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Abstna.ct

.\ tlrc'l,littd fbr the 1ìì()¿ìsnlerìrt:rrt of c'onrPkx lel¿rtir.c. 1;cluril,tir.ity of soil lx. usirig

thc toi¿rl lcflcctiorr tinte clour¿rin lcflectolnrrtrv is clevclopc'il. Thc b¿rsir. theolctir:al

au<1 1tt'zr<:tic:¿r1 l;¿rsis of titnc cloru¿rin r'<:flrrc:1;onrc.tlv is Levir.u'ecl. Thtr l;clfbr¡r¿rrrce of'

tlt<: 1¡1p¿111;c1 is tclstccl ll' r'allyirrg orrt me¿ìsnlcllrerrts on fir,e t\'l;crs of soils u'ith ¿r

r¿ì,lLgc'of t<.rtrrlc fi'ctnr s¿r,rrcl to c:l¿r¡'. The effìrc.ts of soil tc'rnpelzrtru'c ¿urcl soil ekrc,tric:¿rl

r'oncltictir.itV olt the r,omltlcx ¡cl¿rtiyc per-rnittiyitV of soil ¿r¡e iuyc'stigatccl. Er¡pi'ical

lel¿rtiousltips u'hiclt ttì¿ìrr lrt'' usccl to pleclic:t volurnetlic lr¡¿ì.tcl contcnt of ¿r soil fì'o¡l the

letr,l pzt,t't of tho t:otnplexr.elativo irerrnittivit-v of tht: soil dcterrninecl a,t 10, 50, 100, ol

150 l\,I H ;: zrt'e given. Both the re al ¿urcl the imzr,ginzlly pelrts of tire cornplex lelative

peltnittivity of ¿tll the five soils r,r'ele observecl to ciecre¿ìse lvith ¿r, clcrcle¿rse in volnmetlic

lt¡ater content ¿rncl rvith ¿n inclease in fi'ec1uenc1'. Tlle efi'ects of soil ternperatnle ¿r,ncl

soil electlic¿rl conclnctivitv q'cLe oltseLvecl to be highel on the imaginaly palt of the

cotnplex t'elative pelrnittivity as cornp¿r,r'ecl r,vith that on the i'e¿l,l part of the coruplex

relative pelrnittivitv. The lesults obtainecl ¿ìglee vely r,vell rvith othel experimentels'

lesults. It was coucluclecl that the methocl \,vas successful in measuling the complex

relative pelmittivity of soil.
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Chapter X-

ïntroduction

It is ¿t, fiturl¿r,ment¿r.l crl;c:r'ilncuta,l lcsult. filst clisc.or.er.ocl lxr Fir,r.ircLary, th¿rt

cttllzr<:itirttt't' of ¿r c:olì(lerìset' inclcl¿tsecl \l'ilc¡rr thc sp¿ì,(.'(' itt¡t1r¡gri tIc r.olrcllctor. is fiilccl

u'ith a, <liclc¡c:tlic, u¿rteri¿rl. If C'o is the r:apzrcit¿r,nccr of the r'onclcuser. t,ith the legiorr

lrcrttl't:etl the c:oncltctt)r's cr'¿ìcri¿rtecl ¿l,nrl C' its c:tr,1>zrc.it,a,nce lvhcrì this r.egiorr is fillcrl

u'ith a cliclectric theu the lzttio fr : e is fbuncl to J'le inclcpcnclent of thc sha,pe ol thcr

climetlsious of the conchic:tols ¿rncl is solely ¿r char'¿rcter.istic of the pa,r'tic¡l¿r¡ cliclect.ic:

nreclittrrr nsecl. The r'¿r,tio e is c¿r,llecl the relati'ue pern'itt'iu'i,ty of the l¡eclinln. E'e'
sin"ce tr'¿r'r'¿lclay's clisc:ovely. scientists h¿lrre l¡een intelestecl i¡ the stncll, of the clielect¡ic:

plopelties of mateli¿-rls.

The tet'm lel¿l.tive pclrnittivity is commonly a,ltltrevi¿-r,tecl as pelrnittivity ¿r,ncl it is

nevel less th¿r,n one. Fol gases the relative permittivit;r ir 
"tor" 

to unity. The term

clielectr-ic constant is ¿tlso sometirnes usecl for lelative pelmittivity ancl is sorner,r,hat

misleacling rvhen ii is appliecl to polal m¿rtelials. The lelative per.mittivity of pola¡

materia'ls, such ¿r,s wa,teL, shows frecluency clepenclency in alternating electlic fielcls.

When a polerr matet'ial is subjectecl to ¿rn electlic fielcl, clipoles in the rnater.ial align

ot' orient themselves with the electric fielcl. In an altelnating electlic fielcl, the
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ot'ient¿rtiott of the ciipoles rvill tencl to levelse as the 1>olaritv of the fielcl cha,nges. If
the t'¿rtc of c:hzr,ttge irr the clilcction of the electlic field is suffic:ientlS' higir, nrolecul¿r,L

f'orces itupeclirrg the motion of <lipoles clonrin¿r,tcs. In ¿r celt¿riu fi'ec¡rency bzrncl,

ref'ellecl to as the t'elara,t'ior¿ brnr.d,, a phzrsc l¿rg clevclops betrvccli the elecrtric fielcl ¿utcl

thc clil>olc ot'ic'rtt¿r,tiou. lu this (:?ìs{), onergv floul thr: clect,r'ic ficlcl is clissii;ettecl as

Ite¿rt. Tltis t'cl¿rxzttiou l>herìomeuon is cles<:ribecl ltv a contltler rel,utiur: penn,,i,tt'iuit'u,

€(.f )

(11)

irt l'hir:h ¿(.f ) is thc lea,l 1;rrlt n,rrcl (r"(.f ) + .#"--.) is thc iru¿g^iltrr.r. pa,rt. The r.tr¿rl

Pnlt of thc r'ourplc.r lcl¿rtivc pclnrittivitv ilrcli<.¿rtt's thr: crtt:nt of thr' ltolrrlizzrtiorr of

thc cliclectlic unclcl tlte iufluenc:c of the zr.pirliecl clcctlic ficld, as oxplainccl iu Sc-cl,ion

2.3, ¿rlrcl tlic itrtzrgirl¿11'v 1>tt,r't represcuts the ditrlec:tlic loss ancl hclrcc tr,n irbsor'1>tiorr

of errrrrgt,. Irr the cc1Lrzr,tiou. o,¡,. @S nt,- l] rrcr:ounts fol tlrc clcc,tlical c.<>uclucl,iou

u'lticli a'r'isc-s ttot fiottr titc effbcrt of i>olzuizzrtiorr ltnt fi'om ¿1,<-:tual chnlgcr tlzr,nspolt (fbl

ex¿ìrìì.plc, ioltic colduc:tivitv ill elcctlolvtes). Thc: fi'ec¡rerrcv of thc. zr1;pliocl elec'tlir:

fielcl is clenotecl lw f [H:t].

W¿l,tel exhiltits a s1>ecirrl clielectlic beh¿'rviol q'hich clistingLrishes it fi'om rnost othel

m¿'L,teli¿-r,ls. The st¿ltic lel¿rtive pclrnittivitv ancl the r.el¿rxation frecßrency of rv¿r,tel ar.e

78.3 ancl l9.T GH¡:, r-espectivelv, (Glant et zr,l., 1989) ¿ncl a,r'e lelzrtivel¡, high in'hen

cotnpat'ecl r,vith tit¿r,t of other tnateli¿l,ls. Thele ale a nnrnbel of applicar.tions rvhicir

utilize this special clielectlic behavior of rv¿lter. In rnircou'¿r,ve ovelìs, heat is

genelatecl by electlonrzr,gnetic lvaves (mici'owaves) r,vith a, fi'equency r,vhich falls r,vithin

the r-elax¿tion b¿urcl of w¿rter'. Anothel application rvhich uses the special clielectlic

propelties of r,r'atel is the inclirect rne¿ìsru'elnent of volumetric lvatel content of polons

substances such as soil. The success of these clielectric measut'ement techniclues lies

in the fact that either the electromagnetic waves ale usecl at the relaxation frecluencies

e(,1): €'(,f ) -.i(¿'(.f) + #tÇ)
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of rv¿tter ot'thet nte¿ìsu1'c-'1ìLents ocrcru.' at fi'ec¡renc:ies u'heLe the ltelmittivit-v of u'¿-¡tel is

tlrnch higher th¿ru th¿rt of otiret' nt¿rteli¿rl iu thc' porollsj ruixtln'c-..

The clielcctlic pt'oPcltics of soils ¿r.r'e of consicicrlzr,ìrle prac'tic¿r,l ¿rncl theolotic,¿rl

ittelost. Thtr ur¿riti plat'tical irtter-est stems fi'om thc- <lesile to nsc cliclcctlic'1>r'opc.rties

of soiis ¿ts ¿i sertsitive ¿rrrcl ¿l,cctlr'¿rtc inciic¿rtor'of soil \\¡¿ì.tr.r'c'ontelt (Crrmpbell, 1990).

Soil u'¿rtcl t'orrtcnt is ¿r fìtucl¿tnrc:nt¿l r'¿rli¿tblc in nl¿r,rn. Proccsscs rr,ucl its

nt(ì¿ìstlcrìrcut is itttl>oltzurt ilt m¿rnY t1'pes of strrclios (Balit:r'¿rncl Alhn¿rr'¿rs, 1992). Thc

ÌlLc¿ìslllCìtttcttt of soil rr'¿t.tcl t'olttcut irr thc ficl<l ern.ilorrurcnl, gerrelallr. rlclteurls on

gt'zivitrrc'tlir' sztitrltlitrg^. itrstzrllatiorr of Lr¡sist¿ì,rìr:c bloclis. or' ¿ì('(rcsFj trrltcs fitl thc

llcrttt'ott ltloìrc. All r¡f thesei nrethocls h¿ìv' sholtc:onlirrgs l'lii<:h ur¿r,licr therrr

rilisuit¿r,bkr for' fielcl use. Thc clestlirctiwì n¿ì,tllt'e of the sirnrltlirrg ¿r,tcl tht: tilnr.

clcl¿r¡, fol rilving of tlic satrrple ¿r,r'e thc ch'an'b¿rclis of 1,he glzrr.irnct,r'ic: urcthocl. Tiic,

rcxluilcnlcìllt to c¿rliJlate rcsist¿r,nc:cr l;loc:lis fbl c¿rch si1,e scliouslr' lirrrits thc.ir.utiliti.

itr r.'alt'ilg erlr''ilotlntc'rtts. Thcr nc'ecl fot' ¿r,lt ¿ì(rc:esFj trrlrc fbl tht nte¿rsrrlcnr(rrÌt ¿'r,ncl ¿r

c:¿r,liltt'¿r,tion crlL\¡c for eacrh sitnatiou, ¿r,ucl thc r'¿rcli¿r,tion h¿rz¿rlcl ilrvolvc'cl c¿ulses cliffic.ultv

f'ol rner,ny opelzr,tors of the neutlon rnethocl.

The measulernent of vohintetlic rv¿r,tel content of tlte soil lt;, using Tirne Dorn¿lin

Reflectonrs¡¡y, TDR, is a lelatively neu' techniciue. It r,v¿rs fir'st introclucecl ilr tlle

e¿it'ly 1980s ¿ucl was shor,r'n to have sevcr¿rl f¿rvor¿r,ble attributes. N¡Iost of thcr

expeliruental ¿lncl theot.etic¿r,l aclvances in the nse of this rnethocl wer.e initi¿rteci lty

Topp et al. (1980). The cletelrnination of volnmetlic rv¿rtcl content of ¿r soil lry TDR

is, genelally, basecl on the measurelnent of tlavel time of an electlomagnetic pnlse

along zr, plobe inseltecl in the soil by nsing time clonain leflectorleter'. Theoletical

analysis ¿r,ncl exper-imental collelations shou' that the pulse tlavel tirne is
propoltiorral to the ztppa,r'ent clielectric constant, €,,, of the soil in rvhich the pr.obe

is insertecl. Topir et al. (1980) measurecl this puise tlavel tirne, f , in a probe of knolvn
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length, I, a,ucl c:ollcrl¿rtecl thcr ç:¿11ç¡11¿r,teclva,lues of thc app¿ì,trìl.t

of soii rvith the volnrnetLic: u¡¿rteL coltent. o. arrcl clbt¿rirrecl:

1

clielectl'ic coust¿urt

(1.3)

o: -0.530 x 10-'l +0.292 x 10-;1e., - 0.550 x 10-5e,,2 + 0.430 x 10-7e,,3 (r.2)

u'ith
Ct
'¿L

tvhr:t't) C' is thc vtrlt>cit)' of light iu ¿r vat'iutut. Thcy sholi,crl this lrrlatiorrshiP to lrc
sitltilat'fbr' ¿r tviclc t¿ìng(' of tuillot'¿rl soils ¿ruri irrckrl;cucleltt of soil tr'1;c. soil cle¡sitr,. sril
tt'rrr1>crirtrirc, rr,tì.d soil salinitr..

R<tct'ltlv scr.i.r'¿r,l ext:r'p1,iolls to this ¡cl¿rtitllrs[i1t þary¡ ltr,rc.ri l.r.1tor t¡<l Ìt¡,

cliffelcnt Lest:¿r,Lcltet's. Dmugil et al. (1987) c,¿irric<l out c:¿rlil¡'¿r,tions for. rliffer.cnt

tviles of soils att<l rt'poltecl that thc' O(e,,) r'clzrtioushil> rras rr¿rlicl ollly fb¡ gr.trl.lly

soils. D¿rltou et ¿r1., (1992), shou,ccl the cicrÌ>enrlclrc,l,of thc O(e,,) r.c_.lzltionshilr orr

soil s¿rlititr'. Ndolcover', Dol¡son et al., (198b) f'ouucl a clcPerrclc:rìcr\. of thc O(e,,)

Iel¿rtiouship orl soil torçf11¡.. Thev shorvocl th¿rt fille tt¡xtulecl soils [¿r,c sig¡ifi<,¿r¡th,

lorver clielectlic t'¿t'lttes u'hen compalecl u'ith co¿lr'se textu¡ecl soils at the s¿-l¡re \^¡¿ìt(-ìr.

cotttettt, ¿r cliff'eÌt'-.lrc:e th¿rt incleasecl with l'r'¿'¡,tel content. All these exceptions ca.ll fbr.

a'n ¿l,Ltern¿rtive ot' ttcl\\¡ a,pplo¿rcir fol the ntcasLlt'enent of clielcc:t¡ic pr.ope'ties of soil.

lVet rnztteÏizr,ls, snch ¿rs soil, zr,r'e gener-ally clispelsive, thei¡ pcr¡ritti'ities ¿lre

fi'ecluency clepenclettt. In the tlavel-time apploach the rne¿ìsulement is fi'ec1ne¡cy

inclepenclent ancl it is ttnlinou'n to r,r'hzr,t fi'eqLrency or fi'ecluency langes slch ¿r,

cletermin¿-ltion of €,, r,vonlcl collesponcl. In time clomain leflectornetrSr, the

nteasttLemertt of r'v¿rve fblms is concluctecl in the time clom¿in. The anz-llysis,

however, will lle simple ancl the lesult will be fi.ecluency clepenclent ¿l,ncl ltro¿r,clb¿rncl if
the r'r'ave forms obselvecl in time clomain ale first Fourier tr¿rnsfo¡mecl ancl an¿rlyzecl

in the frec¡rcncy clonrain.
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Tlic oìr.jec:tives of this thesis rest:¿r,Lch ¿lre:

1. To clcvcloP ¿r utethocl fol thc rììe¿ìsurenlent of cornplex lcl¿-ltive pt:r'ruittivitr-of

soil llv usittg thc tot¿rl lefiec:tion tinrc. clorn¿r,iu leflec:tornetlv ¿t,ncl thc fi'e<¡reuc:r,

clorrr¿lin ?ì,r¿ì,h¡sisi,

2. To (.\¡¿ì,h1¿ìtc. the ltclfolnt¿ulce of tht. rncthocl. ¿ilrrl

3. To clcvcloll ¿r c'aliJtt'¿tiorr eciuirtiou n'hir:h ttr¿Ll l)c, usecl fbr. Plcdic'ting r.olurtrctr.ic

tr;¿ìtcl <'otltcrrt of ¿r soil fi'olu tho r:orrrl;lcr lcl¿rtive 1>cr:niittivitt' r>f thc soil

rictcrutitx:cl l¡, tot.tl lefler.tiou TDR.

Tlte tneasttl'crl))çrrf of c:onrplcx lel¿r,tiyc 1>çr.ntittiyit), of thc soil, irr tliis st¡ch,, is

l)¿ìso(l olt tllc¿ìsrlr'irtg tirc f'olrv¿rrcl scrrttc'r'iug fìrn<'tiou. 5'11(/). of zr, spc<.iallv <lcsigncrl

t:o¿rri¿tlPl'ollc iltstrltecl into 1,he soil. Tlie 5'11(/) fìurctiorr is corrrpntc.<l fi'or¡ thu r.¿rtio

of a ciisclcte Fottlicrt'traltsf'olnt of the tot¿ri lc.flt:ctccl iv¿nrc f'olrn fï'ortr the lrr.obi. to thcr

ilrcident \\'¿rve foLnL into tho 1;r.olte.

This thesis cousists of six cha,ptels. Jn Clh¿r,pteL 2, zt rcvien, of ihe theoletic¿rl

b¿rsis of time clorn¿rin leflec:tometr']r is presentecl. In Chapter. 3, the sources of cr.r.ols

in the total t'eflection time clom¿iu r-eflectometly are iclentifiecl ¿l,ncl rnethocls fol theil

rninimiza.tion ol eliminatiolÌ ale plesentecl. The expelimental a,ppzrla.tus nsecl a,ncl

the soil szrrnples testecl, the clesign of the plobe constluctecl, a.ncl the expeliment¿rl

proceclures inplementecl ale clesclibecl in Chzrpter' 4. The results zl,re given ¿r,ncl

cliscussecl in Chapter' 5. A summary of the wolli plesentecl in this thesis is given ancl

genelal conclnsions ¿r,r'e ch'ar,vn in Chapter' 6.



Chapter 2

TheorJr

2.X, lntrodu.ction

In tiltrc' clottr¿r'iu tefls6¡nttt,,tt'\' tt szìupic of thc rna,tcli¿r,l to Ìte tes¡s¡1 is i'sc.r.t.cl

itrto ¿r sectiorl of a, c:ct¿r,xi¿rl liue systcnr. Thc¡ contl¡lox lel¿rtivc Pclrnittivity sltrtc:tnrm

of thc lu¿l,tet'i¿r,l is tìtcr¿tsitLecl by tr.nalyzing tlie lespoltscr of t¡e r¡atc'i¿-r,i to ¿r, f¿rst 
'iscr

titne step volt¿r,gc. This is nolrnally clole lt1, ¡sing Fou¡ier ¿uralysis ¿1,¡cl tr¿r,nsrnissiou

line theoly.

Irr this cha,pter', the theoleticai basis of TDRis cliscussecl. This is clone in o'cler.to

pÌovicle a ìlzrcligroltncl fol the enol zr,nzl,lysis given in Chzr,pter'B ancl t¡e expe'i'rental
netlrocls pt'esentecl Chzr,pter 4. In Section 2.2, the ¡eflec:tion alcl transurissio' of a
rvave by a change irl the chat'¿rcteristic impeclance of ¿ finite section is consiclelecl.

The micÏoscopic cotrcept of polzrt'ization ancl fi'ecltiency clepenclency of pe¡mittivity
at'e cliscussecl in section 2.3 ¿'r,ncl section 2.4, respectivel¡,.

The rnethocl selectecl fol the puïpose of measurement of cornplex ¡elatiye
peÏmittivity of the soils in this stucly, as explainecl in Chapetr' 4, r'ec1ui¡es fo'rni'g the

Fonrier tr.ansform of the inciclent ancl the reflectecl wave forms. For the benefit of
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the t'e¿rcler of tllis thesis, ¿r, blief iutr^ocluction to the Foulicr irrteglzr,l ¿rncl thc cliscleter

Fortt'ic-'r tr'¿l,nsf'olm¿r,tiorr is pt'r,.scntccl in Section 2.6. Fiu¿rlh', the rcsults of thc. plevious

cliscnssi<rus a,r'e rtsecl to clescribc the genc:ral plilciplcs of TDR, thc. sirrgle leflc<:tiorr

TDR ancl the tot¿rl lcflc'c:tiorr TDfr (Sectiou 2.7).

2"2 Multiple reflection within a coaxial line

If a ll'¿rrr' pr'<lpagatirig zr,long^. ¿r co¿rri¿r,l linc clcouutr'1's ¿1 c,hzr,rrge iu thc dr¿rr'¿lctelisti<'

itnpcrlztuct' of tlie litrc', 1;a.r't of thc u'¿u.t. u'ill lre tr'¿r,nsnrittcrl anrl 1>alt wiil lte lcflecl,crl

¿ts sltou'tt irr Figulrl 2.1. Lct thc \rolt¿ìge of the incicleut \\¡¿ì,\'(\. thc lcflc'r'tcrl u'¿ìr'e. ¿r,ucl

thc'tr'¿utsurittecl n¡ar¡e ¿it thc rliscorttiru-ritt'l'le clc'notecl l>r. J-. J,i. ¿rrrcl l,l, r'espectivelv,

¿rncl the c'ollesportclirlg c'nLLr,rrrts bc. delotecl l>r' 1-. I,. zr,ucl 1/, r'(ìsÌ)cì(:ti\rc.h'. It theu

foll<¡u's th¿rt

l'j+-I,;,:fi (2 1)

¿r,ucl

I¡fI,'-[, (2.2)

if the ch¿lt'actet'istic irrrpeclzrnces of the two scctions of the co¿ì,xi¿ìl line ¿-L,r'c clenotecl bv

21 zlud 22, z\s showu in Figure 2.1, the cullent a,ncl volta,ge are then lelatecl by,

I"¡ : ZtI¡ , 14 : ZzIt cut,cl I'/, : -ZtI,' (2 3)

Usirrg thcsc lcl¿rtionships, cc¡ratiorr (2.2) c¿ur be rer,vlitten in terms of the voltalge

14_
Z1

(2.4)

AS

T/,. VI

Zr 22
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Figru'r:2.1: Rcflcc:tiotr ¿r,rrcl tr'¿rnsurission of ¿ì watrre zrt zr change in tilcr ch¿r,r¿rc,tclisti<'

irtrl;eclir,trr:c of ¿t c'o¿txi¿rl line.

Etltta,tious (2.1) ¿rucl (2 +) c¿ì,n tht'lr bc solrc<l fol I l. tru<l J,i iu telurs of fhc

r'h¿tr¿c:tclisti<' inrpcclzr,nc'cs. This givi.s

.) 7.
r _ tLJ
I / 

- 

-l;

'r7t'/ .L) -T Ll

Z.> - Zt -.
I ¡¡ 

- 

- 

| i
'Vtr7 L.) _T zr I

Thc leflcction coefficicnt prz ?ìrICl thc tr'¿rnsrnission coefficierÌt Tt2 fol thc

clisc:orttiruritr' ¿ìr'o clcfiuecl to l>e eclnzrl to f ,lrrcl {f , r'eslrt'r'tivtlt'. Usiug ecßrr'rtiorrs

(2.5) trncl (2.6), p12 zìncl 112 c:zìrì be expressecl in telnls of the cha,r'¿rctelistic inrpccla,rrce

¿ìs

Zz- Zt
f)1.¡: Zzi Zt

¿r,ttcl

¿-r,ncl

(2 5)

(2.6 )

(2 7)

(2.8)
2Zz

1..- 
- 

-

'tt- z"+2,
For' ¿r lv¿ìve plopag¿ìting zr.long the coaxial line in the opposite clilection, the reflectiolt

coefficient p21 atncl the tr-ansmission coemcient 721 czìn be expressecl in terms of pn

zr,ncl ri2 by

P2t-: -Ptz, 'rn'r2t: 7 - pn2 (2.s)

If tlie chat'actelistic impeclance of a finite section of a, coaxial line is changecl, the

iirciclent u'ave will ttnclergo multiple r-eflections fi'om the two inpeclance cliscontinuities
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¿ìs shown in Figurc 2.2. If the volt¿r,ge of the inciclent \\'¿ìvc ¿r,ncl the tot¿rl leflectecl

w¿ìr'e ¿ì,t thc fir'st clisc:orttilmity (section A-Ä) ¿r,r'c cleuotccl, r'espcctil'sl1', J)v I.'; ancl I,1,.,

¿rncl thr: r'oltzr,gc of tlic tot¿rllr'tr¿r,rsuritted wavc ¿rt thc sec:oncl clisc:ontilruifl: (section

B-B) is cltruotecl lx' l'i¿ thcrr it is c:ustortt¿tlt'to u'r'itc'

l'i,' : '911.[; (2.10 )

¿rucl

Ii¿:521.Ii (2.11)

rl,1tcLtl,Si1auc.1,921arcr't'ftll.r.eclto¿rstltt.'forlurt,rrlsrxút,r,.r"i'rl'r|rnr:,,fr:i,r:rt,t'¿tllclt1te

s uttt ct "i,r t, q rn e.ffi c'i, r:'nt, r'esl¡ cc t ivclr,.

Frorn Figulc' 2.2. SI7 (.f ) is given to rr. tclrns by,

^911(.f ) : í)t¿*Tt2'r2¡p21rt-¿^tt!r12r2¡¡t2,;i,,-'li/a. ..lrt.¿r.¿tp"r')"-:tr'-2(,-l)i/a. .. (2.I2)

u'hcLe 1 is thc' lcrrgth of the section of the coâxi¿ì,l lille u'ith plopagtrtiou fac:tor' 1 ancl

i, is t-.c1rra,l rr> 2n j.f ,FtnlC'q,]1111'1. ./ is thc fì'ec¡rerrcv, e(.f ) is thc colrplcrx l'el¿rtive

pelrnittivitV, C is speeci of light itt vacttnttt, z'tttcl .7 is ,ta. SultstitttinB pzt : -l¡¿t

ancl rr2r21 - 1-p2 itucl surtunirrgec¡rzttion (2.12) as ??, --+ oo gives (Cllarli ct ¿r,1., 1974)

. -.)^ /| _ P -r"
.911(f): o-' ''r-P'2g-2tl

I- \FOP: Pt2:
r + \[4n

(2.13)

in which

(2.14)
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v.t2

pnI/¡
rpr21p2ye-21tI/¿

n2r21p2f e-htV¿

rpr21p215 e-etlV

r12r21e-ltIl¿
T12T21p212e-htV

rer21p214e-htV

AB

-t r\A c\J/ B air

F'igru'c 2.2: N'lullriplc lr¡flr-rc:tion ltlochrcrccl by z'r. chzrrrge ilr thc: cha,r'¿r,cter.istic inrl>eclaltr:c

of a fiuite sc<'tiou of ¿r co¿r,xi¿rl lilo.

Iu a sirrril¿rr \\,¿r.\r, for' ¿r. c'o¿r,xi¿r,i tcrlnriu¿rtc,cl l.ly ¿ì.,rì ol)c)rì c:ilc:rrit ¿r,t scc:tiorr B ß ,

,911(.f) is givcu lx'(Clarlisou ct i1,1., 1977)

zlz2zl

^ t .,-)lL
-9i1( /) : l'-' 

.- -^\" ' I + pe-'2tl
(2.15 )

(2.r7)

rviih p ¿rs ckrfiuc<l a.ltovc.

Figule 2.3 shor,vs a. coa,xi¿r,l cable hz-r,viug two sections with cliffereut cliruensious.

Lct tlrtr <:lta,tactct'istic iurpcclnucc of section l be Z1¿rncl that of sectiorr 2 be 22. lu
tliis c¿rst': tltc cxpt'r,'ssion for'.911(.f) talies the follor,vingforrn (Clallison, et al., 7977)

.ql 1/ fl : P * e-2^tt
(2.16)

L * Pe-ztl

,{4r)1-
r,vitlr

P-
r + z¡feff)

Z¡
Z2

¿rttcl

(2.18)
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I/¡

PnI,'¡

rpr21e-2ttY1

rpr21e-411V¡

r12r21e-61lIr'¡

Figru'e 2.3: \'Iuitilllc' t't:flec,tiou 1>r'ocluc:ecl ìrr. zr <'hzrnge in the r:h¿rracteristic irnpt'cltrnt.c'

lestrltecl cluc to tltt' c:itzr,uge in goonrc'tlr' ¿llr<1 thc ciit'lcctric of ¿ finitr. soctiou ¿rt tìre

opel eucl i¡f ¿r, c,o¿rxi¿rl iine.

2.3 The microscopic concept of polarization

Wiren a ciielectlic is subjectecl to ¿ru extellral electlic fielcl, an intei-¿ction, callecl

poLuri'zatior¿, t¿lies plztce betlveen the electlic fielcl ancl the molecules, atorrrs, ancl ious

of the clielectric. The over¿ll lesult of this inter'¿rction r,vhicli occuls on ¿r, lrl.icroscol>ic

sc¿l,le is exil'essecl c¡rantita,tively by the pelmittir.ity of tire clielectric. Tliele ale fonl

types of polarizations (Srnyth, 1955). In tliis section, these foul types of polztrizatiols

ale bliefly explzrirrecl.

