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ABSTRACT 

The increasing use of radar systems as remote sensors of i ce  

thickness has revealed a lack of basic da ta  on the micrwave propert ies  

of fresh-water ice. This report describes a program i n  which the 

complex d i e l e c t r i c  constant was measured for  a s e r i e s  of i ce  samples 

taken from the Great Lakes. The measurements w e r e  taken a t  temperatures 
0 0 0 

of -5 , -10 , and -15 C. It is noted tha t  the ice has considerable 

internal  layered s t ruc ture ,  and the e f fec t s  of the layering a re  examined. 

Values of 3.0 t o  3.2 a r e  reported for  the r e a l  part  of the d i e l e c t r i c  

constant, with an e r ro r  bar of f0.01. 
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I INTRODUCTION 

The study of naturally occurring ice by airborne radar has been 

continuing since the inception of the early programs in remote sensing 

of earth resources a decade ago. The more recent vork by Venier and 

Cross (1972) and Cooper et al. (1974) on lake ice has indicated a need 

for better fundamental data on microwave properties of this type of ice. 

Standard reference works such as Von Hippel (1954) quote values of the 

dielectric constant and loss tangent for ice at a number of isolated 

frequencies and temperatures, but for an understanding of the radar 

signatures of different ice types under naturally occurring condi~ions, 

more complete data are necessary. The measurements described in this 

report were made on samples of lake ice taken from Lake Erie by NASA 

personnel in the 1973-74 ice season. 



I1 SAMPLE DESCRIPTION 

The samples, which vere in the form of cylindrical cores 3 inches 

in diameter and up to 36 inches in length, contained several broad cate- 

gories of ice type: 

(1) Clear ice 

(2) Ice with inclusions 0.1 to 1 om in diameter (milky in appear- 

ance) 

(3) Ice with large irregular inclusions 0.1 to 0.6 cm in diameter. 

Initially, attempts were made to find long enough sections of each 

sample to be representative of the whole core. This was not possible in 

most cases due to the highly fractured nature of the samples, and an 

alternative method of measuring the properties of the individual layers 

and computing the microwave properties of the whole sample was chosen. 

The NASA samples are described in detail in Table 1. One sample contained 

a small section of ice with verticle columns or pipes of entrapped air, 

5ut the size of this part of the sample was too small to allow measurement 

All of the samples contained a substantial number of fractures and most of 

them consisted of a number of distinct layers of different appearance and 

air bubble content. Photographs of sections from four of the samples are 

given in Figures 1 through 4. 

The frequency range employed for this study was 1 GHz to 18 G H z .  Because 

of the inherent nature of conanercial microwave equipment, it was necessary 

to perform the measurements in three separate ranges--namely, 1 to 8.2 GHz.  

8.2 to 12.4 GHz. and 12.4 to 18 Wz. This in turn made it necessary to 

machine three samples out of each piece of ice to be measured. The low- 

frequency sample was mounted in a 1.625-inch coaxial transmission line, and 

the other samples were machined to fit into an appropriate waveguide section. 



Table 1 

DESCRIPTION OF ICE SAlAPLES 
- - - 

NASA 

Sample N o .  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Length 

(cm) 

30 

44 

4 7 

34 

34.5 

45 

47.5 

75 

42 

78  

* 

Descr ip t ion  

Clea r .  F rac tu red  i n t o  l e n g t h s  
o f  6 t o  7 cm. 

Inc lus ion  1 to  8 mm i n  s t r a t a  
10  to  1 2  c m  long.  One c l e a r  
s e c t i o n  10 cm long. Fractured.  

Small i n c l u s i o n s ,  some smal l  
c l e a r  s e c t  ions .  F rac tu red  i n t o  
s e c t i o n s  8 t o  12  c m  long. 

Mostly c l e a r ,  occas iona l  v e r t i -  
c a l  s t r i a t i o n s .  F rac tu red  i n t o  
s e c t i o n s  8 t o  12 cm long. 

Small i n c l u s i o n s ,  f r a c t u r e d .  

