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Abstract

Analysis of near field, calculation of radiation pattern using the method of angular spectrum of plane
waves, study of input impedance, gain, radiation efficiency as function of substrate tFickness and strip
widths of microstrip antennas excited at TMZ,, mode at X-band form ite subject-matter of tre present

paper.
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1. Introduction

Extensive theoretical studies of microstrips operating in quasi-TEM mode have been
made by several authors with a view to develop microstrip components. Lewin!
proposed a method of calculating the radiation from strip lines of small spacing.
Denlinger?, Munson® and Howell* have also studied radiation problems of micro-
strip antenna. The authors have recently reporteds:¢ a new line of approach for calcu~
lating radiation characteristics of microstrip antennas.

The primary object is to present a new theory based on the concept of angular spec-
srum of plane waves and the principle of images for the radiation characteristics of
microstrip antennas excited in TM;,, mode and its verification by experiment.

2. Analysis of near field
Analysis of near feld will justify the feasibility of exciting TM;,, mode associaied with
the non-existence of quasi-TEM mode.

* Presently with the British Physical Laberatories (BPL), Bangalore.
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272 R. CHATTERJEE AND N. S. GANESAN

2.1. Geometry of the microstrip

The geometry of the microstrip structure and the cross-sectional view indicating
three regions are shown in Tig. la and b respectively.

2.2, Field distvibutions

The coaxial-line method of excitation of TME, which is also the method for cxciting
quasi-TEM and the field distributions are shown in Figs. 2 and 3-respectivety, -~

The wave equation?
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which reduces to

Vig + (& — )¢ =0"for =1 (2)
which further reduces to Laplace’s equation
Vig=0 fork=4g 3)

involves the wave number & in the substrate of dielectric constant ¢, and scalar potential
¢. The wave equation for which ¢ 1 characterises quasi-TEM mode only when
kis very small, i.e., quasi-TEM mode can exist only at low frequencies. For X-band
operation, quasi-TEM mode can exist if the substrate thickness® <€0°'8 mm. The
substrate thickness used im the present investigations varies from 2 to I12mm
which is much greater than 0°03 2, suggested by Weiss?. For large substrate thick-
ness the microstrip behaves like a grounded dielectric sheet'® and can support either
TM or TE or both depending on the method of excitation but not quasi-TEM mode.

All the field components for the TM;,, mode are derivable from a scalar potential
=2 CH—— W
T wedxXdz 3 He W
; 2

L2y 3 Hy= 4

E”:(T;;bybz T

; 2
Eo= - ;Z—ﬁ— K e,)w; H,=0 @

where the time dependence exp (— fwf) is omitted for the sake of convenience and
ko = @ (ity €o)*? == 2r[A, the wave number in free space.

2.3. ) The scalar potential

The microstrip guide can be comsidered to be analogous to a paralle] plate waveguide
filled with a homogeneous dielectric of dielectric constant ¢,. The modal distribution
for TMZ,, mode is represented by a scalar potential

. HRZ =

Vi = €XD (— £ @yX) XD (fn) 008 5 &)

where a,, and B,, denote, respectively, the propagation constants along the x and y»
directions. . )

In the microstrip guide a standing wave is set up between the‘ grm.md ?lane and the
strip in the z-direction. Hence the wave proceeding in the x-dm?ctzon is reﬂec?ed at
% == 4- @ due to the finite size of the strip, thus seiting up a standing wave also in the
x-direction. Consequently equm. 5 is modifted to

Yaayn == [€%D (— 7 n) & Rew X (i 200) €XP (iom¥)]

X Xp (iBny) cOs (n102/B) 6)
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where R,, denotes the reflection coefficient atx = 4= a. If | R,, | = 1, a resonance
condition is set up in region 1, bounded by the ground plane and the sirip if the follow-~
ing condition!® is satisfied.

RpneXp (iZap @) =expli(m < Dnl; m=1,2 o

which yields the propagation constant a in the x-direction
mr 1 R
amzz"l‘li—aln(— n) (8)

which is satisfied if the wave impedances in the two regions 1 and 2 are very much
different, i.e., the discontinuity at ¥ = 4 a is appreciable so as to make | R, | — 1.
The propagation constanis a, and f,., satisfy the dispersion relation

b= K=~ (5 " B

2.3.1. Estimation of Ry,
The value of | Ry, | is assumed arbitrarily in the range 1°0 to 0-001 in steps of 0-G01,
Ry, is of the form (Ry 4+ / Ry) with R; = R,. a,iscalculated (eqn. 8) for each value
of R,,. The process is repeated for several modes m, n= (1, 1); (2, 1); (1, 2); (2, 2).
P 18 then calculated (eqn. 9). The guide wavelength 4, is given by
= 2z

" Re (o) (0
The calculations for an,, f,.. and A, made for microstrips (see Appendix I, for speci-
fications) are reported in Appendix I
2.3.2. Determination of Ry, by a rigorous analytical method

R, determined?® by using Wiener-Hopf technique is given by
2 a1e T3
Ry Lon+ (6 & = 21 S an
where G.(a) denotes the “ plus part’ of a Wiener-FHopf kernel

_ r
G =t ey eom 5
where

I [of, — (k3 & — fE)1M2

=~ ik e, — frn — )2

mn
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and
Po=+ [of ~ (ks — fE1°
= — 1[0} — f) ~ 31,

Eqa. (11) is simplified by assuming high reflection coefficient which is possibleltif
| |* L (nn/B)’. A modified form of G (a) leads to the following simplified form for

- *

Ron = (— 1) exp [1 (4nP,)'/* (1 + 1) 0°824 go] (12)

where the parameter P, involves the shape factor (a/b) and g, involves the thickness

and e,.

