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Abstract—Cavity perturbation techniques offer a very sensitive
and highly versatile means for studying the complex microwave
conductivity of a bulk material. A knowledge of the cavity coupling
factor in the absence of perturbation, together with the change in the
reflected power and the cavity resonance frequency shift, are ade-

quate for the determination of the material properties. Thk elim-

inates the need to determine the @factor change with perturbation

which may lead to appreciable error, especially in the presence of
mismatch loss. The measurement accuracy can also be improved by

a proper choice of the cavity coupling factor prior to the perturbation.

I. INTIIODUCTION

T

HE C(IM PLEX microwave conductivity of a

semiconductor material has been measured using

two different methods. In the first one a semicon-

ductor slab completely fills a waveguide section and

measurements are made to determine the complex re-

flection or transmission coefficients. This method has

been reported by many authors [1 ]– [3 ] and has been

reviewed recently by Datta and Nag [4]. The accuracy

achieved with the reflection method is not very precise,

especially with high-conductivity materials, since the

VSWR to be measured is very high (nearly 20 dB) and

the phase-angle is very small, On the other hand, when

this method is used in a transmission mode, the ac-

curacy is degraded further due to available commercial

standards for attenuators and phase shifters. The fact

that the sample should completely fill the transverse
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cross section of the waveguide poses two serious prob-

lems. First, in many cases it is very hard to get large

enough samples to fill the waveguide cross section; this

problem becomes more serious when the sample is a

single crystal. Second, there is always a small air gap

between the sample and waveguide walls, even with

tight fitting, and this effect was shown to give erroneous

results [5]. Recently, Helm [6] suggested a mode

transducer to overcome this “gap effect. ” Helm’s idea

takes advantage of the fact that the contact problem is

important when the electric field is normal to the sam-

ple’s surface, and by converting the TEIO mode of the

rectangular guide into a TEIO mode of a circular guide

the electric field is tangential to the surface of the sam-

ple at the boundary. This scheme may be difficult to

realize with a brittle material like InSb.

The second method for measuring the microwave con-

ductivity is by using cavity perturbation techniques

[7]- [10]. The material parameters are measured by de-

termining the Q-factor change and the resonant fre-

quency shift of a resonant cavity by inserting the sam-

ple in the region of maximum electric field, The strong

interaction between the fields in the cavity and the

sample Imakes this method very suitable for the mea-

surement of small changes in the material properties as

a result of external perturbations. If the sample is

placed under the central post of a reentrant cavity with

a high Q-factor, and the size of the sample is chosen such

that the energy stored within the sample is much small-

er than the energy stored in the cavity, it can be shown

that the change in the material parameters as a result

of perturbing the sample can be related to the cavity
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resonant frequency shift and its Q-factor change as

follows [11]:

and

where

a is the material conductivity, e, is its relative dielectric

constant, K. is the permittivitv of free space, QL and ~

are the loaded Q-factor and resonant frequency of the

cavity, and V, and 1’, are the volumes of the sample and

the cavity, respectively. The subscript O indicates quan-

tities in the absence of perturbation.

However, for samples of interest and at a frequency

of 10 GHz, Ko2+>>V/(zTf) 2; ako, it is quite reasonable to

neglect (1/2) (1/QL) [l/QL— l/QLo] with respect to

(f-fo)/fo, which simplifies (1) and (2) to the following
form:

and

(u – Uo) +
‘J(f — -fO)

Tf o ‘:x(+-:) “)

Equations (3) and (4) relate the change in the con-

ductivity and dielectric constant of the sample to the

experimentally measurable quantities. The parameter

q depends on the geometry of the sample and the cavity.

