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SUMMARY This paper aims at channel modeling and bit error rate

(BER) performance improvement with diversity reception for in-body to

on-body ultra wideband (UWB) communication for capsule endoscope

application. The channel characteristics are firstly extracted from 3.4 to

4.8 GHz by using finite difference time domain (FDTD) simulations in-

corporated with an anatomical human body model, and then a two-path

impulse response channel model is proposed. Based on the two-path chan-

nel model, a spatial diversity reception technique is applied to improve the

communication performance. Since the received signal power at each re-

ceiver location follows a lognormal distribution after summing the two path

components, we investigate two methods to approximate the lognormal

sum distribution in the combined diversity channel. As a result, the method

matching a short Gauss-Hermite approximation of the moment generating

function (MGF) of the lognormal sum with that of a lognormal distribution

exhibits high accuracy and flexibility. With the derived probability density

function (PDF) for the combined diversity signals, the average BER per-

formances for impulse-radio (IR) UWB with non-coherent detection are

investigated to clarify the diversity effect by both theoretical analysis and

computer simulation. The results realize an improvement around 10 dB on

Eb/No at BER of 10−3 for two-branch diversity reception.

key words: ultra-wideband (UWB), in-body to on-body communication,

channel model, spatial diversity, bit error rate (BER)

1. Introduction

A wireless body area network (WBAN) is composed of a

small scale network inside, on or in the proximity of a hu-

man body. WBANs can be divided into wearable BANs and

implant BANs. In modern society, it is expected to be one

of the main technologies that can provide extremely high

convenience and high efficiency in assisting healthcare or

medical services [1]. For example, a capsule endoscope is a

typical implant BAN application in which an in-body to on-

body wireless link is required. The capsule endoscope may

be swallowed as a pill by a patient and implement exami-

nations by taking photographs or videos and then transmit

them to the outside receiver especially for the small intes-

tine where is difficult to make diagnoses and treat without

performing operations. Such a medical application requires

a reliable wireless communication channel, high data rate

for real-time transmission, and extremely low power con-

sumption for increasing device longevity. The application of

UWB technology offers a possibility for this wireless link to
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fulfill the above requirements [2]. However, on the basis of

recent researches on UWB propagation in human body [3],

[4], it is clear that the in-body transmission has to be limited

to the low-band, for example, from 3.4 to 4.8 GHz as de-

fined in Japan. This is because that the higher transmitting

frequency is, the smaller penetration depth of human tissues

is.

Owing to the complex properties of human tissues,

transmitted low-band UWB signals still suffer from large at-

tenuation and shadowing which may lead to undesired per-

formance degradation for the in-body to on-body wireless

link. A diversity reception technique has been adopted for

improving the quality and reliability in UWB wireless BAN

[5], [6]. In order to employ a diversity reception technique,

it is of great importance to establish an appropriate chan-

nel model for the in-body to on-body transmission. Many

past efforts focus on on-body or in-body to off-body chan-

nels [7]–[10]. Despite there are few works have been made

to clarify the channel characteristics for implant BAN [4],

[11], there is no investigation of the channel characteristics

for spatial diversity reception. The spatial diversity channel

characteristics are thus derived from this study.

This study aims at the channel modeling and diver-

sity analysis for in-body to on-body UWB wireless link for

a capsule endoscope. The channel model is firstly estab-

lished based on the finite difference time domain (FDTD)

numerical simulations incorporated with an anatomical hu-

man body model. Then the probability density function

(PDF) of combined diversity channel is derived by using two

approximation methods and their accuracy is compared. Fi-

nally the diversity effect is investigated by both theoretical

analysis and computer simulation for impulse radio UWB

(IR-UWB) with non-coherent detection over the in-body to

on-body shadowing channel. This work contributes to not

only the practical design of capsule endoscope application,

but also other healthcare applications for implant BAN with

low-band UWB techniques.

