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Measurement of Input-Irnpedance of Helical 

Type Delay Line 
(Received ]une 2， 1965) 

Hiroichi FUJIT A梧

Hiroshi KASHIW A G 1持

Abstract 

The characteristic impedance of traveIing wave tube is charεcterized by 

the ratio of the square of the electric field to the power. But in this paper， 
the input impedance of helix defined as the ratio of the voltage to the current 

is considered and measured. This impedance plays a major role in the matching 

of helical type delay lines. The input impedance of heIix has been analyzed in 

our previous paper. But the measurements for it， are not so easy that the ex-
perimental researches are very rare， because of their poor reproducibi1ity and 
large errors. The mean diameter of the helix used in the measurement is 4.0mm， 
and values of the ratio of the conductor diameter to the pitch are between 2 to 

5. Frequencies for the measurement are in the 4000 Mc band， and the measuring 
apparatus are a11 of the coaxial type. In order to prevent the axial component 

of the electric field of the heIix from being disturbed， the diameter of the outer 
cylindrical conductor is chosen to be more than three times as large as that of 

the helix. The input impedance of the heIix is much larger than the impedance 

of a coaxial type standing wave detector. Accordingly it is possible to make the' 

standing wave ratio smaller by using an impedance transformer. The results 

of experiments show that the real part of the input impedance ~ decreases with. 

increased frequency， and its imaginary part has the same characteristics as those 
of the real part but are negative in value. The polarity of the imaginary part 

obtained by experiments coincides with that theoretically obtained through equi-

valent analysis for the distribution line， whi1e in its frequency characteristics no. 

coincidence is observed between the two. The tendency of the experimental 

values coincides with that of the theoretical ones. Experiments show that the 

measurement has a good reproducibi1ity of its results， the maximum error for 
the real part being within 15 percent. This data is useful in designing the junc-

tion between a waveguide and a traveling wave tube， which wil1 be diEcussed in 

the next report. 

骨藤田広一，助教授 AssociateProfessor， Faculty of Engineering， Keio Univer-

sity， Koganei-shi， Tokyo， ]apan. 
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26 Hiroichi FUJITA and Hiroshi KASHIWAGI 

I. Introduction 

Two physically significant parameters of the traveling wave tube are the power 
flow in the circuit and the electric field associated with it which acts on the elec
tron stream. The ratio of the square of the electric field to the power can be 
evaluated by physical measurement even when it cannot be calculated. These pa
rameters are used by C. Cuttler and J. R. Piece.O In this paper, however, the 
input-impedance of the helices are evaluated by experiments, and then compared 
with the result of our theoretical analysis of the delay circuits. 2) 

The definition for the input impedance of the helix is the ratio of the voltage 
to the current at the input terminal. Using this 
definition, the equivalent circuit is composed 
easily, when the helix is connected to the other 
circuits, for instance, coaxial line, wave guide 
etc.. The difficulties of analysis of the helix 

end is caused by the unsymmetric distribution 
of the mutual inductances and capacitances. 

In Fig. 1, it is assumed that the voltage and 
the current on the helix are v (x), i ~x) at the 
point x, v (~), i (~) at the point ~ and affects 
each other between two points by mutual in-

:Fig. 1. Voltage and current distri- ductance and capacitance. Then referring to 
bution on the helix. Fig. 1, one can accordingly write the equations 

ao 

- ava~) = J L(x-~) i!i~-lld~, (1) 

0 

(2) 

where L(x-~) is the mutual inductance between point x and point ~. K(x-~) 

is the capacitance between x and point ~. C(x) is the self capacitance at point x, 
v (x), i (x) are voltage and current at point x, 

v(~), i(~) are voltage and current at point ~· 

1) J. R. Pierce; Traveling .. Wave Tubes, D. Van. Nostrand Co., Inc., New York 

N.Y.; 1950. 
2) H. Fujita, H. Kashiwagi; Theoretical Study of the Electromagnetic Wave 

Propagation and Termination Concerning the Helical Type Delay Line, Proc. 
of the Fujihara Memorial Faculty of Erg., Keio Univ. Tokyo, JAPAN 

Vol. 15, No. 56, 1962, pp. 1--11. 