The values of a, and f,, derived!® by rigorous method are given by

£= klb [P, (2t + P2 (13)
p"m 7 (n _I_ Pm)ﬂ 1/2
e l}' T RS _‘] (14)

and are tabulated in Appendix IT and are compared with those obtained by trial and
experimental method in Appendix IIL

The values of | Rn, |, anlks and Balk, as function of the shape factor a/b are
represented graphically in Figs. 4 and 5.
2.4. Scalar functions 48, V5 9

The scalar potentials in the three regions are given by

Region 1 : —a<x<a
0<z<bh

€ Mo 0o

@ cosa.,.x}x . cos "_ﬂf); m=1,3,... 5.1
v = C {sin o XD (iBmn) 5 n—rd (15.1)
Region2: a<x <o
0<z<h €9 Ho,To
Y@ = Croxp (— i and) 63p (Bany) cos (5 (15.2)
Region 31  eq Mo, T
(15.3)

W == Cy eXp (— i onX) EXD ({fas?) eXp (ir2)
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where C1, C, C; are constants and the propagation constant y in the z-direction satis-

fies the relation

Gt Bt 9 = R,

(15.4)

To determine Cy, C, and C, impose the following boundary conditions
() At z=0,z=band ~a<x<a, E,=0, E,=0.
(i) Atz =5, x > a, i.e., at the interface between regions 2 and 3, H, is continuous.
(ii}) At x = 2 g, i.e., at the interface between regions ! and 2 E, is continuous, _
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Hence
cos o, @ L,
G=6G {sin a, a} X (- fop a)
c - cos a, a . »
=G {sm oy af P (— foma) et (15.5)

2.5. Field components

fxpressing Z"m in different regions in terms of the constant C, the field components
or the TM,, mode (for + x and + y regions) are obtained as follows:

4 cos a, @ 3 .
B = we [Cl {sin a:: a} exp (= fom @) exp (— 1y b):‘
X iay) exp (— fa,, X) xp (1f,,, ¥) (i7) exp (77 2)

7 <08 4y, & , .
£y = we [C‘ {sin a:,, a} exp (— i~y @) exp (— Iy bﬂ

XD (= ity X) (i) €XP (B ¥) (77) exp (iy 2)

X

i COS ay G , .
L= [Cl {sin Zm a} exp (— oy, @) oxp (— iy b):|
X {(@1)* + K8 .} €xp (— ian %) e%P (0 ) %P (i7 2)
(c0os ay a i .
H, = — [Cl {Sin :m a} exp (— ia, a) exp (~ iy b)]

X eXp (— Jay %) (IBom) €XP (Ifun ¥) exp (i 2)
H, = [cl {z‘f - ;’} eXp (— fap, &) oxp (— iy b)]

K (— i) OXD (— Jag X) eXD (B ¥) XD (i7 2). (16)

H, =0.

In the case of — x and — ¥ regions a plus sign for x variation and a minus sign for the
y variation are introduced in the appropriate exponents.

2.6. Experimental study of near field

Several microstrip structures shown in Fig. 6 were made and near field measurements
were carried with the help of field sampling probe (Figs. 7-8). Results of near field

measurements are presented in Figs. 9, 10 and 1.
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Fi6. 8. Monopole probe sampling near the
field of the microstrip.

3. Radiatien characieristics

3. Mechanism of vadiation

The derivation of the theory of radiation characteristics requires an understanding of
the mechanism of radiation. The microstrip being an open structure, the field at the
edges of the strip gets diffracted and induces current at the upper surface of the strip,
even if | R,, | == 1 at x = + g, /.¢., even when the enclosed region acts as a resonatorl,
For an infiniiely thin strip, the currents on the two surfaces may be regarded as
continvous, in which case the strip acts as an infinitely thin current fi'ament providing

source of radiation.

The effect of the gronund p'ane is to create an image of the infinitely thin strip at
z = — p, the distance between the sirip and the image being 2b. The radiation field
may therefore be considered due to the strip and its image acting as a two-element
array (Fig. 12). The radiation pattern of the structure is derived by multip'ying the
radiation pattern of the strip by the array factor.

The concept of image has been introduced due to the following reasons. Maxwell’s

> - = .
equation VX H = J -+ 2D/dz shows that the dielectric polarisation acts as an impressed
current density. If the polarisation over the cross-section is integrated we-get the
effective impressed current per vnit length of the strip which is proportional to 2/
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The microstrip structure may also be regarded as a grounded dielectric slab excited
v an electric line source located within the dielectric platc. If the area of the sirip is
ery small compared to that of the ground plane, then the radiated feld may also
rise'* due to the grounded slab.
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FiG, 12, Cross-section of the microstrip showing the strip and image.

Since it is found that the field decays vary sharply inside the dielectric substrate, the
radiation due to the grounded dielectric is very small and hence the radiation field is
mainly contributed by the sirip and its image.

3.2, Theoretical method

The method is based on the angular spectrum®® of plane waves. In view of the strip
being a conductor, only the tangential components H, and H, located in the x-y plane
at z = b (Fig. 13) are considered.

