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Short Papers

Wideband Frequency-Domain Characterization of FR-4  approximations for the frequency variations of the complex permit-

and Time-Domain Causality tivity that ensure a causal response in the time domain. Finally, Sec-
tion IV applies derived formulas to the analysis of wave propagation in
Antonije R. Djordjevi¢ Radivoje M. Biljic, FR-4.

Vladana D. Likar-Smiljariicand Tapan K. Sarkar
Il. EXPERIMENTAL EVALUATION OF DIELECTRIC PARAMETERS

Abstract—FR-4 is one of the most widely used dielectric substratesinthe A variety of techniques has been proposed that can be used for mea-
fabrication of printed circuits for fast digital devices. This material exhibits  syrement of the complex permittivity of dielectric substrates [1], [2].
substantial losses and the loss tangent is practically constant over a wide Our focus here is on FR-4 and similar substrates. whose thickness is in
band of frequencies. This paper presents measured data for the complex . . o
permittivity of this material from power frequencies up to the microwave  the range 0.2-3 mm (8-120 mil), the relative permittivity about 5 .and
region. In addition it gives simple closed-form expressions that approximate the loss tangent about 0.02. We quote some of the methods, without
the measured data and provide a causal response in the time domain. trying to make an exhaustive list.

Index Terms—Causality, dielectric losses, dielectric measurements, dis- ¢ The substrate with the metallization on both faces can be regarded
persive media. as a parallel-plate capacitor and its admittance can be measured
using impedance bridges, impedance meters, or other devices [3].
Hence, the complex capacitance and the complex permittivity can
be calculated. This nondestructive method can be used in the fre-

One of the most widely used substrates in the fabrication of printed-  quency range from about 10 Hz up to 100 MHz.
circuit boards for fast digital circuits is FR-4. Itis used both for classical « The substrate, the standard metallization on both faces, and an
boards and for multilayered boards. This low-cost composite material  added metallization on the rim form a cavity resonator [4]. A net-
consists of glass fibers embedded in an epoxy resin. work analyzer can be weakly coupled to the cavity at two loca-

For modern digital circuits, signal spectra are wide and they extend  tions. The resonant frequencies and the quality factor of the res-
deeply into the microwave region (of the order of several GHz). Fora  onator can be measured. Hence, the complex permittivity can be
successful modeling and design of signal interconnects, itis important  calculated. This technique is practically nondestructive and it can
to know frequency variations of the dielectric parameters. This paper be used for frequencies of the order of 0.1-10 GHz, depending on
presents relatively simple mathematical expressions that approximate the board size and permittivity.
measured results for the complex relative permittivity of FR-4inawide « A resonator can be printed on the substrate (e.g., a half-wave-
frequency band. These expressions are such that they automatically |ength open-ended microstrip line or a ring resonator) and a trans-
provide a causal response in the time domain. mission line coupled to it [5]. The complex permittivity can be

The paper does not provide a complete characterization of the mate- extracted from measured data for the scattering parameters of the
rial properties. Hence, we do not consider the influence of the contents  |ine, i.e., from the notch in the transfer function. This technique
of the glass fibers, temperature, humidity, pressure, etc. and we also can be used for frequencies of the order of 0.1-10 GHz. A reliable
neglect anisotropic properties of FR-4. numerical model of a microstrip transmission line is required, in-

The complex relative permittivity of FR-4 in the frequency domain  cluding the open-end effect for the half-wavelength resonator.
(¢+) is separated into the reaf f and imaginary{”) partsin the usual ~ « A single transmission line can be printed on the substrate (e.g.,
way, as a microstrip line) and its scattering parameters can be measured.

. , ) ) The complex permittivity can be extracted in a variety of ways.
er=c —jg == (1l—jtans). 1) This technique also requires a reliable numerical model of the
transmission line and it can be used for frequencies of the order of

0.01-10 GHz. This simple idea is not advocated in the literature

and we were able to trace only one related paper [6].

