 Looking into
'impedance

Cyril Bateman provides solutions for measuring a component’s
impedance - regardless of frequency.

oppose or limit the tlow of current when

stimulated by a suitable voltage source!. At
the simplest level, it is the dc resistance value
of a typical resistor, calculated from mea-
surements of voltage drop and through cur-
rent, using Ohm’s law

With an ideal resistor, circuit current ancd
applied alternating voltage would be exacily in
phase with each other, so measured using dc
then ac stimulus, both values would be iden-
tical. Accurate measurements being made sim-
ply by measuring voltage and current magni-
tude.

In practice, such an ideal component cannot
=xist Practical resistors possess both capaci-
tive and inductive parasitic elements, so mag-
nitude only measurements at ac or dc will dif-
fer, Parasitic elements cause the phase of the
resistor’s current to differ from the applied
voltage So apart from those special frequen-
cies when the component is self resonant, true
measurement of the ac impedance of compo-

lmpedance is the ability of any circuit to

nents! requires that phase difference as well as
impedance magnitnude be measured

Consider the measurement of capacitance
and inductance. Neither parameter is directly
measurable using ac test frequencies. The
property actually measured is impedance,
from which the effective capacitance or induc-
tance and resistance values are calculated.

Tiue impedance measurement of compo-
nents at the relevant frequency is important for
two reasons. Many circuit applications or sim-
ulations, require that component parameters be
known at the end use frequency and secondly
to permii correlation with the component man-
ufactizre end of line testing

Terms used

Using Ohm’s law at ac, it is usual to replace
the resistance term with the magnitude of
impedance vector Z, hence |ZI=IVI/B.
Including phase angle, the description for
impedance in polar format becomes
IZI£B=(IVI/Il).£6

Méasuri_ﬁg phase

meters.

impedance

The phase difference of two waveforms, can be calculated by simply measuring -
the time difference at their zero crossing, dividing this time difference by the peri-
dic time and multiplying by 360 This principle is used in many dedicated phase ..

. This time difference can also be measured using a double beam oscilloscope
“se with an X-trace readout like the PicoScope virtual dual channel oscilloscope thati:
| have used for the measurements shown in this article.
: Audio Precision’s Systemn One is commonly used for audio measurements. it
 ¢an be fitted with two voltage measurement channels and phase différenice meter
as an option Consequently, this test set could also make reasonably accurate
- impedance measurements, subject to the limitations of .jts 100k
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With electronic components, impedance val-
ues are usually expressed? in the rectangular
format, IZ1=R+jX, in which R represents the
in-phase resistive component, commonly
called esr, or equivalent series resistance.
Value X is the out-of-phase reactive compo-
nent, i e capacitive or inductive reactance, of
the measured vector.

Fortunately most pocket caleulators include
functions to easily convert impedances
between polar and rectangular formats. From
this basic rectangular format, many other
mathematical transpositions are derived.
Further details are in the panel entitled
Impedance transpositions.

Sources of error
Measurements of high impedance, at ac or de,
can be influenced by the shunting effect of the
input impedance of the voltmeter used

When measuring low impedances, the resis-
tance, capacitance and inductance of any test
leads used, can easily exceed the value to be
measured. Consider the effects of the test
leads when measuring dc resistance.

Conventional dc measurements. Resistance
values greater than 100£, can be measured
using almost any multimeter, with sufficient
accuracy for most design needs. For values
below 10£2 however, the measured value will
be overstated, since the resistance of the test
leads and contacts used, are included in the
displayed result.

Using four terminals. When measuring resis-
tance below 1€}, lead resistance can exceed
the value being measured . These errors result-
ing from test-lead resistance, can be avoided!
by using the four-terminal or Kelvin tech-
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mknown impedance, using ratio arm tech-
iJues.

