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ABSTRACT

The through-line (TL) method is introduced to replace the
through-reflect-line (TRL) deembedding procedure. TL uti-
lizes measurements of two lengths of line following approx-
imate open-short-line calibration. TL accounts for the fre-
quency dependent characteristic impedance of the line and
avoids the periodic glitches inherent to the TRL procedure.

I INTRODUCTION

Through-Reflect-Line- (TRL-) related methods of cali-
bration are the most accepted techniques for deembedding
fixtures in planar microwave measurement systems [2]. How-
ever TRL has two major shortcomings:

1. The measurement uncertainties that result when the
phase delay along the line is an integer n x 360° + 20°
resulting in glitches in the deembeded response of a
DUT. We have determined that these periodic glitches
are largely due to the the reflection standard being
arbitrary. The phase uncertainty is largely removed if
the reflection standard is known precisely or otherwise
removed from TRL calibration.

2. The accuracy depends predominantly on the estimate
of the characteristic impedance, Z¢, of the line. Es-
timation of Z¢ is usually made using TDR measure-
ments or through careful design of a transmission line
to minimize reflection so that Z¢ approximates the sys-
tem measurement impedance Z ¢

The second point is a matter of some confusion. Error in
determining Z¢ leads to a systematic measurement error. It
has been argued several times that without a known lossy
impedance reference inserted in the measured line or addi-
tional physical insight the characteristic impedance of an em-
bedded transmission line can not be determined from mea-
surements made at the external ports of the test fixtures.
Thus, if the estimated characteristic impedance of the line is
in error, all deembedded impedance measurements of a DUT
will be in error by the same factor [1].

The above problems are addressed via two techniques in-
troduced in this paper. The first technique to be discussed is
the through-line deembedding procedure. This new measure-
ment technique can replace the through-reflect-line (TRL)
deembedding procedure in many situations and eliminates
both of the problems referred to above. Otherwise TL is
very similar to TRL. The second technique determines the
characteristic impedance of the line from scattering param-
eter measurements and the measured free-space capacitance
of the reference line. In particular the effective permittiv-
ity of the line is determined from high frequency asymtotic
behavior.
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Figure 1: Error networks following approximate OSL cali-
bration.

II THROUGH LINE CALIBRATION

Through-line calibration is implemented in three steps:

1. Apply open-short-load (OSL) calibration to each of the
two test ports. The OSL calibration need not be pre-
cise, the only requirement is that the same reference
impedances be presented to the two ports. The test
ports will not be precisely calibrated but now the test
ports can be modeled as shown in Fig. 1 where the er-
ror networks A and B are identical. The error networks
may include fixturing parasitics when the fixtures are
used with a media, or pad arrangement other than that
used during OSL calibration.

2. Perform through and line measurements. Because of
symmetry, as explained in the following section, the
through measurement yields the reflection coefficient
of an ideal short placed at the fixture reference plane,
see section II. This removes the need for using the arbi-
trary reference in the TRL calibration algorithm thus
removing the major source of phase ambiguity. This
will be mathematically demonstrated in the full paper.
We now have sufficient information to implement con-
ventional TRL calibration (with a fixed predetermined
Zg of the reference line) if we so choose.

3. Determine the frequency-dependent characteristic imp-
edance of the line used in step 2. We propose a new
method for determining the characteristic impedance
based on the high-frequency asymptotic behavior of a
:}-a.nsmission line and free-space capacitance calcula-
ion.

The three steps together yield precise in-situ calibration.

Furthermore the glitches associated with TRL deembedding
are largely eliminated and this is achieved by implementing
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Figure 2:

TSL signal flow graphs: (a) for symmetric fixture, and (b)
with ideal short circuit placed at fixture port 1.

steps 1 and 2 alon¢. The combined methods may be im-
plemented using existing calibration substrates. All that is
required is the free-space capacitance of the line standards.
This is readily obtained once the conductor cross-section is
determined. Alternatively, a characteristic impedance versus
frequency characteristic could be supplied by the vendor of
the calibration substrate.

