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Abstract: In this study, the authors developed an ultra-wideband (UWB) planar loop antenna for implant communication,
and confirmed its usefulness by comparing its designed and measured reflection and transmission characteristics. With
the planar loop antenna as the implant transmitting antenna, then they calculated the implant path loss and specific
absorption rate (SAR) using the finite difference time domain method together with an anatomical human body
numerical model. Moreover, through a link budget analysis based on the calculated path loss with selection diversity,
they derived the transmitting power required to achieve a specific bit error rate performance, and clarified the
corresponding local SAR with respect to the international safety limits. As a result, the UWB implant communication is

found to be feasible at a data rate as high as 40 Mbps under the SAR safety limits.

1 Introduction

In recent years, various efforts towards the realisation of a body area
network (BAN) have been activating [1, 2]. BAN is usually used to
collect biomedical information for medical diagnosis and health care
monitoring. BAN is classified as wearable BAN and implant BAN.
The wearable BAN monitors human’s healthy conditions using
wearable sensors, such as wearable electrocardiograph, while the
implant BAN collects biomedical information using swallowed or
implanted sensors. One of the typical examples of implant BAN is
capsule endoscope. A capsule endoscope consists of a camera,
a battery, a transmitter, and an antenna in dimensions of about
10 mm % 20 mm. It takes images of internal organs and transmits
those to external devices for medical diagnosis. The current
wireless communication systems for capsule endoscope mainly use
the medical implant communication service (MICS) band at
around 400 MHz [3]. However, its data rate is not enough to a
high-speed video transmission. Accordingly, ultra-wideband
(UWB) exhibits a potential for realising the high-speed
transmission in capsule endoscope application [4, 5].

UWRB is suitable for high-speed and low-power transmission.
However, a UWB signal is largely attenuated in a human body
because of its very short wavelength. Although so, the UWB
technology still has a sufficient possibility to be applied to implant
communication with high gain transmitting/receiving antennas,
spatial diversity reception, and higher transmitting power. That is
to say, we may increase the transmitting power to improve the
UWB communication distance in the human body. This is because
that the radiated power outside the human body is very weak due
to the large attenuation inside the human body so that it no doubt
satisfies various emission limits. The only concern is therefore the
safety limit to the human body, i.e. the specific absorption rate
(SAR), which should not exceed 2 W/kg for public people and
10 W/kg for occupational people for any 10 g of human tissue [6].

In this study, we attempt to clarify the UWB performance in
implant communication based on the above-mentioned SAR limits.
First, we make design for three types of implant transmitting
antennas and compare their basic performances. Then, based on
the ease of fabrication, we choose a planar loop antenna structure,
and confirm its usefulness by comparing simulated and measured
reflection and transmission characteristics. With the validated
planar loop UWB antenna as the implant transmitting antenna, we
calculate the implant path loss and local SAR using the finite
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difference time domain (FDTD) method together with an
anatomical human body numerical model. Furthermore, through a
link budget analysis based on the calculated path loss with
selection diversity, we derive the transmitting power required to
achieve a specific bit error rate (BER) performance, and compare
the corresponding local SAR with the safety limits. In such a way,
the feasibility of the UWB implant communication for high-speed
video transmission is demonstrated under the SAR safety limits.

2 Designing implant antenna

An implant UWB antenna requires the antenna reflection coefficient
S11 at least —9.5 dB at its working frequency band, i.e. between 3.4
and 4.8 GHz, the UWB low band, for a reasonable impedance
matching. The S;; of —9.5 dB corresponds to a voltage standing
wave ratio of 2.0, which means that almost 90% power supplied
from the transmitter is sent to the antenna as the input power [7].
So this value is often used as a design index of the antenna. It is
also necessary to have a small size and light weight because the
antenna has to match for a capsule endoscope. In view of the
shape of the capsule, the first choice is to form the transmitting
antenna on the hemisphere of the capsule [§8]. The hemisphere is
usually a dielectric material with a relative permittivity of 3 and a
radius of 5 mm. Moreover, it is covered with polyethylene with a
relative permittivity of 2.2 and a thickness of 0.1 mm. Since the
transmitting antenna in the human body is affected by the
dielectric properties of the surrounding human tissue, the actual
wavelength in the human body is shorter than that in the free
space. The relation between the wavelength in the free space and
that of the human body is expressed as follows [2]

