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FOREWORD

This Interim report was performed during the period 15 June 1981 to
15 September under the direction of Mr, Brian Kent (AFWAL/AAWP). The
Avionics Laboratory conducted this effort under Work Unit 76331309.

The author would like to express his sincere thanks to his supervisor,
Dr. Carl Mentzer, and Dr. Benedikt Munk for their excellent technical
. assistance on this project. Secondly, he wishes to thank Dr. Edward Pelton
E and Dr. Leon Peters, Jr. for their helpful comments and suggestions on
this report. Also, a special thanks is extended to James Kelly for
performing many of the experiments discussed in the memorandum. Finally,
Mr. Kent would like to thank Robbin Barker and Captain Frank Gondolfi

A P BAECTE LAY

for their help in preparing the final memorandum.
ii This report is divided into two Volumes. Volume I contains the
Cz main text and Appendix A. Appendices B and C, which contain computer
s software information, are found in Volume II.
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;‘ SECTION I
- INTRODUCTION

Over thirty years ago, extreme interest was shown in the design and
construction of materials that absorb electromagnetic radiation. Recently,
. this interest has been quite intense, especially in the microwave and
millimeter regions of the electromagnetic spectrum. Many new absorbers
under development can function over wide frequency bands and in high
temperature environments. Since in general the properties of absorbers
are difficult to predict or calculate, their performance must be
experimentally verified. The Avionics Laboratory (AFWAL/AA) has shown
interest in absorber measurements since the early 1970's and knows full

A“'V—ﬂ"‘- Col A B r‘ru LR A
. B e 8.3 egtnice PR . P

well the problems involved with measuring microwave absorbing materials.

In order to design or test any Radar Absorbing Material (RAM) it is

'.-'.T.'y?rrm",j XLy

essential to accurately know the electrical and magnetic properties of

the material in question. These properties are characterized by the
complex permittivity (e*) and permeability (u*) of the unknown material.
For most real world absorbing materials, mu and epsilon are strong
functions of frequency. Thus, if one wants to design a broadband aksorber,
mu and epsilon must be known at every design frequency. For a single
sample, this might involve many measurements, which become tedious if
performed one frequency at a time. Obviously, one might 1ike to have

some sort of automated measurement system, which can obtain (e*, u*)

across the desired frequency range of interest. Can such a system be
designed?

First of all, it is pertinent to discuss how to measure (e*, u*) of
an unknown sample. It will be shown in Section II, that in order to
determine mu and epsilon of a homogeneous sample of material, the
scattering parameters of the unknown planar or coaxial sample must be
obtained for the case of normally incident equiphase electromagnetic
illumination. There are two widely known techniques by which scattering
parameters can be obtained: the Time Domain and the Frequency Domain.
Clearly, a choice must be made as to which approach will be used.
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Several years ago, the Avionics Laboratory took delivery of a
permittivity and permeability measurement system which obtained the
scattering parameters through the Time Domain Method. Designed and built
by the Sperry Rand Research Corporation (References 1-3), this system
basically samples and digitizes the reflected and transmitted impulse
response of a toroidal sample of absorber material residing in a coaxial
airline. These sampled waveforms are subsequentially Fourier Transformed
and ratioed in order to determine the scattering parameters and hence
the properties of mu and epsilon. Unfortunately, this time domain
technique has two major restrictions which prevent the technique from
being used at frequencies higher than 18 GHz. First, it is very difficult
to sample waveforms with frequency content much above 18 GHz, due to
limits in sampling oscilloscope technology. Secondly, it is difficult to
build an accurate control system which can adjust quickly enough for
slight timing shifts in the time domain measurement scans. Since the
Air Force is ultimately interested in making measurements at frequencies
above 18 GHz, clearly alternative measurement techniques must be
fnvestigated.
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With the recent advent of stable computer-controlled, phase-locked
microwave frequency synthesizers and network analyzers, it has now become
practical to attempt scattering parameter measurements directly in the
Frequency Domain. This immediately overcomes the upper frequency limit
imposed on the Time Domain System, and has the added potential of
obtaining a higher signal to naise ratio than was previously achieved in
the Time Domain system. Thus, the main purpose of this thesis investi-
gation is to design and build an automated measurement apparatus which
can obtain mu and epsilon directly in the frequency domain with an
accuracy of five to ten percent. It shall be demonstrated that such a
measurement system can be constructed using a network analyzer and a
dual horn reflector/sample holder reflectometer.
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With these thoughts in mind, the organization of this thesis will be
discussed. Section II, presents a generic problem of determining the
materfal properties of mu and epsilon from the scattering varameters of
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an infinite planar sample of material undergoing normally incident
equiphase electromagnetic illumination. Some practical methods of
approximating this infinite slab solution will be discussed, and a horn
reflector/sample holder jig will be designed to implement the solution.
Section 3, discusses how scattering parameters are made in practice, and
the possible sources of error which can occur. It also proposes to use

an accuracy enhancement model to attempt to reduce these potential
measurement errors. Section 4, explains how to make single frequency

and swept frequency (u*, €*) material measurements. In addition, Section 4
discusses the installation and testing of the Frequency Domain measurement
system, and compares data obtained on the Frequency Domain System with
data measured on the Time Domain System previously discussed. Finally,
Section 5 makes some general conclusions and statements about future

work in this area.

In addition to the main chapters of this thesis, there are three
appendices. Appendix A provides complete engineering drawings of the
antenna/sample holder arrangement designed in this thesis. Appendix B
provides a computer listing of all calibration and control programs used
in the Frequency Domain system, while Appendix C provides a detailed
Standard Operating Procedure to correctly run the Frequency Domain
System.

..............
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SECTION II

THEORY BEHIND FREQUENCY DOMAIN MEASUREMENTS
OF PERMITTIVITY AND PERMEABILITY

this chapter, the theory behind the Frequency Domain measuremenf
will be developed. It is advantageous to begin with a very basic
ical model and demonstrate how the scattering parameters are

in terms of the incident, reflected and transmitted energy from
e of the unknown material, which is assumed to have arbitrary

u* and e*.

st of all, consider the situation pictured in Figure 1, An infinite
unknown material with thickness d] is illuminated by an equiphase
nagnetic wave at a single frequency. The incident wave will be
by'?l, originating at the left. The reflected wave will be

31, while the.!ave transmitted through the sample and out to the
i1l be denoted b3. Note that there is no incoming wave from the .
that is,'33=0). The quantities (5}, 3]) are related to (33 =0, b3)

wave transmission matrix as follows:

4 ah 2 a3 M)
- = -)
b ayn 23| | bs

nore Collin (Reference 4) and Nyquist (Reference 5) have both found
e transmission matrix for a two-layered planar stratified media,

s the case shown in Figure 1, if the air layer to the right is

red a second layer. In this case, the wave transmission matrix is
5 follows:

Ei‘] 1 eJei R'Ie"]ei 0
I B = PR A (2
b, i=1 i | rie e by

6y = Kyd; with K, =w/u¥e¥ (3),(4)

A A i A T e
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Infinite Planar Slab of Unknown Material

(FACE A) (FACE B)

\J Media 1. ‘/Media 2.