2. Analysis Model

The analysis model of human body with antennas on its sur-

face to receive the capsule endoscope data is illustrated in

Fig. 1. The human body model is constituted of detailed

anatomical structure which has nearly 50 types of tissue and

2-mm spatial resolution [12]. The transmitting antenna of

the capsule endoscope was assumed as a 4-mm long dipole

moving in the small intestine to take 33 locations. It also had

Copyright c© 2012 The Institute of Electronics, Information and Communication Engineers
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Fig. 1 FDTD analysis model with spatial diversity reception for capsule

endoscope.

polarization directions x, y, and z based on practical moving

rotations of capsule endoscope. The transmitted UWB sig-

nal is a Gaussian-pulse-modulated sine signal with a width

of 2.1 ns, in which most of the energy can be captured be-

tween 3.4 and 4.8 GHz. On the other hand, on account of

the consideration of spatial diversity in this case, as shown

in Fig. 1 the receiving antenna was arranged at five receiver

locations in front of the abdomen for spatial diversity recep-

tion. The five receivers were located at one cross section,

in x-y plane. Rx1 is in the centre of abdomen, Rx2 and Rx4

are on the left side of Rx1, Rx3 and Rx5 are on the right side

of Rx1. The receivers were located with a spacing of 2 mm

from the body surface, and the distance between each two

receiver locations was about 6.5 cm. The receiving antennas

were designed to have an elliptic disc structure, as described

in [10] in detail. They had the specification of a=7 cm in ma-

jor radius axis and b=5 cm in minor radius axis, respectively,

and were arranged to have a z-directed polarization. The

standing wave ratio (VSWR) of the elliptic disc dipole an-

tennas was almost flat, and lower than 2 from 3.4 to 4.8 GHz

at UWB low band. As a result, in each on-body receiver lo-

cation, we obtained 99 data for extracting the propagation

channel characteristics. Therefore, by using such a simu-

lation model, we can not only derive the propagation chan-

nel characteristics of each single communication branch, but

also can evaluate the spatial diversity effect of any two or

more than two combined branches. Moreover, since the

propagation channel characterizations were made by using

FDTD numerical method incorporated with an anatomical

human body model, we applied one-relaxation Debye ap-

proximation to represent frequency-dependent human tis-

sue properties. It has been revealed in [13] that the maxi-

mum difference between one-relaxation Debye approxima-

tion and measured dielectric property data is less than 10%

in UWB low band.

3. Channel Modeling

In order to realize a reliable in-body to on-body communi-

cation, it is important to know the in-body to on-body chan-

nel characteristics and to establish an appropriate channel

model. Based on the established channel model, we can

determine adequate receiver structure and improve commu-

nication performance.

3.1 Impulse Response Model

The UWB signal arriving at each receiver location through

the in-body to on-body channel is a sum of several attenu-

ated, delayed and eventually distorted replicas of the trans-

mitted signal. A discrete time impulse response approxima-

tion model for characterizing the in-body to on-body chan-

nel may be used and can be expressed by modifying the pop-

ular Saleh-Valenzuela model appropriately as [14]

h(t) =

N
∑

k=1

αkδ(t − τk) (1)

where αk is the multipath gain coefficient, τk is the delay

of the arrival time of the k-th multipath component relative

to the first path, and N is the total number of the multipath

components. Relative to the impulse response, power de-

lay profile (PDP) is a statistical description for a multipath

channel, and can be obtained from the temporal average of

h(τ) · h∗(τ). The time axis in the impulse response or PDP

can be divided into small intervals named bins and the bin

width is usually the same as time resolution.

