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Abstract—A small short-circuited -shaped GaAs mono-
lithic microwave integrated circuits (MMICs) patch antenna
is presented. Resonant at 5.98 GHz, it is the lowest frequency
MMIC patch antenna reported that we are aware of and is
intended for short-range communications (e.g., vehicular). Initial
experimental and theoretical characterization of the proposed
structure has been carried out on soft microstrip substrates. It has
been shown that the size of an -shaped patch antenna can be
reduced to as low as one tenth of that of a half wavelength patch
antenna resonant at the same frequency, saving valuable substrate
space. Resonance frequency, radiation patterns and gain have
been investigated. Ground plane truncation effects, which are
important for MMIC applications, have been examined using the
finite-difference time-domain (FDTD) method.

Index Terms—Electrically small antennas, monolithic mi-
crowave integrated circuits (MMICs), printed antennas.

I. INTRODUCTION

CONVENTIONAL microwave active antennas are built
using two or more different substrates, for example

gallium arsenide (GaAs) for active devices and glass loaded
polytetrafluoroethylene (PTFE) for antennas. At higher mi-
crowave frequencies, the parasitics of interconnections between
devices become significant and degrade the antenna perfor-
mance. A close integration of active devices with antennas
could be achieved by integrating both the devices and the
antenna on the same monolithic microwave integrated circuit
(MMIC) substrate. The fabrication cost of MMICs depends
directly on the substrate area occupied by the circuit. Therefore,
the size of the antenna is very important if it is to be integrated
with active devices on a GaAs MMIC substrate. Antennas at
millimetric frequencies are small and, therefore, they can be
fabricated on GaAs substrates at low cost. At microwave fre-
quencies, the antenna size is relatively large and uneconomical
to fabricate on a GaAs substrate.

The resonance frequency of a given size antenna can be re-
duced by using a higher dielectric constant substrate. How-
ever, in gallium arsenide MMICs, the designer is constrained to
work with dielectric constant of 12.9. Another common tech-
nique to reduce the size of a patch antenna is to terminate one
of the radiating edges with a short circuit [1]. The antenna is
approximately quarter wavelength long and, therefore,
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takes approximately half of the substrate space compared to a
half-wavelength antenna. The short to ground is made with ei-
ther a strip or a number of shorting pins. Sanad [2] investigated
the effect of changing the number of shorting pins to ground
and found the antenna resonant frequency increased by about
2% when a short strip was replaced by shorting posts. The res-
onant frequency reduced as the number of shorting pins was
reduced. The resonance frequency decreased by approximately
3.8% when three shorting pins to ground were used. The reso-
nance frequency of an antenna can also be reduced by covering
the patch with a superstrate [3]. A half wavelength-shaped
antenna was investigated by Palanisamyet al.[4] for UHF appli-
cations. The resonant frequency of the antenna reduced to about
half of that of a half-wavelength rectangular patch antenna of the
same size.

In this paper, short-circuited -shaped antennas [5] suitable
for MMIC active antenna applications are investigated. The an-
tenna takes a fraction of the substrate area of a conventional half
wavelength patch and has a convenient shape enabling the ac-
tive circuits to be integrated within the antenna, taking no ad-
ditional substrate area. The investigation of the performance of
the antenna was carried out by building a number of antennas
with varying dimensions on soft substrate (Section II). The an-
tennas were fully characterized using in house finite-difference
time-domain (FDTD) software (Section III) and a commercial
Hewlett-Packard Momentum1 electromagnetic simulator. The
change in the resonance frequency of the antenna with its di-
mension is presented in Section IV. Based on the design data
obtained from the soft substrate work, an-shaped MMIC an-
tenna was fabricated on GaAs substrate at 5.98 GHz (Section V).
This antenna is the lowest frequency antenna in MMIC form
that we have seen reported in the literature and is intended for
short-range communications applications.

