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Abstract  

 This paper presents a performance evaluation of a wireless 
implantable body area network by using a model on received 
signal strength (RSS), which represents channel quality be-
tween implanted and on-body devices. In order to derive the 
statistical model, we carried out a measurement on RSS by 
using small-size signal generator, small-size chip antenna, 
and liquid phantom. RSS is measured at various distances to 
obtain a statistical model which gives RSS for a distance be-
tween implanted and on-body antennas. Statistical models are 
given for the frequency bands of 403, 611, 953, and 2450 
MHz. By using the models, a cumulative distribution function 
on received SNR for each frequency is obtained. The results 
show that the frequency bands of 953 and 2450 MHz give 
marginal link margin when we use GFSK modulation as wire-
less communications. Also, we show that the received SNR is 
improved by introducing multiple antennas which are at-
tached around the human body. 

Keywords:  Wireless body area networks (WBANs), Im-
plants, Channel modeling, GFSK 

Introduction 

In medical applications, the use of a wireless communication 
technology has been paid attention in order to successfully 
reduce both workload and economic costs without the de-
crease of quality of medical treatments. Wireless communica-
tion technologies are typically categorized from the viewpoint 
of the size of coverage area. The first category is wide-area 
communication technologies, in which WiMAX [1] and cellu-
lar phone are included. The wireless communication tech-
nologies in this category are available to provide wireless link 
between terminal devices for tele-monitoring in medical ap-
plications [2]. Another category is middle-area technologies 
such as WiFi [3], which provides wireless connection over a 
couple of hospital rooms by a single AP [4]. And, the other 
one is short-range communications such as Bluetooth [5], 
Zigbee [6], WiMedia [7], and so on. In the category of short-
range communications, wireless body area network (WBAN) 
is a new class of wireless communication technologies. 
WBAN provides wireless connection between implanted de-
vices and devices on and around human body. Such wireless 
technology, named as implantable WBAN, enables to monitor 

in-vivo vital signs [11], video of a digestive system [12], and 
various kinds of in-vivo physiological data. 
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(a)  Overview. 

  
(b)  Small-size signal generator and small-size receive antennas 

(right one is the antenna for 2450 MHz. left one is the size of an-
tenna except 2450 MHz.). 

 
(c)  Vessel filled by liquid phantom. Small-size signal generator is 
in the liquid phantom. Receiver antenna is attached to the vessel.

Figure 1.  Measurement setup. 

On the design of a radio communication technology for such 
implantable WBAN, the first step is to decide the frequency 
band. Based on the current international radio regulation, 
there is a frequency band for medical implantable communica-
tion systems (MICS) [8]. The frequency band ranges from 402 
to 405 MHz. MICS is suitable band to provide wireless peer-
to-peer communications for low-rate and low-duty data 
transmission. However, there are limitations on the use of 
MICS in duty cycle, bandwidth, radiation level, transmission 
protocol, and so on. Several applications using implanted de-



vices such as capsule endoscope require wider bandwidth of 
more than a couple of Mbps. Another candidate of available 
frequency bands is industrial, scientific, and medical (ISM) 
band, which ranges from 2400 to 2483 MHz. In the North 
America, 950-MHz band is also available. In addition to 
MICS and ISM, 611-MHz band is also available as wireless 
medical telemetry service (WMTS) [9] in the United States. 
These frequency bands of MICS (403MHz), ISM (950MHz 
and 2450 MHz), and WMTS (611MHz) are candidates for 
implantable WBAN; however, no comparison among such 
frequency bands from the viewpoint of the design of radio 
communications for implantable WBAN has been reported. 

This paper presents a model on received signal strength (RSS) 
and shows performance evaluation by using the obtained 
model for the frequency bands of 403, 611, 953, and 2450 
MHz. These models are derived from measured RSS in a 
setup assuming capsule endoscope application. In this setup, a 
small-size signal oscillator, chip antenna as receive antenna, 
and liquid phantom are used. Performance evaluation on 
Gaussian filtered frequency shift keying (GFSK)-based wire-
less communication system is shown by using the statistical 
RSS model. GFSK [10] is a good candidate for implantable 
WBAN since the operation under low-power consumption is 
expected. 