Ao

Re[sr —jo/weo] M

/\eff =

where A is the wavelength in the human body, A, is the wavelength
in the free space, ¢ and o are the relative permittivity and
conductivity of the human body, respectively, @ is the angular
frequency, and &, is the permittivity in the free space. The
resonance frequency in the human body was roughly estimated to
be about 1/4 of the free-space wavelength due to the reduction
effect of the dielectric constants of the human body as well as the
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hemisphere and the polyethylene capsule cover. Accordingly, this
effect in the resonance frequency has to be taken into account for
the design of implant antennas.

Fig. la shows a hemispherical helical antenna structure.
Typically, a helical antenna operates at the axial mode on
condition that a total antenna length is more than one wavelength.
The characteristics of an axial mode helical antenna are its wide
bandwidth and sharp directivity. The proposed hemispherical
helical antenna was composed of a microstrip line of about three
wavelengths to widen the bandwidth. The microstrip line with a
width of 0.5 mm was wound three times onto the hemisphere at an
interval of 1 mm. Fig. 15 shows another hemispherical antenna
structure in a loop shape. The proposed loop antenna had a wide
element to widen its bandwidth. The element had an inner radius
of 3.1 mm and an outer radius of 3.5 mm. The total length of the
inner loop was one wavelength of the resonance frequency. The
feeding part had an angle of 45° to reduce the reactance
component. This antenna operated as a one-wavelength loop
antenna which radiates towards the z-axis direction.

The two hemispherical antennas were placed in a homogeneous
rectangular torso model with average dielectric properties of
muscle tissue, respectively, for performance evaluation. The
relative permittivity of the human tissue increases with frequency,
and the conductivity of the human tissue decreases with frequency.
This frequency dependence was taken into account in the FDTD
simulations [9]. Fig. 1lc shows the FDTD-simulated S,
performances for the two kinds of hemispherical antennas. Both
antennas exhibit an S;; performance smaller than —10 dB in the
UWB low band, and the loop antenna has a better Sp;
performance. Fig. 2 shows the directivity of the two hemispherical
antennas in the homogeneous torso model at the centre frequency
of 4.1 GHz. Both antennas give a flat directivity in the xy-plane. In
the yz-plane, the helical antenna seems more flat in the directivity,
but it has no obvious advantage. In view of the above simulation
results and the consideration on ease of fabrication, we decided to
choose the loop antenna as the implant transmitting antenna.

To simplify the antenna fabrication, instead of the hemispherical
antenna structure, we further investigated the possibility of a
planar structure for the wideband loop antenna. The planar loop
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Fig. 1 Hemispherical antenna structure

a Hemispherical helical antenna structure
b Hemispherical loop antenna structure
¢ Simulated S;; performances for the two hemispherical antennas
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Helical

Fig. 2 Directivity of the two hemispherical antennas in a homogeneous
torso model at 4.1 GHz

a X-Y plane (4.1 GHZ)
b Y-Z plane (4.1 GHZ)