With time, as measurements of more diffi-
cult unknown impedances became needed, the
original Wheatstone bridge became much
modified, with different versions able to mea-
sure capacitors or inductors in the series and
parallel equivalent mode circuits

While most Wheatstone bridge circuits suf-
fer from interaction between their resistive and
reactive balance controls, certain configura-
tions eliminate this interaction, yielding
bridges able to accurately and independently
balance either or both terms. A particularly
useful publication from Rohde & Schwarz®,
analyses the number of interactive adjustments
needed to attain bridge balance, for ten dif-
ferent bridge configurations. One was used to
successfully measure the esr of alumininm
electrolytic capacitors cooled to —53°C — a
most difficult measurement. For more on this
topic, see the panel Wheatstone bridges.

“What are serial and parallel modes?
« he impedance vector of a practical capacitor
or inductor at any one given frequency can be

TEST AND MEASUREMENT

represented using an equivalent circait of the
device with a resistor. The resistor, used to
degrade the phase angle! to that measured, can
be either a high value in parallel with the
device, ot alternatively a low value in series
with the device, leading to the term ‘equiva-
lent series resistance’ or esr.

Fig. 1. Using Pico Virtual oscilloscope shows reflection coefficient of bridge loaded with 50C.
Ideally this reflected voltage would be zero. In practice bridge directivity exceeds 40dB used
with this termination at 1500Hz. At higher frequencies directivity improves due to increased
impedance of balun used.

This es1 does not have a finite value. While
it is principally frequency dependent, compo-
nent temperature and applied voltage also
have their effects on the measured values.

Have a look at the following practical exam-
ple. An impedance vector, magnitude 1002,
phase angle —84.3° at 1kHz, represents a
capacitor having a tand of 0.1 and Q of 10.
This vector would result from a series combi-

nation of 9.9542 resistive and —99.5€2 reactive,
ie. a 1.6pF capacitor or a parallel combination
of 10052 and 1.584pF. The difference in
equivalent capacitance is thus 10% and the
equivalent series resistance 9.956

With practical capacitors, a secondary para-
sitic, self inductance, will be included in the
measured result. Similarly for inductors, a self
capacitance value will be included.

Self inductance and self capacitance
But do these secondary parasitics have any
affect on measured values?

You will recall that an inductive reactance
has a phase of +90° while a capacitive reac-
tance has a phase of -90° A simple vector
drawing clearly shows that whichever is the
minor term, subtracts magnitude from the cor-
responding major vector component.

.

Wheatstone bridges

The conventional Wheatstone bridge used to
measure ac impedance of capacitors or inductors,
uses a fixed known capacitance standard, together
with two calibrated variable resistances. It
measures the unknown impedance as a ratio of the
known standard, by balancing out the detector
voltage to zero. This configuration is used
commercially, but suffers from interaction of the
two balance controls when measuring low Q or
high tand components, needs repeated balancing,
only slowly approaching true balance

Other configurations are possible which do not
suffer from this interaction and can balance
resistive and reactive terms almost independently
one from the other. A full analysis” of ten optional
bridge configurations with estimates of the time to
balance, shows improved results when using 2
variable capacitance to replace one variable
resistance. The capacitance bridge shown, built
using capacitor and resistor decade boxes, has
been used to measure very high esr electrolytic
capacitors, when two expensive commercial
bridges failed to balance

Re

Cy =Ry CR,
Ry =G, RalC )

T

AC capacitance bridge, left, and ac inductance bridge

August 1997 ELECTRONICS WORLD

637



TEST AND MEASUREMENT

niques. This ensures that current and voltage
are measured using separate pairs of leads. Of
course the resistance being measured need not
be a discreet component. It might be a track
on a printed circuit board, a leagth of wire or
the de resistance of an inductor

Four terminals in practice. For low values of

resistance, the simplest four terminal mea-
surernerit is the device-under-test voltage drop
when subject to a known constant cusrent.
Using a 1A current with a 200mV digital
meter, values of 2 few millichms can be easi-
ly measured. More details are given in the
panel entitled four-terminal measurements

Some years ago, I was faced with the task of
measuring resistances from 10m€) to 1008
accurately and quickly in an indusirial envi-
ronment. Commercial test meters I looked at
were unable to provide a satisfactory solution
— regardless of their cost The components
involved could only dissipate a few milliwatts
so would not support any significant constant
test current  The electrically noisy environ-
ment inhibited reliable measurements at the
low currents used by commercial meters.

