
D-Ri33 587 THE CALCULATED PERFORMANCE OF SOME RADAR AND 1/2
TRANSMISSOIIETER'SYSTEMS IN R..(U) OHIO STATE UNIV
COLUMBUS ELECTROSCIENCE LAB E L UTT ET AL. DEC 82

UNCLSSIFIED ESL-7i3671-2-VOL-i AFWL-TR-2-1147-YOL-1 F/6 17/9 N

smmhhmhohhhhiE
smEEEEEEmhhhh
EoohmhhmhEEEEEE
soEhhhEEEmhhhEE
smEEEEEEohEEE
EhhhhEEmohEohEE



! il __ --.- - .-

_.L2

1111125 L.

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

"1

i . V*!hi-- - -



a t

fr) AFWAL-TR-82-1147 .

(V) Volume I

THE CALCULATED PERFORMANCE OF SOME RADAR AND
TRANSMISSOMETER SYSTEMS IN RAIN AND FOG AT
35, 94, 140, AND 240 GHz

E.L. Utt
C.A. Levis

The Ohio State University ElectroScience Laboratory
Department of Electrical Engineering
Columbus, Ohio 43212

December 1982

Final Report for Period 1 April 1981 to 31 July 1982

Approved for public release; distribution unlimited.

Avi oni cs Laboratory
AF Wright Aeronautical Laboratories
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio 45433 "

83- -



_-- & %J .' - -

NOTICE

When Government drawings, specifications, or other data are used for any purpose other
than in connection with a definitely related Government procurement operation, the United
States Government thereby incurs no responsibility nor any obligation whatsoever; and the fact
that the government may have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data, is not to be regarded by implication or otherwise as in any manner

'- licensing the holder or any other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be related thereto.

This technical report has been reviewed and is approved for publication.

RAM4NVC.RAN ROBERT M. SYDES'OICXER, Chief
PROJECT ENGINEER Autonatic Target Classification Group
Mission Avionics Division Mission Avionics Division

Avionics Laboratory

FOR THE COMMANDER:

GALE D. URBAN. Chiet
E.-ctroOptics Branch

-.<nn Avionics Diviion
. -'.'ionics L)hrorv

"If your address has changed, if you wish to be removed from our mailing list, or if the"*-; addressee is no longer employed by your organization plem notify,'A4 / ' , W-P AFB,
[. OH 45433 to help maintain a current mailing list".

Copies of this report should not be returned unless return is required by security considerations,
*... contractual obligations, or notice on a specific document.

'- .;' ,. ' . ''- ' - - . -'.'. i - .; ; - " *. ** . .. .. ... .,; -.-- -- . " " -. *" - " " -.



SECURITY CLASSIFICATION OF THIS PAGE ("en Date Entered)

READ INSTRUCTIONSREPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
I. REPORT NUMBER 2. GOVT ACCESSION NO 3. RECIPIENT'S CATALOG NUMBER

AFWAL-TR-82-1147 Volume I /- 3 '

4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVEREDFinal Report
THE CALCULATED PERFORMANCE OF SOME RADAR AND inAl Report
TRANSMISSOMETER SYSTEMS IN RAIN AND FOG AT 35, 94,
140, AND 240 GHz .6. PERFORMING ORG. REPORT NUMBER

ESL 713671-2-Volume I
7. AUTHOR(&) 9. CONTRACT OR GRANT NUMBER(e)

E.L. Utt and C.A. Levis F33615-81-C-1437

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

The Ohio State University ElectroScience Lab. AREA a WORK UNITNUMBERS
The Department of Electrical Engineering
Columbus, Ohio 43212

II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Avionics Laboratory (AFWAL/AARI) December 1982
AF Wright Aeronautical Laboratories, AFSC 13. NUMBER OF PAGES

Wright-Patterson Air Force Base, Ohio 45433 129
14. MONITORING AGENCY NAME & ADORESS(f different from Controlllng Office) IS. SECURITY CLASS. (of this report)

Unclassified

IS. DECL ASSI FICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of thi Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20. it different from Report)

IS. SUPPLEMENTARY NOTES

AFWAL-TR-82-1147, Volume II' contains computer software; therefore distribution
is limited in accordance with AFR 300-6 (DoD Dir. 4160.19 dtd 5 Apr 73). Non-
DoD requests for Volume II must include the statement of terms and conditions
contained in Atch. 21 to AFR 300-6. See Foreword.

19. KEY WORDS (Continue on reverse aide It necessary and Identify by block number)

millimeter wave rain transmission
near millimeter fog radar
attenuation precipitation extinction
propagation transmissometer

20. ABSTRACT (Continue on reverse side it necessary and Identify by block number)

The effects of rain and fog are examined for three transmissometer and
threeradar systems: double-ended (direct path) with square-wave modulation and
square-law detector, single-ended (folded path) with square-wave modulation
and square-law detection, single-ended CW with quadrature receiver, single-
ended pulsed with post-detection pulse integration, single-ended pulsed with
quadrature receiver, and single-ended with linear FM pulse compression. Com-
puter algorithms were developed to find the probability of detection as a
function of range for the radar systems, and the signal-to-noise ratio as a

DD JAN73 1473 EDITION OF I NOV 65 IS OBSOLETE

SECURITY CLASSIFICATION OF THIS PAGE (Wen Data ntered)

*. . .. ... A L.. . . . . . . . . . .. . - - -- -- N



SECURITY CLASSIFICATION Of THIS PAGE(Seu Data Entered)

function of range for the transmissometer systems. These algorithms are used
recursively to determine the range at which specified performance is attained
as a function of rain rate or fog liquid water content. Calculated results
are presented for exponential drop-size distributions; provision has been made
for the extension to other distributions.

Volume I contains the theory and results; computer code listings and
directions for use of the codes are given in Volume II.

7-7
//

/

SEUIYCASIIAINO HI Aiihn/o.Etrd

i4.) .* . . . .

. . .. . . . . . . . . . . . * .

... .



FOREWORD

This study constitutes a thesis submitted by Mr. Utt in partial

fulfillment of the requirements for the degree Master of Science in

Electrical Engineering under the guidance of Professor Levis.

The helpful criticism of graduate student colleagues at the

ElectroScience Laboratory is gratefully acknowledged, as is the thesis

of O.M. Buyukdura, which laid the foundation for this study.

This work was sponsored under Contract F33615-81-C-1437 by the

,- Avionics Laboratory, Air Force Wright Aeronautical Laboratory, Air Force

Systems Command, United States Air Force, Wright-Patterson Air Force

44 Base, Ohio 46433.

Authorized non-DoD DTIC users may order Volume II by sending a

DTIC Form 55, "Request for Limited Document," directly to DTIC. Also

send a signed copy of Atch. 21 (contained in AFR 300-6) to AFWAL/AARI

concurrently.

Acces5lon For

* 
- -

*0'
I

i t

- 4% ** ,.. ..-?, >. **.-~ **** . '** * . .. -. . . . -.. . . .,.-.,

' ' " ': [ ' ' "w 
'° " ,

, ' " " ' ' " '- " ', - .. . " " , ", , " ' '. ' " , ' ' , ".- , " . . . .- " . . , . ... ,* .. .- .



-. -- - -- - -. 1--- --.

1,

.1

TABLE OF CONTENTS

Volume I

Page

FOREWORD . . . . . . . . .. . . . . .. .. i

LIST OF FIGURES. . . . . . . . . . . . . . . . . . . . . . . . vii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . xii

I INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . 1

II DERIVATION OF SIGNAL-TO-NOISE EXPRESSIONS . . . . . . . 5

A. Derivation of Pre-detection Signal-to-Noise Ratio
Expressions 5

B. Derivation of Processed Signal-to-Noise Ratio
Expressions 8
1. One-way Transmission and Square-Law Detection 8
2. Two-way Transmission and Square-Law Detection 11
3. CW Signal Transmission and Quadrature Receiver 11
4. Pulsed Source with Incoherent Pulse Integration 18
5. Pulsed Source with a Quadrature Receiver 20
6. Pulsed Source with Pulse Compression 23

C. Summary 28

III DERIVATION OF PROBABILITY OF DETECTION . . . . . . . . . 29

A. Description of Noise in the Radar System 29
B. Derivation of the Probability of Detection 31
C. Derivation of the Probability of False Alarm 38

IV ATTENUATION DUE TO RAIN AND FOG. . . . . . . . . . . . . 44

A. Dropsize Distribution for Rain 45
B. Dropsize Distribution for Fog 45

V RESULTS AND DISCUSSION . N............... 49

A. Graphical Results and Discussion 54
1. One-way Transmission and Square-Law Detection 54
2. Two-way Transmission and Square-Law Detection 61
3. CW Signal Transmission and Quadrature Receiver 70
4. Pulsed Source with Incoherent Pulse Integration 78
5. Pulsed Source with a Quadrature Receiver 86
6. Pulsed Source with Pulse Compression 94

B. Effects of Rain Attenuation 103

v



ri . " ' ' ' ' ' ' ' ' -' ' ' . ' , . . . . ,. . ., _ "-. . . . . " --. --

Page
C. Effects of Fog Attenuation 111

D. Conclusions 113

REFERENCES . . . . . . . . . . . . . . . . . . . ....... 115

APPENDIX A - MODEL FOR COMPLEX INDEX OF REFRACTION. . . . . . . 117

APPENDIX B - PULSE COMPRESSION RADAR. . . . . . . . ... . .. 124

Volume I1

Page

APPENDIX C -COMPUTER PROGRAM LISTING . . . . . . . . . . . . . 130

LINKING PROCEDURE FOR COMPUTER PROGRAMS ............ 220

.i

vi



LIST OF FIGURES

Figure Page

I Specific attenuation in clear air versus frequency. 2

2 Receiver system with square-law detector. 9

3 Quadrature Receiver. 12

4 (a.) Correlation detector and (b.) Matched filter. 13

5 (a.) Integration improvement factor, (b.) Integration 21
loss versus number of pulses integrated.

6 Typical Intrapulse Linear Frequency Pulse Compression 25

Radar.

7 Idealized Pulse Compression Characteristics. 26

8 Wide-pulse and Compressed Pulse Waveforms. 27

9 Probability of Detection and Probability of False 34
Alarm in terms of density function plot p(r).

10 Typical plot of Probability of Detection versus 40
Signal-to-noise Ratio for a specified Probability
of False Alarm.

11 Typical plot of Probability of Detection versus 41
Range for a specified Probability of False Alarm.

12 Signal-to-noise ratio versus Range for the double- 56
ended system with square-law detection. a= 0 dB/km.

13 Signal-to-noise ratio versus Range for the double- 57
ended system with square-law detection. a= 5 dB/km.

14 Signal-to-noise ratio versus Range for the double- 58
ended system with square-law detection. a= 10 dB/km.

15 Signal-to-noise ratio versus Range for the douhle- 59
ended system with square-law detection. a= 20 dB/km.

16 Range versus Specific Attenuation for the double- 60
ended system with square-law detection. E/N= 10 dB.

17 Signal-to-noise ratio versus Range for the single- 63
ended system with square-wave modulation and square-
law detection. a- 0 dB/km, a= 125 me.

vii

. . . . . . . .



Figure Page

18 Signal-to-noise ratio versus Range for the single- 64
ended system with square-wave modulation and square-
law detection. a= 5 dB/km, a= 125 m2 .

19 Signal-to-noise ratio versus Range for the single- 65
ended system with square-wave modulation and square-
law detection. a- 10 dR/kin, c= 125m2.

20 Signal-to-noise ratio versus Range for the single- 66
ended system with square-wave modula ion and square-
law detection. o- 20 dB/km, a= 125 m.

21 Probability of Detection versus Post-detection Signal- 67
to-noise ratio for single-ended system with square-
wave modulation and square-law detection.

22 Probability of Detection versus Range for single- 68
*ended system with square-wave modulation and square-

law detection. f= 94 GHz, o= 20 dB/km, a= 125 m2.

23 Range versus Specific Attenuation for the single- 69
ended system with square-wave modul tion and square-
law detection. Pd= 0.995, Pfa= 10" (Computed
processed E/N- 15.83 dB.)

24 Signal-to-noise ratio versus Range for the single- 71
ended CW system with quadrature receiver. a- 0 dR/kin,
a= 125 m2.

