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MEASURCMENTS OF THE 
CHARACTERISTICS OF 
TRANSMISSION LINES 

PA R T  11 
I M P EDA N C E  M EAS U R E M E N T ON 

T E R MI NA T ED L I N E  

e P 0 S S I B L Y T H E S I M P L E S T M E T H 0 D 0£ de L rmining Lhe 
characteristic impedance is to terminate a quarter-wa e e tion of 
line in a variable re i tan e, to m a ure the input resistanc wit h 
the TYPE 916-A Radio-Frequ ncy Bridge , and "to adjust the termi­
nating resistance until the input and terminating re i tan s are 
equal. The value of re i tan ·e at hi h the two are equal j e/­
ac t ly the characteri tic imp dan e, in the id al ca 0£ a lo s-fr 
line terminated in a pure resistance. ttenuation in the lin an<l 
rea tance in the ·termination. 1 nodify the behavior light} , in a<·­
cor ance with the following appro. imat e pre sion : 

Rin = Ro [ 1 - ( 0 ;n T) 2] ( 10) 

in which X0 and T ar the reacti e com.ponen l of the chara ·t ri ti 
imp dance and the L nninating impedance. re. p eti el . For the 

( o+Xr)2 
oncliti n Ro 

< < 1, E quation (10) n1a_\ he wriLL n a 

Ro = R;n [ 1 + � ( o �n r T) 2] ( 11) 

The effe t of 07 on Equation (11) j negligi ble for line ha mg rea on­
ably low-loss in ulation, at frequencie of the order of a mega ye e. 
The effect of Xr7, howe er, ma ea il mak the corr ction tern1 

of (11) become a few per cent. 
The reactive compon nt of a decade resistance box, such as :mi ght 

7 Xo is capacitive in nature but Equation (1 l) i so written t.ha-t the po it.i c 

n umerical value is to be u ed. The sign of T hou1d he posit.i for induct.i e 
reactance in the ter·m·ination and negati c for capa itivc react.an . 
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GENERAL RADIO EXPERIMENTER 2 

u ed for Lhe ariable -Lerminalion, i 
almo t invariabl indu ti in natur , 
at the alu £ r i tan required for 
Lhi t pe of mea ur ment. t i there­
[ r a relati 1 imple matt · o reduce 
th n t rea Lan of the t rminati n to a 
negligible al ue b onn Ling in serj 
a :fi:x l apacitor of appr priate size. 

Exampl e o f  Measu r e m ent 

Th 117-Coo-t length of T PE 774 
able ' a t rminat d in a TYP E  602 

De cad - Re i Lance Bo . he input re -
i an e was mea u.r d o th T PE 

916- Radio-Frequency Bridge at 1.26 
mega ycle , th pre iou l determined 
quarter-wa frequ n . The input and 
L �rmina tin u r i tan w r foun d  to be 

0 

equal for a 71.2 oh1n setting of th dec-
ad b .'. hi alue, Lo a fir t appro"'i-
1nation, corr pond to the character­
i Li impedance of th line. 

h erie rea -tan ( r) of the 
cl ade ho wa m asured dire tl on the 
bridg and fo in to be 10.3 ohm . r0, 
the reacti e ompon nt of Z0, was known 
from previou inea ur m nt to be about 
2.1 oh1n . In erting th alu 1n 
li:quati n (11), the character.i Li r -

tan i 

Ro - 71.2 [1 + (2.1 7:.2
10.3}] 

71.2 [l + 0.0152] 
72.3 oh1n 

'"l'he alue of 0 wrn, of cour , no be 
J-nown unles ind pend nt measure1nent 
ar mad . If it is neglecL cl in Equation 
(11), th indicaLed alu of Ro i 
72.0 ohm . 

A a check on th m Lhod and on th 
alidit of Equation ( 1), a capacitor 

ha ing appro imal 1 10 ohm r a tan e 
w a. onne t d in eri s with RT, to r -
duce to a egligible alue the eff ti 

alu of X T· The input and t mjna L in a 
r isLance were then :£ und Lo b qual 
f r a s tting of 72.2 ohm . Th agr 
ment ' 'th the corrected alue obtain cl 
from the fir t m a  u· m nt i e� cell nt. 

