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Mreface

Measurenents of the intrinsic projerties, couplex permittivity ond
porhuability of radar absorber desicn anatlerials whose jroperties change
relatively stawly with frequency can presently be ode cver Lo ar even
three decades of froguency using a time domain system, Such a <ysiem
was cevelouped Tor the Air Torce Avionics laboratory by the Sjperry
Corporate Rescarch Center.  However, ihis lime dunain technique is Tinited
to freguency measurcments below 16 gioshertz (CHz).

This thesis is the documentation of a final autoiiated cxperiicntal
setup for measurement in the Ku band (12.4 - 18 GHz) used to denonstrate
the feasibility of a possible frequency domain wcasurcment technique to
extend intrinsic property measurcoents up to 100 GHz.

The prospect of experiirental work in the Air Force Avicnics
Labourclory, coupled with a project in the arva of electricaonctics,
presented a thesis topic ideally suited to wy desires. The application
of Maxwell's equations to the study of microwave absorber materials
uveed to rcduce the radar cross section of aircraft is a Togical

extension of my education in elcctronic warfare,
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Roman fetter Symbols

B

C

xi m,

=

Magnetic flux density (wobcrs/mz)

Velocity of light in vacuum (* 3x]08 m/vec)
Flectric flux density (coulonhs/mz)
Distance (mils)

Electric field (volts/m)

lagnetic field (amp/m)

Current density (amp/mz)

Hankel function

Reflection scattering coefficient
Transmission scattering coefficient
Reflected wave

Transmitted wave at interface

Incident wave at interface

Transmitted wave through sample
Characteristic impedance of free <pace (ohms)
Inpedance of wedium (ohms)

A transmission coefficient (exp(vd))

Greek Letter Symbols

a

Attenuation constant
Phase constant
Permittivity Tor vacuum
Relative permittivity

Complex projagetion conslant




r Reflection cocfficiont

Wevelength

Mo Pepmeability for vacuum
V. Relative perimeability
P Reflection coefficient
T Transmission coefficient
w Angular frequency

X
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Using frequency dovain tedhniques, a system was developed to niecure
the complex permittivity end pericebility of different rmterials in the
Ku band (12.4 to 18 GHz). A sample of fiberglass, teflon, FCH«CO; and
two different plexiglaes configurations were chosen for this experirent.
The newly develeoped neesuring system consisted of a two horizontal-plene
sectoral horn and a sarple holder as<rmbly. A 9.5 x 0.8 cm piece of the
sample material was cut and fitted into the sample holder assembly. The

reflection and transmission coefficients for the scmple were rescured,

using a network analyzer and frequency synthesizer as the swept freauency
sicnal source. A dedicated computer calculated the complex permittivity
and permeability and plotted the output data.. The measurements were per-
formed automatically by having the couputeraggntrol the frequency synthe-
sizer while running the experiment.

The two configurations of plexiglas and the fibcrglass sarple were
tested ten times to obtain a statistical representation of the resu]ts.\
In all cases good repeatability was obtained. The standard deviation o;
the real part of the permittivity and permeability for the two cases of
plexiglas was within + 4% of the mean. The fiberglass had a typical stan-

dard deviation within + 79 of the mean for the real part of the permit-

tjvity and perircability.
.

“The permittivity end permeability obtained for the selected samples
using the frequency domain measurement technique were compared with the
results obtained in a previously developed system which used tinme domain

techniques. The data comparison between the two systems was good for

teflon, plexiglas, and fiberglass in the frequency range from 12.4 to—=»




L
~16 CHz. Some variations were noted for the [GM-40, Since the results
obtained were gencrally consistent between both techniques, it is ¢laiumed

that the newly inplesented frequency domain system is a viable alternative

for the rapid measurcment of intrinsic propcrties in the ¥u band.,




PREGTEARCY DCAIN M n e S

A MICROWAVE LBV ORGER DESTON DATERIALS

I. Tnire o tion

The application of vodar choorbor docign reterial to the concealient
of wireraft oud missiles hinges on a hrovledye of the intrinsic properties
of cosplex pormittivity (epsilon) and porscability (u) of the wicrowave
chsorber design materials over a wide frecuency range (Ruck and Parrick,
19705 Crigspin, 1970). These two properties are a ncasure of the ability
of miterials to conduct electric and naynetic fields which are present

in the rader cnvirorsicents {(Havt, 1974; Allen, 1976).

Sockyround

The ability to design and test radar absorber design materials
depends on the capability to accurately weasure the intrinsic projerties
of complex niu and epsilon of the material vver a wide frequency renge.
Thie Air Torce Avionics lohoratory contracted the Sperry Rand Rescarch
Corporation to build a tine dowain weaswreent system that could ncacure
complex mu and epsilon paranclers of desiyn matlerials over a frequency
range from 0.1 to 16 GHz (Nicolson, 1971; Nicolson, 1974) . Traditionally,
such measurcients have been made at fixed frequencies below 10 Gliz using
slotted-line and impedance-bridge configurations (Hippel, 1958).

Fosentially, the time dorain neacureaent systom rensists of a
sub-nanosrcund pulee generator and coaxial line system to hold samples

of materials, a wideband <ampling oscillescope, and an elecironic




system which scans and digitizes the transient vesponse of microwave
materials (Nicolson, 1970; Nicolson, 1971; Nicolson, 1974). The transient
response is then Fourier transformed on a Hewlett-Packard Z1MX coiputer to

provide freguency domain scattering coefficients. Further computation

provides printouts and graphs of conplex wu and couiplex cpsilbn as a function
of frequency. Although the time domain system works well, the Air force
Avionics Laboratory has a need for a measurenent capability of complex
permittivity and permeability of candidate design materials at frequencies
higher than 16 GHz.

The National Bureau of Standards published a report dealing with
radar absorber design material measurement techniques at frequencies
above 20 GHz (MNahman, 1979). One area of the report reviews the existing
time domain meesurement system in use at AFAL and reccended a frequency
domain approach as one possible way to extend the mu and epsilon measure-
ment capability into the millimeter frequency range. This would involve
the developmeni and verification of a frequency domain technigque that can
be integrated into the present time domain measurement system with the
mininum equipment modification possible. The time domain system uses two
specialized generators. One of these generators produces a very narrow
and sharp impulse-like signal, whose spectral content is primarily in
the frequency range from 0.1 to 10 GHz (Nicolson, 1971). The second
generator emits a radio frequency burst, whose spectral content is hetween

9 and 15 GHz (Nicolson, 1974). Utilizing these two generators, two

| measurements then characterize the permeability and permittivity of a
|
[ sample from 0.1 to 16 GHz. A sampling oscilloscope is used to sample
!
the transient response for digitizing, so that scattering parameters can

be computed at discrete frequencies.

g_'-_—-——-——-———_—-—




The technological Visitations of the sawmpling oscitlotcope
provides the dicpetus to doevelop a Trequency dunain neasurcaent system
(Nahean, 1979).  The freqguoency denain o proasch would delete the
-requircaent for the two special radio frogquency ooncrators and instead
utilize a contiauous wave generator, freyuency synthesizer, tuned {rom
discrete frequency to discrete frequency. The conlinuous wave rodio
frequency signals would also ncgate the requireinent for sampling the
transient signal response. Instead, the reflected and transmitted
signals would be at a set frequency and could be digitized and processed

using analog-to—digital (A/D) techniques.

Problem and Scope

The problen addressed in this thesis is that of experimentally
developing a millimeter frequency domain measurement system, and
deaiionstrating the system capabilities by measuring the intrinsic
moperties of scveral coooon materiels at the Ku band (12.4 to 18 GHz).
Existing material properties obtained from the tiiwe domain system can be
used for comparison. The computer code should Le modified to autonate
the neasuremnent process by putting the {requency synthesizer under
computer control and reading the network analyzer phase and amplitude
cutputs with the computer’'s A/D converter.

After denonstration of the concept frasibility, the Air Turce
Avionics Leboratory personnel would later modify the nmeasurencnt setup
to apply the techninue at frequencies belween 20 and 100 GHz.

This thesis contains a description of the fully automated freguency
dumain measurement system and data comparisons for fiberglass, two

thicknesses of plexiglas, teflon, and FGI-40 absorber materials o osured
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in both the tiwe doscin and the fricuency dosain <ystens.  The Treoucncy
denain measurement system is depicted in Figure 1. The froguency
deiwain setup consists of two H-plane sectoral horns (Farrow ond Chu,
1939) which are placed nouth to mouth. The system is used to mcesure the
reflection and transmission coefficients from a single rectengular cuiple
of the design material.

Five specific samples were evaluated, fihberglas, two thicknesces
of plexiglas, teflon, and an FGM-40 absorber. To show concept feasibility,
data were cumpared for the five sanples tested on hoth the tiue domain
system and the freguency donain system. The scmples prepared for use
in the time domain system were of such small dimension that a yood
uniformity of thickness could be expect:d; however, samples used in the
frequency domain system were larger (7.60 sq cn) and were subject to
slight nonuniformity o7 thickness. Therefore, the thickness value used
for the computation of relative mu and epsilon in the frequency domain
system is the average thickness across the sample.

The H-plane sectoral horn assembly is assumed to produce a transverse
electormagnetic plane wavefront at the samnzle interface (Jasik, 1961).
The plane wavefront approximation was sought because it provides a nwans
to calculate mu and epsilon values using relatively uncomplicated

mathematics.

