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1.0 Introduction

Under contract DAAHUI—QI—D—AUUB delivery order number 51,
the Engineering Experiment Station of Georgia Tech (GT/EES) has
performed further work on a millimeter wave network analyzer
based on quasi-optical rather than guided-wave techniques. An
analyzer called a QUasi-Optical Scanning Multiport (QUOSM) was
developed under a previous contract (DAAHO1-80-C-1634), and the
focus of the current work reported here is the development of
advanced calibration and data analysis techniques. These address
problems with internal standing waves that were found during the
previous contract activities. Present results indicate that the
problems have been largely overcome and that the QUOSM shows
considerable promise. Further work on indicated hardware modifi-
cations and on obtaining new data will be recommended.

Automatic network analyzers based on guided-wave six-port
circuits had been implemented down to millimeter wavelengths when
work on a quasi-optical alternative was initiated under the
previous contract. The QUOSM was designed to circumvent the
difficulty of constructing guided-wave components, and the
increased power losses in them at frequencies higher than 100
GHz. In addition, the four major advantages of automatic network
analyzers have been preserved in the design of the QUOSM: (1)
Both amplitude and relative phase information for power crossing
the test interface are measured utilizing simple power detectors
instead of more complex heterodyne systems. (2) Imperfections in
the measurement system are found by calibration and are corrected
numerically in treating the data. (3) The "circuit® is well-
suited to automatic network analysis because it requires little,
if any, tuning or modification for each interface to be tested.
(4) The "circuit” covers a relatively wide frequency band when
calibrated at each test frequency within the band. . The working
range of the QUOSM is intended to be 90 to 340 GHz with no
changes in components within this range except for the need to




change the couplers to the source and to the test device when
waveguide sizes change.

work in the previous contract was divided into three phases:

1) The initial phase [1l] culminated in a preliminary design
of the QUOSM and included a study of its expected performance
based on computer simulations.

2) The second phase of the work [2] consisted of the
detailed design, procurement, and fabrication of the components.

3) The system was assembled, aligned, and tested in the
third phase [3]. A computer program was written to perform the
data acquisition and analyéis based on the previous computer
simulations.

During the course of testing the QUOSM performance, internal
standing waves were discovered that were of such magnitude that
the calibration and analysis procedures would have to be revised
substantially in order to take them into account. On the basis
of measurements made at that time, reasonable steps to reduce the
magnitude of the standing wave phenomenon were suggested, but it
was judged unlikely that the'problem could be essentially
eliminated in that way. Thus, consistent with the trend of most
modern work on automatic network analyzers, the stress in the
present work was on adjustments to the calibration and analysis
procedures as a solution to the standing wave problem.

1.1 Statement of Objectives

In summary, the objectives under the present contract
(DAAHO01-81-D-A003 delivery order 51) were the following:
1. To develop a calibration procedure and an algorithm that
corrects for standing wave effects in deriving the reflection
properties of a device under test (DUT).

2. To reduce standing wave effects in the QUOSM since this may
improve the accuracy afforded by the correction procedures.




3. To provide two horns that add the capability to test WR-10
devices with the QUOSM.

4. To demonstrate the use of the QUOSM on some trial test
devices and to demonstrate the effect of flange reflections.

The first three objectives have been met, but the level of effort
required to meet the first objective was greater than foreseen,
and thus the fourth objective could not be met within the time
and funds available., Recommendations for further work will be
made in this report.




2.0 Correction for Standing Waves in Calibration Procedure

2.1 Introduction

The QUOSM was originally designed to be similar to the
" Michelson or Twyman-Green types of optical interferometers,
These are generally described as "two-beam" interferometers from
the fact that the principal beam splitter divides the beam from
the source into two parts which are later recombined at the
detector where some degree of interference between the two beams
may be seen. The similarity between the QUOSM and these
interferometers may be seen in Figqure 2.1 in which the principal
components are shown in relation to the path of the radiation.

A photograph of the actual system is given in Figure 2.2 and
a brief review of the design will be given here. The reader is
referred to previous reports [1-3] for more detailed descriptions
and explanations. Radiation from a source such as a klystron is
launched into the interferometer by the source horn. This in
turn feeds a lens which forms a beam that has a Gaussian profile
and a minimum lateral width on the principal beam splitter. The
beam first falls on another beam splitter, however, that directs
a small fraction of the power to a reference detector which was
designed to provide a leveling signal to compensate for source
fluctuations. Then the signal is split into two beams by the
principal beamsplitter, one beam falling on a mirror which can be
moved in precisely measured increments along the beam, thereby
introducing delay, and another falling on a lens and horn pair
which are identical to the source port and which serve as the
test device and calibration port. Radiation reflected by a test
device as well as that reflected by the movable mirror are
recombined then at the principal beam splitter and continue on to
a lens which focuses the radiation on the principal detector,.
The movable mirror and the test port components are designed and
positioned such that there is complete symmetry of the Gaussian
beam around its intersection with the principal beam splitter.




Principal
Detector

Reference
Detector

//Quasi-Optical
Attenuators

-

. ". .'o
-, X

Test
Port

] ¢

[ P )

s
-——

Source Reference
Port Beam Splitter

Principal

: |Beam Splitter
/ |
Scanning
Mirror

Figure 2.1 Original QUOSM Design.




‘4. Quasi-Optical Scanning Muits, ori CJUOSM) Network Anaiyioor
B = Beamsplitter, I = Inchwor, Lens
P = Polarizing beamsplitter, ! tramary Detector,
RD = Reference Detector, & Source horn, T = Test pe




One may notice also that the beam passes through quasi-optical
signal attenuators in the mirror, test port, and principal
detector arms of the system and these are provided for such
signal level adjustments as may be necessary and for some
isolation capability, as will be discussed later. Both detectors
are of the Golay cell type with 5mm diameter apertures fitted
with crystal quartz windows and appropriate optical filters. As
configured, they are sensitive to the entire frequency range 90
to 340 GHz required in the use of the QUOSM.

In a previous theoretical model of QUOSM performance [1], the
signal arriving at the deteétor was assumed to be formed by the
combination of three signals; namely, that reflected by the
scanning mirror, that reflected by the lens-horn transition of
the test port, and that reflected by the test device itself. The
amplitudes and phases of these signals may be represented by
phasor-type vectors, and the combined signal, as a vector sum as
shown in Figure 2.3. The dashed line shows the loci of the tips
of the detector phasor when the scanning mirror location is moved
along the optical beam. This can be used to show that the
resulting detector signal power will vary sinusoidally with
linear motion of the scanning mirror, and have a period equal to
half the source wavelength., Previous analysis showed how to find
the phase of the signal reflected by the test port and the
relative amplitudes of the signals from the test port and from
the scanning mirror [l]. A least squares method was used to fit
sinusoidal functions and to obtain the desired parameters. A
null reflector (tapered load) was devised for a calibration at
the test port that allows one to measure the reflection from the
test port horn and lens and thus to separate this signal
component from reflections by test devices themselves. The
second calibration device is a near perfect reflector that is
used as a standard for reflectivity and as a reference for phase.

An essential assumption for the above model to be correct is
that the signals falling on the detector are completely absorbed,
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Figure 2.3a.Vector diagram of signals reaching the principal detector

in QUOSM. Each vector represents a field strength so that the power reaching
the detector is the square of the length of the vector marked 'detector
signal." The direction of each vector indicates signal phase. v, comes

from the test port, v, from the scanning mirror and v, from the horn-lens

at the test port. 2;3g.The dashed line shows where the tip of vector v

lies for all possible positions of the scanning mirror. The tip of the
vector representing the detector signal also lies on this circle.




or at least that any residual signal scattered or reflected by
the detector does not reenter the interferometric portion of the
QUOSM. Since some of the signals reflected by the test port and
by the scanning mirror are also returned to the source port,
there is a similar requirement that signals scattered by the
source port not reenter the interferometric portion of the
system. If these conditions are not met, electromagnetic energy
is partly trapped between the ends of the four arms of the QUOSM
(i.e., in the beams bounded by the source port, the test port,
- the scanning mirror, and the detector), and in this cavity-1like
system, standing waves are formed. 1In the final report of the
previous contract activity [3], it was shown that reflections at
the detector port were larger than expected and in particular
that a tilt of the detector did not suppress the reflections as
expected. Apparently, the metal surrounding the detector element
acted somewhat like a retro-reflector in its reflection
properties. It was demonstrated [3] that this did indeed produce
standing waves; for, with the test port blocked by an absorber,
one could still observe interference fringes when the scanning
mirror was moved.

One approach to solving this problem, in principle, is to
devise more thorough ways to suppress the standing waves.
Consideration was given to various mechanisms but this was not
chosen as the primary line of attack in the present work for
several reasons. First, reliance for accuracy on the perfection
of components in a network analyzer has been found to be
unsatisfactory in general [4] and is contrary to current trends
in metrology. Secondly, the problem is not necessarily isolated
in just one component., ©Not only would an improved detector
configuration be required, but it is also likely that something
would need to be done to reduce back reflections from the lenses,
Such a reduction over a wide frequency range, although tractable,
is not a negligible undertaking. Moreover, although it could be
argued in the particular case studied previously (3] that the




reflections from the detector port were more important than those
from the source port, this would not necessarily be true for all
frequencies. The beam splitter properties at frequencies other
than 94 GHz could be such as to give more weight to the effects
of the source port. Measurements of the reflectance of the
source port have not been made, so0 this possible source of
standing waves cannot be totally discounted. Since there were
these difficulties and complications, the primary effort in the
present contract was instead the investigation of ways to allow
for the effects of standing waves through mathematical procedures
in the analysis of the data and through revisions in the
calibration procedures.

The following sections discuss the efficacy of two
alternative analytical methods, one of which turned out to be
successful. Later, some brief experiments are described that
were aimed at whether the standing waves could be reduced in
magnitude.

2.2 Extension of the Phasor Representation to Include
Standing Waves

Once standing waves are introduced into the interferometric
section of the QUOSM, the number of paths which radiation can
follow and reach the detector becomes infinite. If the
reflectance of the source port and detector port are both
sufficiently low, one may argue that radiation which is reflected
more than once by either one of these ports (or a combination of
them) is too weak to be significant., Unfortunately it has been
found that this approximation is not a good one given what are
now believed to be reasonable values of the detector or source
port reflectances. From modeling efforts which will be described
later, it was found that a few multiple reflections generally
were significant. Further close examinations of the detector
signal obtained when the test port was blocked and the scanning
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mirror moved, have suggested that multiple reflections were
occuring. Since this is the case, it has been concluded that a
meaningful phasor description of the signals in the QUOSM is
completely unmanageable as a basis for calibration and analysis.

The reader may if he wishes skip the remainder of this
section and proceed to Section 2.3 where a viable alternative is
discussed. In the remainder of this section, a phasor
description is discussed for the case in which the low detector
and low source reflectance approximation mentioned above holds.
This serves to show that even this first-order standing wave case
is much more complicated than one would like since the number of
paths by which radiation can reach the detector is considerably
more than two, as shown by the list in Table 2.1l.

Each signal path can be represented by a phasor that shows
the amplitude and relative phase of the signal that reaches the
detector; and then, as before, the net detector signal may be
found from the squared modulus of the vector sum of the phasors.
Intuitively, some simplification can be made by grouping the
phasors as indicated in Table 2.1 and by forming the vector sum
of the phasors in each group. There are two ideas behind this:
(1) Clearly the paths like S-M-D-T-D and S-T-D-M-D are
indistinguishable in terms of detector signal, and the sum is
just twice the phasor for one of them. (2) Phasors that come
from paths that differ only by whether the source (S) or the
detector (D) acts as a partial reflector in the middle can be
added without loss of generality. This second point is somewhat
subtle. The radiation reflected by the detector and the source
merges again when the two beams intersect at the beam splitter,
and the final result is the same as if there had been one partial
reflector with an effective complex reflectance which is a fixed
linear combination of the complex reflectances of the source port
and the detector port. This linear combination does not depend
on the mirror position nor on the nature of the reflection at the
test port, and thus at a given frequency it is constant and may

11




Table 2.1 List of Signal Paths Connecting the Source to the
Detector in the QUOSM

Key

Source
Detector

2 13 oW’

Test Port
Scanning Mirror

Zero-Order Paths
S-M-D (means that radiation goes from the source to the
mirror to the detector)

S-T-D

First-Order Paths Contributing to Standing Waves

S-M-D-M-D
S~-M-S-M-D

S-M-D-T-D
S-M~-S-T-D
S~T-D~M-D
S-T-S-M-D

S-T-D-T-D
S-T-S-T-D

two reflections by the mirror

one reflection each by the
mirror and the test port

two reflections by the
test port

12




in principle be found by calibration. Therefore, in the case of
first-order standing waves, one may represent the detector signal
by forming the vector sum of five phasors, two which come from
the zero-order paths, and three which come from the first-order
groups in Table 2.1.

Even with these simplifications, the picture derived from the
phasor sum is quite complicated, as is illustrated in Figure 2.4.
The fixed vectors are those which involve only reflections by the
test port. The remaining phasors involve reflections from the
scanning mirror and will rotate when the mirror moves. The sum
of vectors W3 and Wy rotates around the foot of Wy, and the loci
of the tips of the sum are on a dashed circle as shown. Finally
the tip of signal Wg moves on an epicycle shown as a dash-dot
line in the figure. The squared modulus of the vector sum
representing the detector signal can be decomposed into a sum of
a constant plus two sinusoidal variations with mirror position,
one with a period of half of a wavelength and one with a period
of a quarter of a wavelength. This picture is further
complicated by the fact that each signal component reflected by
the test port, like those represented by Wir Wou and Wyr is in
reality the vector sum of a signal reflected by the test port
horn-lens and one reflected by the test device.

The general method used previously [1l] (for the case in which
the QUOSM was assumed to have no standing waves) was to use a
calibration load in place of the test device to reduce the number
of vectors and make it possible to solve for the remaining ones
by the least squares method. Then one was able to exchange the
load for the test device and use the knowledge gained to solve
for the magnitude and phase of the remaining vectors by further
application of the least squares method. Since there are many
more vectors in the diagram in Figure 2.4 than in Figure 2.3, it
is fairly apparent that more calibration steps and devices would
be needed to be able to decompose the detector signal into all
the component vectors. A large absorber that could be placed

13
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Detector
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Two Reflections by the Mirror

One Reflection by the Mirror,
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N\

One Reflectidon
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One Reflection
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Figure 2.4 Phasor Sum for the Detector Signal in the First-

order Standing Wave Case.
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alternately in front of the test port and then in front of the
scanning mirror would be helpful. Bowever, absorbers alone will
not be completely sufficient, since for example, no absorber can
remove just one of a pair of signals like Wy and Wor and some
other type of calibration device would be needed.

Work on this phasor approach was halted at this point due to
the evidence, discussed earlier, that more than one reflection
from the detector or source port is likely to be significant.
One can readily see from the foregoing discussion that the phasor
analysis would be untractable in this case. An alternative
method is much better suited, as it turns out, and is described
in the following sections. '
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2.3 Method Adapted from the Analysis of Six-Ports
2.3.1 Review of Findings for Six-Ports

Present-day calibration and data reduction schemes used with
six-port reflectometers are based on the concept of the
scattering matrix [S]. A significant advantage of this approach
compared with phasor analysis of multiport devices is that
multiple reflections, and hence standing waves, are more easily
handled. The complex S parameters in the matrix [S] relate
traveling waves moving away from each port in terms of linear
combinations of traveling waves incident upon every port [5], and
multiple reflections are implicitly included in these linear
combinations. One of the most effective schemes of analysis is
that of Cronson and Susman [6,7] who developed an eigenvector
analysis derived from scattering matrices for calibrating the
single six-port reflectometer.

In the study reported on here, a closer analogy has been
drawn between the QUOSM and the six-port reflectometer. From
this it may be shown how the analytical tools developed by
Cronson and Susman can be adapted to the calibration and
reduction of data from a QUOSM regardless of whether or not there
are standing waves present. This will be substantiated by
simulations described later.

Before consideration is given to the analogy between the
six-port reflectometer and the QUOSM, the work of Cronson and
Susman on mathematical analyses of six-port reflectometers will
be reviewed. Figure 2.5 represents a six-port network with
source port (port 1), test port (port 2), and power measurement
ports (ports 3-6). Note that port 3 monitors the power incident
on the DUT at the test port. It is well known [8] that the wave
amplitude incident on each of the four output power meters can be
written as a linear combination of the complex scattering
variables a and b at the test or measurement port. The complex

16
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reflection coefficient at port 2 is defined as:

[ = a/b (1)
Thus, one may show that an unknown reflection coefficient can be
found from four power measurements through the use of a matrix
equation which will be given below. The output power at port i,
Pj» is a linear combination of four complex quadratic variables:
|b|2, ab*, a*b, and |al2, The sets of four power readings and
quadratic variables may be expressed as column matrices ([p] and

[bq] -5
P3 b
\ *
[Pl = |pg [bgl = |ab
p5 a*b
P 1212
and the matrix equation relating the two may be written as*
[p] = I€711 [bg] (2)

where [C™1] is a 4 by 4 complex matrix of proportionality
constants., If [Q"l] is invertible the above equation is written
in its more useful form:
[bgl = [C] [p]. A (3)
Thus, once [L] is calculated in the calibration process, an
unknown reflection coefficient of a test device
[ =a/b=ab"/Ib|? (4)
can be calculated from the result of multiplying the constant
calibration matrix [C] by a set of four power measurements taken
with the test device connected to the six-port.

A brief review of the procedure [7] for calibration with
known standards follows. Suppose one has a set of m standard
reflectors for which the complex values [ ; are known. Then the
column matrices [bq]i can be calculated a priorji in terms of

|b|%, the column matrices [p]i can be measured, and each are

Throughout the report brackets around a letter will denote a
matrix. If the letter symbol is underlined the matrix is square,
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related by equation (3). Since the calibration matrix [C] is
constant for all the standards, an augmented matrix equation can
be constructed:

[Byl = [C] [P, (5)

b12 . . . b2

where [Bol = | ab] aby
* *

a bl a bm

IaI2 e o Ial2

AR m

P31 - « «  Pap

[P] = P4 P4m
P53 Psm

LpGl . . . p6n}-

It is helpful for later discussion to note that a 4 x m
matrix [BQ] can be decomposed into the product of an m x m
diagonal matrix whose diagonal elements are the power levels
incident on each standard load

b1 0 0...0
[Bgl =| 0 Iblf 0 0
0o 0

0 0 0...lbl2

and a 4 x m matrix [["] of known reflection coefficients
(1 1., .01 ]
IF1=|ryry Mo

ry rs Mo
1712 1312, 115,12

Then from equation (5),

[Bgl = [TM1[Bgl = [CI[P]. (6)
When one only needs to find out the ratio [ = a/b for a
test device, it is unnecessary to know the absolute value of the
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calibration matrix. Rather it is sufficient to know each element
of [C] to within a fixed (but unknown) constant of
proportionality. In this case, the calibration matrix is
sufficiently determined by equation (6) provided that the
following conditions are met:

l. the calibration loads, [r"i], are known,

2. the power, [b|2, incident on the test port is either
kept constant or the relative size of the powers |b1|? |b2|2, cos
are known, and

3. at least four columns of [P] are linearly independent.

Condition 3 is required so that [P][Pt] can be inverted in the
solution for the calibration matrix [C]:

[€] = (IBg) [Pt ([P] [2tD) L. (9)
If fewer than four of the columns of matrix [P] are linearly
independent, then the rank of [P][Pt] is less than its order
(four) and the matrix is singular or not invertible. Provided
that the above conditions are satisfied, Equation (9) can be
utilized to calculate the elements of the calibration matrix [C]
from the known values of [BQ] and the measured values of [P].
This matrix is constant for a given wavelength, but must be
recalculated for substantially different wavelengths.