Mostly c l e a r ,  f r a c t u r e d  i n t o  
l eng ths  of 7 t o  8 cm. 

Same a s  Sample No. 6. 

Mostly c l e a r .  Bottom s e c t i o n  
crumbled and unusable.  
Fractured.  

C l e a r ,  unevenly f r a c t u r e d  i n t o  
l eng ths  of 3 t o  5 cm. 

Small inc lus ion  (0.1 mm diam- 
e t e r ) ,  5 cm snow cover .  
F rac tu red .  7 cm c l e a r  sec- 
t i o n .  Occasional  s t r a t a  with 
i n c l u s i o n s  up t o  4 nun i n  diam- 
e t e r .  











111 SAMPLE, PREPARATION 

Considerable difficulty was encountered iil machining thz ice samples 

to fit the various types of transmission line used for the measurements. 

It was found, for example, that the optimum temperature for machining was 
0 

-10 C. Wanner temperatures than this produced local melting as the ice 

was worked, and colder temperatures caused the ice to become excessively 

brittle. Figure 5 shows the coaxial samples being turned down on a lathe 
0 

mounted in an environmental chamber set at -10 C. The dimensional accuracy 

achievable was comparable to that ~btained with conventional materials 

(i.e., 50.001 inch). All samples were made 0.1 m in length. With this 

length of sample, using loss-tangent data from the literature, it was 

estimated that the sample losses would be just above the measurement limit 

of the network analyzer. Longer samples, although preferable, would have 

been difficult to select and fabricate, while shorter samples would not 

give a sufficiently high loss. The coaxial samples were first bored out 

to take the inner conductor of the transmission line, which was then 

frozen into place with the sample symmetrically positioned in the axial 

direction. The outer diameter of the ice was then machined and the outer 

conductor slid into place. Tapered transitions were then added to each 

end to enable the sample holder to be mated with the network analyzer. 

For the frequency region 8.2 to 18 GHz samples were machined to fit 

0.1-m lengths of X- ant P-band waveguide. Initial cuttLng was done on a 

bandsaw. Further preparation was done with fine sandpaper and a series of 

jigs to ensure 3 tight fit into the waveguide. Ii can be seen that for one 

set of measurements over the full frequency range, at least 0.3 m of the 

ice sample had to be of the same type, and had to have no severe fracturing 

present. Following the assembly of the samples in the holders, the samples 

were taken to the analyzer facility and allowed to come to equilibrium at 
0 

-5 C prior to the start of the measuxements. 





1V MEASUREMENT PROCEDURE 

The measurement procedure used initially for the Great Lakes ice 

samples is described in detail in the Appendix. In sumary, the method 

consists of injecting a continuous microwave signal into the sample. and 

measuring the phase and amplitude of both the reflected and transeitted 

waves as the input frequency is swept over the range of interest. The net- 

work analyzer (a computer-controlled H-P 8541A) then calculates the reflec- 

tion coefficient for an infinite sample. and the loss tangent and complex 

dielectric constant for the material. The procedure could be extended over 

any frequency range between 1 and 18 Qiz in steps of one octave. 

The sample temperature was controlled by two thermoelectric coolers. 

and was continuously displayed during the measurement. Three temperatures 

were chosen; these were -5' . -lGJ . and - 15'~. In retrospect , an upper limit 

in temperature closer to the melting point would h v e  been more appropriate 

in view of typical conditions in the spring on the Great Lakes. 

Some trouble was continually encountered in the precision connectors 

from the sample holder to the analyzer. in that any cooling of these devices 

produced errors in the phase measurements on the sample. This will be dis- 

cussed further under the section on errors. 

The analyzer was limited to approximately 40 frequency points per 

measurement which. in effect. meant that frequency points tended to be 

spaced by 100 to 150 MHz. Fortunately, none of the electrical properties 

of ice appear to be a strong function of frequency in the range covered by 

this investigation, and the spacing was therefore accepted as adequate. To 

start a data run the equipment was calibrated ertensively in order to remove 

the propagation effects of the sample holder and its connectors. Further 

checking of the equipment was also achieved by measuring the properties of 

a Teflon sample and comparing the results with known values. 



