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On the Capacity of Communication Channels With
Memory and Sampled Additive Cyclostationary
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Ron Dabora™, Senior Member, IEEE, and Emeka Abakasanga

Abstract—1In this work we study the capacity of interference-
limited channels with memory. These channels model
non-orthogonal communications scenarios, such as the
non-orthogonal multiple access (NOMA) scenario and underlay
cognitive communications, in which the interference from other
communications signals is much stronger than the thermal noise.
Interference-limited communications is expected to become
a very common scenario in future wireless communications
systems, such as 5G, WiFi6, and beyond. As communications
signals are inherently cyclostationary in continuous time (CT),
then after sampling at the receiver, the discrete-time (DT)
received signal model contains the sampled desired information
signal with additive sampled CT cyclostationary noise. The
sampled noise can be modeled as either a DT cyclostationary
process or a DT almost-cyclostationary process, where in the
latter case the resulting channel is not information-stable. In a
previous work we characterized the capacity of this model for
the case in which the DT noise is memoryless. In the current
work we come closer to practical scenarios by modelling the
resulting DT noise as a finite-memory random process. The
presence of memory requires the development of a new set
of tools for analyzing the capacity of channels with additive
non-stationary noise which has memory. Our results show,
for the first time, the relationship between memory, sampling
frequency synchronization and capacity, for interference-limited
communications. The insights from our work provide a link
between the analog and the digital time domains, which has been
missing in most previous works on capacity analysis. Thus, our
results can help improving spectral efficiency and suggest optimal
transceiver designs for future communications paradigms.

Index Terms— Interference-limited communications, cyclosta-
tionary processes, almost-cyclostationary processes, information
spectrum, capacity.

I. INTRODUCTION
E CONSIDER maximizing the information rates
Win interference-limited communications, which is a
communications scenario in which message decoding is
impeded by another communications signal, instead of by the
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commonly-studied thermal noise. Interference-limited com-
munications has been attracting much interest in recent
years; One major reason is the emergence of non-orthogonal
multiple access (NOMA) as a major paradigm for 5G
communications [1]. Another important motivation is that
interference-limited communications corresponds to multiple
existing communications scenarios, including, for example,
digital subscriber line (DSL), in which crosstalk is limiting
the rate of information [2], and underlay cognitive communi-
cations, in which the secondary user is the major source of
interference to the primary user [3].

Since communications signals are man-made, then they
inherently possess cyclostationary statistics [4, Ch. 1.3],
which follows as the signal generation process repeats at
every symbol interval. Consequently, when communications
is limited by interference, the corresponding continuous-
time (CT) channel is modeled as a linear channel with
additive wide-sense cyclostationary (WSCS) noise. In modern
communications, the receiver first samples the received CT
signal in order to facilitate digital processing. When the
sampling interval at the receiver is commensurate with the
period of the CT WSCS interference process, a situation
referred to in this work as synchronous sampling, the resulting
sampled discrete-time (DT) interference is also WSCS. This
channel model was extensively analyzed in previous works:
The capacity of point-to-point (PtP) DT channels with a finite
memory and with additive WSCS Gaussian noise (ACGN)
was derived in [5] for the case in which the channel input
is subject to a time-averaged per-symbol power constraint.
Capacity characterization in [5] was obtained via both a
time-domain approach and a frequency-domain approach.
Subsequently, the capacity of DT multiple input-multiple
output (MIMO) channels with finite-memory ACGN was
derived in [6], the secrecy capacity of DT finite-memory
channels with ACGN was derived in [7], and bounds on the
capacity of DT channels with non-Gaussian WSCS noise
were presented in [8]. Algorithmic aspects of reception in
the presence of ACGN have also been studied: In [9] a
receiver structure which uses the periodicity of the noise
correlation function for noise cancellation was presented, and
in [10] optimal adaptive filtering based on least-mean-squares
adaptation for DT jointly WSCS processes was studied.

We note that, practically, the frequency of an oscillator
cannot be deterministically set due to its inherent physical
properties, see, e.g., [11]. Thus, even though in the system
design, symbol clocks are typically set to nominal values given
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by finite-precision decimal numbers, see, e.g., [12], then, as the
interference and the signal-of-interest (SOI) are clocked by
physically separate oscillators, there is no reason to assume
that their actual symbol intervals are related by a rational
factor, due to the clocks’ inherent frequency variability. This is
the main motivation for the model' considered in the current
work. When the sampling interval at the receiver is incommen-
surate with the period of the CT WSCS interference process,
a situation referred to in this work as asynchronous sampling,
the resulting sampled DT interference is no longer WSCS,
but rather it is a wide-sense almost cyclostationary (WSACS)
random process [13, Sec. 3.9]. As WSACS processes are
non-stationary, the resulting DT channel is generally not
information-stable, namely, the conditional distribution of
the channel output given the input does not behave ergodi-
cally [14]. As a consequence, standard information-theoretic
tools (e.g., based on joint typicality) cannot be applied in the
capacity characterization of such channels. It is noted that,
as in practice, a receiver synchronizes its sampling rate with
the symbol rate of the desired information signal, rather than
with the symbol rate of the interference, asynchronous sam-
pling is necessarily a frequent situation in practical systems,
and thus, analysis of scenarios with asynchronous sampling
carries practical, as well as theoretical, importance.

While communications with synchronous sampling was
extensively analyzed, communications scenarios with asyn-
chronous sampling have not been treated until recently.
In [15], we took a first step towards the capacity analysis of
asynchronously-sampled interference-limited Communication
Channels by considering the memoryless case. In this context,
a DT memoryless interference process is obtained by sampling
a CT finite-memory WSCS process with a sampling interval
that is greater than its correlation length. Thus, the correlation
function of the resulting DT process is either a periodically
time-varying or an almost periodically time-varying, scaled
Kornecker’s delta functions, which, for Gaussian processes
implies that different samples are independent. It follows
that [15] restricts the shape of the CT correlation function as
well as restricts the sampling rate to be low, which restricts
the information rate carried by the SOI. For this scenario, [15]
derived a limiting expression for the capacity. As the channel
is not information-stable, analysis was carried out within the
framework of information spectrum, leading to a capacity
expressed as the limit-inferior of a sequence of capacities
corresponding to synchronously-sampled CT channels with
ACGN. The work [15] presented several interesting insights:
First, it was shown that when sampling is synchronous, capac-
ity depends on the sampling interval and on the sampling
phase, even when the sampling interval is smaller than half
the period of the noise correlation function. Another important
insight obtained from [15] is that when sampling is asyn-
chronous, capacity does not vary with the sampling rate or the
sampling phase. Finally, it was observed that for some syn-

U1t is noted that while our model is closer to practicality than the models in
previous works, still it is assumed that the variations of the clocks’ frequencies
around their respective actual values in practice, can be ignored. A complete
model would account also for the impact of such variations on the statistics
of the interference, but this is outside the framework of the current analysis.
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chronous sampling rates, capacity in higher than the capacity
obtained with asynchronous sampling rates arbitrarily close
to the corresponding synchronous sampling rates. This means
that practically, capacity of sampled CT interference-limited
channels should be computed assuming asynchronous sam-
pling, to avoid a false notion of a high capacity which hinges
on an impractically accurate sampling frequency synchroniza-
tion between the receiver and the interference. The impact of
sampling frequency synchronization was subsequently studied
in [16] for the dual problem of compressing a DT memoryless
Gaussian random source process, obtained by asynchronously
sampling a CT WSCS Gaussian source process. The rate-
distortion function (RDF) for this scenario was derived for
the low distortion regime, as a limit of RDFs obtained by syn-
chronously sampling the CT source process. It was observed
that asynchronous sampling can result in higher compression
rates than those obtained for synchronous sampling, mirroring
the conclusions of [15] on the channel capacity.

The relationship between the analog domain and the digital
domain has also attracted attention from additional aspects,
as part of the research effort to accurately characterize the
information rates for communications over physical channels:
The work of [17] considered sampling of a CT linear, time-
invariant (LTT) additive stationary noise channel, and showed
that sampling rates higher than the Nyquist rate do not
facilitate increase in capacity. The work of [18], provided
a quantitative analysis of the rate of convergence of the
mutual information between the message and the sampled
(i.e., digital) additive white Gaussian noise (AWGN) channel
outputs, to the CT (i.e., analog) channel’s mutual information,
with and without feedback, under certain conditions.

In the current work we extend the scenario considered in the
previous work of [15] by analyzing the capacity of sampled
CT interference-limited channels, in which the interfering CT
process is a correlated WSCS process, and the sampling
interval is allowed to be shorter than the correlation length
of the interference. Therefore, the scenario considered in the
current work places restrictions on the shape of the CT noise
correlation function, while allowing sampling intervals shorter
than the correlation length. In contrast, [15] restricts both the
shape of the CT noise correlation function and requires the
sampling interval to be longer than the correlation length,
in order to obtain an impulse-shaped DT lag profile. One
important consequence of this difference is that samples of
the DT interference process in the current scenario may be
statistically dependent, while in [15] they must be independent.
When sampling is synchronous, we arrive at the model studied
in [6], thus, the focus of the current work is on asynchronous
sampling. The studied setup provides a connection between the
analog model and the digital model obtained after sampling
at the receiver, when sampling results in a non-stationary DT
channel model with memory — a situation which has a practical
relevance for current and future communications setups, but
has not been analyzed previously.

A. Main Contributions

In this work we analyze the fundamental rate limits for DT
channels with correlated WSACS Gaussian noise having a

Authorized licensed use limited to: Princeton University. Downloaded on September 17,2023 at 22:42:45 UTC from IEEE Xplore. Restrictions apply.



DABORA AND ABAKASANGA: ON THE CAPACITY OF COMMUNICATION CHANNELS

finite correlation length, arising from sampling the output of
CT channels with ACGN. Since additive WSACS Gaussian
noise channels are not information-stable, it is not possible
to employ standard information-theoretic arguments in the
study of their capacity, and we resort to information-spectrum
characterization of the capacity [19], within which we derive a
new set of tools for the capacity analysis of DT channels with
sampled finite-memory cyclostationary noise. We first observe
that due to non-stationarity, the distribution function of the
sampled noise process depends on the sampling time offset
w.r.t. the period of the CT noise correlation function, referred
to in this work as the sampling phase. Then, we obtain a
general expression for the capacity when transmission delay
is not allowed, namely when the transmitter must start trans-
mitting the next message immediately upon completion of the
transmission of the current message. Finally, for the case in
which the correlation function decreases sufficiently fast with
the lag, and the transmitter is allowed to delay the transmission
of the next message by a finite and bounded delay, s.t. the
optimal sampling phase is attained for subsequent message
transmissions, a situation we refer to as transmission delay is
allowed, then capacity can be expressed as the limit-inferior
of a sequence of capacities corresponding to DT ACGN
channels with finite memory, such that the correlation function
of the sequence of DT WSCS noise processes approaches
the correlation function of the DT WSACS noise process as
the sequence index increases. Our characterization leads to
important observations on the relationship between channel
memory, sampling frequency synchronization and the achiev-
able rate: We show that for synchronous sampling, capacity
varies with the sampling rate and the sampling phase. It is then
numerically demonstrated that when the power of the white
thermal noise at the receiver is much smaller than the power of
the interference, then an increase in the sampling rate results
in higher capacity values. This follows as at higher sampling
rates, the power spectral density (PSD) of the DT noise varies
in the frequency domain, thereby facilitating a better allocation
of the transmit power across the noise spectrum.

B. Organization

The rest of this paper is organized as follows: Section II
sets the mathematical notations and quantities applied in
this study. Section III presents the problem formulation and
discusses the initial channel state; Section IV states the
capacity characterization for asynchronously-sampled ACGN
channels with finite memory when transmission delay is not
allowed. Section V characterizes the capacity when a finite and
bounded transmission delay is allowed. Section VI presents
numerical results to demonstrate the impact of the different
scenario parameters on capacity. Lastly, Section VII concludes
the paper. The proofs of the theorems are detailed in the
appendices.

II. PRELIMINARIES
A. Notations

We use upper-case letters, e.g., X, to denote random vari-
ables (RVs), lower-case letters, e.g., x, to denote deterministic

6139

values, and calligraphic letters, e.g., X, to denote sets. The sets
of real numbers, rational numbers, non-negative integers and
integers are denoted by R, Q, N, and Z respectively, where N*
denotes the set of positive integers. Sans-Serif font is used for
denoting matrices, e.g., B, where the element at the i-th row
and the j-th column of B is denoted with (B); ;, ¢, j € N. For
k,l € Nt we denote the all-zero k x | matrix with 0, all-
zero k X k square matrix with Oy and the k x k identity matrix
with ;. For a k x k matrix C we use maxEig{C} to denote
its maximal eigenvalue, AZ(-}C){C} to denote its i-th ordered
eigenvalue in descending order, 0 < i < k — 1, Tr{C} to
denote its trace, and Det (C) to denote its determinant. We use
rank(B) to denote the rank of a matrix B and range(B) to
denote its column range. Column vectors are denoted with
boldface letters, where lower-case letters denote deterministic
vectors, e.g., X, and upper-case letters denote random vectors,
e.g., X; the i-th element of x, ¢ € N, is denoted with (x);, and
fora,b € N, b > a, we write % £ [(X)a, (X)a+1,-- -, (x)b]T,
where we also denote (") = 257! We use X ~ Fyx to
denote that the cumulative distribution function (CDF) of the
RV X is Fy. Specifically, X ~ IN(xq,C) denotes a real
Gaussian random vector X with mean Xy and covariance
matrix C. For the RVs X and Y we use X L Y to denote
that they are statistically independent. Transpose, Euclidean
norm, l-norm, oo-norm, stochastic expectation, differential
entropy, and mutual information are denoted by (-)T, |||,
115 -l o> E{-}, A(-), and I(-;-), respectively, and we define
at £ max{0,a}. A square k x k real matrix A is called
positive definite, denoted A > 0 (positive semidefinite, resp.,
denoted A 3= 0) if for any z(*) € R¥, (k) =£ 0,4, it holds

that (zF)T-A-z®) >0 ()T -A-z(®) >0, resp.). We use
(@28) o denote equality in distribution, log(-) to denote the

base-2 logarithm, and In(-) to denote the natural logarithm.
Lastly, for any sequence y[i], i € N, and b € N*, we use y*
to denote the column vector obtained by stacking the first b

sequence elements [(y[O])T, oy - 1])T} !

B. Wide-Sense Cyclostationary Processes

We next review some preliminaries from the theory of
cyclostationarity, beginning with the definition of a wide-sense
cyclostationary process:

Definition 1 (A Wide-Sense Cyclostationary Process [20,
Def. 17.1], [4, Pg. 296]): A scalar stochastic process
{X(t)}ter, where T = Z or T = R, is referred to as
WSCS if both its mean and its correlation function are periodic
with respect to ¢t € 7 with some period T, € T: px(t) =
E{X(t)} = ux(t+T,) and cx(t,7) EE{X(t+7)X()} =
ex(t+ Ty, 1), Vt,TeT.

Next, we consider WSACS random processes, recalling first
the definition of an almost-periodic function:

Definition 2 (An Almost-Periodic Function [21, Defs. 10,
11], [22, Ch.1.2]): A function f(t),t € 7, where 7 = Z or
T =R, is referred to as almost-periodic if for every € > 0,
there exists a number I(¢) € 7, I(e) > 0, such that for any
to € T, there exists 7. € (tg, to + l(e)), such that

sup [f(t +7c) = f(D)] < e
teT

Authorized licensed use limited to: Princeton University. Downloaded on September 17,2023 at 22:42:45 UTC from IEEE Xplore. Restrictions apply.
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Fig. 1. (a). 3D visualization of the correlation function periodic for a CT
WSCS random process at three lag values: |A| = [0, 1, 2]; (b). Illustration of
the DT correlation function obtained by sampling at different sampling rates

and offsets. ‘o’ marks synchronous sampling, with TTS = i € Q, and '+’
sym
marks asynchronous sampling, with L — L ¢ Q.
Toym 37

Definition 3 (A Wide-Sense Almost-Cyclostationary Pro-
cess [20, Def. 17.2], [4, Pg. 296], [22, Ch. 1.3]): A scalar
stochastic process {X(t)},c,, where 7 = Z or 7 = R,
is called WSACS if its mean and its autocorrelation function
are almost-periodic functions with respect to ¢ € 7.

