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Design of a Vehicular Antenna for GPS/IRIDIUM
Using a Genetic Algorithm

Edward E. AltshulerLife Fellow, IEEE

Abstract—in this paper, we describe a vehicular wire antenna, it can receive signals from satellites at elevation angles above
designed using a genetic algorithm that may be used for both the apout 5. IRIDIUM is a new low earth orbit (LEO) global mo-
GPS and IRIDIUM systems. It has right-hand circular polariza- pje satellite communication system. It operates over the fre-

tion, near hemispherical coverage, and operates over the frequency
band from 1225 to 1625 MHz. This antenna was simulated using quency band from 1610 to 1626.5 MHz, uses RHCP, and has

the Numerical Electromagnetics Code (NEC) and then fabricated N€ar hemispherical coverage. We expect that many vehicles will
and tested. The antenna consists of five copper tubing segmentsutilize both GPS and IRIDIUM.

connected in series, has an unusually odd shape, and is very inex- |n this paper, we describe an antenna with a single coaxial line
pensive. ltfits in a volume approximately 10 cmx 10 cmx 15Cm. 5t that will operate over the band from about 1225 to 1625
The input voltage standing wave ratio (VSWR) and circular po- MH dth both GPS and IRIDIUM f ies. Thi
larization radiation patterns were computed and measured. The el ‘%'S COVEE _0 ai X requencies. This
VSWR was under 2.2 at the design frequencies of 1225, 1575, andg@ntennaradiates nominal RHCP at elevation angles above about
1625 MHz. The gain varied by less than 12 dB for a 1/0sector; it 5° and was designed with a process that uses a genetic algorithm
generally fell off near the horizon so the variation was less for 150 (GA) [2] in conjunction with an electromagnetic code. In this
and 160° sectors. This new design process, which uses a genetiqnathog, the beamwidth, VSWR, and frequency band are speci-
algorithm in conjunction with an electromagnetics code, produces fied d, th ¢ ’f' t', that tel | h
configurations that are unique and seem to outperform more con- Iedan ean gnrja (?on Igura '9” ALMOSLE OS? y qpproaf: es
ventional designs. these characteristics is synthesized. After a design is obtained,
we conduct an in-depth computational analysis and then verify

Index Terms—Genetic algorithms, land mobile antennas. R .
these results by fabricating and testing the antenna.

. INTRODUCTION Il. APPROACH

AVIGATION and earth-to-satellite mobile communica- T pegin, a cost function, which contains the parameters to
tion systems often require ground-based antennas that gptimized, must first be defined. Then the GA randomly
are circularly polarized, have near-hemispherical coverage afiects a sample population set of configurations, from the
minimize the interference from multipath reflections. Circulagytg) population of possible configurations. The GA eval-
polarization is necessary for systems operating at frequencigges the performance of each member of this population
below about 3 GHz since the Faraday rotation produced by thgy compares each individual performance with the desired
ionosphere can cause a linearly polarized transmitted signab{oigeal performance specified in the cost function and re-
rotate out of alignment with the receiving antenna; a circularly,;ns a single number to the GA that is a measure of its
polarized signal averts this problem. Near hemispheric@hess. As in the evolutionary process of “survival of the
coverage is desirable since the ground antenna is often requifggst » high-quality chromosomes (strings) mate and pro-
to receive a signal from a satellite anywhere above the horizgpce offspring, while poor quality strings are removed from
except at very low elevation angles, where signals may hayg population. Offspring can be created through many dif-
multipath components that can disrupt system performanggrent procedures, each of which is essentially a method of
Currently, helical or patch antennas are often used for theb??mbining information from parent chromosomes to form a
applications; but these antennas are generally too narrow bapdg with the potential of outperforming its parents. With
to cover the entire frequency band with a single elemeny,cceeding “generations,” the quality of the strings contin-
Also they often require a phasing network that increases thgljly improves and an optimized solution is ultimately ob-
complexity and cost. A review of global positioning systefined. The GA method of antenna design is analogous to
(GPS) antenna designs showed that a bifilar conical spitglmethod of breeding racehorses, where the “horses” are
antenna outperformed the patch and helix [1]. antenna designs and the “race track” is a simulation to de-
The GPS broadcasts at frequencies of 1575.4 MHz (the tdymine antenna performance. “Champions” will have many
coarse acquisition) and 1227.6 MHz (the L2 precision COdQ)ﬁspring, while those who do not perform well, will perish
The signals use right-hand circular polarization (RHCP). TRgithout offspring. Even when the problem to be solved may

