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Introduction

The split post dielectric resonator (SPDR) provides an accurate technique for
measuring the complex permittivity of dielectric and ferrite substrates and thin
films at a single frequency point in the frequency range of 1 to 20 GHz. Besides
the SPDR fixture, a vector network analyzer such as the PNA or PNA-L and
software package 85071E option 300, are required for the measurement. The
measurement is automatic and easy to perform.

Comparison With
Other Methods

The microwave methods of measuring the dielectric properties can be divided
into two main categories [1]:
• transmission-reflection (e.g. measuring in coaxial line, waveguide, and
free-space, or with open ended coaxial line) and
• resonance methods
The SPDR measurement technique is one type of resonance method. The
transmission-reflection methods offer swept measurement at “any” point in the
frequency range over which they operate, while the resonance methods use a
single frequency (or, at most, a few frequency points for different modes).
Resonators and cavities offer the highest available accuracy for measurements
of real permittivity, and allow for measurements of very low loss materials that
can not be measured with other techniques. A measurement at a discrete
frequency point(s) should be adequate, because lossless materials are nearly
nondispersive. This means that their dielectric constant and loss tangent will
stay constant over a range of frequencies.
The construction of the SPDR uses new, low loss dielectric materials which
make it possible to build resonators having higher Q-factors and better thermal
stability than traditional all-metal cavities [2,3]. The main advantages of the
SPDR are:
• superior accuracy compared to transmission-reflection methods
• ability to measure low loss materials (lower loss materials that cannot be
measured with the transmission-reflection technique)
• convenient, fast, and nondestructive measurement of substrates, printed
circuit boards, and even thin films
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Sample Geometry

This method is nondestructive, as long as the substrate can fit in the SPDR,
because no special sample preparation is needed. The electric field in the resonator is parallel to the surface of the sample as shown on Figure 1. The main
sample requirements are: two strictly parallel faces, the thickness of the sample
h in Figure 1, must be less than the fixture air gap hG (see Figure 4), and the
sample must have enough area to cover the inside of the fixture. The air gap
between the sample and the dielectric resonator (see Figure 4) does not affect
the accuracy of the measurement. The sample may have a rectangular or round
shape as shown in Figure 1. For easy handling of the sample it is recommended
that the sample area dimension L be bigger than the dimension of the minimum
measurable area l (or active area of the fixture).

Minimum measurable area
L

E field in plane

h
l

L

Figure 1. Sample geometries

The required thickness of the sample also depends on the dielectric constant e‘r
of the material. Materials with high dielectric constants must have less thickness. Figure 2 shows the typical resonant frequency f versus permittivity e‘r in
the case of a 10 GHz SPDR. For this fixture, if the permittivity of the sample e‘r is
less than 10, the maximum sample thickness must be smaller than the fixture
gap thickness hG. At the same time, the sample must also be thick enough to
create enough frequency shift to be easily measured. If the sample permittivity
e‘r is greater than 10, the sample thickness may have to be reduced to keep the
frequency shift within the recommended range. The thickness should be chosen
from Figure 2, knowing that the frequency should not be much smaller than 8.5 GHz.
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The fixture air gap hG and the active area dimension l of the fixture depend on
the operating frequency f of the resonator. Table 1 shows approximate values of
these dimensions for resonators operating at different frequencies. The sample
dimension L should be less than Lf, which is the maximal dimension that the
fixture can accommodate.
Table 1. Sample related dimensions of SPDR fixtures for different frequencies
f, GHz

hG, mm

l, mm

Lf, mm

1
3.2
5
10
15
20

10
3.3
2
1
0.8
0.6

130
60
40
25
17
10

200
≤ 150*
≤ 150*
≤ 150*
≤ 100*
≤ 100*

* The fixture can be ordered with Lf dimension up to the indicated value but is recommended to be less,
if there is no special need.

