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Abstract

TRANSMISSION OP ELECTROMAGNETIC 
WAVES BY DISCRETE RANDOM MEDIA

by
Lawrence Maxwell Monari

Adviser* Professor Irving Lazar

A simple one-dimensional model for transmission of 
electromagnetic waves in a stratified random medium is 
investigated experimentally. The model consists of a 
stack of randomly separated plane parallel dielectric 
slabs having nearly identical thicknesses. The mean 
power transmission coefficients of the stack are compared 
with the values predicted by Papanicolaou's approximation! 
the first order B o m  approximation, and the exact solution 
of Maxwell's equations. The radiation is normally incident 
and plane polarized. The wavelength is approximately 5 mm* 

Measurements of the mean power transmission coefficient 
made on another more complex model are compared with values 
predicted by the Papanicolaou approximation and the B o m  
approximation for a plane stratified dielectric medium. This 
model consists of a stack of randomly separated plane-parallel 
dielectric slabs* a single long thin conducting strip is 
mounted on each slab. The strips are aligned parallel and in 
line with one another. The radiation is normally incident 
and plane polarized with the electric field vector parallel
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to the strip axis.
Equipment to automatically generate random slab con­

figurations and measure power transmission coefficients is 
also described.
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PREFACE
Electromagnetic waves have been used in the past cen­

tury to probe natural processes to determine the laws 
governing their behavior* Many processes occurring in 
nature are random. Attenuation in the original direction 
of propagation is a typical characteristic of wave inter­
actions with matter. Indeed, the complex wave interaction 
with matter is itself a random process.

Very often a prior knowledge, of the properties of 
the radiation in free space and its interactions with simple 
fixed material configurations, allows the prediction of 
more complex propagation through a random medium. Trans­
mission through plane stratified fixed dielectrics has 
been treated extensively by Brekhovskikh et. al and an 
exact means of solution derived. Transmission through a 
plane stratified random dielectric medium has been treated 
by Papanicolaou et. al and an approximate statistical means 
of solution developed.

The present investigation is concerned with acquiring 
experimental information on the mean power transmission 
of electromagnetic waves through both random plane stratified 
dielectric media and random conducting media. The work is 
unique in the sense that, although the medium is random, 
the location of each scatterer comprising the medium is 
known. In addition, the statistics of the medium are 
deterministic in that both the number and location probability



densities of the scatterers can be preset. This knowledge 
permits treating the scatterers comprising each configuration 
of an ensemble as though they were fixed* and therefore 
the problem lends itself more closely to solution by the 
exact method. Even complex geometries of fixed material, 
arrays which cannot be solved exactly* can be done bo 
approximately by application of asymptotic techniques such 
as are developed in Keller's work entitled MA Geometrical 
Theory of Diffraction." The approximation converges rapidly* 
for many problems, to what may be considered the exact 
solution.

For the stratified dielectric media the experimental* 
statistical and exact values are compared. For the conducting 
medium* observations concerning the similarity between the 
experimental values and approximate statistical predictions 
are made.

The rate at which data is acquired is intensified by 
the use of a large digital computer accessible on a time 
sharing basis via the telephone lines. The computer calcu­
lates* directs and controls every aspect of all the fully 
automatic experimental procedures. Both mechanical and 
electronic equipment was designed and fabricated to imple­
ment the above operations.
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| # Introduotion

Throughout all nature there are^problems of transmission
and reflection from media whose properties vary in a random
manner. The subject of wave propagation through a non-random
or deterministic medium has been investigated by many 1-6
authors.

It is often very difficult in a physical system to
measure basic parameters accurately due to the fact that the
system is subject to internal or externally imposed random
variations. These variations may be electrical noise,
humidity, velocity, acceleration, thermal fluctuations, etc.
Today there is general interest in various aspects of the
propagation of electromagnetic waves through systems having
random characteristics as evidenced by myriads of papers,

7-11predominately theoretical, written on the subject.
Wave propagation in discrete random media is of con­

siderable interest for such problems as molecular scattering 
of light, dielectric constant of nonpolar gases, radiative 
transfer and physical chemistry.

The theory of electromagnetic wave propagation in random 
media is concerned with linear wave motion in media whose 
properties have so complicated a space and time dependence 
that the motion can only be described statistically. The 
mathematical formulation of the problem leads to linear partial 
differential equations whose coefficients are random functions 
of space and time, a problem which belongs to the class of
linear stochastic equations. Unfortunately, the theory of

1



linear partial differential equations with non-constant
coefficients is still very incomplete, and for random
coefficients the situation is even worse, so that at present,
a rigorous theoretical study of wave propagation in random12
media is out of the question.

In some recent papers the problem of wave transmission
and reflection from a one-dimenSional randomly fluctuating
medium has been considered, and a statistical method of

13-15solution has been given. The characteristic feature
of this problem is the presence of a random (stochastic) 
term, namely, the refractive index in the governing equations. 
An experimental model of a random media which retains the 
characteristic features of wave propagation problems, but is 
simple enough to give a definite answer above the validity 
of the theoretical method, is investigated in this 
dissertation.

The model consists of a stack of plane parallel dielec­
tric slabs having nearly identical thicknesses. Two dif­
ferent slab materials are considered i. e. styrofoam and 
polystyrene. The index of refraction of a styrofoam slab is 
approximately that of free space, and its thickness is 
large compared to a wavelength, i. e. 5 .2 3 mm. The index 
of refraction of a polystyrene slab is large compared to that 
of free space, and its thickness is of the order of a wave­
length. The mean power transmission of an ensemble is cal­
culated as the arithemetic mean of the individual power



transmission measurements characterizing each random slab 
configuration# and plotted as a function of the length of 
the random mediumi the length of the random medium is ap­
proximately proportional to the number of slabs comprising 
an ensemble. Measurements are made for both random and fixed 
slab positions relative to nominal slab locations. The 
power transmission of a slab configuration is measured for 
nearly normally incident plane polarized radiation by a 
crystal detector located in the far field, i. e. 500 wave­
lengths, .distant. The experimentally determined mean power 
transmission coefficients are compared with values predicted 
by both contemporary and classical theory, i. e. the 
Papanicolaou approximation, B o m  approximation and the exact 
solution of Maxwell's equations.

Measurements of the mean power transmission coefficient 
made on another more complex model are compared with values 
predicted by contemporary theory for plane stratified 
dielectric media. The model consists of a stack of randomly 
separated plane-parallel dielectric slabs* a single long 
thin conducting strip is mounted on each slab. The strips 
are aligned parallel and in-line with one another. The 
electric field vector is parallel to the strip axis. Al^ 
though the Papanicolaou theory was not intended to treat con­
ducting media, the theoretical predictions*it affords are in 
good agreement with experimental measurements.

The random slab configurations were prepared by an 
electro-mechanical apparatus specifically designed and

3



constructed for this purpose. The apparatus hangs from 
the laboratory ceiling. It is interfaced with a digital 
computer, on a time sharing basis, by an electronics 
system. The electronics system was designed and built to 
permit the computer, when suitably programmed, to acquire 
data and run the experiment automatically.

The expression for the mean power transmission 
referred to in the present work as the "Papanicolaou 
approximation" is the result of the combined contributions 
of G. C. Papanicolaou, J. B. Keller and J. A. Morrison.
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Description of the Mechanical System 
The mechanical system (see Pigs, 1-*J-, 6-9, 29) is com­
posed of two (2 ) sections, e. g. rotary table assembly (r) 
and longitudinal table assembly (D).

a) The purpose of the rotary table assembly is as 
follows I
(1 ) serves as a fixture on which the longitudinal 

table assembly is mounted.
(2 ) provides a mechanism for adjusting the angle of 

the longitudinal table assembly relative to the 
incident electromagnetic field (adjusts the 
angle of incidence).

The rotary table is a mechanism for adjusting the angle of 
the longitudinal table relative to the incident electro­
magnetic field. The rotary table assembly is housed in 
a well built into the laboratory ceiling. It is mounted 
on a 3 inch aluminum I-beam framework (H). The framework 
is suspended from the 18 inch girders which traverse the 
laboratory building. This structure guarantees stability 
of the 500 lb. longitudinal table mounted on and beneath 
the rotary table, and for the accompanying slabs which the 
longitudinal table supports. The dimensions of the 
rotary table and longitudinal table are roughly 2 ft. X 
2 ft. X 1 ft. high, and 1 ft. X 1 ft. X 5 ft. long, 
respectively.

The base of the rotary table assembly is a 2 ft. X 2 ft. X
1 inch thick plate of aluminum flat ground stock. The6



plate thickness was chosen to prevent flexure* A stepper 
motor is mounted on this base. It drives a 1" iron worm 
gear which in turn drives a 12.5" bronze spur gear. The 
worm is mounted in a thrust bearing block. The spur 
gear is mounted on a 2 3/4" diameter stainless steel 
flanged shaft. The shaft is mounted in two pre-loaded 
thrust bearings to minimize play. The flange has a 4" 
diameter. The flange turns at approximately two (2) 
deg./sec. when the stepper motor is driven at the highest 
speed, leveling of the base and flange is accomplished 
by adjustment of three (3) jackscrews. The longitudinal 
table assembly is bolted onto the underside of the rotary 
table assembly 4" flange.

b) The longitudinal table assembly (0) is comprised of 
two major sub-assemblies.
(1) The carriage sub-assembly rectilinearly positions 

the dielectric slabs relative to one-another in
a configuration programmed in the central com­
puter.

(2) The solenoid and picker motor sub-assembly 
selects the number of slabs in a configuration 
programmed in the central computer.

The longitudinal table is composed of two 3/4" thick*
10" wide X 57" long aluminum plates (i, j) bolted to­
gether to form a "tee"i this structure provides rigidity* 
freedom from warping and is relatively light in weight.



1

The plates are made from flat ground stock to provide 
reference surfaces for machining and for mounting 
hardware.

The longitudinal table (l.t.) supports ten (10) carriage 
mechanisms (c). The l.t. has two sides* The layout of 
the l.t. is symmetrical. Five carriages are mounted on 
each side. This permits carriages on each side to pass 
one-another. Consequently, appropriately chosen 
scatterers hung from their respective carriages may be 
made to locate themselves abreast of one another.

Each carriage has two (2) precision surfaces machined 
onto a mounting block (F).

The slabs (B,0) are mounted on and hung from each 
carriage block. Therefore, as many as twenty (20) slabs 
can be accommodated in a stack.

The carriages, and consequently the slabs, run 
horizontally up and down the length of the longitudinal 
table. The airspace between slabs on neighboring 
carriages is adjusted by altering the location of each 
carriage.

The carriage chasis is composed of two 3/16" aluminum 
plates bolted together. The plates are made from flat 
ground stock. The outer plate provides a precision 
reference surface for mounting and adjustment of carriage

8



hardware*

The carriage servo potentiometer (Y) is mounted on the 
carriage chasis plate. It is a 15 turn, 10K Ohm 
potentiometer having a linearity of 0,01 percent. It 
provides a voltage analog of carriage location on the 
longitudinal table. Mounted on the potentiometer 
shaft is an anti-backlash gear. This gear meshes with 
a precision stainless steel rack which runs the length 
of the longitudinal table. The gear reduces positional 
errors due to gear-rack backlash.

The carriage drive motor (X) is a permanent magnet 
continuous duty reversible motor having an output torque 
of $00 oz./in. It is mounted on the outer carriage 
chasis plate. Mounted on the 5/16" motor shaft is a 
stainless steel spur gear which meshes with the longitudi­
nal table rack. The motor provides each carriage assembly 
with independent positioning capability.

A rotary solenoid (W) is mounted in a rotation block (P) 
bolted to the inner carriage chasis plate. Rotary motion 
is accomplished through use of a needle bearing (Z) 
mounted on the outside of the lower ball bushing. The 
solenoids are of the 95° rotary type and have brass arms 
(V) mounted to their shafts. The minimum starting torque 
is i in./lb. The solenoid allows latching of slabs out of 
the field by engaging the solenoid arm in an aluminum



channel (J) located on the side of the longitudinal table. 
The brass-aluminum material combination was chosen to 
prevent galling.

The ball bushings (E) are mounted in bearing blocks which 
are bolted to the lower carriage plate. Each ball bushing 
rides on a 1 " precision stainless steel shaft (a, b) which 
runs the length of the longitudinal table. The shafts 
(rails) are aligned parallel to one-another. The resulting 
motion is virtually free of friction allowing a fast 
carriage servo response.

A micro-switch is mounted on each carriage. The micro-'n 
switch is actuated if the carriages collide accidentally 
with one-another. The micro-switches are wired in 
parallel with a 26v power relay. As a safety measure, 
to prevent gear and rack damage, if a collision occurs 
the relay is tripped and the system is shutdown.

The picker motor (6 ) is a reversible split series motor 
of the rotary actuator type having a torque of 500 Ig./in. 
and travel of 90°. On its £" splined output shaft is 
mounted an arm having a stainless steel pin which rides 
in a slot machined into another arm (L) which drives a 
j/k" stainless steel rod (K). This rod runs the length 
of the longitudinal table and is held at the other end 
by a similar arm. Each arm rotates on a ball bearing, 
which is mounted on—the lower stainless steel rail. The
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picker motor, when activated rotates the picker rod (K) 
which rotates slabs into and out of the field. Each time 
the picker motor is actuated it rotates all of the slabs 
out of the field. Slabs are returned to the field 
depending on the state (on/off) of their respective 
rotary solenoids. These states are determined in the 
central computer program.
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B. Description of the Electronics System
The electronics syBtem (see Figs* 13, 29) is composed of 
six (6 ) sections, e. g. transmitter, receiver, multi­
plexer, solenoids and picker servo, carriage servo and 
rotary table servo electronics subsystems.

a) The purpose of the transmitter electronics (AA) is 
as follows t
(1 ) scan and code measurements made by a digital 

voltmeter (DVM)i and relay the coded measurements 
to a telephone modem for transmission via tele­
phone lines to the central computer.

(2 ) transmit to central computer signals indicating 
the completion of programmed experimental 
operations.

Transmitter operationi
The DVM digitizes analog signals from the carriage 

and rotary table potentiometers. These signals are / a * •••. • 
position and angle analogs for the carriages and the 
rotary table respectively. The DVM output is a 
parallel 16-bit 122*4 code. The DVM has a high im­
pedance input (10 meg Ohms typ.) and also monitors the 
analog ’'field" and "klystron" detectors. The output 
voltage levels of the DVM are incompatible.with the 
COS/MOS integrated circuits found in the transmitter 
("1" * -0.6V, "0" » -28V for DVM), ("1" * +10V,
"0" = O.V for IC'S) so that interfacing circuitry is 
required. The transistor input-out voltage levels are
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-0.6V and -28V to 0.0V and +10V respectively.
Space is conserved and versatility gained by 

scanning the DVM parallel-output digit by digit* the 
thousandsi hundreds, tens and units digits are scanned 
sequentially in that order.

The parallel 122'4 code generated by the DVM is 
incompatible with the 12^8 ASCii code used by both tele­
type and central computer. The 122* *4- DVM code is con­
verted to a 12*4-8 code and the coded parallel information 
is gated to an output shift register for serial trans­
mission.