antenna was a modified one of the hemispherical loop antenna.
Fig. 3a shows the planar loop antenna structure. The microstrip
line with a width of 1 mm was built on a planar substance with a
relative permittivity of 4 and a thickness of 1.6 mm. The loop
radius was 4 mm. Since an implant antenna usually does not
directly touch with a human body tissue, a thin plastic layer was
arranged around the planar loop antenna. This antenna also
operated as a one-wavelength loop antenna which radiates towards
the z-axis direction in the human body. The S;; and Sy
performances and the directivity of the planar loop antenna in the
UWB low band were simulated in a homogeneous torso model by
the FDTD method, and the simulated results were compared with
measured ones to confirm the validity. Fig. 3b shows the setup for
S11 and S>; measurements. In the measurement, the planar loop
antenna was located in a liquid phantom which had dimensions of
28 cmx 16 cm x 22 cm. The dielectric properties of the liquid
phantom were measured with a dielectric probe kit (Agilent,
85070), and Table 1 gives the measured values at several specific
frequencies. The liquid phantom was used to simulate an average
dielectric property of the human body. The average dielectric
property of the human body is known to be nearly the 2/3 value of
muscle tissue. As shown in Table 1, the measured results show
that the relative permittivity of the liquid phantom was the almost
same as the 2/3-muscle value, but the conductivity was somewhat
higher than the 2/3-muscle value. Fig. 4 shows the simulated and
the measured S, for the planar loop antenna. Also shown in
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Fig. 3 Planar loop antenna structure

a Modified planar loop antenna structure
b Setup for S, and S,; measurements

Fig. 4 is the simulated S;; for the hemispherical loop antenna. As can
be seen, the planar loop antenna provides an S|, performance similar
to the hemispherical loop antenna, and the fabricated one exhibits a
measured S;; smaller than —10 dB in the UWB low band. The
measured S;; agrees fairly with the simulation, and the difference
of the resonant frequency between the measurement and
simulation should be attributed to the fabrication uncertainty
especially in the SMA adaptor part. If we want to further broaden
the bandwidth of the loop antenna, a feasible method is to use
wider cooper wire as the loop element. In addition, Fig. 5 shows
the simulated directivity of the planar loop antenna at 3.4, 4.1, and
4.8 GHz in the liquid phantom. It is found that the antenna
exhibits a relative flat directivity in both the xy-plane and the
yz-plane, and the differences among different frequencies are
insignificant. Although the nulls in some specific directions seem
more obvious at higher frequencies, they are not smaller than
22 dB compared to the maximum radiation. Since there is no very
sharp null in the both planes, the antenna directivity of the planar
loop antenna is suitable for the capsule endoscope application in
which the capsule continues to change its position and direction.

Table 1 Dielectric properties of the liquid phantom

Frequency, GHz Relative permittivity Conductivity, S/m

3.4 38.2 2.6
4.1 36.1 3.4
4.8 34.2 4.1
1576
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Fig. 4 Simulated and measured S;; performances for the planar loop
antenna

Table 2 compares the same typed implant UWB antennas on key
parameters, such as the —10 dB bandwidth, antenna gain, and
dimensions. Our planar loop antenna has a lower profile or smaller
dimensions than that in [10, 11], and a much simpler shape than
that in [12]. Since the antenna gains were given at different
situations, the results cannot be compared directly.

3 Propagation characteristics
3.1 S,; in liquid phantom

In order to realise a wireless link from the implant antenna to the
outside of body, a planar unbalance dipole antenna was developed
to operate as a receiving antenna on the body surface. Fig. 6a
shows the fabricated planar unbalanced dipole antenna based on
[13]. The antenna was built on the substance with a relative
permittivity of 4 and a thickness of 1.6 mm, and had two different
shaped elements to widen the bandwidth. From the point of views
of antenna miniaturisation, a coaxial cable feeding is undesirable.
Accordingly, the semi-circle was fed by a microstrip line and the
trapezoid element was used as the ground. The electrical current
concentrated on the edges of the antenna. Therefore, even if the
microstrip line was placed in the centre of the trapezoid element,
the radiation from the antenna was not affected significantly. This
antenna was used on the surface of the liquid phantom with a spacing
of 1 cm. The S;; performance was measured and shown in Fig. 6b,
which exhibits an S} smaller than —10 dB in the UWB low band.