25 Signal-to-noise ratio versus Range for the single- 72
ended CW system with quadrature receiver. a- 5 dR/kin,
a= 125 m2.

26 Signal-to-noise ratio versus Range for the single- 73
ended CW system with quadrature receiver. a= 10 dB/km.

P ~o= 125 m2.

27 Signal-to-noise ratio versus Range for the single- 74
ended CW system with quadrature receiver. a= 20 dR/km.
a= 125 m2.

28 Probability of Detection versus Post-detection Signal- 75
to-noise ratio for a single-ended CW system with
quadrature receiver.

29 Probability of Detection versus Range for the single- 76
- ended CW system with muadrature receiver. f= 94 GHz,

'o 20 dR/kin, o 125 in

viii

, 2 " " - - ,--" -,-,- "- - • - -"-" . • . - .



Figure Page

30 Range versus Specific Attenuation for the single- 77
ended CW system with quadrature receiver'. Pd= 0.995,
Pfa= 10-6, (Computed processed E/N= 17.79 dR.)

31 Signal-to-noise ratio versus Range for the single- 79
ended pulsed source range gated radar employing

.* post-detection integration , n=10000, a7= 0 dB/km,
and a= 125 m .

32 Signal-to-noise ratio versus Range for the single- 80
ended pulsed source range gated radar employing
post-detection integration. n=10000, a- 5 dB/km,
and a= 125 m2 .

33 Signal-to-noise ratio versus Range for the single- 81
ended pulsed source range gated radar employing
post-detection integration. n=10000, a= 10 dB/km,
and a= 125 m .

34 Signal-to-noise ratio versus Range for the single- 82
ended pulsed source range gated radar employing
post-detectiQn integration. n=10000, a= 20 dB/km,
and a= 125 m .

35 Probability of Detection versus Post-detection 83
Signal-to-noise ratio for the single-ended pulsed
range gated radar.

36 Probability of Detection versus Range for the 84
single-ended pulsed source range gated radar.
f= 94 GHz, a- 20 dB/km, and a= 125 m2.

37 Range versus Specific Attenuation for the single- 85
ended pulsed source range gated radar employing
post-detection integration. Pd=O 995 , pfa=10 - ,
(Computed processed E/N=17.79 dB.)

38 Signal-to-noise ratio versus Range for the single- 87
ended pulsed radar system with quadrature receiver.
a- 0 dB/km, a= 10 m.

39 Signal-to-noise ratio versus Range for the single- 88
ended pulsed radar system with quadrature receiver.
a- 5 dB/km, a= 10 m.

40 Signal-t'-nolse ratio versus Range for the single- 89
ended sed radar smstem with quadrature receiver.

V'- 1B/k'A, O= 10 m,

ix

, .- .,.,- --\.- ,".. - ... . ..



Figure Page

41 Signal-to-noise ratio versus Range for the single- 90
ended pulsed radar system with quadrature receiver.
a= 20 dB/km, and o= 10 m2 .

42 Probability of Detection versus Post-detection 91
Signal-to-noise ratio for a single-ended radar
system with quadrature receiver.

43 Probability of Detection versus Range for a single- 92
ended pulsed radar system with quadrature receiver.
f= 94 GHz, a= 20 dB/km, and o= i0 m2.

44 Range versus Specific Attenuation for the single- 93
ended pulsed radar y stem with quadrature receiver.
Pd= 0.995, Pfa= 10- (Computed processed E/N= 17.79
dB.)

45 Signal-to-noise ratio versus Range for the single- 95
ended pulsed radar ystem with pulse compression.
ar- 0 dB/km, a= 10 m1 .

46 Signal-to-noise ratio versus Range for the single- 96
ended pulsed radar system with pulse compression.
a 5 dB/km, c= 10 m 2.

47 Signal-to-noise ratio versus Range for the single- 97
ended pulsed radar system with pulse compression.
a- 10 dB/km, c= 10 m .

48 Signal-to-noise ratio versus Range for the single- 98
ended pulsed radar sstem with pulse compression.
w= 20 dB/km, a= 10 m

49 Probability of Detection versus Post-detection 99
Signal-to-noise ratio for a single-ended pulsed
radar system with pulse compression.

50 Probability of Detection versus Range for a single- 100
ended pulsed radar system with pulse compression.
f= 94 GHz, x= 20 dB/km, and a= 10 m2 .

51 Range versus Specific Attenuation for the single- 101
ended pulsed radar system with pulse compression.
Pd 0.995, Pfa=10 -  (Computed processed E/N= 17.79
dB.)

52 Range versus Rain Rate for the double-ended system 105
with square-law detection. E/N= 10 dR and T= 20*C.

x

:~.:.-....... ..... .... •... . ....



Figure Page

53 Range versus Rain Rate for the single-ended system 106
with square-wave modulation and square-law detection.
Pd= 0.995, Pfa = 10-6, a= 125 m2 , and T= 20°C.

54 Range versus Rain Rate for the single-ended CW 107
system with a quadrature receiver. Pd= 0.995,
Pfa = 10-6, o= 125 m2, and T= 200C.

55 Range versus Rain Rate for the single-ended pulsed 108
system with a quadrature receiver. Pd= 0.995,
Pfa=10 -6, a= 10 m2 , and T= 20°C.

56 Range versus Rain Rate for the single-ended pulsed 109
radar with pulse compression. Pd= 0.995, Pfa= 10-6,
o= 10 m2 , and T= 20*C.

57 Range versus Rain Rate for the single-ended pulsed 110
source range gated radar employing post-dete~tion
integration. Pd= 0.995, Pfa = 10- , a= 125 m ,

and T= 20*C.

58 Range versus Liquid Water Content in fog for the 112
single-ended CW sygtem with a quadrature receiver.
Pd= 0.995, Pfa=10 - , = 125 m2, and T= 20°C.

xi



LIST OF TABLES

Table Page

I Input Data for Computer Algorithms 53

II Calculated Complex Index of Refraction of Pure 104
Water for Various Wavelengths and Temperatures

xli

*4*%:

* ..



SUMMARY

The effects of rain and fog are examined for three transmissometer

and three radar systems: double-ended (direct path) with square-wave

modulation and square-law detector, single-ended (folded path) with

square-wave modulation and square-law detection, single-ended CW with

quadrature receiver, single-ended pulsed with post-detection pulse

integration, single-ended pulsed with quadrature receiver, and single-

ended with linear FM pulse compression. Computer algorithms were

developed to find the probability of detection as a function of range

for the radar systems, and the signal-to-noise ratio as a function of

range for the transmissometer systems. These algorithms are used

recursively to determine the range at which specified performance is

attained as a function of rain rate or fog liquid water content.

Calculated results are presented for exponential drop-size

distributions; provision has been made for the extension to other

distributions.
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SECTION I

INTRODUCTION

The basic purpose of this study is to investigate the performance

of transmissometers which could be used to measure the transmission over

a pat. on which millimeter wave radars are simultaneously evaluated.

For the most part, a detailed analysis of six different types of trans-

mission systems was performed for frequencies of 35, 94, 140, and 240

Gigahertz (GHz). Three of these systems were transmissometers and three

were radars that might be evaluated on the range. These frequencies

have been selected because they represent the "windows" of low molecular

absorption as shown below by Figure 1.

In this project two major problems were examined. First, we con-

sider the problem of accurately iodeling the attenuation through rain

and fog due to scattering and absorption. These effects are character-

" ized in terms of frequency and meteorological quantities such as rain

and fog drop-size distributions, rain rate, temperature, and liquid

water content.

Second, the six systems were analyzed in terms of the common per-

formance parameters, false alarm probability and probability of detec-

tion for the radars and signal-to-noise ratio for transmissometers.

L- Equations which predict the performance parameters at a specified range

are derived. Then these equations are used to find the effect of

,,' , , 'V;-;.. *'. .-. .- .'. ,. . . .. ,. -. .' - ..- . , . ,, . , . , . . .. •.
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.I Figure 1. Specific Attenuation In clear air versus frequency.
(after Rosenblum [1].)
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weather on this range at the various frequencies.

The term "douhle-ended" will be used to describe a system in which

transmitter and receiver are separated and direct transmission occurs

between them. A "single-ended" system is one in which the signal is

reflected by a target to the receiver, which is located close to the

transmitter.

In this project, the following transmissometer and radar systems

were examined:

(i.) Double-ended transmission path with audio (square-wave)

modulation and square-law detection. Note this cannot be used

as a radar. Analysis is not sensible for probability of

detection because there is no target. Instead, a detailed

analysis in terms of signal-to-noise ratio is performed.

(2.) Single-ended transmission path with audio (square-wave)

modulation, and square-law detection using a calibrated tar-

get. This is a transmissometer which could he used as a

radar if range information is not required. Analysis in terms

of signal-to-noise or probability of detection could he per-

formed, however, signal-to-noise ratio analysis is more

meaningful.

(3.) Single-ended transmission path with audio modulation,

quadrature detection and a calibrated tarqet. Similar to the

previous system, this is a transmissometer which could be used

as a radar if range information is not required. Once again,

signal-to-noise ratio analysis techniques are more useful,

however, a probability of detection and probability of false

3
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alarm can be defined since we do have a calibrated target.

, - (4.) Post-detection (boxcar) integration over a single-ended

, transmission path. This is a true radar. It could be used as

a relatively inefficient transmissometer by ranging on a cal-

ibrated target. For this system, analysis in terms of proba-

bility of detection and probability of false alarm is useful.

(5.) Quadrature-detection over a single-ended transmission

path. As with the previous system, this is a true pulsed

radar which could be used as a relatively inefficient trans-

missometer. Once again, probability of detection and proba-

bility of false alarm is most useful for analysis of this

*i system.

(6.) Pulse compression with quadrature detection over a

single-ended transmission path. This radar system is identi-

cal to the previous system except pulse compression is used.

This system can also be used as a transmissometer. As with

the last system, probability of detection and probability of

false alarm is most useful for analyzing this system.

The basic format of this thesis is such that expressions for

signal-to-noise ratio are given in Section I. A derivation of expres-

sions relating probability of detection to signal-to-noise ratio is

given in Section Ill. Equations for calculating drop-size distributions

and for determining the attenuation due to rain and fog are derived in

Section IV. The results obtained from computer models using the equa-

tions derived in Sections 1I to TV are described in Section V.

4
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SECTION II

DERIVATION OF SIGNAL-TO-NOISE EXPRESSIONS

In this section, the signal-to-noise ratio expressions for the six

configurations of instrumentation discussed in Section I are derived.

In Section II.A, the signal-to-noise ratio expressions are derived for a

point in the receiver prior to any demodulation or nonlinear signal

processing. Therefore, the expressions for signal-to-noise ratio

correspond to the output signal of the intermediate frequency amplifier.

These signal-to-noise expressions depend upon whether a one-way or a

,two-way transmission path is considered, however, they are independent

of the type of signal detection. The detection process is considered in

Section II.B. The expressions given in Sections II.A and II.B.1 to

II. B.5 are based on Report AFWAL-TR-81-1281 [2].

A. Derivation of Pre-Detection Signal-to-Noise Ratio Expressions.

Each transmission configuration studied may be described in terms

of one of the following groups:

(1.) The system uses signal transmission over a one-way path.

(2.) The receiver is located next to the transmitter and the

signal from the transmitter is reflected from a calibra-

ted target back to the receiver. This is a radar system

but possibly without a requirement for range resolution

(transmissometers.)

Let's consider the derivation of the signal-to-noise expressions for

5



.-7 .7 7 -

each transmission system separately.

For a one-way path, the power density at the receiving antenna is

Sre=
(1

where Pt = transmitted power,
Gt = transmitter antenna gain in direction of the receiver,

*: and
R = distance between transmitting and receiving antennas.

Therefore, the power received is given by

Pr =TwX (2)

where Pr = power received hy receiving antenna,
and Ae = effective aperture of receiving antenna.

The effective aperture of the receiving antenna is in units of area and

may be defined as

G ;k2
Ae = (3)

where Gr = gain of the receiver antenna in the direction of the trans-
mitter,

= wavelength of the signal.

The Friis transmission equation is obtained by combining Equations (2)

and (3).

