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An Information-Theoretic Framework for Deriving
Canonical Decision-Feedback Receivers in
Gaussian Channels

Tommy Guess, Member, IEEE, and Mahesh K. Varanasi, Senior Member, IEEE

Abstract—A framework is presented that allows a number of
known results relating feedback equalization, linear prediction,
and mutual information to be easily understood. A lossless, ad-
ditive decomposition of mutual information in a general class
of Gaussian channels is introduced and shown to produce an
information-preserving canonical decision-feedback receiver. The
approach is applied to intersymbol interference (ISI) channels to
derive the well-known minimum mean-square error (MMSE) deci-
sion-feedback equalizer (DFE). When applied to the synchronous
code-division multiple-access (CDMA) channel, the result is the
MMSE (or signal-to-interference ratio (SIR) maximizing) deci-
sion-feedback detector, which is shown to achieve the channel
sum-capacity at the vertices of the capacity region. Finally, in
the case of the asynchronous CDMA channel we are able to give
new connections between information theory, decision-feedback
receivers, and structured factorizations of multivariate spectra.

Index Terms—Decision-feedback equalizer (DFE), Gaussian
channel, intersymbol interference (ISI), minimum mean-squared
error (MMSE), multiple access, prediction, projection, spectral
factorization, Wiener filter.

1. INTRODUCTION

HOUGH originally postulated for data transmission

without any error-control coding, it was later recognized
that the decision-feedback equalizer (DFE) possesses some
rather remarkable information-theoretic properties. With re-
gard to channel capacity, there is no loss in assuming that
the receiver for an intersymbol interference (ISI) channel
with additive Gaussian noise is the perfect-feedback min-
imum mean-square error (MMSE) DFE [1]-[5, Sec. 10.5.5].
Similarly, information-lossless DFEs are associated with the
multivariate ISI channel [6], the ISI channel with periodic
zero padding to create an equivalent memoryless multivariate
channel [7] and, as shown by the authors, the Gaussian code-di-
vision multiple-access (CDMA) channel [8], [9].

Manuscript received September 9, 2002; revised July 7, 2004. This work
was supported in part by the National Science Foundation under Grants
NCR-9706591, CCR-0112977, CCR-0093114, and by grants from the Col-
orado Center for Information Storage at the University of Colorado, Boulder.
The material in this paper was presented in part at the 36th Annual Allerton
Conference on Communication, Control, and Computing, Monticello, IL,
September 1998 and the 2000 Conference on Information Sciences and
Systems, Princeton, NJ, March 2000.

T. Guess is with the Department of Electrical and Computer Engineering,
University of Virginia, Charlottesville, VA 22904-4743 USA (e-mail:
trg6f @virginia.edu).

M. K. Varanasi is with the Department of Electrical and Computer Engi-
neering, University of Colorado at Boulder, Boulder, CO 80309-0425 USA
(e-mail: varanasi@colorado.edu).

Communicated by G. Caire, Associate Editor for Communications.

Digital Object Identifier 10.1109/TIT.2004.839506

In this paper, we show that these are all special cases of a
fundamental decision-feedback receiver structure that applies
to any linear Gaussian channel. Our approach is to begin with
mutual information and decompose it losslessly in a particular
manner using the chain rule and orthogonal projections. From
this decomposition, a decision-feedback receiver is naturally ex-
posed and easily seen to consist of Wiener filtering and Wiener
prediction. Since this decomposition is lossless with regard to
mutual information, the capacity-achieving property of the de-
cision-feedback receiver becomes self-evident and so, in this
sense, the receiver structure is canonical. The generality of the
setup implies its applicability to the cases mentioned above, and
we use our result to explicitly derive the decision-feedback re-
ceivers for these specific instances. We also forge new ground
by considering the asynchronous CDMA channel. Not only do
we derive a variety of decision-feedback receivers starting from
mutual information, but we also discover new connections be-
tween mutual information and various factorizations of multi-
variate spectra.

We also remark here that our result in [8] and [9] that the
MMSE decision-feedback receiver achieves the sum capacity
of the synchronous CDMA additive white Gaussian noise
(AWGN) channel has found application in the burgeoning
field of space—time or multiple-antenna wireless communi-
cation. For instance, the result in [8] and [9] can be used to
show that with coding the so-called vertical Bell Labs layered
space—time (vertical-BLAST) architecture of [10] (also known
as horizontal-BLAST [11]) with MMSE front-end filtering
and successive cancellation achieves the capacity of the mul-
tiple-antenna (or multiple-input multiple-output (MIMO))
channel for ergodic fading processes, thereby implying that
coding across space is not necessary to achieve optimum per-
formance in this case. Moreover, the result of [8] and [9] can
also be used to show that the diagonal-BLAST architecture of
[12] with MMSE instead of zero-forcing filtering and decision
feedback achieves the outage capacity of the multiple-antenna
quasi-static fading channel in the limit of large frame lengths
where the loss due to frame initialization and frame termination
becomes negligible. For detailed discussions of information
lossless (and lossy) MIMO space—time architectures, the reader
is referred to [11], [13]-[16].

The remainder of this paper is organized as follows. Section II
gives some background concerning geometric interpretations
of mutual information. Section IIl derives a generally ap-
plicable canonical decision-feedback receiver for Gaussian
channels via a particular additive decomposition of mutual
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information. Section IV applies the theory of Section III to
the symbol-synchronous CDMA and multivariate ISI chan-
nels. Section V considers the symbol-asynchronous CDMA
channel and uses the theory to derive relationships between
various decision-feedback receivers, information theory, and
multivariate spectral factorization. Finally, Section VI provides
some closing comments and the Appendix shows a technique
for evaluating structured multivariate spectral factorizations.

II. GEOMETRY OF MUTUAL INFORMATION FOR
GAUSSIAN VARIABLES

We begin with a brief review of some useful concepts from
the theory of Hilbert spaces. When mutual information between
Gaussian variables is viewed in this context, one obtains some
powerful but simply stated properties that were explored in
depth by Pinsker in [17].!

A. The Hilbert Space of Second-Order Random Variables

Let H denote the set of all finite-variance, zero-mean, com-
plex (scalar) random variables. It is well known that H becomes
a Hilbert space under the inner product mapping

(z,y) = Elzy"] :HxH—C

where E[-] denotes expectation, e.g., [18]. (This corresponds to
the L2 space from measure theory, e.g., [19, Ch. 9].) This Hilbert
space possesses a property known as separability, the primary
importance for our purposes being its implication that H has a
countable basis. It also provides a means for generating a linear
subspace from any subset of the Hilbert space. For example,
suppose that X C ‘H, then X has a countable basis since it is
contained in H. Thus, if {z;} is a basis of X, then

Hy 2 {Zaizi ta; € CVZ'}

i

is a linear subspace of H. Clearly, if X has a finite number of
elements, then H y is a finite-dimensional subspace.

We are interested in bounded linear operators that map ele-
ments of H back into H. Let ' : H — H be such an oper-
ator. Its linearity means that I'(az + fy) = o'z + STy for all
z,y € H and all o, 3 € C. For each I, there exists a unique
adjoint operator I'" : H +— H that is also linear and satisfies
(Tx,y) = (x,T"y) forall x,y € H. The type of linear operator
that we will have occasion to employ is known as an orthogonal
projection. The foundation of such operators is the geometrical
nature of H that allows us to work with the notion of orthogo-
nality between elements of H. Specifically, we say that random
variables z,y € H are orthogonal if (z,y) = 0. An orthogonal
projection operator II satisfies two properties—it is a projec-
tion operator and a self-adjoint operator. A projection operator
is described as follows. After operating on x with II to yield
y = ILz, the result is unchanged with a second application of

ICioffi and Forney also work with the geometry of mutual information in [7].
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the operator. That is, Ily = y. An operator is said to be self-ad-
joint if IT and its adjoint IT* are in fact the same operator so that
IIz = Iz for all z € H. This property boosts a mere projec-
tion operator into the class of orthogonal projection operators.
This terminology is used since II satisfies (Ilz, 2 — IIz) = 0
for all z € 'H. In practical terms, we may think of this as the
estimate of z, namely, Il being orthogonal to x — ILz, the error
associated with the estimate.