receiving antenna needs near hemispherical coverage so Hife many interrelated unknowns and a large, complex, and
spiky search space, the better the GA will perform over other
Manuscript received August 27, 1998; revised September 30, 1999. methods of search. The GA is highly resistant to becoming
The author is with the Air Force Research Laboratory, Sensors Directorattleapped in local extrema, which allows it to work well for
Electromagnetics Technology Division, Hanscom AFB, MA 01731-2909 USA h like th ’ f th desi bl
(email: edward.altshuler@hanscom.af.mil). search spaces like those of the antenna design problems to
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Fig. 1. Sketch of “crooked wire genetic antenna.”
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For this investigation, the GA starts with a randomly selected
population of 175 potential antenna configurations, which sat-
isfy the constraints of the problem. All configuration informa- 180
tion (e.g., start and endpoints and wire sizes) is encoded into a (b)
set of numbers called a real chromosome [3]. The GA evaluates 1625 MHs
the performance of each member of this population based on a ! 0
cost function that compares the individual performance of each
configuration with the desired or ideal performance. Evaluating
the cost function involves simulating each member of the popu-
lation with an electromagnetics code and comparing the results
with those desired; the NEC Version 2 (NEC2), was used for
this design [4].

The antenna design program we created employs a \J
steady-state GA (i.e., a portion of the current population carries
over to the next generation). The top 30% of the population

is saved from each generation after all chromosomes have

been evaluated. These chromosomes are then used to generate

the offspring that will fill the rest of the population. A virtual

“weighted roulette wheel” is filled according to each chromo-

some’s fitness; the more fit a chromosome, the larger its share ©
of the wheel. For each new position, the wheel is “spun” arfdd. 2. (a) Computed-plane circular polarization radiation pattern at 1225

; : P— » : z. (b) Computedd-plane circular polarization radiation pattern at 1575
the first parent is chosen. The wheel is “spun” again and tmz. (c) Computed¢-plane circular polarization radiation pattern at 1625

second parent is chosen. Real chromosomes were mated using
the quadratic and heuristic crossover method [3].

For this antenna optimization we allow the GA to search for
a configuration that will produce the desired properties, subject
to only very basic constraints; antenna size, excitation sourtess than about 2.0, for frequencies of 1225, 1575, and 1625
number of wires, and a ground plane. We previously investHz. The GA program computes the hemispherical radiation
gated a set of crooked wire antennas having from three to eiglattern at increments of°5n elevation, fromd = —85° to
wires connected in series [5]. We found that for this bandwidth85°, and in azimuth, fromp = 0° to ¢ = 175° at frequen-
a five-wire antenna seemed optimal. Our goal was to obtaiies of 1225, 1575, and 1625 MHz. It then reads the output of
RHCP, 5 above the horizon over the hemisphere, and a VSWRREC?2, calculates the average gain over the hemisphere and the




970 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 6, JUNE 2000

1225 MHz %0

COMPUTED ¢=0°

s MEASURED ------ 1 0=90°

VSWR

1 L 1 L ' 1
12 1.25 13 135 14 1.45 15 1.55 16 1.65 17 (a)

FREQ (GHz) 1575 MHz £
9=0°
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sum of the squares of the deviation of all measured points from
the mean. It also computes the VSWR’s at these frequencies. Ir
equation form

10 dB/DIV

Score= > (Gain(#,$) — Avg. Gain)® + C
over all8,¢
1 VSWR « 2.0

where¢’ = { 1 VSWR > 2.0

The GA's goal is to minimize this score. We chose to weight the
radiation pattern more heavily than the VSWR since the pattern
cannot be changed, whereas if the VSWR is high, it is still pos-
sible to use matching techniques to satisfy system requirements. 1625 MHz

9=0°

Ill. RESULTS O=90° --—----

The resulting antenna, which we refer to as a “crooked wire '***™"

genetic antenna” [6], was quickly designed using the GA. We al-
lowed the GA to run for 60 generations. Each optimization took 180
about 10 h. We repeated the process about ten times. We usec
the configuration that had the best score. A sketch of this very
unorthodox antenna, along with its coordinates in centimeters,
is shown in Fig. 1. It is seen that it fits in a volume of about 10 .
cm x 10 cmx 15 cm and, thus, has a cross section that is about e L
a half wavelength at the highest frequency and a height that is A e
slightly greater. We have conducted a thorough computational 270

