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Abstract—In this first paper of a two-part series, a single-user
single-input single-output (SISO) shot-noise-limited Poisson
channel is considered over which an information signal is trans-
mitted by modulating the intensity of an optical beam, and
individual photon arrivals are counted at the photodetector re-
ceiver. The transmitted signal, which is chosen to satisfy peak and
average constraints, undergoes multiplicative fading, which occurs
over coherence time intervals of fixed duration. The fade coeffi-
cient (channel state) remains constant in each coherence interval,
and varies across successive such intervals in an independent and
identically distributed (i.i.d.) fashion. A single-letter characteriza-
tion of the capacity of this channel is obtained when the receiver
is provided with perfect channel state information (CSI) while
the transmitter CSI can be imperfect. The asymptotic behavior
of channel capacity in the low and high peak-signal-to-shot-noise
ratio (SNR) regimes is studied.

Index Terms—Channel capacity, channel state information, co-
herence time, free-space optical communication, lognormal fading,
Poisson fading channel, single input single output.

1. INTRODUCTION

HE development of the technology of free-space optical
T communication has long been motivated by deep space ap-
plications, which, in fact, have served as an important impetus
for much of the literature on communication in the Poisson
regime ([3], [16], [19], [23], [25], [28], [29], among others).
Additionally, free space optics has emerged recently as an at-
tractive technology for several applications, e.g., metro network
extensions, last mile connectivity, fiber backup, radio-fre-
quency (RF)-wireless backhaul, and enterprise connectivity
[38]. The many benefits of wireless optical systems include
rapid deployment time, high security, inexpensive components,
seamless wireless extension of the optical fiber backbone, im-
munity from RF interference, and lack of licensing regulations.
Consequently, free-space optical communication has received
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much attention in recent years [14], [15], [17], [22], [39], [41],
[42].

In free-space optical communication links, atmospheric tur-
bulence can cause random variations in the refractive index of
air at optical wavelengths which, in turn, result in random fluc-
tuations in both the intensity and phase of a propagating op-
tical signal [18], [36]. Such fluctuations, which in practice can
routinely exceed 10 dB, lead to an increase in link error proba-
bility thereby degrading communication performance [42]. The
fluctuations in the intensity of the transmitted optical signal,
termed “fading,” can be modeled in terms of an ergodic log-
normal process with a correlation time or “coherence time” in-
terval of the order of 1-10 ms [34]. For the systems under con-
sideration, data rates typically can be of the order of gigabits
per second. Therefore, the free-space optical channel is a slowly
varying fading channel with occasional deep fades that can af-
fect millions of consecutive bits [15].

A general approach that is often followed to achieve higher
rates of reliable communication over fading channels is to use
estimates of the channel fade (also referred to as path gain or
channel state) at the transmitter and the receiver. For RF com-
munication, a comprehensive review can be found in [31]. In op-
tical fading channels, instantaneous realizations of the channel
state can be estimated at the receiver; at typical data rates, more
than 108 bits are transmitted during each coherence time, a small
fraction of which can be used by the receiver to form good esti-
mates of the channel fade.! Then, depending on the availability
of a feedback link and the amount of acceptable delay, the trans-
mitter can be provided with complete or partial knowledge of
the channel state, which can be used for adaptive power control,
thereby achieving higher throughputs (cf., e.g., [5], [31] in the
context of RF communication).

Another approach for combating the detrimental effects of
fading entails the use of spatial diversity in the form of mul-
tiple transmit and receive elements. In RF communication, the
use of multiple transmit and receive antennas has been shown
to significantly improve communication throughput in the pres-
ence of channel fading; for a survey of recent results, see [11].
In the context of free-space optical communication, in several
experimental studies [2], [19], [21], multiple laser beams were
shown to improve communication performance. Attempts have
since been made to characterize analytically the benefits of mul-
tiple-input multiple-output (MIMO) communication over op-
tical fading channels [14], [15], [22], [39].

The study of the Shannon capacity of the direct detection
optical channel without fading, known popularly as the Poisson
channel, has a rich history, beginning with [9]; see [37] for

IClearly, the degree of accuracy of the receiver’s estimated knowledge of the
channel state (and the fraction of transmitted bits used for this purpose) will
affect receiver performance. This issue is beyond the scope of the present work.
For a related study in the context of RF communication, see, for instance, [27].
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a literature review. Bar-David [1] examined the capacity of
a Poisson channel with pulse position modulation (PPM), a
model further advanced by Pierce [28]. Kabanov [20] applied
martingale techniques to obtain the capacity of this channel
subject to a peak constraint on the transmitted optical power,
sans the PPM restriction. Davis [8] extended Kabanov’s re-
sult by considering both peak and average constraints on the
transmitted optical power. A new derivation of the Poisson
channel capacity by Wyner [40] also felicitously yielded the
entire reliability function of this channel for all rates below ca-
pacity. This capacity is achieved by information-bearing “rate
functions” of unbounded bandwidth. Models that take into
account bandwidth limitations have been considered by several
authors (cf., e.g., [3], [23], [24], [32], [33]); the corresponding
capacities and associated optimum coding and modulation
techniques for the bandwidth-constrained Poisson channel are
significantly different from those for the unbounded bandwidth
Poisson channel. Of direct relevance to our work is [15], where
ergodic and outage capacity issues for the single-user MIMO
Poisson channel with random path gains are addressed; this
channel is not subject to bandwidth constraints.

In a two-part series of papers, we consider several issues
concerning reliable communication over a single-user op-
tical channel with fading. These include the formulation of a
block-fading channel model that takes into account the slowly
varying nature of optical fade; the determination of channel
capacity when the receiver has accurate estimates of channel
state while the transmitter is provided with varying degrees
of channel state information (CSI); a characterization of good
transmitter power control strategies that achieve capacity; and
the limiting behavior of channel capacity in low and high
signal-to-noise power ratio (SNR) regimes.

In this first paper, we consider a single-user single-input
single-output (SISO) Poisson channel with fading and limited
by shot noise, thereafter referred to as the Poisson fading
channel. An information signal is transmitted by modulating
the intensity of an optical beam, and the receiver performs
direct detection by counting individual photon arrivals at the
photodetector. The (nonnegative) transmitted signal is con-
strained in its peak and average power. A block-fading channel
model is introduced that accounts for the slowly varying nature
of optical fade; the channel fade remains constant for a coher-
ence time of a fixed duration, and varies across successive such
intervals in an independent and identically distributed (i.i.d.)
fashion. We provide a characterization of channel capacity
for different levels of CSI at the transmitter and with perfect
CSI at the receiver. While our model resembles that studied in
[15], we restrict ourselves in this paper to the case of a SISO
channel. In this setting, we consider a more general class of
problems than those considered in [15], and from our capacity
results, conclusions are drawn that differ considerably from
those reported therein. A shortcoming of our model is that it
ignores bandwidth limitations associated with the transmitter
and receiver devices currently used in practice. We also ignore
the effects of infrared and visible background light, and assume
that the dark current at the photodetector is the dominant
source of noise. However, these assumptions lead to a simple
channel model which is amenable to an exact analysis. Other
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Fig. 1. Poisson fading channel.

models have been proposed in the literature that describe the
background noise as additive white Gaussian (cf., e.g., [17],
[41]), and bounds on channel capacity have been computed.

In the sequel paper [6], we study a single-user MIMO Poisson
fading channel with multiple transmit and receive apertures.
Building on the results of the present paper, we provide in [6]
a single-letter characterization of the MIMO channel capacity.
We also identify pertinent properties of the optimal transmission
strategy of the transmit apertures for a symmetric channel with
isotropically distributed fading when the transmitter and the re-
ceiver have perfect CSIL.