For any X C 'H, there exists an operator that orthogonally
projects onto the subspace H  that it generates. We shall de-
note this operator by ILy : H +— Hy. If y is orthogonally pro-
jected onto Hy to yield z = Ilyy, then z may be expressed
as a linear combination of elements of H . Observe that if two
sets X', ) C 'H are orthogonal to each other, in the sense that
(x,y) = Oforallz € X and y € ), then the operators
IIv and Iy, project onto orthogonal subspaces. In other words,
Iy IIyz = 0 for any z € H so that the concatenated operators
IIIIy and IIyI1y are in fact the zero operator since they take
every element of H to zero. Given a subspace H y, there is an
orthogonal subspace H3 such that H = Hy @ H+. That is
to say, if we let I be the identity operator (i. e., Iz = z for all
z € 'H), then every z € ‘H has the unique additive decompo-
sition z = yz + (I — IIyv)z where 2 = Il vz is an element
of Hxy and e = (I — Iy )z is an element of H7. The estimate
% is orthogonal to the error e. Moreover, since H is populated
with second-order, zero-mean random variables, Z is the linear
MMSE estimate of z conditional on X" [18].

It is convenient to have a notation to cover cases in which we
need to operate on a collection of random variables. Suppose
that X = {z,} is a subset of H whose elements are indexed by
« from some set. We define )) = IIX as the set {y, }, where
Yo = Ilz,; this is simply the collection of the elements of X’
after each has been operated on by II, with the indexing on )/
induced by the indexing on X.

B. Mutual Information Between Sets of Random Variables

Suppose that X and Y are sets of random variables in H
with respective denumerable bases {z;} and {y;}. Here, and
in the sequel, we shall use notation of the type z to represent
a consecutive string of elements (x;, Z;41,...,%;j—1,%;). The
expression I(X'; ) will be used to denote either the mutual in-
formation or the information rate between X and ) depending
on whether the basis of the “input” X is finite or infinite dimen-
sional. If the basis of X’ is finite dimensional, say {z1,...,zx},
then we define

I(x;y)
A | 1@y, if the dimension of {y;} is /
- if the dimension of {y; } is infinity

ey

lim (z7;y7),

n— o0

where the right-hand I(-; -) terms are simply the mutual infor-
mation between two finite sets of random variables, and the
second definition holds whenever the limit exists. If instead the
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basis of X is infinite dimensional, then we define the informa-
tion rates?

I(x;Y)
o [ Jim S m),
“ ] lim l](x?;y?)

n—oo

if the dimension of {y;} is {
if the dimension of {y;} is infinity
@)

when the limits exist. Conditional information between sets is
defined similarly. For example, when the basis of X is finite
dimensional, say {z1, ...,z }, we get (3) at the bottom of the
page. And when the basis of & is infinite dimensional, we get
(4) at the bottom of the page.

?

C. Properties of Mutual Information for Gaussian Variables

We now focus our attention toward jointly Gaussian random
variables in H. A set of random variables is jointly Gaussian if
every finite subset possesses a multivariate Gaussian distribu-
tion. The following lemma may be found in [17, Sec.9.3]. We
include a proof to introduce the use of Hilbert space concepts.

Lemma 1: Let X, ), and Z be sets of random variables for
which {X, ), Z} is a set of jointly Gaussian random variables.
Then the mutual information between X and ) conditional on
Z can be expressed as

I(X;Y]2) = (I - T2)X; (I - T2)Y). )

Proof: Take {z;}, {y;}, and {z;} to be countable bases
of X, ), and Z, respectively. We shall assume these bases are
all infinite dimensional, but the proof easily lends itself to the
finite-dimensional cases as well. From our definition in (4) we
have
1
—I(z75y7'[27). (6)

= lim
n—oo N

I(x;)|2)

Working with the mutual information term under the limit, we
can say that

I(z75y7)27) = I({wi = 1y {y —Ienyi 11 g [27) (D)

2We use information rate here because, at least for the cases considered later in
this paper, the limiting mutual-information quantities would be infinity without

since Hzf xz; and Hz? 1; are linear combinations of the elements
of 2, the random variables on which we are conditioning. With
the chain rule of mutual information, this may be expressed as

I({xl - HZ? xl}?:l’ {yl - HZ? yl}?=1|’z’11)
=I({z; —Ipa: i {ys — Wepyibing, 27)
—I({z; — ILpaibiiy; 21). ®)

The last term on the right-hand side is obviously equal to zero
since {z; — Ilna;}7, C Hjil and 21 C H.p; for jointly
Gaussian random variables this orthogonality implies indepen-
dence, which further implies a mutual information of zero. The
first term on the right-hand side of (8), again using the chain rule
of mutual information, becomes

I({z; - Hz{‘%’}?:ﬁ {yi - szyi}?:h 1)
=I({zi —Mrai}i s {yi — Wenyi bl y)
+I({zi — Mo g 27 {yi — epyi biny). (9)

The rightmost mutual information term in this relationship
is also zero. This follows since both {z; — Hz;mi}?zl and
{yi —L.ny; }7_; are orthogonal to 27'. So, finally, we conclude
that

1
IX:YIZ) = T (- i (- Ty
=I((I -1z)X; (I -1z))Y). (10)

]

The next lemma follows from Lemma 1, and is used to reduce

the number of terms involved in evaluating a mutual information
quantity.

Lemma 2: Let X and ) be sets of random variables for which
{X, Y} is a set of jointly Gaussian random variables. Then the
mutual information between X and ) may be expressed as

I(X;Y) = I(X;TyX). (1)

Proof: Let {z;} and {y;} denote bases of X’ and ), re-
spectively. We have

I(X;Y) = lim

n—oo

1
.y n,, n
" (=75 97)

the % factor. However, for cases where lim I(z7;y7 ) is finite, one would of . 1 n n n
course want to define this limit as 7(X'; ). = nh_I};O El(xl 'Y 7Hy{1 zY) (12)
I(zh;yl2m), if the dimensions of {y;} and {z;} are [ and m
.| lim I(zf;y7(21"),  if the dimensions of {y;} and {z;} are infinity and m
I(X;y|Z) == TL—>OO k 1 . . . . . (3)
lim I(z7;yil21), if the dimensions of {y;} and {%;} are ! and infinity
n—oo
lim I(z%;y7|27), if the dimensions of {y;} and {z;} are both infinity.
lim L7(z7;yt[2m), if the dimensions of {y;} and {z;} are [ and m
n— g
. | lim LT(zt;yt =), if the dimensions of {y;} and {z;} are infinity and m
I(x;y|12)= "> 4
(X3 Y12) lim L71(2%;9t]27), if the dimensions of {y;} and {#;} are [ and infinity @)
n—0o0
lim L7(27;y7]2p), if the dimensions of {y;} and {z;} are both infinity.
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where the second equality follows as a byproduct of Hyilx?

being a function of the elements of y7'. With the chain rule of

mutual information, the term under the limit becomes

1 n n n 1 n n n n n

EI($1 1 Y1 7111/{1171) = n (I(xﬁny?wl) + I(z7; 97 |Hy¥x1 ))
(13)

leaving us to conclude in the limit as n goes to infinity that

I(X;Y) = I(X; My X) + I(X; Y[y X). (14)
Let us now define Z = I, A" and apply Lemma 1 to determine
that

I(X; YOy X)) =1((I -z)X; (I -1z)Y). (15)
But since Z represents the orthogonal projection of A’ onto ),
itis clear that (I —IIz)X = (I —IIy)X, which lies in H;, the
subspace that is orthogonal to Hy. Meanwhile, the argument
(I —IIz)Y is an element of Hy. So the expression in (15) is
zero as it represents the mutual information between indepen-
dent quantities. Therefore, we must conclude that

I(X;Y) = I(X; Ty X). O

Recall that an orthogonal projection acts as a linear MMSE
estimator. Thus, when {X, Y} is a jointly Gaussian set, we
have the following conditional-mean representations since in
this situation the MMSE estimator turns out to be a linear
MMSE estimator:

Iy X = B[X])]
(I -IIy)X =X — E[X|Y]

(16)
a7)

where E[X|Y] = {E[z4|V]}a and
X — E[X|Y] = {za = E[za|V]}a

when the elements of A" are indexed by « from some set.