Pr = (4)

If losses in the transmitter and receiver system, as well as

attenuation factors such as rain or fog in the transmission path, are

included, then the received power is given by

PtGtGr A2LtLr (10=

Pr = (4w)z 4_ (5)

where a = specific attenuation in decibels per unit length,
Lt = transmitter-to-transmitting antenna loss (expressed as

efficiency),

6



Lr = receiving antenna-to-receiver loss (expressed as efficien-

cy.)

Now, if the thermal noise power at the pre-detection filter output

signal (usually the intermediate frequency (IF) amplifier) is

ip = kTORF (6)

where k = Roltzman's constant (1.38x10- 23 Joules/0 K),
*, To = reference noise temperature (290 °K),

B = effective pre-detection receiver filter bandwidth (Hz),
F = receiver noise figure referenced to 290 OK,

an expression for the signal-to-noise ratio in the output signal of the

intermediate frequency can be found. This signal-to-noise ratio for a

one-way transmission path is determined by combining Equations (5) and

(6). Thus, for propagation over a one-way path, the signal-to-noise is

S = PGG 10 . (7)

(4w3)4MTnF

Now, consider systems of the radar type transmitting over a two-way

path. The power density at the target is given as

St = G 10 (8)

If the radar cross section of the target is defined as a, in units of

area, the power reradiated in the receiver direction is
_,3R

P' = PtGto 10 (9)

Since propagation is over a two-way path, the power density of the echo

signal at the receiving antenna is

Sr P G (10)

7
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The received power is obtained by multiplying Sr by the effective

aperture area. By use of Equation (3), the radar equation becomes

-2oR
TV

Pr PG G C 0. (11)

Including effects of the losses in the transmitting and receiving system

-2cR

Pr PtGtGrLtLrX 20 10 . (12)

Therefore, from Equations (6) and (12), the pre-detection signal-to-

noise ratio for the radar transmissometer is

-2oR

S= 10 . (13)
N (4w) 3R~kTnBF

Equation (7) gives the pre-detection signal-to-noise ratio for a

one-way transmission path, whereas Equation (13) is for a two-way

transmitter-receiver configuration.

B. Derivation of the Processed Signal-to-Noise Ratio Expressions.

The six configurations described in Section I are examined to

determine the signal-to-noise ratio after detection and signal

processing.

1. One-way Transmission and Square-Law Detection.

This configuration transmits and receives a chopped signal over a

one-way propagation path. As shown by the block diagram of the receiver

in Figure 2, the received signal is heterodyned to form an intermediate

frequency signal, amplified, detected by a square-law device, and

8
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* filtered by a narrow-band (audio) filter. The signal-to-noise ratio

* expression given by Equation (7) applies to r(t).

The chopped signal may be approximated as an amplitude-modulateo

signal with a modulation index (u) of 100% since only the fundamental

.. harmonic component is selected by the audio filter. Therefore, the

input signal to the square-law device is given by

r(t) = Ac~l+pcOswatlCOswct + n(t) (14)

where Ac = carrier amplitude,
P = modulation index,

wc = intermediate amplifier angular frequency,
wa = angular center frequency of audio filter.

The factor n(t) represents narrowband Gaussian noise with a

spectral density determined by the spectral response of the intermediate

frequency amplifier and centered at the intermediate angular frequency

wc. Typical values for wa/ 2w and wc/2w are 1 KHz and 1 GHz

respectively.

* With an input signal-to-noise as given by Equation (7), the

signal-to-noise power ratio at the audio filter output signal is

(E/N) = u2[S/Nl2[Bif/Ba){1+[S/N](2+p 2)}- (15)

where S/N = pre-detection signal-to-noise ratio given by Equation (7),
Bif = equivalent rectangular bandwidth of the intermediate freq-

uency amplifier, same as B in Equation (6),

Ra = bandwidth of the audio filter.

Finally, the expression for signal-to-noise ratio of a system with

a chopped waveform, modulation index of 100%, and square-law detection

is

(E/N) =S/N)2Rjf/BJ (16)
I 3(S/N)

where (S/N) is given by Equation (7).

10

-- ~ - *' -** * ; - - . -" , ' , ,, . , L ." " -: . . - . . . . . ] . . . '. .



2. Two-way Transmission and Square-Law Detection.

For this system, the receiver is identical to that of the system

with one-way transmission and square-law detection previously discussed.

However, in this case a reflective target produces the received signal.

The processed signal-to-noise ratio is again given by Equation (16),

but with (S/N) defined by Equation (13).

3. CW Signal Transmission with a Quadrature Receiver.

This receiving configuration Consists of the transmilssion of I

CW signal over a two-way path with the use of a reflecting target.

However, a quadrature detector is used rather than a square-law device

as in the previous system. A block diagram for a quadrature receiver

is shown in Figure 3, where u(t) is the unit step function. This unit

step function is included only to show that all integrators are reset at

t=O (i.e.,all earlier signals are disregarded.)

If the integrators, which are not-continuously operating devices,

are replaced with equivalent continuously operating filters as discussed

below, then the unit step function u(t) should he omitted. In this

case, the detector input signals are identical for Figures 2 and 3. For

mathematical convenience, the integrators may be used when deriving the

output signal-to-noise ratio.

Following Buyukdura [2] and Schwartz [3] to obtain the output

signal-to-noise ratio, a single correlation detector is considered as

shown in Figure 4a. The integrator output signal is given by

T
y(T) = fr(t)s(t)dt . (17)

0

11
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Now, consider the matched filter shown in Figure 4b. The filter output

signal at t=T is given by the convolution

y(T) r(t)u(t)*h(t), (18)

that is,

y(T) = fr(t)u(t)h(T-t)dt. (19)

However, the definition of the unit step function and the causality

requirement for the filter requires

u(t) = 0 , t<O (20)

and

h(T-t) = 0 , t>T . (21)

The solution of Equations (20) and (21) with Equation (19) gives

T
y(T) = fr(t)h(T-t)dt . (22)

0

Note that if the filter response satisfies

h(T-t) = s(t) , n<t<T (23)

or that

h(t) = s(T-t) , t>O (24)

" then y(T) is the same as for the correlation detector of Figure 4a.

From this figure, let's consider that the signals are

r(t) = Acoswct (25)

and

s(t) = Ccoswct . (26)

From Equation (22), the filter impulse response which makes it

equivalent to the integrator network must then he

h(t) = Ccoswc(T-t) . (27)

14
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If T is chosen to be an integer multiple of the period of r(t),

then Equation (26) is the impulse response of a matched filter. That

is, when

T 2nv n = 0,±1,+2,.
WC

then Equation (26) becomes

h(t)= Ccos( 2 rn-wct) = Ccoswct s(t). (28)

Imposing the restrictions placed by Equations (20) and (21), one

obtains

h(t) = Ccoswct u(t) u(T-t) . (29)

To specify the transfer function of the filter, we must find the Fourier

transform of the impulse response. This can be found from

T
H(jw) = CfcoswcteJtdt. (30)

0

Applying Euler's identity for coswct,

T
H(jw) = C f[eJwct+e-Jwct]eJwtdt

or
T

H(jw) = Cf[eJ(w+wc)t+eJ(w-wc)tidt.
70

Performing the integration shows the transfer function of the filter to

be of the form
T T

, * T J(W-Wc)7 T
H(jw) = sin(w+wc)T + e sin(wwc)y .(32)

(w~c)T(W-Wc)T I

Because the matched filter shown in Figure 4h Is linear, the signal

and noise components of the output signal may be examined separately.

15



The signal at the output can be obtained directly from the correlation

detector of Figure 4a. and Equations (25) and (26) as

T
Y(T) = fr(t)s(t)dt (33)

i0

T
-fACcoS2sictdt

Y(T) = ACT . (34)
2

This expression for Y(T) can be used to define an expression for the

* signal power (normalized to a characteristic impedance of 1 ohm) by

Ps = [ACT/2]2 . (35)

According to Haykin [4] and Taub and Schilling [5], the noise power

at the output is
%a

Pny = 1 f Sny(w)dw (36)
N -Pn

.where Sny(w) is the power spectral density of the noise component of

Y(T). It is given in terms of the power spectral density of the noise

component at the input by

Sny(w) = SnrIH(w)I2. (37)

*If one assumes a filter with a rectangular bandwidth B of unit ampli-

tude, the noise power referred to the output is given by
00

Pny = I f SnrlHrect(w)[2 dw = kTORF (38)
2w-=

o* Then, assuming a flat input noise power spectral density, from Equations

(36) and (38) we have

Snr(w) kT F (39)

at the input. Using H(jw) as defined by Equation (32), the output

L 16
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noise power is given by

Pfly 1 lSnrf IH(w) 2dw. (40)

If we assume wc 2 in Equation (32), we can approximate the noise

-TT

Py 1nrC 2T21  s 2(J**7dw .(41)

Ry a simple change of variables, this integral can be put into the

familiar form of sinc(x), i.e.,

'Pny a1. Snr c2T2]r2/Tlf sinc2x dx. (42)

Evaluating this integral with the restriction of wc>2r, we have

L 0*

Pny SnrC 21fsinc2x d)' = Snr C2T. (43)

Using Equation (39),the output noise power can be obtained as

Pny = kTFC2T. (44)

4 ow, consider an input signal with an unknown phase

r(t) = Acos(wct+o) (45)

applied to the quadrature receiver of Figure 3. It can be shown by

reasoning similar to that which led to Equation (44) that the noise

power at the output is given by

Pn 2FkT0C2T

and that the desired signal power at the output of the system is again

given by Equation (35). Therefore, we have

17
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E =P= [ACT/2]2  A2T
N Pn 2FkTnCzT TkFTOLw

=SBjfT

N

E : [SIN]TRif (46)

where (S/N) is given by Equation (13). Equation (46) is the required

signal-to-noise expression for a quadrature receiver after signal

processing has been employed.

4. Pulsed Source with Incoherent Pulse Integration.

This configuration represents a pulsed-source range-gated radar.

Such a radar can be used as a transmissometer by measuring the reflec-

tion from a calibrated target such as a corner reflector.

At the receiver, the signal is heterodyned to form an intermediate

frequency signal, passed through a detector and sampled sequentially by

range gates. The purpose of each range gate is to quantize the radar

return into range intervals. Each range gate opens in sequence just

long enough to sample the signal voltage corresponding to a different

range interval along the propagation path. In general, the range gate

acts as a switch (or gate) which opens and closes at a proper instant

of time. These gates are activated once for each pulse-repetition in-

terval and produce a series of pulses of constant amplitude at the

gate output when using a stationary target.

The output of the range gates is passed through a circuit called a

box-car device which integrates (sums) the pulses. Basically, the box-

car device is a sample and hold circuit which stretches each pulse in

18



time to cover the entire repetition period. The purpose of using a

box-car device is to aid in the filtering and detection process by

emphasizing the fundamental of the modulation frequency and eliminating

harmonics of the pulse repetition frequency.

The receiver system now examined uses incoherent (post-detection)

integration rather than coherent (pre-detection) integration. In post-

detection integration, a smaller signal-to-noise ratio exists when

compared to pre-detection integration. This is due primarily to the

non-linear nature of the detector which creates a rectifying effect and

*causes harmonic distortion that decreases the available signal power.

If pre-detection were used and 'n' pulses of the same signal-to-

noise ratio were integrated, then the resulting signal-to-noise power

ratio would be identically 'n' times that of a single pulse. However,

for post-uetection integration, a smaller signal-to-noise power ratio

would be found. In fact, we can account for the reduced signal-to-noise

ratio after integration by using

E = nEi(n) (47a),-SRI

where Ei(n) is the integration efficiency factor defined by Marcum [6]

as

Ei(n) [S/. (47b)

Here, [S/N]1 is the signal-to-noise ratio of a given pulse required to

* yield a specified probability of detection, and [S/Nm n is the value of

signal-to-noise ratio of a single pulse required to achieve the same

probability of detection when 'n' similar pulses are integrated. Ei(n)

has been calculated by Marcum [61 and plotted by Skolnik [7]. The plots

19



shown In Figure 5 are for the inteqratlon Improvement factor I= nEi(n)

and integration loss L = nlog10[l/Ei(n)] both versus 'n', the total

- number of pulses integrated.

