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Abstract—The energy-distortion tradeoff for lossy transmission  fixed bandwidth ratio, we constrain the total budget used ove
of sources over multi-user networks is studied. Theenergy- the channel. We capture the corresponding tradeoff by the
distortion function E(D) is defined as the minimum energy f,ndamental information-theoretic functidi( D) which is the
required to transmit a source to the receiver within the target . ired le t hi
distortion D, when there is no restriction on the number of MINIMUM ENErgy required per source sampie (o achieve an
channel uses per source sample. For point-to-point channels, average distortiorD, for a large number of source samples.
E(D) is shown to be equal to the product of the minimum energy We note that, in this model, no restriction has been placed on
per bit Ey,;, and the rate—distortion function R(D), indicating  the bandwidth ratio, thus allowing us to maximize the energy
the optimality of source-channel separation in this setting. It efficiency over unlimited bandwidth.

is shown that the optimal £(D) can also be achieved by the . o .

Schalkwijk—Kailath (SK) sche(me), as well as separate coding, in . A Potential application for our model is sensor networks,

the presence of perfect channel output feedback. in which various physical phenomena observed at the sensor
Then, it is shown that the optimality of separation in terms of nodes are to be reconstructed at the fusion center. Ultra-

E(D) does not extend to multi-user networks. The scenario with wideband has been considered as a viable communication

two encoders observing correlated Gaussian sources in which thestrategy for sensor networks because of several benefits in-

encoders communicate to the receiver over a Gaussian multiple- . . . .

access channel (MAC) with perfect channel output feedbacIE is cluding high perform(_:mce in the |0W power regime _[3]' In
studied. First a lower bound on E(D) is provided and compared Our model, by removing the bandwidth ratio constraint, we
against two upper bounds achievable by separation and an basically identify the fundamental performance limits foe
uncoded SK type scheme, respectively. Even though neither of energy-distortion tradeoff in the wideband limit.

these achievable schemes meets the lower bound in general, it In a point-to-point communication system, separate source

is shown that their energy requirements lie within a constant L . .
gap of E(D) in the low distortion regime, for which the energy 2nd channel coding is known to be optimal in terms of the

requirement grows unbounded. It is shown that the SK based Power-distortion tradeoff. Naturally, the separationimality
scheme outperforms the separation based scheme in certainapplies to the energy-distortion tradeoff as well: the opli

scenarios, which establishes the sub-optimality of separation in E(D) is achieved by lossy compression (at rate R(D) per sourc
this multi-user setting. sample) followed by channel encoding in the most energy
l. INTRODUCTION efficient manner, i.e., by operating in the wideband regime

] o ) such that the transmitter uses minimum energy pe&bit;,, -
The fundamental problem in communications is to transMfe also consider the scenario in which perfect channel outpu

