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Abstract—Energy efficiency is one of the most critical pa-
rameters in ultra-wideband (UWB) based wireless body area
networks (WBANs). In this paper, the energy efficiency opti-
mization problem is investigated for cooperative transmission
with a single relay in UWB based WBANs. Two practical on-
body transmission scenarios are taken into account, namely,
along-torso scenario and around-torso scenario. With a proposed
single-relay WBAN model, a joint optimal scheme for the energy
efficiency optimization is developed, which not only derives
the optimal power allocation but also seeks the corresponding
optimal relay location for each scenario. Simulation results show
that the utilization of a relay node is necessary for the energy
efficient transmission in particular for the around-torso scenario
and the relay location is an important parameter. With the joint
optimal relay location and power allocation, the proposed scheme
is able to achieve up to 30 times improvement compared to direct
transmission in terms of the energy efficiency when the battery
of the sensor node is very limited, which indicates that it is an
effective way to prolong the network lifetime in WBANs.

I. INTRODUCTION

Wireless body area network (WBAN) is a promising tech-

nology that can improve healthcare quality with lightweight

sensors on or in the human body [1]. Ultra-wideband (UWB)

technology has great potential for applications in WBAN,

owing to its simple electronics and low power consumption.

In UWB based WBANs, power resource for sensor nodes is

very limited due to stringent constrains in size and weight,

and in most cases batteries are not rechargeable. Therefore,

to maximize the lifetime of WBANs, one of the key issues

in WBANs is energy efficiency. On the other hand, relay

assisted cooperative communication has drawn much attention

in wireless sensor networks (WSNs) which can improve the

energy efficiency effectively [2]–[4].

Unlike WSNs, UWB based WBANs consist of some u-

nique properties, e.g., analog transmission, distinct channel

characteristics and limited network size. It is inadequate to

apply existing techniques on the energy efficiency in WSNs

to WBANs directly. Thus, the energy efficiency problem in

UWB based WBANs is still an open issue. Some studies have

been conducted in the relay assisted WBANs regarding the

energy efficiency [5]–[8]. In [5] and [6], the optimal power

allocation with the constraint of target outage probability was

studied to minimize the average power consumption for on-

body transmissions. Both works demonstrate that cooperative

communication can improve the energy efficiency in WBANs.

However, the impact of the relay location is not consid-

ered. In [7], relay nodes are utilized to minimize the power

consumption while providing the necessary reliability for in-

body transmissions. In [8], topology design in WBANs was

investigated to increase the network lifetime. Both works have

shown that the relay location is an influential parameter for

system performance in WBANs. In fact, the signal strength

is mostly affected by the physical location of the nodes in

relation to each other as well as the human body in WBANs.

Therefore, deploying relay node optimally in terms of the

optimal location in WBANs is essential.

Based on this motivation, we extensively evaluate the energy

efficiency in single-relay assisted UWB based WBANs by

considering the joint optimal relay location (RL) and pow-

er allocation (PA). In this paper, two on-body cooperative

transmission scenarios are investigated, namely, along-torso

scenario and around-torso scenario. To achieve the maximum

energy efficiency for each scenario, a relay-location based

network model is proposed first, and then a joint optimal

scheme is developed to seek the relay with the optimal loca-

tion, together with the corresponding optimal power allocation.

The implementation of the proposed scheme is highlighted

afterward. Simulation results show that the relay location has

a notable impact on the energy efficiency. With the joint

optimal relay location and power allocation, the proposed

scheme outperforms other single-relay transmission schemes.

Moreover, up to 30 times improvement on the energy effi-

ciency can be achieved compared to direct transmission in

particular for the around-torso scenario when the battery of the

sensor node is very limited, which indicates that the proposed

scheme is able to prolong the network lifetime and extend the

transmission range in WBANs significantly. In practice, the

proposed scheme can provide an insight into the design of

healthcare applications with respect to the proper placement

of the relay node along with the optimal transmit power level

in WBANs.

