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SUMMARY Wireless capsule endoscopy (WCE) is now one of most

important applications in implant body area networks (BANs). WCE re-

quires high throughput performance due to its real-time data transmission,

whereas the communication performance depends much on the transmit

power, which is strictly regulated in order to satisfy a safety guideline in

terms of specific absorption rate (SAR). Spatial diversity reception is well

known to improve the wireless performance without any temporal and spec-

tral resource expansion. Additionally, applying spatial diversity reception

to WCE systems can be expected to not only improve the wireless com-

munication performance but also to reduce SAR. Therefore, this paper in-

vestigates the impact of spatial diversity reception on SAR levels for the

400 MHz medical implant communication service (MICS) band. To begin

with, based on finite-difference time-domain (FDTD) simulations for im-

plant BAN propagation with a numerical human body model, we first calcu-

late the BER performance and derive the required transmit power to secure

a permissible BER. Then, this paper calculates the local peak SAR under

the required transmit power when the implant transmitter moves through

the digestive organs. Finally, our simulation results demonstrate that ap-

plying spatial diversity reception can significantly reduce SAR in implant

BANs.
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1. Introduction

The concept of wireless body area networks (BANs) is be-

coming a reality due to recent breakthroughs in semicon-

ductor technologies and wireless communications in re-

cent years. Typical applications of wireless BANs include

healthcare, medical treatment and medical monitoring [1]–

[3]. BANs can be classified into two groups: wearable

BANs and implant BANs. Wearable BANs are mainly

used to monitor a person’s health condition in daily life [2],

whereas wireless capsule endoscopy (WCE) has been one

of the most important applications in implant BANs [4],

[5]. WCE involves the patient swallowing a small capsule,

which contains a color camera, light source, battery and

transmits images to the outside receiver in order to assist in

diagnosing gastrointestinal conditions such as obscure mal-

absorption, gastrointestinal bleeding, chronic diarrhoea and

abdominal pain. In this paper, we focus on WCE as an im-

plant BAN application.

Since the human body may have high energy absorp-

tion in the microwave frequency band, it is necessary to sat-
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isfy the regulation of specific absorption rate (SAR) which is

an indicator of human safety. Therefore, we need to comply

with the SAR safety guideline in realizing a wireless cap-

sule endoscope transmission. SAR is the amount of power

absorbed per unit mass of human tissue. Since the implant

transceiver of capsule endoscope is very small, the induced

SAR would be highly localized so that we only need to pay

attention to the local peak SAR. According to the ICNIRP

guideline [6], a local SAR as averaged over any ten grams

should never exceed 2 W/kg (or 10 W/kg for occupational

exposure). We therefore must satisfy the safety guideline at

the same time of realizing a high reliability communication

performance. However, the wireless communication perfor-

mance strongly depends on the transmit power. This is be-

cause more transmit power leads to higher signal-to-noise

power ratio (SNR) at a receiver side. Hence, it is important

to evaluate the communication performance, i.e., bit error

rate (BER) performance when the transmit power is limited

by the safety guideline of SAR.

On the other hand, spatial diversity reception is well

known as a technique to improve the wireless performance

without any temporal and spectral resource expansion. Fur-

thermore, in this paper, we pay attention to the feasibil-

ity that spatial diversity reception can not only improve the

communication performance but also reduce SAR. As a spa-

tial diversity reception technique, maximal-ratio combining

(MRC) provides the best performance improvement in terms

of maximizing the SNR, as compared with other combin-

ing techniques. However, MRC has the largest complexity

of all combining techniques since it requires knowledge of

channel state information (CSI) in each branch. From this

viewpoint, equal gain combining (EGC) has an advantage

in practice because it can be realized with less knowledge of

CSI relative to the optimal MRC scheme [7]. Indeed, EGC

usually does not require estimation of the channel fading

amplitudes. Given this background, this paper focuses on

EGC diversity reception.

In order to investigate the effect of spatial diversity re-

ception on SAR reduction, we need to evaluate the trans-

mit power to secure a permissible BER. For this purpose,

the model of the propagation characteristics in the implant

BANs at the 400 MHz medical implant communication ser-

vice (MICS) band is required. Although several studies have

so far been conducted to establish a path loss model for the

capsule endoscope [8], [9], no one has related it to the SAR.