The remainder of this paper is organized as follows. Section II
deals with the problem formulation. Our results are stated in
Section IIT and proved in Section IV. An illustrative example
of a channel with a lognormal fade is considered in Section V.
Finally, Section VI contains our concluding remarks.

II. PROBLEM FORMULATION

The following notation will be used throughout this paper.
Random variables (rvs) are denoted individually by upper case
letters and collectively by bold upper case letters. We use the no-
tation X/ to denote the collection of rvs {X;, X; 11, ..., X;};
when i = 1, we use X’ = {X;, ..., X;}. A continuous-time
random process { X (¢),a < ¢ < b} is denoted in shorthand no-
tation by X’; when a = 0, we use X* = {X(¢),0 < t < b}.
Realizations of rvs and random processes, which are denoted in
lower case letters, follow the same convention.

A block schematic diagram of the channel model is given in
Fig. 1. For a given R -valued? transmitted signal {z(t), ¢ > 0},
the corresponding received signal at the channel output
Y = {Y(t), t > 0} is a Z -valued nondecreasing (left-con-
tinuous) Poisson counting process (PCP) with rate (or intensity)
equal to

A(t) = St)z(t) +do, 20 M)
where {S(t), t > 0} is a R -valued random fade, and Ao > 0
is the background noise (dark current) rate which is assumed to
be constant. Note that Y *° is an independent increments process
with Y (0) = 0, and for 0 < 7, ¢ < o0

Pr{Y(t+7) - Y(t) = jIAFT = A7)
= Lororpie,
7!
7t
2The set of nonnegative real numbers is denoted by Ry, the set of positive
integers by Z+, and the set of nonnegative integers by Zg .

j=0,1,...
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Fig. 2. Block-fading channel.

where T(\IT7) = 'ttJrT A(u)du. Physically, the jumps in Y>°

correspond to the arrival of photons in the receiver. Let [0, 7]
denote the time interval of signal transmission and reception.
Let X(7) denote the space of nondecreasing, left-continuous,
piecewise-constant, Z{ -valued functions {g(¢), 0 < ¢ < T}
with ¢(0) = 0. The output process Y7 = {Y(t),0 <t < T}
takes values in (7).

The input to the channel is an R{-valued signal 27 =
{z(t), 0 < t < T} which is proportional to the transmitted
optical power, and which satisfies peak and average “power”
constraints of the form

0 < z(t) <a,

7,

where the peak power o > 0 and the ratio of average-to-peak
power 0,0 < o < 1, are fixed.

The channel fade, i.e., path gain, is modeled by a [R?(J{ -valued
random process {S(¢), ¢ > 0} of known distribution. The
channel coherence time 7. is a measure of the intermittent
coherence of the time-varying channel fade. We assume that
the channel fade remains fixed over time intervals of width 7,
and varies in an i.i.d. manner across successive such intervals.
For k € Z7, let the channel fade during ((k — 1)7., k7] be
denoted by the rv S[k], i.e

0<t<T

t)dt <oa )

S(t) kez*

and S(0) = S[1]. See Fig. 2. The channel fade is then described
by the random sequence S = {S[1], S[2],...} of i.i.d. repe-
titions of a rv .S with known distribution. Note that the rate of
the received signal Y *° in (1) is now given by?

— S, te (k- VT, kT,

A@) = S[[t/T1]e(t) + Ao, 20, ©)
In an illustrative example will be discussed in Section V, we
shall consider a channel fade with a normalized lognormal dis-
tribution, as advocated in [15].

We shall assume throughout that the receiver has perfect CSI.
This assumption, justified in practice,* is pivotal for the mathe-
matical tractability of our analysis. Various degrees of CSI can
be made available to the transmitter. In general, we can model
the CSI available at the transmitter in terms of a mapping A :
[RO+ — U, where U is an arbitrary subset of R, not necessarily
finite. For §™ = 8°°, the transmitter (respectively, receiver) is

3We denote by [«] the smallest integer greater than or equal to x.

4The channel coherence time 7. is typically of the order of 1-10 ms, during
which 1-10 Mb can be transmitted at a rate of 1 Gb/s. A negligible fraction of
the bits transmitted and received during a coherence time can be used by the
receiver to estimate the prevailing fade value.

provided with CSI u[k] = h(s[k]) (respectively, s[k]) during
((k— 17, kT.], k € Z%. Let {U[k] = h(S[k]), k € Z*} de-
note the CSI at the transmitter, hereafter referred to as the trans-
mitter CSI h. We shall be particularly interested in two special
cases of this general framework. In the first case, the transmitter
has perfect CSI, i.e., h is the identity mapping. In the second
case, the transmitter is provided no CS1, i.e., h is the trivial (con-
stant) mapping.

We assume, without loss of generality, that the signal trans-
mission duration 7 is an integer multiple of the channel coher-
ence time 7., i.e., 7 = K7., K € Z*. For the channel under
consideration, a (W, T )—code (f, ¢) is defined as follows.

1) For each u® € UK, the codebook comprises a set of W
waveforms
flw, u®) = {zp(t, T, 0<t < T}
w e W = {1,..., W}, satisfying peak and average
power constraints which follow from (2)
0<x(mWﬂ)ga, 0<t<T
[t/7] <
- / tal/7) dt <oa )

for all w € W. Note that the transmitter output z,, (¢, -) at
time £ is allowed to be a function of the (causal) transmitter
CST ult/7e1,

2) The decoder is a mapping ¢ : (7)) x (RF)* — W.

For each message w € W and transmitter CSI «* € U* cor-
responding to the fade s* € (R{)", the transmitter sends a
waveform ., (¢, ult/Z] ), 0 < ¢t < 7, over the channel. The
receiver, upon observing y”7 and being provided with s, pro-
duces an output 1 = ¢(y7? , 8*). The rate of this (W, T )—code
ISR = % In W nats/s, and its average probability of decoding
error is

P.(f, ¢)
WZ]E[Pr{ YT7S’C)7£w‘xZ(U’C)7S’C}] )

w=1

where we have used the shorthand notation
xg@ﬁ):{%(aUWﬂU,ogt§7}7 weW.
(6)

Definition 1: Let a, Mg, o, 7. be fixed. Given 0 < ¢ < 1, a
number R > 0 is an e-achievable rate if for every § > 0 and for
all 7 sufficiently large, there exist (W, 7 )—codes (f, ¢) such
that + InW > R — & and P.(f, ¢) < € R is an achievable
rate if it is e-achievable for all 0 < ¢ < 1. The supremum of
all achievable rates is the capacity of the channel, and will be
denoted by C.
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III. STATEMENT OF RESULTS

Our first and main result provides a single-letter characteri-
zation of the capacity of the Poisson fading channel model de-
scribed above. The two special cases of perfect and no CSI at
the transmitter are considered next. Finally, we analyze the lim-
iting behavior of capacity in the high and low peak-signal-to-
shot-noise ratio (SNR) regimes, viz. in the limits as Ay — 0
and \yg — oo, respectively. Recall our standing assumption
throughout that the receiver has perfect CSI.

For stating our results, it is convenient to set

((m,y) 2 (z+y)In(z+y) —ylny, z,y>0 (7

(with 01n 0 £ 0), and
1
§) 2 — (71 +2)0F) 1),
x
whence it can be verified that for x, y > 0

((z,y) —r(1+Iny) =zl +&(z/y)z/y). ()

Note that (-, y) is strictly convex on [0, co) for every y > 0.
We shall assume the following technical conditions throughout,
which are satisfied by a broad class of distributionss for S

Pr{S >0} =1
E[S] < o0
Before stating our main capacity result for the Poisson fading
channel, we provide a heuristic argument that progressively an-
ticipates its formula. First, let S = s with probability 1; then,
the corresponding capacity is clearly (cf., e.g., [40, Theorem 1]
or [8, Theorem 1])

max_puC(sa, Ao) — C(asar, Ao) (11)

0<pu<o

and is achieved by ani.i.d. {0, a}-valued channel input. The ca-
pacity value in (11) is to be interpreted as a maximum with re-
spect to the parameter p of the conditional mutual information
between the channel input and output conditioned on S = s,
where (4 is the probability of the channel input taking the value
«. Second, with the rv S as in the previous section, let the re-
ceiver possess perfect CSI while the transmitter has no CSI. The
corresponding capacity can be expected to be a similar max-
imum of the averaged conditional mutual information, where
the average is taken over the distribution of the rv S'; by analogy
with (11), its value would then be

max IE [pu¢(Sa, Ao) — ((uSa, Ao)].