Here from the FDTD simulations, we obtained 99 im-

pulse responses at each receiver location for the in-body to

on-body channel in total. The FDTD-simulated impulse re-

sponse was calculated from

h(t) = F−1 [H( f )
]

= F−1

[

Ur( f )

Us( f )

]

(2)

where Ur( f ) and Us( f ) are received and transmitted pulse

energies, respectively. H( f ) is the frequency domain trans-

fer function, and F−1 [] indicates the inverse Fourier trans-

form. During the process of inverse Fourier transform, the

Hamming window with a coefficient of 2 was applied in

the frequency domain in order to limit the transmitted pulse

signal to effective frequency components. Therefore, the

time resolution of h(t) in Eq. (1) was approximated as the

Hamming window coefficient multiplied by the reciprocal

of the additional window function bandwidth, resulting in a

1.43 ns time resolution. In other words, multipath compo-

nents within such a time width cannot be resolved even if

more than one multipath arrives. Due to this limited time

resolution, we divided the time axis into many bins where

each bin has a width of 1.43 ns. So in each impulse response

or PDP, the first multipath was identified from the first peak

of bins, and the second and the third multipath components

were identified from the successive bins respectively.

Figure 2 shows a typical FDTD-derived PDP for the in-

body to on-body multipath channel. In this case, the receiv-

ing antenna was located in front of human abdomen as Rx1,

while the transmitting antenna was from one of the 33 loca-

tions with one polarization. The first multipath component

can be considered as a direct path between the transceiver
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Fig. 2 Typical FDTD-derived power delay profile for in-body to on-body

channel. Transmitter location is 10.6 cm away from Rx1 with z polariza-

tion. The values of 1.45 ns, 2.88 ns, and 4.31 ns indicate the arrival time of

the first, second, and third bins of multipath components, respectively.

and receiver and its arrival time was identified from the first

peak of multipath components as 1.45 ns. As a consequence,

the successive multipath components can be assumed to cor-

respond to the components diffracted by or scattering from

various organs and tissues of the human body. In fact, there

should be a lot of multipath components occurred inside hu-

man body because it does have a very complicated structure.

Due to the limited time resolution of 1.43 ns in this study,

however, we cannot separate all multipath components cor-

rectly for various organs and tissues. Although the multi-

path components cannot be fully resolved, we can consider

the multipath components within the second or third bin

as a summarization of various diffracted or scattered com-

ponents within that time width. We thus identified the ar-

rival time of the second multipath component as 2.88 ns by

adding the bin width (1.43 ns) to the first multipath compo-

nent’s arrival time (1.45 ns). Similarly, we also identified

the third multipath component and the following ones by

the same method. Moreover, the arrival time of the first

multipath component can also be estimated by calculating

the division of in-body to on-body local distance (10.6 cm)

and the propagation speed in human body (about a quarter

of light speed in free space). The resulting result of about

1.45 ns provides a good agreement with the first multipath

component observed in Fig. 2.

In addition, also from other results of the derived im-

pulse responses or PDPs for different transmitting and re-

ceiving pairs, the direct path always turned out to be the

strongest path with comparison to the successive multipath

components. Since the power of the multipath component

from the third bin was more than 25 dB lower than the first

one, which was weak enough to be neglected, the first two

multipath components with a fixed bin width were taken in

account as dominating multipath components. Therefore,

we proposed an approximation of discrete time impulse re-

sponse channel model with only two multipath components,

the first multipath component corresponds to direct path,

and the second one corresponds to a dominating diffracted

or scattered path, which also means the total multipath com-

ponents number N in Eq. (1) is 2.

Fig. 3 Example of approximated two-path impulse response model.

Fig. 4 Waveform comparison between reproduced and FDTD-simulated

results.

Figure 3 shows an example of approximated two-path

impulse response model at the receiver location Rx1. The

amplitude of this two-path impulse model was calculated

from the integrated power within one bin in the correspond-

ing PDP, and the time interval between these two paths was

assumed to be as same as one bin width. In order to validate

whether this proposed two-path model is appropriate or not,

we conducted a reproduction of the received pulse wave-

form by applying the convolution, where the transmitted

pulse is convoluted by the approximated two-path model.