To close this subsection, we point out that all lemmas and
corollaries are equally applicable when the elements of the sets
are indexed in terms of vectors instead of scalars. As an ex-
ample, suppose that X = {z1,...,z9,} is arranged as X =
{z,,2,} where z; = [x1---2,]" and 2y = [Tpy1 -+ T2n]"
are column vectors. Then Z = II, X may be given by Z =
{21, 25} where z; = Ilyz;, and Lemma 2 says that I(X;)) =
I(zy, 295 21, 25)-

D. Evaluation of the Mutual Information Between Gaussian
Variables

For a set X' of random variables with basis {z;}, we define

Cov[z¥
<)(>é{| =

if the dimension of {z;} is k
lim |Cov[z7]|"/"if the dimension of {;} is infinity

(18)

where Cov|[z7] is the covariance matrix of the random column
vector x = [z1 --- o,]" (i.e., Cov[z}] = E[z '] when z is
zeromean and " is the Hermitian transpose of ) and |-| denotes
the determinant operation. Now if X and ) are sets for which
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{X, Y} is a set of jointly Gaussian random variables, then we
have that the mutual information between them is given by

{(X)
(I -Ty)x)’

To see why this is the case, we note first that an application
of Lemma 2 allows us to rewrite I(X;)) as I(X;IIyX). By
properties of orthogonal projections, we know that the addi-
tive decomposition X = IIy X' 4+ (I — IIy)X is such that the
two addends are orthogonal (and hence independent) sets of
random variables since they come from orthogonal subspaces.
We view the first addend as “signal” and the second addend as
“noise.” If {x;} = = is a one-dimensional basis, then (19) is
an expression for Shannon’s well-known result that mutual in-
formation in Gaussian channels is the logarithm of the ratio of
signal-plus-noise power and noise power

I(X;Y) =log 19)

IENN
(I( = Ty)z P]°

I(z1;Y) = log z (20)

If {«;} is k dimensional, then the generalization of this formula
is [20, Sec.10.5]

|Covlat]]

k. _ )
1t V) = log 16 i =, )]

2y

Another special case is when X' = {z;}> and Y = {y,}>°,
are jointly wide-sense stationary (w.s.s.) and jointly Gaussian
multivariate processes. Because of stationarity, the information
rate is equivalently given by (e.g., [21], [17])

I(X;Y) = I(z;; Y]z ™)), (22)

Following an approach introduced by Pinsker [17], we now
apply the chain rule of mutual information and Lemma 1 to get

I(z;; Y|z 7h)
=1I(z;; y>+l(£i§ii:olow)_l@ﬁf:oi)
=1z V) + (I = y)z;; (I-Ty)z" L) —1(z;270).
(23)

8

If we define ¢; = (I—IIy)z, and apply the analytical expression
for mutual information given in (21), we obtain

. i—1y _ |Covlz;]| |Covle,]|
Tz Va-e) = log Covle] © o ‘COV[(I — 10,1 )e;]
o 1Cov]

’Cov[(I ~T, )]

‘COV[(I ST )]
=1lo —=

_ (24)
’Cov[(I — Hgi:l )e;]

| Covl |z L]

: . (25)
|Covle;e=el|
It is of interest to point out that, for a zero-mean w.s.s. process,
the determinant of Cov|[z;|z'~.!] is equal to the geometric mean
of the determinant of the multivariate power-spectral density of
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the process [22]. That is, if we define the autocorrelation se-
quence (R,), = Efz; +ngj] and the power spectral density

then

|Covla 1] = exp ( L / log |, (™) d9> .

III. DERIVATION OF THE CANONICAL DECISION
FEEDBACK RECEIVER

In this section, we start with a mutual information term and
manipulate it using the chain rule of mutual information and
orthogonal projections to produce a useful additive decompo-
sition. This allows us to derive a generalized canonical deci-
sion-feedback structure that applies to Gaussian channels.

A. An Additive Decomposition of Mutual Information

We commence with a proposition that will enable us to de-
rive the canonical decision-feedback receiver structure. It em-
ploys the general expression for the mutual information between
Gaussian quantities found in (19).

Proposition 1: Let Ay, By, ..., B, be sets of random vari-
ables in H for which {Ay,B;,...,B,} is a set of jointly
Gaussian random variables and the sets By, ..., B, are mutu-
ally orthogonal to each other. If we define A; 1 = (I —1Ip,)A;
fori = 1,...,n, then

I (Al, zn: HBiAi>

=1

=1

(26)

Proof: Let us first define Z; = I, A; for each i. Since
A; and Z; are jointly Gaussian, we know from (19) that

(i)
(I -Tz,)A)
Now (I —IIz,)A; is equal to (I —IIg,).A; (cf. discussion fol-

lowing (15) in the proof of Lemma 2), which is itself called
A;t1. Thus, the right-hand side of (26) becomes

I(A;; Z;) = log 27

AT A = S Lo A
;IWH&AZ) = ;bg )
(A1)

= log

. 28
Aoer) )

Tllustration of Proposition 1. The summation of the mutual information quantities across each II5; is equal to the mutual information between .A; and

Gaussian
Channel

Fig.2. The Gaussian channel. If the set X’ contains jointly Gaussian variables,
then the set {.X', Y} is jointly Gaussian.

Now notice that A; = (I-Mp,_,)(I-p,_,)---(I-p,)A;
simplifies to (I — Z;;ll II,).A; because of the mutual orthog-
onality of B; B,,. This provides

1—1
s A =T, [1-) g, | A
j=1

— I, A (29)

where we have used the fact that B; is orthogonal to {Bj};;ll.
This leads us to conclude that the left-hand side of (26) satisfies

(30)

I <A1; znjngiAJ -y (Al;ﬂAl)

i=1

where IT £ i Ig,; it is easily verified that the operator i
is an orthogonal projection. Hence, we have that

) = g
! (Ah i=1 HBiAL) = log ((I - ﬁ)Al)
_ <A1>
= log Ar) (31)

Since (28) and (31) are equivalent, we have the desired result. []

A block diagram of the quantities involved in this proposition
is given in Fig. 1.

B. A Decomposition of the Gaussian Channel

Consider the Gaussian channel shown in Fig. 2. The input
into the channel is X and the output is ), where {X',V} is a
jointly Gaussian subset of H whenever X’ consists of jointly
Gaussian variables. The mutual information I(X'; }) gives the
maximum rate at which data can be reliably transmitted across
the channel under the given input distribution. If the input is
partitioned as X = &7 U Xy U --- U A,,, then the chain rule of
mutual information provides

(32)

i=1
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Fig. 3. Decomposition of mutual information. (b) is equivalent to (a) except that it does not include the output (I — II gpast ;.

Let us refer to the collection (Xy,..., X;—1) as XipaSt. Taking
any one of the terms in the summation of (32), we have

I( X5 Y|P = 1(X5 D) + 1(X; XP*|Y) — I( X &P
=1(X; My X))+ I((I-Ty) &;; (I-T1y) AP
— I(X“ HXPast XL) (33)

where the first line comes from the chain rule of mutual in-
formation and the second line uses Lemmas 1 and 2. We now
make a further assumption that X; and XP*** are orthogonal
sets of random variables so that the term I (Xj; L past X;) be-
comes zero.3 Now define & = (I — IIy)X; and EP*" = (I —
M) XP**". This notation allows us to write

I(X; Y| XP) = I(X Ty X)) + T(E5 EP*)
= I(Xi;HyXi) + I(Ei;Hg,_mt&-). (34)

Note that ITy and II.res: project onto orthogonal subspaces of
H. This follows since X; =T X;4+EP*" where Iy X; C Hy and
&; C'H3. Ttis now clear that we have expressed 1(X;; V| XP*")
as a summation of terms that satisfy the hypotheses of Proposi-
tion 1 by identifying A1 =X;, Ao =&;, B1=Y, and By = SipaSt.
So we are able to state that

I( X VAP = (X My X + Mgpani ). (35)

This decomposition is pictured in Fig. 3 in two equivalent forms.

