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A New Formulation for Characterization of Materials
Based on Measured Insertion Transfer Function
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Abstract—A widely used method for noncontact electromag- also be measured in the frequency domain using a network ana-
netic characterization of materials is based on the measurement of |yzer. The complex dielectric constant of the material under test

an insertion transfer function. This function, defined as the ratio can then be extracted from the measured insertion transfer func-
of two phasor signals measured in the presence and absence of thetion [5], [6]

material under test, is related to the dielectric constant of the mate- . . .
rial through a complex transcendental equation. Solving this equa-  Ifthe duration of the pulse is smaller than the pulse travel time
tion requires a numerical two-dimensional root search technique, through the slab, aingle-pasgechnique can be used to obtain
which is often time consuming due to slow convergence and the the insertion transfer function. Multiple reflections inside the
existence of spurious solutions. In this paper, a new formulation |5yer \which are delayed by more than the pulse duration, can
is presented, which facilitates the evaluation of complex dielectric be eliminated b  ti fi 71 rAulti rech
constant of low-loss materials by means of real equations, thus re- _e eliminated Dy means of ume _ga ing [ ]'_ I_pa§s ech-
quiring On|y onhe-dimensional root search techniquesl Two samp|e nique should be used when multlple reflections inside the slab
materials are measured, and it is shown that their dielectric con- cannot be separated from the first-pass portion of the transmitted
stants obtained from the exact complex equation and the new for- signal. On the other hand, from the analysis of a plane wave nor-
mulation are in excellent agreement. The new formulation reduces mally incident upon a one-dimensional slab material, an expres-
the computation time significantly and is highly accurate for the . for the i tion t fer functi be deri ,d Thi
characterization of low-loss materials. sion for the insertion transfer function can be derived. This ex-
pression, in addition to the insertion transfer function, includes
the complex dielectric constant of the material, slab thickness,
and frequency. With the insertion transfer function obtained by
measurements and the slab thickness known, the expression is
I. INTRODUCTION a complex transcendental equation, which can be solved for the

LECTROMAGNETIC characterization of materials is esg:omplex dielectric constant of the material at a given frequency
E sential to many applications, including design and mong-g]'S Vi | i . woudi ional root
eling of transmission lines, microwave devices, and optical com- olving a complex equation requires a two-dimensional roo

ponents, and more recently, to wave propagation in indoor en@ﬁarch, which is often time consuming. For most materials of in-

ronments [1]-[3]. Various techniques have been developed FSFejt% Ioiﬁes alre Tn;all, yf:ja ltW(i'.d'menS,lon?I Ise:;rch has been
the characterization of materials, each with its unique capabhﬁe ¢ or Iefca cfu atlr?n 0 Ile ?C I’ICfCOﬂS aln : dn' | 'StPaper’ a
ties and advantages. Here, attention is focused on acharactefigy: 'ormuiation for the evaluation of compiex dielectric con-
tion method based on the measurement dfaartion transfer SNt IS presented, which is applicable to materials with rel-

functionusing radiated fields [4]. When time-domain radiateat've'y small losses. In this formulation, only real equations

measurements are used, a short-duration electromagnetic pit %,Sr? IvedtrL]Jsmg om—i—d|mefn5|8na.l roct);search te(;hn[[ques, V\(’jh.'Ch
E;(t,r), is applied to a material layer of thicknessThe mate- aiso nave the advantage of regucing the processing ime and im-

rials slab is assumed to be homogeneous, isotropic, and lin®APVINY the convergence of the search algorithm.

The incident pulse is partially transmitted through the slab and is
partially reflected, with multiple reflections occurring between
the slab boundaries. The transmitted sighg(¢, r) resultsina  The insertion transfer function is obtained through two mea-
voltage at the receive antenna terminals. By measuring two sewrements, as shown schematically in Fig. 1. The measurements
ceived signals, one with the slab material in place and anotimeay be performed in either the time domain using short duration
without the slab, and taking the ratio of the Fourier transfornmulses, or in the frequency domain using sinusoidal signals. The
of the two signals, one is able to determine the insertion transfaeasurement procedure is as follows. The transmit and receive
function of the slab material. The insertion transfer function cantennas are kept at fixed locations and aligned for maximum
reception. The material to be measured is placed at nearly the
midpoint between the two antennas. The distance between the
antennas should be sufficiently large such that the material ob-
Manuscript received November 6, 2002; revised February 21, 2003. Thisct is in the far field of each antenna. With this arrangement
work was supported in part by the Defense Advanced Research Projects Ag rhcg | ic field incid h ial i . ”’
under the Networking in Extreme Environments Program. electromagnetic fie ) 'nF;' enton the mat.e”a Is essentially
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(e-mail: ajazi@vt.edu). is normally incident on it, as shown in Fig. 1. After the mea-
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a transmitted wave in region Il (air). Imposing the boundary

conditions for the electric and magnetic fields at the slab—air
interfaces, the transmission coefficient can be calculated in a
straightforward manner. The result is