The reproduced pulse can be expressed as

vr(t) = vs(t) ⊗ h(t) (3)

where vr(t) denotes the reproduced pulse, vs(t) and h(t) are

the transmitted pulse and approximated two-path impulse

response, respectively. Comparison of the reproduced re-

ceived pulse and FDTD-simulated received pulse is shown

in Fig. 4. As can be seen, the reproduced pulse reaches a

good agreement with the FDTD-simulated pulse, and the

correlation coefficient between them was found to be as high

as 0.92. Moreover, the other occasions for different pairs

of transmitting and receiving locations have also been con-

firmed to have a high correlation coefficient around 0.9 when

a two-path impulse response model was adopted. As a re-

sult, it can be concluded that a two-path impulse response

model is sufficient to produce an appropriate approximation

to the received pulse signals. It also suggests that in-body to
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Fig. 5 Cumulative distribution of 1st path power. Since the power is

expressed in decibel, the fitting result is normal distribution.

Fig. 6 Cumulative distribution of 2nd path power. Since the power is

expressed in decibel, the fitting result is normal distribution.

on-body channel characteristics mainly depend on the large

attenuation with less influence of multipath.

Based on such a well approximated two-path model,

the multipath power distributions were investigated to pro-

vide the parameters in view of statistical respect. Here the

multipath powers for the two paths were fitted to some can-

didate statistical distributions, respectively. As shown in

Fig. 5 and Fig. 6, the normal distribution provides a superior

fit to both of the two-path magnitudes in decibel based on

the second-order Akaike Information Criterion [7]. That is

to say, the lognormal distribution fits well the two-path pow-

ers. The average standard deviations of the power variation

were found to be 16.8 dB. At the same time, a difference of

less than 15 dB between the two multipath components was

found when the cumulative density function (CDF) was 0.5.

The arrival time of the first multipath component from

the in-body to on-body transmission is significantly deter-

mined by the direct path transmission, but varies at differ-

ent transmitting locations and polarizations. The informa-

tion on arrival time of the first path is essential for diver-

sity reception. From FDTD-simulated results, 99 different

arrival times of direct path were obtained at each receiver

location. It was found that the inverse Gaussian distribu-

Table 1 Main parameters for in-body to on-body UWB impulse

response channel model.

tion fits well the derived arrival times of direct path also

based on the second-order Akaike Criterion. The mean µ

and the standard deviation σ of the inverse Gaussian distri-

bution were found to be 1.3 ns and 0.54 ns. Moreover, since

the inter-path delay corresponding to the temporal delay be-

tween two successive multipath components was assumed

as a fixed bin width (1.43 ns) in this study, the second path

had the same statistical distribution but a longer mean ar-

rival time of 2.73 ns. Based on the above characterization,

the parameters of the two-path impulse response model are

summarized in Table 1 for the UWB in-body to on-body

wireless link.

3.2 Path Loss Model

In view of the two-path channel model, we can at first cap-

ture the maximum power of each single branch and identify

it as the direct path. Then the second path would be recog-

nized consequently from the arrival time of the direct path

plus the fixed bin width. Thus, the received signals can be

added up with the adoption of a two-finger RAKE recep-

tion [10]. However, it may be not easy to separate the two

paths with such a small time interval as 1.43 ns in actual re-

ceiver realization. Instead of RAKE reception, for a pulse

position modulation (PPM) or on-off keying (OOK) scheme

in IR-UWB, the first and second path contributions can be

summed by integrating the received signals within the first

two bins and then demodulated with an envelope or energy

detector. Therefore, even if we cannot separate the delayed

signal correctly due to the limited time resolution, the re-

ceived signal can still be appropriately captured with the aid

of channel model parameters. So it is also useful to get a

path loss model based on the received signal energy.