Therefore, this paper first performs a finite-difference time-
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domain (FDTD) simulation for implant BAN propagation

characteristic and local peak SAR calculation with a numer-

ical human body model. In place of the difficulty in actual

measurement of propagation characteristics for living hu-

mans, FDTD simulation has a merit to provide high-quality

propagation data by using an anatomically based on high-

resolution human body model [10]. Then, we derive an im-

plant BAN channel model, and then calculate the BER per-

formance under this implant propagation channel to deter-

mine the required transmit power for securing a permissible

BER. Finally, we derive the local peak SAR and its statis-

tical characteristic under the required transmit power. Such

an approach can provide a threshold transmit power used

to ensure that the local peak SAR never exceed the safety

guideline.

The remaining of this paper is organized as follows.

Section 2 presents the system model of the EGC diversity

receiver. Then, Sect. 3 describes the implant propagation

channel model for capsule endoscope, and Sect. 4 explains

the SAR evaluation procedure under required BER perfor-

mance. Next, Sect. 5 demonstrates and discusses the SAR

evaluation results in the cases with and without the spatial

diversity reception. Finally, Sect. 6 concludes this paper.

2. System Model for EGC Diversity Reception

We assume a transmitter with a single antenna inside a hu-

man body and an EGC diversity receiver with L antennas

(branches) on the human body. Figure 1 shows the system

model which is composed of an EGC diversity receiver with

L diversity branches. The transmitter sends a signal s(t), and

we assume that the transmitter uses coherent BPSK modu-

lation. The receiver is equipped with L diversity branches,

hence the wireless channel is decomposed into L fading sub-

channels. Defining the received signal at the l-th diversity

branch as rl(t) (l = 1, 2, · · · L), rl(t) is given by

rl(t) = hl(t) ⊗ s(t) + nl(t). (1)

In Eq. (1), hl(t) and nl(t) denote the impulse response of the

l-th sub-channel and the additive Gaussian noise at the l-th

Fig. 1 Configuration of EGC diversity receiver.

diversity branch, respectively, and ⊗ denotes the convolu-

tion. Here, we assumed that n1(t), n2(t), · · · , nL(t) are inde-

pendent with the same power.

As shown in Fig. 1, the combined received signal r(t)

is represent as

r(t) =

L
∑

l=1

wlrl(t) (2)

where wl denotes the diversity weight of the l-th branches.

Since the EGC diversity receiver equally weighs them, the

EGC diversity receiver obtains wl as e− j2πθl , where θl is the

phase of hl(t).

For equally likely transmitted symbols, it can be easily

shown that the SNR at the output of the EGC combiner is

given by

γEGC =

(

∑L
l=1 |hl(t)|

)2
α2

∑L
l=1 Nl

(3)

where α and Nl are the amplitude of the transmitted signal

and the power of the additive white Gaussian noise at the

l-th branch, respectively.

3. Propagation Characteristics

We employed FDTD simulation to analyze the propagation

characteristic and SAR. The employed numerical human

body model, which was developed by National Institute of

Information and Communication Technology, Japan [11], is

shown in Fig. 2. The human body model is 1.73 m tall and

65 kg weight, and is composed of 51 kinds of biological tis-

sues with a spatial resolution of 2 mm. Analyses based on

the FDTD simulation with a numerical human body model

have been so far performed in several papers, and the FDTD-

based simulation results, including antenna characteristics,

are validated by comparing with experimental results [12],

[13]. The transmit antenna of capsule endoscope was as-

sumed inside the digestive organs of the human body, and

the receive antennas were placed at five locations on the

body surface around the abdomen and back. In the FDTD

simulation, a 4-mm long dipole as the transmit antenna was

moved to have 30 locations inside the human body with

three directivities as shown in Fig. 2, and the transmit an-

tenna is covered with a 1 mm layer of air. The five receive

antennas, denoted as in Fig. 3 with Rxi (i = 0, 1, · · · , 4),

were 20-mm long dipoles fixed in front of the body.

For the above-described simulation model, we calcu-

lated the received power at the seven receive antennas by

using the FDTD method. Then, from the following equa-

tion

PLdB = 10 log10

Pt

Pr

(4)

where Pt and Pr are the transmit power and receive power,

respectively, we obtained the instant path loss in unit of dB

as a function of distance d between the transmitter and each
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Fig. 2 Positions of capsule endoscope.

