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• 16. Abstroct Volume II of Iheoretical Studies of Microstrip Antennas deals with the anal-
ysis and synthesis of several types of novel multi -resonant elements with emphasis on
dual-frequency operation of rectangular microstr ip patch antennas wi th or without
external matching networks.

Specifically, we analyze dual resonances created within a single rectangular
patch by means of appropriate dielectric loading and also those associated with a
patch capacitiv ely-coupled to either a l umped or distributed matching network. In all
cases radiation is obtained from slots in the rectangular patch in combination with
open-circuited edges.

Rather than separately design the dual-resonating elements and matching net-
works and hope for efficient radiation and proper patterns at both frequencies , we
favor and herein pursue an integrated synthesis which demands simultaneous fulfill-
ment of the design goals.

A synthesis approach , based upon coupled resonator theory, is also developed Hand applied to situations in which one resonant element is a rectangular microstrip
patch and the second element either a second patch or else a l umped or distributed
matching network . Based upon these considerations , severa l new antenna configurations
are proposed that utilize either in line or stacked element geometries.

Volume I of this report deals with general design techniques and analyses of H
single and coupled microstrip radiating elements . H
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PREFACE

Compact microwave antennas formed from resonant microstrlp elements have

recently attracted considerable attention because of their simplicity and

conformability to shaped surfaces.

The Department of Transportation has been especially interested in this

type of antenna for possible application wi th the Global Positioning System

(GPS) and in aircraft satellite coninunications systems .

The work reported in both Vo lumes I and ri of this document is aimed at

providing a general theoretical framework useful for analyzing and/or synthe-

sizing microstrip antennas and arrays. The work was completed and this report

prepared by F. R. Morgenthaler under the direction of TSC Technical Monitor

• Leslie Klein.
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EXECUTIVE SUMMARY

• M icrowave antennas formed from resonant mi crostr ip elements have recently

attracted conside rable attention bLcause of their conformability to shaped sur-

• faces and their compactness and si ’pHcity.

In order to accomodate dual-frequency operation , Ball Aeros pace Sys tems

has developed the stacked element concept in which the smaller hi gh frequency

patch is placed above the larger , low-frequency patch . A discussion of the

unwan ted cou pli ng between such patches was included in Volume I of this re-

port. It is most severe when the two frequencies are closely spaced.

Rathe r than separately design the dual— resonating elements kind matching

networks and hope for efficient radiation and proper pattern s at both fre-

• quencies , we favor an d herein pursue an integrated synthesis which demands

simultaneous fulfillment of the design goals.

• In this second volume , we discuss and analyze an alternate approach in

wh i ch the dual resonances are created within a single rectangular patch by

means of appropriate dielectric loading and the use of radiatin g slots.

In particular , we develo p a theoretical modal to descr ib e the app rox i-

mate electromagnetic mode structure of a rectangular patch loaded symmetrically

with up to three dielectric slabs that serve to concentrate the rf energy .

Both even and odd modes are consi dered and the modal field d is trib uti ons

are used to derive the radiation pattern produced by a radiating edge or a

slot in the top plate of a multi-resonant rectangular patch.

Dual resonances in rectan gular microstrip patch filled with homogeneous

dielectric are shown to be pract ical when the desired separation between

• frequencies Is at least 5-10 percent.

A synthesis approach , based upon coupled resonator theory , Is also de—

vii
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veloped and applied to situations In which one resonant element Is a rectangular

m icrostrip patch and the second element either a second patch or else a l umped

or distr ibuted matching network . Based upon these cons iderations , several
new an tenna configurations are proposed that utilize either in line or

stacked element geometries. It is also noted that if l umped capacitive

coupling is provided by reversed bias varactor-type diodes , the frequency

separation between modes can be made electronicall y tunable through bias

volta ge control .
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1. iNT RODUCTION

The microstrip antenna ut -ler consideration has the basic geometry shown I -

in Fig. 1 and consists of one ~r • rt perfectly conduc ting metal patches depos-

i ted upon the surface of a diel e ctric slab backed by a perfectly conducting

ground plane . The sandwich is surrounded by free space.

The basic characteristics of ~i rect~ingula r microstrip patch such as that

shown in Fig. 2 have been reviewed in the first voluine * of this report .

When radiation at two or more clos el s’~1ced frequencies is required ,

there are several stra tegi es that can be followe d.

If the frequency spacing is very small, it is probably besL simply to

broaden the main resonance of a single patch by l owering the overall Q, with

some combination of i ncrease d sla b thi ckness and lowered di electr i c cons tant.

If the desire d frequency separation is moderate - greater than a few

percent - external frequency sensitive matching networks can be employed per-

haps possibly in connection with separate radiating elements designed for each

frequency .

In order to acconrnodate dual-frequency operation , Ball Aerospace Systems **

has develo ped the stacked element concept in which the smaller high frequency

patch is placed above the larger , low-frequenc y patch. A discussion of the

coupling between such patches was also incluued in Volume I of this report.

