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PAPER

Hybrid TOA/RSSI-Based Wireless Capsule Endoscope Localization

with Relative Permittivity Estimation

Takahiro ITO†a), Student Member, Daisuke ANZAI†, Member, and Jianqing WANG†, Fellow

SUMMARY When using a wireless capsule endoscope (WCE), it is

important to know WCE location. In this paper, we focus on a time of

arrival (TOA)-based localization technique, as it has better location esti-

mation performance than other radio frequency-based techniques. How-

ever, the propagation speed of signals transmitted from inside of a human

body varies depending on which biological tissues they pass through. For

this reason, almost all of conventional TOA-based methods have to obtain

the relative permittivity of the passed biological tissues or the propagation

speed beforehand through another measurement system, i.e., magnetic res-

onance imaging (MRI) or computational tomography (CT). To avoid such

troublesome pre-measurement, we propose a hybrid TOA/received signal

strength indicator (RSSI)-based method, which can simultaneously esti-

mate the WCE location and the averaged relative permittivity of the human

body. First, we derive the principle of RSSI-based relative permittivity esti-

mation from an finite difference time domain (FDTD) simulation. Second,

we combine the TOA-based localization and the proposed RSSI-based rel-

ative permittivity estimation, and add them to the particle filter tracking

technique. Finally, we perform computer simulations to evaluate the es-

timation accuracy of the proposed method. The simulation results show

that the proposed method can accomplish good localization performance,

1.3 mm, without pre-measurement of the human body structure informa-

tion.

key words: WCE, localization, BAN, TOA, RSSI, particle filter

1. Introduction

In recent years, wireless body area network (BAN) tech-

niques are often applied to medical and healthcare applica-

tions [1], [2]. The first major application in implant BAN is

wireless capsule endoscopy system [3]. A wireless capsule

endoscope (WCE) can help doctors to diagnose diseases in

gastrointestinal tract with videos or photographs obtained by

itself. WCE location information indicates the place where

the videos or the photographs were taken, therefore doc-

tors can notice which part has the disease. In the future,

WCE location information may become useful to optimize

the transmission power. However, since a WCE moves in-

side the gastrointestinal tract every moment, we do not know

its location in advance. WCE location information is usable

in various application; therefore, it is necessary to estimate

location of a WCE sequentially.

Various kinds of location estimation methods have

been widely studied, for example magnetic field-based [4],

radio frequency (RF) wave-based [5], and acoustic-based [6]

technologies. In these technologies, RF wave-based local-
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ization is the most advantageous for WCE localization in

terms of ease of implementation because it requires no spe-

cific device. Usage of no specific device can expect to con-

tribute to miniaturization and low energy consumption. The

most famous technology based on RF wave is global posi-

tioning system (GPS). However, the GPS technique does not

support WCE localization because it requires a direct com-

munication link between the WCE and satellites.

Some localization methods for the WCE with RF wave

have been proposed. Received signal strength indicator

(RSSI)-based WCE localization technology is often used

because of simple construction [3], [5], [7]. In paper [7],

cooperative localization algorithm with multiple capsules

based on RSSI was studied. The algorithm proposed in [7]

achieved the root mean square (RMS) localization error of 3

cm in the case with 10 capsules. This means that the exist-

ing method can estimate the position with smaller error than

the WCE’s size. Nevertheless, the estimation accuracy is

not enough because a next generation WCE technology re-

quires accuracy of several millimeters to support telesurgery

with a WCE. On the other hand, time of arrival (TOA)-based

WCE localization technology can realize more accurate lo-

cation estimation according to the literature [8]. Generally,

each biological tissue has different electrical constants, that

is, the conductivity and the relative permittivity. Therefore,

the method in [8] needs correct propagation speed informa-

tion to reach a precise location accuracy. Pourhomayoun

et al. (2014) developed an effective method for the WCE

localization with RSSI and TOA [9]. The method directly

calculate the WCE position focusing on the characteristic

of spatial sparsity. While it can achieve a good localization

performance, such as less than 1 cm, it still also requires rel-

ative permittivity distribution and boundary information of

the human body. However, to obtain the relative permittiv-

ity information in advance, we have to use another measure-

ment system, such as magnetic resonance imaging (MRI) or

computational tomography (CT) which requires a lot of ef-

fort. For instance, MRI requires large equipment and very

strong magnetic field, and CT uses X-ray to produce tomo-

graphic images. Of course, we can re-use the relative per-

mittivity for the localization problem in the same situation

as the relative permittivity measurement environment, that

is, the relative permittivity is available only for the same

patient. However, taking a realistic scenario into considera-

tion, we need to do the WCE localization for many different

patients. In that case, it is no longer be used again without

re-calculation, which means that it is necessary to measure

Copyright c⃝ 2016 The Institute of Electronics, Information and Communication Engineers
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(or estimate) the relative permittivity for each patient.