This parameter can be determined either experimentally

by using a sample with known parameters, or theoret-

ically by studying the fields within the cavity. Equa-

tion (3) can be used to study the change in the dielectric

constant as a result of perturbing the sample. Using (4)

to study the change in the material conductivity could

result in erroneous results due to the fact that the values

of QL and QLO are very close to each other. This paper

suggests an alternative method using power measure-

ment. In the following analysis it will be shown that a

knowledge of the coupling factor in the absence of per-

turbation together with the change in the reflected

I t-z”1 I

REENTRANT
CAVITY

u-

T

L

A — —––, —-— —---
1 A

B –– –––L J––-__ ~
_A B

P
InSb SAMPLE

(a)

G?L’-
—

J- d2

h-d14

(b)

Fig. 1. Orientation and dimensions of the cavity and sample. (a)
Sample orientation within the cavity. (b) Satnple dimensions.

power and resonance frequency shift as a result of the

perturbation are adequate for the determination of the

material conductivity. This eliminates the need to de-

termine the Q-factor change as a functiom of the per-

turbation which might lead to appreciable error in the

presence of mismatch loss. The method offers an ac-

curate way to measure changes in the material con-

ductivity as a result of perturbing the sample (due to

temperature variation, or electric or magnetic fields).

II. CAVITY ANALYSIS

A. Equivalent c~YCUd of the Cavity Including the .Sa~ple

Fig. 1 shows the material orientation ~rithin the cav-

ity together with the dimensions of the sample. Placing

the sample under the central post of the reentrant

cavity has the following advantages,

1) The electric field is maximum in this region, which

results in a greater interaction between the sample and

the signal,

2) The field is essentially uniform over the sample,

which simplifies the analvsis considerably. This holds

for samples where the skin depth is larger than the

sample dimension along the electric field, which is the

case for the samples employed here.

The cavity is divided into two parts by the plane

A–A. The section above this plane can be represented

by a transmission line terminated in a short circuit.

This part is equivalent to an RLC in shunt. The value

of these elements (Lo, Ro, and Co) are functions of the

dimensions al, a,, L, and the conductivity of the cavity

walls. The section below plane A–A adds an extra shunt

admittance Y’ which will depend on the parameters of

the sample. It is fairly reasonable to assume that most
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of the contribution of this section to Y comes from the

region underneath the central post. With this in mind

the admittance Y could be divided into three compo-

nents.

1) A capacitance Cl due to the air gap between the

two planes A–A and B–B under the central post and is

given by

KoTalz
c,=—

l–t”
(5)

2) An admittance Y~ due to the presence of the sam-

ple whose value is given in the Appendix.

3) A second capacitance C2 due to the air gap under

the plane B–B that is not occupied by the sample and

is given by

Ko(Ta12 — filfia)
c,=— (6)

t“

The equivalent admittance of the cavity section be-

low plane A–A is composed of that of Cl in series with

the shunt combination of Ct and Y~ and is given by

where

G’
G,H =

Gmf2 c1 2

()
~+ 1+~

(8)

CJclc’

l+—
()

1+:
GmU

C,>ff = c1 ——
Cfz”

(9]
W2C12

l+—-
()

I+z
Gwtf,

C’= C~’i- C,, and both C~t and G~’ are defined in (33)

and (34) of the Appendix,

If the material is isotropic, both uu and ~lz become

zero and the expressions for Ge~~ and C,f~ become

KIU
Geff = —

K12(T2 C2

()

(10)

—+ I+z
LJC12

and

Ceff = c1

0J2C2 ()1+=> 1 +-:

C#cz () c1 2
l+— l+E

K12U2

(11)

where C = C?+ Klc. For most semiconductor samples

both (u C/Klu) z and (cJCJKlcr) 2 are much greater than

one. This reduces (10) and (11) to the following forms:

G,H = A’u (12)

and

Clc

Ceff = ——

C,+c

(13)

where

K = [K1/(l + C/C])’].

The change in the conductivity of the material will

change the equivalent conductance of the test cavity

and can be measured by monitoring the change in the

power reflected from the cavity. On the other hand,

the change in the dielectric constant of the material will

in turn change C,ff and as a result the resonance fre-

quency of the cavity will shift.

