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Abstract—A 2.5 x 1.8 cm? medical implant communication ser-
vice band antenna is combined with an electrode for body channel
communication. The proposed design enables a body sensor net-
work controller to communicate with health-care devices located
on and inside a patient’s body. The spiral microstrip antenna with
its radiating body and ground plane placed side-by-side has the
thickness of 2 mm and can be attached to human skin conveniently.
The propagation loss of the body channel is measured when the
proposed antenna is used as the skin interface for BCC in the
10-70-MHz band, and the results are compared with the cases of
Ag/AgCl and circular dry electrodes. The equivalent-circuit model
of the antenna as the electrode is also derived from the measured
impedance characteristics. The LC resonance structure to drive
the on-body antenna with its capacitance increased due to the
skin contact reduces the power consumption of the TX buffer by
>50%. The S;,-parameter of the on-body antenna, its radiation
pattern, and the signal loss inside the human body are investigated.

Index Terms—Body channel communication (BCC), body
sensor network, electrode, medical implant communication ser-
vice (MICS) band antenna, planar spiral antenna.

I. INTRODUCTION

ITH THE increasing number of implantable health-care

devices such as pacemakers, neurostimulators, and
retinal prostheses, their wireless communication with an ex-
ternal controller is gaining attention. The inductive coupling
technique widely adopted in primitive designs of the im-
plantable devices is not appropriate to the recent biomedical
systems as they become highly programmable and miniaturized
[1]. In order to improve the limited data rate and communication
range of the near-field inductive coupling, the Federal Com-
munications Commission (FCC) allocated the 402-405-MHz
medical implant communication service (MICS) band [2].
Although far-field communication using a MICS band radio
increases patient mobility and data rate [3], [4], the stringent
TX power regulation claimed by the FCC is the main obstacle
to the construction of the ubiquitous health care network, which
needs to cover at least a 10-m area around a patient. Since the
402-405-MHz band is shared with meteorological and earth
exploration satellites, the effective isotropic radiation power
(EIRP) from a MICS radio is limited to only —16 dBm to
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Fig. 1. Wireless body sensor network using MICS band.

generate no interference with the primary users [2]. This low
emission power experiences huge propagation loss through
the air channel and the conductive human tissue, as shown in
Fig. 1(a) [4]. As a result, communication distance between an
implanted device and an outside controller is confined to 2 m,
and the sensitivity of —90 dBm is required in the implanted
radio, causing its large power consumption.

Fig. 1(b) shows a new type of body-sensor network with its
controller located on the human body [5]. This configuration
can resolve the short-range issue pointed out in Fig. 1(a) by
incorporating the MICS with the wireless personal area network
(WPAN) such as Bluetooth and ultra-wideband (UWB). Owing
to removal of the air channel, the sensitivity of the implanted
MICS radio can be raised to —60 dBm, allowing its design to
be simplified for ultra-low-power consumption [6], [7]. The
on-body network controller stores medical data collected from
the multiple implanted units temporarily and delivers them
to the remote access point using the WPAN technique that
operates in 10-100-m distance. Moreover, the controller can
communicate with wearable health monitoring sensors using
body channel communication (BCC) [8]. BCC is a new type
of communication, which uses the human body itself as a
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transmission medium. Since BCC uses a frequency band less
than 100 MHz without requiring a large antenna, this tech-
nique is actively studied as a low-power and interference-free
method connecting medical sensors on a patient [9]. In order
to transfer data through the body channel, a BCC transmitter
(TX) applies voltage signal between its ground plane and the
electrode attached on human skin. As the TX and receiver (RX)
are coupled to each other by parasitic capacitance between
their ground planes, the RX can detect data by sensing a feeble
change of electric field incurred by the voltage swing in the TX
side. The electrode is the component that transforms the electric
field formed around the RX to the voltage signal. As shown
in Fig. 1(b), the MICS band antenna attached on the skin also
functions as the BCC electrode, and the controller transceiver
can be configured to operate in the MICS and BCC modes [5].

