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ABSTRACT

B

fhe transmission 1ine model has been utilized to determine the
input performance of a rectangular patch antenna excited by a coaxial
probe. Approkimate expressions have been developed for the resonant
propagation constant (or the resonant frequency),.qua]ity factor and
input resistance of such antennas which clearIyAindicate the effects of
the various antenna parameters including the feed on these quantities
under dynamic conditions. The results of computations based on the
expressions developed are compared with available measured values. The
present work establishes the,traﬁsmissibn line model as a valid
representation of rectangular patch antennas, and would facilitate the
design of such antennas'without elaborate numericél computation. The
model-has also been abp!ied to determine the resonant parameters for a
similar antenna tuned by passive metallic posts. Validity of an
approximate expression derived for the resonant frequencies of such

tunable antennas has also been éstab]ished'by'combarison with available

‘ *The work was supported by the U. S. Army Research.Office under
Contract. DAAG29-82-K~0076.



I. Introduction

Early analyses of rectangular microstrip or patch antennas has
been based on the TEM or parallel plate transmission line model [1,2,3].
Although this simple model requires less computation [3] and providés '
results wiih sufficient engineering accuracy, it cannot account for the
effects of the patch aspect ratio, substrate thickness and the feed
parameters [4]; moreover, due to the nature of the assumed open-circuit
termination the predicted resonant frequency is generally larger than the
actual one. Later; the Cavity model [5,6] and its variations [4,7] have
been developed for such antennas; these models provide more accurate
resu]ts‘but involve detailed numefical computation.

The present paper re-examines the transmission 1ine model in
greater detail and makes appropriate modifications to remove its
abovementioned shortcomings, and to develop simp]e'bﬁt accurate
expressions so that the design parameters for rectangular microstrip
antennas may be determined withoﬁt elaborate numerical computation. The
improved model is further modified to obtain the resonant parameters and
the input performance of a tunable rectangular microstrip antenna
[8,9,10] whose resonant or operating frequency is controlled by
utilizing a'number of passive conducting posts suitably located within

the input region of the antenna.

II. 'Equi valeht Transmission Line Representation of a Rectangular

'Mic¢rostrip Antenna

The transmission line model treats the rectangular patch radiator

as a strip line resonator with no transverse field variation and assumes



the radiation to occur from the two transverse open edges [2,3]. It is
well known [11] that the dominant mode of propagation in a strip line is
the TEM or quasi TEM mode having negligible variation of fields in the
transverse direction. It has been reported in [12,13] that ft is the
parﬁlle] p]ate'typg of TEM mode which is the dominant mode propagating
along the longitudinal direction of a rectangular patch configuration,
and that waves incident at the two open side edges suffer mostly total
reflection thereby causing negligible radiation. Therefore, when properly
excited only the two open edges normal to the direction of propagation
take part in the radiation. It then seems natural to treat such an
antenna as a section of parallel plate or strip transmission line
terminated at both ends by admittahces appropriate for the two radiating
edges. This concept is utilized to obtain the equivalent transmission
line model, and subseduent]y develop éh equivaient lumped circuit
representation. for the antenna.

Figure 1 Shows.a‘rectangular patch antenna of length &, width a,
and excited from the back by a coaxial probe of radius Fos the exact
location of which is usuaily governed from desired <impedance and
polarized considerations. It is assumed that propagation takes place
along the tx-directions. . The presence of two passive conducting posts,
each of radius Fo» in Fig. 1 is ignored for the present discussion; _
they are uéed,to tune or control the respnaht onuopératihgrfrequgncy
.of the antenna,and wil]rbé'discussed later. Normally, the substrate
of thickness d extends beyond the patch and may sustain surface waves

for large d. However, as shown in [12], for sufficiently thin substrate,



the surface wave effects may be neglected and we therefore neglect

the effects of the substrate beyond the patch. The ground plane is
assumed to be of infinite extent which is justified from the fact that
in a practical antenna.it is much larger than the patch.

The entire‘configuration'of Fig. 1 with the exception of the two
tuning posts may now be represented by an equivalent transmission line of
length 2, characteristic admittance YC (impedance Zc)’ propagation
constaﬁt B and terminated atAeach end by a norma]ized‘admittancevY
(= YT/Yc’ YT being the admittance of an open edge) as shown in Fig. 2
which also shows the source‘generatorvin-ser1e5‘with a normalized (with
respect to.Zc) inﬁerna] inductive reactance jXL located at a distance
Le from one edge of the patch. With a strip Tine excitation, the source
in Fig. 2 should be replaced by an approximétély'located generator
having a capacitive reactance.