EeiPod 4
Region T=

i =
I ]
(Material) evd (2-1—"—14-"—2) 4ed <2_ﬂ_@)

U2 m M
Region (2)
@ . wherefy = wyios = ((2m)/(N) = (2x))/(c), v =
] a+ B = jwymeeo(e), —jel), m = /(ko/0) = 1207,
et andny = /(o) /(20(el — jel’))). The insertion transfer func-
E, tion is related to the transmission coefficient throdghio? =
H(jw). Thus,
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v
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Fig. 1. Propagation through a slab for radiated measurement of an insertion evd| 2 4+ U + 2 +evd| 2 — o2
transfer function. 72 i 2 i

3)
. s . , . It should be noted that the transmission coefficiBns equiva-
signalv; *(¢) with a sampling oscilloscope or the frequency-dog o S, in the scattering parameters’ terminology.

main signalV,’* (jw) with a network analyzer in the absence of Once the complex insertion transfer functié(jw) is de-

the material. We then measure the time-domain sigr@) or  yermined by measurements, (3) can be solved for the complex
the frequency-domain signét (jw) with the material layer in - gje|ectric constant, = /. — j<”. In terms of the scattering pa-

place. The insertion transfer function is then calculated as rameterS,;, a parameter that can be directly measured, (3) can

Fy(jw) be easily cast into the following form [8]:

E;(jw) _ E(jw) _ FFT(”t(t)) _ Vi(jw)
El*(jw) E[*(jw) FFT (U,{S(t)) V5 (jw)
i(jw)

H(jw)= (a: + l) sinh(zP) 4+ 2 cosh(zP) — Si =0 4
T 21

=

(1) wherez = /g, So1(jw) = H(jw)e 3™, P = jfyd, and
wherew = 2 f is the angular frequency and the fast Fouriery = d/c, with d being the layer thickness anrds the speed
transform (FFT) is used to convert the sampled signal to the figf-light in free space. This equation can be solved numerically
guency-domain data. Care must be taken to ensure that the asing two-dimensional search algorithms. The convergence of
ditions for the free-space measurement are as closely identicatds algorithm is not always guaranteed, taking into account pos-
possible to those for the measurement through the material slaitale multiple solutions and noise in the measurements. In Sec-

If single-pass short-pulse propagation measurements cartibs IV, using reasonable assumptions, (4) is reduced to a one-di-
performed without difficulty and the material can be assumed eensional problem involving real equations only.
be low loss, the dielectric constant and loss tangent can be ob-
tained following the approach presented in [5]. However, if the  IV. NEwW FORMULATION FOR CHARACTERIZATION OF
single-pass signal cannot be gated out satisfactorily, multiple re- LOw-LOSSMATERIALS
flections from the slab interior that constitute part of the received
signal must be accounted for. This situation particularly arisTs
whenthetransittime throughthe slabthicknessissmallcomparéc"fl
to the pulse duration. In this case, an insertion transfer function

When the material occupying region Il is low log4 /<! <
nd the following approximations can be used:

. . =a+ q
that accounts for multiple reflections should be used. g . ip .
= jwy/ pogo (). — jeil)
Ill. EVALUATION OF COMPLEX DIELECTRIC CONSTANT ~ e
2 jwy/lo€or/ €L (1 — JE&_—:‘
In order to determine the complex dielectric constant from the r

measured insertion transfer function, an expressiodfojw) ) 1e”
=jfo/2) (5)

is needed. To calculatdl (jw), let us assume that arpolar- =5

ized uniform plane-wave, representing the local far field of thg,q "

transmit antenna, is normally incident on a slab of material with

thicknessd. The material has an unknown complex dielectric . Mo ~ Ho M 6
_ - 1 Hp] H H N2 = / PP/ AN r . ()

constant, = e. — je!’. The incident plane wave, as depicted in eo (el — je) goer.  \/J€!

Fig. 1, establishes a reflected wave in region | (air), a set of for-

ward and backward traveling waves in region Il (material), arithen,(n1 /n2)+(n2/m) = /el +(1//el) =((eL+1)/ (/%))

’l"
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and (5) reduces to or

H(jw)

. X2( 5’—1)4—2 cos(26d) () —1)*+8— | x
teid T Y Gop

/ ’ 4
ela+if)d <2 + et 1) + e—(a+iB)d (2 _ & +/1> + ( e;—i-l) =
\ €L el

7 which is a quadratic equation in terms®f Solving this equa-

tion for X, we have (14), shown at the bottom of this page.