II. SYSTEM AND CHANNEL MODELS

A. System Scenarios

In this paper, we consider a WBAN which is composed

of three types of nodes: one wearable sensor node, one
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body network coordinator, and one relay node. The sensor

node is used to monitor the physiological states of a person

periodically, e.g., measuring the body temperature, heartbeat or

recording body activities, and it is connected to the coordinator

directly or through the relay node. Normally, the coordinator

is a personal digital assistant (PDA) attached on the human

body. Note that the type and position of the sensor node in a

WBAN depend on the requirement of patient.

In this work, a single-relay cooperative transmission is

considered in UWB based WBANs, in which a relay node R is

employed to assist a sensor node S (Source) to communicate

with the coordinator D (Destination). We herein study a typi-

cal two-phase amplify and forward (AF) cooperative protocol.

It consists of two time slots with equal duration, in which S
broadcasts its signal to D and R during the first time slot, and

in the second time slot, R forwards its received signal to D.

We assume that S and R are both on-body nodes and they

are always located on the same side of the human body. For

the on-body cooperative transmission, two practical scenarios

are investigated, namely, along-torso scenario and around-torso

scenario. In the along-torso scenario, the condition that S and

D are on the same side of the human body is applied, while

the condition that S and D are on the different sides of the

human body is applied in the around-torso scenario.
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Fig. 1. Proposed cooperative model for WBANs.

In Fig. 1, a relay-location based cooperative model is

proposed. As shown in this figure, the around-torso scenario

is considered. Without loss of generality, we assume that D
is located on the front side of the human body (Surface1) and

S and R are located on the back side of the human body

(Surface2). The distance between these two surfaces is dr
(dr ≥ 0). dSD, dSR, and dRD denote the distances from S to

D, S to R and R to D, respectively. We denote the projection

of D on Surface2 by point P and point T is located in the

middle between P and S. To represent the location of R, we

construct a xy-plane on Surface2, where S is set to be the

origin point and the x-axis is along P to S. With a given

coordinates {xr, yr} for R, we have

dSR(xr, yr) =
√

x2
r + y2r , (1)

and

dRD(xr , yr) =
√

(xr + dSD sin θ)2 + y2r + d2r, (2)

where θ = arccos(dr/dSD).
It is noted that the equivalent cooperative model will be

simplified to the one for the along-torso scenario when dr = 0.

In this case, D is located on the same surface with S. Thus, we

can consider the along-torso scenario as a special case in the

around-torso scenario. In the sequel, we focus on the energy

efficiency optimization problem in the around-torso scenario

and only detail the solution of the considered problem for the

around-torso scenario.

B. Channel Models

Accordingly, two types of channel models are considered

in UWB based WBANs for on-body cooperative transmission,

namely, along-torso channel model and around-torso channel

model. Since signals are transmitted over the along-torso

channel for the S-R link and over the around-torso channels

for the other two links, both channel models are used in

the around-torso scenario. Table I summarizes corresponding

parameters for path loss models [9].

TABLE I
UWB BASED WBAN PATH LOSS MODELS FOR ON-BODY

along-torso channel PLdB
0 (d) = L0 + 10n0 log10(

d
do

)

L0 [dB] 44.6

n0 3.1

d0[m] 0.1

around-torso model PLdB
1 (d) = L1 + 10n1 log10(

d
d1

)

L1 [dB] 48.4

n1 5.9

d1[m] 0.1

From the path loss models defined in the log scale, the path

losses in the linear scale from S to D, S to R, and R to D
in the around-torso scenario can be obtained as,

PLSD(dSD) = 10PLdB
1

(dSD)/10 = M1d
n1

SD,

PLSR(dSR) = 10PLdB
0

(dSR)/10 = M0d
n0

SR,

and

PLRD(dRD) = 10PLdB
1

(dRD)/10 = M1d
n1

RD,

respectively. M0 = (1/d0)
n010L0/10 and M1 =

(1/d1)
n110L1/10 are constant.

