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A Broad-Band, Automated, Stripline Technique
for the Simultaneous Measurement

of Complex Permittivity
and Permeability

WALTER BARRY

Abstract —A broad-band automated technique for making frequency-

swept measurements of complex permittivity and permeability simulta-

neously is described. c, and p, are computed from S-parameter measure-

ments made on a strip transmission-line device loaded with the material

under test. The derivation of c, and P. as functions of S1~ and S21 is

included, as well as a practical design for a stripline sample holder.

Measured c, and p, data for several dielectrics and ceramic ferrites is also

presented. The technique has been found to have an overall accuracy of

better than +5 percent.

I. INTRODUCTION

T

HIS PAPER PRESENTS a method for simultaneously

measuring the real and imaginary components of both

permittivity (c) and permeability (p) of a given material.

The general method, previously referred to by Weir [1],

makes use of the complex S-parameters measured for a

waveguide or transmission line loaded with the material

under test to calculate c and p. The technique described

here employs a strip transmission-line fixture into which

blocks of the material to be measured may be inserted

easily. An automated network analyzer system is used to

make frequency-swept S-parameter measurements on the

loaded stripline fixture from which complex c and p may

be calculated. The measurement technique was developed

to characterize accurately the electromagnetic properties of

certain ceramic ferrites in the 0.5 –5 .5-GHz frequency band.

These ferrites are to be used for RF signal attenuation

between pickups and kickers in the beam cooling rings of

the antiproton source at the Fermi National Laboratory

[2]. The ability to measure electric and magnetic parame-

ters simultaneously makes the automated stripline tech-

nique ideal for this application, as well as for measuring

the properties of materials for general electromagnetic ap-
plications.
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II. THEORY

The diagram in Fig. 1 represents a strip transmission line

of length 21 + t loaded in the center with a material of

length t and unknown complex relative permittivity and

permeability

c,=<;– jc;

P,= P>–.W.

The stripline has a characteristic impedance of 20 (free-

space regions I and III) which when loaded with the

sample material (region II) becomes Z, where
.

/
2=20 5

Cr
(1)

In the unloaded regions, the propagation constant is kO =

Q P 060> while in the loaded region! the propagation COn-
stant is generally complex and is designated by k, where

k=kofi. (2)

At the plane boundaries between regions I and II, and

regions 11 and III, there are complex reflection coefficients

R and – R, respectively, where

Z–z.
R=—

2+ 2.”
(3)

Using (l), equations (2) and (3) may be solved simulta-

neously to yield the desired parameters

k I–R

()“=~ ii-R
(4)

k ii-R

(1“=< I–R “
(5)

Thus, knowing k and R enables c, and p, to be calculated.

The values for k and R may be found from the values of

Sll and S21 measured at the input (far left of region I) and

output (far right of region III) terminals in Fig. 1.

In order to relate k and R to the measured S-parame-

ters, consider the relationship between the forward and

reverse voltages [3] at the input terminals C: and Cl–, and
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Fig. 1. Diagram for determining S-parameters.

at the output terminals C; and C;

[:1=[::21[:1 (6)

where the matrix [T] is the total wave amplitude matrix for

the “device” in Fig. 1. The elements of [T] may be found

by multiplying the wave amplitude matrix for each trans-

mission section and reflection as follows:-

[ 1[~].kt o (l+ R)-l –R(l+R)-l

o ~–]kt –R(l+R)-l (l+R)-’ I
“[e:”’e:kol (7)

After multiplying, the elements of [T] are found to be

[1

Tll T12

T21 T22 = (~-lRz)

“[

~Ph[[eJkt – R2e–Jkt] – j2R sin kt

~–j2kol ~–]kt _ R2e Jkt 1~(8)
j2R sin kt [

and are related to the S-parameters as follows:

[~ ~]=[1/s12 ]. ,9,
– s22/s12

sll/s~2 (S:2– s~~szz)/s12

Thus, the S-parameters are found to be

S21= S12=
(~- R2)e-J%l
~Jkt—R2e-Jkt

(lo)

Sll z s~~=
j2Re-J2k01 sin kt

(11)
~jkt _ R2e-jkt “

Equations (10) and (11) may now be solved simultaneously

for kt and R in terms of the known and measured quanti-

ties

(

~–j%l + S;2 ––.s~l
kt=cos-l

ze-J2kols
)

= COS-l (arg) (12)
12

R = S1l / (e–J2k0f – S12e–~kr) (13)

and c, and p, may be obtained through (4) and (5).

