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Abstract— Challenges for measurements of high-frequency passive Power components span a wide range of impedance magni-
components for power electronics applications include the difficulty in  {,des. This makes network—analyzer measurements [1]’ [2],

measuring the small real impedance of an efficient component, the need - .
for high-level excitation to match operating conditions for a nonlinear [3]’ [4]’ [5]' which are referred to a 50 |mpedance, un-

component, and in some applications, the need to measure very low Suitable for many measurements. Impedance analyzers using
impedances. Commercial impedance analyzers are tested and shown tofour-terminal or four-terminal-pair (4TP) connections to the

be able to meet some of these requirements. To extend their capabilities, :
a new test fixture with less than 100 pH stray inductance has been devel- device under test (DUT) can accurately measure much lower

oped for measurements of low impedances. The use of a power booster tolmpedances. However, for present and future microprocessor

extend drive capability to higher powers is also presented. power delivery circuits (often termed voltage regulator mod-
ules, or VRMSs), the impedances required are low enough that
l. INTRODUCTION stray inductance in the test fixture becomes a severe problem.

In Section 11, we describe a new test fixture designed for these

CHARACTER]Z'NG passive components for power elecapplications that achieves under 100 pH stray inductance.
tronics applications entails several unusual challenges.

Impedance analyzers can adequately characterize resistorsacasour-Terminal-Pair Configuration

pacitors, inductors, and transformers for many applications, ] ] ) )

but their limitations can become problematic for power com- Most of the work described in this paper uses impedance
ponents. Nonetheless, they are often the most convenient JWgASUrements via the four-terminal-pair (4TP) auto-balancing

to characterize a component, and high accuracy can often5lge system [6], as illustrated in Fig. 1. This system mini-
achieved. mizes the effect of stray impedance in the interconnections.

The first difficulty arises from the fact that power compol "€ basic operation is reviewed here; the effect of stray

nents are designed to minimize power loss. Thus, a go|(5“rapedances is discussed in the appropriate sections below.
power inductor or capacitor will have a real component of In Fig. 1, a signal is applied from the high/current terminal

impedance that is small compared to the imaginary Comp(aéil’ (Hc). The high/potential (Hp) terminal pair measures the

nent. Yet the smaller real component is more important ¥9!tage across the DUT with respect to a virtual ground main-
measure accurately, because it determines the power los&d8€d by the low/potential (Lp) terminal pair, via feedback
This means that even very small phase errors can be criticaﬁRFtrOl of a second source at the low/current terminal pair. The

important. High resolution and accuracy and careful calibrgd"ent flowing through the DUT is measured by monitoring
tion become essential. as discussed in Section II. the current applied through the low/current (Lc) terminal pair.

Another difficulty arises from the nonlinearity of ferro-r oM the magnitude and phase of the measured voltage and

electric and ferromagnetic materials used in ceramic Capgg_rrent, the analyzer can compute complex impedance.

itors and magnetic components, respectively. For nonlinear
devices, small-signal sinusoidal measurements do not corHl ACCURACY FORIMPEDANCESHAVING SMALL REAL
pletely characterize the device. The impedance may change PARTS
with signal level, and Fourier analysis cannot be used to pre-For a low-loss component, the real part of impedance, or
dict the behavior with nonsinusoidal waveforms. Thus corregSR (effective series resistancé),is a small fraction of the
characterization requires testing with the waveforms and afmaginary part of the impedanceél. The ratio of real and
plitudes that will be used in the actual application. In Se@maginary parts can be expressed as the dissipation fActer
tion IV, we describe a power booster that enables a smalt/ X or as the quality factof) = X/R. For a component
signal impedance analyzer to test components with larggith a quality factorQ = 200, the real part of the impedance
signal excitation, although it is still limited to sinusoidal exis 0.5% of the total impedance. Thus, even a 0.1% error in
citation. an impedance measurement could potentially cau@)a<

Thi . di by the United S 5 fEO.l% = 20% errorinR.
is work was supported in part by the United States Department of En- .
ergy under grant DE-FC36-01G01106 and the United States National Sciencé\IOt all types of errors are as severe as the above S|mple ex-

