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Design of Dual-Frequency Probe-Fed Microstrip
Antennas With Genetic Optimization Algorithm

Ozlem Ozgun, Selma Mutlu, M. I. Aksusenior Member, IEEEand Lale AlatanMember, IEEE

Abstract—Dual-frequency operation of antennas has become a point of view, the microstrip antennas can be designed to per-
necessity for many applications in recent wireless communication form any function that other antenna structures can perform,
systems, such as GPS, GSM services operating at two differentfre- g0y a5 circularly polarized radiation, multiband operations,

quency bands, and services of PCS and IMT-2000 applications. Al- . : L S

though there are various techniques to achieve dual-band opera- etc. Since most ereless communications systems co-existin the
tion from various types of microstrip antennas, there is no efficient Same geographic area, one handset needs to cover some of these
design tool that has been incorporated with a suitable optimiza- services, which requires multimode or at least dual-mode opera-
tion algorithm. In this paper, the cavity-model based simulation  tjon. For example, since services from GSM900 and GSM1800
tool along with the genetic optimization algorithm is presented for have been provided in Europe over the same regions for the same
the design of dual-band microstrip antennas, using multiple slots - .

in the patch or multiple shorting strips between the patch and the customers, dual-band mobll_e phones Coverln_g both frequency
ground p|ane. Since this approach is based on the Cavity mode|, bands have become neceSSIty for the eXpanSIon of the SyStemS.
the multiport approach is efficiently employed to analyze the ef- Therefore, it is of paramount importance to devise a compu-
fects of the slots and shorting strips on the inputimpedance. Then, tationally efficient approach to design dual or multiband mi-
the optimization of the positions of slots and shorting strips is per- 541 antennas that also satisfy other specifications like input

formed via a genetic optimization algorithm, to achieve an accept- . - .
able antenna operation over the desired frequency bands. The an- voltage standing wave radio (VSWR) over each band. In this

tennas designed by this efficient design procedure were realized ex- Paper, an efficient algorithm based on the cavity model and a ge-
perimentally, and the results are compared. In addition, these re- netic optimization algorithm is developed to design multiband

sults are also compared to the results obtained by the commercial mjcrostrip antennas with shorting strips or slots. This approach
electromagnetic simulation tool, the FEM-based software HFSS by is very versatile and efficient, that is, one can optimize any set
ANSOFT. - ' y S
of characteristics of the antenna with the optimization of the
Index Terms—Genetic algorithms, microstrip antennas, mul- pumber and locations of the shorting strips or slots.

tiple band antennas, multiport circuits. Recent studies on microstrip antennas have primarily con-
centrated on the improvement of bandwidth and on the design
|. INTRODUCTION of multifunction operations [1]-[9]. As a result, almost 100%

bandwidth in terms of VSWR, and dual-band operations for

ECENT advances in wireless communications syste ;
"Esm M1808WLAN h b -
such as GSM and DCS in Europe, PCS in America, Wil’? SM900 and GSM1800 SCTVICES NAVe hEen SULCEss

. ully accomplished and demonstrated [1], [6]. Along with this
less local area networks (WLAN), wireless local loops (WLL)re ived interest on the applications of microstrip antennas,

future broadband 3G systems and etc., have instigated aflur%g elopment of efficient and accurate simulation tools to help

interest in miqrostrip antennas. This.is mainly due to the yniq%alyze and design such antennas has gained some interest
features of microstrip antennas; which are, namely, low in P85 well. For the simulations of printed antennas, there have

file, compact in structure, light in weight, conformable to NOMEoen three major approaches, namely, the transmission line

planar surfaces, easy and inexpensive for mass production, el, the cavity model and the full-wave techniques, ordered

well suited for integration with feeding networks and microwavgccording to increasing accuracy [10]. Among these, the cavity
devices, especially with the modern monolithic microwave in- '

i ted circuit technol In addition. f th licati Thodel has a special place for providing physical intuition on the
egrated circuit technology. In addition, from the applicationga trica| characteristics and radiation mechanism of microstrip
antennas, in addition to better accuracy as compared to the
) . ) i transmission line model, and better computational efficiency as
Manuscript received September 28, 2001; revised April 28, 2002. mpared to the full-wave aporoaches [11] [13] Therefore. the
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by the earlier study of the optimization algorithms applied t
microstrip antennas, in conjunction with a full-wave simulatio
tool [14], where it was concluded that the genetic optimizatic IE,
algorithms with binary encoding are quite suitable for problen
with discrete choices of the optimization parameters.

