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Methods of Measuring lmpedance
A review of some importanf sysfems lor
measuring the impedance of devices and circuits

I lrppnaNcp rs rHE sTNGLE TERM that describes the re-
lationship between voltage and current in a device or
circuit. Since impedance is a complex quantity, it is
represented as a vector. It can be measured in a number
of ways. But however it is measured, impedance is a
basic parameter in device and circuit design.

To design a circuit to perform in a desired way, it
obviously is nccessary to know the electrical character-
istics of each circuit clement. These electrical charac-
teristics may vary in a complicated way with frequency,
since at higher frequcncies a single lumped clement be-
comes a 'circuit' consisting of the basic element plus a
number of parasitic elements. The magnitudes of these
parasitics depend largely upon the construction of the
device and are difficult or impossible to predict. Thus,
the behavior of the two chokes of similar value, Fig. 1,
differs considerably at higher frequencies. In a circuit,
these impedances interact in an even more complicated
fashion.

It is possible, to a certain extent, to predict circuit
performance by calculation. However, theoretical calcu-
lations olten disagree with actual measured values for a
number of reasons including stray capacitance, lead in-
ductance and unaccountable losses in coils and trans-
formers. Therefore, the impedance of devices and cir-
cuits must be measured to realize a practical device from
theoretical design.

Basic Concepts

E,lectronic circuit elements generally consist of com-
binations of resistance and reactance in a varietv of con-

figurations. A perfect element which is ideally resistive
or ideally reactive rarely exists. In practice the purely
rsactive device has resistance associated with it in some
way and the 'purcly' resistive device has reactance dis-
tributed in series with it and around it.

A capacitor can never be considered to be pure ca-
pacitance over an unlimited frequency range. It will have
associated with it series resistance and shunt resistance.
At some frequency the inductance of its very structure
may be series resonant and the capacitor may appear
as a pure resistance, Fig. 2(a). Beyond this frequency it
wil l appear inductive.

A similar situation exists with inductors. The distrib-
uted capacitance of the windings is parallel resonant with
the inductance at some frequency. Above this frequency
the inductor appears capacitive, Fig. 2(b). Therefore
in practical circuit design, it is necessary to characterize
elements in terms of the amount of resistance and re-
actance present.

In speaking of impedance sorle form of complex no-
tation is rcquired to account for the simultaneous ex-
istence of reactance and resistance. Since the current that
flows in a resistor is in phase with the applied voltage, it
represents an absorber of real power (P: IE) and the
resistor is considered the real part of the impedance. In
the theorctical reactive element, ac current is in quad-
rature with the applicd voltage, with the current in an
inductor lagging the applied voltage by 90". The result
is that these elements never absorb power since power is
actually I X E X Cos d, and Cos 90o : 0. These ele-
ments only store energy and return it. Thus the reactive
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Fig.2. Series resonant curves (a) show current peak and
minimum impedance at resonance. Above rasonance X,
becomes dominant and the phase angle is positive. In i
parallel resonant circuit (b) at low frequencies, the induc-
tive branch draws a large current which lags the applied
voltage. At high lrequencies, the capacitive branch draws a
large cunent which leads the applied voltage. In the
graphical representation of the intpedance plane (c), Z, is
the sum ol vectors representing series impedances Z, and
22.

part of the impedance is considered imaginary and has
a j placed in front of it. Capacitive reactance is then equal

to *J= and inductive reactance is equal to j2"tL.'2nlL

In the graphical representation of the impedance plane,
Fig.2(c), the horizontal axis is real, or resistive, and the
vertical axis is imaginary, or reactive. Impedance can be
represented by a point plotted in this plane and can be
described in two ways: The length of the vector Z and
its phase angle d (Z!!), is a complete description. How-
ever the sum of the two quadrature vectors R +-jX rep-
resents the same quantity in terms of the two elements
which if placed in series will give an equivalent result.

As the term impedance is generally used to represent
the complex ratio of E/I and is represented by a series
combination of R and X, it is often convenient to work
with the inverse rctio I/E which is called admittance
and is represented by a parallel combination of a resistive
component and a reactive component. To prevent con-
fusion the parallel resistive component is called con-
ductance and the parallel reactive component is called
susceptance. They relate as follows:

Impedance : Z =

Admittance : Y

lation between series and parallel components can
shown with this conversion:

O-lr-?--l+A ---O

t t
L-* l

Rp

(a)

(b)

l c )

be

Rs
R - ; 1 1 a . - : t r

Rs iX.
o-------1 1,------JaYlH :

. x s- ip;t'><* : jn

It is important to note that an inductive reactance has
a positive sign while an inductive susceptance will have
a negative sign because of the inversion. It is still induc-
tive. Likewise a capacitive reactance will have a minus
sign and a capacitive susceptance will have a plus sign.
It may be now somewhat obvious that impedance is of
use when placing elements in series and admittance is of
value when placing elements in parallel. The very gen-
eral term immittance is used to refer to the general rela-
tionship between I and E and refers to Z or Y inter-
changeably.

Since impedance is a property which describes the
behavior of an element and its effect on a circuit, and
because the elements that make up the total impedance
are generally frequency dependent, the impedance will
most likely vary as a function of frequency. X; varies
directly with frequency and Xc varies inversely with
frequency, and incidental losses may vary in numerous

F- t :  R + jx

1 1 : - :
z  R+ jx

R - jp-+F:G* jB
R'T + X'

where G: conductance and B : susceptance. The re-
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Fig. 3. Tha simple ohntme ter (a) lor tttaking tlc resistance
nteasur( tnet t ts  i .s  based ort  Ohtt t ' .s  Law. Vur iubl t ' rcs istor  R

is uscd to adjust thescale to zcro n'hart thc R, tcrntinals
are slrcrted. Basic Wheatstone bridge (b) in n-hich artns

R . , ,  R ,  a r r t l  R .a re  k tu tw r t .  A th t r l a t oC ,R - ,  -  R -11 .  , 17111 .e. '  "R , ,

cotrtparing the urtknowtt to the kttown resistartccs. Typical
intpedancc bridge cottfiguration (c). Hcrc copacitor C_.-. is
being nteasurerl. R_, is tlte capacitor loss factor. To achiere
balance, R.or, tttust be adjustctl as wcll as R,,r,. R,,r, trttt.st

be adiusted lo rnatch tlte tinte cot6tant ol tlte C,R,o arrn
to that  of  the C rR, arnt .

ways. Thus to determine the true nature of a circuit
element, it is necessary to make impedance measure-
ments at more than one frequency.

Impedance may be measured by several methods.
Some are manual point-by-point methods that are dili-
cult and time consuming. Other methods using specifi-
cally-designed instruments provide relatively simple and
fast automatic measurements over a wide frequencv
range.

Resistance Measu rements

If a circuit element is predominantly all resistive and
is to be used in a network in which a minor reactive
component is of no consequence over the frequency
range of interest, it is possible to use a very simple meas-
uring device which can only measure resistance. The
ohmmeter, Fig. 3(a), is the simplest form of this type of
instrument. It applies a known dc voltage to an unknown
and measures the resulting current on a meter calibrated
in ohms. Since the measurement is at dc or zero fre-
quency, the concept of phase does not enter the measure-
ment.

For more accurate resistance measurements, a Wheat-
stone bridge may be used, Fig. 3(b). This is a network
of four resistors, three known and one unknown, so
arranged that when they all are adjusted to certain values
no transmission occurs from the generator to the detector.
In other words, the voltage across the detector is zero
when the bridge is balanced. Basically, the Wheatstone

bridge compares known elements to unknown elements.
Accuracy of the measurement depends upon the accu-
racy of the known elements and the sensitivity of the null
detector.

