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ABSTRACT

This thesis investigates the feasibility of a shipboard
combat survivable HF antenna design. The antenna is modeled
as a rectangular volume excited by a square patch atop a
monopole centered at one of the volume's faces. Several
computer models of the driving antenna are modeled with the
Numerical Electromagnetics Code (NEC) and compared. Scale
models of the driving antennas are made and their impedance
measurements compared to NEC computer models. Input
impedances and radiation patterns of the survivable antenna
are presented which indicate adequate performance given a

3:1 SWR.
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I. INTRODUCTION

A. NEED FOR THE STUDY
Shipboard HF and VHF antennas tend to protrude from the ‘
ship's silhoueﬁte and are quite fragile. This property
increases the ship's profile and causes the antennas to be
vulnerable to gun fire and bomb blast. Should a HF/VHF

antenna be destroyed or damaged by gun fire or bomb blast the

T

ship would suffer a loss in its HF/VHF communication capability.

A loss of HF/VHF communications would degrade the ship's
fighting ability. Therefore, a study of methods to make

HF/VHF antennas more survivable is needed.

There are many survivable antenna designs which may be
investigated. The antennas might be made an integral part of
the ship's structure. This could be done by using patch or
slot antennas imbedded in the hull or superstructure of the
ship. An alternate approach would be to excite sections of
the ship's superstructure allowing them to perform as antennas.
For example, the ship's mast or stack might be excited and
used as an antenna. Another possible design might take the
form of a telescoping antenna. These and other possible

survivable antenna designs should be investigated.

B. STATEMENT OF THE PROBLEM

Using a section of the ship's superstructure as an antenna .

is one possible survivable

antenna design. This study

------------------------------
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approximates a section of the ship's superstructure as a

12x12x12 meter metal box over a perfect ground. The problem
is to excite this metal box and determine the impedance and
radiation patterns of the antenna.

. There are several ways to excite a metal box. One possi-

ble scheme is to insulate one or more sides of the box. A

5{'\:’

b . conductive patch may then be placed on the insulated face or

‘7

)
*

-
.

faces and driven with a voltage or current source. The patch,

—_

in turn, excites the box. Another possible scheme is to uti-

E lize the same configuration but with slots instead of patches. ;{;
\. "Patch monopole" is the name chosen to describe the antenna ffh
used for exciting the box in this study. Figure 1.1 shows the :z

three sizes of patch monopoles used in this study. The three ) 55

é : patch sizes are: 4x4 meters, 6x6 meters, and 10x1l0 meters. 33
A The center of each patch section was chosen to coincide with : #ﬁ
£ ‘ the center of the box face. This was done to vary the spacing é?ﬁ
i between the patch edges gnd the sides of the box. Figure 1.2 &5
y shOWS'thé middle sized patch monopole centered at the box .s{
2 face. To demonstrate the relative size differences of the ﬁiﬁ
? three patch monopoles with respect to the box size, Figure 1.3 &g
shows the three patch monopoles superimposed on each other at _:3

f the box face. Eﬁ
A monopole structure is connected between the patch and ag

. ground to facilitate exciting the patch section, hence the A‘%

3 name patch monopole. The monopole section is driven at its E,,
E ’ base by a voltage source. Since the monopole section serves hé
S
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The Three Patch Monopoles

The Middle Sized Patch Monopole at Box Face

e w— f—e—>
T
3
N

4
H
Figure 1.2.

Figure 1l.1.
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Figure 1.3. 2all Three Patch Monopoles Superimposed
at Box Face

as a voltage feed to.the patgh, it will be referred to as the
patch monopole'’s "feed line" at various times throughout this
study.

'For ease in identifying the patch monopoles they will be
referred to by the ratio of their patch width (W) to feed line
height (H). The three ratios are: W/H =1, W/H = 2, and.

W/H = 10,

C. SCOPE AND LIMITATIONS
Although there are several ways to excite a rectangular

volume this study concentrates on the use of patch monopoles

for that purpose.
The frequency range investigated is limited to the HF

range of 2-24 MHZ. This limitation is imposed due to computer

‘r.‘r 2ty e
i

!

-
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storage and time restraints. As frequency increases the wave-

“ length decreases and the number of wire segments required to
model the antenna increases. This will be discussed more in
Section II.

The major emphasis of this study is the development of an

adequate computer model for the patch monopole. The patch

5
Qﬂl L

monopole and metal box are then modeled as a unit on the ?ﬁ

¢ computer. The computer code used to model the antenna S;
structures in this study is the Numerical Electromagnetics ;;

Code [Ref. 1]. iﬁ

: Physical scale models of the patch monopoles were con- ;}
e

structed for impedance measurement purposes. There are =

accuracy limit;tions of the impedance measurements taken on ﬁé

L
2
!]'

2%
P

the scale models.

-

)26

The ground plane used with the scale models is an 11x11

-«
‘s,

: . . - - AN
meter ground plane. Since the ground plane is not infinite, pg
-
r 'i

hY
some differences in theoretical and measured impedance values }}f
'y

will occur due to edge effects. In addition there are
several buildings located near the ground plane which may
cause unwanted reflections.

The feed transition to the antenna on the ground plane

o 1 S e ¥
AEH 3 SR T N A R
. % KDL P

does not physically fit the scale antenna models. The scale

models are tapered at the base to correct this mismatch.

v .

P
ﬂ k o
py AR

However, the taper does cause some shift in the antenna impedance.
This thesis starts with a discussion of computer and iﬁ
N
L]

o

physical antenna modeling in Chapter II. Chapter III describes
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the computer models used in this study and Chapter IV describes %g
the physical models built for comparison to the computer K0
models. Chapters V and VI are presentations of the computer S

and physical model results. The results are compared in by
'

L e 0 e s

. Chapter VII and conclusions and recommendations presented in

Chapter VIII. : =
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II. NUMERICAL AND PHYSICAL MODELING

A. WIRE ANTENNA COMPUTER MODELING
Wire antenna modeling programs typically solve integral .
equations for the antenna's current distribution. Once the

current distribution is known other antenna parameters of

Vo P o PP E P

REPRODUCED AT GOVERNMENT EXPENSE

interest may be calculated.

The electric field at an arbitrary observation point, T,

[

due to an arbitrary known current density located at a point
r', (see Figure 2.l), can be found by integrating the product
of the free space Green's function and the known current

density over the surface on which the current density resides

as shown in the following equation: )

E(T) = [ G(T,r') -JT_(r)da’
s S

E Y

‘NN

Figure 2.1. Electric Field Due to Current Distribution

12




The above equation becomes an integral equation when the

electric field is known and the current unknown. When r is
on a conducting surface, S, the electric field, E(r), must

satisfy the following boundary condition:
nx[E(@ +E@) = 0
and the electric field integral equation becomes [Ref. 2]:

n(@)xf S(E,T) T (E)da' = -n(D) xEND
S

where:

f indicates the principal value integral;
J_ is the surface current density;
n(r) is the surface unit normal vector at r;

EY(F) is the incident electric field at r;

and

= - - - 2= —_—

G(r,r') = Z?%E(k I + VV)gl(r,r')
where:

_ -jkR
g(rlr') = R
R = |r-r']
13
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XX + yy + 2z, the identity dyad;

LR,
il
]

k = w/ue;
u = permeability;

€ = permittivity;

"

»

radian frequency.

=
0
‘. '-'--‘r', LR

) TP gy
e 0
*
0

s
", ,i-,,'

In the above equation G(F,T') is the kernel or Green's function,

¥

-n(%) xE*(T) is the forcing function, and 33(?’) is the unknown

Ealngd
r‘.ﬂ_’ »

s e

current distribution. Figure 2.2 depicts the coordinate system

v-n

utilized by the electric field integral equation.

.

s
Ay

AN
LR PO
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*

Figure 2.2. Electric Field Integral Equation
Coordinate System
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For the analysis of thin wire structures the electric
field integral equation is reduced to a scalar integral
equation by use of the thin wire approximation. Thin wire
structures are wire structures for which the wire radius is
small compared to a wavelength.

The thin wire approximation replaces the surface current
density with a filament current at the center of the wire
being modeled. Circumferential variations of longitudinal
currents are igﬁored as are effects of circumferential cur-
rents. Only the axial current is considered. A minimum
distance of the wire radius is maintained between the fila-
ment current and the field observation points. Figure 2.3
illustrates the coordinate system used with the thin wire

approximation. The resulting scalar integral equation is:

*

2

s BN = g - I(s') (s+5'k? -xdr)g(F,F")as"
r

where I(s') is the axial current.

A widely used technique for solving the integral equa;ion

is the application of the method of moments [Ref. 3]. The’
integral equation is of the form L[Es(f')] = F(r) where L
is a linear operator (here integration) having a domain DL
containing the vectors represented by J_(r').

