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Random matrices and communication systems: WEEK 2

In this lecture, we adopt the following (temporary) notations: small letters refer to scalar numbers and
capital letters refer to scalar random variables.

Single antenna systems

Let us consider the additive white Gaussian noise (AWGN) channel:
Y = Hp Xy + Zg
where k € {1,..., N} is the time index and
e (Xi,...,Xn)is the input vector submitted to the average power constraint E (% Ziv:l | Xk \2> < P;

e (Z1,...,Zy) is the noise vector, whose components are i.i.d.~ N¢(0,0?) random variables, inde-
pendent of Xq,..., Xn;

e (Y1,...,Yy) is the output vector;

e Hy,...,Hy are the fading coefficients (to be specified below).

The signal-to-noise ratio (SNR) of the system is defined as SNR = P/o2. In order to simplify notation,
we will assume in the following that the noise variance o2 = 1, so that SNR = P.

The general question we would like to address in the present lecture is the following. Assume that
two users wish to communicate over the above channel; what is then the maximum rate R at which
communication can be established reliably? The answer depends of course on the specific model chosen
for the fading coefficients Hy. We will review in the following various possible assumptions.

1 Hp=h, k=1,...,N are deterministic coefficients

We start by considering the case of deterministic (complex-valued) fading coefficients, as an “appetizer”
to the random case, which is the case of interest for this course.

In the deterministic case, the maximum rate at which one may possibly communicate over the time
interval [1,..., N] is given by

1
max R < sup NI(Xl,...,XN;Yl,...,YN)

E(% 2l [Xk))<P
Let us compute
I(Xl,...,XN;Yl,...,YN):h(Yl,...,YN)7h(Y1,...,YN‘X1,...,XN)
= h(thl+Z1,...,hNXN+ZN)—h(thl+Z1,...,hNXN—|—ZN|X1,...,XN)
= h(thl+Z1,...,hNXN+ZN)—h(Zh...,ZN‘Xh...,XN)
= hhi X1+ 2Z1,....hn XN+ 2ZN) = W Z1,...,ZN)

as Xi,...,Xy and Zy,...,ZN are independent by assumption. Using now the fact that for jointly
continuous random variables Uy, ..., Uy,

N
h(Uy,...,Un) <Y h(Uy)
k=1



with equality if and only if the Uy are independent, we obtain

N
k=1

with equality if and only if the X} are independent. Using then the fact

sup h(U) = log(mweP)
pu E(UP)<P

where the supremum is attained for U ~ N¢ (0, P), we further obtain

N

N
I(Xy,.. XN Va0, Yy) < (log(me(Py |[hy|* + 1)) — log(me)) = > log(1 + Py [hx|?)
k=1 k=1

by taking X ~ N¢(0, P) independent with % Zszl P, < P in order to meet the power constraint. This
finally implies

N
1

max R < sup —Zlog(1+Pk|hk|2)

Pi..Py>0 N
YeN pep *T
This optimization problem can be solved analytically; its solution is the well known “water-filling” solu-
tion, but let us not write this down explicitly at this stage. Also, without making any further assumption
on the (arbitrary) sequence of fading coefficients hy, we cannot conclude anything on the capacity of the

channel in the large N limit.

1.1 Hy=hpyforallk=1,...,N

In this particular case, the above optimization problem is symmetric in Py, ..., Py and has therefore the
following simple solution:

Py,...,Pn20

N

1 2 2

max R < sup ngillog(l—i—Pk |hol?) = log(1 + P |hol®)
~ Xho PSP

Here, as hyg is fixed, the above expression can also be shown to be equal to the capacity of the channel in
the large N limit.

2 Hi, k=1,...,N are random coefficients

In this section, we consider the Hj as random, in order to take into account the uncertainty about the
fading coefficients. We should specify:

- how fast do these coefficients vary over time?
- among the receiver and the transmitter, who knows the realizations of these coefficients?

In the following, we assume that these coefficients have a given distribution and that this distribution is
known to everyone. This is needed in order to be able to describe the statistics of the channel between
X and Y. If even the distribution itself is not known, then the channel becomes an arbitrarily varying
channel, which is out of the scope of the present course.



2.1 Hj are i.i.d. random variables (fast fading assumption)

This is in some sense an extreme assumption, which could be relaxed to “the coefficients Hy vary er-
godically over time”. By “ergodically”, we actually mean that the empirical distribution of Hy,..., Hy
converges to a given fixed distribution pgy (this holds in particular for an i.i.d. sequence, by the law of
large numbers). But present in this assumption is also the fact that the coefficients Hy should vary
relatively fast with respect to the duration of communication.

We need now to specify who knows the realizations of the coefficients Hy. In the following, we assume
that that receiver is able to track (perfectly) the values of the Hj, (by using pilot signals first, e.g.), but
we make two different assumptions regarding the transmitter.

2.1.1 The transmitter knows the realizations of the coefficients Hj,

This assumption is justified when feedback is easy to obtain at the transmitter. In this case, as everyone
knows the channel realizations, it is as if these were actually deterministic, so the maximum rate achievable

over the time interval [1,..., N] is bounded above by
| XN
max R < su — log(1 + Py |Hy|?
Pl,...,I?Nzo N; 8 e [ Hi )
* i PSP
This leads to the definition of ergodic capacity:
N
: 1 2 2
Corg = lim sup = Y _log(1+ Py [Hil?) = sup dhpy (h) log(1+ Q(h) |h|?)
N—oo py...Pyz0 IV~ Q()>0 C
* i, Pe<P Jedhpr(h) Q(R)<P
This can in turn be rewritten as
Cerg = sup ]EH(log(]- +Q(H) |H|2))
Q()=0
Eu(Q(H))<P

The solution of this optimization problem is given by the water-filling solution:

~—

Cog =Ep ((log(u |H|2))+> where v satisfies Ep ((1/ — If}l2)+) <P (1

and a™ = max(a,0) denotes the positive part of a € R.

2.1.2 The transmitter does not know the realizations of the coefficients H;

This assumption is justified when feedback is difficult, or even impossible, to obtain at the transmit-
ter. In this case, the input vector (Xi,...,Xy) cannot be tuned according to the channel realizations
Hy, ..., Hy, which we model mathematically by saying that X1,..., Xy and Hy, ..., Hy are independent.

As we assume on the other hand that the receiver knows the Hy, the channel between the trans-
mitter and the receiver can be seen in this case as the channel with input (Xi,...,Xy) and output
(Y1,...,Yy, Hy,...,Hy); it is as if a genie were revealing the channel coefficients Hy, to the receiver. So
the mutual information of this channel is given by

I(Xl,...,XN;Yl,...,YN,Hl,...,HN)

I(Xl,...,XN;Hl,...,HN)—|—I(X1,...,XN;Y17...,YN|H1....7HN)
0+h(Y1,...,YN|H1,..‘,HN)—h(Yl,...,YN|X1,...7XN, Hl,...,HN)



where the chain rule was used in the first inequality and the independence of the Hy and X}, in the second
inquality. As Yy = Hy Xg + Zx we further obtain

I(Xla"'aXN;Yly"'ayNa Hlv"'7HN)
— h(Yi,...,Yy|Hy,...,Hy) —h(Z1,...,Zx)

= /N dhl"'thle,...,HN(hla~~~7hN) h(thl +Z1,...,hNXN +ZN) 7h(Z1,...,ZN)
C

where we have used the fact that the Hy, X, Z; are independent. This can in turn be bouded above by

I(Xl,...,XN;Yl,...,YN, Hl,...,HN)

IN

N
S [ dhii, () (b Xi+ Z0) = H(Z0)
k=1

IN

N
S~ [ by () Yog(1+ P )
k=1"C

by chosing Xy ~ N¢(0, P;) independent with % fo:l P, < P (and notice that this choice of X} max-
imzing the mutal information does mot depend on the particular realizations of the fading coefficients
Hy,). The ergodic capacity of the channel is therefore given in this case by

1
Cerg = lim sup NI(Xl,...7XN;Y1,...,YN, Hl,...,HN)

n—00 PX1,....XN
E(& il 1Xel?)<P

N

. 1

= lim sup — Z/ dhi prr,, (hi) log(1 + Py, |hi|?) = / dhpg(h) log(1+ P|h|?)
Nooe p, pPyv>o N = Jc c

& Xho PSP

because again of the symmetry of the optimization problem. This can in turn be rewritten as

Cerg = Epr(log(1 + P|H[?)) (2)

Remarks. - Comparing this expression with (1), we see the impact on the capacity of not knowing the
channel coefficients at the transmitter.

- By Jensen’s inequality, we obtain
Corg = Epr(log(1 + P|H|?)) <log(1+ PEg(|H|?))

so the ergodic capacity is less than or equal to the capacity of the channel with fixed and deterministic
fading coefficient hq satisfying |ho|? = Eg(|H|?), which leads to the conclusion that fading degrades
capacity in single antenna channels. We will see that the situation differs in multiple antenna channels.

2.2 Hp=Hforall k=1,...,N (slow fading assumption)

This is again an extreme assumption, which could be relaxed to “the variations of the coefficients Hy
are sufficiently small over the duration of communication”. We again assume that the receiver is able to
track the fading coefficients and make two different assumptions on the transmitter.

2.2.1 The transmitter knows the realization of H

In this case, as H is fixed over time and known to everyone, it is as if we were in the fixed and determinisitc
scenariio (see paragraph 1.1), so the capacity of the channel is given by

C =log(1+ P|H?)

which is a random variable here, depending on the given realization of H.



2.2.2 The transmitter does not know the realization of H

In this case, let us moreover assume that the distribution of H admits a continuous pdf py whose support
contains the point 0 (this is in particular verified for Rayleigh fading, that is, when H ~ Ng(0,1)). This
is implying that whatever ¢ > 0, P(|H|?> < &) > 0. As a consequence, whatever the rate chosen by the
transmitter for communication (who does not know the value of H), there is always a non-zero probability
that the chosen rate is above the actual capacity of the channel. Therefore, the capacity in this case is
strictly speaking equal to zero. We therefore shift our attention to another performance measure: the
outage probability, defined as, for a given target rate R > 0,

Pout(R) = P (log(1 + P |H|*) < R)

The outage probability is a lower bound on the error probability achieved by any scheme on this channel
(exactly like the capacity is an upper bound on the rate achieved by any scheme on a given channel). As
long as the assumption on py made at the beginning of this paragraph is verified, the outage probability
is always strictly positive.

Considering the high SNR regime (i.e. P — 00), this probability can still be made vanishingly small.
First, observe that as P — oo,

Cerg = Egr(log(1 + P |H|?)) ~ log P

So if one wants P,y (R) to decrease to zero as P — 0o, one should not choose the target rate R higher
than log P. Let us therefore choose R = r log P, with 0 < r < 1. In the case where H ~ Ng(0,1), we
obtain

Pou(rlogP) = Ppy(log(l+ P|H[?) <rlogP)=Py (1+ P|H|*> < P")
P —1

= Py (|H2 < ) ~Py (H? <P ") =Pt

So the decay is polynomial in P. In addition, we observe the following tradeoff: the lower the target rate
r log P, the higher the speed of decrease to zero of the outage probability.



Random matrices and communication systems: WEEK 3

In this lecture and in the subsequent ones, we adopt the following notations: small letters refer to scalars
(deterministic or random) and deterministic vectors, while capital letters refer to matrices (deterministic
or random) and random vectors. In some cases, this rule will not be followed strictly, but what is actually
meant will be clear from the context.

Summary of last lecture and single-letter characterization

- We saw first that when the fading coefficient hg is fixed over time and deterministic, the capacity of the

channel is given by
C = log(1+ P |ho|?)

This result can also be seen as the solution of the following single-letter characterization of the channel
capacity (that remains valid in the more general context of multiple antenna systems):

C= sup I(X;Y)
px E(X|?)<P

- Then, we saw that when the fading coefficients Hj, are random and i.i.d. over time, known at both the
transmitter and the receiver, the ergodic capacity of the channel is given by

Cog= sup  Eg(log(1+Q(H)|H?)
Q()>0
Eg(Q(H))<P

while when they are known at the receiver but not at the transmitter,
C(erg; = EH(log(l + P |H|2))

Again, in this second case (which we will mainly focus on in the following), this ergodic capacity expression
may be found as the result of the more general single-letter characterization:

Corg = sup I(X;Y,H)
px :E(|X[?)<P

- Finally, when the fading coefficient H is random and fixed over time, known at both the transmitter
and the receiver, the capacity of the channel is a random variable given by

C =log(1+ P|H?)

while when H is not known at the transmitter, the capacity is equal to zero and the outage probability
is given by
Pout(R) = Py (log(1+ P |H|?) < R)

for a target rate R > 0. Again, in this second case, this expression may be viewed as the result of the
more general single-letter characterization:

Pouw(R) = inf  Py(I(X;Y
()= e PUCGY) < B)

(notice that in this case, I(X;Y) is a random variable depending on the realization of H).