0<u<o (12)

Finally, we turn to the case at hand, namely, when the receiver
has perfect CSI while the transmitter CSI is given in terms of the
rv U = h(S), a function of the receiver CSI. The capacity value
should once again be a maximum of the averaged conditional
mutual information as above, where the channel input now has

SIn particular, the lognormal distribution, which is widely used to describe the
channel fade in free-space optical channels [15], [22], [34], [39], [42], satisfies
these conditions.
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a conditional distribution conditioned on the rv U ; thus, this last
conditional mutual information, in effect, is a convexification
with respect to U of the counterparts of the sort which led to
(12); also, the maximization with respect to y (which now is
a function of transmitter CSI) should be subject to an overall
average power constraint. Hence, the anticipated capacity value
is

max
u:U—10, 1]
E[pU))<eo

A formal proof of (13) as the capacity expression for the Poisson
fading channel with transmitter CSI h could be constructed
along the lines above. However, this would entail establishing
rigorously the appropriate maxima of conditional mutual in-
formation quantities involving mixed rvs as the capacities in
the second and last steps above, combined with showing that
their values are then (12) and (13), respectively. Instead, we
prefer to give in Section IV an elemental proof which is directly
crafted for the problem at hand, thereby avoiding a derivation
of (more general) capacity results for mixed alphabet channels
with CSI6 from which the sought-after expressions then must
be extracted.

E [u(U){(Sa, Ao) = ((u(U)Sa, Ag)l. (13)

Theorem I: Let «, Ao, o, 7. be fixed. The capacity for trans-
mitter CSI A is

C= max
n:U—10, 1]

E[pU)l<e
where U = h(S).

The capacities for the special cases of perfect and no CSI at
the transmitter follow directly from Theorem 1.

Corollary 1: The capacity for perfect CSI at the transmitter
is

Cp= max IE[u(S){(Sa, Ag) — ((u(S)Sa, Ao)].
u:RE:'—»[O, 1]
E[u(S)]<o
The capacity for no CSI at the transmitter is {as)
CN = Org;?é(a]E [MC(SO‘, )‘0) - C([I/SO[7 )‘0)] . (16)

Remarks:

(1) The optimization in (14) (as also in (15), (16)) is that of a
concave functional over a convex compact set, so that the
maximum clearly exists.

(i) The assumption of perfect receiver CSI is consequential
for the capacity result of Theorem 1. From this result, we
see that the value of the capacity does not depend on the
coherence time 7. Conditioned on the transmitted signal
{z(t),0 < t < T}, and perfect receiver CSI s*, the
segments of the received signal in different coherence in-

tervals, viz. Y],‘ZCI)T , k=1, ..., K, are (conditionally)

independent across the coherence intervals; hence, it suf-
fices to look at a single coherence interval in the mutual
information computations. Furthermore, in a single coher-
ence interval, conditioned on perfect receiver CSI, the op-
timality of i.i.d. transmitted signals leads to a lack of de-
pendence of capacity on 7. The fact that the capacity of
a block-fading channel with perfect receiver CSI does not

6See [4], [7] for channels with finite alphabets.
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depend on the block size has been reported in the litera-
ture in various settings in other contexts (cf., e.g., [26] for
such a result on block interference channels).

(iii) Our proof of the achievability part of Theorem 1, based on
[40], shows that {0, a}-valued transmitted signals which
are i.i.d. (conditioned on the current transmitter CSI) with
arbitrarily fast intertransition times, can achieve capacity.
This is in concordance with previous results (e.g., [40]),
where the optimality of binary signaling for Poisson chan-
nels has been established.

(iv) The optimizing “power control law” g in (14), (15), and
(16) depicts the probability with which the transmitter
picks the signal level o depending on the available trans-
mitter CSI. Thus, it can be interpreted as the optimal av-
erage conditional “duty cycle” of the transmitted signal as
a function of transmitter CSI.

(v) Some consequences of imperfect receiver CSI are dis-
cussed in Section VL.

Theorem 2: The optimal power control law p* : U — [0, 1]
that achieves the maximum in (14) is given as follows. For p >
0,u € U, let p = p,(u) be the solution of the equation

E [Saln (Hg(SO‘/AO)SO‘/AO)‘U :u] — (A7)

1 + /LSO(/)\O
and define
a0 2 Eluo(U)]. (18)
If 09 > o, let p = p* > 0 be the solution of the equation’
E [[u,(U)]T] = 0. (19)

Then the optimal power control law p* in (14) is given by

* _ /J'O(u)7
() = { [ ()],

The following corollary particularizes the previous optimal
power control law in the special cases of perfect and no CSI at
the transmitter.

og <o

ogp >0, (20)

u € U.

Corollary 2: For perfect CSI at the transmitter, the optimal
power control law z* : Rf — [0, 1] that achieves the maximum
in (15) is given as follows. For p > 0, s € R(J{, let

a o[ —(142) @s (v+22 _
pp(s) = s 1+ o 1 (21)
and let
a0 = Efuo(S)]. (22)

If o9 > o,let p = p* > 0 be the solution of the equation
IE [[11,(S)]T] = o. Then the optimal power control law p* in
(15) is given by

wroy _ J Ho(s),
wils) = { (]

TWe denote max{x,0} by [z]*.

oo < o,

o9 >0, SEIR[)". (23)
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For no CSI at the transmitter, the maximum in (16) is achieved
by

p* = minf{o, po} (24)
with p being the solution of the equation
E [5a1n<1+5(50‘/%>50‘”°>] —0. (25
1+ poSa/Ao

Remarks:

(i) It can be verified that the left-hand side of (19) decreases
monotonically from o to 0 as p increases from 0 to co, so
that for each 0 < o < 0y, there exists a unique p = p* >
0 that solves (19). Furthermore, it can be shown that for
eachu € U, 0 < p*(u) < 1/2, so that the power control
law given by (20) is well defined.

(ii) For the case of perfect transmitter CSI, the optimal power
control law in (23) differs from, and yields a higher ca-
pacity value than, the claimed optimal power control law
in [15, eq. (4)]. An example in Section V shows the dif-
ference in the values of capacity when computed using
the two power control laws for a range of values of a/Ag
and o.

The peak signal-to-noise ratio, denoted SNR, is defined as
SNR = «/Ag. We characterize next the capacity in the high-
and low-SNR regimes (equivalently, the low- and high-shot-
noise regimes) when the peak signal power « is fixed.

Theorem 3: In the high-SNR regime in the limit as Ay — 0,
the capacity for transmitter CSI A is
Cl'=FE [‘LLH(U)C(SO(, 0) - C(,LLH(U)SO( 0)] (26)
with U = h(S), where the optimal power control law p' :
U — [0, 1] is given as follows: if o < 1/e, let p = p* > 0 be
the solution of the equation IE [e"’/O‘E[S'U]] = eo; then pH is
given by

—1—p* /aE[S|U=u]
H e , o<l1]e

_ ’ 2
) {e‘l, o>1/e, uwel. @7
In the low-SNR regime for Ag > 1, the capacity is8

Cl = p"(1 — WME[S?]a?/2X0 + O (A7) (28)

where p¥ = min{o, 1/2}.