;l ANANS —ANAANALT,=0
Incident wave (no energy incident
from the right)

- * %
(uo,co) (ul,el) (uo.co)
GE-NNANNN g '1;'3 VAN
Reflected wave Transmitted wave
Ty T,
— -
Ry -— R2:
L_/—N

e— 4] —»

Figure 1. Geometry of Infinite Slab Problem
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and (Ri’ Ti) are the ordinary reflection and transmission coefficients
at the front face of the individual layers respectively. In this
problem, the layer of unknown material has the phase constant

0 = w\/u]'*e]*d] (5)

Since the second "layer" of free space is infinite in extent, it is
convenient to choose the phase reference of the absorber output at the
right face, marked B, in Figure 1. In this case,

8, =0 (6)

Also, the reflection and transmission coefficients can be determined
from the impedances of the media in the two layers. At the "front"
face of the layer (marked A in Figure 1) R, and Tl are given as follows:

(Z'I = ZO)
S oy el (7)
T-I = W =1 ¢+ F] (8)
where
H
z] = a* (9)
and
o
7 =4/ =2 (10)
(1} €

In a completely analogous manner, the reflection and transmission
coefficients at the second face are

(ZO = z])
R vy Ch ()
22o
T2 = Tzo_TzTy = -F] (]2)
6
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Substituting Equations 5, 6, 7, 8, 11 and 12 into Equation 2 will yield
the following result,

3 eI ey rllo
1 _ . 1 1 (13)
T (T=T1y) .
. s JO] -Je" _ -
b, rye e no 1] 3,

Combining the two matrices into one gives a slightly more compact equation.

RSN # i
pres

) oI _p2 ;30 (-390 _ Qd01) 0
1 ] ] (14)
= - .
B (T el - e (30 g2 oyl |3,

vy \ Snduiia

Next, it is necessary to change directions for a moment, and look at
the definition of the well known scattering parameters., The scattering
parameters re)ate the outgoing wave (b], b, ) to the incoming waves

(a], a3 = 0) in the following manner.

P )
¢ ladblin ot ol

3 >~ TNDers
7~ 0

S

TV

1l 3

3

12 1 (15)

-
b S S 0

21 “22

Obviously, the fact thit a, = 0 has already been utilized. From
Equation 14

(e3% . rfe-301)35

- a, = (16)
3 ‘ (1 -1
a . and
. R (3% . 38 )db3
b, = (17)
! (1 -rf

s - T
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Taking ratios of Equation 17 to 16, and using the definition of S;; (),
one obtains

.-

-328,
s («»)-F‘l '—~?—2—r'(]-' )
n ) il- - (1 - r e el‘) (18)

a3=0
)

From Equation 16 and the definition of SZI one'can aléo obtain

a 2 =36,
Sy ) 2 2| H-n)e (19)
21 W =gs - 7 19
Ve 0-1 ej’f\rel)

From the physical symmetry of the problem, and the assumption that the

unknown sample is homogeneous, we know that: B
. \ ‘
and '
S] z(w) = SZI (w) . (21)

Thus the scattering parameters given in Equations 18 and 19 are all well
defined quantities related to the thickness of the sample and the intrinsic
impedance given by Equation 9. Although the complex ms and epsilon

(u*, €*) are somewhat buried in the scattering parameters S]](w),

SZI(”)’ there is a method of extracting them once the scattering parameters
are known. This procedure will be shown next. First of all, to simplify
the notation slightly, define the parameter z in the following manner:

W
z=e901, ed T ./ur’ er* d; (22)

where the constant ¢ is the speed of 1ight in free space. From Equation 18
and 19
r, {1 - 2%)

Syy(w) = 23
LTI 2 &

PR LA s = PP 1 Lo A ms o o oL
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e () = )2 (28)
w =
2 a - r,zzz)

Also from Equations 7, 9, and 10, the reflection coefficient can be
ralated to the relative (ur*, er*) of the absorber layer.

0
-1
-7 Ve~ (25)
r
r

r] 121 +z°' 1]

—_— + 1
€

Suppose now that the scattering parameters S]](w) and SZl(m) have been
measured at a frequency of interest. Writing the sums and differences
of the scattering parameters, one obtains

(rl + 1)
V] = Sz-l (m) + S-”((u) = -n—_’_—f]—z’) (26)

and
(Z = F")
Vp = S (0) - Sy(0) = v—77 (27)

Next, define the parameter "x" in the following manner.

X = 0 - YY) (28)
V- V,)

After a considerable amount of algebra, one can show that

where the sign ambiguity is resolved by imposing the added constraint
; , that
Il <0 (30)
5 Rearranging Equation 26,
5 (v - T
K 1 1
K Z= 'rr—-v—)' (31)
: - IPI)
N
? 9

N

[
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we see that Z is determined since Vi and Ty are known from Equations 26
and 29. Recall that Z was defined by Equation 22. If the natural log
of Equation 22 is taken, the resulting equation is

(0 Z) = -j% \/ur*er* d (32)

At this point in the derivation, it is convenient to define two new
constants, Ci and Cé as follows:

*

c: =4/ L (33)
) 1 Er

J =

3
.

.

and

Cé = ‘,ur*er* (34)

AR P aanl

From Equation 32, we see

Cy = j(m‘fl— an Z) (35)

From Equations 25 and 33, we obtain:

S]](w) and 521(“) are known at each frequency of interest, the complex
permittivity and permeability can be calculated using the above complex
arithmetic manipulations. Note that the subscript "r" in Equations 37
and 38 indicates "relative" to the free space permittivity and perme-
ability (e» uy).

(1 + r])
C = =T, (36)
] - F]
; which is another known quantity. Finally from Equations 33 and 34
g
X ur* = clc2 (37)
1
~ and ,
% . 2
. Ep = o (38)
. 1
.
.
3 The conclusfon of this derivation is that if the scattering parameters
x

‘u

o
[

v
ey

o 10
3
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With these thoughts in mind, it is necessary to visualize a method
of implementing the solution to this rather abstract infinite slab model
in a practical engineering (u,c) measurement system. Before dwelling on
how to obtain the scattering parameters, one must somehow find a method
of realizing the initial assumptions of the previous theoretical
discussion. As noted earlier, we assumed that an equiphase wave was
normally incident on a slab of the unknown material, Can this condition
be met in practice? Several free space and guided wave structures which
closely approximate a planar phase wavefront normally incident on the
unknown slab were investigated, and are shown in Figure 2. The advantages
and disadvantages of each method will now be discussed in detail.

DeLaa v, 853 B ¥R EP . O
K
‘
.

Under the first category of free space systems, a large (with respect
to wavelength) flat plate of unknown material is placed in the far field
4 of a pair of transmit-receive horn antennas. Since the sample is in the
Ef far field of the two antennas, the wavefront of the incident wave striking
ii the sample should be nearly uniform in phase, as desired. Unfortunately,
E
.
F

as desired. Unfortunately, since the sample is physically located a
significant distance from the horns in order to meet the far field
condition, a high percentage of the incident radiation is radiated in
directions other than at the sample. Furthermore, if the materials are
. lossy, the reflections or transmissions through the samples may be over
8 an order of magnitude down from the incident wave. Since the sample is
-i located away from the antenna, these small reflected and transmitted
La signals are quite difficult to detect. The problem is especially acute
3 on the reflected wave'ﬁ s since this set-up would use a single antenna
: to transmit and receive (a], ), and the leakage of the incident
s signal a] might very well obscure the small reflected wave b] Another
i major concern would be finding a method of accurately positioning a
shorting plate and the sample plate in the exact same physical location,
so that an accurate phase reference is established. Finally, in order
to assure isolatfon from other equipment in the building, the test set-up
would have to be located in an anechoic chamber, which incorporates an
additional unnecessary expense. Hence, this particular approach was
rejected.
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The second category of closed waveguiding structures had several
interesting sample holder configurations, three of which are shown in
Figure 2. The first such scheme involved using a coaxial airline, with
a toroidal shaped sample residing in the airline. This particular scheme
is ideal from the standpoint that the electromagnetic wave striking the
sample is a transverse electromagnetic wave (TEM), so the important
equiphase condition is met. It must not be forgotten, however, that a
coaxial line structure can support waveguide (TE or TM) modes. In order
to avoid the moding problem, the proper size coaxial line must be chosen
for the desired operating frequency range. For a measurement system
operating between 12.4 - 18 GHz, a 3.5 mm coaxial line should be employed.
For higher frequencies, the coaxial 1ine would be even smaller in diameter.
One of the major problems with a coaxial line sample holder is the actual
machining of the samples. Many practica’ absorber materials are hard or
brittle, and a 3.5 mm coaxial sample may be difficult to construct. The
Time Domain measurement system discussed earlier uses a 14 mm coaxial line,
and even at that size, samples are not easy to cut. The problem would
become insurmountable at frequencies above 26 GHz, so this approach was
also rejected from further consideration.

