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Abstract—Wireless Body Area Networks (WBANSs) are specific  taken the complete relay network model from in-body (WCE)
purpose sensor networks designed to operate autonomously to to on-body (relay), and finally to external Access Point (AP)
connect various medical sensors, located inside and outside jnto consideration.
of a human body. WCE quickly becomes one of the most
popular WBANs applications. Due to finite energy budget of In this paper, we propose a novel WBANs-Spa relay algo-
sensor nodes, transmission power should be as low as possible rithm to reduce the power consumption of the relay network fo
in order to increase the life time of WBANs. To this end, ~WBANSs in heterogeneous environment with pathloss model
we addressed a relay network model from in-body Wireless pased on such network model. We first design a belt equipped
Capsule Endoscopy (WCE), to on-body relay nodes, and finally ity different numbers of relays on the body. Then a WCE
itg E)(;EZ:’gglteﬁggﬁ:SeES;P;n(QE%tf?grtr:’ga?igﬁ(ig)r:’;:g;glaﬁn;;;li\é\;?igl:lss is allocated inside large intestine and small intestineokonf
Also, we proposed WBANSs-Shortest Path Algorithm (WBANs- Fhe path of WCE anq an external AP QUtS'de human body
Spa) of relay network to reduce total network power consumptio IS gdded as the receiver. Then, we designed a nove! energ;
using empirical pathloss model, which could find the optimal  €fficient WBANs-Spa algorithm based on empirical wireless
multi-hop path based on the network model. Simulation results ~ Propagation channel models and classic shortest pathithigor
showed our design was effective for minimizing total network  for the relay network, finding the optimal multi-hop path fwit
energy consumption in relay network for WBANSs, and the effect  minimum overall power consumption. Finally, a set of Monte
of on-body relay nodes and external AP deployment was provided. Carlo simulations were carried out to evaluate the perfocaa

of our design. Since the major energy cost for the relay netwo
is to transmit information in a lossy medium, we minimized
l. INTRODUCTION the energy consumption in the perspective of passloss.

. o The rest of this paper is organized as follows: We begin
Wireless Body Area Networks (WBANS) are specific pur- . . ) ;

pose sensor networks designed to operate autonomously %Skectlon I byllrgrOQUcm? the systifm.mc;dell. Aftertthat|,(\/fve
connect medical sensors, located inside and outside of amum!1aKe our nove: design of energy-etlicient re‘ay Network for
body. The latest standardization of WBANSs, |IEEE 802.15.6,WBANS in section lll. In section 1V, we provide simulation
aims to provide an international standard for low power,gasunls:.WTI'Ch h|gh||gr;t Jhethperformapce u?_mg \t/he WBANS-
short range and extremely reliable wireless communicafipn pa. Finailly, we conclude the paper in section V.
Due to finite energy budget of WBANS, transmission power
should be as low as possible in order to increase sensors’ II. SYSTEM MODEL
life time. In previous work, some sensors, which are called ot
relay nodes or relays, are added to the WBANSs to coIIecfA' WBANs Communication System Mode
and send the information to the receiver through multi-hop The WBANs communication system employed in this
wireless paths. These relays play an important role in fieduc study can be abstracted into three critical componentsehyam
the transmission power of biosensors and energy consumptio
of networks [2]. As a result, relay nodes (embedded within
the clothes or disposable coverall) can give WBANS devices a
longer life time [3], further decrease the power consummptio
of biosensor in the body [4]. m
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Wireless Capsule Endoscopy (WCE) is one of the most
popular WBANSs application for diagnostic of intestinal dis- a,
eases [5][6]. It is a pill-shape device equipped with attleas a
one camera, taking dozens of thousands of images while
going through patients gastrointestinal (Gl) tract. Due to
anatomic characteristics of human body and the shortcaning =
of traditional inspection equipment, it was always chalieg )
for physicians to identify abnormalities inside the Gl trac

. X > < o ® WCE
until the birth of WCE. Similar to other WBANSs application,

the transmission power of WCE is strictly limited to avoid e i External AP
the undesired radiation overdoses. Since the WCE power A
budget is also limited, an energy efficient solution is hjghl o — ® Relay node

20 i) <00 0 o i} 30

necessary. Presently, most of ongoing research is focusing
the development of the transmitter hardware design to eedudrig. 1: A typical communication system model with 6 relay
the capsules power consumption [7][8]. But, few of them havenodes for WBANS.