Foundation under grant ECS-9875204. ample would indicate. For example, a scaling error of 0.1% in
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Fig. 1. Schematic of the Auto Balancing Bridge Measurement [6] Frequency (kHz)

. . Fig. 2. ESR measurements of a higheapacitor, a hi inductor, and a
the impedance measurement would lead to just a 0.1% erré’rserieS combination of the two. Gheap e

in the real part. However, phase errors can have detrimental

effects. AQ of 200 corresponds to a phase angle of com-

plex impedance of jusi.3°. For 5% accuracy in ESR in abeyond the capability of the analyzer, but it appears to be on

measurement of such a component, the precision of the pheseorder of 8000 or better.

measurement must (9e014°. The individual ESR measurements of the capacitor and the
Most impedance analyzers do not have this degree of phasguctor, the sum of these, and the ESR measured in the se-

resolution or accuracy. Thus, the loss of higleomponents ries combination are shown in Fig. 2. The measurement of

was traditionally measured using a resonant circuit, ifja “the series combination shows impressive performance, and is

meter.” However, a new impedance analyzer (Agilent 4294Ahown again in Fig. 3. In this test, the analyzer must measure

has been advertised as having sufficient phase accuracy thaddtroughly-constant real part of the impedance as the imag-

make thel) meter obsolete [6]. We examined the performanggary part ranges from under negative @,khrough zero, to

of the instrument in measuring very highcomponents. over positive 1 K—a range between a small fraction of the
) real impedance to three orders of magnitude higher than the
A. Experiments real impedance. The fact that the real part measured shows

To study the measurement capability at high frequencié¥ significant disturbance as the test network passes through
we constructed a very high inductor and a very high) ca- fesonance shows that the meter (Agilent 4294A) is very good
pacitor. The capability of the meter at extracting the real pa#t extracting the real part independent of the imaginary part.
of impedance was assessed by measuring the ESR of the indHowever, the individual measurements (Fig. 2) show some
vidual inductor and capacitor, and then measuring the ESRsigns of error. The capacitor ESR measurement contains
the series combination in and near resonance. the most obvious errors, since the ESR is measured as a

The inductor is similar to the one described in [7], but witlphysically-impossible negative value in the vicinity of 50 kHz.
the errors in the original design, as described in [7], correctétierestingly, the inductor ESR has a hump in exactly the same
such that aQ of 600 to 1000 is achieved. In order to achievéequency range that the capacitor ESR has a dip. This is
this high value ofQ, we had to be careful of dielectric losssymptomatic of a phase error in this region, of about 6.5 mil-
in the insulation as well as minimizing the winding and cortidegrees (rfi). Although this sounds small, it is enough to be
loss. For low dielectric loss, we used thick polypropylene tagségnificant for high) components, causing 2% error atja
as insulation between winding layers. of 200, or 10% error at & of 1000. There is also about a

The capacitor is a simple air capacitor made with tw@.2 £ discrepancy between the individual measurements and
20 cmx 30 cm aluminum plates, approximately 3 mm thickthe sum. This could be at least partly due to contact resistance
The plates are spaced apart by small pieces of polypropyleifethe connection between the components, or it could be in-
placed only in the corners (in order to minimize any dielectridicative of other measurement errors.
loss). After observing the effect that nearby materials (such adn order to investigate the hypothesis that the complemen-
a person’s hand) could have on the loss in the capacitor, taey bumps in the inductor and capacitor ESR plots are due
supported the plates by a large glass beaker in order to kée@ phase error in the instrument, we measured a simple re-
them away from any other materials that might have large diistor to check for phase deviations from zero. For this mea-
electric loss. Measuring th@ of this capacitor was in fact surement, any stray capacitance or stray inductance would of
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Fig. 3. Impedance measurement of the series combination of athigh- . ) )
pacitor and a high® inductor. Impedance magnitude is on the right-hand Fig. 4. Phase measurement with a I0@esistor.
scale, and the real part of impedance is on the left-hand scale. This illus-
trates the capability of the impedance analyzer (Agilent 4294A) to mea-
sure small impedances real parts of impedance consistently with or with- . .
out large imaginary impedances present. culation as described in [8] should correct the phase, but on

