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Dielectric Plug-Loaded Two-Port Transmission Line
Measurement Technique for Dielectric Property
Characterization of Granular and Liquid Materials

Karl J. Bois,Member, IEEE,Larry F. Handjojo, Aaron D. Benally,
Khalid Mubarak, and Reza Zouglenior Member, IEEE

Abstract—There are numerous dielectric property characteri- demand for dielectric characterization of these materials and

zation techniques available in the microwave regime each with their constituents for design, manufacturing and quality control

its own uniqueness, advantages and disadvantages. The oy, h4ses. By knowing the dielectric properties of a material,
port completely-filled waveguide (transmission line) technique is

a robust measurement approach which is well suited for solid It is Poss'b'e to P'educe information abOUt_ Its phySIF:aI and
dielectric materials. In this case, the dielectric material can be chemical properties. Conversely, by knowing the dielectric
relatively easily machined to fit inside the waveguide and the properties of the constituents of a composite material (e.g.,
subsequent measurement of the scattering parameters of this resin binder, epoxy and glass in glass reinforced composites)
two-port device renders the dielectric properties of the material 5,6 may e able to monitor for the desired dielectric properties
filling the waveguide. However, this technique is not well suited fth ite during it facturi Theref th )
for measuring the dielectric properties of granular and liquid ofthe cc_)mpOS|_e uring Its manutac urlngl. er.e ore, ere. 1S
materials. These materials are used in the production of various an ever increasing demand for accurate dielectric characteriza-
composites which are increasingly replacing the use of metals tion techniques capable of robust measurement of the dielectric
in many environments. If this technique is directly applied to properties of various composite constituents including liquids
these types of materials, several approximations either in the and granular materials.

measurement apparatus or the formulation must be made. To C tv. th ilabl . diel
overcome this problem, this paper describes a modification to urrently, there are numerous available microwave dielec-

this measurement technique utilizing two dielectric plugs which tric property measurement techniques. Several open-ended
are used to house the granular or the liquid dielectric material. In  rectangular waveguide [1]-[4] and coaxial line [5]-[8] tech-
this approach no approximation to the measurement apparatus niques have been developed for the nondestructive determina-
is made while the presence of the plugs are fully accounted for i, of the dielectric properties of infinite half-space materials
in the derivations. Using this technique, the dielectric properties lid d liquid d finite-thick | d terials. |

of cement powder, corn oil, antifreeze solution and tap water, (solids and liquids) and finite-thickness ayerg ma _e”a S. In
constituting low- and high-loss dielectric materials (granular these cases a planar measurement surface is required. More-
and liquid) were measured. In addition, the important issue over, improper contact between the probe aperture and the
of measurement uncertainty associated with this technique is material surface can result in significant errors in measuring
also fully addressed. The issue of optimal choice of various yq gielectric properties. Also, for relatively low-loss materials
measurement parameters is also discussed as it relates to theth infinite half . . t be difficult
measurement uncertainty. e infinite half-space size requirements may be difficu

to achieve, particularly when using open-ended waveguide
apertures. For low-loss or lossless materials resonant cavity
methods render accurate measurement results, however these
methods require meticulous sample preparation, and are con-

I. INTRODUCTION ducted in a narrow range of frequency [9]. Conversely, cavity

N THE microwave and millimeter wave regime, the interadNethods are not well suited for relatively lossy materials. A

tion of an electromagnetic wave with a dielectric medium i&0re general approach, to overcome these limitations, is short-
strongly influenced by the frequency dependent electrical afficuited or two-port transmission line techniques in which a
magnetic properties of the medium. With the ever increasiﬁiéelecmc specimen is inserted in a section of a short-circuited

utilization of composite materials, there is a growing industri@" & two-port transmission line. Of these, the extensively used
coaxial line [10]-[12] and rectangular waveguide [13]-[16]
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materials, these techniques generally require some form of Measurement Plane

approximation in the physical nature of the measurement _

apparatus and its subsequent forward and inverse problem 7

formulations, or they require that the dielectric specimen b % P Port2
07, ©

low-loss [12]. In most attempts at measuring the dielectri f
properties of liquids using these techniques, the measuremenri | | I I L

