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2) With the wattmeter connected to the calorimeter
via a matching unit with s=0.99.

The readings of the two instruments for powers in
the range 810 watts are given in Table I.

TABLE 1

COMPARISON OF TORQUE-VANE WATTMETER AND
WATER CALORIMETER

Torque-Vane Water Per Cent
Wattmeter Calorimeter Difference
1) s=0.92
9.02 watts 8.89 watts +1.46
8.94 8.8 +1.13
9.65 9.48 +1.80
9.17 8.85 +3.60
9.10 8.84 +2.94
9.19 9 06 +1.44
Average difference between the two instruments 2.1 per cent.
2) s=0.99
9.10 watts 8.97 watts +1.4
9.02 8.92 +1.1
8.98 8.85 +1.5
9.34 9.33 +0.1
8.94 8.87 +0.8
9.02 8.82 +2.3

Average difference between the two instruments 1.2 per cent.

These results have been corrected to allow for the
measured attenuation in the connecting waveguide.
Furthermore, in case 1) above, the wattmeter readings
have been corrected for mismatch using (3), and in case
2) above the small loss of power in the matching trans-
former has been taken into account.

Since the attenuation through the double-vane watt-
meter was 2.4 per cent (measured value) a figure of 1.2
per cent was used in estimating the power loss between
the vanes and the output flange. All corrections have
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been applied to the readings of the two wattmeters in
such a way that the corrected power measured by each
is referred to the output flange of the double-vane watt-
meter.

The accuracy claimed for the continuous flow water
calorimeter was +1.5 per cent and that for the double-
vane torque-operated wattmeter was +2 per cent at
3.26 cm.

CONCLUSION

The work described in this paper shows that the initial
aim of designing a wide-band torque-operated micro-
wave wattmeter has been achieved. The accuracy
claimed has been verified by comparison with the best
water calorimeter wattmeter available.

The instrument is an absolute standard of power in
the microwave band.
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Traveling-Wave Resonators*
L. J. MILOSEVICt axp R. VAUTEY?

Summary—In the first part of the paper, the principles are given
which have led to the conception of the traveling-wave resonator,
and the calculations enabling its operation to be understood are
presented.

The second part describes the apparatus in detail and examines
it, bearing in mind its use as high-power testing equipment.

* Manuscript received by the PGMTT, March 26, 1957; revised
manuscript received, December 2, 1957.

+ Groupe Eléctronique, Compagnie Franc¢aise Thomson-Houston,
Paris 8, France.

PART I—PRINCIPLE OF OPERATION

s

INTRODUCTION

HE testing of the power-handling capacity of a
Tmicrowave transmitter and associated circuit, at

far more severe conditions than the nominal ones,
has always been considered a very difficult problem for
which no valuable solution had been found until the
present time.
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Two solutions have been proposed to overcome this
problem: 1) testing of waveguides at low pressure and
2) testing of waveguides in standing wave. In this case,
special hybrid circuits' are used for decoupling the mag-
netron from the circuit to be tested. By means of “cas-
caded” hybrids the value of apparent power in wave-
guide is multiplied by 2» where 7 is the number of
cascaded hybrids.

In the first method, using low pressure conditions,
there is no exact relationship between testing and operat-
ing conditions. This is due to the fact that the value of
breakdown voltage depends upon the nature, pressure,
and ionization of the gas, as well as upon the pulse length
and repetition rate.

In the second method, using hybrids, the circuit to be
tested is placed within the voltage loop of the standing
wave. When testing a component, the terminal shorting
plunger is moved along \,/2 (where \, is the wavelength
inside the waveguide) to make sure that every part of
the component has actually been subjected to the maxi-
mum voltage. In fact, this method suffers from two ob-
vious drawbacks:

1) It is necessary to check voltage handling capacity
for each part of the component by moving the
shorting plunger, which will increase consider-
ably the duration of test. Furthermore, in the
case of intricate components there is still con-
siderable doubt as to the exact value of breakdown
voltage.

2) The hybrid circuit increases the test voltage by a
\/2 ratio only. For higher test voltages, the num-
ber of hybrids should be increased. This is rather
difficult because of the larger number of adjust-
ments required.

PRINCIPLES OF OPERATION IN THE
PROPOSED METHOD

Circuit Using a Hybrid Circuit

A microwave feedback circuit using a hybrid circuit,
shown in Fig. 1, has been proposed for use on an electron
accelerator.?