Empty resonator

10.0
9.6

h = 0.025 mm
h = 0.05 mm

f, GHz

9.2
8.8

Max recommended
frequency shift

8.4

h = 0.1 mm
h = 0.2 mm
h = 0.35 mm
h = 0.5 mm
h = 0.7 mm
h = 0.97 mm

8.0
7.6
7.2
1

10

100

ε 'r

Figure 2. Typical resonant frequency versus permittivity for 10 GHz split post resonator
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The SPDR technique can also be used for measuring thin films. Figure 3
shows the typical resonance frequencies f versus the permittivity for a 10 GHz
resonator. If the film is deposited on a substrate, the resonant frequency shift
due to presence of the thin film is very similar to Figure 3 (differences are about
1 to 2 percent). To separate the frequency shift of the film from the overall
frequency shift of the substrate and the film, the substrate alone should be
measured initially (without film).

Figure 3. Resonant frequency versus permittivity of a thin film deposited on artificial substrate
with e‘r = 1 for 10 GHz split post resonator

Permittivity and loss tangent of thin films deposited on substrates having a
diameter > 20 mm can be evaluated directly with systematic 1 to 2 percent
error using the same program as for uniform dielectrics. In this case one has to
measure the empty resonator (f01,Q01), empty resonator with a substrate only
(fs,Qs), and, after film deposition, repeat the measurement of the empty
resonator (f02, Q02) and resonator with film and substrate (f2,Q2). The film should
face down during this measurement.
When measuring films alone (not on a substrate), it is possible to stack them.
The structure of the field is such that possible air gaps between the films will
not affect the measurement. Results from measurements of stacked polymer
films are independent of the number of films (see Table 2), which proves that the
split dielectric resonator method is not sensitive to the presence of air gaps
between the stacked films.
Table 2. Results of measurements of stacked polymer films
f, MHz

Q

h, mm

e‘r

tand, (x10-4)

# of films

5608.59
5601.11
5593.54
5586.08
5578.67
5571.28
5563.96

9400
8000
6890
6080
5480
4480
4970

0
0.100
0.201
0.303
0.406
0.511
0.616

empty
3.19
3.20
3.20
3.20
3.19
3.18

empty
49 1
50 2
50 3
49 4
49 5
50 6

0
1
2
3
4
5
6
5

SPDR Geometry and
Measurement Setup

The geometry of a split dielectric resonator and a picture of the resonator are
shown in Figure 4a and b. The simplified schematic illustrates the main parts of
the SPDR.
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Figure 4a. Cross-section drawing of SPDR fixture

Figure 4b. Picture of SPDR fixture

A pair of thin dielectric resonators and a metal enclosure of relatively small
height are used in the construction of the SPDR fixture. This allows creating a
strong evanescent electromagnetic field, not only in the air gap between the
dielectric resonators, but also in the cavity region for radii greater than the
radius of dielectric resonators. This simplifies numerical analysis and reduces
possible radiation.
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The measurement set-up shown in Figure 5 consists of the following components:
• PNA network analyzer, operating in appropriate frequency range for the fixture
• software, 85071E with option 300, installed in the PNA
• SPDR fixture

PNA Network Analyzer with
installed 85071E software

SPDR fixture
Sample
Figure 5. Measurement setup
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SPDR Operation

SPDRs typically operate with the TE01d mode that has only an azimuthal electric
field component, so the electric field remains continuous on the dielectric
interfaces [2,3]. This makes the system insensitive to the presence of air gaps
perpendicular to the z-axis of the fixture. The Rayleigh–Ritz method is used to
compute the resonant frequencies, the unloaded Q-factors, and all other related
parameters of the SPDR. The real part of permittivity e‘r of the sample is found
on the basis of measurements of the resonant frequencies and thickness of the
sample as an iterative solution to equation (1).

e‘ r =

1 + f 0 – fs
hf0 Ks(e‘r ,h)

(1)

