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Energy efficiency and transmission delay are very important parameters for wireless multi-
hop networks. Numerous works that study energy efficiency and delay are based on the
assumption of reliable links. However, the unreliability of channels is inevitable in wireless
multihop networks. In addition, most of works focus on self-organization protocol design
while keeping non-protocol system parameters fixed. While, very few works reveal the rela-
tionship between the network performance and these physical parameters, in other words,
the best networks performance could be obtained by the physical parameters. This paper
investigates the tradeoff between the energy consumption and the latency of communica-
tions in a wireless multihop network using a realistic unreliable link model. It provides a
closed-form expression of the lower bound of the energy-delay tradeoff and of energy effi-
ciency for different channel models (additive white Gaussian noise, Rayleigh fast fading
and Rayleigh block-fading) in a linear network. These analytical results are also verified in
2-dimensional Poisson networks using simulations. The closed-form expression provides a
framework to evaluate the energy-delay performance and to optimize the parameters in
physical layer, MAC layer and routing layer from the viewpoint of cross-layer design during

the planning phase of a network.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Routing protocols have a significant impact on energy
efficiency and latency performances and choosing an effi-
cientrouting scheme is a multi-objective optimization prob-
lem [1]. Long-hop routes demand substantial transmission
power but minimize the energy cost of the reception pro-
cess, the computation and so on because of the decrease of
the number of hops. Meanwhile, long-hop routes are helpful
reducing the end to end delay. On the opposite, routes made
of shorter hops use less transmission power but maximize
the energy cost from the reception process due to an in-
crease in the number of hops. M. Haenggi points out several
advantages of using long-hop routing in [2,3], among which
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high energy efficiency is one of the most important factors.
These works reveal the importance of the transmission
range and its impact on the energy conservation but do not
provide a theoretical analysis on the optimal hop length
regarding various networking scenarios.

Some works analyze the optimal transmission range
from the viewpoint of physical layer. Chen et al. [4] defines
the optimal one-hop length for multihop communications
that minimizes the total energy consumption and analyzes
the influence of channel parameters on this optimal trans-
mission range in a linear network. The same issue is studied
in [5] with a Bit-Meter-per-Joule metric where the authors
analyze the effects of the network topology, the node density
and the transceiver characteristics on the overall energy
expenditure. Gao [5] is improved by Deng et al. [6] which
shows the effects of network parameters such as node den-
sity, network radius on the optimal transmission range and
the impacts of the path loss exponent in a 2-dimension Pois-
son network. Cui et al. [7] solves a cross-layer optimization
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problem to minimize the energy consumption and the delay
for TDMA based small-scale sensor networks.

However, all of the aforementioned works are based on
the assumption of a disc link model or a switched link model
under which the transmission between two nodes x and x’
succeeds if and only if the signal to noise ratio (SNR)
p(x,x') at the receiver is above a minimal value },,;;,. That
means perfect reliable links are used for communication
and all unreliable links are abandoned. In fact, experiments
in different environments and theoretical analyzesin [8-12]
have proved that unreliable links have a strong impact on
the performance of upper layers such as MAC and routing
layers. In our previous work [12], we have shown how unre-
liable links improve the connectivity of WSNs.

Recently, unreliable links are taken into account in the
routing scheme design by introducing a link probability
and the effect of link error rate.

In [13], a routing scheme is proposed whose metric for
the relay selection is PRR x distance, where PRR stands for
Packet Reception Ratio. This routing scheme makes best
use of unreliable links to improve the energy efficiency.

These efforts are devoted to the various low-energy
routing scheme design while keeping non-protocol system
parameters constant, such as the transmission power,
transceiver power characteristics, and node density. How-
ever, very few works address the relationship between the
network performance and the network parameters, in
other words, the best network performance that could be
obtained by setting all parameters of physical layer, MAC
layer and routing layer in a network as a whole.

In [14], we derived the lower bound of the energy-delay
tradeoff of opportunistic communications. However, the
algorithm for the parameter optimization was not pro-
posed because of the complexity of opportunistic commu-
nications. In contrast, thanks to the simplicity, the
traditional point to point communications are widely em-
ployed in multihop networks, so that its parameter optimi-
zation is very practical and important for energy efficiency.
Hence, following the analysis method in [14], we focus on
the parameter optimization of traditional point to point
communications in this paper.

We will explore the Pareto front of the energy-delay
tradeoff while adopting a very generic network layer/rout-
ing model for low-traffic applications. This Pareto front can
serve as a benchmark for preliminary performance evalua-
tion and is suitable in the early phases of network planning
and design to optimize physical parameters. To find this
bound, a comprehensive energy model is used which in-
cludes energy consumption for both data and control pack-
ets. Meanwhile a realistic unreliable link model is
introduced into the energy model by the metric, mean en-
ergy distance ratio, EDRb. We focus on two factors which
are tightly related to energy efficiency and delay perfor-
mance: the mean hop length and the transmission power.

The contributions of this paper are:

e The closed-form expression of the lower bound of the
energy—-delay tradeoff for a linear and a Poisson net-
work is achieved in AWGN, Rayleigh fast fading and
Rayleigh block fading channels employing both a com-
prehensive energy model and an unreliable link model.

e The closed-form expressions of the optimal transmis-
sion range and the corresponding optimal transmission
power are derived in the three aforementioned types of
channel.

e The closed form expression of the lower bound of
energy efficiency of multihop communication and its
corresponding maximum mean delay are obtained.

o The lower bounds of energy-delay tradeoff and energy
efficiency are validated by simulations in 2-dimension
Poisson networks.

e A parameter optimization process is introduced for the
applications with or without a delay constraint.

The rest of this paper is organized as follows: Section 2
concentrates on presenting the models and metrics used in
the paper. Section 3 focuses on one-hop transmissions. We
derive the lower bounds of energy-delay tradeoff and en-
ergy efficiency. Meanwhile, the closed form expressions
of optimal transmission range and optimal transmission
power are obtained. Section 4 extends the results of
one-hop transmissions to the scenario of multihop
transmissions. The optimal tradeoff between the energy
consumption and the delay in linear networks are
achieved. The closed-form expressions of the lower bound
in three kinds of channels are provided. In Section 5 simu-
lations are given and analyzed in a 2-dimension network to
verify the theoretical results. Then, a parameter optimiza-
tion process is addressed in Section 6 on the basis of the
proposed energy-delay framework. Finally, Section 7 con-
cludes our work.

2. Models and metrics

In this section, we briefly introduce the models and
metrics used in this paper. For more details on these mod-
els, readers can refer to our previous work [14].

