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Unitary Precoding and Basis Dependency of MMSE
Performance for Gaussian Erasure Channels

Ayca Ozcelikkale, Serdar Yiiksel, and Haldun M. Ozaktas

Abstract—We consider the transmission of a Gaussian vector
source over a multi-dimensional Gaussian channel where a
random or a fixed subset of the channel outputs are erased.
Within the setup where the only encoding operation allowed is
a linear unitary transformation on the source, we investigate
the MMSE performance, both in average, and also in terms of
guarantees that hold with high probability as a function of the
system parameters. Under the performance criterion of average
MMSE, necessary conditions that should be satisfied by the
optimal unitary encoders are established and explicit solutions
for a class of settings are presented. For random sampling of
signals that have a low number of degrees of freedom, we
present MMSE bounds that hold with high probability. Our
results illustrate how the spread of the eigenvalue distribution
and the unitary transformation contribute to these performance
guarantees. The performance of the discrete Fourier transform
(DFT) is also investigated. As a benchmark, we investigate the
equidistant sampling of circularly wide-sense stationary (c.w.s.s.)
signals, and present the explicit error expression that quantifies
the effects of the sampling rate and the eigenvalue distribution
of the covariance matrix of the signal.

These findings may be useful in understanding the geometric
dependence of signal uncertainty in a stochastic process. In
particular, unlike information theoretic measures such as entropy,
we highlight the basis dependence of uncertainty in a signal
with another perspective. The unitary encoding space restriction
exhibits the most and least favorable signal bases for estimation.

Index Terms—random field estimation, compressive sensing,
discrete Fourier Transform.

I. INTRODUCTION

We consider the transmission of a Gaussian vector source
over a multi-dimensional Gaussian channel where a random or
a fixed subset of the channel outputs are erased. We consider
the setup where the only encoding operation allowed is a linear
unitary transformation on the source.

A. System Model and Formulation of the Problems

In the following, we present an overview of the system
model and introduce the family of estimation problems which
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will be considered in this article. We first present a brief
description of our problem set-up. We consider the following
noisy measurement system

y=Hx+n=HUw+n, (1)

where 2 € C¥ is the unknown input proper complex Gaussian
random vector, n € CM is the proper complex Gaussian
vector denoting the measurement noise, and y € CM s
the resulting measurement vector. H is the M x N random
diagonal sampling matrix. We assume that x and n are statisti-
cally independent zero-mean random vectors with covariance
matrices K, = E[zz'], and K,, = E[nn'], respectively. The
components of n are independent and identically distributed
(ii.d.) with E[n;n;t] = 02 > 0.

The unknown signal = comes from the model x = Uw,
where U is a N x N unitary matrix, and the components of w
are independently (but not necessarily identically) distributed
so that K,, = E[ww'] = diag(\1, ..., \y). U may be inter-
preted as the unitary precoder that the signal w is subjected
to before going through the channel or the transform that
connects the canonical signal domain and the measurement
domain. Hence the singular value decomposition of K, is
given by K, = UK,U" = UA,UT = 0 where the diagonal
matrix denoting the eigenvalue distribution of the covariance
matrix of z is given by A, = K,, = diag(A1,..., An). We
are interested in the minimum mean-square error (MMSE)
associated with estimating = (or equivalently w), that is
E[||x — E[z|y]||*= E[||w — E[w|y]||?>. Throughout the article,
we assume that the receiver has access to channel realization
information, i.e. the realization of the random sampling matrix
H.

We interpret the eigenvalue distribution of K, as a measure
of the low dimensionality of the signal. The case where most
of the eigenvalues are zero and the nonzero eigenvalues have
equal values is interpreted as the counterpart of the standard,
exactly sparse signal model in compressive sensing. The case
where most of the power of the signal is carried by a few
eigenvalues, is interpreted to model the more general signal
family which has an effectively low degree of freedom. Yet, we
note that our model is different from the classical compressive
sensing setting. Here we assume that the receiver knows the
covariance matrix K, i.e. it has full knowledge of the support
of the input.

Our investigations can be summarized under two main
problems. In the first problem, we search for the best unitary
encoder under the performance criterion of average (over
random sampling matrix H) MMSE.



Problem P1 (Best Unitary Encoder For Random Channels):
Let UY be the set of N x N unitary matrices: {U € CV :
UTU = In}. We consider the following minimization problem

it Enr [Es(||z = Elely]] ] @

where the expectation with respect to the random measurement
matrix and the expectation with respect to random signals
involved is denoted by Ef[.], and Eg|.], respectively.

In the second avenue, we will regard the MMSE per-
formance as a random variable and consider performance
guarantees that hold with high probability with respect to
random sampling matrix . We will not explicitly cast this
problem as an optimal unitary precoding problem as we have
done in Problem P1. Nevertheless, the results will illustrate
the favorable transforms through the coherence parameter
(= max; ;|u;;|, which is extensively used in the compressive
sensing literature [1I], [2]], [3].

Problem P2 (Error Bounds That Hold With High Proba-
bility): Let tr(K,) = P. Let D(d) be the smallest number
satisfying > .~; Ay > 6P, where § € (0,1] and \; >
A2, ..., > Ay . Assume that the effective number of degrees of
freedom of the signal is small, so that there exists a D(¢) small
compared to N with § close to 1. We investigate nontrivial
lower bounds (i.e. bounds close to 1) on

P(Esma: ~ EllylP] < fra(As, U, a;i>> @

for some function fpo(.) which denotes a sufficiently small
error level given total power of the unknown signal, tr (K),
and the noise level o2.

B. Literature Review and Main Contributions

In the following, we provide a brief overview of the related
literature. In this article, we consider the Gaussian erasure
channel, where each component of the unknown vector is
erased independently and with equal probability, and the
transmitted components are observed through Gaussian noise.
This type of model may be used to formulate various types
of transmission with low reliability scenarios, for example
Gaussian channel with impulsive noise [4], [5]. This mea-
surement model is also related to the measurement scenario
typically considered in the compressive sensing framework [6]],
[7] under which each component is erased independently and
with equal probability. The only difference between these two
models is the explicit inclusion of the noise in the former.
In this respect, our work contributes to the understanding
of the MMSE performance of such measurement schemes
under noise. Although there are compressive sensing studies
that consider scenarios where the signal recovery is done by
explicitly acknowledging the presence of noise, a substantial
amount of the work focuses on the noise-free scenario. A
particularly relevant exception is [8]], where the authors work
on the same setting as the one in our article with Gaussian
inputs. This work considers the scenario under which the
signal support is not known whereas we assume that the signal
support is known at the receiver.

The problem of optimization of precoders or input covari-
ance matrices is formulated in literature under different perfor-
mance criteria: When the channel is not random, [9] considers
a related trace minimization problem, and [10] a determinant
maximization problem, which, in our formulation, correspond
to optimization of the MMSE and mutual information per-
formance, respectively. [11]], formulate the problem with
the criterion of mutual information, whereas focuses
on the MMSE and [14] on determinant of the mean-square
error matrix. [[13]], present a general framework based on
Schur-convexity. In these works the channel is known at the
transmitter, hence it is possible to shape the input according to
the channel. When the channel is a Rayleigh or Rician fading
channel, investigates the best linear encoding problem
without restricting the encoder to be unitary. [18] focuses
on the problem of maximizing the mutual information for a
Rayleigh fading channel. [4], [5]] consider the erasure channel
as in our setting, but with the aim of maximizing the ergodic
capacity. Optimization of linear precoders are also utilized in
communications applications, for instance in broadcasting of
video over wireless networks where each user operates under
a different channel quality [19].

In Section and Section [II=C} we investigate how the
results in random matrix theory mostly presented in compres-
sive sampling framework can be used to find bounds on the
MMSE associated with the described measurement scenarios.
We note that there are studies that consider the MMSE in
compressive sensing framework such as [8]], [20], [21]], [22l,
which focus on the scenario where the receiver does not know
the location of the signal support (eigenvalue distribution). In
our case we assume that the receiver has full knowledge of
the signal covariance matrix, hence the signal support.

Contributions of the paper. In view of the above literature
review, our main contributions can be summarized as follows:
We formulate the problem of finding the most favourable uni-
tary transform under average (over random sampling) MMSE
criterion (Problem P1). We investigate the convexity properties
of this optimization problem, obtain necessary conditions
of optimality through variational equalities, and solve some
special cases. Among these we have identified special cases
where DFT-like unitary transforms (unitary transforms with
luij|?= %) are optimal coordinate transforms. We also show
that, in general, DFT is not the optimal unitary transform.
For the noiseless case, we have also observed that the identity
transform turns out to be universally the worst unitary trans-
form regardless of the eigenvalue decomposition.

On Problem 2, under the assumption of known signal sup-
port, our results quantify the error associated with estimating a
signal with effectively low degree of freedom from randomly
selected samples, in the {5 framework of MMSE estimation
instead of the ¢; framework of typical compressive sensing
results. The performance guarantees for signals that have
strictly low degree of freedom follows from recent random
matrix theory results in a straightforward manner. We present
MMSE performance guarantees that illustrate the trade-off
between the eigenvalue distribution of the covariance matrix
of the signal (effective number of degrees of freedom) and the



unitary transform (spread of the uncertainty in the channel).
Although there are a number of works in compressive sensing
literature that consider signals with low effective degree of
freedom (see for instance [23] Sec 2.3], and the references
therein) our findings do not directly follow from these results.
As a benchmark, we investigate the case where U is the DFT
matrix and the sampling is done equidistantly. In this case,
the covariance matrix is circulant, and the resulting signal
x is referred as circularly wide-sense stationary, which is a
natural way to model wide-sense stationary signals in finite
dimension. We present the explicit MMSE expression in this
case. Although this result comes from simple linear algebra
arguments, to the best of our knowledge they do not appear
elsewhere in the literature.