In this circuit, the transmitter feeds into leg 3 of the
hybrid. Incident energy is divided between legs 1 and 2.
Leg 1 is connected to a matched load. Leg 2 loops up
through waveguide 4 on to leg 4. The power transmitted
along leg 2 is reinjected, therefore, into the hybrid cir-
cuit through leg 4. This power is divided between legs 1
and 2 and the process is repeated indefinitely. Leg 3
(transmitter) is decoupled from leg 4 (reinjection) so
that the standing-wave ratio, looking from the trans-

11. Young, “A hybrid-ring method of simulating higher powers
than are available in waveguides,” Proc. IEE, vol. 101, pt. 111, pp.
189-190; May, 1954.

2 C. W. Miller, “The design of linear accelerators for X-ray
therapy,” Metropolitan Vickers Gazette, pp. 121-125; December,
1953.
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mitter, depends upon the hybrid circuit matching con-
ditions and the load on leg 1.

The proper adjustment of the phases, so that the
reinjected power will add to the incident power, will
result in the storing up of a certain amount of energy
within the ring 4. Assuming zero attenuation in the
ring, the relative voltage level is

1

e~ 2

WVZ-1

Fig. 1—Microwave feedback circuit.

1 2 3 4 5 6 7

s A ap|

Fig. 2—Overvoltage in the traveling-wave resonator using a hybrid
circuit (or a 3-db directional coupler) vs ring attenuation.

For example, with an incident power of 1 mw, the ap-
parent power within the resonator will be

{ mw X (2.42)? = 5.85 mw.

When assuming losses equal to 4 db, the over-voltage
coefficient N is given as
with e* = 104720,
The curve showing variation of N vs attenuation is
shown in Fig. 2.

For easily obtained attenuation values, the overvolt-
age is slightly greater than 2, but this value, in many
cases, is not sufficiently large.

It has proven possible to get higher  overvoltage
values by modifying the preceding circuit. This has
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been performed by replacing the hybrid circuit with a
directional coupler. The coupling coefficient is adjusted
according to the ring attenuation. Thus, the system in-
corporating a hybrid circuit is now a special case in this
more general system.

Circuit of Traveling-Wave Resonator Using a
Directional Coupler

Two types of circuits might be proposed, as shown in
Fig. 3 and Fig. 4. Maximum N values are identical for
both circuits, but the values of optimum coupling co-
efficient differ in each case.

Rs zlr 31 R3
_1a ' | <13 .
I ] . —3
1
M e
14, T oirscriomar. ; Iz
R4} courizr , -Re

Fig. 3—Microwave feedback circuit with directional
coupler—circuit I.

A

Rs /f '13 R
1+ I3
=) | -2
i L .
M — I e
4,1 I T2
R4 I_ é Re_

Fig. 4—Microwave feedback circuit with directional
coupler—circuit II.

The two circuits in Fig. 3 and Fig. 4 are not grossly
different. They could be compared to a conventional
resonator connected to a transmission line where the
terminals are planes 1 and 3 in Fig. 3, or planes 1 and
2 in Fig. 4.

It is easy to deduce the properties of Fig. 3 from Fig.
4 by inverting planes 2 and 3, which means that C is re-
placed by C/(C—1). The coupling coefficient C of the di-
rectional coupler is expressed as the ratio of the incident
power to the transmitted power in the adjacent wave-
guide. In the design Fig. 3, the greater the losses in the
ring, the smaller the coupling coefficient must be for
optimum performance.

In the case of Fig. 3, relations between incident and
reflected waves are as follows
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I, = Roe(ati®) (1)

I3 = Rsps (2)

Iy = Rye=(eti®) (3)
and in the case of Fig. 4 they are

I, = Rye(eti®) (4)

Iy = Rapy (3)

I3 = Rye(ti® (6)

where

I; =incident-wave amplitudes,

R;=reflected-wave amplitudes,

p;=reflection coefficients,
e*=104/20=attenuation in the ring (4 in db),
B=phase shift (in radians) through the ring.