2.1. Energy consumption model

In this paper, we do not consider any specific protocol
and assume the corresponding overhead to be negligible.
We consider energy efficient nodes, i.e., nodes that only lis-
ten to the packets intended to themselves and that send an
acknowledgment packet (ACK) to the source node after a
correct packet reception. Thus, the energy consumption
for the transmission of one packet E,, is composed of three
parts: the energy consumed by the transmitter Er,, by the
receiver Eg, and by the acknowledgement packet exchange
Epck:

Ep = Erx + Egx + Eack. (1)

The energy model for transmitters and receivers [15]
are given respectively by:

Npead + N,
ETx = Tstart . Pstart + W . (Pthlec + ﬁamp . Pt)7 (2)
b * Rcode
and
Npead + N
ERx = Tsmrt . Psturt + W . Perlem (3)
b " Rcode
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Table 1
Some parameters of the transceiver energy consumption referring to [16].
Symbol  Description Value
o Path-loss exponent (>2) 3
Pamp Amplifier proportional offset (>1) 14.0
Tack ACK ratio 0.08125
B Bandwidth of channel 250 kHz
fe Carrier frequency 2.4 GHz
Grane Transmitter antenna gain 1
GRrant Receiver antenna gain 1
L Circuitry loss (>1) 1
Np Number of bits per packet 2560
Nhead Number of bits of overhead in a packet 0
No Noise level —150 dBm/Hz
Pstart Startup power 38.7 mW
Pixktec Transmitter circuitry power 59.1 mW
PixElec Receiver circuitry power 59.1 mW
Ry Transmission bit rate 250 Kbps
Tstare Startup time 0us
Tack ACK duration 1ms

where P; is the transmission power, Nyeqq is the number of
bit in the overhead of a packet for the synchronization of
physical layer, R4 is the code rate. The other parameters
are described in Table 1.

The energy expenditure model of an acknowledgment is
given by:

EACK = Tack * (ETx + ERX)7 (4)
where

N ack + N head

5
Ny + Nhead )

is the ratio between the length of an ACK packet and that of
a DATA packet.
As in [14], the energy model for each bit is:
E

Eb:ﬁZ:Ec+I<l'Pt7 (6)

Tack =

where E;, E; and K; - P; are respectively the total, the con-
stant and the variable energy consumption per bit. Substi-
tuting (1)-(4) into (6) yields:

2Tstart . Pstart

+ (1 + Thead)

Ec _ (1 + Tack)< Pthlec + Perlec) (7)

Nb RbRcode
and K] = (1 + ‘Cack)(l 4+ Thead) ﬁamp s (8)
RbRcode
where
N ea
Thead = lf\llbd- (9)

2.2. Realistic unreliable link model

The unreliable radio link probability (pl) is defined
using the packet error rate (PER) [12]:
Py ) =1—PER(},») (10)

where PER (7) is the PER obtained from a signal to noise ra-
tio (SNR) y. And 7, ,, is usually defined as [15]:

Yax = K2 -P[-d,;;,, (11)

with

2
_ GTant i GRant A

Ky = ot SRant "~
27 (4m)No R - L

(12)
where dj,p is the distance between node x and x/, 4 is the
wavelength, R, is the symbol rate. Other parameters are pre-
sented in Table 1. Note that R, = R; - b, where b is the modu-
lation order. The unreliable link models are approximated
for AWGN and Rayleigh block fading channels respectively
as follows (refer to Zhang et al. [17] for more details):

(1) AWGN channels

ply(7) = (1 - 0.18260,
-exp(—0.54158,,7))", if B, 7

> 2, (13)
(2) Rayleigh fast fading channels
Ny
_ o
L) = 1__"2) . 14
P = (1- 55 (14)

(3) Rayleigh block fading channels

—4.25log;oNp + 2.2
Bm?¥

ply(7) = exp < ), when o,

-1,
(15)

where o, and B, rely on the modulation type and order,
e.g., for Multiple Quadrature Amplitude Modulation
(MQAM) oy = 4(1 —1/v/M)/log,(M) and S, = 3102 (M)
(M — 1). For BPSK, o, =1 and By, = 2.

2.3. Reliable transmission

Because of the unreliability of propagation channels,
retransmission and acknowledgement mechanisms are
adopted in this paper to ensure a reliable transmission.
According to the derivation in [14], the average number
of transmissions needed to ensure a successful reception,
Ng, is computed by:

1

N = .
; pl(dhopypt)

(16)

2.4. Mean energy distance ratio per bit (EDRb)

EDRD derived in [14] is adopted as the metric of energy
consumption. The mean energy consumption per bit for
the successful transmission over one hop Ejjep including
the energy needed for retransmissions is given by
Einop = Ep(P¢) - Nix. L

According to the definition, EDRb is formulated as:

Elhap _Ec+K1 'Pt

EDRb = = 17
dhop dhap . pl ( )

2.5. Mean Delay Distance Ratio (DDR)

DDR is adopted as the metric of mean delay and is ob-
tained by [14]:
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m _ Dhoerx _ Dhop 7
dhop dhop ) pl
where Dp,, is defined as the sum of three delay
components:
Dhop = Tqueue + Ttx + Tack- (19)
Here, Tqueue is the queuing delay during which a packet
waits for being transmitted; Ty = % is the transmis-
sion delay and Tye, = Tack - Tex-

(18)

3. Energy-delay tradeoff of one-hop transmissions

This section concentrates on the analysis of the energy-
delay tradeoff of one-hop transmissions on the basis of
EDRb and DDR using the analysis method in [14]. According
to the definitions of EDRb (17) and DDR (18), the lower
bound of the energy-delay tradeoff of one-hop transmis-
sions can be formulated as:

EDRb(d, P;)
DDR(d, P,) < ddr,

minimize :
. (20)
subject to :

where ddr is a delay constraint.
3.1. Pareto front of energy-delay tradeoff

According to (11), the transmission distance is related
to y: dhop = (@)oc Then, EDRb (17) and DDR (18) are con-
verted to functions of P, and y as follows:

EDRb(y. Pr) = K00 g 1)
(KoPy)?
D'lO
DDR(y,P) = — - g(y) (22)
(Ko Py)®
whereg(y) = Wl) Note that the initial variables of our optimi-

zation problem (d, P;) have been replaced by 7, P.. And then,
the Pareto front is obtained by simplifying Theorem 1 in [14].

Theorem 1. The lower bound of the energy-delay tradeoff is
provided by the Egs. (21) and (22) if
Yopr = aIg m/mg(y)

Proof. Refer to Appendix A in [14]. O
Theorem 1 provides an interesting result that achieving
Pareto front is constrained by a constant SNR J,p:

E.+KiP:

EDRb,p;: = L 8(Vope)s 23

"= P (Vopt) (23)
_ Do

DDRope = —2 - g(Pope)- (24)
Ky P¢)*

Note that y,p; is subject to a joint selection (Popt, dope)-
Therefore, when a delay constraint ddr is set, according
to (24), the optimal transmission power satisfying this de-
lay constraint, P, is calculated by:

1 ) 0] -D 0] ”
P = g (Bl ) 25)

It is obvious that the optimal transmission power is a

monotonic decreasing function with respect to ddr.
Furthermore, the corresponding optimal transmission

distance, d,p, is obtained according to (11), as follows:

E o )0
dopt _ (I(ﬂzl%pt) _ g())]o/p;) hop ) (26)
))opt Vopt ddr

Therefore, substituting (25) into (21), the minimum energy
consumption under a delay constraint ddr is:

— - ddr . o K1 ddr 1-o
EDRbyy = Ecmp +&(Vopt) K, <Dhop>

(27)

According to the expression of (27), it can be easily de-
duced that EDRb,, is a convex function with respect to
ddr as shown in Fig. 1. Furthermore, note that a lowest
point exists in the curve of EDRb,,—ddr,representing the
minimum energy consumption point. On the right of the
lowest point, the energy consumption increases with the
delay because the transmission power is too small which
results to very small hop distance, i.e., the increase of the
hop number, which certainly should be avoided in practice.
While the curve on the left side of the lowest point is ex-
actly the Pareto front of the energy-delay tradeoff, in other
words, the Pareto front is a subset of the lower bound of
energy-delay tradeoff. This Pareto front separates the
EDRb—ddr area into two parts: feasible area and infeasible
area as shown in Fig. 1. That is to say, the point corre-
sponding to the energy-delay state of a network could ex-
ist in the feasible area, but is not possible to access the
infeasible area.

