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1. INTRODUCTION
1.1 Preface

Have you ever designed an electronic circuit only to find
that once it was built, it didn’t work the way you in-
tended it to. You have probably run into this sort of
problem when working with electronic circuits that will
operate somewhere between the HF and VHF bands.
Such differences can usually be accounted for by three
factors which affect circuit performance in the high fre-
quency band, but not in the low frequency band. These
factors include the following:

e Circuit components do not always work across an
actual operational frequency range the way they
theoretically should.

® At high frequency bands, printed circuit board pat-
terns exhibit high impedance that cannot be ignored.

® The way components are packaged or laid out on the
board will affect circuit operation.

This Application Note explains how to use the 4193A
Vector Impedance Meter (Fig. 1-1) to solve these prob-
lems, and to achieve reliable and efficient design of video
electronic circuits, and circuits which operate in the VHF
band. In explaining the circuit design application of the
4193A, many actual examples are used. These include
measuring component impedance at the desired operating
frequency, measuring the input/output impedance of an
assembled circuit, and measuring the output impedance of
a power supply. The informationincluded in this Applica-
tion Note should prove useful in designing and packaging
circuits for VTR, TV and other communications equip-
ment.

1.2 4193A Outline

The 4193A is a grounded probe-type vector impedance
meter. Its measurement frequency is continuously vari-

Table 1-1. Key Specifications of 4193A

Frequency: 400 kHz to 110.0 MHz.
4 digit resolution

Test Signal Sweep: Manual or Automatic, Full
Sweep or Partial Sweep
1Z1: 0.015210 120.0kQ2
Measurement Maximum resolution: 10m&2 on
Range 10.0082 range
Resolution Best accuracy: 3.0%

and Accuracy | . _180.0° ~ +180.0°

Resolution: 0.1°
Best accuracy: 3.2°

4 digit frequency display.
Displays 3% digit impedance magnitude and
phase displays.

Data Output/
Remote Control

HP-1B and recorder output of | Z|
8 and frequency

able from 0.4 to 110MHz with 4-digit resolution. The
instrument measures and digitally displays impedance
magnitude |Z] from 10 milliohms to 100 kilohms with
3.5 digit resolution, and phase from 0° to +180° with 0.1°
resolution. In addition, the automatic sweep feature pro-
vides many convenient functions for measuring frequency
characteristics and operability. The 4193A can accurately
measure impedance characteristics of not only individual
circuit components, but also of entire assembled circuits,
and can be effectively used at every stage of electronic
circuit design. Main specifications are listed in Table 1-1.

1.3 RF Circuit Design

When designing an electronic circuit, the main components
must first be selected. Careful selection is important be-
cause the characteristics of components at rated frequen-
cies may be quite different from those at actual operating
frequencies. Parts which greatly affect circuit perform-
ance must be carefully evaluated before circuit assembly
to ensure they will perform as desired. The impedance of
lead wires and stray capacitance between components also
affect circuit performance, requiring components to be
evaluated at the actual operating frequency or frequency
band, and with the lead wire cut to the lengths that will
actually be used. After evaluating the individual com-
ponents, the pattern in which the selected parts will be
mounted on the printed circuit board must be evaluated.
This becomes especially important for circuits operating
at frequencies above 10 MHz, because the impedance in
the pattern and capacitance between patterns greatly
affect circuit characteristics. Correct evaluation can ef-
fectively prevent unexpected phase shifts, signal attenua-
tion, and oscillations. After assembling the components in
the determined pattern, the circuit must be connected to
a DC power source and tested for overall performance.
Various problems may be encountered at this stage: the
amplifier doesn’t provide sufficient gain, the gain is not
flat enough, or, for a filter, the cut-off frequencies do not
match. One of the most common causes of these problems
is that stray admittances generated between the packaged
parts of patterns result in actual impedance values quite
different from the expected ones. To solve this problem,
input and output impedances and other characteristics
must be measured with the circuit assembled, and without
changing bias conditions. Thus, when designing an electro-
nic circuit for operation in the RF band, the three most
important factors to be evaluated are the characteristics
of components at the actual operating frequency, the im-
pedance of lead wires and printed circuit board patterns,
and the stray capacitance between mounted circuit com-
ponents. The 4193A Vector Impedance Meter measures
component characteristics, pattern impedance, and stray
capacitance easily and efficiently, and contributes greatly
to reliable design of video circuits and circuits operating
in the VHF band.