In the next two immediate corollaries of Theorem 3, we char-
acterize the capacity in the high- and low-SNR regimes, in the
special cases when the transmitter is provided with perfect and
no CSI, respectively.

Corollary 3: For perfect CSI at the transmitter, in the
high-SNR regime in the limit as A\g — 0, the capacity is

Cp = E [ (S)¢(Sa, 0) = ¢(u"(S)Se, 0)]  (29)

8By the standard notation f(x) = O(g(x)), we mean that there exists a
number 0 < A < oo, not depending on 2, such that f(z) < Ag(x)Va > xo,
where zy = 29(A4) < oo.
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where the optimal power control law pf! : Rf — [0, 1] is given
as follows: if & < 1/e, let p = p* > 0 be the solution of
E [e”’/so‘] = eo; then pH is given by

—1—p"/as_ <1
pi(s) = {6—1 o<l

30
o>1/e, s€RY. (30)

)

In the low-SNR regime for Ay > 1, the capacity is the same as
in (28), i.e.,

Ch = u"(1 = u"E[S*)a’ /200 + 0 (Ag?) B

where p* = min{o, 1/2}.
Corollary 4: For no CSI at the transmitter, in the high-SNR
regime in the limit as A\g — 0, the capacity is

CN = E [1M¢(Sa, 0) — ((u"Sa, 0)] (32)

where pf! = min{o, 1/e}.

In the low-SNR regime for Ag > 1, the capacity is the same
as in (28), i.e.,

Ck = ph(1 = p)E[S]a? /200 + 0 (A7) (33)

where u¥ = min{o, 1/2}.

Remark: In the low-SNR regime for Ao > 1, we see from
(28) that transmitter CSI does not improve capacity. The ca-
pacity increases with SNR (approximately) linearly with a slope
proportional to p“(1 — p™), where the optimal duty cycle " =
min{1/2, o} does not depend on the transmitter CSI. However,
in the high-SNR regime as A\g — 0, if o < 1/e, the optimal duty
cycle ;! (and hence the capacity in (26)) depends on transmitter
CSI.?

IV. PROOFS

We begin this section with some additional definitions and
observations that will be needed in our proofs. First, observe
that for any ¢ > 0, the number of photon arrivals /V; in J&), t]
together with the corresponding (ordered) arrival times T =
(T4, ..., Ty,) suffice to describe the statistics of Y'?, so that the
v (N7, T7) is a complete description of V7.

The channel is characterized as follows. For an input signal
x7 satisfying (2) and a fade S* = sX, the channel output rv
(N7, T™7) has the “conditional sample function density” (cf.,

e.g., [35])

fNT,TNT|XTysK (TLT7 "7 |.CET7 SK)
€xp (_ f[;f )\(t)dt) ’ nr
exp (~ T Mo)a) - T, Ak), mor > 1

=0

(34)

where

A(t) = s[[t/Te]](t) + Ao,

9This is in contrast with the results in [15], where the authors have argued
that at high SNR, a knowledge of the fade at the transmitter does not improve
capacity.

0<t<T.
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In order to write the channel output sample function density
conditioned only on the fade for a given joint distribution of
(X7, 8"), consider the conditional mean of X (£) (conditioned
causally on the channel output and the fade) defined by

0<t<T (35

?

X()EE [X(t) ’Nh T Srt/’m]

where we have suppressed for notational convenience the de-
pendence of X (t) on (N, T™, g/l ). Define

A(t) 2 S[[H/TNX(H) +Xo,  0<t<T  (36)
and
Ay 21 [A) ’Nt, T, §171]
=S[[/TNX(A) +Xo.  0<t<T. (37

From [35, Theorem 7.2.1], it follows that conditioned on st s
the rv (N7, TN 7) corresponds to a “self-exciting” PCP with
rate process A7, and its (conditional) sample function density
is given by
Iz e s (nr, 877 [8%)
exp (— fOT X(t)dt) , ny =0
exp (= o A@dt) - TLZ L), nr > 1

(38)

where
A(t) = s[[t/TN&(E) + o
with
i(t) =B [X(1) ‘Nt = e, TN =t §1T = g1t/71 ]
for0 <t < 7.
Proof of Theorem 1:

Converse Part: With 7 = K7., K € Z%, consider
(W, T)-codes (f, ) of rate R = FInW and with
P.(f, ¢) < € (cf. (5)), where 0 < e < 1 is arbitrary but
fixed. Let W be a rv uniformly distributed on (the mes-
sage set) W, with W being independent of S*. Denote
X(t) & 2w (t, UYT1), 0 < t < T (cf. (6)). Note that (4)
then implies that

0<X(t) <a, 0<t<T

T

L / E[X (1)]dt < 0. (39)
T Jo

Let (N, TNT) be the channel output corresponding to an input
X7 when the channel fade is S~ i.e., (Nz, TNT) is a PCP
with rate process {A(t), 0 < ¢t < T} as in (36) with X (¢) =
xw(t, UWTC]), 0 < t < 7. Clearly, the following Markov
property holds:

W —o— X!, 8Tl o N, TN,  0<t<T. (40)

By a standard argument
1
R==HW
—H(W)

- %1 (W A (Nq—, T S’C)>

+ %H(WM&(NT,TNT, S’C))
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which, upon using Fano’s inequality
H (W| $(N7, TN, S’C)) <elnW + hy(e)
=e¢ TR+ hy(e)

leads to

R < ﬁ {%1 %hb(e)]

where hy, denotes binary entropy. Since 0 < € < 1 was arbitrary,
we get the standard outcome that the rate R of the (W, 7 )—code
(f, ¢) with P.(f, ¢) < e must satisfy

(W A G(Ny, TV, s”)) +

R < %I (W/\qs(NT, N7, S’C)). (41)
Proceeding further with the right-hand side of (41)
I (W A $(Nr, TN, s"“))
<1 (W A N7, TV, S’C) 42)
=1(W AN, TV |SY) (43)
= (N7, T"7|S") — h(Nz, TV"|W, 8)
< W(Nz, TV7|8%) = h(Nz, TVT|X7,8%)  (44)

where (42)—(44) follow, respectively, by the data processing re-
sult for mixed rvs,10 the independence of W from sk , and (40).
The difference between the conditional entropies of the mixed
rvs!! on the right-hand side of (44) is

h(NT7TNT|SK) - h(NTv TNT|XT7 SK)
=1 [— In fNﬂ[,TNT\S’C(NT? TNT|SK):|

~E [~ In fy, pvr xr, 55 (N7, TV X7, 8%)]

—E VOT (A(t) - A(t)) dt]

In {1(N7:0) +1(Ng> 1) ﬁA T,) }

1=1

+E

— In {I(NT = 0) + ]l(NT >1 ﬁ } (45)

where (45) is by (34), (38), with 1(-) denoting the indicator func-
tion. The first expectation term in (45), by an interchange of op-

erations,!2 is
]E [ / ! (Aw - Aw) dt]

_ / "k (At~ A(n)] di

=0 (46)

10This result can be deduced, for instance, from [30, the last paragraph of
Section 3.4, p. 36, and Kolmogorov’s formula (3.6.3) on p. 37].

1Qur definition of the conditional entropy of mixed rvs is consistent with the
general formulation developed, for instance, in [30, Ch. 3].