Traveling-Wave Resonator Characteristics

Taking into account (1)-(6), together with the feed-
back and matching conditions, the traveling-wave
resonator characteristics are computed from the scatter-
ing matrix of a directional coupler. The matrix of a
directional coupler is as follows:

c—1 1
0 v — i 0
v C vC
C—-1 ]
B
[l = — - (D
L, A
s VT
1 VC—1
0 J = T =
v C VC
In the case of the circuit in Fig. 3
R c—1
P L Pl ] )
I '\/C — e«
Copt = ez"‘ (9)
1 ~ Copt
Nmax = = - * 10)
V1 — g2 /‘/Copf, —1 (10
In the case of the circuit in Fig. 4
Il \/?-\/C—l‘e““
1
Copy = te*_z (12)
1
Nuax = ﬁ = VCopi * (13)

Numax is identical for both circuits for a given amount
of ring attenuation. Variations of Np.. and Cops are il-
lustrated in Fig. 5, as a function of ring attenuation A.
N has been plotted (dotted curve) for the particular
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Fig. 5—Nmazx, Copw» and Copt IT vs ring attenuation.

case where C=3 db. It is to be noticed that this curve
meets the Nmax curve at 4 =3 db.

The microwave resonator is generally of interest
when testing low attenuation circuits—say less than 3
db (and even less than 1 db), which is often the case.

In the experimental setup with a variable directional
coupler (consisting of, for instance, two 3-db directional
couplers and a phase shifter placed in one of the two
legs connecting the two 3-db couplers) either circuit
may be used depending upon the component to be
tested. But, when it is a laboratory model, the first cir-
cuit will be preferred because the coupling coefficient
is lower and the corresponding directional coupler is
easier to make.

The scattering matrix is also useful in studying the
reflection coefficient of the ring as seen from the mag-
netron side.

The reflection coefficient p; = (Ri/I1) in relation to re-
flection coefficient p; (circuit 1) is given as:

I
[ 4/
C

= ———‘—1— . p2-
1- 4/1 — e
C

This value is always less than p: and equals zero
at optimum coupling, thus demonstrating that at

Ry

I

pL = (14)
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optimum coupling the whole ‘ificident power is trans-
mitted into the feedback ring and no power is sent into
the output load. The insertion loss introduced by the
feedback ;Zing, in the case of the permanéﬁfgﬁpircuit, is
expressed @s .. )

- (15)

1
VAEr-Er
c .

For optimum coupling conditions, it can be seen that
the insertion loss is infinite.

The reflection coefficient in the feedback ring caused
by the output load is expressed as

Iy

<« pe- (16)

3

This coefficient is always smaller than the reflection co-
efficient of the load.

In any case, in an experimental setup, output load
and waveguide mismatches may be corrected by adding
a reactor to the ring. By this means the R, wave is can-
celled before reaching the component to be tested. A
monitoring coupler is placed between the reactance and
the component in order to check cancellation.

PART II—DESCRIPTION OF PRACTICAL RESONATOR

TRAVELING-WAVE RESONATOR

The practical design of a traveling-wave resonator
for microwave operation is illustrated in Fig. 6. Design
of circuits is illustrated by the block diagram in Fig. 7.

In this experimental setup, working since July, 1954,
in the Microwave Laboratories of the Compagnie
Francaise Thomson-Houston, TH 5657 and TH 5586
magnetrons have been used with a peak power of
approximately 800 kw. Power obtained within the reso-
nator varies from 3 to 8 mw depending upon the com-
ponent under test.?

The resonator consists of the following microwave
parts, all designed for handling high-microwave power
and withstanding air pressure of several kg/cm?

3 P. J. Sferrazza, “Traveling-wave resonator,” Tele-Tech., p. 84;
November, 1955. This paper confirms the CFTH laboratory re-
searches described herein.
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Fig. 6—Photograph of the traveling-wave resonator using a
variable directional coupler.
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Fig. 7—Schematic diagram of a traveling-wave resonator.

Phase shifter,

Reactor,

Variable directional coupler,
Measuring directional couplers,
Pressurized windows.

Phase Shifter

In traveling-wave resonators, the phase shifter en-
ables the adjustment of the length of the feedback loop
to obtain resonance conditions.

The unit consists of a 3-db directional coupler and of
two identical plungers simultaneously moved in order
to insure a common shorting plane (see Fig. 8).

Assuming that a signal I is sent into leg 1 and that leg
4 is correctly matched, by writing (7) which can be ex-
pressed as:

IR]| =1

S

[}
with
s = IS

for the 3-db coupler, and allowing for the required con-
nection conditions
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———

L1 2l L[
348 coupler

Fig. 8—Circuit diagram of phase shifter.