a message from a source terminal to a destination over a nqis¥dback is available at the transmitter. We show that/aityi
channel such that the destination can reconstruct the 80U the power-distortion tradeoff, energy-distortion ®aff also
message with the highest fidelity. In general, we can as&nCigemains the same despite the additional feedback link.
a cost for using the channel and also define the fidelity of | s yet another well-known fact that the optimality of
the reconstruction by a distortion function. Naturallye® soyrce-channel separation does not extend to multi-uger sc
is a tradeoff between the available budget for transmissigRrios other than in a number of special cases [1], [4]. We
and the achievable distortion at the destination. In otas$si focys on the case with multiple sources, in which two sensors
models, it is assumed that the system designer is giverygserving correlated sources want to transmit their olasienv
certain average budget per each use of the channel as well &5 g fusion center over a multiple access channel (MAC). In
fixed bandwidth ratio that specifies the number of channed USSarticular, we consider two encoders/transmitters olisgrv
per source sample. Then the problem is to find the minimu@layssian sources which are correlated. The communication
budget (per channel use) required to achieve a target thslor channel from the transmitters to the receiver is assumed
requirement for the fixed bandwidth ratio. The solution ehafy pe an additive white Gaussian noise (AWGN) channel.
acterizes thepower-distortion tradeofffor the given system poreover, we assume the availability of perfect channepout
at the fixed bandwidth ratio. In this work, we introduce afeedback at both transmitters. The power-distortion wéde
energy-distortion tradeaffThe ‘energy’ refers to the total costfor this model is studied in [8] in the case of matching
of using the communication channel per source sample. Thi§yrce and channel bandwidths. We are interested in obtgini
rather than constraining the cost of each channel use fofr@ minimum energy requirement for reconstructing both the
) ) ) ) sources at the receiver within a target distortion withaw a
tiolhdiégf‘ar;:tg"’éséIszf’ggggtfsa"“c‘gt_gg’zté]&g';'1 d’“éﬁ'\?g_%g%g%“gf’g restrictions on the source and channel bandwidths. For the
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St oo Nt o Z e 5 encoding function at each transmitter c_iepends not only on
R <->*"\\ 91 ) 2™ the source vector but also on the previous channel outputs.
couree % Yn Considering block encoding from al-length source vector
I— ’ ) Sam to an N-length channel vector, the encoder at transmitter
S2am (MLN) X2in 92—~ s described by a sequence of encoding functigfis N
I RM x R"~! — R where X;,, = i(,f’N)(S{”7Y"*1), for

) o ) ) i = 1,2 andn = 1,...,N. The decoder is described by
Fig. 1: Bivariate Gaussian source model with perfect chhnr}f pair of decoding function@(M,N) . RN _ RM where
output feedback. ! '

SM — gMN)(y Ny for i = 1,2.

‘Definition 2.1: For a (0%,0%,p) network, an energy-
distortion pair(E, D) is said to beachievableif there exists

distortions. . _ . a sequence (ovel/) of encoding functions
The rest of the paper is organized as follows. After intreduc (M.N)y N (M.N)y N
ing the general system model for two users in Section II, we {fin e and{f, " ey

present the results for a point-to-point system in Sectlan |
For the two-user model, we provide a converse bound similal
to [8] by simply extending their analysis to the bandwidth N

mismatch case in Section IV. For achievability, in Section V E lz an] <ME fori=1,2, 3
we analyze a separate source and channel coding scheme, in n=1

which the feedback information is used only to improve thend a sequence of decoding functions

channel transmission rates of the transmitters. Then itidec (M,N) (M,N)

VI we study an uncoded transmission scheme motivated by g, andgy

the analog transmission technique introduced by Schatkwiy,cp, that the corresponding distortion sequence satisfies
and Kailath in [6] and applied to the MAC with feedback

by Ozarow in [10]. We characterize the energy-distortion 1 A _
tradeoff for both of these schemes. Section VIl is dedicateld™sup -~ Z E [(Sz',m = Sim)”| £ D, fori=1,2.
to the comparison of these bounds for some chosen values of
correlation coefficient; and finally Section VIII concludése Definition 2.2: We define the=nergy-distortion functiofior
paper. the (0%, 0%, p) network as

Il. SYSTEM MODEL E(D) £ inf{E >0: (E,D)is achievablg.  (4)

We consider a MAC with two transmitters in which perfect Note that we do not impose any constraints on the band-
channel output at the receiver end is available as feedbakilth ratio, and hence, it is possible to transmit as many
to both of the transmitters. The sour&d’ at transmitter; Cchannel symbols per source observation as desired as long as
is an M-length random vector of independent and identicalfie total energy constraint is satisfied. Our goal in thisepap
distributed (i.i.d.) real-valued Gaussian random vagabkith S to determineZ(D) for a (03, 0%, p) network.
zero means and variances , i.e., S; ~ N(0,0% ) for i = I11. SINGLE SOURCE SCENARIO
1,2. We assume that the sources are correlated , and the joi
bivariate Gaussian distribution has the covariance matrix

