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FOREWORD

This report represents in considerable detail the theoretical background

and highlights in the development and preliminary testing of a highway

ice detector based on microwave radiometry. This 10 GHz radiometer and

its accompanying signal processor are capable of passively determining

the surface conditions of arecas of cement and asphaltic concrete pavements,
The radiometer located in a position overlooking the pavement, in conjunction
with a simple surface temperature sensor in the pavement, determines

whether the surface is dry, wet, or contains frozen precipitation extensive
enough to present a hazard to motor vehicles.

A prototype of this area ice detection system has been delivered to FHWA
and 1s scheduled to be evaluated during the winter of 1978-79 on a low
traffic volume road at the Fairbank Highway Research Station. Parameters
to be investigated include stability of adjustments, mean-time-between-
failures, false and missed alarm rate, and susceptibility to interference
by veiicles and gas discharge lamps.

Research in highway ice detection is included in the Federally Coordinated
Program of Highway Research and Development as Task 5 of Project 1L,
"Improved Traffic Operations During Adverse Environmental Conditions."

Mr. Richard N. Schwab is the Project Manager and Mr. Philip Brinkman is
the Task Manager. Mr. Joseph C. Leifer was the Contract Manager for this
study.

Two copies of this report are being distributed to each FHWA reglonal
office. ‘

s, 77, W
Charles F. Schgffey
Director, Office of Research

Federal Highway Administration

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of informaticn exchange. The United States
Government assumes no liability for its contents or use théreof. The
contents of this report reflect the views of the comtractor, who is
responsible for the accuracy of the data presented herein. The contents
do not necessarily reflect the official views or policy of the Department
of Transportation. This report does not constitute a standard, specification,
or regulation.

The United States Government deces not endorse products or manufacturers.
Trade or manufacturers' names appear herein only because they are considered
essential to the cbject of this document.



Technical Report Documentation Page

. Repart Ne. 2. Government Accession No.

K e RS- N PRI Y PN

FHWA-RD-78- 203 LP 6- .‘Z‘?Z. MS—

. Title and Subtitle ' o 5. Re rt Date

Se,:member 1978
The Development of a Microwave Radiometer for & Perfo ving Organizanon Code
Use as a Highway Ice Detector

| .

Performing Organization Report No.

7. Auther's)
S. Berinsky, H.K. Hong, T.H. Lee, and W.T. Schrader ‘
9. Parforming Orgonization Noms and Address 10. Work Unit No. (TRAIS)
Lockheed Missiles & Space- Company, Inc. .
P.0. Box 504 11. Controc! or Grant No.
Sunnyvale, California 94086 - DOT-FH-11-9328
‘ - ' ' 13. Type of Report and Pariod Covered
12. Sponsoring Agency Nome and Address .
Offices of Research and Development f;;;ltiegzgisésiggg?ber
Federal Highway Administration : ‘
U.S. Department of Transportation 14. Sponsoring Agency Cede
Washington, D.C. 20590 Eo3IT

. Supplementary Notes

FHWA contract manager: J. C. Leifer (HDV-11)

‘\ :‘I

16.

Absiroct

The program objective was to develop a system capable of detecting snow, ice,
frost, or slush over a highway bridge deck area greater than 4 x 2 feet (1.2 x
0.6 m) and generate a valid alarm signal to warn motorists of a hazard. The
detection system selected was a microwave radiometer operating at 10 GHz which
continuously samples a reference noise source and internal amplifier noise to
provide measurement corrections of radiated power received from the road surface
being observed. Principal radiometer components are: rectangular horn antenna;
sensitive receiver; and signal processor/alarm unit.

The successive program phases were: (1) design optimization and system
tradeoffs; (2) breadboard model laboratory and field tests; and (3) prototype
model design, fabrication and test. Test results on asphalt and concrete roadway
simulators, as well as actual asphalt roads, correlated with previously published
radiometriec temperatures for similar surfaces. The following rcad conditions were
detectable: dry/warm; dry/cold; wet; slush; ice layer (0.l cm. minimum); and snow
layer (1 em. minimum). All road hazard detection objectives were met except for
frost detection. Descriptions of recommended additional effort are presented,
including detailed evaluation of the prototype model; advanced alarm logic; self-
test techniques; and a scanning antenna to cover increased road areas.

4
[

17.

K.y Words 18, Disribution Stotement

Bridge Deck Hazards; Snow, Ice, Frost This document is available to the
& Slush Detection; Microwave Radio- public through the National Technical
meter; Motorist Warning System Information Service, Springfield,

Virginia 22161.

19. Sscurity Clossif. {of this repert} 20. Security Classil. (af this page) 21. Ne. of Pages 22, Price
Unclassified Unclassified 1S AP -APH

Ferm DOT F 1700.7 #-72) pepreduccion of form and completed page is authorized

’

/



Section

1.0

2.0

3.0

4.0

TABLE OF CONTENTS

INTRODUCTION, PROBLEM STATEMENT AND BACKGROUND

1.1
1.2
1,3

Introduction
Statement of the Problem
Background
1.3.1 Previous Approaches to the Problem
1.3.2 Selected Approach: The Microwave
Radiometer
1.3.3 General Principles of Radiometer
' Operation ‘

SUMMARY OF REQUIREMENTS AND WORK PERFORMED

2.1
2.2

Contract Requirements
Highlights of Work Phases

DESCRIPTION OF PHASE I EFFORT

3.1

3.2

3.3

3.4

Design Optimization
3.1.1 Radiometer Configuration
3.1.2 Detection Performance

System Tradeoffs

3.2.1 False Alarm/Missed Alarm Probabilities
3.2.2 Tradeoff of Detection Threshold, T
3.2.3 Tradeoff of Measurement Errors, €
3.2.4 Example of Use of System Tradeoffs
3.2.5 Reliability Analysis

Theoretical Analyses
3.3.1 General
3.3.2 Description of Analytical Reports

Test Plan

3.4.1 Objective

3.4.2 Laboratory Test Plan
3.4.3 TField Test Plan

DESCRIPTION OF PHASE II EFFORT

4.1

Breadboard Laboratory Tests
4,1.1 Bench Tests

4,1.2 Calibration

4.1.3 Stability Tests
4.1.4 Simulator Tests

Breadboard Field Tests
4.2.1 Site Survey
4,2.2 Test Results

ii

12

12
12

16

16
16
20

23
24
28
28
31
35

35
35
35

37
37
37
42

43

43
43
44
47
51
75

75
79



Section

5.0

6.0

7.0

4,3

b4

TABLE OF CONTENTS (Continued)

Alarm Logic and Circuit Development

4,3.1 Logic Ratiomale

4,3.2 Development of Breadboard Alarm Unit
4.3.3 Test Results ' '

Recommended Modifications

4.4,1 Antenna and Receiver

4.4.2 Processor and Alarm Circuit

4.4.3 Interconnection Cables and Connectotrs

DESCRIPIION OF PHASE ITI EFFORT

5.1

5.2

Prototype Design and Test Details

5.1.1 Receiver Functional Modifications
1.2 Receiver and Processor Repackaging
1.3 Alarm Circuit Addition

5.1.4 Test Results
oto
2.1
2.2

Requirements
Drawings

EQUIPMENT DESCRIPTION

6.1 Performance Specifications
6.1.1 Radiometer Specifications
6.1.2 Measurement Error Discussion
6,2 Size, Weight, Power and Environmental Restrictions
6.2.1 Receiver and Horn Antenna
6.2.2 Processor Electronics
6.2.3 Surface Temperature Sensing Unit
6.3 Operating Instructions
6.3.1 System Turn-On
6.3,2 System Calibration
6.3.3 Alarm Circuit Adjustments
6.4 Suggestions for Location and Test/Evaluation
Procedures
6.4.1 Location
6.4.2 Test/Evaluation Procedures
CONCLUSIONS
7.1 Evaluation of Equipment Performance
7.1.1 Breadboard Radiometer Performance
7.1.2 Prototype Radiometer Performance
7.2 Comparison with Development Objectives

iii

100

101

101
101
104
104
106

106
106
107

115

115
115
115

116
120
120
121

121
121
122
123

124
124
125

127

127
127
127

128



Section

8.0

TABLE OF CONTENTS {(Continued)

RECOMMENDATIONS

8.1

8.2

8.3

8.4

8.5

8.6

8.8

Evaluation of Prototype RadiometerVSysfem
8.1.1 Objectives
8.1.2 Approach

Single Axis and 2-Axis Scamning Antennas
8.2.1 General Comments
8.2.2 Proposed Tasks

Advanced Surface Simulator
8.3.1 Capability
8.3.2 Approach

Self-Test Techniques
8.4.1 Proposed Self-Test Modificatiocns
8.4.2 Alternate Self-Test Methods

Advanced Alarm Logic
8.5.1 Microprocessor Implementation
8.5.2 Frost Alarm Circuit

""Map-Matching" Techniques for Detection/
Discrimination of Hazards

8.6.1 Background

8.6.2 Approach

Analysis of Multilayer Rough Surfaces
8.7.1 General Comments
8.7.2 Proposed Study

Design Study for Low Cost 10 GHz Radiometer
8.8.1 General Comments
8.8.2 Proposed Study

iv

139
139

142
142
142

142
142
143



Figure

v~y

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

- LIST OF FIGURES

Program Tasks and Schedule

10 GHz Radiometer Block Diagram (with
Microwave Switch) = ' o

10 GHz Radiometer Block Diagram (No
Microwave Switch)

94 GHz Radiometer Block Diagram (Dual-Polarization
Sensing) '

Probability of False Alarm

Probability of Miséed Alérm

False Alarﬁ Time with Véridﬁs Response Times
Antenna Size vs. Beamwidth and Frequeﬁcy
Radiometric Températufevvs. Antenna‘Beamfill
Radiometer Accuracy vs. Production Cost

RF Beanwidth vs. Resolution anﬁ Cost »
Receiver Noise E?gure VS. Resblutiqn and Cost
Roadway Surface Simulator -
Roadway Surface Simulator Testsl

Revised Radiometer Confiéﬁration_ ‘
Breadboard Processor (Tep Vieﬁ,-Cover Removed)
Strip Chart Recording of Radiometer Calibration
Data Recording System

Input Voltage Stability Tests (Tests 1 and 2)
Lockheed Radiometer Block Diagram

Scale Factor Drift vs. Receiver Temperature
Radiometer Receiver and Horn Antenna (Photo)
Processor and Data Recording System (Photo)
Completed Asphalt Roadway Surface Simulator (Photo)
Simulator Test Set-Up (Photo)

Simulator Test Set-Up and Geometry -

Test 1 - Dry, Warm Surface

Test 2 - Dry, Cold Surface

Page

13
17

18
19

25
26
27
29
30
32
33
34
39
“
A
45
46
48
49
50
52
54
55
56
58
59
61
66




Figure

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

46
47
48
49
50
51
52

53
54

535

LIST OF FIGURES (Continued)

Wet Surfaces

Frost on Asphalt Simulator (Photo)

Frosty Surface - Stripchart Data

Ice on Concrete

Ice Layer Buildup vs. Time

Ice Test Data (Not Normalized)

Ice Surface Incidence Angle Effects
Temperature Profile for Varioﬁs Conditions
Field Test Area Map

Field Test Configuration Verification Test
Field Test 1 - Test Set-Up Phétograpﬂs
Field Test 2 - Ice Layers on Asphalt Surface
Field Test 2 - Ice and Snow on Asphalt
Breadboard Alarm Circuit - Block Diagram
Breadboard Alarm Unit (Photo) ’

Phase III Prototype Receiver Block Diagram

Prototype Alarm Circuit - Block Diagram
(Hazard Inhibit Added)

Receiver, Top Assembly
Processor, Top Assembly

Receiver Unit, Oblique View {(Photo)
Processor Unit, Top View (Photo)

Processor Unit, Oblique View (Photo)

Test Data Collection Block Diagram

Prototype Evaluation Continuous Monitor Approach

Sample Scan Coverage Pattern’
Advanced Alarm Logic Block Diagram

Dewpoint Alarm Block Diagram

vi

67
68
70
72
73
74
76
77
82
84
85
87
89
95
97
102
105

109
111

117
118

119
126
131
133
138
140



LIST OF TARBLES

Table Page
1 Performance Assessment 21
2 Test Plan Test Sequence 60
3 Emissivities of Simulator Test Surfaces 62
4 Dry, Cold Temperature Tests 64
5 Frosty Surface TR Values 69
6 Simulator Temperatures and Emissivities 75
7 Summary of Conditions 78
8 Test Site Survey Summary 80
9 Field Test 1 - Data 86
10 Physical Parameters Affecting Surface Condition 90
11 Hazard Logic Table 94
12 Phase III Prototype Receiver Parts List 103
13 Prototype Radiometer Drawing List 108

vii






Section 1.0

INTRODUCTION, PROBLEM STATEMENT AND BACKGROUND

1.1 INTRODUCTION

This report describes the stﬁdy, test and design tasks performed
under Contract No, DOT-FH-11-9328, entitled "Area Detectors for Snow
and Ice". This contract is sponsored by the Federal Highway Administra-
tion, Offlce of Research, Eanvironmental Design and Control Division.
Mr. Joseph C. Leifer is the Contract Manager for this program

Section 2.0 provides a summary of contract requirements, a review
of the wotrk performed, and highlights of results obtained and conclus-
ions reached. Sections 3.0, 4.0, and 5.0 provide detail descriptions.
of the successive work phases: I, II and III, Section 6.0 contains
2 description of the prototype radiometer system in terms of perfor-
mance specifications, environmental restrictions, operating instructions,
and typical evaluation procedures. Performance evaluation and develop-
ment objectives discussions are included in Sectiomn 7.0, Conclusions.,‘
Finally, brief descriptions of recommended additiomal development and
study tasks are given in Section 8.0.

1,2 STATEMENT OF THE PROBLEM .

The specific preblem addressed by this contract is the development
of a system capable of detecting snow, ice, frost, or slush over an
extensive area of a2 highway bridge deck as contrasted with conventional
systems which are sensitive over only ‘a few square inches,

As a design objective, a valid alamm signal. is to be generated to
provide & hazard warning to motorists when a frozen area appears having
a length of about 4 feet (1.2 m) or more, and a width of 2 feet (0.6 m) .
or more. Additionally, if more than one frozen area exists, then this
alarm signal is to be‘genefated for smaller dimension frozen patches.

Alarm SLgnals chall occur durlng or after the prec1p1tat10n of dry
or wet snow, hail, frost, freezing rain, snow over a wet bridge deck.
or various comblnatlons of these CondlthnS.{ This includes the freez-
ing of water on the deck or the refreezing of melted ice, with or with-
out the presence of anti- -icing or de-icing Chemlcals. ‘

1.3 BACKGROUND

1.3.1 _Preﬁious.ApproaeHes-to the Problem

Prev1ous approaches to the spec1fic problem of area detectlon of -
ice and snow include the use of detectors on the roadway,. embedded in
the roadway, or located nearby but off the roadway. The latter approach
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has been unsatisfactory to date since roadway conditions may be markedly
different from conditions nearby, but off-road. Where the roadway has
been plowed or where anti-icing or de-icing chemicals have been used on
the roadway, measurement elsewhere where such chemicals are not present
is likely to result in error,

Detectors which protrude above the roadway surface are short-lived
because of direct exposure to snowplows, tire chains, and general
traffic. Embedding the detectors below the surface reduces but does
not eliminate the problem of detector failure. Area coverage by means
of point detectors requires many detectors with the attendant decrease
in reliability of the overall sensor system.

Detection schemes which have been used with some success include:
(a) a combination of heated probe and unheated probe with a conductive
imbalance between them; (b) use of temperature sensors and humidity
sensors to indicate when ice can be expected to form; and {(c¢) use of
detector plates on which ice may form and cause a change on a frosted
plate to which a thermal pulse has been applied,

Probes and plates embedded in a roadway are exposed to severe
environments which include chemicals for de-icing and anti-icing,
This type of detection system has provided reliable performance but is
generally effective only for spot rather than area hazards. Addit~
ionally, these probe or plate systems may be adversely affected by
de-icing/anti-icing chemicals. The approach described below is free
of road chemical effects and provides an effective area detection
scheme,

1.3.2 Selected Approach: The Microwave Radiometer’

Lockheed applied a microwave radiometer to solve the problem of
detecting snow, ice, and other hazardous conditions on a designated
area of roadway. The radiometer consists of an antenna, a sensitive
microwave receiver, and signal processing circuitry. Thermal noise
power radiated and/or reflected in the microwave spectrum by the road-
way and by snow and ice is measured by this radiometer whose output
voltage is proportional to average radiometric temperature of the
composite of materials on the roadway area within the antenna beam.

In actual field use, the radiometer is to be installed above the road-
way on a luminaire or on a structural tower so as not to interfere

with traffic, and high enough to obtain the required area coverage.

The radiometer is provided with a protective cover whiech will not inter-
fere with the measurement function,

An existing design, which was developed in 1974 and field tested
in 1975, was utilized as a solution to the area detection of ice and
snow, The Lockheed breadboard radiometer used on this program is a
solid-state design and operates at 10 GHz. A radiometer may be
designed to operate at a higher frequency (e.g., 35 GHz) for this

2



application but only at a penalty of increased cost which was not
justified.

The passive radiometer offers the advantage of presenting no hazard
to motorists or to pedestrians since this system does not radiate micro-
wave energy. An auxiliary temperature sensor, embedded in the roadway,
was added to minimize false alarms. ' :

1.3.3 General Principles of Radiometer Operation

All materials not at absolute zero temperature will radiate elec-
tromagnetic energy with a spectral distribution described by thermal
radiation laws, Microwave radiometry is coéncerned with measuring
that portion of radiated energy in a given microwave spectral region.
The measuring device is known as a microwave radiometer, a sensitive
microwave receiver with special design features and an energy collect-
ing aperture (antenna). -The amount of energy collected by the aperture
depends on the emitting material characteristics, its absolute tempera-
ture, the characteristics of the intervening medium (atmospheric con-
ditions) or devices (radomes), the surrounding radiation sources, and
on observed material-antenna geometrical relationships. The sensitivity
of the radiometer, a measure of its internal noise generation, depends
onn equipment design parameters and dynamic operating conditions (time-
on-target).

Thus, there are four areas of 1nterest in understandlng microwave
radiometry. These are:

a) The energy radiating from the material in a"given spectral
range X toXxt+dX\, where X is the wavelength of the radiation,

b) The amount of this radiated energy collected. by the radiometer
aperture due to geometrical considerations (field-of-view,
material size, etec,).

c¢) The effect of the intervening medlum or devices on the energy
collected by the antenna,

d) The sensitivity of the radiometer which enters into signal-to-
noise ratio considerations.

Each of these four areas are discussed in the following subsections.

1.3.3.1 Energy Radiated From Material

In microwave radiometry, the radiometric temperature (expressed in
degrees Kelvin) of a material is used as a measure of the energy
radiated from a material. The concept of radiometric temperature is
discussed here and its relationship to radiated energy is shown., The
thermal radiation laws describe the energy emitted by a body; the dif-
ferences and applicability of the several radiation laws are explained
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in order to prevent misunderstanding on their use. The concepts of
black bodies and nonblack bodies are also introduced and discussed,

o Radiation Laws

The radiation laws of interest to microwave radiometry are the
Rayleigh-Jean's distributional law and Kirchoff's law. The Rayleigh-
Jean's law is a simplified approximation of Planck's distributional
law that very accurately describes the energy emitted by a black body
in the long wavelength spectral region (microwave spectrum). This
emitted energy is shown to be proportional to the absolute temperature
of the black body. Kirchoff's law leads to the equality of emittance
and absorptance, total or spectral, under thermal equilibrium condit-
ions, This equality is important in determining the energy radiated
from nonblack bodies and will be discussed in more detail later.