Another closed wave guiding system considered is the common rectangular
waveguide. This particular scheme has the advantage of rectangular
samples, which in principle would be easy to machine. The disadvantages
included the fact that each particular waveguide band would require its
own sample holder. In addition, the waveguide does not support a TEM
wave, which would require some increased complexity in the signal
processing. Since the Avionics Laboratory was not interested in building
a sample holder at each operating frequency band, this option was also
quickly discarded.

A third waveguiding structure considered blending the idea behind the
free space system, and the wave guiding system. Basically, this apprecach
would use two long (with respect to wavelength) horn antennas with small
flare angles to obtain an electromagnetic wave in the aperture which
meets the far field criterfa (22.5° phase variation in the aperture).

13
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Such a sample holder configuration was first designed and tested by

1 Aguirre (Reference 6). The operating frequency was 12.4 - 18.0 GHz,

E with an aperture size of 4.0" x .311". In order to meet the far field

1 phase condition, each of the two horns were 4.5' in length. Adding all

f of the Ku waveguide plumbing necessary to complete the measurement set-up
'! required a 1ot of additional undesirable waveguide components. In

< addition, the sample holder designed by Aguirre would not mate well with
: the two horn antennas. As a result of these problems, a significant

- amount of energy was attenuated in the measurement set-up, reducing the
t‘ potential accuracy of his measurements. Overall, however, this particular
3 illumination scheme had the potential of meeting all the desired

' conditions stated earlier. After careful consideration, however, this

g scheme was also rejected after yet another method presented itself as a
L! more attractive alternative. This will be discussed next.

The final sample-holding system considered by the author involved

- using two waveguide-fed horn-reflector (References 7 and 8) antennas with
a rectangular sample holder between the apertures of the two antennas.

A sketch of the two antenna-sample holder system is shown in Figure 3.
The basic idea involved using the horn-reflector antennas to convert

the semi-spherical electromagnetic wavefront from the horn feed to a

near uniform phase wavefront in the aperture. The rectangular sample
holder nearly extends the aperture to provide a path for the equiphase
wavefront from the antenna to the sample of material. A second horn-
reflector antenna then ccnverts the transmitted wave back to waveguide,
and eventually to the waveguide detector. The total path length through
the two horns and sample holder could be made considerably shorter than
the set-up designed by Aguirre. Other advantages to this approach
includes the fact that the two-horn reflector system could be well
matched, with a fairly low voltage standing wave radio (VSWR). The
bandwidth of the horn-reflector antenna, another important consideration,
can easily cover two waveguide bands. Hence a Ku band horn-reflector
may be able to accommodate frequencies up through K-band (18.0 - 26.0),
if the proper waveguide transitions are included in the test set-up.

14
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Thus, with all of these advantages the horn-reflector sample holder
system was chosen for use in the Frequency Domain measurement system.

Although higher order modes can exist in the rectangular sample
holder and guide, these effects in the Ku-band should be small, if the
discontinuities in the connections between the horn antennas and the
sample holder are kept to a minimum. Field probes of the horn-reflector
aperture using a tiny scattering sphere demonstrated a nearly TE10
amplitude profile. Since the mode structure in the rectangular sample
should be the same as in the oversize guide, the energy in the sample
holder should not in theory be converted to higher order modes.
Nonetheless, in order to determine how serious the mode conversion
problem is, comparisons will be made later in this thesis between Time
Domain and Frequency Domain Measurement data.

The next important question involves what frequency band should be
investigated first. Since the Avionics Laboratory currently has a
synthesized frequency generator and network analyzer in-house that
operates in the Ku frequency band (12.4 - 18.0) this frequency range
was chosen for investigation in this thesis. An additional benefit for
working in the Ku band is that the Avionics Laboratory Sperry measurement
system can measure samples from 9.0 - 16.0 GHz, thus allowing some
ability to cross check measurements between the Time Domain system and
the Frequency Domain system.

After choosing the operating frequency range and radfating system to
be used in the Frequency Domain measurement system, a discussion of the
antenna theory and design must be undertaken. To understand the theory
behind the horn-reflector antenna, consider a ray optics model shown in
Figure 4. Suppose a point source of high frequency radiation is located
at the parabola focus, as shown on Figure 4. The spherically diverging
rays emerging from the focus will strike the surface of the parabolic
reflector, and become parallel rays. When the antenna is acting in the
receive mode, the incoming parallel rays will be focused at the pa-abola
focus. The operation of a horn-reflector antenna is quite similar, and
will be discussed next.

16
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o in Figure 4, the focus of the parabola has now been located

center of a Ku-band rectanguiar waveguide feed. The waves

ng from the horn feed strike the section of the enclosed parabola,
reflected out of the antenna structure in the direction of the
erture. The wavefronts leaving the horn-reflector antenna are
uiphase. The entire horn is enclosed, as shown, to prevent direct
on from the waveguide feed point from reaching the antenna

e.

should be mentioned at this point that horn-reflector antennas
flared in both the E-plane and the H-plane. A classic example of

e the hundreds of S-band horn-reflectors used in the Bell Telephone
stance microwave network. Obviously, if the antenna in question

ed in two planes, the resulting reflector surface is a section of
oloid of revolution instead of a simple parabola. In the antenna
ng system discussed here, the aperture height will correspond

to the Ku-band waveguide feed height (.311") so that the horn
flared in the H-plane, and the design problem is reduced to a

one dimensional parabola.

igning a horn-reflector antenna flared in the H-plane is quite
tforward, and simply requires careful sketches and precise

y. To reduce the drudgery of drawings many potential antenna
, a simple computer program was wr itten to draw the proposed

designs. Although this program will not be explored in detail,

ly it would take a given waveguide feed dimension, desired aperture

d focal length, and compute the horn feed flare angle and

11y draw a two-dimensional picture of the antenna. For conve- ‘
the Avionics Laboratory desired rectangular samples as previously .
ed, so a desired aperture size of .311 x 2.0 inches was chosen.

he waveguide feed dimensions were fixed (.622 x .311 inches), the

riable was the focal length. Intuitively, the antenna shape

vary considerably, as the focal length is varied. Figure 5 shows

1 f-scale drawings of three potential antenna designs. Notice that

focus becomes smaller, the antenna became shorter in length and

18
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the parabolic reflector section became larger. After looking at dozens
of potential designs, the top antenna of Figure 5 was selected. From a
practical standpoint, it had a relatively small antenna flare angle,
which. should provide a low VSWR and a gently curved parabolic surface
which could be easily machined. Hence, a set of engineering drawings
were constructed based upon this design, and are shown in detail in

Appendix A.

The next question involves the design of the sample holder itself.
Basically, an extension of the .311 x 2.0 inch aperture is a desirable
design, so long as a mechanism is included to align and support the two
atttached horn-reflector antennas. The final design consists of an
oversized brass rectangular waveguide of dimension .311 by 2.0 inches
with a removable cover to access the sample. A gage block is included
to assist in precisely positioning the samples in the same location in
the sample holder. A brass shorting block, also required for a phase
referei~- in the background measurements, has also been included in the
sample holder design. Finally, the sample holder and attaching horn-
vz7lector antennas included guide pins and screw mounts to securely
attach the entire structure together. Complete engineering drawings of
the shorting block, gauge block, and sample holder are all included in
Appendix A. Also, two photographs have been included in Figures 6 and 7
to show the dual horn-reflector/sample holder arrangement both with the
top cover in place and with the cover removed and a sample positioned

in the sample holder.