35(5)' represents the unknown current distribution and
F(r) is the known forcing function whose range is in the

range RL of L.
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The current is expanded in a set of N linearly independent ’

basis functions as follows:

NN N Il %
AN P ™

%)
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H
o |
o}
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A B

TP
0n
3
LA

\d
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-

P

Here the an's are not known but are determined in the solution

N

.
s

¥

- By

process and the ih's are the basis functions chosen by the

. .
.

individual. The integral equation now has the form

st ey
. -
ety
- Il

Next, a set of N linearly independent weighting or testing

>

functions are postulated which span a N-dimensional vector

LRI TR PSP .~ TR TPt e
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) ?'
) space S. These weighting functions are denoted by Wh with Q"
N
m=1,...,N. !
—_ N _ T
The N projections of Js(r') and of Z a_j _(r') upon the F{?
n=1 non :;!,_'1
ol ¢
subspace Sw are then forced to be equal by taking the inner ;?-
products with the weighting functions. This forces the right 423
and left sides of Equation (1) to be equal. Taking the inner o
49
products with the set of N weighting functions the following 35‘
s

g
system of N linearly independent equations is arrived at: 52!
N o o '
n£1 an<wm(r),L[Jn(r')]> = <wm(r).F(r)> e
e

.3;

This linear algebraic system is then solved for the N unknown ﬁﬁ
I“:'\
coefficients an. and an approximation tO'Es(;') is obtained. el
p
The selection of basis functions and weighting functions N
4
affects the accuracy of the solution and the efficiency of gﬁz
the computation. Different'computer codes use different EL.
combinations of these functions. Each has its advantages and ?Sf
disadvantages for different antenna geometries. E.K. Miller 55'
and F.J. Deadrick present an excellent comparison of the ;&
different combinations of basis and weighting functions t;i
v.'b:

[Ref. 4]. o)
i_."!

Having solved the system of linear equations an approxi- >
mation of the current distribution is obtained. Knowing the 'ﬁf
2%
current distribution the antenna's radiation patterns, input }f#
AL

impedance, gain, efficiency, and other parameters may be K
calculated. :ﬁg
17 ‘ e
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The Numerical Electromagnetics Code (NEC) is a method of

-

moments computer code for the analysis of the electromagnetic

|

response of antennas and other metallic structures. NEC is

-
77
- -

the computer code used for modeling in this thesis.

L3

Lu‘ ?0

NEC's application to wire antennas requires the structure .

#H -

¥

to be modeled with strings of short straight wire segments.

Pl
e o

These segments should follow as closely as possible the

geometry of the conductors of the structure being modeled.

NEC uses the method of moments to numerically solve the thin

o

Y
LA

[/

wire integral equation for the currents on the wire segments

PR g

AN

and consequently the entire structure.

Ps
o

The weighting functions used by NEC are Dirac delta
functions located at the center of the wire segments. The

weighting functions have the form:
W (r) = §&(s -Sm)

where Sm are the set of match points found at the center of

each segment S. This is known as the collocation method of

solution.

NEC uses a three term basis function for the current _—

expansion. The basis function is the sum of a constant, o

sine, and cosine term. Each basis function extends over the Lgy
[GXN

segment for which it is defined and onto the segments on At
(%

either side of the segment for which it is defined, see g3!
. \{‘Z &

Figure 2.4. The result is a continuous current distribution .
RN

and charge density over the segmented wire. e
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Figure 2.4. Basis Function Configuration

NEC has the capability of modeling active or passive

Pl MR W

REPRODUCED AT GOVERNMENT EXPENSE

structures. The structure may be located over a perfect
or imperfect ground. A model may be composed of perfect or

imperfect conductors and include lumped element loading. if

Y MR

desired. NEC is capable of using symmetry where it exists

in the structure .to significantly reduce the computer storage
and time requirements. NEC allows the 'self-interaction
matrix' of a structure to be computed, factored for solution,
and stored on tape or file. This matrix may then be used when

a new antenna or structure is added to the environment of the

aea N N,

original structure, reducing the computation time required.
Once NEC has computed the current distribution it will output,
as requested, the following quantities: input impedance, input
power, antenna efficiency, radiation patterns, gain, coupiing,
near field values, polarization, currents, and charge
2 distribution.

NEC allows several types of excitation. The structure may
be excited by an applied source or an incident plane wave
? ( with various polarization schemes. Of primary interest in

5 this thesis are the applied voltage source models. There

R NNLS
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are two such models used by NEC, the E-gap voltage source
and the current-slope-discontinuity voltage source.

The E-gap or applied field voltage source places the
E-field at the match point of the source segment. The
result is a nearly rectangular field spread over the width

of the source segment, mathematically:

The current-slope-discontinuity model forces a discontinuity
in the charge density between segments such that

Vo 2 I(S;) -I(S;). The resulting source obeys the following

mathematical expression:

3L _ -3 Y,

a 51, ~ &0NEn(4/a) -11

Note that since the current-slope source is a more localized
source it is less dependent on segment length than the E~gap
voltage source. Also, the E-gap source is applied at the
center of the wire segment while the current-slope-discon-
tinuity source is applied to the base of the segment.

There are several wire structure modeling guidelines
which should be adhered to: When using a voltage source,
the segment lengths on either side of the segment to which

the source is applied should be equal to the length of the

2
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segment on which the source is applied. When the current-
slope-discontinuity source is used, adjacent segments should
have radii equal to the radius of the segment to which the
source is applied. Wire segment lengths, d, should be less
than a tenth of a wavelength, in critical regions making

d < .05)X may be necessary. Extremely short segments, less
than 10‘4A should be avoided. The radius 'a' of a wire
segment should be small relative to both wavelength and

segment length, the guidelines are:

a < .54

a < .1

Equal fadii and length segments should be used at junctions.
Large changes in radius should be avoided, however, if such
changes are necessary the radius change should be done in
successive steps. Sharp bends in thick wires should be
avoided. Wires must not be overlaid. Wires which are to
be connected must contact at segment ends. Contact is

considered made when following inequality is satisfied:

separation of segment ends 10-3

d

In general, while remaining within the above guidelines,
the more segments used to model the structure the more
accurate the solution.

Metallic surfaces may be modeled with varying degrees of

success by a wire grid. This is possible since as the grid
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size becomes small relative to a wavelength, the grid supports
a current distribution which approximates that of the con-
tinuous surface. The current is only an approximation,
however, and as such can be expected to predict far fields
and impedances reasonably well but possible not near fields.
The wire grid will approximate a surface if the mesh is
dense enough, a tenth of a wavelength is considered adequate
for most models. The ratio of segment length to radius
should obey the following inequality: 10 < d/a < 30, where 4
is the segment length and a the wire radius. As a mesh is
sparser than a continuous surface its currents will tend to
be concentrated and exhibit a higher inductance than would
normally be present on the continuous surface. Possible
solutions are to use distributed loads of negative inductance

or fat, rod-like wires.

B, SCALE MODELING

Antenna engineers often use scale models of antennas as
tools in antenna analaysis and design. Such models predict
the response of the full size antenna well and are less
expensive to build than the full-sized antenna. Scale models
also require less test area to conduct measurements in.

As a consequence of the linearity of Maxwell's equations
an antenna with certain properties at a given frequency, £,
will have identically the same properties at another frequency,
nf, provided all linear dimensions are scaled by the ratio 1l/n

[Ref. 5]. Thus a 10 meter monopole at a frequency of 10 MHZ
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may be modeled by a 1 meter monopole at 100 MHZ. Problems do
arige in scaling the conductivity however. To properly scale
the antenna the models conductivity should be 10 times that

of the original monopole. If the original antenna is made of

- copper or some other highly conductive material it may not be

possible to build the model from a material of 10 times the

conductivity. This is not too serious a problem, however,

since conductivity losses affect the operation of most

antennas only to a small degree.

Selection of a ground plane for the scale model antenna

measurements is important. The ideal ground plane is infinite

in extent and made of a perfect conductor. The radiation

fields of a monopole of height h over such a ground plane are

identical to those of a center driven dipole of length 2h.

This follows from the image theory [Ref. 6]. The monopole's

input impedénce is one-half that of the dipole. The above

properties hold for all antennas over a perfect ground.

When a finite imperfect ground plane is used the radiation

patterns are distorted due to the edge effects of the ground

plane [Ref. 7]. 1In addition the ground plane size affecté

the input impedance of the antenna. It is reported that for

a quarterwave monopole above a circular ground plane of diam-

eter greater than 10 wavelengths the variation of the resis-

tance or reactance from that of an ideal monopole over a

perfect ground is less than an ohm. This variation in impe-

dance gets progressively worse as the ground size is reduced.

.......
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Meir and Summers [Ref. 8] have made measurements of mono-

s B B &AM

poles over finite ground planes. Their results indicate a
square ground plane produces less variations in impedance than
= does a circular ground plane. Also, broad monopoles produce

less variations in impedance than do thin monopoles. Typical

variations for a L/\X = .488 monopole of .0258X diameter over

JEZﬂ&

a square ground plane were *10% in resistance and *17% in

o
S
R
PRI

reactance for a ground plane 2 wavelengths wide. When the

] ground plane width was increased to 4 wavelengths the variations i:
- were 4% in resistance and 8% in reactance. Thus the ground ;E
3 plane used should be as large as possible and preferably sqguare. E§
o The feed transition to the scale antenna is also an impor-

- tant consideration. The feed transition should present a

v

SRR

smooth 50 ohm (or any other characteristic impedance desired)

)
A b

s

to the antenna. The antenna should fit the.transition so as

G0 35

A

not to present any discontinuities in the network. Such dis-

Y e
e,
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continuities could cause reflections which change the standing

(]
{ SR

wave ratio and other properties of the antenna.
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If the antenna's radius is not the same size as the feed

transition radius, it may be altered by tapering the base of
the antenna to fit the feed transition radius. Such tapering

will minimize the discontinuities seen by the electromagnetic

-
DA

- transmission to the antenna. Tapering the antenna will also

change the properties of the antenna but to a lesser degree

‘-‘ 4

N than an inadequate fit to the feed transition.
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III. COMPUTER MODELS

This section presents the various computer models used in
this study. The models range from monopoles to patch monopoles
at the face of box structures. All models were run over a

perfect ground.-

A. MONOPOLE MODELS

Two monopoles were modeled on the computer. Both mono-
poles were of height 13.986 meters and run over the frequency
range: 2-24 MHZ. The first monopole had a constant radius of
.054 meters and was constructed of fourteen equal length wire |
segments, each .999 meters long. This monopole is a computer
model of one whose impedance characteristics over the fre-
quency range.in question have been tabulated by R.W.P. King
[Ref. 9]. This monopole computer model will serve as a check
between NEC's calculated impedance'and that of theory.