IIT SYMMETRY APPLIED To THE THROUGH
MEASUREMENT

As aresult of approximate OSL calibration the calibrated
fixtures of the test system are identical so that in a Through
connection the embedded device under test is symmetrical.
Symmetry permits synthesis of TRL reflection standards.
For the symmetrical through connection, we can calculate
the reflection coefficient with the microstrip ports terminated
in ideal open or short circuits.

In the signal flow graphs of fig. 2b, we consider the
through connection § parameters given by, Sy (= Sy, ) and
S31#(= S12¢), and the actual parameters of the A network

eing 6, a and v for Siig,S21a = Sis and Sy respec-
tively. In addition, the input reflection coefficient with an
ideal short circuit placed at port 1b of A is

a?
=§-——
psc Ty (1)

Using Mason’s rule to relate the fixture parameters to the
individual network parameters we have results

) .

Sup=48+ la_:z (2)
of

Saryp = i 3)

Combining (1), (2) and (3), the short circuit reflection coef-
ficient can be expressed as a function of measured fixture s
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parameters.
psc = Suj — Sa1¢ (4)

Thus it is possible to “insert” ideal short circuits in a non-
insertable medium such as a dielectric waveguide. A similar
development holds for an ideal open circuit.

IV DETERMINATION OF Z¢

Recently several workers [3] - [7] have used non-microwave
measurements or additional knowledge to determine Z¢. Kas-
ten and Goldberg et al. [3], [6] calculate the free space capac-
itance, Cy, of the transmission line and derive Z¢ assuming
the line resistance, R, to be negligible and the inductance, L,
to be frequency independent. Marks and Williams [4] calcu-
late the capacitance, C, of the line and, by assuming that the
conductance, G, of the line is negligible, determine Z,. In a
later paper f5] they present two techniques for determining

om measurements. The first of these uses extrapolated
low frequency S-parameter measurements and DC resistance
measurement to determine the quasi-static line capacitance.
(The second technique neglects the difference between Zg
and the measurement reference impedance, Zief- This is
examined in the appendix.) In this paper we present a tech-
nique that uses Cy and S-parameter measurements of two
lengths of the line to determine the complex effective per-
mittivity of the line in the skin effect regime. The C, calcu-
lation is reasonably straight-forward as only the conductor
cross-section is required.

The aim of the work presented in this section is to de-
termine the complex characteristic impedance of the trans-
mission line standard used in TRL-type deembedding tech-
niques. The approach taken here is to first neglect R and in-
ternal conductor inductance, L;p¢, of the conductors so that
an approximate effective relative permittivity, éf,eff’ can be

determined from the measured propagation constant, v, of
the line. The high frequency asymptote of & . is then taken

as the actual effective permittivity, €_.q, at all frequencies.
In terms of the per unit length parameters

V(B4 G(L + L)) (€ + 5uC)

¥ =
= Jw, (ot off €€ ofF = td b ofF € (5)
\/ v eff €06, off P \/ r.eff € eff
and
R+ jw(L + Lipy) B, eff
= |~ TIND T int) _ g | Deeff
Ze ‘/ G+ jwC 0 € off (6)

where w = 2nf, p_og = [R+ jw(L + Lipy)l/jwL, f is fre-
quency and €, . are the effective relative permeability and

permittivity respectively, and Z, is the free space impedance
of the line with ideal conductors

1
% =G M

L;,t is asymptotically zero at high frequencies as then the
skin effect is fully established. Consequently, if the line is
embedded in a nonmagnetic media,

R+ jw(L + Ligy)
Ereff = jwl nt ®)
d
an . . _G+iuC )
f,eff - J“)CO



L, C, and G/wC are relatively independent of frequency but
R increases with a /f dependence because of the skin effect.
As well R << wL at high frequencies since R has a /F
dependence so that lims,cop, off(f) = 1. Thus

et = Jim &, () (10)
where the approximate dielectric constant
¢ efilf) = =7 (f)c/w? (11)

is obtained by substituting p g = 1 in (5) and rearrang-
ing. In v is the measured propagation constant and is a by
product of the conventional TRL calibration procedure [8].
At lower frequencies L;;¢ and R become important so that
by off # 1. In particular, rearranging (5)

et f) = ~ L (12)

