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Abstract: A continuous-time white Gaussian channel can be formulated using a white Gaussian
noise, and a conventional way for examining such a channel is the sampling approach based on the
Shannon-Nyquist sampling theorem, where the original continuous-time channel is converted to
an equivalent discrete-time channel, to which a great variety of established tools and methodology
can be applied. However, one of the key issues of this scheme is that continuous-time feedback
and memory cannot be incorporated into the channel model. It turns out that this issue can
be circumvented by considering the Brownian motion formulation of a continuous-time white
Gaussian channel. Nevertheless, as opposed to the white Gaussian noise formulation, a link that
establishes the information-theoretic connection between a continuous-time channel under the
Brownian motion formulation and its discrete-time counterparts has long been missing. This paper is
to fill this gap by establishing causality-preserving connections between continuous-time Gaussian
feedback/memory channels and their associated discrete-time versions in the forms of sampling
and approximation theorems, which we believe will play important roles in the long run for further
developing continuous-time information theory. As an immediate application of the approximation
theorem, we propose the so-called approximation approach to examine continuous-time white
Gaussian channels in the point-to-point or multi-user setting. It turns out that the approximation
approach, complemented by relevant tools from stochastic calculus, can enhance our understanding
of continuous-time Gaussian channels in terms of giving alternative and strengthened interpretation
to some long-held folklore, recovering “long-known” results from new perspectives, and rigorously
establishing new results predicted by the intuition that the approximation approach carries.
More specifically, using the approximation approach complemented by relevant tools from stochastic
calculus, we first derive the capacity regions of continuous-time white Gaussian multiple access
channels and broadcast channels, and we then analyze how feedback affects their capacity regions:
feedback will increase the capacity regions of some continuous-time white Gaussian broadcast
channels and interference channels, while it will not increase capacity regions of continuous-time
white Gaussian multiple access channels.

Keywords: continuous-time channel; Gaussian channel; feedback; memory; sampling theorem;
network information theory; capacity; capacity region; mutual information

1. Introduction

Continuous-time Gaussian channels were considered at the very inception of information theory.
In his celebrated paper [1] birthing information theory, Shannon studied the following point-to-point
continuous-time white Gaussian channels:
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Y(t)=X(t)+Z(t), teR, 1)

where X(t) is the channel input with average power limit P, Z(f) is the white Gaussian noise with
flat power spectral density 1 and Y(t) are the channel output. Shannon actually only considered
the case that the channel has bandwidth limit w, namely, the channel input X and the noise Z,
and therefore the output Y all have bandwidth limit w (alternatively, as in (9.54) of [2], this can be
interpreted as the original channel (1) concatenated with an ideal bandpass filter with bandwidth limit
w). Using the celebrated Shannon-Nyquist sampling theorem [3,4], the continuous-time channel (1)
can be equivalently represented by a parallel Gaussian channel:

Yyl — xlw) y Zl0) e, @)

where the noise process {Z,Sw)} is i.i.d. with variance 1 [2]. Regarding the “space” index # as time,
the above parallel channel can be interpreted as a discrete-time Gaussian channel associated with the
continuous-time channel (1). It is well known from the theory of discrete-time Gaussian channels that
the capacity of the channel (2) can be computed as

(@) — L
C wlog (1 + 2w> . 3)

Then, the capacity C of the channel (1) can be computed by taking the limit of the above expression as
w tends to infinity:
C = lim C@ =p/2. @)
wWw—00

The sampling approach consisting of (1)—-(4) as above, which serves as a link between the
continuous-time channel (1) and the discrete-time channel (2), typifies a conventional way to examine
continuous-time Gaussian channels: convert them into associated discrete-time Gaussian channels,
for which we have ample ammunition at hands. Note that when P tends to 0, using the fact that when
Pis “close” to 0,

P 3 “" 7”7 P
wlog 1+@ is “close” to 5

one also reaches (4), which roughly explains the following long-held folklore within the information
theory community:

a continuous-time infinite-bandwidth Gaussian channel without feedback or memory is
“equivalent” to a discrete-time Gaussian channel without feedback or memory at low signal-to-noise
ratio (SNR). (A)

Moments of reflection, however, reveals that the sampling approach for the channel capacity (with
bandwidth limit or not) is heuristic in nature: For one thing, a bandwidth-limited signal cannot be
time-limited, which renders it infeasible to define the data transmission rate if assuming a channel has
bandwidth limit. In this regard, rigorous treatments coping with this issue and other technicalities can
be found in [5,6]; see also [7] for a relevant in-depth discussion. Another issue is that, even disregarding
the above technical nuisance arising from the bandwidth limit assumption, the sampling approach
only gives a lower bound for the capacity of (1): it shows that P/2 is achievable via a class of special
coding schemes, but it is not clear that why transmission rate higher than P/2 cannot be achieved
by other coding schemes. The capacity of (1) was rigorously studied in [8,9], and a complete proof
establishing P/2 as its de facto capacity can be found in [10,11].

Alternatively, the continuous-time white Gaussian channel (1) can be examined [12] under the
Brownian motion formulation:

Y(t) = /OtX(s)ds—i—B(t), ®)
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where, slightly abusing the notation, we still use Y (t) to denote the output corresponding to the
input X(s), and B(t) denotes the standard Brownian motion (Z(t) can be viewed as a generalized
derivative of B(t)); equivalently, the channel (5) can be seen as the original channel (1) concatenated
with an integrator circuit. As opposed to white Gaussian noises, which only exist as generalized
functions [13], Brownian motions are well-defined stochastic processes and have been extensively
studied in probability theory. Here we remark that, via a routine orthonormal decomposition
argument, both channels are equivalent to a parallel channel consisting of infinitely many Gaussian
sub-channels [14].

An immediate and convenient consequence of such a formulation is that many notions in discrete
time, including mutual information and typical sets, carry over to the continuous-time setting,
which will rid us of the nuisances arising from the bandwidth limit assumption. Indeed, such a
framework yields a fundamental formula for the mutual information of the channel (5) [15,16] and
a clean and direct proof [16] that the capacity of (5) is P/2; moreover, as evidenced by numerous
results collected in [12] and some recent representative work [17,18] on point-to-point Gaussian
channels, the use of Brownian motions elevates the level of rigor of our treatment, and equip us
with a wide range of established techniques and tools from stochastic calculus. Here we remark that
Girsanov’s theorem, one of the most important theorems in stochastic calculus, lays the foundation of
our rigourous treatment; for those who are interested in the technical details in our proofs, we refer
to [12,19], where Girsanov’s theorem (and its numerous variants) and its wide range of applications in
information theory is discussed in great details.

Furthermore, as elaborated in Remark 4, the Brownian motion formulation is also versatile enough
to accommodate feedback and memory; in particular, the point-to-point continuous-time white Gaussian
memory/feedback channel can be characterized by the following stochastic differential equation:

Y(t) = /Otg(s, W5, Y5)ds + B(t), te€[0,T], (6)

where ¢ is a function from [0, T] x C[0, T] x C[0, T] to R. Note that (6) can be interpreted

(1)  eitheras a feedback channel, where W3 = {W(r) : 0 < r < s} can be rewritten as M, interpreted as
the message to be transmitted through the channel, and g(s) can be rewritten as X(s), interpreted
as the channel input, which depends on M and Y, the channel output up to time s that is fed
back to the sender,

(2)  or as a memory channel, where Wj can rewritten as Xj, interpreted as the channel input, g is
“part” of the channel, and Y(t), the channel output at time f, depends on X6 and Yé, the channel
input and output up to time ¢ that are present in the channel as memory, respectively.

Note that, strictly speaking, the third parameter of g in (6) should be Y3, which, however, can be
equivalently replaced by Y; due to the continuity of sample paths of {Y(t)}. Note that, with the presence
of feedback/memory, the existence and uniqueness of Y is in fact a tricky mathematical problem;
however, we will in this paper simply assume that the input X is appropriately chosen such that Y
uniquely exists. For more detailed discussion about the Brownian motion formulation of continuous-time
Gaussian channels and preliminaries and known results thereof, we refer the reader to [12].

As opposed to the white Gaussian noise formulation, under the Brownian motion formulation,
memory and feedback can be naturally translated to the discrete-time setting: the pathwise continuity
of a Brownian motion allows the inheritance of temporal causality when the channel is sampled (see
Section 2) or approximated (see Section 3). On the other hand, the white Gaussian noise formulation is
facing inherent difficulty as far as inheriting temporal causality is concerned: in converting (1) to (2),
while X are obtained as “time” samples of X(t), Z\%) are in fact “space” samples of Z(t), as they are
merely the coefficients of the (extended) Karhunen-Loeve decomposition of Z(t) [20-22]; see also [23]
for an in-depth discussion on this.
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On the other hand, though, as opposed to the white Gaussian noise formulation, a link
that establishes the information-theoretic connection between the continuous-time channel (6) and
its discrete-time counterparts has long been missing, which may explain why discrete-time and
continuous-time information theory (under the Brownian motion formulation) have largely gone
separate ways with little interaction for the past several decades. In this paper, we will fill this
gap by establishing causality-preserving connections between the channel (5) and its associated
discrete-time versions in the forms of sampling and approximation theorems, which we believe will
serve as the above-mentioned missing links and play important roles in the long run for further
developing continuous-time information theory, particularly for the communication scenarios when
feedback/memory is present.

As an immediate application of the approximation theorem, we propose the approximation
approach to examine continuous-time Gaussian feedback channels with the average power constraint
and infinite bandwidth (again, by comparison, the conventional sampling approach cannot handle
feedback). It turns out that this approach, when complemented by relevant tools from stochastic
calculus, can greatly enhance our understanding of continuous-time Gaussian channels in terms of
giving alternative and strengthened interpretations to the low SNR equivalence in (A), recovering
“long known” results (Theorems 7 (for the non-feedback case), 8 and 10) from new and rigorous
perspectives, and deriving new results (Theorems 7 (for the feedback case), 9, 11 and 12) inspired by
the intuition that the approximation approach carries.

Below, we summarize the contributions of this paper in greater details.

In Section 2, we prove Theorems 1 and 2, sampling theorems for a continuous-time Gaussian
feedback/memory channel, which naturally connect such a channel with their sampled discrete-time
versions. In addition, in Section 3, we prove Theorems 3 and 4, the so-called approximation theorems,
which connect a continuous-time Gaussian feedback/memory channel with its approximated
discrete-time versions (in the sense of the Euler-Maruyama approximation [24]). Roughly speaking, a
sampling theorem says that a time-sampled channel is “close” to the original channel if the sampling
is fine enough, and an approximation theorem says that an approximated channel is “close” to the
original channel if the approximation is fine enough, both in an information-theoretic sense. Note that,
as elaborated in Remark 3, certain version of the approximation theorem boils down to the sampling
theorem when there is no memory and feedback in the channel.

Apparently a sampling theorem, whose spirit is in line with the Shannon-Nyquist sampling
theorem, is of practical and theoretical value due to the fact it deals with the “real” values of the
channel output; and, as will be elaborated later, approximation theorems seem to be surprisingly
useful in a number of respects despite the fact it only deals with the “approximated” values of the
channel output: it can certainly provide alternative rigorous tools in translating results from discrete
time to continuous time; more importantly, as elaborated in Section 4, it lays the foundation for the
approximation approach, which gives us the intuition in the point-to-point continuous-time setting,
which will further help us to deliver rigorous treatments of multi-user continuous-time Gaussian
channels in Section 5.

More specifically, in Section 5, we derive the capacity regions of a continuous-time white
Gaussian multiple access channel (Theorem 7), a continuous-time white Gaussian interference channel
(Theorem 8), and a continuous-time white Gaussian broadcast channel (Theorem 10). Here, we note
that when there is no feedback, as discussed in Remark 5, the results above are “long known” in
the sense that they are roughly suggested by the conventional sampling approach, or alternatively,
the low SNR equivalence in (A). However, to the best of our knowledge, explicit formulations and
statements of such results are missing in the literature and their rigourous proofs are non-trivial (for
instance, when establishing Theorem 10, we have to resort to the continuous-time I-minimum mean
square error (MMSE) relationship [25], which has been established only recently). By comparison, the
presence of feedback necessitates the use of the approximation approach, which help us to connect
relevant results and proofs in discrete time to analyze how feedback affects the capacity regions of
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families of continuous-time multi-user one-hop Gaussian channels: feedback will increase the capacity
regions of some continuous-time Gaussian broadcast channels (Theorem 12) and interference channels
(Theorem 9), while it will not increase capacity regions of a continuous-time physically degraded
Gaussian broadcast channel (Theorem 11) and a continuous-time Gaussian multiple access channels
(Theorem 7).

2. Sampling Theorems

A very natural question is whether, similarly for the white Gaussian noise formulation, sampling
theorems hold for continuous-time white Gaussian channels under Brownian motion formulation.
In this section, we will establish sampling theorems for the channel (6), which naturally connect such
channels with their discrete-time versions obtained by sampling.

Consider the following regularity conditions for channel (6):

(@) The solution {Y(t)} to the stochastic differential Equation (6) uniquely exists;
(b)

T T
P (/O S (t, Wi, Yh)dt < oo) —P (/O QA(t, WE, B)dt < oo) Y

(0) .
| Ellate, W, v§) 1t < o

Note that all the three above conditions are rather weak: Condition (a) is necessary for the channel to
be meaningful, and Conditions (b) and (c) are very mild integrability assumptions.
Now, for any n € N, choose time points t,0,t,1,...,tnn € R such that

0= fno <tpg < <tpy-1<tpn= T,

and let A, £ {two,tn1, -, tun}. Sampling the channel (6) over the time interval [0, T| with respect to
Ay, we obtain its sampled discrete-time version as follows:

Zfn,i
Y(ty,) :/0 o(s, WE,Y3)ds + B(ty;), i=0,1,...,n. @)

7

For any time-point sequence A;;, we will use d,, to denote its minimal stepsize, namely,

ba, =  max n(tn,i —tpio1)-

i=1,2,

Ay, is said to be evenly spaced if t,,; — t,, ;_1 = T /n for all feasible i, and we will use the shorthand notation
5y to denote its stepsize, i.e., 6, = t,,1 — t,0 = T/n. Apparently, evenly spaced time-point sequences are
natural candidates with respect to which a continuous-time Gaussian channel can be sampled.

We are primarily concerned with the mutual information for the channel (6), whose standard
definition (see, e.g., [12,26]) is given below:

d . d .
E {log dwﬁ‘%y(wg, YOT)} , if dw’:}”l;y exists , @®)

I(Wg;Yg) =
00, otherwise,
where the subscripted pu denotes the measure induced on C[0,T] or C[0,T] x C[0,T] by the
corresponding stochastic process and duyy /dpyw X py denotes the Radon-Nikodym derivative of pypy
with respect to duw x py. Here we note that the same definition with appropriately modified sample
spaces applies to the degenerated case when WOT and/or YOT are random variables.
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Roughly speaking, the following sampling theorem states that for any sequence of “increasingly
refined” samplings, the mutual information of the sampled discrete-time channel (7) will converge to
that of the original channel (6).

Theorem 1. Assume Conditions (a)—(c). Suppose that A, C Ay 41 for all n and that 55, — 0 as n tends to
infinity. Then, we have
lim I(W;Y(An)) = I(WS; YT),

n—o0

where Y (Ay) = {Y (ty0), Y (tu1), -, Y(tun)}.