By using the analysis model in Sect. 2, we obtained the

instant FDTD-calculated path loss for each single commu-

nication channel in decibel. It should be noticed that the

calculated path loss contains the effects of the transmitting

and receiving antennas because of the difficulty in correctly

removing them in such a near-field situation. The path loss

model can be expressed as a distance-dependent equation

include the shadowing, given by an empirical power decay

law function as

PLdB = PL0,dB + 10n log10

d

d0

+ S dB (4)

where d is the distance from the in-body transmitting an-
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Table 2 Parameters of path loss model at each receiving location.

Table 3 Correlation coefficients between each two combining channels.

tenna to the on-body receiving antenna, d0 is the reference

distance (0.05 m), PL0,dB is the path loss at the reference

distance, n is the path loss exponent, and S dB is called as

shadowing which is caused by different organs surrounding

the transmitter and fluctuates around the average path loss.

Table 2 gives the parameters fitted by using the least-squares

method, which provides a good fit to the FDTD-calculated

path loss of the in-body to on-body channel. In addition, the

statistical distribution of the shadowing in decibel S dB was

found to be well approximated by normal distribution. That

is to say, the lognormal distribution fits well our in-body to

on-body shadowing data S at each receiver location. The

parameters µ and σ of the lognormal distributed shadowing

at each receiving location are also summarized in Table 2.

Moreover, the correlation coefficients between the re-

ceived signals at different receiver locations were also cal-

culated to confirm the possibility of spatial diversity. The

correlation coefficient of each two single channels can be

obtained from

ρ =

∑M
m=1

(

Uri,m − Uri

) (

Ur j,m − Ur j

)

√

∑M
m=1

(

Uri,m − Uri

)2∑M
i=1

(

Ur j,m − Ur j

)2
(5)

where M=99 is data number corresponding to different

transmitter locations, Uri,m and Ur j,m are instant FDTD-

calculated received energies at any two receiver locations

among Rx1, Rx2, Rx3, Rx4, Rx5, and Uri, Ur j indicate their

average values, respectively. Table 3 gives the calculated

correlation coefficients for all of the combinations of the five

receiver locations. In order to realize a significant diversity

effect, the received signals at different locations should have

smaller correlation. As can be seen, the correlation coeffi-

cient ranges from 0.1 to 0.5, which suggests the feasibility

of spatial diversity.

Although the channel characteristics were derived only

from one human body model, the model has been developed

with a sufficient consideration and adjustment to have aver-

age mass and dimensions of Japanese male for various or-

gans and tissues. So the derived channel parameters should

have sufficient generality, i.e., described average channel

characteristics. Of course some deviations in the channel

parameters may exist between different human body mod-

els. To clarify this point is considered as a future subject.

4. MRC Diversity Reception

The diversity reception refers to a method for improving the

reliability of a signal by combining two or more communi-

cation channels with different characteristics. This can be

achieved by using two or more receivers, which is known

as spatial diversity reception. Our analysis model shown

in Fig. 1 may accord with this placement requirement. The

combining method considered here is maximum ratio com-

bining (MRC) in terms of spatial diversity. It represents a

theoretically optimal combiner compared to other diversity

schemes in which the desired signal-to-noise power ratio

(SNR) can be maximized over fading channels in a com-

munication system.

Based on the in-body to on-body channel characteris-

tics derived in previous section, the combined signal with

MRC diversity over two lognormal distributed channels can

be denoted as a lognormal sum distribution. The derivation

of this lognormal sum PDF is therefore of great importance

for evaluating the average BER on this in-body to on-body

wireless link.

The average BER performance after MRC diversity

reception over an in-body to on-body transmission can be

given by

PMRC (γ) =

∫ ∞

0

p0 (γ) p (γ)dγ (6)

where γ indicates Eb/N0 (energy per bit to noise power spec-

tral density ratio), p0(γ) indicates bit error probability of the

received signal assumed to be corrupted by additive white

Gaussian noise (AWGN) for IR-UWB with PPM or OOK

modulation scheme, p(γ) indicates lognormal sum PDF.