The second monopole modeled with NEC was of identical
height as the first but had a tapered base similar to the
physical scale models of this study. The base of the mono-
pole was "step tapered" over 2 segments. The first segment
had a radius of .13387 meters and a length of .2925 meters.
The second segment had a radius of .09337 meters and a length
of .2925 meters. The remaining thirteen segments were of
radii .054 meters and length 1.0308 meters each. Figure 3.1
shows the shapes of the scale modél taper and the computer

model taper.
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Figure 3.1. Taper Shapes of Models. a) Scale Model;
b) Computer Model

PP

Both monopoles were driven at their base with a 1 volt

E-gap voltage source.

LU N AR
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B. PATCH MONOPOLE MODELS

The patch monopole is a generic-antenna used in this.
study for the excitation of a metallic box as discussed in
Chapter I.

Wire grid computer models of the W/H.= 1 and W/H = 10
patch monopoles with various grid densities were built to
determine the effect of grid density on the computer models'

impedances. To conserve computer resources the W/H = 2 patch

monopole was not run. The assumption was that the behavior

P A N .
v by Yyt
o e .

L

of the W/H = 2 patch monopole would lie somewhere between

'i that of the W/H = 1 and W/H = 10 patch monopole models. R
: b
b« The grid models were run at three frequencies: 2 MHZ, EQ
. Q

22

6 MHZ, and 10 MHZ. These frequencies corresponded to below,

. near, and above resonance, respectively. The radius of the POy
.' '1.‘ ]
. 0)
. wire segments used was .05 meters. Figure 3.2 shows the Sﬁ

. X LY

3 typical grid structure used for modeling the patch monopoles. Qﬁ
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Figure 3.2. Wire Grid Models. a) W/H = 1; b) W/H = 10
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Tables 1 and 2 provide a summary of the different grid densi-
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—

N ties used with the wire grid models. o
. N
-~ &-’ﬁ
- . ot
P, . .:
TABLE 3.1 2t
; GRID DENSITIES OF W/H = 1 ANTENNA MODEL s
- N
. X
o Grid Spacing in Wavelengths ':,
¢!
Grid Spacing e
in Meters f = 2 MHZ f = 6 MHZ f = 10 MHZ RS
- 2 .0133 .0400 L0667 9]
< ":
> 1l .0067 .0200 .0336 e
N .5 .0033 .0100 .0167 E
y .4 .0027 .0080  .0133 f‘.:f:'j
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’ TABLE 3.2 »
GRID DENSITIES OF W/H = 10 ANTENNA MODEL d
I
A ) "
? Grid Spacing in Wavelengths oy
“ Grid Spacing

¥ in Meters f =2 MHZ f = 6 MHZ f =10 MHZ B,
! 8,
; 5 .0334 .1001 .1668 j
g 2.5 .0167 .0500 .0834 }'f;
: 1.25 . .0083 .0250 .0417 gg
1 .0067 .0200 .0334 -

~ . .
N .625 .0042 .0125 .0209 Kt
N »
:‘ .;n
” To determine the effect of the different voltage sources fi
- X
on the computer models, each of the wire grid models of -y
- .Tables 3.1 and 3.2 were run with an E-gap voltage source and S
' a current-slope-discontinuity voltage source, separately. P
- . }-
- E
N The voltage sources were applied to the wire segments which e
- contacted the ground plane, i.e., the lowest wire segment kf
s of the feed line on each model. .
.~ o
- The number of wire segments used to construct the patch t;
5 monopole feed lines was also varied. This investigated the ;&

, 1)
effect of equal and unequal length segments at junctions as :?
% well as the effect of varying the number of equal length EE-
: i
- segments on either side of a voltage source. Note that when fﬁ

P a ground plane is present it appears to the code as if, in .
a \'

. addition to the modeled antenna, a mirror image of the

"
e
L )

antenna above the ground plane is also below the ground plane.
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Thus placing the voltage source at the segment touching the
ground plane is like placing it at the center of the two
antennas, and does not violate the modeling guideline of
having equal length segments con either side of the voltage
source.

The W/H = 10 patch monopole was modeled with a one segment
feed line and a 3 segment feed line. The W/H = 1 patch mono-
pole was modeled with a 3 segment feed line and a feed line
whose segment lengths were of the same length as those used
for the grid structure of that particular wire grid model.
Tables 3.3 and 3.4 summarize these segment lengths in terms

of wavelengths.

TABLE 3.3
NUMBER OF FEED SEGMENTS AND THEIR LENGTHS IN
WAVELENGTHS FOR W/H = 1 ANTENNA MODEL

Feed Segment Length in Wavelengths
Number of Feed

Segments - £f = 2 MHZ f = 6 MHZ £f = 10 MH2
2 .0133" .0400 .0667
3 .0089 .0267 .0444
4 .0067 .0200 .0333
8 .0033 .0100 .0167

10 .0027 .0080 .0133
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TABLE 3.4

NUMBER OF FEED SEGMENTS USED AND THEIR LENGTHS IN
WAVELENGTHS FOR W/H = 10 ANTENNA MODEL

Feed Segement Length in Wavelengths

Number of Feed
Segments f = 2 MHZ f = 6 MHZ £f = 10 MHZ

1 .0067 .0200 .0333

3 .0022 . .0067 .0111

The number of feed lines and voltage sources driving the
wire grid models was changed from 1 to 3. This was done to
determine the effect of multiple feed points on the patch
monopole models. Each. of the three feed lines was composed
of three equal length wire segments. The feed line segment
sizes in wavelengths was the same as the three segment feed
line cases of Tables 3.3 and 3.4. The three feed lines were
each driven at the base by a 1 volt E-gap voltage source.
Figure 3.3 shows typical three feed line models.

Three "sparse" computer models were modeled with NEC.

These models were run to investigate the modeling of the patch

monopole with a non-grid structure. The configurations of
these models were selected because their geometry approximated
the major distribution of current on the 2 MHZ wire grid
model.
For ease in identifying the sparse model configurations the
following abbreviations will be used:
sparse patch monopole with no vee--SPMNV

sparse patch monopole with vee-~SPMV
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(a) _ (b)

Figure 3.3. Three Feed Line Wire Grid Models.
a) W/H=1, b) wW/H =10

sparse patch monopole with vee and vertical center--SPMVC

REPRODUCED AT GOVERNMENT EXPENSE

Figure 3.4 shows the models and their abbreviated names.

(a) (b) (c) N
Figure 3.4. Sparse Models. a) SPMNV, b) SPMV, c) SPMVC
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The sparse models were modeled with one feed line. The W/H =1

T

models each had three segments on their feed lines. The
W/H = 10 models were modeled twice, one with one segment feed

line and once with three segment feed lines.

Each of the wires composing the W/H = 1 patch monopole
patch section was made of two wire segments. Each.of the
wires used in the W/H = 10 patch section was divided into
four segments. Tables 3.5 and 3.6 provide segment lengths

in terms of wavelength for the sparse models.

TABLE 3.5

W/H = 1 SPARSE MODEL SEGMENT LENGTHS

Segment Size in Wavelengths

Segment

Type 2 MHZ 6 MHZ 10 MHZ
Vertical .0133 .0400 .0667
Horizontal .0133 .0400 .0667
Diagonal .0149 .0448 .0746
Feed .0089 .0267 . 0445

The sparse models were run with their wire radii equal to
.005 meters as well as .05 meters. This was to determine the
effect of wire radius variations on calculated impedance.

Three patch monopole configurations were run over the
frequency range of 2-24 MHZ. The three patch monopoles were
of the wire grid type with the following W/H ratios: W/H = 1,

W/H = 2, and W/H = 10. These patch monopoles were each driven
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TABLE 3.6 N,

| W/H = 10 SPARSE MODEL SEGMENT LENGTHS N x

o

‘ Segment Size in Wavelengths ;E%

Segment : ,;:':*

Type 2 MHZ 6 MHZ 10 MHZ ,w'iv-

Vertical .0167 .0500 .0834 -

¥ T

Horizontal .0167 .0500 .0834 NS

. -

PELS

Diagonal .0187 .0559 .0932 5o

N

Feed (1 seg/feed) .0067 .0200 .0334 "

Feed (2 seg/feed)  .0022 .0067 L0111 o)

_ ?}'

[

with a 1 volt E-gap vqltage source at the segment connecting R

the patch monopole to the ground. Each of the patch monopoles tﬁ;

was constructed of .05 meters radii wires and a grid separation i

of one meter. The W/H = 1 and the W/H = 2 models' feed'lines - ;g

were three equal length wire segments. The W/H = 10 model's ’f:

feed line had one segment. Table 3.7 lists the range of the :fj

St

models grid sizes, feed segment lengths, and antenna heights e

in terms of wavelengths. Figure 3.5 shows the three models. ::?

TABLE 3.7 e

' "
: ANTENNA DIMENSIONS AT 2 MHZ AND 24 MHZ ;.~_;.
E W/H = 1 W/H = 2 W/H = 10 NS
. Measurements in Rt
E Wavelengths 2 MHZ 24 MHZ 2 MHZ 24 MHZ 2 MHZ 24 MHZ -
X o
E; Height .0534  .6405 .0600 .7206 .0734 .8807 o
P .p_\
i‘ Grid Size .0067  .0801 .0067 .0801 .0067 .0801 i‘:
P

. Feed Segment -
] Length .0089 .1068 .0067 .0801 .0067 .0801 =
2 -
53
33 ,:“
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Figure 3.5. Wire Grid Path Monopole Models

C. METAL BOX 'COMPUTER MODELS
A 12x12x12 meter box above a perfect ground was modeled

with .05 meter radii wires over the frequency range 2-24 MHZ.

