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_ Abstract—A small short-circuited H-shaped GaAs mono- takes approximately half of the substrate space compared to a
lithic microwave integrated circuits (MMICs) patch antenna  half-wavelength antenna. The short to ground is made with ei-
is presented. Resonant at 5.98 GHz, it is the lowest frequency e 4 strip or a number of shorting pins. Sanad [2] investigated
MMIC patch antenna reported that we are aware of and is the effect of ch ina th b f shorti ins t d
intended for short-range communications (e.g., vehicular). Initial € efiect or changing the number ot shor |r_19 PINS 10 groun
experimental and theoretical characterization of the proposed and found the antenna resonant frequency increased by about
structure has been carried out on soft microstrip substrates. Ithas 2% when a short strip was replaced by shorting posts. The res-
been shown that the size of arfI-shaped patch antenna can be gnant frequency reduced as the number of shorting pins was
reduced to as low as one tenth of that of a half wavelength patch ~4,ced. The resonance frequency decreased by approximately

antenna resonant at the same frequency, saving valuable substrate , o . .
space. Resonance frequency, radiation patterns and gain haveg"8/0 when three shorting pins to ground were used. The reso-

been investigated. Ground plane truncation effects, which are hance frequency of an antenna can also be reduced by covering
important for MMIC applications, have been examined using the the patch with a superstrate [3]. A half wavelengfhshaped

finite-difference time-domain (FDTD) method. antenna was investigated by Palanisatal.[4] for UHF appli-
Index Terms—Electrically small antennas, monolithic mi- cations. The resonant frequency of the antenna reduced to about
crowave integrated circuits (MMICs), printed antennas. half of that of a half-wavelength rectangular patch antenna of the
same size.

In this paper, short-circuitef -shaped antennas [5] suitable

for MMIC active antenna applications are investigated. The an-
ONVENTIONAL microwave active antennas are builtenna takes a fraction of the substrate area of a conventional half
using two or more different substrates, for examplavelength patch and has a convenient shape enabling the ac-

gallium arsenide (GaAs) for active devices and glass loadg¢e circuits to be integrated within the antenna, taking no ad-

polytetrafluoroethylene (PTFE) for antennas. At higher mditional substrate area. The investigation of the performance of

crowave frequencies, the parasitics of interconnections betwele antenna was carried out by building a number of antennas

devices become significant and degrade the antenna perfgith varying dimensions on soft substrate (Section I1). The an-

mance. A close integration of active devices with antennasnnas were fully characterized using in house finite-difference

could be achieved by integrating both the devices and thime-domain (FDTD) software (Section Ill) and a commercial

antenna on the same monolithic microwave integrated circkitwlett-Packard Momentumelectromagnetic simulator. The

(MMIC) substrate. The fabrication cost of MMICs dependshange in the resonance frequency of the antenna with its di-

directly on the substrate area occupied by the circuit. Therefomgension is presented in Section 1V. Based on the design data

the size of the antenna is very important if it is to be integratesbtained from the soft substrate work, Bashaped MMIC an-

with active devices on a GaAs MMIC substrate. Antennas ®inna was fabricated on GaAs substrate at 5.98 GHz (Section V).

millimetric frequencies are small and, therefore, they can f#is antenna is the lowest frequency antenna in MMIC form

fabricated on GaAs substrates at low cost. At microwave frghat we have seen reported in the literature and is intended for

guencies, the antenna size is relatively large and uneconomigtabrt-range communications applications.

to fabricate on a GaAs substrate.

The resonance frequency of a given size antenna can be re- II. ANTENNA GEOMETRY

duced by using a higher dielectric constént) substrate. How- )

ever, in gallium arsenide MMICs, the designer is constrained to duarter wavelength antenna at 5 GHz was built on glass

work with dielectric constant of 12.9. Another common tecHo@ded PTFE substrate, which has relative dielectric consfant

nique to reduce the size of a patch antenna is to terminate §h&-2 and substrate thickness of 0.508 mm. The ledigohthe

of the radiating edges with a short circuit [1]. The antenna ft€nna is 9.5 mm and the widll was arbitrarily chosen to

approximately quarter wavelength, /4) long and, therefore, 11 mm. A step in the width_wa_s introduced along the I_eng_th to
make theH -shaped short-circuited antenna as shown in Fig. 1.