the Agilent 4294A it appears to only compensate the mag-
nitude without compensating the phase. We performed the

course affect the accuracy. For this and the other measupBase compensation in a simple MATLAB program. The re-
ments discussed in this section, we used a simple test fixtgkdts for capacitor ESR with and without compensation are
with approximately 10 cm of solid, teflon-insulated wire oshown in Fig. 5. The error has been reduced substantially, and
going from each center-pin of the four terminal pairs (Fig. the corrected curve is much smoother with the hump almost
to Kelvin clips, and a copper bus bar directly shorting togethentirely eliminated. However, significant error is still apparent
the ground connections of the terminal pairs. The Hc and @6 the corrected curve is still largely below zero. The maxi-
wires are twisted together, as are the Hp and Lp wires, to mifilum error, taken as the most negative value, is about half of
mize mutual inductance. This simple fixture has a stray indu&e maximum error before correction. The remaining error is
tance of about 33 nH and a stray capacitance of about 8 fikely due largely to fixture strays affecting the resistor mea-
Although both of these can be reduced in more sophisticatgéement. For example, a 15 nH fixture compensation error in
test fixtures, they are good for a test fixture that offers the cdfte measurement of the 10Dresistor as a zero-phase stan-
venience of clip-lead connections to the DUT. Although th@ard would almost completely explain the deviation from zero
stray values vary some as the wire positions are changed, ithéhe phase-compensated capacitor ESR in Fig. 5.
solid wire allows minimizing changes, so that short-circuitand The first conclusion we can draw from this phase compen-
open-circuit calibrations are effective. sation experiment is that the instrument’s inherent phase error

For the resistor test, we wished to stay midway between tisean important part of the measurement error in loss measure-
high-impedance range where stray capacitance causes langets of very low loss components. The second conclusion is
errors and the low-impedance range where stray inductarigat the instrument’s high phase resolution makes phase com-
causes large errors. To do this, we choose af1@Xial lead pensation effective. The third conclusion, however, is that if
1/4 W metal film resistor, near in the value to the®@%har- phase compensation is used, it is essential to use fixtures with
acteristic impedance of the fixture strays. We also performegtremely low strays. We hope to construct a phase calibration
short-circuit and open-circuit fixture calibrations prior to théixture using precision thin-film resistors in combination with
measurement. the low-stray-inductance test fixture described in Section IlI

The measured phase of the X0@esistor is shown in Fig. 4. @nd use this to achieve much lower phase errors. Another pos-
The shape of this curves shows a strong correspondence toRéity would be to use a capacitor with known low losses,
shape of the capacitor ESR curve in Fig. 2, confirming th&#Ch as the one we measured, as the standard for load com-
phase error explains the hump in the capacitor ESR curve Pfnsation.
the resistor is assumed to be perfect, and this is interpretedt is important to be alert to other possible problems when
as being purely the result of phase errors in the instrumentaking sensitive measurements. For example, a persistent
we can use these values to correct the phase of the measgliech at about 64 kHz in one measurement was traced to third-
ments shown in Fig. 2. A standard load compensation calarmonic noise from an electronic ballast in the overhead flu-
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0.15

e — of the same air capacitor was measured-asx 104, indi-

—— With phase correction cating a error of at least 12mThis is good given the lower

1 resolution of the instrument, but not as good as the 4294A.
In addition, implementing improved compensation would not
be worthwhile, because the limited resolution would not allow
substantial improvements.

