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FOREWORD 

The study reported herein constitutes a portion of the National 

Aeronautics and Space Administration (NASA) Scientific Experiments 

Program for Advanced Orbital Spacecraft Missions (Manned). 
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planetary surfaces through the use of remote electromagnetic sensors 

operating in various portions of the spectrum. 

Certain elements of the NASA mission are closely related to the 

The broad 
. .  

u--- 

studies being conducted by the U. S. Army Engineer Waterways Ekperiment 
Station (WES) for the U. S. Army Materiel Command in furtherance of 
Department of Army Research Project No. 1-V-0-21701-A-046, "Traff icability 
and  Mobility Research." A cooperative effort was therefore initiated under 
the preliminary title, "Laboratory and Modeling Studies of Microwave and 

Radar Responses to Simulated Terrain." 

through NASA Defense Purchase Request No. R-25-04-001. The tests were 

conducted, with the facilities provided Sy the Research and Development 

Directorate of the Army Materiel Command at WES, during the period 

November 1964 through April 1965. 
NSR 17-04-003 was provided by Dr. R. K. Moore, University of Kansas, Uni- 
versity of Kansas Center for Research, Inc. 

finds were allocated to the WES 

Project coordination under NASA Contract 

The tests were conducted under the general supervision of Mr. W. J. 
Turnbull, Technical Assistant for S o i l s  and Environmental Engineering; 

Messrs. W. G. Shockley and S. J. Knight, Chief and Assistant Chief of the 
Mobility and Environmental Division; and Dr. D. R. Freitag, Chief, Army 
Mobility Research Branch. 

directed the study with the assistance of Dr. H. Nikodem and Messrs. J. R. 
Lundien and A. N. Williamson, Jr. This report was prepared by M r .  Lundien. 

Mr. B. R. Davis, Chief, Terrain Analyzer Section, 
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Col. Alex G. Sutton, Jr., CE, and Col. John R. O s w a l t ,  Jr., CE, 

 ere E r e c t o r s  of lES ciuring this  j-iivestigatioii and the prepara t ion  of' 

t h i s  repor t .  M r .  J .  B. Tiffany w a s  Technical Director .  
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SUMMARY 

Laboratory tests were conducted with radar sensors t o  de t ec t  t he  
presence of and measure t h e  depth t o  subsurface in t e r f aces  when t h e  surface 
w a s  bare,  and t o  determine the  i.nfluence of vegetat ion a t  various s tages  
of growth on radar responses. A secondary purpose w a s  t o  continue e a r l i e r  
s tud ie s  t o  r e l a t e  radar  re turns  and the e l e c t r i c a l  constants  they  pro- 
vided t o  moisture content and dens i ty  oi' samples. 

and d e n s i t i e s  and with various depths t o  a subsurface metal  p l a t e .  
pulsed radar sensors operating with frequencies of 297, 5870, 9375, and 
34,543 megacycles/sec and d i r ec t ed  a t  vari-ous angles of incidence t o  the  
surface w e r e  employed. 

pulsed radar  sensors can provide information t h a t  w i l l  permit an est imate  
of t he  moisture content  of deep, homogeneous s o i l  samples and the  de tec t ion  
of surface vegetat ion of various heights .  
covered s o i l  were more s i g n i f i c a n t l y  a l t e r ed  a t  Ka-,  X-, and C-band 
frequencies than a t  P-band frequencies.  However, standard pulsed radar 
sensors used monochromatically cannot provide information f o r  pred ic t ing  
depth t o  subsurface in t e r f aces  o r  f o r  d i r e c t l y  h d i c a t i n g  t h e  presence of 
a subsurface in t e r f ace .  

permit ted an a n a l y t i c a l  so lu t ion  t o  the problem of measuring depths of 
l aye r s  and l ed  t o  t h e  conclusion t h a t  properly designed radar systems could 
measure depths t o  subsurface in t e r f aces .  

Large laboratory samples were prepared a t  various moisture contents 
Standard 

The r e s u l t s  of t h i s  laboratory study ind ica te  t h a t  the  standard 

Radar s igna tures  of vegetat ion-  

The systematic manner i n  which s o i l  depths were var ied  i n  t h i s  study 

Three such systems are proposed. 

i x  



TERRAIN ANALYSIS BY ELFCTROMAGNETIC MEANS 

RADAR RESPONSES TO LABOWTORY PREPARED SOIL SAMPLES 

PART I: INTRODUCTION 

Background 

1. The National Aeronautics and Space Administration (NASA) i s  cur- 

r e n t l y  engaged i n  planning s c i e n t i f i c  payloads f o r  o rb i t i ng  spacecraf t  f o r  

lunar  and planetary exploration. Sensors t h a t  are being considered as 

L u i h l i G  vf c q k r z t t c ~  i ~ c 1 ~ 1 d e :  de tec tors  t o  measure infrared,  microwave, 

X-ray, and gamma-ray emittance; a c t i v e  radar and inf ra red  systems; multi- 

band photography; and gravi ty  gradient  systems. These sensors are expected 

t o  play a r o l e  i n  lunar and planetary exploration analogous t o  aerial sur- 
veys f o r  terrestrial  exploration objectives;  but before they can be used 

with success i n  an o rb i t i ng  spacecraf t ,  they must be thoroughly t e s t e d  and 

ca l ib ra t ed  on ear th .  

2. An ac t ive  radar system has some a t t r a c t i v e  advantages over other  

The p r inc ipa l  advantage i s  t h a t  types of sensors f o r  t e r r a i n  analysis .  

electromagnetic rad ia t ion  a t  rad io  frequencies can penet ra te  s o i l  surfaces 

and give ind ica t ions  of subsurface conditions and layer ing.  This informa- 

t i o n  i s  needed t o  assist i n  t h e  evaluation of surface and near-surface 

condi t ions f o r  t h e  landing of spacecraf t .  

Previous WES Invest igat ions 

3. The t e s t s  reported herein are p a r t  of a comprc.,,ensive program t o  

c o r r e l a t e  t h e  quant i ty  of electromagnetic energy r e f l ec t ed  a t  various f r e -  

quencies from samples with per t inent  s o i l  and vegetat ion physical  param- 

eters. 

electromagnetic sensors operating i n  t h e  near- and middle-infrared (0.76 t o  

12 micron) port ions of t h e  spectrum can be used t o  measure s o i l  parameters 

Laboratory inves t iga t ions  have been conducted t o  determine whether 

1 



for trafficability purposes. A report1* on investigations conducted using ’ 

active infrared sensors has been published, and a report on tests utiliz- 
ing a passive infrared sensing device is scheduled for publication soon. 

Laboratory investigations also have been conducted in the radar region of 

the spectrum using sensors operating at X-, C-, and P-band frequencies2 to 
determine the capabilities of these sensors for detecting the presence of 

and measuring the depth of surface water and depth to ground water. 

Purpose and Scope of Test Program 

4. The study reported herein was a continuation of the laboratory 
investigation of radar sensors, and involved tests utilizing an additional 

radar band (Ka), different materials (four soils and perlite), and vegeta- 

tion (wheat). The specific objectives of this study were to determine the 
ability of standard pulsed radar sensors operating under laboratory condi- 

tions in the Ka- (34,543 megacycles/sec), X- (9375 megacycles/sec), C- 

( 5870 megacycles/sec), and P-band (297 megacycles/sec) radar portions of 
the spectrum to: 

a. - Detect the presence of sample layers of various moisture 
contents, densities, and soil types, and measure depth of 
these layers. 

Measure the electrical properties of soils of various 
moisture contents. 

Measure the effect on a soil radar signature of a stand of 
wheat at various stages of growth. 

b. - 

- c. 

Current Investigations 

5. In addition to the studies reported herein, studies are being 
conducted to determine the capabilities of gamma-ray frequencies for de- 
lineating soil type and soil moisture content. 

conducted to determine the amount of power transmitted through vegetation 
samples using radar frequencies. 

Also,  studies are being 

* Raised numbers refer to similarly numbered items in Literature Cited 
following the main text of this report. 

2 
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Definitions 

6. Certain terms used in this report are defined below. 

Angle of incidence 

Antenna gain 

Attenuator 

Back-to -back 

Band 

Bores ight 

Decibel (ab) 

dbm 

Delay line 

Depth-of - 
penetration test 

Dielectric 
constant 

Directional 
coupler 

The angle between the normal to the surface at the 
point of incidence and the line of propagation 
approaching the surf ace. 

For a directional antenna, the average of the power 
radiated through the half-power angle of the antenna 
divided by the power radiated in the direction of 
maximum radiation by a half-wave dipole. 

A device that reduces the mplitude of an electrical 
signal without introducing appreciable phase or 
frequency distortion. 

A circuit connection in which a portion of the 
t ransmrt+ed r2.d-ar s i_ra1  i s  f 4  directly into the 
receiver. This connection is used in calibration 
of the radar system. 

A range of radio frequencies of specific limits 
designated by a letter; e.g. C-band includes fre- 
quencies from 3900 to 6200 megacycles/sec. 

Alignment of the transmitting and receiving antennas 
so that their patterns overlap on the sample 
surf ace. 

A means for expressing the intensity of electric 
or acoustic signal power. The power intensity in 
decibels is equal to 10 times the common logarithm 
of the ratio of two mounts of power. The abbrevia- 
tion db is commonly used. 

Decibel referred to one milliwatt. 

A real or artificial transmission line or equivalent 
device designed to delay a signal or wave for a 
predetermined length of time. 
A test in which power reflected from the test sample 
at vertical incidence is measured as layers of the 
sample are removed. 

That property of a material that determines the elec- 
trostatic energy stored per unit volume for unit 
potential gradient; synonymous with permittivity. 

A device that splits the input signal into two out- 
put signals. Both output signals, one being much 
larger than the other, are proportional to the input 
signal . 

3 



Lobe 

Magnetron 

Microwaves 

Normalized echo 

Power received 

area 

Power ref lectance 

Power returned 

Pulse 

Pulsed radar 

Pulse width 

Receiver gain 

Ref lec t iv i ty  

Relat ive d i e l e c t r i c  
constant 

Saturat ion 

Side lobe 

Signature t e s t  

One of t h e  three-dimensional, rounded o r  elongate 
port ions or  sect ions of t he  r ad ia t ion  pa t t e rn  of 
an antenna. 

A t ransmit t ing tube t h a t  generates microwave energy. 
A tunable magnetron can be var ied in%frequency over 
a l imited range. 

Radio waves t h a t  a r e  so shor t  they exhib i t  some of 
t h e  proper t ies  of l i g h t .  

A measure of t h e  t es t  sample power gain i n  the d i -  
r ec t ion  of t h e  antennas. 

The amount of power ( w a t t s  or dbm) t h a t  i s  inc ident  
on the receiving antenna. 
from power received i n  t h a t  returned power r e f e r s  t o  
the  s i t u a t i o n  a t  t h e  sample and received power refers 
t o  the s i t u a t i o n  a t  the radar  receiver .  

The r a t i o  of power returned t o  incident  power. 

The amount of power ( w a t t s  or dbm) that  i s  r e f l ec t ed  
by the  sample and returned t o  the receiving antenna. 
(See d e f i n i t i o n  of "power received'' above. ) 
A n  abrupt change i n  voltage,  e i t h e r  pos i t i ve  or  
negative with respect  t o  a reference,  that  conveys 
information t o  a c i r c u i t .  This change i s  character-  
ized by a rise and decay of a f i n i t e  durat ion.  

A radar system i n  which t h e  t ransmit ted s i g n a l  con- 
sists of a series of pulses  of microwave energy. 

The t i m e  i n  seconds of the dura t ion  of t he  pulse  
measured between t h e  half-power poin ts  of t h e  pulse .  

An adjustment i n  t h e  rece iver  t h a t  allows changes t o  
be made i n  t h e  amplif icat ion of t h e  input  s igna l .  

The r a t i o  of the r e f l ec t ed  e l e c t r i c  f i e l d  i n t e n s i t y  
at t h e  surface divided by t h e  inc ident  e l e c t r i c  f i e l d  
in tens i ty ;  a l s o  ca l l ed  r e f l e c t i o n  f ac to r .  

The r a t i o  of the d i e l e c t r i c  constant  of a material t o  
t h a t  of a vacuum. 

A c i r c u i t  condition f o r  which an increase  i n  t h e  d r iv -  
ing or  input s i g n a l  no longer produces a change i n  
the  output. 

A port ion of t h e  beam from an antenna o ther  than t h e  
main lobe. It i s  usua l ly  much smaller than t h e  main 
lobe. 

A test  i n  which r e f l e c t e d  power from t h e  t e s t  sample 
i s  measured as t h e  t ransmi t t ing  and rece iv ing  systems 

Power returned d i f f e r s  

4 



a r e  moved through a range of incidence angles from 
0 t o  60 deg. 

The energy coming from a sample due t o  f i r s t - s u r f a c e  
phenomena only. Surface re f lec tance  r e f e r s  t o  t h e  
r a t i o  of f i r s t - su r face  r e f l e c t i o n  t o  inc ident  energy. 

Surface r e f l e c t i o n  

Trigger A pulse t h a t  ac t iva t e s  a c i r c u i t  or starts ac t ion  i n  
another c i r c u i t  which then functions f o r  a c e r t a i n  
length of t i m e  under i t s  own control .  

5 



PART! 11: ‘EST FACILITSI, W A R  Sk‘STZIvi, MD CALIBRATION PROCEDURES 

Radar Test F a c i l i t y  

General c h a r a c t e r i s t i c s  

7 .  The radar sets used i n  these  s t u d i e s  are i n s t a l l e d  i n  t h e  t e s t  

f a c i l i t y  shown i n  f i g .  1. The p r i n c i p a l  p a r t s  of t h e  f a c i l i t y  are t h e  

F ig .  1. R ? h r  test fac3i l i ty  

wooden arch s t r u c t u r e ,  t h e  antenna carriar:e, and the  instrument room. I i ’ i t ; .  I 

a l s o  shows t h e  c a r t  t h a t  conta ins  2 s o i l  saimpl-e whose r e f L e c t i v i t y  ck1:tracter- 

i s t i c s  a r e  t o  be measured, anti microwavc-nbsorbcnt m:Ltt~rinl tli:tL i uscd to 

recluce extraneous s i p a l s  from t h e  a rea  surrounding t h e  s o i l  

c a r t  i s  located i n  t h e  cen te r  of the Trch and i s  mounted on :i. hycir?ulic 

l i f t  (no t  shown) t h a t  i s  used t o  a1i;y t h e  s o i l  c a r t  p rope r ly  r e l a t i v e  t o  

t h e  antennas. 

Wooden arch s t r u c t u r e  

rnrt .  The s o i l  

8. A wooden, open-end, 50 - f t - r ad ius  a rch  44 ft i n  length  i s  t h e  

main s t ruc tu re  of the  t e s t  faci l i1 ,y .  wooti was used i n  t he  coristruc%ion 



wherever poss ib l e  t o  reduce spurious radar r e f l e c t i o n s .  A t rack-pul ley-  

cable  assembly i s  a t tached  t o  t h e  underside of t h e  two cen te r  supporting 

arches t o  permit movement of t h e  antenna ca r r i age .  

Antenna ca r r i age  

9. The antenna ca r r i age  system i s  shown i n  more d e t a i l  i n  f i g .  2. 

Fig.  2. Antenna ca r r i age  system 

The major po r t ions  of each of t h e  radar s e t s  a r e  mounted on this  ca r r i age  

assembly. A t r a n s m i t t i n g  antenna and a rece iv ing  antenna f o r  each of t h e  

r a d a r  bands a r e  mounted on t h e  f r o n t  of t h e  c a r r i a g e  as shown i n  f i g .  2, 

while t h e  t r a n s m i t t e r  and po r t ions  of t h e  r ece ive r  s ec t ions  a r e  mounted i n  

an environment-control chamber on t h e  back of t h e  c a r r i a g e .  This chamber 

e l imina te s  t h e  e f f e c t s  of environmental changes on r ada r  opera t iona l  charac- 

t e r i s t i c s  by maintaining a cons tan t  temperature and humidity. 

system i s  capable of t r a v e r s i n g  a 105-deg segment of t h e  arch s t r u c t u r e  

from h o r i z o n t a l  t o  15 deg p a s t  v e r t i c a l .  

systems t o  c o l l e c t  r e f l e c t i v i t y  and r e rad ia t ion  d a t a  from f ixed  samples 

a t  a number of a spec t  angles.  