An alternate approach , and the one first discussed and analyzed here ,

relies upon sui table design of the basic micro-patch element so that it will

* Mo rqentha ler . F .R. . ‘ Theoretical Studies of M icr ostrip Antennas , Volume I ,
Genera] Design Techniques and An a l ’,-ses of Si rì~il e and Coupled Elements. ”

** Sanfor d , G. . Advanced Microstrip Phased Array Technology Development.
DOT-TSC , Report in Preparation .
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The conducting plane (y = -h) and strip (y = 0, ~~ < w/2) are

assume d to have infinite conductivi ty and zero thickness; the
slab of dielectric constant E ’ ‘ 1 and thickness h is assumed

lossless.

FIGURE 1. MICROSTRIP GEOMETRY SHOWN IN CROSS SECTION 
.
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Two microstrip patches of width w 1 an d w2, both spaced a dista ce

h above the same gro~ind plane , parallel to one another and
separated by a distance ..

FIGURE 2. TWO COUPLED MICROSTRIP PATCHES
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be resonant at both desired frequencies , and moreover, that these elgenmodes

will each radiate efficiently with appropriate patterns. . I
As it were , the mi cropatch provides its own matching network by means of I

the internal mode structure.

In particular , we develop a theoretical model to describe the approxi-

mate elec tromagnetic mode structure of a rectangular patch loaded symmetri —

cally with up to three dielectric slabs that serve to concentrate the rf energy .

Both even an d odd modes are considered and the modal field distribution

used to derive the radiation pattern produced by a radiation edge or a slot

in the top plate of a multi—resonant rectangular patch.

Dual resonances in rectangular microstrip patch filled with homogeneous

dielectric are shown to be practical when the desired separation between

frequencies is at least 5 — 10 percent.

It can be expected that the additional fl exibility will require somewhat

lar ger patch area but the use of high dielectric constant slab loading can

hel p reduce such increases in “real esta te ”. Such loadin g will tend to in-

crease each individua l resonance Q; if required this can be compensated for

by increasing the dielectric thickness.

A second synthesis approach to the problem is also considered . It is based

upon coupled resonator theory and is also developed and app lied to situat ions

in which one resonant element is a rectangular microstrip patch and the second

element either a second patch or else a l umped or distributed matching network .

Based upon these considerations , several new antenna configurations are pro-

posed that utilize either in line or stacked element geometries. It is also

noted that if l umped capacitive coupling is provided by reversed bias varactor-

type diodes , the frequency separation between modes can be made electronically

tunable through bias-voltage control .
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2. DIELE CTRIC -SLAB LOADED PARALLEL PLATE WAVE GUIDE

The t ~
‘ sver’-~ —t’l ~ct ri c 

(, Ii) odes of a parol el plat e region co ntain ing

a s ing le rectangular d ie ’ l ec t r i c  ‘-.1 ab of perin i t t iv i  ty k and width ~ d S shown

i n F I q . a ri well known to have the foil ow i nq non ? e ro fi el d component s

U — 1 (1)
~4t

H? 
• ‘

~ ( )
0

where
kx e~~~ 0 x ~

~‘ 
_I

I =

~ k(x-w/2) 
-~ (x - w / ’ )  

.
-

~~~~~~~ ~/ :‘ ~ . ( - ~
)

The even modes have e le c t r i c  fi el (Is proportional to ens kx ;  the odd

iiodes to sin k x .

The eiqen —fr equenc ies s~ t 1~ fy

+ k = (4a)

— = (4b)
~‘ 0

and e’ther .

• ( tan (~~
) even modes

I (~ )
~ =k )

L—cot (
kW

) odd m odes
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Parallel plates loaded with a die lect m c slab are s hown in (a)
Electric field pattern s of the lowest order syn~netric and anti-
symmetric modes are depicted in (b).

FIGURE 3. PARALLEL PLATES LOADED WITH A DIELECTRIC SLAB
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The well known q r a phi -tl solution is depicted in Fi g . 4 and the tort n of

the 1 ewest even and l owest u ~I riol les i c, sket bed in Fi g 3b.

As a spec i f i c e x atsp 1 e , a s  ui:~e that

It  = k = :~~ . (6)

Because of the exponenti al decay factor , a second identical dielectric

slab placed a distance of severa l w to the ri ght of the first slab will or ly

weakly disturb the frin ging field of tPi~ ~ 
- 

~ t It therefore follows that

the composite structure has two l owest modes of the same frequency , w i th

energy concentrated either in the left or right slab . Natura fly . both slabs

may be excited simultaneously and it is then convenient to expand the overall

field pa ttern into even and odd modes of the compos i te structure ; these are

shown in Fig. 5a and Sb.

If now the separation between the two slabs is reduced , the fringing fields

of the two slabs interact differently according to whether the overall mode

is even or odd. This behavior is sketched in Fiq c. ~c and Sd and causes tue

frequencies of the two configura tions to be split by the interaction. Never-

theless , if , in our example , the separation is reduced no further than w , the

exponent ial decay is still sufficiently great to permit only a weak splitting.

In this manner , one rectangular mnicros trip patch of length L = and
2 I~overall width 4-Sw can support two closely spaced A/2 resonances that

only weakly fringe at the open edges x l  = w~/2. shown in Fi g. 6a ,h. Unfor-

tunately, the radiation pattern s arising from the open cir ea it edge (z=O)

are not identical for the two modes and , in fact , the odd mode does not even

7
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The radii of the dotted circ ’es are proport ional to
frequency . For the lower of the two frequencies depicted ,
there are two modes (one syninetric , one antisymetric). For

the higher frequency there are three ( two syninetric , one

antisymetric).

FIGURE 4. DIAGRAM USED TO DETERMINE GRAPHICALLY THE MODE VALUE S OF II AND k
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(di

As the sla bs are moved together (h) the frequency de-
generacy is spli t by the interaction of the fringing fields.

FIGURE 5. DEGENERATE EVEN AND ODD MODES OF A DOUBLE SLAB LOADED PARALLEL
PLATE TRAN SMISSION LINE ARE SKETCHED IN (a)

9



r 
-

~~ ~~~~~~~
- -  —

