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ABSTRACT
Making accurate impedance measurements is a necessity when developing models for
modern power electronics systems. Creating models of power electronic circuits involving wide
bandgap devices requires characterizing the parasitic impedance of the semiconductor
packaging, such as multi-chip power modules. Impedance analyzers are one commercially
available instrument for quantifying these parasitics across frequency. Unfortunately, power
semiconductor packages have various and often complex geometries; many devices can only be
measured accurately using custom fixtures. All fixtures introduce systematic error into
measurements, and failure to quantify the error of custom fixtures can lead to over-estimation of
measurement accuracy.
This thesis presents a measurement-based methodology for quantifying the error
introduced by custom fixtures. This approach is validated through comparisons involving a
commercially available test fixture with published error values. The contributions of the error are
analyzed to custom fixtures and measurement techniques for low-impedance measurands. To this
end, a method of external compensation is proposed. This technique is used to evaluate the
relationship between fixture parasitics, measurand impedance, and fixture-induced measurement
error. The result of this analysis is that, while increased fixture parasitics do increase the
potential for error, the primary contribution to measurement error is the consistency of the
measurement setup between compensation and measurement.
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CHAPTER 1:
INTRODUCTION TO IMPEDANCE
Characterizing components in terms of impedance is widely used to generate efficient
and succinct models of their behavior. In the field of power electronics, the appeal of high
switching speeds has required systems to implement ultra-low-parasitic capacitors which require
precision measurements for impedance characterization 0. Another field requiring precision
impedance analysis is the design of power distribution networks (PDN’s) for digital systems.
Increasing gate density and clock speed of ASIC’s and FPGA’s has led to complex power
requirements to guarantee integrity during current transients, requiring close attention to
impedance both on chip and off chip [2]-[4]. Outside of electrical design, impedance is used to
characterize tissue to monitor the physiological changes that occur during exercise [5], [6], or to
detect diseases such as breast cancer or heart disease non-invasively [7].
Because impedance is used to characterize components across many fields, the optimal
notation used often varies by application. To ensure consistency in nomenclature, the specific
equations, definitions, and general notation used throughout this thesis are summarized in this
introduction.
1.1. Impedance Definitions
Impedance describes the opposition to alternating current (AC) at a given frequency. It is
a complex quantity and can be represented as a vector on a complex plane, as shown in Figure
1-1(a), with definitions provided in Figure 1-1(b). Common notations include rectangular form,
shown in (1-1), or in polar form, shown in (1-2).
1

𝑍 = 𝑅 + 𝑗𝑋

(1-1)

𝑍 = |𝑍|∠𝜃

(1-2)

Figure 1-1: Complex impedance plane diagram (a), and variable definitions (b)

The mathematical relationship for converting between the rectangular form and the polar
form of impedance are provided in equations (1-3) to (1-6).
|𝑍| = √𝑅 2 + 𝑋 2

(1-3)

𝑋
𝜃 = arctan ( )
𝑅
𝑅 = |𝑍| cos 𝜃

(1-4)

𝑋 = |𝑍| sin 𝜃

(1-6)

(1-5)

Admittance is closely related to impedance and is defined as its reciprocal. Admittance is
generally denoted Y and is defined in equation (1-7).
𝑌=

1
𝑍

(1-7)

The contributions of impedance are often lumped into three distinct forms: resistance,
inductance, and capacitance. Resistance forms the real part of impedance and is independent of
frequency, as shown by equation (1-8). Reactance is comprised of both inductance, which stores
energy in the magnetic field, and capacitance, which stores energy in the electric field. The
impedance of an inductor increases with the frequency, and the impedance of a capacitor
2

decreases with frequency. The impedance of an inductor and a capacitor can be calculated by
equations (1-9) and (1-10), respectively.
𝑍𝑅 = 𝑅

(1-8)

𝑍𝐿 = 𝑗𝜔𝐿

(1-9)

1
𝑗𝜔𝐶

(1-10)

𝑍𝐶 =

where ω denotes the angular frequency of the excitation signal in units of radians/second.
Any component, material, or circuit has an impedance that is a combination of R, L, and
C components. This may be by design; for example, a designer may use a combination of passive
components to design a filter circuit to produce a specific frequency response. However,
electrical components also have unwanted parasitic elements associated with their physical
geometry. For example, inductors generally have a parasitic parallel capacitance that is formed
through the electrostatic coupling of adjacent turns. Likewise, capacitors generally have a
parasitic series inductance that arises due to the contribution of leads or terminals. There are
many common combinations of parasitic elements that appear in electrical components, and the
way in which the elements are arranged determines the impedance profile with respect to
frequency. The most common arrangements of impedance terms that are used to model electrical
components are the series-RLC and parallel-RLC combinations. These combinations result in a
resonance that occurs when the impedances of the reactive components are equal, and is
indicated by a 180º shift in phase. The frequency at which a resonance occurs can be calculated
using the circuit elements by equation (1-11). The impedance and phase response of these two
topologies are given in Figure 1-2.
𝜔𝑜 =

1

(1-11)

√𝐿𝐶

3

|Z|
Phase

𝜔𝐿𝑠
Rs

Rp

1
𝜔𝐶𝑝

Rp

Phase [Degrees]

Log(|Z|)

Ls

Parallel RC

Log(|Z|)

Rs

Phase [Degrees]

Series RL

Cp
(a)

(b)
Parallel RLC

Lp

Rs

Ls

Cs

𝜔𝐿𝑠

1
𝜔𝐶𝑝

𝜔𝑜 =

Cp

(c)

(d)

Log(f)

1

Phase [Degrees]

1
𝜔𝐶𝑠

Rp

√𝐿𝐶

Log(|Z|)

Log(|Z|)

𝜔𝐿𝑝

1
Phase [Degrees]

𝜔𝑜 =

Series RLC

√𝐿𝐶

Log(f)

Figure 1-2: Notional impedance and phase response of common circuit configurations – series RL circuit
(a), parallel RC circuit (b), series RLC circuit (c), and parallel RLC circuit (d).

4

1.2. Known Methods for Determining Impedance
Characterizing components and materials in terms of the circuit elements shown in Figure
1-2 is useful for many applications, especially for determining parasitic contributions. There are
two primary ways to accomplish this, with a host of specific means of implementation, as
illustrated in Figure 1-3. The first group of techniques is analytical methods, which involve
utilizing known physics-based relationships to predict the behavior of components from a model
of their physical geometry or layout. Common analytical techniques include partial element
equivalent circuit modeling (PEEC) 0-[14] and finite element analysis (FEA) [15]-[21]. The
second group of techniques is empirical methods, which involve the use of instrumentation to
measure a representative Device Under Test (DUT). Common empirical techniques employ LCR
meters [23], impedance analyzers (ZA) [2], [6], [22]-[26], [28], [29], [30], vector network
analyzers (VNA) [31]-[36], [37], [38], time-domain reflectometers (TDR) [39]-[41], and currentvoltage (IV) instruments.
Analytical
FEA

Empirical
PEEC

LCR

ZA

(a)

VNA

TDR

RF IV

(b)

Figure 1-3: Impedance characterization tree diagram – analytical methods (a), empirical methods (b)

1.2.1. Analytical Methods: FEA and PEEC
Analytical methods for the estimation of impedance have been increasingly utilized in the
last several years. One popular method is PEEC, which involves segmenting the physical
geometry and transforming the resultant elements from the electromagnetic (EM) domain to the
circuit domain. After this transformation, circuit simulators such as SPICE can be employed to
analyze the equivalent circuit. Because the final result is in the circuit domain, the resulting
5

model can easily be simplified if certain parameters are deemed negligible. Additional external
circuit components can also be easily added to the resulting model. PEEC is widely used in
application areas such as power electronics, antenna design, and signal integrity analysis 0-[14].
Another popular analytical method for impedance estimation is FEA, which divides a
physical model into small volumetric sections and solves the fundamental physics equations
numerically at each. This results in a detailed prediction of the electromagnetic fields and their
interactions with the object of analysis within the model. Impedance parameters can be extracted
from FEA by solving for the response of a structure to an electrical stimulus. This technique has
been used extensively to determine the parasitic impedances of interconnects, transformer
windings, and induction machines [15]-[21].
The primary difference between PEEC and FEA is a tradeoff between computation time
and accuracy. Because FEA solves the basic physics equations at a smaller granularity, it can
predict behavior that PEEC loses when the problem is transformed into the circuit domain.
However, the increased accuracy comes with substantially increased computation time.
However, with modern computing power, FEA has become more common and practical than
PEEC.
Analytical methods have both advantages and disadvantages compared to empirical
methods for impedance extraction. Because a physical component is unnecessary, these methods
are often used for optimization. For example, [21] uses FEA to determine a bus structure with
minimized inductance without building any prototypes. These methods are also useful for
evaluating systems that are impractical to measure empirically due to component size or
availability. However, these techniques also have a distinct disadvantage: knowledge of the
dimensions and the material properties are necessary to build the model itself [42].

6

Computational complexity can also be a challenge for these methods. FEA in particular is often
limited to evaluating models with simple geometries, as the simulation time can become
excessive and convergence problems arise as the model increases in complexity.
1.2.2. Empirical Methods: LCR meters and Impedance Analyzers
Impedance can also be determined empirically through a wide variety of measurementbased methods. For example, LCR meters and ZAs both measure impedance by evaluating the
DUT’s response to an AC stimulus signal. However, LCR meters typically only display
measurements at a single frequency and have a limited frequency range compared to impedance
analyzers. For example, the Keysight E4980A LCR meter, shown in Figure 1-4(a), can measure
impedance up to a maximum frequency of 2 MHz. The Keysight E4990A impedance analyzer,
shown in Figure 1-4(b), can measure and graphically display impedance from 20 Hz to 120
MHz. LCR meters, however, can often measure a wider range of impedance values. For
example, the Keysight E4980A LCR meter has a 10 % accuracy specification from 10 mΩ to
100 MΩ; while the Keysight E4990A impedance analyzer has a 10 % accuracy specification of
25 mΩ to 40 MΩ.

(a)

(b)

Figure 1-4: Keysight E4980A LCR meter [43] (a), Keysight E4990A impedance analyzer [44] (b)

LCR meters are useful for quick measurements that do not require a wide frequency
range (for example, determining the nominal value of a component). On the other hand, the wide
7

frequency spectrum of the ZA makes it ideal for characterizing complicated circuits and mapping
impedance data to equivalent circuit models such as those shown in Figure 1-2. These
measurement methods are commonly used for characterizing a wide variety of components and
materials, such as power semiconductor packaging [22]-[26], biological tissues [2], [6],
electromagnetic interference (EMI) filters [28], [29], and thin silicon-on-chip wafers [30].
1.2.3. Empirical Methods: Vector Network Analyzers
Another common method of impedance measurement involves the use of VNAs. These
instruments use two-port reflection and transmission behavior to determine the DUT
characteristics in terms of scattering parameters, which are then converted to impedance. While
this process adds complexity, it has been shown that it is well suited for making accurate
impedance measurements [31]. VNAs are capable of measuring at higher frequencies than
impedance analyzers, but their impedance measurement range is generally limited. For example,
the Keysight E5061B VNA can measure from 5 Hz to 3 GHz, but can only measure impedance
values error from 1 mΩ to 50 kΩ. An image of this instrument is provided in Figure 1-5.

Figure 1-5: Keysight E5061B vector network analyzer [45]
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The limited impedance measurement range of the instrument is exacerbated by the
necessity for multiple measurement configurations to span the entire range. At 10 kHz, low
impedance measurements from 1 mΩ to 100 Ω utilize the port 1-2 shunt measurement method;
medium impedance measurements from 1 Ω to 2 kΩ utilize the port 1 reflection method; and
high impedance measurements from 10 Ω to 40 kΩ utilize the port 1-2 series method. Because
the impedance magnitude of circuits can vary significantly across frequency (refer to Figure 1-2),
it may take multiple measurements to completely characterize a component, further increasing
the measurement complexity. Regardless of these challenges, VNAs are widely used to make
impedance measurements across a wide range of DUTs, such as of multilayer ceramic capacitors
[32], encapsulated materials [33], fine pitch BGAA packages [34], multi-terminal capacitors
[35], [36], and power electronics packaging [37], [38].

1.2.4. Empirical Methods: Current-Voltage Instruments
Among the discussed impedance analysis techniques, measurement capabilities at
frequencies above 100 MHz are limited. Only the VNA technique provides substantial
capabilities above this frequency range, but these capabilities are not without limitations. For
example, only impedances between 1 Ω and 500 Ω can be measured with reasonable accuracy at
1 GHz, and this requires multiple measurements to achieve. As an alternative, radio frequency
current-voltage (RF-IV) instruments provide improved capabilities in this frequency range. RFIV instruments provide an advantage over VNAs by providing better accuracy over a wide
impedance range without the need to run multiple measurements. In addition, these instruments
provide an advantage over impedance analyzers by supporting measurement at high frequencies
(typically up to 3 GHz). An example RF-IV instrument is the Keysight E4991B Impedance
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Analyzer [46]. RF-IV instruments, however, are sensitive to setup and environmental changes,
and require frequent calibration to achieve good measurement accuracy [47].
1.2.5. Empirical Methods: Time Domain Reflectometry
Unlike the previous empirical methods, which measure impedance in the frequency
domain, TDR involves measuring impedance in the time-domain. TDR is based on evaluating
signal reflections that result from a signal travelling through a transmission environment, such as
a cable, circuit board trace, or connector [39]. The properties of these signal reflections can be
used to determine the impedance of any discontinuities in the path. A TDR measurement setup
sometimes uses a signal generator to produce a step pulse and an oscilloscope to measure the
transmitted and reflected signals through the DUT. However, commercial instruments are now
available that combine both of these functions in a single automated unit. TDR is typically used
to measure transmission paths such as coaxial cables to detect changes in impedance that can
degrade signal integrity. However, several papers use TDR to determine the parasitic
impedances within semiconductor packaging structures [40], [41]. While TDR can be used to
make these measurements, it has several disadvantages. Primarily, the error contributions from
multiple sources accumulate, degrading measurement accuracy. The step generator does not
produce an ideal stimulus, instrument cables and connectors can produce their own reflections,
and the oscilloscope has limited bandwidth and resolution, each of which contributes to the
measurement error. Even in commercial TDR instruments, these error sources may combine to a
level that is problematic for certain categories of DUT.
No single impedance measurement method is best for all applications. Rather, a series of
tradeoffs should be considered when determining the best method for a particular DUT. For this
thesis, the application area of interest is power electronics. Identifying the most suitable
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measurement method for this application space requires first understanding the characteristics of
the components and structures used in this area.
1.3. Power Electronics Background
As the focus of this thesis is impedance analysis pertaining to power electronics, a brief
discussion of this application area is necessary. Applications such as electric vehicles [48], data
centers [49], and photo-voltaic inverters [50] demand increasingly power-dense and efficient
converters. Especially when operation voltages exceed 600 V, Si-based devices (such as IGBT’s)
limit system efficiency and power density as a result of their limited edge-rate and switchingfrequency capabilities. Advancements in wide bandgap (WBG) devices, such as silicon-carbide
(SiC) MOSFETs, have lead to power electronics systems with improved power density and
efficiency at these voltages. Unfortunately, the fast edge rates of SiC devices excite resonances
due to parasitic elements in the circuit that result in voltage overshoots and undesirable, MHzband oscillations in the system. Voltage overshoots reduce the longevity of the device and the
high frequency oscillations increase the system’s electromagnetic interference (EMI) signature
[51]-[53]. To demonstrate the impact of different edge rates, a transient behavior comparison for
a silicon (Si) IGBT and a SiC MOSFET is shown in Figure 1-6. The behavior of the Si IGBT is
shown in Figure 1-6 (a) and the behavior of the SiC MOSFET is shown in Figure 1-6(b). This
figure represents the turn-off behavior for both devices under identical operating conditions with
the same load.
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37 V
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No
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Current (A)
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12.8 ns rise
time

Voltage (V)

ID

Current (A)

Voltage (V)

Overshoot:
182 V

72.8 ns rise
time

(a)

Gate resistances chosen based on
manufacturer recommendations

(b)

Figure 1-6: Comparison of turn-off event of SiC (a) and Si IGBT (b)

The difference in switching speed for the two devices compared in Figure 1-6 has major
impact on their transient behavior. For example, the SiC device has a voltage rise time of 12.8
ns, about 5.5 times faster than the Si IGBT’s 72.8 ns voltage rise time. In addition, a voltage
overshoot of 182 V is observed for the SiC device, while a voltage overshoot of only 37 V is
observed in the case of the Si IGBT. Finally, the SiC device waveforms demonstrate significant
underdamped oscillations at about 69.4 MHz, while the Si IGBT waveforms do not demonstrate
any ringing. Table 1 provides a numerical comparison of the behavior of these two devices.
TABLE 1

SIC MOSFET VS SI IGBT SWITCHING CHARACTERISTICS
Method
LCR
ZA
VNA
RF-IV

Frequency
Range
20 Hz - 2
MHz
20 Hz - 120
MHz
5 Hz - 3 GHz
1 MHz - 3
GHz

|Z| Range

Method

Frequency Range

10 mΩ -100 MΩ

LCR

20 Hz - 2 MHz

25 mΩ - 40 MΩ
1 mΩ - 50 kΩ

ZA
VNA

20 Hz - 120 MHz
5 Hz - 3 GHz

120 mΩ - 52 kΩ

RF-IV

1 MHz - 3 GHz
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Designing practical and implementable WBG systems requires minimizing voltage
overshoots and high-frequency content such as seen in Figure 1-6 and Table 1 [52]. While the
trivial solution is to slow the device down, doing so increases switching losses and squanders the
advantages provided by wide bandgap devices. Instead, it is often preferable to minimize the
parasitic characteristics of the system, which requires accurately characterizing the values of
these elements. In addition, because the behavior of power electronics systems is quite sensitive
to these parasitic parameters, it is necessary to quantify these values to model these systems
accurately.
One category of parasitic element that has received much scrutiny with WBG devices is
the packaging impedances of multi-chip power modules (MCPMs). It has been shown
extensively in the literature that quantifying these parameters, and especially the commutation
loop inductance, is necessary to predict the behavior of these devices [53]-[58]. An example of a
SiC MCPM is given in Figure 1-7 [59]. This figure shows the current path of the commutation
loop in red. For this type of module, the commutation loop often has an inductance as low as 10
nH [24].