12The interchange is permissible as the assumed condition E[S] < oo im-
plies the integrability of {A(t) — A(t),0 <t < T}.
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since IE[A(t)] = E[A(t)], 0 < ¢ < T, by (37). The second
expectation term in (45) equals

E l]E [m {]I(NT =0)+ 1(Nr > 1) ﬁA(ﬂ)}

— In {]I(NT =0)+ (N7 >1) ﬁf\(Ti)H NTH . (47)

The (inner) conditional expectation term above, conditioned on
N7 = 0, equals 0; and, conditioned on Ny = ny > 1, itequals

E [lnﬁA(T lnHA
“E li (lnA(Ti) —lnA(E))

i=1

NT = HT]

NTZRT] ;

so that the conditional expectation in (47) is

Nt

I(Nr > 1)E lz (IUA(Ti) - lnA(Ti))

=1

NT]
Nt

=E [n(NT >1)y (ln AMT3) lnf\(Ti))

=1

(48)

NT] .
Then, by (46)—(48), we get in (45) that

h(Nz,T"7|8%) — (N7, TV |X7T, 8%)

Nt

- [I(NT > 1) Z (hlA(Ti) - IHA(TL‘))

i=1

T
- /0 {B[c(st/701x(0), 20)]
- [¢ (stryzLw, %)) }

where (50) is shown to result from (49) in Appendix A.
Next, in the right-hand side of (50)

B [¢ (SIt/T1%(0), Ao
:E[IE[ (Stre/Tnx @), 20) | Strt/711] |
> E [¢ (B [S(/70X 0| siTyZ1], %0)] 6D
E [¢ (SIy/Ze [ X )] S/2] . %)
:E[ (str/znex@|siy 1), %)) 62
E[¢(siry/ZNE[x0[vy/ 7] %)] - 63

where (51) is by Jensen’s inequality applied to the convex func-
tion (-, Ag); (52) is from

B[ X @)|s(1t/7)]

- B []E [X(t)
(

ZJE[X t)‘S[ft/TcH];

(49)

(50)

[N, T, ST |1/ 720
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and (53) holds as

E[x(0)|sl1t/7.1]
= B[ X(1)[S(/7.1), Ult/7.]]
- IE[X t)‘U[(t/m]] (54)
by virtue of the Markov condition
X(t) —o= U[[t/Tc]] == S[[t/T]],  0<t<T (55

which itself is a simple consequence of the independence of
(W, Ult/%1- ') and St4/7.7, and the fact that X (¢) is a function

of (W, U/T1-1y and U[[t/7.]] with the latter being deter-
mined by S[[t/7:]]. Summarizing collectively (44), (50), (53),
we get that

I(W A (N7, TNT, 8))

< [ mle(strmxm. )

= ¢(Str/ e [x (0)|Ul1t/70]], %0)] dt. s6)

The right-hand side of (56) is further bounded above by a suit-
able modification of an argument of Davis [8]. Considering the
integrand in (56), fix 0 < ¢ < 7 and condition on S[[t/7.]] =
s, 8 € R(")'. Then

B[¢(SIt/TT1X (), Xo)
= (S TNE[X 0)|UTTe/TN)). do )| S17E/ 7] = 5]
= B[¢(sX (1), Ao) ‘s [t/7] = 5]
( JE[X ‘U[[t/T]] = h(s )]. /\0)
= B[C(sX (1), o) |[UL[t/T:1) = h(s)]

— C(sB[XW|Ulr/T11=h(5)]. Xo) 57)
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by (55). Consider maximizing the right-hand side of (57)
over all conditional distributions of X(¢) conditioned on
U[[t/7.]] = h(s) with a fixed conditional mean

EX(@)|U[[t/Tc]] = h(s)] = mi(h(s))

say, and subject to the first constraint (alone) in (39). Then, the
right-hand side of (57) equals

E[C(sX (1), 20) [UTT/ T = h(s)] = Csmlh(s)) o) (58)

and is maximized by considering the first term above. Using the
strict convexity of {(-, Ag), this term is largest (see [8, proof of
Theorem 1], or [33, Lemma 1])13 iff X (¢) is a {0, a}-valued rv
with

Pr(X _a‘U(t/Tﬂ_h( ))
:1—Pr(X ZO‘U t/m]:h(s))

_ m(h(s)) 59
e
and the corresponding largest value of (58) is
”f(h(s”i(o‘s’ 20) _ ¢ (smu(h(s)), ho). (60)
Noting that (39) implies that
0 < m(h(s)) < a, 0<t<T, seRF  (61)
and
1 [T
7 [ Elmsrym))a <o @

we thus obtain from (56)—(58), (60)—(62) the expressions that
appear in (63) at the bottom of the page.

13An alternative proof can be gleaned from the following simple observation.
Let X bea[0, a]-valuedrv, o > 0, of arbitrary distribution but with fixed mean
u = E[X]. LetJ [0, o] — R{ be astrictly convex mapping, with g(0) = 0.
Then, g(X) < 2(2) X' whence E[g(X)] < a(e)i Tt s readily seen that this
upper bound on IE[g(X)] is achieved if X € ?0 a} with Pr{X = 0} =
1—Pr{X = a} = 1— £. The necessity of this choice of (optimal) X follows
from the strict convexity of g(+) on [0, a].

IN

max
7:U—[0, ], 0<t<T

(WAqS( TN, sK))

T
%/0 {IE[m(h(S[ft/']—c”))C(S[[t/']’c]]a, AO)/Q}

+ [T E[m (nsI1/70D) | di<oa

0

= max
7:U—[0, a], 0<t<T

+fE

[ (vlr/7.11) ) dt<oa

= B[C( 17/ m (ST TTD) Do) | } dt

1

L . {]E[m(U[ft/TJ])C(SW/Z”% Yo)/a

— B¢(SIMt/T0m: (UTT/Z01), 2o } dt. (63)
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In order to simplify the right-hand side of (63), for every u €
U, define

a1 [*
vi(u) =T me(u)dt Ek=1,...,K (64)
¢ Jr-nT.
Al & vk (u)
p(u) == (65)
K kZ=1 o
From (62), we get
0 < p(u) <1, u €U, (66)
and
1 /7
72—z [ BlnmsIy T
1 &1 [F
=— — E Ulk])|dt
ak kz:; 7. /(k-l)Tc [ (D)
1 & 1 (KT
=— E|— U)dt 67
ak kz::l [Z ./(k—l)TC m(U) ©n
| X
=L S B () (68)
ak kz:;
=E[u(U)] (69)

where (67) is by an interchange of operations,!4 and by the i.i.d.
nature of the channel fade sequence S°7; (68) is by (64); and
(69) is by (65).

The time-averaged integral on the right-hand side of (63) can
be written as

L[ (e[t mnesti i, wo]
[ (SIF/TNm(UTT/T1), Mo) | }

_ % f: % ./(”“ {I[m(UIk)C(S [kl Ao) /o

— (SkIm(UTk]). Ao)| } dt
K
< & S B[S, o)/

— (ST (UIKD, )] (70)

}(: :E:: ]{E l/k

SlE[ ( )C(Sat, Ao) = C(Su(U)a, Ao)] (72)
where (70) is by Jensen’s inequality applied to the convex func-
tion (-, Ag) and (64); (71) holds by the i.i.d. nature of S>;
and (72) is by Jensen’s inequality and (65). Summarizing col-
lectively (41), (63), (66), (69), (72), we get that

E [u(U){(Sa, Ao) —

((Sa, Xo) /o = C(Sv(U), Xo)] (71

R= | dpax C(u(U)Sa, Ao)] (73)

E[p(U)]<o
thereby completing the proof of the converse part.

14The interchange is permissible since by definition, 0 < 7, (u) < 1,u € U,
0<t<T.
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Transmission interval
S[1] S[2] Skl S[K]
3 e
04 a 27, (k<17 kT (K- T
P (k= 1LA+ A
t ) 7/— -}
(k- 1)2A kLA — A

< k'™ coherence interval

Fig. 3. Subintervals of [0, 7.

Achievability Part: We closely follow Wyner’s approach
[40].