One side (or face) of the box was left open for later insertion

of a patch monopole at the box face:

Three different grid densities were chosen for three
frequency ranges. This was done to minimize computer time
and storage while still maintaining the less than one~-tenth
a wavelength per wire segment length criteria. Table 3.8
lists the frequency ranges and corresponding grid spacings.
Figures 3.6-3.8 show the wire grid box models used.

Finally, the metal box with a patch monopole at its open
face was modeled over a perfect ground. The box was run
for a W/H=1, W/H= 2, and a W/H = 10 patch monopole at the

face of the box, separately. The patch monopoles were those
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TABLE 3.8

BOX MODEL FREQUENCY RANGES AND GRID SPACINGS IN WAVELENGTHS

REPRODUCED AT GOVERNMENT EXPENSE

Frequency Grid Low Freq. End High Freq. End
Range Spacing Grid Spacing Grid spacing
in MHZ in Meters in Wavelengths in Wavelengths
2-10 3 .0200 .1001
11-15 2 .0733 .1001
16-24 1.2 .0640 .0961

-

A
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o
N,
N
,

A
N
\VAY,

Figure 3.6. Box Model for Frequency Range 2-10 MHZ
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Figure 3.7.
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Figure 3.8.

-24 MHZ with the

which had been run over the frequency range 2

......
e e

Figure 3.9 shows

one meter grid spacing, discussed earlier.

a typical gridded box model with a wire grid patch monopole

at its open face.
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Typical Box with Patch Monopole Wire

Grid Model

Figure 3.9.
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IVv. SCALE MODELS T

.

' Physical scale models of the patch monopoles and of a ?*%
15"

‘ . ‘}4”1
' : monopole whose theoretical impedance values are known, were o
£

constructed to provide a correlation between physical S5

L

g . . . Y
N impedance measurements and the impedances predicted by NEC. i’
. .
. The impedance measurements were performed with the physical f:
g models over an 11 x 11 meter ground plane. A scale factor of n\.
- . ’\
NN

1/45 was used on the physical models to ensure the ground

plane was at ieast three wavelengths across at the lowest e

4 frequency. The frequency range used for the impedance measure- ;?
]

ments was 90-1080 MHZ. This corresponded to the computer model é;

frequency range of 2-24 MHZ. Appendix A provides a block :Z‘

- diagram of the experimental set up. ;f
S 2
¥ A. SCALE MONOPOLE R
] To determine the éccuracy of the experimentai set up a X
ff monopole whose theoretical characteristics have been tabu- lEr
5 lated by R.W.P. King [Ref. 9] was built. The physical éz‘
- monopole was a flat-top cylindrical brass rod of height .3108 %;
j meters. The bottom of the monopole was tapered from a ;5
; diameter of .685 cm at the base to the monopole diameter of é;
5 .24 cm at a height 1.3 cm from the monopole base. Although si
; this taper presents a deviation from the theoretical monopole Egh
; it was necessary to match the diameter to that of the feed i;
. transition’s center conductor. (This taper is also used ;;
g 39
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it with each of the patch monopole models to be discussed in

l.

) this chapter.)

b

. B. SOLID PATCH MONOPOLES

. Scale patch monopole models of the W/H = 1 and W/H = 10

" patch monopoles were constructed. The patch sections of )
the two models were made of .215 cm thick brass plate while

E the monopole sections were made from .24 cm diameter brass

L2 rods. The taper described in Section A was used on both
models. Figures 4.1 and 4.2 are photographs of the W/H =1

%‘

3 and W/H = 10 scale models respectively.

\i

»

-

.

]

R

4

‘s

» Figure 4.1. W/H = 1 Patch Monopole 1/45 Scale Model
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Figure 4.2. W/H = 10 Patch Monopole 1/45 Scale Model

C. GRID PATCH MONOPOLE MODELS

Wire grid scale patch monopole models were built to pro-

vide a comparison between the computer patch monopole models
and the physical models, as well as to determine the degree
to which a wire grid approximates a solid plate.

Scale models of the W/H =1, W/H = 2, and W/H = 10 wire

grid computer models were built. The grid spacing of the  £i
scale models was 2.22 cm corresponding to the computer wire ;;%
grid models with grid spacings of one meter. The diameter of ;ﬁi
the brass rods used to construct the grids and the monopole %gg
sections was .24 cm. Again the taper described in Section A ?ﬁﬁ
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was used with each model. Figures 4.3, 4.4, and 4.5 are
photographs of the W/H = 1, W/H = 2, and W/H = 10 wire grid

scale models, respectively.

.Pigure 4.3. W/H = 1 Scale Wire Grid Patch Monopole Model
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Figure 4.5. W/H = 10 Scale Wire Grid Patch Monopole Model
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s V. COMPUTER MODEL RESULTS

This section is devoted to presenting the results of the

i »
ﬂ;‘,}(‘ B

!"JH L o o

computer models described in Chapter III.

fatu ava o B

Yo -

A. COMPUTER MONOPOLE MODELS

.
.

..--
et O

As discussed in Chapter III1 a computer monopole model of

AR A R

a monopole whose characteristics were calculated and tabulated

A second monopole but

by R.W.P. King was modeled with NEC.

with a tapered base was also modeled on the computer. Figure

5.1 is a plot of the resistance versus monopole height of

vy

King's monopole, the non-tapered computer monopole model and
? the tapered computer monopole model. Figure 5.2 is a plot @;
of the reactance versus monopole height of the three monOpoles. E:
i From the graphs it is seen that NEC models the monopole well, :ﬁ
; particularly at heights less than .4 wavelengths. The effect S%
?-: N

of the taper at the base of the monopole is to make the

{J

resistance and reactance lower than that for the uniform

radius. Also notice the tapered model correlates to King's

Y M g
NN

monopole better at the high frequency end while the non-

|

tapered model correlates better at the low frequency end.

-

B. PATCH MONOPOLE COMPUTER MODELS o

Hhh!

The W/H = 1 and W/H = 10 patch monopole grid models were -

run at 2, 6, and 10 MHZ varying their grid size. The results s

indicate that changing the grid size does affect the impedance .

=L A Y

.............
.............................................................
.....................................
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of the antenna model. Figures 5.3 through 5.6 are typical
plots of resistance and reactance versus grid size for the two
antenna models. From these plots it is seen that, with the
exception of the W/H = 1 antenna resistance values, it is

not apparent to what value of resistance or reactance the
computer models will converge or if they will ever converge

as grid size is decreased. Also it is seen that the grid
density has a much greater effect on the large antenna's
impedance than on that of the small antenna's.

The wire grid patch monopoles with various grid densities
were run on the computer with the E-gap voltage source and
the current-slope-discontinuity voltage source for comparison,
at frequencies of 2, 6, and 10 MHZ. The two voltage sources
produce different results. However, for the W/H =.10 antenna
the two values tend to converge as grid size is decreased.

For the W/H = 1 antenna the two voltage soruces result in
impedances that tend to track each other at a fairly constant
separation as the grid size is varied. 1In both cases the
current-slope-discontinuity voltage source produces greater
resistive and reactive impedance values than the E-gap source.
Figures 5.7-5.10 illustrate these trends.

The W/H = 1 and W/H = 10 grid models were also modeled
as the number of segments in the feed line varied. This
invéstigated the effect of changing the segment length on
either side of the applied voltage source and the effect of

unequal segments at wire junctions, in particular at the

47
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junction of the wire grid patch and its feed line. Figures
5.11 through 5.14 are typical graphs of how the resistance
and reactance values change with grid size for different
number of feed segments.

The impedances of the small antenna model (W/H = 1) with
feed segment size equal to the grid segment size, tends to
diverge from the impedance values obtained with the feed line
broken into three segments, as the grid size is decreased.
The three segment feed line W/H = 1 model has more stable
resistance versus gfid size than does the model - with its feed
segment lengths equal to its grid segment lengths; the oppo-
site is true for reactance. It was expected that the model
with equal length segments in the feed line and grid would
produce the most stable impedance with respect to grid size
since it satisfied the guideline of equai length segments at
junctions as well as on either side of the voltage source,

but this was not the case.

As the graphs of Figures 5.13 and 5.14 show the impedances

of the W/H = 10 antenna models with different length feed

segments tend to converge as the grid size is decreased. 'Also

the one segment feed line model has a more stable impedance
versus grid size model than the three segment feed line model
has. This is reasonable since the length of the one segment
feed line is closer in size to the grid segment lengths than
are the three feed line segment lengths, and as such, more
closely satisfies the guideline for equal length segments at

junctions.
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The W/H = 1 and W/H = 10 patch monopole modles were also'
modeled with the three sparse models described in Chapter
III. Tables 5.1 and 5.2 present their impedances along with
the impedances of the one meter grid size models driven with

the E-gap voltage source. The W/H = 1 models each used a

three segment feed line while the W/H = 10 models used a one ;
segment feed line. Tables 5.3 and 5.4 present the percent E%é:
change in resistance and reactance for each of the sparse ;%5%
models with respect to the corresponding one meter grid ii;
separation model. : ' éﬁi

TABLE 5.1

IMPEDANCE COMPARISON OF W/H = 1 SPARSE AND GRID MODELS

in MHZ GRID l SPMV'CE%a spMv ! SPMNV |

f

REPRODUCED AT GOVERNMENT EXPENSE

Freq
2 2.08-3203 2.07-3333 2.04-3595 2.06-3783 o
S
6 22.3+32.8§  22.1+27.53 21.8+417.95  22.3+13.3j o
‘ ' ]
10 87.3+21075 86.1+2067 85.8+2007 89.9+2023 |
":'.'Pq
vt
B
TABLE 5.2 o]

E

v S
LN

IMPEDANCE COMPARISON OF W/H = 10 SPARSE AND GRID MODELS

in MHZ GRID SPMVC SPMV SPMNV

v,

DY

+ . -
Ay

P
.