The characteristic admittance and the propagation constant. of

the transmission line are:
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and ¢, w(= 2rf), c are the relative permittivity of the substrate,
the radian frequency and the velocity of 1ight in free space,
respectively. The above relations are well khown [3,11,14] and have
been found to provide an accurate represéntation for a strip line. It
should be noted that for sufficiently small d/a (or d/a + 0) the
equivalent permittivityfee of the substrate and the form factor o
~given by (3) and (4); respectively, reduce to o * € and o = 1,
respectively; in genera],se.and a are slowly varying functions of (d/a)
and for typical d/a used for patch antennas, €a and o are slightly
smaller and larger than € and 1, respectively. |

The normalized terminating admittance in Fig. 2 is Y=06+ jB
where G and B represent the (normalized) radiation conductance and
capacitive susceptance appropriate for the rerad1at1ng aperture. Exact
determination of G and B is a difficult boundary value problem. Although
formal expressions for G and B have been derived in [12,13] using the
Wiener-Hopf technique, they are too complicated, and meaningful results |
can only be obtained through detailed numerical computation. Various
empirical approximations to G and B have also been found useful [2-4]
in the previous analyses of such antennas. For the preseﬁt purpose
we shall obtain approximations to G and B from the known results for a
semi~infinite parallel plate waveguide radiating into free space [15,16].
Using the image principle and the aperture admittance of the open-end
of a parallel plate waveguide radiating into free space [17] it can be

shown that
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where,
y = 1.78107 , e = 2.71828 .

It should be noted that (5) 1s the same as that obtained in"[12] under
thin substrate and no surface wave propagation. The nature of
approximations fnvolved to obtain (5) and (6) are such that the parameter
a be sufficiently large. |

The normalized inductive reaciance df‘the probe may be obtained
from considerations similar to the probe excitation of a paralTéI plate .

waveguide propagating only its dominant mode [17,18], and is given by

X = gi“ ln"Ygro . - (7)
This‘comp1etes the description of the transmission line circuit equivalent
to the coaxial probe fed untuned'rectangular patch antenna, For a
similarly excited rectangular patch antenna tuned by passive conductiﬁg‘
posts {Fig. 1) the equivalent transmission line circuit is similar to
Fig. 2.~ekcept that.thgrsusqeptéhceé appropriate for. the posts wbu1diber
inserted across the line at the corresponding Tocations of the posts.
For example, with posts of radii r in Fig. 1 the-kequired,susceptance
of each post to be inserted in Fig. 2 would be the pEgiprdcal,of ihatui

~given by (7).



ITI. Resonance Parameters of an Untuned Rectangular Patch Antenna

In this section we at first obtain the general resonance
conditions for a patch antenﬁa in the absence of the exciting probe
inductance. Later, the effects of the probe inductance are taken into
account. Finally, various resonant parameters of the antenna are

obtained and compared with available measured results.

A. Resonance Conditions |

The input admittance (Yin) of a section of transmission line of

length x, characteristic adm1ttance Y e propagat1on constant g and

_term1nated by (norma11zed) Y is g1ven by the f011ow1ng we1] known
expression |

‘Yin Y+ j tan Bx o (8)
Y T+ Y tan gx ° '

It is found from the equivalent.circuit of Fig. 2 that in the absence
of the exciting probe inductance the admittance seen by the generator
is the same as the total adm1ttance Y at the terminals A-A. By

using (8) it can be shown that

Y

AR L |
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Vc_ ( 1 2) 3( 1 2) » | (9)
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Gl 2 =_,‘.‘é_.“ ...... fil"'G'L ......... “ ; o R (10)
2 cos® 1, + (B2 + G2)sin2 gp - B sin 282
92 1,2 112



B - (B2 + G2 - 1)tan B2, , - B tan2 gy
B = 1,2 1,2 ' (11a)
1s2 1+ (B2 + G2) tan2 8%, , - 2B tan gg
»2 1,2

