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Abstract—Impulse Radio Ultra WideBand (IR-UWB) commu-
nication has proven to be an important technique for supporting
high-rate, short-range, and low-power communication. In this
paper, using detailed models of typical IR-UWB transmitter
and receiver structures, we model the energy consumption per
information bit in a single link of an IR-UWB system, considering
packet overhead, retransmissions, and a Nakagami-m fading
channel. Using this model, we minimize the energy consumption
per information bit by finding the optimum packet length and
the optimum number of RAKE fingers at the receiver for
different transmission distances, using Differential Phase-shift
keying (DBPSK), Differential Pulse-position Modulation (DPPM)
and On-off Keying (OOK), with coherent and non-coherent
detection. Symbol repetition schemes with hard decision (HD)
combining and soft decision (SD) combining are also compared
in this paper. Our results show that at very short distances,
it is optimum to use large packets, OOK with non-coherent
detection, and HD combining, while at longer distances, it is
optimum to use small packets, DBPSK with coherent detection,
and SD combining. The optimum number of RAKE fingers are
also found for given transmission schemes.

Index Terms—Impulse radio ultra wideband, link energy
minimization, energy consumption, packetization, ARQ, RAKE
receiver.

I. INTRODUCTION

MPULSE radio ultra wideband (IR-UWB) communica-

tions is regarded as an attractive solution to provide high
bandwidth and low radiated power, especially for short-range
wireless network applications [1]-[4]. Wireless sensor net-
works (WSNs) have been used for applications ranging from
environmental monitoring and health monitoring to security
and surveillance [5][6]. These different applications for WSNs
have vastly different bandwidth requirements. Take, for ex-
ample, visual sensor networks (VSNs) for surveillance or
health monitoring. These networks require a relatively large
bandwidth to transmit and receive images or video in a timely
manner, and a low radiated power to avoid interference with
coexisting wireless systems. IR-UWB technology, in this case,
has a great potential to facilitate the application of VSNs.
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Energy consumption is a very important design considera-
tion in any IR-UWB based system. Unlike in traditional com-
munications systems, where transmit power can be flexibly
adjusted to minimize the energy consumption [7][8], there is
a strict limit on the effective isotropic radiated power (EIRP)
in IR-UWB systems due to their overlay nature. Regulations
mandate that the spectrum of the signal be limited to —41.25
dBm/MHz [1]. Since the IR-UWB system needs to operate at
or near this limit to achieve a reasonable range, the traditional
optimization techniques, which mainly operate by adjusting
the transmit power, cannot be used for IR-UWB systems.
However, there are other parameters of the IR-UWB system
that can be adjusted, such as the number of RAKE fingers, the
packet length, the modulation scheme, the detection scheme,
and the coding or spreading scheme.

In IR-UWB communications, the channel delays are often
resolvable due to the narrow width of the IR-UWB pulse.
Therefore, a RAKE receiver structure can achieve considerable
diversity gain [9][10]. Another important utility of the RAKE
receiver structure is that it can increase the collection of the
transmitted power through multiple paths. The diversity gain
and collected power will be increased by adding more RAKE
fingers (correlator taps), which in turn will increase the power
consumption of the receiver. Therefore, the tradeoff between
the diversity gain as well as the power collection and the power
consumption at the receiver must be evaluated.

Packet length is another important factor that influences the
energy consumption of a communication link. A long packet
will increase the packet error probability; thereby increasing
the average number of transmissions in an automatic-repeat-
request (ARQ) system. On the other hand, a short packet will
lower the system efficiency due to the packet overhead. Thus,
an optimum packet length should be found to minimize the
energy consumption.

Binary modulation schemes, such as DBPSK, OOK, and
DPPM, are usually used in IR-UWB systems due to their
simplicity and good performance. Among the three mod-
ulation schemes considered in this paper (DBPSK, OOK,
and DPPM), DBPSK is the most robust, but also the most
energy consuming. Compared with DBPSK, OOK requires
less energy to transmit each bit, but has a lower performance.
The performance of DPPM is between DBPSK and OOK. The
comparison and evaluation of these modulation schemes are
important for the design of energy-efficient IR-UWB systems.

In our previous work, we proposed an energy consumption
model of an IR-UWB based communication link, and we
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compared the energy consumption features of DBPSK/OOK
modulations with coherent/noncoherent detections schemes
[11]. Compared with the preliminary work in [11], here we
comprehensively analyze the theoretic energy consumption
characteristics of an IR-UWB communication link and provide
an extensive comparison of practical schemes. Moreover, we
use a more realistic Nakagami-m fading channel model to
describe the wireless channel in an IR-UWB system.

In this paper, we provide detailed power consumption
models of a typical IR-UWB transmitter and both coherent
and noncoherent receivers. The optimization model considers
these detailed power consumption models as well as the
packet structure and the ARQ procedure. Using this model
we optimize packet length and the number of RAKE fingers
at different transmission distances for DBPSK, OOK, and
DPPM, with both coherent (CO) and noncoherent (NC) detec-
tion. Moreover, in IR-UWB systems, to increase the effective
energy per bit, repetition coding schemes are commonly used.
At the receiver, hard decision (HD) based combining or soft
decision (SD) based combining may be used. HD combining
provides relatively low performance but it can be operated
using a low-power, one bit analog-to-digital converter (ADC).
On the other hand, SD combining provides good performance
while demanding a high-resolution ADC and memory units.
The tradeoffs between these combining methods are also
evaluated in this paper.

The remainder of this paper is organized as follows. Section
IT surveys related work. Section III introduces the packet
structure, transceiver power model, and channel model used in
this paper. In Section IV, after deriving a lower bound on the
energy consumption per information bit in IR-UWB systems,
we minimize the energy consumption per information bit over
packet length and number of RAKE fingers. Numerical results
are presented in Section V. Section VI concludes this paper.

