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Abstract—Wireless body area networks (WBANS) is a special consumption of the system. Specifically, power for transmit
designed sensor network to connect various medical sensors forting data from WBANSs node to the remote Access Point (AP)
health which emerges as the natural byproduct of existing sensor must be preserved so that battery life is extended. In aniditi
network technology and biomedical engineering. In this paper, . . . .
the tradeoff between the total power consumption and the end- the total power cons_umptlon to _transmlt mformatlon_blts at
to-end rate in non_homogenous re|ay environment for WBANs the end-to-end rate Is alSO an |mp0rtant C0n5|derat|0n. The
has been investigated. We consider such scenario involved tworelay nodes play an important role in reducing the transoniss
communication links, implant to body surface and body surface power of biosensors and energy consumption of networks [5].
to off body. WCE emits RF signal from inside of human Gl  The aqvantages of resorting to cooperative communications

tract, the external AP that is designed destination to collect the for WBANS in t f minimized ti
transmitted bits by an on-body relay node which is placed on or S In terms of minimized energy consumption are

the belt of the human body. The energy consumption to deliver investigated in [6]. The dynamic resource management in
one bit and the end-to-end rate for the whole relay network is higher-level protocols by investigating the trade-offvee¢n

formulated. The total energy and end-to-end rate tradeoff ha connection latency and energy consumption is addressed [7]
been studied with bandwidth, propagation distance and datarate A hrotocol named Distance Aware Relaying Energy efficient
for each link. The minimum energies over all possible data rate . - . .
is obtained for different conditions. (DARE) to monitor _patlentS in multl_-hop Body Area S_en_sor
Networks (BASNS) is proposed to increase network lifetime
|. INTRODUCTION and efficiently reduce the energy consumption [8]. Previeds
Wireless body area networks (WBANS) is a specificallgearch has mainly focused on designing algorithm and pobtoc
designed sensor network to connect various medical sendorgninimize the energy for WBANs nodes and leverage the
for health which emerges as the natural byproduct of existhd-to-end energy-bandwidth trade-off in multi-hop wesd
ing sensor network technology and biomedical engineeringetworks in homogenous environment [9].
WBANSs comprises a series of miniature sensor each of whichin this paper, we consider the trade-off between the to-
has its own energy supply, consisting of storage and enetgy power consumption and the end-to-end rate in non-
scavenging devices. Each node has enough intelligencehtomogenous relay environment for WBANs and select WCE
carry out its task. These nodes can be placed inside, on #pplication as a case study, for which the total power con-
surface of, or around the body, which can provide long teraumption for single bit transmission only includes the data
health monitoring of patients without constraining thearmal forwarding cost in each individual link. In the WCE case, the
activities as an alternative to traditional practices ohitmring relay node is placed on the belt of the human body, over which
a patients physiological condition [1]. the WCE can communicate with external AP. We first derive
The wireless capsule endoscopy (WCE) is an importatiite expression for the relationship between the overaliggne
part of WBANs which provides a noninvasive way to inspegier bit to noise power spectral density ratio and end-to-end
the entire Gastrointestinal (Gl) tract. It is capable tovide rate. Then we use the WCE system to demonstrate the total
the interior view of intestinal system and at the same timenergy and end-to-end rate trade-off with various bandwidt
associate the view with location and motion informationhs t deployment and data rate for individual link. As far as we can
capsule [2][3]. As the capsule moves through the intestilessee, no such research on the overall energy per bit to noise
takes pictures, which are transmitted to a small interntedigpower spectral density ratio and the end-to-end rate has bee
data recorder that the patient wears on his/her belt. Theudap conducted in the perspective of non-homogenous environmen
is disposable and does not need to be recovered by the patfentWVBANS.
or medical personnel. So power consumption of the WCE isThe rest of this paper is organized as follows. We describe
another core research topic [4]. the system model in Section Il and the problem formulation in
Besides WCE, other nodes in WBANs are also requiretdireless body area networks on the total power and the end-
to operate under strict resource constraints. The mostelémi to-end rate in section Ill. In section 1V, we provide humatic
factor is power source, which determines maximum poweesults and conclude the paper in section V.