In this paper, we propose a novel hybrid TOA/RSSI-

based method with a particle filter, which includes relative

permittivity estimation. Here, the particle filter is widely

used as a localization technique and may achieve precise

localization accuracy using proper state transition model

and sufficient amount of samples [10], [11], similarly on

the WCE tracking [5], [12]. To avoid the above-mentioned

troublesome pre-measurement of a human body structure,

we first construct a relative permittivity estimation model

based on RSSI information with a finite difference time

domain (FDTD) method. The usefulness of FDTD analy-

sis with numerical human body model including the effects

of transmit/receive antennas has been shown in many pa-

pers [13], [14]. Then, we combine the TOA-based localiza-

tion and the proposed RSSI-based relative permittivity esti-

mation, and apply them into the particle filter tracking tech-

nique. While we have studied the TOA/RSSI-based WCE

localization method [15], the validation was performed only

with a 2-dimensional model, so it is insufficient to confirm

the validity of the proposed method in a realistic WCE sce-

nario, namely, the conclusions of literature [15] is really

limited. Hence, in this paper, we validate the proposed

method in a more realistic implant BAN scenario for a 3-

dimensional anatomical human model considering antennas

implementation.

This paper is organized as follows. Section 2 presents

the conventional TOA-based WCE localization methods.

The derivation of the relative permittivity estimation model

and performance evaluation on WCE localization with com-

puter simulations are described in Sects. 3 and 4, respec-

tively. Section 5 concludes this paper.

2. TOA-Based WCE Localization

2.1 System Model

We assume that receivers are put on a patient’s body to re-

ceive signals transmitted from a WCE, and it obtains TOA

and RSSI information from the received signals. The sys-

tem overview of the WCE localization is shown in Fig. 1.

We define 3-dimensional location of the WCE and the m-th

receiver (m = 1, ...,M) as

r = [x, y, z]T (1)

rm = [xm, ym, zm]T (2)

where (·)T indicates the transpose of (·). To localize the

WCE based on a TOA technique, we range the propagation

distance between the transmitter and the receiver according

to travel time of the signal. The propagation distance to the

m-th receiver dm is expressed in the following equation:

dm = |r − rm| (3)

= vτm (4)

where v and τm are the propagation velocity of the signal

Fig. 1 System overview of WCE localization.

and the TOA acquired at the m-th receiver, respectively. Es-

pecially in free space, v is equal to the speed of light. Then,

the WCE location is estimated by a localization system, for

example a triangulation approach.

2.2 Variation of Propagation Signal Velocity in a Human

Body

In implant BAN channels, the propagation velocity of the

signal varies depending on the influence of various biolog-

ical human tissues. The propagation distance of the signal

which passed through a homogeneous tissue is given by

dm =
c

Re

[
√

εr − j σ
ωε0

]τm (5)

where c, εr, σ, ω, and ε0 are the velocity of light, the relative

permittivity of tissue, the conductivity of tissue, the angular

frequency, and the relative permittivity in free space, respec-

tively.

2.3 Conventional TOA-Based WCE Localization

As a transmit signal, an ultra wideband (UWB) low-band

signal (3.4–4.8 GHz) is used in this paper because it has ad-

vantages of high time resolution, low transmission power

consumption and device miniaturization. The propagation

distance can be approximated as follows because ε ≫
σ/ωε0 can be satisfied in UWB low-band [8].

d(τ, εr) ≈
c
√
εr

τ. (6)

For example, for muscle tissue at 4.1 GHz, the cen-

ter frequency of the UWB low-band, the denominator

Re

[
√

εr − j σ
ωε0

]

in Eq. (5) and the approximated value
√
εr

represented in Eq. (6) are 8.38 and 8.36, respectively [16].