In practice, the second condition is most easily met by
dedicating one of the four detectors (say the one on port 3) to
monitoring the power flowing toward the test port. The coupler
for this detector is best located near the test port as shown in
Figure 2.5 so that the detector is highly isolated from the
reflected signal. If both the [Eq] matrix and the matrix of
power readings [P] are multiplied (i.e., normalized) by the
matrix
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1/p3 7 0 . . . .
0 . 1/P3'2
(751 = | O 0 0
0 0 . L) . L] 1/P3'm_

then condition (2) abov; is fulfilled. Rather than complicate
the notation further, it will be understood in the remainder of
this report that this normalization will always be done.
Condition 1 on the other hand is difficult to achieve in
practice., As the test wavelength is decreased into the low-
millimeter range it becomes 1increasingly difficult ¢to
characterize standards accurately enough for the above procedure
to be effective. A self-calibration method has been implemented
by Cronson and Susman [7] to alleviate this difficulty. Strictly
speaking, a self-calibration method would not require any known
standards, just calibration devices that are repeatable. 1In
their method, the repeatable calibration devices are a pair of
terminations (diagrammed in Figure 2.6) that can be connected to
the test port by a sliding transmission line. For best results,
the two terminations differ in the signal they reflect by 3 dB
and in the phase of the reflection by about 45° [6]. Several
repeatable lengths of the sliding transmission line are used, and
the two terminations are connected to the sliding section by a
switch so that repeatable exchanges can be made. The self-
calibration method of Cronson and Susman is almost ideal in that
only two other calibration devices are needed which are standards
in the usual meaning of the term. These are standards for
opposite ends of the reflection scale; namely, a matched load for
near—zero reflection and a known short of high reflection. Thus,
the number of standards required has been reduced from four or
more to only two. The key point in this advance was ‘the
realization on the part of Cronson and Susman that the
relationship between the power measurements made and fhe
calibration matrix could be formulated as an eigenvector problem,
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The following is a review of the self-calibration method for
the six-port reflectometer as given by Cronson and Susman [7].* A
flow chart of the method is given in Figure 2.7. First, the
sliding waveguide section is attached to the test port and one of
the terminations selected with a reflection coefficient [T, One
of m-1 unique and repeatable lengths of the transmission line is
set, and the four detector power levels recorded. These are
written in one of the columns of the augmented P matrix

1 1 1 1
[Pl = P41 Pg,2 - - - Pg,p-1 Pg,m
P51 P5,2 +« « <« P5g p1 Pg p
P¢,1 Pg,2 + - « Pg,m1 Pg,m

The first subscript is the detector number, and the second
denotes one of the m-1 > 3 lengths of the transmission line
except in the last column, The readings in the last column are
obtained with the transmission line and termination replaced by
the well-matched (near-zero reflection) 1load. This is included
to insure that the product [P][Pt] is invertible. Note that the
first row contains values of unity rather than P3,i since each
column is normalized by the value obtained for P3,i'

A second matrix [P'] is obtained when the sliding
transmission line is reattached but the other termination with a
reflection coefficient ["' is switched in. Detector values are
obtained for exactly the same transmission line lengths and put
in the same columns. As above, the fourth column corresponds to
measurements with the well-matched load. The only difference
between [P] and [P'] comes from the amplitude and phase of the

Note that the meanings of b and a as used here (see Figure
2.5) are consistent with the usual convention and also with
an earlier report by Cronson and Susman [6]. However, a and
b were interchanged in their later report [7].
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Figure 2.7 Procedure for Calibration of Six-Port [7].
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reflection intrinsic to the two terminations. The only
requirement is that the ratio of the reflection coefficients of
the two terminations must be a complex constant independent of
the sliding wavegquide length. |

Corresponding to the [P] and [P'] matrices are the matrices

defined in the earlier discussion:

[ b2 b2 b12  |bl2]
[Bol = | I 1612 3 ubl2 ... 1 IbI2 0 (9a)
R¥IbI2 R*bI2 ... RfIei2 o
It 121612 IT121p12 . . .IT 121612 0
- s
Ib|2 Ib12 . .. Ib|2  [b]2
[BY] = n'ibi2  ribl? m'Ib12 0 | (%)
n w2 5 *ibl2 L' I6l2 o
IF 1212 r2ipi2 . L ir2pi2 o0

In rows 2 and 3 a subscript denotes the effect on the phase of
reflection by the selection of the length 2 of the sliding
transmission line(e.g. ri = [ expl[-27Y 4]
propagation constant), but rows 1 and 4 are independent of this

where Y is the

The two matrices above are related by
[B4] = [L][Bg]
where [L] is a diagonal matrix

length, as shown.
(10)

1 0 0 0
[L] = {0 X 0 O
0o o X o
0 0 o0 [\I?2
and where \ = I"''/I". Equation (10), alodé with
[BQ] = [C][P]
and
[Bél = [C][P'],

leads to the result that
[L1[C] = [cllp I[Pt (P]IRE]) ~L,
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This equation has the form in which [L] is a matrix of
eigenvalues for the matrix [Z] = [P'I[PYI(IP][Pt])~L and [C] is
the corresponding matrix of eigenvectors. The calibration matrix
[C] can thus be found by standard techniques for finding the
eigenvectors of the matrix [Z]; however, it is a characteristic
of such solutions that each eigenvector (i.e., each row of [(])
can only be determined to within a constant of proportionality.
This means that the unknown reflection coefficients of test
devices can be determined in a relative way, but if one compares
the results obtained to that obtained for a standard high
reflectivity short, the absolute scale can be transferred and the
calibration matrix [C] suitably normalized. Notice in the above
that one of the eigenvalues in [L] is known in advance, namely
unity, and that the value of ) may be obtained as a bonus.

2.3.2 Analogy between QUOSM and Six-Port

Figure 2.8 shows a preferred six-port design described [7] by
Cronson and Susman. The source is connected with some isolation
to port 1. The DUT is connected to port 2 through the direct arm
of a 22 dB directional coupler. The reference detector at port 3
on the -22 dB coupler arm monitors the power incident on the DUT.
In turn, Figure 2.9 illustrates a QUOSM that is modified such
that the reference detector measures the radiation incident on
the DUT rather than that which leaves the source, This
arrangement more closely parallels that in Figure 2.8 as will be
discussed below. The reference detector is required by the
conditions stated earlier to monitor all changes in the power
flowing toward the test port. These changes can arise due to
source fluctuations, due to a change in what is connected to the
test port, and due to standing waves within the QUOSM. The
latter two effects are not of the same magnitude everywhere in
the QUOSM, so it is necessary to monitor directly the power going
to the test port in order for the foregoing formulation to be
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valid. Cronson and Susman had similar arguments for the
placement of the reference detector [(7]. 1In the case of the
QUOSM, instead of a directional coupler, a low-reflectivity
beam splitter is used to couple power to the reference detector.

In the six—-port reflectometer three ports are utilized for
power measurement in addition to the reference power measurement
already described. The QUOSM, in effect, utilizes time-division
multiplexing to implement the power measurements made at ports 4,
5, and 6 of the six-port. In the case of the QUOSM the three
powers are measured at each of three unique positions of the
scanning mirror. An advantage of the QUOSM is that the mirror
positions, and hence the phase shifts introduced, are computer-
controlled and can be varied as the source wavelength is changed.
This should allow for optimization of the phase shifts at any
wavelength in the design bandwidth.

As described earlier, the self-calibration method for the
six—-port reflectometer requires a set of four power measurements
for each of three or more unambiguous positions of a sliding
transmission line with two different, terminations. For the
wavelength range of the QUOSM which extends to less than one
millimeter, sliding transmission lines that will give
reproducible performance without undue loss are probably not
practical to make, but the same effects can be achieved instead
in the optical part of the QUOSM. The sliding section
essentially introduces reproducible delays, and this requirement
can be met in two ways illustrated in Figqure 2.10. In the first,
the whole lens-horn arrangement of the test port is moved along
the optical axis in some fashion that insures reproducibility of
positioning. One of the terminations can have a high reflectance
and the other could be the same but with a 3 dB loss dielectric
slab of an appropriate thickness added in front of the lens. 1In
the second method, instead of a translation of the test port,
low-loss dielectric slabs could be inserted in front of the lens
to add reproducible delays. The same termination methods as in
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Figure 2.10 Two ways in which a sliding transmission line with
two terminations can be emulated in the QUOSM. 1In
a) the test port as a whole is moved to three or more
reproducible positions. The termination is effectively
modified by introducing a dielectric slab which in two
passes gives v 3 db attenuation and 45° phase shift.
In (b) the test port is fixed and the equivalent delays
introduced by switching in low loss dielectric slabs
of different thicknesses.
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the first method could be used.

With a six-port, there is a requirement for a set of four
power measurements to be made with a matched load mounted on the
test-port, as discussed earlier. If the horn-lens transition in
the test port of the QUOSM did not partially reflect radiation
passing through it, all that would be necessary to meet the
analogous requirement would be to mount a tapered load on the
flange of the horn and make power measurements with the principal
detector (for three mirror positions) and one with the reference
detector. Such loads have been fabricated for use with the QUOSM
in earlier work [3]. Howevér, the fact that the lens and horn
may be expected to reflect energy back toward the principal beam
splitter, appears to mean that an additional calibration absorber
is needed. This would be an absorbing pad (like that shown in
Fiqure 1 of reference [3]) that could be inserted in the optical
beam between the reference detector's beam splitter and the test
port lens and could thus eliminate all reflection from the test
port. Used as part of a calibration procedure analogous to that
for a six-port, this would permit one to determine the complex
reflectance” of the whole test port. One would then determine
the complex reflectance of the port with the DUT mounted and make
a second determination with a tapered load mounted. The latter
would determine the amplitude and phase of the reflection from
the lens-horn and could be used to remove the effect of this
reflection from the results obtained when the DUT is mounted.
This correction would closely parallel that described in an
earlier report [1].

Since this type of correction is well-established, it was
not dwelt on in the present work. Instead, as a simplification
for the following discussions and for the simulations which will

The term "reflectance™ is interchangeable with "reflection

coefficient"™, but generally refers to reflection from
something other than a simple surface.
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be described, the reflectance of the test port's lens-horn is
taken to be zero. This significantly facilitated the simulations
and focused attention on the main issues while the work was
underway. In future work, the calibration step can be added, as
described above, to correct for the lens-horn reflectance, which
according to previous estimates [1] may be of the order of ten
percent (in terms of power).

Finally, as with a six-port, an absolute reflectance and a
reference for phase can be determined by the comparison of
results obtained for a DUT with those for a near perfect
reflector (high-reflectance short) mounted on the waveguide
flange of the test port.

It has been shown above that the QUOSM either has, or can
be provided with, capabilities that are analogous to those
possessed by a six-port network analyzer. As a result the
calibration procedure outlined for six-ports in Figure 2.7
corresponds to an analogous procedure for the QUOSM shown in
Figure 2.11. 1In the following sections, descriptions are given
of the numerical algorithms and simulations which have been
prepared to test this procedure.
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2.4 Eigenvalue/vector Analysis

As discussed above, the new calibration procedure for the
QUOSM involves calculation of the eigenvalues and eigenvectors of
the matrix [Z], where

(z] = [e'1retycreretn !
and where the matrices [P] and [P'] contain power measurements
for prescribed calibration conditions. The rows of the
calibration matrix [C] described earlier are the left-hand form
- of eigenvectors of [Z], since
[C1(z] = [LIIC].
As it happens, right-hand eigenvectors are more commonly found in
numerical analysis literature, and so for compatibility with
standard practice, the above equation must be transformed by
transposition so that the eigenvectors are of the right-hand
form:
[zt1iet) = 1etim
Now the columns of the transposed calibration matrix are the
right-hand eigenvectors of the matrix
zt1 = ceretnTier (et
The eigenvalues in the diagonal matrix [L] are unaffected by the
above transposition.

The actual numerical procedures to derive eigenvector
solutions and to calibrate the QUOSM have been developed
independently of the work of Cronson and Susman. In the main,
well-established numerical methods have been used which were
available either from published algorithms and literature or from
the library of the HP-85 computer that is included in the QUOSM
as a controller and automatic data processor. The published
routines selected were translated into the form of BASIC language
used in the HP-85 and tested as will be described below. 1In
general, for the present purpose of demonstrating the
eigensolution approach to the calibration of a QUOSM, numerical
procedures were selected which appeared to offer maximum
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insensitivity to numerical ill-conditioning and to noise,
Compactness of coding was given little consideration at this
stage.

The first step in the eigenvector solution is the
calculation of [2%] from [P] and [P'], and this appears at first
glance to require the calculation of the inverse of [P][Pt]. The
HP-85 computer in the QUOSM system is equipped with a ROM package
of matrix routines as an extension of the BASIC language., This
recognizes a one-statement command for calculating the inverse of
square matrices and can be applied to finding the inverse of the
4 x 4 square matrix ([P][Pt]). This inverse can then be used to
premultiply the matrix result of [P][P't]. However, it is more
accurate to calculate [zt] by a method that avoids the explicit
calculation of the above inverse. 1In general, the product of an
inverse matrix [A'll and another matrix [B] can be expressed as
the solution matrix in the familiar general problem of
simultaneous linear equations whose coefficients are the elements
of [A]:

[A] [X] = [B]
[x] = [a~11(B]
Well-established numerical methods are available which can be
used to calculate [A'l][B] directly and with greater accuracy
than the calculation of [A_l] followed by multiplication by [B]
(see e.g., refs. [8,9]). The HP-85 package of firmware makes
available a command, X = MAT SYS (A,B) which implements such a
solution., (According to the manufacturer, the method of UL
decomposition is used [10]). Thus one may substitute [P][Pt] for
[A] and [P]1[P']IY for [B] in the above and obtain [zt].

The difference in results was demonstrated in a test that
calculated [X] = [A_l][A] for various trial matrices [A]
containing values in the range 0 to 1, and then compared [X] with
[I], the identity matrix. In the case where [A_l] was calculated
explicitly and then multiplied by [A] the diagonal elements of
[X] differed from 1 by at most 3 X 10'12, and the off-diagonal
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elements differed from 0 by at most 3.2 X 10712, When the system
of equations was solved using the MAT SYS command the diagonal
elements were found to be identically equal to 1 (for the 12
significant digits displayed). The off-diagonal elements were
reduced to the order of 10716, The results of tests of this type
depend to some extent on the values used to define the matrix
[Al, so the results described above should be taken only
gualitatively as an indication of the difference between the two
methods of solution.

The optimum procedure for calculation of the eigenvectors of
a matrix depends in general on the nature of the matrix,
According to a number of reviews which are available [e.q.
10-12], matrices are frequently poorly conditioned for
eigenvector solutions and the choice of algorithm can have a
significant impact on the quality of the results. In the case of
interest here the matrix [zt] is real and unsymmetric, and in
general such matrices can present special problems of ill-
conditioning [l1l]. However, if as recommended above, one chooses
calibration terminations such that I)\l2 is approximately 0.5, the
eigenvalues will be reasonably well-separated in magnitude, and
in such a case, more accurate eigenvector solutions can be found
f11]. (The fact that two eigenvalues ) and X* and the
corresponding eigenvectors are complex conjugates does not affect
this assessment,)

The method of solution selected for the present work is
believed to be optimum or near-optimum for real, unsymmetrical
matrices as regards accuracy ([10,11]. 1In outline, the procedure
involves (l) balancing the matrix using similarity
transformations that nearly equalize the norms of corresponding
rows and columns, (2) reducing the matrix to upper-Hessenberg
form (nearly upper-triangular) by means of orthogonal,
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Householder transformations*, (3) further decomposing the matrix
by what is known as the double-QR algorithm to obtain the
eigenvalues, and finally (4) solving for the eigenvectors by
inverse iteration. A FORTRAN program written by Grad and Brebner
[13] and tested by several workers [14,15,16] implements the
above steps and has been translated here into BASIC for use on
the HP-85. An annotated listing of this program named EIGEN is
given in Appendix B, Several matrices for which the eigenvalues
and eigenvectors are known, including three suggested by Grad and
Brebner, were used as test cases to verify that the translated
version was working correptiy. Agreement with expected values
was obtained to at least 9 significant fiqures, where the
computer normally displays up to 12, The test matrices are
believed to have been of equal or greater difficulty by
comparison with the matrices [zt] expected to be encountered in
practice, in the sense that some of the eigenvalues of the test
matrices had magnitudes which were pathologically close to each
other.

Two tests for the correctness of the eigenvalues have also
been added to the program that apply even for matrices with
unknown solutions, The first checks for the expected [17]
equality between the sum of the calculated eigenvalues and the
trace of the original matrix. The imaginary parts of the complex
eigenvalues should cancel in the addition process to yield a
number equal to the sum of the diagonal elements of the real
matrix. The second test checks that the product of the
eigenvalues equals the determinant of the matrix as expected
[17]. Agreement under these tests has generally been found to at
least 11 significant figures.

One may note that in previous work involving the least squares
method [1], orthogonal Householder transformations were also
selected for similar qualities of robustness.
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After the eigenvalues are calculated and verified as
described above, the eigenvectors are also subjected to an
additional routine test that verifies that

(zt11ct1 = rcts.
When [L] is formed by transposition, it is further tested by
multiplication with the columns of power measurements in [P].
The matrix product [BQ] = [C][P] should indicate values
consistent with the parameters used in the simulation. In
particular the complex reflection parameter [j

N o=agb;’
Ibj |
for one of the sliding terminations in position i, can be found
from
1 = Bg,2,i
Bg,1,i

and compared with what was specified in the simulation.

The following sections will describe procedures that have
been developed to simulate signals recorded by the detectors in
the QUOSM and thus to make it possible to construct examples of
the [P] and [P'] matrices. For convenience, the programs for
simulation and for the calculation of the calibration matrix are
separate, and communication between them is through data files
stored on cartridge tapes in the built-in facility of the HP-85
computer. The simulation program RFLCTN stores the columns of
the [P] and [P'] matrices on data files, and the program EIGEN
which accesses these data then reconstructs [P] and [P'],
calculates [zt], performs the eigenvector/value analysis, and
calculates [gt] and hence [C]. EIGEN in turn stores [C] on a
file, and a final program CTIMEP can be used to calculate columns
of [BQ] or [aé] from

[BQ]
or [Bé]

[C][P]

[Cl[P'].

Annotated listings of these programs are given in Appendices A,
B, and C.
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2.5 Simulation of QUOSM Signals

The purpose of the RFLCTN program is to simulate QUOSM
detector signals as a function of the positions and reflectivity
values assigned to various components including the source and
detector. This has resulted both in a better understanding of
the standing wave condition and in vital, controlled data for the
development of the matrix calibration technique.

As mentioned in an earlier section, when multiple
reflections occur in the QUOSM, the number of paths by which
radiation can reach the detector is infinite, but for finite
component reflectances, significant energy is transmitted over
only a finite (though not necessarily small) number of paths.
For convenience, it is possible to record first the amplitude and
phase of the signals which arrive by the most direct route to any
port where an output (desirable or otherwise) can occur. These
ports are at the source, the principal detector, the reference
detector, and the device under test. At each of these ports a
certain amount of the signal is not output (or absorbed) but is
instead reflected and redirected back into the QUOSM. (As a
simplification in the simulation, one may without loss of
generality assign zero reflectance to the reference detector.)
Then all of the reflected radiation returns on a path back to the
principal beam splitter where it recombines and continues back to
the output ports, and so on. 1In each iteration more signal
arrives at each output port, and the part not reflected is added
vectorially to that so far accumulated. When the calculated
output power on each of the ports has converged, the iterations
can be halted. Appendix D discusses the fact that conservation
of energy requires that the sum of the powers absorbed or output
must equal the power input by the source. This was useful as a
cross-check on the detailed calculations during the development
of the simulation package. In Figures 2.12 to 2.15 "opticél flow
charts™ are given which diagram the paths taken by the radiation
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and outline most of the details included in the calculation of
the various signal amplitudes.

Figure 2.12 describes the starting conditions, Values of
reflection coefficients for the source, detector, and Device
Under Test (DUT) are input from the keyboard., The same is true
for the source frequency and the beam splitter thickness. The
indicated path lengths ( L3, Ly, Lg, and Lg ) are stored within
the program along with path transmission values which simulate
the effect of attenuators. Since BASIC programs are easily
amended, these values can be readily changed. The calculation is
initialized such that the source emits a signal of unit amplitude
toward the QUOSM. A portion of this signal, determined by the
selected source reflectivity, enters the QUOSM going toward the
beam splitter. The rest is reflected toward the source at the
source/QUOSM interface. Of course no radiation is coming from
the detector at this stage, and the initial detector signal is
explicitly set equal to zero. This sets the conditions for the
computer to begin its iterative procedure. The effects (phase
change and possible amplitude change) of propagating through the
path lengths L3 and Lg are calculated, Then the effects of the
beam splitter are taken into account. The beam splitter (assumed
lossless) divides the amplitude of the signal from the source
into transmitted and reflected components, and calculable phase
changes occur [18]. The same happens for the signal (initially
zero) reflected by the detector, The four resulting signals are
shown in Figure 2.12 as four short arrows originating at the beam
splitter, two going toward the DUT and two toward the movable
mirror.

Figure 2,13 indicates that each pair of signals propagating
in the same direction are vectorially added. The effects of
propagating through paths L, and Lg are then calculated. The
previously entered values of DUT reflection and phase shift are
utilized to calculate the amplitude and phase of the signal
reflected from the DUT (shown as a short arrow at the DUT). The
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mirror displacement introduces an additional phase shift of the
signal coming to the mirror from the beam splitter. The mirror
itself is assumed to have unity reflectance and a phase shift of
pi radians.

Figure 2.14 illustrates the calculations performed that
treat the propagation of the signals from the DUT and mirror to
the beam splitter. The effects of propagating through the path
lengths are once again accounted for, as are the effects of the
beam splitter.

Figure 2.15 shows that the parallel beams from the beam
splitter have been combined, the propagation through the paths
accounted for, and the detector and source reflections applied to
calculate the values for the signals from the source and detector
in the next iteration.,

As mentioned earlier, the signals which pass through the
output ports are vectorially added and accumulated over all
iterations. In the program as implemented, the power at the DUT
is not formally accumulated and stored. Tests based on
conservation of energy are restricted then to the case of 100
percent DUT reflectance, but such a test gives an adequate
verification that the simulation is working correctly.

The complex numbers representing the signal to the main
detector and to the source are converted to power readings at the
end of each iteration. These power readings are compared with
those of the previous iteration. When the percent difference
between iterations, for both the source and the detector powers,
becomes less than a selected small value, the detector power
reading is normalized (i.e., divided by the power on the
reference detector, as required by theoretical considerations
discussed earlier).

