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Abstract—This paper is intended to be tutorial in the specific area of
lumped parameter immittance measurement at radio frequencies. Included is
a brief background discussion with particular emphasis upon the important
recent developments of precision coaxial connectors and coaxial air dielectric
transmission lines as immittance standards, Special emphasis is given to
precision coaxial connectors and their necessity in achieving highest ac-
curacies. -Other sections of the paper deal with standards, technigques of
measurement, and instruments. The present state-of-the-art is presented in
graphical form wherein the accuracies attainable by best practices are com-
pared -with the best capabilities fonnd in specifications for commercial in-
struments. The state-of-the-art presentation includes two-terminal as well as
three-terminal measurements. The paper concludes with some recommenda-
tions for improving the state-of-the-artin this measurement area,

I. INTRODUCTION

HIS PAPER deals with the measurement of imped-

Il ance in “lumped” circuits at radio frequencies. The
frequency range of interest extends from the upper

limit of the audio range, approximately 30 kHz, to the upper
limit of usefulness of lumped circuit techniques, which is
perhaps 100 to 300 MHz. There is no clear-cut dividing line

" between the areas where lumped analysis and distributed
analysis are appropriate, each being applied wherever it is
useful. For example, it is sometimes convenient to think of
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a probe extending through the wall of a coaxial line 2

forming a capacitive voltage divider at frequencies above
1 GHz and, on the other hand, distributed parameter
analysis is applied to sections of precision coaxial line to:

provide the NBS standards of impedance at frequencies

as low as 30 kIlz [11]. Because the mathematical manipula-

tions required are relatively simple, and the lumped parame-

ter approach is a powerful one, the approximate equations
of ordinary circuit theory are almost always used when they’
will yield the required accuracy over a sufficiently broad
frequency range. When the effective values of circuit ele-
ments change rapidly with frequency—typically at high
frequencics—or when the highest accuracy is needed at any
frequency, it is usually best to use an analysis based uporn
the exact relations obtained from Maxwell’s field equations.
‘Ramo, Whinnery, and VanDuzer [2] and Carson [3] should
be consulted for a detajled discussion of the approxima
tions involved in lumped circuit theory.

1In this discussion, impedance is considered to be a pro
portionality constant relating voltage and current in an
electrical circuit. The relationship implied here is a linear
one, and holds only for sinusoidal voltages and currents.
The impedance of the two-terminal (or one-port) device of
Fig. 1(a) is thus the ratio of the voltage across the terminals
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Fig. 1. (a) One-port network. (b) Two-port nctwork.

{8 the current flowing through them, Z=V/I. The voltage-
urrent relationships for the linear two-port of Fig. 1(b)
nay be expressed by the equations

Vi=Z1, +Z,1,

Vo =21, + 7,1,

seom which are obtained the four impedances

N AR v,
Z,=7 Z.=7
1/2 I, =0 V‘ I, =0.
1 =22
Z.ab”'I2 . an 11

reciprocal networks [4] Z,,=Z,,, and only three im-
ances are required to characterize the network.

It should be realized that defining impedance in this way
es not necessarily imply that it is best measured in terms
“voltage-current ratios. In fact, specific values of imped-
e may be calculated from a.geometrical configuration
materials and the clectromagnetic properties of the sur-
unding space, and impedance obtained in this way is at
ipresent much more accurately related to-the basic quanti-
s' than is either voltage or current,

In this article we will attempt a survey of the field of
mpedance measurement as applied to linear passive luraped
cuits. The intent is to be general enough in scope to
ovide a good overview of the field, but at the same time
sbrovide enough detail to be useful in specific instances.

II. BACKGROUND
The techniques of lumped parameter immittance? mea-
furement at radio frequencies were primarily developed

luring the era between World Wars I and II. Since the.

1940°s, attention has been focused upon higher frequency
Work and the development of microwave techniques, with
{he result that the lower frequencies have received relatively
dess attention. Instruments such as RE bridges and Q-meters

_ Inthis paper, “basic quantities” refers to the quantities mass, length,
fime, and y,.
% To avoid writing “impedance and admittance” the two quantities are
wssigned one name, immittance.
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have undergone only minor modifications over the past
two decades. Much of the instrumentation used at radio
frequencies was developed through modifications to de
.and audio-frequency instrumentation. An obvious example
of this is the Wheatstone bridge circuit commonly used in
modern RF immittance bridges. There are some notable
exceptions which include the twin-T and bridged-T in-
struments and those employing the principles of resonance
which were developed primarily for use at radio frequencies.
However, all of the circuits mentioned have in.common the
fact that lumped parameter analysis is sufficiently exact for
practical purposes. Advances in the state-of-the-art have
been more toward the extension of existing techniques to
‘higher frequencies than in the improvement of accuracies
at frequencies where capabilities already existed.