Hence, in order to obtain the Pareto front of the energy-
delay tradeoff, we need not only the lower bound of en-
ergy—delay tradeoff but also the lowest point in the lower
bound, i.e., the minimum EDRb: EDRb,;,, and its corre-
sponding ddr, ddr,,. We analyze the lowest point in the
following subsection.

3.2. Minimal energy point

In this subsection, we derive EDRb;,, ddr,. and the
corresponding optimal transmission power and distance,

A
\ ------ Lower bound
'\ == Pareto front
~
E \
]
g \ Feasible area
U
S LY
: RS
s
2 g \ Lowest
S Infea51ble\. Point -~
area N, WS
\.___.-_—'i —_—
ddr >

Fig. 1. Lower bound and Pareto front of the energy-delay tradeoff.



1310 R. Zhang et al./Ad Hoc Networks 10 (2012) 1306-1321

because these parameters are very important for delay-tol-
erant applications. -

Through Lagrange method, letting “2ax — 0, we
obtain:

- aE. (Ky(o—1)\*
EDRbpin = &(Jopt) 5, — 7 <1(Ef<2)> : (28)

and its corresponding ddr:

1
Ki(oe—1)\*
e (29)

Note that EDRb,;;, provides the lower bound of energy
efficiency of a system.

3.2.1. Energy-optimal transmission power Py
Substituting (29) into (24), we obtain the minimum
optimal transmission power:

E
S acEn) >
Substituting (7) and (8) into (30) yields:
Pstart 2Tstart Pthlec + Perlec
P, — , 31
0 ﬁamp(oC —1) " Notlhe ﬁamp((x -1 GD

RbRcode
where % is the transmission duration of a packet.

Since % > Ty generally, the first part of (31) can be
neglected. Thus, we get:

P txElec + P rxElec
P, ~ TxElec 32
0 ﬂamp (OC - ]) ( )

According to (32), it should be noted that Py is indepen-
dent of pl(y) and consequently independent of the modula-
tion and the type of channel. Based on this result, for delay-
tolerant applications, we can set the transmission power of
a node according to (32) to minimize the total energy con-
sumption, no matter what kind of modulation is used and
in what type of channel. Moreover, P, provides a threshold
of transmission power under which a node will be running
in an inefficient state such as the right side curve of the
lowest point as shown in Fig. 1.

Furthermore, (32) shows that the characteristics of the
amplifier have a strong impact on Py. When the efficiency
of the amplifier is high, i.e., Bamp — 1, Po reaches its maxi-
mum value, so that long-hop routes should be used. It
coincides with the result of [18]. Meanwhile, it is clear that
when the environment of transmission deteriorates,
namely, o increases, Py decreases meaning that short-hop
routes should be adopted.

3.2.2. Energy-optimal transmission range do

When Py and 7, are given, the corresponding transmis-
sion distance, dy, may be calculated according to (11), as
follows:

1 1

KoPo\” K2E, !
do = _ R 33
‘ (/) (Kr”/opt'(“—U) 33)

4. Energy-delay tradeoff of multihop transmissions

In this section, we extend the results of the one-hop
transmission case developed in Section 3 to the scenarios
of multihop transmissions. Meanwhile, the closed-form
expressions of lower bound of energy-delay tradeoff are
derived in different kinds of channels.

The lower bound of energy-delay tradeoff of a multihop
transmission can be abstracted as an optimization problem:
minimize :  E,

(34)

subject to: Dy = delay constraint,

where E,, and Dy, are respectively the end to end energy
consumption and delay between the source and destina-
tion nodes. To solve this optimization problem, two related
theorems about energy and delay are firstly introduced.

4.1. On the optimality of a uniform repartition

Theorem 2. In a homogeneous linear network, a source node
x sends a packet of Ny bits to a destination node x' using n
hops. The distance between x and x' is d, and the path-loss
exponent is greater than 2, o > 2. The length of each hop is
dy,do, .. .,d, respectively and the average EDRb of each hop is
denoted as EDRb(d;) where i=1,...,n. The minimum mean
total energy consumption Etot, is obtained if and only if
d1=d2="'=dn.'

Etotmin = d x Ny x EDRb(d/n). (35)
Proof. Refer to Appendix D in [14]. O

Theorem 3. On the same assumption as Theorem 2, the
mean hop delay per meter is referred to as DDR(d;) where
i=1,...,n. The minimum mean end to end delay Dtot;, is
given, if and only ifd; =d,=---=d,, by:

Dt0t i, = DDR(d/n) x d. (36)

Proof. Refer to Appendix E in [14]. O

Based on Theorems 2 and 3, we conclude that, regarding
a pair of source and destination nodes with a given number
of hops, the single scenario which minimizes both mean en-
ergy consumption and mean transmission delay, corre-
sponds to each hop with uniform distance along a linear
path as shown in Fig. 2. As a result, the optimization about
energy and delay for a single hop will bring the optimization
of the same performance for the multihop transmission.
Hence, the optimization problem (34) can be converted to
the problem (20). Consequently, minimizing energy and de-
lay in a multihop transmission can be achieved by finding
the best couple of parameters (dop:, Pop¢) for a one-hop trans-
mission. In other words, the results obtained in Section 3 can
be extended directly to the case of multihop transmissions.

As analyzed above, when g(yp;) is obtained, the Pareto
front and the lower bound of the energy-delay tradeoff
and the lower bound of energy efficiency are achieved at
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the same time. In order to obtain y,p; and g(yop:), solving
dg(' =0, we get:

pl(/opr)

apl (Vopt)
where pl'(-) is the first derivation of pl(-). (37) shows that
Yopt depends on the kind of channel. In the following sub-

section, how to obtain yop, &(Vope) and the Pareto front of
energy-delay tradeoff in different channels is presented.

A

Vopt = (37)

4.2. Pareto front of the energy—delay tradeoff in specific
channels

In this subsection, the lower bound of energy-delay
tradeoff and the minimum energy point are analyzed in
AWGN, Rayleigh fast fading and Rayleigh block fading
channels and a general solution is given for the other
scenarios.