This paper deals with the on-body antenna combined with the
BCC electrode for the dual-mode communication. Previously,
most of the MICS band antennas are designed to be implanted
inside the human body, and not optimized for the on-body envi-
ronment [10], [11]. Section II discusses design constraints of the
dual-mode antenna and its geometry to meet the requirements.
The S1;-parameter of the antenna and the loss of the signal ra-
diated inside the body are investigated. Section III focuses on
the characteristics of the antenna as the electrode, and its equiv-
alent-circuit model is derived. Finally, a low-power BCC buffer
using LC series resonance is proposed to drive the large capac-
itance of the on-body antenna.

II. PLANAR MICS BAND ANTENNA AS THE BCC ELECTRODE

A. Design of the MICS Antenna Combined With an Electrode

The proposed on-body antenna needs special considerations
in its design to support the dual-mode operation. As an elec-
trode for BCC, the radiating body of the antenna should be at-
tached on skin securely to minimize the contact impedance at
the signal interface. Due to the 0.1-1-S/m conductivity (o) and
40-60 relative permittivity (&,) of the skin, the resonant fre-
quency of the antenna shifts and its radiation efficiency degrades
much. In addition, the multilayered structure of the human tissue
makes analytical design of the on-body antenna complicated.
The small and planar geometry of the antenna is desirable to
make it worn by patients with comfort. However, the low-pro-
file designs such as loop and planar inverted F [10], [12] are
prohibited because their signal and ground pins are shorted in
<100-MHz frequency bands for BCC.

Fig. 2 presents the antenna structure that satisfies the con-
straints mentioned above. The design is obtained by modifying
the spiral microstrip antenna [10] of an implanted biotelemetry.
The ground pin on the radiating body of the conventional an-
tenna is eliminated to make the signal and ground pins open at
the BCC frequency bands. Instead, the 3 x 4 cm? ground plane
is placed 1.5 mm below the radiating body. The central axes
of the two plates are separated by 28.8 mm. The resonant fre-
quency of the antenna is lowered to 650 MHz with the small
body area of 2.5 x 1.8 cm? and 1.8-mm thickness because the
fringing effect dominant in the structure of Fig. 2(b) increases
the effective antenna size. Arranging the radiating body and the
ground plane side-by-side is also advantageous for BCC. When
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Fig. 4. Antenna simulation setup.

the two plates do not overlap each other, as shown in Fig. 3,
strong electric fields can be radiated from the TX electrode and
coupled to the RX electrode and ground, making a larger voltage
signal detected by the RX circuitry. The 3 x 4 cm? area for the
ground plane does not increase overall system size because a
dual-mode transceiver, oscillator, and passive circuits can be
placed on it [S]. Therefore, the actual area overhead of the pro-
posed antenna is 2.5 x 1.8 cm?. Fig. 2(b) shows the detailed
structure of the spiral radiating body tuned to get the best return
loss and antenna efficiency. The design parameters including
the number of spiral turns, line width, and line space are op-
timized through electromagnetic (EM) field simulations. For
the simulation, the antenna model is placed on a multilayered
box, which emulates human tissue, as shown in Fig. 4. Since
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Fig. 5. Simulated return losses of the proposed antenna.

