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Abstract— This paper studies on-chip communication with
non-ideal heat sinks. A channel model is proposed where the
variance of the additive noise depends on the weighted sum of
the past channel input powers. It is shown that, depending on
the weights, the capacity can be either bounded or unbounded in
the input power. A necessary condition and a sufficient condition
for the capacity to be bounded are presented.

I. INTRODUCTION

Continuous advancement in VLSI technologies has resulted
in extremely small transistor sizes and highly complex mi-
croprocessors. However, on-chip interconnects responsible for
on-chip communication have been improved only moderately.
This leads to the “paradox” that local information processing is
done very efficiently, but communicating information between
on-chip units is a major challenge.

This work focuses on an emergent issue expected to chal-
lenge circuit development in future technologies: information
communication and processing is associated with energy dis-
sipation into heat which raises the temperature of the trans-
mitter/receiver or processing devices; moreover, the intrinsic
device noise level depends strongly and increasingly on the
temperature. Therefore, the total physical structure can be
modeled as a communication channel whose noise level is
data dependent.

This channel was studied at low transmit power levels in
[1] where it was shown that in the low power limit the
heating effect is beneficial. In this paper, we focus on the
high transmit power case. When the allowed transmit power
is large, then there is a trade-off between optimizing the
present transmission and minimizing the interference to future
transmissions. Indeed, increasing the transmission power may
help to overcome the present ambient noise, but it also heats
up the chip and thus increases the noise variance in future
receptions. Prima facie it is not clear that, as we increase the
allowed transmit power, the capacity tends to infinity. This
paper studies conditions under which the capacity is bounded
in the transmit power.

A. Channel Model

We consider the communication system depicted in Fig-
ure 1. The message M to be transmitted over the channel
is assumed to be uniformly distributed over the set M =
{1,...,|M|} for some positive integer |M]|. The encoder
maps the message to the length-n sequence Xi,...,X,,
where n is called the block-length. Thus, in the absence of
feedback, the sequence X7 is a function of the message M,
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Fig. 1. The communication system.

ie., X' = ¢, (M) for some mapping ¢, : M — R™. Here,
A7 stands for A,,,...,A,, and R denotes the set of real
numbers. If there is a feedback link, then Xy, £k =1,....n
is a function of the message M and, additionally, of the past
channel output symbols Y71, ie., X} = w%k) (M, Ylk_l)
for some mapping @Ef ) © M x RF=! — R. The receiver
guesses the transmitted message M based on the n channel
output symbols Y7", i.e., M = ¥, (Y") for some mapping
U : R" — M.

Let Z* denote the set of positive integers. The channel
output Y}, € R at time k& € ZT corresponding to the channel
inputs (z1,...,7%) € R¥ is given by

k—1
Yk =x + (O’Q—FZakel‘?) Uk (1)
1=1

where {U}} are independent and identically distributed (IID),
zero-mean, unit-variance random variables, drawn indepen-
dently of M, and being of finite fourth moment and of finite
differential entropy

h(Uy) > —oo. (2)

The most interesting case is when {Uj} are IID, zero-mean,
unit-variance Gaussian random variables, and the reader is
encouraged to focus on this case. The coefficients {a,} in
(1) are non-negative and bounded, i.e.,

ap>0, (e€Z" and sup ay < . 3)

Lelt
Note that this channel is not stationary as the variance of the
additive noise depends on the time-index k.
We study the above channel under an average-power con-
straint on the inputs, i.e.,

n

LS E[x?) <P, 4)

n
k=1
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and we define the signal-to-noise ratio (SNR) as

SNR 2 D (5)
o
B. Capacity
Let the rate R (in nats per channel use) be defined as
1
n

where log(-) denotes the natural logarithm function. A rate is
said to be achievable if there exists a sequence of mappings
¢n (without feedback) or go( ) ...,30577) (with feedback) and
1, such that the error probability Pr(M * M ) vanishes as
n tends to infinity. The capacity C is the supremum of all
achievable rates. We denote by C'(SNR) the capacity under
the input constraint (4) when there is no feedback, and we
add the subscript “FB” to indicate that there is a feedback
link. Clearly,

C(SNR) < Cpp(SNR) (7

as we can always ignore the feedback link.