Preliminaries for this lecture

- An n-variate complex-valued random vector X = (X1,...,X,,) is (jointly) continuous if it admits a
joint pdf px = px,.... x,, i.e.

P(X € B) = / drpx(x) VB C C" Borel set
B



Its mean vector is defined as p = (E(Xy),...,E(X,)) and its covariance matriz is defined as (Qx);xr =
E(X; X)) (when they exist).

- Let X be a complex Gaussian random vector with mean 0 and positive definite covariance matrix @ x
(notation: X ~ N¢(0,Qx)). This random vector admits the following joint pdf:

px(z) = exp (—z* (Qx) 'z), zeC”

1
mdet(Qx)

Notice that E(X;) = 0, E(X; Xz) = (Qx);x and also that X1, ..., X, are independent if and only if Qx
is diagonal.

- The differential entropy of a continuous random vector X is defined as

W) =~ [ dopx(o) logox (2)
One can check that .
hX) < 30 H(X)
j=1
with equality if and only if the X; are independent, and also that

sup h(X) =logdet(me Qx)
px E(XX*)=Qx

is achieved by taking X ~ Ng(0, Qx).
Multiple antenna systems

We now consider the multiple antenna system (only one time-slot is considered here):
Y=HX+Z

where XY, Z are n-variate vectors and H is an n X n matrix. More precisely,

e X is the input vector submitted to the average power constraint E(|| X ||?) < P;
(notice that E(|| X]|?) = E(X*X) = E(Tr(XX*)) = Tr(Qx))

e 7 ~ Nc(0,1) is the noise vector, independent of X;
e Y is the output vector;

e H is the channel fading matrix (to be specified below).

1 H = H, is deterministic and fixed over time

In this case, the single-letter characterization of the capacity reads

C= sup I(X;Y)= sup h(Y) — h(Y|X)
px Tr(Qx)<P px :Tr(Qx)<P

Notice that h(Y'|X) = h(Ho X + Z| X) = h(Z), so

C= ( sup h(HoX—i-Z)) —h(2)

px Tr(Qx)<P



The above expression is maximized when Hy X + Z is Gaussian, which happens when X itself is Gaussian.
In this case, Hy X + Z ~ N (0,1 + Ho Qx Hf), so

C= sup logdet(me(I + Ho Qx HY)) | — logdet(mwel) = sup logdet(I + Hy Qx Hy)
Qx :Tr(Qx)<P Qx :Tr(Qx)<P

In order to proceed further, we need the following inequality, whose proof is left as an exercise in the
homework.

Hadamard’s inequality. Let A be a positive semi-definite n x n matrix. Then det(A) < H?Zl ajj.

A second ingredient is the singular value decomposition of Hy, stating that there exist unitary matrices
U,V and ¥ = diag(oy,...,0y,), with o; > 0 for all j, such that Hy = U X V*. Therefore,

logdet(I + HyQx Hj) =logdet(I + USV* Qx VE*U*) =logdet(I + ZV*Qx VE")
Let now @ x = V*Qx V. Notice that @ x also satisfies the above constraints:
Qx >0 and Tr(éx) =Tr(Qx) <P
SO

C = sup logdet(I + HyQx Hj) = sup 1ogdet(I+EC~2X )
Qx :Tr(Qx)<P Qx :Tr(Q.)<P

Using now Hadamard’s inequality, we obtain

3

det(I + £ Qx X*) H(1+ 2 Qx T ]j) ﬁ(1+ Qx) i J)

j=1 j=1

and the equality is met by taking @ x diagonal, say @ x = diag(dy,...,d,). The above expression for the
capacity can therefore be rewritten as

n
C= sup log(1+d; o2
di,...,dp >0 ; ( ’ J)

?:1 d; <P

The solution of this optimization problem is again obtained via water-filling:
c=5"( )" wh - = <P
; ( og(v 0])) where ; (u a?) <

As an example, let us consider the following simple case: (Hy);r = 1 for all j, k. In this case, o1 = n,
oo =...=0,=0,s0

1
C =log(vn?®) such that (u - 2) <P
n

ie.v =P+ J5 and C =log(1 + Pn?).

2 H is random and varying ergodically over time (fast fading)

We assume now that the matrix H admits the pdf py(-) and that its realizations over time are i.i.d. (or
ergodic), known at the receiver but not at the transmitter (so that X and H are independent). In this
case, the single-letter characterization of the capacity reads:

Cag=  sup  I(X;Y,H)= = suwp I(X;H)+I(X;Y[H)
px :Tr(Qx)<P px :Tr(Qx)<P



by the chain rule. Because of the independence of X and H, the first term is zero, so
Corg = sup / dGpu(G)I(X;Y|H = G)
px :Tr(Qx)<P Jen?
Notice that for any fixed matrix G,
I(X;YIH=G)=I(X;GX + Z) <logdet(I + GQx G¥)
and the equality is met when X ~ N(0,Qx) (which does not depend of the specific value of G). So
Corg = sup / dGpu(G) logdet(I + GQx G*)
Qx>0:Tr(Qx)<P JCr?

which can be rewritten as

Corg = sup Epy(logdet(I + HQx H™))
Qx2>0:Tr(Qx)<P

Remark. It is not because the realizations of H are not known at the transmitter that the optimal
Qx should be a multiple of identity; it is indeed always possible to optimize over the distribution of H.
Notice also that the solution is not the water-filling solution, as the singular values and vectors of H are
not known at the transmitter.

Nevertheless, under symmetry conditions on the distribution of H, something more can be said on the
optimal input covariance matrix () x. This is illustrated in the following lemmas, whose respective proofs
are left as exercises in the homework.

Lemma 2.1. If hj;, are i.i.d. random variables, then the optimal input covariance matrix is of the form

1 ¢ .- c c
p c 1 c c
RQx =— -
n
c c 1 ¢
c c c 1

where —ﬁ < ¢ <1 is some real parameter.

Lemma 2.2. If hj;, are independent random variables such that h;, ~ —h;, for all j, k, then the optimal
input covariance matrix Q) x is diagonal.

Lemma 2.3. If hj;, are i.i.d random variables such that h;, ~ —h;; for all j, k, then the optimal input
covariance matrix QQx = % 1.

Notice that the third lemma is simply a combination of the first two. It holds true in particular when
hj are i.i.d.~ N¢(0,1) random variables, in which case

P
Cerg =Ex <logdet (I-i— g HH*)>

We will analyze this expression further in the next lecture.



Random matrices and communication systems: WEEK 4
2bis H is random and varying ergodically over time (fast fading)

Let us consider again the expression found for the ergodic capacity, under the assumption that the fading
coefficients hjj, are i.i.d.~ Ng(0,1) random variables:

Corg =E <logdet (I+ PHH*))
n

This expression can be computed explicitly via random matrix theory, which is the subject of this course.
Before that, we will see below a relatively simple computation that will provide us with a lower bound
on Cerg, that turns out to be asymptotically tight, either when n — co or P — oo.

As a preliminary, we need the Paley-Zygmund inequality: if X > 0 is a square-integrable random variable,
then

(E(X) —t)?
PX >t)>-—~ -~ <t<EX
The proof of this fact is an application of Cauchy-Schwarz’ inequality.
Let now A1, ..., A, denote the eigenvalues of the (positive semi-definite) n x n matrix % HH*. This allows
us to write

Cog =E | Y log(1+ P);)

j=1
Let furthermore A be one of the eigenvalues Aq, ..., A, picked uniformly at random. We obtain
(E(\) —t)?
Corg = nE(log(1 + PA)) > n log(1+ Pt)P(A > t) > n log(1 + Pt) TR

for all 0 <t < E(\), by the above Paley-Zygmund inequality. Let us compute (these are by the way our
first random matrix computations):

1O 1. (1 . 1 & 1
B =B (330 | =B (Grr (L) ) = 5 3 Bl = ot =

Gk=1
and
E(\) =E lf:)@ el (tam))) =2 En: E (hjk Tk himjm)
nj:1 j n " ngjkllm:1 gk TUE TP ImTtjm

Notice that because the hj; are i.i.d. and E(hj;) = 0 for all j, &, it holds that E (hjkmhlmﬁ) =0
unless j =1 or k = m. We therefore obtain

E(N\) = is i E (Ihjsl*) + Y B (Al 1hjml?) + Y B (|hsel® [husl?)

n
Jik=1 Jk#Fm J#Lk

1 2 2 2
= = 2 +n°(n—1)+n’*(n—1)) =2

This finally implies that for all 0 < ¢ <1,

1-t)? n
= — log(1+4 P/2
5 g log(1+P/2)
by choosing ¢ = 1/2. This is to be compared with the case of a fixed deterministic matrix Hy whose
coefficients are all equal to 1, with corresponding capacity Cy = log(1 + Pn?) (see last lecture). It holds
that E(|h;x|?) = 1 = (Hy) ;i for all j, k, but notice that:

Cerg > n log(1 + Pt)



a) for fixed P and n — oo, Cy ~ logn, while Ceyq § n.

b) for fixed n and P — oo, Cy ~ 1 log P, while Ceg E n log P

So in multiple antenna systems, random (i.i.d.) fading actually improves the capacity, contrary to single
antenna systems.

3 H is random and fixed over time (slow fading)

We assume now that the matrix H admits the continuous pdf pg(-), whose support contains the all
zero matrix, that H is fixed over time, and that its realization is known at the receiver, but not at the
transmitter. In this case, the capacity of the channel is zero and the single-letter characterization of its
outage probability reads:
Pyt (R) = inf Py(I(X;Y) < R)
px :Tr(Qx)<P

where R is the target rate chosen by the transmitter. As we have already seen, for a any given H,
I(X;Y) <logdet(I+ HQx H™)

and the equality is met when X ~ Ng(0,Qx) (that does not depend on the particular realization of H).
So
Pou(R) = inf Py (logdet(I + H H*) <R
ot () Qx20:Th{(Qx) <P s (log det(] + H Qx H7) < R)
Let us now consider the particular case where the matrix H has i.i.d entries hj, ~ Ng(0,1). In this case,
H and HU share the same distribution, for any deterministic n X n unitary matrix U, so we may as well
take Qx diagonal in the above optimization problem. Therefore,

Pouwt(R) = J indf - Py (logdet(I + HDH*) < R)
S <P

where D = diag(dy,...,d,). Solving further this optimization problem turns out to be difficult. Notice
first that the answer depends on the target rate R:

- if R is (sufficiently) small, then setting D = % I achieves the minimum outage probability, as in this
case, the law of large numbers plays for us: logdet(l + % HH*) is highly likely to be around its average
value and therefore to exceed R.

- if R is (sufficiently) large, then the law of large numbers plays on the contrary against us, and it is
therefore better in this case to put “all our eggs in one basket”, that is, to use D = diag(P,0,...,0) and
hope that the chosen channel is by chance a good one that will prevent the mutual information to fall
below the target rate.

Besides, it has been conjectured that in general, the optimal matrix D should be of the form
P P
D:dlag<k,,k,0,,0>
—_————
k times

where 1 < k < n is some integer parameter. We will see in the course how to analyze further this outage
probability, with the help of random matrix theory.
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1 Wishart random matrices: joint distribution of the entries

1.1 Complex case

Let H be an n x m random matrix with i.i.d.~ Ng(0,1) entries and let W be the n X n matrix defined
as W = HH*. W is a positive semi-definite matrix, as *Wz = ||[H*z||?> > 0 for all z € C". So by the
spectral theorem, there exist U n x n unitary (i.e. UU* = I) and A = diag(Aq,...,\,) such that A; >0
for all j and W = UAU*. Ultimately, we are interested in computing the joint distribution p(A1, ..., A,)
of the eigenvalues of W (for fixed values of both n and m), as well as its marginals. This however requires
a first step, namely to compute the joint distribution of the entries of W, which is the purpose of the
present lecture.

Remark. If m < n, then rank(W) < rank(H) < min(m,n) = m < n, which is saying the the matrix
W is rank-deficient and admits at least n — m zero eigenvalues. So in this case, the joint distribution of
AL, ..., A is singular. Instead, we may as well consider the m x m matrix W = H*H, which has the
same non-zero eigenvalues as W, and look for the joint distribution of its eigenvalues A1, ..., \,,. In the
following, we therefore restrict ourselves without loss of generality to the case where m > n.

Let us now describe the various steps that lead to the joint distribution of the entries of .