Model of received signal strength 

Overview 

A statistical model to show quality of wireless channel is es-
sential to evaluate wireless communications. We derive a 
model of RSS corresponding to the transmission distance 
within the liquid phantom. In order to obtain such statistical 
model, a measurement based on a usage model of capsule 
endoscope is carried out for the frequency bands of 403, 611, 
953, and 2450 MHz. 

 Measurement setup 

Measurement setup is shown in Fig. 1. This measurement is 
conducted in an anechoic chamber. A signal generator radiates 
a radio frequency continuous wave (CW) at one of the fre-
quencies. RSS level is measured by a spectrum analyzer re-
ceived by an antenna. An amplifier is inserted before the spec-
trum analyzer. The gain of this amplifier and losses of cables 
are compensated after the measurement. The size of the signal 
generator is 18 mm in the length and 10 mm in the diameter. 
Liquid phantom in a cylinder-shape vessel has electrical con-
stants as shown in Table 1. The radius of this vessel is 150 
mm. The receive antennas are placed on the vessel. A receiver 
antenna is prepared for each frequency. The antennas provide 
gain of 0 dBi and omni-directional pattern in the horizontal 
plane in free space. During the measurement, SG is set as to 
face the direction of the maximum gain with the receive an-
tenna. 

As shown in Fig.2, RSS is measured in distances in the liquid 
phantom, denoted by d1, from 50 mm to 150 mm by 20 mm. 
The distance between the vessel and receive antenna, denoted 
by d2, is fixed to 15 mm. The thickness of the vessel is 2 mm, 
and the vessel is made by polycarbonate. 

Measurement results and a model of RSS 

Fig. 3 summarizes measured RSS levels and fitting results 
through least square fitting. As a reference, measured RSS in 
free space are also plotted. The measured results show that the 
attenuation due to the liquid phantom increases as the fre-
quency of CW increases. For example, at the distance d1 of 90 
mm and d2 of 15 mm, RSS level at 403 MHz and 2450 MHz 
is -58.1 and -107.8 dBm, respectively. The level at 403 MHz 

Table 2. Parameters’ values of the model on the RSS level 

Frequency 
f [MHz] Coefficients Correlation 

coefficient 
403 a(f) = -0.21,   b(f) = -38.95 0.999 
611 a(f) = -0.27,   b(f) = -38.12 0.999 
953 a(f) = -0.34,   b(f) = -43.17 0.999 

2450 a(f) = -0.69,   b(f) = -45.66 0.999 
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Figure 3. Dependency of the Measured RSS levels to distance 

d1in each frequency (403, 611, 953, and 2450 MHz). 

Table 1. Complex permittivity of the liquid phantom 

Frequency [MHz] ε' ε'' 
403 42.27 39.40 
611 40.20 29.78 
953 37.28 23.04 
2450 31.00 17.98 
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Figure 2. Measurement procedure by setting the signal gen-

erator at distance d1 from 50 to 150 mm by 20 mm. 
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Figure 5. A human-body model for obtaining a statistical 

distribution of the propagation distance. We assume that an 
implanted device move the colored part uniformly. 

is superior by more than 50 dB to that at 2450 MHz. Thus, 
even though higher RF radiation is permitted in the 2.4-GHz 
ISM band, link margin of the use of 2.4 GHz will be marginal. 
Based on the measurement results, a statistical model on RSS 
is derived. A model which gives RSS level for the distance d1 
is simply expressed by a linear curve shown below. 
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(b) CDF of relative loss in the use of multiple antennas. 
Figure 4. Statistical model of relative antenna loss. 
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Figure 6. Histogram of propagation distance d1 for the hu-
man-body model shown in Figure 5. 