« A dielectric sample (with no metallization on it) can be inserted
into an air coaxial line or a waveguide [7]-[13]. From the mea-
sured scattering parameters, the complex permittivity can be eval-
uated by closed-form formulas or iteratively, depending on the
method. There exist various approaches, based on measuring the
reflection, transmission, or both. The reflection can be measured
when the dielectric sample is backed by a short circuit or by a
matched line or waveguide. These techniques are suitable for the
frequency range of the order of 0.1-30 GHz.

In methods that involve a metallization on the substrate, usually there

Manuscript received May 10, 1999; revised June 12, 2001. is a problem to distinguish between losses in the conductors and in

A.R. Djordjevig R. M. Bilji¢, and V. D. Likar-Smiljanicare with the School the substrate. The problem is primarily due to the surface roughness
of Electrical Engineering, University of Belgrade, 11120 Belgrade, Yugoslavg the conductors, as it substantially increases the conductor losses. In
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T. K. Sarkar is with the Department of Computer Science and Electrical Eme case _Of FR-4, the dielectric losses USl_Ja"Y dominate at microwave
gineering, Syracuse University, Syracuse, NY 13244 USA. frequencies, so that an accurate characterization of the conductor losses
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|. INTRODUCTION

Manufacturers usually give the complex permittivity only at a relatively
low frequency (typically, 50 or 60 Hz, or 1 MHz). A wide range for the
real part can be found in their datd, = 4.2-5.5. The material has
significant losses and the loss tangeiat(s) is of the order of 0.02 in

a broad frequency range. This corresponds to the imaginary part of the
complex permittivity that is of the order ef’ = 0.1.

In Section Il experimental data are presented for the complex per-
mittivity of FR-4 in a wide frequency range, from power frequencies
up to about 12 GHz. These data show tHatlowly decreases with fre-
quencyg” is almost constant and the resulting loss tangent is also prac-
tically independent of frequency. In Section Ill, we derive closed-form

0018-9375/01$10.00 © 2001 IEEE
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The purpose of this paper is to characterize FR-4 in a wide fre 5.0 -
.. .. . . . . shorted : [
quency range that is important for digital printed-circuit boards. This - —o— shorted, manual 5 Y
range starts from about 1 MHz and goes up to about 10 GHz. How  4.g}........] - s matched ... N PC
ever, for completeness, we have extended the range down to power fi | ~==-~ Nicolson-Ross ; [
quencies, more precisely to 10 Hz. This wide frequency range can k transmission line : '

spanned only by combining several techniques. We have used methc
that overlap in frequency ranges in order to compare several sets of X
sults. In all cases, a substrate of a nominal thickness of 62 mil (1.57
mm) was used and all samples were made from the same board. T
thickness of the copper was 35n (1 oz. per square foot). Variations

of the substrate thickness over the board were on the order of 0.1 mt
The substrate was at room temperature.

The lower frequency band (10 Hz—50 MHz) was covered by the par
allel-plate capacitor technique. The admittance of the metallized FR- . . .
plate was measured using HP 4800 and HP 4291A impedance mete 8.0 9.0 10.0 11.0 12.0
Several plate sizes were used. A larger size was required for the lo f [GHz]
end (to obtain a sufficiently high capacitance) and a smaller size was

required for the high end (to avoid the propagation effects in the sub- @
strate). 0.5 shorted
We have developed a simple transmission-line method to cover tf L —o0~— shorted, manual ;
upper frequency band (50 MHz-12 GHz). A microstrip line was fab- g4 cccl| 7 +--- matched ST
ricated on the FR-4 substrate. The characteristic impedance of the lii - L\Irlacx?ésnﬁ:;:s:ﬁme 1
was close to 50 (trace width 3.0 mm) and the line length was 300 mm.

The line was carefully terminated in two SMA connectors to facilitate
deembedding. The scattering parameters of the line were measurec
a set of frequencies, using the HP 8510B network analyzer. Thereaft®
using program Touchstone [14], the measured data were emulated
optimizing the relative permittivity and the loss tangent of the substrat
at each frequency. The Touchstone model includes the conductor loss
and the dispersion of the quasi-TEM mode. This technique works we
up to about 12 GHz. Above this frequency, higher-order modes an
radiation from the microstrip line come into effect, thus disabling the
measurements.