\I LOS and NLOS cases, we plot the ellipsoid section of human

WWWW NOS v_vaist in Fig. 2 As can be seen from t.he figure{ two tangent
o 0 M .ozzZ lines of the ellipse can be found frotrwith cut-pointc; and

- co. By connecting the two cut-points, lirlg can be found to
N % separate the entire 2D coordinate space. We defjria LOS
X case ifn; andt are at the same side &f andn; in NLOS
case if they are at different side Af In Fig. 2, we label LOS
nodes with red circle and NLOS nodes with red triangle for
illustration.

It is easy to observe when NLOS occurs, there are two
NLOS pathes going either clockwize or conter-clockwize.
Since the RF signals suffer from severe propagation loss anc
longer delay when it creeps on the surface of human body, the
shorter path always dominates the wireless communicatie@n.
definec,, as the closest cut-point to relay nodgthat provides
shortest NLOS path. In Fig. 2, we havg, = ¢; as a brief
example. Frii's equation and references [1][9] shows that t
coverage of all employed nodes are way beyond the scale of
our communication system, we assume that fully connection
can be obtained for all three types of connections, thabis, f
source nodes, destination node and a relay network with s — 7i, n; — n; andn; — ¢, we havei # j andi, j € [1, N].
totally N nodes asR = {ni,ns,..,ny}. Clearly, when With the above mentioned communication model, the images
applying such abstraction to the WCE applicatianis the  ©f inside small and large intestine can be transmitted to the
capsule pill that emits RF signal from inside of human Gltrac external AP through the relay network.

t is the external AP that is designed to collect the transthitte

bits andn; is theith on-body relay node. All relay nodes are B, \WWBANs Radio Propagation Channel Model

evenly distributed on a specific belt with the first relay node ) ) ) _ )

n, always fixed in the middle of the front side of human body.  As is mentioned in the previous subsection, three types of
Note that we approximate the human waist with an ellipse. Avireless channel have been included in the WBAN communi-
typical system with six relay nodes has been provided in Figcation system model, in this section, we provide the detaile

1, where the belt is assumed to be at the average height érmulation for the pathloss calculation. Since the radimals
small and large intestine. are initially emitted from the capsule endoscopy, we start o

) ) discussion from the statistic radio propagation chanrnanfr
~ Three types of connections can be setup with the commumplant to relay nodes at MICS band. According to |EEE
nication system as (1) In-body links — n;, the link from  802.15.6 standard channel model [1], the in-body pathlass ¢
capsule pill to theith on-body relay node; (2) On-body links pe given as
n; — n;, the on-body link fromith relay node tojth relay J
node; (3) Off-body linksn; — ¢, the link from jth on-body N Qsi .
relay node to the external AP. The in-body links operate on Lp(dsi) = Lp(ds) + 10as logyg s tos ie[LN] @)

Medical Implant Communication Service (MICS) band, which h is the in-bod . hl d
is from 402 to 405MHz. Such narrow band is designed to < © Ly(ds.i) is the in-body propagation pathloss,; de-
guarantee enough coverage of the implantable devices. THPLeS the actual distance between the capsule endoscopy ar
RF waves travel in the pattern of creeping wave on the surfac glstcs?gr;wbgsge:oetl?gr ?r?ggé\pl\lsﬁ;giéoeti{e?ﬁgtgéig ig?ggs n
of human body and the on-body links are designed to be a : C PULe
Ultra-Wide Ba%d (UWB) band tg save power a%d guarante athloss at reference distangg which is 50mm in this work.

s denotes the distance-power gradient anghows the effect

acceptable datarate. Off-body links also operates on UW . o .
band but they are more complicated since it is possible te havmc shadow fading, which is created by the slight movement of

: ; ; human organs. Note that the implant to body surface channel
the direct line-of-sight blocked by part of the human body. T ; . X
deal with that issue, we partition the off-body links intadi has two sets of different parameters for deep tissue scenari

o TN (ds,; > 10mm) and near surface scenarid;( < 10mm), we
of-sight (LOS) and non-line-of-sight (NLOS) cases. list all the parameters in Table I.

