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SUMMARY  Wireless body area networks (BANSs) are attracting great
attention as a future technology of wireless networks for healthcare and
medical applications. Wireless BANs can generally be divided into two
categories, i.e., wearable BANs and implant BANs. However, the perfor-
mance requirements and channel propagation characteristics of these two
kinds of BANs are quite different from each other, that is, wireless signals
are approximately transmitted along the human body as a surface wave in
wearable BANS, on the other hand, the signals are transmitted through the
human tissues in implant BANs. As an effective solution for this prob-
lem, this paper first introduces a dual-mode communication system, which
is composed of transmitters for in-body and on-body communications and
a receiver for both communications. Then, we evaluate the bit error rate
(BER) performance of the dual-mode communication system via computer
simulations based on realistic channel models, which can reasonably rep-
resent the propagation characteristics of on-body and in-body communi-
cations. Finally, we conduct a link budget analysis based on the derived
BER performances and discuss the link parameters including system mar-
gin, maximum link distance, data rate and required transmit power. Our
computer simulation results and analysis results demonstrate the feasibility
of the dual-mode communication system in wireless BANs.

key words: body area networks, dual-mode communication system, bit
error rate, link budget

1. Introduction

Wireless body area networks (BANs) are attracting great
attention in the field of healthcare and medical applica-
tions. Wireless BANs are generally divided into two groups,
such as wearable BANs and implant BANs according to
their locations on or in the human body where they operate
[1]. Wearable BANs are mainly used to monitor a person’s
health condition in order to decrease the loads of doctors
and nurses [2]. Implant BANs can be used to monitor the
vital signals inside the human body. One of the typical ap-
plications is wireless monitoring of the cardiac pacemaker
data in order to always keep an adequate pulse rate for car-
diac disease patients. Moreover, medical examination such
as wireless capsule endoscopy is also a promising applica-
tion [3],[4]. A wireless capsule endoscope contains color
camera, light source, and battery and is used by swallowing
to transmit images to the outside receiver for the purpose of
assisting in diagnosing gastrointestinal conditions.
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In both wearable BANs and implant BANs, such
healthcare and medical applications require reliable wire-
less communication channel, reasonable data rates for real-
time transmission, and extremely low power consumption
for increased device longevity [5]. Bluetooth and Zigbee
are candidates for the communication schemes that can be
applied. However, Bluetooth supports no more than seven
Sensors per piconet, so it may restrict network extendability.
Furthermore, when assuming a healthcare and medical ap-
plication, various transmission speeds are required. For ex-
ample, a blood sugar sensor requires 0.1 kbps at most, while
a wireless capsule endoscope application requires 1 Mbps at
least [6]. In other words, the wearable BANs accept low data
rates, but the implant BANs may require high data rates to
transmit capsule endoscope video images in real-time. From
these reasons, the feature is difficult to satisfy by Bluetooth
and Zigbee.