C. The Canonical Decision-Feedback Receiver

At this juncture, we interpret the decomposition of the
Gaussian channel pictured in Fig. 3 from the viewpoint of how
the linear operators are realized in an actual channel. Recall
that since IIy is a linear operator, each element of Il X; can
be expressed as a linear combination of the elements of )

31t is easy to address the case where the inputs (X, ..., X, ) are statis-
tically dependent. The inputs are whitened at the transmitter to produce sta-
tistically independent inputs (X1, ..., A’ ), and the particular coloring of the
(Xy,...,X,) is absorbed into the Gaussian channel. So this assumption is
without loss of generality.

(e. g., matrix multiplication, convolution). In other words, we
may view IIyX; as a filtered version of the input ). We will
represent this linear filter by M. Since we need IIyX; for
each 4, we will take the filter output M) to be {IIy A} ;.
That is, the filter M takes ) as its input, and its output is the
orthogonal projection of X; onto Hy for each .

Similarly, II past&; is given by a linear combination of ele-

ments of £7**". This we capture with the strictly “causal” linear
filter M. This filter takes £ = (&1,...,&,) as its input and
produces {IIrase &} ;. Note that M2 can have £ as its input
because, for each i, £; is being projected onto Hg;- —1 which is
a subset of Hg. The notion of causality for the filter M5 de-
rives from the fact that it projects an element of £; onto is “past”
&}

By employing the linear filters M1 and M, Fig. 4 illustrates
the data flow for the decomposition of the Gaussian channel that
isimplicitin Fig. 3. Note that Fig. 4 (b) possesses the structure of
a decision-feedback receiver as typically defined, with its feed-
forward filter (I — M) M, and its feedback filter — M, except
that the feedback is coming directly from the input since the
derivations have explicitly assumed the feedback is perfect.

The generality of the derived canonical decision-feedback
structure indicates that it applies to all Gaussian channels of the
type shown in Fig. 2. Some important special cases are when the
input & is a scalar, a vector, a w.s.s. process, or a multivariate
w.s.s. process. Application of the result to these and other in-
stances requires only that one determine the appropriate linear
filters My and M5 for the particular case of interest. This is the
subject of the next two sections.

IV. REALIZATION OF THE DECISION-FEEDBACK RECEIVER FOR
SYNCHRONOUS CDMA AND ISI CHANNELS

We now illustrate how the development of the previous
section applies to the particular cases of symbol-synchronous
CDMA and the ISI channel. The net result is an informa-
tion-theoretic derivation of their canonical decision-feedback
receivers. This may be contrasted to works in which canon-
icity is derived by starting with an MMSE decision-feedback
receiver and proving its information-theoretic optimality (e. g.,

(61, 121, [9D.
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Fig. 4. A representation of the decomposition of mutual information with linear filtering; (a) and (b) are equivalent, with the latter having the well-known
decision-feedback structure when the feedback is perfect. The linear filter represented by I is one for which the output is equal to the input.

A. Synchronous CDMA

In a symbol-synchronous CDMA channel, each user trans-
mits a digital symbol every T seconds using multilevel
quadrature-amplitude modulation (QAM). We assume that the
superposition of their transmitted waveforms is corrupted by
AWGN, and that the receiver consists of a parallel bank of
M filters whose outputs are sampled at the symbol rate. The
corresponding memoryless discrete-time channel is given by
(23]

y=Az+n (36)

where z is a length-K column vector containing the symbols of
the K users, A is the M x K channel matrix, and the M x 1
Gaussian noise vector 77 is zero-mean and proper.* To model
the received power of the kth user, we let p;, = E[|z}|?], with
the diagonal matrix containing the users’ powers given by P =
diag(p1, p2; - - -, PK)-

The capacity region of this Gaussian CDMA channel was de-
rived in [25] and the (decorrelating) decision-feedback detector
was introduced in [26]. The authors showed that the MMSE
decision-feedback detector has the property of achieving the
sum-capacity of this channel at vertices on the dominant face
of the capacity region [8], [9]. We now apply the results of
Section III-C to succinctly yield the optimal decision-feedback
structure.

In the notation of Section III-C, we have that X
{z1,...,2x} and Y = {y1,...,yn}. The linear filter M,
takes y as its input and calculates II,z. In the subsequent dis-
cussion we make use of the following notation. For a zero-mean
random vector a, denote its covariance by R, = Fla a'], and
for zero-mean random vectors a and b, denote their cross co-
variance by R, = Elab']. Since M1y = E|z|y], this allows
us to state that in this case the linear filter M; corresponds to
(see, e.g., [27], [18])

-1

M, =R,,R," (37)

4A random vector is proper if its pseudo covariance E[(z — E[z])(z —

E[2])T] = 0 (as opposed to E[(z — E[z])(z — E[z])1)] = 0), where the su-

perscripts T and { denote matrix and Hermitian transposition, respectively. See
[5, Sec. 8.1.1] and [24].

That is, M takes a vector input and multiplies it by the matrix
R, R, ! Theerror £ = (I—1IIy)X in this context is the vector
e :_(I_— IT, )z. In terms of filtering this becomes ¢ = z — My,
so that its covariance is evidently B

R.=R,-R.,R'R,.. (38)
To determine the filter M5, we begin with the unique Cholesky
decomposition R, LDL', where L is a lower-trian-
gular matrix with each diagonal entry equal to unity and
D = diag(dy,...,d,) is a diagonal matrix. We now argue that
the ith element of the vector L™ "¢ calculates (I — IL:-1)e;.
To see this, note first that (I — Hei—l Je; is equal1 to e;

plus a linear combination of ei_l, and second that the set

{(I — IIi-1)e;}7_; contains mutually orthogonal random

variables since (I —II -1 )e; is that part of e; that is orthogonal
1

to its past. Analogously, the ith element of the vector L'eis
equal to e; plus a linear combination of e}~ ! and the covariance
of L™'e is equal to the diagonal matrix D, meaning that the
elements of L™ "¢ are mutually orthogonal random variables.
It is clear, then, that ith element of (I — L™")¢ is equal to
IL,:-1e;. Thus, we have that the linear filter M corresponds to
1 L
matrix multiplication by
M,=I-L" (39)
From (36), the required covariances and cross-covariances for

evaluating the matrix filters M, and M are easily determined
to be

R, =P
R, =APA" + R,
R,, =R}, = PA

Yy
R, =P—PA'(APA" + R,)) 'AP

=P '+A'R A (40)

where the last line is an application of the matrix-inversion
lemma [28, Sec. 0.7.4].
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The following theorem shows an important connection be-
tween the canonical decision-feedback receiver and the domi-
nant face the CDMA capacity region.

Theorem 1: The canonical decision-feedback receiver for the
Gaussian CDMA channel, under an assumption of error-free
feedback, achieves the sum-capacity of the channel at a vertex
of the dominant face of the capacity region.

Proof: From (20), we see that the achievable rate, r;, for
the 4th user is

. i—1 = r
I(wisylzy) 103E[|(I_HS§,1)61-|2]

= log i (41)
where d; is the ith diagonal element of D in the decomposition
R. = LDL'. Clearly, the achieved rate tuple
(r1,...,7x) = (log(p1/d1), ..., log(pk /dK))

must lie on the dominant face of the capacity region since the
corresponding sum-rate Zfil r; is equal to the sum-capacity
of the channel (i. e., I(z; y)) because of the canonical nature of
the decision-feedback receiver derived in Section III-C. In fact,
since r; = I(w;;y|at™") for each 4, we have that the rate tuple
is a vertex or corner point of the dominant face of the capacity
region [25]. There are generally K! distinct vertices, one for
each permutation of the the K indices. Each index permutation
yields a decision-feedback receiver that processes the users in
that order. Thus, by considering all possible orderings, every
vertex of the dominant face is achievable. O

Before closing this section, we point the reader also to the
generalized DFE (GDFE) developed by Cioffi and Forney in
[7]. By periodically transmitting zeros in a scalar ISI channel,
it is converted into a memoryless vector channel. This vector
channel is parallelized to allow for the use of single-input
single-output codecs in parallel. If the parallel scalar channels
are viewed as those associated with users in a synchronous
CDMA channel, the GDFE is equivalent to the per-user deci-
sion-feedback receiver discussed in this section. Conversely,
if the channel matrix and noise covariance in (36) happen to
be Toeplitz, then the CDMA decision-feedback receiver is an
instance of the GDFE.