3.2.1. Angular spectrum of plane waves
The magnetic field in the aperture plane is given by
-] N
k2 [ ' Cors
H(x7.0) = 1% [ [ Fesisexs i (S + Sy + CBldS a5 (1)
o/
- 00

where F(SySs) is the Fourier transform of H (%, 3, &), the aperture plane mag_netic
field. The Fourier frapsform is calculated from H (x, y, b) by the inverse relation
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oz (-] .
F(&iSy= [ [ Hxpb)expl~iko (Six + Spy+ Ch)l dx dy 18)
-0 —c0
where
S, =sin@sing, S,=sinfcosd, (19)

C = JT— 8 — Sz=cosh

Since the fields are extending over the finite region occupied by the strip and a portion
of the dielectric, the boundaries of the finite region may be defined by
—d <X <4, _ggy,gg
where x' = -t a are the values of x at which the field strength becomes negligibly
small, typically 0°01 times the strength of the fleld at the centre of the strip.

The limits in eqn. (18) may be split up as extending from oo to &', @’ to — ¢’ and
—a to — oo for the first integral and extending from oo to L/2, L/2 to — L/2 and
— LJ2 to — oo for the second integral.

The contributions from the limits coto g, — &' to — o0, oo to L/2 and — Lj2 to
— oo to the integrals will be negligible and hence these may be ignored. The eqn.
(18) may therefore be writien as

-> ¢ Lt
Fssy= 1 T H (% 3, b) oxp [—iko (Sux -+ Sy = CO dx dv. (20)

The magnetic field at any point (x, ¥, z) is then given by

at Liz

2
H(x,,2) = k—‘; { F(81S5) exp [k, (Syx + Sy + CB)]dS, dS,.  (21)
472 J

g Lz
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The point of observation (», 4, ¢) is redefined by putting 8 = ¢, and ¢ = ¢,. Making
these substitutions in eqgn. (21) and evaluating the resulting integral by a double appli-
cation of the stationary phase method {Appendix lV) the magnetic field at the obser-
vation point is given by

H 7 Z) = ﬁ ; Se %"
x, ¥, i (82, ) e cos @, (22)

where F (S}, $2) is given by eqn. (20) after substituting ¢ = @y, ¢ = ¢,. It is there-
fore seen that from a knowledge of the aperture flelds, the radiation fields may be
derived,

3.2.2. Evaluation of radiation fields

By using the vector transformation (Appendix V) the electric fields in the spherical
polar coordinate system are given by

Ey = c080ysingdy Ey 4 c0s 8,005y By — sin 0,F,
Ey= —cos¢, E, - sing, E,. (23)

Since there are two components (H,., Hy) on the surface of the strip, only one of
hem will be considered at a time. Considering the component H,,

gt

Fostsy= 1 T Hy (e exp [ ik (S + S0+ OB] 4 .
- (24)
Substituting HJ, Sy, Sy and C into (24) we obtain
pre=af ’=L{z
i) = 1 T (K ( o) XD (= fad') eXD (iund)
at=—a’ Y=Ll

X eXP [ ik, (sin B, sin P ox” - sin 0, cosdoy’ + boos o) X dx' dy)]

= Ko (o) XD (— b COS 00) [ {eXD ~ i (am + kosin 0y
y=L{2 . ' ) ,

xsingg)x'yde [ eXD {i (Bua — Kosin@ocosde) ¥’} dy
»'=-Li2

et S siliond
= Ky (— io) €xp [ikob cOs 6,y 7* 4

et e 1] 25)
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where
. COS a0 ; i
K =0 {sin a:m} exp ( — iy @) exXp (— iy b) @)
p=—i(a, —k,siné, sin,)

g = — i{ap % k,sin @, sind,)
8= i (Pmn — ko8I0 Gg cOs )
t = (Bps + kosin g, cosddy) . @n

The H, component at the point of observation is obtained by substituting (25) into
22

o os ar
Hy (x,p,2) = ‘%"ilﬂ (— ia,,) exp (—ik, b cos @,) ’—e > 1 +%_1]

LIt ] grlr _ ]
X [ & — li— e gos g,

s v ]

. et ] LI g SL/2 . L/
H,(x,7,2) = K, (— i) l:e_.r 4+ i_q__l] [ﬁﬁ_] 18 2] cos 4,

s t
(28)
where
os g 2RI . -

Ky = {_ﬁ R e""] (29)

Next consider F, (S9,.52) due to the component H;
a'=0’ y'=Li2
Fy (S983) = EJ' - ,,L L‘H (%, v, 2) exp [ ik, (Six" + Sy -+ CB)] dx’ dy' (30)

Substitwiing H,:, Sy, S; and C into (30) we obtain
o'=g’  y'=Lig .
Fs3.88 L T K GB ) €Xp (= danx”) exp (if,3")

Y

X exp [~ iky (sin @, sin, %' -+ sin @,c08hy ¥ -+ c0s &, H) dx’ dy']

= — K1 (ifms) €Xp (— ik, 005 8, b) ’Jia | OXD {— i (ay + Ko sin By sin b ¥} dy’

W=L(2
x f mexp {(iBun — ko sin 8) cos ) 7'} dy’

yr=—)
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F(S2,59) = — K, (Bar) exp (— ikob c0565) [?—-p:—l — 1]

C[erfr — 1 . P |

@y

The H, component at the observation point is obtained by substituting (31) into (22).
Hence the far field component H, is given by

. e’ LU 2L/2 ]
B, (%3, 2) = Ky ()| St 4 S L] [E2

efLIZ —1
+ —t—-]cos G, (32)

Hence the electric field components £,, £, and , at the distant point p (r,4,$) are
obtained with the aid of Maxwell’s equation

R exp [~ i (e — ko sin Go sin @) '] — 1
E,= K, (— iow) 10 08 , l: — i(;m—_'_';co o {30 Sinq;a)
exp [ i (ap ¥ ko sin @y singy) '] — 1
— 7 (am - K, sin G, sin ¢y}
7exp [i (Buw — ko 8in 6,008 o) Lj2] — 1
1 (B — Ko SiR GgCOS o)

_I..