. . . . . . . = d, =d, =d, N
setup is commonly fixed in a vertical position or a dielectric T =0 74 e G T

plug possessing properties close to that of air is used [16], Calibration Plane
[17]. Subsequently, the influence of the dielectric plug, on the

]

. .. . Coaxial To Waveguide Transition
measurements, is assumed to be negligible and is not taken
into account in the theoretical formulation of the problem @)
[16]. When the measurement setup is vertically positioned HPESIO
to hold liquid specimens, a meniscus can form at the top, Vector Network Analyzer
thereby deforming the measurement plane and contributing EEr
to an additional source of measurement error [17]. For the
case of granular specimens, planar measurement planes within SESESE) ©%¢
the transmission line may not also be easily achieved, since —® T 1 @&
it is tedious to compact the material in such a way that e s
the measurement plane is exactly normal to the direction
of propagation of the incident wave. This also results in Precision
errors when calculating the dielectric properties of the gran- T Cables T
ular material. Other methods combining coaxial waveguides i SUT |
feeding circular waveguides have been successfully used to | VA |
measure the dielectric properties of liquid materials [18], TN/ !
[19]. However, the dynamic range of the reflection coefficient Flugs
measurement, used to determine the properties of the dielectric o iy caide

material, is very small (e.90.96 < |[['| < 1) [18]. Hence, .

small errors in the reflection coefficient measurement due ()

to calibration, the precision of the measurement setup (eg9: 1. (2) Geometry of the measurement setup for the two-port plug-loaded
. trahsmission line technique and (Iy-parameter measurement setup using

network analyzer) and accurate machining of the COaxighgs10B vector network analyzer.

sample holder can result in significant errors when determining

the dielectric properties of a specimen. _ _
To overcome the difficulties mentioned here, and yet obtaif€ calibration plane and the measurement plane. However,

accurate dielectric properties of granular and liquid dielectrff® measured scattering parameters can easily be referenced
materials, a waveguide-based two-port transmission line te&fck to the measurement plane. In this fashion, the geometry
nique is developed which uses two identical dielectric plugt, Symmetrical about the measurement planes, which greatly
one on each side of the liquid or granular dielectric sample, tarilitates the derivation of the forward formulation. The spec-
that there is no meniscus or irregularities in the measurem&h€n, whose relative dielectric properties are to be measured
plane [20], [21]. Unlike previous approaches, the presence (6f). is then pressed between the two plugs producing no air
the plugs is fully taken into account in the formulation, angap, meniscus or irregularities in the measurement plane. The
there is no requirement for the plugs to have dielectric propdli€lectric properties of the plugs and their lengths should be
ties close to that of air. In addition, this type of measuremeg@iosen such that they cause minimal reflection of the wave
setup has the advantage of using “off-the-shelf” waveguidicident on the specimens under test (SUT).
components, and does not require tedious machining similar toAs the incident electromagnetic wave travels from one port
that encountered when using coaxial resonators. In this papg#ithe setup to the other, it encounters four discrete boundaries
an overview of the theoretical derivation of this dielectric plugeroduced by the five distinct regions shown in Fig. 1(a). At
loaded two-port transmission line measurement technique, a&&th boundary, the incident wave is partially reflected and
the important issue of measurement uncertainty analysis gegtially transmitted through. The amplitude and phase of
presented. the reflected and transmitted waves in each region vary as
a function of the dielectric properties of each of the materials
filling that region, its length and the frequency of operation.
IIl. THEORETICAL APPROACH Hence, the first step in this theoretical derivation is to express
The geometry of the problem is shown in Fig. 1(a). Ithe measurable scattering parameters (e.g.Stparameters),
this setup, two dielectric plugs possessing identical later@$ a function of the dielectric properties and lengths of the
dimensions (equal to the rectangular waveguide cross-sectidgsl)T and the plugs and the frequency of operation. This is
length and relative dielectric properties;] are used. The done through appropriate matching of the tangential electric
air-filled waveguide sections (regions 1 and 5) are includeshd magnetic fields at all boundaries. Once $hparameters
here, in order to take into account any possible offset betweare solved for, a sequence of algebraic operations is performed
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to express the electrical properties of the SUT as a function(@f, ;%) are the complex relative to free-space electromagnetic