Because of the large number of complex arithmetic

operations involved, a certain amount of care must be

Center

“\[ e e /

Fig. 2. Stripline measurement device.

taken when using (12) in practice. Whlen resolved

real and imaginary components, (12) becomes

kt ,ed=@G+2nm, n=o,l,2, . . .

kt ,mag= in G

into its

(14)

(15)

where 6)G and G are real numbers defined as follows:

@.= tan-l[Im (arg+ (~) /Re(arg+ (~)]

(16)

(G= [Re(arg+(~)]2

+ [Im(arg+ &rg2 -1 )]2)1’2. (17)

The integral multiple of 2n appearing in (14) is a result of

the multivalued inverse cosine function. For material

lengths in the range 0< t< A~/2 (A ~ is wavelength inside

the material), the principal branch of cos -1 should be used,

i.e., n = O. Since material samples of length t> A~/2

introduce dimensional resonances [4] that invalidate the

measured values for S’ll and S21, all samples were kept to

t< A~ /2; therefore, the value of n = O was always correct.

III. STRIPLINE MEASUREME]ST DEVICE

The stripline test “chamber” developed for the t and p

measurements is pictured in Fig. 2. The stripline portion of

the device was designed for a characteristic impedance of

20= 50 Q in order to match that of the cables and network

analyzer system used to make the S-parameter measure-

ments. The critical dimensions for thle stripline chamber

are as follows: ground plane separation =1.000 cm, center

conductor width =1.316 cm, and center conductor thick-

ness = 0.048 cm. Both the ground planes and center con-

ductor are made of a beryllium copper alloy for rigidity,

while the housing is made of aluminum with approximate

inside dimensions of 6.0 cm X 4.3 cm X 1 cm. The test
samples which fit above and below the center conductor

inside the housing must have dimensions t X4.3 cm X .48

cm in order to fit securely. As previously discussed, tmust

be less than Aw/2 in order to avoid dimensional reso-
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Fig. 3. Coax to stripline connection.

nances. It should be noted that although Fig. 2 indicates

grooves in the samples for a better fit around the center

conductor, it was found that samples without grooves

measured equally well; therefore, the grooves may be de-

leted in order to save time when preparing samples.

It was a prime concern in developing the test chamber to

obtain the best possible transition from the stripline to the

network analyzer. This task mainly involved the develop-

ment of extremely low-reflection connections from stripline

to coax. After considerable experimentation, optimum con-

nections were obtained by press fitting standard 0.250-in

semirigid cables through the housing walls so that the

copper jackets and teflon of the cables were flush with the

inside of the walls. The center conductors of the semirigid

cables were cut so that they protruded 0.050-in into the

chamber and were split with a 0.018-in slitting saw so as to
accept the stripline center conductor (see Fig. 3). The

stripline center conductor was beveled to a point (20° with

respect to the housing wall) to obtain a good match and

soldered to the split center conductors of the semirigid

cable. Lastly, single-sexed APC-7 connectors were attached

to the semirigid cables outside the housing. Capacitive

tuning screws which protrude through one of the ground

planes over the stripline/coax joints were then adjusted

while monitoring reflection with a time-domain reflectome-

ter in order to optimize each match. Return-loss measure-

ments of the resulting device (without test sample) appear
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Fig. 4. Return loss for each port of empty stripline device.

in Fig. 4. The reflected signal for both ports is better than

30 dB down over most of the 0.5-5 .5-GHz band.

IV. PROCEDURE FOR MATERIAL MEASUREMENTS

In order to compute t, and pr correctly, the S-parame-

ters of the empty and loaded test device must be measured

to a high degree of accuracy. These measurements were

performed with a Hewlett-Packard network analyzer sys-

tem the main components of which are an 841OC network

analyzer, 8746B ~-parameter test set, and an 8411A

harmonic frequency converter. An HP 9816 computer with

appropriate interfacing and peripherals was used for auto-

mation, data acquisition, computations, and printing/plot-

ting.

The first step in the measurement procedure is to

calibrate out certain errors associated with the S-parameter

test set and cables leading to the stripline device to be

measured. This is done by performing the standard 12-term

error correction calibration procedure for the HP network

analyzer. Once the system is calibrated, S12 for the strip-

line device is measured so its total electrical length maybe

determined from the phase data. The length parameter 1

may then be computed by subtracting the physical thick-

ness t of the sample to be tested from the total electrical
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length and dividing by two. With the test sample centered

in the device, all four S-parameters are measured. The rms

averages of Sll and S22, and S12 and S21 are then used to

compute ~, and p, with (12), (13), (4), and (5). Although

the device is theoretically symmetric, the average reflection

and transmission parameters are used to help compensate

for errors in centering the samples. In order to assess the

sensitivity y of the measurements to sample centering, mea-

surements of the same samples were repeated after re-

centering several times. The data indicated no difference in

either the S-parameters themselves or the computed values

of c, and p, (apart from random noise errors). A provision

for calculating the electrical length of the sample as a

function of frequency was also included to ensure it did

not exceed A ~ /2 at any point.