A
'I

. .
-
.m:.

[N

2 2.07-98.935  2.23-1253 2.28-142j 2.48-157j3 SN
S
6 34.2+36.23  37.1+39.6j 42.3+444.3j 51.3+58.6j %;S
l‘.!‘

59,9+31.313 78.2+24.3j 89.141.59j  116~1.145
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b TABLE 5.3
N I
? PERCENT CHANGE IN RESISTANCE AND REACTANCE OF SPARSE MODELS
FROM WIRE GRID MODEL, W/H = 1 3
;z Freg SPMVC SPMV SPMNV %
Pa in MHZ A%R  A%Xj ASR  A%Xj A%R A%X] ')
) . s
2 .53 3.89 2.16 12.3 1.15 18.3 3
: 3
T u 6 .89 19.2 2.26 45.6 .29 59.5 oY
> 2 e
% w 10 1.15 2.21 1.75 4.93 2.97 3.70 o
g
-4 ; :
W R
R TABLE 5.4 =
\. x ’:..
N “>‘ PERCENT CHANGE IN RESISTANCE AND REACTANCE OF SPARSE MODELS '-
- 9 FROM WIRE GRID MODEL, W/H = 10 3
) | A
“ < 5;‘
SN Freq SPMVC SPMV @ SPMNV | 'C':
. § in MHZ A%R  A%Xj ~  A%R  A%Xj A%R A%Xj :'-,.
| S 2 6.96 21.1 10.0 43.7 18.6 58.9
G & \
7w 6 8.38 8.55 19.2 18.3 33.3  38.2 E_‘:
¥
) 10 23.4  28.9 48.9 94.9 94.1  103. 5
% The W/H = 1 sparse models are relatively good over the ff
o frequency range 2-10 MHZ with the worst case percent change .ﬁ
* in resistance being 2.97%. The reactances are less com- %
E parable, reaching a percent change of about 60% at 6 MHZ. :
; However, 6 MHZ is the near resonance frequency of the grid EE
3 model and computer models typically result in resonances ;
7/ which are shifted from the physical resonance. This results ii
E. in greater deviations in impedances between the physical and i:
A A
- modeled antennas near resonance. The above and below resonance s
A o
. A

5
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frequencies give a better correlation with a maximum percent

-

change of 18.32%.

The W/H = 10 sparse ﬁodels correlate less and leés in

_.
pE

<=

impedance with the grid model as frequency increases and as

7

,."
" ’a.
o

the model becomes sparser, i.e., the SPMVC model's impedance

correlates with the grid model's impedance better than the Fad)

=

A SPMV model's impedance. The tables also show that the reac- ;:
tances correlate worse than the resistances. This is expected ﬁyf
X since the sparse models have fewer wires available for current _?;
; distribution. This results in larger currents on the sparse Eil
. o
P

b model's individual wires than what would be found on the grid
models individual wires. Larger current concentrations result )

> in greater reactances. Also the sparse models were designed

\,av.'.: ‘.
(L] :

’ 54}'7: e

to mimic the current distribution an the grid models at 2 MHZ

and as the antenna's height and breadth increase in wavelength

7

..
\’.M’ 3
A

2
L)

the current distribution becomes more complex and the sparse

»
o¢‘v
L

models are less capable of supporting these currents and thus ¥

% produce different impedances. ﬁ&
." . “,-
: The sparse models were also run with the wire radii reduced SR
y from .05 meters to .005 meters. As expected the results indi- ;;
=

j cate that thinner wire tends to increase the antenna's impedance. e
J v
. To determine the effect of multiple feed points on the &}
b Y
' antenna model the W/H = 1 and W/H = 10 wire grid models were ;¥
? run with three feed points for various grid sizes. Figures oy
i 5.15 and 5.16 show the manner in which resistance and reactance ﬁi;
. NS
& changed with respect to grid size for the three feed models. ﬁﬂ‘
) o
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Figure 5.15.
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The resistance and reactance curves of a single feed model F&;

are included in the plots for comparison. bgé

The impedance fqr the three feed models tend to be more ??

stable than for the single feed point models, with respect ! ;:

to grid size. The resistances of the three feed model are tﬁf

typically less than those of the single feed model. 1In ' &;;

5 addition the reactances are typically more capacitive than g&f
Ry

; the reactances of the single feed model. fg
Radiation patterns for the one meter grid separation patch Q,f

monopole models driven with the E-gap voltage source were %ﬂ

obtained over the frequency range 2-24 MHZ. The W/H =1 :::

and W/H = 2 antenna models each used a three segment feed 3&;

line and the W/H = 10 antenna model used a single segmenf §¥

feed line. k":

For heights less than .3 wavelength, the radiation patterns 3&?

of the W/H = 1 and W/H = 2 patch monopoles looked like patterns Eﬁy

of equal height monopoles. The horizontal patterns became . gﬁf

slightly elliptical at e;ectrical heights greater than .5 Lfﬁ

f wavelengths. At heights greater than .5 wavelengths the verti- §\
cal patterns looked similar to those of an equal size monépole :;;

. but with less lobing. Figure 5.17 is typical of the horizon- :Qf
tal patterns of the W/H = 1 and W/H = 2 antennas showing the Eii

! elliptical shape. Figure 5.18 is a typical vertical pattern. E;{
: Notice the less severe lobing compared to an equal sized &ﬁ:
monopole radiation pattern. Figure 5.19 is the vertical pattern %;:

. of a monopole of equal height provided for comparison. S?,
b
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The W/H = 10 patch monopole has horizontal patterns
similar to those of the other two antennas but the ellipticity
is more prominent. Figure 5.20 is a typical horizontal pat-
tern. For electrical heights greater than .5 wavelengths,
the vertical patterns of the W/H = 10 antenna lose the.

b circular symmetry that the_vertical patterns of an equal height
monopole possess, as seen in Figures 5.21 and 5.22. Note the
vertical pattern's shape is dependent on the azimuth angle

] of the antenna. This is expected as the Breadth of the patch
monopole face causes the antenna to appear like a very broad
monopole from the face aspect while it looks like a thin
monopole from the side aspect. Figure 5.23 is the vertical

pattern of a monopole whose electrical height is equal to the

antenna whose patterns are shown in Figures 5.21 and 5.22.

The following is a summarization of the patch monopole .
computer model results: There are many modeling parameters
which affect the impedance of the computer model. Among these
parameters are grid size, type of volfage source, feed line
segmentation and the radius of the wire segments. The small

antenna model's impedance is less dependent on these parameters

than is the large antenna model's impedance. The impedances ﬁji
of the various large antenna models tend to converge in value ﬁj}
b

4!-‘..

as the grid size is reduced. Sparse models are adequate in A
terms of impedance for electrically short antennas and repre- ;:*

v

. . lyh

sent a savings in computer storage and time requirements. gk~
. . i q ¥

The horizontal patterns of the patch monopoles become elliptical th
'\:';.
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for antenna heights greater than .5 wavelengths. The vertical
patterns display less severe lobing than the patterns of an
equal height monopole. However the circular symmetry charac-
teristic of a monopole's vertical pattern is also lost as the

patch monopole's vertical pattern becomes more directional.

C. PATCH MONOPOLE AT BOX FACE COMPUTER MODELS
Computer models of each of the patch monopoles at the

~open face of a metal box were run on the computer using NEC.

The frequency range was 2-24 MHZ. This frequency range corres-
ponded to the box electrical height range of .08 wavelengths

to .96 wavelepgths. The patch monopole models were the W/H = 1,
W/H = 2, and W/H = 10 wire grid models with one meter grid~
spacing driven by the E-gap voltage source. These models and
the box models were described in Chapter III.

Figures 5.24 and 5.25 are plots of the resistance and
reactances versus box height of each of the three patch
monopoles at the open face of the wire grid box model (hence-
forth referred to as the survivable antenna). From these
plots it is apparent that the W/H = 10 survivable antenna (the
largest patch monopole at the box face) produces lower resis-
tances and reactances than the other two antennas. The first
resonances of all three antennas are close together, around

.18 wavelengths. Also, the reactance of the W/H = 10 survi-

vable antenna drops away from that of the other two at a box ﬁ%:

height of about .25 wavelengths. . "‘
A 3:1 SWR is considered a reasonable criterion for broad- ;

band antenna operation [Ref. 10]. Not too many antennas ﬂﬁﬁi
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satisfy this criterion over an operating band of interest but ,}g
many may be brought into this region by use of series induc- . h&ﬁ
tance or capacitance. Figure 5.26 shows the 3:1 SWR circlé. ifﬁ
The shaded region représents the impedance region of the %E

AL

Smith chart which may be moved into the 3:1 SWR circle by

use of series reactances. This thesis will consider impedances

(I

that fall in this region and the 3:1 SWR circle as acceptable %;
Paey

v

impedances for operational requirements. ";
i

Figures 5.27 through 5.29 are Smith Chart plots of the . 3&;

.':4

impedance characteristics for the W/H = 1, W/H = 2, and ﬁﬁ
&

W/B = 10 survivable antennas. Table 5.5 presents the frequency {L;
rangeé which fall in the 3:1 SWR circle or are matchable by ads
o

series reactance to the 3:1 SWR circle for the three antennas. ﬁ§~
vi;t;:‘

. TABLE 5.5 i\' .’
FREQUENCIES SATISFYING 3:1 SWR CRITERIA _ éﬁ

;. |

W/H =1 W/H = 2 W/H = 10 -

L‘.\:-

Frequency o
Range- 7-10 7-9, 14, 20 6-7.5, ‘8.5-22, 24 N
in MHZ - A
'.I‘P.:

This table reveals that the W/H = 10 survivable antenna ﬁ;r

3

design has the superior bandwidth of the three. Based on the N
o

; frequency ranges over which the antenna's impedance is series .
N

matchable to a 3:1 SWR, this antenna has an acceptable fre- JSE
o~

guency range from 6-7.5 MHZ and 8.5-22 MHZ. Also the antenna {?;
NS

has an SWR which lies within the 3:1 circle without need of
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a matching network over the frequency range of 8.5-1l
MHZ.