the measured-parameters. It is important to note that sinceroperties of the plug and the SUT, respectively. In this paper,

it is assumed that both the SUT and the plugs completely file plugs and the SUT are assumed to be nonferromagnetic

the waveguide cross-section (i.e., no air gaps present betwg@en, p; = pu; = 1). Also, the complex relative to free-

the specimen and the walls of the waveguide), no higher-ordgrace dielectric properties of the plug and the SUT can be

modes need to be considered in the formulation. further expressed by their usual real (relative permittivity) and
In a fashion similar to that developed by Nicolson—Ross [1&haginary (relative loss factor) parts (i.e;, = ¢, — je;, and

and Weir [14] (known as the NWR procedure), appropriate = &, — je7).

matching of the tangential electric and magnetic fields at all

boundaries yields the following relationships: lll. SOLVING FOR THE ELECTRICAL PARAMETERS

(T2 + T2 + Tl Iy + 1)
(T2 + T2T1Ta + Tol's + 1)

The S-parameters of this dielectric plug-loaded two-port
transmission line setup are measured using an HP8510B vector
) ) network analyzer, as shown in Fig. 1(b). EaSkparameter
Sop — Sy = (TiTy =TT — Tl le +1h) V, () Mmeasurement is subsequently referenced back from the cali-

So1 4+ 511 = =W (1)

(T21T) — T2 Dy 4+ Tol's + 1) bration plane [see Fig. 1(a)] to the measurement plane (i.e.,
7 z = 0 and z = d3). The dielectric properties of the SUT are
» + Z, :

ry= Z 7 (3) then calculated in a two-step process.

Zp 3 ZO Step 1: &% is calculated via the NWR [13], [14] procedure,
r,==22_"°*¢ 4) shown in (7)—(12) at the bottom of the page.

Zs + Zp Step 2: The complex value af: obtained from Step 1 is

_ —pd then used as an initial value for a mean square error
T, = exp % (5) . i :
solving of the following equation [15]:
T, = —Ysds 6
b = exp (6) S3 — S =WV, (13)

whereS;; = |S11]e/%1t andSy; = S ]e??: are the reflection
and transmission scattering parameters which can readily be
obtained from (1) and (2)I"; and I'; are the reflection
coefficients at the air-plugs and the plug-SUT boundaries,
respectively;1; and 7, are the exponential propagation co-
efficients in the plugs and the SUT, respectively,,(Z,),

(v, Z,) and s, Z,) represent the propagation constants and
the wave impedances of the air, plug and SUT-filled regions,
respectively;\, and A, correspond to the free-space and the IV. UNCERTAINTY ANALYSIS

waveguide cutoff wavelengthsl, = d; andd; = ds — d; In any measurement procedure, there is an inherent error
are the lengths of the plugs and the SUT; aafl (;;) and margin associated with the results. This error margin is de-

whereV; andV; are functions ok? and 511, So1

are the measured scattering parameters. The com-
bination of these two steps is designed to alleviate
certain numerical instabilities in the dielectric prop-
erty recalculation process [15], and will hereafter be
referred to as the NWR/Baker—Jarvis procedure.

S11, S21 : measured scattering parameters

¥
o la- 1253, + 1283 — 201 S1)T3 + 17 — 201511 + 57, — 53, @
2 T2y — 183 + 1187 — T35 — Su)

[=-X+VX2-1 8

_ TIQFQ +I-Vi(l+ TIQF;LFQ)

T = 9
2T Vi(Dy +T2T,) — T2 — T Iy ®)
. 2
1 —J 1
— 1 -
A2 {27““»’5 ! <T2>} (10)
we=p, — - (11)
U E
(L=T)A [ 558 — 55

(12)