For all the links considered, the energy-normalized channel

impulse response (CIR) can be written as

hk(t) =

Lk−1∑

l=0

αl,kδ(t− τl,k),

where k ∈ {SD, SR,RD} denotes the links from S to D, S
to R and R to D respectively. Lk is the number of multipaths,

τl,k is the delay of the lth path, and αl,k is the gain of the lth
path. Since real signals are employed in UWB systems, each

path gain is real also. Further detail on the delay profile for

along-torso and around-torso links can be found in [9].
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C. Energy Efficiency of Direct Transmission

Without loss of generality, we present the IR-UWB signal

transmission with pulse-amplitude modulation (PAM). When

data is modulated, pulse shaped and transmitted repeatedly

over Nf consecutive frames at S, the received signal at D is

given by

rSD(t) =b

√

Ps

PLSD(dSD)

Nf−1
∑

j=0

gSD(t− jTf)

+ nSD(t), b = ±1 (3)

where b is the transmitted symbol and Ps is the transmit power

of S and the value of Ps depends on the battery power limit

of S. In this paper, we assume that Ps ≤ Pmax, where Pmax

is the maximum transmit power for each transmit node, which

is constrained by Federal Communications Commission (FCC)

power spectral density (PSD) emission limit for UWB signals.

gSD(t) = ω(t) ∗ hSD(t) =

LSD−1∑

l=0

αl,SDω(t− τl,SD), (4)

where ∗ represents convolution. ω(t) denotes the ultrashort

pulse waveform with Tw duration, which has the unit energy
∫ Tf

t=0 ω
2(t)dt = 1. Tf is the duration of frame and it is set to

be large enough to avoid the inter-symbol interference (ISI).

nSD(t) is the additive white Gaussian noise (AWGN) with

zero mean and variance σ2
n.

At D, a received pulse waveform matched filter is em-

ployed. After summing up all the outputs over Nf frames,

the decision statistic b at D can be written as

bSD = bNf

√

Ps

PLSD(dSD)
ξ̄SD + n̂SD, (5)

where ξ̄SD is the captured multipath energy during Tf at D
in direct trasmission and n̂SD is a white Gaussan noise with

zero mean and variance Nf ξ̄SDσ2
n.

With (5), the spectral efficiency (SE) for direct transmisison

can be given by

CSD =
1

Nf
log2(1 + γSD), (6)

where γSD =
NfPsξ̄SD

PLSD(dSD)σ2
n

is the received signal to noise

ratio (SNR).

In this paper, we define the energy efficiency as the ratio of

the SE over the total power dissipation (unit:bits/Joule/Hz).

Thus, the energy efficiency of direct transmission can be

written as

USD =
CSD

PSD
=

log2(1 + γSD)

Nf (εPs + Pct + Pcr)
, (7)

where

PSD = εPs + Pct + Pcr (8)

is the power dissipation per frame. ε is a constant which

accounts for the inefficiency of the power amplifier. Pct is

the power dissipation for transmitter circuit per frame and Pcr

is the power dissipation for receiver circuit per frame.

III. ENERGY EFFICIENCY OF COOPERATIVE

TRANSMISSION

A. Problem Formulation

Similar to D, R is also equipped with a matched filter. With

the considered AF cooperative protocol, the SE of the single-

relay cooperative transmission can be given by

CSRD =
1

2Nf
log2(1 + γ1 + γ2), (9)

where γ1 is the received SNR at D in the first time slot and

γ2 =
γSRγRD

γSR + γRD + 1
≈

γSRγRD

γSR + γRD
, (10)

is the received SNR at D in the second time slot. γSR and γRD

are the received SNRs for the links S-R and R-D, respectively.