Our results show that the general form of error bounds
that hold with high probability are the same with the error
expression associated with the equidistant sampling of band
pass c.w.s.s. signals, but with a lower effective SNR term.
The loss in the effective SNR may be interpreted to come
through two multiplicative loss factors, one due to random
sampling, (which is present even when all the insignificant
eigenvalues are zero), and the other due to the presence of
nonzero insignificant eigenvalues.

C. Motivation

Our motivation for studying these problems, in particular
our focus on the best unitary precoders, is two-fold.

In the first front, we would like to characterize the impact
of the unitary precoder on estimation performance, since such
restrictions occur in both physical contexts and applications.
Optimization of linear precoders or input covariance matrices
arises naturally in many signal estimation and communica-
tion applications including transmission over multiple input
multiple output (MIMO) channels, for instance with unitary
precoders [24], [25]. Our restriction of the transformation
matrix to a unitary transformation rather than a more general
matrix (say a noiselet transform) is motivated by some possible
restrictions in the measurement scenarios and the potential nu-
merical benefits of unitary transforms. In many measurement
scenarios one may not be able to pass the signal through an
arbitrary transform before random sampling, and may have
to measure it just after it passes through a unitary transform.
Using more general transforms may cause additional complex-
ity or may not be feasible. Possible scenarios where unitary
transformations play an important role can be given in the
context of optics: The propagation of light is governed by
a diffraction integral, a convenient approximation of which is
the Fresnel integral, which constitutes a unitary transformation
on the input field (see, for instance [26]]). Moreover, a broad
class of optical systems involving arbitrary concatenations
of lenses, mirrors, sections of free space, quadratic graded-
index media, and phase-only spatial light modulators can be
well represented by unitary transformations [26]. Hence if one
wants to estimate the light field by measuring the field after it
propagates in free space or passes through such a system, one
has to deal with a unitary transform, but not a more general
one. Furthermore, due to their structure, unitary transforms

have low complexity numerical implementations. For instance,
the DFT which is among the most favourable transforms for
high probability results is also very attractive from numerical
point of view, since there is a fast algorithm with complexity
Nlog(N) for taking the DFT of a signal.

Our second, and primary motivation for our work comes
from the desire to understand the geometry of statistical
dependence in random signals. We note that the dependence
of signal uncertainty in the signal basis has been considered
in different contexts in the information theory literature. The
concepts that are traditionally used in the information theory
literature as measures of dependency or uncertainty in signals
(such as the number of degrees of freedom, or the entropy)
are mostly defined independent of the coordinate system in
which the signal is to be measured. As an example one
may consider the Gaussian case: the entropy solely depends
on the eigenvalue spectrum of the covariance matrix, hence
making the concept blind to the coordinate system in which
the signal lies in. On the other hand, the approach of applying
coordinate transformations to orthogonalize signal components
is adopted in many signal reconstruction and information
theory problems. For example the rate-distortion function
for a Gaussian random vector is obtained by applying an
uncorrelating transform to the source, or approaches such as
the Karhunen-Loéve expansion are used extensively. Also, the
compressive sensing community heavily makes use of the
notion of coherence of bases, see for example [1I], [2], [3].
The coherence of two bases, say the intrinsic signal domain
1 and the orthogonal measurement system ¢ is measured
with ¢ = max; jlui;|, U = ¢9 providing a measure of
how concentrated the columns of U are. When p is small,
one says the mutual coherence is small. As the coherence
gets smaller, fewer samples are required to provide good
performance guarantees.

Our study of the measurement problems in this article
confirms that signal recovery performance depends substan-
tially on total uncertainty of the signal (as measured by the
differential entropy); but also illustrates that the basis plays
an important role in the measurement problem. The total
uncertainty in the signal as quantified by information theoretic
measures such as entropy (or eigenvalues) and the spread of
this uncertainty (basis) reflect different aspects of the depen-
dence in a signal. Our framework makes it possible to study
these relationships in a systematic way, where the eigenvalues
of the covariance matrix provide a well-defined measure of
uncertainty. Our analysis here illustrates the interplay between
these two concepts.

Before leaving this section, we would like to discuss the role
of DFT-like transforms in our setting. In Problem P2 we will
see that, in terms of the sufficiency conditions stated, DFT-like
unitary matrices will provide the most favorable performance
guarantees, in the sense that fixing the bound on the probability
of error, they will require the least number of measurements.
We also note the following: In compressive sensing literature,
the performance results depend on some constants, and it is
reported in Sec. 4.2] that better constants are available for
the DFT matrix. Moreover, for the DFT matrix, it is known
that the technical condition that states the nonzero entries of



the signal has a random sign pattern which is typical of such
results can be removed Sec. 4.2]. [1 Hence the current
state of art in compressive sensing suggests the idea that the
DFT is the most favorable unitary transform for such random
sampling scenarios. Yet, we will see that for Problem P1, DFT
is not, in general an optimal encoder within the class of unitary
encoders.

D. Preliminaries and Notation

In the following, we present a few definitions and notations
that will be used throughout the article. Let tr (K,) = P.
Let D(d) be the smallest number satisfying Zle \i > 0P,
where § € (0,1]. Hence for § close to one, D(4) can be
considered as an effective rank of the covariance matrix and
also the effective number of “degrees of freedom” (DOF) of
the signal family. For ¢ close to one, we drop the dependence
on § and use the term effective DOF to represent D(d). A
closely related concept is the (effective) bandwidth. We use
the term “bandwidth” for the DOF of a signal family whose
canonical domain is the Fourier domain, i.e. whose unitary
transform is given by the DFT matrix.

The transpose, complex conjugate and complex conjugate
transpose of a matrix A is denoted by AT, A* and AT,
respectively. The ¢ row k*" column entry of A is denoted by
at,. The eigenvalues of a matrix A are denoted in decreasing
order as A1 (A4) > \a(A),...,> An(4).

Let v/—1 = j. The entries of the N x N DFT matrix are
given by vy, = LNej%r““, where 0 < ¢,k < N — 1. We note
that the DFT matrix is the diagonalizing unitary transform
for all circulant matrices [29]. In general, a circulant matrix
is determined by its first row and defined by the relationship
Cir = Comody (k—t)» Where rows and columns are indexed by
tand k, 0 <t,k < N — 1, respectively.

We now review the expressions for the MMSE estimation.
Under a given measurement matrix /, by standard arguments
the MMSE estimate is given by E[z|y] = & = K., K, 'y,
where K,, = E[zy'] = K,H', and K, = E[yy'] =
HK,H' + K,. We note that since K, > 0, we have
K, = 0, and hence Ky_l exists. The associated MMSE can
be expressed as [30, Ch2]

Es||z — Elz[y]||*] = tr(K, — Ky K, K]
= tr(K,) —tr(K,H (HK,H' + K,) 'HK,)

—tr(UAUTH (HUAUYH + K,,)) "' HUA,UY)

(4a)
(4b)

Let B = {i: \; > 0}, and let Up denote the N x |B| matrix
formed by taking the columns of U indexed by B. Similarly,
let A, p denote the |B|x|B| matrix by taking the columns
and rows of A, indexed by B in the respective order. We

'We note that there are some recent results that suggest that the results
obtained by the DFT matrix may be duplicated for Haar distributed unitary
matrices: limiting distributions of eigenvalues of Haar distributed unitary
matrices and the DFT matrix behave similarly under random projections, see
for instance [27]), and the eigenvalues of certain sums (for instance, ones like
in the MMSE expression) involving Haar distributed unitary matrices can be
obtained from the eigenvalues of individual components and are well-behaved

181, [28].

note that U}_;UB = I|B‘, whereas the equality UBU; =1y
is not true unless |B|= N. Also note that A, p is always
invertible. The singular value decomposition of K, can be
written as K, = UA,UT = UBAI,BU]LB. Hence the error may
be rewritten as

Es|||z — Efz[y]][*)

= tr(UpAy gUL) — tr(UpAy gULHT (HUgA, gULHT
+ K,)*HUpA, gUL)

= tI‘(AxyB) (5a

—tr(A, pULHT (HURA, pULH + Kn)*HUBAI,Bg

=tr((A, 5+ %U;HTHUB)*) (5b)
’ g,

n

where (3a) follows from the identity tr(UgM U;) =
tr(MULUp) = tr(M) with an arbitrary matrix M with
consistent dimensions. Here (3b) follows from the fact that
A, p and K, are nonsingular and the Sherman-Morrison-
Woodbury identity, which has the following form for our case
(see for example and the references therein)

K — KlAT(AKlAT + Kg)ilAKl
= (K + AT, 1 A) 7

where K7 and Ko are nonsingular.

Here is a brief summary of the rest of the article: In
Section [ we formulate the problem of finding the most
favorable unitary transform under average MMSE criterion
(Problem P1). In Section [[Tll we find performance guarantees
for the MMSE estimation that hold with high probability
(Problem P2). Our benchmark case for the high probability
results, the error associated with the equidistant sampling
of circularly wide-sense stationary signals, is presented in
Section [[II=Al We conclude in Section [[V]

II. AVERAGE MMSE

In this section, we investigate the optimal unitary precoding
problem with the performance criterion of average (with
respect to random sampling matrix H) MMSE. In Section [
we will focus on MMSE guarantees that hold with high
probability (w.r.t. H).

We assume that the receiver knows the channel information,
whereas the transmitter only knows the channel probability
distribution. We consider the following measurement strate-
gies: a) (Random Scalar Gaussian Channel:) H = eiT,
i = 1,...,N with probability &, where e; € R" is the
it" unit vector. We denote this sampling strategy with S,.
b) (Gaussian Erasure Channel) H = diag(0;), where ¢; are
i.i.d. Bernoulli random variables with probability of success
p € [0, 1]. We denote this sampling strategy with Sj,.

Let UN be the set of N x N unitary matrices: {U € CV :
UtU = I'}. We consider the following minimization problem

it En [Es{||z = Elely)l ] ©)

where the expectation with respect to H is over admissible
measurement strategies Ss or S,. Hence we want to



determine the best unitary encoder for the random scalar
Gaussian channel or Gaussian erasure channel.