the antenna is expected to be attached on the chest or stomach
of a patient, the simple rectangular structure can approximate
the human body with enough accuracy and reduced simulation
time. The 400 x 400 x 158 mm3 box consists of skin, fat, and
muscle layers, which are used in [11] for a human body model.
Finally, the radiating body, which makes direct contact with the
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skin, is covered with a 100-pm photo solder resist (PSR) layer
to prevent severe degradation of the antenna matching perfor-
mance. Fig. 5(a) shows the simulated return loss of the antenna
as the line length changes. The spiral antenna can be regarded as
a monopole antenna, which is folded on a planar circuit board
for a small area. Hence, the resonant frequency of the antenna
mainly depends on its length. The increasing number of spiral
turns reduces the resonant frequency, as shown in Fig. 5(b). Be-
yond the two turns, however, the resonant frequency does not
change much. The return loss of the antenna degrades as the
line length increases while the number of spiral turns is not so
related. Therefore, the line length is decided as the minimum
with the two spiral turns fixed to give the desired resonant fre-
quency. The magnitude of the return loss is tuned by changing
the line space and linewidth. Fig. 5(c) is the return loss simulated
with various line spaces. If the size of the antenna is kept con-
stant, the linewidth is determined automatically. As the space
becomes narrower, the S1; drop is deeper at the resonant fre-
quency. However, when the radiation efficiency is taken into
consideration, the space of 0.5 mm is preferred to 0.2 mm.

B. Antenna Characteristics

Fig. 6 shows the experimental setup for return-loss measure-
ment of the on-body antenna. A port of the vector network ana-
lyzer is extended by a coaxial cable and the antenna under test is
connected to the cable by a subminiature A (SMA) connector.
The return losses of the antenna measured at various locations
on the human subject are presented in Fig. 7. As expected, the
resonant frequency of the antenna is decreased from 790 MHz
in the air [see Fig. 7(a)] to around 400 MHz on the body [see
Fig. 7(b)] due to the high electrical permittivity of the human
tissue. According to the graph, the antenna return losses on the
stomach and the arm correspond to the simulation data better
than those on the chest. It may be because the three-layer box
used for the simulation does not include a bone layer, which is
the significant part of the chest. Another observation from the
measurements is that the —10-dB bandwidth of the antenna is
increased three times and the return loss is less than —4 dB even
at nonresonant frequencies when the antenna is attached on the
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skin. These wideband characteristics come from the body con-
ductivity. The impedance (ZanT) of the on-body antenna can
be represented as

Zant =R+ Rp+ Rp+ j X (N

where X is the antenna reactance, and R;, and Rg are the
resistances related to the antenna loss and radiation [13]. The
loss term due to the body conductivity is also added as Rp. At
the frequencies away from the antenna resonance, Ry and Rg
are almost zero, but the body conductivity of 0.1-1 S/m keeps
the R around 20 Q2 over the wide frequency range. Therefore,
we should not conclude that the antenna on the human body can
radiate more power around it at the nonresonant frequencies.
To verify this qualitative explanation, an antenna simulation is
conducted with the settings described in Section II-A, except
that the conductivity of each tissue layer used in the previous
simulation is made zero. As shown in Fig. 8, the antenna
bandwidth does not widen while the resonant frequency is still
near 400 MHz. The irregular peaks in the S;; curve are due
to reflection of the microwaves radiated into the rectangular
box at its boundary. When the thickness of the muscle layer
is reduced to less than 30 mm, the peaks disappear. Fig. 9
shows the simulated far-field radiation pattern of the antenna.
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It can be easily found that the field patterns symmetric with
respect to  and y axes (Fig. 4) are severely distorted when it
is located on the human body. The radiation amount toward
the human body is decreased by more than 15 dB since the
conductive human tissue blocks most of the signal radiated from
the antenna. Since our main interest is how much the signal
attenuates propagating the lossy human body, the path-loss
measurements inside a human phantom are performed. The
phantom of Fig. 10 is enclosed by 5 mm polyvinyl chloride
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(PVC) and filled with the saline solution, which shows the
electrical characteristics (¢ = 1.2 S/m, &, = 80) similar to
those of the internal human organs [14]. This model has the
accurate geometry of a 170-cm female body, and hence, the
effects of scattering and reflection on the body surface can be
taken into account. The helical antenna is coated with silicone
to be inserted into the saline solution, and the proposed antenna
is located on the phantom chest. Due to the 5-mm PVC, the
resonant frequency of the antenna slightly shifts to 450 MHz.
Therefore, this frequency is used for the experiments instead
of 400 MHz. The TX power applied to the antenna is set to
—6 dBm. Since the antenna efficiency is 10% on human skin,
the radiation power is —16 dBm, which is the maximum value
allowed by the FCC [2]. At least three different locations for
a given channel length are selected inside the human phantom
and the RX power measured at each location is displayed
in Fig. 11. The RX power degrades according to distance
between the two antennas with a —26-dB/m rate. However, the
minimum power level is still —75 dBm, which is larger than
the sensitivity of the most ultra-low-power radios consuming
less than 1 mW [6], [7]. If the implanted helical antenna
is optimized for the environment inside the body, the RX
power is expected to be higher.
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III. BCC ELECTRODE