Fig. 3 Positions of receive antennas.

receiver. According to an empirical formula that the power

decays in proportional to dn, the average path loss PL
average

dB

can be expressed as

PL
average

dB
= PL0,dB + 10n log10

d

d0

(5)

where d0, PL0,dB and n are a reference distance, the path

loss at the reference distance d0 and the path loss exponent,

respectively. Figure 4 shows an example of the path loss

characteristic and a fitted curve given by (5) at the receive

antenna of Rx0. The parameters in (5) were estimated by the

least squares method. From this figure, we can see that the

average path loss is well approximated by (5), and it is in-

deed proportional to dn. Table 1 shows the fitted parameters

in (5) for each receive antenna.

Next, we consider a shadowing effect caused by dif-

ferent organs surrounding the transmit antenna, namely, a

shadow fading characteristic in the implant BAN channel.

With the definition

S dB = PLdB − PL
average

dB
(6)

we have found that the statistical distribution of the shadow

fading in decibel S dB can be well approximated by normal

Fig. 4 Path loss characteristic.

Table 1 Fitted parameters of propagation characteristics.

d0 [m] PL0,dB n σ

Rx0 0.05 49.67 5.533 2.04

Rx1 0.05 37.81 5.997 2.20

Rx2 0.05 37.99 6.663 1.80

Rx3 0.1 59.74 6.421 2.17

Rx4 0.1 58.62 5.793 2.17

distribution [14]. That is to say, the lognormal distribution

fits well the shadow fading data S at each receive antenna lo-

cation. The probability density function (pdf) of lognormal

distribution is given by

p(S ) =
1

√
2πσS

exp

[

−
(log S − µ)2

2σ2

]

(7)

where µ andσ denote the mean and standard deviation in log

domain, respectively. From the definition in (6), the mean of

S is zero, and the standard deviation is also shown in Table 1

for each receive antenna.

Finally, we explain correlation coefficients between re-

ceived signals of two branches, which determine the com-

munication performance of the spatial diversity reception.

Let us define the correlation coefficient between the two re-

ceived signals of Rxl and Rxk (l, k = 0, 1, · · · , 4) as

ρl,k =
E[(rl(t) − ml)(rk(t) − mk)]

√

E[(rl(t) − ml)2]
√

E[(rk(t) − mk)2]
(8)

ml = E[rl(t)] (9)

where rl(t) and E(·) are the received signal at the l-th branch

defined by Eq. (1) and the ensemble average of (·), respec-

tively. In Table 2, we summarize the correlation coefficients

ρl,k based on the FDTD-simulated results. From this table, it

is observed that the correlation coefficients range from 0.076

to 0.821, which suggests the feasibility of spatial diversity

reception, if we adequately choose the receive antenna loca-

tions.
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Table 2 Correlation coefficients between two received signals.

Rx0 Rx1 Rx2 Rx3 Rx4

Rx0 –

Rx1 0.399 –

Rx2 0.306 0.692 –

Rx3 0.076 0.209 0.594 –

Rx4 0.399 0.821 0.524 0.219 –

4. SAR Evaluation Procedure under Required BER

Performance

4.1 BER Performance Analysis

In order to derive the required transmit power to ensure a

BER performance for capsule endoscope application, we

need to calculate the BER performance of the EGC diversity

reception under the derived implant shadow fading channel.

Before describing the BER performance for the EGC spa-

tial diversity reception (L ≧ 2), this paper explains the BER

performance of the single branch case (L = 1) at first. The

average BER for the single branch case is calculated as

P
single

b
(γ) =

∫ ∞

0

PAWGN
b (γ)p(γ|γ)dγ (10)

where γ, PAGWN
b

(γ) and p(γ|γ) are the average SNR, the av-

erage BER under additive white Gaussian noise when the

SNR is γ and the probability density function (pdf) on the

SNR γ when γ is given, respectively. From (4) and (6), we

obtain

log S = − log Pr + log E[Pr]. (11)

Taking into consideration that γ is expressed as Pr/N (also γ

is expressed as E[Pr]/N) and S is Log-Normally distributed

as shown in (7), p(γ|γ) can be derived as

p(γ|γ) =
1

√
2πσγ

exp

[

−
(log γ − log γ)2

2σ2

]

. (12)

Now, assuming coherent demodulation of BPSK modulated

signals, PAWGN
b

(γ) is calculated as [15]