Jlm*

[
AR
T
Tl =
Sl =
~——
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pendent on the uncertainty associated with the measuremagetiailed mathematical analysis of (14) and (15) can be found
of each measurable parameter (i.e., how well one can measuarg23].
the phase and magnitude 6%, L, etc.). To evaluate the The total relative uncertainties shown in (14) and (15) can
total measurement error, a thorough sensitivity analysis nedms plotted as a function of the normalized SUT length, with
to be conducted on the measurement procedure so that tempect to the wavelength in the SUT-filled waveguidg,,
can estimate the influence of the measurement uncertainfi@sa given frequency of operation. In this way optimal SUT
(i.e., measurement limitations of the technique), and optimifength, resulting in minimal measurement uncertainty, can be
the technique by operating at optimal parameters to minimidetermined. Similar results can also be obtained as a function
measurement error. Based on the theoretical derivation of thisfrequency for a given SUT. In this way, one may optimally
technique, it is seen that the measured scattering parametelhgose the measurement parameters (i.e., the sample length
the length of the SUT, the dielectric properties and the lengtih the frequency) which result in maximum measurement
of the plugs all contribute to the calculation of the dielectriaccuracy and minimum measurement uncertainty.
properties of the SUT. Thus, the sensitivity analysis conductedWhen measuring the dielectric properties of solid materials,
here is used to analyze the influences of all these variabtbe preferred method is still that proposed by Baker—Jarvis,
on the accurate measurement of the dielectric propertiesedfal. [22]. This is due to the fact that for a solid SUT
the SUT. Here, sensitivity refers to variation in the solutiothere is no need for the plugs, which introduce additional
of e* given a certain variation in any one of the measurabteeasurement parameters whose corresponding measurement
parameter (e.g., the variation ef with respect to any slight uncertainties must be accounted for. But since it is not practical
variation in |S11]), and is mathematically expressed usintp measure granular and liquids using this two-port waveguide
partial derivatives (e.g.9¢*/0|511]). On the other hand, transmission-line technique, the present technique incorporat-
uncertainty refers to the precision with which any singleng two dielectric plugs is preferred for these cases.
parameter can be measured (e.g., measurement precision for
the length of the SUT). V. EXPERIMENTAL UNCERTAINTY ANALYSIS

The uncertainty analysis of this dielectric plug-loaded . . . . . .
two-port filled-waveguide technique can be accomplishedln this uncertainty analysis, the dielectric properties of

; - t powder, an antifreeze solution and corn oil were
by following a procedure previously used to perform th&&Men ' . . .
uncertainty analysis of a two-port transmission line techniqu easured at X-band (8.2-12.4 GHz). The dielectric properties

by Baker—Jarviset al. [22], which assumes that there ardl tap water were also measured using this technique at_3 GHz
no air gaps between the waveguide walls and the SU(§-band), a_nd the results_were compared tq those predicted by
In the present case, the independent variables contribut?ﬁﬁ" establls_hed EXpressions. Thes_e specimens were chosen
to the measurement error associated with are |Si|, sifice they include granular and liquid dielectric materials

So1], 611, 6a1, length of the plug L), length of the while possessing a broad range of permittivity and loss factor.
L 1 L p 1

SUT (L,), and the relative permittivity and loss factocement powder and com oil are in the family of low-loss

: ; POV : . Y
of the plug (i.e.,¢,, and ). Thus, the total contribution dielectrics since their loss tangent (i.an & = €;/c,) is

of these indepené)ent variables to the measurement etW)Lr‘Ch less than one [20]-{23], while antiireeze solution and

of * with respect to the relative permittivity and IOSSwater are in the family of high-loss materials with greater loss

factosr of the SUT can be expressed as shown in (14) amgent values [24].

