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Abstract—The energy—distortion function E(D) for the joint per source sample, thus allowing us to maximize the energy
source—channel coding problem in networks is defined and efficiency over unlimited bandwidth. Since our model brings

studied. The energy-distortion function E(D) is defined as the yqether the problems of compression and communication, it
minimum energy required to transmit a source to a receiver =" L h | codi bl

within the target distortion D, when there is no restriction on IS a joint source-channel coding problem. .

the number of channel uses per source sample. For point-to- 1he model presented here has a number of potential ap-

point channels, E(D) is shown to be equal to the product of the plications. Consider for example, energy-constraineds@en
minimum energy per bit Ej,;, and the rate—distortion function  networks, where the fusion center wants to reconstruct the
R(D), establishing the optimality of source-channel separation ohservations taken at the sensor nodes. These observations

in this setting. . -
Then, it is shown that the optimality of separation does not could be correlated due to the physical proximity of the

extend to multi-user networks. A scenario with two encoders Sensors. Our Work quantifies the mipimum energy required
observing correlated Gaussian sources in which the encodersat the nodes in order to let the fusion center estimate the
communicate to the receiver over a Gaussian multiple-access ppservations with a certain fidelity.

channel (MAC) with perfect channel output feedback is studied. For a point-to-point memoryless channel and a memoryless

First a lower bound on E(D) is provided and compared against h | ti . idelv k to b
an upper bound achievable by separation. Even though the SOUrCE, Source—channeél separalion IS widely known (o be

separation based scheme does not achieve the lower bound®Ptimal for a fixed number of channel uses per source sample
in general, its energy requirement is shown to be within a and under an average power constraint. We show here that this
constant gap of £(D) in the low distortion regime, for which  gptimality extends to the energy-distortion function adlwe
the energy requirement grows unbounded. Another upper bound 4t 5 the optimalE(D) is achieved by a simple separation
using uncoded transmission based on the well-known Schalkwijk- h that first fi th t D d
Kailath (SK) scheme is also considered. Through simulation, scheme a_ Irst gquan |_zes e source (at m@)) an )
it is shown that this scheme outperforms the separation based then transmits the quantized message over the channel using
scheme in various scenarios, thus establishing the sub-optimality minimum energy per bi&,,,;, by operating in the wideband
of separation in this model of multiple users with correlated regime.
Sources. However, as in the case of average power constraints and
. INTRODUCTION a fixed number of channel uses per source sample, this opti-
- - ; ... mality of separation does not generalize to multiple sairce
We study the energy-distortion tradeoff in communicatin ec)exs:ticularpwe consider two e?wcoders/transmitterr)s oisg
sources over noisy communication channels, such that ; ' 7
source can be reconstructed at the receiver within a tar ﬁqussw?mf sour;]es tthat a_rt(te cortrel?rt]ed. Th? commumcatlodn
distortion. The ‘energy’ refers to the cost per source sampl 0 T)lnz mrSIrtT Ie-chr::sSTLaer{:el O(M A(aC)rlsxsz:VZ:j c;ﬁivis\?virirt]:
using the communication channel (see, e.g., [9] and refemen ) ple-a .
therein). The more energy that the transmitter has at its d%at;}sman noise, in Wlh'glh the ﬁerfect Cé‘_usa' c_lr_lrz]i_nnel(h;u'fput
posal, the more information it can transmit to the receiVhais att € recever Is avaiable to the transmltte_rs. IS masiel
studied in [5] under average power constraints and assuming

potentially translates to lower distortion at the receivéius, ) . . )
there is a fundamental energy-distortion tradeoff in tiisisg. matching source and channel bandwidths. We are interasted i
btaining the minimum energy requirement of reconstractin

We try to capture this tradeoff by defining a fundament@ . o . : :
oth sources at the receiver within a target distortion etith

information-theoretic function(D) which is the minimum restrictions on the ratio of source and channel banthaidt

energy required per source sample to achieve an aver%géthe sake of simplicity of analysis we restrict our atiemt

distortion D, for large number of source samples. We note th he case of s mn?etriglsourcesy eneraies. channel qaids. a

no restriction has been placed on the number of channel ug%é . Sy ’ gies, 9 '
target distortions.