The fir'st type of polarization is electlonic polarization. An atom is composecl of a

positively chargecl nucleus snrrounclecl by symrnetrically clistlibutecl electron cloucls.

lVhen an isolatecl neutral atom is subjectecl to an electric fielcl, the electron cloncls

ale clisplacecl slightly with respect io the positive nucleus causing the atom to accluire

a clipole moment. lVhen this happens, the atom is saicl to be rtokni.zerl ancl the

11

6(/)
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polzrt'izatiort is linor,r'n ¿ts r:lectroníc polrrrizrr,t'ion. The eÌcctlonic: polaliz¿rtion of the

zr,tortt P. is ploportional to the appliecl c.lectlic fielcl stlength (E) ¿rncl is giveu bv,

Po,: o:r.E ( 2.1e)

n.hcrr thc 1;r'o1-loltion¿rlitv c:olst¿r,ut,

In nrost olgzr,uic solirls. this tvpcr of

¿iJrorrt 1.8 1o -1.0 (Polii. i916).

û,e , is tltc r;k:,ctrort'ir: polar"i,zul¡,il,it'u of tho ¿rtorn.

1;oltu'izzrtion ie¿trls to ¿r lel¿rtivc pclmittivitt' of

Tlrtr ser'oltrl trpt' of polztrizatiou is rttorn,'i,c polrr,r"izrr,t,iott, u'hir,h a,r'isrrs fìonr thc

shifi of rliffclcrrlìr' r'hargccl ¿ttonìs u'ith lcsl>c:(:t to e¿lr:h other'. It is obselvrrri onh' iu

ioli<' ru<lltr<'ttlcs ¿uitl a il'c'll littol'rt crrrnrpkr is that of li¿rlitc. ÀIrrC'/, u'lìr)sc- llrokrc'ulcs

¿rlc f'olmecl floru ¿rtotns having cx(:cssi chir,r'ges of oppositr. ltoltrlities. \\,-hett ¿i h¿r,lite

nrolec'ult: is subjec:tt'cl to ¿irr cxtclll¿il clc<-'tli<' ficlcl, tir<,r clectlic: ficlcl shifls thr' 1>ositivtr

soclitrtn iou t'elative to tltc tregzr,tivc crhlolickr ion tluis inclrrr:ing a clipole ùlomcnt. The

¿r,tornic irolrtrizzrtiorr is gir.e ltr',

Pn: il'r,E (2.20)

q'ltelc 4,, is tltc cttont,ir: polu,r"izril;'il'ity of tl¿ernolecule. Irr hzr.lite, the ¿r.tomicpola,r'ization

corrtilrtites altont 15% ro the tot¿rl polalization a,ncl hence to the i'el¿tive pelrnittivity.

Tlre thilcl tvpe of polzrt'izz-r,tionis orier¿tati,onul polrtri,zat'ior¿ ancl is associ¿r,tccl rvith

polzrt'rnolecules snch ¿rs HzO, HF, NO, etc. A polztl molecnler is one rvhich h¿rs

zr clipole rnorlent in the ¿r,bsence of an z-r,ppliecl electlic fielcl. In the presence of an

extet'u¿-r,l electlic fielcl the clipolal molecules expelience a tolclne tencling to olient thern

in the clilection of the electlic fielcl. The olientation¿rl polarization is given lty,

Po: CuoE (2.27)

r,vlrere ao is the orientcttioncr,l pola'ri,zabi,lit'y of the molecule. This type of polzrlization

plays an itlpoltant palt in lor,v-, mecliurn-, ancl high-fi'equency polalization ancl hence

the permittivity of matet'ials containing polal molecnles. Lic¡ricl wateL, fol example,
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h¿rs ¿-l rel¿rtive pelrnittivitY of 80 ¿t loout tc-'nrPelir,ture m¿r,inh' clue to olicrrrt¿rtion¿rl

poltrrizzrtion ( Pohl, 1916)

TÌrc l¿rst 1,1;pc' of' polarizatiott is 'i,n,tr:rfrtci,al pokurizrtt'ion ¿rncl is ¿rssoc:i¿r,tccl u'itlr

ltctt:r'ogetreons suJrst¿lrt<:trs. .\ typic:al crzr,niple is llloist soil. Iutclf¿rc:i¿rl polztliztrtiorr

¿t,t'ist's olth' I'hcn tn;o ot' nrole l¡lt¿tsr:s cliff'cl fi'our c.¿r,dl othcrl irr lel¿¡1i1,çl pcrlruittit¡itv

¿tucl r:oncltc'tivitv. Dne to the rliffbrc:nce iu clectric'¿il <,onclnctivit)', r'ha,r'ges u.ìo\rc

titr'ough the lrcttet <'ort<hrr:ting phrrsc.s ¿rrrcl Jnilcl iip o1r the sru'f¿rce thrr,t sepa,r'¿rtcs t,lie

phzrses ft'ottt tltc rcsistivc irhrrscl. As a lcsrilt of this, e¿r,t'h r:olrchx,ting phtrsc l)e<:clucs

1;olalizccl. Thc iuiclfar:ial polaliz¿rtiorr is gir.r:n lrr.,

P¡ : a¡E () ))\

u'lrclcr o, ; is'uttr:r'fuc'i,ul, polrn"izult'il'it'y.

In r'ouclusit.rtt, the totzil polat'iz¿ttior is thc srrur of th<' l>ol¿rliz¿rtious cluc to tho

fbut tl'Pt's of Polzrtizatiotls. Tirc rclativc 1;crrnittivitv (e(.f )). u'hir:h irr lllis r.¿rsc is

crlltzrl 1,<l e'(./) as expalinecl in St'ctiolt 1.1, is ¿r fïurctiou of the totai,l 1;olzrliz¿rJ>ility

(rr'z' - û. f n',, * ao * o,¡) zrncl is giveu ltr',

13

(2.23)

q'lte'Le À: is a constarrt r,r'irose vahre cleperrcls on the systern of units, E is the appliecl

electric fielcl, F is thc ¿ìvel'age electlic fielcl :rcting orr a luolecule, ancl 1\¡ is the nunrltel

of lnolecttle pel nnit volnme (Hill, 1969). This ec¡ration u'ill l¡e nsecl in the l¿r,tel

pa,t'ts of this thesis in the intelpletation of lesults obtainccl in the tests conclnctecl to

irrvestigate fi'equeucy clepenclencey of cornplex lelative per.urittivity of soil.

2.4 FYequency dependency of permittivity

Ðach of the above foul polar.ization types is a function of the fi'ecluency of the
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appliecl electlic: fielci. This is bccause of the clifferencc in the tirnc t¿rlicll lty thc

cliff'elent t1,'pes of polzu'izzr,tion to Le¿rr:it zrl ec¡rililtliurn st¿rte.

Ilt ¿r cliclectlic: urateli¿rl subjc<:tccl to ¿r static c.lectlic: fielcl, tlie polar.izzrtiou is iu

equilil>r'iuut u'ith tirt¡ ficlcl. But ilr ¿rn ¿rltr:r'natìng t:lectlic: fi1¡1.1, thcr polalizatiou u'ill

tcucl to <,lt¿tttge ('\'or')¡ time the Polzrlit-r' of thc. fielcl rùeurges. \\¡hcn the fìe<Freri<:1.

of the aliltliccl ficlcl is snffi<:icutlv lour. all tvpcs of polzrliza,tion c¿rn lo¿ì(:h thc r'¿r|u'

thcv s'oulcl h¿rve h¿rri irr ¿r st¿rtic clcctlic: ficlcl. As thi: fi'e<|rcn<'r' is r'¿riserl iu ¿rrr

altc.t'ttzttittg t¡lcc:tli<' ficlci. tht' polzrlizzr,tion l'ill uo longc'r' ll¿rrc tinrc to lc¿rch its static

\'¿Ì111c. Tht' filst to l>c afft'rt,terl u'ill ltc irttclf¿rc:ial Polrrlizatic.ru lre<:¿Ltsc ¡l1i¡; ¡1:1t<. of

polariztr,tiott rc<lttiles litttt'itt tltc olrlel of ser,onrls ol ruirmtr¡s to le¿rch c<luililtrirurr.

\\r'hc¡tt thc fi'eclttcncl. is furtlicl r'¿risc.cl polar,r'niolcrc:ules, if prcsent irr thc clielec:tr.ic., u'ill

bc rtn¿rltle to comirletell'fþ|16i1' thc ficlcl ¿ncl thc r:olltlilntion to the totzrl 1;olaliz¿rtiol

flonr olieu¿ttiott¿rl polzrlizntiorì cc¿rs('s. .\s a lcsnlt, the totzrl polalizabilitr-f¿rlis fì.orrr

ú\''7' - o. * ¿.t., i {ì'., to rì.7' : ct'c * ri,,. This usuzrlll'o(:crlr's in the laclio fi'cc|rcnc'1, r'¿ì.lìgc

of tIte c.lectlorn¿rgrrctic: s1tectlurn.

As tlle fi'equonc:-1, is fulther incre¿rsecl to the ilfì'¿rrecl r'¿ì,rì.grì) the lela,tivt-:ly hea,rr5.

itositive ancl ucgzltit,c: ions c¿tunot folloil, the fielcl r.ali¿rtiou so tha,t tlie colt¡ilt¡tion
to tire pelrnittivity fi'om tire ¿ltornic polzrlization ce¿ìses a.ncl only the electlonic

polalizirtiou lerna,ins.

The ¿-r.ltove effects leacl to a f¿l,ll in the total polalizability zrncl, ¿rs ¿r, r'esult, in thc

pelurittivity with irrcleasing fi'ecluency, a phenornenon rvhich is usuzr,lly lefelrecl to

¿ìs clielectri,c cl'ispers'ion. Dispelsions alising cluling the transition fi'om full

olientational polalization at zero fi-ec¡rency to negligiltle olient¿rtional polalizzrtion in

t'¿r.clio fi'equencies is refellecl to as cli,electri,c relarctti,on.

Various moclels fol fi'ec¡rency clepenclency of r.elative pennittivity fol polal

sultstances (such as water') have been cleveiopecl. One such rnoclel is the moclificatiou
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of Deb-ve's lelax¿r,tion cclli¿ìtiou. clue to Cole ¿rnci Cole (1941)

e(./) : e." +
(e-. - e.")

11 + (r*)'-"1
_ .J o¿"

2tr .f e",,

15

(2.21)

trrlìcLtr e* is thc high fi'ec¡reucv pelnrittivitr,. e.* is thc static pclmittivit)',./,., is thc

rcl¿rx¿ition fi'r:clttittit'r' of thc meltclia,l, (o is 1>clruittilrl¡y ef f1'¡16r sp¿l.ccì, o,¡., is; lorv

fi'e<lut lcv coucluctivit). ut ,rtr.. rnrrt<rli¿rl. n, is ¿r Palzr,meter iuclir:trtirrg the clistr.iJ>ttioli of

tlte t'cl¿r,ratiou ft'c<1ttc'trr.t' of tÌrc nratclial, a,ncl jis /-1. Fol m¿rteli¿rls u'ith zr simplc

ltrlax¿rtiolr tiltre sttr:h ¿ìs \\¡¿ì,tcl rr : 0, aucl the ¿r,ltor,r. er|rir,tiou leclrrccs to the folltr

gir,r:u ll Dcbve (1929). Thc effbr:t of rr > 0 is to nr¿rke thc clisprrrsion of thc

c'otttl;ltrx I'c}¿ttivc l>trt'ttiittivity tnoLo ll'o¿rrllr¿urcl (Hoclistla ¿urd Dcla,lrcr', 197-1). Figru'c'

2.-1 shou's thc c:orultlex lel¿r,tirrc ltet'urittirrit)' of cth¿rrrol ¿rs ¿r fìrnc;tion of fi'ec|rr.rrr.r' irr

tlte fi'cqtrencr'. Tho c:otuplcr lel¿r,tive 1>elnrittir.itv of cth¿rnol \\¡¿rs c:orìU)utt'cl l;y usiug

ccltr¿tliort 2.2-l ¿rrrcl thrt Cjok:-Cr>lc p¿i,r'¿uuc'tcrls of'ctha,nol givcu in Scctiou 4.4.

0.3981 0.631 1

Frequency in GHz
1.585 2.512 3.981

Figure 2.4: Cornplex t'el¿r,tive pelmittivity of eth¿r,nol as a function of fi'ecluency.

0.1585 0.2512
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2"5 Ðevelopment of time domain reflectometry

Dic'lectric lel¿rx¿rtion h¿rs long ll<ren Lec:oguizcc,l zrs t'l pou't r-fìll methocl f'or.

stuclf ittg thcr pln'sir:¿rl st¿rtc of a, svstc:nr cont¿riling polzrr.urolecules (Suggett et a,i.,

1970). The Pheuottrenou of clieler:tr-ic lelaa,l¡io,r is studiccl r:orveutiolrallS. lly

ttrezrsrtrittg tltc <'onrplcx lel¿r,tir¡e 1>crrnittivit), of c'¿rch ru¿rter.i¿rl. A u'iclc valietv of

lnt:thorls <'xist f'ol thc rne¿rsurcnrout of c,orrrl;lcx rel¿rtivc. ltcr.rnittivit¡,, the Pzrrtic:ulztl

ttltrthotl adolttccl ìtcirrg clt'tc'r'rlrinecl lx, thc lr¿rtnle of th<'specirnr:rr, tÌrc fi'cclur,lrc:\¡ r'¿ìrgc

it u'irir'h 1,hc llr'¿rsun:tìleut is nl¿rdr:. ¿r.llcl tlie 1>cluril,tivit], clat¿r,1,o lre c.rltcr:tccl. At tÌrc

I)t'csottt tiltre. rticthocls fot' tlì(ì lìlc¿ìsll1'(ì¡ìcllt of r:6r¡1;19r ltct'¡rittiyity ¡t¿¡\' ltc clii'ici¡rl

into tu'o <'zr,tr.golies. ri¿irneiv, tirutt clorrr¿r,in ¿rrr<1 fi.ccluerrcv clorn¿rin. In this scct,ion, rr.

lllief stitr.el: of the histolir:al develol>nrellt of orrc of thc tiurc clorn¿tiu rnethorls, callerl
't'it ¡¡,e rlon¿rt;i,n, rr;.fk:cton t etr "y u'ill bc 1;r'r'sc-ntcc1.

Bef'olc ft¡cnsiltg on titrit' clotna,ilr lcflc.<:tonle¡¡1', it is u'olth r:onsiclcriug sjolrìe of the

fi'eclltetrc:v clorn¿l,itr rrretltocls. Thc fì'ccpeltc\¡ l¿ìtìge u'hich c:¿r¡ Jtc. (:oyst'c:cl 1t1. clicrlectr.ic

spectLosc:opv is extt'ctnelr,, 1vlçlç, zrlrploximz-r,tely up to 100 GH::. At fi.ec¡renc:ies n1t to

I00 AtI H::, th<: complex t'elative pelmittivity is nolrnzrlly cletelminecl l;y nrezrsuling the

ch:.rngc irr the inrpeclzr,trce of tr, czr,prr,citol prochrcecl by inseltiug zr, sa,rnple of the rn¿-ltelia,l

lretr¡'een tlte electlocls. In the freqnency ïail.ge betu,een I00 À,lHz ancl 1 GH:,:,

tr-¿r,nsnissiou line technic¡tes basecl on st¿l.ncling-wave rne¿rsulerneu.ts ¿ìr'e genelaliy

enrployecl (Sheppald, 1972). For cornplex lelative pelrnittivity measulerne¡ts ¿r,t

frecluetrcies above 7 CiHz, cavity lesonatoL techniques are nsually employec..

In all of the frecluency clornain rnethocls, tlie complex lel¿r,tive pelrnittivity is

measuÌecl ¿rt e¿'¡ch frec¡teucy sepalately. As a result of this, the cletelrnination of the

cotnplex t'el¿rtive pelrnittivity over' ¿'¡ wicle fi'ecluency l'arge can be lengthy a¡cl

teclious. In aclclition, foL measuternent at micror,r'¿we frecluencies this zrpploach

reqnires a lat'ge investment in expensive equipment. One can measuïe the conplex

16
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lelatir'<,t 1>elmittivitv ovel a. u'icle fì'ecluency range in ¿r r-el¿rtirrelv sholt timc ltv nrtriiing

the ttle¿sulertrettts not iu fi'ec¡rency clornain llrt ill time clolnaiu, using zr, steplilicr pulsc

tltat sirnnlt¿ilriottsh'c:ont¿-¡ili ¿rl1 thcr fï-c,cluencrics of iutererst (Islizrncler', 1972). A ll'icf
cotQzr,r'c'siou J;ctwecu titrte clon¿riu a,ncl fï'cc¡renc'l' cloru¿riu ruethocls irr the fì'c-.riucttcv

r'¿rlìgc of 10 ì111.: arr<l I0 GH:: is givcu in Talrlc¡ 2.1.

Ft'eryr,r:nc:y dor¡t,rt'i,t¿ n¿etl ¿ods T'i,'t¡t.c tloL tt.rt'i.t¿ ttt,t:tlt,ods

I7

Erpcrrsivc cc¡riprrrcrrt

f1P8510-{. 45 ÀI H:
Nctrvtrlli Arr¿r.l¿ì,r.zcl

LrS in 199-l

a1% urrcrrltaillitr, iu the nLe¿suLc.lltent

of the incliviclu¿rl rr¿l,hles of the lcr¿r,l

¿rucl the iura,ginrr.r'r, palts of thc:

cotnplc-'x lcl¿rtirre pelrnittivitv

Tirne consuming expelirnents

(usuailv sevelal houls fol

micLor'r'ave fi'ecßrencies)

(Fol ex¿r,lnPlcr Rclativclr. iur.tprrrrsirrc c<lniPurt'rrl (For.

to 1I0 GH:- ertrnrl>lc Tel,',tt'oni:t, 15034, TDR

a,bout $55, 7+2 s)¡stcn ¿rlrout $9,449 tfs irr 199,1

f5% unr:crtainitv in the nrc¿ìsiiLcncut

of tirc. incliviclu¿rl r'¿rlLrcrs of thc le¿ri

¿r,llcl the imzlginnr.l ptr,r'ts of thc

complex r'<-:lativcr pelrnittivity

\¡Ie¿rsulemeuts a,r'e clriicli (Usuzrlll'

less than 5 rnin)

T¿-rble 2.1: Compar.ison betr,veen

measlu-enrent of cornplex lelative

time clom¿rin ancl

pelmittivity.

In the field of clielectr-ic stuclies, tlre

first realizecl by Fellner-Felclegg (1969).

fi'ecluencv clom¿rin lnethocls of

potential of tirne clomain reflectometly r,r'as

In TDR a sample of the matelial, r,vhose
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lel¿r,tive pet'mittivit)'is to lte clete¡¡ri¡ecl, is i¡se¡tecl i¡to ¿-r, c:o¿r,xi¿r,l line ¿r,¡cl the

ruultiple lefle<:tecl signzrls from the sample ¿urcl the step signzrì applic.cl to tire sartrplc'

¿ìI'e ttl.t'¿ìstll'ccl l-x' mc¿ì,us of a szr,ntltlirig oscillosc:o1te. The conrpler lelative pclnrittivitv

of thc satuplc' is oltt¿rinccl Jtv Fonliel an¿r,h'sis of thc tl'o sigu¿rls. As ¿r,n ¿rltclll¿rtive to

rlle¿ìstlliltg tltc rnultiplc reflectccl signals, it is ¿rlso possible to nre¿rsulc.just thc fir'st

rcflc'ct<,:cl signal. This is itc'r:otnplishocl bv rnzrliing thc szrnrple lerrgth long cnough to

clcla¡' the ¿rllir,¿r,l of thc strc.ollcl rcflec:tt cl signal ruitil after. thc fir'st r.cflc'r:tccl sigrrirl has

lttttrtt t'orlltlt'tclv rtrc¿rsulerl. As ¿r, r'csult o1'thesc cliffr:r'cut altolrr¿r,tivcs. ¿r, lnirnlrt'r'

of se-pii,t'ttte s'i,ru¡k: ru:;t'7u:fi,otr, ¿r,ncl rnttlt'iple rr1fll:ction TDR tcchni<¡urs h¿rr-c beon

clcvrloPc'tl.

The filsl, single lr:fler:tion t<rchnic¡rc u'as clovr¡lopecl ìt1. Fellnel Felclegg (1969).

Fclluc't''-Fclclcgg rrsecl tiris tccluriclric to <k tcllnilrc. 1,hr: statir. 1;clmittiviti'. thcr higli

fi'cr<lttcrtcv p<tltuittivitl' ancl tire lcl¿rx¿rtiolr tirrrc of a nnrnJtel of ¿r,lli\,] al<.ohols. Thc

¿t(r(:ttÌ'¿ì(rtr of this tcchnicLtrcr rvas la,ter irrrPlor.ilcl ltr. Çuggot c't 'rl. (1970), a,ncl Loelr

et ¿rl. (1971).

Thc fir'st nmltiple t'eflection technicliicr rv¿rs clevelol>ecl l;y Nicolsou a,ncl R,oss (1970).

Irr this tec:ltnicltte trvo lesportse signzrls fi'oln the sa,mplc wele consiclerecl, the rnultiple

reflectecl ¿r,ncl the multipie tr'¿-ursmittecl signa.ls. Nicolson ¿r,ncl Ross showecl th¿lt

¿r'ftet' Fout'iel tr'¿usfbr.matiotr of these tu'o signzlls a,ncl the inciclent signzr.l, the

cotlplex i'el¿r,tive pelmittivity of the sample coulcl be cletelminecl clirectly fi'om thc

calcul¿rtecl values of the tot¿r,l leflection coefficielt, ,S11(/), ancl the tot¿tl tlansrnission

coefflcient, S2l(.f). In this technic¡re, in contr'¿rst rvith the single leflection

techniclue in which it w¿rs rìecessaly to use a rela.tivelv long sample, thele r,vele no

lestlictions on the sarnple length that coulcl be usecl.

An exact apploach to multiple leflection TDR w¿rs clevelopecl by De Loor et al.

(i973). In this technique, which they r-efellecl to as Total R,efl,ecti,on TDR, the

multiple reflectecl signal fi'orn the sample telminatecl by a sholt circuit r,vas consiclelecl

18
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¿ìtt(l the Nervtoll-R,zr,phsorr proceclule u'¿rs nsecl to cletelrnine tirc v¿-llue of the comltiex

rcl¿r,tivc. pelrnittivitv fi'olu thc,. c¿rlcnl¿rtecl r'¿lues of .911( i ).

-\ tmtnl>cl of pirpet's ou thc cxpc,'r'i1ncìrìttrl aspcct c>f TDR h¿rs becn plest-.nteci.

Nic:olsort (1973) t'cpoltecl ¿r lictitod f'ol thc. rniuiniiz¿rtion of tnurc¿rtiou crrol irr

clisct'etc Fottlicl tr¿rnsfolni¿rtion of 7DÃ u'¿.rrrc folrns. Cl¿r¿rsou ¿rucl \¡?ì,n Gr.:nrr)Lc-t

(1975) ck:rivccl ¿r nulnbcl of erplcssions to rrn¿r,blo the clett:r'ntiu¿rtion of cornPlcr

lcl¿r,tive pelrttittir¡itv rli¡c.t'tlr'. rrli¡ri¡atirrg the ltcccl f'o¡ n¡'tc'i<:a,l For'ic.r'

tr'¿tlrsfolur¿ttiou. Giese ¿iud Ticrn¿rnrr (1975) plcrserrtecl ¿r, r'orrcr:tion tcchuir¡rr. for

loch1çi,t* 1ltc r,ontt'illttion fì'onl rurg'¿rntecl rcflcctions. Suggctt (1975) rler-isccl ¿r,

lnuubcl of lrcthorls fol irulllor.iug the irigh fi'e<¡rcu(:\. Per.for.nrzrri<.c r>f the silglc

leflcc:tiou nrcthorl. Cjlallisnrr e1, al. (rg7T) clisr:ussccl the erpclillelrt¿r,l f¿rctols inYolYecl

tttTDR. Gcstblour artrl Not'cl¿tucl (1977) consiclelccl thc single tr'¿rnsrnission ¿rucl

rnultiplt' tr'¿ursrtrissicll lnotltocl ¿Lncl clisc,rrssecl the zrclvrrntage of thcsc incthocl or.cr tho

(:ol'I'cspon(lirg reflectiorr rtrcthocls. Stuchlv ¿rrrci N,I¿rtuszeu'slii (1978) 1;r'esentccl

c:ornbillecl leflcc'tion/tr'¿r,nsnlission rncthocls. Iia¿rtze ¿rncl Giesc (1980) plt-'seutecl

¿ì I'evicr\\' at'ticle¡ on the rcl¿rtivet llrei'its ¿rncl lilnit¿'rtions of the cliff'elerrt technicßres of

nre¿ìsLlrellent of comltler lel¿¡tive pernrittivitl,. Gabliel et al. (1986) cliscussc_.cl the

nse of TDR. fbl the rne¿ì.sllr'ellreut of complex lel¿r,tive pelurittivitl' of hnm¿rn sliin.

Alcone ¿ncl Wills (1986) plesentecl the eff'ect of incollect tirne alignrnent a,ucl

truncation elLoL in sinele leflection TDR measnr-ements.

2"6 Fourier analvsis

2.6.L Fourier's integral theorerïr

19
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of tlre firnction f(t) of the lea,l va,r'i¿r.l¡ie f exists, it clefines tltc, Foul"ir:r'trrtns/orrn oJ

.f (t). Tht'lt¿rsis of Font'ier ¿r,n¿rlvsìs is Foulic-.r''s intcgrz'rl thcolcrrr. This st¿rtrrs that

unclel celt¿tin gcuclaì couclitions, thc function./(f) c¿r,n J;c u'r'itterr ¿rs tlte irrtcgrzri

20

(2.26)

tvltet'e F(c,) is ¿rs clefinccl ìtt' c.r,l.ti.ri (2.25). Tliis equ¿rtion is huolvn as the ,i,nlr:t.sr:

FotrrinrfurntsJortn. Ec¡ratiou (2.25) arcl ec¡ratiou (2.26) ¿rlt lefì:r'r'ccl to ¿rs tl¿e Fr¡tn"ier

t rr r,r t,sJ or r n. ¡to,'i:, r'.

-\ i:ln'sical pt'o(:css ilt a linr:¿rl systclu <r¿ru bc clcsc'r'ibctl oithcl iu tinxr clolrr¿rilr, l¡,

r'¿tltrcs of sottrc' rlttzttttitr' .f as a fìurr:tiorr of tirnrr t. .f (t). ol clsc: iu fïcc¡rcrrr,y clourzrirr,

u-lteLc' tlie 1rt'ot:c-ss is s1;ccificcl lrr,' giviug its arrrl>lituclo F ¿rs ¿r fnnction of fi'cc¡renc:r',

F(o). Ott<: goes ltac:li ¿t,ttcl folt,h lrctu'ecrr timc cloltr¿lirr ¿r,ucl fi'rrc¡renc\'<lonr¿rirr ltl'

rrr(-'¿l,ns of thc Fottricl tr'¿t,usfolul pair' (Plcss ct ¿iÌ., 1988). Erlutrtiorr (2.25) tr¿ulsfolrlrs

¿t fitltt'ti<tlt./(f ) iu titnc clonr¿rin into its cc¡rirralcnt fìurc:tiorr F(*') iu fi<,:c¡rencv clonl¿,in,

a,ttcl trc¡itr,tion (2.26) r(ì\(:rl'ses the ploc:css. In othcr \\¡ol'clsi, ec¡ration (2.25) zulaìl_1r7¡.¡;

the tintc fiutctiolt into the fi'ecßrenc1' spectmnr, zrncl cc|ration (2.26) synthc:sizes thcr

fleclnency spectrurn to rcgzr,in the tirne fnnctiolt.

2.6.2 Discrete Fourier transform

The plactica,l use of the Fonlier tr.¿r,nsf'olni is irasecl on the sa,mpling theolem. The

szrnrpiing tlreolem states that z/ r¿ cont'inu,otts bctntl'w'irltl¿ l'irnited s'igncr.l f (t) contains

n'o frerlttenc'y con¿ponent lt'iqher thcm u" r-ctcl'ic¿ns per- second, tlrcn f (t) cart, be completely

cletern¿inetl b'y 'its 'ualu,es sctmpletl cú u,niform ti,me 'inteructl less thctn T : fr seconcls

apart . It can lte shor,vn that, the Fonrier tr'¿rnsfolm F(ø) of .f (¿) is lel¿rtecl to the

eqtrar,lly spacecl values of f (t) by (Chen, 1979)

*oo +oo.l F(u*nu^\:T \- f(n.T\e-j'"r¿¿ - \-- ' "--c/ ' z¿ J \"- /"
?¿:-oo ,2,:-ôO

I ¡*co
f(t):: I F(t)ei.td.o

/11 .l -æ

(2.27)
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Tlnts, if F(ø) : 0 fbl lol > ,,., it the¡ 1ollorvs th¿r.t

*æ
F("':) :7 Ð .ÍþtT)P-i'"'t'

,l=-cc

This ccluzrtion is thr¡ basis of the prar:ticrzrl irnplcnrentatiou

¿r.rtcl clefinr,.s thc rliscrr:te Fr¡tut',iet' trrur,s.forrn (D FT).

2.7

21

(2.28 )

of the Fonliel tr'¿rusf'orur

2.7.7

?'irne dornain reflectornetrv

General principles

The ll¿rsic: sctrilt fbl tlic rììcr¿tsurollìent of r:onrpicx lcl¿rtive perrrrittir:itv þ1, TDR is

shou'tt in I'igrrlcr 2.5. Thc thloc rnrr,iu cortrponcnts of thc ntcì¿ìsul.crntetìt sl.,Fjl,elìì ¿ì.t.c ¿ì,

sltllll¿rtroscr<'oncl t'isc ti¡te i;nlse ge¡elator, a,n oscillosc:oltc ¿r¡cl a sa,¡rplcr.. Drr'irrg t¡e
Ille¿ìstlrcìllleltt, ¿t, szr,rttpic'is 1tlrrcccl in ¿r, sclc:tion of ¿r, c:oaxial lile. A first ¡is. ti'ro stel;

pitlse is gtrllcr'¿r,tecl ¿rt thc prtlse gencr'¿ìtol er,rrcl aPpliccl to tho sa,rnple ¿rncl the l.esporìsc

signzr,l is ntc¿tsuLecl Jrt, rnea,rrs of ¿r, szrrnpling osc:illoscope. lipon the a,pplic¿rtiou of ¿r,

stcp Pulse, paltial t'eflection aucl pzlltizrl tr'¿r,nsnission occlrr' ¿rt the front ancl real fa,<:es

of the sanrple. These multiple reflections ¿ì.r'e as sholn in Figure 2.2.