Proof. The proof is rather technical and thereby postponed to Appendix A. [

Regarding the assumptions of Theorem 1, as mentioned before, Conditions (a)-(c) are very weak,
but the condition that “A;, C A, 41 for all n” is somewhat restrictive, which, in particular, is not satisfied
by the set {A,} of all evenly spaced time-point sequences. We next show that this condition can be
replaced by some extra regularity conditions: The same theorem holds as long as the stepsize of the
sampling tends to 0, which, in particular, is satisfied by the set of all evenly spaced sampling sequences.

Below and hereafter, defining the distance ||U§ — V{|| between U and V{ with0 < s < tas

IU5 = VoIl = sup |U(r) = V(r)| + sup [U(s) = V(r)], ©)

re0,3] re(st]
we may assume the following three regularity conditions for the channel (6):

(d)  Uniform Lipschitz condition: There exists a constant L > 0 such that for any 0 <
51,52,53, tlr tZr t3 < T/ any ugr VOTr Y(’)T and Zg/

ty St t t
18 (s1, Ug?, Yg*) — 8(t1, Vo*, Z¢')| < L(|s1 — ] + |Ug = Vo* | + 11Yg* = Z5' |1);
e niform linear growth condition: There exists a constant L. > 0 such that for an and an ,
( Uniform linear growth condition: Th i L > 0 such that for any W] and any Y]
|8 (t, Wo, Yo)I < L1+ [Woll + 1Y511),
where

IWoll = sup [W(r)|, [IYgll = sup [Y(r)[;
re[0,4] rel0,4]

(f)  Regularity conditions on W: There exists ¢ > 0 such that
E[esHWgHﬁ < oo,
and for any K > 0, there exists ¢’ > 0 such that

E[eKouPis-nie W) -WOP] < o

7

and there exists a constant L > 0 such that for any ¢ > 0,

Elsupj,_yj<er(W(s) — W(H)*] < L(")2.

The following lemma, whose proof is postponed to Appendix B, says that Conditions (d)—(f)
are stronger than Conditions (a)—(c). We however remark that Conditions (d)—(f) are still rather mild
assumptions: The uniform Lipschitz condition, uniform linear growth condition and their numerous
variants are typical assumptions that can guarantee the existence and uniqueness of the solution
to a given stochastic differential equation. In theory, these two conditions are considered mild in
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the sense there are examples that the corresponding stochastic differential equation may not have
solutions at all if these two conditions are not satisfied (see, e.g., [27]). Note that the third condition is
a mild integrability condition; as a matter of fact, for a feedback channel where W is interpreted as the
message, this condition is trivially satisfied. All three conditions above will be taken for granted in
most practical communication situations: as might be expected, the signals employed in practice will
be much better-behaving.

Lemma 1. Assume Conditions (d)—(f). Then, there exists a unique strong solution of (6) with initial value
Y (0) = 0. Moreover, there exists ¢ > 0 such that

E[e1%0 7] < oo, (10)
which immediately implies Conditions (b) and (c).

Roughly speaking, the following sampling theorem states that if the stepsizes of the samplings
tend to 0, the mutual information of the channel (7) will converge to that of the channel (6). Note that
in this theorem, we do not need the assumption that “A, C A, for all n”, which is required in
Theorem 1.

Theorem 2. Assume Conditions (d)—(f). For any sequence {Ay } with 65, — 0 as n tends to infinity, we have

lim I(Wg;Y(An)) = I(Wg; Yg )

n—oo

Proof. The proof is rather technical and lengthy, and thereby postponed to Appendix C. We note that,
as detailed in Remark A1, the arguments in the proof can be adapted to yield a sampling theorem in
estimation theory. O

3. Approximation Theorems

In this section, we will establish approximation theorems for the channel (6), which naturally
connect such channels with their discrete-time versions obtained by approximation. As elaborated
in later sections, the approximation theorem will underpin the approximation approach that will be
introduced in Section 4.

An application of the Euler-Maruyama approximation [24] with respect to A, to (6) will yield a
discrete-time sequence {Y(")(t,;) :i = 0,1,...,n} and a continuous-time process {Y(")(t) : t € [0, T]},
a linear interpolation of {Y(t,;)}, as follows: Initializing with Y (") (0) = 0, we recursively compute,
foreachi=0,1,...,n—1,

tn,i+1 . .
YOty i00) = YO (1) + [ s, W5, X" s + Bltnis1) = Bt,), an
t—ty;

(YO (b 0) = YU (,0)), b S ES by (12)

YO (t) = Y (ty,) +
’ tn,i+1 - tn,i

We are now ready to prove the following theorem:
Theorem 3. Assume Conditions (d)—(f). Then, we have

lim 1(WJ; Y™ (A,)) = IWE YD),

n—oo

where Y (Ay) 2 {Y) (t,,0), Y (£,1),..., YD (£,,)}.
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Proof. The proof is rather technical and lengthy, and thereby postponed to Appendix D. We note
that, as detailed in Remark A2, the arguments in the proof can be adapted to yield an approximation
theorem in estimation theory. [

For any {A,}, let W(")(t) denote the piecewise linear version of W] with respect to Ay;
more precisely, for any i = 0,1,...,n, W(”)(tn,i) = W(t,;), and for any t,; 1 < s < t,; withs =
Atyi1+ (1= A)t,; where0 < A < 1, W (s) = AW(t,;_1) + (1 — A)W(t, ;). The following modified
Euler-Maruyama approximation with respect to A, applied to the channel (6) yields a discrete-time
sequences {Y(")(t, ;) :i=0,1,...,n} and a continuous-time processes {Y") (t) : t € [0, T]} as follows:
Initializing with Y (") (0) = 0, we recursively compute, for each i = 0,1,...,n — 1,

tn,i 1 n)tn,i n)tni
YO (ti0) = YO b))+ [ (s W 0" Vs 4 Bltion) ~ Bltr), (13)
t— tn,i

?(Y(n)(tn,z#l) - Y(n)(tn,i))/ b <t <tyi1. (14)
n,i n,i

YO (E) = Y (8,) +
Now, using a parallel argument in the proof of Theorem 3, we have the following approximation theorem.
Theorem 4. Assume Conditions (d)—(f). Then, we have

lim 1(W)(A,); Y (A0)) = T(WG;Yg)-

n—oo

Remark 1. When the channel (6) is interpreted as a feedback channel, both W and W are precisely M.
When the channel (6) is interpreted as a memory channel, Theorem 4 states that the mutual information between
its input and output is the limit of that of its approximated input and output (in the sense of the above-mentioned
modified Euler-Maruyama approximation).

Other variants of the Euler-Maruyama approximation can also be applied to the channel to yield
variants of the approximation theorem. For instance, under Conditions (d)—(f), for the following
variant of the Euler-Maruyama approximation,

'tn,i+1

YO (1) = YO (1) + /t g(tnis Wén’i/ Yén)'tn’i)ds + B(tn,it1) — B(tui), (15)

n,i

a parallel argument as in the proof of Theorem 3 will give the following variant of Theorem 3:

Theorem 5. Assume Conditions (d)—(f). Then, we have

lim I(Wg; Y (80)) = I(WG 7). (16)
Moreover, for
tn,i+1 . .
YO (b i1) = YO ) + [ gt WG Y )s + Bltnin) = Bta), (17)

we have the following variant of Theorem 4:
Theorem 6. Assume Conditions (d)—(f). Then, we have

lim I(W®™ (A); Y (An)) = I(WG;Y]). (18)

n—oo

Regarding the approximation theorem and its variants, we make the following several remarks.
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Remark 2. Continuous-time directed information has been defined in [18] for continuous-time white Gaussian

channels with positively delayed feedback. In this remark, we show that our approximation theorem can be used to give

an alternative definition of continuous-time directed information, even for the case that the feedback is instantaneous.
Consider the following continuous-time Gaussian feedback channel:

Y(t) = /OtX(s,M,YS)ds—i—B(t), te[0,T). (19)

For any Ay, we define X" (-) as follows: for any t with t,,; <t < t,; 1,
i-1

by , t )
X0t = Y [ X (s, M0 s+ [ X (s, MG s
]‘:O tn j tn,i

Writing X(t, M, Yé")’ ) as X" () for simplicity, (11) can be rewritten as
YO (ti41) = YO () + X (b i01) = XU (k) + Btwig1) — B(tn,i),
for which it can be readily checked that
IXO (M) = Y0 (A,)) = I(M; Y (A,)). (20)

Theorem 3 and the above observation can be used to define continuous-time directed mutual information. To be
more precise, the continuous-time directed information from X! to Y of the channel (19) can be defined as

(X = Y]) 2 Lim [(X™(A,) = YD (A)). (21)

n—oo

Consider the following continuous-time Gaussian channel with possibly delayed feedback:
t
Y(t) = / X(s, M, Ys"P)ds + B(t), te0,T], (22)
0
where D > 0 denotes the delay of the feedback. In [18], the notion of continuous-time directed information from
X{ to Y] is defined as follows:
T T - 1
Ip(Xy = Yy) = g\nfgl( tnO; tn, 1|Yt:(; ). (23)
1=

It is proven that for the case D > 0, using this notion, a connection between information theory and estimation
theory can be established as follows:

(X} ) = 1 [ EI(X(0) ~ BIX()[Yg) Y. (24)

On the other hand though, it is easy to see that for the case D = 0, i.e., there is no delay in the feedback as in (19),
the definition in (23) and the equality as in (24) may run into some problems: Consider the extreme scenario and
choose X(t) = —Y (t) for any feasible t, then clearly the right-hand side of (24) should be equal to 0. On the
other hand, though, for the left-hand side, each small interval in (23) will yield

b b b ‘o i
Io—o(XpH 5 Y W) = Insg (Y YY) = Ipo (Y Y4 Y (8, ),

where for the last equality, we have used the fact that under the assumption that X(t) = =Y (t), {Y(t)} is
an Ornstein—Uhlenbeck process, which is a Gaussian Markov process. Noting that given Y (t;) = y(t;),
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the Radon-Nikodym derivative du iyl / dyyfi b X Pt does not exist, we conclude, by referring to the
i T ti ti

definition in (8), that

Ip—o (Y"1, (1,,1)) = oo, and thereby, Ip_o(X,""*; Y, *1[Y;") = co,
which further implies that, Ip_o(X{ — Y{), the left-hand side of (24) at D = 0 is infinite, a contradiction.
On the other hand, be it the case D > 0 or D = 0, with the definition in (21), Theorem 3 however promises:

T
1 = ¥8) = 1) = 5 [ ELK() — EIX () Y] Pl
0
Remark 3. When there is no feedback or memory, Theorem 3 boils down to Theorem 2: obviously we will have
for any feasible i
YO (b) = Y (t,1),

’

which means that Theorem 3 actually states

lim I(W;Y () = IIWE YY),

n—oo

which is precisely the conclusion of Theorem 2. Moreover, by Remark 2, we also have

Tim 1(X) (8); Y(A)) = Tim 1K) (8) = Y(An)) = TN YT).
Remark 4. In this remark, we briefly discuss the possible applications of our sampling and approximation
theorems, both of which we believe will important roles in the long run for further developing continuous-time
information theory, particularly for scenarios where feedback and memory are present.

Taking advantage of the pathwise continuity of a Brownian motion, our sampling theorems, Theorems 1
and 2, naturally connect continuous-time Gaussian memory/feedback channels with their discrete-time
counterparts, whose outputs are precisely sampled outputs of the original continuous-time Gaussian channel.
In discrete time, the Shannon—McMillan—Breiman theorem provides an effective way to approximate the entropy
rate of a stationary ergodic process, and numerical computation and optimization of mutual information of
discrete-time channel using the Shannon—McMillan—Breiman theorem and its extensions have been extensively
studied (see, e.g., [28,29] and references therein), which suggests our sampling theorems may well serve as
a bridge to capitalize on relevant results in discrete time to numerically compute and optimize the mutual
information of continuous-time Gaussian channels. In short, despite numerous technical barriers that one
needs to overcome, we believe that in the long run the sampling theorems can help us in terms of numerically
computing the mutual information and capacity of continuous-time Gaussian channels.

By comparison, our approximation theorems, Theorems 3 and 4, are somewhat “artificial” in the sense that
the outputs of the associated discrete-time channels are only approximated outputs of the original continuous-time
channels. Nonetheless, as the Euler-Maruyama approximation of a continuous-time channel yields the form of a
discrete-time channel typically takes, our approximation theorems allow a smooth translation from the results
and ideas from the discrete-time setting to the continuous-time setting. As a result, the approximation theorems
underpin the so-called approximation approach (to be introduced in Section 4) and readily yield results for
continuous-time Gaussian channels in the multi-user setting, which will be elaborated in the following sections.

4. The Approximation Approach

Consider the following continuous-time white Gaussian channel with feedback

Y(t) = /;X(s, M,Y;)ds + B(t), t>0, (25)
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satisfying the power constraint: there exists P > 0 such that for any T, with probability 1
1 (T
- / X2(s, M, Y)ds < P. (26)
0

As mentioned in Section 1, it is well known that the capacity of the above channel is P/2 (The same
result can be established under alternative power constraints; see, e.g., [12]).

As elaborated in Section 1, when there is no feedback in the channel, i.e., the channel (25) is
actually equivalent to (1), and one can “derive” the non-feedback capacity heuristically using the
conventional sampling approach as in (1)—(4). But this approach is unable to tackle feedback since an
application of the Shannon-Nyquist sampling theorem will destroy the temporal causality.

In this section, we use our approximation theorems to give an alternative way to “derive” the
capacity of (25), which will be referred to as the approximation approach in the remainder of the paper.
Compared to the sampling approach, the approximation approach can handle feedback due to the fact
the Euler-Maruyama approximation preserves temporal causality. Below we briefly explain this new
approach, which will be further developed and used, either heuristically or rigorously, in Section 5,
where multiple users may be involved in a communication system.

For fixed T > 0, consider the evenly spaced sequence A, with stepsize 6, = T/n. Applying the
Euler-Maruyama approximation (15) to the channel (25) over the time window [0, T], we obtain

(n) _ () it (1) b
YU (tni1) =Y (ti) + | X(tni, M, Yo" ")ds + B(bni1) — B(tn,)- (27)
By Theorem 5, we have
I(M;Y]) = lim I(M; Y (A)). (28)

Our strategy is to “establish” the capacity for the discrete-time channel (27) first, and then the capacity
for the continuous-time channel (25) using the “closeness” between the two channels, as claimed by
approximation theorems.

For the converse part, we first note that

TG YO (8)) = 31O (1) = YO (81 |V 02) — Y (B(tns) = Bltns-1)

|
™=

I
—
H

h(Y(n)(tn,i) - Y( nz 1 2 tni—l))'

IN

i
L
W

It then follows from the fact

Var(Y? (t,1) — YO (1)) = E[(YY) (1,0) — Y (16-1))?]

=E[s (X("( _1))?] + E[(B(ty,) — B(ty,i-1))’]
:E[5 ( (nl l)>2]+5ﬂ/
that
104 < 5 3 og(1-+ SiELX (1)) 9)
< ;i_zo(snla[<x<"><tn,i>>21, (30)
which, by (28), immediately yields
I(M;YT) < %/OTE[XZ(S)MS < ? (31)
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which establishes the converse part.