Where h is the sample thickness, f0 - the resonant frequency of the empty
SPDR, fs - the resonant frequency of the SPDR with the dielectric sample, Ks - a
function of sample dielectric constant e‘r and thickness h. The function Ks is
computed and tabulated for every specific SPDR. Exact resonant frequencies
and the resulting values of Ks were computed for a number of e‘r and h and
tabulated. Interpolation has been used to compute Ks for any other values of e‘r
and h. The initial value of Ks in the permittivity evaluation using formula (1) is
taken to be the same as its corresponding value for a given h and e‘r = l.
Subsequent values of Ks are found for the subsequent dielectric constant values
obtained in the iterative procedure. Because Ks is a slowly varying function of e‘r
and h, the iterations using formula (1) converge rapidly.
The loss tangent is computed using equation (2)

tand =

–1
Q–1 – Q–1
DR – Q c

pes

(2)

Where Q is the unloaded Q-factor of the resonant fixture containing the dielectric
sample, and pes is the electric energy filling factor of the sample, defined as (3):
(3)

Qc is the Q-factor depending on metal losses for the resonant fixture containing
the sample (4):
(4)

Qc0 is the Q-factor depending on metal losses for the empty resonant fixture,
QDR is the Q-factor depending on dielectric losses in the dielectric resonators (5):

QDR = QDR0

peDR0
fs peDR
f0

(5)

peDR , peDR0 - electric energy filling factors for the sample, and for the dielectric
split resonator respectively. Similar to the function Ks, K1 and K2 are functions of
e‘r and h that are computed and tabulated. Interpolation is used to compute the
values of these functions for specific values of h and e‘r.
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Measurement
Uncertainty

General
Typical uncertainty of the real permittivity is better than ±1 percent, providing
that the thickness of a sample under test is measured with accuracy
±0.7 percent or better.
Typical loss tangent uncertainty: ±5 percent
Loss tangent resolution: 2 x 10-5

Uncertainty of the real permittivity
The main source of uncertainty of the real permittivity is related to uncertainty
of the thickness of the sample being tested. Relative error of real permittivity
due to thickness uncertainty can be expressed as follows:

∆e‘r
∆h
e‘r = T h

(6)

Where: 1 < T < 2,
Usually the T value is very close to unity except for thick, large permittivity
samples. For such samples the value of T increases, but always remains smaller
than two. Additional factors affect the overall uncertainty, e.g. differences
between real dimensions of the resonant fixture and permittivity of dielectric
resonators, and the values assumed in computations. The most significant
contribution to the overall Ks error arises from coefficients related to the thickness and permittivity of the dielectric resonators. Assuming a given value for the
thickness of the split post resonators and all other dimensions of the resonant
structure, it is possible to choose a permittivity for the dielectric resonators such
that we will get identical computed and measured resonant frequency values for
an empty fixture. Exact numerical analysis has shown that in such a case Ks
errors due to uncertainty of dielectric resonator thickness and permittivity
practically cancel out. If such an approach is used it is possible to compute Ks
coefficients for specific resonant structures with uncertainties better then
0.15 percent so one can estimate the total uncertainty for real permittivity as:

∆e‘r
∆h
e‘r ≤ 0.15 + T h

(7)

In principle, it is possible to further decrease systematic errors by 0.15 percent
by making measurements of standard reference materials and introducing
corrections of Ks coefficients, but this would require perfectly machined specimens
whose permittivity is defined with precision better than 0.15 percent.

Uncertainty of the loss tangent
Dielectric loss tangent uncertainty depends on many factors, mainly the Q-factor
measurement uncertainty and the value of the electric energy filling factor. For
a properly chosen sample thickness it is possible to resolve dielectric loss
tangents to approximately 2x10-5 for Q-factor measurements with an accuracy of
about 1 percent.
NOTE: For very low loss materials, like sapphire or quartz, the measured Q-factor
of the SPDR with a sample is often greater than the Q-factor for the empty
SPDR. In spite of this, evaluated dielectric loss tangent values are greater than
zero due to proper Qc and QDR corrections.
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Conclusions
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The SPDR method of measuring the dielectric properties is best suited for
nondestructive measurements of substrates and thin film materials. The method
is simple, fast and offers superior accuracy.