Instrument  room 

10. 

The ca r r i age  

This arrangement allows t h e  r ada r  

The instrument room contains (a )  the  a m p l i f i e r ,  video d e t e c t o r ,  

7 



range gate delay line, boxcar detector, log converter, and recorder por- 

tions of each u r  the radar band's receiver sections (decribed later), 
(b) power supplies for the radar sets, and ( e )  the test control console 

(fig. 3). Using the test control console, the operator can (a) control 

Fig. 3. Test control console 

power to all radar sets, (b) select the radar band that he wishes to op- 

erate, (c) adjust the gain of the receiver, (d) adjust the frequency of the 
local oscillator, (e) monitor the video output pulse and range-gating pulse 

by means of an oscilloscope, (f) adjust the range-gate delay line, and 
( 6 )  monitor the data results being recorded on an X-Y recorder. 

Radar Sets 

General characteristics 

11. A multifrequency pulsed radar system capable of measuring re- 
flectivity characteristics of terrain specimens at various angles of in- 

cidence was used in this study. 

operating independently but not simultaneousu at the following frequencies: 

(a) Ka-band at 34,543 megacycles/sec, (b) X-band at 9375 megacycles/sec, 
( e )  C-band at 5870 megacycles/sec, and (d) P-band at 297 megacycles/sec. 
Operational characteristics 

The system is composed of four radar sets 

12. The principal components of a typical radar set used in these 

studies are illustrated in the signal flow diagram shown in rig. 4. 
radar set comprises two major subassemblies, i.e. the transmitter and 

Each 
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rece iver  sect ions.  The purpose of t he  t ransmi t te r  sec t ion  i s  t o  generate 
a radar  s igna l  t h a t  i s  t ransmit ted toward the sample being inves t iga ted .  

A por t ion  of t he  radar  s i g n a l  r e f l ec t ed  by the  sample i s  received by t h e  

rece iver  section, which processes t h i s  s igna l  and d isp lays  it i n  a usable  

form, such as a graph of t h e  change i n  radar  s i g n a l  re turned versus change 

i n  the  angle of incidence.  Details of how these  various funct ions a r e  

performed a re  presented i n  the  following paragraphs. 

13. Pulse r e p e t i t i o n  frequency (PW) generator.  When an a rea  i s  

being scanned by a pulsed radar  system, a s u f f i c i e n t  number of pulses  of 

radar energy must be t ransmit ted by the  system f o r  each small increment 

of dis tance t rave led  by t h e  antennas t o  ensure continuous monitoring of 

t he  r e f l e c t i v i t y  c h a r a c t e r i s t i c s  of t he  t e r r a i n .  The PRF generator i s  

the  component i n  a pulsed radar  system t h a t  cont ro ls  t h i s  r a t e  of t r a n s -  

mission. In  laboratory radar  systems, t he  PRF i s  not a c r i t i c a l  f a c t o r  

s ince  t h e  antennas move slowly. For these  s tud ie s ,  t h e  PRF generator was 

a r b i t r a r i l y  adjusted f o r  approximately 1800 pulses  per  see.  

t h i s  generator, which i s  a 200-volt pos i t i ve  pulse produced a t  a r a t e  of 

1800 pulses per sec, i s  used t o  t r i g g e r  t he  modulator por t ion  of t he  radar  

t ransmi t te r .  

The output of 

14. Modulator. For each 200-volt pos i t i ve  pulse  received from the  

One output i s  PRF generator, t he  modulator produces two output vo l tages .  

a radar  t r i gge r  pulse used i n  the  rece iver  s e c t i o n ' s  boxcar de t ec to r  t o  

sample spec i f ic  t i m e  increments of t he  received pulse  ( s e e  paragraph 23 
f o r  d e t a i l s ) .  

pulse  width f o r  each of t h e  radar  bands as follows: 

The o ther  output i s  a 10,000-volt negative pulse  with a 

Radar Band Pulse Width, microsec 

K a  0.31 

C 0.50 

P 0.82 

X 0.54 

15. Signal  o s c i l l a t o r .  The 10,000-volt negative pulse  t r i g g e r s  t he  

s igna l  o s c i l l a t o r  which i n  tu rn  generates a pulse  of microwave energy a t  a 

f ixed  tuned frequency (paragraph 11). The K a - ,  X - ,  and C-band radar  s e t s  

10 



' u t i l i z e  nontunable magnetrons as s ignal  o s c i l l a t o r s ,  whereas the  P-band 

The s igna l  o s c i l l a t o r  radar set uses a ceramic t r i o d e  tube o s c i l l a t o r .  

emits microwave energy f o r  a period of time equivalent t o  t h e  pulse width 

of the modulator output.  The power l eve l  of t he  output microwave energy, 

which i s  determined by the  design of the s igna l  o s c i l l a t o r ,  i s  as follows 

f o r  each of t h e  bands used: 

Radar Band Average Pulse Power, w a t t s  Average Pulse Power, dbm 

K a  10,000 70.0 

X 6,026 67.8 
C 72 48.6 
P 52 47.2 

16. Transmitter var iab le  a t tenuator .  The microwave energy pulse 

emittea ~y t h e  s igna l  o s c i i i a i o r  i s  iniruduceci i r i i u  i'ric L . a i i b l u i L L i u g  

antenna through a var iab le  a t tenuator .  

reduce t h e  t ransmit ted power l e v e l  i n  such a way t h a t  the l e v e l  of energy 

received by t h e  rece iver  sec t ion  can be processed i n  a usable form. 

This a t tenuator  i s  adjusted t o  

17. Transmitting antenna. After passing through the var iab le  a t -  

tenuator ,  t h e  pulse of microwave energy i s  propagated i n t o  space by means 

of a parabol ic  antenna tha t  i s  boresighted toward t h e  center  of the  top 

s?;rface =f the  z , a p l ~ *  !*,&e= t h e  t r a n s m i t t e d  vai.rp s t r i k e s  t h e  sample, R. 

por t ion  of the microwave energy is  re f lec ted  toward t h e  receiving antenna. 

18. Receiving antenna. The parabolic receiving antenna, which i s  

a l s o  boresighted toward the  center  of t h e  top  surface of t h e  sample, 

c o l l e c t s  a port ion of the r e f l ec t ed  microwave energy and passes it through 

a va r i ab le  a t tenuator  i n  the receiver sect ion.  

19. Receiver var iab le  a t tenuator .  The funct ion of t h i s  var iable  a t -  

tenuator  i s  i d e n t i c a l  w i t h  t h a t  o f  the a t tenuator  used i n  the  t ransmi t te r  

s ec t ion  (paragraph 16), except t h a t  here the  received microwave energy i s  

reduced t o  a l e v e l  t h a t  w i l l  no t  sa tura te  t h e  rece iver  sect ion.  I n  normal 

p r a c t i c e  t h e  a t tenuator  i n  the  t ransmit ter  sec t ion  i s  adjusted so that  t h e  

m a x i m u m  amount of power permissible i s  t ransmit ted toward the sample with 

t h e  rece iver  a t tenuator  range avai lable .  

by t h e  r e f l e c t i v i t y  of the sample and the  a t t en tua t ion  range of the 

r ece ive r  sec t ion  a t tenuator .  

This maximum l e v e l  i s  determined 
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20. Crystal  mixer. Frequencies as  high as those used i n  radar  trans- '  
mission ( i . e .  9375 megacycles per  sec f o r  X-band) cannot be processed 

through standard e lec t ronic  wiring and amplif ier  tubes.  Wave guides must 

be used t o  route the  high-frequency s igna ls  e f f i c i e n t l y  from one point  t o  

another. To simplify the  processing of these  radar s igna ls ,  t he  c r y s t a l  

mixer reduces the  frequency of t he  received radar energy. It does t h i s  

by mixing the frequency of t he  received s igna l  with the  output of t h e  l o c a l  

o s c i l l a t o r ,  which i s  tuned t o  produce a s igna l  having a frequency 60 mega- 

cycles per  sec higher than t h a t  of t he  received s igna l .  The output f r e -  

quency of the c r y s t a l  mixer i s  the  d i f fe rence  between the  frequency of t he  

received s ignal  and the  frequency of the  l o c a l  o s c i l l a t o r .  The following 

tabula t ion  gives the  input and output frequencies of t he  c r y s t a l  mixers 

f o r  each of t he  radar bands used: 

Frequency of Frequency of Local Output of 
Received Signal Osc i l l a to r  Signal  Crystal  Mixer 

Radar Band megacycles/sec megacycle s/sec m e  gac yc l e  s/s e c 

K a  347 543 347 603 60 

X 97 375 9 7  435 60 

C 5 7 870 57930 60 
P 297 357 60 

21. Amplifier. The input from t h e  c r y s t a l  mixer t o  t h e  amplif ier  i s  

l a pulse having a frequency of 60 megacycles per  sec,  an amplitude propor- 

t i o n a l  t o  tha t  of t he  energy received, and a time durat ion proport ional  t o  

t h a t  of the t ransmit ted s igna l .  

s igna ls  having a frequency of approximately 50 t o  70 megacycles per  sec,  

amplif ies  the 60-megacycle-per-see s i g n a l  input  and passes  it on t o  t h e  

video detector  port ion of t h e  rece iver .  

~ 

The amplif ier ,  which i s  tuned t o  receive 

22. Video de tec tor .  The video de tec to r  r e c t i f i e s  t h e  60-megacycle- 

per-sec frequency s igna l  input i n t o  a d-c pulse  proport ional  t o  the  ampli- 

tude of the input  s igna l  and appl ies  t h i s  pulse  t o  the  boxcar de t ec to r .  

23. Boxcar de tec tor .  The boxcar de tec tor  has two inputs  as follows: 

( a )  the  s igna l  from the  video de tec tor ,  and ( b )  a range ga te  t h a t  i s  pro- 

duced by passing the radar t r i g g e r  through a delay l i n e .  

these  inputs a r e  present a t  the  same t i m e ,  t h e  boxcar de tec tor  has no 

Unless both of 
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‘output .  When both inputs  are present  a t  the  same t i m e ,  t h e  output of t he  

boxcar detector  i s  a d-c voltage proportional t o  t he  amplitude of the  de- 

tec ted  video pulse t h a t  i s  coincident with the  range ga te  ( see  f i g .  5). 

PORTION OF VIDEO PULSE PASSED 
BY BOXCAR DETECTOR 

VIDEO PULSE 

RANGE GATE 
w 
0 a 
5 
9 

1 

(RANGE GATE PULSE WIDTH 
2 0  NANOSEC) 

TIME 

Fig. 5.  Boxcar de tec tor  inputs;  voltage versus time 

The range gate  can be adjusted t o  coincide with any port ion of t he  video 

pulse .  

modulator port ion of t h e  t ransmi t te r  section a t  the  same time t h a t  the  

s i g n a l  o s c i l l a t o r  i s  t r iggered  t o  transmit a s igna l  toward the  sample. 

I n  order t o  pass the  detected video s igna l  from t h e  sample through the  

boxcar de tec tor ,  t he  range ga te  must be delayed by a period of time 

equivalent  t o  the  time t h a t  it takes the transmitted s igna l  t o  t r a v e l  

from t h e  t ransmit t ing antenna through space t o  t h e  sample, and back through 

space t o  the  receiving antenna. 

pulse  t o  t r a v e l  through space t o  and from the  sample i s  computed as follows: 

The t r i g g e r  t h a t  produces t h e  range gate  i s  generated by the  

The time required f o r  t he  transmitted 

2R T = -  
C 

where 

T = time required,  sec 

R = dis tance  from antenna t o  sample, m 

c = speed of electromagnetic waves through air ,  m/sec 



With the  t e s t  f a c i l i t y  used i n  these  s tud ie s ,  R equals 13.7 m and T i s  * 

computed as follows: 

-a T = 9 x 10 see 

T = 0.09 microsec 

The range gate  i s  adjusted so t h a t  it i s  coincident with the  por t ion  of the  

video pulse t h a t  represents  a time delay of 0.09 microsec from the  time 

the radar s igna l  i s  propagated by t h e  t ransmi t t ing  antenna. 

mainder of t he  video pulse  shown i n  f i g .  5 i s  a combination of (a) r e f l ec -  

t i ons  from objec ts  other  than the  sample and (b) r e f l ec t ions  from the  sample 

due t o  the  t r a i l i n g  edge of the  t ransmit ted pulse .  

A l l  of the  re-  

24. Log converter.  The l o g  converter receives  the  d-c s igna l  from 

the boxcar de t ec to r  and converts it t o  a logarithmic output vol tage.  This 

permits compression of the  high-energy-level s igna l s  received a t  v e r t i c a l  

incidence and expansion of the  low-energy signals received o f f  v e r t i c a l  

incidence. This i s  necessary because the  r e tu rn  signal off  v e r t i c a l  i n c i -  

dence i s  of such a low l e v e l  t h a t  any changes i n  the  quan t i ty  of r e f l e c t e d  

energy due t o  changes i n  sample parameters w i l l  be only s l i g h t ,  and these  

changes must be amplified i f  the  data a r e  t o  be of any value. 

25. Recorder. The output of the  l o g  converter  i s  recorded by the  X-Y 

recorder as a f’unction of the  radar energy r e f l ec t ed  from the  sample versus 

the  angle of incidence.  

System Cal ibra t ion  

C a l i b r a t i o n  of X-Y recorder 

26. A s  s t a t e d  i n  paragraph 25, v a r i a t i o n s  i n  t h e  quant i ty  of radar 

energy re f lec ted  by t h e  samples were recorded on an X-Y recorder .  To i n -  
t e r p r e t  the recorder de f l ec t ions  i n  terms of a c t u a l  power received, t h e  

recorder  had t o  be ca l ib ra t ed  for each of t h e  radar bands by i n s e r t i n g  known 

amounts of radar power i n t o  t h e  rece iv ing  system and measuring the  r e s u l t i n g  

14 



voltage output on the  X-Y recorder.  

power (average pulse  power) of each radar t r ansmi t t e r  w a s  ca lcu la ted  by 

dividing the  measurement obtained w i t h  a standard power meter (average 

power) by the  product of t he  pulse w i d t h  taken a t  half-power points  and 

the  pulse- repe t i t ion  frequency. Next, t h e  t r ansmi t t e r  and receiver  were 

coupled back-to-back as shown i n  f i g .  6.  With t h e  equipment connected 

i n  t h i s  manner, t h e  energy being received by the  rece iver  sec t ion  came 

To accomplish t h i s ,  t he  t ransmit ted 

. 

DIRECT I ON A L  TRANSMITTING TRANSMITTER 

RECEIVING 
ANTENNA 

Fig.  6. Radar s e t s  connected back-to-back 

d i r e c t l y  from t h e  t r ansmi t t e r  through a d i r e c t i o n a l  coupler instead of 

being received through t h e  receiving antenna. Attenuation was  then 

added between t h e  t r ansmi t t e r  and receiver  by means of t h e  var iab le  

a t t enua to r s  (paragraphs 16 and 19) u n t i l  t h e  power l e v e l  being received 

r e su l t ed  i n  a minimum reading on t h e  recorder. 

w a s  removed i n  ca re fu l ly  measured increments u n t i l  t h e  rece iver  became 

sa tu ra t ed  and f u r t h e r  increases  i n  power did not r e s u l t  i n  an increase 

i n  recorder  de f l ec t ion .  

a t t enua t ion  value of each of t he  var iable  a t tenuators  w a s  recorded 

along with t h e  corresponding recorder def lect ion.  

it w a s  necessary t o  go through t h e  ca l ib ra t ion  procedure period- 

i c a l l y  (paragraph 28) .  

of t h e  radar sets i n  the  f i r s t  t h ree  columns of table 1. 