Assumptions

In the frequency domain measurcuent setup, it will be as<uned
that the electromagnetic fields normally incident on the saple raterial
interface approximate a plane wave, This assumption is diccussed in

the theory section. The theoretical phase variation in the wouth of the
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H-plane scctoral horn ranges from 11.8° at 12.4 CHz to 16.24° at
18 GHz, using the dimensions of Lh =150 cm and a = 9.5 cm in the

2
equation r¢ = [BiL-J 360° (Jasik, 1961).
h

@cpérg]ﬁAppyogp@

The research reported in this thesis involved eight najor
areas:

1. We studied the existing time domain measurement system.

2. Me analyzed Titerature material associated with the sample
holder, network analyzer, frequency synthesizer, and waveguide

components used in the measurement system,

3. We performed an initial determination of the test setup and
the actual assembly of the test system.

4. Ve modified the existing tihwe domain computer prograem to
delete portions of code associated with the Fourier Transform and added
computer code to accept the frequency domain wmeasured values as input.

5. We automated the test setup, putting the frequency synthesizer
under computer control and reading the network analyzer's phase and
anplitude ocutputs through the computers A/D converter.

6. We measured the sample materials and compared mu and epsilon
from both the time domain and frequency domain systems.

7. He extended the ideas developed in building the test system
and designed and built a final frequency domain system that could ‘
ncasure reflection and transmission coefficients from a single,

small sumple.

- 4




8. We took the measured values of mu ond cpsilon frum the final
frequency dowain system and cenpared it to data obtained from the time

domain system.

Sequence of Presentation

The material in the thesis is presenled in the following manner:

1. The theory underlying the measurement technique is presented
in Section II.

2. A description of the equipment used in the frequency domain
setup is given in Section I11.

3. The sample measurement procedures are presented in Section IV.

4. The results are given in Section V.

5. Finally, the conclusions and recomnendations are presented

in Section VI.




IT. Thiory

As an introduction to the theory used in drveloping the
frequency domain measurement system for the intrinsic property
measurenents of radar absorber design materials, let's look first

at a brief description of the properties themselves,

Dielectric Materials and Permittivity

A dielectric is a substance in which the electrons are so
well bound or held near their equilibrium positions that they
cannot be detached by the application of ordinary electric fields.
The jmportant characteristic in a dielectric is its permittivity
€ . The permittivity (Dielectric Constant) relates the electric

fieid intensity T to the electric flux density 0 by the equation

D=¢E . As € increases for a material, the material will have

an increased electric flux density present within (Ramo, 1965).
Because the permittivity of a dielectric is always grcater

than the permittivity of vacuum € it is convenient tc use the

relative permittivity c. of the dielectric, that is to say

o= &

r 3
0

=, vhere s is the permittivity of space = (1/36:) x 107
farads per meter and o characterizes the effect of the atouic
and molecular dipoles in the material. This relative pcrmittivity
is a dimensionless quantity (Ramo, 1965; Xraus, 1953)., At higher

frequencies, Llypically above 0.1 GHz, the dielectric raterial




crooriences eneray losses,  The relative permittivity cen be
cxpressed as a wooplex nuhier to acccant for such Tosses,

- « e

*
~ = - Hinn 108
Cp el je; (Hippel, 1258),

Magnetic Materials and Perneability

A1T materials show some iagnetic effects. Dopending on their
magnetic behavior, substances can be classified as diamzgnetic,
paramnagnetic, and ferromagnetic. In dicaagnetic materials, the
magnetization is opposed to the applied field, while in parernagnetic
raterials the magnetization is in the same direction as the field.
The materials in these two groups, however, show only weak magnetic
effects. Materials in the ferromagnetic group, on the other hand,
show very strong unagnetic effects. Magnetization occurs in the
same direction as the field, as it does in paramagnetic materials.

The Tevel of magnetization of materials can be quantized by

referring to the relative perineability M. defined as N it
By definition, the relative permeability of frece space is unity.
The relative pericability of ferronagnetic aterials is generally
much greater than one. The magnetic flux density B is related

to the magnetic intensity H by B = pH = wa i where u s
the permeability of space = 45 x 107’ henrys per reler ond M
mnasures the effect of the magnetic dipole nusents of the atoms
conprising the medium (Ramo, 1965).

In extending the concept of perneability to frequency depondent

magnetization in ferromagnetic materials, it is convenient to




e e~ dp— e

introduce the idea of a complex perseability. As frequency increases,

the following effects can be accounted for by a camplex relative perme-
ability u; = ur’- ju;‘ . This physical fact is that in a sinucoidally
"varying magnetic field a phase angle 6 arisccs Lotween B and H due to
enzrgy losses associated with magnetic resonance and relexation phenom-
ena. Such losses arise physically from reorientation of the magnetic

nicients.,

Theoretical Development

The theoretical development presented here is an extension of theory
from the standpoint of classical boundary value solution techniques for
plane waves (Kraus, 1953; Hayt, 1974) and subsequent relationchip to the
scattering coefficients S]] and 52] (Ramo, 1965) for reflection and trans-
mission parameters respectively. The theory of the H-plane sectoral
horn will be given by presenting a few key points from the waork of Barrow
and Chu (1939).

The scattering coefficients 521 and SH are a rcasure of the forward-
and back-scattered energy respectively (Nicolson, 1970). These scatter-
ing coefficients are used to calculate the complex perncability
u: = u; - ju;‘ and permittivity g; = e; - jc;/ of the test =ample.

The sample will be examined under the assumption of plane waves normally

incident at the interface.

Consider a siab of homogenous, isotropic, ncnconducting

*

and

*
material with permittivity LEe 6 and permeabiliiv y - AT

thickness d positioned in a free <pece midiuin with characteristic

i:npedance Z0 with region three infinite in oxtent, as shown in

Figure 2. Within the region 0 < x < d the impcdance of the slab

10
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If d .~ intinite, then the

}
will be 2 :
: “r

reflection coefficient of a plene weve norally incidont on the

-s*-s*

interface would simply be (Nicelson, 1970)

o]
i
NN
+
NN
o o
1
Sk ﬂ‘-s*91»l
+ ) t
—
—
—
—s
—

According to Maxwell's curl eqguations,

TxH = j+‘z (2)
VxE = ‘f (3)

and since a nonconducting media is assuned, J = 0 in Fq (2). Taking
the curl operation of g (3) and substituting E£q (2), the weve equation

is obtained,

VOE = e o t (4)
at?

For a Vinecarly polarized plene wave troveling in the x direction,
the solution of the wave cauation reduces to a trrm that is a function
of position multiplied by the time variation term exp(jot) (MHayt,

1974). Defining the coplex propegation constant as o = a 4+ je o,

12




the position term of the elictric tield in region one is

I
>
>

——
o
~—

where Ei is the incident field eand E; s the total ficld nade up

1
of the incident and reflected conponents of the ficlds. In region

two (within the seaple), the curresponding electric field term is

The wagnetic field in region one expressed in terns of the incident

electric field is

j YyX +y]X
= ., Vs v 8
H‘l J o [ \“e + ,'[-'e ] ( )
In region two (within the sample) the ragnetic field is
I e PR Vi
2 T Y, [-Aipe Fhie 7] (9)
And, in region threce the magnetic field is
E.y =Y X
Hy = -3 1 F1e 3 (10)
(L\p3
13




The o

3 I

wents Fyo, Fy oy By ou Wy, Hy o and Hyoof

o clectric Tivlds £ ond vagnetic fields H o, reapectively, in

those enjro s dons wre vo plex quontitivs independent of tine ond

devond en the cace varictles only,  The actual ficld is the 1eal
TR gt
vart of Fe?”© and of Y . !

The reflection coeificient p  ond trensmission cocetficient 1

will now be found using beundary value solution techinicues (Yraus,
1953; Hayt, 16745 Hippel, 1952). Since the tancential corpor ants of
the electric field in Fgs (5) and (6) are cuntinuous at the boundaeries,

then at X s 0

Ei [(1T+¢] = A+8B (1)

The tangential ceoponents of the maynetic ficlds are contirunsus

at the boundaries, thus at x = 0

) j Y A
PR o I Y (12a)
7,\)“] ’w‘z

Using the substitution Z = jfﬁ{ where j Y. =

and since the slab is a nonconductor ¢ = 0, then

Z =] Q“;— ‘\/“ vihich represents the inpedance of the nedium.
Jove £




For the systen being described in Figure 2, Z] = 23 = ZO s
where ZO is the churacteristic inpedance of free spoce; however,
this derivation is for the general case, hence

AR PR B N PR
Z] 22
And at x = d
1 —v.d +y. d T . -y.d
Z, [A ¢ -p ° < 1o 3
2 e e 23

Tne variables A and B are eliminated from these equations by

multplying Eg (13b) by 7, and then adding Eq (11) to get

2

L
28 = £, [(0+p) - Z’]’“ - )]

Cquation (14) is multiplied by Z, and added to Eq (12) to get

(v, -v,)d Z
e 2 '3 2

A = TEi 7

Fquation (13b) is wmultiplied by 22 and £q (11) is subtracted off

to get

1}

24 = £ [(V+q) + Zf— (1 -]

(13b)

(14)



Cquation (14) is multiplied by 22 and subtracted off Eq (12) to get

(v, +y o )d 7
B = 1E.e © 3 [1-.7 (18)
i Z3

fquating fgs (16) and (17) gives

(v,-y4)d Z /A
. YooY3 0+ '.7_’2‘] - [+ ) # 72_ (1 -0)] (19)
3 1

1

And, equating Egs (15) and (18) gives

d z Z
e T (I B
3 1

(1 -9)] (20)