(2) 
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Now, it is assumed that the voltage and current varies sinusoidally efOJt. The dis-· 
tributions of the mutual inductance L(x-e) and the capacitance K(x-e) are as 

follows: 

L(x-e) =Loe-alx-~1' 

K(x-e) =Koe-blx-~1. 

The distribution of self capacitance is given by 

C(x) =Co+D(x) , 

whare, 

The following result is obtained by substituting these assumptions into funda
mental equations and by Laplace transformation, 

zi11=lim v(x)/i(x)=v'r;-w2e -Jwe, 
Z-+0 

(3) 

where, 

For comparing the experimental results with the theoretical values, the input 
impedance of the helices are measured by using a coaxial type standing wave 
detector. In this case, the load impedance ZL is given by 

. 2n 
p-j tany • Xmax 

ZL = g • Zo, 

1 
. 2n 

-jp tany • Xmax 
g 

(4) 

where z0 is the characteristic impedance of the measuring system, p is the voltage 
standing wave ratio, Xmax is the length from the load to the maximum point of 
the voltage standing waves, and A0 is the guide wavelength. 

Measurable values in Eq. (4) are p, Xmax and Aq. Comparing characteristic im-· 
pedance to input impedance Zin, when the difference between two is extremely· 
large, p takes inaccurate values. Usually, the double minimum method is used 
for high VSWR but in this experiment, an impedance transformer is used, for rea

son of its simplicity and accuracy. The impedance transformer is designed to have 
a standing wave ratio from 1.5 to 5.0. 

II. Design of the impedance transformer 

When designing an impedance transformer between two lines with different 
impedances, generally 1/4· A length line is used, where the line is terminated by 
the load zb=r+jx. If a length from the generator to the reference plane is l, 

the input impedance is given by 

(3) 
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z=Ro(zL+Ro tanh rl) 
Ro+ZL tanh rl ' 

(5) 

where r is the propagation constant. If it is a lossless line, the propagation con

stant r is equal to jjj. Then Eq (5) is as follows: 

z = R[r/R0 { cot 2 (-%- ~) + 1} + j[x! R0 • { cot 2 (-%-. -4;-) -1} 
{cot(; . At) -x/Rof + (r/Ro) 2 

(/ 

+{1-(xjR,)'-(r/R,)'} cot--;-*]]' 
(6) 

where the wavelength of the center frequency and the wavelengths of the optional 

frequencies are Auo and A" respectively. The length of the transformer is l = 1/4 · Auo. 

than (31 = ]0_ _3_EJ_ = _rc__ • ~ 
Ag 4 2 A" 

(7) 

For the particular case, in which the load has no reactive component and when 

the frequency is equal to the center frequency, x=O, cot(-;-· ~A":) =0. 

Substituting them into Eq. (6), the following relation is obtained 

z=R0
2/r (8) 

When the load is pure resistance, the impedance transformer which has a char

acteristic impedance R 0 and length of 1/4· Ag placed between z and r. The effi
ciency of the transmission should be maximum. 3> On the other hand, if the load 
has the imaginary part and the frequencies are varied, z is very complicated, but 
the difficulty to calculate such impedance is overcome by use of the Smith Chart. 

This will be explained later. 
Design plan is as follows : 
1) The complete system has the same diameter for the outer cylinder, 19.2 mm, 

and transformation of the impedance depends only on the diameter of the inner 

cylinder. 
2) The center frequency is 4,000 Me. The real part of the input impedance of 

the helix is 500 !1 theoretically. It is extremely larger than the imaginary part. 
Therefore it is considered that the value of imaginary part is negligible. 

3) The diameter of inner conductors are defined by 

138 
Zo=....; 

8
-log 10 bja, (9) 

-where a and b are the diameters of the inner and outer conductors respectively, 

3) H. Nukiyama; Electromagnetism, Maruzen Co., Inc., Tokyo, JAPAN, 1962. 