Figure 1-7: CREE 1200 V sic pack SiC module [59]
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1.4. Impedance Characterization Considerations of Power Electronics Devices
While characterizing the parasitic inductances of WBG device packages is critical to
understanding their behavior, determining these quantities is challenging, and selecting the
appropriate characterization method is important. Analytical methods such as FEA are frequently
used to estimate these values, but the potential for simulation error makes empirical
measurements valuable for validation. As discussed in the previous section, choosing an
appropriate empirical method requires consideration of the DUT characteristics. First, because
all significant spectral content of WBG systems is below 100 MHz, characterization above this
frequency is not important. This fact, combined with the low-impedance nature of the
measurands, many of the advantages of the VNA approach do not apply. Time domain
reflectometry is also not ideal for measurement of semiconductor packaging. Not only is TDR
prone to measurement error, but it also cannot determine the frequency-dependence of the
measured impedance. Parasitic inductances within semiconductor packages are known to
strongly dependent on frequency due to proximity effect and skin effect [60]. Therefore,
measuring these devices in the frequency domain provides additional important information.
Finally, while RF-IV instruments are suitable, impedance analyzers offer greater accuracy at
frequencies below 100 MHz. Thus, the impedance analyzer (ZA) technique is believed to be the
optimal method for measuring the packaging parasitics of WBG power modules and similar
structures. For this reason, the ZA method is selected as the measurement technique of interest
throughout this thesis.
Another consideration that must be made for characterizing power modules is the
interface between the module and the instrument itself. The instrument used in this work, the
Keysight E4990A [44], utilizes RF coaxial terminals to interface with the measurand. However,
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MCPMs are not designed to interface directly with these terminals, and a fixture is necessary to
interface between the instrument and the module, as shown in Figure 1-8.

Instrument-to-fixture
connections (fixed)

Instrument

DUT

Fixture: interfaces
instrument to the DUT

Figure 1-8: Instrument-Fixture-DUT notional interface

While the ZA instrument manufacturer provides a variety of high-quality fixtures for
common electrical components, these fixtures are not suitable for measuring MCPMs. In
addition, the wide variety of MCPM geometries makes an all-in-one fixture impractical,
particularly because the use of coaxial cables can introduce significant error into these
measurement results. Instead, measurement of MCPM parasitics demands the development of
high-quality, custom fixtures in order to obtain satisfactory accuracy [61], [62]. The design and
implementation of these fixtures, however, comes with its own set of challenges. The design and
optimization of custom fixtures is not well understood at present, despite being essential to
characterizing many types of devices. In addition, much of the information necessary for
designers to successfully implement and optimize custom fixtures is scattered across various
sources. The goal of this thesis is to develop a methodology to quantify fixture-induced error,
understand its contributions, and use these insights to develop new measurement techniques that
substantially improve the measurement accuracy of fixturing.
1.5. Thesis Organization
This thesis is organized as follows. Chapter 2 discusses a methodology for quantifying
the error induced by a custom fixture through a set of rigorous empirical procedures. This
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methodology produces a set of fixture design recommendations that are based in part on
analytical equations provided by the ZA manufacturer under unknown assumptions. Thus, the
remaining chapters focus on empirical validation of the basis for these recommendations.
Specifically, Chapter 3 provides an analysis of the relationship between the DUT impedance, the
fixture impedance, and the amount of compensation required due to fixturing. Chapter 3 also
introduces a figure of merit, the correction factor, which provides a quantitative measure of the
amount of correction applied to the measured impedance. Chapter 5 provides an analysis of the
relationship between fixture parasitics and fixture-induced error. Chapter 4 details the application
of this study’s findings to identifying methods for improving impedance measurements. Finally,
Chapter 6 concludes this thesis and provides a summary of practical steps for improving
impedance measurements.
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CHAPTER 2:
QUANTIFYING FIXTURE-INDUCED ERROR
As discussed in Chapter 1, custom fixtures are necessary to accurately characterize the
parasitic properties of power modules due to the small inductance values in question and the
complex geometries of these structures. However, while instrumentation vendors such as
Keysight Technologies, Inc. publish error terms for specific instruments [44] and fixtures [63],
there is little information available to support designers’ need to quantify the error introduced by
custom fixtures [47]. This increases the difficulty of improving the accuracy of measurements
made with custom fixtures and reduces the validity of comparing measurements collected with
different fixtures. The need for error estimates mandates a generalized methodology capable of
characterizing the error introduced by fixtures.
This chapter reinforces several practical guidelines from the literature on fixturing [47]
and presents an empirical methodology to quantify the systematic compensation error introduced
by any fixture (not the generalized uncertainty intrinsic to impedance measurements as discussed
by GUM [68]). To validate this procedure, the error-model of a commercially available fixture is
determined using the developed methodology and compared to the manufacturer-provided error
values.
2.1. Auto-Balancing Bridge Theory
Precision impedance measurement is a mature field, with rudimentary impedance
analysis tools called “decade bridges” commercially available as early as 1918 and autobalancing bridges available in the 1960’s [64]. One example of a modern precision impedance
17

measurement instrument is Keysight Technologies’ E4990A [44], which can measure impedance
from 20 Hz to 120 MHz. In addition to the published accuracy ratings of this device, the
manufacturer also details methods of calculating error based on the available device settings and
configurations (including measurement time, frequency range, excitation stimulus, etc.).
The core functional component of the E4990A is an auto-balancing bridge. The bridge
injects a swept-frequency oscillatory signal into the device under test and measures the voltage
across and current through the DUT to calculate its impedance. This method offers high accuracy
over a wide range of frequencies and impedance ranges with a single fixturing approach.
A traditional balancing bridge uses two fixed impedances and one variable impedance to
determine the value of the DUT impedance, denoted here as ZL. While using a voltage source or
oscillator to perturb the bridge, the variable impedance is adjusted until no current passes
through a central detector. The unknown impedance is then calculated from the known
impedance values [47, Ch. 2]. An auto-balancing bridge automates this process with the addition
of a control system, which balances the bridge with feedback to a null detector. This method is
much faster and more precise than manual bridge tuning [65], [66].
Figure 2-1 shows a functional diagram of an auto-balancing bridge, where terminals Hcur
and Lcur supply the excitation and Hpot and Lpot sense the potential across the DUT [47, Ch. 2].
The oscillator OSC1 generates the test frequency which is applied to the DUT. Concurrently, the
controller (based on the null detector feedback) adjusts the magnitude and phase of OSC2 until
the range resistor (Rr) current (Ir) is equal to the DUT current (IL), at which point the bridge is
balanced.
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Figure 2-1: Auto-balancing bridge functional diagram

Once the currents are balanced, the impedance of the DUT can be expressed as:
𝑍𝐿 =

𝑉𝐿
𝑉𝐿
= 𝑅𝑟 ∗
𝐼𝐿
𝑉𝑟

(2-1)

Where VL is the DUT voltage, IL is the DUT current, Vr is the voltage across the sense
resistor, and Ir is the current through this resistor. This serves to illustrate the high-level
operation of an auto-balancing bridge circuit as implemented in precision impedance analyzers,
though there are multiple ways that this could alternatively be designed.
2.2. Compensation
The calculation to determine ZL given by (2-1) assumes an ideal fixture. Unfortunately,
fixture contributions are rarely negligible, so a compensation procedure is conducted to measure
and remove the fixture impedance [67].
Figure 2-2 presents an overview of the general test configuration with a test fixture
providing the interface between the DUT and the instrument. In this configuration,
measurements of three calibration standards (ZSC, ZST, ZOC) are used as reference impedances to
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measure the fixture characteristics. The fixture, when modeled as a two-port network, has
transmission parameters defined by [47, Appendix B]:

Figure 2-2: Impedance Analyzer with two-port network representation of fixture

Equation (2-2) assumes that no current is drawn by the voltage sense terminals or couples
through the shield terminals to ground; this reduces the five-port system to a two-port system.
[𝑉1 ] = [ 𝐴 𝐵 ] [𝑉2 ]
𝐶 𝐷 𝐼2
𝐼1

(2-2)

Using measurements of the three calibration standards with the model given by (2), the
compensated DUT impedance (ZL) is given by:

𝑍𝐿 =

(𝑍𝑋𝑀 − 𝑍𝑆𝐶 )(𝑍𝑂𝐶 − 𝑍𝑆𝑀 )
𝑍
(𝑍𝑂𝐶 − 𝑍𝑋𝑀 )(𝑍𝑆𝑀 − 𝑍𝑆𝐶 ) 𝑆𝑇

𝑍𝑋𝑀
𝑍𝑂𝐶
𝑍𝑆𝐶
𝑍𝑆𝑀
𝑍𝑆𝑇

Measured impedance of the DUT
Measured impedance of open calibration standard
Measured impedance of short calibration standard
Measured impedance of load calibration standard
True impedance of load calibration standard

(2-3)

Each term in (2-3) is in units of Ωs and is a vector of complex impedances over the
measured frequency range. Equation (2-3) is the derived compensation expression to
mathematically remove the fixture parasitics from the measurement for compensation utilizing
the open, short, and load measurements, which is necessary for custom fixtures [47]. Additional
details regarding the derivation of this equation are presented in [47, Appendix C].
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Compensation can substantially improve the accuracy of measurements by removing the fixture
contribution; however, it cannot completely eliminate the influence of fixture parasitics [47,
Appendix B]. Furthermore, the design of the fixture and its method of attachment to the DUT are
known to have a substantial influence on the accuracy and consistency of resulting impedance
measurements [61].
While equation (2-3) provides a theoretical framework to compensate for the effects of
fixturing, it offers limited insight into how non-idealities in the compensation process might
contribute to systematic error. To highlight how the measured impedance of the DUT is
corrected by the compensation procedure, (3) can be reformulated into the following form:
𝑍𝑆𝑇
𝑍𝐿
𝑍𝑆𝑇
𝑍𝐿
𝑍𝑋𝑀 = [𝑍𝐿 + 𝑍𝑆𝐶 (
−
)]⁄[
+
]
𝑍𝑆𝑀 𝑍𝑆𝑀
𝑍𝑆𝑀 𝑍𝑂𝐶

(2-4)

Equation (2-4) is based on the assumptions that i) |ZSC| << |ZOC|, which should hold for
nearly all fixtures as ZSC is typically in the range of 10-3 Ω and ZOC will be on the order of 108 Ω,
and ii) |ZSM| << |ZOC|, which is also reasonable if ZST is 50 Ω (assumed in this work). Equation
(2-4) offers additional insight into the influence of several parasitic fixture elements. For
example, if |ZSC| is very small compared to the load impedance, then (2-4) can be reduced to:
𝑍𝑋𝑀 =

𝑍𝐿
𝑍𝑆𝑇
𝑍𝐿
+
𝑍𝑆𝑀 𝑍𝑂𝐶

(2-5)

Equation (2-5) illustrates that, for the case of a moderate-to-high-impedance DUT,
compensation is primarily a factor of ZOC and ZST. If |ZOC| >> |ZL| then the measured impedance
is scaled by a factor determined by the load calibration. However, if ZSM ≈ ZST, an additional
simplification can be made:
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𝑍𝑋𝑀 =

𝑍𝐿
𝑍𝑂𝐶
= 𝑍𝐿
𝑍
𝑍𝑂𝐶 + 𝑍𝐿
1+𝑍𝐿
𝑂𝐶

(2-6)

That is, the measured impedance is scaled by the ratio determined by ZOC and the DUT.
When ZL approaches the value of ZOC, the measured impedance will be twice the true DUT
impedance (ZL), which would require the instrument to apply a large correction during
compensation.
On the other hand, a moderate-to-low-impedance DUT can be considered by assuming
that |ZOC| >> |ZL|. If it is further assumed that ZSM ≈ ZST, (2-4) can be simplified to:
𝑍𝑋𝑀 = 𝑍𝐿 (1 −

𝑍𝑆𝐶
) + 𝑍𝑆𝐶
𝑍𝑆𝑀

(2-7)

For this case, the measured impedance of the short-circuit standard (ZSC) is added to the
true DUT impedance. Additionally, the ratio of ZSC to ZSM distorts the apparent value of ZL.
This analysis suggests that utilizing a higher impedance load standard (ZST) during calibration
might be advantageous when measuring a low-impedance DUT.
To summarize, this analysis highlights that the amount of correction applied by the
instrument is related to the magnitude of the DUT and the parasitic elements of the fixture. For
example, using a fixture with significant parasitic inductance to measure a DUT of low
impedance leads to substantial correction. It will be shown that because this correction is not
ideal, the fixture-induced systematic error has some dependence on the amount of correction
applied by the instrument.
2.3. Example Specifications: E4990A ZA and 16047E Fixture
Quantifying error introduced by custom test fixtures requires both a systemic method to
generate the error predictions and validation of the process with a reference model. In this work,
the error of the E4990A impedance analyzer with a 16047E fixture is quantified to validate the
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method. This commercial fixture is designed to measure leaded components with high accuracy
over the entire frequency range of the impedance analyzer [63]. This fixture is shown connected
to the impedance analyzer in Figure 2-3.

