IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND' MANUFACTURING TECHNOLOGY—PART B, VOL. 19, NO. 1, FEBRUARY 1996 225

Measurement of Package
Inductance and Capacitance Matrices

Brian Young and Aubrey K. Sparkman

Abstract— A technique is presented for the measurement of
resistance, inductance, conductance, and capacitance matrices
of large pin count electronic packages. Circuit analysis of an
assumed lumped model is used to define a measurement technique
based on two sets of measurements on specially prepared samples.
Formulas are derived for use with network amalyzer measure-
ments. Measurements and simulations on a 208-lead quad flat
pack show that the method attains good accuracy for all but the
small values of the conductance matrix. )

Index Terms—Resistance, inductance, conductance, and capac-
itance matrices, pin count, quad flat pack, noise

1. INTRODUCTION

COMPREHENSIVE computer analysis of noise in a

digital system would include all inductive, capacitive,
and resistive effects including all coupling terms, and if the
rise time was sufficiently small, then retardation [1] would
also be needed. It has been shown [2] that in the case of
the mutual inductances, neglecting them induces a large error
in noise simulation. Generally, when full capacitance and
inductance matrices are used in circuit simulation, the matrices
are produced by simulation [2]-[10], for which there is no
shortage of techniques, methods, programs, and commercial
products. Conversely, there has been little development in
the measurement of large and full inductance and capacitance
matrices.

Methods for measuring inductance and capacitance matrices
of multiconductor transmission lines have appeared in the
literature. In a frequency domain technique [11], a straight-
forward measurement of voltages and currents on suitable
open- and short-circuits is used to obtain the short-circuit
impedance matrix and the open-circuit admittance matrix from
which the per-unit-length line parameters can be calculated.
The characterization bandwidth for digital applications with
rise times near 1 ns reach 1 GHz, so this technique lacks
extendibility to high-performance digital packaging because
voltage and current measurements are not suited to high
frequency measurements. In various time-domain techniques
[12]-[14], measurements of pulse amplitudes and timing are
used to calculate the per-unit-length parameters. The very
small size of packages makes the application of time-domain
techniques difficult. ,

A method for measuring the capacitance matrix based on
two-terminal capacitance measurements has been presenied
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[15]. Since the technique relies on selective shorting of leads
to ground, the measurement process is slowed by the repeated
configuration of the shorts. The paper presents no extension
to the technique for inductance matrix measurement.

To address the shortcomings of the above techniques, this
paper presents a frequency-domain technique based on equip-
ment suitable for high-frequency characterizations. The mea-
surement of capacitance and inductance matrices of packages
has several inherent difficulties: instrumentation has either one
or two ports compared to the tens to hundreds of leads on the
packages; small lead dimensions make for difficuit connection
to the instrumentation; and, the small dimensions produce
very small electrical effects for measurement. A huge variety
of techniques have been developed to characterize single
package leads, including time-domain methods [16]-[21], low-
frequency frequency-domain methods [20]-[23], and high-
frequency frequency-domain methods [10], [24}-[29]. In ad-
dition, measurement of mutual inductance with a two-port
technique, which is similar to the technique presented here, has
been developed [24] based on the one-port technique reported
in [25]. Network analyzers in conjunction with minjaturized
probes have been shown to address the above difficulties [24],
[25], [29] with good success.

In this work, a technique is presented for using one-
and two-port network analyzer measurements with miniature
probes to obtain full inductance and capacitance matrices for
packages over a broad bandwidth including high frequencies.
The technique does not rely on variable placement of shorts
or opens. A specific implementation utilizing a vector network
analyzer is presented.

II. FORMULATION

The formulation is based on a circuit analysis of the package
model shown in Fig. 1. Application of Kirchhoff’s voltage law
yields

VE-VE =R+ jwL)I*F 1)

where L is the inductance matrix and R is the diagonal resis-
tance matrix. Application of Kirchhoff’s current law yields

IR 4T = (G + jwC)VE 2)

where C is the capacitance matrix and G is the conductance
matrix.

