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At low frequencies, measuring inductance and/or capacitance

is mo big deal, but get to RF frequencies and things

he techniques needed fto

measure the values of induc-
tors (L) and capacitors (C) at radio
frequencies differs somewhat from
what Is needed to make the same
measwrements af low frequencies.
In short, atthough similarities exist,
the RE meagsurement is a bif more
complicated, One of the reassons
for that is that stray or “distributed”
inductance and capacitance val-
ues of the fest set-up will affect the
results. Another reason Is that
capacitors and inductors are not
ideal components, but rather all
capacitors have some inductance,
and all inductors have capack-
tance. In this article we will fake a
look at several effective methods
for measuring inductance and
capacitance af RF frequencies.

VSWR Method. When a load
impedance s connecied across
an RF source, the maximum power
fransfer occurs when the load ()
and source (Zg) Impedances are
equail @ =Zg).If those impedances

are not equai; then the volfage

standing wave ratfio (VSWR) will
indicate the degree of mismatch.
We can use that phenomenon to
measure values of inductance and
capacitance using the scheme

get & lot more interesting.
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shown in Fig. 1A, The instrumenta-
flon required includes a signal gen-
erator or other signal source, and a
VSWR meter or VSWR analyzer.
Some VSWR instruments require
a transmitter for excltation, but oth-

ers will accept the lower signal lev- -

els that can be produced by a sig-
nal generator. An alternative
device Is an SWR-analyzer type of
instrument. it contains the signal
generator and VSWR meter, along
with a frequency counter o be
sure of the actual test frequency.
Whatever signal source is used,
however, it must have a variable
output frequency. Further, the fre-
quency readout must be accurate
¢the accuracy of fthe method

. depends on knowing the actual

frequency).

The load impedance inside the
shielded enclosure consists of a
non-inductive resistor (R) that has a
resistance equal to the desired sys-
tem Impedance resistive compo-
nent (50 ohms In most RF applica-
fions, and 75 chms in television and
video). An inductive reactance (X)
and a capacitive reactance (X¢)
are connected in serles with the
load. The circult containing a resis-
tor, capaciter, and inductor simu-

lates an antenna-feedpoint imped-
ance. The overall impedance is.

Z, = VR+ X -Xo? (D)

Note the reactive portion of
Equation 1. When the condition
IX( 1 = IXc] exists, the series net-
work is at resonance, and VSWR is
minimum (see Fig. 1B). This gives us A
means for measuring the values of
the capacitor or inductor, provided'
that the other Is known. That s, if
you want to measure a capack
tance, then use an inductor of
known value. Alternatively, if you
want fo know the value of an
unknown inductor, use a capacitor
of known value.

Using the test set-up in Fig. 1A
adjust the frequency of the signal
source to produce minimum VSWR.

1. For finding on inductance
from a known capacitance:

L 1012

WA= A2 f z Cor 2
Where:
=inductance in microhenrys ()

f Is the capacitance in pico-
farads (pF)
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Fzg 1.The VSWR merhodfor me&éurfng L and C is shown iﬁ A while the VéWR-Qs.ﬁequéﬁ@ cMé

is shown in B.

t is the frequency in herfz (H2)

2. For finding a capacitance
from a known inductance:

Cor =, 2*“_102}2 3)
4nc f pr o _

The accuracy of this approach

depends on how accurately” the-

frequency and the reactance are
known, and how accurately the
minimum VSWR frequency can be
found.

Voltage Divider Method. A rosis-
tive voltage divider is shown in Fg.
2A. This circuit consists of two resis-
tors (RT and R2}) in series across a
voltage source V. The voltage drops
across R1 and R2 are V1 and V2,
respectively. We know that either
voltage drop is found from:

V., _ VRX
X = R+R2 )

Where: Vy 1s V1 and Ry s R1 or,
Vy Is V2 and Ry is R2, depending
on which voltage drop is being
measured.

We can use the voltage divider
concept fo find either Inductance
of capacitance by replacing R2
with fhe unknown reactance.

Consider first the inductive case. In
Fig. 2B resisfor R2 has been
replaced by on Inductor ().
Resistor R] is the inductor series
resistancs. If we measure the volt-
age drop across R1 (i.e. “E” in Fig.
2B), then we can cdlcuiate the
inductance from:

_R \ﬁ_ 2_( Rs)2 ©)
L= 5 )2
As can be noted in Equation 5, if

R1 >> Rg then the quotient Rg/R1
becomes negligible.

Fig. 2. A simple voltage divider is shown in A
and a reactance voltage divider is in B.