Furthermore, the S, performance was also simulated and
measured in the arrangement in Fig. 7. As the transmitting
antenna, the planar loop antenna was located in the liquid phantom
under a 15-cm depth, while the planar unbalanced dipole antenna
was located on the liquid phantom surface for reception. The
major directivities were set to be identical between the planar loop
transmitting antenna and the unbalanced dipole receiving antenna.
With a network analyser, the S,; between the transmitting and
receiving antennas was measured at the centre frequency of
4.1 GHz. As shown in Fig. 7, the measured S,; agrees well with
the FDTD-simulated one, which assures the validity of the FDTD
simulations. The slight difference at the distance smaller than 2 cm
was considered to be due to the influence of the coaxial cable and
adaptor. It was found that the propagation loss is about 70 dB at a
depth of 5 cm from the phantom surface.

3.2 Path loss in anatomical human body model

In order to derive the actual path loss in a human body for our
designed implant antenna, we employed an anatomical human
body numerical model developed by National Institute of
Information and Communication Technology, Japan [14]. It
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Fig. 5 Directivity of the planar loop antenna in a liquid phantom at 3.4, 4.1, and 4.8 GHz

consists of 51 tissue types and has a resolution of 2 mm. The planar
loop antenna was set at 21 positions inside the small intestine, and
took three possible directions along the x, y, or z axis. On the
other hand, five planar unbalanced dipole receiving antennas were
located around the abdominal region of the human body for
diversity reception as shown in Fig. 8. The path loss between the
transmitting and receiving antennas is then calculated as

P
PLy = IOIOgIOITt )
T

where P, and P, are the transmitting power and receiving power,
respectively, both calculated by the FDTD method. It should be

Table 2 Comparison of the same typed UWB implant antennas

noted that the path loss contains not only the attenuation in the
human body but also the transmitting and receiving antenna gains.
In order to cope with the large attenuation in the human body in a
UWB low band, we assumed the employment of selective
diversity which selects the minimum path loss among the five
receiving antennas. Fig. 9 shows the FDTD-calculated path loss
for the anatomical human body model with selection diversity. As
can be seen from the figure, compared to the liquid phantom, the
path loss was improved to be about 50 dB at the same distance of
Scm. This improvement should be attributed the selection
diversity reception. As a result of selection diversity, the average
path loss is around 80 dB at 10 cm depth and 100 dB at 15 cm
depth in an actual human body.

Reference Antenna type —10 dB Bandwidth Maximum gain at 4.1 GHz Dimensions

Dissanayake et al. [10] planar dipole with a grounded coplanar 3.5-4.5 GHz 2 dB in free space 14x 14 % 28.7 mm?
waveguide feed

Wang et al. [11] dielectric resonator antenna 3-5GHz —24 dB inside a 20 x 20 x 20 cm® body 8x8x4mm?

Yazdandoost [12] planar loop with a complex shape 3.1-10.6 GHz —15 dB beneath skin 10x9x0.5 mm®

our, 2015 planar circular loop 3.4-4.8 GHz —34 dB inside a 28 x 16 x 22 cm® body 1M1%x11% 1.6 mm®
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Fig. 6 Fabricated planar unbalanced dipole antenna

a Fabricated planar unbalanced receiving dipole antenna
b Measured S}, performance of the planar unbalanced receiving dipole antenna
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Fig. 7 Simulated and measured S,; performance at 4.1 GHz
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Fig. 8 Human body model and arrangement of the implant transmitting
antenna and five receiving antennas
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Fig. 9 FDTD-calculated path loss in the anatomical human body model
with selection diversity

4 Transceiver and receiver structure

The required transmitting power for achieving a specified
communication performance, i.e. BER, was calculated based on
the above-derived path loss for the developed implant transmitting
antenna and receiving antenna. A UWB impulse radio (IR)
scheme with binary pulse-position modulation (PPM) was adopted
in the modulator, in which the data bits were sent as position
information of a UWB pulse [15]. When the total transmitted bits
are K, the PPM signal waveform s(¢) can be expressed as

K
s =) p(t - bkg - kT) 3)

k=0

where by, is the kth transmitted bit, namely b,€{0,1} (k=0, 1, ..., K),
and 7 is the symbol duration.

