see the mathematical underpinning of this is the concentration
of a more fundamental object, namely, the “free energy” of the associated spin system (Theorem 2). In



fact this turns out to be important in the proof of the bound on capacity. When the spreading coefficients
are Gaussian the main tool used is a powerful theorem [9] of the concentration of Lipschitz functions
of many independent Gaussian variables, and this leads to subexponential concentration bounds. For
more general spreading coeflicient distributions such tools do not suffice and we have to combine them
with martingale arguments which lead to weaker algebraic bounds. Since the concentration proofs are
mainly technical they are presented in appendices B, C.

Sections 3 and 4 form the core of the paper. They detail the proof of the main Theorem 6 announced
in section 2.4, namely the tight upper bound on capacity. We use ideas from the interpolation method
combined with a non-trivial concentration theorem for the empirical average of soft bit estimates.

Section 5 shows that the average capacity is independent of the spreading sequence distribution at
least for the case where it is symmetric and decays fast enough (Theorem 4 in section 2.2). This enables
us to restrict ourselves to the case of Gaussian spreading sequences which is more amenable to analysis.
The existence of the limit K — oo for the capacity is shown in section 6.

Section 7 discusses various extensions of this work. We sketch the treatment for unequal powers for
each user as well as colored noise. As alluded to before the bound on capacity for the case of Gaussian
inputs can also be obtained by the present method and we give some indications to this effect.

The appendices contain the proofs of various technical calculations. Preliminary versions of the
results obtained in this paper have been summarized in references [20] and [21].

2 Main Results

2.1 Concentration

In the case of a Gaussian input signal, the concentration can be deduced from general theorems on the
concentration of the spectral density for random matrices, but this approach breaks down for binary
inputs. Here we prove,

Theorem 1 (concentration of capacity, Gaussian spreading sequence, binary inputs). Assume
the distribution p(s.;;) are standard Gaussians. Given ¢ > 0, there exists an integer K1 = O(|Ine|)
independent of px, such that for all K > K,

PII(X;Y) —Eg[I(X;Y)]| > eK] < 3o’ K
where ay = 1504(643 + 32+ 02) 1.
The mathematical underpinning of this result is in fact a more general concentration result for the

free energy (6), that will be of some use latter on.

Theorem 2 (concentration of free energy, Gaussian spreading sequence, binary inputs.).
Assume the distribution p(s;;) are standard Gaussians. Given € > 0, there exists an integer Ko =
O(|1ne€|) independent of px, such that for all K > Ko,

P“f(gv 3) - Hiﬂlxﬂg[f(g7 S)H > 6] < 36704252\/?

where ag = 3%04ﬁ%(2\/3+ o)72.

We prove these theorems thanks to powerful probabilistic tools developed by Ledoux and Talagrand for
Lipschitz functions of many Gaussian random variables. These tools are briefly reviewed in Appendix
B for the convenience of the reader and the proofs of the theorems are presented in Appendix C.
Unfortunately the same tools do not apply directly to the case of other spreading sequences. However
in this case the following weaker result can at least be obtained.

Theorem 3 (concentration, general spreading sequence). Assume the spreading sequence satisfies

assumption B. There exists an integer K independent of px, such that for all K > K,

PII(X;Y) = Bs[I(X;Y)]| > eK] < o

Plf(y,s) —Ey s[f(y,8)]| > €] < =

for some constant o > 0 and independent of K.



To prove such estimates it is enough (by Chebycheff) to control second moments. For the mutual
information we simply have to adapt martingale arguments of Pastur, Scherbina and Tirrozzi, [22, 23]
whereas the case of free energy is more complicated because of the additional Gaussian noise fluctuations.
We deal with these by combining martingale arguments and Lipschitz function techniques.

The concentration of capacity, namely

«

P[lmaxI(X;Y) — maxEg[[(X;Y)]| > eK] < (17)
Px Px Ke?
would follow from a stronger (uniform concentration with respect to px)
Plmax |I(X;Y) — Es[[(X;Y)]| > K] < — (18)
PX Ke?

To see this it suffices to note that for two positive functions f and g we have | max f —max g| < max |f—g]|.
But unfortunately it is not clear how to extend our proofs to obtain (18). However as announced in the
introduction we can deduce (18) from our theorems, by using the union bound, as long as the maximum
is carried out over a finite set (sufficiently small with respect to K) of distributions.

We wish to argue here that Theorem 2 suggests a method for proving the concentration of the bit
error rate (BER) for uncoded communication

1 1 &
5(1 ~% ;wo,kik) (19)

where the MAP bit estimate for uncoded communication is defined through the marginal of (3), namely
&y = argmax,, _y1p(zx | y,8). We remark that

&y, = sign(zy)

where we find it convenient to adopt the statistical mechanics notation (—) for the average with respect
to the posterior measure (3). For example the average

wr) =Y axp(z | y,s)

(a soft bit estimate or “magnetization”) can be obtained from the free energy by adding first an in-

finitesimal perturbation (“small external magnetic field”) to the exponent in (3), namely hszzl )T,
and then differentiating the perturbed free energy?,

1 d 1
L 0 _ a L
,; 1 xp(rg) = hn% h In Z( s)

However one really needs to relate sign(z) to the derivative of the free energy and this does not appear
to be obvious. One way out is to introduce product measures of n copies (also called “real replicas”) of

the posterior measure
p® | y,s)p@® |y.s)...p™ |y,s)

and then relate
K K
E xk Tk)) E xkxk xkxk>
k=1 k=1

to a suitable derivative of the replicated free energy. Then from the set of all moments one can in
principle reconstruct sign(z). Thus one could try to deduce the concentration of the BER from the one
for the free energy. However the completion of this program requires a uniform, with respect the system
size, control of the derivative of the free energy precisely at h = 0, which at the moment is still lacking®.

4we do not write explicitly the h dependence in the perturbed free energy
Showever this can be done for Lebesgue almost every h



2.2 Independence with respect to the distribution of the spreading sequence

The replica method leads to the same Tanaka formula for general class of symmetric distributions
p(sik) = p(—sik). We are able to prove this: in particular binary and Gaussian spreading sequences lead
to the same capacity.

Theorem 4. Consider CDMA with binary inputs and assume A for the spreading sequence. Let Cy be
the capacity for Gaussian spreading sequences (symmetric i.i.d with unit variance). Then

limK_)+OO(CK — Cq) =0

This theorem turns out to be very useful in order to obtain the bound on capacity because it allows
us to make use of convenient integration by parts identities that have no clear counterpart in the non-
Gaussian case. The proof of the theorem is given in section 5.

2.3 Existence of the limit K — +oc0

The interpolation method can be used to show the existence of the limit K — +oo for Ck.

Theorem 5. Consider CDMA with binary inputs and assume A for the spreading sequences with uniform
input distribution. Then

lim Ck exists (20)
K—o0
The proof of this theorem is given in section 6 for Gaussian spreading sequences. The general case
then follows because of Theorem 4.

2.4 Tight upper bound on the capacity

The main result of this paper is that Tanaka’s formula (10) is an upper bound to the capacity for all
values of .

Theorem 6. Consider CDMA with binary inputs and assume A for the spreading sequence. We have

. .
dim Cie < nin, crs(m) (21)

where crs(m) is given by (10).

If we combine this result with an inequality in Montanari and Tse [10], and exchanging as they do
the limits of K — 400 and sparse — dense, one can deduce that the equality holds for some regime
of noise smaller than a critical value. This value corresponds to the threshold for belief propagation
decoding. Note that this equality is valid even if 8 is such that there is a phase transition (the fixed
point equation (12) has many solutions), whereas in [10] the equality holds for values of § for which the
phase transition does not occur.

Since the proof is rather complicated we find it useful to give the main ideas in an informal way. The
integral term in (10) suggests that we can replace the original system with a simpler system where the
user bits are sent through K independent Gaussian channels given by

N 1

Uk = Tk + \/ka (22)
where wy, ~ N(0,1) and X is an effective SNR. Of course this argument is a bit naive because this
effective system does not account for the extra terms in (10), but it has the merit of identifying the
correct interpolation.

