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Abstract. Flexible microstrip antenna arrays have become a necessity in today's
miniaturized biomedical wireless devices. Implantable and wearable biomedical
devices such as pacemakers, drug delivery systems, heart rate monitors, and
respiratory monitors need to communicate with exterior base station devices
and relayed to healthcare professionals. In this paper, multiple flexible micro-
strip antenna arrays are designed and simulated for these applications. The fre-
quency bands of 5.2 GHz and 5.8 GHz are utilized to provide a high bandwidth
communication link. CST Microwave Studio was used for the modeling and
simulation of the antennas. The reflection coefficient, gain, and correlation
coefficient for each antenna are presented and discussed. The presented anten-
nas can be utilized together as an array for enhanced gain or independently in a
Multiple Input Multiple Output (MIMO) system.

Keywords: Implantable and Wearable Antenna, Microstrip Antenna Array,
MIMO.

1 Introduction

Microstrip antenna arrays have enjoyed many uses in today's world of miniaturized
wireless devices. The ever increasing demand for smaller and affordable devices with
greater operating capabilities has increased the requirements for small microstrip
antennas with high efficiencies, gains, and bandwidths [1,2]. In order to meet these
needs, the next generation of miniaturized antenna arrays must be developed. Micro-
strip antennas that function as arrays for either enhanced gain or Multiple Input Mul-
tiple Output (MIMO) systems can provide next generation, high data rate wireless
systems. For high data rate applications such as wireless local area networks
(WLAN), the 5.2 GHz and 5.8 GHz bands are available. The 5.2 GHz band ranges
from 5.15 GHz to 5.35 GHz and the 5.8 GHz band ranges from 5.725 GHz to 5.875
GHz.

Today's implantable biomedical systems require wireless links to provide feedback
to healthcare professionals. Implantable devices such as pacemakers, drug delivery
systems, and in-vivo electroencephalogram (EEG) can utilize wireless links to send
data to collection units outside the body thus eliminating hard wire connections [3,4].
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Wearable biomedical systems also benefit from wireless links. Applications such as
heart rate and respiratory monitors have been used in patient care and sports medi-
cine. By utilizing a wireless link for a wearable system, a runner could utilize a wear-
able system to provide data on heart rate and respiratory rate while tracking speed and
position using a global positioning system (GPS) [5]. A recent growing trend is the
integration of wireless connectivity with secure digital (SD) flash memory cards [6].
By using this form factor for the design, antennas and associated circuitry can be
integrated with a device's memory all in one package.

Computer modeling and simulation tools provide researchers with the ability to de-
sign and fabricate antennas by avoiding the expensive trial and error approach. This
allows for many designs to be studied and refined before fabricating the prototypes.
CST Microwave Studio (MWS) is a modeling and simulation software package used
for antennas and high frequency structures [7]. MWS uses the Finite Integration
Technique for time domain simulations.

In this paper, a series of printed microstrip antenna arrays on thin substrates are de-
signed and analyzed. The development of thin, printed arrays is presented as a pro-
gression from printed dipoles to square patches then to spiral patches. The simulated
S-Parameters, gain, and correlation coefficient results are shown. The antenna arrays
are intended for use in Secure Digital (SD) memory card sized, thin, flexible sub-
strates with maximum rectangular dimensions of 32 mm in length by 24 mm in width.
The arrays are designed to provide wireless communication links for miniaturized
implantable and wearable biomedical devices. The 5.2 GHz and 5.8 GHz frequency
bands were selected to reduce the size of the antennas and to serve high data rate
applications.

2 Flexible Antenna Design

Flexible microstrip antennas impose multiple design constraints when used for implant-
able and medical devices. For the prototype antenna arrays in this paper, the two main
performance goals are a 5 dB gain and a correlation coefficient of less than 0.2. The
arrays must be broadside radiating and nearly omnidirectional with respect to azimuth.
The correlation coefficient can be calculated either from the three-dimensional far field
radiation pattern (equation 1) which requires extensive calculations or from
S-parameters (equation 2). However, in this study, the simulated correlation coefficient
has been extracted from the far field analysis which is more accurate than the
S-parameter method [8].
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For two uncorrelated antennas and a reasonable bit error rate, the diversity gain is
equal to 10 dB (equation 3).
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2.1 Flexible Printed Dipole Antennas

