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CHAPTER I

INTRODUCTION

I The customary method of measuring the gain of microwave
antennas is by comparison with a standard gain pyramidal horn.
The gain of the standard gain horn is determined either by calcu-

lation from the dimensions of the pyramidal horn or by measure-
ments. If the far field gain is to be measured, near field cor-
rections are frequently necessary for accurate gain measurements.
In this research, the object was to investigate the use of the

Geometrical Theory of Diffraction (GTD) for calculating near field
corrections.

I Both the GTD method and the equivalent line source inte-
gration (LSI) method were used for the calculation of the on-axis
near fields for non-corrugated pyramidal horns. For small horn

dimensions, the LSI method is recommended for somewhat better
accuracy. For the corrugated horns, the aperture integration
method (API) is used for better accuracy.

I In most published research the range is defined as that
between the two horn apertures. A more appropriate way to define
the range is to use the distance between the amplitude centers

of the two horns. The amplitude center of a horn is determined
from its E- and H-plane phase centers. Because the range is defined
as that between the amplitude centers, considerably less correction

is required as compared to using the distance between the horn
apertures.

The method for using the near field range correction to
determine the far field gain from the measurements of coupling
between two horns is discussed in Chapter VII. The measured coupling
data used in this research are based on measurements taken at

the Measurement Standards and Microwave Laboratory at Newark Air
Force Station.
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CHAPTER II

BASIC GTD THEORY

Wedge Diffraction

The basic GTD analysis for horn antennas [1-5] is the diffraction

by a wedge as shown in Figure 1. There are three basic contri-
butions to the field at the observation point, namely, the incident
rays and reflected rays (called the geometric optics rays) and
the diffracted rays as seen in the figure. Depending on the position

of the observation point there may be no incident ray or no reflected
ray as seen in Figure 2.

For an isotropic point source, the incident ray at the obser-
vation point (s, ) is given by

-jks i

s 
i

where si is the distance between the source and observation points
as shown in Figure lb. The reflected ray at the observation point
is given by

-jks
r

Er = + e (2)- S
r

where sr is the distance between the image and observation points.
The plus (+) sign is used for E-field polarization perpendicular

to ray fixed plane of incidence and the minus (-) sign is used
for parallel polarization. The diffracted fields at the obser-

vation point (s, ) are given by [6]

m E1 (QE) s (L, ,¢o,3o.n) A(s) eJk (3)

= E1(QE) Dh(L,, ',)o,0n) A(s) ejks (4)

where Eii(QE) is the parallel component which parallel to ray fixed
plane of incidence of the incident field at the diffraction point

QE, Ed is the parallel component of the diffracted field at the

23
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Figure ?. Boundary regions for the wedge problem.
Region I: Incident + reflected + diffractedI

diffracted rays.

Region II: No reflected ray.
Region IIl: No reflected and incident 3

rays.I

observation point, and EI(QE) and Ed rethe perpendicular compo nents.

For an isotropic point source located at (s' ,¢o, th, incident
field at the diffraction point QE is given by

00 s'10 ( H)

where s' is the distance between the source and diffraction points.
The spreading factor, A(s), describes how the amplitude o tk

field varies along the diffracted ray,

A(s) - s (6)3

The diffraction coefficients, Ds and Dh, for each incident polar i-

zation are given by

EDs,h(L,,(K,Ro,n) =D1 (L, - ,i3,n) + D1 (L,b+t 0 ,2 ,n)

(7)

whFre the minus (-) sign applies for D and the plus (+ sign for
Dh.  The components of the diffractioncoefficients are epressnd
in tIrm: c

Reio II:N elcedadicdn

rays.
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Di(L,,,: oIn) _ ecot( _ n)F(kLa+(
2n12-ks i nO

0

+ cot('2 n)F(kLa- 1-

wheret, is the incident angle with respect to the edge. The wedge

paramet8 r n is given by

n = 2  -WA
n

where WA is the wedge angle in radians. The angle parameter is

qi ven by

'= + 10)
I,

and +
+ ~2 n_-_ )- 1a 2 cos2 1

+

where N are integers which most nearly satisfy the equations,

2rnN+ 
- = 12

and

2,'nN - , = -r . (13

The transition function which is basically a Fresnel integral is

given by

j(x) = 2j x e r ee-jT
2

)

3 JX e d ~
-x

For spherical wave incidence or a wedge with a flat surfacp, the

distance parameter is qiven by

L = s+s sin .-0IS

I0
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The total field at the observation point is the sum of the

incident, reflected, and diffracted fields as given by

Et  Ei  + Er  + E (16)

For grazing incidence along the wedge surface (,"o=0) the incident

and reflected terms combine to give the total geometrical optics

field effectively incident at the observation point. Thus,

-jks.

EGO E + [r = 2 e . (17)S.

and the diffraction coefficient becomes

= 2D (I,"+, Ir q) 1 '

It is usually more convenient to use a unit amplitude for the

incident wave as given in Equation (1). Consequently, the geo-

metrical optics field for grazing incidence is defined as

GO 
e -iks

E - s, (19)
S.

and hence the diffracted field for grazing incidence is given by

E d  E i(QE) Dm(L,t,?,on) A(s) e-jk s  (20)

where

Fi(Q O- e
- jks

'

I = E - ()(Q E , s' l

'1u211 Diffract ion

It is well known that the tangential component of the electric

field vanishes on the surface of a perfectly conducting plane.

Therefore, in the case of grazing incidence on a wedge, the parallel

component of the incident field vanishes, and thus one ne,?ds t' use

slope diffraction in order to obtain the H-plane pattern. The slope,

diffracted fields are calculated in a way similar to ordinary ed(le
PD

diffraction except that the slope diffraction coefficients -,,,S

and and the slope of the incident field :-t the edge ar,3 jso*i

'0 
n
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Slope diffraction can he derived from ordinary edge dif-

fraction by considering a dipole source composed of two isotropic

point sources as shown in Figure 3. The field of the dipole source
is given by

I -jks+ -jks
s = +____ - e (22)

where s. and s are the respective slant distances from each indi-

vidual source. For small spacings Q-si,
S=s i  + _ sin sin4,

where C is the angle measured from the z-axis as shown in Figure 3a,
and ' is measured from the xz plane as shown in Figure 3b. Thus,

the source field can be expressed as

I jk . kz - k95~ n s n
[e+J insin - e 2 i

i v j k s i

2 j I sin(Q sinv.sin,) .e-_- . 3

I (a) (b)

Figure 3. Dipole source for slope diffraction.

I
For a slope diffraction source k 0, and thus

j k s iEs  = jk[ .sinflsin , ('- s.- p ;4)

I1



The slope diffracted field can be derived by superposition
of the diffracted fields from the individual sources as shown in
Figure 4. Thus by using Equations (3) and (4)

Esd' e , +[D - Ds ( o - ) A(s)e-jks

(25)

where D is used for parallel polarization and Dh for perpendicul3,

polarizAtion. Since A - 0 for a dipole source Equation (25)
can be expressed as

sd eis ) k
E I e-jk' Dsh I A(s) e-jks (26)

5' 0

Furthermore, the slope of the incident field at the diffraction

point QE can be derived from Equation (24) as

DE si -S1 1 e -jks '

E '1 = sin2o s' (27)

where 0 is the angle of the incident ray with respect to the edge.
From Equation (?7)

!e- j k s '  -I Es i

I -- KP- (28)

and substituting into Equation (?6) gives the slope diffracted
field in terms of the slope of the incident field,

Esd _ 1 iEsi Ds'h AA° A(s) e
-jks (29

jkc.sin, 0ij (29

"0 '0

From Figures 4a and b

I [ " I1 A~ A! 30, s' sin 0 ^' o (30)

dnd substituting into Equation (29) gives

E si -1 sEs

- ,- T  1 A(s) e-jks (31)

jks'sin 0 . IT 0
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Figure 4. Slope diffraction for a wedge.
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The slope of the incident field at the edge can be expressed in

terms of the normal to the edge as shown in Figure 4c. Thus

iEsi E32

'Es = - S' n - 5' sinB 
E s i 32)

Thus the slope diffracted field can be expressed in terms of the

normal derivative of the incident field at the diffraction point

QE as

Fsd . 1 - En -Ds 'h A( -jks ( 3)

For grazing incidence the parallel components of the incident

and reflected waves combine to form the geometrical optics field

as discussed before and, consequently,

sd I 1,Es 
Ik

- ksinj ° ns D p (L, , on ) A(s) e
- (34

where I
D I(L, ,%o)n)I

Dp I((L,t ,oI) % (35)

Equation (34) applies for grazing incidence where DpI is used in I
the same manner as DI was used in Equation (90).

U
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CHAPTER III
FAR-FIELD PATTERN ANALYSES

E-Plane Pattern

I In the case of standard gain horn antennas, the feed waveguiJe
dimension is small; therefore, the dominant propagating mode within
the horn can be approximated as a spherical wave with a TE10 mode

distribution,
-jkR o  mtaneH

EG.O. = e cos (36)
Ro  2taneoH

where Ro is the distance from the apex of horn to the observation

point, OH is the angle measured from the H-plane, and eoH is the
half-flare angle in the H-plane as shown in Figure 5. Here it is

assumed that the source is located at the apex. From the TE1 o mode
distribution, one obtains a uniform amplitude distribution in the
E-plane and a cosine amplitude distribution in the H-plane.

Our purpose for calculating the far field patterns is to
find the phase center in each principal plane. Then the amplitude
center for the on-axis radiated field can be determined from the
phase center information as will be discussed later. The E-plane

pattern can be approximated by superimposing the contributions
from the geometrical optics field and the first order diffracted
field from the two diffraction points QE and QE2 shown in Figures

5 and 6. The doubly diffracted field and higher-order fields are
usually small for most horns and are often neglected. For a more
detailed analysis in the E-plane pattern see Reference [3 . In

the E-plane OH=00 , and thus the geometrical optics field is given by

- jkR o

EGO e (37)- R '
0

where R0 is the distance from the E-plane apex to the observation
point. For far field distances,

Ro = REl + LE cos(OoE - 0) (38)

Since the source is located at the apex of the horn walls the E-
plane diffracted fields are given by Equation (20) which applies
for grazing incidence. Thus the diffracted field from the dif-
fraction point QEl is given by

I 11
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E ' (QE).DI(L ) -ooE+, o,n)-A(RE)e El(3n)

where

0=2 
(40)

n =2 (41)

L LE (42)

L EL EiL E
___ J -- C for R>>LE (43)

REI - RLEc Ro 0El E

REl R Ro - LE Cos(eoE-) for REI, Rol>LE

(44)

and -jkL E

E(QEl) = e L E

Thus the diffracted field from 
0El can be expressed as

-jkR0 -jkLE jkL CosP -)

d _ e e E* oE
EI R ..... DI(LE,- oE+e,-,2) L(4o JL E  (6

Similarly, the diffracted field from the diffraction point QE2

is given by

-j kR -jkLE jkLEcos(e oE+.)