We introduce an interpolating parameter ¢ € [0, 1] such that the independent Gaussian channels

correspond to ¢t = 0 and the original CDMA system corresponds to t = 1 (see Figure 2.4) It is convenient
to denote the SNR of the original Gaussian channel as B (that is B = 0~2). Then (11) becomes

B
A= 1+ BB(1—m)



Figure 1: The information bits zj are transmitted through the normal CDMA channel with variance
% and through individual Gaussian channels with noise ﬁ

We introduce two interpolating SNR functions A(¢) and B(t) such that
A0)=) B(0)=0 and A1)=0, B(l)=B (23)

and

B(t) - B
B0 —m =TT 5B

(24)

The meaning of (24) is the following. In the interpolating t-system the effective SNR seen by each user
has an effective --CDMA part and an independent channel part A(¢) chosen such that the total SNR
is fixed to the effective SNR of the CDMA system. There is a whole class of interpolating functions
satisfying the above conditions but it turns out that we do not need to specify them more precisely except
for the fact that B(¢) is increasing, A(¢) is decreasing and with continuous first derivatives. Subsequent
calculations are independent of the particular choices of functions.

The parameter m is to be considered as fixed to any arbitrary value in [0,1]. All the subsequent
calculations are independent of its value, which is to be optimized to tighten the final bound.

We now have two sets of channel outputs y (from the CDMA with noise variance B(t)~!) and 7 (from
the independent channels with noise variance A(¢)~!) and the interpolating communication system has
a posterior distribution

B(t)

N 1 1 A(t
plaliie9) = gz o5y = Vsl - 2

- 2y ) (25)

Note that here we take without loss of generality px(X) = QLK By analyzing the mutual information
Es[I;(X;Y,Y)] of the interpolating system we can relate Eg[I(X;Y)] (the t = 1 value) to the easily
computed entropy Es[Io(X;Y)] of the independent channel limit. The average over (Y,Y) is now
performed with respect to

B -1 N -
1 — B0 |y N~ g2 2 2”2 (26)

1
o= ax Z (VERB) DN (V2D DK

pe(Y,

|

These equations completely define the interpolating communication system.



In order to carry out this program successfully it turns out that we need a concentration result on
empirical average of the “magnetization”,

K
1 0
mlz—g TLTk
K k
k=1

which, as explained in section 2.1, is closely related to the BER. Informally speaking we need to prove
that the fluctuations of E(|my —E(m1)|) are small. This involves the control of two types of fluctuations,
E(Jmy — (m1)|) and E|{m1) — E{m;)| (by the triangle inequality). In some spin glass problems both
type of fluctuations need not be small at the same time. Indeed it is a quite general fact that the first
one is small for thermodynamic (or convexity) reasons while the smallness of the second is not assured
if replica symmetry breaking occurs (see [9]). Here we use a crucial ingredient that is specific to the
communication set up, namely the channel symmetry, which induces a gauge symmetry and prevents
replica breaking. This, it turns out, allows to prove that both fluctuations are small. The control of
these fluctuations is the object of Theorem 7 in section 3.3. There are technical complications that we
have to deal with because such control of fluctuations is only possible away from phase transitions. For
this reason we have to add small appropriate perturbations to the measure (25) and give almost sure
statements with respect to the strength of the perturbation. By being sufficiently careful with the order
of limits the extra perturbation terms can be removed at the end of the calculations.

3 Proof of bound on capacity: Theorem 6

3.1 Preliminaries

The interpolating communication system defined by the measure (25) allows us to compare the original
CDMA system with the independent channel system. The distribution of y,y is given by (26). This
distribution consists of a summation of 2% terms, each corresponding to different possible input sequence.
Each of these terms contribute equally to the capacity (free energy). The reader can explicitly check
this by making the change of variables z; — z%xy and si — sipal, wip — wrrd, hy — hpa?) which
leave all standard Gaussians invariant. Hence we can assume that a particular input sequence say z° is
transmitted. The distribution of the received vectors with this assumption is

1 B(t) —1 o2 AW~ 02
_ — 2 ly—N"2sz” || — =2 [|[g—z” ||
T (VBO )Y (VI DK o 27

For technical reasons that will become clear only in the next section we consider a slightly more general
interpolation system where the perturbation term

(Y, 71 s)

K K K
hu(z) = Vu Yy hirg +u  afa —Vuy_ |hyl (28)
k=1 k=1 k=1

is added in the exponent of the measure (25). Here hy are i.i.d. hx ~ N(0,1). For the moment u > 0
is arbitrary but in the sequel we will take u — 0. This time it is convenient to perform a new change of
variables y = B(t)~'/?n + N~Y2sz% and § = \(t)~ " 2w + 2°, where n;, w; ~ N'(0,1) and we set (—);.,
for the average corresponding to the posterior measure

Peul(zin, w, h,s) = 7
t,u

exp (3l + NEB() Hs(a? - )| (29
~ Sl A0 - D1 + o))
with the obvious normalization factor Z; ,. We define a free energy
fru(n,w, h,s) = % InZ;.. (30)

For ¢ = 1 we recover the original free energy,

Elf(y,)] = 5 + lim E[fyu(n,w, hs)]

10



while for t = 0 the statistical sums decouple and we have the explicit result®

1 1
5T iig%E[fO’“(ﬂ’ w, h,s)] = ~25 A+ /Dz In(2 cosh(VAz + A)) (31)

where E denotes the appropriate collective expectation over random objects. In view of formula (7) in
order to obtain the average capacity it is sufficient to compute

tim T Efy 0w )] + 5 (32)

K—+ocou—0

There is no loss in generality in setting
) =1 (33)

for the input symbols. From now on in sections 3,4, and 6 we stick to (33). We also use the shorthand
notations

zp=a) —xp=1—z,  fru(n,wh,s)= fi,

Using |hu(z)| < 2y/u )", |hi] + Ku it easily follows that (u small)

[E[fe.u] — Elfeoll < 2vuE[|hy]] +u (34)

therefore we can permute the two limits in (32) and compute

. . 1
zlili% KLHEOO Elfi] + 2

From now on we keep the limits in that order. By the fundamental theorem of calculus,

Bl = Elfonl + | deGEL (3)

Our task is now reduced to estimating
1

. d
N

This is done in sections 3.4, 3.5. This requires a few preliminary results that are the object of sections
3.2, 3.3.

3.2 Nishimori identities

As already alluded to in the introduction the “magnetization” plays an important role

| X
mp = E;xk (36)

A closely related quantity is the “overlap parameter”

K
1 1 (2
G2 = 7= ;wé Ja? (37)

where ZC](:) and :C,(f) are independent copies (“replicas”) of the x. This means that the joint distribution

of (:C,(cl),x,(f)) is the product measure

pe(zW|n, w, b, $)p: (2|0, w, b, s)

The average with respect to this joint distribution is denoted (by a slight abuse of notation) with the
same bracket (—);,. The important thing to notice is that the replicas are “coupled” through the
common randomness (n,w, h,s).

6it is also straightforward to compute the full u dependence and see that it is O(y/u), uniformly in K

11



Lemma 1. The distributions of m1 and qi12 defined as
Py (2) = E(0(x —m1))eu,  Pou () = E(6(z — q12)) 10

are equal, namely

]P)ml (:E) = ]P)¢h2 (:E)
In particular the following identity holds

E[(m1)t,u] = E[(q12)¢,4] (38)

Such identities are known as Nishimori identities in the statistical physics literature and are a consequence
of a gauge symmetry satisfied by the measure E(—);,. They have also been used in the context of
communications (see [11],[16]). For completeness a sketch of the proof is given in Appendix F.

The next two identities also follow from similar considerations.