2. MEASUREMENT OF DISCRETE COMPONENTS FOR HIGH

FREQUENCY CIRCUITS
2. 1 General

The most frequently encountered problems in high fre-
quency circuit design are insufficient gain (amplifiers) and
incorrect cutoff frequency (filters), both of which are
usually caused by differences between the impedances and
admittances of the designstage circuit and those of the
assembled circuit. At the component level, there are two
main causes:

® Impedance frequency characteristics of the compo-
nents themselves.

® Impedance of and capacitance between lead wires of
individual circuit components.

In terms of the assembled circuit, there are also two main
causes:

® Impedance of the printed pattem.
® Stray admittances between components and between
pattemns,

Components used in high-frequency electronic circuits
should be evaluated for individual characteristics before
assembly, and for impedance after assembly. The follow-
ing explains how to make this evaluation.

2. 2 Component Frequency Characteristics
Measurement

A great deal of useful inforination can be obtained by
measuring the impedance characteristics of circuit com-
ponents at the frequency which they are to operate.
Fig. 2.1 shows an example of using the 4193A to meas-
ure the impedance frequency characteristics of a ceramic
capacitor. If the capacitor were ideal, the curve would go
down at the right. Instead, it shows a V-shaped charac-
teristic. This happens because the capacitor itself includes
inductive and resistive components. If equivalent circuit
elements do not greatly depend on frequency character-
istics, the R, C, and L values given in Fig. 2.2 can easily be
estimated from the measurement results shown in Fig,
2.1,

c R L
o—e—i} reen o

(a) Equivalent Circuit

0.570
Ot } T, L
23.4nF 25.8nH

(b) Simplified Equivalent Circuit
Figure 2.2,

The L and C reactances can be ignored in the area indicat-
ing resistance near the resonant frequency f, (approx.
5.8 MHz), where the phase is zero in Fig. 2.1. Since
1/G>>R, the capacitor can be regarded as a simple equiva-
lent resistive circuit, whose equivalent series resistance
(ESR) is 0.57 ohm,

R = 057 ohm 2.1

In the low-frequency capacitive area of Fig. 2.1, the L
component can be ignored. Since parallel conductance G
is also negligibly small compared to wC, the capacitot can
be regarded as an equivalent RC series circuit. Therefore,
the value of C can be calculated from the following equa-
tion.

1
AV AL (22)

w : Angular frequency = 27 f

f : Measurement frequency (Hz) = 0.4 MHz

1Z| : Impedance magnitude (ohm) displayed on the
4193A

R : Equivalent series resistance (ohm)
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Figure 2.1. Frequency Characteristics of Ceramic
Capacitor
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(c) Example of Equivalent Circuit with Actual Values

Equival ent Circuits of Ceramic Capacitor



The following equation can be used in the frequency
range where |Z| > R.

1 1
TwiZl  2mx0.4 x10°% x 17.00

= 234nF
(2.3)

In the area of high-frequency inductance, the capacitive
reactance can be ignored and an equivalent RL series cir-
cuit can be assumed. The value of L, then, is determined
by the following equation.

~MZP-R*

w

C

L 24)

The following equation can be used in the frequency
range where |Z| > R, and f=110MHz.

17.85

From the above explanation, the equivalent circuit given
in Fig. 2.2 can be expressed as b) or c) if the results of
equations 2.1 to 2.5 are used.

The measurement results given in Fig. 2.1 indicate that
the capacitor works well at frequencies of about 5 MHz or
below. The limitation of capacitor performance can be
checked by calculating the equivalent circuit constants as
described above, and then used as a basic value for select-
ing parts or design data.

This method of capacitor-evaluation is also applicable to
resistors and coils. Fig. 2.3 shows how to calculate each
equivalent circuit constant.

zZ
L~14 . -= 258nH  (2.5)
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2. 3 4193A Test Fixture for Discrete
Component Measurement

For reliable measurement of a circuit component in the
video or VHF band, it is important to put the component
in as close to actually assembled status as possible, and to
use a suitable test fixture. The 4193A provides a variety
of fixtures (Fig. 2.4) for measuring chip, radial lead, and

axial lead components, and components of other shapes.