For the present, consider [S/Nmn in Equation (47b) to he equal to

[S/N] in Equation (47a). We see when 'n' such pulses are integrated to

give the same probability of detection as one pulse with a signal-to-

noise ratio of [S/N]l this value is approximately the same as the

total signal-to-noise ratio of n pulses, [E/N] in Equation (47a). In

general, the signal-to-noise expression with 'n' integrated pulses can

be given by -2oR

[S/Nln= Pt~tGrX2aLjLr 10 (48)

(4w)3R4kTojF

To use this equation it is necessary to use a set of curves as shown in

Figure 5 for each value of 'n'. Therefore, combining Equations (47b)

and (48) yields -2aR

[E/N] = PtGtGrX2oLtLrnE (n) 10 (49)
(4w)3R4kToBF

*where Ei(n) comes from Figure 5. Note in this figure that nf is the

false alarm number and relates to false alarm probability by nf=I/Pfa.

This will be important in probability of detection calculations to be

discussed in Section 111.

5. Pulsed Source with a Quadrature Receiver.

This configuration is a true pulsed radar which uses a range gated

quadrature receiver. That is, the input to Figure 4a is given as

s(t) = Cp(t)coswct (50)

Here p(t) is a unit amplitude pulse train of width T and repetition per-

iod Tr contained in the time interval (0,T). The output Y(T) of Figure

20
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4a is then

T
Y(T) f' s(t)r(t)p(t) dt = ACTd (51)

where d is the duty cycle of the signal, described as

d = T/Tr (52)

This integral for Y(T) can be used to define an expression for the

signal power by a method analogous to Equation (35). That is,

Ps = [ACTd/212  • (53)

Once we choose convenient values for T, Tr, and T, the impulse

response of the equivalent filter of Figure 4b is

h(t) = Cp(t)coswct (54)

in order to match the input signal s(t).

If the filter were matched only to one pulse of duration T, we

could use Equation (44) for noise power at the output, i.e.,

P = kToFC 2 T * (55)

If we define the number of integrated pulses as

n = T/Tr (56)

then the noise power of the filter output signal with impulse response

given by Equation (54) is

Pn= kToFC2 Tm (57)

Therefore, the signal-to-noise ratio at the system output is

22



E P [A/21 2Tt
n FkOC T(TTr) FkToT r

Since the power of a sine wave of amplitude A into a 1-ohm load is given

by S=A2/2, then the processed signal-to-noise ratio for a single

coherently detected channel is

E =2STdB f

where [S/N] is defined by Equation (13).

However, in practice we will not know the phase, so we must use a

quadrature receiver.

Note that the quadrature receiver produces a signal-to-noise ratio

at the output that is just one-half as large as the phase-coherent

detector of Figure 4, this occurs because the 2-phase detectors have

one channel processing one component of signal and its associated noise

component, and the other channel processing the quadrature signal and

its associated quadrature noise component. Therefore, we end up with

the effects of the received signal and two noise components, which

halves the output signal-to-noise ratio, i.e.,

E S~dB-(58)

gives the signal-to-noise ratio at the system output. Note this equation

is very similar to Equation (46) except we are including a duty cycle

for the pulse.

6. Pulsed Source with Linear FM Rectangular-Envelope Pulse Compression.

This transmission configuration is the pulsed source range-gated

23
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radar discussed in Section I1.8.5. However, the transmitted signal is

on during most of the entire repetition period but swept in frequency.

At the receiver, after the signal is heterodyned to tn intermediate fre-

quency, it is passed through a matched pulse compression filter and

detected as shown in Figure 6 [8].

If the carrier frequency of a transmitted pulse is linearly swept,

a puise compression filter can be used to delay one end of the pulse

relative to the other. At the filter output, this produces a narrowed

pulse of greater peak amplitude. The linear time-delay characteristic

of the filter acts to delay the high-frequency components at the start

of the input pulse more than the low-frequency components at the end of

the pulse. The frequency components experience a porportional delay so

that the net result is a time compression of the pulse. The effects of

pulse compression are summarized in Figure 7.

It can he shown, as in Appendix B, the pre-detection signal-to-

noise ratio for the radar transmissometer is
-2aR

S P KGtGrLtLrOX2 10 (59)
i 1 I' N (4 R4kUoBF

where K is the pulse compression ratio defined by

K = T/r. (60)

where T and T are defined in Figure 7. The ratio of pulse widths

before and after pulse compression is shown in Figure '.

If we consider a pulse compression radar with a quadrature recei-

ver system as in Section I. 9.5, then the output signal-to-noise ratio

can be found from Equation (58) to he
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D. Summary

In this section, signal-to-noise ratio expressions before signal

processing were derived in Section II.A for both double-ended and

single-ended systems, they are given by Equations (7) and (13).

Also, post-detection signal-to-noise ratio expressions for the six

,. systems were derived in Section II.B. These signal-to-noise ratio

expressions are given by Equations (16), (46), (49), (58), and (61).

In all cases, the pre-detection signal-to-noise ratios to be used are

tnose derived in Section II.A.

Pre-detection signal-to-noise ratios are denoted by S/N and post-

detection signal-to-noise ratios denoted by E/N.

Note that all the equations derived in this section are dependent

on the attenuation parameter a. A derivation of equations for a will

be given in Section IV for attenuation in rain and fog.
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SECT[ON III

DERIVATION OF PROBABILITY OF DETECTION

For transmissometers, the output (post-detection) signal-to-noise

ratio is probably the most useful specification of performance. For

radars, most radar designers prefer to use a specification of probabil-

ity of detection and probability of false alarm rather than signal-to-

noise ratio. Thus, in this section a derivation of expressions for the

probability of detection as a function of signal-to-noise ratio will be

presented. Since the signal-to-noise ratio is directly related to

range as shown by the equations in Section II, it will be possible to

derive probability of detection expressions in terms of range for given

system parameters and meteorological conditions. In addition, a speci-

fication of false alarm probability must be given. The discussion pre-

sented in this section is related closely to the modified Neyman-Pearson

detection theory described by Skolnik [91.

The method presented in this section is derived with the assumption

of either a square-law or linear detector since the effect on the de-

tection probability by assuming one instead of the other is small. We

will also apply this technique to quadrature detection systems since the

probability of detection will be only a function of processed signal-to-

noise ratio and false alarm probability.

A. Description of Noise in the Radar System.

To successfully define the probability of detection In terms of

29
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signal-to-noise ratio (or range) we need a suitable representation of

the noise. One of the best noise models is discussed by Skolnik where

we consider narrowband Gaussian noise which is both amplitude and phase

modulated. For instance, if we let n(t) represent the random noise

function (where , denotes a random variable), then set

n(t) = g(t)cosrwct+(t)] (62)

where g(t) and 0(t) are random variables representing amplitude and

phase which vary slowly when compared to the cosine factor. Thus,

n(t) = g(t)cos0(t)coswct - g(t)sin0(t)sinwct . (63)

However, these leading terms are simply time varying random variables.

To simplify the notation, consider

a(t) = g(t)cos (t) (64)

and
h(t) = g(t)sino(t). (65)

so that
1/2

g(t) = [a2 (t)+b 2 (t)] (66)

b(t)
0(t) = tan - _ - (67)

a, a(t)

Therefore, the noise function can be represented as

n(t) = a(t)coswct-b(t)sinwct . (68)

From a careful examination of the statistical properties of typical

receiver noise, it has been found that

(I.) The random variables a(t) and h(t) are statistically

30
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independent. Since they are uncorrelated, it follows that

E[a (t )b (t ) ]=0.

(2.) The mean values E[a(t)i=E[b(t)] are zero, and the variances

E[a 2(t)]=E[b2 (t)] are equal to a constant 40•

Therefore, we can write the signal input to the detector in the form

y(t) = [f(t)+a(t)]coswct-[b(t)]sinwct (69a)

if a signal is present, and

y(t) = a(t)coswct-b(t)sinwct (69b)

if no signal is present. For a pulsed signal,

A ItI< T/2
f(t) = (70)

0 jtl> T/2

represents the constant amplitude of a pulse. For a CW signal, A//i

represents the r.m.s. amplitude of the carrier when f(t)=A is used.

If ykc) is passed through a noncoherent detector (such as a half or

full-wave rektifier followed by a low pass filter,) then all phase

information is lost in the detection process. The output of the

detector, r(t), assuming unity gain in the detection process will be

given by

r(t) = {[f(t)+a(t)] 2+[b(t)] 2 1I/ 2  (71)

if a signal is present, and

r(t) = {[a(t)] 2+[b(t)] 2}l/ 2  (72)

if no signal is present.

B. Derivation of the Probability of Detection.

For our work, we are primarily interested in Type II error. This
- 4

error occurs during the detection process If we decide no signal is
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present when It actually is present. If we choose an arbitrary

threshold level VT , the probability of having a Type II error can be

defined as
VT

Pod f p(r(t)) dr (73)

and the probability of detection defined as

Pd I p(r(t)) dr (74)

VT

where p(r) is the probability density function of r(t), which will be

assumed to he a Gaussian random variable. We can describe the probabil-

ity of detection and probability of Type II error as shown in Figure 9.

Also, for convenience in the notation, let's consider

z(t) = f(t)+a(t) (75)

in Equation (69a). Since the random variables a(t) and b(t) are statis-

tically independent, it follows that z(t) and b(t) are also independent.

Therefore, Equation (69a) becomes

r(t) = {I[z(t)1 2+[b(t)1 2}1/ 2  (76)

when a signal is present.

Now, consider the case where f(t)=A for a pulsed radar. Then z(t)=

A+a(t) is a Gaussian random variable with mean A. That is,

E[z(t)l = E[A] + E[a(t)] = A (77)

since E[a(t)]=0 and the expected value of a constant is the value of the

constant. Also, we can show

E[(z(t)-A) 2]=E[a2 (t)j=*O • (78)

From the bottom of page 30, we see E[b 2 (t)1i= *(. Since we have shown
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E[z(t)]= A and E[b(t)]= 0, we can write the probability density func-

tions for z(t) and b(t) as

[

p[z(t)] = 1 e

and
a nil

[b2(tj

p[b(t)] = 1 e

However, since a(t) and b(t) are uncorrelated, we can show z(t) and h(t)

are independent, i.e.,

E[z(t)b(t)] = E[(a(t)+A)b(t)] = E[a(t)b(t)] + E[Ab(t)1

= AE[b(t)]

so

E[z(t)b(t)] = 0

Knowing z(t) and b(t) are independent, we see the joint probability

density function can be expressed as the product

p[z(t)b(t)] = p[z(t)lp[b(t)]

That is, the joint probability density function becomes

[rz(t)A]2+b2 (t

p[z(t)h(t)] = 1 e . (79)

2n*0)

We wish to convert this expression into a density function in terms of

r(t) at the output of the noncoherent detector.
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Suppose we consider the two random variables z(t) and b(t) as

rectangular coordinates. Then we are able to convert to polar coordi-

nates where computations are much easier. This is equivalent to using

the polar representation of the noise given by Equation (66) and (67).

By Equation (79), we actually mean

p-dz<z(t)<i+di*, 6-d_<b(t)<6+d1 = 1 e di db. (80)r "_ - - 7- 7 - 71 T- o
This defines the probability of finding z(t), b(t) in the small neigh-

borhood Z,b in a cartesian system. We can transform to polar coordi-

nates by using

i= icose b = rsine

so the elemental area dzdb becomes rdFdb. These coordinate transforma-

tions are sketched in the drawing below.

b(t)
Pi

"' dF

r 
Z

, r-z(t)

Therefore, we can write [[cos-A]2 [stne]

p[r-dF<r<F+dF, 6-d6<e<&+dg1 = 1 e rdrd6

35



or
o, -[rc os-A]2+Ersine]2]

p(re) = r e r 2*0

-r 2+A2 -2rAcos ej
or e2* (81)

T2 "*

Now, the total probability of finding r between F+dF and F-dF corre-

sponds to a ring of width F about the circle r=r. Therefore,

2w2n - Fr2+A2 2rAcosel
p(r) = f p(r,9)de f r e 2+0- de.0 ~~ 0

[r2+A2_ [Arcose]

p(r) = f p(r,O)de= r e 1f dO. (82)
0 0 W o

This latter integral is defined as the modified Bessel function of the

... first kind and order zero with argument Ar/tO . That is,

[r2+A21

p(r) = r e Jo[Ar*o1 • (83)
, *0

Now, knowing the probability density function p(r), we can calcu-

late the probability of detection via Equation (74).