X

exp i (ﬁ'mn 4 ko sin g, cos ) Lf2] — 1
+ T T Fosin 8,056 ] cos 0, G3)
. eXP [— i (ap, — KoSin B, singhy) '] — 1
E,=— Kz(’ﬁmv«>"°°°s“’ﬂ[ T (o — Eosin B, sy
exp [— i {0, 1 kosing, Sin(ﬁn}ﬂ_r—ﬂl]
T Tl Ky 50 B, sy
_[exp [i (Bus — kosin 8,08 ) L/2] — 1
x [ i (Ban — o 50 8005 o)
© exp [i (B T ko sin 8o cosdg) Lj2) — 1]
[/ M A cos 0 34
E, = — (tan 8, sin ¢, E, + tan 6, cosd, E,). 35)

3.2.3. Effect of the ground plane

The strip conductor and its image form & pair of two in-phase radiating elements sepa-
rated by a distance 2b (Fig. 12). The array factor due to this pair is given by

A=+ ] (36)
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where y,, the phase difference due to the path length difference is given by
yy = 2bk,cos 8. (37

The x-component of the total electric field due to the two-element array formed by the
strip and its image is therefore

Eq, = AE, = [1 - exp (i2b ko c08 84)] Ky (— ia,,) 170 cO8 &,
« l‘exp[— i (ay — ko sin Gy singgy a] — 1

— i (e, — ko sin 8, sindg)

L eXp [— i (e 4 kosin fosingo) 2] — 17
- — 7 (ay + kosin g, sing,) 4

i (B — kosinBocosdy) Lj2 — 1

* T (Brn — ko sind,cose)
eXP [ (Bpn T+ ko sin@ycosdy) Lj2] — 1
8 lmﬁ -+ Ko Sin Gy °°5¢o) c0s J (38)

Equation (38) represents the radiation pattern in the ¢, — ¢, plane due to the strip and
its image.

3.2.4. Radiation pasiern in the ¢, = 0° plane
For ¢, =0° eqn. (38) yields
Eq (¢ =0%) = [1 + exp (2bk, 008 §)] K; (— ian) o cOS Gy

sy [exp (@) — 1 €Xp (— fama’) ~
— O ~— il

o (XD 17 (B — ko sin6y) Lj2] — 1
7 (B — ko 5in 8)

eX]J Li (Ban = Jo 5in 80) L2} — 1
T (B - Ko SIn Bg) ©os G- (39)

3.2.4. Numerical computations of radiation patterns

The power radiation patterns in the ¢, = 0° plane have been computed with the aid of
IBM 360/44 computer for several antennas of different dimensions and are reported
in Section 5 (Fig. 19). It is observed that some of the antennas are characterised by
only one lobe, whereas antennas A8, A9, and Al0 have side lobes. The position of
side lobe and its magritude relative to main lobe vary with shape factor. For example,
for antenna A8 which has a shape factor 0167 (/b), the side lobe position and relative
lovel are 63° and — 17°2 db, respectively, whereas, for antenna A9 having a shape
factor afb = 025, the position and relative side lobe level are 65° and — 15°8 db

respectively.
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3.2.5. Measurement of radiation paiterns

The radiation characteristics of several antennas have been measured in an out~-door

test range and for some antennas in a microwave anechoic chamber.
results are reported in Section 5 (Fig. 19).

Some of the
Experimental radiation paiterns obtained

at X-band frequencies by using X-Y recorder are reported in Figs. 14 and 15,
Analysis of the radiation patterns regarding the position of major and minor lobes,
the side lobc level and 3 db-beam width of major lobes have been carried out and is
not reported here. The analysis shows some interesting results.
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4. Directivity, gain, radiation efficiency and input impedance characteristics
4-1.  Directivity

The total power radiated by the antenna is given by

G=om B=r
Pr= | I P(0,p)r>sind db dp (40
P=0 =0
where P (8,¢) is given by
2 2
P(8,¢) == (4Ey AHy - AE4 AH) = @ni}j—:l*] (41)
o
where F-8 and E.f are given by
E 0 =cos B singp AE, -+ cos fcos AE, — sin § AE, (42)
Evp = —~cos ¢ AE, - sing AE, 43)

E30 = [1 - exp (i2bk, cos 0)]? |:K2 (— ia,,) 4,008 8

« {exp [—i{om—k,sinfsing)a] —1
— i (am — ko sin & 8in¢p)

+ exXp [~ i (am + ko sinOsing) a'] — l}

— [ (am -+ Ky sin 4 sin )

x {exp i (Buw — ko sinOcos ) Lj2] — 1
i (B — Ko sin @ coS )

. EXP i (Bun ko sin @ cos$) Lf2 — o
+ i (B + o sin 0 cOS ) } COSH:I

b [cos @ sing —cosfcosg d ﬁ[f"" +sind {ﬁan g sing
T iy

— tan dcos¢ — i ﬁ"‘" }] . 44)

E2 = [1 4 oxp (i2bky cos )] [Kz (— iag) 008 0

{exp — [ (o — kosin @ sing) o'J— 1
— i (an — kosind sing)