DimensionsWy, Ly, and L, were varied, while keeping the
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Fig. 1. The layout diagram of short circuif-shaped antenna.
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1 % .
large enough to set up the radiating fields. At the same tim 2 1 | ! ;
the central narrow section needed to be long enough to allt 0 2 6 8 10 12
its inductance to bring about a worthwhile overall size redut W,
tion. The lengthd.; and L, are 2.5 and 2.9 mm, respectively.
Ten shorting pins of 0.1 mm thickness were used and the sp:
between the pins was 1 mm. The feed position was determir
experimentally such that the return loss was better thEh dB.
The optimum feed position was 1 mm from the shorted end
the patch for the quarter wavelength antenna and 0.8 mm frc
the shorted end for thé/antennas. The substrate and groun
plane size for the antennas was 50 mn50 mm.

I1l. FDTD ANALYSIS DETAILS

Bandwidth,%

An in-house three-dimensional (3-D) FDTD code was use
to analyze the antenna. THé-antenna was modeled using &
grid of 161 x 151 x 51 cells with spatial resolutiothz =
0.46 mm, Ay = 0.5 mm, Az = 0.17 mm. TheAz resolution
was chosen such that three cells are occupied by the subst
height. The corresponding time stepg = 0.5 ps. Metal parts
(antenna, ground plane, and pins) are modeled as perfect elec
conductors by setting the tangential electric field components
zero.

Great advantages of the method include wide-band informa-
tion with a single run and flexibility in geometry. Thus, it isFig. 2. (a) Measured and simulated resonance frequency &f thatennas as

: . . . function ofi¥’; . The numbers indicate the return loss in decibels at resonance
straightforward to model finite ground planes and different dj}equency_ () Measured10 dB impedance bandwidtti(= 9.5 mm, W =

electrics. 11 mm,L, = 2.5 mm, L, = 2.9 mm, substrate, = 2.2, and thickness=
The excitation used is a Gaussian pul§ét) = exp[—a(t—  0.508 mm).
BAt)?] [6]. The spectrum can be controlled by choosing the

constantsx,/f : ForQ;hejimulations in this work the valuss= e gesired frequencyi;; parameters are calculated after the
94,0 = 0.15 - 10™ s7= were chosen. Excitation is achievedyq of the simulation [11] by Fourier transforming the voltage
with a circuit voltage source [7] with internal resistance of 594 current time signatures using FFT. Mur second-order

{2 to replicate the coaxial probe. This kind of source has beggq,hing houndary conditions were used [12] except for the
proved to cut down significantly the duration of transients [8]..;ners where first order were used.

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 surfacén this section, the effect of the wid{ti¥;) on the radiation
due to the offset of the fields in the FDTD cell. The phasgrattern, resonance frequency, and the antenna field distribution
information at the required frequencies is acquired by pesdiscussed. The upper limit of the width, is that of a quarter
forming a running discrete Fourier transform (DFT) along witlvavelength antenna. Five antennas with middle wi{dth ) of
the simulation. DFT has been proved superior to fast Fourikr3, 5, 7, and 11 mm were built on soft substrate with geometry
transform (FFT) when information at few frequencies is needed described above in Section Il. Radiation patterns, gain, and
from FDTD simulations [10]. The field distribution is obtainedresonant frequency were measured and simulated. The effect
by sampling the field at a given plane, in this case on thad finite ground plane on the radiation pattern of the antenna
antenna—dielectric interface, and again performing a DFT fiwr shown both experimentally and by using FDTD. The effect