Joint distribution of the entries of H. This is an easy computation. By independence, we have

n,m n,m

1 1 1
H)y= [ = exp (—|hjsl?) = =5 | = ~Tr (HH*
putf1) = TT 2 exp (=Iha) = S oo | = 32 sl | = 255 o (=Tv ()

L@ decomposition of H and Choleski decomposition of W. Let us recall the following fact:

Any n x m complex-valued matrix H may be decomposed into H = L@, where L is an n X n lower-
triangular matrix such that [;; > 0 for all j and @ is an n x m matrix such that QQ* = I,, (i.e. @ is a
submatrix of an m X m unitary matrix).

Consequently, W = HH* = LQQ*L* = LL*, which is the Cholesky decomposition of W.
The strategy now is, starting from the expression for py(H), to compute pr, (L) and then py (W).

Joint distribution of the entries of L. The relation H = LQ can be seen as a change of variables
H — (L,Q). Let us first check how many free real parameters there are on each side of the equality.
On the left-hand side, H has clearly 2nm free parameters. On the right-hand side,, there are n free real
diagonal parameters in L and 2@ = n? — n free real off-diagonal one; this makes in total n? free
parameters in L. Regarding @, there are a priori 2m free parameters in each row, but the first row should
have unit norm, the second row should also have unit norm and be orthogonal to the first one, and so

on. This makes in total
(2m—1)+(2m—3)+...+(2(m—n) +1) =m? — (m —n)? = 2mn —n? free real parameters in Q

So the number of free real parameters coincide on each side. The joint distribution of L and @ may
therefore be written as

pr.o(L, Q) = pu(LQ)|J1(L, Q)|
where Ji(L, Q) is the Jacobian of the transformation H — (L, Q). The computation of this Jacobian,



that we shall skip here, gives
Hl2(m 7)

Besides, . )
pr(LQ) = 0 exp (=Tr (LQQLY)) = — exp (—Tr (LL7))

so finally, we obtain
Pro(L,Q) = —— exp (~Tr (LL") HZQ(m AR T

As this expression does not depend explicitly on @, this says two things: 1) the distribution of @ is
uniform over the set of n x m complex matrices such that QQ* = I,, (we will come back to this below);
2) L and @ are actually independent! Let us now look more closely at the distribution of L:

n

pe(l) = cum exp(=Tr (LLY)) H PR T

= Cpm H ( (2(m—i)+ exp (—lf»j) 11”20) H exp (_|ljk|2>

k<j

Notice that ¢, », above is not equal to 1/7™™, nor is the normalization constant in the uniform distribution
po(Q) equal to 1 (the latter is actually equal to 1/V;, ,,,, where V,, ,,, is the volume of the set of n x m
complex matrices @ such that QQ* = I,,). What the above equality tells us is that:

1) all the entries of L are independent;
2) the off-diagonal entries [;;, are i.i.d.~ N¢(0, 1) random variables;
3) the diagonal entry I;; is a X2(;—;+1) random variable.

Remark. Even though we do not need it in the following, let us just make clear what we mean by
“uniform” while talking about the distribution of @. For every fixed m x m unitary matrix U € U(m),
the matrices H and HU share the same distribution, so the same holds for L@ and LQU. By the
independence of L and @) and the non-singularity of the distribution of L, this is saying that @ and QU
share the same distribution, for every fixed m x m unitary matrix U. It is actually a fact that there is
only one such distribution, that we call the uniform distribution over the set of n x m complex matrices
Q@ such that QQ* = I,,.

Joint distribution of the entries of W. We now consider the change of variables L — W = LL*.
Let us compute the number of free real parameters on each side. We have seen above that L contains
n? free real parameters. The same holds for W, as W contains n diagonal free real parameters and
on(n=l) — p2 gy off-diagonal free real parameters (remembering that W is Hermitian). Considering the

2
reverse transformation W — L (just because it is easier), we obtain

pr(L) =pw (LL") |J2(L)]

where Jo(L) is the Jacobian of the transformation W +— L. The computation of this Jacobian, that we
shall again skip here, gives:
—9n H 12(" J)+1

We therefore deduce that



where the constant c,, ,,, differs from the previous one by a factor 2", but we keep the same notation for
simplicity. Noticing that LL* = W and [[}_, I3, = |det(L)[* = det(LL*) = det(W), we finally obtain
the joint distribution of the entries of W:

pw (W) = cpm det(W)™ ™™ exp(=Tr(W)) Liw >0

Remark. In the case n = m, the above distribution reads

pw (W) = cpn exp(=Tr(W)) 1yw>oy

which looks like a particularly simple expression: it indeed says on one hand that the diagonal entries
wj; are i.i.d. exponential random variables; on the other hand, the condition W > 0 induces lots of subtle
constraints and dependencies between the off-diagonal entries.

1.2 Real case

The corresponding model in the real case is given by W = HH”, where H is an n xm random matrix with
ii.d.~ Ngr(0,1) entries. Without repeating the whole reasoning, let us briefly mention the corresponding
result in this case. We again assume that m > n without loss of generality. In this case, the joint
distribution of the entries of H is given by

1

pu(H) = W exp (; Tr (HHT))

and the joint distribution of the entries of W is given by

m—n—1

1
P ) = e det ()5 exp (=5 TH) ) 150y




Random matrices and communication systems: WEEK 6

1 Wishart random matrices: joint eigenvalue distribution

1.1 Real case

Recall first from previous lecture that if W = HH7T, where H is an n x m random matrix with i.i.d.~
N&(0,1) entries and m > n, then the joint distribution of the entries of W is given by

m 1

1
pw(W) =cpmdet(W) 2 exp (—2 Tr(W)) Liw>o0y

By the spectral theorem, the matrix W is orthogonally diagonalizable, that is, there exist V an n x n
orthogonal matrix (ie. VVT = 1) and A = diag()1,...,\,) such that A; > 0 for all 1 < j < n and
W =VAVT ie.

n
Wik ZZ/\lszvkz, 1<5,k<n
=1

Again, this can be viewed as a change of variables; on the left-hand side, there are n diagonal free
n(n—1)

parameters w;; and off-diagonal free parameters w;x, j < k in the matrix W (the remaining off-
diagonal parameters are fixed, as W is symmetric); on the right-hand side, there are n free parameters

in the matrix Aand (n— 1)+ (n—-2)+...+1+0 = w free parameters in the matrix V. So the
number of free parameters on both sides coincide. The joint distribution of A and V is then given by

pA,V(A’ V) = Dbw (VAVT) |J(Aa V)l

where, according to the above formula,

m—n—1
2

pw (VAVT) Cnym det (VAVT) exp (—; Tr (VAVT))

m 1

= e det(A)"F exp (_; mA))

and J(A, V) is the Jacobian of the transformation W — (A, V). We now set out to compute this Jacobian.

Let N = w and let us denote by pi,...,px the N free parameters in the matrix V (leaving aside
the explicit description of what these N parameters are: we will see in the following that this is actually
not needed). The Jacobian is then given by

J(A, V) = det ({88% }w ‘ {aéu;”’k}i,xk\

aw“- Bwjk
i Sy | Lopi L gk

where the blocks in the above matrix are respectively of size n x n, n x N, N xn and N x N. As
W = VAVT, the computation of the above partial derivatives gives, in matrix form:

g?j = VAOVT where AY) = 6;; 3y,
g‘g = g]‘; AVT + VA aa‘;j
Multiplying both these equations by V7 and V and the left-hand and right-hand side, we obtain
v ?XZV = A0
Oy () ea (30



Let now S®) = VT‘g—;/_. As VTV = I, we also obtain

= 5@

oV ovT ovT
T .

V=0 .e. Vv
Op; * Op; e Op;

which allows us to rewrite VT%V = SWA - AS® . Component-wise, the two equations for the deriva-
tives with respect to A; and p; therefore read:

n

awl
87)\;% V1§ Umk = 0i5 Oik;
l,’n};.][:l 5 (1)
Wim 3
Z 711213‘ Umk = SJ('k) ()\k - )\j)
l,m=1 0 i

With the help of these formulas, let us now compute the Jacobian J(A, V) when V' = I. In this case, the
above two formulas boil down to
3wjk

O\;

6’LUjk

=6;; 0 and =55 (= A)

J(A, V) = det (é {S](Q O E /\j)}ij<k> = det ({SJ(Q Ak — /\j)}m_<k)

= TTow-rde({s} )= [T =2)77)

j<k

for some function f, as the matrix elements SJ(L) possibly only depend on V. We claim that the same
conclusion holds in the case where V' # I. To this end, let us consider

() [ ) ( (), | \

~ ON\; . O\ . (O V140, .

J(A, V) = det ( i L Jedem ], {vvid, jen
\{ Ip; }i,l ‘ { op; }i,l<m) \{QUUUWU}Km,j ‘ {2vljvmk}l<m,j<k/

Using the fact that det(AB) = det(A) det(B) and observing that the second term on the right-hand side
only depends on V, we deduce that J(A,V) = J(A,V)g(V) for some function g. On the other hand,
performing the matrix multiplication inside the determinant gives for matrix element %, (jk) in the first
n rows:

n n

Gwl 8wlm
Z UlJ Vi + 2 E v Vi Umk = I, Ul Umk
7

=1 l,m=1
and likewise for the matrix element 7, (jk) in the last N rows:

n

Z i UlJ Uik —i-QZ ! Vi Uk = TI-UU Uk
=1 I<m l,m=1 Pi
Using then equation (1), we obtain again
(1|
J(A, V) = det \O ‘ { ST (- } ) [T =) £(v)
i,j<k <k

which, together with the above observation that J(A, V) = J(A, V) g(V), proves the claim. What can be
deduced so far from all these computations is that

pav (A V) = cpm det(A) "5 exp (—1 Tr(A)) H IAe = Xl F(V)]

2 :
i<k



for some function f. This is actually saying that pa v (A, V) = pa(A)py(V), so the eigenvalues and
eigenvectors of W are independent! The joint distribution of the eigenvalues is given by

m—n—1

p(A1, .y An) = Cn,m H ()‘j 2 exp(—)\j/2) 1)\].20) H A — )\j‘
j=1 J<k

where ¢, ,, is the normalization constant, which can be computed explicitly; it differs from the constant
in the expression for py (W), but in order to keep notation simple, we do not change notation here.

The above distribution may also be rewritten in the following form:

n
Aj m—n-—1
PO An) = Cumexp | =Y <2] S e— 10%(/\3')) + ) log | Ak = Al | 1a20...0,20
Jj=1 J<k

and given the following interpretation: it represents the Gibbs distribution of a system of n particles
in positions A1,..., A\, evolving in a potential U(\) = % — m_;_l log()A) and repelling each other. Two
opposite forces operate here: on one hand, the particles would all like to be in the minimum of the
potential, but as they repel each other, there is not enough room for them, so some are driven away from
this minimum. The fact that eigenvalues repel each other is a common feature to most random matrix

models (essentially because of the term resulting from the above Jacobian computation).

Now, what is the distribution of the eigenvectors? As already seen, for every fixed n x n orthogonal
matrix O € O(n), the matrices H and OH share the same distribution. Therefore, so do the matrices W
and OWOT, which is saying that

VAVT and (OV)A(OV)T

also share the same distribution. By the independence of A and V' (and the non-singularity of the distribu-
tion of A), this finally implies that V and OV share the same distribution, for every fixed n x n orthogonal
matrix O. This in turn implies that the matrix V is distributed according to the Haar distribution on
O(n), which is the unique distribution on O(n) being invariant under orthogonal transformations.

1.2 Complex case

We shall not repeat here the whole reasoning; we just mention the main steps of the computation. In
this case, W = HH?*, where H is an n X m random matrix with i.i.d.~ N (0, 1) entries and m > n. The
joint distribution of the entries of W is given by

pw (W) = cpm det(W)™ " exp(=Te(W)) Liw >0

By the spectral theorem, the matrix W is unitarily diagonalizable, that is, there exist U an n x n unitary
matrix (i.e. UU* =I) and A = diag(A1,...,A,) such that A\; >0 for all 1 <j <nand W =UAU*, ie.

n
wik =Y Mup, 1<jk<n
=1

On the left-hand side, there are n diagonal free real parameters and 2 @ = n? — n off-diagonal free

real parameters in the matrix W; on the right-hand side, there are n free real parameters in the matrix A
and n? free real parameters in the matrix U. So here we see that there is a mismatch. The mismatch can
be resolved by observing that in the complex case, an eigenvector rotated by e’® remains an eigenvector.
So it is possible to set the first component of each eigenvector of W to be a real number, which reduces
by n the numbers of free real parameters in U, so that the number of free real parameters on both sides
coincide. The joint distribution of A and U is then given by

pA,U(A7 U) =pw (UAU*) |J(A, U)|



where
pw (UAU™) = ¢y m det(A)™ 7" exp(—Tr(A))

and the computation of the Jacobian gives

JAU) =TT Ow = \)? £(U)

i<k

for some function f. Therefore, A and U are also independent in this case, and

p(A, . A H (A7 exp(=A;) Ia,20) [k — A5)?

i<k

where ¢, ,, is the normalization constant, which differs from the previous ¢, ,, and can be computed
explicitly. Finally, similarly to the previous section, U is distributed according to the Haar distribution
on U(n), which is the unique distribution on U(n) being invariant under unitary transformations.