4.1 Lognormal Sum PDF

Given the importance of the lognormal sum distribution

in analyzing this in-body to on-body wireless system per-

formance, efforts have been devoted to derive the PDF of

lognormal sum distribution. However, any general exact

closed-form theoretical expressions for lognormal sum PDF

are unknown. As opposed to this, several approximation

methods have been proposed in which the lognormal sum

can still be approximated as a lognormal distribution. Sub-

sequently, we attempted to employ two different approxi-

mation methods, named A and B here, to derive the corre-

sponding parameters for the approximating lognormal sum

PDF.

Method A is referred from [15] which gives a very sim-

ple and straightforward formula to approximate the param-

eters µ and σ from individual µ1, σ1 and µ2, σ2 in separate

lognormal distributions as shown in the following equation

µ = µ1 + µ2,
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σ = k

√

σ2
1
+ σ2

2
(7)

where k is a correction coefficient to adjust the approximated

σ. It is given by

k = 1 − 0.5(D1 − D2)2 (8)

where D1 and D2 are the standard deviations of the two log-

normal distributions, respectively. This approximation for-

mula has been validated by Monte Carlo simulation to have

a reasonable accuracy.

In comparison with Method A, Method B is a more

analytical and flexible approximation method which is to

match a short Gauss-Hermite approximation of the moment

generating function (MGF) of the lognormal sum with that

of a lognormal distribution, as proposed in [16]. The pa-

rameters µ and σ in decibel in the lognormal sum PDF were

suggested to be solved from the following equation

N
∑

n=1

wn√
π

exp

⎡

⎢

⎢

⎢

⎢

⎣

−sm exp

⎛

⎜

⎜

⎜

⎜

⎝

√
2σdBan + µdB

ξ

⎞

⎟

⎟

⎟

⎟

⎠

⎤

⎥

⎥

⎥

⎥

⎦

=

N
∑

n=1

wn√
π

exp

⎡

⎢

⎢

⎢

⎢

⎣

−sm exp

⎛

⎜

⎜

⎜

⎜

⎝

√
2σ1,dBan + µ1,dB

ξ

⎞

⎟

⎟

⎟

⎟

⎠

⎤

⎥

⎥

⎥

⎥

⎦

×
N
∑

n=1

wn√
π

exp

⎡

⎢

⎢

⎢

⎢

⎣

−sm exp

⎛

⎜

⎜

⎜

⎜

⎝

√
2σ2,dBan + µ2,dB

ξ

⎞

⎟

⎟

⎟

⎟

⎠

⎤

⎥

⎥

⎥

⎥

⎦

,

for m=1 and 2. (9)

In Eq. (9), ξ = 10 loge 10 is a scaling constant. The weights

wi and abscissas an for the Gauss-Hermite series expansion

are tabulated in [17]. The Hermite integration order N is

suggested as 6. sm indicates the parameter for adjusting

the weighted integrals of the short Gauss-Hermit integra-

tion, whose value can be chosen flexibly. It therefore plays

an important role for contributing to an accurate lognormal

sum approximation. In this study we determined it as a typi-

cal value (s1, s2) = (0.1, 1.5) based on the fitting accuracy

to the FDTD-derived PDF curve. It was found that log-

normal sum PDFs of any two channels’ combination from

Rx1 to Rx5 can provide a good approximation with these

s1 and s2 values. So these s1 and s2 values are suitable to

any two combined in-body to on-body channels for capsule

endoscope application. The non-linear equations with un-

known parameters of µ and σ in decibel in the left term

of Eq. (9) were numerically solved using fsolve function in

Matlab. For simplicity, the in-body to on-body lognormal

fading channel at each receiving location was assumed to be

independent spatially.

Figure 7 shows the PDF based on FDTD-derived data

and the PDFs approximated by the two different lognormal

sum approximation methods versus normalized receiving

power. There are two situations investigated in this study.