A significant departure from this trend occurred in the
1950’s when Woods [5], [6] of the United Kingdom intro-
duced the concept of precision coaxial connectors and ad-
vocated using coaxial air dielectric transmission lines as
immittance standards. These contributions resulted in ac-
curacy improvements of one or even two orders of magni-
tude in many instances. For example. at 50 MHz a capaci-
tance of 20 picofarads (pF) equipped with a precision
coaxial connector can be measured with an uncertainty of
only 0.01 percent as compared to an uncertainty of the
order of one percent where a nonprecision connector is used.

ITI. PrecisioN CoaxiaL CONNECTORS

Connectors and thcir cffect upon measurement accuracy
is a subject of the greatest importance in immittance mea-
surements [7]. Every immittance measurement is made in
terms of some sort of electrical measuring circuit, such as
that of Fig. 2. Because the unknown is an integral part of
the measuring circuit, it is necessary to distinguish, and
mechanically separate, the part of the circuit being mea-
sured from the rest of the circuit if the measurcment is 10
‘be meaningful and useful. This is conveniently done by
establishing a mechanical plane of separation which is co-
incident with the “‘reference plane” separating the two
parts of the circuit. If the connection is made in a plane
perpendicular to the axis of a uniform transmission line,
the two parts of the circuit may be separated very precisely.
If the measured immittance is to be insensitive to changes
in its environment, the connection must be mechanically
and thermally stable and -‘well-shielded electrically. If the
measurement is to be repeatable, the connection must be
Such that it may be precisely repeated. )

These characteristics of a connector—well-defined refer-
ence plane, mechanical and thermal stability, good shield-
ing, and repeatable connection—are all that are required in
those practical situations where only precision is required.
Any good, repeatable, shielded connector system can be
used for precise measurements but, in addition, accurately
known reference conditions are necessary for accurate
absolute measurements. The immittance of the short
circuit or open circuit commonly used -as references can be
calculated for coaxial structures whose inner and outer con-
ductors terminate in a common plane perpendicular to
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Fig. 2. Electrical measuring circuit.

thieir axis [8], [9). Furthermore, both inunittauces ay be
verified by measurement if the connectors are sexless, that
is, if -any two connectors of the same line size are capable
of being mated to each other without adaptors.

The IEEE Subcommittee on Precision Coaxial Connec-
tors has adopted specifications [107for precision connectors
in 14-mm and 7-mm line sizes for use to 8.5 GHz and 17
GHz, respectively. Connectors in both line sizes are com-
mercially available. While these connectors were de-
veloped primarily for use at the higher frequencies, ‘they
have the characteristics which are desirable in a connector
for use in lumped circuit measurements.

The effect of connectors on immitfance measurements
‘will be demonstrated by considering a typical measurement
situation. In measuring an unknown capacitor, a capaci
tance bridge is nulled initially with its terminals open
circuited. The unknown capacitor is then connected, and
the bridge standards are adjusted to restore the null. Figure
3(a) represents the “unknown” terminals of a capacitance
bridge equipped with banana plugs or binding posts, and
Fig. 4(a) represents the terminal of a similar bridge equipped
with a precision coaxial connector. Figures 3(b) and 4(b)
represent the same terminals with the unknown capacitor
C, connected for measurement.

In the figures, C, represents the fixed component of the
terminal capacitance plus the capacitance of the internal
connecting leads, and is a characteristic of the bridge. In
Fig. 3(a),  C,, is the capacitance from the ungrounded
terminal to the instrument case and the surroundings. Its
value varies with changes in the location of conductors in
the vicinity of the connector. C; is the fringe capacitance,
defined for precision coaxial connectors to be the capaci-
tance which is removed when two connectors are joined,
forming a uniform coaxial line through the plane of con-
nection. For banana plugs or binding posts, the fringe
capacitance is not well defined. It has the same effect as a
change in C,,, which in the nsual configuration is unknown
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} unknowable. C,, is the capacitance from the un-
unded terminal to the case of the unknown capacitor.
If C,, is lumped with and considered a part of C,, and
1 is truly unchanged when C, is connected, the equa-
ns for the measurement with binding posts are identical
those for the measurement with precision connectors.
¢ difference lies in the precision of connection and ‘the
uracy with which C; can be determined. C,, is affected
the length-and d1ametcr of the binding posts and by how
I the capacitor is seated for measurement, Unless these
standardized, the measured value of C, will vary from
setup to another. Attempts to measure the fringe
acitance of one particular type of binding post at 1-inch
cing have yielded a value of 0.3 pF, with an uncertainty
erhaps 50 percent. By contrast, the fringe capacitance
he shielding cap of Fig. 4(a) has been determined to be
074 pF with an uncertainty of 0.3 percent. A precision
nector developed and used by NBS permits capaci-
ce measurements to be repeated with a 3-sxgma value
ess than 0.001 pF. The practical consequence is that a
pF capacitor equipped with banana plugs cannot be
sured with an error less than about 0.75 percent, while
same capacitor could be measured to within 0,005 per-
t if it were equipped with a precision connector.