The transmitter is coupled to a telephone modem via 
a driving circuit. This circuit interfaces the transmitter 
C0S/M0S logic circuitry by providing sufficient drive 
current to operate the modem. The telephone modem couples 
the system electronics to the central computer via the 
telephone lines.

b) The purpose of the receiver electronics .(FPJ is as
follows I
(1 ) permit entry of programmed codes (commands, 

instructions) from central computer, via:, modem.
(2 ) decode and store commands in a form appropriate 

for control of the experiment.
(3 ) test instructions for proper format, and reject 

all improper instructions such as may be due to 
noise.



(4) reject commands sent while any servo system is 
in operation.

(5 ) recognize servo system control codes and alert 
appropriate servo electronics.

(6 ) input analog signals from klystron power output 
detector and field detector; select and amplify 
analog signals.

Receiver Operationi
The output voltage levels of the modem are incompatible 

with the COS/MOS integrated circuits found in the receiver 
so that transistor interfacing circuitry is required. This 
circuitry transforms output voltages at the modem to 
levels suitable for driving the receiver.

The leading edge of each ASCii character sent by the 
central computer triggers an asynchronous clock which 
drives three series 8-bit (serial in/parallel out) shift 
registers. The clock is synchronized to drive only the 
central 8-bit ASCii code content of each character. Con­
sequently, only the central 8-bit ASCii code of each 
character is stored in the shift registers* The total 
capacity of these three registers is three 8-bit 
characters. The content of these registers is compared, 
on the fly, with codes stored in two 4-bit digital com­
parison circuits and one 8-bit comparison circuit. The 
character in the first (leading register is compared, on 
the fly, with a character stored in the 8-bit digital
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comparison circuit. The characters in the second and 
third registers are compared on the fly with each other 
in the two 4-bit digital comparison circuits. A character 
sequence meeting the above comparison conditions triggers 
an asynchronous clock which shifts the four bits of the 
second character into memory.

The 24-bit memory consists of three series 8-bit 
(serial in/parallel out) shift registers. In operation, 
the leading 4 bits carry a "searvo function** code which 
activates the servo electronics appropriate to that code.
The next 16 bits are four 1248 BCD characters (4 digits) 
which provide carriage, rotary table, and solenoid servo 
information for slab location and angle selection. The 
1st, 2nd, 3rd, and 4th digit are thousands, hundreds, 
tens and units digits respectively. The last 4 bits carry 
a "start" code. When the "servo function" and "start" 
codes are present in their appropriate register locations, 
a command is sent to close the data input gate to the 
receiver. Therefore once a servo operation is underway, 
its termination prior to successful completion is prevented.

c) The purpose the multiplexer electronics (BD) is as
follows *
(1 ) alert "transmitter" and "receiver" electronics 

of compliance of servo systems with central 
computer commands.

(2 ) provide "stop" and "sense" commands to both 
"carriage" and "rotary table" servo electronics.
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(3 ) digitally compare voltages from "carriage" and 
"rotary table" servo potentiometers with desired 
programmed location commands stored in "receiver" 
memory.

(4) scan and actuate carriage* solenoid* rotary table* 
field detector* and klystron power output 
detector electronics.

Multiplexer operationi
Output voltages from the rotary table servo 

potentiometer and the ten carriage servo potentiometers 
are interfaced individually to a 16-bit four digit 
analog/digital converter via eleven analog gates.

An analog scanner selects the appropriate gate and 
applies its respective potentiometer voltage to the 
analog/digital converter via an operational amplifier.
The operational amplifier has a high input impedance 
(20 meg Ohms typ.) and low output impedance (1 Ohm typ).
It matches the 10K Ohm servo potentiometer outputs to the 
10K Ohm analog/digital converter input. A pulse generator 
serves as a clock to drive the analog/digital converter.

The 16-bit four digit output from the analog/digital 
converter is in parallel BCD 1248 code. It is transformed 
to complementary BCD 1248 code* to be compatible with the 
16-bit four digit number in complementary BCD 1248 code 
at the output of the receiver memory by a transistor 
circuit whose parallel 16-bit output is fed to the digital 
comparator input. The 16-bit parallel output of both the
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transistor circuit and receiver memory are compared with 
respect to size and equality by a digital comparator 
circuit.

The output from the digital comparator circuit 
provides two kinds of commands to the carriage and 
rotary table servo electronic logic circuits i. e. a 
"sense" command and a "stop" command. When the k digit 
number received from the central computer and stored in 
memory is identical to the Mr digit output of the analog/ 
digital converter, then the "stop" signal is present. When 
the h digit number stored in memory is greater than or 
equal to the Mr digit output of the analog/digital converter 
then a CCW signal is presents otherwise a CW signal is 
present.

If the "stop" output signal is present for more than
0 .3 seconds then a pulse is generated which clears the
"servo function" code from the memoryi and triggers the
transmitter output shift register to scan and transmit
"?????". This code is recognized by the central computer
as indicating successful completion of a programmed
task, or compliance with a central computer command.
The 0 .3  second time delay insures that pulses, due to
false commands such as noise or servo overshoots, are not
generated which may instruct the central computer that
a programmed instruction has been complied with. Clearing
the "servo function" code from memory opens the input
gate to the receiver allowing new instructions from the
central computer to be admitted.

17



d) The purpose of the solenoid and picker motor servo 
electronics (GG) is as followst
(1 ) select the total number and sequence of slabs 

comprising each configuration according to an 
arrangement programmed in the central computer.

(2 ) alert electronics system to instruct central 
computer of the successful completion of the 
above task.

Solenoid and picker servo operation!
The solenoid and picker motor servo electronics 

system controls the picker motorst on both sides of the 
longitudinal table. To prepare a configuration with 
the desired sequence and number of slabs* the central 
computer must originate the proper.-character sequence.
This sequence when stored in the receiver memory consists 
of the 4-bit "solenoid-servo function" character* a 
16-bit 4 digit code, representing those slabs chosen for 
the stack and a 4-bit "start" character. When the 
"solenoid servo function" character and "start" character 
are present in their appropriate memory register locations, 
voltages are applied to a gate circuit from a "function" 
comparator circuit and a "start" comparator circuit.
These voltages* in addition to one applied on the gate 
circuit by an analog scanner circuit actuate a picker 
SCR (silicon controlled rectifier) circuit.

The state of a rotary solenoid (on/off) determines 
whether a slab will be in the configuration or excluded
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from the configuration. Slabs excluded from the con­
figuration lie lached by their respective rotary solenoids 
outside of the incident beam of radiation) and therefore, 
have no effect on the transmission of the configuration*
The rotary solenoids, on both sides of the longitudinal 
table are controlled by SCR circuits. The SCR circuits 
drive the rotary solenoids to states stored in the 
receiver memory. A gate circuit interfaces the SCR 
circuits with the memory.

After the picker motor and solenoids have been 
operated, and the number and sequence of slabs in the 
slab configuration determined by the central computer 
has been realized, a micro-switch on the picker motor arm 
closes and generates a pulse. This pulse triggers a 
time delay circuit which in turn triggers a pulse forming 
circuit. The formed pulse triggers the transmitter 
output shift register to scan and transmit "?????" to 
the central computer. The time delay insures that 
transients have died away before further messages are sent 
to or from the central computer. This reduces any ad­
verse effects that might result due to electrical noise.
The ,*?????,' is recognized by the central computer as 
permission to proceed.

e) The purpose of the carriage motor servo electronics
(HH) is as followst
(1 ) rectilinearly separate slabs (airspace) comprising
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each configuration according to an arrangement 
programmed in the central computer.

(2 ) alert system electronics to instruct central 
computer of the successful completion of the 
above task.

Carriage servo operation!
The carriage servo electronics provide on/off, 

sense, and two-speed carriage motor control.
In order to drive a carriage to a programmed 

position, the central computer must originate the 
proper character sequence. This sequence when stored 
in the receiver memory consists of the *f-bit "carriage 
servo function" character, a 1 6-bit digit analog 
voltage, representing the intended carriage location 
and a *1— bit "start" character. When the "carriage servo 
function" character and "start" character are present in 
their appropriate memory register locations, voltages are 
applied to a carriage gate circuit from a function com­
parator circuit and the start comparator circuit. These 
voltages, in addition to one applied on the carriage 
gate circuit by the analog scanner circuit actuate the 
appropriate carriage motor.

The carriage is driven to the location stored in 
the receiver memory, and stopped. After having stopped 
for 0 .3  seconds a pulse is generated which clears the 
"carriage servo function" character from the receiver

20



memory and triggers the transmitter output shift 
register to scan and transmit "?????". This code is 
recognized by the central computer as evidence that the 
carriage (slab) has been successfully servoed to the 
location predetermined by the computer program. It is 
therefore an instruction to the computer to proceed,
f) The purpose of the rotary table servo electronics (GG) 

is as followsi
(1 ) angularly position all slabs comprising a 

configuration relative to the incident electro­
magnetic fieldt according to an arrangement 
programmed in the central computer,

(2 ) alert system electronics to instruct central 
computer of successful completion of the above 
task.

Rotary table servo onerationi
To drive the rotary table to a programmed angular 

positiont the central computer must originate the proper 
character sequence. This sequence when stored in the 
receiver memory consists of the *1—bit "rotary table servo 
function" character, a 1 6-bit 4 digit analog voltage, repre­
senting the intended angular position and a 4-bit "start" 
character. When the "rotary table servo function" 
character and "start" character are present in their 
appropriate memory register locations, voltages are 
applied to a stepper motor gate circuit from a function 
comparator circuit and the start comparator circuit.
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These voltages» in addition to one applied on the gate 
circuit by the analog scanner circuit actuate a stepper 
motor slo-syn speed drive. The rotary table is driven 
by the stepper motor to the angular location stored in 
the receiver memory» and stopped. After having stopped 
for 0 .3 seconds a pulse is generated which clears the 
"rotary table servo function" character from the 
receiver memory and triggers the transmitter output 
shift register to scan and transmit "?????", As in the 
case of the carriage servo and solenoid servo* this is 
cm instruction to the central computer to proceed.
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C. Description of the System Control Panel and Electronics
On the top of the rack panel (see Fig. 1 3 ) is the 
transmitter electronics card file (AA). Mounted just 
"below this file is the Model 3*j40A Hewlett Packard 
Digital voltmeter (BB).

Beneath the DVM is the manual control panel (CC). In 
the upper left hand comer of the control panel is a 
digital thumbwheel switch. In the manual mode, this 
switch is set to any desired carriage location or rotary 
table angular position. Beside the thumbwheel switch 
is a light emitting diode "LED" digital display.
Carriage locations and rotary table locations are read 
out on this 4-digit display. Next to the display, on 
the right, are the manual carriage push-button selector 
switches. Each carriage can be located individually by 
setting the thumbwheel switch to the desired location and 
by depressing its push-button. Below these switches are 
the manual solenoid push-button selector switches. Each 
slab can be put in or taken out of the microwave field by 
depressing its push-button. The state of each carriage 
or solenoid (on/off) can be read out on an indicator £am$ 
located just above the push-button switches. The dual 
switches on the bottom right allow manual triggering of 
the solenoid servo cycle. The dual switches, on the 
bottom left, set the solenoid servo in the manu&l or 
automatic mode.
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The card file just below the switch panel is the multi­
plexer (DD). The panel below the multiplexer (EE) serves 
a multi-purpose. The three toggle switches on the upper 
left set the servo systems in the manual or automatic mode. 
In the automatic mode the system is completely run by the 
central computer. Below are two power switches. These 
switches actuate relays which sequentially turn down the 
power in an order which avoids transient overloading.
This permits aborting a servo operation while the experi­
ment is in progress. Below are switches which select the 
semi-automatic or teletype mode. The system may be run 
completely by an operator seated at the keyboard of a 
teletype machine* also located in the lab.

In the upper right hand corner are switches which control 
the multiplexer analog scanner. The top three buttons* set* 
reset, and trigger the scanner. The two switches beneath 
set the transmitter scanner. Beneath these switches is 
the multiplexer and transmitter WLKD" scanner display.
The scanner indicates which Bervo is being operated. It 
also indicates when signals are being transmitted to the 
central computer.from the transmitter.

Below this panel are the receiver file (FF), solenoid 
file (GG) and carriage file (HH).
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D. Description of the Computer Program
The central computer (Xerox Sigma 7) is programmed in
Fortran IV language# The program directs the performance
of the following sequential operations in the experiment*
(1 ) randomly selects slabs which comprise the configu­

ration,
(2 ) randomly positions slabs which comprise the con­

figuration,
(3 ) samples the radiation intensity at the XTAL field 

detector.
(4) samples the radiation intensity at the klystron 

power output XTAL detector.
(5 ) computes the ratio of the field detector reading to 

the klystron detector reading.
(6 ) prints out this ratio on the teletypewriter.
The above sequence is then repeated.
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E. Description of Repeatability Tests and Electro-Mechanical
Systems Errors
Carriage position repeatability was measured using a dial 
micrometer indicator. The micrometer was mounted to the 
longitudinal table with its plunger pressed against a 
carriage. The carriage was automatically slewed re­
peatedly between two positions .> roughly 1 inch apart. This 
sequence was repeated again and again ten (10) times. The 
mean deviation in the end points is +0 ,0 0 6 inches or 1/40 
wave. The accuracy of this measurement depends largely 
on the force that the plunger exerts on the carriage. Too 
stiff a plunger in the dial indicator was found to spring 
the carriage potentiometer anti-backlash gear thereby 
causing position errors. Several micrometers were tried 
until a suitable one was found.

Mean power transmission coefficient measurements for 
styrofoam configurations having ten (1 0) slabs was re­
peated both with randomly selected slab positions and 
numbers. The coefficient repeated within 0.4# (see 
Table 8 ). For comparison, the mean power transmission 
coefficients for single slabs of either styrofoam or 
polystyrene repeat within 0 .2#.

The carriage potentiometer linearity is +&01#. This is 
equivalent to an error of +0.004’' in carriage location, 
over the length of the longitudinal table. The anti-
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backlash gears have +0.001" play. The stainless steel 
reference racks contribute an error of +0 .00^" (spacing 
error between racks# alignment error# plus rack tolerance) 
in carriage location over the length of the longitudinal 
table. The carriage potentiometer analog/digital con­
verter and its matching operational amplifier contribute 
errors of +0.005"(1 mv. noise) +0.005" (±1 LSB)#
±0.005" (1 mv. linearity). Errors due to temperature 
drift are negligible over the time it takes to set up a 
single slab configuration (index of refraction profile) 
e. g. three minutes.
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3 . EXPERIMENTAL MODELS
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A. Choice of Material for the Slab Configurations
32

The Papanicolaou approximation is derived for the case 
of dielectric media having a low index of refraction. The 
materials selected for this experiment therefore had to 
have low absorption characteristics at the frequencies used. 
Difficulty was encountered in finding literature on the 
index of refraction and loss tangents of modem com­
mercially available materials at 60GHZ. Several materials 
were tested. Among those tested were commercial grade 
blue styrofoam (see Pig. 10) and high density white 
polystyrene (see Pig. 11). The styrofoam sheet is light 
in weight and therefore large thicknesses can be used 
e. g. 3" nom. thk. Since the average power transmission 
is inversely proportional to the length of the medium 
(see Appendix B)* slabs having the greatest; practical 
thickness were sought. Materials yielding configurations 
having low mean power transmission are desirable since a 
better comparison can be made between the prediction of

33the Papanicolaou approximation and the B o m  approximation. 
The predictions of B o m  and Papanicolaou differ 
theoretically most markedly at low power transmission 
levels.