Radiation pétterns were obtained for the three survivable
antenna designs. For box heights of up to .4 wavelengths the
patterns of the three antennas tended to be similar (though
not identical) indicating the box was the dominant factor in
the patterns at these frequencies. At very low frequencies,
where the box height was less than a tenth of a wavelength,
the patterns closely resemble those of an electrically short
monopole. As frequency increases the box height becomes near
.25 wavelength and the patterns become cardioidal in the
direction of the box face. Figures 5.30-~5.32 are typical of
these patterns. Notice the heart-shaped patterns with the
greatest gain in the direction of the box face.

As the box height nears half a Qavelength, the horizontal
patterns become less directional and the vertical patterns
differ greatly from those of an equal-sized monopole. Figures
5.33-5.35 illustrate these properties. From these figures it
is observed that the horizontal pattern no longer presents a
cardioidal shape. The vertical patterns have lost the null
at the 90 degree elevation angle which is characteristic of a
vertical monopole pattern. The patterns are also less lobey
than the vertical patterns of an equal-sized monopole. Also
the patch monopole has better gain at higher elevation angles
than does a monopole of equal height. Figure 5.36 is the

vertical pattern of a monopole whose electrical height is
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equal to the antenna whose patterns are shown in Figures 5.33-
5.35.

As the frequency is increased and the box nears .8 wave-
lengths in height the vertical patterns become more lobey and
the horizontal patterns become more directional. Figures 5.37
and 5.38 are vertical patterns of the W/H = 10 antenna which
show the lobey radiation pattern of the antenna for a box
height of .8 wavelengths. Figures 5.39 and 5.40 are hori-
zontal radiation patterns for the same antenna and frequency

which display the directional properties of the pattern.
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LARGE ANTENNA AT BOX FACE

FREQ = 20 MHZ, THETA = 90 DEG, PHI = 1 — 360 DEGS.
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VI. PHYSICAL MEASUREMENTS

Impedance measurements were made on the patch monopole
scale models and the replica of a monopole whose impedance
characteristics were tabulated by R.W.P. King. These antennas
were described in Chapter IV. The measurements were taken
with the antenna on an 1llxll meter ground plane. The proce-
dure described in Hewlett Packard Application Note 77-3
[Ref. 11] was‘followed. This required a directional coubler,
vector voltmeter, and a frequency sweep oscillator. Appendix
A contains a block diagram of the experimental set up.

To ensure the test equipment was operating properly the
impedance of a known 200 ohm load was measured. The measured
values produced a 4:1 SWR circle on a Smith Chart indicating

proper test equipment operation over the frequency range in

question, 90-1080 MHZ.

It was necessary to determine the effect of the feed

~ transition and finite ground plane on the impedance measure-
ments. Impedance measurements were done on a monopole whose
theoretical impedance characteristics were known. Figure 6.1
is the plot of the measured impedances. There is a definite
digression from the expected clockwise spiral on the Smith
Chart which characterizes monopole impedance plots. The data
points in the frequency range 337.5-562.5 MHZ appear to be

erroneous.
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i‘ Figures 6.2 and 6.3 are plots of the resistance and ﬁ
: reactance of the physical monopole and the theoretical mono- $§
) pole, referred to as King's monopole. These plots show dis- | :f
: agreement between the theoretical and measured impedance values. ﬁg
u The frequency ranges of disagreement are 427.5-675 MHZ for fi
ﬁ resistance and 315-630 MHZ for reactance. The impedance values éi
? are also questionable at frequencies greater than 900 MHZ and &fﬁ
less than 112.5 MHZ. Note that the physical measurements 2?
; correlate well with the theoretical data in the frequency o
3 ranges 112.5-315 MHZ and 630-900 MHZ.
; Héving determined the frequency ranges where measured ;F
X data are likely to be accurate and inaccurate, the physical ;?
g scale patch monopole models impedance characteristics were és
¢ measured. : ff'
X The impedance plots of the W/H = 1 solid and grid scale ﬁ?
, models are presented in Figures 6.4 and 6.5 respectively. E&
: _ Figure 6.6 is the W/H = 2 grid scale model measured impedance :i.
; characteristics. Figures 6.7 and 6.8 are the W/H = 10 solid *
E and grid scale impedance measurements respectively. ii‘
i The impedance plots of the W/H = 1 and W/H = 2 patch . Ef
5 monopole models show erratic impedance values in the frequency }?1
range 337.5~675 MHZ. This was the same frequency range for g{
,: which the monopole measurement resulted in questionable data g;
} and as such was not unexpected. {T
}§ The W/H = 10 scale solid and grid model measurements do ??
b not have the regions of erratic data points the previous models EE
3 :lZ
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Figure 6.6.
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experienced. The reason is not certain, but one possible
explanation is the model's larger size. Broad monopoles are
affected less in impedance by finite ground planes than are
slendor monopoles.

R The Smith Chart impedance plots of the W/H = 1 and W/H = 10
models show that the wire grid models and solid plate models
have similar impedance characteristics. Thus the use of a

wire grid structure to model or approximate a solid structure

is valid.
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VII. PHYSICAL MODEL AND COMPUTER MODEL COMPARISONS

This chapter provides a comparison between the computer

generated and measured impedances of the various patch mono- .
pole models. These comparisons may be used to determine how
well the computer models of the survivable antenna, used in
Chapter V, predict the physical performance of the antenna.

Tables 7.1 and 7.2 present the percent change in resistance
and reactance values of a representative number of the com-
puter models of Chapter V with respect to the solid scale
patch monopole models of the W/H = 1 and W/H = 10 antennas.

The W/H = 1 antenna is compared at 2 and 6 MHZ while the

W/H =‘10 antenna is compared at 2, 6, and 10 MHZ. The W/H =1
antenna models were not compared at 10 MHZ due to the erratic
nature of the measured impedance at this frequency. Note 10
MHZ corresponded to 450 MHZ when scaled by 45 for the scale
model measurement.

Several observations may be made from Table 7.1. The
various W/H = 1 computer models yield similar values of
resistance. At 2 MHZ the correlation between physical and
computed impedances is poor. This was expected as the fre-
quency range below 112.5 MHZ, or 2.5 MHZ for the computer
models, was determined to be questionable in Chapter VI.

At 6 MHZ the models with the current-slope-discontinuity source

seem to yield more accurate resistances. Of the computer

100

T R Ay S A S A A A Y Y Y A AT A RSP Ay " T . . . ORI NN e

o W Y




Sels

TABLE 7.1 %

PERCENT CHANGE BETWEEN MEASURED AND COMPUTED IMPEDANCES
OF THE W/H = 1 ANTENNA : —

4x4
2 MHZ 6 MHZ

AR A%X] ASR__ A%Xj {:‘

|' !’P

Grid Sep = .5 m 2
Equal Feed Seg 78.7 46.2 36.1 12.4 R,
E Gap Source En
Grid Sep = 1 m : Ay
Equal Feed Seg 78.0 55.0 37.3 20.8 $#;
E Gap Source Ma¢
et

Grid Sep = .5 m =
3 Seg Feed 77.5 43.4 38.3 1.2 heS:
E Gap Source KO8
Grid Sep = 1 m R,
3 Seg Feed 77.5 53.9 38.0 15.3 —
s

E Gap Source

g, -
o

\\*.':
Grid Sep = .5 m ook
3 Seg Feed 77.6 52.0 26.9 16.0 e
C/S Source : Yy

Grid Sep =1 m
3 Seg Feed 77.8 62.3 27.1 3.6
C/S Source

SPMVC 77.6 60.1 38.5 28.9
SPMV 78.0 72.8 39.4 53.9 e

SPMNV 77.7  82.0 38.2  65.7 &
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lf"'

e
»
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TABLE 7.2 s

PERCENT CHANGE BETWEEN MEASURED AND COMPUTED o
IMPEDANCES OF THE W/H = 10 ANTENNA '

W/H = 10 ~
2 MHZ 6 MHZ 10 MHZ
ASR  A%Xj AR  A%XjJ A%R  A%XJ

T2 2 X X T "
it
'—J
8
s

g
I

33.5 29.4  21.1 15.0 6.8 6.4 ~t

Bt
m;”ig
B8
g
jh

17.5  76.8 7.2 - 64.8 50.2  27.5 ¥

o8
]
-
3

36.4 21.4 27.3  13.2 14.5 1.0 =

? 8
: gt

27.0 52.1  10.6 48.7  26.0 11.9 o
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models, the sparse models have the poorest correlation in gg
reactance and this becomes progressively worse as thé sparse- _ii
ness of the models increases, i.e., the SPMNV model is worse ﬁé
than the SPMV model which is worse than the SPMVC model. 3%