(15) shown at the bottom of the page, wheMS;;| and _ _ _

Ad;, are the measurement uncertainty in the magnitude Uncertainty Analysis for Low-Loss Materials

and phase of the scattering parametdrs, corresponds to  The dielectric properties of commercially available Portland
L, or the length of the plug, and., corresponds taL, cement (type Il) powder were measured by employing this di-
or the length of the SUT, and\L; is the corresponding electric plug-loaded two-port transmission line technique. The
uncertainty in measuring the plug and the SUT lengtheement powder was compacted to fill an X-band waveguide
respectively. The latter values are operator dependent aanple holder with a length of 10.86 cm which was plugged
nowadays, with the more advanced length measuremantboth ends with two identical Plexiglass plugs each with a
techniques, these measurement uncertainties can be reddergth of 1 cm each resulting in the cement powder sample
considerably. In addition, the uncertainties in the scatterimgngth of 8.86 cm.

parameters A|S;;| and A#;) are dependent upon the Equation (16) shows thak} /e is inversely proportional to
specifications of the particular network analyzer used. Tliee square root of the dielectric properties of the plug. Thus, it

Aeg 1 2 Oe! 2 Oe! 2 Oe! 2 Oe! 2
— s . s . s . s /
EaE\DY <a|5ﬂ|A|Su|) +<89ilaeﬂ) +<8LiALZ) +<85;Asp) (14)
Aeg? 1 2 e 2 oe! 2 oe! 2 oe! 2
e > <3541A|S“|> +<3941A9”‘1> +<aL‘ALi> +<as~A5g> (13)
s =1 L 7 7 7 p
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seems that the higher are the dielectric properties of the chosen (g7
plug, the less is the sensitivity to this parameter.

< 1 1 ) 0.02265 .
- + R 1

gt 1 272 ,

o A X aa-Ty. (e

" s 00226 7
8510 2 (14T 5; 1 £,
T
A2 A2 0.02255 |- .

However, one must also consider the fact that in this

approach low-loss plugs are desired so that most of the 0O o T am a0 400 w0 eco 700
microwave energy reaches the SUT without much of the power Ratio (L /)

being absorbed by the plugs, minimizing the error associated @)

with So; measurement [23]. This is also the justification why

high-loss plugs are not desirable for this system. Conversely, 03 T : 4 « w

a plug with very high permittivity and low loss factor (e.g.,
ceramics) would present significant reflection at the air-plug
interface, resulting into less microwave energy reaching theA, 02
SUT. =
Since it is known that Plexiglass is a low permittivity — ¢15
and low-loss material, it was chosen as the plugs for this
system. However, the technique described in this paper is
general and can accommodate different plugs (when con- g5
sidering their mechanical properties for cutting and fitting
inside a waveguide). Prior to this measurement, using the
technique developed in [22], the dielectric properties of the (b)
Plexiglass plugs were measured (at 10 Gi—j,z = 2.602 Fig. 2. (a) Relative total uncertainty ef, and (b) the relative total uncer-
and Eg = 0.0184), in addition its uncertainty analysis wergtainty ¢ as a function of normalized length for cement powder.
conducted as well. This information was then used in the

dielectric property measurement and the uncertainty analygithima appear when the SUT length is at every multiples
of the granular and liquid materials. of half-wavelength. This is due to the fact that at these points,
In addition, (17) shows thabe] /0L, is proportional to |g,,| approaches zero an{f,;| approaches one. Clearly,
the negative exponential of the length of the plug. Hencge behavior of the scattering parameters is oscillatory as
a longer plug is preferred in order to minimize its respectivg function of frequency and hence these two uncertainties.

025 1-

5

L . I i " I
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Ratio (L‘/lm)

measurement uncertainty Therefore, around the points where the local minimast |
aT, ; and local maxima ofS2;| occur, any measurement error will
9= —ype” P, (17) not have as significant of an influence as it may have in the
g

other sharper regions of thg; and S,; curves.

However, the plug length should also be optimized so The results also show that the uncertainties continue to
that the microwave signal is adequately able to penetratecrease as a function of increasing length (with respect to the
the whole system. In other words, to choose the dielectricavelength in the SUT in the waveguide) even bey@ag,.
plugs for this technique, the power of the microwave signathis demonstrates the fact that at this relative sample length,
the dielectric properties and the length of the plugs nedde microwave signal still penetrates through the entirety of the
to be selected such that the signal is still able to penetratgstem, indicating the low-loss nature of the cement powder.
through the whole system. Hence, there is a compromishis observation is supported by the fact that cement powder
between minimizing the uncertainty due to the addition of the a very low-loss material, since its loss tangent is quite small
plugs and increasing the measurement uncertainty due to m@el0 GHz, the loss tangent of cement powder is calculated
ambiguousS-parameters measurements. to be 0.006 38). Based on the results from these figures, at a

