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The Poisson Channel with Varying Dark Current
Known to the Transmitter

Ligong Wang, Member, IEEE

Abstract—This paper studies the continuous-time Poisson
channel whose dark current is random and may change for
every 7T-second time interval, where the actual values of the
dark current are known to the transmitter as channel-state
information (CSI). In the limit where 7 tends to zero, the capacity
gain provided by both causal and noncausal CSI is shown to
vanish linearly with 7, so CSI at the transmitter provides almost
no capacity improvement. The paper also considers a related
problem of the state-dependent very noisy channel. In the “very
noisy” limit, the capacity gain provided by noncausal CSI is
shown to be same as that provided by causal CSI.

Index Terms—Channel-state information, Gel’fand-Pinsker
problem, Poisson channel, Shannon strategy, very noisy channel.

I. INTRODUCTION

HE Poisson channel is a model for optical communication
links where the transmitter modulates the intensity of the
optical signal for transmission, and where the receiver per-
forms direct detection using photodetectors. The continuous-
time Poisson channel with infinite bandwidth subject to a peak-
power constraint and possibly also an average-power constraint
on its input signal has been extensively studied in the literature.
The capacity of this channel was computed using different
methods in [1]-[3]. The cut-off rate was computed in [2] (see
also [4], [5]), and the error exponent in [3] . The reliability
function of the ideal Poisson channel with noiseless feedback
was determined in [6]. The Poisson channel with random or
deterministic time-varying “dark current” was considered in
[7] and later in [8]. A fading model where the dark current
is fixed but the channel gain is time-varying was studied in
[9]. Several multiple-user models were studied in [10]-[15].
Among them, [13] considers the peak-limited continuous-time
Poisson channel with spurious photon arrivals at the receiver,
where the exact positions of these spurious arrivals are known
to the transmitter as channel-state information (CSI) before
transmission starts. It shows that, in terms of capacity, the
transmitter is able to completely cancel the influence of these
spurious arrivals, i.e., that the capacity is the same as when
there are no spurious arrivals or, equivalently, as when these
arrival positions are also known to the receiver.
Like [13], the current work also concerns the Poisson
channel with CSI at the transmitter. However, while in [13]
the CSI is the exact positions of the spurious arrivals, here
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we consider CSI that is the time-varying intensity of the
background light that generates these spurious arrivals. Hence,
effectively, we are looking at a Poisson channel whose dark
current varies with time, where the values of the dark current
are known to the transmitter as CSI. As we shall see, the
different types of CSI considered in [13] and in the current
work lead to drastically different capacity results.

The main result of this paper is that, if the dark current
varies very fast, then the benefit of both causal and noncausal
CSI at the transmitter is small. Specifically, if the dark current
can change after every 7 seconds without memory, then the
benefit of (causal or noncausal) CSI at the transmitter is at
most O(7) nats per second.

The current work is related to [7], which also studies
Poisson channels with varying dark currents. In [7], the dark
current is assumed to be either deterministic or random and
unknown to either the transmitter or the receiver, and in
the former case a closed-form capacity formula is derived.
When an average-power constraint is present, computing this
capacity becomes a problem of optimal power allocation,
which is further addressed in [8]. In our setting, where the
dark current is random and known only to the transmitter,
the capacity seems more difficult to compute. In fact, within
this work we do not provide an explicit capacity formula, but
derive upper bounds on capacity that are sufficiently tight in
the regime of interest.

Our work builds upon classic results on channels with CSI.
Shannon [16] studied the discrete memoryless channel (DMC)
affected by a random state that is independent and identically
distributed (IID) across different channel uses, where the state
is known to the transmitter causally. Gel’fand and Pinsker
[17] studied the case where CSI is available to the transmitter
noncausally. In both these settings [16], [17], the receiver does
not have CSI. If CSI is available to both the transmitter and the
receiver, then capacity is not affected by whether CSI at the
transmitter is causal or noncausal, and it can be achieved with
a simple rate-splitting scheme; see [18] and references therein.
Some of these results have been generalized to broadcast
channels [19]-[21].

Some examples of channels with CSI at the transmitter have
been solved. One of them is computer memory (modeled by
a perfect binary channel or a binary symmetric channel) with
stuck-at faults [22], [23]. In this example, causal CSI does not
increase capacity at all, whereas noncausal CSI increases it to
the same capacity as when CSI is available on both (transmitter
and receiver) sides. Another famous example is the additive
white Gaussian noise channel with an additive state, known
as the “dirty paper problem” [24], [25]. There, noncausal CSI



again increases the capacity to that with CSI on both sides,
hence the additive state can be completely canceled using only
noncausal CSI at the transmitter. The capacity of this channel
with causal CSI is unknown, and an upper bound was given in
[26]. A third example is the above-mentioned Poisson channel
with spurious arrivals [13]. On this channel, causal CSI does
not increase capacity, whereas noncausal CSI, once again, can
completely cancel the interference of the states. For a general
DMC, an algorithm to numerically compute channel capacity
with noncausal CSI was proposed in [27].

We note that, in most of these examples (with the exception
of [26]), the capacity upper bounds are trivial. In particular,
in all the above examples of channels with noncausal CSI,
capacity upper bounds are obtained by revealing the CSI also
to the receiver. In the current work, we demonstrate methods
that can be used to prove nontrivial upper bounds on the
capacity with CSIL.

As a side result, we apply our proof techniques to another,
simpler example, the very noisy channel (VNC) [12], [28],
which is sometimes used as an abstract model for wideband
channels. For the VNC, we show that, like for our Poisson
model, noncausal CSI has little advantage in terms of capacity
over causal CSI. Unlike the Poisson channel, however, causal
CSI on the VNC may improve capacity over the no-CSI case.

The rest of this paper is arranged as follows. Section II
introduces the Poisson channel model and provides some
background. Section III presents the results on the Poisson
channel, and provides some high-level intuition to our proof
methods. Section IV contains the proof of the main result.
Section V states and proves the result on the VNC. Section VI
concludes the paper with some discussions. The Appendix
proves a simple result that provides intuition to the Poisson
channel with causal CSI.