Te

Equation (20) is solved for the transmission coefficient T and it

is substituted into Eq (19) to yield the reflection coefficient p

~(votya)d 7,7 2,(1+p) - 2,00
e 2T 302 [1(_:72“ C)] (21a)
3 1
(Y2+Y3)d Z3 Z](]+D) - 22(]‘9)
- e A (R (21b)
T z Iy -1

2

(vo-yo)d  Z.+Z 7.(14p) + 7,(1=p)
1e 273 32 . [L{ _..2 p-} (72a)




e h -1, | 0 I R R R
C 37" s ]

2y ,d !, tZ
e © [0 - 7,(1-0)] [quj - [0 + 7,004 )] (22¢)
2y ,d 7.+
7 +7 2y.d Z3+22
o le (2,420 - (2y-7,) = | (Z3#2p)-e P LAY (22e)
3742
2v,d 7,+7 2y,d (7,1
IR M AT 032y 1
[(z]+22) e z3 z2 (v21 Z?)‘ e“ 7 _<zA3+22>> <Z1TZZ,>,_ (221)
]

p = o - L ) o ’ -
2y.d /1 +7, 2y d T

[e 2 <73_72>(z]+7?) - (21‘22)] Le 2 <23;_22‘> (7.;,)
3742 47,/ \(*7,

Defining
7,-1
e Ty (229)
1,2 7,42
2 1
7.,-7
372
r T o1gv, (22h)
2,3 372
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Since regions one and three are free space, the following is true

and E£q (221) reduces to

p

1-e

T e

1,2
2
]“r] ’2

—2Y2d

_ZY
e

_72
Vad = I‘ _,]- %_.
2 1-1222

The solution for the transmission coefficient 1 follows from Eq (19)

T

e

1

(v,-v5)d [22+Z

vo,d -y.d
o

3]=

Z]+7

7.-1.

[ (1+p) + 7 (1 -p)]

I 1R G%)

i8

(221)

(?2k)

(?3a)

(23b)




For the system being studied, Z] = Z3 and p = r] 2

vy,d -y.d
.= e 3 o 2° [0 - pr] (23d)

The expression for the reflection coefficient p in Eq (22k) is substituted

into £q (23d) to give

—2y2d
Y d -Y d _ “J;eﬁa_’__
CoL et et r< ) (23¢)
1-Ie
Y3d ‘de 1-r2 Y ,d 112
T = € e F{?Yza— = e 3 Z ']‘ F‘Z/‘; (23f)
S A

In order to use scattering coefficients S]1 and 521 to calculate
the complex permittivity and perimeability of radar absorber design material,
they must be extracted from the measured reflection coefficient p and
transinission coefficient 1 . “he relationship between o , 1 S]]

and S becomes apparent when the signal flow graph in Figure 3 is used

21
to evaluate closed form expressions for the scattering coefficients S]]
and 52].
The developnent of closed form expressions for S]] and 521 will
follow that which was presented in a technical mewmorandum published for
the Air Force Avionics Laboratory (Kent, 1979). This material is also an

extension of the signal flow graph ideas presented by Nicolson (19/0).
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When the incident wave strikes the front face of the sample,
part of the wave is transmitted and part is reflected. The amplitude
of the reflected wave, in terms of the amplitude of the incident wave,

denoted VA , 1s easily calculated from the signal flow yraph to be

- FV+
:VA[ inc (24)
where
., -1
- 2 0
I = 533 (25)

The amplitude of the transmitted wave, at x = 0 , is found to be

VAl = ey v (26)
where
222
R (27)

Once the transmitted wave strikes the far face of the sample (x =d ,
or point B), part of this wave is reflected back and part is transmitted
out the end. Since our substance of interest is electrically and
magnetically lossy, complex mu and epsilon, the wave amplitude will
suffer some attenuation as it travels through the sample with a

propagation constent y = a + j& . Therefore, the propagation constant

21
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a + jR = jovue =] 2 ¥ The magnitude of the incident

il

s e
Y lr'r‘

/

wave at B will be reduced by the attenuation portion of

exp (-j ?-\/p:eﬁ d) from that of its amplitude at x = 0 or
. P _ . . {,1{ * % . , * = - i,
point A. By defining z = exp (J c W,UrLr d) where wE =l dng

and L: = 5; - ja;‘ , the incident wave at x = d 1is found to be

Wainel = 2lVil = 200 +7) Vi (28)

The fraction of the incident wave transmitted out to the far end is

+
g = (g

2ZO

+ + +
——76) zVA = (1 -1) zVA = (1 -1)(1 +7T) Zvinc

(29)

So, as a first approximation, the magnitude of the reflected and

transmitted wave amplitudes through this sample can be found as follows:

(a) Incident wave amplitude: V:nc
. -t
(b) Reflected wave amplitude: Vo = IVS
+ +

(c) Transmitted wave amplitude: VB = z{(1 - TV

This approximation fails to consider second, third, and higher order
internal reflections within the sample, which could nske a significent
contribution to the total reflected and transmitted wave auplitudes.

If the measurement system is to work for any homogenecus unknown, how

22




many internal reflections must be taken into sccount? To precisely

answer this question, consider the signal flow graph that sinplifies

the description of this systein without loss of accuracy.

| If one takes "n" interactions of the loop representing the internal
reflections of the samples and allows the number n to approach
infinity, then the amplitude of the transmitted wave can be expressed

as an infinite series of the following form

+_*

v

B inc{(1+r)(1-r)z+(1+r)(1—r)z(-rz)(-rz)+(1+r)(1—r)z(-rz)?(-rz)2+...} (30a)

v

VIV (2(1r2) a2 r (1rt ezt (1) 22 12 (1)) (300)
VE=V:nC(1-F2)(z){1+22F2+z“F“+ch6+...+22nF2n} (39¢)
. 2
VgsV?nc klf?})f?)-{1+zﬁr7+z“r“+z‘r“+...+zi”r‘”1(1-r7z?) (30d)
(1-r?2%)
byt -r)z (0e)
B inc (1 - rzzz)

As one can see, the above is a very convenient closed form expression
for the transmission scattering coefficient. Since this transmission
scattering coefficient is, in gcneral, a function of frequency, it

follows that

23




which can be conveniently expressed as follows

(o) = 2(L=rf) (32)
21 (1 - r2z?)

Similarly, the amplitude of the reflected wave can be expressed

as an infinite series. A closed form is also desired.

VA=V:nC{F+(1+r)(1—F)z(—rz)+(1+r)(1—r)z(—rz)(-rz)?+...} (33a)
v;=v:ncr{1-(1-r?)zf-(1-r?)z~r2-(1-r2)zsr~-..._(1-r2)z:”+2r2“} (33b)

2
vo=yt £J1f~3;l-{1~(1—r2)z2—(1-r2)z“r2-(1-rz)zsr“-..

J(1-p7) 22" 1! (33¢)

- ~ N ‘n+?
Y A:V‘;nc R A {]-22+P?22—z"I’?+z“1’“—Z‘rf“+261‘(’-...-Z‘n+21“‘n+z nt
(1-172%)
I'2n+2-1‘727+ZbF2—Z“F"*’ZCI’“—ZE‘FG‘*...+Z:n+2T‘ﬂn—Z:n+21"‘\n+2} (33d)
2
v, =yt (-2 (33e)
A inc (] _ rpzz)

24




A closed form relation between the incident wave Griptitude and the
reflected wave anplitude has been obtained. As with the transmission
scattering coefficient, the reflection scattering coefficient can also

be defined as a function of frequency.

Thecefore, it becomes apparent that the measured value of
reflection coefficient p s equal to the reflection scattering
coefficient and the transmission coefficient 1 differs from the

transmission scattering coefficient by the phase term exp (yod)

I (35)
(1 - 72
d , ,

Sy = _QEH_ = eYO 2(1 -1°) (ﬁlﬂa. - 2{1 - T17) (36)

Y ~252 Y 2,2

00 (1 -17°2") o O (1 - 1727)

where

Yo = Jw »/'110}‘; (37)

The reflection and tranumission scattering coefficients can thus
be determined. The following details <how tiow they are used to celculate

the complex mu and epsilon values of a radar absorber design material

25




- —'———-———-—————-—-——.._‘

J
!
spte (hiveloen, 19/0) . Soveral dntor o Hate v i P loy e '
introdeed Lo wid oin the colaulstion,
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feund as
|
|
Y 21" 155
q
S S 5
Y2 2171 (29)

A varieble x will be defined as the retio of 1 - V]V2 and

By direct cubstitution of the defining oxjpreecions for the scattering

4

coeificients into Eq (40) yields the follewiag equation

2i (1 - z%) e

o - e -2t o+ (41)

this vnuation can be solved for T

| Y SRR (2)

vhere the plus or minus sign is chesen to vestrict Ne ca's magnitude

te 1095 than ore in aberlute value,
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”“J'-.-.-.'.------.--I.--I.'-------.5--.'-w.__"

Doudng, divect sttt ool the dolindng oo noccdons Tor the
attor Tng oocificionts, dn Vg (E8), yields enieuetion Tur oz in
turiis of V] ond
V. -
1 .-
z - - (43)
T - V.
1
Trom £q (1), define
W
r 1+ 7
C, = x- = - 44
1 & (1 - r) (54)
r
and Trom the definition of z = exp (-] ‘—1/u:g: d), define |
{
- * * . C ] : {7
C - b L . - 1“ ( )_/ \“‘5)

4

Thus, the complex pormittivity «nd pcrineability are casily

calculated from a knowledge of the reflection and transmission

scattering woefficients. EBecause the reflection coeificient is

reesured using en H-plane <ectural horn, the theory that underties

.

this horn will be prescnted next,
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The following theory on the H-plane sectoral horn was taken from
a published articie by W. L. Darrow end L. J. Chu (1929). 1t is
presented here for the special case which was inplencnted as part of
Lhis thesis.