A large slab thickness also yields a medium with only 
small total air space. It is important to reduce the 
size of the regions unoccupied by slabs in order to

3^approximate the "Random Binary Transmission Process."
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Also, the Papanicolaou approximation requires a small
35

correlation length. Therefore the slabs must be packed
together as densely as possible. The low index of re­
fraction of the styrofoam does not yield a mean power 
transmission less than 90f6 for ten slabs, even when they 
are manually configured for minimum transmission. This 
led to the choice of a higher index material i. e. poly­
styrene. The minimum thickness of polystyrene needed to 
prevent extensive warping is i inch. Even these thin 
sheets are very heavy. This makes them difficult to lift 
out of the microwave field. Twenty sheets were used to 
try to get the average power transmission down to approxi­
mately 60j6. Because of their weight, the polystyrene 
slabs were cut to as small a size as practical without 
causing edge diffraction effects i. e. 13” X 1?H. Several 
other materials checked lacked raachineability e. g. poly- 
ethelene. Others lqcked resilience and had high absorp­
tion at 60GHZ e. g. pressed wallboard.

The surface of the styrofoam is not perfectly smooth.
The manufacturer's name is stamped in some places. These 
blemishes are 0 .0 2 0 inches deep and 0 .1 2 5 inches wide in 
some places. Every effort was made to select and position 
these areas away from the optical axis. These blemish 
dimensions correspond approximately to 1 /1 0 and l/2  wave 
respectively. Because of the low index (near unity) of 
the material, effects due to these marks are small. Other
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wise, the material has a smooth skin with surface 
irregularities (dents) of the order of +0 .0 0 3 inches or 
less than 1/100 wave.

The surface quality of the polystyrene is excellent. It 
is smooth to better than +0.001 inches or better than 
1/200 wave and has no surface imperfections.

The interior of the styrofoam material has small imper­
fections (bubbles) of the order of 0 ,0 0 5 inches or l/kO 
wave uniformly distributed throughout the body of the 
slab. Therefore, the styrofoam can be considered as being 
homogeneous.

The polystyrene is solid throughout* it may have small 
bubbles of immeasurable size. The polystyrene can be 
considered as being homogeneous also.

The thickness of the styrofoam was measured six (6) times 
around the edge of each slab with a vernier calliper and 
an average taken for the thickness on the optical axis.
The maximum deviation from the average measured for any 
one slab was 0.028 inches or l/? wave.

The thickness of the polystyrene slabs was measured 
six (6) times around the edge of each slab with a micro­
meter and an average taken for the thickness on the 
optical axis. The maximum deviation from the average 
thickness measured for any one slab was 0.005 inches or 
l/JfO wave.
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The parallelism of the faces of the styrofoam and poly­
styrene slabs was calculated using the maximum thickness 
deviation of the slab. The angles computed were 1/60 deg, 
and l/ 2 0  deg. for the styrofoam and polystyrene respective­
ly.

The sagitta of each slab was measured to determine if any 
warp was present. Most of the slabs were slightly warped. 
The maximum sagitta measured for either material was 
0.050 inches for polystyrene. This is over the 17 inch 
width of the slab. This corresponds approximately to a 
sagitta of 0 .001 inches or 1 /2 0 0 wavelength over a 
2 inch circle drawn on the optical axis e. g. the approxi­
mate horn opening dimension of the XTAL field detector.

B. Choice of Material for the Conducting Strip Configurations
30On the basis of previous experimental results at 60GHZ 

there is no evidence for the dependence of the angular 
diffraction pattern of a single or double strip on the 
conductivity of the strip material i. e. for common 
materials such as steel and aluminum having width dimen­
sions of the order of a wavelength. It is desirable to 
keep the strip thickness as small as possiblet compared
to a wavelength) to approximate an infinitesimally thin 

37strip. In doing this the strip is likely to warp or 
take a permanent set unless the material is resilient.
Steel is superior to aluminum in this respect. Steel
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feeler gauge stock having a thickness of 0 .0 2 0 inches 
and a width of 0 .5 0 0 inches was chosen. Prior experi­
mental work has been conducted in electromagnetic

38diffraction using similar strips. The tolerance on 
both width and thickness are +0 .0 0 2 and +0 .0 0 0 5 re­
spectively. The 0.500 inch strip width was chosen because 
it is small compared to the size of the XTAL field de­
tector horn opening i. e. 1.6” X 1.3”. This insures that 
the horn does not lie completely in the diffraction 
shadow of the strip. The 0.500 inch strip width was 
chosen also because it is small compared to the size of 
the flat center portion i. e. ±5% amplitude variation, 
of the microwave beam (see Pigs. A.l-A.^). Therefore, 
at least to first order, on the optical axis the edges 
of the strips are illuminated by plane waves.

A flat material was sought for supporting the strips 
as they are hanging in the microwave field. The three 
inch thick styrofoam slabs were chosen as the base 
material for supporting the strips. The strips were 
cemented to the slabs. Although the surface of the 
styrofoam is warped the sagitta is no greater than 
0.001” over a 2” X 2” area. The index of refraction of
the styrofoam is near unity (see Appendix E). Therefore,
the effe.ct of the slabs presence on the power transmission
of the strips is minimized. In addition the mean powir
transmission of the strips mounted on the slabs can be com­
pared with the mean power transmission of the styrofoam
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slabs alone.

Mounting and Alignment of Slab and Strxu Configurations 
Each styrofoam slab was milled out to accommodate a 
plastic tab (m) which was cemented to the slab with 
Elmer's glue. Elmer's glue was used since it does not 
melt the styrofoam. Most other cements chemically attack 
styrofoam. The tab is used for attaching the slab to a 
carriage mounting block. Mounting holes are machined into 
the tab for this purpose. An insulating tab rather than 
a conducting one is used to prevent severe microwave 
reflections from the tabs. The polystyrene slabs were 
machined with tabs (q) as part of their basic structure.

For the styrofoam configuration, ten (10) slabs were 
mounted on their respective carriages as in Fig. 2?. For 
the polystyrene configuration, twenty (2 0) polystyrene 
slabs were mounted on their respective carriages (two on 
a carriage) as in Fig. 28. The slabs were made plumb 
within +i degree. The slabs were aligned parallel to 
each other to better than +£ degree. For the styrofoam 
slabs the radiation was normally incident 0° +£ deg. For 
the polystyrene slabs the radiation was incident at 2 .2° 
+f- deg. The slab alignment was done using a vernier 
calliper, plumb line, and autocollimating telescope with 
a gauss eyepiece.

For the strip configuration, ten (10) slabs (with strips) 
were mounted on their respective carriages as in Fig. 2 7.



The strips are 25" long as compared to the 2k" height of 
the styrofoam (see Fig. 10). At the top and bottom of 
each slab the strip exceeds the slab edge by 4". This 
4 " strip projection facilitates the edge-on alignment 
of the strips. Two (2) taut 0.016'* nylon chords were 
set up as edge references. Both were arranged parallel 
to the longitudinal table. The plane of the chords was 
made plumb to within +4 deg. One was strung across the 
top of the ten slabs* and the other was strung across the 
bottom of the slabs. The edges of each of the ten strips* 
both at the top and at the bottom* were adjusted so that 
each one just touched the nylon reference chord ^o’qoO"* 
Therefore the strips were aligned edge-on to within 
+0.008" of one another.

D. Geometry of the Slab Configurations
Ten (2hn X 24”) styrofoam slabs were mounted on the longi­
tudinal table, one to a carriage (see Fig. 27). They 
were arranged initially to give near minimum transmission 
with ten (10) slabs in the field, i. e. 83#. The carriages 
were run in the manual mode until this condition was 
attained. The spacing between adjacent slabs (air space) 
was found to be approximately 4". To gain a periodic 
arrangement* as in a crystal* and to mocre nearly simulate 
the "Random Binary Transmission Process" the spacing was 
made 4 inch for all slabs with only a small resultant 
increase in the power transmission* i. e. 85#* The 4"
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spacing configuration was chosen rather than another 
configuration with larger airspace so as to keep the 
slabs as densely packed as possible. This was done to 
better approximate the "Random Binary Transmission 
Process«" and reduce the correlation between the index 
of refraction of the airspaces. This configuration 
places limits on the range of motion that each slab can 
have rectilinearly* Each slab has a range of motion of
0.100 inches or 5/8 wave. This range allows the slabs and 
carriages to move rectilinearly without colliding with 
one another and also provides sufficient clearance 
without rubbing between adjacent slabs when they are 
rotated in and out of the field.

The \ inch spacing between slabs (see Pig. 8 t 10, 27) 
was maintained for the strip configurations so that a 
comparison of the mean power transmission coefficients 
for the styrofoam slabs holding the steel strips could be 
made with those found for the styrofoam slabs alone. For 
this purpose, the range is maintained the same.

The twenty polystyrene slabs were mounted on the longi­
tudinal table two (2) to a carriage (see Pig. 1-4). The 
distance between each pair of slabs mounted on a carriage 
is nominally 3*250 inches* This is the width of the 
carriage mounting block. The block dimensions were chosen 
to give a high packing density for a wide range of slab
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widths. The configuration for twenty polystyrene slabs 
(see Fig. 28) was chosen to both minimize the power 
transmission and maximize the packing density. Over­
lapping the slabs of adjacent carriages allowed achieving 
a high packing density.

The air separations were manually adjusted initially as 
follows. Starting with arbitrary locations for each 
slab, slab #1 was moved until minimum power transmission 
was reached. Then slab #2 was moved until another 
minimum was reached. The procedure was repeated se­
quentially down the line for each slab. A repetition 
of this procedure four (^) times was found to be adequate. 
For the case of the polystyrene the minimum power 
transmission was 1 1.5 *̂

E. Generation of Random Slab Configurations
The random selection of slab location and total number in 
a configuration is accomplished through the use of two (2 ) 
random number generator subroutines in the central com­
puter program. They make available numbers uniformly dis­
tributed between the numerical limits -1 and +1. Each 
time the computer arets up an index of refraction profile, 
the carriages are selected sequentially and to each one 
is designated two (2 ) random numbers (one from each 
generator). The carriage locations are determined by the 
first random number generator. The carriage location is 
proportional to the number generated. The nominal carriage
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position occurs when the first random number generated 
is zero. The number of slabs in the field is determined 
by the second random number generator* If the number 
generated is negative (-) then the slab for which it is
generated is held out of the field. If the number
generated is positive (+) then the slab is placed in the
field.

The uniformity of the numbers generated was ascertained 
using the CHI SQUARE TEST (see Appendix D). The results 
of this test are shown in Pig. A. 5» The calculated 
probability distribution of the generator compares well 
with the theoretical CHI SQUARE probability distribution.
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4 .  MEASUREMENT OF THE MEAN POWER TRANSMISSION COEFFICIENT
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Normalization of the Power Transmission Measurements
The purpose of having two (2) XTAL detectors is so that 
one XTAL can monitor the field power transmission and the 
other can monitor the klystron power output. By taking 
the ratio of the field detector reading to the klystron 
detector reading there is constant normalization of the 
transmission regardless of power level changes in the 
klystron's output. For convenience, the outputs from 
each XTAL are initially set equal to unity, with no 
slats in the field. Since the noise of the klystron is 
typically ±i&i the error associated with the transmission 
normalization process is ±1%* This is far less than the 
+10#.fluctuation in klystron power output over li hours 
i, e. the time for a typical experiment. The power level 
fluctuations in the klystron's output are due to the age 
of the tube, temperature changes of the tube (even though 
the tube is mounted in an oil bath), and sharp 115 vac. 
power line fluctuations. There is drift of ±2% typically 
between the klystron XTAL (N) (see Fig. 1) and the field 
XTAL (Y) (see Fig. **-). The crystals are mounted approxi­
mately 20 feet from each other. The drift is due to 
local temperature differences in the chamber and differences 
ini.power levels detected. The drift of each XTAL is 
roughly linear in time. That is, if the XTAL output is 
drifting downward near the beginning of an experiment, 
then it continues on the average to drift downward all 
through the experiment with small fluctuations of about
+!#. This has been determined by measuring the XTAL
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outputs with no slabs in the field# for l£ hour intervals. 
The effect of drift is eliminated by taking the average 
drift measured over the time for a complete experiment 
and by correcting the average power transmission coeffi­
cient by this amount.

The crystals used to detect the klystron power output 
and field intensity are square law devices. Deviations 
from the square law characteristic cause errors. The 
behavior of similar crystals e. g. ±1% as square law 
devices at power levels comparable to those in the

38
present experiment has been demonstrated elsewhere. A 
further check was done to determine the XTAL linearity.
A thin metal mask was placed over the mouth of the 
field detector horn. First one-half of the horn was 
coveredi then the other. The power transmission measure­
ments made while the right half and the left half were 
covered were 0 .5 0 7 and 0.504 respectively. The trans­
mission is 0.992 with no mask in place. This shows that 
at 50% attenuation the XTAL linearity is better than 
1%, The results also indirectly demonstrate the symmetry 
of the field around the optical axis.

Since the crystals (XTAL’S) are not matched i. e. dif­
ference in internal resistance,there may also be dif­
ferences in their readings at corresponding power levels. 
During a typical experiment, the XTAL monitoring the
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klystron power output and the XTAL monitoring the 
power transmitted by the random medium do not detect the 
same signal power levels e. g. the power transmission 
varies typically between 100# and 11#. To determine the 
size of this effect thin absorbers i. e. paper & plastic 
tape, were placed at the mouth of the klystron waveguide 
and the output of both XTAL'S was read. The greatest 
error observed was +£# for an attenuation of 80#.

The XTAL voltage is amplified (X100) by a Standing Wave 
Ratio (SWR) meter. The meter's linearity is +i#. The 
amplified signal is then digitized by a digital voltmeter 
(DVM). The DVM analog to digital conversion is good to 
+l/l0# (linearity +§■ LSB).

The digital signal is then coded for transmission to the 
computer. There is no loss of accuracy in this step.

The noise level of the XTAL, SWR meter, and DVM is 
+1/10# measured with the klystron turned off. All cables 
linking the XTALS with the SWR meter and the DVM are of 
the coaxial type.
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B. Measurement of Standing Wave Effects
Standing waves (see Appendix F) originate at several 
locations. Namely at the field detector, longitudinal), 
table, klystron waveguide, and random medium.

Part of the radiation falling on the field detector 
(see Pig. 5) is reflected back to the klystron wave­
guide (d) (see Fig. 12). Reflections at the mouth of the 
field detector horn (R) and at the XTAL (Y) itself con­
tribute to this effect. These reflections arise from a 
mismatch between the above components and their sur­
roundings. A dielectric sheet (Q) was inserted at 45° 
at the mouth of the field detector horn. The purpose 
of this sheet is to attentuate any reflected radiation.
An E-H tuner (S) is used to match the XTAL to the de­
tector waveguide and thereby reduces reflections from the 
XTAL. Using this procedure, the effect of the standing 
waves on power transmission measurements is reduced from 
±5# to less than +0.4#.

