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Abstract—In this paper, spectral efficiency (SE) is investigated
for cooperative ultra-wideband (UWB) based on-body area net-
works (OBANSs). To optimize SE for single-relay cooperation, an
equivalent generic cooperative model in UWB based OBANs is
established first. With the proposed model, joint optimal relay
location and power allocation for cooperation is then derived to
solve the SE maximization problem. Simulation results show that
direct transmission is preferable for UWB based OBANs when
the transmitter and receiver are located on the same side of the
human body. However, the joint optimal cooperative transmission
scheme can achieve a significant improvement on SE compared
with direct transmission when the transmitter and receiver are
located on the different sides of the human body, which indicates
that cooperation is more feasible to be applied in this case due
to its robustness to the significant path loss.

I. INTRODUCTION

Wireless body area network (WBAN) is a promising tech-
nology that can improve healthcare quality with several
lightweight sensors on/in the human body [1]. Ultra-wideband
(UWB) technology has great potential for applications in
WBAN, owing to its simple electronics and low power con-
sumption, which is less likely to affect human tissue and
causes interference to other medical equipment. For UWB
based BANS, spectral efficiency (SE) is one of the most
critical performance parameters [1] [2]. On the other hand,
relay assisted cooperative communication has drawn much
attention in wireless networks which can achieve a diversity
gain that improves link reliability and SE [3]. However, the SE
of cooperative communication is still an open issue for UWB
based BANS.

For the SE of the relay assisted communications, consider-
able studies have been conducted in wireless sensor networks
(WSNs) [4] [5]. In [4], the power allocation at the source
and relay is optimized to maximize the SE in single-relay
based cooperative networks. In [5], power allocation and relay
selection schemes were proposed to achieve the maximum SE
and minimum outage probability for multiple relays assisted
cooperative networks. It reveals that the proposed schemes
maintain full diversity order while greatly increasing the SE
compared to conventional schemes.

Due to the unique properties of WBANs with distinct
channel characteristics and very small scale compared with
WSNss, the aforementioned existing schemes and results on SE

in WSNs may be inadequate if they are applied to WBANSs
directly. Thus, it is worth investigating the spectral efficiency
for cooperative transmission in WBANSs. For cooperative
transmission, some related studies have been conducted for
WBANS [6] [7] [8]. In [6], cooperative transmission was first
introduced for WBANSs, where the spatial diversity gain is ana-
lyzed. In [7], the energy efficiency of cooperative transmission
was studied with the constrained targeted outage probability.
In [8], the energy efficiency of cooperative transmission was
considered from a relay selection perspective for UWB based
BANSs. However, to the best of our knowledge, research on
the SE optimization of relaying cooperation for WBANs has
not appeared in the literature so far.

For this reason, we study the SE optimization problem in
cooperative UWB based on-body area networks (UWB based
OBAN:é) in this paper. Specifically, we seek the relay with the
optimal location to achieve the maximum SE, together with the
corresponding optimal power allocation. Firstly, an equivalent
generic relay-based cooperative system model is proposed
for UWB based OBANs. With the proposed model, the SE
optimization problem is then mathematically formulated and
the optimal relay location and power allocation are jointly
derived to achieve the maximum SE. Simulation results show
that cooperative transmission is effective in improving SE for
UWB based OBANs. Though direct transmission is preferable
when the transmitter and receiver are located on the same
side of the human body without significant path loss, the joint
optimal cooperative transmission scheme is very helpful for
the robustness against the substantial path loss and able to
achieve a significant improvement on SE compared with direct
transmission when the transmitter and receiver are located on
the different sides of the human body.

The remainder of this paper is organized as follows. In Sec-
tion II, the system and channel models are briefly described.
In Section III, the SE for cooperative transmission is presented
and the joint optimal relay location and power allocation
is derived accordingly. Simulation results are presented in
Section IV and the paper is concluded in Section V.

II. SYSTEM AND CHANNEL MODELS

In this paper, we consider a general UWB based OBAN
system model consisting of several wearable sensor nodes



and a body network coordinator on the body surface. The
transmitter node (Source: S) monitors the physiological states
of a person periodically and transmits information bits towards
the coordinator (Destination: D). Then D can send them to the
personal server wirelessly for further processing. As shown in
Fig. 1, we consider the single relay cooperative case where
an adjacent on-body node R (relay) can assist S in delivering
its message to D. In this paper, we assume that R and S are
always located on the same side of the human body. With the
distance dsq [m] between S and D, we denote d; and dy as the
distance from S to R and the one from R to D, respectively.