Furthermore, the propagation characteristics of wear-
able BANs and implant BANs are quite different from
each other. This is because wireless signals of wearable
BANSs are transmitted along the human body surface ap-
proximately, whereas the signals of implant BANS are trans-
mitted through the various kinds of human tissues. Several
studies have been performed to characterize the two prop-
agation channels for wearable and implant BANs [7]-[10],
which demonstrated a significant frequency dependence for
both on-body and in-body path loss. The lower the fre-
quency is, the smaller the path loss is. Consequently, we
should individually optimize the transmission schemes for
on-body and in-body communications because of the differ-
ence of the channel characteristics. In this paper, for the
purpose of solving the optimization problem for the trans-
mission schemes in wearable and implant BANs, we de-
velop a dual-mode communication structure. For on-body
communication, high date rates are not necessary. Carrier
signal frequencies below dozens of ten MHz are therefore
good candidates because the human body acts as a trans-
mission medium in this frequency band [11]. While for in-
body communication, it is more desirable for the transmitter
to have a relative high date rate in order to satisfy the re-
quirement of image transmission. Moreover, the miniatur-
ization of the transmit antenna for implantation inside the
human body is essential. We have previously proposed for
in-body communications by using extremely short pulses at
GHz, i.e., 3.4-4.8 GHz, defined as UWB low band signals,
because of its superior advantages on very high data rates
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for real-time transmission [12]. However, the pulses suffer
from severe attenuations through the human tissues and this
problem makes it difficult to be received by only the out-
body receiver. A diversity technique has to be employed
to solve this problem, it increases the complexity of the re-
ceiver structure. As a result, for the practical use in the im-
plant BAN applications, a carrier signal at several hundreds
of MHz may be more suitable to provide a better communi-
cation performance and a relative high-speed transmission.
This is because the signal at this frequency band is relatively
less attenuated, and small antennas for implantation are also
easier to achieve compared to that at dozens of ten MHz.
Therefore, in accordance with the different requirements, we
consider different architectures for the on-body and in-body
transmitters. Besides, we investigate the BER performance
of the dual-mode communication system via computer sim-
ulations based on realistic channel models, which can well
represent the propagation characteristics of on-body and in-
body communications. Finally, we perform a link budget
analysis based on derived BER performance and discuss
the link parameters including system margin, maximum link
distance, data rate and transmit power. Our computer simu-
lation and analysis results demonstrate the feasibility of the
dual-mode communication system in wireless BANSs.

The remaining of this paper is organized as follows.
Section 2 presents the dual-mode communication structure
for the in-body and on-body communications. Section 3 de-
scribes channel models of the in-body and on-body com-
munications. Then Sect. 4 demonstrates and discusses the
bit error rate (BER) performances by the computer simu-
lations, and Sect. 5 discusses the link budget parameters to
clarify the feasibility of dual-mode communication system.
Finally, Sect. 6 concludes this paper.

2. Dual-Mode Communication System
2.1 Overview of Dual-Mode Communication System

Figure 1 shows the overview of the dual-mode communica-
tion system developed in this paper. There are two kinds of
transmitters in Fig. 1, namely, one is an on-body transmit-
ter located on the human body surface, and the other one
is an in-body transmitter located inside of the human body
[13]. On the other hand, as can be seen in Fig. 1, there is
only one dual-mode receiver on the surface of human body.
That is to say, in this dual-mode communication system, the
receiver can receive both the signals from the in-body and
on-body transmitters and gather all the vital data over the
whole human body. As previously introduced BAN require-
ments, that is, the wearable BAN application needs low data
rates while the implant BAN application may demand high
data rates, this study decides to choose human body com-
munication (HBC) band at 30 MHz as the carrier frequency
of the on-body transmitter and medical implant communi-
cation service (MICS) band at 400 MHz as the carrier fre-
quency of the in-body transmitter, respectively. It should
be noted that these adopted frequency bands are suggested
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Fig.1  Overview of dual-mode communication system.
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by IEEE 802.15.6 standard [14], which has been released in
Feb. 2012 for medical BANSs standardization.

2.2 Transmitter

The structure of the transmitter is shown in Fig. 2. The bit
sequence generator in Fig.2 generates information bit se-
quence by, by, -+, by, -+, bk, where by represents the k-th
bit information (b, € {0, 1}). The information bit by is sent
by using pulse position modulation (PPM) scheme. The
PPM scheme transmits the bit information as a pulse loca-
tion. The k-th transmit signal s;(7) can be expressed as

si(t) = cos [2nf.(t — b T, — kTy)] (1)

where f., T and T, indicate the carrier frequency, symbol
duration and signal duration, respectively. In the case of
binary PPM, T, can be calculated as 7/2. Figure 3 shows
an example of the transmitted PPM signals. Note that the
carrier frequencies of the on-body and in-body transmitters
are set to different frequencies.