The random medium, composed of plane parallel dielectric 
slabs, reflects all radiation that is not transmitted, 
back to the klystron. This radiation is focused by the 
parabolic mirror onto the mouth of the klystron rectan­
gular waveguide. For random media having high trans­
mission e. g. ten 3" thick styrofoam slabs, the reflected 
radiation is small (10#)i and therefore the re-reflected 
radiation from the klystron waveguide is very small (within
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the noise level of the klystron) and is therefore un­
detectable. For the polystyrene £ inch sheets, however, 
the transmission is significantly lower. For example 
20 sheets have an average transmission of approximately 
6 2 Therefore, the average reflected radiation is 38#. 
The angle of incidence of the polystyrene slack was 
made 2.2°. By doing this the radiation reflected by the 
stack and focused on the klystron waveguide was made less, 
since now the real image of the klystron waveguide falls 

off of the waveguide. The effect of the standing 
waves on the transmission measurements is reduced from 
±5% to The angle of incidence could not be made
larger because the incident radiation would strike the 
edges of the slabs and cause diffraction effects. For 
the ten £■" wide strips mounted on the 3 " thick styro­
foam slabs, at normal incidence, the effect of these 
standing waves is +l£?S. Estimates of the standing 
wave effects above were made by measuring the change 
in the readings of the klystron power output XTAL when 
the random medium was changed i. e. by varying the 
number and spacing of slabs in the field. Theoretically, 
in the absence of any reflections from the medium, there 
would be no measurable changes. However, since there is 
radiation reflected from the medium back to the klystron, 
and re-reflected back into the field by the klystron 
waveguide, there are changes (apparent ones) in the



klystron power output. The output power level and fre­
quency of the klystron both fluctuate with time. The 
klystron frequency changes by +0.1 GHZ typically over a 
period of li hours. These measurements were made with a 
frequency meter mounted onto the klystron power output 
detector. This corresponds .to a wavelength change of 
+0.01 mm. or 1/500 wave. The power output (noise) of 
the klystron fluctuates typically by ±h%*

Due to the size of the longitudianl table (5 ft. X 1 ft. X 
1 ft.) and its proximity to the field e. g. the field 
passes 1 2" below the table, there is some scattering 
along the length of the table. To reduce this scattering, 
a system of baffles i. e. collimating apertures (M, A, C), 
were erected (see Fig. 1). The baffle material is 
Eccosorb type 72 absorber. It is pliable and comes-in 
convenient £ inch thick sheets. The reflected power is 
less than The transmission is negligible. These
apertures insure that the incident radiation is restricted 
to a region around the optical axis and well below the 
longitudinal table. Radiation diffracted from the baffle 
edges and diffracted from the table to another baffle



edge can reach the field detector only by third order
diffraction. Such effects* even for metallic edges are 

39small. By using these collimating apertures* these 
scattering effects were reduced from +2% to negligible 
values. The longitudinal table scattering effects were 
determined by making power transmission measurements with 
no slabs in the field. The carriages were operated up and 
down the length of the tablei the picker motor was also 
operated. No variation in transmission was detected. The 
collimating apertures were placed on the parabolic 
mirror (e), in front of the parabolic mirror (M), between 
parabolic mirror and longitudinal table (A)* and between 
longitudinal table and field detector (C), All were 
aligned on the optical axis of the XTAL detector. Their 
sizes are 6" X 6", 6 ” X 6 ", 6" X 6 ", 4 H X 4", respectively. 
The size of the collimating apertures was chosen in the 
following way. Aperture (C) was chosen so that an ob­
server-standing at the XTAL field detector* looking toward 
the klystron mirror could not see any of the edges of the 
slabs that are in or out of the field. Therefore* any 
radiation reaching the field detector from the edges of 
the slabs would have to do so by some indirect path* 
i. e. by secondary diffraction. The 6 inch X 6 inch 
apertures (M) & (A) between the longitudinal table and the 
klystron were chosen to prevent radiation from directly 
reaching the longitudinal table onto the XTAL field
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detector. The size of the apertures were made as small 
as possible»without producing large effects in the wave- 
front of the incident radiation (see Appendix A). To 
determine the presence of stray radiation at the field de 
tector, aperture (C) was vignetted with a metal plate; 
the stray radiation was too small to be detected.

The klystron waveguide has a 4.775 X 2 .3 8 8 mm. rec­
tangular opening. A feraiita isolator is installed in 
the guide to prevent reflections from the klystron it­
self# Attempts to reduce reflections by covering the 
mouth of the klystron waveguide with absorbing material 
were unsuccessful. These attempts resulted both in 
increasing the reflections or seriously changing the 
radiation pattern of the waveguide so as to make the 
beam unusable.

4?



C. Measurement of Diffraction Effects
The angular power distribution from the mouth of the open

40
klystron rectangular waveguide is not uniform, and the
alignment of the waveguide with respect to the collimating

41
parabolic mirror is critical. Diffraction caused by the 
collimating apertures (e, M, A) can also alter the plane 
wave character of the field. To check the severity of 
these effects on the wavefront, the diffraction pattern 
of a single conducting strip was measured at three field 
locations. The results are compared with values pre­
dicted by Keller Diffraction Theory in Pig. A.3 . The 
intensity of the field was also measured and plotted as 
a function of field location in Pig. A.4. In the central 
2" of the field there is only a small fluctuation of the 
field intensity. The field intensity is normalized to 1.0. 
The field amplitude is very close to being constant
i. e.

During a typical experiment, when slabs are rotated out 
of the field, they are held out by a distance sufficient 
to make diffraction from their edges a third order effect. 
Attempts to see these effects by completely removing 
slabs from their carriages after measurements had been 
made with the slabs rotated out of the field, and com­
paring readings before and after, proved these effeote 
to be negligible. The effects are too small to measure. 
The slabs are deliberately made much larger than the
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collimating apertures so that when the slabs are in the 
field edge diffraction is negligible.
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Criteria for Convergence of the Power Transmission 
Measurements
The basic investigation has been to experimentally set up
random configurations or index of refraction profiles for

hi
a prescribed number of slabs or length L of media* and
to measure the power transmission for each profile. The 
running mean power transmission coefficient for m profiles 
can be defined as

M
<  ITCL)|2 >  =  T:CL)

* - Ic- I

where T^(L) are the individual power transmission coeffi­
cient measurements resulting for each index of refraction 
profile for a particular length L. We can also define 
the mean power transmission coefficient as

M

<ITCUI*>=^ -ki, T.ID
I -»

The value of<fT(L)f2> can be estimated by measuring the
fT^ (L) S and their corresponding running means until a 

sufficient number* say m»n is reached such that the 
fluctuations in the running mean are of the order of the 
limit on measuring accuracy of the experiment. A con­
servative estimat* of this limit can be gotten by con­
sidering only the linearity of the crystalsji. e.
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Papanicolaou Approximation
The propagation of scalar waves through a dielectric
slab of random medium assumed to be plane stratified
having an index of refraction with small fluctuations
about a mean value has been considered by Papanicolaou 
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et al. The random refractive index can have, within4 5
certain limits, an arbitrary correlation function, 
e. g. see Appendix E.l. An expression for the approxi­
mate value of the mean power transmission (referred to 
below as the "Papanicolaou approximation") characterizing
the scattering properties of the medium is given by 46
Papanicolaou as (see Appendix B.l)

C l T O O - j f r *
o

The Papanicolaou approximation is derived for the 
specific case of normally incident radiation. The di­
electric slab is assumed to be lossless, i. e.

O p= 1- [T(L)| . The mean power transmission is
equal to the mean of the square of the magnitude of the
transmission coefficient T(L); R(L) is the reflection 

47coefficient.

A distinguishing feature of the Papanicolaou approxi­
mation is the appearance of the statistical parameter S

£LS ^  a

V  C O S h t e J S L ’ i t )



Appendix B.2, E.2) given as

o°
a

r —  J*
£ C £ )  c o s  lft,£

where S is a correlation function, h is the mean wave
number, ^(X) 'the autocorrelation of the real random
process m(L), and L is the width of the random medium.

48-52
Unlike many other contemporary statistical methods 
which must assume a particular random process in order 
to effect a solution, the Papanicolaou approximation 
is completely general. Since s appears explicity in the 
solution as a variable, it permits the treatment of any 
plane stratified media so long as the random process m(L) 
characterizing that medium is known or can be assumed.
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The autocorrelation of the random process m(L) is given 
in the derivation of the Papanicolaou approximation as only a

i 66
function of the difference J(L-L )} . That is,

<m(L)m(L')>* J»(|L-L*| )
This suggests that m(L) be at least stationary in the wide

6?
sense (or weakly stationary); that is, the autocorrelation 
of m(L) is not a function of L Alone, but of the magnitude 
of the difference L-l '. To realize this condition experi­
mentally, the slabs must be arranged as closely to one 
another as possible. In order words, to reduce the corre­
lation between the indices of refraction of adjacent as well 
as remote regions of the medium, we do not want to occupy 
these regions continuously with air alone. In addition, to 
reduce the correlation between regions inside the slabs them­
selves the slabs should be as thin as possible (compared 
to a wavelength). The length L of a medium meeting these 
conditions, for a finite number of slabs would be very small. 
The Papanicolaou theory predicts that even for such an 
idealized medium, the mean power transmission would be very 
large. A test of the theory at high mean power transmission 
levels would be inadequate because the non-linear nature of 
the theory only appears at low transmission levels. The 
difference between the predictions of linear theories, for 
example the B o m  approximation, and the Papanicolaou approxi­
mation grow as the mean power transmission of the medium 
decreases. Besides these experimental limitations the
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Papanicolaou approximation was derived assuming small 
fluctuations in the index of refraction inside the medium. 
Again, for an experimental medium of practical size, a small 
index of refraction of the slabs would produce a corresponding­
ly large transmission related to the square of the index 
fluctuations. Therefore, compromises in the experimental 
simulation of the assumed physical conditions used to derive 
the Papsmicolaou approximation are necessary.

Although the Papanicolaou approximation was derived
under the above assumptions, it was done so to simplify68
the mathematics. The range of physical conditions 
the theory will actually predict is much broader. The 
experimental models investigated test the scope of its 
validity.
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B. Born Approximation
When the index of refraction is very small the parameter E 
characterizing the size of the fluctuations of the wave 
number of the random medium is correspondingly very 
small (see Appendix E.3). Multiple scattering can then

53be neglected and the first Born approximation applied.
2This is the case for which E LS approaches zero. Equation

(3 ) i. e. the mean power transmission, is plotted in
2 2Figs. 16-20 as a function of E LS. When E LS equals 

zero the mean power transmission is unity and the slope of 
(3) is -1. This was determined numerically (see Ap­
pendix B). The slope of the B o m  approximation, there­
fore, is also -1 when the mean power transmission is unity. 
The B o m  approximation as a function of E^LS is also 
plotted in the above figures. Clearly, the predictions of 
plane stratified random media differ markedly between 
the Papanicolaou and B o m  approximations as L increases.
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C. Exact Theory
The problem of wave propagation through a non-random
medium has been investigated thoroughly by many 5^-56
authors. The medium is assumed to be divided into
m plane - parallel layers* the first and m '*'*1 of which are 
semi-infinite. The electromagnetic properties of the 
m layers are unrestricted and dissimilar, and the thick­
ness of the (m-2 ) finite layers are also different in 
general. A steady-state monochromatic wave, generated 
in the mth layer, is assumed to be incident at any 
angle upon the (m-1) layer. The exact solution of 
Maxwell* equations with appropriate boundary conditions 
leads to explicit expressions for finding the transmission
coefficient. Two different computer programs were 

57developed following the equations of Brekhovskikh and 
Adams respectively. The results from these programs were 
cross-checked to eliminate the possibility of programming 
errors. The mean power transmission coefficient for an 
ensemble of profiles is calculated as the arithemetic 
mean of the individual coefficients. Since in practice 
the properties of most naturally occurring media are im­
possible to be measured accurately because they are sub­
jected to random variations due to noise, humidity, wind 
velocity, thermal fluctuations, etc., the applicability of

58the exact approach is seriously limited.
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6 . COMPARISON BETWEEN EXPERIMENT AND THEORY
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A. Normalization Procedures
Normalization of the mean power transmission coeffi­
cients is accomplished using the fact that the quantity 
E2S is a constant for each of the models, i. e. plane 
layered dielectric media, considered. A value of E^S 
is sought such that the sum of the squares of the dif­
ferences between the measured values of the mean power 
transmission coefficient and the corresponding values 
predicted by the Papanicolaou approximation for a
particular model is minimized for the various L*S con- 

59-60
sidered. The value of ErS for which this occurs
provides the "best fit" between the experimentally deter­
mined mean power transmission coefficients and the 
theoretical values, A program was developed which in­
creases the constant I^S incrementally and computes these 
sums. A similar program was developed using the Born 
approximation for comparison.(see Tables 1-6 and 
Figures 16-18). The mean power transmission for both the 
styrofoam and polystyrene models was computed using 
"exact theory" and the results are listed in Tables 1-6 
for comparison. These results were not plotted because 
there is no equivalent to the statistical parameter S in 
exact theory.

For the convenience of making future comparisons between 
experimental results and theoretical predictions we define
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the quantity P as followsi

£ £ ( R t- M t ) *
9 I

where n is the total number of experimentally determined
values of T(L)l , %  is the experimental value

2of each^T(L)| y, and is the corresponding theore-
2tical value of <|T(L)l > for length of medium L^. We 

note that the best fit occurs when F is minimized. F 
is a sort of standard deviation, taking the theoretical 
values as representing the mean.
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In particular, for the plane stratified dielectric models 
considered, i. e. styrofoam and polystyrene, S is a constant. 
The statistics of the real random process m(L) remain in­
variant throughout the experiment, e. g, the autocorrelation 
of mCli). The mean wave number k (see Appendix E.4) is in­
variant because each model can be considered as being com­
prised of slabs having a constant uniform index of refractionj
then E can also be taken as a constant. Therefore, the only

2 2 variable in the product E SL is the L term, where E S is a
constant.

The value of S is a constant for the model having strips 
mounted on styrofoam slabs for the same reasons given above. 
However, since the Papanicolaou approximation was derived 
for dielectric slabs, the value of E for the strip caBe is 
undefined. Furthermore, the expression for the mean power 
transmission assumes normally incident plane waves. It also 
assumes that during propagation the wavefronts remain plane. 
The radiation scattered from the edge of each strip takes 
the form of cylindrical waves (see Appendix A).

Predictions on the mean power transmission of the random
strip model e. i. stripB mounted on styrofoam slabs,
are beyond the scope of the Papanicolaou theory, at least
in so far as it has been presented. Furthermore, there is
no "exact solution" to the strip model. Only the single

61strip problem can be solved exactly. There is however the
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possibility of solving the random strip problem approxi-
62

mately by applying geometrical diffraction theory. This
method has been applied to fixed arrays of two (2 ) strips

63
with good results.

In order to compare the mean power transmission measurements
of the strip model with those of the styrofoam model, an

2equivalent value of E S is sought. The value of S occurring 
in both models is identical. The value of E for the styro­
foam model is real (see Appendix E.3 ). The equivalent value
of E for the strip model is likely to be complex because the

64-
strip is made from conducting material. If an expression
for the mean power transmission coefficient were derived
using Papanicolaou theory for conducting media we can

2speculate that the E term would be real i. e. E*E.



