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I. RESULTS SUMMARY that uncoded MQAM is not only more bandwidth-efficient,

. . . but also more energy-efficient than uncoded MFSK for short-
A typical wireless sensor network consists of sensors poWinge applications. The performance difference is everemor

ered by small batteries that are difficult to replace if ni?;;ronounced with coding. However, coded MFSK may be

:c_mgossmleb Her;cs_,t thbefsens;(r)]r nodes ctanf only tran_?rr]n d&sirable in peak-power-limited applications since ituiegp
inite number of bItS betore ey run out ot energy. 1NUg,qq transmit power, although its total energy consumptiag

reducing the energy consumption per bit for end-to-end d a higher
transmission is an important design consideration for suchWe theﬁ consider a Multiple Access (MAC) scenario [5]
networks. We assume that each information bit collected b%ere multiple sensor nodes are sending data to a cent’ral

sensor is useful for a finite amount of time; after this timﬁode By jointly designing the MAC layer and the link

the information may become irrelevant. Hence all the bz%er considering hardware constraints, we propose ablaria

coI(IjecLe«i by the stens%rs g?ed t_(r)hbe ;:omntwrl:nlcate_d to a rf gth Time Division Multiple Access (TDMA) scheme to
node betore a certain deadline. Theretore, the maximum €fleiyize the total energy consumption. Significant energy

to-end transm'SS'on delay for each bit must be Comfo”ed_ %vings is achieved compared with the traditional uniform
meet a given deadline under the hard energy constramte&q&bMA scheme

all layers of the protocol stack affect the energy consuompti To push further, we look at the joint design optimization
and delay for the end-to-end transmission of each bit, a X

. . - . Qross hardware, link layer, MAC, and routing. We first focus
efficient system requires a joint design across all thesersay

as well as the underlying hardware where the energy is 4gtu n the interference-free case where we use a variableHengt
expended [1]. In our work [2]-[11], we show that joint desigq DMA scheme in the MAC layer (see [6]-[9). We show

L . hat if link adaptation is not allowed, the energy minimiaat
optimization across hardware, link layer, MAC, and routing P 9y

- . ; ' problem is a convex problem and can be efficiently solved. If
a beneficial and feasible approach to implement an efﬁmqpmk adaptation is allowed, the energy minimization proble
energy-constrained wireless network. !

ith . int link 12 h . can be relaxed to a convex problem and efficient algorithms
. We start with & point-to-pint n [21-{4], w eré We min- oyist to achieve a near-optimal solution. The results show
imize the tot_al energy c_ons_umptlon for transmlf[tln_g a IVefhat significant energy savings is possible compared with
number of bits by considering both the transmission energy yiional MAC and routing schemes that are based on layere
and.t_he C|rcu!t processing energy. W? have shown that uctures. We also show that when only the transmission
traditional belief that a longer transmission duration @08/ 00y is considered, multihop routing saves energy. Hewev
energy consumption may be misleading if the circuit efgnen the circuit processing energy is considered, singfe-h
ergy consumption is considered, especially for shorteang,,gmissjons may be more efficient than multihop routing
applications. For both MQAM and MFSK, we show that th@ hemes Link adaptation is shown to be able to further
transmission energy 1S completely dependent on th_e prqdﬂﬁbrove the energy efficiency when jointly designed with
of th? .trgnsr’rrllssmn ba_ndywdth and the Fransm|SS|on ,t'mﬁI'AC and routing. Numerical examples show that significant
TO m!mmlze't € transm@spn energy, maximum transm's,s'%ergy savings is possible when link adaptation is included
time s req_uw_ed. 'I_'o minimize the tota! energy consumptiog, e design model. In addition, link adaptation may reduee th
tEe ”@”ST?'SS'O” time needs to be optlhr_nlzegl, wh_erer:/_ve Sh@Wnsmission time in relay nodes by using higher constetiat
that significant energy savings Is achievable via this opll;; o5 gych that the extra circuit energy consumption in the
mization. For trellis-coded narrow-band MQAM systems, WF'eIay nodes is reduced. As a result, multihop routing may

have ShPW” that cod|_ng always InCreases energy eﬁ'?'enﬁg'come more energy-efficient than single-hop transmission
and the improvement increases with the transmission d’eta'@vhen link adaptation is used

d. For MFSK systems, coding can only reduce energy con-i, 1g] and [9], we analyze the delay performance of trans-
sumption yvhen the transmission distance is large S“?h“'aat hission schemes using variable-length TDMA. We propose a
transmission energy is dominant. For short-range apisi simple link scheduling algorithm to find the minimum-delay
uncoded MFSK outperforms coded MFSK due to the bangéhedule given the slot lengths for all the links. We then-com

width expansion caused by the error control code. We fougl o hese results with our previous work on energy-optimal

. . , , cross-layer design to minimize the delay in transferringedi
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{shuguang, andré@wsl.stanford.edu. constrained manner. We also study the tradeoff between the



total energy consumption and delay. Pareto-optimal energgduce energy consumption. For the joint estimation prable
delay curves are computed by solving a series of convese will investigate the optimal joint source and channeliogd
optimization problems where each objective function is schemes under certain distortion requirement, for whiateco
weighted sum of the delay and the total energy consumptiar. not to code is still unclear.

The computation is done for networks with and without link
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significant energy saving is possible when compared with the
uniform quantization strategy. We have also proposed a pure
analog approach for the joint estimation problem [15]. We
compare the energy efficiency of this analog approach with
digital approaches with and without coding. We show that
the analog approach is more energy-efficient than the digita
system without coding and in some cases beats the digital

system with optimal coding.

Il. FUTURE WORK

We will continue the joint routing, MAC, and link layer
optimization problem for the interference-limited casdene
the benefit of frequency reuse will be further investigated.
We will also combine cooperative MIMO techniques into the
routing scenarios, where MIMO gains can be explored to