- 288,
i r sin (g ezl’z) ’ (11b)
(1+ B2 +62) - rcos(e - 282, ,)

vhere

r2 682 + (B2 + G2 - 1)2 , (12)

o
B2 + 62 -

tan ¢ (13)
and the subscripts 1,2 on the right-hand sides of (10) - {11) correspond
to those on the 1eft-hand\$1des. |

It is now demanded that resonance is obtained when the-input_
admittance of the antenna is real; i.e., Im(YAA/Y ) = 0in (9). Using
this condit1on along with {11) - (13) and after considerable algebra
it can be shown that at the dominant (or Towest) resonance £ = gg
which yields the following transcendental equation determining the values

of 8 at the dominant resonance:

2B
B2 + G2 - 1

tan gy = (14)
which has been frequently quoted in the literature [2,13,19]. It can

now be shown that under the assumption XL = 0 the resonant conductance
of an antenna fed at a distance 22 =L from one of the radiating edges

is given by




c cos? Bl + (B2 + G2)sin2 BLe = B sin ZBzf

from which we obtain the following expression for the resonant resistance

R. of an antenna excited from one edge (zf = 0):

R, = 2% . | | (16)

Solution of (14) yields the propagation constant g at resonance
from which the resonant frequency is obtained by using (2). Substitution
of (6) and (6) in (14) indicates that the latter is a complicated
transcendental equation which is generally solved by numerfcal means
[2,3,19]. Aléd, it is not obvious from (14) how the resonant‘frequency
of an antenna. varies with 1£s characteristic parameters. In the
following we develop an exp11cit‘ekpression for the resonant frequency
from an approximate solution of (14).

Bésed on the observation B,G << 1 appropriate for most antennas

of practical interest, we simplify (14) to

‘,‘ Ye_ .2re
- 5 - .28d e
tan g2 = -2B oo In ( 5d ) s (17)

where we have used (6) to obtain the last form. 'To solve (17).we

make use of the experimentallv observed fact that at the fundamental
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resonance the propagation constant =s/%, and assume that the solution
8, of (17) is such that
= w(l - &/n) -~ (18)
Brﬁ
where §/m << 1. Under the assumption of (18), (17) can be linearized

in & and we obtain

. Ve 2eq
2d '!n[ e i\

e Amo Cyd
£ . 8 — (19)
1+ 24y, [ e 22]
eghma vd

Using (2}, (18) and'(19) we obtain the following expression for the

resonant or operating frequency

2d
_ eezwa : "
o 2d /eg 2 : (20)
1+ n ( : )
 gglima vd
where
fo = —5— ., | (21)
iy

is the resonant frequency under the assumption B = 0. Equation (20)

has been reported earlier [20,21]. Previously [1,3] the resonant
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frequency of a patch antenna as obtained from the transmission line

model considerations has been given by fo, with €o = Ens Which is

r
independent of the patch width and the substrate thickness [5,7]. The
present exbression (20) tontains the correction factor to be applied to\fo,
and it clearly indicates the dependence of the resonant frequency on
all the basic parameters of the anteﬁna including the feed.

Before discussing the accuracy of (20) we shall examine the
validity of (17} to approximate (14). To this end, we have used the
Newton-Raphson method to solve (14) numerically fbr rectahgu]ar patch
antennas having dimehsionslreported in [4]; only two or'three iterations
- were sufficient to obtain cohvergence solutions. The §/% values obtained
numerically from (14) and from (19) are shpwn\ﬁn,Thbie‘J.where‘wé;hay§ a1so
indicatéd the relevant parameters of the antennas used. The results
indicate that (17) is a gobd.approximation to (14),‘and that (19) can be
used to calculate the desired values of 8/m. The resonant frequencies
of the antennas considered in Table I have been calculated by uéing (20)
and the results along with the values of‘fo are shown in Table II where,
for comparison, we also show the corresponding measured values obtained
fkom [4]. For the antenna parameters used, the results df Table Il
indicate that (20) overestimates the measured resonant frequency by
about 0.2 to 1.6 percent whereas the overestimation by fo (i.e., by

(21) ranges from three to six percent.

C. 'Effects of ‘the Probe Inductance

From resonant circuit considerations it is expected that an

inductive probe (Fig. 2) would slightly increase the resonant frequency
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Table I

§/v Values for Rectangular Patch Antennas

(d = 0.1524 cm, ¢

= 2.5; a and 2 variable)

r
, SRV S
a A ee o .