With a test current of less than 1A, power
dissipated became excessive at resistance val-
ues above 0.1€2, so a technique that would
restrict the power dissipated in the test piece
without sacrificing measurement accuracy was
needed.

A test current which decreased with increas-
ing device-under-test resisfance was arranged
using a veltage source and suitable series
resistance. Current and voltage drop at the
device under test were measured and resis-
tance computed. This resulted m accurate
resistance measurements while dissipating

only few milliwatts in the test piece.

The final circuit — a trickle charged nickel-
cadmium ‘D’ cell with a 5.6£2 series resistor —
provided a short circuit test current less than
230mA, reducing with increasing resistance.
This ensured a low, near constant device
under test power dissipation. More informa-
fion is given in the panel eutitled Four-termi-
nal measurements.

Four terminals and ac. Alternating-current
measurements of low impedance circnits use
stmilar four terminal techniques. They can
involve either a known constant current, or a
constani voltage source with series resistors.

Voltage, current and phase difference’ mea-
sured using synchronous detectors, provides
the basis for many high performance com-
mercial LCR test meters. See the panel entitled
Phase measurement methods.

While these methods are common in mod-
ermn automatic LCR measuring.equipment, they
implicitly require meters able to accurately
measure cuirents, voltages and phase angles,
at the test frequency

Wheatstone bridge Long before suitable,
easy to use meters were available, a common
technique for the dc measurement of resis-
tance, based on ratio arm techniques, was used
to compare the anknown, with known resis-
tances.* This circuit became known as the
Wheatstone bridge

Subsequenily, the Wheatstone bridge was

‘adapted to measure ac characteristics of capac-

itors and inductors, by addmg known capaci-
tor or inductor ‘standards’ in one arm of the
bridge. - These were compared with the

ing f

Conventional
bwo-terminal
circuit for
measuring
impedance.

ol our 10

d 1>

~ ~

chn’em Hpotential Lpotentiaj I-currer'n

Measurement configuration.

_ ur-te nal measurements
onventional two-terminal measurement of impedance uses the same test lead to both
einent'curtent-and measure the valtage drop at the device under test.
This resuits in the measured voltage drop being overstated according to the voltage drop
L;sed and any contact resistances present.

= Supp the test current anng one pair of leads while measuring the voltage dropped
.at the device under test using a second pair of leads - taking care to avoid mutually
diiced lead voltages — largely overcomes these errors. Use of four coaxial test leads!
1o replace the two pairs of leads, using the screens o carry any return currents together
- with- ‘Kelvin’ contacts to the device under test, eliminates almost all test [ead errors.

HCLH.’ renty

I‘Cl.l rrent

Occasionally a guafd’ technigue, or threes
terminal measurement, is used to :solate the
device under test from other circuit pag :
This technique can be upgraded o be
from the four terminal concepts, w
tively becornes a six terminaknieasi

The four terminal diagram shown, complete |
with Kelvin contacts to.the de
describes” the' afrangement’ |
HP16047A component test jig.

H

potential

Four-terminal
circuit.

meen!ial .

Transposing impedance

Series impedances. Any impedance value
of the form 1Z].£6=(IV|/I11) 28 can be trans-
posed from these polar co-ordinates to the
rectangular series equivalents of [Zi=R+j X,
most easily, by using a pocket calculator.
Hence also the reverse calculation,

7= R +X]

In the above expressions the R term rep-
resents the equivalent series resistance of
the measured device, while the X term rep-
resents the reactive component When
viewed as a vector diagram, a polar plot or
on a Smith chart, this X term has a positive
value for inductors, and a negative value
for capacitors.