~~~~~ ~~~~~
- - ---- --

.1

I •
I 

- -

I I I
I I I ~~

.

I I
I I I 

• £
I I

—- I ~ 
1 1 I

H~t H
A dual frequency k /4-resonant microstr ip patch element tha t radiates from the
open edge opposite the short circuit is shown in (a) and (h). In (c ) ,  to main-
ta m approximately the same radiation pattern for both the even and odd modes ,
the patch length is doubled and the dual-frequency V2 resonant modes both
radiate through a slot of length Wr~ 

The power radiated is proportiona l to
the square of the surface current Intercepted by the slot.

FIGURE 6. DUAL FRE QUENCY MICROSTRIP ELEMENTS EMPLOY ING RADIAT I NG SLOTS
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radiate In the direction normal to the edge. Th i s cond iti on can be recti f ied

by s 1iortin g the edge (aftec the length has been doubled ) and cutting one or

more ~‘iort slots in the top &~round plane , as shown In Fiqure 6.c. The douhlinq

of the length produces \/2 rather than \/4 resonances; the radiatin g slot(s)

of width W r ~ 
wt/2 produce nearly identical patterns and can be designed by p

standard techni ques employed for similar slots used on rectangular wave guide

antennas. The radiated power of such a slot is proportional to the zquare of

the total surface current that is interru pted by the slot . As i s well known , H
if the latter is positioned midway between th shorted ends (Z

r 
= 0) ,  such

current is zero and the slot wi ll not radiate. Note that more than one slot

can be employed and the slots may be positioned over either the left or right

hand dielectric slab (hut not both - unless different radiation patterns are

required at the two frequencies ’~.

Finally, more than two closely spaced mode frequencies can he create d

by employing add i tional sla bs .

2.1 Rectangular Micro-Patch Loaded with Three Dielectric Slabs

When the number of dielectric slabs that are used to load the rectangu lar

microstrip —patch is odd , it • possible to create closely spaced dual resonances

wi th modes that are both spatially even . In such cases , the radiating slots

will be located syniiietri cally which may he desirable in reducing mutua l coupl-

ing between patches in certain types of arrays.

Alt hough the methods of analysis can he extended to any number of sl o bs

we here restrict ourselves to three symmetricall y disposed slabs as shown in

FIg. 7., and for simplicity assume tha t the boundary surfaces at l x i = w~ ‘~~

*Fry , D.W., F.K. Goward , Aerials for Cent imetre Wave-lengths , Cambridge
Univers ity Press (1950), p. 110.
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Transverse geometry of the three dielectric—slab configuration analyzed

in the tex t. Mul tip le sl abs permit control of t he mode ta per .

FIGt IRF 7. TRANSVERSE GEOMETRY OF THE THREF DIELECTRIC-SLAB CONFIGURATION
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are perfect open circuits electromagnetically.

Straightforward application of equations similar to Eqs. (1) - (3) in

each of the five regions (except that both ~~~ terms are required i n the

two ~ regions) gives an elec tric field E~ that has a pattern for even m odes

that is proportional to f(x) f(-x) given by

(cos k 0 x ‘. w112

f(x) = A (e~
’
~ + Ee’~~) w 1~,2 ~ x < w 112 + w2 (7)

(~B cos k(-~- - x )  -~
_ ÷ w

2 ~~~~~~~~~~~~~~~~~~~~~

where czw
kw w

A = e cos —v— (1 + T tan —
~~
-- )

(kw i
’\
I -c~w

B cos kw 3 ~() + -
~~ tan —a-— ) e

(9)

kw c~w 1
+ (1 - -~~tan --~-1- )e 

2
]

k kw 1
- 

—c~w1 
1 - — tan (10)r - e  

k kw 11 + — tan

2 
+ k2 = \~.(~~)2 ; •\~~ = - 0 (11)

= c~~ k~ - k2 
. (12)

_  

13 
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The value s of and k must also satisfy the following transcendental

relat i onshi p
even modes

( kw

~ tanh ~w - tan kw tan - 
I

+ 1 kw1 
= (13)

tanh ~w 2 tan kw3 
— 

~~
- 

~~cot —p---

odd m odes .