2.3 Receiver

The structure of the receiver is shown in Fig. 4. Since the on-
body and in-body transmitters use the different carrier fre-
quencies, the dual-mode receiver has two types of bandpass
filters (BPFs) working at the carrier frequencies plus/minus
twice data rate f; (=1/T) of the on-body and in-body trans-
mitters, respectively. Both of the bandpass filters are based
on Nyquist cosine roll-off filters, so they can be expressed
as
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where « is a roll-off rate. Here, f; is calculated from the
bandwidth B of the bandpass filter, which is given by

(I +a)f
—

Before demodulating the received signals, at first, we
estimate which transmitter sends the signals. Figure 5 shows
the signal estimator structure. The signal estimator calcu-
lates the energies of the filtered signals r,?(t) and r,l (?) in the
integration interval of T’. r,({)(t) denotes the on-body received
signal, and r,i(t) denotes the in-body received signal. They
are the corresponding signals after the on-body mode and
in-body mode band pass filters, respectively. The outputs of
the integrators E,, and E;, can be expressed as

hroll—ojf(t) = fs (2)

B = 3)

T
E, = f [ dt 4)
0

Ts
Ej = f [ (5)
0

where E,, and E;, denote the energies of the received signals
from the on-body and in-body transmitters, respectively.
Comparing E,, and E;,, we estimate the signal estimator
output as

.fE)n Ein
dk={0 if E,, > ©)

1 otherwise
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Fig.6  Detector structure.

where d; = 0 and d; = 1 indicate that the received signals
come from the on-body and in-body transmitter respectively.

Next, we decide the received information bit by using
di, r)(1), and r}(t). The structure of the detector is shown
in Fig. 6. As for detection of the received signals, we em-
ploy an energy detection scheme in this study. Based on the
signal estimator output dy, the detector selects r,({)(t) or r,l (.
The energy of the selected signal r’ (m = 0,1) is detected
in two kinds of integration time as

T.
Ep = fo (o)) dr 7
T
E, = fT ()] dt. (8)

Comparing E}" and Ekm the k-th information bit BZ’ can be
determined as follows:

. 0 ifE">E,
pp={ "k ©)
1 otherwise.

3. Channel Models

To evaluate the communication performance of the dual-
mode transceivers, in addition to an additive white Gaussian
noise (AWGN) channel model, this paper also considers re-
alistic channel models, which were derived from anatomi-
cal human body models and reasonably represent the prop-
agation characteristics of on-body and in-body communica-
tions.

Defining the transmitted and received signals as s(f)
and r(¢), respectively, r(¢) is given by

r(t) = h(t) ® s(t) + n(t) (10)

In Eq. (10), A(#) and n(f) denote the impulse response of the
on-body channel or in-body channel and the additive Gaus-
sian noise at the receiver, respectively, and ® denotes the
convolution. The signals are transmitted along or through
the human body so that the amplitude of the impulse re-
sponse |A(?)| is affected by shadow fading of the human
body. In the channel modeling, we pay the attention to path
losses in view of the receiver structure. We incorporated an
anatomical Japanese male model with finite-difference time-
domain (FDTD) numerical simulations to derive the on-
body and in-body path loss characteristics. The employed
Japanese male model consists of 51 types of biological tis-
sue with 1.73 m tall and 65 kg weight. It was developed by
National Institute of Information and Communication Tech-
nology, Japan. For deriving the on-body channel path loss
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Table1  Parameters for on-body and in-body path loss models.
On-body model | In-body model
PLy 35.4dB 49.7dB
n 1.8 5.5
do 10cm S5cm
o 2.7dB 8.2dB

characteristics, a receiving electrode was placed in a typi-
cal use position in front of the belly, while the transmitting
electrode was set at more than 30 locations on the body sur-
face. On the other hand, in the in-body channel path loss
calculations, a small dipole receiving antenna was placed
at the same position as that in the on-body case in front of
the belly, and the other small dipole antenna was arranged
to take 30 locations inside the human body with three dif-
ferent polarizations. As a FDTD simulation result, both the
on-body and in-body path loss were approximated as

PL;g = PL()’dB + 10n IOglo(d/do) + S8 (11D

where PLg 45 is the reference path loss at distance dy, n is
the path loss exponent, d indicates the distance between
the transmitting antenna and receiving antenna, and S de-
notes the path loss variation from its average value, i.e., the
shadow fading.

