
Measurement 37 (2005) 123–130

www.elsevier.com/locate/measurement
Study of microwave dielectric properties measurements
by various resonance techniques

Jyh Sheen

Department of Communication Engineering, Oriental Institute of Technology, 58, Sec.2, Sze-Chuan Rd., Pan-Chiao,

Taipei Hsien, Taiwan 220, R.O.C

Received 11 November 2003; accepted 8 November 2004

Available online 21 December 2004
Abstract

A systematic study on various resonance measurement techniques of dielectric constant and dielectric loss at micro-

wave frequencies has been undertaken. Characteristics of various resonance techniques are compared with each other.

Suggestion on how to select adequate measurement techniques of microwave dielectric properties is given. Practical

measurements by different methods are made and the results are compared. The trend for future development is

discussed.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Resonance techniques are widely used for mea-

surements of microwave dielectric properties

(complex permittivity, e = er + jee) [1–11], i.e.,

dielectric constant and dielectric loss (loss tangent,
tan d), which can be divided into two groups: The

first is that the resonance is basically supported by

the dielectric itself. The sample acts as a dielectric

resonator. Metal shields with different geometries

are always introduced to prevent radiation loss.
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This type is called dielectric resonance technique.

The second type is that the resonance is supported

by the metal walls of a metal cavity. The presence

of samples in the cavity causes only a ‘‘perturba-

tion’’ on the field distributions in the metal cavity.

The second type is called the cavity perturbation
technique. Various resonance techniques have

been published. In order to make an adequate

choice among those techniques, a systematic study

and comparison to various methods is necessary

but not enough work has been done on this [12].

In this paper, four most widely used and reliable

resonance methods with three dielectric resonance

techniques and one cavity perturbation technique
ed.

mailto:jsheen@mail.oit.edu.tw


D

L

124 J. Sheen / Measurement 37 (2005) 123–130
will be studied. Samples will be measured by those

four methods to compare the measured results.

The work should be done in the future is also

introduced.
specimen

Fig. 1. Post resonance technique.
2. Measurement techniques

2.1. Dielectric resonance techniques

There are various dielectric resonance tech-

niques for measuring the dielectric properties of

dielectric samples. The lowest TE mode of cylin-
drical dielectric sample is always used for measure-

ments because it is easy to identify the resonant

peak, and the calculation equations for the dielec-

tric properties are more easily derived than those

of other modes. The main advantage of the dielec-

tric resonance methods is the higher accuracy of

measurements, but there are several disadvantages.

Usually, only a single frequency point can be mea-
sured for each sample. The dielectric resonance

techniques do not have the swept frequency capa-

bility. And, the calculations of dielectric properties

are usually very complicated; a computer program

is always required to deal with the complicated

Bessel functions. The third disadvantage is the

requirement of sample dimension; much larger

sample volume is needed than that for the pertur-
bation technique. However, the dielectric reso-

nance technique are still widely used because of

high accuracy of dielectric properties measure-

ments, especially for dielectric loss measurement,

in comparison to other methods. Three most

widely used dielectric resonance techniques are dis-

cussed in the followings: (i) Post resonance tech-

nique, (ii) Cylinder cavity resonance technique,
and (iii) Waveguide reflection resonance tech-

nique. The difference between those techniques

are based on different geometrical arrangements

of metal shields.

2.1.1. Post resonance technique

Originally suggested by Hakki and Coleman in

1960 [7], this method has been widely used and has
become the most popular dielectric resonance

method for measuring the dielectric properties of

dielectric samples. A cylindrical dielectric rod is
placed between two parallel metal plates as shown

in Fig. 1. Two coupling antennas are used to

couple the power in and out. The solid arrows

in the figure indicate the direction of signal flow.
The TE011 mode is adopted for measurements.

The resonant frequency fo, the half power band-

width Df3dB, the insertion loss S21, and the diame-

ter D(= 2a) and thickness L of the specimen are

recorded for the calculations of dielectric proper-

ties. The dielectric constant is calculated by the fol-

lowing equations of TE011 mode [13],

er ¼
ko
2p

� �2

ðk2ci þ k2coÞ þ 1 ð1aÞ

k2co ¼
2p
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where kci and kco are sample geometry dependents,

J and K are Bessel function and modified Bessel

function, respectively.

