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ABSTRACT

A theory for a new method of determining the conductivities of
metals at microwave frequencies from the measurements of reflection co-
efficients has been worked with the help of field equations. An expres-
sion for the reflection coefficient in terms of voitage standing wave ratio,
attenuation constant, scattering coefficient of any waveguide discon-
tinuity present in the system and phase factors has been derived. The
values of conductivity for several metals obtained by this method agree
well with the values obtained by other existing methods.

INTRODUCTION

In investigating the electromagnetic field patterns within 2 waveguide
or a cavity, it is usually assumed that the metallic boundaries behave as per-
fect conductors. This assumption 18 an idealigation of actual metallgc ({:ic;?d
ductors having finite conductivities. 1n practice, the electromast Et;;e ¢ at
penetrates from the dielectric into the conductor. But the ;kﬁlzldz w:ithin
microwave frequencies effectively concentrates 2ll curre::;}s; agurface —s
the metal into a very narrow layer near.the surface. o cf)ﬂ yctivity of the
result in power dissipation which varies mverse_ly as {;‘ o uation due 10
metal. So, a wave travelling through 2 wavegulde S;: elt"?:)re a predetermined
the finite conductivity of the metallic boundary. There

o r the construction
knowledge of the conductivity of metals 18 important fo e o measure q
of microwave components. Conductivitié

. of metals have
at microwave frequencies by

The paper presents 4 report of b
on a new method of measurement ©
frequencies. The method involves ©5
tion coefficient of a metallic p
ment of the reflection coefficient, bles an
travelling through the guide, €1 e
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conductivity of the terminating plate. It i1s well known that when two wave-
guides having even the same characteristic impedance are connected together,
a considerable mismatch may occur. Consequently, reflection from the
junction of two waveguides will be invariably present due to the geometricaj
discontinuities inherently present in a microwave system. The theory takes
into account the scattering suffered by the wave from discontinuities. The
scattering coefficient of the waveguide junctions has also been experimentally
evaluated and taken into account in the measurement of the true reflection
coefficient of the terminating plate. This enhances considerably the accuracy
of the measurement.

THEORETICAL
. Conductivity

A standing wave 1s set up In a rectangular waveguide by termi-
nating it with a metallic plate whose conductivity is to_be measured.
The waveguide is excited by H, wave by the usual method. In this mode,
the electric field is perpendicular to the long edges of the cross-section and
the magnetic loops are in planes parallel to the broader pair of faces. This
particular mode has been selected as it represents the dominant mode in
a rectangular guide. If the propagation of the wave takes place in the x
direction and b represents the width of the guide in the z direction, the field
components of the H, wave are given by the following expressions

Ex=E,=H,=0

E.y: C - ](U}Ll : ?—T (‘?T.E.') e Tu¥

2 + wiu, g b b
H, = C cos (7;2) e~ YnX (1)
H =C o You TrSi T Y1
? n?+ “-'21-‘—1‘51 b b b ¢

where p,, ¢ refer to the constants of the dielectric medium inside the guide;
C is a constant depending on the initial excitation of the guide. The propagd-
tion constant yg; 1S

: .
e =’\/(;) — w6, = ay + jBo (2)

- n
where, a4, and B, represent the attenuation constant and the phase wn:aen
respectively for the H,, wave. The time variation exp (jw!) has b€
omitted from (1) for convenience.
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Taking the real part and maximising eq. (1) reduces t
: 0
’ b s .
E,=C {-””":‘ Sin (ﬂb-z) e~
H’:m =  COS (Wz) e~ ant
b (3)

Hep = C P02 sin () e

The subscript 1 refers to the dielectric medium inside the guide. The prim«:
on E's and H's indicate maximum values. Assuming thal there is no dic:

contm_ulty in the waveguide system, the power incident on the terminating
plate 15

l C2 b2 zg=b u=u.
- __B_ﬁl__;”-'-’jl__ o—2801% f J‘smz 11';’ dydz
s=0 y=u

2 v
9 2
_ CPowsal” gp g-teus ’ )

guide in the y direction.
0 at the surface of the terminating

plate, the resultant E from the incident and the reflected waves must be very
small, so that the electric field of these two Waves must almost exactly cancel.