Values of the mean power transmission coefficients 
for each of three (3 ) models; the styrofoam model, 
polystyrene model, and the strip model, are listed in 
Tables 1-6. The experimental values were compared to the 
Papanicolaou approximation and a "best fit" was achieved. 
The experimental values and the corresponding Papanicolaou 
values representing the "best fit" condition are listed.
In addition, the experimental values were compared to the 
B o m  approximation and a "best fit" was achieved. The 
B o m  values representing this "best fit" condition are 
listed. Also, the "exact" values were compared to the 
Papanicolaou approximation and a "best fit" was achieved. 
The "exact" values representing this "best fit" condition 
are listed. The index of refraction used for the compu­
tation of the "exact" values are 1.093 and 1 .3 3 0 for styro 
foam and polystyrene respectively. These are the first 
roots calculated using the "transmission method" (see 
Appendix E).
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Exact calculations of the mean power transmission 
coefficients for each of the second roots for styrofoam 
and polystyrene respefifftiveiy i.e. 1 .1 2 and 1 .6 8 3, were made. 
The results disagree with experiment by +4.2?5 and -25*2% for 
ensembles of ten (1 0 ) styrofoam and twenty (20) polystyrene 
slabs respectively. Due to the large disagreement with 
experiment they were discarded and the first two roots 
chosen. The disagreement between exact theory and experi­
ment is and 2% respectively for the same ensembles cited 
above. Clearly, the first roots are the better choice.
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B. Styrofoam Model
The experimental values for the mean power transmission 
coefficients are given in Tables 1 and 2 for fixed slab 
positions and for random slab positions respectively.
In both cases the slabs in the microwave field are 
selected at random. The least squares best fit occurs 
when the constant E^S is equal to 0 .00090 and 0.00080 
respectively. A small difference between the values of
pE S is expected because in the latter case the slab

positions are random, the range of motion i. e. 0.1 0 0,”
being small compared to a wavelength. Therefore, S
remains relatively unaltered, and since E is constant,

2the change in the product E S is small.

In Table 1, the value F is equal to 0.006 when the ex­
perimental values are compared to the Papanicolaou 
approximation. The value of F is equal to 0.006 also 
when the experimental values are compared to the B o m  
approximation. For comparison, the value of F is equal 
to 0 .0 0 6 when the "exact” values are compared to the 
Papanicolaou approximation. Therefore, the experimentally 
determined values agree approximately on the average 
with all the theoretical values to about

In Table 2, the value F is equal to 0 .0 0 3 when the 
experimental values are compared to the Papanicolaou 
approximation. The value of F is equal to O.OO3 also
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when the experimental values are compared to the B o m  
approximation. For comparison, the value of F is equal 
to O.OO3 when the "exact" values are compared to the 
Papanicolaou approximation. Therefore the experimentally 
determined values agree approximately on the average with 
all the theoretical values to about l/3?S.

Therefore, for the styrofoam model, for both fixed slab 
positions and for random slab positions, agreement with 
theory is on the average approximately the same, i. e. 
Referring to Fig. 16 we expect that good agreement with 
the B o m  approximation implies good agreement with the 
Papanicolaou approximation, since the curves are so close. 
We note that the mean average value of the power trans­
mission is never less than 92# for ten (1 0 ) slabs whether 
they have random or fixed positions. The minimum trans­
mission measurement for a configuration of ten (1 0 ) slabs 
occurs when all ten slabs are in the field and is ap­
proximately 85# (see Fig. 21). The probability that all 
10 slabs will be in the field simultaneously is equivalent
to the probability of tossing a coin heads up ten times10
in a row, i. e. (0.5). Therefore, although this event
can occur, it is unlikely. Taking 0.935 as the mean, then,
the maximum deviation is about 8%. Thus, after twenty-j£ive
profiles the fluctuations in the running mean are less
than 1/3 ,̂ well below the criteria for convergence,
i. e. previously adopted (see Fig. 24).

*
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For the styrofoam model the length of the medium is 
roughly proportional to the number of slabs comprising an 
ensemble. Noting the experimental linear character of the 
mean power transmission coefficients as a function of the 
length L of the medium (see Figure 16), an estimate of the 
mean power transmission coefficients can be made using the 
fact that the minimum power transmission of an ensemble 
comprised of ten (1 0 ) slabs is 85#j assuming that each slab 
comprising an ensemble enters the field in only 50% of 
the slab configurations (this follows from the fact that 
the random process m(B) has a zero mean value). As an 
example, for an ensemble of ten (1 0 ) slabs, the mean power 
transmission coefficient can be computed as (1*00 + 0.85^ 
or 0.925* This is in good agreement with the experimental 
value of 0.925 for fixed slab peeitiDns (see Table 1).
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Using the value I^S = 0.00090 we may compute the mean
power transmission of a single slab of styrofoam. The
nominal thickness of a single slab is 3 " or approximately

2
7 .6 2 cm. Therefore E SL * 0.0068. Prom Pig. 16 we can 
plot this and find the corresponding value of the mean 
power transmission i. e. 99*3#* This implies a value of 
98.6# for the transmission of a single slab. Comparing 
this value with the 99*2# measured value (see Appendix E), 
we see that they are in good agreement, i. e. within 0 .6#.

The value of F in Tables 1 and 2 is equal to O .87 and 0 .5  

respectively when comparing the experimental values to 
the exact values. Therefore, the experimentally deter­
mined values for the styrofoam model agree approximately 
on the average with the exact values to about 0 .9#.
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In order to determine the effect on the mean power 
transmission coefficients of randomizing the slab positions 
as opposed to maintaining the slabs fixed at nominal 
locations, data from similar sources is compared.

Comparing the experimental values with one another in 
Tables 1 and 2 for the styrofoam model, the maximum dif­
ference is 255. The range of mean power transmission coeffi­
cients considered is from 0.970 to 0,925* The maximum 
difference occurs for an ensemble of seven (7 ) slabs.

Comparing the Papanicolaou values with one another in 
Tables 1 and 2, the maximum difference is 1% and occurs for 
an ensemble of seven (7 ) slabs.

Comparing the Born values with one another in Tables 1 
and 2 , the maximum difference is 1% and occurs for an 
ensemble of ten (1 0 ) slabs.

Comparing the "exact*' values with one another in 
Tables 1 and 2, the maximum difference is and occurs 
for an ensemble of ten (1 0 ) slabs.

Therefore, the maximum effect of randomizing the slab 
positions in the styrofoam model is a change of 2% and this 
occurs between the experimental values. By comparison, the 
next largest difference occurs between the exact values and 
is li#. Therefore, the maximum effect of randomizing the 
slab positions is slightly greater for the experimental 
values i. e. by This indicates that the maximum rate
of change of the difference in mean power transmission 
coefficients from randomizing the slab positions, is about
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the same for experiment and theory and is about
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C. Polystyrene Model
The experimental values for the mean power transmission 
coefficients are given in Tables 3 and 4  for fixed slab 
positions and for random slab positions respectively.
In both cases the slabs in the microwave field are se­
lected at random. The least squares best fit occurs 
when the constant is equal to 0,0079 and O.OO73 

respectively. A small difference between the values o'f
OE S is expected because in the latter case the slab 

positions are random, the range of motion, i. e. 0 .1 0 0” 
being small compared to a wavelength. In Table 3 , the 
value F is equal to 0.02 when the experimental values 
are compared to the Papanicolaou approximation. The 
value of F is equal to 0,04 when the experimental values 
are compared to the B o m  approximation. For comparison, 
the values of F is equal to 0 ,0 3 when the ”exact” values 
are compared to the Papanicolaou approximation. There­
fore, the experimental values agree approximately on the 
average with the Papanicolaou approximation to about 2%, 
Agreement on the average between the experimental values 
and the B o m  approximation is about

In Table 4, the value F is equal to 0.02 when the experi­
mental values are compared to the Papanicolaou approxi­
mation. The value of F is equal to 0 .0 3 when the experi­
mental values are compared to the B o m  approximation. For
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comparison, the value of F is equal to 0.03 when the 
"exact” values are compared to the Papanicolaou 
approximation. Therefore the experimentally determined 
values agree approximately on the average with the 
Papanicolaou approximation to about 2#, and with the 
B o m  approximation to about 3# (see Figs. 17-18).

Therefore, for the polystyrene model, for both fixed 
slab positions and for random slab positions, experimental 
agreement with the Papanicolaou theory is on the average 
approximately 2#. This is l£# higher than for the styro­
foam model. Agreement between it&fi' exact theory and the 
Papanicolaou approximation for the polystyrene is 3# 
compared with about for the styrofoam model. This is 
2\% higher. We note that agreement between experiment 
and the Papanicolaou approximation is better than between 
experiment and the B o m  approximation for both cases 
considered by about 1%,

The minimum transmission measurement for a configuration
of twenty (2 0) polystyrene slabs occurs when all the slabs
are in the field and is approximately Again, the

10
probability of this occurring is (0,5 ). Taking 0.62 as 
the mean, then the maximum deviation is about 51#- Thus 
after fifty profiles the fluctuations in the running mean 
are less than 1#, the criteria for convergence. Of course, 
since a power transmission of 1 1 .5# is unlikely, the 
fluctuations in the running mean will be far less than 1#
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(see Pig. 25)

The mean power transmission of ten (10) polystyrene slabs 
is O.78O as compared to O .9 3 5 for styrofoam (see Pig. 22). 
The mean power transmission of the polystyrene is signi­
ficantly lower even though the length of the styrofoam 
medium is greater i. e. 83*65 cm. compared to 39*10 cm. 
because the index of refraction of the polystyrene is 
much higher i. e. 1 *33° compared to 1 .0 9 3* In the 
Papanicolaou Theory the power transmission is related 
indirectly to the square of the index of refraction. 
Therefore, the power transmission is very sensitive to 
changes in the index of refraction. The minimum power 
transmission measurement shown is 5^* Therefore, the 
maximum deviation is about 2*4-#. Thus after twenty-five 
profiles the fluctuations in the running mean are less 
than 1%. The fluctuations are higher for the poly­
styrene model because of the higher index of refraction.

Using the value E^S =* 0.0073 we may compute the mean
power transmission of a single slab of polystyrene. The
nominal thickness of a single slab is or 0 ,6 3 5 cm.

2Therefore E SL - 0,00*44, From Pig. 19 we can plot this 
and find the corresponding value of the mean power trans­
mission i. e. 97#* This implies a value of 9^% for the 
transmission of a single slab. Comparing this value with 
the 9k.9% measured value (see Appendix E) we see that they
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are in good agreement i. e. within 0,9#* We note for 
comparison that the agreement between the measured 
value and calculated value was within 0,6# for styrofoam.

The value of F in Tables 3 and 4 is equal to 3 .2 7 and 
2.8 respectively when comparing the experimental values 
to the exact values. Therefore, the experimentally 
determined values for the polystyrene model agree approxi­
mately on the average with the exact values to about 3 .3#. 
Disagreement between the experimental values and exact 
values for the polystyrene model is therefore about 
2.4# higher than for the styrofoam model.
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For the polystyrene model the length of the medium 
is roughly proportional to the number of slabs comprising 
an ensemble. Noting the experimental linear character of 
the mean power transmission coefficients as a function of 
the length L of the medium (see Figures 1? and 18) an estimate 
of the mean power transmission coefficients can be made 
using the fact that the minimum power transmission of an 
ensemble comprised of twenty (20) slabs is 11.5#* As an 
example, for an ensemble of twenty (2 0 ) slabs, the mean 
power transmission coefficient can be computed as 
(1*0Q ^ 0,115) or 0.557* The experimental value is 0,6it-0 
for fixed slab positions. The error in the estimate 
is therefore about 8?6. Therefore the polystyrene model 
is only approximately linear.
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Comparing the experimental values with one another in 
Tables 3 and 4 for the polystyrene model, the maximum dif­
ference is 4?S. The range of mean power transmission coeffi­
cients considered is from 0.885 to 0,625* The maximum 
difference occurs for an ensemble of eight (8 ) slabs.

Comparing the Papanicolaou values with one another in 
Tables 3 and 4, the maximum difference is 2% and occurs for 
an ensemble of sixteen (1 6 ) slabs.

Comparing the B o m  values with one another in Tables 3 
and 4, the maximum difference is 1% and occurs for an en­
semble of (1 6 ) slabs.

Comparing the exact values with one another in Tables 3 
and 4, the maximum difference is 2$ and occurs for an en­
semble of (1 6 ) slabs.

Therefore, the maximum effect of randomizing the slab 
positions in the polystyrene model is a change of 4?S and this 
occurs also between the experimental values. By comparison, 
the next largest difference occurs between the exact values 
and is 2 a difference of 2% also occurs between the 
Papanicolaou values. Therefore, the maximum effect of ran­
domizing the slab positions is greater for the experimental 
values i. e. by 2%t This indicates that the maximum rate of 
change between mean power coefficients, which results from 
randomizing the slab positions, is about the same for exper- 
ment and theory* assuming of course that we consider a 2% 
difference as small.
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D. Strip Model
An approximate value for the magnitude of the equivalent 
index of refraction can he found for the strips using 
the fact that the parameter S is identical for both the 
styrofoam and strip models. From Appendix E we find S 
is approximately equal to O.O33 for the styrofoam model 
assuming a “Random Binary Transmission Process." We have 
from (see Appendix E.3 )

TTi 1
I - £

For example, (see Table 5) when L = 7*75 cm., then 
2E LS — 0.100. Using the values of L and S given above 

we find the magnitude of the equivalent E as 0.62. Sub­
stituting this value of E in the equn. for n above we 
get n = 2.06. We note that this is far greater than 
the index of the styrofoam slabs alone i. e. I.0 9 3. This 
result is consistent with the larger fluctuations in 
transmission measurements present in the strip model as 
compared to the styrofoam model (see Figs. 21 and 2 3).
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The experimental values for the mean power transmission 
coefficients are given in Tables 5 and 6 for random slab 
positions and for fixed slab positions respectively. In 
both cases the slabs in the microwave field are selected at 
random. The least squares best fit occurs when the constant 
E^S is equal to 0.012 and 0.013 respectively. A small 
difference between the values of E^S is expected because in 
the latter case the slab positions are random, the range of 
motion i. e. 0 .1 0 0”, being small compared to a wavelength. 
Therefore, S remains relatively unaltered, and since the 
effective E is constant, the change in the product E^S is 
small.

In Table 5» the value F is equal to 0.03 when the exper­
imental values are compared to the Papanicolaou approximation. 
The value of F is equal to 0.02 when the experimental values 
are compared to the B o m  approximation.

In Table 6 , the value F is equal to 0,04 when the ex­
perimental values are compared to the Papanicolaou ap­
proximation. The value of F is equal to 0.06 when the ex­
perimental values are compared to the Born approximation.

Therefore, the experimentally determined values agree for 
both random and fixed slab positions, approximately on the 
average with the Papanicolaou approximation to about 3i#, and 
with the B o m  approximation to about Comparing these
values with those for the styrofoam and polystyrene models, 
we note that the value of F is increasing as the index of 
refraction increases (see Figs. 19-20).
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The minimum power transmission for a configuration of 
ten (1 0 ) strips occurs when all the strips are in the field 
and is approximately 2?#, As before, the probability of 
this occurring is very small. The power transmission for a 
single strip mounted on a styrofoam slab is about 75%* Taking
0 .^ 5 as the mean, then the maximum deviation from the mean 
is about 55^» with all of the slabs out of the field. Thus, 
as before, after fifty profiles the fluctuations in the 
running mean are less than 1% (see Figs. 23 and 26).

