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Abstract—Impulse Radio Ultra-wideband (IR-UWB) commu- Therefore, a RAKE receiver structure can achieve condidiera
nication has proven an important technique for supporting High-  diversity gain [5][6]. The diversity gain will be increaséxy
rate, short-range, |OW-p0W€I’ communication. These are nessary addlng more RAKE fingers, which in turn will increase the

criteria for emerging sensor networks, which oftentimes hae ower consumption of the receiver. Therefore. the tradeoff
very short distance communication requirements, necessite low P p : '

power operation and may require high data rates (e.g., for Petween the diversity gain and power consumption at the
supporting the transmission of images or video). In this papr, receiver must be evaluated.

using detailed models of typical IR-UWB transmitter/receiver Packet length is another important factor that influences th
structures, we minimize the energy consumption per informéon — apargy consumption of a communication link. A long packet
bit in a single link of an IR-UWB system, considering packet . ~. e L2
retransmissions and overhead. This minimization is realied by will increase the packet error F_)ro_bab'l'_ty' thereby mt_suag
finding the optimum packet length and the optimum number of the average number of transmissions in an automatic-repeat
RAKE fingers at the receiver for different transmission distances, request (ARQ) system. On the other hand, a short packet will
using differential BPSK (DBPSK) and OOK with coherent and  |ower the system efficiency due to the packet overhead. Thus,

non-coherent detection. Our results show that at very short ; i
; " - ] . an optimum packet length should be found to minimize the
distances, it is optimum to use OOK with non-coherent detedbn P P . 9
energy consumption.

and large packets, and at longer distances, it is optimum to se . . . .
DBPSK with coherent detection and small packets. In this paper, we provide detailed power consumption
models of a typical IR-UWB transmitter and both coherent and

. INTRODUCTION noncoherent receivers. The optimization model considers d
Wireless sensor networks (WSNs) have been used for maajled power consumption models, packet structure, the ARQ
applications, including environmental monitoring, heatton- procedure, and no peak power constraint. Using this model
itoring, security and surveillance [1]. These differenpliga- we optimize packet length and the number of RAKE fingers
tions for WSNs have vastly different bandwidth requirersentat different transmission distances for OOK and DBPSK, with
Take, for example, visual sensor networks (VSNSs) for siltveboth coherent (CO) and Non-Coherent (NC) detection.
lance or health monitoring. These networks require a kelBti
large bandwidth to transmit/receive images and/or videa in Il. SYSTEM AND CHANNEL MODELS
timely manner. Recently, impulse radio ultra-wideband- (IR We consider an IR-UWB system with a convolutional code.
UWB) communications has been regarded as an attractiee receiver utilizes a soft-decision Viterbi decoder. The
solution to provide such high bandwidth, especially forrsho coding rateR, = % the constraint length’ = 7, and the
range WSN applications [2]. coding gainG. = 5.1 dB [7]. Moreover, no intersymbol
Energy consumption is a very important design considdnterference (ISI) should occur, which limits the maximum
ation in WSNs, including IR-UWB based WSNs. Unlike indata rate. Also, perfect knowledge of the wireless chamel i
traditional communications systems, where transmit p@sar assumed at the receiver.
be flexibly adjusted to minimize the energy consumption [
[4], there is a strict limit on the effective isotropic rathd
power (EIRP) in UWB systems due to their overlay nature. A typical IR-UWB transmitter is shown in Figure 1. When
Regulations mandate that the spectrum of the signal beskimitDBPSK and OOK are used in the transmitter, the power
to —41.25 dBmW/MHz [2]. Due to this strict constraint on theconsumption of the transmitter can be modeled as
transmit power, the traditional adaptive modulation oj#tan
tion, whicph is mainly achieved by adr;usting the transmi?pqw Py = Psyn + Ep Ry, (1)
cannot be used for IR-UWB systems. However, there are otheliereE, is the fixed energy per pulse ait), is the pulse rate.
parameters of the IR-UWB system that can be adjusted. R, = p;R;, wherep; = 1 for DBPSK andp; = % for OOK,
In IR-UWB communications, the channel delays are ofteR; is the bit rate and we have assumed that an information
resolvable due to the narrow width of the IR-UWB pulsebit may be 0 or 1 with equal probabilityPsy  represents
_ _ , _ _ the power consumption of the transmitter components that
This work was supported in part by the National Science Fatiod under . L
grant # ECS-0428157 and in part by a Young Investigator grant from there mdependent from the data transmission, namely thé cloc
Office of Naval Research# N00014-05-1-0626. generator and synchronizer.
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A. IR-UWB Transceiver Power Consumption Model
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Figure 2 shows a block diagram of a typical IR-Uwmdelivering the SP and PHR, ard,, the energy consumed on
receiver with four RAKE fingers and maximal ratio combininghe payload.