C. Sampling of CT WSCS Random Processes

To facilitate the application of digital processing, the
received signal is sampled at the receiver. Consider a DT
random process X, -, [¢], ¢ € Z, obtained by sampling the
CT WSCS random process X (t), which has a period of T,
with a sampling interval of T, and at a sampling phase of
70 € [0,T}), i.e., X1, 1,[i] £ X(i- T+ 70). In the following,
we demonstrate that contrary to sampled stationary processes,
for CT cyclostationary processes, the values of Ty and 7 have
a significant impact on the statistics of the resulting sam-
pled process X7, -, [i]. Consequently, the common practice
of applying stationary theory to such scenarios can lead to
erroneous results, e.g., [23]. As an example, we illustrate in Fig
1(a) the correlation function of a CT WSCS random process
at three CT lag values: |A| = 0,1, 2 [sec|, where the period in
t i8 Tyym = 1/60 [sec]. The bottom plots in Fig 1(b) depict
two sampling scenarios: In the first case, shown in the bottom-
left plot, the CT signal is sampled at a sampling interval of
T, = Ti% and the sampling phase is 7y = 2T7 This is depicted
by the ‘o’ markers on the CT correlation function at the top
figure in (b). Observe that in this case, the correlation function
at the three lag values, |A| = 0,1, 2, depicted by the blue, red
and green plots, respectively, is periodic in DT. As stated in
Section I, such sampling, which maintains the periodicity of
the statistics in DT, is referred to as synchronous sampling,
and the resulting DT process is WSCS. The bottom-right plot
of Fig 1(b) depicts the DT correlation function obtained for
70 =0and T, = Toym represented by the '+’ markers on the

CT correlation fung?ion at the top figure in (b). Hence, TZ;Sm
is an irrational number, and the DT correlation function is
not periodic but is almost-periodic at all lags, contrary to the
first case. Therefore, the resulting DT random process is not
WSCS but WSACS [13, Sec. 3.9]. As stated in Section I such

a sampling scenario is referred to as asynchronous sampling.
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This example clearly demonstrates that when sampling CT
WSCS processes, slight variations in the sampling interval
and the sampling phase may result in significantly different
statistics for the sampled processes. As explained in Section I,
such sampling scenarios exist in many Communication Chan-
nels, e.g., in interference-limited communications, in which
the noise component corresponds to a sampled CT WSCS
process. The consequence of the variability of the statistics
of sampled CT WSCS processes is that channel capacity of a
DT channel obtained by sampling the output of a CT additive
WSCS noise channel strongly depends on the actual sampling
rate. In a recent study, [15], we characterized the capacity
of such DT channels assuming the sampled additive noise
is Gaussian and memoryless. This study aims to generalize
the capacity characterization to DT channels with additive
Gaussian noise with a finite memory, where the noise pro-
cesses arise from the sampling of CT finite-memory WSCS
processes representing communications signals, as developed
in the subsequent sections.

III. MODEL AND PROBLEM FORMULATION

In this section we derive the considered channel model
and detail the different assumptions on the communications
scenario. We begin with the mathematical definition of the
setup.

Definition 4: A finite-memory DT real-valued random pro-
cess W{i], i € Z, with memory 1,,, € N, satisfies that Vi € Z,

E{W[i]- Wi — A} = E{W[i]} - E{W[i = Al}, V|A| > 7.
(1)

Such a model is appropriate for processes representing
single-carrier digitally modulated signals with inter-symbol
interference (ISI), where the memory of the process is deter-
mined by the finite length of the overall channel impulse
response (CIR) (i.e., the CIR which accounts for the pulse
shape, propagation through the physical medium and analog
filters in the signal paths at the transmitter and at the receiver).
This model is also appropriate for processes representing
orthogonal frequency division multiplexing (OFDM) modu-
lated signals, as in such processes the lack of correlation
follows from the finite duration of the OFDM symbol, where
the cyclic prefix (CP) interval and receiver processing induce
statistical independence between the received samples corre-
sponding to different OFDM symbols.

Definition 5: An [R,l] code with rate R € R** and
blocklength I € Nt consists of: 1) A message set U =
{1,2,...,2!8}; 2) An encoder e¢; which maps a message
u € U into a codeword 2\ = {xu 0],z [1],... 2 [l — 1]};
and 3) A decoder d; which maps the sequence of channel
outputs, denoted y!), into a message @ € U.

The set {xfp}iljl is referred to as the codebook and the
message u is selected uniformly and independently from /.
Note that as the noise process is generally non-stationary, then
the probability distribution of the channel output sequence,
denoted YO, depends on an initial channel state sq € Sp,
where Sy is the set of all possible initial channel states. The
set Sp will be explicitly stated in the context of this work in
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Sec. III-C. The average probability of error when the initial
channel state is sg is defined as:

Pl = 2 S (i (v0) =)
u=1

Definition 6: A rate R. € R is achievable if for every
n1,m2 > 0, g € NT such that VI > [y there exists an [R, ]
code which satisfies

sup Pl(so) < 1, (2a)
$0€So
and
R> R, — 1. (2b)

Capacity is defined as the supremum over all achievable rates.
Lastly, we recall the definition of the limit-inferior in
probability [19, Def. 1.3.2]:
Definition 7: The limit-inferior in probability of a sequence
of real RVs {Z}ren+ is defined as

p—l}cmiank £ sup {a € R’ klim Pr(Zy<a) = 0} £ .
(3)

Hence, Va > «g, 3¢ > 0, such that there exist countably
many k € Nt for which Pr(Z; < &) > e.

As was stated in [15], see also [19, Pg. VIII], the quantity
p— l}ﬁminf Zy, is well-defined even when the sequence of RVs

{Zx} ke(;;r does not converge in distribution. This makes
the limit-inferior in probability applicable to the analysis of
scenarios in which methods based on the law of large numbers
cannot be applied, e.g., when non-stationary and non-ergodic
processes are considered [24]. We note, however, that the
application of Def. 7 in information-theoretic analysis typically
results in expressions which are very difficult to compute.

A. Problem Formulation

Consider a real-valued zero-mean CT WSCS Gaussian
random process W.(t) € R, whose autocorrelation function,
cw, (t,A) £ E{W.(t + \)Wc(t)}, is continuous in ¢ and in
A, periodic in ¢ with a period T}, € R and has a finite
correlation length \,, € R, ie., cw. (t,\) = cw, (t +
Tow, A), Vt, A € R, and cw, (¢, A) = 0 for any |A| > A, > 0.

Since the autocorrelation function cyy, (¢, A) is continuous
and periodic, it is sufficient to characterize its properties only
over a compact interval 7y € R where 7y = [to, to + Tpw], for
some arbitrary ¢y € R; it follows that ¢y, (¢, A) is bounded
and uniformly continuous with respect to time ¢ € 7y and lag
A € R [25, Ch. III, Thm. 3.13].

The process W, (t) is sampled at a finite, positive sampling
interval Ty (e) such that Ty, = (p + €) - Ts(e) where p € N*
and € € [0,1), resulting in the DT random process W, [i] =
We(ro + i - Ts(€)), i € Z. In this study we focus on the case
in which the sampling interval is smaller than the correlation
span of the CT process W,(t), hence, letting 79 € R denote
the sampling phase corresponding to index ¢ = 0, then W_[i] is
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a zero-mean Gaussian random process whose autocorrelation
function is given by:

iy A = B{ Wi + A Welil|ro}

LE {WC<(H_A) - ‘|'7'0> We (Z e +7'0>}
p+e pte

Tow Tow
=cw. i 2+, A 22, 4
( p+e 0 p+e) @)

It follows that ci{,;f}[LA] = 0 for all |A] > [@'}li)w’\m =
Tm < 00, hence, the correlation length of W¢[i] is finite. In the
following we say that W,[i] has a finite memory 7, < oo,
referring to the finite correlation length of the sampled process
W[i]. Due to the fact that W,[i] is a sampled physical
noise process, it can be assumed that the correlation matrix
corresponding to any sequence length is positive definite, see
elaboration in Comment A.1.

Next, observe that from (4), see also [15], it follows that
when € € QF*, ie, Ju,v € NT st. e = %, then the
process W,[i] is WSCS with a period which is equal to p,, ., =
p-v+u. Such a sampling scenario corresponds to synchronous
sampling, for which capacity was characterized in [5]. On the
other hand, when ¢ is irrational (¢ ¢ @), the resulting DT
process W.[i] is WSACS [13, Sec. 3.9], which corresponds
to asynchronous sampling. In this work, we consider DT
channels with real-valued additive, finite-memory WSACS
Gaussian noise. Letting X [¢] and Y,[i] denote the real-valued
channel input and output, respectively, at time ¢ € Z, the
input-output relationship for the transmission of a sequence
of [ € N channel inputs is given by:

Yli] = X[i] + Wi, ie{0,1,...,1—1}, (5)

where the subscript € is retained to indicate the synchronization
mismatch between the period of the CT noise and the sampling
interval at the transmitter. The noise process W¢[i] has a
temporal correlation length of 7,,, samples. The channel input,
X|i], is subject to a per-codeword power constraint P,

-1

(2 (1))

2

<P, uel.

~| =

(6)

Il
<

7
Lastly, it is assumed that the input and the noise in (5) satisfy
the independence assumption:
Assumption 1: {X[i]},_, is independent of {W[i]},_,.
The channel model in (5) is particularly relevant for mod-
elling channels in which W.(¢) is a digitally modulated
interfering communications signal, and is thus a CT WSCS
process with a period which is equal to its symbol duration
[25, Sec. 5]. For example, when W, (t) is an OFDM modulated
signal with a sufficiently large number of subcarriers, then it
can be modeled as a Gaussian process [26], and the correlation
function is periodic with a period which is equal to the duration
of an OFDM symbol. As another example, when W,(¢) is a
linearly modulated quadrature amplitude modulation (QAM)
signal with a partial response pulse shaping, then, when the
ISI spans a sufficiently long interval, it follows that W, () is
modeled as a Gaussian process, see [27, Sec. III-A]. Here,
again the correlation function is periodic, where the period
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is equal to the duration of an information symbol. In both
examples, the process W.(t) has a finite correlation length.
In such interference-limited setups, as the sampling rate at the
receiver is generally not synchronous with the symbol rate
of the interferer, then the resulting DT interfering signal can
be modeled as a finite-memory WSACS process, giving rise
to the channel input-output relationship in (5). Our goal is
to characterize the capacity of the channel (5) subject to the
power constraint (6). We also note that the model of Eqn. (5)
has previously been used in the analysis of communications
systems, e.g., in [28], which studied feedback capacity for
stationary, finite-dimensional Gaussian channels, hence, the
current model adds the non-stationary noise characteristics to
the model considered in [28] (without feedback).

The analysis in this work relies also on the following two
assumptions:

Assumption 2: The transmitter (Tx) and the receiver (Rx),
are both assumed to know the CT noise correlation function
Cw, (t, /\)

Note that, as explained in detail in the next subsection,
non-stationarity of the sampled noise statistics implies that
knowledge of cw,(¢,\) is not sufficient for maximizing the
rate, which is in contrast to the situation for DT channels with
additive stationary noise. Therefore, it is also assumed that

Assumption 3: The propagation delay between the transmit-
ter and receiver is negligible compared to the period and to the
maximal slope of the (uniformly continuous) noise correlation
function.

This assumption implies that the receiver can attain perfect
sampling time synchronization with the transmitter, as well
as that both the transmitter and the receiver can identify the
temporal phase within the period of the noise correlation
function at any time instant. This is referred to in the fol-
lowing as perfect Tx-Rx timing synchronization. Note that the
sampling interval used by the transmitter and receiver is not
synchronized with the period of the noise correlation function
in the sense that their ratio is an irrational number.

B. An Example Scenario: Lowpass Channel With ACGN

As another motivating example for the DT model of
Eqn. (5), consider a CT baseband channel model with memory,
in which the received signal is given by Y (¢) = h(¢t) * X (¢t) +
W (t), where '+’ denotes the linear convolution, and W (¢) is
a WSCS Gaussian random process with a finite memory (i.e.,
an interfering communications signal). For simplicity of the
discussion assume that the channel can be approximated as a
first-order stable lowpass filter with a transfer function (TF)

1
H =
() = ——.
Letting X [m] denote the DT information sequence at a rate of

%’ the overall received CT signal component can be modeled
as

a € RTT R{s} > —a.

> X[mlo(t —mTy) «h(t) = Y X[m]-h(t —mT.).

m=—0oo m=—0o0

Thus, sampling at intervals of T, € R*, we obtain the
following DT relationship between X[m], Y[n] £ Y (n - T.),
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Win] £ W(n-Ty) and h[n] £ h(n - Ty):
Z X[m] - h[n — m] + W{n],

m=—0o0

Yin] =

which is a real-valued linear, time-invariant DT channel with
memory, where Wn] is a DT Gaussian random process
with a finite memory. Observe that the equivalent DT CIR
is obtained from the CIR of the CT channel by sampling
(i.e., via the so-called impulse-invariance method, see, e.g.,
[20, Sec. 11.3.2.2]), which results in a DT TF of the form:

1 a'Ts

H(z) = om0 FI>e”

Since a = e~*Ts < 1 for all considered T}, then H(z)
corresponds to a stable and causal channel with a stable
and causal inverse. Such a channel model is very popular
in communications, see, e.g., [29]. The zero-forcing equalizer
for this model is the highpass filter whose TF is obtained by
taking the inverse of H(z): Hzp(z) = 1 —a - 271, and its
impulse response is hzp[n] = 0[n] — a - §[n — 1]. Observe
that after filtering Y'[n] with hz g [n], the resulting interference
process, namely, W[n] x hzp[n], is a random process with
a finite memory, hence, after zero-forcing equalization, the
resulting overall DT channel is appropriately modeled via
Eqn. (5). In particular, when the interference is a single-carrier
QAM signal, filtering effectively increases the duration of the
CIR, hence, filtering increases the interference’s memory. Note
that when the interference is an OFDM signal, then, if the
length of the overall CIR is shorter than the length of the
CP (which should hold by design), then subsequent symbols
remain independent.

C. The Initial Channel State

Note that the channel model in Eqn. (5) with the input power
constraint of Eqn. (6) corresponds to an additive Gaussian
noise channel, where the Gaussian noise is non-stationary.
Due to Gaussianity, the distribution of the noise is completely
characterized by the first two moments. As the noise has a
zero-mean, then non-stationarity of the noise manifests itself
via the fact that its correlation matrix is not Toeplitz. It is
noted that such a general model was discussed in [30], subject
to an average sum-power constraint. In this context we make
the following observation: In order to transmit a message,
the transmitter has to select the respective codeword. As the
sampled noise correlation function is generally non-periodic,
then the noise correlation matrices corresponding to different
message intervals may be completely different. Accordingly,
to facilitate analysis of such channels, it is necessary to
introduce an initial state variable which identifies the noise
correlation function present during the transmission of the
message. For the case of sampled cyclostationary noise, the
initial state corresponds to the relative location of the first
sample of the DT noise correlation function within the period
of the CT noise correlation function, which, for the subsequent
discussion is denoted with 7p. Due to the periodicity of
ew,(t,A) in ¢t € R, it is enough to consider 79 € [0, Tpw),
hence, the initial state space Sy is the interval [0, T}y ). In this
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context, it is noted that the models [30] and of [31] do not
consider an initial channel state in the model while pertaining
to be relevant to non-stationary channels. This implies that the
models in [30] and [31] make a hidden assumption that while
the channel is non-stationary, there exists a synchronization
mechanism that sets the channel statistics to be identical for
subsequent message intervals.

Moreover, as the correlation function of the optimal input is
a function of the sampled noise correlation function, it follows
that knowledge of the noise correlation function cyy, (¢, \)
alone at the transmitter is not sufficient for obtaining the opti-
mal performance, and knowledge of the initial state 7y for each
message is required. Due to Assumption 3, this knowledge
is available in our setup. This knowledge requirement is not
necessary when the additive noise is stationary.