Next, t h e  a t tenuat ion  

Throughout t h i s  c a l i b r a t i o n  procedure, t h e  

To ensure accuracy, 

Typical ca l ib ra t ion  recordings a r e  given f o r  each 

27. The power received PR t ha t  corresponded t o  each of the recorder 

d e f l e c t i o n  values w a s  ca lcu la ted  and p lo t ted  versus recorder def lec t ion  t o  



for each recorder deflection pR provide a receiver calibration curve. 

was found by subtracting all power losses between the transmitter and 

receiver from the transmitted power. 

losses of the directional coupler and the coaxial cable and to the losses 

due to the variable attenuators. Therefore, PR for a given recorder 

deflection was calculated using the following equation: 

These losses were due to the fixed 

P = P - (DC + CC + TA + RA) R T  

where 

PR = power received, dbm 

PT = power transmitted, dbm 

DC = loss in directional coupler, db 

CC = loss in coaxial cable and wave guide, db 

TA = loss due to the transmitter attenuator, db 

RA = loss due to the receiver attenuator, db 

The loss for each item was defined as: 

The fixed losses are given below. 

loss = 10 log (power in/power out). 

Radar band DC, db CC, db 
Ka 20.0 0.0 

X 9.2 4.0 
C 20.0 3.8 
P 20.0 1.7 

Calculated values for 

plots of the resulting calibration curves are illustrated in plate 1 
for each of the radar sets used. 

PR are given in the last column of table 1, and 

Daily calibration checks 

28. To maintain system accuracy, a regular calibration check was 
performed. 

tion and again in the evening at the end of operation, each of the radar 

receivers was coupled back-to-back with its respective transmitter. 

Twice each day, once in the morning at the beginning of opera- 

A 
standard amount of attenuation was inserted, using the variable attenua- 

tors between the transmitting and receiving units, and the transmitter was 
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' turned on. The output vol tage of t he  receiver r e su l t i ng  from the  input 

power of t he  t ransmi t te r  was monitored on the  X-Y recorder .  

t he  output power of t he  t ransmi t te r  and subt rac t ing  a l l  subsequent power 

losses  between the  t ransmi t te r  and receiver,  the  mount  of power reaching 

t h e  receiver  could be calculated.  This value w a s  compared with the  one 

obtained by converting the  output voltage of the  rece iver  t o  power by use 

of t he  receiver  ca l ib ra t ion  curve shown i n  p l a t e  1. 

changes i n  the  system were detected and corrected.  

By measuring 

I n  t h i s  way, any 

29. It was rea l ized  t h a t  i n  s e t t i n g  up the  system each day there  

would be a c e r t a i n  amount of human error. 

e n t  f l uc tua t ion  i n  the  radar systems was t o  be expected. Therefore, as 

soon as a s u f f i c i e n t  number of da t a  points were ava i lab le ,  t h e  mean devia- 

t i o n  of t h e  da i ly  readings from the  values obtained during t h e  ca l ib ra t ion  

of t h e  X-Y recorder w a s  calculated and confidence limits were establ ished 

f o r  t h e  ca l ib ra t ion  check. These confidence l i m i t s  were used t o  a sce r t a in  

i f  t h e  system w a s  functioning properly. I f  t he  value obtained from the  

d a i l y  check w a s  between these  confidence l i m i t s ,  t h e  system w a s  considered 

t o  be functioning s a t i s f a c t o r i l y .  If the  value f e l l  outs ide these l i m i t s ,  

t h e  operator  f i r s t  checked t o  ascer ta in  i f  t he  system w a s  set up properly, 

Also, a c e r t a i n  amount of inher-  

a d  secijnd , checked ;or a j ; a t e ~  i i idfuactloris.  I f  ~ G Y I  checks were posi  Live, 

t h e  system w a s  assumed t o  have d r i f t e d  due t o  aging of components and it 

was reca l ib ra t ed .  I n  t h i s  way, t h e  da i ly  ca l ib ra t ion  check not only moni- 

to red  system accuracy, but a l so  gave a convenient ind ica t ion  of the  proper 

t i m e  t o  r e c a l i b r a t e  each of t he  radar  systems. 

30. The d a i l y  checks revealed tha t  t he  mean deviat ions of the  

measured values of P using a l l  data points ,  of t h e  Ka-,  X-, C- ,  and 

P-bands were - +2.6 dbm, - +0.7 dbm, - +1.8 dbm, and - +1.0 dbm, respect ively.  

The average differences between t h e  -two daily readings, again using a l l  

data poin ts ,  were 0.4 dbm f o r  Ka-band, 0.2 dbm f o r  X-band, 0.1 dbm f o r  C -  

band, and 0.2 dbm f o r  P-band. 

R '  



PART 111: TEST PROGRAM 

Types of Tests 

31. The test program consisted of using a multifrequency pulsed 

radar system operating in the Ka-, X-, C-, and P-band regions of the 
spectrum to measure and record the proportion of transmitted radar enera 
that was reflected from samples prepared in the laboratory. 

which incidence angle was varied (signature tests) were used to determine 

the feasibility of measuring sample moisture content of bare and 

vegetation-covered soil. 

(depth-of -penetration tests ) were used to measure sample moisture content 
and density, and the penetration capabilities of the various frequencies. 

Tests in 

Tests in which the sample depth was varied 

Materials Tested 

32. Five materials were used in this test program, i.e. four soils 

(Sharkey clay, Richfield silt loam, Putnam silt loam, and Putnam clay) and 

perlite. The source, classification under the Unified Soil Classification 

System (USCS) and U. S. Department of Agriculture (USDA) classification 
systems, specific gravity Gs , average Atterberg limits, and gradation 
for all four soils are shown in plate 2. 

material is contained in Appendix A. 
stand of wheat was tested at various stages of growth. 

A detailed description of each 

In addition to these materials, a 

Preparation of Samples 

Sample container 

33. A cross section of the test cart in which the samples were pre- 
pared is shown in fig. 7. 
long, 6 ft wide, and 2 ft deep. The walls of the cart were constructed in 

4-in. vertical segments to facilitate removal of layers of the sample dur- 
ing the depth-of-penetration tests, 

The cart was constructed of wood and was 12 ft 
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4,’ THICK SIDEBOARD SAMPLE 

METAL PLATE 

Fig. 7. Cross section of test cart 

Soil samples 

34. In the construction of the soil samples, a conductive metal 

plate of the inside areal dimensions of the cart was placed on the bottom 

of the test cart (see fig. 7). 
up to the height of 2 ft, using the &-in. sideboards. 

with s o i l  in at least two lifts, and the soil was compacted with a 

pneumatic-tired roller after each lift was placed. 
five lifts were used so that the dry density and moisture content could be 

kept uniform throughout the sample. Moisture content and dry density were 

measured at intervals during the constmction of the sample to enslire uni- 

formity. No attempt was made to obtain a specific density, but the 
moisture content was varied from sample to sample over a range of values 

for each soil type. 

The sides of the test cart were then built 

The cart was filled 

Sometimes as many as 

35. Usually each soil sample consisted of one type of soil; however, 

a slightly different procedure was used to construct samples of F’utnam silt 

overlying Putnam clay. 

normally covers a subsurface layer of Putnam clay, and the test samples 

were constructed to simulate this condition. After the metal plate was 
positioned on the bottom of an empty cart, a layer of Putnam clay 13.5 in. 

In nature, a surface layer of Putnam silt loam 

deep at a moisture 

cart. An ll.5-in. 
content was placed 

of the soil in the 

content of approximately 45 percent was placed in the 
layer of Putnam silt loam at the desired test moisture 

on top of the clay. This brought the total thickness 

cart to 25 in. 



P e r l i t e  samples 

36. The process used f o r  construction of p e r l i t e  samples w a s  much 

no water was added t o  t h e  same as t h a t  f o r  t h e  s o i l  samples except t h a t  

t h e  samples, nor were they compacted. 

bottom of the  test  cart, t h e  s ides  were b u i l t  up t o  t h e  height  of 2 f t ,  

and t h e  ca r t  then was f i l l e d  with p e r l i t e .  The desired dens i ty  w a s  ob- 

ta ined by mixing a volume of unexpanded p e r l i t e  (at  6 1  pc f )  w i t h  a volume 

of expanded p e r l i t e  (a t  10 pcf ) .  

A metal p l a t e  was placed on the 

The following proportions were used: 

Sample Expanded Unexpanded 
Density P e r l i t e  P e r l i t e  

L 
- -  

PCf L 
10 100 

20 80.4 19.6 
30 60.8 39.2 
40 41.1 58.9 

Wheat-covered sample 

37. A sample of Richfield s i l t  loam a t  20.0 percent moisture content 

was constructed as described i n  paragraph 34 and was seeded with wheat. 

During t h e  next six months, a t h i c k  growth w a s  produced on the sample by 

per iodic  watering and by exposure t o  the weather. This, of course, w a s  

necessary t o  ensure the  growth of t h e  wheat, but  unfortunately it a l s o  pro- 

duced f luc tua t ions  i n  the  moisture content of both the wheat and t h e  s o i l .  

The s o i l  moisture content ranged from 15.2 t o  27.7 percent, and t h e  

vegetat ion moisture content ranged from 272.8 t o  346.5 percent over t he  

period of a f e w  months. 

Measurement of Re f l ec t iv i ty  

S i m a t u r e  tests 

38. Once it w a s  es tabl ished t h a t  t h e  radar sets were functioning 

properly,  the  test  cart containing t h e  sample w a s  moved i n t o  pos i t i on  under 

the wooden arch s t ruc tu re  and placed on a h y d r a u l i c - l i f t  system located i n  

the  center  of t he  arch. 

above the ground, which was t h e  height  of t h e  poin t  i n  space a t  which t h e  

The surface of t h e  sample w a s  e levated t o  50.7 i n .  
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'transmitting and receiving antennas for all four radar bands had been 
boresighted. The sample then was surrounded with microwave-absorbent 

material, as shown in fig. 8, to reduce reflections from areas other 
than the sample. 

Fig. 8. Microwave-absorbent material layout 

39. Signatures from bare soils, perlite, and the wheat-covered soil 

were determined by measuring and recording the quantity of radar enera 

reflected by the sample as the radar antenna carriage moved from vertical 

incidence through an angle of incidence of 60 deg. A typical soil sample 
signature is shown in fig. 9. Radar signatures of the wheat-covered soil 
were taken after one month of growth when the wheat was approximately 

3-1/2 in. tall, after four months of growth when the wheat was approxi- 

mately 14 in. tall, and after six months of growth when the wheat was ap- 

proximately 29 in. tall. 

of the sample's normalized echo area 3 ydb expressed in db . The 
quantity y 

pendent on radar system constants and is a measure of the sample properties 

The quantity of energy reflected was a measure 

is used as the radar return parameter because it is not de- db 
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Fig. 9 .  Typical soil sample signature 

only. The method of computing y is discussed in Appendix B. Since 

the antenna carriage did not move at a constant speed, it was necessary 

to record the position of the carriage at certain increments. This was 

accomplished by devices on the antenna carriage that were actuated every 

10 deg by spacers mounted on the track of the arch. These devices broke 

the recorder circuit and caused an event mark to appear on the signature. 

Depth-of-penetration tests 

db 

40. The final phase of a sample test was to determine the depth-of- 
penetration capabilities of the radar waves for the four radar bands, and 

to determine changes in the depth of penetration due to variations in 

pertinent sample parameters, such as soil-moisture content and soil com- 

position, or perlite density. With the sample in position under the arch 

and surrounded by microwave-absorbent material, measurements were taken 

with the antenna carriage at vertical incidence. 

energy reflected by the sample at vertical incidence was recorded for each 
of the radar bands. 

SaIIPh. surface was raised to the original height of 50.7 in., and another 

The quantity of microwave 

A 1/2-in. layer of the sample was then removed, the 
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' recording w a s  taken of t he  radar re turn  energy with each of t he  radar  
, 

s e t s  a t  v e r t i c a l  incidence. This process of removing t h i n  

recording the  microwave energy returned w a s  repeated u n t i l  

a t  t h e  bottom of the  sample was exposed, 

41. A similar procedure was followed i n  running t h e  

layers  and 

t h e  metal p l a t e  

depth-of - 

penetrat ion t e s t s  on samples of Putnam s i l t  overlying Putnam c lay .  

kind of sample w a s  t e s t e d  i n  t h e  normal manner u n t i l ,  i n  t he  process of 

removing s o i l  layers ,  a l l  the  surface s o i l  ( s i l t  loam) w a s  removed and t h e  

c lay  w a s  exposed. The t e s t i n g  w a s  then ha l t ed  and the  s o i l  l e v e l  w a s  

brought back t o  the  o r i g i n a l  25-in. depth by f i l l i n g  the  c a r t  with Futnam 

s i l t  loam a t  another moisture content.  

removal of layers  w a s  continued after the c lay  w a s  reached unti l  t he  metal 

p l a t e  on the  bottom or' tne  c a r t  w a s  exposed. 

This 

However, i n  t h e  f i n a l  t e s t  t he  
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PART IV: DATA ANALYSIS 

Basis of Analysis 

42. Radio waves transmitted in a completely homogeneous medium will 
be propagated with a constant rate of attenuation until they disappear, 

having been consumed as heat. 

in the medium, such as the boundary between two materials with differing 

electrical properties, some of the waves are reflected, while the remainder 
continue at a modified rate of attenuation and velocity. In this pro- 

gram, the attenuation occurring in air in the TO-ft distance between the 

test medium and the antennas was assumed to be zero and the velocity of the 
waves was assumed to be equal to that of light in free space. 
first and most important reflection-causing discontinuity was the surface 

of the test medium itself. The remainder of the waves traveled through the 

surface into the sample until they encountered another discontinuity and a 

second reflection of the waves was produced. 

first and second reflections varied with sample depth due to the longer 

path length for the second reflection. The analysis of the data collected 
in the program from the depth-of-penetration tests and the signature tests 

was based on the measurement of the proportion of emitted energy which was 

reflected upon contact with the various discontinuities, the phase shifts 
which occurred between reflections of radar waves from the various dis- 

continuities, and the change in wavelength that occurred in different media. 

When the waves strike a sudden discontinuity 

Thus, the 

The phase shift between the 

Analysis of Depth-of-Penetration Test Data 

43. The radar returns from the surface of a sample, the subsurface 

sample-metal plate interface, and the area surrounding the sample can be 
thought of as three separate vectors. 

the distance the wave travels, and its magnitude depends on the reflectivity 
of the area, the distance the wave travels, and the electrical properties 
Of the material through which the wave travels. These three vectors com- 
bine to form a vector sum whose phase and magnitude are influenced by the 

The phase of each vector depends on 
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'depth to the sample-metal plate interface (fig. 10). As this depth is de- 
creased, the phase of the subsurface sample-metal plate interface vector 

advances in a counterclockwise direction and its magnitude steadily 

f FROM AREA 
SURROUNDING 

a. REINFORCEMENT 

SAMPLE SURFACE AND 
AREA SURROUNDING SAMPLE 

r FROM BURIED -\ 

P FROM SAMPL€ 
SURFACE 

ME TAL PL A TE 

DIRECTION OF ROTAT/ON I 

NOTE:  r = ELECTRIC WAVE REFLECTANCE. 

b. DESTRUCTION 

90 

f FROM SAMPLE SURFACE 

RESULTANT FROM f OF 

AREA SURROUND/NG 

RO i.. T S N  F u n  
DECREASING 
DEPTH 

SULTANT OF TOTAL f 

f FROM AREA SURROUNDING SAMPLE METAL PLATE 

270° 

Fig. 10. Radar return phasor diagrams 

increases. The phase and magnitude of the surface-reflection vector and 

the vector from the area surrounding the sample remain constant during the 

test. A maximum power return or reinforcement is produced when the rotat- 
ing vector is in phase with the resultant of the constant vectors, and a 
minimum power return or destruction is produced when the rotating vector 
is Out of phase with the resultant of the constant vectors. Thus there 

will be a reinforcement and a destruction for every 360-deg rotation of 
the rotating vector. The pulsed radar systems used in these tests, however, 
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a r e  sens i t i ve  only t o  the  magnitude of the  t o t a l  radar  re turn ,  and ind iv id-  

ua l  pulse  re turns  cannot be analyzed d i r e c t l y  t o  determine the  cont r ibu t ion  

being made by each r e f l e c t i n g  surface.  

t h i s  ty-pe of ana lys i s  i n d i r e c t l y  because the  depth of t he  sample w a s  con- 

t r o l l e d  i n  t h e  t e s t  program. I n  the  following paragraphs, t h e  procedures 

w i l l  be discussed f o r  the  determination of t he  exis tence of subsurface 

i n t e r f a c e  r e f l ec t ions ,  ca l cu la t ion  of e l e c t r i c a l  constants  of s o i l s  from 

in te r fe rence  pa t te rns ,  and ca lcu la t ion  of e l e c t r i c a l  s o i l  constants  from 

surface radar re turn .  