Figure 2-3: E4990A Impedance Analyzer and 16047E Fixture

2.3.1. Instrument and Fixture Contributions
The measurement error of setups similar to that of Figure 2-4 can be divided into
instrument and fixture error. Both terms can be divided into open repeatability, short
repeatability, and proportional error given by [47, Appendix A]:
𝑍𝑠 (𝑓)
+ 𝑌𝑜 (𝑓) ∗ 𝑍𝐿 ) ∗ 100}
𝑍𝐿
Total Error
Proportional Error (Additional Error)
Open Repeatability (Admittance)
Short Repeatability (Impedance)
Compensated DUT Value (Impedance)

𝐸(𝑓, 𝑍𝑋𝑀 ) = ± {𝐸𝑃 (𝑓) + (
𝐸(𝑓, 𝑍𝑋𝑀 )
𝐸𝑃 (𝑓)
𝑌𝑜 (𝑓)
𝑍𝑠 (𝑓)
𝑍𝐿

[%]
[%]
[S]
[Ω]
[Ω]

(2-8)

Repeatability describes residual impedance remaining after calibration with the short or
open standard and is effectively the variation of the open or short compensation in multiple
impedance measurements. Not only does repeatability define the bounds of valid impedance
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measurements, it also introduces error that is dependent on the measured DUT impedance.
Proportional error introduces an additional error term that is dependent on frequency alone.
The error introduced by the 16047e is unique for each instrument that can utilize the
fixture. The published error term given for the E4990A without extension cables was used in this
work [63]:
𝑍𝑆 = 2 ∗ 10−3 + 6 ∗ 𝑓 ∗ 10−9

[Ω]

(2-9)

𝑌𝑂 = 2 ∗ 10−9 + 𝑓 ∗ 10−13

[S]

(2-10)

[%]

(2-11)

𝐸𝑃 = {

. 2 ∗ (𝑓 ∗ 10−7 )2
4 ∗ 𝑓 ∗ 10−8

𝑓 ≤ 15 𝑀𝐻𝑧
𝑓 > 15 𝑀𝐻𝑧

The values given by (9)-(11) were inserted into (2-8) and plotted against two
independent variables: frequency (f) and impedance magnitude under test, |ZL|. Figure 2-4(a)
provides a set of error contours that detail the measurement error contributed by the fixture in
percent.
The instrument error can be similarly defined in terms of proportional error, open
repeatability, and short repeatability. Additionally, the instrument error is scaled by several
factors dependent on measurement time, oscillator output voltage, contribution from extension
cables (if applicable), and the instrument current range setting. The scaled proportional error,
open repeatability, and short repeatability are given by [44]:
𝑍𝑆′ (𝑓) = 𝑍𝑠𝑙 (𝑓, 𝑙𝑎 ) + 𝐾𝑏𝑤 (𝑡𝑚 , 𝑓) ∗ 𝐾𝑧𝑜𝑠𝑐 (𝑉𝑜𝑠𝑐 ) ∗ 𝑍𝑠 (𝑓)

[Ω]

(2-12)

𝑌𝑂′ (𝑓) = 𝑌𝑜𝑙 (𝑓, 𝑙𝑎 ) + 𝐾𝑏𝑤 (𝑡𝑚 , 𝑓) ∗ 𝐾𝑦𝑜𝑠𝑐 (𝑉𝑜𝑠𝑐 ) ∗ {𝑌𝑜𝑑𝑐 (𝑖𝐷𝐶𝐼 ) + 𝑌𝑜 (𝑓)}

[S]

(2-13)

𝐸𝑝′ (𝑓) = 𝐸𝑝𝑙 (𝑓) + 𝐸𝑝𝑏𝑤 (𝑡𝑚 , 𝑓) + 𝐸𝑝𝑜𝑠𝑐 (𝑉𝑜𝑠𝑐 ) + 𝐸𝑝(𝑓)
Measurement Time (1 – 5)
𝑡𝑚
𝑉𝑜𝑠𝑐 [mV] Voltage Level of Oscillator (10 – 1000 mV)
[m]
Length of adapter (0, 1, 2)
𝑙𝑎
𝑖𝐷𝐶𝐼 [mA] DCI Current Range (1, 10, 100)

[%]

(2-14)
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Similar to fixture error, values from (2-12)-(2-14) were substituted into (2-8) and plotted
as a function of frequency (f) and impedance magnitude under test, |ZL|. Figure 2-4(b) provides a
plot of instrument error contours in percent, for the most accurate instrument settings
(𝑡𝑚 = 5; 𝑉𝑜𝑠𝑐 = 500 mV; 𝑙𝑎 = 0 m; 𝑖𝐷𝐶𝐼 = 1).
Instrument

Fixture

Error [%]

Total

0 - 0.08

Impedance (Ω)

108

0.08 - 0.1
0.1 - 0.5

106

0.5 - 1.0
1.0 - 5.0

104

5.0 - 10
10 - 20

102

Open
Repeatability

1

Short
Repeatability

10-2
102

104

106

108

102

104

106

108

102

104

106

}Proportional Error

108

Frequency (Hz)
Figure 2-4: Error contour plots – (a) fixture error, (b) instrument error, (c) total error

2.3.2. Total Error
By adding the fixture and instrument error terms given in Figure 2-4 (a) and 2-3 (b), respectively,
the total error for this setup is obtained, as shown in Figure 2-4 (c). This figure expresses a
complete picture of accuracy for the instrument and fixture combination and allows users to
determine the range of parameters usable within their requirements. For example, if greater than
5% error is intolerable, measurements above 100 MHz would be of minimal interest.
At low impedance magnitude and high frequency, the total error is most impacted by the
fixture’s short repeatability, limiting the ability to measure small impedances (such as low-value
inductors). The total error at high impedance closely resembles instrument error as the
instrument is the limiting factor in this case.
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2.3.3. Open and Short Offset Error
Instead of separating the contributions by instrument and fixture error as done by the
instrument manufacturer, it is helpful for practitioners to consider their combination in terms of
total open repeatability, short repeatability, and proportional error. Open and short repeatability
represent the maximum and minimum bounds within which impedance can be measured. By
relating repeatability to the impedance under test, an offset error can be found. The terms for
offset error are integrated into the total error calculation from (2-8), with the specific open and
short offsets given by:
𝑌𝑜 ∗ 𝑍𝐿 ∗ 100

[%]

Open Offset Error

(2-15)

𝑍𝑠
∗ 100
𝑍𝐿

[%]

Short Offset Error

(2-16)

The offset error is equal to 100% for devices with impedance equal to the value of the
repeatability. The orange line of Figure 2-4 (c) shows the combined open repeatability for the
instrument and fixture, while the combined short repeatability is drawn in purple. Between these
lines is the operational impedance range of the instrument, and the region outside is where
impedance measurements have greater than 100% error.
Because the instrument has a lower open repeatability than the fixture for all frequencies,
the total open repeatability of this setup is dominated by the instrument. However, the open
offset error contributed by the fixture is not negligible as seen by the rounding of the Figure 2-4
(c) contour plot edges near 1 MHz. Below 500 kHz, the instrument is the main contributor to
short offset error, but the contribution of the fixture offset error exceeds the instrument above
500 kHz and dominates the short repeatability at high frequency. Though the instrument could
theoretically measure a 1 nH inductor (which has an impedance of 200 mΩ at 30 MHz), the
characteristics of the fixture limit this capability for the setup in consideration here.
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2.3.4. Proportional Error
Unlike offset error, proportional error is independent of the DUT. The proportional error
of a fixture is related to the complexity of the fixture geometry and can be modeled with
dependence on frequency squared [47, Appendix A].
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Error (%)

5

4

Fixture
Error

3

Instrument
Error

2

Total
Error

1
0

102

104

106

Frequency (Hz)

108

Figure 2-5: Proportional error contribution of instrument and fixture

Figure 2-5 shows the contributions of the fixture and instrument to the total proportional
error, given by (2-11) and (2-14), from 20 Hz to 120 MHz. Under 10 MHz, the fixture
contribution to proportional error is an order of magnitude smaller than the instrument
contribution. At 10 MHz, the fixture contribution to error is only 0.2%. This value increases
rapidly with frequency, and by 40 MHz the fixture’s contribution exceeds the error of the
instrument. Thus, practitioners interested in measuring high-frequency DUT characteristics
should carefully scrutinize the proportional error contributions of fixturing, as described in
Section 2.4.C.
2.3.5. Correction Factor and Fixture Error
If the correction applied by the instrument to remove the fixture contribution were ideal,
fixture-induced error would be entirely eliminated. However, there is inherent uncertainty in the
27

calibration procedure because the fixture impedance itself is uncertain; and this uncertainty will
manifest as systematic error in each measurement [68]. Additionally, because the compensation
value stored by the ZA has finite resolution, If the DUT’s impedance is near the compensation
value, the instrument’s limited resolution could lead to catastrophic cancellation and introduce
error [69], [70].
Although these two ideas are independently explained in the literature [68], [69], [70], the
relationship between the correction applied and the resulting fixture-induced error has not been
clearly described, and is not mentioned in the ZA manufacturer’s documentation [44]-[47]. In
order to investigate this relationship, a simulation study was conducted to evaluate the amount of
correction applied by the instrument as a function of the impedance of the DUT and calibration
standards. The correction factor was then computed as:

Error/Correction (%)

𝐶𝐹 = 𝑎𝑏𝑠 (

𝑍𝑋𝑀 − 𝑍𝐿
) ∗ 100%
𝑍𝐿

(2-17)
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Figure 2-6: Correction Applied by Instrument vs Published Fixture Error for 1 kHz

In Figure 2-6, the blue line shows the published fixture-induced error across DUT
impedance at 1 kHz. Equivalently, this is a vertical cross-section of Figure 2-4 (a). Correction
factor is calculated from Equation (2-17), where the values for ZL and ZXM are computed by
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Equation (2-4). The values for ZSC, ZOC, and ZSM were retrieved from the instrument using
remote programming commands. The x-axis boundaries are ZSC and ZOC.
Considering Equation (2-7), correction factor (orange dashed line) is dominated by ZSC at
low impedance and is equal to 100% when ZL equals ZSC. In center of the plot, correction factor
is negligible because the compensation impedances are orders of magnitude smaller than the
DUT impedance. At high impedance, the correction factor is dominated by ZOC, and Equation
(2-6) predicts that correction factor is 50 % when ZL equals ZOC.
As seen in Figure 2-6, both the correction factor and fixture induced error trend rapidly
upwards at high and low values of DUT impedance. Although these two quantities have not been
previously linked in the literature, Figure 2-6 reveals an implicit relationship which is of
immediate usefulness to practitioners. Specifically, the correction factor can provide an
indication of fixture-induced error and the useful impedance range of the fixture. Practically, this
implies that custom fixtures should have minimal parasitics to maximize their useful range. This
relationship is further investigated in Chapter 4 of this thesis.
2.4. Measurement-Based Modeling Methodology
This section proposes a measurement-based methodology for quantifying error and
compares the resulting error models to the manufacturer-published values. Rather than
disentangle the instrument error from fixture error, the experimental results are compared to total
error.
Before each set of measurements, a conventional calibration using open, short, and load
standards was employed. The open calibration was conducted by closing the plates of the
unpopulated fixture, the short calibration by the shorting bar included with the fixture, and the
load calibration by a precision 50 Ω resistor (MP915-50-1%) [71].
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2.4.1. Short Repeatability
To estimate short repeatability, the instrument was calibrated and then 25 measurements
of the short standard were collected without further recalibration. This sequence of calibration
and measurement was repeated 10 times over the course of several days, so as to capture the
uncertainty of the standard more completely. For example, running the test multiple times can
capture influences such as contact resistance and how the standard is mounted in the fixture, and
environmental conditions such as humidity and temperature can also influence the compensation
process. These variations must be captured because, in an actual measurement, the short
compensation process can be performed under any of these conditions. A picture of the fixture in
the short configuration is shown in Figure 2-7.

Figure 2-7: Short Compensation Configuration

Figure 2-8 shows the 10 sets of 25 measurements of the short standard from 20 Hz to 120
MHz. Each set of 25 is plotted as the worst-case measurement, found by taking the maximum
impedance magnitude at any given frequency. The black line is the total short repeatability curve
calculated from the instrument and fixture datasheets and shown previously in Figure 2-4 (c). A
higher magnitude of short repeatability is worse, as it represents the lowest boundary of accurate
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impedance measurements. The spike at low frequency is centered on 60 Hz and is likely due to
noise coupled from AC mains power. The increase in specified error below 100 Hz is likely to
accommodate this source of error at 50 Hz or 60 Hz. The manufacturer short repeatability model
is approximately 20 times the magnitude of the value observed in the empirical results. This
may indicate an intentional margin between the instrument capabilities and the manufacturer
ratings to account for factors such as environmental conditions, drift over the course of a
calibration certificate, or other variables that influence accuracy in different environments.
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Figure 2-8: Empirical estimation of short repeatability

2.4.2. Open Repeatability
The open repeatability was estimated by collecting multiple measurements of the open
standard. Again, 10 sets of 25 measurements were collected, with recalibration completed
between each set. A picture of the open setup that demonstrates the closed plates is shown in
Figure 2-9.
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Figure 2-9: Empirical estimation of open repeatability

Figure 2-10 presents 10 sets of 25 measurements of the open standard. Open repeatability
captures the error resulting from parasitic admittance within the test setup. The worst case, or
minimum impedance magnitude, which represents the upper boundary of accurate DUT
impedance measurements, was taken at each frequency to estimate open repeatability. The
empirical data is compared against the total open repeatability curve calculated from the
instrument and fixture datasheets, as shown in Figure 2-4 (c).
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Figure 2-10: Empirical estimation of open repeatability
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Unlike short repeatability, the empirical results are not separated from the manufacturerspecified curve by a consistent margin. In fact, there is a negative margin observable in this plot
between 1.5 and 15 MHz. To verify these measurements, an identical instrument-fixture pair was
obtained from the manufacturer and used to confirm the open repeatability tests; the identical
results verified that the negative margin in Figure 2-10 is not unique to the original instrument or
fixture.
2.4.3. Proportional Error
To estimate proportional error, a precision 1 kΩ resistor with the same package as the 50
Ω load standard used during calibration was selected as a representative DUT. This resistance
was selected because of its proximity to the instrument’s domain of maximum accuracy. Figure
2-4 (b) shows that the maximum accuracy occurs at impedances mid-way between the open and
short repeatability, minimizing the total offset error. To account for the 1% tolerance of the
resistor (MP915-1.00K-1%) [71], a four-wire dc measurement was conducted with a precision
benchtop multi-meter [72]. The measured resistance (999.8 Ω) was used for all subsequent error
calculations, rather than the nominal value. Figure 2-11 shows 10 sets of 25 measurements of
this DUT taken after performing the conventional calibration procedure described previously.
This plot shows that the DUT impedance magnitude decreases by 50 Ω between 20 MHz and
120 MHz. This trend suggests the influence of equivalent parallel capacitance (EPC), which is
further supported by the decreasing phase above 20 MHz.
Without an instrument more accurate than the E4990A to validate the theorized EPC, a
test was conducted to verify the prediction of capacitance. Working under the assumption that
the behavior represents parasitic elements within the DUT, a resistor with the same package was
modified into a custom open calibration standard by severing the resistive element. This
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procedure created an open standard with approximately the same parasitic capacitance as the 1
kΩ resistor. Use of this custom calibration standard was expected to remove packaging
parasitics, leaving only the resistance of the DUT and proportional error in the results.
Figure 2-11 also shows 10 sets of 25 measurements of the 1 kΩ DUT after performing a
custom calibration procedure, which is similar to the calibration described previously, but with
the modified resistor used for open calibration.

Figure 2-11: Conventional vs Custom calibration, 1 kΩ DUT

Rather than showing a capacitive trend, the custom calibration results show an increase in
the impedance magnitude above 40 MHz, but the phase drops by a few degrees above 100 MHz.
This trend is not expected for any linear circuit element but could be attributable to second order
influences such as skin and proximity effects. The observed trend, however, shows a dependence
on f 2, which is expected for the proportional error term [47, Appendix A]. It is therefore
believed that the residual impedance trend in Figure 2-11 is attributable to proportional error
exclusively.
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Additionally, the inset in Figure 2-11 highlights a small detail in the impedance
magnitude below 1.5 MHz. The impedance magnitude of the custom calibration dataset range
between 999.7 and 999.8. Some datasets using conventional calibration also fall in this range, but
there is a second group of datasets whose impedance magnitude range between 1000.2 and
1000.3 below 1.5 MHz. All measurements are within the specified accuracy of the instrument;
this minor discrepancy likely relates to environmental conditions or slight inconsistencies in the
mounting pressure during calibration or measurement.
2.4.4. Predicted Error Models
The final step in the proposed error modeling methodology applies a curve fitting
procedure to the experimental short, open, and proportional measurements, yielding terms for
measurement error given by:
0.6 ∗ 10−3
0.35 ∗ 10−3 + 𝑓 ∗ 0.4 ∗ 10−9
2.75 ∗ 10−9 + 𝑓 ∗ 10−15
𝑌𝑂 = {0.14 ∗ 10−6 + 𝑓 ∗ 10−15
0.6 ∗ 10−6 + 𝑓 ∗ 10−15
𝐸𝑃 = 0.06 + 𝑓 2 ∗ 1.4 ∗ 10−16 [%]

𝑓 ≤ 100 Hz
𝑓 > 100 Hz

𝑍𝑆 = {

𝑓 ≤ 1 MHz
1 MHz < 𝑓 ≤ 75 MHz
75 MHz < 𝑓

(2-18)
(2-19)
(2-20)

These models are defined as piecewise functions with the value in each section rounded
up (ZS) or down (Y0) from the worst-case measured value within its frequency range.
Additionally, to match the expected frequency behavior, first order dependence is included in the
repeatability models and dependence on f 2 is included in proportional error .
Figure 2-12 demonstrates the empirically-derived model for short repeatability (green
line) of this setup compared to the worst-case measured data (blue line) and the published model
(black line) from the manufacturer. In this case, the published model is 20x higher than the
predicted model, which may indicate the margin of safety described previously. Because the
presented predicted model is specific to one instrument and set of environmental conditions, it
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does not require the conservative margin intrinsic to the manufacturer’s model. For short
repeatability, separate terms were defined for 20 to 100 Hz and for 100 Hz to 120 MHz.
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Figure 2-12: Empirically-derived model of short repeatability