(4) 
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and s is the dielectric constant of the medium. From Eq. (9), b/ a=13.99 is 

-obtained, then the diameter of the inner conductor in the transformer is a= 1.37 mm 

.and its length is Ago / 4=18.8 mm. 

III. Method of support of the helix and its termination 

For the reliability and reproducibility of experiments, the supporting method of 
the helix is very importance. Various supporting methods were considered, but in 

this case the helix is placed on two parallel quartz rods, and the ends are sup
ported by a Teflon piece as shown in Fig. 2. To prevent the reflecting power 

from the helix end, some resistive materials are used. 

Fig. 2. Supporting method of the helix. 

IV. Measuring system 

The measuring system is shown in Fig. 3. The klystron 2K54 is used as the 

microwave source and is modulated by Ike square wave . Output power is adjusted 

Level set Slotte dsec tion Helix 

reactance resistance 
XC rystal ATT ATT 

Square Wave 

Modulo tor 
1000 c /s 

Standing Wave 

Amplifier 

Impedance 
Tra nsfo rme r 

Fig. 3. Block diagrams of Measuring apparatus. 

( 5) 
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by a reactance attenuator. The microwave power is supplied to the helix through 
the coaxial type standing wave detector and impedance transformer. The reflec
tions from the helix end and other equipment are so small that they are negligible~ 
then the reflected power is only from the input terminal of the helix. 

V. Measuring method ( I ) 

Two methods are considered: One is the method obtained from the relation of 
Eq. (8). It is represented by the relation of the normalized impedance at the input 
terminal of the trasfomer to the load impedance, then the calculating values of Eq. 
(8), Table 1, and the transfering chart, Fig. 4, 5, 6, 7, and 8 are obtained. This. 
method is more accurate than the other method but not so practical. In the other 
practical method, the Smith Chart is used, and the measurements are performed 
by this. Normalized impedance at the input terminal of the impedance transformer 
ZNA is obtained from the standing wave detector. 

Cb 
u 
c: 
a 

"C 
Cb 
a. 
E 
..... 
~ 

g. 
15 
..... ... a 
0. 

~ 
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c: 
en 
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E ,..... 

0.3 

0.2 

0 

'? 
I 
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..... 
0 

..._ 
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Fig. 4. Plots of normalized input impedance vs. load impedance at 
the entrance of the transformer. Frequency /=3, 800 Me. 
(ref. eq. (8)) 
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Fig. 9. Transfering method on 
the Smith Chart. 

When ZNA is point A in Fig. 9, 

ZNA=RNA+jXNA (10) 

is assumed where the suffix N indicates the 
normalized value. The characteristic impe
dance of the standing wave detector is z0 , and 
the characteristic impedance of the impedance 
transformer is R 0 , therefore the impedance at 
the entrance of the impedance transformer 
ZNn is as follows: 

ZNn= -~~ (RNA+jXNA). (11) 

This is point B on the Smith Chart. 

The input impedance of the helix is given by rotating ZNn along curve B toward 
the load by the length l/ lg, then it is point C on the Smith Chart and assumed as 
follows: 

ZNc=RNc+jXNc. 

Hence the input impedance of the helix zh is 

zh=Ro(RNc+jXNc). 

VI. Measuring method (II) 

...... Setting up the equivalent reference plane ...... 

(12) 

(13) 

It is important problem to set up the reference plane for measuring the impe
.dance. Usually the geometrical reference plane does not coincide with the prac
tical one. In this paper, the latter is used. In Fig. 10 where the short plate is 
_placed on the plane 2-2', the input impedance from the plane 1-1' is 

Impedance 
Transformer 

Slotted ..._Se::..c::..t;:..;j_o_n_~l:-.~ol-----2 tl 
- I ~----------------

1 I 
--------~ ---.--~~~--' 

I 
Z, Ro I 

'1' til,----------------
1 1 Helix 

l..- ..e ---1 
I I 

Fig. 10. Cross section of the measuring system. 