In the around-torso scenario, the expressions of γ1, γSR and

γRD are given by

γ1 =
NfP1ξSD

PLSD(dSD)σ2
n

, (11)

γSR =
NfP1ξSR

PLSR(dSR)σ2
n

, (12)

γRD =
NfP2ξRD

PLRD(dRD)σ2
n

, (13)

where P1 and P2 are the transmit power at S and R,

respectively. In this paper, to make a fair comparison with

direct transmission, we assume that the total transmit power

resource in cooperative transmission is no more than that in

direct transmission, i.e., P1 + P2 ≤ Ps. ξSD , ξSR, and ξRD

are the captured multipath energy during Tf for the links S-D,

S-R, and R-D in cooperative transmission, respectively.

On the other hand, the average power dissipation per frame

in cooperative transmission can be written as

PSRD =
1

2
(ε(P1 + P2) + 2Pct + 3Pcr) . (14)

Using (9) and (14), the corresponding energy efficiency for

cooperative transmission can be expressed as

USRD =
CSRD

PSRD
=

log2 (1 + γ1 + γ2)

Nf (ε(P1 + P2) + 2Pct + 3Pcr)
, (15)

Substituting (1), (2), and (11)-(13) into (9), we have

USRD(xr, yr, P1, P2) =
CSRD(xr , yr, P1, P2)

PSRD(P1, P2)
, (16)

where

CSRD(xr, yr, P1, P2) =
1

2Nf
log2

(

1 +
NfP1ξSD

PLSD(dSD)σ2
n

︸ ︷︷ ︸

γ1(P1)

+
1

PLSR(dSR(xr,yr))σ2
n

NfP1ξSR
+

PLRD(dRD(xr,yr))σ2
n

NfP2ξRD
︸ ︷︷ ︸

γ2(xr,yr,P1,P2)

)

. (17)

3
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Obviously, USRD is the function of variables

{xr, yr, P1, P2}. To obtain the maximum USRD for

cooperative transmission, we must find the optimal set

{xo
r, y

o
r , P

o
1 , P

o
2 } that makes USRD(xr , yr, P1, P2) achieve

its maximum. Thus, the joint optimal RL and PA problem

for the energy efficiency optimization in the around-torso

scenario can be mathematically formulated as

maximize
xr,yr,P1,P2

USRD(xr , yr, P1, P2)

subject to C1 :

(

xr +
dSD sin θ

2

)2

+ y2r ≤

(
dSD sin θ

2

)2

,

C2 : xr ≤ δ,

C3 : P1 + P2 ≤ Ps,
(18)

where C1 is imposed to guarantee that R is only located in the

circle centered at T with radius dSD sin θ
2 . This special circle

for R is considered based on the fact that we can always find

a corresponding relay location within the circle which can

provide a better performance than those beyond the circle. C2

is imposed to guarantee that {xr = 0, yr = 0} has to be

beyond C1 since R cannot coincide with S, where |δ| is a

very small constant and we set −10−6 < δ < 0. With C1 and

C2, we have dSR, dRD < dSD.

B. Joint Optimal RL and PA

The problem in (18) is a nonlinear fractional program-

ming problem. Based on the Theorem in [10], for the con-

sidered nonlinear fractional programming problem in (18),

there exists an equivalent nonlinear parametric program-

ming problem with an objective function in subtractive for-

m, e.g. CSRD(xr , yr, P1, P2) − qoPSRD(P1, P2), and qo

can be achieved if and only if CSRD(xo
r , y

o
r , P

o
1 , P

o
2 ) −

qoPSRD(P o
1 , P

o
2 ) = 0, where qo and {xo

r, y
o
r , P

o
1 , P

o
2 } are the

maximum energy efficiency and the corresponding optimal RL

and PA set, respectively. Thus, with the transformed problem,

an iterative algorithm known as the Dinkelbach method [10]

can be proposed for solving the energy efficiency optimization

problem in (18) equivalently, which guarantees the conver-

gence to the optimal energy efficiency. Table II summarizes

the proposed iterative algorithm and for each iteration, the

problem in (19) with a given q need to be solved.