B. Conductivity Change

The dependence of the conductivity of the material

on the change of the power reflected by the cavity is

presented in this section. The circuit used for measure-

ments is illustrated in Fig. 2. In this analysis the power

is coupled to the cavity through a circulator and a Iossy

line with attenuation a. For simplicity the circulator is

assumed to be matched to both the line and the de-

tector; however, if any mismatch loss is present it can

be easily taken into account. The various measurable

power levels can be defined as follows.

P. Power available from the source, which is the

power delivered to a matched load through a

lossless coupling.

P, Power reflected from the cavity.

PD = aP, is the detected power.

The change in the detected power APD due to the in-

troduction of perturbation can be expressed as

APD = – a(PD – PDO) (14)

where the subscript zero denotes quantities in the ab-

sence of perturbation.

The change in the detected power APD as a result of

a change in the material conductivity from ao to u can

be obtained from the cavity equivalent circuit at

resonance shown in Fig. 3 and is expressed as follows:

APD _ la (1 + Ct)o,

(

Do

PD = )
(15)

(1+*+ 60F–(1+PO)2

where 130is the coupling factor with no perturbation and

is given by

PO = Yo/(Kao + Go) (16)

x = F(Au/GJ

and

F = K.o/ (GO+ Kcro) . (17)

It is seen that once P. and /?O are known it is a

straightforward process to determine the change in the
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Fig. 3. Cavity equivalent circuit at resonance. (a) Without per-
turbation. (b) With perturbation.

material conductivity from measurement of the cor-

responding change in the detected power. Both PO and

AP can be measured to a much higher degree of ac-

curacy when compared to the Q-factor, especially in the

presence of mismatch and insertion loss. However, there

exists an optimum coupling factor which results in the

largest value of APD/Po for a certain value of x. The

knowledge of such a coupling factor will improve the

accuracy of the experimental results. To determine this

optimum coupling factor, the first derivative with re-

spect to Do of the left-hand side of (15) is equated to

zero, which results in

[0..4 – (x+ 2)&p3 – 6(x + l)LLP’

– (x+ 1)(z + 2)j3.P + (z+ 1)’]* = O (18)

12

1

‘k””’””’””
-,~-2 ,.-1 10 10

1X1

Fig. 4. Optimum coupling factor for overcoupled cavities.
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Fig. 5. Optimum coupling factor for undercoupled cavities.

where @.P is the optimum coupling factor. Figs. 4 and 5

give plots of the optimum coupling factor versus x for

overcoupled and undercoupled cavities, respectively. It

is worthwhile to investigate the case when x<<l in order
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to get more insight from these figures. In such a case,

(18) reduces to the following,

,%4 – 2L.a – 61?0r)2– 21?0D+ 1 = 0. (19)

The four roots of (19) are – 1, – 1, (2+ ti~), and

(2 – ~~). The two roots having the value of – 1 have

no physical significance and will be disregarded. The

ren- aining two roots indicate that either an under-

coupled or overcoupled cavity can be designed for op-

timum test conditions. “1’he criterion to choose between

an overcoupled or an undercoupled cavity is determined

by the fact that the cavity should not change from one

kind of coupling to the other as a result of the per-

turbation. This requirement will cause the detected

power to be either monotonically increasing or decreas-

ing as a result of the introduction of perturbation. As a

result any confusion due to a change in the kind of

coupling is totally eliminated. A study of the change in

the cavity coupling factor as a result of the perturba-

tion for various values of ~. shows that if the perturba-

tion increases the conductivity of the material under

test (x is positive), the cavity should be undercoupled,

and the opposite is true. Therefore, the solid lines in

Figs. 4 and 5 will serve to give the optimum coupling

factor according to the anticipated change in the con-

ductivity of the material.

C. Calibration of the Cavity System

In order to study the change in the material conduc-

tivity and dielectric constant as a result of the per-
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the sample

turbation the parameters q and F should be determined.