Among the E-gap wire grid models the three segment feed line’

models produce better reactances, while the models with equal $§

! feed segment and grid segment lengths yield slightly better ;;%
resistances. i%;

From Table 7.2 several trends concerning the W/H = 10 tﬁ;

: model types are evident. The sparse models again get pro- E;Y
gressively worse as their sparseness is increased. The 1 ;,;

E meter grid separation models are generally better than the . 2?
; 2.5 meter grid separation models, particularly in reactance. g?
This indicates that tighter grids produce more accurate ';}

- results. The current-slope-discontinuity voltage source ;g
N

models are generally better in resistance than are the E-gap

-voltage source models, but the opposite is true in reac-

; tance. There are exceptions to this generality noted, ; 35
s , *‘a
b particularly at 10 MHZ. Among the wire grid models with one SF
- . \
. meter grid separation, the three segment feed line models Hf

generally produce resistances which correlate better to
measured values than do the one segment feed models. Here

again, the opposite is true for reactance.

|

. If all models with a percent change greater than 50% in

A

either resistance or reactance for any of the three frequencies

SRR
AN Y

"

are discarded, only three models remain. These are the one

, N
, o
) fsz
N
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i M
; meter separation wire grid models. Two of these use the E-gap ;;
i voltage source and the other uses the current-slope-discon- i;
b tinuity voltage source. The current-slope-discontinuity fi
% voltage source model has a one segment feed line as does one ' éi
i} of the E~gap voltage source models. The remaining E~gap ;ﬁ
' voltage source model uses a three segment feed line. These %
{ three models are fairly close to each other in impedance ﬁf
§ value and it is difficult to determine which is the better w
’ model over the frequency range in question. ;;
g It was noted that for some models an average gain which §$
§ was much less than 2.0 produced better results in resistance gz

than models with an average gain near 2.0. Appendix B con- ﬁi
% tains a discussion of these results. ?:
E It is apparent that for different frequency ranges, the : %?
7 various models result in different impedances. Some are ’i
i better than others at one frequency and worse than others at &E
é : another frequency; To properly choose the most accurate ;z

model over a broad frequencyArange, the models in question F“
5 should each be exercised over the frequency range and com- é}
E pared to physical measurements. Eﬁ
. Impedances for the wire grid patch monopole computer Ei
N models of the W/H =1, W/H = 2, and W/H = 10 antennas were kf
E obtained over the frequency range 2-24 MHZ. The models ?}

used had a grid separation of one meter and were driven by Ji
% the E-gap voltage source. The W/H = 1 and W/H = 2 models Eﬁ
: used a three segment feed line while the W/H = 10 model had S'-f

a one segment feed line. :;
- -4
- 104
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Figures 7.1 and 7.2 are plots of the W/H = 1 solid and
grid scale patch monopole measured resistance and reactance
values. Included in the plots are the computer generated
resistance and reactance values. Figures 7.3 and 7.4 are
the resistance and reactance values for the W/H = 2 computer
model and the wire grid scale model. Figures 7.5 and 7.6
are the W/H = 10 resistance and reactance plots of the
computer médel, solid scale model, and wire grid scale model.
The following paragraphs are observations from these figures.

These plots show the close correlation in impedance
between the wire grid scale models and the solid scale models,
affirming the fact that wire grids can be used to approximate
solid plate structures.

The computer model reactances and the measured. reactances
correlate well for the three antenna sizes. The resistance
values do not possess such a close correlation. For the
W/H = 1 and W/H = 2 antennas the correlation between computer
model and scale model resistances is relatively poor for fre-
quencies greater than around 7 MHZ, which corresponds to the
scale model frequency of 315 MHZ. 1In Chapter VI it was noted
that for the W/H = 1 and W/H = 2 scale models there was
questionable data in this frequency range so these results are
not too surprising. It is noted that the computer generated
resistance curves do pass through the measﬁred resistance
curves and with the same general increasing trend, indicating

that a loose correlation does exist.

105

[

o

"u:‘:: "."1.

.;' Ny

RS X
(R4
<4

S,

P

.
.

»\

"' 'I " 'l 'l
a, ’.-ﬁ'l ",

AR A
"..'.

Iy 2
’

- *"i' 'l' ‘,l'
o |




N £ 2 ™)

Doty

REPRODUCED AT GOVERNMENT EXPENSE

LR R

[

» 2o RNt IR R R

AN ALY

|

5% Y Y

PATCH MONOPOLE -
RESISTANCE, WH = 1

"
vt

LT

/.
RO

L a7

1000

-
v Y o
PR )

P o

J

4
0

ol
’)4

K3

“'.' *
.

[P
L]

IN OHMS
190
[N ':..'- s

pSe

’
N

oééﬁ

_‘; :' _.'

RESISTANCE

TR B

¥

-
B

10

L4
14

LEGEND
0 SCALE SOLID

“a " COMP MODEL"

-1,
’ .

LRSS

¥,

" f‘

% iR

~“0.00  oa2 0.24 0.38 0.48 0.60 0.72 i
HEIGHT IN WAVELENGTHS :-
. b_.:

.

N

-
A

.
-~

.1‘-..-"-‘.
a'a Al

Figure 7.1. W/H = 1 Computer and Scale Model Resistance
Comparisons

AC] 1A

.
L tels

%0

106

)

‘
[

“c T ate’ N .
NI ST I



PATCH MONOPOLE
REACTANCE, W/H = 1

e J"@r‘
224

O,
7

:;”' 3.
=
\"k

evmm =g
R .
]

o

—
oty

/
f"/:'.' i‘

100
F

ey

.

it
»
K "'l/

o

¥
oy
Ot

*Nhhq'"“"r»-
< 1

« et

<ol
A A
Y-y
IR AL AR

ﬂﬂ

P

4

A

L
44

10

REPRODUCED AT GOVERNMENT EXPENSE

MAGNITUDE OF REACTANCE IN OIIMS

LEGEND - |1 . =
o SCALESOLID | e

[ PO S

- ¥

0.00 o012 0.2¢ 0.36 0.48 0.60 0.72 ~In
HEIGHT IN WAVELENGTHS T

'l..l

v
A
. .

n'-:'i

PO

o~

4

.

v Ny
R AWy i

I .'(~l’
A2

Figure 7.2. W/H = 1 Computer and Scale Model Reactance
Comparisons

‘ A
4, o,

oy
[A AR

PP
.
[

107

-~

[y
[
"’

B
‘%
Pl

S R .
RAGE R0 T8 PEAL IO RS > e s o s ¥ '\"_(‘:'h':i':.M\'};‘i{_{'}:':\.‘:\{:




) PATCH MONOPOLE | }"é
RESISTANCE, WH=2 . 7,
P oty rrrerreyy I I e T : TTTITTITYIT <3 =

100

REPRODUCED AT GOVERNMENT EXPENSE

RESISTANCE IN OHIMS

iadaisiiaiacee PR

o LEGEND
: o SCALE GRID

0.00 0.15 0.30 0.45 0.60 0.75 0.90 h
HEIGHT IN WAVELENGTHS A

Figure 7.3. W/H = 2 Computer and Scale Model Resistance E

! Comparisons
108 ,
:

T B T T R T T T T T A G e T e T T




PATCH MONOPOLE
REACTANCE, WH = 2

A
5

e
-

-~

¥ 25

i S

100

REPRODUCED AT GOVERNMENT EXPENSE

MAGNITUDE OF REACTANCE IN OHMS

% : LEGEND
j o SCALE GRID
= 0.00 0.15 0.30 0.45 0.60 075 0.90

HEIGHT IN WAVELENGTHS

Figure 7.4. W/H = 2 Computer and Scale Model Reactance
Comparisons

o

, % 9,
L)

>

s
E AR W

4,
”
’
i

109

a8,
«
-

gt [

. m&;:.f.&.}-‘¢d' L3 --':-' et



e el g p s gt T Y R o R N T T T RO s on

5 PATCH MONOPOLE A
. RESISTANCE, W/H = 10 4

= rm——— = . i&
; 5

REPRODUCED AT GOVERNMENT EXPENSE
Q

10

RESISTANCE IN OIIMS

e s

a5

; [ : LEGEND B %
- o SCALE SOLID | | o~

-6__SCALE CTTID
2 COMP MODEL”

)
. )

0.00 0.18 0.30 0.48 0.60 ors 0.90
HEIGHT IN WAVELENGTHS

) oA e .

s, 8, 00 ' &
el !

RO

2l len

LR AT
. 0,
PRI

AR
'

2 |
) )
I

v';vu -
'3 1 ]

o
/Y

.
.

Yy

Figure 7.5. W/H = 10 Computer and Scale Model Resistance
Comparisons

"
1]

[
Ta's

AAN SN
? 8 Vot

.
’

110

’
F)




REPRODUCED AT GOVERNMINT EXPENSE

4

PATCH MONOPOLE

REACTANCE. W/H =10
e S e e e
la)"'.'—"‘--‘-°
v i Al i
Zs b al
e=-{R S S ‘il p———
z o t-
[5] :
3 - :
<
P
I
e
o
a2
e
E
Zz
S )
= A
= f
Ei
1 " LEGEND
H 0 _SCALE SOLID
H -9.-l;CIEEE_ C’El D_.
_&__COMP MODEL"
b _
~ 0.00 0.18 0.30 0.46 0.60 073 0.90

HEIGHT IN WAVELENGTHS

Figure 7.6.

e e 2y Y PPN e

W/H = 10 Computer and Scale Model Reactance

Comparisons

.y w g

111




The resistance values of the W/H = 10 computer and scale

models correlate very well up to around 20 MHZ or a scale

model frequency of 900 MHZ. This correlation was expected

e

Ly S A T EL

as the questionable datapoints seen in the 315-630 MHZ range

- A2

of the two smaller antennas were not present in the W/H = 10

) scale models' measurements. There was some discrepancy b,
¥ g 3,
0 between the physical monopole model and the theoretical mono- f
pole model at frequencies greater than 900 MHZ so the dis-~ EE

il

agreement of the W/H = 10 scale and computer models above

P o

AN

A 900 MHZ was also expected.

