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Theory and Experiment on Microstrip Antennas 

Y.  T. Lo ,  FELLOW,  IEEE, D. SOLOMON, MEMBER, IEEE, AND w. F. RICHARDS 

Abstract-A simple theory based on the cavity model is developed 
to  analyze  microstrip  antennas.  Formulas for  numerous canonical 
shapes are given. In general the theoretically  predicted  radiation  pat- 
terns  and impedance  loci closely agree with those measured for  many 
antennas of various shapes and dimensions investigated thus far. In fact, 
this  theory enables the computation of both  patterns  and impedance 
loci with little effort. The  input  admittance  locus generally follows a 
circle of  nearly constant conductance, but  its  center is shifted to the 
inductive region in the Smith chart plot. Peculiar properties for  the case 
with degenerate or slightly degenerate eigenvalues are discussed. An ac- 
curate formula for  determining  the resonant  frequency of a  rectangular 
microstrip antenna is also given. 
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INTRODUCTION 

ICROSTRIP devices have been used widely as microwave 
circuit elements such as transmission lines, filters, resona- 

tors,  etc.  The successful operation  of,  for  example,  the micro- 
strip  resonators seems to suggest that basically they  are  poor 
radiators. Despite this weakness microstrip antennas have 
received much  attention in recent years [ 1 ] -161 because of 
their  many  unique  and  attractive properties-low  in  profile, 
light  in weight, compact  and  conformable in structure, and 
easy to fabricate  and to be  integrated  with  solid-state  devices. 
They are superior to  the conventional flushmount  antennas in 
that  they are truly  “thin”antennas, requiring no cavity backing. 
There seems to be little  doubt  that  they will find many appli- 
cations in practice  despite the  narrow  bandwidth  and low 
efficiency.  The shortcomings can perhaps be compensated for 
as more new compact efficient solid-state devices are  developed. 

A few short papers,  appearing  in  recent  years, are con- 
cerned mainly with the  experiments t o  demonstrate  many 
design possibilities of the microscrip antennas. A general 
rigorous theory  for  this new family of antennas appeared to be 
very involved 171. In view of  the success in treating these 
types of structures as cavities in microstrip  circuits,  a simple 
theory [ 81, [ 91 based on  the cavity model was advanced [ 71. 
With this theory almost all the  properties of microstrip antennas 
of various geometries  can be explained and  predicted. 

MODEL THEORY 

A theoretical  model  for  the microstrip antennas is based on 
the following  observations. 

a)  The close proximity between the microstrip antenna and 
the  ground plane (see Fig. 1 )  suggests that E has only the 
z-component  and H has  only the  xy-components in the region 
bound by the microstrip  and the ground  plane. 

b)  The field in the  aforementioned region is independent of 
the z-coordinate for all frequencies of interest. 
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Fig. 1. General geometry  of microstrip antenna  without feed. 

c)  The electric current in the  microstrip  must have no com- 
ponent  normal to the edge at  any  point on the edge, implying 
a negligible tangential  component of H along the edge. 

The region between the  microstrip  and  the ground  plane 
can therefore be treated as a  cavity bounded by a  magnetic 
wall along the edge and by electric walls from above and below 
as shown.  This  model has been used successfully for  the  study 
of microstrip resonators with the edge extended slightly to 
account  for  the fringing field. Obviously such  a closed cavity 
would radiate  no  power  and have purely reactive input imped- 
ance of either  zero  or  infinite value at resonance. However, 
following the general principle of approximation as is some- 
times done when characterizing many conventional antennas 
(such as waveguide slot  antennas,  horn  antennas,  and  thin 
cylindrical antennas),  one may assume that  the field structure 
in the microstrip antenna is essentially the same as that  in  the 
cavity. From this one can compute  the radiation pattern,  the 
total radiated  power,  and the  input  admittance  at  any feed 
point. 

For  the cavity model stated above1 

a$m (Vt2 + k m 2 ) $ ,  = 0, with - 
an  

= 0 on the magnetic wall C 

where V t  is a  transvere part with  respect to  the z-axis of the 
del operator. This  problem is identical to  that of a  vibrating 
membrance [IO] and also is that of a  cylindric waveguide at 
cutoff  frequency.  In  fact,  the field solution is exactly  the dual 
of TE  modal fields of an ordinary guide (Le.> one with an elec- 
tric wall) at  cutoff.  For convenience they are  summarized  in 
Table I for various  geometries  with the resonant wave number 
k ,  = w, 6, fd being the permittivity of the  substrate. 