0.1

0.05

ESR (Q)

Il. TESTFIXTURE
-0.05

A test fixture is necessary to connect the device under test
, | (DUT) to an impedance analyzer, which typically uses the
Wy four terminal pair (4TP) configuration with the auto balanc-
ing bridge technique, as shown in Fig. 1. Unfortunately, com-

mercially available test fixtures are not adequate for mea-
02 : : : : : : : : : suring very low impedances at frequencies extending into
35 40 45 50 55 60 65 70 75 80 85 . . . . .
Frequency (kHz) the MHz range, as is becoming critical for developing high-
performance high-current power systems for microprocessor
Fig. 5. ESR measurements of a higheapacitor, a high@ inductor, and a power delivery.
series combination of the two. The four-terminal-pair (4TP) configuration (Fig. 1) is ef-
fective at preventing stray impedances of the cables, includ-
. ing series inductance and resistance and shunt capacitance,
orescent lights. from appearing in the measurement [6]. However, the stray

Without phase compensation, one could estimate the mgapedances in the immediate vicinity of the DUT remain. For
surement error as either the largest negative capacitor ESR @ample, the resistance of the ground path adjacent to the DUT
served, -0.182, or as the maximum discrepancy between thgppears as part of the measurement. This resistance is often
sum of individual ESR measurements and the ESR measuiggligible, even for low-impedance devices, but more impor-
ment of the series combination. We conservatively choose fagt is the inductance of the current loop comprising the DUT
latter (the larger number) as our estimate of ESR error evgfd the adjacent ground path. The inclusion of this loop induc-
though it may be due merely to contact resistance. Thi$20.Zance might be considered a defect in the design of the 4TP
error corresponds to an error I of 1.2 x 107, or a phase system. However, inductive impedance is not defined other
error of 0.007. If this is correct, it would mean that@ of than for a loop [10]. Thus, it is a fundamental requirement
1000 could be measured with 12% accuracy, ad@l@ 100 for any impedance measurement to include the inductance of
with 1.2% accuracy. This is well within the specified typicah current loop through the DUT and returning through some
Q accuracy of the 4294A af3% for @ = 100 [9]. Compared ground path. It is essential for test fixture users and designers
to the specified accuracy of an industry stand@ntheter, the to be aware of what that current loop is, in order to ensure that
HP4342A (no longer in production), our results are slighthhe measurement is appropriate for the application.
better at highQ values (£12% vs. +15% at@ = 1000), In modern high-performance circuit applications with
and considerably better at lowéy values (-1.2% vs. £7%  syrface-mount devices, the return path is ordinarily a ground
at@ = 100). Also, note that) meters typically have a lim- pjane immediately beneath the device. Other return paths in-
ited maximum() value that can be measured (1000 for the Hffoduce additional inductance that is better considered as in-
4232A), whereas the HP4294A is essentially unlimited in thfyctance of the board rather than inductance of the device.
maximum value it will display—although the readings of up tohe vertical distance to the ground plane also contributes to
at leastl0° that it can display with noisy data and low loss arghe loop inductance. Thus, it makes most sense to consider
more misleading than helpful. It appears that phase compe@ge inductive impedance of a surface-mount component as the
sation could be used to achieve a Significant further redUCtimUctance of the |00p Comprising the current path through
in error, but preventing stray reactances from distorting the i@e device and a return path in a plane immediately beneath
sistor measurement used for calibration is critical. the device.

For comparison, a common older impedance analyzer (HPPresently available commercial test fixtures for surface-
4192A) was also used to measure the same components. Sirount devices typically have the return path spaced 5 to 10
ilarly, it appeared to be limited by phase error, but, unlike them way from the device. This configuration results in two
4294A, it was also limited by phase resolution. The best phgz®blems. Firstly, the inductance of the loop with the fix-
resolution could be obtained by displayifgy which is dis- ture shorted is in the range of 100 nH. Impedance analyzers
played with resolution of x 10~%, corresponding to a phasehave the capability to compensate for test-fixture strays based
resolution ofl0~4180/7 degrees= 6 m°. Its phase error ex- on open-circuit and short-circuit measurements. However, at-
ceeded its resolution, but not by much. The dissipation fact@mpting to compensate for stray impedance much larger than

—0.1F

-0.15 " ¥
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circuit board technology on a thin polyimide substrate (Fig. 6).
In this figure, dark gray is the conductor on the bottom side,
and light gray is the conductor on the top. The polyimide is
76um (3 mils) thick, such that a trace with a ground return path
beneath it has an inductance of less than 100 pH per square.
Careful layout can keep the effective number of squares be-
low one, making it possible to achieve very low stray induc-
tance. The thin substrate could potentially lead to high stray
capacitance, but minimizing stray capacitance was not our pri-
mary objective, since we are interested primarily in very low
impedance devices.