IV. CAPACITY CHARACTERIZATION WHEN
TRANSMISSION DELAY IS NOT ALLOWED

When the initial state 7 is known at the transmitter, it is
able to adapt the statistics of the codebook such that the
achievable rate is maximized. When transmission delay is not
allowed, then once a message transmission has been com-
pleted, the subsequent message is transmitted immediately,
without further delay, at the sampling phase 7y present at
the time the transmission of the current message has finished.
Due to Assumption 3, of perfect Tx-Rx timing synchronization,
it follows that both the receiver and the transmitter know the
DT noise correlation function at every message transmission.
Letting Xél]ft) denote the input process which maximizes the
mutual information between X *) and Ye(k) when the sampling
phase is 79, i.e., maximizes I(X(k);YE(k)ho), we obtain the
following capacity characterization:

Theorem 1: Consider the channel (5) with power con-
straint (6), when the transmitter can identify the sampling
phase within a period of the CT noise correlation function,
70 € [0, Tpw), and is allowed to adapt its information rate and
codebook accordingly. If no transmission delay is allowed,
then capacity is given by

1 [T

Co=

Ce (To)d’ro,
TPW T0=0

where C.(79) = hmmf I(Xo(l]fl),Y(k)ho) as long as the

maximizing input X(Epl) is Gaussian, with a distribution which
depends on 7y and satisfies %TI‘{CX(k)(To)} < P and
opt

kflle"{ (CX(();g (To))Q} kjc:o 0.
Proof: The proof is provided in Appendix A. [ ]
Comment I (The Requirement on the Trace of the Squared
Input Correlation Matrix): We note that the condition
T (Cogy ()
the per-codeword power constraint (6). Such a condition was
also considered in [30, Sec. VIII].
Comment 2 (Capacity With an Average Power Constraint):
Instead of the per-codeword power constraint (6) one may
consider a more-relaxed average sum-power constraint, as in,

P 0 is introduced in order to satisfy
— 00
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e.g., [32, Eqn. (7)], [30, Eqn. (7)]:
1 -1
72 Bulzyli? < P. (7)
=0

With such a constraint then Thm. 1 holds without requiring
the consideration of Tr{(C ) (To))Q}. This follows as any
opt
codebook of length k, generated randomly according to a
Gaussian distribution X(Sl’ft) ~ ]N(kal, Cym (To)) such that

opt
1 Tr{C

(k) (7'0)} = P — 4, where § > 0 is arbitrarily small,
will satlsfgl

okR_ Ly
ZEU{|$U0Pt I |} = QkR Z Z|x“09t
1=0 1=0
1 2”—1
(b)
= okR > @
u=0
kﬂ E{Q}  (in probability)
<P,

where (a) follow by the uniform selection of codewords
for transmission in (b) we consider the realizations w, 2
k Z \:ﬂu opt|i]]?: Note that for different indexes u € U,
the reahzatlons w, are generated independently using the
same multivariate distribution for all messages u € U. The
expectation of the generating RV, {2}, is equal to

E{Q} = E{% kz_:l |X1,0pt[i]|2‘}

- 1Tr{C w(m)} <P

k opt

Step (c) follows by the weak law of large numbers [33, Sec.
7.4], as the mean of 2*7 independent realizations of the
independent and identically distributed (i.i.d) RVs {Qy }ueu
converges in probability to its expectation.
Then, we can conclude that the -corresponding
p—liminf Ze.. (Fyoo,,, |70 ), defined in (A.11),is achievable
—00 opt

by considering the proof of the direct part of [19, Thm.
3.2.1], as there is no need to restrict the selected codewords
when generating them according to the distribution
]N(kal,CX‘()kt) (7’0)). This follows as for

large k the codebooks generated according to this Gaussian
distribution satisfy the average constraint (7) with a probability
arbitrarily close to 1, as k increases. Thus, subject to (7), the

u€EU.

sufficiently

optimal input for Thm. 1 is Xérlft) ~ ]N(kal,cx(k)('ro) ,
opt
|
with ETr{CXéSt) (7'0)} < P.

When codebook adaptation is allowed but the rate has to be
fixed, the following corollary is immediate:

Corollary 1: Consider the channel (5) with power con-
straint (6), when the transmitter can identify the sampling
phase within a period of the CT noise correlation function,
7o € [0,Tpw), and is allowed to adapt its codebook accord-
ingly. If the message rate has to be fixed, and no transmission
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delay is allowed, then capacity is given by

. S S Y
C. = liminf — (X5 ; V™
TOGIE%};IPW) g k (Xope' 3 Yo |70),

as long as the maximizing input Xél’ft) is Gaussian,
with a distribution which depends on 79 and satisfies
1 1 2

ETI‘{CX(();? (To)} < P and pTY{(CX(()Sg (To)) }kjc:o 0.

V. CAPACITY CHARACTERIZATION WHEN TRANSMISSION
DELAY IS ALLOWED

In this section we consider a transmission scenario in which
the transmitter is allowed to delay the transmission of the next
message such that it would begin at the optimal sampling
phase within the period of the noise correlation function.
In such a scenario, capacity can be expressed via a sequence
of capacities of DT additive WSCS Gaussian noise channels.

A. Approaching the Relationship (5) via a Sequence of DT
ACGN Channels

To characterize the capacity of the channel (5), we define

for each n € Nt a rational number ¢, = el and a
corresponding DT process W, [i] = W, (;HT_iW + 7'0), i€Z,

70 € [0, Tpw). As follows from the discussion in Sec. III-A,
the DT process W, [i] is a zero-mean WSCS Gaussian random
process with period p, = p-n+ |n-€]. Note that as
7 ’V(p"_ ]-) ’ )\m-‘ > ’V(p'i_en) ) )\m-‘

pw B Tow ’

" T
then the correlation length of the noise W, [] can be set to
7m for all n € NT, hence, the noise process W, [i] has a finite
memory of 7y,.

Next, we define a channel with input X [i] and output Y, [7]
via the input-output relationship:

Yoli] = XT[i] + Wald], (®)

where the channel input is subject to the per-codeword power
constraint (6). The channel (8) is an additive noise channel
with correlated, finite-memory WSCS Gaussian noise W,,[i],
whose period is p,. The capacity of the channel (8) was
explicitly derived in [6, Thm. 1], by transforming the DT chan-
nel (8) into a MIMO channel via the decimated component
decomposition (DCD) [20, Sec. 17.2]. For blocklengths which
are integer multiples of p,,, the DCD transforms the process
W, [i] into an equivalent p,-dimensional stationary process
WP Hi), such that (WP [i]), = Wali-p, +], 0 < b <

pn, — 1. We define the correlation matrix for sampling phase
- - T
70 a8 Cz (pny [T 7o) £ E{Wi”"}[z#ﬂ - (W;{f’"}[i]) T

w 70

From the finite correlation length of the process W, [i], it fol-
]

;70 =

lows that for all n such that p,, > 7, (CVV“’"} [
n k1,k2

0, V7| > 1, Vki,ka € {0,1,...,p, — 1}, see [5,

Sec. IV]. Next, for all § € [—m,m), define the p, x
1

(0;70) = Y Cyptom [T370] €797, let

T=—1

. !/
Pp, Matrix CVV,{J)"}

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 69, NO. 10, OCTOBER 2023

-1
{7, (0;70) 177" be the eigenvalues of (CIWT{I,”"‘}(Q;TO)) ,

and let AP be the unique solution to

nml T
Q;p pZ / (A{I’";TO}*( 2,n(9;m))*1)+d9:p,
n . _

k=0

(€))

Then, the capacity of the channel (8), denoted C, (79), is given
as [6, Thm. 1]:

pn_l n +
47:]) Z /(log (A{pn;m}. A;€7n(9;70)> ) a0
k=0,

(10)

Cn(TO) =

[bits per channel use].

Note that the capacity C,, (1) generally depends on the initial
sampling phase 7. Then, maximizing over the initial sampling
phase we define

C, =

max
T0€ [Ovaw}

Cn(70). (1D
With the aid of (9)-(11), we subsequently obtain a char-
acterization for the capacity of the asynchronously-sampled
channel (5), denoted C, when transmission delay of up to
Tm - Ts(€) + Tpw between subsequent messages is allowed.
This is stated in the following theorem:

Theorem 2: Consider the channel (5) with power con-
straint (6), when the transmitter can identify the sampling
phase within a period of the noise correlation function, 75 €
[0, Tpw), and may delay its message transmission time by up
t0 Ty - Ty (€) + Ty time units. If the noise correlation function
ew, (t, T), characterized in Section III-A, satisfies

min

£,0) — 27y, -
0<t<Tpu {CWc(’ )=

ma {|CWc(t’)\)}}Z’Y1>07

PW
|>“>p+l

(12)

and the power constraint P satisfies

P> (t,0) + 27, - (M), a3
£€10. T ] (CWL( )+ 2n I;‘gaf%{m( >|}) (13)

then, for any fixed value of € € (0, 1), € ¢ Q, capacity is given
by

C¢ = liminf C,,,

n—oo

(14)

where C,, is obtained via (9)-(11). Furthermore, Gaussian
inputs are optimal.

Proof: The proof is detailed in Appendix B. [ ]

Comment 3 (On the Capacity for Synchronous Sampling):
When e € Q* 7, ie., e = % for some u,v € NT, then the DT
noise process W¢[i] is WSCS with a period which is equal
t0 Py, = p-v + u. As noted in Sections I and II-C, such
a sampling scenario corresponds to synchronous sampling,
whose capacity, when 7, is given, was characterized
in [5], [6] and is given by (9)—(10), where p,, is replaced
by puw. WG] is replaced by Wi”’gv“}[i], and the
quantities appearing in the statement of (9)—(10) are
replaced by appropriate corresponding quantities. Note that
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for such an €, then when n = b-v, b € N*, we have
that €, = %, consequently, for e € Q** it follows that
liminf ¢, < Cwu. Yet, from the upper bound in (B.17)

n—oo

it holds that C. < liminfC,, hence for ¢ € Qtt we
immediately obtain C. lﬁ?ﬂillf Ch.

Comment 4 (Elaboratim;l 7)012 Condition (12)): Condition
(12) guarantees that for any sequence of k samples of
the noise process, denoted W,(Lk) {W }Z 01, and
for any sampling phase 79 € [0, pr) the correlation
matrix, denoted CW&’“’ (10), is strictly diagonally dominant
(SDD) [34, Eqn. (4)]. To see this, recall that by definition,
(CW#)(TO))u,u £ E{W,[u] [’UHTQ} = cV;(’L}[v,u — v,
0 < wu,v < k— 1. The diagonal dominance can be verified by
noting that for any 0 < u < k — 1 it holds that

(RS ED !(cwwo»u,v
v=0,v#u
S S (CATIRESTD il A TR IS
v=0,v#u

(@) Tow )
=c U - + 70,0
W°< pten O

k—1
Tow Tow
- Z cWC<u~ k —|—To,(v—u)-p>‘
v=0,vu p+en D+en
>  min (t,0) — 27y max ew, (t, A }
iy {0 2m- m s {low 0.0))
>m >0, 15)

where (a) follows from the definition of the autocorrelation
function (4), since for the real-valued random process W, [i],

i € N we can write E{W,[u] ] ‘7’0} = E{W,[v]
W, [u] -1
Thus, condition (12) guarantees that the correlation

decreases sufficiently fast as the lag increases, such that
a strictly diagonally dominant noise correlation matrix is
obtained for any n,k € N*. This facilitates upper bounding
the eigenvalues of the inverse noise correlation matrix, see
Appendix B-A. It is noted, however, that condition (12) is
stricter than the actual requirement, which is more involved
to state analytically: In fact, from step (c) in the derivation
of Eqn. (B.6), it is only required that for every n € NT
sufficiently large, as well as for €, the correlation matrices
CWW(TO) and C ) (70) are SDD for all 7 € [0, Tpw]. In the
simulations in Sec VI we directly verify the SDD condition.

Comment 5 (Elaboration on Condition (13)): The lower
bound on the power P guarantees that for any sequence
of k noise samples, the eigenvalues of the corresponding
noise correlation matrix are smaller than P. Then, when in
Step (b) in the derivation of (B.29), waterfilling is applied
over the eigenvalues of the noise correlation matrix, see, e.g.,
[30, Eqgns. (15)-(16)], it follows that power is allocated to
all eigenvalues. This facilitates the bounding of the WSCS
channel capacity by the mutual information of any segment
of length k, where k is sufficiently large, up to an arbitrarily
small error.
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Comment 6 (Intuition From Stationary Analysis Does Not
Apply Here): We emphasize that while it seems intuitive that
the limit in (14) holds, our result shows that for this limit to
hold, additional conditions on the noise statistics are required.
This highlights the fact that when considering non-stationary
channels, then intuition based on stationary processes may
lead to incorrect perceptions. In the current work, we obtain
capacity characterization when the noise correlation decays
sufficiently fast. If this is not the case, it is not possible to uni-
formly bound the difference between the mutual information
expressions corresponding to the channels (5) and (8), subject
to (6), and consequently, showing the interchangeability of the
limits in n (the approximation index) and in k (the sequence
length) becomes an involved task. We also require P to be
sufficiently large to allow relating the mutual information of
a finite segment of length k and capacity. Let F'x denote
the CDF of the RV X. and consider, for example, the limit
liminf lI(X(’“)-Y(k)h'o) in Corollary 1. In Lemma B.1 we

show that Tim EI(X s Vi rhl) = RIS Y 1723,
where (F ®) T °P') and (FX(“’ 6,;) maximize the left-

hand side (L}i{S) and right- hand side (RHS) respectively.
Following the proof of Lemma B.1 it is straightforward to
conclude that

liminf — . I(X(k) Y(k) |T0pt)

koo opt »

= liminf lim kI(X(k)

k—oco n—oo n Op“ Y(k)| gpkt)

However, since the convergence of the sequence
{ I (Xffgm,y( )\Tspkt )} ., is generally not uniform

’ neN

in k € N*, it is not possible to switch the order of the limits
on the RHS, and we cannot relate l}cmmf +T (Xéli), Y® |7 Opt)
and (). This lack of uniform convergence follows as
we show in the proof of Lemma Bl that the distance

’ II(XtEpl)v y.*) \Tspt) 1]( N Opt; "Tgpkt)‘ is proportional
to the distance ([i] £ |cw. ( pff’;” +7

opt A-pr)
i Thw opt A-Tpw
cw, (pﬂn +

, 0 <4 < k—1. For a fixed

n € N7, we obtain that ([i] periodically increases and
decreases over the range 0 < ¢ < k — 1. Then, as k increases,
this distance may increase up to the maximal magnitude
of the correlation function, and as consequence the mutual
information expressions do not converge as k increases.
Thus, to keep this distance bounded as k increases, n has to
increase as well, which implies that convergence in n is not
uniform in k.

Comment 7 (Relationship With the Work of Cover and Pom-
bra): In [30], the capacity of additive Gaussian noise channels
with and without feedback was considered. By analyzing the
distribution of a quadratic form in Gaussian RVs, it is shown
in [30] that the asymptotic equipartition property applies to
nonergodic Gaussian processes. While in Appendix A we
also analyze a quadratic form in Gaussian RVs, it is empha-
sized that the analysis for our situation is considerably more
involved than for the situation in [30, Sec. V], as in our sce-
nario the weighting matrix is not the inverse of the correlation

ek’ pte
n,k? pten
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matrix of the Gaussian vector, and moreover, it is an indefinite
matrix. The resulting RV is thus a weighted sum of chi-
square RVs, which is not distributed as a chi-square RV with a
higher degree-of-freedom, differently from [30]. In fact, there
is no explicit expression for the probability density function
(PDF) of the above resulting RV, which necessities the use
of a completely different set of arguments in the analysis in
Appendix A. It is also noted that the information-spectrum
framework, which was introduced several years after the work
of [30], has not been applied, as far as we know, to the capacity
analysis of channels with additive non-stationary Gaussian
noise. Lastly, note that in the achievability proof in [30], the
exponent of the probability of decoding error depends on the
blocklength, see [30, Eqns. (66)-(67)]. Thus, it is not clear
how it is possible to conclude a vanishing probability of error
for a given rate C), g in the asymptotic as the blocklength
increases to infinity, using the arguments in [30, Sec, VII]
without additional conditions.

Comment 8 (Evaluating Capacity in the Presence of Multi-
ple Interferers): The setup in Sec. III-A considered the case of
a single interferer. We note that when multiple interferers are
present at fixed locations and when the channels between the
interferers and the receiver are invariant, then the aggregate
interference is a CT WSCS Gaussian process. In addition
to Gaussianity of the aggregate interference, we note that,
in order to apply the scheme derived in the proof of Thm. 2,
the transmitter should acquire and synchronize with the noise
correlation function. In this context we may consider two
possible scenarios: In the first scenario, referred to as partial
coordination, the receiver and transmitter can obtain (e.g.,
through a control channel) the signal parameters of each
interferer (e.g., modulation type, symbol duration, pulse shape
for single carrier or subcarrier frequencies for OFDM). With
these parameters, the receiver and transmitter can obtain the
CT correlation function of each interferer. Then, to obtain
the aggregate CT correlation function, the receiver needs to
inform the transmitter the delays at which each interferer
is received. In multi-interferers scenarios in which this is
feasible, then the approach of Thm. 2 can be applied. In the
second scenario, referred to as uncoordinated interferers, the
transmitter and receiver each need to independently obtain the
correlation function of the aggregate CT interference. In such
a case, as the relative delays from each interferer to the
receiver and to the transmitter are different, then the estimated
aggregate correlation function will likely be different between
the transmitter and the receiver. Therefore, in such a scenario,
multiple uncoordinated interferers cannot be handled via the
scheme of Thm. 2.

VI. NUMERICAL EXAMPLES AND DISCUSSION

In this section we use numerical evaluations to derive
insights from the analytic capacity characterization of Thm. 2.
First, in Subsection VI-A, we consider the evolution of C, (7o)
w.r.t the index n and the impact of the sampling phase
¢ = 10/Tpw € [0,1) on capacity. Next, in Subsection VI-B,
we study the variations of the capacity of the sampled DT
channel for different sampling rates and different sampling
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Fig. 2. The correlation function cyy, (¢, A) of Eqn. (17) at positive lags
A > 0, with normalized sampling time offset ¢ = 0 and t4. = 0.75.

phases. We also compare the capacity results with the capac-
ity obtained for additive memoryless WSCS Gaussian noise
channels having the same noise power and signal power.

To model the correlation function of the CT WSCS noise we
define a periodic pulse function, IT;,_ . (), having a rise/fall
time of ¢,y = 0.01, a period of 1, and a duty cycle (DC)
of t4c, which is varied in the range 0 < t4. < 0.75; hence,
Iyt () = Iy 0, (t+ 1) VE € R, and for ¢ € [0,1) the
pulse function is expressed mathematically as:

t

— t e [O,trf]

trf

1 tE(tf,td +tf)
Iyt () = t—tae — tot T

1_257 te[tdc+trfutdc+2'trf}

rf
0 t€ (tae + 2ty 1).