After the completion of these formal test procedures the samp e holder 

with the ice in place was connected and allowed to come to equilibrium at 

-5'~. The properties of the ice sample were then measured and the experiment 

repeated for temperatures of -1&C and -15O~. Because of the time necessary 

to change tearperature and come to equilibriua, the measurement of one sample 

would take from 4 to 5 hours, and one day's operation would usuzlly result 

in only two samples being completed. Figure 6 shows the sample holder for 

the 1 to 8.2 GHz measurements, and the network analyzer is shown in opera- 

tion ir. Figure 7. In this figure. the thermoelectric coolers can be seen 

on top of the cold chest. 







The majority o f  the  data were reduced us ing  the  method described i n  

the  Appendix. An example of the  output from t h i s  process  appears i n  Figure 8. 

I I 1 1 I I 
+3.988 1 

+.I248 + l Q O Q .  ..'nib' +.1888 E + 9 5  
FREQUENCY - GHz 

LA-35714  

FIGURE 8 EXAMPLE OF OUTPUT FROM SCATTERING-PARAMETER PROGRAM 



The options for output format include plots of loss tangent, losses in dB./m, 

absorption coefficient, permeability, and real and imaginary parts of the 

dielectric constant. Of these, the absorption losses in dB/m and the real 

part of the dielectric constant were chosen as being of the greatest value. 

The permeability of ice was of course unity for all frequencies. In the 

case of data from 1 to 8.2 GHz,  an alternative scheme of calculating the 

dielectric properties from the transmitted wave alone was found necessary 

because of the low losses in ice, which allowed multiple reflections and 

standing waves to be set up within the sample. On occasion this allowed 

the ice to act as a quarter-wave plate giving reflection coefficients of 

zero, which in turn caused the conventional program to divide by zero and 

rendered large segments of the data unusable. 

In the alternative program the real part of the dielectric constant 

is given by differentiating the phase of the transmitted signal with respect 

to frequency. This gives the group delay of the wave, and hence the real 

part of er, as indicated by Eq. (11) in the Appendix. An example of a 

typical phase plot is given in Figure 9 in which it can be seen that the 

slope varies little over the entire frequency range, giving an almost con- 

stant value for e,. The cyclic variations are caused by the multiple 

reflections within the sample, and have to be removed by smoothing before 

the dielectric constant is calculated. 
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FIGURE 9 EXAMPLE OF PHASE PLOT VERSUS FREQUENCY FOR AN ICE SAMPLE 



VI RESULTS 

The ice samples from the Great Lakes contained several different types 

of ice, as explained earlier in this report. All the samples had a layered 

structure, and most included strata of several different ice types. For 

the purpose of this report the ice was classified as clear, milky with small 

inclusions, or clear with large inclusions. Measurements under a microscope 

Indicated that the "milkyv classification typically contained over 500 

inclusions/cm3 with diameters of 10'~ cm, and in most cases also included 

over 9/cm3 with diametersof 5 x 10'~ cm. Using a mixing rule on these num- 

bers, and taking the sr as 3.2 for pure ice, the bulk dielectric constant 

for the samples would be 3.19 for the small inclusions and 3.12 for the 

samples with both sizes of inclusions. The samples with large inclusions 

typically contained air bubbles with diameters of 0.6 cm at a density of 

0.62/cm3. Using the mixing rule as before, the predicted value for s 
r 

would be 3.05. 

A number of samples of each of these types were measured, and the 

results are given in Figures 10, 11, and 12. The discontinuities in the 

plots occur at points where the increasing frequency necessitated a new 

sample holder and sample, and correspond to 1 to 8.2 GHz (coaxial trans- 

mission line), 8.2 to 12.4 GHz (X-band waveguide), and 12.4 to 18 GHz 

@-band waveguide). The error bars on these measurements are larger than 

was hoped, primarily due to the effects of the temperature chrtlge on the 

precision cables and connectors and the resonant effects i r r  the low-loss 

ice samples. It is easily seen that in the case of solid ice the real 

part of the dielectric constant is not a strong function of frequency, 

and neither is the dielectric loss, expressed here as attenuation in dB/m. 