We note that and [3] consider the erasure channel model
(Sp in our notation) with the aim of maximizing the ergodic
capacity. Their formulations let the transmitter also shape the
eigenvalue distribution of the source, whereas ours does not.

We note that by solving (@) for the measurement scheme
in (), one also obtains the solution for the generalized the
set-up y = HVx + n, where V' is any unitary matrix: Let U,
denote an optimal unitary matrix for the scheme in (). Then
VTU, € UV is an optimal unitary matrix for the generalized
set-up.

A. First order necessary conditions for optimality

Here we discuss the convexity properties of the optimization
problem and give the first order necessary conditions for
optimality. We note that we do not utilize these conditions for
finding the optimal unitary matrices. The reader not interested
in these results can directly continue on to Section

Let the possible sampling schemes be indexed by the
variable k, where 1 < k < N for S, and 1 < k < 2N
for Sp. Let Hy, be the corresponding sampling matrix. Let py
be the probability of the k*"* sampling scheme.

We can express the objective function as follows

Elzy]|”]
= Enlir (A + — UL H HUR) ™)

n

Epsllz -

_ 1 _
= petr (A + U—QU;H,IHkUB) b. (7
]i} n

The objective function is a continuous function of Ug. We also
note that the feasible set defined by {Up € CV*IB! . U; Up =
1 | B‘} is a closed and bounded subset of C", hence compact.
Hence the minimum is attained since we are minimizing a
continuous function over a compact set (but the optimum Upg
is not necessarily unique).

We note that in general, the feasible region is not a
convex set. Let Uy,Uz € UN and 6 € [0,1]. In general
0U; + (1 — 0)Us ¢ UN. For instance let N = 1, Uy = 1,
Uy = —1, 9U1+(1—6‘)U2:29—1¢U1, Vo e [O,l].Even
if the unitary matrix constraint is relaxed, we observe that the
objective function is in general neither a convex or a concave
function of the matrix Ug. To see this, one can check the
second derivative to see if V7, f(Ug) = 0 or V{_ f(Up) =<
0, where f(Up) = Yo petr (A, + ZULHIH.Up)™Y).
For example, let N = 1, U € R, ;,21 =1, X > 0,
and p > 0 for Sp. Then f(U) = kakm
can be written as f(U) = (1 — ¢\ + qm, where
q € (0, 1] is the probability that the one possible measurement
is done. That is q = 1 for S, and ¢ = p for S,. Hence
VifU)=q2 W, whose sign changes depending on
A, and U. Hence neither V, f(U) = 0 nor V# f(U) < 0 holds
forall U € R.

In general, the objective function depends only on Up, not
U.If Up satisfying UIE,UB = I|p|, with | B|< N is an optimal

solution, then a properly chosen set of column(s) can be added
to Up so that a unitary matrix U is formed. Any such U will
have the same objective value with Upg, and hence will also
be an optimal solution. Therefore it is sufficient to consider
the constraint {Up : U;,U B = 1|}, instead of the condition
{U : U'U = Iy}, while optimizing the objective function.
We also note that if Up is an optimal solution, exp(j0)Up is
also an optimal solution, where 0 < 6 < 27.

Let u; be the i*" column of Up. We can write the unitary
matrix constraint as follows:

1, ifi=k
wlug =4 0 1T ®)
0, ifi#k.
with i = 1,...,|B|, k = .,|B|. Since ulu, = 0, iff
u,iul = 0, it is sufficient to consider £ < . Hence this
constraint may be rewritten as
el (ULUB — I1p)ex =0, )
withi = 1,...,|B|, k = 1,...,i. Here ¢; € R!B| is the i*"

unit vector.

We note that constraint gradients (gradients of the con-
ditions in (9)) are linearly independent for any matrix Ug
satisying U)LBU p = Ip [32]. Hence the linear indepen-
dence constraint qualification (LICQ) holds for any feasi-
ble Up [33] Defn.12.4]. Therefore, the first order condition
Vuy,L(Up,v,v) = 0 together with the condition UJTBUB =Ip
is necessary for optimality [33] Thm 12.1], where L(Ug, v, v)
is the Lagrangian for some Lagrangian multiplier vectors v,
and v. The Lagrangian can be expressed as follows

Zpktr Ao+ =

+ Z vier (ULUs — Iip))en

L(Ug,v,v) UTHTHkUB) "

(i,k)€7
+ D vikel (UBUp — Iipex
(i,k)€7
| Bl
+ > uker (ULUB — I1p)ex, (10)
k=1
where v; , € C, (i,k) € ¥ and vy, € R, k € {1,...,|B|} are

the Lagrange multipliers. Here 7 is defined as the following set
of pairs of indices ¥ = {(i,k)[i =1,...,|B|, k=1,...,i—
1}.

The first order necessary condition Vi, L(Up,v,v) = 0
can be expressed more explicitly as follows:

Lemma 2.1:
optimality

The following condition is necessary for

Zpk (A5 + —U LH H.UR)2ULH] H),

Z 1z kekeTUT + Z I/Z kezek
(i,k)exny (i,k)Ex
|B|

+ kaekeEU};,
k=1

Y



with v,y and vy, Lagrange multipliers as defined above,
taking possibly different values.

Proof: The proof is based on the guidelines for optimization
problems and derivative operations involving complex vari-

ables presented in [34]], [33], [36]. Please see for the
complete proof.

Remark 2.1: For Ss, we can analytically show that this
condition is satisfied by the DFT matrix and the identity
matrix. It is not surprising that both the DFT matrix and the
identity matrix satisfy these equations, since this optimality
condition is the same for both minimizing and maximizing the
objective function. We show that the DFT matrix is indeed
one of the possibly many minimizers for the case where the
values of the nonzero eigenvalues are equal in Lemma2.3] The
maximizing property of the identity matrix in the noiseless case
is investigated in Lemma

In Section[lTll we show that with the DFT matrix, the MMSE
is small with high probability for signals that have small
number of degrees of freedom. Although these observations
and the other special cases presented in Section may
suggest the result that the DFT matrix may be an optimum
solution for the general case, we show that this is not the case
by presenting a counterexample where another unitary matrix
not satisfying |u;;|*= 1/N outperforms the DFT [Lemma
27

B. Special cases

In this section, we consider some related special cases. For
random scalar Gaussian channel, we will show that when
the nonzero eigenvalues are equal any covariance matrix
(with the given eigenvalues) having a constant diagonal is
an optimum solution [Lemma [2.3]|. This includes Toeplitz
covariance matrices or covariance matrices with any unitary
transform satisfying |u;;|*= 1/N. We note that the DFT
matrix satisfies |u;;|?= 1/N condition, and always produces
circulant covariance matrices. We will also show that for
both channel structures, for the noiseless case (under some
conditions) regardless of the entropy or the number of degrees
of freedom of a signal, the worst coordinate transformation is
the same, and given by the identity matrix [Lemma [2.4]].

For the general Gaussian erasure channel model, we will
show that when only one of the eigenvalues is nonzero (i.e.
rank of the covariance matrix is one), any unitary transform
satisfying |u;;|>= 1/N is an optimizer [Lemma [2.3]]. We will
also show that under the relaxed condition tr(K; ') = R,
the best covariance matrix is circulant, hence the best unitary
transform is the DFT matrix [Lemma [2.6]. We note that
Ref. [5] proves the same result under the aim of maximiz-
ing mutual information with a power constraint on K,, i.e.
tr (K,) < P. Ref. further finds the optimal eigenvalue
distribution, whereas in our case, the condition on the trace of
the inverse is introduced as a relaxation, and in the original
problem we are interested, the eigenvalue distribution is fixed.

In the next section, we will show that the observations
presented in compressive sensing literature implies that the

MMSE is small with high probability when |u;;|*= 1/N.
Although all these observations may suggest the result that
the DFT matrix may be an optimum solution in the general
case, we will show that this is not the case by presenting a
counterexample where another unitary matrix not satisfying
|u;j|*=1/N outperforms the DFT matrix [Lemma 2.7].

Before moving on, we note the following relationship be-
tween the eigenvalue distribution and the MMSE. Let H €
RM*N be a sampling matrix formed by taking 1 < 3M < N
rows from the identity matrix. Assume that A, > 0. Let the
eigenvalues of a matrix A be denoted in decreasing order as
A (A) > A2(A),...,> An(A). The MMSE can be expressed
as follows (3b)

Ellle ~ Elaly]|[Y] = tr (A7 + U HTHD) ™) (120
= 12b
Z AT L UTHTHU) (120)
S !
o N(Azt+ LUTHTHU
i M ) (120)
- !
_l’_
; N(A:T+ LUTHTHU)
N
> 12d
2 by +Z (At + & UTHTHU) 4

icarr M- (

a 1 M 1
= D T T (12e)
i=M+1 /\ZfM(AI ) i=1 An—it1(Az) o2
N N 1
= Z AN—itm+1(Ag) + Z — = (20
i=M+1 i=N—M+i Ni(Az) | o2
N N 1
= > A+ D) —— (12g)
i=M+1 i=N—M+1 Ni(Ae) toz

where we have used case (b) of Lemma in (124,
and the fact that \;(A;' + LUTHTHU) < N(A') +
LMUTHTHU) = N(A;Y) + & in (126).

Lemma 2.2: [4.3.3, 4.3.6, [37]] Let A1, Ay € CN*N pe
Hermitian matrices. (a) Let As be positive semi-definite. Then
)\i(Al + Ag) > /\z(Al)y i=1,...,N. (b) Let the rank of As
be at most M, 3M < N. Then i1 (A1 + As) < Ni(Ay),
1=1,...,N - M.