r:_?atisfying the energy constraint

M

m=1

"e first treat the single user scenario without feedback, in
which a single Gaussian sourctis to be transmitted over
U%l pPOs,08, Q) a point-to-point AWGN channel with noise varianeé. To
POS,08, 022 ’ present our result we first defirlg, .,;,, as theminimum energy
per bit [12] for the underlying communication channel, and
R(D) as the rate-distortion function for the given source, that

is, the minimum rate (bits per source sample) of encoding

where—1 < p < 1 is the correlation coefficient. Without loss
of generality,p can be taken to lie withif0, 1] as otherwise,
if the sources are negatively correlated, we can reptachby required to achieve an average distortion

— S5 to obtain a non-negative correlation coefficient. . ; .
. . ; . Lemma 3.1:For the single source scenario, we have
Transmitters encode their observations and transmit them

over a MAC. Denoting the input sequence at transmittas E(D) = Eppin X R(D), (5)
XN, and the corresponding channel output vector'as the

channel is characterized by which can be achieved by separate source and channel éoding

Lemma 3.1 holds in considerable generality, including sta-
Y,=X1n+Xo,+2Z, forn=1,...,N, (2) tionary sources and channels with memory. For the AWGN

channel and the Gaussian source, we have
where ZV = (Zy,...,Zy) is the vector of i.i.d.N(0,0%)

channel noise variables. In this work, we focus on the sym- Epmin = 20% log, 2, (6)
metric scenario in which the source statistics are the saeg,
2 _ 2 A 2 ; : - and
o5, = 0%, = og. See Fig. 1 for an illustration of the system 1. (o3
model. We denote this system the2, 0%, p) network. R(D) = 5 log; (D) ; @)

Moreover, we assume that perfect causal channel output
feedback is available at both of the transmitters, hence théproofs are not included due to space limitations.



wherelog™ (z) = log(z) if 2 > 1 and0 otherwise. Therefore, bounded byEiy,; (D) where

we have 2 4 2
2 gz + (os(1=p7)
B(D) = o} log! (22 ). ©) £ log! (%452
D i (D) = if 0<D<o%(1-0p)
1 - 2 2
We remark next that the optimality of separation in terms ZZ log (%)
of the power-distortion tradeoff holds even in the presensfce if 02(1—p) <D <o%.
perfect channel output feedback, and moreover, the tradeof - (11)

remains the same since the point-to-point channel capacityrhis lower bound can be tightened by following the argu-
is not improved by feedback. However, in the case of afients in [7, Section 3]. This bound considers separate @hann
AWGN channel, perfect channel output feedback can Rk@coding at the transmitters, and bounds the amount of cor-
used to achieve the optimal tradeoff by the simpler uncodgglation that can be created among the channel codewords by
Schalkwijk-Kailath (SK) scheme [6]. In the SK scheme foysing the available correlation among the source vectdris. T

a point-to-point channel, the transmitter transmits a estala|lows us to improve the lower bound by better accounting for
version of the estimation error at the receiver in an uncodggk |imited beamforming gain over the channel.

manner in each step; hence, it achieves the channel capacitie define the conditional rate-distortion functions
without incurring any coding delay. The SK scheme can %sl|52(D) and Rs,s,(D) as the minimum rate required
adapted to joint source—channel coding, i.e., N0 comM@BSS}, achieve a distortion o) for one source when the other

of the source, and it achieves the optimal power-distortiafyrce is available at both the encoder and the decodem It ca
tradeoff in the point-to-point setting for any fixed bandthid e spown that

ratio [11]. So, the SK scheme extends the optimality of un- 1 201 _ 2
coded transmission in point-to-point systems to the badtwi Rs,|s,(D) = Rg,)s,(D) = = logg <US(_/’)) . (12)
mismatch case. 2 D

It is possible to prove that similar arguments hold for the Theorem 4.2:In a (6%,0%,p) network, E(D) is lower
energy-distortion tradeoff as well. Lemma 3.1 can be ex¢éndyounded byEi, (D) as given in (13).
to show that (5) holds even when perfect channel feedback isgjce Eip1 (D) < Eps(D), we restrict our attention to the

available at the transmitters. Since feedback does notgehagqpier boundEp (D) for the rest of the paper.
Epmin, E(D) also remains the same, and this can also bg

achieved by the SK scheme.