4.2.1. AWGN
Substituting (13) into (37) and solving the equation of
yield:
—exp | 53
—1—aNW_, Olm(m”,gb)]
Vopte = 38
Voprg 0.54158, 0N, (38)

where W_4[-] is the branch of the Lambert W function sat-
isfying W(x) < —1 [19]. Substituting (38) into (25) and (26)
respectively, we have P,y and d,p: in AWGN channels un-
der a delay constraint ddr as follows:

—exp (-
Popig = <%> (1 0.18260, exp <1+W 1 [ ( N”)

0.18260,,N, 0.

—oNy

o (5

aN,
—1—-aN,W_; {omzsamlzb)x}

X 0.5415p,,0N,K;

—exp (wa)
1+ oNoW_t | g1s3m0mnin
hop

o
0.54158,,0N,K, ddr) when N > 100,

(39)
and
—Np
Dis —exp (-
optg = d’ép (1 —0.18260,, exp <+w 1 W} ))
NDhop
ddr-
(40)

Meanwhile, the energy-optimal transmission range dog
is obtained by substituting (38) and (30) into (33):

1

—0.54158,,K;NpyE o0

Ki(o—1) (1 T+ oaNyW_4 {WD

dog =

S d()pt l d{) pt ’ da pt ’ dDP 4 ) D

Fig. 2. Equivalent hop distance transmission.

Substituting (38) into (13), we have the optimal link
probability in AWGN channels:

1 —€exp (,LN )
Plopg = (1 —0.18260, exp (OC_M,+W1 [ b
(42)

0.18260,,Npo
This means that in the optimal configuration, the radio
links are reliable.

The lower bound of energy-delay tradeoff according to
(27) and its corresponding P,,: and d,p; in an AWGN chan-
nel are shown in Fig. 3 where the related parameters are
listed in Table 1. Here, yopig = 9.43 dB and plopye = 96.55%.

Ny

~1 when N, >100.

4.2.2. Rayleigh block fading
Substituting (15) into (37) and solving the equation, we
obtain:

o(4.2510g,,(Ny) — 2.2
oy = 2 0E10) 2 22) 43)

Substituting (43) into (25) and (26) respectively, we
have P, and d,, in Rayleigh block fading channel under
a delay constraint ddr as follows:

_e-0-(4.2510g,(Ny) — 2.2) (Dpop\”
Foro = e (ait) @
and
;1 D,
dopr, = €570 (45)
Substituting (43) and (30) into (33) yields:

e PlaEe v
= \Ky (a2 — o)(4.2510g,4(Ny) — 2.2)) -

As for the optimal link probability, substituting (43)
into (15) yields:

Plopiy = €7%. (47)

(46)

x 10 5Energy delay tradeoff in an AWGN channel
7

—e— ! EDR
5= 23,0508 Opt/ma mean b

t ® [owest point
<= d:; = 207.14m b

-

S 5

2 5l

%

&

o L

g 4

m

< 3} -

g 3 P, = 5.97dBm dPopr_ggg‘ZBm

g d, = 54.15m opt = 220
2l l‘ \ |
1 . . . . .
0.05 0.1 0.15 0.2 0.25 0.3

ddr (ms/m)

Fig. 3. Theoretical lower bound of the energy-delay tradeoff in an AWGN
channel.
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Energy-delay tradeoff in a Rayleigh

o 107 block fading channel
—©— Optimal mean EDRb
5.5} Popt = 18.75dBm ® [owest point |
d =116.30m
opt
=~
5.
S
S
S 45f
&
Q L
g 4
W 35l P, =1.18dBm }
% Po= 5.97dBm dopt =31.72m
g 3 d,=43.61m
2.5 PP
0.1 015 02 025 03 035 04 045 05

ddr (ms/m)

Fig. 4. Theoretical lower bound in of the energy-delay tradeoff in a
Rayleigh block fading channel.

The lower bound of energy-delay tradeoff according to
(27) and its corresponding P, and d,, in a Rayleigh block
fading channel are shown in Fig. 4 where the related
parameters are listed in Table 1. Here, yopm =12.65 dB
and plopp = 71.65%.

4.2.3. Rayleigh fast fading
Substituting (14) into (37) and solving this equation, we
have:

) % (1 + otNp)
ot =2

Substituting (48) into (25) and (26) respectively, we ob-
tain P,p and d,p, in this kind of channel under a delay con-
straint ddr as follows:

: (48)

14+ aNy) (142)"" "
om(1 + oNp) +1Nb (D,mp>

Popy = 2K25,, ddr
1.3590(1 + 0Np) (Dpop”
Kol ddr when N, > 1 (49)
and
1\"Dpp . Dy,
opis = (1 +a—Nb> d’d"r{’ ~ V2718 d’d"r{’. (50)
Substituting (48) and (30) into (33) as follows:
1
B 2p,EK, x
= (G 1) GV

Meanwhile, the optimal link probability is obtained by
substituting (48) into (14) as follows:

1\ ™ 1
plopy = <1 +51_Nb> ~2.718* when N, >100. (52)

The lower bound of the energy-delay tradeoff according
to (27) and its corresponding optimal P, and d,, in a Ray-
leigh fast fading channel are shown in Fig. 5 where the re-
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Fig. 5. Theoretical low bound of the energy-delay tradeoff in a Rayleigh
fast fading channel.

lated parameters are listed in Table 1. Here, yops=32.83 dB
and ploper=71.65%.

4.2.4. Other scenarios

Except the above three scenarios, there are a lot of sce-
narios in which we can not find the closed-form expression
Of yopt and g(yopt)'

The first problem arises when the expression of the link
probability is derived but the closed-form expression of
Yopt is NoOt obtained. For example, let us consider that the
type of channel is Nakagami-m block fading channel
(m # 1) or a coding scheme is employed. In this kind of sit-
uation, the sequential quadratic programming (SQP) meth-
od in [20] can be adopted to solve the optimization
problem of minimizing g(y). Then the exact value of 7y,
and g(yop:) are obtained. Subsequently, (27) gives the cor-
responding lower bound of the energy-delay tradeoff.

Another problem is drawn when we are not able to get
the expression of the link probability. In this situation, we
have to estimate the value of g(yop). According to (22),
when P, is fixed, g()op¢) is obtained by minimizing the value
of DDR. Meanwhile, we deduce that %’: = plx}hmp from (18).
Hence, the method of finding g(7op:) is searching the max-
imum value of pl - dp,,p. Based on the above analysis, we use
two nodes: between them one is assigned as transmitter
and the other is assigned as receiver. Then, the following
three steps are introduced to find g(yop):

e Set a transmission power, for example, 0 dB.

e Measure the value of pl - dx,,, for different distances and
try to find its maximum value, i.e., max (pl - dxop), and
recode the corresponding 7y.

e Calculate the value of g(7op:) through

(K>P,)?

&(Vop) = max(pl - dpop) >

So far, the value g(7,p,) can be obtained in any condition,
and the lower bound of the energy-delay tradeoff is
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achieved on the basis of (27). The corresponding P,p; and
dop: are obtained by (25) and (26) respectively, while the
corresponding dg is obtained by (33).

4.3. Discussions

The energy-delay tradeoff curves reveal the relation-
ship between the transmission power, the transmission
delay and the total energy consumption:

(1) For smaller delays (fewer hops), more energy is
needed due to the high transmission power needed
to reach nodes located far away.