The FDTD-derived parameters of on-body and in-body
path loss channel models are tabulated in Table 1 [12], [15],
which have been examined by experiments in actual hu-
man bodies for on-body channel and tissue-equivalent liquid
phantom for in-body channel. The shadow fading has been
found to follow log-normal distribution in both the on-body
channel and in-body channel. The corresponding parame-
ter o in the log-normal distribution was found to be about
2.7 dB for on-body channel and 8.2 dB for in-body channel.
This also means that the on-body and in-body channel mod-
els are quite different from each other.

Moreover, since the shadow fading follows log-normal
distribution, the received signal power P, or the energy
per bit Ej is also the same distribution. For a fixed noise
power spectral density Ny at the receiver, Ej, /Ny should ex-
hibit the same statistical characteristic and is therefore also
log-normal distributed, i.e., its probability density function
(PDF) can be written as

In[E,/Nol—p)?
P(Ey/No)= _M)

—(—— €Xp
V27TO'E;,/N0 ( 20-2
12)

where u and o are the statistical parameters in the log-
normal distribution, and o is equal to that given in Table 1.
4. Performance Evaluation

4.1 Setup of Computer Simulations

We conducted computer simulations with the above-
described realistic on-body and in-body channel model pa-
rameters in order to evaluate the communication perfor-
mances of the dual-mode transceivers. In the computer
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Table 2  Specifications for computer simulation.
Carrier frequency of on-body transmitter 30 MHz
Carrier frequency of in-body transmitter 400 MHz

Modulation scheme PPM
Bit rate 0.3 Mbps
Symbol duration 3.3 usec

Receiver structure Energy detection
Roll-off rate « 0.5
Forward error correction None
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Fig.7  Estimation error performance in AWGN channel.

simulations, both of transmitters sent 100,000 bits at each
E,/Ny. We at first determined the energy for each bit as
E;, = 1 Joule. Then we can obtain the Ny when changing the
E}, /Ny at different values, for example, from 0dB to 20dB
or 40dB. At last, the BER was calculated by comparing the
transmitted bit sequence and the received bit sequence. It
should be emphasized that for the symbol timing and sam-
pling clock synchronization, we assumed it perfectly per-
formed with a proper length of pilot signals. The parame-
ters of the computer simulation are summarized in Table 2.
The data rates were set at the maximum permissible one in
MICS 400 MHz band.

4.2 Computer Simulation Results

Figures 7 and 8 show the E; /Ny against the estimation er-
ror performances of the signal estimator shown in Fig.5 in
the AWGN and shadow fading channels, respectively. As
can be seen from these figures, because the estimation error
performances are affected by the shadow fading channels,
the corresponding performances become worse than those
in the AWGN channels. Moreover, from Fig. 8, the perfor-
mance of the in-body channel is evidently worse than that
in the on-body channel. This is because the variance of the
log-normal distribution parameter o in the in-body channel
is much larger than that in the on-body channel, which in-
dicates the signals transmitted through the in-body channel
suffer from larger shadow fading effect.

Figures 9 and 10 show the E, /N, versus the BER per-
formances in AWGN and shadow fading channels, respec-
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Fig.10  BER performance in shadow fading channel.

tively. The solid lines plotted in these two results indicate
the calculated conditional BER performances without con-
sidering the estimation error in the signal estimator in Fig. 4.
In other words, they represent the BER performances when
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assuming the signal estimation process is perfect. By con-
trast, the dotted lines indicate the BER performances with
the consideration of the error of signal estimation in Fig. 4.
It can be seen in Fig. 9 that on-body and in-body BER curves
are almost overlapped in AWGN channel. Meanwhile, it
can also be observed from these figures that the tendency of
the BER performance is almost the same as that of the sig-
nal estimation performance. Compared to the conditional
BER performances, the BER performances show somewhat
worse results because of the signal estimation error. How-
ever, these performance degradations of the E,/Ny in the
shadow fading channel are only several dB. For example, in
Fig. 10, the E; /Ny in the conditional BER performance is
around 13 dB and 27 dB at BER = 1072 in on-body and in-
body channels, respectively, but the performance deteriora-
tions between the conditional BER and BER were observed
to range from only 1 to 3 dB. This suggests that a good on-
body communication performance may be easily achieved at
a low transmit power level, but the in-body communication
may be significantly affected by the shadow fading effect of
various different tissues.