Other thermal radiation laws, although not of direct interest to
microwave radiometry, are of general interest to the reader. Planck's
distribution law correctly describes the complete spectral energy dis-
tribution emitted by a black body as a function of its absolute tem-
perature. As mentioned above, the Rayleigh-Jean's law is an approxi-
mation of Planck's law applicable only to the long wavelength region
of the spectrum. Similarly, Wein's distributional law is an approxi-
mation of Planck's law applicable only to the short wavelength region
of the spectrum, If Planck’'s law is integrated over all wavelengths,
it will yield the Stefan-Boltzmann law which states that the total
power radiated by a black body is proportional to the fourth power of
its absclute temperature, Wein's displacement law describes the wave-
length at which maximum energy radiation per unit wavelength interval
occurs as a function of the black body temperature. Planck's law
was formulated and published a number of years after the laws of
Rayleigh-Jean, Stefan-Boltzmann, and Wein.

The Rayleigh;Jean law is given as:

2 M e KT )
R = 2T c KT 3
N /\4 watts/em
where
R}\ is defined as the spectral radiant emittance, the

radiant power emitted per unit area per unit wave-
length interval centered at wavelength A

is the velocity of light, 3 x 1010 cm/sec.

-23

is Boltzmann's constant, 1.38 x 10 joules/®%Kk

is the wavelength of interest in cm.

P—]y?::n

is the absolute temperature of the black body in °K.
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This equation shows that the energy radiated by a black body is
proportlonal to its absolute temperature.

o Black Body and Nonblack Body Concepts

A black body is a body that absorbs all radiation incident upon it.
It is also a perfect radiator and thus radiates energy at ‘the maximum
rate per unit area at each wavelength for any given temperature,
Although black bodies do not exist in nature, they serve as a standard
of reference since their emitted energy can be described in Planck's
law, and also by Rayleigh-Jean's law for the microwave region.

Since a nomblack body does not absorb all radiant energy incident
upon it, part of the incident enexrgy is reflected at the surface for
an opaque body and part will be transmitted through for a transparent
or translucent body, Applying the law of conservation of energy, the
incident radiation upon a body can be expressed as:

= + +
Ei E o E_f ET

where Ej is the incident radiant:energy, E g 1s the absorbed energy,
Ep 1is the reflected energy and E‘Y is the transmitted energy.
Dividing both sides of this equation by Ej yields:

1 = o{+f + 7
where E o

X = 5 = absorptance
i .

f = Ef = reflectance

. E..
1 i

T = E'T’ = transmitrt‘:ance.

e

i

The parameters X , f , and 'T’are used in determining the radia-
tion energy from a body. Their values can range from 0 to 1. For a
black body, of = 1 and therefore P = 7T = 0. For an opaque nonblack

body, 7 = 0 and & + £ =

For nonblack bodies, a term known as emittance is introduced which
is a measure of the nonblack body emitted energy relative to that

energy that would be emitted by a black body at the same thermodynamic
temperature. Thus, emittance is defined as:

€E_

Ebb



Kirchoff's radiation law states that under thermal equilibrium
conditions, the emittance of a body is equal to its absorptance or:

o= &
Thus we can write:

1'=é‘+_f'+7‘

The total radiated:energy for a nonblack body is therefore the sum
of emitted, reflected, and transmitted energies., Thus:

ER _EG + ?f + E?’

or

ER B éEbb * J’Ei + TEBackground

o Concept of Radiometric Temperature

Consider the energy radiated by a black body as described by Ray-
leigh-Jean's law; What is of interest is the amount of this energy
collected by an antenna of effective aperature A, located at a dis-
tance D from the black body. The antenna as v1ewed from the black body
subtends a solid angle Ae/Dz. Each differential surface area of the
source then radiates an amount of energy into this solid angle in a
wavelength interval given by:

dey = R" —2 ) AN) @ds) (-——) watts

For the case where the solid angle subtended by the black body is
much larger than the antenna beamwidth and significant sidelobes, the
total power received can be shown to be:

P = KT Af (subscript p refers to plane
AP polarized antenna case)

P = KTB
AP n

where B . . ; ~
n is the predetection noise bandwidth of the
radiometer. _ ,
T is the absolute temperature of the.black body.
K "~ is Boltzmann's constant,

This indicates that the power received by a radiometer is very
dependent on its bandwidth and that two radiometers of different band-
width will measure different power levels received from the same
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source. This problem can be circumvented by calibrating radiometers
to indicate the noise temperature received since this is independent
of the radiometer bandwidth.

Thus, the noise temperature received or radiometric temperature
will be: '

S Wik
R KB
n
where T, 1is the radiometric temperature seen by the antenmna

for the special case of extended material and no
intervening loss.

For the black body, the radiometric temperature will be its
absolute thermodynamic temperature, For a nonblack body, if each of
the energy contributors are thermal radiation sources, then the radio-
metric temperature of a nonblack body can be written as:

Tp = €T+ P15+ T Taackeround

For terrain viewing applications from an airborne position, Tpp
is the ground or ambient absolute temperature and T, is generally
the radiometric temperature of the incident Portionlof the sky desig-
nated as Tsk Since most objects on the ground can be considered as
opaque (no sxgnal transmission through the body), then the simplified
form used for a terrain viewing application becomes:

Tg= €T + £y

This equation is generally used to determine the radiometric tem-
perature of a material., It is seen that this temperature is dependent
on & (emittance) and _f (reflectance), material properties that vary
with surface roughness, surface conditions, incidence angle, and
polarization. It is also dependent on Tgy, Which varies considerably
with weather losses and atmospheric path length. The dependency on TG
is minimal since the absolute temperature of the ground varies only
by a relatively small percentage. Highly emissive material such as
vegetation and soil have radiometric temperatures of about 250°K,
slightly less than the ground temperature. Highly reflective materials
such as metal and water have radiometric temperatures in the order of
60 to 150°K, and are referred to as "cold" materials as compared to
"warm'' vegetation and soil. Asphalt and concrete fall between ''cold"
and "warm" materials,



1.3.3.2- Geometrical Considerations

Thus far, only radiation from extended materials has been con-
sidered. . Generally, however, in observing a -scene composed of several
different nonextended materials, the energy contributions of the
several materials located within the radiometer antenna pattern must
be considered., Since thermal radiation energy is random in nature,
the energy contribution of each material can be considered singly and
the collective contribution is then the sum of the individual contri-
butions.

The received radiometric temperature for a nonextended material
{(neglecting intervening losses) can be written as:

_ 1 e T
Tyt TR [471 fG (6,8 d""']
o

T is the radiometric temperature of a nonextended material
seen by the antenna

T, is the radiometric temperature of an extended material
seen by the antenna

The collective temperature will then be:

T ST +T 4T 4 ...
Ascene A1 AZ A3

where

T corresponds to the antenna temperture for material #1 as
A . .
1 determined by thejTA equation, etc,-

For a nonextended material, the integral above will be less than
4 and therefore Ty < Tg. For multiple nonextended materials,
viewed simultaneously, the collective radiometric temperature received
by the antenna will be less than the radiometric temperature of the
warmest material observed and greater than the radiometric temperature
of the coldest material observed. For example, if extended soil
measures at 250°K, extended asphalt at 220°K, and extended water at
100°K, then an observed aréa consisting of water, asphalt and soil
subareas will have a collective temperature between 250°K and 100°K.

There is no simple formula to determine accurately the antenna
temperature for a mixed scene. An approximate formula yielding ball-
park numbers can be used if the assumption is made that the antenna
gain function, G(8,8), is constant everywhere within the solid angle
Jo defined by its half-power or -3 db points and zero every-
where outside.
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A question often arises as’ to whether the power measured decreases
proportionally with the inverse square 'of the range between source and
antenna as is'the case for radar and communication . links. Ceonsider -
the surface of the source as composed of many elemental areas A s
each radiating a power AP per unit solid angle., As the emitter-
antenna range is increased, from.Rl_to Ry, the power density at the
antenna, and hence the collected power, decreases by the ratio
(R]_/Rz)ﬁ Howéver, more elemental areas are now included within the
directive collecting pattern of the antenna. For an extended material,
the increase in elemental areas is proportional to (R2/R1) - and hence
the change in received power from an extended surface varles as
(Rl/Rz) (RZ/Rl)Q =1, or no change. 7For a nonextended target, changes
do occur, ' ’

1.3.3.3 Effects of Intervening Medium or Devices ‘

An intervening medium or device affects the amount of energy col-
lected by the antenna in twe ways. First, 1f the medium or ‘device
transmittance is not unity, only part of the energy entering the body
will be transmitted through. ' If this energy loss is due to absorption -
within the material, it is gemerally termed as attenuation. Second,
a device or medium that exhibits attenuation will itself be a source
of thermal radiation.’ This additional emission is directly additive
to the attenuated emergent energy transmitted through the body, ° ‘

it was noted that €+ P + 7 =1 is a necessary condition under

thermal equilibrium. ‘If 7 << 1, then €+ P = 1. For a
diffuse medlum, 1t is generally dssumed that S 0 and therefore- -

€ + T=1.

If the 1nput energy to- a dev1ce or medlum is T, , then the total
output energy will be: : S me

q’T +.5-r -

where S T is the absolute temperature (black body
: ‘temperature) of the medium or device

Since it is assumed that & + T >‘= 1_', ‘then
’,"Ti];1 +(l - 'r )TM

In microwave measurements, the transmittance is glven in terms of -
attenuation, L, where % =71 . Thus, C

T, . L-1
T = in‘+~( o ik
out I _ET-) M



The convenience of this form is that if the attenuation if known,
3 db for instance, then L = 2 corresponding to 3 db can be easily
substituted. Attenuation values are generally available for weather
losses,

1,3.3.4 Radiometer Sensitivitv Considerations

The function of the radiometer is to facilitate measurement of
the noise power collected by the antenna, This is accomplished by
amplifying and rectifying the signal, and then filtering the resultant
de voltage. The use of a square law setector results in a linear
relationship between the rectified voltage and the input power to the
detector.

Two parameters are used to assess the quality of the radiometer
design. The first is its temperature-voltage conversion factor and
the second is its inherent temperature resolution. The temperature-
voltage conversion factor is determined by calibration tests and
permits calculation of the radiometric temperature seem by the antenna
based on measurements of the radiometer output voltage, Assuming that
one is able to measure this output voltage very accurately, then the
accuracy in determining the antenna temperature is dependent solely
on the constancy of the conversion factor. Major causes for changes
in this factor are the gain instabilities and drifts in the predetec-
tion amplifier, '

The temperature resclution of a radiometer is a measure of the
fluctuations in the detected output voltage that prevent the observer
from concluding whether an incremental change in voltage was due to -
random fluctuation or from an incremental change in antenna noise tem-
perature. The actual temperature resolution will be poorer than the
inherent temperature resolution; the latter is a function of nominal
design parameters, whereas the former includes additional degradation
due to instabilities in the nominal design parameters. By proper
design, the inherent temperature resolution can be approached through
reduction of instability effects and this is generally the parameter
that is given as minimum detectable temperature change or ATmin'

The inherent temperature resolution can be expressed as:

_ (F-1)T +Ty
ISTm. K @A

- X

Tqnin is the equivalent rms input noise temperature that will
produce the output fluctuatioms,

where

X is a constant depending on the design configuration of the
radiometer

F is the receiver noise figure

10



T is 290°K by definition of noise figure.

o]

TA is the antenna noise temperature.

B is the equivalent predetection moise bandwidth,

fr' is the equivalent integrating time of the post-detection

smoothing circuit and is inversely related to the post-
detection bandwidth.

For terrain viewing applications, where T, = T, this can be
simplified to

FT_ _F PO
AT = KV-B?= (K) {U-B—}(To) (v'? )

The factor K will be equal or greater than 1; it is equal to omne
for a total power radiometexr, equal to 2 for a Dicke radiometer with
square wave modulation and demodulation, equal to 2,22 for square
wave modulation and sine-wave demodulation, etc. The factor F/
is a function of the components used in the receiver and a figure of
merit, M = UT?' /F, can therefore be defined to be used in assessing
the performance of various front-end components; the higher the value
of M, the lower will be the radiometer Zifgnin'

The parameter I is not determined by design but is a constraint
placed by the operating conditions, In observing a given unchanging
scene, there will be no change in the received temperature (assuming
constancy in sky and weather conditions) anda:lengthy observation time,
and hence a long integrating time can be used. This results in an
almost neglibible value for AT . . For operations where the received

. . " min X
temperature is rapidly changing, sSuch as when scanning the beam across
a scene or changing the range between antenna and scene, the informa-
tion or postdetection bandwidth must be increased to accommodate the
increased received information rate, resulting in the use of a shorter

integrating time and hence a larger A Tmin

C 11



Section 2.0

SUMMARY OF REQUIREMENTS AND WORK PERFORMED

2.1 CONTRACT REQUIREMENTS

The period of performance of this contract was from September 21,
1977 through August 31, 1978. Figure l indicates the work phases,

tasks, and a summary schedule of program milestone items,

The deliverable prototype radiometer system has specific require-
ments invoked. The system shall not be harmed by de-icing chemicals,
snowplowing operations, chains, or heavy trucks. It must operate in
the presence of both light and heavy vehicular and pedestrian traffic
without presenting any danger to this traffic. It must be capable of
operating before, during, and after the application of de-icing chemi-
cals such as salt or vurea. The physical principle employed by the
detector must not create any significant hazard to drivers or pedes-
trians through radiation (ionizing or non-ionizing) or through dis-
traction by bright visible light beams. The equipment must be capable
of operating continuously 24 hours per day for at least the 9 coldest
months of the year without being seriously affected by seasonal or
diurnal sun position,

2.2 HIGHLIGHIS OF WORK PHASES

Phase I, a 3-month effort, concerned optimization of the Lockheed
breadboard radiometer for the purpose of obtaining a measurements data
base on hazardous road conditions, Another effort during this phase
was on system tradeoffs, e.g., false alarm rate vs. sensitivity (tem-
perature error) and receiver cost vs. system bandwidth and noise
figure, Various theoretical. analyses were also made involving design
and performance factors for the intended application, ' The £final.
effort on Phase I was generation of a test plan detailing the overall
objective, laboratory tests using fabricated roadway simulators, and
field tests to be run at suitable sites in the Northern Sierras region.

The 4-month, Phase II effort involved modifications and checkout
of Lockheed's breadboard radiometer; conduct of laboratory tests using
fabricated roadway simulators; field testing at several sites in the
Northern Sierras region; and submittal of a Test and Interim Recom-~
mendations Report (LMSC/D472217, dated May 1, 1978).

In conducting Phase II tests, emphasis was placed on the most
important aspects of testing, namely:

o Detemmine radiometer stability characteristics,

o Verify that radiometric temperature measurements are equivalent

12
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to other previously published results since feasibility for
detecting ice is based on theoretical derivations taken from
such reports.,

o Prove or disprove feasibility of detecting actual hazards
using roadway surface simulators,

0 Determine radiometric temperature effects of the most widely
used anti-icing methods: salt and sand,

o Perform limited testing under actual field conditions in a
cold weather environment,

0 Develop rationale for development of a hazard warning alarm
circult and fabricate and test such a unit,

The overall test program proved very successful. Stability charac-
teristics were defined and a temperature instability problem was dis-
covered, Provisions have been made to correct this problem in the
Phase III prototype unit, ‘

Radiometer performance matched that of previous tests and was in
agreement with theoretical predicitions. In addition, a theoretical
analysis of effects of ice on a concrete surface was developed and the
test data supported this theory,

A radiometric approach to detecting hazards of ice, snow and wet
surfaces is shown to be feasible using today's technology. However,
detection of a frost hazard was shown to be not feasible, although
another approach to this problem is available by simply adding a dew
point sensor input to the alarm circuit.

Effects of sand and salt on an existing ice surface were determined.
Sand does not make any appreciable difference to radiometric temper-
atures, but salt makes a profound effect to both dry surfaces and icy
surfaces, No study has been made of the effect of calcium chloride.
Further study of these effects will be necessary to negate any false
alarms or missed alarms which might be caused by these and other anti-
icing methods. o

Field testing was accomplished during a storm of Artic origin in the
Sierra Nevada mountains, Further substantiation of radiometric sensor
feasibility was gained from these tests,

The rationale for an alarm circuit was developed and a breadboard
alarm fabricated, Limited testing was performed with this unit and
the results are encouraging. '

The final effort, the 4-month duration Phase IIIL, concerned design,
fabrication, and test of a deliverable prototype detector system;
preparation of schematic, layout and assembly drawings; and preparation
of the subject Final Report.

14



This prototype detector system incorporated two modifications to
achieve the required receiver unit temperature stability: (1) addition
of a controlled heater to a mixer=-lst IF amplifier subassembly; and (2)
on-off control of the local oscillator (L.0.) output signal by use of a
microwave switch (pin diode). 1In the breadboard radiometer the L.O.
was switched by a gating waveform. The processor unit includes two
circuit cards for the alarm circuitry which was breadboarded and tested
in Phase 11. The processor also houses a 28 VAC transformer for the
receiver heater element. Appropriate test points have been added and
the readout display was changed from LED (light~emitting diode) to LCD
(liquid crystal diode) type for better visibility in daylight.

From a repackaging standpoint} the receiver unit was desipned to be
weatherproof through the use of environmentally resistant connectors
and cables, a protective receiver housing, and a sealed horn antenna.
The processor unit, although not intended to be exposed to the same
environment as the receiver unit, was housed in a weather resistant
aluminum carrying case and is a more rugged package than the breadboard
unit. An antenna calibrator unit, three 100 foot (30 m) interconnect
cables, and a power line cord complete the prototype Hazard Detector
System, Serial No. 1.

The prototype system was calibrated and adjusted (per the procedures
of 6.3.2 and 6.3.3). Functional tests were performed at subsystem and
system levels; test results met all anticipated performance require-
ments. Snow and ice detection tests were not performed during Phase III;
however, simulated inputs were provided as needed to verify alarm
circuit operation.

Reproducible drawings were prepared and delivered under separate
cover. These drawings included schematics; wiring diagrams; printed
wiring board and circuit card layouts; and unit and interconnect cable
assembly drawings.

15



Section 3.0

DESCRIPTION OF PHASE I EFFORT

3.1 DESIGN OPTIMIZATION

The breadboard radiometer system optimization was performed with.
the following objectives in mind:

1) Provide a sensor to obtain measurements and provide a data base
on snow, ice, slush and frost on a variety of roadway surfaces.
This data base is to be used to determine the design of an
appropriate hazard alarm circuit.

2) Provide design-proofing data for the design and fabrication of
a deliverable prototype sensor under Phase 111 of this contract
dedicated to effective detection of road surface hazardous
conditions,. '

3.1.1 Radiometer Configuration

IMSC ID radiometers were used in three distinct configurations:

a) X-Band radiometer with microwave switch (Figure 2).

b) ZX-Band radiometer without microwave switéh.(Hong Rédidmeter)
(Figure 3), :

¢) 94 GHz dual-polarization sensing radiometer (Hong Radiometer
implementation) (Figure %).