One as shown in Fig. 7(a) is for the MRC diversity of Rx1

and Rx3, and the other one as shown in Fig. 7(b) is for MRC

diversity of Rx1 and Rx5. The approximated parameters

in the lognormal sum for MRC diversity using methods A

and B are given in Table 4. As can be seen from Fig. 7, the

Fig. 7 Derived PDFs based on FDTD-simulated data using

approximation methods A and B.

Table 4 Lognormal parameter for MRC channel.

Method B gave a better approximation to the FDTD-derived

PDF compared with Method A, especially for the maximum

of the PDF. In order to quantitatively compare the accuracy

of the two approximation results with the FDTD-derived re-

sult, we calculated the correlation between them and found

that the correlation coefficients were 0.99 for Method B but

0.95 or 0.93 for Method A. Although Method B needs to

solve a non-linear equation, it gives a higher accuracy in

deriving the lognormal sum PDF. We therefore determined

to use the derived lognormal sum PDF with Method B in

the average BER analysis. In addition, compared with the

results in Table 2, we observed that the parameter σ for

MRC diversity becomes smaller than that for single branch

no matter which approximation method we adopt.

4.2 Average BER Performance

A theoretical analysis on BER performance contributes to a

quantitative evaluation for the communication performance
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over the in-body to on-body wireless link. Incorporating

with the IR-UWB technology in which an extremely short

pulse is transmitted with no carrier frequency, a typical mod-

ulation scheme known as PPM or OOK was considered to

derive the BER performance. With PPM scheme, the in-

formation of the data bit to be transmitted was encoded by

the position of the transmitted UWB pulse with respect to

a nominal position, the received data was then go through a

non-coherent envelope detector to obtain the reproduction of

the transmitted data. On the other hand, the IR-UWB with

OOK scheme is also attractive because of its simple struc-

ture. The BER performance for both PPM and OOK were

therefore theoretically derived.

By using the lognormal sum PDF p(γ) with approxi-

mated parameters in Table 4 and the bit error probability for

PPM or OOK in AWGN channel with non-coherent detec-

tion [18], we calculated the average BER for MRC diversity

of Rx1 and Rx3, and MRC diversity of Rx1 and Rx5, re-

spectively. Figures 8 and 9 depict the average BER perfor-

mances of the two branch MRC diversity. Also the BER un-

der AWGN channel was plotted in these two figures, and the

average BER without MRC were plotted on the right side of

the figures at each single branch Rx1 and Rx3, respectively.

The graphically plotted BER performance versus Eb/N0 of

PPM is in Fig. 8, and that of OOK is in Fig. 9.

In order to clarify the validity of the theoretical ap-

proximation by using Method B as well as the diversity ef-

fect, computer simulations were also conducted under the

same condition as the theoretical analysis. The simulated

BER results were plotted in these figures with symbols. The

good accordance between the theoretically approximated

BER and computer simulated BER was observed not only

in a single branch but also in the MRC diversity reception.

Obvious BER improvements were obtained at least 9 dB for

both PPM and OOK at BER of 10−3, and the diversity gain

of 2 was achieved. The derived results with OOK as shown

in Fig. 9 were about 3 dB degraded in comparison with that

of PPM. That is because with the same data rate and noise

power in these two considered schemes, the bandwidth per

bit with PPM is twice of that with OOK, which contributes

to a half noise power spectral density to PPM.

From Figs. 8 and 9, Method B has been shown to be

sufficiently effective as an approximation method to the log-

normal sum PDF in in-body to on-body MRC diversity

channels. Moreover, it should also be noted that Method B

provides a very high parametric flexibility which can handle

the inaccuracy problem in different regions for the approxi-

mation of the lognormal sum PDF.

In addition, combining Rx1 and Rx5 with MRC diver-

sity has also been confirmed to have the same tendency with

that of Rx1 and Rx3. Since the combined signal after MRC

diversity for Rx1 and Rx5 has a smaller σ compared to that

for Rx1 and Rx3 in Table 4, a somewhat better average BER

performance improvement is observed up to 12 dB based on

theoretical approximation with Method B at BER of 10−3. In

total, a smaller σ value in the approximated lognormal PDF

for the MRC diversity may yield a better BER performance.