(16)

Let the period of the CT correlation function cw, (¢, \) be
Tow = 5 [usec]. Then, given a normalized sampling time
offset ¢ € [0,1), we express the time-varying variance,
ew, (t,0), as

t
ew, (6,0) =144 T+, <T — gb) .
pw

For our setup, the correlation length of the noise process in
CT is set to A, = 4 [usec] and the temporal correlation is
modeled as a decaying exponential function for all lags |A| <
Am, 1.e., the correlation at any lag A > 0 is given by

e=M10%. ew, (t,0) ,0< A<\,

17
0 A> A, , an

cw, (t,\) = {
and for A < 0 we use cw, (¢, A) = ew.(t + A\, —A). This
correlation function is depicted in Fig. 2 for a single period,
0 <t < Thw, tae = 0.75, ¢ =0, and 0 < X\ < 6.

A. Convergence of {Cpn(70) bnen+

As stated in Theorem 2, if the correlation function of the
DT noise satisfies the condition (12) and the power satisfies
condition (13), then the capacity with asynchronous sampling,
C., is equal to the limit-inferior of a sequence of capacities
corresponding to synchronous sampling, {C), (7o) },en+. For
evaluating this sequence, we set the following parameter
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values: € = I, p = 2, tac € {0.45,0.75}, ¢ € {0,755},
and the input power constraint P = 10. First, we evaluate
Cyn(70) using (9)—(10) for each n and then normalize it by its
respective sampling interval Ty (e,,) = :j:;z to obtain Cy,(79)
in bits per second (bps). We note that C,(7) can be evaluated
irrespective of condition (12), yet to conclude about C, either
(12) or the SDD condition have to be verified as discussed in

Comment 4, in addition to condition (13). Recall the definition

[n-e]

of €,: ¢, = — € as n — oo; then, it follows that
the sampling interval T, (e, ) converges to Tj(e) = Zi“; as n

increases. We recall that since ¢, is rational, then the resulting
DT sampled noise is WSCS with a fundamental period of
pn=Dp-n+|n-€l.

Figs. 3 and 4 depict C,,(79) for normalized sampling time
offsets of 0 and 5 respectively, for both considered fqc
values, where n = {1,2,...,130}. We observe from the
figures that capacity is lower when ¢4, is higher. This can
be explained by the fact that the time-averaged noise power
increases as tq. increases. We also observe that the variations
in the capacity C,, (7o) are more pronounced at smaller 7. This
is because at smaller n, the resulting fundamental period of
the DT noise correlation function, p,,, consists of only a few
samples, which are sparsely spaced across the period of the
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CT noise correlation function. Then, for the smaller values
of n, as n varies, the sampling interval varies significantly,
and consequently, the values of the sampled noise correlation
function may significantly vary as well. At higher n, (i.e.,
higher p,), it is observed that, as expected, the sequence
{C(70) }nen+ does not converge to a limiting value, since
the limiting noise process W,[i] is non-stationary. However, for
sufficiently large n, the variations of C,,(79) as n increases,
seem to follow a regular pattern. This can be explained by
noting that for higher n, as n increases, the variations of
the sampling instances of the CT noise correlation function
become smaller, and accordingly, the values of the sampled
correlation function do not vary significantly with n € N*.

It is also observed from both Figs. 3 and 4 that at the
smaller values of n, the nature of the variations in C, (7o)
is highly dependent on ¢ = 7y/Tpy. For example, with
tac = 0.45 and at n € [2,25] the value of C,,(0) is within the
range C,,(0) € [0.601, 0.690] megabits per second (Mbps) and
Cn (55 - Tpw) € [0.510,0.652] Mbps; with tg. = 0.75 and n €
2, 25] then C',(0) € [0.501,0.525] Mbps and Cy, (55 - Tpw) €
[0.457,0.510] Mbps. At higher n, these capacity variations
become periodic within a constant range.

Figs. 3 and 4 also clearly demonstrate that the capacity with
synchronous sampling may depend on the sampling phase ¢
(i.e., the values of C,(¢ - Tpw) as n increases may depend
on ¢). Note that the capacity with asynchronous sampling,
which is the limit-inferior of {C),},en+, is independent of
the sampling phase. This is in agreement with engineering
intuition: Since with asynchronous sampling the resulting DT
process is WSACS, it is reasonable that capacity should be
affected mainly by the DC and not by the sampling phase.
In the setup of Thm. 2 this follows as the transmitter may
delay the transmission of a message to start at the optimal
phase, which is also known at the receiver (via knowledge
of the autocorrelation function), thereby facilitating Tx-Rx
coordination. Numerically, the limit-inferior of Cy,(¢-Tpy) for
tac = 0.45 was evaluated at 0.648 Mbps for both ¢ = 0 and
¢ = 55, and for tq. = 0.75 it was evaluated at 0.503 Mbps
for both values of ¢.

To further illustrate this behaviour, Figs. 5 and 6 depict the
capacity values for sampling time offsets ¢ € [0,2] for two
values of the approximation indices n: Atn =1 (p, =p = 2)
we observe significant variations of C(¢ - Tp,y) for both DC
values, 45% and 75%. On the other hand, at a sufficiently
high n, e.g., n = 40 (p, = 97), we observe that capacity
Ca0(¢ - Tpw) varies very little with ¢ for both DC values.
This follows as at longer periods the correlation function of
the process W, [i] more closely resembles cy, (¢, ). We also
observe that the variations are periodic in all setups, which
is expected, as for a fixed and finite n € N7, the DT noise
process W, [i] is WSCS, thus, its DT correlation function will
repeat identically after a single period shift (i.e., an integer
value of ¢).

B. Variations of Capacity With the Sampling Rate

Next, we examine how variation of the sampling rate
affects the capacity of DT channels obtained by sampling CT
channels with additive WSCS Gaussian noise having a finite
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memory, and compare their capacity with that of DT channels
with memoryless sampled noise having the same variance
as the noise with finite memory. The results are depicted in
Figs. 7 and 8, which present the evaluated capacity (in bits
per channel use) for ¢ = 0 and for ¢ = 75, respectively, for
sampling intervals in the range 2 < T( ) < 30. Rccall from

the problem formulation in Section III-A that ( y =Dpte
where p € N and € € [0,1). In Figs. 7 and 8 we plot the
capacity values C. for synchronous sampling, i.e., when € can
be written as € = %, u,v € NT, and hence, the fundamental
period of the noise statistics is given by p,, ,, = p-v+wu. Recall
that in this case, capacity depends on 7, thus we denote C. =
Cu (10), yet, this dependence becomes weaker as the period
Du,v increases. To highlight the transition from memoryless
channels to channels with memory, we use 107 instead of
10 in the power of the exponential function in (17).

For both figures, we observe an increase in the capacity
(in bits per channel use) as the sampling rate increases.
In addition, we note that when the values of p and ¢ = %
result in a smaller value of the period p, ., the capacity
varies significantly, as can be seen by the peaks and dips
in both the memoryless Gaussian noise plot and the plot
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for Gaussian noise with a finite memorys; it is also observed
that the variations are different for different sampling time
offsets. On the other hand, when the period p, , is large,
the capacity approaches the asynchronous-sampling capacity
and the peaks/dips notably reduce. Moreover, at the longer
periods, it is observed that capacity values are very similar
for both sampling time offsets, which is reasonable when
approaching the asynchronous sampling situation. Finally, it is
evident from the figures that a slight change in the sampling
rate can result in a significant change in the capacity. As an
example, consider the plots for the finite-memory noise in
Figs. 7 and 8, at =% = 5 (i.€., pu,» = 5, which is a relatively
small period) and ¢ = 0: The capacity values for the noise
with finite memory are 1.356 and 1.170 bits per channel use,
for tqc = 45% and tq. = 75%, respectively. However, when
the sampling rate changes to 77: o = = 5.2, these values change
to 1.302 and 1.039, respectlvely The 1mjpact of the sampling
phase is more pronounced at smaller % For % = b,
the capacities at ¢ = g5 for tq. = 45% and tq. = 75% are
1.170 and 0.980 bits per channel use, respectively, which are
very different from the respective values at gb = 0 noted above.
Lastly, consider 7 = 23.2, i.e. p,,, = 116, which is a
relatively long perlod for the DT correlation function. For this
sampling rate, the capacities (with memory) for tq. = 45%
and tq. = 75% are 1.298 and 1.015 bits per channel use,
respectively, for both ¢ = 7 and for ¢ = 0.

Another property observed from Figs. 7 and 8 is that at

relatively low sampling rates (i.e., when 7? @) is smaller, e.g.,

17: o < 12), the sampled channels for memoryless noise and

for noise with a finite memory have approximately the same
capacity. As the sampling rate is increased, it is observed
that the sampled channel with a finite-memory noise has a
higher capacity than the sampled memoryless channel, whose
capacity does not vary much with the sampling rate variation.
This is explained by observing that as the sampling rate
increases, the sampled noise for the case of finite-memory CT
noise begins to exhibit noise correlation, which can be utilized
to increase capacity via waterfilling. As an Example, at ¢4, =

75%, ¢ = 55 and P(W) = 8.5 the capacity is 1.014 bits per

PW —
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channel use for both the finite-memory and the memoryless
cases. However, as ﬁ(‘z) increases, e.g., at 7?;2:) = 29, and
¢ = 55, the capacity is 1.310 bits per channel use for the
channel with a finite-memory Gaussian noise, whereas it is
1.285 bits per channel use for the channel with memoryless
Gaussian noise. Observe that this gap, in favor of the channel
with sampled finite-memory noise widens as the sampling rate
is further increased. That said, we note that while the model
considered (5) does not account for additive thermal noise
(since ¢y (t,\) has finite values), then at higher sampling
rates, the impact of the thermal noise should also be accounted
for in addition to the interference, as higher sampling rates are
associated with higher receiver bandwidths. Accounting for the
thermal noise will limit the capacity increase observed in the
figures.

Our numerical evaluations reveal a very interesting phe-
nomenon that should be considered when designing com-
munications systems: It is observed that capacity is greatly
dependent upon the precise value of the sampling rate. It is
thus recommended to take the asynchronous capacity as the
practical capacity value, even if the analytical capacity value
due to the nominal sampling rate used in the system design
is higher. The results also imply that increasing the sampling
rate can increase the capacity even when the sampling rate
is higher than the Nyquist rate.”> This observation stands in
contrast to the observation in [17], which studied linear, time-
invariant channels with stationary Gaussian noise. Intuitively,
this follows as in the current scenario, sampling is applied to
a two-dimensional periodic function, hence it is not enough
to be able to identify the temporal correlation profile, but also
the periodicity of the correlation function, which may require
higher sampling rates.

VII. CONCLUSION

In this work we analyzed the capacity of additive Gaussian
noise channels obtained by sampling CT channels with addi-
tive WSCS Gaussian noise, focusing on the scenario in which

2See [35, Ch. 12.4.3] for elaboration on the Nyquist rate for bandlimited
WSCS processes.
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the sampled noise is non-stationary. We first explained that
in this case, maximizing the information rate requires Tx-Rx
time synchronization w.r.t the correlation function of the CT
noise, and it is not sufficient to have both the transmitter and
the receiver know the noise correlation function without such
synchronization. Subsequently, we derived a general capac-
ity characterization when transmission delay is not allowed.
Finally, we considered the scenario in which transmission
delay of up to sum of the noise memory the noise period is
allowed, for which we obtained a limiting capacity expres-
sion derived using original bounds on the optimal mutual
information density rate of the channel. We then used the
limiting expression to examine the impact of the combination
of channel memory and sampling on the information rates
of the resulting DT channel, and presented novel insights
arising from this examination. This work is another step in the
study of the relationship between sampling and capacity, which
provides a much needed missing link between the analog
domain models and the respective digital models obtained after
sampling.

APPENDIX A
PROOF OF THM. 1

We consider the mutual information density rate for the
channel (5): Let 79 € [0,7pw) denote the sampling phase
within a period of the correlation function of the CT noise pro-
cess W¢(t). For a given k € N* and a given 79 € [0, Tpyw), let
FX““)\TU = FX(k)\To (x(k)ho) denote the CDF of the random
vector {X [2]}f;0 , which is the channel input process when
transmission begins at the sampling phase 7. Recall that the
transmitter is aware of 7, hence, it can choose its codebook
accordingly. Furthermore, the transmission scheme appends
each codeword with 7, zeros, and the receiver discards the
last 7y, received channel outputs for each message reception.
Thus, the received channel output sequences for different
messages are statistically independent. In a similar manner
as in [5, Appendix A], it follows that for sufficiently large
k, this assumption does not affect the capacity. Lastly, define
the random variable corresponding to the mutual information
density rate for this transmission as (see [36, Lemma 7.16]):

1 Py x ) 7 (Ye(k) ’X(k)’ 7—0)

Zk,e (Fx(k)l.,—o |7'0) é E 10g

Py, (Ye(k) I70)

Note that by [30], when 7y is given, then the mutual
information for each & € NT, for the additive Gaussian
noise channel (5), %I (X (k); Ye(k)|7'0), is maximized, subject
to an average sum-power constraint, by a Gaussian ran-
dom input vector. We now analyze Z (Fx |, |70) When
{x [z]}izol is distributed according to the Gaussian distri-
bution which maximizes L1(X®; Y™ |7)) subject to the
constraint L S"" " VE{(X[i])?} < P. In Lemma A.1, at the
end of the proof, we will show that such a random codebook
generation process results in the constraint (6) satisfied with
a probability which is arbitrarily close to 1, as long as
{X[i]}Z4 satisfies the trace constraint which appears in the

statement of the theorem. Let ngt) denote a random process
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generated according to this maximizing input distribution, let
CY(k,)(To), CW(“( 7o), and CX(k)( 7o) denote the correlation

matrices of Ye(k), E(k) and of X(Ept), respectively, when

7o is given, and recall the definition of the correlation matrix
CWE(k) (TO):

(CWE(’“) (m))wf E{WE[U] }[

‘To} = CWO v, u—],
(A.1)

for (u,v) € K x K, see Eqn. (4).

Comment A.1: Note that as W[i] is a sampled physical
noise process then the matrix C - (70) has a full rank. This
follows as if CW(k)( 7o) does not have a full rank, then by
the definition of a multivariate Normal RVs, see [37, Def
16.1], we obtain that at least one element in the vector We(
identically equal to a linear combination of the other elements.
Such a linear relationship can be used to design a linear
transformation at the receiver which completely eliminates the
noise at one or more time indexes of the received sequence,
leading to an infinite capacity value, which naturally does not
correspond to physical scenarios.