To accomplish the objectives noted above, a radiometer sensor was
implemented from a combination of the Hong X-Band radiometric receiver
(configuration b), and the 94 GHz processor (configuration c). This
combination was arrived at, in part, by cost and scheduling considera-
tions for producing the Phase I1I prototype and a sensor suitable for
Phase II testing. An X-Band radiometer is desirable due to the avail-
ability and lower cost of X-Band components, Additionally, the proces-
sor of the 94 GHz system was documented and fabricated on printed
circuit cards, whereas configurations a) and b) were breadboarded on
handwired boards., Alsc, there was no documentation available on parts
layout on the a) and b) processors making reproduction and modifications
of the circuits difficult,

The parameters of the radiometer considered for optimization were:
(1) frequency; (2) RF bandwidth; (3) video output bandwidth; (4)
antenna beamwidth; and (5) packaging. Since the test planning was in
its early stages, the optimization of frequency, RF bandwidth, and
antenna beamwidth were performed during the test planning to minimize
the hardware schedule impact. The frequency and antenna beamwidth

16
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combination determines the area coverage as a function of the height
of the radiometric antenna above the test specimen. The RF bandwidth
has a minor effect on the performance of the radiometer under control-
led test conditions. The video bandwidth of 300 Hz was originally
mechanized to resolve ground targets from a moving airborne test bed.
For the snow and ice detector application, where the targets of inter-
est are essentially stationary, the video bandwidth could be reduced
to below 1 Hz. However, for minimal change to the output circuits,
the videc bandwidth was. reduced to 10 Hz. The packaging considera-
tions were to facilitate the simulator testing and field testing with
no modifications. This required repackaging of the configuration b)
X-Band receiver to accommodate a mounting fixture to provide for
horizontal polarization, vertical polarization, and off-normal look
angles to the test targets. The additional interface power supply and
L.0, drive circuit were incorporated into the receiver during this
repackaging. Detailed analyses on the interaction of radiometer
parameters vs. performance is included in System Tradeoffs, Section
3.2.

3.1.2 Detection Performance

The snow and ice detector performance analysis based on an
initially limited data base is summarized in Table 1. This analysis
was prepared prior to Phase II testing., One unknown in this analysis
is the quantitative definition of hazardous conditions. Static measure-
ment and analysis has been performed on snow, ice, and slush. Measur-
able temperature differences were mnoted between ice, slush, and dry
roads. Therefore, if the definition of a hazardous condition is
between an icy and a slush condition, the breadboard snow and ice
detector system will have a high success rate only affected by the
percent of hazardous road within the antenna beam. WNo data was avail-
able on the effects of de-icing chemicals; therefore, these effects
were to be determined during Phaae II of the study.

Summaries of other special conditions relating to detection per-
formance are noted below.

o Effects of Pedestrian Traffic - Pedestrian traffic does not
pose a problem due to the small beamfill a pedestrian would
provide to the.snow and ice detector; under heavy foot traffic,
the detector might give a false alarm. However, since the
detector would be positioned to monitor the roadway, it is un-
likely that heavy foot traffic would be encountered within the
area of interest.

o Vehicle Traffic ~ Vehicle traffic introduces errors into the
radiometric sensor. The vehicles are metallic, presenting a
cold radiometric source (approximately 709K) and, depending
on the size and number of vehicles, the beam filling by the
vehicles will be a variable., Thus, a wide range of radio-
metric temperatures would result, some of which could be in
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the simple alarm band proposed for the breadboard system.
Therefore, unless a more sophisticated alarm criteria is used,
a high missed alarm rate is predicted for vehicle traffic.
Analysis of a typical vehicle situation is discussdd in Section
3.3 (Theoretical Analyses).

Sun Position - The sun position does not introduce appreciable
error into the radiometric sensor. Although the sun is a very
hot radiometric source, the beamfill presented to the radio-
meter is very small, Analysis of this effect is treated in
Section 3.3 (Theoretical Analyses).

Radio Interference - Initial analysis of Radio Frequency Inter-
ference (RFL) indicates that some potential problems exist.

The 10 GHz frequency band is allocated for radar and intersatel-
lite communications, At these high frequencies, the radiating
antennas are highly directive providing some immunity to the
radiometer, Pulse radars introduce no problems to the radio-
meter due to the low pass filter of the radiometer. However,

CW radar, such as the speed detection radars utilized at 10.5
GHz by law enforcement agencies could possibly introduce errors.,

Another source of RFI is the roadway lighting. A majority of
the lamps are of the gas discharge type which is a good source
of radiometric noise, The effect of the noise, if present,
would change the sky temperature term, introducing a change in
radiometric temperature, These errors would cause a missed
alarm using the simple breadboard alarm technique., This does
not make the radiometric sensor ineffective, since this effect
is a predictable error which can be calibrated out.

3.2 SYSTEM TRADEOFFS

The

system tradeoffs for the snow and ice detector are for the most

part dependent on the criteria chosen for the detection of defined
hazardous conditions in radiometric parameters., The tradeoffs dis-

cussed

here will be related to the snow and ice detector performance

in terms of false alarm rate and the probability of missed alarm.

In order to make this preliminary tradeoff study meaningful, and
also provide some insight on how the various radiometer parameters
interact on the snow and ice detector perfermance, the following
simplifying assumptions are made:

D

2)

The hazardous/nonhazardous condition can be defined by a change
in radiometric temperature which is unique and the alarm mech-
anization is a simple detection of this change.

All external influences such as cars, changes in the ambient
radiometric scene, and radio frequency interference will be
considered non-existent.

23



3.2.1 False Alarm/Missed Alarm Probabilities

With these two simplifying conditions, the false alarm probability
and missed alarm rate can be traded off against the errors, & , in
the radiometer measurement and the detection criteria of radiometer
temperature change from nonhazardous to hazardous condition, defined
by the term TD'(detection threshold, as illustrated in Figure 9).

The probability of false alarm, P
2

- ()]

PFA is plotted in Figure 5. The probability of missed alarm,
is defined by:

FA® 1s defined by:

PMA’

By - 1-1 [1 - er;(g (TD_eTll)]

2 2
where
TD = detection threshold
TI = actual radiometric temperature:
€ = radiometer measurement error
%= 30T

2€
2 x 9
and erf (x) = ﬂ]T exp (- u) du (the standard Error
o

Function)

Pys 1s plotted in Figure 6. These probability curves are for a single
measurement event. The length of each such measurement is determined
by the response time, “f, required for the detector system to determine
a hazardous condition.

The false alarm time, Tpa, (inverse of false alarm rate) is defined by:

2
3T
T = T exp D]
FA 515—

Tpa is plotted in Figure 7 as a function of the detection threshold to
measurement error ratio, Tp/ € , for various response times, 7" . This
Tp/€ term is being used here in a fashion analagous to the signal-to-
noise ratio, S/N, in conventional radar detection analysis.
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3,2,2 Tradeoff of Detection Threshold, TD

The relationship of the radiometric parameters to the false alarm
and missed alarm factors includes the radiometric sensor errors, &€ ,
and the temperature difference to be measured, Tp. Tp is related to
the choice of frequency, antenna aperture size, and other factors.
The antenna size/frequency/beamwidth relation is illustrated in Figure

8. The breadboard radiometer is noted in the figure. Also related to
Tp is the smallest hazardous area to be detected and the antenna beam-

fill projected by this area. In essence, the optimum case would be to
have a small size antenna which provides a large area of roadway
coverage, yet is able to detect very small patches of icy areas within
the antenna beam. This optimum case would then provide a small Tp,
which requires & to approach zero in order for the false alarm rate
and missed alarm rate to approach zero. As in any ideal case, the
parameter requirements are contradictory. Shown in Figure 9 is the
effect of a normalized beamfill factor and radiometric temperature,
but as the beam narrows to provide a large Tp, the area of surveil-
lance is reduced, This therefore leads to the desirability of having
a scanning antenna which will provide large areas of coverage along
with high resolution. The added cost and complexity of such a system
would be in the order of $1,5 K (per system in production) to provide
for the mechanical scan mechanism, drive and control circuit, and
microprocessor computer to determine the alarm threshold for the
various scan angles.

3.2.3 Tradeoff of Measurement Errors, &

The radiometric temperature measurement error comprises two com-
ponents: (1) the residual accuracy Tg ; and (2) the minimum resolu-
tion of the radiometer ( AT . ). The error in the radiometric
measurement is simply the arTthmetic sum, € =T¢ + AT . . The
residual accuracy (TG ) of the radiometric sensor is constrained by
the mechanization, the interval between precision calibrations, and
the accuracy of the calibration source. The resolution (d&Tmin) is
defined as follows:

K T0 F L
A Tmin -

3

2 BT

K = constant (modulation technique, etc.)
T = temperature of radiometer and source filling beam
F = noise figure

LS = gystem loss factor {radome, antenna, etc.)

B = RF (predetection) bandwidth

"r= integration time
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Plotted in Figure 10 is the projected production cost per system
versus T,g . The most accurate system indicated is a Dicke type
radiometer with the reference housed in a precise temperature-control-
led enviromment similar to systems used for radio astronomy. On the
other end of the scale is a total power type radiometer with one tem-
perature calibration, Note placement of the breadboard radiometer on
the curve of Figure 10 and the range of values for radiometers of this
type.

The ZSTmin tradeoffs for a radiometer of the breadboard configu-
ration as a function of RF bandwidth and receiver noise figure versus
production cost are shown in Figures 11 and 12, respectively.

This tradeoff amalysis was performed based on a limited data base
of actual radiometric temperature measurements (prior to Phase IT test
activities). Major simplifying assumptions have been made on what an
alarm mechanization might be and have excluded real world envirommental
effects that can have a major impact on the alarm mechanization,

3.2.4 Example of Use of Svstem Tradeoffs

The following example is given teo illustrate the interrelation of
these tradeoffs. Assume the snow and ice detector system is required
to provide a false alarm rate of one per year and a missed alarm prob-
ability of 0.1. It is also required to monitor am area of 15 ft.

(4.6 m) diameter and detect an ice patch of 4 ft. (1.2 m) diameter.

From Figure 6, for a missed alarm probability of 0.1, Ip-T1 - _o.6.
For a false alarm rate of 1/year (Tpy = 8,770 hrs) and a required re-
sponse time of 9 = 1 second, Figure 7 1nd1cates Tp/€ = 2.76. Next,
assume that we are using the breadboard radiometer sensor at 10 GHZ
and its antenna is mounted 30 ft., (2.1 m) above the roadway. The
required half-power beamwidth would be 6gp = 2 tan-l(%_%_m_)= 28,19,

From Figure 8, the required antenna aperture for this beamwidth is
about 3.5 in. (8.9 cm) diameter. At this antenna height, the ice patch
will subtend an angle of 7.6 ©, giving a beamfill factor gi = 0.27,
HP
From Figure 9, for the beamfill factor of 0.27, the radiometer
tem%erature difference is 1.5°. Then, from the missed alarm criteria
“11=-0.6 and the false alarm criteria of Tp/g = 2.76 and substituting

TISE:1_50 (the temperature difference needed for detectiomn), the result-
ing requirement is that the accuracy € of the rvadiometer must be less
than 0.459K and the threshold setting Tp should be at 1.239K. These €

and Tpy values are obtained from solving (Ip ~ 1.5)/€ = -0.6 and Tp/ € =
2.76. TFrom Figure 10 it is seen that this ¢ requirement is not within

the current radiometer accuracy range. Therefore, the most restric-
tive requirement is the value of &,
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Now treating the tradeoffs from an achievable € standpoint, say
€ = 2°K, then to maintain the same false alarm/missed alarm criteria,
the only tradeoff parameter left is the beamfill factor i . For & =

_ HP
2°K, solving ID-TI =-0.6 and Tyy2=2.76, we obtain T; = 6.729K, From
Figure 9, this Ty requires a 8; = 0.77. This, in turn, requires that

HP
the half power beamwidth e p be 9.7° which requires an antenna aperture
of about 8.5 in. (21.6 cm) diameter. However, in this example, the
surveillance area has been reduced to 5.1 ft. (1.6 m) diameter.

From the excercises given above, it is clear that conducting a
tradeoff analysis is an iterative process where often the system

desires are unrealizable. Hence, the system designer must weigh
each system parameter and, with the aid of the tradeoff curves, come
up with the optimum realizable system.

3.2.5 Reliabiljty Analvysis

Along with the system tradeoff investigations discussed above, a
reliability analysis was performed. This analysis is contained in
Appendix A which has been separately transmitted. In summary, the
analysis provides a breadboard radiometer block diagram comprised of
three major sections; states the assumptions used to facilitate
modeling and computations; defines a reliability probabilistic
model; presents applicable calculations and a reliability vs. time
plot; and provides conclusions and recommendations. A reliability of
0.930 is indicated at 1 year, degrading to 0.865 at 2 years,

3.3 THEORETICAIL ANALYSES
3.3.1 General

During the breadboard radiometer design optimization and the
general system tradeoff investigation tasks of Phase I, specific
theoretical analyses were made to obtain additional insight on factors
affecting the design and performance of a radiometric hazard detection
system, These analyses are contained in Appendices Bl through Bé6
which have been separately forwarded. Summary descriptions of each

appendix are provided below.

3.3.2 Description of Analytical Reports

The salient features and principal findings of the Appendix B
reports are as follows:
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Bl. Comparison of Background and Sun Temperatures, Antenna
beamwidth and sun brightness temperature values are given-to
illustrate the effect of the sun on the performance of a 10 GHz
radiometer. The radiometric temperature error is of the order of
1° to 20 K even with an overhead (zenith) sun.

B2. Radiometric Temperature vs. Time-Car On Asphalt. The case
treated here is a car at 30 mph (48.3 Kmph) speed on an asphalt

road observed by a vertically-mounted 10 GHz radiometer antenna
of 13° beamwidth, A radiometric temperature vs, time function

is derived and plotted. A temperature drop in excess of 160°K
from a starting reference of 2249K results as the car, being
the "“colder" object, completely fills the antenna beam. The
smoothing effects of non-idealized antenna patterns and finite
response time radiometer processors are also noted.

B3, The Concept and Calculation of Skin Depth., In this
analysis, skin depth is defined in terms of penetration of an
electromagnetic wave into a medium. A complex propagation con-
stant is derived in terms of a complex relative dielectric con-
stant. Skin depth calculations are made at 10 GHz for water at
209 and 99C (0.2 and 0.3 ecm); asphalt (L.7 em); concrete (2,6 cm);
brick (18.6 cm); dry and wet loam (5.1 and 0.6 cm); and dry and
wet sand (1.7 and 0.4 cm).

B4, Radiometric Temperature for Ice on Concrete. A two-layer,
smooth surface expression is derived which permits the calcula-
tion of radiometric temperature for a normal incidence case. An
example of ice over concrete is treated with the thickness of the
ice layer as a variable, The result is shown to be a ecyclic tem-
perature function with a period approximately equal to M/4

(0.8 cm).

B5, Radiometric Temperatures for Rough Surfaces, The equation
for the radiometric temperature, Tp, of a slightly rough surface
is given for a radiometer at normal incidence. Equation terms
are derived for computation purposes and the function h (rms

amplitude of surface variations) and Jﬁ(correlation length of
surface variations) are introduced. As an example, Tg is calcu-
lated at 10 GHz for an asphalt road at a surface temperature of
21°C with h values from 0.05 to 0.2 cm and J values from 0.05 to
0.6 cm. Over this range of values, temperature increases up to
369K are noted as compared to the smooth surface case, namely,
TR = 241,59K, Equations are also provided for the general case
of non-normal incidence angles, .

B6. Effects of Antenna Aperture Size « Ice Patch Example. A
conical horn with half-power beamwidth of 129 is selected to
illustrate antenna aperture effects. The coordinate reference
system and antenna pattern are analytically defined and plotted.
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Antenna percent beamfill is also plotted as a function of half
beamwidth value, A scenario is selected with this antenna at
vertical incidence 20 feet (6,1 m) above a concrete roadway
observing an ice patch of diameter 2 r, The expression for TR
as a function of ice patch diameter is given, derived in terms
of the percent antenna beamfill functiom, and plotted. Limits
were determined experimentally for an “infinite length" road at

a surface temperature of 00OC (TF = 225°K) and an "infinite dia-
meter" ice patch 0.4 cm thick (T 2250K). TFor this example,

with an ice patch less than about 10 feet (3.0 m) in diameter,
corresponding to an antemna half-angle value of 159 or 88%
beamfill, the radiometer temperature starts to approach the dry
(no ice) road condition,

3.4 TEST PLAN

3.4.1 Objective

The overall objective of the test plan was to demonstrate ‘the feas-
ibility of detecting hazardous roadway conditions using a passive
microwave radiometer system. The plan was developed to provide the
guldelines and testing requirements necessary to utilize a breadboard
unit in a systematic and progressive manner, allowing some degree of
flexibility so that changes to the test sequence could be incorporated
as test results were interpreted. The test plan defined the test
schedule; tests to be conducted; objectives and requirements; and the
test approach, including detailed test procedures. The complete test
plan is identified as: LMSC/D556180, Test Plan ~ Area Detectors for
Snow and Ice, dated November 18, 1977. A brief synopsis of the testing
portion of this plan is outlined in the following sections.

3.4.2 Laboratory Test Plan

The testing portion of the test plan was comprised of two major
sections: a laboratory test plan and a field test plan. Major emphasis
was placed on the laboratory tests with the bulk of the testing per-
formed during that phase. The laboratory tests were further subdivided
into: ‘

Preliminary Tests

Bench Test:
Verify proper radiometer/processor operation.
Set internal adjustments.

Calibration:
Verify performance and scale factor.

Stability:

Measure equipment stability for input voltage variation,
temperature change, and time,
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Simulator Tests

Accumulate radiometric temperature data for hazardous conditions.
Determine threshold levels for design of alarm logic circuits,

The preliminary bench tests were to be *accomplished under the dir-
ect supervision of the design engineer and were intended mainly teo
consist of "factory adjustments". Since the breadboard unit is a
single unique item, various adjustment techniques were purposefully
omitted from the test plan as a cost saving measure. For a "one of a
kind" unit, this approach is normally more economical.

The calibration procedure was detailed in the test plan so that
personnel who were unfamiliar with the equipment could accomplish this
vital task. In the beginning, the time span for which the breadboard
unit would maintain a valid calibration was unknown. Original thoughts
on this subject ranged from days to weeks, When the temperature in-
stability problem was uncovered during later testing, frequent recal-
ibration of the radiometer was necessary to counteract the effects of
temperature drift., This procedure eliminated the need for complicated
data correction methods.

The stability tests during the preliminary portion of the test plan
were considered very important due to the uncontrollable nature of the
environment and the range of input voltage within which the breadboard
unit must operate. Diurnal stability (sun position) was considered of
lesser importance due to the small increment of radiometric temperature
affected by effective sky temperature, The test plan included test
procedures to evaluate specific stability requirements for input volt-
age and ambient temperature change.

The roadway surface simulator test portion of the test plan was
considered to be of primary importance to the entire program. Con-
siderable time was to be spent on this activity so that meaningful
data could be cbtained prior to the field test portion of the program.
As outlined in the test plan, the simulators were to be fabricated as
described below.

One simulator was to be fabricated per Figure 13 for each of the follow-
ing specimen types: (a) asphalt; (b) rough concrete; and (¢) smooth
concrete, The asphalt and rough concrete simulators were to be used
as simulated road surfaces, and the smooth concrete simulator was to
provide reference data to relate the theoretical analysis with empiri-
cal data obtained from the asphalt and rough surface measurements.

The simulators were to be fabricated by constructing three shallow
wooden boxes, each on top of a standard wooden pallet. A cooling grid
of 5/8" (15.9 mm) OD copper tubing was to be placed in the bottom of
the boxes and the boxes were to be filled with the appropriate sub-
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strate material, Thermocouples were to be embedded mear the surface
of the substrate to provide substrate temperature data. Provision
was to be made to contain the water necessary to form an appropriate
precipitation layer,

Liquid Nitrogen (LN2) was to be applied to the cooling coils from a
160 liter dewar to cool the simulator to a temperature lower than the
freezing point of water.