@ Coordinator

® Body Sensor

Transmission in

the first time slot

Transmission in
the second time slot

Fig. 1. A general system model for cooperative OBANS.

The cooperation protocol is a typical time division multiple
access (TDMA) protocol shown in Fig. 1. 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 always forwards its received signal to D independently
regardless of the results of the transmission in the first time
slot, since a feedback is not available from D to R. This
protocol can achieve a maximum degree of broadcasting and
exhibit no receive collision. It is noted that in practice the
amplify and forward (AF) relay, when compared with the
decode and forward (DF) relay, requires significantly lower
implementation complexity since no decoding is required at R.
Thus we only consider the AF relay in UWB based OBANS.

For cooperative transmission, two types of channel models
need to be considered in UWB based OBANs, namely “along
torso” path loss model and “around torso” path loss model,
respectively. With a given location of D, “along torso” refers
to the condition that S and D are on the same side of the
human body and “around torso” refers to the condition that S
and D are on the different sides of the human body. Table
I summarizes the corresponding parameters for these two
models [9] [10].

Fig. 2 compares the path loss [dB] for the along-torso model
and around-torso model. We can see the around-torso path
loss is much stronger compared to the along-torso case with
the same distance. Since signals are always transmitted over
the along-torso channel for the S-R link, it is indicated that
cooperative transmission in the around-torso scenario may be
very helpful in improving SE compared with the around-torso
based direct transmission.

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

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

“along torso” channel
el PLEB(d) = Po + 10n0 logy(4-)
Py [dB] 44.6
no 3.1
do[m] 0.1
“around torso” channel
model PL{B(d) = Py + 10n1 logo(4h)
Py [dB] 48.4
ni 5.9
di[m] 0.1
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Fig. 2. Path loss (dB) versus distance (m) for “along torso” and “around

torso”.

obtain the path losses in linear scale for both scenarios as,
PLy(d) = 10PE6" (/10 — ppoqno,

and
PLy(d) = 10PLi7(@/10 — pp gmi

where My = (1/dg)"010%0/%0 and M, = (1/d;)"*1071/10
are constant.

In next Section, the SE for cooperative transmission is
investigated and the joint optimal relay location and power
allocation for cooperation is derived to maximize the SE.

III. SPECTRAL EFFICIENCY ANALYSIS FOR COOPERATIVE
TRANSMISSION

A. Spectral Efficiency for Direct Transmission

SE [bits/s/Hz] is one of the most critical performance
parameters for designing UWB based BANs. To evaluate
SE for cooperative transmission in UWB based OBANS,
direct transmission is used to make a comparison. For direct
transmission from S to D, the corresponding SE is given by,

rsa = logy (1+ Asa) (D

where )44 is the signal-to-noise ratio (SNR) of the S-D link.

_ Py _ : _
Asd = PLolda)o? for the along-torso scenario and As;q =



——P __ for the around-torso scenario. P, is the direct
PL1(dsq)o2

transmission power and o2 is the additive white Gaussian
noise (AWGN) power.

B. Equivalent Cooperative Model for UWB based OBANs

To evaluate the SE for cooperative transmission in UWB
based OBANSs, an equivalent cooperative model is developed
in Fig. 3. As shown in this figure, the around-torso scenario
is considered. Without loss of generality, we assume that D
is located on the back side of the human body (surfacel) and
S and R are located on the front side of the human body
(surface2). The distance between these two surfaces is d,
(d- > 0). We denote point P as the projection of D on surface2
and point T is located in the middle between P and S. For
surface2, we can construct a xy-plane to present the location
of R, where S is set to be the origin point and the x-axis is
along P to S.

TG The back side of
N the human body

The front side of
the human body

Fig. 3.

An equivalent cooperative model for OBANSs.

It is noted that the equivalent cooperative model will be
simplified to the one for the along-torso scenario when d,- = 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
this equivalent cooperative model.

With a given dg4, d, and the relay location (z,y), we have

dl(xuy) =V 1'2 + y27 (2)

and

dy(z,y) = /(& + degsin0)2 + y? + d2, 3)

where 6 = arccos(d, /dsq).

Based on the proposed model, the joint relay location and
power allocation problem is mathematically formulated to
maximize the related SE in the next subsection.