1 I t  is well-known that  there is a one-to-one correspondence  between 
a double-integer set {m, n} and a single-integer set b}. Therefore fol- 
lowing a common practice, whenever there is no  confusion,  only  a 
single subscript is used for simplicity. In fact, p ,  being a  running index, 
can of course be  written as m. 
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TABLE I 

f Y x  

RECTANGLE 

CIRCLE (DISK) 

VI 

CIRCULAR SEGMENT oqo 

$,,'wSyx c o s y y  

k , , = . / ( ~ ) L  + (x)2 b 

0 

CIRCULAR RING 

CIRULAR RING SEGMENT 

ELLIPSE 
EVEN  -MODES: 

*,=Re, ( E , x e , ) % , ( ~ , x e . l  

Re,(o,xe,) = 0 ,  xen= k q  

major axis = 2q cosh o 
minor axis = 2q sinh a 

Replacing e by 0 tn the above. 

EXCITATION 

When a microstrip antenna is fed  with  a strip line or cable 
at any frequency, in general, many modal waves are  excited. 
There  are several possible representations  for  the field in the 
cavity [ 7 ] .  In this  paper  only two convenient  and  equivalent 
ones will be discussed. 

1)  Representation by Expansion in Resonant Modes: The 
wave equation  for E,  in  the cavity with excitation  current J in sions a dong x-axis and alongy-axis, fed with a microstrip line on 

Fig. 2. Geometry of a rectangular microstrip antenna with dimen- 

the ;-direction is x-side for c < x < d andy = 0. 

(3) 
where 

where use has been  made of the relation V * J = 0 following 
from assumption b) stated earlier. Then E, can be expressed in 
terms of the resonant modes1 $m of (1 )  [11]-[151: 

(J$m)=$J$m*dS,  ($m$m)=$$m$m*dU. 

As an example, a  rectangular  microstrip antenna  excited  at 
one of its  four sides as  shown in Fig. 2 is considered. Let  the 
excitation be such  that  the  input  current 

1 { J 9 m  ) 
E,  = iwll dJm7 

m k2 -km2 { $ m $ m )  

J = {  1 0, 
c < x < d a n d y = O  

elsewhere . 
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Then 

2(d - C) 

4Rm rnn 
cos - x  

m = l  rnnb(k2 - k ,02)  a 

cos - y  
nn 

b 

8Rm rnn 
COS -x COS - y  , (6) 

m = l  rnnb(k2 - kmn2)   a   b  t 
n = l  

where 

mrr 

2Q 247 
R ,  = sin-(d--)cos - ( d  c), 

mn 

kmn 2 = (y + 

2) Representation by Modal  Matching: For  the rectangular 
microstrip antenna considered in 1)  the  excitation in (5) dic- 
tates  that  at y = 0 

-1, c < x < d a n d y = O  

0, x < c  o r x  < d ,  and y = 0. 

To satisfy the  boundary  condition  on  the remaining three 
magnetic walls, x = 0, a, and y = b ,  the field in the cavity 
must be of  the  form: 

E,  = Z A ,  COS -X COS P,O, - b)  
rnn 

a 

1 rnn 
H , = - C A , P ,  cos-xsinfl,Cy-b) 

I W J  a 

where 

mn rnn 
j4wp 2a 2a 

sin - ( d  -c )  COS -(d + C) 

rn = 1, 2, - 1 . .  (13) 

Of course  a better  solution could be obtained by assuming 
several modes in the microstrip  line region instead of that in 
(7). It can be shown  that (6) and (8) are equivalent. However, 

in general, the expansion (8) converges faster  than (6) particu- 
larly for field points near the feed. On the  other  hand  (6) gives 
more physical insight for  the  antenna  excited  near a  resonance 
mode. 