II. CHANNEL MODEL AND PRELIMINARIES
A. Channel Model and Some Notation

We consider a continuous-time Poisson channel whose input
signal must be a Lebesgue-measurable waveform on RS’
subject to peak-power constraint A: for every t € R,

0< X(t) <A with probability 1. (1)

We do not impose an average-power or a bandwidth constraint
on the input. We assume that the channel is affected by
background noise which has random, time-varying intensity
At), t € RY; ie., A(-) is the dark current. The output is a
doubly-stochastic Poisson process (Cox process): conditional
on the input signal being z(-) and the dark current being A(+),
the output is a Poisson process whose time-¢ intensity equals
x(t)+A(t). Let Z(t), t € R, be the random counting function
describing the output process, then, for any ¢, 7 > 0,

Pr[Z(to + 1) = Z(to) = k[A() = A(-), X (-) = ()]
k

o0
7k keZs, ()

=€

where

o= / ") ) de. 3)

to

Conditional on X () = z(-) and A(-) = A(-), the increments
of Z(-) over disjoint intervals are independent.

The Poisson channel is typically used to model optical
communication with a direct-detection receiver. The input
X (t) describes the intensity emitted from the transmitter’s
laser or light-emitting diode at time ¢; each unit jump in Z(-)—
called a “point” or an “arrival”—describes the detection of one
photon at the receiver’s photodetector; and the dark current
A(+) describes noise coming from the detector’s thermal noise,
background light, or light signal from interfering devices, etc.

To make the problem more tractable, we make some
simplifying assumptions on the random time-varying dark
current A(-). Divide R} into slots of 7 seconds long:
[0,7),[r,27T),.... We assume that A(f) remains constant
within each of these slots, while its values in different slots are
IID. Further, we assume that every A(t), t € Rar, takes only
two values: 0 with probability (1 — ¢) and n with probability
g, where n > 0 and ¢ € (0, 1).

The above model for A(-) is partially motivated by consider-
ing a situation where A(-) is an interfering signal generated by
on-off modulation over 7-second rectangular waveforms. Such
an interfering signal may be sent by the same transmitter but
intended for another receiver (in a broadcast scenario), or sent
by a nearby transmitter.

Since A(-) changes possibly every T seconds without mem-
ory, we can think of this Poisson channel as a discrete-time
memoryless channel, where each channel-use is itself a 7-
second slot. To introduce some notation, consider, for example,
the slot [0, 7). Let S be a binary random variable taking the
values 0 and 1 with probabilities 1 — ¢ and ¢, respectively.
We use S to characterize the dark current within [0, 7): if
S =0 then A(t) = 0 for all ¢ € [0,7); otherwise A(t) = n,
t € [0,7). Let x denote an input waveform x(t), t € [0,7),
and let X denote the set of all admissible input waveforms on
[0, 7) satisfying (1). For notational convenience, we introduce
the following description of the output on [0, 7), which we
shall use instead of the counting function z(-) in the rest of
this paper. Let the (possibly empty) set

y={ti,....te} C[0,7) “4)

be such that each ¢; € y corresponds to the position of an
arrival, i.e., an increase by 1 in z(¢), ¢t € [0,7). Note that,
since with probability one Z(-) contains only unit jumps, the
two descriptions of the output process in terms of y and of
z(+) are equivalent. Thus, each 7-second slot can be seen as
one use of a discrete-time channel, whose input x and output
y are both continuous-time objects, while the state s is binary.
We further let u denote any mapping

u: {0,1} = X, s us, (5)

i.e., each u is determined by two input waveforms ugp, u; € X.
Let U denote the set of all such mappings (i.e., waveform
pairs).

We use a letter like IP to denote a probability distribution,

IFor simplicity of notation, we shall not define o-algebras for probability
measures. This should not cause any confusion within the scope of this work.
However, it should be kept in mind that, in general, our “distributions” are
indeed probability measures and not necessarily probability mass functions or
probability density functions.



and sometimes add indicative subscripts to it. In particular, Pg
denotes the state distribution on {0, 1}:

1-Pg(0) =Ps(1) =g, (6)

Px denotes a distribution on X, and Py a distribution on /.
We use x to denote products of distributions. For example,
when S and X are generated independently according to Pg
and Px, respectively, their joint distribution is Pg x Px.
Further, we use Py)s to denote a “conditional distribution”
of U given S. (More precisely, it is a stochastic kernel
with source {0, 1} and target U, together with the o-algebras
defined on these sets.) We use W to denote the transition
law (again a stochastic kernel) of the Poisson channel on
[0,7): W(:|x,s) is the conditional distribution for Y given
that X =x and S = s.

B. Preliminaries

The capacity of the peak-limited Poisson channel with
constant dark current was computed using different methods
n [1]-[3]. For peak-power constraint A and constant dark
current v (i.e., A(t) = v with probability one for all ¢), it is
given by [3, Theorem 1]:

- ) )
v

Cloma(A,v)
= 1
max<p(A+ v)log AT

p

A+v

+ (1 —p)vlo
Ao (1 —p)vlog
where the maximum is achieved by

v\t5
_(+5 T v g
N v\a A ®
(%)* e
It is useful to note that p* as a function of % is monotonically

increasing, and satisfies [2]
el <p*<0.5. ©)]

For the Poisson channel with random, time-varying dark
current described in Section II-A, let us consider four cases:
without CSI, with causal and noncausal CSI, respectively,
at the transmitter, and with CSI at both the transmitter and
the receiver. The capacity formulas for these four cases can
be readily obtained by generalizing classic formulas to allow
general input and output alphabets.

Case 1: No CSL

In this case, an encoder working at blocklength 7' seconds
maps a message to an input signal z(t), ¢ € [0,7], and a
corresponding decoder maps the output signal on [0, 7] back
to a message. The capacity, denoted by CE%¢ (A, n,q,7), is
defined as the maximum rate in nats per second at which
information can be transmitted such that the probability of
a decoding error, computed for a uniformly chosen message,
can be made arbitrarily small as 7" tends to infinity.?> Viewing
the channel as a discrete-time memoryless channel as in
Section II-A, one can generalize the standard capacity formula
[29] to general input and output alphabets to obtain

P01s

1
Crocsi(A;, 1, q,7) = ;SUPI(X§Y) (10)

2For simplicity, we only consider average error probabilities.

with supremum over distributions of the form
Ps(S)PX (X)W

with Pg given by (6).

Case 2: Causal CSI at the transmitter only.