As a result the magnetic fields must be in the same phase and must add.
t the surface of the metal

If a component of electric field intensity exists 2 rface ¢ me
termination, then E, (in the metal) = n2Ho where 72 = ViwpalCs is the ntrin-
sic impedance of the metal and pa, 02 refer to the constants of the terminat-
ing plate. Using the Poynting vector S=1 Re (EX l:l) and the ‘reaF part
of the intrinsic impedance, the average power lost in the termination is

where a represents the height of the

To satisfy the condition n X E=

b

ab?® 2 x '":7;’;3 sin® 2 ds
PTH=%C28012 2 e '\/#52 f b

C2 ab 2etg1 L J_fr.ﬁf £ (5)
O

The power reflected from the termination 15

T (6)
C2b2B{}1 ab e-—‘lﬂ.mﬂ: [ Wity - BOI F';ﬂ_]

-—— ——

An2
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The reflection coeflicient of the terminating plate is therefore

s = o o) " 0

P —_ =
O

which yields the conductivity of the terminating plate as

f kg B nho

2T e 12 (1 — p)® meter (3)

If the terminating plate is non-magnetic u, = u, = p. Substituting, 8,, = 2nA,
where A; represents the guide wavelength, eq. (8) reduces to

™ mho

T A g2 (1 —p)? meter (%)
2. Reflection Coefficient: Effect of Attenuation

The true reflection coefficient p can be determined by measuring the
voltage standing wave ratio (v.s.w.r.) in the transmission system at a point
very near the terminating plate. As p ~ | for metals at microwave frequen-
cies, it requires an arrangement by which a very high v.s.w.r. of the order
of 10* can be measured. High standing wave ratios of the order of 600
can be measured with an accuracy of 4 4% by the ¢ Phase’ method and
with an accuracy of 4 67, by the modified ‘ Hipple ' method (Buchanan,
1952). The measurement of higher standing wave ratios by a direct com-
parison of maximum and minimum voltages (i.e.,) by a slotted section needs
special technique and which may not be accurate as it will require a knowledge
of the law of the detector response over a very large range of power. So,
the method adopted in the present investigation is to terminate a long section
of a waveguide and measure the v.s.w.r. at the input end of the waveguide.
The reflection coefficient thus determined from the v.s.w.r. measurements
needs correction both as regards magnitude and phase in order to give the
true refiection coefficient which may be calculated in the following way.

[f the terminating plate (Fig. 1) is considered as the reference plan¢
(I=0) and V; represents the complex voltage incident on the termination,
the total complex voltage at_the slotted section is

V=V,e" I + | p | eid o271 (19

j
where y is the propagation constant. The true reflection coefficient p= | Pl":
of the terminating plate can be easily determined from (10) and is as follow

(11)

P=pP E.Zul COS (231111111 - ?T)
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F1G. 1. Reflections in Waveguide.

where p’ is the measured reflection coefficient given in terms of the measured

v.s.w.-r. gr) as p'=(r — 1)/(r + 1) and B represents the phase constant and
Ymu INdicates the first nodal position from the terminating plate,

The cosine term in (11) involves x_;, for the following reason. If the
probe of the slotted section is not perfectly tuned or if there is frequency
drift of the generator during the measurement, there will be a residual sus-
ccptance component of the probe. Moreover, If the load has any conductive
component, the slotted section probe admittance will affect the v.s.w.r. and
shift the positions of the maxima and the minima from their true positions.
But the shift in minima is much less than that of the maxima. Hence it Is
essential that the location of the minimum rather than the maximum

should be considered in establishing the phase of the reflection coefficient of
the terminating plate.

3. Reflection Coefficient: Effect of Scattering

In deducing the relation (11) it has been assumed that the slotted section
the effect of evanescent

Is far away from any waveguide discontinuity, so that s
mo o is negligible. But any wavegul )
des generated due to scattering ghe For a standard

ture is com f uniform as well as discontinuity regions.
posed o g at the junctions creates 2 number

wavegui i inuity mostly existin .
guide, the discontinuity y iscontinuity can be represented

of higher order evanescent modes. The ! T asnide siractiiie
by a lumped element in shunt or in SEries with the main g

. : : sym-
according as the scattering of the electric field IS ngsr::z;r;a:ﬁmﬁaﬁ:e
metrical. Consequently, due to the change In e aw;:: be a change in the
of the guide in the region of discontln-uﬂ)’- thﬂﬂ? (. The lumped element
V.S.w.r. and hence in the measured reﬂecnon_coetﬁcmr: roducing scattering.
Can be treated as an obstacle In the path of the wave, p
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So. the effect of discontinuity can be studied as follows with the help of 3
scattering coefficient 5. The following two cases will be considered.