4 =P [iCam + Kosinfsing)a’] — 1
= 1 (ap + ko sin & sin 0) }

{exp [ (Bun — ko sin feosgp) LJ2] — 1
i (Brn — ko sin G cos )
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XD [# By -+ ko sin BcosP) L/2] — 1 z
+ i (B + ko 5in & cOS ) cos 8 ]

x[cos¢ + iﬂ;,";m sin ¢T (45)

The total power radiated by the antenna is given by

2T W
o= T T K+ exp G2k, cos 9)21[@(—;'%) cos @

% {eXp [— (o —k,sinBsing) @] — 1
— i (ap — ko sin O 5in )

4 P [— il + kosin Osing) &] — 1}
— i (o + Ko 510 0 COS P)

« B~ 1 (Bpn — Ko sin g cosg) Lj2 — 1
i (Bun — ko 8IN B cos @) )

e,
x [{cos 0 sing — cos Gcosd (iﬁ;:;) +sind (ta.n #sin @ —tan d cos 6
% ({ﬁ;’;)}z + (cos 9+ (%) sing )2}] 7 sin & dodp. (46)
The usual definition of directivity is ‘
Dircctivity = ————2 L0, 0) S @
G-J:o i P (6,8) r? gin 6 dé dp

without taking into account heating losses or reflection losses. The direction of peak
radiation is given by @ = 0°, ¢ = 0°, which is confirmed by experiment,

Since
(Br)* = P (0, 0w = (1 + é‘?””ﬂ)2 [(K,( ~ o) 76 (:2;7{,,.
- 2
X (XD (— fand’) — 1) (ﬁ) {exp B %‘) - 1}] (48)
where
= 4’%‘2’5 K e ta? ]Zc—fll &t
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The directivity D in the ¢ = 0° plane is therefore

_ P0,0)m

which has been computed for antennas with different shape factors by using appro-
priate values of a,, and f,. It is found that D varies between 7°2 db to 9-77 db and is
"higher for antennas having smaller a/b values.

4.2. Gain

The gain of the microstrip antennas has been determined by comparison with a standard
pyramidal horn with a gain of 20°6 db in the antenna test range.

The expression for the gain G, of the test antenna in terms of the reference antenna is
Go= 206+ 10 log (PA/P,) (50)

where P; and P, denote the maximum power radiated by the test and reference antennas
respeciively, the input power to both of them being the same.

Measurement of gain shows that G, varies beiween 5°1 db to 8'3 db with shape
factor at f = 9-375 GHz. For the same antennas gain varies with different frequencies
over the X-band. Some of the results are reporied in Table L.

Table I
Experimental gain at X-band frequencies in the ¢ = 0° plane.

L=128cm, =236

Gain (46} at X-band frequencies (GHz)

Antenna afh

8:50 90 95 10-0
Al Q-5 4-0 40 40 3-0
A6 04 35 55 40 3-0
AlS 0-338 65 85 85 65

4.3, Radiation efficiency (np)
It is defined as

_ Radiated power Py
B ™" Input power Py,
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where
Pyp==Pp+ P = Pg+ P;-+ Pg (51)
where the dielectric loss P, arises due to the substrate having 2 finite value of tan §, and
the ohmic loss Pg arises due to the finite conductivity of the strip and the ground plane.
Since the attenuation constant « of the microstrip is defined as

Po+ Py -

“:PLIZP(Z)=—2?—(25»

the radiation efficiency is given by

— ._.__‘f_";_
& =55 TP, (53)

The discontinuity at the antenna aperture gives rise to mismatch loss. Hence, in
general Pr << P(Z) at the antenna aperture. If, however, the mismatch is small and
ignored, then

P(Z)= Py (54
Hence,
1 .
= . 55
N T+ 2a (55)
4.3.1. Dielectric loss {az)

The dielectric loss can be caleulated from the following relation™® which assumes that
the propagating mode is TEM

W_L (56)
de €

Equation (56) states that the partial derivative of the total electric feld energy U <_7f
the microstrip with respect to the relative dielectric constant « of the substrate is
given by the ratio of the electric feld energy U, stored in the dielectric and «.

The dielectric atienuation is given by

_ 20m gtans 67
% = {p(i0) 2

where ¢ is the filling factor given by

L (58)
F-1
(

qz
453D

LL§c.—4
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and

/2
Fl2a,b) — U + 10”

4.3.2. Conductor loss (a,)

The expression for a,{dbfem) is given by1s

(B - G+ e |

for 7 < T) <3 (59)
and
868 Za 2a/mb
<Z°”/ 2“ 2 +2—”+0-94
{ e (2 +0 94)}] o
% [(1 + 7£>—l for 2 < 2alb " (60)
3a/

where the sirip conductor is assumed to be infinitely thin and

R, =826 x 1073,/ 7Q (for Cu)

fis in GHz.
The characieristic impedance Z; of the microsieip line is given byl®

377h
. TaN—0-836
] . -0 —_ N —

2a \Je, 1 -+ 1735 ¢f ““"“( b)

Z, = @0

Since eqns. (59) and (60) have a limited range of operation with regard to 2a/b, it is
observed that whereas most of the antennas are covered by eqn. (59) in the calculation
of conductor loss, eqn. (60) must be used for antennas 4, and 4,.