Statistical model of RSS loss due to mismatch of antenna 
directions between implanted and on-body devices ( ) ( ) ( )fbdfafd +⋅= ]mm[]dBm[,RSS 11               (1) 

where the coefficients a(f) and b(f) are determined by a least 
square fitting. The values of the coefficients for each fre-
quency f are summarized in Table 2. By using this model, 
evaluation of probability distribution on RSS is realized by 
introducing a probability distribution of the distance in human 
tissue. 

Performance evaluation of implantable WBAN 

Statistical distribution of signal-to-noise ratio (SNR) at the 
receive antenna is shown. Also, bit error ratio (BER) and 
packet error ratio (PER) of GFSK are also given to determine 
the SNR to provide required BER or PER. In this performance 
evaluation, we focus on usage model of capsule endoscope as 
implanted WBAN application. So, firstly, in order to evaluate 
the performance based on the capsule endoscope application, 
statistical models on both RSS loss due to mismatch on the 
directions between implanted and on-body antennas and the 
propagation distance in human tissue are derived. 

In the measurement of RSS levels in the anechoic chamber, 
the direction providing the maximum radiation of the signal 
generator faces the receive antenna. However, in real situa-
tions, a mismatch of antenna’s directions causes loss in the 
RSS level. Here, a loss due to change of the implanted de-
vice’s direction is modeled. In order to obtain a statistical 
model on the loss, cumulative distribution function (CDF) on 
relative antenna at the implanted device is shown in Fig. 4(a). 
CDF curve is obtained by measuring antenna gain over the x-
y, y-z, and z-x planes. The relative antenna loss is the meas-
ured antenna gain normalized by the maximum gain of this 
antenna. In the measurement of RSS levels, the maximum 
gain of the implanted device’s antenna faced with the receive 
antenna. Thus, the fluctuation of RSS level due to the change 
of the direction at the implanted devices is obtainable by in-
troducing the CDF shown in Fig. 4(a). CDF curve on the rela-
tive antenna loss is fitted by Weibull, Rayleigh, and Gaussian 
distributions. As a result, Weibull distribution with parameters 
m of 0.036 and η of 1.50 provides the best correlation with 
the original CDF. Thus, probability density function (PDF) of 
the relative antenna loss lANT, which is modeled by Weibull 



distribution, is given by 
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Figure 7. CDF of the received SNR for each frequency in 
single and multiple antenna systems. 
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The plot shown in Fig. 4(a) also tells us that a single-antenna 
system probably fall in deep fade like RSS level of less than -
100 dBm. In this case, it is hard to connect a wireless link 
between implantable and outside-body devices. In order to 
avoid such deep fade on RSS level, a simple approach is to 
introduce a multiple antenna system, in which relative antenna 
loss for an angle is able to be compensated by another antenna 
set at another angle. Based on selection diversity approach, 
the relative loss lMULTI_ANT for an angle θ is written as 
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In this equation, we assume that all of antennas are attached in 
the same plane as shown in Fig. 4(b), in which CDFs for mul-
tiple-antenna systems with the various numbers of antennas 
NANT are also shown. As the number of antennas increases, 
slope of CDF on the relative antenna loss becomes sharp. 
However, the CDF with NANT of 3 and that with NANT of 4 is 
comparable. So, in our performance evaluation, the number of 
antennas is set to up to 3. PDF for a multiple-antenna system, 
p(lANT_MULTI), is obtained by a least-square fitting in Weibull 
distribution as same as the single-antenna system. 

Statistical model of propagation distance in capsule endo-
scope application 

A propagation distance d1 is modeled by using a simple cubic 
model shown in Fig.5. The target application is capsule endo-
scope for small intestine. So, we assume an implanted device 
moves in the colored part uniformly. This part has height (y-
axis) of 250 mm, width (x-axis) of 200 mm, and depth (z-axis) 
of 50 mm. There is a 50-mm distance between the body sur-
face and the colored part. On the derivation of the propagation 
distance, it is assumed that an outside-body antenna is fixed at 
distance of d2 from the surface of the model. Based on this 
model, the histogram of the propagation distances d1 is ob-
tained. The histogram is shown in Fig. 6. The propagation 
distance ranges from 50 mm to 200 mm, and the most fre-
quent distance is 135 mm. This histogram is used as discrete 
probability distribution function of the distance d1, denoted as 
p(d1). 