Consider the scalar RV Vj, ((79) £ k - Zj, F( X(k)l |70):
Vi.e(70)
(71Xl 7o)
Py, (Ye(k)|7'0)
= log (pw(k)‘ (Y™ — §§t)|7'0)>
— 108 (g0, (1))

@ 1 (Det(cym (10)) )
= §log —_— =

Det(CW(k)(TO))
10g2( e) (Y(k)) (C (k)(T()))ily;(k)
B (v XY (Copan () (1 XY

where (a) follows since Py, (y(k)|7'o) and Py ® iy (y(k) —

Py 1x %) g

£ Jog

z®™|7y) are Gaussian PDFs (note that since Copm (r0) >
0 then also Cyg(k)('ro) > 0). Next, consider the
scalar RV Vk,e(ﬂ)) defined in Eqn. (A.2), as shown at
the bottom of the next page. Using kas(To) we can

) (dist.) Det(cym (10)) log(e) 75
write Vi (7 ="slo L Vi e(70).
k, ( O) 208 Det(CWe(k)(To)) 2 h ( 0)

Define next the matrix CE’“)(TO) via Eqn. (A.3), as shown
at the bottom of the next page. Combining this def-

inition with (A.2), we can express Vi, as V. =
(k)
[ &) ] ek) (70) [ I;(/O&) Note that the matrix

CE’“) (10) is a real, symmetric, full-rank, indefinite matrix,

which is different from the inverse corr;glation matrix of

the Gaussian vector {(X(Ept)) ( E( )) ] ,

possible to apply a simple decomposition as was done in, e.g.,

[30, Sec. V], to express the distribution of Z’faf(FX““)|TO|TO)'
opt

hence, it is not
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Cy (7o) Ok

As generally C ..., (T0) = opt
Xoptvv6 Ok CW(k)(TO)
may not be a fullrank  matrix, then let
rank(CXéggWE(m(To)) = 2k — kE L, Where kek e N

denotes the number of degenerate elements of X(Epl) We can

now write the distribution of the Gaussian random vector
] T
[(X(EI};)) (We(k))T} , separating the degenerate and the

non-degenerate components, as follows [38, Sec. III-A-III-B]:
First, decompose CX(k)W(k)( To) as

Cxéggwgm(m) =[ Pe¥(m0) P?.(m0) ]

. [ CXC(’QW(]C)( ) O(Qk*ze,k Xze,k
Oke,kx(zkfﬁe,k)
[ PEY () P2u() T
where [ PCY(10) P2, (70) | _is an orthogonal 2k x 2k

matrix, CX(k)W(k)(TO) € RF—kex)x(k—ker) ig a symmetric

(A4)

positive- deﬁmte matrix, CX(k)W(k)( 70) > 0, the columns

of PV(ry) € RZkx(2k- Re#) form an orthonormal basis

for range(CX<k)W(k)(To)) and the columns of P, (7y) €
~ opt "€ ’

RZF*ker form an orthonormal basis for the null space of

CXégt) W((k-) (7'0). Then,

x ¥ ](dist.) B2k —ker)

€

P (r) P, (o) ]7 [

B I (0, 5 Caguan (0

and we obtain that

PV (7y) - BE ),

Observe that PCY (79) is a full-rank matrix, and since CM (1)
is also a full-rank matrix, then (PSV,:(TO))T . Cgk)(m) .
PS,‘,’CV(TO) is full-rank. Since Cf(éf){ W (10) > 0 and symmetric,

it can be expressed as [39, Thm. 13.11] Cyw) 0 (10) =

(Re}k(To))Q; where R, x(m0) € R@k—ke k)% (2k—kek) ig g
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positive-definite symmetric matrix. Then, letting R +(10) €

R(2h—Ee 1) % (2b—Fe 1) denote the inverse of R ;(7p), we can

write
T
Xé;t) ) () X(E;t)
W k) € 78 k)
(dist.) T

= T
(BEQk_ke‘k)) . R;;(TO) . Re’k(’]—o) . (PS"]Z(TO))
€O () - P (o) - Re (7o)

R () - BEE o)

Next, observe that

(2h—ker)a 1 (2k—Fer) ~ ~
rt = R_;.(70) - Be ]N<O(2k—%e,k)><17|2k_%€vk),

and note that since R, y(79) and (PSX(TO))T : Cgk)(m) .
PCW(70) are full-rank matrices, then also R (7o) -
(PEY (7 )) €™ (1) PEV (10)Re i (70) is a full-rank, square,

symmetric, real, indefinite matrix, whose rank is 2k — kE,k
Thus, we can write [39, Thm. 11.27]:

Rek(70) - (PEVIX@'O))
C¥ (1) - PEY (70) - Rei(70)
Dek(70) - Per(70),

CH(r) 2 '

= (Per(r)”

where (P ( ) Per(ro) = |~ and D.x(r0) €

2k—ke,

Rk—Fei)x(2h=ke0) js diagonal matrix whose diagonal ele-

ments are the eigenvalues of CU )(10) € R(k= )% (2= ),

Let di Z‘;}k denote the i-th eigenvalue of the matrix Ce ( 0)-
Since Cg )(To) is full-rank it follows that di:‘;}k # 0 for
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0<4<2k— I?E,k — 1. Using this representation, we write
X(k) ]

T
X1
l Wi ] CHim) |

(dist.) <F£2k—kg,k)> ] (Pe,k(To))T - Dex(10)

(dzst) ( (2k ke k)) Des(ro) - f£2k— e k)

where we define

]N(O(zk—ze,k)xﬂ Izk—z@k) :
(A.6)

Eventually, we obtain

¥ 15 ~ _z T N o~
V,%(TO)(d t.) (ngk ke,k)> 'De,k(To)'F£2k Eeo)
2h—k. o—1

S

=0

o

dih) (i), alih e R,

€34,k

where fe,i’k, 0< i~§ 2k — Zak — 1 denotes the i-th element

of the vector f?’“"““”. Observe from (A.6) that the elements
f”k are i.i.d Gaussian RVs, hence, (f‘”k)z is a central
chi-square random variable with a single degree of freedom
[40, Example 5.2], which is denoted as (Fg,l,k) ~ X2(1), and

(f‘m,k) 0<i<2k-— ke » — 1, are mutually independent

-1
Vecm) 2 (V) (G (m) ¥ — (v -

dist.
e (Xo(gt) +We(k)) (C w (10) + Cpppm (70)

opt

(V)T (Cpen () (W)

-1
X)" (wa(m)) (v — x{®)

) W)

w17 Tl — | Cytv) (10)+Cyprr (10) - 0 (Ekl)
_ [ X&) 1 H‘Z :Z ] ( Xpt 0 ) W 0) (CWE(M(’“TO))_I H’Z :’; H 1)4(/5’“ (A2)
E® () 2 | W O ] - (Cx(g;g(To) + Gy (T )>_1 Ok [ L 1 ]
€ Iy g 4 0 I
i O ( i (7 ))
_ _ o (Cxégg (70) JrCw““)( )) 1 < (k) (10 +CW<ki(1 )) B - a3
- <CX(§;€ (70) + Cyprm (7 )) X(ggg( 70) + Cyppom (7 o)) + (CWW( ))
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X2(1) RVs. We can now express Zj, €<FX(;¢)‘ |7'0) as:
’ opt 170

7z (F , T)
ke Xé,’;t)\TO‘O

(@ist) 1 . Det(CY€<k>(To))
2% Det(Cyp0 (10))
log(e) 21@7?6*71

_ Ao} 32

T gt (dk) (Tei )

Examining Zg(F,w _|70), we note that since
’ XOPI‘TO

. Det(C_ (1) (70)
]E{Zk,e <FX(()II;€|TO‘TO)} - 2k log (Det(cwék)(‘m))>
[36, Eqgn. (7.31)], then it necessarily should hold that
T -1
> (fd;{:‘;}k) = 0. This can be verified via a direct
deril\ﬁgtion detailed in Eqns. (A.7), as shown at the bottom of
the next page. In the steps leading to (A.7c), (a) follows since

Cety oo (10) 0

X
[PEY(10) Pk(m0) |- [ AR )
%E,;‘,X(Qkf%g‘k) k“‘szg‘k

[ PEN(70) P, (70) ]T

T
= PN (10) - Cxtoyw o (10) - (PEX (1)) 5

(2]{27};67)“)><h];€_’)C ‘|

and (b) follows from (A.4). )
We now compute Tr{ (CE’“) (Tg)) }: Begin by using
Eqn. (A.7a) and write

z 2 -
T{(C(’C) ) }:T CE (10) - Co
ry (€ (70) rq € (7o) X(();gWém(To)
.~£k) (7-0) . CX(()St)We(k) (7’0)} .
By computing explicitly the matrix product we obtain that

E® (7). C ) EE) ()L C ,
¢ (10) XéggWgM(TO) ¢ (10) Xéggwgm(m)

-1
_ (CX(k) (To) + CWE(k) (7’0)) CX(M (7'0)

opt opt
Ok xk
Ok xk )
B , (A.8)
(CX(()SZ (To) + CWE(k) (7’0)) CX(()[;;t) (To)

hence,

o (E9 )}

=2 Te{ (€ ) + o () C(m)}:

opt €
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With this result we can compute the variance of Vk,s(ro),
denoted by 2, (7o), as follows:

{70}

5-62,16(7-0) = dé,ii,k : (fe,i,k)2>

= 2. Tr{ (égk) (7'0))2 }

o) )

(A9)

Il
S
/;\
|
-
—
g

o
_|_
—
(@)
3
z
—~
S
=
(@]

of (A.7c) and (A.9) it follows

H (X Y ),

From the results

that E {ka (FX(()SE‘TO |7'0)

and var<Zk’E<FXé]’§t)|To‘TU)> < 2

of Zk7E(FX(k)‘ |
opt |70

by Chebyshev’s inequality [40, Eqn. (5-88)], we obtain

k k

Pr ([P Fugyalm) - O] > o) <

kl—?’/s, and we conclude that V6 > 0, Jko(d) € NT st

VEk > ko(9), it follows that

Since the variance

7'0) decreases as k increases, then,

70

1
Pr (Zhe(FXéSE‘TOho) < EI(X(E:;);KUC”TO) _ 5) < 36.
(A.10)

Note that by definition of the limit-inferior, V6 > 0,
Jk1(0) € NT s.t. Vk > kq1(8) (recall that X(El]ft) maximizes
k

H(X ;YO m)

L)y e (B

21 (Xop s YW 70) > Timinf 1 (Xe!s Y. |m0) =6,
hence, for all k > max {ko(0), k1(0)}.

e Lo (B) (k)

Pr (Zk,e (Fxggzm \To) <liminf -1(X55Y,P|ro) —25) <39,

and we conclude that

—limiank (F (k) T0>
P k—o0 “ Xopl|70|

A .
= sup {a eRrR | leIEO Pr (Zk,6 (FX(();K)‘TJTO) < a) = O}

e Lo (B)
lkrgloréf EI(Xopt ;v )|TO)'

Y]

(A.11)

Next, we consider the power constraint. The following
lemma asserts that a Gaussian codebook generated accord-
ing to a distribution which satisfies the trace constraints
%TI‘{CX(JC) (To)} S P and #TI‘{ (CX(k) (7‘0))2}

opt opt
isfies the per-codeword power constraint (6) asymptotically as
k — oo with a probability which is arbitrarily close to 1:
Lemma A.1: Let X3 ~  IN(0, Cyan (10)), with
op
%TI‘{CX(()&) (7’0)} <P,

2 :
k%Tr{(CX((’Sg (70)) }k:OO Then, V& > 0, there exists

— 0, sat-
k—oo

and assume that
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ks € NT such that Vk € NT, k& > ks it holds that
_ 12
Pr (5 (Xomli)* < P) > 16,
Proof: We consider the distribution of (X (k)) - x0)

opt opt *
First note that C, (7o) is in general positive semidefinite.
opt

Let kx 1. denote the number of zero eigenvalue of C X (70).
Then, as in (A.4), CXé;t) (10) can be decomposed as
nggg( 70) = [ P%(10) P%1(70) ]
| l Cxgy (r0)
0% g o x (k—Fx )
PR PYa(mo) 1

where [ PCV};C (70) Pg(,k(To) ] is an orthogonal k x k matrix,

O(k_EX,k)XE’X,k

O]:‘/X,k X];X,k

(A.12)

CX(’”( 10) € RFE—Fxp)x(k=kxk) j5 a symmetric positive-

deﬁnlte matrix. Repeating the steps leading to the derivation
of (A.6) we obtain

1
M2 (Cg ) PR X~ I (00t ).

It follows that the RV Fg’;) is a vector of k — ]%XJg ii.d. Gaus-

. k—kx p—1 .
sian RVs, {Fx’i}izo X*7" each has a zero mean and unit

variance. Therefore, as derived in (A.13), shown at the bottom
(k) (@dist) (k)T
Kopt = Iy

(70) - I‘()?). As Comm (10) > 0, symmetric, we can write
opt

T

of the next page, we can write (X (k))

opt
Cxin i
its eigenvalue decomposition as C e (10) = (Px(70))
opt

Dx(70) - Px(70), where Px(7p) is an orthogonal matrix and
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Dx (1) a diagonal matrix with k& — kx x positive elements
{d {TO}}z o ko . Finally we conclude that

—kx p—1
1 ENT k (dzst) 1 - -
E (X(Ept)) X(Ept) k Z d{ O} 1—‘.X Al
i=0
where I‘g(,i ~ x%(1), chi-square RVs, mutually independent

over the index 7. Then

k— X, k— 1
1 .
E{k(xg;;g) X =g > A
=0
1

TF{CX(k) )}

TI'{CX(k) )}

(a)
<P
1 k—”x,k—1
var(E(Xé[]ft))T . X(EI’;)) = ; = (d{m})

_ % Te((C (1)),

opt

ar(I'%,;)

where (a) follows by choice of the statistics used for
generating the channel input Xé!ft) As by assumption
k%Tr{(CXégt) (7'0))2} e 0, then repeating the argument in
the discussion after (A.9), we can apply Chebyshev’s inequal-
ity and conclude that for any arbitrary 6, taking k sufficiently
large we obtain Pr (‘%(X(E}’fl))T : X(Ellft) — (P - (5)‘ > 6) <.

|

d{TO}

€,ii,k

k—ke p—1
i=0

P ()" - € (

I

o

oY)
a

>~
—~
S
—~

= Tr{CH(r) - PEY (70) - Re(70) - Re(o) - (PEY

= —Tr

7o) - PEY

-1
<CX<(7;€ (To) + CWE(k) (T())) C
1

r(10) - R

) (10) <CX(<);3(T0 )+ Cypm (10 > Cop o (T

(CX(k)(TO)+CW(k)( )) C opt(TO) (CXé?(TO)—’_CW(”( )) CW(k)( ) I

opt

= Tr{— <CX(k) (10) + ngk)(70)>_lcx<k>( 0)

opt

opt

-1
_ <CX(();€ (10) + CW(k)( )> CWE(k) (10) + |k}

(A.7b)
(A.7c)
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As X(EI];) has a specific distribution, and it satisfies the
per-codeword power constraint (6) with a probability arbi-
trarily close to 1, as k increases, then, from the gen-
eral capacity formula [19, Thm. 3.6.1] it follows that
p— liminf Zk76(FX(k)‘ |70 ) is a lower bound on capacity

k—o0 opt 170

Cc(19). Hence, we obtain the following lower bound on
capacity:

Ce(10) > p— liminf L e (FXUCE\TO |7’0)
op

e(k)\To)-

Next, recall that from Fano’s inequality, for any [R, k] code,
designed for delay 7y, having an average probability of error
Pk(19) < p, p €1]0,1), we obtain (see, e.g., [31, Thm. 3]):

(A.14)

opt »

> hmlnf kI(X(k)

@ 1 h(p
e N (X(’“)Y’“)h-) (k)
(2 ﬁ % sup I (X(k) Y(k)|7'0)
{Eoth 2t (o) yerf
_}@
¢ 1 sup I(X(k);Ye(k)ITo)

where in (a) X*) is an RV which places probability mass
of \71| on each codeword 2\, u € U, and Y\ = X*) 4

W(k) (b) follows as when each codeword u € U satisfies
= Zi:o ( [é ]) < P, then the average over all codewords
in the codebook satisfies the same constraint; (c) follows as we
define X[i] = xy[i] and then relax the restrictions on the input
codebook by directly maximizing over the RV X (%) Hence,
we obtain the upper bound on capacity as

C¢(10) <liminf 1
k—o0 { FX(’”\TO:

P v ; 2
E{%ZLJ (x11) }<P}m+

sup I (X(k);Ye(k)ho).

(A.15)

By [30], for every given k € N7, the supremum in Eqn.
(A.15) is achieved by Gaussian random vector. If the optimal
distribution in (A.15) satisfies the conditions of Lemma A.1,
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then (A.15) is maximized by the distribution X

~ Xo (k) 70’
which is used in the derivation of the lower bound (A. 14) 1| e.,
C.(r0) < liminf ~1 (X( V)7 ) (A.16)
e\70) > oo K opt » .
which, combined with the lower bound of (A.14), results in
Ce(ro) = liminf 1 1(X ;Y. |ry).

Finally, as the sampling interval is incommensurate with
Tow, then for the transmission of asymptotically long sequence
of messages, the sequence of sampling phases 7p is a
uniformly distributed sequence over the interval [0, T}y ),
[41, Example 2.1]. As transmitter’s and receiver’s knowledge
of 79 € [0,T,y) allows both units to select the appropriate
codebook with a rate of l}cminf %I (X(Sgt), Y. k)|70), it follows
that when rate adaptation isZﬁ%wed, capacity can be expressed
as the average rate

Tow
C.= -

Og (To)dTo.

TPW T0=0
APPENDIX B

PROOF OF THM. 2

A. Convergence of the Noise Correlation Matrices and Their

Inverses

Define the set £ = {0,1,2,...,k — 1}, and consider the
k-dimensional, zero-mean, real random vectors WT(Lk) and
W ¥ Recall the definition of the correlation matrix Coy o (70)
in Egn. (A.1) and define the correlation matrix CW(k)(TO) in

a similar manner:

(CW,E’“) (To))u . £ E{W,[u] |0} = ci{,[,‘)}[v, u—vl,

(B.1)

for (u,v) € K x K. Note that since E{W,,[u] v} =

E{W,[v] - Wy[u]||70}, then C{TO}[ —v] = c‘{/;:}[u,v -

u], and CWT(LIC)(TO) = (Cypw (7'0)) Similarly,

c{m}[v u—v] = et O}[u v — u], and (C ( ) =
W, ; W. 3 b We(k> TO)

uU,v

(Cuio),,

Next, we note that by the definition of ¢,, =
follows that 21 < ¢, < € hence,

€] it directly

lim €, = €. (B.2)
{ro}y, A - Tow
Define cyp’[i,A] = cw, (7, C o= 470, A == ). Then,

by the definition of a continuous function, we obtain that

(XSG X =D (BT T P
X T (P > (PR(r0) " - X
(dzsf (X opt )T ( Xk 7-0 ) (Cx(gf)z (TO)> —
18 T
(d t.) (I‘ (k) ) Xf,ﬁl -Fg?)

XkTO ] [PCW

T
) Pr(ro) ] - x ¥

w\»—A

1
2

Cgy (o) (Cam () (PR 7)) " Xop!