E 2 R 0 - DI(LE,-eoE-0 ,2,2) e

For far field distances, the rays corresponding to the three terms.

EG.O. Ed and d
E 2 are almost parallel and thus the three field

vectors can be summed as scalars. The total field in the E-plane

pattern is given by

E T (o) = EGO" + E + E d (48)

I
* 13
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I
-jkR 0

Also, these three terms have a common factor e R which can

be suppressed for the convenience of our E-plane pattern analysis.

Each term in Equation (48) contributes to the field only
in certain regions as shown in Figure 7 because of shadowing h~y

the horn walls. Each region and the terms used there are defined

in Table 1.

Table 1

Boundary Regions for Geometrical Optics I
and diffracted fields

Region mi max Termsmin maxi

o o+El -E 2

I E~ % EG.O. d +Ed

o 2 1 2
d+ dI

IIo 2 Ed
d d

IV IT + o +0  E +E

V i+E Ed

VI -0o E + E

An example of an E-plane pattern is shown in Figure 3 for I

the Scientific-Atlanta (S/A) standard gain horn antenna (model

number 12-8.2) for a frequencX of 10 GHz. The flare angle of the
S/A horn in the E-plane is 13 and the aperture width is 14.4 cm

or 4.8A at 10 GHz.

I

14
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Figure 6. E-plane cross section of horn for far-field

pattern analysis.

I ~- S. B. I

w 80

I ~I~S.B. 2

Figure 7. Boundary regions for geometric optics

an diffracted fields.
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Figure 8. E-plane pattern for Scientific-Atlanta

horn (model 12-8.2).
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H-plane pattern

In Reference [4], GTD was used to calculate the H-plane pattern
by representing the TE1 o waveguide mode as a pair of plane waves.
The analysis is tedious because there are multiple reflections

between the horn walls. This makes it necessary to consider many
reflections and diffractions in the process. The use of slope
diffraction in conjunction with a simple source at the H-plane

apex gives a much simpler model for the H-plane. Thus the slope
diffraction concept [5] will be used here.

In the H-plane, for grazing incidence along the horn walls,
the tangential component of the electric field vanishes on the
surfaces and thus only slope diffraction is used to obtain the
H-plane pattern. The H-plane pattern can be approximated by super-

imposing the contributions from the geometrical optics field and
the slope diffracted fields from the two diffraction points QHI ,

I H2 as shown in Figure 9. The contribution of the E-plane edge

will not significantly affect the H-plane patten shape but will
slightly affect the computed front/back ratio. The contribution

of doubly diffracted and higher order fields are usually small
for most horns. Therefore, the contribution of the E-plane edge,
doubly diffracted and higher order fields will not be included

in our study.

I o~o,

7TQH Ri E sd

I Figure 9. H-plane cross section of horn for far-field

pattern analysis.

* 17
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The phase reference is taken at the H-plane apex as shown
in Figure 9. The geometrical optics fiPld is approximated as

G.O. 7 co O-jkR0
EGO = cos(- LHCos"o t a n) ) e ----R- -

0

-jkR 0

Cos( tan' e t? o tan-- -,-H- ..
oH 0

whero a = ?L H sine oH

For narrow flare anglo "H 200)

-jkR

EG.O. cos -- - e 0

F oH 
o

Since the source is located at the apex, the H-plane diffrar.tpc

fields are given hy Equation (34) which applies fo!- grazinq inci Anc.

The slope of the field incident on the diffraction points QHI "QH2 is given by

E 
s i  1 E (QHI,2

)

n L Ho

H oQ

- - LH  T!#l?

L H

oH

-jkLH tan '

. .... ...._ Cos (2t ,,

whore the slope of tho pattern is doterninoH as

183



(,, 2t anH slnr 1O f

oH

Thus we qet,

-H

U A~• si je1R1±H ,fr:H

-n L s in2 'oH

-fR  -  - - for R H 'l

-j k L H  
-j k R l

. sd e pL I-2 "
El I jk---i n2.oH L 3/2 DpI H' oH+ .. , 'p Hi

HLH

(5

Similarly,

-sd e jkLH jkRH?
sE D (LH . . ' 2 e
f2 Jk-s-[n2-- 0H L -,3/-2 P Dpl 9 oH '2, R.. ...usn2 oH RI

H 
H 7

For far field distances,

RHI = R - LH cos("o - )

RH? = Rn LH cos(. oH +

ind for narrow flare anqle (, oH ?no ', the slope diffraction fili
hecome

j -JkL H 
-jR ' j I: -sd~o T ( L + k H  n

..jk2oH Li, LI L' W k 2' R1 9

I0

* 19



-jkLH -jkR° jkL
sd e D (L, e _oHCos oH,22
E2  L1/2 PL H' oH'2'2 R-e

(61)

The total field in the H-plane pattern is given by

ETOT EG.O. Esd +Esd (62)

E (~=E -~-1  2

-jkR 0
Tefcoe oI--

The factor, , can be suppressed for the convenience of theR
0

H-plane pattern analysis. .

The regions for the geometrical optics and the slope dif-
fracted fields are the same as for the E-plane shown in Figure

7 and given in Table 1.

An example of an H-plane pattern is shown in Figure 10 for
the S/A standard gain horn (model number 12-8.2) for a frequency 0

of 10 GHz. The flare angle of the S/A horn in the H-plane is 16.50
and the aperture width is 19.43 cm or 6.48 at 10 GHz.

20
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horn (model 12-8.2).
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CHAPTER IV I
ANALYSIS OF HORN'S ON-AXIS NEAR FIELD

USING GTD

The GTD analysis of the on-axis near field radiated by a
rectangular horn is similar to the far field pattern cases. As
shown in Figure 11, the source is located at the apex, the total

field at the observation point is the sum of incident and diffracted
fields as given by 3

-G O 0-d d -d -sd -d(3

where E- 'O'  E, [ d and sd are defined as before except that
the distances, angie plrameter , and spreading factors are modi-

fied for the near field case as will be defined later.

As shown in Figure 12, for the on-axis near field in the
E-plane, the amplitudes of the two diffracted fields from QE1 and
Q in the E-plane are equal because of symmetry in the ray e-

whetry. Thus the diffracted fields are given by Equation (20),whereI

LEREl

El I
L = L E R El(64)

L E+R El

S= R[ = R[2 (65)

- 01 o - 0 (66)3

Ztan1  A (67)

DA(s) E E,,2 (68)I

d Ed e-kL[ D L[ER[ E I jkR[ 3l
E\[ +REl +oE- ) JR 1 (R[1 +L[)

(69)

22 3
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oE I
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__ __ I

V"D E

I*- E A
Figure 12. E-plane geometry. 3

However, the two diffracted electric field vectors are not in the

same direction at the observation point as shown in Figure 13.

The coso' components are in the same direction and can be added

together, but the sin components are in the opposite direction

and cancel each other. Thus the sum of the diffracted fields from

the diffraction points QEl and QE2 in the E-plane is given by

d d os
EDIF 1(E + E2

-jkLE (L& E e- jkREl 3
=2 e D LR ,- 7 TT) Cos.

LL L+R o-l'2
E EE JREl(REl+LE)

(70)

Similarly, as shown in Figure 14, for the on-axis near field 1
in the H-plane, the diffracted fields from points QH1 and QH2 are
given by Equation (34), where

L LHRHl (71)

LH+RHI 3
S = RHI = RH2 (72)

0= -o (73)

I
24I



3 E G.O0.

8

QE2

3 Figure 13. Analysis of the direction of EM field4

propaoation in the --plane.

Oi tn A (74)27A

As J'H 
(75)

Esd Es
E1  E2

2T e 2kLH D L H R Hi. TT il 2) e-jRH

Oo ik3/2 P1 (LH+RH(R+L

I Since the two diffracted E-fields are in the same direction at
the observation point as shown in Figure 15, the sum of the dif-3 ~ ~~~fracted~ fields from the diffraction points H1andQH is9vf

H Esd +Esd3DIF 
- 1  2 _j LHL Rj 

RH

I H HL LH+RHi JRjl (R l+LH

I (77)

3 25



oQHI

IIH ZA

Figure 14. H-plane geometry.

The E-plane apex is chosen as the phase reference point such
that the same phase point is used reference for both the E- and
H-plane in the calculation. Therefore, in the H-plane, the dif-
fracted field given in Equation (77) should be multiplied by the

ik(HH-HE)

phase term e then the sum of the diffracted fields from
the diffraction points QHl and QH2 in the H-plane becomes

-jkL HM LHR ejkRHI
H TT2( 2) e

ek 3/2 PIL+R )I HoHe22
oH=ik- Hl H)

(78)

where

LHM = LH - (HH-HE)COSOoH (79)

Finally, the on axis total field at the ohservation point is the
sum of the geometrical optics and the diffracted fields from the
four diffraction points as given hy
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Figure 15. Basic field contributions for the pyramidal horn3 at the observation point.

E ETOT E G -O . + EDIF + HDIF

3 -jkR 0 +D(LEi lT kL E jk(R 0-R E
R I' oE 2)I L

0 '~i T-G -e"
R -- cosO+p L HHI IT 

)
REl(REl+LE) LH+RFj oH

I -jkLHM R 0
o ek Ro ik(R-R(R)

iH I HlHlIH)
*~(80)

However, for small horn dimensions, the normal GTD calculations
are not accurate enough. In that case, the accuracy can be im-
proved by using the LSI method for non-corrugated horns and by
using API method for corriiqated horns which Are discussed in
Appendix A and R, respectively.