The dir t-r ading a u:ra of th r -
i tan e" dial of the TYPE 916- i 1 0• 

IJ m a ur ment to an accurac beu r 
than 1 ar require , a rr tion fa tor 
for the dial reading mu th d termin d. 

Th orr ction factor may b obtaine 1 
b a u:ring kno vn r i tor , who 

alues lie r asonabl near th unknown 
alue o be mea ured. 

The data given for th tw m a ur -
m nts ju t de cribed were corr ct d b 

he king the bridge again t TYPE 500 
Resi tor , " ho e r i tan e alue are 
known to within a few tenth r cent at 
the frequency of mea urem nt. Th or­
r ti.on a "'rithin the nominal 1 a -

urac and am unt d lo onl a few 
tenths olun .. 

Attenuat i on Measurement f r o m  

Standing-Wav e Rat i o  

The a io of in ut oltage -to utpu 
olt age on an op n-cir uited tran 1ni -

ion line i given b 
Vin 
T7out 

osh al co /3l 

+ j inh al m. {3l 
(12) 

If the length of lin , l, orre pond to an 
odd.multiple of a quart r- a el ngth, w 
ha o {3l = 0, in {3l = ±1 and E iua-

t n (12) r due to 

in 
= ±j inh al (13) 

Vout 
n iclering magnitud onl and a un1-

ing that al is small compared to unit , 

Equati n (13) an in turn be writl n a 

IVin I =al 
Voul 

.opyrighL, 1913, en ral Tiadio ompany, ambridg , fa ·s., U. . . 
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he true condition of quar ter -wa e r 
onance is di:ffi ult to establi h xpen­
:mentally, but with low-lo Jines no 

ignifi ant error is introduced if the con­
dition of maxi:mu:m voltage r· e i u 
in t ad. 

The condition of maximum v ltag 
rise an he determined experimentally 
with a variable :frequency illator, or 

ignal generator, and a vacuum-tub 
olt:meter. Both the inp t and output 
oltages on the line will vary with fre-

JU ncy and the ratio of the two vol tages 
must theoretically be taken at se eral 
frequencies to determine the maximum 

al e. PracticalJy, the correct frequency 
an he located quite accurately by ad­

justing for t1 e 1nini1num value of input 
oltage since the lin input impedan 

ao through a minimum at this fre­
quency. 

Effect of Harmonics 
The experimental difficult· with the 

voltmeter method lies in the pos ible 
rio s erro ·s that may be en o-..mtered 

from harmonic di t rtion in th voltage 
our e. Thi type of error depends on the 

i.m.p dan of the ource, a well a on 
the harmonic con nt of the voltage . t 
the fr quency corresponding to quarter­
wave resonance , the cable input im­
p dance is e tre ly lo o that V0 at 

, thi fr quen is small. At the econd 
harmon.i frequency, however, th input 
imp dance i high , as the line is in ap­
pr ate half-wa e ·e onan at the 
cl uble fr qu nc . Con equ ntly, the ap­
plied fundamental voltage i lower tha 
on op n-cir uit while the econd­
har onic ol age i about th ame as on 
open-circuit. The lowered fundamental 

oltage i stepped up to the cable output 
by the r sonan.t ri e in the line and the 

cond-harmonic oltage at the Jine out-

DECEMBER, 1943 
. 

put I e entially qual to the ond ­
har o i oltage at the line input. 
Und r th e ir umstances th harmonic 
content of the input and output olt­
ag will iffer and the ob er ed voltag 
·at"o ma be seriously in error.8 he 

magni tude of the n·or i tr duced d -
pend upon the ratio of th g n rato · ·m­
pedan e to the chara teristic imp dan 
of the line, and upon the typ of re-

pon of the oltm ter, that i , peal 
reading , r-m- , or a erage . 

Difficulties from harmonic distortion 
can, of cour e, be avoided y the use o a 
tun d oltmet r. ·adio recei er ma 
al o be u ed, if mean are availabl for 
calibra ting it sensitivity . 