B. Multivariate ISI Channel

Consider the multivariate Gaussian ISI channel

u= D Az i+, (42)

j=—o0

where the input sequence {z;} consists of K x 1 vectors, and
the noise {nL} is a sequence of M X 1 vectors that are statisti-
cally independent of the input. The scalar Gaussian ISI channel
is a special case occurring when K = M = 1 and arises in
multilevel QAM signaling over a time-dispersive channel with
matched filtering and symbol-rate sampling at the receiver (e.
g., [29], [5, Sec. 6.2.1], [30, Sec. 6.2]).
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We take the input and noise to be jointly Gaussian w.s.s. pro-
cesses whose means are both zero. Furthermore, as per Foot-
note 3, the input is assumed to be a white process and the noise is
assumed to be a full-rank regular process.> The sequence of K X
M matrices {A;} is assumed to satisfy 3°°___ trace(4;A}) <
00, so that the Gaussian output process {gz} is also w.s.s. Infor-
mation-theoretic aspects under the Gaussian assumption are ad-
equately covered in several places (e.g., see [21] for the scalar
case and [31] for the multivariate case). Connections between
the well-known DFE and capacity are found in [2], [3], and [5]
for the scalar channel, and in [6] for the multivariate channel.

Before we apply canonical decision-feedback to this channel,
we introduce some more notation. For a zero-mean, multi-
variate w.s.s. process {a; }, denote its autocorrelation sequence
by {(R4)i}, where (R,); = Ela;,;a];, and the z-transform
of this sequence by

1=—00

When S, () is evaluated at z = e/? we obtain the multivariate
power spectral density of the process. Similarly, for zero-mean,
multivariate processes {a;} and {b,} that are jointly w.s.s., their
cross-correlation sequence and cross spectrum are given by

and

respectively.

We now derive the canonical decision-feedback receiver with
our information-lossless decomposition of the information rate.
In the notation of Section III-C, we have X = {z;} and ) =
{y,}. The information rate is denoted by I(X;Y), which be-

cause of stationarity can be expressed as I(z;; Y|z'7L). Thus,
we make the partition X = &; U Xy where X; = z; and X5 =
z'71. The filter M, evaluates Iy, X' by converting the input
{y;} to {E[z;|V]}. This is effected with multivariate Wiener

filtering according to

M, = Sﬁy(z)sil(z)-

(43)

The error sequence {¢; } is produced by passing the process {z; }
through the filter I - S, (2)31;1 (z), and from (42), we find the
spectrum of this process to be

8.(2) = 8.(2) - 8.,(2)8, " (2)8,(2). (44

‘We must now project e; onto its past ¢~1 and this is done with

0o

a multivariate one-step prediction filter [22]. Finding this filter

SThat is, the noise process satisfies the Szégo (or Paley—Wiener) condition,
J7 og|8,(e7%)|d6 > —oo, where S, (e7?) is the multivariate power spec-
tral density of {5 }. This technical condition guarantees that the noise is not
perfectly predictzf)le from its past [22]; otherwise, the information rate would
be infinite.
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requires the unique “minimum-phase” multivariate spectral
factorization®

S.(z) = ®(2)G®'(1/2")

(45)

where ®.(z) and its inverse are both monic, causal, and
stable. In other words, ®.(z) can be represented in the form
I+, C;z~" where the matrix Fourier coefficients satisfy

E trace(C;C}) < oo
i=1
and similarly

@ '(z2)=I+) Diz™"
=1

with 77, trace(D;D}) < oo. The one-step prediction filter is
thus
M, =1-%_"(z). (46)

Given the covariance P = E[z;x]] of the white process {z; },
the terms necessary to fully describe M ; and M, in this channel

S0y(2) =8} ,(1/2") = PA'(1/2")
S.(z)=P—PA'(1 /z*)(A(z)PAT (1/2) +Sﬂ(z)) T AP
_ (P—1 + A1 /z*)s;(z)A(z))_ 47)

From (25), the information rate of the channel is given by

Hrisy™ ') = log 1
Z o ‘Cov[(I - He’:l )Qt]
1P|
= log - (48)
G

Recall from Section II-D that |G| is the geometric mean of the
determinant of the spectrum of {e,} [22]; that is,

1 " ;
|G| = exp <% /_7T log |S£(619)| d0> .

We are also able to give some additional insight into the fol-
lowing proposition from the literature.

Proposition 2: Suppose we have a scalar Gaussian ISI
channel with capacity Cis;. Let Cprg denote the resulting
channel capacity when the receiver is a perfect-feedback
MMSE DFE. The two capacities are related by Cprg = Cisi.

o

In [2] it was shown only that Cppg > Cisy, and it was con-
jectured that the inequality cannot be replaced by equality be-
cause of the paradoxical result from [3] that perfect cancella-
tion of post-cursor ISI is generally an information-increasing
operation. But from our derivation of the MMSE DFE, since it
begins with mutual information, we can see that the inequality

6If A(z) = Y Az,
T LAl

we use the notation AT(1/z*) to mean

may indeed be replaced by equality. Note that the canonical de-
cision-feedback receiver converts the information rate 1(X;)))
into the mutual information between two scalar random vari-
ables in accordance with I(x;IIyx; 4+ II -1 ;). In order to
view the perfect-feedback canonical decision-feedback receiver
as information increasing requires that one instead deal with
the information rate between the two w.s.s. random processes
{z:}2_ and {Ilyx; + I i—1e;}52 __, but such an under-
standing is in violation of what the decision-feedback receiver
is effecting.”

V. THE SYMBOL-ASYNCHRONOUS CDMA CHANNEL

The final channel that we consider is the symbol-asyn-
chronous CDMA channel. Information-theoretic aspects and
decision-feedback receivers have been explored separately for
this channel in the literature [32], [33], and the authors consid-
ered them jointly in [34]. Deriving canonical decision-feedback
receivers from decompositions of the information rate in this
context borrows ideas from the synchronous CDMA channel
discussed in Section IV-A and the multivariate ISI channel
discussed in Section IV-B. In addition to developing lossless
decision-feedback receivers in this section, we also discuss
lossy receivers that meet certain causality constraints. Finally,
we show some connections between multivariate spectral fac-
torization, decision-feedback receivers, and information theory.

Since we must deal with both users and time, notation of
the following type will be used in this section. Let (zy); be
the symbol transmitted by the kth user at time ¢, and (z); the
K x 1 vector of symbols transmitted by the users at time <.
The sequence of symbols transmitted by the kth user is thus
(21)>,,, and the vector sequence of symbols transmitted by
all users is (z)°,. We shall often find it convenient to de-
note these by x4 (z) and z(z), respectively. In contrast to the
synchronous CDMA channel discussed in Section IV-A, now
the users’ transmit pulses arrive asynchronously at the receiver,
though it is assumed that the receiver knows the timing offsets.
The received signal with AWGN 7)(#) is

oo K
rt)y= 3 S pP@)is(t — T —iT) +(t)  (49)
i=—o0 k=1

where py, si(t), and 73, are the power, complex signature wave-
form, and relative timing offset of the kth user, respectively; and
T is the symbol interval. To obtain a discrete-time model, we
take the receiver frontend to consist of a parallel bank of M fil-
ters { fn (t)}M_, whose outputs are sampled at the symbol rate.
The sample of the mth filter at the +th time is

/ r(t) frn (1 — t)dt.
Stacking the M sampled outputs of the filters at the sth time
interval we get y . It takes the form

Y, = Z Aj(i)i—j +ﬂq’,

j=—o00

(50)

"In [3], the difference between the information rate and I (2 Oyz; +
IT i—1e;) is interpreted as a mandatory precoding loss when the feedback is

housed at in the transmitter.
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where the (m, k) element of the matrix A; is given by

/oo skt = T+ 0T) fon (=)t

J —00

and the nth element of n, is the Gaussian variable

/ Tt 0T o (—t)dt.

— 00

A specific instance would be when there are M = K receive fil-
ters that are matched to the users’ delay-shifted signature wave-
forms, in which case f,,,(—t) = s%,(t — 7., ) [23]. Note that (50)
is of the same form as the multivariate ISI channel considered
in Section IV-B, except that the covariance of (x); is a diagonal
matrix P = diag(p1,pe, ..., pk) since the users signal inde-
pendently of each other, where p; is the power of the sth user.