One final issue must be addressed before concluding this chapter.
Since the sample holder is basically an oversized rectangular waveguide,
how does one account for the fact that the wave in the aperture is not
precisely an equiphase normally incident wave. In actuality it is well
known that the incidence angle of a wave propagating down a rectangular
waveguide varies as a function of frequency. Kraus and Carver (Reference 9)
have derived this relationship, which is given below

f 2

cos By = 3= = - (—5%9) (39)
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Figure 6. P?otograph of Antenna/Sample Holder with Top Cover
Place
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Figure 7. Photograph of Antenna/Sample Holder with Cover Removed and
Teflon Sample in Place
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where A\g is the guide wavelength in the aperture guide, and fc10 is the
TE]o cut-off frequency in the aperature guide. With an aperture width

of 2 inches, the cut-off frequency for the TE10 mode is 2.95 GHz. Since
the operating band for this system is 12.4 - 18.0 GHz, the incidence angle
varies between 9 -13 degrees, instead of zero as assumed. This slight
difference in incidence angle makes the sample appear slightly electrically
thinner than it actually is. In order to account for this minor
difference, one must proceed back to Equation 5. By using the guide
wavenumber k_instead of the free space wavenumber ko in Equation 5

as shown in Equation 40,

f 2
8y = kgd] =k d |1 - ( F (40)

We can account for the slight difference imposed by the non-normal
incidence angle. In the actual mu-epsilon calculation, this would
simply translate into a modification of Equation 32.

f 2
(en 2) = -j -“':i'Iur* e 4 ¥ -(# ) (41)

A1l other aspects of the mu-epsilon calculation would remain the same.

In conclusion, this section investigated how the material constants
of permittivity and permeability (u*, €*) of an unknown homogeneous
planar sample of material can be derived if the scattering parameters
of an infinite slab of the unknown material are known under equiphase
electromagnetic illumination. Possible open and closed waveguide
structures which could closely approximate the infinite slab model were
investigated, and a dual horn-reflector sample holder system was
selected for use in the Ku-band Frequency Domain measurement system.
Finally, the actual design of a horn-reflector antenna and sample holder
were completed.
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Our basic model in this problem has assumed that the scattering
i: parameters S]](m) and SZl(w) can be measured given a certain type of
‘ enclosed radiating system. The next section will discuss in detail how
the scattering parameters are measured using real world waveguide
components and a microwave network analyzer.
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- SECTION III

THEORETICAL AND PRACTICAL SCATTERING PARAMETER
: MEASUREMENT TECHNIQUES USING ACCURACY
& ENHANCEMENT MODELLING

In this section, a method is developed for measuring the scattering
parameters of an arbitrary two-port microwave network using a network
analyzer and waveguide directional couplers. An accuracy enhancement
technique is developed to account for non-ideal waveguide components,
adaptors, and detectors. Later, the dual horn-reflector/sample holder
arrangement shall be included in the measurement set-up in order to

demonstrate how to measure the scattering parameters of a planar sample
of unknown material.

The first question to be answered in this section is how to measure
the scattering parameters of an arbitrary Ku-band waveguide two-port
network using ideal directional couplers and a network analyzer.
Initially, it will be assumed that the waveguide components in the test
measurement are without loss, and do not change any intrinsic charac-
teristics (coupling, VSWR) as the frequency is varied. Under these
assumptions, a potential frequency domain reflectometer is shown in
Figure 8. The device under test (DUT) is a two-port waveguide network
which can be any active or passive microwave device. A microwave
oscillator is first tuned to the desired frequency. The incident wave ?j
propagates through an isolator down the waveguide to a 20 db directional
coupler (coupler #1 in Figure 8). Ideally, one percent of the incident
energy is coupled into the reference channel (Channel A) of the network
analyzer. The remaining portion of the signal travels through the
reversed directional coupler (#2) unaffected and enters the device under
test. Part of the incident wave 31 is reflected (Ta) and part is
transmitted (33). The reflected wave'3] is coupled through the reversed
20 db coupler (#2) and up to the switch position marked "REFL".
Similarly, the transmitted wave 33 is coupled through the third 20 db
directional coupler and up to the switch position marked "TRANS".
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The network analyzer performs the actual measurement at this point.
When the reflection position is chosen, the network analyzer displays
511(w) in amplitude and phase by internally taking the ratio of the
Channel B input to the Channel A input.

—h

b .
. 1 _CHA B _ J Phase
Sn(w) -:;-C—HA—K-Ampe (42)

Similarly, if one selects the transmission switch position, then the
network analyzer displays the ratio of b3 to a,, or SZl(w) as shown below.

-
b
- 3 _CHAB _ J Phase
() =g = g - A e (43)

Since all of the directional couplers are assumed to be ideal and equal,
the measurements displayed on the network analyzer correspond in theory
to the actual scattering parameters of the two-port device in question.

In the above discussion, all connections were assumed to be lossless,
ideally coupled across the frequency band, with no discontinuities or
impedance mismatches occurring in the measurement set-up. When using
real world wavequide components and network analyzers, these particular
assumptions are in general very poor, and can introduce a considerable
amount of error in a practical measurement system Nicolson (Reference 10)
demonstrated that for material measurements to be accurate to within
five percent, the scattering parameters 511(w) and SZI(w) must be known
in amplitude and phase to within about three percent. Clearly since this
is true, measurement errors must be reduced as much as possible. As a
quick illustration of the magnitude of the problem, refer to the curve
of Figure 9. This typical operating curve for a waveguide directional
coupler is just one component of the test set-up. If this problem
occurs with all directional couplers, how can the accuracy of the
scattering parameter measurements be improved to an acceptable level?

Several major manufacturers of microwave measurement equipment have
looked Tong and hard into this problem of accuracy enhancement techniques
(References 11-13) and have developed proven methods of reducing

27
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Figure 9. Frequency Dependence of a Typical 20dB Directional Coupler
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measurement errors to acceptable levels. One such enhancement technique
developed by Hewlett-Packard (Reference 14) employs an "error correcting®
two-port circuit model which employs known standard microwave loads to
accurately calibrate the model. This enhancement scheme shall be
discussed next.

Before discussing a two-port accuracy enhancement model, it is
desirable to first understand a one-port error correcting model, and
to build on this knowledge when the two-port model is developed. Consider
the non-ideal real world directional coupler/network analyzer reflectometer
shown in Figure 10 (top), and replace it with a perfect reflectometer
and a two-port error correction network also shown in Figure 10 (middle).
The error correction network accounts for losses, minor mismatches due
to the waveguide to coaxial line adaptors, and the differences in the
receiver gains of the two-channel network analyzer. Notice in Figure 10,
a difference exists between the measured reflection coefficient T and
the actual reflection coefficient PA' Looking at the flow diagram of
Figure 10 (bottom) quickly allows one to write equations relating these
two reflection coefficients.

b (e €n1)
- 0 _ 10701
I‘m = 3—0 =egy t _r'——-e”I‘A (44)

The inverse relationship to Equation 44 is easily obtained.

Tm = ©11TnTA = ©00 - ©00%117A * €018107A (45)
Talege®11 = 1T - ©10%01) = €00 = (46)
r -e | b
m -~ S00 1
r, = - (47)
A e (T - egp) * o8 &)

Obviously, if the three error parameters €50’ ©11° and €810 2T known
then the measured reflection coefficient can be altered using Equation 47
to obtair the actual reflection coefficient FA' Yet how are these error
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terms determined? To answer this important question, write Equation 47
in a slightly different form.

arA +b - PAch =T, (48)

where
a = €8 - €go®y (49)
b = €00 and C = -ep, (50,51)

Suppose now that one knows apriori the reflection coefficient from three
precision standards. By using these three standards with known

(FAI’ Tp2s FA3) and performing one measurement on each standard, three
measured reflection coefficients (le’ Tn2s Fm3) can be related to the
known PA's, using Equation 48.

