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ABSTRACT Herein, we propose a localization method for implant devices using electromagnetic scattering

based on sparse reconstruction. We define the product of the total electric field and the complex relative

permittivity as a new unknown variable, which is expected to be sparse. Computer simulations are conducted

to validate the sparsity of the estimated variable, and localization errors are evaluated to confirm the

performance improvement using the sparsity-based localization method. The result confirmed the excellent

localization performance, particularly below 17 MHz, even under low signal-to-noise power ratios.

INDEX TERMS Electromagnetic scattering, implant medical device, localization, sparsity.

I. INTRODUCTION

In the field of medical treatment and healthcare, body

area networks (BANs) have garnered considerable atten-

tion [1]–[3]. Wireless capsule endoscopy (WCE), which

involves a small pill comprising a transmitter, camera, and

battery, is a typical application of BANs [4], [5]. The pill used

in WCE is swallowed by a patient, captures photographs of

the gastrointestinal tract, and then transmits them to receivers

on the patient’s waist. Knowledge regarding locations to per-

form WCE in the human body can facilitate doctors in diag-

nosing diseases and identify tumor locations; therefore, many

location estimationmethods forWCE have been investigated.

In addition to WCE, location information is useful for any

other BAN application device.

Many localization techniques usingBANs have been inves-

tigated. For example, ultrawideband (UWB)-ranging-based

localization has garnered attention [6], [7]. When a node is

worn on the human body, UWB ranging enables the node

location to be estimated with high accuracy owing to its high

spatial resolution. Meanwhile, the propagation of electro-

magnetic (EM) waves for the localization of implant devices
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differs from that for the localization of wearable devices.

In particular, the signal transmitted from implant devices

is attenuated considerably by the human body; therefore,

the implant propagation channels must be investigated via

experiments and EM analyses to optimize a localization prob-

lem for the implant channels [8], [9]. Localization methods

using the received signal strength indicator or time of arrival

from transmitted signals have been proposed; it has been

reported that those methods can yield accurate estimations of

implant device locations [5], [10], [11]. Meanwhile, localiza-

tionmethods based on EM scattering [12], [13] can be applied

to all implant medical devices, including those without wire-

less communication; however, the attainable estimation accu-

racy remains low because of the large number of unknown

variables.

Generally, localization based on EM scattering involves an

ill-posed problem because the number of receivers is small

compared with the number of unknown variables, such as

the electric constant distribution of the human body. To solve

this inverse problem, the Moore-Penrose inverse matrix [14]

is often used. This method is effective for human body

structure estimation [15]; however, it might not be suitable

for implant device localization problems. Implant devices

contain metal parts; therefore, their electric constant differ
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significantly from that of human biological tissues. The solu-

tion obtained using the Moore-Penrose inverse matrix is an

L2 norm minimized solution. This implies that the solution

does not exhibit a significant contrast, e.g., the combination

of human tissues and metal. Although the Moore-Penrose

inverse solution can elucidate the observed scattered electric

field effectively, it incurs a significant error when estimating

the electric constant distribution.

Herein, we propose a location estimation algorithm for

implant devices, focusing on the sparsity of the product of

electric constants and the electric field in the human body.

In this study, sparsity implies that most of the elements are

zero and that only a few elements are non-zero; this concept is

widely used in signal processing algorithms [16], [17]. Based

on a frequency of 30 MHz [12], we previously confirmed

that the distribution of the abovementioned product exhibited

sparsity. When the frequency increased, the electric field in

the deep area decreased; hence, scattering by metal decreased

accordingly. This result implies that the scattering field com-

ponents by the metal will be difficult to observe at antennas

located outside the body. However, if the employed frequency

is lower, then a larger antenna is required. In this study,

we determined the optimized frequency that can be used to

estimate the implant device location with high accuracy based

on sparsity using computer simulations.

The remainder of the paper is organized as follows:

Section 2 presents the theory of EM wave scattering, and

Section 3 describes the location estimation algorithm using

the scattered electric field based on sparsity. The sparsity of

the product of the electric field and complex relative per-

mittivity is validated in Section 4; additionally, the localiza-

tion performance based on computer simulation is presented.

Finally, Section 5 concludes the paper.

II. ELECTROMAGNETIC SCATTERING ON HUMAN BODY

The system model is illustrated in Fig. 1. A transverse-

magnetic-mode plane wave is irradiated in the y-direction

toward the human body. Assuming that the human body is

a set of regularly arranged infinitely long cylinders, we can

consider the localization problem as a two-dimensional prob-

lem. The analysis area was a plane that included part of the

small intestine. The receiver antennas were placed around

the human body to observe both the incident wave and the

waves scattered by the human body, i.e., including the implant

device.