The idea of using a single patch in dual-frequency ope
ation was first proposed and developed by Derneryd [1f
where a single disc-shaped patch was connected to a comj
impedance matching network, resulting in two narrowl
spaced frequency bands. Since then, a variety of single-pal
dual-band microstrip antennas have been proposed and
signed, some of which use patches loaded with shorting pi
[16]-[18], some others use patches with slots [19]-[22], ar
patches with more than one port [6], [8]. In addition, there a
some other approaches to achieve the dual-band operat
triangular microstrip antenna with a V-shaped slot loading [22,,
circular microstrip antenna with an open-ring slot [24]; stacked ()
guarter wavelength rectangular patch elements [25]; a
drum-shaped patches [26] are just the few of these examf | J
available in the literature.

Considering that microstrip antennas are resonant structu
and can resonate at many discrete frequencies, they are bour
operate more than one frequency by nature. However, the dt
frequency operation with just a single patch antenna is mos
useful if the antenna over both frequency bands of interest t k
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similar radiation patterns, polarizations and input impedan
characteristics. Therefore, in the design of dual-band microst
antennas, one needs to decide on the useful modes of reson "
satisfying these constraints. For example, if an antenna is to
designed for linear polarization on the same direction over bc
frequency bands, then the two lowest useful modes of resona

Position of the slots

are (0,1) and (0,3) modes according to the cavity model. Ft 0 3 6
thermore, since the frequencies associated with these modes y (position along the length of the patch)
fixed (the ratio of the frequencies of the modes is 3), they need (b)

to be tuned according to the specification of the required ba ] Cavity modes of the patch antenna (solid line: (0,1) mode, dashed line:
of frequencies. In this respect, shorting pins (or strips) Iocat@ﬂg) mode).
between the patch and the ground plane and slots in the patch

geometry play very important oles in tuning the modal frequenIectrlcal characteristics of the designed antennas, as obtained

cies to the desired frequencies. By properly placing the ShomB the multiport analysis, are compared to those obtained exper-

pins under the patch or slots in the patch, the ratio of the freque ihentally and to those obtained by the full-wave method, HFSS
cies corresponding to the lowest useful cavity modes, namel

(0.1) and (0,3), can be adjusted to any value less than 3. NG gANSOFT This is followed by the conclusion in Section IV.
that a shorting pin placed at the nodal lines of (0,3) mode does
not affect the resonant frequency of (0,3) mode significantly,
but increases the resonant frequency of (0,1) mode, by forcinglhe cavity model was first proposed in 1979 for probe-fed mi-
the electric field to be zero at the position of the shorting pin &sostrip antennas [11]. Since then, the method has been further
seen in Fig. 1(a). Similarly, when a slot is placed on the pataiproved to predict the input impedance of microstrip antennas
where the magnetic field of (0,3) mode is maximum, the radiaith multiple strips or slots, and to cover microstrip antennas
tion from the slot results in a perturbation of the field distributiofed by slots in the ground plane [17], [19], [27]. The major re-
that gives rise to a decrease in the operating frequency of (0sB)ction of the cavity model is on the thickness of the substrate,
mode [Fig. 1(b)]. which is supposed to be not more than a few hundredths of a
Brief review of the cavity model in conjunction with the mul-wavelength. This is mainly because the model assumes that nei-
tiport analysis for a microstrip antenna with shorting strips arttier field components nor the source can be a function of the
slots is provided in Section Il. Then, the design process of miertical coordinate under the patch. As a result of this assump-
crostrip antennas with strips and slots via the genetic optimizésn, the electric field has onlg component, while the mag-
tion algorithm is discussed in Section Ill, where some exametic field has only andy components in the region bounded
ples and discussions on the proposed algorithm for the designthe microstrip patch and the ground plane, Fig. 2. In addition,
of multifrequency antennas are also included. In addition, thising the fact that the electric current density on the microstrip