Random matrices and communication systems: WEEK 7

1 Wishart random matrices: marginal eigenvalue distribution

We only consider here the complex case, as the analysis of the real case is sensibly more difficult than
what is presented below. Let H be an n x n matrix with i.i.d.~ Ng(0,1) entries and W = HH*. We
have seen in the previous lecture that the joint distribution of the eigenvalues A1,..., A, of W is given
by

n
PO ) = [T e TTOw = A)?
Jj=1 Jj<k
where ¢, is a normalization constant and where we have dropped the term “1),>0” in the above expression
in order to lighten the notation. Notice also that compared to the previous lecture, we consider here only
the case n = m. This is meant to simplify the exposition in the sequel, but contrary to the above
mentioned real case, the case m > n can be handled with little extra effort.

Let us first give a possible reason for studying marginals of this joint distribution. The above expression
allows to compute the expectation of a function of the eigenvalues f(A1, ..., Ay):

IE(f(Al,...,An))/O d)\lm/o A POy A) s An)

An example of such function is f(A1,...,\s) = [Ij_; A; (which corresponds to f(W) = det(W)).

If one wants now to compute the expectation of a funtion of the form f(A1,...,\,) = 2?21 g(A;), for
some function g, it is of course possible to write

B[S 000 | =3 [Tane [T a0 ) g)
= =i 0

But notice that this may also be rewritten as

B (o0 | =3 /OwdAjpw)g(Aj)

where
o0 [e ] o0 o0
p()\j) :/ d)\l/ d)\j_l/ d)\j+1"-/ d)\np()\l,...,)\n)
0 0 0 0
are the first-order marginals of p. Notice in addition that the distribution p(A1,...,\,) is symmetric in
any permutation of the \’s, so we may as well consider the eigenvalues A1,...\, as unordered. In this

case, all the above marginals are the same, so the expression for the expectation boils down to

B (o0 | = /Omdxpmgm

p(A\) may be also interpreted here as the distribution of one of the eigenvalues A1,..., A, picked uni-
formly at random. An example where this formula applies is when g(\) = log()\), which corresponds to
A5 An) = 307, log(A;), which corresponds in turn to f(W) = log det(W).

Computation of the marginals. The first step for the computation of the marginal p(\) is to use
Vandermonde’s determinant formula:

1 1 1
A1 Ay e An
TTOw = X)) = det _ ,
i<k : : :
)\?71 )\371 . )\2—1



Next, we introduce Laguerre polynomials: these are defined as
1 oA d*
K ank

So Lo(A) =1, Li(A\) =1 =X\, Lo(X) = 3(A—2)2 — 1, and so on. In general, Ly, is a polynomial of degree
k in A that may be written as

Li(\) = (e™*A¥)  where k €N, A >0

—1)*
Lr(A) = M\¥ 4+ lower order terms, where 7, = ( kl) £0
One can check in addition that these polynomials satisfy in the following orthogonality relations:
/ dhe ™ Lp(N) Li(\) = 0w (1)
0

We now use these Laguerre polynomials to rewrite the above determinant (using the basic rules for the
determinant) as

1 1 . 1 Lo(A\1) Lo(A2) -+ Lo(\p)
A1 Ag Ay nlyg Li(M) Li(A2) - Li(\)
det ) ) ) = H — | det ) .
: : : j=1 i : : :
DD VD Lo oi(M) Lo1(X2) -+ Lp_i(\)

In order to simplify notation, let us rewrite the matrix on the right-hand side as {L;—1(\x)}};—;. Com-
bining everything together, we obtain

n n—1
1
PO d) = [T [ T] | et ({Ljm1 ()} eer)”
j=1 j=1 "

Noticing that the product of +’s is yet another constant, we may simply include it in the constant c,.
Also, the above expression may be transformed into

n

P(A1y. s An) = cn H N det ( {Ljfl(Ak)}?,kzl)T {Ljflo‘k)}?,kzl) = cndet ({K(Aj, Ae}] pe1)

where K (\, u) = e 3" 272—01 Li(A) Li(p).

Remarks. - Notice that even though we are talking about the eigenvalues of the complex-valued matrix
W, this matrix is Hermitian (and even positive semi-definite), so its eigenvalues are real (we therefore
only have a transpose matrix above, and not a complex-conjugate transpose).

- The above trick of writing det(A)? = det(AT A) is of course made possible because of the presence of
the square in the expression for the joint eigenvalue distribution. In the real case, the square is missing,
which makes things much more delicate (one can always write |det(A)| = y/det(AT A), but the square
root creates problems later).

The Kernel K has the following nice properties, that follow from the orthogonality relations (1) for the
Laguerre polynomials.

Lemma 1.1. a) K(u,A\) = K(A\,n) b) /Oood)\K()\,/\)n c) /Oood;LK()\,M)K(u,V)K(/\,V)

The last property above is known as the “self-reproducing property” of the Kernel K.

[e'e] n—1 [e'e]
Proof. a) is obvious. b) / dAAK (M A) = Z/ dhe > Ll()\)2 =n.
0

o [ KO K ) Z/ Ao e L) Lon () = K\, 0) o

l,m=0



From these properties follows the remarkable fact below, known as Mehta’s lemma.

Lemma 1.2. The m*" order marginal of the joint eigenvalue distribution p(\y,...,\,) is given by

(n—m)!

n!

P, Am) = det ({K(Aj, A} 1)

Proof. We first give the proof for the case m = n — 1 (the general case follows then easily). We are
interested in computing

PAL, s A1) = e / Ay det ({5 (Aj, A} j=1)
0

In order to lighten the notation, let us write A = {a;x}7,_; = {K(Aj, A\k)}} ;. Using the expansion
formula for the determinant, we obtain

p()\la R Anfl) = Cn / A, det(A) =Cn Z(*l)nJrl / dM, ang det(A(n, l))
0 Py 0
where A(n,l) denotes the matrix A with n'* row and I*"
rewritten as

column suppressed. This may be further

n—1

S (1) / T amdet(An, 1)) (2)

=1 0

/ d)\na,m:/ Ay KAy An) =0
0 0

by property b) of Lemma 1.1, Furthermore, we have for all 1 <1 <n —1,

p(A1s e Anm1) = cp (/ d\, a,m) det(A(n,n)) + ¢,
0

where

/ DA ang det(A(n, 1)
0

oo aii ce ai,i—1 aii+1 ce ain—-1 ain
= [ dawder| z z z ; 3)
0 an—-1,1 = QGpn-1,0—1 0On-1,04+1 *** (An—-1n—1 Qn—-1n
ay1 v a1 41 Qlp—1 fooo dAp a1nan
= det : : :
Gn—-1,1 An—-1,1—-1 Qp—1,04+41 " Gnp—1,n—-1 J"OOO d)\n An—1,n0n,l

Indeed, the integral can be brought inside the determinant for the following reason: writing down the
full expansion formula for the determinant in (3), we see that each term only involves one occurrence of
An. We further have

/ dXp ajn an :/ dAn K(Nj, An) K(An, M) = K(Aj, ) = aj
0 0

by property c¢) of Lemma 1.1. So up to a column permutation, the matrix on the right-hand side of the
above expression is A(n,n), which leads to

/ D @ det (A(n, 1)) = (1)1~ det(A(n, n)
0
Inserting this in equation (2) finally gives
p(A, o Ancl) = n <ndet )+ > (=1)*" ! det( A(n,n))>
=1

= cu(n— (n = 1)) det(A(n,n)) = en det ({K (A, M} ik )



which proves the claim for m =n — 1. A similar reasoning shows that

PO, An2) = e (n = (= 2)) det ({K (g Adir2, ) = 2endet ({K (O, MY, )

and more generally
P(A1y. .y Am) = (n—m)! e, det ({K(/\j, )\k}?szl)

Finally, in order to compute the normalization constant, notice that for m = 1,
p()\l) = (n — 1)' Cn, K()\l, )\1)

As we know that fooo dX1 p(A1) = 1, this together with property b) of Lemma 1.1 implies that nl¢, =1,
ie. ¢, = %, which completes the proof of the lemma. o

A word on the asymptotic analysis of the eigenvalue distribution. A particular instance of the
above result is of course the case m = 1, which gives the first-order marginal:

n—1
\) = 1o > Li(N)?
n
=0

As mentioned above, this distribution represents the distribution of a “typical” eigenvalue of W in the
“bulk” of the spectrum. Analyzing directly the behavior of p()) for large values of n is not an easy task.
First of all, let us mention that in order to obtain convergence, a rescaling is needed. Indeed:

Z)\ _E( ’H(W)):%E(Tr(HH* :% ZEIhM

We should then rather consider p(")()\), the distribution of an eigenvalue of %W picked uniformly at

random:
n—1

p™M (V) =npmA) = e ™Y Li(n))?
1=0
Studying the asymptotic behavior of this expression as n gets large requires the knowledge of fine prop-
erties of Laguerre polynomials, that we skip here. The result gives (we are going to recover this result
using a different approach later in the course):

o 111
lim p™(\) = = __110</\<4

n—o00 e )\

which is illustrated on the figures below. On the left, p(™()\) is represented for n = 2 and n = 4, while on
the right, it is represented for n = 8 and n = co (spreading the rumor that for random matrices, 8 ~ 00):
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The goal of this lecture is to introduce the notion of asymptotic eigenvalue distribution. In particular, we
will see that this notion already appears for large deterministic matrices, such as the classical Toeplitz
matrices. We first need a preliminary on a particular type of Toeplitz matrices, whose eigenvalues are
particularly easy to compute; these are circulant matrices.

1 Circulant matrices

Let ¢g,c1,...,cn—1 be complex numbers and C be the n x n matrix defined as
Co C1 - Cn—2 Cp-1
Cn—1 Co C1 v Cp—2
O =
C2 o Cp—1 Co C1
1 C2 Tt Cp—1 Co
Notation. C = circ(cg,c1,. .., Cpn-1).

The eigenvalues and eigenvectors C' can be computed as follows.

t

Lemma 1.1. Let a € C be such that o™ =1 (i.e. a is an n'" root of unity). Then the vector u defined

as
e
a? n—1 l
u=1 . is an eigenvector of C, with corresponding eigenvalue A = E o
: 1=0
an

Proof. One has to check that Cu = Au. Indeed, for all 1 < j < n, we have

n—1 n—j

n j—1 n
(Cu); = Z Cjk Uk = Z Cn—j+k ok + Z Ck—j af = Z Cl alti—n 4 Z o alti
h=1 k=1 k=j l=n—j+1 1=0
n—1 n—1
@ Z o alti = (Z o az) ol = Ay

where we have used the fact that ™ =1 in (a). O

Let now (ay = exp(2mik/n), k =1,...,n) denote the n different roots of unity. One can check that the
corresponding eigenvectors (ug, k = 1,...,n) are mutually orthogonal. As a consequence, we have the
following proposition.

Proposition 1.2. For any values of ¢y, ¢y, ..., c,—1, there exist A = diag(Aq,...,\,) and U n xn unitary
with C' = UAU*. In addition, we have

n—1

1 1
A = ; ¢ exp(2milk/n) and  wuj, = Tn (ur); = T exp(2mijk/n)

Important consequences and remarks. - The above proposition says that all circulant matrices are
unitarily diagonalizable (even though they may not be Hermitian).



- More than that, the matrix U of eigenvectors of C' (called the Discrete Fourier Transform (DFT) matrix)
does not depend on the values of the numbers cg, c1, ..., c,_1, Therefore, all the circulant matrices share
the same set of eigenvectors.

- As a consequence, if C' is circulant, then C* is, and CC* = C*C, i.e. C' is normal (in accordance with
the above proposition). Also, if C' is circulant and invertible, then C~1 is circulant.

- More generally, if C,Cs are circulant, then Cy 4+ Cy and C1C5 are, with eigenvalues respectively given

by )\ffum) = )\,(fl) + )\,(f) and )\,(fMd) = )\,(:) )\22). Such nice rules for sums and products of matrices are the
exception.

- Finally, only the eigenvalues of C' depend on the values of c¢g, c1, ..., c,—1 and this dependence is linear.
This is in sharp contrast to arbitrary matrices for which the dependence of the eigenvalues on the entries
is intricate in general.

2 Toeplitz matrices and the Grenander-Szego theorem

Let Iy be a fixed positive integer and let (¢;, —lg <1 < ly) be given complex numbers. We consider now
the n x n matrix 7" defined as

to tq . ti, 0 .. 0
ta to t t, 0
e ooty oty ot - .0
0 t.y tg t
0ty t., ty t
0 0ty t1 to
Such a matrix is called a finite-order Toeplitz matriz. Let /\(1”)7 oA denote its eigenvalues. Our aim

in the following is to characterize the behavior of these eigenvalues as n gets large.