(10) 

(14) 
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where JR 0 is the characteristic impedance of the transfomer (158.1 ..0), l is the length 

of the transformer (l = A4Gc/4= 18.8 mm). When the frequency is 4,000 Me, ZR 

approach infinity, but at other frequencies is finite. Generally, the reflection co
·efficient r <On the plane 1-1' in Fig. 10 is given by 

r -IT lei'P- ZR-Zo _jRo tan {31-zo 
R- R - ZR+zo- jR0 tan f3l+zo 

= Lexp j [ tan- 1 
(- ~: tan f3l) - tan- 1 

( ~: tan {31) J , (15) 

where z0 is the characteristic impedance (z0 =50 ..0) of the standing wave detector. 

The voltages on the line can be expressed in the following form : 

(16} 

where Vi is the incident voltages, Vr is the reflection voltages and V (x) is the 
composed voltages. 

Using reflection coefficient T= _.!::2:._ e-zrx=rRe-2rx and r=jf3 to rewrite Eq. (16), vi 
the following relation is obtained, 

V(x) = Viei.Sx(l+T) = Viei.Sx(l+TRe- 2J.Sx) 

= Viei.S.c(l+ I r R I ej(<p-2,8x)) , 

then 

IV~) I= 1+ 1FR1ei<<p-2,8x). 

Fig. 11. shows the vector diagram of the re
flection coefficient and the phase from Eq. 
(18). I V(x) /Vi I is the absolute value of the 
vector. When ej<<p- 2,Bx) = 1, the value of IV (x) 

/Vi I is maximum and ei<'P-2.Sx) = -1, the value 

of it is minimum. Hence, if the distance x 

is satisfied the following relation 

IY'-2f3xl =nrr (n=O, 1, 2, ...... ) 

then, 

J 

(17) 

(18) 

real 

1) it has maximum value when n is an even 

number, or 
Fig. 11. The relation of the reflec

tion coefficient and the phase. 
2) it has minimum value when n is an odd 

number. 
When the probe is moved toward the generator, it is decided from n that the first 
extremum is maximum or minimum when 

{
cp<rr, Y'-2f3x=O, -.max., 

1 o Y'~o. 
cp> rr, Y'-2{3x= rr, -. min., 

(11) 
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{ 
I <p I < rc, I <p-2 j3 x I = rc, ---. min . , 

2° <p~O. 
- I'PI >rc, l<;o-2pxl =2rc,-. max .. 

From Eq. (15) and (18) lmln is obtained theoretically. In the practical frequency 
band, 3,700--4,3(}0 Me, the measured values of lmin are shown in Table 2. 

Table 2. Relation of the length of minimum point 

to frequencies. 

Freq. (Me) 3, 700 I 3, 800 I 3, 900 1~1 4,100 I 4,200 

cp CO) 4. 3 I 2. 8 I 1. 4 I 0 I - 1. 4 I -2.8 

lmin (mm) I 20. 76 I 20. 04 119.381 18. 75 I 18. 16 I 17.58 

4,300 

-4.3 

17.03 

In practical cases, it is necessary to use the correction of !lL=L-lmin. 

VII. The result 

The sizes of helices that have been used for experiment are as follows (ref. 
Fig. 12). 

Fig. 12. Notations for the helix. 

Mean diameter of the helix 2R0 =4.0 mm, 

mean diameter of the wire 
piches 
the length of the helix 

2r=0.4 mm, 
P=O 8, 1.2, 1.6, 2.0 mm, 
l::: J 50 mm. 

The frequency range is from 3.700 to 4,300 Me, and measuring system is shown 
in Fig. 13. 

For 1.6 mm pitch, the processes for obtaining load impedance are illustrated in 
Fig. 13. 