/A similar situation exists for inductanice measurements,
fiihere the measurement s referenced to a “short” which is
oved when the unknown inductor i is connected For a

1 .of about 50 percent, This means that a 1-gH inductor

be measured with an error of about 0.5 percent. The
rting disk used with the 14-mm precision connector
an inductance of less than 0.000016 pH at | MHz [11],
ch if neglected entirely would cause an error of only
002 percent in measuring 1 pH.

We have not discussed the advantages of precision con-
g ors'in the nrcasurement of resistance and conductance,
n fixing residual impedances* in inductance and capaci-
nce standards and in three-terminal ‘measurements. We
) not wish to belabor the pomt but do want to make a
vincing case for using precision connectors wherever
urate and precise immittance measurements are re-

¢ not compatible with coaxial connectors, and it is neces-
ry to compromise precision and accuracy in order to
ake the necessary connections. The change from a pre-
@ision coaxial system can be accomplished with suitable
aptors, and 'this is preferably done only when it becomes
essary. The spectacular increase in accuracy of lumped
dmmittance mezsurements in the past few:years has resulted
#lmost entirely from improved standards, instruments, and
chniques made possible by precision connectors. This
dccuracy cannot be realized by the ultimate user of the
Measurement unless he is willing to accept the small added
&ost of using precision connectors.

. ? Sigma, the standard deviation, is 2 measure of the precision of the
easurement.
* Residual imnedance is defined in Section IV.

red. There are many immittance measurements which_
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IV. STANDARDS

When attempting to verify the accuracy of an immittance
measurement in the 30 kHz to 300 MHz frequency range,
an interesting dilemma arises concerning what to use for a
standard. Various manufacturers produce components
which are useful in determining the agreement between
two instruments of the same model or manufacture, but
beyond this, standards which are comumonly aceepted for
use with all commercial instruments are nonexistent. This
situation has caused a large amount of ‘unnecessary ex-
pense and inconvenience which will continue until appro-
priate standards and standardization procedures are
adopted on an industry-wide basis. To accomplish effective
industry-wide standardization, two important initial steps
must bo taken. First, agreement is nceded ou specific values

and frequencies for which standards are needed and second,

precision coaxial connectors must be utilized on both in-
struments -and standards. The following discussion per-
tains to standards for use as interlaboratory transfer
standards.

An immittance standard for general use should have
certain characteristics if it is to fulfill its purposc in maintain-
ing uniform measurement agreement. These characteristics
are long-term stability, high purity, value independent of
frequency and environmental change, and convenience in
use. High purity and frequency independence are related
characteristics which depend upon the degree to which
residual impedances are present in a capacitor, a resistor, or
an inductor. A standard or a component is usually called
a capacitor, resistor, or an inductor in accordance with

-whichever of these three parameters is predominant at low

frequencies. The other parameters, which are always present
in a practical situation, are called residual impedances. A
capacitor of high purity has a high ratio of susceptance to
conductance (high Q) and exhibits minimum change. in
capacitance value as the frequency is varied. Similarly, a
high-purity inductor has a high ratio of reactance to resis-
tance (high Q) and changes little in inductance value with
frequency change. A high-purity resistor (or conductor)
exhibits a near-zero phase angle (low Q) and only small
changes in resistance or conductance with frequency.

At sufficiently low frequencies, a two-terminal capaci-
tance or-conductance may usually be represented by the
equivalent circuit of Fig. 5(a) and a two-terminal induc-
tance or resistance by the equivalent circuit of Fig. 5(b). The
equations in the figures show that the effective values of a
component depend upon the frequency and the residual
parameters. Furthermore, precision connectors are seen to
be important because they permit accurate definition and
repeatability of the residuals by shielding and strict control
of the circuit geometry in the vicinity of the connection.
Field and Sinclair {12] have described a method for deter-
mining the residual series inductance and resistance of
variable air capacitors; other methods, based upon res-
onance, are commonly used to evaluate the residual series
inductance [13], [14].

As the frequency is increased to the vicinity of self-

resonance in a standard or component, simple equivalent
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Fig. 5. (a) Admittance equivalent circuit.
(b) Impedance equivalent circuit.

circuits such as those in Fig. 5(a) and (b) no longer ade-
guately represent the actual distribution of the various
parameters, and more complex equivalent circuits must be
employed. At this point lumped parameter -analysis is
usually abandoned and we must rely upon calculable stan-
dards such as coaxial air dielectric transmission lines.