This research was supported in part by the U.S. NationalnBei&oun- For the two-user model, we first provide a converse bound
dation under Grant CNS-09-05398, the U.S. Office of NavaleBesh py extending the results of [5] to the bandwidth mismatch
under Grant NO0O014-07-1-0555, the U.S. Army Research OffickeuGrant _: . Th . b d hi bili h .
W911NF-07-1-0185, and the National Science Foundation fitleoretical  SItUation. Then a separation based achievability scheme s

Foundations Research Grants CCF-0635154 and CCF-0728445. analyzed. We also briefly describe an uncoded transmission



I

Z . sequence (ovei!) of encoding functions

| S1.m | f1(,1\$"N)(') X1.n g%]w,N)(_) 1,m
e ‘% Y {fl(,]\r/LI,N)}r]:[:I and {fQ(,Ag’N) 5:1
Sen | o) ) Xom oM (| S2m satisfying the energy constraint
) N
! E [Z Xﬁn] <ME  fori=1,2, 3)
Fig. 1: Bivariate Gaussian source model with perfect chlnne n=1
output feedback. and a sequence of decoding functions
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scheme motivated by the analog transmission schemes lh that the corresponding distortion sequence satisfies
ployed in [3], [7] and others. While we do not provide a closea P g q
form expression for the energy consumption of the uncoded .
transmission scheme, simulation results suggest thatrit cdmsup - > E [(Si,m — Sim)?| < D, fori=1,2.
outperform the separation based scheme in various sitisatio =~ m=1

Definition 2.2: We define theenergy—distortion functiofor
Il. SYSTEM MODEL the (0%, 0%, p) network as

Wg consider a network with two transmitters and a single E(D) 2 inf{E > 0: (E, D) is achievablé. 4)
receiver, where perfect channel output feedback at théverce
end is provided to the transmitters. The sous¢é at transmit- Note that we do not impose any channel bandwidth con-
ters is an M -length random vector of independent and identstraints, and hence it is possible to transmit as many channe
cally distributed (i.i.d.) real-valued Gaussian randomalales symbols per source observation as needed as long as the total
with zero means and variance%i, e, S; ~ N(O,agi) for energy constraint is satisfied. Our goal in this paper is to

i=1,2. determineE (D) for a (¢2, 0%, p) network.
Transmitters encode their observations and transmit them
over a MAC. Denoting the input sequence at transmittas Ill. SINGLE SOURCE SCENARIO

XN =(X;1,....Xi,n), and the corresponding channel output For completeness, we first treat the single user scenario

vector asyYV = (Y1, ..., Yy), the channel is characterized byin which a single Gaussian source is transmitted over a
point-to-point channel with additive white Gaussian naisth

@) variances%. In this situation, separate source—channel coding

where ZN = (Z,,..., Zy) is the vector of i.i.d.N(0,0%) is optimal and achieve& (D). _ o
channel noise variables. See Fig. 1. In this work, we focus on10 Present this result we first defidg, ,;, as theminimum

the symmetric scenario in which the source statistics age RN€rgy Per bif9)] for the underlying communication channel.
same, i.e.p2 = 0% 2 0. We assume that the sources arlve also definel2(D) as the rate-distortion function for the

correlated, the coefficient of correlation being given source, that is, the minimum rate (bits per channe) use
’ of encoding$S required to achieve an average distortion
_ E[S51.5] @) Lemma 3.1:For the single source scenario, we have

J2
5 E(D) = Eppin R(D), (5)

Y;L:Xl,n_FXZn_"Zn fOf’I’L:L...,N,

Without loss of generalityp can be taken to lie betweeh
and 1 since if the sources are negatively correlated, we c¥fhich can be achieved by separate source and channel ¢éoding
replaceS; by —S, to get a positive correlation. For the point-to-point Gaussian channel,