M receivers located around the human body was used to

observe the sum of the incident electric fields ei and the

scattered fields es.

e = e
i + e

s (1)

where e is the total electric field. Hence, the scattered field

can be obtained as the difference between the observed

total field and the incident field. Fig. 2 shows the analysis

model. The human body was partitioned into areas measuring

0.01 m × 0.01 m. The dielectric constants of each biological

FIGURE 1. Implant device localization system. Black dots on the analysis
area imply receivers.

FIGURE 2. Analysis model in x-y plane. Receivers are placed around the
body.

tissue at the employed frequency [18] were assigned to each

cell.

Using the method of moments, the total fields on each cell

can be expressed by the following equations [15], [19]:

e = (AT + I )−1
e
i (2)

Here, A is an N × N matrix, whose components are

Am,n =

{

(j/2){πkrnH
(2)
1 (krn) − 2j

(jπkrn/2)J1(krn)H
(2)
0 (kρm,n)

(m = n)

(m 6= n)
(3)

where k, rn, and ρm,n are the wave number, radius of the

n-th cell, and distance between the m-th and n-th cells,
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respectively.H
(n)
ν is the n-th-kind Hankel function of the ν-th

order, and Jν is the Bessel function of the ν-th order. T is an

N × N matrix whose diagonal elements are

Tn,n = εr (n) − j
σ (n)

ωε0
− 1 (4)

where εr (n), σ (n), ω, and ε0 are the relative permittivity

of the n-th cell, conductivity of the n-th cell, angular fre-

quency of the incident plane wave, and relative permittivity

of free space, respectively. The scattered fields observed at

the receivers are the superposition of scattering from all cells,

as follows:

e
s = BEτ (5)

whereB is anM×N matrix, whose components are expressed

as

Bm,n = −(jπkrn/2)J1(krn)H
(2)
0 (kρ′

m,n). (6)

E is an N × N diagonal matrix whose diagonal components

are the total fields e. τ is an N× 1 vector, which contains

the diagonal entries of T . ρ′
m,n is the distance between the

m-th receiver and the n-th cell.

III. LOCALIZATION METHOD BASED ON SPARSITY

A. APRINCIPLE OF EM SCATTERING-BASED

LOCALIZATION

In EM imaging techniques, the internal human body struc-

ture, namely, the distribution of the electric constant τ in (5),

is calculated. If the correct τ is obtained, then the location

of the implant device is regarded as the cell location with

the largest conductivity because the implant device is com-

posed primarily of metals, such as transmitters and batteries.

As mentioned above, the internal structure estimation by

the L2 norm minimization using the Moore-Penrose inverse

matrix is not suitable for solving this problem.

In this study, we applied a sparse vector reconstruction

algorithm [20], [21] to the implant device localization prob-

lem. A sparse solution can express the contrast between

biological tissues and metals. Generally, the L0 norm min-

imization is required to obtain a sparse solution. However,

assuming that only one implant device is implanted into the

body, the sparse vector can be reconstructed using a greedy

algorithmwith only one iteration instead of using the L0 norm

minimization.

B. LOCALIZATION ALGORITHM BASED ON SPARSE

VECTOR RECONSTRUCTION

We estimated the product of E and τ in (5) as the unknown

variable, which is defined as ǫ herein. Therefore, (5) can be

rewritten as

e
s = Bǫ. (7)

It is noteworthy that (7) is a typical sparse equation, where ǫ

can be assumed to be a sparse vector. We can determine ǫ by

solving the sparse reconstruction problem in (7).

TABLE 1. Localization algorithm based on sparse reconstruction.

The reconstruction algorithm is listed in Table 1. During

the initialization, ǫ was set to a zero vector. Subsequently,

the correlation coefficients of the scattered field es and each

column vector of B were calculated. The implant device

location was determined by the index of the cell that had the

highest correlation coefficient. Finally, ǫ was reconstructed

by updating the element in the estimated index.

IV. PERFORMANCE EVALUATION

A. VALIDATION OF SPARSITY

The scattered and total fields were calculated to validate the

sparsity of the estimator. A numerical human body model

developed by the National Institute of Information and Com-

munications Technology (NICT) [22] was used. The analysis

area was the x-y plane, where the height was 1.06 m from

the ground. The implant device was located in a shallow and

deep area of the human body, as illustrated in Fig. 3. Ten

receivers were located in front of and behind the body. It is

noteworthy that ten receivers should be accepted in real-world

implant device applications because more than five receivers

are placed on one side of the human body in general capsule

endoscopy [23]. The incident wave source was located 1 m

away from the body. The frequency of the incident planewave

was set to 30, 150, and 400 MHz.

FIGURE 3. Implant device locations in the simulation. Case 1 is the
situation that the implant device is placed close to the body surface, and
Case 2 is placed on deep location.
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FIGURE 4. Visualized distribution of (a-c) True ǫ (d-f) ǫ estimated by pseudo inverse matrix (g-i) ǫ estimated by sparse reconstruction in Case 1 with
employed frequency of 30, 150, 400 MHz, respectively.