An important observat'on from the standpoint of remote sensing is that the 

ice is virtually 10s .ss over the entire range from 1 to 18 GHz, and that 

one should not therefore limit the bandwidth and resolution of airborne 









profiling techniques because of loss considerations in the ice. The 

losses encountered in the samp1.e~ that had a significant volume of 

inclusions are clearly due to a scattering process rather than to di- 

electr~c absorption. 

The magnitude of the losses was for the most part below the noise 

level of the network analyzer, and in all cases was less than 8 dB/m. 

This was a somewhat surprising result and would have no doubt been 

different if we had performed the measurements closer to the melting 

point of the ice. For comparison, Von Hippel (1954) quctes a value of 
0 

1.1 d ~ / m  for pure ice at -12 C. Tables 2 and 3 show the dielectric 

properties of the ten NASA samples constructed from measurements of 

their stratigraphy and the microwave measurements on individual layers 

taken from the samples. One measured sample is not included in these 

results. It was a section from NASA Sample 2, which gave a measured 

value of e of 3.65. The measurement was not repeatable dus to deteriora- 
r 

tion of the sample, and the result did not fit the trend for other ice 

measurements and was therefore ignored. 

It was noted that the effect of temperature of the real part of the 

dielectric constant was negligible, and was within the error bars for the 

experiment. This supports the work of Cumming (19521, who maintained that 

temperature was not an important parameter at 10 GHz for ice and snow 

measurements. A trend was noted, however, where e would increase by 
r 

0.002/~~. It is hard to determine whether this was a real trend or wkether 

it was due to tempsrature variations within the connectors and cables. For 

the temperature range under consideration it was in any case a very minor 

effect. 

In the case of dielectric loss, there was a consistent increase in 

loss as the temperature increased. None of the losses measured were greater 
0 

than 8 dB/m at -5 C. Greater losses would have no doubt been detected at 

temperatures closer to the melting point. 



Table 2 

VALUE23 OF e r  FOR NASA SAMPLES AT -PC* 

N;S.4 re No. 
4 , 6 , a n d  7 Frequency 

(GHz) 

1 

2 

3 

4 

5 

6 

* 
Values h 3 w . a  been rounded t o  t h r e e  s i g n i f i c a n t  f i g u r e s  and 

1 and 9 

3.18 

3.18 

3.18 

3.19 

3.18 

a r e  a l l  s u b j e c t  t o  a t o t a l  e r r o r  of 20.01. For values  a t  
- 1 8 ~ ~  s u b t r a c t  0 .01 from a l l  readings .  For va lues  a t  

I 
3.17 

- l a 5 c ,  s u b t r a c t  0.02. 

7 

8 

9 

10  

11 

12 

13 

14 

15 

16 

3.17 

3.17 

3.15 

3.12 

3.14 

3.15 

3.16 

3.18 

3.18 

3 .18  

17 3 18 

18 3.18 



Table 3 

A'ITENUATION OF NASA SAYPLES AT -9 C* 

(dB/=) 

* 
These valuer are subject to an error of +1.5 dB/m. 
Values at -18~ were consistently 1 dB/n: lower then 

Frequency 

t-1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

the value shorn. Attenuation at - 1 9 ~  was close to 
the noise level of the Network Analyzc and was 

NASA Sample No. 

approximately 1.5 dB/m less than the values shown here. 