We also assume the availability of perfect causal channel By = 202 log, 2 (6)
output feedback at both of the transmitters. Hence the encod m Z7 e
ing function at each transmitter can depend on its sourde relaurthermore, for the Gaussian model considered here, we hav
izations as well as the previous channel outputs. Consigeri (U§>

block encoding from an\/-length source vector to ai- R(D) = 1log§r

> @)

length channel vector, the encoder at transmitierdescribed D

by a sequence of encoding functioﬂ%‘f’m ‘RM xR —  wherelog® (z) = log(z) if z > 1 and0 otherwise. Therefore,

R where X;,, = fMN (M yn-1) for ; = 1,2 and for the single Gaussian source case, we have
n = 1,...,N. The decoder is desc[ibed by the decoding o2
functions g™ : RNV — RM where SM = gy Ny, E(D) = 0% logt (5) . (8)

for i = 1, 2. We define this network as @3, 0%, p) network.
Def'n't'(_)n 2'_1: For .the g'V.en neftwork' _We say t.hat an 1proofs of the results given in this paper are omitted due tocespa
energy—distortion paifE, D) is achievableif there exists a limitations.



Remark 3.1:We note that the optimality of source—channel We define the conditional rate-distortion functions
separation is not limited to the Gaussian model consider&}, s, (D) and Rg,|s, (D) as the minimum rate required to
here. Lemma 3.1 holds for a general discrete memorylesshieve a distortion ofD (for one source) when the other
stationary source and channel with any additive distorti®ource is available at both the encoder and the decodemn It ca
measure and any separable cost function respectively. A sipe shown that
ilar separation result for the remote rate-distortion peobis
presented in [2]. Rs.15.(D) = Reys,(D) = 1ot (U?g(l - 02)) (12)

Remark 3.2:1t is well known that separation is optimal for 5115 - S T2 %% D '
the single source and point-to-point channel case, and that
feedback does not chand8,,;,,. Lemma 3.1 can be extended Theorem 4.2:In a (02,0%,p) network, E(D) is lower
to show that (5) holds even when perfect channel feedbackoisunded byE; g2 (D) as given in (13).
available at the transmitter. Remark 4.1:1t can be shown thaf; 51 (D) < Epps(D)

For the rest of the paper, we study the two source scenarigivays. Therefore, for the rest of the paper, we restrict our
which the sources are correlated with each other. We provigigention toE, 5,(D) as far as lower bounds are concerned.
lower and upper bounds ofi(D).

IV. LowERBOUND ON E(D) V. SEPARATE SOURCE AND CHANNEL CODING
In this section, we present two lower bounds &1D)

for the (0%,0%,p) network. The first bound is obtained by Almost all practical communication systems operate based
assuming perfect cooperation between the encoders. Nyt ooih separate source and channel coding. Apart from the prac-
do the sources cooperate to compress their observationhs, tmal motivation due to the modularity it provides, separat
they also cooperate to transmit their observations over theurce and channel coding is also motivated by its the@aletic
communication channel. Since this reduces the model to tlegtimality in the point-to-point scenario. In this sectiome
of a single vector source and point-to-point channel, we camtline a separation based scheme and analyze its energy—
apply Lemma 3.1 with distortion tradeoff.

E — 521 The basic idea of the scheme is for the encoders to first

bmin = 07z l0g, 2, 9) : : . . A
guantize their sources at identical rates (see [6] or [16] a

which is the minimum energy per bit of a Gaussian channglen transmit the quantization information over the MAChwit
with two transmitter and single receiver antenna. The ratéeedback (see [7]).
distortion function under individual distortion constrts is The rate-distortion functiomsep(D) to achieve Symmetric
given by [11] distortion D for each source is given as [6], [10]

{ Logt (@) if0<D<o3(1-p)

Rsed D) =
Dogt (M) if 02(1—p) < D<oz, serl D)

)
2D—(1-p)og

1 2 4Dp?
) max{log; osU=p) (o i A0 )
Therefore, from Lemma 3.1, the energy—distortion tradeaiff 2 2D og(1—p?)
be lower bounded as in Theorem 4.1