Il. CavITY MODEL WITH SHORTING PINS AND SLOTS
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Fig. 2. Geometry of a microstrip antenna with onelirected probe feed and Fig- 3. Geometry of a microstrip antenna with one probe feed and two slots.
oney-directed shorting pin.

or in perpendicular directions and the mutual impedances are
patch has no normal component along the edge of the patch, dbeained as
tangential magnetic field is assumed to be negligible not just V. b
at the edges of the patch but all the way down to the ground Zij=-2L=Vy=—— / E.jly=y, dz
plane. Therefore, the region between the patch and the ground 1; d;
plane can be surrounded by perfect magnetic conductor (PMC)

overd;

'L/]mn (.CU, y'i)q/}mn (.”17]‘, y])

wall that would not significantly alter the original field distribu- == jwph Y > R

tion under the patch, and hence forms a cavity. Consequently, m n mn

once the cavity is formed as the model of the patch antenna, the - mmd; sinc [ mrdi

i : ; sinc (#5550 ) 2a

fields in the cavity and subsequently other electrical character- sine (mdi ) ] s ()
istics can be easily obtained by the well-known solution of the 2 Sine ( 21)1)

cavity.
Y where the upper and lower expressions in each curly bracket are

A. Multiple Shorting Strips for the lateral extensions afandy directions, respectively, for

) . ) ch stripsy andj. Since the main goal of the multiport analysis
.W'th the use of.th-e above stated assumptlons.qn the f o get the effect of the shorting strips on the input impedance,
directions and variations, and the boundary conditions of t

. o ere is no need to assign the feeding pralpeiori, that is, any
cavity, the electric fieldt.; anywhere under the patch can b%trip can be the feeding probe or shorting strip. For an N-port

obtained, fo;g 1 Amp. uniform probe current located at a po'Prliicrostrip antenna, the input impedance seen at port-i can be
(@i, i), as [19] calculated by assigning zero voltage (short circuit) to all ports

. Vo (T ) Vo (T, 3 ) except the ith port. In this case, the port currents are related to
B :Jwﬂz Z 52— 2 each other in the following form:

=1 _7

X sinc <m27rdt> (1) ?,ivfijfi = —ZT,L'I/L' = j,i =—7Z .
a

i,—1

L (3

—i

where where Z ; _; is the impedance matrix from whicith row
andith column have been extracted,.; is theith row of the
D (T, Y) = Qi €08 (mmj) cos (@) impedance matrix]_; andV _; are the port current and voltage
a vectors, respectively, all with th&h entries are extracted. Su-
o — . EomEon _ { L m,n=0 perscript—1 andZ’ denote the inverse and transpose operators,
" ab omen 2 m,n#0 respectively. By using (3), the input impedance seen at port-i
is obtained as

kmn is the eigenvalue of the (m,n) modé€, = k2e,.(1—5/Q),

Q is the quality factor of the cavity, and.(b) andd; are the
effective dimensions of the patch and effective width of the
feeding strip extended laterally ir direction, respectively. 1

Since the electric field is constant alormy direction, the =Zi—Z-iZ_;_;Z_; (4)
voltage created byth source at any point under the patch

can simply be written a¥; = —hFE.;. Hence, the self and )

mutual impedancesZ;; and Z;;, for the z polarized uniform B- Multiple Slots

current densities on any two strips, as shown in Fig. 2, can beFor the sake of illustration, a patch with two perpendicularly
calculated by averaging the voltage generated bytieource oriented slots with the lengths d@f andd;, and a vertical strip
over the extend of théth shorting strip(V;;). The shorting with the width ofd; is demonstrated in Fig. 3. Note, that only
strips could be extended laterally either in the same directioary narrow slots are considered in this work, and all the lengths