TABLE I: IEEE 802.15.6 radio propagation channel models.

Scenario | Description Frequency Band Channel Model
S1 Implant to implant 402-405MHz CM1
S2 Implant to body surface 402-405MHz CM2
S3 Implant to external 402-405MHz CM2
S4 Body surface to body surface (LOS)| 13.5,50,400,600,900MHz, 2.4, 3.1-10.6GHzCM3
S5 Body surface to body surface (NLOS) 13.5,50,400,600,900MHz, 2.4, 3.1-10.6GHzCM3
S6 Body surface to external (LOS) 900MHz, 2.4, 3.1-10.6GHz Cm4
S7 Body surface to external (NLOS) 900MHz, 2.4, 3.1-10.6GHz Cm4
Il. SYSTEM MODEL The uniqueness of such wireless relay network is the non-

Consider a wireless relay network where a source nof@mogeneity, that is, the 2 hops operate in different prapag
communicates with a destination node over a distaice tion mediums. MICS band technologies have been used for the
through a multinop route ofV relay nodes. For theth first hop inside the lossy human body, while the second hop
hop € [1,N + 1]), only direct connectivity between theWorks on regular environment with modern indoor wireless
(i — 1)th andith nodes is allowed and any cooperative schenf€C€ss technologies. Note that even though the 2-hop $pecia
exploiting diversity is prohibited. Assume the wirelestaye Case has been employed for numerical analysis, the derivati
network works in non-homogeneous environment, where tifigluded in following sections works in general .multlhop
propagation loss of each hop can be independently modefé&Fes- Also, rela){ node is located on the border I!ne .of tyvo
and calculated but at least two out of tNehops have different different propagation mediums for the WBANs application in
physical channel characteristics. With such communioatidhis work but such situation is not required as long as the

system and non-homogeneous medium, the ultimate goalP§pPagation loss of each hop can be properly expressed in
this work is to investigate the end-to-end energy consumji® form of eq. (1). The abstracted wireless relay netwotk ha

tion variation in various conditions, which supports théaye P€en plotted in Fig. 2, where the distance of hop 1 and hop
network power optimization. 2 is given asd; andd, respectively. The in-body region has

been marked with light blue and the distance-power gradient
A. WBANs Communication System Model a1 anday are also different.

The WBANs communication system employed in this study¥ Radio Propagation Channel Models
is the typical clinical wireless capsule endoscopy system, I _ .
which can be abstracted into a 2-hop relay network with threeCon&dermg the WBANs communication system described

critical components. namelv. source node. the capsulraitl the previous subsection, it is necessary to understand
b ' Y. ' P Pl the physical radio propagation medium. We bring about this

emits RF signal from inside of human Gl tract; Relay node, the . L :
. . . . g bsection to provide literatures of WBANs channel modeling
information forwarding device weared on the specific belt - i
. ) o : he statistical RF channel model has been first proposed by
patients; Destination node, the external AP that is dex;ign,@l . . .
) . . L ational Institute of Standards Technology (NIST) in 206d a
to collect the transmitted information of interior intestl S '
. . ... then finalized as the IEEE 802.16.5 standard in 2012 after
environment. The clinical system has been plotted in Fign 1, i S .
. " . .multiple revisions [10]. The BAN channel model applies to
which the specific belt is assumed to be at the average heﬁb"f . X
; . ultiple frequency bands varying throughout MICS, ISM and
of small and large intestine. " . .
even UWB. It has been also partitioned into seven scenarios
from S1 to S7, and four categories from CM1 to CM4.
m Detailed channel models has been shown in Table | [10].
The in-body communication link for WCE is a typical
implementation of the implant to body surface scenario ,(S2)
for which the standard focuses on the narrow band CM2
channel from 402 to 405MHz. Apart from that, for the off-
body communication from relay node to external AP, the CM4