Cumulative distribution of received SNR 

By using the derived models on its RSS level for the propaga-
tion distance, relative antenna loss, and propagation distance, 
we estimate received SNR distribution. The received SNR 
determines error rate performance of wireless communication 
technologies. The average SNR for one of the measured fre-
quency f is given by 

( ) ( ) ( ){ } ( ) (∫ ∫ −−= ANT1ANT1ANT1,RSSSNR dlddlpdpfNlfdf ) (4) 

where N(f) denotes the noise level given by kTBNF for fre-
quency f. If a multi-antenna system is introduced, lANT in 
Eq.(4) is replaced by lANT_MULTI. The noise figure NF is set to 7 
dB. The PDF of the received SNR is numerically obtained by 

( )( ) ( ) ( ANT1SNR lpdpfp ⊗= )                       (5) 

And, CDF of the received SNR is obtained from Eq. (5). The 
derived CDF is shown in Fig. 7. The frequency band of 2450 
MHz provides no positive SNR. On the other hand, the CDFs 
in 403 and 611 MHz show a link margin enough to maintain a 
wireless connection link, which is important for medical ap-
plications since highly reliable connection is required. The 
953-MHz band gives partly positive SNR. The CDF also 
shows that the use of a multiple-antenna system brings SNR 
improvement. 

BER and PER performance 

In performance evaluation of wireless communications, BER 
and PER performance are evaluated in average value in gen-
eral. However, medical applications require a highly reliable 
wireless connection. So, we employ an outage evaluation in-
stead of average evaluation in the error rate performance. The 
P-% outage values is defined as 

( )( )
( )

2
SNR

10SNRSNR
%

−

∞−
×=∫ Pdfp

fP
                   (4) 

Thus, SNRP%(f) means that the receiver can capture SNR 
more than SNRP%(f) with the probability of P %. For P = 90, 
99, and 99.9, the outage values are calculated in both single 
and multiple antenna systems. The calculated results are 



summarized in Table 3. In the 403 MHz, even in P = 99.9, the 
outage received SNR is more than 9.5 dB. On the other hand, 
there is no positive SNR in 2450 MHz frequency band. 

Table 3. Outage values of the received SNR in decibel for 
90, 99, and 99.9 % in each frequency band. 

Frequency 
f [MHz] SNR90% SNR99% SNR99.9% 

403 
26.0  (NANT=1) 
28.0  (NANT=2) 
31.5  (NANT=3) 

16.5  (NANT=1) 
18.5  (NANT=2) 
22.5  (NANT=3) 

9.5  (NANT=1) 
11.0  (NANT=2)
15.0  (NANT=3)

611 
18.0  (NANT=1) 
19.5  (NANT=2) 
23.0  (NANT=3) 

7.5  (NANT=1) 
9.5  (NANT=2) 
13.5  (NANT=3) 

0.0  (NANT=1) 
2.0  (NANT=2) 
6.0  (NANT=3) 

953 
2.0  (NANT=1) 
3.5  (NANT=2) 
6.0  (NANT=3) 

-10.0 (NANT=1) 
-8.0  (NANT=2) 
-4.0  (NANT=3) 

-18.0 (NANT=1)
-16.0 (NANT=2)
-12.0 (NANT=3)

2450 
-57.5 (NANT=1) 
-76.5 (NANT=2) 
-53.5 (NANT=3) 

-77.0 (NANT=1) 
-75.5 (NANT=2) 
-72.5 (NANT=3) 

-88.0 (NANT=1)
-86.0 (NANT=2)
-82.0 (NANT=3)
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Figure 8. BER and PER performance of GFSK in modulation 

index of 1.0 and BT of 0.5. 
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