Vi Zili + 7 i1,
Zin(atport —i) = — _ dudit Z-il-i
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of the slots are effective lengths, which are slightly smaller thahe port relations at slot terminald;xy = Yju)Vjw)), the
the physical lengths [27]. input impedance seen by the probe feed at port-i is found as
For the application of the multiport analysis to such geome-

vy, .
tries, slots need to be defined as additional ports, across whigh — 7. — (hfj - M)

voltage sources would be suitable to define. Therefore, since Y + Yir
both a vertical strip as the feed and slots exist, the matrix that L Yi hi; Vil

. . : : Vi T VA Vis by
characterizes the system is not a pure impedance matrix any X virs | TV 4y (10)
more, as in the case of multiple shorting strips. For example, Yi+Yij - v, ko LRk

the matrix and its entries for the system depicted in Fig. 3. are I .
given as follows: alEor the sake of completeness, the definition of the input

impedance of a slot with given dimensions is given in Ap-

v Zii bl hy, I pendix A.
L =1|h, Y, Y V; (5) In summary, the multiport analysis of a microstrip antenna
I hi- Yiej Yir Vi with some shorting pins and/or slots is performed by following

these steps: 1) vertical strips (shorting or feeding) and slots are
where the matrix is of a hybrid type, mixed with impedatite considered as the ports of an N-port network; 2) voltage and cur-
admittance’’, current gaim! and voltage gai*” parameters. rent sources are assigned to the slots and vertical strips, respec-
Since there is only one vertical strip, which is used for feedingyely; 3) independent parameters of the ports (voltage and cur-
in this example and throughout this study, oy exists in this  rent for strips and slots, respectively) are written in terms of the
formulation. However, this approach can be easily extendeddependent parameters (current and voltage for strips and slots,
multiple vertical strips and slots together, for which case thespectively); 4) circuit parameters, like impedance, admittance,
characg—zriza}ion matrix would be formed by block matrices @urrent gain and voltage gain, are obtained by short-circuiting
Z11, Hyo, H,p, andY 5,. Referring back to the example givensome slots and by open-circuiting some strips; and finally 5) the
in Fig. 3, the parametet;; has already been introduced in (2)input impedance at the feed port is obtained in terms of the cir-
the others can be obtained easily from the following definition§uit parameters, and hence the effects of the slots or strips on
the input impedance are quantitatively obtained.
v
hL](k) = V;'|Vj(l\-):1V, port—i:open, port—k(j):short
h
=7 / E_jk)ly=y: dz (6)

overd;

I1l. RESULTS AND DISCUSSION

After having introduced and reviewed the cavity model and
multiport analysis of microstrip antennas with shorting strips
I;=1A,port—j and —k:short and slots, these approaches have been combined with a robust

I
hj(k)i = Ij(k)

_ ' Hyil e dy(d) 0 optimization algorithm, the genetic algorithm. Since the genetic
y(@)i oo Y algorithm has been well studied and reviewed in the literature
overd;y) i [31]-[33], it is not repeated here in detail. Instead, the steps
Yiikk) = Ljk) Vi) =1V,port—i:open, port—k(j):short of the algorithm are provided for being able to discuss the pa-
e rameters used in the optimization algorithm. The first step is to
== // /Mj(k) “H jrydv (®)  code the parameters of the optimization as finite length strings
Yiroi) =1L (k)|"’k(;)=1V,p0rt—i:open, port—j(k):short (ch.romo.somes), 'Fhen to g.enera.te a population of thgse st_riljgs,
which will be multiple starting points as contrary to a single ini-
= / Hyzjy| 2=z, dy(dx) (9) tial point in gradient based optimization algorithms. Therefore,
over'd; 1) (v=v1) this approach increases the probability of finding the global op-