Fr2+A21

Pd = fp(r)dr = f r e Jo[Ar/oldr . (84)
VT VT +0

This integral is evaluated by Skolnik [9] in terms of an infinite

. sum, so that
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2Aiii) 2  (VT-A) 2

Pd rierf(VT-)1+ e V +1 0(85)

Note: erf(z) is the error function defined as

z -U2

erf(z) =..fe du (86)

A valid series approximation to Equation (85) can be found when

we choose a sensible threshold, i.e., (VT-A)2/*O<I and we have a good

signal-to-noise ratio so A2/*'o>>l . If these conditons are valid, as

often occurs for fairly large signal-to-noise ratios, we can use

-:-:. -(VT-Al 2 1(7
2 2Pd [1-erf(V A)] + e2-A/A+ + 87

According to Skolnik, if we examine the envelope of the IF sine

wave rather than the signal after detection, it is then possible for

the equation for probability of detection to he converted to a power

relationship by defining signal-to-noise ratio at the output of the

detector as E/N. That is,

[A//*012 for a pulsed signal
E = Power in Signal = (88)
f" Power in Noise [A/jZJ 03

2 for a CW signal.

Using these relationships, we can see

Pd = 1f-erf )+ e I- 1)+

where [E/N]>>(A/VT)2 for a pulsed signal and [E/N]>>(A/2VT)2 for a CW
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signal. We will see in Section V that Equation (89) proves to he accur-

ate for signal-to-noise ratios in excess of 0 dR.

C. Derivation of Probability of False Alarm.

The probability of false alarm is the probability that the

threshold voltage is exceeded when no signal is present. Commonly

called Type I error, the false alarm probability is defined by the
integral

fa= fp(r)dr (90)

VT

where p(r) is given by Equation (83) when no signal is present. Because

I. [r/o)=l when there is no signal, we find

" .. -r2

p(r) = r e . (91)

This probability density function is commonly known as the Rayleigh

density function.

Substituting Equation (91) into (90) and integrating gives

V 2

-fa e (92)

for false alarm probability. Using Equation (89) allows a definition

of probability of false alarm in terms of signal-to-noise ratios at the

output of the detector. That is,

.:.. VT 2[E/Nl2Az

e for pulse signal

.fa (93)
'.-, VT2-[E/N]

,;., -- A2

e for CW signal

Solving this equation for the ratio of VT/A, yields
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P°

1 nWIi~fa)|for pulse signal

= (94)
A L l ln(I/Pfa) for CW signal.

Substitution of Equation (94) into Equation (89) allows us to obtain

a probability of detection in terms of a specified false alarm

probability and processed signal-to-noise ratio.

The processed signal-to-noise expressions (E/N) have been derived

in Section II.B. as a function of system parameters. Therefore, once

the radar system designer has specified a probability of false alarm,

the required threshold ratio can be determined from equation (94) and

the probability of detection from Equation (89). Or, as often is

needed, the radar designer may desire to specify both probability of

detection and a probability of false alarm. In this case, the required

signal-to-noise ratio at the detector output can be calculated and the

range at which it is equalled or exceeded can be found. Both methods

will be discussed with graphs and computer algorithms in Section V.

Typical plots showing probability of detection as a function of

signal-to-noise ratio or range are shown below in Figures 10 and 11. In

both cases a specification of false alarm probability must be given.

Figure 10 can he plotted by using Equation (89). Figure 11 is plotted

by using Equation (89) and the signal-to-noise ratio expressions as a

function of range derived in Section II. Therefore, for all of the

radar systems, we can riot probability of detection either in terms of

signal-to-noise ratio or range for a fixed probability of false alarm.

Finally, the proper choice of the signal-to-noise ratio given by
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Equation (88) will be given for each system discussed in Section II.

The derivation of the equations for probability of detection deals

only with the envelope of the IF output signal, which is a sine wave.

Therefore, A is the amplitude of the IF signal in the absence of noise

and S=A 2/2 is the power in the IF channel due to signal when a pulse is

present.

For the two-way transmission and square-law detection system of

Section 11.9.2, we use a "chopped" signal with square-law detector

"" followed by an audio filter. In Equation (16), we have S representing

the carrier power at the output of the intermediate frequency amplifier

and E representing Ep2/2 where Ep is the peak value of the audio sine

wave. If we consider that this audio wave will be envelope detected,

then this reflects Equation (88) be used for a CW signal and E=A 2/2.

Therefore, in S/N for this system, interpret Pt as the carrier power so

* for "chopped" signal and square-law detection use the bottom right side

*of Equations (88) and (94).

For the CW signal transmission with a quadrature receiver of Sec-

tion 11.8.3, the post-detection "power" was obtained by taking a sample

of signals with mean value of A2, i.e., E=A2. Therefore, in S/N for

this system, interpret Pt as the carrier power which is equal to the

average or peak power. In this case, use the top right side of Equation

(88) to determine post-detection signal-to-noise ratio E/N.

For the pulsed source system with incoherent pulse integration

discussed in Section l1.B.4, the pre-detection S/N refers to a sine wave

signal and Pt represents the peak power radiated during a pulse. If A

is the envelope of the IF signal in the absence of noise, then S=A 2/2
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is the power in the IF channel due to signal when a pulse is present.

In this case, use the bottom right side of Equationg (88) and (94).

For the pulsed source with quadrature receiver of Section II.R.5

and the pulsed source with linear FM rectangular envelope pulse compres-

sion of Section II.B.6, the same reasoning applies to E/N as to the CW

signal and quadrature receiver discussed above. In each of these cases,

the post-detection "power" was taken from a sample of signals. That is,

Pt is the peak power transmitted during a pulse so that S=A 2/2 (i.e.,

S=(A2cosO)/2 in one channel and S=(A 2sine)/2 in the other channel) leads

to Equation (58). In the pulse compression case, the peak and average

power are the same if pulse width before pulse compression T, equals the

repetition period Tr. Once again, the peak power transmitted during a

pulse is S=A 2/2. For these two cases, we use the top right side of

Equationb (88) and (94) for the probability of detection calculation.
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SECTION IV

ATTENUATION DUE TO RAIN AND FOG

The attenuation parameter a in the signal-to-noise ratio expres-

sions is highly dependent upon weather conditions and frequency. Ap-

proximate values at sea level in clear air are shown in Figure 1, but

they are subject to variation because the absorption by oxygen and water

vapor changes substantially with weather conditions. Even more pro-

nounced is the attenuation due to rain and fog for which we now wish to

present a model.

For our path attenuation model, assume that rain and fog consist

of small spherical water droplets of complex refractive index to account

for dissipation and scattering effects. The scattering effects from a

sphere were examined in detail by Mie [10],are presented in an excellent

tutorial book by Kerker [11], and have been recently utilized in propa-

gation algorithms by Buyukdura [2]. Therefore, a detailed examination

of these scattering effects will not be given in this thesis. Instead

the work by Ruyukdura will he modified to include effects of frequency

and temperature on the complex index of refraction for water. These

effects are discussed in an article by Peter S. Ray [12]. Corrections

to this article are given by [13] and the calculations for the complex

index of refraction In terms of frequency and temperature are shown in

Appendix A.
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In general, the attenuation factor caused by a spherical drop-size

distribution using the extinction efficiency factor is given by Ruyuk-

dura [2] as

a= 4.343 f QEXT(a)N(a)da (95)

where a is specific attenuation in dR/km, a is droplet radius in meters,

N(a) is the volume density of droplets with radius a in units of

[m3 -mm]-I and QEXT is the extinction efficiency factor

QEXT - -2 7(2n+l)[Re(an+bn)]. (96)
(ka)L n=1

Here ko is the wave number in free space, and an, bn are the spherical

Mie coefficients defined in Equations (A63) and (A64) of Buyukdura [2].

A. Dropsize Distribution for Rain.

For our work, we will use a Marshall-Palmer dropsize distribution

of the form

N(a) = Noe- 2Aa (97)

where A = aRO(mm-l),
No = 8000 [drops/(m3.mm)],
a. = 4.1,
1 = 0.21,

and R is the rain rate in mm/hr, a is the droplet radius in mm. There-

fore, substituting Equations (96) and (97) into Equation (95) gives

an expression for the extinction

a a + 4.343fQEXT(a)N(a)da (dR/km) (98)
0

where the constant c,0=0.02 dR/km at 35 GHz, c,0=0.3 dR/km at 94 GHz, aO=

1.4 dB/km at 140 GHz, and c,0=4 dB/km at 240 GHz in clear atmosphere [14]

B. Dropsize Distribution for Fog.

Dropsize distributions for advection fogs near seacoasts have been
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extensively studied in the works of Kunkel [15] and Mallow [16]. We

have found no detailed analyses for rddiative fogs common in the midwest

United States. Therefore, the description of a fog presented in this

section is based upon a sparse advection fog model derived by Kunkel.

A widely used dropsize distribution is based upon Kunkel [15]
_ ' Y

N(A) = CAa'e-'- (99)

where N(A) is the number density of droplets of relative radius A=a/Rm.

. Here, a is the actual radius of the fog droplet and Rm is the drop

radius with the maximum number density in the distribution. The normal-

*ization constant is generally determined from the integral

o0r.N =R m f N(A) dA

= RmC f Aa' e- dA (100)
0

which can be solved for C as

C = TNy [a'/y] 1 (101)

where N is the total number of droplets in the distribution scaled to

conform to the total liquid water content of a given fog. Note that the

(+) sign is used when c'and y are positive. Likewise, the (-) sign is

used when a and y are negative.

As Equations (99) and (101) are given, we must determine the

scaling factor used to conform to the total liquid water content of the

fog. The liquid water content, 1, i.e., mass per unit volume, is given

by
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D = pf 4wa3N(a) da

where a is the actual droplet radius and p is the density of water, then

D = pRm 4I 4wA3N(A) dA (102)
0

we see

Rmf N(A) dA
N= 0 (103)

pRm 4f 4iA 3N(A)dA

or

DRmI N(A) dA
N= 0 (104)

pRm 4f 4wA3N(A)dA
0 1

Substituting Equation (99) and integrating gives N as a function of

liquid water content and relative droplet radius.

A YA
DRmfCAa'e'y-dA

N- 0 (105)
S ,-a'AY

4ipRm4f A(3+a ')e ye dA

0

Awhich can be solved in closed form as

(3/y)
N = DRm [a'/y] r[(l+a')/y]

47rpRm' r[(4+al)/y]

Substituting into Equation (101) and then into Equation (99) shows
[(4+a')/y] -a 'Y

N(A,L) F [ l /y AM e y (106)
4wpRm4  r[(4+a' y.1
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for the drop-size distribution in fog. Maliow has examined several fogs

and has determined ', y, and Rm for a light advection fog to be

R = 15 Om
cT = -2.20
y = -4.54

which yields units of N(A,) in droplets/(Um)4 .

We intend to use the method presented by Ruyukdura to determine

the attenuation factor. This requires the units of N(A,n) to be in

droplets/m 3.mm for D and p in g/m3 and a in um. Therefore, we see

[(4+a)/y] -csAY

N(A,n) = ; Diy1102 1 [c/y] Aaey (107)
4wpRM'4 rL(4+a)/yJ

in droplets/(m3-mm). Substituting a',y, and Rm with the knowledge that

A=a/Rm and p=10 6 g/m3 gives.
5 -4.54

N(a,D) = 2.9536602x10l0 a-2.2e- . 0588176x10 a (108)

in droplets/(m3 . mm) for a in urm.

