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Time-Domain Measurement of the Electromagnetic
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Abstract—A time-domain measurement and data-reduction (e,;) and permeability /,.). However, the method described
technique is presented that can yield the broad-band frequency- in [4] relied upon approximations that may not be valid for
dependent values of a sample material’s electrical properties some cases of interest. In [4], the data-reduction method

(complex permittivity and permeability). The method uses the - .
material's response to the spectral content of a fast rise-time used the first components of the reflected and transmitted

pulse to determine the frequency dependence of the complexWaveforms and ignored the infinitely many bounces that one
relative permittivity ( =) and permeability (1:,-). The measurement would observe in the time domain. The processing procedure

procedure and data-reduction scheme are described, and the presented in this paper completely accounts for all components
derived material values for a sample material are given. The ot the reflected and transmitted waveforms and eliminates

advantages of this method include a potentially lower equipment f th imati d f potential f
cost and the avoidance of awkward calibration procedures that SOme or the approximations and sources or potential error o

are inherent in frequency-domain methods. Though the material the earlier work.
examined was nonmagnetic, the procedure is general and rigorous  The paper is organized as follows. Section Il provides a

(for low-loss materials, low dispersion over the bandwidth) for the  prief review of the theory of time—harmonic TEM propagation
determination of both electrical and magnetic properties. in a transmission line,s-parameters, and a procedure to
Index Terms—Bounce diagram, coaxial line, complex perme- determine the material’s electrical properties from a pair of as-
ability, complex permittivity, Fourier transform, s-parameters, sociateds-parameters. Section Ill describes hevyparameters
time domain, wave propagation, wide band. are determined from time-domain measurements of an incident
and partial components of the reflected and transmitted wave-
I. INTRODUCTION forms. Finally, Section IV presents the measured frequency
dependence of the complex relative permittivity,.)( and

MICROWAVE analysis or design application often re - ;
Q_ermeabmty () of a common material.

quires accurate knowledge of a material’s complex rel
tive permittivity (e, = .. — je!’) and permeability /¢, = p]. —
ju!). For example, knowledge of the frequency dependenUe TRANSMISSION-LINE s-PARAMETERS AND DETERMINATION
of ¢, and y, is required for the design of radar-absorbing OF MATERIAL ELECTROMAGNETIC PARAMETERS
structures and microwave transmission lines, and simulationTEM wave propagation in a sample-loaded coaxial
and analysis of the propagation of electromagnetic wavestiansmission line and the relationships of the microwave
and through complex media. Frequency-domain techniqu@e—harmonics-parameterssi; andss,;) to the transmission-
to measure material properties are well known and inclugige properties are described in this section. Also, an algorithm
lumped-circuit and balanced-bridge methods at low frequefor extracting complexe, and y,. from knowledge of the
cies. TEM transmission line, waveguide, and resonant cavidgattering parameters is reviewed.
schemes [1] are often used at higher frequencies. A compre-

hensive overview of measurement techniques to determing aTime—Harmonic TEM Propagation in a Two-Media Region
material’s electromagnetic properties can be found in [2]. This

paper describes a time-domain measurement technique . A .
! wave that propagates on a coaxial transmission line

can yield the complex electrical and magnetic properties %re]d is incident on an interface between Regioned, fio)

a sample material. The advantages of this method inclu : : .
a potentially lower equipment cost and the avoidance 8Fd Region 24y, 4i2). A second interface between Regions 2

Lo . . and 3 €o, o) is also indicated. Shown as well is the length,
awkward calibration procedures that are inherent in frequenca/— ; . .
domain methods. ne-way propagation time, and propagation constant of each

In the late 1960's and early 1970’s, before the advent ora'on For observgtlon 'Oqi“onfef'” Regions 1 and 3, the
. . : signals of interest includés**¢, E*! = the total reflected
the automatic network analyzer, time-domain methods wer . . ¢ )
. . waveform in Region 1, andZ*™®® = the total transmitted
popular [3], [4].- These techniques used a material's response . . . .
L ‘waveform in Region 3. In the following, uppercase signal
to the spectral content of a fast rise-time pulse to determing ; : - . .
names denote time—harmonic quantities, which are functions

the frequency dependence of the complex relative permittivi(t)\f . . o :
frequency, while lowercase signal names indicate signals,
Manuscript received December 30, 1996; revised February 13, 1998. TWiklich are functions of time. Also, to minimize the number
work was supported by the Phillips Laboratory, Kirtland Air Force Base, NMpf yariable names, we will denote a signal as unprimed if it
under Contract F29601-93-C-0200. . . . . K
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Fig. 1. A diagram of the coaxial transmission line that holds the sample material is shown. The measurement locations are indicated, and the length,
one-way time of flight, and propagation constant for each region are indicated.