II. A NTENNA GEOMETRY

A quarter wavelength antenna at 5 GHz was built on glass
loaded PTFE substrate, which has relative dielectric constant
of 2.2 and substrate thickness of 0.508 mm. The lengthof the
antenna is 9.5 mm and the width was arbitrarily chosen to
11 mm. A step in the width was introduced along the length to
make the -shaped short-circuited antenna as shown in Fig. 1.
Dimensions and were varied, while keeping the
overall size constant; the effect on resonance frequency was also
noted. has a significant effect on the resonance frequency.
Therefore, a suitable value for and was chosen so that
the fields are evenly distributed for an efficient radiation and
for feed matching. The lengths and were chosen to be

1Momentum is a trademark of Hewlett-Packard.
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Fig. 1. The layout diagram of short circuitH-shaped antenna.

large enough to set up the radiating fields. At the same time,
the central narrow section needed to be long enough to allow
its inductance to bring about a worthwhile overall size reduc-
tion. The lengths and are 2.5 and 2.9 mm, respectively.
Ten shorting pins of 0.1 mm thickness were used and the space
between the pins was 1 mm. The feed position was determined
experimentally such that the return loss was better than15 dB.
The optimum feed position was 1 mm from the shorted end of
the patch for the quarter wavelength antenna and 0.8 mm from
the shorted end for the antennas. The substrate and ground
plane size for the antennas was 50 mm50 mm.

III. FDTD A NALYSIS DETAILS

An in-house three-dimensional (3-D) FDTD code was used
to analyze the antenna. The-antenna was modeled using a
grid of 161 151 51 cells with spatial resolution

mm, mm, mm. The resolution
was chosen such that three cells are occupied by the substrate
height. The corresponding time step is ps. Metal parts
(antenna, ground plane, and pins) are modeled as perfect electric
conductors by setting the tangential electric field components to
zero.

Great advantages of the method include wide-band informa-
tion with a single run and flexibility in geometry. Thus, it is
straightforward to model finite ground planes and different di-
electrics.

The excitation used is a Gaussian pulse
[6]. The spectrum can be controlled by choosing the

constants . For the simulations in this work the values
s were chosen. Excitation is achieved

with a circuit voltage source [7] with internal resistance of 50
to replicate the coaxial probe. This kind of source has been

proved to cut down significantly the duration of transients [8].
Radiation patterns can be calculated using a near-to-far field

transformation [9]. The time-domain near fields are obtained
via sampling on a cuboid transform surface surrounding the
antenna. Spatial averaging is required on the transform surface
due to the offset of the fields in the FDTD cell. The phasor
information at the required frequencies is acquired by per-
forming a running discrete Fourier transform (DFT) along with
the simulation. DFT has been proved superior to fast Fourier
transform (FFT) when information at few frequencies is needed
from FDTD simulations [10]. The field distribution is obtained
by sampling the field at a given plane, in this case on the
antenna–dielectric interface, and again performing a DFT for

Fig. 2. (a) Measured and simulated resonance frequency of theH-antennas as
a function ofW . The numbers indicate the return loss in decibels at resonance
frequency. (b) Measured�10 dB impedance bandwidth (L = 9:5 mm,W =

11 mm,L = 2:5 mm,L = 2:9 mm, substrate" = 2:2, and thickness=
0:508 mm).

the desired frequency. parameters are calculated after the
end of the simulation [11] by Fourier transforming the voltage
and current time signatures using FFT. Mur second-order
absorbing boundary conditions were used [12] except for the
corners where first order were used.

IV. RESULTS

In this section, the effect of the width on the radiation
pattern, resonance frequency, and the antenna field distribution
is discussed. The upper limit of the width is that of a quarter
wavelength antenna. Five antennas with middle width of
1, 3, 5, 7, and 11 mm were built on soft substrate with geometry
as described above in Section II. Radiation patterns, gain, and
resonant frequency were measured and simulated. The effect
of finite ground plane on the radiation pattern of the antenna
is shown both experimentally and by using FDTD. The effect
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Fig. 3. Calculated electric field distribution. Field calculated using FDTD
immediately below patch metallization at the resonance frequency. The patch
is outlined in white and the shorted edge is the bottom edge. (a)W = W and
(b)W = 3 mm (other details as Fig. 2).

is especially significant with small , i.e., lower resonance
frequencies. The experimental gain of the antenna with different

is also shown together with gain estimations.

A. Resonance Frequency

The middle width has a significant effect on the resonant
frequency of the antenna. Fig. 2 shows the resonance frequency
of the -shaped antenna versus . The resonance frequency
is determined by the return loss dip. Experimental results are
presented together with results from FDTD and HP momentum.
A good agreement has been achieved between experimental re-
sults and simulation results giving a maximum error of around
2.5%. It can be seen that the resonance frequency of the antenna
reduces by about 42% when the width is reduced to 1 mm.