5. Link Budget Analysis
5.1 Link Budget Parameters

A link budget in the case of our dual-mode system is the ac-
counting of all of the gains and losses from the on-body and
in-body transmitters, through the transmission medium, i.e.,
human body tissues to the dual-mode receiver. The on-body
transmission corresponds to on-body to on-body link, while
the in-body to on-body transmission corresponds to in-body
to on-body link. They account for the attenuations of the
transmitted signals due to the on-body and in-body channel
propagation, as well as the antenna gains, feedline and mis-
cellaneous losses [16]. In order to analyze the link budget in
the on-body and in-body channels, besides the derived path
loss, the noise characteristics and the possible transmitted
signal power also have to be calculated. First, let us deter-
mine the noise characteristics at the receiver. To simplify the
noise situation, we assume a single equivalent noise source
as AWGN. This noise is typically thermal and introduced by
the receive antenna and the front-end circuit of the receiver.
The thermal noise power spectrum density (PSD) expressed
in W/Hz is given by

No =kT, + k(Nr — )T (13)

where T, is the receiving antenna temperature, 7y = 300K
is the environment temperature, k = 1.38 x 10723 J/K is the
Boltzmann constant, and finally N is the noise figure of the
receiver front-end. Since the receiver is mounted on the sur-
face of human body, a reasonable hypothesis is introduced
that T, = Ty = 300 K. Equation (13) can therefore be rewrit-
ten in decibel as

Noap = 10log,o(kTy) + Npap = —198dBW/Hz. (14)
Secondly, for the on-body HBC band and in-body
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MICS band transmission, we should first prescribe the max-
imum transmit power. For HBC band signals, there is not a
common regulation. In Japan, a transceiver in this frequency
band may be classified as extremely low power radio equip-
ment in which the radiated electric field from the transceiver
is requested not to exceed 500 uV/m or 54 dByV/m at a dis-
tance of 3 m. If this requirement is met no license is needed
for the transceiver. Thus, an HBC-based on-body commu-
nication link can be established under the extremely low
power radio regulation. In fact, we have developed a HBC
transmitter. The measured electric field strength at a dis-
tance of 3m is lower than 30dBuV/m when the transmit
power is —20dBm. Even if we use the transmit power as
—10dBm, the detected electric field strength would never
exceed 50dBuV/m, still satisfying the regulation of ex-
tremely low power radio station. As a result, we here use
this power level in the on-body link budget analysis. On
the other hand, according to the MICS band regulation [17]
or IEEE 802.15.6 standard, the maximum emission power
should be below 25 uW or —16 dBm, we first use this power
level in the in-body link budget analysis. Therefore, given
the maximum transmit power, we can evaluate system mar-
gin when a predetermined probability of error must be guar-
anteed at the receiver.

The received power at the receiver front-end can be ex-
pressed using the path loss model [12], [15] under the max-
imum transmit power as

Pragw = Piapw — PLgp (15)
= Piapw — PLogp — 10nlog,y(d/dp). (16)

It should be noted here that the transmit and receive antenna
gains were assumed as 0 dBi, and the other losses were as-
sumed as 0 dB.

Next, under the given modulation technique of the
PPM scheme with energy detection, the link signal-to-noise
power ratio (SNR) or Ej, /Ny which is necessary for a re-
ceiver to achieve a specified level of reliability in terms of
BER in decibel can be derived as

Ep/Nogp = Prasw — 101ogyg f» — Noa (17

where f; is the data rate. Thus we can define the system
margin of on-body and in-body channel as M, by

M, = __Ev/No (18)

[Eb/NO]xpec

where [E}/Nolspec denotes the required Ej /Ny for obtaining
a specific BER. In Eq. (18), if the link E}, /N, exceeds the re-
quired [E;/No]spec, Which means system margin M, > 0dB,
the wireless communication is feasible. The larger the sys-
tem margin is, the more reliable and robust the communica-
tion is. Here we use BER = 1072 as a predetermined proba-
bility of error threshold according to error correction theory
[18], since such a BER level is able to yield error-free per-
formance after applying appropriate forward error correc-
tions. From the BER performance in shadow fading channel
as shown in Fig. 10, we can obtain the required Ej/Ny for
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Table 3

Transmitter and receiver

Parameters for on-body and in-body link budget analysis.