Our technique, described above, has several advantages over
method described in [6]. First, the method of [6] is valid only for lines
with a homogeneous dielectric. Therefore, they had to use a stripline, (b)
which is more difficult for fabrication than a microstrip line used irFig, 1. Raw measured data for the (a) real pat} &nd (b) imaginary part
our technique. Second, the method of [6] does not treat the condudtd) of the complex permittivity of FR-4 in the X-band, obtained using various
losses, but rather includes all the losses into the imaginary partt@ghniques.
the complex permittivity. Therefore, our method is to be expected to
yield more accurate results, in particular for dielectrics with mediumhis figure also shows the complex permittivity as obtained from the
to lower losses. Note that the key equations in [6] contain typographiansmission-line method described above. Obviously, the simple trans-
errors, which should be corrected before applying the method. mission-line method yields smoothest and physically most logical data.

For frequencies near 10 GHz, three additional techniques were u3da estimated error bound is 2% tdrand 5% for="'. This bound takes
based on X-band waveguide measurements, with the purpose to [mte account the measurement errors on the network analyzer and accu-
vide some independent data for checking. The first technique wasréay of the numerical model used to extract dielectric parameters. Rel-
measure the reflection coefficient of a short-circuited rectangular waagively reliable data for’ were also obtained from the first two wave-
guide [7], [8], where a dielectric slab was inserted next to the short cguide techniques and the results forare within 5% from the trans-
cuit. The reflection coefficient was measured automatically, using thgission-line data, except at the ends of the frequency band. A more
HP 8410C network analyzer and manually, using the HP X809B slottddtailed comparison of the waveguide methods is beyond the scope of
waveguide. The measured results were then emulated on a numettieial paper.
model (based on direct and reflected dominant waveguide modes), b¥rig. 2 shows the relative permittivity of FR-4 in a wide frequency
optimizing the complex permittivity of the slab using an improved veband, from 10 kHz to 12 GHz, as a compilation of results obtained by
sion of the algorithm from [15]. In the second technique [9], [10], ththe parallel-plate and the transmission-line methods. The results are not
dielectric slab was backed by a matched waveguide, the reflection emoothed nor are potentially bad points removed from the data sets.
efficient was measured using the network analyzer and the results wehe estimated absolute error bound in the whole frequency band is
again emulated using a numerical model. Finally, the third techniq0e2 for <" and 0.02 for=". The real part«’) decays with frequency.
was based on positioning the slab in a through waveguide, measutingarticular, between 10 kHz and 10 GHz, the decay has an almost
the scattering parameters and explicitly evaluating the complex paniform slope of about 0.14 per decade. The imaginary pditgnd
mittivity as described in [11]-[13]. Thereby, the relative permeabilitthe loss tangent have relatively small variations in this band. Going
of the slab wasa priori taken to be 1, as in [13], which simplifies toward very low frequencies, the imaginary part increases due to the
the extraction of the complex permittivity. Raw results (i.e., withouinite conductivity of the material, which confirms the results obtained
smoothing) obtained by these three techniques are shown in Figh§.d.c. measurement of the parallel-plate capacitor resistance.
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4.8 L[| —=— ¢ measured
aok &' from eqn. (2)
aall e ¢" measured
Aokl e fromegn. (2) |
““4| ~——a--tan & measured
tan 8 from egn. (2)

10 100 1k 10k 100k 1M 10M 100M 1G 10G
f[Hz]

*r———4

‘ A, ‘ : : —
ool A A Ak —_
-4

Fig. 2. The real parts() and the imaginary parte(’) of the complex
permittivity of FR-4, along with the corresponding loss tangeah (), in a
broad frequency band: compilation of raw measured data and approximati

gb'l% 3. Equivalent scheme of a parallel-plate capacitor according to (a) (2) and
according to (2).

@3).