RADIATED POWER AND INPUT IMPEDANCE 

Applying Huygen’s principle to  the  outer surface of the 
cavity and neglecting the electric current flowing on  the  outer 
surface of the microstrip antenna  one  obtains  on  the magnetic 
wall C the Huygen’s magnetic current source 

K = 2 7 ? X ? . E Z ,  

where I? is the  outward  normal to the H-wall, and the  factor of 
2 accounts  for  the presence of the ground plane. The electric 
vector potential of K is 

and  the  far field at r is 

The  total radiated power is 

(EeHG* - EaHe *)r2 sin 8 dd d8 . (16) 

In  addition to  the radiated  power there are  power losses P d  
due to dissipation in  the dielectric and  electric  conducting wall 
and the power loss carried with  the surface wave along the sub- 
strate.  The first two losses can be estimated by the  formula 

P d ’ t  f J , I E 1 2 d ~ + 2  R ] H I 2 d s ,  d k (1 7 )  

where t is the thickness of the  substrate, s is  the area of the 
microstrip antenna, ud = n2uE0 X (loss tangent of the  mate- 
rial), and R = ( a p / 2 u c ) *  = skineffect surface  resistance of 
the  conductor with conductivity u, and permeability 1.1. The 
power carried with the surface wave is found  to be less signifi- 
cant in many cases and will  be omitted here for simplicity. 
Under the assumption that  the field structure in the  antenna is 
essentially the same as that in the cavity, the  stored energy and 
therefore  the  input susceptance B of the  antenna  should be 
approximately  equal to  that of the cavity. Thus 

jB = - - I jV,  (18) 

where 

I = J(d - C )  = (d - C) 

Let V = t * (E, averaged over the feed segment) 
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Then  the  input  conductance is 

p r  + P d  G=-. 
I VI2 

(20) 

From  (6)  or (8), E, is purely  imaginary,  implying that  the 
input  admittance is purely susceptive as expected. In particular 
if the source frequency equals  any  one of the resonant fre- 
quencies, say k = k , ,  the  mth-term coefficient  becomes 
infinitely large in magnitude. In  reality, because of the radia- 
tion  and  other losses as stated,  the  magnitude  is  finite  but can 
be assumed to be much larger than  other terms. Thus  at  the 
resonant  frequency  the  input  admittance is real and can be 
computed  from  (20) in which both  the  numerator and the 
denominator are dominated by the  amplitude of the resonant 
mode only, resulting  in  a finite  ratio  for G. 

COMPARISON OF EXPERIMENTAL AND 
THEORETICAL RESULTS 

Measurements and  theoretical  computations were made for 
numerous microstrip antennas of various  geometries,  dimen- 
sions, and with  various methods of feeding. All the  antennas 
were made of copper-clad 1/16-in  thick  Rexolite 2200  with a 
relative permittivity of 2.62  and a loss tangent of approxi- 
mately 0.001. A few typical results are given below (others can 
be found in [ 71 ). 

a) Rectangle of dimensions 1 1.40 cm X 7.60 cm fed at 
(x, y)  = (e, 0) or  (x, y )  = (0, e )  as indicated  with  a 50-a 
microstrip  line. As in short dipoles the radiation pattern gen- 
erally changes less rapidly with  frequency  than  the  input 
impedance. Therefore  among  many  patterns  only  two typical 
ones for  dominant  modes  (1, 0) and (0, 1) are  shown in Fig. 3 
for  an off-center  microstrip line feed on  the side along the 
x-axis (called the x-side). In both cases the cross-polarized 
components are negligible. The  fluctuation of the measured 
Eo- component near 19 = n/2 is due  to  the edge diffraction of 
the  finite ground  plane. It is seen that  the agreement  between 
the  computed  (point marked  with x) and  the measured (solid 
lines or dashed  lines) is excellent, probably within the experi- 
mental  error. 

The impedance loci (normalized  with  respect to  50 a)  of 
the same antenna  with  three different feed locations  and 
excitations of various  modes are shown in Fig. 4. The agree- 
ment between theory  and  experiment in general is very close, 
perhaps within the  experimental  error of our measuring  system. 
The impedance  locus for  mode (0, 1) excited  with  a  feed 
located along the x-side is shown in Fig. 4(a). This impedance 
characteristic is practically independent of the  exact  location 
of the feed so long as it is along the x-side with no field varia- 
tion. When the feed is on  the side with the  nonuniform field, 
namely the y-side for  the (0, 1)  mode,  the  entire impedance 
locus can change drastically  with the feed location. This is 
shown in Fig. 4(b). Thus it is possible to match  the  antenna to 
an impedance over a wide range by selecting the feed location 
properly. More details will be reported in a future paper. 
Impedance  loci for modes (1, 1)  and (2, 0) are  shown in Figs. 
4(c) and (d).  It should be noted  that in all these computations 
no  corrections  to  the dimensions were made  for  the fringing 
field effect, which is in general about a fraction of the  substrate 
thickness (see the  next section). As a  result  there is a small 
shift in frequency between the  computed  and  the measured 
values. 

b) Circular and semicircular disks, each  with  radius Q = 6.75 
cm and  fed with  a 50-fi line. The  typical  patterns and  imped- 

(1.0) mode 

C = O  804 MHz 

Fig. 3. Radiation patterns in @ = 0" and @ = 90" planes of a rec- 
tangular microstrip antenna (see Fig. 2) with Q = 11.43 cm, b = 7.62 
cm, and e = (c + d ) / 2  = 8.57 cm; (a) and (b) at resonant frequency 
804 MHz of  (1, 0) mode,  (c) and (d) at resonant frequency 1187. 
MHz of (0, 1) mode. 