In this case, to choose the input value x(t) at time ¢, the
encoder looks at both the message and the past and current
values of the dark current, A(s), s € [0,t]. The decoder
is of the same structure as in Case 1. Denote the capacity

by CES( A n,q,7), which is defined similarly as in Case 1.
Generahzmg [16] we have

(Y, s), (1)

1
Céa (An,q,7) = —sup I(UY) (12)
with supremum over distributions of the form
Ps(s)Pu(uw)W(ylus, s). (13)

Case 3: Noncausal CSI at the transmitter only.

In this case, the encoder maps the message and the entire
dark current A(t), t € [0,T], to the input waveform xz(t),
t € [0, T)]. Denote the capacity by CEo., (A, n,q, 7). Gener-
alizing [17] we have

P01s

1
NonCdu (A n,q,T ) ; sup (I(Ua Y) - I(U’ S)) (14)
with supremum over distributions of the form
Ps(s)Pujs(uls)W(ylus, s). (15)

Remark 1: In some literature, the mapping U in (12) and
(14) is taken to be any auxiliary random variable, and the
channel input X is generated according to a conditional
distribution Pxyg. It is however well understood that (in
both cases of causal and noncausal CSI) it is optimal to take
Px|us to be deterministic, thus reducing the auxiliary random
variable U to a random mapping that maps S to X; see, e.g.,
[18].

Case 4: CSI at both the transmitter and the receiver.

In this case, capacity is not affected by whether CSI is
known to the transmitter causally or noncausally. Denote the
capacity by CE°% (A, n, ¢, 7). A simple time-sharing argument
shows that (see [7], [8])

Chan(A, 1,0,7) = (1= q)CEN(A, 0) + n), (16)

where CEO (A, v) is the capacity of the Poisson channel with
peak-power constraint .4 and constant dark current v.

The various capacities introduced above can be ordered as
follows.

Proposition 2: For all A, n, g, and 7,

Bpgllg'l(A n,q,T ) IE?)ECau(A n,q,T ) Cp(a):f(A n,q,T )
> CRocsi(A,n,q,7) > CER(A, qn). (17)

Proof: The first three inequalities in (17) follow imme-
diately from the fact that more knowledge cannot decrease
capacity. It remains to prove the last inequality. To this end,
consider the following scheme for the no-CSI case. The
transmitter and the receiver first discretize the channel as
in [3]: they divide the interval [0,7] into small slots of A
seconds (we restrict A to be such that 7/A is an integer),

Pois (
Const



and approximate each slot by a binary-input binary-output
channel. Specifically, the binary input being 0 corresponds
to transmitting 0, and it being 1 corresponds to transmitting
A during the slot; the output being 0 corresponds to having
no arrival in the output in the slot, and the output being 1
corresponds to having at least one arrival. The transmitter and
the receiver then use some common randomness (which cannot
increase capacity in point-to-point settings) to permute these
slots. After permutation, they ignore the common randomness
they have used, and use the new sequence of channel-uses
to communicate. The resulting channel is a memoryless one.
Denote its transition law by W, then

Wp(0[0) = 1= Wy(1]0) = (1 — ) + ge~ "> (18a)
Wo(0]1) =1 — Wy(1[1) = e 2 ((1 — q) + ge™ ™). (18b)

As A tends to zero, one can easily check that the capacity of
the binary channel (18) divided by A tends to CEYS (A, gn).
(In fact, as A tends to zero, the above binary channel ap-
proaches the binary channel resulting from Wyner’s original
discretization scheme [3].) Hence using the above scheme we
can achieve CEO (A gn) on our model of Poisson channel
with a random dark current without CSI. |

III. RESULTS AND METHODS
A. Results

In this paper, we are interested in the regime where 7 is
small. We show that, in this regime, CSI at the transmitter,
be it causal or noncausal, provides almost no benefit in terms
of capacity. More precisely, the capacity increase due to CSI
vanishes as 7 tends to zero, and is no more than some constant
times 7. Our main result is the following theorem.

Theorem 3 (Noncausal CSI): For all A, n, g, and T,

ll\)I(())lnSCau(A n,q, T ) CCPglnss(Aa qn)

2
54 AT e (9)

A 8(min{g, 1 — ¢})"n?
Proof: See Section IV. [ |

Note that Proposition 2 and Theorem 3 together imply that
CER(An,q,7) = C&on (A, an)

n (A+n)?
54—+
A 8(minfg, 1 - g})*n?

(A+n)*r. (20)

In particular, as claimed earlier, the capacity benefit of (causal
or noncausal) CSI on our channel model vanishes in the limit
where 7 approaches zero:

Clons(A, qn) = lim ORecsi(A, . q,7)
= hm O (A,n,q,7)

- hm CllffglrfCau(A7 n,q, T)' (21)

In contrast, compairing (7) and (16) shows that

Chatn (A, 1,4, 7) — O (A, qn)

= (1 - 9)Clna(A, 0) + qCER (A, 1) — CEn (A, ng), (22)

which is positive for all A,n > 0 and ¢ € (0,1), and does
not depend on 7. Note that (21) and (22) together imply
that, as 7 approaches zero, the gap between gg;;(A n,q,T)
and CR2S. (A, n,q,7) approaches the right-hand side of (22).
Hence, when CSI is available to both the transmitter and the
receiver, it increases capacity compared to the no-CSI, causal-
CSI, and noncausal-CSI cases.>

In fact, the bound for causal CSI (20) can be tightened to
the following, which we state without a proof. A proof outline
was presented in [30].4

Proposition 4 ([30, Proposition 2]): For all A, n, ¢, and 7,

O (An, g, 7) = Clonu(A,qn) < A(A+n)*r. (23)

Remark 5: Recall that a different model of Poisson channel
with CSI at the transmitter was studied in [13], where CSI
consists of the exact positions of the arrivals caused by
interference. It is shown there that such CSI, when available to
the transmitter noncausally, can help to completely cancel the
effect of interference: the capacity with noncausal CSI equals
the capacity of the Poisson channel without this interference.
In contrast, the current work shows that, if the transmitter only
knows the intensity of the interference, and if this intensity
changes fast, then noncausal CSI becomes nearly useless.

For causal CSI, [13] shows (somewhat heuristically) that
causal knowledge of arrival times caused by interference does
not increase capacity at all, whereas the current work shows
that causal knowledge of interference intensity provides little
capacity benefit in the regime where 7 is small. These two
observations are related in spirit. We note, however, that in
our model the dark current has memory, so causal knowledge
of the dark current value actually allows a short look-ahead,
hence causal CSI in our model cannot be seen as strictly
weaker than causal CSI considered in [13].