To obtain the data necessary to form a column of [P] or
[P'], the simulation program repeats the calculation of the
normalized detector level for three unique mirror positions
stored in the program. The fourth element of such a column is of
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course unity, as it represents the reference detector signal
divided by itself as discussed previously. The QUOSM has a great
deal of flexibility in terms of the mirror positions used, and
hence in the phase shifts, available, whereas the relative phases
seen by the detectors in the six-port analyzer are normally fixed
by the hardware configuration. Simple program modifications or
parameter inputs are all that is required to change the mirror
positions selected by the QUOSM, and hence optimization of the
kind described by Engen [4] is more easily implemented, in
principle, in the QUOSM.
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2.6 Simulated Calibration
2.6.1 Case of Standing Waves

The calibration process described in Sections 2.3 and 2.4
has been tested with simulated data, and the the results of one
such test are explained here. The source frequency was set to 94
GHz. The source and the detector were each simulated as having a
power reflectance of 0.2. This is an order of magnitude larger
than the value measured [3] for the detector in previous work,
and is a plausible upper limit. The two fixed, but uncalibrated,
terminations required for thé relative calibration were assigned
amplitude reflectances of 1.0 and 0.7. The phase-shift
difference between the two devices was set at 45° (The program
actually asks for the value of half the phase shift). Table 2.2
shows what calibration devices are in place, the position of the
scanning mirror, and the status of the position or effective
shift of the test port for each element of the [P] and [P']
matrices that were calculated.

The eigenvalues of the square matrix derived from the power
readings were tested on the basis that the largest eigenvalue
should be unity and the smallest should be the ratio of the power
reflectances of the two calibration shorts. The two intermediate
eigenvalues are a complex conjugate pair found from the ratio of
the amplitude reflection coefficients. The calculated
eigenvalues, rounded to four decimal places, were: 1, 0.4901,
0.4951+i 0.4951. Thus the largest eigenvalue was correctly found
to be unity. The smallest, 0.4901, was acceptably close to 0.72
= 0.4900, the ratio of the power reflectances. The magnitude of
the complex values is 0.7002 and the polar angle is 45°,
Therefore, the calculated eigenvalues were in excellent agreement
with expectation.

The calibration matrix [C] was then formed by assembling the
complex eigenvectors as rows, and was tested for consistency by
multiplication with each of the eight sets of power measurements.
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Table 2.2 Parameters Used in Simulation of Standing Waves in the QUOSM

Frequency  94GHz

Power Reflectances-source: 0.2
detector: 0.2 -3
Principal beamsplitter thickness: 7x10 ~ inches
0.1778 mm

Mirror positions- Ml: starting position
M2: 1/6 wavelength from M1*
M3: 1/3 wavelength from M1*
* in direction away from beam splitter

Test port delays- Dl: zero
D2: 1/3 wavelength
D3: 2/3 wavelength
D4: 1/8 wavelength
D5: (1/8+1/3) wavelength
D6: (1/8+2/3) wavelength

Test port power reflectance=0, matched load is mounted
=1, short is mounted
=.49, relfection from short is attenuated by
a dielectric plate

The following are the calibration conditions corresponding to each element of
Pij of the [P] matrix. The entries below are

1. mirror position
2. test port delay
3. apparent test port power reflectance

The row for i=1 is not given as this row of [P] is identically unity regardiess
of the calibration conditions.

i\ 1 2 3 4
M1, D1, 1 M1, D2, 1 M1, D3, 1 M1, D1, O

3 M2, D1, 1 M2, D2, 1 M2, D3, 1 M2, D1, 0
M3, D1, 1 M3, D2, 1 M3, D3, 1 M3, D1, O

As above, but for [P'] matrix:

N\ ] 2 3 4

2 M1, D4, .49 M1, D5, .49 M1, D6, .49 Mi, D1, O
3 M2, D4, .49 M2, D5, .49 M2, D6, .49 M2, DI,
4 M3, D4, .49 M3, D5, .49 M3, D6, .49 M3, D1, O

(]
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That is, the [BQ] and [Ed] matrices were calculated by
[Bgl = IC]I[P]
and [B4] [C][P'].
These results are compiled in Table 2.3 along with the values

expected in accordance with equations (9a) and (9b) and the input
parameters of the simulation. One may see that the rows of
[BQ] and [Bé] differ from expectation by a factor depending on
the row. As previously explained, the rows in [C] can only be
found by eigenvector analysis to within a constant factor, and
the magnitude of each row must be normalized by results obtained
when a termination of unity reflectance is used. 1In this case
one of the terminations used in the calibration has unity
reflectance |[" | = 1, and one may define the phase of its
reflection to be zero when the DUT is unshifted. Thus, one may
normalize each row of [C] by the reciprocal of the values in the
first column of the unnormalized [BQ]; that is, the rows of [(C]
from one through four are multiplied by-1, l/(.193-3.6x10-51),
l/(.193+3.6x10_51), and -1/.1664 respectively. In Table 2.3 the
normalized values for elements of [BQ] and [ad] were found with
the normalized [C] and show excellent agreement with expectation.
In addition to the correctness of the relative amplitudes, the
calculated phase shifts were found to be accurate to better than
DUT can be found would be expected to be similar to the
normalized values in the second row of [By] ang [B'gl as
illustrated in Table 2.3. One may note, however, that
instrumental noise has not as yet been introduced, and
preliminary discussion of this will be given later.

2.6.2 Case of No Standing Waves
The preceding test results are representative of the case
where significant standing waves are present-due to the

significant power reflrectances of the source and detector. The
case of a QUOSM without any standing waves can be simulated by
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Table 2.3 Calculated Test Port Parameters BQ and B‘Q for Case of Standing Wases

TEST PORT POSITION MATCEED LOAD

T 3 3
UNNORMALIZED  -1.000 -1.000 -1.000 ~1.000
NORMALIZED 1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
UNNORMALIZED .193-3.6x10 "3 -.09635+.16736i  -.09664-.1670i +1x10 T24+2x107 13
NORMALIZED 1.000 -.4994+.86661 -.5006-.8654i +8x10" T241x107 125
EXPECTED 1.000 -.5000+.8660i -.5000-.86601 0.000
UNNORMALIZED .193+3.6x107°i -.09635+.16736i  ~-.09664-.1670i +1x10"12-2x10713;
NORMALIZED 1.000 -.4994-.8666i ~.5006+.8654i +8x10"12-1x1071%
EXPECTED 1.000 -.5000~.8660i -.5000+.8660i 0.000
UNNORMALIZED -.1664 -.1664 -.1664 ~9x10” 13
NORMALIZED 1.000 .9995 .9996 1x 107
EXPECTED 1.000 1.000 1.000 0.000
UNNORMALIZED  -1.000 -1.000 -1.000 -1.000
NORMALI ZED 1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
UNNORMALIZED .09556+.09552i  -.1305+.03511i .03482-.1305i +1xi0"1242x10713;
NORMALIZED .4951+.49513 -.6763+.18181 .1806-.6763i +8x10"12+1x107 12
EXPECTED .4950+.4950i -.6761+.1812i .1812-.6761i 0.000
UNNORMALIZED .09556-.09552i  -.1305-.03511i .03482+.1305i +1x10" 122510713
NORMALIZED .4951-.49513 -.6763-.1818i .1806+.6763i +8x10” 12 1x10712;
EXPECTED .4950-.4950i -.6761-.18121 .1812+.6761i 0.000
UNNORMALIZED ~08157 -.08153 -.08154 -9x10" 13
NORMALIZED L4901 -.4901 -.4899 1x10” 11
EXPECTED .4900 .4900 .4900 0.000
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setting these reflectances equal to zero so that radiation can
follow only two paths through the interferometer.

A slight improvement in the precision of the eigenvalues was
found when the standing waves were eliminated. Whereas agreement
with expectation was good to three significant figures with
standing waves, at least 10 significant figures of agreement were
found with no standing waves. However, since three significant
fiqures appear to be sufficient, this dependence on the standing
waves 1is not particularly significant. 1Indeed, the root of this
small inaccuracy may not be in the eigenvector method at all.
When standing waves are introduced, the iterative simulation of
QUOSM signals is truncated before the solution is exact, as
mentioned earlier, and this corresponds to a residual inaccuracy
of about five parts in 104, It is not unreasonable to suppose
that this would affect the eigenvector solution.

The eigenvectors for the case of no standing waves appeared
at first glance to be substantially different than for the first
case in which standing waves were present. However, the
difference was only due to the need for normalization of the rows
of [C] and the fact that a different normalization was needed in
the present case. By using the unnormalized results for the
first column of [BQ] as in the previous example, one finds that
the rows of [C] in order, starting at the top, are multiplied by
1, 1/(.4959 + 5x10712i), 1/(.4959 - 5x10”12i), and -1/.2753.
Table 2.4 gives expected, unnormalized, and normalized values of
the elements of both [BQ] and [Bé]. Agreement between the
expected and normalized values is again excellent and good to at
least 10 significant figqures.

2.6.3 All-dielectric shifted DUT calibration
The calibration procedures simulated above have been

consistent with physical shifts of the whole DUT port, including
its lens and horn, as the means of obtaining the required DUT
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Table 2.4 Calculated Test Port Parameters BQ and B‘Q for Case of No Standing Waves
B, TEST PORT POSITION MATCHED LOAD
1 2 3
UNNORMALIZED 1.000 1.000 1.000
1 NORMALIZED 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000
-12, . . -12 -12.
UNNORMALIZED .4959+45x10 121  -.248+.4295i .2480-.4295i -8x10 1246x107123
a NORMALIZED 1.000 -.5000+.86601 -.5000-.8660i 11071
EXPECTED 1.000 -.5000+.8660i -.5000-.8660i
-12, . . -12 -12,
UNNORMALIZED .4959-5x10+2i  -.248-.4295i .2480+.42951 -8x10"12-gx107 1%
a*  NORMALIZED 1.000 -.5000-.86601 -.5000+.8660i k10712
EXPECTED 1.000 -.5000-.8660i -.5000+.8660i
UNNORMALIZED -.2753 -.2753 -.2753 12
|a|2 NORMALIZED 1.000 1.000 1.000 -2x10"11
EXPECTED 1.000 1.000 1.000
L]
o
UNNORMALIZED 1.000 1.000 1.000
1 NORMALIZED 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000
UNNORMALIZED .2445+.2445i -.3353+.089851 .08985-.33531 _3X10-12+6x10-121
a' NORMALIZED .4950+.49501 -.6761+.1812i .1812-.6761i —2x10 1 l41x107 1t
EXPECTED .4950+.49501 —.6761+.1812i .1812-.6761i 0.000
R . . -12 =12,
UNNORMALIZED .2455-.2455i -.3353-,089851 .08985+.3353i _8x10-12_gx10" 123
a'*  NORMALIZED .4950-.49501 -.6761-.1812i .1812+.6761i 1107
EXPECTED .4950-.49501 -.6761-.1812i .1812-.67611
12
UNNORMALIZED -.1349 -.1349 -.1349 :
|a'|? NORMALIZED .4900 .4900 .4900 -2x107
EXPECTED .4900 .4900 .4900
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port delays (indicated e.g. in Table 2.2). An alternative method
mentioned earlier is to insert rigid dielectric plates of varying
thicknesses between the beam splitter and the DUT port., This
would allow the DUT port to remain rigidly mounted and yet
accomplish the desired phase shifts.

This method has been simulated to get a preliminary
assessment of its effectiveness in calibration. Table 2.5 gives
the parameters of the simulation. One may note that some loss
has been included in the dielectric plates used for phase shifts.
Although low-loss dielectrips are available, inclusion of some
loss gives the simulation greater generality. All the
eigenvalues were found to be calculated correctly. Also, the
values of the magnitude and phase of the reflection coefficients
used to derive the calibration matrix were recovered correctly
from the operation of multiplying the associated sets of power
data by the normalized [C]. The largest error in the magnitude
was 0.02%. The largest phase error was 0.07 degrees.

2.6.4 Noise

An arbitrary amount of noise has been added to the simulated
power data of Section 2.6.1 and the calibration matrix
recalculated. The peak-to-peak size of the noise was set at 1074
compared with detected signals whose maximum values were of the
order unity, and this is crudely consistent with previous
discussions of expected detector noise [1] in the QUOSM. The
noise used was obtained simply from the random number function
incorporated in the BASIC language of the HP-85 computer. The
results of premultiplying the "noisy" power data sets by the
*noisy" calibration matrix are shown in Table 2.6 along with the
noise-free and expected results for comparison. The effects of
the noise may be seen in this table and are not of a surprising
magnitude. Similar tests with varying noise amplitude have shown

the expected increase in error as the noise level is increased.
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Table 2.5 Parameters Used in Simulation in Which A1l Test Port Delays Achieved

with Dielectric Plates

A1l parameters identical to those in Table 2.2 except that the dielectric plates
used to introduce the test port delays reduce the apparent test port

power reflectances.

Accordingly the following are the calibration conditions

corresponding to each element Pj; of the [P] matrix (Same key as in Table 2.2):

i J | 2 3 4
M1, D1, 1 M1, D2, .8 M1, D3, .64 M1, D1, O

3 M2, D1, 1 M2, D2, .8 M2, D3, .64 M1, D1, O

4 M3, D1, 1 M3, D2, .8 M3, D3, .64 M1, D1, O

For the [P'] matrix:

i J 1 2 3 4

2 M1, D4, .9 M1, D5, .72 M1, D6, .576 M1, D1, O
M2, D4, .9 M2, D5, .72 M2, D6, .576 M2, D1, O
M3, D4, .9 M3, D5, .72 M3, D6, .576 M3, D1, O
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Table 2.6 Calculated Test Port Parameters BQ and B'Q With and Without Noise
B, TEST PORT POSITION MATCHED LOAD
T 3 3
NOISE 1.000 1.000 1.000 .9998
1 WITHOUT NOISE  1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
-11, . . -4 -4,
NOISE 1.000+1x20" Y1 -.4997+.8673i -.5010-.8652i -1x10"4-2x107%1
a WITHOUT NOISE  1.000 -.4994+.86661 -.5006-.8654i -1x10" M e2x1072%
EXPECTED 1.000 -.5000+.86601 -.5000-.86601 0.000
-12, . . -4 -4,
NOISE 1.000-1x10" %5  -.4997-.8673i -.5010+.8652i -1x10 4+2x107%
a*  WITHOUT NOISE  1.000 -.4994-.86661 -.5006+.8654i -1x10” 1 2107125
EXPECTED 1.000 -.5000-.86601 -.5000+.86601 0.000
NOISE 1.000 1.000 .9995 -ax10”4
la]® WITHOUT NOISE  1.000 .9995 .9996 3x10712
EXPECTED 1.000 1.000 1.000 0.000
1]
B'o
NOISE .9999 .9999 .9999 .9999
1 WITHOUT NOISE  1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
NOISE .4950+.49514 -.6764+.18214 .1805-.67641 2x10"%-2x107%
a' WITHOUT NOISE .4951+.49514 -.6763+.1818i .1806-.67631 —1x10 11425107124
EXPECTED .4950+.4950i -.6761+.18121 .1812-.67611 0.000
NOISE .4950-.49511 -.6764-.1821i .1805+.67641 2x10 %+2x107%4
a'*  WITHOUT NOISE  .4951-.4951i -.6763-.18181 .1B06+.67631 -1x10" o ox107 2%
EXPECTED .4950-.49501 -.6761-.1812i .,1812-.67611 0.000
, NotsE .4900 .4900 .4896 -7x107°
|a*|® WITHOUT NOISE  .4901 .4898 .4899 3x10” 11
EXPECTED .4900 .4900 .4900 0.000
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However, the rate of increase in the error for a given increase
in noise does not indicate a pathological sensitivity to noise in
the power measurements. A more systematic study of the effects
of different kinds of noise and error, such as was done in
earlier simulations [1], will be recommended for further work
involving the eigenvector method.
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3.0 Reduction of Standing Waves

Another aspect of the present study has been the
investigation of ways to reduce the magnitude of standing waves.
In numerical methods designed to apply a correction for an
undesirable phenomenon, it is often the case that accuracy is
served if the size of the phenocmenon can be kept reasonably small
compared to the quantity of principal interest. Such was the
motivation for the tests reported in this section. These
occupied only a relatively small part of the effort for two
reasons. First, during the course of the work, the emphasis on
the numerical methods side shifted away from an extension of the
phasor method, which was used earlier and which clearly is more
tractable if the standing wave phenomenon is smaller. Second, in
the new eigenvector method, no assumptions appear to be necessary
concerning the size of the standing wave effect. As of yet, no
important relationship between uncertainty and the magnitude of
the standing waves is known, but a further systematic
investigation of this would be prudent. Should a reduction of
standing waves be required in the future, the results discussed
in the following sections will be of interest. As a by-product
of this study, a preliminary evaluation of pyroelectric detectors
is also reported.

3.1 Experiments with the Detector

As mentioned in Section 2.1, previous attempts [3] to
suppress reflections from the Golay cell detectors, by tilting
them away from the optical axis of the QUOSM, failed. The
apparent reason was retroreflection by the metal surrounding the
detector window or by the cavity inside the detector.
Alternative pyroelectric detector elements come in a variety of
packages, but the most common, shown in Figqure 3.1 has the
pyroelectric crystal mounted in a standard transistor can,
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Sensitive Element

Figure 3.1 Type of Pyroelectric Detector Element
Tested.
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Georgia Tech-owned versions of this have been tested at a
frequency of 94 GHz in the present work, and the same or slightly
higher levels of standing waves were found in tests similar to
those previously conducted with Golay cells., Apparently the
metal can around the sensitive crystal is similarly
retroreflective., Alternative forms of pyroelectric elements are
commercially available in which the crystals are large discs and
are not surrounded by metal. It was not in the scope of the
present work to pursue this further, but such detectors may be a
good choice for future systems,

What was shown in thé present work is that while the
pyroelectric detector has less sensitivity than a Golay cell, the
signal levels available from klystron sources are high enough to
offset this. Pyroelectric detectors possess the advantage of
being solid-state, rugged, compact, and somewhat less expensive
by comparison with Golay cells. Thus the option of using such
detectors should be taken sericusly for future designs. This may
require some testing of several models and makes of elements,
however, since they are made primarily for infrared use, and the
millimeter wave performance is often poorly known by the
manufacturer.

3.2 1Isolation by Attenuation

It was realized that the quasi-optical attenuators [2,3] in
the QUOSM could, in principle, provide a simple form of
isolation. Waveguide-type isolators are neither readily
available in the frequency range of the QUOSM nor well suited.
Low-loss quasi-optical isolation schemes are known, for example
ones involving the use of a circular polarizer [19], but they are
not able to cover a wide fregquency range, are not trivial to
construct, and were not within the scope of the present work.
Therefore, the only apparent option was to use loss as a

mechanism of isolation.
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Since it was found in previous work [3] that detector
reflection was the primary cause of standing waves at 94 GHz,
attenuation by the quasi-optical attenuator nearest the detector
would be expected to reduce their magnitude. Up to 28 dB of
attenuation (for a single-pass) is available from this unit [3].
For this amount the depth of modulation found in the interference
pattern, when the test port was blocked by an absorber and the
mirror was scanning, was only a few percent of the maximum power
recorded. This may be compared with a depth of modulation of
sixty percent found [3] without the attenuation. Since the
klystron emits so much more power than the maximum power which
the detector can handle (a factor of 105), such attenuation need
not reduce the accuracy of the QUOSM; in other words, if the
detector attenuator is not used, attenuation must be introduced
at the source anyway. The problem with putting all of the
required attenuation in the detector port is that this
necessarily means that the power level at the test port will be
high. This would be intolerable for some devices that might burn
out, such as mixers for example,.

Therefore one must view these results from larger
perspectives. A reduction of the standing wave effects by more
than an order of magnitude, while impressive, is not enough to
permit one to neglect them, Secondly, the eigenvector method
appears to work well enough that such drastic measures as
described above are not needed, and thus it will still be
possible to reduce source powers and the power to the DUT to safe
levels.
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4.0 Status of Hardware and Software.

In the foregoing discussion of calibration techniques, a few

hardware changes or additions to the QUOSM were shown to be

needed.

1)

2)

3)

These may be summarized as follows:

The reference detector and its beam splitter coupler
must be relocated in the test port arm. The present
design can readily be adapted to this configuration
provided that the quasi-optical attenuator is removed
from the test port arm and either omitted or moved to
the source port arm. As the calibration procedure is
presently understood, there is no longer a need for the
attenuator in the test port arm.

A choice must be made between two alternative
mechanisms of test port delays described earlier. One
would require a method of translating the test port
along the optical axis that preserves alignment and
provides three or more reproducible positions. The
other would require the selection and fabrication of
some low-loss dielectric plates of appropriate
thicknesses and a holder to place them reproducibly in
the beam in front of the test port. Both appear to be
practical but will require additional hardware to be
designed and fabricated.

When during the calibration procedure the high
reflectance termination is installed and the power
readings for the matrix [P'] must be measured, a
somewhat lossy dielectric slab must be mounted in front
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of the test port. The arrangement for mounting would
probably be similar to that in the second option on (2)
above. For both cases the plate should be angled to
suppress multiple reflections between the plate and
other optical components.

4) Another high-loss absorber must be made that can block
the test port beam. One similar to the type in the
quasi-optical attenuators [ 3] is appropriate,
although the type. which incorporates epoxy-based
material, rather than rubber-based, would probably be
preferred as it is believed to give somewhat more
absorption [ 3 ]. Attenuation values of 40db are
believed possible.