I
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CHAPTER V
AMPLITUDE CENTER FOR ON-AXIS WAVE

The on-axis gain of a horn antenna is not uniquely defined
in the near field. In this research the near field gain G(R) is
defined through the following equation for the incident power density I
at points on the horn axis:

Si PTG(R)
4nR? (81)

where P is the transmitted power. Still, the near field gain
G(R) de~ends on how the range R is defined. In most published

research the range is defined as that from the horn aperture. Thus
the aperture to aperture distance is usually used to define the

gains of two horn antennas through the coupling formula

IP R 2
V~ - ,4' ,G(R) GR(R) (82)PT 3

Then near field corrections [7-11] are applied to determine the fir
field gain.

A more appropriate way to define the range R is to use the 3
concept of an astigmatic ray tube which is often used in GTD.
In an astigmatic ray tube there are two caustics from which the
power appears to emanate as shown in Figure 16. A spherical wave 3
is radiated when the two caustics are coincident to form 3 ordinary

focus.

0

Fiqure 16. Astiqmatir tuhe of rays. 3
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The on-axis wave of a pyramidal horn can be represented as

an astigmatic ray tube in which the E- and H-plane phase centers

of the horn form the caustics.

The power spread in an astigmatic ray tube is given by
plP2 C 2

Si(s) = C1  (Pl+s)(P 2+s) R 2 (83)

where each distance is shown in Figure 16. For the horn, P=D

and P2=DH' the distances of the E- and H-plane phase center fom

the aperture. The distance s is measured from the aperture to

the observation point. Thus the range R is defined through Equa-
tion (83) as

I 2 = (s+DE)(s+DH) = s2+(DE+DH)S+DEDH (84)

For distances s large compared to the distances of the phase centers
from the aperture,

R s + (DE+DH) (85)

I Thus the amplitude center is located half way between the E- and

H-plane phase centers, or a distance

SD- DE+2H (86)

3 from the horn aperture.

Thus one should first compute the phase centers for the E-

and H-planes. The phase center of a horn can be determined from

the far field pattern. In our calculation of the E- and H-plane
patterns the horn apex was used as our phase reference. There-
fore, the far field can be represented by

E( ) : F( ) le (  )e jkR(87)

where ¢(O) is the phase of the calculated pattern and R represents

the distance from the apex to the observation point as Rhown in
Figure 17. The equivalent line source integration (LSI) method

was used to calculate the H-plane phase centers because the slope
diffraction method is not as accurate for small horns. For far
distances,

R R + Ax coso (88)I0 p
where Ax is the distance from the apex to the phase center.

I
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PHrAE CENTER -OBSERVATION I

APEX POINT I

t4 Hi CONSTANT

Ro

Figure 17. Phase center of the horn.

For small pattern angles the pattern will have no phase vari-
ation when referred to the phase center for the on-axis wave.
Thus the far field also can be represented by

E(o) = IF(r)e j B e - j kRp  (89)

where B is a constant phase and R, represents the distance from
the phase center to the observati n point. From Equations (37)

and (89), one obtains

B = l()1) - kAx cosO (90)
Therefore 140)

Ax ) cosf. -)  (91)

In free space medium, 3
2 = -

(92)
thus Ai

(93)--=2"(cosfl-1)-

The distance from the aperture to the phase center is given by 3
Dx = H - ,'x , (94)

where Hx is the distance from the apex to the aperture. I

I
30 3

I



I

I
The following examples show the calculation of the E- and

H-plane phase centers for the Scientific Atlanta 12-8.2 horn at
0 GHz. The computer listings give the pattern magnitude in dB

and the phase in degrees.

I Example of determining the phase center of E-plane:

UIDTHI 4.801 (LAMDA)

LEN6TH- 10.397 (LANA)

FREGUENCY- .000 0H2
*** E PLANE ***

THETA NAG. PHASE

-10.00 -5.75060 9.70596

-9.00 -4.74633 7.00847

-9.00 -3.52313 5.53553

-7.00 -2.26580 5.42624

-6.00 -1.09745 6.31997

-5.00 -0.08109 7.76276

-4.00 0.75675 9.37060

-3.00 1.40759 10.86202

-2.00 1.87055 12.04646

-1.00 2.14723 12.80216

0.0 2.23924 13.06105

1.00 2.14723 12.80256

2.00 1.87056 12.04684

3.00 1.40759 10.86237

4.00 0.75675 9.37018

5.00 -0.08109 7.76254

6.00 -1.09744 6.32045

7.00 -2.26510 5.42597

0.00 -3.52313 5.53583

3 9.00 -4.74633 7.00857

10.00 -5.75059 9.70641

(10) = 12.802560

(00) = 13.061050

AE 
= " = 4724M

tD E = 10.397-4.724 = 5.67"
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Example of determining the phase center of H-plane: 3

UIDTH- 6.477 (LARVA)

LENGTHs 10.947 (LARVA)
FREQUENCYI0.000 GHZ
*** H-PLANE s**

THETA MAO. PHASE

-10.00 -5.23606 -11.25019

-9.00 -4.43553 -8.93096

-8.00 -3.63083 -6.81771

-7.00 -2.64653 -4.78290

-6.00 -2.11113 -2.79789

-5.00 -1.45086 -0.90495

-4.00 -0.88603 0.81359 3
-3.00 -0.43463 2.26580

-2.00 -0.10495 3.36932
-1.00 0.09535 4.05762

0.00 0.16252 4.29179

1.00 0.09535 4.05806

2.00 -0.10495 3.36932

3.00 -0.43463 2.26624

4.00 -0.88683 0.81314

5.00 -1.45086 -0.90494

6.00 -2.11113 -2.79787

7.00 -2.84653 -4.78290

8.00 -3.63083 -6.81724

9.00 -4.43553 -8.93097

10.00 -5.23606 -11.25018

4 (10) = 4.057620

,p (00) = 4.291790

H = ( 0 )-4(O0 )  (')

'Yx3--OTco- -coE6s- oy *AXH 36Vosi-6T~OT 4.271()I

DH = 10.947 - 4.271 = 6 .68()
.
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CHAPTER VI

ANALYSIS OF HORN GAIN

The incident power density at the observation point is given

by 2 ETOT R(_2
sE(R ) - o (94)

where ETOT(R) is given by Equation (80) and Z is the free space

intrinsic impedance. From Equations (81) and (94),

G(R) [TOT 2

where G(R) is the near field gain of transmitting horn at a distance

R from the amplitude center of the horn. In the coupling analysis

the range R is the distance between the amplitude centers of the

two horns as shown in Figure 18. Thus the observation point of

the transmitting horn is located at the amplitude center of the

receiving horn. PT is the transmitting power which is obtained

through the geometric optics field

E G.O.(R ) cos _ e__R 0 (96)
0 20 Roy 0

and )x Ioy E (Ro) 2

P T =  R2do de

o Z0 x y

oy 2 9

0 Cos

=ox [oy  2o dn dr

ox -oy Z 0

2e oxo y AB 
(97)

i .2LHZo (97)

where R is the distance from the apex of one horn as shown in

Figure T8. The geometric optics gain is given by

G G 4T 0 , or

G GG.O. 81LELH

Dividing Equation (95) by Equation (98)
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I
G(R)_ (_)2 IETOT (R) IR_o2 EGTD(R 2 (99)

G-G. 1F = g .O. ( o

AMPLI TUDE
CENTER

P - -AA

F" ZA

R o

Figure 18. Transmitting and receiving horn antenna geometry.

where EGTD (R) is the on-axis normalized near field and is given

by -jkL

EGTD(R) = 1+2DI LE+R El 7 2,2) e __o_ .......LE+REl , LT °E -E PREI (R Ez+LE

jk(R°-REl) 3
"e Cos•

+ 2 L +R 
.j -jkL H

+ HH 1 2__ .e
P1(L H +RH1 _ 1OH ' 2 2n oH kL 3/2  JRIR+

LH /RHI RHi+LH
j( 0 -R.H.I

jk(Ro-RHI) (100)

For far distances, i.e., as R approaches infinity, the fa' fiel4

gain is given by

G(-) = GF ' F " = G.O. EGTD ( ,,,) 2 Rsince I 107

Then, the gain correction (gain ratio) is given by
R G(R) R' 2  EGTD(R) 2

GAN GF.F R ) EGTD(.) I

For the convenionce of the reader, Tables 2 and 3 q'ivr ,ml-
maries of the variables used in the horn analysis.
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Table 2
Summary of Horn Parameters

a H plane width of the waveguide 14

h E-plane width of the waveguide 12

A H plane aperture width of the horn 14

B E-plane aperture width of the horn J-2

LE  E-plane slant length of the horn 12
(length between QEl and the E plane apex)

H-plane slant length of the horn 14
(length between QHI and the H-plane apex)

HE  Horn antenna length in the E-plane 12
(length between the E-plane apex and

aperture)

HH Horn antenna length in the H-plane 14

(length between the H-plane apex and the
aperture)

oE E-plane half-angle 1?

0oH H-Dlane half-anqle 1/1
R E Distance between Q and the observation '2

point on the axis 6f horn in the E plane

RHI Distance between 0 and the observation
point on the axis d horn in the H-plane l4

Z AA Aperture separation 18

7A  Distance between the aperture of the 18

transmitting horn and the amplitude center

of the receiving horn

R Distance between the amplitude center 18

of each horn

R Distance between the apex of the transmitting 18

horn and the amplitude center of the
receiving horn

DE Distance between the aperture and the phase 1?

center of the horn in the E-plane

DH Distance between the aperture and the phase

center of the horn in the H-plane 14
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Table 3 3
Summary of Horn Geomtry Relat~onshins!

SD DE + D II

n
?

A AA

3 R ZAA +2D

4) R 0 ZAA4 D+l E

RE 1(2 + Z A

AH 4- Z 2
Rn

7) ' =tan- (27 )

3
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CHAPTER VII

ON-AXIS COUPLING AND NEAR FIELD CORRECTION

The near field gain of an antenna is often defined through

the coupling equation

P R )2

( GTR (R) (103a)

However, this definition causes the near field gain of each antenna

to be dependent on the antenna with which it is measured, especially

at close range. We have defined the near field gain through its

on-axis power density in Equation (81). This gives a definition
which is independent of the other antenna.