B. Some Intuition

First let us consider noncausal versus causal CSI. From (14)
we observe the following. For a 7-second slot on a Poisson
channel, when 7 is small, the mutual information I(U;Y)
must also be small. Thus, to make the right-hand side of (14)
positive, one must choose I(U;S) to be small. This means
that U must be “nearly independent” of S. Such a choice
will result in 7(U;Y) being “nearly equal” to its value in the
causal case as in (12), where U is independent of S. Hence,
one sees that noncausal CSI cannot be “much more useful”
than causal CSIL

Next we discuss why capacity with causal CSI is not
much larger than without CSI. For a 7-second slot on the
Poisson channel as described in Section II-A, consider a binary
approximation to the channel output: the binary output symbol
yp equals 1 if there is at least one point in the actual output y

30ne might be tempted to think that a dark current that changes very fast
would be nearly equivalent to a constant dark current, because, whatever the
value of A(-), the probability that it produces an arrival within a certain 7-
second interval is very small. One can see from (22) that such a view is not
valid.

4We note that the proof outlined for the noncausal result in [30] is incorrect.
(It is unclear whether the bound [30, Proposition 3] itself is valid or not.) The
causal result [30, Proposition 2] and its outlined proof are correct.



within this slot, and equals 0 otherwise. When 7 is small,
captures most of the information in y, because the probability
that y contains two or more points is very small (on the order
of 72), and because the exact positions of the points, if any,
cannot carry much information, as the interval is short. For Y},
we have

=1—e X+ x| + snT  (24a)

(24b)

Py, 1xs(1]x, s)
Py, xs(0[x,5) = 1 — [|x]| — snT,

where || - || denotes the L; norm. Thus we have a channel
where the input and the state act “almost independently,”
where by “independently” we mean that the conditional output
distribution can be written as the sum of a part that depends
only on the input and another part that depends only on
the state. But for DMCs where the input and the state act
independently in this sense, one can show that causal CSI
does not increase capacity at all: it is optimal to choose x
independently of s. We formally prove this as Proposition 8
in the Appendix.

C. Proof Method

Guided by the above observation, our method to prove
an upper bound on CF2S. (A, n,q,7) is roughly as follows.
We first fix a value I(U;S) = «, and then upper-bound
the difference between [(U;Y) with noncausal CSI and
CEs (A, gn) in terms of the parameter a. To this end, we
apply an upper bound similar to the duality-based upper bound
[31], [32] on I(U;Y), where we choose the reference output
distribution as the output distribution that results when the
transmitter ignores both the CSI and the time-varying nature
of the dark current to choose the optimal input distribution
in the constant-dark-current case, i.e., it chooses the input
distribution that achieves CFoS (A, qn). Let us denote the

Const
resulting bound on I(U;Y) — C& (A, gn) by f(a), then

Const
Clioncau(As 1,4, 7) < CEmy (A, qn) + f(a) — a.

Our desired result is obtained by maximizing f(a) — « over
.

(25)

Note that in the actual proof we must consider all possible
continuous-time input and output signals; we cannot base
our proof on a binary approximation similar to (24). This is
because there exists no guarantee that such an approximation
is optimal in the limit where 7 | 0. In fact, for any fixed 7 > 0,
one can use Wyner’s method [3] to show that, if one further
divides each 7-second slot into finer slots of A seconds long
and applies binary approximation to each A-second slot, then,
as A approaches zero, such a scheme will become optimal.
But this does not imply that such a binary approximation is
also optimal if one chooses A = 7, even if 7 itself is small.

The proof method, where we fix I(U;S) = « and then
bound 7(U;Y) in terms of «, can be applied to a broader
class of channels where the input and the state have “little
influence” on the output distribution. As an example, we shall
prove in Section V that, for the very noisy channel, noncausal
CSI provides little capacity improvement over causal CSI.

IV. PROOF OF THEOREM 3
Consider the formula (14). Fix I(U;S) to be

I(U;8) =« (26)

whose value can depend on 7. By Pinsker’s inequality [31],

6(PSPU|37PS X ]PU) < \/ga

where Py is the marginal distribution of PsPy|s on U, and
where §(-, -) denotes the total variation distance.

We next look at the /(U;Y) term in (14). Let Pgjy be the
conditional distribution of S given U according to the joint
distribution ]P’SIP’U‘S. For convenience, denote

27

T £ Pgju(1]u). (28)
Let W denote the conditional distribution of Y given U, then
W(Ju) = (1 — m)W (-Jur, 1)

for every u € U. For any distribution Q on ), we have the
following bound, which is related to the duality-based upper
bound [31], [32]:

(-Jug, 0) + MW (29)

I(U;Y):E[D(W~U

=E[p(Wew|e)] -
<E[p(Wcwe)]

We choose Q to be doubly-stochastic Poisson under which,
with probability (1—g¢), Y is a homogeneous Poisson process
of intensity p* A, and with probability ¢, it is a homogeneous
Poisson process of intensity p*.A + n, on [0, T), where p* is
given in (8). Note that this Q would be the output distribu-
tion if the transmitter ignored the CSI and chose the input
distribution to be the one that achieves CES (A, gn).
Conditional on U = u, Y is doubly stochastic Poisson; its
intensity is uo(¢), t € [0, 7), with probability (1 — my,), and is
ui(t) +n, t € [0,7), with probability 7,. Thus we can obtain
the following Radon-Nikodym derivative using [33, (19.125)]:

AW (-|u)
W(Y)
(1 -7y

| 7o)
p(roe)
(30)

—lluoll H“O + e lull=n7 H(U1(t)+n)

tey tey
(1 —q)e P A (p* AW 4 ge= " ATT(p* A 4 )Y
€2

where | - | denotes the cardinality of a set, and where || - ||
denotes the L; norm: for a nonnegative waveform x,

Il = [ (o

We write the relative entropy in (30) as the following summa-
tion:

(32)

p(iiuc)
— XZ:W(M = klu)E lm ‘WV;E('QJ“)(Y)‘|Y| = /@] . (33)



First consider the summand in (33) with k = 0, which
means Y = 0. If W(@|u) > Q(0), then we use W(fhju) < 1
to derive the following bound:

W(0|u)
Q)
W(0|u)

=12 g )