(a) Setup for measuring discrete components using the
16099A Test Fixture Adapter with the 16092A

Spring Clip Fixture
A o PO
«4-—-16099A

20.65an

YL
s
‘L upm E;

52 fm 1
¢ g =
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g

Figure 2.4. Test Fixtures for the 4193A

Fig. 2.4 (a) shows the 4193A attached to the 16099A
Test Fixture Adapter, upon which is mounted a discrete
component test fixture. Three types of component test
fixtures are available, as shown in (b), (c) and (d) of Fig.
2.4. The numbers given in the figure indicate the distance
between terminals, or the maximum measurable com-
ponent dimensions. Because its measurement terminals
are movable, the 16092A Test Fixture, shown in (b) of
Fig. 2.4, can be used to measure components with lead
wires as long as those to be actually used. Fig, 2.5 shows
the results of two measurements made on the same
ceramic capacitor. lead wire length differs by about
1 cm for purposes of measurement. Since there are big
differences in resonance frequencies and impedance values,
the lead wires must be as long as will actually be used.

Fig. 2.6 shows a component mounting adapter which con-
nects directly to the probe. Components are connected
between the center terminal and either of the two outer
terminals. Spacing between the center terminal and each
outer terminal is 13.5 mm and 20 mm, respectively.

Fig. 2.7 shows a probe socket designed for board mount-
ing and for user-fabricated test fixtures. Alinost any type
of fixture can be connected for measurement.

[MPEDANCE ({OHM?
PHASE (DEGREE?!

5 10 foz 20

FREQUENCY (MHz)
(ZL], 8, : Long lead
12,], 8 : Short tead

Figure 2.5. Lead-Length Dependency of Frequency
Characteristics of Discrete Components
Figure 2.6. Component Mounting Adapter
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Figure 2.7.  Probe Socket

2. 4 Compensation for Test Fixture Residuals

In some cases, the residual impedance in a test fixture
causes error when measuring the impedance of a circuit
component. If this effect can be compensated, a more
accurate measurement can be obtained. Fig. 2.8 compares
values of impedance characteristics with and without
residual impedance compensation. Compensation for re-
sidual impedance raises the resonant frequency by about
8MHz, and lowers the resonant impedance by about
0.5 ohm. Eliminating the error caused by the test fixture
results in the correct value. The impedance range in which
correct values can be obtained if residual impedance is
compensated is shown in Fig. 2.9. (A sample program for
automatic residual impedance compensation via the HP-IB
is given in the Appendix (p. 19).
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Figure 2.8.  Residual Impoedance Compensation for

Frequancy Charscteristics of Ceramic
Capacitor

Lok

3% error

Impedance (1)

2

10% error

10% error

Frequency (MHz)

O3 : Range where the residual error is less than 10%

. Range where the cesidual error is 10% or more
(must be compensated)

Whenever the residual error caused by the fixture
is to be minimized, compensation is necessary.

Figure 2.9. Additional Error due to Rasidual Impedance

when the 16092A is attached to the 16099A



® How to compensate for residual impedance

Measured impedance values displayed on the 4193A in-
clude the impedance of the DUT plus the residual im-
pedance of the test fixture. See Fig. 2.10. To obtain the
true impedance of the DUT, the following method can be
used.

1. Short circuit terminals A and B, and note the values
displayed on the 4193A as | Z;| and 6; (Ro and X,
measurements). Shorting rings are furnished with the
16092 A and 16093A/B for this purpose.

Z, = Ry + /Xy (Impedance of shorting
ring< |Ro + iXol)  (2.6)

2. Perform measurement with terminals A and B open,
and note the values displayed on the 4193A as |Z,|
and 8, (Go and By measurements).

[ Go +/Bo| << (2.7)

1 1
S =GoviBe 1Ry + 7o)

3. Connect the component to be measured to terminals A
and B, and note the values displayed on the 4193A as
| Zyit and 6y,

4. The actual impedance of the component is Z,/8y, and
is calculated as follows:

1Zx| = VR? + X? (2.8)

X
0, = tan"T 29

where

= (120l €05 B3y — 12y 003 00)1 2+ 12,]
(125l cos 8y — | Zpl cos 8, ) +{|Zy| sin 8,

— | Zyl 5in B)° — | Zg| cos 8 (2.10)

x = {1 Zol sin 8,y — 1 Zpy| sin Bo)+| Zpy| - | Zo|
(1Z4l cos 8m — | Zm| cos8,)* +(1Z,] sin O,

— | Zml 5in 66) — | Z| sin 8, 2.11)

< Davice
11634 3G T bBo under
-[ test
& . B, ©
LY r 1 F
— -
Residual impedance of Test Fixture Including
Test Prebe
Re . Residual resistance
Xo : Residual reactance
Ge . Residual cenductance
Bo . Residual susceptance

{Zy] . Impedance magnitude of DUT
o - Phase of DUT

Figure 2.10. Equivalent Circuit of Test Fixture



3. IN-CIRCUIT IMPEDANCE MEASUREMENT

In addition to measuring discrete components, as ex-
plained in Section 2, it is also important to measure the
impedance of the assembled circuit if it is to operate at
high frequencies. The following explains how to use the
4193A for this kind of evaluation.