5.6

——=--- measured
. . . . . . . ; ; from eqn. (3)
There exist several polarization mechanisms of dielectrics [16 I S R from eqn. (5)

[17], when they are subject to an external electric field. Dependin
on the kind of charged particles that are involved, there are th , _ , : ; :
electron polarization, the dipole polarization, the ion polarizatior s, : f - S L
and the macrodipole polarization. The polarization can further bg' ' : : : : :
classified as elastic (e.g., the electron polarization), relaxation (whe
the thermal motion of the particles has an important role) and th
space-charge polarization (for inhomogeneous dielectrics). Anothi
classification distinguishes the intrinsic polarization, the polarizatior
due to impurities and the polarization of inhomogeneous dielectrics.
Each polarization mechanism has associated dielectric losses (¢
scribed by:"") and variations of the real part of the relative permittivity
(£). In the simplest models usually found in the literature, for eact. f[Hz]
mechanism, the variations ef and<" are localized in a relatively @
narrow frequency range. For example, the complex relative permittivit
associated with the relaxation polarization is mathematically describ¢

Ill. CLOSED-FORM FORMULAS FORDIELECTRIC PARAMETERS

4 s d 4 eeind

10M 100M 1G 10G

10 100 1k 10k 100k 1M

~--m-- ¢" measured -4 tan & measured
e" from eqn. (3) tan 8 from eqn. (3)

as 0.16 o ¢ from eqn. (5) - tan 8 from eqn. (5) |
A= 3 5 3 P
~ (i) — = - 3 : : . !
tr("‘“)—coc‘i' l_i_Jdi 2 : : ;
° T I e e
where
e  (real part of) the relative permittivity at high frequencies; , AR e S ‘
Ae’  variation of the real part of relative permittivity; 0.08 [y oi iyl o froeee P N e O
wo  angularfrequency where the variations of the permittivity ar : : 1 1 : :
centered. : ; : ; : : : :
The peak of:” is Az'/2. As an example, Fig. 2 shows the real and0.04 : R R o e fre
imaginary parts of the complex relative permittivity resulting from (2) i ;
for =L, = 4.9, As’" = 0.28 andwy = 2 - 10° s™'. These coefficients DT : ‘ ; :
1T B Y P VTSR BRI |

were obtained by fitting the measured data for FR-4 around 300 kHz0.00
The real and imaginary parts of the complex permittivity, definec
by (2), satisfy the Kramers-Kronig relations, i.e., they yield a cause.. f[Hz]
response in the time domain. In other words, the real and imaginary ()
parts are related by the Hilbert t_ransform. Fora parallgl-plate capacig?é. 4. (a) The real part() and (b) the imaginary part{) of the complex
(of electrode surface areaand interelectrode separatig, (2) cor-  permittivity of FR-4, along with the corresponding loss tangeat(s) in a
responds to the equivalent scheme shown in Fig. 3(a), whiere=  broad frequency band: compilation of raw measured data and approximations
06 S/d, C = 50 As'S/d and1/R = woso A’ S/d. according to (3) and (5).
The elastic polarization is described by more a complicated term,
which corresponds to an equivaldRt.C scheme. This term is a ra- tivity within a certain frequency band. Such a polarization mechanism
tional function that has a second-order polynomial (in terms)ih s not visible in our experimental results, but it should be detectable in
its denominator and it yields a negative real part of the complex permite infrared region and above.

7 s sosd sond gl
100 1k 10k 100k 1M 10M 100M 1G 10G
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TABLE |
PARAMETERS OF THESUM IN (3)
i 1 2 3 4 5 6 7 8
o).[s"'] 20k 200 k 2M 20M 200 M 2G 20G 200 G
1
Ag'; 0.12 0.14 0.22 0.18 0.12 0.10 0.10 0.24

It is well known that the loss tangent of FR-4 is relatively indelogarithmic scale, this means a linear decay’oHence, the terms in
pendent of frequency in a wide frequency range, but the authors wére sum in (3) are uniformly distributed on the logarithmic scale, i.e.,
unable to trace in literature a physical explanation of the polarizatitine ratiow;+ /w; is constant. By taking an infinite number of terms,
mechanism of FR-4 that is responsible for such a behavior. Howewvierthe limit, the sum in (3) becomes
our objective here is only to provide simple closed-form formulas that
approximate the measured complex permittivity of FR-4, which a g Agl Ag' 2 dx
suitable for the numerical analysis of circuits made on this substratec— 1 + je - ms — m1 /I