4.3.3, Comparison of radiation efficiencies

The'radiation efficiencies 7z, (eqn. 55), #z, defined by

G
== p : 62

and 7, which includes mismatch loss determined by v.s.w.r. measurements in addition
t0 ¢, and a; are compared in Table II. p is the refleciion coefficient computed from
v.s.wr. data which are not reported.
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Table 1T

Comparisen ¢f 2, 75, and 7;,

f=9:375 GHz, L =128 ¢m, ¢ = 256, tan 8 = -005 (substrate)

Mi: [ ) [
Antennas ‘z'zﬂ!b;‘- e loslssr(r;?;ﬁt)‘:h 133:8?.: ”Rlﬁ et Taft

— 10log (nepers)

1 —p%
Al 0-637 0-045 0-078 85-33 77-0 86-5
A2 0-737 0-055 0-091 34-39 75-0 84-5
A3 0-766 0-025 0-091 83-83 73:0 845
A4 0-801 0-075 0-100 83-16 7639 834
A5 0661 0-040 0-080 835-88 81-50 86-3
A6 0° 663 0-035 0-081 85-84 7833 86-0
A7 0-667 0-030 0-0801 85-76 81-50 86+3
AR 0-620 0-020 0-0736 86-70 §5-0 87-6
A9 0622 0033 0-075 8666 8240 87-0
Al0 0-636 0-020 0-0675 86-38 84-5 87-0

It is observed that there is difference in the three values of 55 and also betwen #j, ~
g and np, ~ Hp,. This is dueto the fact that 5y ~ #p, is computed by considering
mismatch at the input of the antenna, whereas, yg, ~ #g, is obtained by considering
mismatch at the antenna aperture.

4.3.4. Input impedance

The input impedance at the coaxial plug termination fitted to the microstrip struc-
ture for the purpose of excitation is measured with the help of a slotied line and
computed from the v.s.w.r. and shiftin the first position of minima uvsing a Smith
chart. The variation of input impedance normalised with respeci to the characteristic

impedance Z of the R651/U type rectangular waveguide for antennas Al-Al0 arc
plotted in Fig. 16,

5. Di ion and 1

5.1. Guided-wave characteristics

We will call Fong’s method and the trial and experimental method as the first and the
second method respectively. -
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Fra. 16, Normalised input impedance of micro-~
strip antennas,

5.1.1. Propagation coefficients (um and Bu)

The nature of variation of Re (B,./k,) with respect to a/b and also the difference in
magnitude according to the two methods may be ascribed to the method of approach
in deriving the two theories. In the first method R,, has been assessed so as to fit in
the experimental value of 4, with that of the theory whereas the first method assumes

a priory Rp, > 1.

The hgh value of Im(B,./k,) suggesis loss of energy by radiation. The peak
values of a,, (ko) indicate high rate of decay of the field in the x-direction.

5.1.2. Reflection coefficient (Rum)

| Run | = 1 up to afb = 0°6 (Ist method), whereas | R,, | shows definite maxima and
minima within the range a/b = 0-6. The minima corresponds to the loss of energy
in the x-direction.

5.1.3. Guide wavelength (1)

Smaller values of 1, corresponding to (¢/h) =10 indicatc greater conceniration of
energy in the microstrip. Larger values of 4, for (4/b) < 10 indicate loss of energy

by radiation (Fig. 17).

A comparative study of theoretical and experimental values of 1, (Fig. 17) reveals
the purity (which depends on 4/b) of TM modes except for afb = 09 and a/b = 0-66
where the diffraction effect is probably predominant and mighi contaminate the TMy
and TM,, modes. .
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4-0

£ 3.0

W

z

P20
Fro. 17, Variation of guide wavelength 1, with
shape ratio (afb). - ~ - Experiment, —— Calculated

1.0 L L . N (Second method)
0 05 1.0 1.5 2.0

(a/b)

5.1.4. Purity of TM mode

The purity of modes and hence the method of excitation is justified by the exponential
nature of decay characteristics (Fig. 18) for all the microstrips eXxcept for A10 where
a peak appears at x = 1-8cm away from the centre of the sirip. There is also fairly
close agreement between the theoretical results calculated by the second method and
the experimental results. Since the valve of | R,, | is more realistic from the
practical point of view the second method is used.

5.1.5. Field supported by the substrate

The region bounded by the strip and the ground plane is open at x = + &, consequently

the field extends beyond x = 4 a. In the z-direction, however, the field decays expo-
nentially.

0.

o
e
’/f'/

NORMALISED POWER
z
z

o8

0.6}

a4

FiG, 18, Variation of [E,|* in transverse direction,
£=9-375 GHz L=12-8cm, ¢ =256
—Theory, -~ Expt,

¢t 2 (K] 2
PISTANCE x N &M
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5.2. Radiation characteristics

Figures 19 and 20 present comparative studies of theoretical and experimental radiation
patterns and beam widths respectively. It is observed that the antennas Al-A'7 are
characterised by a single broad lobe but the antennas A8-A10 have side lobes the magnis
tudes of the later relative to the major lobe differ between theory and experiment
(Table III).

The single Iobe characteristics at X-band for most of the antennas at different
frequencies except that of Al0 are maintained (Table V). The frequency dependence
of the 3-db beam width for some of the antennas are reported in Table V.,

o 100 l
&

L |

% 80} | ”

=z { [

= !

5 €0 : 9

3

= | db

g 40} ! 7

=2 { i

° l . i
" 20 s s 5 . . el

0 as 0 15 2.0 ) 05 1.0 5 2.0
(a/b) (afb)

Fig. 20. Variation in 3db beam width for Fie. 2t. Gain, directivity characteristics for

different shape factor (a/b).
f=9:375 GHz, L = 12-8 om, ¢, = 256,
~ Calculated, ~ = Experiment.

different shape factor (a/6).
f=9:375 GHz, L=~=12-8cm,
~—— Directivity, —~~ Gain.