(1 - 71'“)@—||U0H + ﬁue—thH—n-r

(]_ _ q)efp*.AT + qef(p*AJrn)T
= log<(1 — ) luoll 4 Wue_llul”_’”)

W(0|u) log

= log

3(177“)8*\\“0 l4mpe—lluill=n7_q

- 1og((1 —q)e PAT 4 qe—(P*A+">T)

>(1—q) log(e=P* A )+qlog(e=(»*A+n)T)
< (1 — 7Tu)€_HuUH + ﬂ-ue_HulH—nT 1
+ (1= q@)p" AT +q(p* A+ n)T

< (- m) (1 ol + 15)

uy || +nr)?
+ T (1 — ([las]| +n7) + (|1H2)>
— 14+ p*" AT + gnt
= p* A — (8] + (g — ma)r
(1= m)luol® | mulfu]l +nr)?
2 2
<p'Ar — 4] + (¢ = m)nT + (A+n

)2T
if W(u) >

)

Q®), (34

where
(35)

If W(Olu) < Q(0), we use W(Bu) > 1 — (A+n)r to write
WO WOl
Q@) Q@)
— (A+n)TlogW(D|u).
(36)

W(0|u) log < (1= (A+n)r)log

W(0|u)
()

For the second term on the right-hand side of (36), we have
logW([Iﬂu) = 1og<(1 — g )e ol 4 ﬂuef‘lulllfm)

> (1 — ) log(e—HuOH) + g log (e—uuln—m)
= —|ja|| — mun7
—(A+n)T.
Plugging the above into the second term on the right-hand
side of (36), and upper-bounding the first term there by the
right-hand side of (34), we obtain
WOl
Q)
< p AT — [0l + (¢ = ma)nT + 2(A + )77,
if W(0|u) < Q(0).

(37)

W(mu) -log

(38)

Combining (34) and (38) we conclude that (in both cases)

= W (D)
W(D|u) - 1o
(O]u) - 1og g
<p* At — ||| + (¢ — ma)nT + 2(A +n)272. (39)
For the summand in (33) with k¥ = 1, we have
W( Y[ =1u)
= (1= ) Jugle™ 0 4 ([l [ + e =07 40)

Conditional on U = u, and further conditional on the event
Y| = 1, the probability density function of the position of
the point in Y is

a (1 — mg)eollyg(t) + me I l=n7 (4 () + n)

t -
0 W(Y| = 1fu))

(41)
for t € [0,7), which can be bounded from above and below
as

i(t) + man 1-(A+n)T
W(Y|=1[u) et 7
u(t) + man
<f(t) € 2T (42)
W(Y[=1Ju)
Hence, using (31),
E [log dwc'lg“) (Y)‘|Y| - 11

/OTf(t)

(1 — ma)uo(t)e 1ol 7 (uy (£) + n)eall-n7

( - ) * Ae—P* AT 4 q(p*A + n)e—(p*.A+n)7—
(1 Tu)tio(t) + mu(ua (t) + 1)

S/ f(t)log ( *A+q( *A+n))e—(17*-/4+n)7’

au(t +7run N
/f At dt + p* AT +n1
/ ()+7Tu ()+7Tu

lo
o W(Y|=1u)  p*A+an

T _A(t) + man o
+/o <f(t) W(Y|—1|u>>lg

+ p* AT + nT.

log dt

dt

dt

W(t) + mun gt
prA+qn

(43)

Consider the second integral on the right-hand side of (43).
Using (42) its integrand can be bounded as

W(t) + mun
p* A+ qn

W(t) + mun
t) — — lo
(f() W<Y|=1|u>> ¢

_ alt) +men o p* A+ qn
B (W(|Y| =1|u) f(t)>1 at) + mun
>0
a(t) + man A o p*A+gn
- (W(m = 1|u) it )> {O o (>+7run}
(a(t) + man)(A +n)r prA+gn
=T WY =1 max{o 8 50 + man }



p*A+qn
W(t) + man

— { o, (00) + mun)(A+ m)7

) } (44) therefore
W(Y]| = 1ju) 00

>

Using the following inequality (which can be verified, e.g.,
by computing the derivative of its left-hand side with respect
to a)

b
alog — < be_l7 a,b >0,
a

we can continue (44) to

_a(t) + mun o p* A+ gn
(f(t) W(Y|= 1|u)> o a(t) + man

AW(-[u
dQ

(Y| =klu)E [log

e

)k

< log

(p* A+ n)r - ZW Y| = ku).  (50)
k=2

To bound the first term on the right-hand side, we use the
following

(A+n)T -1 oo
<maxq 0,—————-(p" A+ qn)e —~
{ W(Y] = 1]u) > W(Y| = klu) -k
(A+n)?T k=2 -
S—=—"—, 45) =E[[Y|[u] -W(Y|=1[u)-1
Y = 1w 7[| [Ju] = W(Y] =1 )7”11 H
h — lla + gn7 = (1 - @)juofle~ ™
ence —|lai]|—nT
] A A — q(fJui]| + nr)e
/ (fu) _ )+ mun ) log M LT gy < [[a + gn7 — (1= g)lluo (1 — [juo])
0 W(Y]=1fu) prAtan — (|l ]| + n7)(1 = [uy || — nr)
2,2
< AFIT g = (1 - )[uol® + q(ljus | + n7)?
W(Y|=1Ju) < (A+n)?r2 (51)
Plugging this into (43 h
ugging this into (43) we have Hence we continue (50) as
dW(-|u) —~
E|log Y)||Y|=1 o )
l i ! )|' | ] > W(Y| = Hu) € [mg o Y>‘|Y| - k]
Toa(t) + man W(t) + mun k=2
< = log — dt A+n
o W(Y|=1u) p*A+qn <lo g7 (A+n)?r?
(A+n)r? .
4 p*" AT +nT. (47) .
W(Y| = 1|u) + (p* A+ n)T ZW Y| = k|u)
Combining (40) and (47) we can upper-bound the summand » +2
in (33) with k = 1 by §(10g+10g v >(A+ )
AW (|u) -
—~ . <
W(Y| = 1|u) E|log d@u (Y)'|Y| =1 = -
r a(t) + man +(pr A+ n)T > W(|Y| =klu)
< / (4(t) + mun) log *7" dt + (A +n)*r k=2
o A+q <(1+ﬁ)(.,4+n272
+ W(Y| = 1ju)(p* At + n7). (48) A
For the remaining summands in (33) with k& > 2, we have + (" A+n)T- ZW( Y| =Fklu), (52)
— k=2
dW(-Ju) o
aQ () where, to obtain log o = 1 for the last step, we recall (9).
(1— ) H wo(t) + ma H L(#) +n) Plugging (39), (48), and (52) into (33), we obtain
< D(W(w)|@) < p*Ar = [[a] + (g = w7

((1 - q)(p*A)b" + q(p*A + n)ly‘)e_(P*A-l-n)T
(1 — ) AP 4 7y (A + )]
~ (1= AV + g(pr A+ )]
(APl
(p*.A)\Y\

lyl
A+n .e(p*.A+n)T
p*A ’

. e(p* A+n)T

(" Atn)T

IN

(49)

W(t) + mun dt
p*A+gn

+ /OT({L(t) + mun) log
+ (4 + %) (A+n)*r?