II. RELATED WORK

Some related work has been conducted on the improvement
of link energy efficiency for battery-powered networks. Cui
et al. studied the energy per information bit minimization
problem for narrowband systems, considering the dependency
of circuit power consumption due to modulation and coding
schemes and the time duration of a packet containing L
information bits for different coding schemes [8]. The authors
proposed detailed power models of a typical narrowband trans-
mitter and receiver and clearly pointed out the dependency
of the power consumption on physical layer configurations,
such as modulation schemes and coding schemes. They also
extended their work to energy minimization in cooperative
MIMO based networks, considering increased spectral effi-
ciency and circuit power consumptions [12]. However, the
effects of an ARQ scheme or the optimum selection of target
bit error probability were not considered.

In [13], Ammer and Rabaey proposed the energy-per-useful-
bit (EPUB) metric to measure the PHY efficiency of wireless
networks. The authors conclude that to minimize EPUB, high
data rates, low carrier frequencies, and simple modulation
schemes are preferred. The authors also point out that the
packet header plays an important role in evaluating EPUB and

should be fully studied. The authors limited their research to
low order modulations and assumed variable signal bandwidth,
which may constrain the application of their results.

Lu et al. find an optimal configuration of source encoder,
channel encoder and transmitter for a fixed end-to-end source
distortion to minimize the power consumption of a multime-
dia communication link over an AWGN channel [14]. The
optimization parameters in [14] are source coding rates and
channel coding rates.

Besides modulation schemes, coding rates and carrier fre-
quencies, the impact of packet size on the performance of
wireless networks has also been investigated and proven to be
significant [15][16]. The investigation of energy minimization
over a frequency-selective channel that requires a more com-
plicated receiver structure, such as a RAKE receiver, has not
been studied in the literature. In this paper, we focus on IR-
UWRB systems and jointly consider the effects of the repetition
coding, the modulation scheme, the detection scheme, the
combining scheme, the packet length, and the number of
RAKE fingers.

Among the numerous enabling communication technologies
for wireless networks, IR-UWB is intriguing due to its low-
power high-rate feature. The performance of IR-UWB has
been extensively studied [17]-[19]. Some work on the op-
timization of IR-UWB systems considering antenna design,
synchronization and channel capacity are also present in the
literature [20]-[23]. However, none of these optimizations is
aimed at minimizing the energy consumption in IR-UWB
systems. The energy capture effect of a RAKE receiver in
IR-UWB systems was first studied by Win et al. in [24]. The
authors analyze the relationship between the diversity level
and captured energy. Although no power model is assumed in
[24], the authors have concluded that there exists a threshold
number of RAKE fingers in IR-UWB systems such that
adding more RAKE fingers does not significantly improve
performance. Despite the fact that much research has been
conducted on IR-UWB systems, a detailed study on link
energy minimization in IR-UWB based networks is lacking.

An effective channel model is critical in evaluating the per-
formance of any communication system. Numerous research
efforts have been made towards establishing an effective IR-
UWB channel model [25]-[27]. In particular, Molisch et al.
proposed comprehensive IR-UWB channel models for both
frequency ranges from 3 — 10 GHz and below 1 GHz in 2006
[26]. A single-slope power decay law is adopted to describe
the path loss feature of the IR-UWB channel, and Nakagami-
distributed amplitude is used to describe the small-scale fading
of the IR-UWB channel [26]. This model has been accepted by
the IEEE 802.15.4a Task Group as a standard model to evalute
UWB systems, and is also used in this paper to evaluate the
energy consumption of different schemes.

III. SYSTEM AND CHANNEL MODELS

We consider an IR-UWB system with a symbol repetition
scheme. The coding rate R, =1 /Np, where N, which is an
odd number, is the coding parameter. Moreover, in order to
avoid inter symbol interference (ISI), the maximum pulse rate
is limited. Also, perfect knowledge of the channel is assumed
at the receiver.
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Fig. 1. The transmitter and receiver structure in an IR-UWB system.

A. IR-UWB Transceiver Power Consumption Model

A typical IR-UWB transmitter and a typical IR-UWB
receiver with four RAKE fingers and maximal ratio combining
(MRC) are shown in Fig. 1. When DBPSK, DPPM, and OOK
are used at the transmitter, the power consumption of the
transmitter can be modeled as

P, = Psyx + E Ry, (D

where FE),, is the fixed energy per pulse and R, is the
pulse rate. The pulse rate R, = p; Ry, where p; = 1 for
DBPSK and DPPM, p; = 0.5 for OOK, and R, is the bit
rate. We have assumed that an information bit may be O or
1 with equal probability. Furthermore, Psyn represents the
power consumption of the transmitter components that are
independent from the data transmission, namely the clock
generator and synchronizer.

In our model, the power consumption of an IR-UWB
transmitter, as described by equation (1), is grouped into two
parts: the power consumption from the circuit components
that are not related to pulse generating (FPsyn), and the power
consumption from the ones that are related to pulse generating
(EpR,). That is, E, R, includes the power consumptions of
the pulse generator, pulse modulator and digital amplifier
(DA), while Psyn is simply the power consumption of the
clock generator and synchronizer.

As shown in Fig. 1, the power consumption of an IR-UWB
receiver can be modeled as

P, = MPcor + pcPapc + Bina + Puga

2
+p-(Poen + Psy~n + Best), @

where Pcor, Papc, Pina, Pvca, Poen, Psyn, and Fest respec-
tively represent: the power consumptions of one correlator
branch (mixer and integrator), the analog-to-digital converter
(ADC), the low noise amplifier (LNA), the variable gain
amplifier (VGA), the pulse generator, the synchronizer, and the
channel estimator. M represents the number of RAKE fingers
at the receiver. p, is determined by the receiver structure.
That is, p, = 1 for coherent demodulation and p, = 0 for
noncoherent demodulation. This is because for a noncoherent

UWSB receiver, the pulse generator, clock generator, synchro-
nizer, and channel estimator are not necessary. Moreover,
pe = 1 for SD combining and p. = 0 for HD combining.
For SD combining, a 5-bit ADC is assumed [28], while for
HD combining, the power consumption of the ADC (one-bit
ADC) is assumed to be negligible.