2.2 RADIATION PATTERNS FROM EVEN MODES

The radiation pattern associated with the even mode distribution f(x) = f(-x)

fol lows from W t/2

P (
~

) = 2 coso f ( x )  cos ~k x sin ~) dx (14)

0 - :

where k0 
= 

~
-/ \

~ 
and is the free space wavelength .

The resul t of the i ntegrat i on i s

p (t~) = ~k0B{cos (k~3) (f3 - f2) 
- sin (k~3)(q3 - 

~~~ 
+ - 

sin 2~~~~ 

h2)}cos~

(1 5)
with

sin [(k sint~ + k)w.] sin~ (k sin~ — k )w 1] (16)= 10sin~ + k + 
k0sin~ — 1~

.
~
-—.

cos{(k sint~+k)w. cos{(k sint~—k)w .
= 

k0sin~ + 
- 

k sifl~ - k 
(17)

and
ctw . -c~w . CtW . -C (W.

h. (j ’ e — e 1
) ctcos(w~ k0sint ) + (Fe ~ + e 1

) k0siflO sin (w1 k0si mi~) .

(18)

14
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FIGURE 8. MODE AMPLITUDES FOR DUAL RESONANCES IN THE THREE SLAB STRUCTURE
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For purposes of illustration , consider a three slab design with the

fol lowing parameters:

~~ = l O

= 1.5

wt/L 
= 3.~~~~l

w1 :w2:w 3 
= :5:3 -

T he dual resonance mode paramet ers are found to he:

Lowe r frequency Higher frequency

k/k01 
= 1 .795 k /k 02 

= 2 .389

= 2.298 •~/k02 
= 1.671

= 2.604 ~/ k 0~ = 2.889

where k02/k01 •
~~~

‘i 
= 1 .26 .

The mode distributions f(x) are plotted in Fig. 8 and the correspond i ng

ra d i a t i o n  pattern s , plotted in Fig. 9 for Wr =

Not ice that , althou gh both mode distributions are even functions , the

radiation patterns for the two modes are signif icant ly different. This can

be corrected b~ sim ply reduc i ng the radi at i ng aperture wr to the centra l

one-half or one-third of wt. The associate d broadening of the main pea k is

beneficial for many applications .

Alt hough the fabrication of niicrostrip patches loaded with multiple

dielectric slabs poses practical problems of fabrication , special requirements

which are met by designs employing such techniques may warrant their considera-

tion . However , the next case considered is of cons iderable practical

17
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Im portance and involves no fabrication difficulties beyond those encountered

in conventiona l microstr ip elements.

2.3 SINGLE DIELECTRIC MICRO-PATCH

The previous analysis can be emnployed for a single slab by setting w3 
= 0 ,

and when the micropatch is completely uilled ,w2 0.

In this case ,

2 2
-f 1 1 ~ H

0 k (19~m)

2 2 L
k2 + 2 = I

~ :? 
0~~ k ( lYb)

The l owest order modes require k1 
- - 0 , k2 = n/w i and = = ii/L.

Hence ,

L = - - - -  - - (20a )
2J~~

where

A 01 = A 0 for w 1

= 1/ ~( ) l  -

Provided the required frequency separation 
~~

‘? ~~~
1
1

) is not too small , prac-

t ica l  confi gurations are ava i l a b le . As an example , consider a design re-

qu i rement of ‘ = 1.1 , 9. In this case , L = \fll /6, amid the tota l

area of the patch is

wtL 
= .06 ~~~

L • -
. - . ~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~ 
- T ,. -



wh i ch -• ~ 1 i qht I ~ 1 e- .~ than would be v equ m m- ed t o ,  a I -.qua mt pat it I -

1 he rad m a t  m ~1II pat t e rmm t o l l  ow- 1 t Io m il

• i ( k  . m m , . I\ )
1’ (

~I •. 
J 

f ~~~ ~~ 

0

w ime m e t om - , t ( \ ) 1 ( eveim mmiodt’

1 \and . t or , ( 
~ 

‘. t n (odd mimode

l im at i~ to ‘.a’~ • tiit’ (‘\~ i tat. ion i~. o m I . t a m m t  for the even immod e and ‘. im mu ’ .oidal for

the odd mode -

When normal i ed to the va lue at . ( o ) 1. ~i i veim by
w .