Effect of Voltmeter Loading 
Th finite input re istanc of th 

a uum-tube v ltm ter may, of cour 
r du e th reso ant r· e, and th inpu t 

apacitanc may hift the fr q en y of 
quarter-wave resonance. Th latter ef­

t "s negligible at low fr quen ie . ' r 
xampl , the input capacitan e of th 

TYPE 726- acuum- ube Voltmeter is 
approximately 6 µµf, while the total 
capacitan e of a q ar ter-' a e ctio o 
line at one m ga cl ma b se eral 
thousand micromicrofarads. 

The effe t of ·the r i tive 1 ad ing of 
th Jin b the l tm ter depe ds upon 
the ratio of the voltm ter resi tanc to 
the output resistance a·t the open end of 
the lin . . t a frequ nc of on m gac l 
th input r i tan of t e r �PE 726-

a uum-Tube ohm ter i gr ater than 
on m gohm. Tl(e o tput re i tan e o a 
t pi al r e in'" quarter-wav re nan 
a·t th i fr q n y will be ver mu h e 

8An perimental ob er ation with a 1500-
ohm creneratm: fe ding a 75-ohm cab] i lded 

. . Tl"out 
f 4 h h a resonance rise ratio Jl"in o , w . er as t . 

kno� n orrect value was 20. 
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G E N E R A L  RADI O E XP E RI M E N T ER 4 

than one megohm, and Lbe oltmeter 
Joading can be n glected. 

Examples o f  Measurem ent 

Th r onant ri e in ·the quart r­
wa elength of T PE 774- Cable wa 
m asured, using a E 805- Standard­
Signal Generator a Lhe voltage our e, 
and a TYPE 726- acuum-Tu e Volt­
m ter as the oltage indicator. The min -
imum. ratio of Vin to Vout wa found to be 
0.0464 and occurred at a frequency of 
1.26 m gacy I . The indi ated value of 
al is almost 20% lower than that ob­
Lained from. th quarter-wa e input­
r i tance m a urem nt pr viously de-

crib d. part of this di crepan y w a 
tra to the effects of temperature on 
the attenuation con tant (the oltage­
ri mea ur m nt ' as made at an am­
bient 1.emperature nearly 20° 1 • lo er 
tha the input-re i Lance m a urement) 
and the re ti a urned to be due to th 
efC cts of harmonics on the voltage-rise 
measurement. 

Velocity o f  Propagati on 

Th imaginar component ({3) of the 

omplex propagation constant is fre­
quent! p 'fi d in erms of v, the ve-

locity of pha e propagation. The rela­
ti n hip i gi en b 

w 
(3 = - - A v 

(15) 

The elocit of propagation an b 
d duced from ob ervations on th r 
onant lengths o_f the line, u ing the fol­
lowing relation hip . The ratio of th 
velocity on the line (vz) to the free-space 

elocity (vs) is equal to the corr pond­
ing ratio of wa elengths (Ai and As), at 
an given frequenc . 

vi Az (16) 

Bu As, th .fr e- pa a elength, an b 
e pressed in term of fr quenc a 

300 As =  J 
(17) 

wher J i in m gacycle and f-s in 
meters. 

From (17) and (16) we ma write th 
ratio9 of velocit on the line to velo it r 

in pa a 

Xzf 
300 (J 8) 

In Equation (18) Xz is t.he ' a 
length in meter on the line at a fr -

quency f megacycle . 
9v is usually specified ae a percentage or fraction of free 

space velocity, rather than an absolute value. 
FIGURE 3. Plot of the ariation with temperature of the observed ratio of input volt­
age t.o output oltage on the open -circuited section of a line in quarter-wave resonance . 
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in· it will u ually be more n-
nient to et rmi th quart r-

wav 1 ng th (or me dd multipl 
Lb r of) rath r than th fu 11 "' a elen gth 
)q, Jet u r write ( 8) a 

l'l l 
- = - j (19) 
V8 300n 

where Z i th length in met rs, f the 
frequen y in m gacycle , and n th ratio 
of line length to wavelength. For the 
q art r-wave line, we ha e 

or if I is in fe t 

Vl 
= 

if 
8 75 

1f 
246 

(20) 