[

Merely taking the loss tangent to be a constant (without having aﬁ?l =m b4y 10+
variations in=") would yield a noncausal response in the time domain I £z tJe
[18], [19]. Taking the loss tangent to be constant in a finite frequency _ Ae’ wi + jw ) )
range and zero otherwise, results in unnatural frequency variations of me —m1  Inl0

. i i .
¢ required by the Hilbert transform to yield a causal response. Hen?_%r clarity,ln 10 can be associated with the logarithm in the numerator

o;[herwayitr_ngtst bfe':fc’;uzd to dm.Od_? I th;. f:eqtu_ency \t/ar_laltlons ofthe CO{B'effectively get the logarithm for base 10. Alternatively, the constants
piex permitiivity o ~+and simriar dielectric materiais. m1 andmsy can be multiplied byn 10, thus becoming natural loga-

. . . e
From the results in Fig. 2, it can be seen that the complex permlttNW i
i hms of the lower and upper angular frequency bounds, respectively.
of FR-4 cannot adequately be described by (2), because the decay q}ﬁe integral in (4) automatically yields a causal response in the time

¢’ in the experimental data is distributed over a wide frequency banoddmain as it is a sum (though infinite) of causal terms. The complex
while the decay yielded by (2) is localized around However, a good relative ’permittivity is now given by '

approximation of the experimental data may be obtained by summing

several terms of the same form as in (2), i.e., by I &2 + jw
. A w1 + jw a
N ~ (/ — 1 Jw .
! Az o sr(w) = g5 + —j—. (5)
sr(w) =cel, + i . 3 m2 —m1  Inl0 weo
(w) ;H]ﬁ Jne 3)

For the frequency range whetg < w < wo, the real part of the
This amounts to assuming that there are several relaxation terms; gatggral in (4) is
localized at a different angular frequency [17]. The last term in (3) cor-

responds to the volume conductivity)(of the dielectric. This term . In wa + jw . In w2 "‘-M

dominates at low frequencies and in our case it is pronounced below g, Ae witjo | _ Ae w1 +Jw

about 20 Hz. The equivalent scheme for a parallel-plate capacitor, re- m; —my;  Inl0 mo — my In 10

sulting from (3), is shown in Fig. 3(b), whefé., = s0z..S/d; C; = ,

c0A2!S/d, 1/R; = woeoAlS/d,i=1,....N andRy = d/(s5). Qe 2 ©)
The terms in (3) should be distributed over the frequency band of mo —m In 10

|1r1‘t.e.r.e’sﬁirt.)¥haep§;22;a(1)tfe tlrilesgzgtrlﬁetnht; ?nglljjlltzra‘érr:ﬁ;viﬁflzg_z and it linearly decays with the logarithm of the frequency, for

n?S’/(?nz — m1) per decade, which matches well the experimental

is practically uniform versus the logarithm of the frequency in the ba ?&a. In the same frequency band, the imaginary part of the integral

from about 10 kHz to 10 GHz. Hence, these angular frequencies shou

be evenly distributed on a logarithmic scale in this band and the coeffi- e+ jw . -

. . _ . W2 Jw wo + Jw
cientsAcs), i = 1,..., N, should be on the same order of magnitude. Ae' In o1t iw i A g {r e }
Numerical experiments have shown that it is sufficient to take one term Im : = -

mo — My In 10 mo — My In 10

per decade. Such an approximation can yield a relatively unifdrm
with less than 10% variations. Fig. 4 shows the approximation for the As! _z
experimental results obtained with = 8, .. = 4.20, 0 = 80 pS/m T (1)
and the parameters of the sum in (3) given in Table I. -

The approximation given by (3) automatically yields a causal rés practically constant. Equation (7) also shows the relation between
sponse in the time domain, as it is a sum of terms each of which yieldsandz": the imaginary part of the complex permittivity'() equals
a causal response. A better fit than shown in Fig. 4 can be obtained(by2)/(In 10) ~ 0.682 times the decay of per decade. The resulting
taking more terms, as well as by a simultaneous fine-tuning of bpth loss tangent gradually increases with frequency ffweq) is negli-
andAcg). gibly small, because’ is a constant and slowly decays.