The electrode for BCC should satisfy two conditions. The first
one is having the low contact impedance at the skin—electrode
interface, and the other one is giving the small capacitive load
to the BCC TX for its low power consumption. For the low con-
tact resistance, most of the BCC transceivers use an Ag/AgCl
electrode or a bare metal electrode, which is directly attached
on the skin [9], [15]. However, as the radiating metal of the pro-
posed antenna is covered with the protective 100-um PSR layer,
capacitive coupling between the antenna and the skin increases
the contact impedance and affects the channel characteristics of
BCC. In this study, the path loss of the body channel when the
antenna is used as the electrode is compared with the Ag/AgCl
and the circular metal electrode cases. The load impedance of
the antenna is calculated from the measured S7;-parameter, and
the equivalent-circuit model is derived. The LC resonance buffer
driving the large capacitance of the antenna is also proposed for
the low-power BCC.

A. Path-Loss Measurement of Body Channel

The experimental setup to measure the path loss of the body
channel is shown in Fig. 12 [8]. The 3 x 6 cm? TX boards
consisting of a coin battery and a frequency synthesizer pro-
grammable with a wide tuning range use three types of elec-
trode—an Ag/AgCl electrode, a circular metal electrode, and
the proposed antenna. The frequency range of the measurement
is 10-70 MHz, which is decided as the optimal band for BCC
in the previous channel study [8]. The voltage swing at the TX
is 3 V. The RX electrode is a circular metal with 1.5-cm diam-
eter and connected to the spectrum analyzer by a coaxial cable.
The same RX electrode is used for all channel measurements to
detect the electric field that appears between the body and RX
ground under the same condition. The strength of the capacitive
return path between TX and RX grounds affects propagation
loss of BCC significantly. The ground area of each TX system is
maintained as 3 x 4 cm?. Under the experimental setup, the case
of the spectrum analyzer is treated as the RX ground. Hence,
the signal magnitude measured by the spectrum analyzer is ex-
pected to be larger compared with the real situation where the

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on November 23, 2009 at 00:12 from IEEE Xplore. Restrictions apply.



2520

46|
F e m——
— 50 ,__/_.---"".'"""_“ - "
E | A
M -s4f A ——
= L A
T S8t V. 4
@ r /‘ .
2 64 _e |
S sl LSt —a— AgAgCl
5 L --m-- DryElect
@ 72r —e— ProposedAnt
-T6 |-
1 i 1 1 1 i 1 1 1 i 1
10M 20M 30M 40M 50M 60M 70M
Frequency (Hz)
{a) At 20cm channel distance
46
T 50 B
0 54 ATy
20 P
w <58 | //o B
o I A
g 64 L .
roet --m-- DryElect
x -72 i \/ —e— ProposedAnt
76
1 i L n 1 i L i 1 i 1 n 1
10M 20M 30M 40M 50M 60M 70M
Frequency (Hz)
{b) At 80cm channel distance
46 |
= 50|
E [
S -S4
= -58 |- I S
2 g4l AT %
) I —
& sl AK A AgAgCI
X 22l /’“7{;4? - DryElect
& ‘ —e— ProposedAnt
'?6 B ’—-.:/ L L 1 1 L L 1
10M 20M 30M 40M 50M 60M 70M
Frequency (Hz)
(¢} At 150c¢m channel distance
65

ower (dBm)
& &
’\
[ ]
|
|
|
L
[ ]

B1o5f , o oo
é L —eo— At 20cm
115 _ —e— At 80cm
125 : ! ! - :
10M  20M  30M  40M  50M  60M  70M
Frequency (Hz)

(d) Without human body (only for the proposed antenna)

Fig. 13. RX powers measured through the human body.