At the receiver, we consider an IR-UWB receiver that is
able to choose the coherent or noncoherent demodulation after
the signal passed through RAKE fingers and MRC. When the
IR-UWB receiver uses the coherent detection, the received
signal will pass through a matched filter and a template pulse
needs to be generated to configure the matched filter. When the
IR-UWB receiver adopts the noncoherent detection, neither a
matched filter nor a template pulse is needed. The received
signal will be either correlated with the previously received
signal, or simply be multiplied by itself (envelop detection).
A differential modulation scheme can cooperate with either
the coherent detection or noncoherent detection. For example,
a DBPSK modulated signal can be noncoherently detected by
a correlation with the previously received signal so that only
the difference between the two signals will be at output of
the ADC, or each DBPSK modulated signal can be coher-
ently detected individually through a matched filter and the
difference between two adjacent bits can be measured in the
digital domain. In general, the coherent detection provides a
better performance than the noncoherent detection in terms of
bit error probability. However, the coherent detection requires
more circuit components (template pulse generator, synchro-
nizer, and etc.) and thereby consumes more power than the
noncoherent detection.

As with the transmitter, we also group the power con-
sumption of an IR-UWB receiver into two parts: the power
consumption of the circuit components that are not related to
the detection schemes (M Pcor + pePapc + Pina + Pyga),
and the power consumption of the circuit components that are
related to the detection schemes (p,(Pgen + Psyn + Pest)).
That is, M Pcor + pePapc + Pina + Pyga represents the
power consumption of M correlator branches, the ADC,
the LNA, and the VGA. These components need to be
active whether coherent or noncoherent detection is used at
the receiver. However, the pulse generator, the synchronizer,
and the channel estimator are only active during coherent
detection, where a template pulse has to be generated to
correlate with the received pulse and the channel information
is required. During noncoherent detection, the pulse generator,
the synchronizer and the channel estimator are not necessary
because no template pulse is needed and the received signal
pulse is only correlated with the previously received pulse.
The power consumption of the MRC is not considered, since
a MRC is simply an adder.

B. Packet Structure

The packet structure consists of three components: synchro-
nization preamble (SP), PHY-header (PHR), and payload. We
assume that there are L bits in the payload, Lpyr bits in
the PHR, and Lgsp symbols in the SP. Correspondingly, the
time durations to deliver the payload, the PHR, and the SP
are denoted by Tonr, Tpur, and Tsp, respectively. The energy
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consumption to transmit a packet once is the summation of
two parts: Ep, the energy consumed on delivering the SP and
PHR, and Er, the energy consumed on the payload.

We assume that the synchronization preamble has values
{-1, 1}. Moreover, the PHR is modulated using DBPSK and
always received coherently. This is to ensure that the PHR
is transmitted using the modulation and detection schemes
with the highest performance, since the PHR carries important
information. Also for the sake of simplicity, we assume
that the PHR is coded in the same manner as the payload.
Therefore, the overhead energy consumption is

Bo —EJ® + B

3
= (Lsp + Lpur /R)Ep + PsynTo + P 1o, ®)

where Lgp is the number of SP symbols, Lpyr is the number
of PHR bits, and To = Tsp + Tour = (Lsp + 582)/ Roase,
where Rpase 1S the fixed base data rate. In this paper, a
frequency selective slow fading channel is assumed. Therefore,
the channel estimation block consumes Pgst amount of power
only during the reception of the overhead.

The energy consumption for the payload can be modeled
as

TX RX
Er, =B+ EM, 4)
where E(LTX) and EEZRX) represent the energy consumption to
transmit/receive the payload containing L; information bits,
respectively. For ng), we have

B} = pByLr/Re + PsyTont, 5)
where Ton, = L1,/ RpRe, is the time duration to transmit the
payload containing Ly, bits, and R, is the coding rate.

The energy consumption to receive Ly, information bits is
given by

EE‘X) = pt(M Pcor + pePapc + Pina + Pvga)Tont
+pr(PoeN + PsyN)TonL-
(6)
The receiver does not consume power on channel estimation
during the reception of information bits when using either co-
herent or noncoherent detection, since the channel information
has been estimated during the reception of the overhead bits.

C. Channel Model

The channel model consists of a path loss model and a
frequency selective fading model. In this paper, we focus our
research on the frequency range from 3-10 GHz.

1) Path Loss Model: The UWB path loss model is both
distance and frequency dependent and can be modeled as [26]

Ga=Go—20(k+1) loglo(fi) —10nloggd —3, (7)
where d is the transmission distance, G is the path gain at the
reference distance (d = 1 m), n is the path loss exponent, f
is the UWB transmission center frequency, f. is the reference

frequency, and « is the frequency dependency decaying factor.
Both G4 and Gg are expressed in dB.

2) Frequency Selective Fading: In an IR-UWB system, the
transmitted signal inevitably encounters frequency selective
fading. The baseband channel impulse response of a frequency
selective fading channel in UWB systems consists of clusters
and rays and can be represented as [26]

L K
ct) =30 age 5[t — T) — 73], (8)

1=0 k=0

where 6),; follows a uniform distribution (over [0, 27]) and
oy, is the amplitude gain of the kth ray in the /th cluster. L
and K represent the number of clusters and rays, respectively.
T; is the arrival time of the /th cluster, and 71 ; is the arrival
time of the kth ray in the Ith cluster. 7T; and 74; follow
the following independent interarrival exponential probability
density functions, the details of which can be found in [26].