Inverting these three equations and solving for a, b, and c yields the
following equations:

e U3~ Trekt = Tm * Tk (55)
T3z * TaTar = Twike = TasTms]

where
(rz'rl)
K, = o m (56)
1 Ty - Ty)
and
_(TaoTm2 = TatTm!
Ko * —F =T, (57)
YRR

3
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aining constants a and b are determined from
a = K, +cK, (58)

b=Tu +Tylfyc -2l (59)

Al

or terms €00° ©11° ©10%01 2T then determined from Equations 47-51.

[Tn3 = Tasky = Tm * Tarkyd

17T T T F T - Taif2 - Tasln) (60)
€0 = = T = TmTmen - Tm(Ky - egky) (61)
e10%01 = (K - e9Kp) + egoeyy (62)

be added that for ideal couplers and detectors,
€0 = €1 ° 0 (63)
10801 = 1 (64)

in Equation 47

Ta = T | jdean (65)

next question to address is what known reflection coefficients

ised in the calibration procedure? When wavegu’de components

1, a convenient precision load is a sliding short. With a unity

ion coefficient magnitude, only the phase of the reflection

fent is varied as the short position is changed. Hence, if three
lent short positions are chosen, and measurements are made at

wrt position, then the three equations in three complex unknowns

s 52-54) can be solved for the error parameters. For convenience,
)isitfons corresponding to 0.0, 1/3 guide wavelength, and 3/16 guide
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wavelength will be selected. These three short positions correspond to
the three independent known reflection coefficients

ry = | el'® (66)

rp = | e (67)
and

Lpy = | e (68)

At this point, an important comment should be considered since the
goal of this thesis involves developing an automated measurement system.
Will this calibration procedure have to be undertaken every time the
system is used? The answer to that question depends if the measurement
set-up is altered. If the waveguide components used in the reflection
side of the reflectometer are not physically changed from day to day,
then the calibration procedure should not have to be repeated every day.
Instead, the calibration data can be stored in a permanent file on the
operating computer, where it will be available for use by the data
processing software of the material measurement system.

Now that the one-port accuracy enhancement model is well understood,
consider the two-port enhancement model. Figure 11 demonstrates how a
non-ideal three-port reflectometer can be replaced by a perfect three-
port refiectometer sandwiching a three-port error adaptor. The three-
port error adaptor and the device under test (DUT) are shown in greater
detail in Figure 12. Note that the actual device under test has the
scattering matrix:

S11A S128

= (69)
S21a S22

[s,]
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Modelling the Non-Ideal Two-Port Reflectometer
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The measured scattering parameters in terms of the actual scattering
parameters can be obtained from the flow diagram of Figure 12 as follows:

-
S T (e10801)[S114 - €2pPET(Sy)] (70)
1m 3, 00 "1 - ensnA - e22522A + e]]ezzDet[SA]
and
b €1 1€4nS
3 10"32721a
S = A= @ + (7])
2lm  a 30 1 - 15094 - 22508 e1180,0et[S,]
where
Det[Sy] = 1145228 = S21a%12a (72)
As pointed out in Equations 20 and 21, Equation 72 can be simplified
for the case under investigation in this thesis.
_ 2 2

Obtaining the inverse formulas for SllA and SZ]A in terms of Sllm’ SZlm’
and the error parameters is difficult unless some minor approximations
are made. In actual measurement systems, it has been found that

|e]]e22|<<1 (74)

(Typical data for ey1€,, Was measured to be 10'3 or less, which is small

when compared to one in the complex plane). Thus in the denominator in
Equations 70 and 71, let

2 2, _
€182(S1a = Spa ) = 0 (75)

This simplification reduces the order of the resulting equation to a
second order complex polynomial instead of a biquadratic polynomial.
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Once this approximation is made, the following inverse relationships can
be found after a great deal of algebra.

-K K\ 2 K
] 2 3
Sat ® iV(ﬁ) -4 (ﬁ) (76)

2
with the root chosen such that
IS17a] 21 (77)
and
| fegq + epp) (Spyy - e3p)
Ky = PY) €22 (78)
10732
S21m ~ €30 (eyy + ey5) (Sy1p - o)
KZ =2 €, € (e]] + e22) -+ e (79)
10°32 &10%01
and
S -e S - e
1im 00 ( 21m 30)
K, 2 ———— - e —_— (80)
3 ee8g 22\ eyge3
The other inverse relationship is
S - e
_ 21m 30
S8 7 | Teygfar (1 = S1ya (&g + ep,)) (81)

In order to compute the transmission érror parameters (e32e]0, e30, e22)
the reflection error parameters (e]onI, > eOO) must be known. Yet
these reflect error parameters have been found from the previous one-
port development. Hence the task is reduced to finding a calibration
procedure which yields the transmission error parameters.

First, in order to determine €39 OF the leakage from 30 to'33,
disconnect the device under test, and put matched loads on the two
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directional couplers as shown in Figure 13. Under this test set-up,

‘ s12A=521 A=SH A=522A=0; hence from Equation 70

€30 = Saim (82)
! Matched Load on Directional Couplers

S

After numerous measurements in the Ku band reflectometer, it was found
that for all frequencies of interest ey = 0.

" Next, connect directional couplers two and three to the horn-
L reflector/sample holder input and output ports as shown in Figure 14,
Place the top cover on the empty sample holder. In this case

4 - -

: S128 = Spip ! (83)
;i and

: S11a = Sz2a = O (84)

Then from Figure 14

Y L3 (eyn€n1€9n)
' - .0 . 10701722

F S1m T8, T %00t T ee,, (85)
- empty sample

. holder

=

3 i ;

\ Since (eoo, eq> e]onI) are known from the one port calibration procedure,
% Equation 85 can be solved for e,,.

-

s_; S, - e

K 11m 00

- e = T = (86)
4 22 eq&yg * Sy - €gp

.

5

s Leaving the test set-up unaltered, the transmission scattering parameter
:; is measured. Since s = 0, this will yield an equation for the final

-
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Figure 14. Measurement Set-up for the Transmission Error

Parameters e22 and ewe32
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transmit error parameter €10%32° From Figure 14, and the signal flow
diagram for this problem, one can obtain

[
e, .e
-3 10°32

*2in T T T ey (87)
empty sample
holder
i; Inverting Equation 87 yields after rearrangement
Tr‘ (e10830) = Sp1p (1 - €yq855) (88)

It should be mentioned that for an ideal three-port reflectometer,
e22=e30=e]]=e22=0 and e]0e32=e0]e]0=1 causing Equations 70 and 71 to

reduce to Sllm=slla’ 521m=52]A
ideal reflectometer

At this point in

the error analysis, all six error parameters are known. Any sample can
! now be placed in the sample holder, and the scattering parameters
measured (S]]m, SZ]m)’ then corrected (SllA’ SZ]A) using Equations 76

and 81. Yet, this is not the end of the calibration procedure. To fully
. account for the precise positioning of the unknown sample in the sample

g holder, one final step must be included. This aspect of the problem is
discussed next.

F

3

r

Before the unknown sample can be inserted in the sample holder, it is
necessary to insert a rectangular shorting block with its front face in
- the exact position to be occupied by the unknown sample. This precise
positioning is required in order to get an accurate phase reference,
which is needed to precisely determine the physical location of the
sample in the sample holder. A separate gage block has been constructed
- in order to assist in positioning the short and sample. With the short
in its proper position, the top is replaced on the sample holder, and
the scattering parameters are measured (Sllm’ SZ]m) then corrected
(SIIA’ SZ]A)' As expected, Sy, 1s s0 close to zero that it is completely
- ignored. With this in mind, define a new symbol as follows:

S11su(®) = Syqplw) (89)
shorting plug in sample holder
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" If the brass horn antennas were lossless, the reflection coefficient

E! due to the shorting block would be very close to one in magnitude.
Attenuation due to brass wall loss between the horn waveguide feed and
the short position in the waveguide causes the magnitude of the

, reflection coefficient of the brass short to drop down to a magnitude of
‘! .88 or greater. The magnitude drop does not present a problem, however,
- since this can be easily normalized out of the sample measurements. The .
' important item in the measurement is the phase angle of the short

- measurement, which is used to precisely determine the sample position

f‘ in the sample holder.