Figure 14 shows the series of simulator tests which are outlined in
the test plan. The "X" symbols of the table demnote the specific tests
to be run, The tests are ordered in a logical sequence so that radio-
metric temperature data pertaining to the majority of anticipated
hazardous conditions could be obtained. This was deemed important to
the definition and development of the alarm logic circuits. The test
sequence consists of five major groupings of tests which would yield
the most useful data within the economic and schedule constraints of
the program. The major groupings are:

(1) Basic Signatures - Test radiometer performance on two types
of road surface with a theoretical cross-reference to a known
surface., Provide basic data for preferred polarization
determination, and a usable range of angles off vertical.

(2) Simple Conditions - Test simple hazardous condition detection
capabilities and provide data for determination of alarm
logic circuit thresholds. Test 4 provides the same cross-
reference information as the basid signatures tests.

(3) Complex Conditions - Determine the amount of modification to
basic radiometric temperature data by the introduction of
de-icing/anti-icing materials.

(4) Beamfill - Establish minimum detectable patch size. Provide
data for determination of antenna beamwidth requirements for
the prototype unit.

(5) Optional - Ice on water test would require a housing placed
over the simulator to facilitate freezing from the top down.
The alarm logic tests would evaluate the ability of the alarm
circuit to energize when hazardous conditions are detected
and identified. The alarm logic test may be performed earlier
in the test sequence, when the alarm logic unit is completed.

The test sequence did provide a useful starting point for the
simulator tests, but was modified in the early stages of testing when
the theoretical analysis of "Radiometric Temperature of Ice on Concrete'
(see Sec. 3.2.2 B4) was developed. This modification was accomplished so

that more realistic hazards involving thin ice layers would be tested.
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3.4.3 Field Test Plan

A total field test plan was not completely definitized within the
overall test plan. The intention was to gather the simulator test data
and allow equipment operational familiarization prior to embarking on
any specific field tests.

The overall objective of the field tests was to verify the
performance of the breadboard radiometer system under cold weather
operational conditions where the system is used to detect ice and snow
on a highway bridge deck. The following specific objectives were
designated to demonstrate that the system is ready for prototype
evaluation tests:

o Collect data to demonstrate that the system can detect and
identify ice and snow on a roadway.

o Verify that the system's performance in the field can be
related to the performance achieved under laboratory simulated
conditions.

In addition, snow signature data was to be gathered to provide a
data base for future test activities.

Activities and planning relating to the above objectives occurred

after completion of the laboratory simulator tests and are described
in more detail in Section 4.2 (Breadboard Field Tests) of this report.
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Section 4.0

DESCRIPTION OF PHASE II EFFORT

This section describes the laboratory and field tests conducted and
the test results obtained under Phase I1. Additionally, recommenda-
tions for the prototype system to be delivered uander Phase IIL are
provided,

Section 4.1 below addresses the bench tests, calibration technique,
input voltage and thermal stability tests, and, finally, the tests
performed using concrete and asphalt roadway simulators which were
fabricated under this comtract. Section 4.2 describes a field test
site survey and measurements taken during two field trips on roads
under ice, slush, and snow cover conditions. Section 4.3 contains the
basis for selection of logic for a hazard alarm and development and
test details on a breadboard alarm unit. Radiometer proposed modifica-
tions for Phase III are found in Section 4.4.

4.1 BREADBCARD LABORATORY TESTS
%4.1,1 Bench Tests

The ¥-Band Radiometer developed by IMSC on an earlier Independent
Development program was updated to the revised configuration shown in
Figure 15. These modifications were incorporated to provide a con-
figuration suitable for performing both the simulator tests and the
field tests, This configuration would also easily correlate in per-
formance with the anticipated Phase III radiometer prototype.

The bench tests verified the interface parameters of the X-Band
recelver with the 94 GHz radiometer processor and added power supply
and L.O. driver circuits in the receiver. Adjustments were made and
measurements were taken te ensure a compatible interface. Bench test
adjustments included the following:

1) Receiver Gain

2) Processor Video Gain

3) AGC Threshold Limits

4) AGC Adjustment Range

5) TLocal Oscillator Voltages

6) Output Filter Time Constant Adjustment

These adjustments consisted of a combination of potentiometer

adjustments and circuit component value changes in the processor
circuit boeards.,

43



X-BAND HORN

‘ :::: X-BAND RADIOMETER 94 GHZ RADIOMETER
S
RECEIVER PROCESSOR

\ Power Supply;
L.0. Driver
! Modification

————--—-’-—v—‘

— i . A

FIGURE 15 . REVISED RADIOMETER CONFIGURATION
4.1.2 Calibration

Calibration is accomplished by measuring sky temperature at zenith
and then covering the horn with microwave absorber material and measur-
ing the ambient temperature of this material. Sky temperature at
X-Band frequencies is approximately 109K and the microwave absorber
temperature in %K is equal to air temperature in °C plus 273.

The calibration procedure was performed prior to beginning any
series of tests and repeated at frequent intervals so that the task
of data reduction would be simplified. The frequency of calibration
checks during the test program was necessary due to the breadboard
radiometer temperature drift problem which is discussed in paragraph
4.1.3.2.

The following calibration procedure was used throughout the test
program (refer to Figure 16 for location of adjustment trim pots):

1) Direct radiometer horn antenna toward the sky at zenith,
Adjust R17A, Offset Adjust, for an output of 109K (0,200 VDC),

2) Measure temperature of microwave absorber material and convert

to %K (e.g., absorber temperature = 68°F ; 200C + 273° = 2930K),
Adjust R42, Gain Adjust, for the calculated absorber tempera-
ture (293°K or 5,860 VDC),

3) The gain and offset adjustments interact with each other, so
that steps 1 and 2 need to be repeated until no further adjust-
ments are required; three sets of adjustments will generally
provide this condition.

After completing this radiometer calibration procedure, the strip-
chart recorder was adjusted so that its output is recorded in Volts
D.C. which was then read directly in °K. Figure 17 is an example of
the stripchart recording of the radiometer calibration to a scale of 1
inch (10 recorder sheet units) per 1 VDC per 500K,
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FIGURE 16. BREADBOARD PROCESSOR (TOP VIEW, COVER REMOVED)(PHOTO)
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CALIBRATION DATA

= 293%

68°F

ABSORBER TEMPERATURE:

SKY TEMPERATURE:
SCALING:

10%k

20 MvDc/ K

STRIP CHART RECORDING OF RADIOMETER CALIBRATION

FIGURE 17.
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4.1.3

Stability Tests

4,1.3.1 Input Voltage Stability

o}

4.1.3.2

Purpose - The radiometer output was tested for output stability
over an input voltage range of 100 toc 125 VRMS., It is essen-
tial that the equipment remain stable over this range to elim-
inate any errors induced by line voltage fluctuations.

Configuration = The radiometer and test equipment was set up
as showm in Figure 18. The Variac was used to control line
voltage to the radiometer electronics only. Line voltage was
varied from 100 to 125 VRMS in 5 VRMS increments, Sky tem-~
perature and absorber temperature data were recorded for each
increment of input line voltage change,

Results - Two tests were performed.

a) Test #1 - Results of Test #1 proved the radiometer to be
unstable over the input line wvoltage variation range,
Radicmetric temperature output of the absorber temper-
ature varied at a rate of 4.29%/volt over the range of 100

to 115 VRMS. An additional variatiom of 1.29K/volt was
noted over the 115 to 125 VRMS range. The total instabil-

ity measured over the entire line variation range was 25%.
Figure 1%9a is a plot of radiometric temperature vs. input
line voltage for this test. Further testing proved the
cause of the instability was the 28 VDC power supply,

This power supply was changed and the test was rerun.

b) Test #2 - Results of Test #2 were completely satisfactory,
Total instability over the entire input voltage range was
under 2°K, This is less than 1% instability over the range
of input voltage variation. Figure 19b is a plot of the
results of this test. This remaining instability was not
isolated further; probable causes are short-term component
instabilities (IF amplifiers, noise genmerator, etc.,} and
the regulation of other power supplies (+ 15V, + 5 V),

Conclusion - Radiometric temperature output drift caused by a
change in input line voltage from 100 to 125 VRMS represents
an insignificant error in further testing and data ana1y51s
with the breadboard radiometer.

Temperature Stability

Purpose - Temperature stability tests were performed on the
radiometer receiver to determine the scale factor drift rate
caused by changes in ambient temperatures,

Configuration - The breadboard radiometer was configured as
shown in Figure 20, The receiver portion was enclosed on all
sides with sheets of Polystyrene foam approximately 2" (5.1 cm)

thick., Liquid Nitrogen gas was injected into the receiver
enclosure to cool the receiver to low ambient temperatures,
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Temperatures of three points on the receiver were monitored,
along with radiometric temperature data, The three points
monitored were: (1) detector; (2) noise generator; and (3)
mixer.

Results - Temperature stability of the breadboard radiometer
was found to be unsatisfactory. Temperature monitoring of
several points on the radiometer receiver determined that the
mixer is the compoment that is most sensitive to ambient tem=-
perature changes, Several methods of correction were tried,
and the test was rerun after each "fix" was incorporated.
None of these fixes provided satisfactory results,

Due to schedule impacts on the simulator test program, work on
correcting this problem was deferred and the radiometer was
used "as is". For the balance of the test program, the radio-
meter was allowed ample warm~up time prior to testing., The
warm-up time allowed the internal receiver temperature to
stabilize at about 100°F (due to internal heat dissipation) at
which time the scale factor became stable, In addition, scale
factor checks were performed at frequent intervals during the
tests,

Scale factor drift rate versus receiver temperature change was
determined to be approximately 19K per 1°C, Figure 21 is a
plot of the test data used for determining this correction
factor., In cases vhere it was not feasible to allow the neces-
sary warm-up time (i.e., field tests)}, the correction factor
was applied as a correction to the raw data,

Conclusions - Radiometer receiver drift must be negligible
(e.g., within 29K) as internal receiver temperatures change,
As a minimum requirement, the scale factor should remain con-
stant over a temperature range which can be maintained within
the receiver enclosure when an auxiliary heating device is
used for stabilization,

4,1,3.3 Diurnal Sun Position Stability

This test was deleted from the breadboard test program since the
sky temperature contribution to overall radiometric temperature is
very small at the 10 GHz operating frequency (Section 3.3.2 Bl, '"Com-
parison of Background and Sun Temperatures'), Additionally, meaning-
ful results of diurnal tests would only be obtained with a temperature-
compensated radiometer system.

4,1.4 Simulator Tests

£,1.4,1 Purpose, Configuration and Test Geometry

Purpose = The simulator tests were primarily intended to eval-
ate the feasibility of using an X-Band radiometer to detect
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hazardous driving conditions on typical road surfaces. To
.achieve this goal, a series of specific tests were performed
to determine exactly what radiometric temperature information
was available when hazardous conditions were present.

Configuration

a) Stripchart Recorder - Two recorders were used throughout

b)

c)

d)

the test sequence, Early data was recorded on a Honeywell
Model 1858 multi-channel recorder, Later data was recor-
ded on a Honeywell Electronic 19 single channel recorder.
The Electronic 19 recorder had the advantage of using pre-
printed grid paper. Both recorders were set up to record
1 volt/inch (0.39 volt/cm) deflection over the total
radiometric temperature range of 0 to 300°K. Data from
both recorders was satisfactory but the Electronic 19 was
preferred because it simplified data reduction with its
preprinted paper and produced more permanent, legible
records.

Radiometer Receiver - The receiver and horn antenna are
shown in Figure 22. A block diagram of this receiver
configuration was shown in Figure 20. The receiver com-
ponents were mounted on a rigid aluminum plate approxi-
mately 9 x 9 inches square (22.9 x 22.9 cm). An angle
bracket was added to allow both vertically and horizon=
tally polarized mounting positions. The entire receiver
was then covered with polystyrene foam about 2 inches
(5.1 cm) thick so that internal heat would be retained
and temperature stability would be improved. The receiver
unit was then mounted on an aluminum "I" beam sc that it
was approximately 6 feet (1.8 m) above the test surface,

Processor and Data Recording System - Figure 23 shows the
stripchart recorder, a Honeywell temperature recorder,
oscilloscope, digital voltmeter, and the processor elec-
tronics unit, These components were mounted on a push
cart so that the entire system would be portable enough to
move to the outside test area each day, The combination
of using two separate recorders for thermometric temper-
ature and radiometric temperature made the task of data
reduction quite difficult because of a lack of synchroni-
zation between the two units. This problem was resolved
late in the test program when a Fluke model 2240 B data
logger was acquired. This unit is discussed in detail in
Section 4.2,2.1,

Simulator Test Set~Up ~ In addition to the microwave radio=

meter receiver/processor and the data recording system,
three roadway surface sumulators were used during the
tests, Construction details are shown in Figures 13 and
24, Liquid Nitrogen was used to cool down the simulator
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~

surfaces to the point at which water would freeze, About
160 liters of LN, wererequired for each test. The simu-
lator test set-up is shown in Figure 25,

o Test Geometry - The receiver with attached horn antenna was
mounted above the simulator with the horn peointed downward
at an angle which could be varied from zero to 4G degrees
from the vertical. The horn antenna has a half-power beam-
width of 13 degrees and a 70 percent power beamwidth of 16
degrees. To insure that the simulator surface "represents”
at least 70 percent of the total power sensed by the radio=-
meter for all of the tests, a maximum test height of 7,5
feet (2.3 m) for radiometer installation was adopted, corres-
ponding to the & ft, x & ft, (1,22 x 1.22 m) simulator., Then,
with the radiometer canted 40 degrees from the vertical at a
distance of 7.5 feet (2.3 m) above the simulator, the portion
of the radiometer beam pattern intercepted by the simulator
surface will never be less than the 70 percent power beamwidth,
Figure 26 illustrates this test geometry and provides the
applicable mathematical relationships,

4.1 4.2 Test Sequence

The sequence of tests presented in the test plan, as showm in
Table 2,was followed through Test 3 (Basic Signatures) for all three
roadway surface simulators and through Test 7 for the smooth concrete
simulator. The test sequence was then altered so that test data
gathered from icy surfaces could be correlated with the theoretical
analysis, "Radiometric Temperature for Ice on Concrete (ref, Section
3.3.2 B4). This test sequence which is discussed further in paragraph

4.,1,4,3, Test Results, Icy Surfaces,

4,1,4.3 Test Results

¢ Dry Surface, Warm Temperatures (70°F)

This test was intended to meet the following goals: (1) obtain
radiometric temperature data on warm surfaces at both horizontal and
vertical polarization at various angles off vertical; (2) provide a
check on radiometer performance as compared with previously published
radiometer test data; and (3) familarize test personnel with bread-
board radiometer and data recording system operation,

Figure 27 is a graphical representation of the test data obtained
on dry, warm, surfaces, The data points on the curves compare favor-
ably with previously published radiometer temperature data for con-
crete and asphalt surfaces. The curves for vertical and horizontal
polarization at angles out to 50 degrees off vertical correspond to
all available previously published data, The data comparison is
made by deriving the surface emissivity figures for the test surfaces
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and comparing these values with other published emissivity figures.

An approximation of surface emissivity for a known radiometric
temperature is obtained from the simple formula:

T
R
€ 5y
:Tg
where:
= surface emissivity
. . 0
TR = measured radiometric temperature in “K
Tg = measured thermometric temperature in °K

This approximation is derived from the smooth surface formula:

Ty = Ts{l- €) + Tg €

where:
Ts = radiometric sky temperature in 9K
Since Ts is normally 109K (at X-band frequencies) and emissivity

values for concrete and asphalt are in the range of 0,85 to 0,90, the

term Ts (1- €) is ignored because its overall contribution to Tp 1is
negligible,

Approximate emissivities of the simulator test surfaces are shown
in Table 3,

TABLE 3 .EMISSIVITIES OF SIMULATOR TEST SURFACES

TK Tg
Simulator 0°, Vert. Pol. 70°F €
Rough Concrete 266°K 294°K 0.90
Smooth Concrete 263°K 294°K 0.89
Asphalt 2589K 294°K 0.88

The rough approximation method of determining surface emissivity
is important to the set-up and operation of the alamm circuits; this
point will be discussed in a later sectiom.

The data shown in Figure 27 further indicates that Ty remains
relatively constant through the range of 0 to 20 degrees off vertical

for vertical polarization measurements, while measurements taken with
horizontal polarization show a greater change over this same range of
angles, This information implies that any future system employing
scanning techniques would have a usable scan angle of + 20 degrees
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off vertical, for a total scan range of 40 degrees, without degrad-
ation to system performance, and without using any type of self-cor-
recting circuitry. This usable scan angle could probably be increased
significantly by employing simple microprocessor-based correction
techniques.

It is then concluded from Test 1, that:

a) Breadboard radiometer system performance is comparable to
other radiometric systems which have been built and tested,
and for which some published test data is available,

b) Vertical polarization of the horn antenma will probably be
more useful than horizontal polarization in detecting hazar-
dous conditions,

¢) Differences in angle off vertical up to + 20° do not signifi-
cantly alter the Tp of any homogeneous test surface,

d) A scan range of + 200 off vertical (40° total) may be employed
in any future system without any additional correction factors,

(o] Dry Surface, Cold Temperature

The purpose of these tests was to determine the effects of

simulator surface thermometric temperature change on measured radio-
metric temperature. Some problems were encountered in analyzing the
measured data from seven test runs on the different surfaces until a
determination was made that the € values for the various test sur=-
faces weredifferent for each test due to a change in moisture content
of the surface material,

The tests were accomplished by pointing the antenna at the test
surface {(0° off vertical) and continuously recording both thermometric
and radiometric temperature data while cooling the test surface down
to some temperature lower than the freezing point of water, This con-
dition was achieved by applying Liquid Nitrogen to the cooling coils
of the simulator. Thermometric temperature information was recorded
using a type J thermocouple imbedded beneath the surface of the simu=-
lator,

Results of the seven cold temperature tests are shown in Table 4,
Starting radiometric and thermometric temperatures are shown in the
columi marked Ty and- Tg, respectively., Calculated € values (from
€ = TR) are listed in the middle column,

Tg)

Expected and measured radiometric temperatures for the freezing
point of water (2730K) are then listed in their respective columns,
{The expected radiometric temperature is: 273%K x € ). Percent error
of measured Tg from expected is listed in the last column. The per-
cent error in 5 of the 7 tests is less than 1%. The maximum error is
2,4%.