3. 1 Input/Output Impedance Measurement

A high-frequency circuit often exhibits characteristics that
differ significantly from theoretical ones because of board
pattern impedances, and because of stray capacitances be-
tween mounted components. This results in, for example,
insufficient amplifier output or incorrect filter cutofY fre-
quency. One of the causes is that the actual input and
output impedance values are different from the theoreti-
cal ones.

By measuring the input and output impedances, the
following factors can be correctly evaluated:

o Amplifier or mixer impedance matching.
o Tuning amplifier frequency characteristics.

Two examples of how to solve the above problems are
given below.

(1) impedance Matching

Fig. 3.1 shows a hypothetical video amplifier circuit.
Point ® is designed to match at 50 ohms. The filter used
in amplifier 2 eliminates noise in the 300 MHz region, and
is designed so that the characteristic impedance becomes
50 ohms. With the 4193A, impedance matching was
checked at 50 ohms in the frequency range of 1 to
100MHz. The results shown in Fig. 3.2 were obtained.

input tilter

£

| i L::’ L

00 739 Q1
U

Amplifier ] ———

Figure 3.1.
10
S
T 80
)
w S0 izf_‘itl/
% —_ -
5 40| TN
@
s \
= o0l |Zin|
0 2 0 20 :
FREQUENCY (MHz)
1264:t : Output impedance of amplitier 1
1Zin| : Input impedance of amplifier 2
Figure 3.2. Impedance Matching between Amplifiers 1

and 2

L

Amplitier 2 ——

Video Frequency Band Amplifier

100
s &
5
60|- |Zin|

[#3] ..

]

Z 4

]

(28]

AL,

= o

0% 3 020 )
FREQUENCY (MHz)

Figure 3.3. Frequency Characteristics of Video Ampli-

fier shown in Figure 3.1 when C9 and C10
values are changed to 20pF in the input
filter circuit



The two circuits were found to match at frequencies up to
10 MHz. However, the output and input impedances were
53 and 40 ohms at 20MHz, and 61 and 18 ohms at
S50MHz, respectively. That is, they were found not to
match at high frequencies. This disparity results because
the distributed capacitance of inductor L1 becomes
larger as the frequency increases, and because the charac-
teristic impedance value changes. In this circuit, the
frequency range is from 1 to 100 MHz, and the input im-
pedance of amplifier 2 must be between 25 and 75 ohms
to obtain the initial output level of amplifier 2. To satisfy
this condition, the value of the input filter capacitor of
amplifier 2 must be changed, while measuring the input
impedance with the 4193A, until the optimum value is
obtained. The value of 20 pF was found to be best for the
47 pF capacitor (Fig. 3.3). Since the filter cutoff fre-
quency is 205 MHz at that value, noise in the 300 MHz
area from amplifier 1 can be sufficiently suppressed.

In a circuit which requires matching between stages, the
4193A can be used to measure the impedance, evaluate
the results, and if mismatching occurs, to get rid of the
cause.

) 1 900
~ e 800
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g 3dB 1 0o &
— 3 X ] 53]
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05 53 6.18
6.08
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Figure 3.4. Output Impedance-Frequency Characteristics
of a Tuned Amplifier
Tank circuit
+I5Y
PP rad 1000pF

1008 ‘*——1

Figure 3.5. Tuned Amplifier Circuit

(2) Tuned Amplifier

In a tuned amplifier, because output impedance is general-
ly proportional to gain, by measuring output impedance,
characteristics such as resonant frequency and bandpass
can be evaluated. Fig. 3.4 shows the results of using the
4193A to measure output impedance in order to find
frequency characteristics of the tuned amplifier shown in
Fig. 3.5. This amplifier should theoretically resonate at
5.2MHz, but actually resonates at 6.08 MHz. The meas-
ured resonant frequency differs from the expected one
because of pattern inductance and stray capacitance be-
tween patterns and components. From the measurement
results shown in Fig. 3.4, the pass band and resonant fre-
quency can be calculated as follows,

® PassBand ......... Frequency range between the
—3 dB points on the curve:
599 MHz to 6.18 MHz

. Frequency at which output
voltage and current are in
phase: 6.08 MHz

® Resonantfrequency .