IV. RESULTS
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Fig. 4. Calculated current density distribution at the resonance frequency. The
Fig. 3. Calculated electric field distribution. Field calculated using FDTatchis outlined in white and the shorted edge is the bottom eddé’(a3 W'.
immediately below patch metallization at the resonance frequency. The pateh?V: = 3 mm (other details as Fig. 2).
is outlined in white and the shorted edge is the bottom edgél{a= W and
(b) W1 = 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
is especially significant with smalivy, i.e., lower resonance field the minimum is at the short-circuit edge and the maximum
frequencies. The experimental gain of the antenna with differdftat the other edge [Fig. 3(a)]. The introduction of a narrow
W, is also shown together with gain estimations. 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-
i , N sity reveals the reason why the resonant frequency is lowered.
The middle width/¥, has a significant effect on the resonaniye cyrrent density for the quarter wavelength has a peak at the
frequency of the antenna. Fig. 2 shows the resonance frequegy . circuited side [Fig. 4(a)]. The introduction of the middle
of the H-shaped antenna versi§,. The resonance frequencygetion causes a shift of the peak indicating the inductive be-
is determined by the return loss dip. Experimental results §{g,ior The concentration is stronger the narrower the section
presented together with results from FDTD and HP momentuRl, .o mes [Fig. 4(b)]. The field plots give useful insights into the
A good agreement has been achieved between experimentalif§ices of dimensions and the feed location. In Fig. 4(b), the
sults and simulation results giving a maximum error of aro“rlfi%ercurrentdensityinthél section gives rise to a slower vari-
2.5%. It can be seen that the resonance frequency of the antegiih of impedance with feed location. This justifies the choice
reduces by about 42% when the widify is reduced to 1 mm. ¢ 5 yeasonable length,, to permit accurate location of the
' feed. Fig. 3(a) clearly demonstrates the highiédteld region
B. Fields near the radiating edge. Fig. 3(b) shows that the choick,of
The fields were calculated at the resonant frequency usiimgthe H-antenna was appropriate to allow a similar high-field
FDTD. Specifically, the electric field component perpendiculaegion to be set up.

A. Resonance Frequency
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Fig. 5. Radiation patterns (a) quarter wavelength;i{h) = 3 mm; and (c)}/;, = 1 mm.

C. Radiation Patterns Excellent agreement between experimental and FDTD results is
shown for the upper half plane. Good agreement is also obtained

The E and H plane radiation pattern from experiment andor the back lobes which are dependent on the finite ground
FDTD analysis for three of the five antennas are plotted in Fig. plane. Very good agreement was also obtained between FDTD
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Fig. 6. The measured, maximum realizable, and analytically calculated gainsiéf#mennas. (Details as Fig. 2.) Each antenna has been measured/calculated
at its resonance frequency.

and experimental results for the other antennas. The worst casd the familiar constant gain bandwidth product from circuit
cross-polar isolation of alf -shaped antennas tested was 17 dBheory. The estimated gain values shown in Fig. 6 are found as
The results show that the back lobefand H of the antenna follows. The constant is estimated using known gain, bandwidth
increases as the resonance frequency decreases. Since the physvolume of a rectangular half-wavelength patch antenna on
ical size of the ground plane remained constant for all test@e same substrate [15] and at the resonance frequency of the
antennas, its electrical length at resonance was reduced asghgntenna. The gain of thE-antenna is then found by substi-
resonance frequency reduced. In the case whien= 1 mm, yting its volume and measureel0-dB return-loss bandwidth
the resonant frequency is close to 3 GHz and the ground plapg (1). This is repeated for each of the fig-antennas. The
length is approx.imately half a yvavelength which explains thestimated gain is close to the measured values.
almost symmetric back lobe [Fig. 5(c)]. It is useful to relate the gain of the proposed antennas to the
maximum realisabléG,,,.,) of an antenna as given by Har-
rington [16]

Accurate measurements of the gain of small antennas [13] are
very sensitive due to radiation from the feed line or the feeding Gmax = (BR)? +26R 2
coaxial cable. In this work, the gains of the antennas at their
resonant frequencies were measured by gain comparison usigreR is the radius of the smallest sphere around the antenna.
reference dipole antennas with nominal gain of 2.14 dBi. Twbhe value forR used was 7 mnm3 = (27 /},), where), is the
dipole antennas with conductor thickness of 0.2 and 0.77 nyuided wavelength at resonance.
that are considered thin wires at the measurement frequencieShe maximum realisable gain for the antennas of this paper
were used in order to provide a more accurate determinationwds calculated and plotted in Fig. 6.
the gain. The average of the two measurements plotted againsk physical explanation for the fact that the resonant gain
Wy is shown in Fig. 6. The gain at resonance is initially negeaches a peak at an intermediate valuB/gfmay be found by
ative, increasing rapidly ag/; increases, attaining a peak anadonsidering the power lost to cross-polar radiation. The mea-
then gradually dropping off. In order to explain this trend, asured cross-polar isolation on the antenna boresight is high, re-
estimation of the gain was made based on the electrical sizendining above 17 dB for all the antennas. However, there are
the antennas. cross-polar sidelobes that account for significantly more power