wideband channel for (S6) scenario can be employed. The
i propagation loss for both channels can be expressed as
d
Ly(d) = Py — P.(d) = Lp(do) + 10 log,, a0 +¢ (1)
0 v whereL,(d) denotes to the pathloss between two neighboring
nodes separated at distanéeP; and P,.(d) are the transmit
D AY power and receive power respectively,(dy) is the pathloss

at reference distana®), « is the distance-power gradient, and

¢ denotes to the shadow fading effect.

) ) i ) Necessary parameters for CM2 and CM4 channel can be
Fig. 1: A typical relay network configuration for WBANS. fqung from [10] where we select deep tissue case for the

@ Relay node




4 where N is the total number of links. Obviously, it is difficult

to directly compute the transmission energy consumptian bu
.d we know that the transmission power consumption is posjtive

I \ A@ .’ N related to the radio propagation channel. From the pathloss
| I |||. model in eq. (1), the deterministic portion of transmission

\ @) 0 \l power for theith link, P, ;, can be expressed as
\\ /, 1 Py = Pry i+ Lo + 100 logyo(d;) (5)
aJa
~ - ',l ’ where P, ; is the signal strength at the receiver sidg;; is

the pathloss at reference distance for ttrelink; «; andd;
are distance-power gradient and TX-RX distance, respagtiv
Performing a linearization on the decibal power readingsgin
in-body propagation. Note that for the off-body wideban(b), we obtain the linear transmission power:tf link as
channel, only the parameters for LOS scenario (S6) have Pioi  Pra Loy o ogyg (ds)
been considered in this work for the purpose of clarity and 070 =107 x 107207 x 107 5o (6)
simplicity. In the human body caused NLOS scenario, créepilysing a superscript to label the linear transmission poag,
wave has been observed and the parameters need prgggtan be re-written as

modification [11].

Fig. 2: Equivalent lllustration of 2-D network model for &gl
WBANS in non-homogenous environment.

Pl ;= Pl L} ;10% 8100k 7
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Ill. FORMULATION OF TOTAL ENERGY CONSUMPTION
. . _ o ~ From the energy power relationship, we express the energy
In this SeCtlon, we pI‘OVIde the definition and formulation Oéonsumption per Symbo' transmission as
the total energy consumption for our non-homogeneous relay pl

network. Theoretically, the total energy consumption udels Ej, ;= ptlx X T = _tayd (8)
the transmission energy against the lossy propagationumedi Ré

and the processing energy against the circuitry cost. I thi p!

work, we only take the transmission energy into considenati El, =Pl xT8= g;l 9)

due to the fact that processing energy is a hardware related
extra linear term in the formulation and is trivial in termg oWhere E7, ; is the energy consumption to transmit a symbol

magnitude. on theith link, E ., is the energy consumption to receive a
symbol, T; is the symbol duration an&? is the symbol rate
A. End-to-End Rate of ith link.

The end-to-end rate is defined as the effective dataratel0 Solve the energy consumption per symbol transmission,
to transfer certain amount of information bits across tHeis intuitive to go with Shannon’s theorem as

entire network within a constant tint€. It can be regarded C; R E3 .
as a general performance metric of the relay network. The W, oW =logy(1+ Ny ) (10)
gggglttig)::f end-to-end rate can be derived from the follugyi where C; is the capacity of the physical channel afi link,
W, is the bandwidth of that channel, is the background
TR. =T Ry =ToRs =..=TnRxN noise level. Note that we assume that maximum information
T=Ty+Ty+..+Ty (2)  transfer rate is achievable so that = Rf The derivation
does not lose generality with that assumption due to the fact
By induction, R. can be proved to be a scale factor orR? can be easily added as a compensation.
1 Solving £, ;, we have
Y —— @) )
SR L]
' Bl i =No(2™ —1) (11)