This means that regardless of neglecting the conductivity,

the approximation by Eq. (6) can well represent Eq. (5) at

such a frequency band. The WCE position is estimated by

a least squares (LS) approach. Here, it requires the relative

permittivity information to range the propagation distance.

As we mentioned above, a human body consists of many

kinds of biological tissues. Accordingly, because it is im-

possible to take all biological tissues into consideration, the

conventional method [8] is to employ the averaged relative

permittivity and the averaged propagation velocity as
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Table 1 Conventional TOA-based WCE localization algorithm.

(Initialization)

εave =

∑K
k=1
εrdk

dall
, vave =

c√
εave

for m = 1, ...,M

1. Observation

TOA: τm
2. WCE localization with LS method

τm,r = dm(r)/vave
r̂ = arg min

r

∑M
m=1[τm − τm,r]2

εave =

∑K
k=1 εrdk

dall

(7)

vave =
c
√
εave

(8)

where K, dk, and dall are the number of regions, the length

of the path via the k-th region, and the length of direct path,

respectively. The conventional TOA-based WCE localiza-

tion algorithm is summarized in Table 1. Here, note that

this relative permittivity information in the k-th region is

obtained by MRI or CT in the conventional method. This

means that such information must be measured by trouble-

some pre-measurement with MRI or CT before diagnostic

with a WCE, so it can be concluded that the conventional

method is not suited for realistic WCE usage scenarios.

3. Proposed Hybrid TOA/RSSI-Based Localization

with Particle Filter

In the proposed localization system, the WCE location and

the relative permittivity are simultaneously estimated by us-

ing a proposed TOA/RSSI-based technique with the particle

filter.

3.1 Proposed Relative Permittivity Estimation

3.1.1 Estimation Model

From Eqs. (5) and (6), it is clear that the TOA-based method

needs the relative permittivity in order to estimate the prop-

agation speed of the signal. In this paper, we estimate εr

based on the RSSI information (RSSI means E as defined

below). Because a human body is actually composed of

various kinds of biological tissues, several lossy dielectrics

exist between the transmitter (WCE) and the receiver. For

simplification of the estimation problem, this paper assumes

that there is one kind of biological tissue between the WCE

and the receivers, which has the electric constants (namely,

the relative permittivity and conductivity) averaged over the

several lossy dielectrics. In this case, assuming that the

transmitted signal radiates in a spherical wave form, the re-

ceived electric field intensity (namely, the RSSI ) at the m-th

receiver Em can be approximately expressed as

Em = f (εr) = E0

A

dm

e−α(εr)dm (9)

Fig. 2 Numerical human body model.

α(εr) = ω
√
µ0ε0εr Im

[

1 − j
σ

ωε0εr

]

(10)

where E0, ω, µ0, and σ are the transmit electric field inten-

sity, the angle frequency, the magnetic permeability in free

space, and the conductivity, respectively. A is a constant.

Consequently, the averaged relative permittivity can be es-

timated from the electric field intensity acquired at m-th re-

ceiver Em as

εm = f −1(Em)

=
σ2ω2µ2

0
d4 − 4

(

log
[

Em

E0
d
]

− log A
)4

4ε0ω2µ0d2
(

log
[

Em

E0
d
]

− log A
)2

(11)

where f −1(·) indicates the inverse function of f (·) in Eq. (9).

Here, we assume the conductivity σ as the two thirds of the

muscle’s value at the center frequency.

3.1.2 Validation for Relative Permittivity Estimation

Model

We performed a computer simulation to validate the validity

of an averaged relative permittivity to present the dielectric

properties of a human body in our proposed relative permit-

tivity estimation model. We used a numerical human body

model shown in Fig. 2 developed by National Information

and Communication Technology (NICT), Japan. The hu-

man body model consists of 51 tissue types. The transmit

antenna of the WCE was assumed as a UWB loop antenna

[17] inside the small intestine of the human body, and the re-

ceive planar imbalance dipole antennas were placed at five

locations on the body surface as shown in Fig. 2. This re-

ceive antenna for UWB signals was also designed in the lit-

erature [17]. These antennas were located at the positions

which suppose a realistic usage. Then, we calculated the

received electric fields when we transmitted a UWB pulse

from each transmission location by the finite difference time

domain (FDTD) method.