This lower bound in is consistent with our intuition:
If the eigenvalues are well-spread, that is D(d) is large in
comparison to N for § close to 1, the error cannot be made
small without making a large number of measurements. The
first term in may be obtained by the following intuitively
appealing alternative argument: The energy compaction prop-
erty of Karhunen-Loeve expansion guarantees that the best
representation of this signal with M variables in mean-square
error sense is obtained by first decorrelating the signal with
Ut and then using the random variables that correspond to
the highest M eigenvalues. The mean-square error of such a



representation is given by the sum of the remaining eigenval-
ues, i.e. Z?’:MH Ai(A,). Here we make measurements before
decorrelating the signal, and each component is measured
with noise. Hence the error of our measurement scheme is
lower bounded by the error of the optimum scheme, which
is exactly the first term in (I2g). The second term is the
MMSE associated with the measurement scheme in which M
independent variables with variances given by the M smallest
eigenvalues of A, are observed through i.i.d. noise.

Lemma 2.3:
Flat] Let tr(K,) =

[Scalar Channel: Eigenvalue Distribution
P. Assume that the nonzero eigenvalues

are equal, i.e. Ay p = \B|IB Then the minimum average
error for Ss is given by
P 1 P
P—— 4 — (13)
Bl 1+ L4 (B

which is achieved by covariance matrices with constant
diagonal. In particular, covariance matrices whose unitary
transform is the DFT matrix satisfy this property.

Proof: (Note that if none of the eigenvalues are zero,
K, = 1 regardless of the unitary transform, hence the
objective function value does not depend on it.) The objective
function may be expressed as (Z)

Ems[llz — E[z]y]||*]
N
Bl P gt
=3 — I —U HHU
;N (P + = wUp) ™"
N
P 1 _
=—=> = (|B|—1+(1+E0—2HkUBU;H;) 1) (14)
k=1

wE

P 1
fUpU !
~ 1] +Z|B|N TB7 57 kU7 Veee)

where in (I4) we have used Lemma 2 of [[17]. We now consider
the minimization of the following function

N
da+

IBI

k=1 = [BloZ P
N
1
= , 15
Z 1+ LZzC (15)

where (UBU;)kk = ‘—gl(Kz)kk = ‘%Z}c with zp = (Kx)kk-
Here z, > 0 and ), 2z, = P, since tr(K,) = P. We
note that the goal is the minimization of a convex function
over a convex region. We note that the function in (13) is a
Schur-convex function of z;’s. This follows from, for instance,
Prop. C1 of Ch. 3] and the fact that 1/(1+ (1/02)z)
is convex. Together with the power constraint, this reveals
that the optimum zj is given by 2z = P/N. We observe
that this condition is equivalent to require that the covariance
matrix has constant diagonal. This condition can be always
satisfied; for example with a Toeplitz covariance matrix or with
any unitary transform satisfying |u;;|*= 1/N. We note that
the DFT matrix satisfies |u;;|*>= 1/N condition, and always
produces circulant covariance matrices. O

Lemma 2.4: [Worst Coordinate Transformation] We now
consider the random scalar channel Sy without noise, and
consider the following maximization problem which searches
for the worst coordinate system for a signal to lie in:

N

sup E[Y_[llee — Elzely]lI*]], (16)
Uel =1
where y = x; with probability &, i =1,..., N and tr(K,) =

P.

The solution to this problem is as follows: The maximum
value of the objective function is P — P/N. U = I achieves
this maximum value.

Remark 2.2: We emphasize that this result does not depend
on the eigenvalue spectrum A,.

Remark 2.3: We note that when some of the eigenvalues
of the covariance matrix are identically zero, the eigenvectors
corresponding to the zero eigenvalues can be chosen freely (of
course as long as the resulting transform U is unitary).

Proof: The objective function may be written as

N
E[Y [llw: — Elae|y)lI*)]
tzll N N
=% ZZE“"’“ — E[z¢|2][|*] (17)
1 z;l t;l
= sz(l _pzz,t)o-it’ (18)

@
Il
A
~
Il
-

\mrlllj][lf“fﬁw] RIRE is the correlation coefficient

between z; and z;, assuming o2, = E[|[z|[?] > 0, 02 > 0.
(Otherwise one may set p;; = 1 if ¢ =¢, and p;y = 0 if
i # j.) Now we observe that o7 > 0, and 0 < |p;+]?< 1.
Hence the maximum value of this function is given by
pir =0, Vt,is.t. t i We observe that any diagonal unitary
matrix U = diag(u;;), |us|= 1 (and also any U = UTI, where
II is a permutation matrix) achieves this maximum value.
In particular, the identity transform U = Iy is an optimal
solution.

We note that a similar result holds for Sy: Let y = Hz.
The optimal value of supy ey~ Ep,s[||z — E[z|y]||?], where
the expectation with respect to H is over Sy is (1 —p) tr (K),
which is achieved by any UTIL, U = diag(u;; ), |u;|=1, I is
a permutation matrix. O

where p; ; = G

Lemma 2.5: [Rank I Covariance Matrix] Suppose |B|= 1,
ie. \y =P >0, and \; =0, j #k,jel,...,N. The

minimum error under Sy is given by the following expression

ey

1 11

P azN Xz O
where this optimum is achieved by any unitary matrix whose
kth column entries satisfy |u;x|>=1/N,i=1,...,N.

19)



Proof: Let v = [vl,...,vn]T, v; = |ugil®, i =1,...,N,
where T denotes transpose. We note the following
1 1 _
Eftr (5 + U—ZU;HTHUB) 1
1

= E| N ] (20)

7+ % =1 Oiluil?

1

). @1

=F
[% + % sz\;l 9iv;

The proof uses an argument in the proof of [I8, Thm. 1],
which is also used in [I7]. Let II; € RV*Y denote the
permutation matrix indexed by ¢ = 1,...,N!. We note
that a feasible vector v satisfies Z]\lel =1, v, > 0,
which forms a convex set. We observe that for any such v,
weighted sum of all permutations of v, ¥ = 7 Zl 1 v =
(ESN ), )T =4, 417 € RN is a constant
vector and also feasible. We note that g(v) = E [W]
is a convex function of v over the feasible sef. Hence
g(v) > ¢g(®) = ¢g([1/N,...,1/N]) for all v, and ¥ is the
optimum solution. Since there exists a unitary matrix satisfying
|uix|*= 1/N for any given k (such as any unitary matrix

whose k‘" column is any column of the DFT matrix), the
claim is proved. O
Lemma 2.6: [Trace constraint on the inverse of the

covariance matrix] Let K;' = 0. Instead of fixing the
eigenvalue distribution, let us consider the relaxed constraint
tr(K; 1) = R. Let K,, = 0. Then an optimum solution for

argr}x{1£9EH,S[||$—E[I|y]||2] (22)

1
= argmlrllEH[(tr(Kgl =+ —2HTK7:1H)71]

K, n

under Sy is a circulant matrix.

Proof: The proof uses an argument in the proof of [5] Thm.
121, [4]. Let II be the following permutation matrix,

o 1 --- 0
0 0 1 0

1= (23)
1 -« 0 0

We observe that IT and II' (I*" power of II) are uni-
tary matrices. We form the following matrix K;! =
= fvoll'llK L(IhT, which also satisfies the power con-
stralnt tr (K, 1) = R We note that since K, ' = 0, so is

L'+ 0, hence K is well-defined.
e Lot 1 =1
Z 'K + S H'K ' H)
Un
()

1 lp—1 TR T
gNZE[tr((HKz + 5 HUKG T H)

(24)
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]
/—\
ZIH
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E [tr ((le + U—Q(Hl)THTKnlﬂnl)l)]
1=0 25)

=2~

N

ZE[ (K + nHTK "H)” )] (26)

1=0
We note that tr((M + K;l)_l) is a convex function of M
over the set M > 0, since tr(M ') is a convex function
(see for example Exercise 3.18]), and composition with
an affine mapping preserves convexity Sec. 3.2.2]. Hence
24) follows from Jensen’s Inequality applied to the summa-
tion forming K !. @3) is due to the fact that II's are unitary
and trace is invariant under unitary transforms. (26) follows
from the fact that HII' has the same distribution with H.
Hence we have shown that K ! provides a lower bound for
arbitrary K ! satisfying the power constraint. Since K !

circulant and also satisfies the power constraint tr (K ') = R,
an optimum K ;! is also circulant. O

)_.

=zl =

HTK YH)~ )] (27)

We note that we cannot follow the same argument for the
constraint tr(K,) = P, since the objective function is concave
in K, over the set K, > 0. This can be seen as follows:
The error can be expressed as E[||x — E[z|y]||?] = tr (K.),
where K. = K, — K, K, 'KJ,. We note that K. is the
Schur complement of K, in K = [K Ky»; Ky K], where
K, = HK, H + K, sz = K, H'. Schur complement
is matrix concave in K > 0, for example see [39, Exercise
3.58]. Since trace is a linear operator, tr(kK.) is concave in K.
Since K is an affine mapping of K, and composition with an
affine mapping preserves concavity Sec. 3.2.2], tr(K.) is
concave in K.

Lemma 2.7: [DFT is not always optimal] The DFT matrix
is, in general, not an optimizer of the minimization problem
stated in (@) for the Gaussian erasure channel.

Proof: We provide a counterexample to prove the claim of
the lemma: An example where a unitary matrix not satisfying
|u;j|*= 1/N outperforms the DFT matrix. Let N = 3. Let
A, = diag(1/6,2/6,3/6), and K, = I. Let U be

1/vV2 0 1/V2
Uy = 0 1 0 (28)
—1/v/2 0 1/Vv/2
Hence K, becomes
1/3 0 1/6
K, = 0 1/3 0 (29)
1/6 0 1/3
We write the average error as a sum conditioned on the
number of measurements as J(U) = S5, pM(1 —

p)3~Men (U), where ey denotes the total error of all
cases where M measurements are done. Let e(U) =
[eo(TU),e1(U),ex(U),e3(U)]. The calculations reveal that
e(Up) = [1,65/24,409/168,61/84] whereas e(F) =
[1,65/24,465/191,61/84], where F is the DFT matrix. We



see that all the entries are the same with the DFT case, except
e2(Up) < ea(F), where ex(Up) = 409/168 =~ 2.434524 and
e2(F) = 465/191 ~ 2.434555. Hence U, outperforms the
DFT matrix.