(-------)experiment. ( X X X X X X X )  theory. 

ance loci  for  the  first  two modes (1, 1) and  (2,  1)  are  shown  in 
Figs. 5 and 6 for a  full circle and Figs. 7 and 8 for a semicircle. 

INVESTIGATION OF RESONANT FREQUENCY 

In general the measured resonant  frequency is slightly lower 
than  the  computed, using the simple lossless-cavity model. In 
particular an investigation was made for a  rectangle whose 
y-side dimension was fixed  with b = 5.95 cm and whose x-side 
dimension was varied over a wide range, Q = 20.00 cm to 4.05 
cm.  The  antenna was center fed on  the x-side and  excited in 
the (0, 1) mode. According to  the lossless-cavity theory  the 
resonant  frequency  for  the (0, 1)  mode  should be 1577.7 MHz, 
independent of Q. However, the measured value apparently 
changed with Q as shown in Table I1 where the measured 
resonant  impedances are also shown. There may be three pos- 
sible factors which have contributed  to  the variation. 1 )  The 
(0, 1)  mode consists of waves traveling along the *y-axis 
between y = 0 and 5.95 cm. The  actual reflection  coefficients 
at these edges may have some phase angles. These angles can 
be accounted  for by extending  the H-wall at each edge a length 
A, which the wave must also travel. 2 )  It is known  that  the 
wavenumber of a  microstrip line cannot be determined by the 
dielectric constant of the  substrate  alone since the fringing 
fields  along the edges x = 0 and a extend  into  free space. 
Based on a formula  due to Schneider [ 161 the wavelength 
in the microstrip can be approximated by 

hg = ~ o I d G 5 ,  

where h, is the free-space wavelength, and 



LO et  al. : MICROSTRIP ANTENNAS 

P =V ( a )  ---Ed 

P- C =so0 

b .6. 794 MHz P=w 1 
1324 MHz 

Fig. 5. Radiation  patterns in 9 = 0" and 9 = 90" planes of a circular 
microstrip antenna with  radius a = 6.75 cm. (a) and (b) at 794 MHz 
of mode (1, I), (c) and (d) at  1324 MHz of  mode (2, 1). 

(___-__-) experiment. (X X X X X X X)  theory. 

(dl 

Fig. 4. Impedance  loci around resonant  frequencies of various modes 
of a  rectangular  microstrip antenna with Q = 11.4 cm, b = 7.6 cm, 
e = 8.38 cm (off-center  fed) in (a) and (c), e = 5.7 cm (center fed) in 
(d), and e = 5.63 an (off-center  fed) along the b side in (b). (a) 
Mode (0, 1). (b) Mode (0, 1). (c) Mode (1,  1). (d) Mode ( 2 , O ) .  

(x X x ix x x) experiment. (ooooooo) t theory. 

141 

@) 
Fig. 6 .  Impedance loci  around resonant  frequencies of a circular micro- 
stripantennaofradiusa=6.75cm.(a)Inmode(1,1).(b)Jnmode(2,1~. 

(- :&++) experiment. (ooo~ooo)  theory. 
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4=ff  l a 1  - - - E d  

4 =go" 

B = o "  802 MHz 

Fig. 7. Radiation  patterns in 0 = 0" and Q = 90" planes of a semicircu- 
lar microstrip antenna with  radius 4 = 6.75 cm. (a) and (b) at  802 

of mode (1, 11, (c) and  (d)  at 1323 MHz of mode (1, 2). 
(-------)experiment. (X,X,X,X,X,X,X,) theory. 

(a) @) 
Fig. 8. Impedance  loci  around  resonant  frequencies of a semicircular microstrip antenna with radius4 = 6.75 cm. (a) In 

mode (1. 1). (b) In mode  (2. 1). 
(" "5" ") experiment. (ooo~ooo)  theory. 