Rewriting the insertion transfer function in terms of magnituden|y the solution with a negative sign in (14) is valid (the proof
and phase, we obtain (8), shown at the bottom of this page, a8@jiven in the Appendix). Substituting fof from (14) in the

LH(jw) = fod — ¢ ) phase expression (11), we obtain the following equation, which
is only in terms of:’.:
where
. 1-QX
o 41 o a1 tan [Bod — ZH (jw)] + @ tan(Ad) = 0. (15)
ead 2+ r _e—ad 9_r 1+ QX
/ /
¢ = tan™! Ver Ver Solving this equation numerically;. is readily determinedX
el +1 el +1 and subsequently are then found from (14). Finally;’ is cal-
erd| 2+ :/7 Hemad| 2- \T/T culated using
[ o
e = 2coz,/€;' (16)
w

-tan(Bd) » . (10)
The fact that the complex equation (4) can be reduced to a

one-dimensional real equation for low-loss materials is illus-

Equation (10) can be written in a more compact form as trated in Fig. 2. This figure shows the magnitude of the left-
1—e20dQ hand-side expression in (4). As noted, all vertical cuts (par-

¢ = tan {[m} taﬂ(ﬁd)} (11) allel to thee’.-axis) of the surface in Fig. 2 have nearly the

same minima points. For better visualization, a vertical cut at

where el = 0.14 is also shown.

2
Q= - <@) . (12) A. Special Case

Ver+1 .
" If it can be further assumed that2*? <« 1, then
For most applications of interesf) has a small value. For

example, for the dielectric constants of 2.0, 4.0, and 8.0s ¢ ~ tan™" (tan(fd)) = fd
approximately 0.02, 0.1, and 0.3, respectively. We will later use g
this fact to further simplify the solution. For the time being, no

assumption is made abo@t Lettinge=2%¢ = X, then LH(jw)= fod —Bd=fod—Pod\/c.,  wheref = fy+/el.
|H (jw)|? and
16¢’. N2
=7 2 J ; 4:(1 - ZH(J“’)> : 17)
Y(\/a—i—l) +X(\/e,—1) —2cos(2pd) (el.—1) Bod

(13) Onceg!. is determinedq and there! can be found from

(1/2)
. 16
[H(jw)| = 3 > > ®)
/ / /
e20d (94 Zr T2 1 te20d (g Er T + 2cos(26d) | 4 - e tl
= Ve g
2
, 2 5; 2 5; 4
cos(20d) (e, —1)" +8—T—5 | £ 4| |cos(26d) (e} —=1)" +8—T—| — (e} —1)
o 1) 1) "
= e =

(Ve -
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Fig. 2. Toillustrate that complex equation (4) can be reduced to a real equation @
in terms ofz!, for low-loss materials.
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This simplified analysis reduces to the single-pass case, as ... Frequency GHz
[5], where the slab is assumed to be thick, and a single trans- (b)

mitted pulse can be _time_ ga_ted. This is beca_use the assUMPHRN: . comparison of exact and approximate results for: (a) dielectric constant
e~ 224 « 1 has the implication that the multiple-pass compaand (b) loss tangent for two sample materials.

nents of the received signal are very small; asddr > 1,
these components are attenuated significantly more than

single-pass signal. Etﬂg) and (16) are compared in Fig. 3(a) and (b). It is noted that

the results from the two solutions are nearly identical, primarily
because wood is a low-loss material. Both the exact complex
and approximate real equations have spurious solutions that can
Measurements were carried out for two sample materials, ileg avoided by starting with an initial guess obtained from the
a wooden door and structure wood slab. Two wide-band TEs$ihgle-pass solution at a high frequency and by using a con-
horn antennas were used as a transmitter and receiver. M&aained search. The solution obtained at a high frequency point
surement were performed in both time domain using less thiarthen used as an initial guess for the next frequency point be-
100-ps pulses and a sampling oscilloscope, and in the frequenayse variations of the dielectric constant versus frequency are
domain over a frequency range of 1-12 GHz using a vector nelew over a narrow frequency range.
work analyzer. The thickness of the sample door is 4.448 cm,In order to assess the accuracy of the approximate method
while that of the structure wood slab is 2.068 cm. The distanpeesented above, we take a data point from the measured in-
between the two antennas is approximately 3 m, and the sang#etion transfer functiofl(jw) for the sample wooden door at
is placed halfway between the transmitter and receiver. For bathirequency of 5.00 GHz and artificially increase the loss by
samples, the time- and frequency-domain results for the insdecreasing the magnitude Bf jw). This is achieved by multi-
tion transfer function were essentially the same. plying H(jw) by a constant, as given in the first row of Table I.
The results for the dielectric constant and the loss tangekrzero-loss case is also included in the table by choosisuch
obtained from the complex equation (4) and the real equatiaigita|H (jw)| = 1. As noted, the errors are less than 1% for loss