401 _ 2 22
Theorem 4.1:In a (¢%,0%,p) network, F(D) is lower %bg; (US(lD;)) <1 +. 1+ 44DP>> }
s

bounded byE; (D) where 2 (1—p%)?
% log" (% (14)
Ers (D) = if0<D< o3(1—p) Each transmitter now transmifgsey( D) bits to the receiver
LB1 92 Jou [ —2E0+p) in a separate, orthogonal band, i.e., without interferirith w
4 %8¢ \ 2p=(1—p)oZ

if 02(1—p) < D < o2, f{he qther transmittgr. !\lote that the feedback signql is petu
(1) in this scheme. This is due to the fact that, despite feedback
Next, we present another lower bound following the agnlarges the capacity region of a MAC under average power
guments in [4, Section 3]. The main difference from theonstraints at the users, it does not improve the minimum
point-to-point case considered above is that now we consid&€rgy per bit which is achieved by orthogonal transmission
separate channel encoding at the transmitters, which silmv We thus get the achievable energy—distortion tradeoffrgbie

to improve the lower bound by limiting beamforming gains. Eses D) in Theorem 5.1.

o2 o2(1—p2 o2 od(1=0p2 .
minp<s<1 Max | 75z log S(ID P e log,” 5(11)2'0 ))} if 0<D<o%(1-p)

ELBQ(D) = . o2 o2 (1—p2 o2 o2 i (13)
minge e max { 1%y log? (57 ) . gy log! 2D—S<(11—+5>)o§)} it o5(1—p) <D <0y

+




Theorem 5.1:In a (0%,0%, p) network, E(D) is upper an SK based uncoded transmission scheme has better energy—
bounded byEsey(D), where distortion performance than the separation based scheme in
certain cases. In fact, the channel coding part of the sgpara
Esed D) = based transmission in Section V inherently uses uncoded-tra
o 4 [0%(1—p? 4Dp? mission in applying the SK scheme [7]. Here, we basically use
max {Uz loge | =55 (1+y/1+ oZ(1—p?)2 ) | the transmission scheme of [7] with correlated sources.
5 The basic idea is similar to the SK scheme for a point-to-

o2 ot (1 —p?) 4D2?p? point channel. At each step, each transmitter calculates th
TZypet (2P (14 14 2P . _ _
2 e 2D? od(1— p?)? ’ ‘error’ or the difference between the estimate at the reseiv

and the actual source realization at the transmitter. These
errors are then scaled and transmitted simultaneously tiy bo
Remark 5.1:For p = 0, it can be easily checked thatyransmitters over the MAC. The power of these transmissions
the lower boundE', g2(D) and upper boundseg D) match.  are taken to be fixed and very small (approaching zero). Based
For p = 1, EsedD) is twice the lower boundErp2(D).  on the received signals, the receiver updates its estinfates
This is expected since the transmissions at the encodggih the sources. The scheme is terminated once the target
have a correlation of zero which implies that there are nfistortions are achieved at the receiver. In the next sectie
beamforming gains. present simulation results for the energy—distortion ecdf]
Remark 5.2:While separation is not optimal in general, itgchieved by this uncoded transmission scheme, denoted by
has a finite gap with the lower bound even B$D) goes F, ..{D). It is observed that the performance of this un-
to infinity in the low distortion regime. Thus, we have theoded transmission scheme outperforms the separation base

following result in Proposition 5.2. scheme, proving the suboptimality of separate sourcergian
Proposition 5.2:1n a (0%, 0%, p) network, the following coding in this model.
holds: Remark 6.1:We note that the achievability part (channel
) o2 ) coding) of the separation scheme uses a similar uncoded
Jim Feed D) — Erp2(D) = ——>log.(1-p°)  (16) scheme at its core. The main difference between the scheme

here andn the separation based scheme is that now we elimi-
nate the ‘quantization’ step and deal directly with the seur
lim Fseg D) = lim Epp2(D) = co. (17) realizations at the transmitters.
D—0 D—0

