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Hilbert Curve Fractal Antenna for Dual On- and
Off-Body Communication
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Abstract—We present a Hilbert curve fractal antenna operating at 2.45 GHz ISM and 5.5 GHz WLAN
bands. The proposed antenna employs a third-order Hilbert curve and two shorting vias for antenna
miniaturization and dual-band/mode operation. At 2.45 GHz, the antenna exhibits a monopole-like
radiation pattern, while at 5.5 GHz, it provides a broadside radiation pattern, suitable for simultaneous
on- and off-body communication using two distinct frequency bands. The antenna footprint is as small
as 25.5mm x 25.5 mm. Simulation and measurement results demonstrate that the antenna gain is more
than 1.9dBi if the antenna is mounted on a ground larger than 40 mm x 40 mm. The effect of human
body presence on antenna performance was investigated by means of full-wave simulations locating the
antenna on a human body phantom. It is shown that the proposed antenna is capable of maintaining

its free-space performance over the human body phantom except for the gain reduction of 2.5dBi at
5.5 GHz band.

1. INTRODUCTION

Rapid development in wireless communication technology has brought great attention to Wireless Body
Area Network (WBAN) communications. Applications of WBAN can be found in many aspects, such as
personal healthcare, sport, entertainment, military and security [1]. There are three main scenarios in
WBAN communication links: in-, on- and off-body communications. For the last, an antenna is required
to have a broadside radiation pattern perpendicular to the body surface with small backward radiation.
For the on-body communication, an antenna with omnidirectional radiation pattern is preferred for
efficient communication parallel to the body surface [2]. In order to realize simultaneous off- and on-
body communications, it is necessary to design an antenna with pattern diversity capable of generating
both the broadside and omnidirectional radiation pattern in a single element. Also, the antenna needs
be compact and in low profile to comply with on-body installation.

In previous studies, the pattern diversity is carried out using an additional phase shifter or reactive
loading [3,4]. However, these methods are often not suitable for wearable applications due to their
size limitation. To overcome this problem, reconfigurable antennas have been proposed. They offer
pattern and frequency diversity by selectively incorporating with a different feeding/antenna pair using
electrical switches [5, 6]. But still, difficulties in fabrication remain due to bias lines for turning on/off the
switches. On the other hand, Nessel et al. [7] proposed a switchless antenna offering radiation pattern
diversity at two separate resonance frequencies. The antenna employs a folded Hilbert curve with a
5mm x 5 mm footprint and operates at 2.3 GHz (S-band) and 16.8 GHz (Ku-band) with omnidirectional
and broadside radiation patterns, respectively.

In this paper, we propose a Hilbert curve fractal antenna with dual-band pattern diversity
operating at 2.45 GHz Industrial-Scientific-Medical (ISM) and 5.5 GHz Wireless Local Area Network
(WLAN) bands for wearable on- and off-body communications. The antenna is designed to provide
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omnidirectional radiation pattern at 2.45 GHz and broadside radiation pattern at 5.5 GHz. Most of the
WBANS utilize the ISM band centered at 2.45 GHz due to its license-free and worldwide availability [8].
However, 2.45 GHz ISM band is prone to coexistence with other standard (i.e., IEEE 802.15.1, IEEE
802.15.4, IEEE 802.11b/g/n), making 5.5 GHz WLAN band a good option for off-body communication
since it provides less interference and wider bandwidth. The dual-band impedance matching and dual-
mode pattern diversity are implemented by diversifying the current paths at the two bands by shorting
the upper layer Hilbert curve to the ground using vias. No electrical or mechanical switches are included,
thus making the structure simple and small. Details of the antenna structure and operating mechanism
are described in Section 2. Simulation and measurement results of the optimized design are presented in
Section 3. In Section 4, body-worn performance of the proposed antenna is investigated and discussed.