Next, remove the short in the sample holder and place the unknown
sample in the sample holder once again using the gage block to carefully
position the sample. Replace the cover and measure (Sllm’ SZ]m) using
the network analyzer. Correct these measurements using Equations 76 and

81 to obtain SIIA’ SZIA' The actual scattering parameters of the
unknown planar sample of material are then found from the following

equations:
_ Syiale) (%0
RAR Ty ’

The complex constants (u:, e:) can then be determined using

Equations 26-41 as developed in the second section. This completes
the theory behind making corrected material measurements at a single
frequency using the dual horn-reflector/sample holder Frequency Domain
Reflectometer.

In conclusion, this chapter has investigated how ideal scattering
parameter measurements are made. It also discussed in detail some of
the inaccuracies that can enter into typical waveguide scattering
parameter measurements and developed a two-port error model which will
substantially increase the accuracy of the overall scattering parameter
measurement set-up. A procedure was developed for calibrating
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the error model, complete with flow graphs and precise instructions.
Finally, a proposed measurement set-up was presented which can measure
the scattering parameters of a planar sample of unknown material using
the dual horn reflector/sample holder arrangement designed in Section II.
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‘ SECTION 1V
& AUTOMATED FREQUENCY DOMAIN MATERIAL
E.: MEASUREMENT SYSTEM
‘? In the preceding section a method was developed for measuring the
i! scattering parameters of an unknown planar sample of material using
a network analyzer, a reflectometer, and a two-port dual horn-reflector/

sample holder. A comprehensive three-port error model was developed to
enhance the accuracy of the scattering parameter measurement set-up, and
detailed procedures were outlined to calibrate the error model completely.
A1l of the above items were developed for a single fixed frequency

v measurement set-up. The main purpose of the section is to present a

‘? final design for an automated stepped Frequency Domain measurement system,
g and update the operating procedures to reflect the hardware additions.
Finally, a detailed discussion on the installation and experimental
evaluation of this automated test set-up will be undertaken.

R N

The design for an automated stepped Frequency Domain measurement
system is shown in Figure 15, with a photograph included in Figure 16.
Before exploring the detailed measurement procedures, take a close look
at some of the new additions to the measurement set-up. Note that a
Hewlett-Packard 21MX minicomputer with a cartridge disk storage system
has been added to control and process the stepped frequency measurements.
The minic~mputer can set the operating frequency of the synthesized
microwave frequency oscillator, and control a coaxial single pole double
throw switch which selects the scattering parameter (s]] or 521) to be
measured by the network analyzer. The HP 21MX also has an analog to
digital converter which allows the amplitude and phase data measured by
_ the network analyzer to be read and stored by the computer. Further
H note that an additional 3 db directional coupler has been added to the
set-up in order to improve the isolation between the reflected signal
Ta and the frequency source. This extra isolation arm also assures that
the reference signal 3] is maintained at a constant level. Except for the
additions explained above, this set-up is still essentially the three port
reflectometer shown in Figure 11. Therefore, all the error modelling
techniques previously discussed still apply to this test set-up.

e
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Legend

Frequency Input

20 dB Directional Coupler #1

Isolator

3 db Directional Coupler

Reversed 10 db Directional Coupler #2
Dual Horn-Reflector/Sample Holder

10 db Directional Coupler #3

Path for Reflect Signal by

Path for Transmit Signal 33

Computer Activated SPDT Coaxial Switch
Receiver Head for Network Analyzer
Path for Reference Signal aj

Precision Sliding Short Used for Reflect Error Calibration

Legend For Figure 16
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The next question to address is how to calibrate the automated
Frequency Domain Measurement System. As mentioned in Section III, all
o . .

f the five major error parameters (900’ e]], e22, e]0e01’ e]0e32)
must be obtained first. Before the transmit error parameters (922 and
e]0e32) are determined, the reflect error parameters (e]], €00° e]OEOI)
must be found for every operating frequency at which material measurements

are desired.

In order to measure and store the reflect error parameters, a separate
calibration program (CALNA) was written. Basically, this program will
step through the three shorting stub position measurements discussed in
Section III at every operating frequency. After the three measured
reflection coefficients (Fm1’ oo Fm3) are found at each frequency, the
reflect error parameters €00’ ©11° ©10%07 2"e computed using
Equations 56-62 and stored in a permanent disk file on the minicomputer.
Although it is not required to repeat this calibration procedure as
long as the physical components of the reflectometer are not changed, it
will be recommended by the author to update the error parameters
periodically. A generalized flowchart of program CALNA is shown in
Figure 17, and complete computer listings may be found in Appendix B.

After the calibration program is completed, the material measurement
software can be initiated. This particular computer program (FDMSP)
controls all aspects of the Frequency Domain Measurement System. The
overall program organization of FDMSP is shown in flowchart form in
Figure 18. Basically, the program performs three general functions.
First of all, it takes a background scan of the empty sample holder,
measuring S]1ml and SZ]m.' By recalling the reflect error parameters
(eoo, e e]0e01) from the permanent disk file #EMAT1, the transmit
error parameters (e22, e32e]0) are calculated using Equations 86 and 88.
The second program subsection takes a reflection measurement of the
shorting plug in order to establish a phase reference point for the
exact sample position in the sample holder. Lastly, the third subsection
takes reflection and transmission measurements (S1IA’ SZ]A) at each
design frequency of the unknown sample of material, finally computing and
plotting the permittivity and permeability as a function of frequency.
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PROGRAM CALNA

TURN ON THE FREQUENCY DOMAIN SYSTEM. PLACE THE SHORT
STUB ON THE INPUT TO THE REVERSED DIRECTIONAL COUPLER
WHERE THE HORN REFLECTOR ANTENNA ON THE REFLECT SIDE.

PLACE THE FREQUENCY SYNTHESIZER IN THE REMOTE MODE,
WHERE IT WILL BE AVAILABLE FOR COMPUTER CONTROL.

BEGIN PROGRAM CALNA. FREQUENCY OF 15 GHz IS DISPLAYED
ON THE FREQUENCY GENERATOR. ADJUST AMPLITUDE TO 25 dB
AND THE PHASE TO 0° WITH THE SHORT STUB AT 0.0

INITIATE FIRST FREQUENCY SCAN. COMPUTER RECORDS
THE FIRST REFLECT MEASUREMENT (rml)

INITIATE SECOND FREQUENCY SCAN. SET THE SHORT POSITION
AS REQUESTED BY THE COMPUTER PROGRAM AS EACH FREQUENCY
STEP IS MADE. COMPUTER RECORDS THE SECOND REFLECT
MEASUREMENT (Tmz), CORRESPONDING TO 3}8116 TRANSLATION.

INITIATE THE THIRD Ag/3 SHORT TRANSLATION MEASUREMENT.

SET THE SHORT POSITION AS REQUIRED BY THE COMPUTER
PROGRAM. COMPUTER RECORDS THE THIRD REFLECT MEASURE-
MENT (rm3).

COMPUTE e,,, e ., € ce . AT EVERY OPERATING FREQUENCY
USING EQUATIONS ( 60 ), (61 ), AND (62).

STORE THE REFLECT ERROR PARAMETERS IN PERMANENT FILE
##EMAT1

=D

Figure 17. Flowchart of Program CALNA
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PROGRAM FDMSP

FIND FILE EMAT]1 AND ACCESS THE REFLECT ERROR PARAMETERS

]

4

WITH SAMPLE HOLDER EMPTY, SCAN DESIRED FREQUENCY STEPS
AND MEASURE BOTH THE REFLECTION AND TRANSMISSION
THROUGH THE EMPTY SAMPLE HOLDER. (THIS IS THE S!