(cm) {cm) Eq. (14) Eq. (19)
4.100 4.140 2.390 1.135 0.0392 0.0404
6.858 4.140 2.428 1.088 0.0408 0.0417

10.800 4.140 2,452 1.060 0.0422 0.0422
11.049 6.909 2,453 1.059 0.0280 0.0283

Table II
Calculated and Measured [4] Values of Resonant Frequency for Rectangular
Patch‘Antennas

(d = 0.1524 cm, e = 2.5; a and n'variab1e)

r

a fO (MHz) fr (MHz)
(cm) {cm) Eq. (21) Eq. 20 Measured
4.100 4,140 2343 2248 2228
6.858 4.140 2325 2228 2200
10.800 4.140 2314 2216 2181
11.049 - 6.907 - 1386 1347 1344
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~given above. It is important to know this upward shift in the frequency
because the measured resonant frequency is associated with the probe
inductance.

To simplify the analysis we assume that the antenna is fed from
one edge (i.e., Lg = 22 = 0,‘21 =_if?n¢Figaig)~and observe that.near resonance
BL = m. Under these conditions and using the approximation B,G << 1,
it can be shown from {9) and (113) that the admittance (without the

probe) at the terminals A-A located at the edge is

Yaa -
v— = 26+ j(2B + tan pz) . (22)
c

Combining (22) with the probé'reactance_(Fig.‘Z) it 1s found that the

total impedance seen by the'ggnerator of an edge~fed antenna is:

Lip 26 : 2B + tan
7 - Ik -
c 4G2 + (2B + tan ge)2 4G2 + (2B + tan )2

(23)
Applying the resonance condition (Im Z1n = 0) to {23) we now obtain
the following

XL tanZ g2 -~ (1 - 4BYL)tan 82 + [4(G? +,BZ)XL -2B] = 0 . (24)

The appropriate solution of (24) which would yield the resonant B under

the present conditions is



tan gr = -2 + = - L (1 . 1662x2)"/2 (25)

'EXL‘I 2XL
which should bg compared with (17). We make further approximation

16G2X, << 1 valid for practical antennas to obtain the following from (25).
tan gg = 2B + 4GZXL , (26)

with G, B and XL_giVén by (5}, (6) and (7), respectively.

Equation (26) can be solved in a manner similar to the case with
XL = 0 (i.e., solution of (17) described eérlier. It can now be shown
from (26) that the relative upward shift in the resdnant frequency

caused by the probe inductance is

2 ‘ 2
: Afr ) '4G'XL | “.4G.XL

o

s (27)

f]“ o - ZBlszsr w B=B

r

where fr is given by (20) and in the last form of (27) we have used
the approximation = >> 2B. After introducing (5), (7) in (27) we obtain

the following explicit expressfon for the frequency shift:

zln(“) . (28)

1T

With a stripline excitation, a similar expfesSion for the downward
shift of the resonant frequency may be obtained after replacing XL

in (27) by the equivalent series reactance of the capactive junction.
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For an edge fed antenna having d = 0.1524 cm, ro = 0.064 cm,
a=4.10cm, 2 = 4,140 cm and e, = 2.5, the calculated resonant
frequency f. = 2248 MHz with‘XL = 0 (Table 2). The freguency shift

due to the probe inductance as calculated from (28) is

- af -
~— = 1.02 x 1078 (= 0.1 percent) .
r

D. 'Resonant Resistance

For matching purposes it is of praéticai interest to know the
(input) resistance of thé‘antenna at.resonance as seen by the generator.
This resistance consists of the antenna radiation resistance and the
resistances associated with the copper and dielectric losses. The
latter two are usually very small [4] and will be neglected. For an
edge-fed antenna the desired resonant resistance Rr can be obfained

easily by using (26) and (23) and is given by

7

q

2v2 | gen
1+ 462x2 g=g,

(29)

X
‘l

Note that with XL = 0, (29) reduces to the value given earlier by (16).
Neglecting the effects of the probe the input resistance of the antenna

at resonance may be obtained from

-z ,.120./22_ o\
R, = 56 = ——-———(-é-) ohms . {30)

B=B,. (1 - &/n)
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where &/w is given by (19). For the edge-fed patch antennas discussed
earlier, the resonant resistance has been computed by using (30), and
the results are shown in Table III where we also show the corresponding
measured values obtained from [4]. The results indicate thét except for
the lowest value of a, the agreement between the calculated and

measured values of resistance may be considered to be fair.