We chose to use two-point solder connections to the DUT.
Although the solder-joint resistance then appears in the mea-
surement and reduces precision compared to a four-point con-
nection, the solder connection has lower resistance and better
repeatability compared to a two-point dry contact, and it is a
realistic model of how the component will be used.

Fig. 6. Layout of the test fixture designed for low stray impedance. To minimize the portion of stray impedance appearing in the

measurement, the 4TP interface of the analyzer is maintained

, . until the traces reach the solder pads for the DUT. Thus, only
the impedance of the DUT can lead to poor resolution apgs siray impedance of those pads, and not that of the traces,
accuracy. Secondly, the current distribution in the DUT igyhears in the measurement. The traces are designedtas 50
affected by the proximity of the ground return path, whicRyriy jines, with 1.27 mm lines above much wider ground lines.
establishes the boundary conditions that determine the el¢fis matches the lines to the §D4TP interface that the Agi-
tromagnetic phenomena that occur in the DUT. Since in §fht 4294A analyzer uses above 15 MHz [6]. The traces con-
actual application, the return path would be close to the DU qting to the comers of the pad needed to be tapered to avoid
to minimize stray inductance, it is necessary to replicate ”B?eakage due to thermal stresses arising in processing.
configuration in the test. This is important both to reduce er- The geometry of the pads and the connections to them were
rors that arise from fixture loop impedance that is compara Ssigned to minimize sensitivity to solder location. Manual

:)0 thhe PUTfiT]peg%rzl??’ o:foften ?uﬁh I_arggr, ?“g tﬁ m_akebt 8Idering of the DUT leads to variations in its position. If the
ehavior of the ltself match the in-circuit behavior %tray impedance is sensitive to the position of the solder con-

establishing proper boundary conditions. nection to the DUT, calibrating using a short and then replac-
Recently-introduced coaxial test fixtures reduce the Strg the short with the DUT would lead to errors because the
inductance of the current loop, but, for most applications, th@ort and the DUT are not soldered in exactly the same posi-
boundary conditions they establish for the DUT are very difion. A set of finite-element simulations was used to evaluate
ferent from the boundary conditions in the application. Coane effect of different pad geometries on both the magnitude
ial fixtures provide repeatable results, but not results that &Estray impedance and on the sensitivity of stray impedance
relevant for a typical application. to the location of solder connections. This led to the choice of
Some high-frequency test fixtures do place the compongydd geometry as shown in Fig. 6.
directly on top of a ground plane. Thus, they can achievewe have also fabricated some pieces with the pads shorted
low stray inductance and realistic boundary conditions. Howy the board. That allows testing and calibrating based on
ever, to our knowledge, all such fixtures that are commerciatiye short-circuit impedance without any solder joints included
available use dry two-point contacts to the DUT, and therelly the measurement, such that the measurement of the DUT
introduce series resistance that can be large compared to\iginclude the resistance of its solder joints. With these
resistance of the DUT. Furthermore, the resistance is highjie-shorted test fixtures, we measure stray inductance and re-
variable each time a DUT is placed in the fixture, such thaistance to be 43 pH and 1.1¢Mmrespectively, at 10 MHz.
compensation based on a short-circuit measurement doesTigs is close to what we expected to achieve. Although low
solve the problem. The commercial four-point contact fiXth(ﬁray Capacitance was not one of our goa|S, we measured 15 fF
we are aware of use large return-path spacing, and so havedigy capacitance with an open-circuited test fixture. The low
disadvantage of high stray inductance and unrealistic bourgray capacitance can be attributed to the fact that the 4TP
ary conditions. configuration ignores capacitance to ground. The pads are
To make a test fixture with much lower stray inductanceffectively shielded from each other by their close proxim-
and with a ground-plane return path in close proximity to thgy to the ground path. Thus, this configuration is excellent
DUT, we designed a test fixture using high-resolution printefbr low-capacitance measurements as well as inductance mea-
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surements. both through standard 4TP connections. Thus, the high-power
With copper-foil shorts soldered in place, we have measurgwdule is the only special equipment, and it may be used with
stray inductance ranging from 87 to 115 pH and series resiswide variety of test fixtures and analyzers for different appli-
tance between 1.3 and 1.8mWith zero thickness of the sol- cations.
der, the 17um thickness of the traces spaces the solder short
above the board, adding an additional 25 pH per square. How- —®
ever, the solder adds additional thickness, and, in our initial
tests, we had trouble keeping the copper foil flat, which results
in additional stray inductance. The range of values obtained ap B
indicates the importance of good solder technique and of using
a flat, rigid copper piece for a short. The effect of stray induc-
tance and resistance on the measurement can be removed by
calibrating the analyzer with a shortin place (or by simply sub-
tracting the short-circuit values from the measurement), but >_<
the variability leads directly to error in the final measurement.
We hope to achieve better repeatability, but even with 30 pH
error in the inductance, this represents many order of magdzment Differential /