In -.capacitors the series resis-
tance is typically oo small to be of
consequence. We can replface Lin

the mode! of Fig. 28 with a capaci-

tor, and again measurie voltage E.
The value of the capacifor will be:

2mfx 108
= ©)
Rx (F -1

The value of resistance selected
for R1 should be approximately the
saome order of magnitude os the
expected reactance of fthe
capagcitor or inductor being mea-
suted. For exampie, if you expect
the reactance to be, say, between
1000- and 10,000-chms at some fre-
quency, then select a resistance for
R1 in this same range. That will keep
the voltage values monageable.

Signal Generator Method. If the
frequency of a signal generafor is
accurately known, then we can
use a known inductance fo find an
unknown capacttance, oF d known
capacitance to find an unknown
inductance. Figure 3 shows the test
set-up for this opfion. The known
and unknown. compenents (L and
C) are connected fogether inside
a shielded enclosure. The parallel-
tuned circuit is fightly coupled to
the signal source and the dispiay
through very low-value capacitors
(C1 and C2). The rule is that the
reactance of C1 and C2 shouid be
very high compared with the reac-
tances of L and C at resonance.

The signal generator is equipped
with a &-dB resistive attenuafor in
order to keep its oulput imped-
ance stable. The output indicators
should be any instrument that will
read the RF voltage at the frequen-
cy of resonance. For example, you
could use sither an RF voitmeter or
an oscilloscope.

The procedure requires tuning
the frequency of the signal source
to provide a peak oufput-voltage
reading on the voltmeter or scope.
K the value of one of the compo-
nents (L or C) is known, then
the vaiue of the ofher can be cak
culated using Equation 2 or 3, s
appropriate.

Alfernate forms of coupling are
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Fig. 3. If the frequency output of a signal generator is accurately known, we can use a known induc-
tance to find an unknown capacitance, or vice versa. .

shown in Fig. 4. In sither case, the
idea Is to isolate the instruments
from the L and C elements. In Fig.
4A the isolation is provided by a
pair of high-vatue (10,000-ohm to 1
megohm) resistors, R1 and R2. In Fig.
4B the coupling and isolation is pro-

Fig. 4. Different ways to couple L and C ele-
ments o the test instruments.

vided by a one- or two-tun link
winding over the inductor. The links
and the main inductor are lighily
coupled to each other.

Frequency-Shifted Oscillator Method.
The frequency of a varlable-fre-
quency oscillator (VFO) is set by the
combined action of an inductor
and a capacitor. We know that a
change in either capacitance or
inductance produces a frequency
change equal o the square of the
component ratio, For example, for
an inductance change:

L2 = le[(%z- 1] %

Where:
L1 is the original inductance
L2 is the new inductance
F1 is the original frequency
F2 is the new frequency

From this equation we can con-
struct an inductance meter such as
the one shown in Fig. 5. This circuit is
a Clapp oscillator designed to
oscillate in the high-frequency (HF)
range up to about 12 MHz The
componenis L1, C1, and C2 are
selected to resonate af some fre-
quency. Inductor L1 should be of

the same order of magnifude as Ly.
The ideca s to connect the
unknown inductor across the test
fixiure termingis. Switch 81 is sef o
position “b” and the frequency F1)
Is measured on g digital frequency
counter, The switch s then set to
position *a” in order to put ihe
unknown inductance (L) in series
with the known induciance (L1).
The osclilator cutput frequency will
shift fo F2. When we know L1, F1 and
F2 we can apply Equation {7) to
calculate 1, (12 in Equation 7).

if we need fo find a capaci-
tance, then medify the circuit to
permit a capacitance o be
switched into the circuit across C1
instead of an inductance Qs shown
in Fig. 5. Replace the “L" terms In
Equation {7) with the correspond-
ing "C" ferms.

Using RF Bridges. Most RF bridges
are based on the DC Wheatsfone
bridige clrcult {see Fig. 6). In use
since 1843, the Wheatstone bridge
has formed the basis for many
different measurement insfruments.
The null condifion of the Wheat-
stone bridge exists when the volt-
age drop of R1/R2 is equal to the
voliage drop of R3/R4. When the
condition R1/R2 = R3/R4 is frue, then
the voltmeter (M1} wili read zero.
The basic measurermnent scheme Is
to know the values of three of the
resistors, and use them fo measure
the value of the fourth. For exam-
ple, one common scheme is fo
connect the unknown resistor in
place of R4, make R1 and R3 fixed
resistors of known value, and R2 s @
cdlibrated potentiometer marked
in chms. By adjusting R2 for the null
condition, and then reading ifs
value, we can use the rafio (R2 x
R3)/R1 = R4.

The Wheatstone bridge works
well for finding unknown resistances
frorn DC to some relatively jow R
frequencies, buf o measure L. and
C values at higher frequencies we
need to modify the bridge. Three
basic versions are used: Maxwell
bridge (Fig. 7). Hay bridge (Fig. 8).
and Schering bridge (Fig. ).