+ (P A+ )T > W(Y| = klu)
k=1

<(A+4+n)T



< pt AT — [[afl + (¢ — ma)nr

T U(t) + mun
un) log ————
—I—/O (4(t) + mun) log D AT an dt

n 2_2
—I—(5+A)(.A+n) T (53)
Consider the following expression:
! (t) + qn
p ATl + [ (a0 +an)tos S0 ar
e _ u(t) + qn
= p* A —u(t) + (u(t) + gn)lo )dt, (54)
(A= a0+ @0 + anyog 25
where we define
as (1 —q)ug + qu;. (55)

We shall continue (53) by first bounding (54), and then
bounding the difference between the right-hand side of (53)
and (54). To bound (54), note that, for every ¢, the second
derivative of the integrand in (54) with respect to u(t) equals
(@(t)+qn)~1, which is positive for all u(t) € [0, A], implying
that the integrand is convex in %(t) on [0,.4]. Furthermore,
we can check that, for both @(t) = 0 and at u(t) = A, this
integrand equals ng}fst(fl gn). Hence the integrand is always

upper-bounded by CE (A, gn). We thus conclude

Const
a(t) + gqn
—— | dt
e

- Clon (A, qn).

Comparing (53) with (54) and using (56) we obtain
W P01s n 2.2
D(W(w|Q) - - C(A an) = (5+ 5 ) (A+n)r
<l -

/T <p*A —a(t) + (a(t) + qn)log
0
(56)

lal| + gnt — mynt
T W(t) + mun
t log ————dt
+/o (4(2) + Tun) log p*A+qn
T u(t) + gn
— t) + log ————dt
| G0+ anyrog 5L
= [[ull = o] + gn7 — mun7
P ( ) + mun
+ w(t) + myn) log ———dt
T B u(t) + gn
+ /0 (4(t) + man — a(t) — gn) log M dt. (57)
Using the log-sum inequality, we can bound the first integral
on the right-hand side of (57) as
P ( ) + mun
w(t) + myn) log ———dt
’ (1 — mu)uo(?)
< 1-— log ~——-F——-
(= mtoon =
t
MLGELN
q(ua(t) +n)
1- u
= fuoll (1 — ) log =—* +

+ mu(ur(t) +n)lo

s
([ + n7)my log ;"

q—
1-—

Ta — g

< Jhuo[ (1 = 7ra) - =+ (| ] + n7)m

|Tu — g

< (Jluo[(1 = ma) + min{g, 1 —q}

(]| +n7)m)

(A+n)T
~ min{q,1 — ¢}
We bound the second integral on the right-hand side of (57)
as

-0(Pgu, Ps). (58)

/0 (a(t) + myn — a(t) — gn) log puft) ZZ d¢
T B a(t) +gn
< — _ . -7 -
/0 |t(t) + mun — a(t) — gn| - |log AT qn dt

A—l—qndt

g/ﬂmw+mm—am—qmw%
/|a )+ man = lt) — |- =
/‘| —qu1)+n—m(m Adt

< [l A+ S
0 an
_ (A+n)Ar
= 7@
Plugging (58) and (59) into (57) we obtain

U 018 n
D(W(fw)|Q) - - CEm(Aan) = (5+ 5 ) (A+ )7
< luf| = [[all + gn7 — munT

(A+n)r (A+n)Ar
+ :
min{g, 1 — ¢} qn
— |[a]| + gnT — munT
(A+n)r
——— (P Ps).
mln{q,l—q}n ( S|U> S)
Taking expectation over U and recalling (30), we have
n 2_2
S AT
<E[I0) - [0]| + an7 — Psju(1]U)n7]

-0(Pgju, Ps). (59)

) -0(Pgu, Ps)
<l

(60)

I(U;Y) - 7 CEm (A an) - (5+

=0
_ At

o A4npr
"~ min{q,1 —¢q} - n §(PsPys, Ps x Py).

Recalling (14) and (27), we now have

CRoncau (A, 1,4, 7) — Clon(A, qn)
< (A+n)? a_a,
~ min{q, 1 — q} n V2

(A+n)t

8(min{g, 1 — ¢})*n2

i@@.

The right-hand side of the above is maximized at

4,2
P Ca ) (©3)
8(min{g, 1 — ¢})?n?
and the maximum equals the right-hand side of (19). This
completes the proof.

-0(PsPy|s, Ps x Py)

(61)

(5 + )(A+n)27

A

Z) (A+n)?r

2
(A+n)>7 >.

-
~T+(5+

min{g,1 — ¢} -n ©2)




V. A RELATED PROBLEM: THE VERY NOISY CHANNEL

In this section, we study the very noisy channel (VNC)
[12], [28] with CSI. On a communication channel, if the
number of degrees of freedom (e.g., bandwidth) available for
transmission increases, while the transmitter resource (e.g.,
power) is held fixed, then the resource available to be used on
each degree of freedom becomes small [12]. The channel thus
becomes “very noisy” in the sense that, within each channel
use, the transmitter has limited ability to influence the output.
Consequently, the capacity per channel use is small. To model
such a scenario, we generalize the model adopted in [12],
[28] to include a channel state. The mathematical formulation
is given below.’

Unlike the Poisson model we consider, the VNC capacity
may benefit from causal CSI. However, we shall show that,
similar to the Poisson case, noncausal CSI at the transmitter is
“not much more useful” than causal CSI; see Theorem 6. Com-
ing back to the picture where VNC is seen as an abstraction
for a wideband channel, this result means that noncausal CSI
does not increase the per-second capacity of such a channel
over causal CSI.