The Wheatstone bridge principle may be used at ac as
well as dc. But it is nccessary to have reactive elements
in the other arms of the bridge to make the necessary
phase correction to bring the network to balance or null,
since any resistor may have a small reactive con-tponent
which would shift the phase from zero as frcquency
increases.

lmpedance Bridges

The impedance bridge in general may be any network
of individual elements which has the property of zero
transmission between the input and output terminals for
a given unique combination of elements in the same man-
ner as the resistance bridge. One of the branches of a
typical impedance bridge, Fig. 3(c), is the unknown. The
other branches may be variable and are calibrated to

Fig. 4. Schcrirtg bridge circuit whiclt ntaintains a coilslonl
rclalionship bctwcut bridge clentutts regardless of fre-
qucrrcy,. Both thc rariable bridge elentents cart be air ca-
paci tors which are,super ior  to other types of  var iable
inrpaclcurces.



facilitate measurement. Again, this bridge is a compari-
son technique. The measurement is made with reference
to other elements of the bridge which have been pre-
viously measured or calibrated. While comparison can
be made with great precision if the null detector is very
sensitive, the accuracy is no better than the calibrated
elements.

A modified impedance bridge useful over a wide range
of frequencies is the Schering bridge, Fig. 4. The gen-
erator output is applied to the terminals B-P and the
detector is between terminals A-C. The conditions for
zero transmission are simply that

Z^BZc:D - ZooZ"s at balance,

from ground. But the transformer may be a source of
error due to practical limits in its design. This problem
has been solved with the use.of the twin*T network (see
Fig. 5). The circuit has a common terminal in the center
and requires no transformer.

While the twin-T arrangement is often used at higher
frequencies where transformers are awkward and might
contribute large unknown errors, it has one shortcoming.
Its conditions for balance are frequency dependent. The
conditions for zero transmission or null from Fig. 5(a),
are given by

z, + z" +z! '+ 7 ' .  + 7!^ *2"2" -  o
z " t L r t " " t z "

Inductances are needed only for balance and do not
enter into the calibration of the bridge. From the balance
equation, Fig. 5(b), it can be seen that the condition of
balance involves frequency. If the bridge is balanced at
one frequency, it is not necessarily balanced at any other.
Therefore it may not be as convenient to use as some
other forms.

A number of useful variations on this scheme have
provided means for calibrating the errors out of the
system. One method employed at the National Bureau

Fig, 5, General lorm of the twin-T bridge (a) and a sim-
plified form of a practical bridge (b). From the balance
equations, it is obvious that the condition lor balance is
frequency dependent,

(*'*'+X#r;') =#

R. ,  CnR,:j,ca* - c,

R"=qR' .una*=s
C, ' *"- 

Cn Ct

R*

R,+#=#(++ j.c,)

Equating reals

Equating imaginaries

#:il&'
R r - R n
c r -C "

Therefore:

The Schering bridge is particularly useful for several
reasons. First the conditions for balance do not involve
frequency. Therefore, if the bridge is balanced at one
frequency it will remain balanced at other frequencies.
Another significant point is that a capacitor in one arm
is related to a resistor in another arm. This implies that
a change in resistance Rn in branch CD for example,
will be counteracted by a change in C, in branch AB.
The result is that the bridge can be brought to balance
by varying only capacitors. As a practical matter it is
easier to make and calibrate good variable capacitors
over a wide frequency range than it is to make variable
resistance elements.

One of the disadvantages of bridges of this general
form is the lack of a common terminal between the gen-
erator and the detector. Therefore. a transformer is
generally used to isolate either the input or the output

R , _ R s  _ R n
cn -c1  

- c ,



Fig. 6. The -hp- Model 250 RX Meter which is especially
uselul for measurement of very low Q.

of Standards measures the resistive component of im-
pedances in terms of capacitance variation only and does
not require accurate knowledge of the absolute values of
the standards used.1

Bridge Systems

Of course, the bridges mentioned previously are just

part of a measuring system. It is exceedingly important
to have a stable well-shielded source of power to drive
the bridge and a sensitive, quiet and well-shielded detec-
tor to indicate when the no-transmission or null condition
is met. The well-shielded aspect cannot be overstressed
because transmission ftom source to detector through
other paths can result in balances which are in error due
to an unwanted path. In using an unshielded bridge, a
balance might be obtained but in fact, might be offset
by 3O% or more from the correct value.

|  'A Sel f -Cal ibrat ing lnstrument for  Measur ing Conductance at  Radio Frequencies,
Lesl ie E.  Hunt ley,  Nat ional  Bureau of  Standards Journal  of  Research,  Vol .69C, N0.2,
April, 1965, pp. 115-126.

Fig.7. Basic circuit of the -hp- Model 2504 RX Meter is

essentially a refined Schering bridge with an oscillator, de-

tector, amplifier, null detector and power supply. LYhen
the bridge circuit is balanced in both amplitude and phase,

no 100 kHz signal is produced.

RX Meter

A typical bridge system, the -hp- Model 250,{ RX
Meter (Fig. 6), employs the Schering bridge in conjunc-
tion with a superheterodyne detector, and a well-shielded
oscillator (Fig. 7). The local oscillator for the superhetero-
dyne detector is mechanically linked to the driving oscil-
lator and roughly tracked to it so that only small tuning
adjustments are required to peak the detector. Com-
pressing the meter presentation by AGC action in the
IF amplifier results in a null detector that is very sensitive
near null but can handle more than 60 dB signal range
without going ofi scale. Sometimes when the indicator of
a bridge that has a large transmission from in to out is
off balance and the indicator is off scale, it is difficult to
immediately determine which wiy to turn the controls
to restore balance. Automatically reducing sensitivity off
null helps avoid this problem.

A system such as this is extremely useful for impedance
measurement between 500 kHz and250 MHz. It reads in
units of parallel resistance and capacitance, largely be-
cause the R, Cr arm is convenient to use as the unknown
terminal. C, is then calibrated in terms of resistance
added or removed in parallel with R*. Because of the
extremely good null sensitivity it is possible to read very
small capacitances in parallel with resistors or indirectly
measure a very small inductive component in series with
a resistor, that is, where the phase angle is very near zero.

A bridge of this type can also indicate large resistive
components in parallel with small reactances where the
phase angle approaches -+90o. But losses in the binding
posts and associated circuitry tend to spoil the accuracy
to some degree when the ratio of R to X exceeds 100. In
addition, the parallel resistance resolution is at its extreme
limit at 100,000 ohms.

Semiautomatic Bridges

The typical universal impedance bridge, Fig. 3(c),
requires the adjustment of two interdependent variables
to achieve a null. Besides the adjustment of R6qr,, the
Rpq control must be adjusted to match the RC time con-
stant in the unknown leg of the bridge. The number of
nulling operations increase with the amount of interaction
between R6pL md Rpq).

Several methods for achieving a bridge balance with
a minimum of adjustments have been developed. One of
the more sophisticated methods, used in the bridge,
Fig. 8, provides for automatic control of the DQ resistor.
In the automatic mode, Fig. 9, the variable resistance
controlled by the DQ dial is replaced by series-connected
diodes. The ac resistance of the diodes can be varied by
changing the dc current through them.

The diode current is derived from the output of a
phase detector which responds to the bridge unbalance
voltage. The diode resistance is electronically adjusted to



maintain the proper phase relationship between the bridge
output voltage and the reference. Only the CRL control
is needed to bring the bridge into balance, since the diode
resistance automatically tracks the CRL control. The
bridge may then be switched to the manual mode and
the value of D and Q determined with the DQ control.

Although this universal impedance bridge eliminates
many adjustments, it measures impedance at only one
frequency, namely 7 kHz. Thus its use is limited to
measurements of capacitance and inductance at that fre-
quency, although with this specific instrument, an exter-
nal oscillator and null detector may be used to extend
the frequency range somewhat, but without the semi-
automatic feature.

Q Meter

The familiar symbol Q is defined in a circuit at reso-
nance in terms of the ratio of total encrgy stored to the

average power clissipated per cycle (O : ".31. For ele-w
ments in series, Q is equal to the ratio of the reactance
to the series resistance, or the ratio of susceptance to
conductance in a parallel circuit. In one respect, Q may
be considered as a figure of merit in terms of the ability
of a circuit component to store energy compared to the
energy it wastes. For a reactive component

X " R
o -R . : i r = tun ,

where X" and Xn are series and parallel impedance
respectively, and R" and Ro are series and parallel resist-
ance. The magnitude of Q is significant as a measure
of rf resistance of components, loss angle of capacitors,
dielectric constants, antenna characteristics and transmis-
sion line parameters.