For the availability part, note that if we assume all X(")(t,; ;) are independent of the Brownian
motion B with E[(X() (twi—1))?] = P, then the inequalities in (29) and (30) will become equalities.
The part then follows from a usual random coding argument with codes generated by the distribution
of X" (or more precisely, a linear interpolation of X(")). Tt is clear that as 1 tends to infinity, the process
X (") behaves increasingly like a white Gaussian process. This observation echoes Theorem 6.4.1 in [12],
whose proof rigorously shows that an Ornstein—Uhlenbeck process that oscillates “extremely” fast will
achieve the capacity of (25).

Roughly speaking, similar to the conventional sampling approach, the above approximation
approach establishes a continuous-time Gaussian feedback channel as the limit of the associated
discrete-time channels as the SNR for each channel use shrink to zero proportionately (note that in the
above arguments, the SNR for each channel use is J,;). In other words, we have strengthened the low
SNR equivalence in (A) as follows:

a continuous-time infinite-bandwidth Gaussian channel with feedback is “equivalent” to a
discrete-time Gaussian channel with feedback at low SNR. (B)

We remark however that for the purpose of deriving the capacity of (25) though, the approximation
approach, like the conventional sampling approach, is heuristic in nature: Theorem 3 does require
Conditions (d)—(f), which are much stronger than the power constraint (26). Nevertheless, this approach
is of fundamental importance to our treatment of continuous-time Gaussian channels: as elaborated in
Section 5, not only can it channel the ideas and techniques in discrete time to rigorously establish new
results in continuous time, more importantly, it can also provide insights and intuition for our rigorous
treatments where we will employ established tools and develop new tools in stochastic calculus.

5. Continuous-Time Multi-User Gaussian Channels

Extending Shannon’s fundamental theorems on point-to-point communication channels to general
networks with multiple sources and destinations, network information theory aims to establish the
fundamental limits on information flows in networks and the optimal coding schemes that achieve
these limits. The vast majority of researches on network information theory to date have been focusing
on networks in discrete time. In a way, this phenomenon can find its source from Shannon'’s original
treatment of continuous-time point-to-point channels, where such channels were examined through
their associated discrete-time versions. This insightful viewpoint has exerted major influences on the
bulk of the related literature on continuous-time Gaussian channels, oftentimes prompting a model shift
from the continuous-time setting to the discrete-time one right from the beginning of a research attempt.

The primary focus of this section is to illustrate the possible applications of the approximation
approach: (1) Guided by this approach, we will rigorously derive the capacity regions of families of
continuous-time multi-user one-hop white Gaussian channels, including continuous-time multi-user
white Gaussian multiple access channels (MACs) and broadcast channels (BCs). To deliver the
rigourous proofs of our results, we will directly work within the continuous-time setting, employing
established tools and developing new tools (see Theorems A3 and A5) in stochastic calculus to
complement the approximation approach; (2) We can also rigorously apply this approach to examine
how feedback affects the capacity regions of the above-mentioned channels via translations of results
and techniques in discrete time. It turns out that some results can be translated from the discrete-time
setting to the continuous-time setting, such as that feedback increases the capacity region of Gaussian
BCs, and that feedback does not increase the capacity region of physically degraded BCs. Nevertheless,
there is a seeming “exception”: as opposed to discrete-time Gaussian MACs, feedback does not increase
the capacity region some of continuous-time Gaussian MACs, which, somewhat surprisingly, can also
be explained by the approximation approach as well.
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Below, we summarize the results in this section. To put our results into a relevant context, we will
first list some related results in discrete time, and for obvious reasons, we can only list those that are
most relevant to ours.

Gaussian MACs. When there is no feedback, the capacity region of a discrete-time memoryless
MAC is relatively better understood: a single-letter characterization has been established by
Ahlswede [30] and the capacity region of a Gaussian MAC was explicitly derived in Wyner [31] and
Cover [32]. On the other hand, the capacity region of MACs with feedback still demands more complete
understanding, despite several decades of great effort by many authors: Cover and Leung [33] derived
an achievable region for a memoryless MAC with feedback. In [34], Willems showed that Cover and
Leung’s region is optimal for a class of memoryless MACs with feedback where one of the inputs is
a deterministic function of the output and the other input. More recently, Bross and Lapidoth [35]
improved Cover and Leung’s region, and Wu et al. [36] extended Cover and Leung’s region for the case
where non-causal state information is available at both senders. An interesting result has been obtained
by Ozarow [37], who derived the capacity region of a memoryless Gaussian MAC with two users via a
modification of the Schalkwijk-Kailath scheme [38]; moreover, Ozarow’s result showed that in general,
the capacity region for a discrete memoryless MAC is increased by feedback.

In Section 5.1, guided by the approximation approach, we first establish Lemma A3, a key lemma
which roughly says that “other users can be simply treated as noises”, and we then employ established
tools from stochastic calculus to derive the capacity region of a continuous-time white Gaussian MAC
with m senders and with/without feedback. It turns out that for such a channel, feedback does not
increase the capacity region, which, at first sight, may seem at odds with the aforementioned Ozarow’s
result and the conclusion of our approximation theorems. This however can be roughly explained
by the well-known fact that “>" may become “=" when taking the limit (indeed, a,, > b, does not
necessarily imply lim;, e 2, > lim, 0 by); see Remark 6 for a more detailed explanation.

Gaussian ICs. The capacity regions of discrete-time Gaussian ICs are largely unknown except
for certain special scenarios: The capacity region of Gaussian ICs with strong interference has been
established in Sato [39], Han and Kobayashi [40]. The sum-capacity of Gaussian ICs with weak
interference has been simultaneously derived in [41-43]. The half-bit theorem on the tightness of the
Han-Kobayashi bound [40] was proven in [44]. The approximation of the Gaussian IC by the g-ary
expansion deterministic channel was first proposed by Avestimehr, Diggavi, and Tse [45]. Outer and
inner bounds on the feedback capacity region of Gaussian interference channels are established by
Suh and Tse [46]. Note that all the above-mentioned work deal with ICs with two pairs of senders and
receivers. For more than two user pairs, special classes of Gaussian ICs have been examined using the
scheme of interference alignment; see an extensive list of references in [47].

In Section 5.2, using a similar approach that we developed for continuous-time Gaussian MACs,
we derive the capacity region of a continuous-time white Gaussian IC with m pairs of senders and
receivers and without feedback. In addition, we also use a translated version of the argument in [46]
and the approximation approach to show that feedback does increase the capacity region of certain
continuous-time white Gaussian IC.

Gaussian BCs. The capacity regions of discrete-time Gaussian BCs without feedback are well
known [48,49]. In addition, it has been shown by El Gamal [50] that feedback cannot increase the
capacity region of a physically degraded Gaussian BC. On the other hand, it was shown by Ozarow
and Leung [51] that feedback can increase the capacity of stochastically degraded Gaussian BCs,
whose capacity regions are far less understood.

In Section 5.3, we first establish a continuous-time version of entropy power inequality
(Theorem A5) and then derive the capacity region of a continuous-time Gaussian non-feedback
BC with m receivers. Employing the approximation approach, we use a modified argument in [50] to
show that feedback does not increase the capacity region of a physically degraded continuous-time
Gaussian BC, and on the other hand, a translated version of the argument in [51] to show that feedback
does increase the capacity region of certain continuous-time Gaussian BC.
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Here we remark that the above-mentioned capacity results for the non-feedback case (Theorems 7
(for the non-feedback case) and 10) are “long known” in the sense that they are “predicted” by the
conventional sampling approach and their proofs follow from the usual framework. On the other
hand, though, explicit formulations and statements of these results and their rigorous and complete
proofs, to the best of our knowledge, do not exist in the literature. The reason, we believe, is that there
are a number of technical difficulties that one has to overcome to prove such results: Lemmas A3
and A5 (which is based on the I-MMSE relationship that has only been established in [25]) are newly
developed in this work and their proofs are non-trivial.

In contrast, the approximation approach can be applied to continuous-time Gaussian feedback
channels, either heuristically or rigorously. More specifically, it can be heuristically applied to “explain”
Theorems 7 (on feedback capacity) and 10) and give us intuition (as elaborated in Remark 6, it helps
“predict” the optimal channel input distribution, which has been made rigorous in Lemma A3), and it
can also be applied to establish Theorems 11 and 12.

5.1. Gaussian MACs

Consider a continuous-time white Gaussian MAC with m users, which can be characterized by

t t t
Y(t):/ Xl(s,Ml,Yg)ds—ir/ Xz(s,Mz,Yg)ds—i—---—i—/ Xo(s, My, Y5)ds + B(t), t>0, (32)
0 0 0

where X; is the channel input from sender i, which depends on M;, the message sent from sender i,
which is independent of all messages from other senders, and possibly on the feedback Y§, the channel
output up to time s.

For T,Ry,...,Ry,Py,...,Py > 0, a (T,(e™,...,eTRm),(Py,..., Py))-code for the MAC (32)
consists of m sets of integers M; = {1,2,... ,eTRi} the message alphabet for user i,i = 1,2,...,m,
and m encoding functions, X; : M; — C|0, T], which satisfy the following power constraint: for any
i=1,2,...,m,with probability 1,

1 T
- /O X2(s, M;, Y§)ds < P, (33)

and a decoding function,
g:C[0,T] = My X My X -+ X My,

The average probability of error for the above code is defined as

T
P = TR LMy Mo, Mo )My x Myx My PLE(YG) # (M1, Mo, ..., M) | (M1, My, ..., My) sent}.

,,,,,

A rate tuple (Ry,Ry,...,Ry) is said to be achievable for the MAC if there exists a sequence of
(T, (e™a,...,eTRm), (Py,..., Py))-codes with Pe(T) — 0as T — co. The capacity region of the MAC is
the closure of the set of all the achievable (Ry, Ry, ..., Ry,) rate tuples.

The following theorem, whose proof is postponed to Appendix E, gives an explicit characterization
of the capacity region of (32).

Theorem 7. Whether there is feedback or not, the capacity region of the continuous-time white Gaussian
MAC (32) is
{(R1,R2,...,Rn) e RY :R; <P;/2, i=12,...,m}.

Remark 5. When there is no feedback, Theorem 7 can be heuristically explained using the sampling approach as
in (2)—(4) (this heuristic approach in this example should be well known; see, e.g., Exercise 15.26 in [2]).
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For simplicity only, we consider the following continuous-time white Gaussian multiple access channel
with two senders:
Y(t) = X1(t) + Xo(t) + Z(¢), teR, (34)

where X;, i = 1,2, is the input from the i-th user with average power limit P;. Juat as before, consider its
associated discrete-time version corresponding to bandwidth limit w:

Yo =X\ +x\ + 2, net
Then, it is well known [47] that the outer bound on the capacity region can be computed as
(R,Ry) € R2 : Ry < Wlo 1+ 20) Ry < Wiog (14 22
1,182 I AG g 2w )’ 2> g 2w ’

and the inner bound as

P P, P+ P
2. p o l < ) < 1+ P
{(Rl,Rz)€R+.R1_wlog(l—l—zw),Rz_wlog<1+2w>,R1+R2_wlog 1+ 50 .

(Here, it is known [31,32] that the outer bound can be tightened to coincide with the inner bound, which, however,
is not needed for this example.) It is easy to verify that the two bounds also collapse into the same region as w
tends to infinity:

{(Ry,Ry) € R : Ry < P1/2,Ry < P2/2},
which is “expected” to be the capacity region of (34); or alternatively, one can apply the low SNR equivalence in

(A) and take the limit as P tends to 0, reaching the same conclusion. Note that similar arguments hold for more
than two senders as well through a parallel extension.

Remark 6. When the feedback is present in the channel, the approximation approach, rather than the

conventional sampling approach, is necessary to explain Theorem 7.
Aguain, for simplicity only, we consider the following continuous-time Gaussian MAC with two senders:

t t
Y(t) = / X1 (s, My, Y5)ds +/ Xa(s, My, Y3)ds + B(t), t>0, (35)
0 0
with the power constraints: there exist Py, P, > 0 such that for all T,
T T
/ X2(s, My, Y3)ds < PiT, / X3(s, My, Y3)ds < P,T. (36)
Jo 0

Applying the Euler-Maruyama approximation to the above channel over the time window [0, T| with respect to
the evenly spaced A, with 6, = T /n, we obtain

tni /tni tni /tni
YO (b 1) = YOO (b 0) + [0 Xy (s, My, Yo " )ds + [} Xa(s, Mo, Yo" )ds + Bty i11) — B(tu,)-
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Now, straightforward computations and a usual concavity argument then yields that for large n,

I(My; YU (A0)[Ma) = h(Y!™ (80) [ Ma) = (Y™ (8)| My, M)

|
™= =

Il
—_

0

n
RO (1, ) Y7, M) = 37 (YO (8, [Y 1, My, M)
i=1

IN
gt
N =
1
Q
aQ

tn,i ()t 2 1
E (/1: X1 (S, My, YO il )dS) +0, | — 3 log(én)
Ylni-1

tnj
( EX; (s, Ml,Yém’t”/”l)zds) O + 5,,> - %log(én)

tn,i—l

Il
-

I
™=
N =

Il
-

IN
1=
N =
—
Q
o
N TN N

tn,i .
log / EX; (s, My, Yé")’t”"’l )2ds + 1>
Fnji-1

< i il/tn'i EX; (s, M Y(")/tn,i—l)ZdS
_»7-72t', 1\5, V11, I
i=1i=1 ni—1
n n 1 trz,i
~Y ) 5 / EX (s, My, Y§)*ds
i=1i=1 < /tniz1
< pT
- 2

A completely parallel arqument will yield that

I(Mp; Y (M) | My) < g
It then follows from Theorem 3 the region below give an outer bound of the capacity region:
{(R1,R2) :0< Ry < P1/2, 0< Ry < Py/2}. (37)

To see that this outer bound can be achieved, set X1 (s), X2(s), t,; <5 < ty i1, in (35) to be independent
Gaussian random variables with variances Py, P, respectively. Then, one verifies that for large n,

I(My;Y(An)) = B(Y(An)) — h(Y(An)|[ M)
(

n n
= Zh Y(tn,i)) - Zh(y(tn,i)|M1)
i=1 i=1
< 1 2 2 1 2
= Z 5 log (P16 + Pody; + 6y) — 5 log(Py0; + 6n) (38)
i—1
| P62 )
=Y Clog(1+-—1 39
l.; 2 %8 ( P>02 + o, (39)
~ P T/2, (40)

where we have used the fact that 6, is “close” to O for large enough n for (40), which, parallelly as in Remark 5,
can be alternatively explained by taking Py to 0 and then applying the low SNR equivalence in (B). With a
similar argument, one can prove that

I(My; Y(Ay)) = PT/2.

It then follows that the outer bound in (37) can be achieved.

Here we remark that similarly as in Section 4, for n large enough, the constructed processes X1 and Xp
behave like “fast-oscillating” Ornstein—-Uhlenbeck processes, and moreover, from (38) and (39), one can tell that
for one user to achieve the maximum transmission rate, the other user can simply be ignored. Predicting the
optimal channel input, these facts echo Remark A3 and give another explanation to Lemma A3, a key lemma in
our rigourous proof of Theorem 7 in Appendix E.
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5.2. Gaussian ICs

Consider the following continuous-time white Gaussian interference channel having no feedback
and with m pairs of senders and receivers: fori =1,2,...,m,

t t t
Yi(t) = ﬂi1/0 Xl(SrM1>dS+ai2/O Xo(s, Mp)ds + - - - +ﬂz’m/0 Xm(s, Mi)ds + Bi(t), t>0, (41)

where X; is the channel input from sender i, which depends on M;, the message sent from sender i,
which is independent of all messages from other senders, and ajj € R,i,j=1,2,...,m,is the channel
gain from sender j to receiver i, all B;(t) are (possibly correlated) standard Brownian motions.