P4 ot °%

T
Fig. 2: Ellipsoid section of human waist with LOS and NLOS
cases.

As is stated in [9], when NLOS occurs, the RF signal
cannot penetrate the human body due to the severe absorpti%I
Instead, it first goes as creeping wave and then gets sahttere
the cut-point when LOS is available. To effectively disptag

Regarding the wireless channel between a pair of on-body
ay nodes, the pathloss is modeled with respect to the on-
body curly distance between the nodes [1]. However, since an
angle based deployment has been employed in this work, we

TABLE I: Parameters for IEEE 802.15.6 in-body radio prop-2dopt the equivalent angle based pathloss model as [10]
agation channel, from implant to body surface. L, (6:) = L, (00) + (6, — 00, i # j andi, j € [1,N] (2)

fmplant to Body Surf T,(d,) (B : GE . )
e eep fosie pld) (@B) oo 0. (%) where L,(6; ;) is the on-body propagation pathlogs,; de-

Near surface 49.81 4.22 6.81 notes to the actual central angle between itte and jth
on-body relay node, L(fy) = 44.25dB is the pathloss at




reference central anglé,, which is 0.3115rad in this work. Algorithm 1 . WBANs-Spa

~ = 16dB/rad denotes to the angle-power gradient. 1:

The wireless channel from on-body relay node to external 2
AP can be partitioned into LOS scenario and NLOS scenario. 3
In LOS scenario, the IEEE 802.15.3a model can be directly %
applied as 1

6:

Lp(dj,t) = Lp(dt) + 100 10%10 % +o0¢, jE [1, N] (3) ;
where L,(d;.) is the off-body propagation pathlossl; 9'_
denotes to the actual distance between jtieon-body relay 10:
node and the external AP, ld,) = 47dB is the pathloss at 11:
reference distancd,;, which is 1m in this work.o; = 1.7 12:
denotes to the distance-power gradient ape= 1.6dB shows 13:
the effect of shadow fading. 1‘51:

When NLOS occurs, the off-body pathloss is a combinationise:
of creeping wave fromjth on-body relay node to the closest 17:
cut-point ¢,,,, and LOS propagation from,, to the external 1s:
AP. Formulation of off-body pathloss in NLOS scenario can 19:

be provided using equation (2) and (3) as 20:
. 21:
Lp(djat) = Lp(9j7(37n) + Lp(dcnnt)’ -7 € [1? N] (4) 22:

Combining equation (3) and (4), the general form of off-body 23:
2

passloss model can be given as 4
25:

L rsa) = Lp(d:) + 10 logyg 4+ + oy, LOS 26
p(dj N+2 Lp(0j.e) +L,(de,, 0, NLOS g
,jeLN] (5 2

30:
With the channel models in equation (1), (2) and (5), thesz;.
pathloss of each link in the system model can be therefore,.
calculated. 33:

34:

I1. 35:

With the system model and channel models provided in the®®

A LGORITHM DESIGN

[lInitializing GraphG of pathloss
Initialize G < ocoxones(N+2N+2)
for ¢ from 1 to N
G(i+1,N+2%— L, (d; n+2) /Off-body pathloss
for 7 from 1 to N
if i £
G(i+1,j+1) L,(6; ;) //On-body pathloss
else
G(1j+1)% L,(ds, ;) /\n-body pathloss
G(i+1,j+1)« oo //On-body pathloss not exist
end
/IKeep track of minimum in/off-body pathloss for prune
Trackm, s.t. VG(1,5) > G(1,mq)
Track mg s.t. VG (i, N+2) > G(mg,N+2)
end
end
/[Pruning Graphz for optimization
for k from 1to N
if G(1,k)> G(1,m2)
G(1k)+ o0
end
if G(k,N+2)> G(m1,N+2)
G(k,N+2)—
end
end
//Running single source Dijkstra’s Algorithm
Initialize-Single-SourcqG, s)
S+ ¢
@ < G (Converted to priority queue)

o: while Q # ¢

1 + Extract-Min (Q)
S+ SuUi
foreach vertexj € G.Adj[i]
Relaxg, j, G(i, j)) //Classic relaxation process
end
end

previous sections, the remaining work would be designing an
algorithm that can minimize the overall pathloss from WCE
to external AP. It is intuitive that such minimization prebi

denotess, ny+2 denotest. The first rowG(1,:) represents in-

can be solved by existing infrastructure in graph theory. InPody pathloss, the last colum(:, N+2) represents the off-
this section, we convert the relay network into a graph andPody pathloss and the middlexNN submatrix is the on-body
find the minimum overall network pathloss by a single-sourcePathloss.