For the above channel the capacities per unit cost which
are defined as [2]
C(SNR)

SNR

CFB ( SNR)
SNR
3)
were studied in [1] under the additional assumptions that {U}}
are 11D, zero-mean, unit-variance Gaussian random variables,
and that the coefficients fulfill

C(0) 2 sup
SNR>0

and ('JFB(O)é sup

SNR>0

S e 2o <o ©)

It was shown that, irrespective of whether feedback is available
or not, the capacity per unit cost is given by

C(SNR)
SNR 2
In this paper, we focus on the high SNR case. Specifically,

we explore the question whether the capacity is bounded or
unbounded in the SNR.

=C(0) = lim

CFB(O) SNR |0

(1 + ). (10)

C. The Main Result

We show that whether the capacity is bounded or not
depends highly on the decay rate of the coefficients {ay}.
This is stated precisely in the following theorem.

Theorem 1: Consider the above channel model. Then,

D lim >0 =  sup Cm(SNR) <o (11)
l—oo QU SNR >0

ii) hm iy — sup C(SNR) = o0 (12)
l—oo SNR>0

where we define, for any a > 0, a/0 £ oo and 0/0 £ 0.
For example, when {a,} is a geometric sequence, i.e.,
oy = p’ for 0 < p < 1, then the capacity is bounded.
Remark 1: Part i) of Theorem 1 holds also when Uy, has an
infinite fourth moment. In Part ii) of Theorem 1, the condition
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on the left-hand side (LHS) of (12) can be replaced by the
weaker condition

hm (13)

A proof of Theorem 1 is gi\éen in the next section. In
Section IIT we address the case where neither the LHS of (11)
nor the LHS of (12) holds, i.e., lim_ o ay1/cp > 0 and
lim, . oq1/a¢ = 0. We show that in this case the capacity
can be bounded or unbounded.

1
—log — = o0.
Q@

II. PROOF OF THEOREM 1

In this section we provide a proof of Theorem 1. Part i) is
proven in the next subsection, while the proof of Part ii) can
be found in the subsequent subsection.

A. Bounded Capacity

In order to show that

e
lim e+1>0

lim (14)
l—oo O

implies that the feedback capacity Crg(SNR) is bounded,
we derive a capacity upper bound which is, like in [3,
Sec. 8.12], based on Fano’s inequality and on an upper bound
on 2I(M;Yy"). To simplify notation, we define ag £ 1.

We first note that, due to (14), we can find an /o € ZT and
a0 < p<1so that
S > p L4
Qy

oy, >0 and (15)

We continue with the chain rule for mutual information [3]

1 n
ﬁI(M;Y1 )
1 E[) 1 n
= =D IOMGYRYT) + — D0 (M Y|y ). (16)
k=1 k=fo+1

Each term in the first sum on the right-hand side (RHS) of
(16) is upper-bounded by

I(M; Y [y7 )
< h(Yi) — h(Yi|[Y{~1, M)

k—1
log (J +Zak gXe)] — h(Uy)

(=1

k 2
% log (27re <1 + ez: Ut = E?] )) — h(Uk)
%log <2we (1 + a )) — h(Uk)

1
—log | 2me {1+ ( sup ap)-n-SNR || —h(Us) (17)
2 vend

= h(Yy) — —E

IN

IN

Mw

sup ag/

veny —1

IN

where Z§ denotes the set of non-negative integers. Recall
that SUPy ezt Q! is assumed to be finite. Here, the first in-
equality follows because conditioning cannot increase entropy;
the following equality follows because X} is a function of
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(M,Y}!) and from the behavior of entropy under trans-
lation and scaling [3, Thms. 9.6.3 & 9.6.4] in conjunction
with the fact that Uy, is independent of (X}, M, Ylk_l); the
subsequent inequality follows from the entropy maximizing
property of Gaussian random variables [3, Thm. 9.6.5] and
by lower-bounding E [log (02 +300) ozk_ngﬂ > logo?;
the next inequality by upper-bounding each coefficient
ap < SUDy ezt Qs ! = ., k; and the last inequality
follows from Z?:l E[XZQ] /o? < n-SNR, k < n which
is a consequence of the power constraint (4) and of the fact
that E[X?] /o? >0, ( € Z7.