Using the yconetry of the wectoral harn depicted in Figure 4,
Maxwell's eguations in a form suitable for our problem yield the

following components of electric field (Ey) and magnetic field

H , H
CRERN
Ey = B cos(mva) Kmv (24 i) (48)
W ,
Hy = B jgmf sin(mvs) Kmv (25 £ (29)

o
1

= ’ A
o —Bj/i-cos(mv¢) Kmy {2n i&

In these expressions, the complex cuantities are independent of the
time and depend on the space varjable only. The actual field is the
real part of £edt and HedY | jiere Kiv s the derivative of
Kmv , the Hankel function, with respect to its arqument (2 §J and
A s the wavelength of a plane wave in an unbounded medium of constant
mu and epsilon. The remaining components of field are zero, i.e.,
Hy = Ep = E¢ =0

The metal is assuwed to have an infinitely high conductivity.
The boundary conditions requirve that the tengential conponent of the

electric field vanish at the boundary. There is no electric field in

our wave tangential to the top and bottom surfaces of the horn, hence
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the boundary conditions dre automatically satisfied for y = 0,a

At the two sides, where ¢ = ~¢0/2 s Ey must vanish, so we nwust

have

cos (mv¢0/2) = 0

This equation can be satisfied by letting the inteyer m be odd

(1, 3,5, ...) and

The integer m specifies the order of the wave. Physically, it
indicates the number of half-period sinusoidal variations between tne
two sides of any component of the field along an arc [ = constant
The constant v depends only on the flare angle do , d4s specified
by Eq (52). Since m 1is always associated with v as a product,

the product

determines the behavior of the wave inside the horn. Only those

Hm o “aves which have an electric field of even symmetry about the
bl

center of the horn radiate beams with a central lobe.

Several advantages are gained by using the sectoral horn for the

measurement of reflection and transmission coefficients. Near the
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throat, the radial component of the magnetic field is still of consider-
able magnitude, but in the more di<tant parts of the horn, where ¢ s
large, the component Hp becumes neqliygible compared to the other two
f%e]d components. Both the magnetic and electric field lines are

normal to each other and to the direction of propagation, and the waves
at the mouth of the horn behave very much as do transverse electro-
magnetic waves in free space. Thus, a sample placed at the mouth of

a sectoral horn with a large radius (p) would experience a closely
approximated normally incident plane wave condition.

Lower signal power requirements can be realized by using the
sectoral horn to approximate a normally incident plane wave on the
sample. The usual technique to obtain a plane wavefront is to remove
the sample far from the transmitting source. 1In this case, power loss
increases with separation. The sectoral horn allows the sample to be
placed within the mouth area, as if inside a wave yuide, where the
power is reduced only by wall losses,

The total area of the sample used for measurements is typically
greater than that of samples used in the time domain. This aspect
would reduce some of the delicate machining necded to make sinall

sampies.
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I1T. Fquipment

During the course of this work, there were two operating systems
deQe]oped. The first system was a test setup and used an anechoic
chamber and a modified H-plane sectoral horn to mecasure the trensmission
and reflection coefficients, respectively. 1 full description of this
setup 1s provided in Appendix B. The second system utilizes the two
H-plane sectoral horns., It is this second system which is reported
on in the main body of the thesis.

The major pieces of equipment used in the frequency domain
measurement system will be described first. Then a full description
of how these major pieces of equipment are assembled for intrinsic
property measurements will be given,

The equipment used to support this thesis project consisted of
a frequency synthesizer which served as the signral source, a network
analyzer used for making relative decibel amplitude and phase messure-
ments, a two sectoral horn assembly and sample holder used tu measure
reflection and transmission coefficient parameters, and a Hewleit-
Packard 21MX RTE computer used to control the measurement setup. The

complete measurement setup is diagrammed in Figure 1,

Frequency Synthesizer

The signal source is a Watkins and Johnson model 1204-1; rapidly
tunable sver a frequency range of 0.1 to 26 GHZ. The following
information was taken from the Watkins and Johnson 1204-1 specification

sheet. The frequency resolution is 10 kHz from 100 Miz to 249.99 Miz,
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100 kHz from 250 MiHz to 1.9999 GHz, and 1 Miz from 2 - 76 GHz. The
frequency is displayed with a five-digit LED, in GHz, with floating
decimal. The frequency accuracy is + 0.00035% for 180 days over a
0'— 50° C range. A single frequency can be selected on the keyboard
with the enter, ENT, button and displayed on the LED. The frequency
can be slewed up or down in 1, 10, and 100 MHz steps as selected on

the INCREMENT controls. The synthesizer sweeps repetitively upward

within the following bands: 0.1 - 1 GHz, 1 - 2 GHz, 2 - 8 GHz,

8 - 13 GHz, 13 - 18 GHz, and 318 - 26 GHz. The AF symmetrical sweep
about phase-locked center frequency F which is displayed on the LED
readout is 0 to + 0.1% of F . The synthesizer provides 0 dBm (1 nw)
minimum leveled output power. The variations in leveled power for

the 0 dB attenuator setting is + 1 dB over the range of 0.1 - 26 GHz.
The output power can be attenuated over a range of 0 to 90 dB in

10 dB steps. The output power accuracy (neter reading plus attenuator
setting) is: O dB attenuator setting, 0.1 - 18 GHz, + 1 dB and

18 - 26 GHz, + 1 dB; 10 dB - 90 dB attenuator setting, + 2 dB and

18 - 26 GHz, + 2.5 dB.

Network Analyzer

The network analyzer is a Hewlett-Packard Model £410A with a
phase-gain indicator. The 8413A phase-gain inugicator uses a meter
display. The 8411A harmonic frequency converter provides RF-to-1F
conversion., The 8411A converter has been vodified under Option 018
to work across the Ku band. The VSWR at the reference and test port

under Option 018 increases to 10 at 18 GHz. Measuremcnts are based
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on the use of two wideband samplers to convert the input frequencies
J to a constant IF frequency. RF-to-IF conversion takes place entirely
in the harmonic frequency converter, which converts frequencies over
.a raﬁge of 12.4 - 18 GHz to 20 MHz IF signals. The phase and amplitude
of the two RF input signals are maintained in the IF signal. The
network analyzer mainframe provides the phase-lock circuitry to
maintain the 20 MHz IF frequency while frequency is being swept, takes
the ratio of the reference and test channels by use of identical AGC
amplifiers, and then converts down to a second IF at 278 kHz. It also
has a precision 0 to 69 dB IF attenuvator with 10 and 1 dB steps for
accurate IF substitution measurements of gain or attenuation. The
frequency domain measurement setup utilized the following piece of
equipment during data measurements: a plug-~in for the 8410A mainframe,
the 8413A phase-gain indicator. It compares the amplitudes of the two
IF signals and provides a meter readout of their ratio directly in
dB with 0.1 dB resolution. It also compares phase in degrees over a
360° unambiguous range with 0.2° resolution on the meter. Phase
difference is presented on the same meter when the appropriate function
button is depressed. This plug-in has two analog output ports
accessible from the front, one for dB amplitude, 20 mv/dB, and one

for phase, 50 mv/degree.

Horn Assembly
The H-plane sectoral horn assembly and sample holder is constructed
from aluminum. There are three major parts comprising this assembly,

The two horns, the sample holder/reference slide section, and the
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saiple holder itself. The individual pieces are depicted in Figure 5.

The two sectoral horns are placed mouth to mouth and form the
central part of the measurement system. The full length of the horn
section is 310.5 ¢m. The inner dimensions at the end flange region
are 1.6 cm x 0.8 cm, and at the niouth 9.5 ¢n x 0.8 c¢cm. The two horns
are connected at the sample holder area.

The sample holder section is made up of a 6 cm x 5 cm x 15 cm
solid block slider which fits inside the 10.5 c¢cm x 11 cm x 15 cm
rectangular housing. There are three windows cut along the length of
the slider section. In the center window, the slider section has a
shorting plate made of stainless steel used to obtain the reference
for making reflection coefficient measurements. At one end of the
slider, there is an open rectangular window mcasuring 9.5 cm x 0.8 cm
which is used to obtain the reference for making transmission coefficient
measurements. The third window is used to hold the sample during
measurement.

The sample holder is removed from the slider section during
sample installation. The overall dinensions of the sample holder are
1M.3ecmx 5ecnx 3 cm. A9.5cmx 0.8 cm window in the sample holder
serves to accommodate the sample. A set screw at one side is used to

apply a small amount of pressure on the sample to hold it in place so

it does not become misaligned during installation of the sampie holder

in the slider.
A gauge block is used when mounting the saiple material into the
sample holder. The gauge block provides a means to position the

sample's front face at the same plane as the shorting plate for
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reflection coefficient measurciments. The sample holder is placed
on the gyauyge block with the 1.119 c¢m raijsed section inserted in the
sample window. The sample is placed in the sample window and forced

firmly against the raised section as the set screw is tightened.
2IMX_Computer

The Hewlett-Packard 21MX computer 1s used to control the data
measurement. The frequency synthesizer is comnanded to a discrete

frequency by the computer and a data nieasurenent taken through the

computer A/D converter connected to the outputs of the network analyzer.