With capacitors, the commonly used
expressions are,

@ = tan™

5

tan§ = abs R
XS

Capacitance = ——
H
And the equivalent expression for inductors
are,

X,

o= R,
Inductance = &
w

Parallel impedances. Certain measuring
instruments or mathematical calculations
are more suited to the equivaient paraliel
expression, which can easily be converted
to or from the series values,
b4 2 2 2
R _RtX
p 7
R, X,
Frequently the measured results are needed
as admittance rather than impedance, the
conversion from the parallel impedance
expression, is simple,

1 .
Y=———=G,%jB
D

R X,
“ rr DTRLx

Conversion from parallel impedance to
series impedance form is equally simple,
2
_RxX, RxX,
COR+X] Y OR+X,  For

more information, see ref 2
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ed bandwidths — typically one frequency
decade. In practice, they are used only at the
higher frequencies. A reflection bridge,
made using a carefully wound balun is phys-
ically small, and can easily operate over four
decades and at low or high frequency.

Traditional Wheatstone bridges are usually
manually balanced for zero detector output.
But Wheatstone bridges can be used over a
limited impedance range without balancing,
the resultant error voltage being measured and
evaluated.

Designed for use in a 50£2 system and con-
nected to the device under test using a low-
loss coaxial cable, such a bridge can mea-
sure to high frequencies. Essentially this
bridge reduces to three 50§2 precision, non-
inductive, resistors together with a wideband
1:1 balun’.

By changing the balun, this bridge config-

uration is usable to more than 1GHz or down
to audio frequencies. There is more on this
in the panel entitled Reflection bridges.

Reflections on transmission lines
Fundamental to a tzansmission line of any
length, terminated by its characteristic
impedance, is the complete absorption of all
signals travelling towards this termination.
Nothing is reflected, Fig. 1

However if terminated other than by this
characteristic impedance, regardless of line
length®, a ‘reflected’ signal is retumed back
along the line to the source. This signal is
called the reflection coefficient since its ampli-
tude cannot exceed that of the signal incident
at the line end.

Reflection-coefficient magnitude, p, is mea-
sured relative to the incident signal and can
vary in magnitude from 0 to 1. Tt is used in the

TEST AND MEASUREMENT

polar notation together with an angle, as p28.

When unterminated, 1.¢ terminated with an
open circuit, the reflected signal’s magnitude
is identical to that of the incident signal It is
also identical in phase i e. reflection coeffi-
cient is 1.20°, Fig. 2.

‘When terminated with a short circuit, the
reflected signal’s magnitude is identical to that
of the incident signal, with inverted phase so
the reflection coefficient is 1.£180°.

If the termination impedance is resistive and
exceeds the line’s characteristic impedance,
the reflected signal is identical in phase at the
end of the line. The signal’s magnitde
depends on the termination mismatch, Fig. 3.

Should this resistive termination impedance
be smaller than the line’s characteristic
impedance, the reflected signal is of opposite
polarity, also with a magnitude dependant on
the termination mismatch, Fig. 4.

Reflection bridges

A reflection bridge, or resistive
coupler, resembles the familiar
Wheatstone bridge. But while the
Wheatstone bridge is normally
balanced, the reflection bridge is not
adjusted at all. The detector voltage is
measured and evaluated instead,

A well designed bridge is usable over
four decades of frequency . The
detector voltage is described by the
vector equation?,

V=0.125xv;xZ‘_Z°
Z.+Z,

The detector voltage of the
conventional Wheatstone bridge is
floating and requires a balanced
measurement, which is inconvenient
at high frequencies. A reflection bridge
overcomes this by using a balun
transformer to convert detector voltage
to an un-balanced output, measurable
using conventional meters with coaxial
cables.

Most commercial bridges are
specified to have at least 40dB
directivity over their usable frequency
range, i.e. the ability to discriminate to
1% between the incident and reflected
signals.