E. 'Q of the Patch Antenna

The 'bandwidth of the patch antenna is inﬁimately related to its
quality or Q-factor. Hence;'it is of considerable interest to obtain
an explicit expression for,thé'Q-factor. Again, Wé consider an edge~-
fed antenna and ignore the .effects of the probe and the die]éctric and
copper losses associated with the antenna, i.e., we Sha11 obtain an
expression for the radiation Q or Q, of the antenna,

To derive the desired expression‘for Qr we_at first develop an
equivalent lumped circuit parameter for the rectangular patch antenna
near resonance which may be found useful for other applications as
well, Referring to Fig. 2 and assuming Y, =0, we rewrite (22) for the
input admittance near resonance as:

Y

v = 26(g) + j[2B(p) + tan g2] (31)
C

where we have explicitly shown the dependence of various parameters on

B. Note that at resonance

tan B + ZB(Br) = 0 , (32a)
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Table III
Resonant Resistance of Edge-Fed Rectangular Patch Antennas

(d = 0.1524 cm, £, = 2.5, ro = 0.064 cm; a and 2 variable)

a 2 _ ee: Rr (ohms) :
(cm) (cm) §/m  Egq. (30) Measured [4]
4,100 4,140 . 2.390 0.0404 195 280
6.858 4,140 2.428 0.0417 118 115
10.800 4.140 2,452 0.0422 75 65

11.089  6.909  2.453  0.0283 120 102
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and near resonance

B = B.*taB . (33b)

Using (32) we obtain from {31)

'c €l r

~

- Yaa(s. +88) g Ve, 2n
v e ZG(Br') + J{ - ln( 8 5—) Ag + zas] R (33c)

where it has been assumed thaf é(sr +AB) = G(Br).

‘Let the inductance aﬁd capacitance per unit length of the stripl“
Tine comprising the pétch‘be.denoted'by Le'and Ce, respectively, Then
from the considerations of the TEM mode characteristics it can be

shown that:

o = Tl » 8 = v, = WLly = uwCe/Y

AB Cot/¥, 5 | . (34)

C. = e aa/ﬂ

Using (34) we obtain the following from (33)

Ce2d e 2n

E_QT
€

+ zce] Am‘, (35)
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Comparing (35) with the admittance near resonance of a parallel
combination of R,L,C having a resonant-frequency'mr = 1//LC, it can

be shown that the equivalent R and C of the patch:antenna are:

: ‘ 5 oe
R = Ry, = cC - = & (36a)
AA By T B4

(36b)

It is interesting to note that the first term in (36b) is one
half the equivalent static cépacitance of the patch and the second
term is the dynamic contribution to the capacitance due to the two

radiating apertures. Using the basic definition of Qr as

0, = olR , o (37)

we obtain the following expression for the radiation Q of the patch

antenna

(37)



-20-

It is interesting to observe that if the dynamic contribution to C is

jgnored,
Qr‘. ”‘_i:m— = 3_43__ I . (38)

the last form of which is exactly the same as given in [12]. Equation
(37) shows explicitly the dependence of Qr on the various parameters
of the antenna.

As an application of (37), consider the patch antenna having
a=6.858 cm, 2 =4.14 cm, d = 0.1524 cm and ¢_= 2.50. From Table I
we have e, = 2.428 em and a = 1.088. This, from (37) it is found that
Qr = 35.88 + 1.23 = 37, which indicates that the contribution to the |
dynamic term (i.e., second tern in (37) is'negljgib1e._ The resonant
frequency of the antenna is from Table 2: fr = 2228 MHz. Thus; the
theoretical bandwidth of the antenna is

.‘fr
Af = =— = 60 MMz .
Q. ,

No experimental results are avéilable for comparison. However,.
corresponding theoretical values obtained by detailed numerical
computation using the cavity model [4] for the same antenna are Qr =

30 and Af = 73 MHz.
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IV. Tunable Rectangular Patch Antenna