2. ANTENNA DESIGN

2.1. Antenna Geometry

High-order space-filling fractal curves are progressively used for antenna miniaturization since they offer
compact implementation of a long inductive line [9,10]. The third-order Hilbert curve is used for the
proposed antenna considering the given antenna footprint less than 30 mm x 30 mm. The total length
of the Hilbert curve (S) can be calculated by [10]:

S=(2"-1)d=(2"+1)L (1)
where n is the iteration order, L the length of external dimension, and d the length of each segment
corresponding to d = L/(2" — 1). With the above, the resonance frequency turns out to be 1.45 GHz
when the third-order Hilbert curve of length S = 450 mm and L = 50 mm is used. From this initial
value, the antenna is optimized to resonate at 2.45 GHz and 5.5 GHz dual-band by locating shorting
vias, adjusting the external length and altering the line widths of each arm.

Figure 1 shows the antenna layout. The Hilbert curve with the total footprint of 15.5 mm x 15.5 mm
is printed on a 25.5 mm x 25.5 mm x 1.6 mm Teflon®) substrate whose dielectric constant and loss tangent
are g, = 2.2, tand = 0.001. The antenna is fed by a 50-{2 coaxial probe. The substrate and ground
are separated by a 6.35 mm thick air layer, and they are connected with two vias located at arm-1 and
-4 [See Figure 1(a)]. Each arm of the Hilbert curve has different width values of 1.45mm, 1.6 mm,
1.7mm and 1.2 mm followed by the indices 1 to 4. Such self-affine fractal geometry [11-13] offers more
freedom in antenna impedance tuning as demonstrated in the parametric studies.
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Figure 1. Layout of the Hilbert curve fractal antenna. (a) Top-view and (b) side view. W = 25.15,
L =15.15,b1 =1.45, 02 =1.6, b3 = 1.7, b4 = 1.2, h1 = 6.35, h2 = 1.6. All units are in millimeter.

2.2. Current Distribution and Radiation Pattern

Figure 2 shows the current distribution at 2.45 GHz and 5.5 GHz. At 2.45 GHz, the currents are
distributed over the Hilbert curve arm-1, -3 and via-1. In this state, the antenna operates like a
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top-loaded monopole consisting of two radiating elements: the Hilbert curve as the horizontal radiating
component and via-1 as the vertical radiating component. The combination of these two generates an
omnidirectional radiation pattern with a smaller broadside null than a traditional monopole-like pattern.
The shorting via is useful not only for impedance matching as in conventional inverted-F antennas (IFA),
but also for generating omnidirectional radiations despite the low-profile configuration. Without the
current path along the via, the antenna operates as an ordinary Hilbert curve patch with a broadside
radiation pattern. This is the case for Figure 2(b) at 5.5 GHz. It is shown that the currents are mostly
distributed on the Hilbert curve instead of the vias. Note that two vias are necessary to attain good
impedance matching at the both bands. Also, it is observed that via-1 and via-2 are more responsible
for omnidirectional radiation pattern and good impedance matching at the low band, respectively.

2.3. Parametric Studies

Parametric studies based on full-wave simulations show that the antenna performance is affected by key
geometrical parameters. Herein, we report the changes in antenna impedance and gain as the width
of Hilbert curve and ground size vary. Figure 3(a) presents the Si; simulation results by varying the
width of arm-1 [See bl in Figure 1(a)]. A step increment of 0.1 mm of b1 leads the upper 5.5 GHz band
resonant frequency to decrease, while that of the low 2.45 GHz band stays the same. Therefore, a small
change in the width of Hilbert arm is trivial for low band but highly affects the high band impedance,
especially for strong current flowing on arm-1 and -4 as in Figure 2(b). Figure 3(b) shows the change
in S11 by altering the width of arm-4 (b4). It is seen that the narrower b4 results in lower Si; with the
expense of narrower bandwidth. Based on these trade-offs, we chose b1 = 1.45mm and b4 = 1.2 mm in
the proposed design.

Figure 4(a) shows S1; simulation results by varying the ground size. The overall Si; is not influenced
as the ground size varies from 40mm X 40 mm to 100mm x 100 mm except for slight changes in the

Jsurf [A/m]

B 50

30

(b)
Figure 2. Simulated current distributions on radiating elements for (a) 2.45 GHz and (b) 5.5 GHz.
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Figure 3. S1; simulation results by varying the width of Hilbert arm: (a) varying b1 (upper left arm-1),
and (b) varying b4 (upper right arm-4).
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Figure 4. Effects of the ground plane size on (a) Si; and (b) antenna gain at 2.45 GHz band.