- f / - . m m I ~~k - i ’ m ’ k) I
(odd imodi ’) ~, 

~~~~~

)

: 

~~~ ~~~ ~T - k~

in~ (k~~ m ime - k) ~ m n[  k 1 m m  - + k )  -
~ m n ( ( k -  Ii - k

— 

— -  - ) - II’ . ~kw )  
- 

w 
• 

-

I ( k - . m nt k ) 
~ J ( k - I I  t k ( k . i~~

- .in (k 0 - . tm mO w )  (. ‘1~(even miiodt’ ) ~
,‘ ( ~I ) 0’. (1 

k11 
I m il l W / ‘

or the examimp I e cfmo’.e rm , the pat t t ’ r m m - . art ’ plot ted for flot h k 1 
- 0 and 

a

i i  /w~ In mg . it) wherm wr w~ and m n m ~ . 1 ) when w t~ 7 P ( . l I 1lIl~
j t t fit ’

It ’ It ( or ri i~ht ) one—h a If of w
~ 
. Thm ’ e I emmk ’nt ~j eo mm~’t ry I .  tha t 0 t I I . t’i t ’\~ t~~It

that only ~m unifori mm it it ’It ’ctric m - . Ll - .e~I a’. Ill OI l V t lI t m om a I m~ m o -  r m~~.

I he tim m po r t  ~t I i c t ’ of th I- . rt ’- .u It shou Id t l -  m ioted here - II’. iii~ a ‘.i nqlt ’ 1 t ’r

I I ~I_ ro~1trip -.truc turt ’ with coim~mmon h u’.ed t a t i m m _  at  loll t t ’~ hnII_ IUeS , im icludi ny pl ated-

th V~~ Jh ~ ~~~ 1~’ p mt ’ct ’ut ~~ ~~~ l v - ~ ~‘ ~ ~~ ~ ~ ~~ ~~ ~q 
~ a t cii ~tid ~ lot

Ia ra lme ’t ers It I- . po- .’. lb 1 e t o  product’ it ’al lv den t 1 a I rail m 1it I on patte rns ~l t

two t m eiItIt’rlc e- . - .t ’pa r 1m ted L IV at I t ’a’. t ~s- 10 Pt ’i~ em m t -

1’)

— 

— 

~~

. - •,

~~~~~~

. -‘ ~~~~~~~~~~~~ ~~.l



‘: ~~~~~~~~~~~~ -
; 

-

‘

\\ \ \ \ ~‘\ \ \ \~\
Z / 

~1 
I 7 — 

1 -‘

4 0.’

f t f I I’7q l (

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\ 

\
~~~~~~~~~~~~~~~~~~~~ ‘\\~~~~~\\~

~~~~~~~~~
. t:.:~ H I -

~~~~~~~~T ~~~~~~~~~~~~~~
- - 

~~~~~~~~ 1 ’

\ \
\

I
t I \

~

I - - - - - • 

~ •
l 0~ ’

Po I a r ra~l m 1 m t  I OO di ~~~~ 1 ,1111 1 or a - - I m I l l  Ic ni1 II ’- t I I I pat Pm d m t ’ I c~ t H -

I I 11 ed ii; m cc- . t m  p ~~ t 1  H 110’, I l l m I t ’ ¼I II I t im 1 1 1  1’- .OIIaIII ~ - - ‘p~~a ted L~
1 d peri:t ’mi t when w 1_ 

~ 
— Pm I t I l c i l I ’ bet wecim t P t ’ pat t erim- . I or t he

twt) Illtl~l i _  art ’ 1,p p I m c~ I ats le .

I I (I~~L I - PO t ~ ~-\P 1 - (1 1 PN I l l ~~ -\M .
‘

:

1)

— - -- 
•-



—-- - ~~~~~ --~~~~~~~~~~~~~~~~~ - ~~~~~~~ — - - ~~- •

27l~1 
~ 60

.0r ~~‘ 80

240 _,.~
‘\ - . . - . 

- . 
~~~~~~ ;. - I  • t- ..- .-7~—---....

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~
230
30 .-:. -:. • 

• .
- - • -

-
-
- 

•
-

-
- - - - 

• • • - - . • -  
•....- . .• -

• 
~~

-
- -:- - - 

• 
- • -

~~
- -:~ . - - -: .~~-.

- . - 
- .- 3~ I

140 ________ 4

2 0  330
ISO 30

200 340
leo 20

00 350
70 0

60 m m  I ~

‘0 0
180 39C

80
201’ 340

ISo 30
210 33~

140 40
220 320

130 
•
~~-~ ~ •: • - : - - - 

•  
. - - - - - .- - - 

• - : - ~ so
230 - - 

• - - 
• • - : :- • 

• 
• 

• - - -
• 

• . - 310

20 
- :- 

• • - -: • - . 
- :- 

-
- - : - •

240 - • .-. - 

•:: • 
• - 

-_ - . 
• 300

110 
• • - :- - : - • :: - - - • 

70
250 20000 

~~_
_ 80

*00 870

Polar radiation dia gram for a single micros trip patch dielectric—
filled microstrip patch designed with dual resonances separated
by 10 percent when W

r 
= w~,2. Differences between the patterns

for the two modes are negligible .