B. Fields

The fields were calculated at the resonant frequency using
FDTD. Specifically, the electric field component perpendicular

Fig. 4. Calculated current density distribution at the resonance frequency. The
patch is outlined in white and the shorted edge is the bottom edge. (a)W =W .
(b)W = 3 mm (other details as Fig. 2).

to the antenna surface and the surface current density along the
length of the patch were calculated. In the case of the electric
field the minimum is at the short-circuit edge and the maximum
is at the other edge [Fig. 3(a)]. The introduction of a narrow
middle section forces the field to conform to the layout. The
fringing fields are clearly seen and these should be taken into
account when integration is considered [Fig. 3(b)]. Current den-
sity reveals the reason why the resonant frequency is lowered.
The current density for the quarter wavelength has a peak at the
short-circuited side [Fig. 4(a)]. The introduction of the middle
section causes a shift of the peak indicating the inductive be-
havior. The concentration is stronger the narrower the section
becomes [Fig. 4(b)]. The field plots give useful insights into the
choices of dimensions and the feed location. In Fig. 4(b), the
lower current density in the section gives rise to a slower vari-
ation of impedance with feed location. This justifies the choice
of a reasonable length , to permit accurate location of the
feed. Fig. 3(a) clearly demonstrates the highestfield region
near the radiating edge. Fig. 3(b) shows that the choice of
in the -antenna was appropriate to allow a similar high-field
region to be set up.
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Fig. 5. Radiation patterns (a) quarter wavelength; (b)W = 3 mm; and (c)W = 1 mm.

C. Radiation Patterns

The and plane radiation pattern from experiment and
FDTD analysis for three of the five antennas are plotted in Fig. 5.

Excellent agreement between experimental and FDTD results is
shown for the upper half plane. Good agreement is also obtained
for the back lobes which are dependent on the finite ground
plane. Very good agreement was also obtained between FDTD
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Fig. 6. The measured, maximum realizable, and analytically calculated gains of theH-antennas. (Details as Fig. 2.) Each antenna has been measured/calculated
at its resonance frequency.

and experimental results for the other antennas. The worst case
cross-polar isolation of all -shaped antennas tested was 17 dB.
The results show that the back lobe ofand of the antenna
increases as the resonance frequency decreases. Since the phys-
ical size of the ground plane remained constant for all tested
antennas, its electrical length at resonance was reduced as the
resonance frequency reduced. In the case when mm,
the resonant frequency is close to 3 GHz and the ground plane
length is approximately half a wavelength which explains the
almost symmetric back lobe [Fig. 5(c)].

D. Gain of the Antenna

Accurate measurements of the gain of small antennas [13] are
very sensitive due to radiation from the feed line or the feeding
coaxial cable. In this work, the gains of the antennas at their
resonant frequencies were measured by gain comparison using
reference dipole antennas with nominal gain of 2.14 dBi. Two
dipole antennas with conductor thickness of 0.2 and 0.77 mm
that are considered thin wires at the measurement frequencies
were used in order to provide a more accurate determination of
the gain. The average of the two measurements plotted against

is shown in Fig. 6. The gain at resonance is initially neg-
ative, increasing rapidly as increases, attaining a peak and
then gradually dropping off. In order to explain this trend, an
estimation of the gain was made based on the electrical size of
the antennas.

A rule of thumb for estimating the gain of small antennas is

(1)

where
gain of the antenna;
volume of the antenna;
bandwidth of the antenna.

This estimate is based on two arguments: the proportionality of
bandwidth and volume noted by Balanis for patch antennas [14]

and the familiar constant gain bandwidth product from circuit
theory. The estimated gain values shown in Fig. 6 are found as
follows. The constant is estimated using known gain, bandwidth
and volume of a rectangular half-wavelength patch antenna on
the same substrate [15] and at the resonance frequency of the

-antenna. The gain of the -antenna is then found by substi-
tuting its volume and measured10-dB return-loss bandwidth
into (1). This is repeated for each of the five-antennas. The
estimated gain is close to the measured values.

It is useful to relate the gain of the proposed antennas to the
maximum realisable of an antenna as given by Har-
rington [16]

(2)

where is the radius of the smallest sphere around the antenna.
The value for used was 7 mm. , where is the
guided wavelength at resonance.

The maximum realisable gain for the antennas of this paper
was calculated and plotted in Fig. 6.