However, Equation (103a) is then not exact because the coupling

depends on how the two antennas react. Equation (103a) is equiva-

lent to assuming each antenna would radiate a uniform spherical

wave from its amplitude center. A more accurate equation for couplinq

is derived in Appendix C which approximates the near axis fields

of each antenna more accurately at close range. The more accurate

coupling equation is given by

R = (4_R 1) 1 (103b)

TE

where G(R) =/G (R)G (R), GT(R) and G (R) are the near field gains
of the transmitting 5nd rec iving hor s at distance R_ etween the

amplitude centers of the horns. The factors [1+TE, I]- , derived

in Appendix C, give more accuracy at close range. 'Prom Equation

(103b), we get

TG(R) - 4(1RJ )( 2) (104)

From Equation (10?) and Equation (104), we get the far-field gain

F.F " =,G(R) 1

R - R __PR ( T2)(+
- GFNGAN AN -% LP+TE)( +TH)]' (10S)
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Therefore, we can express the far field gain in dB as

F.F. R + 1 ( PR  Me as . IGd *=R + (106)

dB GC 2 PTdB

where R includes the near field gain correction and is given I
in dB a C

RC=10 1 o[ 1 T --+[ (I +T", ' I
GC' AN E"' H'f)P )Meas.

and is the measured coupling in dB.
TdB

It is convenient to express the range correction parameter I

RGC as

RGC = RGU + FC '08'

where

RGU =10 log 4R 09)Gu P R GAN

is the basic range correction parameter (assumes wide beams oI

large separations). The correction factor for narrow beams at
close range is given by

[ 21 2)(T?]-' = 2.5 lo[I2 2 (1'
Fc= 10 log [(I+ ' E log[(l+TE)(1 -TH)] 1!0

where, from Appendix C,

T CE 

a

A E for like horns

(AE+AE2) for different horns

CHT H -R (1 
2
a

and

{ H for like horns

l AH A' for different horns 3
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It is necessary to measure the coupling over a range of aper-

ture separations in order to average out the ripple caused by inter-

actions between the horn structures. For practical purposes, the
coupling value used in Equation (106) can be obtained by drawing
a smooth curve through the coupling data as shown in Figure 19.

In summary, we can determine the far field gain by the fol-
lowing procedure:

1. Measure the coupling data, PR/PT'

3 2. Compute the range corrected gain parameter RGC.

3. Determine the far field aain from Equation (106).

3
U

I

B

U

I

U

I

I

I

I 3
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Figure 19. Measured coupling between two SA model 12-8.2
horns at 10 GHz.
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CHAPTER VIII
RESULTS AND DISCUSSION

The procedure for determining the far field gain from the
near field measurement data of coupling between two horns, using

the near field range correction (R ) data, is presented in this

chapter. The measured coupling daa used in the examples are based
on measurements taken at the Measurement Standards and Microwave
Laboratory at Newark Air Force Station. The line source integration

(LSI) method is used for conventional standard gain horns and the

aperture integration (API) method is used for corrugated horns

because they are considered to be more accurate than the basic
GTD method.

Figure 20a shows the gain ratio or gain correction (RGAN)

curve for the Scientific-Atlanta Model 12-8.2 standard gain Wrn
at 10 GHz. We can see here that the gain correction is small (less
than 0.2 dB), because the range is measured between the amplitude

centers of each horn. For example, the gain correction is less
than 0.01 when the separation (distance between the horn apertures)
is 300cm (IO0 at 10 GHz). Figure ?Ob shows the calculated coupling
(P /PT) between two Scientific-Atlanta standard gain horns at 10
GH5. Figure ?Oc shows the near field range correction of gain

(R ) for two Scientific-Atlanta standard gain horns at 10 GHz.
Figres 21 and 22 shows the near field correction and coupling

curves for the Narda model 640 and corrugated horns, respectively.

Figures 23 and 24 show the far field gain variation with frequency
for the Scientific-Atlanta and Narda standard gain horns, respec-tively, as calculated from Equation (105).

The range correction data are given for 1.0 GHz in Tables
5 through 9 for both standard gain horns and the corrugated
horn. Tables are given for both GTD and LSI for the non-corrugated

horns. It is noted that the RGr values for each horn model by
GTD and those by LSI (Tables 5 hrough 8) agree within about
0.1 dB for aperture separations greater than 200 cm. The range
correction data for 11 GHz are given in Tables 10 through 12 for
both standard gain horns and the corrugated horn. A list of the
variables in each column is given below:

ZAA = Aperture separation in cm.
R = Distance between amplitude centers in cm.

RGAN = Ratio of near field gain to far field gain.

PRPT = Calculated coupling.
NFGAIN = G(R) = calculated near field gain.
RGU z Basic -ance correction parameter.
RGC = Final range correction parameter.

41



I

Note that the calculated coupling values PRPT are given only
for information purposes. Only the actual measured coupling values

should be used with the theoretical range correction parameter
RGC to determine the gain.

Procedure for Horns of Same Model I

As an example of how to use the near field range correction
tables, consider the following case in which the gain is determined I
from the measured coupling between two Scientific-Atlanta standard

gain horns. The measured coupling curve for aperture separations
between 250 cm and 300 cm is shown in Figure 10. The ripple caused

by interactions between the horns and their mountinq structures
has a period of about 1.5 cm for each cycle, which corresponds
to A/? as expected. The 0.25 dB peak to peak ripple at ?5n cm
corresponds to a multipath level from horn interactions of about
-37 dB below the direct coupling. A -37 dB multipath will cause
a ripple maximum of +0.122 dB and a ripple minimum of -0.124 dB

with respect to the direct coupling. Consequently the direct cou-

pling can be accurately measured by drawing a smooth curve through
the average of the ripple minima and maxima.

The procedure for determining the far field gain is outlined I
below:

1. The coupling values are sampled at 250, 275 and 300 3
cm and are recorded in Table 4.

2. Next the theoretical range correction values are read
from the appropriate table (Table 5 for SA model 12- I
8.2 at 10 GHz). These values are recorded in Table

4.

3. The far field gain values are determined for each point
from Equation (106) which is repeated below:

GFF = R + 1 (1 /P (06) I
TABLE 4

Example of Procedure for Range Correction

ZAA Coupling RGC GFF

cm dR dB R

250 -17.44 30.q5 22.23

275 -18.12 31.29 22.23 U
300 -19.70 31.61 22.26

I
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For example, the coupling at 250 cm is -17.44 dB. The RGC
value from Table 5 is 30.95 dB. We set the desired far field
gain from Equation (106) as

I GS/A= 30.95 + (-17.44) = 22.23 dB.

I Note that the spread in gain values in Table 4 is 22.26-22.23=0.03

dB. Thus this coupling measurement indicates an effective gain

for the two horns of 22.24 dB.

Procedure for Horns of Different Models

i The next example shows how to use the tables to determine
the range correction for coupling measured between two horns of

different models. Three coupling values should be chcked as was

done in the previous example. However, only one coupling value
is used in this example to illustrate the use of the range cor-
rection tables for coupling hetween horns of different modo'.

First, the phase center information must he used to calculat,

.!I:-ft3nce betwpen the implit-ide t , t.r horns.-
I * I~r 3H ! % ,!d ;.M

II (DE~~qE )S!A 7 169+.5)S/A= .3 ( M

3 (DE+DH)NARDA = (1.09 +1.55) NARDA = 2.64 (CM)

3 (DE+DH)AVG = (39.53+2.64)/2 = 21.08 (CM)

For an aperture separation of ZAA = 150 cm this gives an effective

range between horns as

R = 150+22.08 =171.I (CM )

We get the near field range correction of qain at R = 177 1CM by

interpolating the RGU values from Tables 5 and 7 as follows:

U (RGU ) S/A 2). 67 dR

(RGU) NARDA = 28.54 dB

(RGU )AVG (18.67+?8.54)/? = ?2.60 dR

I
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Note that the RGC value cannot be directly obtained from

the RGC values of the individual horns because the Fc factor in

Equation (110) has a non-i ined- relationship for the two horns.
The values of C, and C H in Equations (111) and (112) can be cal-

culated by averaging the values for the individual horns as given

at the top of Tables 5 and 7. Thus

Horn CE CH

cm cm

S/A 66.30 52.71

Narda 12.41 ]1.RQ
Average 39.40 3?.5

Since R = 171.1 cm for this example, TE = 0.230 and TH = 0.188.

The correction factor f ," close range is calculated from Equation
(110) as F = 0.094 dB. The final range correction R for the
S/A to Nar~a coupling at ZAA = 150 cm is calculated 46

(RGC)AVG = RGU + F i

= 28.60 dB + 0.09 dB

= 28.69 dB.

The measured coupling for 150 cm between the Scientific-Atlanta
to Narda horns was -18.80 dB. Thus the effective far field gain
of the two horns is determined as

G Meas (R PR

S/A-Narda = (RGc)AVG + 2IPTeas

)R.9 1 (-18.80) 19.29 dB.

I
U

I
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The results of coupling measurements taken at the Measure-

ments Standards Laboratory at NAFS are summarized in Tables 13
through 17 for 10 GHz and Tables 18 through ?2 for 11 GHz. The

Scienti.ic Atlanta model 12-8.2 and the Narda model 640 were used

alonq with an experimental corrugated horn (Ladar Systems model
CX-20). The procedure for range corrected gain was used to de-
termine the far field gain values for aperture separations ZAA
from 100 cm to 320 cm in each table. Tables 13 and 1.8 show tHe
coupling data, the range correction R and the far field gain
when two horns of the same model are Wasured together at 10 and
11 GHz, respectively. The next three tables in each series shows

the results of measuring coupling between horns of different models.
In each of these cases the basic range correction parameter R
is the average of those for the two individual horn models. Nw-
ever, the two R, values must correspond to the distance R between
the amplitude c lters of the two orns and not the aperture sepa-

ration Z AA. The correction factor F for narrow beams at close
range, as calculated from Equation (I0) is thenused to calculate

the final range correction parameter RGS' The measured gain

value GA represents the mean gain (av rage in dB) of the two
hortis. Te last table for each frequency summarizes the far field
gain values when the three horn models are measured in the six
possible combinations.

Referring to Table 17, there are six combinations of meas-

urements, we find they are good agreement except for t1- corrugated
to Narda horns case. There is about 0.23 dB difference oetween
GMeas. and

Corr-Narda Corr-Narda)AVG This difference may he caused

by measurement errors. The (GcorrNarda)AVG is the average of

individual horn gain measurements from columns 3 and 4; and is
gotten as follows

ZAA = 150 cm

GCorr = 20.48 dB

3 GNarda = 16.25 dB

GNda 
dG crr+G Narda = 18.36 dB(G Corr-Narda)AVG = 2
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Figure 20b. Couplinq between two Scientific-Atlant,

standard gain horns at 10 GHz (PR/PT).
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Atlanta standard gain horns at 10 GHz (RGc). 