€ = 256,
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Theoretical and experimental side lebe levels
f=9'375 GHz, L = 12:8 cm, ¢, =256

Antenna _ Side lobe level Difference in
——e sidelobe level
Theo. Expt.

)

A8 —17-2 —11-0 62

A9 —15-8 —~10+5 5-3

410 ~17-9 ~15-9 2

Table IV

257

Position of side lobe and its relative height compared tc the major lobe at X-bsrd
frequencies, L = 12,8 cm, ¢, = 2.56.

Antenna Shape 8:5 GHz 9+5 GHz
factor
(a/b) Position Relative Position Relative
of side height of side height
lobe compared lobe compared to
to major lobe major lobe
Al10 033 75° ~—10db 75° —15db
Table V

Variation of 3 db beam width at spot frequencies in the X-band with respect to these st
9-375 GHz, L. = 12-8 cm, ¢, = 2-56.

Beam width variation compared to 9-375 GHz

Antenna Shape
factor
(a/b) 8-5GHz 9-0GHz 9-5GHz 10-0 GHz
Al 05 +6° +14° +-18° +18°
A2 1-0 +2° +2° +8° —4°
A3 15 +8° +4° —2° —2°
44 2-0 —8° —12° +12° +32°
46 0-44 —24° - =20 —8° J16°
Ai0 033 —4° +4° +16° +30°
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b0y P
0.7

b T Fig. 22. Microsirip losses for different shape
0.5 factor {a/b). £=9-375 GHz, L =12-8cm,

€, = 2-56,
9.3l —~ -~ Dielectric Loss, -—— Total loss
"6 &s %3 f'.s 20 (Dielectric -+ Conductor)
(afb)

The appearance of side lobes for A8-A10 is possibly due to the increased separation
between the strip and its image and hence greater path length difference from P (¢, 4, ¢).

5.3.  Divectivity, gain, radiation efficiency and input impedance characteristics

5.3.1. Directivity and gain

Gain and directivity characteristics (Fig. 21) as function of a/b show the sensiivity
for afb < 0-5 which diciates the requirement of using more accurate fabrication

technique. Gain variation at spot frequencies for some antennas are reported in
Table Vi. The gain appears to be maximum at 9-375 GHz.

5.3.2. Radiation efficiency

Figure 22 shows the variation of dielectric loss and total loss (dielectric <+ conductor)
as a funstion of @/b. The radiation efficiencies ng, and 7z, as a function of (4/d) are
shown in Fig. 23. The difference between 77, and ng, (Fig. 24) accounts for the reduc-
tion 1n radiation efficiency due to the mismatch loss at the antenna aperture.
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gﬁ T N €5
£5 e pmm ] S -
289 7y
nie
o ol
50 . : . ° , . : p
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F16. 23. Radiation effiiciency for different shape Fia, 24. e, MR, for different shape factor
factor a(/b). (a/b).

f=9-375 GHz, L =128 cm, €, =256,
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Table IV
Variation of gain at spot frequencies in X-band as compared to the gain at 9.375 GHz.

Antenna Difference  in gain w.r.t. 9+375 GHz

85GHz 9-0GHz 9-5 GHz 10-0 GHz

4l —3:0 ~3.0 —3-0 ~4:0
A6 —3:0 ~1-0 —2-5 ~3+5
A10 -~1-7 03 03 —~1+7

5.3.3. Input impedance

The input impedance of the microstrip along with the coaxial feed as seen by a slotted
section has been measured. The real and imaginary part of the input impedance
varying with a/b (as reported earlier) shows that the variation is more rapid for
a/b < 1'0. The matching between the coaxial feed and the microstrip has been achieved
experimentally by adjusting the length of the tapered strip between the feed and the

strip radiator.

5.4. Conclusions
(i) The radiation theory om the basis of two-element array formed by the strip
and its image is well justified.
(ii) The coaxial method of exciting pure TM wave is justified.
(iii) Higher gain/directivity can be attained with sirip of small width and dielectric
substrate of small thickness, keeping a/b ratio small.
(iv) The maximum radiation efficiency is about 877 for small values of /b.

(v) The 3-db beam width is generally high.
It is believed that the major contributions of the investigations are:
(i) Radiation theory based on the concept of current strip and its image. )

(ii) Estimation of radiation efficiency.
(iii) Near field analysis.
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Appendix 1

Microstrip specifications

€ =2'56, tan8=0-005, L =12-8cm.
Structure aincm bincm afb
No.

Al 0-10 0:20 0-50
A 0-20 020 10
A3 0-30 0-20 1-50
44- 0-40 0-20 2:0
45 0-10 045 022
A6 0-20 0-45 0445
A7 0-30 0+45 0666
A8 0-20 1-20 0-167
45 0-30 1-20 025
A10 0+40 120 0:33
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Appendix 1T