The average power gain of the kth ray in the Ith cluster is
modeled as

E[og ] = Elag gle /e /7,

©)

where I" and y are power-delay time constraints for the clusters
and rays, respectively. E[a%,o] is the average power gain of
the first ray of the first cluster, which is expressed as
_ Gd
=y

The parameter oy ; follows a Nakagami distribution de-
scribed as

E[aj o] (10)

2
mop

_ 2 m " 2m—1, E[o? ]
plog,) = e (E[O‘iz]> ol e +,

where m > 0.5 is the Nakagami m-factor and I'(m) is the
gamma function.

(11)

IV. LINK ENERGY MINIMIZATION

A. Lower Bound on Average Energy Consumption per Infor-
mation Bit

1) Lower bound based on channel capacity: The transmit
power is strictly limited in IR-UWB systems to avoid interfer-
ing with pre-existing communication systems. In the following
analysis, we assume the transmit power is a constant denoted
by Px. Considering the power consumption at the transmitter
and receiver and the channel capacity, the lower bound of
energy consumption per information bit is modeled as

By =z Pﬁ&PT\a,i\2P(x ’
Blog(1+ l*éﬁ)
_ Psyn+FE, Ry+M Peor+ Ponst
- M e PPy )

Blog(lJri:GT)

12)

where Penst = pePapc + Pina + Pyga + pr(Poen + Psyn)
represents the receiver power consumption that is independent
of the number of RAKE fingers, and |a;|? represents the
average power gain of the ith selected path. Note that the
power consumption of the channel estimator is not considered,
since the channel estimator is not involved in the actual data
communication. We assume that the positioning of the RAKE
fingers is ideal and therefore |;|? are the largest M values
of E[|ay,|?] from (9). M is the number of RAKE fingers,
and B is the signal bandwidth. Correspondingly, Blog(1 +
M |2 Py /Gao?) represents the channel capacity [29].
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Equation (12) can be minimized through proper selection
of the number of RAKE fingers, M. As transmission distance
increases, the optimum number of RAKE fingers increases
and eventually converges to a certain value. In other words,
when received SNR approaches zero, there exists an opti-
mum number of RAKE fingers that minimizes the energy
consumption in IR-UWB systems. This optimum number is
only a function of the power delay profile of the channel
and the power consumption values of the components of the
transceiver.

Removing the integer constraint on M, we can determine
this convergence by finding the discrete derivative of the right
hand side of (12) with respect to M and setting the resulting
equation to zero, i.e.,
£ ol () |

*
?11 ‘a'i|2PtX)
[ans=]?

Gda'2

(logy €)
(13)

_ Ponstt+Psyn+Rppi Ep *
- Pcor + M,

where e is the natural number. As distance increases,
M will eventually converge to a particular value as
SM |2 Py /Gao® — 0. The convergence value of M* ,
which is denoted by MZ,\y, can be found from:

M,
S e ? _ Ponst+Psyw+Rppe Ep

|04MC*ONV |2 Pcor

= Mecony-

(14)
In general, there is no closed form solution for (14), since the
distribution of |a;|? directly determines the solvability of this
equation and M has to be chosen in the positive discrete do-
main. For the doubly exponential decay of E[|a ]?], M&ony
exists and can always be easily found through an exhaustive
search.

2) Lower bound based on data rate: During the modeling
in (12), the data rate is bounded by the channel capacity, which
implies a linear channel (such as an AWGN channel), infinitely
long codewords, and arbitrarily low bit error rates (i.e., no
retransmissions). Most of the above assumptions do not hold in
practical communication systems. Thus, the practical data rate
is usually much lower than the channel capacity. The lower
bound from (12) is, therefore, a very loose lower bound. In
the following analysis, instead of using channel capacity, we
derive the lower bound energy consumption per information
bit by using achievable data rates. In particular, the data rate
needs to consider the penalty caused by retransmission and
packetization.

In this paper, we only consider binary modulation schemes.
Also, to avoid ISI, the maximum pulse rate is limited by the
maximum excess delay of the multipath channel, Dy. That is,
the maximum pulse rate is 1/D;. In addition, considering the
impacts of packetization, retransmission and overheads, the
lower bound of the energy consumption per information bit
can be further tightened as

(log, )

P+ Psyn+pt Ep R Ton+2Tips +Tacy
Ep Z( r P p)N on ips+Thack

1/Ds 7’onL (15)

where N is the total number of transmissions. (To, 4+ 27ps +
Tack)/Ton, denotes the rate penalty caused by packetization,
where Tips denotes inter packet space and Txck represents
the time duration the transmitter listens for acknowledgement
from the receiver. The detailed formulas of 7Tips and Tack

| success £ul

successful

| unsuccessful transmissions
(m-1) repetitions

| transmission
Transmitter

(TX (TX) (TX) (TX) (TX) (TX) (RX) p(TX; (TX)
Elr )I EL EIPS ELN E]PS I EL E]PS EACK EII’S 1El|
Receiver | | I
‘ e ‘ ]"U' I:m TI‘PS 7:1 CK ];PS ]—;M T;FS 7/‘1 CK Y;PS ]—‘H' REH ‘

(RX (RX) (RX) (RX), RX) [RX) 5 (TX) RX) (RX)
E; 1 E1_ Eppg 0 Epsl E/_ Eypg EACKEIPS]E"

Fig. 2. The transmission and reception of one packet using N total
transmissions.

can be found in the following section. The above parameters
are determined by the detailed packet structure, channel condi-
tions, and modulation schemes. Although (15) implies an ideal
wideband channel with no multipath and omits the possible
energy losses due to circuit start-up, this model tightens the
bound from (12) and better represents practical scenarios since
both N and (T,n+2T1ps +Tack )/ TonL are greater than or equal
to 1.