4

48 5



A= 7.86 (CM)
FREQUENCT= 10.00GHZ B= 5.95 (CM)

LE= 12.75(CM)

DEDH= 2.636 CM LH= 14L.25(CM)

! co
toI tDm

c:

100 150 200 250 300 350

SEPRRTION (CM)

Fiqure 21a. Gain ratio ciurve for Narda standard qain horn
at 10 GHz (RGAN

I

I

I

1!4



I

I

cu

I I

CL

-_,. 1

Cu 1
ID

C)

~C;

,o 00,50 200 250 300 350
1SEPARATION (CM)

Figure 21b. Coupling between two Narda standard gain horns

at 10 GHz (P R/P T)

050

0I I

I S
0o

I



I

0

3g

co

Z5

C)

5 5]

Cr0

C)

:uE C-,

U

I LI

m N

~100 15 00 20 305Iu
SERRTO (M

I Fque lc Ner ied anq crrcton f ai fr to arh4
stadar ganhrsaCIlG)(~~

IO.
CC

* 51j

Iz
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Figure 22a. Gain ratio curve for corrugated horn

at 10 GHz (RGAN)*
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A= 19. •t ,(CM)

B= 14.40 (CM)

LE= 32.O0(CM)

LH= 34.25(CM)
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Figure 23. Far field gain vs. frequency curve for Scientitic-

3 Atlanta standard gain horn.
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R= 7.86 (CM)
B= 5.95 (CM)

LE- 12.75(CM)

LH= 14.25(CM)

0

'.
U,

w .

.

Figure 24. Far field gain vs. frequency curve for Narda i

standard gain horn.

'.56



I!

Table 5: Range correction data for Scientific-Atlanta

(model 12-8.2) standard gain horn by LSI method.

*****LSI***** ((FREQUENCYP 10.000 GHZ))

DEw 16.98 CA DH= 22.55 CM CE= 66.39 CM CH= 52.71 CM

to 14.40 CA( 4.8000 LANDA) Az 19.44 CA( 6.4800 LAMDA)

EL 32.00 CA( 10.6667 LAADA) HL= 34.25 CA( 11.4167 LAMDA)

ZAA R RGAN PRPT NFGAIN RGU RGC

(CH) (CH) DD DD DB DD DB

7558.27 7597.81 0.00000 -45.261 22.397 45.029 45.028
100.00 139.54 -0.20558 -11.685 22.192 27.873 28.240

110.00 149.54 -0.17060 -12.128 22.227 28.139 29.461

120.00 159.54 -0.14298 -12.562 22.254 28.392 28.678
130.00 169.54 -0.12085 -12.984 22.276 28.634 28.889

140.00 179.54 -0.10289 -13.394 22.294 28.865 29.094
150.00 189.54 -0.08814 -13.790 22.309 29.086 29.293
160.00 199.54 -0.07591 -14.174 22.321 29.297 29.484

170.00 209.54 -0.06567 -14.545 22.332 29.499 29.670

180.00 219.54 -0.05704 -14.903 22.340 29.693 29.849

190.00 229.54 -0.04971 -15.250 22.348 29.879 30.022
20i.00 239.54 -0.04345 -15.595 22.354 30.058 30.190

210.00 249.54 -0.03805 -15.909 22.359 30.230 30.352
220.00 259.54 -0.03336 -16.223 22.364 30.396 30.509
230.00 269.54 -0.02930 -16.527 22.368 30.556 30.661
240.00 279.54 -0.02579 -16.822 22.372 30.711 30.809
250.00 289.54 -0.02265 -17.109 22.375 30.861 30.952
260.00 299.54 -0.01992 -17.386 22.377 31.005 31.090

270.00 309.54 -0.01753 -17.656 22.380 31.146 31.225
280.00 319.54 -0.01536 -17.918 22.392 31.281 31.356

290.00 329.54 -0.01346 -18.173 22.384 31.413 31.484

300.00 339.54 -0.01175 -18.422 22.386 31.542 31.608
310.00 349.54 -0.01028 -18.663 22,387 31.666 31.729
320.00 359.54 -0.00892 -18.899 22.388 31.787 31.847

330.00 369.54 -0.00769 -19.128 22.390 31.905 31.962

340.00 379.54 -0.00660 -19.352 22.391 32.020 32.073
350.00 389.54 -0.00561 -19.571 22.392 32.132 32.183
360.00 399.54 -0.00474 -19.784 22.393 32.241 32.290
370.00 409.54 -0.00398 -19.993 22.393 32.348 32.394

380.00 419.54 -0.00320 -20.197 22.394 32.452 32.496

390.00 429.54 -0.00248 -20.396 22.395 32.553 32.595
400.00 439.54 -0.00202 -20.591 22.395 32.653 32.693
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Table 6: Range correction data for Scientific-Atlanta

(model 12-8.2) standard gain horn by GTD method.

*****6TD***** ((FREQUENCY= 10.000 GHZ))

E- 16.98 CM DNa 20.04 CH CEx 66.39 CH CHn 48.51 CM
to 14.40 CN( 4.8000 LAMDA) An 19.44 CH( 6.4800 LANDA)

ELx 32.00 CN( 10.6667 LANDA) HL 34.25 CM( 11.4167 LANDA)

ZAA R ROAN PRPT NFAIN ROU ROC

(CM) (CN) DD DD DD DD DI

7559.27 7595.29 0.00000 -45.166 22.443 45.026 45.026
100.00 137.02 -0.43439 -11.874 22.009 28.023 28.380

110.00 147.02 -0.38813 -12.306 22.055 28.283 28.596

120.00 157.02 -0.35004 -12.729 22.093 28.531 28.808

130.00 167.02 -0.31823 -13.141 22.125 28.767 29.014

140.00 177.02 -0.29131 -13.541 22.152 28.992 29.214

150.00 187.02 -0.26830 -13.928 22.175 29.208 29.408

160.00 197.02 -0.24838 -14.303 22.195 29.414 29.595

170.00 207.02 -0.23106 -14.666 22.212 29.612 29.776

180.00 217.02 -0.21581 -15.017 22.228 29.802 29.952
190.00 227.02 -0.20238 -15.356 22.241 29.984 30.122

200.00 237.02 -0.19037 -15.684 22.253 30.159 30.286

210.00 247.02 -0.17965 -16.002 22.264 30.328 30.445
220.00 257.02 -0.16997 -16.310 22.274 30.491 30.599

230.00 267.02 -0.16124 -16.609 22.282 30.648 30.748

240.00 277.02 -0.15335 -16. 99 22.290 30.799 30.893
250.00 287.02 -0.14608 -17.180 22.297 30.946 31.033

260.00 297.02 -0.13948 -17.453 22.304 31.088 31.170

270.00 307.02 -0.13342 -17.719 22.310 31.226 31.302

280.00 317.02 -0.12781 -17.976 22.316 31.360 31.431
290.00 327.02 -0.12265 -18.227 22.321 31.489 31.557

300.00 337.02 -0.11785 -18.471 22.326 31.615 31.679

310.00 347.02 -0.11339 -18.709 22.330 31.738 31.798

320.00 357.02 -0.10926 -18.941 22.334 31.857 31.914
330.00 367.02 -0.10541 -19.167 22.338 31.973 32.027

340.00 377.02 -0.10191 -19.388 22.342 32.086 32.137 I
350.00 387.02 -0.09838 -19.603 22.345 32.197 32.245

360.00 397.02 -0.09525 -19.814 22.348 32.304 32.350

370.00 407.02 -0.09226 -20.019 22.351 32.409 32.453

390.00 417.02 -0.08939 -20.220 22.354 32.512 32.554

390.00 427.02 -0.08675 -20.417 22.357 32.612 32.652
400.00 437.02 -0.08422 -20.609 22.359 32.710 32.748
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Tahle 7: Range correction data for Narda (model 640)

standard gain horn by LSI method.

ss***LSI.*€€ ((FREQUENCY=  10.000 GHZ))
iDE= 1.08 Ch DH= 1.55 Cm CE= 12.41 Ch CH= 11.59 CM

Ox 5.95 CH( 1.9833 LA"DA) Az 7.86 CH( 2.6200 LAMDA)

EL- 12.75 CH( 4.2500 LAMDA) HL= 14.25 CN( 4.7500 LANDA)

ZAA R RGAN PRPT NFGAIN RGU RGC
(CM) (CM) DR DR DB DB D9

1235.59 1238.22 0.00000 -40.556 16.871 37.149 37.149

100.00 102.63 0.03343 -18.917 16.905 26.300 26.330

110.00 112.63 0.03132 -19.719 16.903 26.706 26.730
120.00 122.63 0.02941 -20.454 16.901 27.077 27.098
130.00 132.63 0.02760 -21.132 16.899 27.420 27.437
140.00 142.63 0.02601 -21.762 16.897 27.737 27.752
150.00 152.63 0.02450 -22.350 16.896 28.033 28.046

160.00 162.63 0.02319 -22.900 16.894 28.310 28.321
170.00 172.63 0.02193 -23.419 16.893 28.570 28.580

180.00 182.63 0.02073 -23.908 16.892 28.816 28.825
190.00 192.63 0.01973 -24.371 16.891 29.048 29.057
200.00 202.63 0.01880 -24.811 16.890 29.269 29.277

210.00 212.63 0.01800 -25.230 16.889 29.479 29.486
220.00 222.63 0.01702 -25.629 16.888 29.680 29.686

230.00 232.63 0.01641 -26.011 16.888 29.871 29.877
240.00 242.63 0.01561 -26.378 16.887 30.055 30.060

250.00 252.63 0.01492 -26.729 16.886 30.231 30.236
260.00 262.63 0.01438 -27.066 16.886 30.400 30.404

270.00 272.63 0.01385 -27.391 16.885 30.563 30.567

280.00 282.63 0.01315 -27.705 16.984 30.720 30.724
290.00 292.63 0.01254 -28.008 16.884 30.871 30.875
300.00 302.63 0.01206 -28.300 16.883 31.018 31.021

310.00 312.63 0.01173 -28.593 16.883 31.159 31.163
320.00 322.63 0.01114 -28.857 16.882 31.297 31.300
330.00 332.63 0.01077 -29.123 16.882 31.430 31.433
340.00 342.63 0.01040 -29.380 16.882 31.559 31.561

350.00 352.63 0.01004 -29.631 16.881 31.694 31.687
360.00 362.63 0.00975 -29.874 16.881 31.806 31.808
370.00 372.63 0.00950 -30.110 16.881 31.924 31.926

380.00 382.63 0.00910 -30.341 16.880 32.040 32.042
390.00 392.63 0.00857 -30.566 16.880 32.152 32.154

400.00 402.63 0.00834 -30.785 16.880 32.262 32.263
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Table 8: Range correction data for Narda 'model 640)

standard gain horn by GTD method.