For T,Ry,...,Ru, P, ..., Py > 0,a (T, (e™ ... eTRm), (Py,...,Py))-code for the IC (41) consists
of m sets of integers M; = {1,2,...,e"Ri}, the message alphabet for user i, i = 1,2,...,m, and m
encoding functions, X; : M; — C|0, T| satisfying the following power constraint: forany i =1,2,...,m,
with probability 1,

T
% /0 X2(s, M;)ds < P, 42)

and m decoding functions, g; : C[0, T] — M;,i=1,2,...,m.
The average probability of error for the (T, (eTR1, ..., eTRm) (Py,...,Py))-code is defined as
T )
Pe( ) = m LMy, Ma ) My ) €My X M- X Mo P{gi(Yl%) #£M;,i=12,...,m| (M, M,,..., My) sent}.

e

A rate tuple (Ry,Ryp,...,Ry) is said to be achievable for the IC if there exists a sequence of
(T, (e, ..., eTRm),(Py,..., Py))-codes with PE(T) — 0as T — oo. The capacity region of the IC
is the closure of the set of all the achievable (Ry, Ry, ..., Ry,) rate tuples.

The following theorem explicitly characterizes the capacity region of the above IC, whose proof
has been postponed to Appendix F.

Theorem 8. The capacity region of the continuous-time white Gaussian IC (41) is
{(Ry,Ry,...,Ry) €R":R; < a%P;/2, i=1,2,...,m}.

Remark 7. Theorem 8 can be heuristically derived using a similar argument employing the approximation
approach as in Remark 6.

With the explicit non-feedback capacity region stated in Theorem 8, we are now ready to use the
approximation approach to analyze the effects of feedback on continuous-time Gaussian ICs.

The following theorem says that feedback does help continuous-time Gaussian ICs, whose proof
uses a translated version of the argument in [46] coupled with the approximation approach as in
Section 4, and so we only provide a sketch of the proof.

Theorem 9. Feedback strictly increases the capacity region of certain continuous-time Gaussian interference channel.

Proof. Consider the following symmetric continuous-time Gaussian interference channel with two
pairs of senders and receivers:

Yi(t) = \/%/Ot X1(s)ds + \/E/Ot Xo(s)ds + By (t),

Ya(t) = \/%/Ot X, (s)ds + m/ot Xa(s)ds + Ba(t),

where snr, inr denote the signal-to-noise, interference-to-noise ratios, respectively, B;(t), Ba(t) are
independent standard Brownian motions, and the average power of Xj, X, are assumed to be 1.
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Following [46], we consider the following coding scheme over two stages, each of length Tp. In the
first stage, transmitters 1 and 2 send codewords XlT % and XzT% with rates Ry and Ry, respectively. In the

second stage, using feedback, transmitters 1 and 2 decode Xz% and X1 o respectively. This can be

decoded if

inr
Rl/ RZ < 7

Then, transmitters 1 and 2 send X%TTO and XgTT“ , respectively such that for any 0 < ¢t < Ty,
L0 L0

X1(To+1) =Xa(t), Xo(To+1t)=—Xi(t).

Then during the two stages, receiver 1 receives

t t
f) = \/snr/ Xi(s)ds + \/inr/ Xp(s)ds+ Bi(t), 0<t<T,
0 0

and
To-‘rt To-‘rf
Yi(To+ 1) = \/sn/ ds—i—\/zn/ (s)ds + By(To+1), 0<t<T,

which immediately gives rise to
Yi(To + ) — Yi(Tp) = M/TOH s)ds + \/?/TOH s)ds + By (To +t) — By (Tp)
- m/o X (s)ds — \/W/O X1 (s)ds + By (Ty + £) — By (To).
We then have that for any 0 < t < Tp,
VY (t) — Vinr (Y1 (To +t) — Y1(To)) = (snr +inr) [y X1(s)ds + v/snrBy (t) — Vinr(By(To + t) — B(Tp)),

which means the codeword XlT {) can be decoded at the second stage if

sar 4+ inr

Ry <
1="73

A completely parallel argument yields that the codeword XzT% can be decoded at the second stages if

snr 4+ inr

R, <
2=""

All in all, after the two stages, the two codewords XlT % and XQT% can be decoded as long as

inr
R{,Ry < —;
LRz = =

in other words, coding rate (%, %) is achievable, which, if assuming inr > snr, will imply that

feedback strictly increases the capacity region. [

5.3. Gaussian BCs

In this section, we consider a continuous-time white Gaussian BC with m receivers, which is
characterized by: fori =1,2,...,m,

t
Yi(t) :,/75111*1-/ X(s, My, My, ..., My)ds + B;(t), >0, 43)
0



Entropy 2019, 21, 67 19 of 51

where X is the channel input, which depends on M;, the message sent from sender 7, which is uniformly
distributed over a finite alphabet M; and independent of all messages from other senders, snr; is the
signal-to-noise ratio in the channel for user 7, B;(t) are (possibly correlated) standard Brownian motions.

For T,R{,Ry,...,Ry,P > 0, a (T, (e™ ,...,eTRn), P)-code for the BC (43) consists of m set of
integers M; = {1,2,... ,eTRi}, the message set for receiver i, i = 1,2,...,m, and an encoding function,
X: My x My x -+ x My, = C[0, T], which satisfies the following power constraint: with probability 1,

1 T
T/ X2(s, Mi, My, ..., My, )ds < P, (44)
J0O

and m decoding functions, g; : C[0, T] - M;,i=1,2,...,m.
The average probability of error for the (T, (eTR1,eTRz, ... ¢TRn), P)-code is defined as

T .
Pe( ) W Y My, Moo M ) € My % Mo X% My P{gi(YOT) #M;,i=12,...,m| (M, My,..., My,) sent}.

i=1""1

A rate tuple (Ry,Ry,...,Ry) is said to be achievable for the BC if there exists a sequence of
(T, (eTR1,eTR2, . ¢TRm), P)-codes with PE(T) — 0as T — co. The capacity region of the BC is the
closure of the set of all the achievable (Ry, Ry, ..., Ry,) rate tuples.

The following theorem explicitly characterizes the capacity region of the above BC, whose proof
is postponed to Appendix G.

Theorem 10. The capacity region of the continuous-time white Gaussian BC (43) is

R R R p
{(Rl,Rz,...,Rm) eRY: L4 2 4.4 M < }
snry  Snrp SNTyy 2
Remark 8. Theorem 10 can be heuristically derived using a similar argument employing the approximation
approach as in Remark 6.

We are now ready to use the approximation approach to analyze the effects of feedback on
continuous-time Gaussian BCs.

The following theorem says that feedback does not help physically degraded Gaussian BCs,
whose proof is inspired by the ideas in Section 4 and parallels the argument in [50].

Theorem 11. Consider the following continuous-time physically degraded Gaussian broadcast channel with
one sender and two receivers:

ot
Yi(t) = /O X (s, My, Y5, Yio)ds + /NyBy (1),

t
Ys(t) :/O X (s, Ma, Y5 o, Y30)ds + v/NiBy (t) + v/ NaBa(t),

where N1, Ny > 0, and By, By are independent standard Brownian motions, and the channel input X(s) is
assumed to satisfy Conditions (d)—(f). Then, feedback does not increase the capacity region of the above channel.

Proof. Let X be a (T, (eTR1,eTR2), P)-code. By the code construction, for i = 1,2, it is possible to
estimate the messages M; from the channel output Yi,To with an arbitrarily low probability of error.
Hence, by Fano's inequality, fori = 1,2,

T)

T
H(M;|Y]) < TRPY + H(PT) = Tey
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where g; 7 — 0as T — co. It then follows that
TRy = H(M;) = H(Mi|Mp) < I(My; Y{y|Ma) + Tey 1,

TRy, = H(M,) < I(M; Yy ) + Tea r.

Now the Euler-Maruyama approximation with respect to the evenly spaced A;, of stepsize 6, = T /n
applied to the continuous-time physically degraded Gaussian BC yields:

tn,i . .
" () = Y i) = [ X5, MY Y s 4 /N () = /NiB (ti 1),

o1

Y (b) = Y3 (bica) = J0 X (5, M Y0 Y ds 4 /NTB () — v/NiBi(tnic1) + N2Ba(h) — vNaBa(hic1):
Then, by Theorem 3, we have
I(Mg; Y1) = lim 1(Mp; Y} Y (Ay))
= lim I(My; AV (An))

= lim 5(8YS" (An)) = (AYS" (8) [ Ma),
where AYZ(H)(An) £ {Yz(n)(tn,l-) - Yz(n)(tn,i_l) :i=1,2,---,n}. Note that

H(AY™ (A,) Z log(27te(P52 + Npdy)),
i=1

and

(" (t) = YA (b 1) 1307, M)

I
=

H(AY (A) | M)

I
—

v

h(v/NoBo(tyi) — v/ NaBa(tyi-1))

'M: ] M:

I
—

log(27eN,dy,),

which implies that there exists an a € [0, 1] such that
(n) i 2
(A, (An)IM) =) > log(27te(aPs;; + Noby)).
It then follows from Theorem 3 that

Poj + Nody _ (1— a)PT
8 xP32 + Nyo, 2N,
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Next we consider

I(My; Y (M) | Ma) = h(Y™ (A0) M) — (Y™ (An) | My, M)

—~

= h(Y1(n> (An) |M2) - h(Yl(n) (tn,i) |M1/ MZ/ Yl(/r:r)l:én,i—l)

= HM:
[S=Y

< O™ (80)M2) = Y RO (k) [ My, Mo, Yy 7 Y i)
i=1

n 1¢&
= h(Y" (A)| M) — 5 Y log(27eNi ).
i=1

Now, using Lemma 1 in [50] (an extension of the entropy power inequality), we obtain
B (80)|Ma) > 5 1og (2208 ODM /4 2716 (N, — NG,

which immediately implies that

‘ 1&
H(Xy " |M2) < 5 ) log(2me(aPs + Nidy)
4 i=1

and furthermore, by Theorem 3,

n

n
I(My; Y]y | My) < lim % 3" log(2re(aP82 + Nidy)) — % Y log(27eN; )
i=1

n—,oo i—1
o1& «Pé,

= tim 3 Yo (1)

_ aPT

2Ny

Now, by Theorem 10, we conclude that feedback capacity region is exactly the same non-feedback
capacity region; in other words, feedback does not increase the capacity region of a physically degraded
continuous-time Gaussian BC. [

The following theorem says that feedback does help some stochastically degraded Gaussian BCs,
whose proof, instead of directly employing the approximation theorem, uses the connections between
continuous-time and discrete-time Gaussian channels and the notion of continuous-time directed
information in Remark 2, both of which can find their source from the approximation theorem. We only
provide the sketch of the proof, since it is largely based on a translated version of the argument in [51].

Theorem 12. Feedback increases the capacity region of certain continuous-time stochastically degraded
Gaussian broadcast channel.

Proof. Consider the following symmetric continuous-time Gaussian broadcast channel:
t
() = [ X()ds+By(h),

v() = [ X(5)ds + Bao),
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where B, By are independent standard Brownian motions, and X satisfies the average power constraint
P. By Theorem 10, without feedback, the capacity region is the set of rate pairs (R, Ry) such that

P
Ri+Ry < 5 (45)

With feedback, one can use the following variation [51] of the Schalkwijk-Kailath coding scheme [38] over
[0, T] at discrete-time points {t,;} that form an evenly spaced A, of stepsize J,: For the channel input,

after some proper initialization, at time ¢ € [t,,;, £, :11), we send X" (t) = Xin) (1) + Xén) (t), where
XM (1) = (X (tim) — BIX (i) " (brim)]),

X (1) = =i (X3 (t,i21) = BIXE (b, 0) YA (£i)]),

where 1; is chosen so that E[X?(t)] = P for each i; and for the channel outputs, we have, for any
tE [tnistnit],
() (n) 0
0708 = Y (t) + [ X0 (t)ds + Bu(8) = i), (46)
and
() (n) 0
() = Y1 (ta) + [ X0 (b5 + Bat) = Ba(t,) 47)

Going through a completely parallel argument as in [51] and capitalizing on the fact that the SNR in
the channels (46) and (47) tend to 0 as n tends to infinity, we derive that

Pé,(140%)/2
 log (14 i p 72

. (n) (n) _1 - P4y
0 ) < 3§ P00,
and parallelly,
. . P(1+p*
lim I(XM(Ay) = Y (M) = %,

where p* > 0 satisfies the condition

P (14 (P+1)(1+P(1—p*)/2)) =
Note that, by Remark 2, we have

1T = YT > X (A) = Y (Ba)), I = YT > X (A) = V3 (Bn)),

which immediately implies that

P(1+p*
R1:R2:7(4p) (48)

are achievable. The claim that feedback strictly increases the capacity region then follows from (45),
and (48) and the fact that p* > 0. O

6. Conclusions and Future Work

For a continuous-time white Gaussian channel without feedback, the classical Shannon-Nyquist
sampling theorem can convert it to a discrete-time Gaussian channel; however such a link has long been
missing when feedback/memory is present in the channel. In this paper, we establish sampling and
approximation theorems as the missing links, which we believe will play important roles in the long
run for further developing continuous-time information theory, particularly for the communication
scenarios where feedback/memory is present.
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As an immediate application of our approximation theorem, we propose the approximation
approach, an analog of the conventional sampling approach, for Gaussian feedback channels. It turns
out that, like its non-feedback counterpart, the approximation approach can bring insights and
intuition to investigation of continuous-time Gaussian channels with possible feedback, and moreover,
when complemented with relevant tools from stochastic calculus, can deliver rigorous treatments in
the point-to-point or multi-user setting.

On the other hand, though, there are many questions that remain unanswered and a number of
directions that need to be further explored. Below we list a number of research directions that look
promising in the near future.

(1) The first direction is to strengthen and generalize our sampling and approximation theorems.

Note that both Theorems 2 and 3 require Conditions (d)—(f), which are stronger than the typical
average power constraint. While Conditions (d)—(f) are rather mild for practical considerations,
the stronger assumptions in our theorems will narrow their reach in some theoretical situations.
For instance, despite the fact that our approximation theorem gives intuitive explanations to the
rigorous treatment of continuous-time multi-user Gaussian channels in Section 5, it fails to rigorously
establish Theorems 7 and 10. The stochastic calculus approach employed in Section 5 requires
only the power constraints, which can be loosely explained by the fact that Girsanov’s theorem
(o1, more precisely, its several variants) only requires as weak conditions. It is certainly worthwhile to
explore whether the assumptions in our sampling and approximation theorems can be relaxed either
in general or for some special settings.

Another topic in this direction is the rate of convergence in the sampling and approximation theorems.
While the current versions of our theorems have merely established some limits, the rate of convergence
will certainly yield a more quantitative description of how fast those limits will be approached.