B. Practical Average Energy Consumption Per Information
Bit

Although (15) provides a lower bound on the energy
consumption per information bit, it does not consider many
practical issues. For example, it does not consider the energy
spent on the packet overhead and listening. In practice, we
need to consider the detailed procedure of transmitting one
packet instead of one bit [7].

1) Energy Consumption per Packet with Retransmissions:
To guarantee the successful reception of one packet, an
automatic repeat request (ARQ) protocol is used. A delivery
procedure involving N — 1 retransmissions is shown in Fig.
2. The inter packet space (IPS) is denoted by Tips. The power
consumption during 7ips is mainly due to the clock generator
and synchronizer. Therefore, the corresponding energy con-
sumption at the transmitter is Eg;o = PsynTips, while the
receiver consumes El(llfs() = pr PsynTips.

We assume that before transmission or reception of a packet,
the transmitter and receiver spend 7y amount of time to go
from the off (sleep) state to an on (active) state. We refer to this
time duration as the “transient session”. During the transient
session, the transmitter consumes Et(rTX) = PsynTi amount of
energy to start the front end clock generator and synchronizer.
Similarly, the receiver consumes Et(rRX) = pr PsynT-

Ton 1s the time duration for the transmission of one packet.
That is

Ton = Tsp + Tpur + TonL,

16
= (Lsp + Lo8) /Rupe + 7. (1

The energy consumptions at the transmitter and receiver
during Ty, are

TX TX
E(TX) :EE )+E( )7

ERX) E(LRX) 4 E%X). (17)

where B, ECY, ER® and EX® are given in (3), (4), (5)
and (6), respectively.
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Tack is the time period when the transmitter listens for an
acknowledgement. We set Tyck = To. Overall, the defini-
tions of the energy consumptions within one transmission are
summarized as follows

Eps =2ERY +2ERY,
Ein = prPsynTack,
BErran = 2B + 2B,
EScx = PTack, (18)

E\&Y = (Lsp + Lpur/Re) Ep + PsynTack,

E™ = g™ 4+ E0Y,
RX RX
ERX) :E(L )+EE) )’

where Ejps is the total energy consumed by the receiver and
the transmitter in IPSs within one transmission. Frgran is the
total energy consumption of the receiver and the transmitter
during the transient sessions. In both IPSs and transient
sessions, only the frequency synthesizers consume energy.

Fin denotes the energy consumption of the transmitter
on listening to the media for the ACK from the receiver in
the first N — 1 unsuccessful transmissions. Therefore, Ein
is the energy consumption of idle listening during Tack.
ERY, E( are the energy consumption of the transmitter
for receiving the ACK and the energy consumption of the
receiver for transmitting the ACK. In this paper, we assume the
ACK message is simply a packet containing only the PHR and
the SP. Since the PHR and the SP always consist of {—1,1}
symbols and only coherent detection with SD combining is
used, Efoy and ELQY are constant for a given repetition
coding scheme.

The decomposition of the energy consumption during each
packet transmission session has been shown in Section IV-B1.
Therefore, the average energy consumption for successful
delivery of a packet can be expressed as

E = (E™ 4+ E®Y 4 By + Eps)N

19
—Ein + Eran + E%Q + Eﬁ:)% (19)

where N is the average number of transmissions/receptions re-
quired to successfully deliver one packet. The average number
of transmissions N = 1/(1 — P,)% | where P is the average
BEP. Note that (1 — P,)% is the probability that a packet
is received correctly. As shown in the following subsection,
the average BEP P, is closely related to the modulation type,
detection schemes, repetition coding/combing schemes, and
number of Rake fingers.

2) Average BEP over Independent Nakagami Fading Chan-
nels: The average BEP can be obtained utilizing the charac-
teristic function of the pdf of the output SNR after the MRC
[30][31][32]. The instantaneous SNR at the ith finger is

o |ai‘213tx
T Gqo? '’

where Py is the transmit power, G4 denotes the path loss
at distance d, and o? represents the noise power at the
receiver. Also, a; represents the attenuation of the selected
path preserving the ith largest power. The instantaneous SNR
at the output of the MRC is v = > ;.

The average bit error probability of DBPSK-CO can be
found by averaging the BEP of DBPSK-CO over an AWGN
channel, with the pdf of 4 which is indicated by p(v). By

(20)

using an alternate representation of the Q-function, we have
the BEP of DBPSK-CO over an AWGN channel as [33][34]

P, DBPSK-COAWGN = 2Q(v/27)[1 — Q(v27)].
~ 2Q(v/27),

9 Z _ 2y
— 2 sin2
=2 [7e o de.

2
The average BEP can be expressed as

P, DBPSK-CO = Jo P DBPSK-CO AWGNP(V)d7,

= [ {% JiE e*ﬁ?dcb} p(7)dy,
—2% {f0°° e‘ﬁp(v)dv} dg,

i 2+
=2 Iy {fooo € mp('Y)d’Y} do.
(22)
On the other hand, the moment generating function (MGF)
of the pdf of ~ is defined as W.(v) = [;*e"p(y)dy.
Therefore,

P

2
»,DBPSK-CO = /O VW)l 3 do. (23)

Since ay,; follows a Nakagami-m distribution from the
channel model, the MGF of the pdf of « has been established
as [30]

M

1
o) = H (1 —vyi/mi)™

i=1

(24)

where ¥; = E[|a;|?| PxG./Gq0? is the average received SNR
at the ith finger. E[|a;|?] represents the average power of
the ith selected path, that is E[|a;|?] = E[ja,|?], where
| )% has the ith largest expectation among all paths. m; is
the Nakagami m-factor for the ith selected path. As shown
in [26], for the first ray of each cluster, m; is assumed
to be deterministic and independent of delay; while for the
remaining paths, m; follows a delay-dependence lognormal
distribution.