Note that

Based on Proposition 5.2, separation can be a viable alter-  VII- NUMERICAL RESULTS AND DISCUSSIONS
native for real-world applications when the source cotrete.  In Figs. 2a and 2b, we plot the lower and upper bounds on
is low. Note that the gap betweeRsey D) and Epps(D) E(D) for 0% = 6% = 1 and p equal t00.2 and 0.8 respec-
diverges wherp = 1. tively. We observe in both cases that the uncoded transnissi
scheme performs better than separation. fef 0.2, all the
bounds are close to each other. However, the gap between

While separation is optimal for point-to-point systems antthe performance of the uncoded transmission scheme and the
for a MAC with independent sources, this is not the cadewer bound is almost indistinguishable except at high&res
when the sources are correlated. In this section, we descrdf distortion. The curves are more separated whea 0.8.
an achievability scheme with uncoded transmission based lanthis case, the uncoded transmission scheme has a clear
the Schalkwijk—Kailath (SK) scheme [3]. advantage over the separation based scheme.

In the SK scheme for a point-to-point channel, in each stepWhile we do not have a general closed form expression
the transmitter transmits a scaled version of the estimatifor the performance of the uncoded transmission scheme, it
error at the receiver in an uncoded manner. It is shown in [B] optimal whenp is 0 or 1. Furthermore, whem = 0, the
that this simple scheme achieves the channel capacity withgeparation based scheme is also optimal though it has gxactl
employing block codes, hence without delay. This optirgalittwice the energy consumption of the lower bound when 1.
without incurring any delay, can also be extended to joirfthis also implies that the energy consumption of the uncoded
source—channel coding in the single source and point-tio-potransmission scheme is half as much as that of the separation
channel setting for a fixed bandwidth ratio [8]. So, the SKased scheme when= 1.
scheme extends the optimality of uncoded transmissioneto th
bandwidth mismatch case. Not surprisingly, the SK scheme VIII. CONCLUSIONS
achieves the energy—distortion tradeoff (8) for single €&3&n We have studied the fundamental energy—distortion trddeof
source as well. function E(D) in networks with one or two Gaussian sources

In multi-user scenarios the advantage of uncoded transmagid a single receiver when there is no constraint on the
sion has been shown previously. In Gaussian sensor netwodksilable channel bandwidth per source sample. Furthemor
when the source and channel bandwidths match, it is knowarfect channel output has been assumed to be available at
that uncoded transmission is optimal [1]. In [2], we showtthdhe transmitters causally. Using separatid(,D) has been

VI. UNCODED TRANSMISSION



2 T
— ELB2
1.8 ~ = ~ Eyncoded |
— Esep
Y
16 N .
— \
Q 14t \ —
- N\
8 \
P
£ 12r N .
N
5 N
S 1p \ g
El N
[
['4 S
5085 X 8
@ X
N
U oel N J
0.4 s - 4
02f S ]
0 i i i i i i i i \\\\\
0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
Distortion — D
@p=02

2 T
— ELB2
1.8+ ~ =~ Eyncoded |
— Esep
1.6 T
Q 1af- 1
m \
2 124 > s
5} \
E \
£ b o N 4
=3 N N
1) N
x . N
308 \ > s
[} \ ~
2 \
w N >
0.6 <~ 4
N N
0.4 Dl S N o
0.2 e .
o ‘ ‘ ‘ ‘ ‘ i ——
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distortion — D
(b)p=08

Fig. 2: E(D) bounds for &1, 1, p) network, forp = 0.2 andp = 0.8.

established for the single source, point-to-point chamaske. [3]
For the case of two sources, we have first provided a lower
bound onE(D). This lower bound represents the absolutgy
minimum energy (in Joules) that is required to reconstroet t
sources within target distortion at the receiver, regasllef

the communication/reconstruction strategies or the baittiw
used in the system. The lower bound is tight when the

sources are independent. Besides the lower bound, we hdfk
also studied two different upper bounds based on separati?ﬁ

and uncoded transmission, respectively. Simulation tesul
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