Lemma 2. Let
B(t)

Z=n+ Tsé
Consider two replicas Z(O‘), a = 1,2 corresponding to z,ga) =1- xgga). We have then

1

—E[{|IZ]*)t,] =1 39

R e (39)
and

E[{(n-Z2) (2" - 2®))eu] =D E[(n- 2)2k)1] (40)
k

3.3 Concentration of Magnetization
A crucial feature of the calculation in the next paragraph is that m; (and ¢i2) concentrate, namely

Theorem 7. Fiz any e > 0. For Lebesgue almost every u > e,
1

lim AtE(|m1 — E{m1)iu])e =0
N —o0 0

The proof of this theorem, which is the point where the careful tuning of the perturbation is needed,
has an interest of its own and is presented section 4. Similar statements in the spin glass literature
have been obtained by Talagrand [9]. The usual signature of replica symmetry breaking is the absence
of concentration for the overlap parameter g12. This theorem combined with the Nishimori identity
“explains” why the replica symmetry is not broken.

We will also need the following corollary

Corollary 1. The following holds

1 1
WE«Q : 3&)(1 - m1)>t,u = WE@ 8§>t,u(1 - E<m1>t,u) + ON(l)

with limpy 400 on (1) = 0 for almost every u > 0.
Proof. By the Cauchy-Schwartz inequality

ﬁ]E((n -82)(E(ma )ty —mi))tu S#(E<(ﬂ  52)%)p.0) /2

X (B{(E{ma) e, — m1)*)0) "/

Because of the concentration of the magnetization my (theorem 7) it suffices to prove that
2
E((N#Y misun) ) <D 11
; 194l <1 tu ( )

for some constant D independent of N. The proof follows from the central limit theorem and is given
in Appendix G. O

12



3.4 Computation of %E[fw]

We have p
Bl = T+ T (42)
where
T O B A4 O S
T = QMKE<_ 2t 5K E(z - 2)t,u (43)
and
et PO gz (44)
2 K\/NQ\/W = </t u

3.4.1 Transforming T

Integration by parts with respect to wy leads to

n= 20 g A2 -2

21/A( t)K
N D) N(t)
2\/—K w + - WE@ : E)t,u
= —)\2(t)E<1 — 2m1 —+ q12>t = —@F&l — m1>t7u

To obtain the second equality we remark that the w terms cancel and for the third one follows from
(38). From the relation between A(t) and B(t) given in equation (24), T} can be rewritten in the form

B'(t)

T = E(1 — u 4
LT S E AL —myBER L T M (45)
3.4.2 Transforming 75
The term T5 can be rewritten as
B'(t) 2 B'(t) 2
Ty = ———F=E(|| Z v+ —=—==E
2= ~gapn E e T g
B'(¥)
+—————FEn-s2)tu
2/B)KVN sz
Because of (39) the first two terms cancel,
B'(¢)
=——— " F(n-s2). 46
2/B)KVN (o sz (46)

Now we use integration by parts with respect to s;i,
B'(t)
2KN
and the Nishimori identity (40)

B'(t)

== OKN

E{(n-2)(z 2))u + E{(n- Z2@) (" 20

Sy

Ty =

(1)
SEN Z E((n- 2)zk)t,u

- 2 NKZE Han)eal

B'(
_ 2KN3/2 ZE 1 —Ik)>

13



Since +||n||? = & Y, n? concentrates on 1, we get

Ty = — wﬁﬂi(l —mi)tu +on(1)
BB/ (1) /B
- BB OV - 52)(1 o)

Applying Corollary 1 to the last expression for T together with (46) we obtain a closed affine equation
for the later, whose solution is

B'(t)E(1 —ma),
2(1 + BB(H)E(l —m1)iw)

Ty = — +ON(1) (47)

3.5 End of proof
We add and subtract the term % In(1 4 GB(1 —m)) from (35) and use the integral representation

BB'(t)(1 —m)
%m(HﬁB( 25/ 11 ABM)(1—m)
to obtain
1 , .
£l = Elfnd = -+ 500 + LGBl + 57 )

If one uses (42) and expressions (45), (47) some remarkable algebra occurs in the last integral. The
integrand becomes
B')(1 —m)

2(1+ pB(t)(1 —m))?

R(t) +

with

BB'(t)B(t)([E{ma — m)s.)?

R(t) = 2(1+ BB()(1 —m))2(1 +5B( JE(L —ma)t,u)

So the integral has a positive contribution fol dtR(t) > 0 plus a computable contribution equal to

% 2(1 —m). Finally thanks to (31) we find

% FE[fra] = /Dz In(2 cosh(v/ 3z + \)) — % ~ 55 (1 + 8B —m)
_ %(l—l—m)—l-/l R(t)dt + ox (1) + O(va) (48)
0

where for a.e u > €, limy_ocon(1) = 0. We take first the limit N — oo, then u — ¢ (along some
appropriate sequence) and then e — 0 to obtain a formula for the free energy where the only non-

explicit contribution is fol dtR(t). Since this is positive for all m, we obtain a lower bound on the free
energy which is equivalent to the announced upper bound on the capacity.

4 Concentration of Magnetization

The goal of this section is to prove Theorem 7. The proof is organized in a succession of lemmas. By
the same methods used for Theorem 2 we can prove

Lemma 3. There exists a strictly positive constant a (which remains positive for all t and u) such that
_ 2
Pllfou = Elfiall > = O(e7"VE)

The perturbation term (28) has been chosen carefully so that the following holds,

14



Lemma 4. When considered as a function of u, fi. is convex in u.

Proof. We simply evaluate the second derivative and show it is positive.

dftu
o = (2D~ g I

where we have defined .
L g = —— hpxy + — Tk
CEVPILES Y

Differentiating again,

Pfru 1< -1 Zh > N 1 Z|h|
du? K \4u3/2 - kK tu  Aud/2K - k

+ K((L(@))0 — (L(@))],) > 0 (49)

The quantity L(z) turns out to be very useful and satisfies two concentration properties.

Lemma 5. For any a > € > 0 fized,

/a duE<‘L(£) —(L(@))tu

€

)= 0(7%)

Proof. From equation (49), we have

/a duIE< (L(g) _ <L(£)>t,u)2>t’u < /Ea du% CZJ—;E[ft,u]

< = (5Bl - T-Elfd]) = O(%)

In the very last equality we use that the first derivative of E[f; ,] is bounded for u > e. Using Cauchy-
Schwartz inequality for [E(—);. we obtain the lemma. O

Lemma 6. For any a > ¢ > 0 fized,

| |z - 5@

:O(Klﬁ)

Proof. From convexity of f;, with respect to u (lemma 4) we have for any ¢ > 0,

d d Jturs — ftu d
_ft,u - %E[ft,u] S - _E[ftu]

du ) du
< ft,u+5 - E[ft,quJ] _ ft,u - E[ftu]
- ) 1)
d d
+ @E[ft,wé] - @E[ft.,u]

A similar lower bound holds with § replaced by —d. Now from Lemma 3 we know that the first two
terms are O(K1). Thus from the formula for the first derivative in the proof of Lemma 4 and the fact

that the fluctuations of Zk:l |hi| are O( \/?) we get

<50(7) + (1)

d d
"F%E[ft,u-i-(s] - %E[ftu]

E <L(§)>t,u - E<L(x)>t,u

15



We will choose § = —1-. Note that we cannot assume that the difference of the two derivatives is small

8
because the first derivative of the free energy is not uniformly continuous in K (as K — oo it may
develop jumps at the phase transition points). The free energy itself is uniformly continuous. For this
reason if we integrate with respect to u, using (34) we get

[ duefiri@)en - BL@)] <

Using the two last lemmas we can prove Theorem 7.