RX is also made portable. However, this discrepancy can be ig-
nored because the main objective of this experiment is relative
comparison among the three different types of electrodes. The
location of the TX board is fixed on the right arm of the human
subject. The RX signal power through the body is measured at
0.2-, 0.8-, and 1.5-m distances between the TX and RX elec-
trodes. Fig. 13 shows that the electrode type does not affect the
overall shape of the RX power curve. As expected, the on-body
antenna covered with the protective layer shows the largest path
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loss through the human body because it has the highest con-
tact impedance than the other two electrodes. However, the RX
power difference is less than 5 dB over the entire ranges of the
frequency and distance. This channel degradation is affordable
to be compensated by increasing the voltage swing at the TX
side, or a special sensing device such as an electrooptic crystal
can be used to detect the weak electric signal at the RX side
[16]. At the 1.5-m channel length, the RX power level does not
depend on the types of the electrode since the impedance of the
body channel becomes much larger than the contact impedance.
In Fig. 13(d), the propagation loss between TX and RX is ad-
ditionally presented when there is no human body. From the
result, it is apparent that the proposed antenna operates as an
electrode rather than an antenna in the 10-70-MHz frequency
range. Owing to the human body, the coupling strength between
the TX and RX is greatly enhanced. At least 25-dB gain in the
transmission coefficient is observed by the body coupling.

B. Equivalent-Circuit Model of the Antenna

Increasing the TX voltage swing is an attractive solution
to compensate the channel loss due to the contact impedance
of the proposed antenna. However, the amplitude of the TX
signal affects the power consumption of the BCC transceiver
significantly because of P = CV?*f, where P is the power
required to drive the load capacitance C' with the rectangular
pulse signal having the V' amplitude and the f frequency.
With the V' and f values optimized for BCC [8], the only
way to reduce the power consumption is minimizing the load
capacitance of the antenna. Fig. 14 shows the real and imagi-
nary parts of the antenna impedance (ZanT) calculated using
the measured Sp;-parameters and the conversion equation
—Zant = 50(1 4+ S11)/(1 — S11). In the 25-100 MHz, the
antenna is regarded as a capacitor since the sign of the antenna
reactance is negative and its magnitude is inversely proportional
to frequency. Without the skin contact, the impedance curve of
the antenna corresponds well to that of the 3.5-pF capacitor.
However, the magnitude of the antenna reactance decreases
significantly and the resistance increases when it is attached on
the skin. The 0.1-1-S/m conductivity and the 40-60 relative
permittivity of the human body contribute to the capacitance
and resistance increments of the antenna by making the conduc-
tive and displacement current channels between the radiating
body and the ground plane, as shown on the top of Fig. 15. The
equivalent circuit of Fig. 15 models the antenna—body—ground
interface electrically. C; represents the capacitive coupling
between the antenna and ground through the air. C'; and Cj are
the capacitances at the antenna—skin and the ground-skin inter-
faces. The Rp and Cp parallel network models the conductive
and displacement current channel through the human body.
The impedance curve of the equivalent circuit is also displayed
in Fig. 14 to verify the accuracy of the model. Even if the effect
of Rp is ignored, the capacitance of the antenna is increased by
CyCpCy3 = 7.5 pF due to the skin contact. To drive the large
capacitor load with low operating power, a 230-nH inductor
is inserted in the signal path from the BCC TX buffer to the
antenna (Fig. 16). At the series resonance of the inductor and
the capacitive antenna, the buffer only needs to compensate the
resistive loss of the resonator to drive the antenna. In addition,

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on November 23, 2009 at 00:12 from IEEE Xplore. Restrictions apply.