robe Probe
nitude better precision than is achievable with commercially

Measurement Circuit

Lc Lp

available test fixtures. The sensitivity to solder technique also

underscores the importance of good solder technique in an ap- —| - T T

plication where small stray impedance is needed. —— Test Fixtre
The necessity of soldering on components is the main dis- 1 -—

advantage of this test fixture. Soldering takes much more |DUT]

time than popping a DUT into a spring-loaded fixture. This

means that the fixture’s application is limited to design and Fig. 7. Schematic of the loss measurement method at high power
research; it is not a production tool. As discussed above, sol-

dering imposes limits on repeatability; although we designedTpe high power module consists of an amplifier, a differen-
the fixture to be insensitive to the exact placement of the soldgyj voltage probe and a current probe. The amplifier boosts
joints, both the resistance and the inductance are sensitivg{g signal from the Hp terminal pair of the analyzer and de-
the thickness of the solder joints, and the 30 pH variation Wgers the larger signal to the test fixture Hp terminal pair. A
saw as a result is the largest error in our inductance measygrerential probe with attenuators is used to step down the
ment. An additional disadvantage of the solder connectlonHﬁgh voltage applied across the DUT to a level compatible for
that the life of a single test fixture is limited. Fortunately, theéj,easurement at the Hp terminal pair of the analyzer. A cur-
can be mass produced inexpensively. rent transformer is used to step down the high current through

The fixture allows measuring low-impedance componenise DUT to a level compatible for measurement at Lc termi-
with accuracy of 30 pH or better, and provides correct boungy) pair. Since feedback from the Lp terminal pair is used
ary conditions such that the electromagnetic behavior of the ensure that the Lc terminal pair drives the correct current
DUT matches its behavior in a high-performance circuit Witfh maintain a virtual ground, Lc and Lp are tied together and
a ground plane. The fixture has been applied to measurighnected to the current transformer output. The current and
low-impedance capacitors in [11], and is being applied to megsjtage sensed by the analyzer are thereby scaled versions of
suring the microfabricated inductors discussed in [12]. the current and voltage in the DUT, and with knowledge of
these scale factors, we can calculate the DUT impedance from
the measured impedance.

This section describes a method for measurement of losdNote that by using a single differential probe instead of fully
in passive components at higher power levels using a 4TRlizing the separate Hp and Lp terminal pairs we are not us-
impedance analyzer. The idea is to use a boosting network,iimg a full-blown 4TP system at the DUT. This introduces a
troduced between the impedance analyzer and the test fixtwtight error because the low end of the DUT is no longer held
to deliver an amplified signal from the analyzer to the DUt virtual ground. The signal we apply to Hp still accurately
and perform loss measurements at the same power levelsegresents the voltage across the device, because we use the
which it was designed to operate. The high-power impedandiferential probe, but there will be minor errors in current be-
measurement system includes three modules: an impedacaease the capacitive current in the Lp cable in the test fixture
analyzer, a high power module, and a test fixture, as shownno longer zero, without the low end of the DUT held at
in Fig. 7. Both the analyzer and the test fixture may be amgro potential. Thus, we rely on the series impedance (induc-
standard 4TP units, as the high-power module interfaces wigtnce and resistance) of the Lc wiring in the test fixture being

IV. IMPEDANCE MEASUREMENTS ATHIGH DRIVE LEVEL
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small compared to the shunt impedance (capacitance) of tr
Lp wiring. For small test fixtures, this is not a problem.