PAWGN
b (γ) =

1

2
erfc(

√
γ) (13)

where erfc(·) denote the complementary error function of (·).
Then, we derive the BER performance for the mul-

tiple branches case (L ≧ 2). Defining the average SNR

at each branch and the average SNR vector (L × 1) as γl

(l = 1, · · · , L) and Γ = [γ1, · · · , γL]T , respectively, the aver-

age BER for the EGC diversity receiver is given by

PEGC
b (Γ) =

∫ ∞

0

PAWGN
b (γEGC)p(γEGC |Γ)dγEGC . (14)

In the case of multiple branches (L ≧ 2), we can not ana-

lytically derive the p(γEGC |Γ). This is because γEGC is rep-

resent by Eq. (3), and as a result, γEGC includes the sum of

Table 3 Parameters for deriving transmit power from SNR.

T0 [K] 296

B [MHz] 1

NF [dB] 6

K 1.36 × 10−23

Log-Normally distributed random variables (|hl(t)| in (3) is

Log-Normally distributed), and furthermore, from Table 2,

the received signals at all receive branches are uncorrelated

with each other. Hence, we derive the p(γEGC |Γ) by a nu-

merical analysis based on Monte Carlo simulation (a theo-

retical analysis of the BER performance is our future work).

4.2 Calculation of Required Transmit Power and SAR

Next, we link the SNR and the transmit power. Let us as-

sume that the only noise source at the receiver is AWGN.

This noise is typically thermal, introduced by the receive an-

tenna and the front-end circuit of the receiver. The thermal

noise power is given by

N = kT0BNF (15)

where k, T0, B and NF denote the Boltzmann constant, the

environment temperature, the communication bandwidth or

data rate and the noise figure of receiving device, respec-

tively. Then, the transmit power can be calculated as

Pt,dBW = Pr,dBW + PLdB

= γdB + 10 log10[kT0B] + NF,dB + PLdB.

(16)

Table 3 gives the parameters for deriving the transmit power

from the SNR γdB. As mentioned in the previous section,

we employ a 4-mm long dipole as the transmit antenna and a

20-mm long dipoles as the receive antennas for the 400 MHz

MICS band signal, therefore, antenna matching cannot be

achieved anymore. In this paper, to evaluate a realistic trans-

mitted power, we calculate the attenuation caused by this

antenna mismatch based on the FDTD simulation, and in-

troduce it into the path loss effect PLdB. As for an evalua-

tion criterion of the BER performance, it is set to 10−3. This

is because the BER before forward error correction (FEC),

namely, channel BER of around 10−3 is required in order to

achieve that the BER after FEC becomes error free [16]. For

example, Fig. 5 shows the average transmit power versus the

BER performance for the case of the two branches of Rx0

and Rx1, where we used the parameters of the propagation

characteristics shown in Table 1. Moreover, for compari-

son purpose, the figure also includes the result for the single

branch case at Rx0 and Rx1. This figure suggests that, in

the case of two diversity branches of Rx0 and Rx1, a trans-

mit power of around −1 dBm is required to ensure a BER of

10−3.

On the other hand, the safety to human body is evalu-

ated in terms of the SAR as averaged over any ten gram of

tissue. The SAR is expressed as
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Fig. 5 BER performance versus average transmit power.

S AR =
σ

ρ
E2. (17)

In (17), σ, ρ and E are the the conductivity of tissue, the

mass density of tissue and the electric field rms value in-

side tissue, respectively. To calculate the SAR, we employ

FDTD simulation with the numerical human model shown

in the Sect. 3. The transmit power of the capsule endoscope

is determined based on the above procedure for ensuring a

BER of 10−3. As mentioned previously, the ICNIRP safety

guideline requires 2 W/kg (or 10 W/kg for occupational ex-

posure) to be satisfied. Note that this safety guideline of

2 W/kg (or 10 W/kg) assumes that a transmission source ex-

ists outside a human body, however, to the best authors’

knowledge, the safety guideline which assumes that it exists

inside a human body has been not established yet. There-

fore, unfortunately, we have no choice but to apply the safety

guideline of 2 W/kg (or 10 W/kg) in this paper (applying an

appreciate safety guideline to SAR evaluation in a capsule

endoscopy system is our future work).