For the rest of the paper, we study the scenario with two
correlated sources. We provide lower and upper bounds ompart from the practical motivation due to the modularity it
E(D). provides, separate source and channel coding is also rreativa

by its theoretical optimality in the point-to-point sceivar

Almost all practical communication systems operate based o
IV. LOWERBOUND ON E(D) separate source and channel coding. In this section, wiaeutl

a separation based scheme and analyze its energy-distortio

Here, we present a lower bound ai{D) for the (o2, 0%, p)  tradeoff.
network. First assume perfect cooperation between the twdn separate source and channel coding, the encoders first
encoders. This reduces the model to that of a single vectrantize their sources at identical rates through digtibu
source and & x 1 multiple input - single output point- compression (see [9] or [13]) and then transmit the quadttize
to-point channel with individual distortion requiremerds information bits over the MAC with perfect feedback, oper-
the components of the vector source. We can directly ap@$ing on the boundary of the capacity region for this channel
Lemma 3.1 with which was characterized by Ozarow in [10].

B — o2 log 2 9 .The.rate—distortion functioq%seR(D) to achieve symmetric

bmin = 07 108e 2 ) distortion D for each source is given as [9], [13]

which is the minimum energy per bit for this channel. Th(;2 (D) =
rate—distortion function under individual distortion cbraints = °°

is given by [14 1 o2 (1 — p? 4D p?
9 y [14] . ) max{210g2+<5(2Dp)<1+ 1+721 p22>>7
llog*(%) if 0< D <o%(1-p) V.  oz(1-p?)

V. SEPARATE SOURCE AND CHANNEL CODING

R(D) = { A
o ) . 401 _ 2 2 2
(10) 1 2D? o (1= p2)2
Theorem 4.1:In a (0%,0%, p) network, E(D) is lower (14)
ming< ;<1 max % log," Ug(lﬂ'f) , 2((17%;3) log" Ué(});pz))} if 0<D<o%(1-p)
Eip2(D) = oz (1—p?) o + o2 (14p) (13)

0'2 .
ming< ;<1 Mmax § 7—4zy log, D 347y 108e 2D—(1—p)a§)} if 02(1—p) <D <%

+




However, in the case of energy-distortion tradeoff, it iransmission of correlated sources inherently uses umcode
sufficient for each transmitter to transnitte( D) bits to the transmission since the achievability of the capacity negio
receiver in a separate, orthogonal band, i.e., withoutfimieg is based on the SK scheme [10]. Here, we basically extend
with the other transmitter. Note that the feedback signal fee transmission scheme of [10] to the scenario of corrglate
not used in this scheme. This is because, despite the fagtirces.
that feedback enlarges the capacity region of a MAC underThe basic idea is similar to the SK scheme for a point-to-
average power constraints at the users, it does not imprg@int channel. In each step, each transmitter calculates th
the minimum energy per bit which is achieved by orthogonarror’ for its own source, i.e., the difference between the
transmissions. The achievable energy-distortion trddddhe estimate at the receiver and the actual source realization a

separation schemgsey D) is given in the next theorem. the transmitter. These errors are then scaled and trassimitt
Theorem 5.1:In a (0%,0%,p) network, E(D) is upper simultaneously by both transmitters over the MAC. The power
bounded byFEse D), where of these transmissions at every channel use is taken to ik fixe