analysis of this antenna and have built and tested it. Circular po- ©

larization radiation patterns in thieplane of the antenna over _ , o -

e . Fig. 4. (a) Measured-plane circular polarization radiation pattern at 1225
an infinite ground plane were Computed at azimuth angles A6z (b) Measured-plane circular polarization radiation pattern at 1575 MHz.
0°, 3, 60, 9, 120, and 150, for the frequency range from (c) Measured-plane circular polarization radiation pattern at 1625 MHz.
1225 to 1625 MHz at intervals of 100 MHz and also at 1575
MHZ. The input VSWR was computed for the same freque
cies. The antenna was made ouB@82-in (2.38 cm)-diameter
copper tubing. Radiation patterns and VSWR’s were measured
with the antennaovera4# 4 ft (1.2 mx 1.2 m)-square ground  Ideally, we would like the antenna gain to remain reasonably
plane at the same frequencies. uniform over most of the hemisphere and then drop sharply at

X, Computations
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an elevation angle of abouf 5Since this coverage is not gen-the low elevation angles at an azimuth angle df At these
erally possible to achieve in practice and since coverage ovaarayles, the power was about 12 dB down from the peak at
15(° sector is considered acceptable for most applications, Wweth frequencies. Note that the coverage for an azimuth angle
specifically examined the antenna patterns for coverage®for f 90° was excellent. The VSWR’s were under 2.0 at the
10° and 15 above the horizon. We found that the response ttesign frequencies but slightly over 3.0 at other frequencies
a circularly polarized wave changed only gradually as a funaeross the band. These VSWR'’s are plotted in Fig. 3 along
tion of both angle and frequency. Therefore, computationsith the computed values.
increments of 30in angle and 100 MHz in frequency provided IV. SUMMARY
results that we believed were representative of antenna perfor-
mance. We found that for 18@overage (15above the horizon)  We have demonstrated that it is possible to design a relatively
there is a maximum variation of 8 dB in gain at 1225, 1575, angtoad-band antenna having nominal circular polarization and
1625 MHz. For 160 coverage, there is a variation of less thanear hemispherical coverage using a genetic algorithm. Four
9 dB. Finally for 170 coverage the variation in gain is under 125PS receiving antenna designs have been previously examined,;
dB. a circularly polarized patch antenna, an array of square helical
Elevation cuts corresponding to azimuth angles’adi®d 90 antennas, a quadrifilar helical antenna, and a conical spiral an-
and frequencies of 1225, 1575, and 1625 MHz, which are reenna [1]. The top priorities in GPS antenna design were dual-
resentative of all angles, are shown in Fig. 2(a), (b), and (¢)equency operation, the radiation pattern slope near the horizon
respectively. We note that for almost all patterns the minimugand circular polarization. The conical spiral antenna provided
level of radiation occurs at the low elevation angles so coveragi@ most promising results. However, this antenna had to be
is excellent over most of the hemisphere. It should be mentiongidiced on lossy absorbing material and was about two wave-
that true circular polarization is not achievable for wide angul@ngths in height. The genetic crooked-wire antenna has char-
coverage. From a practical standpoint, we have elliptical polafeteristics that are comparable to those of the conical spiral at
ization for which the magnitudes of the orthogonal signals apeth GPS L1 and L2 bands and also operates over the IRIDIUM
proach unity and their respective phases approach quadratbegd of 1610-1626.5 MHz. In addition, it is much smaller than
Note that as long as the receiving antenna has the same seheeonical spiral and does not need absorbing material. It is a
polarization as the transmitter, the maximum polarization logery inexpensive antenna since it is fed directly from a coaxial
of 3 dB occurs when the receiver is linearly polarized. If theable and does not require multiple inputs or a phasing network.
receiving antenna has the opposite sense polarization, the e believe that this new process may revolutionize the design
larization loss will become very large. The VSWR’s, as showsf wire antennas.
in Fig. 3, were under 2.0 at the design frequencies of 1225 and
1625 MHz; the value at 1525 MHz was slightly higher.