Moreover, if we consider repetition coding with parameter
N, and SD combining, the average SNR will increase N,
times compared with the corresponding uncoded modulations.
That is, the eventual average BEP for DBPSK with coherent
detection and SD combining (DBPSK-CO-SD) is

on, do.
sin2 ¢

P, DBPSK-CO-SD = 7 Jo' ¥+(¥)],__ (25)

Instead, if HD combining is used, the average BEP for
DBPSK with coherent detection and HD combining (DBPSK-
CO-HD) P, pgpsSK-CO-HD €an be expressed ass

P, DBPSK-CO-HD

Np N
= k Np—k
= X ( K )P ».DBPSK-co(! = P, DBPSK-CO) "

(26)
where Pb,DBPSK-CO is given in (22). A similar procedure
can be directly applied to OOK with coherent detection
and DPPM with coherent detection, using either HD or SD
combining.

In the case of DBPSK-NC, the average bit error probability
of DBPSK-CO can be found by directly utilizing the MGF of
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the pdf of 7. First, we have the BEP of DBPSK-NC over an
AWGN channel as [34]
P, DBPSK-NC AWGN =~ 3¢ 27)

The average BEP can then be expressed as

P,pDBPSK-NC = Jo P, DBPSK-NC.AWGNP(7)d7,

([
Awl»—- wylé—to%
—~N
O
< =2
=y
L2
= S~—
R =W
=

(28)
Correspondingly, we have
14 1
P, - - = 35 — ) (29)
» DBPSK-NC-SD 5 1;[1 A+ Nyy/my)
and
P, DBPSK-NC-HD
X Np k N,—k
= %H ( Jx ) Py ppsk-Nc (! — P, DBPSK-NC) 7 -
p=2pT"
i (30)

The average bit error probabilities of DPPM and OOK with
non-coherent detection, using either HD or SD combing, can
be obtained following a similar procedure. Moreover, to avoid
excessive requirements of memory units, only HD combining
is considered for noncoherent detections.

3) Energy per Information Bit Minimization: From (19),
the energy consumption per information bit is

B = (E™+E® 4 Bin+Eps)
b Lo(1—Py)lL
ETRAN+EL"8K+E$~’27ELN

+ T

€Y}

Our goal is to find an optimum combination of the modulation
scheme, the detection scheme, the repetition coding parameter
N, the combining scheme, the packet length, Lz, and the
number of RAKE fingers at the receiver, M, over a slow
frequency-selective channel for a given transmission distance,
that minimizes the effective energy consumption per informa-
tion bit denoted by (31). Removing the integer constraint on
Ly, it is straight forward to find the closed form optimum
packet length by solving OE,/0L;, = 0. At high SNR, the
result is

__ —Py(A+B)++/P2(A+B)2+4(A+B)CP,
~ 9

2CD, (32)

*
Ly
where

TX RX
A = Bran + B0k + Efey — Bux,

B = Eps + Ein+ ES® + E®O 1 RO,
C = (,DtEp + PSYN/Rb)/Rc
+[pe(M Pcor + pePapc + Pina + Pyga)
+pr(Poen + Psyn)]/ (RoR.).

As indicated by (32), L} will decrease as BEP increases. In
a real application of this model, the packet length can always
be selected as the nearest integer of the resulting L7 .

In this paper, we have assumed that the data rate is
fixed at the maximum allowable data rate that avoids ISI.
Correspondingly, the transmit power, as shown in (1), is also

fixed. Therefore, the average BEP at a given transmission
distance for a given modulation scheme is only determined by
the modulation and detection schemes, repetition coding and
combining schemes, and the number of RAKE fingers at the
receiver. For a given combination of the modulation/detection
scheme and the repetition coding/combining scheme, the BEP
follows a non-increasing function of the number of RAKE
fingers. Thus, L} follows a non-decreasing function of the
number of RAKE fingers.

The optimum number of RAKE fingers reflects the tradeoff
between the power consumption cost, M Pror and the received
power gain, E[|a;|?] Px/G4. The optimum selection of mod-
ulation/detection schemes and repetition coding/combining
schemes reflects the tradeoff between the performance and
the power consumption at the transceiver, since higher perfor-
mance is often accompanied by higher power consumption.
Unlike the optimum packet length, there are no closed form
expressions for the optimum modulation/detection schemes,
repetition coding/combining schemes and number of RAKE
fingers. However, numerical optimizations can be performed
over these parameters, and the optimization results will be
given in the following section.

V. NUMERICAL RESULTS

In this section, we demonstrate the results of minimizing
the effective energy consumption per information bit modeled
by equation (31). We assume that B = 500 MHz, Lsp = 1024
symbols, Lpgr = 16 symbols [1], coding rate R, = l/Np, and
N, =1,3,5,...,15. The maximum excess delay is Dg = 40
ns, which limits the maximum pulse rate to 12, ~ 1 /Ds =25
Mbps to avoid inter symbol interference. The power con-
sumptions of the transmitter and receiver components are
as follows [28],[35]-[38]: Psyx = 30.6 mW, Papc = 2.2
mW, PGEN = 2.8 mW, PVGA = 22 mW, PLNA =94 mW,
Peor = 10.08 mW. To the best of our knowledge, there is
no existing literature providing specific power consumption
evaluations of the channel estimation block in an IR-UWB
receiver. Therefore, in this paper we assume the IR-UWB
receiver uses the data-aided estimation method from [39],
which can essentially be implemented as a correlator. Thus,
we assume FPgst = Pcor = 10.08 mW.

The fixed emitted energy per pulse is £}, = 4.5 pJ/pulse.
Therefore, the maximum amount of transmit power is Py =
E,R, = 0.113 mW. Also, we assume Tips = 200 us and
T = 400 ps. Moreover, Ry,e = 1 Mbps, where Rp,se denotes
the data rate to transmit the header and preamble symbols, and
the path loss parameter is set to L,, = 0.7 dB/m.