Remark 2.1. Contrary to circulant matrices, there is no general formula at finite n for the eigenvalues
of T in terms of the numbers ¢;. Also, the matrix of eigenvectors of 7(") is not the DFT matrix.

Let now us define the following function:

lo
g(z) = Z trel'™ e 0,2n]
1=—lo

g is a complex-valued, bounded and continuous function, and the numbers ¢; are the Fourier coefficients
of g:
1 2

t g(x) e dx

The following lemma establishes a first connection between the eigenvalues of 7™ and the function g.

Lemma 2.2. For any m > 0,



Proof. (sketch: the whole proof is left as an exercise in the homework) Let us consider the matrices
(represented here in the case Iy = 1 for simplicity)

to tn 0 - 0 to tin 0 oty
t.1 ty tp 0 t.1 to t1 0
T™™=10 . . . 0o and Cc™W=|0 . . . 0
0 t1 ty t 0 t_1 to
0 0 t_1 to th 0 t1 to

Let us denote by )\(1"), A and ugn), o, i the eigenvalues of T and O™, respectively. These
two matrices can be shown to be asymptotically equivalent, which implies that for all m > 0,

L= (™ L~ (™
Jm D3 (W) = i 50 ()

Moreover, notice that C") is circulant, so by Section 1, its eigenvalues are given by (for n >2lp+ 1)

lo

u,in) = Z t; exp(2mikl/n) = g(2wk/n)
I=—lo

Therefore,
lim 1 Xn: (W))m ~ fim * Xn: (9(2mk/n))" = L /%(g(a:))m dz
n—o00 7N, — k n—o00 7N, — 2m Jo
by definition of Riemann’s integral of the continuous function g™ over the interval [0, 27]. O

We need now the following assumption.
Assumption H. For all -y <1<y, t_; =1,.

This assumption implies both that 7™ is Hermitian for all values of n (so its eigenvalues )\gn), ceey )\51")
are real), and that the function g is real-valued. Moreover we have the following lemma, whose proof is
again left as an exercise in the homework.

Lemma 2.3. Under Assumption H, let a = inf ¢ 2+ 9(7) and b = SUP,c(0,27] g(z). Then for all n > 1
and all 1 <k <mn,
a< A <b

This finally allows us to state the main theorem.

Theorem 2.4. (Grenander-Szegd, 1958 - Gray, 1972)
Under Assumption H, we have for any continuous function f : [a,b] = R

Tim L élf () = 5 [ stoten

Proof. Notice first that because of Lemma 2.3, )\Ecn) € [a,b] for all k,n, so the expression on the left-hand
side is well defined (and so is the one on the right-hand side, as by definition, a < g(z) < b for all
x € [0,27]). Next, we see that Lemma 2.2 proves the theorem for f(y) = y™, for any m > 0. By linearity
of the integral, this relation can be extended to any polynomial of the form f(y) = P, (y) = Z;”Zl eyl
The final step is made possible by Weierstrass’ theorem, stating that any continuous function f on [a, ]
can be uniformly approached by a sequence of polynomials (P, m > 0), i.e.

lim sup [f(y) — Pn(y)| =0

M= yela,b]



By the triangle inequality, we now have for any m > 0

1 n ) 1 27
- - = <
ST (W) =5 [ rtata) as| <
k=1 k=1 k=1
1 n (n) 1 /271' 1 /271’ 1 2
=SSP (AN - = | Pug@)da|+ | = [ Pulg(a))dr — d
ue> (W) =5z | Pl de| + |50 | Palg(ede = o | flg@) da
< 2 sup |f(y) — Puly)| + lzn:Pm () 1/2ﬂPm(g(x))dx — 2 sup [f(y) — Pu()|
B ye[avb] l n k=1 2m 0 n—0oo ye[a,b] ‘
Taking finally the limit m — oo allows to conclude. O

Remark 2.5. Without Assumption H, the theorem fails. Consider for example the sequence (¢;, | € Z)
with t; = §;; (i.e. t;1 = 1 and all other ¢; = 0). Then

0 1 0 0
0 0 1 0

T = 0

0 0 1

0 --- -+ 0 0

so all its eigenvalues /\,(c") =0, but the function g(z) = €® so in general

2m

LG )\ _ 1 ite
i 23 () =10 [ e

In order for this relation to hold, f should be a polynomial, or more generally, an analytic function on C.
The reason why the theorem fails in this case is that Weierstrass’ theorem does not hold for continuous
functions on C.

Remark 2.6. On the other hand, the theorem can be generalized to Toeplitz matrices constructed from
an infinite sequence (¢;, | € Z) satisfying Assumption H and the following additional condition:

> Il < o0
lezZ

Under these assumptions, it still holds that g is a real-valued, bounded and continuous function, but the
proof of Lemma 2.2 becomes slightly more involved.

3 Asymptotic eigenvalue distribution

Theorem 2.4 may be rephrased as a weak convergence result for a sequence of distributions. To this end,
let us consider the function fi(y) = 1<, where t € R. f; is not a continuous function, but it can be
approximated by a sequence of continuous functions (although not uniformly, which might sometimes
create problems), implying that for almost all ¢ € R (details to follow below)

R n Lo
nhangoﬁkz_lft ()\,g )) = o . fe(g(x)) dz
The above line may be rephrased as

1 1
lim —g{l<k<n: N <t)=—[{ze(0.2n] : g(x) <t}
T

n—o00 N



where fA denotes the number of elements in the discrete set A and |B| denotes the Lebesgue measure of
B € B(R). Let now

1 n 1
Fa(t)=-#{i<k<n: XY <t} and F(t)= o |{re[0.2n] : g(a) <t}|
n ™
These are cumulative distribution functions (or simply “distributions”): F;, is the distribution of an

eigenvalue A(™ picked uniformly at random among the eigenvalues /\gn), e /\51”) of T while F is
called the asymptotic eigenvalue distribution of the sequence of matrices T 1. The precise mathematical
statement is now that the sequence F, converges weakly towards F', i.e. that

lim F,(t) = F(t) ¥t R continuity point of F

n— oo

The rigorous proof of this statement follows from Carleman’s theorem and the following observation: the
moments of F), are given by

[ an =2 (()") = 15 060)" g [t

for all m > 0, by Lemma 2.2. As g is a bounded function, these moments satisfy Carleman’s condition,
which implies the weak convergence of the sequence F;, towards the unique distribution F' whose moments
are given by the above expression. Notice that Assumption H is implicitly used here, as it ensures that
the distributions are supported on the real line (for distributions on the complex plane, convergence of
moments alone does not guarantee weak convergence of the corresponding distributions).

Example 3.1. Let [p =1, ty =2 and t; =t_; = —1. In this case,
g(z) =2 — € — 7" = (1 — cos(x)) = 4 sin?(z/2)
so a = 0 and b = 4 here. The corresponding asymptotic eigenvalue distribution F' is given by

F(#) = o 1w € 0,20] © glw) <1}

An easy way to compute F is to observe that for any continuous function f : [0,4] — R, we should have

4 B i 27 o B l T ‘in2
|t = o [ 5 sinieg) de = 2 [ (asin(ar2) ae

Performing the change of variable 3 = 4sin®(x/2), we obtain

dy = 4 sin(x/2) cos(z/2)dx ie. dx= m dy
so finally, \ .\
1 1
J) swarw = [ 56) L sy

i.e. F' admits the pdf
1 1

p(y) = p \/ﬁ 110,41(y)

LF may also be interpreted as the distribution of an eigenvalue of the infinite-dimensional operator T(°) picked uniformly
at random, whatever that means...
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In this lecture, we first give a quick reminder regarding distributions on the real line; we then recall the
notion of weak convergence of sequences of distributions and finally move to various characterizations of
this weak convergence, more particularly in terms of moments and Stieltjes transform.

1 Distributions without random variables
1.1 Distributions on the real line

Let B(R) be the Borel o-field on R, that is, the smallest o-field on R that contains all the open sets
in R; its elements B € B(R) are called the Borel sets.! Recall that a mapping f : R — R is said to
be Borel-measurable if for all B € B(R), f~1(B) = {x € R : f(z) € B} € B(R). In particular, any
continuous function is Borel-measurable.?

Definition 1.1. A (probability) distribution on R is a mapping p : B(R) — [0, 1] such that

@ =0, pR)=1 and if (B,, n>1) € B(R) are disjoint, then p U B, | = Z/”L(B")

n>1 n>1

Definition 1.2. The cumulative distribution function (cdf) associated to a distribution y is the mapping
F,, : R —[0,1] defined as
Fu(t) = p((=o0,t]), teR
Fact. The knowledge of the cdf F), is equivalent to that of the distribution pu.
There are two well known particular classes of distributions.
Discrete distributions, for which there exists a countable set C such that p(C) = 1. In this case,
p(B)= 3 iz} VBEB®)
zeBNC
and F), is a step function.

Continuous distributions, for which there exists a probability density fiunction (pdf) p, : R = R
such that

w(B) = [ pw)de VB EBR)

In this case, F), is a continuous function.

1.2 Lebesgue’s integral
The Lebesgue integral of a Borel-measurable function f : R — R with respect to a distribution u is
defined in three steps as follows.

1. First suppose f is of the form

flx) = Zyj 1p,(z), where y; >0 and B; € B(R) (1)
j>1

Then the integral is defined as

/R f(@) du(z) = 3y 1(B;)

Jj=1

L1f one is not familiar with this notion, one may think of B(R) as being simply the set of (nearly!) all subsets of R.
2 Again, one may simply consider that (nearly!) all functions are Borel-measurable.



2. Next, suppose that f is Borel-measurable and non-negative (i.e. f(x) > 0 for all € R). Define then
forn>1

J—
Z {mGR Sl f(z)<s }(x)a z€R
j>1

Then one can check that for all n > 1 and z € R, f,(z) < foi1(x) as well as lim, o fn(z) = f(z). As
fn is of the form (1), we may define

[ 1@t = in [ fo(e)dute) = Jim ST n (e e R < pw) < 54))

Notice that as f,, < fn+1, the above sequence is increasing, so the limit always exists, but may take the
value +o0.

3. Assume now that f is any Borel-measurable function. In this case case, we say that the integral is
well defined only if

/R (@) dpz) < o0 (2)

[1@du@) = [ 1@ aua) - [ 1@
where fT(z) = max(f(z),0) and f~(z) = max(—f(z),0).

It is worth noticing that condition (2) is satisfied for any distribution g when f is Borel-measurable and
bounded, as

and we set

/ (@) dpu(z) < sup| ()] / dpu(z) = sup | F(z)| 4(R) = sup| f(z)] < 00
R rxeR R xER rER

by assumption. In particular, let us consider, for a given t € R, fi(z) = 1< fi is Borel-measurable
and bounded, and

| 5@ dute / du() = (=0, 1]) = F (1)
For discrete and continuous distributions, the Lebesgue integral simply reads:

For p discrete, /f ) dp(z Zf p({z}). For p continuous, /f ) dp(x /f x)pu(x

zeC

1.3 Objects associated to a distribution
The cdf is an example of object associated to a distribution (that moreover characterizes completely the
distribution). Here are other examples.

Moments.

Definition 1.3. Let p be a distribution on R and k > 0. If [;|2|*du(z) < oo, we then define the
moment of order k associated to the distribution p as

—_ / e

Here are some easy facts:

- As f(x) = 2% is not a bounded function, the moment of order k of a distribution is not always well
defined (with the exception of discrete distributions supported on a finite set: all their all moments are
always finite).



- If u has a finite moment of order k, then all its moments of lower order [ < k are also finite. In general,
there is a limiting value kg below which all moments are finite and above which all moments are infinite
(but ko may of course take the value co).

- If there exists C' > 0 such that u([—C,C]) = 1 (we then say that u is supported on a compact set), then
all the moments of y are finite and

C C
il < [ Jol*duta) = [ Jaldute) < * [ duta) =

There are of course other examples of distributions which are not supported on a compact set and whose
moments are all finite (such as e.g. the Gaussian or the log-normal distributions).

In general, an important question is to decide whether a distribution is completely characterized by its
moments (which can only possibly happen when all the moments of the distribution are finite). The
answer is given by Carleman’s theorem.

Theorem 1.4. (Carleman) Let p be a distribution and (my, & > 0) be the sequence of its moments. If

in addition
D> (mar) "% =00 (3)
E>1

then the distribution g is the unique distribution with the sequence of moments (my, k > 0).