30 (On-body link)
400 (In-body link)
—10 (On-body link)
—16 (In-body link)

Frequency (MHz)

Transmitter output power P; (dBm)

Standard temperature 7' (K) 300
Receiver noise figure Nr (dB) 6
Boltzmann constant k ([J/K]) 1.38x 1075
Signal quality

Bit error rate 1072

14 (On-body link)

(Es/Nolspec (dB) 30 (In-body link)

80
60
m
o
£ 40
g
=
20
0 1 1 1 1 1 1 1 1 1 1 1 1 1
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Distance, cm

Fig.11  Dependence of system margin on distance for on-body HBC
link.

BER = 1072. The corresponding values of [E}/Nolspec are
14 dB for on-body channel, and 30 dB for in-body channel,
respectively. Moreover, the link budget analysis parameters
are summarized in Table 3.

5.2 System Margin versus Link Distance

Using Eqgs. (16), (17), (18), and assumed system parameters
in Table 3, we can derive the system margin versus commu-
nication distance at different data rates.

Figures 11 and 12 show the dependence of system mar-
gin on link distance with a data rate of 0.3 Mbps for the
on-body link and in-body link, respectively. Since we in-
tend to look for the performance at higher data rates, we
also show the results at 1 Mbps. It can be seen that in the
on-body link, the system always has a margin larger than
20dB at BER=10"? within a distance of 2 m for a data rate
up to 1 Mbps. This link budget result demonstrates the fea-
sibility of the on-body to on-body HBC link for covering
the entire human body area. For the in-body link, however,
the system only has a margin larger than 0 dB below the
distance of 9cm at 1 Mbps. If the data rate is reduced to
0.3 Mbps, a link distance of 11 cm, which basically covers
the entire range for the in-body applications, is achieved at
a system margin larger than 0 dB. For example, in the typ-
ical application of sending cardiac pacemaker data to the
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Fig.12  Dependence of system margin on distance for in-body MICS
link.

outside of human body, since the device is implanted at a
depth of 2-3 cm, a system margin larger than 20 dB can be
observed from Fig. 12 even at the data rate of 1 Mbps. For
capsule endoscope application, a communication distance
up to 9 cm inside the human body at 1 Mbps can also cover
most of parts of the small intestine, although there is almost
no margin. This link budget result shows the feasibility of
the in-body to on-body MICS link for typical implant BAN
applications. As a result, both the on-body and in-body link
results demonstrate the feasibility of BAN applications in
our dual-mode communication system.

5.3 Required Transmit Power

The analysis in the previous section was conducted to obey
the regulation of the radio frequency wave emission laws.
However, if it is permissible to increase the transmit power
only based on biological safety considerations, the commu-
nication performance, especially in the in-body case, can be
significantly improved. According to the International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP)
safety guideline [19], any 10 g averaged specific absorption
rate (SAR, the power absorbed per unit mass) is suggested
not to exceed 2 W/kg for general public and 10 W/kg for
occupational people. In this sense, 20mW or 13 dBm may
also be acceptable since it will never induce an SAR in the
human tissue > 2 W/kg in any 10 g tissue. As a result, it
is worthwhile for us to clarify the relationship between the
required transmit power and the link distance or date rate.
The required transmit power can be derived from Eqgs. (16)
and (17) as

Piapw = Ep/Noap + Nogp + 10logq fi + PLo s
+ 10nlog,o(d/dy). (19)

Using this expression and the parameters tabulated in Ta-
bles 1 and 3, we first analyzed the maximum link distance
to clarify its dependence on required transmit power at a
given data rate fj, of 0.3 Mbps and 1 Mbps. Here, the Ej; /N,
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Fig.13  Required transmit power versus link distance based on HBC on-
body channel.
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Fig.14  Required transmit power versus link distance based on MICS
in-body channel.