(2) An increased energy consumption is not only trig-
gered by communications with few hops but also
arises for communications with several hops where
the use of a reduced transmission power leads to
too many retransmissions, and consequently wastes
energy, too. Hence, the decrease of the transmission
power does not always guarantee a reduction of the
total energy consumption.

(3) For a given delay constraint, there is an optimal
transmission power that minimizes the total energy
consumption.

Another point that should be noted is the optimal link
probability plop in each channel. According to (42), (47)
and (52), we easily conclude that the optimal link probabil-
ity is independent of ddr in each channel, but depends on
the type and order of modulation, N, and o. When
N, > 100, the link probability in AWGN channel approxi-
mates to 1, which means reliable links are the optimal
links to minimize both EDRb and DDR. However, in Ray-
leigh fast fading and block fading channels, plop =-
Plopyr=71.65% when o =3, which clearly corresponds to
unreliable links. In conclusion, it is helpful to reduce en-
ergy consumption by making best use of unreliable links
in these two kinds of channels.

To explain the effect of unreliable links on energy effi-
ciency more distinctly, the comparison of energy-delay
tradeoff is provided in Fig. 6 under two conditions: opti-
mized link probability and fixed link probability. For the
fixed link probability, the BER is set to 107>, i.e,
pl=97.47% according to most of works such as [21]. These
figures show that, in Rayleigh fast fading and block fading
channels, the energy consumption is heavily reduced when
the link probability is optimized, i.e., ploy: = 71.65%. How-
ever, the energy consumption is almost the same for two
conditions in AWGN channels, which verifies our analysis
above and indicates the importance of the optimization
of link probabilities.

Though the lower bound of the energy-delay tradeoff is
derived in linear networks, it will be shown by simulations
in Section 5 that this bound is proper for 2-dimensional
Poisson distributed networks also.

5. Simulations

The purpose of this section is to verify the theoretical
analysis of the lower bounds of the energy-delay tradeoff

and the energy efficiency in a 2-dimensional Poisson dis-
tributed network by simulations, although these theoreti-
cal results are obtained in a linear network.

5.1. Simulation setup

In the simulations, the lower bounds on the energy-de-
lay tradeoff and on EDRb are evaluated in an area .7 of sur-
face S., = 100 x 1200m? using the simulator Wsnet [22].
The nodes are uniquely deployed according to a Poisson
distribution (58).

All the other simulation parameters concerning a node
are listed in Table 1. The distance between the source node
and the destination node is 1000 m. The source node trans-
mits only one DATA packet of 320 bytes to the destination
with BPSK modulation. Relay nodes adopt decode and for-
ward transmission mode and will immediately transmit
ACK packet of 26 bytes to the transmitter when receiving
the DATA packet correctly. For every hop, the transmitter
will retransmit the DATA packet until it is received by
the next relay node, that is to say, there is no retransmis-
sion limit in order to ensure the reliability. A simulation
will be repeated for 2000 times in each different
configuration.

The network model used in the simulations assumes
the following statements:

e The network is geographical-aware, i.e.,, each node
knows the position of itself and all the neighbor nodes
in the simulation network.

e Each node in the simulation network has the same fixed
transmission power.

e The nodes sleep when they are not the relay nodes
based on a perfect duty cycle scheduling algorithm in
order to avoid energy consumption by overhearing.

5.2. Simulations of the energy-delay tradeoff

To verify the lower bound of the energy-delay tradeoff,
two routing schemes are used in the simulations: greedy
routing [23] and PRR x distance routing [13], and 802.11
DCF protocol is adopted for MAC layer.

The original greedy routing protocol provides a poor
performance on energy efficiency and delay [13], so the
optimal transmission distance is employed as the maxi-
mum transmission distance of every hop. In addition, in
this scope the node closest to the destination node is se-
lected as relay node.

The main idea of PRR x distance routing protocol is
that a source node measures the link probability for each
neighbor node using Packet Reception Ratio (PRR). Then,
the source node calculates the metric PRR x d of each
node, where d is the distance between the source and
its neighbor. Finally, the source selects the node with
the maximum value of PRR x d among all its neighbors
in the direction of the destination node. In the simula-
tions, the PRR is computed according to (15) for
Rayleigh block fading channel and (13) for AWGN
channel.

In the 802.11 DCF protocol, we set the Request to Send
(RTS) threshold bigger than the length of DATA packet, i.e.,
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Fig. 6. Effect of optimal link probability on the energy-delay tradeoff in different channels.
RTS and CTS will not be sent before the transmission of (2) The optimal physical configuration is important to
DATA packet because there is no collision due to the low achieve the best network performance.
traffic. When the node density is reduced, theoretical and
Figs. 7 and 8 provide the simulation results with differ- simulation based curves for the lower bound of the
ent node densities in the simulation area compared with energy-delay tradeoff diverge. In that case, the
the theoretical lower bound of the energy delay tradeoff source node can not find a relay node in the optimal
in an AWGN channel and a Rayleigh block fading channel transmission range and has to search for a further or
respectively. These results show that: closer relay node, which increases both the energy
consumption and the delay.
(1) The theoretical lower bound on EDRb is adequate for a (3) Unreliable links play an important role for energy sav-
2-D Poisson network although its derivation is based on ings in Rayleigh block fading channels.
a linear network. In simulations, the mean link probability is 64% for
With the increase of the node density, the simula- PRR x distance routing and 73% for greedy routing
tion result is approaching the theoretical lower protocols respectively. Hence, unreliable links also
bound because relay nodes selected by the routing contribute to reach the lower bound on energy-
scheme are more and more near the optimal trans- delay tradeoff (as presented in Section 3).
mission distance of each hop when the node density
increases. We can deduce that the lower bound can 5.3. Simulations of the lower bound of EDRD
be reached when the node density is big enough.
Hence, we can conclude that the theoretical lower The simulations regarding the lower bound of EDRD are
bound of energy-delay tradeoff is suited to Poisson also implemented in AWGN and Rayleigh block fading

networks. channels. The lowest point of each curve in Figs. 7 and 8
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corresponds to the most energy efficient point, which re-
veals that the increase of node density is helpful to let
the network performance on energy efficiency achieve
the theoretical lower bound.

In Fig. 9, simulation results are given for different trans-
mission distances between the source and the destination
nodes. Here 400 nodes are deployed in the simulation area.
These results indicate that the theoretical lower bound on
the energy efficiency EDRD is valid for a Poisson network
though its derivation is based on a linear network.

6. Applications of the lower bound of the energy-delay
tradeoff

The closed-form expression of the lower bound of the
energy-delay tradeoff is obtained in Section 3 and is veri-
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Fig. 9. Lower bound of EDRb in different channels for a 400 nodes
network.

fied in Section 5 by simulations. In this section, we will ex-
plain how to use these results to optimize the parameters
in a network.

During the planning phase of a WSN, the first job is to
select the hardware platform of nodes to satisfy the perfor-
mances of a network and other constraints such as the
budget. For example, if there are two kinds of hardware,
the performance of both kinds of nodes can be directly
evaluated using the energy-delay framework proposed in
the previous section. These results provide a reference for
the hardware selection.