(MRC). The power consumption of a typical IR-UWB receiver We assume that the synchronization preamble has values
can be modeled as {-1, 1} and is received coherently and PHR is modulated

using DBPSK, always received coherently, and coded in the
P. = MP, P P P
COR+ YADC + FLNA T FvGa (2) same manner as the payload. Therefore, the overhead energy
+pr(PeeN + Psyn),

consumption is
WherePCOR,PADC,PLNA,PVGA,PGEN, andPSYN are the (TX) (RX)
power consumptions of one correlator branch (mixer and inte Eo =E5 7 +Ey
grator), the analog-to-digital converter, the low noisepéifier (LSP + LPHR/R )Ep + PsynTo + Pr.To,
(LNA), the variable gain amplifier (VGA), the pulse generato 7 Lown (5)
and clock generator and synchronizer, respectively, and WhereZo = Tsp + Tpur = (Lsp + =5 )/ Ryase, Rbase iS

represents the number of RAKE fingers at the recepgelis the fixed base data rate_, 18205 = IMbps in this paper.
determined by the receiver structure, thapjs= 1 for coher- The energy consumption for the payload can be modeled as

ent demodulation and,, = 0 for noncoherent demodulation, B, = ETX) 4 plRX) (6)
since for a noncoherent UWB receiver, the pulse generator, L Lo
clock generator and synchronizer are not necessary. whereE!"*) and E{**) represent the energy consumption to

transmlt/recewe the payload containidg, information bits,

B. Channel Model respectivelyEéTX) is

1) Path Loss ModelWe model the path loss in dB as [8] )
30 +20.4log,od d < 11m, Ep " =pEpLr/Re + PsynTont, @)

G(d . . . .
(d) = { 30 + 74log;nd — 56 d > 11m, 3 where Ty, = %, is the time duration to transmit the
g Payload containing., bits, andR. is the coding rate.

2) Frequency Selective Fading Channéh an IR-UW _ > ; o
The energy consumption to receig, information bits is

system, the transmitted signal inevitably encountersueegy

fselectlve fad||ng Th? t()jaseba;]nd chlannelt;mpulse resp%m;e ofE(RX = pe(MPcor + Papc + Pina+ Praa)Tonr
requency selective fading channel can be represented as 4 pr(Papn + Psyn)Tonr.
o(r) =3, ane "dlr = 7). (4) . ®)

To guarantee the successful reception of one packet, an
where a, and 6,, have Rayleigh and uniform (ovd®,2x]) automatic repeat-request (ARQ) protocol is used. A deliver
distributions, respectively. Furthermore, we assume go-ex procedure involvingn — 1 retransmissions is shown in Figure
nential power-delay profile with parameter = 39.8 ns [1]. 4. The inter packet space (IPS) is setlags = 200 us. The
power consumption durin@;pgs is mainly due to the clock
generator and synchronizer. Therefore, the corresporeting
A. Effective Average Energy Consumption Per Informatidn Bérgy consumption at the transmitter@ﬁg) = PsynTips,

The packet structure (Figure 3) consists of three compehile the receiver consumeE}I;)g) = p.PsynTrps.
nents: synchronization preamble (SP), PHY-header (PHR)), a We assume that before transmission or reception of a packet,
payload. The energy consumption to transmit a packet oncdhs transmitter and receiver spefigd = 800 us to go from the
the summation of two partd’p, the energy consumption onoff (sleep) state to an on (active) state. During this timequk

IIl. OPTIMIZATION MODEL
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imi i (RX) _
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T, is the time duration for the transmission of one packet: =
That is OOK-CO P, OOK-CO™ 3 Skey Tk |1 ! \/ Pre J

DBPSK-NC P, N D
Ton =Tsp+Tpur+ TonL, ©) COKNG P b,DBPNS}f;:?W : [I; BEin T Tn
= (LSP + Ll;%I:R)/Rbase + RII:IL%C' b,00K-NC ™ 3 2ok=17k |~ — \/2+mw’7kJ

The energy consumptions at the transmitter and receivergiur
T,, are . -

on BIX) _ pTX) | prx) The average bit error probability of DBPSK-CO can be

- L

(10) found by averaging the BEP of DBPSK-CO over an AWGN
channel, with the pdf ofy(¢) indicated by (14). We have the
whereE(LTX), E(()TX)’ EéRX) andE(()RX) are given in (5), (6), BEP of DBPSK-CO detection over an AWGN channel as [9]