The disk subsystem and I/0 devices are used to store, process, and
display the results of a data run. The computer software is provided
in Appendix A.

With some insight into the main parts of the frequency domain
measurement system, the rest of this chapter will deal with describing
the system as a whole and how it is interconnected. This description

is an amplification of Figure 1.
Measurenent System

The Watkins and Johnson 1204-1 Synthesizer serves ds the siygnal
source. It is commanded by the ZIMX computer to discrete frequencies
as part of the intrinsic property measurcment routine. The RF signal
is routed from the signal synthesizer to the Ku bend wave guide by
iedns of a six foot cuaxial cable (C1803-72 B&W Astociates, Inc.,
Burlington,MA). The cable connects into a Narda 4609, 12.4 to 18 GHz,

coaxial to wave quide adapter. The Narda adapter is attached to a
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20 dB Hewlett-Packard (iiP) dirvectional coupler, model nunber P752D.
The 20 dB coupler couples a portion of the sigynal inte the refercnce
port of the HP 8411 Harmonic Freguency Converter (modified with Option
018 to extend its capability from 12.4 to 18 GHz). The main RF signal
is fed into a second directional coupler. This <econd HP directional
coupler, Model P752A, couples 3 dB of the signal into a third
directional coupler and sends the rest of the signal into a matchied
load. The third HP coupler, model number P752A, is used to couple
3 dB of reflected signal from the sample or short into an FXR model
Y641A switch and then into the test port of the harmonic frequency
converter during reflection coefficient measurements., During trans-
mission coefficient measure.ents, any reflected signal coupled through
this 3 dB coupler is cwitched into a Waveline Type 754 matched load.

For transmission coefficient measurcments, the RF <ignal which
transmits through the sample is routed into the test port of the
harmonic frequency converter through a PRD Electronics, Inc. Type
1208 Isolator and the switch. The transmitted signal through the
sample is terminated in a matched load at the switch during reflection
coefficient measurcments.

The harmonic frequency convertler provides the 1F signal to the HP
8410B Network Analyzer. The analog amplitude and phase ports on
the front of the HP 8413A Phase-Gain Indicatur are recad by the computer.
An HP Plug-In 20 Kilz Analog-to-Digital Interface Sybsysten located in
the 21MX computer, machine model KP2108A, counverts the analog inputs

to digital values used for computation. A Tektronix 4006-1 CRT
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Terminal is the operator contlrol center for saimple reasurerents.,
Finally, the processed mu and epsilon data are routed from the
computer to the HP 2635A Line Printer or, for plots of mu and

epsilon, to the Tektronix 4631 Hard Copy Unit.




1.

V. Trocedure

The seiple is prepured by cutting a 9.5 x 0.8 am rectangular picce
from the naterial to be ucasured.

la. The sample is cut to fill the sample window conpletely.

Tb. The thickness of the sample in mils is determined for use

in the computer program.

2. The frequency synthesizer and network analyzer are turned on for

a half hour before any measurenments are to be taken.

3. The frequency synthesizer and network analyzer are adjusted for
making weasurements. The slider section in the sauple holder assenbly
is positioned with the shorting plate in the sectoral horn and the
reflected signal line is switched to the test port of the harmonic
frequency converter as shown in Figure 1.
3a. The local/remote switch at the back of the frequency
synthesizer is placed in local.
3b. The Ku band midrange frequency of 15 GHz is entered at the
frequency synthesizer keyboard and the output siynal power
level is set to +3 dbm.
3c. The network analyzer is adjusted to read 0 dB on the 3 dB
amplitude scale ty means of the amplitude vernier and the
amplitude gain anmplifier,
3d. The amplitude meter is switched to the 30 4B scale and an

additional 30 dB is added to the test signal amplitude.
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(1]

3f.

gain anplifier to insure an odecuate operating ranje when
making medsurcn.onts.

The phase offset dial on the nctwork analyzer is placed
at +20°. This value is arbitrary since the coefficicnt
phase weasureronts are only difference values between a
reference phece and the phliase essociated with reflections
off and transmissions thiough the sanple.

The Tocal/remote switch on the frequency synthesizer is
set to remote. This mode enables comnunications between

the computer and frequency synthesizer.

4, The computer program is initicted and a stateanent ebout the

sample is typed in for use as a heoding on the relative mu/epsilton

output data at the Tire printer.

44,

4b.

4c.

The sample thickness in mils is entered for use in calcu-
lating the relative mu/epsilon data of the sample.
The beginning and ending frequencies in GHz are entered
next.
The number of frequencies to be measured is entered. The
frequency increment is determined in the computer routine
by the equation

End Frequency - Start frequency

A F = e 2kt el A
s Na. of Freguencies to be Measured - 1

This routine allows the first frequency measured to be the

start frequency.

41




4d.  The wein cowcand lTisting is displayed on thie CRT and the

characteristic of the system can now be nessured,

5. Under ideal conditions, the relative mu and epsilon values are
determined using the free <pace values iy and €g However, it
is possible to wcesure a My and o value for the frequency dosain
system which has slight deviations from the free sjpoce values. These
new measured values of Mo and €, can be cciplex and characterize
how well the frequency domain measurement system approximates free
space. A typical plot of o and £, characterizing the measurerent
system is given in Figure 6A and 6B. The system measured values of
o and €, dre used to rcrormalize the relative mu and epsilon data
calculated for the sample prior to ocutput.
Sa. The sample holder with no sample installed is used in the
system characteristic measurcuent.
5b. The < arting plate is placed at the center of the horn
assembly and tne reflection signal line is switched into
the test port of the harmonic frequency converter,
5c. The reflection coefficient measurement routine is entered
and the reference values are weasured and stored.
5d. At the end of the reference neacurenent routine, the sample
holder window is placed at the center of the horn assembly
and the sample measurcient routine entered.
5e. At the end of the <anple nmcccurciment routine, the computer

has calculated and stored the reflection coefficient values.
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5f.

5g.

5h.

51.

57.

At this time, the siider is repositioned with the open

reference window at the center of the horn as<enbly and the
transmission signal line is switched into the test port of
the harimonic frequency converter.

The transmission coefficient measurement routine is entered
and the reference values through the open window are measured
and stored.

When the reference mcasurements are complete, the sample
window is again slid to the center of the horn assembly

and the sample measurement routine entered. The trans-
mission coefficient is calculated and stovred.

At this point, the mu/epsilon calculation routine is
entered. During this calculation, the thickness value

used for computation of mu and epsilon is 200 miis if this
is the first mecasurement run after entering the program.

If this is not the first measurement run after entering

the program, the thickness value used for calculation is
that thickness entered at the beginning of the program for
the sanple.

The system characteristic values are stored for renormali-

zation of sample relative mu and epsilon values,

6. The reflection cocfficient neesurcment youtine is re-entered and

the sample to be neacured is inuvtalled in the <anple holder.

6a.

The sample holder is rernoved from the slider section and

placed on the gauqge block with the raised section inserted




in the sample window such that the set screw is 1o the

right. The sample is inserted and pressed firmly against

the raised section of the qauge block. The set screw is

adjusted to hold the sample tightly.

tb. The sample holder is re-installed in the slider section
with the set screw away from the shorting plate.
6c. The mu and epsilon values are determined by following the

steps from 5b to 5i.

7. The relative mu and epsilon values calculated for the sample are
renormalized and then routed as numeric data output to the line
printer or as plots to the hard copy unit. When the plot option is
used to display the output data, a statement about the sample must

be entered to serve as a title for the plots.
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V. foeults

To demonstrate the feasitility of the v uency dovicin wavure-
raent system, fibergless, two thichkness:s of ploaiglas, teflon, and an
Gi-40 abeorber were measured and their relative pormittivity ond

pericability values celculated. These velues were coinpared to the

relative permittivity and porncability for the same fiberglass,
plexiglas, teflon, and FGM-40 cbeorber materials weasured on the tine
domain system. Because the frequency domain systen was designed to
operate in the Ky band, 12.4 to 18 GHz, and the time domain data were
valid below 16 GHz (Nicolsnn, 1%74), the data were compared between

the two systems only from 12.4 to 16 CHz.

Expected Results

The relative permittivity values measured for fiberglass,
plexiglas, and teflon materials are provided in the table of

dielectric materials given below {Hippel, 1958).

‘ Dielectiric Material T °C .1 GHz .3 GHz 3 GHz 10 Chiz

|

: [aminated Fiberglass 24 £’ 4.8 4.54 4.40 4.37

' tan § 260 780 90 760

- Plexiglas 27 ¢ - ?.66 2.60 2..9
tan & -- 62 57 b7

: Teflon 22 £ 2.1 2.1 2.1 208
tan § < 2 1.5 1.5 3.7

Values for tan & are multiplicd by 10",

A7




’ The permeability value for these dielectrics is, of course,
? TR IS where Hp 7 1

It is not known whether the laminated fiberglass listed in the
table above was the same type of fiberglass material used in the
thesis work. However, the permittivity value given above ccipares

extremely well with that value obtained on the time domain system at

10 GHz.

Fiberglass Sample

The time domain data for the fiberglass sample are given in
Figure 7A and 7B. The plot of the Lime domain data is for a single #
measurement run. The frequency domain data for the fiberglass sample
are presented graphically in Figure 8A and 8B. The frequency domain
data are the statistically averaged relative epsilon and mu values
from ten separate measurement runs. It is assumed that the data
values at any given frequency are normally distributed. The standard
deviation is depicted on the plot as a vertical line above &nd below
the wean. A complete 1isting of the average values of relative
permittivity and permecability, along with the stendard deviation, is
presented in Table 1. The complex permittivity and permeability
values calculated for the fihergliass sample are compared for the

frequency range of 12.4 to 16 GHz in Table II.