Another important work in the planning phase is to
optimize the physical parameters. These parameters in-
clude not only node parameters such as the transmission
rate, the type and order of modulation, the choice of coding
scheme and so on, but also the network parameters such as
the node density and protocol parameters such as the
number of bits in a data packet and in an ACK packet. we
notice that the closed-form expression of the lower bound
of the energy-delay tradeoff, (27), includes all parameters
of the physical, MAC and routing layers. Therefore, (27)
provides a cross-layer framework to both evaluate the en-
ergy-delay performance and optimize these parameters.
This framework can be used in the following applications:

(1) Performance evaluation: During the design or the
planning phase of a network, these results about
the performance evaluation provide the basis for
the choice of sensor nodes and for the choice of rout-
ing and MAC layer protocols.

(2) Benchmark of performance: Regarding the design of a
protocol, the best performance of a network
obtained by this framework can act as the bench-
mark performance in order to measure the perfor-
mance of a protocol and to adjust its parameters.

(3) Parameter optimization: We can optimize parameters
such as the transmission power according to the
request of performance of a network on the basis
of the framework.
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In this section, we focus on how to optimize these
parameters using this framework. The effect of parameters
including physical layer and protocol layer on both EDRb,
and mﬂpf is analyzed. We assume that the transmission
power P, is given. For all the results provided hereafter,
the values of physical parameters that are not analyzed
are given in Table 1.

6.1. Physical layer parameters

Firstly, on the basis of (21) and (22), the effects of the
coding scheme, the modulation order and the transmit rate
on the lower bound of the energy-delay tradeoff are
studied.

6.1.1. Channel coding

Because Rcoge < 1 and {E¢,K1,Dnop} o 1/Rcoge, introduc-
ing a coding scheme results in the increase of these param-
eters. However, coding can reduce the probability of bit or
block error and brings the decrease of g(yop). To show the
tradeoff of these two contrary effects on EDRb,, and
DDR,,r, Hamming code (7,4) is used as an example in three
kinds of channels.

The results in Fig. 10 indicate that this kind of coding is
efficient only in fast fading channel, i.e., code words are
spread over different channel states. It even introduces
more energy expenditure in AWGN and Rayleigh block fad-
ing channels. Therefore, it is the type of channel that deci-
des if a coding scheme should be used.

6.1.2. Transmission rate R
In order to investigate the effect of R; on EDRb and DDR,
we first look for their derivatives with respect to Rs:

OEDRb 1 _
S
ODDR 1 1
DOR (&* 1)R§ 2 Coper (55)
S
where
C _ (4n)§g(}yopr)(Ferlec +PerIec +Prﬂamp)<l + Tack)(l + T’!Bﬂd) GmntGmntPt/12 *
E-Rs = b-Reoe LNy ’
c B (47I)£<N|, + Nhead)(l + Tnck)g(}'om) Gtaanraant;~2 *
DR b-Reode LN, '

It is clear that Cg_gs>0 and Cp_gs> 0 and easily deduced

that ‘7@ <0, % < 0. Thus, EDRb and DDR are monotonic
decreasing functions with respect to R;. The results in
Fig. 11 in the three kinds of channel verify this analysis.
Hence, according to this conclusion, the maximum trans-

mit rate that a node can reach should be used in order to

minimize both EDRb and DDR at the price of the increase
of the transmission bandwidth.

6.1.3. Modulation
In order to achieve the optimal order of modulation,

bopt, We solve 2R — 0 and 2DDK — 0, then obtain:

bop[ _ /g(yopr)/ _ o- yopr ) pl(yopt) i ] (56)
8 (Vope)Vopt - Vope(PL(Vope) — % Vopt * PI (Vope))
According to (42), (47) and (52), pl(7op) in the three kinds
of channels approximate constant, namely, pl'(yop) = 0.
Thus,
Do ~ VBt (57)
'yopt

On the basis of (57) and 7y, in different channels, we
can see that the optimal modulation order is related with
only two parameters: o and N,. In Fig. 12, the numerical re-
sults of by, are shown for the cases of different Nj, and o.
One should notice that the numerical results in Fig. 12
indicate that the effect of N, on b, can be neglected. For
example, whatever N,, the optimal modulation is 16QAM
and 64QAM respectively for =2 and « =3 in a Rayleigh
block fading channel. Therefore, the channel path-loss
exponent « is the unique factor that has the impact on
the optimal order of modulation. Furthermore, we notice
that the order of modulation increases with respect to o.
Finally, we can conclude that the optimal modulation is
obtained when the path-loss exponent and the type of
channel are known.

6.1.4. Optimal transmission power

According to the analysis in Section 3, we know that
there exists an optimal transmission power (25), when a
delay constraint ddr is set. When there is no delay request,
Py, obtained by (32), is the optimal transmission power to
minimize the total energy consumption. Moreover, Py pro-
vides a threshold of transmission power under which a
node will be running in an inefficient state as described
in Section 3. Therefore, the transmission power of each
node in a network should not be configured smaller than
Po.

6.2. Protocol layer parameters

6.2.1. Number of bits in an ACK packet N and in a header
Nhead

Because {Ki,Ec,Dnop} o< {Nack,Nhead},it is easily de-
duced that the increase of N and Njeqq leads to the incre-
ment of total EDRb,,, and DDR,y as shown in Fig. 13.
Therefore, removing the ACK packet and the packet header
could represent a good solution in the viewpoint of energy
saving. However, due to the unreliability of wireless links
as described in Section 1, a lot of protocols adopt an ACK
packet as a feedback mechanism. However A packet header
is mandatory for packet synchronization. Consequently,
Nack and Npeqq should be reduced as less as possible.

6.2.2. Number of bits in a data packet N,

Since {E;, K1} o 1/Np,the increase of N, diminishes E.
and Kj, but enlarges g(yop). Thus, these two contrary ef-
fects on EDRb,,; bring on an optimal number of bits. The re-
sults in Fig. 13 validate our analysis in three kinds of
channels. Meanwhile, the results in these figures indicate
that the increase of Ny and Njeqq leads to the increase of
the optimal N. For instance, in a Rayleigh block fading
channel, Npop=300bytes when Ny =13bytes and
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Nhpeaa = 2 bytes, while Npop, =650 bytes when N =28 -

bytes and Npeqq = 2 bytes.

1400

1317

In addition, when there is no ACK packet and packet
header, N, should be as small as possible. However, as
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mentioned above, an ACK packet and a packet header are
necessary for most of cases, thus, we focus on the results
with Ngek and Npeqq. It should be noticed that the difference
of corresponding EDRb,,; between Np,p: and non-optimal
Ny is very small especially in AWGN channels and Rayleigh
block fading channels, so that the optimization of Nj, can be
neglected.

Meanwhile, under a ddr constraint, the simultaneous
increase of N, leads to the increase of doy, and P,y in the
three kinds of channels mentioned, according to (40),
(45), (50), (39), (44) and (49). This means a long-hop trans-
mission should be used, which is helpful to reduce the
node density of a network. Consequently, N, can be big
properly in order to diminish the cost of a network.