However, it w a s  possible  t o  make 

Determination of exis tence of 
subsurface in t e r f ace  r e f l e c t i o n s  

44. A s  the  sample thickness w a s  reduced i n  t h e  depth-of-penetration 

t e s t s  (paragraph 40), t he  phase of the  subsurface i n t e r f a c e  r e f l e c t i o n  ad- 

vanced, thereby producing o s c i l l a t i o n s  i n  the  t o t a l  radar  r e tu rn .  This 

s i t u a t i o n  is i l l u s t r a t e d  i n  f i g .  lla f o r  a sample composed of Y u m a  sand 

overlying a metal p l a t e .  Obviously, a p l o t  of t h i s  ty-pe by i t s e l f  i s  of 

very l imited use as a ca l ib ra t ion  o r  reference cha r t  f o r  measuring depth 

t o  an in te r face .  The appearance of t h i s  uniform cyc l i c  pa t t e rn  together  

with the  f a c t  t h a t  t he  in-soil wavelength i s  shor t e r  than t h e  i n - a i r  wave- 

length of the  radar used is ,  however, proof t h a t  t h e  radar  wave i s  pene- 

t r a t i n g  through the upper mater ia l  i n  t h e  sample, r e f l e c t i n g  from the  i n -  

t e r f ace ,  and returning t o  t h e  radar rece iver .  For the  example i n  f i g .  l la ,  

t h e  o s c i l l a t i o n s  ind ica te  t h a t  a wave a t  P-band frequencies penetrated 

through the e n t i r e  0.56-m sample. 

a c t u a l  depth t o  the  metal p l a t e  could not  be measured d i r e c t l y  with any one 

band of the ty-pe of radar system used. The depth a t  which t h e  o s c i l l a t i o n s  

f i r s t  appear ind ica tes  t h e  probable l i m i t  of a depth-measuring system t h a t  

uses t h a t  pa r t i cu la r  wavelength. 

I n  t h i s  example and i n  a l l  t e s t s ,  t he  

Calculation of e l e c t r i c a l  
p roper t ies  from in te r fe rence  pa t t e rns  

45. Phase-shif t  method of ca l cu la t ing  e l e c t r i c a l  constants  of 

Samples. The radar re tu rn  t h a t  produced t h e  type of o s c i l l a t i o n s  i l l u s -  

t r a t e d  i n  f i g .  l l a  can be separated i n t o  two components as follows: a 

constant  surface r e f l e c t i o n  t h a t  included a s m a l l  amount of background 
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r e f l e c t i o n  ( f i g .  l l b ) ,  and a metal p l a t e  r e f l e c t i o n  t h a t  var ied i n  magni- 

tude ( f i g .  l l b )  and i n  phase ( f i g .  l l c )  with depth of overlying s o i l .  

wave that reaches t h e  m e t a l  p l a t e  i n  the  bottom of t h e  sample has a phase 

and magnitude which a re  functions of depth. 

of t h i s  wave a t  an i n s t a n t  i n  time is: 

* 

The 

The equation f o r  t h e  i n t e n s i t y  
4,5 

KYX e-jPx E = E e  t (9) 

where 

E = e l e c t r i c  f i e l d  i n t e n s i t y  of t he  wave reaching t h e  metal p l a t e ,  
vo 1 t / m  

sample surface boundary, volt/m 
E = e l e c t r i c  f i e l d  i n t e n s i t y  of t he  wave t ransmit ted through t h e  a i r -  

-1 a = at tenuat ion f a c t o r  of t h e  sample, m 
f3 = phase f ac to r  of t h e  wave, m 

x = sample depth, m 

j =Li 

-1 

I n  these  t e s t s  t h e  radar  wave t rave led  twice t h e  sample depth as it pene- 

t r a t e d  through t h e  surface boundary t o  t h e  metal  p l a t e  and was re f l ec t ed  

back through t h e  surface of t he  sample. 

t h i s  factor ,  added t o  the  surface r e f l ec t ion ,  and wr i t t en  i n  terms of 

power, it becomes: 

When equation 3 i s  adjusted by 

where 

P = normalized power of t h e  wave re turn ing  t o  t h e  radar  rece iver  
from t h e  sample, dimensionless 

E = e l e c t r i c  f i e l d  i n t e n s i t y  of t h e  wave re turn ing  t o  t h e  radar re- 
ceiver  from the  sample surface r e f l ec t ion ,  volt/m 

Ei = e l e c t r i c  f i e l d  i n t e n s i t y  of t h e  inc ident  Wave s t r i k i n g  t h e  sur -  
face of t h e  sample, volt/m 

Em = e l e c t r i c  f i e l d  i n t e n s i t y  of t h e  wave re turn ing  t o  t h e  radar re- 
ceiver  from the  subsurface metal  p l a t e  r e f l ec t ion ,  volt/m 

r 

R = range from radar system t o  sample, m 
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’ The constant surface-ref lectance term i n  t h i s  equation i s  EJEi ; t he  

magnitude of t h e  metal p l a t e  re f lec t ion ,  which va r i e s  with sample depth, 

E 
i s  , and t h e  phase s h i f t  of t h e  m e t a l  p l a t e  r e f l ec t ion ,  

- j2Bx which a l s o  va r i e s  with sample depth, i s  e . By using each da ta  point  

obtained i n  t h e  depth-of-penetration t e s t  ( f i g .  l la)  as a so lu t ion  t o  

equation 10 and solving t h e  equations simultaneously, a , 0 , E d E i  , arid 

E,/Ei can be evaluated. 

best su i t ed  f o r  use with a d i g i t a l  computer. 

used t o  demonstrate t h e  procedure and evaluate t h e  unknown quan t i t i e s  i n  

equation 10 by using the  maximum and minimum points  from t h e  cyc l ic  depth- 

of-penetrat ion curve as so lu t ions  t o  the equation. The maximum poin ts  are 

given by t h e  equation 

This method requires  many ca lcu la t ions  and i s  

A much simpler method can be 

P m a x  = 

and t h e  minimum poin ts  are 

P min = 

2 
Er - + -  Em ( - ; )2 e-2ax] 
Ei Ei 

given by the equation 

Equations 11 and 12 descr ibe the  envelopes of t h e  m a x i m u m  and m i n i m  

points ,  respect ively,  as shown i n  f i g .  1la and a r e  obtained by s e t t i n g  

e -j2Bx i n  equation 10 equal t o  il t o  obtain equation 11 and -1 t o  obtain 

equation 12. A s  an example of t h e  calculat ions used t o  separate  the  com- 

ponents of t h e  t o t a l  radar  re turn ,  consider t he  point  a t  a sample depth 

x of 0.165 m i n  f i g .  11. The m i n i m  point  as shown i n  f i g .  lla is  

-7.7 db or a power r a t i o  

of t h e  maximum poin t  envelope, a m a x i m u m  point  a t  t h i s  sample depth would 

be approximately -1.3 db o r  a power r a t i o  of 0.74. 
values  i n  equations 11 and 12  gives: 

P of 0.17 (db = 10 log P) ,  and by in te rpola t ion  

Subs t i tu t ing  these  

and 



2 E 
0.17 = - (x)2 R + X  e-ax] 

Taking the square root of both s ides  and solving two simultaneous equations,  

t h e  re f lec t ions  i n  terms of voltage r a t i o s  a re  

- -  E' - 0.64 
E: 

and 
E 2 

-mx = 0.23 
1 

or i n  terms of power r a t i o s  

2 2 
10 log (Er/Ei) = 10 log (0.64) = -3.9 db = surface power r e f l e c t i o n  

2 

10 log Pm/Ei e-=] 

2 
= 10 log (0.23) = -12.8 db = metal p l a t e  power r e f l e c t i o n  

The above solut ions f o r  t he  metal-plate r e f l ec t ions  and t h e  surface r e f l ec -  

t i o n s  dong with t h e  solut ions from other  m a x i m u m  and minimum poin ts  a r e  

p lo t t ed  i n  f i g .  l l b .  

(Em/Ei)2 can be found by extrapolat ion and i s  t h e  point  where sample 

depth x i s  zero.  I n  f i g .  l l b ,  t h i s  value i s  t h e  point  where an exten- 

s ion  of the metal-plate r e f l e c t i o n  curve ( s t r a i g h t  l i n e )  crosses  t h e  ver- 

t i c a l  ax is  at  zero sample depth. 

Although not used i n  any ca lcu la t ions ,  t h e  value for 

46. The a t tenuat ion  f a c t o r  Q! v a r i e s  with sample composition, 

moisture content, dens i ty ,  e t c . ,  and i s  computed using t h e  term i n  equa- 

t i o n  10 involving t h e  magnitude of t h e  metal  p l a t e  r e f l e c t i o n  as follows: 

2 
Return s igna l  from t h e  metal  p l a t e  = (L)2 R + x  e-ax] (13) 

or, expressed i n  db: 



I 2 I 

'Return s igna l  from t h e  metal p l a t e ,  db = 10 log 

T;1 

1 -  

15 

= 20 log - m + 40 log R - 40 log ( R  + x )  f 20 ( log  e ) ( -=x)  (14) 
Ei 

The slope of  t h e  metal p l a t e  r e f l ec t ion  versus depth r e l a t i o n  i s  t h e  

der iva t ive  with respect to x of equation 14. Thus, . 
slope, db/m = - 40 log e + 20 ( log  e ) ( - % )  

= -07 .372)  (1-5) 

The value of x va r i e s  between 0 and 0.5 m, and when compared with t h e  
-L. range R of 13.7 m, it i s  negl ig ib le .  Thus, t he  expression - C a n  R + x  

be approximated by 1/R , and the  expression (17.372) ( - x) becomes 

1.3 db/m. Equation 1-5 then reduces t o  

Slope, db/m + 1.3 db/m = -17.372a (16) 

Using t h e  example i n  f i g .  11 f o r  i l l u s t r a t i o n  purposes, a 
l a t e d  by in se r t ing  

r e f l e c t i o n  c u n ~  ( f i g .  ~ b ) ,  into equation 10 as follows: 

can be calcu- 
-36.1 db/m , t he  measured slope of t he  metal p l a t e  

-36.1 db/m + 1.3 db/m = -17.3723 , o r  Q: = 2.0 m -1 

47. The phase s h i f t  of t h e  radar r e tu rn  ( f i g .  l l c )  i s  shown i n  

equation 10 by t h e  term It i s  found by inspect ion of t h e  
o s c i l l a t i o n s  i n  f i g .  l l a  and the  p r io r  knowledge t h a t  t he re  are R radians 

of phase s h i f t  between a m a x i m u m  and a minimum, o r  

successive minimums and maximums. The phase f a c t o r  B can then be 

obtained from t he  cycling e f f ec t  ( f i g .  l l a )  o r  phase s h i f t  shown i n  

f i g .  l l c  as  follows: 

e - j B x  . 

237 radians between 

B = (1/2)(phase-shift  slope,  radian p e r  m )  



where phase-shif t  slope i s  equal t o  t h e  number of o s c i l l a t i o n s  occuring 

over a change i n  depth of l m  mul t ip l ied  by 21t . Using t h e  example i n  

f i g .  11, B can be ca lcu la ted  by in se r t ing  17.ln radians/m ( the  measured 

value of the slope of t h e  phase-shift  curve, f i g .  l l c )  i n t o  equation 11. 

o r  

B = (1/2)(17.M radians/m) 

-1 B = 26.8 m 

48. O f  t he  f ac to r s  inf luencing t h e  normalized power, t h e  r e l a t i v e  

d i e l e c t r i c  constant i s  of primary i n t e r e s t  because it can be shown t o  be 

r e l a t ed  t o  t h e  moisture content of t h e  sample. 

ing r e l a t i v e  d i e l e c t r i c  constant E and conduct ivi ty  u f o r  nonmagnetic 

The equations5 f o r  determin- 

r 
samples are as follows: 

Solving equations 18 and 19 simultaneously y ie lds :  

where 
-1 

Q = a t tenuat ion  f ac to r ,  m 

0 = angular frequency, radian/sec 

p = electromagnetic permeabi l i ty  of t h e  sample (assumed t o  be equal 

E = d i e l e c t r i c  constant (€/E 

u = conductivity,  mho/m 

B = phase f a c t o r ,  m 

t o  t h a t  of f r e e  space),  431 X 10-7 henry/m 

= E ~ ) ,  farad/m v 

-1 



E = r e l a t i v e  d i e l e c t r i c  constant,  dimensionless 

E 
9 r 

c = speed of l i g h t  i n  f r e e  space, 3 X 10 

= d i e l e c t r i c  constant of f r ee  space, 1/(36n X 10 ) farad/m 
8 V 

m/sec 

The assumption t h a t  t h e  electromagnetic permeabi l i ty  1 ~ .  of t h e  samples i s  

equal t o  t h a t  of f r e e  space i s  v a l i d  because t h e  samples t e s t e d  a r e  known 

t o  be nonmagnetic. 

t hese  samples. 

49. 

Only t r a c e s  of magnetic mater ia l s  have been found i n  

Again using t h e  example i n  f i g .  11 f o r  i l l u s t r a t i o n  purposes, 

t h e  following ca lcu la t ions  ca.n be made. Subs t i tu t ing  t h e  previously ca l -  

culated values f o r  a and @ i n t o  equations 20 and 21 y ie lds  values f o r  

E and u . The angular frequency i s  equal t o  2n x 297 x 10 
0 

radians p e r  sec,  where 

6 
r 

297 X 10 i s  t h e  frequency i n  cycles pe r  see of  
+L- n L-.-J _ _ _  a--- ..___I --- 
U I l L  I - U a l l u  .L aual ay D CIClll. 

I -  

a -1 2 -1 2 ( 3  x 10 m/sec)2 [(26.8 m ) - (2 .0  m ) ] 

(2n x 297 x l o 6  radians/sec) 2 
€ =  r 

E = 18.5 r 
-1 (2)(26.8 m )(2.0 m - l )  

o =  
(2fl x 297 x lo6 radians/sec) (4fl x henry/m) 

u = 45.8 x mhos/m 

50. Wavelength method f o r  computing e l e c t r i c a l  constants  of samples. 

The r e l a t i v e  d i e l e c t r i c  constant o f  a sample also can be ca lcu la ted  from 
t h e  wavelength of t h e  radar  wave i n  the mater ia l .  Examination of t he  radar 

r e t u r n  phasor diagram shown i n  f i g .  10 ind ica t e s  t h a t  a maximum and minimum 

w i l l  occur i n  t h e  o s c i l l a t i o n s  of t h e  r e f l ec t ed  power from a sample every 

360 deg. 

t o  produce t h e  o s c i l l a t i o n s ,  it i s  necessary only to measure t h e  d is tance  

between two successive minimums o r  maximums o f ' t h e  depth-of-penetration 

t e s t  r e s u l t s  and double t h e  value obtained t o  determine t h e  wavelength of 

a r ada r  wave i n  a medium. 

t h e s e  o s c i l l a t i o n s  ( f i g .  l l a ) ,  P-band frequencies had a wavelength of 

0.234 m as compared t o  1.01 rn i n  a i r .  