maximize
xr,yr,P1,P2

CSRD(xr, yr, P1, P2)− qPSRD(P1, P2)

subject to C1,C2,C3.
(19)

Since the problem in (19) is a strictly quasi-concave op-

timization problem, we can solve it by using the Lagrange

multiplier method with Karush-Kuhn-Tucker (KKT) condi-

tions [11]. The Lagrangian of (19) can be given by

L(xr , yr, P1, P2, µ1, µ2, µ3)

=CSRD(xr, yr, P1, P2)− qPSRD(P1, P2)− µ1(P1 + P2 − Ps)

− µ2

((

xr +
dSD sin θ

2

)2

+ y2r −

(
dSD sin θ

2

)2
)

− µ3(xr − δ), (20)

TABLE II
THE PROPOSED ITERATIVE ALGORITHM

Initialization:

1) Set the maximum number of iterations Lmax and maximum

tolerance η.
2) Set the iterative index k = 0 and the initial value of the

maximum energy efficiency q0 = 0.
Iterations:

WHILE k ≤ Lmax

Solve the optimization problem in (19) with the updated qk and

denote the optimal set {xk
r , y

k
r , P

k
1 , P k

2 };

IF CSRD(xk
r , y

k
r , P

k
1 , P k

2 )− qkPSRD(P k
1 , P k

2 ) < η THEN

BREAK;

ELSE

Set qk+1 =
CSRD(xk

r ,y
k
r ,Pk

1
,Pk

2
)

PSRD(Pk
1
,Pk

2
)

and k = k + 1;

END IF

END WHILE

Output:

RETURN {xo
r, y

o
r , P

o
1 , P

o
2 } = {xk

r , y
k
r , P

k
1 , P k

2 }

and qo =
CSRD(xo

r ,y
o
r ,P

o
1
,Po

2
)

PSRD(Po
1
,Po

2
)

.

% {xo
r , y

o
r , P

o
1 , P

o
2 } is the solution in the problem (18).

where µ1, µ2, µ3 ≥ 0 are the Lagrange multipliers connected

to C1-C3. We define {x̃r, ỹr, P̃1, P̃2} as the solution of the

problem (19). Considering the KKT conditions and taking the

stationarity condition of each variable, we can prove that µ2 =
µ3 = 0 and the solution {x̃r, ỹr, P̃1, P̃2} meets (21)-(24) with

a given q, e.g.,

ỹr = 0, (21)

x̃rn0M0P̃2ξRD

n1M1P̃1ξSR

A1(x̃r, 0) + (x̃r + dSD sin θ)A2(x̃r , 0) = 0,

(22)

A3 +
ξSRξRDA4(x̃r, 0)P̃

2
2

(P̃2A4(x̃r , 0) + P̃1A5(x̃r, 0))2

=
ξSRξRDA5(x̃r , 0)P̃

2
1

(P̃2A4(x̃r , 0) + P̃1A5(x̃r, 0))2
, (23)

and

1
2σ2

n

ξSRξRDA5(x̃r,0)P̃
2

1

(P̃2A4(x̃r,0)+P̃1A5(x̃r,0))2

1 +
Nf

σ2
n
P̃1A3 +

Nf

σ2
n

ξSRξRDP̃1P̃2

P̃2A4(x̃r,0)+P̃1A5(x̃r,0)

= ln(2)(
εq

2
+ µ1),

(24)

where A1(xr, yr) = (x2
r + y2r)

n0−2

2 and A2(xr, yr) =
(
(xr + dSD sin θ)2 + y2r + d2r

)n1−2

2 . A3 = ξSD

M1d
n1

SD

is con-

stant. A4(xr, yr) = ξRDM0(x
2
r + y2r)

n0

2 and A5(xr, yr) =
ξSRM1((xr + dSD sin θ)2 + y2r + d2r)

n1

2 .