In our implementation of this system, we used a Hafler
P4000 audio amplifier, capable of driving up to 8.3 A rms atg**|
33 V rms, with a full-power low-distortion bandwidth of 200
kHz, and reduced power capability at up to higher frequen
cies. For a current transformer, we used a Tektronix ac currer:
probe, P6021, with 60 MHz bandwidth and 125:1 turns ratio. 015 i
The output of the transformer is fed directly into the terminals §
of the impedance analyzer without the use of the resistive te12 o.| .
minator normally used with these probes to convert the currer ¢
into a voltage for display on an oscilloscope. The differential o5 i
probe is an Agilent 1141A. Although this probe, with a 100X
attenuator, has a voltage range of only 30 V peak, other type o ‘ ‘ ‘ ‘ ‘ ‘ ‘
of differential probes with higher common mode voltage capa- ~ ° %t %2 Q8. O o redwice oy o %0 1
bility can be used to extend this technique to higher voltages.

Substituting other amplifiers and current probes is also Poss g, variation in real component of impedance of an inductor with a ferrite
ble for different bandwidth, voltage, and current requirements. core with increasing drive levels at 10 kHz, as measured using the system

To verify the accuracy of measurement with the power mod- diagrammed in Fig. 7
ule in place, we compared the impedance of an air-core induc-
tor as measured with and without the power module. First,
the air-core inductor was directly connected to the analyzer
through the same Kelvin-clip test fixture described in Sec-A broad range of issues have been discussed related to the
tion II-A. Since the air-core inductor should be linear (agiSe of impedance analyzers for characterizing passive compo-
suming its temperature does not rise), its impedance should§éits for power-electronics applications.
the same at any drive level-with or without the power module. Although  measuring the small component of real
Without the power module, an inductance of 0.698 mH arf@pedance in a low-loss component is fundamentally
a resistive component of 3.22 were measured at 155 kHz difficult to do, the high phase resolution and accuracy of at
With the power module set up as in Fig. 7, the changes Ipast one modern analyzer is found to be sufficient to result
the reading included a phase difference of less tharrGaag in less than half of its specified typical error in &83% at
an overall impedance magnitude error of less than 0.4%. TRHe= 100. Calibration of phase can reduce this error, but a
phase error was most significant, leading to a variatich2sh ~ Precise standard in a jig with low stray impedance is essential
in the real component of impedance. if phase calibration is used.

To demonstrate the importance of being able to use a resStandard test jigs have large stray impedances that are un-
alistic high drive level for measuring components with norcceptable in characterizing the low-impedance components
linear loss mechanisms, an inductor with a ferrite core wA§eded in many applications including power electronics and
measured at a range of different drive levels at 10 kHz. TR@wer bypass capacitors for high-current digital systems. We
results (Fig. 8) show a factor-of-two variation in the real conflave developed a new test fixture that provides under 100 pH

ponent of impedance (ESR) with drive level, as a result of tigéray inductance. It has proved useful in characterizing low-
nonlinearity of the core loss. impedance inductors and capacitors. Its primary limitation

For primarily reactive components, it is possible to addig the solder connections to the DUT which must be made
second reactive element to resonate with the DUT at the téafefully and consistently to achieve accurate measurements.
frequency in order to reduce the drive capability needed frofpwever, the largest error we have seen introduced by solder
the amplifier. Transformers or matching networks can be ug&nnections, about 30 pH, is still very small compared to er-

ful as well to match drive requirements to the output capabilifrs in other types of fixtures. _
of the amplifier. For measurements of nonlinear components at the drive

level used in the application, we have demonstrated a power
module that can be inserted between a 4TP impedance ana-
lyzer and a 4TP test fixture. It is possible to achieve virtually
any drive level by choosing amplifiers, current transformers,
and voltage probes appropriately.
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