The technique presented here is based on one- and two-
port vector network analyzer measurements. The vector net-
work analyzer has several advantages: two measurement ports,
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Fig. 1. Schematic of the package model. Note that most coupling terms are
omitted in the figure for clarity.

high-frequency operation, and excellent compatibility with
miniaturized high-frequency (microwave) probes. The probes
are essential to achieve accurate measurement of very small
quantities and high repeatability.

Since the general multiport S-parameters of the package
are not the goal of the measurements, unused ports do not
need to be terminated in the system impedance. For notational
purposes, all measurements are assumed to take place on a
one- or two-port device under test (DUT), and S-parameter
notation for this DUT is used. Individual entries in matrices
are indicated by a pair of subscripts. For an arbitrary matrix
A, the notation A;; indicates the entry in row ¢ at column j.

The equations describing the behavior of the package are
given in (1) and (2). The need to consider them simultaneously
can be avoided by selectively shorting lines to the reference
or by leaving lines open-circuited. If V' = 0 is enforced with
suitable shorts to the reference line, then (2) is automatically
enforced, and (1) gives

L= (R + jwL)I*. 3)

The characterization of (3) can be carried out in a two-step
process consisting of one- and two-port measurements. For
the one-port measurements, if just the mth line is driven and
sensed by the network analyzer on port 1, then the currents on
all other lines vanish, and the port 1 voltage relationship is

v = (R—I—ij)mmil. 4)

Network analyzers measure the power of directional traveling
waves. The total voltage can be written as vy = V;* +V,~ and
the total current can be written as 1; = %{)—(Vfr — Vi), where
Z is the system characteristic impedance (50 €2 typ). Plugging
these into (4), and utilizing the relationship that S1; = Y-

v
v
then

1—511

Therefore, the one-port measurements allow the diagonal terms
to be measured.

In separate two-port measurements, if the mth line is sensed
by port 1 and the nth line is driven by port 2, then all currents
vanish except those on lines m and n, and the port 1 voltage
relationship is

v = (R + jWL)mmii + (R + j‘UL)mniZ- ©)

(R'f'jWL)mm — ZO (5)

Substituting the traveling wave relationships into (6) and
noting that ¥;* = 0 due to the impedance match at port 1

Coaxial Short to
Probes Ground

Plane
e

Fig. 2. Setup for two-port vector network analyzer measurements on a QFP.
RL measurements use the shorts as shown, while GC measurements leave all
leads open-circuited.

and that Sy = % then
. . S1a
(R + jwL)mn = [Zo + (R + joL)pmm]——=—. - (7)
1— 59

Since (R + jwL)mm is known from prior one-port mea-
surements, the two-port measurements allow the off-diagonal
terms to be measured. The results from the one- and two-
port measurements together fill out the entire resistance. and
inductance matrices.

For capacitance, (1) can be automatically satisfied I It =0
if due to open circuits. Then (2) gives

R _ (G + jwC) R @)

which is identical in form to (3). Therefore, the measurements
and data reduction are given by (5) and (7) with the only
difference that the inverse of (G + jwC) is filled out by
the measurements. With the inverse matrix filled out, then
(G + jwC) can be found by matrix inversion.

III. MEASURED AND SIMULATED RESULTS

The theory and techniques in the preceding section are
demonstrated with two examples based on a 208-lead plastic
quad flat pack (QFP). The QFP was prepared for experimental
characterization in two configurations. In the first configura-
tion, all of the leads are wirebonded to the flag, a setup tailor
made to perform inductance and resistance measurements. In
the second configuration, the leads are not wirebonded, so
all leads are open-circuited for capacitance and conductance
measurements. Both samples were fully molded, trimmed, and
formed.