For circuit elements whose ratio of reactance to resist-
ance is very high, it is better to measure the ratio Q
rather than attempting to measure the minor component
alone or the phase angle. Because the tangent function
increases rapidly as the phase angle approaches 90 de-
grees, a small reading error results in a large measure-
ment error. The Q meter, Fig. 10, measures the tangent
directly.

The most common form of Q meter uses the series
resonant circuit to determine the Q, Fig. 1 1. A small
voltage (E'.:,,",,,u) is inserted in series with an inductor
and a capacitor in series. The capacitor used is a very
low loss air capacitor and is assumed to be lossless (a
small source of error).

A voltmeter is placed across the capacitor. This volt-
meter must have a very high impedance so that it does
not load the circuit. The inductor whose Q is to be meas-
ured is assumed to be a series combination of L and R.
When the variable air capacitor is adjusted such that

Fig. U. Tftr senticutontatic bridBe, hp Modcl 42604

Uttiv'cr,sal Bridgc, requires onlt one balancing control

whichsimplifie.t nleasurenlott ot' rcsislance, capacitarrce,

induclartce, Q and loss lactor.

Fig.9.  Tha valuc of  the Roo rcsistor  is  contro l led aulo-

nntically by a phase detcctor which rcsponds to the phase

relationship betwcett the bridge output (ud a relerence
phase. This lcedback rnethod adjusts orrc bridgc elcntent

autotna/ icalh.
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Xc : Xr the only remaining impedance in the loop is R
since Xq and Xr, are of opposite sign and cancel. The
current which then flows is

E i n j . c t e r l

R

If we consider that the current flows through C, the
voltage across C is

Xc X Ei , , :_ .
R.

But wc said that X('/R" : Q. Replacing XslR. with Q
we get

Q X Ei,,: : the voltage across C, or Q : -E"l ''  
E j , ,

The Q meter thercfore is set up to measure the ratio of
reactance to resistance merely by reading a voltage ratio.

Fig. 10. Especially da.signed to nlaasurc Q, the -hp- Modcl
260A Q Mcler ntctt,surcs Q ol intluctors lrctn l0 to 625
directly ot'er a lrequerlcr range lront 50 kHz to 50 MI!2.

Two-Terminal lmpedance

Formulas Relating Series and Parallel Components

^ -  X "  - . L " *'{- R* 
- 

R. 
*

Formuias

D

R - :  " P'  1 + q :
o2

X  = X'  u 1 + Q :

L - = L -  Q :
"  , l * e 2

l + 0 2
C . - Cs l , Q ,

Formulas  fo r
Q greater
than 10

R.
R - =  u

5 Q ?

X " = X o

L u = L o

C " : C '

tormulas for
Q grezier
than 10

Re = RuQ:

X p = X "

L o = L "

C o = C "

= 
VTTreo

X,
u Q .

L
I -

o Q 2
L* = LpQ2

c- = 9Ll
i Q l

Tuned Gircuit

1. Selectivitv

R

2. Resonant Rise in
F,

Voltage 0: 
-
e

For relatively large R"

l low Q),  E = eVl  FQ'

In,.FT%,,

b. Damped Oscillations

Q = i. where E is the
d .

losarithmic decrement.
Rs

Some Basic Formulas Involving Q

-  R p  -  R o  - o  . . .  - G -  R p-  
X p  

- t l - o - ' t n ' - o -  
R .  

- f r
-  ' c

Genera I
Fo rm ulas

Rn :  Ru  (1  +  Q? )

X . = X  
1 + Q :

) r : Q r

L -  = L -  I  + Q :
J J S Q J

c -  =c -  Q l
u  "  l * e :

o_  fo  _  2c , ,
- .  f r - f .  c . - c ,

Where f, and f, are half-
power points and Co, Cr,
and C, are capacitance
values at fo, f, and f,
respectively.

u,C"R"

Formulas ior
Q less

than 0.1

Rs = Ri'

X" = Xoe2

3. Power Dissipation
a. Power Factor = cos d

Formulas for
Q less

than 0.1

\ = R ,

Cp = C"Qg

frf*:.L--* Le-J



By calibrating the value of the resonating capacitor
inductance can be measured by noting the frequency
used and the value of the resonating capacitor. To avoid
calculation, most Q meters have an L scale superimposed
on the C dial and have a chart of specifled frequencies
at which the dial can be read directly with a suitable
multiplier. The Q meter is an example of the use of an
indirect measurement of a quantity which is not an im-
pedance to achieve a measurement of impedance which
would be difficult to make directly.

Direct Reading lmpedance Meters

Vector impedance meters, Fig. 72, are examples of a
new direct-reading class of truly automatic impedance
measuring instruments.l There is no indirect representa-
tion or reference to another impedance standard. Voltage
applied to a component is measured along with the cur-
rent which flows as a result of the voltage. Then the ratio
is calculated automatically. In addition vector impedance
meters measure the phase relationship between the cur-
rent and the voltage and read it out as the phase in terms
of 7./ A. These instruments are of tremendous importance
in measuring the vast middle ground of impedances where
phase angle is between 5o and 85'. In this area there is
no more than 10 to 1 ratio between the two components
of X and R. The minor component error increases be-
yond this point because of absolute limits on phase
resolution.

However, the vector impedance meters measure the
major component of impedance with no decrease in accu-
racy as the phase angle approaches 90 degrees or zero
degrees, that is, they are not affected by the Q of the
impedance being measured. It is not possible to measure
the minor component of the impedance directly.

In the measurement of minor components, the Q meter
becomes accurate just where the vector impedance meter
becomes inaccurate, that is, where the phase angle is more
than 85'. At the other end where the phase angle is less
than 5o, bridges such as the RX Meter are necessary.

lmpedance Measurement at High Frequencies

Impedance is often measured in other, somewhat in-
direct methods as the frequency increases into the UHF
region because impedance standards may not be available
and direct measurement of current and voltage may be
costly or nearly impossible. The most commonly used
standard of impedance at the higher frequencies is the
transmission line or waveguide with a characteristic im-
pedance (2,,) which is directly calculable from physical
dimensions. The transmission line is a device which can
be considered as possessing continuously distributed L

I  A  de ta i led  d iscuss ion  o f  two new vec tor  impedance meters  and the i r  app l i ca t ions  is
in  the  ar t i c le  s ta r t ing  0n  page 12  o f  th is  assue.

T - - - - - - - - - - l
l L R l

Fig.  11.  In the Q tneler ,  o kt towtt  currer t t  I  is  passed

through resistance Rt which introduces the voltage E in

series with the unknowtt Lr. The circuit under test is tuned

to re.tonance with the oscillator f requettcy, and the voltage
F

E, , i s  r ead .ThcnQ: : c .  I n  a  se r i e r  r esonan t  c i r cu i t ,  t hc

voltage appearing across either reactance is equal to lhe

voltage induced in the circuit ntulriplied by the circuit Q.

Fig. 12. Passive conlponents and networks can be meas-

ured directly and automatically when attached to the front-
pancl termirnls ol the -hp- Model 4800A Vectot' Imped-

ance Meler (a). In-circuit measurements ol both active and

pa.tsive componenls may be made using the probe ol the

hp- Modal 48l5A RF Vector Impedance Meter (b). The

RF inslrumettt corers the lrequettcy range f ront 500 kHz

to I0B MHz,, while the Model 4800A covers the lower

ranges lront 5 Hz to 500 kHz.

Ir

;*ti .



Comparison of Some Impedance Measuring Systems

INSTBUMENT

Fast automatic impedance readings, 5 Hz-th MHz

Fast automatic impedance readings, 7z

Manual two knob bridge measurement of impedance,
high resolut ion, 0.5-250 MHz.

Manual measurement of high Q coi ls, capacitors and
large resistors, 50 kHz-50 MHz.

Manual rneasurement of high Q coi ls, capacitors and
large resistors,20 MHz-270 MHz.

Fast automatic measurement of complex ref lect ion co-
e f f i c ien t ,  100 MHz-1  GHz- .