Tr'vo cliff'clent types of analysis h¿rvc been usecl in T D R. nzlmellr, fi'ecluency clom¿l.in

zrnalysis a,ncl time clom¿r,in analysis. In the fï'equency clomain analysis, the input

ancl the I'esporse signals at'e fit'st Four.iel tlansfolmecl ancl then the complex lel¿r.tive

perrnittivity va,lnes ¿r,r'e cleter'minecl fi'orn the calcul¿r,tecl v¿r,lues of the leflection ol
transrnission coefficients clilectly ol inclilectly ltv using nnrnelical methocls. In the

time clom¿r,in analysis, the response signal is er,nzr.lyzecl clirectly. This is clo¡e, i¡
genera,l, by fir'st assuming an icleal step signarl ancl then assurning a par.ticula¡ type

of icleal ltehavior fol the fiequency clepenclence of the complex relative perrnittivity

of the matelial such as Debye's t'elaxation equation. Although the fi'ec¡rency cloma,in
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Figulc 2.5:

p()l'1ììit t\ritÏ

a\

l¡

tcrmlnâtloll

l;trsic' cxltt:r'illclt¿rl ¿Ì.1'1'¿ìrì.gc.lllcrrt 1.or thc utc¿rsru'ct11ç.1r¡ of r:oinltlc'x

TDR.

¿iti¿tlvsis is cxzrct, thc tinrr: clorn¿r.in ?uì¿ìh'sis clr¿rJtics thc sigrrzrls to lte ¿rnah,zecl rzilticllr'

¿t,rrcl ¿ilso cliutiu¿r,tcs thc uctccl f'or nnrrrclir'¿rl Forrlicl tr'¿rusfolrn¿r,tiorr.

2.7 .2 Single reflectio n T D R

This techniqrie r'vzts fir'st ploposecl by Fellncr'-Fel,l"gg (1969). But the cleta.ils of

tlre Single reflectiol TDR, using a,n ex¿r,ct fï'eclueucv clout¿in zr,nzrlysis, u,ere given ìr1,

Loelr et ¿ll. (1971). It is the simplest folm of TDR in rvhich only the fir'st leflection

at the fi'ont fã,ce of the szL,mple is rlonitorecl. The tirne langc of the oscilloscoper

¿rrtcl the lengtit of the clielectlic flllecl section of the coaxi¿rl cable ¿r,r'e selcctecl to talie

into acc:ount only the signal clue to the fir'st leflection. The tilne-lvinclor,v, thelefole,

extencls only up to a, point in time at which intelfelence fi'om the next leflection frorn

tlre rear f¿rce of the sarnple occurs. The r-eflection coefficiønI pr2(f) ¿r,t each fi.eqnenc¡,

of intelest is cornputecl lty using the Foulier tla,nsfblrn of the inciclent signerl, I/¿(f),

ancl tlre fir'st refiectecl signal, V.t(.f), as

pn(f):W /? ro\
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I(nou'ing pn(.f ), the cortplex rel¿rtir¡e pelrnittivitt, of the sarnplc

/ /'\
'r 

- lt"('f )t'c\.//_11+ø.fflr

^911(/) :H

23

is obt¿rinecl ll'

Irr the sirrgle leflcc:tion tttcthocl. thc nreasnr.'rìrrcr.t of tlic filst leflectiorr is ¿r<:hicr.ecl

l¡t' clclavillg the zrrlival of thc: r'efler:tioll fiour thc. r'e¿rl f'¿rcc of' tirc szr,nrple lx' rr.iug .r,

lcl¿rtivclr' long str,urple so tlt¿r,t thrr lcfkr:tc.cl signirl ¿lllivcs oritsirkr thc tinlr-rvilrclou'r>f

itlttrrcst. In the ul(ì¿rsllrorìlent of the cornl;k r lel¿r,tivr' 1;clrrrittir.itrr of nratcli¿r,ls u'hir.h

¿trc ¿rt¿rilaJrle irr lintitccl c|rantitic.s (wlielc k>ng sa,rlitlc r:¿rrr uot Jrc 1>r.t:ltzr,rrrcl). thc total

rcflcr:tion TDR is cuutlovcrl.

2.7 .3 Total reflectio n T D R

Iu tlic tot¿rl lr¡flcrctiotr lrrethocl, thc¡ tiul¡ sc¿t,lc ¿r,trrl l,hc lcngth of the szr,urPlt: itr.c

selec'tccl so th¿rt ¿ril lc:flections (snnr of all rrurltilrle lellectious) fi'onr the fì'olrt ¿r.ucl

I'c¡¿r't'f¿r,r:cs of the sa,tttple ¿r,rcl t¿r,kcu ilto ¿rcc:orrnt. Thcr tinre u'iuclou' ertclicls rrp to

tr, poiut in tinle ¿r,t rvhicli the tirne lesponse of the rn¿r,teli¿rl is courplete. The tot¿rl

leflection coefficient, .91i(./), is c¿r,lculatecl as a r'¿rtio of the Fouliel tla,nsfolrn of thcr

tot¿'r,l leflectecl signtrl, I,',r(f), to the Fouriel ti.'¿lrrsfolm of thc inciclent signai, 14(.f),

'i..e .

(2.30)

(2.31)

The ecluation lelating^ ^911(/) to the cornplex pelrnittivity of the rnatelizrl, e(/),

takes cliffelent f'olms for cliffelent expelirnental arlz-r.ngements. In the alr.angement

slrolr'tt in Figule 2.5, it, finite szrmple of length l is inser-tecl in a coaxial line, which

is telminatecl in its chat'¿r,ctelistic impecla,nce. In this case, the ecluation t¿rlies the

folnr shor,vn in equation (2.13). Substituting ec¡ration (2.14) in equation (2.13) ancl
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lc\\¡riting tìrc cxPlessiorr fbr' "911(.f ) vielcls

.)f
3a

^91i(.f) =
,-rqn - t¡ i fl /--;-;

| - e-7: V (\'t )

, Zt /-^l--;L tl tl I | _.1¡i il /-^-/,) v . _L ,, ,-- 1/ (\-l )

t+/ r/,t-¡ ' '

, Zt l-;
1 +,-iV,tD r,=++!r{Ar ' +îJa'

(2.32)

\\;lì.cìrc all r'¿rliablcFj ¿ìrc ¿rs 1>r'errioush, clcfilrccl irr Sectiori 2.2.

Tittt tttost cotllttìorth¡ ttscrcl ¿t,tr¿tngrìlìroil.t, lìolr'r-r.e¡r', is orrc in uthic.h ¿r clicle<:tlir'

sztrtrlllc' is plircecl at thc cucl of a, c:o¿rxial liut: so thal it ¿rcts ¿rs its te¡rnitr¿rtion ¿rs sho¡rn

in Figulc 2.3. Irr this case. tlto rel¿rtioushil> bctu'ecn "911(/) aucl e(.f) h¿rs the for.ni

shou'lt itt cclttatiotr (2.16). Substitutirrg r.r¡rtr,tiorr (2.17) ancl (2.18) irr e<¡ratiorr (2.i6)

a,rrcl rcl'r'itiug 1,hc lcsirltiug cxplr.ssiorr giv's

"s11(f ) (2.33 )

r¡lìere Z1 ts I,lte c:h¿r,t'¿rcrtelistic' itnpcclrru<:c of the c¿lltle alcl 22 is the c:h¿ir'¿c,tclistic:

inrirccla,rrce of tho s¿ìrìr.ple holclel s'lÌeu it is fillod rvith ¿rir'.
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Erros" ana.lysis

Itr t,his c:hzr,1;tc't' the sottrccs of r:Llols iil the ntc¿ìstlellìent of <,onrltlcx rcl¿r,tivc

1;trt'tttittir-itt'' bv rrsiug tlte 1,o1,¿rl loflcc:tiou TDR t-iil Ìrc iclcntificcl. Thc¡, slit¿rlr|r

nlc-'tltocls fot' utirtiutiziug tltc'stt ellolsj u'ill aiso l¡c clc.rrisccl. This u'ill fblui thc b¿rsis

f'ot' ¿i svstcln¿rtic ltloc:eclurtr fol ca,r'r']'ing <-ri.rt the experilncllts.

3.1 Sources of errors

ilost of the sonlces of elrol in TDR experinents h¿rve lteen pleviously iclentifecl

¿r,ncl cliscnssecl by sever¿r,l lesealchers (Nicolson, 1968; Loelt et al., 1971; Islizr,rrcler',

1972). These elr*ols mzry be cl¿rssifiecl uncler thlee celtegolies, narnely, inciclcnt signal

er.'l-ol', szr,mpling el't'ot's, ¿ncl tirne to fi'equency clomain conversion eïrols. They may

also be cl¿rssifiecl into two tnain categolies as lteing of eithel time clom¿rin (?) or

fi'ecluency clomain (F) oligin (Table 3.1). The tirne clomain er-rors inclucle those elloïs

which at'e introclucecl cluling the me¿r.surement of the time clomain r,v¿ve forms. The

fi'ecluency clomain err-ofs on the other hancl inclucle those et't'ors which are intr.oclucecl

aftel tlre rvave forrn cl¿rta have been clisclete Fourier tlansfolmecl (DFT).

25



CTIAPTER 3. ERROR AJYA¿}'SIS 26

Sotmces of errors Or"ig'in

Iucicleut sigirzll crlol

S¿rurpling cli'ol

R.¿ulcionr olcct¡11¿11 116isç

()utr,ntizing err-ol

-lìrrrl- ii tt¿'r' r.l'r'nr'

Tiute to fi'cciueut,v clout¿r,in (:o1t\(.1'siotì (-trols

Alizrsirig irr DFT

Tnu¡.t'¿t,tiolr irr DFT

L ns,¿lrrtccl leflr'<'tious

Tinlc lcfi:r'c.uciug c.r'r'ol

T

T

T

T

n

F

F

F

Table 3.1: Snnnn¿r,r'y of sout'ccìs of elrol iu tot¿rl leflcctiol TDR.

3.2 fncident signal error

This is ¿ìu. ellot' c¿-L,nsecl lty a variation in the output of the 1>ulse genelzr,tor. u'itlr

tiule. If the outpttt of the pnlse genelator' fluctua,tes u'ith time ancl the intelr.¿rl

of tilne ltetr,r,een the le¿clings of the illciclent ¿rncl the leflectecl wave folrns is long,

elror will lte enconnterecl in the calculatecl v¿rlue of .911(.f). This type of ellor r,v¿rs

fir'st obselvecl ì:y Isliancler' (L972) rvith the solicl state pnlse genelator that he nsecl

in his expeliurents. Ishanclel suggestecl that ¿r short time intelval be usecl betr,rreen

the obset'vatioL of the inciclent ancl the reflectecl rvave folms in orclel to minimize the

inciclent signal err-ol..
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3.3 Sampling errors

3.3.1 Randorn electrical noise

Tltcte ¿Ì,1'(:ì tht'(ìtì sotucr(ìs of r'¿r¡clorrr clcctric:a,l ¡<tiscl i¡ clt:ctlic¿rl rlt'r'icgs: S[ot.

.Joltltsott, allcl Flic:licl lroises (\dtrcDouzr,l(1, 1962). Shot noisrr is gencratecl ilr r,¿llvcs

tt,ltcl sc'tuicotrclttr:tol rlcvic'cs rvith ll rr jrrlrr:tious ¿rttcl is clrrc to thc- r'¿ulck>nr flur.trr¿rtiorr

in thc r¿t,tt'¿tt n'hiclt tht'r'halgt'r:¿tlriels cLoss tjrt poterrtial b¿rlricls. .Jolursorr uoisc orr

thc' othcl lt¿tllrl a,t'iscs lrt'c'¿ttrscr of thcr Bloivllia,n rnotion of clc.r'l,r'ons iu clcc.tlic. t.ilc,rrits

irr 1>trltir:rrlal iri lesistols ¿rud f'ol this r.casou it, is ¿rlso lefì:rr.ccl to zts tlt,r;rtn,ol, t¡,r¡,i,sr:.

Tho thilcl tr'1tc of u<iise. Flir:liel rì.oiFje, ¿rliscs lu¿r,inlr. ill tr'¿tusistors. Thcr 1;ou'cr spe<:tr.zr

of Fliclitrr noise r,¿tlios iln'c:r'strlv approxirrrirtclv u'ith fi'ecFrellcv ¿rrrcl its cffb<.t is usu¿rllr,

rregligiltlc a,t fï'eclttcuc'ic¡s glez-r,tcL iha,u 'I À,1H:- (Roltirrson. 1966, citecl Jtv D¿ru'liius

ct al., 1979).

Bc't,¿ì'ttse it is r'¿rnclorn, thc r'¿,nclortr electlic:¿rl noisc solncrtirnr:s ¿rclcl to the rc¿r.l ur¿r,rr.

fbt'tn attcl sornctimcs srtbtr'¿rr:t cìnclgy fï'onr the r'(¡¿ì,1 $r¿rvo fblm. Its rnzrgnitriclc c:zru onl1,'

lle t'ecincecl lty itt..".ltiug the signzrl-to-noise r'¿r,tio fol the nìe¿ìslu'elllent (Dzr,rvliins crt

a,l., 1979). This c¿ur'lte clone lty ¿¡1r6¡¿tg-ing each wave fcrLrn. Since the ¿r,r'el'¿r,ge a.nrount

of ttoise aclclecl to the wa,r'e form u'ill l¡e neall¡' the s¿rme ¿rs the ¿ì\¡eÌ¿ì,ge ¿r,lnotint of

noise srtl:tt'¿lctecl fi'om the u'¿'Lrre,. fblrn, by avelaging sevelz-L,l rroisy wave follns together

the noise c¿r.l be avelagecl out (Clzr,r'lison et al. 1g75).

3.3.2 Quantizing and tirne jitter errors

The step signzr,l ploclucecl by the pulse genelatol ancl the reflectecl signa,l frorn the

sample are continuous-time signais. The convelsion of these signals to cligital ones

is clone by using an auzrlog-to-cligital conveLter- (ADC) ancl the conveLsion process

is r-ef'erlecl lo as Qttantizati,on. Because the resolution of the ADC nsecl to clieitize

27
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tltese sigual is finite, tltc' convelsiorr plocess le¿rcls to louncl-off ellols in the cligitized

r'¿tlttc's. This crrol is c:allecl (þtrunt'izi,ng ert'or'. Q,,. ¿rrrcl is ir-r'ecluc:ibic. cllol clu<. to

the c¡rirrttizittg pt'oct'ss ¿rncl clcpencls orr thc clua,ntizrltiou lcl'cls ol lcsolntiolr of thc

c¡rirntizer'.

hr aclclition to cltta,tttizittg erlor', it is also possil>lc fbl timc jittel to o<:c.:r.rL. If th<r

sr:a,trttiug rclta,gcr is ltclcl fitccl r:ollcsl;orrrlittg to ¿r fixt cl point on thc' u'¿u.c firLl¡ Jreirrg

ttl.tl¿tsttLocl. the tttc'¿tsttrecl roltirge rrill flrrr:tu¿rtc ltcrc:¿msc of inrl;r'ccisc tliggcliug zts thc

gtltc tìtottrs ¿tlotulcl o\()t'¿ì sur¿il1 tiruc scgmcrrt ¿r,ltoirt its tnc¿ui ltoistiorr (Islianckrr'.

I9T2). This lcsults irt un<:c'11¿'r,irrtv in thc tirue loc:¿rtiol of thc s¿1,111p1¡ .fþtT). Thc

strttrirlittg rviucloq'is r:t'utclrrtl <>r'e¡ a ti¡tt'i¡tp¡r'al ¡¡T * (); irrst¡a<] <>f ¡tT,l.r'. thc

u'irrclon' is oflìsrrt l->1' the arnotrrt r>f Q¡.

&"4 Tirne to frequency dornain conversior¡. errors

3.4.L Aliasing

Alizrsing is ¿r.lt erl'or in the s1>ectlurn of a signa,l c¿r,usecl Ìty leplesenting tiie

coutinuous tiurc clolnairr siguzrl by ¿r unifolmly tr¿tin of strmples. In Section 2.6.2, it

rvas sltor'vn th¿rt if P(ø) clenotes the Fouliel tlansfblm of ,f (t), the clisclcte Foulier

tlansfolrn of .f (t) f'or. zr, szr,nrpling intelv¿r,l of 7 is given by,

28

(3.1 )

The fi'ecluency spectt'uln is thus perioclic, r'ecur-ring at an angulal fi'eqnency interval

of '+, thc sampling fi'cclnency.

Figule 3.1rr, shor,vs a fi'ec¡tency spectrun of a continnous signal with fi'ecluency

collìponents lilnitecl to./". \,Vhen this signal is sa,rnplecl at a late.fr, the sampling

ptocess results in the signal fi'ecluency spectlurn shown in Figure 3.11.¡. Hele, llecausc:

+oo )_,,
F,.(u\ : t F(us + '" '' \/¿T
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(r) (ìrilinuoùs signrl sNctnrilì

l*

(b) Srnlplc(l sirtìrl sfcclntnr

Figulc 3.1: Sl;cctla shori'iug fi'c'c¡urrrcv f'olding.

the s¿unplirtg fi'eclttett(,)', ./., is tt<lt, sriffic:ielt, sollirr of thrr hig[ {i'gc¡iclc'r, (.ollU)o¡ç¡tsj

of tlrc signt-r} ¿rre fblclecl b¿tt:li ittto thc' sigrral spectnun. That is, F,r@) is eciutrl to

F(cu) plus ¿t'tì. tttttr¡¿ttttecl <'ontribntion froni the a,clj¿rc:cnt lobcs. Thc lrr¿rin ploblerrr herc-

is tha,t irr the proc:ess of lecoveling the origin:r,l signa,l fì'om its fi'equency spectLurn,

the foiclirrg fleqrtettcy components cause clistoltion ¿rucl c¿ln not be sepzr,r'zr,tecl o¡

clistinguishecl froln the oliginzrl signal. This uuclesilal¡le pirenourenon of over-lapping

of acljercent lobc:s is t'eferlecl l,<> ¿ts ul'icts'ing (Chen, 1979) ancl it is unclel the contlol

of the sarnplingfi'ec¡rency, .f". It c¿ur bc seen fï'om Figule 3.1b thzrt l:y citzrngirrg t[e
sarnpling fi'eclnency such tlt¿l,t .f " - f" ) ./", rve c¿-ut olttain the lesult f, > 2.f" rvhicli

clernonstr-¿r,tes the sarnpling theolem.

Fol' ¿r banclr,r'iclth limitecl signal, alizrsing can be eliminatecl ìry eithel of the fbllorving

tr,vo rva,ys: (ø) bv using a high enough sampling frecprency .f " 
> 2Í., or (ó) by filtering

the oliginzr,l signal to eliminate any fi'ecluency cornponent above one ha,lf the sarnpling

fi'equency.

,o

f..
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(b)

Fi¡¡rrr'<'3.2: (rr) À tr'¿rnsient signal <leczr¡irig to zcr'<.r. (¿r) .\ tvpic,ai TDR sigual.

3.4.2 Truncation

hi ¿rdclitiort to aliasirtg. the othcl sclious ploblc.rn u'itli thc use of thc clisc.r'ctc

Fortt'it't' tr¿utsfbt'lu is trtt,r¿crft:ion,. The clisc:r'ete Foulier tr'¿rnsfolln fiurc'tiolr rvith

szrurplecl cl¿tt¿r, ¿rssttrnes t,hat the fïrnctiorr to bc tr¿r,usf'olnrecl is finite (Clallisou et ¿i.,

I97T). Iu utelttl' zr.pplic¿r,tions, the fìmctions nnclel consiclei'ation clecay to zelo. All

exzrurple is shor'r'n in Figulo 3.24. No signific¿urt tr-rinc¿l,tion crlroL, in genelzr,l, aliscs

in computilg the Foulier tr'¿l.nsfolrn of this type of fiurction.

ht TDR,ltolvever', rlìany of the signals consiclelecl clo not cleczry to zero bnt to ¿r,

finittt value inste¿rcl (Figure 3.2b). In this c¿ìse, ¿ì lalge tr-uncation ellol lesults in the

freclueucy spectlurn r,vhen a finite numbel of samples are usecl. This truncation ellor'

clue to t'estr-icting the surlm¿rtion to a finite nurnbel of sarnples N (ec¡ration (2.28))

is given by, 
+co

Fr u,,o,(r): Ð. Í(r1,7)s-i,,.r ß.2)
tL:lU

InTDR, generally three teclmiclues are nsecl to ovel.come this pr.oblern:

(i) In the fir'st case, it is assumecl that the signal clecays a,s e-or fol long tirnes.
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If the sigrtzrl turdel consiclela,tion ¿rttains a c:onst¿r.nt r,alue ¿rt tilr- e f : l\¡7, ec¡rzrtion

(2.28) nra¡' ì;c len'Litten as

N-l æ
Fr@): 7 t .f (nT)p-j""7'+ r.¡1r\tr) t "-r:l(rr-À7').-jotttt'r¡:0 ¡r:N

As <i --+ 0, the sccon(l snrnul¿-r.tiou colvcrfgcrs to (Islizrucler', 1972)

(3 3)

(iù In the thir.cl case,

usecl where the signal is

¡'- j l\í'1'a

'l 
- ,' .t'r'

the Samulon (1951) (citecl by

fir'st subtractecl fi'om its value

Loeb et al., 197i) ploceclule

shiftecl by one-tirne intelval

r:1 Jl

Tlms, \\:lì.(:'rì tltt' spe<rtluur of thc sigutrl is lteilrg cornpntecl, thc follou'ing corrrl>olcnt

nì¿ì\. lrr: ¿rrlclocl to <'rtlre<'t for tnrnc.¿r.tion c.r'r'or'

r rrn,7¡ -''-''!i- (3.5)a 
' 

\- 
l - 

(' r'*

(ll) Iu t,iitr sccortcl (:¿ìsc, ¿ì r¿ìnr.p fìnrc:tion, ¿rs shon'rr irr Fignle 3.3, is suJrtr'¿rct,ed fi'olrr

thc siglzrl ìrcfolo cottrputirtg tht' disc:r'ctc Fonlicl tr'¿r,nsfìrlur of thc: signzrl (Nir:olson,

1973). If'the sigrral clcc¿tvs 1,o ¿t, const¿rut valntr ¿rt tinle f : À7, ¿urcl if t|e r:¿rl¿es

of tlre riisclcte Fottlit:r tt'¿lnsf'olm of thc signzrl arc ueeclecl ouly a,t Lü : l,t"üo, 1y]16rr'o

d" : # ¿r,ucl A' : I,2,3,...,etc., ¿ì r'¿ìnr.p fìtnction snbtr'¿'¡ctecl flom the signzrl ),iclcls a

fi'ecluencv spectmrn u'hich is fi'ee fï'our tr-unc:¿r,tion erlor.

Eìì,..,,.,^ I Ð.! rè3Lr.rlJ t).ù. A signal r,r'ith a ramp function.

1S
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befble Fouliel tr'¿r,nsfor-m¿rtion .

?Ð

T N-l
F.,(*): ___: \ | {./(ir,) _.f (0t _ 1)T)le_jn,,.r,' 2"¡siu(øI, ,,_o

(3 6)

Tltis ploceclttt't:, siulìlar to thc-' plcr''ious ones) ¿rssrlncs th¿rt the signals h¿r,r,c a,tt¿r,irccl

¿t c:<lllst¿tltt l'¿thte ¿l,t f : ,\r7, so that ¿rll 'r,¿ìlues ìtc,vorrcl thzrt point h¿rvc lt¿lr'liu,¿rr.rl

cliffêr'cnc,es, {.f (ttT) - .l'((¡t - 1)T)}. of zero. So thc c¿r,lc:irla,tccl s¡rr:c:tnun is fi'cre fr.onr

tlnllc'¿r,tiolr ('r't ot'.

3.4.3 {Jnwanted reflections errors

In ¿tu iclc¿r,l c:oa,rial liue svstclr ouly tlie step sig¡ir,l ge¡e¡zrtccl fiorri t[c pr.rlse

geuci'zrtot' ailcl its lcflecl,iott fï'oltt 1,hc sa,m1;lc u'orrlcl bc ¡rp¿rsrrïecl J;1r t[<r s¿1111p1i,,n

ltcacJ (Figru'c 2.5). hi 1>rtrctic'cr, h.o\\rc\.{)l'. thc ser,nti>linghettci, the ptls<. fìcucr.¿r,tor., ¿rncl

cac:lt co¿rri¿l lirrc' cr)ttttct:tot'i¡tlocllc'c ¿r slrr¿tll ir¡pecla.¡c:cr cliscontil¡rity i¡to tllc sr.stçtrr

rvltich gir,<.s lisc to rrulr¡¿lutecl rnuliiplc leflcr,tions. Oc:crrr.rcrlr:es of thost reflc.c,tions

c¿ìllsc ¿ì sclriolts elrol iu the ltte¿rsttt'etttcrnt of reflection ol tr¿l,nsnlission coefficieuts ¿r,trcl

it is irnpolt¿r,rlt th¿rt crollectiors be ln¿r,cle to minirnize tlieil effec:ts.

I:I-TDR, the cot'rcction pt'oceclule clcvelopecl by Giese ¿urcl Tieruanl (1g25) is, in

geneÌa,I, nsecl to t¿rlie into ¿tcconnt thc influence of these nnwantecl reflectiols

cluantitatively. Giese ¿rncl Tiem¿rnn suggestecl that it be assumecl th¿r,t the pulse

genelator', the sampling heacl, ancl possiblv the line section between these components

maiie the majol contliJlttion to unwantecl reflections. This cornbin¿r.tion mzr,y be

charactei-izecl ¿rs z-t complex sorlr'ce reflection coefficient .91i"(/) r'efelr.ecl ¿r.t the plz-lne

of the sz'lmpling heacl. The coaxial line systern betr,r'een this plane ancl the input plz-lne

of the sample is consiclerecl to be an icleal line of length /. With these assunptions,

they shor,r'ecl th¿r,t the lelationship of the cor-rectecl reflection coefficient, ,911"(/), zr,ncl
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the me¿rsnlecl lcflecrtion coefficient, ,S11,,,(.f ) is

{1 - 511,(/ )}.9t t,,, (./)r:-2r1

1 - .911,,,(.f )S1I"(.f )ç-t^rL

$'llet'c'i'is zts Pler.iottsll' ck¡finecl irt scc:tion 2.2. \\¡r'iting.911-(.f) : Si1-(./)¿:-2rl

,,-'2^tl 
- 

qll'/l\

^911"(.f) : S1I,'" ,-s\'/ 
'/,,(.i)ffi (38)

For ¿r givcu crpclittrt'trta,l trrlrr,ugelttc'nt, "911:(.f) <:trn Jrc cva,lu¿rtccl ¿rt c¿rch fLc<¡xrrr,r,

of intclest llr'¿r. cr¿rLilrr'¿ltiou lne¿ìslllonìc.nt li'our a ln¿rtc'r'ia,l havirr.u,^ ¿r knos'u ,911..(/)

fìurctiolr.

Rer:clrtlt'¿rri ¿r.ltcrll¿itivc rrollcr:tiou ploc'r.rlru.cr \\r¿ts irrtr.ociur.ccl l_¡rr Hr.inrovaar.a (199.3)

u'hic,lt usos ¿ì otte-i;ort t't'toL ntclclc:l rtsecl to iltrpLove lretll<rrli ¿nrlatrz<rLs nrc¿ìsrrlenrolrts

(\\"iltlon, 1989). Itr a. onc-irot't erlol utoclcl, c.r'r'olsj in 511(./) rnoasurc'nlerts a,r'c.

c'ortsicltrlocl t<t lte (:¿ì,usc'cl bï sottLc'e ruisrua,tch (-\t'r'ols (8"(.f)) irr th<r puls<'grtu<tr'¿r,tor'.

dirt¡t:tir.itv c)lr'ors (E¿(,Í)) in tho sa,rupling ck:r'i<:e a,ucl fïcclrcrlrcr, 1'r"icl"ug crrlols (E r(.f ))

itr the systttìt. Tltcr rlr'¿rsurocl. reflec'tion c:oc.fficicrnt 5'11,,,(.f ) is lel¿ttcrl to thc'r.ur.ret:tecl

leflcc:tion coeffic:icrrt ^91i"(.f ) b1' 11t., r'el¿ttiolrship

511,,,(.f) : E,ú.f)* s1r"(.f )E.ru) (3.e )1 - E,(.f )Sl1"(,f )

Solving the above lelationship for' ,911"(/) yielcls

,911"(/) : ,911,,,(/) - E¿(.f)
(3.10)ø"(/){s11,,,(.f) - n¿(f)} + Eru)

Tlre tlrlee ellol fiurctions (8"(,/), E¿(f), aud E¡(/) ) ci.rn be ev¿r,lua,tecl fi'om c¿rliblation

nr.eàsulernents on thlee szr,mples with a linown .911"(/) function.