Following the procedure outlined in [20], the dielectrigiven frequency (i.e., at 10 GHz), a longer sample is preferred
properties of the cement powder were measured as a functiongive less measurement uncertainty and the length of the
of frequency. Subsequently, using the measured results atshnple needs to be chosen such that it results in minimum
GHz, the total uncertainty was calculated as a function of tlhucertainty (according to the results shown in Fig. 2).
ratio of the sample length to the wavelength in the SUT-filled For dielectric measurement of liquids, commercially avail-
waveguide \,,,. At 10 GHz, the measured dielectric propertieable corn oil was chosen to represent a low-loss liquid. This
of cement powder were measured toshe= 3.7031— 50.0224 corn oil was poured to completely fill a 10 cm-long X-band
using the procedure outlined in Section lll. Fig. 2 shows thataveguide sample holder which was plugged at both ends
the total relative uncertainty for the relative permittivity andavith the two identical Plexiglass plugs each with a length of
the loss factor associated with cement powder tend to decre@decm resulting in the SUT length of 9 mm. At 10 GHz, the
as a function of increasing sample length. The uncertaimyeasured dielectric properties of corn oil were measured to



1146 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 48, NO. 6, DECEMBER 1999

0.0231 T T T . T T T 0.0244
0.023 0.0242 i
0.024

00229 0.0238 |-

A€ y
= 0.0228 |- Afs 0.0236 |-
b & g0z |
0.0227 X I
0.0232 |
0.0226 |- 0.023
0.0225 L - L L L L 0.0228 L - L .
0.00 1.00 2.00 3.00 4.00 5.00 0.00 0.500 1.00 1.50 2.00
Ratio (L. /A ) Ratio (L/A )
s <
(@) (@
0.07 - 0.025 T T ; T 1
0.065 |-
0.0245 |-
0.06
. . 0024
Ag, 0055 A£
& 005 F & 00235
0.045
0.023
0.04
0.035 L - - 0.0225 L - L !
0.00 1.00 2.00 3.00 4.00 5.00 0.00 0.500 1.00 1.50 2.00
Ratio (L /A ) Ratio (Lﬂ‘m)

(b) (b)

Fig. 3. (a) Relative total uncertainty af and (b) the relative total uncer- Fig. 4. (a) The relative total uncertainty ef and (b) the relative total
tainty ¢”/ as a function of normalized length for corn oil. uncertaintyz” as a function of normalized length for antifreeze.

be e* = 2.5260 — ;j0.1106 using the procedure outlined inplugs with a length of 0.5 cm each resulting in the SUT length
Section Ill. Fig. 3(a) and (b) show that the total uncertaintgf 0.5 cm.
for the relative permittivity and the loss factor of this liquid Following the same procedure as that for the low-loss
tend to decrease as a function of increasing sample lengthgterials and using the measurement results at 10 GHz, the
and at2.5),,, the uncertainty begins to increase again. Thencertainties were calculated as a function of relative SUT
reason for this fact is similar to the cement powder case, length. At 10 GHz, the dielectric properties of this antifreeze
that at these point$S; ;| approaches zero anfly; | approaches solution was measured to la¢ = 7.257 — j6.645 using the
one. Fig. 3 also shows that the errors increase for a relatieocedure outlined in Section Ill. Fig. 4(a) and (b) show that
SUT length greater thaf.5),,. Hence, beyond this length,the total relative uncertainty for the relative permittivity and
the incident microwave signal is increasingly absorbed, aheks factor of this antifreeze solution tends to oscillate as
a smaller portion of the signal propagates through the whdle sample length increases until the sample length reaches
system, which translates into an increaseS# measurement beyond 1.25A,,. The uncertainty then begins to increase
error. Although corn oil is still considered to be a low-lossignificantly starting from this point since the measurement
material (at 10 GHz, the loss tangent of corn oil is calculategtror due toS,; become more dominant [23]. This is due to
to be 0.0437), its loss tangent is about one order of magnituidie fact that the measurement errors related to the transmission
larger than that of cement powder. Thus, it makes sersgattering parametes§;) start to increase significantly when
that for cement powder the uncertainties still decrease ewviéae transmitted signal is less tham0 dB with respect to the
when the sample length is beyorid,, while for corn oil reference signal. Hence, when the signal value at port 2 is
the uncertainties already start to increase agair2.34,,. Vvery small, the noise level becomes comparable to the actual
The uncertainty minima for the permittivity appear at evergignal, which contributes to a significant increase in the total
multiple of half-wavelength of the relative SUT length, asincertainty.
expected. It is also important to determine the upper and lower bounds
of measurement uncertainty (i.ekAe?) associated with the
measurement of the dielectric properties of a material at a
given sample length as a function of frequency. In this way,
To represent high-loss materials, the dielectric properties afie is able to determine the frequency at which the uncer-
a commercially available antifreeze solution were measurtnties are minimum. Using the same apparatus as before,
using this technigue. This antifreeze solution was poured to fille relative permittivity and the loss factor of antifreeze were
in a 1.5 cm long X-band waveguide sample holder which waseasured and the bounds of the uncertainties were calculated
plugged at both ends with two identical Plexiglass dielectries functions of frequency, as shown in Fig. 5. The results