I Rye2:b=
1, = R3g"2iﬂx
14 = 0

with

we obtain

iRl =] . I

].116_2"’.'3”

Therefore, the system is correctly matched (R =0) and
by moving the plungers by Ax, the following phase shift
is obtained

Ap = 2BAx.

The experimented resonator operates over a 2700 to
3100-mc band: maximum plunger elongation is 100 mm
and total phase shift is 400°. Power-handling capacity
is good, the only limitation being given by the power
handling of the 3-db coupler: approximately 3 mw at
atmospheric pressure. With a pressure! of 2 kg/cm? 8
mw were recorded, without any sign of breakdown dis-
charge.

Reactor

The reactor is used for cancelling wave R, (see Fig. 7)
before reaching the output plane of component under
test. Two types of reactor may be used.

Plunger Reactor: By displacing both plungers of the
preceding design in either direction respectively we may
use this design as a reactor (see Fig. 9).

4 All pressure figures are gauge pressure readings.
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Fig. 9—Circuit diagram of plunger reactor.

In such a case, correct connection conditions are now
I, = Rye~2i8G—)
Ty = Rye28G+y
Iy = 0.
The same computation, starting from
&I} = [Is] [/
as before gives
—jI1€7%%= sin 28y
1
NG
.1
V2
7117 cos 2By

IRl =

The reflection coefficient in leg 1 is therefore:

R
p — =

= — je %87 gin 283y.
I

Plunger offsetting adjustment (2y) makes it possible
to vary the standing-wave ratio in leg 1.

. Ay
0if y =0 and |p —

I

0| =

whereas x adjustments alter the phase of the reflected
wave.

This circuit shows the advantage of two independent
adjustments, namely, as a phase-shifter and reactor.

In the operating reactor shown in Fig. 10, the dis-
placement y can vary over a 0-45 mm range, that is,
slightly more than A,/8. Power trials were carried out
with a 5-mw magnetron, with a standing-wave ratio of
1.5 and a pressure of 2 kg/cm?

Quartz Rod Reactor: This reactor consists of four cy-
lindrical rods made of fused silica; the diameter of the
rods is 12 mm and the length is 80 mm. These silica rods
are parallel to the wide side of the waveguide and per-
pendicular to the propagation direction. Distance be-
tween the rods is 17.5 mm which is equal to A\,/8 at
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Fig. 10—Photograph of plunger reactor.
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Fig. 11—Circuit diagram of variable directional coupler.

3000 mc. Total displacement is slightly greater than half
the width of waveguide. This design insures proper
matching of any standing-wave ratio (vswr) up to 2.
The power-handling capacity is superior to the conven-
tional reactor (where the dielectric rods are perpendicu-
lar to the wide side of waveguide).

Tests have been conducted successfully with a peak
power of 2.5 mw (at normal pressure and a vswr equal
to 2 before matching).

In the same conditions, the conventional reactor did
not operate above 1.7 mw.

Variable Directional Coupler

This directional coupler makes it possible to adjust
the coupling between the main guide and the feedback
loop, for the optimum value Copt.

The system consists of two 3-db couplers mounted in
cascade and a phase shifter inserted in one of the con-
necting legs of the 3-db couplers.

A study of the diagram in Fig. 11 shows that the
system has the same directional properties as an individ-
ual 3-db coupler. Now, assuming x, the path difference
between legs (2'—17) and (3’-4'), coupling conditions
are expressed by:

I+ = R Ty = ¢ #= Ry,
[2! = le [4’ = Bmmx'Rgl.

By taking into account the preceding conditions and
writing for each 3-db coupler the (7) relation, the fol-
lowing equation is obtained:
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I R,
R
I3 R3
I Ry
with:
%
0 o7 (T12—212) gip —
2

X
ef(7/2_ﬂl/2) Sin E—-
2
(5 =

je—J'(ﬁzIZ) cos 3_

X

With a reference plane shift, as given in the diagonal
matrix

e 0 0 0
056 00
(P)=0 0 ¢ 0
0 0 0 4

it is possible to write this new scattering matrix:

(8") = (P)(S)(P).