We note that our argument covers any unitary matrix that
is formed by changing the order of the columns of the DFT
matrix, i.e. any matching of the given eigenvalues and the
columns of the DFT matrix: Uy provides better performance
than any K, formed by using the given eigenvalues and any
unitary matrix formed with columns from the DFT matrix. O

I1II. MMSE BOUNDS THAT HOLD WITH HIGH
PROBABILITY

In this section, we focus on MMSE bounds that hold
with high probability. As a preliminary work, we will first
consider a sampling scenario which will serve as a benchmark
in the subsequent sections: estimation of a c.w.s.s. signal
from its equidistant samples. Circularly wide-sense stationary
signals provide a natural analogue for stationary signals in
the finite dimension, hence in a sense they are the most
basic signal type one can consider in a sampling setting.
Equidistant sampling strategy is the sampling strategy which
one commonly employs in a sampling scenario. Therefore,
the error associated with equidistant sampling under c.w.s.s.
model forms an immediate candidate for comparing the error
bounds associated with random sampling scenarios.

A. Equidistant Sampling of Circularly Wide-Sense Stationary
Random Vectors

In this section, we consider the case where x is a zero-mean,
proper, c.w.s.s. Gaussian random vector. Hence the covariance
matrix of x is circulant, and the unitary transform U is fixed,
and given by the DFT matrix by definition [29].

We assume that the sampling is done equidistantly: Every
1 out of AN samples are taken. We let M = % € Z, and
assume that the first component of the signal is measured, for
convenience.

By definition, the eigenvectors of the covariance matrix is
given by the columns of the DFT matrix, where the elements of
k' eigenvector is given by 1, = LNej%ﬂtk, 0<t<N-1.
We denote the associated eigenvalue with A\, 0 <k < N —1
instead of indexing the eigenvalues in decreasing order.

Lemma 3.1: The MMSE of estimating x from the equidis-
tant noisy samples y as described above is given by the
following expression

E[l|x — Elz[y]|[’] (30)
M—-1 AN—1 AN-1 22

= Z( Z AiM+k — Z AN_1 Lk
k=0 =0 i—0 =0 (Nmk +07)

Proof: Proof is provided in Section [Al
A particularly important special case is the error associated
with the estimation of a band-pass signal:

Corollary 3.1: Let tr(K,) = P. Let the eigenvalues be

given as \; = I_g\’ if0 <i < |B|-1, and \; = 0, if |B|<
i < N —1.If M > |Bj|, then the error can be expressed as
follows
1
Elllz — Ez[y)|I"] = —5 5 P 31)

T P M
I+ Zmw
. . . 1
We note that this expression is of the form mP, where
SNR = %%%. This expression will serve as a benchmark
in the subsequent sections.

B. Flat Support

We now focus on MMSE bounds that hold with high prob-
ability. In this section, we assume that all nonzero eigenvalues
are equal, i.e. A, p = \—§|~’\B|’ where |B|< N . We will con-
sider more general eigenvalue distributions in Section [IEC
We present bounds on the MMSE depending on the support
size and the number of measurements that hold with high
probability. These results illustrate how the results in matrix
theory mostly presented in compressive sampling framework
can provide MMSE bounds. We note that the problem we
tackle here is inherently different from the ¢; set-up considered
in traditional compressive sensing problems. Here we consider
the problem of estimating a Gaussian signal in Gaussian noise
under the assumption the support is known. It is known that
the best estimator in this case is the linear MMSE estimator.
On the other hand, in scenarios where one refers to /;
characterization, one typically does not know the support of
the signal. We note that there are studies that consider the
unknown support scenario in a MMSE framework, such as
081, 1200, (211, [22].

We consider the set-up in (I). The random sampling opera-
tion is modelled with a M x N sampling matrix H, whose rows
are taken from the identity matrix as dictated by the sampling
operation. We let Uy = HUp be the M x |B| submatrix
of U formed by taking |B| columns and M rows as dictated
by B and H, respectively. The MMSE can be expressed as

follows (3b)
Esl||z — E[2[y]][*]
_ 1 _
=tr (A + ﬁU;HTHUB) D)
| B

=Y — !

S N(B s + HUL pUMB)
| B|

Z :
B
i=1 |_P‘ + a%%/\i

. (32)
(Uns'Uns)

We see that the estimation error is determined by the eigen-
values of the matrix UITM Un . We note that many results in
compressive sampling framework make use of the bounds on
the eigenvalues of this matrix. We now use one of these results
to bound the MMSE performance. The discussion here may
not be surprising for readers who are familiar with the tools
used in the compressive sensing community, since the analysis
here is related to recovery problems with high probability.
However, this discussion highlights how these results are



mimicked with the MMSE criterion and how the eigenvalues
of the covariance matrix can be interpreted as measure of
low effective degree of freedom of a signal family. We note
that different eigenvalue bounds in the literature can be used,
we pick one of these bounds from the literature to make the
constants explicit.

Lemma 3.2: Let U be an N x N unitary matrix with
VN maxy, ;|uy. j|= u(U). Let the signal have fixed support B
on the signal domain. Let the sampling locations be chosen
uniformly at random from the set of all subsets of the given
size M, M < N. Let noisy measurements with noise power
02 be done at these M locations. Then for sufficiently large
M (), the error is bounded from above with high probability:

1

Es|l|x — E[z[y]|’] < mp (33)
or N [B|
More precisely, if
M > |B|p?(U) max(Cy log|B|, Gy log(3/6))  (34)
for some positive constants Cy and Co, then
1
P(Es]||x — E[z]y]||*] > mp) <d. (35
o2 N |B]

In particular, when the measurements are noiseless, the error
is zero with probability at least 1 — 6.

Proof: We first note that HUMBTUMB — I||< ¢ implies
1—-c< )\i(UMBTUMB) < 1+ ¢. Consider Theorem 1.2 of
[T]. Suppose that M and |B| satisfies (34). Now looking at
Theorem 1.2, and noting the scaling of the matrix UTU = NT
in [1l], we see that P(O.S% < )\i(UMBTUMB) < 1.5%) >
1 — 4. By (32) the result follows.

For the noiseless measurements case, let ¢ = Eg[||lx —

Elx[y]|[?], and A,> be the event {& < aﬁ%} Hence
On P TN

UIZSIEOP(AU%) - U%IEOE[IAU%] (36)

= E| 123130 La,] (37)

where we have used Dominated Convergence Theorem to
change the order of the expectation and the limit. By (33)
P(As2) > 1—6, hence P(e = 0) > 1 — 4. We also note that
in the noiseless case, it is enough to have )\min(U}QBUMB)
bounded away from zero to have zero error with high proba-
bility, the exact value of the bound is not important. O

We note that when the other parameters are fixed, as
maxk7j|uk7j| gets smaller, fewer number of samples are
required. Since /1/N < maxy j|ug;|< 1 , the unitary
transforms that provide the most favorable guarantees are the
ones satisfying |uy j|= 1/1/N. We note that for any such
unitary transform, the covariance matrix has constant diagonal
with (K);; = P/N regardless of the eigenvalue distribution.
Hence with any measurement scheme with M, M < N
noiseless measurements, the reduction in the uncertainty is
guaranteed to be at least proportional to the number of

measurements, i.e. the error satisfies ¢ < P — %P.

Remark 3.1: We note that the coherence parameter
w(U) takes the largest value possible for the DFT: u(U) =
VN maxy, j|uy j|= 1. Hence due to the role of u(U) in the
error bounds, in particular in the conditions of the lemma
(see (B4)), the DFT may be interpreted as one of the most
favorable unitary transforms possible in terms of the suffi-
ciency conditions stated. We recall that for a c.w.s.s. source,
the unitary transform associated with the covariance matrix
is given by the DFT. Hence we can conclude that Lemma
is applicable to these signals. That is, among signals with a
covariance matrix with a given rectangular eigenvalue spread,
c.w.s.s. signals are among the ones that can be estimated with
low values of error with high probability with a given number
of randomly located measurements.

We finally note that using the argument employed in
Lemma one can also find MMSE bounds for the adverse
scenario where a signal with random support is sampled
at fixed locations. (We will still assume that the receiver
has access to the support set information.) In this case the
results that explore the bounds on the eigenvalues of random
submatrices obtained by uniform column sampling, such as
Theorem 12 of or Theorem 3.1 of [40], can be used in
order to bound the estimation error.

1) Discussion: We now compare the error bound found
above with the error associated with equidistant sampling
of a low pass circularly wide-sense stationary source. We
consider the special case where = is a band pass signal with
)\0 = = )\|B\—1 = P/|B|, /\\BI = ... = /\N,1 = 0. By
Corollary 3] if the number of measurements M is larger than
the bandwidth, that is M > |B|, the error associated with the
equidistant sampling scheme can be expressed as

1

Elllz - Ellylll’] = —F 5 P

= (39)
It maz ™

Comparing (33)) with this expression, we observe the follow-
ing: The expressions are of the same general form, mP,
where SNR £ %U%%, with 0 < ¢ < 1 taking different
values for different cases. We also note that in ([B3), the choice
of ¢ = 0.5, which is the constant chosen for the eigenvalue
bounds in [1]], is for convenience. It could have been chosen
differently by choosing a different probability ¢ in (33). We
also observe that effective SNR takes its maximum value
with ¢ = 1 for the deterministic equidistant sampling strategy
corresponding to the minimum error value among these two
expressions. In random sampling case, ¢ can only take smaller
values, resulting in larger and hence worse error bounds. We
note that one can choose ¢ values closer to 1, but then the
probability these error bounds hold decreases, that is better
error bounds can be obtained at the expense of lower degrees
of guarantees that these results will hold.

The result of Lemma [3.1] is based on high probability
results for the norm of a matrix restricted to random set of
coordinates. For the purposes of such results, the uniform
random sampling model and the Bernoulli sampling model
where each component is taken independently and with equal
probability is equivalent [6], [7], [41]]. For instance, the deriva-



tion of Theorem 1.2 of [1I], the main step of Lemma
is in fact based on a Bernoulli sampling model. Hence the
high probability results presented in this lemma also hold for
Gaussian erasure channel of Section [l (with possibly different
parameters).