TABLE I1 

I a (cm) 20.00  16.05 10.10 8.10  6.05  4.05 

Experimental Resonant 
Freq (MHz) 

1507 ,1509 1518 1524 1535 1552 

9 43.4  49.0  62.6  73.2  93.0  133.2 

E e f f  2.5896  2.5821  2.5630  2.5507  2.5309  2.4965 

Theoretical Resonant 
Freq (Mxz) 

1507 1511 1520 1526 1534 1517 
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where E ,  is the relative permittivity of the  substrate. For u S lot, 
Eeff x e,, independent of a. 3)  The  resonant  frequency of a 
cavity decreases as its  total loss increases or  its Q-factor de- 
creases [ l l ] .  In  the present case the major loss is that  due  to 
radiation P,. Then  the  resonant  frequency of a lossy cavity f, 
deviates from  that of the lossless cavity fro according to the 
formula 

where 

Qr = wE/P, , E = total  stored energy in the cavity . 

Unfortunately  no simple solution  for A has been found.  It 
is reasonable to assume that A is essentially independent of 
a, then  the  actual  resonant frequencies for  two  different 
values of a, say f , ( a l )  and fr (a2) ,  are  related by  the following 
equation: 

-1 

f r (a2 )  = [ 1 - - 2Qria l ) I  [ 1 - &I] 

[~e f f ( a2 ) /~eda l ) I  1'2fr(a1) . (24) 

Now let u1 = 20.00 cm (=126t)  andf,(al) = 1507 MHz; then 
f,(a) for all other values of a can be computed.  The results 
as well as the Q-factor and eeff are shown in  Table 11. The 
computed resonant frequency is plotted in Fig. 9  with  measured 
values. The close agreement  between the  two seems to  justify 
the  conjecture  that A is essentially independent of a. 

GENERAL ADMITTANCE BEHAVIOR 
Both measured  and computed  input impedance  loci for 

frequencies in the neighborhood of resonance  follow  nearly  a 
perfect circle, generally with its  center shifted to  the inductive 
region in the  Smith  chart  plot. This simple interesting behavior 
can, be predicted easily. 

Consider the  frequency near  a  resonance  with k, .  Let 
6 = k - k, . Then  (4) can be written as 

where a1/6 represents the  mth term  and b,  the  summation of 
all other terms. Both a1 and bl are, of course, functions of x ,  
y.  Now from  (19), V is obtained by  taking  spatial averages on 
a,  and b,. Thus V assumes the  form 

V = - + b 2 .  
a2 
6 

Equation  (1  7)  states  that  the dissipated power  should have the 
form 

P d  = -!- (b5/&) . (28) 

From all these  relations the  input  conductance G and sus- 
ceptance B to  the first order of 6 have the following forms 

t 
I 

c 

2 
u" 
$ 1520- 

15000 '510L 5 10 15 20 

a (cm) 

Fig. 9. (0, 1)-modal resonant  frequency as a function of  width a of 
a rectangular  microstrip  antenna  with  dimension b kept to a con- 
stant value of 5.95 cm for  uncorrected  and  corrected  theory  against 
measured results 

( A ,  D ,  and C being constants): 

p r  + Pd G=----- = A + D 6  
I VI2 

Thus in the neighborhood of the  resonant  frequency 

G a A 4- (D/C)B . (31) 

In fact, it can be shown  that (DIG') is a small nonnegative 
quantity,  and A = G, = resonant  conductance.  The bilinear 
transformation of (31) is a circle in the  Smith  chart with the 
center off the real axis  in the inductive side by an amount 
depending on  the value of (D/C).  If b ,  = 0 in  (25), i.e., omitting 
all terms  other  than  the  resonant  term,  then D = 0, implying 
that there is no  shift of the  center. Thus the  amount of shift 
depends on  the  purity of the modal field and consequently 
depends on  the  method of feeding  and the  order  of  the reso- 
nant  mode  excited.  It can be concluded  that  the  input  admit- 
tance locus in the neighborhood of a resonant frequency is a 
circle of nearly constant G = G, in the  Smith  chart,  except 
that  its  center is shifted toward  the inductive  side, Since the 
resonant wavelength of higher order modes is shorter  for a 
given dimension, G, generally increases with mode order  thus 
resulting in a smaller circle of the  admittance  (or impedance) 
locus. 