)
=
~ -10
=
195} \.
-15 . e Measured
| == : Simulated
-20
1 2 3 4 5 6
Frequency (GHz)

Figure 5. Photograph of proposed antenna  Figure 6. Measurement and simulation results
fabricated on Teflon@®) substrate. of S11.

low band resonant frequency. Figure 4(b) shows the corresponding gain changes at the 2.45 GHz band.
The increase in antenna gain is observed as the larger ground is employed. More specifically, the gain
increases from 1.9 to 4.67dB as the ground extends from 40 mm x 40 mm to 100 mm x 100 mm. In
contrast to 2.45 GHz band, antenna gain at 5.5 GHz is insensitive to the changes of ground size. This
is due to the fact that most of the currents are concentrated on the Hilbert curve, and only a small
amount is distributed on the ground at 5.5 GHz. In addition, we note that the asymmetry between the
two opposite arms (i.e., arm-1 and arm-4) is to improve the 5.5 GHz bandwidth. Eroding the upper left
part of arm-1 broadens the 5.5 GHz bandwidth without affecting the 2.45 GHz band matching.

3. FABRICATION AND MEASUREMENT

An antenna prototype was fabricated, and its matching and radiation properties were measured by a
network analyzer and anechoic chamber. Figure 5 shows pictures of the fabricated prototype. The
optimized Hilbert curve design was printed on a Teflon substrate by PCB lamination process. The
ground was made from a single-side laminated FR-4 substrate. All the dimensional parameters are
identical to those described in Figure 1. Figure 6 shows the measured S11 on top of the simulation data.
A good agreement between the two can be observed. The S1; < —10dB bandwidths measured at 2.45
and 5.5 GHz are 112 MHz (4.57%) and 400 MHz (7.27%), respectively.

Figures 7(a) and (b) are the measured radiation pattern in the yz-plane at 2.45 GHz and 5.5 GHz
(See the coordinate conventions in Figure 1). For the 2.45 GHz pattern, one can observe a monopole-like
pattern with a slight asymmetry between the left and right sides. The latter is caused by the asymmetric
shorting vias’ locations along the Hilbert curve. The maximum directivity occurs at § = 45° due to
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Figure 7. Measured and simulated radiation pattern at (a) 2.45 GHz and (b) 5.5 GHz.
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Figure 8. Measured gain of the proposed antenna at (a) 2.45 GHz and (b) 5.5 GHz band.

the ground effect similar to an ordinary A/4 monopole antenna. The broadside null is not as deep as
a monopole antenna for the reason already mentioned in Section 2. At 5.5 GHz, a typical broadside
radiation pattern can be observed. In this context, the proposed antenna can be thought as a good
antenna candidate for dual on- and off-body communications utilizing the omnidirectional radiation
pattern at 2.45 GHz and broadside pattern at 5.5 GHz, respectively. A much higher gain value is
attained for 5.5 GHz than 2.45 GHz band, and this is depicted in Figure 8. In the lower 2.45 GHz band,
the measured peak gain varies from 3.4 to 4.1 dBi. As for the higher 5.5 GHz band, the peak gain ranges
from 8.25 to 10.28 dBi.

4. BODY-WORN PERFORMANCE

For such a body-worn application, it was critical to investigate the effects of human body presence on
antenna performance. Previous studies showed that the impedance matching, gain, radiation pattern
can be affected when a wearable antenna is located in the vicinity of a lossy human body [14, 15]. To
identify the human body influence on antenna performance, we modeled a three-layer tissue phantom
emulating the front abdomen of human body [16]. As shown in Figure 9(a), the tissue phantom consists
of 1.8 mm thick skin, 12 mm-thick fat and 15 mm-thick muscle layer. Each layer was designed with
frequency dependent dielectric constant (&), conductivity (o), and loss tangent (tan §) values to provide
realistic simulation results [17]. The values used at 2.4 GHz and 5.5 GHz are listed in Table 1. The
dimension of the phantom used was 150mm x 150mm. The proposed antenna with ground size of
80mm x 80 mm was installed on top of the phantom. Figure 9(b) shows the comparison of antenna’s
S11 with and without the phantom. It can be seen that the lower frequency band of 2.45 GHz is less
sensitive to the presence of the phantom than the higher frequency band of 5.5 GHz. Si; at 5.5 GHz
is degraded from —12dB to —9dB. In order to compensate this, additional tuning was carried out by
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Table 1. Frequency-dependent properties of human tissue.