FIGURE 11 . POLAR RADIATION DIAGRAM (3)
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Radiation efficiency of the two modes ( frequencies) should be comparable

since the currents intercepted by the slot are comparable at the two frequencies .

Achieving this inherent efficiency depends on the efficiency with which the

element feed couples to the two modes inside the element. Although an analysis

of the feed has not been carried out in detail , inspection of the mode structure

show s that a feed point should be available which is a good compromi se for the

two modes , and wh ich wi l l  allow the element to be matched using standar d

techniques.

22
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3. DUAL-FREQUENCY MODES OF COUPLED RESONATORS

In this section , a synthesis approach based upon coupled resonator theory

is developed and applied to purely distributed circuits and also to hybrid cir-

cuits employing supplementary lumped elements.

3.1 LUMPED-CIRCUIT MODEL

A lum ped circuit model that is very useful for understanding coupled re-

sonances is given in Fig.12a .

If L1C1 ~ L2C2 and the coupli ng ca pac i tor C0 is small , the two resonance

frequencies are well separated and, at each, only one of the tank circuits w i ll

be excited to any appreciable extent. If these resonators represent radiat ing

microstrip patches , their design can be carried out independently .

When the frequencies are desi red to be closely spaced with the coupling

element of a weak or moderate strength , it is necessary that the uncoupled

resonances (C 0 = 0) be nearly equal .

For simplicity, we set

L 1C1 
= L2C2 = l /¼ ¼~ (22)

and imediately resolve the circuit excitat ions into modes in which the vol-

tages v1 and v2 are either in phase or out of phase.

The in-phase mode has v1 = v2; since no current or voltage appears across

• C0 It may be removed as shown in Fig. 12b. Evidently, the frequency is

given by o= m a.

23
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The coupled-lumped circuit model used to analyze dual resonances
is shown In (a). The circuit applicable to the “ in-phase ” mnode

is given in (b); tha t to the “out-of-phase ” mode In (c ) .

FIGURE 12. THE COUPLED-LUMPED CIRCUIT MODEL USED TO ANALYZE DUAL RESONANCES

24
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The out— of—phase mode is most easi ly analyzed t rol the t. ircu it of P m q .  L’c

i n wh i ch C0 has been replaced by two sec i es connect ed apa I tors ¼ i H ’ ~ en

so that their coniiion connec t ion is  at qround potential . Hence ,

L 1 [C 1 + (I + L
2 )C 0] = L ,[C., + (1 + = 

lI l
t 

2 
( :3 )

and because the current through each must he ident ical , it foll ows that

C1 v 1 = C2v:~.

The freq uency of this mode is = ‘ ‘h’ ‘ a •

The va lue of C0 necessary to provide the appropriate frequency spli tting

is found from

(L 1 + L. 1 )C = - 
. (21)0 

~~~~~ ~~~~~

No t ice tha t  the i mped ance l eve l s  an d can he set independent ly even

though = ~~~~ When the impedances are v em- v diSsimilar , the stored

energy associated with each mode will principall y reside in one of the two 1
tank circuits ; when identical , the ener gy w i l l  be equ a l l y divided. This

consideration is a very important factor in the design of e f f i c ien t  dual-

frequency muicrostri p radiators .

It is helpful at this point to defin e two classes of capac itive l y—

coupled circuits. In the firs t type , one of the tank circuits is provided

by a resonant microstrip patch; in the other a non-radiating matching circuit

Is made from l umped elements.

In the second type . lioth tank circuits are resonant microstrip patches.

25
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3.2 DISTRIBUTED-L UMPED MODEL

In this type, the radiating element comprises an edge or slot (s) of the

Itmicro -pat ch . Because the patch must be stronql y excited for the modes of

both frequencies , it is necessary that the impedanc e levels of the two tank

circuits be approximately equa l .

If the length of the p atch i s \ / 4  within the dielectric substrate at

the frequency 
a i t follows from the i rcu i t  of Fig . 13 that

= -1,p / ~~ ‘ = 1/ , (25)

for the “in-phase ” resonance , and an “out-of-phase ” resonance at h controlled
by C 0 accord i ng to

2C 0 — 
1 — 