Proof of Theorem 7: Combining the concentration lemmas we get

[ 0w ~ Bl < 0()

For any function g(z) such that |g(z)| < 1, we have

/a du|E(L(2)g(z))t,u — B(L(2)),ulB9(2))t,ul) b0 < /a dul(|L(z) — BE(L(z))t,ul)t,u

€ €

More generally the same thing holds if one takes a function depending on many replicas such as
g(z™M, 2(?) = ¢15. Using integration by parts formula with respect to hy,

1
E(L Yy = E<— h > E .
( (£)Q12>t, 2K\/ﬂ; ETEq12 . + <m1Q12>t,

1 1
= §E<(1 + q12)q12)tu — §]E<(Q13 + q14)q12)t,u + E(miqi)tu

1 1
= §E<(1 +q12)q12)t,u = §E<m1 +m3)tu (50)

where in the last two equalities we used the Nishimori identity (38). By a similar calculation,

E(L(z))t,uE{q12)tu = %Eﬂ — @12+ 2ma)e JE{q12) 0
= 5 (Efma)e + (Elmi)i)?) 61)

From equations (50) and (51), we get

[l @) < 02 )

Now integrating with respect to ¢ and exchanging the integrals (by Fubini’s theorem), we get

a 1 9 9 1
/6 du/o dHEm3) 10 — (E(ma)ia)?] < O(K%)

The limit of the left hand side as K — oo therefore vanishes. By Lebesgue’s theorem this limit can be
exchanged with the u integral and we get the desired result. (Note that one can further exchange the
limit with the ¢-integral and obtain that the fluctuations of m4 vanish for almost every (t,u)).

5 Proof of independence from spreading sequence distribution:
Theorem 4

We consider a communication system with spreading values r;;, generated from a symmetric distribution
with unit variance and satisfying assumption A. We compare the capacity of this system to the Gaussian
N(0,1) case whose spreading sequence values are denoted by s;z. The comparison is done through an
interpolating system with respect to the two spreading sequences

Vik(t) = Virg +VI—tsg, 0<t<1

16



Let v(t) denote the matrix with entries v (¢t) and let v,(t) denote the ith row of the matrix. By the
fundamental theorem of calculus the capacities are related by

Crx = C, = BrlC(r)) ~ Es[O(s)] = [ dt By COv(0)

From (7) the derivative is equal to

d

@ BylCv(D)] = ~EsEn By v [/ (3 v(1)]

dt

As before we can assume that the transmitted sequence is s°. It is convenient to first perform the change
of variables y = n + N~12y(t)z° and then perform the ¢ derivative. One finds

FEVOICEO)] = B ( (a4 ooy - 0) VO - D), 5

where (—); is the average with respect to the normalized measure

1

L -1 0 2
5K 7, ln = N72v(t)(2” - 2)|%)

exp(— 52

We split (52) in two contributions Ty — T% corresponding to

1 1

"t) = —r— ———s
v 2Vt 21—t

For T we have
) 1
T, = ZTl (i,k) = —= ZES,R,ﬂ[ﬁkgik] (54)
= 2Vt 45

with

= = (v~ 0)) (=), (55)

For T5 we have
1
=S "T(i,k)= ——S E i 56
2 ;; 2(i, k) 2@; S.R,N[SikGik] (56)

with the same expression for g;;. For each contribution in the sums (54), (56) we use integration by
parts formulas. For (54) we use the formula (it is an exercise to check that it is valid for any symmetric
random variable)

5 Og(r; ‘T”“I 33 u
Elricg(ra)] = E[rf, %( i [mk'/l e 81(3)%}
9g(rik)

WHE{( 1)/Om a;fifz) ]——E[|nk|/m| _ 2 a;fg)du} (57)

ITIk‘

and for (56) we use the standard Gaussian (unit variance) integration by parts formula

Blsug(sin)] = B25°) (59)

When we consider T; — T3 the term corresponding to the expectation in (58) cancels with that of the
first expectation in (57) and we get

_ 1 2 i 829#@( Iris 8 ik (u)
Tl—Tz—Tﬁ;E[<rik—1> [ ] - g a e [ o | (59)

|Tzk|

17



It remains to prove that both terms with the partial derivatives tend to zero as N — +4oo. This
computation is rather lengthy and is deferred to Appendix E, but for the convenience of the reader we
point out the mechanism that is at work. On the expression for g;;, one sees that when the 88_;2 and 88_;3
derivatives are performed extra powers N~ and N~3/2 are generated. Therefore we get

Tik 92 ,.
E {(7“1219 - 1)/ 0 g;k duik:| =O(N°7?) (60)
0 3uik
and el ,
Tik 6
[|n,€|/ uh) 5 fdum] — O(N3) (61)
|7‘zk‘ Wik,

Since one sums over KN terms one finds that the final contributions are O(N~/2) and O(N~1).

6 Proof of existence of limit : Theorem 5

Let us recall the following relation between the free energy and the capacity.

1
Cx = 55 ~ Bl (@) (62)
where f(y,s) is defined in (6) with px (z) = 3. This implies that it is sufficient to show the existence of
limit for the average free energy Fx = E[f(y,s)]. The theorem is proved by showing that the sequence
K Fi is super additive, KFx > K1 Fk, + I_(ngz for K = Ky + K5. From standard theorems it then
follows that the limit Fg exists. As in the previous sections, working directly with this system is difficult
and hence we perturb the Hamiltonian with h,(z) as defined in (28).

1 1
Hy(z) = -5 5ln+ i
Let us define the corresponding partition function as Z, and the free energy as Fg (u) = £E[In Z,]. The
original free energy is obtained by substituting u = 0, i.e., Fx = Fk(0). From the uniform continuity of
Fr (u), it is sufficient to show the convergence of Fx (u) for some u close to zero. Even this turns out to
be difficult and what we can show is the existence of the limit f;l:e Fi(u)du for any a > € > 0. However
this is sufficient for us due to the following: from the continuity of the free energy with u (34) we have

s(L—2)|” + hu(z) (63)

2e 2e
| Fctw) — 100y < i < [ (Fcla) + 0]y
Since the limit of the integral exists, we have

[lim sup Fx — hmlnf]:K| <|0(1)|Ve
K—oo
This € can be made as small as desired and hence the theorem follows.

Let K = K; + K5 and let %, %, % € N. This assumption can be removed by considering their
integer parts. But we will stick to this assumption to simplify the proof. Split the NV x K dimensional
spreading matrix s in to two parts of dimension N7 x K and N2 x K and denote these matrices by s1, so
respectively. Let t1, to be two spreading matrices with dimensions N1 x K7 and Ny x Ks. All the entries
of these matrices are distributed as A/(0,1) and the noise is Gaussian with variance o2. Similarly split
the noise vector n = (n,,n,) where n; is of length N; and z = (z,,2,) where z; is of length K;. Let us
consider the following Hamiltonian:

Hyu(z) =~ gl + %sml z)+ Y Ft
| Vi VI—T

— —|ny + —=s2(1 — z
5o7 2 \/NQ(‘ o)+ VN2

Note that the all-one vectors 1 appearing above are of different dimensions (the dimension is clear from
the context). For a moment neglect the h,(z) part of the Hamiltonian and consider the remaining

11—y

t2(1 — 25) [ + h(z)
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part. At ¢t = 1, we get the Hamiltonian corresponding to an N x K CDMA system with spreading
matrix [ 21 . At t = 0 we get the Hamiltonian corresponding to two independent CDMA systems with
2

spreading matrices t; of dimensions N; x K;. As before we perturb the Hamiltonian with h,(x) so that
we can use the concentration results for the magnetization.

Let Z, . be the partition function with this Hamiltonian and the corresponding average free energy
is given by g, = #E[In Z,.]. Note that g1, = Fx(u) and go.u = 52 Fk, (u) + 52Fk, (u). From the
fundamental theorem of calculus,

1
d
91u = Jo, +/0 29t (64)

Letz, =1—2,, Z, =n, + 1/ Siz+ 4/ %tigi. Using integration by parts formula with respect to the

spreading sequences, the derivative can be simplified as follows

d 1 1 1
dt v TRt E< Z 2(_ : N, ‘ 2)>

Z E< (2W. Z<2))(%g<” L@ %é” .£§2>)>t (65)

K3 k]

2K 04 5
The system with Hamiltonian Hy ,(z) has Nishimori symmetry and hence we can derive results similar
to Theorem 7 and Lemma ?7. In addition to these we need one more Nishimori identity which we did
not use before.