Both parts were mounted over a ground plane that serves as
the reference. For GC measurements, all leads remain floating.
For RL measurements, one half of the lead tips are shorted to
the ground plane with pressure contacts while the remaining
lead tips do not touch the ground plane. The setup is shown
schematically in Fig. 2 and is based on a JEDEC proposal
[32] for a standard setup. The measurement ports are defined
between the lead tips and the ground plane, and coaxial probes
make contact at these points.

The probing setup shown in Fig. 2 violates an implicit
assumption regarding the location of the probes: it is assumed
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Fig. 3. Inductance matrix for 25 of 26 leads of a 208-lead QFP at 52 MHz.

that the probe ground connects to the same point, which
then becomes the reference, for every signal lead measured.
In the setup in Fig. 2, the coaxial grounds contact different
points, so a potential difference will exist. The error in the
measurement introduced by this probing technique is not
quantified; however, the effect is expected to worsen as the
probe separation increases.

For LR characterization, one eighth of the package was
characterized for a total of 26 leads to produce a 26 x 26
inductance matrix and a 26 x 1 resistance column. Applying
(5) to 26 one-port measurements and (7) to 325 two-port
measurements results in the inductance matrix given in Fig. 3.
Lead 3 is omitted from the results as there is an obvious
problem with the measured result. The measurement for lead 2
also suffers from some problem, but the result is left in. Both
leads were probably improperly probed.

The geometry of the package was simulated with a commer-
cial PEEC simulator, where just the leads and wirebonds were
included in the simulation. The PEEC method is described in
[30]. The ground plane was assumed to be negligible, with zero
self- and mutual-inductances and negligible eddy currents, so
it is not included in the simulation. In the measurement, the
resistance and self-inductance of the leads will dominate that
of the ground plane, and the measurement setup minimizes the
effects of mutual inductance between the leads and the ground
plane by spreading out the current. Therefore, the effects of the
ground plane are expected to be negligible in the measurement,
allowing the measured and simulated results to be directly
compared.

The percent difference between the simulation and mea-
surement at 52.1 MHz is shown in Fig. 4. The simulation was
repeated at 4.76 MHz, and the difference is shown in Fig. 5.
Both figures show that agreement is very good for the self-
inductance terms and for mutual terms for the nearest several
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Fig. 4. Percent difference between simulation and measurement at 52.1 MHz
using the measured data as base.
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Fig. 5. Percent difference between simulation and measurement at 4.76 MHz
using the measured data as base.

leads. Agreement drops off for farther leads, and there is no
data to support whether the problem lies with the simulation,
measurement, or both. It may be that the ground plane in the
measurement enhances the far mutual terms relative to the
simulation, which incorporates no ground plane. On the other
hand, wide separation of the probes introduces inconsistencies

with the reference definition, as discussed earlier, and this

inconsistency may be responsible for the disagreement.
Since the technique relies on two-point contacts, contact
resistance plays a large role for the small resistances encoun-
tered in packaging. The measurement for each lead is uniquely
corrupted, but a low-frequency four-probe measurement can
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TABLE I
COMPARISON BETWEEN ADJUSTED RESISTANCE MEASUREMENTS AND SIMULATION

Lead and Frequency Adjusted Stmulatton” § % Difference
R, mQ R, mQ )
Lead I at4.76 MHz 100 126 -26
Lead Tat532.1 MHz 234 71] +27
Lead 26 at4.75 MHz 126 133 -5.6
Lead 26 at 52.1 MHz 2091 - 166 +21
TABLE II
CAPACITANCE MATRIX MEASUREMENT RESULTS IN pF AT 104 MHz
Lead 24 25 26 27 28
24 0.638 -.451 -00.043 -.017 -(.008
25 -(.451 1.07¢) -().445 -0.047; -0.014
26 -1.043 -(.445 [KUES -().375 -0.050
27 -0.017 -0.047 -0.375 1.001 -(0.451
28 -0.008 -0.014 -(0.050 -{).451 0.638
TABLE III