At the Radio Standards Laboratory of NBS, capacitance
is the parameter selected as the foundation for the system
of lumped parameter immittance standards {1]. This is
because capacitors have been constructed which have the
aforementioned desired characteristics to a higher degree
than either inductors or resistors. Because an air dielectric
capacitor stores energy primarily in free space, its value is
essentially unaffected by the properties of the materials
wused in its construction, and the capacitance is determined
by its geometry and the relative permittivity of air. For this
reason the stability.of the capacitor is largely determined by
the mechanical stability of the device. Capacitors .can be
‘made which have simple geometric configurations, resulting
in short current paths with correspondingly small inductive
and resistive residual impedances. The principal advantage
of capacitors as standards is the accuracy to which their

PROCEEDINGS OF THE IEEE, JUNE 1967

values may be obtained from the basic quantities. Two-
terminal capacitance at high frequencies is calculated
[157-[17] from the dimensions of a section of coaxial line
and three-terminal capacitance is obtained from the
Thompson-Lampard [18] capacitor in terms of length and
the permittivity of free space. The coaxial lines have been
compared to the Thompson-Lampard capacitors at audio
frequencies to confirm the accuracy of calculation. Such
comparisons have resulted in agreements to within
1 x 1015 farads for values between 5 and 50 pF.

Another advantage of capacitors is that variable ele-
ments can be made which are not only highly pure but also
provide essentially infinite resolution. There is often a choice
of measurement circuits for a particular application wherein
one circuit containing a variable air capacitor may provide
the same measurement capability as another circuit con-
taining a variable resistor or a variable inductor. Where
such an alternative exists, the choice is usually made in
favor of the circuit containing the variable air capacitor.

Inductors are not as desirable as capacitors for primary
standards of RF impedance because a greater number of
factors affect their values, making calculation in terms of
basic quantities more difficult. For example, at lower fre-
quencies current is not confined to the outer surfaces of the
conductors and therefore material properties become im-
portant, The residual impedances in inductors are usually
greater than in capacitors, resulting in a more pronounced
frequency dependence. This is especially true of wire-wound
inductors. The circuit of Fig. 5(b) indicates the residual
parameters as series resistance and parallel capacitance and
conductance, but there are still other factors which affect
the inductance. These include the mutual inductance effect
of a shield and the proximity effect of adjacent windings
{19]. In inductors containing high permeability core ma-
terials, the inductance is dependent upon the current mag-
nitude so that it is necessary to specify the current in the
inductor when measured values are obtained. Good air-
core inductors have all the other characteristics of desirable

standards and make very good transfer standards.

High-frequency resistance is the most difficult quantity to
obtain from the basic quantities because of the dependence
upon material properties. Some resistance materials exhibit
a long-term aging effect so that stability cannot be relied

“upon. This problem is largely avoided by using wire-wound

resistors of stable alloys, but this creates problems at high
frequencies because of large residual reactances. In recent
years techniques in the manufacture of deposited metal film
resistors have improved so that good transfer standards of
resistance are feasible.

The NBS standards for RF immittance measurement are
derived in approximately the manner represented by the
chart in Fig. 6. This chain of traceability is only for a typical
case and is somewhat different for other specific values and
frequencies. The standards most directly related to length,
time, and g, are the smaller values of inductance (<0.1 uH)
and capacitance (<50 pF). Excellent standards for small
values of inductance and capacitance are provided by sec-
tions -of coaxial air dielectric transmission line. For induc-



BY/NTLEY AND JONES: LUMPED PARAMETER IMPEDANCE MEASUREMENTS

BASIC_QUARTITIES

{ T PP I
Y
PRECISION COAXIAL THOMPSOK - LAMPARD
A DIELECTRIC ABSOLUTE CAPACITANCE
TRANSHISSION LIAES STANDARD
R0)

T 1 “sTaioakos
THREE - TERRINAL
CAPACITANCE
51000 of

T WORRIRE

o I TREQUENGY. ="
! I l cmcmuce ]

N IKDUDYllﬁE
‘®l® 28

1 cmcmm ®
) zso oF

IHDUCTARGE )
2.0, l;zll

j§0) [0}
a : ﬁmmm | THREE - TERRINAL
08 Rs E' CONOUSTAKCE
DISSIFATION FACTOR * X 1000 pT
o|®
RESISTANCE
}]
[ -

OENOTES .ARGULAR FHEQUENG' i® RADMHSISEWHO

NEGATIVE CAPACITANCE EQUIVALENT

©  CORPUTATION ®

A®  DIRECT COMPARISON (®  RESONANCE TECHNIQUE
®  EXTRAPOLATION ®  SERIES TEGHNIQUES
@  WAXWELL IMPEDARCE BRIGSE (D TWIN-T CIREUIT
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ince standards the lines are short circuited, and for capaci-
fance standards the same lines are used in the open-circuit
ndition. At the higher frequencies (=300 MHz), where
quarter wavelength is of a practical size, such ¢oaxial
es are used for a wide range of values of inductance and
acitance.