timum by searching the whole parameter space in parallel. The

whereﬁj(k) denotes the magnetic volume current density at ti€Xxt step is to evaluate the cost function at each member of the
slot j(k) and the volume below it down to the ground plane, ariPpulation and to assign some fitness value. Then, the genetic
the field components are defined with the two subscripts: tiégorithm employs some probabilistic transition rules (random-
first defines the polarization of the field; and the second defini&gd operators) to guide the search for optimum, which are re-
the port that was generated from. Note that slots are modeRf@duction, crossover and mutation.
as uniform magnetic current densities, not only at the surface ) )
where slots reside but also in the volume just below it down f& Multiple strips
the ground plane [19], [27]. The reason for the extension of theln this study, the genetic optimization algorithm was first used
magnetic current at the slot into the volume below is that, ast@find the appropriate locations and widths of the shorting strips
was mentioned in the introduction, source models used in timea microstrip patch antenna to match the input impedances
cavity model must be independent of the coordinate perpendic-50 2 at both low and high frequencies and to satisfy a de-
ular to the patch in the substrate. sired frequency ratig / f;, where f;, and f; denote the high

Once the matrix representation of the patch with a feed aadd low frequencies, respectively, for a dual-band operation. For
slots is obtained, the input impedance seen by the probe feed ttamnoptimization, the feed location, its width and orientation, the
be obtained in terms of the load admittanégsandY, across number of shorting strips, their orientations and the desired fre-
the slot terminals at port-j and port-k, respectively [28]. By usinguency ratio are used as known and fixed parameters, while the
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x andy coordinates, and the width of each shorting strip are TABLE |

used as the optimization parameters. So, the objective funCtI(ﬂDT'M'ZAT'ON PARAMETERS AND RESULTS FOR THEAIR-FILLED ANTENNA
(DIMENSIONS IN CENTIMETERS)

is written as
f 2 Case | P G frao | Strip| X |ya |da X0 |yo |do
h
b; = 100 — tio — — | 4+ (Z; —50)2 + (Z;, — 50)2 1 1200 |200 [2.24 1499 [3.73 | 143 |- - -
ovs (fra ° fz) ( ) (2 ) 2 [150 [ 150 |2.24 21515 [ 435 [036 [2.13 [3.01 |1.24
(11) 3 [10° 100 [2.24 2 [5.05[3.76 [ 125 [4.94 [3.65 | 1.13

where fr.tio = fn/fi is the desired frequency rati&; and

7y, are the input impedances atand f;,, respectively, and 100 TABLE 1I

is just a positive number determined empirically to make, SIMULATION RESULTS FOR THEAIR-FILLED ANTENNA

maximum at the point of optimization. Modal Case | 1(GHZ) Fin), | £,(GH2) Cinls 0
For the presentation of the algorithm discussed so far in tt 1 17 | 0041 3.95 0.008 2.32

paper, two microstrip antennas with some shorting strips ha  Multi-port 174 | - 0.032] 4.05 0.017 2.33

been designed for dual-band operation via the genetic optimi 174 | 0041 411 0002 | 236

tion algorithm. The first example is an air-filled antenna an igi 8'3% i'gg 8‘}28 g;g

its fixed parameters are as follows: = 8 cm, b = 10 cm, T 01571 200 | 0070 234

h = 0.6 cm,o = 10° mho/cm, tané = 107, the position

of the feed,(z, ys) = (4 cm, 0 cm), the width of the feed,

ds = 0.5 cm and the lateral extension of the feed issidirec- TABLE Il
RESONANT FREQUENCIES ANDREFLECTION COEFFICIENTS FOR THE

HFSS

W N [ W

tion. i i . i i DIELECTRIC-FILLED ANTENNA

The genetic algorithm has five internal properties: chromo-
some length, population size, generation number, crosso Case f, (GHz) [Cin] £(GHz) | [Ciny /6
probability, and mutation probability. Since each variabl — Multi-port 1.55 0.085 3.78 0.560 | 2.44
parameter, real or integer, is transformed into a binary stril HFSS 1.568 0.030 3.76 0.441 2.40

with the length defined by the precision required for that
variable, the chromosome length is the length of the member in
the population, that is, the length of the binary string combined
for all variables. For the study of these two antennas, the
chromosome length is chosen as 25 chromosomes per unknt