C. General Support

In Section [[IT-Bl we have considered the case in which some
of the eigenvalues of the covariance matrix are zero, and all the
nonzero eigenvalues have the same value. This case may be
interpreted as the scenario where the signal to be estimated is
exactly sparse. In this section, our aim is to find error bounds
for estimation of not only sparse signals but also signals that
are close to sparse. Hence we are interested in the case where
the signal has small number of degrees of freedom effectively,
that is when a small portion of the eigenvalues carry most of
the power of the signal. In this case, the signal may not strictly
have small number of degrees of freedom, but it can be well
approximated by such a signal.

We note that the result in this section makes use of a novel
matrix theory result, and provides fundamental insights into
problem of estimation of signals with small effective number
of degrees of freedom. In the previous section we have used
some results in compressive sensing literature that are directly
applicable only when the signals have strictly small number
of degrees of freedom (“insignificant” eigenvalues of K, are
exactly equal to zero.) In this section we assume a more
general eigenvalue distribution. Our result enables us draw
conclusions when some of the eigenvalues are not exactly
zero, but small. The method of proof provides us a way to
see the effects of the effective number of degrees of freedom
of the signal (A,) and the incoherence of measurement domain
(HU), separately.

Before stating our result, we make some observations on
the related results in random matrix theory. Consider the
submatrices formed by restricting a matrix K to random
set of its rows, or columns; R{K or KRy where R; and
Ry denote the restrictions to rows and columns respectively.
The main tool for finding bounds on the eigenvalues of
these submatrices is finding a bound on E||R; K — E[R; K]||
or E||KR} — E[KR})||[2], [40], [42]. In our case such an
approach is not very meaningful. The matrix we are inves-
tigating A, + (HU)T(HU) constitutes of two matrices: a
deterministic diagonal matrix with possibly different entries
on the diagonal and a random restriction. Hence we adopt
another method: the approach of decomposing the unit sphere
into compressible and incompressible vectors as proposed by
M. Rudelson and R. Vershynin [43]].

We consider the general measurement set-up in (1) where
y = Hx + n, with K,, = 021y, K, = 0. The s.v.d. of K,
is given as K, = UA,U', where U € CNV*¥ is unitary and
A, = diag()\i) with Zz)‘l =P, A\ >X,....,>2AN. M
components of x are observed, where in each draw each com-
ponent of the signal has equal probability of being selected.
Hence the sampling matrix H is a M x N, M < N diagonal
matrix, which may have repeated rows. This sampling scheme
is slightly different than the sampling scheme of the previous
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section where the sampling locations are given by a set chosen
uniformly at random from the set of all subsets of {1,..., N}
with size M. The differences in these models are very slight
in practice, and we chose the former in this section due to the
availability of partial uniform bounds on ||HUx|| in this case.

Theorem 3.1: Let D(9) be the smallest number satisfying
Zi’il Ai > 0P, where § € (0,1]. Let A\pax = max; \; =
CYy 5 and Ny < CL 5. i =D+1,...,N. Let n(U) =
VN maxy, j|uy ;|- Let N/D > k > 1. Let ¢ € (0,1), 6 €
(0,0.5], and v € (0,1). Let

M /In(10M) >Cy 67242k D In*(100kD) In(4N)  (40)
M >Cy 07 2p?kD1n (e ) (41)
1 <0.5p°k (42)
CRD
<(1—r)=—22 4
p<( FY)CHD+1’ (43)
where N
Cep = (1-6)°° (W) . (44)
Then the error will satisfy
(Bl - el 3)
P 1
> (1 —0)P + max P ) <e
(1-9) & T zve g
where 05 N — D
2 14
Cr=(05p"k — 1) cl —~ (46)

Here C < 50963 and Cy < 456.

Remark 3.2: As we will see in the proof, the eigenvalue
distribution plays a key role in obtaining stronger bounds: In
particular, when the eigenvalue distribution is spread out, the
theorem cannot provide bounds for low values of error. As
the distribution becomes less spread out, stronger bounds are
obtained. We discuss these points after the proof the result.

Proof: The error can be expressed as follows (3h)

E[III—E[ny]IIZ]
tr (A1 +— (HU)THU) D) 47)
- Z (HU)THU) (%)
(49)

1
= Z -1 1
= Ai(Ag +¥(HU)THU)
N

1
> S
o M +—%(HU)THU)

N-D 1

< +
D zNZDH NG (0 HD)
(50)



1
Amin(Az' + L (HU)THU)
(51)

IN

N-D
> Avoiti(A) +D
i=1

a 1
= > MN@A)+D (52)

i=D+1 AmM7,(A;1 + %(HU)THU)’

where (30) follows from case (a) of Lemma
Hence the error may be bounded as follows

E[||lz — Elzy]|’] (53)
1

Amin(Az" + & (HU)THU)

<(1-8P+D

The smallest eigenvalue of A = A;' + L (HU)'HU is
sufficiently away from zero with high probability as noted in
the following lemma:

Lemma 3.3: Under the conditions stated in Theorem 3.1}
the eigenvalues of A = A;' + 2 (HU)'(HU) are bounded
from below as follows: "

1
P( inf 2'AJ'a+ —al(HU) HU= (54)

zeSN-1 n

. D 1 1
S mln(C] F, @ =+ 3720,%[)2)) S €.
Here SN=1 denotes the unit sphere where x € SN=1 if x €
CV, and ||z||= 1.

The proof of this lemma is given in Section [Bl of the
Appendix.

We now conclude the argument. Let us call the right-hand
side of the eigenvalue bound in (34) M,.i,. Then (B4) states
that P(Apin(A) > Amin) > 1 — ¢, and hence we have the
following: P(5—-7 < x-—) = 1 — e. Together with the
error bound in (33), we have P(E[||r — E[z|y]||?] < (1 —
J)P + D%mm) > 1 —¢, and the result follows. O

We now discuss the error bound that Theorem [3.1] provides.
The expression in (#3) can be interpreted as an upper bound on
the error that holds with probability at least 1 — e. The bound
consists of a (1 — §)P term and a max term. This (1 — §)P
term is the total power in the eigenvalues that are considered
to be insignificant (i.e. \; such thati ¢ D = {1,..., D}). This
term is a bound for the error that would have been introduced
if we had preferred not estimating the random variables
corresponding to these insignificant eigenvalues. Since in our
setting we are interested in signals with effectively small
number of degrees of freedom, hence & close to 1 for D
much smaller than N, this term will be typically small. Let
us now look at the term that will come out of the maximum
function. When the noise level is relatively low, the C% term
comes out of the max term. Together with the p and &
whose choices will depend on D, order of magnitude of this
term substantially depends on the value of the insignificant
eigenvalues. This term may be interpreted as an upper bound
on the error due to the random variables associated with the
insignificant eigenvalues acting as noise for estimating of the
random variables associated with the significant eigenvalues

(i.e. A; such that ¢ € D). Hence in the case where the noise
level is relatively low, the random variables associated with the
insignificant eigenvalues become the dominant source of error
in estimation. By choosing  and ~y appropriately, this term can
be made small provided that D is small compared to N, which
is the typical scenario we are interested in. When the noise
level is relatively high, the second argument comes out of the
max term. Hence for relatively high levels of noise, system
noise n rather than the signal components associated with the
insignificant eigenvalues becomes the dominant source of error
in the estimation. This term can be also written as

1 1
P= P (55
or + =0’ gs t (L= 0% 5
1
= P, (56)
Cif +72(1 — ) SNR
where SNR = U%%%. We note that the general form of

this expression is the same as the general form of the error
expression in Section (see (39)), where the error bound
is of the general form mP, where ¢ € (0,1]. In
Section [I[=B] the case where the signal have exactly small
number of degrees of freedom with D is considered, in which
case C{ = 1,5 = 1 and D = | B|. We observe that here, there
are two factors that forms the effective SNR loss ¢ = 72(1—6).
A look through the proof (in particular, Lemma and
Lemma[B3) reveals that the effective SNR loss due to (1 —6)
factor is the term that would have been introduced if we were
to work with signals where xD eigenvalues are equal and
nonzero, and the others zero. This factor also introduces a loss
of SNR due to considering signals with kD, x > 1 instead D
nonzero eigenvalues. The 72 term may be interpreted as an
additional loss due to working with signals for which \; such
that ¢ ¢ D are not zero.

IV. CONCLUSIONS

We have considered the transmission of a Gaussian vector
source over a multi-dimensional Gaussian channel where a
random or a fixed subset of the channel outputs are erased.
The unitary transformation that connects the canonical signal
domain and the measurement space played a crucial role in
our investigation. Under the assumption the estimator knows
the channel realization, we have investigated the MMSE per-
formance, both in average, and also in terms of guarantees that
hold with high probability as a function of system parameters.

We have considered the sampling model of random era-
sures. We have considered two channel structures: i) random
Gaussian scalar channel where only one measurement is
done through Gaussian noise and ii) vector channel where
measurements are done through parallel Gaussian channels
with a given channel erasure probability. Under these channel
structures, we have formulated the problem of finding the
most favorable unitary transform under average (w.r.t. random
erasures) MMSE criterion. We have investigated the convexity
properties of this optimization problem, and obtained neces-
sary conditions of optimality through variational equalities. We
were not able to solve this problem in its full setting, but we
have solved some related special cases. Among these we have



identified special cases where DFT-like unitary transforms
(unitary transforms with |u;;[*= <) turn out to be the
best coordinate transforms, possibly along with other unitary
transforms. Although these observations and the observations
of Section (which are based on compressive sensing
results) may suggest that the DFT is optimal in general, we
showed through a counterexample that this is not the case
under the performance criterion of average MMSE.

In Section [Tl we have focused on performance guarantees
that hold with high probability. We have presented upper
bounds on the MMSE depending on the support size and
the number of measurements. We have also considered more
general eigenvalue distributions, (i.e. signals that may not
strictly have low degree of freedom, but effectively do so),
and we have illustrated the interplay between the amount of
information in the signal, and the spread of this information
in the measurement domain for providing performance guar-
antees.