63



°9 QAIVIADTVD X A €L = INIOd A €/Z QI1dAAXA (2)

31
T =3
¢ A9 QAIVWIXO¥ddV INTVA 3 QIIVINOIVD (1)
:SHION
SO S
2319230U0)D
%°0- %2C G2t €8°0 €62 e y3noy L
9392J5U0) M
W O+ g €7T 68°0 €62 192 ysnoy | 9
%8° 0+ 162 6472 16°0 ?°162 1.2 a1eydsy S
| @1919U0D w
YA 1€¢C [4A%4 G8°0 8°68¢ €7¢ yjoous * 17
%9° 1+ VA4 05T 16°0 9°88¢C %92 a1eydsy €
213J0U09)
VAR A %7¢ 9T 16°0 £°16¢C 79¢ yjooug rA
%8° 0+ LET GET 98°0 L°66C g6z | 3Teudsy 1
I0I3Y |[poINsedy pol1oodXy onjepA (Jo) ©L ICRIR: N 9dAT, E3
% poleInoe) | Soanjexodwo] JUTIJIB]S 9oeJaINg 1597,

(9, 070d I EI2

(1)

SISHI TINIVIIdWAL dTI0D ‘AMA °*¥ ATAVL

64



Figure 28a is a plot of the continuous temperature change on the
asphalt surface. As the temperature goes below the freezing point of
water, the slope of the curve changes and tends to flatten out. This
effect is probably due to freezing of moisture in the simulator, caus-
ing a change in the effective emissivity value of the asphalt., Figure
28b shows two tests where angle off vertical was varied for two dif=-
ferent surface temperatures, Figure 28b substantiates the fact that
thermometric temperature of the surface changes the radiometric tem=-
perature (Tr) through the range of angles out to 50° off vertical,
However, Ty changes over a + 200 angular region are nominal, as dis-
cussed in the previous section on dry, warm surfaces,

-~

o Wet Surface

The primary purpose for performing this test was to determine the
effects of a wet surface on radiometric temperature. The amount of
water present on a surface in sufficient quantity to constitute a
hazardous condition would vary for different degrees of surface
smoothness; the criteria for making this determination for our simu-
lator surfaces was not available, For purposes of the wet surface
tests, the surface was considered wet when water in sufficient quan-
tity to either flow across or stand upon the surface was present
(less than 0.l inch or 2.54 mm). This would probably constitute a
hazard condition in the majority of roadway surface smoothness con-
ditions and would produce an icing condition if surface temperature
was cold enocugh.

Radiometric temperature data for wet surfaces is presented in
Figure 29, 1In all cases out to + 30 degrees off vertical, the radio-
metric temperature for a wet surface was below 1500K. This infor=-
mation was further substantiated during later tests when ice layers
were built up by pouring water on previously formed ice layers.

o Frosty Surfaces

Tests on frosty surfaces were not performed on an individual basis.
Frosty surface data was obtained during the tests of ice on the road
surface simulators,

During a simulator temperature stabilization, frost was found to
form on the cold surface, The moisture needed to form the frost layer
was apparently condensed from the atmosphere which was in immediate
contact with the cold surface. Dependent upon the time period in-
volved (from 10 to 90 minutes), frost layers of various thicknesses
were formed. After the frost had formed, the simulator surface was
immediately cleared of the frost, The resultant radiometric tem-
perature change in all cases appears to be of insufficient magnitude
to detect with any degree of success (positive temperature differen-
tials to 19K maximum were recorded). Figure 30 shows a layer of
frost on the asphalt simulator surface,
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Figure 31 is the stripchart record from an icy surface test on
smooth concrete, Results from three instances of frosty surfaces are
tabulated in Table 5. A time scale of 10 minutes/inch (3.94 minutes/
cm) is shown and each frosty surface event is annotated on the record.
The "Time" column in Table 5 refers to approximate time of occurence.
Simulator temperatures are annotated on the stripchart in the column
between 1009K and 1500K, Temperatures are given as two numbers which
represent the temperature at 2 inch (5.1 cm) depth and the surface
temperature (i.e., =20/17 = 2" or 5.1 cm depth/surface, in degrees F),
Since very small radiometric temperature changes were anticipated,
frequent calibration checks of sky temperature were performed, In
addition, internal receiver temperature was monitored and recorded
(105°F}). :

TABLE 5 , FROSTY SURFACE TR VALUES

Time Frost No Frost Difference (°K)
1250 233 232 1
1320 229 228+ <1
1350 225 224 1

e} Icy Surfaces

The primary purpose of these tests was to evaluate the feasibility
of using a radiometer to detect ice on a roadway surface. It was also
necessary to evaluate the effects of ice layers of various thicknesses
on the radiometric temperature so that a detection and alarm circuit
could be designed and fabricated,

Test Plan Tests &4 thru 7 (previously described in Table 2)
were originally intended to serve this purpose with a high probability
of success. However, these tests dealt with relatively thick ice
layers and provided data which seemed inconclusive in the first
analysis. The test plan was then modified to incorporate tests on
thinner ice layers for ease of comparison to a theoretical analysis
of ice on concrete.(l) Thethinner ice layers also represent more
realistic hazardous conditions which would be encountered on roadway
surfaces.

The thin ice layers were formed by cooling the test simulator to
a sub-freezing temperature, The simulator surface and its correspond-
ing radiometric temperature was then allowed to stabilize prior to
any addition of water. Water was then added in a spray which was fine
enough to freeze upon contact with the simulator surface, This method
produced an ice layer as thin as 10 mm and a positive radiometric
temperature differential of 15°K on the smooth concrete surface (150K

(1) Entitled Appendix B4, "Radiometric Temperature for Ice on
Concrete" and submitted under separate cover,
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warmer than the no ice condition). Further additions of small amounts
of water produced thicker ice layers until 1 em thickness was ap-
proached and the test was stopped.

Ice layer thickness measurements were made at various times
throughout the tests by taking eight measurements at different places
(within the radiometer field of view) and finding the average thicke-
ness, A vernier caliper was used to make these measurements,

Simulator surface thermometric temperature was monitored contin-
uously throughout the tests. The surface temperature was maintained
to within 59K of the "no ice'" starting temperature throughout the
tests,

Figure 32 shows the data from the first thin ice layer test plotted
against the theoretical curve from Appendix B4, The test data has
been normalized to the starting point of 235 OK sothat the fit of test
data to the theoretical curve is more apparent. From this test (and

all other later tests) the oscillatory function of TR as ice layer
thickness increases is obvious. The most important feature of the

test data plot is the fact that it immediately starts getting warmer
upon formation of first ice. This fact will be utilized in the detec-
tion and alarm circuits,

Figure 33 is a plot of radiometric temperature vs time taken during
the ice layer test of Figure 32, The ability of the radiometer to
detect the change of state of water, from liquid to solid within very
short time priods, is readily apparent, The lowest temperatures shown

occur when the water was added, The amount of water added has a direct
effect on the lowest Ty shown, and on the period of time required for

the water to freeze. In all cases of ice layer buildup over the 3-
hour time period, the radiometric temperature returned to a higher
temperature than the dry surface starting temperature, Simulator sur-
face temperature during the time interval was held relatively constant
at approximately 2559 + 30K. These variations in surface temperature

are not high enough to cause the changes which occur in Tg. It also
can be seen that thermometric temperature of the ice layer has an in-

significant effect on Tp after the ice is formed because the Ty does
not decrease as the ice layer gets colder, eventually stabilizing at

the simulator surface temperature,

The ice layer tests were performed on all three simulator surfaces.
Figure 34 is a plot of the raw data obtained on four tests of thin ice,
and on Test Plan tests 4, 6 and 7 on thicker ice layers, This plot
indicates a radiometric temperature increase at the occurrence of first
ice in all cases and also shows the trend toward the theoretical oscil-
lation as ice thickness increases, In this plot, no attempt was made
to normalize the data to any specific value of surface temperature,
Minimum, maximum, and mean thermometric surface temperatures during
individual test runs are shown in Table 6 along with rough approxi=
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mations for emissivity € by the formula €= IR for the "no ice"
condition., TA

TABLE 6 « SIMULATOR TEMPERATURES AND EMISSIVITIES

Tp Surface Temperature Trp

Simulator Min Max Mean (°K) €

Smooth Concrete 256 264 260 226 0.87
Rough Concrete (lst test) 246 270 261 225 0.86
Rough Concrete (2nd test) 254 268 258 220 0.85
Asphalt 250 258 254 232 0.91

The € values shown in the table fall within the range of 0,85 to
0,91, which is the basic range established in Table 4 (discussion of
Dry Surface, Cold Temperature).

Tests to determine effects of incidence angle change at vertical
polarity were performed during tests 4, 6, and 7, Results of these
tests are plotted in Figure 35, and show that the range of usable
angles off vertical is + 20 degrees and the TR curve behaves in the
same manner as previously shown for other surface conditions

Radiometric temperature modifications due to the addition of salt
or sand to the ice layer were Investigated briefly., 8Salt, when added
to a warm, dry surface increases the radiometric temperature about
59K, This effect is probably a result of the increase in overall sur-
face roughness and would vary in proportion to the amount of salt
added, (In our test, the 5%K increase was caused by a salt layer one
granule deep spread evenly and entirely over the surface; coarse water
softener salt was used.,) When the salt is added to an ice layer, it
causes immediate melting, resulting in a lower radiometric temperature
proportional to the amount of liquid water created., The resultant
radiometric temperature is in a range of values equating to slush.
Sand, when added to the ice surface in amounts up to 2 cm deep, does
not effectively alter the radicmetric temperature, These effects are
shown in Figure 36,

Figure 36 illustrates the overall effects of varying conditions on
a roadway surface; resultant thermometric and radiometric temperature
changes are indicated, A summary of conditions is shown in Table 7
with the resultant Tp and Ty values and an estimate of detectability
using the simple logic circuitry discussed in Section 4.3 of this
report,

4,2 BREADBCARD FIELD TESTS

4.2.1 Site Survey

A survey trip was taken to the Sierra Nevada mountains during mid-
March, This exploratory trip was intended to locate sites of high
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TABLE 7, SUMMARY OF CONDITIONS

T Tg Detectable
Condition (°K) (°K) Yes No
Dry, Warm 293 TAé X
Dry, Cold 273 TAe X
Frost 273 TAé X
Wet 273 < 190 X
Slush 273 190 to TAG X
Ice Layer 273 2T, € X
Sand on Ice 273 =Ice TR Ice Sand
Salt on Ice 273 < Ice Ty

*Appears as Slush
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enough altitude to encounter conditions appropriate to field testing
of the breadboard radiometer, Although a large snowpack existed in
the area of Donner Pass, unusually warm Spring weather had caused
much of the snow cover to melt. The weather conditions also made it
apparent that a storm of Arctic origin would be necessary to provide
conditions of icing on the road surfaces,

Table 8 is a listing of the ten sites surveyed on the trip,
Altitudes of the various sites are not listed in the table, but they
are all over 5,000 ft (1,525 m) in elevation, the lowest being the
concrete bridge at Floriston and the highest the Boreal Ridge rest
area on Donner Pass, Exploratory trips were made up several side
roads in search of an area where the snow had not melted, or been
cleared by CalTrans. Site number 8 seemed the best prospective test
area to find snow and slush remaining on the road surface,

The Prosser Creek bridge (site #6) used in previous FHWA sponsored
tests was ruled out as a test site due to the high traffic wvolume
and lack of nearby parking, This area was also barren of snow and
ice because of the Spring-like weather,

After the site survey trip, several possible sites were selected
as probable test sites where snow and ice would be found if cold
weather conditions prevailed during subsequent filed test trips. The
selected sites are numbers 3, 4, 8, 9, and 10 of Table 8, Sites 3,
4, and 10 would require an encroachment permit from CalTrans, which
was obtained from the district office located in Marysville, Calif=-
ornia, Field test sites of Trips 1 and 2 are shown in Figure 37,

4,2,2 Test Results

4,2,2,1 Configuration

Test configuration for the field test was essentially the same as
that used for the simulator tests, The major difference was in the
data recording system. A Fluke model 2240B Data Logger was obtained
for the data recording function . This unit provided a distinct
advantage over the multiple recorder system described previously,
as it had the capability to record time, temperature, and voltage
parameters on the same paper tape printout, Ten channels of record-
ing capability were available, but only 4 or 6 channels were used
during the field tests. (During later tests, with the breadboard
alarm circuit, the 10 channel capability was utilized.)

Another deviation from the simulator test setup was the addition
of a surface temperature sensor. The sensor unit used was an LX5600A
from National Semiconductor Corporation. The unit is powered with
+ 15 VDC and provides an output of 10 MVDC per degree Kelvin, For
use as a surface temperature sensor, the device was mounted on a
small piece of aluminum "T'" stock, wires were attached, and the unit
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was completely encapsulated using an epoxy compound with good thermal
transfer characteristics, Output calibration was checked by reading

room ambient temﬁerature of 700F (21.1°C) with an_output of 2949K,
then igﬁersing the unit in an ice bath at 32°F (0°C) with an output
of 273°K.

Complete portability of the entire test setup was necessary due
to the variable weather conditions existing in the Sierra Nevada
region at this time of year (late March, early April). A four=wheel
drive pickup truck with a camper shell seemed the best approach to
providing equipment portability combined with easy access to the test
site during inclement weather. A gasoline-powered portable generator
was used to provide the necessary 115 V, 60 Hz power for the equip-
ment. Because of the excellent results obtained from the input volt-
age stability tests, this power source proved entirely adequate for
field tests,

Mounting holes were drilled in an aluminum "I" beam so that it
could be attached tou the front of the truck and serve as the receiver
mounting in az manner similar to mounting during the simulator tests.

Prior to the departure to the field test site area, a complete
test was performed utilizing the portable generator as a power source
and a cold concrete simulator as test specimen. Data records for this
test (including Data Logger printout) are shown in Figure 38, The
verification test was completely satisfactory, even providing more
data to substantiate the probability of detecting thin ice layers.

4,2,2,2 Field Test - Trip 1

Data from this trip proved very disappointing, Testing on icy
surfaces was not possible due to either extremely warm temperatures or
rain, Data which was obtained is shown in Table 9.

Data obtained during this trip proved useful In making the follow-
ing determinations:

a) Snow, although wet and melting, affects Tp in the same manner
as ice of varying thickness,

b) Slush appears in'a range of Ty which is lower than the cold

surface without ice, but warmer than a wet surface, and the
Tg value of slush decreases as melting occurs,

Figure 39 provides photos of the test configuration and conditions
encountered during this field test trip.
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TABLE 9, FIELD TEST 1 - DATA

Condition Tg (°)
Wet Asphalt 150
Wet Slush (Melting) 186
1" Slush (25.4 mm) 231
Icy Slush 250
Wet Snow:
2 inches (50 om) 247%
5 inches (127 mm) 244
6 inches (152 mm) 251
4,75 inches (121 mm) 248
3.1 inches (79 mm) 243
2 inches (50 mm) 241

*This extremely warm Tr is probably caused by a warm
asphalt surface temperature, This occurred because
the snow layers indicated were built up on a warm
asphalt surface.

4,2,2.3 Field Test - Trip 2

Since results from Trip 1 did not meet the objectives of field
testing, Trip 2 was taken with the advance knowledge that a storm of
Arctic origin was approaching the field test area. The data obtained
during two nights of testing at the Boreal Ridge test area during
this storm was completely staisfactory in meeting the objective of
obtaining data for ice and snow on asphalt. Data for ice on concrete
at the Floriston bridge test site was not obtained due to the warmer
temperatures encountered at lower elevation.

A breadboard detection and alarm circuit was added to the config-
uration for this field trip. Although this unit had only been bench
tested just prior to the trip, and one portion of the circuit was not
working properly (the Tj input would not track the surface tempera-
ture sensor), the overall operation of the unit was satisfactory, A
further discussion of this unit is provided in Section 4.3.

The ice on asphalt test was performed in the same manner as the
simulator tests, A dry spot on the surface was found and the equip-
ment set up to monitor the Tg of this spot. Water was then added so
that ice layers could be built up. Figure 40 shows an overall time
plot of this 2 hour test, with 4 layers of black ice being formed,
Thickness of the first thin layer formed (less than 0.1 cm) was not
measured, but proved to be detectable with sufficient quality to
trigger the ice indicator of the alamm circuit. The first measured
ice thickness of 0,11 cm shows a Tr difference of + 20K. Power to
the test equipment was interrupted at this point (generator ran out
of gas), but the Ty of this ice layer remained the same when power
was restored. Two more ice layers were formed up to the thickness
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of 0.17 cm at which time the test was stopped. Data for the two
measured ice layers is plotted in Figure 41, It is apparent from
this test that ice layers on an asphalt surface at an actual test
site will affect Tp in the same manner as in the simulator laboratory
tests,

The snow on asphalt data also shown in Figure 41 was obtained on
the following night, A very fine, dry powder snow was falling when
we arrived at the Boreal Ridge test area. After the equipment was
set up and allowed to stabilize, the snow was cleared from the radio-
meter field of view, During the following 2 hour period, a snowfall
of almost 3.5 c¢m was monitored. The data from this test (corrected
for scale factor drift due to receiver temperature change) shows an
oscillatory behavior with increase in snow depth similar to that noted
previously (Section 4.1.4.3) for ice layers. From this data curve, a
depth of approximately 0.7 cm was sufficient to trigger the hazard
alarm ice indicator. Data obtained on this test indicates that snow

depths of less than 1 cm are detectable and provide sufficient 'R to
TA change to trigger a hazard alarm,

An attempt was made to obtain field data for ice on a concrete
surface, but the temperature was not cold enough to form ice in a
timely manner,

4,3 ALARM LOGIC AND CIRCUIT DEVELOPMENT

4,3,1 Logic Rationale

Data obtained during the simulator tests was sufficient to gener-
ate the basic concept for a simple alarm circuit, This concept is
based on the following conclusions drawn from the simulator test
program:

a) Radiometric temperature changes occur in direct proportion
to the thermometric temperature and the emissivity of a dry
surface, The approximate relationship is:

TR 2 TaE

where
Tgp = radiometric temperature (°K)
Tp = thermometric temperature (9K)
€ = emissivity value

b) A surface which is sufficiently wet to cause a hazard during
freezing weather has a TR which is much colder than the same
surface when dry. Usually this value is below 1909K dependent
upon surface wetness.
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c)

d)

e)

£)

g)

The

Formation of a thin ice layer causes Tg to rise above the
value it would have if the ice layer were not present. Pro-
gressively thick ice layers cause TR to oscillate in a
periodic manner as ice thickness increases, TR increases
immediately upon formation of thin ice.

Formation of frost does not change TR in an amount significant
enough to be detectable.

A surface layer of slush has TR limits between that of ice and
water., By proper definition of this hazard, the limits may
be set to trigger am alarm circuit.

Salt, when added to a surface of ice, causes melting which
produces the same characteristics as slush or water.,

Sand, when added to ice, does not effectively alter TR at the
time of application. Wet sand has the same characteristics
as slush,

primary physical conditions which could cause a hazardous

bridge surface are:

L
2)

Surface Temperature

Dew Point

3) Precipitation

Thes

e conditions and their effects on bridge surface condition

are shown in Table 10.

TABLE 10 , PHYSICAL PARAMETERS AFFECTING SURFACE CONDITION

SURFACE BRIDGE
TEMPERATURE DEWPOINT PRECIPITATION CONDITION
ABOVE 2 Bridge Temperature No Wet
[FREEZLNG < Bridge Temperature Yes Wet
Tp > 2739 <« Bridge Temperature No Dry SAFE
< _Bridge Temperature No Dry
< Bridge Temperature No Slush”
BELOW < Bridge Temperature Yes - Ice HAZARD
FREEZING <« Bridge Temperature Yes Snow
Ta < 273K > Bridge Temperature No Frost

*Slush is a special case of hazards not defined by physical parameters,
The bridge temperature would only be slightly above freezing level
when slush is present., Slush would occur only after a snow or ice

hazard .
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As noted in the table, conditions which are considered a hazard
all occur when the bridge surface temperature is below freezing,
This implies that any device used toc alarm a bridge hazard would
necessarily require an input corresponding to bridge thermometric
temperature (Tp).

It is also necessary to know bridge surface temperature (Tp) in
the radiometric approach to the problem because of the fact that
TR &€ Ta € . It is conceivable that the bridge temperature will fall
below the freezing level and remain dry, which is considered a safe
condition. 1In this case, TR will change in proportion to Tp which

may trigger a false alarm unless the actual Tp-Tp value is taken into
consideration. This point is described in Section 4.3.2, below.