Subsequently, ǫ was estimated using the Moore-Penrose

inverse matrix and the proposed method described in

Section 3, separately. Figs. 4 and 5 show the true and esti-

mated ǫ for each case, respectively. When the employed

frequency was 30 MHz, only one cell exhibited a large

value, whereas the others exhibited values of approximately

zero even when the implant device was located in a deep

area, as shown in Fig. 5 (a). At the other employed fre-

quencies of 150 and 400 MHz, sparsity on ǫ was no longer

observed. The solution estimated by the pseudo inverse

matrix was a blur distribution, rendering it difficult to esti-

mate the implant device location accurately. In our proposed

method, the sparse solution can be obtained easily, as shown

in Fig. 4 (g); however, the localization error remained signif-

icant at the employed frequencies of 150 and 400 MHz. The

collapse of sparsity is one of the reasons that caused the local-

ization error. However, an increase in the number of receivers

can prevent the collapse of sparsity; hence, the localization

error can be reduced using our proposed method.

B. LOCALIZATION PERFORMANCE

It is important to consider potential problems associated

with the localization of implants. In a real environment,

various types of interferences should be superimposed on

the observed electric fields, such as noise emitted from

the power supply unit of medical equipment and radio

services [24]–[26]. These interferences significantly affect

the localization of implants. However, in some cases, interfer-

ence can be considered as an acceptance level. For example,

in [25], the measured interference in a real scenario reached

82 dBuV/m, which is much smaller than the interference of

general noise sources, i.e., thermal noise generated in the

amplifier of the receiver.

The localization performances of the two methods were

evaluated. The implant device was located at one cell inside

the small intestine; hence, computer simulations with 24 pat-

terns of each implant device location were conducted. The

frequency was set from 1 to 400 MHz. The average local-

ization errors are shown in Fig. 6. By the pseudo inverse,

whereas the localization error was achieved at 0.055 m at low

frequencies, the localization error worsened as the frequency

increased because clear sparsity characteristics were difficult

to achieve. Meanwhile, the proposed method with sparse

reconstruction and localization error yielded a much better

accuracy compared with the pseudo-inverse method. In par-

ticular, at frequencies below 17 MHz, error-free localizations

were achieved.

The localization performance when noise was superim-

posed on the observed scattered fields is shown in Fig. 7.

When the signal-to-noise power ratio (SNR) was set to 30 dB,

the localization error was approximately 0.006m at employed

frequencies of 10 and 17 MHz. To reduce the localization

error to less than 0.02 m, which is approximately the diameter

of the small intestine, the SNR should be at least 25 dB at
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FIGURE 5. Visualized distribution of (a-c) True ǫ (d-f) ǫ estimated by pseudo inverse matrix (g-i) ǫ estimated by sparse reconstruction in
Case 2 with employed frequency of 30, 150, 400 MHz, respectively.

FIGURE 6. Average localization error with the employed frequency of
from 1 MHz to 400 MHz.

a frequency of less than 30 MHz. Assuming a bandwidth

of 300 kHz (MICS band) and a room temperature of 300 K,

the thermal noise power was approximately −119 dBm;

therefore, an SNR of 25 dB may be feasible in realistic

cases.

Fig. 8 illustrates the dependency of the number of receivers

on the localization performance when the SNR was 30 dB.

The simulation results show that the localization performance

FIGURE 7. Localization error with Gaussian noise.

can be improved using a large number of receivers at fre-

quencies of 17 and 30 MHz. For example, the localization

errors at 17 and 30MHz converged within 0.004 and 0.008m,

respectively. For frequencies 150 and 400 MHz, the con-

verged localization error remained large even as the number

of receivers increased. This implies that it is important to not

only increase the number of receivers, but also to select the

appropriate frequency for sparse reconstruction.
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FIGURE 8. Dependency of the number of receivers with SNR = 30 dB.

V. CONCLUSION

A sparsity-based localization algorithm for implant devices

was proposed herein. We confirmed that clear sparsity char-

acteristics appeared on the product of the complex relative

permittivity and the total electric field at frequencies less

than 30 MHz. A computer simulation for localization perfor-

mance evaluation was conducted using a numerical human

body model. The results indicated a good localization error

at a frequency below 17 MHz. If the employed frequency

is 30 MHz, then an SNR of at least 25 dB is required to

achieve a localization error of 0.02 m. Furthermore, it was

confirmed that more receivers resulted in better localization

performance at frequencies of 17 and 30 MHz, where a

localization error of within 0.01 m was achieved when the

numbers of receivers were 20 and 40, respectively. However,

the employed frequencymust be appropriate for sparse recon-

struction, e.g., less than 30 MHz. For future studies, we plan

to perform an experimental evaluation of the proposed local-

ization method to validate its efficiency in a real environment.
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