Figure 2-13 shows the empirically-derived model for open repeatability, compared to the
worst-case measured data and the published model. In the case of open repeatability, it appears
that the manufacturer-provided model may not contain sufficient margin to cover the frequency
range from 1.5 MHz to 15 MHz. Aside from this particular frequency band, the empiricallyderived model and the manufacturer-supplied model are in good agreement. For open
repeatability, domains were defined for 20 Hz to 1 MHz, for 1 MHz to 75 MHz, and for 75 MHz
to 120 MHz.
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Figure 2-13: Empirically-derived Model of open repeatability

Figure 2-14 provides the empirically-derived model for proportional error compared to
the worst-case measured data and the published model. In this case, the manufacturer-supplied
model appears to be overly conservative at frequencies below 1 kHz and above 1 MHz,
otherwise the two models are in good agreement. Proportional error was defined with a single
domain across the measurement range of the impedance analyzer.
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Figure 2-14: Empirically-derived model of proportional error
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Figure 2-15 presents the summation of (2-18), (2-19), and (2-20) and can be used to
approximate the error for any test using the instrument and fixture studied in this work. Though
not identical to Figure 2-4 (c), the results are in reasonable agreement and the creation of Figure
2-15 did not require any prior knowledge of instrument or fixture details such as that found in
manufacturer datasheets. Most of the differences in these two figures accrue from the varying
level of margin included in the manufacturer-supplied model. Because the predicted model does
not add arbitrary margin, it should more precisely predict the error introduced by the fixture.
Error [%]

0 - 0.08

108

0.08 - 0.1
0.1 - 0.5

Impedance (Ω)

106

0.5 - 1.0
4

10

1.0 - 5.0
5.0 - 10

102

10 - 20

1

Open
Repeatability

10-2

Short
Repeatability

10-4
2

10

4

10

6

10

Frequency (Hz)

} Proportional Error

108

Figure 2-15: Predicted total error over frequency and impedance

The agreement between Figure 2-4 (c) and Figure 2-15 indicates that this approach can
predict fixture error with reasonable accuracy. With the method validated with a commercial
fixture and published error, it can be adopted and applied to estimate the error of arbitrary
custom fixtures.
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2.5. Conclusion
Quantifying the error that fixtures introduce to impedance measurements is an important
consideration for precision measurements, but is often neglected (especially for custom fixtures).
This can lead to an over-estimation of accuracy, increase the difficulty of measurement
comparisons taken with different fixtures, and increase the risk of measurement error due to
fixture selection and calibration. However, processes to quantify this error are not well defined
to validate commercial fixtures or characterize custom fixtures. This study presents and validates
a measurement-based methodology for modeling the total error contributed to impedance
measurements by the instrument and fixture which can be applied to any impedance analyzer and
fixture combination. This approach is validated by comparing the measurement derived error
model against the manufacturer published error for a specific, commercially-available precision
impedance analyzer and fixture.
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CHAPTER 3:
FIXTURE CORRECTION ANALYSIS
The previous chapter describes a process to quantify the error of custom fixtures attached
to an E4990a impedance Analyzer. However, there remain many questions regarding the
relationship between fixture impedance, DUT impedance, and measurement accuracy. While
answers to these questions can be postulated based on the compensation formulas and reasonable
assumptions in the previous chapter, the remainder of this thesis focuses on providing empirical
evidence for these claims, which are as follows:
1. The amount of correction applied by the instrument is related to the magnitude of the
DUT impedance and the parasitic elements of the fixture. For example, using a
fixture with significant parasitic inductance to measure a DUT of low impedance or
using a fixture with significant parasitic capacitance to measure a DUT of high
impedance leads to substantial correction.
2. The amount of correction required to remove the fixture contribution is related to the
fixture error, and therefore minimizing the fixture parasitics will reduce fixture
induced error.
In addition to studying these hypotheses, the information learned from the process will be
used to develop techniques to improve low impedance measurements. This chapter specifically
focuses on claim 1 above. It should be noted that the load compensation is not included in the
following analysis for several reasons. First, the load compensation is intended to remove errors
associated with electrically non-symmetrical fixtures, and is not necessary for manufacturer40

supplied fixtures [47]. Second, unlike the open and short standards, the load standard is not
specifically related to DUT impedance. Taking these points into consideration, this analysis
focuses on relating the impact of the open and short compensation procedures to the DUT
impedance. The load standard is analyzed in detail in Chapter 4 of this thesis.
3.1. External Compensation Method
The conventional procedure for measuring impedance involves the instrument internally
applying compensation based on measurements of the open, short, and load standards. While
adequate, this method of performing compensation has several disadvantages. For example, the
compensation measurements must be manually extracted from the instrument to determine how
the DUT measurement was altered, obscuring both the process and potential errors with the
compensation. Performing the compensation externally as a “post-process” step in MATLAB
alleviates these issues and permits deeper analysis of the compensation process. The external
compensation procedure entails first measuring the open standard, short standard, load standard,
and DUT as distinct measurements with no compensation applied by the instrument. Then, an
appropriate equation is used to convert the DUT measurement to a compensated value, taking
into consideration the measured impedances of the open, short, and load standards. This process
of compensating outside the instrument facilitates the necessary analysis for this thesis.
The appropriate compensation formula depends on which compensation methods are
used, and all combinations of open, short, and load are found in Table 2. For example, if only
the short compensation is measured, then the ‘Short’ entry in Table 2 should be used. Note that
because impedance is a complex quantity, the compensation should be applied by separately
computing real and imaginary components or utilizing phasor notation. After compensation,
these components can be converted back to the desired format.
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TABLE 2

COMPENSATION EQUATION LIST
Compensation Type
Short, Open, and Load

Equation
𝑍𝐿 =

(𝑍𝑋𝑀 − 𝑍𝑆𝐶 )(𝑍𝑂𝐶 − 𝑍𝑆𝑀 )
𝑍
(𝑍𝑂𝐶 − 𝑍𝑋𝑀 )(𝑍𝑆𝑀 − 𝑍𝑆𝐶 ) 𝑆𝑇

Short

𝑍𝐿 = ZXM − 𝑍𝑆𝐶

(3-2)

Open

𝑍𝐿 =

𝑍𝑂𝐶 𝑍𝑋𝑀
𝑍𝑂𝐶 − 𝑍𝑋𝑀

(3-3)

𝑍𝑆𝑇 𝑍𝑋𝑀
𝑍𝑆𝑀

(3-4)

𝑍𝐿 =

Load
Short and Open

𝑍𝐿 =

𝑍𝑂𝐶 (𝑍𝑋𝑀 − 𝑍𝑆𝐶 )
𝑍𝑂𝐶 − 𝑍𝑋𝑀

(3-5)

Short and Load

𝑍𝐿 =

𝑍𝑆𝑇 (𝑍𝑋𝑀 − 𝑍𝑆𝐶 )
𝑍𝑆𝑀 − 𝑍𝑆𝐶

(3-6)

𝑍𝑆𝑇 𝑍𝑋𝑀 (𝑍𝑂𝐶 − 𝑍𝑆𝑇 )
(𝑍𝑂𝐶 − 𝑍𝑋𝑀 ).∗ 𝑍𝑆𝑇

(3-7)

Open and Load
𝑍𝑋𝑀
𝑍𝑂𝐶
𝑍𝑆𝐶
𝑍𝑆𝑀
𝑍𝑆𝑇

(3-1)

𝑍𝐿 =

Measured impedance of the DUT
Measured impedance of open calibration standard
Measured impedance of short calibration standard
Measured impedance of load calibration standard
True impedance of load calibration standard

3.2. External Compensation Validation
To validate the external compensation method, a set of reference measurements was
made using the 16047e fixture. One measurement was made for each compensation standard
(open, short, and load). These results were stored within the instrument for use by the internal
compensation process and were also saved to an external data file. Then, four passive devices
ranging from low impedance to high impedance were each measured twice: one with the internal
compensation applied, and one with no compensation applied. For the second case, the
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compensation was applied in post-processing via equation (3-1) using the measured data of the
DUT and the compensation standards. A summary of this test matrix is shown in Table 3.
TABLE 3

POST PROCESSING VALIDATION MEASUREMENT LIST
Measurement Type

Description

Component Image
[73]

Open Compensation

Empty

-

Short Compensation

Copper Foil

-

Load Compensation

50 Ω SMT Resistor

DUT 1

100 mΩ SMT Resistor

DUT 2

1 kΩ SMT Resistor

DUT 3

10 nH SMT Inductor

DUT 4

4.7 pF SMT Capacitor

The data from these measurements are compared to each other in Figure 3-1. For each
DUT, the external compensation approach matches closely with the original compensation, with
the largest discrepancy in the low frequency phase of the capacitance. This is not surprising,
since the high impedance of the capacitor at low frequency is outside of the 10 % error boundary
at low frequency, and the resulting data is noisy as a result. But the results show that using the
provided equations in post processing is identical to the math performed by the instrument
internally, and thus is an appropriate method for performing compensation.
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Original Compensation

Post Compensation

Figure 3-1: Comparison of original compensation and post-processing compensation – open, short, load
applied for both cases

3.3. Compensation Analysis Using External Compensation
The measurement data used to validate the post processing method can also be used to
analyze the relationship between DUT impedance, fixture impedance, and the amount of
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correction applied to the measurement. The analysis in Chapter 2 suggests that the amount of
correction applied relative to the DUT impedance increases as the DUT impedance approaches
the impedance of the fixture itself. For a high-impedance DUT, the operable parasitic is the
capacitance of the fixture; and for a low-impedance DUT, the operable parasitic is the inductance
and resistance of the fixture.
Figure 3-2 compares the uncompensated DUT measurements to the open, short, and load
compensation measurements from Table 3 on four impedance magnitude plots (one for each
DUT). The following analysis is only possible when using external compensation because the
internal compensation method does not provide the compensation measurements or the
uncompensated DUT measurements.
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Short Compensation
Open Compensation

Load Compensation
DUT Measurement
1 k Resistor –
Close to open
measurement above
50 MHz

4.7 pF Capacitor similar to open
measurement at all
frequencies

(a)

(b)

100 m Resistor –
Close to short
measurement above
1 MHz

10 nH Inductor – similar to
short measurement at all
frequencies

(c)

(d)

Figure 3-2: Uncompensated DUT Measurements Overlaid with Compensation Measurements – 4.7 pF
capacitor (a), 1 kΩ resistor (b), 100 mΩ resistor (c), and 10 nH inductor (d)
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From Figure 3-2, several predictions can be made about how the compensation will affect
each DUT, based on the assumption that the amount of relative compensation applied increases
as the measured DUT impedance approaches either the open or short compensation impedance.
For example, in Figure 3-2 (a), the impedance magnitude of the open compensation and the 4.7
pF capacitor are comparable across all frequencies. Therefore, the open compensation is
expected to be necessary to estimate the capacitance of the DUT at all frequencies, but the short
compensation’s influence is expected to be negligible. On the contrary, the impedance magnitude
of the 10 nH inductor DUT shown in Figure 3-2 (d) is close to the short compensation across all
frequencies. Therefore, the short compensation is expected to be critical for estimating this
DUT’s series resistance and inductance, but the influence of the open compensation is expected
to be negligible.
For moderate-impedance DUTs, such as the 1 kΩ resistor shown in Figure 3-2(b) and the
100 mΩ resistor shown in Figure 3-2(c), different sensitivities are expected. Specifically, the
open and short compensations are only necessary to determine the characteristics of these DUTs
at high frequencies. For these DUTs, low-frequency measurements are expected to be largely
independent of the compensation process. To illustrate this behavior more clearly, Figure 3-3
shows the impact of short compensation on the 100 mΩ DUT. The black line is the short
measurement used for compensation; the red line is the uncompensated 100 mΩ DUT
measurement; and the dashed blue line is the measurement after short compensation. The
compensated measurement is found from equation (3-2) by subtracting the short measurement
from the uncompensated DUT measurement.
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Figure 3-3: 100 mΩ Resistor Compensation

At low frequency, the compensated DUT measurement and the uncompensated DUT
measurement in Figure 3-3 are nearly identical, which suggests that the resistance contribution of
the fixture is not necessary to determine the resistance of the DUT. However, at frequencies above
1 MHz the parasitic inductance of the fixture is significant enough that substantial correction must
occur. Figure 3-4 provides a quantitative analysis of the compensation for this DUT, separated by
real and imaginary terms. Figure 3-4(a) shows the compensation impact of the short standard at 50
kHz and Figure 3-4(b) shows the compensation impact of the short standard at 50 MHz. At 50
kHz, the real component is dominant, and the short measurement is much smaller than the DUT
measurement. In this case, little compensation is required. At 50 MHz, the imaginary component
is dominant, and the uncompensated DUT measurement and the short measurement have similar
values. In this case, significant compensation is required to accurately assess the impedance of
the DUT.
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Figure 3-4: Comparison of compensation of 0.1 Ω resistor at 50 kHz (a) and 50 MHz (b)

The amount of correction applied can be described by the correction factor [CF], which
was defined initially as a percentage in equation (2-17). The equation is slightly modified to
define correction factor as a ratio, rather than a percentage, and is provided as equation (3-8).
Note that abs denotes the absolute value function.
𝐶𝐹 = 𝑎𝑏𝑠 (

|𝑍𝑋𝑀 | − |𝑍𝐿 |
)
|𝑍𝐿 |

(3-8)

In this equation, ZXM is the uncompensated DUT impedance; ZL is the compensated
DUT impedance; and both quantities are expressed in terms of impedance magnitude. In this
formulation, CF serves as a quantitative figure of merit to describe how much correction is
applied by the instrument, where a higher CF value indicates more correction than a lower CF
value. Using the example of Figure 3-4, the CF applied at 50 kHz is only 0.03, while the CF
applied at 50 MHz is 13.45, nearly 450 times higher.
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CF can also be used to analyze the effect of the open compensation and the short
compensation individually. The equations to obtain these quantities are given in equations (3-9)
and (3-10), which are derived from equation (3-8). ZL,SC describes the DUT impedance when
compensated only by the short standard, and ZL,OC describes the DUT impedance when
compensated only by the open standard.
|𝑍𝑋𝑀 | − |𝑍𝐿,𝑆𝐶 |
𝐶𝐹_𝑆ℎ𝑜𝑟𝑡 = 𝑎𝑏𝑠 (
)
𝑍𝐿,𝑆𝐶

(3-9)

|𝑍𝑋𝑀| − |𝑍𝐿,𝑂𝐶 |
𝐶𝐹_𝑂𝑝𝑒𝑛 = 𝑎𝑏𝑠 (
)
|𝑍𝐿,𝑂𝐶|

(3-10)

To demonstrate the significance of the open and short compensation for the different
DUTs of Table 3, three different compensation methods were performed for each. Figure 3-5
compares the small impedance DUT measurements (10 nH and 100 mΩ) with three different
compensation methods applied: open/short, open only, and short only. For each DUT, three plots
are presented: impedance magnitude over frequency, phase angle over frequency, and
compensation factor over frequency. For the impedance magnitude and phase plots, the
open/short compensation method serves as a reference; a deviation from this line indicates that a
significant portion of the compensation is missing. For example, if only the open compensation
line is different from the open/short compensation line, this means that the missing compensation
(in this case, the short compensation) has a stronger influence on the compensated DUT
impedance than the other. If neither the open compensation nor the short compensation deviates
to an observable degree, then neither compensation is necessary to accurately characterize the
DUT (and the total correction factor is low). If both lines deviate, then both compensations have
a similar and significant influence on the compensated DUT impedance. Overall, Figure 3-5
demonstrates that the short compensation has significant influence on the accurate
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characterization of low-impedance DUTs, while the influence of the open compensation is
negligible.