The terms in the second sum on the RHS of (16) are upper-
bounded using the general upper bound for mutual information
[4, Thm. 5.1]

166Y) < [ DOVC|RO) Q@) a8)
where D(:||-) denotes relative entropy, W (-|-) is the channel
law, Q(-) is the distribution on the channel input X, and R(-)
is any distribution on the output alphabet. Thus, any choice of
output distribution R(-) yields an upper bound on the mutual
information.

For k=1tly+1,....,n we  upper- bound I(M; Y|y} =
yh ') for a given Y’C 1 =y by choosmg R(-) to be of a
Cauchy distribution whose density is given by

VB 1

, eR
7T1+5 Ye

(19)
where we choose the scale parameter 3 to be! 3 =1/ (By,%_ o)
and

. _ «@
S =min{ po~t.

¢7 Qyg, Pgo (20)
max oy

0<t/ <Ly

with 0 < p < 1 and ¢y € Z* given by (15). Note that (15)
together with the assumption that the coefficients {ay} are

bounded implies that

0<fB<1 and Bar<ope, LEZE. (1)

Applying (19) to (18) yields

I(M; Y|Vt =yt
Y2 1 ~

log (1 + = > + = log (ﬂyi_go) + logm

ﬂyk 4 2

— h(Yi| M, Y =),

<E

(22)
and we thus obtain, averaging over Y;" !,
I(M; Y |[YF)
<logm — h(Yi|V}~", M) + %E [log (ﬁYk{eO)]
+Elog (BYZ.4, +Y2)| — Eflog (V2.4,)] — log . 23)

"When v, ¢o = O then the density of the Cauchy distribution (19) is
undefined. However, this event is of zero probablhty and has therefore no
impact on the mutual information I (M Yi }Y )
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We evaluate the terms on the RHS of (23) individually. We
begin with

k—1
h(Yi Y9, )E{log (a +) ok ng)

+ h(Uk)

(24)
where we use the same steps as in (17). The next term is
upper-bounded by

€ [log (372,
=E {E [log (B(szfeo + O yhto1 - kazo)2) ‘ Xf*KOH
<E {log (BE [(Xk—eo + O yhto - Uk—eo 2 ‘ Xk'*fo]):|

o
{log (5)()@ 0 + B0+ B Z Qg [()—ZXZ>:|

(=1

k—2Lo
<E |:10g (U + Z Qg 5X5>:| (25)
where, conditional on X k=1 x
k—1
ai;lc,l L4524 ak_gacf. (26)

=1
Here, the first inequality follows from Jensen’s inequality
applied to the concave function log(z), x > 0; and the second
inequality follows from (21).
Similarly, we use Jensen’s inequality along with (21) to
upper-bound

E {log (BY,?,ZO + Yk.z)}

k—2o k
<E|:10g <20’2+2204ng£2+ Z OzngZZ):|

/=1 l=k—0o+1
k
log <02 + Zakg)(]?)] .
=1

In order to lower-bound E [log (Y,2_, )] we need the fol-
lowing lemma:

Lemma 2: Let X be a random variable of density fx(z),
z € R. Then, for any 0 < § <1 and 0 <7 < 1 we have

<log2+E 27

1
Sup E log | X + ¢~ T{IX +¢l < 8] < e(dm) + 2 h™(X)

ceR

(28)
where {-} denotes the indicator function; h~ (X)) is defined
as

hT(X) & fx(z)log fx () dx;
{zeR:fx (z)>1}

and where €(d,17) > 0 tends to zero as 0 | 0.
Proof: A proof can be found in [4, Lemma 6.7]. |
We write the expectation as

E [log (Y, )]
2
—E [E {log (XH(, + 0 htg -UHO) ‘ X{”O” (30)