(21) 

The ondition of quart r-wa e re -
onance r quired for 1:he abo e quation 
may b determined by b ·idg mea ur -

t or from voltag -ri e ob ervations. 
( reaction meth d · frequent! r com­
m n for indicating re onan e, but 
ha th di ad antage that mo t commer-

· iall y a ailable o illator or ignal gen­
erator have a buffer amplifi r etw n 

c · la tor and ou tput, o that n rea t ion 
on o cilJator plate r grid curr nt can 
be obtain.ed.) 

C h aract eri s tic Impedance fro m  

R e s o nant Frequency and 

Capaci tance 

Th velocity i related to the indu -
tance and c apa itance (L and ) per 
unit 1 ngth £ lin b th appro. tma 
expr s ion 

1 
(:...2) v= 

VLC 
which can b " ritt n a 

1 
v= --

CZo 
(22a) 
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rom Equation (22a) the ·hara �t r­
i ti impedan can b determin if the 

ity of propagation and the capaci­
tan per unit 1 ngth ar kn ' n. The 
capa itan an b m a ured dir ctl on 
the T PE 821- m- I m pedanc .. 
M a uring ircuit, pro id d a u:ffi­
ci ntl hort length is u d o that r 
onanc f£ t are in igni:fi ant. The 
len gth u ed hould not eed about 1/10 
of a quarter-wa elength , if a urate re-

ult ar d ir d. ( t a  lin angl of 10° , 
th eff ti e input apacitan e dif£ r by 
1 from the s·tatic value.) 

The hara t ri ti impedance an b 
ed dire tl in t rm f the fre -

qu n of quart r-wa e re onan and 
t tal line apa itance a 

1 
Zo = - (:..3) 

4Cof 

Example o f  Mea s ur e ment s 

Th capacitanc o approximat Jy ix 
:£ t of the TYPE 77 4- able wa m a -
ured at 1.26 Mc (th pr viou ly de­
t r mined quarter-wa e r onan t fre-

u n y f r the 117-foot ] ngth) and 
found to be 13 .0 µµf. 1000 le the 
capa itance wa mea ure a 143.4. µµf. 
Th total apa itance of the 117-f ot 
I ngth at 1000 y 1 a 2954 µµf. on -

equentl , th total ca a i tan of 17 
:£ t at 1.26 Mc can be comput d a 

134.0 
0 = 2954, x 43. = 2760 µµf 

In erting th 
ha 

alu in E ation (23) 

106 
Zo = 4 X. 1.26 X 27 0 - =7=L=9=o=l=m= 

Summar y  

In the table followix g ar ummanz d 
th r ult obtained by th anou 
method of m a ur m nt d ribed. 
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'I BLE l 

Method In trunient 

Open- and hort-circui l imp dan e T Impcdance-
ircuit 73.0 -j2. L ohm 

Open- and h rt-circuit imp TYPE 916-A Radio-Ft·cqucn 
Bridge 72.3 -j2.l ohm 

Hesista nee-Termination TYPE 916- Radio-Frnquenc 
Bridge 

72 .3 ohms (con ct d 
for reactance of ter­
minating resistanc ) 

Resistance-Termination with ca­
pacitor in eries with t rminat­
ing re i tan e 

TYPE 916-
Bridg 

Radio-Frequ ncy 
72.2 hrn 

and Resonant Fre- TYPE 821- T' in-T Irnpedauce­
Mea uring Cit·cuit, Tn • 716-A 
Capacitance Bridge, T PE 
805- tandard-Signal ener­
at r, TYPE 726-A Vacuum­
Tu uc Voltrneter 

71.9 ohm 

It hould he noted that in all "the 
1nethod de crib d for the detennination 
of characteristic im.p ance, with the e -

eption of the re istan e-termination 
method, the frequency of mea urem nt 

nters irect]y into the cal ulation . IC 
t.he 1naximUlll accura y of the mea ur­
ing in truments i to he realized, t.he 
frequency mu t accordingly he nown 
a urately, pre:£ rably to wiLhin 0.1 