One can also consider generalizing these two theorems to general Gaussian channels [52,53].
For this topic, note that there exist in-depth studies [54—61] on continuous-time point-to-point general
Gaussian channels with possible feedback, for which information-theoretic connections with the
discrete-time setting are somehow lacking. A first step in this direction can be establishing sampling or
approximation theorems for stationary Gaussian processes. Obviously, such theorems for stationary
Gaussian processes can connect continuous-time stationary Gaussian channels to their discrete-time
counterparts, for which the variational formulation of discrete-time stationary Gaussian feedback
capacity in [62] proves to rather effective.

(2) The second direction is to further explore the possible applications of our sampling and
approximation theorems in the following respects.

We have shown that feedback may increase the capacity region of some continuous-time Gaussian
BC, but the capacity regions of such channels remain unknown in general. An immediate problem
is to explicitly find the exact capacity regions of continuous-time Gaussian BCs using the approach
employed in this work, as we have done for continuous-time Gaussian MACs. Of course, further topics
also include exploring whether the ideas and techniques in this paper can be applied to other families
of continuous-time multi-user Gaussian channels with possible feedback.

So far we have implicitly assumed infinite bandwidth and average power constraints, but our
theorems can certainly go beyond these assumptions. For instance, one can consider examining
continuous-time Gaussian channels with both bandwidth limit and peak power constraint, which are
more reasonable assumptions for many practical communication scenarios as they give a more accurate
description of the limitations of the communication system. Little is known about the capacity of
continuous-time Gaussian channels with such constraints except some upper and lower bounds
established in [63,64]. In stark contrast, discrete-time peak power constrained channels (including,
but not limited to Gaussian channels) have been better investigated: there has been a series of work
on their capacity, such as [65-72], which feature relatively thorough discussions about different
aspects of channel capacity including capacity achieving distribution, bounds and asymptotics of
capacity, and numerical computation of capacity. An immediate question is to explore whether the
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approximation approach can translate the aforementioned existing results in discrete time, or more
probably, help channel the ideas and techniques therein to the continuous-time setting. A next question
is to explore whether there exists any randomized algorithm for computation of the capacity of such a
channel, for which, as discussed in Remark 4, we believe our sampling theorems can be particularly
helpful in terms of numerically computing and optimizing the mutual information of a continuous-time
Gaussian channel with bandwidth limit and peak power constraint.
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Appendix A. Proof of Theorem 1
First of all, an application of Theorem 7.14 of [19] with Conditions (b) and (c) yields that

T
P (/O E2[g(t, WE, YE)|YE)dt < oo) =1. (A1)

Then one verifies that the assumptions of Lemma 7.7 of [19] are all satisfied (this lemma is stated
under very general assumptions, which are exactly Conditions (b), (c) and (A1) when restricted to our
settings), which implies that for any w,

Hy ~ Wy|w=w ~ KB,

where “~” is the standard notation for two measures being equivalent (i.e., one is absolutely continuous
with respect to the other and vice versa), and moreover, with probability 1,

dﬂy\w
dup

1 d‘uiy 1

T T 2 rg (YOT) —
Ele Jo 86)aY(s)+3 [y 8(s) d5|yOT, WOT} UB

= T T , (A2)
Efe~Jo 8©)dY()+2 fy $(6)%ds) T}

) =

where we have rewritten g(s, W;,Y) as g(s) for notational simplicity. Here we remark that
Ele™ Iy &Y ()+3 i g(5)2d5|YOT, W{ is in fact equal to e~ Iy 8@ ()+3 8% but we keep it the way
it is as above for an easy comparison.

Note that it follows from E[dug/dpuy(Y])] = 1 that

Ele~Jo 8O+ o 8(6%5) = 1,

which is equivalent to
1 T

Efe Jo 86)BE)=3 [y 8(7ds) — 1,

Then, a parallel argument as in the proof of Theorem 7.1 of [19] further implies that for any A,

with probability 1,
diy|w _ 1 dpy _ 1
dVB (Y(Al’l )) - ]E[€7 fOTg(s)dY(s)+% fg—g(s)zdle(An),Wg] ’ d}’lB (Y(An )) - E[67 fng(s)dY(s)+% fOTg(S)ZdS‘Y(AV’)] 7 (A3)

where we have defined
B(Aﬂ) £ {B(fn,o), B(tn,l)r ey B(tn,n)}/
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and moreover,

dpy|w

PN () & X ), Oy, 2 T

Then, by definition, we have

1OV ¥ () = & [rog 1 v (8,))| B [hog 215 ().

Notice that it can be easily checked that e™ Jo 8E)AY(s)+] i g(s)%ds integrable, which, together with the
fact that A, C A, for all n, further implies that

T 1 T
Ele Jo 8()dY(s)+3 [ g(s)%ds Y(An), W], E[e™Jo s+ Jy 8()%ds )y (a,)]
are both martingales, and therefore, by Doob’s martingale convergence theorem [73],

dpyiw
dugp

dpy |y du du
(Y(80) = = =00), G (Y(8n) = 3 (0, as

Now, by Jensen’s inequality, we have

E[—/OT 2/ (s)2ds| Y

and, by the fact that log x < x for any x > 0, we have

An), W] } < logEle~ b SN+ sy (a,), WT] (Ad)

log Efe~ b sEIYEI+1 Iy 60| (), W] < Ele™ iy SOOI 1 sl y(a,), WE). (AS)
It then follows from (A4) and (A5) that

T T
log Efe /i Y E)+E fy 8PS|y (), W ]‘S‘E[ /0 2/ (s)2ds| Y

[ fo $)dY(s)+5 fo 5)2d5|Y(An) WO]

(8, W |

Applying the general Lebesgue dominated convergence theorem (see, e.g., Theorem 19 on Page 89
of [74]), we then have

d d
tim B |1og T (v(a,))| = Ellog Ele b s+ sy, ) — [ 10g X )
o0 HB B

A completely parallel argument yields that

lim E [log Ay <An>>} — EllogEle i SO 14 i sy T — E [log Y (g J |
n o] ‘Z,[ ],{B

So, with the definition

Hyiw d
1OV 4§) = 2 1o "5 ()| — & frog S5 )

we conclude that

. T. - Hyw B dpy
,}EQOI(WOIY(An))—E[IOg 2 (0)] B Jrog () | = 1wE ).
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Appendix B. Proof of Lemma 1

With Conditions (d)—(f), the proof of the existence and uniqueness of the solution to (6) is
somewhat standard; see, e.g., Section 5.4 in [27]. So, in the following, we will only prove (10).

For the stochastic differential equation (6), applying Condition (e), we deduce that there exists
L1 > 0 such that

T
IS [ La(+ W3l + I¥6lDat + 1B |
T
< LT+ LT |WE |+ BT+ [ Lallvglat

Then, applying the Gronwall inequality followed by a straightforward bounding analysis, we deduce
that there exists L, > 0 such that

T
IYT|| < (LT + LiT|WT || + || BT ||)elo Lrdt
= eHT(LAT + L TWG | + 1B )
= Ly + Ly || W || + La||Bg |l

Now, for any € > 0, applying Doob’s submartingale inequality, we have
E[EEHYOTHZ] < E[ef(LerLzHWOTHJrLzHBgH)Z]
< B[ IV 315 1)
_ 63SL%E[63£L%HWOTH2}E[63SL%HB$H2]

_ Bel2mr 3eLZ|WT||? 3¢2B(1)?
= e*2E[e 2%l JE[supy;r e ()]

< 4635L§E[63£L%HWOTHZ]E[e?mL%B(T)Z]I
which, by Condition (f), is finite provided that ¢ is small enough.

Appendix C. Proof of Theorem 2

We proceed in the following steps.
Step 1. In this step, we establish the theorem assuming that there exists C > 0 such that for all
w! € C[0,T)and all y] € C[0, T],

T
/0 g (s, w}, y5)ds < C. (A6)
By the definition of mutual information, (A2) and (A3), we have

d
1G5 Y(80)) = B [1og T (v(8,) | ~ B [1og 22 (v(a,)|

= —E[logE[e™ Iy g(s)dY(s)+4 fng(SVds‘y(An),wOT” + E[logEfe™ Jy g(s)dY(s)+1 fng(S)stW(An)“
= —E[E,] + E[Gy],

where, for notational simplicity, we have rewritten g(s, W3, Y§j) as g(s).
Step 1.1. In this step, we prove that as n tends to infinity,

T 1 T
F, — —/0 g(s)dY(s)—}—E/O g(s)zds, (A7)

in probability.
Let YAT,, , denote the piecewise linear version of Y] with respect to A,; more precisely, for any
i=01,...,n Ya,(t,;) = Y(t,;), and for any t,; 1 < s < t,; withs = At,; 1+ (1 — A)t,; for
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some0 < A <1,Yp,(s) =AY (k1) + (1= A)Y (). Let $a, (s, W5, Y3 ) denote the piecewise “flat”
version of g(s, W§, YZ,,,O) with respect to A,,; more precisely, forany t,,;_1 <'s < t,;, §a, (s, W§, ngo) =

8t Wo' ™ TN).
Rewriting g, (s, W§, Y3 ) as §a, (s), we have

Fy = —logE[e~ Jo $OME)+1 5 65|y (a,,), W]
— _logE[e™ o 8OO+ I8, ()57 (805) -8, (DAY ()] [7 (8688, () y (), W]

= —loge™ Jo gan()AY(5)+3 [y &, S)dSE[ Jo (8(5)=8an (5))dB(s) =3 [y (3(5)=8a, (5)) (S)dS|Y(AH),WOT]
/ ga, (s)dY (s / §)ds — log Efe~ 1 (8(5)=8a, ()4B)=} i (8() 80, <) Pds |y (A,), WT]
where we have used the fact that
Ele —Jy San ()Y ()45 fy 83, (s)ds 1Y (An), WO] —¢ —Jo Gan ()Y ()4} fy 8,0

since g, (s) is a function depending only on W] and Y (A,).
We now prove the following convergence:

(( / 3, (s)dY (s —*/ gAn ) ( /OTg(s)dY(s);/()ng(s)ds>>2] —0, (A8)

which will imply that

/gAn s)dY (s 2/ gAn s)ds — — / /Ong(s)dS

in probability. Apparently, to prove (A8), we only need to prove that

1 T

2
E (_ /OT(S(S)—&”( ))dB(s) — 5 (g(s)—gAn(s))2d5> ] —0. (A9)

To establish (A9), notice that, by the Itd isometry [75], we have

(/56 g o1ants))

which means we only need to prove that as n — oo,

(st~ g,(5)25) Z] o, (a10)

E

B[ [ () - g, ()]

E




Entropy 2019, 21, 67 28 of 51

To see this, we note that, by Conditions (d) and (e), there exists L; > 0 such that for any s € [0, T| with
bnic1 <8 <ty
|8(s, W5, YA,,0) — &a, (s, W5, YA, 0]
Y tn,i— _tn,if
= |8(s, W5, YA, 0) — 8(tnim1, Wo" ', Y01
bni- \/ _tnz
< La(]s — tuima| + W5 = W™ 7 || + 1Y3,0 = Yauo' D)

tyi
< Li(|s = tuica] + W = W L+ [Y (Bi) = Y(tic1)]) (A11)
< Libp, + Lisup,cp oy g IW() = Wityi)]
+ L0, + L6, [IWG | + L1a, [1Yg || + [B(tn,i) — B(tni1)|- (A12)

Moreover, by Lemma 1 and Condition (f), both ||[YI||* and |[W]|* are integrable. Furthermore,
by Condition (f), we deduce that forany t,,;_1 <s <t,;,

Elsup,e(y, . 1 (W) = W(tyi1))*] < Ladg, (A13)

n,i]

for some Ly > 0, and one easily verifies that
E[(B(t") — B({")))*] =3(t" — t"))2 < 36% . (A14)

It can be readily checked that (A12), (A13) and (A14) imply (A10), which in turn implies (A8), as desired.
We now prove that as n tends to infinity,

E[[EfeJo 86)-88, (DABE) =} [y (865)-8as ()5 y (A,), WI] — 1]] — 0, (A15)
which will imply that
log Efe~ o 86)=8()aB()=1 [y (5(5)-8()%ds |y (), WT] — 0
in probability and furthermore (A7). To establish (A15), we first note that

E[|E[e” Jo (2(5)=8au ())dB(s)— % [ (g(s)—Za, s |y (A,), WT] = 1]]
E[E[je Jo §()=8n (DABE)=3 iy (5(5)=8a ()5 _ 1)y (A,,), WT]]
—E[le b @ gan(>>d3<s>f%ﬁf(g(s%gan(s)ws_1“

< [|- [ (66) - 8. 0B6) 1 [ (5(5) = g, ()] e~ (5800100 - 7]
<]EU_/()T(«?(S)—g‘An(s))dB(s)—; ()T(g(s)—g‘m(s))%ls2 [2‘ Jo (8(5)=gan >)dB<s>—%fJ(g@)—g’A"(s”zds'].

By (A8), we have that as n tends to infinity,

1 T

T
B || [ (5(6) ~ 8, (DB 3 [ (505) — g (5P

2
] — 0.
It then follows that, to prove (A15), we only need to prove that if §5  is small enough,
[ 21— S (8(5)=8an (5))dB(s) - J (3(5) -3, <s)>2ds\] < 0. (A16)

Since

E [ez|—f0T(g<s>—g-An (5))dB(s)—3 Jy (3(5) = (s))stq
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(~ i (g gAn<>>d3<s>f%15T<g<s>fg-An<s>)2ds>} [fo 30, (DABE)+1 [ (8(6)-8a,(%)] | (A17)

we only have to prove that the two terms in the above upper bound are both finite provided that 5, is
small enough. Note that for the first term, applying the Cauchy-Schwarz inequality, we have

E[e2(~ Jo (3(5)=80, (D)AB() =] Jy (8(5) =88, (5))°5)] — oo’ 2(8(5)=8an (DABE)—fy 4(3(5) =8, (5))%d5+3 [ (3(5) 2, (5))°d5)
<E [efo 8y (s )= Jo 8(3(5)=3an (s ds]E[eé Jo (8(5) =8, (5))2 ds]
It is well known that an application of Fatou’s lemma yields that
E[edo 48(5)=8an ($)AB(s)— g 8((5) =8 (5))d5] < 1, (A18)
and by (A12), we deduce that there exists L3 > 0 such that

E[e0Jo (§(5) =88 (%)) ds}SeL3‘5inE[gL3HBgA"HZ}E[E%%HHYJHZ] [eL3%h IV 1P 1o SUPIs-tisn, ‘W<S>—W<t>|2].