With such definition of effective end-to-end rate, it is rea-
sonable to evaluate the energy-end-to-end rate tradefoff Pstituting eq. (11) into (9) we know that
the relay network and therefore propose power optimization

mechanisms. P, = Wz‘NO(QWi -1) (12)
! l
B. End-to-End Energy Consumption With the P, ;, P, ; relationship in eq. (7), we have
_Consider t_he;th Iink_which is communicating at bit ratg? Pgmi = W;NoL}, 10 loglo(di)(2% ~1) (13)
with a per bit transmission energy consumption&ff ,, the © )
total energy consumption per bit can be modeled as Finally, substitute eq. (13) into (8), the energy consuoipto

transmit a symbol on thé&h link, F can be given as

f'r KAl

Eb, =N E? 4
tot Z tx,i ( ) t'])z _ NOLI 10a110g10(d )( W, _ 1) (14)



With our previous assumption of maximum bandwidth effi- ] e e e T

. f 1
ciency C; = R?, we haveEy, ; = Rf x Ep, /Wi and the /Y
energy consumption per bit transmission can be given as y l #ﬁ‘

10— T T S RN
b l log1o (d1) (o ok Wi any
a; lo i W
By i = NoLg ;107 081089 (2Ws — 1) RY (15) W,=200 to 1000MHz 111
i ol /80 N 1 O /i i
- . . / / ]
and the overall energy per bit to noise power spectral densit 5 |w=3mHz / IR
ratio Efot /Ny can be given as = W,=1 to 1000MHz W,720 to 10)MHZ/ / ‘// 1
e - —~ B A e e ,,,,,,,T/,,“‘p,‘
Efx 7 R? W / //‘( / ‘
L = L}, 1020w (d) oW _ 1)L (16) /
) b OMHz /| ‘
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Considering eqg. (15) and (16), the overall energy per bit =
to noise power spectral density ratiB?,/N, in a non-
homogeneous relay network will be affected by four dif- |
ferent aspects. (1) The bandwidth allocation of each link, " " i
W = {W1,Wa,..,Wn}; (2) The channel characteristics of Effective Datarate R _[bps]

each link,a = {a1, as,...,an}; (3) The actual propagation
distance of each linkd = {d;,ds, ...,dx}; (4) The actual bit

Fig. 3: Energy-bandwidth trade-off for the relay network.

rate of each linkR = {R1, Ry, ..., Ry }. welbr o 1
Aspects (1), (2) and (4) depends on the communication S :ZZ;EZZZ?E:; 7777777777777777777777777 7
technologies selected for each link, take the WCE case as an hopzz(d::d;azsﬂo)

example, the in-body propagation link works on 402-405MHz
MICS channel while the off-body link may works in 2.4GHz
ISM band or even UWB band. Aspect (3) depends on the
deployment of relay networks and the distance between sourc
and destination.

hop=2 (dw:d2=0.35:0.9)
hop=2 (dq:d2=0.45:0.8)

E /N [dB]

IV. NUMERICAL RESULTS FORPOWER OPTIMIZATION

It is explained in the previous section that the overall gper
per bit to noise power spectral density rafi}, /N, depends
on for different aspects, namely, bandwidih, channel char-
acteristicsa, actual propagation distanaé and bit rate of ) 1 N A R A A A
each linkR. In this section, we provide numerical simulation 0 1 2 3 4 5 6
results to investigate the influence of these aspects. $ivece Effective Datarate, R, (bps] x10’

bandwidth W and the channel characteristias are highly Fig. 4: Energy-deployment trade-off for the relay network.
correlated with each other, we do not isolate them from each

NS = T

other. The first region is for narrow band off-body propagation veher
. W5 ranges from 1 to 10MHz. For each curve with specific
A. Energy-Bandwidth Tradeoff Wa, a minimumE? , /N, can be observed at certain effective