Comparing the size of the maximum deviations from the 
mean between the styrofoam and strip models when L = 8 3 .6 5  

cm. i. e. for an ensemble of ten slabs, we note that the 
maximum deviation for the strip model is about seven (7 ) 
times greater.

The large attentuation in power transmission for a single 
strip can be explained using geometrical theory i. e. for 
wavelength small compared to the strip width. The width of 
a strip and the XTAL field detector horn are 0.500" and 
1.6" respectively. Geometrically, then, the strip shadow 
covers of the area of the mouth of the horn. Assuming 
that the XTAL detects radiation uniformly across the mouth 
of the horn, then the power transmission should be 69^. Now 
since the stripB are actually only about two (2 ) wavelengths 
wide, we would expect the power transmission to be higher.
This is in agreement with the measurements, i. e. 75% com­
pared to 69
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An estimate of the mean power transmission of the
strips can be made using the method applied to both the
styrofoam and polystyrene models. The minimum power
transmission of an ensemble comprised of ten (1 0) strips
is 27^. The mean power transmission coefficients for an
ensemble of ten (10) strips can be computed as
(0*75 + 0*27) or 0 .5 1 (this time we have taken into con- 

2
sideration the effect of the geometrical strip shadow in 
attenuating the transmission). The experimental value is
O.Jj-55- The error is about bfS, Therefore the strip model 
is approximately linear.
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Comparing the experimental values with one another in 
Tables 5 and 6 for the strip model the maximum difference 
is 9%. The range of mean power transmission coefficients 
considered is from 0.885 to 0.^55. The maximum difference 
occurs for an ensemble of two (20 slabs. Agreement between 
the experimental values for random slab positions and fixed 
slab positions improves as the number of slabs increases.

Comparing the Papanicolaou values with one another in 
Tables 5 and 6, the maximum difference is 2% and occurs 
for an ensemble of seven (7) slabs.

Comparing the B o m  values with one another in Tables 5 
and 6, the maximum difference is 2\% and occurs for an 
ensemble of ten (1 0 ) slabs.

Therefore, the maximum effect of randomizing the slab 
positions in the strip model is a change of 9% and this 
occurs between the experimental values. By comparison, the 
next largest difference occurs between the Born values and 
is 2^#. Therefore, the maximum effect of randomizing the 
slab positions is greater for the experimental values i. e. by 
6%%, This indicates that the maximum rate of change between 
mean power transmission coefficients, which results from 
randomizing the slab positions, is much larger than predicted 
by statistical theoryt the styrofoam model gave results 
which were consistent with theory. Therefore, the Papanicolaou 
approximation predicts the behavior of dielectric media, 
i. e. the media for which it was intended, better than it 
does media having conductors.
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Comparing the size of typical fluctuations in power 
transmission for the polystyrene and the strip models, 
e. g. see Figures 22 and 2 3, they are similar in magnitude. 
This implies that the magnitude of the effective index of 
refraction of the strip model is of the same magnitude as 
that of the polystyrene model. Now the mean power trans*;' 
mission coefficient of the ensemble of ten (10) strips is
0.455 compared to that of the ensemble of ten (10) poly­
styrene slabs which is 0 .7 8 0. In ‘tjpth cases the positions 
of the slabs are random. Now the difference between the 
mean values is O .3 2 5 or 3 2.5 .̂ This is in close agreement 
with the geometricallfderived attenuation due to the strip 
shadow on the XTAL detector horn i. e, 31?5. Thus, the 
magnitude of the effective index of refraction of the strip 
model is likely to be close to that of the polystyrene
1. e. I.33O, The difference between this value and that 
calculated before i. e. 2 .0 6, can be accounted for by the 
presence of the geometrical strip shadow on the horn. This 
shadow has the effect of shifting the mean power transmission 
coefficients of the strip model downward, and therefore 
seemingly giving the strip model a high effective index of 
refraction.
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Limits of Accuracy
For the polystyrene model, agreement between the exact 
theory and the Papanicolaou theory is about 3#, as com­
pared to the styrofoam model where agreement is about 
£#. The values of the mean power transmission coeffi­
cient calculated by the exact method depend significantly 
on the correct evaluation of the index of refraction.

To determine the magnitude of the effect that a change 
in the index of refraction has on the evaluation of the 
"exact** value of the mean power transmission coefficients! 
it was assumed for purposes of an illustrative example, 
that the power transmission of a single slab of poly­
styrene was measured in error by -0.2#. This hypo­
thetical error is deliberately chosen to be small
i. e. one-half the noise level of the klystron. Now 
since the measured value was 0,9^9, then the perturbed 
value is 0.9^7 (see Appendix E. ). Using this perturbed 
value for the slab power transmission, the perturbed in­
dex is calculated to be 1 .3 3 2 (compared to the original 
value of I.33O). We can now compute the perturbed mean 
power coefficients. As an example, for an ensemble of 
twenty (2 0 ) slabs having random positions, the perturbed 
value is 0. 5 9 6 as compared to O .6 0 5 previously (see 
Table ^). Therefore an error of only -0.2# in the 
measurement of the transmission can produce an error of 
-0.9 # in the calculation of the exact mean power trans-



"amission of an ensemble of twenty (2 0) polystyrene 
slabs. Use of the exact method therefore stresses the 
need to know the index of refraction of the material to 
more than k significant figures. We can speculate that 
the index of refraction of cast or rolled plastics
i. e. styrofoam, polystyrene and others, may not be 
this uniform from sheet to sheet. The index may indeed 
vary at random about the manufacturer's quality control 
mean value. In effect, the transmission difference 
between two (2 ) slabs of polystyrene, each having an 
index of refraction differing in the third decimal-place 
would be beyond the capability of our instruments ;to 
detect considering the noise limitations of the klystron 
alone.

For comparison, an error of -0.001" made in measuring 
the thickness of the polystyrene slab, produces a per­
turbed index of refraction of 1 .328. We can now compute 
the perturbed mean power coefficients. As an example, 
as before, for an ensemble of twenty (2 0 ) slabs, the 
perturbed value is 0 .619 as compared to 0 .6 0 5 previously. 
Therefore, an error in thickness of only minus 
one-thousanth of an inch produces an error of +I.lfj5 in 
the calculation of the "exact" mean power transmission. 
Since the maximum deviation from the average thickness 
measured for any one slab was 0 .0 0 5 inches, it is likely 
that this is a source of error.
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Sources of error affecting the accurate positioning of 
each carriage are listed in Table 9a. The standard error 
of the random sources is the same for each model i. e.
0.00V  or l/50 wavelength. This is in good agreement with 
the results of carriage repeatability tests i. e. +0 .0 06?.

Now considering the systematic errors due to system 
non-linearity*the worst case occurs if they are all added 
arithemetically, i. e. 0.016" or 1/12 wavelength. The power 
transmission of a slab configuration is a periodic function 
of the spacing between the slabs. The period is one-half

65
wavelength. The amplitude of the power transmission vari­
ation with spacing is dependent on the index of refraction of 
the slabs and their thicknesses. Therefore, the change in 
power transmission can be considerable for a carriage 
positioning error of 1/12 wave. For a slab ensemble, since 
these errors are constant, there will be an average effect on 
the experimentally determined mean power transmission coeffi­
cients. Now, since the nominal slab configuration for each 
model is set up manually, the effects of system non-linearity 
do not enter. Also, since the range of carriage motion is 
small i. e. 0 ,1 0 0”, compared to the total length of travel 
on the longitudinal table i. e. about ^0 ", it is certain 
that the effects of system non-linearity are very.small. It 
is assumed of course that the potentiometer,amplifier and 
A/D converter non-linearities sre slowly varying functions 
over their useful range. Furthermore, it is unlikely that 
all the systematic errors will add, given for example any
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arbitrary carriage location.
The manual spacing of slabs for a nominal model con­

figuration (see Figures 27 and 28) is accomplished by taking 
four (^) measurements, one at each comer, between two 
adjacent slabs and computing the air wedge angle between 
slabs. Then the air spacing on the optical axis is calculated. 
The worst case occurs for polystyrene when two adjacent 
slabs having two oppositely warped surfaces faceieach other. 
Then the error in measuring their spacing is the sum of 
their sagitta distances. For slabs having a sagitta of 
0 .050" maximum, the error in spacing is 0 .1 0 0" or § wavelength. 
Of course, this extreme condition is unlikely. Such an 
error is likely to produce a large difference between the 
experimental values and those calculated exactly. The 
exact values are calculated using the nominal slab locations 
as input data, as well as the measured index of refraction 
of the material. The largest difference that occurs between 
experiment and the. exact theory is 5*5^ for an ensemble of 
six (6) polystyrene slabs (see Table 3 ), Since the index of 
refraction of the styrofoam is far less than that of poly­
styrene the effect of .spacing errors is less.
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The effect that an error in measurement of -0.003 in the
index of refraction has on the "exact” value of the mean
power transmission coefficients^was computed for the styrofoam 
model. The perturbed index of the styrofoam is 1.090 as com­
pared to its original value of I.0 9 3. As an example, for an
ensemble of ten (1 0 ) slabs having random positions the 
perturbed mean power transmission coefficient is 0 .9 2 9 as com­
pared to the original value of 0.9^0 (see Table 2). There­
fore an error of only -0 ,0 0 3 in "the measurement of the index 
of styrofoam can produce an error of -1 ,1# in the calculation 
of the exact mean power transmission of an ensemble of ten 
(10) slabs. Therefore, the sensitivity of the "exact” 
method to the calculation of the mean power transmission 
coefficients is similar for both the styrofoam and polystyrene 
models*

The effect that a change in the angle of incidence from
0 .0 deg. to 2 .2  deg. has on the mean power transmission 
coefficient of the polystyrene model was calculated using 
"exact" theory. As an illustrative example, the mean power 
transmission for an ensemble of twenty (2 0) slabs with an 
angle of incidence of 2 .2 deg. is 0 .6 0 9 as compared to 0 .6 0 5  

for 0.0 deg, (see Table 4). Therefore, the effect of changing 
the angle of incidence by 2 .2 deg., on the "exact" value of 
the mean power transmission coefficient of polystyrene is 
+0.^#. This is the order of magnitude of the klystron noise. 
It is likely that since the index of refraction of the
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styrofoam is far smaller than that of the polystyrene, that 
the effect will be even smaller. Furthermore, then, we 
can conclude that the tolerances on plumb, angle of inci­
dence, and wedge angle i. e. +i°» ±s°» 1/20° respectively, 
for the polystyrene and styrofoam models considered will 
produce no significant errors in the measurement of the 
mean power transmission coefficients.

Both the blemishes and sagitta are small compared to a 
wavelength i. e. l/?0 and 1 /2 0 0 wavelength respectively. 
Therefore, errors they may produce are insignificant.

An estimate of the order of magnitude of the effect that 
strip misalignment may have on the measurement of the mean 
power transmission coefficient can be made using geometrical 
theory. A 0.016” error in the in-line location of a strip 
relative to another strip, increases the width of the strip 
shadow on the XTAL field detector horn. The corresponding 
decrease in power transmission is %%,
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Sources of error affecting the accurate measurement 
of the power transmission coefficients of each slab configura­
tion are listed in Table 9b. The worst condition occurs for 
both the polystyrene and strip models because of standing 
wave effects. The standard error of the random sources is
0.9^. This is in good agreement with the differences 
between experiment and the Papanicolaou values for the styro­
foam model i. e. F = 0.006 (see Tables 1 and 2). Now con­
sidering the systematic errors due to system non-linearity, 
the worst case occurs if they are all added arithemetically,
1. e. Combining the random and systematic errors
arithemetically we get about 2 3/^% maximum. This is in good 
agreement with the value P for the polystyrene model
i, e. F =■ 0.02, gotten when the experimental values were com­
pared to the Papanicolaou values.

The values of F obtained for the strip model, when 
experimental values were compared to the Papanicolaou values, 
are higher i. e. 0 .0 3 and 0.04, The Papanicolaou theory 
does not predict the mean power transmission of the strip 
model as well as it does the styrofoam and polystyrene models.
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B. Conclusions
The design and fabrication of equipment to implement the 
simulation of spacially discrete fluctuations of index of 
refraction in a one dimensional random medium was com­
pleted. This equipment was used to investigate the mean 
power transmission coefficients of two different one 
dimensional plane stratified dielectric models having 
approximately the same length but varying in slab width 
and index of refractionj and a random conducting medium. 
The experiment-^ was performed for both fixed and random 
slab positions.

The experimentally determined mean power transmission 
coefficients were compared with values predicted by both 
contemporary and classical theory» i. e. the Papanicolaou 
approximation* B o m  approximation and the exact solution 
of Maxwell's equations. Disagreement between the exact 
theory and both the Papanicolaou and experimental values 
arise principally because of limits on the accuracy in 
the determination of the index of refraction of the slabs 
comprising the respective models.

The experimental values for the low index styrofoam model 
compare with both statistical theories within and 
with the exact theory within 0.9#. The experimental 
values for the high index polystyrene model compare 
with the Papanicolaou approximation within 2#, the B o m
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approximation within h%, and the exact theory within 
3* 3# *

The good agreement between the Papanicolaou and experi­
mental values demonstrates that, despite the difference 
in statistics between the experimental models and those 
assumed for the derivation of the statistical theory the 
predictions of the Papanicolaou theory are still accurate. 
This is evidence of the broad scope of the theory beyond 
the assumptions maintained for its mathematical deriva­
tion. Furthermore, it shows that although it is an 
approximate theory, its ability to predict the mean power 
transmission coefficients of a layered dielectric random 
medium is within say 1% i. e. the difference between 
the Papanicolaou theory and experiment (2%) and the 
measuring accuracy (standard error) of (0.9^). This 
serves to underline the correctness of the assumptions 
and approximations with which it was derived. In addition, 
the Papanicolaou approximation is in better agreement with 
experiment than the Born approximation for the dielectric 
models considered.

The experimental values for the conducting random medium 
compare with the Papanicolaou approximation to within 
3# and for random and fixed strip positions re­
spectively. Since the theory was derived for dielectric 
media alone, this serves as further evidence of the 
broad scope of the theory, and its possible general 
applicability to media beyond dielectrics for which it 
was originally intended.



The non-linear predictions of the Papanicolaou theory 
are most distinguishable from those of the linear theories3 
for example the B o m  approximation, at low mean power 
transmission levels. Realization of slab ensembles with 
accompanying low mean power transmission depends largely on 
the utilization of slab materials having a high index of 
refraction at 60 GHZ. The principle limitation is in 
obtaining low cost, rigid, lightweight, uniform materials 
having a high index of refraction with accompanying low 
absorbtion.
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APPENDIX. A

Measurement of the relative field intensity - Single Strip 
Diffraction

A proof is given, using the JgLler Geometrical Theory 16
of Diffraction to show that a detector viewing a long 
perfectly conducting strip* edge on* measures only radiation 
diffracted from the near edge of the strip. Referring to the 
adjacent figure -

N

we have for the field at P, due only to strip edge A
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sec

[ ( * ■ " % ] +  C5C[ M A ]  1 A.I

9^



where the incident radiation is normal to edge A and polarized 
with the E field parallel to the edge.