B. Uncertainty Analysis for High-Loss Materials
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TABLE |
DieELECTRIC CONSTANT MEASUREMENT OF TAP WATER
(19.3C, 33 ppm BLINITY) AT 3 GHz (S-B\WD)

Permittivity Loss Factor Agl (%) Ag? (%)
C; ‘K“v ' &, y
Predicted [24] 78.073 13.086 [EESEEE R —
Measured 78327 12.943 0.324% 1.1%

6 L L L H ! I I3 H i a
8.50 9.00 9.50 10.0 105 110 11.5 12.0

Frequency (GHz) setup is designed to overcome the limitations of existing
() filled transmission line measurement techniques when dealing

with these types of materials. An overview of the theoretical

S : ‘ T ' ‘ T derivation of the dielectric property measurement, and the

important issue of measurement uncertainty analysis were
described. In this investigation, the dielectric properties of
cement powder, corn oil and antifreeze solution were measured
at X-band (8.2-12.4 GHz). The dielectric properties of tap
water were also measured using this technique at 3 GHz
(S-band). These specimens were chosen since they include
granular and liquid dielectric materials while representing a
broad range of permittivity and loss factor. Cement powder

-8 i L L H i ! i
8.50 9.00 9.50 10.0 10.5 11.0 115 12.0 . . . . . .
Frequency (GHz) and corn oil are in the family of low-loss dielectric materials

®) while antifreeze solution and tap water are in the family of
) ) - ) ) high-loss dielectric materials.
E;f’p'e?' an(f;‘)vaféft't\)’guEgrm']txgir?t?gs‘(b) loss factor of antifreeze with the "1y /o< shown that althoughe? /de;, decreases as a function
of the square root of the dielectric property of the plugs,
t much is gained by using high permittivity and high-loss
s since the former causes significant reflections at the
r-plug boundary and the latter causes significant attenuation

- . . n
indicate that as the frequency increases, the uncertainty bouB
for the relative permittivity and the loss factor decrease. Th

is due to the fact that in this measurement the length of tg o fincigent microwave signal. In either case the incident

sr?mple ISI qwftehshort 0.5 cm)dcompfared to tqe Iﬁngt? icrowave signal may not penetrate through the entirety of
the sample o tf T]szfm powder an C(f)r?q oil. T (lare Olfe SUT. Thus, in this scheme it is preferable to use low
the sensitivity of the dielectric properties of the sample wit ermittivity and low-loss plugs so that most of the microwave

respect to the length of the sample and plug dominate t @nal reaches the sample without much of it being absorbed

uncertainty bounds. Moreover, in this cas; /0L, and by the plugs. Moreover, for low-loss plugs, a longer SUT is
Oe* /0L, d funct f f Th
e:/9L, decrease as a function of frequency. Thus, we se ferred since the total uncertainties decrease in this case. In

decrease in the uncertainty bound as a function of increas er words, to choose the dielectric plugs for this technique,

freq.uency. . . . . the power of the microwave signal, the dielectric properties
Finally, the dielectric properties of tap water, another hig