DEGENERATE CASE 

For microstrip antennas with  certain  symmetrical  configu- 
rations some modes can be degenerate. For example, it is 
possible to have integer solutions (m, n )  and (m', n')  to  the 
following diophantine  equation: 
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(a) (b) 

Fig. 10. Impedance  loci of comer-fed square microstrip  antennas. Modes (1, 0) and (0, 1). (a) Degenerate  case, a = b = 
11.30 cm. (b) Slightly  degenerate  case, a = 11.30 cm, b = 11.20 cm. 

for a given set of numbers a and b.  Then  for a  rectangular 
microstrip  antenna  with sides equal  to these values of a and b ,  
modes (m, n) and (m', n') will have the same  resonant frequency. 
A simple example is a/b  = a rational  number. In particular,  for 
a  square geometry, a = b and every mode is degenerate since 
modes (m, n) and (n, m) have the same  resonant  frequency. 
Thus when the cavity is excited  at a given resonant  frequency 
both modes may exist to produce  an  interesting complex field 
distribution [ 101 . However, if there is a slight imperfection in 
the  construction,  the degenerate resonant  frequency may split 
into two close ones so that  their corresponding  modes  are 
excited  simultaneously as the  frequency sweeps through  their 
neighborhood. In this case the impedance  locus is no  longer 
a circle. This is seen in  the impedance  locus in Fig. 10  for  the 
two cases: a) a = b = 11.30 cm,  and  b) a = 11.30 cm,  and 
b = 11.20 cm. 

The radically different behavior  between  these two cases 
can be explained more in  detail from  the  theory.  Let k, be  a 
degenerate eigenvalue and  its associated  eigenfunctions (say 
two  only) be $, and 4,'. As k k,, E, in (4) is dominated 
by the  term 

E, % 
A m  

k2 - km2 

Thus as k sweeps through k, , E* changes sign but  its distribu- 
tion remains the same. Since from (20) G depends  on  the dis- 
tribution of E,, not  its sign, no drastic change in G is expected. 

On  the  other  hand,  for  the case such as b), k, splits into 
two slightly different values, k, < k, '. Then 

ask, <k<k, '  

ask, < k m ' < k ,  (34) 

where 

Now as the  frequency sweeps through  the  two  resonant fre- 
quencies the field distribution E, changes  drastically,  resulting 
in  a  radical  variation in G and B. A similar result is seen for an 
imperfect equilateral triangle [ 71. 

It may also be noted  that as the  asymmetry becomes more 
and more  pronounced  the cusp in impedance locus will evolve 
into a larger and larger loop, eventually evolving into  two 
circular loci. 

CONCLUSION 
Microstrip antennas  are basically narrow  band  and  thus  lend I 

themselves to  the analysis with  a very simple theory.  In  the 
theory  they  are  treated as cavities with appropriate  boundary 
conditions. For  many canonical  shapes the  resonant  modal 
fields can readily be written down. In  the case of excitation 
the fields can be expanded in several different  forms,  in par- 
ticular in terms of resonant  modes. Radiation  takes place 
efficiently only when the  excitation is at  the  resonant  frequency 
of a  mode. The field is usually (although not always) dominated 
by that single mode  for  the  frequency range of interest.  Thus - 

A m  - Am' can easily be determined.  The  computer  time is two  or  three 
the radiation patterns  and impedance of a  microstrip antenna 

Ik2-km21  Ik2-k,'21'  orders of magnitude shorter  than  that used by others.  The 
theoretical results have been compared very favorably with  the 

E,  - 

a s k < k ,  <k,' experimental results. 
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The  input  admittance locus  in generd follows approximately 
a constant conductance circle but with the center shifted 
slightly toward  the  inductive side of the Smith chart  plot. The 
shift is a  consequence of the existence of all other  modes in 
addition  to  the resonant mode  for a given excitation.  For 
geometries  with  certain symmetries degenerate  modes  may 
result.  A small spoilage of the  symmetry can lead to  the split 
of the degenerate  resonant frequency  into  two close separate 
resonant frequencies. Depending on  the degree of asymmetry 
introduced,  the  admittance locus  can, therefore, depart 
radically from a  circle, much as in a  multiple  resonant  circuit. 
A similar result is found when parasitic elements are placed 
adjacent to the driven element. 

The  input impedance may vary with  the feed location. By 
properly selecting the feed point  the  antenna can be matched 
to a load over a wide range. A formula  for  computing  the 
resonant  frequency of a rectangular  microstrip antenna is also 
given. 
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