None of these new requirements have been implemented. No problems
of feasibility have been identified, but some further design work
should be done to establish the best alternative in (2) and to
work out the details for each of the items. The only new hardware
items added in the present work have been two new horns made for
use with WR-10 components.

All of the software is at present in an experimental state
and requires considerable operator attention and involvement. The
longest program EIGEN occupies 22,244 bytes out of the available
30,219 bytes in the HP-85. The running time for this program is
dominated by the time for diagnostic printing of numerous
intermediate calculations. Without input-output, the calibration
calculations take approximately 30 seconds. As mentioned earlier,
neither the program contents nor the run-time have been
streamlined. Further work on this is envisioned along with

efforts to structure the programs for ease of use.
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5.0 Summary

There have been a number of significant accomplishments in
the present work, such as the following:

1. A program has been developed that simulates the
phenomenon of standing waves in the QUOSM and has provided
tests of new calibration procedures.

2, A method of calibration previously developed for use
with six-port network analyzers has been shown to be
adaptable for use with the QUOSM., The calibration devices
needed are a standard short, two standard matched loads (one
quasi-optical), and two uncalibrated terminations along with
a mechanism for creating reproducible delays in the test
port arm of the QUOSM. Proposed implementations of each of
the new requirements have been briefly described and in many
cases differ from previous implementations with six-port
network analyzers. Quasi-optical techniques are stressed
here as they are likely to offer advantages of greater
accuracy and ease of use and fabrication throughout the
frequency range of the QUOSM. For example, there is
relatively greater facility with the QUOSM for establishing
the phase relationships between the source and reflected
signals which are believed to be optimum [4, 6].

3. Numerical techniques for calculating eigenvectors have
been implemented as an integral part of the calibration
procedure which ultimately defines the relationship between
recorded detector signals and the reflection parameters of a
device under test. Simulated data have been used to show
that the recommended optical and numerical procedures
together provide a valid calibration, whether or not
standing waves exist in the QUOSM. Very preliminary
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investigations with simulated instrumental noise have found
no pathological sensitivities to noise in the numerical
methods employed.

4, Not of primary importance, but of some significance,
have been the efforts to reduce the magnitude of standing
waves. As expected the quasi-optical attenuators in the
QUOSM can provide crude isolation and reductions in standing
wave effects. Tests with pyroelectric detectors were
significant in demonstrating that they can have adequate
sensitivity, but the type tested did not reduce VSWR from
the detector. Nonetheless, their smaller, more rugged
construction make them desirable in future systems similar
to the QUOSM.

6.0 Future Work

It is Georgia Tech's desire to continue to work on the QUOSM
network analyzer in order to make necessary modifications and to
carry out thorough tests involving further simulations and
measurements. It is believed that this is justified by the
indications of success thus far achieved and by the continuing
need for network analyzers operating in the 90-340 GHz range. The
need by the Army and the Army's contractors to test discrete
millimeter wave components may be expected to continue for
several years since millimeter wave intergrated circuits still
require considerable research and development before they will
have a dominant role in systems. The advantages of a quasi-
optical metrology instrument are still extremely attractive;
namely, ease of fabrication and use, and possibly greater
accuracy since the fabrication requirements are not subject'as

much to compromise.
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Some specific steps that would be proposed are the
following:

1) Study the sensitivity of the QUOSM to the effects of
noise and known errors through the use of more detailed
simulations. This would include but not be limited to
the effects of detector non-linearity as well as noise,
of uncertainty in mirror position, and of imperfect
calibration loads. In addition, cases of varying
amounts of standlng waves and varying test device
parameters would: be investigated. Any factors which may
be postulated to improve accuracy will be tested.

2) Make selections among alternatives, develop detailed
designs, and implement the hardware additions and
changes necessary for the new calibration procedure.
These items were listed in Section 4.0. In general, new
hardware would be as compatible as possible with the
present breadboard approach to the QUOSM; no major
overhaul of the format is envisioned until a thorough
test has been completed.

3) Write software that will efficiently accomplish
measurements and calibration and that can be readily
operated by the staff of the TMDE Support Group.

4) Conduct fairly extensive measurements of test devices
to be agreed with the sponsor. In addition, tests can
be devised to elucidate typical amounts of reflections
from flange connections. Flange reflections are
recognized as a greater problem for systems operating
in the short millimeter wavelength range, and
demonstration of such effects would be a useful
beginning with the QUOSM.
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When a single QUOSM has been demonstrated to work as a
reliable reflectometer, it is envisioned that a dual-QUOSM system
can be designed, analogous to dual six-port systems, that will
permit devices to be tested both for their reflection and
transmission properties. The simulation and numerical analysis
tools developed in the present program can contribute to the

planning and design of such a system.
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Appendix A. Software to Simulate QUOSM Signals Including the
Effects of Standing Waves

An annotated copy of the program RFLTCN, described in the
text follows. It occupies 9,690 bytes of memory.
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Preset shifts of mirror 1n degree:
(i.e., 1 wavelength= 360°)
Set number of mirror positions

Load tape to receive data

Create data file

Set distances between optical
components LX

Set the one-way amplitude trans-
mission factor between optical
components TX

Enter power reflectance of source

Enter power reflectance of detectc
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Enter Frequency (GHz)

Calculate Wavelength in mm

Convert each distance between
optical components to FX
radians.

Then compute the factor (GX,HX
=TX exp(-i1 FX) by which a
signal phasor changes in
traveling between the optical
components.

Enter beam splitter thickness

Calculate beam splitter complex
reflection and transmission
amplitude factors.

Enter magnitude of DUT amplitude
reflectance and the angle by
which the wave is delayed on
reflection.

Enter half the delay (in degrees)
caused by off-setting the
test port from its initial
position.
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Calculate change in signal propagating from
source and detector to B.S.
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1728 ¢ Phasze =hitt. E‘: to OET. Combination of signals going to detector-
1748 “=P¥32-0FHIZ ® Y=FP¥HI+0*G3 followed by propagation
175@ Ja=yEa+l @ = : : 3
1760 ¥A=NO+: = Accumulation of signal returning to source
17ra P=ila-2 ! to SOURCE and to detector
1788 F=E34F Calculation of powers
1738 g=xE- to DET.
1l G=p9
1318 D2=0 iz FWE wal Save power values for convergence test
1828 P=U o » Q=i
1228 V From SOURCE:
1848 V=FP¥L-0%M @ W=CkL+PHH
1558 FP=x @ 0=y Calculate complex amplitudes reflected by
1868 ! From DETECTOR: source and detector.
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2.3.1)
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Record normalized detector signals

Plot power returned to source

Plot power impinging on DUT

This section prepares the operator to use
RFLCTN again and change only one or a few
of the parameters.

The usual thing with the new calibration
procedure is to set a new DUT offset and/or
new DUT reflection parameters and calculate
a new column of the [P] or [P'] matrices.

Subroutine to calculate beam splitter complex
transmission and reflection coefficients.
See text for reference.
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CLEARR @ PRINT “COPY" key, " "
OTSF "THE ERD® ey, then press "CONTINUE".
PRINT "THE END"

END

PLIST 116@.11%3

] .LI
15
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Appendix B. Software to Calculate Eigenvalues and Eigenvectors
for Calibrating the QUOSM

An annotated copy of the program EIGEN, described in the
text, follows. It occupies 22,244 bytes of memory and has a

run time of about thirty seconds apart from all input/output
operations.
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ey

T LD 00 Ty N e fud PO e 05000 0 T L B e Pt e 050 00 00 0 B ] 0 T 0000 0 g T A e G DY e
L
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-
RN

AR AT T YO0 T I T T T T T B Y N N S O N SN N R N TS % I NN IS IS S R S TS AR S B AN AV N Y N AN A AN SN A
Pt pek b

e Fogt = ¢

—
i

Ty

PROGRAM NAME: EIGEN
OFTION BHSE A
INTEGER I3
OIM Acd. 42, Bod. 4y, 00dx  ECdD
OIM Fodor . Hdd, a4y, Tod s, d0dn
OIM Loi@ay . Pod 4, 2042, R4
DIM Svasx.Tad. 4,004 ,.4%
OIM MWogr,=od, 30,704, 40,504.4
CLEARRE ® PRINT
EEEF
ODISF "Insert OARATA cartridss.
CIsSP
ISP "Erter oats FILE WAME:"
IHNFIIT F#¥
PRIMT “File rmame:":F¥f

ASZIGHE 1 TO F#
FoaR d=1 TO 4
RERDH® 1.4
For I=1 TO 4
Fel, =00l
HE®T 1

NE®T

FOR J=5% TO &
F=Jd-4

O

RERD# 1.0 5 D02
FOR I=1 TO 4
ECl.kx=DiI2
MEXT 1

ME=T J

ASSIGHE 1 TO %

CLEAR @ PRINT
FRINT "Matrix P:" @ FRINT
FOR =1 T 4

FOR I=1 TGO 4
PRIMT I.:Jd:PC1, 10
HE=T 1

PRINT

HE=T J

PRINT @ PRINT
FRINT "Matriwx
FRINWNT

FOrR J=1 TO 4
FOrR I=1 TGO 4
PRIMT I:Jd:;BCI.J

MEXT 1

PRINT

HE=T 4

CLERE @ FPRINT

OISF YCALCULATIHG®

MAT T=TEHCF) | F transrocse
MAT ¥=P#%T | FEP1

O1=DET(Y >
MART ==EBE%T !
MAT ‘—TFHt::
MAT H=TRH{ >
PRINT ® FRINT
w' o PRIHT
MAT P=

MAT H—’f-fr

F'l:“

Fr&afFzs

PPt CFRtIIn

Fa

77

Enter name of file containing matrices [P]

and [P']

Read matrices column by column

Print matrix [P] column by column

Print matrix [P'] column by column




Ty
[y
[l

(2] = =
& o

T Ty

Ty T T T Ty
[ S0 VR SR A AR 4
Ty S Bl MY

DAL BN FES A

oy
!

0 L0 Q0 = Ty N s el P T D 000 00 00 O 00 00 ) Ty

L

00 0000 S0 00 00 % G0 00 Q0 0000 00 G0 00 ] N S ] ) @y T o Ty T O T

P Fd T [ P 4 b ot b b b ot bt

) en P RS RIS xR RN I S B S AR D A A o X Mo R

000 00
el [40 T

D s s X
T i

[t R

-
Do Rl

o
(s xRl }

MAT H=TEHIHX ! H=CFP1)¥C{FF13

i
MHT FRINT LSING "MO. E.H"

MAT A=SYSOT.RY | TRAMSOP'P1D

FRINT "Matrix HR:"

FRINT

MAT FRINT USING "MD.DOE. z2x"
i H :

PRINT

Oz=0ET{H

PRIWT “"Di=":;01

T=0

FOR I=1 TO 4

T=T+RCI. I

MEST 1

PRINT "TEACE R:":T

FEIWHT “DET A:":D02

T=3259

tH=4

GOSUE 2324
CLERE ! FRI

FRIMT "2TAHTUS INMFO:"

MAT PRINT COL &7

CLEAR ® PRINT

FRIMT “REAL EigenVALUES:"
MAT PRINT R

CLERR @ PRINT

PRIMT "IMAG. EisenMALUES:"
MAT PRINT I.-

CLEARR W FRINT

k=0t @ C=4

FOr I=1 TDO H
F=R+FRCI> @ C=C+I:12
HEXT 1

FRINT “SUM of eiaenVHLUES: "
PRINT R;"1";0C

CLEFAR ® FRINT

F=1 # =0

FOR I=1 TO W # H=FK ® EB=C
F=A%FR{I>-B%IcI?
C=R¥ICIX»+B¥RII D

MEST I

PFIHT "PROD. of eizsenVWALUES:

PRIMT E:"i":C
CLERE ® FFINT

FREIWHT "RERL Frart of vectars:

MAT PRIWT CObL W
CLEAR & FEINT
PRIMT "IMALS. Frart ot wector

MAT PRINT COL He
GOTO 2@t

0]

Calculation of matrix [zt]

Print it

Print determinant of [P][Pt] to show it
is not singular

Print trace and determinent of [Zt] for late:
comparison with sum of its eigenvalues,
and with eigenvectors.

Go to Eigensolution subroutine written by
Grad and Brebner with modifications
suggested by Niessner. (See text for
references).

Print eigenvalues

Print sum of eigenvalues

Print product of eigenvalues

Print eigenvectors

Skip over EIGENP and continue program at
statement 8010.




FEM SUBROUTINE EIGENF

HE=T L1
IF Ki=1 THEH 1341
Kl1-1D

AR DR oL N ]

)

Aokl Kl1=12=5¢
MEST K1

D COMPUTATION OF FREAL EIGEH
VECTOR 16 OF UPFER-HEST MAT
FI¥ COREESP TO EIGEMWYWALUE R
CIeE

Oz=0zZ2+03%V{E .,
HEXT K

W da=D1-F {3

IF L=n THEH 125908

[ e S ol el =
o] Caf v Se) el €] Tod Pl

N .l’.z PN R VRN R

Wil

pe s 1368 GOSUE 4866 | CALL REALVE
agE IF H?l THEH S7@ 1278 GOTS 14448
S1lR ROl1d=HOL. 10 12280 1 COMPUTATIOM OF COMFPLEX EI
H Tl =40 GEHVECTOR I 0OF UFPEF-HESS
SZO Uo1.10=1 CORKEZF . TO COMFLEX EIGENWYA
349 Hil.1:=4 LUE MiIGo
S95E Q01 0=, 12236 [F ga-<>8 THEM 1438
SR RETUREH | FROM SUBROUTIME EIG 1430 Ki=1
ENF 1418 SOSUE S9ed 1 CALL COMPUWE
78 ZOSUBE 2269 !V CALL SCHLE FROM 14726 GOTO 144G
EIGENF 14730 KA=H
Q58 REM COMPUTE EIbEH”HLHEJ OF M 1448 NEXT 14
ORMALIZED MATRIX 1458 | RECONSTRUCTION OF MARTRIX
993 EZ=EXRPC-THLOGCZ S ' USED IH REDUCTION OF MATRIX
1#@a5 GOSUE 2740 + CAHLL HESQE H TO LIPFER-HESZ FORM BY HO
1818 + POSSIBLE DECOMRP OF URPFEE USEHOLDER
HESS MATREIX IHNTO SUBMATRICE 1468 | METHOD
S OF LIOWER ORDER I3 IHMDICRHT 1476 MAT B=10H
EO IH o 1428 IF Ma=2 THEKWK 1544a
1tz | AREAY Lo . DECOMP. OQCCUR 14968 M=HN-72
S WHEM SOME SUBDIAG ELEMEHT 1506 FOR E=1 TO M
S O ARE OIN MODULUS <E@ . 15180 L=kK+1
1626 | THIS ODIMINISHES EIGEHMVWECT 1520 FOR J=2 ToO H
DF WORE 1528 ODi=n
1845 =H 154@ FOR I=L TO H
1450 I=1 1556 DI=HCI . E:
106 L7ir=1 1556 D1=01+02%ACJ, 12
1878 IF J=1 THEH 1158 ) 1578 HEST I
1858 IF AREBSCSCJ—120>EB THEH 1118 1530 FOR I=L TD B
1asEn I=I1+1 15268 AT, I =A70, 13-HT . E2%01
1186 LI =8 1688 MERT I
1113 J=4-1 1618 NEST J
1126 Lela=LiIo+1 1620 HEXT K
1138 IF J«x1 THEH 1020 16728 | COMPUTAHTION OF EIGEMWELDTO
1146 REM EIGEMYECLTOR PRIOELEM (=X GF ORIGIMAL MGN-SCRLED M
1158 kd=1 ATR I~
1166 Ka=o 1642 KBA=1
1178 La=Li1> 1256 FOR I=1 T0O H
1128 M=H 166 I8=0CIa-1
1153 FOR I4=1 TO W 1678 IF 12<@ THEMW Zz4a@
1z Ie=H-T14+1 16280 L=
121 IF I4<=(4 THEH 1258 1698 IF I<¢I>2=@ THEH 174w
1228 Kd=ka+1 1788 L=1
12738 HM=H-L43 17iE IF Ee=8 THEN 1748
1246 La=Lg4+L k4D 1728 Ko=4a
1256 IF EQI@?=B THEM 1348 1778 GOTo o)
1266 IF ICI@0<>8 THEHN 1329@ 1743 IF I: THEM 2246
12TH | TEHH—FEP UFPFER-HESS MAT O 1756 IF I: THEM 178206
F OQROEF M FREOWM ARRAYS H AKND 17668 IF L THEH zRA®
S O IMTO A 1778 IF L« THEH 219
FOR Ki=1 TOQO H 1780 FOF TO N
FRnrE L1=k1 TO M 1736 Di=9 Oz=0Q
Rikl.Lip=HKL, L1 1a00 FOR 1 TO N
1218 D03= 3
1820 y
1239
12410
155m
1366
1276

¥ I m VI I -S|
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Appendix C. Software to Calculate Termination Parameters

An annotated copy of the program CTIMEP described in the
text, follows. It occupies 2,946 bytes of memory.
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Appendix D. Energy Conservation in the QUOSM

There are no particularly significant occurrences of
absorption within the QUOSM, except when the quasi-optical
attenuators are used. In the simulations actually made
absorption was neglected. 1In this case and in the steady state,
the source power entering the QUOSM must equal the sum of the
powers leaving éll of the QUOSM ports. The authors have
occasionally noted discussions of Michelson interferometers in
which it is arqgued that the power coming out of a particular port
can exceed the input power for a particular path difference so
long as the average over all path differences agrees with energy
conservation. This is clearly nonsense since one could leave
the instrument set at a particular path difference and get more
power out than is put in. As described in the text, the
simulation program written for the QUOSM was provided with the
facility to check for energy conservation, and this was helpful
in the identification and elimination of several errors during
the development of the program.

One particularly interesting requirement in the simulation
was exposed in this way; namely, that all partial reflections
must be modeled with a certain degree of realism or else energy
conservation will appear to fail. Partial reflection (and
transmissions) occur at the beam splitters and at the interfaces
between the QUOSM and the source and detector, and the key
properties are the phase changes introduced at these surfaces .
Chantry recognized this fact [see p.67 ref.18] and stated that
what is required is for a pi phase change to occur somewhere in
the system. A more complete statement is given by the Stoke's
relations [Dl, D2] for a non-absorbing interface between non-
absorbing media; namely, if t and r are the complex amplitude
transmission and reflection coefficients for incidence on one
side of the interface and t' and r', for the other side, then
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tt'*:l—rr*

r'=-r
Provided these conditions are met, the expected energy
conservation should occur in the system.

In the simulation program described elsewhere, the phase
behavior of the Mylar film beam splitter was modeled in detail,
following reference [18]. However, it is more difficult to
specify and describe the source and detector interfaces in
similar detail, and so a simplification has been made, one which
satisfies the above Stokes' relations. In both cases, all phase
shifts at the interface are set equal to zero with this
exception: the waves travelling from the principal beam splitter
toward the source or detector ports are shifted by pi at the
interface when they are reflected. Although such details are
important in the matter of energy conservation, they have a
trivial effect on the standing wave patterns, and thus there is
no loss of generality in such an oversimplification. In the
simulations of the QUOSM which have been described, the operator
controls the remaining significant parameters of the detector and
source interfaces, their power reflectance values, and thereby
establishes the magnitude of the standing wave effects.

References for Appendix D

DL G.G. Stokes, Mathematical and Physical Papers, Vol. II, New
York: Johnson Reprint Corp., pp. 89-103 (1966).

D2. E.Hecht and A. Zajac, QOpticgs, Reading, Massachusetts:
Addison-Wesley Publishing Co., p.91ff (1974).

18. See reference list with main text.
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1.0 Introduction

Under contract DAAHO1-81-D-A003 delivery order number 51,
the Engineering Experiment Station of Georgia Tech (GT/EES) has
performed further work on a millimeter wave network analyzer
based on quasi-optical rather than guided-wave techniques. An
analyzer called a QUasi-Optical Scanning Multiport (QUOSM) was
developed under a previous contract (DAAHO01-80-C-1634), and the
focus of the current work reported here is the development of
advanced calibration and data analysis techniques. These address
problems with internal standing waves that were found during the
previous contract activities. Present results indicate that the
problems have been largely overcome and that the QUOSM shows
considerable promise. Further work on indicated hardware modifi-
cations and on obtaining new data will be recommended.

Automatic network analyzers based on guided-wave six-port
circuits had been implemented down to millimeter wavelengths when
work on a quasi-optical alternative was initiated under the
previous contract. The QUOSM was designed to circumvent the
difficulty of constructing guided-wave components, and the
increased power losses in them at frequencies higher than 100
GHz. In addition, the four major advantages of automatic network
analyzers have been preserved in the design of the QUOSM: (1)
Both amplitude and relative phase information for power crossing
the test interface are measured utilizing simple power detectors
instead of more complex heterodyne systems. (2) Imperfections in
the measurement system are found by calibration and are corrected
numerically in treating the data. (3) The "circuit" is well-
suited to automatic network analysis because it requires little,
if any, tuning or modification for each interface to be tested.
(4) The "circuit" covers a relatively wide frequency band when
calibrated at each test frequency within the band. The working
range of the QUOSM is intended to be 90 to 340 GHz with no
changes in components within this range except for the need to




change the couplers to the source and to the test device when
wavegquide sizes change.