C. Problem Formulation

In cooperative transmission, with the assumed AF coop-
erative protocol, D and R first receive the signal from the
transmitter S in the first time slot, and then R, as a transmitter,
forwards its received signal to D in the second time slot. Thus,
the instantaneous received SNR at D with a maximum ratio
combining (MRC) detector [8] is

)\srd = A1 + )\27 (4)

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

)\sr )\rd )\sr )\rd

Ay = ~ ,
2 )\sr + )\rd +1 >\s7' + >\rd

&)

is the received SNR at D in the second time slot. A\, and A\, ¢
are the received SNRs for link S-R and R-D, respectively.

With Equation (4), the normalized SE for cooperative trans-
mission can be expressed as

1
Tsrd = 5 logy (14 A1+ A2), (6)

1) Around-Torso Scenario: for the around-torso scenario,
the expressions of A1, A.q and Ay, can be given by

P
M= Prae (7)
P
N4 =PI (dr)o? ®
P
)\sr = 57 77\ 9
PLo(dy)o? ©)

and P; and P, are the transmitted power at S and R, respec-
tively. In this paper, we assume that P, + P, = P, P = aF;,
P, = (1 — a)P; and « is the power allocation weight [11].

Substituting Equations (2), (3) and (7) - (9) into (6), we
have

b
PLy(dsq)o2

1
PLo(d1(2,9))%
T

1
Tsrd(xa Y, (X) = 5 10g2(1

_|_

PL, (d2(x,y))o2 ), (10)

(1—a) P,

where x,y and « are variables in r,,.4. To obtain the optimal
rsrq fOr cooperative transmission, we must find the optimal set
{0, Yo, @n } that makes r4.4(z,y, &) achieve its maximum.

Thus, the joint relay location and power allocation problem
for the around-torso scenario can be mathematically formu-
lated as

maximize 7g-q(,y, )
Ty,
. ) dsgsin@ 5 o dsgsin@ . o
subject to Cl : (z + T) +y < (T) ' (11)
C2:x<e
C3:0<a<l,

where C1 is imposed to guarantee that R is only located in
the circle centered at T with radius w. C2 is imposed to
guarantee that {x = 0,y = 0} has to be beyond CI since R
cannot coincide with S, where |e| is a very small constant and
we set —107% < € < 0. With C1 and C2, we have di,ds <
dsd.



2) Along-Torso Scenario: for the along-torso scenario,
d, = 0 and the expressions of Aj, A\.q and Ay, can be given
by

OéPt
A= —° 12
1 PLO(dsd)O'%’ ( )
(1 - Oé)Pt
=t 1
Ard PLy(d2)o3’ 1
an
= 14
AKT' PLO(dl)O','% ( )

Similar to the around-torso scenario, we can express the
corresponding 74.q as
aP, t
PLy(dsq)o2
1

% 4+

1
rsrd(x; yva) = 5 10g2(1 +

+

PLo(da(z,y))o, ). a3

(1—a) P,

PLo(d1(z,y))o3
abP;

With Equation (15), the SE maximization problem for the
along-torso scenario can be given by

maximize 7g.q(,y, )
T,y

ds ds
subject to Cl: (z + Td)g +9% < (—d

2
2)’

C2:—dyg+e<az<e,
C3:0<a<l,

where C2 is imposed to guarantee that R cannot coincide with
S and D.

Since the along-torso scenario can be considered as a special
case for the around-torso scenario in the proposed cooperative
model, we only detail the solution of the SE maximization
problem for the around-torso scenario in the next subsection.

D. Joint Optimal Relay Location and Power Allocation for
Cooperation

Since log, (14 x) is a strictly increasing function of x, with
Equation (11), we can rewrite the optimization problem as

maximize Agqq(2,y, @)
Ty, (16)
subject to  C1,C2,C3,

where
aP, t

PLy(dsq)02
~———
)\1(&)

)\srd(xv Y, a) =

1
&

+

PLo(d1(z,y))o2 (17)

aPy

PLy(d2(z,y))o2 °
(I—a) Py

A2 (z,y,0)