Fix £ € Z" and set A = 7./L. Divide the time interval
[0, 7], where 7 = K7, with K € ZT, into KL equal subin-
tervals, each of duration A. See Fig. 3. Then, in the channel
fade sequence S = {S[k]}32,, each S[k] remains unvarying
for a block of £ consecutive A-duration subintervals within
((k = 1)7., k7], and {S[k]}32, varies across such blocks in
an i.i.d. manner.

Now, consider the following class of restricted (W, 7 )-codes
with message set W. The codebook consists of waveforms
f(w, u*) = {z,(t, w7 0<t < T}, weW,ur e UF,
which are restricted to be {0, «}-valued and piecewise constant
within each of the ICL time slots of duration A. Define

T /L1y & ) 0, ifa:w(t7u(t/7c1> -0
xn(uu u ) - { 1, if;z;w(t7 u(t/q;q) —a

tel(n—1)A,nA), n=1,..., KL (74)
Note that the condition (4) requires that
Kc
1
ﬁ;gﬁn(w,u(”/“)ga weW, vt e Uk, (75)
Next, the (restricted) decoder ¢ : {0, 1}*4 x (RF)Y — W

is based on limited observations over the L time slots,
comprising

Y, = 1(Y(nA)=Y((n—1)A)=1), n=1,..., KL (76)
(with Y (0) = 0), and 8. This decoder considers the arrival
of two or more photons within an interval of width A, as an
“error event” of negligible probability (for small A); this event
is combined with the positive probability event of no photon
arrival within the same interval.

The largest achievable rate of the restricted (W, T )-codes
as above—and, hence, the capacity C for transmitter CSI h—is
clearly no smaller than %, where C(L) is the capacity of
a (L-)block discrete memoryless channel (in nats per block
channel use) with input alphabet X¢ = {0, 1}¥; output al-
phabet Y£ = {0, 1}%; state alphabet R ; transition probability

mass function (pmf)

s) = [1Ws 1z, sl 9),

=1

W (¢ |z",

#,9° {0, 1}5,seRE (77
where X , S, f/, respectively, are §<-, R(')" -, and Y-valued Ivs,
and Wy 5 s(|-, s), s € Ry, is given by (see Fig. 4)

Wy 5. s(110, ) =1 — Wy 5 5(0[0, 5)
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X Y

0 1= wiolL) 0
1= wis, £)
wio(£)

1

wia(s, £) !

Fig. 4. Discrete channel approximation.

2 wyo(£),
W)~’|X,S(1|17 s)=1- W)~’\)~(,S(0|17 5)
_ (Ao + sa)Tc exp <_
L
Lwyi(s, £)

(Ao + sa)Tc
o)
(78)

with transmitter CSI h (and perfect receiver CSI); and under
constraint (75).

By [7, Remark A2 following Proposition 1], it is readily ob-
tained!5 that

c(L) = max IXSAYES) (79
PXL\U:Zf:1 E[X|]<Lo
with U = h(S), where the joint conditional pmf Pz ¥tis is

given by

Py ge 5@, §51s) = Pge  (85[R(s))W ) (55|27, ),
#°, 9°€{0, 114, s eRE. (80)

By a standard argument which uses (77), the maximum in (79)
is achieved by

Py, HPYIU Z1|h(s)),

“e{0,1}*, seR} (81)
so that from (79)

c(L)y=£L max I(XAY]9) (82)
P)_(\U:]E[X]SU
where Pg ¥is is given by
P v1s(&; 9ls) = Py (2|h()Wy 1 s (912, 5),
#,9€{0,1}, seR. (83)
Setting
p(u) 2 Pr{X =1|U =u} = B[X|U =u], wu€U,
and (84)
Be(s)
SI(XAY|S=5)
=H(Y|S=s)-H(Y|X, S =5)
= ho ((h(s))wnr(s, £) + (1= p(h(s))wio(£))
— p(h(s))ho(w11(s, £))
— (1= p(h($)))hs(w1o(L)), s €RG (85)

15Tn [7], S is taken to be finite-valued; however, the result (79) can be seen to
hold also when S is R¢ -valued.
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we can express (82) as

C(L) = i LE[BL(S)]- (86)

E[p(U)]<o

Since £ € 7T was arbitrary, we have

> jim S

. E[Be(S)]
> lim ——+=
- /A:l?l?[)(](, 1] [,l—r};o %/ﬁ

E[u(U)]<eo

(87)

by (86). Finally, it is shown in Appendix B that

tim EPEEN _ )¢ (80, M) — (S0, Ao)]

L—oo 7;/[:
(83)
whence
Cc> nax E[uU)¢(Sa, o) = ((Su(U)a, Ao)]  (89)
p:U—[0,
E[p(U)]<o

thereby completing the proof of the achievability part of
Theorem 1. (]

Remarks:

(i) In Section III, Remark (iii) following Theorem 1 consti-
tutes an interpretation of (81) when £ — oo.

(ii) In the proof above of the achievability part of Theorem 1,
we could also have considered a restricted decoder ¢ with
Y,, in (76) replaced by

Y, =1-1(Y(nA) =Y ((n—1)A) = 0),

n=1,...,

KL

which combines the event corresponding to the arrival of
two or more photons in an interval of width A, of negli-
gible probability, with the positive probability event of a
single photon arrival.

Proof of Theorem 2: From (14), we can write
C= E[y(U, n(U))]

max
n:U—J0, 1]

E[u(U)]| <o

(90)

where for u € U

(u, p(w)) 2 E[u(U)¢(Sa, Ao) -
— Elu(u)¢(Sa, Ao) -

(Su(U)a, M)|U = u]
C(Sulu)a, Ao)|U = u).
On

It is useful to note that

g¢ _E[g(sa o) — Sa(1 + In(Sp(u)a + Ao) ‘U - u]
. 1 —{—f(SOz//\[))SOé/)\O .
—]E[Sozln< T+ () Sa/h U=u

(921/} 52a2

Z T S = . U

o [@MW&+%)U “] vel o

where £(-) is as defined in (8). Note that b}; (10), the last expec-
- ie, (- isa

strictly concave function of 4 in the range of our interest.
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In order to determine the optimal power control law p* : U —
[0, 1], we proceed as follows. First consider the “unconstrained”
optimization problem, i.e., without the constraints y : U —
[0, 1] and E[u(V)] < o

max E[¢(U, u(U))]

nwU—R (93)

and let ;19 : U — R denote a maximizer in (93). Then jo must
satisfy the (necessary) Euler—Lagrange condition (cf., e.g., [10])

o

=0
o

(94)

Ho
which, by (92), implies that p( satisfies

1L+ &(Sa/Ag)Sa/A
E [Saln < L+ pio(u) S/ Ao

)‘U:u] =0 (95

for every u € U.

Furthermore, since () is a strictly concave function of y in
the region of interest, (94) also constitutes a sufficient condition
for 1o to be the (unique) maximizer in (93). It can be verified
(cf., e.g., [8, Fig. 2]) that £(-) is monotone decreasing on [0, o)
with £(0) = 1 and lim, . £(z) = 1. Therefore, from (95), it
follows that L < pig(u) < 1, u € U. With 0g £ E[uo(U)], we
see that % <og < %

Consider next the constrained optimization problem on the
right-hand side of (90), i.e., now with the inclusion of the con-
straints p : U — [0, 1] and IE[p(U)] < 0. If 0 > 0y, then the
“unconstrained”” maximizer yq in (93) satisfies the previous two
constraints, and hence is the solution of the constrained problem
in (90) as well. Suppose next that o < o. Firstignore the (local)
constraint 0 < p(u) < 1, w € U, and define the Lagrangian
functional

L(p) = Elx(U, u(U))] (96)

where

x(u, p(w) = (u, p(u)) — pp(u),

and p > 0 is a Lagrange multiplier. Using the strict concavity
of L(-), we conclude that a necessary and sufficient condition
for pn, : U — R to be the maximizer in (90) is given by the
Euler—Lagrange equation

uel o7

Ix

=0.
o

(98)

Hp
By (92), (97), and (98), we then see that p, satisfies

1+ f(SOl/)\(])Sa//\o
I [Saln < T+ 1, ()Sajhe

>‘U:u}:p 99)

for every u € U.