Since t h e  wave t r a v e l s  through two sample depths (down and back) 

I n  t h e  sand sample used f o r  i l l u s t r a t i o n  of 

A numerical value f o r  t h e  
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a t tenuat ion  constant cl i s  not always a t t a inab le  from t h e  sample data 

s ince  t h i s  determination requi res  t h a t  very l i t t l e  system d r i f t  occur dur- 

ing  t h e  e n t i r e  depth-of-penetration t e s t .  The phase f a c t o r  B i s  not as 

r ead i ly  obscured because t h e  minimums and maximums a re  usua l ly  ava i l ab le  

even under t h e  most undesirable condi t ions.  From p r i o r  t e s t s ,  t h e  d iss ipa-  

t i o n  f ac to r  u / w  

P-band frequencies and can be neglected when ca lcu la t ing  t h e  r e l a t i v e  

d i e l e c t r i c  constant without causing much e r r o r .  

reduce t o  the  following expressions: 

(equations 18 and 19) has been found t o  be small at 

Equations 18 and 1.9 then 

, and u) = 2nf , s u b s t i t u t i n g  i n  2 1  Since B = 2n/1 , E = E E c = -  

PEv v r '  
equation 22 gives:  

2 2 2  
E = c / f X  r 

where 

E = apparent r e l a t i v e  d i e l e c t r i c  constant  (terminology changed t o  
apparent" s ince  d i s s i p a t i o n  f a c t o r  i s  being neglected) r I 1  

c = speed of l i g h t  i n  f r e e  space,  3 x 10 

f = frequency, cps 

h = wavelength i n  t h e  medium, m 

8 m/sec 

Using t h e  wavelength value determined from t h e  o s c i l l a t i o n s  ( f i g .  l l a ) ,  

t h e  apparent r e l a t i v e  d i e l e c t r i c  constant f o r  Yuma sand at a moisture 

content of 19.2 percent w a s  ca lcu la ted  as follows: 

E =  (3  x lo8)2 
(297 X 106)2 (0.234)2 r 
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E = 18.7 r 
I 

I When t h e  above value f o r  apparent r e l a t ive  d i e l e c t r i c  constant i s  compared 

with t h e  r e l a t i v e  d i e l e c t r i c  constant calculated previously (cy = 18.5) 
i n  equation 20, it d i f f e r s  by only 0.2, Similar  d i f fe rences  were noted 

f o r  o ther  sa.mples ( t a b l e  2 ) .  

Calculat ion of  e l e c t r i c a l  prop- 
e r t i e s  from surface r e f l e c t i o n  

51. If radar waves a re  not re f lec ted  from a subsurface l aye r  such 

as a metal  p l a t e ,  t h e  t o t a l  energy r e f l ec t ed  by a sample w i l l  be due t o  

surface r e f l ec t ions  and can be expressed as follows f o r  v e r t i c a l  incidence. 5 

0 If t h e  d i s s ipa t ion  f a c t o r  i s  considered t o  be very sma.11 as assumed 

before  : 

A graphica l  i l l u s t r a t i o n  of t h e  r e l a t ion  between t h e  power re f lec tance  and 

t h e  apparent r e l a t i v e  d i e l e c t r i c  constant i s  shown i n  f i g .  12.  For example, 

water i s  known t o  have a high r e l a t ive  d i e l e c t r i c  constant of approximately 

81. 
found to be 0.64, o r  -1.94 db, a high value compared wi th  t h a t  of s o i l  

(see tab le  2 ) .  

f l ec t ance  

i n  w a t t s  d ivided by an average bare metal p l a t e  power r e f l e c t i o n  i n  watts. 

The power re f lec tance  r2 taken 'from t h e  depth-of-penetration da ta  

( t a b l e  2 )  

re la t ive d i e l e c t r i c  constant E- could be obtained. 

When t h i s  value i s  inser ted  i n  equation 25, t h e  power re f lec tance  i s  

I n  t h e  case of actual sample measurements, t h e  power re- 

was  taken t o  be the  average s o i l  surface power r e f l e c t i o n  r2 

w a s  i n se r t ed  i n  equation 25 s o  t h a t  a so lu t ion  f o r  apparent 

~~ ~ 

* Equation must be squared because power as measured with t h e  radar  s e t s  
i s  i n  terms of w a t t s  while equation 24 i s  i n  terms of v o l t s .  
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Analysis of Signature Test Data 

, 
I S o i l s  and p e r l i t e  

52. Signature t e s t s  were run t o  determine t h e  f e a s i b i l i t y  of pre- 

d i c t i n g  s o i l  e l e c t r i c a l  constants  which could be r e l a t ed  t o  s o i l  proper- 

t i e s .  It i s  poss ib le  t o  ca l cu la t e  one e l e c t r i c a l  constant ,  t h e  apparent 
: 

r e l a t i v e  d i e l e c t r i c  constant ,  from the  s ignature  t e s t s  a t  angles of i n c i -  

dence near 0 deg (+ - 10 deg).  This requires  modification of t he  surface- 

r e f l ec t ion  method for computing s o i l  e l e c t r i c a l  constants  described i n  

paragraph 5 l t o  include changes i n  incidence angle.  I n  t h e  t e s t s  of t h e  

s o i l s  and p e r l i t e ,  t h e  surface of t h e  samples appeared specular  t o  t h e  

waves t h a t  were t ransmi t ted  by each of t h e  four radar bands, and t h e  

amplitude of t he  radar r e tu rn  from the sa.mple a.t, a .nc l e s  o f  incidence 

g r e a t e r  than 10 deg o f t en  was l e s s  than t h e  noise l e v e l  of t h e  system. 

This noise  l e v e l  w a s  made up pr imari ly  of (a) r e tu rn  from t h e  microwave- 

absorbent mater ia l  surrounding t h e  s o i l  sample, (b)  r e tu rn  produced by 

t h e  antenna-beam s ide  lobes which s t ruck areas  outs ide t h e  immediate t e s t  

a r ea ,  and ( c )  e l ec t ron ic  noise i n  t h e  e l e c t r i c a l  c i r c u i t s .  

noted t h a t  these  radar s e t s  were being used in s ide  a t e s t  f a c i l i t y  t h a t  

would cont r ibu te  t o  t h e  noise  of the  system because of mult iple  r e f l ec -  

t i o n s  wi th in  t h e  arch.  

analyzing t h e  s ignature  t e s t  data have been unsuccessful because of t h e  

noise  and because t h e  shapes of t h e  s ignature  curves change d r a s t i c a l l y  

with changes i n  surface t ex tu re  of t he  

t o  smooth t h e  surface of t h e  t e s t  specimen p r i o r  t o  t h e  s ignature  t e s t ,  

p i t s  and scratches were unavoidably l e f t  on t h e  surface.  It w a s  found 

t h a t  even these  s l i g h t  changes i n  t h e  surface t ex tu re  a l t e r e d  the  s ig-  

nature  curves more than  l a r g e  changes i n  sample constants .  For t hese  

reasons,  r e s u l t s  of t h e  s ignature  t e s t s  f o r  s o i l s  and p e r l i t e  a r e  not 

discussed here in .  

Vegetation 

It should be 

. 
Effo r t s  thus far t o  develop v a l i d  techniques f o r  

Although care  w a s  taken 

53. Analysis of t h e  da t a  from samples of wheat-covered s o i l  w a s  

d i f f i c u l t  because t h e  vegetat ion presented a complex surface t o  t h e  radar 

wave. Unfortunately, t h e  nature o f  t h i s  surface w a s  not even constant 
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with t i m e .  A s l i g h t  breeze produced la rge  f luc tua t ions  i n  t h e  radar 

r e tu rn  from t h e  wheat-covered s o i l  even when t h e  t ransmi t t ing  and receiv- 

i ng  antenrias were ilot IuovLi;. 

h igher  frequency bands ( K a ,  X ,  and C )  than it w a s  f o r  P-band. 

t hese  vegetat ion samples d id  not appear specular  t o  t h e  radar waves at in-  

cidence angles o the r  than  ver t ica l ,  and t h e  l e v e l  of r e tu rn  s i g n a l  obtained 

was  w e l l  above t h e  noise  l e v e l  of  t h e  system. The r e tu rn  s igna l s  were 

subject  t o  in te r fe rence  pa t t e rns  (radar r e tu rn  reinforcement and destruc-  

t i o n )  from t h e  l a rge  number of r e f l ec t ing  surfaces  i n  t h e  wheat samples 

as t h e  angle of incidence w a s  var ied .  

t i o n s ,  t h e  s ignature  curves were reduced by tak ing  an average of t h e  peaks 

( radar  re turn  reinforcement) over a 10-deg angle of incidence i n t e r v a l ;  

e .g .  a value shown at 20 deg on t h e  da t a  p l o t s  i s  t h e  average of peaks 

between 15  and 25 deg. The r e su l t i ng  curves were then  compared f o r  t h e  

d i f f e r e n t  heights of wheat. 

This f luc tua t ion  w a s  more apparent with t h e  

However, 

To minimize these  random f luc tua-  

Discussion of Test Results 

Depth- o f -  penet r a t i o n  t e s t  s 

54. The a b i l i t y  of radar  waves t o  pene t ra te  a material i s  de t emined  

not only by t h e i r  frequencies but  a l s o  by t h e  e l e c t r i c a l  p rope r t i e s  of t h e  

media through which t h e  waves t r a v e l  a f te r  en ter ing  t h e  sample. Results 

of t h e  t e s t s  for each of t h e  materials used are summarized i n  t a b l e s  3-6 
and are shown graphica l ly  i n  p l a t e s  3-16, as p l o t s  of normalized echo 

a rea  ydb versus  sample depth above t h e  metal  p l a t e .  

10 i l l u s t r a t e  t h e  r e s u l t s  obtained with Sharkey c l ay  ( f i g ,  13) and Richfield 

s i l t  loam ( f i g .  14)  a t  four  moisture contents  each. 

p a t t e r n  fo r  Sharkey c l ay  at a moisture content  of 9.7 percent and f o r  

Richfield s i l t  loam a t  8.3 percent r e su l t ed  wi th  P-band frequencies 

( p l a t e s  3 and 7 )  and ind ica ted  a. depth of pene t r a t ion  of 2 f t .  

moisture contents,  t h e  p a t t e r n  of o s c i l l a t i o n s  w a s  l e s s  we l l  defined and 

t h e  following depths of pene t ra t ion  were suggested: 

55. Homogeneous s o i l s  (Sharkey c l a y  and Richf ie ld  loam). Pla t e s  3- 

A f a i r l y  w e l l  defined 

A t  h igher  



a, 
L 

u 





Sharkey Clay Richfield S i l t  Loam 
I Moisture Depth of Moisture Depth of 

% i n .  % i n .  
Content Penetrat ion Content Pe ne t rat ion 

20.8 12- 24 24.1 24 
36.5 8 27.9 10 

51.4 8 35.8 8 

It should be emphasized t h a t  t h e  power measured by t h e  radar  receiver  

w a s  i n  terms of r e l a t i v e  power and w a s  expressed i n  db; therefore ,  

va r i a t ions  t h a t  appear t o  be only minor were ac tua l ly  produced by r a the r  

l a rge  changes i n  the  quant i ty  of radar  energy being r e f l ec t ed  from t h e  

sample. For example, an increase of  3 db means t h a t  t h e  r e tu rn  power, 

when expressed i n  w a t t s ,  had doub1t.d. 

C - ,  X-, and Ka-band frequencies (p l a t e s  4-6, 8-10) resu l ted  i n  d i s t i n c t  

f l uc tua t ions  i n  t h e  r e l a t i v e  quant i t ies  of power received as t h e  depth of 

t h e  s o i l  material overlying t h e  metal p l a t e  was  reduced, but no well-  

defined pa t t e rn  of o s c i l l a t i o n s  compatible with the  wavelength t o  be 

expected i n  s o i l s  f o r  these  frequencies could be establ ished.  

probably can be a t t r i b u t e d  t o  t h e  r e l a t i v e l y  short  wavelengths o f  C - ,  X- ,  
aid &+-b&qds 

T’si;ctrztlec t e c t c  ~ ~ d j . d ~ d  lisi ng 

This 

56. Consider t h e  pa t t e rn  of o sc i l l a t ions  produced by P-band i n  the  

Sharkey c lay  sample having a moisture content of 9.7 percent.  

i nd ica t e s  t h a t  t he re  were approximately four  o s c i l l a t i o n s  produced at t h i s  

frequency (297 megacycles/sec) f o r  the  depth range of 0 t o  2 f t .  

number of o s c i l l a t i o n s  i s  roughly proportional t o  frequency, and therefore  

f o r  C-band (5870 megacycles/sec) , X-band (9375 megacycles/sec), and Ka-  

band (34,543 megacycles/sec) frequencies,  a t o t a l  of approximately 78, 
126, and 465 o s c i l l a t i o n s ,  respect ively,  would appear f o r  t h e  same change 

i n  depth i f  penetrat ion were achieved. 

measurements made at 1/2-in. increments of sample depth would not produce 

enough d a t a  points  t o  def ine t h e  pa t te rn .  

P la te  3a 

The 

With so many o s c i l l a t i o n s  present ,  

57. Assuming a t  l e a s t  four  data  points  per  cycle f o r  good de f in i -  

t i o n  of t h e  pa t t e rn ,  t h e  sample would have had t o  be cut i n  layers  as 

t h i n  as 0 .1  i n .  or l e s s  t o  def ine the  pa t t e rn  of o s c i l l a t i o n s  f o r  C-band, 
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2nd even less t han  t h i s  f o r  X- aid ~ia-~uuicis. ~ u r  w e t  sampies, -cne number 

of cyc les  would be f u r t h e r  increased,  requi r ing  t h e  removal of even t h i n n e r  

l a y e r s .  

because of t h e  rough, uneven sur faces  t h a t  o f t e n  r e su l t ed  ( f i g .  13) .  
t i o n s  i n  e leva t ion  of po in t s  on t h e  s o i l  sur face  i n  excess of  0 .1wave-  

length  cause ser ious  f luc tua t ions  i n  t h e  r e t u r n  energy and a r e  most pro- 

nounced when shor t  wavelengths such as those  a t  C - ,  X- ,  and Ka-band 

frequencies a r e  used. Greater  devia t ions  probably would obscure any 

p a t t e r n  of o s c i l l a t i o n  t h a t  might be p re sen t .  

t i o n s  as la rge  as 0.3 wavelength f o r  C band, 0 . 5  wavelength f o r  X band, 

and 2 wavelengths f o r  Ka band were not uncommon. Therefore,  d a t a  from t h e  

C - ,  X - ,  and Ka-band depth-of-penetrat ion t e s t s  were considered inadequate 

f o r  determining t h e  depth of penetr-at  ion a c t u a l l y  achieved. 

+ 

Cutt ing such t h i n  l a y e r s  of  s o i l  w a s  found t o  be impract icable  

Devia- 

I n  a c t u a l  t e s t i n g ,  devia- 

58. P e r l i t e .  Resul ts  of t e s t s  using a i r - d r y  p e r l i t e  ( f i g .  15) a t  

var ious  d e n s i t i e s  a r e  sliown i n  p l a t e s  11-14. P l a t e  11 shows t h e  radar  

i-eturn p a t t e r n  achieved by P-band frequencies  i n  p e r l i t e  having d e n s i t i e s  

of 10, 20) 30, and 40 pe f .  Cycl ic  p a t t e r n s  are present  on all fou r  ;ample;, 

which ind ica tes  t h a t  P-band frequencies  can pene t r a t e  a t  l e a s t  2 i't of 

p e r l i t e  at any of t h e  f o u r  d e n s i t i e s  t e s t e d .  Analysis or tlie data fkom 

t h e s e  samples showed tliat t h e  subsurface meta l -p la te  re t ' leciion w a s  l a x e r  

a t  a l l  depths than w a s  t h e  sur face  r e f l e c t i o n .  

i ~ ~ u l t ;  O I  t h e  C-, X-, and K4-banii t e s t s  on the p e r l i t e  s m y l e r , .  