L and I) 

2.4 

2.4 

3 

2.5 

2.5 

2 

3.6 

3.6 

2.4 

2.4 

2.4 

2.5 

2.5 

2.6 

2 -6 

2.6 

2.8 

4.6. and 7 

2.4 

2.4 

3 -0 

3.0 

2.9 

2.9 

3 -0 

3 -0 

2.9 

8 

2.5 

2.5 

5 

2.1 

2.2 

2.4 

2.4 

2.4 

2.5 

2.5 

2.6 

3.6 

3.5 

3.5 

3.5 

3.6 

3.7 

3.9 

4.3 

4.8 

10 

2.5 

2.6 

2.5 

2.5 

2.5 

2.5 

2.7 

2.8 

3.0 

3.1 

3.3 

2.1 

2.0 

2.0 

2.0 

2.4 

2.7 

2.5 

2.4 

2.4 

2.4 

2.7 

2.9 

3.4 

3.8 

3.8 

2.5 

2.4 

2.4 

2.4 

2.8 

3.0 

3.5 

4.0 

4.0 

5.3 

5.3 

5.2 

5.3 

5.4 

5.6 

5.8 

2.7 3.2 

3.4 

3.4 

3.3 

3.3 

3.3 

3.3 

3.3 

2 -8 

2.9 

4.1 

1.0 

3.9 

3.7 

3.6 

3.7 

3.8 

4.0 

3.8 

3.7 

3.5 

3.4 

3.2 

3.0 

3.0 

3.1 

3.9 1 3.1 

3.8 

3.7 

3.6 

3.5 

3.5 

3.6 

3.0 

3.0 

3.0 

3.0 

3 -0  

2.9 



VII MEASUREHENT ERRORS 

nJo important sources of possible  e r r o r  e r e  present i n  t h i s  

measurement program--sample preparation, and computational e r ro r s .  

In  the waveguide measurements (from 8.2 t o  18 GHz), the samples were 

accurately f i t t e d  and any e r r o r s  i n  sample fabr ica t ion  were due t o  the 

f i n a l  facing operation which teiuled t o  open up any inclusions near the 

surface and leave nonplanar interfaces.  In  the case of the coaxial  

measurements (1 t o  6.2 QIz)  the problem was t h a t  the inner  conductor 

could produce chipping around the end faces  of the sample, and these 

were d i f f i c u l t  t o  "repair" accurately.  

The daninant source of e r r o r  i n  the  whole program was the Fundamental 

prnblem of  measuring phase accurately i n  the  presence of mult iple  i n t e r n a l  

r e f l e c t i o n s  within the  i c e  sample. Over a bandwidth of 1 CCIz. f o r  example, 
0 

an e r r o r  i n  t he  measureiaent of the  phase of the  transmitted wxve of 1 pro- 

d u c e ~  an e r r o r  i n  € of 0.003. Under naxmal conditions,  using medium-to- 
r 

high-loss samples, the  ne~work analyzer is capable of phase accuracies of 

lo. With ice ,  however, the low losses  allow the  generation of standing 

waves v i zh in  the  sample tha t  modify the phase of the emerging wave and 
0 

cause phase measurement e r r o r s  of 9 . This produces an uncertainty of  

tO.006 i n  t. . Tne measurement of losses  wi th in  the  i c e  sample was a£ fected r 
i n  the same way, but was limited by the  noise l eve l  of the network analyzer,  

which e f f ec t ive ly  produced a lower l i m i :  of 0.1 dB on a l l  l o s s  measure- 

meets. Since a l l  the i c e  samples were 0.1 m i n  length, the lower l i m i t  

was therefcre  1 dB/m. An addi t ioua l  uncertainty was introduced by the 

e f r e c t s  of cooling on the cables  and connectors leading t o  the sample 

area. Experimnts  on an emply sample holder were conducted t o  e s t ab l i sh  

the magnitude of t h i s  e f f e c t ,  and the r e s u l t s  lead t o  a t o t a l  f i gu re  of 

21.5 dB/m fo r  the e r r o r s  i n  the a t tenuat ion  data .  



VIII CONCWSIONS 

The samples used in this study did not produce any dramatic unexpected 

results. m e  real part of the dielectric constant varied from approximately 

3.0 to 3.2 and was dependent on the volume of air inclusions present in the 

sample. Temperature did not affect this parameter noticeably. Diele~cric 

loss varied from 2 dB/m to 8 dB/m, and was also primarily a function of 

inclusions rather than temperature. The forvard loss was therefore due to 

a scattering mechacism and not to the conductivity of the sample. 