*****6TDee*, ((FREQUENCY= 10.000 8HZ))

DE- 1.08 Ch fH- 7.42 Ch CE= 12.41 CH CHz 7.18 Ch
B- 5.95 CH( 1.9833 LANDA) An 7.86 CH( 2.6200 LANDA)

EL= 12.75 CN( 4.2500 LANDA) HLx 14.25 CH( 4.7500 LANDA)

ZAA R RGAN PRPT NFGAIN RGU RGC

(CH) (CK) De DR DB DR D
1235.59 1244.09 0.00000 -39.671 17.334 37.169 37.170

100.00 108.50 0.36413 -17.791 17.698 26.211 26.230

110.00 118.50 0.33522 -18.609 17.669 26.623 26.639
120.00 128.50 0.31020 -19.358 17.644 27.000 27.013
130.00 138.50 0.28823 -20.049 17.622 27.347 27.359

140.00 148.50 0.26881 -20.691 17.603 27.669 27.679
150.00 158.50 0.25165 -21.289 17.586 27.969 27.978

160.00 169.50 0.23616 -21.849 17.570 28.251 28.258
170.00 178.50 0.22226 -22.376 17.556 28.515 28.522

180.00 188.50 0.20974 -22.873 17.544 28.764 28.770
190.00 198.50 0.19835 -23.343 17.532 29.000 29.006
200.00 208.50 0.18783 -23.790 17.522 29.224 29.229

210.00 218.50 0.17830 -24.215 17.512 29.437 29.442
220.00 228.50 0.16950 -24.621 17.504 29.640 29.644

230.00 238.50 0.16134 -25.009 17.495 29.834 29.838

240.00 248.50 0.15401 -25.379 17.488 30.020 30.024

250.00 258.50 0.14681 -25.736 17.481 30.199 30.202

260.00 268.50 0.14026 -26.078 17.474 30.370 30.373
270.00 278.50 0.13434 -26.407 17.468 30.535 30.538

280.00 288.50 0.12862 -26.725 17.463 30.694 30.696

290.00 298.50 0.12329 -27.031 17.457 30.847 30.850

300.00 308.50 0.11816 -27.327 17.452 30.995 30.998

310.00 318.50 0.11353 -27.613 17.448 31.138 31.141

320.00 328.50 0.10910 -27.890 17.443 31.277 31.279
330.00 338.50 0.10486 -29.159 17.439 31.412 31.414

340.00 348.50 0.10087 -28.420 17.435 31.542 31.544

350.00 358.50 0.09732 -28.672 17.431 31.668 31.670
360.00 368.50 0.09377 -28.918 17.428 31.791 31.793
370.00 378.50 0.09015 -29.158 17.424 31.911 31.913

380.00 388.50 0.08702 -29.390 17.421 32.028 32.029
390.00 399.50 0.08364 -29.618 17.418 32.142 32.143

400.00 408.50 0.08071 -29.839 17.415 32.252 32.253
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Table 9: Range correction data for corrugated (model CX-20 horn

5y API method.

*****API***** ((FREQUENCY= 10.000 GHZ))

DE= 5.94CM DH= 6.50 CM CE= 28.46 CM CH= 27.73 CH

8a 12.65 CK A= 12.65 CK ELz 22.60 CM HL= 24.84 CM

ZAA R RGAN PRPT NFGAIN ROU ROC

(CM) (CM) DB DO DB DD DD
3200.45 3212.89 0.00000 -41.639 20.470 41.290 41.290
100.00 112.44 -0.07020 -12.923 20.400 26.800 26.932

110.00 122.44 -0.05916 -13.601 20.411 27.159 27.271
120.00 132.44 -0.05058 -14.234 20.420 27.492 27.587

130.00 142.44 -0.04378 -14.827 20.427 27.801 27.884

140.00 152.44 -0.03829 -15.385 20.432 29.090 28.163

150.00 162.44 -0.03379 -15.911 20.437 28.362 28.426
160.00 172.44 -0.03006 -16.408 20.440 28.617 28.674
170.00 182.44 -0.02693 -16.879 20.443 28.859 28.910
180.00 192.44 -0.02428 -17.327 20.446 29.088 29.134
190.00 202.44 -0.02202 -17.754 20.448 29.306 29.347

200.00 212.44 -0.02006 -18.161 20.450 29.513 29.551
210.00 222.44 -0.01836 -18.551 20.452 29.711 29.746

220.00 232.44 -0.01688 -18.924 20.453 29.901 29.932

230.00 242.44 -0.01557 -19.282 20.455 30.083 30.112

240.00 252.44 -0.01442 -19.627 20.456 30.257 30.284

250.00 262.44 -0.01339 -19.958 20.457 30.425 30.449
260.00 272.44 -0.01247 -20.277 20.458 30.586 30.609
270.00 292.44 -0.01165 -20.586 20.459 30.742 30.763
280.00 292.44 -0.01091 -20.984 20.459 30.892 30.912

290.00 302.44 -0.01024 -21.172 20.460 31.038 31.056

300.00 312.44 -0.00963 -21.451 20.461 31.179 31.196
310.00 322.44 -0.00907 -21.721 20.461 31.314 31.331

320.00 332.44 -0.00857 -21.983 20.462 31.447 31.462
330.00 342.44 -0.00911 -22.238 20.462 31.575 31.589

340.00 352.44 -0.00768 -22.486 20.463 31.699 31.713

350.00 362.44 -0.00729 -22.726 20.463 31.821 31.834
360.00 372.44 -0.00693 -22.961 20.463 31.938 31.951
370.00 382.44 -0.00660 -23.189 20.464 32.053 32.065

380.00 392.44 -0.00629 -23.411 20.464 32.165 32.176

390.00 402.44 -0.00600 -23.628 20.464 32.274 32.284
400.00 412.44 -0.00573 -23.840 20.465 32.380 32.390
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Table 10: Range correction data for Scientific-Atlanta
(model 12-8.2) standard gain horn by LSI method.

*****LSI***** ((FREQUENCY- 11.000 6HZ))

DE* 20.80 CH DH. 26.55 LM CE= 71.32 CH CH= 52.91 CMi
D= 14.40 Cl( 5.2800 LANDA) A= 19.44 CH( 7.1280 LAMDA)

EL= 32.00 CH( 11.7333 LANDA) HL= 34.25 CN( 12.5583 LAMDA) I
ZAA R R6AN PRPT NFAIN ROU ROC

(CN) (CM) DD DB DD DB D9
8314.10 8361.45 0.00000 -46.354 22.681 45.858 45.858

100.00 147.35 -0.24572 -12.486 22.435 28.564 28.924
110.00 157.35 -0.20647 -12.896 22.475 28.810 29.129

120.00 167.35 -0.17514 -13.300 22.506 29.046 29.331
130.00 177.35 -0.14976 -13.694 22.531 29.273 29.528
140.00 187.35 -0.12898 -14.079 22.552 29.490 29.721
150.00 197.35 -0.11175 -14.453 22.569 29.699 29.908
160.00 207.35 -0.09735 -14.816 22.584 29.899 30.089

170.00 217.35 -0.08519 -15.168 22.596 30.092 30,.65
180.00 227.35 -0.07489 -15.510 22.606 30.277 30.436
190.00 237.35 -0.06606 -15.841 22.615 30.455 30.601

200.00 247.35 -0.05844 -16.161 22.623 30.626 30.762
210.00 257.35 -0.05188 -16.472 22.629 30.792 30.917
220.00 267.35 -0.04613 -16.774 22.635 30.952 31.068
230.00 277.35 -0.04M13 -17.067 22.640 31.106 31.215
240.00 287.35 -0.03669 -17.351 22.644 31.256 31.357
250.00 297.35 -0.03282 -17.628 22.648 31.400 31.495
260.00 307.35 -0.02941 -17.896 22.652 31.541 31.629

270.00 317.35 -0.02633 -18.150 22.655 31.677 31.760
280.00 327.35 -0.02362 -18.412 22.657 31.809 31.887
290.00 337.35 -0.02115 -18.659 22.660 31.937 32.011

300.00 347.35 -0.01898 -18.900 22.662 32.061 32.131
310.00 357.35 -0.01701 -19.135 22.664 32.183 32.249

320.00 367.35 -0.01526 -19.365 22.666 32.301 32.363

330.00 377.35 -0.01369 -19.588 22.667 32.416 32.475

340.00 387.35 -0.01229 -19.807 22.669 32.528 32.584

350.00 397.35 -0.01100 -20.020 22.670 32.638 32.691
360.00 407.35 -0.00977 -20.228 22.671 32.744 32.795
370.00 417.35 -0.00867 -20.432 22.672 32.848 32.897
380.00 427.35 -0.00775 -20.632 22.673 32.950 32.997

390.00 437.35 -0.00683 -20.826 22.674 33.050 33.094

400.00 447.35 -0.00596 -21.017 22.675 33.147 33.190
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I*.eo LSI*.*** ((FREOUENCY 11.000 GHZ))

Diu 1.34 Ch DH- 1.88 CM LL:z 13.56 CM CH
T

' 12.63 CM

B= 5.95 CM( 2.1817 LAMDA) A= 7.86 CM( 2.8820 LAMDA)
ELm 12.75 Cd( 4.6750 LAADA) 14L= 14.25 CM( 5.2250 LANDA)

ZAA R ROAM PRPT NFGAIN ROU RGC

(CH) (CM) Do Do DO Do [B

1359.15 1362.37 0.00000 -40.758 17.59Y 37.978 3Z.978

100.00 103.22 0.03289 -18.350 17.632 26.740 26.)74

110.00 113.22 0.03103 -19.146 17.630 27.143 27.112

120.00 123.22 0.02930 -19.8/5 I7.628 27.512 27.53?