Manual measurement VSWR, 500 MHz-4000 MHz"

Fasi determination of ref lect ion coeff icient in presence
of mult iple ref lect ions, relat ionship to frequency indirect.

no reflection wil l occur since the V/I ratio in the load
matches the wave impedancc. Should the Y/I ratio in
the load not match that in the incident wave as deter-
mined by 2,,, the residue is reflccted and becomes a wave
traveling away from the load. If a device is available
which could mcasure the voltage of the wave traveling
in oniy one direction at a time, the ratio of the reflected
voltage to the incident voltage could be deternined. This

.  /v , \  .
ratio { ., ) is known as the reflection coclicient (t ').

\  v i l

One device which will make this measurement is the
directional coupler. It couples to a wave going in one
direction only. Two directional couplers connected in
opposite directions will separate the required informa-
t ion.

To make a meaningful measurement of Z, phase angle
information is also required. This can be obtained easily
if a voltage measuring system (such as the -hp- Model
84054 Vector Voltmeter) is capable of phase angle
measurement.

An older method. the siotted section has been used for
reflcction mcasurements. This is a l ine or guide with a
slot along its lcngth which permits a small monitoring
probe to be inserted and moved along the l ine, measuring
the relative voltage at various points along the line. When
a reflected wave movss back down a line toward the
source there will be places where the incident and re-
flected wavcs are in phase and add. There will also be
places where they are out of phase and subtract.

Vector lmpedance Meier 4800A

RF Vector lmpedance Meter 4815A

Universal Bridge 4260A

RX Meter 250A

Q Meter 260A

Q Meter 190A

Vector Voltmeter 8405A
with Directional Couplers

Slotted Line

Time Domain Refleclometry

-  L i m i t e d  t o  f r e q u e n c y  r a n g e  o f  d i r e c t i o n a l  c o u p l e r s

and C in such a way that any point ir long the length of
this l ine the ratio of V/I of a wave traveling in one direc-
tion is constant and equal to 2,,. The method of compari-
son invoives terminating the standard line with the com-
poncnt to be measured and observing one of several
effects.

The immediate effect is one of reflection. Should the
line be terminated with a component whose magnitude
and phase angle is thc same as the l ine impedance (2,,),
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The ratio between maximum and minimum is a func-
tion of the two wave amplitudes. In the case of total
reflection, complete cancellation can occur and the ratio
approaches infinity. If there is no reflection the ratio is
unity or no change. That gives rise to the term VSWR, or
voltage standing wave ratio which relates I and Zinthe
following manner:

n -2 ' - 2 , ,  _  YWB l -V ,
Z:+L -  vswR + l -  v ,

The position of the maximum and minimum pattern are
a function of the phase of the reflection coefficient and
now can be used to calculate 21. -fhe phase is generally
referenced by placing a short circuit at the terminals
since this is a good standard of complete reflection and
has a known 180" phase reversal. By knowing the loca-
tion of the peaks and valleys on the slotted line with a
short circuit at the terminals there is enough information
to determine the nature of the unknown impedance.

Another expression which relates to impedance is
return loss. This is again a measure of reflection. Should
there be a short circuit on a line the reflection is complete
and the signal is returned to the generator without loss. A
perfect load on the other hand has infinite return loss.
This is expressed in log form and relates to reflection
coefficient as follows:

Return loss : -20 log,,, r '  I decibels.

It is a convenient unit to use if an attenuator is to be used
as a standard of Z. An attenuator having a known attenu-
ation factor when terminated by a perfect reflection has
a return loss of two times the attenuation of the attenu-
ator in dB since the signal goes through the attenuator
twice. The attenuator must of course be bilateral. When
used in series with a phase shifter, it can produce a wide
range of impedances predictably. This type of standard
could be used with a bridge network to measure an
unknown device by comparison. There have been a num-
ber of such bridge structures constructed for this purpose.

Another type of reflection measuring device is the
Time Domain Reflectometer. By means of modern high
speed sampling oscilloscopes it is possible to apply a unit
step to the input of a transmission line and observe the
magnitude and nature of reflections at the end of, and
along a transmission line. By using an oscilloscope, the
returning reflections are strung out along the time base
depending upon the length of time it takes for the im-
pulse to travel to the reflection and return. Often in a
high frequency system there are multiple reflections
along a line at connectors etc. which create errors. How-
ever with a system which separates the reflections in time,
the position of the principal reflection identifies it and
the others may be ignored.

-Charles G. Gorss

Bibliography
'The Nature of Q,' BRC Notebook, No. 1, Spring, 1954.
'A Wide Range VHF Z Meter,' BRC Notebook, No. 2, Summer,

1954.
'A Versatile Instrument-The Q Meter,' BRC Notebook, No. 4,

Winter, 1955.
'Some VHF Bridge Applications,' BRC Notebook, No. 6, Sum-

mer, 1955.
'Circuit Effects on Q,' BRC Notebook, No. 8, Winter, 1956.
'Q Meter Techniques, '  BRC Notebook, No. 13, Spring, 1957.
'The RX Meter or the Q Meter?', BRC Notebook, No. 16,

Winter, 1958.
'Technical Contributions of the BRC Notebook,' BRC Notebook,

No. 23. Winter. 1961.
'Design of a UHF Q Meter,' BRC Notebook, No. 27, Winter,

1 9 6 1 .
'Cal ibrat ion of a UHF Q Meter, 'BRC Notebook, No. 29, Sum-

mer ,  1961.

W. B. Wholey, 'Greater Reliability in UHF Impedance Measure-
ments, '  'Hewlett-Packard Journal, '  Vol. 1, No. 5, Jan., 1950.

Arthur Fong, 'Direct Measurement of Impedance in the 50-500
MC Range,' 'Hewlett-Packard Journal,' Vol. 1, No. 8, April,
1950.

W. B. Wholey, 'Good Practice in Slotted Line Measnrements,'
(Part I) ,  'Hewlett-Packard Journal, '  Vol. 3, No. I ,  Sept.,  1951.

W. B. Wholey, 'Good Practice in Slotted Line Measurements,'
(Conclusion), 'Hewlett-Packard Journal,' Vol. 3, No. 2, Oct.,
1 9 5 1 .

'A Novel Impedance-Measuring System Using Standard -hp_

Instruments, '  'Hewlett-Packard Journal, '  Vol. 3, No. 11, July,
1952.

J. K. Hunton and N. L. Pappas, 'The -hp- Microwave Reflectom-
eters,' 'Hewlett-Packard Journal,' Vol. 6, No. 1-2, Sept.-Oct.,
1954.

J. K. Hunton, H. C. Poulter and C. S. Reis, 'High-Directivity

Coaxial Directional Couplers and Reflectometers,''Hewlett-
Packard Journal,' Vol. 7, No. 2, Oct., 1955.

J. K. Hunton and Elmer Lorence, 'Improved Sweep Frequency
Techniques for Broadband Microwave Testing,''Hewlett-Pack-
ard Journal,' Yol. 12, No. 4, Dec., 1960.

B. M. Oliver, 'Time Domain Reflectometry,' 'HewJett-Packard

Journal, '  Vol. 15, No. 6, Feb., 1964.

Robert Prickett, 'New Coaxial Couplers for Reflectometers, De-
tection, and Monitoring, ' 'Hewlett-Packard Journal, '  Feb.,
1965.

Katsumi Yoshimoto, 'A New Universal Impedance Bridge with
Simplified, Semi-Automatic Tuning,"Hewlett-Packard Jour-
na l , 'Vo l .  18 ,  No.  I ,  Aug. ,  1966.

D. Woods, 'A Precision Dual Bridge for the Standardization of
Admittance at very High Frequencies,' Part C of the Proceed-
ings of the Institution of Electrical Engineers, Monograph No.
244R, June, 1957.

R. N. Jones, R. E. Nelson, National Bureau of Standards, Boul-
der, Colorado, 'The Role of Capacitance in Natural Reference
Standards for High-Frequency Impedance,' Proceedings In-
strument Society of America, Vol. 17, Part l, October, 1962.