3.4.4 Time referencing errors

As alrez-r,cly rneutionecl in Section (2.7.3), the computation of ,911(/) involves

forrning the Fouriel tr¿'L,nsfolrn of the inciclent ¿'r,ncl leflectecl r,v¿rve folms. In complex

Jù

,s11"(./): (3 7)
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lel¿r,tive peunittivitv mc.asulernellts ¿ìt I'eLJ¡ trigh fï'ecluencies. ¿r cnrci¿r,l point in the

Fouric:r tr'¿r,lrsf'orln¿r,tion is the est¿rblishrneut of a, r;ornrnorr tirne oligirr foL the u,¿n,t:

fbt'ms. The r'¿rtio of the Fouliel tr'¿ursfblnrs, i#. n,hich is ec¡ial to .g11(f ), h¿rs to

be umltipliccl lrv r:j'À/ l'hen l,i(t) ¿urcl'[,í.¡(¿ - Af) ¿rlc shiftecl Jx, Af. A ti¡rirrg çr'r.o1

of Àf itrtroclrtccs zt 1>hztsc et'r'ol AO :2¡r.f Lt in thc. nt(ì¿tsül'ccl .911(.f) also lezr<ling to

¿ì11 ('l'l'ot'in tlte c:¿rlcul¿rtccl co¡rplex ¡el¿rtiye 1te,r'rrrittir-itv. It is. thg¡cf'oLc.. ner:c,.ss¿-rLt,

tlt¿rt c¿rr:lt il'¿t,r't' fbltrr bc tirne lr.f'elr:ucrccl l¡cforc Fouliel tr¿rrrsfor.rtr¿rtioll.

Tiruc t'ef'elerrciug lì1¿r¡, ltc. clorrc ili ¿r uuntltt r. of n'¿r,).s. Tltcr ntost rlir.c.ct r\r¿u, i)f

tirttt't'cfirlt'tt<:ittg is thc Loeb's er:furqtolrrt'iort, tr:r,:)t,n,'i,r1tir: (Loclr ct ¿r,1., 1g71). hi tliis
tc't:h1ii¡1111'. thi.'ìl'calipoiut'positiorr ou e¿rrrh t'¿n.c fbr.nr (-T) (F'igru.c 3.{) is usr:<l t<i

clefitte a, r'el¿rtivc timc oligin f'ol thc n'¿rve fblrn. The ìl'czrliltoiut is thir int6.r'scrrtion of

thcr lirrc fitttrtl to thc' ltot'izont¿rl por'l,iori 1;r'iol to thc fzrlling (ol rising) eclgc. arrrl to t¡c
stcclrest l>¿rr1, of thcr llr¿rl,c f'olrn.

J+

i i\i i i i i i ii r\i i | ; i i i

: i i i i\ j

i. i..-\ i.i I..i... i. i

i i i\x i : i i i--l---i---1\f-f--î I ì-i
.i i i.. \ i..i i i :iii\iiirii i ; i\i i : i i.........!.........i.........1..........i......v.--......i.........!.........!.........i........

::t:\-=--+
iiti\ii:i
l -i i--i -i\-i -i i-i -

FigLrr.e 3.4: Loeb's extrapola.tion techniclue of time refelencing.

The other technique cotntnoulyusecl in f DR is the one shor,vn in Figrile 3.b ¿rncl

involves genet'ation of time mar'liel spihes on the expelirnental r,vave folnrs (Cole

et al', 1980). The tip of the spike in each wave folm is usecl as a relative time o¡igin

fol the lvave for-m.
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Fignle 3.5: Incicleut ancl leflectecl rv¿u,e forrns rvith time rn¿r,r'licr sDilies.
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Chapter 4

I\4aterial asld ryret&aods

4.L lntrodu.ction

A tncthocl, usirg tltt: fblu'¿r,r'ci sc:¿r,ttcrriug fìurc:tiorr (^911(./)) r>f a co¿r,rial plobc., to

lìltr¿ìsllt'(;' thc c:orttpk'x lc'l¿ltivc: pelruittivit¡. of soil u'¿ìs dcvetlopc:cl zrncl testc¡cl. The

cxl.>elitncttt u¡¿ts conchtct<tcl in tu'o pzrlts. hl the fir'st lrztlt, the r'¿r,r'i¿rtiolts of the le¿rl

¿tncl the itnzr,ginz-rt'y pzrlts of ther cornplex lei¿rtive pelmittivity of soil r,vith frec¡rency zr.ncl

u'ith soil volutnett'ic u'a,teL contc'ut r,vele iuvestigzr,tecl. In the seconcl pzrlt, the effì:cts of

soil temper'¿r,tule ancl soil electlic¿r,l conclnctirrity on the complex lela,tive pelmittivity

of soil u'ele stncliecl. hl the pr-esent chapter, the cxpelirnental appalzr,tus nsecl ¿r,ucl

tlie soil ser,mples testecl in the stucly r,vill be clesclil¡ecl. Tliis will be follou'ecl by zr

cliscttssion on the plobe clesign ancl calibi'eltion, the pr.eparatiot of the soil sa,nr.ples,

¿rncl the cotnputation of cotuplex relaiive pelmittivity fi'om the rvave for.ms.

36
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4.2 Experimental apparatus and soils samples

The oxpclimeut¿rl appztlzrtus usecl in this stu<ly c:ousisted of a Tclitlonix 785-l

trr¿rirrfi'a,lnt' oscillosr'o1>c (Figtre 4.1) u'ith ¿7 S12 r'eflcc:toructerl rurit ("9-52 tnlurcl ciioclc

1>ulsc gertclator'¿ncl ,9-6 satnl>ling hctr<l). Tllc tunuoi cliocle gcnt:r'ati.s stcrp pulscs witlr

zlllploxitnzrttrh' 35 picosocorrcls ¡ise tiute ¿rrrcl 0.24 I - trniitlitlcle.

A <'ortiltrtt0r'l)logr'¿ì,nt. PROG 7.C'PP (A1tpert,rli:r,4), u'as u'r'ittc'u to iut<rlf¿rr:e 1,hc

r,rscillctstrctl-rct u'itlt alr 1Brl1 c:ornirzttilrle conprrtcl a,ncl thc ilrtclf¿rr:e \r'¿rs ¿rc'hir¡v'<ì ìt1.

ttsittg thtr GPIBT Pt'otoc'ol (IEEE st¿ircla,t'cl +8S-197S). Thc oscillos(:ol)(ì \\¡¿ìs

oltelattrcl itr lculotc' nloclo r,i¿r thc cornl;rrtcl an<l cxc'c1tt fbr 1;ou'cr orr, erll thc othr-r

ollttltr,tiotts (such ¿¡s seler:tiolr of tlic rrc-'r'tic¿r,l ruocle a,url thc horizout¿rl tinrcr l;¿rse ulrit.

tltc poittls pcf ¡;¿1¡1- folrn scttiltg ctr'.) ll'c'r'e pro{ìr¿ì,nlrìrr.cl into the coruput<:r'r:ontlol

st.sitr:tì1.

A c:o¿rxi¿l,i 1>t'oìrc, as crpler,ittccl in the lrext scctìorì. \\¡¿ì.s c:onstLrrcrtccl ¿r,ncl c:ourrr:ctccl

to ont'c¡ucl of ¿r 40 cttr long 50 0 11G584 co¿txi¿r,l c¿l,blc (Figulc 4.2). Thc othel

ettcl of tlrrr c:¿rble u'¿rs fittecl u'ith ¿r m¿-¡le Sr'\itA co¿-r,xi¿rl c:otuectol so th¿-rt it coulcl ltt:

clilectlv cotruectecl to the female S^[A connector on thc reflectorneter unit. Iu olcler

to nrinirnize ãny cliscontinuity intt'ocltcecl Jty the croultec:tions, a,ll connections lvcr.c

cleanecl r,r'ith a circuit cleaner'.

Five types of soils r,vele obt¿r,inecl fi'om the soil phvsics ltrbola,toly ¿rt the Univelsitl,

of Nianitol:¿r,. The szr,rnples weÌe chosen to give ¿1, r,r'icle r'¿ìnge of textur-es (sz-rncl to cl¿rr').

The par-ticle size clistlibutions ancl palticle clensities of the soils ale shor,vn in T¿rble

a.1. (The natnes of the soils lefel to theil erpproximate location of collection). The

soils wele ch-iecl at Loorn temper-atnle ancl sievecl. Exiterirnerrts r,vele conclnctecl on

soils passecl though a 2-mm sieve. The soils were also testecl f'or the plesence of

tnagnetism lty using a tnagnet ancl none of thern r,vere founcl to l¡e susceptible.

ù/

tGenelal PurDose Intelface Bus
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11'rrrçIing he.,r.d

Fignlc 4.1: Telitlonix 7854 rn¿linfi'¿r,rne oscilloscolre r,r'ith zt.7SI2 r'eflectolnetel nnit.

Strft Dnlccdr¡rl cônn.cro¡ IlG58À co$irl crlrlc

38

CrimpconnÈcrion

It_
tt

I

) r+ r::D
II r:::l

Coa\irl ÞroLe

Figtrle 4.2: A, coaxi¿ll plobe connectecl to a 40 ørz long /?G58/ coaxial cal¡.te.
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Put't'k:lc s'ize

So'il Purt'icle Den,sit'y Sun,rJ S,i,h Cla'y Te:atturu,l Clrtss

Pel¿iu

Cj¿r,r'bclr')'

Ernot'solr

F<>r'ticl

Sr rr-r'l ir' r'

2.83

2.72

)t7

2.63

2.65

89.29 2.79

70.00 17.50

33.13 28.30

10.67 31.58

11.01 35.30

Sancl

Filrc' s¿r,ncl

Cjl¿r), lo¿urr

Cjlar.

Clla,r,

8.52

12.50

Jò.ÐD

57.75

53.69

T¿rlrlc -I.1: Scltrc'tecl lrhvsi<'a,l c'lt¿r,r'¿rctclistics of tho soils usecl irr thc striclr'.

4.& Fnobe design

Thc proJtc t\¡¿ìs constlttc:tecl ill a siurlil¿u \\¡¿ì,)'¿rs that rrst:cl bv C¿r,lnpl;o1l (1989). it is
llasic:21111'¿r co¿t,xial tr'¿ltrsnrission line iu rvhic:li the oritcr c.:o¿r,xi¿ll tulrcr is cnml¿rtecl ìr1' ¡;1*

staittlc'ss stec¡l locls ¿rtt¿tc:hcrcl to ¿r,ltolclc'r (,.1) (Figru'c .1.3). The innel co¿rxi¿rl conclu<.:tor'

u'¿rs lePla'cecl lty ¿1, shot't st¿rinless steel locl ¿ìrlcl u'¿rs courectecl to ¿r, clrlinclclic¿rl holcler'

(B). Both locl holdels rveLe ln¿rcle of br'¿rss ancl the¡, \\¡ete sepat'¿r,tecl fì.oln e¿rch other

ìr1' ¿1titt* macle of PTFE (coniruouly linou'n as Tefl,on). The lel¿r,tive pelrnittivity (e)

of the PTFE usecl fol the ling is 2.1 ¿urcl its r.el¿r,tive pelrneability (l¿) is r.ely close to

nnity. The char'¿rcteristic irnpeclzrnce , Z , of the sectiorr in u'hich the ling is inseltecl

is given lty (I(r'z-r,us, 1984)

(4 1)

rvhere r¿ is the innet' cli¿rrnetel of the outer rocl holcler' (ol outel cliameter of the teflon

ring) alcl b is the onter- cliameter of the innel J¡rass cylincler. (or the inner cliametel of

the teflon ring). Thc latio I wor chosen to be 3.35 in orclel to get a char¿r,ctelistic

impeclance eqnal to that of the connecting coaxi¿rl cable (¿.e. 50 f-¿). All locls wele

t'emovaltie alicl their-cliarnetels wele 1.6 mm. The coaxial c¿rble's irurer concluctor
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u'as cliLectlv solclelecl to the innel locl holciel of the proìre ¿rncl the outel conclnctol

of the c,o¿-txi¿ll c:¿r,ble \\¡¿ìs collnectecl to the outel locl holcler of thc plolte by urzrliiug- zr

critttp c'otrnection. Llsirrg ec¡izrtiort (-1.1) chzr,r'zrctelistic irripr.clzr,nc:e of thc pr-obe u'zrs

c:ourputccl to lte 1.14.89 O.

t9.-5 ¡rn ________ì

Stainìess steel rocl (six lods)

Brass outer rod hoìder (A)

40

tJ
5mn

Plastic insulator

Cr.imp connection

Teflon ring (C) COAXIAL CABLE

Inner conductor

Cable dielect¡ic

Brass inner rod holder (B)

:<- Outer conductor

Figule 4.3: A sectional clrzrwirrg of the co¿ìxial plol:e used in the stucly.

The b¿rsic equation usecl fol the me¿rsnlem.ent of complex lelative pelmittivity of
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soil r,v¿rs the c:c¡rzrtion clelivecl ill Section 2.7.3 ¿rncl given

the c-.c¡rzrtiorr

.11

b.v ecluzrtion (2.33). R,eq'riting

q11/f\-
v LL\.t / - , /--:=

, * t-:lc(.''),,=+tJJ $Ar | 

-t

ll:yrc(.1 |

(+.2 )

u'ith

^ -Zr¡zp

\\.hclo : is tho intltccltr,rr<'r: nrisnr¿rtr:h f¿ir:tor', 21¡ is thc

r:o¿rxi¿r,l r:alllc a:rr.l Z, is thc <:har'¿ir:t,elistir. im1>cclarxrc

(i.c. u.hcu it is irr rLir').

(-r.3 )

ch ¿r,t'¿r<' t r.r'is t ic irnlt crlir,rl r:c' of t hrr

of th(. 1>ro1tc n.hcu it is ernptr'

4"4 Fnobe calibration

If the (:ottstt'nr:tcrcl pt'o1te \\¡¿ìs ¿ì lrc.rfect c:o¿rxial ploJte, cc¡ra,tiorrs (+.2) arrcl (1.3)

u'ottlcl ìte tlp1;licerble fbl tlte pt'ol;e n'ithorit ¿ru1. nroclific¿r,tiou. Bt:c'¿ursr: the il'oJ;e is

not ¿t, Pelf'ec:t c:<t¿i,xi¿r,l Ì>r'obe, it trtnst bc' c¿r,liJrr'¿ltecl ìr1' using lrcì¿'rsulernents t¿r,licn fì'om ¿r

lef'er-encc ur¿-r,tet'ia,l rvith ¿-r linorvu e(./) firnction. The calibr'¿r.tion rv¿rs clone in a sirnil¿rr

u'ay to thzrt t'epoltecl lty Glant et zrl. (1989) b¡'11si11g eth¿r,nol as ¿r lefer.c¡nce rn¿tteli¿rl.

Tlre Cole-Cole pzrlzrmeters of etha,nol at 25oC: €.o :4.8, €r:21.4, .fr*: I.I4 ClHz,

ûr : 0.0, z\rrd o,¡" : 0.0 (illl symbols ale as plevioulsl, ¡1"6n..t in Section 2.4) given

lry Grant ct ¿1. (1989) r,vele usecl in equeltiot (2.2a) to clelive thc cornplex rel¿r,tive

pelrnittivity of ethanol as a fuuction of fi'ecluency.

The scatteling function, .911(/), as shorvn in ecluations (4.2) and (a.3) clepencls

on two phvsical plopelties of the plobe, namely, length of the plobe / ancl the

itlpecla,nce ilismatch f¿-r,ctor' .2. The calibration pr-ocechrr.e is, therefole, nsecl to fincl

optirnum values of / ancl z (Heirnovaara, 1994) in olclel to minimize the cliffelence

ltetween the ^911(/) measut'ecl Ìry the plobe ancl the cor.r'ect one. N¡Iea,sulements fi'om
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Lefc'r'enc:c ura,telial ¿rncl tìte er¿lu¿-ltiorr of optiruizecl rraltes of / ¿rncl .: \\,<:rc clone in

f ollorvin g nl¿ìnltcrr' :

1. A1l1>l'oxirnattllr'250 -cmr of etli¿urol u'¿rs placecl in zr glass lte¿rlic.r'¿urcl thc. l¡c'¿r,licrr

u'¿rs ltcltt iu tr tcttrpcrL¿ì.ttttt contlollecl c'ir¿i,mlrcl at 25"C f'ol tilro honls. Tilc boalior.

u'¿rs therr tlzursl;ortccl to thc. expulinrcltt sitr¡ irr ¿-r f'o¿rrn iusrrl¿-¡tecl cout¿r,iner.¿lncl

clrrlirtg thc ttrc¿tsulelttclt thc' tcnrpeL¿r.trrlc of thc el,ir¿r,nol \\r¿ìs nre¿ìsrrlr:ci to þc

(25 + 02)oC!.

2' Afîcr' 1,ho irlcirl<'rtt \\:¿ìr'<r folnr l'¿rs ar'clrilecl, zrs cxPla.incrri irr thc rrext sc.<:tiorr. 1,he

Pt'oÌ;c \r'¿rs ktu,clt'rl velti<,¿r,11)'iuto tlxr l>i:alr.r. r.ollt¿rining thc ctharrol (I'igur.e {.{)
¿rltrl tltc t'c'flcrc'tecl l'¿tt't'foLnr r'¿rs t:olkrctccl. Cl¿tlrr u'¿ts t¿rlieu t,cl erìsulc. that no

air ltuJ;ltlcs \\¡or'(. tlzrplte<l J>ene¿rth thrt plol;c.

Figule 4.4: A co¿txi¿rl probe irnmelsc'cl in ethanol.

The ¿rctu¿tl c¿liltratiolì \Mas clone Jry er,ppi'oxima,ting ol pleclicting the reflectecl

rv¿rve fblm ¿rncl tninimizing the snm of the sclnales of the lesiclual clifferences

Jletlveeu the a,ppt'oximatecl ¿rncl the observecl r.eflectecl rv¿ve folms as follows:

(er) Using the Cole-Cole paratnetels of eth¿rnol given above ancl ecluerti on (2.24),

the complex relative perrnittivity of ethanol, a,t each fi'ecluency of intelest,

was computecl. The computecl cornplex relative pelrnittivity values r,r,e¡e

It

thr:

thcr

ó.
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inseltccl into ec¡rzr,tions (4.2) aucl (4.3) zrncl ,911,,,,,,(./) u'as approxirnzrtc.cl

( a2p stzrncls fol zrpplorinrz-r,teci ).

(b) Thc' obselvecl iuciclcut u'¿trrc f'olm u'¿rs disc,rc.tc Fouliel tr'¿lnsf'olrrrecl. Flour

thc¡ ,917"r,,(.f ) ¿rucl tlte clisc.rctc' Fouliel tr'¿iusfolrrr of thc ilic:iclelrt u'¿rve fblnl.

I;(f ),the clisc:r'ctc Fonlicl tr'¿r,nsfonn of thc lcflc.r:tcci rv¿n,e fblln,l',t ur,,(.f ),

\\¡¿rs ¿rl) l)r'orim¿r,t c'cl .

1,',,,,.¡,t,(./) : 5t I,,,,,,(.f )I';(.f )

43

Tire ittr-r't'se rlisr'r'cte Forrricl tr'¿r,usfìl'tri of I.;r ,,¡,¡,(.f') \\r¿ìs (:o1lìl)utc11 1,o gc1

tltc zr,1>plorinl¿i.t,ccl lefler:tc<l u'¿r,r'c foLur, I', t n pt,(t).

(c) The srtnr of thc squ¿r(ìs of thc lcsiclu¿rl diffblenc:es betwccrr thc:

a.p1;r'orimirtecl ¿rttd thc' oltset'r'ttcl ¡'¿1¡1¡ fot'nts. ^95', rv¿rs t:otttirtrt<,r<1

l-t -1)

/-1 5't
N-I

5'5': I {t;, "Pp(t) - I.,.,(r)}'l¡:0

$'hcLe 1',.,(¿) is tlie obsclvecl rcfler:tecl \\'¿ìr'e for'ln ¿uicl N is tiic urunbtrl of

clzrta. points.

4. In the fit'st zrpploxim¿¡tion of the lcflec:tecl lr'¿rve foLrr, the value of / u'as eclual to

tltc' mc¿-rsttlecl lcugth of the plobe ¿r,ncl z was ec¡ral to thc irnpeclzmce mism¿r,tch

f¿rctol cotlputecl theoletically zrssnrning the probe ¿ìs ¿ì, per-fect co¿r,xi¿rl

tr¿r,nsmission line. Theleafter by keeping the v¿llue of / constant ancl by cher,ngirrg

the v¿rlne of .z ancl vise rreLs¿l, step 3 was repe¿ìtecl rurtil ,S^9 l¡ec¿lme minim¿rl.

The values of / aucl .2, rvhen ,9,S rvas minimal, wele ta,hen to be the valnes of

the optimizecl probe length ancl the impeclz-r,nce misma,tch factor, r'espectively.

A conrputer progranl, PROG-2.CPP (Apltend'ix,4), r,r'as r,r'r'itten fol this t¿rsli

ancl all tlie operations in step 3 wele per.folmecl lty this ploglarn.
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4.5 Collection and handling of waveform data

As ah'e¿rclr. nretttionecl pleviotisly thc' cxpcliment $'as concluctccl in tu'o irzr,r'ts. Ill

tlte first ptrrt, tt'sts u'ct'c coltductcci on ¿rll of the fivc soils. Pliol to the tests. e¿rc[

soil q'¿rs liept irr zt, tctttl>r't'zttnl'c c:ontlollccl c:h¿unbcr' ¿rt 25"C' fct firrc lionls. The soil

n'as lnoistcliccl l¡, ¿r, clistillt¡cl u¡¿t,tel in 7 to 10 stePs to ('ovr:r' thcr lange fì'onr ch'-v tcr

s¿rtut'¿ltiott. At e¿rclt n¡¿L,trrL <:ontclrt the wet soil il'¿rs 1->lac'c'cl in ¿r 250-r'rn'l glzrss ltrr¿rlier

tiucl c:onrPirctcd to ¿r ltrrlli dousit\- ¿ts ulrifblml\' ¿rs 1;ossiblc. The c:o¿rxi¿rl 1;r.oìte u'zrs

t:<)urtt'c'terl ttt thc ltrllctrtotnetc't tttrit ¿tttcl thr: inciclclt ¿r,ncl thrr leflor.tccl lr¿ìlrt. folrns u'r¡r.r)

at1rtit'ccl. Alilt<tn'nt'olituteof 1,hcsoilsrr,rrrltlcu'¿ìst¿r,llrlr¿rrrr1ov.llch'iedat 105,C'f'ot.24

hortls ¿r,ltcl thc glztvirrtctr'ic \\'¿ìt(rt'content ¿r,rrcl tho ltrilli dcnsitv u¡cLe clctc.r.ruiuecl. Fr.<tru

thc ltulli clc:usitv altcl thc gltrr'ìructli(: r\'¿ìter <'orrl,elrt. thc. rohunc¡tlir: i1'¿1,¡s¡ corìtcrlll; u,¿rs

oltt¿iiltc'cl. Fol c¿rch soil tlic ntc?ìsul'cìntclrts ¿rt e¿ìc:it $r¿ìtcl <:otteut u'ti.s leplicer,tecl thlcc

tiutes. Thc tcmpel'¿ì,tut'r.of thc u'et soil ciuliug thc cxpeliurcuts u'as (25 + 0.5),C'.

In tÌte scconcl 1;a,r't, tlie tests n¡eLe concluc:tecl ou1r. on olle soil t,vire (C¿r,r'bellv

soil). First, the soil u'¿rs conclitiolecl to 15oC, 25oC', ¿urcl 35oC'ternpcla,tules fcll

five hottls ¿r,ncl the rezrcliugs rvele t¿r,lien in tho s¿rrne \\rav ¿rs clescliltecl ¿rbove. Then,

lry tnaint¿rining the teurper'¿r,tuLe of the soil ¿r,t 25oC', ancl l>y ìrlinging the elec:tlic¿r,l

conclnctivity of the rvatel nsecl to wet the soil to 0.13 r/S .n'¿-7, 0.88 rJS . nt,-L,

7.74 clS . rrr-',2.57 dS .rn-L, ancl 3.54 clS .nz-l, sirnilal leaclings u,er-e ta,lien.

Ther leflectecl r,v¿lve folm r,vas obtainecl by inselting the proìre veltically into the

J¡ealier'fillecl with soiì ancl r-ecorcling the leflectecl wave folln. Tlie inciclent rv¿ve folm,

on the othel ha,rrcl, rvas a,ccluirecl by lemoving the inuel concluctol of the plobe ancl

lecor-cling the wave form t'eflectecl fi'om the open encl of the plobe in air' (Nicolson,

1968; Iiao, 1989). The lise time of the inciclent w¿rve fonn was ureasnlecl to be 200

picoseconcls. For e¿rch wave folrn,1024 cligital points \Mere lecolclecl ¿rncl transferlecl

to the cotnputel by using PROG-|.CPP. The tirne interval between the cligitizecl

14
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points n'¿s 9.765 x 10-13 .s. Befble cligitizing

fblrns \vor'€ a,1fcr'zìgr.cl b1. the osc:iiloscopcì in olclel

.t5

e¿rch ur¿ìl'c folnr, one luurch'ecl tr\'¿rlre

to incrc¿rse the sig11¿1| to noise r'¿rtio.

4.6 Calculation of cornplex relative perrnittivity

Pliol to c:outl;ut¿r,tirtn <tf thc r:onri>lcx lel¿t,tivc P(ìt'tìtitti\-it), of thc' soils. thc fì'e<1ur,111.1,

u'itirlot' (ltanclil'irlth) of the rncasurenlclt sjJ.st,erìr l'¿rs clc:telurinecl. Thc ff i¡¡111¡111¡'1.

I'ittcltlrl' tlt¿tv bt' clefitt<rcl as thc l'¿ì.ugc of fìcqrrerrr:ies ill il'hich r'¿r1<'rr1¿rtiolrs of c,onrDl't

lcl¿r,1,ivc llr.r'rtritl,iviti<.'s ¿rle r.ousiclclecl ¿rc:r.uL¿rttr (lizro, 1989).

Thcf¿rc:tolsr:r>lrsiclclcclinfiltcliugtlicul)Pot'fi'cqrrenc,\'liruit,.f'tt,ol'thel'inclou,¿u.c

tho rise tirtre. f,., t>f the inciclcrrt u'¿r,r'c folnr (Clolc ct ¿r1., 1980) ancl the tilnc inte¡r.¿rl

lt<'trvcotr cligitizerl 1;<tittts on the u'¿ìr'r'folnìs, Af. Lîsirrg thr. r'iscr tirrrcr.,/¡¡ nl.¿r,r- Jrc

cotrrlrtttccl bv tlio t'elationship .f tt: * (Clole et ¿r1., 1980: Toc,ci, 1980). Llsing Af,

./¿ lllrì.ilr bcr talicn to Jre cclual to thc fbldirrg or N_vcluist c:r'itic:¿Ll ti't.:cßrorì{:\,, ./., givcn

l>y* .f,' : =f (Iu cnginceliug 1;rrrcrtir:o, horver.eL, it is t¿r,lieu to be ec¡ial t,o ,fu oï

orre-tentlt of .f,,, the Nvquist c:r'itic¿rl flec¡reucy, to ensule uo zlliasing of rva,ve for.ms

occuls ).

The uppet'fi'ecluency limit fi'orn the lise time ancl fi'orn the tirne intelval betr,r'een

the digitizecl points, given in the 1l'eviots section, \'\¡et'e conputecl to be 2.50 G H ;: ¿.ntcl

512.00 XtIH::, respectively. The nppel fì'ecluency limit fol the me¿rsuïenr.enr sysrem

usecl in this stucly r,r'¿ls thns t¿llçen to be 512.00 NIHz. The szrmplingfi-ecluency,./1,

was also cleter.tninecl to be I0.24 GHz a;ncl \\¡¿ìs nìol'e than aclecluate for the frecluency

l¡anclwiclth of the wave fbr-rns.

The factols consiclet'ecl in cletermining tlie lower fi'eqrrency limit is the clur.ation of

the pulse genelatecl by the pulse genelator'(Bonecl et a,1., 1982; Heimovaara, 1gg4).

The pulse clulertion, being 800 nanoseconcls fol the ^9-52 tunnel cliocle pulse
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gctlcr¿ìtot'(tlte lolvest fi'eclttcucr, liurit fbl the system usecl in this stuclS'), l'as talierr to

l;e 2.00 À'[H:: (Borrec.l c-'t a,1., i982). B¿rsecl on thc. ¿ìbove fi'ecßreuc5' r'inclon', courirlex

lel¿r,tivc pelutittivitY of the soil u'¿rs nre¿rsnLccl ¿r.t fifTec:n fï'cc¡rt-lc,y points stzrlting fi'onr

10.00 ÀIH.^- ¿rt unifolru ilrtclr'¿rls of 10.00 À,IH::.