Moreover, it is necessary to investigate the dependence

of these parameters together with @o on the perturba-

tion.

It should be emphasized that the method can be gen-

eralized very easily for large changes in e, and u through

numerical analysis. The programming is done through

iterative steps where each step corresponds to a very

small change in a or G The results obtaineci after each

iteration serve as initial conditions for the subsequent

step. Typical results for this anaIysis are shown in Figs.

6 and 7.

The geometrical factor q can be determined by study-

ing the field configuration within the cavity system.

However, this is a very lengthy and involved process,

especially if higher order modes are excited. This factor

can be determined experimentally by studying the fre-

quency shift due to samples having a known dielectric

constant and having the same dimensions as the sample

under test. The resonance frequency shift from that of

the empty cavity (t, = 1) can be used in conjunction

with Fig. 7 to determine q.

It can be shown that F can be determined by mea-

suring the coupling factor of the empty cavity and that

with the sample present at no perturbation.

From (16) Go/aO is given by

G,/CTO = KO@O/(@OO – PO) (20)

where Boo is the coupling factor of the empty cavity.

Substituting (20) into (17) yields

(300– 60
F = ————

()
(21)

/30,-/3, 1–:

where KO is the value of K in the absence of perturba-

tion. If the resonance frequency shift as a result of the
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TABLE I

THE RELATIVE CHANGE OF THE DETECTED POWER
AT THE CRITICAL POINTS

Incident
Power
(dBm) @o Measured I AP/P, I Calculated I AP/Po I

0.64 48 x 1o-3 48.16 x10-~
:: 0.64 49.5 X1 O-3 48.16 X10-3

0.33 248 X 10-3 253.8 X10-3
:: 1.5 37.5 X1 O-3 39.8 x10-8

–11 0.6 54.5 X1 O-3 62.5 XIO-~

perturbation is negligible, then K = KO and F= FO, and

is given by

()F’i)= 1–:. (23

III. SUMMARY AND CONCLUSIONS

A measurement procedure for determining the micro-

wave properties of a semiconductor material using cavity

perturbation techniques has been presented. The

method is different from the conventional approach,

which relies on the Q-factor measurements. I t has been

shown that the change in the material conductivity as a

result of some perturbation can be measured by mea-

suring the cavity coupling factor prior to the per-

turbation and the change in the reflected power from

the cavity as a result of the perturbation. Both pa-

rameters can be measured to within 1-percent accuracy.

In addition, the effect of the coupling factor toward im-

proving the accuracy has been determined. The ap-

proach is very valuable when the change in the material

properties is very small. The method has been checked

experimentally by perturbing an InSb sample through

application of a magnetic field, and checking the

theoretical and experimental values for the change in

the reflected power required to bring the cavity to crit-

ical coupling. The results are summarized in Table I.

It is seen from these results that theory and experiment

are in excellent agreement, which justifies the previous

approach.

APPENDIX

EQUIVALENT CIRCUIT OF A SEMICONDUCTOR MATERIAL

IN A REENTRANT CAVITY

The equivalent circuit of the sample placed under

the central post of the cavity, as shown k Fig. 1, will

be derived here. The sample will carry both conduction

and displacement currents, i.e.,

(23)

where D is the electric-displacement vector, E is the

electric-field intensity, and 6 k the conductivity tensor.

Since the microwave field due to the dominant TEM

mode k parallel to the x axk and varies as ei”~, (23) can

be written as

J = ~E + jmeE. (24)

The conductivity tensor of a material in the presence of

a magnetic field along the z axis can be written as

r

fl.. U.u o
ii= Ug,, 1

1
fJzwo.

J
(2.5)

00 U?%

Therefore, by substituting (25) into (23), the x- and y-

components of the current density can be written as

f Ollows

J. = (at. + joM.,~)E~ + (a,, + jue..)E, (26)

and

J, = (~,uEz + jue.zD)Ez + (uuV+ jueu,)Eu. (27)

The continuity of current at the surface of the sample

normal to the y axis implies that the displacement cur-

rent outside the sample should be equal to the total

current within the sample. And since

is uniform and along the x axis, Ju = O.