Here, Eq. (9) can be transformed to

log

[

E

E0

d

]

= −α(εr)d + log A (12)
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Fig. 3 Validation for relative permittivity estimation model.

with the received electric field intensity E and the propa-

gation distance d altogether. Equation (12) illustrates that

log
[

E
E0

d
]

is proportional to the distance d. Figure 3 shows

the FDTD-calculated results for the anatomical human body

model with 51 tissue types and the fitted line using Eq. (12),

both as a function of distance. From this result, the rela-

tionship between the distance and the received electric field

intensity is well represented by Eq. (12), because the cor-

relation coefficient between the FDTD-simulated data and

the approximation line is 0.702. It should be noted that the

constant A in Eq. (9) includes the effect of the antenna direc-

tivity and polarization, which can be estimated in advance.

While we regard the complicated human body as an aver-

aged biological tissue in Eq. (9), good accuracy for the av-

eraged relative permittivity estimation can be accomplished

based on the received electric field intensity.

Figure 4 illustrates the cumulative distribution function

(cdf) against the estimated relative permittivity normalized

by their average. Figure 4 also shows the log-normal distri-

bution as a fitting curve. This implies that the distribution

of the estimated relative permittivity can be expressed by

the log-normal distribution, and this expression allows us

to calculate the likelihood of each particles in the proposed

particle filter algorithm. Here, the standard deviation of the

approximated log-normal distribution is 1.23.

3.2 WCE Localization with Particle Filter

At the beginning, the proposed particle filter algorithm with

the hybrid TOA/RSSI-based localization initializes Np par-

ticles, which have a location vector, a velocity, a destination

vector, a relative permittivity, and a weight. Then, it repeats

the following four steps in an iterative manner to estimate

the WCE location and relative permittivity.

3.2.1 Prediction Step

The states of the particles are decided by a state transition

model. This paper assumes the random waypoint (RWP)

model [5], [12] as the realistic transition model, which sup-

poses peristalsis. In this paper, we define the process of the

Fig. 4 cdf of the normalized estimated relative permittivity.

RWP transition as RWP(·). Furthermore, the i-th particle at

the discrete-time index n has not only the particle location

ri[n] but also the relative permittivity information εi for each

receiver (the subscript r is dropped without loss of general-

ity in this section). When a particle reaches its destination,

the particle is expected to linger in the bend of the small in-

testine for a random value of time, therefore it stops moving

for the seconds decided byU(0, 20).

3.2.2 Update Step

In the update step, the weight of each particle w̃i[n] at the

time index of n is updated as in the following way:

w̃i[n] = wi[n − 1]

M
∏

m=1

p(τm, εm|ri[n], εi) (13)

wi[n] =
w̃i[n]

∑Np

j=1
w j[n]

(14)

where wi[n] is the normalized weight of the i-th particle.

εm is the relative permittivity estimated by Eq. (11) with the

RSSI measured at the m-th receiver. The probability density

function (pdf) in Eq. (13) can be decomposed into

p(τm, εm|ri[n], εi) = p(τm|ri[n], εi)p(εm|ri[n], εi). (15)

Assuming that we establish a clear wireless communication

link (namely, a certain level of SNR can be achieved), the

effect of the sampling error should be dominant on the TOA

measurement. In this case, taking the sampling error of TOA

measurement into consideration, the former term of Eq. (15)

is given by [18]

p(τm|ri[n], εi) =
1

√
2πσs

exp

[

−
(τm − τm,i)

2

2σ2
s

]

(16)

τm,i =

√
εi

c
|ri[n] − rm| . (17)

On the other hand, the latter term of Eq. (15) is assumed
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Table 2 One cycle of proposed WCE localization algorithm.

Particle state: ri, εi, wi

for i = 1, ...,Np, m = 1, ...,M

1. Observation

TOA: τm
RSSI: Em

2. Relative permittivity estimation

εm = f −1(Em)

3. WCE localization

Prediction: ri[n] = RWP(ri[n − 1])

Update: w̃i[n] = wi[n − 1]
∏M

m=1 p(τm, εm |ri[n], εi)

Resampling:

Estimation: r̂[n] =
∑Np

i=1
wi[n]ri[n]

as the following log-normal distribution as mentioned in

above:

p(εm|ri[n], εi) =
1

√
2πσeεm

exp

[

− (log εm − εi)
2

2σ2
e

]

(18)

where σe is the parameter of the log-normal distribution.