The numerical result presented in this subsection shows tteta rateR.. With the increment ofi;, R, with minimum
energy-bandwidth trade-off for the 2-hop relay networkamn E?., /N, increases, indicating that for greatéf, : W5 ratio,
homogeneous environment. According to the practical Wdtigher optimal end-to-end data rate can be achieved with
applications, we fix the in-body propagation to MICS banthinimized energy per bit to noise power spectral densitprat
with bandwidthiW; = 3MHz and employa; = 4.26 for deep In addition, it is worth mentioning, for narrow band off-bod
tissue propagation [10]. After that we vary the bandwidth giropagation region, the value of minimufy,, /N, has very
off-body propagatiori?, from 1MHz to 1GHz to investigate little variation.
the change ofE?,/Ny. The value of power gradient, is The second region is for wide band off-body propagation
selected according to the frequency dependent channellmoslkere W, ranges from 20 to 100MHz. In that region, similar
in [12]. In-body propagation distance has been fixed as 0.2%rand as the first region can be still observed but the value
and off-body propagation distane® is 1m (we denote 2- of minimum E?,/N, slightly increases with the increment
hop distance ag;:d»,=0.25:1.0 in the following section for of WW,. Also, the R. with minimum E? , /N, increases slower
simplicity). Finally the data rates for these 2 links satisfy. with the increment of1/;. Finally, UWB off-body propagation
(3) with Ry:Ro=1:1. with W5 from 200 to 1000MHz has been plotted in the third

The overall energy per bit to noise power spectral densitggion. Still the same trend can be observed as B3h/ Ny
ratio E?,/Ny has been plotted in Fig. (3) against effectivand R, for minimum E? , /N, increases with the increment

O o

end-to-end rate&?.. Three regions can be observed in Fig. (3pf Ws.
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Fig. 5: Energy-datarate trade-off for the relay network.

can be achieved as the minimaf,, /N, of 11.2dB provides
the maximumR, of over 6MHz. If R;:Ry <1:1, as the blue
curves in Fig. (5), lower energy consumption can be achieved
with the sacrifice of end-to-end data rafe. However, when
Ry{:Ry >1:1, more energy is required anB,. still goes
lower than R;:R>=1:1, which is not recommended in the
implementation of relay networks.

V. CONCLUSION

In this paper, we considered the trade-off between the
total power consumption and the end-to-end rate in non-
homogenous relay environment for WBANs where the relay
node is placed on the belt of the human body by which the
WCE can communicate with external AP. We formulated the
energy consumption to deliver one bit and the end-to-erel rat
for the whole relay network. The overall energy per bit to
noise power spectral density ratio and end-to-end rateetrad
off had been studied for different aspects such as bandwidth
channel characteristics, actual propagation distancedaiea
rate of each link. Also we investigate the influence on the
total power consumption optimization of these aspects.

B. Energy-Deployment Tradeoff

This subsection reports the energy-deployment tradesoff f
the 2-hop relay network in non-homogeneous environment.
analyze the effect of deployment, we first i, :1/>=3:7 with
properly selected values;R,:R>=1:1 andR;, R; satisfy eq.

(3). Then we setupl;:d- ratio to represent various systemn?!
deployment. For the abdomen of a adult male individual,
the in-body propagation distance usually ranges in [0.05m,
0.45m]. Also, we set the distance between on-body rel
node and external AP to be within [0.8m, 1.2m]. Given th
propagation distances, thg:d, ratio goes from 0.05:1.2 to
0.45:0.8. With these setup, the overall energy per bit teaoil*!
power spectral density rati? , /N, has been plotted in Fig.
(4) against effective end-to-end raf&.

As can be seen from Fig. (4), with a greatigrd, ratio, the
R, for minimal E?., /N, decreases and the minima},, /Ny
also decreases. Such trend indicate that wie@and d, get [6]
imbalanced, the minimal energy consumption can be higher. |
is worth mentioning that this observation can be only apblie

(3]
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