For the case of plane wave radiation incident on the 
strip, and edge on observation at P

the angular part of the field at point P due only to the 
distant edge A becomes.

=  0
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Therefore the distant edge of the atrip does not contribute 
to the field measured at P, independent of the distance r. A 
detector at P will measure only the field diffracted by the 
closer edge B. This conclusion is implied by the boundary 
conditions on a perfect conductor» i. e. Ejj * 0. since the 
strip surface is between the observation point P and the edge A t 
any field diffracted by A toward P must pass over the surface 
of the strip. But E^ cannot exist on the surface of the 
strip therefore E|| diffracted in the direction of P must be 
zero. For normally incident radiation, the edge cannot 
depolarize the field, therefore Ej, is also zero.
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APPENDIX. B.

Papanicolaou approximation - Numerical integration
The equation for the approximate mean power transmission 

17can be found in i. e.

B.I

where E is a small dimensionless parameter characterizing 
the size of the fluctuations of the wave number of the random 
medium, S is a statistical parameter, and L is the length of 
the random medium.

_ k* f vfCt) cos*to: oh  B.2

Where X  = t L“L‘ I ,
777 0 0  =■ (x,*0 /5 a rest

ratfctoyn process 3 *^ mean.
Also, for our experiment m(x) is zero in the region L<x. 
Therefore(XT) - 0. The same conclusion may be reached by 
assuming that any random process which occurs in the region 
L < x  is uncorrelated with processes occurring inside the 
region 0Cx<L.
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The second integral in (B.2) can he solved by noting that

<5°

e * d * x T W O a  6.4431  2

Thus

Ifr * r  v4f a *i , 2 iW e  = 0.4431 — X e ax

We can evaluate this numerically, that is -

exI IOOO

a
% e  d x — 0 . 4 4 3 1 — —  S x e ^  B.5

Combining (B.4) and (B.5) we get

-  eaSL r L *
^    . i s * * * /  *

< | i w r > - £ « ' *  - K * 8 ' \ £ r £ ‘ '

(, X s L/|000

B.6
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This expression was evaluated on the computer and the results 
plotted in Figs. 16 - 20 by a Hewlett Packard 7200A Digital 
Plotter.
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APPENDIX. C.

Absorption Measurements - Styrofoam. Polystyrene
Single slabs of each material were individually-

positioned in the field such that their transmission was a18
maximum. This occurs at Brewster's angle with the incident 
electric field vector polarized in the plane of incidence.
The measured transmission was 100# for both styrofoam and 
polystyrene. The absorption is too small to be measured.
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APPENDIX. D

Random Number Generator - Statistical Testing
There is a very useful measure for the discrepancy

i

between observed and expected frequencies which is called X 
(CHI SQUARE). This test involves calculation of the mean 
square error between the actual and desired distribution.

where n = number of cells in the distribution 
Vr =» observed frequency in each cell 
N » total number of samples
Pr = hypothetical probability of falling in the rth cell.

The quantity X
2 19-20

is given as

D.l

2As N-*** the probability distribution of X tends toward*

PCX-*)
D.2
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The computer random number generator provides numbers 
between -1 and +1. We divided this interval by one-hundred 
(n =* 100 cells)* Then 100 groups of 10,000 random numbers 
each were generated* X2 was computed for each group* A 
histogram for X2 was then plotted in Pig. A*6. For a 
rectangular distribution Pr is uniform, i. e. Pr = 0.01. 
Equation (D.2) is also plotted for comparison. The random 
number distribution is plotted in Pig. A*5*

21-22
Now for large N

<r = D.3

ss, I Q . O l ( \ - O » 0  0  
1 o o

SS O.OI

The +flimits are shown and 2? cells (27% in this case) fall 
outside, which is well within the expected 32% value* The
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2value of X is close to the mean value expected. Therefore,
one can conclude that these numbers are in all probability

23statistically satisfactory.
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APPENDIX. E.

Index of Refraction - Measurements

1. Wedge Method
A solid wedge of styrofoam, 12” X 12” with an angle of 

1 5.5° + Q5° was fabricated.

15.5

Surface A is flat to il/lOO wave. This is the surface
irregularity of the styrofoam sheet from which it was cut.
Surface B is flat to ±1/20 wave. Surface B is not as flat
as surface A since it was cut with a heat knife. The wedge
was placed in the field of the incident radiation and the
angular deviation of the refracted beam was measured using

2*t
the microwave spectrometer. The angular deviation was 
found to be 0«3° -0.2° (very small)! The reading error is 
due to the tolerance on the spectrometer angular readout and 
the resolution of the detector.

Applying Snell's law we can calculate the index of
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refraction of the styrofoam.

S/Af 9o
s w  etm

S W  ±6,S* +  c.3° t  0,£ )
s/a/ (tr,?9 o.sr9)

/, C 9 max 
/. a o nmn

The spectrometer detector (parabolic dish, horn and XTAL) 
reflects some radiation hack toward the klystron source.
The klystron (open ended waveguide) reflects a part of the 
radiation hack toward the spectrometer detector. Therefore 
standing waves are set up. The effect of the standing waves 
on transmission measurements made using the spectrometer 
was found to he +15/6* The effect on the evaluation of the 
index of refraction was found later to he small after com­
parison with the index of refraction of styrofoam measured 
hy a "transmission** method i. e. n = 1.0*3 max. for wedge 
method compared with 1 .0 9 3 for "transmission" method.

Wedges could not he made from the polystyrene because 
the sheets were too thin 1. e. i", therefore the wedge method 
could not he applied to the polystyrene.

2. Transmission Method



nom. thk. polystyrene. The power transmission of a slab of
material was measured for normal incidence (£* 0° +0.2).
Twenty-five measurements were made of the same slab and the
results were averaged to reduce uncertainties from sources of
non-systematic errors such as klystron noise. The mean
power transmission of the styrofoam and polystyrene slabs
measured were 0.992 and O . 9 4 9 respectively. The mean power
transmission and thickness of each slab were used as input
data to a program which computes the index of refraction of
the material. The equations used in the program are those

25of Brekhovskikh. Each index of refraction root which 
satisfied the boundary conditions was printed out. For 
styrofoam, the first two roots are n =* 1.09^ and 1.12 re- 
spectively. For polystyrene, the first two roots are 
n =s 1 .3 3 0 and I .683 respectively.

3. Statistical Method
An estimate of the index of refraction of the styrofoam

2may be made using the value of E S gotten by the least squares
best fit of the experimental power transmission values with

26
the Papanicolaou approximations i. e. E^S = 0.00090 (two
significant figures). The "Random Binary Transmission 

2?Process" approximates the styrofoam experiment for fixed
slab positions and random numbers of slabs. For this process28
the autocorrelation of m(L) is given by
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fix)  = < 7 n (O 7 n (L 0 > E.l

where X  ̂  | |
T =* single styrofoam slab thickness (3" nom.) 

m(L) = real random function with zero mean having values 
of plus or minus one*

This is an approximation because there is actually a i" air 
space between the slabs in our model. This is not taken into 
account in the "Bandom Binary Transmission Process." Also* 
for simplicity, we assume that the slabs are uniformly thick.

Now substituting^(t) into the expression for the parameter 
S we get

GO

0
_  cos E.2

108



We see that S depends in part on a prior knowledge of the
wave number k. K can be expressed in terms of the wave
number k,, inside the styrofoam and kn in air. Using the 

3 29definition of k, and the fact that m(x) has values of 
plus or minus one, we see that

n : = [ i - e > a 

£  =  [ '  « Q  ft

Now since

where nfl is the index of refraction of the styrofoam. We 
can determine E as -

n / - i or E.3

The value of k follows as -

k  =  k 1 E.4

Therefore, S depends on a prior knowledge of the index of
refraction of the styrofoam, the quantity that we wish to find.
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Now, since we know, from the transmission method, that n_o
is approximately 1 .0 9 (2 significant figures) we can assume 
this value to he correct and check the self-consistency of 
the present method (at least to an order of magnitude). Sub­
stituting n = 1.09 into (E.4) we get k *» 12.6. Then sub-

0

stituting this value of k into (E.2) we get S » O.O3 3, Using 
the value E^S = 0.00090 mentioned above we can solve for E

E2 (O.O3 3 ) 55 0.00090 
E = 0.16

Then from (E.3) n =* 1.17 (2 significant figures)

Comparing this value with the value of ng assumed we see that 
they differ by 6 .8#. The agreement is good considering the 
approximations made and the limited accuracy of the numbers 
used in the computation.

There is no statistical analytic approach to the poly­
styrene experiment because of the thin slabs, wide airspaces 
and overlapped slabs.
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APPENDIX. F.

Standing Waves-Measurement
30

1. Traveling probe method (see Fig. 5)
The XTAL field detector (Y) is mounted on a micrometer

slide (T). This permits rectilinear motion of the detector
toward or away from the klystron source along the optical
axis. The effect of this motion on the power transmission

31measurements was ±0.4#, giving a VSWR of

By comparison we evaluated the effectiveness of the E-H 
tunner (S) and the 1*5° dielectric sheet (Q) as elements 
in reducing the standing waves. In their absencef the 
power transmission varies by ±5*5% when the XTAL detector 
was moved, giving a VSWR of 1.057.

2. Phase Method
A sheet of dielectric material, preferably one having a 

high index of refraction, e. g. i" thk. polystyrene, was 
placed between the klystron and the field detector with the 
electric field vector in the plane of incidence. The sheet 
is rotated to vary the angle of incidence. That percentage

'maxV S W R 11 oo-4
oTqqo F. I

>/ \ •m tw N,

1.008
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of radiation reflected from the XTAL field detector to the 
klystroni and hack again to the XTAL field detector* passes 
through the sheet twice. That percentage of radiation 
absorbed and detected by the XTAL on the first pass travels 
through the sheet only once. Therefore, as the angle of 
incidence is varied so is the optical path difference and 
phase between these two components of the radiation incident 
on the XTAL. The result is either constructive or destructive 
interference depending on the angle of incidence, index of 
refraction, and thickness of the sheet. Tests for standing 
waves using this method yield results in agreement with 
those of the traveling probe method.
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APPENDIX G

Derivation of the Papanicolaou Approximation
Consider the propagation of scalar waves through a slab 

of random medium. Assume the slab to be plane stratified 
occupying the interval 0<^x<|L. Assume k to be the wave number 
in the regions -<*<x<[0 and L<x<«. The index of refraction 
of the slab is taken to be a random function with small 
fluctuations about a mean value. Therefore* the wave number 
within the region occupied by the slab is a random function 
and can be written as k Jl + Em(x)» where E is a small 
dimensionless parameter characterising the size of the 
fluctuations* m » m(x) = m(x ,ot) is a real random function
with zero mean € H  and the triple (iIjUi.,P) is a probability

n 69-70spacetil is an abstract space , U is a Borel field con­
sisting of subsets (events) ofII* and P is the probability 
of these events.

Let v(x) be the time harmonic wave field at location x 
with the time factor term e"^*' omitted. Then v(x) satiefys 
the equations.

2vxx + k v » 0 -oo<y.<o , G*1

* A summary of the derivation of the Papanicolaou approxima­
tion is presented here for completeness* Unless otherwise 
specified* information on the details of the derivation are 
from G«C. Papanicolaou* "Wave Propagation in a One-Dimen­
sional Random M e d i u m S I A M .  J. Appl. Math. pp. 13-18* 
(197D.
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VXX + + o < % < L 6.2

where the field v and its derivatives v are continuous 
at x = 0 and x =* 1. Clearly v(x) = v(xfec ) is also a random 
function. Xn what follows we suppress the dependence on 
as is customary.^

in the same space interval. We may assume that the wave

By definition, the reflection coefficient R(L) is B/A.

Let us consider L variable, and therefore R(L) ■ R(l,*£ ) a 
random function. A stochastic equation satisfied by R(L) 
is now derived.

At x * L we have, using the continuity of v and vx

Let Ae represent a wave incident on the slab from the
i  lexright in the region L<x<«*»| and Be the reflected wave

™ ilextransmitted into the region <  x <  0 is of the form e

v(L) = Ae“ikL + BeikL
6 .3

and
vx (L) =* -ikAe“ikL + ikBeikL 
yx (L) « -ike“ikL + ikR(L)eikL 6.4

A
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Dividing G.4- by G. 3 we get

= i k C H L ) eikL - e-1*1-]
v(L) R

(L)e - e XIW }L JeI^ + * m G.5

Solving G.5 for R(L) we get

R(L) - e-2ikL ikv(L) + vx (L) 
ikv(L) - vx (L)

G. 6

where the length L is zero or positive i. e. L^O.

Differentiate G.6 and eliminate v(L) and its derivative* from 
the resulting expression using G.2 and G. 5» Then we obtain

dR(L) = E ikm(L) 
~SL 2 ~eikL R(L) + e‘ilcL' G.7

This is the desired stochastic differential equation for the 
stochastic process R(L).

Assume the process m(Xp^) to be stationary! then for x' » x+V 
<  ra(x)m(x') >  =. ^mCLjinil/ !)> * ,/(|L-L*| ) . G,8
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75Using a recent theorem of Hashminskii's, R(L) satisfys
the conditions for weak convergence to a Markov process^
for E small* then the transition probability density P(L, R(L>)
of R(L), given R(0) = 0, is obtained as a solution of the

7 7 —81relevant backward Kolmogorov (Fokker-Planck) equation.
To facilitate the solution of this equationt two new 

dependent variables u are defined by

R  = j u . +  t
&.*i

The transition probability density is then found to be

cosh** - coshli

G.IO
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The solution for the mean of the square of the 
magnitude of the reflection coefficient R(L) in G*7 follows 
as I
<  l R U M * >  =J  I RIOl* PCL. R(W) dR

= / f e r )  P C L .U a n d U . ,  o.u

where. PU.UOM/PIL.RCU)
This reduces to

-  * 4sl  /  *

O
Consequently* using the relation

1 RU) \Z =  I -  I T U ) | X

C-.12,

Of

<»RIUIZ>= I -  < lT(.Ol*> c.ia

we obtain the mean of the square of the magnitude of the 
transmission coefficient T(L) as

<  I T U M  >  =  p = r  *  I  +  0C€)

G.M-
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The parameter e is defined as 
<*>

h.z fS 5  -g- fit)  COS Z dX  c , . \ r

o
where

J ' ( ' t )  =  J * (  I L - L ' l )  =  < ' m C L ) ? n a , ) >  &.*G>

Therefore s is proportional to the real part of the Fourier
, * 82transform of the autocorrelation function^®(T).

72-73By using entirely different methods the same results
hold even when m(L) is not Markovian but merely stationary.

2Thus to 0(E ) certain statistics of the solution are insensi­
tive to the detailed description of the fluctuations in the

7^refractive index.