Putting
e =1 b = giBzi2—712)
¢ = ¢iBxl2)
and
d = i)

the matrix (S’’) may be written

X Bx
0 sinlB_ j cos — 0
2 2
X Bx
sin '8— 0 0 4 cos —
1 2 2
s} = 5 S
j cos — 0 0 sin —
2 2
x %
0 7 cos _'[i_ sin ég— 0
2 2

which proves that the described circuit is working in
the same way as a directional coupler having a coupling
value of
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1
Bx

cos? —

By simply making % vary between 0 and \,/2 the com-
plete range of coupling values may be covered.

x
je”‘](ﬂxlz) cos —
2
X
je‘i‘(ﬁzlz) cos ‘8_.
2
. Bx
e—iTIa+82]2) gip —

Bx
e“]’(ﬂ'/z"‘ﬁxlz) Sin —
2

Pressurized Window

Two materials have been tested. The first one was
fused silica; the second one was teflon in the form of a
sheet several millimeters thick.

A dielectric window into a waveguide is equivalent
to a shunting capacitor. In order to match this over a
wide band, the height of guide was increased on each
side of the dielectric sheet and the length was adjusted
in order to obtain the proper series inductance L,.
Shunting inductances L, consisting of rods, are also in-
serted at the point of height discontinuity. The corre-
sponding diagram is shown in Fig. 12. All sharp edges
due to waveguide section variations have been carefully
rounded.

-0

Lg —%

Fig. 12—Matching the pressurized window.

A standing-wave ratio of 1.02 is obtained between
2700 and 3300 mc. Two quartz windows were used dur-
ing power tests to permit pressurization in the reso-
nator. The test space between the two windows was at
atmospheric pressure. Breakdown discharge occurred
at a power between 5 and 6 mw.

The teflon window was tested at atmospheric pres-
sure. During test, the window was placed between two
quartz windows. The remaining section of the resonator
was under higher pressure. At 6 mw, breakdown dis-
charge occurred in the waveguide as well as in the teflon
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and quartz windows. The quartz window can withstand
relative pressures up to 2 kg/cm? (we experienced
quartz failure once at 3.5 kg/cm? and once at 4
kg/cm?). The teflon window has already withstood a
relative pressure of 4.5 kg/cm? but further tests are
still in progress.

CONCLUSION

The principles of operation of a traveling-wave reso-
nator designed by the authors have been described.
Constituent elements have been discussed and the ap-
plication to high-power tests was mentioned. Now the
fact is stressed that power-handling testing is not the
sole application of traveling-wave resonators. This cir-
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cuit may also be used for other types of measurements.
For instance, in the case of optimum coupling, attenua-
tion introduced in the main waveguide is infinite and
variation of attenuation within main waveguide aorund
this value is very rapid. This can be applied to measure-
ment of low variations in attenuation when studying
surface treatments for waveguide, gas tube losses, etc.
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Reflection Coefficient of E-Plane Tapered Waveguides®

KATSU MATSUMARUT

Summary—This paper treats the reflection of linearly and sinus-
oidally tapered waveguides. In the first part, reflection coefficients
of linearly tapered waveguides for dominant modes are calculated.
Graphs of the vswr of tapers for different impedance ratios are
plotted showing that the vswr does not go to unity at multiples of a
half wavelength. In the second part, reflection coefficients of sinus-
oidally tapered waveguides are calculated. Experimental data verify
the theory for both kinds of tapers of various lengths at 4 kmc band.

Linear tapers perform almost as well as exponential tapers, and
better than shorter hyperbolic tapers. The reflection coefficients of
sinusoidal tapers can be about half as small as that of the linear
tapers, and these tapers compare favorably with the Dolph-Tcheby-
cheff and the Willis taper of improved design.

INTRODUCTION

EFLECTION coefficients of tapered waveguides
R can be calculated by formulas described in the
references,’? but these formulas give only rough
values. Reflections of several nonuniform transmission
lines were theoretically treated by Burrow,® Scott,*
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Klopfenstein,® Collin,®? Willis and Sinha,® Bolinder,®1?
and others. Most papers treat the magnitudes of re-
flection coefficient of particular tapers that are mathe-
matically convenient to analyze, but in microwave cir-
cuit we often need practical formulas and convenient
graphs to determine the reflection coefficients. Thesc
several papers are mainly theoretical, with very limited
experimental data on tapered waveguides.

In the first part of this paper, approximate theo-
retical calculations of the reflection coefficient of linear
tapers are presented. From the derived formulas, useful
graphs were compiled in terms of the suitable ratios of
input-to-output surge impedances. To confirm the for-
mulas experimentally at 4 kmc, we have made two
groups of tapers in which the ratios of surge impedances
are 2.0 and 2.4. The agreement between calculated and
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