(i) Discontinuity very near the terminating plate.—Fig. 2 shows the
incident, scattered and reflected waves when the discontinuity (/=0) is at a

1L=L | L=0
RN, (S - -

: INCIDENT WAVE !

| — > ‘

| |

! |

| n

| l

I - 7 l

| SCATTERED WAVE . |
—-—1—-—‘ — — e

| ! *

3;‘;2@; WAVE GUIDE JUNCTION  TERMINATING

PLATE.

Fi. 2. Reflection and scattering in waveguide junction which is very near the plate.

distance / from the slotted section and the terminating plate is very close
to /=0, so that the attenuation suffered by the wave between the wave-
guide junction and the terminating plate is negligible. [f the amplitude of
the incident wave 1s unity and if it is assumed that the reflecting and the
scattering points are non-dissipative, the amplitudes of the wave after succes-
sive scattering at the junction and reflection at the termination are as follows.

r‘Amplitudes of the scattered waves from the discontinuity towards the
slotted section:
semel, p (1 — s?) e al, p2s (1 — 52 el ..
Amplitudes of scattered waves from the discontinuity towards the
termination :

(1 +5)eel ps(l +s)eet, ...

Amplitudes of waves reflected from the termination:
p(l +s)e e, p25 (1 + s)eol,, ...

Amplitudes of waves at the slotted section:
se~2l o (1 — s?) e 2al p25 (| — s?) etal .,

where the complex scattering coefficient is s=| s | ¢ and the true reflection
coefficient of the terminating plate is p=|p | ¢¥ where, § and  are the
phases of the scattering and the reflection cogfficients respectively. The
resultant reflection coefficient R,, = | Rp,| €7 is obtained from the vector
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tion of t 1
summa he amplitudes of the waves at the slott .
phase of Rm. ed section, ¢ being the

Rm =5€—-2n1 £ p (l 32) 501
o e + PES (l — 52 —2al
which yields Je i 4., (12)

Rm — go—2al
Rms + (1— 25%) e—zal (13)

(ii) Discontinuity very ne :

y near the slotted sectio i
I H.—-—Flg 3 sh
i . OWS
incident and the scattered waves. The amplitudes of the diff e
are as follows:— erent waves

,L=0 1=1
__ 1 )
} |
I_,__ l SCATTERED WAVE
| I — — e
| ;
| |
} |
| |
< |
| QEFLECTED WAVE
i b
SLOTTED IJl.hivIC,T\Oi'd
S ECTION WAVE GUIDE . TERMINATING .
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Fi6. 3. Reflection and scattering in waveguide junction which is very neat the slotted section.

Amplitudes of scattered waves from the junction towards the slotted

Secti‘on which is the same as the amplitudes O
section.:
5?) e-2el, p°s (1 — 5% el

from the junctio

s, p(1 —

_ Amplitudes of waves scattered
tion: -

(1 +5) PS 1+ 9 o2l ..

Amplitudes of waves cefiected {70

p (1 + 5) et p2s (I 1+ s)e

The resultant reflection coefﬁcient 1S "
R,,=s+p(l —-52)9“3“14—;325(‘ — s (

which vi
YIEIdS (1 5)

E ™ 5) e‘!nl_
p= g5+ (l — 25%)
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The above analysis can similarly be extended to the case where there are I?
more than one junction. In the present investigation only one junction

has been used.
EXPERIMENTAL

The experimental arrangement for the measurement of the reflection
coefficient is shown by the block schematic (Fig. 4) and by the photograph

(Fig. 5).

SPECTRUM  FREQUENCY TWIN - T GALVANOMETER
SQUARE WAVE ANALYSER METER DETECTOR 154 FULL SCALE
MGNITOR PRD 855 PRD 558-A AMPLIFIER. DEFLECTION

@[O0 e
- =H =

POWER SUPPLY 723 Afg 6db /' 20db  SLOTTED WAVEGUIDE TERMNATH
WITH 1000 A SPERRY PADIGO  SECTION PLATE
SQUARE WAVE |
MODULATOR .