A rule of thumb for estimating the gain of small antennas isoss. While the main lobe gain initially increases with , the

Q. B measured level of the pedk-plane cross-polar sidelobes rela-

D. Gain of the Antenna

——— = Const (1) tive tothe copolar main lobe, also increase, as shown in Table I.
4 We may estimate a loss factor in decibels arising from power
where lost to cross-polar radiation as
G gain of the antenna;
V' volume of the antenna; L =10log((1 — Lp max) 3)

B bandwidth of the antenna.
This estimate is based on two arguments: the proportionalitywherel,;, ...« is the peak cross-polar power divided by the peak
bandwidth and volume noted by Balanis for patch antennas [I%fin lobe power. This is based on the approximation that the
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TABLE |
ESTIMATION OF LOSS DUE TOMEASURED CROSSPOLAR RADIATION
Width of Measured H-plane Angle of peak H- Approximate loss factor
narrow region, | cross-polar peak plane cross-polar L = 10log, ([ — [AWM)
Wy, in mm relative to co-polar | radiation relative to
main lobe: main lobe,
I OIOEI(J [.\p.mm‘
1 -8.0dB +90" -0.7 dB
3 -8.4dB +50° -0.7dB
5 6.9 dB 165" -1.0dB
7 -5.9dB +50" -1.3dB
1] -4.8 dB +40° -1.7dB
. 4.1 mm N 8
- = 6 o (1)
4 2y
.
2
2.1 mm g © ]
o
s 2
‘s
(0]
v
4
0.625 mm 3)
-10 ! 3
(@)
-12
1 2 3 4 5 6 7 8
Volume, mm?®
Wi"% Bond Fig. 8. Estimated gain for GaAs antennas with= 12.9 and’ = 200 pm:
& ] +GaAs chip (1) A/2 antenna; (2\/4 antenna; and (3} -antenna.
?
Coax
cross-polar radiation has, therefore, been ignored in this esti-
mate.
Test Fixture
V. H-ANTENNA ON GaAs
(b) An H-shaped antenna on a GaAs substrate, based on the de-

sign experience described above and shown in Fig. 7(a), was
Fig. 7. (a) The layout diagram of MMIGI-antenna. (b) Schematic of test designed for operation at 5.8 GHz. HP Momentum™ software
fixture and MMIC chip excitation. . . . . . .

was used for the design since it provides a user friendly inter-

face for MMIC design and mask generation.
total powers in each lobe are in the same proportion as theifThe GaAs chip antenna was fabricated using the GEC Mar-
peak powers. coni F20 MESFET MMIC process. The via holes for the shorted

The loss factor estimated in this way is shown in Table I, iredge of the patch were realized as part of the standard foundry

dicating an increase ef1 dB over the range df’;. Thus, the process. The thickness and relative dielectric constant of the
power lost to cross-polar radiation is of the right order of magAMIC substrate used was 0.2 mm and 12.9, respectively. The
nitude to account for the peak in resonant gain at an internwerall size of the designed chip was 4.1 2.1 mm. The
diate value ofi¥’;. The E-plane cross-polar radiation is generfabricated chips were mounted on a brass chip carrier, as shown
ally much lower, the worst case beinrgl5 dB relative to the schematically in Fig. 7(b). A coaxial connector through the car-
copolar main lobe, foW; = 7 mm. Power lost toF-plane 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[3] Y. Hwang, Y. P. Zhang, G. X. Zheng, and T. K. C. Lo, “Planar inverted

minimize the feed inductance. The optimum feed point on the F-antenna loaded with high permittivity materiaEfectron. Lett, vol.
31, pp. 1710-1712, 1995.

H-shaped p?'tCh was found eXpe“menta”y' [4] V. Palanisamy and R. Garg, “Rectangular ring dheshaped microstrip
The experimental resonant frequency of the antennawas 5.98  antennas-alternatives to rectangular patch anteiffiegtron. Lett, vol.