It is reasonable, therefore, to assume that the backscatter in the 

samples would be proportional to the measured attenuation at any given 

frequency for the samples. 

In no case did we find any properties that would explain anomalous 

backscatter as observed by W A t s  sidelooking radar, or a sufficiently 

high value for permittivity that could substantiate the value of 4.0 used 

in early flight tests to obtain a closest fit between the ice thickness 

a d  the short-pulse-radar results. 

It is felt that with further work on new samples, the error bars on 

the microwave data reported here could be reduced substantially by use of 

improved measurement techniques. 
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AU~OIM~K Measurement of Compkx Diekctric Constant 

and Permeability at Microwave Frequencies 

WILLIAM B. WEIR, ~wm, IEEE 

- 
IsrmDr.CT1os 

a H E  ME.%SUREMEST d complex diicctric constant 
and complex permeability i z  required not only for 4- 
cnti6c but a b  for industrial application*. For ex- 

ample. artas in  rh ich  kmd+ d the pmpertir- of material* 
at microrave frrgtm#irc iac d m i m  hy t and p )  are applica- 
tion* d n ic ro raw  hati?:. bkltwicaI eHecti. d mirmra\-e. 
and nomktructii.e trsting.' 

Su-uc mearurrmmt atethnl. .uitatJr f l u  different 
range of the n;lnmical va!ur- r r l  r and p ha\- In-en g i \ m  in 
the hook- editel lay \'om Hippel [Z 1. 131 and in  ~rrhtiration.; of 
the .herican Snciety fcw Tet inp and llaterial>. I t  is ~xw.iMe. 
howevc. to  rapidly make mea.urrmnt- c~i-er the frequency 
range from 100 MHz to 18 (;Hz with a ca~mputrr-contmlled 
network ana lsm ~ u c h  a* the He1.1ett-Packard SftdeI 8540 &. and by means d appmpriate data proresing. to &;e- 
mine the complex values of and p fnr material.. 

V4ng the mrthcd dewribmi in  this paw, the compkx 
\-alum of t and p are dctrrminrd from ma-uremnts made 
d i m t l y  i n  th t  frcqurnry dnmain A wmrrhat  analogous 
method ha? heen de\-dopcd [ i ]  whew masurcment* are made 
i n  the t imr domain d thr t ran j tn t  re-ponw to subnar#r;ccond 
pub- from a diclrctric nutrrial. \\'ith the time-domain mra- 
currmcnt apprnach, a Fourier t r an4~mat ion  is rrrjuirru to  
dctermin- c and p from the mca*urcd transient mponw. 
Furthermom. with t h i  approach. the f r e q u c n k  at rh ich  t 
and p value are nhtained arr hand-limited. depending on t:le 
time -pow d thr put* and its repetition frequency. i'sing 
the -yctem d r v r i h d  in  t h i ~  p a w .  diwrrte frcqucncic~ in 
I-- than 20-kHz step may tw wlrcrrd anywhere within the 
entirc 100-XiHz to 18-CHI band. 

ACTO~ATIC MEAFI-REYFVT SYSTEM 

A cnmputcrcontmlled nttwnrk anal>mr is uqed to m a -  
suw the parametere of a m t r n r k  cnnzictine of a v r t ion  of 
trancmiswon line containing the -ample of matrnal The Iran*- 
mi..ion line w t i o n  may either bt wa\egrride or a TEXf trans- 
mi.-ion line The netn-ork i. -horn .rhematically in  Fig 1 
I f  matial-111-tra~quide adaptem are required. additional 
Ienpthc d raseguide are invrted hetween them and the 

Fi. i. T nsmiiol. b a  mion c m L l i d q  d a r k  material 

sanplc holder. Thiz i$ to in3urc that the higher order rvane-  
mnt  modes du: to the coaxial-to-wax-quidr adapter* are 
+ignificantly attenuated prior to reaching thr .ample under 
test. 