The so-called open and short circuits play an important
part as reference immittances. Since their impedance values
: only nominally an open or a short, accurate knowledge
these values are required. Such immittance values can
g calculated for coaxial structures whose inner and outer
tonductors terminate in a common plane perpendicular
1 their axis [8], [9].

V. TECHNIQUES

The techniques for measuring immittance have been

sion to those which have been found most useful. One

the voltmeter/ammeter method, for example—and mea-
Wirements in ‘which the unknown immittance is compared
a standard of known value. While instruments which
ermine immittance from the ratio of voltage to current
available [20], they are not at present capable of the
huracy attainable by comparison to a standard and are
'@t used at radlo frequencies ‘when high accuracy is re-
{mred

Another worthwhile distinetion may be made between
{ichniques which use the measuring, instrument as the
dtandard, and comparator techniques in which the instru-
! _fcnt simply serves to indicate small differences between a
ndard and an unknown which are nearly identical immit-
ances. The first approach is used in most commercial im-
liittance measuring instruments. These instruments contain

Yassified in a number of ways, but we will confine the dis- |

dassification distinguishes between direct measurements— -
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internal standards to which the unknown immittance is

compared. The range covered by the standards typically

extends from short circuit to a finite impedance, or from

open circuit to a finite admittance, and the instrument
usually operates over a very wide frequency range. The con-

tinuous coverage of immittance value and frequency makes

these instruments extremely versatile, but also makes them

extremely difficult to calibrate.

The principal advantage of the comparator approach is
that even relatively inaccurate instruments can be used to
make highly accurate measurements if a sufficiently ac-
curate standard is available. For example, a one percent
measurement of a difference of one percent corresponds
to 0.01 percent error in comparing an unknown to a stan-
dard. The practical result is that very accurate measure-
ments can be obtained without investing in instruments
which are themselves very accurate and therefore expensive.
Many commercial instruments are capable of one to three
percent measurements over a broad frequency range, and
would be suitable for this type of immittance measurement
if they were equipped with a suitable connector.

The principal disadvantage of the comparator approach
is that the necessary standards must be maintained, one
near each immittance value to be measured, and the value
of each standard must be known at each frequency at which
itis used. This may not be as serious as-it might seem, since
a relatively small number of standards can give good cover-
age of a wide range of values. If the common 1-2-5 se-
quence of values is used, there are only three standards per
decade. Furthermore, if these standards are used with
instruments capable of 1 percent measurements, and which

‘have sufficient resolution, the measurement uncertainty

will vary from perhaps 0.001 percent for “identical” stan-
dards to at worst 0.4 percent when measuring values mid-
way between standard values. High-quality standards vary
predictably with frequency, so that it is not strictly necessary
to calibrate them at every frequency at which a measurement
may be made. Often sufficient accuracy may be obtained by
measuring at a few standard frequencies and interpolating
for intermediate frequencies.

Another useful classification of techniques distinguishes
between -null methods and resonance methods. The null
methods use some sort of nulling circuit, such as a Wheat-
stone bridge or the twin-T, to indicate that a definite rela-
tionship exists between the circuit elements. Resonance
techniques use inductors and capacitors to form a series or
parallel resonant circuit, and a voltmeter or a current meter
to determine when resonance exists [13], [21]. Instruments
based on either technique may be used for direct measure-
ment or for comparing nearly identical immittances. In
general, the null condition can be more precisely determined
than can the resonance condition, ‘making null measure-
ments most useful for precise immittance measurements.

V1. INSTRUMENTS
In general, theréds a class of impedance measuring instru-

ments corresponding to each measurement technique.
Which instrument is best suited for a particular measure-
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ment depends onthe parameters to be measured, their mag-
nitudes, the frequency at which they will be measured, and
the accuracy required, In this section, some of the more use-
ful instruments are discussed together with the advantages
and disadvantages of each. Voltmeter/ammeter [20] or
ohmmeter techniques for measuring impedance are gener-
ally not suited to.accurate measurements, and will not be
discussed. The null instruments which use active elements,
such as amplifiers, as standards [22] are likewise not suited
to accurate measurements, so the discussion will be limited
to instruments using null or resonance techniques in which
all the circuit elements are linear, passive devices. (The
signal source, or generator, and the detector are not con-
sidered part of the instrument.)
* Most null instruments use a variation of the familiar
four-arm Wheatstone circuit or the twin-7 null circuits
described by Tuttle [23], but there are exceptions. All null
instruments have in common the characteristics.that one or
more of the impedance elements in the circuit can be ad-
justed to provide zero transmission between generator and
detectsr (nnll condition), and detector and generator may
be interchanged without affecting the null condition,
Null instruments which have been found useful for two-
terminal ineasurements at radio frequencies include the
four-arm bridges of Figs. 7, 8, and 9, the twin-T of Fig. 10,

and the transformer ratio bridge of Fig. 11. Most RF im- -

mittance measuring instruments are modifications of these
basic instruments. The Maxwell bridge of Fig. 7, and the
Schering bridge of Fig. 8(b) are impedance bridges, that is,
they measure impedances between zero and a finite value
and can be nulled with the terminals short circuited. The
Schering bridge of Fig. 3(c), the resistance ratio bridge of
Fig. 9, and the twin-T of Fig. 10 are admittance bridges
which measure admittances between zero and a finite value,
and can be nulled with the terminals open circuited. The
transformer ratio bridge of Fig. 11 can be used as either an
impedance bridge or an admittance bridge.