We will allow 0 to vary between 0.021 and 0.148 g/m3 and a to vary

between 10 and 60 um for a useful algorithm to calculate attenuation by

fog. Equation (108) will be substituted into Equation (98) for the

calculation of the extinction factor for fog. Finally, this model

does not include effects of multiple scattering from each fog droplet.
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SECTION V

RESULTS AND DISCUSSION

The purpose of this thesis is to compare the performance of three

types of transmissometers and three types of radar systems as a function

of meteorological conditions in the millimeter-wave windows at 35, 94,

140, and 240 GHz. For the radars, a reasonable criterion is the range

at which they would be effective, i.e., at which a specified high detec-

tion probability would be achieved, subject to a reasonable false alarm

-.1 probability. For the transmissometers, the corresponding criterion is

the range at which a reasonable siqnal-to-noise ratio will be achieved.

These raihge criteria have the desirable feature that they do not depend

strongly on the detailed system parameters, especially when attenuation

due to rain or fog is strong. The plots of range versus rain rate or

fog density will be found in Figures 52 through 58; they are discussed

in more detail in Sections V.B and V.C, respectively. Other useful

criteria, such as signal-to-noise ratio and detection probability as

functions of range, are calculated in the process; these will he discus-

sed and sample results will be presented as they are encountered in the

discussion.

For each of the six types of instrumentation discussed in Section

II, the signal-to-noise ratio before signal processing is computed as a

function of range by use of Equation (7) for double-ended systems and

Equation (13) for single-ended systems. The range R is varied from 500
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meters to 8 kilometers by increments of 100 meters. Then, one of Equa-

tions (16), (46), (49), (58), and (61), as appropriate for the particu-

lar system, is used to calculate the signal-to-noise ratio after detec-

.tion.

In our system calculations, the propagation path is assumed to be

uniform, or to be comprised of layers each with homogeneous specific

attenuation. The overall effect of these layers is seen by substitution

of jaiRi for oR in Equations (7) and (13). For the summation, ai is
i

the specific attenuation and Ri is the one-way path length through the

the ith layer.

Computer algorithms were also developed to calculate and plot the

probability of detection as a function of processed signal-to-noise

ratio, and and as a function of range for each of the radar systems.

In these radar detection calculations, a specification of probability

of false alarm and radar cross section area must be given. These

algorithms use Equations (7) and (13) to calculate signal-to-noise

ratio before signal processing. Then one of Equations (16), (46), (49),

(58), or (61) depending upon the specific type of system is used to

determine the signal-to-noise ratio after detection and signal proces-

sing. Using the results presented in Section III, the false alarm

probability and the processed signal-to-noise expressions can he used

in Equation (94) to yield VT/A, and the probability of detection is

then computed according to Equation (89).

Also, computer routines have been implemented to calculate and plot

the maximum attainable range as a function of specific attenuation a,

rain rate, or liquid water content in fog. From the specification of a
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fixed probability of detection and probability of false alarm, Equa-

ions (89) and (94) are solved for the processed signal-to-noise ratio

by a search technique which increases E/N from a value of 1.0 in steps

of 0.001 until the desired value of Pd is reached. Then specific atten-

uation is varied from 30 to 0 dB/km in increments of -0.1 dg/km. From

the signal-to-noise ratio expressions before signal processing, an

iterative solution for maximum range can be determined for large values

of a by using Equations (7) and (13). From Equation (7), an iterative

solution for range is given by

Rn+l = 10 1 ogo (tGtGr(X2LtLr N - 2oglORn (INg)

for n a,. integer. In this equation, S/N is the signal-to-noise ratio at

the output of the intermediate frequency amplifier corresponding to the

processed signal-to-noise ratio for a fixed probability of detection and

probability of false alarm. By a similar approach, propagation systems

over a two-way path can use Equation (13) to solve for range so that

Rn+1 = 10 Ogi PtGtGrX2LtLro - 41oglORn (110)7 - L(4w) -'kToI F (S/N U
L .g7 T
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""*, In these iterative solutions, for a=3 0 dR/km, the iterations begin

- with Rn=O m. For all other values of specific attenuation, the solution

corresponding to the preceeding a value R(c+0.1) is used for RO . In all

cases, the iterations were terminated when Rn+1-Rn < 1 m. As previ-

ously stated, this method was found by Buyukdura to converge only for

large values of specific attenuation.

A different iterative scheme is used for small values of a when

Ruyukdura's method described by Equations (109) and (110) fails. For

this case, the range R appearing in the denominator of Equation (7) is

used on the left hand side of the equation. That is, for the two-ended

system

-aR
Rn+1 L 10 . (111)j(47r) kTOBF (S/N )

" Similarly, for systems of the radar type, Equation (13.) leads to
-2oR

::Rn+ = PtGtGrX2LtL 10
/(4i tkToRF(sN) (112)

Again, R(ct+0.1) was taken for the first value of R to be used on the

right-hand side of the equation and the iterations were terminated when

IRn+1-Rnl < lm.

For all calculations and graphs presented in this thesis, the

values used as input parameters for computer algorithms are shown in

Table I, unless specified otherwise. These values are typical of

experimental millimeter wave transmission systems. Note that all

values in the table are not used in each calculation. For some graphs

of the six types of instrumentation presented in this section, it is

assumed the propagation path is through a homogeneous medium with
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TABLE I

Input Data for Computer Algorithms

Input Parameter Frequency (GHz)

35 94 140 240

Transmitted Power*(Pt): 200 200 50 20 mW

Transmitting Antenna Gain (Gt): 47 47 47 47 dB

Receiving Antenna Gain (Gr): 47 47 47 47 dB

Total System Loss (Lt+Lr): 6 8 9 11 dB

Noise Figure (F): 3 4 7 15 dB

IF Amplifier Bandwidth (Bif): 10 10 10 10 MHz

Audio Filter Bandwidth (Ba): 1 1 1 1 Hz

Number of Pulses Integrated (n): 10000 10000 10000 10000

Integration Efficiency (Ei(n)): 0.03 0.03 0.03 0.03

Integration Time (T): 1 1 1 1 sec

Pulse Compression Ratio (K): 150:1 150:1 150:1 150:1

Target Cross Section Area (a):
(1) Transmissometers: 125 125 125 125 m2

(2) Radars: 10 10 10 10 m2

Probability of Detection (Pd): 0.995 0.995 0.995 0.995

Probability of False Alarm (Pfa): 10-2, 10-4, 10-6, 10-8, or 10-10

Specific Attenuation (a): 0, 5, 10, or 20 dB/km

* See Section III.C for exact meaning of Pt for each system.
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specific attenuation of either 0, 5, 10, or 20 dR/km.

For the six types of instrumentation discussed in Section I, we

see these system parameters are typical of a system using paraholoid

antennas, Impatt diode power sources, and a corner reflector for the

calibrated target.

The numerical value for total system losses and noise figure are

typical of an experimental system. Since all programs are written in an

interactive form, it is possible to easily modify input parameters to

represent virtually any kind of transmission system.

A. Graphical Results and Discussion.

In this section, graphical results for each of the six transmission

systems will be presented and examined. At this point attenuation will

be considered as an independent parameter. The effect of rain and fog

will be included in Section V.A and V.C.

1. One-way Transmission and Square-Law Detection.

Figures 12 through 16, displayed below, show the typical perfor-

mance of a system with separated transmitter and receiver. Here, the

receiver uses a square-law detector as discussed in Section II.B.1.

Figures 12 through 15 show processed signal-to-noise ratio versus range

for different values of frequency and and specific attenuation. Figure

16 shows the variation in range as a function of specific attenuation,

a. Recause this transmission system is over a one-way propagation path,

no target is involved. Therefore, rather than specifying probability of

detection and probability of false alarm as in a radar system, calcula-

tions of range as a function of specific attenuation are presented for

a predetermined processed signal-to-noise ratio of 10 dR.
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From the curves displaying signal-to-noise ratio as a function of

range, it can be observed that range decreases significantly as the

frequency is increased. Also, notice as specific attenuation increases,

the signal-to-noise ratio E/N at the system output not only decreases,

but its rate of decrease with respect to range is significantly

increased.

In Figure 16, we see the effects of specific attenuation and fre-

quency on range performance. As expected, when frequency is increased

range performance will deteriorate. Also, as specific attenuation in-

creases the range is seen to be greatly reduced. Even under the worst

possible weather conditions, a range of between three and four kilome-

ters can be achieved from the two-ended system. All graphs presented

in this section are derived from computer program SLDET2E shown in

Appendix C.

In thee graphs, the systems are compared on the basis of equal

specific attenuation at all frequencies. A more basic comparison is on

the basis of identical meteorological conditions. This is deferred to

the next two sections, B and C.
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Figure 12. Signal-to-noise ratio versus Range for the double-
ended system with square-law detection. a- 0 dBfkm.
For unspecified system parameters, see Table 1, p. 53.
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Figure 13. Signal-to-noise ratio versus Range for the double-
ended system with square-law detection. a= 5 dR/km.
For unspecified system parameters, see Table I, p. 53.
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Figure 14. Signal-to-noise ratio versus Range for the double-
ended system with square-law detection. a= 10 dR/km.
For unspecified system parameters, see Table 1, p. 53.
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2. Two-way Transmission and Square-Law Detection.

Figures 17 through 23, presented below, show typical performance

of a single-ended system with the receiver identical to the previous

system. Again, the receiver uses a square-law detector as discussed in

Section I. R.2. Specific attenuation is treated as an independent

parameter. The specific effect of rain and fog is treated in Sections

B and C.

Figures 17 through 20 show the signal-to-noise ratio versus range

for various values of frequency and specific attenuation. Upon compar-

ison of Figures 17 through 20 with Figures 12 through 15 of the previous

system, we can observe this single-ended system is more sensitive to

effects of specific attenuation. This is true because doubling the

effective length by placing transmitting and receiving antennas near

each other causes transmitted signal to be attenuated twice as much as

for the double-ended system.

Figures 21 and 22 show the probability of detecting a target both

as a function of processed signal-to-noise ratio and range. For both

graphs, we are assuming predetermined false alarm probabilities of 1-2,

In-4, 10-6, In-8, and 10-10; Figure 22 for a transmitted frequency of

94 GHz. From Figure 21, note the processed signal-to-noise ratio must

have a value of at least 18 dR for almost certain detection of the 125

m2 target. Under the assumptions of Table I, this requires the target

to be no more than about 1300 meters from the transmitting and receiving

antennas for 94 GHz.

Finally, Figure 23 shows the effects of specific attenuation and
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frequency on radar range performance. For a 0.995 probability of detec-

ting the target and 10-6 probability of false alarm, the computed

processed signal-to-noise ratio at the output of the detector is 15.83

dB.

As in the case of the double-ended system discussed in the last

section, performance will decrease as frequency and specific attenuation

is increased. All graphs in this section are derived from the computer

program SLDET shown in Volume II.
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Figure 17. Signal-to-noise ratio versus Range for the single-
ended system with square-wave modulation and
square-law detection. a- 0 dRfkm, a= 125 in2,
For unspecified system parameters, see Table I, p. 53.
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For unspecified system parameters, see Table I, p. 53.
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For unspecified system parameters, see Table I, p. 53.
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For unspecified system parameters, see Table I, p. 53.
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processed E/N= 15.83 ;8.)

4 For unspecified system parameters, see Table 1, p. 53.
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3. CW Signal Transmission and Quadrature Receiver.

Figures 24 through 30 show typical performance of a radar system

which transmits a CW signal toward a target with the transmitting and

receiving antennas in close proximity. However, as shown in Section

II.B.3, we use a quadrature receiver rather than a square-law device

as in the previous systems.

Figures 24 through 27 show the signal-to-noise ratio versus range

for various values of frequency and specific attenuation. From these

graphs, even with 20 dB/km attenuation at 94 GHz, a range between 1

and 2 kilometers is expected. This is a significant improvement over

the two-way transmissometer system using square-law detection.

Figures 28 and 29 show the probability of detecting a 125 m2

target both as a function of processed signal-to-noise ratio and range.

For both graphs, we are assuming false alarm probabilities of 10-2,

10- 4 , 10-6, 10-8, and 10-10; Figure 29 assumes a transmitted frequency

of 94 GHz. As with the previous system, to be certain of detecting the

target a signal-to-noise ratio of about 18 dB is required. A signal-to-

noise ratio of about 18 dB would necessitate the target to be no more

than about 1700 meters from transmitting and receiving antennas for a

near certain probability of detection.