6.2.3. Delay from MAC protocol Tqyeye

According to (18), the increase of Tgyeue Will lead to the
increment of Dy,p. It can be deduced that the transmission
power should be increased to satisfy the same delay con-
straint on the basis of (27) and EDRb will be increased.
The numerical results in Fig. 14 verify the above analysis.
This conclusion shows that the process leading to the
increase of Tguene, such as RTS and CTS should be
reduced or removed, to improve the energy efficiency of
a network.

Besides the above parameters, the effect of the other
parameters such as the strength of fading of a channel or
the integration of several parameters can be also analyzed
according to the different applications because this frame-
work includes each physical parameter.

6.3. Minimum node density

The node density of a network is tightly related with its
total cost. A too high node density not only leads to high
cost, but also brings an increase of idle energy which is
not considered here. However, a too low node density re-
sults to more transmission energy consumption because
the distance between two nodes is too long. In this subsec-
tion, we discuss how to config the node density according
to dop: under a delay constraint ddr, or d, for the delay-tol-
erant applications.

Here, we assume a Poisson distributed network accord-
ing to:

n
P(n nodes in Sy) = %e*ﬂ% (58)

where Sy is the surface of area A and p is the node density.
The relationship between the node density and the ex-

pected distance between two nearest nodes, d, is provided
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Fig. 13. Effect of N, on the optimal EDRb and DDR.

in [24] in a 2-dimension Poisson distribution network as
follows:

- V.
2./p®’

where @ is the central angle of a circle sector whose center
point is a node. According to the previous analysis, we
should let d < dp or d < dy in order to minimize the en-
ergy consumption, so that we have:

(59)

p = -

> 60
40 {dy or do}’ (60)

Finally, on the basis of (60), the minimum node density
is obtained to improve the energy efficiency and deduce
the transmission latency in a network.

In [25] and [26], the mean distance between two nodes
are presented for Manhattan, hypercubes, and shufflenets
networks. Using the similar method, the minimum node
density can be deduced in these kinds of networks.

6.4. Process of parameters optimization

Integrating the above analysis results, the process of
parameter optimization is explained in detail as the fol-
lowing steps:

_3 Mean EDRbvs T in different channels
x 10 queue

—e— AWGN
—&— Block fading
—&— fast fading

-
o

mean EDRb (mJ/bit/m)

(ms)

T
queue

Fig. 14. Effect of Tgyeye On the energy-delay tradeoff in different channels.

(1) The physical parameters of a node should be
obtained and E,, K; and K; are calculated according
to these parameters. Meanwhile, Npeqq, Nk and ddr
are obtained according to the protocol using in a
network.
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(2) Rs is decided according to the maximum limit value
of transmission rate of a node.

(3) Select the corresponding N, according to the
application.

(4) The coding scheme is selected according to the type
of channel.

(5) The order of modulation is optimized using a search-
ing method based on the framework (27).

(6) Calculate the optimal transmission power Poy
according to (25).

(7) Calculate the optimal transmission distance d,p; and
minimal node density p on the basis of (26) and (60)
respectively.

7. Conclusions

In this paper, using a realistic unreliable link model, we
explored the lower bound of the energy-delay tradeoff and
the energy efficiency in AWGN, Rayleigh fast fading and
Rayleigh block fading channels. Firstly, we introduced a
metric for energy efficiency, EDRb and a metric DDR for
mean delay, which are combined with the unreliable link
model. EDRb reveals the relation between the energy con-
sumption of a node and the transmission distance which
can contribute to determine an optimal route at the rout-
ing layer. By optimizing EDRb and DDR, a closed-form
expression of the lower bound of energy-delay tradeoff is
obtained for these three kinds of channel. Theoretical anal-
ysis and simulation results showed that unreliable links in
the transmission contribute to improve the energy effi-
ciency of the system under delay constraints, especially
for Rayleigh fast fading and Rayleigh block fading channels.
Meanwhile, simulations in a 2-dimension Poisson network
are provided to verify the theoretical results about the low-
er bounds of the energy-delay tradeoff and the energy
efficiency.

Furthermore, the applications of the lower bound of the
energy-delay tradeoff were presented. A parameter opti-
mization process is proposed to adjust the parameters
from both physical and protocol layers for applications
with or without delay constraint.

References

[1] K. Jaffres-Runser, J.M. Gorce, S. Ubeda, Multiobjective qos-oriented
planning for indoor wireless lans, in: Proceedings of the 64th
IEEE Vehicular Technology Conference (VTC'06-Fall), 2006, pp.
1-5.

[2] M. Haenggi, On routing in random rayleigh fading networks,
IEEE Transactions on Wireless Communications 4 (4) (2005) 1553-
1562.

[3] M. Haenggi, D. Puccinelli, Routing in ad hoc networks: a case for long
hops, IEEE Communications Magazine 43 (10) (2005) 93-101.

[4] P. Chen, B. O'Dea, E. Callaway, Energy efficient system design with
optimum transmission range for wireless ad hoc networks, in:
Proceedings of IEEE International Conference on Communications
(ICC’02), vol. 2, 2002, pp. 945-952.

[5] J.L. Gao, Analysis of Energy Consumption for Ad Hoc Wireless Sensor
Networks Using a Bit-meter-per-joule Metric, Jet Propulsion
Laboratory, California Institute of Technology, Tech. Rep. 42-150,
2002.

[6] J. Deng, Y.S. Han, P.N. Chen, P.K. Varshney, Optimal transmission
range for wireless ad hoc networks based on energy efficiency, IEEE
Transactions on Communications 55 (7) (2007) 1439.

[7] S. Cui, R. Madan, AJ. Goldsmith, S. Lall, Cross-layer energy and delay
optimization in small-scale sensor networks, IEEE Transactions on
Wireless Communications 6 (10) (2007) 3688-3699.

[8] D. Ganesan, B. Krishnamachari, A. Woo, D. Culler, D. Estrin, S.
Wicker, Complex Behavior at Scale: An Experimental Study of Low-
power Wireless Sensor Networks, UCLA, Tech. Rep. CS TR 02-0013,
2003.

[9] A. Woo, D.E. Culler, Evaluation of Efficient Link Reliability Estimators
for Low-power Wireless Networks, Computer Science Division,
University of California, Tech. Rep., 2003.

[10] J. Zhao, R. Govindan, Understanding packet delivery performance in
dense wireless networks, in: Proceedings of the 1st International
Conference on Embedded Networked Sensor Systems, ACM Press,
Los Angeles, California, USA, 2003, pp. 1-13.

[11] M.Z. Zamalloa, K. Bhaskar, An analysis of unreliability and
asymmetry in low-power wireless links, ACM Transactions on
Sensor Networks 3 (2) (2007) 7.

[12] J.-M. Gorce, R. Zhang, H. Parvery, Impact of radio link unreliability on
the connectivity of wireless sensor networks, EURASIP Journal on
Wireless Communications and Networking (2007) 1-15 (Article ID
19196).

[13] S. Karim, Z. Marco, H. Ahmed, K. Bhaskar, Energy-efficient
forwarding strategies for geographic routing in lossy wireless
sensor networks, in: Proceedings of The 2nd International
Conference on Embedded Networked Sensor Systems, Baltimore,
MD, USA, ACM, 2004, pp. 108-121.