Thc rtra.jol pzrlt of thc c¿ricula,tiorr of tho corrrl>lcx lel¿r,tive per¡rittivit)¡ of ihc.

soils l'¿rs the <:onr1>ut¿rtiol of thc. clisc:r'ctc Foulir:r' tr¿usf'or.urs of iucirlcut ancl lefftir.tecl

l\'¿Ìr'ef'oLltts. Thc rlisclctc' Fottriet' tr'¿rnsforur¿rtiotr of the rv¿rvefot'tììs lv¿ìs crr.¿ìlu¿ìtcrl Jtv

ttsittg tÌrc'F¿rst FourieL Tta,nsfolnr (FFT) r'outinc u'r'ittcu Jrr. Prcss et trl. (1988) b¿rsr:cl

ott tlrtr Do'n:i,el,srnt-Lrt,n,czos FFT rt,l,(toritÌ¿tn. This loiitiu(ì \\:¿rs ntoclifiecl ¿rrr<1 in<.lt<lr'cl

Á PROG 3.C'PP (Appr:n,d'it: A). It, s'¿ìs thol'orrghh'r'hec:lit:d fol its colltrc.tlrc'ss. The

trrtl<'¿r,tiolr <,'Llor iu clis<:r'etc¡ Foulict' tr'¿r,nsfblm¿rtion of the u'¿n'cfor'l1ìs \\¡¿ìs linlitecl Jrrt

ttsittg thc'Nic:olson ntcthocl (1973) zrs clcsclibed in Srlctiorr 3.4.2. Flonr the clis<.r'ctc'

Fonlicl tlallsfbllu of thc lcflec:tccl u'¿'rt't'for¡l ¿ttcl th¿rt of titç itr<,iciolrt g'¿¡,c.f'oLrrì, S'11(.f )

\lr¿ìs (1olll.Plt1,etl (ec¡tzttion (2.31)) arrcl croll'rrctccl f.ol ruru'¿r,ntc.cl lcflect;ions l>v risilg thcr

Giesc: ¿urcl Ticnt¿r,rur (1975) coLLectiotr 1;r'oc:ecluLe as cxpla,irrecl bv Scc:tiorr 3.4.3. Sincc

the rltcr¿tsttlenrcrtts of the conri>lex l'el¿rtive pelmittivit)' of thc soiis u'ele linlit,ocl to

lorv fi'c'c¡tcucicrs, no tinre lef'elencing w¿rs clone (Alcone et zr,l., 1986; I(zro, 1989). The

fir-st clat¿r poiut on e¿l,ch u'¿rtefoLnì. r,v¿l,s t¿r,lien to be ¿r lel¿rtive tirne oligin f'ol thcr

rva,r.'efolln (Heirnovazlla, 1994). In olcler to minimize the effect r¡f the inciclent signzrl

elt'or- (Sec:tion 3.2), the inciclent u,avef'orm ¿rncl the leflectecl orÌe rÃ¡ele collectecl in ¿r

sirot't tinre iutclv¿l fì'om each othel zrs snggetecl by lslnncleL (1972). tlsing S11(.f)

values ancl eclnations (4.2) ancl (4.3), the couplex lel¿l,tive per¡rittivit)'values lve¡e

conrputecl lry using a complex velsion of the Ne'wton-Rcqtltsun Metltod of Iterati,or¿

(PROG- .CPP it Aq4tencli,r A).

The operating sec¡rence from zrcclnisition of r,v¿rve fonns np to computation of the

complex rel¿l,tive permittivity values is summelisecl in Figur.e (4 b)
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Acquisition of waveforms

Correction for truncation

DFT by FFT

Scattering function

Correction for unwanted refl ections

Complex relative permittivity

Figure 4.5: SummaÌy of the operating sequence.
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Chapten 5

R esu.lts and discussion

Iu this r'her1>tol lcrsults

fir'st. This is fi;llou'ccl lx'

fivc. soils.

5.1 Probe calibration

The plobe rv¿-ts constLnctecl ¿rucl c¿rlibr'¿r.tecl as expltliriecl irr the plevior-rs chaptet'.

Optirnizecl va,lues of / ¿r,ncl .2i r,\¡ele fbuncl to be 41.00rnn ¿r,ncl 0.33, r'espectively. The

rcflectecl rv¿rve folrtì nIe¿ìsurecl fi'om the Leference rn¿r,telial (eth¿urol) ¿rncl the

a,ppi'oxitla,tecl wa,ve fblm ale shor,vn in Figule 5.1. The apploximatecl r,vave f'onn

follolvs the me¿rsulecl r,vave folm vely closely. However, thele is some clisclep¿ìrìc)¡

ltetween the two r,v¿rve f'orms r,vhich rnay be clue to the non-cozrxiality of the plobe.

To minimize the effect of tluncation er-roL, the inciclent r,r'ave folm usecl in the

plolte c¿tlibt'¿l,tion plocess was correctecl for tluncation ellot's by a Nicolson's rnethocl

(Nicolson, 1973).

ol;t¿r,in<rcl il thc¡ ploltc' r'¿rlil>r'¿rtiorì Pt'o(:(ìssc zr,ro 1tLr.s<:ntc-cl

thc lt srrlt,s ¿r,rr<l clisr,rrssiolls ol thc tc.sts coucinc:tccl olr tht.r
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- 

obsefvod wavetofm

---- Approx¡m¡lcdenvero¡m

Figirle 5.1: Clotnp¿r,risoll of the zr,pploxinrzrtocl ¿r,ncl tlìr. nrc¿rsulecl u'¿r;r'cr folllrs fì'ol¡ ¿r

c:o¿rri¿r,l plobc inrrnt¡r'sr:cl iu i:th¿rnol.

5"2 F-requency dependenay of cornplex relative

permittivity of soitr

Figule (5.2) thlough tr'igure (5.6) shorv the leai ancl the irnaginzrr'1, palts of thc:

conrplex lcl¿r,tivc pelmittivity of thc fir'e soils ¿rs a, fìrnction of fiecßrelc}, ancl ¿rs a,

firnction of volnmctlic u'¿l.teL content. The cla,t¿r plottecl ¿ìr'e lìle¿ì,rì values of thlee

leplications.

It is eviclent from the t'esult that both the leal ¿r,ncl the imaginzrly parts of the

complex lelative pelmittivity are stlongly clepenclent oil. fi'ecluency ancl r,r'¿'rteL

content. For ¿r1l of the five soils, the r.ea,l part of the complex lel¿r,tive per.rnittivity

clecrease r,vith an inclea,se in frequency ancl is invalialtly lowest at the lor,vest volurnetlic

r,vatel content ancl highest at liighest volumetlic watel content. This clispelsion in the

leal pzrlt of the complex lel¿r,tive per-mittivity of the soils mal' be attril¡Lrtecl to the

pl'eserl.ce of rvater ancl relaxation of r,vater molecules. As ¿lreaclv explainecl iu
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Sectiol 2.4 ¿rs tltc fi'eclueucv of the electlic fielcl incle¿rses, oscilla.tiou of u'ateL urolccules

lzrgs ìteltirrcl thc elcc:tric: fielcl ¿rncl thi: urolecrrl<,'contliltritc less to the tot¿rl poltrliza,tiorr

¿urcl lteucc to the lczil pzrrt of the complex rcl¿r,tir,e pcrlrrrittivity (ec¡r¿rtion (2.23)).

Tltc fi'ec|tenc:y deltonclc:nc1. of the lerrl 1>alt of tlicr c,onrplex lel¿r,tive pc'r'nrittivitl'

cleclc'¿tses n'ith ¿r cicc'Lr:¿rsc: in volunretLic: u'¿ltc.r contelrt. For exzr,rupl6., fbl Fortic'r'cl¿r¡'

soil ¿rt -18% xrhunetlir: n¡ittcr r:orìtc'nt thc lo¿rl l>trlt of thc conrplcx loi¿rtivc pclrnittiviir'

rlt'ops fì'our 29.79 to 18.38 (38% ch'o1> iu urzrgrrittcle) iu the fi'cclncnc'r. r'¿ì,ltgc of 10 to

150 l'I H::.. But at 0% r.olurrretlic: rv¿rtt:r' r:outcnt, it ch'ops fì'orn 9.35 to 7.1-l (24% duo¡t

iu tttzrgttitnrle) in tltc s¿tttrc fi'trcltreltr,l. f¿uìg(ì. This urav bc cluc to tlir' lirlgc zrrnonrrl

rtf tcl¿rratiou ¿t,t 1,hc' ltiglt volurttctli<'r'¿ttcr contc.lit ¿rrrrl thc krr\' ¿lrurlrrrt of rcl¿rx¿rtiorr

¿it lorv volurnetric il,¿ìtr¡L c:orrtent. As ¿rh'c¿rclv exlrlainecl, cliclectlic: r'clarxtrtiorr (1.c.

¿ì, clccrtc¿tse il the lezr,l Pzrt'1, of tho comirlcx lela,tive Pr:r'rrrittivitv t'ith ¿ìrr iut,r'r.¿ìsc

in fi'trcltrcuc:t') is zt Pltcuorttcrrtou ¿tssoc'i¿r,tcrd rl'ith polzr,r'sirbst¿ruccs. -\s th<r ¿unonnt of

$¡¿ìter', ir, polzr,r'srrlrsttt,nclc:, in tr givcrr polous ma,tc'r'i¿r,l (lecrr'o¿ì.sjes the cxl,ent of rlisptrrsion

of' thc lrt¿rtcri¿rl clect'r,-'¿ìscrs. The ¿r,bovc¡ sul>st¿rnti¿rl cktcr'<l¿rse ilr the lcal pzrlt of tho

coutplcx pertnittivity rvith a, cleclc¿rse in volumctlic u,¿tel content is to lte expcctccl. A

sintil¿r,r'belt¿rviot'rv¿rs obseLvecl by Wol scrh¿rll (1977) by using the semiclisipel'se compler

lel¿rtive pclmittivity moclel.

A shat'p clrop in the le¿rl pzl,rt of the complex lel¿rtive pelmittivity is also

oltselvecl in fine textnt'ecl soils (r..e., Foltier Cl,ly) as coul.p¿ì,r'ecl r,vith zr glzr.clual ch'op

in coalse texture soil (r,.e., Czrlbeli'y fine sancl ancl Pelan szlncl soils). This may be

clne to incle¿rsecl polosity ancl thus highel w¿'r,tel holcling czr,pzrcity in fine textule soil

¿ìs cornparecl q'ith th¿'r,t in coat'se textule soil.

The imaginary pat't of the complex rel¿rtive permittivity shor,vecl a, plonouncecl

clispersion ancl soil clepenclency. For all the five soils, it clecre¿rsecl u'ith an inclease

in fi'ec¡rency. This uray be clue to the cleclease in ionic concluctivity in the soil q'ith

the inct'ease in fi'ecluency. Recently, Carnpbell (1990) stucliecl a nnmbel of possiìtle
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clispersion mech¿r,nislns of thc' imaginirlv pzrlt of tirc complex lel¿rtive 1;cr-mittivit-v

(such ¿rs iollic c:on<luctivitr., sulf¿rce concluction, bouncl t'¿lteL lelaxation etc:.) ¿r,ncl

c:onc:lttcle th¿rt ionic r:onchrctivity in soils is thc rnziiu clispt:rsion lncch¿rnisrn il the

irn:rginzr,lv pzrrt of thc c:onil>lcx rel¿l,tive 1;elrnittivitv. Thc coutlilxrtions of thc other'

nrech¿urisnts of clisprrlsiou to tht: inrzrgiuzrlr, ltart of the cornplcs lci¿r,tivc' pelnrittivitl'

u'clc fbtrnrl to ìrc rregligil;k: ¿rs (:ouU)¿u't:cl ¡l'ith tli¿rt of thc iorrir: r:orrchrc:tivitr,. The

i,,..,,,.:,,.-,.,',-..,.+ ..lr'r(LÉrrr(rr.\r lr.rrr \rr tlte courl>lex lelativc 1>olutittivitl.. fi'onr cc¡rzrtiort (1.1), i, li...,rt lr,.

{¿'(.f )+ #.nt-,} ;\ssttrning iorric t,onrinctir.itr'. c/,¡.., iìs tircr olllv clisl;elsiou nrc<:harrisrn,

the ruaguitrrclt' of thc iura,giuzrrr, lrzrlt of thc r:onr1;k'r lcl¿rtir-c pclrrrittir,itr. is

1;to1;ot'tiotrtrl to ffr ¿t,ttcl r'¿iries ilnrcrs<-lr' n'itlt fi'<'cltrcttcr-. Thc- clct'¿r\. of tlte itttirgiualr'

Palt of thr¡ <:omplcx rt::l¿ì,tive l)c-t'l1ì.itti\¡it)' of thrt fir'c' soils, stuclicd in tiris t'(rsr)¿ì.r'c:it, \\¡ith

¿ìu ittc:Le¿tse iu fi'rrc1trcncv is, thclcfblc, to bc cxl;cc'l,r.rcl alrrl is irr goorl agltrt:rnen1, r'itli
Clarnpl>cll's obser r'¿rtion.

The t'clsults ¿rlso sitou'erl volnlnetlic \\'¿ì,tr,:r r:ontent ¿urcl soil tvpe clepeu(lc:rì{:r,' of thcr

irntrgiuzrlv part of the cornplcr lc-.I¿rtive pelrnittivitr'. These nr¿rv J¡o clue to thcr

clepencieucy of electlic¿rl r:ouchrctivity of soil on rl'¿rtcl content ¿rncl soil t.1'pc.,

lcsltectively. Cltauge in electlic¿-rl concluc:tivit), o1' a. silty cl¿rv soil q'ith ¿rn inc:r'ease

in u'¿r,ter conternt r,r'¿rs stucliecl bv Smit,h-Rose (1933). He ol¡scrrvecl that the electlic¿rl

corlcluctivitt' of the soil fir'st i¡c¡e¿rses shtr,t'p}5, u'ith ¿rn inc¡e¿rse in r,r'ate¡ co¡tent np

to appt'oxirnzrtely 25% (mz'lss basis) ¿l,ncl then levels off. A sirnil¿rr' lbehaviol lvas a,lso

lepoltecl for other types of soils by Chemyzrh (1967). P¿r,r'lihomenh (i967) (citecl bv

Hoelistla ¿r,ncl Del¿rney, 1974) stucliecl the cliffelerrce in electlic¿ll concluctivity arnong

various satnlatecl soils ancl leportecl th¿rt tlie electlical concluctivity of a satur'¿tecl

soil v¿rlies fi'orn 10-1 dS .tn-L in typical cLly soil to 10-3 clS .n'¿-L in sancly soil. This

sor-t of clepenclency of electrical conclnctivity of soil on rv¿r,tel content ancl on soil type
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Figule 5.4: The leal ancl

Carberry fine sancl soil as
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Figule 5.5: The real ¿rncl the imagina,r'y par,r'ts of complex lel¿r.tive permittivity of Pelz-in

sancl soil as ¿r, function of frecruencv ¿'r,t six watel contents.
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rnzr,}r,fhs..LLe, l)e ¿ì c¿ìrlse f'ol the clepenclenc,v of thc: imzrginerr'1' pzrt't of the coruirler

rcl¿rtivc' pcrlmittivitv on tire rrolulnetlic r¡¡a,tel contcnt ¿urcl soils t-r''pe. resl;ectivelr', ¿rs

u1rt.,1'vrrcl in this sttrclr'.

5.3 Volurnetric water content dependeTrcy of

cornplex relative permittívíty of soil

Fignrc (5.7) thlorrgli Figulc (5.11) shou, thc lr'¿rl a,rrrl thc inizr,girrarl'pzrlts of i,ltir

<'onr1;lcr lcl¿rtilr. 1>clrnittir.itv of thc plcvious fivr. soils 1>lottctl ¿ìsj ¿t fìurc'tion of

r,olrr¡rct,ric: \\;¿L,tgt. c.<>utr¡rt at 10, 50, 100, arrcl 150 l[ H.:: fi.r:cttenc:ir.s.

\\¡hrllr tlx: rclatioushiir l;otu'er.l ll¡¿r,trìr' r:outcut a.lrd thc r:ortrplcx lcl¿t1,ivc¡

Pclnritt,ir-itr- ot' soil is 1;cing est¿rblisherl. r.olunetlir' \\'¿rtr:r' (:oùtcrìt r'¿rthcl th¿,rr

grzn,irnctric: \\r¿ì,ter content is gencltrli), nsccl. It is the nunrbel of t'¿r1,cr utolccuics pcr'

unit rolurric th¿rt clcrtclrnilres thc c:ontlil>ntiou of iv¿rtcrl to th<,: polalizatiol (Hoelistlit

¿urcl Del¿rnev, 1974) ¿r,ncl hence to tirc rezr.l pa,rt of thc cornplex lcl¿r,tive pelrnittivity

(eclnation 2.23). For this re¿ìsor.' the r'r'atel contents of ¿l1l the fir'e soils u'hich rvet'e

cletelnrinecl glzlr.imetliczrlly cltr-ing the expeLiments, ers explzrinecl in Section 4.-1, n'cle

coltrreLtecl iuto rrohunetric u¡a,tel contents ancl plottecl.

Fol all of the five soils both the leal ancl the imzrginaly palts of the cornplex

lel¿r,tive perrnittivitv f'ell r,vithin a lel¿-r,tively narro\\¡ bancl inclicating that the m¿lin

parameter cletermining complex relative pelmittivity of soil z-r,t a given fi.ec¡rency is

the volnrnetlic watel content. A simil¿r,r' stlong clepenclency of the r^eal ¿rncl the

irnz-r.ginzlly palts of the cornplex rel¿r,tive pelniittivity on volumetric u'atel content r,vas

obser.vecl by Campbell (1990), Dasl:elg zlncl Hopmans (1992), Topp et al. (1980), ancl

Hoelçstra ancl Delaney (1974).

The real palt of the cornplex relative pelrnittivity of each soil was fittecl to



CHAPTER 5. R.ESLTLTS AI\D DISCLTSSIOÀT 58
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Figule 5.7: The real ancl the imaginzr,r'y palts of complex r-elative pelmittivity of

Fortiel clauy soil as a function of volnmetr-ic watel content at fbul frequeucies.
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Figule 5.10: The le¿-rl ¿ìncl the imaginaly palts of cotnplex relative pelmittivity of

Pel¿rn s¿ncl soil as a function of volumetlic water content at fbur- fi-eclueucies.
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¿r best fit thilcl- orcler' Polynolli¿rl ecluer,tion ancl the coefficir,.nt

ol¡t¿riucci larrgecl fi'orrr 0.98 fbl SPer'ling clav soil ¿rt 10 .11f1: to

for Cj¿rllren'v finr: s¿rucl a.t IS0 À,IH:,.

Dó

of cletclrniuation, r'2,

zlp1>r'<txim zr t eiv nnitv

Thc leai part .f tire <'onrplex lr:l¿r,ti'c Pcr.rnittirritv of all

100. arrd 750 À,1 H.: fi'r:cßiencies \v¿ìs a,lso r:onrJrinc-.cl ¿r,nrl fittecl

i;oh'nourizrl er|rzi,tion. The crlrrrrtions for. the lines n'<:r'<.

tirc fir.e soils ¿rt 10, 50,

to ¿r best fit thild olclcl

e':6.83+ (7.41 x 10-')O - (2.:37 x 10-2)1_¡2 + (6.68 x 10*i¡{),ì, I0 t,IH.: (s 1)

e' :6.28 + (3.59 x 10-,)O - (-1.90 x 10-2¡¡¡u + (3.09 x 10-r)Oir. 50 
^.tHZ 

(5 2)

€' :6.16+ (2.88 x i0-r)O - (1.97 x 10-2)(-)2 + (2.53 x 10-r¡O'r, iOo IIH: (5.3)

e/ : 6.08+ (2.31 x 10-')O - (9.g9 x 10-2;62 + e.02* 19-,1¡6;r, 750 
^,1H.: 

(5.4)

*itli 'z r'¿r,irr.s ,f 0.90, 0.88, 0.86, ¿rncl 0.86, r'c-.s1rcc:t,i'.hr. h th. .c|rzr,tio's (ì is

tlie r'.olituretLic: u'¿rtct contt:nt (it % ) zrncl e/ is the le:rl pzrr.t of thc ce¡r1;lex Lpl¿1,1i1,1.

t.lelrnittivitr'.

The s¿r'me clat¿r $¡et'e ¿r,lso fittecl to ¿¡ thilcl-olclc--r' irolvnourizr,l ecluation irssr-uui¡g O

as clepc-'uclent ¿rucl e' zts inclc'penclent vari¿l,ltlc. Becausc-., in plzrctice, it is these type of
c:cßtzrtions u'hich ¿rLe nsecl to cletelrnine volnnletlic w¿ter content fi'om e, cleter.'rinecl

):y TDR.. The ec¡rzrtions of the liners rvelc

o: -10.456+ 1.342e'- 5.00 x 10-2(6',)2 - i.60 x 10-3(6,);r, r0 ÌttH;: (5.5)

a: -77.456-2.7536'+3.00 x 10-2(e',)2 -2.g4r x 10-3(e,)3, 50 d,IH¡: (5.6)

A: -27.100 + b.26be' - r.292 x 10-2(€/)2 - 4.54 x 10-4(€/)3 , I00 ÀrIHz (b.7)

O : -32.219+ 6.643e' - 2.216x 10-2(€/)2 - 2.268x 10-3(€/)3, 150 XIHz (b.8)

witlr the r'2 values of 0.92, 0.94, 0.93, ancl 0.94, respectively. The v¿r,lues of the

coefficients ¿ìûlolLg the four ecluation showecl significant clifferences. This rnay Jre
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clue to zr lzuge cliff'elence ¿ìuLoug the fi'eclncncies to

Sirnil¿rl clifferenc'cs in the r'¿lues r>f coc:fficients q¡erc

Iizro ( 1989 ).
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u'irich the cc¡reltiou.s corl'csponcl.

ol¡serr.ecl bv Cl¿unl'¡bell (1gg0) zr,rrd

5"4 Effects of soil ternperatnrre and soil electrical

corldTrctivitv

To irtr.r.stig¿rtc thc effr.r,t of' soil tetultcrr.tr,trrrr: ou thc (:onìl)lox rol¿r,tir.c ])c¡111j¡_

tiÏitr- of soil, tcsts rl't'r't't'ollclttctt:rl ou ¿t ntoist Ci¿rllrcllr. fitrc s¿rurl soil r,olirlitiotrt,cl

to 150C', 250C', and 350C' (Figrrlc 5.12). The lc,rsnlt showccl stloug <lcrpcuclc.lr.r' of

tht: irrlaginzrrl'Pat't <tf the (:oml)lox l't'l¿rtivc l>clnrittir.it\. orì ternl-lcra,tur.c pir,r.tir:u1a,r.lt,

¿tt los'cl fì't:c¡tctrr,l'. This ¡ra,t, Jtrr rllic 1,r¡ iltc:L<t¿rsr:<l trlcr:t¡ic:¿r,l c.<t¡ci1<,tiyitt, of tlic soil

\\'ith ittt:r'c¿rst:cl tcnri>ct'¿ìttttc. The highest tcrriltr:r'irtrrlc clclterrrlc¡r.v q,¿rs <tltsc't.crl at

70 ÀIIl: ¿rucl tlie lorvcst at 1b0 AIH:.. As the fï.<rcßrcncv iu<:¡p¿i¡;1.¡1. the tcrnPc.r.¿rtule

tlcilcrttclcucrY of tltc itnirginznl, pzrlt of the corni->lt:x rci¿r,tivc irclnrittir.itt, ciec¡e¿rscrl.

Thc-' t'eal pir.r't of the cornplex rel¿r,tive pelrnittivity clicl not shou, a simil¿r,r.trencl ¿rs

the irnzr,girrz'r,r'v pzrlt. The cl¿r.t¿r, fall in ¿ì n?lïr'o\\r l-l¿r,ncl u,hich shor,vs little clepe¡cle'c5,

of thc le:rl pzr,t't of the comitlex lel¿r,tive pelnittivitv o¡ temperzr,tlr'e. A sinil¿r'
eff'ect of soil ter'1;e'atule on the real ¿rncl the irnzrgin¿l,r'v pa'ts of the corn¡rlex r.cla,tive

pelrnittivity was obselvecl ìty Czr,n1>ltell (i9g0).

The effect of soil electric¿rl concluctivity was also stucliecl by conclucting tests on

Czrr-berly fine sancl soil moisten by water with electr.ic¿rl concluctivity of 0.13 clS .m,-1 
,

0.88 rl.9 .u'-r, r.74 ds .nr-l,2.5T ds.,uù-r, ancl 3.b4 cls .¡-n-r. A p¡onouncecl

effect of electlic¿l.l concluctivity was observecl on the imaginaly pa¡t of the co'rplex
lelative peÌmittivity. At 10 AIHz frec¡rency, the imagina¡y pa¡t incr.ea,ses fro'r 18.76

at 0.13 clS'nz-r to 36.81 at 3.54 tlS.m-r. This is apploximately 100% inc¡ease
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iu tuzrgnitrtcle. At highel fï'ecluertcies, thc clcpeuclency of the i¡rzrgi'zrr'-v p.r't of t¡cr

c'orupler lci¿r'tive pelmittivitl'on cle<:tlic'¿rl concructivit), is lorvcr'¿ìs conu)¿ì,l.ccl urith that
¿rt thc lotvc:t' fi'e<litetlcies. It is eviclent fi'our thc lc.sult th¿rt the crffi:ct of r:onclnctivit'
on tlic Ïcr¿rl PaIt is ltot the sa,mc as th¿lt ou tile inrtr,giua,r'r, palt. A siulil¿ri.c¡fi'er:t 9f
coildrtr,tiYiiv ou tlic conrplc'x lel¿rtirrc 1>enriittyitl¡ \\i¿ìs lcito¡tccl l;r. \r'oit"cþalt (1gIZ)

iri tlre fi(:<lur¡rrr,\. r.¿ìu.fìo of 0 to I GH:-.
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Figule 5.12: The leal anclirnaginzrlypalts of complexlel¿r,tivepelmittivityof Czr.rìrelly

fine sancl soil as a frinction of fi'ec¡rency ancl tempelature a,t 13.86% volumetlic i,vatel

content.
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Chapter 6

Sumrm.a"r3r and coffi.clusåosas

¡\ ltrt:thocl fol tltc lìlo¿rsur€rrtlc¡ut of r:onrplcx rel¿rtivr. pq¡¡rittiyit], of soils il'hir:ll

ttilizcs thc total lefle<:tiotr tiltic cloln¿r,ilr leflor:tonlr'tr'\, u'¿rs clt sclibecl. Thc lr¿rsit'

tltcot'<,'tic¿tl tud 1;tztctit:¿rl ìr¿rsis nltclclh'ing the rnc¿rsuLcrìlr'nt of c:orrr1>lct lr:l¿r,tir,c

Pet'rtrittivitl, lty tinre clorn¿rin lcflcr:tolnc-tr'\, u'¿rs l;r'ctsc'ntc.cl. This inclucltts rnrrltil>ltr

leflectiolr ilt ¿t co¿rxizrl cablc, tlte ttticloscopic concept of polrr,r'izz'rtiou, fi'ec¡rer.(:\¡

clepenclenc)'of lrelrlittivity, ancl Fouriel z-rnalysis. The b¿rsic.911(.f ) ecluation usecl f'or

the courputation of corlplcx lel¿r,tive pelmittivity r,r¡¿rs clet'ivecl. IVI¿rny of the soltïces

of ellors in total leflection TDR u'ele cliscussecl. Valions techniclres containecl irr

the litelature either fol minitniz¿tion ol elirnin¿l,tion of these ellols \vel'e explainecl.

Computel progr¿ìmsi fot' rvavefolm clata accluisition ancl analysis rvere clevelopecl.

Complex lelative 1>elmittivity of frve soils as ¿r fïrnction of volumetlic rv¿r.tel conteil.t

¿l,ncl as a fitnction of fi'ecluency IMas stucliecl. The effects of soil tempelatnle ¿rncl soil

electlical concluctit ity on the complex lel¿-r.tive pelmittivity of soil u'eLe investigatecl.

Calibration equations which may ìre usecl fol pleclicting volumetlic rvatel content of

a soil from the real part of the complex lelative pelrnittivity of the soil cletelrninecl by

total reflection T D R r,vere clevelopecl. The results inclicate that fol all of the five soils
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testecl, the le¿rl palt of the cornplex lel¿l,tive pelmittivity clecreerses u'ith a clecrease

in voittltr:tlit: u'¿t,tel r:ontent ¿rncl with ¿ln iucLease in fì'ecßrencr'. The disPelsion irr

thc-' t'e¿rl palt of thc conrpk:x lel¿rtivc pelrnittivitv l'¿rs olrsclvecl to ìte highcl zrt high

voltttttetlic: q¡a,tel cotrteuts ¿ìs conrl)¿ì,r'ccl 1¡;i¡11 1,h¿rt ¿rt the lou'el onr,:s. Silrrilal' to

the le¿Ll part, tltc' ituagitralv i>zrlt of thc coml;lc-:x lcl¿tirc pr:r'rnittivit), of all thcr fivr.

soils u'¿ts oltset'r'ccl to ck:r'r'c¿tsrr il'ith ¿r rlcrrlt ¿ìstì irt volnnretLic: u'a,tel corttunt ¿utcl u'itlr

¿t,ti iucrc¿rse itt flc<lrtctrr'r'. Thc irnagirrrrr't'1ltr,r't of thc cornplcx lel¿rtivc pelrrrittivitr,

shou<'cl ¿t l)l'ollo1t1ì<'cri <lisllclsiorr ¿rtcl soil t\¡pc clepcuckrrrr'c.

Thc t'fltcts of soil lcutPclatru'c. ¿rncl ckrr:tlir'al cr>lcluctivit), u'clc ol>selr,r'<l to bc

hightrl otr thc iutagitrat'r'llzrlt ivhrtrr <'orrrPtrlecl with that r>ri thr. r'r.al lrrrlt thc conrplc.r

rei¿rtivc pet'nittivitr'. Thc imrrgiuttrt' pa,Lt ilrcrc¿rsecl iu nttr,guitriclc u,itll ¿r,n irrc:Leasc

ilt tt:rnper'¿rtttlc ¿r,ncl witìt ¿rn incl'c¿ìsr. in eir:c:tlic¿rl concluc:tir.itv. Thc lc¿r1 Palt clicl rrot

shou' ¿r ticrrcl sirrrilal to that of thc inrtrgirralr, 1>art.