ACKNOWLEDGMENT

B. Measurements
The author would like to thank Dr. D. S. Linden of LIR, Ash-
burn, VA, for developing the GA code that was used for the com-

The genetic antenna shown in Fig. 1 was built and tested. Thigiations. He would also like to thank R. A. Wing for assisting
was hand made to an accuracy of abfi@tmm as compared t0 ;, the measurements.

the computed model. We expect that the accuracy should not
significantly affect the results since the antenna is not highly
resonant. The measurements were conducted at the same fre-
quencies and azimuth angles as the computations. The main dif-
ference between computations and measurements was that the
computations were done for the antenna over an infinite ground _
| hile th d fini él] N. Padros, J. I. Ortigosa, J. Baker, M. F. Iskander, and B. Thornberg,
plane w '_e t_e measurements were made over a finite groun “Comparative study of high-performance GPS receiving antenna de-
plane. This difference affects both the antenna pattern and the signs,” IEEE Trans. Antennas Propagatol. 45, pp. 698—705, Apr.
VSWR [7]. The finite size of the reflector produces two effects 1997 } - N
h tt Citd th diati tthe | | ti r[]2] Y. Rahmat-Samii and E. MichielsseBlectromagnetic Optimization by
on the pattern: i ecreases the radiation at the lower elevation ™ Genetic Algorithms New York: Wiley, 1999.
angles and the reflection off the edge causes a ripple in the patfs] D. S. Linden, “Using a real-valued chromosome in a genetic algorithm
tern. The edge reflection also affects the VSWR. for wire antenna optimization,” ih997 IEEE AP-S Int. SympMontreal,
. . Canada, July 1997.

In Fig. 4(a), (b), and (c), we show thé @nd 90 ele_Vat'on [4] G. J. Burke and A. J. Poffio, “Numerical Electromagnetics Code
cuts of the measured antenna patterns at frequencies of 1225, (NEC)-Method of Moments,” Lawrence Livermore Lab., CA, Rep.
1575, and 1625 MHz, respectively. The larger variability in _ UCID18834, Jan. 1981. ) o -

. ] | over that which was computed was partially due [5] D.S.LindenandE.E. Altshuler, “Automating wire antenna design using
signa eve 0 p p y genetic algorithms,Microwave J, vol. 39, pp. 74-86, Mar. 1996.
to the finite ground plane. The range of power showed a[6] E. E. Altshuler and D. S. Linden, Process for the Design of Antennas
variation of about 7, 9, and 11 dB for 15016C°, and 170 Using Genetic Algorithms, U.S. Patent 5 719 794, Feb. 1998.
ivel t 1225 MHz. The coverage at 157é?] D. S. Linden, “Automated design and optimization of wire antennas
coverage, respectively, a Z. verag R using genetic algorithms,” Massachusetts Inst. Technol. Ph.D. disser-
and 1625 MHz was somewhat poorer due to low radiation at  tation, Cambridge, MA, Sept. 1997.

REFERENCES



972 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 6, JUNE 2000

Edward E. Altshuler (S'54-M'55-SM'62-F'84-
LF'95) received the B.S. degree in physics from
Northeastern University, Boston, MA, in 1953, the
M.S. degree in physics from Tufts University, Med-
ford, MA, in 1954, and the Ph.D. degree in applied
physics from Harvard University, Cambridge, MA,
in 1960.

Before joining Air Force Cambridge Research
Labs (AFCRL), Hanscom AFB, MA, in 1960, he
was employed by Arthur D. Little and Massachusetts
Institute of Technology, Cambridge, MA, and
Sylvania Electric, Waltham, MA. He left AFCRL in 1961 to become Director
of Engineering at Gabriel Electronics, Millis, MA, but later returned to AFCRL
in 1963 as Chief of the Propagation Branch from 1963 to 1982. He was a
Lecturer in the Northeastern University Graduate School of Engineering from
1964 to 1991. He is currently conducting antenna research for the Air Force
Research Laboratory at Hanscom Air Force Base, MA. He was associate editor
of Radio Sciencérom 1976 to 1978. He has over 100 scientific publications,
patents, and presentations.

Dr. Altshuler was Chairman of the IEEE Boston Section Antennas and Prop-
agation Society from 1965 to 1966 and served as Chairman of the 1968 IEEE
AP-S/URSI Symposium in Boston. He was Chairman of the IEEE Boston Sec-
tion Fellows and Awards Committee from 1993 to 1994 and Chairman of the
IEEE Boston Section from 1995 to 1996. He is currently Chairman of the IEEE
Boston Section Life Members Chapter. He also serves on the Antennas and
Propagation Society Awards Committee. He is a member of Commissions B
and F of the International Radio Scientific Union. He has served on the Air
Force Scientific Advisory Board and was Chairman of the NATO Research
Study Group on Millimeter Wave Propagation and Target/Background Signa-
tures from 1974-1993. He was President of the Hanscom Chapter of Sigma Xi
from 1989 to 1990. He received the IEEE Harry Diamond Memorial Award in
1997. He was recently awarded an IEEE Millennium Medal.