5. SAR Evaluation Results

5.1 Simulation Scenario without Spatial Diversity Recep-

tion (Single Branch Case)

First, we demonstrate the results for the case of a single

branch, namely, no spatial diversity reception case. To be-

gin with, the required transmit power was calculated. Ta-

ble 4 shows the required transmit power for obtaining an

average BER of 10−3, and the required transmit power for

obtaining a BER always below 10−3, respectively. We name

the transmit power in the former case as the required aver-

age transmit power and that in the latter case as the required

maximum transmit power. We can see that the average and

maximum transmit powers are different at different receiver

locations. Note that the all average transmit powers, except

for Rx0 and Rx3, are smaller than 10 mW, and such a trans-

mit power can never induce a 10-gram average SAR exceed-

ing 2 W/kg, that is, in this sense, the safety guideline is satis-

Table 4 Average and maximum transmit power at BER = 10−3 in the

case without spatial diversity reception.

Maximum Average

transmit power [mW] transmit power [mW]

Rx0 120.71 20.85

Rx1 52.04 5.04

Rx2 20.83 2.96

Rx3 115.10 18.25

Rx4 105.12 7.70

Fig. 6 Cumulative probability of 10g peak SAR in the case without

spatial diversity reception.

fied. However, if we require a higher communication quality

to ensure the BER smaller than 10−3 in any capsule loca-

tion, the SAR will be determined by the maximum transmit

power in Table 4.

Figure 6 shows the cumulative probabilities of the 10-

gram average peak SARs when the transmit antenna moves

along the digestive organs to have the 30 locations and three

different directivities. The SAR values were calculated at

the maximum transmit power for Rx0, Rx1 and Rx2, re-

spectively. As can be seen, if the receive antenna is set at

Rx2 location, a transmit power of 20.83 mW is required to

ensure a BER not exceeding 10−3. Such a transmit power

yields a local peak SAR ranging from 0.4 to 1.8 W/kg, that

do not exceed the safety guideline of 2 W/kg. On the other

hand, if the receive antenna is set at Rx1 location, a transmit

power of 52.04 mW is required to ensure a BER not exceed-

ing 10−3. In this case, the local peak SAR may exceed the

2 W/kg at about 80% of the all transmitter locations, and fur-

thermore, in view of that the capsule endoscope is medical

treatment, it should be acceptable to use the 10 W/kg as the

safety guideline. Therefore, in this means, the induced local

peak SAR is still satisfied. However, unfortunately, if the re-

ceive antenna is set at Rx0, a transmit power of 120.71 mW

is required, and we can see from Fig. 6 that even the safety

guideline of 10 W/kg can not be satisfied any more. Con-

sequently, the results in Fig. 6 also suggest that the SAR is

dependent on the receive antenna locations, as a result, we

have concluded that the receive antenna location should be

carefully considered to comply the safety guideline. If we
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Table 5 Average transmit power at BER = 10−3 in the case with spatial

diversity reception.

Average transmit power [mW]

Rx0 Rx1 Rx2 Rx3 Rx4

Rx0 –

Rx1 0.85 –

Rx2 0.70 0.35 –

Rx3 1.50 0.70 0.60 –

Rx4 1.05 0.55 0.42 0.90 –

Table 6 Maximum transmit power at BER= 10−3 in the case with spatial

diversity reception.

Maximum transmit power [mW]

Rx0 Rx1 Rx2 Rx3 Rx4

Rx0 –

Rx1 2.99 –

Rx2 1.58 1.54 –

Rx3 2.98 2.71 1.49 –

Rx4 5.19 5.08 2.54 4.81 –

can optimally choose a receiver location, for example Rx2,

both the BER smaller than 10−3 and the local SAR smaller

than 2 W/kg are securable.

5.2 Simulation Scenario with Spatial Diversity Reception

(Multiple Branches Case)

Next, this paper shows the results for the case of multiple

branches, and investigates the effect of spatial diversity re-

ception on SAR reduction. In this paper, we consider only

the case of two branches (L = 2), however, the SAR evalua-

tion for the case of more than three branches (L ≧ 3) can be

realized by the similar way in the case of two branches. In

the same similar way to the single branch case, the required

transmit power for the case with the spatial diversity recep-

tion was calculated at first. Tables 5 and 6 show the required

average transmit power and the required maximum transmit

power, respectively. As compared with the results for the

case without spatial diversity reception in Table 4, we can

see that applying spatial diversity reception to the receivers

can significantly reduce both the required average and max-

imum transmit powers. Furthermore, the required average

transmit power is always less than 10 mW at all selections of

the receive antennas, namely, the 10-gram average SAR ex-

ceeding 2 W/kg can not occur. Additionally, our guess is that

the required transmit power may be determined by both the

two effects of the path loss and the correlation coefficient.