Thc t'osults ol;served ¿ìr'e c:orìsistent rvith that obtainecl b-v Cltrrnpbcll (igg0) ìx.

rtsiug ¿r rrr.tn'olli ¿'r,ll¿rlvzer ancl ltr. Wol;sch¿r,il (1977) lt\. 11"'1i* ¡h.' theoretic¿-L,l

senriclisi;elscr soil complex lel¿rtive pelmittivit)'moclel. The cornpzr,r'isons of the lesnlts

ol¡t¿r.inecl in this stucly u'ith those containecl in the liter'¿rtule rvele clu¿rlitative rather'

thtrn qnzr,ntitative. In urauy c¿,ìses, the teurper'¿rtule of the soils fol the mcl¿rsnLements,

thc fiec¡telLcy r'¿ìrlge ovel rvhich the me¿rstrelnents rvele conclnctecl, ¿rncl the tyite of

soils u'er-e cliff'elent ancl theref'ole ex¿lct c¡.rantitative compa,risons \4¡ere irnpossible.

The methocl clevelopecl is successful in nreasuling the complex lelative permittivitv

of soils. It is believecl that this r'vorh has laicl the founclation for future use of the

total leflection time clorn¿'r,in r.eflectornetrl' ¿u.1 the fi'equency clomerin anzrlysis in the

stuclies of clielectric ploper-ties of soil.
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Appendix A

Frognarn descríption and listíngs

Tlris appenrlir c'out¿t,ins soulct'c:oclc's of fir'c. r:omputcl l)r'ogr'¿ìnls (PROG 1.C'PP,

PROC|-2.C'PP. PROG 3.C:PP, PROG 1.C'PP. ¿r,ncl PÂOG 5.CPP) s'r'ittcl ¿rncl

ttsecl itr tltis sl,rtclr.. Tirc Purposes of thcsc plogr'¿r,nrs ¿rrcr clesr:r'il;erl ¿rn<l iufoluration

<¡tt ltou'ther. lìt¿ì,\'ì)c t'c:r:otìtpile<l in tlte fi1¡111'1¡ is given. The 1lrogr'¿r,r]ls \\rcI'(ì l'r'itten

lr1' usirrg Tnllto C:t++ r'<,.r'siolr 3.0 (Bollzurcl llttelna.tional, Ilc.)

The fir'st thlee plogr'¿ìms lecluile eithcl olle ol ltoth of the fbllorving tu'o files:

EGAI,'C;,4.BGI (Bollaurcl's glzrphics ch'iver for EGA ¿r.ncl I,'GA) and TR.IP.C'HR.

(triplex sclipt fbnt).

PROG-I.CPP This ploglanÌ \,v¿ìs written to ilrtelf¿rce Telitlonix 78511 mainfi'alne

oscilloscope u'ith ¿tn IBÀtI compatible computel by using the GPIB plotocol

a,ncl to pelforrn r,vavefolm cla,ta zrcquisition.

To cornpile this plogf¿ìnì, first cleate a ploject file ancl ¿r,clcl PROG-1.CPP,

EGAVGA.OBJ, TRIP.OBJ, ancl ÀtICIBL.OBJ to the project file ancl copy

DECL.H to the r,volliing clilectoly. 
^[CIBL.OBJ 

ancl DECL.H ale Nation¿rl

Instrurnents (/V/) meclinm mernoly moclel ancl heacler-files, respectively. Then,
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corìrpilc tire ploiect flle. EGÅr:G,4.BGI ¿tncr TRIP.oB.I llìa1r l¡" c:onveLtccl

to lilli¿rJtle oìr.ject filcs EGll,''GA.OB,I ¿tl,clTRIP.OßJ, r'espectivclv, þy usilg

Bor'l¿urcl's BC-| I O B,I. E X E utilitr..

PROG-2.CPP This plogr'¿rlìì \\;¿ìs r¡'r'ittcrr to pci'fbrrrr optirniztrtion of thc. 1 ¿r,ncl tlle

: irztt'arnet()1's ¿ìs erpla,inccl iu st:ctiolr {.4. The progr'¿rnr first ir,1;itloxiurzr,tcs thc

t'eficr:tecl u'avtrfoltrt. fi'ont thc Plobe iilnx,:r'secl in thc lc.fr¡r'cnc,o ìiqrricl. It. thcn.

c:otrtlnttcs thc ¡1'si¡111¿11 rliff'clrrnc:c betl'cerr thr: zrpltlorinr¿rterl ¡r'¿¡rrf'or.nt ¿r¡<1 t[r'
neasrttccl ont'. It ltrltczrts tht¡sc plo('(rsse,s lrv c'harrgiug the rr¿tlrres <lf 1 ¿rurl .:. otì(,

at ¿t tiru<', rurtil tltc t'csirlual rlifl'clelrt,c becornc nrillinl¿rl.

To c,orupile tlris progr¿ì,u1, cle¿i,tc a pr.oicct file ¿rncl ¿rclcl PfiOCi 2.C'pp ¿nrl

EGAI'.CiE.OB.I to tlic pt'oji:<'t filc ¿rrrcl theu compile thc plojoc:t filc.

PROG-3.CPP Tiiis plogr'¿ì,nl \\:rìs u'r'i1,tclr to rrolLcr'l thc iuc:iclerrt ¿url lr'flec'¡ccl \\;¿ìrr(,-

fornls fbl tntnc:¿ltiott elrol lrr'¿r Ni<,olsou (1973) lnethocl. to cominte thc clis<lete

R>uliel tr'¿r,nsfolnr of ltoth \r'¿u'efoLlns. ¿i,ucl to <.¿r,lc,rrlatc thc total lt-.flcction co-

effic:ient. A 6'-lzrnguage fast Fotit'iet' tr'¿lnsfblrtr loutine wlitteu by Press crt al.

(1988) u'¿rs iucluclecl in this pr-ogl'¿ìnl to clo the eva,lu¿r,tion of the clisc:r'ete Foulier.

tr'¿ursfblrns of the lv¿r'efbLrns.

This 1>rogr'¿-tllt tttat¡ be compilecl exzrctly in the same \\¡¿y as the ¿rbove progr'¿rrìr)

exr:ept that PRO G -2.C P P shoLrlcl be repl:rce cl l¡y P RO G*Z .C p p .

PROG-4.CPP Thet'e is no exact anzrlyticzr,l solution of ecluation Q.2) for e(f ). This

progr'¿lm r,v¿rs wlitten to solve this equations numerically lty using tlte Newtor¿

Ro,plr,son rnetlt od of iteratr,on.

PROG-5.CPP This plograrr \,v¿ìs rvt'itten to calculate collection factols for unr,vatecl

reflections lty using the Giese ancl Tiemann (1975) colr-ection ploceclnle. The
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progr¿ìllL cloesn't neecl ¿r,nl' file. ft c¿rn ìte c:onr1>ilcrcl lty itsc.lf rvithorrt cleatirrg ir

plo.jc:ct filc.

Tltestr pt'ogr¿ì'tììs u'eLcr r't'Litten b\, T'ilrtlnnt Men,t¡r:sltu Wor'|,:t¿, Depzu'turent of Agli-

r,ul tur'¿ri Eug^iueelirrg, LTlivtrlsitv of \ Ianit oba.



f>?)?>r>i.¿|>r*.+.+.a'r'!.+,''>|,j||.+>?.¿.'t¿.':(*:?¿.-4>r.4,.¿

PROG_I.CPP

A program to intelface Tektronix 7854 mainfi'ame oscilloscope to an IBM compatible computer. Inteúace is
achieved by using the General Purpose Interface Bus (GPIB). A model PCII NI-IEEE 4gg board is adclressecl ar
0x288 (Hex). Primary GPIB address of the 7854 oscilloscope is ser at 17 and configured using IBCONF.EXE
(DEVI). The rearpanel switch is set at 1001000i binary [ (on line status),00 (Talk/Listen operarional nocle),
and 10001 (l/O addless of the oscilloscope)1. Priol to addlessing rhe GPIB, the file GPIB.COM musr be
installed in the root directoly of the computer.

The plograrn acqttiles two wave fot'rns from the oscilloscope ancl saves them on the wor.king dirctor.y on the
coÍnpttter with WAVEI'DAT and WAVE2.DAT fîlenames. Aftel acquisition of the first wave fo'n, rhe
pl'ogranÌ prompts the ttser to pl'ess a key inordel'to stal't acquisition of the second wave for.rn. E¿ch wave fol.m
is an average of a ntlmber of real-time wave forms (specifiecl by PROMPT2 in the header of this prograr¡.
Defatllt 100). At the end, the proglam reacls the two wave form clata files and Þlot tlìe wave for.ms on
the computel scleen.

Tilahun M. Wolku

#include <stdio.h>
#include <stdlib.h>
#include <stling.h>
#include <glaphics.h>
#include <complex.h>
#include <conio.h>
#include <math.h>
#include <iostt'eam.h>
#include <dos.h>
#include <time.h>
#include <complex.h>
#include <alloc.h>
#include <process.h>
#include "decl.h"

#define PROMPTO "SCOPE VMDR HMDA"
#define PROMPTI "I 0 2 4 >P/W"
#define PROMPT2 "l 0 0 AVG"
#define PROMPT3 "STORED"
#define PROMPT4 "0 WFM SENDX"
#define PROMPT5 "SCOPE"

#define Xl 160

#define Yl 80
#define XZ 460
#define Y2 320
#define NN 1024

#define FOR_ALL for(i:1; i<=NN; i++)

int id;
int gp;
float xwavel. +wave2:



void Title_pageO;
void Initialize_GPIB_Boared_and_Oscilloscope0 0 ;
void Lock_Fr ont_Panel_of_Oscilloscope0;
void Select_Verical_and_Holizontal_Modes0;
void Set_Points_Per_Waveform_Value0;
vo id Avera_qe_Waveform s_and_S to rc_in_0WFM_Acldress0 ;

vo id Send_Wavefolm_Quiely0 ;

void Get_Filst_Vy'aveform_Data_and_S ave0 ;

vo id Plompt_User_to_Pless_Any_Key0 ;

void Get_Second_y¿¿u"¡olm_Data_and_Save0 ;

void Unlock_Front_Panel_of_Oscilloscope0;
void Dynam ic_Memoly_Al locator0;
void Read_Waveforrn_No I 0;
void Read_V/avefolm_No20;
void Dlaw_Wavefolms_on_Compu ter_Screen0;
void Tell_Soutce_of*erroLto_user0;
void Clock(int x);

nrain0

{
ch'scr0;
Title_page0;
Initi al i ze_GPIB_Boaled_and_Oscilloscope(X) ;

Lock_Front_Panel_of_Oscil loscope0 ;

Se lect_Verical_and_I-Ioli zontal_Modes0 ;

Set_Points_Per'*Waveform_Valu e( ) ;

/",'F,i.,i:'i,>::¿,,>i,,:,+'i '¡Aquite fir.st wave form::.{.>¡:i.>:,::,:i.,i.>r>:(,:.**t,r::i.f

A velage_Vy'avefolm s*and_S tor.e_in_0WFM_Acldr.ess( ) ;

Send_Waveform_Qu iely0 ;

Get_First_Wavefolrn_Data_and_Save( );
/):'>¡>¡>rPrompt the user to pl.ess any key ':,'r.':.':./

Prompt_Use¡to_Press_Any_Key0 ;
fti.':(tt>i.'t¿t¿.r.,**'i'i Aquite second y¿ygf6¡¡1>r*>:.+,t.¿r-+-+¿.-+*-4tr*f

A ve rage_Vy'aveform s_and_S tore_in_OWFM_Addr.ess( ) ;

Send_WavefoLm_Quiery0;
Get-Second-Waveform-Data_anct_Save0 ;

Unlock_Front_Panel_of_Osci lloscope0;
Dynamic_Memory_Allocator.0 ;

Read_Waveform_No I 0;
Read_Vy'aveform_No20;
Draw_Waveform s_on_Compu ter_S creen( ) ;

return 0;

)

void Title_page0

{
register int i;

int color, gdriver = DETECT, gmode, errorcode;
float yf = 480.0/200.0;
char cl[0], c2l60l, b1[1], b2[l];

clrscr'0;



normvideo0;
errorcode = registerbgidliver(EGAVGA_driver.);
/t' report any dlive registration el'rors '¡l
if (erorcode < 0)

pri ntf( "Graph ic s en'or: 7o s\n ", grapherr.orm sg(error.cocle) ) ;
plintf("Press any key to halt:");
getch0;
exit(t); /'r telminate with an el'r.or.cocle t,/

i
/r' Initialize graphics and local var-iables */
initgLaph(&gdliver, &gmode, "");
l,' read result of initialization ':,/

e¡r'orcode = g¡aplrresult0;
if (en'orcode !: gLOk) /'¡ an en'ol occurr.ed ':,/

{
pli ntf( "Glaph ics elror': 7c sV", gr.aphe r.ror.rnsg(errorcocle) );
printf("Pless any key to halt:");
getch0;
exit(l); /'¡ telminate with an ellor code 'i,/

)
setpalette(0,WHITE);
setcolor(EGA_RED);
settextstyle( l, HORIZ_DIR, J );
outtextxy( 185,240," A TDR Wave form Acquisition Routine");
ou ttextxy( I 50,260,"(For Tektronix 78-54 MainfLane Osci lloscope) ");
setcolor(EGA_BLUE);
outtextxy(280,340,"Written by :");
outtextxy(260,380,"Tilahun M. Wor.ku ");
outtextxy( l75,400,"Department of Agr.icultur.al Engineering");
ou ttextxy(280,420," June 199 4") ;
setcoìor(EGA_LIGHTGREEN);
outtextxy(23O,455," 'r Please \ily'ait':, ");
elrorcode : r'egi sterbgifont(triplex_font);
/'F report any font legistlation erlors r./
if (errorcode < 0)

{

printf("Graphics enol': 7osV", grapherrormsg(enorcode));
printf("Press any key to halt:");
getch0;
exit(1);

t

setcolor(EGA_GREEN);
setlinestyle(SOllD LINE, 1,3);
rectangle(2,2,637, 4JJ),
setlinestyle(SOllD LINE, 1,3);
setlinestyle(DoTTED LINE, 1, I );
settextstyle(TRIPLEX_FONT, HORIZ_DIR, i);
setcolor(EGA_BLUE);
textwidth(cl);
rexrheighr(c2);
for(i=l; i<=10; i++)
{



outtextxy( 150+i, 20*yf+i, "TVy'AR");
outtextxy( 151 +i, 20*yf+i, "TWAR");

\t
outtextxy( 1 52+i, 20" yf+i, "TWAR");
Clock(7);
glaphdefaults0;
rcstorecrtmode0;
closegraph0;

)

ll This firnction set dulation of display of the title-page

void Clock(int x)

{
time_t Clock_start_time, Clock_end_time;
Clock_stalt_time : time(NULL);
for(;;)
{
Clock_end_time : time(NULL);
if ((Clock_end_tinre)-(Clock_start_tinre) > x) bleak;

)
\t

void Initialize_GPIB_Boared_and_OscilloscopeQ0

{
gp : ibfind("gpib0");
if(gp < 0)

Te I l_Sou lce_of_ellor'_to_user'0;
id = ibfind("DEVl");
if(id < 0)

Tell_Source_of_en'or_to_user0;
printf('\n\n\n Connected to Tektronix 7854 Oscilloscope..id# : 7oô.n\nV\n",id);

)

void Lock_Front_Fanel_of_Osci lloscope0
¿

ibsre(gp, 0); // Turn REN signal on. REN is used to select b/n remote and local mode.
ibcmd(gp, "Q", l); // Send My Listen Address (MLA) of the device. The oscilloscope will nor enter the

// desired mode until it recieves it listen addrcss.
)

void Select_verical_and_holizontal_modes0
f

ibwrt(id, PROMPTO, l5);
\

/* Set points/waveform value. P/W can take the following values : 128,256, 512, and 1024.
The higher the P/W value, the greater the rcsolution x/

void Set_Points_Per_Waveform_Value0

{
ibwrt(id, PROMPTI, i2);

)



void Average_Waveforms_and_Stor.e_in_OWFM_Address0

1

ibwrt(id,PROMPT2, 9);
gotoxy(18, i0);
plintf("Now avelaging i00 r.eal-time wave forms...\r");
ibwrt(id,PROMPT3, 6);
Clock( l0);

)

void Send_Waveform_Quiery0

{
ch'scr'0;
gotoxy(17, l0);
printf("Now recieving & pt.ocessing aver.agecl wave form ...\n");
ibwlt(id, "0 Vy'FM SENDX", ll);
if((ibsta >: 0) & (id > 0) & (ibsta < 4096) & (ibeLr !: 6) X)
else Tel l_Soulce_of_eu.or _to_user0 ;

i

void Get*Fi rst_Waveform_Data_ancl_S ave0
{

ibLdf(id, "Vy'AVE I .DAT");
ibclL(id);
Clock(10);

)

void Get_Second_Wavefolm_Data_ancl*Save 0
{

i brdf(id, "WAVE2.DAT");
ibch'(id);
CIock(10);

)

void Prompt_Uset _to_Press_Any_Key0
i

chscr0;
gotoxy( 15,7);
printf(" Press Any Key to Acquier. Second Vy'avefol.m ...");
getchO;

\J

void Unlock_Front_Panel_of_Oscil loscope0 0
{
ibsre(gp,O); ll Turn remote enable signal off
ibcmd(gp, "Q", l); // Q is MYL(My Listen Address) of 7854 Dig.

)

void Dynamic_Memory_Allocator0
J

wavel = (float *)malloc(NN*sizeof(float));

wav e2 = (floar ")malloc(NN*sizeof(float));\

void Read_Waveform_No I 0



registel int i, j, k;

char C, P_buffer'[6];
FILE t'fpl;

clrscr0;
P-buffer[5] = '\Q';
fpl : fopen("WAVEl.DAT", "r");
for(;;)
{

C : fgetc(fpl);
if(c :: ,c')

{
P_bufferl0] : C;
C : fgetc(fpl);
if(c::'u')
{

P_buffeL|l : C;
C: fgetc(fpt);
if(c::'R,)
{

P_buffer[2] : C;
C = fgetc(fpl);
if(c:= 'v')
{

P_buffer[3] : C;
C: fgetc(fpl);
if(c ::'E');
t

P_buffer[4] : C;
break;

)
I

)
)

)
)
FOR-ALL
J

char Tempo2[15];

j=0;
for(;;)
T

C : fgetc(fp1);
if(C =: ',' ll C == EOF ) ll <-- After the last data point, there is an end of
{ tt file character. The second expression tests to

// see whether EOF is reached or not.
*(wavel+i) = atof(Tempo2);
break;

)
Tempo2[++] : C;



Tempo2[j] :'\0';
t
f

\
fclose(þ l);

I

void Read_V/aveform_No20
{

registel int i, j, k;

char C, P_buffer[6];
FILE *fpl;

clrscr'0;
P-bufferf5] : '\0';
fpI = fopen("WAVE2.DAT", "t'");
foL(;;)

{
C : fgetc(fpl );
if(c:: 'c')
{

P-buffer[0] = C;
C = fgerc(fpl);
if(c:: ,u,)

{
P_buffeL[] : C;
C = fgetc(fpl);
if(c:: 'R')
{

P_buffer[2] : C;

C: fgetc(fpl);
if(c :: 'v')
{

P_buffer[3] : C;

C : fgetc(fpl);
if(C:= 'E');
t

P-buffer[4] = Q;

break;

)
)

t
t

)
)
FOR-ALL
{

char Tempo2[5];

j=0;
for(;;)
{

C = fgetc(fpt);
if(C =: ',' ll C:= EOF )



*(wave2+i) : atof(Tempo2);
break;

ìt
Tempo2[j++] : C;
Tempo2[j] :'\0';

l
j
fclose(þ I );

It

void Tell_Soulce_of_ellol*to_user0
{

if(id < 0) plintf('\\n Device is not insralled. Use IBCONF.EXE then reboor");
if(ibeu :: 0) púntf('\rr\n Dos euor(Is device installed");
if(iber =: l) printf('\nV Function lequires GPIB-PC to be CIC");
if(iberr' == 2) printf('\n\n No Iistener on wr.ite function,');
if(iberr :: 3) printf('\n\r GPIB-PC not addressed cor.r.ecrly");
if(ibelr =: 4) plintf('\t\n Invalide al'gument to functiorr call");
if(iben' =: 5) printf('\n\n GPIB-PC not system contr.oller.as r.equir.ed");
if(iben' =: 6) printf('\n\n Timeout eu'ol'. GPIB En'or ");
if(iberr :: 7) pLintf('\n\n Non existenr GPIB-PC board");
if(ibelr =: l0) printf('\n\n I/O started befole pelvious oper.ation completed");
if(iberr == 12) plintf('\n\n File system enor");
if(ibelr == l4) printf('\n\n Comrnand erlol duling device call");
if(ibelr == l5) plintf('\n\n Selial poll sratus byre losr");
if(iben' =: l6) printf('\nV SRQ stuck in on posirion");

)

void Draw_Waveforms_on_ComputelScleen0
{
register int i;
float XF, YF;
int color, gdliver: DETECT, gmode, er.rorcode;
float'¡(datagl), *(datag2);

clrscr0;
datagl = (float *)malloc(NN*sizeof(float));

datagZ : (float *)malloc(NN*sizeof(float));

XF = float(X2-Xl )/floa(NN);
YF: float(Y2-Yl)11.7;
FOR-ALL
{

x(datag 1+i) : int(x(wave 1+i¡xyp¡'
'3(datag2+i) = int(*(wave2+i)*YF);

)
normvideo0;
if (enorcode < 0)
{

printf( "Graphics enor: 7o sM' r, grapherorm sg(enor.code)) ;

printf("Press any key to halt:r');
getch0;
exit(l);



)
initgraph(&gdliver, &gmode, "");
enorcode = _eraphresul t0 ;

if (errorcode t= glOk)
¿

plintf("Graphics er.ror.: Zos\n", gr.apherror.msg(er.r.orcode));
printf("Press any key to halt:");
getch0;
exit( I );

)
highvideo0;
setpalette(0, EGA_WHITE);
setcolor'(EGA_GREEN) ;

setlinestyle(SOLID_LINE. 1,3);
rcctangle(1, l, 638, 478);
setcolor(EGA_BLUE);
setli nestyle(DOTTED_LINE, l, I );
for(i: I ; i< l0; i++) line(X I +it'(int(float(X2-x I yi 0.0))," t,* 

'*¡':,(int(float(X2-X 
I )l 10.0)),y2):

fo(i: l; i<8 ; i++) line(X l,Y l+i':'(int(float(y2-y lyg.0)), *r, 
" '*¡r,(int(ftoat(y2-y 

I /g.0)));
serl i nesryle(DoTTED_LIN E, t,2);
setco lor(LI GFITMAGENTA);
line(X I +5':'(int(floar(X2-X I y I 0.0)),y I, X I +5,r (int(float(X2_X I )/ I 0.0)),y2);
line(Xl,Yl+4r'(int(floar(Y2-YlyS.0)), X2,yt+4,:,(inr(floar(y2_yl)/8.0)));
setlinestyle(SOLID_LINE, t, I );
setcolol( EGA_LIGHTBLUE) ;

for'(i:i; i<=1023;i++) line(Xl+int(XF':.float(i)), (yt+4*(int(ftoat(y2-yl)/g.0)))-{,(¿aragl+i),
X l+int(float(i+ t ¡'r'¡Pr,

(Y I +4':(int(floar(Y2-Y I)/8.0)))-':,(datag I +(i+ I )));
setcolol(EGA_LIGHTRED) ;

for(i:l;i<=1023;i++) line(Xt+int(XF'Ffloar(i)), (yt+4':,(int(floar(y2-yl)/g.0)))-'r(clatag2+i),
X I +int(float(i+ t ¡i'¡Pr,

(Y l+4':'(int(fl oat(Y2-Y I y8.0)))-*(datag2+(i+ I )));
serlinesryle(soLID_LINE, I , 1);
setcolor(EGA_GREEN);
serlinestyle(sOLID_LINE, 1,3 );
rcctangfe(Xl, Y 1, X2, Y2):
settextstyle(1, HORIT-DIR, 1);
setcolor(EGA_LIGHTBLUE) ;

outtextxy(2i0,455," * Press Any Key * ");
gerch0;
restorccrtmode0;
closegraph0;

)
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PROG-2.CPP

This plogran finds optimum values of the I and the zparameters in the Sll(f) equation. The program first
approximates the reflected wave folm from a coaxial probe immersed in ethanol ancl then minimizes the sum of
squares of the t'esidual differences between the appl'oximated and the measurcd wave fol'ms. It repeates this
ptocess until the residual difference becomes minimal. The values of I and z, when the resiclual difference is
minimal, ale taken to be the optimized values.

#include <stdio.h>
#include <stdlib.h>
#include <stling.h>
#include <complex.h>
#include <graphics.h>
#include <conio.h>
#include <math.h>
#include <iostreant.h>
#include <dos.h>
#inclLrde <time.h>
#include <complex.h>

#define PER_FREE_SPACE 8.854e- l2
#define CL 3e+8

#define Xll 110

#define Yl I 90
#define X21 470
#define Yzl 390

#define INTERCHANGE(a,b) tempr:(a); (a):(b); (b):tempr
#define NN 1024
#define FOR_ALL for(i:l; i<:NN; i++)

double far 'rwavel, far ¿'waveL, far *wave3, far t,Twavel, far *Twave2,

far *wavelc, fal r'wave2c, far xFreq, Current_sum, DataTI, DeltaF,
far *S1l_Mat, far *Slln_Mat, far *S1l_Ref, far t,Slln_Ref;

double epsilon_s = 24.4, epsilon_inf : 4.8, f_relax : 1.14, Beta : 0.0,
R, bl : 1.0 - Beta, Sigma_dc :0.0, z: 0.3398, L:0.0461

void Dynamic_Memory_Allocater0;
void Open_and_Read_waveform_Files0;
void Calculate_Data_Time_Interval_And_Frequency_Values0;
void Complex_Form0;
void Fast_Fourier_Transform_rùy'aveform I (int isign);
void Fast_Fourier _Transform_Waveform2(int i si gn) ;
void Calculate_S I I _Ref_Material_And_FFT_of_wave2(dou ble zz, double LL) ;
void Calculate_Wave2_And_Store_In_Wave30;
void Intilaize_Graphics_Mode0;
void Draw_Actual_And_Approximation_Waveforms0;
void Calculate_Sum_Of_S çrare_Of_The_Differences0 ;

void Find_Optimal_Values_Of_Plobe_Parameters0;



void Read_S I i_Of_Mârerial0;
void Calculate_Sl l0;
void Clock(int x);

main0
{

clrscr0;
Dynamic_Memoly_A llocater0 ;

Open_and_Reacl_wavefol.m_Files0 ;

Calcu late_Data_Time_lnter.val_And_Fr.eq uency_Values0;
Complex_Form0;
Fast_Fourier_Tlansfor.nl_Vy'aveforrn I ( 1 );
Find_Opti mal_Valu es_Of_Pr.obe_par.ameters0 ;

leturn 0;

)

void Find_Optimal_Values_Of_probe_parameter.s0
{
legistel int i;

double ZZ : 0.3320, LL : 0.04i0, Tempo_Sum = 1000.0;
FILE ':.fpI;

þl = fopen("Tempo.dat", "w");
for(i= I ;;i++)
{
chal C;

if(kbhiro !: 0)

{
C = getch0;
if(C := 'x') br.eak;

\
f

Caìculate_S I 1_Ref_Material_And_FFT_ of _w av e2(ZZ, LL):
Calcu late_Vy'ave2_A nd_S tore_In_V/ave3 0 ;
Calcu late_Su m_Of_S quare_Of_The_Di ffer.ences0 ;
Inti laize_Graphics_Mode0 ;

ZZ +:0.0002;
LL -= 0.001;

if((Tempo_Sum < Cunent_sum)) break;
fprintf(þ1,"Iteration No. : o/oÀn',, i);
fprintf(fp 1,"2 : Voîw',, ZZ):
fprintf(fpl,"L = Vofxn", LL);
fprintf(fp1,"sum of square of the differences zofui\r", cunent_sum);
cout<<"sum of squarc oftheclifferences "<<cuLrent_sum<<'M";clock(1);
Tempo_Sum : Current_sum;
\
I

fclose(þ1);
clrscr0;
system("Type Tempo.dat I more");
\

void Dynamic_Memory_AllocaterQ



Fleq :(double'r')malloc(NNxsizeof(double));
wavel =(double,r)malloc(NN"sizeof(double));
tyave2 = (double *)malloc(NN*sizeof(clouble));

wave3 : (double x)malloc(NN'¡sizeof(double));

wavelc : (double t,)malloc(NN'.sizeof(double));

wave2c : (double *)malloc(NN*sizeof(double));

Twavel : (double x)malloc((NN<<l)'¡sizeof(cloLrble));

Twave2 : (double':')malloc((NN<<l)*sizeof(clouble));
S t l-Ref : (double +)malloc((NN<< I )xsizeof(ctouble));
S I I -Mat : (doLrble t')malloc((NN<< l),.sizeof(double));
S I 1n_Mat : (double t,)malloc(NNr,sizeof(clouble));

S I ln_Ref : (double *)malloc(NN*sizeof(clouble));

)

vo id Open_and_Read_rvavefor.m_Fi les0
1

registel int i, j, k;

char C, P_buffer[6];
FILE ':'fpl, 'r'fp2;

clrscr0;
P-buffer[5] = '\0';
fpI = fopen("wavel.Dat", "l.");
for(;;)
{

C : fgetc(fpl);
if(C =: 'C')
{

P-buffer[O] : C;
C : fgetc(fpl);
if(c :: ,u')
t\

P-bufferfl] = Ç;
C = fgetc(fpi);
if(c == 'R')
¿

P-buffer[2] = Ç;
C : fgetc(fpl);
if(C =: 'V')
{

P-buffer[3] = Ç;
C = fgetc(fpt);
if(C := 'E');
{

P-buffer[4] = Ç;

. 
break;

I

)
)

ì
)

)