The parameters of the channel model for an office envi-
ronment with no line of sight (NLOS) are used [26]. That is,
the path loss exponent n = 3.07, the frequency dependency
decaying factor k = 0.71, reference path gain Go = —59.9
dB, transmission center frequency f = 3.1 GHz, the reference
frequency f. = 5 GHz. The distance range of interest is
d € [3,27] meters. We used exhaustive search to solve the
optimization model. The quality of service (QoS) is assumed
to be error free. That is, the expected number of total trans-
missions is 1/(1 — Py)"z.
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Fig. 3. The optimum target BEP versus distance (INp = 3).
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Fig. 4. The optimum packet length versus distance (N = 3).

A. Optimization with Fixed N,

To better understand the influence of the packet
length, the number of RAKE fingers, and the modula-
tion/combining/detection schemes, first, we consider a fixed
N, = 3 to isolate the impact of repetition coding from the
rest of the parameters.

The optimum BEPs and optimum packet lengths of different
modulation/combining/detection schemes with N, = 3 are
shown in Figs. 3 and 4, respectively. As shown in Fig. 3,
as the transmission distance increases, the optimum BEP will
increase since it will require increasingly more power at the
receiver to maintain a low BEP as d increases. Therefore, the
optimum choice is to lower the target BEPs to avoid a dramatic
increase in the number of RAKE fingers. Correspondingly, as
shown in Fig. 4, the optimum packet length will decrease as
d increases to avoid costly retransmissions caused by higher
BEP, since a short packet length results in a lower packet error
probability.

Note that, at short transmission distances, there are high
variations of P and L7. This is because at short distances

25

77
—»— DPPM-CO-HD
—8— DPPM-NC-HD
—— DPPM-CO-SD
—+— DBPSK-CO-HD
—%— DBPSK-NC-HD
=7~ DBPSK-CO-SD
—A— OOK-CO-HD
—— OOK-NC-HD
—©— OOK-CO-SD
From (12)

Optimal number of Rake fingers

L L L L L
3 5 7 9 11 13 15 17 19 21 23 25 27
d (meters)

Fig. 5. The optimum number of RAKE fingers versus distance (/N = 3).

where P is very low, P, is very sensitive to a change in
the number of RAKE fingers. That is, at short distances,
additional RAKE fingers will provide a considerable amount
of collected power gain. Correspondingly, L7 will change
significantly as the number of RAKE fingers changes at short
distances. On the other hand, at large distances, additional
RAKE fingers only provide a small amount of collected power
gain. Therefore, P, and L7 are not sensitive to a change in the
number of RAKE fingers. The curves of P and L7 thereby
become smooth as distances increase.

Fig. 5 shows the optimum number of RAKE fingers at
the receiver versus distance. As the transmission distance
increases, the optimum number of RAKE fingers will increase
and converge to a certain value. This is due to the change of
balance between the diversity gain and the power cost induced
by each additional RAKE finger. The absolute value of the
increase in collected energy by an additional RAKE finger
decreases with distance. This diminishing gain incurs a fixed
cost, namely Pcor. Consequently, as distance increases, to
avoid excessive retransmissions, the number of RAKE fingers
should increase to collect more received power. However,
when distance increases beyond a certain level, path loss
becomes very large, and increasing the number of RAKE
fingers does not lead to the collection of considerably more
received power. However, more RAKE fingers will incur more
power consumption at the receiver. Thus, at large transmission
distances, increasing the number of RAKE fingers does not
improve the energy efficiency. The optimum receiver power
consumptions of different modulation schemes at different
transmission distances follow the trend of the optimum num-
ber of RAKE fingers shown in Fig. 5. The optimum num-
ber of RAKE fingers from (12) is also shown in Fig. 5.
Since (12) does not include the imperfection of repetition
coding/modulation and the overhead caused by packetization
and retransmissions, the received power that is collected by the
RAKE fingers at the receiver reaches the theoretical maximum
efficiency (no waste on overhead).

The overall minimized energy consumption per information
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Fig. 6. The minimum energy consumption per information bit versus distance

Fig. 8.

The overall minimum energy consumption per information bit

(Np

=3).
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Fig. 7. The overall minimum energy consumption per information bit and
corresponding modulation/decoding/detection schemes (Np = 3).

bit is shown in Fig. 6. OOK-NC-HD consumes the least
amount of energy when d < 6m, while DBPSK-NC-HD offers
the lowest energy consumption per information bit when 6m <
d < 11m. DBPSK-CO-HD is the most energy efficient scheme
when 11m < d < 16m. DBPSK-CO-SD is the most energy
efficient scheme when the distance is greater than 16 meters.
This trend reflects the balance between the transmitter energy
consumption and the receiver energy consumption. At a short
transmission distance, the less robust schemes (OOK-NC-HD)
require less power consumption at the transmitter/receiver and
provide a BEP low enough to avoid excessive retransmissions.
Therefore, the OOK scheme, noncoherent detection, and HD
combining have a high energy efficiency at short transmission
distances. However, as transmission distance increases, the
above schemes require a large number of RAKE fingers to
maintain a low BEP, thereby the receiver power consumption
will increase dramatically if using schemes like OOK-NC-HD.
On the other hand, the more robust schemes (such as DBPSK-
CO-HD, DBPSK-CO-SD) consume much less power at the

for different repetition coding parameters with optimized Ly, M, and
modulation/repetition coding/detection schemes.

d (meters)

Fig. 9. The M* and L7} with optimized modulation/combining/detection
schemes for different Ny.

receiver since they need fewer RAKE fingers to achieve a low
BEP. Thus, as transmission distance increases, these schemes
will become the energy efficient schemes. The lower bound
on E from (12) and the packetized lower bound on E} from
(15) are also shown in Fig. 6. The packetized bound from
(15) is larger than (12), especially for large distances. This is
caused by the decrease of L7 as distance increases, as shown
in Fig. 4, which in turn increases the packetization overhead.