The printed dipole design was chosen as the initial antenna design for this work.
Printed dipoles have been reported in [9,10], among others, and will serve as a basis
to compare against other designs. The center frequency of 5.8 GHz will serve high
data rate applications while reducing the size compared to 2.45 GHz antennas. Two
printed dipoles were modeled on a 100 pm polyamide substrate, with relative permit-
tivity (g;) = 3.5, to investigate the use of thin printed dipoles on flexible substrates.
The two dipoles were placed on a substrate with a length of 32 mm and width of 24
mm. The dimensions were taken from measurements of a SD memory card commonly
used in cameras and other small personal devices. Fig. 1 shows the dipoles located on
the thin substrate.

A perfect electric conductor (PEC) is used as the material for the dipole arms to
limit the mesh size. The mesh is limited because MWS does not mesh PEC, therefore
avoiding a very fine mesh gradient. The substrate does use the MWS default loss
tangent of 0.003 for the polyamide. The antenna from Fig. 1 was further developed by
adding a microstrip line to feed both antennas. Fig. 2 shows the antenna with the add-
ed microstrip line feed. The substrate has been rendered colorless in order to better
display both the feed and ground strip. The independently fed dipole antennas re-
quired a feed with an input impedance of 72 Q for correct input matching. The single
microstrip line fed dipoles were designed to match to a 50 Q microstrip line. This
allows for the antenna to operate with a standard input impedance common to RF
transceiver board SMA connectors.
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Fig. 1. Printed Dipole Antennas with Independent Feeds

The antenna was simulated using individual feeds and a common microstrip line
feed to provide a comparison of the feeding techniques. The S;; results compare fa-
vorably well within the 5.8 GHz band as seen in Fig. 3. Both antennas share a -10 dB
bandwidth of 562 MHz ranging from 5.447 GHz to 6.009 GHz. The far-field gain
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Fig. 2. Printed Dipole Antennas with a Single Feed

pattern of both antennas compares very closely at 5.8 GHz in magnitude and shape.
The bore-sight gains of the independent fed and single fed dipoles are 6.6 dB and 6.5
dB, respectively, and both have a half-power beamwidth of 78°. The E-plane and H-
plane polar cuts for the single fed dipoles are shown in Fig. 4. Since both dipole gain
patterns are approximately equal, Fig. 4 is representative of both arrays. The correla-
tion coefficient calculated from the three dimensional radiation pattern is 0.013. This
would allow for the independently fed dipoles to be used for MIMO applications.

. -#-51,1 Independent
—® - 51,1 Single Feed

Frequency [ GHz

Fig. 3. Printed Parallel Dipole Array S;;, Single and Two Feeds

2.2 Flexible Printed Square Patch Antennas

The flexible printed square patch antenna design used in this work consists of a mi-
crostrip line feed and square inset patch geometry. The basic patch design for the
printed square antenna with an inset fed microstrip line is shown in Fig. 5. W, L, W;
Y, are the four parameters needed to design this patch to operate in the desired reso-
nate frequency of 5.8 GHz. W is the patch width and L is the patch length. W;is width
of the microstrip feed line and also the inset gap width between the feed line and the
patch. Y is the adjustable inset length to change the matching impedance of the mi-
crostrip line to the patch edge [11].
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Fig. 4. Parallel Dipole Array, Independent Feeds, Gain E-plane (a) and H-plane (b)

The same flexible polyamide substrate (g, = 3.5) as the dipole antennas is used in
the design of this square microstrip line fed antenna array. Since this patch is fed
through a microstrip line, the width of the microstrip line (Wy) must be calculated in
order to match the input impendence. In this design, the input impendence is 50 Q,
thus requiring the width of the microstrip line to be 0.2278 mm. The adjustable inset
distance (Y) was adjusted to 1.25 mm long resulting in better matching for this an-
tenna to operate at the needed frequency. A parametric sweep was used to determine
the appropriate length of the inset. The width of this antenna is 12.00 mm, while the
length is 13.752 mm. The distance between the two patches is 6mm (0.2174). The
patch design with dimensions is displayed in Fig. 5. The patch length is adjusted in
order to ensure a center frequency of 5.797 GHz with a reflection coefficient of -16
dB, which is displayed in S parameter Fig. 6. The correlation coefficient of 0.204 was
calculated from the three dimensional far-field results. Fig. 7 displays the E-Plane and
the H-Plane two dimensional graphs of the far-field gain pattern. The main lobe
shows the expected radiation pattern of a broadside radiator and has gain 5.3 dB. The
angular width (3dB) is 88.5 degrees.
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Fig. 5. Square Inset Fed Patch Geometry and Square Microstrip Antenna Array
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Fig. 6. S-Parameter Results of Double Square Microstrip Fed Patch Antenna
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Fig. 7. Square Microstrip Antenna Array