. 

P l a t e s  12-111 p r e x n t  tile 

Pic;. 15. P e r l i t e  
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*Fluc tua t ion  i n  t h e  r e tu rn  s igna l  was noted as t h e  sample thickness  w a s  

decreased, bu t  no p a t t e r n  of o s c i l l a t i o n  compatible with t h e  wavelengths 

to be expected could be defined. The da ta  from t e s t s  using t h e  C - ,  X-,  

and Ka-bands must t he re fo re  be considered inadequate to determine pene- 

t r a t i o n  to t h e  metal  p l a t e  on t h e  bas i s  of a cyc l i c  pa t t e rn .  

59. The unusually high r e tu rn  power when t h e  depth to t h e  metal  

p l a t e  w a s  small i nd ica t e s  another manner by which penet ra t ion  of radar 

waves can be determined. Inspect ion of t h e  radar  r e tu rn  phasor diagram 

( f i g .  10, page 25) shows t h a t  if ,  as normally i s  t h e  case,  t h e  subsurface 

(metal  p l a t e )  r e tu rn  i s  smaller t han  the  surface r e tu rn ,  t h e  subsurface 

vec tor  r o t a t e s  around t h e  surface vector .  The average of measurements 

under t h i s  condi t ion would be t h e  magnitude of t h e  surface re turn .  I n  

t h e  case of p e r l i t e .  t h e  subsurface re turn  appears l a r g e r  than  t h e  su r -  

face r e tu rn ,  and f o r  shallow depths, a s t r a i g h t  l i n e  drawn through t h e  

t e s t  po in ts  gives  t h e  magnitude of t h e  subsurface metal-plate  r e tu rn  a t  

any depth.  A s  an example, consider t he  X-band t e s t  i n  p l a t e  l3a f o r  

p e r l i t e  at a d ry  dens i ty  of 10  pcf .  The da ta  obtained when t h e  sample 

depth ranged from 0 to approximately 19 i n .  show an  unusually high re- 

I 

t u r n  t h a t  decreases with increasing depth. 

depths f luc tua te s ,  but  t h e  average re turn  i s  of t h e  cor rec t  magnitude 

f o r  a sur face  r e f l ec t ion  from t h e  sample as indicated by t h e  low r e l a t i v e  

d i e l e c t r i c  constant measured w i t h  the  P-baid system cyc l i c  pa t t e rn .  

i s  the re fo re  assumed t h a t  t h e  l9 - in .  depth i s  t h e  pe in t  where t h e  sur-  

face and t h e  subsurface re turns  are equal. The p e r l i t e  pene t ra t ion  

r e s u l t s  i n  t h e  t abu la t ion  below show the maximum depths of p e r l i t e  a t  

which t h e  subsurface metal-plate  r e f l ec t ion  i s  considered to be l a r g e r  

t han  t h e  sur face  r e f l ec t ion .  

p l a t e  r e f l e c t i o n  i s  l a r g e r  t han  -the surface r e f l e c t i o n .  

The r e tu rn  from 1-9 t o  24 i n .  

It 

At l e s s e r  depths,  t h e  subsurface metal- 

Depth to Which the  Subsurface Return i s  Larger 

Radar 
than  t h e  Surface Return, i n .  

Density Density Density Densitv 
Band 10 pcf 20 pcf 30 pcf 40 pcf 

P 24* 24* 24* 24* 
C 24* 24* 24* 20 
X 19 l a  15 10 

K a  7 2 2 1 
* Maximum depth of sample. 
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60. Putnam s i l t  loam overlying Putnam c lay .  Resul ts  of t e s t s  con- 

ducted using Putnam s i l t  loam ( f i g .  16) overlying Putnam c l a y  are shown i n  

p l a t e s  1 5  and 16. 
7 percent  moisture conten t ,  and t h e  d a t a  i n  p l a t e  16 wi th  t h e  s i l t  at 

35.7 percent moisture conten t .  

(45.5 percent )  f o r  both s e t s  of t e s t s .  

t r a t i o n  achieved by P-band frequencies  f o r  t h e s e  samples. The t e s t  d a t a  

from t h e  7 percent  moisture content s i l t  loam sample show a wel l -def ined 

c y c l i c  p a t t e r n  which i n d i c a t e s  t h a t  t h e  waves pene t ra ted  t h e  e n t i r e  

11 .5  i n .  of s i l t  loam and were s t rongly  r e f l e c t e d  by t h e  s i l t  loam-clay 

The d a t a  i n  p l a t e  1.5 were obtained wi th  t h e  s i l t  at 

The c l a y  w a s  at t h e  same moisture content  

P l a t e s  l5a and 16a show t h e  pene- 

a. Moisture content  7% 

b .  Moisture content  35.7% 

44 



' i n t e r f a c e .  The data from t h e  35.7 percent moisture content s i l t  loam 

sample do not show a well-defined cycl ic  pa t t e rn ,  probably because the re  

i s  l i t t l e  difference i n  t h e  d i e l e c t r i c  constants of t h e  wet s i l t  and wet 

c lay  (see t a b l e  2 ) .  

t o  t h e  c l a y - s i l t  i n t e r f ace ,  but t h e  r e f l ec t ion  from t h i s  i n t e r f ace  w a s  

not grea t  enough t o  produce a good cycl ic  pa t t e rn .  P-band r e s u l t s  show 

a penetrat ion of about 1 f't through the  Putnam clay.  

The P-band energy probably penetrated t h e  wet s i l t  

, 

61. The remainder of t h e  da t a  i n  p l a t e s  15  and 16 represents t h e  

r e s u l t s  of C - ,  X-, and Ka-band t e s t s .  

were noted as t h e  sample thickness  w a s  decreased, and i n  p l a t e  15 t h e  

C - ,  X-, and Ka-band da ta  show a de f in i t e  increase a t  t h e  s i l t - c l a y  

boundary, but no pa t t e rn  of o s c i l l a t i o n  could be defined compatible with 

t k e  : ~ ~ ~ , ~ ~ ~ c ~ ~ ~ ~ ~  t o  7.e e ~ e c t e d .  

Ka-band t e s t s  must be considered inadequate t o  determine penetrat ion.  

Determination of s o i l  parameters 

Fluctuat ions i n  t h e  r e tu rn  s igna l  

Therefrrre,  t h e  r e s n l t s  cf C-,  X- , md. 

62. U s i n g  t h e  methods described i n  paragraph 51, t he  da ta  obtained 

from t h e  depth-of-penetration t e s t s  were examined f o r  cor re la t ions  between 

t h e  moisture content of s o i l s ,  o r  dry densi ty  i n  t h e  case o f  p e r l i t e ,  and 

c e r t a i n  e l e c t r i c a l  p roper t ies  of these  mater ia l s .  

t i e s ,  apparent r e l a t i v e  d i e l e c t r i c  constant and conductivity,  a r e  summa- 

r i zed  i n  t a b l e  2. P lo ts  of apparent r e l a t ive  d i e l e c t r i c  constant versus 

moisture content for s o i l s  and apparent r e l a t i v e  d i e l e c t r i c  constant 

versus dens i ty  f o r  p e r l i t e  a r e  shown i n  p l a t e s  l ' / - l9.  P l a t e  20 shows 

conduct ivi ty  versus moisture content o r  dens i ty  f o r  t he  P-band depth-of- 

pene t ra t ion  t e s t s .  

These e l e c t r i c a l  proper- 

63. The apparent r e l a t i v e  d i e l e c t r i c  constant values calculated 

from t h e  K a - ,  X-, and C-band da ta  were obtained from t h e  analysis  of sur- 
face power r e f l e c t i o n  at normal incidence and a r e  representat ive of only 

a r e l a t i v e l y  t h i n  surface layer .  P r i o r  t o . t h e  time a sample was  t e s t e d ,  

t h e  sample surface w a s  exposed t o  t h e  weather f o r  a few minutes while t h e  

t e s t  equipment w a s  assembled; therefore ,  t h e  r e s u l t s  may have been in-  

fluenced by surface drying and temperature f luc tua t ions .  

i n  sur face  roughness a l so  caused f luc tua t ions  i n  t h e  r e s u l t s  at K a - ,  X-, 

and C-band frequencies. 

Minor va r i a t ions  
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I 64. E l e c t r i c a l  p roper t ies  ca lcu la ted  from t h e  P-band data represent  * 

t h e  average proper t ies  of t h e  sample mass s ince t h e  ca lcu la t ions  were 

based 012 the  cj;clic p t t e r n  a depth-of-penetratloii t e s t .  Tiie cjicllc 

pa t t e rn  i s  not as sens i t i ve  t o  va r i a t ions  i n  t h e  surface conditions as 

t h e  surface power r e f l ec t ion .  The moisture content and dens i ty  measure- 

ments a l s o  represent  average i n t e r n a l  conditions of t h e  sample mass; 

the re fo re ,  t h e  b e s t  cor re la t ions  can be expected with t h e  P-band f r e -  

quency data .  
, 

65. Changes i n  apparent r e l a t i v e  d i e l e c t r i c  constant and conduc- 

t i v i t y  a r e  pr imar i ly  due t o  t h e  amount of water i n  t h e  s o i l ,  and these  

two e l e c t r i c a l  p roper t ies  increase with increasing moisture content f o r  

a l l  frequencies ( p l a t e s  17, 18, and 20a and b ) .  The apparent r e l a t i v e  

d i e l e c t r i c  constant f o r  each value of s o i l  moisture content i s  not t h e  

same a t  a l l  frequencies.  Some frequency dependence has been noted f o r  
I t h e  r e l a t i v e  d i e l e c t r i c  constant of water,' and values obtained at f re-  

quencies above 1 5  t o  20 kilomegacycles/sec have been found t o  be l e s s  

than  ha l f  those a t  frequencies l e s s  than  1 kilomegacycle/sec. 

t h e  11 s o i l  samples, t h e  apparent r e l a t i v e  d i e l e c t r i c  constant measured 

f o r  t he  Ka-band i s  l e s s  than  t h a t  measured f o r  P-band, and i n  9 of t hese  

samples the  values  f o r  t h e  C-  and X-bands f a l l  between those  f o r  t h e  

K a -  and P-bands. 

I n  a l l  of 

, 

66. The apparent r e l a t i v e  d i e l e c t r i c  constant and conduct ivi ty  

increase with increasing d ry  dens i ty  of p e r l i t e  ( p l a t e s  19 and 20c) .  

The P-band values f o r  apparent r e l a t i v e  d i e l e c t r i c  constant range from 

1 .29  t o  2.34 f o r  a d ry  dens i ty  range of 10 t o  40 pcf and t h e  C - ,  X - ,  

and Ka-band values  a r e  i n  gen,eral agreement wi th  these  values. 

67. The r e l a t i o n  between t h e  r e l a t i v e  d i e l e c t r i c  constant as 

obtained from P-band depth-of-penetration t e s t  data and s o i l  moisture 

content i n  pounds p e r  cubic foot  i s  shown i n  p l a t e  21. Data f o r  Sharkey 

c l ay  and Richfield s i l t  loam from the  t e s t s  reported he re in  and f o r  Yuma 

sand from a previous study are included on t h e  p l o t .  The data ind ica t e  

t h a t  t h e  d i e l e c t r i c  constant of t h e  s o i l  depends only on t h e  quant i ty  of 

water,  and t h e  e f f e c t  of  t h e  s o i l  type i s  minor. The curve s tar ts  at 

approximately 1 on t h e  ord ina te  ( t h e  re la t ive  d i e l e c t r i c  constant f o r  

2 
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* f r e e  space)  at zero moisture content  and r i s e s  toward 81 ( the  r e l a t i v e  

d i e l e c t r i c  constant  for wate r ) .  

t e n t  c o r r e l a t i o n  may provide an important r e l a t i o n  f o r  remote t e r r a i n  

inves t iga t ions .  

This d i e l e c t r i c  constant-moisture con- 

- Vegetation samples 
, 

68. Fa i red  s igna ture  curves from t e s t s  on t h e  s tand of wheat a t  

t h r e e  s tages  of growth are shown i n  p l a t e s  22 and 23. 

t h e  wheat a t  t h e s e  s tages  of growth i s  shown i n  f i g .  17. 
The appearance of  

The genera l  

a .  meat, 3-1/2 
i n .  high, 
20 Nov 64 

c .  Wheat, 29 i n .  
high, 20 Apr 65 

Fig.  17. Wheat stand a t  t h r e e  ages 
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pa t t e rns  revealed a r e  similar f o r  a l l  radar  bands t e s t e d .  

angle of incidence, t h e  r e f l e c t i o n  was  l e s s  f o r  t h e  wheat-covered 

satfipies thai for corresponding bare samples; but at a degree o f  i nc i -  

dence g rea t e r  than  10 t o  20 deg, t h e  normalized echo a rea  of t h e  bare 

s o i l  w a s  l e s s  than  for t h e  stand of wheat. The normalized echo a rea  

from t h e  wheat-covered samples dropped abrupt ly  during t h e  f>rst  15 deg 

of antenna movement from v e r t i c a l .  The drop w a s  g rea t e r  when t h e  wheat 

was shor t  than when it w a s  t a l l .  The normalized echo a rea  then  sta- 

b i l i z e d  at a r e l a t i v e l y  constant value as t h e  antenna moved from 15 t o  

60 deg. 

60-deg angle of incidence w a s  about - + 10 db. 

A t  a 0-deg 

The f luc tua t ion  around an average i n  t he  region of 15- t o  

69. From p l a t e  23 it can be seen t h a t  t h e  P-band normalized echo 

area  values do not f l uc tua te  with changes i n  vegetat ion height  as much 

as do t h e  K a - ,  X-,  and C-band normalized echo a rea  values .  This suggests 

that  t h e  Ka-, X-,  and C-band r e s u l t s  could be used t o  measure vegetat ion 

parameters (height ,  thickness ,  moisture content ,  e t c .  ) and that  P-band 

frequencies may s t i l l  be used for s o i l  i n t e r roga t ion  e i t h e r  d i r e c t l y  or 

with simple cor rec t ion  f a c t o r s .  
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PART V: DISCUSSION OF VARTOUS RADAR SYSTEMS FOR DEPTH MEASUREMENT 

I c 

70. The time delay between r e f l ec t ions  from layered media a t  ver- 

t i c a l  incidence can be used t o  determine depth of l aye r s  i f  an est imate  of 

wave ve loc i ty  i n  t h e  mater ia l  ( i . e .  t he  r e l a t i v e  d i e l e c t r i c  constant)  i s  

ava i lab le .  The necessary r e f l ec t ions  are present f o r  a single-frequency 

radar system of the  type used t o  obtain data i n  t h i s  study, but  t h e  depth 

cannot be ca lcu la ted  d i r e c t l y  because the time delay between t h e  various 

r e f l ec t ions  cannot be measured. Three systems which may give s a t i s f a c t o r y  

r e s u l t s  are:  

( c ) a var iab le-  f requency radar system. 

(a )  a monopulse radar  system, ( b )  an FM radar  system, and 

ivionopuise Ea.ia.r Sy s Lei11 

71. The monopulse system i s  t h e  simplest t o  operate.  A s ing le  

pulse  of electromagnetic energy with a very short  pulse width i s  t r ans -  

mitted.  The surface radar r e f l e c t i o n  is  t h e  f i r s t  t o  re turn ,  and t h e  

subsurface r e f l e c t i o n  i s  delayed because of t h e  longer d is tance  t r ave led .  