From Equation (17), we can see that A\;(«) is a linear
function of «, which indicates that A\;(«) is concave. For
A2(z,y, ), with Equations (2) and (3), it is easy to prove
that 1/Ao(x,y, @) is a convex function since its related hes-
sian matrix is positive semidefinite with 0 < o < 1 (the

proof of this part is omitted due to space limitations) and
1/A2(z,y,) > 0. Hence, A2(x,y, ) is concave w.r.t. Cl-
C3 [12]. As a result, the objective function Ag.q(2,y, ) is
concave On the other hand, the inequality constraint functions
(4 %ea Sme) +42, x and « are convex. Thus, it is concluded
that the joint relay location and power allocation problem in
this paper is a nonlinear convex optimization problem, which
can be solved by using the Lagrange multiplier method with
Karush-Kuhn-Tucker (KKT) conditions [12] [13].
The Lagrangian of Equation (16) can be given by

‘C(xvyaavlilvﬂ%/il’nﬂll)
dsgsin@ dggsiné
:)\STd(l',y,Oé) — U1 ((.’E + dT)Q + y2 _ (d2)2>

—po(x —€) — ps(a—1) + pya, (18)

where p1, po, i3, 04 > 0 are the Lagrange multipliers con-
nected to C1 - C3.
Taking the stationarity condition of o, we get

oL b p (1= a)?Ai(z,y) — a?As(z,y)
9o PLi(dsa)o? ' ((1 — @) Ay (z,y) + ads(z, 1))
— i3+ pa =0, (19)

where Aj(z,y) = PLo(di(z,y))02 and As(x,y) =

PLy(ds(z,y))o2 < PLi(dsq)o? since da(x,y) < dsg.
Considering the case that & = 1, we can set uy = 0 based

on the KKT conditions. Substituting & = 1 into Equation (19),

we get
%I P R
0a'*=" " PLy(dsq)02  PLi(d3)o2

dsq)o?2 < PLl(dz) 2
|a 1 < 0, which violates the KKT conditions. Thus we can

force w3 = 0. Similarly, it is easy to prove that 4 = 0 since

%M:O > 0. With u3 = g = 0, we can see that 0 < a, < 1.
Taking the stationarity condition of y and x, we get

—p3=0. (20)

Since i (P and pu3 > 0, we have

oL
y =ynoMoAs(x,y, o) +yni M1 Ay(z,y, )
211
=0 21
Ry el
and
oL .
% =rnoMoAsz(z,y, @) + (¢ + dsqsin0)ny My Ay(z,y, o)
4 dsqsin 6 %1n9 4
2(x Y1+ p2 —0, 22)
)‘2(1'73/7 )
where Ao(z,y,a) > 0, As(z,y,0) = % P >0
. 2 n1—=2
and Ay(z,y,a) = Ta((@tduasind)?+y7+d;) @ > 0 with the

KKT conditions for 0 < o < 1 1O(‘tx>)v]1)z)usly, the optimal y, = 0.

Considering the case u; # 0, we can set (Z, + W) +
Yy = (d”’TSine)2 and p1o = 0 based on the KKT conditions.
With y, = 0, 2, = —dsq sin9 and substituting Z, into
Equation (22), we can < 0. Hence, we can
force p1 = 0. Similarly, it is easy to prove that py = 0.




Thus, the optimal z, meets

LCOTL()MO

WA:;({EO, 0,a,) + (o + dsgsin ) Ay (z,, 0, ) = 0.

(23)
Accordingly, with Equation (19) and y, = pu3 = pa = 0,
the optimal «, meets
1 (1 — a,)?A1(2,,0) — a2 Ay(x,,0)
PLy(dsq)02

((1 - O‘O)Al(xoa 0) + O‘oA2(1'oa O))2
(24

With Equations (23) and (24), we can solve and get the
optimal set {x,,y,,a,} for the SE maximization problem
in the around-torso scenario. For the along-torso scenario,
the related optimal set can also be achieved with a similar
derivation.

In next Section, we compare the SEs between direct trans-
mission and cooperative transmission and assess the SE of the
proposed cooperative transmission scheme by simulation in
UWB based OBANS.

IV. SIMULATION

To assess the SE of the proposed cooperative transmis-
sion scheme in UWB based OBANSs, numerical results are
conducted in this Section. In simulations, the noise power
density is set to be —174dBm/Hz and the system bandwidth
is 500MHz. According to the scale of the human body,
transmission distance dgq is very limited. In this paper, we
consider the case that 0.5m< dzq < 0.8m.