The receiver employed energy detection as the signal detection
scheme. As shown in Fig. 10, after the front-end, such as
low-noise amplifier and band-pass filter, two kinds of energies for
the kth bit were calculated from the received signal r(¢) as

kT+Ty
E) =j [0 dt @)
kT
(++3)
k+§ T+Ty
Ep = j [H(6))dt (5)

-y

where Ty denotes the energy detection duration. By comparing E,?
and E,i, the received bit b; can be decided as

. 0, ifE)>E}
bk:{l’ 1k = Bk (6)

otherwise

However, the receiver signal r(¢) contains a noise n(¢), which is a
wideband noise because of the employed UWB-IR scheme.
According to [16], a wideband signal can be approximated as M
narrow band signals when M is sufficiently large, so that
2M~2BT4 where B is the bandwidth of the UWB-IR signal. Since
each approximated narrow band noise is a zero mean independent
Gaussian distribution with variance of Ny/2, the detected energy
E} or Ej is a sum of 2M independent variables with a chi-square
distribution. Its probability distribution can be thus approximated
as a Gaussian distribution according to the central limit theorem.
When the UWB signal is not present in the detection time, the
mean and the variance are MN, and MNg, respectively. When the
UWB signal is present with energy E, the mean and the variance
are  MN, + E and MN} + 2EN,, rtespectively. Based on the
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Fig. 10  Receiver structure with energy detector

Gaussian approximation, under the assumption that the outputs of
the detector are £, and E, when the signal are present and absent,
respectively, the BER P, is given by [17]

P, = prob(E, > E))

- j p(El)[ j p(Ez)dEz}dEl
E=0 Ey=E

When the energy detection duration 7y is taken as the reciprocal of
the frequency bandwidth, i.e. 1/B, the BER P, can be further
approximated with the following formula

0

P. =

€

l g
— v/2No 8
S ®)

where E,, is the energy per bit.

5 Quantitative relationship between required
power and SAR

Communication performance is usually evaluated by the BER.
BER <1072 is considered to be acceptable in the physical layer
because an error-free communication may be achieved by introducing
a forward error correction technique at such a BER level. Therefore,
we chose BER=10"2 as a required communication performance,
and investigated the required transmitting power and SAR based on
the above-derived path loss. From (8), it was found that an Ey/N, of
9 dB is required to get BER =1072. By denoting £ as the data rate
and B as the bandwidth, the receiving power P, can be expressed as

Jo
P, . = E,/Nygp + 10log;, §b + Nipw> ©)

I,apw

where N = kTBNk. is the noise power, k is the Boltzmann constant, 7' is
the environment temperature, and Ng is the noise figure of the
front-end of receiver. Under the specifications listed in Table 3 for
the UWB-IR system, the receiving power P, 4gw Was calculated as
—130 dBW for achieving a specified BER performance of 1072
With the calculated receiving power and the path loss at location d
of the transmitting antenna inside the human body, the required
transmitting power at the location d can be obtained as

Py gpw(d) = PLyg(d) + P, gpw (10)

It means that the required transmitting power is different at different
locations inside the human body for achieving a specific BER
performance, and thus the SAR is also different when the
transmitting antenna locates at different locations. The SAR
calculation was conducted at the same time of the path loss
calculation by the FDTD method together with the anatomical
human body model. Under the transmitting power obtained from
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Table 3 Specifications of the communication system

Modulation PPM

de-modulation energy detection

data rate 1 Mbps
bandwidth 1.4 GHz
channel additive white noise
temperature 300 K
front-end noise figure 6dB
(10), the SAR is calculated from [18]

1 4.8GHz )

saR= | atn|E[pds (n
b J 3.4GHz

where o(f) and p are the conductivity and mass density of human
tissue, respectively, E(f) is the Fourier transfer of the internal
electric field E(¢t), and Ty, = 1/f;, is the bit period. It should be
emphasised that the SAR is dependent on the bit period, and the
bit period is usually larger than the pulse duration. For a UWB
low-band pulse between 3.4 and 4.8 GHz, its pulse duration is in
the order of nanoseconds.