2
er.eﬂ- w

Combining (6), (7) and (12) yields, the expression for the
characteristic impedance as a function of frequency is

Zo(f) = —j;—% (13)

IV MEASUREMENTS

The above method was used in conjunction with a con-
ventional TRL set of measurements, to determine Z¢. of a
4 cm. long embedded microstrip line on a thin-film substrate
for use in an advanced multichip module. C; was found to
be 54.5 pF/m using boundary element analysis and the skin
depth, § is half the microstrip thickness at 733 MHz. The
dimensions of the line are shown in Fig. 3. From measure-
ments of a through and the 4 in. section of line y was deter-
mined [8] and the approximate dielectric constant & .g(f)

Figure 3: Cross-section of microstrip transmission line.
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evaluated, see Fig. 4. Subsequently Z; was evaluated, see
Fig. 5. It was determined that ¢ g = 2.62 and the effective

dielectric loss tangent was 0.145. (The high loss tangent is
attributed to the infusion of metallic particles into the poly-
imide dielectric.

The RLGC parameters of the line were calculated using

¥Zc = R+l (14)

and

derived from (5) and (6) obtaining As expected with the rel-
ative permittivity fixed, G/wC and C were frequency inde-
pendent with G = 19 mS/m at 1 GHz and C = 101.4 pF/m.
The L and R per unit length parameters are presented in Fig.
6. L falls off with frequency as the skin effect is established
and L;; shrinks. The R per unit length is extracted with
considerable less certainty at all but the lowest frequencies as
the dielectric conductance is the dominant loss mechanism
so that the phase ambiguity common in TRL deembedding
is amplified. Never-the-less R has the expected /f behav-
ior at low frequencies as expected from simple skin effect
considerations.

36— T T T 00
bt " " ~ —~d
a5 S e TR B R
Pt ’ 4
~ = B
Jo2 E
r ] E
4
E 1oz &
E 403
H i g
i 4 5
o A -
E ] ¢
: thl
¥ 4 F
- 4 Q
<
g 1 S
[ N | L L L 05
[ 2 4 6 8 10
FREQUENCY GHz

Figure 4: Approximate relative dielectric constant & g ver-
sus frequency.
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Figure 5: Characteristic impedance versus frequency.



IV DiscussioN AND CONCLUSION

The above method of determining the characteristic imp-
edance of a line uses the measured propagation constant and
high frequency estimation of the effective permittivity. The
inherent assumption is that the capacitance of the line is in-
dependent of frequency. However, at very high microwave
frequencies this capacitance will change as the field distribu-
tion changes and more field lines are concentrated in the sub-
strate. Never-the-less, this technique presented here yields
the best estimate of the characteristic impedance of the line.
This estimate, combined with approximate OSL calibration
of the test fixtures and measurement of a through and line
yields a calibration procedure which is a viable replacement

for TRL.
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APPENDIX

[2

3]

4

(5]

6

[r

(8]

The second technique presented in [5] for determining
the capacitance of a line neglects the difference between the
characteristic impedance of the line, Z¢, and the reference
characteristic impedance, Z ¢, of the measurement system.
Following the development in (5], for a small lumped load
resistor, Rload,dcr at low frequencies we have

1+ Tioad

2
ref \1 —Tload

where I'}, . q is the measured reflection coefficient of the load
referred to Z o¢. Substituting (16) in (15)

(

where a = Z¢/Z, ¢ and in general is complex. The impor-
tant point to note is that Z¢ of the line must be known or
assumed before C can be calculated. Thus the technique can
not be used to determine Z¢. In contrast, the correspond-
ing equation in [5], their (6), does not include a. However
the lines examined had Z¢’s of approximately 50 1 so that
a 1, since Zof = 50Q2, and the error is not evident.

) = Zjgad ® Rload,dc (16)

14 Toad
1-Tioad

2

C[1-3(GlwC)] =~
[ ( JwaRload,dc

)