Work in the previous contract was divided into three phases:

1) The initial phase [l] culminated in a preliminary design
of the QUOSM and included a study of its expected performance
based on computer simulations.

2) The second phase of the work [2] consisted of the
detailed design, procurement, and fabrication of the components.

3) The system was assembled, aligned, and tested in the
third phase [3]. A computer program was written to perform the
data acquisition and analysis based on the previous computer
simulations.

During the course of testing the QUOSM performance, internal
standing waves were discovered that were of such magnitude that
the calibration and analysis procedures would have to be revised
substantially in order to take them into account. On the basis
of measurements made at that time, reasonable steps to reduce the
magnitude of the standing wave phenomenon were suggested, but it
was judged unlikely that the problem could be essentially
eliminated in that way. Thus, consistent with the trend of most
modern work on automatic network analyzers, the stress in the
present work was on adjustments to the calibration and analysis
procedures as a solution to the standing wave problem.

1.1 Statement of Objectives

In summary, the objectives under the present contract
(DARHQ01-81-D-A003 delivery order 51) were the following:
l. To develop a calibration procedure and an algorithm that
corrects for standing wave effects in deriving the reflection
properties of a device under test (DUT).

2. To reduce standing wave effects in the QUOSM since this may

improve the accuracy afforded by the correction procedures.



3. To provide two horns that add the capability to test WR-10
devices with the QUOSM.,

4., To demonstrate the use of the QUOSM on some trial test
devices and to demonstrate the effect of flange reflections.

The first three objectives have been met, but the level of effort
required to meet the first objective was greater than foreseen,
and thus the fourth objective could not be met within the time

and funds available. Recommendations for further work will be
made in this report.




2.0 Correction for Standing Waves in Calibration Procedure

2.1 Introcduction

The QUOSM was originally designed to be similar to the
Michelson or Twyman-Green types of optical interferometers.
These are generally described as "two-beam" interferometers from
the fact that the principal beam splitter divides the beam from
the source into two parts which are later recombined at the
detector where some degree of interference between the two beams
may be seen. The similarity between the QUOSM and these
interferometers may be seen in Figure 2.1 in which the principal
components are shown in relation to the path of the radiation.

A photograph of the actual system is given in Figure 2.2 and
a brief review of the design will be given here. The reader is
referred to previous reports [1-3] for more detailed descriptions
and explanations. Radiation from a source such as a klystron is
launched into the interferometer by the source horn. This in
turn feeds a lens which forms a beam that has a Gaussian profile
and a minimum lateral width on the principal beam splitter. The
beam first falls on another beam splitter, however, that directs
a small fraction of the power to a reference detector which was
designed to provide a leveling signal to compensate for source
fluctuations. Then the signal is split into two beams by the
principal beamsplitter, one beam falling on a mirror which can be
moved in precisely measured increments along the beam, thereby
introducing delay, and another falling on a lens and horn pair
which are identical to the source port and which serve as the
test device and calibration port. Radiation reflected by a test
device as well as that reflected by the movable mirror are
recombined then at the principal beam splitter and continue on to
a lens which focuses the radiation on the principal detector.
The movable mirror and the test port components are designed and
positioned such that there is complete symmetry of the Gaussian

beam around its intersection with the principal beam splitter,.
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Fig. 2.2 Quasi-Optical Scanning Multiport (QUOSM) Network Analyzer.
B = Beamsplitter, I = Inchworm, L = Lens
P = Polarizing beamsplitter, PD = Primary Detector,
RD = Reference Detector, S = Source horn, T = Test port



One may notice also that the beam passes through quasi-optical
signal attenuators in the mirror, test port, and principal
detector arms of the system and these are provided for such
signal level adjustments as may be necessary and for some
isolation capability, as will be discussed later. Both detectors
are of the Golay cell type with 5mm diameter apertures fitted
with crystal quartz windows and appropriate optical filters. As
configured, they are sensitive to the entire frequency range 90
to 340 GHz required in the use of the QUOSM.

In a previous theoretical model of QUOSM performance [1], the
signal arriving at the detector was assumed to be formed by the
combination of three signals; namely, that reflected by the
scanning mirror, that reflected by the lens-horn transition of
the test port, and that reflected by the test device itself. The
amplitudes and phases of these signals may be represented by
phasor-type vectors, and the combined signal, as a vector sum as
shown in Figure 2.3. The dashed line shows the loci of the tips
of the detector phasor when the scanning mirror location is moved
along the optical beam. This can be used to show that the
resulting detector signal power will vary sinusoidally with
linear motion of the scanning mirror, and have a period equal to
half the source wavelength. Previous analysis showed how to find
the phase of the signal reflected by the test port and the
relative amplitudes of the signals from the test port and from
the scanning mirror [l]. A least squares method was used to fit
sinusoidal functions and to obtain the desired parameters. A
null reflector (tapered load) was devised for a calibration at
the test port that allows one to measure the reflection from the
test port horn and lens and thus to separate this signal
component from reflections by test devices themselves. The
second calibration device is a near perfect reflector that is
used as a standard for reflectivity and as a reference for phase.

An essential assumption for the above model to be correct is
that the signals falling on the detector are completely absorbed,
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or at least that any residual signal scattered or reflected by
the detector does not reenter the interferometric portion of the
QUOSM. Since some of the signals reflected by the test port and
by the scanning mirror are also returned to the source port,
there is a similar requirement that signals scattered by the
source port not reenter the interferometric portion of the
system. If these conditions are not met, electromagnetic energy
is partly trapped between the ends of the four arms of the QUOSM
(i.e., in the beams bounded by the source port, the test port,
the scanning mirror, and the detector), and in this cavity-like
system, standing waves are formed. In the final report of the
previous contract activity [3], it was shown that reflections at
the detector port were larger than expected and in particular
that a tilt of the detector did not suppress the reflections as
expected. Apparently, the metal surrounding the detector element
acted somewhat like a retro-reflector in its reflection
properties. It was demonstrated [3] that this did indeed produce
standing waves; for, with the test port blocked by an absorber,
one could still observe interference fringes when the scanning
mirror was moved.

One approach to solving this problem, in principle, is to
devise more thorough ways to suppress the standing waves.
Consideration was given to various mechanisms but this was not
chosen as the primary line of attack in the present work for
several reasons. First, reliance for accuracy on the perfection
of components in a network analyzer has been found to be
unsatisfactory in general [4] and is contrary to current trends
in metrology. Secondly, the problem is not necessarily isolated
in just one component. Not only would an improved detector
configuration be required, but it is also likely that something
would need to be done to reduce back reflections from the lenses.
Such a reduction over a wide frequency range, although tractable,
is not a negligible undertaking. Moreover, although it could be
argued in the particular case studied previously [3] that the



reflections from the detector port were more important than those
from the source port, this would not necessarily be true for all
frequencies. The beam splitter properties at frequencies other
than 94 GHz could be such as to give more weight to the effects
of the source port. Measurements of the reflectance of the
source port have not been made, so this possible source of
standing waves cannot be totally discounted., Since there were
these difficulties and complications, the primary effort in the
present contract was instead the investigation of ways to allow
for the effects of standing waves through mathematical procedures
in the analysis of the data and through revisions in the
calibration procedures.

The following sections discuss the efficacy of two
alternative analytical methods, one of which turned out to be
successful, Later, some brief experiments are described that
were aimed at whether the standing waves could be reduced in
magnitude.

2.2 Extension of the Phasor Representation to Include
Standing Waves

Once standing waves are introduced into the interferometric
section of the QUOSM, the number of paths which radiation can
follow and reach the detector becomes infinite. If the
reflectance of the source port and detector port are both
sufficiently low, one may argue that radiation which is reflected
more than once by either one of these ports (or a combination of
them) is too weak to be significant. Unfortunately it has been
found that this approximation is not a good one given what are
now believed to be reasonable values of the detector or source
port reflectances. From modeling efforts which will be described
later, it was found that a few multiple reflections generally
were significant., Further close examinations of the detector

signal obtained when the test port was blocked and the scanning
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mirror moved, have suggested that multiple reflections were
occuring. Since this is the case, it has been concluded that a
meaningful phasor description of the signals in the QUOSM is
completely unmanageable as a basis for calibration and analysis.

The reader may if he wishes skip the remainder of this
section and proceed to Section 2.3 where a viable alternative is
discussed. In the remainder of this section, a phasor
description is discussed for the case in which the low detector
and low source reflectance approximation mentioned above holds.
This serves to show that even this first-order standing wave case
is much more complicated than one would like since the number of
paths by which radiation can reach the detector is considerably
more than two, as shown by the list in Table 2.1l.

Each signal path can be represented by a phasor that shows
the amplitude and relative phase of the signal that reaches the
detector; and then, as before, the net detector signal may be
found from the squared modulus of the vector sum of the phasors.
Intuitively, some simplification can be made by grouping the
phasors as indicated in Table 2.1 and by forming the vector sum
of the phasors in each group. There are two ideas behind this:
(1) Clearly the paths like S-M-D-T-D and S-T-D-M-D are
indistinguishable in terms of detector signal, and the sum is
just twice the phasor for one of them. (2) Phasors that come
from paths that differ only by whether the source (S) or the
detector (D) acts as a partial reflector in the middle can be
added without loss of generality. This second point is somewhat
subtle. The radiation reflected by the detector and the source
merges again when the two beams intersect at the beam splitter,
and the final result is the same as if there had been one partial
reflector with an effective complex reflectance which is a fixed
linear combination of the complex reflectances of the source port
and the detector port. This linear combination does not depend
on the mirror position nor on the nature of the reflection at the
test port, and thus at a given frequency it is constant and may

11



Table 2.1 List of Signal Paths Connecting the Source to the
Detector in the QUOSM

Key

Source
Detector
Test Port

Scanning Mirror

=2 12 0O W0

Zero-Qrder Paths
S-M-D {means that radiation goes from the source to the
mirror to the detector)
S-T-D

First-Order Paths Contributing to Standing Waves
S-M-D-M-D two reflections by the mirror
S-M-S-M-D

S-M-D-T-D one reflection each by the
S-M-S-T-D mirror and the test port
S-T-D-M-D

S-T-S-M-D

S-T-D-T-D two reflections by the
S-T-S-T-D test port

12



in principle be found by calibration. Therefore, in the case of
first-order standing waves, one may represent the detector signal
by forming the vector sum of five phasors, two which come from
the zero-order paths, and three which come from the first-order
groups in Table 2.1.

Even with these simplifications, the picture derived from the
phasor sum is quite complicated, as is illustrated in Figure 2.4.
The fixed vectors are those which involve only reflections by the
test port. The remaining phasors involve reflections from the
scanning mirror and will rotate when the mirror moves. The sum
of vectors W3 and Wy rotates around the foot of W3, and the loci
of the tips of the sum are on a dashed circle as shown. Finally
the tip of signal Wg moves on an epicycle shown as a dash-dot
line in the figure. The squared modulus of the vector sum
representing the detector signal can be decomposed into a sum of
a constant plus two sinusoidal variations with mirror position,
one with a period of half of a wavelength and one with a period
of a quarter of a wavelength. This picture is further
complicated by the fact that each signal component reflected by
the test port, like those represented by W;, W,, and W,, is in
reality the vector sum of a signal reflected by the test port
horn-lens and one reflected by the test device.

The general method used previously [l1] (for the case in which
the QUOSM was assumed to have no standing waves) was to use a
calibration load in place of the test device to reduce the number
of vectors and make it possible to solve for the remaining ones
by the least squares method. Then one was able to exchange the
load for the test device and use the knowledge gained to solve
for the magnitude and phase of the remaining vectors by further
application of the least squares method. Since there are many
more vectors in the diagram in Figure 2.4 than in Figure 2.3, it
is fairly apparent that more calibration steps and devices would
be needed to be able to decompose the detector signal into all
the component vectors. A large absorber that could be placed

13
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alternately in front of the test port and then in front of the
scanning mirror would be helpful. However, absorbers alone will
not be completely sufficient, since for example, no absorber can
remove just one of a pair of signals like W, and W,, and some
other type of calibration device would be needed.

Work on this phasor approach was halted at this point due to
the evidence, discussed earlier, that more than one reflection
from the detector or source port is likely to be significant.
One can readily see from the foregoing discussion that the phasor
analysis would be untractable in this case. An alternative
method is much better suited, as it turns out, and is described
in the following sections.
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2.3 Method Adapted from the Analysis of Six-Ports
2.3.1 Review of Findings for Six-Ports

Present—-day calibration and data reduction schemes used with
six-port reflectometers are based on the concept of the
scattering matrix [S]. A significant advantage of this approach
compared with phasor analysis of multiport devices is that
multiple reflections, and hence standing waves, are more easily
handled. The complex S parameters in the matrix [S] relate
traveling waves moving away from each port in terms of linear
combinations of traveling waves incident upon every port [5], and
multiple reflections are implicitly included in these linear
combinations. One of the most effective schemes of analysis is
that of Cronson and Susman [6,7] who developed an eigenvector
analysis derived from scattering matrices for calibrating the
single six-port reflectometer,

In the study reported on here, a closer analogy has been
drawn between the QUOSM and the six—port reflectometer. From
this it may be shown how the analytical tools developed by
Cronson and Susman can be adapted to the calibration and
reduction of data from a QUOSM regardless of whether or not there
are standing waves present. This will be substantiated by
simulations described later.

Before consideration is given to the analogy between the
six-port reflectometer and the QUOSM, the work of Cronson and
Susman on mathematical analyses of six-port reflectometers will
be reviewed. Figure 2.5 represents a six-port network with
source port (port 1), test port (port 2), and power measurement
ports (ports 3-6). Note that port 3 monitors the power incident
on the DUT at the test port. It is well known [8] that the wave
amplitude incident on each of the four output power meters can be
written as a linear combination of the complex scattering
variables a and b at the test or measurement port. The complex

16
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reflection coefficient at port 2 is defined as:

M =a/b (1)
Thus, one may show that an unknown reflection coefficient can be
found from four power measurements through the use of a matrix
equation which will be given below. The output power at port i,
Pi'
Ibl2, ab
quadratic variables may be expressed as column matrices [p] and
[bg]

is a linear combination of four complex quadratic variables:

*, a*b, and |a|2. The sets of four power readings and

P3 b2
(pl = |pg [bgl = |ab”
Ps ab
Pg Iali
and the matrix equation relating the t&b may be written as™
(pl = (€711 [bg] (2)

where [Q"l] is a 4 by 4 complex matrix of proportionality
constants. If [Qfl] is invertible the above equation is written
in its more useful form:
[bg) = [C] [p]. (3)
Thus, once [C] is calculated in the calibration process, an
unknown reflection coefficient of a test device
M = a/b=ab"/Ib|? (4)
can be calculated from the result of multiplying the constant
calibration matrix [C] by a set of four power measurements taken
with the test device connected to the six-port,

A brief review of the procedure [7] for calibration with
known standards follows. Suppose one has a set of m standard
reflectors for which the complex values [* j are known. Then the
column matrices [bq]i can be calculated a priori in terms of
IbI%, the column matrices [p]; can be measured, and each are

Throughout the report brackets around a letter will denote a

matrix. If the letter symbol is underlined the matrix is square.
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related by equation (3). Since the calibration matrix [C] 1is
constant for all the standards, an augmented matrix equation can
be constructed:

[Bgl = [C] [P], (5)

b1$ . . . bl

where [Bol = |ab] abp,
a*bl a*bm
lalf « o« IaI%

P31 - + -  Pap

[P1 = [Py Pam

Ps) Psm

-—psl - . . p6m

It is helpful for later discussion to note that a 4 x m
matrix [BQ] can be decomposed into the product of an m x m
diagonal matrix whose diagonal elements are the power levels
incident on each standard load

bl 0 o0...0
(Bl =| 0 IblZ 0 0
0o 0

0 0 0 .. .|b|§u

and a 4 x m matrix [[°] of known reflection coefficients
’_ l l. L] * .l

(1 = F% Fz FT
My M2 M m
12 1312 1112

Then from equation (5),

[Bgl = [F“][Bq] = [C][P]. (6)
When one only needs to find out the ratio [ = a/b for a
test device, it is unnecessary to know the absolute value of the
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calibration matrix. Rather it is sufficient to know each element
of [C] to within a fixed (but unknown) constant of
proportionality. In this case, the calibration matrix is
sufficiently determined by equation (6) provided that the
following conditions are met:

1. the calibration loads, [F‘i], are known,

2. the power, |b|2, incident on the test port is either
kept constant or the relative size of the powers IblI? |b2|2, .ee

are known, and
3. at least four columns of [P] are linearly independent.

Condition 3 is required so that [P][Pt] can be inverted in the
solution for the calibration matrix [C]:

[C] = ([Bgl [Pt1)(IP] [Pt "L, (9)
If fewer than four of the columns of matrix [P] are linearly
independent, then the rank of [P][Pt] is less than its order
(four) and the matrix is singqular or not invertible. Provided
that the above conditions are satisfied, Equation (9) can be
utilized to calculate the elements of the calibration matrix [C]
from the known values of [BQ] and the measured values of [P].
This matrix is constant for a given wavelength, but must be
recalculated for substantially different wavelengths.

In practice, the second condition is most easily met by
dedicating one of the four detectors (say the one on port 3) to
monitoring the power flowing toward the test port. The coupler
for this detector is best located near the test port as shown in
Figure 2.5 so that the detector is highly isolated from the
reflected signal. If both the [Bq] matrix and the matrix of
power readings [P] are multiplied (i.e., normalized) by the

matrix
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/P3’l 0 . . s . 0
0 1/P3 5 0
2751 = | o 0 0

O s

_ 0 . .« .+ . l/P3rHL
then condition (2) above is fulfilled. Rather than complicate
the notation further, it will be understood in the remainder of
this report that this normalization will always be done.
Condition 1 on theother hand is difficult to achieve in
practice. As the test wavelength is decreased into the low-
millimeter range it becomes increasingly difficult to
characterize standards accurately enough for the above procedure
to be effective. A self-calibration method has been implemented
by Cronson and Susman [7] to alleviate this difficulty. Strictly
speaking, a self-calibration method would not require any known
standards, just calibration devices that are repeatable. 1In
their method, the repeatable calibraticn devices are a pair of
terminations (diagrammed in Figure 2.6) that can be connected to
the test port by a sliding transmission line. For best results,
the two terminations differ in the signal they reflect by 3 dB
and in the phase of the reflection by about 45° [6]. Several
repeatable lengths of the sliding transmission line are used, and
the two terminations are connected to the sliding section by a
switch so that repeatable exchanges can be made. The self-
calibration method of Cronson and Susman is almost ideal in that
only two other calibration devices are needed which are standards
in the usual meaning of the term. These are standards for
opposite ends of the reflection scale; namely, a matched load for
near-zero reflection and a known short of high reflection. Thus,
the number of standards required has been reduced from four or
more to only two. The key point in this advance was the
realization on the part of Cronson and Susman that the
relationship between the power measurements made and the
calibration matrix could be formulated as an eigenvector problem.
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possible to vary the line length to the termination
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The following is a review of the self-calibration method for
the six—port reflectometer as given by Cronson and Susman [7].* A
flow chart of the method is given in Figure 2.7. First, the
sliding wavegquide section is attached to the test port and one of
the terminations selected with a reflection coefficient [T. One
of m-1 unique and repeatable lengths of the transmission line is
set, and the four detector power levels recorded. These are

written in one of the columns of the augmented P matrix

1 1 1 1

[Pl = |Pg,1 Pg,2 - - - Pgp1 P4,m
Pg 1 Pg,2 - - - Pg p1 Psp
Pg,1 Pg,2 +« « + Pg,m-1 Pg,m

The first subscript is the detector number, and the second
denotes one of the m-1 » 3 lengths of the transmission line
except in the last column. The readings in the last column are
obtained with the transmission line and termination replaced by
the well-matched (near-zero reflection) load. This is included
to insure that the product [P][Pt] is invertible., Note that the
first row contains values of unity rather than P3 since each
column is normalized by the value obtained for P3,i°

A second matrix [P'] 1is obtained when the sliding
transmission line is reattached but the other termination with a
reflection coefficient ["' is switched in. Detector values are
obtained for exactly the same transmission line lengths and put
in the same columns. As above, the fourth column corresponds to
measurements with the well-matched load. The only difference
between [P] and [P'] comes from the amplitude and phase of the

Note that the meanings of b and a as used here (see Figure
2.5) are consistent with the usual convention and also with
an earlier report by Cronson and Susman [6]. However, a and

b were interchanged in their later report [7].
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Y
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| Calculate Ty, from ag = [cle I

Figure 2.7 Procedure for Calibration of Six-Port [7].
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reflection intrinsic to the two terminations. The only
requirement is that the ratio of the reflection coefficients of
the two terminations must be a complex constant independent of
the sliding waveguide length.