(7) and (8), respectively. Pb,DBPSK-CQAWGN =2Q(/27)[1 — Q(v/27)].
Tacx is the time period when the transmitter listens for
acknowledgement. We s@tycx ~ To. Overall, the defini-

tions of the energy consumptions within one transmissien ar P, pgpsk-cO = fO » DBPSK- CQAWGNP( )dry

O 9
E(RX) _ E(LRX) —I—E(()RX).

a’rllhe resulting average BEP can be approximated as

summarized as fo!t;ws L ~ el |1 /T
Erps =2BEY) 4 2pRY), (15)
Erny = prPsynTack, The average bit error probabilities of OOK-CO, DBPSK-
Brpay = 2B 4 opEX) (11) NC, OOK-NC can be obtained following a similar procedure
E(RX) — P Tack as in the DBPSK-CO case. The results are summarized in

Table I.
E,(4Tc§<) = (Lsp + Lpur/Rc)E, + PsynTack-

Therefore, the effective average energy consumption per on

successful delivery can be expressed as
E, = (BT +EEXY 4 Ery+ Erps)/(LL(1 — By)Lr)

E = (E(TX) + EEX) L Epn + Erps)N 12 (TX)
—ErN + Erran + E,(axTc);() + Fack, (12) +(Brray + Back + Back = En)/ L. (16)

Optimization Model
The effective energy consumption per information bit is

whereN is the average number of transmissions/receptions re-Our goal is to find an optimum combination of the mod-
quired to successfully deliver one packet. The average mumhblation scheme, the data rat®&;), the packet length (),
of transmissionsV = ﬁ, where P, is the average bit and the number of RAKE fingers at the receivar) over
error probability (BEP). Note thdt — P, )~ is the probability & slow frequency-selective channel for a given transmissio
that a packet is received correctly. distance, that minimize the effective energy consumptien p

information bit denoted by (16).
B. Average Bit Error Probability Over Frequency Selective 1) Optimum data rateilt is easy to see that data rate only
Channels appears in the denominator in (16). Therefore, the optimum
To derive the average BEP, , first we investigate the prol:ﬁhata rate is always the highest possible data rate. Thay is;
bility density function (pdf) of the output SNR after the MRC p- = 25Mbps, where Ds = 40 ns is the maximum excess

The instantaneous SNR at the' finger is delay. . . _ _
) 2) Optimum packet lengtiRemoving the integer constraint
Ye(t) = lax ()" PrGe (13) ©onlr, it is straight forward to find the closed-form optimum
Gqo? packet length by solving - = 0. At high SNR, the result is
where P; is the transmit power(s. is the coding gainGy —Py(A+B)+/PIAT BT A(ATE CP
denotes the path loss at distank@ndo? represents the noise Ly = 2 v Q(Cpb SHAATBICR, 17)

power at the recelver The instantaneous SNR at the outputffere

the MRC IS’Y( ) Zk 1 'Yk( ) (TX)
The pdf ofy(t) is [7] A =Ergan + Eycg + Eack — ELn,

B = Eips+ Epny + ES ) + ES 4 ERY),

M
_ Tk e 14 C = (ptEp + Psyn/Ry)/Rc
p(7) Z < i (14) +[pt(MPcor + Papc + Puna + Pyga)
] +pr(Paen + Psyn)]/(RyR.).
— El|lag(t
wherey, = ElaLILIRC: js the average received SNR at thexs indicated by (17)L% wil decrease as BEP increases. In

ksy finger, andmy, = [T, itk %7’“% an extreme situation whet@, = 0, L} will be infinitely large.



TABLE I

POWER CONSUMPTIONPARAMETERS -15

Device Psyn | Papc | Peen | Pvga | Puna | Pcor %= DBPSK-CO
Power(mW) | 30.6 2.2 2.8 22 9.4 10.08 —20} —E— DBPSK-NC 4
—6— OOK-CO D
—— OOK-NC
_25,
In applications, the packet length can always be the neare: , —30
integer of the resultant; . ks el
As mentioned previously, the optimum data rate is always £
. . o
the maximum allowable data rate. Thus, the transmit poveer, a O _4o!

shown in (1), is also fixed at the maximum value. Therefore,
the BEP at a given transmission distance for a given modu 457
lation scheme is solely determined by the number of RAKE .
fingers at the receiver. Since the BEP follows a non-incngpsi (5
function of the number of RAKE fingerd,; follows a non- 55
decreasing function of the number of RAKE fingers.