» AND
S o DESCRIBED IN THE CALIBRATION PROCEDURE). llm

21 f‘f

COMPUTE THE TRANSMIT ERROR PARAMETERS €99 and €10%32

WITH THE SHORTING PLUG PROPERLY POSITIONED IN THE
SAMPLE HOLDER, MEASURE THE CORRECTED REFLECTION
SCATTERING PARAMETER sllsh'

1

PLACE THE UNKNOWN SAMPLE IN THE SAMPLE HOLDER. ENTER
THE SAMPLE THICKNESS IN MILS INTO THE COMPUTER TERMINAL.
MEASURE AND CORRECT THE SCATTERING PARAMETERS OBTAINING
suA, sz'IA OF THE SAMPLE.

NORMALIZE THE REFLECTION FROM THE SAMPLE TO THE SHORT.

3

WITH Sll(m) and SZI(w) OF THE PLANAR SAMPLE KNOWN,

COMPUTE AND PLOT u:, c: AT EACH MEASUREMENT FREQUENCY

ANOTHE?. SAMPLE

TO MEASURE?

YES

Figure 18. Flowchart of Program FDMSP
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The design and procedural discussion of the automated Frequency Domain
measurement system is now complete. Note that the only perceptible
difference between single and stepped frequency measurements is the
actual implementation of the reflect error parameter measurements. The
separate calibration program used in the stepped measurement system
allows the actual material measurement program to be run quickly in a
completely automated fashion.

At this point, the time has come to discuss the actual assembly and
evaluation of the Frequency Domain Dual Horn-Reflector Measurement
System shown in Figure 15. To begin with, one may notice that the
majority of the components shown in Figure 15 are standard Ku-band
waveguide components; hence the initial tests were direct towards the
dual horn-reflector/sample holder assembly itself. The most fundamental
test involved measuring the VSWR of the empty horn-reflector/sample
holder across the Ku operating frequency band.

In Section II, it was mentioned that a horn-reflector antenna
designed with a small feed flare angle should have a fairly lTow VSWR.
One of the first actual measurements performed on the antenna/sample
holder include taking VSWR readings from 12.4 - 18.0 GHz at 50 MHz
increments using the test set-up shown in Figure 19. The experimental
data is shown in Figure 20. Although many frequencies had a VSWR below
1.10 : 1.0, several frequencies had a VSWR exceeding 3.0 : 1.0. Some
of the possible causes of this high VSWR might include: (1) the
parabola of the individual horns were designed or constructed incorrectly;
(2) physical discontinuities exist between the mounts of the horn-
reflector antennas and the sample holder base; or (3) the sample holder
supports resonant cavity modes.

First of all, to determine if the high VSWR due to the individual
horn-reflector antennas themselves, the sample holder was filled with
Ecosorb LS-40 absorber to prevent reflections and transmissions through
the sample holer. This experimental set-up is shown in Figure 19.

Once again, the VSWR was measured at several frequencies, all of which
were below 1.10 : 1.0. The two horn-reflector antennas were then
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MORN-REFLECTOR SAHPLE HOLDER

FRED16%2)
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interchanged, and the measurement repeated with precisely the same results.
If the horn-reflector antennas were responsible for the high VSWR, the
VSWR would not have changed much when the Ecosorb material was placed in
the sample holder, hence the first possibility mentioned in the last
paragraph was ruled out.

The second possibility of a poor physical mismatch between the
horn-reflector antennas and the sample holder could be checked if the
entire assembly is physically inspected with a bright flashlight and an
inspection mirror. If any significant physical discontinuity were present,
it should have been easy to see with the inspection mirror. Since no such
discontinuity was found, the second explanation was ruled out.

The third possible source of a high VSWR may be due to resonant
cavity modes which exist in the sample holder itself. It was discovered
that the VSWR could be reduced somewhat if a small piece of absorber
were placed almost anywhere in the sample holder. Apparently, the
absorber perturbed the cavity mode enough so that it disappeared. After
some trial and error, it was determined that the resonances were
primarily due to the corners where the horn-reflector parabola met the
horn sidewalls. To eliminate these resonant modes, small FGM-40
absorber tabs were permanently placed on the suspected corners as shown
in Figure 21. After placing the absorber material in the horns, the
entire VSWR set-up was reassembled, and the VSWR measurements repeated.
The results as shown by the bottom graph of Figure 20 demonstrated that
the VSWR was in general significantly reduced across the Ku frequency
band. Although at some frequencies the VSWR is still greater than
1.4 : 1.0, there are a sufficient number of frequencies where the VSWR
is below 1.15 : 1.0, which is low enough for the purpose of making
material measurements. Since it is the intention of this system to
make stepped frequency measurements, it is a simple matter to step
around those frequencies at which the VSWR is still unacceptable. Over
forty frequencies have acceptable VSWR for material measurements, thus
this method of reducing the horn-reflector VSWR was acceptable for the
time being.
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Small Tabs of
FGM-40 Absorber

*Note: Absorber tabs were place inside both horn reflector
antennas

Figure 21. Location of Absorber Tabs Used to Reduce VSWR
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Upon completion of the VSWR test, the frequency domain measurement
system of Figure 16 was assembled. The next test involved the evaluation
of the three-port error correction software described in detail in
Section III. In order to check the error correction of the reflect error
parameters alone (e]], €00° 910901)' the error parameters were first
determined using the calibration procedure described in Section III.
Next, an "unknown" device under test was constructed from a Ku waveguide
flap attenuator, phase shifter, and short as shown in Figure 22. After
measuring the reflection coefficient with no attenuation and phase shift,
the technician dialed in an unknown attenuation or phase shift. After
reading and computing the corrected reflection coefficient, the
enhancement software was able to precisely predict what phase shift or
attenuation had been dialed in. Hence, we were satisfied that the
reflect error correction software was working as expected.

The checkout of the transmission error parameters proceeded in a
similar manner. Using the reflect error parameters found above, the
transmit error parameters (622’ e]oe32) were found using the calibration
scheme outlined in Section III. With the empty sample holder in place,

a second measurement was made of both the reflection and the transmission
through the empty sample holder. After correction, the transmission
coefficient was unity at an angle of zero degrees, precisely as expected.
Next, the shorting block was placed in the sample holder, and the
reflection coefficient measured and corrected. Once again, as expected,
the amplitude of the reflection coefficient from the shorting plug was
.88 or greater at every frequency tested. Hence, we concluded that the
total three-port error model was working in a satisfactory manner.

The final test before attempting to use the fully automated
measurement system was a check-out of the material measurement (u,e)
calculation software. In order to check this section out, material
measurements had to be attempted at a few spot frequencies. For this
test, frequencies of 12.8, 13., 14.8, 16.4, and 17.0 GHz were selected.
Teflon was used as the "unknown" sample, since this substance has been
measured many times before by the Avionics Laboratory, and its material
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constants of (u) and () are well known. The results of these tests

are shown in Table 1. Although a great deal of accuracy was not carried
through in these material calculations (some steps were performed on a
hand calculator using only three significant figures) this data at least
demonstrates that the single frequency material measurement system is
working as anticipated. It should be a small matter to get the automated
stepped frequency measurement operating, based upon these results. Since
single frequency measurements are extremely time consuming, the next
subsection shall proceed with the evaluation of the automated measurement
system.

Before results are presented of the (u*,c*) measurement system,
some comments must be made about the measurement condition under which
the data was assembled. At the time this data was taken, the Watkins-
Johnson 1204-1 Frequency Synthesizer was not functioning in the frequency
range of 10.0 - 13.0 GHz, hence material measurements were not performed
at these frequencies despite the fact that the antenna/sample holder is
perfectly capable of measurements at frequencies between 12.6 - 13.0 GHz.
From 13.05 - 17.85 GHz, 47 frequencies have been selected for use in the
following material measurements. Hence, the five graphs of Frequency
Domain data to be compared to Time Domain data represent over 230 single
frequency material measurements.

The first measurement performed on the Frequency Domain system is
that of air, as shown in Figure 23. As expected the real parts of mu and
epsilon are almost exactly one, with nearly zero imaginary components.