[14] R. Zhang, ].-M. Gorce, O. Berder, O. Sentieys, Lower bound of energy-
latency tradeoff of opportunistic routing in multihop networks,
EURASIP Journal on Wireless Communications and Networking
(2011) (Article ID 265083).

[15] H. Karl, A. Willig, Protocols and Architectures for Wireless Sensor
Networks, John Wiley and Sons, 2005.

[16] Micaz Datasheet. <www.xbow.com>.

[17] R. Zhang, J.M. Gorce, K. Jaffrés-Runser, Energy-delay Bounds
Analysis in Wireless Multi-hop Networks with Unreliable Radio
Links, ARES/ INRIA, Tech. Rep. 6598, 2008.

[18] M. Haenggi, The impact of power amplifier characteristics on routing
in random wireless networks, in: Proceedings of IEEE Global
Telecommunications Conference (GLOBECOM'03), vol. 1, 2003, pp.
513-517.

[19] R. Corless, G. Gonnet, D. Hare, D. Jeffrey, D. Knuth, On the Lambert W
function, Advances in Computational Mathematics 5 (1) (1996) 329-
359.

[20] A.Ravindran, K.M. Ragsdell, G.V. Reklaitis, Engineering Optimization,
second ed., Wiley, 2006.

[21] S. Cui, R. Madan, A. Goldsmith, S. Lall, Joint routing, MAC, and link
layer optimization in sensor networks with energy constraints, in:
Proceedings of IEEE International Conference on Communications
(ICC’05), vol. 2, 2005, pp. 725-729.

[22] <http://wsnet.gforge.inria.fr/>.

[23] G.G. Finn, Routing and Addressing Problems in Large Metropolitan-
scale Internetworks, University of Southern California, Marina del
Rey. Information Sciences Inst., Tech. Rep., 1987.

[24] M. Haenggi, On distances in uniformly random networks,
IEEE Transactions on Information Theory 51 (10) (2005) 3584-3586.

[25] LE. Miller, Distribution of link distances in a wireless network,
Journal of Research of the National Institute of Standards and
Technology 106 (2001) 401-412.

[26] C. Rose, Mean internodal distance in regular and random multihop
networks, IEEE Transactions on Communications 40 (8) (1992)
1310-1318.

Ruifeng Zhang received the B.S. degree in
Electronics Engineering from Taiyuan Uni-
versity of Science and Technology, China, in
1999, and the M.S. degree in Electronics
Engineering from Shanghai University, China,
in 2003, and the Ph.D. degree in Information
from Institue National des sciences appliquées
(INSA) de Lyon, France, in 2009. His research
interests include wireless communications,
cooperative opportunistic communications,
wireless sensor networks and multiple-
antenna wireless communication systems and
networks.


http://www.xbow.com
http://wsnet.gforge.inria.fr/

R. Zhang et al./Ad Hoc Networks 10 (2012) 1306-1321 1321

Olivier Berder received the B.S. M.S. and
Ph.D. degrees in electrical engineering from
the University of Bretagne Occidentale, Brest,
in 1998, 1999, and 2002, respectively. From
2002 to 2004 he was with the Laboratory for
Electronics and Telecommunication Systems
(LEST-UMR CNRS 6165), Brest. From October
2004 to February 2005 he was with the
Speech and Sound Technologies and Processes
Laboratory in FT R&D, Lannion, France. In
March 2005 he joined ENSSAT Lannion at the
University of Rennes 1 where is currently an
Assistant Professor, and the laboratory IRISA in Rennes. His research
interests focus on multiantenna systems and cooperative techniques for
mobile communications and wireless sensor networks.

Jean-Marie Gorce received the Dipl. Ing.
(M.Sc.) degree in electrical engineering (1993)
and the Ph.D. degree (1998) from INSA Lyon.
He joined the Telecommunications Depart-
ment at INSA Lyon in 1998. Since 2001 he is
also a member of INRIA. From 2009 He is
leading the team Swing (Smart Wireless Net-
working). He is the Director of CITI (Centre for
Innovation in Telecommunications and Inte-
gration of Services). His main research fields
concern wireless communications focusing on
realistic modeling, wireless system optimiza-
tion and performance assessment considering both infrastructure-based
and ad hoc networks. He has published over 80 refereed journal and

conference papers (e.g., IEEE Ant & Propag, IEEE TWC, IEEE Wireless Com,
IEEE Com. Lett., etc). He serves as an evaluator for several projects for the
French national research agency (ANR), and other international organi-
zations like EPSRC (Engineering and Physical Science Research Council).
He was TPC member of various conferences (PIMRC 2008, VTC 2008,
2009). He is an Associate Editor of Telecommunication Systems
(Springer).

Olivier Sentieys joined University of Rennes
(ENSSAT) and IRISA Laboratory, France, as a
full Professor of Electronics Engineering, in
2002. He is leading the CAIRN Research Team
common to INRIA Institute (national institute
for research in computer science and control)
and IRISA Lab. (research institute in computer
science and random systems). His research
activities are in the two complementary fields
of embedded systems and signal processing.
Roughly, he works firstly on the definition of
new system-on-chip architectures, especially
the paradigm of reconfigurable systems, and their associated CAD tools,
and secondly on some aspects of signal processing like finite arithmetic
effects and cooperation in mobile systems. He is the author or coauthor of
more than 150 journal publications or peer-reviewed conference papers
and holds five patents.



	Energy–delay tradeoff in wireless multihop networks with unreliable links
	1 Introduction
	2 Models and metrics
	2.1 Energy consumption model
	2.2 Realistic unreliable link model
	2.3 Reliable transmission
	2.4 Mean energy distance ratio per bit ( ? )
	2.5 Mean Delay Distance Ratio ( ? )

	3 Energy–delay tradeoff of one-hop transmissions
	3.1 Pareto front of energy–delay tradeoff
	3.2 Minimal energy point
	3.2.1 Energy-optimal transmission power P0
	3.2.2 Energy-optimal transmission range d0


	4 Energy–delay tradeoff of multihop transmissions
	4.1 On the optimality of a uniform repartition
	4.2 Pareto front of the energy–delay tradeoff in specific channels
	4.2.1 AWGN
	4.2.2 Rayleigh block fading
	4.2.3 Rayleigh fast fading
	4.2.4 Other scenarios

	4.3 Discussions

	5 Simulations
	5.1 Simulation setup
	5.2 Simulations of the energy–delay tradeoff
	5.3 Simulations of the lower bound of ? 

	6 Applications of the lower bound of the energy–delay tradeoff
	6.1 Physical layer parameters
	6.1.1 Channel coding
	6.1.2 Transmission rate Rs
	6.1.3 Modulation
	6.1.4 Optimal transmission power

	6.2 Protocol layer parameters
	6.2.1 Number of bits in an ACK packet Nack and in a header Nhead
	6.2.2 Number of bits in a data packet Nb
	6.2.3 Delay from MAC protocol Tqueue

	6.3 Minimum node density
	6.4 Process of parameters optimization

	7 Conclusions
	References