The time delay between t h e  two r e f l ec t ions  i s  measured, and t h e  depth i s  

za l zu la t e3  cs ing  t h c  r e l a t i v e  f i ie lectr ic  co_n_st,agt.. A- monopi-i.lse-type 

system has been used successful ly  t o  measure i c e  thickness .  8 

FM Radar System 

72. I n  an FM radar  system, a long pulse of constant-amplitude i s  

The pulse i s  l i n e a r l y  frequency-modulated from an i n i t i a l  t ransmi t ted .  

frequency f l  a t  t h e  beginning of t he  pulse  t o  a f i n a l  frequency f 2  at 

t h e  end. The radar re turn ,  sampled at one in s t an t  i n  t ime, i s  made up of 

i nd iv idua l  frequencies of var ious amplitudes. The frequency d i f fe rence  

between t h e  surface and subsurface r e f l ec t ions  re turn ing  t o  t h e  rece iver  

can be in t e rp re t ed  as time delay and converted t o  a measure of  depth. 

The amplitudes at each frequency can be used as a base f o r  es t imates  of 

r e l a t i v e  d i e l e c t r i c  constant values.  
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Variable-Frequency Radar System 

P 

73. A variable-frequency radar system probably would give good 

r e s u l t s  with r e l a t i v e l y  simple radar equipment. The system would con- 

s i s t  of an ordinary radar receiver  and a t r ansmi t t e r  with a var iable-  

frequency output.  

continuous wave t ransmi t te r  output. 

i s  not c r i t i c a l ,  but must be slow enough so t h a t  t h e  freqcencies of t h e  

returns  from the  surface and t h e  subsurface layers  a r e  e s s e n t i a l l y  t h e  

same. 

t i c a l  incidence t o  t h e  s o i l ,  and t h e  frequency i s  var ied from lowest t o  

highest .  

increase t o  a m a x i m u m ,  and then repeat t h e  cycle over and over. 

measurement required i s  t he  frequency d i f fe rence  between e i t h e r  two 

adjacent m a x i m u m s  o r  two adjacent minimums. A block diagram of t h e  

variable-frequency radar  system i s  shown i n  f i g .  18 and t h e  der ivat ion 

of t h e  depth-determination formula i s  shown below. 

This system could operate with e i t h e r  a pulsed o r  a 

The speed of t he  frequency va r i a t ion  

I n  operation, t h e  t ransmi t te r  and receiver  a re  posit ioned at ver- 

The r e tu rn  received w i l l  decrease with frequency t o  a minimum, 

The only 

For the  geometry 

SUBSlJRFACf SOIL 1 \ / WATER + <lNTfRFACf 

I I1 

Fig. 18. Variable-frequency radar 
system block diagram 



shown i n  f i g .  19, t h e  re turn  t o  t h e  receiver  w i l l  be a minimum. The t 

TRANSMITTED RECEIVED 

NET RETURN TO 
RECEIVER 

wTE wT 
/ 

URFACE 
REFLECTION > , 
SUBSURFACE 
REFLECTION 

SUBSURFACE 
INTERFACE 

Fig. 1.9. Wave phase change i n  s o i l s  

and 

where 

$ = phase s h i f t ,  radian 

x = depth of t he  medium, m 

X =- wavelength of wave i n  t h e  medium, m 

c = speed or" l i g h t ,  300 x 10 m per sec 

E = r e l a t i v e  d i e l e c t r i c  constant r 
f = frequency of radar  wave, cps 

6 

C 
The term - gives the  speed of an electromagnetic wave i n  a medium with 

Fr 
t h e  conduct ivi ty  term neglected ( the  conduct ivi ty  term has l i t t l e  e f f e c t  on 

wave v e l o c i t y  at frequencies above 200 megacycles/sec f o r  t h e  samples thus  

far t e s t e d ) .  From equations 26 and 27 

4rtxf &- r d =  



t For a minimum, jd must be some odd mult iple  of 71 such as 71 , 3Jr , 571 ? 

e t c .  This can be shown by $ = 2fin - n , where n i s  an in teger .  There 

- 7 :  1 1  b u t :  rreyuwicy i s  increased from I t o  W L L L  7;e tTyw adjacent rninimuriis 1 
as l’-- 

when n i s  increased by one u n i t .  f 2  

Subtracting equation 23 i‘rom equation 30 y ie lds  

o r  

fl and f o r  This der ivat ion i s  good €or e i t h e r  a p a i r  of minimums at 

a p a i r  of‘ m a x i m u m s  at f l  and f 2  because only t h e  frequency d i f fe rence  

i s  used i n  t h e  ca lcu la t ion  f o r  depth.  From t h e  formula, t h e  only o the r  

variable besides t h e  frequencies i s  t h a t  of r e l a t i v e  d i e l e c t r i c  constant 

E . The r e l a t i v e  d i e l e c t r i c  constant can be ca lcu la ted  from t h e  average 

power refI.cctancc of t h i s  variable-frequency radar  system. From t h e  

l imi ted  nuniber of s tud ies  conducted, t h e  r e l a t i v e  d i e l e c t r i c  constant of 

s o i l s  appears t o  vary between 3 and 50. I€, €or purposes of i l l u s t r a t i o n ,  

it i s  asswied t i ia t  (a) t h e  d i e l e c t r i c  coiistaiit i.s ? ?  (b )  fl 

cycles/sec, and ( e )  f2 
subsurface d iscont inui ty  l’roiii c.quation 32 would be 1 m. If‘ i’l were 

300 megacycles/- o ~ c  1 and f 2  305 meGacycles/sec, f o r  t h e  same d i e l e c t r i c  

constant the ind ica ted  depth would be 10 m.  

2 

r 

i s  300 mepa- 

i s  350 megacycles/sec, t h e  pred ic ted  depth t o  a 

74. An advantage of a system of t h i s  type  i s  t h a t  no c a l i b r a t i o n  

of t h e  radar system i s  needed i f  t h e  r e l a t i v e  d i e l e c t r i c  constant of 

t h e  medium being t e s t e d  i s  known. A l l  measurements are r e l a t i v e .  The 

accuracy of such a system would depend mainly on t h e  a b i l i t y  t o  measure 

t h e  t r ansmi t t e r  frequencies.  



I PART V I :  CONCLUSIONS AND FECOMMENDATIONS 
I 

Conclusions 

75. The following conclusions are based on t h e  data from the  t e s t s  
reported and t h e  measurement techniques described herein: 

a. Standard pulsed radar  systems such as those used i n  t h i s  
study a r e  amplitude-sensit ive only, and an indiv idua l  re- 
t u r n  s igna l  obtained using t h i s  type of system cannot be 
separated i n t o  the  components r e su l t i ng  from surface and 
subsurface re f lec t ions .  
system cannot be used d i r e c t l y  to detec t  the  presence of 
a subsurface in t e r f ace  o r  t o  measure the  depth of layered 
mater ia l s .  (Paragraph 43. ) 
Radar sensors,  including standard p-dsed radar sensors ,  
provide information t h a t  can be used to ca lcu la te  e l e c t r i -  
P R ~  nrnnPrties of s o i l  (paragraphs 45-51).  
r e l a t ions  e x i s t  between t h e  e l e c t r i c a l  p roper t ies  of s o i l  
and s o i l  moisture content (paragraphs 62-67), radar sen- 
sors a re  capable of providing information upon which to 
base estimates of s o i l  moisture content.  

Long wavelength radar  waves (P-band) will r e f l e c t  from a 
subsurface soi l -metal  in te r face .  This ind ica tes  t h a t  it 
i s  feas ib le  to measure depths of layered mater ia l s  with a 
spec ia l ly  designed radar system operating a t  P-band f r e -  
quencies (225 to 390 megacycles/sec) . 
Insufficie_n_t dzta vere  produced by t h i s  program t o  show 
whether short  wavelength radar waves (C-band or shor t e r )  a r e  
as e f f ec t ive  as long wavelength radar waves (P-band) for 
measuring the  depth of layered mater ia l s .  
Radar s ignatures  of a s i l t  s o i l  determined from K a - ,  
X-, and C-bands a r e  more s ign i f i can t ly  a l t e r e d  by vegeta- 
t i o n  at various s tages  of growth than a r e  P-band s ignatures  
f o r  a l l  angles of  incidence. 
length radar  could be used to measure vegetat ion parameters 
( type,  weight, dens i ty ,  moisture content,  e t c . )  and t h a t  
long wavelength radar  could be used to inves t iga te  t h e  s o i l  
beneath t h e  vegetat ion e i t h e r  d i r e c t l y  or with simple cor- 
r ec t ion  f ac to r s .  (Paragraphs 68 and 69 . )  

- 

Therefore, t h i s  type of radar  

b .  - 

Since cor- 

e .  - 

(,Paragraphs 55-60. ) 
d. - 

(Paragraphs 55-61. ) 
e .  - 

This suggests t h a t  sho r t  wave- 

Re c ommendat i on s 

76. Based on the  f indings of  t h i s  study, it i s  recommended t h a t :  

a. Comprehensive t e s t s  be i n i t i a t e d  to de temine  t h e  bas ic  
e l e c t r i c a l  p roper t ies  o f  s o i l s  at high radio frequencies 
and to es t ab l i sh  cor re la t ions  between these  proper t ies  
and s o i l  moisture contents.  

- 
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b.  F i e l d  t e s t s  be conducted t o  determine i f  a var iab le-  - 
frequency radar s e t  (such a s  t h a t  described i n  paragraphs 
73-74) can detec t  and measure depths of layered ma te r i a l s ,  
such as t h e  depth t o  groundwater, depth of surface w a t e r ,  
or i c e  thickness .  

Tests  be conducted t o  determine how much radar  energy at 
var ious frequencies can penet ra te  vegetat ion of var ious 
types ,  he ights ,  d e n s i t i e s ,  and moisture contents  and 
convey s o i l  information. 

c .  - 
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Table 1 

Calibration Data, P-, C-, X-, and Ka-Bands 
, 

Recorder Receiver Transmitter 
Deflection i 

h 

I i n .  

. 

/c 

0.00 

0.35 
0.55 
0.75 

0.15 

1.05 
1.25 
1.45 
1.65 
1.85 

1-95 
2.20 
2.45 
2.60 
2.80 

3.00 
3.10 
3.35 
3.65 
3.85 

4.05 
4.20 
4.40 
4.55 
4.75 

4.95 
5.00 
5.15 
5.40 
5.55 

5.65 
5.85 
6.00 
6.10 
6.25 

6.40 
6.42 
6.52 
6.70 
6.75 

6.75 
6.75 

0.00 
0.75 
1.40 
1-95 
2.40 

2.82 
3.22 
3.61 
3.95 
4.32 

4.62 
4.89 
5.14 
5.42 
5.65 

Attenuator 
db 

60.0 
60.0 
63.0 
60.0 
60.0 

60.0 
60.0 
60.0 

50.0 

50.0 
50.0 

50.0 

50.0 

50.0 
50.0 

50.0 
50.0 
50.0 
40.0 
40.0 

40.0 
40.0 
40.0 
40.0 
40.0 

40.0 
40.0 
40.0 

30.0 

30.0 
30.0 
30.0 

30.0 

30.0 
30.0 

30.0 
30.0 
30.0 
20.0 
20.0 

20.0 
20.0 

36.2 
34.0 
34.0 
31.8 
31.8 

29.5 
29.5 
27.4 
27.4 
25.2 

25.2 
23.6 
23.6 
21.8 
21.8 

Attenuator 
db 

8.0 
7.0 
6.0 

4.0 

3.0 
2.0 
1.0 

10.0 
9-0 

5.0 

8.0 
7.0 

5.0 
4.0 

3.0 
2.0 
1.0 

10.0 
9.0 

6.0 

8.0 
7.0 
6.0 
5.0 
4.0 

3 -0  
2.0 
1.0 

10.0 
9.0 

8.0 
7.0 
6.0 
5-0 
4.0 

3.0 
2.0 
1.0 

10.0 
9.0 

8.0 
7.0 

c-Band 

36.0 
36.0 
33.7 
33.7 
31.4 

31.4 
29.2 
29.2 
27.1 
27.1 

25.1 
25.1 

23.2 
23.2 

21.4 

Power Received 
dbm 

-42.5 
-41.5 
-40.5 
-39.5 
-38.5 

-37.5 
-36.5 
-35.5 
-34.5 
-33.5 

-32.5 
-31 * 5 
-30.5 
-29.5 
-28.5 

-27.5 
-26.5 
-25.5 
-24.5 
-23.5 

-22.5 

-20.5 
-21.5 

-18.5 

-16.5 

-19.5 

-17 * 5 

-15.5 

-13.5 
-14.5 

-12.5 
-11.5 
-10.5 
-9.5 
-8.5 

-7.5 
-6.5 
-5.5 
-4.5 
-3.5 

-2.5 
-1.5 

-47.4 
-45.2 
-42.9 
-40.7 
-38.4 

-36.1 
-33.9 
-31.8 
-29.7 
-27 * 5 

-25 - 5 
-23.9 
-22.0 
-20.2 
-18.4 

Recorder Receiver Transmitter 
Deflection 

in.  

5.88 

6.28 
6.44 
6.58 

6.08 

6.70 
6.75 
6.78 
6.79 
6.80 

0.00 
0.15 

1.25 
0.70 

1.85 

2.35 
2.90 
3.44 
3.99 
4.45 

4.90 
5.34 
5.73 
6.04 
6.30 

6.64 
6.70 
6.75 
6.78 

6.80 

6.51 

0.00 
0.35 
0.50 
0.82 
1.10 

1.45 
1.75 
2.12 
2.45 
2.84 

3.17 
3.55 
3.90 
4.25 
4.60 

4.96 
5.31 
5.69 
6.00 
6.35 

6.57 

6.75 
6.76 

6.70 

Attenuator 
db 

20.0 
20.0 
18.3 
18.3 
16.6 

16.6 

15.0 
13.6 
13.6 

15.0 

42.4 
39.7 
39.7 
37.2 
37.2 

34.8 
34.8 
32.4 
32.4 
30.1 

30.1 
27.8 
27.8 

25.6 
25.6 

23.4 
23.4 

21.3 
19.3 

19.3 

21.3 

36.3 
34.4 
34.4 
32.6 
32.6 

30.8 
30.8 
29.0 
29.0 
27.2 

27.2 
25.0 
25.0 
23.7 
23.7 

22.0 
22.0 
20.2 
20.2 
18.4 

18.4 

16.6 
15.4 

16.6 

Attenuator 
db 

21.4 
19.7 
19.7 
18.0 
18.0 

16.3 
16.3 
14.8 
14.8 
13.3 

X-Band - 
41.8 
41.8 
39.2 
39.2 
36.6 

36.6 
34.2 
34.2 

31.9 

29.6 
29.6 
27.4 
27.4 
25.2 

31.9 

25.2 
23.2 
23.2 
21.2 
21.2 

19.2 

Ka-Band 

32.3 
32.3 
30.7 
30.7 
29.1 

29.1 

26.0 
26.0 

27.6 
27.6 

24.0 
24.0 
22.8 
22.8 
21.2 

21.2 
19.6 
19.6 
18.0 
18.0 

16.3 
16.3 
14.6 
14.6 

Power Received 
dbm 

-16.6 

-11.5 

-8.1 

-5.0 
-3.6 
-2.1 

-14.9 
-13.2 

-9.8 

-6.5 

-29.6 
-26.9 
-24.3 
-21.8 
-19.2 

-16.8 
-14.4 
-12.0 
-9.7 
-7.4 

-5.1 

-0.6 
-2.8 

+1.6 
+3.8 

+6.0 
+8.0 
+lo. 1 
c12.1 
t14.1 

+16.1 

-18.6 

-15.1 
-13.3 

-16.7 

-11.7 

-9.9 
-8.4 
-6.6 
-5.0 
-3.2 

-1.2 
+1.0 
+2.2 
+3.5 
+5.1 

+6.8 
1-8.4 
+lo. 2 
+ll .8 
+13.6 

t.15.3 
+17.1 

+20.0 
+18.a 



Table 2 

Electr ical  Properties of Soils  and Per l i te  
~ 

Test Results 
Parer Apparent Wave- Attenuation Phase 

. 