A. Channel Model and Preliminaries

Consider a state-dependent channel with input x € X,
output y € ), and state s € S, where X, ), S are all finite.
The channel law is

W(ylz,s) = B(y)[1 + ed(ylz,s)], ze€X,yed,seS,
(64)
where [3(+) is a distribution on ); ¢ satisfies
Zﬁ Y(yle,s) =0, xzeX,s€S; (65)

yey

the state sequence S is IID according to Ps and is independent
of the message; and € is some positive parameter, which is
typically close to zero. This channel is a generalization of
the VNC without states [12], [28]. Its capacity in various
CSI settings is defined in the same way as for general state-
dependent DMCs; see [18].

First consider the capacity of this channel with causal CSI at
the transmitter and no CSI at the receiver, which we henceforth

denote by CXNC(€). By Shannon’s classic result [16],
Cla (€)

=max [(U;Y), (66)

where U takes value in the set I/ containing all mappings S to
X, and where the maximum is taken over joint distributions of
the form Ps(s)Py(u)W (ylu(s), s), with u(s) denoting result
of applying the mapping u on the state s. For the VNC (64),
the derived channel law from u to y is given by

By) [1+ ed(ylu)],

=2 Ps(s)

5Note that the Poisson model considered in this paper cannot be seen as a
special case of this VNC model.

W(ylu) = weld,yey,  (67)

with

P(ylu) = Y(ylu(s), s). (68)

The channel (67) itself can be seen as a VNC without states,
hence we can apply the results in [12], [28] to obtain
Céacle) 1

5 max > By) Pu(u)

lim

€0 €2 69)

(ylu)®

where 7 depends on Py and is given by
b(ylu) Z Py(u

Denote the capacity of (64) with noncausal CSI at the
transmitter (and no CSI at the receiver) by CYNG. (). We
know that [17]

VNC
C NonCau

n(ylu) = Y(ylu), weld,ye. (70)

(6) =max I(U;Y) — I(U; S), (71)

where the maximization is over joint distributions of the form
Ps(s)Pys(uls)W (ylu(s), s).

B. Result and Proof

Clearly, CNNC, (€) > CYNC(€). Our main result concerning
the VNC states that the difference between CyNG. (€) and
CENC(€) is at most on the order of €, and is hence negligible
compared to C¥NC(e) (or CNE, (€)).

Theorem 6: For the state-dependent VNC (64),

) CVNC ( ) CVNC( ) 9
hnelfouf’ NonCau = Cau < 51][};4“)“ (72)
where
Ymax = max [1(y|z, 5)]. (73)

z,Y,s

Proof: Under a joint distribution on S x U x ) of the
form

= Ps(s)Pyjs(uls)W (y|u(s), ),

and given channel law (64), the conditional distribution of
Y=ygivenU =u is

Psyy (s, u,y) (74)

B(y) |1 + el (ylu)] 75)

W (ylu) =

ZPsw slu)i

where

dlylu) & (ylu(s), s) (76)

for all u,y.
Consider the capacity formula (71). We fix the second term
on the right-and side of (71) as a function of ¢

I(U;S) = ale) 77

and upper-bound the first term. Let R denote the capacity-
achieving output distribution in the causal case.> We have

I(U;Y) = E[D(W (|0) HPUW\”

—e[o( e |)] - o7
<efo(m uRﬂ i
- T

%The exact form of R is unknown, and is not needed for our proof.



- W (y|u) W (ylu)
= ;;PU(U)W(MU) <log W olu) + log R(y) )
B y y (y|u)
%PU( YW (ylu)1 Wiyl
+> Py(u) (W(y\u) - W(ylu)) l W;g?)
+ %Pu( )W (ylu) log Jézjy?)
= 3 Prw)D (W) [P )
+> Py(u) (W(y\u) - W(ylu)) log Wg(y;?)
+ 3 Po(wD(W ()| R)
<3 PU(u)D(W(~|u)HW(~IU))
+ ZPU(U) (W(y\u) - W(I’JW)) log M;((?Jy';b)
+CE (@), 78)

Here, the last step follows because R is chosen to be the
capacity-achieving output distribution in the causal case, hence
the Kuhn-Tucker conditions imply

D(W([u)||R) < Ceu'(e),

Consider the first term on the right-hand side of (78). Each
relative entropy in it satisfies (see, e.g., [34, Lemma 17.3.3])

(W )| )
lim > =1,
Y (Wl = W(yl)

2.

uecU. 79)

(80)

. 20 (y|u)
where
5 (Wi ~ W)
- 2W (y|u)

2
Bly)*e (Z(Psw(SIu) — Ps(s)) v (ylu(s), 8))

B 20 ()
ﬂ(y)262 (25(PS|U("U)7PS)77[}max)2
< —
- Zy: 2W (y|u)
< Z 25( )2 25(PS|(U|( ;j’) PS) max (81)
y W(ylu

where Y,y is given in (73), and where (-, -) denotes the total
variation distance between two distributions. The last step (81)
follows because the total variation distance is upper-bounded
by 1. Next note that W(y|u) tends to S(y) as € | 0, and that
>-,B(y) = 1. These imply that the right-hand side of (81)

asymptotically equals 2¢26( Py (-|u), Ps)2,, in the limit
€ J 0. We can thus combine (80) and (81) to

D(W () [W1w)

4

lim sup
el0 €

2(5(PS|U('|U), PS)wgmx
5 .