Corresponding to the [P] and [P'] matrices are the matrices
defined in the earlier discussion:
INISE: NE b12° b2
(Bgl = | I 1612 31612 ... [ Ibl2 0 (9a)
R T I el Y N sl DY L
RS D o Y P T ol -

( Ib|2 b2 ... Ib12  [b]?
[BY] = ['el2 b2 L'Ibl2 0 | (9)
M w12 ' )2 L' *1p12 o
I 1212 rti?2ei2 L L2120

In rows 2 and 3 a subscript denotes the effect on the phase of
reflection by the selection of the length & of the sliding
transmission line(e.qg. Ti = [ exp[-2Y3] where Y is the
propagation constant), but rows 1 and 4 are independent of this
length, as shown. The two matrices above are related by

[B41 = [L][Bg] (10)
where [L] is a diagonal matrix
1 0 o0 o0 |
[L] = |0 X ©O0 ©
0 0 X o
o o o In?
and where \ = "'"/IC. Equation (10), aloﬁé with
[Bgl = [C][P]

and
[Byl = [Cl[P'],
leads to the result that
(L1fcl = [cl(p'1ipty(pP1[Pt]) "L,
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This equation has the form in which [L] is a matrix of
eigenvalues for the matrix [Z2] = [P'][PYI1([PI{PY])"L and [C] is
the corresponding matrix of eigenvectors. The calibration matrix
[€] can thus be found by standard techniques for finding the
eigenvectors of the matrix [Z]; however, it is a characteristic
of such solutions that each eigenvector (i.e., each row of [C])
can only be determined to within a constant of proportionality.
This means that the unknown reflection coefficients of test
devices can be determined in a relative way, but if one compares
the results obtained to that obtained for a standard high
reflectivity short, the absolute scale can be transferred and the
calibration matrix [C] suitably normalized. Notice in the above
that one of the eigenvalues in [L] is known in advance, namely
unity, and that the value of ) may be obtained as a bonus.

2.3.2 Analogy between QUOSM and Six~Port

Figure 2.8 shows a preferred six-port design described [7] by
Cronson and Susman. The source is connected with some isolation
to port 1. The DUT is connected to port 2 through the direct arm
of a 22 dB directional coupler. The reference detector at port 3
on the =22 dB coupler arm monitors the power incident on the DUT.
In turn, Figure 2.9 illustrates a QUOSM that is modified such
that the reference detector measures the radiation incident on
the DUT rather than that which leaves the source. This
arrangement more closely parallels that in Fiqure 2.8 as will be
discussed below. The reference detector is required by the
conditions stated earlier to monitor all changes in the power
flowing toward the test port. These changes can arise due to
source fluctuations, due to a change in what is connected to the
test port, and due to standing waves within the QUOSM. The
latter two effects are not of the same magnitude everywhere in
the QUOSM, so it is necessary to monitor directly the power going
to the test port in order for the foregoing formulation to be
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valid. Cronson and Susman had similar arguments for the
pPlacement of the reference detector [7]. 1In the case of the
QUOSM, instead of a directional coupler, a low-reflectivity
beam splitter is used to couple power to the reference detector.

In the six-port reflectometer three ports are utilized for
power measurement in addition to the reference power measurement
already described. The QUOSM, in effect, utilizes time-division
multiplexing to implement the power measurements made at ports 4,
5, and 6 of the six-port. In the case of the QUOSM the three
powers are measured at each of three unique positions of the
scanning mirror. An advantage of the QUOSM is that the mirror
positions, and hence the phase shifts introduced, are computer-
controlled and can be varied as the source wavelength is changed.
This should allow for optimization of the phase shifts at any
wavelength in the design bandwidth.

As described earlier, the self-calibration method for the
six-port reflectometer requires a set of four power measurements
for each of three or more unambiguous positions of a sliding
transmission line with two different, terminations. For the
wavelength range of the QUOSM which extends to less than one
millimeter, sliding transmission lines that will give
reproducible performance without undue loss are probably not
practical to make, but the same effects can be achieved instead
in the optical part of the QUOSM. The sliding section
essentially introduces reproducible delays, and this requirement
can be met in two ways illustrated in Figure 2.10. In the first,
the whole lens-horn arrangement of the test port is moved along
the optical axis in some fashion that insures reproducibility of
positioning. One of the terminations can have a high reflectance
and the other could be the same but with a 3 dB loss dielectric
slab of an appropriate thickness added in front of the lens. 1In
the second method, instead of a translation of the test port,
low-loss dielectric slabs could be inserted in front of the lens
to add reproducible delays. The same termination methods as in
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Figure 2.10 Two ways in which a sliding transmission line with
two terminations can be emulated in the QUOSM. 1In
a) the test port as a whole is moved to three or more
reproducible positions. The termination is effectively
modified by introducing a dielectric slab which in two
passes gives v 3 db attenuation and 45° phase shift.
In (b) the test port is fixed and the equivalent delays
introduced by switching in low loss dielectric slabs
of different thicknesses.
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the first method could be used.

With a six-port, there is a requirement for a set of four
power measurements to be made with a matched load mounted on the
test-port, as discussed earlier. If the horn-lens transition in
the test port of the QUOSM did not partially reflect radiation
passing through it, all that would be necessary to meet the
analogous requirement would be to mount a tapered load on the
flange of the horn and make power measurements with the principal
detector (for three mirror positions) and one with the reference
detector., Such loads have been fabricated for use with the QUOSM
in earlier work [3]., However, the fact that the lens and horn
may be expected to reflect energy back toward the principal beam
splitter, appears to mean that an additional calibration absorber
is needed. This would be an absorbing pad (like that shown in
Figure 1 of reference [3]) that could be inserted in the optical
beam between the reference detector's beam splitter and the test
port lens and could thus eliminate all reflection from the test
port. Used as part of a calibration procedure analogous to that
for a six-port, this would permit one to determine the complex
reflectance* of the whole test port. One would then determine
the complex reflectance of the port with the DUT mounted and make
a second determination with a tapered load mounted. The latter
would determine the amplitude and phase of the reflection from
the lens-horn and could be used to remove the effect of this
reflection from the results obtained when the DUT is mounted.
This correction would closely parallel that described in an
earlier report [1].

Since this type of correction is well-established, it was
not dwelt on in the present work. Instead, as a simplification
for the following discussions and for the simulations which will

The term "reflectance” is interchangeable with "reflection

coefficient", but generally refers to reflection from
something other than a simple surface.
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be described, the reflectance of the test port's lens-horn is
taken to be zero. This significantly facilitated the simulations
and focused attention on the main issues while the work was
underway. In future work, the calibration step can be added, as
described above, to correct for the lens-horn reflectance, which
according to previous estimates [1] may be of the order of ten
percent (in terms of power).

Finally, as with a six-port, an absolute reflectance and a
reference for phase can be determined by the comparison of
results obtained for a DUT with those for a near perfect
reflector (high-reflectance short) mounted on the waveguide
flange of the test port.

It has been shown above that the QUOSM either has, or can
be provided with, capabilities that are analogous to those
possessed by a six-port network analyzer. As a result the
calibration procedure outlined for six-ports in Figure 2.7
corresponds to an analogous procedure for the QUOSM shown in
Figure 2.11. 1In the following sections, descriptions are given
of the numerical algorithms and simulations which have been

prepared to test this procedure.
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Figure 2.11 Procedure for Calibration of QUOSM
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2.4 Eigenvalue/vector Analysis

As discussed above, the new calibration procedure for the
QUOSM involves calculation of the eigenvalues and eigenvectors of
the matrix [Z], where

(2] = ['][RY([P][RE]) !
and where the matrices [P] and [P'] contain power measurements
for prescribed calibration conditions. The rows of the
calibration matrix [C] described earlier are the left-hand form
of eigenvectors of [Z], since
[€1(z] = [LIIC].
As it happens, right-hand eigenvectors are more commonly found in
numerical analysis literature, and so for compatibility with
standard practice, the above equation must be transformed by
transposition so that the eigenvectors are of the right-hand
form:
[z%11ct1 = (ch11Ll
Now the columns of the transposed calibration matrix are the
right-hand eigenvectors of the matrix
[z%1 = ((p1(PE) LRI (P'Y)
The eigenvalues in the diagonal matrix [L] are unaffected by the
above transposition.

The actual numerical procedures to derive eigenvector
solutions and to calibrate the QUOSM have been developed
independently of the work of Cronson and Susman, In the main,
well-established numerical methods have been used which were
available either from published algorithms and literature or from
the library of the HP-85 computer that is included in the QUOSM
as a controller and automatic data processor. The published
routines selected were translated into the form of BASIC language
used in the HP-85 and tested as will be described below. 1In
general, for the present purpose of demonstrating the
eigensolution approach to the calibration of a QUOSM, numerical

procedures were selected which appeared to offer maximum
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insensitivity to numerical ill-conditioning and to noise.
Compactness of coding was given little consideration at this
stage.

The first step in the eigenvector solution 1is the
calculation of [zt] from [P] and [P'], and this appears at first
glance to require the calculation of the inverse of [P][Pt]. The
HP-85 computer in the QUOSM system is equipped with a ROM package
of matrix routines as an extension of the BASIC language. This
recognizes a one-statement command for calculating the inverse of
square matrices and can be applied to finding the inverse of the
4 x 4 square matrix ([P][Pt]). This inverse can then be used to
premultiply the matrix result of [P][P't]. However, it is more
accurate to calculate [zt] by a method that avoids the explicit
calculation of the above inverse. 1In general, the product of an
inverse matrix [A'll and another matrix [B] can be expressed as
the solution matrix in the familiar general problem of
simultaneous linear equations whose coefficients are the elements
of [A]:

[A] [X] = [B]

[x] = (a™11(B]
Well-established numerical methods are available which can be
used to calculate [A‘l][B] directly and with greater accuracy
than the calculation of [A'l] followed by multiplication by [B]
(see e.g., refs, [8,9]). The HP-85 package of firmware makes
available a command, X = MAT SYS (A,B) which implements such a
solution. (According to the manufacturer, the method of UL
decomposition is used [10]). Thus one may substitute [P][Pt] for
[A] and [P] [P']Y for [B] in the above and obtain [zf].

The difference in results was demonstrated in a test that
calculated [X] = [A'l][A] for various trial matrices [A]
containing values in the range 0 to 1, and then compared [X] with
[I], the identity matrix. In the case where [A"l] was calculated
explicitly and then multiplied by [A] the diagonal elements of
[X] differed from 1 by at most 3 X 10712, and the off-diagonal
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elements differed from 0 by at most 3.2 X 10712, when the system
of equations was solved using the MAT SYS command the diagonal
elements were found to be identically equal to 1 (for the 12
significant digits displayed). The off-diagonal elements were
reduced to the order of 10_16. The results of tests of this type
depend to some extent on the values used to define the matrix
[A]l], so the results described above should be taken only
qualitatively as an indication of the difference between the two
methods of solution,

The optimum procedure for calculation of the eigenvectors of
a matrix depends in general on the nature of the matrix.
According to a number of reviews which are available [e.q.
10-12], matrices are frequently poorly conditioned for
eigenvector solutions and the choice of algorithm can have a
significant impact on the quality of the results. In the case of
interest here the matrix [zt] is real and unsymmetric, and in
general such matrices can present special problems of ill-
conditioning [11]. However, if as recommended above, one chooses
calibration terminations such that |>\|2 is approximately 0.5, the
eigenvalues will be reasonably well-separated in magnitude, and
in such a case, more accurate eigenvector solutions can be found
1111. (The fact that two eigenvalues )\ and X* and the
corresponding eigenvectors are complex conjugates does not affect
this assessment,)

The method of solution selected for the present work is
believed to be optimum or near-optimum for real, unsymmetrical
matrices as regards accuracy [10,11]. In outline, the procedure
involves (1) balancing the matrix using similarity
transformations that nearly equalize the norms of corresponding
rows and columns, (2) reducing the matrix to upper-Hessenberg
form (nearly upper—-triangqular) by means of orthogonal,
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Householder transformations*, (3) further decomposing the matrix
by what is known as the double~-QR algorithm to obtain the
eigenvalues, and finally (4) solving for the eigenvectors by
inverse iteration. A FORTRAN program written by Grad and Brebner
[13] and tested by several workers [14,15,16] implements the
above steps and has been translated here into BASIC for use on
the HP-85. An annotated listing of this program named EIGEN is
given in Appendix B. Several matrices for which the eigenvalues
and eigenvectors are known, including three suggested by Grad and
Brebner, were used as test cases to verify that the translated
version was working correctly. Agreement with expected values
was obtained to at least 9 significant fiqures, where the
computer normally displays up to 12. The test matrices are
believed to have been of equal or greater difficulty by
comparison with the matrices [zt] expected to be encountered in
practice, in the sense that some of the eigenvalues of the test
matrices had magnitudes which were pathologically close to each
other.

Two tests for the correctness of the eigenvalues have also
been added to the program that apply even for matrices with
unknown solutions. The first checks for the expected [17)
equality between the sum of the calculated eigenvalues and the
trace of the original matrix. The imaginary parts of the complex
eigenvalues should cancel in the addition process to yield a
number equal to the sum of the diagonal elements of the real
matrix. The second test checks that the product of the
eigenvalues equals the determinant of the matrix as expected
[17]. Agreement under these tests has generally been found to at
least 11 significant figures.

One may note that in previous work involving the least squares
method [1], orthogonal Householder transformations were also
selected for similar qualities of robustness.
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After the eigenvalues are calculated and verified as
described above, the eigenvectors are also subjected to an
additional routine test that verifies that

[zt11cts = wict.
When [C] is formed by transposition, it is further tested by
multiplication with the columns of power measurements in [P].
The matrix product [BQ] = [C]1[P] should indicate values
consistent with the parameters used in the simulation. In

particular the complex reflection parameter [j
ri = a.b.*

THE
for one of the sliding terminations in position i, can be found
from

i = Bg,2,i
Bo,1,i
and compared with what was specified in the simulation.

The following sections will describe procedures that have
been developed to simulate signals recorded by the detectors in
the QUOSM and thus to make it possible to construct examples of
the [P] and [P'] matrices. For convenience, the programs for
simulation and for the calculation of the calibration matrix are
separate, and communication between them is through data files
stored on cartridge tapes in the built-in facility of the HP-85
computer. The simulation program RFLCTN stores the columns of
the [P] and [P'] matrices on data files, and the program EIGEN
which accesses these data then reconstructs [P] and [P'],
calculates [zt], performs the eigenvector/value analysis, and
calculates [Qt] and hence [C]. EIGEN in turn stores [C] on a
file, and a final program CTIMEP can be used to calculate columns
of [BQ] or [Bd] from

[Bgl = [C][P]
or [B4l = [CII[P'].
Annotated listings of these programs are given in Appendices A,
B, and C.
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2.5 Simulation of QUOSM Signals

The purpose of the RFLCTN program is to simulate QUOSM
detector signals as a function of the positions and reflectivity
values assigned to various components including the source and
detector. This has resulted both in a better understanding of
the standing wave condition and in vital, controlled data for the
development of the matrix calibration technique.

As mentioned in an earlier section, when multiple
reflections occur in the QUOSM, the number of paths by which
radiation can reach the detector is infinite, but for finite
component reflectances, significant energy is transmitted over
only a finite (though not necessarily small) number of paths.
For convenience, it is possible to record first the amplitude and
phase of the signals which arrive by the most direct route to any
port where an output (desirable or otherwise) can occur. These
ports are at the source, the principal detector, the reference
detector, and the device under test. At each of these ports a
certain amount of the signal is not output (or absorbed) but is
instead reflected and redirected back into the QUOSM. (As a
simplification in the simulation, one may without loss of
generality assign zero reflectance to the reference detector.)
Then all of the reflected radiation returns on a path back to the
principal beam splitter where it recombines and continues back to
the output ports, and so on. In each iteration more signal
arrives at each output port, and the part not reflected is added
vectorially to that so far accumulated. When the calculated
output power on each of the ports has converged, the iterations
can be halted. Appendix D discusses the fact that conservation
of energy requires that the sum of the powers absorbed or output
must equal the power input by the source, This was useful as a
cross—check oh the detailed calculations during the development
of the simulation package. 1In Figures 2.12 to 2.15 "optical flow
charts” are given which diagram the paths taken by the radiation
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and outline most of the details included in the calculation of
the various signal amplitudes.

Figure 2.12 describes the starting conditions. Values of
reflection coefficients for the source, detector, and Device
Under Test (DUT) are input from the keyboard. The same is true
for the source frequency and the beam splitter thickness. The
indicated path lengths ( L3y, Lgsr Lg, and Lg ) are stored within
the program along with path transmission values which simulate
the effect of attenuators. Since BASIC programs are easily
amended, these values can be readily changed. The calculation is
initialized such that the source emits a signal of unit amplitude
toward the QUOSM. A portion of this signal, determined by the
selected source reflectivity, enters the QUOSM going toward the
beam splitter. The rest is reflected toward the source at the
Source/QUOSM interface. Of course no radiation is coming from
the detector at this stage, and the initial detector signal is
explicitly set equal to zero. This sets the conditions for the
computer to begin its iterative procedure. The effects (phase
change and possible amplitude change) of propagating through the
path lengths L3 and Lg are calculated. Then the effects of the
beam splitter are taken into account. The beam splitter (assumed
lossless) divides the amplitude of the signal from the source
into transmitted and reflected components, and calculable phase
changes occur [18]. The same happens for the signal (initially
zero) reflected by the detector. The four resulting signals are
shown in Figure 2.12 as four short arrows originating at the beam
splitter, two going toward the DUT and two toward the movable
mirror.

Figure 2.13 indicates that each pair of signals propagating
in the same direction are vectorially added. The effects of
propagating through paths L, and Lg are then calculated. The
previously entered values of DUT reflection and phase shift are
utilized to calculate the amplitude and phase of the signal
reflected from the DUT (shown as a short arrow at the DUT). The
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mirror displacement introduces an additional phase shift of the
signal coming to the mirror from the beam splitter. The mirror
itself is assumed to have unity reflectance and a phase shift of
pi radians.

Figure 2.14 illustrates the calculations performed that
treat the propagation of the signals from the DUT and mirror to
the beam splitter. The effects of propagating through the path
lengths are once again accounted for, as are the effects of the
beam splitter.

Figure 2.15 shows that the parallel beams from the beam
splitter have been combined, the propagation through the paths
accounted for, and the detector and source reflections applied to
calculate the values for the signals from the source and detector
in the next iteration.

As mentioned earlier, the signals which pass through the
output ports are vectorially added and accumulated over all
iterations. In the program as implemented, the power at the DUT
is not formally accumulated and stored. Tests based on
conservation of energy are restricted then to the case of 100
percent DUT reflectance, but such a test gives an adequate
verification that the simulation is working correctly.,

The complex numbers representing the signal to the main
detector and to the source are converted to power readings at the
end of each iteration. These power readings are compared with
those of the previcus iteration. When the percent difference
between iterations, for both the source and the detector powers,
becomes less than a selected small value, the detector power
reading is normalized (i.e., divided by the power on the
reference detector, as required by theoretical considerations
discussed earlier).

To obtain the data necessary to form a column of [P] or
[P'], the simulation program repeats the calculation of the
normalized detector level for three unique mirror positions

stored in the program. The fourth element of such a column is of
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course unity, as it represents the reference detector signal
divided by itself as discussed previously. The QUOSM has a great
deal of flexibility in terms of the mirror positions used, and
hence in the phase shifts, available, whereas the relative phases
seen by the detectors in the six-port analyzer are normally fixed
by the hardware configuration. Simple program modifications or
parameter inputs are all that is required to change the mirror
positions selected by the QUOSM, and hence optimization of the
kind described by Engen [4] is more easily implemented, in

principle, in the QUOSM.
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2,6 Simulated Calibration
2.6.1 Case of Standing Waves

The calibration process described in Sections 2.3 and 2.4
has been tested with simulated data, and the the results of one
such test are explained here. The source frequency was set to 94
GHz. The source and the detector were each simulated as having a
power reflectance of 0.2, This is an order of magnitude larger
than the value measured [3] for the detector in previous work,
and is a plausible upper limit. The two fixed, but uncalibrated,
terminations required for the relative calibration were assigned
amplitude reflectances of 1.0 and 0.7. The phase-shift
difference between the two devices was set at 45°. (The program
actually asks for the value of half the phase shift). Table 2.2
shows what calibration devices are in place, the position of the
scanning mirror, and the status of the position or effective
shift of the test port for each element of the [P] and [P']
matrices that were calculated.

The eigenvalues of the square matrix derived from the power
readings were tested on the basis that the largest eigenvalue
should be unity and the smallest should be the ratio of the power
reflectances of the two calibration éhorts. The two intermediate
eigenvalues are a complex conjugate pair found from the ratio of
the amplitude reflection coefficients. The calculated
eigenvalues, rounded to four decimal places, were: 1, 0.4901,
0.4951+i 0.,4951. Thus the largest eigenvalue was correctly found
to be unity. The smallest, 0.4901, was acceptably close to 0.72
= 0.4900, the ratio of the power reflectances. The magnitude of
the complex values is 0.7002 and the polar angle is 45°,
Therefore, the calculated eigenvalues were in excellent agreement
with expectation.