130.00 133.22 0.02772 -20.549 17.627 2.853 27.874

140.00 143.22 0.02611 -21.176 17.62- 28.169 28.187
150.00 153.22 0.02471 -21.760 17.624 28.463 28.479
160.00 163.22 0.02347 -22.308 17.622 28.739 28.753

170.00 173.22 0.02231 -22.824 17.621 28.998 29.011

180.00 183.22 0.02125 -23.311 17.620 29.243 29.254

190.00 193.22 0.02024 -23.772 17.619 29.475 29.485

200.00 203.22 0.01930 -24.210 17.618 29.695 29.704

210.00 213.22 0.01840 -24.628 17.617 29.905 29.913

220.00 223.22 0.01765 -25.026 17.61/ 30.104 30.112

230.00 233.22 0.01678 -25.407 17.616 30.296 30.303

240.00 243.22 0.01606 -25.?72 17.615 30.479 30.485

250.00 253.22 0.01539 -26.122 17.614 30.654 30.660

260.00 263.22 0.01464 -26.459 17.614 30.823 30.829

270.00 273.22 0.01404 -26.784 17.613 30.986 30.991

280.00 283.22 0.01365 -27.096 17.613 31.142 31.147

290.00 293.22 0.01311 -27.398 1/.612 31.294 31.298

300.00 303.22 0.01266 -27.690 17.612 31.440 31.444

310.00 313.22 0.01212 -27.972 17.611 31.581 31.585

320.00 323.22 0.01172 -28.245 17.611 31.718 31.722

330.00 333.22 0.01130 -28.510 17.610 31.851 31.854

340.00 343.22 0.01086 -28.768 17.610 31.980 31.983

350.00 353.22 0.01023 -29.018 17.609 32.105 32.108

360.00 363.22 0.01002 -29.261 17.609 32.226 32.229

370.00 373.22 0.00965 -29.497 17.609 32.345 32.34/

380.00 383.22 0.00912 29.721 17.608 32.460 32.463

390.00 393.22 0.00886 -29.951 17.608 32.572 32.575

400.00 403.22 0.0088/ -30.169 17.608 32.681 32.684I
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Table 12: Range correction data for corrugated (model CX20)

horn by API method.

i
*****API**** ((FREQUENCY- 11.000 6HZ))

DE= 7.15CH DHu 7.81 CH CEs 30.60 CM CH= 29.65 CM

I= 12.65 CH A= 12.65 CH ELs 22.60 Ch HL= 24.84 CH

ZAA R ROAN PRPT NFSAIN R9U RGC
(CH) (CM) DD DD DD D3 DD I

3520.49 3535.45 0.00000 -42.142 21.048 42.119 42.119

100.00 114.96 -0.08356 -12.840 20.965 27.324 27.468
110.00 124.96 -0.07056 -13.495 20.976 27.673 27.796

120.00 134.96 -0.06042 -14.109 20.989 27.997 28.103
130.00 144.96 -0.05235 -14.686 20.996 28.300 28.391
140.00 154.96 -0.04564 -15.230 21.002 28.583 28.663

150.00 164.96 -0.04049 -15.744 21.008 28.949 28.920 I
160.00 174.96 -0.03604 -16.231 21.012 29.100 29.164
170.00 184.96 -0.03231 -16.693 21.016 29.338 29.395
180.00 194.96 -0.02914 -17.133 21.019 29.563 29.615

190.00 204.96 -0.02643 -17.552 21.022 29.778 29.824
200.00 214.96 -0.02408 -17.953 21.024 29.982 30.025
210.00 224.96 -0.02205 -18.337 21.026 30.178 30.216

220.00 234.96 -0.02027 -16.704 21.029 30.365 30.400
230.00 244.96 -0.01870 -19.058 21.029 30.544 30.577
240.00 254.96 -0.01732 -19.397 21.031 30.717 30.747

250.00 264.96 -0.01609 -19.725 21.032 30.883 30.911 I
260.00 274.96 -0.01498 -20.040 21.033 31.042 31.068
270.00 284.96 -0.01400 -20.345 21.034 31.197 31.221
290.00 294.96 -0.01310 -20.640 21.035 31.346 31.368
290.00 304.96 -0.01230 -20.925 21.036 31.490 31.511
300.00 314.96 -0.01157 -21.201 21.037 31.629 31.649
310.00 324.96 -0.01091 -21.469 21.037 31.764 31.783

320.00 334.96 -0.01029 -21.729 21.038 31.895 31.913
330.00 344.96 -0.00974 -21.981 21.038 32.022 32.039
340.00 354.96 -0.00922 -22.226 21.039 32.146 32.161
350.00 364.96 -0.00976 -22.465 21.039 32.266 32.281
360.00 374.96 -0.00833 -22.697 21.040 32.383 32.397
370.00 384.96 -0.00793 -22.924 21.040 32.497 32.510
380.00 394.96 -0.00755 -23.145 21.041 32.608 32.620

390.00 404.96 -0.00721 -23.360 21.041 32.716 32.729
400.00 414.96 -0.00689 -23.570 21.041 32.922 32.833

I
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CHAPTER IX

CONCLUSION

In the method developed here for determining the far field
gain of pyramidal horn antennas, the range is defined as that be-
tween the calculated amplitude centers of the two horns. Conse-
quently, the correction for near field gain is very small. At
10 GHz, the near field gain ratio for aperture separations greater
than 150 cm is less than 0.1 dB for the Scientific-Atlanta X band
standard gain horn and is less than 0.03 dB for the Narda X band
standard gain horn. The accuracy of the calculated near field
range correction data is estimated to be within 0.1 dB. There-
fore, the accuracy of the far field gain measurements is practically

limited by the accuracy of the measured coupling data.

The following observations demonstrate the validity and ac-
curacy of the theory and the calculated results for the finite

range correction data. The calculated finite range correction
data given nearly the same value for far field gain of each horn
over a wide range of aperture separations. When the finite range
correction data were applied to coupling between mixed horns, the
effective gain of each horn pair was consistent with the gains
of the two horns when measured separately.
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APPENDIX A I
EQUIVALENT LINE SOURCE INTEGRATIO, METHOD (LSI) U

The slope diffraction method described in Chapter I was used
for the GTD calculations of the diffracted fields from the H-plane

edges of the horn antennas. As seen from Equation (24) slope dif-
fraction is exact for an incident wave with a sin, pattern where

R 90 . This is equivalent to a sin(O -a ) pattern for the wave
incident on the H-plane edge of the h~n ohown in Figure 5. How- I
ever the geometrical optics or incident wave in the H-plane of

a horn has a cos 20 pattern. Furthermore, in the GTD calculations

the diffracted field°Vrom each E-plane edge is calculated as that

of a uniform spherical wave. Thus, the amplitude of the incident

wave along the E-plane edges is assumed to be uniform when it ac-

tually varies as cos _27- . Nevertheless, for large horn dimen-

sions, the normal GTD cRculations are accurate. For small horn

dimensions the accuracy can be improved by using LSI which inte-
7rI

grates over the cos incident wave to calculate the diffracted

fields from the E-plane° dges, and performs a linear integration
in the H-plane of the aperture to calculate diffracted fields from
the H-plane edges. 3

The concept of the equivalent current method states that
we can get the equivalent diffracted field from the equivalent

line source current. We can assume that there is an equivalent
magnetic current along each E plane edge and therefore it generatesthe electromagnetic field at the observation point.

Referring to [1?], the magnetic field from the equivalent
magnetic current M at the distance r is given by

Hd = -YkM e-jkr (A-I)

3 -kM - ejkr (A-2)

The diffracted field at a distance r close to a wedge is
given N e- Jkr

g E = Ei(QE)DI(L,, , f . ... (A-?)

IrI
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I
The diffraction coefficient D in Equation (A-3) becomes

independent of the distance parameter L outside the transitionI] regions around the shadow boundary. Furthermore, the diffraction
coefficient can be dpproximated as that for the centerl dif-
fraction point on the edge. Thus, comparing Equations (A-2) and
(A-3), we get the equivalent mignetic current, as shown in FigureI ~A- 1,

M - k = L ,L )

The magnetic vector potential is given by

A
7 ' Me-jk

F=A4- M ---r dx (A-5)

and thp rlPctric field is given by

F -jkF cos ,' (A- ;I A

F k- 1 ck o s 2 i -jkr(A7
-- ,% k P .(L. , nlcos ' -J r dx -73 ' ' -A r

2-

[he inr ident (r genmrtric optics field is given by Eqivation 51)

oh i s half irg . of thy tt-plane (A-r

1)h f ine t he r) t erlr', I

- -A
Id

A

' - ijL 
,'  

-

I //



HH I

L H H (A-li 11
LEM -COS'~oEI

R J L2 + X
2

LEM

,, LEM + 2LEM LEM > (A-12)

2

r RE +R for R > x (A-13)
El - o ElI

tan-1 L x (A-14)
LEM

A i kx2

-IjkR El {2 e I e-JkR" F : ]- e cos e#- e Rd x (A-1J5)

LE-MRE -A 0

T I
The convenience in checking the computer programs the following

factor F is defined for calculating the diffracted field from

the E-pliY edges: 2

Akx

F-0
CTR k x

2

" J 2RE e-jkR dx
e

A kx
2

I
:° .. 2R E I -jkR x
cos e e dx

--A 0

'A-1C )

-jklkx (1I
-Jkl F M 4- -- +

I



I kx " + iI:

3 2'R M EJ 3  ( I  dx = ej __LE (A-!7)

IJ_, .. E x E +LEM

The diffracted electric field on the horn axis by using LSI method

can be gotten from Equation (70) multiplied by FCTR,

Ed E xFA .kxEd - EDIF x FCTR -J .. _j 2RE-kxk

cos 7-- e e- R4X

-jkLE -jkRE, A oe *e
?D1  -s-- - ~ - - cos' -- ~---- ------ -- --------.