The computation of dielectric loss is given by

[13],

tan d ¼ A
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Fig. 2. Cylinder cavity resonance technique.
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where Qu is the measured unloaded quality factor,

Qc is the quality factor due to conductor loss, Rs is

the surface resistance of metal shields. The factor

A is the ratio of total energy stored in the dielectric

and air to the energy stored in the dielectric. Usu-

ally the A factor is very close to unit for dielectric

constant larger than 20, which means most of the

energy is stored in the dielectric. The radiation loss
is neglected in measurement. The accurate calcula-

tion of conductor loss is a critical point for correct

computation of dielectric loss for this method. The

surface resistance Rs of the conducting shields may

change with the surface roughness, oxidation,

scratch, and temperature variation. Dielectric loss

lower than 5 · 10�4 is not recommended for mea-

surement by this post resonance method unless the
Rs value can be precisely determined [14]. The ex-

tra measurement on the surface resistance is one

defect of this technique. The other disadvantage

of the resonant post method is the requirement

for the sample�s dimension is largest among the

three dielectric resonance techniques. For instance,

for a material with dielectric constant 20, a dia-

meter 10 mm and thickness 5 mm specimen would
be required for the measurement at 10 GHz. For a

single crystal, this dimension can be quite difficult

to prepare. The main advantage for this method is

that equations shown above for the calculations of

dielectric properties were well developed and they

gave very reliable measurement on dielectric con-

stant value. Therefore the technique is still used

by a lot of people.
2.1.2. Cylinder cavity resonance technique

The setup of the cylinder cavity dielectric reso-

nance technique is shown in Fig. 2. The technique

is mainly used for loss tangent measurements of

low loss materials [8,9]. The sample under test is

put inside a cylindrical metal cavity with diameter

d and height h. The TE01 d mode is used for mea-
surement. Eqs. (2a) and (2b) are used the calcula-

tion of dielectric loss. Since the sample does not
contact with the metal shields, the conductor loss

is much lower than that of the post resonance tech-

nique. The accuracy for dielectric loss is higher. If d/

D and h/L are larger than 2, the conductor loss be

neglected with loss tangent of specimen larger than

2 · 10�4 [15]. In addition, the sample dimension
requirement is smaller than that for the post reso-

nance technique. For a sample with dielectric con-

stant 20, measured at 10 GHz, the D · L is about

6 mm · 3 mm—much smaller than the 10 mm ·
5 mm requirement for the post resonance method.

The lack of adequate expressions to measure dielec-

tric constant is one disadvantage. Furthermore, the

specimen is put inside a closed cavity, the desired
TE01 d mode may be interfered and confused by

the modes supported by the metal cavity.

2.1.3. Waveguide reflection resonance technique

In contrast to the above two techniques where

the transmission signal is taken, a reflection cavity

dielectric resonance technique is used in which case

the reflection signal is measured. The setup is
shown in Fig. 3. The sample is put inside a rectan-

gular microwave waveguide with one end shorted

and adjustable for the best resolution of resonance

signal. The TE01 d mode is also used for this

method. Like the cylinder cavity method, this tech-

nique has been used for low loss measurement [10].

Eq. (2a) is also used for the calculation of dielectric

loss. The unloaded Q is calculated by using the
expression [16],

Qu ¼
Px � Pmin

Pmax � Px

� �1=2
2

2�
ffiffiffiffiffiffiffiffiffi
Pmin

p
�

ffiffiffiffiffiffiffiffiffi
Pmax

p fo
Dfx

ð3Þ

The ± sign accounts for the undercoupled case

(+) and overcoupled case (�) and Pmax � 1.

Expression for the dielectric constant is also not
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Fig. 3. Waveguide reflection resonance technique.
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available for this method. The conductor loss is

the same order as that of the cylinder cavity reso-

nance technique. This reflection method also has

the advantage of smaller required sample dimen-

sion. It has all the disadvantages that the cylinder
cavity method has. In addition, measurement error

of the reflection method is higher than that of the

cylinder cavity technique because of the uncer-

tainty condition that will be discussed later.

2.1.4. Error analysis of dielectric constant

measurement

There are three major error sources for the
dielectric constant measurements for the post reso-

nance technique. The first one (Ee1) is the error

caused by the measurement of resonant frequency.

The Ee1 can be easily derived from (1a),

Ee1 ¼ 2
Dfo
fo

ð4Þ

where Dfo is the measurement error on resonant

frequency fo.

The other error source is the measurement error

of the sample dimension. The dielectric constant
measurement error (Ee2) from the diameter mea-

surement can also be derived from (1a),

Ee2 ¼
2k2ci
erk

2
o

DD
D

ð5Þ

The dielectric constant measurement error (Ee3)
from the thickness measurement can be expressed

as [17]

Ee3 ¼ ð1þ W Þ k2o
2erL2

DL
L

ð6Þ

The relationship of Ee2 and Ee3 and the sample
dimension are given in Fig. 4. With typical sample

dimension D/L = 2 � 4 for measurement, a 1% er-

ror on the diameter or thickness measurement can

cause a measurement error of about 0.5–1.5%.

The last error source is the uncertainty error.