Values of normalised a,/Ko, fu./ko and | R,, | calculated from Fong’s equaﬁons

Structure @inem  binem | R,,|  Mode No, oulko Buanlko
No. m n
A4l 010 0-20 1-0 1 1 6-079 — i9-354 7-188 +19-71
A2 0-20 0:20 060 1 1 3-075 —i0- 667 0-24 +i8-3%
A3 Q30 0-20 0-368 2 1 6:425 —{1-324  0+973 + i10-066
A4 0-40 0-20 0526 2 1 3-562 —i0-436 0-18 +i8-60
A3 0-10 045 1-0 1 1 3036 — i4- 663 3-70 +13-823
A6 0-20 0:45 1-0 1 1 3-036 —~ id- 663 3470 4+ i3-82
A7 0-30 0:45 1-0 2 1 3-859 — {14-676  14-24 4 i3-97
A48 0-20 1-20 1-0 1 1 0-854 —il-113 1-34 41071
A9 0-30 1-20 10 1 1 0-854 —i1-113 134 4i0-71
A10 Q-40 120 10 1 1 0854 ~i1-113 1-34 +i0-71
Appendix 11T
Comparison of oy, B, and |R,, | . f = 9-375 GHz

q'mjkﬂ ﬁmn/kﬂ 1 ‘Rmu l
Structure
No. Fong’s Trial Fong's Trial Fong’s Trial

method method method method method  methed
Al 6-08 —i9-35 14+0 —i1+26 719 4-39-71 1+10 +i16-0 1-0 0-60
A2 3-07 ~10-67 698 —i1:96 0-24 +i8-39 1-325 +i10-04 0:60 021
A3 642 —il-52 73 ~il-74 0-97 +-110-07  1-20 4i10-62  0-368 0-12
44 3-56 —i0-44 5:84 —i2:00 0-18 4-i8:60 1-17 +i9-40  0-526 004
A5 3-04 —i4-66 14+0 —it-142  3-70 4-i3-82 112 4-i14+3 1-0 063
A6 3+04 — i4-66 70 —il:125 370 4+ i3-82 1-03 4 i7-65 1-0 041
A7 3-86 — {1468 73 —il-1l 1424 43397 1-04 +i7-95 1-0 026
48 085 ~il-11 70 ~i1-045 1-34 4+i0-71 1-055 + 1694 1-0 0-43
A% 0-85 —il-11 465 —i1-025 1-34 +i0-71 1-045 +i4-56  1-0 029
410 0+85 —il-1l 3-46 ~i0°98  1:34 }i0-71 1-015 4+ i3-40 1-0 021

Appendix IV
Integration by the Stationa;y Phase Method™®
Consider the general expression for the magnetic field given by eqn. (22), this may

be rewritten for any component, say H, as

o o0
Hy(x32= [ [ F(SiS)explke(Sx+ Sy 4 ColdSids, (A1)
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When k. > 1, the exponential factor is a rapidly changing function of S; and S, and
the principal contribution to H arises from the stationary phase region. Let

=0, ¢=d (A.2)
be the point of observation, Then

x=rsinf,sing,
y == rsin G, cosd,
z = rcosf, (A.3)

the exponential factor in eqn. (A.1) will therefore be given by
Six + Spy + Cz
= r [sin & sin ¢ sin @, singy, + sin & cos P sin #, cos ¢y + cos § cos G,)
= r[sin @ sin &, cos (¢ — ¢y) + cos # cos ] (A.4)
48, and dS, are given by J df dp where J is the Jacobian given by
ds, dS, 8 28,

=138 3% "¢ |

Hence
J=| —cos@sin¢sindsing — sinfcospcosfoosg|
= |cos@sing sin? ¢ + sindcosfcos®¢ |
=|sin@cost | (A.5)
Eg_ua.tiun (A.1) may therefore be rewritten with the appropriate substitutiox;s to
give
X2
H,(52,9 = o5 f f F(5,5,) exp { ikor [Sin 0 sin B, c0s (B — o)

4 008 § cos 0,] } sin B cos 9 dP dp (A.6)
denoting the exponential factor in eqn. (A.6) by f(6,4)
f(8,¢) = sin 0 sin 8,08 ( — P,) + cos fcos @,. (A7

At the critical points

¥ _o; Xoo (A8
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Hence
% = — sinfsin B, sin(p — o) =0

this will be true for

¢ = ¢a-
Next
df . .
3= cos @ 5in 64008 (¢ — ¢o) — sindcosfo =0
ie.,
cos @ sin 6, = sin § cos 8.
Hence
cot 8 == cot B,
Hence
8 =0,

Thus eqn. (A.6) may be written as

R o oo €70 2misin §oc08 8y
H,(x,2,2= and F(s1, 59 kot (0B — pH/2

where

» az DZ d2
01=b‘9’{“, 131=’—'f ?1=w“bf$

W’
all evaluated at (6,,¢,) and
59 =sin Gy sing,; 53 =sind,cos o

proceeding to evaluate a;, B, and 7

=L
L7007 ligoyee

— — sin B sinf,cos (P ~dg) —cosfPcos b,

at

& =y, é =¢6'

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)
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.. The stationary phase point is (¢ = §,, ¢ = ¢,) which is the same as the point of

observation
a = — 8in? @ —cos? = — L.
Similarly,
DZ
b= D—fz (60,80
= — sin &, sin @, cos (F, — Po) == ~— sin? 4,
S

1 =509 cgay00
= —c0sf,sind, sin (¢, — Po) = 0.

Hence
I U S
\/leﬁl — 7 - 1/8}33 f, sinf,’
BEquation (A.t1) is therefore reduced to

k3 2mi
H,(%,7,2) = g5 F(S% 5 7, 6% cos 0.

(A.14)

(A.lsj

(A.16)

(A.17)

The method described above is quite general in nature and has becn worked out using

the H, component as an example.

Appendix V

Vector transformations

i, sin Osin¢ sin fcos ¢ cos &
( Ig. ) = ( cos fsin ¢ cos 0 cos ¢ —sin 0

iy —cos® sin ¢ [}

7, sin 8 sin ¢ cos 0 sin ¢ —cosd
( iy ) = ( sin 0 cos b cos 8 cos$ sin ¢

i, cos @ —gin @ 0

)

)

o mat
WE

E S