In order to optimally choose the diversity branches, it is im-

portant to take consideration into the both the two effects. If

we can choose the best receive antenna positions, for exam-

ple Rx2 and Rx3, the achievable required maximum transmit

power is 1.49 mW, and it is around 6% of 20.83 mW, which

is the minimum value in the case without the spatial diver-

sity reception.

Figure 7 shows the cumulative probabilities of the 10-

gram average peak SARs in the case with the spatial di-

versity reception at the required maximum transmit powers

for the best selection (Rx2 and Rx3) and the worst selection

Fig. 7 Cumulative probability of 10g peak SAR in the case with spatial

diversity reception.

Table 7 Threshold transmit power at a local peak SAR.

Local peak SAR [W/kg] Transmit power [mW]

2 24.36

10 121.80

(Rx0 and Rx4). From this figure, in addition to the required

transmit power, the SARs are also remarkably reduced as

compared with those for the single branch case. Even if the

two receive antennas are set to Rx0 and Rx4 (the worst se-

lection), a transmit power of only 5.19 mW is required to

ensure a BER not exceeding 10−3. This result means that

the maximum transmit powers for the case with the spatial

diversity reception can never exceed 2 W/kg. Moreover, if

we can optimally select the diversity branches, for example

the selection of Rx2 and Rx3, the 10-gram average SAR has

10 times safety margin of the safety guideline of 2 W/kg.

In addition, Table 7 gives the permissible transmit

power for securing the local SAR not exceeding 2 W/kg or

10 W/kg, that can be used as a threshold transmit power in

safety evaluation for capsule endoscope transceiver with the

spatial diversity reception. Then, our future subject is that

we insert an implant transceiver into a liquid phantom of

human body and measure its transmit power. By compar-

ing the measured transmit power with the threshold transmit

power, it is possible to evaluate the safety of the transceiver

for capsule endoscope application.

6. Conclusion

This paper has investigated the impact of spatial diversity

reception on SAR reduction in implant BANs. In order to

evaluate the transmission performance and the local peak

SAR in a WCE scenario, we have performed FDTD simula-

tions using a numerical human body model in the 400 MHz

MICS band. Based on the simulation results, we have de-

rived an implant shadow fading channel model, and then

calculated the BER performance of the EGC diversity re-

ceiver under the derived channel.

As a result, in the case without the spatial diversity re-
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ception (the single branch case), we have found that the re-

quired transmit power is 52.04 mW for securing a BER be-

low 10−3 when the receiver antenna is located at Rx1. Under

this transmit power, the 10-gram local peak SAR has been

shown to exceed the safety guideline of 2 W/kg, although

not exceed 10 W/kg, in some transmitter locations inside the

digestive organs, that is, if we choose the worst receive an-

tenna location, even the safety guideline of 10 W/kg can not

be satisfied.

On the other hand, in the case with the spatial diver-

sity reception (two branches case), we have seen from the

numerical analyses that the required average power is less

than 10 mW at all selections of the receive antennas, that

is, the 10-gram average SAR exceeding 2 W/kg will never

be induced. In a reality, it is difficult to know the opti-

mum receive antenna position in advance, so we can not

always choose the optimum position. However, even if the

worst positions are chosen, the safety guideline of 2 W/kg

can be satisfied in the case of the spatial diversity reception,

whereas the safety guideline of 10 W/kg cannot be satisfied

in the case without the spatial diversity reception. In this

situation, the proposed SAR reduction by using the spatial

diversity reception is necessary to satisfy the safety guide-

line. Furthermore, because a capsule endoscope is driven

only by battery, the spatial diversity reception is advanta-

geous in terms of the lower required transmitted power. In

addition, by choosing the best receive antenna locations, for

example Rx2 and Rx3, the achievable required maximum

transmit power is 1.49 mW, which is around 6% of the min-

imum value of 20.83 mW for the case without the spatial di-

versity reception. In this case, we have also confirmed that

the 10-gram average SAR has 10 times safety margin of the

safety guideline of 2 W/kg.
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