That error may arise from different reasons: cali-

bration error of the network analyzer, temperature

and humidity instability, bends on the measuring
cables, exact position and imperfection of the spec-

imen, and other unexpected reasons.

2.1.5. Error analysis of loss tangent measurement

There are various sources of error for the loss

tangent measurement. The first main error source

is from the measuring error on the unloaded qual-

ity factor Qu, by (2b), which can be caused by the
measurement errors of half power bandwidth,

amplitude, and transmission coefficient. The error
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(Ed1) from the frequency bandwidth measurement

error D(Df3dB) can be derived from (2) and ex-

pressed as

Ed1 ¼ 1þ A
Qc tan d

� �
DðDf3dBÞ
Df3dB

ð7Þ

For the cylinder cavity and the reflection reso-

nance techniques, because of the low conductor
loss ðQc tan d � AÞ, the Ed1 is mainly controlled

by the bandwidth error. However, for the post res-

onance method, the second term in bracket cannot

be neglected. The error from the amplitude resolu-

tion error (DR in dB) for the post and cylinder cav-

ity resonance techniques is calculated by using the

expression [16],

Ed2 ¼ 0:23 1þ A
Qc tan d

� �
DR ð8Þ

For low conducting loss condition, a 1% ampli-
tude resolution error can cause a 0.23% error on

loss tangent measurement. For the reflection meth-

od, the amplitude resolution error is [16],

Ed2 ¼ 0:115
1þ c
c

cPmax þ Pmin

Pmax � Pmin

DR ð9aÞ

c ¼ Px � Pmin

Pmax � Px
ð9bÞ

The amplitude resolution of the reflection

method depends on how sharp the trough is. Ed2

for the reflection method vary from 0.5% to 1%

for the depth of the trough changing from 5 dB

to 40 dB. With a similar procedure as that of Ed1

and Ed2, the measurement error because of the

transmission factor measuring error DS21 can be

expressed as

Ed3 ¼ 1þ A
Qc tan d

� �
DS21

1� S21

ð10Þ

which indicates that a strong coupling between the

device under test and the testing instrument will in-

crease the error on loss tangent measurement be-

cause the S21 will approach unit as the coupling

increases.
The other main error source is from the calcula-

tion errors on both factor A and conducting loss.

For the calculation error of factor A, the loss tan-
gent measurement error can be derived and ex-

pressed as

Ed4 ¼ 1þ A
Qc tan d

� �
DA
A

ð11Þ

Usually this error can be neglected for high

dielectric constant samples. The loss tangent mea-

suring error caused by the conducting loss calcula-
tion can be expressed as [17]

Ed5 ¼
A

Qc tan d
DRs

Rs

ð12Þ

where DRs is the measurement error of the surface

resistance of metal shields. For low conducting

loss condition, the Ed5 can also be neglected.

The last one (Ed6) is the uncertainty of measure-

ments. As discussed above, that error is caused by

different factors. The uncertainty of measuring the
power level is important in the reflection method

which is calculated from [16],

Ed6 ¼ 0:5
ð1þ cÞ3=2

c
ðcPmax þ PminÞ1=2

Pmax � Pmin

DP ð13Þ

A 1% power level error can cause the uncer-

tainty error Ed6 larger than 2%.

Finally, the combined rms errors for both

dielectric constant and loss tangent measurements

can be calculated by using,

E2
e;d ¼

X
i

E2
ðe;dÞi ð14Þ

with the assumption that all errors are inde-

pendent.
2.2. Cavity perturbation technique

The fundamental concept of perturbation tech-

nique is that the presence of a small piece of dielec-

tric sample in the resonant cavity will cause a shift

of resonant frequency and a decrease of the quality

factor of the cavity. A rectangular cavity is usually

adopted as shown in Fig. 5. The TE01N (N is inte-
ger) modes are widely used for dielectric properties

measurements. A small piece of rod, sheet, or bar

shaped sample is placed in the position of maxi-

mum electric field. Odd modes (N:odd) are more

often used because of the geometrical center is al-

ways one of the maximum electric field positions.
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Fig. 5. Cavity perturbation technique.
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The dielectric constant and loss tangent of the

specimen can then be calculated from the changes

of resonant frequency and quality factor of the

metal cavity [11],

er ¼
V cðfc � fsÞ

2V sfs
þ 1 ð15Þ

ee ¼
V c

4V s

1

Qs

� 1

Qc

� �
ð16Þ

tan d ¼ ee
er

ð17Þ

where fc and fs are the resonant frequencies, and

Qc and Qs are the quality factors of the cavity

without and with sample inside the cavity, respec-

tively; Vc and Vs are the volumes of cavity and
sample, respectively.