The capacity region of the symbol-asynchronous CDMA
channel was derived in [32]. The user inputs that maximize the
sum information rate are Gaussian processes, but no single set
of input spectra allows every point of the capacity region to
be achieved. This results in a capacity region that is a K-di-
mensional pentagon with “rounded” vertices. For our purposes,
then, we assume that the sequence of symbols transmitted by
each user is a white Gaussian process since any spectral shaping
can be absorbed into the channel model (cf. Footnote 3). The
input into the Gaussian channel is X = (2)>°,_ and the channel
outputis Y = Y= The sum information rate is I(X;)).

A. The Information-Lossless Decision-Feedback Receiver

Let us first partition the input as X = X; U - - - U X, where
X = (xr), is the sequence of symbols transmitted by the
kth user. The first filter is

M, = sw(z)s;(z) (51)

the same expression as in the multivariate ISI channel (cf.
Section IV-B) since in both cases X and ) are multivariate
w.s.s. processes. Similarly, the error (€)*°,, (or, equivalently,
e(z)) is a K -variate w.s.s. process whose kth sequence ey (z) is
(er)® = {(zx)i — My (zk);}52_ .. The multivariate spec-
trum of e(z) is Sc(z) = S.(z) — Szy(z)sy_l(z)syg(z). To
find the filter M5, we follow a path similar to that taken in de-
riving it for the synchronous CDMA channel in Section IV-A.
Toward this end, start with the decomposition

Se(2) = L(z)D(z)L' (1/2")

in which D(z) = diag(di(2),...,dx(2)) is a diagonal ma-
trix and L(z) is lower-triangular and has all of its diagonal
elements equal to unity. Suppose that the error sequence e(z)
is filtered by L™'(z), then the kth element of the vector
L™'(2)e(z) gives the sequence e (z) — Heifl(z)g(z), where
" 1(2) = (ei(2),...,er_1(2)). Thus, the kth element of
(I — L™"(2))e(z) is the sequence Hek—l(z)ek(z) so that the
second filter is '

(52)

M,=1I-L"(2). (53)
The spectra required for finding My and M5 are the same as
those used for the multivariate ISI channel in (47) when P is a
constant, diagonal power matrix.
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It may be observed that our particular partition of the
input X has effectively decomposed the K-user ISI channel
into K single-user ISI channels. The kth single-user ISI
channel from this decomposition has z(z) as the input and
Ik(z) = Hyaxg(z) + Hell\‘—l(z)ek(z) as its output. Clearly,
since these are ISI channels, their information rates can each be
decomposed as was done in Section IV-B for an arbitrary ISI
channel. Thus, from (43) and (46), the two required filters M
and M, for the kth effective single-user channel are

My =85, (Z)Sg;;‘l(z)
My, =1—¢.'(2)

(54)
(55)

where ¢ (%) comes from the minimum-phase spectral factor-
ization of the kth diagonal element of D(z). That is, di(z) =
dr(2)grd;(1/2*) where ¢ (z) and its inverse are both monic
(i.e., the zeroth Fourier coefficient is unity), causal, and stable.
It is easy to show that the filter M simplifies to unity (i.e., the
output equals the input); to see this, observe that My evalu-
ates Ily, (.yzx(2), which is the orthogonal projection of x(z)
onto Hj, (-), and then note that My, .y C Hy and Jx(z) =
Iyx(z). The corresponding partition of the input for the kth
user is in this case X, = X1 U Xyo where Xy = (wy); is the
ith symbol of user k and X2 = ((zx)" L, (25 1)>, ) consists
of the past symbols of user k£ and all symbols of users 1 through
k — 1. The resulting decomposition of the multiuser channel in-
formation rate yields

UCN) =]§10g <§—:>

In summary, then, the high-level structure of this canonical
decision-feedback receiver converts the MIMO asynchronous
channel into a set of K independent single-input single-output
ISI channels, while its low-level structure converts each of these
scalar ISI channels into memoryless channels. Combining these
levels together, we may express the two filters as

'(2)
) (58)

(56)

M, =8,,(:)8, (57)
where L(z) = L(z)diag(¢1(2),...,dx(z)) comes from the
structured spectral factorization

u(
M,=I-1

S,(z) = L(z)GL'(1/2") (59)
in which G = diag(¢1, . .., gk ). Note that i,(z) and its inverse
are lower-triangular with diagonal elements that are monic,
causal, and stable.

B. Some Lossy Decision-Feedback Receivers

While the previous section placed causality constraints on the
feedback only in the sense of feeding back “past” users (i. e.,
X1, ..., X1 are fed back for user k), one may also subject the
feedback to causal restrictions in time. In general, a capacity
penalty is incurred, but still there exists a corresponding canon-
ical decision-feedback receiver.
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1) A Case in Which Feedback is Causal for Both Users and
Time: Consider the following:

LX) = D I((@n)is g™, @) ) s (1) 20)

K
> I((w)isy™ (@, (26) L) (60)

If we now apply the techniques of Section III-C, the result is
a decomposition of the lossy information rate that has causal
feedback in both users and time. That is, when processing the
kth user at time ¢, we use only the past and current symbols
of users 1 through E—1 (ie., (#¥71)" _ as opposed to all of
their symbols, (z ( )°_°OO) and the past symbols of user k (i.e.,
(a0) ).

The filter M that projects onto ) remains unchanged from
the lossless cases just discussed

M; =8,,(2)8,"(2).

Y

(61)

The multivariate error sequence is still given by (¢)>°, = ¢e(z)
with e; = z; — IIyz;. The filter M» must allow us to evaluate
H{(el\ N ek }(ek) To accomplish this, let §;(z) be
the pr1n01pa1 submatrix of the spectrum of S, (z) formed using
the first k indices. Its unique minimum-phase spectral factoriza-
tion is [22]

Sx)(2) = @y (2 )G(k)‘I’(k)(l/Z*)

where ® ;) (z) and its inverse are both causal, stable, and have
zeroth Fourier coefficients that are lower-triangular with diag-
onal elements that are unity, and Gy = diag(gr1, - .- grx) is a

(62)

constant diagonal matrix.$ Note that filtering [e1(2) - - - e (2)]"
by the kth row of @&1) (z) produces the sequence
{(T-My o) (ek)i}i:_oo (63)
Clearly, then, the following multivariate filter:
[row1(@(;)(2)  O1xx—1]
[I‘OWQ(q’il(Z)) 01 K,Q]
My=1- @ : (64)
row c (B3 (2)

is lower-triangular, causal (strictly so on the diagonal elements),
stable, and converts e(z) to a vector whose kth element rep-
resents the sequence {II (e v(er)i}s ., The re-

sulting lossy 1nf0rmat10n rate in this case is the right-hand side
of

Pk
log —.
Jkk

I(x;Y) 2 (65)

Mw

>~
Il

1

8The only difference between this minimum-phase multivariate spectral fac-
torization and the one discussed in (45) is that we have performed a Cholesky
decomposition G = LDL' on the G of (45), absorbing L and L' into ®(z)
and ®7(1/2*), respectively, to obtain (62).

If we express My in (64) as I — W' (2) with ¥(z) defined
implicitly, then we have a corresponding structured factoriza-
tion of the error spectrum

S.(z) = W(z)F(2)¥'(1/2"), (66)

where F(z) = \If_l(z)Sg(z)(‘IlT(l/z*))*l. The kth diagonal
element of F(z) is obviously equal to g, the kth diagonal el-
ement of G ;. It should be noted that ¥(z) and its inverse are
lower-triangular, causal, stable, and have monic diagonal en-
tries. This factorization is essentially the so-called partial spec-
tral factorization due to Duel-Hallen [33], which was derived
therein by maximizing the effective signal-to-noise ratios of the
users.