1
IE< 2.zl o Lo e >
(—z 2] )(Nﬁ Z - ) .
:E<(n2)(i1z—i1z)> (66)
—1 =1 N— = Nl_ fad ) t_’u
Let
K | K S
Z j > mll—_zxj, andmu:? Z T
Ky 2
J Jj=1 j=K;+1
Let € > 0 be fixed. Using  E(||Z;[*)¢,. = 1 and Theorem 7, for a.e., u > € and a.e., t > 0, we get
dgtu _ Z E<’n, - Z. > E<m1 m11>tu+OK(1)
dt 2KU4

i=1

2Ko—4 ; i \/>512 + \/7 —mii)tu + 0k (1) (67)

Now using integration by parts formula with respect to the spreading sequences, and doing transforma-
tions similar to section 3.4.2, we get for a.e., u > € and a.e., t > 0,

i . 1 Z K1E<(1 —ml)t—i— (1 —mli)(l _t)>t,u
7" TNt 2= T+ fo2E{(1 —mn)t + (1 — ma)(1 — 0))ea
_ Z K;E(mi — ma)tu

2K0? £, 1+ o 2E((1 —m)t + (1 = mi)(1 = 1)

E(my — mi)e 0 + ok (1)

+ox(1) (68)

Let us define a function 74,5, b, (t) as follows,

) Kia—b)
Na,by,ba (t) - 2K0—2 :Z 1+ ﬁg—z((l — a) (1 — bz)(l - t))

Note that for a = E{(m1)¢u, bi = E(m1i).,, we get the summation in (68). When a, b; satisfy

K K
= —1b1 + —2b2 (69)
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the function 14, b, () has the following useful properties: 74, 5,(1) = 0 and the derivative with ¢ of
this function given by

1 ﬂKl(a — bz)2
2Kt ;2 (1B 20 —a)+ (1 —b)I-0)2 =" (70)

Therefore for any a, b; satisfying (69), 74,5, 5, (t) < 0 and hence we can claim the summation in (68) is
also non-positive.
Bringing the ox (1) in (68) to the left, we get for a.e., u > ¢,

1
d
/ — gt +0ox(1) <0 (71)
Therefore for a.e., u > €, we get

910+ 0K (1) < gou (72)

Let a > ¢ be a constant. Then

/gl,udu+oK(1)§/ 90,udu

which implies
a K @ K @
/ Fr(u)du + ok (1) < ?1/ ]—'Kl(u)du—i-??/ Fr,(uw)du

which in turn implies that limg oo [ Frx(u)du exists.

7 Extensions

In this section we briefly describe three variations for which our methods extend in a straightforward
manner.

7.1 Unequal Powers

Suppose that the users transmit with unequal powers P,

K
1
i:—E SikVPrxr + on;
Y \/Nk:1 k Tk

with normalized average power % > P, = 1. We assume that the empirical distribution of the Py tends
to a distribution and denote the corresponding expectation by Ep[—].

The interpolation method can be applied as before. We interpolate between the true communication
system and a decoupled one where

- 1
Yk = VP + ﬁwk

Let P denote the diagonal matrix Pydgr . The relevant posterior measure replacing (29) is now

1 1 1
potel i s) = 5 (5 ln - N RsVR - )P (73)

Ztu

1
- 5l = MOV - I )
where A(t) and B(t) are related as in (23). The whole analysis can again be performed in exactly
the same manner with the proviso that the correct “order parameters” are now m; = % > Pyxy, and

G2= %> kaggl):zr,(f). One finds in place of (48)

% +E[fiu) =— % +Ep [/ DzIn(2 cosh(vV/PAz + P)\))}
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1
- %(1 +m) — %ln(l +8B(1—m)) +/0 R(t)dt

where R(t) has the same form as before but the with new definition of my. From the positivity of R(t)
we deduce the upper bound (21) on the capacity with cgs(m) replaced by

—Ep [/ Dz1In(2 cosh(vV PAz + P)\)] + %(1 +m) — % In \o®

7.2 Colored Noise

Now consider the scenario where
K
! +
Yi = 7= Z SikTk T 1
N k=1

with colored noise of finite memory. More precisely we assume that the the covariance matrix E[n;n;| =
C(i,j) (depends on |i — j|) is circulant as N — +oo and has well defined (real) Fourier transform
(the noise spectrum) C(w). The covariance matrix is real symmetric and thus can be diagonalized by
an orthogonal matrix: I' = OCOT with OOT = OTO = I. As N — +oo the eigenvalues are well
approximated by v, = C'(Qw%) Multiplying the received signal by T'=1/20 the input-output relation

becomes
K

1
/ /
Y= —F—= g tikxr +n;
k=1

where

y; = (L7?0y)i,  nj=(I""0n),
The new noise vector n’ is white with unit variance, but the spreading matrix is now correlated with
E[tiktﬂ] = 5”‘61@17;1 (74)
One may guess that this time the interpolation is done between the true system and the decoupled

channels

N 1
Yk = T + —F=— Wk
\/Xcol

where this time

et o 27 C(w)+BB(1—m)

Note that C'(w) = 1 when the noise is white and we get back the A defined in (11). The interpolating
system has the same posterior as in (29) but with A.,;(t) and B(t) related by

27 d_w B(t) 7 27rd_w B
/0 21 C(w) + BB(t)(1 — m) T Aearlt) = /0 21 C(w) + BB(1 —m)

The only difference in the subsequent analysis is in the algebraic manipulations for the term 75 in section
3.4.2. Indeed these require integrations by parts with respect to the spreading sequence which involve
(74). The analog of (47) now becomes

1 — m1>t

1S B'(t)E(
Loy ,; 2(yn + BB(H)E(L — m1)y)

/2” dw B'()E(1 —m1); "
o 27 2(S(w) + BB(H)E(L —my);)

(75)

This finally leads to the bound on capacity with cgg(m) replaced by,

—/Dz In 2 cosh(v/ Aotz + Aeot) + )\;Ol (1+m)

1 (7 dw C(w)
+%/0 %IHC(w)—i—ﬁ(l—m)
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7.3 Gaussian Input

The interpolation method also works for non binary inputs. Here we consider the simplest case of
Gaussian inputs with distribution (13) (which achieves the maximum of the mutual information for any
symmetric s;x). Here we outline the necessary changes in the analysis.

The interpolation is done as explained in section 2.4 except that (25) is multiplied by the Gaussian
distribution (13). In (26) we also have to include this Gaussian factor and the sum over z, is replaced
by an integral. Then as in section 3.1 we do the change of variables y — B(t)~'/2 + N=%/2s2% and

y— A(t)~Y2w + z°. The posterior measure used for the interpolation becomes

1 1
potel . s) = 5o —5ln - N s - o) (76)

2
_ lell
2

1 1 €

— —Jlw = A1)2(2° - 2)||* + hu(z) | ——=

5l = 2O ) +h@) ) G

and we have to compute limg oo limy,—o E[f1 (1, w, h,s,2")]. The main difference is that now the

expectation [ is also with respect to the Gaussian vector z,. The algebra is done as in section 3 except

that x% is not set to one, zy is replaced by :cg — xj, and the correct order parameters are m; = % > x%xk
and =1y 1) .(2)
q12 = % Ty Ty .

The interpolation method then yields in place of (48)

% +E[fiu] = —% — %ln(l + ) — %ln(l + BB(1 —m))
+ 3(1 —m) +/0 R(t)dt + O(v/u)

where R(t) is the same function as before but with new definition of m;. Again the positivity of R(t)
implies that the replica solution is an upper bound to the capacity.

8 Concluding remarks

In this contribution we have shown that the capacity of binary input CDMA system with random
spreading is upper bounded by the formula conjectured by Tanaka using replica method. The approach
we follow is by developing an interpolation method for this system. This idea has its origins in statistical
mechanics and has been applied to Gaussian energy models. The current system is very much different
from those models and the proof we develop is also significantly different. In fact this model is closer to
the Hopfield model for neural networks, for which the interpolation method is still an open problem.