TABLE II
OPTIMAL SET {Zo, Yo, o } FOR BOTH SCENARIOS

Along-torso scenario (d, = 0)
dsq 0.5m 0.6m 0.7m 0.8m
To -0.30 -0.36 -0.42 -0.48
Yo 0 0 0 0
Qo 0.70 0.70 0.70 0.70
Around-torso scenario with d,, = 0.2m
dsq 0.5m 0.6m 0.7m 0.8m
To -0.42 -0.52 -0.62 -0.72
Yo 0 0 0 0
Qo 0.42 0.50 0.57 0.62

Table II presents the optimal set {z,, y,, @} With various
values of ds4 for both scenarios. It is shown that the optimal re-
lay 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 optimal power
allocation weight o, for S is invariant with different dq4.
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
dsq varies. Thus «, does not vary. Different from the along-
torso scenario, «, varies with d4 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 dsq has an impact on the optimal relay location relative to S

and D and «,. Moreover, with a fixed d, and larger dg4, it can
be observed that more power is allocated to S to make sure
that the maximum SE can be achieved for the around-torso
scenario.
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Fig. 4. SE versus P; for the along-torso scenario.

In Fig. 4, the spectral efficient performance is compared
between direct transmission and the proposed cooperative
transmission with the joint optimal power allocation (PA) and
relay location (RL) for the along-torso scenario (d, = 0).
As shown in this figure, direct transmission is much more
spectral efficient than the proposed cooperative scheme and
the performance gap between the two schemes increases
significantly as P, increases. This is because when a line-
of-sight (LOS) between S and D is present in UWB based
WBANS, the path loss exponent is small, a high SNR can be
achieved by direct transmission. However, the pre-log factor
% in Equation (6) causes a substantial loss for cooperation in
the SE in this case and this loss is especially more significant
in higher SNR regime.

Fig. 5 depicts the average SE versus P, with different dgq
and fixed d,, = 0.3m for the around-torso scenario. To evaluate
the performance of the joint optimal PA and RL based coop-
erative transmission scheme, comparisons are made with: 1)
the case with equal PA and optimal RL, 2) the case with equal
PA at point T and 3) direct transmission. It can be observed
that the proposed cooperative transmission scheme can achieve
the best spectral efficient performance among all the cases and
all the cooperative transmission schemes outperform the direct
transmission scheme. Moreover, the performance gap between
the proposed cooperative transmission scheme and direct trans-
mission is significant over a wide range of P, with different
dsq. We also note that, when d,q = 0.8m, direct transmission
exhibits a poor performance on SE, due to the substantial path
loss. The above results indicate that cooperative transmission
can achieve a remarkable improvement on SE compared with
direct transmission in the around-torso scenario. Furthermore,
with a higher P, or a larger ds4, the improvement is more



significant.
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Fig. 5. SE versus P; in the around-torso scenario for different dsq and
dr = 0.3m.

Fig. 6 illustrates the average SE versus d;q with different
d, and fixed P, = —15dBm for the around-torso scenario.
Similar to Fig. 5, it is shown that the proposed cooperative
transmission scheme is the most spectral efficient among all
the cases. We can also notice that direct transmission is very
sensitive to d4. That is to say, without the LOS between S and
D, the significant propagation loss in the around-torso scenario
would affect the performance of direct transmission adversely.
By contrast, the proposed cooperative transmission scheme
exhibits a weak dependence upon ds4, which indicates that
the cooperation in the around-torso scenario is very helpful
for the robustness against the around-torso based path loss.
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In conclusion, cooperative transmission is effective in im-

proving SE for UWB based OBANSs, particularly in the
around-torso scenario. Specifically, the proposed cooperative
transmission scheme exhibits a weak dependence upon dgq
and is robust against the substantial path loss, which is
very feasible and helpful to be applied in the around-torso
scenario for UWB based OBANs. With the proposed cooper-
ative transmission scheme, a remarkable improvement on SE
can be achieved compared with direct transmission and the
improvement can be more significant with a higher P; or a
larger dgg.

V. CONCLUSIONS

In this paper, we investigated SE of single relay cooperative
transmission for UWB based OBANs. A generic single relay
based cooperative system model was proposed for UWB
based OBANSs. With the proposed model, the SE optimization
problem was mathematically formulated and the optimal relay
location and power allocation were jointly derived to maximize
the corresponding SE. In the simulation, the related analysis
was given and numerical results showed that cooperative
transmission is effective in improving SE for UWB based
OBANSs. Though direct transmission is preferable for the
along-torso scenario without significant path loss, the joint
optimal cooperative transmission scheme is able to provide
a remarkable improvement on SE compared with direct trans-
mission for the around-torso scenario.
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