the arrow. The usual microwaveparameters, referenced tosemi-infinite Regiorb, andz = ¢=7%%_ It can then be shown
the P, and P, measurement locations, can be written fothat the following relations hold:
time—harmonic excitation as

f t Fo=X+vX2-1 (4a)

LW =L and dyw) =L~ (@a) and

1 Erne 2L prve __sutsn—T (4b)
These values can be referenced to the front and back sample T 1—(s11+821) o
material interfaces or where X is expressed in terms of the scattering parameters as

s1(w) = 51y (w)et72oh 2 _ 2 2 _ 272
and X = 1— (s3; — 511) i\/{l—(sm_sn)} 1. (4c)
$21(w) = sy (w)eHiBolitBols) (1b) 2511 2s11

From above,z = ¢ iflz = g=ilw/co)Virenlz gnd the

In terms of the wave impedance of each region, the . X .
garithm of both sides yields [8]

parameters referenced to the interfaces between Regionl:‘?
and 3 can be written as In(z) =Ln|z| + j arg(z)

(23— 23) - (1 — e=92%202) — L |od &/ VFEEa | |y j apgloi(e/o0)VAmEate],

311((’U) - (Z2 + Z0)2 - (ZQ — Z0)2 . e—i2082l (2a) (5)
and
HZoZy) - e—i0e02 ob If we assume that Region 2 is not too lossy, then
sa1(w) = (Za+ Zo)2 — (Za — Zp)? - e—ifzke ’ (2b) 2| = |ej(w/co)\/m~lz| ~1 (6)
In the above [6]e> = eo- (g7 —Jera), 2 = po- (M2 —jpr2),  a@nd
Zo = /ho/eo, 2 = /ue2/e2, fo = w/ecg, and By = In(z) =0 — j(w/co) - /lr2Er2la. @)

ST , Wherecg = speed of light in vacuum. . . .
Wy/Er2 - fir2/Co U P g The product of the material parameters is available as the

) ] square of both sides of the above equation as follows:
B. Frequency-Dependent Material Properties

2

From Knowledge of1; and sa; i _{ <g co ) -ln(z)} _o,. ®)
Given the measured values of theparameterss;; and 2w

s21 associated with a specific material measured in a coaxRirthermore'1s = (Zo — Z1)/(Zo + Z1) = (\/pir2 /€2 —

fixture similar to that shown in Fig. 1, one can determine t@/( /N1*2/5r2 + 1), and the ratio Ofu,2 /e, is
material properties, and .. A procedure for extracting the

2
values is given below. It follows the algorithm presented by Hr2 _ <1 +F12> = . (9)
Nicolson and Ross [4] and summarized by Lederer [6]. €r2 1-Ty
Equation (2a) and (2b) can be rewritten in a more compagfith the relations expressed in (8) and (9), the material
and convenient form as parameters can be separated as
1-22-T
su(w) = ﬁ (3a) pr2 =/ C1 - Co (10a)
and 2 and
21 — 7 12 9
1-T%, - 22 The parameter§’; andC, are defined completely in terms of

wherel'y, = (Z,— Z,)/(Zy+ Z,) = the reflection coefficient the s-parameters, and the material constants and i, are
for a wave passing from the semi-infinite Regiarinto the likewise determined.
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Fig. 2. A bounce diagram for the geometry depicted in Fig. 1 is shown. A transient wave undergoes an infinite number of transmissions and reflections
at the interfaces of Regions 1-3.

[ll. DERIVATION OF si;; AND s2; FROM TIME-DOMAIN Also, 71 = propagation time from the point of observation in
MEASUREMENTS AND THEIR CLOSED-FORM EVALUATION Region 1 to the Region 1/2 interface, = propagation time
across Region 2, angh = propagation time from the point
of observation (position?) in Region 3 to the Region 2/3
gterface (see Fig. 1).

A description of how the material parametets and 1o
could be determined from a complementary set-parameters

was given in the previous section. In Section Il is shown thi ) o )
derivation of thes-parameters from a set of transient time- 1he reflected (transmitted) wave is given by the convolution

domain measurements, and an explanation of how the resulipy ©f the incident wave with the time-domain reflection
expressions can be manipulated to simplify their computatidh/@nsmission) function or

ref inc = inc
A. s-Parameters From Time-Domain Measurements () = () x5 (t) = / e (N)sui(t = A)dA (12)
0