The Maxwell bridge has been used at frequencies to 5
MHz [24] but is limited in that it measures resistance in
terms of an incremental conductance. The Schering bridge,
which measures both resistance and reactance in terms of
capacitance increments, and which measures either imped-
ance or admittance, is the most widely used RF bridge. Most
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commercial RF bridges use this circuit [25], and it has been
successfully used to 250 MHz [26]. The ratio bridge has
been used to measure admittance to 20 MHz [24]. The
major weakness of this bridge is that it uses an incremental
conductance standard to measure conductance. The Radio
Standards Laboratory of NBS has constructed a modular
[27] ratio bridge for use as an immittance comparator
[Fig. 9(b)]. In the figure, R, =R,, G, and C, balance the
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Fig. 9. (a) Basic resistance ratio bridge. (b) Modular resistance
ratio bridge (NBS Comparator).

yrutial nonzero G, and C;, and Z; is nearly equal to the test
impedance Z,. The instrument measures small differences
een test impedances in terms of small changes in G,
d C,, so that G, and C, need not be high-quality standards.
The Maxwell and Schering bridges cover an immittance
‘ange which depends upon the frequency and provide ac-
guracies of typically 1 to 3 percent.

The commercial version of the twin-T, developed by
Sinclair {28], was used to measure admittance to 40 MHz,
d a dual admittance bridge developed by Woods [29]
easures admittance with a basic uncertainty of 0.1 percent

100 MHz which is degraded to 0.3 percent at 300 MHz.
,'E'he Radio Standards Laboratory has.constructed a twin-T"
;j;seﬁxl to 15 MHz, primarily for measuting conductance in
terms of capacitance increments [30]. This instrument mea-
%ures conductance with errors of about 0.05 percent at 1
MHz The advantages of the twin-T instruments include
the facts that incremental capacitors are used to measure
both conductance and capacitance, and the generator, the
detector, the measured immittance, and the incremental
tandards are all connected to a common ground. The ad-
ntages are offset by the fact that the bridge balance is fre-
BQucm:y sensitive, making twin-7 instruments rclatively in-
Leonvement 10 use.

The transformer ratio bridge (Fig. 11) is one of the excep-

fons which cannot be classified as a Wheatstone, or a twin-T

%mstrument In this bridge, null is obtained by adjusting the '
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input or output turns ratio, or the immittance standards, to
proyide zero current in the detector transformer [31]. A
line of commercial instruments uses this circuit for admit-
tance measurements at frequencies to 250 MHz.

A basic difference between admittance bridges and im-
pedance bridges, which is not obvious from the simple cir-
cuits, is the relative complexity of the shielding required for
the two types of instruments. The subject of shielding is far
too complex [32], [33]to be entered into here beyond point-
ing out that impedance bridges usually require more com-
plex shielding than do admittance bridges. The practical
result is that impedance bridges cannot be readily improved
by a simple application of precision connectors. This, plus
the fact that good absolute standards of low-valued impe-
dance are not easily obtainable, have resulted in the ac-
curacy of measurement of small impedance lagging behind
that of small admittance measurements.

While resonance methods are not at present capable of
the same accuracy as null methods, they are widely enough
used to justify some discussion. The simple circuits in Fig.
12 illustrate the essentials of a resonance instrument: a
signal source, a capacitor and an inductor connected in
serics or parallcl, and an ammeter or a voltmeter for detect-
ing the resonant condition. Resonance measurements often
combine the techniques of direct meagurement and com-
parison to a standard. The resistive component is obtained
directly by measuring voltage ratios, and the reactive com-
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ponent is obtained by comparison to the standard capaci-
tor. Because resonance methods work best when the cou-
pling to the generator is kept small, they are best suited to
measurements in high-Q circuits. Resonance measurements
are complemen’tary'to_r’lvull measurements in that it is difficult
to measure the resistive component of high-@ circuits with
null instruments.