L E IREl(R E+L E -jkLEM j E EM
( Le e J E -+-lEM

I R.. .. ..... E L E c o s ' e

L EMLE El El EM

I
A 

kx2

r2  
-J 2R -

cos --- e e dx A-1)
-A 0
2~~

Referring to Figure A-2, the sum of the geometric optics

field and the H-plane diffracted field is given byI G. O.+H FxE

+ HDIF F H x EINC. (A-19

where FH is defined hy

A jk
I 7A -ikR'

ICOS; d (IX
A

_k×

?A -j kR ' dx



I

R', H H +x2 (A-21)
2I

H + x for H x (A-22)

2HH OrH

kx2  -jkR' ' - kH e H+Z (A-23)
_,e AeHA

A kx 2 3- HHZ jkH H  7 J2Z -jkH H+X-

FH = e HH A e H C°Aos e e dx

T(A-24)

Therefore. the total electric field is given by 5
ETOT = E DIF x FCTR + F H x EINC. (A-25)

I
I

I

I

I

I

I

I
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APPENDIX B I
APERTURE INTEGRATION METHOD (API)

The corrugated horn, as shown in Figure B-i, is formea by
replacing the conventional E-plane horn walls by impedance walls

which force the tangential magnetic field to zero along the walls.
The effect of the capacitive corrugated surface is to modify the
uniform field distribution in the E-plane to a cosine distribution
in the horn aperture when the horn is properly designed, as shown

in Figure B-2. The reason for using the LSI method for non-corru-

gated horns as discussed in Appendix A, also aplies in a similar
way for corrugated horns. With corrugated horns, the aperture

has a cosine distribution in both the E-plane and the H-plane.
Therefore, the aperture integration method will be used here for

computing the on-axis near field of the corrugated horn. The aper-
ture field for a corrugated horn as shown in Figures B-2 and B-
3 is given by

i e-jks' Trox
*i e y s cos 20o (3-o1 I

where i_+_______(B -2
S x? 2 1s = HAVE + +y (B-2)

AVE + + y2  3
2HAVE 2HAVE

-11

HAVE = (HE+H H )  (B-3)

,o = tan-I A (B-4)ox 2HH  -

-i 3
11x =tan HAV (B-5)HAVE

0 = tan- 1 B (8-6)
oy 2HE

1 tan - I  [Y (B-7)
Y HAVE
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I Figure B-1. Side view of corrugated horn.

I

I

I EQUIVALENT MAGNETIC
LINE CURRENTS M

I EQUIVALENT APERTURE

CURRENT

EQUIVALENT

ELECTRIC LINE

CURRENT I

3 Figure B-2. Corrugated horn model.
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3The equivalent magnetic current is given by

M = 2E' . n

= e-2jk s' Cosx (B-8)

s 20s'ox oy

Therefore, the total electric field on the horn axis is given by

jk o yo Me-jks

E =4- F I s dx dy
-Xo0 -Yo

=3 , CO x ~ " -jks
s X Cos • 

J 
eo j -dx dyA -Xo0 -Yo 2ox 2oy s(B 9

I (B-9

whereI / 2 2 _2

s +y +ZA

X2 y23,,ZA + x+2
"" 2ZA 2 ZA (B-10)

. Ej H ikH AVE_ kx 2H ZA ky2HZAE je -j Z  -ve o eo -j- 2 - eJ 2

eZ H

3ZA AVE -X0 -YO

Cos 2x - Co ---- dx dy (B-11)

ox oy

where
1 1 HAvE+Z

H HKV[E TA = HAV -A V-!

The geometric optics field can he expressed as

I
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-jk(H +Z) kx2 HZA ky2HZA

EG.O. je AVEAz A - 2 e 2 dx dy
~HAvEZA ,_ c cx .

kx2HzA ky2HzA

e A dx = e 2  dy (B-13)

HAe (B-14)

For convenience in checking the computer programs the following

factors Fcx and Fcy are defined as

x kx2 HzA
0 -J -H..

e 2 cos 2ox  dx (0 3 0

-x ox
F - 0 e oxx
cx kx HZA IA

-j 2 dx
e

kx2 H
e x

e cos dx (B-15)
ox

ky2 HZA 710

0 e cos 20 oy
-o - J4 fy°

e COS - dy (B-16)
oy
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Therefore, the total electric field on the axis is given 
by

ETOT F xF (B-17)

c X cy
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APPENDIX C
COUPLING BETWEEN NON ISOTROPIC SOURCES

The near, field coupling between two antennas with wide beam-
widths (i.e., assuming each antenna would illuminate the other antenna
with a nearly uniform spherical wave from its amplitude center)
can be expressed as

PT -4R) GT(R)GR(R) (C-1

where

Pro= Power received assuming uniform amplitude waves.

P T = Power transmitted

R Effective range (between amplitude centprs)

GT(R),GR(R) = Near field qains at distance R as definpd hv
Eauatinn ( 95) for transmitting and -eceivrnq
antennas, respectivelY. -

However. Equation C-1) is not highly accurate if the two
antennas ire separated by a small distance compared to their beam
widths An improved calculation of the coupling can be dei ived
for close antenna separations by using the principle of reaction [4].
This principle is based on two sets of sources which represent
the transmitting and receiving antennas as shown in Figure C-!.
The current I of source a produces the fields E a H ; and I pro-
duces [ 1H a The reaction principle is based on a hedfollowika
Equatiok Hb

.(EaX~h-HhXha) ds

SI(-b Ha Mb . a a) dv (C-2

Since each source is represented hv electric currents only, thn
mannetic currents are zero M =Mh =0). The volume V of intenvat.rin
will he taken as the riqht half-spacp as shown in Fiqiire C-1.
Thus the vnlime inteqral in Equation (C-2) reruces to

F 1aC1 dv 7 F V* -V

V

88



where V is voltage induced hy source a into source h when it

is receing.

Let: both sources be identical to represent the cnuplinn be-

tween like horns. Also assume unit currents for both source" I

Ih = 1. Then Equation (C-2) can he written as

Vab - f (Eta'tb - EtbHta)dS

where E t Hb and H are the tangential field components or sur-

face S. From Fige C-1 te that

Ea Ea

Hta -Htb :Ha C-Q

U which can he qpproximated as the total field components for sm-ll

anoles. Then the received volt.cme can he anproximated as

V ? E 2 E' dS
ab Eaa 7 o  a

where Z is the impedance of free space.

As seen from Chapter VII the coupling between two horns is

represented as that between two point sources located at the re

spoctive amplitude centers of each horn as shown in Figure C 2.

In Equation (C-i) the spherical wave from each amplitude center
is assumed to have uniform amplitude. In this derivation thc spheri-
cal wave from each amplitude center is assumed to have a Gaussian

amplitude. Thus a more accurate representation of the near axis

pattern is given by

P') C e- A''

where A is a constant which can he determined from the calcuilated
horn patterns as follows: First, use the normalized field pttpnrn

niven by

F !i F(, 0 -A,

Then A can he nvaliiutod fnr a small analn (let's rhnnse "- -

,'/ qn rarians). Thii
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Figure C-1. Fields of source a and source b

over sourface S of integration.

I
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E/ IE
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Figure C-.2 Coupling between two horns.
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-In F (10)

A -2(C " 0)
(n/180)

ICalculated horn paterns are usually expressed in dB as

FdB(;!) = 20 loo Fn(u) (C-l)IThen F* =(-?

I J( = R(1 ) (C-12)

Thus

A _ ln 2 0In '0 F (l0

I A = -378 F (t0 n_

whpre kdB(1 ° ' is the value of the normalized horn pattern in dB
at !t=!

The field of each horn on surface S as shown in Fiourp C-
I ? is given by

ejkr

E , , ) = F (0 )F ( ) e(C 
- 5 )

E E HH r

where F and F are the E- and H-plane patterns, respectively.
Thus th6 voltage received by one horn with an identical transmitt4na

horn is given by Equation (C-7) as

2 20S = 2 rr jr2
VR s Z FE(()E )FH(OH) r dS (C-16)

S

Because of stationary phase effects most of the contrihutions
to the inteqral in Equation (C-16) will result from the rear-axis
reqion where

r ' h + . A_7)

I

I9



YU
y ,:hH (C-!91 I

and

= x + v.. \ h. ( o +0 (C-20)

Usinq these approximations in Equation (C-14) gives the receiver
4

voltaqe asI

R i2kh rr/2 -t2A +i2kh)(2

.= Pe E. e Eh h dOE

!/h2 -2A,+jkh
-,/2 - H k)

x j '/2 e H h de H C

where the Gaussian pattern of Equation (C-9) has been used.

The coupling power rdtio in Equation (C-1) assumes spherical

waves with uniform amplitudes, i.e.. AE=AH =0. Thus the ratio of

the received voltage VR to the voltage VRo received with assumed

uniform amplitude waves is given by

VR -(2AdOE _e -eAH+jkh)O d2 H

V Ro -jkV?-kh~E d 2 (C-22)
E 2 E e d ) H 1

Because of stationary, phase effects the limits of integration in 5
Equation (C-2?) can he treated as infinite. Then the inteqrals

can be analytically evaluated by

.. -(2A+jB3):'2 P--

, e B~ d( - C-23) 3
J?(A+jB)

Then Equat.ion (C-23) can be evaluated as 3

2
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IV
VR /kh __Iijkh 1 1 (C-24)

. 2AE +jkh 2AH+jkh JI-JTE Jl-JTH

where

2AE 4AE CE
TE= - = k =  

'C-25a)

-2 (C-25b)

T 2AH _ 4AH CH (C-26a)TH kh kR R

CH - (C-26b)

and R is the range between amplitude centers. Finally the ratio

of the received powers is given by

_ VR 2 1 (C-27)

PRo VRol fI+T I+T

Thus combining Equation (C-27) and (C-i.) the coupling between
two horns can be more accurately calculated from

= GT(R)GR(R) (T +C-28)

1 j 1+T H

where TE and TH are calculated by using Equations (C-25), (C-26)

and (C-14).

For different horn models the patterns for each horn can
he used in Equations (C-4) and (C-16). Thus coupling between ho,-ns
of different dimensions can be calculated from Equation (C-27)
with

I2AEI+2AE CET E + 2 E 2- - R E 
( C -? 9 a )

E kRRV

I



I

and

C= (AE +AE2) (C-29b)£

The pattern constants AEI and A6 are those for the E-plane

patterns of horns I and resp tively. Similarly, for the

H-plane, we have

2A H+2AH2 CH

TH kR R(C-30a)

and

CH= A (AHI+AH2 ) (C-30b)
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