Dewpoint, as shown in the table, only causes the single hazardous
condition of frost. Since frost is not deemed detectable by a radio=-
metric approach, no provision can be made to provide a hazard alarm
when frost forms on the bridge surface, Other methods of providing a
frost hazard alarm utilizing bridge surface temperature and dewpoint
information are discussed in Section 8.5.

Precipitation, when accumulating on a freezing bridge surface,
will cause & hazardous condition in the form of ice, snow, or slush.
A simple approach to detecting these conditions is described in the
following discussion.

4.3.1.1 Alarm Logic

Based on simulator test data, the logic table of Table 1l was
developed. A thermometric sensor is required to determine road tem-
perature input, Tp, and must be scaled to match equivalent changes in
TR. The lower Tj limit of 4.85 volts (SAFE) corresponds to a tempera-
ture of 35CF (2759K). The upper Tp limit of 4.82 volts (HAZARD) cor-
responds to a temperature of 320F (2739K). TR represents the radio-
metric temperature output with a scale factor of 20 mv/°K,

To illustrate the derivation of these voltage levels, shown in
Table 11, a smooth asphalt surface is assumed with a relative dielec-
tric constant of:

€, = 4.3+ 0.1524.3D

*A wet surface when the bridge is not freezing may also present a
hazard in some cases, This case is dependent upon surface rough-

ness and run off capability. These instances can be detected and
alarmed very easily using only the radiometric temperature.

(1) Ref.,: 'The Response of Terrestrial Surfaces at Microwave Frequen-
cies", W. H. Peak and T, L. Oliver, Ohio State University, for AF
Avionics Lab, May 1971, p. 101 (AD 884106).
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The voltage/current reflection coefficient at nmormal incidence
is:
1/ \}éR-l
UV 6R+1

ReflectanceJF = lbo ! 2 . 1 - € (power reflection coefficient)

bo =

" where € = emissivity of the road surface

Then Tp = (1 -¢€&) T, + éTg (for smooth surfaces)

where T = sky temperature €€ 10°K

ground (surface) temperature, e.g., 294°K = 21°C = 7Q0CF

T
g

Using the value of ER’ above:

b_ = 0,349
0
} » \2 = 0.122
Q
and & =0.878

Thus, for a surface temperature of 320F (2730K), we have:
T, = (0.122)(10) + (0.878)(273) = 240 J9°K

At 20 mv/9K, this Tp value therefore corresponds to a radiometer
output of 4,82 volts, the upper T, HAZARD limit described above
(i.e., ice may form at this temperature, or below).

A similar calculation at a road surface temperature of 359K will
result in the lower Tp SAFE limit of 4.85 volts (i.e., ice can never
form at this temperature or above),

The singular property of an ice layer over a road surface, as
compared to a water layer, which offers the most promise for reliable
detection is that radiometric temperatures appear to be higher than a
dry, cold surface. A water layer, on the other hand, will always
produce a lower radiometric temperature than a dry, cold surface.
Thus, the detector scheme can be selected to exclude the potential
"false alarm" condition represented by a water layer on a road sur-
face at a thermometric temperature above freezing,
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To illustrate this point, consider the emissivities of various
materials in the microwave region.(z) Nominal values are (unclas=
sified data):

Material Emissiviey ( € )
Grass 1

Dry Soil 0.93

Moist Soil 0,63
Concrete 0,85

Water ' 0.45

Metal 0

Taking € = 0.45 for water, we have:
Tp = (1 = 0.45) 10 + (0.45)(273) = 128,4°K

This calculation applies for a water layer thicker than about
three skin depths, where skin depth & = 0.11 cm at 10 GHz.(3) (Skin
depth ¢’ is defined as the point at which an incident electric field
has been attenuated to36.8% of its initial value. At 3¢ , the
electric field value is 5,0%.) At these thicknesses, the effect of
an underlying road surface (asphalt or concrete) is negligible. At
water layers approaching a thickness of one skin depth and below, the
two=-layer theoretical anmalysis would apply, as in the case of ice over
concrete (see Figure 32) and a cyclic temperature function would
be expected with varying water thickness, Other factors would come
into play with water penetration of the surface which would change
the road's relative dielectric constant; the case of ice over water
over road would pose a still more complex analytical exercise. 1In
any event, a wet road reading for the conditions stated would certainly
fall between 240.9°K and 128.49K, both of which lie below a road
covered with ice at any thickness,

Table 11 indicates the selected level limits for Ta and Tg
along with the expected combimations of conditions and desired

displays.

(2) Ref.: "Passive Millimeter-Wave Radiometry and Some Possible Ap-
plicaticons", L, C. Mundie, Rand Corp., DARPA Report R=-1175, April
1973 (Confidential), AD 528057

(3) Based on dielectric constant of water at 17°C:<?R= 61l.4 + j 33,5,

Note that with decreasing temperature the real part of éf{de-
creases. Ref,: "Electromagnetic Properties of Water, at Frequen-

cies Below 1,000 GHz, as Met in Its Various Forms Found at the
Surface of the Earth", P. M. Halley, Advisory Group for Aerospace
Research & Development (AGARD) Conference Proceedings No. 208
{NATO), October 1976,
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" TABLE 11, HAZARD LOGIC TABLE

COMPARATOR LEVEL CONDITION | DISPLAY NOTES
SATE DRY INHIBIT HAZARD )
TURN OFF ICE
DISPLAY
Ta> 4,85 (190° K)
vDC Tg < 3.80 VDC SAFE WET
= E HAZ
T, =T, & SAFE DRY NABLE HAZARD
(5°K) ICE
T =T, > +0.10 HAZARD OR STAYS ON UNTIL
vDC SNOW Tp > &.85 VDC
T 4,82
A< vDC (1900K)
T_ < 3,80 HAZARD WET
R vne
0 >T,-T, > -0.8
VDC | HAZARD SLUSH
(0 to =40°K)

4,3,2 Development of Breadboard Alarm Unit

4.3.2.1 Block Diagram

From the data obtained during the simulator tests, a breadboard
alarm circuit was developed. Figure 42 is a block diagram of this
unit.

A simplified approach using the information presented in Section
4.3.1, above, was used to develop this unit and was implemented using
readily available integrated circuits., Ample adjustments were provi-
ded to set comparator detection levels and Tp scaling.

4,3.2.2 Description of Qperation

In operation, the alarm unit receives thermometric temperature
data (T) from a surface temperature sensor and radiometric temperature
input (Tp) from the radiometer processor unit, The thermometric tem~
perature is scaled to match the scale factor of Tgp. Gain and offset
adjustments are provided for this purpose. The scaled signal is then
buffered and provides an analog recorder output. The Ta signal is
also fed into the hazard logic and differential amplifier.
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Radiometric temperature signal (TR) is smoothed and filtered in
the 1 Hz active filter used to eliminate transients, It is provided
as an analog signal output for recording purposes and is also fed to
the wet detector and the differential amplifier.

The differential amplifier output is the difference temperature,
Tr-TA. This signal is also provided as an analog output for recording

purposes, The TR-TA signal is the basis for detecting an icy surface.
1f the TR-Ta value is >+ 0.10 VDC (representing 59K), the ice logic
comparator provides an output to LED indicators if the Tp signal is
below a value equivalent to a freezing surface,

The hazard logic circuit has a provision for setting the upper and
lower freeze levels and generates the signal necessary to determine
whether a hazard exists or not., If the hazard logic level is above
4.85 VDC (274,69K), the surface is assumed to be safe and the dry in-
dicator is activated, If the signal is below 4,82 VDC (2739K), the
surface is freezing and the hazard circuits are enabled.

The wet detection circuit is a comparator which is set to the
level desired for a wet surface, normally at 3,80 VDC (190°9K). This
wet surface may be safe or hazardous depending upon the hazard logic
level, Both of these indications (wet/safe and wet/hazard) are avail-
able, ‘

The slush logic is enabled by the hazard logic and also has a level
adjustment capability, This level is nermally set to give an output
when 0 »Tg-Tp > -0.8 VDC and hazard logic indicates a freezing sur-
face,

All driver outputs are connected to LED indicators and provide
logic level outputs for recording purposes, The alarm unit operates
from the +15, =15 and 45 VDC power provided by the processor and con-
tains a +10 VDC reference source for the comparator level adjustments,
The unit is presently contained in a 5 x 7 x 2 inch box, A photograph
of this unit is shown in Figure 43,

4,3.3 Test Results

Fabrication of the alarm circuit was not completed until after
completion of the simulator tests and just prior to field testing.

After de-bugging the unit, a bench test was performed. Variable
voltages representing the Tap and TR input signals were applied to the
unit and the scaling and level adjustments were set as follows:

Tp Gain = 1,76

Tp Offset 0.0 VDC

4,85 VDC

Hazard Upper Limit
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4.82 VDC
3.80 VDC
0 >Tg - T4> =-0.80 VDC

Hazard Lower Limit

I

Wet Limit

Slush Limits

Ice Limit
The unit then performed as expected during the bench tests.

The alarm unit was available during the Field Test 1 trip, but
was not used due to lack of hazardous conditions for testing., However,
the alarm circuits were in operation during the ice and snow tests on
the Field Test 2 trip.,

One problem was encountered during these tests: the T, input
from the surface temperature sensor would not operate properly because
the alarm circuit input was referenced to power return., It was later
found that the surface sensor requires a differential (floating) input
and this provision was added after completion of the field tests,

Since the required circuit modification was not feasible during
the field tests, the alarm unit was tested using a fixed Tp input cor=-
responding to the surface temperature sensor output, The unit indi=-
cated the alarm status outputs shown in Figure 40 (3 ice and 4 each
wet and slush indications), during the ice tests, During the snow
tests of the following night, the ice level was readjusted to TR = Tj
> + 0,04 VDC (29K) and an ice hazard was indicated after 0.8 cm of
snow had accumulated. This indication remained on for the remainder
of the test,

Stability of the unit appears good enough to lower the Tp-Tp
deadband from 59K to 29K, thereby generating an alarm with very thin
ice layers, but no testing had been accomplished to substantiate this
change.

After field tests, the modification to the T, input was accom=
plished, and a brief test of this circuit proved satisfactory. No
further testing of the alarm breadboard unit has been performed, due
to constraints of schedule and budget.

4.4 RECOMMENDED MODIFICATIONS

Modifications recommended for incorporation in the Phase IIT pro-
totype radiometer system are notedin the following three subsections,
These modifications are proposed in order to provide more rugged and
more weatherproof unit packages and to ensure stable receiver perfor-
mance with ambient temperature, -Other changes are proposed in the
interest of shorter parts procurement spans and better utilization of
common dc power supplies,
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4.4,1 Antenna and Receiver

The antenna and receiver modifications will consist of repackag-
ing to provide envirommental and weather protection in the form of a
housing, Also, the power supply and L.O., driving circuit will be in-
corporated as part of the processor.

Other modifications are the direct substitution of equivalent
components as listed below:

Component Breadboard Part Phase III Part

IF Amplifier 713208 /Amplica MHT-250/Aydin Vector

Directional Coupler  WX2A/Bendix 4015C-20/Narda
Microwave Microwave

Mixer CX-1/Spacekom 7HOL18/Anaren

These substitutions were made to circumvent a longer lead procure-
ment span required by the breadboard equivalent parts. However, the
mixer change was also made to provide improved stability of the radio-
meter over the operating temperature range, Provisions will be made
to accommodate the inclusion of heaters to obtain an extended opera=-
tional temperature range., A receiver temperature sensor unit will be
added for heater control and temperature monitoring. Threaded mount-
ing holes will be provided in the receiver base plate to accommodate
any mounting brackets selected by the FHWA during future use of this
system,

4,4,2 Processor and Alarm Circuit

0 Processor ~ The modifications to the processor will include the
following items:

a) Removal of the second radiometer channel which eliminates two
cards:; Module 2B and Module 3B, *

b) Consolidation of the +15 VDC power supply to power the proces-
sor and the receiver,

¢) Addition of the local oscillator driving circuit,

d) Change of digital display from LED to LCD for better visibility
in an outdoor enviromment,

e) Change of interconnect connector (DFC 9S-Cannon) to a weather-
proof type conmnector,

f) Repackaging into a more ruggedized unit with provision to in-
clude alarm circuitry,

g) Provision for better accessibility for calibration controls,
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o Alarm Circuit - Modifications to the alarm circuit will include the
following:

a) Repackage electronics on two Douglas type p.c. cards for
inclusion in processor unit.

b) Add an inhibit function to all hazard circuits so that they
cannot operate when T, 7 4.85 vVDC.

¢) Use incandescent indicators for better visibility (will require
more power).

d) Reconfigure outputs to provide either a Safe or Hazard warning
only, for exclusive use of auxiliary equipment; however, main-
tain ice, wet and slush indicators as in breadboard unit.

e) Provide suitable access to all adjustment controls of the
alarm circuit.

4.4.3 Interconnection Cables and Connectors

o Interconnection Cables -~ Provide weather=-proof cables and connectors
for the Receiver-to-Processor cables and the Processor-to-power
line cable. Also provide a weather-proof cable running from the
Processor to the road surface temperature sensor.

o Connectors - Mating cable connectors will alsoc be weather-proof.
An additional connector will be provided in the Processor unit to
provide hazard warning data to any interfacing, auxiliary equipment.
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Section 5.0

DESCRIPTION OF PHASE III EFFORT

5.1 PROTOTYPE DESIGN AND TEST DETAILS

The breadboard receiver and processor units which were used during
Phase II tests were developed for an earlier test program. These units
were neither designed nor packaged for application as a snow and ice
detection system. They did, however, serve the required objectives of
the feasibility study.

The design philosophy for the prototype system was to utilize the
breadboard design as far as possible with the following exceptions:

o Modify the receiver to correct the temperature instability
discussed in Section 4.1.3.2.

o Repackage the receiver and processor units with consideration
for the operating environment.

0 Add alarm circuitry to the processor unit.
Discussion details following this design approach are provided below.
5.1.1 Receiver Functional Modifications

A detailed block diagram of the prototype receiver unit is shown
in Figure 44. An accompanying parts list is given in Table 12. Several
modifications from the breadboard design are incorporated to compensate
for the temperature drift of various components.

The mixer and IF amplifier component manufacturers were changed to
take advantage of parts with better temperature characteristics. In
addition, the mixer and first IF stage are mounted on a thermally-
isolated 2 x 5 x 0.2 inch (5.1 x 12.7 % 0.5 ¢m) aluminum plate with
heater sensor units to obtain further temperature stability improvement.

A Receiver Control Electronics circuit board is added for D.C.
power distribution and heater control.

Instead of switching the local oscillator on and off, as in the
breadboard unit, the local oscillator is continuously on and the switch-
ing function is performed by the added Pin Switch. This change should
eliminate errors introduced by extended local oscillator start-up
time at low temperatures.
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With these changes incorporated in the prototype receiver unit, the
objective tgmperature stability of iZoK over the range of -20 to +100°F
(-29 to +387°C) should be achieved.

5.1.2 Receiver and Processor Packaging

The receiver was repackaged so that it would be weatherproof,
Environment resistant connectors are used in both the receiver and its
associated connecting cable and a weather resistant aluminum cover is
used as a housing around the entire receiver. The horn antenna is
covered and sealed with a low loss microwave material (radome) as used
throughout the Phase II test effort. A calibration hood for this antenna
will be provided as an accessory.

The processor unit is repackaged into a 9 x 9 x 13 inch (22.8 x
22.8 x 33 cm) weather resistant aluminum carrying case. This unit is
not intended to be exposed to the same environment as the receiver
unit, but will be considerably more rugged then the breadboard unit.

The receiver and processor are interconnected by 100 ft (30 meter)
cable assemblies, one to carry all power and signals between the two
units and the other carrying the receiver video signal.

The roadway surface temperature sensor will be on a separate 100 ft
(30 meter) cablé to the processor unit.

5.1.3 Alarm Circuit Addition

The alarm circuitry which was developed during Phase II (ref.:
Section 4.3.2) is repackaged onto two 4.5 x 4.5 inch (11.4 x 11.4 cm),
general purpose circuit cards. These cards are designated as:

Card 9 - Alarm Circuit Input Board
Card 10 - Alarm Circuit Logic and Driver Board

The same circuitry as used in the breadboard unit (ref.: Block
Diagram, Figure 42) is incorporated into the prototype processor card
rack with the addition of an inhibit signal which is fed to each hazard
alarm output. The inhibit signal is generated when surface temperature
Ty, is greater than freezing., When the inhibit signal is present, the
hazard outputs of ice, slush, and wet (hazard) cannot operate.

Figure 45 shows the alarm circuit block ‘diagram with the inhibit
circuit addition. This figure also indicates tbe makeup of alarm
circuit cards 9 and 10.
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5.1.4 Test Results

Subsystem and system adjustments, calibration and functional tests
were conducted on the prototype system model. These tests were equiva-
lent to the bench tests conducted on the breadboard radiometer in
Phase II, as described in Section &4.1.1.

Test results were satisfactory in meeting anticipated performance
requirements. Although tests on actual ice-covered road surfaces were
not run during Phase I1I, the alarm circuits were adjusted using
simulated inputs as necessary to verify proper circuit operation.
Alarm circuit set-up procedures are described in Section 6.3.3.

A typical functional test was measurement of receiver gain.
Referring to the block diagram of Figure 44, the gain from the input
of the directional coupler to the output of the second bandpass filter
was 68 db. This is 5 db over a nominal minimum acceptable gain value
of 63 db.

Another critical measurement was receiver noise figure, F. A
reading of F = 6 db was obtained at the input of the directional
coupler of the prototype receiver. This represents a 2 db improvement
over the nominal 8 db value used in calculations of radiometer
resolution, AT min. (see Section 6.1).

With the added controlled heater scheme in the receiver, the system
temperature stability tests resulted in an output radiometric
temperature (TR) variation of +1. 59K over a Receiver Unit case tempera-
ture ranging from +14 to +77° g (-10 to +25 C) This Ty variation is
within the desired zone of +2 K. The heater control circuitry has
been set to hold the mlxer-lst IF amplifier mounting plate to
85 +1 °F (29.4 + 0.6 C)

5.2 ©PROTOTYPE DESIGN DOCUMENTATION

5.2.1 Regquirements

This contract required preparation and delivery with the final
prototype system of a reproducible copy of applicable drawings and
specifications. The standard invoked as a guideline for this documenta-
tion was the American National Standards Institute series of publica-
tions constituting the ANSI Drafting Manual Yl4. The following types
of drawings were included:

a) Commercial-type electrical schematics.

b) Wire lists.
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c) Printed circuit board layouts.

d) Fabrication and/or assembly drawings including critical detail
dimensions or adjustments.

5.2.2 Drawings

The required reproducible drawings were submitted under separate
cover. For convenience and cross-reference purposes, a drawing list
is provided in Table 13. Note that the processor unit contains nine
modules with number & purposely omitted.

Top assembly drawings for the receiver and the processor are
included herein as Figures 46 and 47, respectively.