GHz, 3% different from that computed using HP Momentum™. 21, pp. 874-876, 1985. e .
This discrepancy in the resonance frequency was due to the fi[5] D. Singh, P. G_ard_ner, and P. S. Hall, “Miniaturised microstrip antenna
p y q y for MMIC applications,”Electron. Lett, vol. 33, pp. 1830-1831, 1997.

nite substrate and ground plane of the test fixture (25 ,-im [6] K. S. Kunz and R. J. Luebberdhe Finite Difference Time Domain

25 mm). In order to further understand these effects, the FDTD__ Method For Electromagnetics Orlando, FL: CRC, 1993. .
hod d. A arid with 254 131 x 51 cell ith [7] M. Piket-May, A. Taflove, and J. Baron, “FDTD modeling of digital
method was used. A grid wit x cells with spa- signal propagation in 3-D circuits with passive and active loall&EE

tial resolutionAz = 0.1 mm, Ay = 0.22 mm, Az = 0.067 Trans. Microwave Theory Techiol. 42, pp. 1514-1523, Aug. 1994.

mm was used. This method gave the resonance frequency of th8] R-J. Luebbers and H. S. Langdon, “A simple feed model that reduces
time steps needed for fdtd antenna and microstrip calculatidBEE

MM|C antenna as 6.03 G"_'Z,_ only 0.8% different from the ex- Trans. Antennas Propagatol. 44, pp. 1000—1005, July 1996.
perimental result. The radiation patterns and cross-polar charf9] R. J. Luebbers, K. S. Kunz, M. Schneider, and F. Hunsberger, “A fi-

acteristics were found to be very similar to those measured for  nite difference time domain near-zone to far-zone transformatig &=
h i b Th d gain of th . Trans. Antennas Propagatol. 39, pp. 429-433, Apr. 1991.
the soft substrate antennas. The measured gain of the antenn?ib? C. M. Furse and O. P. Gandhi, “Why the DFT is faster than the FFT

approximately—9.4 dBi. The estimated gain is9.9 dBi calcu- for FDTD time-to-frequency domain conversion$EEE Microwave

lated from (1), using the measured 10-dB return-loss bandwidth _ Guided Wave Letvol. 6, pp. 326-328, Oct. 1995. ,
O. P. M. Pekonen, J. Xu, and K. I. Nikoskinen, “Rigorous analysis of

. : 11]
of 0.67%. The es“mated gains of antenna§ On_ GaAs SUbStratbS circuit parameter extraction from an FDTD simulation excited with a
were calculated using (1) and are shown in Fig. 8. The band- resistive voltage sourceMicrowave Opt. Technol. Leftvol. 12, pp.

width of the quarter wavelength antenna was assumed to be the 205-210, 1996. » o
[12] G. Mur, “Absorbing boundary conditions for the finite difference ap-

same as that of the half—wavelength antenna. proximation of the time domain electromagnetic field equatiot=ZE
Trans. Electromagn. Compatiol. EMC-23, pp. 377-382, Nov. 1981.
[13] O. Staub, J. F. Zurcher, and A. Skrivervik, “Some considerations on the
correct measurement of the gain and bandwidth of electrically small an-
tennas,"Microwave Opt. Technol. Lettvol. 17, pp. 156-160, 1998.
VI. CONCLUSION [14] C. A. Balanis, “Microstrip antennas,” iAntenna Theory: Analysis and
Design New York: Wiley, 1997, ch. 14.
. . . [15] J.R.James, P. S. Hall, and C. Wodicrostrip Antennas—Theory and
_ Small_ short-circuitedd -shaped antennas suitable for MMIC Design London, U.K.: Peter Peregrinus Ltd., 1981, p. 81.
integration have been developed. The resonance frequency 6] R. F. Harrington, “Effect of antenna size on gain, bandwidth and effi-
the antenna has been reduced by more than 42% of the same size ;‘5”&;' ?ggd’\‘at- Bureau Standards—D. Radio Propagal. 64D,
guarter-wavelength antenna. This antenna takes approximately ’ '
one tenth of the substrate area of a norky@ patch antennares-
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 quarigbagh Singh (5'97) was born Punjab, India in 1971. He received the degree

Wavelength patch antenna. This antenna will find applicati('umelectrical and electronics engineering from the University of East London,
.,in 1995, and the Ph.D. degree from The University of Birmingham, U.K.,

where the antenna size is an important constraint—includiiﬁ@999
MMICs. The simple equations given, relating gain, bandwidth, From 1996, he was Research Associate and worked on active monolithic ac-

and volume provide an efficient method of estimating the tradeéve microwave and millimeter wave antennas for two years. In 1998, he started
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nite ground plane effects, which are of major importance faircuits.
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- o ) )
ristos Kalialakis (S'94—M'99) was born in Watrellos, France, in 1971.
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