TABLE IV
OPTIMIZATION PARAMETERS AND RESULTS FORf [/ fi = 2.7

Multi-port HFSS

parameter, so that the .total length of eaoh chromosome (o PR AR IR Output
member in the population) for a patch wifth shorting strips "' (GHy) | (GHz)| """ | (GHz) |(GHz) (in cm)
is 3N x 25, 3 being the number of the variable parameters ft 1 siot: 276 | 137 | 378 | 272 | 135 | 366 d=1.1395
each strip. The crossover probability and mutation probabili @ & i.y)| ™ ‘ ' ' ' | at(3.664, 5.287)
used are 0.65 and 0.008, respectively, and two-point crosso , 4i=1.3936
is applied in each trial. The population size and generatit 4, & v, ), 269 | 138 | 372 | 273 | 135 | 367 at (3735, 5.148)

’ d,=0.1397
number determine the speed and efficiency of the gene & & (x.y2) at (4.023.4.459)
algorithm. The optimization parameters and results for t o 7’179
air-filled antenna with at most two shorting strips for differen at(,gg; 3210)
population sizes and generation numbers are given in Table * ¥ 4,=0.1397

where (41, ys1) and (.2, ys2) denote the coordinates of d: ﬁﬁﬁ; il; 265 1 138 | 365 | 273 | 135 1366 | ot 4 168,4.733)
the first and second strips, respectively; and d,, are the @ & (,33) d5=0.1148
widths of the strips, whilé” and G are the population size anc at (1.564, 1.352)
the generation number, respectively, afg., is the desired
frequency ratio. To guide the search algorithm, the limits of
the z andy coordinates of the shorting strips are determined The second antenna was designed to demonstrate the appli-
by the patch dimensions, while the strip widths are varied f#bility of the proposed algorithm for microstrip antennas over
the range of 0.1-1.5 cm. Case-1 corresponds to the patch vﬁtﬁle|eCt”C materiale, = 4.7), for which the fixed parameters
one shorting strip extended laterallyindirection, case-2 and are:a = 5cm,b = 6 cm,h = 0.16 cm, o = 10° mho/cm,
case-3 correspond to the patches with two shorting strips: theid = 5 x 107%, (zy, y) = (2.5 cm, 1.8 cm), df = 1 cm.
former has both strips extendedxnlirection, the latter has one For dual frequency operation, this antenna was designed with
extended irx direction and the other extendedyinlirection. ~ one shorting strip located at, = 2.5 cm,ys = 1.0 cm, and

For the first antenna, with the optimized positions and widthith a width ofd, = 1.5 cm, extending irx direction laterally.
of the shorting strips given in Table I, the simulation results afdhe low and the high resonance frequencies together with the
provided in Table Il. To assess the accuracy of the simulati¢@flection coefficients at resonance are presented and compared
technique used in conjunction with the optimization algorithnif Table II1.
the results of a full-wave approach, namely HFSS, are also profrom the designs of these two dual-band antennas, a total of
vided. It is observed from Table Il that the resonant frequenciéur cases, it is observed that the antennas designed by the ge-
and the reflection coefficients for both low and high bands agreetic optimization algorithm with the multiport analysis agree
very well with those predicted by HFSS. with the specifications, as confirmed by the results of a rigorous
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21,45GHz

A stop ‘ fst°p=1.4§§ﬁz
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ir. HFSS a. HFSS
(@ (a)

°~ measured ~—®~ measured
-a-- computed -a-- computed
..an.. HFSS ..an.. HFSS
5.2
\\
\‘\
P
(b) (b)

Fig. 4. Measured and computed impedance loci of the first patch antenndifl- 5. Measured and computed impedance loci of the second patch antenna
Table IV: (a) low band and (b) high band. in Table IV: (a) low band and (b) high band.

full-wave method, HFSS. This observation suggests that the al-
gorithm presented here can make an efficient and accurate CﬁBdeI a
tool, at least for the initial design of dual-

-band antennas. For this study, a rectangular

is that, during the design iterations, the strip locations tend ;5%tch antenna (made of bronze) fed by a vertical strip is de-
converge to the noddl field lines of the third cavity mode, as signed with the following fixed parameters:= 8.0 cm, b =

expected. 10 cm, h = 0.6 cm, e, = 1.0, tané = 1075, o = 105 S/m,

(g, yr) = (4.0cm, 3.0 cm), andd; = 1.0 cm. As in the case

of the patch antenna with shorting strips, the goal of the opti-
The proposed design algorithm for microstrip antennasiization is again to find the appropriate coordinates and length

which is the multiport analysis in conjunction with the cavityof the slots used, to satisfy the specifications on the frequency