The measurements de crib d in thi 
ar ticle were made using o cillators and 

ignal generator who e tandard a cu­
racy of fr quenc calibration i ±1 
More accurate frequen mea urements 
were not mad a it wa de ired to d -
term.in the con i t n y of r ult tha t  
would h oh ained with Landard labo ­

ratory equipment. The re ult obtained 

by th .f ur dif£ r nt m bod of rn a -
uremen t are eeD: to agree wi Lh a pr ad 

£le than 2 0• 

U n i f orm i t y  

I C  the tran mi ion lin i not uni.form 
in it characteri tic or ha di ontinu-
1t1 in n "lructi n, the ohserv d alue 
of Z0 ma depend upon h dire tion of 
propagation. For the parti ular ct.ion 
of able on whi h ob er ation ' er 
made, a differen of 1.2 ohm wa 
noted, hen the m a urement wa mad 
b th open- and horL- ir uit im­
pedan e th d. B the re jstance 
termination 1nethod, th ame value " a 
obtained for eith r dire tion of prop­
agation. 

- I  

. , 

G. E TOT 

This is the second of a series of two articles by Mr. Easton 

dealing with transmission line measurements. The first 

appeared in the November issue of the EXPERIMENTER. 
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SERVICE AND MAINTENANCE NOTES 

e LIST ED BEL 0 W ar the Gen ral Radio in trument :for which Service and 

Maintenance Notes ar now available. If ou have recently acquired a n  of the e 

in trument , and ervice note are not in your fil , wri e for a opy today. When 

reque ting service notes, plea e gi e type number and erial numb r fin trumen t 
and appro imate date of pur ·ha ll rr pondenc regardin g r i e and 

iVl a in teua n c Notes . hould ] addr s <l to our S r ice :DepartmenL. 

25-A 
25- B 

516-C 

544-B 

544-P3 

561-D 

605-A,-B 

608-A 
614-C 

616-0 

617-C 

620-A 

25-\ 
31- -B 

636-

648-A 

650-

667-

684-

690-C 
691-C 

69�-B 
693-B 
69 -C 
698-A 

700-A 

707-A 

713-
713-B 

Broadca ·t Fref1uen Monitor 
Broadcast Frequency l\1oni tor 
Radio-Frequ n · Bridge 
M.egohm Bridge 

-C Power Supply 

Vacuum-'l'ube Bridge 
t< ndard-Signal G nera or 

OsciUator 
Selecti e _ mpF fier 
H terod ne Frequenc l\1 et r 
Interpolation 0 cilla or 

Ireterod ne Ft·equenc Meter an<l 
alihrator. 

Bridge 
trobotac 

a nalyz r 
ti·ob ·1ux. 

Imp dance B1·i<lgc 
J nductance Bri<lg:c 
Modulated Os ilia Lor 
Piezo-Electric Oscillator 
Tcm.pcrature-Control Box 
l\.l u lti vi brat. r. 
S ncronom ·t�•-

ontrol Panel 

Duple M uhi ibrator 
'�"idc-H.ano- B rat-Fr q 1 n ·y 

illator 

Cathode-Ra u I Detector 
B at-Frequen cillator 
Beat- requency 0 illat r 

714-L 

7 15-

716-
716-B 

723-A,-B,-C,-D 

726-A 

727-A 
729-A 
731-A 
731-H 

732-

732-B 

733-A 

736-A 

740-B 
740-BG 
757-
759- -

759-B 

760- -

76 L- _ 

769-A 

775-
804-A 
804-H 
805-
821 -A. 