The overall minimum FEj and corresponding modulation,
repetition coding and detection schemes are shown in Fig. 7.
This figure, together with Fig. 5, reveals that, at short distances
(high SNRs), low complexity and low performance mod-
ulation/repetition coding/detection schemes, such as OOK-
NC-HD with a small number of RAKE fingers, are energy
efficient; while at large distances (low SNRs), higher com-
plexity and higher performance modulation/repetition cod-
ing/detection schemes, such as DBPSK-CO-SD with a large
number of RAKE fingers, become energy efficient.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

10 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, ACCEPTED FOR PUBLICATION

TABLE I
OVERALL OPTIMUM CONFIGURATIONS

Distance (m) | Modulation | Detection | Np | Combining | M* | L7 (Kbit)
3 7
OOK

4 10

5 NC 6

6 7

~ 1500

7 8

8 7

HD

9 1 8

10 10

11 11

12 14

13 16

14 DBPSK 21

15 23

16 12

~ 500
17 14
CcO

18 16

19 3 18

20 21

21 23

22 SD 16

23 5 17

24 19 ~ 50
25 16

26 7 17

27 19

B. Optimization with Variable N,

Besides the optimization on packet length, number of
RAKE fingers and modulation/combining/ detection schemes,
the repetition coding parameter /V,, in repetition coding should
also be adjusted to minimize F;. Now we assume that N,
takes the values 1,3, 5, ..., 15.

Fig. 8 shows the overall minimum energy consumption
per information bit for different repetition coding parameters.
To show the influence of NN,, the E; shown in Fig. 8
have been optimized over Ly, M and modulation/repetition
coding/detection schemes. Fig. 8 shows that the optimum N,
increases as d increases (SNR decreases). This observation
further confirms that, to guarantee link level reliable commu-
nication, high-complexity and high-performance transceiver
structures are energy efficient at low SNRs; while low-
complexity and low-performance transceiver structures are
energy efficient at high SNRs.

Fig. 9 shows the optimum number of RAKE fingers and
packet lengths for different repetition coding parameters N,
with optimized modulation/combining/detection schemes. The
curves with different IV, display the same trend: as d increases
(SNR decreases), M™ increases and converges to the same
level, while L7 decreases. Fig. 9 also reveals that the effect
of a large IV,, on the packet error probability on the expected
number of retransmissions is equivalent to that of a small
Ly or a large M, and vice versa. Therefore, it is possible
to use a long repetition code to minimize energy under some
circumstances where a large number of RAKE fingers and
adjustable packet lengths are not feasible.

C. Optimum Configuration Table

The results of these optimizations can enable the transceiver
to adapt by selecting the overall optimum configurations
(including the modulation/detection scheme, the repetition
coding/combining scheme, the packet length and the number
of RAKE fingers) according to the expected transmission dis-
tance through a lookup table. Table I is an example of such a
look-up table obtained with the particular power consumption
and channel models assumed in this paper.

D. The Effects of Power Consumption Values on the Optimum
Configurations

Implementation technologies have a paramount impact on
the choice of the optimal communication schemes. For exam-
ple, should Psyn become smaller, the distance range in which
coherent detection is energy efficient becomes larger. In fact,
considering an extreme case where the transceiver does not
consume any power, we shall always use the communication
scheme with the highest performance, such as DBPSK with
coherent detection, soft decoding and an all-RAKE receiver.
In real applications, the overall optimum configurations should
be carefully evaluated using the generic energy consumption
model provided in this paper as summarized in (31) and the
power consumption values of the actual circuit components
based on the adopted production technologies. For instance,
suppose we choose another set of power consumption values
where Psyn = 2.2 mW, while the rest of the power con-
sumption values stay the same. The resulting overall optimum
configurations are summarized in Table II. By comparing
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TABLE II
OVERALL OPTIMUM CONFIGURATIONS
Distance (m) | Modulation | Detection | Np | Combining | M* | L7 (Kbit)
3 NC 7 ~ 3000
OOK
4 9
5 4
6 5
~ 1500
7 6
8 7
HD
9 1 8
10 9
11 11 ~ 500
12 13
13 15
14 DBPSK 18
15 22
16 10
~ 100
17 CcO 11
18 12
3
19 14
20 16
21 18
22 SD 13
23 14
5
24 16 ~ 50
25 18
26 14
7
27 16

Tables I and II, we find that since the difference in power
consumption of coherent and noncoherent schemes becomes
smaller, the distance range in which coherent detection is
energy efficient becomes larger. However, the general trend of
the optimal configurations versus transmission distance stays
the same: high-complexity and high-performance transceiver
structures are energy efficient at large distances; while low-
complexity and low-performance transceiver structures are
energy efficient at short distances.

VI. CONCLUSIONS

In this paper, we provided the power consumption models of
typical transmitter and receiver structures of IR-UWB systems.
Then, under the assumption of a frequency selective time-
invariant channel, we determine the optimum combination of
the modulation scheme, the detection scheme, the repetition
coding parameter, the combining scheme, the packet length,
and the number of RAKE fingers at the receiver to mini-
mize energy consumption per information bit. An optimum
number of RAKE fingers exists under the assumption of
a frequency selective time-invariant channel with a double
exponentially decaying power delay profile. The results show
that low-complexity, low-performance transmission schemes
are energy efficient at high SNRs, while high-complexity,
high-performance schemes are energy efficient at low SNRs.
Using the specific power consumption values selected in this
paper, we provided detailed optimum transmission schemes,

including packet length, modulation, detection, repetition cod-
ing, combining, and number of RAKE fingers for given
transmission distances for a typical IR-UWB link.
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