2The expression 0(E) represents additional terms having
2multiplicative constants of order E and higher. As an 

illustration, for styrofoam, ns * 1.09 (see Appendix E). 
Therefore using E.3» * 0.008, or about 1#.
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# e2ls L Experimental
Slabs (cmU (C®»1 Value

5 0.440 41.50 0.970
7 0.060 58.35 0.935

10 0,080 83.65 0.925

Papanicolaou B o m Exact
Approx. Approx. Theory
0.960 0.965 0,970
0.945 0.950 0.950
0.925 0.925 0.925

Table 1. Experimental mean power transmission coefficient as a function of the length 
of the styrofoam random medium, for an angle of incidence « 0°i and 
for fixed slab positions and randomly selected slabs.
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#

Slabs

Difference in % mean power transmission between
Experimental & Experimental & Exact &
Papanicolaou 

Values— # 
F=*0 • 006

B o m  
Values--# 
F=0,006

Papanicolaou 
Values-4# 
F=0.006

5
7
10

+1.0
- 1.0
0.0

+0.5
-1.5
0.0

+1.0
+0.5
0.0

Table 1 continued



# e2ls L Experimental
Slabs (cm.) (cm.) Value

5 0.035 41.50 0.965
7 0.045 58.35 0.955

10 0.070 83.65 0.935

Papanicolaou B o m Exact
Aonrox. Approx. Theorv
0.965 0.965 0.970
0.955 0.955 0.955
0.935 0.935 0.940

Table 2. Mean power transmission coefficient as a function of the length of 
the styrofoam random medium, for an angle of incidence = 0°t and 
for random slab positions and randomly selected slabs*
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Difference in # mean power transmission between 
Experimental & Experimental & Exact &
Papanicolaou B o m  Papanicolaou

# Values— # Values— # Values— #
Slabs F=*0.003 P»0.003 Fta0.003

5 0 .0 0 .0 +0 .5

7 0 .0 0 .0 0 .0

10 0 .0 0 .0 +0 .5

Table 2. continued



# L Experimental
Slabs (cm.) (cm. ) Value
4 0.135 17 .2 0 0.880
6 0 .190 24-. 30 0.815
8 0.24-5 31 .8 0 0.790

10 0.310 39.10 0.755
12 O.36O 4-6 .3 0 0.715
16 0.4-85 61.90 O.665

20 0 .580 76 .6 0 0.64-0

Papanicolaou B o m Exact
Am>rox. Approx. Theory
0.880 0 .910 0.915
0.84-0 0.870 0 .870

0.800 0.830 0.800
O.76O 0.790 0.790

0.730 0.750 0.7^0

0.665 O .665 0.690
0 .620 0.585 0.590

Table 3. Experimental mean power transmission coefficient for polystyrene as a 
function of the length of the polystyrene random medium! for an angle 
of incidence = 2.2°t and for fixed slab positions and randomly 
selected slabs*



ij
ZX

#

Slats

Difference in # mean power transmission between
Experimental & Experimental & Exact &

B o m  Papanicolaou
Values— % Values--#
F-0.04 F=0 .0 3

Papanicolaou
Values— #
F*0.02

4
6
8
10
12
16

20

0.0
-2.5
- 1.0
-0.5
-1.5
0.0

+2.0

-3.0
-5.0
-4.0
-3-5
-3.5
0.0

+5-5

+3 .5  

+3.0 1 
0.0 

+3.0 
+1.0 
+2.5 
-3.0

Table 3* continued
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# E2LS L Experimental Papanicolaou Born Exact
Slabs Lc.mJ (cm. ) Value Auerox. Approx. Theory

4 0 .1 2 5 17.20 O .885 0.890 0.910 0.915
6 0.175 24.30 O.8 3 5 , 0.850 O.87O 0.875
8 0 .2 3 0 31.80 O.83O 0.810 O.83O 0.795

10 0.285 39.10 O.78O 0.775 0.795 0.790
12 0.335 46.30 0.715 0.745 0.755 0.740
14 0.385 21 .30 O .760 0.715 0.715 0 .720

16 0.445 61.90 0.690 0.685 0.675 0.710
20 0.570 76.60 0.625 0.625 0.595 0.605

Table 4. Experimental mean power transmission coefficient as a function of the 
length of the polystyrene random medium* for an angle of incidence 
« 2,2°i and for random slab positions and randomly selected slabs.



Difference in % mean power transmission between

Papanicolaou B o m  Papanicolaou
# Values— % Values— % Values— %

Slabs F«0,02 F*0.03 P*0.03

4 -0.5 -2.5 +2.5
6 -1.5 -3*5 +2.5'
8 +2.0 0.0 -1.5

10 +0.5 -1.5 +1*5
12 -3.0 -4.0 -0.5
14 +4.5 +4.5 +0.5
16 +0.5 +1.5 +2.5
20 0.0 +3.0 -2.0

Table 4. continued



#

la]
1
2
3
4
5
6

7
8
9

10

e2ls L Experimental Papanicolaou B o m
(cm. ) (cm. ) Value ■. Approx. Approx.

0.100 7.75 0.885 0.910 0.945
0.200 16.25 0.745 0.830 0.880
0 .310 24.70 0.770 O.76O 0.820
0.415 33.15 0.730 0 .700 0 .760

0.525 41.50 0 .670 0.645 0.695
0.625 50 .00 0.545 0 .600 O .635

0.725 58.35 0.535 0 .560 0.575
0.835 66.80 0.530 0 .520 0.515
0.940 75.25 0.420 0.485 0.450
1 .0 5 0 8 3 .6 5 0.455 0.455 O.39O

Experimental mean power transmission coefficient as a function of 
the length of the styrofoam and conducting strip random medium, 
for an angle of incidence = 0°i and for random slab positions 
and randomly selected slabs.
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#
Slabs

Difference in 56 mean power transmission between
Experimental & 
Papanicolaou 

Values— $ 
FsO.03

Experimental & 
Bom

Values— % 
Fs0.02

1
2
3
if

5
6
7
8

9
10

-2.5
-8 .5

+1.0
+3 .0

+2 .5

- 5.5
-2 .5

+1.0
-6 .5

0.0

- 6.0
-13-5
— 5.0
-3.0
-2.5
-9.0
-if.O

+1 .5

-3 .0

+5 .5

Table 5- continued
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# E ^ S L Experimental Papanicolaou B o m
Slabs (cm.) (cm.) Value Annrox. Approx.

1 0.105 7.75 0.885 0.905 0.940
2 0.215 16.25 0 .8 3 5 0,820 0.875
3 0.325 24.70 0.815 0.750 0.815
4 0.445 33.15 0 .670 0.685 0.750
5 0.555 41.50 0.655 O.63O 0.685
6 O .665 50.00 0 .600 0.585 0 .620

7 0.?80 58.35 0.540 0.540 0.555
8 0.895 66.80 0 .520 0.505 0.495
9 1 .0 1 0 75.25 0.445 0 .4 7 0 0.430

10 1 .1 2 0 8 3 .6 5 0.495 0.440 0 .3 6 5

Table 6. Experimental mean power transmission coefficient as a function of the
length of the styrofoam and conducting strip random medium, for an

oangle of incidence = 0 » and for fixed slab positions and randomly 
selected slabs.



#
Slal

1
a

3
k

5
6

7
8

9
10

Difference in # mean power
Experimental &
Papanicolaou 

Values— %

F=0.0^

- 2.0 
+1 * 5
+6.5
-1.5
+2.5
+1.5
o.o

+1.5
-2 .5

+5-5
continued

transmission between 
Experimental & 

B o m  
Values—  
F»0.06

-5-5 
-4.0 
0.0 

- 8.0 
-3.0 
- 2.0 
-1.5 
+2.5 
+1.5 

+1 3 .0



AIRSPACE DIMENSION (IN.) NOM

d12 2.77

d23 0.24

d34 2 .3 2

d45 0 .2 0

d56 2.13

d«7
0.43

d?8 2 .0 3

d89 0 .3 0

d9-lo 2 .0 2

d10-ll 0.44

dll-1 2
2 .0 6

d1 2 -1 3 0 .2 6

dl4-i5 2 .1 2

d15-l6 0.39

dl6-17 2.18

d17 -18 0.19

dl8-19 2 .1 2

d1 9 -2 0 0.45
2.56

TABLE 7. Nominal airspace dimensions for polystyrene slab 
configuration (See Fig. 28).
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Slab Power Transmission Deviation
Configuration Measurement ?2"T1

(Run #1) T2(Run #2)

1 0.961 O .966 +0 .0 0 6

2 0.931 0.933 +0 .003

3 O .966 0.970 +0.004
4 0.930 0.942 +0.012

5 0.889 0.893 +0.004
6 0 .912 0.911 -0.001

7 0.944 0.955 +0.011

8 0.956 0.956 0.000
9 0.923 0 .918 -0 .0 0 5

Table 8 . Experimental power transmission measurements as a 
function of slab configuration, for a medium 
consisting of ten (1 0 ) randomly selected and 
randomly positioned styrofoam slabs, are repeated 
for comparison!
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ax

a. Carriage (slab) -position errors*

Type Source
noise A/D converter
1LSB A/D converter
play gear

linearity carr. pot.
linearity op. amp.
linearity A/D converter

Error
Classification

random
random
random

systematic
systematic
systematic

Table 9» Summary of Sources of Error.

Model
Styrofoam

Styrofoam Polystyrene with Strips
+0 .005" ±0.005" +0.005"
+0.005" ±0.005" +0.005"
+0.001" +0.001" +0.001"
+0,004" +0.004" +0.004"
+0.004" +0.004" +0.004"
+0.004" +0.004" +0.004"



b, Power Transmission Coefficient Measurement Errors
Model

Error Styrofoam
Type Source Classification Styrofoam Polystyrene with Strii

standing waves medium random negligible +ii# +li#
standing waves field detector random +0.4# +0.4# +0.4#

noise klystron random ±k$

wavelength change klystron random* small small small
±0.01 mm. mismatch XTAL'S systematic +£# +£#

linearity XTAL systematic +1$ +1?s +1#
linearity SWR systematic ±i% ±k%

linearity DVM systematic +0.01# +0.01# +0.01#
+5# ampl. variation beam systematic* small small small

phase variation beam systematic* small small small

Table 9* Summary of Sources of Error.
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c. ' Deviation from the Theoretical Model
Model

Deviation Styrofoam
Type 

blemish 
parallelism 

sagitta 
angle of incidence 

plumb 
in-line symmetry

Source 
dents 

wedge angle 
warp 

alignment 
alignment 

strip alignment

Classification Styrofoam Polystyrene withrStrips 
systematic 0 .003" none 0.003"

1/60 deg. l/20 deg. l/60 deg. 
1/200 wave 1/200 wave 1/200 wave 
0+i deg. 2.2+i deg. 0+£ deg.

+ i° +i?
+0.008"

systematic
systematic
systematic
systematic
systematic.

* The effect on the measurement of the mean power transmission coefficient 
was not experimentally determined.

Table 9. Summary of Sources of Error.



Figure 1. Longitudinal Table (side view). Shown are col­
limating apertures, twenty (20) polystyrene slabs 
held out of the microwave beam, klystron power 
output detector, overhead supporting structure, 
and the rotary table.
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Figure



Figure 3# Longitudinal Table (side view). Shown are col­
limating apertures, twenty (20) polystyrene slabs 
placed in the microwave beam, rotary table, and 
the overhead supporting structure.
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Figure k,



Figure 5. Field detector (bottom view). Shown are ^5°
dielectric sheet attenuator, horn, E-H tunner, 
XTAL, and pedestal mount.
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Figure 7.
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Figure 8 Longitudinal Table (side view). Shown are 
styrofoam slabs, with strips, placed in the 
microwave beam.
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Figure 9. Longitudinal Table (side view). Close-up of 
carriage assemblies. Shown are the carriage 
potentiometer, drive motor, solenoid arm, 
solenoid and picker channel. Also shown are 
polystyrene slabs mounted on their respective 
carriage blocks.
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Figure 10. Styrofoam slab, with £" wide metal strip.
lif 5



Figure 11. Polystyrene slab, with machined mouting tab.
1*6



Figure 12. Klystron source (top view). Shown are klystron 
waveguide, collimating apertures and parabolic 
mirror.
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Figure 1 3. Control panel and electronics (front view).
Shown are transmitter, DVM, manual and automatic 
controls, receiver, displays, multiplexer, 
solenoid,and carriage servo electronics.

1^8



Figure Ik, Transmitter electronics (top view). Close-up 
of transmitter integrated circuit electronics.
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Figure 15. Transmitter electronics (front view). Close-up 
of transmitter integrated circuit electronics.
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Figure 16. Plot of the experimental and theoretical mean power transmission 

coefficient as a function of the parameter ^ L S  for a plane 
stratified medium consisting of randomly selected styrofoam 
slabs with both fixed and random positions.
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Figure 17. Plot of the experimental and theoretical mean power transmission 

coefficient as a function of the parameter. E2X.S for a plane 
stratified random medium consisting of randomly selected 
polystyrene slabs with fixed positions.
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Figure 19. Plot of the experimental and theoretical mean power transmission 
coefficient as a function of the parameter E2LS for a medium 
consisting of fixed positioned randomly selected conducting 
styrofoam slabs with strips#
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Figure 18. Plot of the experimental and theoretical mean power transmission 
coefficient as a function of the parameter ErLS for a plane 
stratified medium consisting of randomly selected polystyrene 
slabs with random positions.
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Figure 20. Plot of the experimental and theoretical mean power transmission 

coefficient as a function of the parameter E ^ S  for a medium 
consisting of randomly selected and randomly positioned styrofoam 
slabs with conducting strips.
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Figure 21. Plot of the experimental power transmission coefficient as a
function of slat configuration for a medium consisting of ten (10) 
randomly selected and randomly positioned styrofoam slabs.
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Figure 22. Plot of the experimental power transmission coefficient as a
function of slab configuration for a medium consisting of ten (10) 
randomly selected and randomly positioned polystyrene slabs.
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Figure 2 3. Plot of the experimental power transmission coefficient as a
function of slab configuration for a medium consisting of ten (10) 
randomly selected and randomly positioned styrofoam slabs with 
conducted strips.
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Figure 24. Plot of the running mean power transmission coefficient as a function 
of slab configuration for a medium consisting of ten (10) randomly 
selected and randomly positioned styrofoam slabs.
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Figure 25* Plot of the running mean power transmission coefficient as a function 
of slab configuration for a medium consisting of twenty (20) randomly 

. /selected and randomly positioned polystyrene slabs.
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Figure 26. Plot of the running mean power transmission coefficient as a function 

of slab configuration for a medium consisting of ten (10) randomly 
selected and randomly positioned styrofoam slabs with conducted 
strips.
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Figure 27. Schematic diagram of a styrofoam slab configuration with conducting 
strips.



I

0.250 THK. 
C NOM.)

CARRIAGE BLOCK MOUNTS

INCIDENT. 
K RADIATION

’ OPTICAL AXIS-*
. typ...
-airspace-d, 2 CSee table 7. >________!_______________L — 30.17

C NOM.)
i

Figure 28. Schematic diagram of a polystyrene slab configuration.
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Figure 29.a Schematic system diagram.
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Plot of the experimental and theoretical 
relative field intensity as a function of 
diffraction angle for a single jt” wide strip 
located on the optical axis.
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Plot of the experimental and theoretical 
relative field intensity as a function 
of diffraction angle for a single i” wide 
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Plot of the experimental and theoretical 
relative field intensity as a function 
of diffraction angle for a single iH wide 
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A•3* Plot of random number probability density as a function of random number
magnitude for Xerox Si@na 7 Digital Computer random number generator subroutine.
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6. Plot of actual and theoretical values of the Chi Square probability density 
as a function of Chi Square for Xerox Sigma 7 Digital Computer random 
number generator subroutine.
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