First Plexiglas Sample

The complex permittivity and permeability values measured on the

time domain for the €4.5 mil plexiglas <ample are plotted in Figure

9A and 9B. Again, these data are for a single measurement run., The

A8
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-
i
TABLE 1
SAMPLE: FIBIROLASS

FREQUENCY DCMAIN DATA THICKNESS = 1324.5 MILS

FREQUENCY
(oHz) el 3 e s wlooos !t J
9.2 1.25 .05 .26 .04 1.39 04 =M .03
9.6 2.17 .05 .30 .07 1.44 .04 - N .03
‘ 10.0 3.07 .07 - .06 1.48 .04 .01 .02
10.4 3.96 .09 -.38 .06 1.21 .02 -.06 .02
' 10.8 4.13 .05 -.19 .10 1.00 .62 -.00 .01
f 11.2 4.07 11 -8 .08 1.02 .02 .04 .01
11.6 4.08 - .12 .48 3 1.01 .03 -2 .03
12.0 4.60 .14 .54 .26 .94 .02 -.08 .04
12.4 5.0 .21 A7 .27 .88 .02 -.07 .03
12.8 4.83 A7 .36 .16 .92 .02 -.06 .02
13,2 4.46 .18 .68 17 1.00 02 .14 .03
13.6 4.26 15 .57 .37 1.05 02 -.07 .08
14.0 4.48 .25 42 .4 1.05 .01 -.04 11
14 .4 4.69 .23 .03 3 .98 .01 .03 08
14.8 4.74 R 16 19 .96 .01 -.03 .03
15.2 4.73 .05 .37 14 .99 01 .05 .03
15.6 4.27 .08 76 Ry 1.03 01 - .8
16.0 3.97 .10 .61 5 1.09 01 -m .03
16.4 4.14 .10 13 .14 1.05 .01 -.00 .02
16.8 4.88 14 -.60 .15 .91 .01 .09 .02
17.2 5.72 .27 -.94 .29 .78 .03 .10 .03
17.6 6.78 .59 -.04 .62 .67 .06 .02 ng
18.0 6.70 .68 .99 .85 .65 .08 -.06 13
18.4 6.56 1.16  1.75 .1 .67 1 .07 N
18.8 4.45 .54 .44 46 .92 .09 .27 .07
19.2 2.67 .22 1.09 .20 .37 .06 -.53 .10
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frecuency domain data for a 65.5 mil plexiylas <auple is <hown in
Fjgurc 10A and 10B. As hefore, this frequency doain data is the
wean and standard deviation for ten data runs. The wean ond stendard
deviation calculated for the mu and cpsilun values are pesented

in Table 111, The comparison for the time domain and frequency
domain data is presented in Table IV for the frequency range from

12.4 to 16 GHz.

Second Plexiglas Sample

The time domain data obtained for the 174 mil plexiglas sample
are presented yraphically in Figure 11A and 11B for a single meacure-
sent run.,  The freguency donain data for the 174 mil plexiglas <auple
are presented in Figure 12A and 12B. As bhefore, the frequency
domain data are the mcan values of ten runs and the standard deviations
are presented in Table V. The comparison of the 174 mil plexiglas
data for the time and frequency domain systems from 12.4 to 16 GHz

are given in Table VI,

Repeatability

The statistics developed for the freouency donain data neacure-
ments show the repeatability of the measurinent technicuve. [uring
each of the data runs the network analyzer was turned off and on,
or the sauple was rewoved from the cample holder and re-installed.
The system configuration did not allow for power yoaoval from the

computer or the frequency synthesizer.
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TABLE 111
SAMPLE:  PLIXIGLAS
FREQUENCY DOMAIN DATA THICKNESS = 65.5 MILS

FREGUENCY
_(GHz) et s e S w' s u' S

9.2  1.57 A2 .22 05 1.65 .02 -.15 .03

9.6 2.10 RE 1.40 18 1.2 06 -1.12 .03
10.0  2.54 A0 .69 .21 93 .05 83 .09
0.4 2.23 .06 .25 .07 .73 05 -.b2 .03
10.8  2.66 .05 .43 05 1.00 .08 - 3 .03
1.2 2.57 .07 .3 .06 1.04 03 -.21 .04
11.6  2.68 .04 .23 .04 83 .01 -.10 .05
12.0  2.62 .04 16 .06 .89 .02  -.05 05
2.8 2.7 .04 Ry .07 .94 .03 -.03 .08
12.8  2.63 .06 .21 .05 .96 .03 .07 .04
13.2 2.60 .05 .26 .05 .94 04 -.09 .03
13.6  2.53 .04 19 .02 1.01 .03 -.06 .03
14.0  2.45 .04 .05 03 1.10 .03 -.04 .04
4.4 2.47 .02 -.06 02 112 .03 -.00 02
14.8  2.53 .05 .07 .04 1.5 .03 .00 .01
15.2  2.60 .05 17 .06 1.13 .03 .03 .02
15.6  2.51 .03 .32 .03 1.05 .04 -.0¢ .02
6.0  2.38 .03 .29 .03 1.03 .03 -.13 .02
6.4  2.48 .03 .05 048 1.05 .02 -.06 .02
16.8  2.61 04 -.25 04  1.06 .03 -.09 .01
7.2 2.75 .05 -.18 03 1.00 .02 10 .03
7.6 2.73 .03 10 03 1.00 .03 .01 .02
18.0 2.72 .04 .30 .03 .95 .03 -.08 .03
18.4 265 .05 .38 .04 .95 03 -.18 .03
18.8  2.56 .05 .37 03 1.0 02 - .04
9.2  2.42 .06 .30 06 1.5 08 -8 04
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TABLE V

e e v

CLMPIE: PLEXIC)A

FREQUENCY DUMAIN DATA [HICKNESS = 174 MILS
FRLQUENCY
(GHz) €' s e S w' s. b
9.2 1.12 .03 .01 .04 1.09 .03 .06
96 1.52 .05 -.00 .07 1.29 .05 .05
10.0  1.95 .07 -.13 09 1.38 .07 .03
0.4 2.3 03 -.21 04 1.13 .02 .08
10.8  2.60 .04 -.11 04 1.00 .01 .01
1.2 2.51 .07 -.08 05 1.02 .02 .01
11.6 2.45 .04 .21 .08 1.04 .03 10
12.0 2.54 .07 .25 .05 .94 .03 .07
2.4 2.1 10 21 .07 .91 .07 .07
12.8  2.69 .10 15 .07 .95 .01 .07
13.2  2.57 .05 30 .06 1.0 .01 10
13.6  2.56 .04 .37 .05 1.01 .02 .07
14.0 2.64 .03 .25 .04 1.01 .01 .04
4.0 2.76 .03 .01 .05 95 .0 .00
4.8 2.72 .04 .06 .03 .98 .0 .03
15.2  2.60 .03 10 02 1.00 .01 .04
15.6  2.51 .03 .20 .04 1.03 .0 .06
16.0 2.3 .04 a7 05 1.07 .01 .06
16.4  2.44 .04 .16 04 1.05 .02 .02
6.8 2.68 04 -.08 .04 .96 .01 .05
17.2 2.9 08 -.38 .08 5 .0 10
17.6  3.14 .08  -.37 .09 83 .02 .06
18.0  3.19 10 -.07 .07 .24 .03 .00
18.4  3.94 .39 -.31 .26 72 .04 .02
18.8  2.96 .24 .66 RE .90 .04 19
19.2  1.63 .07 77 .06 1.3 .04 .53
66




90 n-/0" 1L LLITC+RE"S 0°9L 9170=60"1L SETr+0€° 2 °ral
EISRNARS U PR RS 9'¢. 6CT0-aCt L G2 +2€7¢ Rt
ToTr-00T L LUl '8l erth-llt LU P+LE7C AN
ISR ELOR YA vyl A ST viT0+p6T e Ll
oTi-so” [RORNS StV A viuL °rr-9e” SO 0+65°¢ ViUl
yorr=1et L g l+vy’e vl eutl=Le yur+957 ¢ oyl
L=t e +267 ¢ 9°¢!L VISR A 9o 0+6v" ¢ 97 et
cLre-iot NET0+LS7C AN S0 0607 yCTl+vy e AR
L0°0-66" GL0+007e Al €0 0-60” 0049y ¢ 2Tl ~
L0700 AN VA A COTT+007 L wii+ey’e AN o

N01ISe3

NORIEYE! (ZH9) ADNINDIYS

—
~N
ot
«
~
>
«©
«Z
1
D2
«
(9]
(a4
[

STIW pL1 = SSINADJIHL STInw Ll = SSINNIIHL

WILSAS NIVWOC ADNINDIUS w3LSAS NIVWOC 3JWIL

SYT9IX3Nd - 37dWVS

IA 379vl




Teilen 9o ple

The tiiue donain data for the teflon sample cre given in Figure
p 3

134 and 13B.  ihe nlot of the tive domain data is for a single
} 4

~mad

Ceoacurcaent run, The frecuency Jdusain data for the teflon <o pile
is presonted grephically in Figure 14A and 14B.  The frequoncy
Jonain data plots wre for a single mcecurement run, A corplete
Tisting of the frequency dumain data is given in Table VII. The
comparison of tiwe and freauency derain deta is jrcsented in

Table VIII for the frequency range from 12.4 to 16 GHz,

FOM-40 Absorber Sample

The FGM-40 absoerber is composed of ferrites in silicon ribhber.
it is an Fccosorb high-loss microwave obsorber. The relative mu ond
epsilon values calculated for the FG4-40 ohsorber on the tine dormain
system are presented graphically in figure 1%A and 158, The Treauancy
domain data of relative mu and epsiion are graphicelly presented in
Figure 16A and 16B. Eoth the tiwe domain and frequency donain plots
are for a single neecwrerent run.  The complete listing of relative
muoand epsiton values weasured with the frequency dorain cystem is
given in Table 1X. The curparicon for the tine cvnain end e Longy
dosain data from 12.4 to 16 CHz 1s yiven in Table X.