To serve as a benchmark, we have considered sampling of
circularly wide-sense stationary signals, which is a natural way
to model wide-sense stationary signals in finite dimension.
Here the covariance matrix was circulant by assumption, hence
the unitary transform was fixed and given by the DFT matrix.
We have focused on the commonly employed equidistant
sampling strategy and gave the explicit expression for the
MMSE.

In addition to providing insights into the problem of unitary
encoding in Gaussian erasure channels, our work in this
article also contributed to our understanding of the relationship
between the MMSE and the total uncertainty in the signal as
quantified by information theoretic measures such as entropy
(eigenvalues) and the spread of this uncertainty (basis). We
believe that through this relationship our work also sheds light
on how to properly characterize the concept of “coherence of
a random field”. Coherence, a concept describing the overall
correlatedness of a random field, is of central importance in
statistical optics; see for example [44]], and the references
therein.
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APPENDIX A
NOTES ON EQUIDISTANT SAMPLING OF C.W.S.S. SIGNALS

We believe that error expressions related to the equidistant
sampling of the c.w.s.s. signals can be also of independent
interest. Hence we further elaborate on this sampling scenario
in this section. We first present the result for the noiseless case
and then give the relevant proofs, including that of Lemma[3.3]
which is for the noisy sampling case.

A. Equidistant sampling without noise

Our set-up is the same with Section [[II-Al except here we
first consider the case where there is no noise so that y = Hx.
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We now present an explicit expression and an upper bound for
the mean-square error associated with this noiseless set-up.

Lemma A.1: Let the model and the sampling strategy be as
described above. Then the MMSE of estimating x from these
equidistant samples can be expressed as

E[||lz — E[z|y]||?] (57)
AN-—1 AN-1 )\2
7 k
=D (> Nwve— Y AN,
kedo =0 =0 2ui—0 NM+k

where Jo = {k : 0N " Nnrpr £0, 0 < k< M —1} C
{0,..., M~ 1).

In particular, choose a set of indices J C {0,1,...,N—1}
with |J|= M such that Vi, j, 0<i,j < AN —1,i#j

JM+keJ=iM+k¢lJ (58)

with 0 <k < M — 1. Let Py =}, ; Xi. Then the MMSE is
upper bounded by the total power in the remaining eigenvalues

E[||x — E[z|y]|]’] < 2(P — P)). (59)

In particular, if there is such a set J so that Py = P, the
MMSE will be zero.

Remark A.1: The set J essentially consists of the indices
which do not overlap when shifted by M.

Remark A.2: We note that the choice of the set J is not
unique, and each choice of the set of indices may provide a
different upper bound. To obtain the lowest possible upper
bound, one should consider the set with the largest total
power.

Remark A.3: If there exists such a set J that has the
most of power, i.e. Py = 6P, § € (0,1], with § close to 1,
then 2(P — Py) = 2(1 — §)P is small and the signal can
be estimated with low values of error. In particular, if such
a set has all the power, i.e. P = Pj, the error will be zero.
A conventional aliasing free set J may be the set of indices
of the band of a band-pass signal with a band smaller than
M. It is important to note that there may exist other sets J
with P = Pj, hence the signal may be aliasing free even if
the signal is not bandlimited (low-pass, high-pass etc) in the
conventional sense.

Proof: Proof is given in Section [A=B] of the Appendix.

We observe that the bandwidth (or the effective degrees
of freedom) turn out to be good predictors of estimation
error in equidistant sampling scenario. On the other hand,
the differential entropy of an effectively bandlimited Gaussian
vector can be very small even if the bandwidth is close to N,
hence may not provide any useful information with regards to
estimation performance.

We now compare our error bound with the related results
in the literature. In the following works, similar problems
with signals defined on R are considered: In [46], mean-
square error of approximating a possibly non-bandlimited
wide-sense stationary (w.s.s.) signal using sampling expansion



is considered and a uniform upper bound in terms of power
outside the bandwidth of approximation is derived. Here we
are interested in the average error over all points of the N
dimensional vector. Our method of approximation of the signal
is possibly different, since we use the MMSE estimator. As a
result our bound also makes use of the shape of the eigenvalue
distribution. states that a w.s.s. signal is determined
linearly by its samples if some set of frequencies containing
all of the power of the process is disjoint from each of its
translates where the amount of translate is determined by the
sampling rate. Here for circularly w.s.s. signals we show a
similar result: if there is a set J that consists of indices which
do not overlap when shifted by M, and has all the power, the
error will be zero. In fact, we show a more general result for
our set-up and give the explicit error expression. We also show
that two times the power outside this set J provides an upper
bound for the error, hence putting a bound on error even if it
is not exactly zero.

B. Proof of Lemma [A]

We remind that in this section uz;, = ﬁeﬂ T o<t k<
N — 1 and the associated eigenvalues are denoted Wlth Ak
without reindexing them in decreasing/increasing order. We
first assume that K, = E[yy'] = HK,H' is non-singular.
The generalization to the case where K, may be singular is
presented at the end of the proof.

The MMSE for estimating z from y is given by [30, Ch.2]

Elllz — Elz|y]||*] = tr(K, — Koy K K])

=tr(A, — ALU H (HUA U HNY THUA,).  (60)
We now consider HU € CM*N |
1 - 27 1
HU _ _eJW(ANl)k eg Mlk 61
(HU )i i i (61)

where 0 < [ < NN —1, 0< k< N — 1. We observe that
for a given [, /3% is a periodic function of k& with period
M = Aj\g\, Hence, I*" row of HU can be expressed as

(HU),, = —= [¢? FH10--N 1]
1 e 337 10... M~ 1]|

VN

Let Uy denote the M x M DFT matrix, i.e. (Upn)i =

Sl with 0 <1< M—1, 0<k < M~—1 Hence HU

is the matrix formed by stacking AN M x M DFT matrices

side by side

— |€J hvs

™ 1[0...M— 1]]

1
Now we consider the covariance matrix of the observations
K, = HK,H' = HUA, U H'. We first express A, as a

block diagonal matrix as follows

o O - 0
A, = 0 M\
0 -+ 0 Ay

A2 0 0
oA
6 (‘). AAN—l

where 0 € RM*M denotes the matrix of zeros. Hence A, =
diag(AL) with AL = diag(Aipr4x) € RM*M where 0 < i <
AN —1, 0 <k <M —1. We can write K, as

K,=HUAU'H?

1 ; U}Q 1
= —H[U]\ﬂlUM] dlag(A;) .
Uk
AN-1

Z AU,

We note that ZAN ! Al € RM*M g formed by summing
diagonal matrices, hence also diagonal. Since Uy is the M x
M DFT matrix, K, is again a circulant matrix whose kth

eigenvalue is given by
AN-1

1
Z Aivk, 0<E<M-—1.

AN (63)

Ayk =

Hence Ky = Un Ay Ul A 1s the elgenvalue -eigenvector decom-
position of K, where Ay = <+ ZAN YA = diag(A\yx)-
There may be aliasing in the eigenvalue spectrum of K,
depending on the eigenvalue spectrum of K, and AN. We also
note that K, may be aliasing free even if it is not bandlimited
(low-pass, high-pass, etc.) in the conventional sense. We note
that since K, is assumed to be non-singular, A, > 0. K !
can be expressed as

K, ' = (UuAU}) !

. 1
=Unm dlag(/\—)Usz
y,k
. AN
= Un diag( —xxy—,—)Uls
i—0  ANiM+k

We are now ready to consider the error expression in ([G0). We
first consider the second term, that is

tr(AUTHT K, " HUA,)

AU,
= tr(——= : (Unhy ' UL
AN AANflUJTw
1
X Uy Al . |Upy ARNT
m[ M ml | My ])
AN-—-1 1
—_ - i A—1A
= io ANtr(AA AY)
—1M-1
B Syt
ANfl/\
i=0 k=0 1=0 IM+k



Hence the MMSE becomes

2
El||z — Ez|y]||7]
N-1 AN—1M-1
\ 1M+k
- § : t § : § : —AN-1, A
t=0 =0 241=0 IM+k
M—-1AN-1 AN—-1M-1 22
=D D M= X ) Caner
- iM+k A 71)\
k=0 i=0 i=0 k=0 =0 IM+k
M—-1 AN-1 AN-1
o /\zM-Hc
= E ( E NiMak — E A—)-
k=0 =0 i=0 1=0 AIM +k

We note that we have now expressed the MMSE as the sum
of the errors in M frequency bands. Let us define the error at
k" frequency band as

AN-1 AN-—1 )2
D Nimk— Y, —mvee—, (64
i=0 i=0 =0 ANIM+k
where 0 < k£ < M — 1. Hence the total error is given by
M-1
E[lle — Elzly]lI’] = > ef.
k=0

That proves the expression for the error. We now consider the
upper bound. Before moving on, we study a special case:

Example A.1: Let AN = 2. Then

A2+ 2%
5tk
er =M+ Ay p — 27

Ak + /\%Jrk
Ak + )\%Jrk'
Hence - =1 (/\N1 + % )- We note that this is the MMSE
k

for the following smgle output multiple input system

e

where s¥ ~ N(O,Ksk), with Koo = .diag(/\k,)\%Jrk).
Hence the random variables associated with the frequency
components at k, and % + k act as interference for estimating
the other one. We observe that for estimating = we have &

2
such channels in parallel.