The Q meter [34], [35], represented schematically in
Fig. 13, is a widely used resonance instrument. A small volt-
age, e=iR,, appears across the series combination of L,
and C,. The standard capacitor is tuned to the resonant
value Cj, which maximizes the voltage across the capacitor
as indicated by the voltmeter V. Since the voltage across
either component of a series resonant circuit is Q times the
voltage across the series combination, Q may be obtained
from the ratio V/e. The voltage e is set to a predetermined
value by adjusting the current through the known insertion
resistor R;, the current being monitored by the ammeter
A. The unknown resistance R, is obtained from the rela-
tionship )

oL,
R,

Q=

Q meters are used at frequencies as high as 610 MHz [36].

A line of resonance instruments, which are not Q meters,
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measure both conductance and capacitance in terms of
internal standards. A smoothly varying incremental con-
ductance is obtained by varying the bias on a diode con-
nected in parallel ‘with the resonant circuit. These instru-
ments measure admittance at frequencies between 0.1 and
100 MHz {37]. Accuracies of 1 percent for capacitance and
5 to 20 percent for resistance are claimed.

VII. SIGNAL (GENERATORS AND DETECTORS

In addition to the circuitry of RF impedance measuring
instruments, it is necessary to give careful consideration to
the signal generators and detectors used with them.

Good frequency stability, adequate power output, and
low harmonic content are the main requirements for signal
generators. The frequency stability required of a generator
depends upon the measuring instrument with which it is
used, and the item being measured and the accuracy de-
sired. In circumstances where bridge balance equations
involve frequency, or where resonant circuits are involved,
stabilities of the order of 1 part in 10° are sufficient for ac-
curacies of 1 part in 10°. This is the case for the twin-7 cir-
cuit-and the Q meters, When a component is being measured
at a frequency near self-resonance, frequency stability is
especially necessary. In this situation the frequency must be
accurately known, as well as stable. Bridge circuits which
do not involve frequency in the balance equations do not
impose critical frequency requirements, and stabilities of
the order of 1 part in 10 are usually adequate. The required
frequency stability is a criterion which must be established
for specific measurement situations and can vary widely
depending upon the measurement accuracies desired. This
is also true for power output and harmonic content. In
general, power output should be no more than that amount
required to realize sufficiently sharp bridge balance condi-
tions, and both bridge and detector can be determining
factors. Increasing power output to gain sensitivity can
lead to instabilities due to temperature fluctuations or to
the more serious problem of damaging components. Higher
generator output does not necessarily improve measurement
resolution where a significant amount of leakage exists be-
tween generator and detector.

Harmonic content and frequency modulation are of seri-
ous concern in some instances and can be neglected in
others. Measuring circuits whose balance equations involve
frequency are subject to errors from both sources, To avoid
problems arising from harmonics it is advisable to filter the
generator output and use narrowband detectors.

Detectors should have the characteristics of high sensi-
tivity and high selectivity, be well shielded to guard against
leakage from the generator, and have good signal-to-noise
ratio. Detector sensitivities which allow detection of signals
in the range of a few microvolts are usually sufficient so that
the full resolution of a measuring instrument can be utilized.

Ground loops and leakage are problems which are not
solely related to either the generator or detector but are
associated with the measurement setup as a whole. Ground

loops are most effectively avoided by having a single low-
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S pedance ground path connecting the generator, bridge,
d detector, as opposed to having a separate ground for
ich. Leakage can be reduced by placing added shielding
ound the generator and detector, and by employing semi-
\tigid coaxial cable and threaded connectors wherever

Phase sensitive detectors are finding increasing applica-
lion in measurements involving immittance bridges and
offer some distinct advantages. In addition to providing
eater sensitivity, they allow the operator to distinguish
tween unbalanced voltages due to real and imaginaryim-
ittances. An interesting result of this is that one gains an
ypreciation for the purity of the bridge standards because
the reactance standard is varied the variation in its
sistance is displayed or vice versa. Especially when mak-
g measurements of low-Q components, balance may be
flicult to locate because the reactance of the resistance
indard in the bridge may vary appreciably with setting.
ich “sliding null” conditions present little difficulty with
ase sensitive detectors. The greater sensitivity of phase
nsitive detectors comes about as a result of a much nar-
wer effective bandwidth which resultsin improved signal-
-noise ratio. These detectors are not currently available
r wide frequency ranges, but can be readily adapted for
plication at higher frequencies by using a local oscillator-
ixer arrangement such as that shown in Fig. 14. The
ase sensitive detector requires a reference signal which is

hase with the ontput from the bridge. This requirement
fulfilled by feeding the same generator signal into each
nverter. Under these circuimstances the local oscillator
8 free running and need not be highly stable.