(29)
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and lower-bound the conditional expectation
X{ = a7 by

for a given

2| ke
E |:10g (l‘k,go +0 k-tg-1- kafo) x] 0}
1
~1
=logo?, 41 —2-E|log Th=to | Uk—¢, ahro
Ty U‘mllc—ko—l
2
> logazk_eo_l —2¢(d,n) — ;]hf(Uk) + log 62 (31
1

for some 0 < § < 1 and 0 < i < 1. Here, the inequality
follows by splitting the conditional expectation into the two
expectations given in (32) (on the top of the next page) and by
upper-bounding then the first term on the RHS of (32) using
Lemma 2 and the second term by — log §. Averaging (31) over
XF% yields

k—lo—1

E[log (Y2 )] > Ellog <02+ 3 aHU@X?ﬂ

(=1

2
—2¢(0,m) — Eh‘(Uk) +logé®  (33)
Note that, since Uy is of unit variance, (2) together with [4,
Lemma 6.4] implies that A~ (Uy,) is finite.
Turning back to the upper bound (23) we obtain from (33),
(27), (25), and (24)

101 i)

k
2
<log2+E |log (02 + Zak_g)QQ) + Eh_(Uk)
=1
k—£o—1
+ 2¢(8,n) — log % — E |log (02 + Z ak_go_gX£2>]
=1
k—Lo
logﬂ—i— E log (J + Z g gXe> +logm
=1
k—1
- —E [log <a +) g exf)] — h(Uy)
=1
k
<E [log ((72 + Zangl?)]
=1
k—fo—1
—E [log (02 + ) akeogXe?) +K (34)
(=1
where

K2 %h—(Uk) — h(U) +2¢(3,1) + log % (33)

is a finite constant, and where the last inequality in (34)

k—1 R
follows because for any X;”, ., = a7, ., we have

Ze Kt 1 Oh— ﬂ? > 0. Note that KK does not depend on
k as {Uy} are IID.
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Turning back to the evaluation of the second sum on the
RHS of (16) we use that for any sequences {a} and {by}
n
> (ar—by)
k=fo+1
n n—2»~0g

= > (ar—bentae)+ > (ak —briag)- (36)

k=n—20p+1 k=flo+1
Fork=n—20y+1,...,
2 k X2
E |log Uk —L%Z 110%_@ !
D A TRV, ¢
which follows by lower-bounding the denominator by o2, and
by using then Jensen’s inequality together with the last two
inequalities in (17). Thus, applying (37) and (36) to (34) yields

n we have

< log <1 + (sup ay) -n- SNR) (37)

Lery

n

1 _
~ > Iy
nf:€0+1
—/ 20
§ O —Olg supag -n - SNR
n tend
1 o U—Q—Zglak .6
T > Ell Skt e
" k=lo+1 2’ ke X
—/ 26
g 0K 4+ 22 log 1 + sup ag -n - SNR
n e
1" Ely o +Zz L Qo0 X7
o > 08 ST 2
k=fo+1 — Q0o —02p
TL*3£0 ~
E 2€
g 0 =0 log 1 + sup 0/4 -n - SNR
tend

Tl*géo ~

(38)

where the second inequality follows by adding logﬁ to the
expectation and by upper-bounding then oy < Quieg, L E LT
(21); and the last inequality folllg)ws because for any given
Xﬁrfo t= Zﬁo ! we have Ze+ki11 ak+io—me > 0.
Combmmg (38), (17), and (16) we obtain

1
—I(M; Y
n ( ’ 1)

S n_ZOK—

n

r —n3£0 log 3 + 5—2 log(2me) — %Oh(Uk)

14
+ E‘)g log (1 + (sup ag) - SNR) (39)

LeZy

which converges to K —log f < oo as we let n go to infinity.
With this, we have shown that lim,  __ o1/ > 0 implies
that the capacity Crg(SNR) is bounded.
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-1 -1
E 10g Tk—tg - 4+ Uk*fo x’f Lo = E log —+ Uk A . I{ Lk—Lg + Uk;—@o S 5} x11€7£0
0 k—tp—1 O k—tp—1 O k—tp—1
ZTq ZTq ZTq
-1
+E|log |- 4 Uy, ‘I{ TRt 4 U] > 5} | 32
0 k—tg—1 O k—tp—1
Ty Ty
B. Unbounded Capacity where ties are resolved with a fair coin flip. Here, || -|| denotes
We shall show that the Euclidean noLrn/l Janld y and x(m’) den&t/eLﬁllel respective
1 vectors {Yrr+1}_. and {zpr41(m')}2 .

hm log — =0 (40) We are 1nterested in the average probability of error

{—o00 E Qyp

implies that the capacity C'(SNR) in the absence of feedback
is unbounded in the SNR. Part ii) of Theorem 1 follows then
by noting that

— Q41
lim ——1

1
lim - log — = 0o0.