Under computer contrid, m twwk  ana lym -yrtem calihra- 
tion and mcasurrmcnt are olbtaind at  thc rdrrrnce plar.6 
indicated i n  Fig. I. Thia i s  done over a num!+r of prrdeter- 
m i d  f q u e n c i e  at  rh ich  the complex value of + and p for 
the material am to be determined. The normalized .cartering 
parameters is,,\ of tht tran%mi&on line w t i n n  n m t i n i n g  
the material arr mait i red at the calibration refcrrnrr idant- 
at ports .4 and R and comctrd for cystem error3 included i n  
the calibration data. The mca.;ud wattering param*:er. are 
normalized to  the charactrrictic impedance (Ee l  of the trani- 
mis-ion line icction. The rcd?ction coefficient I S : , )  at thr  air- 
to-dielectric interface. and the tran+micjon mf f i r ien  t iS,,) 
through the material. am frrund at referenrr plane- 1 and 2.  
Thew coefficient- arc inund directly from the m-a-ured -cat- 
trring paramrtrr- after the appropriate pha* cnrrmtirm- ha\ r 
k n  appfird to account for the shift i n  the rrferrncr plane 
from ports .I and 13 to t h ~  material intcrfacr- ti.e.. p lane 1 
and 2. Fig. I ). 

From the mmplex rrflcrtion and tran-mi-don rmfficien:i. 
the c*~mputcr a i w i a t r d  a-ith the network analyxer rietrr- 
mines the rral and imaginary part+ of the dielectric con-rant 
and prrme.~biiity. the 10-a t a n w t .  and the attenuatir~n lrrr 
unit Icngth <.C materid. I n  addition. data taken at +. <ra\ {re- 
quencie arc u d  to find the average gmup delay thrnuuh the 
campic. Avrraae gvupdday. i n  turn. i s  u d  tgt au~t~matiral ly 
r rwlvc pha* a m h i ~ u i t i r ~  that m u l t  when rhr -ample l r t~a th  
of mattrial ir w a t e r  than a wavelength in  the dielectric. The 
complex e and r .  1m.c tangent. and attenuation data are auto- 
matically li-red by a teleprinter, or rapidly plotted on an 
X- Y recorder, or both. 

DATA PIOCFS~SYG TECIIIIQCES 
Mantrmpt ~ c n d  4p:i I?. l V i 3 .  rrv*-4 July 9 1873 
The author I* rrth Stanfwd Rraarch Inrtttut*. Ucnb Park. Crhf The equations u-cd to compute comb lex i and r from the 

wz; 
, FmanrMmF*nla,,trrm fn rdm ruc(,pr tnt- 

mracured mflcction (St,) and rran.micsinn (S,) roctlirirnt- 

%nu rr ill are p r r v n t d  helow costher r r t h  the equation.; chat re'att t 



.ad r to a t t e o t u ~  lad tasgeet. As rill k srta. an 
iaiinitc number d roots t x n t  i n  the r d u h  for t k  equations 
r . d n b u t t k n m a n ~ b r d . p d t o t k ~ h d t h e  
r m p k  i n  terms d uavdength within the m a t e d .  l k  e u n s  
d determining the cwnct d a h a  is A w n .  

Rderring to Fig. 1, tb pmpa&w factor for a rave  
pmpyltial through the m8taiJ is d t d i d  & (41 

t pmpagation awat.at. 
o attenuation eoeswt. 
8 phru constant. 