Fig. 8 Average BER performance with PPM scheme for diversity of Rx1

and Rx3. Results indicated by solid lines are based on theoretical analysis.

Results indicated by symbols are based on computer simulation. ρ denotes

correlation coefficient.

Fig. 9 Average BER performance with OOK scheme for diversity of Rx1

and Rx3. Results indicated by solid lines are based on theoretical analysis.

Results indicated by symbols are based on computer simulation. ρ denotes

correlation coefficient.

Similarly, we obtained the diversity effect by combining any

two channels from in-body to on-body in Fig. 1, and the dif-

ference between them is not so significant, i.e., smaller than

2 dB. It is therefore possible to choose any two receiver po-

sitions in Fig. 1 to obtain a diversity effect around 9–12 dB

at BER of 10−3.

However, the theoretical derivation of the lognormal

sum distribution assumes statistical independency between

two receiving signals. It is not really true because a correla-

tion coefficient between each two single received signals of

0.1–0.5 may exist. Since it is difficult to theoretically derive

the PDF of lognormal sum distribution if broke the assump-

tion of independency of each two single channels, we con-

ducted computer simulation to clarify the degree of degrada-

tion on the average BER due to the correlation between two

receiving signals. The validity of the computer simulation

has been confirmed in Figs. 8 and 9. As a result, we found

that the higher correlation coefficient is, the larger degra-

dation of the BER performance is. The BER performances

with an average correlation coefficient of 0.4 are plotted also

in Fig. 8 and Fig. 9. The degradation at BER of 10−3 was ob-
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served as 4 dB compared to the BER with correlation coeffi-

cient of zero. Therefore, the possible diversity improvement

would be around 5–8 dB when consider a correlation coef-

ficient of 0.4. Of course if we choose the combination of

channels with a smaller correlation coefficient such as 0.1,

the diversity improvement will be considerably close to 9–

12 dB at BER of 10−3. If we further combine all of the five

channels, a diversity effect much larger than 10 dB can be

expected.

5. Conclusions

UWB technology in low band has the potential to provide

real-time in-body to on-body image transmission for cap-

sule endoscope application, however it suffers from rapid

attenuation and shadowing in human tissues. Spatial di-

versity is an effective mean to cope with this problem. In

this study, we firstly analyzed the in-body to on-body prop-

agation characteristics and proposed a two-path impulse re-

sponse channel model based on the FDTD numerical simu-

lations incorporated with an anatomical human body model.

The multipath power and arrival time in the two-path chan-

nel model have been clarified as lognormal distribution and

inverse Gaussian distribution, respectively. A main feature

of the two-path channel model is that the first path is always

the strongest and the second path has a fixed time interval

from the first path. This feature makes it easy to adopt a

non-coherent envelope or energy detection at the receiver.

In view of this feature, we derived a path loss model

with shadowing just based on the total received power at

each receiver. Since the shadowing in each received low-

band UWB signal also follows a lognormal distribution, the

lognormal sum distribution for MRC diversity signals has

also been approximated as a lognormal distribution. The

PDF of combined low-band UWB signal has been derived

with two different approximation methods. The method B

with MGF has provided a more accurate result with flexi-

ble parameters. With the derived lognormal sum PDF, the-

oretical BER predication of MRC diversity for the in-body

to on-body transmission has been performed and its valid-

ity has been confirmed by computer simulation. The aver-

age BER has shown a diversity effect of around 9–12 dB for

PPM and OOK at BER of 10−3 with no correlation, 5–8 dB

with a correlation coefficient of 0.4, for two branch MRC

diversity. These results suggest a significant improvement

in the low-band UWB transmission for capsule endoscope

application.

The future subject may be the design and realization of

actual diversity reception structure.
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