—>(X)€

=0 = (41)

L—oo Oy

We prove the claim by proposing a codmg scheme that

achieves an unbounded rate. We first note that (40) implies
that for any o > 0 we can find an ¢y € Z™ so that

apg < of,  €> . (42)

If there exists an £y € ZT so that oy = 0, £ > {;, then we

can achieve the (unbounded) rate

R = % log(1+ L-SNR), L > (43)
by a coding scheme where the channel inputs { X1} are
IID, zero-mean Gaussian random variables of variance LP,
and where the other inputs are deterministically zero. Indeed,
by waiting L time-steps, the chip’s temperature cools down to
the ambient one so that the noise variance is independent of the
previous channel inputs and we can achieve —after appropriate
normalization—the capacity of the additive white Gaussian
noise (AWGN) channel [5].

For the more general case (42) we propose the following
encoding and decoding scheme. Let z7(m), m € M denote
the codeword sent out by the transmitter that corresponds
to the message M = m. We choose some period L > {y
and generate the components zyr4+1(m), m € M, k =

., m/L] — 1 (where |-| denotes the floor function) in-
dependently of each other according to a zero-mean Gaussian
law of variance P. The other components are set to zero.?

The receiver uses a nearest neighbor decoder in order to
guess M based on the received sequence of channel outputs
yy. Thus, it computes ||y — x(m’)||? for any m’ € M and
decides on the message that satisfies
P

M = i - 44
arg ol Iy —x(m @

%It follows from the weak law of large numbers that, for any m € M,
ES DD R k(m) converges to P/L in probability as n tends to infinity; this
guarantees that the probability that a codeword does not satisfy the power
constraint (4) vanishes as n tends to infinity.
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Pr(M + M ), averaged over all codewords in the codebook,
and averaged over all codebooks. Due to the symmetry of the
codebook construction, the probability of error corresponding
to the m-th message Pr(M + M | M = m) does not depend
on m, and we thus conclude that Pr(M #* M) = Pr(M #*
M | M =1). We further note that

OI* < iz

U Iy —X(m

m/=2

Pr(M # M|M=1) <Pr<

45
where Z = {ox (e - UkLH},EZ/OLJ*l which is, conditional
on M =1, equal to |[Y — X(1)||%. In order analyze (45) we
need the following lemma.

Lemma 3: Consider the channel described in Section I-A,
and assume that the coefficients {ay} satisfy (40). Further
assume that {Xj 11} are IID, zero-mean Gaussian random
variables of variance P. Let the set D, be defined as

D, 2 {(y,z) c RIW/L] o pln/L] .

1
’—Ln/LJ ly|l? = (o2 + P+ P)‘ < e,

1 VA — 02 a(L) . €
gy 1217 = P)‘<

} (46)

47

with a(") being defined as o(F) £ > ey aer. Then,

lim Pr((Y,Z) e D) =1
for any € > 0.

Proof:  First note that, since Uy has a finite fourth
moment, our choice of input distribution implies that

E [(UXH : Uk)ﬂ < oo. This along with (42) yields that the
variances VargmHYHQ) and Var(ﬁHZHQ) vanish as
n tends to infinity. The lemma follows then by computing
E {ﬁHYHQ} and E {WlLJHZHQ} and by Chebyshev’s in-
equality [6, Sec. 5.4]. |

In order to upper-bound the RHS of (45) we proceed along
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the lines of [5], [7]. We have