From the FDTD simulation results in the previous section,

σe of 1.23 has been obtained.

3.2.3 Resampling Step

As the particle filter algorithm iteratively processes, some

of the normalized weights become negligible. When most

of the normalized weights concentrate on a part of particles,

resampling [5] is processed to avoid adverse effect occurs in

terms of the sequential Monte Carlo method. If the param-

eter calculated from the weights of the particles is less than

resampling threshold βthr, new particles are generated as a

copy of one of the remaining particle. Note that the resam-

pling step of the proposed algorithm additionally employs

one more procedure to add a little variation to the regener-

ated particle parameters in order to effectively avoid local

optimization problem.

3.2.4 Estimation Step

The estimated location of the WCE is calculated as weighted

average by

r̂[n] =

Np
∑

i=1

wi[n]ri[n]. (19)

Finally, one cycle of the proposed hybrid TOA/RSSI-

based WCE localization algorithm is summarized in Table 2.

4. Performance Evaluation with Computer Simula-

tions

4.1 Simulation Environment

In order to evaluate the performances of the proposed local-

ization method, we performed computer simulations. In the

computer simulations, we assumed that the WCE moves in-

side a small intestine according to the RWP model described

Fig. 5 Locus of capsule endoscope.

Table 3 Parameters of computer simulations.

Analysis area 40 × 40 × 20 cm

Time interval 0.1 s

Average speed of WCE motion 0.05 cm/s

Center frequency 4.1 GHz

Standard deviation of TOA observation distribution σs 62.5 ps

Conductivity σ 2.17 S/m

in the previous section, and the destination location of the

transition model was determined based on the small intes-

tine of the anatomical human model in advance as shown in

Fig. 5. We put 8 receivers at each vertex of the cuboid which

suppose a location estimation area. The received signals on

these receivers were obtained based on the FDTD-derived

statistical model, and were sampled with the sampling fre-

quency of 8 GHz. In our simulations, we assumed that mea-

sured TOA followed a normal distribution whose standard

deviationσs is half of the sampling interval 125 ps. Analysis

area represent the possible range of the WCE location to be

estimated. Besides, location estimation area was assumed

to be filled with averaged biological tissue whose electri-

cal properties were two thirds of muscle, namely σ = 2.17

[S/m] and εr = 34.25 at the center frequency of the signal

according to the literature [19]. Finally, the computer simu-

lation parameters are summarized in Table 3. We supposed

a scenario that RSSI and TOA were acquired within every

time interval, then the proposed particle filter outputs the es-

timated WCE location r̂ utilizing the acquired information.

4.2 Effect of Filter Parameters Regarding Localization

Performance

Let us discuss the effect of the filter parameters before evalu-

ating the localization performance. Figure 6 shows the root

mean square (RMS) location estimation errors against the

resampling threshold βthr in the cases of the number of par-

ticle Np = 5000, 10000, 15000, and 20000. As illustrated in

Fig. 6, the localization accuracy is insensitive to resampling

threshold βthr. From Fig. 6, we choose βthr = 0.06 and Np

= 20000 as the optimal values for the localization perfor-

mance.
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Fig. 6 RMS localization error against βthr .

Fig. 7 RMS localization error against time.

4.3 Performance Evaluation

Figure 7 shows the RMS location estimation error for the

proposed hybrid TOA/RSSI-based method, the conventional

RSSI-based method [5] and the conventional TOA-based

method with true relative permittivity information. As

seen from Fig. 7, the achievable localization accuracy of

the proposed method at 600 s is 1.3 mm and that of the

conventional RSSI-based method is 7 mm. Namely, the

localization performance of our proposed method is im-

proved by around 80% compared with the conventional

RSSI-based method. Besides, the accuracy of the conven-

tional TOA-based method with true relative permittivity in-

formation is 1.2 mm. While our proposed method use no

pre-measurement information of the relative permittivity, it

achieves the same localization performance as that of the

conventional TOA-based localization with true relative per-

mittivity.

Figure 8 shows the cumulative distribution function

Fig. 8 cdf of location estimation error.

Fig. 9 RMS estimated relative permittivity error.

(cdf) on the location estimation error for the three methods.