We also show that the capacity and the free energy functions concentrate around their average in
the large-system limit. In addition we prove a weak concentration for the magnetization for a system
which is slightly perturbed using a Gaussian field. It might be interesting to show a similar result for the
CDMA system itself which has some implications towards proving the concentration of the BER. We
also show the independence of the capacity from the spreading sequence distributions in the large-system
limit.

We expect that the powerful probabilistic tools used here have applications for other similar situations
in communication systems. We have shown some of the extensions here but there are many other cases
like constellations other than binary, CDMA with LDPC coded communication to name a few, to which
this method can be applied. In all these cases we can prove an upper bound on the capacity. The most
interesting and also important open problem is to prove the lower bound. This seems to be a difficult
problem and again the standard techniques fail. Other important problems are proving the conjectures
related to the BER of various decoders.

A Relation between capacity and free energy

Replacing (3) in the conditional entropy

H(X|Y) =~ By [Zp@g, &) Inp(zly. )
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x

The first term on the r.h.s is equal to Ey [In Z(y, s)] because ) p(z | y,s) = 1. The second term on the
r.h.s can be computed exactly. Indeed, B

1 1
By | ol 5) 5 IV Esz - 1P|
Z(y,s) 1 ,
= | dy————— zly,s)—=|| N~ 2sz — y||?
= 5 plely 97,z IN sz -

1 1 -3 2
= x dy—— = oz INT Zsz—yl
Emﬁpz(_) / Y Jonan)

1 1
X?HN 2sz —y|”
7N7 K

2 23

A similar calculation shows that the third term is equal to H(X). Therefore the relation between
Shannon’s conditional entropy and the free energy is

H(X |Y) = Ey[In Z(y,8)] + % +H(X)

This is equivalent to the announced relation (8).

B Probabilistic tools

Our proofs rely on a general concentration theorem for suitable Lipschitz functions of many Gaussian
random variables [24], [9] and this is why we need Gaussian signature sequences. In the version that we
use here we need functions that are Lipschitz with respect to the Euclidean distance. More precisely we
say that a function f:RM — R is a Lipschitz function with constant Ly, if for all (u,v) € RM x RM

[f(w) = f()] < Lallu —2f

When another distance is used the function will still be Lipschitz but one has to carefully keep track of
the possibly qualitatively different M dependence.

Theorem 8. [24] Let (Ur,...,Upn) = U be M independent identically distributed Gaussian random
variables with distribution N'(0,v?) and let f : RM — R be Lipschitz with respect to the Euclidean
distance, with constant Ly;. Then f satisfies

+2

Pl f(w) — Elf @)]] > ] < 2¢ >

In our application it will not be possible to apply directly this theorem because the relevant function
is Lipschitz only on a subset G C RM. It turns out that the measure of the complement G¢ is negligible
as M — 4o0. For the “good part” of the function supported on G we will use the following result of
McShane and Whitney

Theorem 9. [25] Let f : G — R, be Lipschitz over G C RM with constant Lys. Then there exists an
extension g : RM — R such that g|g = f which is Lipschitz with the same constant over the whole of
RM,

From these two theorems we can prove the following.
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Lemma 7. Let f and g be as in theorem 9. Assume 0 € G and E[f(u)?] < C?, f(0)? < C? for some

positive number C. Then for
> 3(C+ vV M)/ P(G)

+2

P[f(u) — E[f @)]| > ] < 2¢ 73 + P[G]

l\:zlw~

we have

Proof. We drop the u dependence to lighten the notation. Notice that 0 € G implies f(0) = ¢(0). Thus
g(0)2 < C2. Also, since g is Lipschitz on the whole of RM

Elg°] < 2(9(0)* + E[(g — 9(0))*))
< 2(C* + LaE[]l2?]])
=2(C?* + Mv*Ly)
Furthermore on G we have g = f, so by the Cauchy-Schwartz inequality
Elg - £1l = [E[(g — f)1c]
(Elg]"/? + E[f*]'/?)V/PIG*]
(C' + V2(C? + Mv*Lar)"/?)/P[G]

< 3(C + vV MLy )/P[Ge] <

IN H

IN

N =+

Moreover
Pllf —Ef| >t =Pllg-Ef| >t |U € G|P[G]
+P[If —Ef| >t |U € G|P[G"]
<Plg—Eg| >t~ |Eg — Ef]] + P[G“]
The result of the lemma then follows from

t
Pllg — Eg| > t — |[Eg — Ef[] < P[|lg — Eg| > 5]

and the application of theorem 8. o

In order to prove Theorems 1 and 2 it will be sufficient to find suitable sets G with measure nearly
equal to one (as M — 400), on which the capacity and free energy have a Lipschitz constant Ly; — 0.

C Proofs of Theorems 1 and 2

For the proofs, it is convenient to reformulate the statements of the theorems as follows. Let 1 be
the K dimensional vector (1,...,1), s” be the K x N matrix with elements sjxzf. We set p% (z) =

HkK:1 px (z,2Y) and consider the partition function

Z/(Q, SO) _ Zp%(x)e L IN T2 (2 —1)—on]|? (78)

where we recall that n = (ng,...,ny) are independent Gaussian variables N'(0,1). Notice that due to
the invariance of the distribution of s;; under the transformation s;; — x%sik,

Eys[nZ'(n,s")] = Ey slln Z'(n,s)]
The statements of Theorems 1 and 2 are equivalent to

|pr JEx[In Z'(n,s°)]—En s[ln Z' (n, s)]| > tK] < 3N (79)

and
pr )| In Z'(n,s°) — By s[ln Z'(n,s)]| > tK] < 3¢~ VN (80)

1/2

To see this use the change of variable y = N™*/“sz,+on followed by x) — zx) in the partition function

summation (4).
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C.1 Proof of (79)

Let B be a positive constant to be chosen later and define

G = {s|for all z,2°, ||s°(z — 1)||* < BN}
Lemma 8. We have the following estimate for the measure of G,
P(G°) < 352% ¢~ 10

Proof. First notice that for any given z,

K
1
77 > shlwk—1), i=1,..,N
k=1

are independent Gaussian random variables with zero mean and variance (a?) smaller than 4. Thus the
identity

implies (because a? < 4)
N
El

E[er @ DI < o

Then from the Markov inequality, for any z

P(|s’(z — 1) > BN) < 2% ¢ ek =25 ¢ 16
The result of the lemma then follows from the union bound over 3% possible Z, — & vectors. O

We will apply Lemma 8 to

ZPX )En[In Z'(n,s°)]

for a suitable choice of B. In the application the matrix s is to be thought as a vector with KN

components and norm
N K
o= ()

i=1 k=1

[N

Clearly 0 € G and f(0)? = (£En[3]|n/[?])* = 1/48%. Also it is evident that In Z’(n,s?) < 0. On the
other hand restricting the sum in the partition function to z = 1 we have

1 N
En[o?|n|?] — EH(K) > 3K In2

1

Therefore we have

1&m#1<%+mm

Let us now compute the Lipschitz constant.

Lemma 9. K‘lEﬂ[EEO px (2°)In Z'(n, s°)] is Lipschitz on G, with constant

72\/—K \/_-l-\/_a)
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Proof. The exponent of the partition function is”

H(n,s%,2) = 5 |IN"?"(@ ~ 1) — o (81)
202
In the section C.4 we show that for (s,t) € G x G
|H(n,s",2) = H(n,t°,2)| <o7*2/B(VB + ||n])||s - t|| (82)

Using this inequality together with
_H(ﬂv 507£) S _H(ﬂa toaz) + |H(ﬂv 507£) - H(ﬂv t0;£)|
we have for (s,t) e G x G

3. Px (@) exp(—H (n,s°, z))
>, P (@) exp(—H (n, %, z))
Z P (@) exp(|H (n,s°, z) — H(n,t% z)| — H(n, t°, z))
> 0% (@) exp(—H (n, t°, z))
<o 22y/B(VB+ |nl)|ls - t|

Therefore taking the expectation over the noise, we get

|pr JEx[In Z'(n,s° pr JEx[In Z'(n, t%)]|

In

< 0‘22\/3(\/5 +oE[[nl])]s — ||
< 07%2\/B(VB + oE[||n]*"*)|ls — ¢

which yields the Lipschitz constant of the lemma. O

Finally (79) follows from Lemmas 7, 8 and 9 with the choice B = 326(2K + N). We obtain a3 =
1/(8KL3,) > o1 /(168(648 + 32 + o2)).