A physical explanation for the fact that the resonant gain
reaches a peak at an intermediate value ofmay be found by
considering the power lost to cross-polar radiation. The mea-
sured cross-polar isolation on the antenna boresight is high, re-
maining above 17 dB for all the antennas. However, there are
cross-polar sidelobes that account for significantly more power
loss. While the main lobe gain initially increases with , the
measured level of the peak-plane cross-polar sidelobes rela-
tive to the copolar main lobe, also increase, as shown in Table I.
We may estimate a loss factor in decibels arising from power
lost to cross-polar radiation as

(3)

where is the peak cross-polar power divided by the peak
main lobe power. This is based on the approximation that the
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TABLE I
ESTIMATION OF LOSS DUE TOMEASUREDCROSS-POLAR RADIATION

Fig. 7. (a) The layout diagram of MMICH-antenna. (b) Schematic of test
fixture and MMIC chip excitation.

total powers in each lobe are in the same proportion as their
peak powers.

The loss factor estimated in this way is shown in Table I, in-
dicating an increase of 1 dB over the range of . Thus, the
power lost to cross-polar radiation is of the right order of mag-
nitude to account for the peak in resonant gain at an interme-
diate value of . The -plane cross-polar radiation is gener-
ally much lower, the worst case being15 dB relative to the
copolar main lobe, for mm. Power lost to -plane

Fig. 8. Estimated gain for GaAs antennas with" = 12:9 andh = 200 �m:
(1) �=2 antenna; (2)�=4 antenna; and (3)H-antenna.

cross-polar radiation has, therefore, been ignored in this esti-
mate.

V. -ANTENNA ON GaAs

An -shaped antenna on a GaAs substrate, based on the de-
sign experience described above and shown in Fig. 7(a), was
designed for operation at 5.8 GHz. HP Momentum™ software
was used for the design since it provides a user friendly inter-
face for MMIC design and mask generation.

The GaAs chip antenna was fabricated using the GEC Mar-
coni F20 MESFET MMIC process. The via holes for the shorted
edge of the patch were realized as part of the standard foundry
process. The thickness and relative dielectric constant of the
MMIC substrate used was 0.2 mm and 12.9, respectively. The
overall size of the designed chip was 4.1 mm2.1 mm. The
fabricated chips were mounted on a brass chip carrier, as shown
schematically in Fig. 7(b). A coaxial connector through the car-
rier provided the RF feed. The connection from the coaxial
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connector to the chip was made via two parallel bondwires to
minimize the feed inductance. The optimum feed point on the

-shaped patch was found experimentally.
The experimental resonant frequency of the antenna was 5.98

GHz, 3% different from that computed using HP Momentum™.
This discrepancy in the resonance frequency was due to the fi-
nite substrate and ground plane of the test fixture (25 mm
25 mm). In order to further understand these effects, the FDTD
method was used. A grid with 251 131 51 cells with spa-
tial resolution mm, mm,
mm was used. This method gave the resonance frequency of the
MMIC antenna as 6.03 GHz, only 0.8% different from the ex-
perimental result. The radiation patterns and cross-polar char-
acteristics were found to be very similar to those measured for
the soft substrate antennas. The measured gain of the antenna is
approximately 9.4 dBi. The estimated gain is9.9 dBi calcu-
lated from (1), using the measured 10-dB return-loss bandwidth
of 0.67%. The estimated gains of antennas on GaAs substrates
were calculated using (1) and are shown in Fig. 8. The band-
width of the quarter wavelength antenna was assumed to be the
same as that of the half-wavelength antenna.

VI. CONCLUSION

Small short-circuited -shaped antennas suitable for MMIC
integration have been developed. The resonance frequency of
the antenna has been reduced by more than 42% of the same size
quarter-wavelength antenna. This antenna takes approximately
one tenth of the substrate area of a normalpatch antenna res-
onant at the same frequency. The middle section width is a de-
gree of freedom that could be used by the designer. Gain and res-
onant frequency design curves have been derived. The radiation
patterns calculated and verified are similar to those of a quarter
wavelength patch antenna. This antenna will find application
where the antenna size is an important constraint—including
MMICs. The simple equations given, relating gain, bandwidth,
and volume provide an efficient method of estimating the trade-
offs required in potential system applications. Application of
the FDTD method provided an accurate tool to account for fi-
nite ground plane effects, which are of major importance for
MMICs. The limited gain of these small antennas is consis-
tent with the physical limitations derived by Harrington. The
reduction in signal could be overcome by integrating an ampli-
fier alongside the narrow central section of the antenna, which
would take no extra substrate area on the MMIC. Further re-
duction in resonant frequency could be achieved by the MMIC
package or a glass superstrate in the case of vehicular commu-
nications.
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