Comparison of time end frequency domain data points up a problem
in the frequency doain deta. Although the poreability follows a
similar trend as that from the tinwe dowmain, it is seen that the rcal

part of the permittivity was approximately 25% below the values

6.8
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TABLE VII

SAMPLE:  TEFLON

FREQUENCY DOMAIN DATA THICKNESS = 1E80 MILS
FREQUENCY (GHz) EPSILON 1y

9.2 1.08-J.04 1.05+3.01
9.6 1.32-3.03 1.20-J.04
10.0 1.59-3.12 1.24-0.03
10.4 1.90-3.19 1.14-2.05
10.8 1.98-3.09 1.01+J.01
11.2 1.94-9.11 1.04+0.02
11.6 1.91+3.10 1.03-3.1
12.0 2.03+J.13 .0€-0.08
12.4 2.19+43.21 .95-3.05
12.8 2.12+3.17 .97-J.05
13.2 1.9840.°722 1.01-3.10
13.6 1.9549.21 1.01-J.08
14.0 2.04+43.16 1.01-J.05
14.4 2.11+43.05 .898-J.02
14.8 2.08+J.06 .88-3.04
15.2 2.0743.06 1.02-5.03
15.6 1.99+J.11 1.05-J.07
16.0 1.80+J.14 1.06-0.07
16.4 1.92+J3.09 1.02-J.05
16.8 2.07-3.01 1.0143.01
17.2 2.20-J.10 .97+43.03
17.6 2.26+3.00 .01-3.02
18.0 2.36+2.07 .68-0.04
12.4 7.3443.16 L8-d.07
18.8 2.114145 .37 L04-0.14
19.2 1.8+, 44 1.07-1.24

/3
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TABLE IX
SAMPLE:  [CGM-40 ABSORBER
FREQUENCY DOMAIN DATA THICKNESS = 238.5 MILS
FREQUENCY (GHz) FPSILON My
9.2 2.78+32.83 1.42-3.57
9.6 12.87+J4 .64 2.43+0.98
10.0 12.73+21.71 2.02+33.53
10.4 18.63+J2.21 1.47+J2.40
10.8 20.27+J2.21 1.024J2.06
11.2 20.57-3.15 .85+432.05
11.6 22.38+92.17 .91+J1.98
12.0 24 .26+4J3.07 1.00+4J1.78
12.4 24 .29+J2.95 1.07+J1.79
12.8 22.64+J2.02 1.03401.77
13.2 21.60+J1.63 .96+401.69
13.6 21.7743.93 84401 .67
14.0 23.15-J.54 .90+91.52
14.4 24 .76-31.57 .91+4431.52
14.8 76.07-3.39 1.10+J1.48
15.2 24.34+4J3.78 1.17431.0(8
15.6 22.34+435.27 .94+91.77
16.0 20.99+J2.55 .65431.71
16.4 24 .83-71.88 .48+J1.43
16.8 27.81-32.77 .35+01.27
17.2 30.15+431.26 A4+91 .17
17.6 ?26.52+J4.60 .62+01.24
1R.0 24.03+33.91 L71+431.24
18.4 ?2.23+J1.48 .he+0.22
18.8 20.94+9.87 .49+01.31
19.2 70.17+4J1.14 .54+J1.51
79
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measuwred on the time dosain and the ivaginary part of the pornattivity
from the frecucncy domain oasurenent cculd not be convared.  During
tocts of the placenent of the sample relelive to the chorting rlate,
it was seen that the imaginary permittivity paraseter was very consi-
tive to position within the sample holder. Also, the JLY-40 <o ple
was seen to deform slightly when it was inserted into the scnple
window. This effect could not occur on the other harder samples of

plexiglas, fiberglass and teflion. These factors may give a clue to
9

the poor coparison of data for this cemple.  Unfortunately, tine

did not permit extensive investigation in this darea.




Corclusiens

A Troquency denain ppesurcoent systen wes developed. The
intrinsic properties of fiberyglass, two thicknesses of plexiyglas,
teflon, and an tGM-40 abcorber wore voswured on the frequency desain
and time domain systems and compared. On the baesis of the results
chtained frum the frequency dorain sy« i, the Tollowing conclusions
are drawn:

1. The Teasibility of weasuring intrinsic preperties of materials

using a freou ncy dovain tecimigue has heen shown,

2. Repeatability was investigaeted for the two thicknesses of
plexiglas and fiberylass. Repeetability of nieasure ont was extremely
yood in the cdase of the two thicknesses of plexiglass, but began to

show a problem in the iiuginary part of the permittivity of fiterglass.

3. The conparizon of dota botucen the tine doain and freguency
domain systen was good for the plexigles and teflion. The {iberglass
data began to show <wie vrior, eorvcially in the oria of the drnginary

ormitiivity.

4, The greatest crror was scen whion e 2ouring the G1-40
cbheorber.  Although thne jpor cability oo oaed well for Loth the tive
domain and Trveguency doiain data, the veal part of the permittivity

was approxirately 250 below that of the tiwe domain ond the dnaginary

e e
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part of the permittivity was not coupdrable.

5. The refinement of the scnple holder end slider section may

P

result in smaller errors than those scen in this study. This
observation is drawn from experience gained during trouble-shooting

problems in the sainple holder area.

6. A possible cause of error in the freguency domain data of
the FGM-40 absorber material may have bzen distortion of the sanple
during insertion into the sample window. Unlike the other materials

tested, the FGM-40 absorber was rubbery and easily compressed.
Recorsicndations

Based on the assumptions stated initially and cobservations made
during the investigalion, the following recouncndations are proposed

for further study:

1. The high VSWR, which ranged up to 10 at 18 CGHz, at the test
and reference ports of the frequency converter, could be investigated

as a source of error.

2. The sensitivity of reflection coefficients to the refercnce
shorting plate and sample position within the sample holder could

be investigated.

3. A computer model could be developed to investigate the

H-plane sectoral horn plane wave approximations to TEM waves used in

83




this thesis and how this opproxination relates to the camples!
intrinsic property measurements,
4, A system characteristic was used to renormalize the relative

.mu and epsilon values. An investigation could be done to determine

if a better technique were possible for removing inherent system

error.
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Appendix A

Control Software

The operating system controls the Hewlett-Packard netvork analyzer
and Watkins and Johnson frequency synthesizer during perancter meacurc-

ments. The software and system relationship is diagramsed below,

e —— 7: 7777— . — e
Y b o
INPUT /Ut 15PUT
SAMPLE /START/STOP NUMBER
THICKNESS FREQUENCIES OF
, Z o INCRFMENTS

RN

[ “(“SURE
REFLECTION
[ AND

TR MIQSION

INPUT
ANALOG
VALUES

{‘CALCULATE

I' - - T 1?“.U/LPSILON ‘l

PRINT TTTTYIT T PLOT

MU/EPSTLON .
<smp ) MU/ EPSTION

Figure 17. Software Control Diagram
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APPLNDIX B

First Test Setup of Freguency Demain Feasurement System

The equipment used in the first test setup of the frequeﬁcy
domain measurement system will be described. Then the pricedures
used to measure fiberglass and two thicknesses of plexiglas will be
discussed. Finally, the relative complex mu and epsilon values
measured for the fiberglass and two thicknesses of plexiglas will

be presented.

Equipment

The equipmnent used to support this thesis test setup consisted
of a frequency synthesizer which served as the signal source, a
network analyzer used for making relative decibel anplitude and
phase measurements, an anechoic chamber used for the transinission
coefficient measurements, a sectoral horn assembly used to make the
reflection coefficient measurements, and a Hewliett-Packard 21MX RTE
computer used to control the measurcuent setup. The coirplete measure-
ment setup is diagramed in Figure 18.