2) A Case in Which Both Filters Have Finite Impulse Re-
sponses: For our final example we consider a lossy case for
which the derived decision-feedback receiver can be imple-
mented with finite impulse response (FIR) filters. We begin
with the lossy information rate

1(x;)) >ZI wr)iny,_y (@), (@k)iln,)

k=1

where N, and N, are nonnegative integers that will indicate the
number of taps in the filters M; and M ,. The filter M'; projects
(z); onto gi’_ - To determine this filter let

T
X:[QZT—N,y yj—Ny+1 y'T]

L2 Z3

(67)

Note that by stationarity the covariance of this vector is inde-
pendent of 4. Thus, we must evaluate R,), XR;'l where

Ry y=PlAly Al ., A}l
To represent M as an FIR filter, we identify
M, = J(z) (68)

where J(z) = Zj»v:”o J ;277 and the K x M matrix coefficients
{J;} are implicitly defined by

R@ZXRZ 21y, Iy, Jo]. (69)
To find filter M5, let
X=[a] n, @ N1 @71 0

The ith error vector is (e); = (I —II,;  )(z);, and these may
Zi—Ny

be stacked to form the vector

E=[@Ly, @©lyxp - @

Its covariance is

(71)

Rp =P — PATRy'AP
where P is the (N, + 1) x

(72)
(N.. + 1) block-diagonal matrix

P = block-diag (P, ..., P) (73)
and
14]\73C —N, A,Ny
A= : (74)
. A—l
Ay, A A
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is an (N, 4+ 1) x (IV; + 1) block-Toeplitz matrix formed from
the matrix coefficients of the channel response in (50). Rg can
be viewed as an (N, + 1) X (N, + 1) block matrix, the size of
each block being K x K.

For filter My we must evaluate the projection of (e);
onto (e¥)!Z} . To accomplish this, we first reduce Rp by
retaining only the principal submatrices formed by using the
first k£ indices of each block. Call this reduced covariance
matrix Ry, and perform a Cholesky factorization so that
R, = L(k)G(k)sz), where Ly is lower-triangular with di-
agonal elements that are unity and G () = diag(gx1, - .-, grr)
is a diagonal matrix. We now parse the last row of L@l) into row
vectors, each of length %k, which we label from left to right as
lsz down to [, In z notation, we have [, (z) = Z;VZ‘O bz
After repeating this procedure for £k = 1,2,..., K, we form
the lower-triangular matrix

[1(2) O1xk—1]

[[3(2) O1xk—2]

B(2) = (75)

()
This gives us

M,=1-%""(z2) (76)

for the second filter, which is strictly causal, lower-triangular,
and polynomial (i.e., an FIR filter). The corresponding spectral
decomposition is

Se(2) = B(2)H(2)27(1/2") a7

where H(z) = £ 1(2)8,(2) (z:T (1/2*))_1.

C. Connections to Multivariate Spectral Factorization

Let us revisit the decomposition of mutual information for
the general Gaussian channel that allowed us to derive (34). Of
primary interest here is the relationship

I(E5 EP*Y) = I(&;; Mgpani &;).

Suppose that instead of an orthogonal projection we were to
use some linear operator I cpast Whose output is expressible as a
linear combination of the elements of £ 25 In general, the data
processing theorem of mutual information tells us that

I(E; EP*Y) > I(&;;T gpast &;) (78)

with equality if and only if &; and £7**" are independent condi-
tional on I'gpast &;. If we let A = T'gpast &, then from (19), the
inequality in (78) has the following equivalent representations:
(€i) > log (€i)
(T~ Tg)&) = 8 (T~ TLAE)
(I = T )& < (I = TLYE).

log
(79)

Finally, since IT 4&; is a linear combination of elements of &P ast
then for some linear operator I'pect that takes inputs onto £

we have that Il 4&; = I'zpast &;. This allows us to conclude that

(I = Mgrast)E) < (I = Tgrast)E) (80)
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for any linear operator I' evase that takes inputs onto E7**". For
multivariate w.s.s. processés, this may be expressed as follows:
the orthogonal projection onto £P*** minimizes the geometric
mean relative to all other linear operators that take their input
onto £P***. (An example of a suboptimal linear processing is
the zero-forcing decision-feedback receiver; see [4] for the ISI
channel and [35] for synchronous CDMA.) We now show that
this maximization of mutual information corresponds to a spec-
tral factorization.

Recall the ISI channel developed in Section IV-B. In the con-
text of (80), the terms of interest in this case are the determi-
nants of the covariances of (I —II -1 )e; and (I — T i-1)e;. A
corresponding statement concerniﬁg{)he optimality of the min-
imum-phase spectral factorization is the following proposition
which follows from [22, Theorems 7.10 and 7.12 ].

Proposition 3: Let Sc(z) = ®(2)G®'(1/2*) be the unique
multivariate spectral factorization from (45) that was used in
determining the canonical decision-feedback receiver for the
ISI channel, where ®(z) and its inverse are monic (i.e., the ze-
roth Fourier coefficient is the identity), causal, and stable. For
any C(z) that is also monic and causal, we have that S(z) =
C’(z)S’E(z)C'T(l/z*) is at least as positive definite as G for all

z lying on the unit circle, with equality for all such z occurring
if and only if C(z) = ®'(2). &

i—1
e
——o0

Observe that the arbitrary multivariate filter C(z) in this
proposition plays the role of the arbitrary linear operator I ;-1
in the preceding discussion.

Proof: Any C(z) that satisfies the hypotheses given in the
statement can, by virtue of properties associated with ®(z), be
expressed as C(z) = A(z)® *(z) for some A(z) that satisfies
the same hypotheses. From this and the spectral factorization
of 8. (%), it follows immediately that S(z) = A(2)GAT(1/2%).
Evaluating this on the unit circle we find

S(”) =G+ A(¢*)G (A(e™))

=1

81

=G (82)
where S(e/?) < G means that G — S(e??) is positive semidef-
inite. To obtain equality for all 6 requires that A(z) = I. O

We now state in similar terms the optimality of the struc-
tured multivariate spectral factorizations used in Section V-A
for the information lossless decision-feedback receivers of the
asynchronous CDMA channel. The first of these occurred in our
high-level decomposition of mutual information into K single-
input single-output ISI channels. The sequences of interest in
this case are (I —II_i-1(z))e;(z) and (I —T'_i-1(2))e;(z). We
have the following result. -

Proposition 4: Let S.(z) = L(2)D(z)L(1/2*) be the
structured multivariate spectral factorization from (52), where
L(z) and its inverse are lower-triangular with unity-valued di-
agonal elements, and D(z) is diagonal. For any C(z) that is also
lower-triangular with diagonal elements equal to unity, we have
that the kth diagonal element of S(z) = O(Z)SE(Z)OT(I/Z*)
is at least as large as the kth diagonal element of D(z) for all
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z lying on the unit circle. Equality occurs for all such z if and
only if C(z) = L™'(z2).

Proof: Here we verify the result with an algebraic proof
similar to that used in our proof of Proposition 3. Using 8. (z) =
L(z)D(z)L'(1/2*) as given in (52), we find that 8(z) in the
proposition statement becomes

S(z) = C(z)L(z)D(2)L (1/2%)CT(1/2*).  (83)
Note that C(z) can always be expressed as C(z) =
A(z)L™*(z) for some A(z) that satisfies the same hypotheses
as C(z). With this A(z), we find on the unit circle that

Sin(e”) = (A(e*)D() (4)")
k-1

= Dkk(eje) + Z |Aki(€j9>|2Di_’i(€j6) (85)
=1

(84)

> Dy (%), (86)
where equality in the last step requires A;(z) = 0 foralli < k.
O

The second structured spectral factorization in Section V-A
has the following property.

Proposition 5: Let 8.(z) = i;(z)GilT(l/z*) be the struc-
tured multivariate spectral factorization in (59), where i(z) and
its inverse are lower-triangular with diagonal entries that are
monic, causal, and stable, and G is diagonal. For any C(z) that
is lower-triangular with diagonal elements that are monic and
causal, the kth diagonal element of

S8(z) = C(2)8.()C"(1/2")
for all z on the unit circle is no less than g, the kth diag-
onal element of G. Equality occurs for all such z if and only
) =1
ifC(z) =L (z).
Proof: To show this algebraically, consider

8(z) = C(2)L(=)GL' (1/2%)Ct(1/2%). (87)

Since C(z) can always be expressed as C(z) = A(z)i_l(z)
for some A(z) that satisfies the same hypotheses as C(z), we
find that

Sie(e’”) = (A()GAN )
k1
= Ak () Pgr + Z |Ari(e®) Pgs
=1
> Arr () gk
> Gk (88)

Equality in the penultimate step requires Ag;(z) = 0 for all
1 # k, while equality in the final step (which holds because
Apgx(z) is monic and causal) requires that Ay (z) = 1. O

Similarly, the structured spectral factorizations that we used
to derive the lossy canonical decision-feedback receivers in
Section V-B also satisfy optimality properties. These are now
summarized.