The calibration matrix [C] was thep formed by assembling the
complex eigenvectors as rows, and was tested for consistency by
multiplication with each of the eight sets of power measurements.
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Table 2.2 Parameters Used in Simulation of Standing Waves in the QUOSM

Frequency  94GHz

Power Reflectances-source: 0.2
detector: 0.2 3
Principal beamsplitter thickness: 7x107° inches
0.1778 mm

Mirror positions- Ml: starting position
M2: 1/6 wavelength from MI1*
M3: 1/3 wavelength from M1*
* in direction away from beam splitter

Test port delays- D1: zero
D2: 1/3 wavelength
D3: 2/3 wavelength
D4: 1/8 wavelength
D5: (1/8+1/3) wavelength
D6: (1/8+2/3) wavelength

Test port power reflectance=0, matched load is mounted

1, short is mounted

.49, relfection from short is attenuated by
a dielectric plate

The following are the calibration conditions corresponding to each element of
Pij of the [P] matrix. The entries below are

1. mirror position
2. test port delay
3. apparent test port power reflectance

The row for i=1 is not given as this row of [P] is identically unity regardless
of the calibration conditions.

i\ ] 1 2 3 4
2 M1, D1, 1 M1, D2, 1 M1, D3, 1 M1, D1, O

M2, D1, 1 M2, D2, 1 M2, D3, 1 M2, D1, O
M3, D1, 1 M3, D2, 1 M3, D3, 1 M3, D1, O

As above, but for [P'] matrix:

i\ J 1 2 3 4

2 M1, D4, .49 M1, D5, .49 M1, D6, .49 Ml, D1, O
3 M2, D4, .49 M2, D5, .49 M2, D6, .49 M2, Di, O
4 M3, D4, .49 M3, D5, .49 M3, D6, .49 M3, D1, O
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That is, the [BQ] and [BQ] matrices were calculated by

[BQ] = [C] [P]
and [BQ] = [C] [P'].
These results are compiled in Table 2.3 along with the values
expected in accordance with equations (9a) and (9b) and the input
parameters of the simulation. One may see that the rows of [BQ]
and [Bb] differ from expectation by a factor depending on the
row. As previously explained, the rows in [C] can only be found
by eigenvector analysis to within a constant factor, and the
magnitude of each row must be normalized by results obtained when
a termination of unity reflectance is used. 1In this case one of
the terminations used in the calibration has unity reflectance
|| = 1, and one may define the phase of its reflection to be
zero when the DUT is unshifted. Thus, one may normalize each row
of [C] by the reciprocal of the values in the first column of the
unnormalized [BQ]; that is, the rows of [C] from one through four
are multiplied by -1, 1/(.193-3.6x107°i), 1/(.193+3.6x107°i), and
-1/.1644 respectively. 1In Table 2.3 the normalized values for
elements of [BQ] and [Bé] were found with the normalized [C] and
show excellent agreement with expectation. In addition to the
correctness of the relative amplitudes, the calculated phase
shifts were found to be accurate to better than .05 degrees. The
accuracy with which an unknown reflectance of a DUT can be found
would be expected to be similar to the normalized values in the
second row of [BQ] and [Bb] as illustrated in Table 2.3. One may
note, however, that instrumental noise has not as yet been
introduced, and preliminary discussion of this will be given
later.

2.6.2 Case of No Standing Waves

The preceding test results are representative of the case

where significant standing waves are present due to the
significant power reflectances of the source and detector. The

case of a QUOSM without any standing waves can be simulated by
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Table 2.3 Calculated Test Port Parameters BQ and B'Q for Case of Standing Waves
BQ TEST PORT POSITION MATCHED LOAD
T Z 3
UNNORMALIZED -1.000 -1.000 -1.000 -1.000
1 NORMALIZED 1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
UNNORMALIZED .193-3.6x10"°1 ~-.09635+.167364 -.09664-.16701 +1x107 12425107135
a NORMALIZED 1.000 -.4994+.86661 -.5006~.86541 +8x10 F241x107 124
EXPECTED 1.000 ~.5000+.86601 -.5000-.86601 0.000
UNNORMALIZED .19343.6x107°%i -.09635+.16736i  -.09664-.16701 +1x10 22510713
a* NORMALIZED 1.000 -.4994-.B6661 -.5006+.86541 +8x10 T2 -1x107 1%
EXPECTED 1.000 -.5000-.86601i ~.5000+.8660i 0.000
UNNORMALIZED -.1664 -.1664 -.1664 —9x107 13
la]? NORMALIZED 1.000 .9995 .9996 1 x 10711
EXPECTED 1.000 1.000 1.000 0.000
1
B
UNNORMALIZED  -1.000 -1.000 -1.000 -1.000
1 NORMALIZED 1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
UNNORMALIZED .09556+.095521 .1305+4.035111 .03482-.1305i +1x30 2425107135
a'  NORMALIZED .4951+.49514 .6763+.18181 .1B06-.67631 +8x10 1241x107 12
EXPECTED .4950+.49501 .6761+.1812i .1812-.6761i 0.000
UNNORMALI ZED .09556-.095524 .1305-.03511i .03482+.1305i +1x10" 122410713
a'*  NORMALIZED .4951-.49511 .6763-.18181 .1806+.6763i +8x10" 12110712
EXPECTED .4950-.49501 .6761-.1812i J1812+.67614 0.000
UNNORMALI ZED ~08157 08153 -.08154 —9x10" 13
|a'|? NORMALIZED .4901 .4901 -.4899 1x10” 11
EXPECTED .4900 4900 . 4900 0.000



setting these reflectances equal to zero so that radiation can
follow only two paths through the interferometer.

A slight improvement in the precision of the eigenvalues was
found when the standing waves were eliminated. Whereas agreement
with expectation was good to three significant fiqures with
standing waves, at least 10 significant figures of agreement were
found with no standing waves. However, since three significant
fiqures appear to be sufficient, this dependence on the standing
waves is not particularly significant. Indeed, the root of this
small inaccuracy may not be in the eigenvector method at all.
When standing waves are introduced, the iterative simulation of
QUOSM signals is truncated before the solution is exact, as
mentioned earlier, and this corresponds to a residual inaccuracy
of about five parts in 104, 1t is not unreasonable to suppose
that this would affect the eigenvector solution,

The eigenvectors for the case of no standing waves appeared
at first glance to be substantially different than for the first
case in which standing waves were present. However, the
difference was only due to the need for normalization of the rows
of [C] and the fact that a different normalization was needed in
the present case. By using the unnormalized results for the
first column of [BQ] as in the previous example, one finds that
the rows of [C] in order, starting at the top, are multiplied by
1, 1/(.4959 + 5x10712i), 1/(.4959 - 5x10712i), and -1/.2753.
Table 2.4 gives expected, unnormalized, and normalized values of
the elements of both [BQ] and [Bé]. Agreement between the
expected and normalized values is again excellent and good to at
least 10 significant figures.

2.6.3 All-dielectric shifted DUT calibration
The calibration procedures simulated above have been

consistent with physical shifts of the whole DUT port, including
its lens and horn, as the means of obtaining the required DUT
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Table 2.4 Calculated Test Port Parameters BQ and B'Q for Case of No Standing Waves
BQ TEST PORT POSITION MATCHED LOAD
1 2 ) g
UNNORMALTZED 1.000 1.000 1.000 1.000
1 NORMALTZED 1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
-12, . . 12 -12.
UNNORMALIZED .495945x10” 225 -.248+.4295i .2480~-.42951 —ax10 T2e6x107 1%
a NORMALIZED 1.000 -.5000+.8660i -.5000-.8660i —2x10” k107
EXPECTED 1.000 ~.5000+.86601 -.5000~.8660i 0.000
-12. . . 12 -12,
UNNORMALIZED .4959-5x10 i -.248-.42951 .2480+.42951 -8x10 -6x10 i
a*  NORMALIZED 1.000 -.5000-.86601 -.5000+.86601 ~2x10" tax1071 Y
EXPECTED 1.000 -.5000-.86601 ~.5000+.86601 0.000
UNNORMALIZED ~.2753 -.2753 -.2753 4x10"1?
|a]? NORMALIZED 1.000 1.000 1.000 ~2x107 11
EXPECTED 1.000 1.000 1.000 0.000
B'
0
UNNORMALIZED 1.000 1.000 1.000 1.000
1 NORMALIZED 1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
UNNORMALIZED .2445+.24451 ~.3353+.089851  .08985-.3353i ~8x1071246x107 11
. - -11.
a' NORMALIZED .4950+.49501 -.6761+.18121 .1812-.67611 —2x10”1lr1x107 s
EXPECTED .4950+.4950i ~.6761+.1812i .1812-.67611i 0.000
. . . -12 -12.
UNNORMALTZED .2455-.24554 ~.3353-.08985i  .08985+.3353i -8x10" Y2 ex10712;
. - S11,
a'*  NORMALIZED .4950-.49501 -.6761-.18121 .1812+.67614 _2x10 M0
EXPECTED .4950-.4950i -.6761-.1812i .1812-.6761i 0.000
-12
UNNORMALTZED -.1349 -.1349 -.1349 4x10
-11
|a'|? NORMALIZED .4900 .4900 .4900 -2x10
EXPECTED .4900 .4900 .4900 0.000
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port delays (indicated e.g. in Table 2.2). An alternative method
mentioned earlier is to insert rigid dielectric plates of varying
thicknesses between the beam splitter and the DUT port. This
would allow the DUT port to remain rigidly mounted and yet
accomplish the desired phase shifts.

This method has been simulated to get a preliminary
assessment of its effectiveness in calibration. Table 2.5 gives
the parameters of the simulation. One may note that some loss
has been included in the dielectric plates used for phase shifts,
Although low-loss dielectrics are available, inclusion of some
loss gives the simulation greater generality. All the
eigenvalues were found to be calculated correctly. Also, the
values of the magnitude and phase of the reflection coefficients
used to derive the calibration matrix were recovered correctly
from the operation of multiplying the associated sets of power
data by the normalized [C]. The largest error in the magnitude
was 0.02%. The largest phase error was 0.07 degrees.

2.6.4 Noise

An arbitrary amount of noise has been added to the simulated
power data of Section 2.6.1 and the calibration matrix
recalculated. The peak-to-peak size of the noise was set at 10~4
compared with detected signals whose maximum values were of the
order unity, and this is crudely consistent with previous
discussions of expected detector noise [1l] in the QUOSM. The
noise used was obtained simply from the random number function
incorporated in the BASIC language of the HP-85 computer. The
results of premultiplying the "noisy" power data sets by the
"noisy" calibration matrix are shown in Table 2.6 along with the
noise-free and expected results for comparison. The effects of
the noise maylbe seen in this table and are not of a surprising
magnitude. Similar tests with varying noise amplitude have shown
the expected increase in error as the noise level is increased.
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Table 2.5 Parameters Used in Simulation in Which A1l Test Port Delays Achieved
with Dielectric Plates

A1l parameters identical to those in Table 2.2 except that the dielectric plates
used to introduce the test port delays reduce the apparent test port
power reflectances. Accordingly the following are the calibration conditions
corresponding to each element P;: of the [P] matrix (Same key as in Table 2.2):

1]
i ] 1 2 3 4
2 M1, D1, 1 M1, D2, .8 M1, D3, .64 M1, D1, O
3 M2, D1, 1 M2, D2, .8 M2, D3, .64 M1, D1, O
4 M3, D1, 1 M3, D2, .8 M3, D3, .64 M1, D1, O

For the [P'] matrix:

i 1 2 3 4

2 M1, D4, .9 M1, D5, .72 M1, D6, .576 Mi, D1, O
M2, D4, .9 M2, D5, .72 M2, D6, .576 Mz, D1, O
4 M3, D4, .9 M3, D5, .72 M3, D6, .576 M3, DI, O
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Table 2.6 Calculated Test Port Parameters BQ and B'Q With and wWithout Noise
B, TEST DORT POSITION MATCHED LOAD
1 2 3
NOISE 1.000 1.000 1.000 .9998
1 WITHOUT NOISE  1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
-11. . . -4 -4,
NOISE 1.000+1x10" i -.4997+.8673i -.5010-.8652i —1x10”%-2x107%
a WITHOUT NOISE  1.000 -.4994+.86661 -.5006-.86541 —1x10 te2x10712;
EXPECTED 1.000 -.5000+.86601 -.5000-.8660i 0.000
NOISE 1.000-1x10"1%5  -.4997-.8673i -.5010+.8652i -1x10 442x107%1
a* WITHOUT NOISE 1.000 -.4994-.86661 -.5006+.8654i —1x10 Moox1071%
EXPECTED 1.000 -.5000-.8660i -.5000+.8660i 0.000
NOISE 1.000 1.000 .9995 —ax107%
|a|? WITHOUT NOISE  1.000 .9995 .9996 3x10” 11
EXPECTED 1.000 1.000 1.000 0.000
1]
B
NOISE .9999 .9999 .9999 .9999
1 WITHOUT NOISE  1.000 1.000 1.000 1.000
EXPECTED 1.000 1.000 1.000 1.000
NOISE .4950+.4951i -.6764+.1821i .1805-.67641i 2x10 4-2x107%1
a' WITHOUT NOISE .4951+.4951i -.6763+.1818i .1806-.67631 —1x10” 40107123
EXPECTED .4950+.49501 -.6761+.18121 .1812-.6761i 0.000
NOISE .4950-.49514 -.6764-.18211 .1805+.67641 2x10 % 2x107%4
a'*  WITHOUT NOISE .4951-,49514 -.6763-.1818i .180€+.67631 -1x10” M oox1071%;
EXPECTED .4950-.4950i -.6761-.18121 .1812-.6761i 0.000
NOISE .4900 .4900 L4896 -7x10"°
|a'|® WITHOUT NOISE  .4901 .4898 .4899 3x10711
EXPECTED .4900 .4900 .4900 0.000



However, the rate of increase in the error for a given increase
in noise does not indicate a pathological sensitivity to noise in
the power measurements. A more systematic study of the effects
of different kinds of noise and error, such as was done in
earlier simulations [1], will be recommended for further work
involving the eigenvector method.
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3.0 Reduction of Standing Waves

Another aspect of the present study has been the
investigation of ways to reduce the magnitude of standing waves.
In numerical methods designed to apply a correction for an
undesirable phenomenon, it is often the case that accuracy is
served if the size of the phenomenon can be kept reasonably small
compared to the quantity of principal interest. Such was the
motivation for the tests reported in this section. These
occupied only a relatively small part of the effort for two
reasons. First, during the course of the work, the emphasis on
the numerical methods side shifted away from an extension of the
phasor method, which was used earlier and which clearly is more
tractable if the standing wave phenomenon is smaller. Second, in
the new eigenvector method, no assumptions appear to be necessary
concerning the size of the standing wave effect. As of yet, no
important relationship between uncertainty and the magnitude of
the standing waves is known, but a further systematic
investigation of this would be prudent. Should a reduction of
standing waves be required in the future, the results discussed
in the following sections will be of interest. As a by-product
of this study, a preliminary evaluation of pyroelectric detectors
is also reported.

3.1 Experiments with the Detector

As mentioned in Section 2.1, previous attempts [3] to
suppress reflections from the Golay cell detectors, by tilting
them away from the optical axis of the QUOSM, failed. The
apparent reason was retroreflection by the metal surrounding the
detector window or by the cavity inside the detector.
Alternative pyroelectric detector elements come in a variety of
packages, but the most common, shown in Figure 3.1 has the
pyroelectric crystal mounted in a standard transistor can.
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Sensitive Element

Figure 3.1 Type of Pyroelectric Detector Element
Tested.
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Georgia Tech-owned versions of this have been tested at a
frequency of 94 GHz in the present work, and the same or slightly
higher levels of standing waves were found in tests similar to
those previously conducted with Golay cells. Apparently the
metal can around the sensitive crystal is similarly
retroreflective. Alternative forms of pyroelectric elements are
commercially available in which the crystals are large discs and
are not surrounded by metal, It was not in the scope of the
present work to pursue this further, but such detectors may be a
good choice for future systems.

What was shown in the present work is that while the
pyroelectric detector has less sensitivity than a Golay cell, the
signal levels available from klystron sources are high enough to
offset this. Pyroelectric detectors possess the advantage of
being solid-state, rugged, compact, and somewhat less expensive
by comparison with Golay cells. Thus the option of using such
detectors should be taken seriously for future designs. This may
require some testing of several models and makes of elements,
however, since they are made primarily for infrared use, and the
millimeter wave performance is often poorly known by the
manufacturer.

3.2 1Isolation by Attenuation

It was realized that the quasi-optical attenuators [2,3] in
the QUOSM could, in principle, provide a simple form of
isolation. Waveguide-type isolators are neither readily
available in the frequency range of the QUOSM nor well suited.
Low-loss quasi-optical isolation schemes are known, for example
ones involving the use of a circular polarizer [19], but they are
not able to cover a wide frequency range, are not trivial to
construct, and were not within the scope of the present work.
Therefore, the only apparent option was to use loss as a

mechanism of isolation.
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Since it was found in previous work [3] that detector
reflection was the primary cause of standing waves at 94 GHgz,
attenuation by the quasi-optical attenuator nearest the detector
would be expected to reduce their magnitude. Up to 28 dB of
attenuation (for a single-pass) is available from this unit [3].
For this amount the depth of modulation found in the interference
pattern, when the test port was blocked by an absorber and the
mirror was scanning, was only a few percent of the maximum power
recorded. This may be compared with a depth of modulation of
sixty percent found [3] without the attenuation. Since the
klystron emits so much more power than the maximum power which
the detector can handle (a factor of 105), such attenuation need
not reduce the accuracy of the QUOSM; in other words, if the
detector attenuator is not used, attenuation must be introduced
at the source anyway. The problem with putting all of the
required attenuation in the detector port is that this
necessarily means that the power level at the test port will be
high. This would be intolerable for some devices that might burn
out, such as mixers for example.

Therefore one must view these results from larger
perspectives. A reduction of the standing wave effects by more
than an order of magnitude, while impressive, is not enough to
permit one to neglect them, Secondly, the eigenvector method
appears to work well enough that such drastic measures as
described above are not needed, and thus it will still be
possible to reduce source powers and the power to the DUT to safe
levels.
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4.0 Status of Hardware and Software.

In the foregoing discussion of calibration techniques, a few

hardware changes or additions to the QUOSM were shown to be

needed. These may be summarized as follows:

1)

2)

3)

The reference detector and its beam splitter coupler
must be relocated in the test port arm. The present
design can readily be adapted to this configuration
provided that the quasi-optical attenuator is removed
from the test port arm and either omitted or moved to
the source port arm. As the calibration procedure is
presently understood, there is no longer a need for the
attenuator in the test port arm.

A choice must be made between two alternative
mechanisms of test port delays described earlier. One
would require a method of translating the test port
along the optical axis that preserves alignment and
provides three or more reproducible positions. The
other would require the selection and fabrication of
some low-loss dielectric plates of appropriate
thicknesses and a holder to place them reproducibly in
the beam in front of the test port. Both appear to be
practical but will require additional hardware to be
designed and fabricated.

When during the calibration procedure the high
reflectance termination is installed and the power
readings for the matrix [P'] must be measured, a
somewhat lossy dielectric slab must be mounted in front
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of the test port. The arrangement for mounting would
probably be similar to that in the second option on (2)
above. For both cases the plate should be angled to
suppress multiple reflections between the plate and

other optical components.

4) Another high-loss absorber must be made that can block
the test port beam. One similar to the type in the
quasi-optical attenuators [ 3 ] is appropriate,
although the type which incorporates epoxy-based
material, rather than rubber-based, would probably be
preferred as it is believed to give somewhat more
absorption [ 3 ]. Attenuation values of 40db are
believed possible.

None of these new requirements have been implemented. No problems
of feasibility have been identified, but some further design work
should be done to establish the best alternative in (2) and to
work out the details for each of the items. The only new hardware
items added in the present work have been two new horns made for
use with WR-10 components.

All of the software is at present in an experimental state
and requires considerable operator attention and involvement. The
longest program EIGEN occupies 22,244 bytes out of the available
30,219 bytes in the HP-85. The running time for this program is
dominated by the time for diagnostic printing of numerous
intermediate calculations. Without input-output, the calibration
calculations take approximately 30 seconds. As mentioned earlier,
neither the program contents nor the run-time have been
streamlined. Further work on this is envisioned along with

efforts to structure the programs for ease of use,
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5.0 Summary

There have been a number of significant accomplishments in

the present work, such as the following:

1. A program has been developed that simulates the
phenomenon of standing waves in the QUOSM and has provided
tests of new calibration procedures.

2, A method of calibration previously developed for use
with six-port network analyzers has been shown to be
adaptable for use with the QUOSM. The calibration devices
needed are a standard short, two standard matched loads (one
quasi-optical), and two uncalibrated terminations along with
a mechanism for creating reproducible delays in the test
port arm of the QUOSM. Proposed implementations of each of
the new requirements have been briefly described and in many
cases differ from previous implementations with six-port
network analyzers. Quasi-optical techniques are stressed
here as they are likely to offer advantages of greater
accuracy and ease of use and fabrication throughout the
frequency range of the QUOSM. For example, there is
relatively greater facility with the QUOSM for establishing
the phase relationships between the source and reflected
signals which are believed to be optimum [4, 6].

3. Numerical techniques for calculating eigenvectors have
been implemented as an integral part of the calibration
procedure which ultimately defines the relationship between
recorded detector signals and the reflection parameters of a
device under test. Simulated data have been used to show
that the recommended optical and numerical procedures
together provide a valid calibration, whether or not
standing waves exist in the QUOSM. Very preliminary
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investigations with simulated instrumental noise have found
no pathological sensitivities to noise in the numerical
methods employed.

4. Not of primary importance, but of some significance,
have been the efforts to reduce the magnitude of standing
waves. As expected the quasi-optical attenuators in the
.QUOSM can provide crude isolation and reductions in standing
wave effects. Tests with pyroelectric detectors were
significant in demonstrating that they can have adequate
sensitivity, but the type tested did not reduce VSWR from
the detector. Nonetheless, their smaller, more rugged
construction make them desirable in future systems similar
to the QUOSM.