:;).SIS mgterlial, \Ilverg (rjneasured at 3 GHZ .(S-t:_and) uilng t@@nal is still able to penetrate the whole system. Based on
lelectric plug-loaded two-port transmission line techniqug, o analysis performed, the total uncertainties tend to decrease

The dielectric properties of water are well dogu_mented g the SUT length increases for low-loss materials. However,
are known to be frequency, temperature and salinity dependsgglond a certain point where the sample length is too long

[24;'_]._The.?e rr]neaswementj vr\:ere conducted at‘ﬂ.((jg.an%the for the microwave signal to penetrate the whole system, the
sa|n|ty.o the water used here was measure to be at gicertainties begin to increase (as in the case of corn olil).
ppm using a HACH C0150 conductivity meter (model 50150 mentioned earlier, higher-order modes can be generated
Table | shows the theoretical and measured permittivity and it of imperfeét machining of the plugs (e.g., gaps

loss factor of this specimen and the calculated measuremgnt, oan the plugs and the waveguide walls). In such cases

error between these two results. The agreement between éﬁa when the SUT is a material with high permittivity, some

predlctgd f"‘”d measured results is W'th.'r.].l'l%' 9'eaf'y' _t ?opagating higher-order modes may exist whose influences
results indicate the measurement capabilities of this techni

. . . . Bist subsequently be taken into account in the forward and
for liquid (as well as granular) dielectric materials. the inverse problem.
For a low-loss material, the results indicated that the mini-
mum uncertainty appears at every multiple of half-wavelength.
In this paper, a dielectric plug-loaded two-port transmidt was also shown that beyond a certain SUT length, the errors
sion line technique for measuring the dielectric propertighie to theS;; measurement tend to dominate the total error
of liquid and granular materials is described. The proposéespecially in the corn oil case). This is more pronounced for

VI. CONCLUSION
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materials with increasing loss factors where the errors due 8, no. 3, pp. 177-188, 1996.
to S»; dominate the total uncertainty when the relative SUT8] J. Baker-Jarvis, M. D. Janezic, and C. A. Jones, “Shielded open-

.. . - circuited sample holder for dielectric measurements of solids and
length is just greater than,,. In this case, the transmitted liquids,” IEEE Trans, Instrum. Measvol. 47, pp. 338-344, Apr. 1998.

signal is less thar-40 dB with respect to the reference signaljio] B. A. Galwas, J. K. Piotrowski, and J. Skulski, “Dielectric measurements
which causes the uncertainty to increase significantly. using a coaxial resonator opened to a waveguide below cuti&fEE

It was also noticed that the uncertainty bounds on thg. [rans.Instrum. Measyol. 46, pp. 511-514, Apr. 1997. =
0] K. J. Bois, “Near-field microwave inspection and characterization of

dielectric constant measurement er the antifreeze SOIUtiON” cement based materials,” Ph.D. dissertation, Colorado State Univ., Fort
decreased as a function of increasing frequency. The reason Collins, Jan. 1999.
for this is that the relative length of SUT is shorter at lowel?1] K. Bois, A. Benally, and R. Zoughi, “Two-port network analyzer

frequencies. Here. the sensitivity of the dielectric properties of dielectric constant measurement of granular or liquid materials for the
a : ! Yy prop study of cement based materials,”Rmoc. 8th Int. Symp. Nondestructive

the sample with respect to the length of the sample and plug characterization Materials New York: Plenum, 1997, pp. 291-296.
dominate the uncertainty bounds. [22] J. Baker-Jarvis, “Transmission/reflection and short-circuit line permit-
tivity measurements,” NIST Tech. Note 1341, U.S. Government Printing
Office, Washington, D.C., July 1990.

L. F. Handjojo, “Sensitivity analysis of two-port transmission line
technique for dielectric property measurement using dielectric plugs,”
M.S. dissertation, Colorado State Univ., Fort Collins, Jan. 1999.
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