(65)

We may bound ¢}/ as
Ak + /\%Jrk

= 2min()\k, /\%Jrk)

max(/\k, )‘%-i-k)

This bound may be interpreted as follows: Through the scalar
channel shown in (&3), we would like to learn two random
variables sk and s¥. The error of this channel is upper bounded
by the error of the scheme where we only estimate the one with
the largest variance, and don’t try to estimate the variable with
the small variance. In that scheme, one first makes an error
of min(\g, Ay 41 )» since the variable with the small variance
is ignored. We may lose another min(\g, )\%Jrk), since this
variable acts as additive noise for estimating the variable with
the larger variance, and the MMSE associated with such a
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channel may be upper bounded by the variance of the noise.
Now we choose the set of indices J with |J|= N/2 such
that k € J < % + k ¢ J and J has the most power over all

such sets, i.e. k+arg max Ap,4x € J, where 0 < k <
koE{O,N/Q}

Z M. Hence

keJ

N/2—1.Let Py =

N/2—1 N/2-1

Z ey <2 Z min(Ag, Ay 1)

k=0 k=0
—92(P - Py).

El||lz — E[z[y]||*] =

We observe that the error is upper bounded by 2 x (the power
in the “ignored band”).

We now return to the general case. Although it is possible to
consider any set .J that satisfies the assumptions stated in (38,
for notational convenience we choose the set J = {0, ..., M —
1}. Of course in general one would look for the set .J that has
most of the power in order to have a stricter bound on the
error.

We consider (&4). We note that this is the MMSE of
estimating s* from the output of the following single output
multiple input system

51

Shn-1
~ N (0, K,x), with K as follows
K = diag(o?)

where s*

= diag(Ar, - s Aidaks o AMAN=1) M+k)-
We define
AN-1
Z)\lMJrk; 0<k<M-1
We note that ZM 'pk=p.

We now bound ¢}’ as in the AN = 2 example

AN-1 AN-1 A2
w iM+k
e =D Aarek = ) =aw-t,
i=0 i=0 =0 AM+k
AN-1 )\2
_ iM+k
= Z (Ninr+k — Pk )
i=0
)\2 AN-1 AQM i
= (M — ﬁ)-i- > inrik — lp,j )
i=1
AN-1
<( Z NiM +k
= (PF - )\k)-i-Pk Ak
=2(P* = \p),

)\2 k_ .
where we have used )\, — ﬁ = w < Pk — )\, since

A7 . bY
0< % < 1and Aipsyr — =5 < Ainrgk since =57 > 0.
This upper bound may interpreted similar to the Example [AT}




The error is upper bounded by the error of the scheme where
one estimates the random variable associated with )\, and
ignore the others.

The total error is bounded by

M- M-1
E[|lz — E[x]y]|") Ze > 2P
k=0 k=0
M-1 M-1
=22 PP =D M)
k=0 k=0
=2(P — Py).
Remark A.4: We now consider the case where K, may be

singular. In this case, for MMSE estimation, it is enough to
use K + instead of K, L where T denotes the Moore-Penrose
pseudo inverse [30 Ch 2 J. Hence the MMSE may be expressed
as tr(K, — Koy K K]). We have Kf = (UnA, Uit =
UnAfUL, = UM diag(Ay " )UL,, where Xf =00 if Ay =
0 and /\+k = ? otherwise. Going through the calculations
with K, + instead of K, L reveals that the error expression
remains essentlally the same

E[l|z — E[z|y]||*]
AN-1 AN-1 \2
iM+k
= Z( Z AiM+k — Z AN-1+ )
kedo 1=0 i=0 1=0 ALM +k

whereJoz{k Zz 0 /\lM+k7éOO<k<M—1}§
{0,. — 1}. We note that AN X, j, = Zz 0_1 N4k =
Pk.

C. Proof of Lemma 31l

The proof of Lemma [3] follows from the proof of
Lemma [A] as follows: We first note that in the noisy case
Ky = K, HT, as in the noiseless case. We also note that in
the noisy case, K, is given by K, = HK.H' + K,,. Now
the result is obtained by retracing the steps of the proof of
Lemma[AJ] which is given in Section[A-B] with K, replaced
by the above expression, that is K, = HK,H' + K.

APPENDIX B
PROOF OF LEMMA [3.3]

Our aim is to show that the smallest eigenvalue of A =
A;'+-L(HU)THU is bounded from below with a sufficiently
large number with high probability. That is, we are interested
in

inf ZCTA T+ —

reSN-1 Un

N (HU) HUz. (66)
To lower bound the smallest eigenvalue, we adopt the approach
proposed by [43]: We consider the decomposition of the unit
sphere into two sets, compressible vectors and incompressible
vectors. We recall the following from [43]:

Definition B.1: [pg.14, [43]]] Let |supp(z)| denote the
number of elements in the support of x. Let n,p € (0,1).
x € CN is sparse, if |supp(x)|< nN. The set of vectors

sparse with a given 1) is denoted by Sparse(n). x € SN~ is
compressible, if x is within an Euclidean distance p from the
set of all sparse vectors, that is y € Sparse(n),d(x,y) < p.
The set of compressible vectors is denoted by Comp(n, p).
x € SN~ is incompressible if it is not compressible. The set
of incompressible vectors is denoted by Incomp(n, p).

Lemma B.1: [Lemma 3.4, [43)]] Let x € Incomp(n, p).
Then there exists a set » C {1,..., N} of cardinality |1|>
0.5p°>nN such that

L <<

1
V2N VN’
The set of compressible and incompressible vectors pro-
vide a decomposition of the unit sphere, ie. SV~! =
Incomp(n, p) JComp(n, p) [43]. We will show that the
first/second term in (G6) is sufficiently away from zero for
x € Incomp(n,p)l x € Comp(n,p) respectively. The pa-
rameters p and 7 = kD/N, k > 1 are going to be chosen
appropriately to satisfy the conditions of Lemma 3.3
As noted in [43], for any square matrix A

Yk € 1. (67)

P( inf zfAz<C)<P( inf zf Az < O)
zeSN-1 zeComp(n,p)
+P(  inf wf Az < C). (68)
z€Incomp(n,p)
We also note that
inf oA e 4 2t (HU)THUQ:
z€Incomp(n,p) n
> inf xTAglx
z€Incomp(n,p)
= inf [[AS Y222, (69)
z€Incomp(n,p)
and
1
inf @A e+ 2" = (HU) HU
z€Comp(n,p) n
1 1
> + if ' (HU)'HUz
mazx z€Comp(n,p) On
1 1
= +—=( _inf ||HUz|]?), (70)

Amaz 0'727, z€Comp(n,p)

where \,q, = max; \; and the inequalites are due to the fact
that A1, HTH are both positive-semidefinite.

We now recall the following result from [23]], which ex-
presses the eigenvalue bound for sparse vectors.

Lemma B.2: [23] Theorem 8.4] Let U be an N x N
unitary matrix with p = /N maxy, ;|uk ;| Let € € (0,1),

0, € (0,0.5]. If
M/In(10M) >Cy 6, p*£D In*(100xD) In(4N)  (71)
M >Cy 0, ?p*cDIne ! (72)
Then,
P(  inf ||HUz|P<(1-06 )%||x||2) <e. (73)
z€Sparse(n) - K N -

Here Cy < 50963, Cy < 456 and n = kD/N.
We now show that this result can be generalized to an



eigenvalue bound for compressible vectors = € Comp(n, p),
where p will be appropriately chosen.

Lemma B.3: Let the conditions of Lemma hold. Let
Crp = (1= 0,)"5(5L)%5. Choose p such that

CRD
<(1—-—7v)——""— 74
p=( V)CHDH’ (74)
where 0 < v < 1. Then,
P(inf  ||HUz||[<yCup) <e. (75)
z€Comp(n,p)

Proof: We will adopt an argument in the proof of [43]
Lemma 3.3]. That is, we will show that the event E. that
[|HUz||< v Cyxp for some x € Comp(n, p), implies the event
E; that ||[HUwv||< Ckpl||v|| for some v € Sparse(n) (for p
appropriately chosen). Note that P(E;) < ¢ by Lemma
If E. implies F, then we have P(E.) < P(E;) < e, which
is the desired result in (7Z3).

We first note that every x € Comp(n, p) can be written as
x =1y + z, where v = y/||y||, v € Sparse(n) and ||z]|< p.
Hence we have the following

[HUy|| < [[HUz|[+||HUz|]

< ||HU||+}2I

S 'YOKD +p
where we have used the fact that ||HUz||< [|HU||||z||<
[|z||, and the assumption ||[HUz||< ~Cyp. Since [|y||>
[l|z]|—=]|z]||= 1 — p, we can also write the following
i||<’YCND+p
lyll"= 1—=p

Let us now choose p as stated in the condition of the lemma.
Then we have || HUv||< Cyp for some v € Sparse(n), ||v||=
1. Hence we have shown that the event E, implies the event
E. This proves the claim in (Z3). O

[[HU (76)

We have now established a lower bound for
inf e Comp(n,p) || HUx||? that holds with high probability. We
now turn our attention to incompressible vectors. For this
purpose, we consider ([G9). We note that none of the entities
in this expression is random. We note the following

N

1
inf ATV 24|12 = nf —|z;?
zelncomp(n,p)” * || z€Incomp(n,p) ; i | |
1 p?
—— 77
Z2 NN (17

where the inequality is due to Lemma[B.Il We observe that in
order to have this expression sufficiently bounded away from
zero, the distribution of /\% should be spread enough.

Let us assume that \; < C’iN—I_DD, fore=D+1,...,N,
where C{ € (0,1). Let 0.5p?nN = 0.5p°.D > D. Then we
have
inf
z€Incomp(n,p

1Az 2|

17

1 2
2%;2;—1\1
N — D 0.5p?
> (141-D) 55 —x
> (0.5p D—D)Ogg’QN];D%
>0, (78)

where we have used [1)|> 0.5p%xD, and C; is defined
straightforwardly as in (46).

We will now complete the argument to arrive at
P(inf,cgv1 2T Az < C) < ¢ where C is defined as
min(%(yCup)? + =, BC;), with Ajes parametrized
as )\,,Z,m By (@9 and (Z8), we have
P(inf ¢ rncomp(n.p) T Az < C’I%) = 0. By (Z0) and Lemma
B3] we have P(inf yc comp(n,p) a2tAz < UL%(’YO;{D)Q +
CjLP) < e. The claim of Lemma B3] follows from (8.
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