VIIL STATE OF THE ART (TWO-TERMINAL)

The application of precision connectors to the measure-
ent of lumped immittance has resulted in very substantial
creases in measurement accuracy and precision. Better
recision is a direct result of a more repeatable connection,
‘while improved accuracy comes from two principal sources.
One improvement in accuracy results from the fact that the
en- and short-circuit reference conditions are accurately
cnown. Another improvement comes from the fact that
sidual impedances, which cause the value of a standard
to vary with frequency, are more precisely fixed by precision
:onnectors. '

" Figures 15, 16, and 17 present, in graphical form, the
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authors’ estimations of the existing state-of-the-art in two-
terminal measurements of capacitance, inductance, and
resistance at radio frequencies. Two classes of measure-
ments are represented, the best possible with existing equip-
ment and those possible with readily obtainable commer-
cial instruments.® Usually, the best techniques use precision
connectors. However, techniques for exploiting precision
‘connectors in measuring low impedance have not been
perfected, so that instruments equipped with banana jacks
or binding posts represent the state-of-the-art in this area.
One commercial instrument, the commercial version of
Woods’ dual admittance bridge, is equipped with a sexless,
reference plane connector and represents the state-of-the-
art for certain values of conductance and capacitance above
10 MHz.

IX. THREE-TERMINAL MEASUREMENTS

Present applications for three-terminal measurement are
primarily confined to the measurement of small admit-
tarices, and the measurement instruments may employ
either a ratio transformer or a differential .capacitor [31],
[38]. The technology for three-terminal measurement in
the RF range is not as well developed as it is for two-
terminal measurements, and at present there appears to be
very little application above 5 MHz. The accuracy to which
three-terminal measurements can be made is affected by
such factors as the purity of the standards within the intru-
nent, transformer ratio uncertainties, the effect of imped-
ances from each electrode to ground, and the inductance of
the leads which connect the unknown to the instrument.
-Each of these factors becomes increasingly important at
higher frequencies. :

Figures 18 and 19 are estimates of the state-of-the-art
for three-terminal capacitance and conductance measure-
ment based upon accuracy specifications published by the
manufacturers of commercial three-terminal instruments.
In these figures, the accuracies claimed for commercial
instruments also represent best practice primarily because
there has been little effort by other than commercial labora-
tories 10 improve Lhe stute-of-the-art. The verification of
accuracies is difficult because of the absence of generally
accepted standards. The problems in standardization, al-
though similar in many respects to those associated with
two-terminal measurement, are much more complicated.

“Three-terminal ‘measurement at radio frequencies may
be considered as a special case of the more general situation
‘where the unknown is considered as a two-port such as that

“represented in Fig. 1(b). Such a two-port is completely
described if the impedance values of its equivalent pi or
equivalent 7 network are known. If the two-port is repre-
sented as a pi network, as shown in Fig. 20, the‘values Y,
Yy, and Y. may be obtained by two-terminal measure-
ments. These two-terminal measurements are made looking
into port 1 with port 2 alternately open and short circuited
and looking into port 2 with port 1 alternately open and

5 The commercial capabilities shown are ‘based upon manufacturer’s
specifications.
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Fig. 20. Two-port (equivalent pi network).

short circuited. Any three of the resulting four two-terminal

admittances may be used to solve for Y, Y, and Y. For

best results, precision connectors are required at the ports
so that the open- and short-circuited conditions are ac-
curately known. Although two-port devices may be mea-
sured in this manner, simpler and more accurate measure-
ments would be made possible by the development of
special two-port standards.

X. CoNCLUSIONS AND FUTURE TRENDS

The large differences in the state-of-the-art for commer-
cial two-terminal instruments, as compared to best prac-
tices, are due almost entirely to the fact that precision co-
axial connectors have not yet been utilized in commercial



ipstruments manufactured for the measurement of lmped
parameter immittance. It is expected that this situation will
thange rapidly, especially where there is evidence of suffi-
cient demand. If appropriate standards are made available
along with improved instruments, the differences will be
arply reduced with very significant improvements realized
er the entire frequency range of measurement for lumped:
mittances. Longer terin benefits can be expected as well
cause new techniques in the construction of instruments
1l be made possible. For example, several different types
of instruments have been constructed from one- and two-
rt immittance cornponents which can be readily discon-
pected from one another and calibrated individually [27].
Such modular instruments offer many advantages inc"luding
scompactness, versatility, and ease of calibration and main-
ltenance; however, they are not yet commercially available.
There are two areas where measurement capabilities are
noticeably absent. These are for small two-terminal imped-
ances at frequencies above 10 MHz and for three-terminal
admittances above 5 MHz, It appears that there are no
urgent requirements for such measurements, but it is often
he case that there is no strong evidence of need for a par-
icular measurement capability until it is developed, and
then numerous applications arise,
‘To achieve the most effective and efficient standardiza-
.ON program agreement is needed regarding the specific fre-
quencies and specific values for which standards are to be
maintained. In this way, the advantages of comparator
‘techniques can be utilized for the accurate determination of
differences and measurements could be subjected to statisti-
:al control. Because of the lack of agreement in these mat-
‘ers such statistical control is not now possible.
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