B (D) — and very small (approaching zero). Based on the received
sepl D) = signals, the receiver updates its estimates for both of the
- gg(l —p?) 4Dp? sources. The scheme is terminated once the target distortio
maX{Uz log, ~ oD Ly 1+ W » for both sources are achieved at the receiver. Note that, as
s p?) . . . :
mentioned above, the achievability part (channel codifithe
4D2p? >> separation scheme uses a similar uncoded scheme at its core.
} The main difference of the scheme proposed here from the
separation based scheme is that now we eliminate the ‘quan-
tization’ step and deal directly with the source realizasiat
Remark 5.1:For p = 0, it can be easily checked that thethe transmitters.
lower boundEj, (D) and upper boun@se{ D) match. Thisis ~ Theorem 6.1:In a (0%,1,p) network, E(D) is upper
expected since separation is optimal for independent rgessabounded byFE, (D), where
For p =1, Esef D) is twice the lower boundEz (D). From L (14p)02 . b L
this extreme case of identical sources, we can conclude that 1log. (W) +3 (W - m)
one of the reasons for the suboptimal performance of separ if D>o%(1-p)

2 4 2
0% 1ot [ Ts(L=F7)
92 1ogt (T8 P [y J1y P
2 Oge( 2D? T aa - 2

source and channel coding is the independence of chan éfD) = 1 14+p 1( p_ (1—p)oi
. : . ) : zlog. (=% ) +5 |1 + log, -
codewords, i.e., no beamforming gain can be exploited in P +r) 5
separation despite the available correlation among thecssu if 0<D<o5(l-p).
While separation is not optimal in general, the next proposi- (18)

tion states that it has only a finite energy gap with the ogtima simijlarly to Proposition 5.2, we can bound the energy gap

performance even a&(D) diverges to infinity in the low petween the energy requirement of the uncoded scheme and
distortion regime. Hence, separation can be a viable a@tém the optimal one.

for real-world applications when the source correlatiotois. Proposition 6.2:In a (¢3,1,p) network, the following
Note that the gap betweels.( D) and Ejn2(D) diverges as polds:
p— 1. 1
Proposition 5.2:In a (c%,0%,p) network, the following lim Ey(D)—Eip(D) = _r - log, ((1—p)(1+p)?),
. D=0 21+p) 4
holds: (19)
2 1
lljimo Esef D) — Ep2(D) = 072 log, (1_2) ; (16) whereas
- p lim Ey(D) =00 and lim Es(D) = oo. (20)
whereas b=0 b—=0
lim Fse D) =00 and lim Ejpy(D) = oo. 17) VIlI. NUMERICAL RESULTS AND DISCUSSIONS
D—0 D—0
In Figs. (2a) and (2b), we plot the lower and upper bounds
V1. UNCODED TRANSMISSION on E(D) for 02 = 02 = 1 and p equal t00.2 and

While separation is optimal for point-to-point systems an@d8 respectively. We observe in both cases that the uncoded
for a MAC with independent sources, this is not the case whaansmission scheme performs better than separation at all
the sources are correlated. In this section, we describéexn a distortion requirements plotted in the figures. ot 0.2, all
native achievability scheme with uncoded transmissioretbasthe bounds are close to each other. However, the gap between
on the Schalkwijk-Kailath (SK) scheme [6]. The advantage dfie performance of the uncoded transmission scheme and
uncoded transmission in multi-user scenarios has beenrshdte lower bound is almost indistinguishable except at highe
previously. In Gaussian sensor networks, when the soun@dues of distortion. The curves are more separated when
and channel bandwidths match, it is known that the uncodgd= 0.8. In this case, the uncoded transmission scheme has a
transmission is exactly optimal [2]. In [5], we showed thatlear advantage over the separation based scheme. Note that
an SK based uncoded transmission scheme has better enettyy-finite energy gap identified for the uncoded transmission
distortion performance than the separation based schemes¢heme in Prop. 6.2 is smaller than the one for the separation
certain cases. In fact, in the case of a MAC with perfescheme in Prop. 5.2; however, this does not directly lead to
feedback the channel coding part of the separation bagshd superiority of the uncoded scheme.
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