107



TABLE 13, PROTOTYPE RADIOMETER DRAWING LIST

DRAWING TITLE

PROCESSOR TOP ASSEMBLY
PROCESSOR WIRING DIAGRAM

MODULE 1 ASSEMBLY
SCHEMATIC

MODULE 2 ASSEMBLY
- “* ' SCHEMATIC

MODULE 3 ASSEMBLY
SCHEMATIC

MODULE 4 ASSEMBLY
SCHEMATIC

MODULE 5 ASSEMBLY
SCHEMATIC

MODULE 6 ASSEMBLY
SCHEMATIC

MODULE 7 ASSEMBLY
SCHEMATIC

MODULE 9 ASSEMBLY
SCHEMATIC

MODULE 10 ASSEMBLY .
SCHEMATIC

RECEIVER TOP ASSEMBLY
RECEIVER WIRING DIAGRAM

CABLES TOP ASSEMBLY

*Same as Module 6.
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DRAWING NUMBER

5582-1001
5584-1002

5584~1005
5584-1006

5584-1009

-~ .5584-1010

5584-1013
5584-1014

5584-1017
5584-1018

5582-1021
5582-1022

5584-1025
5582-1026

5582-1026

* {?584-1025

5582-1029
5582-1030

5582-1033
5582-1034

5582-1040
5582-1041

5582-1045
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Section 6.0
EQUIPMENT DESCRIPTICN

6.1 PERFORMANCE SPECIFICATIONS

6.1.1 Radiometer Specifications

The specifications of the Phase III radiometer sensor are as follows:

Antenna Half Power Beamwidth 13°

Antenna Type Horn

Receiver Noise Figure (F) 6.3 (8 db)
Frequency of Operation 10 GHz

IF Frequency Bandwidth (B) 400 MHz

Video Bandwidth (Bv = %F) 10 Hz
Resolution ( AT . ) 0.28°K
Accuracy (T o ) 2°k
Measurement Range ) 0 to SOOOK
Output Scale Factor 20 mv/°K
Operating Environment -20° to +65°¢
Input Power 115 v AC @ 0.5 amp

6.1.2 Measurement Error Discussion

As noted in the system tradeoff discussion of Section 3.2.3, the
two components of interest in a radiometer detection system are:
(1) accuracy (T¢ ); and (2) resolution (stmin). The accuracy para-
meter is obtained empirically and is a function of the long term and
environmental stability of the radiometer. The resolution, A Tpip, 15
the noise component uncertainty in the radiometer measurement. This
factor is related to the other parameters of the radiometer by the
following equaticn:

2.7 %

Alin (Z;—;); '[1 'ig*j’f;f@ j{ (__%-l- [1 +i_13 ]
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where

T = noise temperature of the receiver
=290 [F-1] = 1537°K

T = radlometrlc temperature being measured
(e.g., 273 K)

T = noise temperature of the ca%ibrating noise source
during clock signal 2 = 300K

B = IF bandwidth = 400 MHz
. . 1
1: = vyideo output time constant = E— = 0.1 sec
v
TJ = AGC time constant = 1 sec
agc

This equation was derived for and pertains specifically to the
Lockheed (Hong) radiomet%r configuration used on this program. The
factor in brackets, s corresponds to the "K" term in the
conventional A Tpjin equation; the system loss factor (L ) is assumed
to be 0 db (see Section 3.2.3).

Inserting the values noted above, we obtain:

= %
ATyin" B0 - lt} + il ](0 91)%(0.1)+ [1+(igig i}
(2 x 400 x 10° x 0.1)°

0.202 [(1 + 1.360)(0.828) (0.1) + 1 + 0.721 ] £

0.202 [ 0.195 + 1.721]JE = 0,202 [1.916]%

0.202 (1.384) = 0.280

This A Ty value is that given in the specifications listing in
Section 6.1.1. Note that the "K'" value for this radiometer configura-
tion is 1.384.

6.2 SIZE, WEIGHT, POWER AND ENVIRONMENTAL RESTRICTIONS

The prototype radiometric hazard detection system consists of two
units, interconnected by a 100 ft (30 m) cable assembly. These units
are the receiver unit with attached horn antenna, and a processor unit
with built-in alarm circuitry. Additionally, a surface temperature
sensing unit is provided with a 100 ft (30 m) cable for connection to
the processor unit. Figures 48, 49 and 50 are photographs of these
units.
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RECEIVER UNIT, OBLIQUE VIEW (PHOTO)

FIGURE 48.
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6.2.1

o]

0

6.2.2

Receiver and Horn_ Antenna

Size - Receiver electronic components are housed in a 12 x 13 x
4.5 inch (30 x 33 x 11.4 cm) aluminum box, with the horn antenna
protruding from one end approximately 10 inches (25.4 cm).
Maximum aperture dimensions of the horn antenna are 6 x 8 inches
(15.2 x 20.3 cm). Overall minimum clearance requirement for the
combined receiver/horn antenna unit is 23 x 12 x 8 inches

(58 x 30 x 20 cm).

Weight - Weight of the combined receiver/antenna unit is 11.25 1bs
(5.1 Kg).

Power - The receiver unit requires +15 VDC, -15 VDC and 24 VAC
power for proper operation. These voltages are supplied by the
processor'unit through the interconnect cable. Total power
requirement of the system, as noted in Section 6.1, is 115 VAC
@ 0.5 amp.

Environmental Restrictions - The receiver/antenna unit is designed
to be weather-proof to the extent that operation in an outdoor
environment during a Winter season is feasible without any
additional protection when the unit is mounted in its normal
operating position (antenna pointing down, iSOO from normal
incidence)., The unit was not designed with any provision for
shock and vibration resistance, although normal handling or
shipping of the unit should not damage it in any way as long as
reasonable care is observed., The unit is not waterproof to the
extent that immersion is possible without causing damage to the
unit. Power and signal interconnection is provided through a
single, environmentally resistant connector.

Processor Electronics

Size - The combined processor and alarm circuitry is contained

in an aluminum carrying case which measures 9 x 13 x 11 inches
(23 x 33 x 28 cm) and has a hinged cover. ALl operating controls
are mounted on a panel which is accessible when this cover is
opert.

Weight - Weight of the processor unit is 17.40 lbs (7.9 Kg).

Power - The processor electraics unit requires 115 VAC power
input @ 0.5 amp. All D.C. power supplies required by the receiver
and processor circuits are contained within the processor unit.
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o Environmental Restriections - Although the carrying case cover is
gasket sealed, no provision for weather proofing is provided.
The unit should be protected from severe environments during all
periocds of operation.

6.2.3 BSurface Temperature Sensing Unit

0 Size - The temperature sensing unit is mounted on a small
aluminum heat sink and encapsulated in epoxy with high thermal
transfer characteristics. Total size of the unit is approximately
1 cubic ineh (16.4 cubic em). A 100 ft (30 m) cable is attached
to the unit with the cable termination embedded within the epoxy.

o Weight - Weight of the sensing element is estimated at less than
100 grams.

0 Power - The temperature sensor is powered by +15 VDC which is
supplied through a current limiting resistor from the processor
unit. Total power required by the unit is approximately 10 ma.

o Environmental Restrictions - The temperature sensotr is intended
to be embedded in a roadway surface. No temperature or weather
restrictions are imposed, but reasomnable handling precautions
are recommended to preclude the possibility of cracking the
epoxy material.

6.3 OPERATING INSTRUCTIONS

The radiometric hazard detection system is designed for hands-off,
continuous operation. To this extent, operatiocn of the system is
controlled by the single On-Off switch located at the processor
electronics unit. To insure proper operation of the unit after turn-om,
the following calibration and alarm circuit set-up procedures should be
followed.

6.3.1 System Turn-On
1) Set system power On-Off switch to ON,
NOTE: Allow approximately 15 minutes warmup time.
2) Using a Digital Voltmeter, verify proper operation by measuring

the following test points to assure that voltages are within
the limits indicated.
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Test Point Minimum Maximum
+5 VDG +4.8 VDC +5.2 VDC
+15 VDC +14.8 VDC +15.2 VDC
-15 VDC -14.8 VDC -15.2 vDC
+28 VDC +27.5 VDC +28.5 VDC
28 VAC (Jacks) 27.0 VAC 29.0 VAC
A.G.C. 0.0 vDC -0.6 VDG
TR 0.0 VDG +6.0 VDC
T +2.55 VDC +3.02 VDG

All D.C, measurements are with respect to D.C. power return.

NOTE: (a) Tg maximum value can range up to +g.5 VDCO(varies0
with ambient; e.g., +6.5 VDC = 325K = 52°C = 126 F).

(b) T valugs shown are for 0 to 85°F (-18 to 2900; 255
to 302°K) representing temperature sensor output of

10 mv/°K.

6.3.2 System Calibration

The following system calibration procedure was developed during
breadboard testing and has proven to be adequate for the prototype
system.

1) Direct radiometer horn antenna towagd the sky at zenith. Adjust
"0ffset Adjust'", for an output of 10 K (0.200 VDC), as indicated
at processor Tg output jack.

2) Measure temperature of microwave absorger maEerial %nd convert
to oK (e.g., absorber temperature = 68 F; 68 F = 20°C + 273" =
2937K). Adjust "Gain Adjust'", for the calculated absorber
temperature (293°K or 5.86C VDC).

NOTE: During steps 1) and 2), verify that the A.G.C. voltage
reads between -0.1 and -0.2 VDC (only applicable for
ambient temperatures between 60 and 85°F [16 and 290C3 ).
Use "A.G.C. Adjust" control to set voltage within this
range.

3) The gain and offset adjustments interact with each other, so
that Steps 1) and 2) need to be repeated until no further
ad justments are required; three sets of adjustments will
generally provide this condition.

Periodic calibration checks will probably be required at an interval
which will be determined during evaluation testing.
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6.3.3 Alarm Circuit Adjustments

The alarm circuit will require the following preliminary adjustments:

1

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

Perform system turn-on and calibration procedures,

Tp Scaling - Set Ty Gain Adjust so that Tp and TR outputs are
equal within +0.01 VDC.

NOTE: It is preferable to make this adjustment while roadway
surface temperature is approximately 32°F (0 C).

Emissivity Calculation - Measure roadway surface temperature
directly in K at Tp input jacks (Blue Jack (-) and Red Jack
(+) on connector side of procesgsor). Measure TR at TR output
jack and convert to °K by dividing TR value by 0.02. Compute
approximate emissivity ( € ) by solving the following
equation: '

Freeze Disable Adjust - Set Meter Switch to position TAl.

Set Tp Gain Adjust for a Tp output of 5.50 € + 0.0l VDC where
€ is as obtained in Step 3. Adjust Freeze Disable until LED
indicator D2 changes state,

Freeze Enable Adjust - Set Tp Gain Adjust for a T, output of
5.48€ + 0,01 VDC, Adjust Freeze Enable until LED indicator

Dl changes state.
Set T, Gain Adjust for a Tp output of 5.40€% 0.01 VDC.

Remove Shorting Plug from Monitor Connector. Connect a variable
0 to 5 VDC source to Tp jacks on front of processor. )

Freeze lLevel Adjust - Set Meter Switch to TR-Ta position. Set
Tg input voltage for a TR-Tp output of +0.04 + 0.01 VDC.
Adjust Freeze Level until Ice indicator changes state.

Reduce Tg input until TR=T4 output is 0 * 0.01 VDC.

Slush Upper Limit Adjust - Adjust Slush Upper Limit until slush
indicator changes state.

Reduce TR input until Tgr=Tj output is -1,00 + 0.05 VDC.
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12) Slush Lower Limit Adjust - Adjust Slush Lower Limit until slush
indicator changes state.

13) Adjust TR input until TR output equals 3.80 * 0.05 VDC,

14) Wet Limit Adjust - Adjust Wet Limit until Wet (HAZARD) indicator
changes state.

15) Remove variable voltage source and reconnect Shorting Plug to
Monitor Connector.

16) Reset Tp Gain Adjust as in Step 2).

A comparison with the Hazard Logic Table (Table 11, described in
Section 4.3.1.,1) indicates that the TR-Tp setting for ice or snow
hazard was +0.10 rather than +0.04 VDC as in Step 8) above. This new
setting tightens the dead band between ice and slush. Similarly, the
Table 11 Tp-Tp setting for slush hazard was -0.80 rather than -1.00 VDC
as in Step ll) above. This setting eliminates any dead band between
wet and slush. The net result of these revised settings is tc assure
that an alarm display indicator will always be activated.

6.4 SUGGESTIONS FOR LOCATION AND TEST/EVALUATION PROCEDURES
6.4.1 Location

Evaluation of the prototype radiometer equipment will necessarily
require that it be located in an area which experiences a high
percentage of winter days with temperatures below freezing. Until such
a time as a more sophisticated roadway surface simulator is available
(see Section 8.3), evaluation testing will then be limited to
approximately a 3 or 4 month period each year. Many areas of the
Continental United States meet these required conditions each year,
but are not necessarily suitable because they are not near enough to the
evaluation team.

For an evaluation effort based in the San Francisco Bay Area, the
most logical choice for an evaluation site would be the Sierra Nevada
Mountain area near Truckee, California. The minimum daily temperature
average for the five month period of November through March is less
than 20°F (-7°C). ‘There are many potential sites available with
relatively good winter access. A major Interstate Highway (I-80) goes
through the area, providing an easy four hour drive from the Bay Area.

The California Department of Transportation (CALTRANS) maintains a

vigorous snow removal program along the route. Many secondary roads
are available within close proximity to the City of Truckee.
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6.4.2 Test/Evaluation Procedures

The radiometer receiver unit is the only equipment which needs to
be mounted above the road surface. The mounting height is not critical,
but some thought must be given to desired minimum detection area. A
mounting height of 20 ft (6 meters) was used in earlier analytical
calculations and this is probably a good mounting height for test and
evaluation purposes. These analyseg indicate that a 20 ft (6 m) height
and a 70% beamfill condition (8 = 8 ) would correspond to a detection
area of about 25 ft2 (7.6 m2). The radicometer receiver does not have
to be mounted over the road surface but may be mounted to one side of
the roadway and look into the area at an angle of up to 20° off
vertical, thus eliminating the need for clearance by larger vehicles.

Power and control signals to the Receiver Unit are delivered via
a 100 ft (30 m) cable. The maximum voltage at the receiver is 28 VDC.
This cable also carries 28 VAC heater voltage to the receiver.
Received video is carried over a 100 ft (30 m) coaxial cable from the
receiver to the processor. Surface temperature data will also be on a
100 £t (30 m) cable which connects to the Processor Unit. The processor
will then have to be located within the 100 ft distance from the
Receiver Unit. A small rental trailer is recommended as a housing for
the processor and data collection equipment.

Data monitoring and collection equipment may be configured in many
ways. One recommended approach is to use the ground station method
discussed under Advanced Surface Simulator, Section 8.3. In essence,
the incoming data (including television monitoring of the road surface)
would be digitized, multiplexed and transmitted via telephone leased
line to the evaluation facility. Evaluation data could then be
processed on a daily basis with the use of computers which are located
at the facility thus eliminating the time lag involved in collecting
data and returning to the facility. This would eliminate the need
for trips to the test site for data collection and, at the same time,
provide a 24 hour a day monitoring capability. Figure 49 illustrates
this concept.
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Section 7.0

CONCLUSIONS

7.1 EVALUATION OF EQUIFMENT PERFORMANCE

7.1.1 Breadboard Radiometer Performance

The breadboard unit, as noted in Section 4.1, exhibited a drift of
Tr output with ambient temperature change. The effect of this drift
was minimized by allowing a warm-up time permitting the internal
receiver to stabilize. Where this warm-up was not feasible, a known
correction factor was applied to the raw measurement data,

The breadboard radiometer receiver and processor unit performed
very well throughout the entire test program. The single failure which
cccurred was caused by water entering the electrical connector on the
receiver during a snow storm on Field Trip 1. No provision had been
made on the breadboard to prevent this from happening, so the unit was
waterproofed prior to Field Trip 2 by adding plastic sheeting around
the receiver, The system was operated for a total of about 200 hours
during the 3-month test program, a contract Phase II activity.

At one time the receiver unit was inadvertently dropped from a
height of 5 feet, landing on the attached horn antenna. The receiver
was reinstalled on its mounting post and the test was continued with
no required adjustments or other corrective action. The processor unit,
which has no thermal insulation, was operated at a temperature of -5 C
during Field Trip 2 with no degradation of performance. Considering
that the test unit was only a breadboard and was not packaged with any
particular environment in mind, results were excellent.

7.1.2 Prototype Radiometer Performance

Appropriate breadbcard design modifications were made for the
fabrication of the prototype system. These changes were detailed in
Section 5.1 and relate primarily to obtaining the required receiver
thermal stability and to providing more rugged and more weatherproof
antenna/receiver and processor/alarm circuit packages.

From a thermal stability standpoint, the test results on the proto-
type, as described in Section 5.1.4, indicate that receiver parameter
changes willonot result in radiometric temperature output variations
exgeeding +2°K 8ver a Receiver Unit ambient temperature range of 0 to
85°F (-18 to 29°C), or greater.
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The packaging techniques applied to both the Receiver Unit and the
Processor Unit, illustrated in the photographs of Figures 48, 49 and 50,
resulted in a weather-resistant, rugged prototype system far superior
to the environmental capability of the breadboard system.

7.2 COMPARISON WITH DEVELOPMENT OBJECTIVES

. The breadboard radiometer, in combination with the alarm unit
described in Section 4.3, met the proposed road hazard detection objec-
tives for dry or wet snow, freezing rain (0.1 cm thin ice layer),
thicker ice layers, and slush. No opportunity was presented for
measurement of hail. The radiometer detector system did not respond
to a frost condition; however, the addition of a dew point sensor may
also provide a frost alarm capability. A technique and approach to a
frost alarm circuit are described in Section 8.5, Advanced Alarm Logic.

Although no specific vehicle traffic tests were run on this program,.
the hazard alarm circuit of the delivered model will be affected by
passing vehicles within the antenna field of view. (See Sectioms 3.1.2,
Detection Performance, and 3.3.2, Description of Analytical Reports).
Addition of more sophisticated alarm logic (e.g., based on time delays
or rates of change of temperature} would minimize vehicle effects.

Most of the other stated specific requirements noted in Section 2.1
have been met. However the road surface temperature sensor used for
successful operation of the hazard alarm circuits may be harmed by snow-
plowing operations, chains, or heavy trucks if not suitably embedded in
the road deck. No harmful effects on the system are anticipated through
the use of de-icing chemicals. The system, being passive, will not
create any hazard to drivers or pedestrians through radiation or use of
distracting visible light beams. Based on reliability analysis and
design improvements incorporated in the prototype system, the latter
equipment is expected to provide 24 hours per day operation over the 9
coldest months of the year independent of seasonal or diurnal sun
effects,

Although the prototype radiometer was not tested on actual ice-
covered simulator or rocad surfaces, the alarm circuit portion of the
Processor Unit was checked using simulated inputs to verify proper
operation. 1In these tests, all display indicators corresponding to the
various Safe and Hazard conditions (i.e., dry; wet; ice or snow;
slush) functioned as anticipated. Dead bands between respective
conditions were adjusted to assure that each detected condition
corrésppnded;;o‘activation of a unique indicator.
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Section 8.0

RECOMMENDATIONS

This concluding section of the Final Report presents a number of
additional development and study tasks recommended for comsideration by
the Office of Research of the Federal Highway Administration. Based on
the experience and findings to date on the Area Detectors for Snow and
Ice contract, these proposed projects are believed to be logical and
potentially fruitful extensions of work accomplished to date. The
sections below are not presented in any particular order of preference;
however, as indicated within the brief descriptions noted, some
proposed projects are dependent upon others.