Proposition 6: Let S.(z) = U(2)F(z)®'(1/2*) be the
structured multivariate spectral factorization given in (66),
where W(z) and its inverse are causal, stable, and lower-trian-
gular with diagonal entries that are monic. For any C(z) that is

causal, stable, and lower-triangular with diagonal elements that
are monic, the kth diagonal element of

8(z) = C(2)8,.(2)CT(1/2*)

is no less than the kth diagonal element of F'(z) for all z on
the unit circle. Equality occurs for all such z if and only if
C(z) =¥ '(2). o

Proof: Denote by c'(z) the first k elements of the kth row
of C(z) (recall that elements & + 1 through K of this row are
zero). All elements of ¢'(z) are causal and stable with the kth
element also monic. From (62), we know that there always ex-
ists a vector a'(z) that possesses these same properties and is
related to ¢'(z) according to ¢'(2) = QT(Z)Q(kl)(Z). With this
substitution and (62), we find that the kth diagonal element of
S(z) can be expressed as

Sr(z) = a’(2)G ) (a(1/2"))" (89)

where Gy = diag(gx1,- - -, gxr) is a diagonal matrix. On the
unit circle, then, we have

k—1

See(e”®) = lai(e)Pgri + lan(e”®) Pgrr (90)
i=1

> lax ()" gin O1)

2 gkk 92)

The fact that the kth element of a(z) is monic was used to
obtain the final inequality. Clearly, equality occurs only when
a'(z) is zero for every entry but the kth entry which is unity.
From the discussion following (66) we recall that gy, is equal
to the kth diagonal element of F'(z). Since the above reasoning
holds for every row of C(z), we have confirmed the proposition.
O
Proposition 7: Let 8.(z) = $(2)H(2)27(1/2%) be the
structured multivariate spectral factorization given in (77),
where 7' (2) is lower-triangular, causal and FIR of order N,.
For any C(z) that is lower-triangular, causal and FIR of order
N, the kth diagonal element of

S(z) = C(2)8.(=)C"(1/=")

is no less than the kth diagonal element of H(z) for all z on
the unit circle. Equality occurs for all such z if and only if
C(z) =X '(2). &

Proof: This result is shown algebraically in a manner
very similar to the proof of Proposition 6 except that one works
with the block-vector and block-matrix representations of
Section V-B2 rather than working directly in the z-domain. [

D. Evaluating Structured Spectral Factorizations

There are efficient methods for numerically evaluating the un-
structured multivariate spectral factorization used in (45) when
the spectrum is rational. The quadratically converging Newton
map given in [36] is implemented with a fast algorithm in [37].
For the structured factorizations that we have encountered, eval-
uation by similar techniques becomes too cumbersome to be
useful in practice. There is, however, another approach known
as Bauer’s method for evaluating spectral factorizations that was
developed in [38] for the case of multivariate spectral factoriza-
tions. This technique calculates the spectral factorization in (45)
to arbitrary accuracy by performing the Cholesky factorization
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of a large enough finite-dimensional matrix. An application of
this idea to numerically determine structured multivariate spec-
tral factorizations is given in the Appendix.

VI. CONCLUSION

We have derived an information-lossless decision-feedback
receiver structure that applies to a general class of Gaussian
channels by starting from mutual information. The underlying
building block for the resulting canonical decision-feedback re-
ceiver is a particular additive decomposition of mutual infor-
mation. The receiver effects this decomposition by performing
information-lossless orthogonal projections. These projections
correspond to Wiener filtering and prediction, so the net result is
a receiver that takes advantage of an important bridge between
mutual information, optimal filtering, and prediction.

From the generality of the result, the information-preserving
property of known canonical decision-feedback receivers for a
variety Gaussian channels may be inferred. It also enabled us to
derive a number of information-lossless decision-feedback re-
ceivers for use in asynchronous CDMA channels. A byproduct
of this endeavor was the discovery of information-theoretic
derivations of a variety of structured decompositions of mul-
tivariate spectra. Given that the canonical decision-feedback
receiver employs Wiener prediction, from which originated
the concept of spectral factorization, the intimate connection
between mutual information and spectral factorization is not
surprising.

APPENDIX
NUMERICAL EVALUATION OF STRUCTURED
SPECTRAL FACTORIZATIONS

We first review the Bauer technique for evaluating an unstruc-
tured multivariate spectral factorization as developed in [38].
Let S(z) = >.;2 _ Riz~' be a multivariate spectrum of di-
mensions K X K for which we would like to find the decom-
position 8(z) = ®(2)G®'(1/2*) where ®(z) and its inverse
are monic, causal, and stable, and the matrix G is a constant.
This particular factorization was the subject of Proposition 3 in
Section V-C. Start by creating the K P x K P block-Toeplitz

matrix

R, R_; R_pyy
R= 1?1 (93)
Rp 4
On this matrix, perform the Cholesky decomposition

R = LGLT where block-matrix L (the blocks are still K x K)
is lower-triangular with diagonal blocks equal to the identity
and G is a block-diagonal matrix. Now use the last block-row
of L to create the filter

P-1

®p(z)= ) Lpp_iz (94)
=0

where L; ; is the (4, j) block of L. Also,let Gp = G p, p, the last

diagonal block of G. As the the size of R grows by increasing
the number of blocks P, then ®p(z) — ®(z) and Gp — G.
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We now show how this idea can be used to determine the
structured multivariate spectral factorization of Proposition 6.
Recall that 8(z) = W(z)F(2)¥'(1/2*), where ¥(z) and its
inverse are causal, stable, and lower-triangular with diagonal
entries that are monic. For & = 1,..., K, we let R denote
the matrix formed by replacing each block of R in (93) with
its k x k principal submatrix formed by the first £ indices.
This means that R is a P x P block-matrix with blocks of
dimensions k x k. A Cholesky decomposition yields Ry =
LD k)LIk) where Ly, is lower-triangular with unity-valued
diagonal elements. We now take every kth row of Ly (i.e., rows
k,2k, ..., Pk) and use them to create rows k., k + K, ..., k +
(P—1)K of a K P x K P matrix L. This is done by taking every
kth row of L( k)» parsing it into words of k entries, and then in-
serting K — k zeros between parsed words. The first of these
expanded rows is the kth row of L, the second is the (k + K )th
row of [, and so on, until the last of these is row k + (P — 1)K
of L. The construction of L is complete after we have done this
for all k. Note that if we now view L as a block matrix with
K x K blocks and L; ; denoting its (7, j) block, then it has the
following properties:

« L is lower-triangular for all i, j to satisfy that ¥(z) is
lower-triangular;

« L is the zero matrix whenever i < j to satisfy that ¥(z)
is causal;

. |]~_“ has diagonal elements that are each unity for all 4 to
satisfy that the diagonal elements of ¥(z) are monic.

We then have the factorization R = LFLT where F =
L~IR(LT)~1. The last block-row of L (K x K blocks) is used
to create the filter

|
_

‘I’P(Z) = |]~_p7p_izii. 95)

.
Il
<)

Also, let

P-1
Fp(z)=Fpp+ Y (Frroiz " +Fhp_i2'). ©6)
=1

As the the size of R grows by increasing the number of blocks
P, then ¥p(z) — ¥(z) and Fp(z) — F(z).

Finally, we point out that the factorizations of Propositions 4
and 5 can be handled similarly by enforcing the appropriate
properties when determining L. For Proposition 4 we need

« L;; is lower-triangular for all 4, j to satisfy that L(z) is
lower-triangular;

. |]~_“ is the identity matrix for all 7+ and the diagonal ele-
ments of |]~_,L-7j are all zero whenever ¢ # j to satisfy that
the diagonal elements of L(z) are all unity.

For Proposition 5 we need

. |]~_,L-7j is lower-triangular for all 7, j to satisfy that _Z,(z) is
lower-triangular;

. |]~_i_¢ has diagonal elements that are each unity for all ¢ to
satisfy that the diagonal elements of L(z) are all monic;

* L;; has all diagonal elements equal to zero whenever
1 < j to satisfy that the diagonal elements of L(z) are
all causal.
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