We now impose the constraint 0 < p(u) < 1, u € U. Note
that p1,(u) < po(u) < %, u € U forall p > 0. However,
given p > 0, p1,(u) can be < 0 for some v € U. By the strict
concavity of x(u, -), it follows that if for some v € U, p,(u) <
0, then for all w > 0, x(u,w) is a strictly decreasing function
of w. Therefore, if y1,(u) < 0 for some u € U, the constraint

p(w) > 0 dictates the maximizing solution to be p*(u) = 0;
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otherwise, the maximizing solution is given by p*(u) = p,(u).
Summarizing the previous observations, we get that p*(u) =
[p(w)], u € U. Finally, the optimal Lagrange multiplier p* is
chosen to satisfy the power constraint IE[[,« (U)]*] = o. This
concludes the proof of Theorem 2. O

Proof of Theorem 3: First consider the limit as Ay — 0.
Let C! = limy, o C, pj) (u) = limx, o (), and pH (u) =
limy, o p*(u), w € U, p > 0, where C, 1,,(+) and p*(-) are as
defined in (14), (17), and (20), respectively. Since

lim E | Saln L+ £(5a/do)Sa/Ao U=u
Ao—0 14+ pSa/Xo

=E[Saln(l/en)|U = u],

0<u<l

by (17), it follows that pfl(u) = e~'=¢/°FlSIU=ul Clearly,
0< ,U,E(’U,) <e7L, p >0, u € U. Furthermore, pfl(u) = ™1,
u € U, so that 0y = e~ 1. By (20), it follows that

—1 —1
H e, o>e
p(u) = {e—l—p*/aE[S|U=u]7 o < el (100)
where for o < e~', p* > 0 satisfies B[e~!=# /*FISIU]] = 4.
Finally, by (14), in the limit as Ay — 0, we get
Ch =E [p"(U)((Sa, 0) = ¢(u*(U)Sa, 0)] . (101)

This establishes the first part of Theorem 3.
Next consider the case A\g > 1. Foru € U, p > 0, let
L — N L — 1 *
py(u) = limy, oo pp(u) and p=(u) = limy, oo p*(u).
Givens > 0,q > 0
C(sa, Ag) — sa(l +1In(Ag + gsa))
=saln g+ (sa+ ) In (1 + sa/Ng)
—sa(l1+1InX +1In(1+ gsa/Ao))

which, for Ay > 1, with the approximation Inz = = — 2 /2 +
O(z?) for z < 1, equals

(s + Ao) (sa//\o ~ (sa/ho)? /2 + O()\0‘3))
~ sa (1 +gsa/do — (gsa/ro)? /2 + O()\g?’))
= (1 —2¢)s%a?/2) + O(\;?)

as \g — 00.

(102)

— 0,
Hence, for Ag > 1, by (17), (92), and (102), it follows that

p =E[((Sa, Xo) = Sa(l + (Ao + puy; (u) Sa))|U = u]
= (1= 2u;(u))E[S?|U = u]a®/2Xg + O(A5?)

so that as Ao — oo, we get that p — 0 and pj(u) = 1/2 +
0] )\31) — 1/2, u € U. In this case, 09 = 1/2, and therefore
pr(u) = min{o, 1/2}, u € U, a constant which we denote by
L
.
Finally, we compute C L Given s > 0, for Ay > 1, we have

(s, o) = C(uVsa, Ao)
= (s 4 Xo) In(1 + s/ o)
— (p s+ Xo) In(1 + " sa/Ao)
=p (sa+ o) (sa/Ao — (sa/Ag)?/2 + O(NG?))
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— (s + No)uPsa /Ao

+ (s + do) (sl ) /2 + 005 )
=u(1 = u")s2a?/2X0 + O (A7) (103)
where we have used the approximation In z = x—2%/2+0(z?)
for x < 11in (103). By (14), we then obtain

Ch = (1 — pME[SHa? /200 + O(NG?). (104)

This establishes the second part of Theorem 3. O

V. NUMERICAL EXAMPLE

In this example, we consider a channel fade with a lognormal
distribution. We compute the capacity values for the two special
cases—of perfect and no CSI at the transmitter—discussed in
Section III, and compare these values with those determined by
the results of [15] as well as those for the channel without fading.

The channel fade is assumed to be an i.i.d. lognormal
process, i.e., S, ~ S = exp(2G), k € 77T, where G is
Gaussian with mean pg and variance o3; take ug = —og so
that the fade is normalized, i.e., IE[S] = 1. This implies that
the optical medium, on average, does not attenuate or amplify
the transmitted signal. The log amplitude variance o2 can vary
from O (negligible fading) to 0.5 (severe turbulence) [15]; we
pick 0% = 0.1, which corresponds to a moderately turbulent
fade. Denote the (peak) SNR by SNR = 10log;,(a/Ao) (in
decibels). We fix @ = 1 and vary the parameters ¢ and )¢ to
study the effect of the average power constraint and SNR on

Optimal power control law with perfect CSI at transmitter and receiver (SNR = 0 dB).

the channel capacity. Fig. 5 shows the behavior of the optimal
power control law pf(-) for perfect transmitter CSI (cf. (23))
as a function of the channel fade for different values of o
for SNR = 0 dB. The power control law in [15, eq. (4)] is
also plotted for comparison. If o < o¢ (cf. (22)), the average
power constraint is satisfied with equality at optimality, i.e.,
E[p}5(S)] = o. In this case, the optimal power control law dic-
tates that the transmitter should not transmit when the channel
fade is debilitating (i.e., for small values of s). For o < oy, this
behavior is similar to the water-filling power control law in RF
Gaussian fading channels (cf., e.g., [31]). On the other hand,
if 0 > og, the average power constraint is not satisfied with
equality at optimality. In this case, the optimal power control

law is given by
(1+22)
el <1 + O‘s> —1| @05)

_ o as
Ao

pp(s) = po(s) = ==

which is equal to the parameter ¢o(32) defined in [40, eq.
(1.5d)]. This corroborates the fact that when the transmitter and
receiver have perfect CSI and the average power constraint o
is ineffective, the instantaneous optical fade can be treated as a
multiplicative constant for the peak SNR, and the results from
the constant fade case can be directly applied. It is interesting to
note that there is a transition region, which corresponds to the
case when o < o, where the optimal power control law is not
monotone. We contrast our results with the previously reported
power control law in [15, eq. (4)], which is held constant over
a wide range of values of o, and does not properly exploit the
transmitter’s knowledge of the channel fade.

In Figs. 6 and 7, we compare the capacity values obtained in
different situations. Specifically, we plot the capacity for perfect
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transmitter CSI (Cp), the capacity for no transmitter CSI (Cn), for various values of ¢ and SNR. From the plots, we observe
the capacity obtained from [15] (Cus), and the capacity of the that the knowledge of CSI at the transmitter can increase the
Poisson channel without fading (Cy) (cf., e.g., [40, eq. (1.5)]) channel capacity. The improvement is greater for small o
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values, i.e., when the average power constraint is severe. Fur-
thermore, knowledge of CSI at the transmitter can significantly
improve capacity at high SNR when o is small. It is clear that
Cus, the capacity computed from [15], is very close to Cx,
the capacity when no CSI is available at the transmitter. This
can be understood from the power control law associated with
Cus in Fig. 5, which does not properly exploit the transmitter’s
knowledge of the channel condition for a large range of values
of o.