~~~~~
C . (26 )2 

~“b”a~ 
+ Z • h C 2 (l - ‘t ) ’’~~ 

tan ( ~

In the vicinity of 
~~~~ 

the l umped equivalent circuit of the transmission

line is a parall el L—C circuit with elements identical to the l umped cir cuit on

the right hand side provided that

C 1 = C’~ = C 2
and ,~

— 
I-

-I • _
L
1 ~~~ L •
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The distrib uted_ lump ed resonance circui t rimodel replaces
L1, C1 wit h a short-circuited transmission line.

FIGURE 1 3. THE DISTRIBUTED_LUMPED RESONANCE CIRCUIT MODEL

L 
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I

Here C ’ and L’ are respectivel y the per unit length values of the micro —

strip capacitance and inductance. When h/w ‘- 1 , they are approx imately

qiven by

C’ ( 2 7 a )

and

L’ = 
~~ 

. (27b)

More accurate fo nnulas are available in Ap pen di> ~ A of Vo lume I of this report .

3.3 DISTRIBUTED-DISTRIBUTED MODEL

In this type , the radiating elemmi ent s can he located on onl y cue of the

patches or on both patches . In the fonne r case , the radiat ion patterns can he

ma de essent i a l l y identical i~ the aperture distr ibut ions of the radiat ing

elements ire nearl y alike at both frequencies . Ohvioush, for good efficiency .

the radiating patch miiust be highl y excited at both frequencies and this implies

tha t the impedance levels of th e two patches must he nearl y the same .

In the la tter case , because of the phase difference between the “a

and 
~
‘b mo des, it is essential that only a single patch radiate at either fre-

quency.

This can be accomplished by intentionally mi smatching the characteristic

impedances of the two patches , so as to greatly reduce energy density and

the radiation of one of the patches.

The resonance frequencies of the circuit shown in Fig. 14 satisfy

Y01cot~1~ 1 = - i--- -- ~~--~ (2~)
1 — ~‘C 0 ~O2 t a n3 ,~~1

where = and ~~~ 1/Y 0~ 
= !4jT’C

______ ~
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The distributed- distributed circuit model replaces both

L1.C1 and L2,C9 with short~circ uited transm i ss i on li nes .

FIGURE 14. THE DISTRIBUTED-DIST RIBUTED RESONANCE CIRCUIT MODE L
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If 1 = = ~ and = = V
0

- C
Y~cot~~ = 1~~ ~~~~ 

•

0 0

In this case , •

~~~ 

and b is contro lled by

C0 = V0 
1 coK~ ~

) . (30 )

3.4 COMPOSITE TRANSMISSION LINE SECTIONS

Additional flexibility is gained by dividing any transmission lin e of the

above—mentioned circuits into two or more sections. As an illustration , con—

sider the composite line of Fig. 15 made up ~t two sections having , in general ,

different characteristic impedances and propa gati omi constants.

The input impedance of the con~pos i t  I is
P

Z tans ~ -~ t~~t -, - _ 
-

Z.  = j  - - p-- 
• (31)

- tan~ ta n:-

For “in-phase ” modes where = ~L) , 7 in is an open—circui t  and

tan tan ~~~~~~~~ ~~~~~ (32 ~1 1 L 01

T he mniniumuni physical length 
~ 

= ‘~ ~ 2 ~ is  found from

~l 
s in (2~:2~ 2 ) = ~ s in (2 :~~ 1 ) ( 3 3 )

provided this constraint is compatible wi th Eq. (32). If no suc h solu ti on

ex i sts , the min imum length occurs when the line consists of a single section

• having the maximum value of 2.
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FIGURE 15. A COMPOSITE VERSION OF THE SHORT-CIRCUIT ED TRANSMI SSION LINE
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If 
~

-i = 
~2 

= 2n/A , Eq. (33) implies 
~l = 

~2 and

9 =~~ tan
_ 1

~J3~t ~r Z01

W hen Z02< Z01, it is seen that A/4. For exam ple , if 101 
= 2Z 02,

= .196) ; for Z01 = 3Z02, 
~~ 

= .167) .

If the dielec tric constant of both lines is the same , chan ges i n 7

requi re a chan ge i n the h/W rati o ; the resultan t di scon tinu ity also p laces a

shun t reactance across the junction between sections which we have neglected

for the sake of simplicity .

For micros tri p li nes depos i te d upon un i form d ielectr i c substra tes of

constant thickness , h, the control of 10 is through the strip width W. As

lon g as h/w<<l , the values of ~ are essent ially independent of Z0.

Because , for len gth reduction , we wish w2 >w 1, the reduced wid th li ne can
I.

be folded to occupy still less area. This process is shown in Fig. 16a ,b

where the hea vy sol id line represents the short c i rcuit term i nat ion to the

bottom ground plane. Naturally , the patch can be subdivided into strips , each

similarl y treated as sketched in Fig. l6c. Notice that the conductor along

the line shown dotte d may be ke pt either sol id or slotte d .

Alterna tively , the slots may be cut at an ang le as s hown i n F i g. 16d . Such

geometries provide tapered va l ues of Z0 that reduce shunt junction reactances

and also allow the short—circuit termination to be kept along an outside edge.

32
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The upper conductor Is pictured In each case with the terminating

short-circuits indicated by bold solid lines. The two-section line

of F i g . l~ is realized in normal (a) and folded (b) configurations.
A rectangular patch is subdivid ed In (c) and (d) with the arrows
schematic aily Indicating the direction of current flow . The dotted

• lines Indicate the positions of optiona l slots.

FIGURE 16. MICROSTRIP VERSIONS OF TIlE COMPOSITE TRANSMISSION LINE
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14 ,  DUAL-RESONANCE MICROSTRIP ANTENNA CONFiGURATIONS

The principles described above can be utilized to create a variety of

novel radiating elements.