Soi l  

Sharkey clay 

Richfield s i l t  
loam 

Futnam S i l t  
loam* 

Futnam clay 

Per l i te  

Moisture Dry 
Content Density 
L P C f  

9-7 

20.8 

36.5 

51.4 

8.3 

24.1 

27.9 

35.8 

7.0 

35.7 

45.5 

0.0 

0.0 

0.0 

0.0 

75.8 

82.5 

82.5 

68.1 

76.7 

92.9 

92.1 

81.8 

70.3 

79.9 

73.3 

10.0 

20.0 

30.0 

40.0 

. .  

Reflec- Reiative length 
Radar tance Dielectr ic  i n  Soil 
Band db Constant in .  -- 

Ka 
X 
C 
P 

Ka 
X 
C 
P 

Ka 
X 
C 
P 

K a  
X 
C 
P 

Ka 
X 
C 
P 

Ka 
X 
C 
P 

Ka 
X 
C 
P 

Ka 
X 
C 
P 

K a  
X 
C 
P 

K a  
X 
C 
P 

K a  
X 
C 
P 

Ka 
X 
C 
P 

Ka 
X 
C 
P 
Ka 
X 
C 
P 

Ka 
X 
C 
P 

-19.6 
-9.7 

-12.7 -- 
-16.4 
-6.7 
-9.2 -- 
-6.1 
-5.2 
-5.7 -- 
-9.1 
-4.7 
-4.7 _- 

-14.1 

-12.2 
-10.5 

-9.1 
-6.7 

-_ 

-5.2 

-6.1 

-3.2 

-_ 
-4.7 

-5.1 
-2.9 
-2.9 

-- 

-- 
-16.3 
-9.7 
-9.5 

-7.9 
-5.7 
-3.5 

-6.9 
-3.7 
-2.5 

-- 

-- 

-- 
-21.9 

-5.0 

-12.7" 

-18.7" 

-- 
-19.9 

-2.7 -- 
-16.9 

-6.5 
-15.7" 

-- 
-14.9 
-14.7H 
-15.mt -- 

1.52 
3.89 
2.57 
9.08 
1.85 
7.38 
4.26 

12.60 
8.81 
11.90 
9.97 

36.40 
4.33 

14.30 
14.30 
44.00 
9.22 
3.43 
2.72 
7-03 
4.33 
7.38 
11.9 
24.70 
8.81 

14.30 
30.20 
28.10 
12.30 
36.50 
36.50 
41.20 
1.85 
3.89 
4.03 
5.08 
5.52 
9.97 

25-30 
41.10 
7.02 

22.60 
49.00 
32.30 
1.38 
1-59 
NAt 
1.29 
1.50 
2-57 
NA 
1.76 
1.78 
1.94 
NA 
1.82 

2.07 
2.11 
2.06 
2.34 

Constant Factor Relative 
a 3- Dielectr ic  .Conductivity 

m - 1  Constant mhos/m 

~ * Futnam s i l t  loam overlying Futnam clay. 
by techniques used for the  other samples. 
tha t  could be derived by the wavelength method. 

mately 1 ft o r  l ess .  

car t .  

mately 20 in. or  less. 

The depth of these samples was insuf f ic ien t  for analysis of the data 
The parameters l i s t e d  under P-band are therefore limited t o  those 

** X-band reflection from subsurface metal p la te  is larger  than surface ref lect ion for sample depths of approxi- 

t Not available. 

t t  C-band reflection from subsurface metal p la te  is larger than surface re f lec t ion  for  sample depths of approxi- 

C-band ref lect ion from subsurface metal p l a t e  i s  l a rger  than surface ref lect ion f o r  en t i re  
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Table 7 
I Vegetation (Wheat) Signature Test Da.ta 

Angle of Normalized Echo Area, db 
Incidence, deg Ka-Band X- Band C-Band P- Band 

0 
10 
20 
30 
40 
50 
60 

Height 3-l/2 i n .  

-21.6 -1.9 +0.5 -0.9 
-25.7 -16.6 -16.8 -11.2 
-27.2 -15.8 -19.1 -15.8 
-28.3 -17.7 -21.5 -15.4 
-26.9 * -15.1 -22.5 -13 5 
-27.2 -15.8 -24.0 -17.0 
-27.0 -14.8 -23.5 -13 - 5 

0 
10 
20 
30 
40 
50 
60 

0 
10 
20 
30 
40 
50 
60 

Height 1 4  i n .  

-10.5 -1.4 +1.2 -2.4 
-17.5 -6.6 -11.2 -13.3 
-19.6 -9.8 -16.2 -16.5 
-17.6 -11.6 -15.6 -17.9 

-16.9 -8.9 -15.7 -16.0 
-15.1 -12.1 -18.5 -10.1 

-16.5 -12.5 -16.2 -13 - 2  

Height 29 i n .  

-19.4 -15.6 -15.5 -4.7 
-16.8 -14.2 -16.9 -15.5 
-19.7 -17.4 -18.3 -14.8 

-23.9 -16.6 -19.0 -13.4 
-20.4 -16.3 -21.8 -19.4 

-21.0 -16.2 -16.3 -15.6 

-22.8 -11.3 -17.5 -15.1 

Not e : Horizontal  po lar iza t ion .  
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U S STANDARD SIEVE NUMBERS HYDROMETER 
I6 30 50 100 200 

GRAIN SIZE IN MILLIMETERS 

SILT OR CLAY SAND - ~~ 

C I  M I F 

a SHARKEY CLAY 

FIG DEPTH GI L L P L P I  
CLASSIFCATION 

a 6- TO 18" .&E 72 .. 2_s 46 CLAY (CHI . S I C  
b O--TOJ2' 267 38 20 18 CLAJ ICL) SIL 

' 

d 12- TO 18" 267 86 29 57 CLAY CH) C 

USCS USDA 

- 

y? TO I 2 - ~ 2 6 T ~  38 -1 26 1 2 - Y L T  (ML).~ 

U. S STANDARD SIEVE NUMBERS HYDROMETER 

SOURCE 

SHARKEY COUNTY, MISS 
GARDEN CITY, KANS 
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MEXICO, MO 

GRAIN SIZE IN MILLIMETERS ~- - 
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C l  M I  F 

c PUTNAM SILT LOAM (TOPSOIL) 

US STANDARD SIEVE W E R S  HYDROMETER 
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C I  M I F 

b. RICHFIELD SILT LOAM 
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APPENDIX A: DESCRIPTION OF MATERIALS 

9* Sharkey Clay 

1. The Sharkey clay i s  representative of t h e  group of poorly 

drained, clayey s o i l s  t h a t  form i n  fine-textured sediments i n  slack-water 

areas along the  Mississippi River. The s o i l  contains a la rge  percentage 

of c lay  minerals, ch ie f ly  i l l i t i c  v a r i e t i e s .  When dry, such s o i l s  shrink 

and form cracks t h a t  may be from 1 to 5 i n .  wide and several  f e e t  deep. 

When wet, the  s o i l  expands and t h e  cracks f i l l .  The s o i l s  react ion i n  

t h e  pH t e s t  i s  medium acid t o  neutral .  

2. The Richfieid s i l t  loam i s  derived from calcareous f ine- textured 

loess  and i s  qui te  uniform chemically over large regions. The s o i l  occurs 

on smooth, nearly l e v e l  t o  moderately sloping uplands i n  t h e  high p la ins  

region. 

11 
Futnam S i l t  Loam and Clay 

3. Futnam s i l t  loam and c lay  are planosols formed from loess .  I n  

nature  t h e  s i l t  loam surface layer  i s  about 12  to 18 i n .  th ick .  

l i e s  very p l a s t i c  c lay  subsoi l  t h a t  prevents rapid drainage of rainwater 

downward through t h e  s o i l  p r o f i l e .  The surface s o i l  l a y e r  usual ly  i s  

e i t h e r  very w e t  or very dry. 

It over- 

12 P e r l i t e  

4. 
occurring g lass  of igneous or ig in  t h a t  w i l l  expand when heated to 1500 to 

2000 F to y i e l d  a frothy, lightweight product. 

I n  commercial usage t h e  term " p e r l i t e "  r e f e r s  to any na tura l ly  

The name r e f e r s  to t h e  

* Raised number r e f e r  to s imi la r ly  numbered items i n  Li te ra ture  Cited 
which follows t h e  main t e x t  of t h i s  report .  
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expanded product a s  w e l l  as to t h e  unexpanded r a w  material, and both  types  

were used i n  t h e  cons t ruc t ion  of radar  samples. I n  s t r i c t  p e t r o l o g i c a l  

usage, the  tern. "perlite" Is res t i r ic ted  t o  a s i n g l e  v a r i e t y  of volcanic  

g l a s s  i n  which s t r a i n  inc ident  t o  cool ing has  y ie lded  a concent r ic  or 
"onion'! s t r u c t u r e  of f r a c t u r i n g  which may be v i s i b l e  t o  t h e  naked eye or 
may be observed only under t h e  microscope. 

5. P e r l i t e  i s  an  dwninum s i l i c a t e  commonly containing small amounts 

of o t h e r  compounds. 

cen t ,  and t h e  aluminum content from 10 t o  1-5 percent .  The water content  

of r a w  p e r l i t e  i s  commonly 3 t o  4 percent  by weight and it i s  chemically 

bound. The expanded p e r l i t e  product i s  a white ,  rough, ves i cu la r ,  granu- 

l a r  aggregate t h a t  may vary i n  weight,  according to t h e  degree of expan- 

s ion ,  from l e s s  than  3 t o  more than  15 pcf .  

6. 

The s i l i c a  content  of t h e  ore  ranges from 55 to 72 per- 

The p e r l i t e  used i n  t h e  t e s t s  descr ibed i n  t h i s  r epor t  w a s  ob- 

t a i n e d  from t h e  J. J. Brouk Company, S t .  Louis, Mo. The two grades of 

t h i s  ma te r i a l  obtained were as follows: 

- a. Expanded p e r l i t e  aggregate ,  grade No. 77-1-1-0, with  a weight 
o f  approximately 10 p c f .  
m a t e r i a l  had a g ra in  s i z e  between 0.1 and 2.0 mm. 
Crushed unexpanded p e r l i t e ,  grade No. 77, wi th  a weight of 
approximately 61 pcf .  
ma te r i a l  had a g r a i n  s i z e  between 0.2 and 4.0 mm. 

Approximately 90 percent  of t h e  

- b. 
Approximately 90 percent  of t h e  

A2 



APPENDIX B: CALCUYlTION OF NORMALIZED ECHO 

1. The nomal ized  echo area  Y of a ma te r i a l  i s  determined by means 

of t h e  following equation: 

2 2  PrG X Ai-' 
P =  

R (4fl)3R4 

where 

P = power received, w a t t  

P = power t ransmi t ted ,  w a t t  
R 
T 
G = antenna gain, dimensionless 

X = wavelength, m 

A .  = cross-seciiorial  a-2"  cf' r a d a r  beam a t  a d is tance  equal t o  R , 
1 

sq m 

y = normalized echo area ,  dimensionless 

R = range, m 

Equation B1 can be w r i t t e n  i n  a more convenient form by dividing 

PT by 
equation, and solving f o r  10 log  Y . 

PR and 

w a t t s ,  t ak ing  t e n  times the  logarithm of both s ides  of t h e  

R 10 l o g  y = 10 l o g  - 
7 ,-3 
P 

IV 

-{lo log - pT + 2(10 log G) + 10 log 
10-3 

where 
db 'db ' 10 log Y = normalized echo area 

pT 

10-3 
10 log - = power transmitted,  dbm 

The va lues  f o r  t h e  terms i n  equation B2 were es tab l i shed  as described i n  

t h e  following paragraphs. 
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Power Received PD 

2 .  Values of recorder def lec t ion  were converted to power received 

by t h e  radar receiver  through t h e  use of t h e  appropriate c a l i b r a t i o n  curve 

shown i n  p l a t e  1 of t h e  main t e x t .  

upper r ight  corner of f i g .  9 of main repor t )  was added t o  t h e  values ob- 

ta ined  from t h e  c a l i b r a t i o n  curve t o  ca lcu la te  t h e  power a c t u a l l y  reaching 

t h e  receiving antenna. 

The receiver  a t tenuat ion (see data i n  

T 
Power Transmitted P 

3. The quantity of power transmitted w a s  recorded as average 

pulse power transmitted on each s ignature  (as shown i n  upper r i g h t  

corner of f i g .  9 of main report ,  the  average pulse power transmitted 

f o r  C-band i s  46.6 dbm) . 

Antenna Gain G 

4.  The gain of the  antenna was calculated by the  following 

e quat i on : 

4fiA k 10  log G = 10 log 7 a 

x 
where 

k = 0.6 (constant f o r  a parabolic antenna) 

X = wavelength, m 

a 

2 
A = antenna aperture a rea ,  sq m, = T I  (") , where d i s  t h e  

diameter of t h e  antenna, m 
The following t a b l e  gives t h e  antenna gain and t h e  values used t o  ca lcu la te  

the  gain f o r  each radar system. 

10 log 
G 

Radar X d A, 
Band meter meter sq meter 

K a  0.0087 0.228 0.0408 36.1 
X 0.0321 0.456 0.163 30.8 
C 0.051 0.71 0.292 29.3 
P 1.01 2.438 4.66 15.4 
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- Range R 

5. R i s  fixed by the  design of L e  radar f a c i l i t y  and has a value 

of 13.7 m. 

distance t h a t  t he  antenna carriage and antennas a re  mounted i n  from the  

outer edge of t h e  arch. 

Cross- sect ional  area 
o f  radar beam Ai 

This i s  equal to the  radius of t he  arch (50 ft) minus the 

6. Ai at  v e r t i c a l  incidence was calculated using the  following 

e quat ion : 

2 
*i = ( R  tan g )  

8 = antenna beam width for each radar band as follows: 

Radar Band 8 ,  deg 

. . K a  2.66 
X 4.93 
C 5.86 
P 29.00 

S ~ h s t ~ i t u t i n g  these beam width values i n  equation B4 yields  the  following 

cross-sect ional  areas: 

Radar Band 

K a  
X 
C 
P 

A sq  m i' 

0.3 
1.1 
1.6  
4.0 

7. 
t i o n  B2, t he  following sample calculat ion w a s  made f o r  t he  C-band s o i l  

s ignature  shown i n  f ig .  9. 

Using the  above values established f o r  t he  var iables  i n  equa- 

+ 2(10 log G) + 10 log 'R ?T 
10-3 10-3 

10 log y = 10 log - - 10 log - 

o r  



Ydb = 10 l o g  - 'R - I 46.6 + 2(29.3)+ 10 log I 

H ydb = io log - - 2.9 
10-3 

One inch o f  def lec t ion  on t h e  X-Y recorder corresponds t o  a power received 

value of -44.5 dbm (plate lb). Correcting t h i s  value of power received by 

the  amount of at tenuat ion i n  t h e  receiver  at t h e  time of' t h e  t e s t ,  14.1 db 

(see receiver a t tenuat ion l i s t e d  i n  upper r i g h t  corner of f i g .  g ) ,  y i e l d s  

t h e  following value of y for a def lec t ion  of 1 i n .  db 

= (-44.5 f 14.1) - 2.9 
'db 

8. S i m i l a r  calculat ions f o r  recorder def lec t ions  of 0, 2.0, 3.0, 
4.0, 5.0, 6.0, and 6.8 i n .  y i e l d  t h e  following values of corrected power 

received and Y * db 

Recorder Def l e  e t  ion 
i n .  

0.0 

1.0 

2.0 

3 .o 
4.0 
5.0 

6.0 
6.8 

Corrected Power 
Received, dbm 

-33.2 
-30.4 
-26.2 
-21.2 

-15.5 
-3.0 
-1.4 

f l l .  1 

db 'db' 

-36.1 
-33.3 
-29.1 
-211 .I 
-18.11 

-11.9 
-4-.3 
+8.2 
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