E = U.* + jme,. E
#

n~g+ ju%. ‘“

Substituting (28) into (26) yields,

the electric field

Therefore,

(28)

Therefore, the equivalent admittance of a sample of

thickness t and an area A follows immediately from (29),

Ym = KI (a... + jcoe.z) + y’.:)i (30)

where K1 = dld~lt, Ym is the equivalent conductance of

the material, and Y..i is the contribution to Y~ due to

the anisotropy of the material, and is given by

However, it has been shown that [12] a~~ = --uu~ and

~JV= — eyz, an d thus Yn reduces to

where

and

where eZU= — eg~= cIS and ~zu = — uy~ = CJM. If Ulz is much

greater than tire, then the equivalent admittance of the
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sample becomes

( u#
I-m = K1 arc + jtic.. +

U,u + jwv. “)

On the other hand, if the material is isotropic,

pression for the equivalent admittance of the

becomes

(35)

the ex-

sample

(36)
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Traveling-Wave Coherent Light-Phase Modulator

M. EZZAT EL-SHANDWILY, MEMBER, IEEE, AND SAID M, EL-DINARY

Abstract-The use of a rectangular waveguide partially loaded
with electrooptic material as a laser beam phase modulator is ana-

lyzed theoretically. The characteristic equation, fields, power, and

attenuation are obtained in terms of normalized parameters. Design
procedure of the modulator is given with particular reference to KDP.

I. INTRODUCTION

T
HE USE OF electrooptic (EO) materials for am-”

plitude or phase modulation of a coherent light

beam has been analyzed by several authors [1].

For a traveling-wave modulator, a waveguide partially

filled with the EO crystal is usually used to support the

modulating signal. Kaminow and Liu [2] analyzed the

propagation characteristics of a parallel plate guide

partially loaded with KDP crystal. In their analysis,

TEM fields are used to produce phase modulation of the

coherent beam. They found that for practical KDP

crystal dimensions, 3 GHz is the highest frequency for

broad-band operation for the collinear geometry.

Higher order modes have not been considered. Peters

[3] demonstrated experimentally the operation of a

traveling-wave coherent light-phase modulator. The

JManuscript received February 1, 1971; revised March 15, 1971.
M, E. E1-Shandwily is with the National Research Center, Elec-

trical and Electronic Research Laboratory, Sh. E1-Tahrir, Dokki-
Cairo, Egypt.
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Egypt.

structure used was similar to that analyzed theoret-

ically by Kaminow and Liu [2]. A modulation index of

unity was obtained with a modulating power of 12 ~.

Chen and Lee [4] analyzed the propagation charac-

teristics of a cylindrical waveguide partially filled with

a cylindrical dielectric light modulation material. They

considered only modes with no angular variation. Their

analysis reveals that for TM mode propagation there

is a nondispersive region which is suitable for broad-

band modulation.

Recently, Putz [5] described an experimental micro-

wave-light modulator, using a ring-phase traveling-

wave circuit, with KDP crystals filling the space inside

the rings. The KDP crystal is used in the longitudinal

mode, i.e., with the light beam along the optic axis. The

modulator uses 10 ~ of input. power to produce AM

modulation at a modulation depth of 40 percent with

10-percent bandwidth. However, for phase modulation

it gives only a modulation index of 0.2 rad. Vartanian

et al. [6] investigated the propagation characteristics of

TE.O modes in dielectric loaded rectangular waveguide.

Our work is concerned with the same strut ture for use

as a laser beam phase modulator.

In Section II, we give a brief description of the phase

change in a laser beam traveling through an E*O crystal

in the presence of an RF field. Section II [ treats the

problem of electromagnetic wave propagation through