C.2 Proof of (80)

This case is more cumbersome but the ideas are the same. We choose the set G as

G = {s,n | max|mi| < VA and for all z, |s(z — 1)||* < BN}

where, as before A and B will be chosen appropriately later on. For Gaussian noise P[|n;| > VA] < 4e~%
therefore from the union bound P(max; |n;| > V/A) < 4Ne~%. Using Lemma 8 we obtain an estimate
for the measure of G,
P[G] < 4ANe™ 7 4 2K+% 15
The goal is to apply Lemma 7 to f(n,s) = In Z'(n,s") defined on R¥ x RVK,
Clearly (0,0) € G, f(0,0) = In2 and by the same argument as before we have E[f(n,s)?] < (% +

In2)? = C2. Tt remains to compute the Lipschitz constant.

Lemma 10. The free energy K—11InZ'(n, s") is Lipschitz on G with constant

22/ +0)K ' (6vVNA + VB)

7a Hamiltonian
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Proof. For the same Hamiltonian (81) we show in section C.3
|H(n,s",z) — H(n,t°,z)]
<07%2(2y/B +0)(oVNA+ VB)|(n,s) — (m, 1) (83)
Then proceeding in the same way as in the proof of Lemma 9 we get
|In Z'(n,s%) — In Z’'(m, t°)]
223 +0)(oVNA+VB)|(n5) - (m. t)]
o

We can now conclude the proof of (80) by collecting the previous results and choosing A = VN Jo?
and B = 323(K + N). This gives ap = 1/(8VKL%) > 0*32 /(32(2V/B + 0)?).

C.3 Proof of (83)

Let n, m be two noise realizations and s, t two spreading sequences all belonging to the appropriate set
G. Let y =z — 1. First we expand the Euclidean norms

IN-Es0y — onlf? — [N~ — om?

= 0?||n)l* - o®||ml* + N7 (lIs°y)1* - [[t"y*)
— 20N~ ( s’y —m' - t%)

=o*n—m)'- (n+m)+ N~ ( toy) (soy—i—tog)
—20]\775(@ m)" sy — 20N~ 2! (s —t%)

We estimate each of the four terms on the right hand side of the last equality. By Cauchy-Schwartz the
first term is bounded by

In — ml|n+ m|| < VNmax;(jni| + |mi) | — m]|
<2VNA|n—m||

Using Cauchy-Schwartz and [|(s” —t°)y|| < [|s®—t°||||y|| where ||s®—t°|| = ||s—t]| is the (Hilbert-Schmidt)

norm,
N K 1/2
sl = (30X tsa - ?)

i=1 1=1
we obtain for the second term the estimate

N7 is = eIyl (Is°yll + 18°yl) < N7His — tl|l2v' K2V BN
=4/6B]s — t||
Similarly the third term is bounded by,
2N o — m||s%y]| < 2N7# |n— m[| VBN
=2VB|n - m|
and the fourth one by
2N % ||mllls — tllllyl < 2N~ VNA|ls — t]2VE
=4y/BNA|s — t]
Collecting all four estimates we obtain
IN“2s(@ — 1) — on|)* - [N~ 2tz — 1) — om®
< 20(cVNA+VE)|n— m| + 4/BoVNA+ VB)|s — |
<2(2y/B+0)(0VNA+VB)|(ns) - (m,t)]

where the last norm is the Euclidean norm in RY x RVK,
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C.4 Proof of (82)

Let s and t be two spreading sequences both belonging to the appropriate G. Let y = x — 1. Following
similar steps as in the previous paragraph with n = m the result can be read off

IN~28% — on||? — [N~ 2t% — on|?

< 4v/B(VB +olal)ls -t

D Proof of Theorem 3

The idea of this proof is based on [22],[23].

Proof. Here, for simplicity of notation and without loss of generality, we assume the noise variance to
be 1 and the second and fourth moments of spreading sequences to be less than 1. For [ < K| let ¢; be
the sigma algebra generated by {s;r : 1 <i < N,1 <k <I[}. and set

L=EI(X;YV)|¢], vi=fi—fix
Then

K
E(I(X;Y) - E[I(X;Y)])* = ) E[¢7]
=1

The goal is to bound each term in this sum by O(KL) Here we use the following form of the mutual
information

I(X;Y) = —% - Eﬂ[Zpé(go) hlZp&(&)eH(Eo&)}

: SN v
Z \/—an zkxk QNZ (Zslk r— Tk ) + \/N%nzslkxk

In the above expanded form, the first two terms do not involve z and hence the concentration of these
terms follows very easily. Therefore, in the rest of the proof we consider the Hamiltonian with only the
remaining two terms. From now on in the notation, we do not explicitly show the dependency of H on
2% and z. To this end we define the following three Hamiltonians.

-1
H = o > Sika Siky (@}, — ok, ) (23, — k)
kl k2;él 3

§ NiSikTk

1 Jk#l

Ri=355 Z salal —a)”
1
N ; siksi(x) — z) (2] — k) + \/—N zi:nisz'm

H)(t) = H, + tR,

where ¢ € [0, 1] will play the role of an interpolating parameter. We also introduce the difference of free
energies associated to the Hamiltonian H;(t) and Hj,

pr )(In Z(Hy(t)) — In Z(H,(0)))
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In the last definition the partition function is defined by the usual summation over all configurations .
With these definitions we have the representation

P = %Ezmﬁ(l) - %Ezlﬁ(l)

where E>; means expectation with respect to {s;, ¥ k > 1}. Using convexity in the form of Ex; 11 [f;(1)]2 <
Es41[f1(1)?%], it follows that

EY7] < 2B fi(1)? + BB i(1)

K
BBl fi(1)lor ) (B2 (1)
= ZIERO) — El(Exi (1)
< ER(1)

Notice that f;(0) = 0 and ;—;fl(t) > 0. Therefore,

fi(0) < A1) <

~2

(1)
and R R R
E[£i(1)%] <E[f{(0)*] + E[f;(1)?]

This shows that our task is reduced to a proof of E[f{(0)?] = O(1), E[f{(1)?] = O(1). This is a technical
calculation and is given in the next lemma. O

Lemma 11. E[(f(0))’] = O(1), E[(f{(1))’] = O(1)

Proof. From convexity,

(f'(1)* < ZP&(QOMR%HL(Q

20

<33 pxla”)(( - % _(su)*(af —“’l>2)2>ﬁl<t>

+ <(Z % > siesi(ay — ) () — x’“))2>fn<t>

k£l i
(S

We will find a uniform bound for each term in the above sum over 2°. Let us consider a particular term

in the above sum and set 2§ — z), = zo. We use the simple bound of z3, < 4 in the following and hence

we remove the average over z0.