Fic. 4. Block schematic of the experimentél set-up.

Power supply for the klystron.—As a reflex klystron is very frequency
sensitive to reflector and beam voltages, it is necessary that the power supply
system should be well regulated to a fraction of a volt. The power supply
system consists of the usual combination type of stabiliser, giving a voltage
stability of 4 0-05 volts in the operating reflector and beam voltages. A
variation of + 0-05 volts in the reflector voltage changes the operating
carrier frequency 9697-9 mc./s. of 723 A/B by + 0-11 mc./s. This frequency
shift causes a change of 4+ 0-000035 cm. in the operating wavelength. The
voltage of the modulator unit is stabilised by VR tubes. The complete unit
Is supplied from a constant voltage transformer.

Detector amplifier system.—The detector amplifier consists of a high
gain (85 db. at the operating gain control) frequency selective (1000 C*?-S‘)
amplifier of 130 cycles full bandwidth at half response, feeding into a bridge
network having two 1N34 in two of its arms. The indicating meter in fhﬁ
bridge is a galvanometer (15 ua full scale deflection). The amplifier. consists
of six RC coupled stages. The fourth stage is provided with twin RC feed
back network (Fig. 6), so that regeneration occurs at one frequency and the
amphfier exhibits a selective characteristic (Fig. 7). The phase curve.aﬂd
the linearity characteristics of the amplifier are shown in Fig. 8 and Fig. 9
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PHASE ANGLE IN DEGREES ~——»

Fi. 8. Phase curve of the detector amplifier.

respectively. A tuned amplifier is essential for the standing wave measure
ments for the following reasons. For standing wave measurements.
frequency modulation of the source should be avoided, otherwise a frequency
change of the carrier displaces the standing wave pattern along the wave-
guide system. As it is difficult to obtain amplitude modulation without
undesired frequency modulation, the klystron is operated with on-off modula-
tion with a square wave modulation envelope, so that the reflector voltage
is shifted from the correct operating point to a value that does not allow
the tube to oscillate. This is achieved by adjusting the amplitudes Of_th.e
reflector and modulating voltages. So. the tuned amplifier, not only elim'-
nates any spurious signal present in the system but also reduces the eftect
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FiG. 9. Detector amplifier input vs. output curve.

of any frequency modulation that may occur during the rise and fall of the
modulating square wave if the leading and the trailing edges of the modula-
tion envelope do not occur instantaneously. A photograph of the square
wave used for modulating the reflector voltage is shown in Fig. 10. The
modulating square wave is monitored continuously during the measurement,
by means of an oscilloscope in order to insure the constancy of the modulation
envelope and hence that of the output from the slotted section. The monitor-
ing of the square wave also helps to check the rise and fall of the modulation
pulse so as to insure the minimum frequency modulation of the r.f. source.

For an accurate measurement of the v.s.w.r. the detector amplifier

response law should be correctly known. When the v.s.w.T. is neaf'ly unity,
the response may be assumed to follow square law without m.troducm_g much
error. But the error in the above assumption Increases with the increase
of the v.s.w.r. In general, when the response does not follow a square law,

the v.s.w.r. () is given by

: ini 16
log r = nl log (maximum response) — s log (minimum response) (16)
] .
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where n, and n, are the laws of the detecting system at the maximum ang
the minimum reading of the slotted section respectively. The values of n,
and n, can be found by shorting the slotted section and taking the max;mum
reading (I,) and the corresponding full width (d= 2x) of the reSpoffse curve
at half power points (1) for various r.f. power input levels. Under this
condition the law of the detector follows the relation

log 1/1,

< _l G5 27X (17)
0g cos o

.

The calibration curve of the detector system response law is shown in
Fig. 11. For the convenience of obtaining n directly for any reading 1 of
the detector, the second curve i1s given in Fig. 12,

30| I I N R

| i

P -

020 022 024 026 0-28 0-30

Fic. 11. Detector law #n vs. full width 4/a, at half response.

V.S.W.R.—When a standing wave is set up in a guide of length /, the
frequency sensitivity of the phase { of the standing wave pattern is given
(Brown, 1946) by the following relation

dAg A%,
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Attenuation constant.—The attenuation constant a is determined from
the measurement of v.s.w.r. as follows:

g =— o (J,,.jr.i
where / is the length of the waveguide in meters. It may be pointed out
that a= a, as given by (19) is different from o = a,, measured under matched
condition. The relation between a, and a,, is

Gr ré 4+ |
i 2F | (20)

Tm

nepers per meter (19)

So, for every R,,, a is calculated from the measured r in order to obtain
the true value of the reflection coefficient for different plates.