A reflection bridge resolves
essentially to three precision resistors
together with a precision wound 1:1
balun transformer of primary
inductance. This inductance ideally
gives 100 times greater impedance, at
the required frequency, than the
system characteristic impedance. The
resistors have a value equal to the
required characteristic impedance.

Within these limitations, bridges can
be made for use at any desired
impedance by amending the resistor

L

values and frequency range For audio
frequencies for example, the balun
could be selected for 4, 8 or 50Q
impedance.

The bridge used for the
measurements described here was
used without applying error correction
techniques It was designed to cover
tkHz to 1MHz frequency range at 50Q
impedance.

Resistor values used were the same
as those of the Hewlett Packard
HP8721A reflection bridge. The balun
was wound with 125 turns of pre- -
twisted 32SWG wire on a very high
permeability ferrite toroid measuring
35 by 22 by 15mm, giving a primary
inductance of 240mH. The 2dB
attenuator section was adjusted on
test, 1o equalise the reference and

measure channel amplitudes during
open calibration.

For best accuracy of measurement?,
error reduction techniques can be used
to comipensate for bridge directivity,
source and load matching. This
requires the bridge be characterised at
the measurement frequency by first
measuring known open circuit, short
circuit, and 50Q impedances. These
measurements resulting in the vector
error factors for effective source match,
effective load match and effective -
directivity, which are used to solve this
vector equation, for each measurement
and frequency, '

SIIM - EDF

S, =
‘ ! 'ESF X(SllM _EDF)+ELF

Wheatstone bridge, left, falls down at higher frequencies but the reflection bridge,

right, will produce useful readings at rf.

500 soures )

“\J

Attenuator

500 scurce
Heference channel

Reflection bridge configuration used to produce the curves shown in this article.

50£ measurement channel

Test device
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A smaller vector magnitude! represents a
reduced capacitive reactance. When induc-
tance is added in series with a capacitor, the
equivalent or measured capacitance is
increased. Conversely self capacitance added
in parallel with an inductor decreases its mea-
sured or equivalent values. Consequently both
capacitance and inductance measured values
are frequency dependent.

These impedance measurement methods can
be used from audio frequencies to a few
megahertz, Reliability of readings at the high-
e1 end depends on the parasitics involved in
connecting the measurement meters to the test
device and the phase meter’s upper frequency
Himit

At low frequencies, the raditional
Wheatstone bridge measurement performs
extremely well, but due to internal parasitics
in the bridge, is usually restricted to less than
1IMHz. Additicnally at 1MHz, 1m of test

Figure 4. With
impedances less
than Z, the
reflection
coefficient is
clearly phase
reversed. Measured
value of reflection
coefficient =

-0 54166 giving
R=14.865C. Alf
test resistors from
Muirhead precision
decade resistor
box. Only open
calibration used -
no error reduction,

Fig. 2. With the bridge calibrated for equality
with open load, this plot shows errors
increase as reflection coefficient approaches
unity. Measured values — reflection coefficient
0.9586, giving R=2349.8C. No error
reduction was used. This plot also clearly
shows Pice virtual oscilloscope has 10ps delay
between channels - channel sampling.

Fig. 3. With 150Q load, in-phase reflection
coefficient is visibly 0.500, giving R=150C).
Shows this technique can be very accurate
with impedances nearer the 50Q nominal Z,,
Only open calibration used — no error
reduction.

coaxial cable gives a phase shift of 1.8° Since
this cannot be fully compensated, makes tané
or Q measurements of low-foss parts at {MHz,
extremely difficult.

And measurements above tMHz?
Impedance measurements at higher fre-
quency require either expensive dedicated
measurement systems, or the use of the vec-
tor network analyser techniques.

A vector network analyser overcomes the
problem of test device connection by mea-
surement using either a reflection bridge5 or
directional coupler. This is connected to the
test device using low loss coaxial cable.
Intermediate frequency superhet methods are
used to down convert the test frequency, to
overcome phase meter frequency lirnits

Birectional couplers must be electrically
leng and hence can operate only over limit-
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Fig, 5. Worked example 1, for 1uF polypropylene capacitor in

series with 500,
Reflection coefficient is 0 6665.2-48.919.