It is known [8,9,10] that the addition of passive metallic posts
within the_input region of a rectangular patch antenna increases its
resonant or operating frequency without significantly altering its
input.impedance or radiation pattern and without increasing the
complexity.of the external feed network. A variety of such tuning post
arrangements have been developed; for example, it has been reported [9],
that the range of operating frequency can be 1ncreaséd‘to 20 percent with
a pair of posts placed along the center line of the antenna and in excess
of 50 percent with more posts located along and offset from the center
line. The present section utilizes the transmission line model dischssed
in the previous section to determine the resonant characteristics of

tunable rectangular patch antennas;

~ A. Numerical Evaluation of "the ‘Resondant Parameters

We consider a rectangular patch anteﬁna‘fed by a cdaxial line at
one edge and tuned by a single post located (y =a/2 in{Eig,;])‘at a distance
22 from the feed edge. Under these conditiqns the equivé]ent transmission
‘line circuit is as shown in Fig. 3ﬁwh§re -jBL represents the inductive
susceptance of the post, and the other parameters are as explained
before. For simp]iﬁity; it 1s assumed that the radius of the post is the'
samé as that/of the probe; therefore,‘BL - ]/xL where xL is given by
(7). Fdr more than one post located along the transverse direction
at 22, BL should be changed appropriately, .w1th more set or sets of
similar posts placed at various distances, the appropriate susceptance

be placed at the corresponding locations in Fig. 3. The resonant
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freguency or prbpagation cbn#tant of a tunable antenna may now be

found by_demanding the vanishing of the imaginary part of the admittance
seen by the generator obtained by multiple application of (8) in
conjunction wfth Fig. 3. From a knowledge of B all other resonant
parametérs of the antenna.can be obtained in a manner described in the
previqus section. In genera],,this is best accomplished by numerical
computation. In the fo11owing.we'sha11 obtain an approximate expression
for the resonant frequency which may be found useful for the design of

‘such antennas.

" B. ‘Approximate Expression for the Resonant Frequency

For simplicity we neglect the effects of the probe inductance,
and cbtain the fo1]owing'for,the,tota1 admittance at the AA terminals
in Fig. 3: |

“YAA .
T = (G1 f‘sz) + J(Bl +8 -B) (39)
where all the notations are as explained before. Applying the condition
Im(YAA/Yc) = 0 to (39), and after considerable algebra using (10)
through (13) it can be shown that the resonant g satisfies the
following equation |

..[1+82+52*r.c05{(g-sz)+s(21—nz)}][1+32+a2-r cOS{(a-Bz)-B(zl-zz)}]
sin(g-81) = B,

2r(1+B2+62)cos B(£1~22)-2r2;cos(5—82)

Lo+ = 2., (40)
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Since BL‘<< 1, close examination of (40) indicates that at the desired
solution £ - B2 = 0. It is also known that B,G << 1, B2 + G2 << 1
which imply that r = 1, £ = 7 - 2B. Under these approximations it can

be shown that (40) simplifies to
- it
sin(n - 2B - Bg) = -B. cosz(f—ga) . ' (41)

Using the small argument approximation on the left side of (41) it can

be shown that
-..1[2,2 .
B2 = (r -2B) + B cosz(-3—)' . (41)

Finally, identifying Br£ = 7 - 2B (Eqs. (17) and (18)), where B, being
the resonant propagation constant in the absence of the post we obtain

the following eXpresSion for the resonant propagation constant from (41)

"2'2
L = srz+BLl : cosZ(T) . | (42)
B=w/% '
Introducing the value of BL (= 1/X : Eq. (7)) we obtain the following
expression-for the operating frequency of a rectangular patch antenna

tuned by a single post.

ey e T4
f o fl14+2 -"] cosz(-jfi) . (43)
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where fr_is given by (20). Note_that (43) indicates that f = fr

when £2= g/z,é fact confirmed by experiment\[Q].- For N simiTar posts.
located at 2 = n’ and ignoring the mutual effects between the posts
(43) can be generalized and it can be shown that the operating
frequency of rectangular patch antenna tuned by N similar posts located

at zzn is

(44)