2.3 Flexible Printed Spiral Antennas

The printed spiral antennas were designed to utilize the same SD card form factor size
as used on the two previous designs. Two 10 mm x 10 mm rectangular spiral antennas
with a 0.7 mm strip width and a 0.5 mm gap was placed on a 22 mm x 30 mm sub-
strate backed by a ground plane. The spiral was designed to resonate at 5.2 GHz
which is suitable for WLAN applications. In an attempt to reduce the mutual coupling
between the radiating elements, a spiral slit is utilized to produce a defect in the
ground plane.

The proposed slit structure consists of a 3-turn spiral with a strip width of 0.4 mm
and a 0.5 mm gap except in the center which has a 1.5 mm gap. The structure is posi-
tioned at the middle of the ground plane. The front and back views of the antenna
model are presented in Fig. 8. The thickness of the substrate is 0.85 mm with a
relative permittivity of 5.25 while the inter-element distance is 9 mm (0.364). A pa-
rametric study was performed for the two coaxial feed locations to achieve optimal
impedance matching.
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Fig. 8. Microstrip Spiral Antenna Array, Front View (left) and Back View (right)

The simulated S-parameters for the proposed design with and without a ground
plane slit are provided in Fig. 9. From the S;; results, a return loss of -35 dB at 5.2
GHz is observed for the design without spiral slit. A slight shift in the resonance
frequency with a spiral slit is noticed with a return loss of -30 dB. This shift can be
compensated for by adjusting the patch length in order to keep the patch resonance
frequency identical in both cases. The simulated -10 dB bandwidth is 20 MHz. The
mutual coupling between the two spiral elements was analyzed based on transmission
coefficient (S;;) between the two feeding ports. Obviously, the design with the spiral
slit provides further isolation between the radiating elements compared to the conven-
tional design with the same element separation. This behavior can be explained as
follows: A portion of surface current is trapped by the spiral ground plane slit be-
tween the radiating patch elements which lead to reduced current coupling. This
shows that the flow of current from one edge of the ground plane to the other edge is
decreased which helps to reduce the mutual coupling between the two radiating ele-
ments [12]. Due to this effect, a reduction of 3.3 dB in mutual coupling is achieved.
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Fig. 9. Simulated S-Parameter for the proposed design with and without spiral ground plane slit
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Fig. 10. Microstrip Spiral Array with ground plane slit, Gain E-plane (a) and H-plane (b)

The simulated correlation coefficient is 0.2, along with a diversity gain of 9.8 dB
and a 5.7 dB combined elements gain at 5.2 GHz comply with the WLAN technology
design requirements. The simulated E-plane and H-plane far field radiation patterns in
the presence of the spiral ground plane slit are presented in Fig. 10.

3 Conclusion

In this paper, we presented three antenna arrays to achieve our design goals of SD
memory card size, far-field gain, and correlation coefficient for the application of
wireless biomedical devices. The printed dipole antenna array provide an effective
implementation of a popular design. The microstrip square patch antenna array pro-
vides a popular design for comparison. Then, the square spiral microstrip antenna
array was designed to achieve a lower resonant frequency while maintaining the same
form factor of the dipole and square patch arrays. The results show the spiral array
achieved a similar far-field gain pattern to the printed dipoles and square patches
while providing a lower resonant frequency of 5.2 GHz. The printed dipole array
achieved the highest bandwidth at 562 MHz. The printed dipole array and the spiral
array both have merit for implantable and wearable biomedical wireless devices.
These antennas will assist 21% century medical professionals to provide better health-
care while being less evasive to the hospital patient or the sports athlete.
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