< lim sup
el0 €

(82)

Because U/ is finite, we can simultaneously take expectations
on both sides of (82) over u:

S PuD(W ) [W()
lim sup 7
€l0 €
20(Psy, Ps x P,
< lim sup 2250, el ) (g3
el0 €
Next note that, by (77) and Pinsker’s inequality [31],
a(e)
§(Psu, Ps x Py) < 5 (84)
so (83) further implies
S PuD(W ) [ W)
lim sup 7
el0 €
2
< lim sup ‘2“(6) 2 (85)
€l0 €

Next consider the second term on the right-hand side of
(78). For all u and y, we have (assuming € is small enough
so that €y < 1)

W (ylu) B+ eYmax)
1 PAIJAE T CPmax)
®TRE) T B — )
< QGwmaX
1 6qzzjmax .
Similarly, o
W (y|u) 26 max
log R() > T (86)
Therefore we have the following upper bound:
W (y|u)
Py ( 1
>t ) (W (sle) ~ Wyl ) tog =0
Y17 26’(/}1'118.)&
< ZPU(U)’W(MU) - W(y|u)‘ T et
w,y ax
= Pu(w)B)e| Y (Psjw(slu) — Ps(s)) ¢ (ylu, s)
u,y s
267/}max
. 1- 6wmax
<ZP ¢(26(Pgjr(+]u), Ps)e) )-M
Ul\u S|\U S )P max 1_ Ewmax
4 2,12
= %{Z:; -0(Psu, Ps x Py)
2,/,2
1202, [ald &

1_€¢max . 2 ’



where the last step again follows from (84). Hence we obtain

Sy Puw) (W (ylu) = W(glu) ) log Ttk
lim sup 1
el0 €
2/2
< lim sup 720[(6) Sp2 . (88)
€l0 €
Combining (71), (77), (78), (85), and (88) we now have
i O () ~ (0
el0 €
m(ax{?)\[e V| }
< lim sup 1 . (89)
el0 €
The maximization in (89) is achieved by
9 4,4
ale) = =", (90)
which yields (72). |

C. Comparison to CSI at Both Transmitter and Receiver

Consider the capacity of the VNC (64) with CSI on both
sides, which we denote by Cyns ().
Proposition 7: For the channel (64),

() - (e

el €2

2/3 )Py (u

“(ylu(s), 5)*

)| 2 Pso)n
(ZPS *(ylu(s), ))217 1)

where Pp; is the distribution that achieves the maximum in
(69), and where
)= 2 Pl

" (ylu(s), s) =

Plylu(s) U(ylu'(s), s) (92)
for all y, u, s.

Proof: When S is known to both the transmitter and the
receiver, a rate-splitting strategy is optimal, and the capacity
equals the weighted sum over s of the capacities given each
realization S = s:

tim B8 _ L ™ o)) Prs (alshntula, 5
€10 2 X|S )
(93)
where 7 is determined by Px g as

ZPX\S

for all z,y,s. To derive a lower bound on (93), we make a
possibly suboptimal choice for Px|g:

n(ylz, s) = b(ylz, s) Y(yla',s) (94

Px|s(z|s) = Z Pp(u) (95)
w: u(s)=z
for all z, s. Then (93) implies
- Chow (€) 2
ggﬁ—zfQZP Pi(wn(ylu(s), )% (96)

$,Y,u

On the other hand, we can rewrite (69) as
2

C(\:/NC
leli’(r)l o2 Z B(y) P (u Z Ps(s)n(y|u(s), s)
97
Comparing (96) and (97) yields the desired result. |

Due to the convexity of the function a + a2, the right-
hand side of (91) is in general positive. Hence, comparing
Theorem 6 and Proposition 7 we see that, in terms of the
capacity of the VNC, noncausal CSI at the transmitter is
almost only as beneficial as causal CSI, whereas additional
CSI at the receiver is significantly more beneficial.

VI. CONCLUDING REMARKS

In this paper we have derived upper bounds on the ca-
pacities of two channels with CSI. Our main interest is in
the continuous-time Poisson channel with a random time-
varying dark current, where the values of the dark current are
known to the transmitter as CSI, either causally or noncausally.
Our capacity bound for the Poisson channel shows that the
improvement in capacity from both causal and noncausal
CSI vanishes like O(7) when the coherence time 7 of the
dark current approaches zero. For a related side result, we
consider the state-dependent VNC with noncausal CSI at the
transmitter. For this channel our upper bound shows that the
improvement in capacity due to noncausal CSI over causal
CSI is negligible.

Our intuition regarding noncausal CSI is similar for both
the Poisson channel and the VNC: the mutual information
attainable over these channels is small, hence the dependence
between the state and the auxiliary random variable in the
Gel’fand-Pinsker formula must also be weak.

It is well-known that channels with noncausal CSI are
closely related to Marton’s inner bound on the capacity region
of a broadcast channel [35], which employs binning. Our
results in Theorems 3 and 6 imply that certain types of
binning-based strategies are not useful on related broadcast
channel models. This fact is related to, but not a consequence
of previous capacity results on the Poisson and very noisy
broadcast channels [12], [15].

APPENDIX

In this appendix we show a simple result: causal CSI cannot
increase the capacity of a type of DMC on which the channel
input and the state act “independently,” in a sense we specify
below.’

Consider a DMC with input z € X, state s € S, and output
y € Y, where X', ), S are all finite. The state sequence is I[ID
according to Ps and is independent of the message. Given
input x and state s, the output Y is distributed according to
W (:|z, s), which has the following form:

W(ylz,s) = V(y|lz) + ¢(yl|s), ze€X,yeV,s€S, (98)

where V' and ¢ are such that W(-|z, s) is a valid distribution
on) forall z € X and s € S.

7We are not aware whether this result has appeared in pervious works or
not.



Proposition 8: The capacity of the channel (98) with causal
CSI at the transmitter equals its capacity without CSI.
Proof: The capacity of the channel (98) with causal CSI
is given by Shannon [16] as maxp, I(U;Y"), where U takes
value in the set of mappings from S to A and must be chosen
independently of S. In this case,

> st

We shall show that each mapping u induces the same output
distribution as a random input that does not depend on s.
Indeed, it follows immediately from (98) and (99) that

ZPS V(ylu(s)) + ¢(yls)]

for all u,y. If we choose X randomly and independently of s
according to distribution 7,,:

Pyu(ylu) = W(ylu(s),s), uwel,yed. (99)

Pyy(ylu) = (100)

mu(z)= Y. Ps(s), w€AX, (101)
then the probability that' Y( ):_ y is given by
> Ps(s)mu(@)[V (yla) + ¢(y]s)]
o Zwu V(ylz) +ZPS yls)
= Z Ps(s)V (ylu(s)) + Z Ps(s)é(yls)
= ZPS V(ylu(s)) +¢<y\s>]7 (102)

which is the same as Py |7 (y|u). Hence the transmitter choos-
ing mapping v is equivalent to it choosing a random input
according to m,, but the latter can be done without CSIL
This implies that there is no advantage in using Shannon
strategies [16] over directly using input symbols. In particular,
maxp, I(U;Y), the capacity of (98) with causal CSI, cannot
exceed maxp, I(X;Y), the capacity without CSL [ |
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