Note that it follows from Doob’s submartingale inequality that if 65, is small enough,
8 |12
E[eL?’HBO I ] < 00,
and by Lemma 1, we also deduce that if J5, is small enough,
E[6L35/23,,HY0TH2] < OO,
which, together with Condition (f), yields that for the first term in (A17)
[ fo —8an (s —2 fo —8an () ds)] < 00. (A19)

A completely parallel argument will yield that for the second term in (A17)

E |: 2]0 gAn( ))dB + j(] gAn( )) dS):| < 00,

which, together with (A19), immediately implies (A16), which in turn implies (A15), as desired.
Step 1.2. In this step, we prove that as n tends to infinity,

Gy — logE[e~ Jo 8GMY(©)+3 Jy 8(s)ds|y T (A20)

in probability.
First, note that by Theorem 7.23 of [19], we have,

d,UY /d:uY|Ww T
Y, ——(Yy )d ,
dVB( 0) = diup (Yo )duw (w)

where d
TYW=00 Ty _ o sai)d¥(s) 4 Jy s*(wp)ids,
d,‘lle

where we have rewritten g(s, wj, Y) as g(wj)) for notational simplicity. It then follows from (A3) that

d -
log Bfe™ MY +L0 £ ] = —10g | = (0 ()

= —10g/€jﬁTg(w5)dY(s)*% 0T82(w5)dsd}4w(w).
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Similarly, we have
dﬂy d.uY\W:w

Ay)) = | ———(Y(An))duw (w
o) = [T () )

1
= d .
/ s)dY(s)+5 fo $2(s) ds|Y(An) ”W:w #W(w>

It then again follows from (A3) that

Gy = log Eje~ Jo OYCI+E [T 260y (p,)]

- _ log/ ! dpw (w).

DY)+ Jy 2605y (A,), W]l

Now, we consider the following difference:

1
/ [ fo g(w§)dY(s)+3 fo (wf)ds

/eforg(wa)dy(s)‘%-Ong(w?J)dsdﬂw(W) - duw (w)

Y(An)/ W} ‘W:w
_ / ey 8ER)AY($) = ) (3 _ oy @un (@)Y ()= o &an (W85 (1)
-+ /ejo 8in wO)dY 77.[()TgAn(w8)2d5

Efe” fo g(w§)dY (s)— Tg2(w0 ds)+( fo 3, (W§)dY (s)—5 fo 35, (W) ds)|Y(An)

”W:w — 1dﬂW(w)
HW:w

T
Ele” (Jo 8(@§)dY(s)=3 fy 82(w§)ds)+(fy Za, (w§)dY ()=} [y &4, (wh)ds) |Y(An)

=I+ ]n-
Applying the inequality that for any x,y € R,
e —eV| = eV (" Y = 1)[ S e¥(|x —yle* Y + |x —yleV ) =[x —yl(e" +e¥ ), (A21)
we have
E[|L,]] < / E [ oo 8@AY(E)= i @i _ o fy 3 (@)Y= o' 83, (w5)d ]dﬂw( )
[ T s = s 1 T 2(...S =2 s
< [E||[ 85 —ga, (@h)ax(s) =5 | (i) - &3, (w)ds
y (efng( DIAY(5)~} [y 2(wh)ds o o2 fo 8an (wR)AY ()= Jy 83, (wh)ds) —(Jy g(wg)a¥(s) - g2<wz>ds>)' iy ()
Ve S 5 S T S 5 s 1 S 1. s_
< [E|| [ (s(wd) — ga,(5))aB(s)| +| [ (s(w5) — g, (5)) (8(5) — 58(05) — 58, (w5))ds
(efo (wf)dY (s)— ng(wo)ds e 2[0 Gay (W)dY (s)— fo gAn (w})ds)— [0 g(w§)dY (s)— 2 Ong(wg)ds))- d}lw(w)

+ (Lop, + L sup |w(s) —w(t)| + Léa,

/ Isft‘SJAn

T
+Lay, o1+ 08, N1+ sup 18() =B ( [
|s—¢|<da,, 0

— 8, (w5))dB(s)

§(5) — 38(w) - %g-an (w5)

.

(efo (wp)dY(s)—3 fo (wp)ds 4o 2]0 San (wp)dY(s)— fo 83, (w§)ds) fo g(wp)dY(s)—3 fo (wp)ds) )] duw (w).
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Now, using (A12), Condition (f) and the It6 isometry, we deduce that as n — oo,

/IE

and as n tends to infinity,

— &, (w5)dB(s)

2
] duw(w) — 0, (A22)

/E[(LéAn +L sup |w(s)—w(t)]+ Lda,

‘S—t‘ﬁ&An

+ Lo, lwg || + Loa, Vg | +  sup  |B(s) — B(t)])*dpuw (w) — 0. (A23)
[s—t|<dp,,

Now, using a similar argument as above with (A6) and Lemma 1, we can show that for any constant K,

Ele Jo K&, (s)d 5] = [efg (8an (5)=8(s) +8(5))*ds] — E[efoT K(2(gan (5)=8(s))*+28%(s)s) < oo, (A24)

provided that 7 is large enough, which, coupled with a similar argument as in the derivation of (A19),
proves that for n large enough,

f]E |:< [0 g(w})dy (s)— %_0 g2 (w})ds + 2 [0 Z(w})dy (s)— [ 2(wf)ds)— fo g(w})dy (s)— (zvg)ds)>2:| duw (w) < oo, (A25)

2
ds)

: ‘ . 2
(efo g(w3)aY(s)= fy S (wh)ds | o2 o S, (W)Y (s) =y &, (w5)ds)~(Jy $(w§)aV (s)~ 5’2(w5)d5)> duw(w) < oo, (A26)

and furthermore

§(5) — 8(d) — 28, ()

which further implies that as n tends to infinity,
E[[Is]] — 0. (A27)

Now, using the shorthand notations A,, A for fOT g, (w3)dY(s) — 3 fOT g, (wh)?ds,

fo g(wd)dY(s) — 5 fo g(w})ds respectively, we have
—A+A
oA Y (An), W w=w — 1 H
= " duw (w
[UWH ‘/ A+A"|Y(An) ]|W:w .uW( )

W

Elle=A4 — 1/]Y(Ar), Wlw—s
5|/ Efe AV (), Wl o W<ﬂ

<E _/EHA - AnleAA”IY(An),W}w_wE[eAIY(An)/W]lw_wdﬂw(w)]

i d
=E _]E[|A — Al A=Al Y (A,), WIE[eA[Y (An), W] (%(Y"T)) / < Z;BW(YOT))]

—=E :|A — Al A=A Y (A,), WIE {(%(y@) / (dZ;BW (YOT)> |Y(An),W” .

Now, a similar argument as in (A22)—(A26), together with the well-known fact (see, e.g., Theorem 6.2.2
in [12]) that

duy 1 f -1 [T ¢2(s)d Hy\w _1
Y 0 7 Jo §°(s) S, fo (s)dY(s) 2 0 8 (S)dsl
d]/lB( ) = diis (Yg) =
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where ¢(s) = E[g(s)|Y{], yields that
E{|Jxl] =0

Now, we are ready to conclude that as n tends to infinity,
Ele~ Jo 8()aY(5)+5 fy gz(S)d5|y(An)] — Ele™ Jo 8()dY+1 [ g2(s)ds Y7

in probability and furthermore (A20), as desired.

Step 1.3. In this step, we show the convergence of {E[F,]} and {E[G,]} and further establish the
theorem under the condition (A6).

Now, using the concavity of the log function and the fact that log x < x, we can obtain the upper
bounds and lower bounds of F,, and G, as follows:

F, < ‘]E[—/OT 2/ 5)ds| Ya, ,WOH E[em b sOMOH 208 v, wi],
. —‘]E [_/OT 2/ $)ds YA,,/W0:| [ Iy )+ [ P sy, Wo}
and
Gn < ‘E {—/()Tg(s)dY(s)—k;/ngZ(s)ds YAHHME [fffg(s) S+ o 87()ds YA]
an—’E{—/OT 2/ s)ds YAH [effng( +3 Jy &(s)ds YA}

And furthermore, using a similar argument as in Step 1.1, we can show that as n tends to infinity,

E{—/O $)dY(s) + 2/ } (/gAn )Y (s /gA,, )

<E [~ [ (505) -8 )Y + ] [ (576) - g, (9)ds Y(An>,w§]
T 1T,
— (/0 g(s)dY(s)JrE/O g (s)ds)
and
Ele~Jo S G5y 60|y (a,), W]
— Efe Jo 8ax YO+ [7 8, (05— fy (3(6) =82, (DAY () +5 [ (6(6)=88, 6Dds |y (a,,), W]

o T san Y () + g‘in<s>dsE[ J5 ($(5) =8y ()AB) b i (8(5) 800 ()45 y (A, ), W]

e JFg(s)ay(s)+1 il ¢ ds
It then follows from the general Lebesgue dominated convergence theorem that
T
lim E[F,] > E [—/ / st]
n—00 0 2
A parallel argument can be used to show that

lim E[G,] = E[logE[e™ Jo 8&)ax(s)+3 fy 8()%ds) y Ty,

n—o00
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So, under the condition (A6), we have shown that

lim I(W; Y (An)) = I(WG;Y]).
Step 2. In this step, we will use the convergence in Step 1 and establish the theorem without the
condition (A6).
Following Page 264 of [19], we define, for any k,

inf{t < T: [} g2(s, W5, Y5)ds >k}, if [ ¢%(s, WS, Y5)ds > k A28)
T =
k T, if fo (s, W5, Y§)ds < k.
Then, we again follow [19] and define a truncated version of g as follows:
8 (k) (t/ 76/ 4)6) = g(tf 'Y(t)’ gb(t))ljof &2 (5,745 )ds <k’
Now, define a truncated version of Y as follows:
t
Yo (H) = p /0 20 (s, We, Y5)ds + B(t), te[0,T],
which, as elaborated on Page 265 in [19], can be rewritten as
t
Yo (H) = p /O 800 (5. W5, Yo 0)ds + B(1), t€ (0,7 AT). (A29)

Note that for fixed k, the system in (A29) satisfies the condition (A6), and so the theorem holds true.
To be more precise, note that

d d
089 = o G220 5 s 22 )
ks ks

where p7, y and p, p respectively denote the truncated versions of py and g (from time 0 to time ;).
Applying Theorem 7.10 in [19], we obtain

dVTkrY‘W (YOTn) ejo (s)dY(s)— Tk $2(s )ds/

d]’lTk,B
and
d#Tk Y ( ) = fo (s)dY(s)—3 [, Tk §2(s)ds
d]’lTk,B 0 !
where

8(s) = Elg(s, W5, Y5)Y6]-
It then follows that . .
k
g5 = 3 | [ (5(6) — 9060
Notice that it can be easily verified that 7, — T as k tends to infinity, which, together with the monotone

convergence theorem, further yields that monotone increasingly,

T

1) = 5B | [7 (6060 809024 108 0d) = 3B | [ (566) — gls)as),
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as k tends to infinity. By Step 1, for any fixed k;,

lim (WS Y(Ax N [0,7.)) = IIWE; Y,5),

n—oo

which means that there exists a sequence {n;} such that, as i tends to infinity, we have, monotone
increasingly,
I(WG; Y (A, N[0, ) — I(Wg; Yq).

Since, by the fact that Y;* coincides with Y on the interval [0, 7 A T], we have
I(Wg ;Y (M) = T(WG ;Y (An, 1[0, 75, ]))-
Now, using the fact that
(WG Y (An) < TONG Yo),

we conclude that as i tends to infinity,

lim I(WJ; Y (Ay,)) = I(WG; YJ).

1—00

A similar argument can be readily applied to any subsequence of {I(W{;Y(A,))}, which will establish
the existence of its further subsubsequence that converges to I(W{; Y]), which implies that

lim I(WJ;Y () = IWE; YD).

n—00
The proof of the theorem is then complete.
Remark Al. The arguments in the proof of Theorem 2 can be adapted to yield a sampling theorem for
continuous-time minimum mean square error (MMSE), a quantity of central importance in estimation theory.

More precisely, consider the following continuous-time Gaussian feedback channel under the assumptions
of Theorem 2:

Y(t) = /(:X(S,M,Yg)derB(t), te[0,T).

The MMSE is the limit of the MMSE based on the samples with respect to Ay, namely,

[ BLOx) ~ X NE)?ds = Jim [ ELX(5) — BIX(5) ¥ (80) ).

n—oo Jo

To see this, note that the above-mentioned convergence follows from the fact that

E[EZ([X(s)[Y])) = E (

J X (s, 1, Y )dpty e (YT )/ dptpdping (m) |
dﬂY(YoT)/d}tB ’

and

E[E*[X(s)|Y(Mn)]] = E (

dpy (Y (An))/dps

J X(s,m3, Yé)dwM_mw(An))/dquumm))2]

and the proven fact that dpy(Y(An))/dup and dpy (Y (An))/dug  respectively converge to
duy (Y)/dyp and dyy|M(YOT)/dyB and a parallel argument as in establishing the convergence of {IE[F,|}
and {E[G,]} in the proof of Theorem 2.
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Similarly, we can also conclude that under the assumptions of Theorem 2, the causal MMSE is the limit of
the sampled causal MMSE, namely,

/OT]E[(X(S) —E[X(s)[¥3])?)ds = lim TE[(X(S) —E[X(s)[Y(An N[0, 5])])]ds.

n—oo Jq

Appendix D. Proof of Theorem 3
In this section, we give the detailed proof of Theorem 3.

We will first need the following lemma, which is parallel to Lemma 1.

Lemma A1. Assume Conditions (d)-(f). Then, there exists ¢ > 0 and a constant C > 0 such that for all n,
n), T
Bl < C. (A30)

Proof. A discrete-time version of the proof of Lemma 1 implies that there exists ¢ > 0 and a constant

C > 0 such that for all n
E[¢f SUPic(0,...n} (v (fn,i))z} <C,

which, together with (12), immediately implies (A30). O

We also need the following lemma, which is parallel to Theorem 10.2.2 in [24].
Lemma A2. Assume Conditions (d)—(f). Then, there exists a constant C > 0 such that for all n,
E[| """ = Y |?] < Coa,.

Proof. Note that for any 1, we have
tn,i+1
Y(tnisn) = Yitn) + [ g5, W5, Y5)ds + Bltnisn) — Blt,),

and
tn,i+1 . .
YO (ti00) = YO (1) + / 8(s, Wé"’l, Yé”)’t”")ds + B(tn,it1) — B(tyi)-

“ tn,i

It then follows that

tn/i+l . )t
Y(tisn) = Y (bis1) = Ylta) = YO (t) + [ (g5, W5, Y5) = (s, Wo, Y5 ))ds. (A31)

tn,i

Now, for any ¢, choose ng such that t;, ;, < t < t, 1. Now, a recursive application of (A31), coupled
with Conditions (d) and (e), yields that for some L > 0,

0 tﬂ’i+1 n,i i t S t"r” ( )
Y(t) — Y (1) = E/t (g(5, WS, Y5) — gltns Wet, Y1) ds +/t (g(s, W3, 3) — g(tni Wy Yy
i=0 i n,no+1

rtVl,Vl0+1 ))ds
(& [l s ti s (n),s (n),s (1) i
<Y [ Ll = bl LIS = Wo¥ I+ LG =Yg+ LY = g s

i=0 7 tn,i

.t tVlil /tVlil
+ L|S _ tn,n0+1| + LHWS _ WO ng+1 H + LHYS _ YQ("),SH + LHYO(H),S _ Yén) ng+1 HdS

tﬂ,)10+l

Noticing that for any s with t,,; <s < t, ;;1, we have

2
sni by tyi i
157 =g 2 < Y0 (b 00) = YOO (1) 2 < 2 [0 (s, WG, Y™ )ds| +21B(ti50) = Bt ),
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which, together with Condition (e) and the fact that for all # and i,

E[|B(tn,ir1) — B(tn,)[?] = O(da,), (A32)

implies that
/tn i
E[Yg"* =y | = O(6w,). (A33)
Noting that the constants in the two terms O(d,,) in (A32) and (A33) can be chosen uniform over

all n, a usual argument with the Gronwall inequality and Condition (f) applied to E[|| Y} — Yén) “12]

completes the proof of the theorem. O
We are now ready for the proof of Theorem 3.