6.0 Future Work

It is Georgia Tech's desire to continue to work on the QUOSM
network analyzer in order to make necessary modifications and to
carry out thorough tests involving further simulations and
measurements., It is believed that this is justified by the
indications of success thus far achieved and by the continuing
need for network analyzers operating in the 90-340 GHz range. The
need by the Army and the Army's contractors to test discrete
millimeter wave components may be expected to continue for
several years since millimeter wave intergrated circuits still
require considerable research and development before they will
have a dominant role in systems. The advantages of a quasi-
optical metrology instrument are still extremely attractive;
namely, ease of fabrication and use, and possibly greater
accuracy since the fabrication requirements are not subject as

much to compromise.
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Some specific steps that would be proposed are the

following:

1)

2)

3)

4)

Study the sensitivity of the QUOSM to the effects of
noise and known errors through the use of more detailed
simulations. This would include but not be limited to
the effects of detector non-linearity as well as noise,
of uncertainty in mirror position, and of imperfect
calibration loads. In addition, cases of varying
amounts of standing waves and varying test device
parameters would be investigated. Any factors which may
be postulated to improve accuracy will be tested.

Make selections among alternatives, develop detailed
designs, and implement the hardware additions and
changes necessary for the new calibration procedure.
These items were listed in Section 4.0. In general, new
hardware would be as compatible as possible with the
present breadboard approcach to the QUOSM; no major
overhaul of the format is envisioned until a thorough
test has been completed.

Write software that will efficiently accomplish
measurements and calibration and that can be readily

operated by the staff of the TMDE Support Group.

Conduct fairly extensive measurements of test devices
to be agreed with the sponsor. In addition, tests can
be devised to elucidate typical amounts of reflections
from flange connections. Flange reflections are
recognized as a greater problem for systems operating
in the short millimeter wavelength range, and
demonstration of such effects would be a useful
beginning with the QUOSM,
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When a single QUOSM has been demonstrated to work as a
reliable reflectometer, it is envisioned that a dual-QUOSM system
can be designed, analogous to dual six-port systems, that will
permit devices to be tested both for their reflection and
transmission properties. The simulation and numerical analysis
tools developed in the present program can contribute to the

planning and design of such a system.
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Appendix A. Software to Simulate QUOSM Signals Including the
Effects of Standing Waves

An annotated copy of the program RFLTCN, described in the
text follows. It occupies 9,690 bytes of memory.
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Preset shifts of mirror in degrees
(i.e., 1 wavelength=360°)
Set number of mirror positions

Load tape to receive data

Create data file

Set distances between optical
components LX

Set the one-way amplitude trans-
mission factor between optical
components TX

Enter power reflectance of source

Enter power reflectance of detector



SwE DIoR CRLOWER

v i RPR I
R N B = e

1

=1

— T

) A=1-F& 0 OET . FHRE =MTH
23 PRINT "OET . eoweyr retlectivi

ZEFTFFRCL-LT D

¥ o
cdi FRINT R
e I e N A
red CLEAR @ FPRINT
7R ODISE VEnter walue tor FREQ
GHz o "
o DlzF "oae  a SE-Fd4l GHz
£5E [HFUT F
FEE PRI Ry aHZ
Tht L 1=0
3 OPRT s ath=" 0 Twm”
1E
[_'::.

¥ He=-TedzIHOF

W HI=-TIHSIHCF

@ HS=-TS4SHCF

waluwe far beamse

bl "

HESS (mils:
proror = b omilos

IHPUT T
FRINY "Boamzelitter thickmss
T

A
-
K]
i
st
i
o
S

=

0
! "

1I5P "Enmter comeles mumber e
1
1

Fotaeen FOLFE form el HHEGLE

DHRCOSOHY # E=GESTHOH
HY "Rect [UT retlect oo

1426 . A

Tedd DLEAR ® FPREIBT

1858 DISF "Exter DOUT DOFFSET ddew
W N
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Enter Frequency (GHz)

Calculate Wavelength in mm

Convert each distance between
optical components to FX
radians.

Then compute the factor (GX,!
=TX exp(-i FX) by which a
signal phasor changes in
traveling between the optica’
components.

Enter beam splitter thickness

Calculate beam splitter complex
reflection and transmission
amplitude factors.

Enter magnitude of DUT amplitude
reflectance and the angle by
which the wave is delayed on
reflection.

Enter half the delay (in degrees
caused by off-setting the
test port from its initial
position.



LRI E SRR B

R

tarl ph T "OUT DFFZSET " FT "daea

Convert to radians-F7
T Calculate exp(-iF7)

HIFFHF nttset o

1126
REAS: OF OFFZET: 7 Ma; Enter any change desired in the mirror starting
i - position, and convert to radians.
Ll [o15d Read shift of mirror position.
1145
1156 B3
11ew
1R 1R
11an 3f:51 ) Calculate delay S in radians caused by shift in
AT E ax R . P . .
1;?$ 2+E 1+ mirror position and by reflection from mirror.
EEE R E= I I
Dei=@ @ Z@e=0 Initialize
hAa=G w1 =a
CLERR

FEN F - Initial signal from source Amplitude V:REAL

W:IMAG
: Initial signal from detector Amplitude X:REAL
ey Y:IMAG
y Initial signal reflected back into source
A Initial signal reflected back into detector
;_; - START OF ITERATIVE PROCEDURE
L3448 Yw=aFEGe-D3HE @ W=PiHe+a3Ge Calculate change in signal propagating from
1EEe 0 DEY . -BD ehiase: source and detector to B.S.
P2en F=xom asy
i AEFPEGEI-WEHET R Y =sFEHEISO0FRG3
130 OISk 1.3
1328 FEM From ﬂFr”!-FLI“TTFF Transmission through and reflection from B.S.
tdae Cosde Zaaa o ¥R o T
1418 v From B.X. ta DUTr
tdzR P=iil+n @ Gt 1441 Combination of signals going to DUT
1433 i Flaze =hitt, Bz T0O DUT
144 U=Pi5d-~ ﬂ#H4 ¥ W=FiHd4+05C4
1458 ! Accoumulated wector @ T .
14ER UJASUA+Y @ Ul=U1+]d Signal accumulated that impinges on DUT.
i:ég ﬁagiﬁé ,4+§;,H§UT' DUT power calculated. (Used as REF. Detector
1498  Ferap thro OUT OFFSET S1mm1)
1506 F=UAGT-WEHT B O=UEHT4ECT Propagation through DUT offset
=4y ) = - P B e
L Lpianal retlEcled g DO Calculate effects of DUT reflection
152 | Fraop  thrua DUT OFFSET _
1S40 ToWEHT B D=UEHTAWECT Propagation back through DUT offset
1 S5 zhidft, OLT 1o BS: Propagation back to Beam Splitter
15EE —-G¥Hd ® W=RPEHA+L0ELCA
%E?' r E“Rﬁiiﬁfﬂk: Combination of signals going to mirror
g ¥ = [
) shitt, BS 1o MIRFOR Propagation to normal mirror starting position
1 EBE ’—F¢u1~1#H= ® Y=PEHS+LE0E
1618 + Retlect +tvrom MIEROE: . . .
1€20 PovAH-YHF0 ¥ O=¥EO+YEHN Combined effect of reflection from mirror and

mirror shift.
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I Fhaszse skttt MIEROIFE to BS

CRPENS-UERS ® Y=FiEHS 4GS Return propagation to B.S.
FE M Ftoom EEHH"FLITTEF
SOSUE Toona L OER. o T Transmission through and reflection from
REM To SOURCE: B.S.
Pt/ i+t @ B=M1+Y1 : : B . _
B it BL ta SOURCE Combination of s1gna]s'go1ng to source
!J:Fﬁiafi—atw+é B WoFEHE+ DR followed by propagation
- ODETECTOR :
@ O=KH2+72
zhitt. BZ to DET. Combination of signals going to detector-
CEISE-DEHT R OYSREHIAOEGE followed by propagation
' W= ) i ,
@ rh= A Accumulation of signal returning to source
Hed 1 FPur to SOURCE and to detector

Calculation of powers
FoPuwr o DET.

i Save PHR O wal Save power values for convergence test
1: U From = L’ URECE :
15 U:PXL—U¢H @ W=REl +FEn
1 P @ D= Calculate complex amplitudes reflected by
ji ¢ Freom DETECTOR: source and detector.
1 A=FEA-DEE W Y=0dA+FER
i; GOTHEN 1908 Increment iteration counter
1x O OTHEH 1326 Convergence tests
1" GOTO 1955
19220 E=ARScDZ-0@ - DE+0B 20
1220 IF E< . 08ES THEM 1354
{94B 0E=02 W SH=S2 @ SOT0 1336 If not converged, do next iteration
1958 1 THEWM 12%d Further convergence tests
Lang THEN 1954
1375 2
1 SR CSEASEN 2D
1226 IF E< . Bag 15 THEW SRR
2 JElla=sz 0 DRs Fwr Save detector and power back to source
& 0 DET+SOURLE Fur Save sum of these

Save power impinging on DUT.

1HTH e =1

FRINT

FFIHT POET+<OURCE prowey "
GOSUE Zded ! Plot TOTAL Fur

EOR 1=1 TO M3 ® TrIo=0:I3-P Plot total power normalized by DUT power
C1o
S1EE MESRT I
2118 PRINT
210y FW?IHT YOHORM QETECTOR rower Plot normalized detector power
3w GomlE doce L Flotr DET Pur.
214n CLEAR ® FRINT
2158 DI=P “Instal CRSSETTE for o
Sem nTep The [P] and [P'] matrices are stored in the
F1TFE ONISE "Enter RECORD MUMEER . same file. The [P] matrix occupies record
Zima OISk "oa-f. B=do HOT sawe " 1-m of the file, and [P'], records m+l
219E [HRPUT B2 through 2m (where m defined in Section

2.3.1)
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"RECOGRD # A
d=@ THEM 2200
: 1 JT“FT*;, Record normalized detector signals

}—.n-,{i‘H' " —!_H_QP! Fower
COSUE THEE ! Flet SOURCE Plot power returned to source
FOR [=t 10 N? BT T a=ROTN

HEST 1

PEIHT

FRIMNT "0O0T eomer o M . . .

GOSUE Zaed L Plat OUT Plot power 1mpinging on DUT

CLEAR & FRINT

JITEE "Hew MIEROR cifzetr™ 1= This section prepares the operator to use
e RFLCTN again and change only one or a few
HELT O of the parameters.
IF =1 THEHW 118d ' EHD
L';E:‘“ CMeu OUTS {=yvESH The usual thing with the new calibration
Y HEHT e - procedure is to set a new DUT offset and/or
o I =1 THEM 1@ new DUT reflection parameters and calculate
3 CLEAE a new column of the [P] or [P'] matrices.
et OTEFR "Hew FREDQUEMIVYSY t=yEX"
25Eg IHFUT O
251a IF D=1 THEM £ed
2528 CLEAR
SREa LISF "Hew DETECTOR f=%ES"
2E4E ITHFUT O
25E0 IF D=1 THEM S7R
SE| C0TO 478 b Hew SOURTE
STRRE Subiroutine to caloulate Subroutine to calculate beam splitter complex
i comelex beamsslitter transmission and reflection coefficients.
S eflestion & o=mtn See text for reference.

9 RPEM amelitude costficients
A RHO
Mi=1 B@@3

Hi_:l LT

|t=F71 .4
s1*FW3VH:Hf-IHfW'th1 J A
FEM N:l'."E‘PHJmL"‘-"_ xm11 13
H“’lﬁ#“ »4’ .....
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378 PRINT "REFL PHASE= ";AZ:" B
AOIANST

2 l? 1 Cj F‘ F‘ I H T I I: TimE j g wmtE . Cre iy
: T,

Tn i F‘:x _v it "

F1e ;

z |Tr‘ar1_,n,15:],,i* "

< |~

=

2SEA PRINMT "TRANS PHASE= ":A4:"
FROTAMS"

Taad RETURM L To arsrosx. 220 Return to 900
TaEE REM From beamsrlitter Subroutine that applies B.S. complex trans-
EEET AR S SRS Aol fllf'.l‘*?ufr by mission and reflection factors to signals
B MEZ=R 1k -ReEl E -.;.9';'"; ;i . impinging on it.
2Ea6 Tlaw-Toky & Y2=T1EY+T2 Return
RS ag .
2850 iz zubroutine PLOTS Subroutine for graph plots on screen
IaTa ata irm arvax ToIld
ausn R 1 # GLLERR
TAsn SCALE B.48B.8.1 02
TIEG HAELS @, 45,50, 4848
TilEe o vANIEs B, 1.1
L0 OHASIT 1 2,458,408
I134 YEEIs 4pa. .80
148 MOVE AL TO10
I1RE FiR I=1 TO HS
SIEE OFAW Fed-H3%¥(I-(3.Tol>
21TE O MEST 1
IEe SEER @ PRIMT
TiEa FPRUSE
2200 RETURH Pause to copy to paper; if desired press
221G CLERR ® FRINT "COPY" key, then press "CONTINUE".
3 + IsRP "THE ERDT
= FIWNT "“THE EHDT

H

|

Lo e
T T

Faiw)
[ 1 I 0]
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Appendix B. Software to Calculate Eigenvalues and Eigenvectors
for Calibrating the QUOSM

An annotated copy of the program EIGEN, described in the
text, follows. It occupies 22,244 bytes of memory and has a

run time of about thirty seconds apart from all input/output
operations.
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158
1

L
o
X

o1 O 05T

SRR
N

ISR
TN
TR

7
ACLIRN

IR I

acn B B oy Bow iR

piy
AR N )

LT T T
(AR v

o)

T - =
T ) T T T

prniiipionipet
b it

)

T T T P N T A G OR R f B fa fo B o o B B

b e bt b S TS0 0L 00 05 ] Sl P e (5 L0 0~ T U i [ e iS00

o) T v

Pk
— ot
0

PROGRAM NAME: EIGEN

OFTI0MR BEAS
THTEGER I3
Ol A4, 4
oIim 3o
oI
ooe
orm
CLEARE
BEEF
OIsF

FRIMT
URTH

"IThsert cCartridae.
OIsp
ODIsF
IHFUTY FF
FEIHT "File
ASSIGHE 1 TOD
Foar 1=1 TO 4
FERDH 1.
FORE I=1 T0O 4
Fol, do=0¢T
HEST 1
HE=T
FR =5
bo=.1-d
FEARD#H 1.4
FOorR I=1 TO
BEol, koy=0Deln
: 1

"Ermtetr datsy FILE HAME:"

brame: " F§

Fg
0

T 3

INEAD]
4

ME=T .l

RS IGH® 1 TO %
CLERR ® PRINT
PRIHT "Matriw
FOFE Jd=1 TDO 4
FOR I=1 TO 4
PEIMNT I:J0:PCI, 2
HE=T I
FEIHNT
HE=T J
FRINT
FRIMNT
FRINWT
FioR J=1 TO 4

FOR I=1 TG 4
FREIMT T.4:BCI, 4
HEST 1
FRINT
HE=T .
CLERR @
gi=p

Povo

FRIWMT

® PRINT
“Matrix

FRINT
"CHLCULATIMGY

MAT T=TEH.FY | P transroce
MAT ¥Y=P*T ! Fi¥Pt

O1=0ET Y
MAT ==B%T !
MET Y=TRrRHIY 2
MAT H=TRH M3
FRIHT » PRIHT
@ FRINT
MAT P=Y

MAT H=SYZ0Y

PPt

YIPRPtaRCFPP TN

R
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Enter name of file containing matrices [P]
and [P']

Read matrices column by column

Print matrix [P] column by column

Print matrix [P'] column by column



MAT H=TRENOHS ! =cFRPt R OPFY

fa g
.
Ty

I A
ELV MAT PRIWMT USING “MO.E.S" 5 H
Els FREINT t
EZE MAT A=SYSOY,wr L TRANSCF P Calculation of matrix [z7]
FoRFPtrinw
EEE MAT Z=R
ees PRIMT
EEZ PRIMNT "Matrix H:" Print it
Eed FRINMT
ean MAT FPRINT USIHG "MO DOE. 25"
i A
s FRINT
TE “=0ETiR> . . .
SE SEH[5T11‘51=":D1 Pr!nt determinant of [P][Pt] to show it
21 T=0 is not singular t
22 FOR I=1 TO 4 Print trace and determinent of [z*] for 1
! T=T+RCT.1x comparison with sum of its eigenvalues,
HE=T [ a and with eigenvectors.
5 PRINT "TRERACE A:": 7
#a FRIMT "OET RAR:".D02
§ T=22
# H=4 . . ) . .
& GCOSUE =90 Go to Eigensolution gubrout1ng wr1tten by
0 CLEAR @ PRINT Grad and Brebner with modifications
A PRINT “STATUS INFO: " suggested by Niessner. (See text for
B MAT PRINT COL o references).
B CLERE ® PRINT

e
!

FRINT “"FEAL EigenVALUES "

MAT PRIWHT R~ . .

CLERR ® FRIMT Print eigenvalues
PRIMT "IMAL. Eis=enVALUES:"

MAT FPRINT 1.

CLEAR ® FRINT

=@ @ C

FOR I=1

¥
S

FPRINT "SUM ot eiasnUALLES: " Print sum of eigenvalues

F=1 ® [C=@

FOR I=1 TO H ® A=k & E=C
F=R¥RCIM-E$I¢I

C=RA%ICI +B¥RCI

NME®T I .

FRIMT "PROD. of eiacnVALUES: Print product of eigenvalues

R R R RN BRI w I R o I s B A et S B B Bt NN e o' 0 A SR WA URUR RS SRR
[N ST SRSV RS s s ISR I S N ) RN otV B R R
LG O = Ty L e e T = T S D
T) cally o]
Al It
e nl
+
-
—
I
[am]
H
b
+
—
—

PRINT R:"i":C
CLERR @ PRINT ) ]
FRINT "REAL rFrart of wectors: Print eigenvectors

240 MAT PEIMT CoObL W

258 CLEAR @ FRINT

2EH PRINT "IMAG., Frart ot wectors
ST MAT PRINT COL H-

sen GOTO 2Bid

Skip over EIGENP and continue program at
statement 8010.
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FEM SLUEFULTIME EIGEHF
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IRt
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DU )
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HEG REM COMFUTE EIGEMMALUES OF H nT 14
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NEXT 1
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M=H
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Ma=nN¥1a
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Appendix C. Software to Calculate Termination Parameters

An annotated copy of the program CTIMEP described in the
text, follows. It occupies 2,946 bytes of memory.
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Appendix D. Energy Conservation in the QUOSM

There are no particularly significant occurrences of
absorption within the QUOSM, except when the quasi-optical
attenuators are used. In the simulations actually made
absorption was neglected. In this case and in the steady state,
the source power entering the QUOSM must equal the sum of the
powers leaving all of the QUOSM ports. The authors have
occasionally noted discussions of Michelson interferometers in
which it is arqued that the power coming out of a particular port
can exceed the input power for a particular path difference so
long as the average over all path differences agrees with energy
conservation. This is clearly nonsense since one could leave
the instrument set at a particular path difference and get more
power out than is put in. As described in the text, the
simulation program written for the QUOSM was provided with the
facility to check for energy conservation, and this was helpful
in the identification and elimination of several errors during
the development of the program.

One particularly interesting requirement in the simulation
was exposed in this way; namely, that all partial reflections
must be modeled with a certain degree of realism or else energy
conservation will appear to fail. Partial reflection (and
transmissions) occur at the beam splitters and at the interfaces
between the QUOSM and the source and detector, and the key
properties are the phase changes introduced at these surfaces .
Chantry recognized this fact [see p.67 ref.18] and stated that
what is required is for a pi phase change to occur somewhere in
the system. A more complete statement is given by the Stoke's
relations [D1l, D2] for a non-absorbing interface between non-
absorbing media; namely, if t and r are the complex amplitude
transmission and reflection coefficients for incidence on one
side of the interface and t' and r', for the other side, then
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tt'*=1-rr*

r'=—
Provided these conditions are met, the expected energy
conservation should occur in the system.

In the simulation program described elsewhere, the phase
behavior of the Mylar film beam splitter was modeled in detail,
following reference [18]. However, it is more difficult to
specify and describe the source and detector interfaces in
similar detail, and so a simplification has been made, one which
satisfies the above Stokes' relations. 1In both cases, all phase
shifts at the interface are set equal to zero with this
exception: the waves travelling from the principal beam splitter
toward the source or detector ports are shifted by pi at the
interface when they are reflected. Although such details are
important in the matter of energy conservation, they have a
trivial effect on the standing wave patterns, and thus there is
no loss of generality in such an oversimplification. 1In the
simulations of the QUOSM which have been described, the operator
controls the remaining significant parameters of the detector and
source interfaces, their power reflectance values, and thereby

establishes the magnitude of the standing wave effects.

References for Appendix D

D1 G.G. Stokes, Mathematical and Physical Papers, Vol. II, New
York: Johnson Reprint Corp., pp. 89-103 (1966).

D2. E.Hecht and A. Zajac, QOptics, Reading, Massachusetts:
Addison-Wesley Publishing Co., p.91ff (1974).

18. See reference list with main text.
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