834-B 

913-

Amplifier 

Direct-Cunent mplificr 
Capa ita:nce B ridge 

Capacitance Bridge 
Vacuum-Tul Fork 

Va umn-'lube Voltmeter'-' 
Va uurn-Tul e Voltm t r 
Megohnunet r 
N[odulation 'lonitor 

Modulation [onit r 

Distortion a nd 01 M t i· 

Distortion and 01. Me r 

OsciUato1· 
-..; ave na l y zct· 

apacitancc T t Hriugc 

apa itan e T t Bridg 
U-II-F 0 ciJlator 

ound-L IM tcr 
Sound-Lev 1 M tcr 

Sound A nalyz r 

Vibration Meter 

Squar -Wa Gen rator 
Freq u nc -Limit M onit.01-

-H-F Signal G nerator 
I-I -F ignal nerator 

tandard- ignal nerator 
'] win-T Imp <lane -M ·as-

uriug Circuit 
' le tronic requen y Meter 
Beat-Frequenc Oscillator 
Varia (all t pe ) 
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A SE COND S T AR FOR OUR "E" BAN NE R  

The accompa nying 1 tter from the a y's Board of Production wards speak 

for it eH. eedle to sa , we at Genera] Radio are proud that our ffort ha won 
a second r new al of the ¢¢E." To all in other o ganization who e o-operation ha 

helped u to keep up our production record' expre s our 1n re appreciation. 

OEPAPTMENT OF" TH L: NAY" 
ornccQf" noc ll""Pc.0-..1.cr>cu • 

9 Deet'll!lbe r 1943 

Kr. M•l....-t lle l'A•thAni, Pr••14•nl 

0.naral .ReiUo Co� 
CU!ibrl4e. �••aohu•O!l"tt.• 

0...r .Mr. 11EHtha.m: 

l\ I• • pl•twi:U"'• to Lll.ior1'! 7cru that. the N�ry 
Bo&rd. ror .Product.ton .Ava.rd.a M• Kntta\ed t.h• Oe:ne.Tfll. Rad.lo 
Cosp•f'Q' •'- C-br14'1;• • eeeoml re:aeval. or th• Al"lzO'"-tr_...,.. •:i• 
.Prod:act1ot1 A"'8.J'd. tor -r'l1.orloue •erT'lce• on Ute prod.uclton 
f'ron.t. 

'l'be ••a .azi.d voaen of 70UI" pl.a.nt hAY• coat.lmL<td 
to m&la.!,.a!a the b.t.gh •tand&rde th97 ••t tor th-••l .. •• vben 

t.tu17 vere or1€1DA11Y &"'8.J"d.ed \be A.nq-ft""7 ·�·. 'rh.,. � 
vell be pl"Clud o� lbelr &Cb.1..-em�t. 

"nler• 1• b9lo,g forvtL.rd� to 7ou • o..., pea.a.ant 
w1.\b \WO et.a.re e.TfUed, -blcb ehould 'b<9 r.cet,,ed ln t.he n..a.r 
�t:u.r •• 

Tht'l Md11-loDAL 'lltb.11-e •\.3.T. Mblcb t.he ren.� Bd.d• 
to 7ou_r A.n.w-Nt'ry •.1• tl..,g. I• th• •T=bol or ap.pr•o.L.&tloa. 
rroa ou.r A.riled l'a1"C•• f'or 7ou.r cont.ln:uieid. ILr::ld d•t:•rulnK 41.ff'ort 
a.a" l'\lpport •o a.ae••lLr'J" tor ".otary. 

I.fl� 
C. C. Bl.OOH 

A.lhlral, 051' (Ftet.) 
CbA1nl&LI.. 118"1"'3"' Boa.rd. for PT"04..u.c.1.1on 

A.._• 

T
HE General Radio EXPERIMENTER is mailed without charge each month 

to engineers, scientists, technicians and other intere ted in communi­
cation-frequency mea urement and control problems. When sending r -
que t for sub cription and addre -change notices, please supply the 

following information: naine, company na1ne, company addres , type of 
bu ine s com . .pany i engaged in, and title or po. ition of individual. 

RAD I 0 COMPANY • I GENERAL 
30 STATE STREET CAMBRIDGE 39, MASSACHUSETTS 

BRANCH ENGINEERING OFFICES 

90 WEST STREET, NEW YORK CITY 6 
920 SOUT H MICHIGAN AVENUE, CHICAGO 5, ILLINOIS 

1000 NORTH SEWARD STREET, LOS ANGELES 38, CALIFORNIA 
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