Polar to rectangular conversion T x=043797, T y=-0.502395.

Solve for ALX, R=48 8Q, X=—88.406%.

Solving for component value at test frequency of 1786Hz, equivalent
series resistance=48 9Q and capacitance=1.008uF

Terminated with a pure capacitive or induc-
tive load, the reflected phase is load depen-
dent, and the magaitude equals the incident
wave. Now the reflection coefficient is 1.20.

Phase angles calculated from time differ-
ence measurements, as in these examples, are
read as being of negative phase, compared
with the reference signal Reflection
Coefficient can be readily plotted on a Smith
chart, But since the Smith chart uses negative
angles to represent capacitive reflection coef-
ficients and positive angles to represent
inductive reflection coefficients, measured
angles exceeding -180° should be normalised
by adding +360°. Once plotted on a Smith
chart®, converted R+jX values are immedi-
ately available.

In rectangular notation the reflection coef-
ficient is given the symbol I, having both a
magnitude and phase value in the form,
Ity

Reflections to component values

1n rectangular notation, the reflection coeffi-
cient can be converted into conventional com-
ponent parameters of R1jX, simply by substi-
tution in two standard equations. If measured
using polar notation, the reflection coefficient
must first be translated into rectangular nota-
tion?, using a pocket calculator P—R func-
tion,

1~ +1%)
1-20x + T + Ty

2l'y
= 2 z
1-2Tx+Tx" +Ty

R=Z,x

X=2,

Having converted the measured reflection
coefficient into R+X format, any other

desired impedance transpositions are simply
performed For more on this, see the panel
Impedance transpositions and Figs 53, 6.

Measurement accuracy. At these frequen-
cies, cutput from the test generator may be
maintained constant. However, having passed
through connecting cables and the reflection
bridge, the test signal amplitude will suffer
from variations, especially with test device
loading

These amplitude variations are compensated
by performing all measurements relative to a
portion of the generator output tapped off,
using a two way splitter, for measurement by
the reference channel.

Connecting this bridge to the test device at
high frequencies is made easy by its inherent
ability to discriminate between two signals
travelling in opposite directions. Consegquently
the cable used to supply the test stimaius to
the device under test also conveys the reftect-
ed error signal which is measured.

The whole system, including connecting
cables, is calibrated using known open circuit,
short circuit and matched 50€ termination.
These must be connected at the exact point
where the device-under-test is to be connected
— known as the reference plane — using the
frequencies to be measured.

Accuracy enhancement. Obviously, this
reflection bridge has limited discrimination
and isolation of the forward and reflected sig-
nals. Typically, its directivity exceeds 40dB,
making it better than 100:1

The calibration routines using known open,
short and 50Q loads also allow the system
errors to be measured. As a result, mathemat-
ical error reduction techniques can be used to

Fig, 6. Worked example 2, for a 1mH ferrite-core inductor with no
added resistance.
Reflection coefficient is 0.955.2-205.087

Polar to rectangular conversion Fx=-0 86491, T y=0 40491

Solve for RjX, R=1.208Q, X=11.118Q

Salving for component value at test frequency of 1786Hz, equivalent
series resistance=1 208Q and inductance=0 9008mH

correct for these deficiencies®. There is more
on this in the panel Reflection bridges.

In addition simple technigues also exist to
measure then correct for? and remove exrors
introduced by any test jig used to house the
test piece.

Measuring in practice
Using these techniques together with the Hewlett
Packard 8753 vector network analyser and coax-
ial test jig HP1609]A, I have made many mea-
surementis of sarface-mount miniature high-Q
ceramic chip capacitors. These measurements
have been made from 1IMHz to 3GHz, with
excellent repeatability between results

Such high frequency measurements com-
plement the lower frequency measurements,
made using precision LCR meters. [ ]
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