C. Results

F1gure 4. shows the measured [9] operating frequency and input
VSWR vs the tuning post locat1on for a rectangular patch antenna féd
at one edge by a coaxial probe and tuned W1th_a single post (having the
same radius as that of the probe) located along the central.line of the
antenna, Corresponding theoretical values shown in Fig. 4 were
obtained numerically by using (8) in conjunction with the equivalent
transmission line circuit shown in Fig. 3. We have also calculated the
operating frequencies using (43), and the results were almost identical
with the theoretical values shoWn in Fig. 4 indicating thereby that (43)
can be used with advantage for such purposes. The theoret1ca1 f p
L /z curve is symmetrical about g /2 0 5 where the operating frequenqy

‘15 unaffected by the post (i.e. . f fr); the 1atter fact is also

op
borne out by the measured results. The slight asymmetry in the

measured frequency variation is,attributed.to that caused by the feed.
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The disagreement between the measured and calculated frequencies appears
to be maximum when the post .is located at the rad1at1ng edges. Th1s may
be due to the fact that edge effects have been ignored in obtaining

| the effective susceptance of the post.

Similar results are shown in Fig. 5 for the same antenna tuned
by a na1r of s1m1]ar posts located symmetr1ca11y along the center 11ne
of the antenna. Here again .(44) has been found to reproduce the
numerically computed values .without s1gn1ficant error.

Resonant parameters havé been determined for the same antenna
with four sfmilar tuning posts symmetrically located along the two
radiating edgeﬁ each pair being Tocated at a distance of 2.5 cm from its
nearest side edge; and with five paifs_of simi]ar_poﬁts spaced symmetrically
1.5 cm apart along the.two radiating édges. ‘The.results are shown in
Table IV where some of the available measured [9] results are also given
for cbmparison. Further ca1cu1at1ons 1nd1cated that (44) can be used '
with advantage to determine the operat1ng frequencies of antennas using

up to six tuning posts.

~ ¥. ‘Conclusions

The input performance of a rectangular patch antenna.fed by a
coaxial probe has been investigated by using the transmission line model,
Anproximate expressions have been developed for the resonant frequency
(or propagation constant), quality factor and‘input resistance of the
antenna which indicates‘clearly.the influence of various antenna

parameters including the feed under dynamic conditions. The validity
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~ Table IV
Resonant Parameters for a Rectangular Patch Antenna Tuned by Four and
Ten'quts

L= 6.2 cmy 2= 9.0 ciny 4= 0.16 cm, r, = 0.064 cm, ¢, = 2.55

Operating Frequency fop (GHz)

No. of Posts : . : VSR
Numerical Eq. (44} Measured (Numerical)
4 2.187 . 2.013  '1.995 1.95

10 2.409 3,238 2.240 3.9
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of theoretical values obtained has been confirmed by comparison with
available experimental results, The present work establishes the
transmission line model as a valid representation of rectangujar'patch
antennas, and the expressions derived would faci]itéte the design of
such anfennas without elaborate numerical computation. The model has
also been used to determine the resonant paramétefs of a similar antenna
tuned by a number of passive metallic posts. The results based on the
theory developed were compared with.available experimental results for
-antennas using one, two; four and ten tuning posts. Aprroximate
expression inen‘can Ee used to obtain the operating frequencies of such
tunable antennas using up to six tuning posts; numerical method is

preferable for antennas using more than six similar tuning posts.
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Figure

‘antenna,

-antenna,

Figure Captions

Rectangu1ak microstrip antenna excited'by a coaxial probe
and tuned by two metallic posts.

Equivalent transmission 1ine circuit for a rectangular patch
antenna. :

Equivalent tfanémiséion line circuit for an edge-fed rectangular
patch antenna tuned by a single post.

Operating frequency (upper curves) and VSWR (lowér:chkves)fVégf,
post locations for-a.single post tuned.rectangular patch
Calculated; ----- Measured.

Operating frequency (upper curves) and VSHR (lower curves) vs.
post Tocation for a double post tuned rectangular patch
Calculated; ----- Measured.




Tuning Posts

— Substrate; ~

Figure 1. Rectangular microstrip antenna excited by a
coaxial probe and tuned by two metallic posts.
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Equivalent transmission 11ne c1rcu1t for a
rectangular patch antenna.
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Figure 3. Equivalent transmission line circuit for an
‘ edge-fed rectangular patch antenna tuned by

a single post.
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Operating frequency (upper curves) and VSWR
(lower curves) vs. post locations for a single
post tuned rectangular patch antenna.
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