1 1



Di rect-Read i ng, Fu I Iy-Automatic
Vector lmpedance Meters

Two new instruments designed to measure
impedance magnitude and phase angle
quickly and easily over a broad f requency
range

ENcrNspns FACED wrrH THE IRoBLEM of determining
component or circuit impedance over a wide range of
frequencies have had to accept tedious balancing adjust-
ments and point plotting associated with most bridge
techniques. When the results are finally obtained, they
are valid for the components as attached to the terminals
of the instrument, that is, detached fron their working
circuit.

In critical applications where it is necessary to deter-
mine impedance at a particular point in a circuit, the
engineer rcsorts to a series of calculations based upon
his individuai impedance measurements. Added to the
tedious measurement process, these calculations sti l l
leave an important unknsv/n - the effect of stray capaci-
tance, lead inductance and other interactions within the
circuit.

Two new instruments have been designed to read
impedance directly over a wide frequency range. Called
Vector Impedance Meters, they are extremely valuable
as circuit design tools. Both are fully automatic, requiring
no null ing or balancing.

Impedance magnitude and phase angle are read out
on front panel meters. Continuous plots of impedance
versus frequency and phase angle versus frequency may
be easily made by merely adjusting the frequency dial

4
ffi#
rrr

ffi
Fig.  l .  This low-frequertcy -hp- Modcl  4800A
Vector Intpedance Meter ntakes rapid ntea.ture-
ments of cotllporrcnts attd circuils *-ith direct read-
out over the lreque ncy rattge lront 5 Hz to 500 kHz,
and over the impedunce range lntnt I0 ohms full
scale to 10 ntegohrrts t'ull scale.
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Fig.2. l r t  t l rc  -hp- ModcL 4800A,
th(  utrAtrutun i r t tpt  r lat tc t  is  i t t
the feedback loop ol Ihe trans-
rcsi!;tance (Rr.) antplifier. The
R,r, antpliftar is dc.signccl to bc
v e r y  b r o a t l b a n d ,  c r i t i c a l l y
tlantpatl with extrcntah, critical
phase-gairt rclationships .so Ihal
ttrtknowns with wide yariatiotts

itt plnse artglc attd atnpli/Lttle
rnay be placed in thc t'cadbach
loop v) i thout  cuusing osci l la t ior t
or instability irt the antplilicr.

Rr
AMPLIFIER

AMPLIFIER
B,  P ,
FILTER

A M P L I F I E R
TRIGGER

+Currenl Channel

and setting the range switch. Both instruments together
cover the frequency range from 5 Hz to 108 MHz, but
their applications differ somewhat.

5 Hz to 500 kHz Vector lmpedance Meter

The lower frequency instrument, the -hp- Model
48004 Vector Impedance Meter, Fig. 1, provides con-
tinuous coverage from 5 Hz to 500 kHz in five bands
and measures impedance from I ohm to 10 megohms
in seven ranges. It is designed for making passive meas-
urements of components attached to its front-panel ter-
minals.

Impedances in the 1-ohm to 1000-ohm range are
measured by passing a predetermined current through
the unknown and measuring the voltage across it. For
impedances between 1000 ohms and 10 megohms, a
predetermined voltage is put across the unknown and

C(lVER
Measur ing  impedance a t  a  po in t  in  a  c i rcu i t
u s i n g  t h e  p r o b e  t e r m i n a l  o f  a  n e w  d i r e c t -
read ing  RF vec tor  impedance meter .  Rap id
measurements over a broad frequency range
can be  made w i thout  ted ious  man ipu la t ion  or
poi nt-by-poi nt  plot t i  ng.

thc current is measured and read out in ohms on the
front panel meter.

Phase angle information is obtained by comparing the
relative phase between the voltage and current by means
of a phase detector. The basic elements of the instrument
are shown in Fig. 2.

Constant-current mode. In the low impedancc ranges of
the -hp- Model 48004, the current is held constant
across the unknown by means of an automatic level con-
trol (ALC), Fig. 3(a). The current sensor is a trans-
resistance (Rr) amplifier which accepts the input current
and supplies an output voltage equal to the input current
timcs the effective transresistance. This voltage (propor-
tional to the current in the unknown) is used to reference
the AGC amplif ier signal level which, in turn, feeds a
leveled signal to thc current-determining resistor.

The voltage across the unknown is applied to a dificr-
ential amplifier, then fed to an averaging detector. Output
from the detector is read out in ohms on the impedance
magnitude meter.

Constant-voltage mode. Above 1,000 ohms it is difficult
to maintain a constant current for a decade change in
impedance. Therefore a constant voltage is maintained
across the unknown, Fig. 3(b).
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Fig. 3. The low-frequency impedance nteter is ope r-

ated so that cltrrent through the unknowtt is hcld
constant for intpedattces less than 1,000 ohnts (a).

Since it is difficult to hold current constant at highcr
impcdances, the instrumcnt is s'tpitched to the con-
stant voltage ntode (b).

Fig. 4. Current and voltage channels and switching

Iunctiotts are contained in a plug-itt which also
cotttains the nteasurement terntitnls,

The AGC amplifier signal is fed to the attenuator

which puts the known voltage across the unknown. The

voltage is sensed and fed back to the AGC amplifier as

in the constant-current mode. The current in the unknown
is converted to a proportional voltage, amplified and read
out on the impedance magnitude meter.

Measurement Amplifier Plug-in. The voltage and current
sensors and switching functions necessary to provide

operating signals to the current and voltage channels are

contained in a front-panel plug-in (Fig.  ). The currcnt
sensor is the R" amplifier mentioned previously. The
voltage sensor is a differential amplifier which nlonitors
the voltage across the unknown without loading the meas-
urement terminals. Current and voltage channels in the
plug-in are separated by a shield. This plug-in concept
permits flexibil i ty in future design. With the present
plug-in, neither terminal may be grounded.

Phase Measurement. Phase angle is measured in the
same manner in both the voltage and current modes.
Signals from the voltage and current channels are com-
pared to obtain the phase angle. The signal from the
voltage channel goes to a zero crossing detector whose
output turns on one half of a bistable multivibrator when
the voltage signal passes through zero in a positive direc-
tion.

The current signal goes to an identical zero crossing
detector whose output is used to turn off the same half
of the multivibrator that the voltage channel turned on.
The time that the flip-flop is on is proportional to the
phase difference, and thus its output voltage is propor-
tional to the phase difierence between the voltage and
current. A zero-center phase meter calibrated in degrees
reads this voltage as phase angle.

High Frequency Vector lmpedance Meter

Designed to use a probe terminal arrangement, a
higher frequency instrument, the -hp- Model 4815A RF
Vector Impedance Meter, Fig. 5, covers the frequency
range from 500 kHz to 108 MHz. It is designed to meas-
ure the magnitude and phase angle of the driving point
impedance placed across its probe tip to ground. This
makes direct-reading in-circuit measurements possible,
and the instrument is also designed to measure impedance
of active circuits includins those havins nesative real
components.

Basically, the block diagram of the RF Vector Im-
pedance Meter resembles that of the lower frequency
-hp- Model 4800A with four notable exceptions - 3
phase lock loop, samplers, probe and grounded measure-
ment capability, Fig. 6. In addition the instrument op-
erates only in the constant-current mode.

l a )
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Design Philosphy of Vector Impedance Meters
The operation of both vector impedance meters is

based direct ly upon the fundamental definit ion of im-
oedance

t E i t 0 ,  i E l
Z / e =  -  -  . ' / 0 ' - 0 ,

t l U t  l i -

In the simpli f ied block diagram of a typical vector im-
pedance meter, a broadband osci l lator appl ies a CW
signa l  to  an  ampl i f ie r  whose ou tpu t  may be  leve led .  The
AC signal from the ampli f ier passes through the unknown
impedance mounted across terminals A and B. Current
f l o w s  f r o m  t h e  B  t e r m i n a l  t h r o u g h  t h e  a m m e t e r  t o
ground. Thus, the current through the unknown is sensed
by the ammeter and used to generate an AGC signal
which levels the output of the ampli f ier. The purpose of
the AGC loop is to hold the current constant through the

unknown.  S ince  Z  :  E /1 ,  and I  i s  a  cons tan t ,  Z  i s  d i rec t l y
proport ional to the voltage across the unknown. A high-
impedance broadband voltmeter across terminals A and

B can be cal ibrated to read impedance direct ly.
To determine the phase angle between the voltage and

current, the AC outputs from ihe voltmeter and ammeter

Probe. Because operating frequencies of thc -hp- Model
4815A are high, the current can be monitored with a
toroid current transformer in a probe . In addition to the
toroid current transformer, the probe contains both the
voltage and currcnt cl.rannel samplers. a coaxial delay
line and the RF test signal injection lead which feeds
through the center of the toroid to thc probe tip, and is
actually the current transformer primary.