Condition (3) is actually a condition on the growth of the moments my. It is satisfied in particular if
|my| < C* for some C > 0 (which occurs e.g. for distributions supported on a compact set, as just seen
above). Indeed, in this case,

Mok < C%* o (magy) "7 >

, SO Z(m%)_ﬁ:oo

k>1

Ql-

More generally, if |my| < C exp(klogk), then condition (3) holds. This is the case for example for the
Gaussian distribution (in which case my ~ k!), but not for the log-normal distribution (in which case
my, ~ exp(k?))

Stieltjes (or Cauchy) transform.

Definition 1.5. Let p be a distribution on R and z € C\R. The Stieltjes transform of p is the mapping
gu : C\R — C defined as

o) = [ T dula), eCR

T—2z
Notice that for z € C\R, the function z — f,(z) = x—iz is bounded and continuous on the real line, so
gu(z) is always well defined.
Basic properties.
e g, is analytic on C\R
e Im g,(z) > 0 for all z € C such that Im z > 0

o lim, o vlg,(iv)| =1

Moreover, it turns out that any function g satisfying the above three properties is the Stieltjes transform
of a distribution p on R. In addition, we have the following inversion formula:

If a < b are continuity points of F),, then

1 b
Fu(b) — Fy(a) =lim— [ Im g,(u+ic)du
el0 T J,
In the case where p is a continuous distribution with pdf p,, the above formula simplifies to

1
=lim—1 ] V. R
Pulx) Elﬁjlﬁ m g,(z+ic) Voe



2 Weak convergence of sequences of distributions

Definition 2.1. Let (un, n > 1) be a sequence of distributions and p be another distribution. The
sequence [, is said to converge weakly to p as n goes to infinity if

lim F),, (¢t) = F,(t) Vte&R continuity point of F),

n—oo
Notation. pu, = pu.
n— oo

So weak convergence of distributions means pointwise convergence of the corresponding cdfs, except in
the points where the limiting cdf makes a jump3. This definition has several equivalents, among which
the following, which is part of the so-called portmanteau theorem.

Proposition 2.2. u,, = p if and only if for every bounded continuous function f: R — R,

n—oo

lim [ f(z) djun () = / f(z) d(z)

n—oo R

Checking either of these criteria in order to prove weak convergence is difficult in general. In the sequel,
we propose other criteria that are easier to apply, in particular in random matrix theory.

2.1 Various characterizations of weak convergence

Via moments. The full version of Carleman’s theorem is given below.

Theorem 2.3. (Carleman) Let (u,, n > 1) be a sequence of distributions and (my, k > 0) be a sequence
of numbers such that for all £ > 0,

lim [ afdu,(z) = my
n— 00 R

and such that the sequence (my, k& > 0) satisfies condition (3). Then (my, & > 0) is a sequence of
moments to which corresponds a unique distribution w, and p,, converges weakly to p.

Via Stieltjes transform.

Theorem 2.4. Let (un, n > 1) be a sequence of distributions and p be another distribution. Then
tn = p if and only if

n— o0 .
lim 9pn (Z) = gu(z)

n—oo

forall ze C; = {z € C:Im z > 0}.
The above two criteria are very useful for (random) matrices, for the following reason. Let A(™ be an

n x n Hermitian matrix, let )\gn), ..., A" be its real eigenvalues and let j, be the distribution of one of
these eigenvalues picked at random. Then

m(™ — /ka dpin(z) = %Z (A§”>)k _ %ﬁ ((A(”))k)

and

1 1 1 1 -1
= = = E - - = (n) _
9u, (Z) /]R 2 d,un(fﬂ) n )\5”) —. n Tr <(A ZI) >

In order to compute these quantities, one does actually not need to know what the eigenvalues /\;n) are!

3Notice indeed that asking for pointwise convergence of a sequence of functions towards a limiting discontinuous function
in every point of R would be asking for too much.
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In this lecture, we first introduce the Catalan numbers and then state and prove the Wigner theorem (a
slightly modified version of the original theorem, actually).

1 Preliminary: the Catalan numbers

The Catalan numbers are defined as follows:

1 (2% (2k)!
o k:+1<k:) RIS M

So the sequence starts as 1,1,2,5,14,42, ... These numbers have multiple combinatorial interpretations.
Let us give simply one here. We consider paths that evolve in discrete time over the integer numbers.
These paths go either up or down by one unit in one time step. We are interested in the number of paths
that start from 0 and go back to 0 in 2k time steps, without hitting the negative numbers in the interval.
Such paths are called Dyck paths and are illustrated on Figure 1 below.

Figure 1. Dyck path

It turns out that for a given k, the number of Dyck paths of length 2k is equal to the Catalan number
ci. Here is the proof, also known as the reflection principle.

Proof. Let us first make the following trivial observation: the number of Dyck paths of length 2k is equal
to the total number of paths from (0,0) to (2k,0), minus the number of paths from (0,0) to (2k,0) that
do hit the negative numbers at least once in the interval.

For each of these paths hitting the negative numbers at least once, let us now define T" as the first time
the number —1 is hit by the path, as illustrated on Figure 2 below. From T onwards, we can draw a
mirror path with respect to the horizontal axis with vertical coordinate —1, that necessarily lands in
position —2 at time 2k (the mirror position of 0 with respect to —1).

Figure 2. Reflection principle



Counting therefore the number of paths from (0,0) to (2k,0) hitting the negative numbers at least once
is the same as counting the number of paths from (0, 0) to (2k, —2) hitting the negative numbers at least
once. But any such path must hit the negative numbers at some point, so the number we are computing
is simply the total number of paths from (0,0) to (2k, —2).

Finally, we obtain that the number of Dyck paths of length 2k is equal to the total number of paths from
(0,0) to (2k,0) minus the total number of paths from (0,0) to (2k, —2), which is equal to

(2:) - <k2—k1) - Ei?))?' T (k- 1()2!]?/<§+1)! - Ei?))?' (1 - k:il) - k;-lu <2/f) =k

The Catalan numbers also have the following interpretation. Let y be the distribution with pdf

1 /11 1 1
Pu(x)—; 7 4 {0<z<4} ()
Then its moments are given by

* 1 (2
— k — _
mk—/oxpu(x)dx—k 1<k>_ck

The proof is left as an exercise in the homework. Notice that as the distribution u is compactly supported
on the interval [0, 4], we know that

|my| < 4% (this can also be deduced directly from the definition of c;)

So the moments my, satisfy Carleman’s condition seen in the last lecture.

Remark 1.1. The above distribution g is sometimes called the quarter circle law. Although this ter-
minology is not really appropriate for such a distribution (drawing p,(x) as a function of z, we do not
see a quarter circle...), here is the reason for this denomination. Say p is the distribution of a (positive)
random variable X. Then the distribution v of v/ X has the following pdf:

1 [T 1 1
— 2 — —
po) =p)2 = o5~ W<y <oy = ; VATV o<y <2 (2)

which indeed has the form of a quarter circle.

2 Wigner’s theorem

Let H be an n x n random matrix with i.i.d. complex-valued entries such that for all 1 < j,1 < n:
() E (|hul?) =15

(ii) E (Jhji¥) < oo for all k > 0;

(i) & (1% h_jl’“') —0if k# K.

Notice that these last two assumptions are satisfied in particular when

(ii’) the distribution of h;; is compactly supported;

(iii’) the distribution of hj; is circularly symmetric.

Also, assumptions (i)-(iii) are satisfied when hj; are i.i.d.~ Ng(0, 1) random variables.



Let us now consider the (rescaled) Wishart random matrix W™ = 1 HH*; this matrix is positive

semi-definite, so it is unitarily diagonalizable and its eigenvalues )\g"), ey )\51") are non-negative. Let also
1 :liaw ie. m(B)=1t{i<j<n: "B}, BeB®)
n n j:1 )‘j n n — — Vi Y

pin is called the empirical eigenvalue distribution of the matrix W (™. Notice that it is a random distribu-

tion, because for each n, the eigenvalues )\gn), ey )\%") are random. For a given realization of the A(")’s,
1, may still be interpreted as the distribution of one of these eigenvalues picked uniformly at random.

Wigner’s theorem is then the following.

Theorem 2.1. Under assumptions (i)-(iii), almost surely, the sequence (p,, n > 1) converges weakly
towards the (deterministic) distribution u, whose pdf is given by (1).

Before starting with the proof of this theorem, let us mention the following immediate corollary. Let
a§"), ceey 07(1") be the singular values of the matrix H() = ﬁ H. As wm = g (H(”))*, it holds that

a§") = )\5-"). Let also

1 n
Up = — E d_m
n “ 3
Jj=1

The above theorem can now be rephrased as:

Corollary 2.2. Under assumptions (i)-(iii), almost surely, the sequence (v,, n > 1) converges weakly
towards the (deterministic) distribution v, whose pdf is given by (2).

Proof of Theorem 2.1. In order to prove the result, we will use Carleman’s theorem, which requires us to
show that almost surely,

m,(c”) :/xkdun(x) S ¢k Vk20 (3)
R n o0

where ¢, are the Catalan numbers, that is, the moments of the distribution p. In the sequel, we show

that
[E(m") — | =0 (%) Vk >0 (4)

Using similar methods (involving slightly more combinatorics, though), it can also be shown that

Var (m,(;”) ~0 (%) vk >0 (5)

The last two lines imply (3). Indeed, for all £ > 0,
nzz:lp (‘ml(c”) — ck‘ > E) 6—127;E ((mén) — ck)Q) = EiQ ZE ((mé") —E (mé")) +E (mé")) — Ck)Q)
5% () (2 (0) - )") <

as both terms in the series are O(1/n?) by (4) and (5). The Borel-Cantelli lemma allows then to conclude
that for all € > 0,

IN

P (‘m,&n) —

> ¢ infinitely often) =0

which is saying that mé") converges almost surely towards c; as n — oco.



We now set out to prove (4). Let us first develop

2() = () =2 (100 ) <5 (G ((r)))

n

B # E (Tﬁr ((HH*)k)) = nk1+1 Yo E(ahpn b ki) o (6)

Jislises gk le=1

Let us first look at the cases k = 1 and k = 2 for simplicity. For &k = 1, we have

L (mgn)) = % Y E(hal?) =

gil=1
and for k = 2, because of assumption (iii) on the matrix entries hj;, as well as the independence assump-
tion, we have

n

E(mé”’) = % S E (b By B ts B 1)

Ji,d2,l,l2=1

= S | DoE(Ru) + D E(hin P lhinl?) + Y E (gl b, al?)

Jil=1 Jili#le J1#j2,l

) qo ) et 4o 0) =20 (1)

n3

—~

which proves the claim for these two cases. Notice that in the second case, there are a priori n* terms in
the sum, but only O (ng) terms bring a non-zero contribution to the overall sum.

The remainder of the proof is left to the next lecture.

Remark 2.3. Notice that equation (5), which is not proven here, could seem a priori quite unexpected.

It indeed says that
() _ LoV _ (1
Var (mk ) = Var - JE:I ()\j ) =0 (ﬁ)

In case the A(™)’s were n i.i.d. random variables, one would rather expect this variance to be O(1/n).
But the eigenvalues of a random matrix are far from being i.i.d. in general, as already observed when
computing their joint distribution in Lecture 6 in the Gaussian case. They are actually n random variables
built from a matrix with O(n?) i.i.d. entries, which is in concordance with the fact that the above variance

O(1/n?).
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1 End of the proof of Wigner’s theorem

Let us first recall equation (6) from last lecture:

n 1 - —
E (ml(e )> = nk+1 Z E (hjl,h Ry - Py i hjhlk) (1)

Jtslises il =1

Our aim in the following is to deduce from there that

(o) ol-0(2)

where ¢y, is the k** Catalan number. For a given k > 0, we need to find out which of the terms in (1)
bring a non-negligible contribution to this expression in the large n limit. Observe first that to each term

E (hjy iy Pjoty = i Py 1)

corresponds a sequence (j1, 11, 2,12, - - -, jk, k), Or equivalently a directed bipartite graph from {1,...,n}
to {1,...,n}, defined pictorially as follows:

1 n
[ ] [ ]
o [ ]
1 n

Figure 1. Directed bipartite graph associated to E (hjl,ll Pt Mjasts Mot Pjs s Mg 1)

The vertex j; is called the root of the graph (it is both its starting and ending point). We will say that
two sequences or graphs have the same structure if the order of appearance of new vertices in the sequence
is the same. For example, the two sequences on the left-hand side below have the same structure, while
the two on the right-hand side don’t:

Ji i g2l g3 Iz ja U Ji o biogo o g3 Iz ja U
1 7 1 4 3 7 3 2 1 7 1 4 3 7 3 2
2 4 2 5 8 4 8 4 4 2 5 8 5 8 4

Because of assumption (iii) on the matrix entries hj;, as well as the independence assumption, we see
that in order for a given sequence to bring a non-zero contribution, it is necessary that whenever an edge
from j to [ appears in the graph (possibly a certain number of times), then it should also appear the same
number of times in the opposite direction (that is, from [ to j). A sequence or graph with this property
is said to be even. Notice that an even graph with 2k edges can have at most k£ + 1 vertices, as each edge
in the graph is doubled.