Open/Short

Open-Only

Short-Only

1
1

2

2

3
3

4

4

(a)

(b)

Figure 3-5: Comparison of open/short, open, and short compensation of the 10 nH DUT (a) and the 100
mΩ DUT (b)
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To keep discussion organized, important aspects of the data in Figure 3-5(a) are marked
by numbered annotations and described below for the 10 nH and 100 mΩ DUTs.
1. The open/short compensation line overlays the short-only compensation line
across all frequencies for the impedance magnitude of both DUTs. For the 10 nH
DUT, because the open compensation differs across all frequencies, this means
that the compensated DUT impedance is sensitive to the short standard, but the
influence of the open standard is negligible. For the 100 mΩ DUT, because openonly overlays the short-only line below 200 kHz, the DUT impedance is not
sensitive to either standard. Above 200 kHz, it is sensitive to the short standard,
and the open standard is negligible.
2. Similarly, the match between the open/short compensation and the short-only
compensation for both DUTs, combined with the deviation of the open
compensation, suggests that the phase prediction is also sensitive to the short
standard, but not to the open standard.
3. The compensation factor for both the open/short and the short compensation are
roughly constant across frequency at about 1 for the 10 nH DUT, and match
consistently as well. The 100 mΩ DUT has a correction factor of about 0.01
below 200 kHz, which increases to 10 at 120 MHz.
4. The open compensation factor is over 10 orders of magnitude lower than the short
compensation factor at 1 kHz for both DUTs. As the frequency increases, the
increased impedance of the DUT due to inductance and the decreased impedance
of the open standard due to capacitance causes the open compensation factor to
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increase. However, even at 120 MHz, it is still two orders of magnitude lower
than the other two CF values.
These results confirm that the 10 nH and 100 mΩ DUT compensation process is quite
sensitive to the short standard, but not to the open standard. This comparison also illustrates that
the correction factor can be a useful tool for determining the level of compensation applied.
A similar analysis is presented for the medium and high impedance DUTs (1 kΩ and 4.7
pF) in Figure 3-6. For the medium-impedance (1 kΩ) DUT, it is expected that neither
compensation will be impactful at low frequency, but the DUT will be mildly sensitive to open
compensation at high frequency. The high-impedance (4.7 pF) DUT is expected to be sensitive
only to the open compensation across all frequencies.
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Figure 3-6: Comparison of open/short, open, and short compensation of the 1 kΩ DUT (a) and the 4.7 pF
DUT (b)
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The important aspects of the data in Figure 3-6(a) are marked by numbered annotations and
described below for the 1 kΩ resistor DUT.
1. Below 10 MHz, all three compensation methods are nearly identical, meaning that
neither compensation has a significant effect on the DUT impedance.
2. Above 10 MHz, the impedance of the short-only compensation measurement trends
downwards, while the remining two compensation methods remain in good
agreement. This suggests that the DUT measurement is more sensitive to the open
compensation above 10 MHz. Similarly, the phase of the short-only line deviates
above 5 MHz, suggesting that the open compensation is crucial for estimating the
phase of the DUT above this frequency.
3. Below 10 MHz, all three compensation methods have compensation factors below
0.001, confirming the expectation that neither the open or short compensations are
necessary for accurately determining the impedance of the 1 kΩ DUT at low
frequency.
4. All three compensation factors increase significantly above 10 MHz. However, the
open compensation factor is two orders of magnitude larger than the short
compensation factor. This suggests that the open compensation is the most important
component of compensation for this DUT at high frequency.

The above analysis confirms that for the medium-impedance (1 kΩ) DUT, the short
compensation is negligible for all frequencies, while the open compensation is only necessary for
accurately determining the DUT impedance above 10 MHz.
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The important aspects of the data in Figure 3-6(b) are marked by numbered annotations
and described below for the 4.7 pF DUT:
5. The short-only line has a fixed offset from both the open/short and open-only lines,
which are in close agreement. This suggests that the short compensation is not
important across all frequencies, while the open compensation is.
6. Above 20 MHz, the phase response of both the open-only and the short-only lines
deviate from the open/short result. This means that both the open and the short
compensation procedures are needed to accurately determine the phase of this DUT at
high frequency.
7. The open/short CF and the open only CF are equal at about 0.4 across all frequencies.
This observation further supports the analysis of the impedance magnitude for this
DUT provided in 6.
8. The short CF is over 10 orders of magnitude lower than the open compensation factor
at 1 kHz. However, the short CF increases with frequency and is less than one order
of magnitude smaller than the open only CF at 120 MHz. This suggests that the short
compensation has negligible influence at low-frequency but asserts a mild influence
at high frequency. This observation further supports the analysis of the phase for this
DUT in 7.

The above analysis confirms that for the high-impedance (4.7 pF) DUT, open
compensation is necessary to remove the fixture contributions across all frequencies, and short
compensation is also necessary for accurate impedance characterization above 20 MHz.
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3.4. Conclusion
This chapter presents a new external compensation method in which the short, open, and
load compensation measurements are applied to an uncompensated DUT measurement as a postprocess step in software. This technique is empirically validated by comparing the results of this
process to results obtained via the internal compensation process across a variety of different
DUTs. The external compensation process is then used to validate the claim of Chapter 2 that the
amount of correction applied depends upon the relationship between the fixture parasitics and the
DUT impedance. That is, low-impedance DUTs are more sensitive to the short compensation
process, and high-impedance DUTs are more sensitive to the open compensation process.
Measurements of medium-impedance DUTs are not expected to be significantly impacted by
either the open or short compensation at low frequency.
This analysis can be used to further improve the compensation process by making
decisions that emphasize the standards of sensitivity, while neglecting those that have little
significance. For example, for the 10 nH DUT measurement described in this Chapter, the short
compensation procedure should be scrutinized thoroughly, while the open compensation
procedure can be removed entirely. This Chapter has established relationships between the
fixture parasitics, the DUT impedance, and the amount of correction applied. However, the
amount of correction applied has not yet been quantitatively linked to the systematic error
introduced by the fixture. Establishing this relationship is necessary for high-performance
custom fixture design and is the focus of chapter 4.
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CHAPTER 4:
EMPIRICAL EVALUATION OF THE INFLUENCE OF FIXTURE PARASITICS
Chapter 3 provided an analysis of the relationship between fixture impedance, DUT
impedance, and the amount of correction applied. However, this analysis did not provide any
confirmation whether increased correction leads to increased error, as suggested by Figure 4-1.
This analysis is expected to have wide application in custom fixture design, regardless of
outcome. If reducing correction factor is found to be an important factor in fixture-induced error,
then custom fixture design should focus on minimizing the fixture parasitics. On the other hand,
if correction factor and measurement error are largely independent, then designing fixtures with
priority on consistency and the use of techniques such as impedance matching and proper

Error/Correction (%)

shielding [47] may result in higher quality measurements.
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Figure 4-1: Correction Applied by Instrument vs Published Fixture Error for 1 kHz – copy of Figure 2-6

Up to this point, the analysis in this thesis has focused on the open and short
compensation procedures, which are sufficient for manufacturer-provided fixtures according to
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[47]. With custom-made fixtures, however, omitting the load compensation procedure may have
unknown effects. Thus, it is possible that the load compensation’s importance is a function of the
quality of the test fixture, and by extension, the parasitics of the fixture. The influence of the load
compensation will be studied in this chapter to determine if it is more important when fixtures
have large parasitic elements.
4.1. Empirical setup
An extension board that is used with Keysight’s 16047e fixture was designed for this
analysis. This board was designed to measure surface-mount (SMT) devices and to facilitate the
introduction of known quantities of fixture parasitics for analysis. The 16047e fixture was
selected as the basis for this analysis because its behavior is well understood from the analysis in
Chapter 2. In addition, the clamping structure of this fixture facilitates consistent geometry for
the attachment of compatible DUTs. A labeled picture of the adapter board is shown in Figure
4-2.

Figure 4-2: 16047e SMT adapter board fixture
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The board includes ten pairs of “0805” SMT component pads, with the vertical group
labeled D1 – D5 and the horizontal group labeled F1 – F5. For this analysis, only locations F1,
D1, and D2 will be populated. The D1 location is reserved for the placement of the DUT (and
compensation standards); while the F1 and D2 locations are reserved for artificially introducing
“fixture” parasitics. The F1 location is intended to add series resistance and inductance to the
fixture. The D2 location, which is in parallel with D1, is intended to add parallel capacitance to
the fixture. Effectively, adding impedance at F1 should increase the impedance of the short
standard, while adding capacitance at D2 should decrease the impedance of the open standard.
The fixture design is meant to keep the impedance of the fixture contribution locations (F1 and
D2) consistent between the compensation and DUT measurements.
By performing the analysis in this manner, the added “fixture” impedances are included
in the compensation measurements and the DUT measurement. This is similar to the manner in
which fixture parasitics manifest in a real measurement. Using this technique, a sweep of fixture
parasitics can be performed by placing components on the F1 and D2 locations of the adapter
board to observe the influence on the measurement accuracy for a range of DUTs.
The analysis that follows in the remainder of this Chapter is divided into two sections.
First, the impedance on F1 is swept to evaluate the influence of increasing the impedance of the
short standard on the measured impedance for a set of DUTs. Second, the impedance on D2 is
swept to evaluate the influence of decreasing the impedance of the open standard on the
measured impedance of the same set of DUTs. For each section, the influence of the load
compensation is also considered, and the relationship between correction factor and error is
analyzed. A picture of the overall hardware setup used in this analysis is shown in Figure 4-3.
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Figure 4-3: 16047e fixture and SMT adapter board connected to e4990a Impedance Analyzer

4.2. Short Compensation Analysis
The short compensation analysis aims to observe the effect of series fixture impedance on
the short compensation and fixture-induced error. The DUTs employed in this analysis include
an inductive low-impedance case (10 nH), two resistive medium-impedance cases (100 Ω and 1
kΩ), and a capacitive high-impedance case (1 pF). The impedances swept on F1 include a
baseline case (shorted with copper foil), a ZSC value of 100 Ω, and a ZSC value of 1 kΩ. The
increased impedance inserted into the “fixture” location (F1) will increase the amount of
correction applied (increasing the correction factor) which is theorized to cause an increase in
measurement error.
4.2.1. Empirical Procedure
A test matrix summarizing the tests run during the short compensation analysis is
provided in Table 4. The tests are run as a second-order sweep, with the fixture impedance
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(location F1) as the first order, and the DUTs (location D1) as the second order. The test
procedure is as follows:
1. Place a short on D1 with copper foil; populate F1 with the appropriate parasitics;
perform the short compensation measurement.
2. Remove the short on D1 and perform the open compensation measurement.
3. Optionally, place the load standard on D1 and perform the load compensation
measurement.
4. Place the DUT on D1 and measure the uncompensated DUT impedance.
5. Repeat step 4 until all DUTs are measured in order
This process is repeated with the next fixture impedance value until all measurements are
completed. Note that, for each test, the adapter board is removed from the 16047e and placed
back in for a total of 10 measurements, which are then averaged to reduce the influence of
random variation or errors. Also, for each sweep of the fixture impedance, identical DUTs are
used to remove the effect of component tolerance.
TABLE 4

SHORT COMPENSATION ANALYSIS – TEST MATRIX
Location

F1

F1

F1

Copper Foil

100 Ω

1 kΩ

D1

ZSC
DUT
10 nH

Test_0Ω_10nH

Test_100Ω_10nH

Test_1kΩ_10nH

D1

100 Ω

Test_0Ω_100Ω

Test_100Ω_100Ω

Test_1kΩ_100Ω

D1

1 kΩ

Test_0Ω_1kΩ

Test_100Ω_1kΩ

Test_1kΩ_1kΩ

D1

1 pF

Test_0Ω_1pF

Test_100Ω_1pF

Test_1kΩ_1pF
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4.2.2. Analysis of ZSC with Open/Short Compensation
For each measurement in Table 4, the open/short compensation procedure is applied in
post processing. Low impedance DUTs are expected to see the most error because they are
sensitive to the short compensation procedure. For initial comparisons, the open/short
compensation is applied in post-processing, and the results for each DUT are shown in the
following pages. In each of these figures, the black trace provides the result for the baseline
measurement with no fixture impedance added, the red trace provides the results with 100 Ω of
fixture impedance added, and the blue trace provides the results with 1 kΩ of fixture impedance
added. The baseline measurement is used as a reference for comparisons, in which differences
from this measurement are considered error.
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Figure 4-4 provides the results for the 10 nH inductor DUT with the open/short
compensation applied. The impedance magnitude and phase measurements were converted to
inductance via equation (1-9) as that is the quantity of interest for this DUT. This DUT is
representative of a low-impedance test case, and is expected to have high dependence on changes
in the short standard. As the impedance of ZSC increases, the variation below 100 kHz increases
significantly. For the baseline case, the DUT measurement below 100 kHz varies between 8.7
nH and 16.5 nH; the DUT measurement with 100 Ω ZSC added varies between -42 nH and 49.5
nH; and the DUT measurement with 1 kΩ ZSC added varies between -424 nH and 277.9 nH.
Above 100 kHz, the DUT measurement with 100 Ω ZSC added converges with the baseline, but
the DUT measurement with 1 kΩ ZSC added varies between 8 nH and 14 nH until about 10 MHz.
At 15 MHz, the DUT measurement with 1 kΩ ZSC added begins increasing rapidly up to 17 nH at
120 MHz (80 % error), while the DUT measurement error with 100 Ω ZSC added is 1.5 % at 120
MHz.

Significant low frequency
error in inductance

80 %
error

Figure 4-4: Short compensation analysis: Inductance of 10 nH DUT (open/short compensation applied)
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Figure 4-5 provides the results for the 100 Ω resistor DUT with the open/short
compensation applied. The impedance magnitude and phase measurements were converted to
resistance via equation (1-5) as that is the quantity of interest for this DUT. This DUT is
representative of a medium-impedance test case, and is expected to have low to moderate
dependence on changes in the short standard. As the impedance of ZSC increases, error in the
resistance estimate below 1 MHz are minor, with a maximum error of 0.07 % in the DUT
measurement with 100 Ω ZSC added and a maximum error of 0.03 % in the DUT measurement
with 1 kΩ ZSC added. These differences can likely be attributed to variations such as solder
quality and contact resistance. Above 1 MHz, the resistance estimate with 1 kΩ ZSC added
increases rapidly up to 173 Ω at 120 MHz (75.40 % error), while the error of the DUT
measurement with 100 Ω ZSC added is only 1.55 % at 120 MHz.

< 0.03 % error
below 1 MHz
< 0.07 % error
below 1 MHz

75 %
error

Figure 4-5: Short compensation analysis: Resistance of 100 Ω DUT (open/short compensation applied)
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Figure 4-6 provides the results for the 1 kΩ resistor DUT with the open/short
compensation applied. The impedance magnitude and phase measurements were converted to
resistance via equation (1-5) as that is the quantity of interest for this DUT. This DUT is
representative of a medium-impedance test case, and is expected to have low to moderate
dependence on changes in the short standard. As the impedance of ZSC increases, error in the
resistance estimate below 1 MHz are minor, with a maximum error of 0.01 % in the DUT
measurement with 100 Ω ZSC added and a maximum error of 0.02 % in the DUT measurement
with 1 kΩ ZSC added. These differences can likely be attributed to variations such as solder
quality and contact resistance. Above 1 MHz, the resistance estimate with 1 kΩ ZSC added
increases rapidly up to 173 Ω at 120 MHz (80.16 % error), while the error of the DUT
measurement with 100 Ω ZSC added is only 3 % at 120 MHz.

< 0.02 % error
below 1 MHz
< 0.01 % error
below 1 MHz

80 %
error

Figure 4-6: Short compensation analysis: Resistance of 1 kΩ DUT (open/short compensation applied)
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Figure 4-7 provides the results for the 1 pF capacitive DUT with the open/short
compensation applied. The impedance magnitude and phase measurements were converted to
capacitance via equation (1-10) as that is the quantity of interest for this DUT. This DUT is
representative of a high-impedance test case, and is expected to have low dependence on changes
in the short standard. As the impedance of ZSC increases, error in the capacitance estimate below
10 kHz are moderate, with a maximum measurement error of 3.4 % in the DUT measurement
with 1 kΩ ZSC added; the DUT measurement with 100 Ω added is indiscernible from the baseline
measurement. Between 10 kHz and 10 MHz, the maximum error observed in the DUT
measurement with 1 kΩ ZSC added is 1 %. These errors can likely be attributed to open offset
error. Above 10 MHz, the capacitance estimate of the 1 kΩ ZSC measurement decreases rapidly
down to 0.61 pF at 120 MHz (42.94 % error); the error of the DUT measurement with 100 Ω ZSC
added is 1.95 % at 120 MHz.