RESULTS AND DISCUSSION

The results of measurements for some metals are given in Table . There
is usually some variations in conductivity among different specimens of the
same material. So, in each case a number of plates were tested which is
indicated by the subscripts. The conductivities as obtained by Maxwell
(1947) and Beck and Dawson (1950) are also given in the same table for
the sake of comparison.

TABLF [

Conductivity of metals at microwave frequencies

A ——— — - o — — i

o expl. o (Beck) % ‘Ma’;"’hﬂ” |
. 107 mho 107 mho in 107 :
| Material MY meter M"Y meter hunis
at K band
BLSR =3 at 2000 me./s. for machined
mc./s. for wires carthie
-iPure silver (Electrolytic) .. 5925 6-155 j 2:66
Copper (Commercial) .. S5-52, 5-970 | 4-65
Duralumin (Commercial) .. 2-58,
Brass (Commercial) ; & | -36, 1 -566 -1

The ultimate accuracy of o is determined by the accuracies with which
Ag, f and p can be measured. In order to determine p as accurately as posst*
ble, the measurements of r and nodal points have been done by following
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the same procedure as suggested by Sorrows, ete. (1951). The maxi

error ntroduced in the determination of p is due to the dii‘ﬁculty of :;::jl}m
correctly the minimum signal in the presence of the residual noise of ltﬁ
Jetector system. The noise of the detector system at the operating gain
control could not be reduced below 1-7pa at the output which remained
practically constant during the measurements. It is believed that a greater
accuracy can be attained by using a detector system of higher gain and lower
qoise level. The maximum probable error that may be introduced in the
measurements of Ag, f and p has been experimentally evaluated (Table I1).

TABLE 1lI

probable error it Ag, f and p

Ag 1l f | p' -#\

—_ | : | S e __\ |

4+0-0094 cm. +0-46 mc./s. | +0-004

= — T e, ST

o ———

l e M

The maximum accuracy with which o ¢an be deter
about 3%, as experimentally evaluated.

e ——

mined by this method 18

the H,-wave 1n 2 standard S

ol with the help of (19) whe?
plates. Table 111 gives some of the exp_ertmenta

responding values nder matched condition et v .
as calculated from the following formula 18 also g
1L 2a (o) 43{__]* nepet A}
“heo ™ :}a [I— ("“ﬂ [l T b )‘c)] Apco J T
C velength,

where, AC! Al}’ TR

permeability of the free-space at ' ol
space respectively. For & guide of 1nner %
(RG-51 U), and (aking t
0ag=5-92% 107 me'-:;’r .t a frequency Of
’ m

of a reduces 1O
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TABLE [11

Values of attenuation constant for the H,,-wave in silver
plated guide (RG-51 U)

e — . —. e

S N } | T | - NE——

" a expl. a matched a theo. o (Maxwell)

Termination db ¢ db tor db.! per meter

- per meter . Per meter | b. per meter at K band
Silver .. a2 [-302 0-348
Copper i 0:497 0-099 0-069 ©0-51

Duralumin ” 0-770 0-124
Brass .. - 0-743 0-115

It will be observed from the above table that the values of «_,,,.4 calculated
from a,,, obtained with terminations of copper, duralumin and brass are
practically the same. The values of a obtained with silver termination is
about five times that of the theoretical value and differs widely from the other
values, which remains to be explained. The experimental values (a,, ..4)
are in all the cases higher than the theoretical values. This difference may
be due to the fact that the value of o taken for-the calculation of aq,,, IS
that of pure silver. Also, the fact that the silver plating of commercially
available silver plated waveguide being crystalline and porous may contribute
to the increase of the observed value of o (Vogelman, 1953). The surface
roughness of the guide may also be responsible for the increased value of
the experimental a (Benson, 1953).

[t may be pointed out that in the present investigations, no attempt has
been made to take into account the error introduced due to the surface condi-
tions of the terminating plate. Especially, in the case of copper, a layer
of oxide coating which is easily formed when exposed to air, will alter the
value of o significantly.
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