V. c, AND p, MEASUREMENTS

For the purpose of assessing the accuracy of the mea-

surement technique, the first materials to be measured were

three dielectrics with well-known properties: polyethylene,

teflon, and lucite. The results of these measurements for

the 0.5–5.5-GHz band appear in Fig. 5. The real parts of c,

and p, in both Figs. 5 and 6 are represented by solid lines

while the imaginary components are represented by dashed

lines. The values of C; in Fig. 5 for the polyethylene, teflon,

and lucite samples are seen to be in close agreement with

the generally accepted values of 2.26, 2.10, and 2.60, re-

spectively. As would be expected, p;= 1 was measured in

all three cases.

Being low-loss dielectrics, one would expect to measure

values of c; -10-3 and p:- 0 for these materials; how-

ever, Fig. 5 indicates that larger values were obtained for

these parameters. The reason for this inconsistency is that

for low-loss materials, i.e., c:< 0.05 and p;< 0.05, the

mismatch at the stripline-to-coax joint and any impedance

differences between the stripline and the network analyzer

become the dominant factors in the ~-parameter measure-

ments and resulting calculations. The latter of these error

sources also explains the slight periodic character of the c;
and pj data. These conclusions were verified by making c,

and p, measurements on the device while empty (air). It

was found that tuning and detuning the coax to stripline

matches lowered and raised, respectively, the measured

values of t; and p~. The best matches obtained (Fig 4)

yielded values of C: and p; of -0.03. For this reason, the

measurement technique was concluded to be inadequate

for materials with c: ‘and p: less than -0.05. By varying

the width of the center conductor and, therefore, the

impedance of the stripline, the amplitude of the periodic-

like dependence of the measurements with frequency could

be altered. By building the device as close to 50 Q as

possible, the periodic character of the data can be minim-

ized. For values of ~fl and p; greater than 0.05, these

mismatch errors become insignificant. In general, the mea-

surement technique was found to be accurate to better than

+ 5 percent for all cases of ~, and p, excluding c: and p;
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Fig. 5. Cr and p, measured for several standard dielectrics.

It should also be pointed out that when first measured,

the c? and p: data for these materials had sharp peaks at

certain frequencies within the measurement band. In par-

ticular, there were resonant-like peaks at 2.5, 3.5, 4.3, and

5.0 GHz regardless of which material was being tested. The

cause of these resonances was found to be the excitation of

cavity modes inside the stripline chamber. The problem

was solved by putting small blocks of RF absorber of the

type foufid in anechoic chambers in each corner of the

chamber (not shown in Fig. 2). The absorber blocks were

positioned a large distance from the stripline center con-

ductor where the TEM-wave fields can be considered to be

negligible. Thus, the effect of the absorbers was to damp

out the ,cavity modes while leaving the TEM mode unal-
tered. The effect of the absorbers was assessed by measur-

ing ~,and p~ for the three dielectrics with and without the

absorbers being present. In all three cases, the measured

data was identical except for the spikes in # and p? when

less than 0.05. the absorber was absent.
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Fig. 6.
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C, and p, measured for several ceramic ferrites

Permittivit y and permeability for three different ferrite

materials under consideration for the application described

in [2] were measured with this technique. The measurement

results appear in Fig. 6. The three ferrites— Ferramic 1928

(Indiana General), NZ-51 (Emerson and Cuming), and

Stackpole (unknown type from Stackpole Corp.)— are all

ceramic compositions used mainly in RF attenuation appli-

cations. As can be seen from Fig. 6, all three ferrites

exhibit approximately the same properties with the excep-

tion of Ferramic 1928 which has a higher dielectric con-

stant and loss tangent.

VI. SUMMARY

A broad-band automated technique for simultaneously

measuring the real and imaginary components of (, and p,

has been developed. The technique utilizes a strip transmis-

sion-line device loaded with the unknown material on

which ~-parameter measurements are made with an auto-

mated network analyzer. t ~ and p, are in turn computed

from the measured S-parameters and have been found to

be accurate to better than + 5 percent. Some measured

data for standard dielectrics and ceramic ferrites in the

0.5–5.5-GHz band have been presented. The measurement

technique should be suitable for other materials with elec-

tromagnetic applications.
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