Proof of Theorem 3. We proceed in two steps.
Step 1. In this step, we establish the theorem assuming that there exists a constant C > 0 such
that for allw! € C[0, T] and ally! € C[0, T,

T
/0 g (s, w}, y§)ds < C. (A34)

We first note that straightforward computations yield

Fyo () w0 () 0] Hf Ly, g
BRSNS S (7l D0 S
i=1 zn(tn,i - tn,ifl) P Z(tn,z - tn,1—l) !

(here we have used the shorter notations yE ), ygm) | for y( (tni), y( (ty,i—1), respectively) and

O~y =i s a2
fY(")(An)(y(n) (An)) = fH?:l m exp <_ ti Jtni-1 tré,z(t;llit”,‘il) dlxlw(w),

which further lead to

O gl a2

1 ni_ - n,i
Fron anyw (Y (An)IWG) = T \/ﬁp< Ty ) (49

and

(v -y —ftfn'i 8t 11"0 Y

() i1
" n n,i ni— ni— )ds)
fY<n><Ail>(Y(n) (An)) - j Hi:l \/Zﬂ(fnf*tni—l) eXp <_ - e ’ 21(frx,17tn,1 1) ) dVW(w) (A36)
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With (A35) and (A36), we have

I(WG ;Y™ (An)) = E[log fyim a,yw (Y™ (80)[WG)] = E[l0g fym(a, <Y<“)(An)>1

ni ni (1) i n ti bie 1) b
=E |lo ﬁex _ frm lg(s W i Y ) ])ds ( Yt(n,;)fl) + (ﬁn,z’ﬂ g(s, WO ’ 1rY(§ ) ' 1)ds)2
gizl P z(tnz - tn/i—l)
o n ,zfm 8 (s, wm 1 Y(n)t,,, 1)ds( .) 7Yt<,:1,-),1)+(ﬁ‘:,n,,, s(s, won, 1 Y( ), ti l)ds)
_E log/i]}exp - 2(t,,1 vy diiy ()

" 5 Jt,,,”,l,l g(s, Wé”'iil,Yén)"”"fl)ds (Yt n (:’) 1) + ([ﬂnlxlg(s Wom 1 Y( Vb )ds)?
=E|) |- .
= Z(t tnr 1)

i tois )ty n n tai Enjie 1) kb
—2 [ s g Y s () =Y )+ (i (s, v ">ds>2)

n
_ o ni-1 wi -1
e [log/exp,; ( 2(tyi — tnic1)

On the other hand, it is well known (see, e.g., [12]) that

dﬂw(w)} .

dpy|w
1w xf) = & ftog "1 0)| - 8 [1og 2 ()|
T 1 /T
=FE [logexp [/0 g(s, W3, Y5)dY (s) — E/o g(s, WS,YS)ds”
[ [T S /S 1 T 2 S /S 1]
-k log/exp /0 g(s, wp, Y5)dY(s) — E/o (s, wp, Y§)dsduw (w)

T T
_E U s, WE, Y3)dY (s) — %/ g%s,WS,YS)ds}
0 0

- - -
—E log/exp / Q(s,wp, Y5)dY (s 2/ (s, wp, Y5)dsdpw (w) | | .

L L/0 iy
Now, we compute

" f::;:lg(s an 1 Y(”) ni— 1)d5< ( )_Y(n) )

T b
/ §(s, W5, Y3)dY (s) — ) — -
0 i—1 n,i n,i—1

n,i tn,z—l

_ 3 nz 1 (”) n,i—1 ( ) _ (71)
g(s, W5, Y5)dY (s 2 tnio1, Wy Y, AT A
)

(g(S,Wnl 1 Y(

Z nll

) = gt WYy ds (v — v

b — tnio1
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It can be easily checked that the second term of the right-hand side of the above equality converges to
0 in mean. For the first term, we have

T S u 711 1 (”) i1 (Tl) (1’1)
/0 s, W3, Y3)dY (s ;g wiot, Wyl o~y )

n

_ Z/nl S WO,YO dY Zg nzfl/ n] 1 Y( ) ni— 1)(Ytn,i_Ytn,i71)
nz 1 i=1

+ Zg n,i— 1. W, nl ! Y( "Vni 1)((an,i - an,zq) - (Yt(n-) - Yt(nz)71>)

n,i

n,i n h ( )
_ Z/ Sl W YDAY(9) = 1= [ gltnio, Wo ', Y 1) (s)
nz 1 !

+ Zg ni—1, W, m ! Y( R 1)((an,i - Ytn,ifl) - (Y(n') - Yt(:i)_l))

n

"ty
=Y [ (g5, W3, Y5) — gltnimn, W Y ) a (s)

i=17tni-1

N

| ) = () =),

1=

+ g(tn,ifll nz 1 Y( ) ni— 1)((Ytn,i _Yt
1

It then follows from Conditions (d) and (e), Lemmas 1, A1 and A2 that

s

And using a similar argument as above, we deduce that

1

" (S an 1 Y( n),t ni— l)dS(Y<n) t(n-) )
nil =0(63 ). (A37)

Z nzl

i=1 tn,i - tn,z—l

[ sls We 0 ()

1

= O(JZ”

tn,i n,i—1 ()nz 1
1 (i 8ls Wo ™,y )ds)? g T
s S ARG

. A38
2 i=1 tn,i - tn,ifl ) ( )

It then follows from (A37) and (A38) that as n tends to infinity,

E[ ( 2l W Y s - fffl)+(ﬁi’f;ilg(s,w(§"'f1,Yé")’t’“'1>ds)2)
i

Z Z(tn,i - tn,z—l)

T
—/ <(s, W5, Y5)dY (s) 2/ (s, W3, Y5)%ds
Jo

} =0(43,)- (A39)
We now establish the following convergence:
2 [log [ exp A () (1) — E [1og [ exp Alw)dpny ()] (A%0)
where

o i bnim1 3 (Wit ic1 (n) _y(n) tn,i
A(}’l) (w) — n _ 2 'r[n,i—l g(s,wo /YO )ds(ytn,i Y’n,i—l )+(fln,i—l
i=1 2(tn,i—tpi1)

[ (n)t,
g<s,w0n,1 1’YO n,i 1)ds)2>
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and let

T 1 T
Aw) = [ glsw5, 9)aY() ~ 5 [ gsw, Y5

Note that using a parallel argument as the derivation of (A39), we can establish
IE/ A% () = A(w)| dpuw () — 0, (A41)

as n tends to infinity; and similarly as in the derivation of (A27), from Conditions (d), (e) and (f),
Lemmas 1, A1 and A2, we deduce that

E [/ ‘exp A(”)(w) —exp A(w)‘ dyw(w)] -0 (A42)

as n tends to infinity. In addition, note that we always have

tog [ exp A<"><w>duw<w>] < [ exp A (w)dpyy (w) + \ / A<”>(W)duw(W)’- (A43)

So, by the general Lebesgue dominated convergence theorem with (A41), (A42) and (A43), we have

E [log | exp A o)y ()| — E log [ exp A (o))

So, under the condition (A34), we have established the theorem.

Step 2. In this step, we will use the convergence in Step 1 and establish the theorem without the
condition (A34).

Defining the stopping T, g(x) and Y(;) as in the proof of Theorem 2, we again have:

t
Yo (t) = p /O 80 (5, W3, Y )ds + B(), £ € [0, 7 AT].

For any fixed k, applying the Euler-Maruyama approximation as in (11) and (12) to the above channel
with respect to A, we obtain the process Y((:)) (+)-
Now, by the fact that

(WG ;Y™ (A1) = E[10g fyim (Y (Bn) W] = E[10g frim ) (Y™ (A0))]
=E[AW(W)] - E [mg / exp A (w)duy (w)

>0

7
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we deduce that
Eflog fym a, (Y(")(An))]
< E[log fy |W(Y(”)(An)|W0TH
. '2 ( . ftm 1 S W(l;n,i—lryo(n),tn,i—l)ds (Yt(:l) _Yt(:i),l) + (ftin,/il g(s an 1 Y( n)tie 1)ds) )]

2(tpi — tni-1)

_]E Z ftnnlll Swnzly()nzl)ds)z
- 2(tni — tni-1)

i (fttni g(S, nl 1 Y(( )) ni— l)zds) ff:l-l ds
o i 2<tn,z - tn,tfl)

[ n tn,i
—F Z/ | g(s nz 1 Y(( )) ni— 1)2d5‘|

T
— ls]an (1) ls]any2
=E _/0 g(s, Wy, Y, ) ds],

where |s] 5, denote the unique number g such that £, 5, < s < t, ,,,+1. Now, using the easily verifiable
fact that
1 = Elexp(—=A" (W) Y]],
Jexp AW (w)dpy (w)

and Jensen’s inequality, we deduce that

1
[ exp AW (w)dpuy (w)

where for the last inequality, we have applied Fatou’s lemma as in deriving (A18). It then follows that

E |log =E [logE[exp(—A(”)(W))Wg]} < logE[exp(—A(")(W))] <0,

0< I[-E[logfY (Y(”) |<E

Z/ n1 1 Y( ) ni— 1)2ds‘|
nz 1

which further implies that
I(WO/ An <El2/nz nz 1 Y(")tm 1)2d‘|
Eyie1

Now, using the fact that Y(") and Y((]?)) coincide over [0, Ty A T], one verifies that for any € > 0,

T S n),s
IWE Y™ (A) — I(W()T;Yg,f){A”) <E M g(s, Wity JAn)zds}
k

T T
<E [/ g(s, WLSJA” Y( n), LSJA”)zds T—1 < e} +E [/
T T

k k

< /T E [g(s, WOLSJA",Yén)’LSJA")Z} ds+E [/T

JT—e k

g(s, WOLSJA”, Yén)’LSJA” )2ds; T — 1 > s}
T
g(s, WOLSJA”, Yén)'m M)2ds; T — 1 > e} :

Using the easily verifiable fact that {7} converges to T in probability uniformly over all # and the fact
that & can be arbitrarily small, we conclude that as k tends to infinity, uniformly over all n,

WG Y (Bn)) = TWE Y (8,)). (A44)
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Next, an application of the monotone convergence theorem, together with the fact that i, — T as k
tends to infinity, yields that monotone increasingly

1 Tn R 1 T R
F 5 = 38 | [ (606~ 8% = 10809 = 3B | [ (5(6) — g05) s
as n tends to infinity. By Step 1, for any fixed k;,
. Tki
Tim I(WG; Y () (An)) = TONG "),
which means that there exists a sequence {n;} such that, as i tends to infinity,
WY (Bn)) = T(W; Y{).
Moreover, by (A44),

lim I(WE; YU (A,)) = Lim I(WT; Y (A,)),

i—00 (ki) i—00

which further implies that
lim I(W3; Y (A,)) = TWS; YT).

i—00

The theorem then follows from a usual subsequence argument as in the proof of Theorem 2. O

Remark A2. Parallel to Remark A1, the arguments in the proof of Theorem 3 can be adapted to yield an
approximation theorem in estimation theory.

More precisely, consider the following continuous-time Gaussian feedback channel under the assumptions
in Theorem 3:

Y(t) = /OtX(s,M,Yg)ds—IrB(t), te o).

The MMSE is the limit of the approximated MMSE, namely,

T T
/O E[(X(s) — E[X(s)|Yg])?Jds = lim [ E[(X"(s) = E[X" (s)]Y" (80)])*)ds.

n—oo Jo

In more detail, the above-mentioned convergence follows from the fact that

T T
/0 E[(X( )(s))z]ds—>/0 E[(X(s

and the fact that

E[E*[X(s)[Yg]] =

(f X(s,m5, Yg) exp( (m ))dm(m)ﬂ
T exp(A(m))dpup(m) '

and the fact that

E[E*[X™ ()Y (An)]] = E

(fX(")(s,mg,Yos)eXP(A(n)(m»dF‘M(m))Z _
[ exp(AM (m))dup(m)

Then, using a similar argument as in the proof of Theorem 3, we can show

lim E[E[X")(s)[Y") (A0)]] = E[E*[X(s)|Yg ]],

n—o0

which implies the claimed convergence.
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Similarly, we can also conclude that with the assumptions in Theorem 3, the causal MMSE is the limit of
the approximated causal MMSE, namely,

T T
|| EIX(E) ~EXE)¥6)ds = lim [ B[ (6) ~ EX(5) [ (8, 1[0,

Appendix E. Proof of Theorem 7

In the section, we give the proof of Theorem 7. For notational convenience only, we will assume
m = 2, the case with a generic m being completely parallel. We will first need the following lemma,
which is a key component in our treatment of both continuous-time Gaussian MACs.

Lemma A3. For any € > 0, there exist two independent Ornstein—Uhlenbeck processes {X;(s) : s > 0},
i = 1,2, satisfying the following power constraint:

t
fori = 1,2, there exists P; > 0 such that for all t > 0, % /0 E[X?(s)]ds = P, (A45)
such that for all T,
(X1, X0;Y) /T = (P + P2) /2| < e, (A46)
and
Ir (X0 Y[X2) /T = P1/2[ <€, [Ir(Xp;Y[X1)/T =P /2| <, (A47)
moreover,
Ir(X;Y)/T—P1/2] <€, |Ir(X2Y)/T—P2/2| <¢, (A48)
where t ,
Y(t) = / X, (s)ds +/ Xa(s)ds + B(t), t>0. (Ad9)
0 0

Here (and often in the remainder of the paper) the subscript T means that the (conditional) mutual information
is computed over the time period [0, T).

Proof. For a > 0, consider the following two independent Ornstein-Uhlenbeck processes X;(t),
i=1,2, given by

t
Xi(t) = \/2aP, / e=1=5) 4B, (s),

where B;, i = 1,2, are independent standard Brownian motions. Obviously, for X; defined as above,
(A45) is satisfied. A parallel version of the proof of Theorem 6.2.1 of [12] yields that

15X, X Y) = 1%+ XY) = 1 [T EL 1)+ Xa(0) — EDXG(6) + Xa(0) Y] 2.

It then follows from Theorem 6.4.1 in [12] (applied to the Ornstein—Uhlenbeck process X; (t) 4+ X»(t)
thatasa — oo,
IT(X1, X, Y)/T=Ir (X1 + X2, Y) /T — (P + P) /2,

uniformly in T, which establishes (A46).
Fori = 1,2, define

Y,»(t):/OtXi(s)ds—i—B(t), t>0.