shortest path algorithm. The proposed algorithm is named as
WBANSs-Spa and it can be introduced in three steps as

ePruning. With a proper initialization, we realize that at

least one in-body link and one on-body link has to be involved

elnitialization . As is shown in Fig. 3, we can represent to fulfill the functionality of the communication system atted

the relay network by 2D matri% (4, j), i, j € [1, N+2] where

algorithm tries to by-pass severely attenuated in-bodyfler o

each index: or j represents a node in the network and thebody links by using the on-body relay network. For in-body

value of G(4, j) denotes the pathloss of linke(— n;). Note

that we increase the dimension ofand j by 2 so thatn, s.t.

links, there exists a link with minimum pathlo§s; — n,,, ),

VY(n1 — n;) > (n1 — nm, ). Then any off-body link must

satisfy that(n; — nn+2) < (nm, — nns2), otherwise, it will

be

@ WCE
External AP
@ Relay node

Fig. 3: Converting relay network into a graph.

by-passed byn,,, — nn+2) and no longer appears in the

shortest path. Same thing happens for the off-body linkeeGi
a link with minimum pathlosgn,,, — nn+2), s.t. ¥(n; —

nn+2) > (Mm, — nns2). Then any in-body link must satisfy
that(n; — n;) < (n1 — nn,,). Using those criteria, we prune
the graph to remove unnecessary in-body and on-body links
to improve the algorithm efficiency.

eFinding Shortest Path Finally, we run a classic single-

source shortest path algorithm to find the path frento ny.+2
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relatively larger number of relays, the advantages of WBANs-

Spa becomes less obvious. However, it can still save extra
energy with more relays. It can be found from the zooming

view that large intestine consume less power compared with
small intestine, but the difference is only around 0.2dB #@nd

is trivial.

2) Pathloss of in-body Propagation: In this subsection, we
investigate the impact of relay numbers on in-body pathioss
different scenario of large intestine, small intestine aoch-
bination separately. In-body power consumption for défer
number of relay sensors is shown in Fig. 5. The result shows
that the WCE power consumption decreased gradually with
the rising number of relay nodes by using the energy-efficien
relay networking. Notice that when the number of relays is 3
and 4, the separate pathloss is the same. That is due to the fac
that the first relay is put on the middle front of human body.
With the number of relays being rising, identical trend can b

Fig. 4: Total power consumption for different number of yela found with the previous subsection. It can be found from the

nodes.

68— T ¢ | @O T — R i

and record the overall pathloss for the shortest path. Nwte t
the WCE travels inside human Gl tract one step after another,
the entire algorithm has to be constantly running for eaeh.st
The detailed algorithm has been depicteddifyorithm].

IV. SIMULATION RESULTS

The simulation setup is based on the application of WCE in
small intestine and large intestine environments. Corvigct
is assumed from WCE to relay, then to external AP. The
pathloss parameters are determined by the length of each
connection as mentioned in previous sections. In the fatigw
simulation, we added the number of relays one after another
(ranging from 1 to 30) and assumed only one single capsule
in each organ. The capsule is assumed to pass through small
intestine and large intestine. According to the energyieffit
WBANSs-Spa relay algorithm in section Ill, we calculated the
corresponding pathloss for all the possible location owft

WCE inside each organ (83 points for small intestine, 26 pointFiSIJ- S Ig-body power consumption for different number of
relay nodes.

for large intestine and 109 points for combination). 200&igr
of Monte Carlo simulation has been carried out to mitigate th
effect of randomness from statistic channel models and each
trial include the entire path of both small and large intessi

We average the pathloss from each Monte Carlo trial to dollec
the final results.