The voltage appearin-e across the unknown is taken
from the probe tip through the delay line to the voltage
sampler. The current measurement is taken from the
secondary of the toroid current transformer.

Voltage and current are sampled at different instants
in real t ime to avoid crosstalk in the measuring channels.
The delay l ine in the voltage channel compensates for
the phase difference due to the sampling time difference,
thus prcserving phase information.

Samplers. Synchronous sampling techniques are used tc'r
convert the RF to constant IF frequency signals in the
probe. Sampler theory irnd sampier charactcristics have
been discussed in previous articles." In this instrument.
the samplers used for both channels arc identical. The
IF is 5 kHz with sampling rate controllcd with a phase

I  G e r r y  A  0 n 2 0 ,  ' C o n s i d e r a t i o n s  i n  t h e  D e s i g n  o f  S a m p l i n g  B a s e d  P h a s e - L 0 c k  L o 0 p s , '
WESC0N 1966,  Techn ica l  Papers  23 l '2 .
,  F r i t z  K .  Weiner t ,  'The RF Vector  V0 l tmeter , '  'Hewle t t -Packard  Journa l , '  V0 l .  17 ,
No.  9 ,  [4ay  1966,  p .  2 .

L*

are fed to a phase detector which is cal ibrated direct ly in
phase ang le .

From the preceding discussion, i t  is obvious that i t  is
immaterial whether voltage is held constant or whether
current is held constant, so long as one of the two param-

eters is held constant. Also the voltmeter, ammeter and
phase meter port ions of the circuit  may either be broad-
band, or may be track-tuned to the excitat ion osci l lator
frequency. Third, the connection to the ammeter at termi-
na l  B  may be  e i iher  a  d i rec t  connect ion  or  induc t ive ly
coup led .

lock Ioop. By phase comparison of the Itr to a reterence,
a voltage is dcrived that controls the frequency of a volt-
age-tuned oscillator in thc phase lock loop. Fast pulses
for operation of the samplers are produced by a sampler
pulse generator synchronized with the voltage-tuned
oscil lator.

IF System. Two high-gain, narrow band 5 kHz channels,
one voltage and one current, ternrinate in average detcc-
tors. In the -hp- Model 48 15A, the current channel

Fig.  5.  I r t -c i rcui t  nted.sr t r t ' r r t t 'n l .s  Lt l  bol l t  ac l iv ' t '  ur td
pu.t.sit c davict'.s and circuit.s cun bc rrtudc arul read

out t l i rc t t ly  ovcr o l rcquutLy tatrg(  o l  500 k l t -  to
108 MHz wirh tha r tew - l tp-  Modcl  18 15A RF
V ct tor I trt pedartce M t'ter.
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5 kHz signal is amplified, detected and applied to a modu-
lator to form a closedJoop automatic level control (ALC)
that holds the test signal current constant.

By holding the RF test signal current constant, the
voltage across the unknown is proportional to impedance
magnitude. The 5 kHz voltage channel IF is amplified
and detected in a manner similar to the current channel.
The detected output is read out on the front-panel meter
as 'ohms.' The single-frequency IF system makes possible
very high Q measurements.

Signals from both the voltage and current channels are
limited to remove amplitude variations. They are then
applied to a binary phase detector whose output is read
on the front-panel phase meter.

Applications of Vector lmpedance Meters

Both vector impedance meters can make a wide variety
of measurements. Many components can be measured
using either instrument. However due to the difference
in frequency coverage and circuit configuration, certain
measurements must be performed with the instrument
designed for that purpose.

The high-frequency RF Vector Impedance Meter with
its probe for in-circuit measurements can be used for
measurement of both active and passive devices and cir-
cuits. The low frequency Model 48004 is generally lim-
ited to measurements of passive components, but with
blocking capacitors, may be used to make measurements
in circuits with dc present. It can measure active circuits
so long as the phase angle is 90o or less and the power
supply for the circuit is isolated from the instrument.

Fig. 6. Both vector itrrpedartce
ttrcters Ltsc the sattte basic logical
lrrailgemcnt, but the ligh lre-
qucncy ntetc r uses s ;.- nc ltronotts
santpling tecltniques wlich pro-

vitlc tracked tunirtg ol voltagc
utttl currcttl chartnels to pntdttcc

thc 5 kHz IF frcquency.

Inductance and Capacitance

Both instruments can be used to determine inductance
or capacitance of discrete components. Components may
be attached directly to the front panel terminals of the
-hp- Model 48004, or to the component mounting
adapter attached to the probe of the -hp- Model 4815,A,
Fig. T.Impedance is measured directly in terms of polar
coordinates Z and phase angle 0. Using simple trigono-
metric relationships, the polar coordinates can be con-
verted into rectangular form where the horizontal com-
ponent of Z is resistance and the vertical component is
inductive or capacitive reactance.

Measuring Q
Low Q components. For a low Q component, that is less
than 10, simply determine the phase angle and refer
to a table of tangents. since:

Tano : {  _  o

High Q components.By adding the necessary resonating
element, the rf method may be used to calculate Qs
greater than 10. For either parallel or series resonance:

Q : f,,/,rf

where f., is the resonant frequency and lf is the band-
width. f,, is the frequency where 1Z is zero degrees. The
bandwidth .lf is the numerical difference between the
frequency above resonance (fr) where LZ is - or +45o,
and the frequency below resonance (f,) where 1Z is * or
- 4 5 " .

When calculating the Q of small inductors the effect of
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stray inductance L" in series with the resonating capaci-
tance, Fig. 8, is included by altering the af equation to

Q =  ( f , , / : f )  1 ,1 / ( I  +  L " /L ) | .

Another method, called frequency ranging Compares
the impedance of the circuit at resonance to its impedance
when it is not at resonance. lt lzl, is the impedance of
the circuit at resonance (f.) and ]Zl, is the impedance of
the circuit at 0.1 f or 10 f,, then

t 7 l
Q = ,l1f1- for parallel resonance, and

t t )  / , t . ,

^z l
Q = 

I  O ;1,  
tu ,  sencs resonance.

This n-rethod wil l not work for crvstals, resonant l ines and
similar devices.

High Q circuits. The Q of high Q circuits, that is greater
than 10, can be calculated by either the rf or the fre-
quency ranging methods.

Low Q circuits.When circuit Q is less than 10, the Q is
still accurately calculated by the Af method provided that
the loss is in shunt in a parallel resonant circuit or in series
in a series resonant circuit. In parallel resonant circuits
where the loss can be assumed primarily in series with
the inductor, Fig. 8, a modified form of the lf method
calculates Q accurate to +0.5 for all Q with the formula;

o-^ .^  l  
" - .  -o .s

2 ( f , - f )
where f., is the frequency at 0o phase angle and f. is the
frequency at -45o phase angle. The Q calculated is for
frequency f".

Crystal Resonance
A crystal may be represented by the equivalent circuit,

Fig. 9(a). This circuit exhibits a series and parallel res-
onance very ciose together in frequency, Fig. 9(b), with
the series resonance occurring at the lower of the two
frequencies.

Crystal resonance may be easily measured with the
-hp- 4815 RF Vector Impedance Meter. Series resistance
R" may be read directly by tuning to series resonance and
reading impedance directly. For more accurate frequency
measurements, an electronic counter may be driven from
the front panel RF output terminal.

From a plot of impedance versus frequency, it is pos-
sible to determine the capacitive reactance needed to pull
the crystal frequency to some desired value. It also is pos-
sible to calculate the sensitivity of the pulled frequency
to changes in the pull ing capacitance. Besides crystal
capacitance and inductance, Q may also be deternined.