A Saac factor d @ is IPX ~ x p l i i d y  shown i n  (11. The pluw 
constant is equal to 

where & is thc tnnsmission line guide ravelength. Comktcnt 
m t h  the definition of the propagation factor ((1) 1. r and p arc 
dcfned i n  term* of their red and imaginary partr ad follows: 

The r c k t i o n  coefficient ir) at the interface betreen the air- 
filled transmis*ion line and didcctric-tilled line when the ma- 
terial sample is infinite i n  length may bc found from the 
mta*ured r e k t i o n  (S,,) and tranmision (S=) rocffici*.ntr 
for a sample of finite length 41):' 

The propagation factor P can. i n  turn. be found from i,,. 
S1. and r: 

The complex dielectric conr;tant and permeability can be de- 
termincd from P and r: 

where 

X. f m  *p;rrc wavelength, 

: In tnmr of thc air-61W IIW chancirr~st~c tmprdancc Zr and thr 
~I&CIM L I M  l~nr chara~teiat~~ t m l x d a m  Z, T- (G-2.) /(&+ZI) 
S M ~  that St, - r whrn 1 is ire-ltr 

4 cutdl wavelength d the transmission line section 

(L- r for a TEM line). 

Equation (8) has an infinite number d nmts inax  the 
imagilur). part d the logarithm d a compkx quantity [ p i n  
(811 is equal to the angled thc complex value plus h, whtrr 
r is qual to  the integer d (I/&). Equation (I) i~ ambi~uou! 
kaPa the p h e  d the p m p g a t i w  factor P docj not change 
when the length of the marrrirl is i d  by a multiple of 
w a ~ ~ g t h .  However. the dday thnwg i~  the materiai is 
sa ia ly  a function d the total length of the material and can 
be ~rm to d b r  thc ambiguity. 

The p h v  ambiguity is d \ - e d  by finding a d u t i o n  L a  
r and p from which a vdue d group Ma)- is computed thr t  
e m p o n d s  to thc value detcrmincd from mca.urcd data at 
t r o o r  more frcquenrie. For this method to  work, the diwret: 
frequency i;tqn at which mca.*ummcnts arc c~htaincd mu-t tc 
*mall enough .o that the phav d the propagation factor ( Pt 
change 1-5 than .We from one measurement freqbrttcy 11, t l l r  
next. \t'ith the u w  of a- ~u to rmt i c  mcasuremnt -y.trm a< 
~ r i ~  in  thi. juper. d i e t *  fmrluency itel-. .mall en., rgh 
to meet thi. mpiremrnt. <an ca.ily I*. -elrt.td. Tht  gr<+t.-l 
dday at car11 frequency may IR computed f:,r each .olu':'*n 
o f t  and r: a--unting that the change in r and r arc nt.yl;gi'~h. 
over \-cry zn~all incrcn~cnt- of frcqurnry: 

where f i. the fre*luenc\ in  hertr and r.- i. the aroup clela\ 11: 

.second- !or the eth -rdutio.l of 18) and to; The n1r.r-urrd 
group delay I* de:erminrd from the -lope of the yh3-t. ' 4  thc 
propagation factor r-er-us frequenc~ - 

where # i* the phaw in radian. rlf  P .+ccuracy it: thr dr- 
termination vf r, may he increarvl 11y apjd\iny n~rrnrrlral 
diffcrentiatir,n t cchn iqu~  1.51 a here the - 1 e * p c  i- c t~:nl,utnl 
u<ng data for threc nr more frq~iende-. Thc c1.rrM-t r w t ,  
PI= h. i 4  found when 

Once the correct v a l e  of and fi ha\c I m ~ n  fnond at carh 
of the meacurcment frcquencie-. the lo-- ranycnt zncf attcnua- 
tion per unit length mav tw determined I n  pencral. f*tr twth 
an clectricallv and rna~ncticall?. I*-y   late rial. a I(-- tangent 
i* defined byJ 

8," 
tan 6 = - 

6.' 

* SMr tbas lor thr raw when * " - 0  tan 8-.," r.' 





Compicx t and p data have k n  prcvntcd for two com- 
mercially a\ailable dieiwtric niatcrials w examples of w u l t s  
obtained u i n g  the automatic mcwrcment system dc?;rriM 
i n  this paper. ? h i  syitem. horcvcr, hw also been found u e -  
ful i n  determining the didrctric properties of rock, &I. and 
other non6mndard materials. 
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