A. Effect of Relay Nodes Numbers

1) Total Pathloss Along the Shortest Path: In this subsec-
tion, we evaluate the impact of relay numbers on total ndtwor
pathloss in large intestine, small intestine and combdmati
separately. Total power consumption for different numbier o
relay sensors is shown in Fig. 4. Notice that the total power
consumption decreased gradually with the rising number of
relay nodes by using the energy-efficient WBANs-Spa algo-
rithm. When the number of relay nodes is 1 and 2, the power
consumption does not decrease apparently. The main reason
is that when the relay number is too small, there are no more
optimal relays to select. So the difference of the shortatt i3

not obvious. With the number of relays being rising from 1 toFig. 6: Relay network power consumption for different numbe

oy &

(o2}
S

(<]
N

[*)]
o
T

0
(2

In-body Propagation Pathloss
[$)]
oo

w
S

Propagation Pa

In-body

20 21
777777 On-body Sensor Numbers——{

e B

—<¢— Combination
;

—8&— Large Intestine
501 —e—Small Intestine

22 23 24 25

ﬁ(Zoominr’”
]

48
0 5

49

10

t
15

1
20 25 30

On-body Sensor Numbers

48.5

48—

475

Relay Network Pathloss

474

465

—&— Large Intestine
—6— Small Intestine
—<¢— Combination

46 ;
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2) Effect of Incident Angle: Lastly, we investigate the
impact of the incident angle of external AP and total network
pathloss. The AP is put on the angle increasing by 45 degree
from O degree, while the 0 degree is the center of front body.
Notice that when the angle of location for AP is 135,180 and
225, the total pathloss is the smallest. This means the black o

©
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—&—5 On-body Sensors
10 On-body Sensors

,,,,,,,,,,,,,,,,,,,, —%—15 On-body Sensors |

—£—20 On-body Sensors

Total Network Pathloss

©
(=]
T

body is the better location for AP. The results are preseinted
Fig. 8. While the degree of 270 is the worst AP location for
the total pathloss.

V. CONCLUSION

In this paper we addressed a relay network model from

—4— 25 On-body Sensors in-body to on-body, then to external AP for WBANS in
a5l | | —>—30 On-body Sensors heterogeneous environment for realistic medical apjdinat
250 500 750 1000 1250 1500 considering energy issues. We proposed a novel algorithm of

Distance Between External AP and Human [mm]

Fig. 7: Total power consumption for different distances be
tween external AP and human body.

108 T T T T T T

relay network for minimum total power consumption with
_pathloss model based on the network model that shows (1)
effect of on-body relay numbers and total network pathl(&s,
effect of relay numbers and total in-body pathloss, (3)atftd#
relay numbers and total relay network pathloss, as well ps (4

Xfoogﬁﬁiﬁf onsors effect of the external AP location and total network pathlos
106} 15 On-body Sensors | Simulation results showed our WBANs-Spa was effective for
—*20 On-body Sensors minimizing the total power consumption for WBANS, and the
—<4— 25 On-body Sensors
o —b— 30 On-body Sensors | effect of on-body relay nodes and external AP deployment was

(1]

Total Network Pathloss

[2]

%45 90 135 180 225 270 315 360 [3]
Inccident Angle [degree]

. . . o [4]

Fig. 8: Total power consumption for different incident aagl

zooming view that WCE power consumption is the smallest in

the large intestine, while the power consumption is thedsirg

in the small intestine. The power consumption difference ca [s)

be as large as 0.7dB.

3) Pathloss of the Relay Network: In this subsection, we
evaluate the impact of relay numbers and total relay networks)
pathloss for different scenario of large intestine, smiatés-
tine and combination. Relay network power consumption for
different number of relay sensors is shown in Fig. 6. Notice
that the relay network power consumption is the smallest irh]
the small intestine, while the power consumption is thedatg
in the large intestine with the number of relays being rising
With the first five relay, the pass loss changed lot. While the
relay numbers rises, the pathloss decreased gradually. [8]

B. Effect of Geometric Information

1) Effect of Distance Between External AP and Human
Body: We investigate the impact of the total power con-[!
sumption and distance between external AP and human in
this subsection. The distance varies from 250mm to 1500mm

provided.
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