3) Optimum RAKE fingers:The optimum number of
RAKE fingers reflects the tradeoff between the power
consumption costM Poor and the received power gain,
E[lax|?]P,G./G4. A numerical optimization can be per-

formed overM. From numerical optimization, we find that, 10" S Taneceo ’g
at short distances, a small number of RAKE fingers is enougt —B— DBPSK-NC

to provide a low BEP to avoid retransmission. As transmis- -6 00K-CO 1
sion distance increases, the number of RAKE fingers has t ;| (=9~ O9K-NC f

increase to guarantee a low BEP, meanwhile the receive
power gain per RAKE finger will decrease as the path loss
increases. After a certain transmission distance, theivexte
power gain from higher numbers of RAKE fingers can no
longer compensate the power consumption cost. Thus th
optimum number of RAKE fingers will start to decrease.

IV. RESULTS é
C
b

We assume thaB = 1.498GHz, Lpyr = 16 symbols,
Lsp = 1024 symbols [2], coding raté?. = 1/2, and coding 107° : :

. . 1 3 5 7
gain G. = 5.1 dB. The maximum excess delay Bs = d (m)
40 ns which limits the maximum data rate #5 Mbps.The
power consumptions of the transmitter/receiver companent Fig. 6. The optimum target BEP versus distance.
are shown in Table Il [10]-[14]. The fixed emitted energy per
pulse isE, = 4.5 pJ/pulse. Therefore, the maximum amount
of transmit power isP, = E,R, = 0.113 mW. Also, we require a large number of RAKE fingers to maintain a low
assumel;pgs = 200 us andTy,. = 400 us. BEP; thereby the receiver power consumption will increase

The overall minimized energy consumption per informatiodramatically when using OOK schemes. On the other hand,
bit is shown in Figure 5. OOK-NC consumes the least amouthie more robust schemes (DBPSK) consume much less power
of energy whend < 5m, while OOK-CO offers the lowest at the receiver since they need fewer RAKE fingers to achieve
energy consumption per information bit when transmissian low BEP. Thus, as transmission distance increases, these
distance is around 6 meters. Whem < d < 9m, DBPSK- schemes will become the energy efficient schemes.

NC is the most energy-efficient choice. When transmission The optimum BEPs and optimum packet lengths of different
distance increases to more than 9m, DBPSK-CO is the mosbdulation schemes are shown in Figures 6 and 7, respec-
energy efficient scheme. This trend reflects the balance Itigely. As shown in Figure 6, as the transmission distanee in
tween the transmitter energy consumption and the receiveeases, the optimum BEP will increase since it will consume
energy consumption. At a short transmission distance, timereasingly more power at the receiver to maintain a low BEP
less robust schemes (OOK) require less power consumptasyl increases. Therefore, the optimum choice is to lower the
at the transmitter/receiver and provide a BEP low enough target BEPs to avoid a dramatic increase in the number of
avoid excessive retransmissions. Therefore, the OOK sebeRRAKE fingers. Correspondingly, as shown in Figure 7, the
have a high energy efficiency at short transmission diseanceptimum packet length will decrease dsncreases to avoid
However, as transmission distance increases, OOK scheroestly retransmissions caused by higher BEP, since a short
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OOK-NC with 5 RAKE fingers at the receiver can achieve

a BEP 0of0.3156. This corresponds to a 25.73% decrease
in BEP at the cost of 2.8 times increase in power, which
indicates that the decrease in BEP cannot compensate the
increase in power cost. Thus, at large transmission dis&nc
increasing the number of RAKE fingers cannot improve the
system performance in terms of energy. Note that the optimum
receiver power consumptions of different modulation schem

at different transmission distances exactly follow thetref

the optimum number of RAKE fingers shown in Figure 8.

V. CONCLUSIONS

In this paper, we provided the power consumption models of
typical transmitter/receiver structures that are cufyamed in
IR-UWB systems. Then, under the assumption of a frequency
selective time-invariant channel, a minimization of ererg
consumption per information bit considering packet ovathe
retransmission, and number of RAKE fingers is found. The
numerical results show that OOK-NC is energy efficient
for short transmission distances, DBPSK-NC is suitable for
medium transmission distances, and DBPSK-CO provides the
most energy efficiency at large transmission distancesth&mno
observation is that, as the transmission distance incsease
the optimum packet length decreases. Finally, an optimum
number of RAKE fingers exists under the assumption of a fre-
guency selective time-invariant channel with an expordgti
decaying power delay profile.
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