8.1 EVALUATION OF PROTOTYPE RADIOMETER SYSTEM

8.1,1 Objectives

An evaluation of the prototype system should address the following
primary objectives:

o Radiometer Performance Reliability - Evaluate radiometexr
operating performance over a long, continuous period to insure
acceptable reliability of the entire systems It would be
desirable to perform some long term "burn-in' prior to actual
field installation. This would overcome the inherent infant
mortality rate of the commercial components used in the proto-
type system. The operational "burn-in" period should include
a temperature cycling period of approximately 2 weeks to reduce
possible failures due to temperature shock during test site
operation. Further long term performance would be evaluated
during longer term test site operation.

o False Alarm/Missed Alarm Rates - Perform a long duration field

site test in a severe enviromment. A four month, continuous
test should be adequate to provide a preliminary data base for
determination of false alarm/missed alarm rates. This test
should be conducted on a 24-hour per day basis so that all
hazard events occurring within the radiometer field of view
will be covered. Visual verification of road surface
conditions will be necessary on a 24-hour basis and may best be
implemented through the use of slow-scan and time lapse wvideo
tecording techniques. It would also be desirable to have a
minimum time lag of 24 hours between data collections. This
would allow a relatively continucus update of radiometric and
environmental data from the test site and reduce the time to
detect any failure which may occur. ‘
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As a secondary objective of the evaluation program, driver
response to a hazard warning sign could be evaluated. This,
however, would be instituted after a reasonable determination
of false alarm/missed alarm rates has been established. Since
some previous effort has been expended toward this goal by
another contractor, this objective is secondary in nature in
the evaluation of a radiometric approach to snow and ice
detection. Previous results show that drivers respond
favorably to a hazard warning sign, although the statistical
data base for this determination was limited. Some extra cost
would be incurred to achieve this goal, which should be traded
off against value received from implementation of this test.

8.1.2 Approach

The Lockheed approach to the prototype evaluation program is
illustrated in Figure 50. Environmental, radiometric, and video data
would be collected and digitized at the test site. The data would
then be multiplexed and transmitted via telephone leased line to the
evaluation facility on a 24-hour continuous basis. The evaluation
faeility would have the necessary, demultiplexing, digital and video
recording, and computer data reduction equipment available to perform
a continuously updated evaluation program. The need for an on-site
observer would be eliminated and only periodic visits to the test
site by an evaluation team member would be necessary. A further
discussion of this approach is included under the ground station
description in Section 8.3.2, part of the recommended Advanced Surface

Simulator.
8.2 SINGLE AXIS AND 2-AXIS SCANNING ANTENNAS

8.2.1 General Comments

Radiometric techniques for detecting hazardous roadway conditions
represent a quantum jump over the previous detection methods in terms
of area of coverage., Previous detection methods could only evaluate
conditions present at one small spot (on the order of 2 inches (5.1 cm)
or less diameter), and were inherently unreliable for various reasons.
The radiometric approach to hazardous condition detection expands the
area of coverage to a spot size of 4 or more feet (1.2 m) diameter,
dependent upon the tradeoffs of mounting height and antenna aperture
size, . The reliability problem is also overcome by above surface mount-
ing of the sensor unit, with the exception of the surface temperature
sensing element which may be embedded sufficiently deep to not be
affected by chains, snow plowing, etec.

A further increase in area of coverage would be realized by
implementation of either single or 2-axis scanning techniques. As
an example, a radiometer with antenna aperture of 12°, mounted at a
height of 20 ft (6 meters) in a stationary configuration with normal
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incidence angle would have a field of view of 14 ft2 4.27 m2). By
adding a single axis scanning mechanization scanning +30°, the area of
coverage would be increased approximately 7 times, to approximately

100 ft? (30 m?). Two-axis scanning of +30° each axis would increase
the total area of coverage to 38 times the stationary mounting or an
area of coverage of 5330 ££2 (161 m2)_ Mounting at heights greater than
20 £t (b m) would provide proportionately larger coverage areas. A
simplified case of rectangular scan coverage was used in the above
example, as shown in Figure 51,

8.2.2 Proposed Tasks

Mechanization of a single axis scanning system appears relatively
easy, requiring a single pivot axis, with a corresponding antenna
position pick off (either a digital encoder or analog potentiometer
might be used, depending upon alarm circuit interface requireiments}.
This development should be combined with the Advanced Alarm Logic
development of Section 8.5, because of a probable requirement for
memory capability.

A 2-axis system is not much more complex than the single axis
system. However, any increase in area of coverage by this method will
necessitate some advanced methods of detection and alarm logic. An
approach to development of this logic is given in Section 8.6, which
describes the application of map-matching techniques.

It is recommended that both the single axis and the 2-axis scanners
be developed if the map=-matching study effort is implemented. If this
effort (described in Section 8.6) is not initiated, it is recommended
that only a single axis scanner be developed.

8.3 ADVANCED SURFACE SIMULATOR

The simulators which were constructed during Phase II of the Area
Detectors for Smow and Ice program proved adequate for testing the
feasibility of using a radiometric approach to detection of hazard
conditions. These low cost, simple simulators would not be satisfactory
for more advanced testing and evaluation of radiometric sensors and
alarm circuits. Details on a recommended alternate are provided below.

8.3.1 Capability

A new roadway surface simulator facility could be constructed to
provide the following capabilities:

o Long Term Testing - The present simulators provide a short term

test capability: up to 4 hours test duration. The new
simulator should have the capability of performing continuous
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testing for up to one week or greater duration. Detailed
evaluation of equipment stability (including ambient tempera-
ture and diurnal sun position) could then be performed under
laboratery-controlled conditions,

o Multi-Seasonal Use - Evaluation and testing during actual
environmental conditions is now limited to the 3 or 4 month
winter season each year. A new simulator facility would allow
testing on a year-round basis, thus permitting continuous
collection of data over a longer term evaluation period.

o Automated Environmental Control - Roadway surface and ambient
temperature conditions should be automated to the extent that
gimulated conditions will reflect actual cold season diurnal
conditions.

o Simulator Sizing - The simulator should be large encugh to
represent one lane of a bridge surface at an appropriate
radiometer receiver mounting height and accommodate a future
antenna scanning system of i300 along the simulated lane.

0 Automatic Data Acquisition - The data collection system should
be automated and formatted such that a computer can be used for
data reduction and comparison. Time lapse video tape techniques
should be incorporated to provide a visual record of surface
conditions throughout any long term testing.

8.3.2 Approach

A roadway surface of appropriate size, e.g. 8 x 20 ft. (2.4 x 6.1 m),
would be enclosed in a microwave transparent structure 25 ft. (7.6 m) in
height. The roadway surface would be constructed of material similar
to that used in actual road surfaces (e.g., asphalt or concrete). A
wood frame enclosure covered with a microwave transparent material
(polystyrene foam) would enclose the simulator surface and act as an
environmental chamber allowing simulated ambient temperatures of -10°¢C
to be reached. The simulator and enclosure temperatures would be
individually controlled by two separate commercial refrigeration units
with time vs. temperature programming controls. An automated, time-
controlled sprinkler system would provide the necessary precipitation
to create icy surface conditions. Frost conditions would be simulated
by lowering the roadway surface temperature to some point below the
dewpoint (also below freezing) within the enclosure.

The enclosure would be instrumented with the following:

Various Temperature Sensors
Dewpoint Sensor

Humidity Sensor

T.V. Camera
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A ground station for data acquisition would contain the necessary
equipment for recording the environmental and visual (T.V.) data. This
equipment would be:

Data Logger (with RS 232C interface)
Digital Recorder

Time Lapse Video Recorder

Video Monitor

Video Time/Date Generator

" The ground station would be a self-contained unit capable of being
moved to remote locations during the winter season.

Data reduction would be accomplished by playing the digitized data
cassette into a computer which would provide time vs. data plots for
comparison to the time lapse video recorder information reflecting actual
roadway surface conditions. Computer comparisons could be accomplished
to develop statistical data pertaining to false alarm/missed alarm rates
for varying hazard conditiocons.

A slow-scan video transmission system would allow data transmission
from remote site locations to the data reduction terminal during winter
season operations.

8.4 SELF~TEST TECHNIQUES

8.4.1 Proposed Self-Test Modifications

For a 100% confidence test, a two-step test is proposed: (1) a
reference radiometric source is measured by the system; and (2) a
simulated alarm condition is injected into the preocessor circuitry.
The first step tests the radiometer sensor, and the second step tests
the alarm circuitry. The sequence of events that would occur is as
follows:

a) A timer initiates the self-test sequence at a predetermined
interval based on performance reliability experience.

b) A motor drive points the sensor system towards the zenith
providing the sky temperature as a reference source.*

¥This reading should obviate the need for an additional ambient
temperature measurement since a shift in the latter is expected to
equal the shift in sky temperature. If experience indicates that an
ambient reading is required, the sensor could also be pointed at the
(unobstructed) horizon for this purpose.
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¢) The monitor circuits compare the radiometer sensor reading
against a preset reference value on a go-nc go basis,
Alternatively, through the use of microprocessor logic (see 8.5),
readings out of tolerance limits could be automatically corrected.

d) Next, a simulated alarm condition is injected at the input
of the alarm circuitry.

e} Monitor circuits then verify alarm activation.

The simulated alarm test will be of short duration, approximately
one second, in order to differentiate an actual alarm from this simulated
test. Two additional monitors which are to function continuously will
monitor: (1) the AGC voltage; and (2) the +28, +15, -15 and +5 VDC
power supplies. When a failute condition is sensed by any of the
monitoring circuits, a failure alarm is generated. This failure alarm
would be in the form of a 0 VDC output (ground) permitting the monitor-
ing of all anticipated failure modes including line power failures.

The failure alarm circuitry as described here will identify a system
failure. Further fault isclation will be performed manually via a test
connector with test points at the signal processor in order to isolate
the failure to the following areas: (1) receiver failure; (2) power
supply failure; (3) alarm circuit failure; and (4) sensor processor
failure. It is recommended that these modifications be incorporated
in the Phase III radiometer system.

8.4.2 Alternate Self-Test Methods

An alternative self-test method, providing a 90% confidence test,
would inject the reference radiometric temperature through a microwave
switch installed between the antenna and the directional coupler,
leaving the alarm test and continuous monitor circuits the same as
previously described. The advantage of this method is the elimination
of the motorized drive system, which would increase reliability and
decrease maintenance requirements. This method does not test the
antenna radome system; this is a small risk area since antenna radomes
are passive components with very few failure modes.

A minimal self-test method, providing for an 807 confidence level,
is by the use of the two continuously monitoring circuits of the AGC
and power supply lines and an additional radiometric temperature
limits monitor.
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8.5 ADVANCED ALARM LOGIC

8.5.1 Microprocessor Implementation

The present alarm logic discussed in Section 4.3 is based on analog
signal comparisons. Any additions or changes to the basic alarm circuits
will necessitate an actual hardware configuration change. By employing
a single chip microprocessor and associated digital circuitry, as shown
in Figure 52, the need for hardware changes and/or adjustments will be
eliminated. The alarm circuit may be simply reprogrammed through the
digital tape interface. A further advantage would be realized from
such a system in that the microprocessor approach would:

o Have memory capability for past events (e.g., temperatures are
dropping or rising).

0 Perform data linearization and comparisons.

o Handle more data from different sources and perform averaging
operations.

o Operate with algorithms and perform math functions,

o] Calculate second and third order derivatives (useful for
determining the rate of change of Ty as water changes state from
Tiquid to solid or as a wvehicle crosses monitor area).

Development of such a unit would necessitate large quantities of
statistical data from the evaluation tests so that the most accurate
decisions could be made, virtually eliminating false alarms and missed
alarms. Hazard/Safe decisions could be based on the additional know-
ledge of time of day, air temperature rising/falling, surface tempera-

ture rising/falling, dewpoint rising/falling, slope and rate of change
of Tg» &8 well as the basic real time environmental inputs.

After initial development, during which many program changes will
probably be made, the digital tape interface would be replaced with a
ROM (Read Only Memory) for programming purposes. Any future changes
would then be handled by simply changing the program ROM.

The Advanced Alarm Logic circuit would be packaged on a single
4.5 % 4.5 inch (1l.4 x l1.4 cm) card and would cut the parts count by a
factor of 20. The microprocessor chip costs are in the $50 price range
today with future prices sure to decrease, thereby allowing cheaper
production costs.
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8.5.2 Frost Alarm Circuit

As previously discussed in Section 4.1, the radiometer and
associated alarm circuitry does not have adequate sensitivity for the
reliable detection of frost. However, the formation of frost on a bridge
deck surface will occur when a very specific set of environmental
conditions exists. These conditions are:

o Dewpoint temperature higher than the bridge deck surface
temperature.

o Bridge deck surface temperature less than freezing (OOC).

Since bridge deck surface temperature is presently available in the
prototype alarm circuit, the simple addition of dewpoint data is the only
additional information required to produce an alarm for a frost hazard.
Such a dewpoint sensor is presently marketed by Weather Measure
Corporation of Sacramento, California for approximately $300.

In addition to a dewpoint sensor, the prototype alarm circuit will
need some modification and additions to condition the dewpoint signal
and to detect the difference between dewpoint and surface temperature.
Figure 53 is a block diagram of the additional required circuitry.

8.6 ''MAP MATCHING'" TECHNIQUES FOR DETECTION/DISCRIMINATION OF HAZARDS

8.6.1 Background

During the period 1969 to the present time, Lockheed has perforwed
tasks on a series of Air Force (AF) contracts in the area of microwave
radiometric area correlation guidance. These contracts were for the
Avionics Laboratory at Wright-Patterson Air Force Base and, most
recently, the Armament Development Test Center at Eglin Air Force Base.
Effort involved study, analysis, hardware development, and captive
flight test phases.

Key activities during several of these programs were derivation of
a probabilistic correlation model and analysis of the experimentally
derived relationship between references and both real and simulated
sensed maps with various scene characteristics affecting the correlation
process. Computer simulation techniques were developed and refined to
optimize algorithms used in related tradeoff studies.

8.6.2 Approach

It is proposed that the extensive experience gained on the contracts
noted above be applied to the hazard detection problem utilizing a
passive mic rowave radiometric sensor. In this case, map differences
for sample hazardous conditions will be established with reference to
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maps of known non-hazardous conditions; this is in contrast to the map
matching objectives in the area correlation guidance scheme. It is
expected that similar correlation and processing methods can be applied.

A typical study and preliminary design program would comprise the
sequence of tasks as described below., Use of an available 2-axis
scanning antenna system is assumed, developed per the recommended
program described in Section 8.2 (Single Axis and 2-Axis Scanning
Antennas). ‘

o

Data Collection - Hazardous and non-hazardous radiometric
measurements will be collected under field conditions or

using the advanced laboratory simulator (see Section 8.3) with
the resultant data recorded on magnetic tape in a form suitable
for digital formatting into 2-dimensional maps. These maps
represent the antenna scanning both across and zlong a roadway
lane. The recorded data will consist of a time history of the
radiometer analog output and a corresponding time history of
the antenna pointing coordinates. Ground truth information of
environmental conditions will be documented.

Data_ Reduction - The recorded data will be reduced and

formatted into two-dimensional digital array maps of the scanned
area. Existing computer programs can be utilized for this
purpose with only minor modifications incorporated to reflect
specific needs.

Map Experimentation - In this task, difference array signatures
would be generated by normalizing (removing map mean) both
hazard and non-hazard maps and computing a point-by-point
difference between the normalized maps. Data printouts and
plots will be generated to aid in the analysis of the difference
arrays. Map characteristics would be identified in terms of
providing best success in a digital hazard detector.

Alarm Logic - Based on the findings of the Map Experimentation
task, one or more logic concepts will be developed and tested
through computer simulation experiments to determine their
suitability for hazard detection. The most promising approach
will be selected and refined,

Application - Finally, the selected logic concept will be
applied to the collected map data, including variations of
interest, to derive data from which resultant false alarm and
missed alarm probabilities and rates can be determined.
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No hardware is anticipated; final program output is the description
of a map-making scheme and preliminary design of a hazard detection
circuit for use with the prototype radiometer modified to include a
2-axis antenna scanner.

8.7 ANALYSIS OF MULTILAYER ROUGH SURFACES
8.7.1 General Comments

In the study of surface radiometric temperatures, multilayer smooth
surfaces are relatively simple to analyze. Maxwell's equations plus
the matching of boundary conditions between the layers generally are
sufficient. When one or more of the layers are rough, the problem becomes
more complex. Statistical techniques, in addition to Maxwell's
equations, are then required. Depending upon the degree of roughness,
various models have been suggested, one of which has been used in the
analysis of 'slightly rough'" surfaces presented in Appendix B5
(submitted under separate cover) to aid in understanding some of the
measurement data.

8.7.2 Proposed Study

A systematic rough surface multilayer study is proposed sinee many
road surfaces are rough, particularly at the smaller millimeter wave-
lengths (e.g., 8.6 mm/35 GHz). 1In fact, some road surfaces are rough
even at 10 GHz. This study is also significant since a scanning
radiometer system is being proposed (see Section 8.2). As we depart
from a normal incidence case, surface roughness can play a dominant
role in achievable results. Unlike smooth surfaces, scattering
phenomena are not too well understood as the angle of incidence is
varied.

8.8 DESIGN STUDY FOR LOW-COST 10 GHZ RADIOMETER

8.8.1 General Comments

For the radiometer sensor hazard detector to be a viable candidate
for widespread usage, the cost of such a system will become one of the
major consideration factors. Two areas where major cost improvements
immediately come to mind are: (1) the integration of the receiver
utilizing microstrip techniques (this is the microwave equivalent of
the conventional printed wiring board); and (2) miecrocomputer mechaniza-
tion of the processor including both receiver-related and alarm
functions.

Area (2), above, will probably provide the highest potential for
cost reduction. The accuracy requirement is the major cost driver in
the overall radiometer, With a microcomputer implementation of the
processor, self-calibration and non-linear, repeatable errors can
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easily be corrected by the computer, thus increasing and maintaining
the radiometer accuracy. This, in turn, can relax some of the high
accuracy requirements for components in the receiver. An additional
advantage derives from the flexibility of changing the microprogramming
which permits simple adaptation of the radiometric sensor for optimum
use with various geographic conditions.

8.8.2 Proposed Study

It is proposed that the following tasks be performed:

a) Analysis of the cost reduction targets in the Phase III
prototype radiometer design.

b) Study of receiver integration techniques.

¢) Study of microcomputer implementation of the processor.
d) Breadboard of a microcomputer processor.

e) Design of processor software.

£) System tradeoffs, selection and design of a low-cost radiometer
configuration.

g) Production cost analysis of the final configuration.

h) Documentation of the receiver and processor design and cost
studies.

The study will use the Phase III prototype as the initial baseline.
The frequency of the radiometer will be 10 GHz. Since the receiver
integration process is a normal progression of design maturity, only a
paper study will be performed under task b). This will provide a 90%
confidence that the resulting cost could be achieved.

In the microcomputer area {tasks c), d), and e)], the projection
of success from paper studies is not as straightforward. Therefore, a
breadboard processor weould be implemented using a microcomputer along
with software. The microcomputer will be a general purpose type
functionally simulating the resulting low-cost processor. The micro-
computer processor would be bench tested with Lockheed's breadboard 10 GHz
radiometer which would be directly interchangeable with the Phase III
prototype receiver.
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In task f), functional and cost tradeoffs will be performed based
on results of all the earlier tasks; a radiometer configuration will be
selected; and a design will be generated. This design will be subjected
to a production cost analysis in task g); production quantity will be
taken as 1,000 systems. It 1s expected that the final, low-cost
radiometer system will also include additional features like self-
calibration, self-test and data correction, at no significant added
hardware cost.

End items of this study will be: (1) a breadboard microcomputer
processor compatible with the Phase III prototype receiver (processor
restricted to laboratory environment use); and (2) documentation of
the low-cost receiver model, the low-cost processor model, processor
software, and a production cost analysis with associated backup data.
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