Pr( U Y —X(m)|?* < |Z||2> <Pr((Y,Z) ¢ D)

m’/=2

of o

and it follows from Lemma 3 that the first term on the
RHS of (48) vanishes as n tends to infinity. Note that since
the codewords are independent of each other, conditional on
M = 1, the distribution of X(m'), m’ = 2,...,| M| does
not depend on (y, z). We upper-bound the second term on the
RHS of (48) by analyzing Pr(|ly — X(m/)||* < ||z]|* | (y,2))
for each m’ = 2,...,|M| and by applying then the union of
events bound.
For (y,z) € D. and m’ = 2,...,| M| we have

Pr(lly = X(m)|” < |l2]* | (v.2))

< exp{ —s|n/L](6®>+aP) - P+e) +

U Iy = X(m)I? < Jlz]®

m’'=2

(v, Z)) dP(y,z) (48)

sllyll?
1—2sP

- %Ln/LJ log(1 — QSP)}, s<0 (49

which follows by upper-bounding ||z||? by [n/L] (0?4 &) -
P+ ¢) and from the Chernoff bound [6, Sec. 5.4]. Using that,
for (y,z) € De, ||ly||? > |n/L](c?+P+aF).P—¢) it follows
from the union of events bound and (49) that (48) goes to zero
as n tends to infinity if for some s < 0

502 (L) . Ll 1-2
R<L(a +a P+e)+2L og( sP)
s02+P+al).P—¢

L 1—2sP

Thus, choosing s = —1/2-1/(1 4+ o) - P) yields that any
rate below

102+a(L)'P+6+i10 1+ P
1+a@ . P oL 08 1+aD.p

(50)

2L
1 o?+P+all).P—c 1 51)
927, L P
is achievable. As P tends to infinity this converges to?
1 1 1 1

It remains to show that given (42) we can make o)
arbitrarily small. Indeed, (42) implies that

L (L
a® =3 aw <) o STt (53)
/=1 =1
3The same rate can also be derived by evaluating lim . %I (X757

for a distribution on the channel inputs under which {Xj 41} are IID,
zero-mean, variance-LP Gaussian random variables while the other inputs
are deterministically zero. However, as the channel (1) is not stationary, it is
prima facie not clear whether there is a coding theorem associated with this
quantity.
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and (52) can therefore be further lower-bounded by

1

2L
Letting L tend to infinity yields then that we can achieve
any rate below %log%. As this can be made arbitrarily
large by choosing p sufficiently small, we conclude that
limg—,o 7 log 7= = oo implies that the capacity is unbounded.

1 1
log (1 — QL) + B log E (54)

III. BEYOND THEOREM 1

Theorem 1 resolves the question whether capacity is
bounded or unbounded in the SNR when the coefficients
satisfy either lim, , _ apy1/ap > 0 or limg o0 gy 1 /g = 0.
‘We next address the case where neither condition holds, i.e.,

T Q41 . Qpi1
lim —— lim — = 0. (55)
l—o0 O (—oo Q@

>0 and

Example 1 exhibits a sequence {cy} satisfying (55) for which
the capacity is bounded, and Example 2 provides a sequence
{ay} satisfying (55) for which the capacity is unbounded.

Example 1: Consider the sequence {a,} where all coeffi-
cients with an even index are 1 and all coefficients with an odd
index are zero. It satisfies (55) because limy_, o i1/ = 00
and lim,  _ ay41/ap = 0. Thus, at even times, the output
Yo, k € ZT only depends on the “even” inputs {Xo/}5_,,
while at odd times, the output Yoz 41, k € Z§ only depends on
the “odd” inputs {X2,+1}%_,. By proceeding along the lines
of the proof of Part i) of Theorem 1 while choosing in (19)
g=1/ yiig, it can be shown that the capacity of this channel
is bounded.

Example 2: Consider the sequence {ay} where ag = 1,
where all coefficients with an odd index are 1, and where
all other coefficients (whose index is an even positive inte-
ger) are zero. (Again, we have limy_ oo apy1/ap = oo and
lim, ,  ayq1/cp = 0.) Using Gaussian inputs of power 2P
at even times while setting the inputs to be zero at odd
times, and measuring the channel outputs only at even times,
reduces the channel to a memoryless additive noise channel
and demonstrates the achievability of [5]

R = ilog(l +2-SNR)

which is unbounded in the SNR.
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