The next sample measured in the frequency domain is the dielectric
Teflon, shown in Figure 24. Teflon has an ¢' of approximately 2.05 and
an €" of about 0. - .100. It is magnetically lossless, hence u' is
about 1.0 and u" is 0. Teflon has also been measured numerous times on

the Sperry Time Domain Measurement System owned by the Avionics Laboratory.

An example of Time Domain data for Teflon is shown in Figure 25. Notice
that although the Time Domain data is significantly smoother, it
essentially yields the same result. One may note that the Time Domain
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TABLE 1

SINGLE FREQUENCY COMPARISONS OF TEFLON DATA FROM
TIME DOMAIN MEASUREMENTS AND FREQUENCY DOMAIN MEASUREMENTS

Frequency Domain

(e)

(u)

+j .009 1.01 +j
+j .001 .938 +j

+j .060 1.09 +j
+j 160  .975 +j
+j .209 .983 +j

Freq.

14.8 2.08
12.8 2.07
13.00 2.09
16.4 2.08
17.0 2.03
17.2 ———-

Note:

.009
.009
.050
.062
.089

Time Domain

(¢)
1.99 +j .006
1.99 +j .0V2

2.15 43 .1

2.09 +j .20

(u)

1.02 +j
1.02 +j

.98 +j

.960 +j

" " Indicates no direct comparison data is
The average value for the
(e,u) of Teflon is roughly (2.02 +j 0.05,

available.

1.00 +j 0.0)
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Figure 25. Mu-Epsilon of Teflon (Time Domain)
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data presented has only 24 data points from 9.0 - 18.5 GHz, while the
Frequency Domain data has 47 data points from 13.05 - 17.75 GHz.

The next sample to be compared is a thin sample of plexiglas. The
permittivity and permeability as measured by the Frequency Domain
system is shown in Figure 26. Notice that besides a large irregularity
in the data about 13.3 GHz, the &' is about 2.65 and the p' is about
1.0. The imaginary component, though a little noisy, is still about
0.0 - 0.2 at most‘frequencies. The Sperry Time Domain data for
plexiglas is shown in Figure 27. Note that ' is about 2.6 and u' is
about 1.0. Their respective imaginary components ¢" and u" are roughly
.1 and 0., respectively. Thus, there is a good comparison between the
time and frequency domain data for this particular sample.

Fiberglass constituted the fourth sample to be measured and compared
by the time and frequency domain system. Figure 28 is a plot of mu and
epsilon from a sample of fiberglass. Unlike the previous sample, this
particular material had data which varied considerably in ' and ", but
varied little in u* and u". Since the fiberglass sample used in the
frequency domain system is not a completely homogeneous substance, these
variations may be partly due to the surface roughness of the sample.
(Note - the time domain uses 14 mm coaxial samples and the frequency
domain uses rectangular samples.) - If a few of the large peaks in the
data we ignored in ', most of the values lie close to 4.2 in magnitude.
The permeability, however, is still almost 1. Compare these measurements
to the Time Domain data for Fiberglass presented in Figure 29. Although
the real part of €' is much smoother in the time domain, its average
value is still about 4.2. Looking at the €" data, it also varies somewhat,
but not quite as much as the frequency domain data. Despite this
variation, the u' and u" of both the time and frequency do compare quite
well for this material.

At this point, one may wonder why in general frequency domain data
tends to be noisier than the time domain data. One major contributing
cause may be the phase/amplitude display plug-in for the HP 84108
Network Analyzer. When a phase angle approaches plus or minus 180°, the
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Figure 27. Mu-Epsilon of Plexiglas (Time Domain)
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Figure 29. Mu-Epsilon of Fiberglass (Time Domain)
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display needle for the phase becomes very unsteady as the angle switches
the entire range from minus to plus 180°. Thus, a phase angle measurement
of 179.6° might be actually read by the computer as almost any angle
between plus and minus 180°. Suppose the computer took for a phase
measurement 81° instead of 179.6°. Due to the complex interrelation
between (u*, ¢*) and S11° 52]), this induces a big error in the (u*, e*)
calculation. On the graph of mu and epsilon versus frequency, this
shows up as a big spike in the data. The solution to this problem

would be to obtain a polar display plug-in for the Network Analyzer,
which puts out the phase angle continuously from 0 - 360°, instead of
minus 180° to plus 180°.

Before closing this section, a few general comments will be added
about the measurement of lossy absorbing materials. It is well known
that absorber materials are difficult to precisely manufacture in large
quantities with consistent quality control. Two samples taken from the
same sheet of absorber may have a 20 - 50 percent variance in absorber
properties. If an absorber is heated or compressed, its material
properties may may also change drastically. With this in mind, let us
investigate the (u,c) of two samples of a typical production absorber,
Ecosorb LS-40. From Figure 30, this sample has an €' of about 1.6 and a
u' of about 1, as measured in the frequency domain. On the imaginary
side, €" is about 1.1 - 1.3 with a u" of about 0.0. Compare this sample
of LS-24 with that of a coaxial sample measured on the Sperry Time Domain
System, as shown in Figure 31. The time domain €' and u' is roughly 2.
and 1., respectively, while the " varies from 2.0 to 1.0. The imaginary
permeability is about 0.0, which is expected for this non-magnetic
absorber. These two samples came from the same sheet, yet the real
and imaginary portion of c* are slightly different.

Once final note must be made at this point. The mu-epsilon
calculation routine cannot handle samples which are electrically thicker
than one quarter wavelength. To get an idea of how thick the sample
should be, take the free space wavelength and divide by the square root
of the estimated real part of epsilon. The sample thickness snould not
be more than one quarter of this number.
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Figure 31. Mu-Epsilon of LS-40 Absorber (Time Domain)
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SECTION V
SUMMARY AND CONCLUSIONS

The overall results of this thesis investigation may be summarized
as follows. A practical wideband permittivity and permeability automated
measurement system can be constructed in the Ku (12.4 - 18.0 Gigahertz)
frequency band. Such a system consists of a three-port reflectometer,
network analyzer, frequency synthesizer, and a dual horn-reflector/sample
holder. To correct for non-ideal waveguide components and directional
couplers, a three-port "error adaptor" is included in the mathematic model
of the microwave circuit. A calibration procedure is included to calibrate
both the error adaptor and the entire Frequency Domain Measurement System.
Finally, a comparison between (u,c) data obtained in this Frequency Domain
system and the Sperry Time Domain system demonstrated that the two
measurement systems produced results which were within ten percent of
each other, thus verifying the correct operation of the Frequency Domain
system.

At the present, the Avionics Laboratory has the capacity of
measuring (u,e) by the two completely different methods from 12.4 - 18.0
Gigahertz. In the future the Avionics Laboratory intends to purchase
the required up and down frequency converters to extend the Frequency
Domain System above 18.0 Gigahertz, a frequency range which cannot be
covered by the current Time Domain System. Hence by demonstrating the
ability to make Frequency Domain (u,c) measurements in the Ku band, this
investigation has laid the groundwork for possible automated frequency
Domain measurements above 18.0 Gigahertz.
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q In conclusion, this section has discussed how to assemble a practical

‘ scattering parameter measurement set-up. It also discussed some of the
initial problems that were encountered when the system was first installed.
Finally, the section ended by comparing measured (u*, e*) data between

- the Time Domain Measurement System and the Dual Horn-Reflector Measurement
ﬁ! System developed in this thesis. The average system accuracy is above
ninety percent at most of the operating frequencies, based upon the data
comparisons between the time and frequency domain measurement systems.
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APPENDIX A

ENGINEERING DRAWINGS OF DUAL HORN-REFLECTOR/SAMPLE HOLDER

- This appendix contains all of the final engineering drawings of the
S Horn-Reflector/Sample Holder arrangement. Included in the following

E figures are the reflector antenna base, the reflector antenna cover,

' the sample holder base and cover, the shorting plug and stub, and the
gage positioning block.
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