References

[1] Basics of Measuring the Dielectric Properties of Materials, Application Note,
literature number 5989-2589EN.
[2] Krupka J., Gregory A.P., Rochard O.C., Clarke R.N., Riddle B., Baker-Jarvis J.,
Uncertainty of Complex Permittivity Measurement by Split-Post Dielectric
Resonator Techniques, Journal of the European Ceramic Society,
Number 10, pp. 2673-2676, 2001
[3] Krupka, J., Geyer, R.G., Baker-Jarvis, J., Ceremuga, J., Measurements of the
complex permittivity of microwave circuit board substrates using split
dielectric resonator and reentrant cavity techniques, Seventh International
Conference on Dielectric Materials, Measurements and Applications,
(Conf. Publ. No. 430), pp. 21-24, Sep. 1996

11

Agilent Email Updates
www.agilent.com/find/emailupdates
Get the latest information on the products and applications you select.

Agilent Direct
www.agilent.com/find/agilentdirect
Quickly choose and use your test equipment solutions with confidence.

Agilent
Open
www.agilent.com/find/open
Agilent Open simplifies the process of connecting and programming
test systems to help engineers design, validate and manufacture electronic
products. Agilent offers open connectivity for a broad range of systemready instruments, open industry software, PC-standard I/O and global
support, which are combined to more easily integrate test system
development.

www.agilent.com
Agilent Technologies’ Test and Measurement Support, Services, and Assistance
Agilent Technologies aims to maximize the value you receive, while minimizing
your risk and problems. We strive to ensure that you get the test and measurement capabilities you paid for and obtain the support you need. Our extensive
support resources and services can help you choose the right Agilent products
for your applications and apply them successfully. Every instrument and system
we sell has a global warranty. Two concepts underlie Agilent’s overall support
policy: “Our Promise” and “Your Advantage.”
Our Promise
Our Promise means your Agilent test and measurement equipment will meet
its advertised performance and functionality. When you are choosing new
equipment, we will help you with product information, including realistic performance specifications and practical recommendations from experienced test
engineers. When you receive your new Agilent equipment, we can help verify
that it works properly and help with initial product operation.
Your Advantage
Your Advantage means that Agilent offers a wide range of additional expert test
and measurement services, which you can purchase according to your unique
technical and business needs. Solve problems efficiently and gain a competitive
edge by contracting with us for calibration, extra-cost upgrades, out-of-warranty
repairs, and onsite education and training, as well as design, system integration,
project management, and other professional engineering services. Experienced
Agilent engineers and technicians worldwide can help you maximize your productivity, optimize the return on investment of your Agilent instruments and systems,
and obtain dependable measurement accuracy for the life of those products.
United States:
(tel) 800 829 4444
(fax) 800 829 4433
Canada:
(tel) 877 894 4414
(fax) 800 746 4866
China:
(tel) 800 810 0189
(fax) 800 820 2816
Europe:
(tel) 31 20 547 2111
Japan:
(tel) (81) 426 56 7832
(fax) (81) 426 56 7840

Korea:
(tel) (080) 769 0800
(fax) (080) 769 0900
Latin America:
(tel) (305) 269 7500
Taiwan:
(tel) 0800 047 866
(fax) 0800 286 331
Other Asia Pacific
Countries:
(tel) (65) 6375 8100
(fax) (65) 6755 0042
Email: tm_ap@agilent.com
Contacts revised: 09/26/05

For more information on Agilent Technologies’ products, applications or services,
please contact your local Agilent office. The complete list is available at:

www.agilent.com/find/contactus
Product specifications and descriptions in this document subject to change
without notice.
© Agilent Technologies, Inc. 2006
Printed in USA, July 19, 2006
5989-5384EN