Since crystal Q nray be very high (up to 2 mill ion for
natural quartz), it is generally desirable to use a counter
for frequency measurement. For Q greater than 100,000,
a high-accuracy, high-resolution frequency source such
as a frequency synthesizer is desirable.

Ftg. 7. Discrcte cotltponeilts ntay be ntcasurccl at

high f rcquencies bt clippirtg thattt to /hc contpotrcttl

trtoutttirtg adaptcr ol thc -hp- Model 4815A. This

Ioroid i.s bcing checltcd ul a lrequcncy bclou, res-
ot1otrce.

Fig. 8. l// losses as.tocialed witlt
a Q trteasuring circuit should hc
considcred whett tncasuring Q of
a :u ru l l  i t t t l u c to r .  Th t  s t n t . v  i r t -
duc/ance L" ol tlrc rasonatittg
capaci tor  C and the resist ive

/osse.s R ol the inductor L are
show t t .

(b)

Fig. 9. Eaclr r(,.\()notlcc ol a crl'.stal trtay bc rcprc-
scntct t  u, i th t l tc  equivalcnt  c i rcui t  (a) .  Al l  cry.sta ls
cxhib i t  a lou ' i r t rpcdancc scr ics rcsortut tcc and a l t ig l t

i rnpcduncc paral le l  rcsonat lcc (h) ,  rcr t 'c losc Io-
gct l tcr  i r t  l reqt tency,  u ' i th thc .scr ias rcsot tat t (c ut  t l tc
l , ,v ' r ' r  , t l  t l tc  tv ' , t  l r t r l t tc t tc ic . t .
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Fig.  10.  A nt tntber o l  / ranslorntct  porantctcr . t  ntor
be de/crrnittcd with bttth vcctot intpclancc tnetcrs.
Art iron-core tran.slornter u.sed ut lou'cr lrcqucncies
rrtay be quickl"v clturuclarizctl using /ltc -hp- Modcl
4800A.

Transformer Measurements

One of thc more sophisticated capabil it ies of the vec-
tor impedance meters is characterizing a transformer,
Fig. 10. With the transformer secondary opcn and the
prinrary connected to the ternrinals of the instruntent, the
primary inductancc can bc measurcd dircctly by choosing
a frcquency rangc whcre the phase is bctween plus 8-5'
and 90".  The coppcr  ancl  corc losses in  the pr imery
vary with frequency ancl can bc deterrnined at the lowest
measurcmcnt frequency whcre the phasc an_ele is 45o,
since the inductive rcactance is equal to the rcsistance at
this frequency. The rcsistance is then 0.707 times the im-
pedance, as rcad ontheZ magnitude mcter.

Transformer capacitance. Capacitance of the transfonrrer
primary can be determined by selecting a measuremcnt
frequency at which the primary inductancc and capaci-
tance resonate (phase angle of 0'). If this frequency is
out of the range of the instrument, an external capacitor
of known value can be shunted across the primary. Sincc
thc inductance and the frequency are known, the trans-
former capacitance is the resonating capacitancc minus
the  known  s l run t  c rpac i t r nce .

Primary-to-secondary capacitance of the transfornrcr
can be measured by using one leacl each of thc prinary
and secondary as ternrinals. With the frequency clial sct
to an appropriatc frcquency, the capacitancc can bc rcacl
directly. The effectiveness of interwindins shields can be
measured by connecting shields to thc ground terminal
of the -hp- Model 4800A.

Turns Ratio.To find turns ratio. the equationsZ. - n'2,,
and nr - Z,/Zp are useci, where n equals the nunrber of
secondary turns clivided by thc nunrbcr of prinrary turns.
Then, by selccting a frcqucncy where the primary induc-
tance is high with respect to some rcsistance, say I00
ohms, a I00-ohnr resistor plaqed across th.c secondary
will reflect an impedance in thc primary. Using thc equa-
tions. Z. : 100 ohrns and 2,, is thc reading on thc Z nrirg-
nitude metcr. A ncar zcro phase anglc reacling assures
that the Z magnituclc mcter is reading a rcflcctcd rcsis-
tancc ancl not an inductirnce in the transforn.rcr itself.

Mutual inductance. It is possible to dcterminc mutual in-
ductancc of the trirnsformer by mcasuring its inductance
in a series aiding configuration and then in a series op-
posing configuration. Subtracting the smaller reading

S P E C I F I C A T I O N S
-hp-

MODEL 48OOA
VECTOR IMPEDANCE METER

Frequency Cha.acle, ist ic$
Range: 5 Hz to 500 kHz in l ive bands: 5 to 50 Hz,

50 to 500 Hz, 0.5 to 5 kHz, 5 to 50 kHz, 50 to 500
k H z .

Accu.acy: : .21o l tam 50 Hz to 500 kqz, j .4yo f tam
5  t o  5 0  H z ,  t 1 %  a t  1 5 . 9 2  o n  t . e q u e n c y  d i a l  f r o m
159.2 Hz to 159.2 kHz, ! .2o/" al  15.92 Hz.

M o n i t o r  o u l p u t :  l e v e l :  0 - 2  v o l t  r m s  m i n i m u m ;  s o u r c e
i m p e d a n c e :  6 0 0  o h m s  n o m i l a l

lmpedance Measuremenl Characlet is l ics
n a n g e :  I  o h m  t o  I 0  m e g o h m s  i n  s e v e n  r d n g e s :

1 0  o h m s ,  1 0 0  o h m s ,  1 0 0 0  o l r m s ,  1 0 K  o h m s ,  1 0 0 K
o h m s ,  1  m e g o h m ,  1 0  m e g o h m s  f u l l  s c a l e .

Accuracy: r :57o ol  reading.
Phase Angle Measurement Characte, is l ics

R a n g e :  0 '  t 9 0 ' .
A c c u r a c y : : : L 6 ' .
C a l i b r a l i o n :  i n c r e m e n t s  o f  5  " .

Oirecl  Inductance Meassremenl Capabi l i t ies
R a n g e i  1  p H  t o  1 0 0 , 0 0 0 H ,  d i r e c t  r e a d i n g  a t  d e c a d e

m u l t i p l e s  o f  1 5 . 9 2  H z .
Accuracy: t7V" ol  reading for Q greater than 10

from 159.2 Hz to 159.2 k{z:  : ! .8o/o of reading for
Q  g r e a t e r  t h a n  1 0  a t  1 5 : 9 2  H z .

Direct Capaci lance Measuremenl Capabi l i t ies
R a n g e :  0 . 1  p F  t o  1 0 , 0 0 0  A F ,  d i r e c t  r e a d i n g  a t

d e c a d e  m u l t ; p l e s  o l  1 5 . 9 2  H z .
A c c u r a c y :  7 o ;  o f  r e a d i n g  f o r  D  l e s s  t h a n  0 . 1

1 5 9 . 2  H z  t o  1 5 9 . 2  k H z ,  : 1 8 y "  o f  r e a d i n g  i o r  D
less lhan 0.1 at 15.92 Hz-

Measrr ing Te.minal Signal Characler is l ics
W a v e  6 h a p e :  s i n u s o i d a l .
Dislor l ion: less lhan 1ol" t .om 10 Hz to 50 kHz, Iess

t h a n  0 . 3 %  f r o m  5 0  H z  1 0  5 0 0  k H z ,  l e s s  t h a n  1 . 5 7 '
f r o m  5  H z  t o  1 0  H z .

S i g r a l  l e l e l :  l e s s  t h a n  2 . 7  m V  r m s  1  t o  1 0 0 0  o h m s ,
a p p r o x i m a t e l y  2 7  m V  r m s  1 0 K  t o  1 0 0 K  o h m s ,
a p p r o x i m a t e l y  2 / 0  m V  r m s  1 0 0 K  o h m s  t o  1
m e g o h m .  a p p r o x i m a t e l y  2 . 7  V  r m s  1  m e g o h m  t o
1 0  m e g o h m s .