For a localised radio-frequency exposure, the 10 g-averaged
spatial peak SAR is used as an index for safety evaluation in
various international safety guidelines. ICNIRP suggests a safety
limit of 2 W/kg for public people and 10 W/kg for occupational
people for any 10 g-averaged spatial peak SAR [6]. From the SAR
value calculated with (11) in each FDTD voxel, we derived the
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Fig. 12 Maximum 10 g-averaged spatial peak SAR in the small intestine
versus the data rate

Table 4 Required transmitting power and 10 g-averaged SAR versus
data rate

Data rate, Required transmitting 10 g-averaged peak SAR,
Mbps power, mW Wikg
Mean Standard Mean Standard
deviation deviation
1 0.655 1.5675 0.0147 0.0474
10 6.628 16.051 0.1403 0.4397
40 26.678 64.151 0.5982 1.9343

10 g-averaged spatial peak SAR by averaging the voxel SARs within
a cube weighing approximately 10 g.

Fig. 1la shows the cumulative distribution of the required
transmitting powers at all the locations in the small intestine for
achieving a BER of 1072 at data rates of 1 and 10 Mbps,
respectively. The required transmitting power is obviously
dependent on the data rate, and a higher data rate requires more
transmitting power in order to achieving the same BER
performance. In addition, compared to the required transmitting
power in the case of one receiving antenna, the selective diversity
reception significantly reduces the required transmitting power. For
example, at nearly 90% capsule locations, the one receiving
antenna requires a transmitting power of 13 dBW at maximum at
10 Mbps, while the selection diversity makes the required
transmitting power reduce to —17 dBW at maximum, which means
a reduction effect of 30 dB.

Fig. 115 shows the 10 g-averaged spatial peak SAR under the
transmitting power required for achieving a BER of 1072. As the
data rate increases, the required transmitting power will increase as
can be seen from (9). The increased transmitting power yields
more energy absorbed by the human body, and the SAR is further
increased by the shortened bit period 7. It can be found that the
10 g-averaged spatial peak SAR will never exceed the safety limit
of 2W/kg at 1 Mbps and 10 W/kg at 10 Mbps with selection
diversity reception. In addition, compared to one antenna
reception, the selective diversity reception significantly reduces the
10 g-averaged spatial peak SAR by a factor of around 20 at an
average. To further clarify the possible maximum data rate under
the SAR safety limits, we also show the maximum 10 g-averaged
spatial peak SAR in the small intestine as a function of data rate in
Fig. 12. From the figure, it can be confirmed that our UWB-IR
system can frovide a reliable implant communication, i.e. at a
BER of 107, at a data rate up to 40 Mbps under the SAR safety
limits. Table 4 summarises the mean and standard deviation of the
required power and 10 g-averaged peak SAR for all considered
locations in the small intestine with selection diversity reception.

1580

6 Conclusion

The feasibility of UWB implant communication has been
investigated in this study. At first, we designed three types of
implant transmitting antennas and compared their basic
performances. Based on the comparison and the ease of
fabrication, we have determined to choose a planar loop antenna
structure in the implant transmitter, and have confirmed its
usefulness through comparison of simulated and measured antenna
reflection and transmission characteristics. Although the planar
loop antenna exhibits a little lower antenna gain compared to the
hemispherical antennas, it is available to be improved by
employing a dielectric substrate with lower permittivity. With the
validated planar loop UWB antenna, we have calculated the
implant path loss and SAR using the FDTD method together with
an anatomical human body numerical model. Through a link
budget analysis based on the calculated path loss with selection
diversity reception, we have derived the cumulative distribution of
the transmitting power required for achieving BER=107> and
clarified the corresponding 10 g-averaged spatial peak SARs under
the required transmitting powers. The results have shown the
feasibility of UWB implant communication at a data rate as high
as 40 Mbps under the ICNIRP SAR safety limits of 10 W/kg for
any 10 g of tissues.

One of the future subjects is to develop an algorithm to effectively
control the transmitting power based on the received signal levels in
order to make the localised SAR as low as possible.
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