Consider the bounce diagram [8] shown in Fig. 2. The
diagram illustrates the transient wave behavior in the coaxighere @/ref(t) is the reflected waveform at the interface
transmission line of Fig. 1 if a wave™(t) = ¢/™(t —71) of Region 1 and Region 2. In the frequency domain, this
were incident on the Region 1/Region 2 interface from the lefilationship becomes the following simple multiplication:
Note that the measurement is made at posifiprisee Fig. 1),

but the waveform incident on the interface:18°(¢). In Fig. 2, Er(w) = E™(w) - s11(w) - e 79T
Zy = Z . - =E"™(w)- it 13
o= 22~ 20 _ reflection coefficient (W) s1fw) -e (13)
Zs + Zy . . . .
at Region 1/2 interface (11a)Wwhere the reference location3, as indicated in Fig. 1. Other
Zo — Zs ] o ways to view the time-domain interaction of the electromag-
[ = Tt Zo —I'12 = reflection coefficient netic field with the dielectric have been presented [9], [10].

at Region 2/1 interface (11b) Note that although the convolution operation is implied in
Fig. 2, it is not explicitly shown. Study of Fig. 2 reveals that

T12 = 1+ Iz = transmission coefficient the reflected and transmitted waves can be written as

at Region 1/2 interface (11c)
and Gref(t) = GlinC(t d 27'1) * Flg + Z Tgl(t) * {(1—*21*)271—1—1
T = 14 I's; = transmission coefficient n=0

at Region 2/1 interface. (11d) ATz %™t =21 = 2(n + 1)72]} (14a)
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and 100 r———p——r——— =
t sinc E » 5: ::
e () ={e (t -1 —Te—73) % T2} I g s E 3
= 25 E 3
+ Z Ty # {(Day )20 1 E o E 3
n=0 ) 25 E M S Y . L M | E
ATy ™t — 11 — (34 2n)m — 73]} (14b) 27 28 29 30 31
The notation(I'>; )™ means that the expression to the right @

of this term is to undergen convolutions withI's;, and the
explicit time dependence is not shown. Also, for convenience
and notational simplicity, the time lag in the right-hand side 5 T T T
has been grouped together in the tetffi°(-). Fourier trans-
forms of both sides of (14a) and (14b) give an equivalent 3
description in the frequency domain. That is,

milli- volts
Lo o
H
PR 1

ref __ pvinc o d2eT 25 e
Ew)=FE () Ip(w) - ' 30 31 32 33 34
+Z To1(w) - Ti2(w) - [Dog (w)]*H )
n=0
'E/iﬂC(w)e—jQw[‘rl(n-l—l)‘rz} (15a)

and 100 p———— T T

Etran(w)_ElinC( ) T12( ) TQI(w).e—jw(Tl-l-‘rz-i-‘rz)

+Z Tia(w) - Tor () - [P (w)]2 Y

milli-volts

n.—O ' U EUOT VS TO SR |
B (0) . e IwlmH G2 T2 A7) (15b) 30 31 32 33 34
time (ns)

The scattering coefficients; ands,; can be expressed in the
frequency domain as ©
Fig. 3. The time histories of the sensor output waveforms used to construct

’ Eref(w) 2w the s-parameters and, subsequently, the material properties of the Noryl
311(”) = E’T = 1_‘12(“)) sample placed in the coaxial line are shown. (a) The time derivative of the
( ) incident pulse. (b) The time derivative of the first component of the reflected
_— pulse. (c) The time derivative of the first component of the transmitted pulse.
+ Z To1(w) - Tha(w) - [Car (W)™
_6—124«.[71-1—(71-1—1)721 (16a) from a measurement gjl(t). Similarly, the first transmitted
component observed in Region 3 is
and .
Etrang , L pg(t) = T12 * Tgl * Glmc(t — 71— T2 — 7'3) (18)
shp(w) = —/im( ) = Tia(w) - To1(w) . 3w (TitTa+Ts)
E ( ) and the time-domain product of the transmission coefficients
Top - Ty (Where T,, = the transmission coefficient from
2(n+1) ab ) ba - ab " -
- Z Ta(w) - T (w) - [Poa(w)] Regiona to Regionb when the width of Regior, I — oo)

can be determined directly from a measuremengt).
The values ofl'12(w) andT12(w) - T21(w) are found from

Fourier transforms of the measured quantifie§) andps(t)

The important point to note about (16a) and (16b) is that trT 7) and (18)], and division by the transform of the incident
s-parameters (referenced to the measurement planes) can, Beaform. The scattering coefficients, and s}, can then be
completely determined in terms Bz (w) andTiz(w) To1(w), determlned from (16a) and (16b), with the coefficientsand
andI's; (w) can be defined in terms df;»(w) through (11b). 1 determined by suitable transformation. Finally, values of