W e i g h l :  n e t  2 4  l b s .  { 1 0 , 8  k g ) ,  s h i p p i n g  3 0  l b s .  ( 1 3 . 5  k g ) .
P o w e r : 1 0 5  t o  1 2 5  V  o r  2 1 0  t o  2 5 0  V , 5 0  t o  4 0 0  H z .
P r i c e :  $ 1 , 4 9 0 ;  O p t i o n  0 1 ,  r e c o r d e r  o u t p u t s  f o r  Z ,  , ,

a n d  l r e q u e n c y  $ 1 0 0 .

-np-
MODEL  4815A

RF VECTOR IMPEDANCE METER

Frequency
R a n g e :  5 0 0  k H z  t o  1 0 8  M H z  i n  t i v e  b a n d s :  5 0 0  k H z

t o  1 . 5  M F 7 ,  1 . 5  t o  4  5  M H /  4 . 5  t o  1 4  l V H z ,  1 4  t o
3 5  M H z , 3 5  t o  1 0 8  M H z .

Accuracy: t27o of reading, 117" of reading at
1 . 5 9 2  a n d  1 5 . 9 2  M H z .

R F  m o n i l o r  o u t p u l :  1 0 0  m V  m i n i m u m  i n t o  5 0  o h m s .
l m p e d a n c e  M a g n i l u d e  M e a s u r e m e n t

R a n g g i  1  o h m  t o  1 0 0 K  o h m s ;  f u l l - s c a l e  r a n g e s :  1 0 ,
3 0 .  1 o o ,  3 0 0 ,  1 K ,  3 K ,  1 o K ,  3 0 K ,  ' 1 0 0 K  o h m s .

Accuracy: -t4% ol tull 
"""f" 

,. 
ffi+-ruz1r, )2"

o l  r e a d i n g .  w h e r e  I  t r e q u F n c y  i n  M H z  a n d  Z  i s
i n  o h m s i  f e a d i n g  i n c l u d e s  p r o b e  r e s i d u a l  i m p e d -
a n  c e .

Cal ibiat ion: l inear meter scale with increments 2olo
o l  t u l l  s c 6 l e .

Phase Angle Measuremenl
R a n g e : 0  t o  3 6 0 o  i n  t w o  r a n g e s : 0  : r . : 9 0 " ,  1 8 0 "  a

9 0 " .

Accuracy: *  te + 
dO l i ; ; - i -  5f1,)  

deorees; wnere

f  -  t r e q u e n c y  i n  M H z  a n d  Z  i s  i n  o h m s .

C a l i b r a l i o n :  i n c r e m e n l s  o f  2 ' .
w e i g h t :  n e l  3 9  l b s .  ( 1 7 , 6  k g ) ,  s h i p p i n g  5 0  l b s .  { 2 2 , 5  k g ) .

Power: 105 to 125 V or 210 to 250 V, 50 to 400 Hz.

Price: $2650.

Manuf aclur ing Divis ion:
h p .  R o c k a w a y  D i v i s i o n

G r e e n  P o n d  R o d d
Rockaway, New Jer3ey 07866

Ptices ! .o.b. lactoty
Data subject to change without ngt ice
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from the larger reading and dividing the result by four
yields mutual inductance.

Leakage inductance. To determine leakage inductance of
a transformer, the secondary is shorted and the shorting
inductance read on theZ magnitude metbr. If the leakage
reactance is too small to be read directly, a capacitor
which will resonate with the leakage inductance may be
connected across the primary. The leakage inductance
can then be calculated from the known frequency and
capacitance.

Semiconductor Measurements

Dynamic Impedance of Diodes. Both instruments may be
used to determine the dynamic impedance of diodes using
a known dc current source. (Use blocking capacitors with
the low-frequency -hp- Model 4800A.) The impedance
of the diode can then be recorded as a function of current.
Similarly, by back biasing the diode, the junction capaci-
tance vs. voltage can be measured. Obviously, voltage
variable capacitors and current variable inductors can be
measured and recorded as a function of voltage and cur-
rent respectively. Care must be taken to insure that the
test signal level does not bias the diodes.

Transistor Measurements. Using a slightly more compli-
cated biasing system than that used for diodes, the input
impedance of a transistor can be measured. With the base
of the transistor connected to one terminal of the -hp-

Model 48004, and the emitter connected to the other,
and the collector connected to the base through a capaci-
tor, Fig. 11(a), the instrument will measure h,,,. With the
base connected to one terminal, the emitter connected to
the other, and the collector connected to the emitter
through a capacitor, Fig. 1 I (b), the instrument will meas-
ure h'.. If the same biasing currents and voltages are used
for both the hiu and h,,, measurements, then from the
equation

t h ,t r ' = 1 1 f r , "

or h,,, can be determined using the relationship:

(a) (b)

Fig. 11. Using an appropriate biasing schente (a) it

is possible to nlaosure h.;1, (sntall signal input inr
pedancc) ol a transistot'. By recortnecting the circuit
(b) thc instruntcnt will tneasure hto. C, and C, arc

dc blocking capacitors, atul R, cutd R, ore bitts

res islors.

Collector-to-base capacitance can also be measured by
connecting the collector to one terminal and the base to
the other.

In using the -hp- Model 4815A RF Vector Impedance
Meter for rneasuring high-frequency devices, care must
be taken io avoid oscillation.

Measuring Active Circuits

Negativeimpedances. With the -hp- Model 4815,{ RF

Vector Impedance Meter it is possible to measure imped-
ances with negative real parts. The phase angle of these
impedances is indicated on the 180o -f 90" range of the
meter. Negative impedances are often present in feedback
amplifiers with small phase margins.

Negative impedances are also present at all points in
an oscil lator loop. The -hp- Model 4815A RF Vec-
tor Impedance Meter can be used to quickly acquire data
to plot negative impedance of an oscillator versus fre-
quency of the test signal.

With the oscillator set to a fixed frequency, the imped-
ance meter is run from a frequency above or below the
fixed frequency, through the oscillator frequency and
beyond. At the frequency of oscillation, the phase angle
will be about 180o. To make the measurement it is nec-
essary that application of the -hp- Model 4815.A probe
stop the oscillation. Oscillation will usually be squelched
if the magnitude of the effective shunt negative resistance
is larger than 50 ohms.

The slope of the phase angle versus frequency gives an
indication of oscillator stability. If the phase slope is
small the oscillator is less stable. The reading of the mag-
nitude of negative resistance at the frequency of oscilla-
tion is related to the amount of positive feedback.

n,. =fi-r
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Mixer input and output impedance. With special care,
with the use of the *hp* Model 4815A only, it is possible
to measure the input and output impedance of a mixer
while it is being excited with the local oscillator. The spe-
cial care required is to insure that the measurement be
made at frequencies such that the impedance meter test
signal does not mix with that of the local oscillator to
produce an error signal.

The proper frequencies are generally too difficult to
calculate in advance, but can be determined easily while
making the measurement. When an interfering signal is
producing an error, the measured impedance indicated
on the meter will experience wild variations for small
changes in frequency. Between any two successive fre-
quencies at which an error signal is found, there shouid be
a range for which the measured. impedance is essentially
constant. The impedance within this range is the true
value.

If the signal in the circuit is modulated, especially if it
is frequency or phase modulated, the chance of mixing
is greatly increased. fn fact, it may not be possible to find
a point where interference does not occur, thus the meas-
urement may not be possible at all.

Loop Gain. The -hp- Model 4815A can also be used to
measure the magnitude and phase angle of loop gain of
high frequency feedback arnplifiers. The loop gain is
found by measuring impedances at a single point internal
to the loop under two conditions. One condition is with
the loop closed (Z.r) and the seconcl condition is with the
loop opened (2s..). When the loop is opened care must
be taken not to disturb the impedance at the point being
measured. The loop gain is then equal to

toop gain - 1 - gP:4qoP!ryt4gl91
closed loop irnpedance

Other Applications
Both instruments have the capability of many addi-

tional applications involving components. For example,
the length and electrical properties of transmission lines,
distributed capacitance of measuring instruments and
variations in the frequency response of toroidal trans-
formers with changes in core material may be obtained.

With careful measurement techniques, it is possible to
obtain useful data on passive components in which inter-
fering signals may be present. Transducers, loudspeakers
and mixers are characteristic of this class of measure-
ment.
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