An even simpler approximation can be deduced in the following For frequencies below; or abovew,, the imaginary part of the
way. We can increase the number of terms in (3), keeping the unifoimtegral tends to zero, while the real part tends to be constant.
spread ofu; on the logarithmic scale. This increase reduces the oscil-Fig. 4 also shows the approximation for the experimental results ob-
lations of=". Let us assume that’ is approximately constant betweentained using (5), with,, = 4.27, ¢ = 80 pS/m,w; = 10* s7! (i.e.,
wi = 10™ (lower limit) andws = 10™2 (upper limit). LetAz" be my = 4), w2 = 102 57! (i.e.,mo = 12) andAs'/(ma — m1) =
the total variation ot’ between lower and the upper limit. This vari-0.14. A good agreement between the experimental data and the results
ation is assumed to be uniformly distributed over the logarithm of thef the simple closed-form formula can be seen, which is estimated to
frequency, so thals’/(m2 — m+) is the variation per decade. On thebe almost within the experimental error.

2
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—o— from eqn. (3) —=—experiment

from eqn. (5) s fromegn. (3) -2 fromegn. (3) & dispersion
0.12 —— approximation by constants --e-- fromeqgn. (§) --o-- fromegn. (5) &Adispe.rsion
; To i —e— C,G=const ~ —<— C,G=const & dispersion
0.10 oo T — Ldh 0.6
0.08 = ....................... .................... ,,,,,,,,,,,,,,,,,,,,,,,, 0 4
E[V/m]} ‘ | '
0.06 e ,,,,,,,,,,,,,,,,,,,,,,,, ; ...... N - Vout [VIt
I oW ; 0.2
004 b ,,,,,,,,,,,,,,,,,,,,,,, ) S : o'g. : H
: it : r : V87 : ;
I : s : | ootigtestl Bae,, 278
0,02 froomerme S SN ) [ N S 0.0 4@333&33&8388333&&32?&.&” P ) ;’:;/%ﬁ‘:ﬁﬁggggsnw
0.0Qsbommssmssmssmsssassoassas ol . = s RN
6.0n 6.5n 7.0n 7.5n 8.0n -0.2 i : i . L .
t [s] 1.6n 1.7n 1.8n 1.9n 2.0n 2.1n
. . . t[s
Fig. 5. Computed propagated plane-wave impulse through FR-4, for various [s]
approximations of the complex permittivity. Fig. 6. Impulse response of a microstrip transmission line produced on FR-4:

measured and computed using (3) and (5).
IV. NUMERICAL EXAMPLES

The first example is the propagation of a uniform plane wave inherew, = 2 f,.. The total inductance per unit length, given as the
homogeneous medium, assumed to have the same parameters as SR 0f the external and internal inductances, is
The wave propagates in the direction of thexis. In the complex
domain, this propagation is described by the exponential factor Lw)=L+ M 9)
exp(—a+/—w2(s — j'")zopto), Whereso and o are the parameters ot
of a vacuum. We assume the wave to be a delta-function of time

centereld ati ; ()_for wl = 0.We Conﬁ('dertthf Wivg at d:h,,l r_n(l)el quency through the relative permittivity. For many practical structures,
we evaluate Ihe IMpuise response. f1we take= 2.5 ands™ = U0, g dependence can accurately be approximated by a linear function in

mdependently of frequency, we get a noncaugal réSponse, as shovy Wide range of permittivities. This amounts to using a two-term Taylor
Fig. 5. If we take these parameters to vary with frequency accordlggries ie

to the approximations depicted in Fig. 4, we get causal responses, as
also shown in Fig. 5. The differences between the two latter responses , ,
directly correspond to the slight differences between the approximation ¢ (5 ) ~C (fm) + qe
curves in Fig. 4, in particular in the GHz region, where the major part

of the spectrum is located. The lowérfrom (3) results in a somewhat
faster pulse propagation and lowé&ryields smaller losses.