(A.13)
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continuity of ¢y, (¢, A) in ¢ and in A, combined with (B.2),
implies that Vi, A € Z,

hm Ci{,VO} [i, A

= lim cw, <z

n—oo

Tow Tow
PY o, A B )
p+en p+en
Y T, {T}
= : APV o} i, A
CWC(Z p+e+0’ +e> ey [i, Al

Recall that as the autocorrelation function cyy, (¢, A) is
bounded and continuous in (¢,\) € R2, periodic in ¢ € R,
and is zero V|A| > A, then it is bounded and uniformly
continuous with respect to time ¢ € [0,Tpy] and lag A € R
[23, Ch. III, Thm. 3.13]. Also recall that the correlation matri-
ces Cppom (10) and C (k)(TO) are non-singular (the rationale
for thls assumption is given in Comment A.1). Combining
these properties with the definitions of the correlation matrices
Cwm( 7o) and CW”” (10) in (A.1) and (B.1), respectively, and
with the limit in (B 3) we obtain that

(B.3)

nh_{glo Toer[l(l),ai)“iw], {‘ (CW#-)(TO))%U - (Cwé’“) (TO))u,v }ZO.
(u,w)ELXK

(B.4)

Next, consider the mapping my, : R — R*”, defined via

my, (CF) = (C*))~ M e R¥,

This is a continuous mapping over the set of positive-definite
k x k matrices C%) = 0, see, e.g., [42, Eqns. (1.5)-(1.6)]. Con-
sider now the positive-definite matrix (Cwe("‘) (70))*1. By the
strict diagonal dominance of CW‘(k)(To) (see condition (12))
we obtain that

maing{ (Cwék-) (10)) B }
2 ()™

o]

(c) k—1 —1
O (-
= (0<u<k1{‘ Cuven () OZJ }>

min
-1

(i) i t,0) —2 t, A

< ogrtngn%pw w.(t,0) — 27y - max{\cw )|}

A>Tk
(B.6)

(B.5)

(k) 7—0

where (a) follows from the upper bound of [43, Thm. 5];
(b) follows from the symmetry of (CWUC)(TO))f , due to
which we can obtain explicitly ‘

], .
- 053512?_1 { Z ’((CWE““’ (TO))_l)v,u‘}
0<u<k—1 { Z ’((CWE(“ (TO))_l)u,v|}

= max

-1
= Wik 7'0 5
o0
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(c) follows from the bound in [34, Eqn. (4)] (see also
[44, Eqn. (3)]), as, by condition (12), the matrix
CW(k)( 7o) is SDD, see Comment 4; and lastly, (d) follows
from Eqn. (15). Evidently, the same bound applies to

maxElg{ (CW(k) (’7’0))71} and we note that it is independent

of 7y. Then, since the magnitudes of the elements of a
positive-definite real, symmetric matrix are upper-bounded by
its largest eigenvalue? we conclude that the elements of the
matrices (CWEUC) (To))i and (CWT(L’“) (7'0)) belong to a finite
interval whose end points are independent of k, 73 and n.

Next, note that boundedness of cyy_ (¢, ) (see Section III-A)
implies that the elements of C; ) (7o) and of C,\ o) (70) are
all bounded. It therefore follows from (B.4), the boundedness
of the elements of Cpym (7o), Cpprm (7o), (CW<k>( 0)) ~ and
(CW7(lk)(7—0)) boundedness and uniform continuity of the
CT correlation functlon ew, (t,A) in ¢ and in A, continuity of
the mapping my : RF — Rk2,4 and from [46, Thm. 11.2.3]
that

lim max

e (€)™,

(u,v)ELXK
(@) ™)

uU,v

} =0. (B.7)

B. Showmg That hn;o 1I(X§f3p[,Y(k)| Opt)
| opt

(X Opt ; T,y ) for the Optimal Sampling Phases
and Inputs Dlstrlbutwns (TOpt Fy o | opt) and
n,0pt T,k

n,k>’
opt
T, F (k) t
( ek XoptITeo,lL)

Consider a fixed k € NT, let

k—1
Z CX(k) . <k-P,

CX(k) £ {7‘ S [07pr),CX(k) S Rka
=0

Cxm = (Cxw)", Cxm = 0}, (B.8)

3for a positive-definite real, symmetric matrix C, we have

(el—eJ)T C-(es — )
= Cez—t—e CeJ—e Cej—e -C-e;
1
:>5 (T C. el—i-e .C- ej)>e -C-ej
0<(ez+eJ)T C-(ej+ej)
e -C- ez—t—e -C- eJ—I—e -C- eJ—t—e -C-e
1
= ——- (T C- ez+e -C- ej)<e -C-ej

V)

Hence, 0 < |eT C- e]| <3 ( T.C.es+el.C- e]) Now, letting e;
denote the all-zero vector except for 1 at the - t[’l element (7 € N), we note
that the (%, j)-th element of C is given by

‘(C)iu’ = eZT-C-ej‘<% (el -C. e,+e - C-e;) <maxEig{C},

where the last inequality follows from [45, Thm. 4.2.2].
4Since the inverse is a continuous mapping from a compact and finite set
to a compact and finite set.
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and denote

(o> Coo)

(Det(CXm + Cpm (0 )))

= argmax  —- log
(10:C 5 (1) ) EC x (k) 2k Det(CWﬁk)(To))
(B.9a)
(R, €
Det(CX(k) +C (k)( ))
= argmax  —- log ( )
(70,C 5 (1) ) EC x (k) 2k Det(CWém(To))
(B.9b)
Then, the zero-mean Gaussian random vectors x ) and

n,opt
Xépt), with covariance matrices C p<k) and C% (k), respectively,

opt opt

at the respective sampling phases 7, and T,k » Maximize

the mutual information expressions +1(Xp (k ), nk)|r) and
%I (X (k);K(k)ho), respectively, when maximization is over
all sampling phases and associated input distributions which
satisfy the respective trace constraint, T‘r{CX<k)} < P,
7Tr{CX<k)} < P, see, e.g., [30, Eqn. (6)]. We now have
the following lemma:

Lemma B.1: When k € NT is fixed, and Xffgpt and

X(Spt) are zero-mean Gaus51an random vectors with covariance

matrices C;(k) and C% (k), respectively, where (7., Cif(tk))
and ( Eoit7 COp(k)) satlsfy (B.9), then
- (k) k ty (k). y(k t
nh—>Holo E[(Xn 0pt7Y( )|7_0p ) - k‘ (Xopt ) ( )‘7_602 )
(B.10)

Proof: First, recall that by [30], when the covariance

. . . . pt opt
matrix and sampling phase pairs are given as (7' k,CX(k))
and (TSit,Cjztk)) satisfying Eqns. (B.9), then the mutual
information expressions in (B.10), evaluated for XfI 3pt and
X(Ept) Gaussian inputs processes corresponding to the sampling
phase-correlation matrix pairs of Eqns. (B.9), are equal to the

maximal values of the objective functions in (B.9):

(Det(Ci:’(fkﬁ-CW(k)( . k)) )

Det(CW(k) ( Tk ))

Det(CP +C.qw (770)

k o 1 ( ) wi ek

kJ(Xng,Y<k>\T pt):log( X — :
Det(CWE(k) (TE}]: ))

Therefore, convergence of the limit in (B.10) corresponds
to having that the optimal values of the objective function
in the optimization problem (B.9a) converge, as n — oo,
to the optimal value of the objective function in (B.9b).
To prove this convergence we employ [47, Thm. 2.1]°. The

YO = - log

2k

n,opts

Lrxt®
k (

5 [47, Thm. 2.1]: Let f, — f uniformly as n — oo. Then, the
sequence of problems Pp : an = in£{ fn(x) converges to the problem
ze

P:a:;ggff(x)asneoa

See additional conditions regarding the application of [47, Thm. 2.1] in
Footnotes 7 and 8.
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main requirement for the application of [47, Thm. 2.1] is that
lim % log (Det(CXoc) + Cypan (7 )) /Det(CWm( ))) -

le log (Det(CX(k) + CWE(k) (T()))/Det(cwe(m (7’0))) uni-
formly over Cx). In the following we show that such a
uniform convergence holds.

It follows from the limit in (B.7) that for any d; > O there
exists no(d1) € NT sufficiently large such that for all 0 <

l,g < k-1, 1 € [0,Tpw), and for all n > mng(d1),

it holds that ’((CWT(LIC)(TO))71 . (CWe(k)(TO))71>l ‘ < 41.

Now, we note that since Cx ) is a positive semi-definite
matrix which satisfies a constraint on the sum of its diagonal
elements (B.8), then from the Cauchy-Schwartz inequality
[40, Eqn. (9-176)], [33, Sec. 3.6] we have that

|(Cxa),,| = [BLXT X[ 1
< VE{(X[)?} E{(X[q])?}
_\/k‘~P :k:-P7 VO<l,g<k-1.
(B.11)
It thus follows that all the matrices Cxu) S
Cxm  have bounded elements. We now bound

’ ((Cug (TO))_1Cx<k>)l ,

for all n > ng(d1) as follows:

’((CMW (To))_ch(’”)lﬂ _ ((Cwé’”(m))_lcx“‘))l,q‘
k-1

Z ((CW”(Lk)(TO))il - (Cwe(k) (7'0))71)[ m (CX(k))m q

s

((ngm (7'0)> _1CX(k))z,q‘

m=0
k—1

01- > | (Cxm)pg| <61-P- K2,
m=0

where we recall that P and k are finite and given. Thus, for
any & > 0,3n(d) € NT sufficiently large such that for all
0<l,q<k—1,n>ng(d), and for all (79, Cxw ) € Cxwm

’ ((CWﬁk) (TO)> _lcx(k)>z,q_ (<CW§M (TO))_lcx(k))z

<.

g

(B.12)

Observe that the product (Cy (ro))‘lcx(k> has non-

negative eigenvalues, [48, Thm. 7.5], and the maximal eigen-
value, denoted maxEig { (Cw““) (10))
bounded as follows: )

. -1
maxEig { (ngk) (To)) Cxm }

(a) _
< maxEig { (CW(;C) (TO)) 1} - maxEig {CX(R:) }
(d) 1
< H(ngm(ﬁ))) H1 [Cxm Iy
K2.P

{CWc (t,0) — 27y, -

1Cx(k) }, can be upper

,\
INe

min
0<t<T e

max {|ch (t,\) |}}

280 (k)
(B.13)
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where (a) follows from [49, Eqn. (9)], see also [48, Thm.
8.12]; in (b) we use the upper bound from [43, Thm. 5]; and
step (c) follows from the bounds in (B.6) and (B.11).

Since the magnitudes of the elements of (Cwe(k)(To))
are upper bounded by (B.6) (see Footnote 3) and the mag-
nitudes of the elements of Cxx) are upper bounded by
k - P, we obtain that the magmtudes of the elements of the
matrix product (CWE(k)< T0)) "C ) are upper bounded by k2

-1
(0<rg1<HT1pw {CWC(W)—?TIH-AI;;ag;w {ICWC(t,/\)I}D P =

p+1

Bo(k). As the upper bound 5y (k) is finite and independent of
€, then the same upper bound apphes also to the magnitudes
of the elements of (CWW (10)) 'c (i, and we conclude that

the magnitudes of the elements of (CW(k)( 0))

of (Cypm(70)) "C ) are all finite and upper bounded by a
bound which increases as k2, and is independent of n and 7.
Consider next the ordered sets of elgenvalues of

-1
(CWT(lk)(TO)) Cx(k:) and of (CW(k)( ))
arranged in descending order: Let A (Cx(k),TO) =
-1
Agk) (CWT(lk:)(To)) Cx(k,) 6 (Cx(k);TO) =
AP (C () ' Cxmw b 0 < i <k — 1. Then,
continuity of the eigenvalues of square real matrices

Cx(k) and

CX<k)

and

[45, Sec. 249, Thm. 2.4.9.2], combined wit%l the

boundedness of the elements of (Cw(k)(To))7 Cxm

and of (CW(M(TO))ACX(U, boundedness of their
¥

corresponding elgenvalues and the fact that convergence
of (CW(k)( )) Cx(k) to (CW(k)( )) Cx(k) is uniform
over CXW, see Eqn. (B.12), 1mply that the ordered sets
of eigenvalues of (CWW( T0)) CXW converge to the
ordered set of eigenvalues of (Cwe(k)(To)) 'c (v uniformly
in (70,Cxm) € Cxwk), namely, V6§ > 0, Ing(d) € NT
sufficiently large such that for all n > 7(d), and for all
(To, CX(k)) S CX(k)

AE,’Q (Cxaw;mo) — AP (Cx<k>;70)‘ <45, 0<i<k-1.
(B.14)

Lastly, consider the distance between the objective functions
in (B.9): For any (79,Cx®)) € Cxw, the distance between
the objective functions can now be expressed as®:

1 —
% logdet ((Cwysk) (7‘0)) 1Cx(k) + |k)

1 _
- % logdet ((CWEUC) (7'0)) 1CX(k) + |k)‘

k-1
= i Zlog (1 + AE’Q (Cx<k)§7'0)>
i=0

k-1
— Zlog (1 + Aﬁfi) (Cxoc);To)) ‘
i=0

Note that since (Cwe(k)(’l'o))7 1

Cxmwm + (€ (10) "2
1

(Chpom (r0)) 2 + 'k) (€ (70)) 2.

1 . -1
> 0, symmetric, then (ngk) (m0))

_1
15 = <(CW€(k)(TO)) 2CX(’€)

[N
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Using the first order Taylor expansion [50, Pgs. 415-418] w
can write

log (1 + AE ,3 (Cx<k>;70))

—log (1+ A% (Cxomim))
L b i
271 4 A% (Cxamimo)

(Agkg (CxwmsTo)

—AE”? (Cx<k>;70))

+& (Af’ii (Cx<k>;70)> ;

where ¢; ( i (CX(k),To)) is a reminder term. Thus, Vn >

fig(6) such that (B.14) is satisfied, we obtain V(79, Cx ) €
Cx(k) that

1
% log det ((CWT(Zk)(TQ)) Cxm + |k>

—1
—logdet ((wak) (7’0)) Cxm + |k) ‘

1k1

2k

1

AEIQ Cxm:To
(Cx(k-);To) n (Cx )

NM

~A% (Cxwim) )

+&; (A% (Cxws 7'0)))

< o Z ‘A(k) (Cxy;To) — Ag’? (Cx<k>;7'0)’
k—1
i ( f CXU«),TO))’
i=0
< oF §0<rln<alg< 1 & (A”L (CX(k);T()))‘
(a)
< 6+ 552.
Note that uniformity in Cx@x of the inequality

in step (a) follows from the uniform boundedness

of  |AL (Cxwrimo) = ALY (Cxawim)

as established in (B.14), combined with the bound in
(B.15), as shown at the bottom of the next page, derived
using [50, Pg. 418], which holds uniformly over Cx .
Note that step (a’) in the derivation of (B.15) follows
since ( > 0, by the non-negativity of the eigenvalues of
(Cpoo ()~

It follows that the distance between the logdet functions
is uniformly upper bounded for all (79,Cxw) € Cxw,s

L logdet ((Cwﬁk) (70)) fle(k) + |k)

to 57 logdet ((Cwém(To)) Cxm + Ik) as n — oo is
uniform over the feasible set Cyx). We conclude that for
a sequence of optimization problems (B.9a), the objective
functions converge uniformly to a limiting objective function

over

Cxw),

Cx(k).

hence, convergence of 5
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(B.9b). Thus, it follows from the proof of [47, Thm. 2.1]7:3
that the sequence of optimal objective values of the sequence
of problems (B.9a) converges to the optimal objective value
of the limiting problem (B.9b):

lim —k logdet ((CW<k>(Topkt)) COP (Clas Ik)

= 5% logdet ((C (m( eit))_lc(;(pfm + Ik)‘

C. Equivalence Between and C. and liminf C,, for the Setup
of Theorem 2

Let F XU |rope denote a k-dimensional Gaussian CDF with

Xopt
a correlation matrix denoted by CS) > such that (725", )

maximizes %I(X(k);Y;(k)|Te7k). Let Zk7€<FX(k) opt|76k)
Opt‘Te,k )

denote the corresponding mutual information density rate.
We now have the following Lemma:
Lemma B.2: For the setup of Theorem 2 it holds that

G = = lminf Zyo(Fy oy one [ ) = limint o, (B16)

where C), is defined in Eqn. (11).
Proof:  First, consider the upper bound on capacity:
Recall that by Lemma B.1, for every finite & € NT,

letting TOpt and TOpt denote the optimal sampling phases
within the noise perlod, and letting Xr(fzpt and X(()I]f[) denote
the corresponding Gaussian inputs with the optimal corre-

lation matrices, it holds that lim .y (X,(Lkgp“Y(k)| o) =

7For the application of [47, Thm. 2.1]: X in the theorem corresponds to
the union of the interval [0, Tpw) and the space of real symmetric, positive

semidefinite matrices, subject to a constraint on their trace:

RM‘ t 800 (Cxm)i < P Cxa = (Cxm) ™
which is a convex space. Y in the theorem corresponds to the set of real
numbers and the positive cone corresponds to the set of non-negative real
numbers, thus, this cone is clearly normal [51, Example 6.3.5].