The question is now: for an even graph with 2k edges, p vertices and a given structure, how many
graphs with the same structure can we possibly have by permuting the positions of the vertices on each
side? Clearly, there are at most n choices for each vertex, so the total number of choices is less than n?.



Therefore,

1 - _
E (mgcn)) = nk+1 Z E (hjl,ll h]’mll o 'hjk,lk hjhlk)
(jl,ll,...,jk,lk) even
1 _ _
= nk+1 Z Z E (hjhll hjZall T hijk hjl;lk)
p=2

(J15l1sesdnsl)
even with p vertices

1 — — 1
= — Eh'lh‘l"'h‘l.h‘l +0 | =
nk-i—l ‘ Z ( J1st1 "PJ2,01 Ttk Jl,k) n
(J15l1seesdiesle)
even with k 4+ 1 vertices

(Observe also that for a given p, each term is the sum is bounded because of assumption (ii).)

In conclusion, the only graphs that can possibly bring a non-negligible contribution are even graphs with
p = k + 1 vertices. In such graphs, each edge leads to a new vertex, so the resulting graph is actually
a tree. For a tree with a given structure, there are order n**! different choices for the positions of the
vertices. To be more precise, as the graph is bipartite, there are

nn—1)...(n—p1+1)n(n—1)---(n—py + 1) choices (3)

where pi,ps are the number of vertices on both sides of the graph, with p; +ps = k4 1. In all cases,
the above expression is of order n?* P2 = pF+1 as n grows large and k remains fixed. This factor n*+t!
compensates therefore exactly with the 1/n**! factor in front of the sum. Notice that in such graphs, each
edge appears exactly once in each direction of the original directed graph, so E (hjl,ll Py iy - Pyt hjl,lk)
is a product of E (|hj;|?) = 1 by assumption (i), therefore the product itself is equal to 1.

The only question remaining is therefore: how many different structures of even graphs with 2k edges
and k + 1 vertices do there exist for a given k7 In order to answer this question, let us make yet another
identification: starting from the root j;, explore the corresponding directed graph “following the arrows”
and draw next to that a path that goes either up or down by one unit at each time step, according to
the following rule:

if the current edge is a new edge, then go up by one unit
if the current edge has already been visited (in the other direction, necessarily), then go down by one unit

The path being drawn is nothing but a Dyck path seen at the beginning of this lecture: it starts in 0,
lands in 0 after 2k steps and cannot drop below zero in the meanwhile. Therefore, the number of different
possible tree structures with 2k edges is equal to the number Dyck paths of length 2k, that is, the Catalan
number ¢. Gathering all the above observations together, we finally obtain (2):

E (min)) =c,+0 (i)

2 Largest eigenvalue

The results obtained in the previous lecture tell us something about the asymptotic distribution of a
“typical” eigenvalue of the matrix W™ that is, an eigenvalue picked uniformly at random. What can
we say now on the extreme eigenvalues of such matrices, that is, the largest and the smallest one /\gfgx
and )\f:i)n? It is first important to remember what Wigner’s theorem actually says: the fact that almost
surely, p,, converges weakly towards g means that for all a < b

1 bA4
pollat) = 2215 <0 s XY € ot} o ullab) = [ pylado

aVvoi



Therefore, as soon as the interval [a,b] has a non-empty intersection with the open interval ]0,4[, the
quantity on the right-hand side is strictly positive. This is saying in turn that the number of eigenvalues
in this interval grows linearly in n as n grows to infinity. This applies in particular to the intervals [0, £]
and [4 — ¢,4], for any fixed £ > 0, implying that almost surely, as n grows to infinity, both
lim A" <e and  lim A >4—¢
n—oo

i max
n—oo M

and therefore ()
] n i (n)
nhﬁngo Ania £ 0 and nl;n;o Amax =>4
In the present case, this settles the limiting value of the smallest eigenvalue, as we know on the other
hand that )\ffl)n > 0 for all n, because W™ is positive semi-definite.

On the contrary, it is unclear whether lim,,_, /\ﬁffa)x = 4. Indeed, it could well be that one eigenvalue

diverges from the interval [0, 4] in the large n limit: this would not affect the result of the Wigner theorem.
Indeed, the weight of one eigenvalue in the distribution u,, is equal to 1/n, so an isolated eigenvalue cannot
contribute to change the limiting distribution pu.

In order to study the asymptotic behavior of A,(I?QX, we will again use moments. This is made possible
thanks to the following fact: for all k > 1,
. 1/k
1/k . . 1/k
Moo = (AF) 7 = [ 2| = (T (wt)r))
j=1
S0

A < kli_)m (Ty ((W(n))k))l/k

oo

(and this last bound is actually known to be tight). We now set out to prove that under the following
assumption:
hir = exp(ig i) where ¢, are i.i.d. ~ U([0,27]) random variables (4)

(which implies assumptions (i)-(iii) made in the last lecture), we have

lim E ()\(”) ) —4 (5)

max
n— oo

Using more refined techniques, one can prove the same result under weaker assumptions, as well as the
almost sure version of the result: let us skip this.

Proof of equation (5). From the explanations above, it is clear that lim, ., E (A,ﬁgx) > 4, so what

remains to be proven is the upper bound

lim E (Agg;gx) <4

n—oo

Notice first that as f(z) = z'/* is concave, we obtain by Jensen’s inequality”,

E (/\I(ﬁa)x> =E ( lim (Tr ((W(n))k)>1/k> < lm B (Tr ((W(n))k)>l/k

k—o0 k—o0

As we have seen before,

N 1 . 1 = S
E (TI‘ ((W( ))k)) = nk E (Tr ((HH )k)) = nk Z E (hjl,h Pjo iy - Py i h’jl»lk)
Jusly,e gk le=1
which is equation (1), up to a factor 1/n. We now perform a similar analysis as before, but notice that
we are interested in a different order of limits here: we first take £k — oo and then n — oo.

land also by Fatou’s lemma, which is needed here in order to interchange the limit and the expectation



Observe that as before, only the sequences (ji,!l1,...,Jk, ;) that correspond to even bipartite graphs
bring a non-zero contribution to the sum, so

E(T () = — 3 E (Rjy iy oty Mgty T i)

n® . -
(J15l1seeesJk,lk) even
k+1

1 _ I
- ﬁ Z Z E (hjlsll h’j27l1 T hjk,lk hjl,lk)
p=2

Gty disli)
even with p vertices

Notice also that for an even graph, the expression
E (hjlall hjz,ll T hjk;lk hjl,lk)

is the expectation of a product of even powers of |h;;|, which are all equal to 1 here, because of assumption
(4). So we simply have

1 k+1
E (Tr ((W(”))k)) = =Y N(k.p)
p=2

where N (k,p) denotes the number of even graphs with 2k edges and p vertices (with 2 <p <k+1). We
have seen before that

N(k,k+1) ~ ¢, n*t!

as n gets large. It also holds that
k+1

Z N(k,p) < cpnFt!

p=2

Indeed, when counting the number of graphs with 2k edges and k 4+ 1 vertices, we identified above cg
different structures for such graphs and slightly less than n**! graphs with a given structure, because of
the constraint of having disjoint vertices on each side of the graph; see equation (3). Observe now that if
we relax this constraint, we obtain all possible graphs with 2k edges and k + 1 or less vertices. As there
are at most n choices for each vertex, the total number of such graphs does not exceed ¢ n*+1.

This finally implies that

1 1/k
E (Aggax) < lim <k ch nk+1> = lim (nep)/*F <4, foralln>1
n

~ k—oo k— o0

as we have already seen that c; < 4% (and notice that as we consider first & — oo and n fixed, the
multiplicative factor n disappears in the large k limit). This completes the proof. .
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In this lecture, we reprove the theorem from last time using the Stieltjes transform method.

1 Marcenko-Pastur’s theorem

Let H be an n X n random matrix with i.i.d. complex-valued entries such that for all 1 < j, I < n:
(1) E(hj) = 0, E (|h*) = 1;
(ii) the distribution of hj; is compactly supported (this second assumption may be relaxed).

As last time, let us consider W (") = % HH*, Aﬁ"), cel A its (non-negative) eigenvalues and the empirical
distribution u, = % Z?zl 6/\<n). A particular instance of Marc¢enko-Pastur’s theorem is the following.
j

Theorem 1.1. Under assumptions (i) and (ii), almost surely, the sequence (i, n > 1) converges weakly
towards the quarter-circle law u, whose pdf is given by

111

pu(r) = V71 Lio<z<4y

As a preliminary to the proof of the theorem, let us consider, for a given z € C\R, the quadratic equation:
29(2)* +29(2) +1=0 (1)
This quadratic equation has two solutions

1 1 1
9:(:) =5 E 373

It turns out that gy (z) is the Stieltjes transform of the above distribution p. The proof is left as an
exercise in the homework.

Proof of Theorem 1.1 (sketch).

The strategy for today is to use the characterization of weak convergence via Stieltjes transform: a
sequence of distributions converges weakly towards a limiting distribution if the corresponding sequence
of Stieltjes transforms converges pointwise on C; = {z € C : Im z > 0} towards the limiting Stieltjes
transform. Thus, we will prove that almost surely, g, (z) converges in the large n limit towards a solution
of equaton (1). As all the g, are by definition Stieltjes transforms, but only one of the two solutions of
this equation is a Stieltjes transform, a continuity argument allows then to conclude that g, can only
converge to g4 and not to g_.

The rule of the game is therefore now to try writing g, (z) on both sides of an equality sign. To this end,
let us compute

> s am (v =)

First notice that W) = %HH* = %2221 hi hi, where hy is the k' column of H (and is therefore
n x 1). This way, W) is expressed as a sum of rank one n x n matrices. For a given 1 < k < n, let us

define

w = wl )—Ehkhk:— DL

n
=1, 1%k

as well as the resolvents

G (z) = (W(") - zI)i1 and G,(Cn)(z) = (Wkn) - 21)71



Notice that the object we are interested in is g,(2) = L Tr (G (z)). Let us now prove the following two
lemmas.

Lemma 1.2.
1+ h* G(”)( )hk

st h* G(”)( Yhy =

Proof. Let us compute

-1

n n * n n * n n 1 *
hi G (2) (G< )(z)) hi GO (2) (W< >_ZI) = h: G (2) (W,g -zl hk)

1 n
= ’,;+EhZG( hkh*_<1+ hi G (2) b )h;

Therefore,
hi G (2) = (1+ hi G (2 hk> e
and
he G (2) by = <1+ hi G (2 hk> hE GO
which concludes the proof. O

Lemma 1.3.

1 " _
gn(z):ﬁ’h<G() )__mzl+1h*G("() hi

Proof. Let us compute

1 = %Tr([) = %Tr((W(”) —2) G(")(z)> ( th hy G (2) — 2 G (z ))

" " L pr G(”) h
= - > (1 i G(e) hk) —2gn(2) = = e (fj) L) = z0n(2)
=\ " \L+ 5 hi G (2) b

by Lemma 1.2. So

_1e L G (2) by 1 1
k

= \1+ L0 G (2)h =1+ L hp G (2) by,

which concludes the proof. O

Notice that so far, these formulas hold for any matrix of the form W) = %H H* without any further
assumption on the matrix H. On the contrary, the next lemma relies strongly on the assumptions (i)
and (ii).

Lemma 1.4. Under assumptions (i) and (ii), for all z € C\R and all € > 0, there exists C' > 0 independent

of n such that ) ) o
R elO) _ = (n) > < —
]P’(‘nthk b= —Tr (G (z))‘ _5) <

which implies by the Borel-Cantelli lemma that

1
- hj, G(") R, fTr (G,(C")(z)) — 0 almost surely

n— oo



We do not prove this lemma, but simply show in the following that for all n > 1,
Lo ) (n)
E (- hi G b fTr(G ()) -0

which also requires the use of the assumptions made above:
Lo o) s (7 (™ -
E(-hG -~ SN E(n ( - 1)
(n Gk hk) n Z (hjk Wi z il b
Jil=1
As the matrix W,c does not “contain” hy, the k** column of H, it is independent of both h]k and hyg,

SO
E (i B G hk) 1 Z Tk hur) ((W,ﬁ”) = z[)jl1> © %Z E ((W,g’” - zI)jj1>
jl 1

E <:L T (Wi - zf)> =E <:L Tr (c;§j>(z))j)_1

where (x) follows from the fact that E(h;y ki) = 61, according to assumption (i) and the independence
assumption.

The actual proof of Lemma 1.4 relies on the use of Chebychev’s inequality with ¢(z) = 2* and a similar
analysis of the expectation (except that one must consider the moment of order 4 instead of the first
order moment).