1. It is necessary to measure the VSWR, p, and valtage minimum points. If the 
value of standing wave detector scale was x0 , the distance from this point to re
ference plane is as follows : 

Xmin=Xo-L+lmin, 

where L is the length of standing wave detector. 
2. Using the value of p, Xmin, point A on the Smith Chart, the input terminal 

-of impedance transformer is obtained. (ref. Fig. 13) 

(12) 
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Impedance 
Transformer 

37 

Slated :..ct;on 1 . ~-( 

fL. ~ R; ~:=.--:--2 , -----..~ 
A . ZNa the impedance from 1 "'1' toward the helix 

8 _b_ZNA . R, 

C. The impedance from 2- 2' toward the helix 

Fig. 13. Typical input inpedance characteristics of a 3. 7--4. 3 kMc. (pitch p = 1. 6 mmJ 

( 
Mean diameter of the helix : 4. 0 mm<f> ) 
Mean diameter of the conductor : 0. 4 mm<f> 

3. If the value of point A was RNA+jXNA normalized impedance in the trans
former is given by 

(13) 
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ZNB= J-?
0 

(RNA+jXNA). 

This is a point B on the Smith Chart. 
4. Rotating point B toward the load by the length l/ A, where ). is the wave

length of the measuring frequency, l is the length of the impedance transformer 
(75/4 mm), the input impedance at the plane 2-2' is obtained by the point C. 

This is the normalized input impedance of the helix. 

5. If the value of point C was RL+jXL, the input impedance of the helix zh is 
as follows: 

Zh=R0 (RL+jXL) 

The input impedance of the helices on each pitch are shown in Fig. 14 and 15· 
with frequency characteristcs. The impedance characteristic is as follows: 

R 
( !1) 

3700 3800 3900 4000 

Mean diameter of the helix 

Mean diameter of the conductor 

4100 4200 4300 

4.0mmcp 

0.4 mmcp 

frequency 
(MC) 

Fig. 14. The frequency characteristics of the real parts of helices 
input impedance (R- jX). 

(14) 
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3700 3800 3900 4000 4100 4200 4 300 

Mean diameter of the helix 4.0 mcp 

Mean diameter of the conductor 0.4 mcj> 

frequency 
(MC) 

Fig. 15. The frequency characteristics of the imaginary part of 
helices input impedance (R- jX). 
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i) The real part increases from 80 n to 500 n with increasing pitch and its value 

decreases from 430 n to 210 n with frequency when the pitch is small, for instance, 
0.8 mm or at upper limit of oscillation 4.300 Me, the data has considerable error. 

ii) The imaginary part decreases gradually from 400 n to 100 n with increasing 
pitch and decreases with increasing frequency. The case in which the pitch is 
0.8 mm and frequency is 4,300 Me is the same as i). 

VIII. Discussion 

As shown in Fig. 16, the curve of the 0.8 mm pitch helix is quite apart from 
.any other curves. This is caused by the large load impedance and mechanical 

(15) 
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experimental value 

theoetical value 

Fig. 16. Comparison of the theoretical values and experimental value. 

error. The error at 4,300 :W:c is caused by the distorted pattern arising in the
impedance transformer. The error in the measured value is due to the read out 
error of the minimum point of the standing wave pattern. If the read out error 
was ±0.5 mm, the error of wave number o on the ~mith Chart is as follows: 

(16) 
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Hence, 

0.0123 ~ 0 ~0.0144. 

Fig. 16 shows the theoretical curves of helix impedance. It is assumed that q and 
Do are proportional to self inductance and Eelf capacitance. When the pitch is less 
than 1.2 mm, the measured impedance coincides with theoretical values. 

IX. Conclusion 

It is possible to obtain stable and accurate values when the helix input impedance
are measured. The tendency of the experimental value coincides with the theoret
ical value, but it is necessary to discuss the various parameters in detail. 1 he real 

parts of the input impedance decrease in proportion to the frequency and are pro
portional to the pitch. The imaginary parts of the input impedance decrease in 
proportion to the frequecy, their signs are negative, and the absolute value decreases 
with increasing pitch length. 
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