< 1 % error
between 1
kHz and 10
MHz

< 3.4 % error below
1 kHz

43 %
error

Figure 4-7: Short compensation analysis: Capacitance of 1 pF DUT (open/short compensation applied)
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These results demonstrate that the addition of series fixture parasitics most strongly
influenced the 10 nH DUT. The error of the measurement is most pronounced at low frequency,
where the impedance is small, and manifests as a large variation around a centered value. The
100 Ω and 1 kΩ measurements, however, exhibit very small errors that may be attributed to
other random variations such as contact resistance or solder quality. The error in the low
frequency 1 pF capacitor measurement peaks at only 3.4 %, and the contribution to this error is
likely the open offset error because the contribution of the short compensation should be
insignificant. Overall, these trends are indicative of short offset error, where lower DUT
impedances are more sensitive to the variations of the short standard than higher impedances,
and therefore exhibit more error.
At high frequency, each DUT measurement exhibits a rapid increase in error. The errors
at 120 MHz are summarized in Figure 4-8. For the 10 nH, 100 Ω, and 1 kΩ DUTs, this error is

% Error

around 80 %; the 1 pF DUT has an error of around 43 %.
90.00%
80.00%
70.00%
60.00%
50.00%
40.00%
30.00%
20.00%
10.00%
0.00%
10 nH

100 Ω
100 Ω Zsc

1 kΩ

1 pF

1 kΩ Zsc

Figure 4-8: Percent Error for each DUT at 120 MHz for short compensation analysis with open/short
compensation applied
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4.2.3. Analysis of ZSC with Open/Short/Load Compensation
Because the high frequency error increases rapidly with frequency and is mostly
independent of DUT impedance, it can likely be attributed to proportional error. The increase in
proportional error could be due to the added fixture impedance causing the fixture to deviate
from the manufacturer’s design, in which case the load compensation is necessary to remove
errors.
To determine if the proportional error is the source of these errors, the previous
measurements are recalculated using the open, short, and load compensation. By using external
compensation, the data used to calculate this is identical, but with the load compensation added.
The DUT measurements with open/short/load compensation applied are shown on the following
pages.
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Figure 4-9 provides the results for the 10 nH inductor DUT with the open/short/load
compensation applied. The addition of the load compensation reduced the measurement error
above 15 MHz significantly; the rapid increase in inductance previously observed is almost
entirely removed. The error at 120 MHz of the DUT measurement with 100 Ω ZSC added
decreases from 1.5 % to 0.45 %, and the error of the DUT measurement with 1 kΩ ZSC added
decreases from 80.94 % to 3 %. Below 15 MHz, the addition of the load compensation has no
significant effects on the inductance estimates for each measurement.

Low frequency error
unaffected

High frequency error
reduced significantly

3%
error

Figure 4-9: Short compensation analysis: Inductance of 10 nH DUT (open/short/load compensation
applied)
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Figure 4-10 provides the results for the 100 Ω resistor DUT with the open/short/load
compensation applied. The addition of the load compensation reduces the measurement error
above 5 MHz significantly; the rapid increase in inductance previously observed is almost
entirely removed. The error at 120 MHz of the DUT measurement with 100 Ω ZSC added
decreases from 1.55 % to 0.12%. and the error of the DUT measurement with 1 kΩ ZSC added
decreases from 75.40 % to 0.41 %. Below 1 MHz, the addition of the load compensation
increases the error of each measurement slightly. The error of the DUT measurement with 100 Ω
ZSC added increases from 0.07 % to 0.1 %, and the 1 kΩ ZSC measurement error increases from
0.03 % to 0.45 %.

0.4 %
error

< 0.1 % error
below 1 MHz
0.1 %
error
< 0.45 % error
below 1 MHz

Figure 4-10: Short compensation analysis: Resistance of 100 Ω DUT (open/short/load compensation
applied)
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Figure 4-11 provides the results for the 1 kΩ resistor DUT with the open/short/load
compensation applied. The addition of the load compensation reduced the measurement error
above 5 MHz significantly; the rapid increase in inductance previously observed is almost
entirely removed. The error at 120 MHz of the 100 Ω ZSC measurement decreased from 3% to
0.02 %, and the error of the 1 kΩ ZSC measurement decreases from 80.16 % to 0.59 %. Below 5
MHz, the addition of the load compensation increased the error of each measurement slightly.
The 100 Ω ZSC measurement error increased from 0.01 % to 0.05 %, and the 1 kΩ ZSC
measurement error increased from 0.02 % to 0.5 %.

< 0.05 % error
below 1 MHz

< 0.5 % error
below 1 MHz

0.5 %
error

Figure 4-11: Short compensation analysis: Resistance of 1 kΩ DUT (open/short/load compensation
applied)
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Figure 4-12 provides the results for the 1 pF capacitor DUT with the open/short/load
compensation applied. The addition of the load compensation reduced the measurement error
above 10 MHz significantly; the rapid increase in inductance previously observed is almost
entirely removed. The error at 120 MHz of the DUT measurement with 100 Ω ZSC added
decreases from 31.95% to 0.21 %, and the error of the DUT measurement with 1 kΩ ZSC added
decreases from 42.94 % to 0.28 %. Between 10 kHz and 10 MHz, the addition of the load
compensation increases the error of the DUT measurement with 1 kΩ ZSC added slightly from 1
% to 1.2 %. Below 10 kHz, the error of the DUT measurement with 1 kΩ ZSC added is
unchanged. The error of the DUT measurement with 100 Ω ZSC added is negligible throughout
the measurement

< 1.2 % between 10
kHz and 10 MHz
High frequency error
removed

Figure 4-12: Short compensation analysis: Capacitance of 1 pF DUT (open/short/load compensation
applied)
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The results of the open/short/load compensation show that the load compensation has
little to no effect on measurements below 5 MHz, but overwhelmingly reduces the error of the
high frequency measurements. The error at 120 MHz for each measurement condition considered
is provided in Figure 4-13. In comparing Figure 4-8 to Figure 4-13, it is observed that the high
frequency error is reduced from approximately 80 % on average to nearly zero. The 10 nH DUT
measurement has the largest error at 3 %, which may possibly be due to short offset error rather

% Error

than residual proportional error.
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100 Ω
100 Ω Zsc

1 kΩ

1 pF

1 kΩ Zsc

Figure 4-13: Percent Error for each DUT at 120 MHz with open/short/load compensation applied

Thus, the load compensation has no influence on reducing the short offset error, but
effectively removes the high frequency error for each DUT. This further suggests that the error is
proportional. From this analysis, it appears that the load compensation is critical for obtaining
accurate high frequency measurements of custom fixtures, particularly those of poor quality.
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4.2.4. Relationship between Correction Factor and Measurement Error
Up to this point, a general trend between the series fixture impedance and measurement
error has been observed. As the fixture parasitics are increased, the amount of compensation the
instrument applies should increase; this translates to an increase in correction factor. This
suggests that a relationship between correction factor and measurement error also exists.
However, a quantitative analysis is necessary to establish a conclusive link between these two
quantities
To this end, the offset error and correction factor for the four DUTs are calculated and
compared in the following plots. The correction factor is calculated using the impedance
magnitudes by equation (3-10) and the offset error is calculated via equation (2-8). The black
trace provides the DUT measurement for the baseline case, the red trace provides the DUT
measurement with 100 Ω of added fixture impedance, and the blue trace provides the DUT
measurement with 1 kΩ added fixture impedance.
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Figure 4-14 provides the results for the 10 nH inductor DUT. The correction factor
consistently increases as the short standard impedance increases. At 100 kHz, the correction
factor of the baseline case is 1.05, which increases to approximately 104 with 100 Ω of added
fixture impedance and 105 with 1 kΩ of added fixture impedance. At 120 MHz, the correction
factor of the DUT measurements with 100 Ω ZSC and 1 kΩ ZSC added decreases to 12.81 and
82.24, respectively. The baseline correction factor, however, remains constant at approximately
1.
The error trends shown in Figure 4-14 (b) are less clear. Above 1 MHz, a consistent
increase in error accompanies the consistent increase in CF. At 120 MHz, the error of the
baseline, 100 Ω ZSC condition, and 1 kΩ ZSC condition are 0.1288 %, 0.9334 %, and 17.44 %,
respectively. This represents around a one order of magnitude increase in error for each
condition. Below 1 MHz, however, the error with 100 Ω ZSC added is similar to the error with 1
kΩ ZSC added. For example, at 100 kHz, the error of the baseline, 100 Ω ZSC condition, and 1 kΩ
ZSC condition are approximately 4.3 %, 83.69 %, and 102.5 %, respectively.

Baseline
100 Zsc
1 k Zsc

Correction Factor
increases as ZSC
Increases

Error increases as
ZSC Increases

(a)

(b)

Figure 4-14: Short compensation analysis: Correction Factor (a) and error (b) of 10 nH DUT
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Figure 4-15 provides the results for the 100 Ω resistor DUT. The correction factor for ZSC
is lower than was observed for the 10 nH DUT; for example, the 10 nH DUT measured with 100
Ω ZSC has a correction factor of 10,000, while the 100 Ω DUT measured with 100 Ω ZSC has a
correction factor of 1. This is due to the change in the DUT impedance. Because the impedance
of the DUT is higher, the short compensation becomes less impactful, and the correction factor
decreases. This decrease in correction factor is shared with an overall decrease in error when
compared to the error of the 10 nH DUT.
The three 100 Ω DUT measurement conditions also show a general correlation between
increased correction factor and error. Particularly, above 1 MHz, a consistent increase in error
accompanies the consistent increase in CF. However, this trend is dubious below 1 MHz, where
the error of the 100 Ω ZSC condition and the error of the 1 kΩ ZSC condition are similar.

Baseline
100 Zsc
1 k Zsc
Increase in
correction factor:
Increase in Error
Increase in Zsc:
Increase in
Correction Factor

Figure 4-15: Short compensation analysis: correction factor and error of 100 Ω DUT
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Figure 4-16 provides the results for the 1 kΩ resistor DUT. In this case, the correction
factor is overall lower than was observed for the 100 Ω DUT. For example, the 100 Ω DUT
measured with 100 Ω ZSC has a correction factor of 1, while the 1 kΩ DUT measured with 100 Ω
ZSC has a correction factor of 0.1. This is again due to the change in the DUT impedance. The
impedance of the DUT is one order of magnitude higher, and the correction factor decreases by
roughly one order of magnitude as well. This decrease in correction factor is shared with an
overall decrease in error when compared to the error of the 100 Ω DUT.
The three 1 kΩ DUT measurement conditions do not show a correlation between
increased correction factor and error. Particularly, above 1 MHz, the errors for all three
measurement conditions are approximately equal. Below 1 MHz, the error of the 100 Ω ZSC
condition and the error of the 1 kΩ ZSC conditions are similar. A possible reason why the trend is
not observed above 1 MHz is because 1 kΩ DUT is more sensitive to open offset error at these
frequencies, which is not influenced by the series fixture impedance.

Baseline
100 Zsc
1 k Zsc

Increase in Zsc:
Increase in
Correction Factor

Minor changes in
measurement
error; error is less
than 10-2 below 1
MHz

Figure 4-16: Short compensation analysis: correction factor and error of 1 kΩ DUT
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Finally, the 1 pF DUT in Figure 4-17 shows little change in the correction factor, with the
exception of the DUT measurement with 1 kΩ ZSC added above 10 MHz. Unlike the previous
DUTs that have some dependence on the series fixture impedance, the impedance of the 1 pF
DUT is high enough that the short standard has negligible influence on the measurement
compared to the open standard. Because the open standard changes little with the series fixture
impedance, neither the correction factor nor error change for this DUT.

Baseline
100 Zsc
1 k Zsc

Open compensation is
dominant factor, Zsc has little
impact on correction

Error is mostly constant for
large DUT

Figure 4-17: Short compensation analysis: correction factor and error of 1 pF DUT
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4.2.5. Short Compensation Analysis Summary
Analysis of the short compensation shows that increasing the series fixture impedance
can severely limit the instrument’s ability to measure low-impedance DUTs accurately. In
particular, the inductance estimates of the 10 nH DUT at low frequency demonstrated significant
errors with added series fixture parasitics. Medium to high impedance DUTs were largely
unaffected by the increase in series fixture parasitics, especially at low frequency.
This analysis also reveals that poorly designed fixtures are susceptible to high levels of
proportional error, and that this can be effectively removed by the load compensation. This error
was found to be independent of the DUT impedance, and thus even high-impedance DUTs are
susceptible to this error. When characterizing DUTs at frequencies above 5 MHz using custom
fixtures, a load compensation is recommended to remove the proportional error to improve
measurement accuracy.
Correction factor was also shown to be a strong indicator of error for the short
compensation process. The analysis in Chapter 3 and Chapter 4 collectively demonstrates a clear
relationship between the impedance of the short standard (or series fixture parasitics), DUT
impedance, correction factor, and short offset error. Thus, reducing the parasitic impedance
fixturing could be a useful technique to improve measurement accuracy for low impedance
DUTs.
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4.3. Open Compensation Analysis
The open compensation analysis aims to observe the effect of parallel fixture capacitance
on the open compensation and fixture-induced error. The procedure for this analysis involves
sweeping the impedance placed on the D2 location for a select range of DUTs. The DUTs
employed in this analysis include an inductive low-impedance case (10 nH), two resistive
medium-impedance cases (100 Ω and 1 kΩ), and a capacitive high-impedance case (1 pF). To
evaluate the sensitive to ZOC, three cases are evaluated by placing the following components on
location D2: nothing (the baseline condition), 10 pF, and 100 pF. The impedance on F1 is
minimized with a copper foil short for each test. The impedance inserted into the parallel
location (D2) will increase the amount of correction applied (increasing the correction factor)
which is theorized to cause an increase in measurement error.
4.3.1. Empirical Procedure
A test matrix summarizing the tests run during the open compensation analysis is
provided in Table 5. The tests are run as a second-order sweep, with the parallel fixture
impedance (location D2) as the first order, and the DUTs (location D1) as the second order. The
test procedure is as follows:
1. Place a short on D1 with copper foil; populate D2 with the appropriate parasitics;
perform the short compensation measurement.
2. Remove the short on D1 and perform the open compensation measurement.
3. Optionally, place the load standard on D1 and perform the load compensation
measurement.
4. Place the DUT on D1 and measure the uncompensated DUT impedance.
5. Repeat step 4 until all DUTs are measured in order
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This process is repeated with the next fixture impedance value until all measurements are
completed. Note that, for each test, the adapter board is removed from the 16047e and placed
back in for a total of 10 measurements, which are then averaged to reduce the impact of random
variation or errors. Also, for each sweep of the fixture impedance, identical DUTs are used to
remove the effect of component tolerance.
TABLE 5

OPEN COMPENSATION ANALYSIS – TEST MATRIX
Location

D2

D2

D2

Nothing

10 pF

100 pF

D1

ZoC
DUT
10 nH

Test_0F_10nH

Test_10pF_10nH

Test_100pF_10nH

D1

100 Ω

Test_0F_100Ω

Test_10pF_100Ω

Test_100pF_100Ω

D1

1 kΩ

Test_0F_1kΩ

Test_10pF_1kΩ

Test_100pF_1kΩ

D1

1 pF

Test_0F_1pF

Test_10pF_1pF

Test_100pF_1pF

4.3.2. Analysis of ZOC with open/short compensation
For each measurement in Table 5 the open/short compensation procedure is applied in
post processing. Because the open standard should decrease with added fixture capacitance,
high-impedance DUTs sensitive to the open compensation should see the largest increase in
correction factor. For initial comparisons, the open/short compensation is applied in postprocessing, and the results for each DUT are shown in the following pages. In each of these
figures, the black trace provides the result for the baseline measurement, the red trace provides
the results with 10 pF of capacitance added, and the blue trace provides the results with 100 pF
of parallel capacitance added. The baseline measurement is used as a reference for comparisons,
in which differences from this measurement are considered error.
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Figure 4-18 provides the results for the 10 nH inductor DUT with the open/short
compensation applied. This DUT is representative of a low-impedance test case, and is expected
to have low dependence on changes in the open standard. As the fixture capacitance increases,
no significant differences are observed in the measurement below 15 MHz. Above 15 MHz,
however, the DUT measurements with 10 pF ZOC and 100 pF ZOC added begin decreasing
rapidly. At 120 MHz, the error of the DUT measurement with 10 pF ZOC added is 7.45 %, and
the error of the DUT measurement with 100 pF ZOC added is 68.84 %.

69 %
error

Figure 4-18: Open compensation analysis: Inductance of 10 nH DUT (open/short compensation applied)
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Figure 4-19 provides the results for the 100 Ω resistor DUT with the open/short
compensation applied. This DUT is representative of a medium-impedance test case, and is
expected to have little to moderate dependence on changes in the open standard. As the fixture
capacitance increases, no significant differences are observed in the measurement below 10
MHz. Above 10 MHz, however, the resistance of the DUT measurements with 10 pF ZOC and
100 pF ZOC added begin decreasing rapidly. At 120 MHz, the error of the DUT measurement
with 10 pF ZOC added is 5.79 %, and the error of the DUT measurement with 100 pF ZOC added
is 68.53 %.