FOR-ALL
f\

char Tempo2[5];

j=0;
for'(;;)

{
C : fgetc(fpl);
if(c :: 

"' 
il c:: EoF )

i
'r(wave l+i) = atof(Tempo2);
break;

)
TemPo2[++] = C;
Tempo2[] :'\0';

)
)
fclose(fp I );
P_buffer[5] : '\0';
fp2 : fopen("wave2.Dât", "t'");
foL(;;)

{
C = fgetc(fp2);
if(c:: 'c')
{

P_bufferlO] = C;
C : fgetc(fo2);
if(c:= 'u')
t

P_buffeL! l : C;
C -- fgetc(fp2);
if(c:='R')
t\

P_buffer[2] : C;
C = fgetc(fp2);
if(c:= 'v')
{

P-buffer[3] = Q;

C = fgetc(fp2);
if(c:= 'E');
{

P_buffer[4] : C;
break;

)
\I

\t
)

)
)
FOR_ALL
{

char Tempo2[15];

j=0;



for(;;)
(
1

C : fgetc(fp2);
if(C :: ',' ll C:: EOF )
t(

':'(wave2+i) : atof(Tempo2);
bre ak;

)
TemPo2[++] : Q;
TemPo2[] ='\0';

)
)
fclose(fp2);

)

void Calcu late_Data_Time_Interval_And_Frequency_Values0

{
register int i, j, k;

chal C, Buffer'[6], Tempo2[I5], c[9];
FILE r'fpl;

clrucr0;
Buffer[6] : '\0';
fpl : fopen("wavel.Dat", "l'");
for(;;)

C: fgetc(fpl);
if(c =='x')

BuffeL[O] : C;
C = fgerc(fp1);
if(c:: 'r,)
¿(

Buffer[l] = Ç;
C : fgetc(fp1);
if(C =:'N')
J\

Buffer[2] = Ç;
C : fgetc(fpl);
if(C =: 'C')
{

Buffer[3] = Ç;
C : fgetc(fpl);
if(C == 'R');
{

Buffer[4] : C;
break;

ì-

\f
)

)
)

)



c[9] = '\0''
C : fgetc(fpl);
fread(c, sizeof(c), 1, fpl);
DataTI : atof(c);
DeltaF : I.O/(NN'¡DataTI);
fclose(fp I );
FOR-ALL
\

if(i<:((NN/2)+1))
t'(Freq+i) : (i- t ¡'iP"t,oF* le-9;

else
*(Freq+i) : (i- I-NN)':'DeltaF'r 1e-9;

\
I

)

void Complex_Form0

{
registel int i, k;

double const Zerol = r,(wavel+l);
double const Zet'oz = ':'(wave2+l);

FOR-ALL
{
'¡(wavelc+i) : ':.(wavel +i) - ZeroI;
':'(wave2c+i) :':,(wave2+i) - Zero2;

>

double const Inci_nn = 'r.(wavelc+NN);
double const Refl_n¡ = ':.(wave2c+NN);
FOR-ALL
t\

{'(wave 1c+i) -= Inci-nn"(double(i- i ))/double(NN- I );
*(wave2c+i) -: Refl-nn*(double(i- I ))/double(NN- I );

)
FOR-ALL
{

k: i<<1;

x(Twavel+(k- 1)) = *(wave tc+i);
*(Twavel+k) = 0.0;
x(Twave2+(k- l)) : *(wave2c+i);

't'(Twave2+k) = 0.0;

)\
f

void Fast_Fourier_Transform_\ùy'aveform 1 (int isign)
t
register int i, j, m, y;

double wtemp, wr, wpr, wpi, wi, theta;
double tempr, tempi;
int n, mmax, istep;

FOR-ALL



{
Y: i<<l;

':'(Twave i+y) = -('t(Twave l+y));
\I
n = NN<<l;

foL(i=1; icn; i+:2)
¿

if(i>i)

INTERCHANGE(r'(Twave 1+j),'r(Twave I +i));
INTERCHANGE('I'(Twavel +(j+ t )), Ì'(Twave l+(i+ 1)));

m=n>> l;
while(m>:2&.&.j>m)
{
j-:m;
nl >>: i;

>

j+:m;
)

mmaX :2;
while(n > mmax)

{
isteP = Z*mmax;
thera : 2.0':'M_PI/(isignr,mmax);
wtemp : sin(0.5*theta);
wpr' : -2.0t'wtemp*wtemp;
wpi : sin(theta);
wr: 1.0;

wi :0.0;
for(m=1; m<mmax; m+:2)
t
for(i=m; i<:n; i+=istep)

{
j =i+mmax;
tempr = wr*(*(Twave 1 +j))-wi*(*6wave 1 +(j+ I )));
tempi : wr* ('3(Twave I +(j+ 1 )))+wi't (x (Twave I +j));
x(Twave 1+j) = *(Twave 1+i)-tempr;
*(Twavel+(+1)) : x(Twavel+(i+l))-tempi;
*(Twavei+i) += temp4
x(Twavel+(i+ 1)) +: tempi;

)
wr = (wtemp:wr)*wpr-wi*wpi+wr;
wi : wixwpr+wtemp*wpi+wi;
)
mmax : istep;
\t
FOR_ALL //....il
{

Y : i<<1;



*(Twavel+y) = -('¡(Twave i+y));

t

void Fast_Fou lier _Transfolm_Waveform2(int isign)
{
rcgister int i, j, m, y;

double wtemp, wr, wpr, wpi, wi, theta;
double tempr, tempi;
int n, mmax, istep;

FOR-ALL
{

y -- i<<l;

'ì' (Twave2+y) : -(':'(Twave2+y));

)
n: NN<<l;
J-rr
for(i:l; icn; i+:2)
{

ifû>i)
{

INTERCHANGE('¡(Twave2+j), +(Twav e2+1));
INTERCHANGE('Í(Twave2+fi+ I )), ,r'(Twave2+(i+ 

I )));
)
m:n>>l;
while(m >:2 &.&.j > m )

i
j-=m;
m >>= 1;

!

mmax = 2;

while(n > mmax)

{
istep : Zxmmax;
theta = 2.0*M_Pl/(isign*mmax);
wtemp : sin(0.5xtheta);
wpr : -2.0*wtemp*wtemp;
wpi : sin(theta);
wr = 1.0;

wi = 0.0;
for(m=1;m<mmax;m+=2)
{
fol(i=m; i<=n; i+=istep)

{
j =i+mmax;
tempr = wr*({'(Twave2+j))-wi"("1twave2+(+1)));
tempi : wr*(*(Twave2+(+1)))+wi*("(Twave2+j));
*(Twave2+j) : x(Twave2+i)+empr;

\
j+=m;



'r(Twave2+(+1 )) : x(Twave2+(i+ l))-tempi;
Ì'(Twave2+i) +: tempr;
*(Twave2+(i+l)) +: tempi;

ì.
I
wI = (wtemp:wr)t'wpr'-wi*wpi+wr';
wi = wi':'wpr+wtemp'¡ wpi+wi;
\
mmax = lstep;

)
FOR_ALL
{

Y = i<<l;

':'(Twave2+y) : -('r(Twav e2+y));
)

)

void calculate-S I l-Ref_Marelial_Ancl_FFT_of_wave2(clouble zz. tlouble LL)
{

legister int i, j;

double far' l'Epsilon, z = ZZ, L : LL

complex J : complex(O.O, 1.0);
Epsilon : (double *)malloc((NN<<l)':.sizeof(double));

FOR_ALL
{
register int k;

k = i<<l;
cotnplex al : J; ll al : j
complex a2 = epsilon_inf; ll a2 : E*
complex a3 : epsilon_s; ll a3 = Es

complex -4 = *(Freq+i)xal; ll a4 = jf
complex a5 = a4lf_relax; ll a5 = iilfrel
complex ¿6 : pow(aS, b1); tt a6 : (jflfiel)^(t-ß)
complex a7 = 1.0 + a6; ll a1 = I + fif/frel)^(l-ß)
complex a8 : a3 - a2; ll a8 = (es - e-¡
complex a9 = a8la7; ll a9 = (es - e*)/(t + (iflfret)^(t_ß))
complex al} = a2 + a9; ll a10: eæ + (es - s*)/(l + (f/frel)^(l_ß))
if(i == 1)

{
complex a15 = a10; ll a15 : [eæ + (es - s-)/(l + (jflfret)^(l_ß))]
"(Epsilon+(k-1)) = real(a15);
*(EPsilon+k) = imag(a15);

)
else

{
complex all = alxSigma_dc; ll all : jodc
complex al2 = 2.0*M_PI*(*(Freq+i)); il aIZ:2nf
complex a13 : a72*PER_FREtr._SPACE; tl at3 = 2nfeo
complex a14: alll(a13xle+9)) ll al4: jodcl2nfeo
complex al5: a10-al4; ll al5= [e-+ (es-s-)/(t +(fj/frel)^(1-ß))] - iodc/2nfeo



'i(Epsiton+(k-i)) = reat(al5); 
// THIS IS coLE-coLE EQUATI.N

"(EPsilon+k) = imag(a l5);
)\
FOR-ALL
{

registel int k;

k = i<<l;
R : -2.0*M_PI'i(,¡(Freq+i)*le+9)'?LlCL. ll R : -2nfLlc
complex c0 : complex('r(Epsilon+(k-l)),',(Epsilon+k));

llc0:e
complex cl = sqrt(cO); tt ct : Ve
complex c2 : R'rJ; ll c2 : Rj
complex c3 : c2'i'cl ; ll c3 = jRVe
complex c4 : 2.0"'c3; ll c4 = }l1^le
complex c5 = exp(c4); llc5 : e"(2jRVe)
complex c6 : complex(z); ll c6 : z
cornplex c7 = c6':'cl; ll c'l : zle
complex c8 : complex(1.0); i/ c8 : t.0
complex c9: (c8 - c7)/(c8 + c7); ll c9: (I-2",1ù/(l+zle)
complex clO : c5'r'c9; lt ct} : e^(2jRle)((t-z^lùte+2.,1Ð)
cornplex cll : (c9 + c5)/(c8 + cl0); ll ctt: (((t-zr/e)/(l+nl)) +

e"(2jRle))/( I +e"(2jRVe)( (t -zl ùtU +z lÐ))
*(S1l_Ref+(k-l)) : r'eal(cl l);
"(S I l-Ref+k) : imag(cJ l);
'3(Sl ln-Ref+i) : nom(cl1);

\
)

void Calculate_Wave2_And_Store_In_Wave3 0
J\
register int i, k;

FOR-ALL
t

k = i<<1;

complex C0 = complex(x(S11_Ref+(k-l)), *(S1 t_Ref+k))x
complex(*(Twave l+(k-l)), "(Twavel+k));

'3(Twave2+(k- l)) = real(CQ);
'r(Twave2+k) : imag(C0);

)
Fast_Fourier_Transform_Wav eform2(- 1 ) ;

FOR-ALL
{

k = i<<l;

*(wave3+i) : x(Twave2+(k-1))*(1.0/NN);

)
double const temp = *(wave3+l);



FOR-ALL
{

k = i<<l;
x(wave3+i) -= temPl

)

void Calculate_Su m_Of_S qu are_Of_The_Differences0
{

register int i;

double Sum = 0.0;

FOR-ALL
{

double Difference, Squale_Differ.ence;

Diffelence :'t (rvave3+i)-('¡(wave2c+i)):
Squale_Difference = pow(Difference, 2);
Sum += Squale_Difference;
Current_surn : Suln;

\t
)

void Intilaize_Graphics_Mode0

{
legister int i;
int colol', gdriver' : DETECT, gmode, erlorrode;

clrscr0;
normvideo0;
initgraph(&gdriver, &gmode, "");
erorcode = graphresult0;
if (errolcode !: _erOk)

\
plintf("Graphics et'r'or: 7os\n", gr.apherrormsg(errorcode));
printf("Press any key to halt:");
getch0;
exit( I );

)
highvideo0;
setpalette(0, EGA_WHITE);
setcolor(EGA_GREEN);
setlinestyle(sOLID_LINE, 1,3);
rcctangle(1, l, 638, 4'18);

Draw_Actual And_Approximation_Wavefor-ms0; getch0;
settextstyle(l, HORIZ_DIR, 1 );
setcolor(EGA_LIGHTGRAY) ;

outtextxy(203,465," * Press 'x' To Exit * ");
rcstorecftmode0;
closegraph0;

)

void Draw_Actual_And_Approximation_Waveforms0



{
register int i, k;

double far +waveZg, far *wave3g, XF, YF;

wave3g = (clouble'¡)malloc(NN*sizeof(double));
wave2g = (double ")malloc(NN'¡sizeof(double));

XF = double (XZI-X ll )/double(NN);
YF : double(YLl-Y I 1)17.1 ;

F'OR-ALL
{

':'(wave3g+i) : int(;:r(wave3+i¡'typr-

"(waVe2g+i) : int('¡(wave2c+l¡r'yp¡'
)
setcolor(EGA_BLUE);
setlinestyle(DOTTED_LINE, I, I );
for'(i: l; i< t0; i++) line(Xl ¡ai':'(int(clouble(X2l-X I I y 10.0)),Yl l,X I l+i,:,(int(cloubte(X2l -X I I )/10.0)),y2 | );for(i:l; i<8 ; i++) line(X1t,"'1*¡':'(int(clouble(Y2l-Ylly8.0)), X2l,Y| +i,:,(int(cloubte(y2l-yl t)/g.0)));
se tl i ne style (DOTTED_LI N E, 1,2) ;

se tcolor(LIGHTMAGENTA);
line(Xl l+5*(int(double(X21-X I ty 10.0)),y I t, x I t+5'i (inr(double(X2 t-X I t)/ 10.0)),y21 );
Iine(Xl 

',"t 
t*4':'(inr(doLrble(Y2l-Ylty8.0)), xzl,yfi +4'r(int(double(y2l-yl l)/g.0)));

setlinestyle(SOLID_LINE, l, I );
setcol or(EGA_LIGHTRED) ;

fot'(i= I :i<:NN- l;i++) line(X I I +int(XF':'double(i)), (Y I I +4"(int(clouble(Y2l -y I I )/8.0)))-x(wave3g+i),
X I l+int(double(i+l)':'XF), (Yl 1+4'¡(int(double(Y2l -Y i I y8.0)))-'r(wave3g+(i+ I )));

line(Xl l+30, Y2l+30, Xl l+60, YZt+30);
outtextxy(Xl l+100, Y2l+3O, "Modelled Wavefor.m,');
setlinestyle(SOLID_LINE, I , t );
setcolor'(EGA_LIGHTBLUE) ;

fot'(i:1;i<:NN-l;i++) line(Xli+int(XF*'double(i)), (Yll+4r.(int(ctoubte(Y2t-yl1y8.0)))-'¡(wave¡g+i),
Xll+int(double(i+l)"XF), (Y11+4x(int(double(Y2l-Ylly8.0)))-*(wave2g+(i+t)));

line(Xl 1+30, Y21+50, Xl 1+60, Y21+50);
ou ttextxy(X I I + 1 00, Y 2l +50, "Obser.ved Vy'aveform "):
setlinestyle(SOLID_LINE, 1 , 1);

setcolor(EGA_GREEN);
setlinestyle(SOllD LINE, 1,3);
rcctangle(Xl 1, Yl 1, XZl, Y21);
outtextxy(X 1 1 - 1 0,((Y I 1 +YZI)12)-3,"0");
setcolor(EGA_BLUE);
)

void Clock(int x)
{
time_t Clock_start¡ime, Clock_end_time;
Clock_stalt_time : time(NULL);

for(;;)
{

Clock_end_time = time(NULL);
if ((Clock_end_rime)-(Clock_srart_rime) > x) break;

)
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PROG-3.CPP

This is progl'am first coruectes the incident and the r.eflectecl
computes the disclete Fonriel transfol'm of both wave for.ms.
st l(f).

wave forms fol tn-lncation en.or. and it then
From the tl'ansforms, it finally calculates the

Tilahun M. WolkLr

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <complex.h>
#include <graphics.h>
#include <conio.h>
#include <math.h>
#include <iostleam.h>
#include <dos.h>
#include <time.h>
#include <complex.lt>

#define Xll80
#define Yl I l0
#define X21 280
#define Yzl 210
#define Xl2 80
#define Y12240
#define X22 280
#define Y22 44A

#define X13 360
#define Yi3 10

#define X23 560
#define Y23 210
#define X14 360
#define Y 14 2q
#define X24 560
#define Y24 4q

#define INTERCHANGE(a,b) tempr.:(a); (a)=(b); (b)=rempr
#define NN 1024
#define FOR_ALL for(i:l; i<=NN; i++)
#define NUM 70
#define FOR_NUM for(i=t; i<=NUM; i++)

#define FHL "0.7 GHz"

float far *waveZ, far' *wavel, fat *Twave2, far.*Twavel, DataTI, DeltaF,
far {'wavelc, far' *wave2c, far XF, far yF;

void Dynamic_Memory_Allocater0;



void Read_vy¿ye¡slm_Files0;
void Calculate_Data_Time_Interval0;
void Set Zero_Level0;
vo id Apply_Correction_forJmncarion_NicolsonT3 0;
void Fast_Fourier_Transform_Vy'aveform I (int isign);
void Fast_Fourier'_Tlansform_Waveform2(int isign);
void Wlite_Computed_Sl l_to_File0;
void Intilaize_Graphics_Mode_and_Dr.arv_Waveforms0;
void Dlaw_Oliginal_Wavefolms0;
vo id Drarv_lùy'aveforms_Corected_fot _Tru ncat i on( ) ;

void Draw_Spectra_of_Waveforms0;
void Dlaw_Scattring_Cofficient_vs_Fr.equency0;
void Clock(int x);

main0
{

legistel int i, k;

ch'scr0;
Dynarn i c_Mem oly_All ocater'0;
Read-1Y¿Ys¡s¡rn-Fi les( );
Calcu I ate_Data_Tin e_Interval 0 ;

Set_Zelo_Level0;
Appl y_Correction_for _truncation_NicolsonT3 ( );
Fast_Fou ri er_Transfolm_WavefoLrn I ( I ) ;

Fast_Fou rier _Tlansfolm_Vy'avefolm2( I );
Write_Computed_S I I _to_File0;
Intilaize_Graphics_Mode_and_Draw_.Waveforms( );

retuln 0;

)

void Dynamic_Memory_AllocaterQ

t
wavel = (float *)malloc(NNxsizeof(float)7;

wave2 : (float *)malloc(NNt,sizeof(float));

wavelc : (float',)malloc(NN*sizeof(float));
wave2c : (float *)malloc(NN*sizeof(float));
Twavel = (float *)malloc((NN<<1)*sizeof(float));

Twave2 = (float'r')malloc((NN<<1)*sizeof(float));

)

void Read_waveform_FilesQ

{
register int i, j, k;

char C, P_buffer[6];
FILE *fpl;

clrscr0;
P-buffer[5] : '\0';
fpl = fopen("wave1.Dat", "r");



fo(;;)
{

C = fgerc(fpl);
if(c == 'c')
¿

P-buffer[0] = C;
C : fgetc(þi);
if(c =:'u')
{

P-buffet[l] = f;
C = fgerc(fpt);
if(c :: ,R,)

{
P_buffer[2] : C;
C : fgetc(fpl);
if(C == 'V')
{

P_buffer[3] : C;
C : fgetc(fpl);
if(c :: 'E');
{

P_buffer[4] : C;
bleak;

)
)

)
)

)
)
FOR-ALL
{

char Tempo2[5];

j:0;
for(;;)
{

C = fgetc(fp1);
if(c :: 

"' 
ll c == EoF )

Ít
r'(wave l+i) : atof(TemPo2);
break;

!)

TemPo2[++] = Ç;
TemPo2[] ='\0';

)
)
fclose(fp 1 );
P-buffeL[5] :'\0';
fpl = fopen("wave2.Dat", "r");
fo(;;)

C : fgetc(fpl);
if(C == 'C')
{



P_buffer[O] : C;
C = fgetc(þl);
if(C =: 'U')
ft

P_buffeL[1] : C;
C = fgerc(fpl);
if(c::'R,)
{

P_buffer[2] : C;
C : fgetc(fpl);
if(c:= 'v')
I
1

P_buffer[3] : C;
C: fgetc(fpl);
if(c :: 'E');
\

P-buffer[4] = Ç;

break;

)
)

)
)

)
)
FOR-ALL
{

char Tempo2[ 15];

j:0;
for(;;)
{

C: fgerc(fpl);
if(c :: 

"' 
ll c == EoF )

.{
':'(wave2+i) = atof(Tempo2);
bleak;

\t
TemPo2[++] : C;
TemPo2[] :'\0';

)
)
fclose(fpl);

)

void Calcr¡late_Data_Time_Interval 0
{

rcgister int i, j, k;

chal C, Buffer[6], Tempo2[15], c[9];
FILE rfpl;

clrscr0;
Buffer[6] = '\0';
fpl = fopen("wave2,Dat", "r");



fo(;;)
{

C = fgetc(fp1);
if(c == 'x')
{

Buffer[0] = Ç;
C: fgetc(fpl);
if(c:: ,r,)
(

Bufferll : C;
C : fgetc(fpl);
if(C =:'N')
{

Buffer[2] : C;
C: fgetc(fpl);
if(c:= ,c')

{
Buffer[3] : C;
C : fgetc(fpl);
if(C := 'R');
{

Buffer[4] = Ç;

. 
break;

'i
)

)
)

)
c[9] = '¡6''
C = fgetc(fpt);
fread(c, sizeof(c), l, fpl);
DataTI = arof(c);
DeltaF : I.O/(NN'¡DaraTI);
fclose(fp I );

\

void Set_Zelo_Level0

register int i;

float ZeroI : x(rvave I +1 );
float ZeroR : x(wave2+l);

FOR-ALL
{
x(wavelc+i) : *(wavel+i) - ZeroI;
*(wave2c+i) = *(wave2+i) - ZeroR;
)

)

void Apply_Correction_for_truncation_NicolsonT3 0
{

register i, k;



float Inci_nn = ':'(wavelc+NN);
float Refl_nn : ã(wave2c+NN);

FOR_ALL
{

r'(wave lc+i) -: Inci-nn'3(float(i- 1))/float(NN- 1);

''(wave2c+i) -= Refl-nn*(float(i- 1))/float(NN- I );
)
FOR-ALL
{

k = i<<l;
ì'(Twavel +(k- | )) :':'(wave ic+i);
*(Twavel+k) : 0.0;
':'(Twave2+(k- I )) :':'(wav e2c+i);

''(Twave2+k) : Q.Q;

)
)

void Fast_Foulier_Tlansfoln_Waveform l (int isign)
{
register int i, j, m, y;

float wtemp, wr, wpr, wpi, wi, theta;
float tempr, tempi;
int n, mmax, istep;

FOR_^LL il....il
{

Y = i<<l;

':'(Twave l+y) : -1':'(Twave I +y));
)
n : NN<<l;
j: r;
for(i=1; icn; i+=2)
{

if(Þi)
{

INTERCHANGE(*(Twave I +j), +(Twave I +i));
INTERCHANGE(*(Twavel+(j+l )), x(Twavet+(i+t)));

\I
m=n>>1;
while(m >:2 &.&.j > m )

{
j-:m;
m >>= l;

\
f

mmax = 2;
while(n > mmax)

{

Ì
j+=m;



isteP : 2*mmax;
theta = 2.0"M_Pl/(isign*mmax);
wtemp : sin(0.5xtheta);
wpr : -2.0'f wtemp'r'wtemp;
wpi : sin(theta);
wt'= 1.0;

wi :0.0;
for'(nr = 1; m < mmax; m +: Z)

t
for(i:m; i<:n; i+:istep)
{

j:i+mmax;
tempr' : wr':'(':'(Twave l+j))-wi':'(':(fwave 1+(j+ I )));
tempi : wr':' ('r (Twave I +(+ I )))+wi'¡(t'(Twave I +j));
':'(Twave I +j) : *(Twave I +i)-tempr';
':'(Twave I +(+l)) ='r'(Twave t+(i+l))-tempi;
':'(Twavel+i) += tempr;
':'(Twave l+(i+l )) +: tempi;

)
wl' : (wternp=wr')ì'wpr'-wi'¡wpi+w';
wi : wi':'wpr'+wtemp':,wpi+wi;

)
mmax = istep;
\I
FOR_ALL il..,.il
{

Y = i<<l;

"(Twave I +y) : -1':'(Twave I +y));

)
)

void Fast_Foulier _Tlansform_Waveform2(int isign)
{
register int i, j, m, y;

float wtemp, wl', wpl', wpi, wi, theta;
float tempr, tempi;
int n, mmax, istep;

FOR_^LL il....il
{

Y : i<<1;

*(Twave2+y) : -(x(Twave2+y));

)
n: NN<<l;
j= i;
for(i=1; icn; i+:2)
t\

if0>i)
{

INTERCHANGE( * (Twav eZ+j), * (T w av eZ+i)) ;



INTERCHANGE(*(Twave2+0+ I )), x(Twave2+(i+ I )));
)
m:n>>1;
while(m >=2 &&.j > m )
{
j-:m;
m >>= l;

\t
j+:m;

)

mmax = 2;
while(n > mmax)

{
istep : 2*mmax;
theta : 2.01'M_PI/(isignt.mmax);
wtemp = sin(0.5':'theta);
wpl' = -2.0'r'wtempl'wtemp;
wpi : sin(theta);
wr : 1.0;

rvi : 0.0;
for(m : l; m < lntÌax; m +: 2)

{
for'(i:m; i<:n; i+=istep)
f\

j :i+mmax;
templ : w r'r'(':' (Twave2+j)) -wi':' (i (fwave2+(+ I )) ) ;

tempi = wr'':' ('r (Twave2+(l+ I ) ))+wi'¡ (':, (Twave2+j)) l
'i(Twave2+j) : r'(Twave2+i)-rempr;
t'(Twave2+(+l)) : *(Twave2+(i+ l))-tempi;
*(Twave2+i) += tempr',

"(Twave2+(i+l)) +: tempi;
)

wr = (wtemp=wr)'kwpl'-wi*wpi+wr.;
wi = wi':'wpr'+wtempt'wpi+wi;
)
mmax = istepl
\
FOR_ALL //....//
{

Y = i<<l;

*(Twave2+y) : -('r(Twave2+y));

void Write_Computed_S 1 l_to_File0

register int i;

double xf, yf;
FILE "fp1;

fpl : fopen("RCF.DAT", "w");

)
)



FOR_ALL
{

legister int k;

k = i<<l;

complex SI I = conplex('¡(Twave2+(k-I)), 1'(Twave2+k))/complex('r(Twavel+(k-I)), '¡(TwaveI+k));
real(Sl l) < 0 ? fprintf(fpl,"o/c8.7f ", r.eal(Sl l)):

fprintf(fp 1,"7c9.8f ", real(S I I ));
imag(Sll) < 0 ? fprintf(fpl ,"7o8.7f ", imag(Sti)):

fprintf(fp 1,"7c9.8f ", imag(S 1 I ));
)
fpLintf(fp l,"o/cs", " ");
fclose(fp | );

)

void Inti l ai ze_Graphics_Mode_and_Draw_Wavefor.ms0

{
registel int i;
int color, gdliver' = DETECT, gmocle, er.r.or.code;

ch'scr0;
nonnvideo0;
initgLaph(&gdliver, &gmode, "");
errorcode = graphr.esult0;
if (en'olcode !: gLOk)

{
pli n tf ( "G laph i cs el'ro l': t/os\n ", gr.apherro r.rnsg(er.ro r-code ) ) ;
printf("Press any key to lralt:");
getclì0;
exi( I );

\t
highvideo0;
serpalette(0, EGA_WHITE);
setcolor'(EGA_GREEN);
setlinestyle(SOLID_LINE, 1,3);
rectangle(1, I, 638, 478);
Draw_Oliginal_Waveforms0; Clock( I );
Draw_Waveforms_Con'ected_folTmncation0; Clock( 1 );
Draw_Spectla_olWavefoLms0 ; Clock( I ) ;
Draw_Scattling_Cofficient_vs_Frequency0; Clock( I );
settextstyle(1, HORIT:DIR, l);
setcolor(EGA_LIGHTGRAY);
outtextxy(203,465," * Pless Any Key To Exit * ");
Clock(2);
restorecltmode0;
closegraph0;

)

void Clock(int x)
{

time_t Clock_staruime, Clock_end_time;
Clock_start_time = time(NULL) ;

for(;;)



i
Clock_end_time = time(NULL);
if ((Clock_end_time)-(Clock_stalt_time) > x) break;
\

)

void Drarv_Oli ginal_Vy'avefolrn s0
{
registel int i;

XF : float(X2l-Xi l)/float(NN);
YF : float(Y2l-Y I l)11.1 ;
FOR-ALL
{

{'(wave I +i) : int('t(wave I +i)'¡YF);
':' (rvave2+i) = i nt(,'(wave2+i)':'yp¡'

>

setcolor(EGA-BLUE);
setlinestyle(DOTTED_LINE, 1, t );
for(i: I ; i< l0; i++) line(X I l4i':'(int(float(X2l-X I I y 10.0)),Y 