V. MEASUREMENT RESULTS
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TABLE |
ERRORS IN DIELECTRIC CONSTANT AND LOSS TANGENT OBTAINED FORM THE APPROXIMATE FORMULATION.
(THE DATA POINT USED IN THIS ANALYSIS IS H(j, &) = —0.3317 — j0.7418)

a 1.23 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
*g 6‘; 2.178 | 2.176 | 2.174 | 2.171 | 2.166 | 2.159 | 2.147 | 2.128 | 2.095 | 2.033 | 1.885
éj tan g 0 0.063 | 0.096 | 0.133 | 0.176 | 0.226 | 0.286 | 0.363 | 0.466 | 0.624 | 0.940
8; 2.178 | 2.176 | 2.176 | 2.175 | 2.175 | 2.174 | 2.174 | 2.174 | 2.173 | 2.173 | 2.173
é YoError 0 0.036 | 0.972 |0.2104 | 0.406 | 0.730 | 1.265 | 2.162 | 3.747 | 6.895 | 15.312
<& tan 6 0 0.063 | 0.095 | 0.132 | 0.174 | 0.223 | 0.281 | 0.352 | 0.445 | 0.575 | 0.799
% Error 0 -0.438 | -0.485 | -0.609 | -0.845 | -1.243 | -1.883 | -2.914 | -4.631 | -7.772 | -15.02

tangents of approximately 0.2, a representative upper limit loSguation (A1) is rewritten as

factor for most dielectric materials of practical interest. Only

for very high-loss case§ané > 0.9) do the errors become , 9 8e!. , 9
significant, which is approximately 15% for this example. A cos(23d) (e, —1)" + HGw)? (er —1)
expected, for the zero-loss case (in this example, corresponding ’

to a = 1.23), the approximate solution for the dielectric con- 8¢/
stant becomes exact. Although this error analysis is for a spe- lcos(Z[)’d) (e — 1) + —— + (e, — 1)2] > 0. (A2)
cific example, it provides a realistic measure of the accuracy of |H (jw)]

the approximate method presented here. ) ) »
The second square bracket in (A2) is always positive because

/
VI. CONCLUSION cos(26d) (¢! — 1)* + 8#2 + (&) — 1)2]
[H (jw)|
A new formulation for the characterization of low-loss ma-
terials has been presented, which requires solving real equa- , 9 8¢’
tions only. This formulation converges more rapidly and, thus, = |(&» —1)" (1 + cos(26d)) + HG)P
requires much less computation time than that based on solving J
the complex equation relating the insertion transfer function ﬁ‘hus, the first square bracket should also be positive, i.e.,
the dielectric constant of the material under test. The new formu-

>0.  (A3)

lation can be used to accurately characterize many materials of 8¢’
: oot e wi 28d) (e.—1)°+ ———— —(c'.—=1)* >0

practical applications. For materials with loss tangents less than cos(20d) (e, —1)"+ H(jw)P —(e,—1)" >

0.2, the results are within 1% error of their respective values ob-

tained from the exact solution. or

8 /
cos(26d) (e — 1)+ ——" > (h=1)" >0. (Ad)
|H (jw)]
APPENDIX

Hence, the solution foX with a negative sign in front of the
Here, it is proven that (14) with a negative sign in front o§quare root is always 0, i.e., (A5), shown at the bottom of this
the square root is the only valid solution. Whenever a solutigztage. On the other hand, should be less than one (otherwise,

exists, we must have instead of attenuation, we have amplification). It can be easily
verified that the solution foX with a positive sign in front of
, 2 the square root is greater than one and, thus, is not acceptable.
cos(20d) (e, —1)2+78€’" (. —1)*>0. (A1) The correctsolution is the one with the minus sign in front of
" |H (jw)|? " the square root.
2
[cos(?ﬂd)( 1Py ] [cos(%d)( 1) s (e = 1)*
& — a2 & — — - vz | &~
[H (jw)| [H (jw)|

X =

(A5)

(Ve 1)’
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