From the figure, the maximum location estimation error of

the conventional RSSI-based method is around 15 mm. In

contrast, that of the proposed method achieves the localiza-

tion performance of less than 4 mm. The proposed method

can achieve the same localization performance as the con-

ventional TOA-based localization with true relative permit-

tivity also in aspect of cdf. For example, when the cdf of the

location estimation error is 0.8, the proposed method can

accomplish the accuracy of around 1.5 mm.

Furthermore, Fig. 9 illustrates the RMS estimation er-

ror of the averaged relative permittivity on our method for

10 minutes. From Fig. 9, the RMS estimation error quickly

converges to around 0.13. Considering the true value of the

averaged relative permittivity of the human body, which is

around 34.25 (two thirds of the average muscle parameter

at 4.1 GHz), the proposed method realizes accurate relative

permittivity estimation, so that, the proposed relative per-

mittivity estimation can support the precise TOA-based lo-

calization in implant BANs.
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Table 4 Performance comparison between the proposed and the conventional methods.

Proposed Kawasaki, 2009[8] Pahlavan, 2012[7] Ito, 2014[5] Pourhomayoun, 2014[9]

Localization technique TOA/RSSI TOA RSSI RSSI TOA/RSSI

Number of dimensions
3 2 3 3 2 3

of estimated WCE location

Pre-measurement of model parameters
None Required Required Required Required

(including relative permittivity information)

Achievable RMS location estimation accuracy 1.3 mm 10 mm 30 mm 7 mm 6 mm 7 mm

The shortest distance
97.3mm (Not available) (Not available) 199mm (Not available)

between transceivers at the initialization

Frequency bands 3.4–4.8 GHz 0–4.0 GHz 403.5 MHz 400 MHz 405.85–406.15 MHz

Finally, we show the comparison between the local-

ization performances for the proposed localization method

and the existing conventional methods in Table 4. We note

that all of the conventional methods in Table 4 took inho-

mogeneous biological tissue structure into consideration to

realize the accurate localization method. Table 4 clearly

demonstrates that only the proposed method does not re-

quire pre-measurement of model parameters including the

relative permittivity information. Here, it should be noted

that Pourhomayoun et al. (2014) [9] used both TOA and

RSSI for the WCE localization, however, it has difficulties

in a practical use because the number of dimensions of the

estimation position is only two and it requires pre-measured

boundary information of biological tissue layers.

Good precision of our method was mainly achieved

by two contributors, namely, the use of UWB signals and

applying the particle filter to the UWB-based localization.

UWB signals have high time resolution so that we can re-

duce the location estimation error. The particle filter algo-

rithm continuously tracks the location of WCE instead of es-

timating its instantaneous location based on all time-series

TOA data.

As mentioned above, UWB-ranging between the

transceivers need the relative permittivity values of the prop-

agation path to get correct propagation speed information. If

there is a mismatch on the relative permittivity, it is difficult

to preciously estimate the distance between the transceivers.

Moreover, there are many kinds of biological tissue on the

propagation path so that it leads to a complicated relation-

ship between the relative permittivity and the propagation

speed. In this paper, we aimed to introduce relative permit-

tivity estimation into the particle filter-based localization.

For this purpose, we constructed a probability model of rel-

ative permittivity variation because the particle filter solves

maximum a posteriori (MAP) estimation using the prior

probability. Consequently, it can be concluded that the su-

periority of our proposed algorithm is to successfully apply

the relative permittivity estimation to the particle filter-based

localization, which allows us to high-precision localization

without any troublesome pre-measurement on the patient.

5. Conclusions

This paper has proposed a hybrid TOA/RSSI-based WCE

localization method without pre-measurement of relative

permittivity information. First we constructed an RSSI-

based averaged relative permittivity estimation, which is ap-

plicable to a human body model composed of various kinds

of biological tissues. Then, we have showed the validity

of the averaged relative permittivity estimation using the

FDTD simulation together with an anatomical human body

model. After that, we combined the TOA-based localization

and the proposed RSSI-based relative permittivity estima-

tion, and apply them into the particle filter localization algo-

rithm. The results of our computer simulations have demon-

strated that the achievable RMS location estimation error

of our proposed method is 1.3 mm. Our proposed method

approaches the estimation accuracy of conventional TOA-

based WCE localization even without pre-measurement of

the relative permittivity information.
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