2.45 GHz 5.5 GHz
Er o (S/m) | tand Er o (S/m) | tand
Skin (dry) | 38.007 1.464 | 0.283 | 35.363 3.463 | 0.320
Fat 5.280 0.105 0.145 | 4.983 0.274 0.180
Muscle 52.729 1.739 0.242 | 48.883 | 4.609 | 0.308
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Figure 9. Influence of human tissue on antenna performance. (a) Simulation model with a three-layer
tissue phantom and (b) S1; comparison.
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Figure 10. Effects of human phantom on radiation pattern at (a) 2.45 GHz and (b) 5.5 GHz.

tailoring down b4 (width of the arm-4, see Figure 1) from 1.2mm to 1.1 mm. As in Figure 9(b) Si; at
5.5 GHz is improved without affecting the lower band.

Reduction of antenna gain was also observed as the antenna is installed on the phantom. The
amount of gain reduction was around 0.75dBi and 2.5 dBi for 2.45 GHz and 5.5 GHz, respectively. The
5.5 GHz was more affected due to higher tand of the phantom materials. Figure 10 compares the
antenna’s radiation patterns with and without the phantom. As can be seen, the overall shape of the
radiation pattern is maintained except for the broadside gain reduction at 5.5 GHz.

The antenna’s far-field radiation characteristics can be used as an indicator to estimate the off-body
communication performance at 5.5 GHz band. Nevertheless, it is insufficient to evaluate the on-body
communication performance at 2.45 GHz band where its propagation mechanism is mainly through the
creeping wave over the body surface [18].
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In this regard, we performed a full-wave simulation to investigate path loss between two antennas
mounted on a body phantom at 2.45 GHz. Figure 11 illustrates the simulation model. The two antennas
are mounted on the front and back of a body phantom. The latter is filled with a homogeneous material
to reduce computing effort. The material used is muscle which is the most lossy one among various
tissues in human body. With this environment, line of sight communication is impossible due to the
high loss and thickness of the phantom; therefore, the resulting S3; completely relies on the detour
path along the phantom surface. To validate the simulation result, S; measurement was conducted
by measuring the path loss between two identical antennas installed on author’s chest and abdomen.
Figure 12 shows the measured S3; compared to simulation result at 2.45 GHz band. The measured
result exhibits similar trend to the simulation with the maximum S5 value of —32.7dB at 2.44 GHz.
This value is comparable to previous studies using higher-mode microstrip patch antenna [19] and a
quarter-wavelength monopole [20].
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Figure 11. Illustration of on-body coupling Figure 12. Ss; coupling of proposed antennas.
simulation.

5. CONCLUSION

A miniaturized low-profile antenna utilizing a third order Hilbert curve fractal geometry was investigated
using full-wave simulations and measurements. The proposed antenna supports pattern diversity at
different frequency bands without the use of electrical switches. As a result, it is easy to fabricate in a
small footprint. Simulation and measurement results demonstrated that a monopole-like omnidirectional
radiation pattern was shown in the 2.45 GHz ISM band, and a patch-like broadside pattern was exhibited
in the 5.5 GHz WLAN band. The former is available for on-body communication along horizontal links
while the latter is useful for off-body communication. The 5.5 GHz WLAN band has a higher gain and
wider bandwidth than the 2.45 GHz band. Thus, it is suitable for sending larger data over a longer
distance which matches to off-body communication purpose. The body-worn antenna performance was
investigated by means of full-wave simulations. The results showed that the 5.5 GHz high band was
vulnerable to the high loss of human body but sufficient to conduct off-body communication. The
simulation results of on-body communication at 2.4 GHz also demonstrated considerable performance
for body-centric application.
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