69 %
error

Figure 4-19: Open compensation analysis: Resistance of 100 Ω DUT (open/short compensation applied)
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Figure 4-20 provides the results for the 1 kΩ resistor DUT with the open/short
compensation applied. This DUT is representative of a medium-impedance test case, and is
expected to have moderate dependence on changes in the open standard. As the fixture capacitance
increases, no significant differences are observed in the measurement below 10 MHz. Above 10
MHz, however, the resistance of the DUT measurements with 10 pF ZOC and 100 pF ZOC added
begin decreasing rapidly. At 120 MHz, the error of the DUT measurement with 10 pF ZOC added
is 6 %, and the error of the DUT measurement with 100 pF ZOC added is 70.40 %.

70 %
error

Figure 4-20: Open compensation analysis: Resistance of 1 kΩ DUT (open/short compensation applied)
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Figure 4-21 provides the results for the 1 pF capacitor DUT with the open/short
compensation applied. This DUT is representative of a high-impedance test case, and is expected
to have high dependence on changes in the open standard. As the fixture capacitance increases, no
significant differences are observed in the measurements below 20 MHz. Above 20 MHz,
however, the capacitance of the DUT measurements with 10 pF ZOC and 100 pF ZOC added begin
increasing rapidly. At 120 MHz, the error of the DUT measurement with 10 pF ZOC added is 6.16
%, and the error of the DUT measurement with 100 pF ZOC added is 31.99 %.

32 %
error

Figure 4-21: Open compensation analysis: Capacitance of 10 pF DUT (open/short compensation
applied)
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Unlike the short compensation analysis, in which the error of the 10 nH DUT increased
significantly as the series fixture impedance increased, none of the DUTs with the open
compensation analysis show significant error below 10 MHz. Even the 1 pF DUT measurement,
which was expected to be sensitive to changes in the open compensation, did not observe any
significant errors below 20 MHz. Because these errors are mostly constant across frequency, it
suggests that the error is caused by proportional error.
As was seen in the short compensation analysis, most of the high frequency
measurements demonstrate a similar range of error, regardless of DUT impedance. The errors at
120 MHz are summarized in Figure 4-22. For the 10 nH, 100 Ω, and 1 kΩ DUTs, this error is
around 70 %; the 1 pF DUT has an error of around 30%.
80.00%
70.00%

% Error

60.00%
50.00%
40.00%
30.00%
20.00%
10.00%
0.00%
10 nH

100 Ω
10 pF Zoc

1 kΩ

1 pF

100 pF Zoc

Figure 4-22: Error from baseline for 10 pF (blue) and 100 pF (orange) for each DUT at 120 MHz with
open/short compensation applied
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4.3.3. Analysis of ZOC with Open/Short/Load Compensation
Because the high frequency error increases rapidly with frequency and is mostly
independent of DUT impedance, it can likely be attributed to proportional error, similar to the
short compensation analysis. If this is the case, then the load compensation would be expected to
remove this high frequency error.
To determine if proportional error is the source of these errors, the previous
measurements are recalculated using the open, short, and load compensation. By using external
compensation, the data used to calculate this is identical, but with the load compensation added.
The DUT measurements with open/short/load compensation applied are shown on the following
pages.
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Figure 4-23 provides the results for the 10 nH inductor DUT with the open/short/load
compensation applied. The addition of the load compensation reduces the error above 15 MHz
significantly. At 120 MHz, the error of the DUT measurement with 10 pF ZOC added decreases
from 7.45 % to 1.71 % and the error of the DUT measurement with 100 pF ZOC added decreases
from 68.84 % to 1.93 %. The behavior below 15 MHz is nearly identical to that of the open/short
compensation.

2%
error

Figure 4-23: Open compensation analysis: Inductance of 10 nH DUT (open/short/load compensation
applied)
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Figure 4-24 provides the results for the 100 Ω resistor DUT with the open/short/load
compensation applied. The addition of the load compensation reduces the error above 10 MHz
significantly. At 120 MHz, the error of the DUT measurement with 10 pF ZOC added decreases
from 6.79 % to 0.06 % and the error of the DUT measurement with 100 pF ZOC added decreases
from 68.54 % to 0.73 %. The behavior below 10 MHz is nearly identical to that of the open/short
compensation.

0.7 %
error

Figure 4-24: Open compensation analysis: Resistance of 100 Ω DUT (open/short/load compensation
applied)
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Figure 4-25 provides the results for the 1 kΩ resistor DUT with the open/short/load
compensation applied. The addition of the load compensation reduces the error above 10 MHz
significantly. At 120 MHz, the error of the DUT measurement with 10 pF ZOC added decreases
from 6 % to 0.3 % and the error of the DUT measurement with 100 pF ZOC added decreases from
70.40 % to 5.80 %. The behavior below 10 MHz is nearly identical to that of the open/short
compensation.

5.8 %
error

Figure 4-25: Open compensation analysis: Resistance of 1 kΩ DUT (open/short/load compensation
applied)
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Figure 4-26 provides the results for the 1 pF capacitor DUT with the open/short/load
compensation applied. The addition of the load compensation reduces the error for the DUT
measurement with 10 pF ZOC added decreases from 6.16 % to 0.1 % at 120 MHz. However, the
error of the DUT measurement with 100 pF ZOC added instead increases from 31.99 % to 58.42
% with the introduction of the load compensation The behavior below 10 MHz is nearly identical
to that of the open/short compensation.

58 %
error

Figure 4-26: Open compensation analysis: Capacitance of 10 pF DUT (open/short/load compensation
applied)
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In three of four cases, the high frequency discrepancy demonstrated by Figure 4-22 is
nearly eliminated with the addition of the load compensation. However, the error of the 1 kΩ
DUT measurement is still about 5.8 % at 120 MHz, and the error of the 1 pF DUT increases
from 31.99 % to 58.42 % Thus, while most of the DUT measurements are improved with the
load compensation at 120 MHz, the high impedance DUTs appear to have multiple error
contributions. Because the error appears to increase with DUT impedance, it is likely attributable
to the open offset error.
80.00%
70.00%

% Error

60.00%
50.00%
40.00%
30.00%

20.00%
10.00%
0.00%

10 nH

100 Ω
10 pF Zoc

1 kΩ

1 pF

100 pF Zoc

Figure 4-27: Error from baseline for 10 pF (blue) and 100 pF (orange) for each DUT at 120 MHz with
open/short/load compensation applied

4.3.4. Relationship between CF and Measurement Error
To evaluate the relationship between correction factor and error, these quantities are
calculated for the four DUTs and compared in the following plots. The correction factor is
calculated using the impedance magnitudes by equation (3-10) and the offset error is calculated
via equation (2-8). The black trace provides the DUT measurement for the baseline case, the red
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trace provides the DUT measurement with 10 pF of added fixture impedance, and the blue trace
provides the measurement with 100 pF of added fixture impedance.

The comparison of correction factor and error for the 10 nH DUT is provided in Figure
4-28. Because the DUT impedance is small, there is little change in the correction factor, which
is accompanied by minor variation in the error is mostly between each condition. Because the
open compensation has little influence on this DUT, it is difficult to observe a trend for this case.

Baseline
10 pF Zoc
100 pF Zoc

Increase in Zoc shows
minimal change in CF

No correlation of error and
CF

Figure 4-28: Open compensation analysis: Correction Factor and error of 10 nH DUT
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The comparison of correction factor and error for the 100 Ω DUT is provided in Figure
4-29. Both the correction factor and the error of the 100 Ω DUT increase significantly at about 1
MHz. At 120 MHz, the correction factor of the DUT measurements for the baseline, 10 pF ZOC,
and 100 pF ZOC conditions increase to 0.009, 0.4123, and 26.21, respectively. The errors
associated at each of these correction factors is 0.02 %, 0.027 %, and 1.6 %. Thus, the correction
factor and error share similar trends at high frequency. At low frequency, however, increases in
correction factor do not follow with increases in error.

Baseline
10 pF Zoc
100 pF Zoc

CF increases at high
frequencies with higher Zoc
capacitance

Roughly 1 order of
magnitude increase in error
with 100 pF Zoc

Figure 4-29: Open compensation analysis: Correction Factor and error of 100 Ω DUT
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The comparison of correction factor and error for the 1 kΩ DUT is provided in Figure
4-30. Both the correction factor and the error of the 1 kΩ DUT increase significantly at about 50
kHz. Above 1.5 MHz, the DUT measurement with 100 pF Zoc added has the highest error, and
the baseline DUT measurement has the lowest error. At 120 MHz, the correction factor of the
DUT measurements for the baseline, 10 pF ZOC, and 100 pF ZOC conditions increase to 0.5367,
8.455, and 270.9, respectively. The errors associated at each of these correction factors is 0.08 %,
0.23 %, and 15.4 %. Thus, the correction factor and error share similar trends at high frequency.
The 15 % error at 120 MHz could be the cause of the error seen at high frequency of the 1 kΩ
DUT measurement with 100 pF ZOC, as shown in Figure 4-27.

Baseline
10 pF Zoc
100 pF Zoc

CF increases at high
frequencies with higher Zoc
capacitance, overall higher
than 100

High frequency error
increases with CF

Figure 4-30: Open compensation analysis: Correction Factor and error of 1 kΩ DUT
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Finally, the results for the 1 pF DUT are shown in Figure 4-31. The correction factor is
mostly constant below 5 MHz, with the correction factors of the DUT measurements for the
baseline, 10 pF, and 100 pF conditions at 1 kHz being 1.6, 11.12, and 95.96. Despite the large
difference in correction factors, the error below 5 MHz is the same for each ZOC measurement.
Between 15 MHz and 120 MHz, however, the correction factor of the DUT measurement
with 100 pF increases to 886. Subsequently, the error at this frequency for the DUT
measurement with 100 pF added increases from 0.69 % to 49.33 %. This error is close to the
58.42 % error reported in Figure 4-27, and suggests that the error may have been caused by the
open offset error.

High frequency error
increases with CF

Incremental increase in CF
with ZoC capacitance

Baseline
10 pF Zoc
100 pF Zoc

Figure 4-31: Open compensation analysis: Correction Factor and error of 10 pF DUT
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4.3.5. Open Compensation Analysis Summary
The conclusions for the open compensation analysis are mixed. First, adding parallel
capacitance to the fixture did not cause profound differences in the low frequency measurements
of each DUT. For the low and medium impedance DUTs, this behavior was expected because
these DUTs should not be sensitive to the open compensation. However, even the 1 pF DUT
measurement showed no significant errors below 20 MHz. This is unexpected because the high
impedance of this DUT should make it sensitive to the open compensation. This suggests that the
compensation process is effective at removing the parasitic capacitance of the fixture such that
the impedance of the open standard is not a critical element for impedance characterization.
Higher correction factor often does correlate with increased error, but the results are not
conclusive because cases exist for which a significant increase in correction factor does not result
in higher error exist.
4.4. Conclusion
The analysis in Chapter 4 sought to determine whether a relationship exists between
fixture parasitics, correction factor, and fixture induced error. Adding series impedance to the
fixture was shown to substantially increase the offset error of the low impedance DUTs, while
having minimal effect on the high impedance DUTs. However, for each DUT measurement, a
large increase in proportional error caused by the series fixture impedance was observed. It was
demonstrated that a 50 Ω load compensation effectively eliminated this proportional error. For
the short compensation analysis, increases in correction factor consistently indicates increased
error.
Adding a parasitic capacitance to the fixture, however, does not have an observable effect
on the offset error of each DUT at low frequency. In addition, while the correction factor was
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shown to increase significantly for the high-impedance DUTs, the error trend was found to be
less consistent. This implies that correction factor is a poor indicator of error in this
circumstance.
These results suggest that the compensation process is more effective at consistently
removing the parasitic capacitance of fixtures than their series impedances. Likely, this is due to
the fact that the short compensation is much more prone to inconsistency: changes in how far the
adapter board is pushed into the fixture, how much pressure is applied by the plates, contact
resistance, and soldering of the copper foil and component can each influence the short standard.
In addition, the analysis shows that increasing the short standard impedance amplifies these
errors. The open standard, however, is less affected by these factors. The difference in contact
resistance is negligible when compared to the series capacitance, and there is no component to
solder when measuring the open standard.
In conclusion, correction factor can be used to indicate a higher potential for DUT
measurement error, but does not necessarily guarantee that the error will be higher. This trend is
likely a function of the consistency of the compensation. For example, the setup used in this
analysis has a very consistent open compensation procedure. As such, increased correction factor
due to the open compensation process does not produce increased error. The compensation, in
this sense, is very effective: the parasitic capacitance removed in the compensation process is
nearly identical to the parasitic capacitance present during the DUT measurement. The short
standard, on the other hand, reveals consistent correlation between correction factor and DUT
measurement error. This suggests that removing the series contributions of the fixture is less
consistent in this case.
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These findings highlight a very important point for performing compensation:
consistency between the compensation process and the DUT measurement process is critical for
accurately removing fixture contributions. This, then, should be a primary focus for fixture
design. Methods of short compensation that reduce the variability in contact resistance and
geometry between the compensation process and the DUT measurement process should be
employed, especially for measuring low impedance DUTs. For high impedance DUTs, these
factors are less critical. However, for best results, the fixture should be rigid. Mechanical
flexibility may result in changes in the dielectric distance between compensation and
measurement, which will result in inconsistent removal of the parasitic capacitance in the fixture.
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CHAPTER 5:
APPLICATION OF EXTERNAL COMPENSATION FOR LOW-IMPEDANCE DUTS
This Chapter provides a case study based on a series of simple DUTs that have wellknown impedance values and similar characteristics to the types of DUTs commonly
encountered in the field of power electronics. Although the nominal values of these DUTs are
on the edge or even outside the manufacturer-specified measurement range of the
instrumentation utilized, it will be shown that the impedance of these devices can be accurately
characterized utilizing the concepts described in this thesis. The measurement setup utilized for
this case study is the Keysight E4990a instrument equipped with a 42941A impedance probe
attachment. This configuration supports impedance measurement and analysis up to 120 MHz
and has a 1.5-meter cable, which is ideal for evaluating arbitrary circuits and circuit-boardmounted devices. A picture of this fixture is provided in Figure 5-1.

Figure 5-1: Image of the 42941A fixture with impedance probe attachment [74]
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The manufacturer also provides the error across DUT impedance and frequency for this
fixture, which is repeated here as Figure 5-2. For this analysis, the region of inductance values
from 1 nH to 10 nH was selected (highlighted in red) for analysis. This is a range of inductance
values that is commonly encountered in the evaluation of high-performance SiC power modules.
At 10 nH, the error at high frequency (above 10 MHz) is approximately 3 %, while 1 nH lies
entirely outside the 10 % specified error region. Below 1 MHz, the specified error is greater than
10 % for both cases. In short, inductors in this range are not expected to be measured accurately
with this setup. However, to evaluate whether this is a fundamental limitation of the
instrumentation, a range of five SMT inductors with nominal values between 1 nH and 10 nH
were selected for evaluation. The properties and specifications for these DUTs are listed in
Table 6.
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Test Region of
Interest

Figure 5-2: Manufacturer specified measurement accuracy of Keysight 42941A impedance probe
connected to the E4990a [44]
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TABLE 6

NOMINAL DUT PARAMETERS
DUT (Nominal value
characterized at 300 MHz)

DCR (mΩ)

Tolerance (nH)

1 nH

20

±0.3

2.5 nH

0.8

±0.25

5 nH

1.5

±0.5

7.5 nH

48

±0.2

10 nH

5.4

±1

Component Image [73]

The above components are all air core or ceramic (wire-wound) SMT inductors. Because
the impedance characteristics of these devices are on the fringe or outside the supported
measurement range of the instrumentation, careful attention to metrology is necessary to make an
accurate measurement. For this evaluation, two measurement methods will be compared: the
standard approach utilizing the instrument’s internal compensation function, and a custom
measurement approach using a set of repeated measurements along with the external
compensation function described in Chapter 3.
Before generating a metrology setup and procedure to measure these devices, some
analysis is necessary. First, some simplifications can be made on the basis of the claims in
Chapter 3 of this thesis. Since the impedance of these DUTs is several orders of magnitude
smaller than the upper limit of the instrument (evident from Figure 5-2), the open compensation
will be ignored entirely, and the short compensation will be scrutinized carefully. In addition,
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since the load compensation is not necessary for manufacturer-supplied fixtures, it will also be
neglected [47]. Second, some additional guidance can be obtained from the conclusions of
chapter 4. Specifically, geometric variations between the short standard measurements and the
DUT measurements will be minimized as much as possible in order to reduce the short
repeatability and improve measurement accuracy.
This aim of this case study is to validate several conclusions made previously in this
thesis:
1. A short compensation only approach is adequate for characterizing lowimpedance DUTs.
2. The external compensation approach using many measurements produces better
results than an internal compensation approach using a single measurement.
3. Making the short compensation process as consistent as possible will allow
devices outside of or on the fringe of the measurement range to be accurately
characterized.
The known component parameters and tolerances specified by the manufacturers of the
selected DUTs will be used to validate the measurements for each of the considered methods.
5.1. Empirical Setup
The empirical setup for this analysis is designed to minimize variations between each
DUT and maximize the repeatability of measurements. Each SMT inductor is soldered directly to
a separate region of a milled copper board, as shown in Figure 5-3. In this figure, the 42941a
measurement probe tip is shown in position to measure the 5 nH SMT inductor. This setup
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provides a consistent measurement interface for each DUT by limiting the variability in contact
resistance between the probe and the copper board.