E[(f(0))?] < 12

1
E E 2
+ 3]E< N2 Silkl Si1l8i2k}2 SingOkl ZOk}g 20l>
k1 ,kg?él 11,12

1
+ 3E<N Z nilni25i1l5i2l>gl(0)

11,72

H,(0)

Since H (0) does not depend on s;; and since they are symmetric random variables, in the above sums
only those terms remain where s;; are repeated even number of times. Let Jiy = % >, siksu and ||J||
denote its largest singular value. Therefore,

~ 1
E[(fl(o)l)z] <12+ 3E< lg N‘Ikl,kzzoh ZOk22(2)l>HZ(O) +3
1k2
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<15+ 3 x 2'E||lJ|| +3=0(1)

where we use that E||J|| = (14 /3)2. For bounding E[(f;(1)’)?] we use symmetry of the indices and
take the sum over [ and divide by K. Let A4;; = % Zz 541541

. 1
E[(f{(1))*] < 12+3E<E > Jlk1J1k220k120k2231>

I ki,k2

+ 3E<—— Z iy Ny Z 8111812l>

11,12

<12+ 6 x 2'E|J|? + 3E[|| A| ~ Z(ni)z]

=12+ 96E||J||? + 3E|| A|| = O(1)

In order to estimate E||J|| and E||A|| one can use standard methods (see for example [26]) O

E Estimates (60) and (61)

Let z,(ca) = Xop — :C,(ca) and z(® denote the vector (250‘),. zé?)) Let us split the contribution from
Ty — T, in to Ty1 + Th2 corresponding to the two terms appearing in (59). For Ty1 (4, k), we get
: 1 2 "k 9 gix (u)
Thi(is k) = 2—\/E]E7’ik[(/rik - 1)/0 Er [Wdu ] (84)

where g¢;;(u) denotes the function in (55) with r;; = w. Let (), denote the Gibbs measure with
rik = u. Let v¥(t) denote the vector v, (t) with 7, replaced by u. We now show that the term inside the
integral decays with V.

agik(u) _ 1 (U2E<Z}%>t — E<(nz + Qi(t) '1)2213>t

ou 204K N
+ E( (i + N duy(t) - 20 (s + N hgy (1) - 2@z ) (85)
8291‘1@(“) 1 2 —1 K 3
2 956K N3 ( 9 <(nl +NT (1) g)?)Zk\/z>t,i,k

+ 302 (i + N3k (1) - 2D ()2OVE)
t,i,

+ <(m + N2k () -5)322\/5>

t,i,k
= 3((ns + N7H () 20 (s + N-H0b () - 2) (V0 VE)
t,1,
4 2(Macs a4 N-Hb(0) - 2o oPOVE) ) (50
The Hamiltonians corresponding to (.); and (.)¢;  are
H(z) = — =5+ N“v(®)2)2, Hilz) = — s ln+ N bvis(0)z)?
z) = 202@ vi{t)z||, i“wk\Z) = 202@ Vi k()2

where v; 1 (t) differs from v(¢) only in the (7, k)th entry with u replacing r;,. Expanding H; j,

Hk(z) = Z(na + N~ 21} ) (ni + N~ szlzl + N~ \/1 — tszkzk)

J#i l#k

W WV N Y g NV s
Vil 21 — USik<Rk

N \/N £k
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Let the sum of the first two terms be denoted as H], (z) and the terms involving u be H} (z). Consider
the following set

1 1 1
s i il oy 320l + 3 3 2] <€)
For sufficiently large C' we have P(G¢) = O(e=*") for some constant a > 0. If (n,s,r) € G, then for all
ze{0,2}"

Auf

[Hi')(2)] < +2[u|C = C'(u). (87)

Therefore for the first term in the equation (86)

B (mi + NH0f - 2))

(u)
<ZzeHl{k ezv; |n1—|—N 21} z—u\/fN’%zﬂ

tik‘

202 )

+ E<|7’L1 + Nﬁéyi . §|]].{Gc}>
t,i,k

The expectation over G¢ can be bounded as O(e~*)O(|u|). Therefore the last two terms contribute

O(%) For the first term after we have removed the terms with « dependence, the Hamiltonian H,

satisfies Nishimori symmetry. Therefore we get the first term to be equal to,

1 w
Es7r/2—K 20( )Ze_HI’“(’Z)m + N~ 2U sz —uVtN~ 2zk|dn

Note that the above integral is a Gaussian integral and can be evaluated easily. Using similar method,
we can show that

% gin(u)

9] < o(1)e ™A +ONH)uf (58)

ENTik |:

The exponent 3 is due the occurrence of 3 replicas in the equation (86). Therefore,

ik —w/’“w i

<E,,.[1% / N + O uf))du

<O(N (89)

where we have used the assumption A for the distribution of r;;. Now summing this over all i, k we get
I T| < O(N~2) (90)
Now consider the term T73. For this we have to evaluate the following term.

Pgi(u) ¢
i 205K N?

_ 12U2E<Ha:1,2(ni + N_%Ql(t) . g(a))(zl(cl))3zl(€2)>t

(=30 E(ai)s + 60°E( (n; + N 3ui(0)- %),

+ 30 B( (o{"2(+7)?), = 60%E((ma + N Hu,(t) - 2P ()2 7)?)

+90°E(Iyma,p (i + N 3u,(t) - ) (5)22(7 27
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+4E( (s + N 3u,(t) - 200 m + N7y (1) - 2@) (o)),

+ 3E<Ha:1)2(ni + N_%Ei(f) .z(a))2(zl(€1))2(zl(€2))2>
t
— 12B((n; + N 3y(t) - 22 (n + N7y (0) - 2@)(m + Ny (1) - 29) (o) %0 47).

+ 6E<Ha:1,273,4(m + Nf%yi(t) . g(a))zél)z,iz)z,ig)zlg4)> )
t

We can prove along similar lines that [T15| < O(N™1).

F Nishimori Identities

Proof of Lemma 1. We only give a brief sketch because the method is standard (see for example [27, 28]).
One writes fully explicitly the expression for P}, (z) and performs the gauge transformation zj — )T,
Sik — x% sit, where z° is an arbitrary binary sequence. Since IE”fn ) (2) does not depend on 20 we sum over
all such 2% sequences and obtain a lengthy expression. Exactly the same procedure is applied to ]P’Z12 (x)
and one gets another lengthy expression. Then one can recognize that these two expressions are the same.

Proof of Lemma 2.
Proof of (39). We will prove it for ¢ = 1 and for general ¢ it is similar. Let the transmitted sequence

be the all one sequence, and the received vector be r = on + ,/%sl where n; ~ N (0,1). The proof

follows by using gauge symmetry. Let u denote the K dimensional vector (u, ..., u).

1 _lh—u? 1

— 1 _lr— -552
w120 | gt e

_1
Zze_%%l‘I_N 2 5£H2+E'EH§H2

— Es| / B e e : dr dh
K N . 1

(2mu) 2 (2mo2)2 S ezl NT2sel? e
_ LESU 1 e NS eV Ese

2K (2mu)= (2702)2 p”n

1
Zle*#Hﬂ*N 2S£||2+ﬁ-£||§”2
dr. dh] (91)

1
S — 5 llr—N"2sz[>*+ha
€ %
=N

(91) is obtained by performing the gauge transformation z; — xkxg, Sik — sikxg and hy — hkxg and
summing over all the 2% possibilities of 2. Now canceling the summation over z° with the denominator
and then integrating we get it to be equal to V.

Proof of (40). The proof is complete if we show E[((n - £2)(z® - 2®)), ] = 0. We will prove this
for t = 1 and it is similar for other t.

E[((ﬂ . 2(2))@(1) .£(2))>t7u]
=S TEUr - N2> sa)(ri — N2 saat) (@) — a2l
ik l l

Now performing the gauge transformation a:,(cl)

get

1) 0 .(2) (2),.0 0 0
— Ty Xy, Ty — Ty Ty, Sik — STy, and hy — hgal we

STE[r - N2 saad) (i~ N7EY sual?) (@) 2 — 2V el?))el)
N3 l l

This quantity can be shown to be equal to 0 by noticing that the z° and z(® play symmetric roles.
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G Proof of inequality (41)

For a given configuration of z, \/—% > 1 Sitz1 = Z; is a Gaussian random variable with mean 0 and variance
smaller than 4. Thus for n; ~ N(0,1) and independent of Z,

2

a? —4

If @ > 2, we have both the expectations to be less than some constant C' > 1. Therefore for any 2
E[e*éN7% mesuzz] — E[eéN’% il s < cN
Using the Markov inequality,
1 1
]P)(’ — n;—— SikZk
W 2 2

Using the union bound over z, for y large enough there exists a constant v > 0 such that

> yN) < 20NN

1
P(Hg € {0,215 ’N3/2 Znisikzk’ > ay) < 27N
ik

Let G be the event that ‘ﬁ Doik nisikzk’ > ay holds for all z. Splitting the expectation into two parts

corresponding to G and G° and using Cauchy-Schwartz inequality, we have

S )
<+ VTGS S )
il

<oy’ + 0272
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