is set to [Ep/No]spec to obtain a BER of 1072

Figures 13 and 14 show the required transmit power
as a function of link distance based on HBC on-body chan-
nel and MICS in-body channel. The result shown in Fig. 13
indicates that a very low transmit power is sufficient to as-
sure an on-body to on-body HBC link. That is because even
though the link distance can be as 2 m, the required transmit
power will never exceed —30 dBm, which is much weaker
than the level to satisfy the regulation of extremely low
power radio station. By contrast, in the in-body to on-body
link channel shown in Fig. 14, the feasibility of a link dis-
tance of 20 cm and 16 cm can be observed under the transmit
power below 0 dBm at a data rate of 0.3 Mbps and 1 Mbps,
respectively. If we furthermore increase the transmit power
to 10 dBm, the link distance may extend to 30 cm and 25 cm
respectively. Such a transmit power level does not cause any
biological effect to the human body from the point of view
of SAR restriction for general public. Moreover, a longer
link distance demonstrates that the implant BAN applica-
tions may not be restricted within a small region. This has a
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Fig.15  Required transmit power versus data rate at distance of 1.5 m for
on-body link and 15 cm for in-body link.

sufficient potential to be applied for wireless capsule endo-
scope at a higher data rate.

We therefore further give the relationship between the
data rate and required transmit power at a desirable link dis-
tance. Here the link distance d in Eq.(19) is set to 1.5m
and 15 cm for on-body and in-body communications respec-
tively. Since we assume a capsule endoscope application
for in-body to on-body communication, the distance from
small intestines to human body surface is almost always
within 15cm. Figure 15 shows the analysis result of re-
quired transmit power as a function of data rate with a fixed
distance for both on-body and in-body links. This result in-
dicates that, for on-body communication, a very low trans-
mit power is usually sufficient for providing a high data
rate up to 10MHz. For in-body communication, a data
rate of 0.3 Mbps can be realized with a transmit power be-
low —8 dBm, and 1 Mbps below 0 dBm, respectively. If the
transmit power is allowed up to 13 dBm, the data rate up to
30 Mbps can be achieved. It should be noted here that the
above analysis is on the basis of SAR restriction on biologi-
cal effects to the human body, not the radio frequency emis-
sion regulation. Actually, if we consider the 400 MHz band
for in-body communication not as the MICS band but an
extremely low power radio, the permissible electric field in-
tensity at a distance of 3 mis 35 uV/m. In view of the signif-
icant attenuation through the in-body to on-body transmis-
sion, a transmit power larger than the prescribed —16 dBm
is completely possible.

6. Conclusions

A dual-mode communication system for both on-body HBC
band and in-body MICS band communications has been
proposed and evaluated via computer simulations based on
realistic channel model parameters. The proposed receiver
uses a signal estimator to handle the dual-mode signals from
on-body and in-body transmitters. Computer simulation re-
sults verified the good signal estimation performance and
BER performance of the dual-mode communication system.

IEICE TRANS. COMMUN., VOL.E97-B, NO.6 JUNE 2014

The BER performance due to the signal estimation process
was found to degrade only 1dB and 3dB at BER = 1072
over the on-body and in-body shadow fading channel re-
spectively, which suggests the feasibility of the dual-mode
receiver structure. Moreover, the link budget analysis has
been conducted based on the derived BER performances and
the analysis results have demonstrated the feasibility of this
dual-mode communication system. It has been found that a
transmit power as low as —20 dBm is sufficient for on-body
HBC link to realize a high data rate up to 10 Mbps within
the entire range for HBC communications. In contrast, an
in-body to on-body MICS link may achieve a data rate of
0.3 Mbps at a distance of 11 cm according to the radio fre-
quency emission regulation. If transmit powers are allowed
up to 13 dBm which still does not cause any biological ef-
fects based on the SAR consideration, very high date rates
up to 30 Mbps at a link distance of 15cm can be achieved.
This suggests sufficient potential for real-time video trans-
mission.

Our further research will improve transmit signal for-
mat and receiver structure for realization of simultaneous
dual-mode transmission.
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