' 
t,* 

' 
t*i':'(int(float(X2 t -X I I )/ I0.0)),y2 t );

fot'(i:l; i<8 ; i++) line(Xl t,""*¡"(int(float(Y2l-Ylly8.0)), X21,Y ll+i':,(inr(floât(Yzl-Y ¡)/8.0)));
setli nestyle(DOTTED_LINF.,l,2);
setcolol(LIGHTMAGENTA);
line(X1 l+5'r(int(float(X21-Xl lyl0.0)),Yl l, Xl l+5',(int(float(X2l-Xl l)/t0.0)),y21);
line(Xll,Yll+4*(int(float(Y2l-Ylly8.0)), XLl,Y11a{'t.(inr(floar(y2l-yll)/8.0)));
setlinestyle(SOLID_LINE, I , I );
setcolor(EGA_LIGHTBLUE) ;

fol(i= l;i<:NN- l,i++) line(X1 I +int(XF'rfloar(Ð), (Y 1 I +4"(int(floar(y2l -yt 1y8.0)))-'r(wave I +i),
X I I +int(float(i+ 1 ) 

xXF), (Y I t +4'. (in(float(y2 I -y I I )/8.0)))-'r(wave I +(i+ I )));
setcolor'(EGA_LIGHTRED) ;

for'(i= l,i<:NN-1;i++) line(X I l+int(XF',float(i)), (Y I l+4*(inr(ftoar(y2l -yl I )/8.0)))-'¡(wavez+i),
X I I +int(floar(i+ t ¡'r'¡p¡, (Y I I +4*(int(fl oat(Y2 I -y i I y8.0)))-':,(wave2+(i+ I )));

setlinestyle(SOLID_LINE, I, I );
setcolor(EGA_GREEN);
serlinesryle(soLID_LINE, 1,3);
rectangle(X11, Y1l, X2l, Y2I);
outtextxy(Xl 1 -10,Y I l+97,"0");
setcolor'(EGA_BLUE);
outtextxy(X I | +20,Y2 | + 12, "Fi gurc I .'Waveforms ");
I

void Dlaw_Waveforms_Corrected_for_Truncation0

{
register int i;

XF = float(X72-Xl2) I float(NN) ;

YF: floa(Y22-YI2)17.7;
FOR-ALL
{

*(wave 1c+i) = int(':'(wave 1c+i)xYF);
*(wave2c+i) : int(*(wave2c+i)xYF);

)
setcolor(EGA_BLUE);
setlinestyle(DOTTED_LINE, 1, 1 );



for(i:l; i<10; i++) line(Xl2+i*(int(float(X22-X12yi0.0)),Y12,X12+i't(int(float(X22-XtZ)tt0.0)),Y22);
for(i=l; i<8;i++) line(XI2,Y12+i"(int(float(Y22-Y12)18.0)),X22, Yl2+i"(int(float(Y2l-Yl2)/S.0)));
setlinestyle(DOTTED*LINE,l,2);
setcol or(LIGHTMAGENTA);
line(X l2+5'r'(int(float(X22-Xl2)110.0)),Y 12, XI2+5*(int(float(X22-X12)1t0.0)),Y22);
line(X i2,Yl2+4'r(int(float(Y22-Y l2)18.0)), X22, Y12+4"(in(fl oat(Y22-YtZ)/8.0)));
serlinestyle(sollD LINE,I ,l );
setcolor( EGA*LIGHTBLUE) ;

for(i:1; i<=NN-1; i++) line(Xi2+int(XFr'float(i)), (Yl2+4x(int(float(Y22-Yl2)18.0)))-,:(wavelc+i),
X 12+int(float(i+ l)"XF), (Y 12+4*(int(float(Y22-Y 12)/8.0)))-':'(wave I c+(i+ I )));

setcolor'( EGA_LIG HTRED) ;

for(i:l;i<=NN-l;i++) line(Xl2+int(XF'ifloat(i)), (Yl2+4'i(int(float(YL2-Y12)/8.0)))-*(wave}c+i),
Xl2+int(float(i+l)'¡XF), (Y12+4't(int(float(Y22-Y12)/8.0)))-r'(wave2c+(i+l)));

setlinestyle(SOLID_LINE, i, I );
setcolor'(EGA_GREEN) ;

setlinestyle(SOLID_LINE, I,3);
rectangle(X 12, Y12, X22, Y22);
ou ttextxy(X I 2- 1 0,Y l 2+97,"0");
setcolor(EGA_BLUE);
orf ttextx y(X I 2-50,Y 22+ l 0, "Fi gru'e 2. Colrected fol Tr-Lr ncation ") ;

)

void Draw_Spectra_of_Vy'avefomr s0
{
tegister int i, k;

float':'Foull,':'Four'2;

XF : float(XZ3 -XI3)/ float(NUM+ I );
YF : float(YL3-Y l3)l t4.0;
Fourl = (float':')malloc(NN'rsizeof(float));
Four2 = (float *)malloc(NN':,sizeof(float));

FOR-ALL
t
k = i<<l;

x (Four' I +i) : log I 0(norm(complex('¡(Twave I +(k- 1 )), t,(Twave i +k))));
*(Four2+i) : log 10(norm(complex(*(Twave2+(k-l)), x(Twave2+k))));

J
FOR_ALL

{'(FourI+i) : int(*(FoulI+i)':Yar'
'r(Four2+i) : int(x(Four2+i)*YF);

)
setcolor(EGA_BLUE);
setlinestyle(DOTTED_LINE, 1 ,I );
for(i:1; icl0; i++) line(Xl3+i"(int(float(X23-X13y10.0)),Y13,X13+ix(int(float(X23-Xl3)/10.0)),Y23);
for(i=1; i<8;i++) line(X13,Y13+i"(int(float(Y23-Y13)/8.0)),X23, Y13+i*(int(floa(Y23-Yl3)/8.0)));
setcoIor(EGA_GREEN);
line(Xl3,Yl3+4*(int(float(Y23-Y 13)18.0)), X23, Y13+4*(int(floa(Y23-y13)/8.0)));
setlinestyle(SOllD LINE, 1, I );
setcolor'(EGA_LIGHTB LUE) ;

FOR-NUM line(X13+int(XF*float(i-l)), Yl3+4*(in(float(Y23-Y13y8.0),X13+int(float(i-1)xXF),
(Yl 3+4+(int(float(Y23-Y I 3y8.0)))-*(Four l+i));



setcolor(EGA_LIGHTRED) ;

FOR_NUM line(X13+int(XF"float(i-1)),Y23,X13+int(floar(i-l)*XF), Y23-'¡(Four.2+i));
setlinestyle(SOLID_LINE, l, I );
setcolor'(EGA_GREEN);
setlinestyle(SOllD_LINE, 1,3);

rcctangle(X I 3, Yl3, X23, Y23);
settextstyle(1, HORIT DIR, l);
setcolor(EGA_BLUE);
outtextxy(X i 3-50,Y23+ 12,"Figure 3. Amplitude Spectra of Vy'aveforms");
setcolor'(EGA_GREEN ) ;

outtextxy(X I 3- 10,Y23-5,"0");
outtexf xy(X23+ I 0,Y23-3,FHL);
settextstyle( l, VERT_DIR, I );
o u tte x t x y( X | 3 -20,Y 23 - | 53, "l og (A MPLITU D E) ") ;

)

voicl Draw_Scattli ng_Cofficient_vs_Frequency(/

{
legister int i, k;

double xf, yf;

float':'RefCo,'i'Phas_Mat;

YF : float(YZ{-Y | 4)18.0;

xf = fl oat(X2 4-X | 4)l float(NUM);
yf : float(Y24-Y I 4y(8.0':'120.0);

RefCo : (float t')malloc(NN':,sizeof(float));

Phas_Mat : (float'3)malloc(NN':,sizeof(float));
FOR_ALL
{
k:i<<l;

complex Sl I : complex(*(Twave2+(k-l)),'r(Twave2+k))/
complex(*(Twavel+(k-1)), x(Twave l+k));

':'(Phas_Mat +i) = yfr'arg(St t¡x1 80.0/M_PI;
*(RefCo+i) :norm(Sl1)*YF;

\
setcolor(EGA_BLUE);
setlinestyle(DOTTED_LINE, 1 ,I );
for(i=1; ict0; i++) line(X14+i*(int(float(X24-X14y10.0)),Y14,X14+i*(int(float(X24-Xt4)t10.0)),Y24);
for(i=1; i<8 ; i++) line(X14,Y14+i"(int(float(Y2+Y14)18.0)),X24, y14a¡x(inr(float(Yz+Yt4)/S.0)));
setli ne style(DOTTED_LINE,I,2);
setcolor(LIGHTMAGENTA);
line(X I 4,Y 1 4+2x(int(fl oat(Yz4-Y | 4)l 8.0)), XZ4, Y I 4+2+(in(fl oat(yT+y | 4)/8.0)));
line(X14,Y14+6"(int(floa(YZ4-Y l4)18.0)), XZ4, y14-16't(inr(fl oat(yZ+y t4)/8.0)));
setlinestyle(SOllD LINE, 1,2);
setcolor(EGA_GREEN);
FOR_NUM line(X14+int(XF*floa(i-1)), (Yl4+2*(in(floa(y24-y14y8.0)))-'¡(RefCo+i),

X I 4+in(XFxfloat(i)), (Yl 4+2*(inr(float(Y24-yl 4y8.0)))-*(RefCo+i+1 ));
setcolor'(EGA_BROWN) ;

FOR-NUM line(X14+int(XF*floar(i-1)), (Yl4+6*(int(float(y24-y14y8.0))-'k(phas_Mat+i),
Xl4+in(XFxfloat(i)) , (Y14+6*(int(f1oat(yL|yl4)/8.0)))-*(phas_Mat+i+1));



setlinestyle(SOLID_LINE, I ,l );
setcolor(EGA_GREEN);
setlinestyle(SOLID_LINE, 1,3);
rectangle(X I 4, Y 14, X24, Y24);
li ne(X i 4,Y I 4+ (Y 24-Y | 4) I 2, X24, Y | 4+ (Y 2+Y I 4) I Z) ;
settextstyle(1, HORIZ_DIR, i );
outtextxy(x I 4-20,Y |4+24,"+1");
outtextxy(X 1 4-10,Y |4+49,"0");
outtextxy(X 1 4-20,Y | 4+7 2," -1");
orf ttextxy(X I 4-|0,Y24-51,"0");
outtextxy(X24+ I 0,Y I 4+91,FHL);
setcolor(EGA_BLUE);
outtextxy(Xl 4-10,Y24+l0,"Figule 4. S I I vs Fr.equency");
setcolor(EGA_GREEN);
settextstyle(1, VERT_DIR, l);
outtextxy(X I 4-20,Y24- | 83,"Magn itude,');
outtextxy(X | 4-20,Y24-63,"Phase");
)
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PROG-4.CPP

This plogram first corrccts the S11(f) data, computed by PROG-3.CPP, for unwanted reflection. It then
calctllates the complex relative permittivities from the colrected Sil(f) data, by solving the Sil(f) equation, by
using the NEWTON-RAPHSON METHOD OF ITERATION.

Tilahun M. Worku

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <complex.h>
#include <graphics.h>
#inclucle <conio.h>
#inchrcle <math.l>
#include <iostleam.h>
#include <time.h>
#include <complex.h>

#define PER_FREE_SPACE 8.854e- l2

#define NUM 100

#define NN 1024

#define CL 3e+8
#define ACCURACY 1e-10
#define FOR_ALL for(i:l; i<:NN; i++)

double ':'Freq, '3S I 1¡_Mat,
t'ePsilonr,'i'epsiloni,

'¡Sl li_Mat, *Si ln_Mat, 'rRC, XF, YF, REAL, IMAG,
DataTI, DeltaF, 'r'Sl lLRs, xS1li_Rs, *Sl ln_Rs;

void Memory_AllocatorQ;
void Read_Rs_DataQ;
void Read_S 1 1_Mat_Data0;
void Calculate_Epsilon_B y_Iteration0 ;

void Conect_S I I_Mat_For_Unwanted_Reflction0;
void Calculate_Data_Time_Interval_And_Frcquency_Values0;
void Complex_Newton_Rapson(double Epsilonr, double Epsiloni, double f, int P);

main0
{
clrscr0;
Memory_AllocatorQ;
Read_Rs_DataQ;
Read_S I l_Mat_DataO;
Calcu I ate_Data_Time_Interv al_And_Frequ ency_Value s( ) ;

Conect_S I I _Mat_FoLUnwanrerl_Refl ctionO;
Calcu I ate_Epsilon_B y_I teration0 ;

rcturn 0;



)

void Memory_AllocatorQ
ì.

Freq =(double':')malloc(NN{,sizeof(double));
Silr_Rs : (double r,)malloc(NN'rsizeof(double));

Sl li_Rs = (double i.)malloc(NNxsizeof(double));

Si 1n_Rs : (double *)maltoc(NN'rsizeof(double));

Sl lr_Mat : (double *)malloc(NN'rsizeof(double));

Sl li_Mat : (double ì,)malloc(NN'¡sizeof(ctouble));

S I in_Mat : (double u.)malloc(NN':,sizeof(double));

epsilonr : (double'¡)malloc(NN'¡sizeof(doLrble));
epsiloni = (double':')malloc(NNt.sizeof(double));

)

void Read_Rs_Data0

i
legistel int i;

chal Cl I ll, C2fl ll;
FILE':,fpl,

fpl : fopen("RSVe.DAT", "r");
FOR-ALL
{
fiead(Cl, sizeof(Cl ), i, fpl);
fread(C2, sizeof(C2), l, fpl);
':'(S I I t-Rs+i) : atof(Cl);
t'(S I I i_Rs+i) : atof(C2);
c1ilrl:'\0';
c2il rl : '\0';

t
fclose(fp I );
\

void Read_S I l_Mat_DataQ

{
register int i;

char C0[i 1], Cl[1 1], C2[ l];
FILE *fpl;

fpl : fopen("RCF.DAT", "r");
FOR_ALL
{
fread(Cl, sizeof(Cl), l, fpl);
fread(C2, sizeof(C2), l, fpl);
"(S I l1Mat+i) = atof(Cl);
"(S1 li_Mat+i) : atof(C2);
x (S I I n_Mat+i) = norm(complex(atof(C I ),atof(C2)));

)
)



void Conect_S I 1_Mat_For_Unwanted_Reflction0
¿

rcgistel int i;

FOR-ALL
{

double w;
complex J = complex(O.0, 1.0);
w = 2.0l,M_pl*(,:(Fr.eq+i))r.lsa!. ll w
complex U = J{'w/CLi ll Jwlc
complex c0 = -2.O;i'U:lL' ll -zxL
complex cl : exp(cO); ll e^(-2rL)
complex c2 : complex(':(S I I r_Rs+i),*(S 1 li_Rs+i)); // Rs
cornplex c3 : complex(l'(S I lr'_Mat+i),"(S I I i_Mat+i)); // Rm
cornplex c4 = c2'tc3; // RsRm
corrrplex c5 : c4'rcl; ll RsRme^(-2tL)
cornplex c6 : c3':'cl; tt Rme^(-2tl)
complex c] : c6-c5; // Rme^(-2rL)-RsRme^(-2tL)
complex c8 : 1.0-c5; // l-RsRme^(-2tl)
compfex c9 : c'l/c8;
*(S I I r'_Mat+i) : real(c9);
{'(SI li-Mat+i) : imag(c9);
r'(SI in-Mat+i) : norm(cg);

)
i
vo id Calcu I ate_Data_Time_Interval_And_Frequency_Values0
{
register int i, j, k;

chal C, Buffer[6], Tempo2[5], c[9];
FILE *fp1;

clrscr0;
Buffer[6] : '\0';
fpI = fopen("wavel.Dat", "r");
for(;;)
{

C : fgetc(fpi);
if(C := 'X')
{

Buffer[O] : C;
C: fgetc(þl);
if(c :: ,I')

{
Buffer[l] : C;
C = fgerc(fpl);
if(C == 'N')
{

Buffer[2] = ç;
C = fgetc(fpt);
if(c == 'c')



Buffer[3] : C;
C = fgetc(fpl);
if(c =:'R');
¿

Buffer[4] : C;
break;

I

\t
c[9] = '\0';
C = fgetc(fpl);
fleacl(c, sizeof(c), t, fpl);
DataTI = atof(c);
DeltaF : 1.0/(NN'¡DataTI);
fclose(fp I );
FOR_ALL
{

if(i<:((NN/2)+ I ))
'r'(R'eq+i) : (i- 1¡':'p"tt^F'' le-9,

else

':'(Freq+i) = (i- l -NN)"þeltaF':' l e-9;

)
)

void Calculate_Epsilon_By_Itelarion0
{
rcgistel int i;

r'(epsiloru+1 ) : epsilon_s;
':'(epsiloni+1) : Q.6;

for(i:2; i<=NUM+1; i++)

if(i== 1 )
Complex_Newton_Rapson(epsilon_s, 0.0, ('i(Freq+i)), i);

else

Complex_Newton_Rapson(x(epsiloru.+i- 1),*(epsiloni+i- I ),('r(Freq+i)), i);
'r(ePsilonr+i) : REAL;
*(ePsiloni+i): IMAG;

)
\t

void complex-Newton-Rapson(double Epsilonr, double Epsiloni, clouble I int i)
{

double R;
char C;

complex epsilon : complex(Epsilonr, Epsiloni);
complex Sl lMat : complex(*(Sl lr_Mat+i), *(S1 li_Mat+i));



for(;;)

{
if(kbhiro !: 0)
f

C = gerchQ;

if(C::'x') bleak;
I

R : -20.0r'M_PIi'fxL/3.0; // R :2nft /c
complex cl : sqlt(epsilon); ll cI = ",le
complex c2 : complex(0.O, R); ll c2 = lR
complex c3 : cl':'c2; // c3 = iRle
complex c4 :2.0'?c3; l/c4 = 2iRVe
cornplex c5 : 4.0':c3; llc5 = 4iRr/e
complex c6 : exp(c4); tt c6 = e"(2iRJe)
complex c7 : exp(cj); ll c7 = e"(4iRy'e)
complex c8 : z¿'cl; tt cB = zle
conrplex c9 = (1.0-c8)/(1.0+c8); tl c9 : (l-2l|Ðt(+z.le)
complex cl0 : c6t'c9; tl cl} : ((t-zt!)t(+z/e))e"(2iRr/e)
complex 511ç= (c6+c9)/(t.0+ct0)/ sl lc: (e"(2iRVe)+(l-zr/e)/(l+zrle))/(l+((t -z!e)/(l+zlù)e^(2iRle))
complex Sll : SIlc - Sl lMat;

// Sl I : (e"(2iRr/e)+( I-zl)te+zlg ) /(l+(( l-ztle/(+z.,le))
e^(2iRVe) )- Sl lMat

complex cll : c5'rc6; ll cll :4iRle*e"(2iRle)
complex c12: z's(-1.0+c7+cll); ll ct2:7,:.(-I+¿^(ZiRle)+4iRle{.e^(2iRVe))
complex cl3: c6'.c8; ll cl3: zVe':,e"(2iRVe)
cornplex cl4: (-1.0-c6-c8+cl3); ll c14: (-l-e^(2iRr/e)-nle+z.,le':.e^(2iRJe))
complex cl5 : cI4't'c14; ll cl5 = (-l-e"(2iRr/e)-zle+2,,1e,,,e"(2iRle))"2
complex c16 : cl5':'c1; ll cl6 : Ve':,(-l-e^(2iRr/e)-z.,le+z^le*e"(2iRVe))^2
compìex DSllDeps : c12lcl6;
complex epsr : epsilon - (Sll/DSl lDeps);
if((fabs(nolm(epsr')-nor.m(epsilon)) ) < ACCURA Cy &.&.

fabs(alg(epsilon)-arg(epsr.))':. 180.O/M_pt < ACCURACy)
{

cou t<< i<<' \t"<<-imag(epsr)<<' \n";
fprintf(þ l,"7o9f\r",-imag(epsr));
i1((iok24) := 0) getch0;
REAL: real(epsr);
IMAG : imag(epsr);
break;

Ì
álse epsilon = epsr;
\I



PROG-5.CPP

This plogram calculates colrection factores for unwanted reflection by using the Giese and Tiemann
(1975) cortection procedure. The corection factores computed by this plogram are saved in a file
called RSV.DAT and at'e ttsed inPROG-4.CPPtocolrectthemeasureclsll(Ðvaluesforunwatecl
reflections.

Tilahun M. Worku

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <cornplex.h>
#include <graphics.h>
#include <conio.h>
#include <math.h>
#include <iostl'eam.h>
#include <time.h>
#include <complex.h>

#define NUM 75

#define NN 1024

#define PER_FREE_SPACE 8.854e-12

#define Xl l 195

#define Yl I l0
#define X21 445
#define Y21 210
#define FOR_ALL for'(i:l; i<:NN; i++)

#define CL 3e+8

double far'*Freq, fat *Sll¡Mat, fal xSlli_Mat, far *S1ln_Mat, far.'rS1lr_Ref,
far *S1li_Refl far *Slln_Ref, DataTI, DeltaF, far.xS1l1Rs, far *Sl1i_Rs,
far 1'S 1 ln_Rs;

double epsilon_s = 24.4, z : 0.332, epsilon_inf = 4.8, f_relax : 1.14,
Bera:0.0, L:0.041, R, bl : 1.0 - Beta, Sigma_dc = 0.0;

void Memory_AllocatorQ;
void Calculate_Data_Time_lnterval_And_Frequency_Values0;
void Read_Sl i_Data0;
void Calculate_S11_olRef_marerial0;
void Calculate_Correction_For_Unwanted_Reflction$;



maino
{
rcgister int i;

clrscr'0;
MemoLy_Allocator0;
Calcu late_Data_Ti me_lnterval_A nct_Fr.equency_Values0;
Read_S I l_DataO;
Calculate_S I I _of_Ref_mateli al0;
Calcu late_Cou'ection_For'_Unrvanted_Reflction0 ;

return 0;

)

void Memoly_A llocatoL0

{
Freq = (double':')malloc(NN*sizeof(double));
Sl lr_Rs : (doLrble'.)maltoc(NN':,sizeof(double));
Sl li_Rs : (ctouble'¡)malloc(NN'r.sizeof(double));
Sl In_Rs : (double'¡)malloc(NN':.sizeof(double));
S I lr_Mat : (double'¡)malloc(NN':,sizeof(clouble));
Sl li_Mat = (double *)malloc(NN':,sizeof(double));

S l l n_Mat : (doLrble '.)malloc(NN'rsizeof(double));
Sl ir_Ref = (double t,)malloc(NN'rsizeof(clouble));

Si li_Ref : (double'.)malloc(NN'¡sizeof(ctouble));
Sl ln_Ref = (double ")malloc(NN'.sizeof(clouble));\

void Calculate_Data_Time_lnterval_And_Fr.equency_Values0

{
registel int i, j, k;

char C, Buffer[6], Tempo2[15], c[9];
FILE *fp1;

clrscr$;
Buffer[6] = '\0';
fpl = fopen("wavel,Dat", '1.");
for(;;)
\

C = fgerc(fp1);
if(c:= 'x')
{

Buffer[0] = Q;

C : fgetc(fpi);
if(c:= 'I')
t(

BuffeL[1] : C;
C = fgetc(fp1);
if(C =='\')
{

Buffer[2] : Ç;
C = fgetc(fp1);



if(C == 'C')
{

BuffeL[3] = Ç;
C = fgerc(fpl);
if(c:= 'R');
J

Buffer[4] = f'
break;

)
)

)
c[9] = '\0''
C : fgetc(fpl);
fLead(c, sizeof(c), I, fpl);
DatâTI : arof(c);
DeltaF : 1.O/(NN':DataTI);
fclose(fp I );
FOR-ALL
{

if(i<:((NN/2)+ l))
*(R'eq+i) = (i-| )'rþsl1¿F* I e-9;

else

"(FLeq+i) : (i- I -N¡¡+peltaF':' 1e-9;

)
)

void Read_Sl1_DataQ

{
register int i;

char C0[ l], ClI l], C2|Il:

FILEl.fu1;
complex J : complex(O.0, 1.0);
fpl = fopen("RCF.DAT", "1");
FOR-ALL
J\
fiead(Cl, sizeof(C1), l, fpl);
fread(CZ, sizeof(C2), 1, fpl);
complex C3 : complex(atof(Cl), atof(C2));
*(S1 h_Mat+i) : real(C3);
*(Sl 1i-Mat+i) : imag(C3);
*(Si 1n-Mat+i) : norm(C3);

)
)

void Calculate_S I 1_of_Ref_marerial0

{
register int i, j, k;

double fal *Epsilonr', far *Epsiloni;



complex J : complex(O.O, 1.0);

Epsiloru = (double't)malloc(NN*sizeof(double));
Epsiloni : (double {')malloc(NN*sizeof(double));

FOR_ALL
Jì
complex al = J; ll al : j
complex a2 : epsilon_inf; ll a2 : e*
complex â3 : epsilon_s; ll a3 : es

complex n4 : ':'(FreQ+i)t'al; ll a4 : fj
complex a5 : a4f_relax; ll a5 : ljlfrel
complex o6 : porv(a5, bl); ll a6 = (fj/frel)"(l-ß)
complex a7 : 1.0 + a6; ll a7 : I + (fi/flel)^(l-ß)
complex a8 : a3 - a2; ll a8 : (es - e-)
conrplex a9 : a9la'l; ll a9 : (es - e*)/(l + (fjlfLel)^(l-ß))
conrplex al}: a2 + a9; ll al} = €æ + (es - g-)/(l + (iflfrel)"(l-ß))
if(i =: l)
{

conrplex al5 : alO; ll al5: [e* + (es - s-)/(l + (fjlfLel)^(l-ß))]
'r'(EPsilonr'+i) : real(a I 5);
i'(EPsiloni+i) : inag(a l5);

i
else

{
complex al l : al'r'Sigrna_dc; // all : jodc
conrplex a12 : 2.0'I'M_PI't('i(FLeq+i)); l/ al2:2nf
complex al3 = aI2't'PER_FREE_SPACE; l/ al3 = 2nfto
conrplex al4: al l/(al3'rle+9); ll a14: jodclZnfeo
complexal5: alO-al4; ll aI5: [e*+(es-eæ)/(1 +(fjlfiel)"(l-ß))]-ioctc/2nfeo

// THIS rS COLE-COLE EQUATTON
r'(Epsilonr+i) : real(al5);

"(EPsiloni+i) : inag(a 15);
l

)
FOR-ALL
{

R= -20.0r'M_PI*("(Freq+i))*L/3.0; // R = -ZnfI-/c
complex c0 : complex("(Epsilonr'+i),

"(Epsiloni+i)); ll c0 = e
complex cl : sqrt(cO); ll cl = Ve
complex c2 : RxJ; ll c2 =Rj
complex c4 : c2'tcl; 4 .4 = jRVe
complex c5 :2.0*c4; ll c5 = 2iRVe
complex c6 : exp(cS); tl c6 : e"(2jRle)
complex c7 : complex(2,0.0); ll c'7 = z
complex c8 : c7*c1; ll c8 = zle
complex c9 : complex(l.0, 0.0); l/ c9 = 1.0

complex .19 : ((c9 - c8)/(c9 + c8)); ll cl} = (1-2.,1)l(+z.le)
complex cll : c6*cl0; ll cll = e"(2jRle)((1-2l|)/Q+nl))
complex.l2: (c10 + c6)l(c9 + c11); ll clT: (((l-zle)/(t+2.,1Ð) + e"(2jRVe))

i ( I +e"(2jRy'eX( t -zle)/( I +zle)))
*(S 1 lr-Ref+i) = real(c12);
x(SI li-Ref+i) = imag(c12);
x(S1 1n-Ref+i) = norm(cl2);



I

void Calcul ate_Conection_FolUnwanted_Refl ctionQ
¿

register int i;

FILE "fpl;
complex J = complex(0.O, 1.0);
FOR-ALL
{

double R, w;

w :2.0,rM_plt.(,:,(Fr.eq+i))r,le+!, 1w
conrplex U : J'rw/CL; ll Jwlc
contplex c0 : 2.0+U'rL' ll ZtL
complex cl : exp(cO); ll e^(ZrL)
complex c2 : comptex(':,(SI lr_Ref+i),':,(Slii_Ref+i)); // Sl tc
complex c3 = cornplex(r,(Sllr._Mat+i),':.(Sl li_Mat+i)); // Sllnr
conrplex c4 : c3':'cl; ll SIlce"(2tL)
complex c5 : c4-c3; ll Sllce^(2rL) _ SIim
conrplex c6 : c2'i,c3; ll S I lcS I lm
conrplex c8 = c6-c3; // Sl lcSl lm_Sl lm
if(rcal(c8) := 0.0 && imag(c8)::0.0)
{
"(Sllr_Rs+i):1.0;
r'(Slli_Rs+i) :0.0;
':'(Slln_Rs+i):0.0;

)
else
¿

complex c9 = c5lc8; ll ls.]ce^(2rl) - Sl tml / [St lcSltm_Silm]+(Sl 1r-Rs+i) = real(cg);
*(S1 li-Rs+i) = imag(c9);
x(S I I n-Rs+i) : norm(c9);

I

\
fu1 = fopen("RSV.DAT", "w");
FOR-ALL
{

if('r(S11r_Rs+i) < 0)
{

(int('t'(SI lr_Rs+i)) < -g) ? fprintf(þ1,"7og.6f ", ,:.(SI tr_Rs+i)):
fprintf(fp 1,"7ot.t¡ tt, x(S I h_Rs+i));

(int(*(Sllr_Rs+i)) > 9) ? þrintf(þl,"Zon.t¡ r', x(Sllr_Rs+i)):

, 
tprintf(fpl,',Vo9.gf ", *(S I lr_Rs+i));

if(x(Slli_Rs+i) < 0)
{

\
else

{



(in(x(S i li-Rs+i)) < -9) ? fplintf(þ1,"7o8'6f ""¡(S l1i-Rs+i)):
fprintf(þ1,"7o8'7f ", *(S 1 1i-Rs+i));

)
else

{
(int('¡(Slii-Rs+i)) > 9) '? fprintf(fpl,"o/o9'7f "' '¡(Si li-Rs+i)):

fplintf(fpl,"7c9.8f ", x(S I li-Rs+i));

)
)
fplintf(fp 1,"û/cs", " ");
fclose(fp l);
\