VI. DISCUSSION

We have studied the capacity problem for a single-user
SISO shot-noise-limited direct detection block-fading Poisson
channel. A channel model for the free-space Poisson fading
channel has been proposed in which the channel fade remains
unvarying in coherence time intervals of duration 7, and varies
across successive such intervals in an i.i.d. fashion. Under the
assumptions of perfect receiver CSI and different extents of
transmitter CSI, a (single-letter) characterization of channel
capacity is obtained when the transmitted signal is constrained
in its peak and average power levels.

Binary signaling with arbitrarily fast intertransition times is
shown to be optimal for this channel. The two signaling levels
correspond to no transmission (“OFF” state) and transmission
at the peak power level (“ON” state). Furthermore, with perfect
CSI at the receiver, the channel capacity does not depend on the
channel coherence time 7.. An exact characterization of the op-
timal power control law, which represents the conditional prob-
ability of the transmit aperture being in the ON state as a function
of current transmitter CSI and which can be viewed as the op-
timal average duty cycle of the transmitter, has been obtained.

We have also studied the effects of different degrees of CSI
at the transmitter on channel capacity as a function of the
peak SNR. In the high-SNR regime, an availability of different
amounts of CSI at the transmitter can lead to a significant gain
in capacity when the average power constraint is stringent. On
the other hand, in the low-SNR regime, a knowledge of CSI at
the transmitter does not provide any additional advantage. This
is in contrast to the results cited in [15], where the authors have
claimed that in the high-SNR regime, a knowledge of CSI at
the transmitter does not improve capacity. In [15], the capacity
formula for perfect transmitter CSI is reported as

Cp=E [Jax n¢(Sa, Ao) —

<p<e

C(NSOJ, /\0)

and leads to lower values than the exact capacity formula (cf.
(15)) in which the transmitter power constraint is less restrictive.

It is natural to ask what happens when perfect CSI is not avail-
able at the receiver. An answer, along the lines of Theorems 1-3
above, is not yet known. In the context of RF Gaussian fading
channels, it is well known that i.i.d. Gaussian channel inputs no
longer achieve channel capacity (cf., e.g., [31]). In the present
context of the Poisson fading channel, suppose that the receiver
CSI is described by {D[k] = g¢(S[k]),k = 1,2, ...} for a
given mapping g : Rf — D, D C R, with D[k] being the
receiver CSI during ((k —1)7., k7.], k =1, 2, .... Then, with
T = K7T., K € 7%, conditioned on a channel input signal =7
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and receiver CSI D = d", the channel output rv (N7, T™7)
has a conditional sample density function

f]\TT,TN‘T‘XT7D)C (7‘1/77 t"T |xT7 dK)

T
= / fN7,TNT|XT,SK (n']’7 tnTliE y 3K)
sKE(IR+) K

><H]l

where fy_ pvrxr gx (-], -) is given by (34). Now, with re-
gard to Remark (ii) following Theorem 1 in Section I, it is clear
from (106) that conditioned on a transmitted signal and the re-
ceiver CSI, the segments of the received signal in different co-
herence intervals need no longer be independent across these
intervals; and channel capacity, in general, can depend on the
coherence time 7.

(s[k])) ds (106)

APPENDIX A
PROOF OF (50)

We begin with the following proposition which paraphrases a
result from [12], [13], and provide a different and simpler proof.

Proposition 1: 1t (N7, T"7) = (N7, (T, ..., Ty L)) is
a PCP with (deterministic) rate function {A(¢),0 < t < T},
then for any function g(-) integrable on [0, 7]

Nt T

(N7 > I)Zg(T = / A(t)g(t)dt. (107)
i=1 J0
Proof: Write
_ NT —
E |[1(Nr >1)) g(T})
=1

Nr
=E |E | IN7 >1)> g(T;)| Nr (108)

=1

Note that conditioned on N+ = 0, the value of the conditional
expectation in (108) is 0. Next, use the fact (cf., e.g., [35, pp.
62-63]) that conditioned on N7 = n > 1, the conditional joint
distribution of the rvs 77, ..., 1}, is the same as the joint distri-
bution of the i.i.d. rvs Uy, ..., U, with (common) probability
density function

A(u)
ol = { 00

0, otherwise

ifo<u<T
(109)

to obtain that, conditioned on Ny = n > 1, the value of the
conditional expectation in (108) is
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=K [En: 9(U;)
—n]E[g_wn]
Jo
f ,\( )dt

where the last equality is by (109). Hence, the conditional ex-
pectation in (108) equals

(110)

I dt -
=—=———Nr
Jo
whence the left-hand side of (107) is
Nr
E n(NTszg(m]
i=1
IATGUGT—
ST A(t)dt
107/\(75) / A(t)dt (111)
fO (t)dt  Jo
:/ g(t)A(t)dt (112)
0

where (111) follows by the fact that N7 is a Poisson rv with
mean fo (t)dt. O

Next, recall that (N7, T"7) is a PCP with rate process
{A(t), 0 <t < T}. Therefore, by (107)

Nt
E [ 1(N7 > 1) InA(T)[AT = AT] / A(t) In \(t)dt
1=1
so that
Nt
E []I(NT >1)) InA(T.
i=1
Nt
=E []E []I(NT >1) ) InA(T3)| A
i=1
T
" / A In A(t)dt] . (113)
J0
Similarly, we can write akin to (113) that
Nr R
E []I(NT >1)) InA(T.
i=1
Nr R R
=E []E []I(NT >1) ) InA(T3)| A7
i=1
T ~
" / A InA(t)dt] . (114)
J0

Combining (113), (114), we get

Nt

E [I(NT > 1)) (InA(T) — I A(T) )

i=1
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" UT [A® AW ~ A AMD ]} dt]

T ~
:/0 B [A0 AW - A WAW)] }ae a15)

where (115) is by an interchange of operations.!6 Noting that

B [A(t) ln A()]
=E[E[A0mA®| N, T, 8]
= [l AE[A¢ ‘N ™, s1/]]
=T [A(t) A

E[c( [Tt/ 11X (), A )}
—IE[ (STre/ 7015 (0), 2o )| } dt
where (116) is by (7), (36), (37).

(116)

APPENDIX B
PROOF OF (88)

In (78), for £ > 1, we use the approximation

exp(z/L) =1+4+z/L+0(L7?), z€R

to get
wio(L) =XTe/L+ O (L7?)
wi1(8, L) = (Ao + sa)T./L+ O (E_Z)
and in (85), for z < 1, we use the approximations [40]
hy(z) = —xlnz + x + O(z?)
hy(z + O(22)) = hy(z) + O(2? In ).
Then, by (85) and (117), we have that for £ > 1, s € R}
Be(s) = hy (Mo + su(h(s)))To/ L + O (£72))
1w(h(s))hy (Ao + sa)Te/L+ O (L£77))
( u(h(s))hy (MoTe/L+ O (L£77))
= T () 0 + 50 0y + 509
+ (1 = u(h(s))) Ao In Ao
— (Mo + su(h(s))a) In (Ao + su(h(s))a)]

+0 (L ?nL) (119)
7.

=7 [u(h(S))C(sa, Xo) — C(sp(h(s))a, Ao)]
+0(£7%nL) (120)

(117)

(118)

16The assumed condition TE[|¢(Sa, Ao)|] < oo ensures the integrability
of {A(t) InA(t) — A(t) InA(2),0 < ¢t < T}, thereby permitting the
interchange.
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where (119) is by (118), and (120) is by (7). Hence, for each
s € IRE]"

Jim GE) — ()50 do) = C(suh(s)) Ao

whereby (88) follows upon interchanging the limit and the ex-
pectation which is permissible by virtue of the boundedness of

Be(+).
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