The power source was a Watkins and Johnson model 1204-1;
rapidly tunable over a frequency range of 0.1 - 26 GHz., The following
information was taken from the Watkins and Johnson 1204-1 specification
sheet. The frequency resoluticn was 10 kHz from 100 MHz to 24%.99 MHz,
100 kHz from 250 MHz to 1.9998 GHz, and 1 Mz from 2 - 26 GHz. The
frequency was displayed with a five-digit {ED, in GHz, with floating

decimal. The frequency accuracy was +0.00035% for 180 days over a
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0 - 50° C range. A single frequency could be selected on the keytosrd
with the enter, ENT, button and displayed on the LED. The frequency
could be slewed up or down in 1, 10, and 100 Miz <tleps as selected

oﬁ the INCREMENT controls. The synthesizer sweeps repetitively

upward within the following bands: 0.1 - 1 GHz, 1 ~ 2 GHz, 2 - 8 GHz,
8 - 13 GHz, 13 - 18 GHz, and 18 - 26 GHz. The AF symmetrical sweep
about phase-locked center frequency F  which was displayed on the

LED readout was 0 to +0.1% of F . The synthesizer provides 0 dBm

(1 mw) minimum leveled ocutput power. The variations in leveled

power for the 0 dB attenuator setting was -1 dB over the rcnge of

0.1 - 26 GHz. The output power could be attenuated over a range of

0 to 90 dB in 10 dB steps. The output power accuracy (meter reading
nlus attenuator setting) was: +0 dB attenuator setting, 0.1 - 18 GHz,
+]1 dB and 18 - 26 GHz, *1 dB; 10 dB - 90 «B attenuator setting, :2 dB
and 18 - 26 GHz, *2.5 dB.

The network analyzer was a Hewlett-Packard bModel 8410A with a
phase-gain indicator. The 8413A phase-gain indicator used a meter
display. The 8411A harmonic frequency converter provided RF-to-IF
conversion. Measurenments were based on the use of two wideband
samplers to convert the input frequencies to a constant IF freauency.
RF-to-1F conversion took place entirely in the harmonic frequency
converter, which converted frequencies over a range of 12.4 - 18 GHz
to 20 I'Hz IF signals. The phase and amplitude of the two RF input
signals were maintained in the 1F signal. The network analyser
mainframe provided the phase-lock circuitry to maintain the 20 Miz

IF frequency while frequency was being swept, took the ratio of the




reference and test channels by use of identical AGC amplifiers, and
then converted down to a sccond 1F of 2/8 klHz. It also had a precision
0 to 69 dB IF attenuator with 10 and 1 dB steps for accurate 1F
substitution measurements of gain or attenuation.

The frequency domain measurement setup utilized the following
piece of equipment during data measurements: a plug-in for the
8410A mainframe, the 8413A phase-gain indicator. It coumpared the
amplitudes of the two IF signals and provided a meter readout of
their ratio directly in dB with 0.1 dB resolution. It also coupared
phase in degrees over a 360° unambiguous range with 0.2° resclution
on the meter. Phase difference was presented on the same meter when
the appropriate function button was depressed. This plug-in had two
analog output ports accessible from the front, one for dB amplitude,
20 wmv/dB, and one for phase, 50 mv/degree.

The anechoic chamber was a 9.5 ft x 3 ft x 3 ft upright box
structure as shown in Figure 19. The outer structure was made of
2 in x 6 in boards covered with 1/2 inch plywood. The inner structure
was 1/2 inch plywood supported by 2 inch x 4 inch boards. The 1/2 inch
plywood inside of the chamber was covered with 4 inch thick CV-4
radar absorbing material (RAM). At the middle of the chamber, a
2 inch thick styrofoam square and AM-74 RAM square provided a table
top support area for the test csample. An 8 inch square hole was cut
in the table top to provide a window for signal transimission. At the
top and bottom of the anechoic chamber, there were 3 square inch holes
cut to allow access for horn antennae. A hinged door was located at
one side of the chamber to allow easy insertion and remeval of caniples

to be tested.
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An H-plane sectoral horn was designed and huilt for this project
using formulae from Jasik, pages 10-8 end 10-9. /fn iuproved free
space match was obtained by introducing a set of parallel pletes
c&up]ed with a set of curved cylinders at the mouth of the hcrn.

The horn is depicted in TFigure 20. The theoretically computed phase
variations dcross the aperture were 49./° at 12.4 GHz to 71.7° at
18 GHz.

The Hewlett-Packard 21MX computer was used to control the data
measurement. The frequency synthesizer was comnanded to a discrete
frequency by the comnputer and a data ncasurement was taken through
the computer A/D converted, connected to the network analyzer. The
disk subsystem and 1/0 devices were used to store, process, and
display the results of a data run. The software used in the comnputer

for the test setup was an earlier version of that given in Appendix A.

Procedures

The procedure followed in measuring the complex mu and epsilon
values of a test sample involved the preparation of the sample,
initialization of the ceaputer program, setup and measurement of the
reflection coefficient values, setup and mecasurement of the trans-
mission coefficient values, data calculation to obtain mu and epsilon,
and data output to present the mu and epsilon values.

In preparing the sample, a one square foot piece of test material
was used. From the one square foot piece of raterial, a small strin ﬁ
0.8 inches in width was cut fron one side. The 0.8 inch wide piece

of test material was uced in the sectoral horn for reflection
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Fiqure 20.

Podified H-Plane Sectoral Horn
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coefficient measurcients., During reflection coefficient ncasurcionts,
the sample piece was placed directly on the mouth of the hurn where
the parallel plates were attached. The larger piece of the sample

was placed inside the enechoic chamber during transmission cocfficicnt

measurements.

Once the sample pieces were prepared, the computer proyrem was
initialized. The operator entered a comment statement that identified
the sample. This statenent was printed as the heading for the line
printer output of the mu and epsilon values. The thickness of the ;

sample was entered next. Then, the start and stop frecuencies were

entered and the number of discrete frequencies at which measurements
occurred were entered. At this point, the operator entered the
portion of the program that makes reflection coefficient measurenments.
For the reflection coefficient measurements, the sectoral horn
was switched into the network by manually setting switch number one
(the switch feeding power to the horn) to the right, and switch number
two (the switch connected to the test signal port of the converter
unit) to the left. The shorting plate was placed on the horn at the
location previously described for the sample. The network analyzer h
gain amplifier was set to 13 dB. The frequency synthesizer power
output was set to zero dB. The operator comnanded the computer to
step the frequency synthesizer across the freqguency range to obtain
a background reference for the short. Next, the sample was placed
in the horn and the opcrator allowed the cumputer to step through
the frequencies again. The computler deteriined the difference between

the two sets of values and stored these differences as the reflection
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coefticients.  Now, the operator entered the portion of the proyram
to cbtain transmission coetficients.

The large <ample piece was used for determining the transmission
cdefficients. The gain amplifier on the nctwork analyzer was. set to
41 dB. The anechoic chamber was switched into the network by placing
switch one to the left and switch two to the right. The anechoic
chamber was set up first with nothing over the 4 inch square window
on the table as<embly. The operator allowed the computer to measure
the open window across the frequency range for a reference background
measurement.  Next, the sample was placed flush against the table
surface, centered on the 4 inch square window. The first set of values
for the sample transmission coefficients was determined and stored in
the computer. Next, the sample was offset with two shims that were
0.5 c¢m thick and a second set of transmission coefficients was measured.
The two sets of values were averaged to obtain a single set of values
as the transmission coefficients. This procedure was performed to
help compensate for the inherent VSWR within the anechoic chamber.
At this point, the data nceded  to compute mu and epsilon had been obtained.,

The data calculation to obtain the complex mu and epsilon values
was now perforued by the computer at the operator's request. The
system was ready to output this data as hard copy at the line printer
or as plots,

The output could be requested in the form of hard copy. This
output gave the frequency in MHz and the mu end epsilon values scaled
up by a factor of 100. A second program was loaded into mewory at

the request of the operator to produce plots.
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The plot program was reyuestied from the main program. It
required a”Statement about the sample for use as a title on the plots.
The output was produced on the CRT of the computer and automatically
cobied to a Tektronix hardcopy unit. At the direction of the operator,

te main program was reentered and terminated.

Fiberglass Sample

The frequency domain data for the fiberglass sample is given
in Figure 21A and 218. The frequency domain values of relative mu
and epsilon between 12 and 18 GHz are compared to the time dormain

data from Figure 7A and 7B in Table XI.

First Plexiglas Sample

The frequency domain data for the 64 mil plexiglas sample is
given in Figure 22A and 22B. The frequency domain data between 12 and
18 GHz is compared to the time domain data from Figure 3A and 98B

in Table XII.

Second Plexiglas Sample

The frequency domain data for the 172 mil plexiglas sanple is

given in Figure 23A and 23B. The frequency domain data between 12 and

18 GHz is compared to the time domain data fiom Figure 11A and 11B

in Table XIII.
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and Commissioning Program, he attended the California State University
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degree of Bachelor of Science in Electrical Engineering in January 1976.
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nology in June 1979,
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Ttem 20 (continued)

as the swept frequency signal source. A dedicated corputer cwleuleted the
corpilex permittivity and pernoability end plotted the cutpat data.  The
measurciients were performed autoratically by having the corputer control
the frequency synthesizer while running the crperisment,

The two configurations of plexiglas and the fibivglass <auple wive tected
ten times to obtain a statistical reprecontation of the aresults, Inall cenes
vood repeatability was c¢htained. The stindard deviation of the real ;ort of
the permittivity and permeability for the two cases of plexiglas was within
+ 4% of the mean. The fiberglass had a typical standard deviation within + 7%
of the mean for the real part of the permittivity end perncebility. )

The permittivity and permeability obtained for the selected seiples using
the frequency domain measurerent technique were compared with the results
obtained in a previcusly developed system which used time domain techmiques.
The data comparison between the two systems was good for teflon, plexiglas,
and fiberglass in the frequency range from 12.4 to 16 GHz. Some variations
vere noted for the FGM-40. Since the results obtained were generally con-
sistent between both techniques, it is claimed that the riewly iuplencrited
frequency domain system is a viable alternative for the rapid wmeasurcrent of
intrinsic properties in the Ku band.