1) Discussion: With (21)-(24), we can see that the optimal

relay location is always located on the x-axis in the proposed

model. Besides, it is revealed that the value of xo
r and α =

P o
1 /P

o
2 are determined by the given dSD and dr and they are

independent of q and Ps. In (24), it is noted that whether the

4
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value of µ1 is equal to 0 or not depends on values of Ps and

q. Based on KKT conditions, P̃1+ P̃2 < Ps when µ1 = 0 and

P̃1 + P̃2 = Ps when µ1 > 0. For the along-torso scenario, the

related problem can be also formulated and the joint optimal

RL and PA can be achieved with the same iterative algorithm

and a similar derivation.

2) Implementation: A typical application for the around-

torso scenario in WBANs is the post-neck surgery tracking

for patients, where a sensor node is placed on the neck of a

patient to measure the angular motion of the neck and send

the updated status of recovery to the coordinator in the front

pocket. The proposed joint optimal RL and PA scheme aims to

provide an insight into the design of healthcare applications

with respect to the proper placement of the wearable relay

node along with the optimal transmit power level in WBANs.

In some cases, with high sensor node density in a WBAN,

it is inappropriate to setup additional relay nodes for the

sensor nodes and available sensor node can be selected as

a relaying node to cooperate in forwarding the data from

one node towards the coordinator. Thus, this work can be

also considered as a source of inspiration for a WBAN relay

selection protocol. It is a guideline for the coordinator to assign

an available node with proper location and transmit power to

assist a given transmit node when the network topology is

known at the coordinator.

IV. SIMULATION

To evaluate the energy efficiency of the proposed scheme

in UWB based WBANs, numerical results are conducted in

this Section. In simulations, Tw and Tf are chosen to be

2ns and 150ns, respectively. Nf is set to be 4. The noise

power spectral density (PSD) is −174dBm/Hz and the system

bandwidth is 500MHz. Since the average FCC PSD emission

limit for UWB signals is −41.3dBm/MHz, the maximum

average transmit power Pave is −14.3dBm. With the duty

cycle Tw/Tf , Pmax = Pave ∗ Tf/Tw = 4dBm. In addition, ε
is set to be 2. Pct and Pcr are set to be 100µW and 150µW,

respectively. According to the scale of the human body, dSD

is very limited and meets that 0.5m≤ dSD ≤ 0.8m. At R
and D, we assume that all of the dispersive energies can be

captured without considering the ISI.

TABLE III
{xo

r , y
o
r} AND α = P o

1 /P
o
2 FOR BOTH SCENARIOS

Along-torso scenario (dr = 0)

dSD 0.5m 0.6m 0.7m 0.8m

xo
r -0.30 -0.36 -0.42 -0.48

yor 0 0 0 0

α 2.37 2.37 2.37 2.37

Around torso-scenario with dr = 0.2m

dSD 0.5m 0.6m 0.7m 0.8m

xo
r -0.42 -0.52 -0.62 -0.72

yor 0 0 0 0

α 0.74 1.02 1.32 1.64

Table III presents the optimal relay location {xo
r, y

o
r} and

power ratio α =
P o

1

P o
2

of the proposed scheme with various

values of dSD for both scenarios. It is shown that the opti-

mal relay is always located on the negative x-axis for both

scenarios and it is very close to the point P in the around-

torso scenario. For the along-torso scenario, we can see that

the power ratio α is invariant with different dSD. This is due

to the fact that, since in the along-torso scenario, all signals

are transmitted over the along torso channels, the optimal

relay location relative to S and D is unchanged when dSD

varies. Thus α does not vary. Different from the along-torso

scenario, α varies with dSD in the around-torso scenario. This

can be explained by the fact that signals are transmitted over

the along-torso channel only for the S-R link and over the

around-torso channels for the other two links. The change of

dSD has an impact on the optimal relay location relative to S
and D and therefore α.
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Fig. 2. Energy efficiency versus Ps in the around-torso scenario with dSD =
0.6m and dr = 0.2m.