8Note that while [47, Thm. 2.1] is stated for convex objectives, convexity
of the objective is not required for the convergence of the optimal objective
values, only for the convergence of the optimal solutions. As we are not
interested in the convergence of the optimal solutions (i.e., not interested in

the convergence of ( zpkt , COP(t o ), then we can apply the steps in proof of

{CXUC) S

Cxy = 0¢,

[47, Thm. 2.1] to conclude that the optimal objective values converge also
for non-convex objectives, without considering convergence of the solutions.
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%I(X(Ept ,Y(k)|70pt) Then, we can write

(a)

C. < hmlnf kI(X(EI];) Y ®)|r Opt)
(b) (k) .y (k) 0pt>
= tpnint Jim, kf (0 1)
< intint 11 (X1 17T
@ opt
< liminf liminf C,,(7,5)

k—oo n—oo

liminf liminf C,,

k—oo m—oo

= liminf C},
n—oo

(B.17)

where (a) follows from similar arguments as in the derivation
of (A.15):

Ce S 1}lenf sup (X(k?) ‘7_6 k)
( X(k)h "Fe,k):
P [1])2§P, wel,
Te,k €[0,Tpw] et
1
< liminf sup -1 ( X®), g0z, k)
( Few)z, kﬁek)'
{# S (xu? <P,
Te kE[O Tow] -

where K(k) is the channel output for input X *), and Te ks 18
the sampling phase, and in the first inequality we maximize
over all input distributions which facilitate selection of a
codebook which satisfies the per-codeword power constraint.
As the channel (5) is an additive Gaussian noise channel,
then, subject to a trace constraint on the input correlation
matrix, it follows that for every given k¥ € NT, the mutual
information expression between the channel input and its
output is maximized by Gaussian inputs [30, Eqns. (4), (30)],
which satisfy the trace constraint, and we use the maximizing
sampling phase according to (B.9b). Step (b) follows from
Lemma B.1; and step (c) follows since the limit in n exists
and is finite [46, Thm. 33.1.1]. Step (d) follows as the
channel (8) is a DT ACGN channel, then, by the discussion in
[6, Eqns. (14)-(16)] it is equivalent to a finite-memory sta-
tionary multivariate Gaussian channel. Hence, Step (d) follows
directly from the converse in [52, Eqn. (21)]: For every finite
k € N* and a given TOpkt , the achievable rate is not greater

than the capacity: Cy, (T, Opt) > lI(X(k)‘
step (e) follows as by (11), C,, > C (T, Opt)
To show achievability of hmmf C,,, we consider a trans-

VAL ‘ka-). Lastly,

mission scheme which partitiortlls the transmitted sequence into
finite-length blocks, all of length k¥ € NT, and appends each

1 1
In2 (1+C

&i (Agkg (Cx<k);7'o)) ’ = ’; .

min {Agi)(cxw)ﬂ'o) ln(CX(k) To)} < ¢ < max {A (Cx(k);TO),AZ

1
< .
2

(a)

& (A% (Cxmr; To))

)2 (AEIQ (CxwiTo) —

1 2
E( (k)(CX(k) 7_0) 7Al(.7€) (CX(k);TO)) S 52

b

2
A ke)(cxmﬂ'o))

k,Z(CXU«);To)}

(B.15)
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k-block with a guard interval, sufficient to facilitate statistical
independence between the noise process samples belonging to
the different k-blocks as well as to facilitate synchronization
of the transmission start times of all k-blocks to begin at the
initial sampling phase 75", which is selected to maximize the
mutual information of the k-block subject to a trace constraint,
as in (B.9b). Note that such synchronization is permissible as
the setup of Thm. 2 allows for transmission delay. We now
detail the operations at the transmitter and at the receiver,
recalling that W[i] has a finite memory 7, < oo. In the
following description we use the tilde symbol to denote the
channel input and output with the additional guard intervals,
as well as the appropriate noise sequence. The channel inputs
which carry information and the processed outputs used for
decoding are denoted without the tilde symbol, and so does
the corresponding noise sequence.

1) Transmitter’s Operations: Let k € NT denote the
blocklength, and set the duration of the guard interval between
subsequent blocks to 7y, - Tx(€) + A, time units (in CT),
0 < A, < T,y will be explicitly defined later in the
proof. Due to the finite memory and Gaussianity of the
noise process it follows that noise sequences belonging to
different k-blocks are statistically independent. Moreover, the
additional guard time of A, beyond 7, allows the transmitter
to synchronize the sampling phase of the i-th k-block, denoted
Te(l]z, to the sampling phase which maximizes the k-block
mutual information, i.e., Te(lk): = Tzl,';t. The codewords are

generated according to a Gaussian distribution F' X (8| popt with
e,k

opt
a correlation matrix CS%,,, st (724, CF,)) are selected
according to (B.9b). Hence, a codeword consisting of [ - k
code symbols is transmitted over a time interval corresponding
to |- (k + T + Ay/Ts(e)) channel symbols. Note that as
the transmitter knows the correlation function of the noise,
and, naturally, knows its own symbol interval T(e), it can
deterministically compute the delay A, needed to arrive again
at Tzzt, which is given by (B.18), as shown at the bottom of

the next page. A codebook CB,(f) (7°P") of rate R for the i-th
k-block is generated by selecting 2¥% codewords randomly

and independently according to F'y () rovt- The codeword for
opt e,k

the i-th k-block, 1 < ¢ <[, denoted X li_l 1. e is independent
of the codewords selected for the other k-blocks.
Note that with this construction, the codebook satisfies that

for each message v € U,

1 l-k—1 ) 1 -1 1 k—1 )
. _ - ’ /
Ik (l‘u[l]) -7 Z(k (xu[l k"'k]) )
1=0 '=0 k’=0
1 k—1 1 -1 )
= 22 (72 @l k+#))?)
k'=0 1'=0
(in prob.) 1 Al 2
- /
) kﬁ_ﬂﬂ(xmp }gR (B.19)

where the limit as [ — oo follows from the weak law of
large numbers, see e.g., [53, Sec. 9.1], and the inequality
follows from the trace constraint in the definition of Cx ).
It follows that for every § > 0, we can select | € Nt

6159
sufficiently large s.t. Vu € U,

Pr (ﬁ

A message u of rate R is transmitted via a codeword

l-k—1
(Xuli))* > P) <.

1=

xR = {X;’Z:l)k}l , by splitting the information bit
sequence of length [ 'k L R into [ blocks, each contains
k - R bits, where each block of k - R bits is mapped into a
codeword of length k, e.g., the i-th block of the message u is
mapped into Xi'fz;_ll), i € CBI(;) (7°2"). Lastly, the transmitted

X s transmitted as a sequence X ("(F+7m)) of 1. (k + 7y,)
samples, which is sent over [ - (k + 7,) - Ts(€) +1- A, time
units. The rate of this scheme is then R - m =
R. (1 _ Tm+AG/Ti(e) ) )

ktTm+Ag /Ti(e) . .
2) Receiver’s Operations: At the beginning of reception,

the receiver identifies the start time of the received sequence.
From that point, as the symbol rate at the receiver is syn-
chronized with Ty(e), the receiver can maintain k-block syn-
chronization as applied at the transmitter: Let )1“'“”““” =
X E(ktmm)) 4 We(l'(k+7‘“)) denote the received samples,
observed over - (k+7y)-Ts(€)+1- A, time units, obtained by
receiving a block of k£ + 7, samples, and then waiting for A,
times units to process the next block of k£ + 7,,, samples. The
receiver then keeps only the first k£ samples of each block,
discarding the last 7, samples. This processing results in a

A 1
received sequence of | k-blocks denoted {Yz(’zj) k}‘ =

Ye(l'k), which are used by the decoder to receover the message
u€eu.

In the following we denote the mutual infor-
mation  density rate for the i-th k-block, with
initial sampling time ’Te(l)l and input distribution
Foin o, with  ZU(F iy o)) 2

X(ilil)l«k‘Te(Ji k’e( X(ilil)l«k‘Te(Ji| e’k)

(”yMl |xith=1 () (Yei.klzh-k’xfékl)lvae(fl)c))
llO e, (i—1)-k' " (i—1)-k’ "€,k : . NOte
k g ik—1 (i)

Priecs, oty (i)
that the guard interval also facilitates statistical independence
between channel outputs at the decoder corresponding to
different transmitted messages. The addition of the guard
interval effectively decreases the information rate, however,
as the blocklength k increases, the impact of such fixed-length
guard interval on the information rate becomes asymptotically
negligible, and hence, it does not impact capacity. Recall that
k € NT denotes the length of a block of symbols without
guard interval.

Using the above
l
i-k—1
{X(ifl)k, opt
opt
X (k)

and Xégtk ) is the corresponding input sequence, then

scheme it is shown that when

} are Gaussian with the optimal covariance
i=1

opt
Tp

matrix, C s

designed for the optimal sampling phase

C. > p—liminf 7., . (F ) 0pt|7'01,2t) > liminf C,,,
k—oo ’ Xope Il & n—00

(B.20)

where the first inequality follows from [19, Thm. 3.6.1], as by
(B.19) the constructed codebook satisfies the per-codeword
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power constraint (6) with a probability which is arbitrarily
close to 1, and the limit-inferior in probability of any given
input process which satisfies the per-codeword power con-
straint (6), clearly does not exceed capacity. Hence, it remains
to show the inequality on the RHS.

Letting Tol,';t denote the sampling phase at the start of
the transmitted message, then as the guard interval facilitates
statistical independence between the k-blocks we obtain that

!
1 0)
= 7 Z Z ke ( )
i=1
via the derivation leading to (B.21), as shown at the bottom
of the page, where in step (a) in the derivation of (B.21),
’7' k denotes the sampling phase of the i-th k-block which is

generated by the transmission scheme and the equality follows
since both the input k-blocks { (i 1) k}

k-blocks {W/ (], o

i < [): For the noise, { (l 1) k} _,» independence among
the k-blocks follows as the k- blocks are separated more than
Tm samples apart, Whlle the noise memory is 7y,; for the
channel output, { (1 1) k} _,» independence follows as both
the noise k- blocks are independent (as explained above) and
the input k-blocks are independent by the assumption of
uniformity and independence of the messages, as well as

opt

Fyirna Tek

X( opt |

opt
Zlke (qu-kurgf;ﬂﬂ,k ) TRl

and the noise

are mutually 1ndependent (over 1 <

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 69, NO. 10, OCTOBER 2023

phase syn-

Pt for all

of (B.21) follows since at each block, samlghng
Te E = Tek

chronization is applied, which results in
k-blocks 1 <1 <.

Note that as the sampling phase (within a period of
the noise correlation function), 7‘ , 1s 1dentical for all
k-blocks, it follows that the noise process has the same
correlation matrix for every k-block. Therefore, the CDF

F ik ot which maximizes the mutual information for
(i— 1) k,opt
the i-th A-block, TG G YA IR, s identical for

1
all the k-blocks (i.e., for all of the l) blocks, each of length

F. opt = F o = 1.2,....1. Lettin
k): X(lk 1)11& optlT pt X(()f)z pkt, ) , 2, ,l etting
Foa B pont = Hi 1 Fyina [ronts we conclude that the

opt (1 1)-k,opt

l
Opf|Tek)} _

F7ls1

X —1)-k, th‘T

RVs {Z}j’(
(i
tributions. Thus,

{Zlke( 1) | e opt|7'ek )}

all have identical dis-
1

Fy

{ ZZ X&L%k 1)lk optlTOpthit)}
1¢ (i)
7 opt
= 3 S A )
a1 . .
YIRS

the codebook generation process; step (b) in the derivation
opt opt

Tsk 7((Tek

R T ([,

(k + 7m) - Ts(€)) mod T,
Ag = opt

ek

)

+(k7in) Ty (€)) mod Ty

5 (Teozt + (k + Tm)'TS(E)) mOdT <T€Ozt

P+ (k + Tm) - Ts(€)) mod Ty, >7'Opt

(B.18)
’ (Te,k

Zl k e( x - k)\TOPt|T6 k )

a1 pye“"”\x(l-k)’n‘k(

Y(l-k)’X(l.

k opt
), 7'

]
k8

[

l-k
pY‘(llk)|‘r€1 (Y( )‘

b

zkl

i-k—1
E(L 1)-k X

(i—1)-k

opt
e k

) )>

O X,

opt
=1’ Ek

b
Y:(l: 1) K

(v,

b

k—

"
b

k—1
W;(l 1)-k

(i—

)

(z 1)k
(Y adim R

Te,k

1

1)-k ZZ 1)](:}7, 1

i-k—1

Te,k
Y. 1)k Te,k

b
(YZ i

"

l pW’

(i— 1) k‘T

(Y i 728

(i=1)-k

- X ) )

i-k—1
X(7. 1)k

[I

Dy ik—1
Ye,(i—l)-k‘

i-k—1

pyl(L 1)k|X(1 1)k Tk

Ykl‘

€,(i—1

(Y

(Z))>
)

i-k—1
X(’L 1)k7Tek

i-k—1
(i—1)-k

k—1
pY:(l 1)-k

DPyik—

1
e,(i—1)- k‘X

(i 1) ko Te ke

|Te, ke (Y;
(Y,

e,(i—1)-k

i-k—1
(i
i-k—1

Halmer)

|X

)

i-k—1 opt
(i—1)-k> Te k

pyl

(i— 1) k|T€ k

Z’(FXZ“

|‘r°¥pt ‘Te k )

(¥

i-k—1 ‘ opt >
,(i—1)-k!' e,k

)

(B.21)
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var (Zl.k@ (FX(l-k) |7 Opt |T2I]:)t))

(b) 1 ZV (Z() R ‘Topt|7_60?€t))

(i—1) -k,opt

—
3]
N

3

T
where steps (a) and (c) follow from the derivation in
Appendix A, after Eqn. (A.9): ]E{Zkg( X®r,

) -
%I(Xo(pt); Ye(k)|7—6,k) and var(Z;a6 (Fxéﬁzln,k |TE’]€)) < %; step
(b) follows since the mutual information density rates of the
different k-blocks are mutually independent.

Since the variance of Zl'kaf(Fx”'f)\T"‘;j |7'21,';t) decreases
as | - k increases, then, by cE)?hebej/shev’s inequality

[40. Eqn. (5-88)1, we obtain Pr (| Zus.c (Fywn,, 7R -
k)| o
%I(X(Ept 7y( )| pt) > (l.kl)m) < (l-k§1/3’and we conclude

that Yk € NT and V§ > 0, Jlo(k,d) € NT s.t. VI > Io(k, d),
it follows that

IN

Pr (Zl pe(F

|
o TR) < LT (XG) Y9 2 - 0) <34,

k
(B.22)

To show achievability of liminf C,, we will show the RHS
of (B.20). First, recall that

p— liminf Zj, . (FX(M [Tk |Te,k)
k—o0 ’

= sup {a eR |klim Pr (Zk,€ (FX““)IR rer) < a) = 0} ,
o

hence, liminf C), is achievable if, for a given finite and
boundedna)olfstant & (that will be defined later), V6 > 0,
Pr (Zl~k,e (FX“"“)\TE,;JTGJC) < lgglglof C,—96- (5 + 2. §)>’
can be made arbitrarily small by properly selecting k¥ € N*,
Tek and Fiy w7, and taking [ sufficiently large. Next, define
~(k) via Eqn. (B. 23) as shown at the bottom of the next page,
and pick k € Nt st Tl :T < 4. In addition, k is selected
sufficiently large such that the values of the sampled variance
c;{;“ [¢,0] over a k-block starting at sampling phase 7, satisfy

{mly; 1 [T
]kzc o0 /to

Such a selection is possible since the sampling interval 75 (e)
is incommensurate with the noise period T},,. Then, for a suf-
ficiently large k, the sampling points will be nearly uniformly
distributed over [0, T,y ), see also discussion after Eqn. (A.16).
By definition of a uniformly distributed modulo 1 sequence,’
[41, Def. 1.1], it follows that the empirical distribution of
the sampling instances approaches a uniform distribution on
[0, Tpw]. Then, by [41, Thm. 1.1], as the correlation function
(at any given lag, and hence also at lag A = 0) is a continuous
mapping of the time, then (B.24) follows.

ew, (t+ 70,0)dt| < =

V1o € [0, Thy).  (B.24)

9Note that switching from modulo 1 to modulo Tpw amounts to scaling of
the time axis, which can be incorporated into the definition in a straightforward
manner.
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When £ is fixed, we pick n € NT s.t. liminf C,,, < C,, +9,

ng—00

and also

(k). v (k) opt (k)
I Xoni 3 Y. I X

opt n,0pts

Y en)

<4,
(B.25)

where we recall that F (m‘ opt and F (k) | ropt are Gaus-

I
Xopt t
sian CDFs, (T;jp,:,X,(fgm) maximize 41 X(kg) Y(k)|7'n %), and
( EOI:,X(EPQ) maximize %I(X(k),Ye(k)h'e,k). Such n € NT
exists by the convergence in Lemma B.1. Lastly, the selected

n is increased to guarantee that

N)\o]