Finally, Figure 30 shows effects of specific attenuation and

frequency on radar range performance. For a 0.995 probability of

detection and 10-6 probability of false alarm, the computed processed

signal-to-noise ratio at the output of the detector is 15.83 dR. All

graphs presented in this section are derived from the computer algorithm

CODETI presented in Volume I.
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Figure 24. Signal-to-noise ratio versus Range for the single-
ended CW system with quadrature receiver. a- 0
dR/km, a= 125 mz .

For urspecified system parameters, see Table I, p. 53.
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* Figure 25. Signal-to-noise ratio versus Range for the single-
* ended CW system with quadrature receiver. a= 5

dR/kin, a= 125 in2 .

For unspecified system parameters, see Table 1, p. 53.
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Figure 26. Signal-to-noise ratio versus Range for the single-
ended CW system with quadrature receiver. a- 10
dB/kin, a= 125 mn2.

For unspecified system parameters, see Table 1, p. 53.
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Figure 27. Signal-to-noise rati4 versus Range for the single-
ended CW system with quadrature receiver. a- 20
dB/km. o= 125 m2.
For unspecified system parameters, see Table I, p. 53.
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4. Pulsed Source with Incoherent Pulse Integration.

As discussed in Section II.R.4, this system can represent either a

pulsed source range gated radar or a transmlssometer detecting the

reflection from a calibrated target such as a corner reflector. Typi-

cal performance of this radar system is shown in Figures 31 through 37

below.

Figures 31 through 34 display the signal-to-noise ratio versus

range for various values of frequency and specific attenuation. In all

cases, 10,000 pulses are integrated with an integration efficiency of

3%. Since these graphs are for a pulsed source range gated radar, a

target cross section area of 125 m2 is used. Upon comparison of

Figures 37 through 41 with corresponding figures for the previous

transmission systems, we see this system to have shorter range as

specific attenuation is increased. However, under the 20 dB/km propaga-

tion conditions, minimum ranges of between 800 and 1800 meters can he

expected.

Figures 35 and 36 show the probability of detecting a 125 m2

target as a function of processed signal-to-noise ratio and radar range.

For both graphs, we are again using prescribed false alarm probabilities

of 10-2, 10-4, 10-6, 10-8, and 10-10; in Figure 36 a 94 GHz transmitted

frequency is assumed. As in the cases discussed before, it is necessary

to have a processed signal-to-noise ratio of at least 18 dR for a near

certain probability of detecting the calibrated target. This requires

the target to be no more than about 1000 meters from the transmitting

and receiving antennas.
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Figure 31. Signal-to-noise ratio versus Range for the single-
ended pulsed source range gated radar employing
post-detecti q$n integration. n=10,000, caz 0 dB/km,
and a= 125 m .
For unspecified system parameters, see Table 1, p. 53.
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For unspecified system parameters, see Table 1, p. 53.
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For unspecified system parameters, see Table I, p. 53.
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Finally, Figure 37 shows the effects of specific attenuation and

frequency on radar range performanc!. For a required probability of

detection of 0.995 and probability of false alarm of 10-6 , a processed

signal-to-noise ratio of 17.79 d9 is computed.

As with the transmission systems analyzed earlier in this section,

both frequency and specific attenuation increases can greatly reduce

radar range. All graphs presented in this section are derived from

the computer program BOXCAR given in Volume II.

5. Pulsed Source with a Quadrature Receiver.

As discussed in Section II.B.5, this system is a true pulsed

radar which uses a range gated quadrature receiver. Typical performance

of this radar system is shown in Figures 38 through 44 presented below.

Figures 38 through 41 display the signal-to-noise ratio versus

range for various values of frequency and specific attenuation. From

these graphs, note that even with 20 dB/km attenuation, a range of

between 1000 and 2000 meters can be expected. This is slightly better

than the two-way propagation system using square-law detection, however,

not nearly as good as the CW source with quadrature receiver.

Figures 42 and 43 show the probability of detecting a 10 m2

target as a function of processed signal-to-noise ratio and range. As

with the earlier systems, we are again assuming false alarm probabili-

ties of 10-2, 10-4 , 10-6, 10-8, and 10-10; the transmitted frequency in

Figure 43 is 94 GHz. For this pulse radar, a processed signal-to-noise

ratio of at least 18 dB is required for a near 100% probability of

detecting the calibrated target. This will require the target to be

no more than about 1950 meters from the transmitting and receiving
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Figure 38. Signal-to-noise ratio versus Range for the single-
ended pulsed radar system with quadrature receiver.
a'- 0 dB/km.,Ox 10 m2.

For unspecified system parameters, see Table 1, p. 53.
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For unspecified system parameters, see Table I, p. 53.
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For unspecified system parameters, see Table 1, p. 53.
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For unspecified system parameters, see Table 1, p. 53.
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antennas.

Finally, Figure 44 shows the range versus specific attenuation

for the pulsed radar and quadrature receiver. For a 0.995 prohahility

of detection and 10-6 prohahility of false alarm, the computed processed

signal-to-noise ratio at the output of the detector is 17.7q dR. All

graphs presented here are derived from the computer algorithm COnETa

presented in Volume II.

6. Pulsed Source with Linear FM Rectangular-Envelope Pulse Compression

As discussed in Section II.R.6, this system is a true pulse radar

which uses a pulse compression filter and range gated quadrature recei-

ver. Typical performance of this radar system is shown in Figures 45

through 51 shown below where a pulse compression ratio of 150:1 and

10 m2 target cross section area are assumed.

Figures 45 through 48 show the signal-to-noise ratio versus range

for various values of frequency and specific attenuation. From the

graphs of signal-to-noise ratio versus range, even with 20 dR/km

attenuation, a range between 1800 and 2600 meters can he expected. This

is about the same range as predicted with the single-ended CW system

with quadrature receiver for a comparable radar cross section. However,

this range is not as good as for the double-ended system.

Figures 49 and 50 show the probability of detecting a 1I m2 target

as a function of processed signal-to-noise ratios and radar range. As

with previous systems, a transmitted frequency of 94 GHz is assumed in

Figure 50, as well as, false alarm probabilities of 102, 10-6,

10-8, and 10-10 in both figures.
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Figure 45. Signal-to-noise ratio versus Range for the single-
ended pulsed radar system with pulse compression.
(x 0 dR/kin, a= 10 mz.

For unspecified system parameters, see Table I, p. 53.
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Figure 47. Signal-to-noise ratio versus Range for the single-
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For unspecified system parameters, see Table 1. p. 53.
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Figure 48. Signal-to-noise ratio versus Range for the single-
ended pulsed radar system with pulse compression.
a= 20 dB/km , a= 10 in2.
For unspecified system parameters, see Table 1, p. 53.
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For unspecified system parameters, see Table 1, p. 53.
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Finally, Figure 51 shows the range versus specific attenua-

tion for the pulsed radar with pulse compression. Using the same

probability of detection and probability of false alarm as in previous

systems requires a processed signal-to-noise ratio of 17.79 dB at the

output of the detector. All graphs presented in this section are

derived from the computer algorithm COMPRESS presented in Volume II.
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S. Effects of Rain Attenuation

As discussed in Section IV, it is possible to develop a computer

algorithm to compute the specific attenuation for a specified rain rate.

For this study, an exponential rain drop-size distribution given by

• Equation (97) and a routine to determine complex index of refraction

for liquid water is used (see Appendix A.) The rain water refractive

index is a function of temperature and frequency. Typical values of

the complex index of refraction for water at millimeter wavelengths are

shown in TABLE II below.

A computer subroutine for calculating specific attenuation can be

- applied to plot maximum range for any of the six systems discussed in

Section II as a function of rain rate. In this calculation, the atten-

uation is a function of temperature; however, the effects of temperature

on radar range is negligible. In the discussion presented here, graphs

* showing range as a function of rain rate will be given for each of the

systems of Section II with a temperature of 200C assumed.

S, The drop-size distribution is used as a subprogram. By changing

this subroutine, we can calculate extinction due to rain with other

expressions or empirical data for drop-size distributions. This is

P useful because smaller drops become very important in the millimeter

wave region so that the effect of drop-size distribution may be impor-

tant. In this thesis, the Marshall-Palmer exponential distribution [2]

is used exclusively. Also, it should be noted that the subroutine

works well for attenuation through fog when given an appropriate drop-

size distribution.
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TABLE II

Calculated Complex Index of Refraction of Pure Water
for Various Wavelengths and Temperatures

Complex Index of Refraction
Frequency (GHz) Temperature (M) n

35 0 4.032-j2.450
35 10 4.610-j2.673
35 20 5.200-j2.797
35 30 5.771-j2.799

94 0 2.810-jI.379
94 10 3.073-jl.653
94 20 3.359-jl.929
94 30 3.674-j2.191

140 0 2.575-j1.015
140 10 2.748-jl.254
140 20 2.929-Jl.514
140 30 3.131-J1.784

240 0 2.405-jO.635
240 10 2.496-jO.810
240 20 2.571-jl.018
240 30 2.645-jl.257
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Figure 52. Range versus Rain Rate for the double-ended system
with square-law detection. E/N= 10 dS and T- 20*C.
For unspecified system parameters, see Table 1, p. 53.
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Figure 53. Range versus Rain Rate for the single-ended system
with square-wave modulation and square-law detection.
Pd- 0-996, Pfa- 10-6,o 125 in2, and T- 200C.

For unspecified system parameters, see Table 1, p. 53.
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Figure 54. Range versus Rain Rate for the single-ended CW
system with a quadrature receiver. Pd= 0.99%.

t:4: P~fa' 10-6, an 125 ma, and T= 20*C.

LO For unspecified system parameters, see Table I, p. 53.
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Figure 55. Range versus Rain Rate for the single-ended pulsed
system with a quad~rature receiver. Pd= 0.995,

Pfa = 10-6, = 10 m , and T= 20 °C.

-I For unspecified system parameters, see Table I, p. 53.
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Figure 56. Range versus Rain Rate for the single-ended pulsed
radar with pulse compression. Pd= 0.995, Pfa= 10-6 ,
u= 10 m2 , and T= 20 'C.
For unspecified system parameters, see Table I, p. 53.

109

I| i......................- w- " ,- ""., ,t' '- .. ,, .' '' ,',-,,".,..



' -'

C

C)
C"

C)

C)
,.. f= 35GHz

L)C)

--D f=240 GHz
ICD

C)
C)

CE 0CcC)
CD

* C:)
Cr)

C)
C)
C)

* RRIN RRTE (MM/HR)

Figure 57. Range versus Rain Rate for the single-ended pulsed
source range gated radar employing post-detection
Integration. Pd- 0.995, Pfa- 10",a= 125 m2, and
T= 20 'C.
For unspecified system parameters, see Table I, p. 53.
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Figure 52 shows range as a function of rain rate and frequency for

the double-ended system with square-law detection of Section V.9.1.

Figure 53 shows range versus rain rate for the single-ended system

*with square-law detection discussed in Section V.9.2. Figure 54 displays

range versus rain rate for the single-ended CW system with quadrature

receiver system of Section V.9.3. Figure 55 shows range as a function

of rain rate for the single-ended pulsed system with quadrature receiver

discussed in Section V.8.5. Figure 56 gives range as a function of rain

rate for the single-ended pulsed radar with pulse compression discussed

in Section V.B.6. Finally, Figure 57 shows range as a function of rain

rate for the range gated radar of Section V.8.4. As expected, the

double-ended systems are less sensitive to the effects of rain because

the transmission path is only half as long as with the single-ended

systems.

C. Effects of Fog Attenuation.

Not only can we construct a model to predict radar range as a func-

tion of rain rate, we can also predict radar range as a function of

liquid water content in fog. As discussed in Section IV, a fog drop-

size distribution given by Equation (108) and a routine to calculate

complex index of refraction for liquid water is used.

Here, a computer subroutine was implemented to calculate specif-

ic attenuation of fog in terms of liquid water content. This attenua-

tion calculation can be applied to any of the five single-ended systems

discussed in before. However, here we choose to use the CW radar

system of Section ll.B.3 in order to compare with results presented in

part B of this section.
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L Figure 58. Range versus Liquid Water Content in fog for the
single-ended CW sys 9em with a uadrature receiver.
Pd- 0-995, Pfa= 10 , a=125m , and T= 20 *C.