1 nH

2.5 nH

5 nH

7.5 nH

10 nH

Figure 5-3: SMT inductor test probe measurement board

The overall hardware setup used for this evaluation is shown in Figure 5-4. The 42941a
impedance probe head is held in a stabilizing arm that has a knob to raise and lower its height.
This configuration creates more consistent measurements than holding the probe by hand. The
DUT measurement board is placed on a flat surface below the probe, such that the probe can be
lowered to specific positions on the board in a consistent manner. All equipment is placed on a
non-conductive surface to mitigate the possibility of coupling between the instrument cabling
and external structures.
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Figure 5-4: Test setup overview of the E4990a ZA and 42941a impedance probe

Figure 5-5 shows the metrology utilized for both the DUT measurement and the
compensation procedures. Figure 5-5(a) shows the jaws of the 42941a probe positioned such that
they fit closely around the DUT. Figure 5-5(b) shows the jaws of the 42941a probe placed onto
the copper board for the short compensation measurement, utilizing the same separation as in
Figure 5-5(a). For this analysis, the same jaw positioning is used for all DUTs; thus, only one
short-compensation configuration is needed for all five DUTs.
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(b)

(a)

Figure 5-5: DUT measurement probe configuration (a), probe compensation configuration (b)

5.1.1. Measurements Procedures
As described in the first part of this Chapter, two separate procedures are used to measure
the DUTs for this case study. The first procedure is the standard measurement approach, where
the short compensation is done internal to the instrument, and each DUT is measured once. Thus,
the procedure for this approach is as follows:
1. Perform short compensation as shown in Figure 5-5(b)
2. Perform measurement of each DUT as shown in Figure 5-5(a)
The second procedure is a custom measurement approach using a set of repeated
measurements along with the external compensation function described in Chapter 3. The
procedure for this approach is as follows:
1. Measure and save the short compensation as described in Figure 5-5(b)
a. Lift probe, place back down into position, repeat for 10 measurements
2. Perform measurement of each DUT as described in Figure 5-5(a)
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a. Lift probe, place back down into position, repeat for 10 measurements
3. Analyze and combine the resulting data
a. Eliminate any outliers
b. Average remaining measurements
Making multiple measurements has several advantages. First, measurement errors often
occur due to poor contact with the DUT or related attachment anomalies. These erroneous
measurement results can be readily detected because they appear as outliers with significant
variation from the majority of the measurement results. For this analysis, the measurements are
visually determined to be outliers, but a more sophisticated method of using standard deviations
to determine acceptable measurements could be implemented. To demonstrate this, ten short
compensation measurements in the configuration illustrated in Figure 5-5(b) are shown in Figure
5-6(a). Note that these measurements are converted to inductance via equation (1-9) for this
analysis as that is the quantity of interest for characterization. Of the ten short compensation
measurements, eight are similar across frequency, while two of the measurements show
inductance twice as high as the others. For these two measurements, it is suspected that some
attachment anomaly occurred, such as poor contact between the probe tip and the compensation
board. These measurements are not representative of the actual short standard impedance and can
be removed as outliers. The remaining eight valid measurement results are shown in Figure
5-6(b). Significant variation is still observed in these measurements at low frequency due to the
low impedance magnitude in this regime, which is well outside the 10 % error range specified by
Figure 5-2. However, this remaining error can be reduced by averaging the remaining eight valid
measurement results. Averaging these measurements produces the result shown in Figure 5-6(c),
which demonstrates significant reduction in the inductance variation below 10 kHz.
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Raw Data
Erroneous
Measurements

(a)
Remove Erroneous
Measurements

Semi-Processed Data

Significant
Measurement Noise

(b)

Average Data to
Reduce Noise

Final Data

(c)
Figure 5-6: Example flow of data processing for short compensation measurement.
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While the instrument has a built-in function to perform averaging, this function is limited
in that erroneous measurements are included in the final averaged data. Should the user notice an
attachment anomaly during measurement, it would be necessary to restart the measurements to
avoid including any erroneous data. However, the instrument does not separately display each
intermediate measurement result during averaging, which makes it unlikely that the user will
observe an anomalous result during measurement. On the other hand, external compensation
fully leverages all measured data and adds a layer of transparency and reliability to the
measurement. Thus, while a similar procedure can be performed using the built-in functions of
the instrument, post-processing improves measurement accuracy beyond what is possible by
using the instrument functions alone.
The theory behind averaging multiple data sets to reduce error lies in effectively reducing
the short repeatability by canceling out some of the variation in measurements of the short
standard. A typical short standard measurement is subject to variations caused by contact
resistance and geometry. For the example considered here, the probe tip may be in a slightly
different position during each measurement. The DUT measurement is also subject to these
variations. By taking multiple measurements of each and averaging before applying the
compensation, it is expected that the uncertainty in the short standard and DUT impedance due to
these factors will be reduced.
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5.1.2. Results
The results for each of the two measurement procedures for all five considered DUTs are
shown in the figures on the following pages. In each of these figures, the green trace provides
the result for the standard measurement approach, and the red trace provides the result for the
custom measurement approach proposed by this thesis. The dashed black line provides the
nominal DUT inductance, and the error bars represent the tolerance of the respective component.
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Figure 5-7 provides the results for the 10 nH inductor DUT. In this case, the custom
measurement method demonstrates improved tracking of the nominal DUT value and more
consistent inductance across frequency compared to the standard measurement method. The
standard measurement method provides an estimate of 15 nH at 10 kHz (50% error), which
transitions to the nominal value of 10 nH at 10 MHz. The custom measurement method provides
a consistent estimate that lies within the tolerance of the nominal value. In addition, the custom
measurement method demonstrates substantially lower inductance variation at low frequency.
Below 10 kHz, the standard measurement method estimate varies between -5 nH and 30 nH;
while the custom measurement method estimate varies between 4 nH and 17 nH.

Better tracking of
nominal value across
frequency

Figure 5-7: Comparison of Post-compensation method to the internal compensation method for 10 nH
SMT inductor
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Figure 5-8 provides the results for the 7.5 nH inductor DUT. In this case, the custom
measurement method again demonstrates improved tracking of the nominal DUT value and more
consistent inductance across frequency compared to the standard measurement method. The
standard measurement method provides an estimate of >25 nH at 10 kHz (230% error), which
does not converge to the nominal value of the DUT at any frequency. It is possible that the very
high estimate provided by the standard measurement approach is the result of an attachment
anomaly similar to that seen in the erroneous measurements of Figure 5-6. The custom
measurement method provides a consistent estimate within the tolerance from 350 kHz to 7
MHz, and is otherwise within 0.5 nH of the nominal value from 10 kHz to 30 MHz. In addition,
the custom measurement method demonstrates substantially lower inductance variation at low
frequency. Below 10 kHz, the standard measurement method estimate varies between 8 nH and
40 nH; while the custom measurement method estimate varies between 4 nH and 12 nH.

Multiple Measurements
Detect Errors (ex. poor
contact)

Figure 5-8: Comparison of Post-compensation method to the internal compensation method for 7.5 nH
SMT inductor
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Figure 5-9 provides the results for the 5 nH inductor DUT. In this case, the custom
measurement method demonstrates improved tracking of the nominal DUT value compared to
the standard measurement method, but only at low frequency (below 100 kHz). The standard
measurement method provides an estimate of 3 nH at 10 kHz (40% error), which does not
converge to the nominal value of the DUT at any frequency. The custom measurement method
provides an estimate very near the nominal value at 10 kHz, but diverges at high frequency in a
similar fashion to the standard measurement method. Since this error is reflected in both
measurement methods, it is suspected that this behavior is related to the DUT itself, possibly
because the 2.5 and 5 nH inductor DUTs are housed in a larger package than the other three
DUTs. The custom measurement method again demonstrates substantially lower inductance
variation at low frequency for this DUT. Below 10 kHz, the standard measurement method
estimate varies between -10 nH and 18 nH while the custom measurement method estimate
varies between 1 nH and 8 nH.

Figure 5-9: Comparison of Post-compensation method to the internal compensation method for 5 nH
SMT inductor
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Figure 5-10 provides the results for the 2.5 nH inductor DUT. In this case, the custom
measurement method again demonstrates improved tracking of the nominal DUT value compared
to the standard measurement method, but only at low frequency (below 100 kHz). The standard
measurement method provides an estimate near 0 nH at 10 kHz (100% error), which does not
converge to the nominal value of the DUT at any frequency. The custom measurement method
provides an estimate of approximately 1 nH at 10 kHz, but diverges at high frequency to the same
value as the standard measurement method. Since this error is reflected in both measurement
methods, it is again suspected that this behavior is related to the size of the DUT packaging. The
custom measurement method again demonstrates substantially lower inductance variation at low
frequency for this DUT. Below 10 kHz, the standard measurement method estimate varies between
-15 nH and 18 nH; while the custom measurement method estimate varies between -1 nH and 7
nH.

Figure 5-10: Comparison of Post-compensation method to the internal compensation method for 2.5 nH
SMT inductor
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Figure 5-11 provides the results for the 1 nH inductor DUT. In this case, the custom
measurement method demonstrates improved tracking of the nominal DUT value and more
consistent inductance across frequency compared to the standard measurement method. The
standard measurement method provides an estimate of 2 nH at 10 kHz (100% error), which
converges to the nominal value of the DUT above 10 MHz. The custom measurement method
provides an estimate within the tolerance of the nominal value between 10 kHz and 10 MHz, but
remains below the lower inductance bound outside this range.

In addition, the custom

measurement method demonstrates substantially lower inductance variation at low frequency.
Below 10 kHz, the standard measurement method estimate varies between -18 nH and 15 nH;
while the custom measurement method estimate varies between -6 nH and 8 nH.

Figure 5-11: Comparison of Post-compensation method to the internal compensation method for 1 nH
SMT inductor
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Overall, results from this case study demonstrate that the accuracy of low-impedance
DUT measurements can be substantially improved by the application of the proposed custom
measurement procedure. It is noted that the nominal impedance values of the DUTs considered
in this section fall well outside the specified accuracy range of the instrument and probe used in
this study. For example, Figure 5-2 indicates that all measurement of all the DUTs considered in
this study are subject to significant error, particularly at frequencies below 1 MHz. However, by
focusing the metrology and measurement procedures on maintaining consistency between the
short compensation measurement and the DUT measurement, significant improvements can be
achieved. In particular, this case study demonstrated that low-impedance DUTs of this type can
be accurately measured at frequencies as low as 10 kHz. In all cases, the use of the proposed
custom measurement procedure to remove outliers and average multiple measurements produces
increased accuracy over the standard measurement method.
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CHAPTER 6:
CONCLUSION AND IMPROVED IMPEDANCE TECHNIQUES
6.1. Conclusion
The goal of this thesis is to develop new impedance characterization techniques that can
be applied to the measurements of devices, circuits, and systems within the field of power
electronics. The fast edge rates of wide bandgap devices place them into a regime in which the
parasitic packaging impedances cannot be ignored. As a matter of fact, these packaging
parasitics must be carefully characterized and understood if accurate models are to be developed
for such systems. Measurements of these parasitic elements are difficult to make, and the
complex geometries of the devices usually necessitates the use of custom fixtures. However,
quantifying the error induced by these fixtures and the contributions of the error itself is not well
understood at present.
To achieve this goal, a measurement-based methodology for modeling the total error
contributed to impedance measurements by the instrument and fixture was developed as
described in Chapter 2. The methodology was validated by comparing a measurement-derived
error model against the manufacturer-published error for a commercially-available precision
impedance analyzer and fixture. The proposed methodology is general in nature, and can be
applied to any instrument and fixture combination, including custom-designed fixtures.
Correction factor was introduced as a figure of merit that can quantify the amount of correction
applied to remove the fixture contributions.
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To improve the compensation process and increase measurement accuracy, a new
external compensation method was introduced in Chapter 3. This new method involves applying
the short, open, and load compensation corrections to an uncompensated DUT measurement as a
post-process step in software. This technique is empirically validated by comparing the results of
this process to results obtained via the internal compensation process across a variety of different
DUTs. The external compensation process is then used to validate the claim that the amount of
correction applied depends on the relationship between the fixture parasitics and the DUT
impedance. This analysis can be used to further improve the compensation process by making
decisions that emphasize the standards of sensitivity, while neglecting those that have little
significance.
The relationship between fixture parasitics and measurement accuracy was studied in
further detail in Chapter 4. This study found that adding series impedance to the fixture
significantly increases the short offset error for low-impedance DUTs, while adding parallel
capacitance to the fixture has little effect on the open offset error. At high frequency, however,
adding fixture impedance results in a proportional error term that becomes dominant at high
frequency. It was also found that the load compensation is able to effectively remove the
proportional error term even in the presence of significant fixture impedance. This study
concluded that a high value of correction factor indicates increased potential for error, but does
not necessarily mean that the measurement error will be high.
Finally, a case study was provided to demonstrate how the techniques studied in the
thesis can be used to improve measurement accuracy. This case study considered a set of small
inductors with impedance properties similar to the type of parasitic impedances commonly found
within multi-chip power modules for power electronic applications. Although the impedance
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properties of these devices fall beyond the specified accuracy range of the instrument and probe
used in this study, good measurement accuracy was demonstrated. This was possible due to the
custom measurement technique introduced in Chapter 4, which emphasizes consistency of the
short standard, the consistency of fixture geometry, and leverages multiple measurements with
external compensation.
6.2. Summary of Improving Impedance Measurements
The case study in Chapter 5 demonstrated that the techniques studied in this work can be
used to achieve good measurement accuracy, even for DUTs outside of the specified
measurement range. These techniques can be generalized for any fixture/DUT combination, a
synopsis of which is provided in this section
6.2.1. External Compensation
First, external compensation procedure should be used to optimize measurement
accuracy. External compensation adds significant control to the measurement process. The
measurement standards and uncompensated DUT measurements can be used to calculate useful
quantities such as correction factor that cannot be determined with internal compensation.
External compensation facilitates the measurement process and reduces the opportunity for
erroneous measurements.
6.2.2. Averaging Multiple Measurements
Averaging multiple measurements has been demonstrated to significantly reduce the low
frequency error of small impedance measurements. In general, it improves the measurement
accuracy by reducing the influence of the uncertainty in the compensation standards. Thus,
measurements which are sensitive to variations in the compensation standards are suited for
averaging.
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6.2.3. Consistency
Maintaining consistency between compensation and DUT measurements is a critical
factor in making accurate impedance measurements. For the short standard, changes in the
geometry and contact resistance can significantly increase the short repeatability. Because of the
high impedance of the open standard, the distance between the fixture leads should be fixed
between the compensation and measurement to increase the open repeatability. Because the short
compensation involves attaching a shorting structure to the fixture, it is much more sensitive to
inconsistencies than the open compensation.
6.2.4. Fixture Parasitics
The benefit of reducing fixture parasitics is conditional. For consistent fixtures with
parasitics that are effectively removed in compensation, reducing fixture parasitics has little
benefit to measurement accuracy. In this sense, if the fixture can be designed to improve
consistency at the cost of increased fixture parasitics, then this is often a good tradeoff. If
variation between the compensation and DUT measurement is unavoidable, then reducing the
fixture parasitics can minimize the error introduced by the poor compensation. If it is not
practical to implement load compensation, then the importance of fixture parasitics is
significantly increased.
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