‘ch{m} 1, ZC{T?}’L 0)

s V1o € [O,pr),

which implies that

’ — {TO}[’ ] 1/pr
k W TPW t=0

=0

ew, (t+ 70,0)dt| < 6,

V7o € [0, Thy). (B.26)

After picking n, we pick [ € NT such that

1 (1 T, (- T,
e — LT

Tn,l € [07 pr]a

where X, [i] is the capacity-achieving input process for the
channel (8), see [6, Thm. 1], and Y}, [i] is the corresponding
output process: Y, [i] = X,,[i] + W, [i]. Such 7,,; exists since

A
we can set 7,,; = argmax C,(79) = 79P". Then, for 72", k
T0€[0,Tpw]

and n, as X, [¢] is the capacity-achieving input process, there
is a codeword length beyond which the mutual information
between the channel input and output is less than § away from
capacity. Next, define RVs the X, X2, Y1, and Y, as follows:

Xy = { nzk::—r()1 ll)k}z 1
Xy = {X U
Y, = ;z(lj't.:-()z 1)1@ i:v
Yo = (TS e

We note that (X2, XT)T is a permutation of the vector
Xk (k+7m) [ et us denote this permutation with the matrix
P, ie, (XI,XIhT = P. X,l{(kJrTm). Similarly, we write
(WE,WI)T = (YT, YT)T — (X3, XT)T = P Wi (o),
Note that cov((Wg,WT Tlrg) = E{P - W k)

(Wi ) RT3, b = PeCyp ) (7 0)-PT. With these
definitions, applying the chain rules for differential entropy
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and for mutual information, we write

I(Xrll-(k-ﬁ-Tm); ?Ti'(k-l—rm) |Tn,l)
=1(X1,X2; Y1, Yo 7n )
=1(X1;Y1, Yo rn) + 1(X2; Y1, Yo X1, Tni)
= I(Xy; Y1|Tn’l) +I(X1;Y2|Yq, Tn,l)
+1(X2; Y1, Y2 X1, 70 0)
=I(X1;Y1|701) + (Y2 Y1, 700) — h(Y2 X1, Y1, 7 y)
+h(Y1, Yo X1, ) — h(Y1, Yo Xy, X, 751)
=I1(X1;Y1|m1) + h(Y2 Y1, 700) — h(Y2 X1, Y1, T0y)
+ h(Y11X1,7n0) + h(Y2 X1, Y1, T0y)
— h(Y17Y2|X1,X2,Tn,l)
= I(X1; Yi[rn,0) + R(Y2 Y1, Tn) + A(Y1]X1, Tt)
—h(Y1,Y2 X1, X2, 7n)

W (X3 Y1 g) + (Y| Y1, 70t) + h(W1 X0, 7i)

— h(W1, W3 Xy, X, 7n1)

b
© 1(X1; Yilmn0) + h(Yal Y1, 7ng) + B(Wi|7n)

- h(W17W2|Tn,l)
=I(X1; Y1 |Tn1) + M(Y2| Y1, 7)) — (W2 Wi, 7,),

where (a) follows as Y; = X; + Wy and Yy = Xy + Wy,
and (b) follows as (W1, W3) L (X;,X5). Next, denoting the
maximal diagonal element of the matrix A with maxDiag{A},
we can upper bound h(Y2|Y1,7,;) — h(W2|Wq,7,,) via
(B.27), as shown at the bottom of the next page. In the
derivation of (B.27), step (a) follows from [53, Corollary on
Pg. 253]; (b) follows since Ya|7,,; and (W1, WT)T|7, ;| are
Gaussian vectors, and since the conditional covariance for
jointly Gaussian RVs is independent of the conditioning value,
see, e.g., [54, Ch. 21.6]:

2- h(W2 Wy, 1)

=2 / L Wil (Wil Tn ) )R(W2 W1 = wi, 7, 1) dwy
wi R

(@) / Wil (w170 ogdet ((2¢) €0V (W)
wi ERFE
—1
—CoV(W2, Wi |7,1)(coV (Wi |73.1)) " cov(W 1, Walr, 1)) dw

= 1ogdet((27re) . (cov(VV2|Tn,l)
—cov(Wo, W7, ) (COV(W1 |Tnyl)) 7100V(W1,W2 |Tnl))> )

where the expression for the conditional correlation matrix
is step (a’) is given in [54, Ch. 21.6]. Step (c) follows
from Hadamard’s inequality [53, Eqn. (8.64)], as the
determinant of a symmetric positive semidefinite matrix is
upper bounded by the product of its diagonal elements,
and we take [ - 7, multiples of the largest possible
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diagonal element to further upper bound this product.
In step (d) we used [55, Lemma 11.6] and the fact that
for any positive x it holds that log(z) = In(z) - log(e) <
(COV(WQ‘Tn’l) —

-1

(x — 1) - log(e); step (e) follows since

-1
COV(WQ,Wl"TnJ)(COV(WﬂTnJ)) COV(Wl,W2|TnJ)>
is the upper-left block of the inverse covariance matrix of
the vector (WI , WT)T, namely, the upper-left block of

1
(cov((Wg,WlT)Tth)) , [45, Eqn. (0.7.3.1)]. Then,
having more elements can only increase the maximum.
In step (f) we upper bound the largest diagonal element by
the matrix 1-norm, as in step (a) in the derivation of (B.6);
in step (g) we use the fact that permutation matrices are
orthogonal, hence,

(P . CWéz.(lﬁnn)) (Tn,l) . PT)il

—1 - —

= (PT) . (CW‘V(LL'(k‘FTln))(T’IL,l)) -P !

=P (CWT(LZ-(k-Hxn))(fo,,l))_ -PT,
and the fact that induced matrix norms are sub-
multiplicative  [45, Ch. 5.6 and Example 5.6.4],
thereby ‘P . (CW’(LZ~(k+Tm)) (7'n,l))71 : PT‘ < Pl

bl

-1 -1
H(CW;LL«HTH‘))(TTL,;)) ’1'HPTH1:H(CW7(LI~(IC+Tm))(T’I’L,l)) :
where the last equality follows since for a permutation matrix
P, [IPl, = ||PT||1 = 1. Lastly, step (h) in the derivation
of (B.27) follows similarly to step (c) in the derivation of
(B.13). Using the definition of v(k) in (B.23) we obtain

h(Y2|Y1,TnJ) — h(WQ‘Wl,TnJ) S l *Tm * ’Y(k)

With this bound, letting By £ 7L o e (t+ 70, 0)dt
and setting { £ — +3E < 00, considering § < FEEW we can
bound C, via (B.29), where in the derivation of (B.29), in step
(a) 7; denotes the sampling phase of the ¢-th block, and we also
use the fact that conditioning decreases the differential entropy
[53, Corollary on Pg. 253], and the fact that the noise process
W, [i] has a memory of 7,; in (b) Y, [i] = X,,[i] + W,[i].
The bound is obtained as follows: The mutual information
in (B.28), corresponds to the sum of the mutual information
of [ blocks, each consisting of k symbols. Note that the
period of the noise in this additive Gaussian WSCS noise
channel is p,, and each period of p, samples consists of
nk = pn/(k + 7m) independent'® MIMO subchannels, each of
size k X k. Applying the DCD, as in the proof of [5, Thm. 1]
we obtain an equivalent (ny - k) X (ny - k) MIMO channel:

Y k) ) = X k)] 4 g mek) ), (B.30)

10Note that if pn/(k + Tm) is not an integer we can set nx = pp, since
Pn - (k+ Tm) consecutive samples contain an integer number of periods and
is thus a period of the noise.

L1 1
~v(k) = 3 log (P -k 4+ OSI?Sa%(pw {ew, (t,())}) ts5 log(e) -

1
(B.23)
' £0) — 27, - (£ )
Ofrtnglgpw {CWC( ’ ) i \A?;af;ﬁ {|CWL( )|}}
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where W, *) [i] is a memoryless stationary noise process. max {\CW (t, \) |}) then, by [45, Corollary 6.1.5] it fol-
Then, as argued in [32, Sec, .D], capacity subject to the power  [A1>
constraint (6) is equivalent to capacity subject to a (MIMO) lows that that P > maxElg{C @) (o)} for any k € NT.

per-symbol average power constraint, i.e., This implies that the waterﬁlhng solution will use all the
eigenvalues of the noise correlation matrix. Recall that by
Tr{X(”’“'k) . (X(”’“‘k))T} <ng-k-P. the selection of n, see (B.26), for each k-block the trace of the

noise correlation matrix is within § from Eyy. Then, letting
Next, observe that the capacity of the channel (B.30) CW("k'k)(TO) A E{Wrgnk'k) . (Wrgnk'k))T‘To} we obtain from
subject to the above power constraint is obtained by water- (B.26) that
filling over the eigenvalues, see e.g., [30, Eqns. (15)-(16)].
As by condition (13). P > max (ew. (,0) + 273 - T { €y m ()} fnk~k'EW‘ < g ko,

1 PW

2 (M(Y2|Y1,7n) — (W2 Wi, 7))
E 2 (W(Yalrad) — HOW W, 7))
logdet((2me) - cov(Y2|7,1))
—logdet((27re) - (cov(Wa|rn) — COV(WQ,W1ITnJ)(COV(W1|Tn,Z)>_1COV(W1,WQ‘TnJ)))
= logdet(cov(Y2|rn,)) — logdet(COV(W2|Tn,l)

—cov(Wa, wl\w)(cov(W1|Tn,l))*1cov(wl,w2|w))

—
INe

(Z'Tm) log(P k+ maX {CW tO)})

0<t<

—logdet (cov(Wg |Tn,1) — cov(Wa, Wi, ) (COV(W1 ‘Tml)) 7100V(W1, W, |Tn75))

A

IN&
—
=

Tm) - log (P -k + Ogr%a%(pw {ew.(t,0)})

_ -1
+log(e) - (Tr{ (COV(W2|TnJ) — COV(WQ,Wl‘Tnyl)(COV(WﬂTn’l)) 1COV(W1,W2|TnJ)) }

_l . Tm)

(07 log (P e {ome (.00

IN

+(1-7m) - log(e) - maxDiag{ (COV(W2|Tn7l)

_ -1
_COV(W27 W1 ‘Tn,l> (COV(Wl |Tn,l)) 1COV(W1, W2|’Tn’l)) }

A

N
—_
=~

Tm) - log (P -k + Ogr?g%pw {ew.(t,0)})
+log(e) - (I-7m) - maxDiag{ (cov((WQT,WlT)TVnJ))_l}

-1
< (z-Tm).1og(P.k+0Sr?§%pw{cwc(t,())})+(z-Tm).1og(e).H(P.cm,mfm»(m,l)-PT) I,

S () dog (P okt max {ew,(1,0)}) + (1 7m) -log(e) | (Chpgeemmn () ™|

< (I 7wm) log(P-k+ o Jnax {ew. (t,0)})
1

min {ch(t,O)—QTm- max {Icwu(tﬁ)l}}

OStSpr |)\‘>p+1

+( - Tm) - log(e) - (B.27)
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The waterfilling rate for this case is then

e (e )
ot ey, 8 Det(CWan-m (TO))
(B.31)
< g (P +Ew 5)]“%
~ ke Det(CWank.k) (TO)>
= log Prbwi? (832

R/Det((: o k>(70))

Due to the discarding of 7, samples every k samples, the
ny k-blocks of the noise process W,(L"’“'k) are independent,
thus, (B.30) consists of ny parallel MIMO subchannels. The
waterfilling solution to channel 7. within this set results in a
rate of
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Then, the sum-rate over the ny, k-blocks can be upper bounded
as

P+ FE )
2L S R, <1log oW
ki .
H . Det W(k)( ))
P+ Ew+96
= log ;

which coincides with the upper bound in (B.32). Finally,
recalling that § < w, then, as we are interested in
bounding the distance between the upper bound and (B.31),
we consider

log (P + Ew + ) —log (P + Ew — 9)

1)
k
=1 P+ FE 1+ —
2Ric = % IOg 6
Det(cww(ﬁ‘c)) — log <(P + Ew) (1 - P—i—E))
' w
= log(e) - In (1 + 6)
< log PiBwio & P+ Ey
k Det(c (k) (TZC)) — 1og(e) . h'l (1 — -P_’_é-E)
w
G = I(T FRG S T b, ) 45
ikt Tim)— 1 i (b Tm) -1 [T - y(k)
< l. k'+Tm ( N4 Tm+(i— 1)k}7, 17{ N, Tm+ (31— 1)k}1:1 7—”’l)+m+5
_ z (k4+7m)—1
=0 (k o e e )
(k+7m)—1 2 (k4+7m)—1 l Tm * ’Y(k)
_h({Yn i Tm+(i—1)- k}1 1’{ n,t-Tm+(—1)- k}i_l’Tn’l)) T m +0
1 i) -1 Urbrm) = Tm - Y(k)
i (O ) (O ) + 2 v
(a) 1 l i (kb ren) 1 (k7o) Tm - ,y(k»)
>~ 71 (k_|_7-m) Zl (h(Yn,i~Tm+(i1)'k Ti) _h(anTer(z 1)k )) +7]€+7’m +5
l
_ 1 =i (k) —1 =i (k) — i (k) —1
- l- (k + Tm) ’ Zl (h(Yn,i»Tm—i-(i—l)-k Ti h(Yn - Tm+(i—1)- k‘ n,t-Tm+(1—1)- k’ )
Tm * 7(/43)
—— 44
+ A +
l
B 1 Ci(kbrm)—1 i (kbrm) —1 Tm - Y(k)
ERECGENE _1I(Xn’i-m+<z‘1>~k’ ) + (B-28)
(d) 1 _ _ .
< : max [(X®;7,0)7) + 02 1) s 1yee)
kot Tm {Fagpr AR B <P K+ Tm
" T0€[0,Tpw]
(c) k 1 (k) (k)| _opt T - Y(K)
= -—I(X Y P 2+ 5 (1+2-
k+Tm k ( n,opts *n ‘Tn7k)+ k+7—m + ( + 5)
()
< EI(XﬁgpnYé’“)\ T 426 (1+€) (B.29)
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(a) P —
< lo — W
1 1
=51 )
og(€) (P+EW o 5)
®) 3
<51 R
< 4 -log(e) 1 B
<2-4-¢,
where in (a) we used &= < In(l 4+ 2) < =z, Vo > —1,

1
which holds for § < ?; +EW, and (b') follows as § <
w. Thus, step (b) in the derivation of (B.29) follows
as we can upper bound the capacity of the channel in
(B.28) by the capacity of the best k-block subchannel, with
a maximum error of 2 - J - £, and we further maximize the
mutual information over the initial phase; step (c) follows
as the maximization in step (b) coincides with (B.9a). As
detailed in Section B-B, we use 7'°pt to denote the optimal

o)

input vector, and Yn to denote the corresponding channel
output, for the channel (8). Step (d) follows from our choice
of k € NT.

Lastly, we analyze the mutual information density rate of
the scheme considered in Subsections B-C.1-B-C.2. For any
deERst.0<L w, we can select k&, n and [ s.t.

Pr (Z“ﬁe (Fxggtk)h:f;t |T:’I];t) - (5 + 2. 6))

sampling phase, X, (k) . to denote the corresponding optimal

< liminf C,, —

n—oo
(a)

opt
S Pr (Zl'kae(FXf,gtk)\Tz‘: |Te k

(b)
opt
< Pr (Zl-k,e(Fx“'Z‘)lr"i“‘TC”“ )<
op €,

)SCTL_6(4+2§))

lI(X(k)

n,0pts

Y M |ren)-26)

;?.

(c)

é Pr (Zl~k,e (FX(();.JC) |rove |7‘:£t) %I(X‘Sl])?; Ye(k) ‘7—2?) _ 5)
(d)

< 36,

where (a) follows as liminf C,,, < C,, + § by the selection

of n € NT; (b) foll[é)ws from (B.29) and our selection
of k, n and [. Step (c) follows as the mutual information
expressions kI(XT(L L V|7 ort) and 1I(X§1]ft), Y¥|r o)
are maximized by Gaussian inputs [30, Eqns. (4), (30)]. Then
due to Lemma B.1, for the fixed k¥ € N*t, n can be selected
such that (B.25) is satisfied. Lastly, step (d) follows from the
bound in Eqn. (B.22), as [ € N can be selected arbitrarily
large. Consequently, we conclude that
Jim Pr (ZZ.MG(FX(();P“:?\Tfﬁt) <liminf G, ) =

By the rate expression in Section B-C.1 we obtain that a rate

of hmmf Cp-(1- #/T/T(E()e)) is achievable. Note that

ﬁxmg k sufficiently large, we can approach liminf C,, arbi-
trarily close. As a final comment, we note that "we considered
blocklengths which are integer multiple of k. Since k is fixed,
then by taking [ sufficiently large, we can use zero-padding
of up to k — 1 zeros and obtain a code with any blocklength,
causing only an arbitrarily small rate decrease.

It thus follows that liminf C,, is both achievable and,

by (B.17), it is the upper bound on the achievable rate, hence
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it is the capacity for the situation in which the transmitter can
select the most appropriate sampling phase for transmission.
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