B. Multiple Slots
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ratio and on the input impedance over the high and low fre¢heren is the intrinsic impedance of the free space, and the

quency bands. So, using the objective function defined in (14jpole is assumed to be the complement of the slot. Since
x andy coordinates, and the length of each slot are optimizedtlte input impedance of a short dipole can be modeled as a
is worth mentioning that the cavity model is applicable to patcderies connection of radiation resistance, ohmic resistance,
antennas with narrow slots, therefore the width of each slotifgluctance, and capacitance, which are expressed as follows

fixed to 0.15 cm. For the optimization algorithm, the chromd30]:
some length, crossover and mutation probabilities are set to 20
(for each optimization parameter), 0.65 and 0.008, respectively.
Also, two-point crossover is used in each process.

The frequency ratio is set to 2.7, and optimizations are per-
formed for different numbers of oriented slots. In each opti-
mization with different number of slots, the population size an
generation number are fixed to 1000 and 200, respectively.
optimization results are summarized in Table IV, where the first
column gives the number gforiented slots, and the last column
gives the optimized positions and lengths of the slots. For all the
cases studied here, the specifications on the frequency ratio and
the input impedances have been very well satisfied. To verify
the optimization results, the first and second optimized antennas
in Table IV were realized and tested experimentally. Then, the
input impedances obtained from the multiport analysis in con-
junction with the cavity model, from measurements and from
HFSS are compared over both low and high bands as shown in
Figs. 4 and 5.

It is observed from Table IV that the design algorithm pre-
sented in this paper provides positions and lengths of the slots
quite accurately for the design of dual-band microstrip antenngs,
The input impedance loci presented in Figs. 4 and 5 imply th
the multiport method proposed in this paper performs well,
far as the accuracy is concerned.

IV. CONCLUSION

Dual-frequency operation of rectangular patch antennas with
shorting strips and slots has been investigated via the cavit;m
model in conjunction with the multiport theory. By combining
this approach with the genetic optimization algorithm, an ef- [2]
ficient and accurate design tool was proposed for dual—band[3]
microstrip antennas using multiple vertical strips or slots. For
the examples provided in this study, the frequency ratio of the
high-band and low-band frequencies, and the input impedance@l
over these bands were used as the specifications, while the coor-
dinates and dimensions of the strips or slots were the optimizais]
tion parameters. The antennas so designed have been realized,
and dual-band operation was verified experimentally as well agg)
by simulation of the antennas rigorously via HFSS by Ansoft. It
is observed that the theoretical results agree well with the exper-
imental results. Therefore, this approach can be safely proposegl
as an efficient CAD tool for dual-band microstrip antennas that
would use slots or vertical strips, at least for the initial design of (8]
the antennas.

[9]
APPENDIX A
IMPEDANCE OF ASLOT

The impedance of a slot in an infinite ground plane can bélo]
approximately obtained by the impedance of a short dipole via

well-known Babinet’s principle [29], [30]
2

4

(11]

Zslot * Zdipolo = (Al)

l

/ 1(2)dz

-1

8072

R, = o
2\

(A.2)

herely is the magnitude of the current distribution, ani$
g half-length of the dipole

21 o) 2
o= (22) (A3)
2w 20
surface resistance
1 l 2
Ho Z
et @
N ™ (w)
o N————
L(z): Inductance per unit length
x |I(2)| dz (A.4)
l
TEQ
Cqy= d A.5
3 S——

C(z): Capacitance per unit length

ere s is the half of the gap provided for the voltage source,
&ﬁdw is the radius of the dipole, i.€,, is the width of the slot.
?Fence, the input impedance of the short dipole is obtained as

Z(i oe:Rr Ra J L(, - -
lipol + + Jw 1+chd

(A.6)
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