Maxwell Bridge. The Maxwell
bridge is shown in Fig. 7. The null
condition for this bridge occurs
when:




OO0

o0 =Y

o

Fig. 5. This circuit uses the frequency-shift method to measure the value of an unknown inductance.
It is easily modified to measure an unknown capacitor instead.

L1 = R2 x R3 x (1

and

R4 = R2 x R3 (9)
R1

The Maxwell bridge is offen used
to measure unknown values of
inductance (e.g. L1) because the
balance equations are totally inde-
pendent of frequency. The bridge is
also not too sensitive to resistive
losses in the inductor (a failing of
some other methods). Additionally,
it is much easier to cbiain calibrai-
ed standard capacitors for C1 than
it Is to obtain standard inductors for
L1, As a result, one of the principal

Fig. 6. The Wheatstone bridge has heen used
since 1843

(8) uses of this bridge is inductance
measurements,
Maxwell bridge circuits are offen

Fig. 7. In the Maxwell bridge, the balance equa-
tions are independent of the frequency.

used n measurement insiruments
called - @-meters, which measure
the quality factor (&) of inductors.
The equation for & Is, however, fre-
quency sensitive:

Q=2xmxFxRlxCl (10)
Where: F is in Hertz, R1 in ohms, and
CT in farads.

Hay Bridge. The Hay bridge (see
Fig. ‘8) is physically similar fo the
Maxwell bridge, except that the
R1/C1 combination is connected in
series rather than parallel. Uniike the
Maxwell bridge, the Hay bridge is

frequéncy sensitive. The bdlance
equations for the null condifion are
also a lithle more complex:

Q]

[z]

C=wxrixci 1

The Hay bridge is used for mea-
suring inductances with high & fig-
ures, while the Maxwell bridge is
best with inductors that have d low
Q value.

Note: A frequency-independent
version of Equation (11} is possible
when & is very large (i.e.>100):

Lt =R2xR3xC1 (14

Schering Bridge. The Schering
bridge circuit Is shown in Fig. 9. The
balance equations for the null con-
dition are:

(15)

Fig. 8. The Hay bridge is used to measure
inductances with high Q values..
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Fig. 9. The Schering bridge is used to find the
capacitance and power factor of capacitors.

and

_C2x Rl

R2 (16)

R3

The Schering bridge Is used pri-
marity for finding the capacitance
and the power factor of capack
tors, In the lafter applications no
actual R3 is connected into the cir-
cult, making the series resistance of
the capachtor being tested (e.g.
C3) the only resistance in that am
of the bridge. The capacitor’s Q
factor is found from:

1

=—smxct @

Ocs

Fig. 10. Use this set up io find the parasitic series inductance of a capacitor.

Finding Parasitic Capacitances
and Inductances. Capacitors and
inductors are not ideal compo-
nents. A capaciter will have a cer-
tain amount of series Inductance
(called “parasitic inductance™”). This
inductance is created by the con-
ductors in the capacitor, especially
the leads. In older forms of capact-
tor, such as the wax-paper dielec-
tic devices used prior o about
1960, the series inductance was
very large. Because the induc-
tance is in series with the capack-
tance of the capacitor, it forms a
series-resenant circuit,

Figure 10 shows a test set-up for
findling the seriesresonant frequen-
cy. A fracking generator is 0 special
form of sweep generator that is syn-
chronized 1o the frequency sweep
of a spectrum analyzer. They are
used with spectrum analyzers in
order to perform stimulus-response
measurements such as Fig. 10.

The nafure of a series-resonant
circuit is to present a low imped-
ance af the resonant frequency.
and ¢ high impedance ot alf fre-
quencies removed from reso-
nance. In this case (Fig. 10). that
impedancs is across the signal fine.,
The display on the specirum ana-
lyzer will snow Q pronounced, sharp
dip at the frequency where the
capacitance and the parasitic
inductance are resonant.

The vaiue of the parasitic series
inductance is:

R RNALZER

i

L=3ppc (18)

inductors are aiso less ihan
ideal. The adjacent fumns of wire
form small capacitors, which when
summed up can result in a relative-
ly large capacitance value. The
lustration that appears at the
pbeginning of this article shows a
method for measuring the parallel
capacitance of an inductor.

Because the capacitance is in
paraliel with fhe inductance. it
forms a parallel-resonant circuit,
Those circuits will produce an
impedance that is very high af the
resonant frequency, and very low
at frequencies removed from reso-
nance. In the lead illusiration, the
inductor and its parasitic parallel
capacitance are in series with the
signal line, so will (ike the other cir-
cuit) produce @ pronounced dip in
the signal af the resonant frequen-
cy. The value of the parasitic induc-
fance is:

1
S S— 19
C=mpprL (19)

Conclusion. There are other forms
of bridges, and other methods, for
measuring L and C elements in RF
circuits, but those discussed here
are the most practical. That's espe-
cicilly frue if you do not own of have
qocess fo specialized instruments.G
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