The last lemma is a technicality, which holds again for any matrix of the form W) = % HA*.

Lemma 1.5. For all z € C\R,

1
n|Im z|

lTr (G,(Cn)(z)) - %Tr (G(")(z))’ <

n

The proof of this lemma is still rather long for a technicality and is therefore omitted.

Gathering together the results of Lemmas 1.3, 1.4 and 1.5, we obtain that for large values of n,

_ l M (2)) = - -
gn(z) Tr (G ) nz kz 1 + 1 h* (Z) hk

1 < 1 1 1 1

[ — ~ —

el PR (Gz(cn)(2>) T 21+ I (GM(2) T 2(1+ga(2)

1

which may be rewritten as
2gn(2)? + 2gn(2) + 120

Taking some more precautions, we can conclude that g,(z) converges almost surely towards a solution
of the quadratic equation (1), which should be chosen as g, for the reasons explained above. This
“completes” the proof of the theorem. O
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1 Capacity of multiple antenna channels

1.1 Finite-size anaylsis

Let us come back the multiple antenna channel considered in Lecture 3:
Y=HX+Z

where H is an n x n random channel matrix with i.i.d. Ng(0,1) entries, varying ergodically over time,
whose realizations are known at the receiver, but not at the transmitter. We have seen in Lecture 3 that
the ergodic capacity of such a system is given by

C’erg—E<logdet (I+nHH )) =E ;1og<1+P/\j )

where the expectation is taken over all possible realizations of the random matrix H and )\gn)’ ey ,\5?)
are the non-negative eigenvalues of the n x n Wishart matrix W) = %H H*. This may be further
rewritten as

Corg =nE (1og (1 " p)\(n)))

where A\(") is one of the eigenvalues Aﬁ”), ey /\%n) picked uniformly at random. We have seen in Lecture
7 that the distribution of A(™) is given by

n—1
PN =e ™Y Li(nd)?
=0

where the L;(-) are the Laguerre polynomials. Therefore,

n—1

Corg = 1 / D™ () log(L+PA) =1 Y / dre=™ Li(n\)? log(1 + PA)
0 = Jo

1.2 Asymptotic analysis

In order to analyze the behavior of the ergodic capacity in the large n limit, let us rewrite it as

Coag(n) =E ilog (1 + P)\;n)) =nkE (/R log(1 + Px) dun(a:)>

=1

where
1 n
Hn = ﬁ ;71: 5)\5.")

is the empirical eigenvalue distribution of the matrix W) = L HH*. We have seen in Lectures 10-12

T n
that almost surely, u, converges weakly towards the limiting deterministic distribution g whose pdf is
given by
1 /1 1

pu(r) = “Vz a1 Lio<a<ay



This is saying that almost surely, for any bounded continuous function f: R — R,

tim [ @) dpa(a /f Ydu(a

n— oo

Taking expectations on both sides (which is OK here, thanks to the dominated convergence theorem),

we obtain
1im1E(/f ) dpan (1 ) /f du(x
n—oo

for any bounded continuous function f : R — R (remember that u is deterministic). We would like now
to apply this to f(z) = log(1 + Pz), which would allow us to conclude that

limM = lim E (/R log(1 + Pzx) dun(x)> = /04 log(1 + Pz) p,(z) dz

noo n n— 00

therefore proving that Ceyg(n) is of order n for large values of n and at the same time providing an explicit
expression for the multiplicative factor.

A first concern is that f(z) = log(l + Px) is not defined for z < —1/P, but as both p, and p are
supported on [0, 00), this is not a problem. The other worry is that f is unbounded. To this end, let us
define fas(x) = min(f(x), M), which is bounded and continuous for any M > 0. This allows us to write,

for fixed values of n and M
‘(/ £(2) dpn(a ) (/ frr(@) djin >)‘

L m)-f o
+\E( [ fuste) dpala V)| +| [ dae) o)~ [ fio) duto)
/ f(@) dp(e

[ tuta
c (i) b ([ ) [ e

where zp; = inf{z >0 : f(z) > M} = § (eM —1). By the weak convergence result above, we know that
the term in the middle converges to zero for any value of M, so

T [E (/ £ (@) dyin(a ) | r@inta <hmE</ £ (@) dyin(a ) /f ) dyu(z

for any M > 0. We also know that f;; f(z)du(xz) =0 for zpr > 4 (as p is supported on [0,4]), so there
remains to prove that (also for xps > 4)

lim E (/: (@) dun(x)> —0

(/ f(@) dpn (2 ) ZE< FOF) 1L {A_gmzmM})— (PO g 500)

As f(x) =log(1l + Px) < Pu, this is further bounded above by

Notice that

P E(Aﬁm {A5,12x>zM})

In Lecture 11, we have seen (under slightly different assumptions, though) that lim,, ]E()\I(ﬁzx) < 4.

Similar refined estimates on )\Eﬂgx allow to conclude that the above expression converges to zero as n — oo
for xps > 4.



2 Diversity-multiplexing tradeoff

Consider now the same scenario as above, except for the fact that H is fixed over time (see Lecture 4).
In this case, the capacity of the multiple antenna channel is equal to zero, and the outage probability is
given by

Pout (R) P(logdet(I + HQH") < R)

= inf

Q20:Tr(Q)<P
where again, the probability is taken over all possible realizations of the random matrix H. For a fixed
value of n, we would like to characterize the behavior of this outage probability in the high SNR regime
(that is, as P gets large), with the idea that it can be made vanishingly small in this regime. In the
ergodic case, we have seen that for large P (see Lecture 3),

Corg = sup E(logdet(I + HQH™)) ~n log P
Q=0:Tr(Q)<P

So in order to obtain a small outage probability, the target rate R chosen in the above expression should
not be higher than n log P. Let us therefore choose R = r log P, where 0 < r < n: r is called the target
multiplexing gain.

A priori, the analysis of the outage probability is particularly difficult, as the above minimization problem
remains unsolved. But notice that

P
P(logdet(I + PHH™) < 1 log P) < Pou(r log P) <P (logdet <I + poe HH*> <r logP>

Indeed, Q = % I is a possible candidate for the minimization problem, which explains the inequality on
the right-hand side. On the other hand, any matrix @ > 0 satisfying Tr(Q) < P also satisfies Q < PI,
which implies the inequality on the left-hand side. Observe now that as P — oo,

P
P <logdet <I +— HH*> <r logP) = P(logdet(I + PHH™) < r log(nP))
n
= P(logdet(I + PHH") < r(logn +log P)) = P(logdet(I + PHH™) < r log P)

where the notation f(P) = g(P) stands for limp_,, 1o%££<£>> = limp_,o0 2B8YED - This together with the

log P
previous inequalities allows us to conclude that

Pous(r log P) = P(logdet(I + PHH") < r log P)

As mentioned above, by choosing the multiplexing gain 7 smaller than n, we expect the outage probability
to converge to zero as P gets large. Our aim in the following is to discover at which speed, depending on
r, does this probability converge to zero, namely to find the exponent d(r) satisfying

Py (r log P) = P4
More formally, this exponent, also known as the diversity order, is defined as

L log(Pout (1 log P))
d(r) = Ph—r>n<>o log P

which the above analysis allows us to rewrite as

d(r) = Jim _log(P(log det(I TOZ)I;H ) <1 log P))
—00

The computation of d(r), which requires the knowledge of the joint eigenvalue distribution of the matrix
HH*, will be the subject of the next lecture.
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1 Diversity-multiplexing tradeoff (cont’d)

Remember from last lecture that we are after computing the diversity order of a multiple antenna channel:

1og(Put (r log P log(P(1 [+ PHH*) < r log P
d(r) = tim —08ow(rlogP)) . - log(Plogdet(l + ) < r log P)))
P—oo log P Poo log P

where H is an n X n matrix with i.i.d.~ Ng(0,1) entries (and n is fixed). The above probability can be

rewritten as
P(logdet(I + PHH") <rlogP) =P (2?21 log(1+ PX;) < r log P)

where A1,...,\, are the eigenvalues of the matrix HH*, which are all non-negative. In Lecture 6, we
have seen that the joint distribution of these eigenvalues is given by

PO A =cn [Je™ JJOw = A)? for Ap,.o X, >0
Jj=1 J<k

where ¢, is some positive constant. Using this, the above probability can be further rewritten as an
n-fold integral:

P(logdet(I + PHH™) < r log P) = / P(A1y - An) dAy - dAy

Dx(r)
where
n
Da(r)=40< M\ <... <A, ¢ Y log(l4 PXj) <7 log P
j=1
(notice that the eigenvalues Aq,..., A, are ordered in increasing order here). The explicit computation

of this integral remains a challenge, because of the highly correlated nature of the eigenvalues. We will
see below that taking the high SNR limit (P — 00) in the above expression allows to drastically simplify
the analysis. To this end, let us make the change of variables:

Aj = P7% =exp(—a; logP), so d\; = —(logP) exp(—a; log P) do;

This change of variable, even though depending on P, is perfectly valid for given value of P, and therefore
also in the limit P — oo (provided some care is taken here). This gives rise to the following expression
for the above probability:

Dea(r)

where

qlaq,...,an) =cp exp | — ZP‘“J' H (P_O‘f — P_O"“)2 (log P)" exp | — Zaj log P
j=1 i<k Jj=1

and
Do(r)=<a1>...> a, (a; €R) : Zlog (1+P1_O‘j) <rlog P
j=1

So far, these are exact expressions. We will now make a series of approximations which are valid in the
limit P — oo (and which can all be rigorously justified by taking upper and lower bounds).



First observe that

s decays super-polynomially to zero if o; <0
exp (—P J) .
tends to 1 if a; >0

so we may restrict the domain of integration D, (r) to its positive part where ay > ... > a;, > 0.
Next, observe that
(1—-aj)logP ifa; <1

log(lJrPl*O‘j)z {O Fo o1
j

so log (1+ P'=%) ~ (1 — ;)" log P. We can therefore replace the domain of integration Dq(r) by

Dy(ry=Ra1>...>2a,>0: Z(l—aj)+§r
j=1

and the above probability can be rewritten as

glag,...,an)day - day,

P(logdet(I + PHH") < r log P) = /
Dy (r)

where

Glag,...,an) =cp H (P~ — P_(’“C)2 (log P)"™ exp —Zaj log P
j=1

i<k

log(cy, (log P)™)

Tog P = 0. Here comes now the

Furthermore, let us notice that ¢, (log P)” = 1, as limp_, o
“magic” trick: for a; > ... > ay,, we have

H (P~ — P*O‘k)2 = H P2 = ﬁ p2k=har — oxp ( iQ(kz —1) oy, log P>

i<k j<k k=1 k=1

This implies that

glag,...,a,) =exp —Z(Qj —1)a; log P
j=1

In this expression, we see that in the limit P — oo, the exponents «; become so to speak “independent”.

Finally, we obtain

n

exp | — Z(Zj —1DajlogP | dayg---day,

j=1

P(logdet(I + PHH™") < r log P) = /
Dea(r)

This expression can in turn be rewritten as

P(logdet( + PHH?) < r log P) = / P day - day,

Dy (7)

where

fla)y=> (2 - 1)y

j=1

Using then Laplace’s integration method, we obtain

P(logdet(I + PHH*) < r log P) = P4



where the diversity order d(r) is given by

n

d(r) = inf f(a)= inf > @i-1ay

Du(r) @12 Zan20 4
n =1
j:l(liaj)+<r J

Doing this, we have therefore transformed the initial problem of evaluating an n-fold integral (in the limit
P — o0) into a simple linear optimization probelem.

For n = 2, the problem reads
d(r) = inf 3
(T) aéI(lszO a1t s
(I—an)t+(1-az)t<r

whose solution is given by

1<r<2: ag=2-r,a2=0,4d(r) r

0<r<1l: as=1l,aa=1—-r,d(r)=4-3r
=92

For low multiplexing gain (0 < r < 1), outage occurs when both eigenvalues A1, Ao of HH* are small
(more precisely, A\; >~ P~! and Ay ~ P"~ 1), while for higher multiplexing gain (1 < r < 2), outage occurs
when only the smallest eigenvalue Ay is small (more precisely A\; ~ 1 and Ay ~ P"~2). As expected,
the diversity drops to zero for values of r larger than or equal to 2 (as in this case, the target rate is
higher than the ergodic capacity). On the figure below, the diversity order is drawn as a function of the
multiplexing gain r, which illustrates the tradefoff between diversity and multiplexing.

d(r)

For general values of n, the curve d(r) is the piecewise linear curve such that d(k) = (n — k)? at integer
values of 7 (so d(0) = n? and d(n) = 0). Notice that the maximum diversity d = n? corresponding to
r = 0 matches the number of independent random variables in the channel matrix H.