Several distributed versions are depicted in sectional views in Figs. 17

to 19. The first two of these are in-line distributed-distributed circuits in

which the radiation is produced from one or more slots in one of the patches.

Notice that there will be relatively little radiation from the gaps between the

patches because the voltage differences are small for the “in-phase ” mode , and

large , but of opposi te polarity for the “out-of-phase ” mode. If i t  is necessary

to suppress these small components , the configuration of Fig. 19 can be used

which is essential ly a stacked-array completely shielded along the top except

at the desired radiating slots.

The middle ground planes in the Fig. 19 structure can be identical to, or

a variant of Fig. 16. By enclosing such slotted plates between ground planes ,

rad ia t ion  f rom the slots is greatly suppressed . Al ternatively, such a plate

could be made the top patch of one side of the structure provided the slots were

designed so as to also provide the appropriate radiation characteristics.

Lumped capacitors can be shunted across the coupling elements that couple

the two sides of any of these dual-frequency antennas so as to affect the value

of C0. If such capacitors are reverse-biased diodes of the varactor type, the

frequency separation between the dual resonances can be electronically -controlled.

Finally, we note that there is a unity between the approaches given in

Sections 2 and 3 in  that the dielectric slab loading produces coupled reson-

ances in which even and odd transverse field distributions play the role of

separate distributed transmission lines . In effect , the distributed trans-

mission lines of Fig. 14 are placed side-by-side , rather than in the stacked

_ _ _ _ _  I _
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The electric field patterns of the “in-phase ” and “out-of-phase ” modes
are shown in (a) and (b) respectively. The left-most slot in the top

• patch controls the radiation .

• 4 T\
f4~ 

~

FIGURE 17. SIDE VIEW OF DUAL-FREQUENCY MICROSTRIP PATCH ANTENNA DESIGNED FROM
COUPLED RESONATOR THEORY ( 1 )

L

FIGURE 18. SIDE VIEW OF DUAL-FREQUENCY MICROSTRIP PATCH ANTENNA DESIGNED
FROM COUPLED RESONATOR THEORY (2)
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Because several new design concepts have been proposed , i t  is important

to test them experimentally and compare the results against the theoretical

expectations.

We especially reconiiiend that the theoretical analysis and synthesis of

appropriate feed networks be carried out for the new antenna designs and that

the most promising of these be built , measured and compared to designs currently

available in the literature.

/
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The electric field patterns of the “in-phase ” and out—of-phase ” modes
are shown in (a) arvl (b) respectively. The left-most slot in the top
patch controls the radiation .

FIGURE 19. SIDE VIEW OF A DUAL-FREQUENCY MICROSTRIP PATCH ANTENNA WITH THE
MODE COUPLING SLOTS SHIELDED
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arrangement of FIg. 19. It Is possible to envisage app l icati ons 1mm whi ch both

techniques are used simultaneously, for example when mnore than two resonant

frequencies are desired .
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5 .  CONCLUSIONS AND RECOMMENDAT IONS

In this second volume of the final report, we have discussed and analyzed

several approaches aimed at devel oping rational designs for dual-frequency res-

onant microstrip patch antennas.

Rather than design the dual-resonating elements and matching networks ¶
separately in the hope of achieving efficient radiation and proper patterns at

both frequencies , we favor and have here advocated an integrated approach in

which both design goals are achieved simultaneously .

In particular , we developed a theoretical model to describe the approx i-

mate electromagnetic mode structure of a rectangular patch loaded symmetrically

with up to three dielectric slabs that serve to concentrate the rf energy.

Both even and odd modes were considered and the modal field distributions

used to deri ve the radiation pattern produced by a radiating edge or a slot

in the top plate of a multi-resonant rectangular patch.

Dual resonances in rectangular microstri p patch filled with homogeneous

dielectric appear to be practical when the desired separation between frequencies

is at least 5 - 10 percent.

A synthesis approach , based upon coupled resonator theory , was also de-

veloped and applied to situations in which one resonant element is a rectangular

microstrip patch and the second el ement either a second patch or else a lumped

or distributed matching network. Based upon these considerations , severa l new

antenna configurations were proposed that utilize either in line or stacked

element geometries. It w?t s noted that if lumped—capaciti ve coupling is pro-

vided by reversed-bias varactor-type diodes , the frequency separation between

modes can be made electronically tunable through bias-voltage control .
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APPEND iX - REPORT OF NEW TECHNOLOGY

Severa l novel con t i ~ nra t ions  of wi crust ri p antennas cons i st  i nq 0 t one

or more slo t loaded rectangular patches coup led to either l umped or dis-

tributed matching networks are proposed in Vol. II of this report and the’,

should be reviewed by the POT with respect to patentability .

In addition , certain advances in the theory of multi — frequency micro -

strip antennas are reported here.

Rather than separately design the dual— resonatin g elements and matchin g

networks and hope for efficien t radiation and proper patterns at both fre-

quencies , we favor and herein pursue an integrated synthesis which demands

simiiultaneous fulfillment of the des i~in goals.
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