CHO et al.: PLANAR MICS BAND ANTENNA COMBINED WITH BCC ELECTRODE

200
180 |
160 -
140
z 120
N I — Resistance of
= 100 . -
o f Equivalent Circuit
& 80|
60 - With Skin Contact
40 A
M In Air
X ’
20 | M \v\\l'h“-\.'".\.-h-.--\.-..."_f.___,-.__...-.-----.-
0 1 " | i 1 " 1 i | i | " 1 i
30M 40M 50M 60M TOM 80M  90M 100M
Frequency (Hz)
(a) Real part of the antenna impedance
0
| (\With Skin Contact
-2001
_'ﬂ_— Reactance of Equivalent Circuit
- -400f =_-_‘=_==.-_-_-.-===-'==
Z L In Air/\s_gz.-’-"’
N -
= -600f 227
Py | =27
2 4’=L
5 -800 % - Reactance of 3.5pF Cap.
1] r ;ﬁs
E 1000} i
| &
o
-1200+ ¢
¢
L §
¢
-1400¢
1 L 1 L 1 L 1 L 1 n 1 L 1 L
30M 40M 50M 60M T7OM 8OM 90M 100M
Frequency(Hz)

(b) Imaginary part of the antenna impedance
Fig. 14. Antenna impedance curve.

Displacement
Current (C,) ;)?..,_.‘_
Ve ] “

-~

L

Radiating P
Body c,

Displacement *,
Current (Cg) — >~

’
‘,\-"\Conductive

Rl Current (R,)
Human Body
Equivalent

' Circuit Modeling
C,=200pF

Antenna

~

-
—— — R
"9 Iy — =— 2:“
( z % e
| =3.5pF |=10pF
Il
GND ]
C,=35pF

Fig. 15. Equivalent-circuit model of the antenna as an electrode.

the swing level of the signal applied to the antenna can be
amplified by 8 dB even though the resistive component of
the antenna degrades the () factor of the resonator to 5. The
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5-bit programmable capacitor array is connected in parallel
with the antenna to adjust the resonant frequency of the LC
series network to the input frequency. Fig. 17 shows the power
reduction by the LC resonance. For the TX buffer driving the
on-body antenna directly, the power consumption increases in
proportion to the frequency and the square of the voltage swing.
With the inductor inserted, the power consumption is reduced
by at least 52% at 30 MHz. The maximum power saving occurs
at 70 MHz and the amount is 72%. An important feature of the
LC resonance buffer is that its power consumption does not
depend on the operating frequency. This is because the power
loss of the resonator is only related to its resistance and the
signal swing. This property is quite beneficial to design of the
high-speed BCC transceiver [5].

IV. CONCLUSION

This study has proposed a planar MICS band antenna com-
bined with an electrode for BCC. The spiral microstrip antenna
is designed to have 2.5 x 1.8 cm? size and 2-mm thickness, and
hence, it can be attached to human skin conveniently. The res-
onant frequency of the on-body antenna is 400 MHz and the
bandwidth is 36 MHz from the S;; measurements. The path-
loss measurement inside the human phantom shows that the
signal radiated from the proposed antenna attenuates with a
—28-dB/m rate and the minimum power received by the im-
planted antenna is —75 dBm at 1.2-m distance. The propagation
loss of the human body channel is investigated in 10-70-MHz
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frequencies and 20-150-cm distances when the antenna is used
as the electrode for BCC. Due to the protective layer on the ra-
diating body of the antenna, the 6-dB channel loss is added.
The electrical circuit modeling of the on-body antenna in the
25-100-MHz frequency indicates that the capacitance of the an-
tenna increases >3 times due to the skin contact. To drive the
large capacitive load of the antenna with low power consump-
tion, the LC series resonance is utilized in the BCC TX buffer.
As a result, the power saving of 50%—70% is achieved.
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