For dielectric constant measurement, the error

is mainly from the measurement errors on fre-

quency shift and volume ratio. When carefully

handled, the dielectric constant measurement error

can be controlled inside 2%. The precision of loss

tangent measurement is very difficult to control,

which is dominated by the frequency shift error
and especially the quality factor change error. This

quality factor change error deteriorates the mea-

surement accuracy of dielectric loss because of

the combination of various factors—homogeneity

of the specimen, coupling condition, specimen

holes, and uncertainty. As much as 50% loss tan-

gent measurement error can exist for a sample with

tan d � 4� 10�4 [11]. Loss tangent less than
1 · 10�3 is not recommended to be measured by

this technique. Although the cavity perturbation
method has the limitation of low accuracy on

low loss measurement, the technique has several

additional advantages. Unlike the dielectric reso-

nance techniques, there is really no severe toler-

ance limit on the shape and dimension of
measured specimen. The required specimen size is

much smaller than those of the dielectric resonance

methods. The thickness of the sample is only

around 1 mm. The height of the waveguide is

10.2 mm for X-band (8.2–12.4 GHz) measure-

ments. The sample is much easier to be prepared.

In addition, the calculations of dielectric proper-

ties are very simple while the dielectric reso-
nance techniques need computer program for

computations. Furthermore, the cavity perturba-

tion method can measure several frequency points

with various TE10N modes, but only single fre-

quency point can be measured for the dielectric

resonance techniques.
3. Experiment

To compare the accuracy and adequacy of var-

ious measurement techniques, the dielectric con-

stant and loss tangent of two samples were

measured by the four most widely used resonance

techniques discussed in this paper. Two brass

plates with diameter 10 cm and conductivity
1.41 · 107 S/m [14], a cylindrical copper cavity

with inside diameter 3 cm and height 1.7 cm, a

rectangular copper waveguide section with cross

section 4.75 cm · 2.21 cm, and a rectangular cop-

per cavity with dimension 13.5 cm · 2.29 cm ·
1.02 cm were adopted for measurements by the

post resonance, cylinder cavity resonance, wave-

guide reflection resonance, and cavity perturbation
techniques, respectively. The measurement results

are listed in Table 1. Good agreement in dielectric

constant measurements was found between the

post resonance technique and the cavity perturba-

tion technique, which confirms the accuracy of

dielectric constant measurements by those two

methods. For the measurements of loss tangent,

since the loss tangent increases with increasing
the frequency [18], higher loss tangent values for

the post resonance method is reasonable because

of the higher measured frequencies. Good agree-



Table 1

Dielectric properties measured by various resonance techniques

Technique Frequency (GHz) er tan d

Sample#1 Post resonance 10.9 23.3 1.65 · 10�4

D = 11.5 mm Cylind. cav. resonance 6.55 – 8.13 · 10�5

L = 3.33 mm Waveguide refl. reson. 6.39 – 7.94 · 10�5

Cavity perturbation 8.59 23.1 –

Sample#2 Post resonance 8.56 18.3 1.04 · 10�3

D = 12.6 mm Cylind. cav. resonance 6.08 – 9.26 · 10�4

L = 5.37 mm Waveguide refl. reson. 5.89 – 8.55 · 10�4

Cavity perturbation 8.59 18.5 –
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ment in loss tangent measurements was also

reached between the cylinder cavity and the wave-

guide reflection techniques and the measurement

accuracy of methods in measuring loss tangent val-

ues was proved.

The variation of measured dielectric constant

values for repeating measurements could be con-

trolled inside 1% for both post resonance and cav-
ity perturbation techniques. It can be easily

understood that this 1% error is from the fre-

quency measurement error (Ee1) and uncertainty

condition. The errors for the repeated measure-

ments on the loss tangent are from the measuring

error of unloaded quality factor Qu and uncer-

tainty error. For the two transmission methods

and the reflection method, the observed values
are 2% and 6%, respectively. The higher error for

the reflection method is because of the higher

uncertainty error.
4. Summary

Three dielectric resonance techniques and one
cavity perturbation technique have been discussed

and compared. The cylinder cavity resonance

method is the best choice for loss tangent measure-

ment but dielectric constant measurement is not

available. The cavity perturbation technique is

good for dielectric constant measurement and the

required specimen is very small but is not adequate

for loss tangent measurement. The post resonance
technique can measure both dielectric constant

and loss tangent but is not adequate for low loss

tangent measurement. The choice of those three

measurement techniques will depend on the avail-
able sample dimension and the accuracy require-

ment. The waveguide reflection method is not

recommended because it has higher measurement

error on loss tangent measurement and dielectric

constant measurement is not available. From the

above discussions, for the cylinder cavity reso-

nance technique, if the theory for measurement

of dielectric constant can be accurately developed,
it will become the most attractive method for

dielectric properties measurements. However, con-

sidering the limitation on sample size, cavity per-

turbation technique will be the best choice.
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