For unspecified system parameters, see Table 1, p. 53.
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The fog drop-size distribution is used as a subprogram. By chan-

ging this subroutine, we could calculate attenuation due to fog with

other expressions or empirical data for drop-size distributions.

Figure 58 shows radar range for the CW system with quadrature re-

ceiver versus liquid water content of a fog. This graph shows frequency

as the parameter because temperature of water in the propagation path

does not significantly affect range. The temperature and frequency

dependence of the complex index of refraction of liquid water is shown

in Table I, as computed by the subroutine.

In general, notice that the radar range greatly decreases for in-

creasing liquid water content and frequencies in fog in an analogous

* manner as range decreases for increasing rain rates.

D. Conclusions.

Six transmission systems were examined for frequencies of 35, 94,

140, and 240 GHz. The first system examined was for propagation over

a one-way path. The remaining five instrumentation systems

measure reflected signals from a calibrated target. Each of the single-

single-ended systems employs a different method of signal detection.

It is found that the best range values under severe weather condi-

tions can be acquired with the double-ended propagation system. This

is true because the path over which the signal travels is only half

the length of the five radar systems and under severe conditions path

attenuation can be very large. As far as the single-ended systems are

concerned, the system with a CW signal and quadrature detector (Section

11.R.3) appears to give the best range performance under severe weather

conditions at millimeter frequencies.
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For an experimental transmissometer, the single-ended systems

have an advantage in that the range performance can be varied easily by

simply moving the calibrated target. Thus, it may be best to use a

radar system with a quadrature receiver. This type of instrumentation

is preferable because of the linear nature of the detector which works

extremely well for low signal-to-noise ratios at the input to the detec-

tor.

Finally, an examination of the effects of rain and fog attenuation

was presented in this chapter. The purpose was to show quantitatively

how range decreases as a function of increasing rain rate and increasing

liquid water contents of fog as a function of frequency and system con-

figuration.
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APPENDIX A

*% MODEL FOR COMPLEX INDEX OF REFRACTION

To calculate the attenuation parameter a, it is necessary to

develop an accurate model for the complex index of refraction of liquid

water as a function of frequency and temperature. An empirical model of

the complex refractive index of ice and liquid water has been performed

by Peter S. Ray [12] with corrections given by Falcone [13]. In general

this model is applicable from -20°C to O°C for ice and from -200 C to 50

*C for liquid water. Also, the model is found to he applicable for

wavelengths of 2um to several thousand kilometers in ice and from 2 um

* to several hundred meters for liquid water. In the presentation below,

a general discussion of Ray's model for both ice and water will be gi-

Z yen. However, for our work only liquid water will be required.

For this model, consider data given in terms of the complex rela-

tive permittivity, c=e'-je" where c' is the relative dielectric con-

stant and c" represents the effects of loss. These are related to the

complex index of refraction by e'=nr2 ni2  (Al)

co"= 2nrni • (A2)

*i Solving these two simultaneous equations gives

nr [j,+ e)2 + (e")2J1/2)1/2 (A3)

ni=e" (A4)

In these equations, nr represents the real part and ni represents the

imaginary part of the complex index of refraction (n-nr-Jni). For
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" water, the complex permittivity is a function of wavelength according to

-the Debye model
"' C' = Ej + (AS)

"(xsx) (A6)m +(As /X)f

" where ct is the high frequency dielectric constant, cs the static

*dielectric constant, and Xs the relaxation wavelength. The temperature

dependence of es is determined experimentally [12) as

cs = 78.54[ 1.0 - (4.579x1o 3)(T-25) + (1.19xl0-5)(T-25)2

-(2.8xln-8 )(T-25)3 ] (A7)

where T is given in degrees Celsius.

The equations used in the calculation for centimeter absorption are

an extension of the Debye theory, modified by a frequency independent

conductivity a=12.5664x108 mhos/cm. These equations are given as

1-a0
I = ci + (e-cj)[l+(X,/x) sin(aow/2)] (A8)

* 1+2 (XS/) '- "Osi n (a ylr/2 )+ ()s/X) z 
1 *-a0

and
1-*O

C"'= (53-ej)(xSI) cos( w/2) + O (A)I+2 (ks/kX) L-aosin (aOw/2)+(Xs/k)7TT"-ao"0 19.846l nl() IT1

where a0 is a spread parameter in the experimental measurement. The

parameters ei, ao, and As are solely a function of temperature and are

given by

= 5.27137 + 0.0216474T - O.00131198T2  (AlO)

a0 = -16.8129 + 0.0609265 (All)

* and r 2513.981
Xs = (3.3836xl1- 4 )e (A12)

where all wavelengths are in centimeters.
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The complex index of refraction is given by Equations (A3) and (A4)

when Equations (AO), (All), and (A12) are substituted into (A8) and

(A9). In general, the complex refractive index will then be of the form

n = nr-i ni (A13)

For ice, Equations (AR) and (A9) are still applicable, however, the

defining equations for ei, a0, Xs and a are different. Once again,

results are found experimentally as

-i = 3.168 (A14)

. =0.288 + 0.0052T + (2.3x10 4 )T2  (A15)

S-1.25x04
a 1.26e (A16)

1.32x0 4  1

X= 9.990288x0 5e (AI7)

and

s = 203.168 + 2.5T +0.15T2 . (A18)

Substitution of these last five expressions into Equations (A8) and

(A9), then into (A3) and (A4) gives an expression for the complex

refractive index of ice.

The FORTRAN computer program REFRAC shown in Volume II permits a

calculation of the complex index of refraction as a function of a given

temperature and variable wavelength. Figures Al through A4 show typical

results of the complex refractive index of liquid and ice water for

various temperatures. The scales for the refractive index were chosen

to make it easy to compare plots for water and ice directly with plots

given by Ray's article [121.
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APPENDIX R

PULSE COMPRESSION RADAR

For the transmission system under study, the transmitted signal is

of the form

f (t) =Acos[ 0) -T(t<T (Bi)

where *(t) is the phase angle of the transmitted frequency defined by

Cook [18) as

+(t) = wct+ut 2  (2

* and pi is a constant given by i=Aw/T=2 rAf/T. Therefore, the instantane-

ous frequency is a linear function

w = t~t = w~ut(83)

Qdt

We wish to determine a relation between input power and output

power of the pulse compression filter so that the signal-to-noise ratio

before detection can be defined. Using the method outlined by Cook,

let's consider a unity magnitude linear FM rectangular-envelope pulse

* compression (i.e., A=1) and assume the generalized compression filter

* transfer function is

H(wi) e (84)

Therefore, the pulse spectrum is given by the Fourier transform of f(t).

That is,

F(w) =f(t)e Wtdt (R5)
-00
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a,. so
T/2 2-j Wt

F~w f cos[cact+izt 2 e dt
-T/2 _

or

F(~ =1 /2 j [(wc-w)t+t 2] T/2 ejL(wc+w)t+iut2 d
7 /2 -T/2 I

(85)

Then, if we define

F+(w,eac.P) f e 7 e dt (86)
-T/2

and

T2 -j rct +pt _~
f e L7 e dt (R7)
-T/2

it follows that

F =w I[F+(w~wciv) + F_.(w,wc~ii)1 (B8)

However, notice that

* F.(w,wc~u) = F+(w,-wC,-i) (89)

F(w) = 1EF+(w~wc,p) + F+(wi,-toc.-p)j (Riol)

and

G(w) = F(w)H(w,p~) = 1[H(w~v)F+(w,wc.ii) + H(cw,i)F+(w,-,-ii)]. (811)

Therefore, the real time-varying output function becomes

2gl(t) V1H(w,)F+(w~wc~y)1 + 1*i-[H(W')F+(,-wc,_Viji

or
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g(t) = 191(t) + 1g2(t) • (R12)

We can examine both gl(t) and g2(t) separately in order to derive the

output function. 8y definition of the inverse Fourier integral

gl(t) = [H(wp)F+(wwc, j
cc j wt

"i = 1 f H((1.)F+(w.wc,)e

or
Go. i (*-w)2 T/2 " jcw~i ~tt

g(t)= I 2 T eJ[( W)tl+#t 2 ]dtl e dw
- -T/2

,.7

which can be rearranged as

J i ti2+wct+~ 2 2 4p~z
T/2 f 2PW

g (t)= 1 Te

x I eJ*["" (c+jtj-jit )LJ dtI

(813)

Now, using the substitution

u =-( }+Ptl-Pt) (814)

*we see rt2 wt+21
T/2 LF i[t 2+ci+2-

gl(t)= /P f e fe dti. (815)
-r -T/2

But, we can shgw

f e du = f[cosu 2+jsinu2ldu = e
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so that

T/ ir O IWC+t-j

g t= -T/2
i' . ~ ~~ore[-t+]

orj ct -p 2 +n T/2 j ttI
..,t) p - e dtl

;)..:gl ( )= -T/2

which reduces to jiitt 2 dt

gl(t)= 23[T/2]2  senttt(T/2) e T  (816)
-. jt (T/Z)

Now, let's perform a similar integration to find g2(t). Knowing

* g2(t)= -1IH(w,)F+(w,-wc,-p)]

-. 1 f H(ii)F+(w,-wc,-p)e dw
1 'so

912(t)= 1 f; e p e 7 e dw

TW -T/2

which can be rearranged to
T/2 -j [ut 12+ ctj 2 2 ( *pt .'it)21

g2(t)= 1 f e 1F- 2e i
T-T/2

-X.e dw dtj

(B17)

Now, using the substitution given in Equation (B14), we see

T/2 e-.j pt+wct 2- t -t21 -ju2

g2(t)= / 2'- L 2P j.f e du dtj. (818)
7iF -T/21I

But we can show

-ju2  06-jif e du = f [cosu2 -jsinu 2i du =/ e I (Rlq)
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so that

T/2 _j A1+ j2 (+tt-j) j
9/ 2(t) = /2'J' e[ 17 -2U ZUe Yw dtl1

-T. -T/2

or

j[ * * ijt2 T/2 jjjt

-T/2

which reduces to

g2(t) =[2idT/2] siaiT/ e) e (B20)
7r pt (T/2)

Upon substitution of Equations (B16) and (R20) into (912) gives

. g(t) 2,T/2]42'sint(Tl2) cosrwc-t 2+w] (R21)
ut (TI2) L

for the time-varying output function where p=2rAf/T is the swept-fre-

quency deviation. Figure 8 of this thesis shows the relationship

between the input and output waveforms of the pulse compression filter.

Since we previously assumed the input amplitude was unity, the

output-input peak power ratio is found hy squaring the amplitude of the

output pulse. This implies

P = 2p[T/2]2 = 2(2Af/T)ET/2]2 = TAf . (922)

The time function of the compressed pulse given by Equation (R21)

is recognized as having the familiar sincx envelope. The pulse width

is T=I/Af when measured 4 dR down from the peak amplitude. The spacing

between the first zeros of this envelope is 2/Af. The instantaneous

received frequency is a swept linearly (as was the transmitted fre-

quency), and the relative peak amplitude is .Ta-'as shown in Figure 8.

Use of these results gives an expression for the output-input peak power

raio in terms of the pulse compression ratio K,
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P K =T. (923)
T

Notice that the shape of the compressed pulse is of the form

sincx and not rectangular. Because of the high sidelobe levels, this

may not be the most desirable pulse waveform for some radar applica-

tions, however, it should be sufficient for our application of estima-

ting the effects of rain and fog.

The radar equation including losses before any signal processing

at the receiver Is given by Equation (13) for a single-ended transmis-

sion system. Therefore, using Equation (B23) gives an expression for

signal power as -2oR

Po = PtKgtGrLtL( OX2 10 (824)
v:-,(4w)3R '4

The pre-detection signal-to-noise ratio for the radar transmisso-

meter is -2a

S = PtGrLtLrX 2 10 .(825);" -9 (4w) 3R~kTnWF

If we consider a pulse compression radar with a quadrature receiver

system as in Section 11. 8.5, then the output signal-to-noise ratio can

be found from Equation (58) to be -2aR

E = PtKGtGrLtLrO.2Td~jf lO  (826)
S (4w)5RkToBF

This result is presented in Section II. R.6 for the pulsed source with

linear FM rectangular-envelope pulse compression.
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