As in the proof of Theorem 6.4.1 in [12], we deduce that fori = 1,2, IT(X;; Y;) /T tend to P;/2 uniformly
in T. Now, since X; and X, are independent, we have for any fixed T,

Ir(X4;Y[X2) = In(Xy; V1| X2) = Ir(X3; Ya),
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and
IT(X2; Y|X1) = IT(Xp; Ya| Xq) = I1(X2; Ya),

which immediately implies (A47).
Now, by the chain rule of mutual information,

IT(Xl,Xz,'Y) = IT(Xl}Y) + IT(Xz,'Y|X1) = IT(XQ,'Y) + IT(Xl,’Y|X2),

which, together with (A46) and (A47), implies (A48).
O

Remark A3. With X;, i = 1,2, regarded as channel inputs, (A49) can be reinterpreted as a white Gaussian
MAC. Fori # j, I(X;;Y), the reliable transmission rate of X; when X; is not known can be arbitrarily close to
[(X;; Y|X;), the reliable transmission rate of X; when X; is known. In other words, for white Gaussian MACs,
knowledge about other user’s inputs will not help to achieve faster transmission rate, and therefore, they can be
simply treated as noises. A more intuitive explanation of this result is as follows: for the Ornstein—Uhlenbeck
process X; as specified in the proof, its power spectral density can be computed as

ZaPl-
fl()\) = m'

which is “negligible” compared to that of the white Gaussian noise (which is the constant 1) as a tends to infinity.
Lemma A3 is a key ingredient for deriving the capacity regions of white Gaussian MACs.

We also need some result on the information stability of continuous-time Gaussian processes.
Let (U, V) = {(U(t), V(t)),t > 0} be a continuous Gaussian system (which means U(t), V(t) are
pairwise Gaussian stochastic processes). Define
du(?)
(T) _ Huv
@ (Ll, 'U) - (T)

(u,v), (u,v) € C[0, T] x C[0, T],
d X (1)
Hu Hy

where yg ), yg) and yg‘; denote the probability distributions of U, V| and their joint distribution,

respectively. For any ¢ > 0, we denote by ’7;(T) the e-typical set:
7;(T) = {(u,v) € C[0,T] x C[0, T}; %| log q)(T)(u,v) —Ir(U, V)| < s} .

The pair (U, V) is said to be information stable [26] if for any € > 0,

lim py(T6) = 1.

The following theorem is a rephrased version of Theorem 6.6.2. in [12].

Lemma A4. The Gaussian system (U, V) is information stable provided that

fim 2 V)

T—o00 T? =0

Lemma A4 will be used in the proof of Theorem 7 to establish, roughly speaking, that almost all
sequences are jointly typical.

With Lemmas A3 and A4, Theorem 7 largely follows from a lengthy yet almost routine argument,
which is included below due to a number of technical challenges in the proof.
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Proof of Theorem 7. The converse part. In this part, we will show that for any sequence of
(T, (e™1,eTR2), (Py, P;))-codes with PE(T) — 0as T — oo, the rate pair (Rq, Rp) will have to satisfy

Ry <P/2, Ry < P/2.

Fix T and consider the above-mentioned (T, (eR1,¢TRz2), (Py, P,))-code. By the code construction, it is
possible to estimate the messages (M, M) from the channel output Y with a low probability of error.
Hence, the conditional entropy of (M;, M) given Y] must be small; more precisely, by Fano’s inequality,

H(My, Ma|YT) < T(Ry + Ro)P") + H(PT)) = Ter,
where e7 — 0 as T — oo. Then, we have
HM|YT) < HM;, Mp|YT) < Ter, H(M,|YT) < H(M;, My|YT) < Ter.
Now, we can bound the rate Ry as follows:

TRy = H(M;)
= [(My;Yg) + H(M1[Yg )
< I(My;YQ) + Ter
< H(My) — H(My|YT) + Ter
< H(Mi|My) — H(My|Yg, Ma) + Ter
= I(My; Y{ |My) + Ter.

Conditioning on M; and applying Theorem 6.2.1 in [12], we have

1 T 5 5
1§ |2) = 3E | [ L0+ Xa(0) = (1) — R0 Ml

A

= TR0 + X K1)~ ()Pl

where X;(t) = E[X;(t)|YT, My], i = 1,2. Noticing that X, = X, we then have

1T .
1My YT M) = 5 [ Bl () = Sa(0)at

which, together with (33), implies that Ry < P;/2. A completely parallel argument will yield that
Ry < P/2.
The achievability part. In this part, we will show that as long as (Rj, Ry) satisfying

0<Ri<P/2, 0<Ry<D/2 (A50)

we can find a sequence of (T, (eTR1,eTR2), (Py, P,))-codes with PE(T) — 0as T — oo. The argument
consists of several steps as follows.

Codebook generation: For a fixed T > 0 and ¢ > 0, assume that X; and X, are independent
Ornstein-Uhlenbeck processes over [0, T] with respective variances P; — ¢ and P, — ¢, and that (R, Rp)
satisfying (A50). Generate eTR independent codewords Xy ;,i € {1,2,..., eTR1 }, of length T, according
to the distribution of X;. Similarly, generate eTR2 independent codewords Xzfj, je{12,... ,eTRZ},
of length T, according to the distribution of X,. These codewords (which may not satisfy the power
constraint in (33)) form the codebook, which is revealed to the senders and the receiver.

Encoding: To send message i € M, sender 1 sends the codeword Xj ;. Similarly, to send j € M,,
sender 2 sends Xj ;.
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Decoding: For any fixed e > 0, let 7§(T) denote the set of jointly typical (x1,x2,y) sequences, which
is defined as follows:
7;(T) = {(x1,x2,) € C[0, T] x C[0, T] x C[0, T] : |log ¢1(x1, x2,¥) — IT(X1, X2; Y)| < T,

|log @2 (x1,x2,y) — IT(X1; X2, Y)| < Te,|log @3(x1, x2,v) — IT(X; X1, Y)| < Te},

where
d
901 (xll x2/]/) = ‘W}fiil)iiyyy(xlleIy)/
142
d
P2(x1,x2,y) = Jﬁ(m,xz,y),
1 2
d
3(x1,x2,y) = dyxyxﬁ(xbxz,y).
2 1

Here we remark that it is easy to check that the above Radon-Nykodym derivatives are all well-defined;
see, e.g., Theorem 7.7 of [19] for sufficient conditions for their existence. Based on the received output
y € C[0, T], the receiver chooses the pair (i, j) such that

(x1,i, X2, Y) € 7.7,

if such a pair (i, j) exists and is unique; otherwise, an error is declared. Moreover, an error will be
declared if the chosen codeword does not satisfy the power constraint in (33).
Analysis of the probability of error: Now, for fixed T, e > 0, define

Eij = {(X1,, X2}, Y) € 7E(T)}-

By symmetry, we assume, without loss of generality, that (1,1) was sent. Define (T to be the event that
T 2 T 2
/o (Xy,1(8))7dt > Py T, /0 (Xa,1(t))"dt > P,T.

Then, ﬁe(T), the error probability for the above coding scheme (where codewords violating the power
constraint are allowed), can be upper bounded as follows:

7 = P(n ™ U ES; U2 Ei)

<P(aD)+P(ES))+ Y P(Ea)+ Y. P(Eyj)+ Y. P(Ey).
i#1,j=1 i=1,j#1 i#1,j#1

So, for any i,j # 1, we have

P < P(rM) + P(ESy) + eTRIP(Eyy ) + ™ P(Ey;) + ™R+ TR p(Ey)

Using the well-known fact that an Ornstein—-Uhlenbeck process is ergodic [76,77], we deduce that
P(7(M) = 0as T — co. In addition, by Lemma A4 and Theorem 6.2.1 in [12], we have

lim P((X11,X21,Y) € 71") = 1and thus lim P(Ef;) = 0.
—00

T—o0
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Now, we have for any i # 1,

P(Eyn) = P((Xy1,, X21,Y) € 7y

- /(X xy) el " dpx, (x1)dpx,y (2, y)
1.%2, :

Y ey y)
7;(1') @1(x1,x2,:|/) VX]Xzy 1s 2,y

—I7(X1;X,Y)+€T
S /T(T)e T( . ) £ d}’lX1X2Y(x1/x2/y)
€

— o IT(XuY|Xg)+eT
- 7

where we have used the independence of X; and X, and the consequent fact that
IT(X1} X, Y) = IT(X1} Xz) + IT(X1} Y|X2) = IT(X1} Y|X2)

Similarly, we have, for j # 1,
P(Elj) S e*IT(Xz;Y‘Xl)ﬂ»ETI

and fori,j #1,

P(El]) S e*I']"(Xsz}Y)%’ET‘

It then follows that

AE(T) S P(T[(T)) + P(E(lfl) +6TR1+ST—IT(X1;Y‘X2> +6TR2+ST—IT(X2,'Y‘X1) _'_eTR1+TR2+€T—IT(X1,X2;Y).

By Lemma A3, one can choose independent OU processes X1, X» such that I7(Xy;Y|X2)/T —
(Pr—€)/2, IT(X2;Y|X1)/T — (P, —€)/2 and It(X3,X2;Y)/T — (P + P> — 2€) uniformly in T.
This implies that with € chosen sufficiently small, we have ISQ(T) — 0,as T — oo. In other words,
there exists a sequence of good codes (which may not satisfy the power constraint) with low average
error probability. Now, from each of the above codes, we delete the worse half of the codewords
(any codeword violating the power constraint will be deleted since it must have error probability 1).
Then, with only slightly decreased transmission rate, the remaining codewords will satisfy the power
constraint and will have small maximum error probability (and thus small average error probability
PE(T)), which implies that the rate pair (R, Ry) is achievable. [

Remark A4. The achievability part can be proven alternatively, which will be roughly described as follows:
for arbitrarily small € > 0, by Lemma A3, one can choose independent Ornstein—Uhlenbeck processes X; with
respective variances P; — €, i = 1,2, such that I7(X;;Y)/ T approaches (P; — €) /2. Then, a parallel random
coding arqument with X;, j # i, being treated as noise at receiver i shows that the rate pair (P, —€)/2, (P, —
€)/2) can be approached, which yields the achievability part.

Appendix F. Proof of Theorem 8

For notational convenience only, we only prove the case when n = 2; the case when 7 is generic is similar.
The converse part. In this part, we will show that for any sequence of (T, (eTRa, eTRZ), (P, P,))
codes with Pe(T) — 0, the rate pair (Rj, Rp) will have to satisfy

Ry <a}P/2, Ry <akP/2. (A51)
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Fix T and consider the above-mentioned (T, (eTR1,eTR2), (P;, P;)) code. By the code construction,
fori = 1,2, it is possible to estimate the messages M; from the channel output Y/ with an arbitrarily
low probability of error. Hence, by Fano’s inequality, for i = 1, 2,

H(M;|Y]) = Ter,
where ¢;7 — 0as T — co. We then have
TRy = H(M;) = H(M;|My) = I(M3;Y1|Mp) + H(M;1|My, Yy) < I(My;Y1|My) + Teq 1,
As in the proof of Theorem 7, we have

a2, (T
[(My; Y] | Mp) = % A E[(X1(s) — E[X1(s)| Mg, Y} o])?]ds.

It then follows that

a2, T
TRy < 5+ | El(Xa(s) = E[Xa(s)|Ma, Yig])*)ds + Tex r,

2
which implies that R; < a%1P1 /2. With a parallel argument, one can derive that Ry < a%zpz /2.
The proof for the converse part is then complete.

The achievability part. We only sketch the proof of this part. For arbitrarily small e > 0,
by Lemma A3, one can choose independent Ornstein—Uhlenbeck processes X; with respective variances
P;—¢,i = 1,2, such that I7(X;;Y)/T approaches a%(P; — €)/2. Then, a parallel random coding
argument as in the proof of Theorem 7 with Xj, j # i, being treated as noise at receiver i shows that the
rate pair (a2, (P; — €)/2,a3,(P> — €)/2) can be approached, which yields the achievability part.

Appendix G. Proof of Theorem 10

One of the important tools that plays a key role in discrete-time network information theory is the
entropy power inequality [2,47], which can be applied to compare information-theoretic quantities
involving different users. The following lemma, which, despite its strikingly different form, serves the
typical function of a discrete-time entropy power inequality.

Lemma A5. Consider a continuous-time white Gaussian channel characterized by the following equation

Y(t) = \/ﬁ/otx(s)ds Y B(), t>0,

where snr > 0 denotes the signal-to-noise ratio in the channel and M is the message to be transmitted through
the channel. Then, for any fixed T, It (M;Y) /snr is a monotone decreasing function of snr.

Proof. For notational convenience, in this proof, we write IT(M;Y) as Ir(snr). By Theorem 6.2.1

in [12], we have
snr [T

2 Jo

and Theorem 6 in [25], we have (the derivative is with respect to snr)

Ir(snr) = E[(X(s) — E[X(s)[Y5])*]ds,

T

Trsnr) = 5 [ ELCX(9) = EX(5) Y]]l
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It then follows that

() = L (tygomn) - 1110
_ b </OTE[(X(S) _E[X(S)|Y0T])2]ds—/OTE[(X(S) _E[X(s)lYé])z]dS> <,

2snr
which immediately implies the lemma. [
We are now ready for the proof of Theorem 10.

Proof of Theorem 10. For notational convenience only, we prove the case when n = 2, the case when
n is generic being parallel.
The converse part. Without loss of generality, we assume that

snry > snrsp.

We will show that for any sequence of (T, (eTR1,eTR2), P) codes with P;T) — 0as T — oo, the rate pair
(R1, Rp) will have to satisfy
R R p
—L 22 < (A52)
snry  snrp — 2
Fix T and consider the above-mentioned (T, (e'®1,eTR2), P)-code. By the code construction,
fori = 1,2, it is possible to estimate the messages M; from the channel output Yz‘,To with an arbitrarily

low probability of error. Hence, by Fano’s inequality, fori = 1,2,
H(M;|Yp) < TRPT + H(PT) = Ty,
where ¢; 7 — 0as T — oo. It then follows that
TRy = H(M;) = H(Mi|Mp) < I(My; Y{y|Ma) + Tey 7, (A53)

TR, = H(M,) < I(Mp; Yy ) + Tea r. (A54)
By the chain rule of mutual information, we have

STlrz

where, for the inequality above, we have applied Lemma A5. Now, by Theorem 6.2.1 in [12], we have

snry [T snry
- E[(X(s) — E[X(s)]Y3,])>? ds<— E[X2(s

I(My, Mp; Y3) =
which, together with (A53), (A54), (A55) and (44), immediately implies the converse part.
The achievability part. We only sketch the proof of this part. For an arbitrarily small € > 0,
by Theorem 6.4.1 in [12], one can choose an Ornstein-Uhlenbeck processes X with variance P — €,
such that I7(X;Y;) /T approaches snr;(P — €) /2. Forany 0 < A < 1, let

X(8) = VAX((8) + V1= AXa(t), >0,

where X; and X, are independent copies of X. Then, by a similar argument as in the proof of
Lemm A3, we deduce that IT(X1; Y1)/ T, It(X2; Y2) /T approach snriA(P —€) /2, snrp(1 —A) (P —€)/2,
respectively. Then, a parallel random coding argument as in the proof of Theorem 7 such that

e  when encoding, X; only carries the message meant for receiver i;
e  when decoding, receiver i treats X, j # i, as noise,
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shows that the rate pair (snrA(P —€)/2,snrp(1— A)(P — €) /2) can be approached, which immediately
establishes the achievability part. [

Remark A5. For the achievability part, instead of using the power sharing scheme as in the proof, one can also
employ the following time-sharing scheme: set X to be Xy for A fraction of the time, and X for 1 — A fraction of
the time. Then, it is straightforward to check this scheme also achieves the rate pair (snriA(P — €)/2,snry(1 —
A)(P — €)/2). This, from a different perspective, echoes the observation in [78] that time-sharing achieves the
capacity region of a white Gaussian BC as the bandwidth limit tends to infinity.
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