_ Referring to the bounce diagram (Fig. 2), one notes that aterlaI52 and ;> can be extracted in the manner described
in the time domain the first component of the (total) reflectq Section II-B

waveform observed in Region 1 is

. G—Ju.[7'1+(3+2n)7'2+7'3]' (16b)

) B. Measurement Procedure and Simplification

) =Tpxe™(t =2 17 i
pi(?) 12 e ) ( of the s-Parameter Expressions

then the time-domain reflection coefficieht, ( = the re- To measure the material properties and o of a sample
flection coefficient at the Region 1/2 interface when thieeld in a coaxial test fixture (Region 2), a voltage pulse is
width of Region 2,/ — oc) can be determined directly introduced onto the line and measured at positién (see
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Fig. 4. Values of relative permittivity and permeability for Noryl (GE EN265) determined using the procedure described are shown. (a) The reaitsompon
of values of the relative permittivity. Frequency (GHz). (b) The imaginary components of values of the relative permittivity. Frequency (GHe)rée) T
components of values of the relative permeability. Frequency (GHz). (d) The imaginary components of values of the relative permeability. f&¢tr)ency

Fig. 1). To allow uncorrupted measurement of the inciderthe s{; andsj;. Consider the well-known infinite series [12]
reflected, and transmitted pulses, the incident pulsewidth must -
not exceed a maximum value to allow for time isolation Z 2 = 1
(for this paper,7w = incident pulsewidth= 1 ns). The 1—-g’
incident pulsec’™“(t) is measured at locatiof;, as is the
first component of the reflected pulge(t). Next, the first Equation (20) can be used to express (16a) and (16b) in forms
component of the transmitted pulge(t) is measured at more easily evaluated numerically. Its application allows the

position P, in the coaxial test fixture. The values of, =, form of (16a) and (16b) to become

andrs are determined by overlaying the three waveforms and ,

using a common distinguishing characteristic (e.g., waveform®11

|z < 1. (20)

n=0

(W)= e_jQ‘“'TlFlg(w)

peak) to mark the time delays. To1(w) - Tra(w) - Tog(w) - e 9%(mt72) (21a)
Once the raw data have been collected, the transforms of 1—Toy(w)? - ei2wr
p1(t) andps(t) are formed in the usual way via the Fourieand
transform pair shy (W) =Tia(w) - Toi(w) - F<(TFm2+473)
. L Tia(w) - Tor(w) - Doy (w)? - 7 mobimem)
f@) =30y = [ st ar I Toile)? e |
oo 21b
and (21b)
f) =S HF(w)} = i/ F(w)-etitdw, (19) The expressions are easily evaluated from knowledge of
2m J_ I'12(w) and Ti2(w) - To1(w), which are determined from

measurements, Fourier transforms mf(¢) and p»(¢), and
Evaluations ofl’;2(w) andTy2(w) - T51(w) via (17) and (18) simple mathematical manipulation as described above. These
are then accomplished. The next step is to form the quantitiedues are transformed to the material front and back interfaces
s}, and s5; [(16a) and (16b)]. Although originally written in to obtain s;;(w) and s»;(w), and then used to compute the
terms of an infinite series, there is an easier way to evaluatdues of the material parameters.
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IV. TIME-DOMAIN MEASUREMENT OF NORYL line that holds a sample of the material under test. The data-

A bulk sample of Noryl EN265was machined to a length reduction procedure builds on the Nicolson—Ross method, but
of 15.24+ 0.00254 cm (6.00GE 0.001 in), and with cross- extends the procedure to account for the infinite set of reflected

sectional dimensions compatible with the coaxial line test fi@nd fransmitted waveforms. Measured values of the complex
ture (OD= 6.858 cm [2.700 in], ID= 2.9805 cm [1.173 in]). relative permittivity and permeability of Noryl, determined
The time derivative of the incident, reflected, and tran&sing the procedure described, were given. These values were

mitted waveforms was recorded. Fig. 3(a)(c), respectiveﬁf?”_‘pared with values of an independent source and shown to

presents the sensor output waveforms. Note that just t'i’i% in agreement. Howeve.r, other loss mec_hanisms associated
first components of the time derivative of the reflected arffith the measurement (skin-effect losses, higher order modes)

transmitted waveforms are measured. From the data shownf'€ not included in the analysis and the results need to be

Fig. 3(a)—(c), the propagation time values were found to ty&wed in this light.
71 = 1.828 ns, » = 0.8825 ns, andrs = 0.381 ns. The
reduction algorithm described earlier was exercised to form ACKNOWLEDGMENT

the complete response from just these partial componentsthe author would like to thank the reviewers for the

The reduced values of relative complex permittivity and pesuggestions that clarified the derivations and the discussion
meability for Noryl EN265 are given in Fig. 4(a)—(d) for theof the experimental results.
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