"The capacitance per unit length of the liri¢)(depends on the fre-

. (5' — :’%) . (20)

The derivativedC/de’g,:E, can easily be evaluated numerically,
The second example is a microstrip line, produced on FR-4. The H y calculating the capacitance for two permittivities. However, we are

mensions of the line are the same as used to measure the scatt ga_l(_jg uslng a tool forheyaluatlon othIl&lePZOQFiutctance perlunl[t Ie?gt'gh
parameters of the line in Section Il. The impulse response of the ling’" € basic approach In program IS touse an electrostatic

was measured using the HP 8510B network analyzer (calculated frgﬂlalysis, treat _the permittivity to be compl_ex and extract the gonduc-
frequency data in the range 0.05-20 GHz) and also evaluated nu ' };y.from. the imaginary part of the resglt!ng gomplex capacitance.
ically, assuming the substrate parameters to vary according to (3) imaginary part of the complex permittivity is much smaller than
(5). The excitation waveform of the generator driving the line was takeh® real part, so that from (10) we have
from the experimental data for the reflection from the open-circuit cal- G
ibration standard. —j— =jim{C (.. - j=")}

The theoretical results were obtained starting from the quasistatic Y O (2 — iy — O (<
primary parameters of the line. For strip widih = 3 mm, strip - (”“ Je ) ' (”“)
thicknesst = 35 pm, substrate thickness = 1.5 mm, real part z@ (—je") (11)
of the substrate permittivity’ = <., = 4.20, imaginary part de'fer=ct, *
e” = 0.084 (tané = 0.02), conductor conductivitg. = 20 MS/m _ o _
(equivalent for copper to include the surface roughness) and refereAgé the required derivative can be readily evaluated from only one run
frequency f, = 1 GHz (for which the primary parameters are®f LINPAR. Both the capacitance and conductance per unit length can
evaluated), program LINPAR [20] yields the following primaryP€ evaluated from (10) upon introducing the complex relative permit-
parameters of the microstrip lin&: = 295.3 nH/m,C = 120.7 pF/m, VY from_ (3) or (5) instead pt/. FlnaII)_/, a simple correction was in-
R =5.29Q/m andG = 13.53 mS/m. However, for the evaluation of troduped |n_the phase veloc_lty, according to I_?ieference [21], to include
the transient response, we need the primary parameters as a fundfigndispersion of the quasi-TEM mode, which becomes pronounced
of frequency, not only af, . at frequencies about 10 GHz. '.I'he.measured and compgted data for

For the purpose of the present analysis, where the major portionf@¢ Pulse response are shown in Fig. 6. The agreement is very good,
the spectrum is localized in the GHz region, we can assume the siiParticular when the dispersion is taken into account. For compar-
effect to be fully pronounced, so that the resistance per unit length$§n: Fig. 6 also shows the response evaluated assuming the parame-

given by tersC andG constant, without and with the quasi-TEM mode disper-
sion taken into account. These responses are noncausal. However, the
w quasi-TEM mode dispersion has a more pronounced influence than the
R(w) = R(wr) wr 8) material dispersion, so the noncausality is not easily visible in Fig. 6.
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V. CONCLUSION Design Expressions for the Trace-to-Edge Common-Mode

The relative complex permittivity of FR-4 was considered as a func- Inductance of a Printed Circuit Board
tion of frequency. Several experimental techniques were used to mea-
sure the permittivity in a broad frequency range, from power frequen-
cies up to the microwave region. These data show a decay of the real
part with an almost constant slope per frequency decade, while theapstract—The parasitic ground-plane inductance is responsible for
imaginary part is reasonably independent of the frequency. common-mode radiation, as one of the major unwanted radiation mech-

The experimental data were fitted by two simple functions. The firgfisms of printed circuit boards. For the computation of the common-

function is a series of rational functions with first-order polynomial§!°d€ inductance simple relations are known for the case that the trace
. ) S . o IS centered above the ground plane. In this paper the increase of the
in denominators. The second function is a logarithm of a bilinear funggound-plane inductance for arbitrary trace-to-edge distances is studied.
tion of the complex frequency. In both cases, a good match with theom the exact analytical result obtained by complex analysis a much
experimental data was obtained. Both fitting functions yield a causinpler real-valued relation is derived which allows to set up dimensioning
response in the time domain, as well as good agreement with meas tions for the minimum distance of the trace to the board edge. The

. . inductance increase correlates quite well with published measurement
data for the time-domain response. data for the common-mode current increase. A parameter study for
different dimensions of the board provides a quantification of the potential
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