CAPACITANCE MATRIX SIMULATION RESULTS
FROM STATIC FINITE ELEMENT SOLVER

Lead 24 25 26 27 28
24 0.713 -0.551 -0.04% -0.019! 0010
23] 0551 T26T]  -0.564] -0.045  -0.018
360048 -0.564 [T 04691 <0.045
ZITIO0TY) 00450489 7770560
28 -0.010; -0.018 -.045 -0.560) 0.719

be used to calibrate the high-frequency data. For example, for
lead 1, 4-probe measurements yield a resistance of 127 mQ at
300 kHz, while the network analyzer produced —137 mQ. The
adjustment is then 264 mS2 for all frequencies. The comparison
between the corrected measurements and simulation is shown
in Table I, where the results for leads 1 and 26 at two
frequencies are included. The agreement is moderate and may
be considered to be reasonably good for two-point resistance
measurements for such small values.

For CG characterization, nine short leads were charactenzed
to produce 9 x 9 capacitance and conductance matrices. Ap-
plying (5) to 9 one-port measurements and (7) to 36 two-port
measurements and computing. a matrix inversion yields the
capacitance and conductance matrices. The matrix inversion
is valid for data on a subset of the entire package due to the
rapid rolloff of mutual capacitance with distance, a situation
which produces a diagonally-dominant matrix. The outer two
leads on each side are deleted from the final results since they
could be corrupted by the truncation of the matrix. The final
5 x 5 matrix is shown in Table II, where the results at 104
MHz are shown. Results at other frequencies show all matrix
values to be virtually constant with respect to frequency.

The geometry of the same nine leads was simulated with a
commercial static finite element simulator. The outer two leads
on each side were deleted from the final results since they do
not include proper loading by neighboring leads. The results
are shown in Table III. The percent difference between the
measured and simulated matrices are shown in Table IV. The
agreement is acceptable considering how sensitive capacitance
is to sample positioning and material dielectric constants. The
consistent overestimates produced by the simulation may be
due a high value for the dielectric constant of the plastic

TABLE IV
PERCENT DIFFERENCE BETWEEN SIMULATION (TABLE III) AND
MEASUREMENT (TABLE IT) USING THE MEASURED DATA AS THE BASE

Tead 73 75 L yij 78
pZ L 2 L L L
oL IV Y R N L
P I L L
v L X R R A R L)
g T TS N ST SN

encapsulant since a nominal value of 3.9 was used in lieu of
a measured value. Note that the ground is present and located
in the same position in both measureraent and simulation so
that direct comparison is possible.

The measured conductance matrix is composed of very

* small values of both positive and negative sign, an indication

that the technique cannot resolve the small leakage values seen
in good dielectrics.

IV. CONCLUSION

Starting with a lumped-element model, a' two-step mea-
surement procedure is outlined that allows the resistance .
and inductance matrices to be measured on a specially pre-
pared sample. An identical procedure on a separately prepared
sample allows the measurement of the conductance and ca-
pacitance matrices. The technique is optmnzed for use with
network analyzers.

Measurements and simulations on a 208-lead quad flat
pack show that the derived experimental method attains good
accuracy in comparison to simulation. For the inductance
matrix, agreement is quite good for the self terms and for
mufuals to nearby lines. The agreement drops off for widely
separated lines, and the lack of agreement may be due to
corruption of the reference in the technique used or to the
lack of a ground plane in the simulation. For the resistance
matrix, contact resistance must be corrected with a 4-probe re-
sistance measurement at a low frequency before the resistance
results are useful. Even then, the work here demonstrates only
moderate agreement between measurement and simulation for
the small resistance values seen. For the capacitance matrix,
agreement between simulation and measurement is acceptable
for a capacitance measurement, and better agreement may
be found should the simulation be repeated with measured
values of dielectric constant rather than the nominal values
used here. Finally, the conductance matrix consisted of very
small values of both positive and negative sign, so the method
does not demonstrate utility for conductance measurement.on
good dielectrics.
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