Fig. 2 depicts the average energy efficiency versus Ps

in the around-torso scenario. Five transmission schemes are

illustrated in this figure to compare with the proposed joint

optimal PA and RL scheme, which are the SE-maximizing

(SE-Max) scheme, the optimal PA scheme at point P , the

optimal PA scheme at point T , selective AF (S-AF) scheme,

and direct transmission, respectively. In the SE-Max scheme,

the SE in (17) with constraints C1-C3 is maximized. In the

optimal PA schemes at points P and T , the optimal P1 and

P2 are exploited to maximize the energy efficiency when R is

fixed at points P and T , respectively. In the S-AF scheme, we

assume that 5 relays are randomly located in the circle defined

in C1 and the relay that can achieve the maximum energy

efficiency is selected. As shown in this figure, the proposed

scheme outperforms all the other schemes. The optimal energy

efficiency and SE can be achieved simultaneously by the

proposed scheme when Ps is in the low-to-moderate regimes.

As Ps increases in the moderate-to-high regimes, the energy

efficiency of the SE-Max scheme decreases rapidly, which can

be explained by the fact that the SE-Max scheme always uses

the maximum power for capacity maximization which is harm-

ful for the energy efficiency. Compared to direct transmission,

5

3166



we can see that the proposed scheme can provide a remarkable

performance improvement and up to 30 times improvement

can be achieved when the battery of the sensor node is very

limited (e.g., Ps ≤ −20dBm). This evidence indicates that the

lifetime of WBANs can be prolonged considerably by using

the proposed scheme. Furthermore, it is noticed that a large

performance gap exists between the optimal PA schemes at

points P and T and the energy efficiency of the optimal PA

scheme at point P is very close to the optimum, which matches

our analysis well in Table III. Based on these observations, we

can see that the impact of the relay location cannot be ignored

in cooperative transmission and placing the relay close to P
is a good option for achieving high energy efficiency.
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Fig. 3. Energy efficiency versus dSD in the around-torso scenario with Ps =
4dBm.

Fig. 3 illustrates the average energy efficiency versus dSD

with fixed Ps = 4dBm in the around-torso scenario. Two

cases with dr = 0.15m and dr = 0.2m are considered,

respectively. We notice that direct transmission is sensitive

to dSD and it has a poor performance when dSD is large.

That is to say, without the line of sight (LoS) between

S and D, the significant propagation loss would affect the

performance of direct transmission adversely. By contrast,

the proposed scheme exhibits a weak dependence upon dSD ,

which indicates that the proposed scheme is helpful for the

robustness against the around-torso based path loss and can

be an effective way for the extension of transmission range.

In Fig. 4, the average energy efficiency versus Ps with

different dSD in the along-torso scenario (dr = 0) is depicted.

Different from results in Fig. 2, direct transmission is more

energy efficient than the proposed scheme when Ps is in the

low-to-moderate regimes. This is because when a LoS between

S and D is present, the path loss exponent is small, and thus

the circuit power dissipation dominates the performance of the

energy efficiency. Since cooperative transmission costs more

circuit power, it would never take advantage in this case.
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Fig. 4. Energy efficiency versus Ps in the along-torso scenario.

V. CONCLUSIONS

In this paper, we investigate the energy efficiency of single-

relay cooperative transmission in UWB based WBANs. The

joint optimal relay location and power allocation are derived

and analyzed for the energy efficiency maximization. Numeri-

cal results show that the proposed scheme is superior to other

schemes and it is an effective way to prolong the lifetime

of WBANs and extend the transmission range in WBANs,

particularly for the around-torso scenario. This work can be

easily extended to wireless implant-body area networks and

multiple-relay case in WBANs will be considered in future.
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