PR T
s

The general result is that the computer model of the

W/H = 10 is a close approximation to the real one. The QG

computer models of the W/H = 1 and W/H = 2 antennas are good

in reactance but don't agree with the measured resistance o

as well above 7 MHZ. Since the questionable data seems to '

be caused by the physical set up it is likely the computer ﬁg

}l" l...‘“ r
()

models are also accurate above 7 MHZ.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

This thesis has taken a survivable antenna design and

developed a computer model for the antenna which was used to

determine the impedance characteristics and radiation patterns

of the survivable antenna over the HF frequency range of

2-24 MHZ. 1In the process several computer models were looked ¥

at and compared to physical results. This lead to many

conclusions concerning computer modeling and the feasibility

of the survivable antenna.

A. MODELING

Wire grids can be used to model flat metal surfaces.

a grid spacing of .l wavelength is usually adequate,

however, the grid density.does affect the impedance of a

R,

I+

computer model. The effect of the grid.density is much more

prominent in the W/H = 10 antenna than in the W/H = 1 model

? indicating larger structures are more sensitive to grid 3:
f density. 1In general, models with tighter grid densities Ei;
yield impedances closer to measured values. i

Grid density is not the only parameter affecting the E%

§ computer model's impedance. The type of voltage source, the S{
number and size of feed segments, and the radius of the wires ff

X also affect the impedance. Since there are so many parameters ;}
; , affecting the impedance of the computer models, physical E?
) o

i

models should be built to determine, within experimental

g f
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error, the actual impedance characteristics of the antenna.
The parameters of the computer model may then be varied to’
produce impedances comparable to the physical antenna measure-
ments. This verified model may then be used in a more complex
environment with reasonable confidence.

Sparse models, like the SPMVC one used in this study, can
produce reasonably good results at low frequencies where the
antenna structure is small in terms of wavelengths. Such
models represent considerable savings in both computer time
and storage requirements. As frequency increases sparse
models tend to become inaccurate, particularly for reactance,
however, this might be corrected by use of lumped loads in
the computer model.

NEC may be used to model wire structures well and can be
an effective antenna engineering tool when used with experi-
ence and knowledge of antenna theory. In this study the
W/H = 10 antenna computer.modei.used with NEC yielded .impedances
which were close to thé scale model impedaﬁce measurements.
The W/H = 1 and W/H = 2 antenna computer models produced
reactances which agreed well with the measured reactances.
There was less correlation between measured and computed
resistances. This was more likely due to experimental errors
than computer errors. It is also interesting that reactances
correlate to the physical measurements better than the resis-
tances in these cases, since computer modeling theory predicts

greater error in reactance than in resistance.
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Computer models with relatively poor average gains pro- s
duced more accurate impedance values in some cases than did ' :

models with very good average gains as seen in Appendix B. ' o

In computer modeling practice it has generally been accepted ' e
- that models with poor average gain are less adequate than s

those with good average gains. This is a guideline which

| o
g needs to . be investigated. It is possible that the models with ;;

\ poor average gain produce errors which compensate for some ﬁf
5 other deficiency in the model; this, in turn, may result in 3&
é improved performance. ‘Such a case would be a combination Er'
: of errors and not necessarily desirable. Lf
: B. THE SURVIVABLE ANTENNA ;;..:
The results of this thesis indicate that a rectangqular g;
volume driven by a patch monopole at an insulated or open 5%3

face does possess radiation patterns and impedance character- §

B istics which make it a feasible design. , <3
) Of the three structures investigated the W/H = 10 patch b
‘ monopole at the open face of the box has the superior impedance g%
g characteristics. This antenna is matchable to a 3:1 SWR EF&
] over the frequency ranges of 6-7.5 MHZ, 8.5-22 MHZ, and 24 MH2Z er
: and possesses a 3:1 SWR without the need of a matching network &i
7; over the frequency range of 8.5-11 MHZ. E%i
f For small electrical heights, less than around .l wave- 5£
e lengths, the radiation patterns of the three survivable E?
. antennas are similar to those of a .25 wavelength monopole. Eﬁ

: This is expected as antennas which are electrically short )
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produce similar radiation patterns almost independent of the ?;

antenna's geometry; "a small antenna is a small antenna."
The radiation patterns of all three antennas are similar -
below 20 MHZ, indicating the box has the dominant effect.

In the frequency range 6-14 MHZ the W/H = 10 the surviva-

ble antenna has a cardioidal horizontal pattern with vertical

F 4
patterns which exhibit less lobing than those of a monopole R
of equal height, but they are also more directional. This 5%
directionality might be corrected by use of two patch mono- {t
i
s
poles, one on either side of the box. As the frequency in- Q?
'k'..». '
creases the antenna remains directional, but to a lesser Cﬁ‘
extent, and becomes more lobey. The lobing is less severe ﬁ
A
(R
than that of a monopole of equal height and possesses better E§:
gain at higher elevation angles than does a monopole of equal iﬁ
height. -
N E@
"
C. RECOMMENDATIONS E‘
A
There are many aspects of this study which warrant further ‘_l
study. -~
oY
3 The ground plane should be investigated and the source of Ff
4 g3
"\-
! impedance measurement error corrected. Impedance measurements -1;
; on the scale models may then be repeated and compared to the ﬁg
N o
Y computed values. ;“
! . 1)
- The current-slope~discontinuity voltage source model should }‘
] be exercised over the frequency range 2-24 MHZ for comparison ‘ 's
‘ [+
to the physical measurements. This model yielded promising s
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impedances and may prove to be as good as or better than the
E-gap voltage source meodel. .

To determine the antenna's response at higher frequencies,
the survivable antenna impedance and radiation pattern
computations should be repeated over a higher frequency
range. The VHF frequency range might prove interesting.

The wire grid box models should be investigated to deter-
mine the effect of grid density and wire radius on these
models. If a sparser box model could be used it would greatly
reduce the computer storage and time requirements.

Finally, physical models of the survivable antenna should

be built for comparison to the computer models.
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APPENDIX A

EXPERIMENTAL SET UP

Figure A is a block diagram of the experimental set up
used for the antenna impedance measurements. The following
equipment was used for the measurements:

HP8405A Vector Voltmeter
HP8350B Sweep Oscillator
20 dB Dual Directional Coupler

Ground Plane Measurement Range
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Figure A. Equipment Arrangement for Impedance
Measurements
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resistance, are generally worse in percent change of reactance
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APPENDIX B

AVERAGE GAIN COMPARISON

An antenna radiating in a half space over a perfect
ground theoretically has an average gain of 2.0. This
criterion is commonly applied to antennha computer models to
gauge the accuracy of the model. Table B displays represen-
tative average gains (G) along with the percent change
between the computer and physical scale model impedances of
this study. This table reveals that some models with average
gains less than 1.85 and even in the range of 1.5 produce
smaller percent changes in resistance than do some models
whose average gains are near 2.0. It is also true tha£ these

models with poor average gain, but good percent change in

than models with better average gains.

It is possible that the models with poor average gain
produce errors which compensate for some other deficiency
in the model which results in improved performance, i.e.,
multiple errors working to offset each other.

The data presented here is over a limited range and more
investigation needs to be done before any firm conclusions

may be drawn.
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. ‘ TABLE B

b - PERCENT CHANGE BETWEEN PHYSICAL IMPEDANCE MEASUREMENTS AND
COMPUTER MODEL IMPEDANCES, AVERAGE GAIN OF COMPUTER MODEL
FOR W/H = 10 ANTENNA MODEL

:
L4 2 MHZ 6 MHZ
b — —
ASR  A%Xj G A%R  A%Xj G
Sep=1m
3 seg Feed 33.5 29.4 1.89 2.1  15.0  1.89
E-Gap
Sep = 2.5m
. 3 Seg Feed 17.5 76.8 1.56 7.18 64.8 1.55
- E-Gap
- Sep=1m
X 1 Seg Feed 36.4 21.4 2.01 27.3 13.2  2.01
’ E-Gap
Sep = 2.5 m
1 Seg Feed 27.1 52.1  1.81 10.6  48.7 1.8l
E-Gap
Sep=1m :
y 3 Seg Feed 19.1 59.6 1.51 1.74 43.8 1.51
N C/S Source
Sep = 2.5 m oy
| 3 Seg Feed .83 116 1.25 39.8 106 1.24 Y
C/S Source
Sep = 1m oy
1 Seg Feed 31.7  32.3 1.82 16.9  25.3  1.82 -
C/S Source Y
St
Sep = 2.5 m ki
1 Seg Feed 18.21 74.1 1.55 9.54 74.3  1.55 R
’ C/S Source :.:j;.‘
- SPMVC 31.7 53.8  1.98 21,2 23.8 1.95 o
L
] SPMV 30.1  74.4 1.84 i0.0  38.5 1.82 g
C '.\'
: SPMNV 24.0 74.4  1.77 9.05 83.2 1.76 Y
- AL |
: ;f::"_:
' i
. .
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