When the tank circuit is mounted, the circuit Q can be
calculated from bandwidth A& F and resonant frequency fy
using the following equation.

o -fo . 608
AF ~ 618—599

= 320 3.1

When L =4,7uH and C =200 pF, the characteristics are
as shown in Fig. 3.4, To change the resonant frequency to
the desired value of 5.2 MHz, the following measures can
be taken.

By setting the 4193A measurement frequency to 5.2 MHz
and continually changing the value of the tuning capa-
citor, the phase display can be checked. When the phase
is O degrees, 254 pF is the capacitor value to be used. Fig.
3.6 shows the output impedance characteristics at that
time.

5 90.0

e e T

B -
4 \ | 600

{ KOHM}

8
o
(DEGREE)

g ) 0.0
S -308 &
@ <
=2 S
= 1Z1 —600

0 5 532 —%.0

FREQUENCY (MHz)

Figure 3.6. Output Impedance — Frequency Character-

istics of the Improved Tuned Amplifier



3. 2 Oscillator Circuit Design and Evaluation

Oscillator circuits, such as crystal oscillators, often do not
work as designed. One of the causes is that the negative
impedance of the circuit could not be measured accurate-
ly after circuit assembly. The 4193A can be used to
calculate stable oscillation conditions from the negative
impedance measurement and to determine the optimum
value of the load impedance. As an example, the follow-
ing describes how to do so for the 100 MHz crystal oscil-
lator shown in Fig. 3.7.

The 100 MHz crystal oscillator circuit in the figure can be
represented by the equivalent circuit shown in Fig. 3.8.

Condition for oscillation:

1

_Lil <o <Ry (32)
RL -
Condition for no oscillation:
1 1
—T +R_L >0 (r > RL) (3.3)

When the condition given in equation 3.2 is satisfied,
oscillation starts. When the condition given in equation
3.3 is satisfied, oscillation does not occur.

Y
@y lz;o
ra
v
— Negative impedance circuit——  —— Load circuit —

Figure 3.7.  100MHz Crystal Oscillator Circuit

2
I
) i RL
v, l ¥

L Negalive impedance 1L | 0.4 circuit —
circuit

~r : Resistance of negative impedance circuit
X : Reactance of negative impedance circuit
Ry : Resistance of load circuit
X1 : Reactance of load circuit
Condition for oscillation,
1 1 -
:“’W 0 (rRp)
Condition for no oscillation,
= rE>0 (r>RL)

Equivalent Circuit and Oscillation Condition
of Negative Resistance Oscillator

Figure 3.8.

11

By disconnecting point A in Fig. 3.8 and measuring the
negative impedance and the load impedance with the
4193A, it can be checked whether the oscillation condi-
tion and design margin are satisfied. If the oscillation con-
dition is not satisfied, constants —r or R;, can be changed
to stabilize oscillation,

Refer again to the circuit diagram given in Fig. 3.7.
Circuits R1 and Ul on the load side can be removed to
check the oscillation condition and to measure the nega-
tive output impedance at point@). The result is shown
in Fig. 3.9. Oscillations may occur at points@(100 MHz)
and © (100.04MHz) where the phase is —180°. Since the
negative resistance {(—»,) at point ® is 320 ohms and
(—nry) at point ® is 820 ohms, the following two condi-
tions must be satisfied to cause oscillation at 100MHzat
point®, and not at 100.04MHz at point@©. From the
oscillation condition of equation 3.2,

3200hms £ Ry, (rn; & Ry) (34)
and from equation 3.3,
8200hms > Ry (nn > Ry) 3.5)
100k
. 10K
a "
H=E i
g \ |
1 \ \
E \\l\_\ \ilr
1K |~
\‘ x
3 i
\
®
100
+180
£ o L
: 4
& 0
- (}
99.99 100.00 100.01 100.02°100.03 100.04 10005 100.06
) Frequency (MHz)
Figure 3.9.  Negative Impedance Characeeristics of
Crystal Oscillator



Thus, a load impedance, R, which satisfies both condi-
tions, must be used. The optimum value is about 600
ohms, which is between 320 and 820 ohms, taking into
account design margins such as the diverse impedances
of the crystal resonator and circuit components, and
ambient temperature.

Value Rl can then be determined from value R; (600
ohms). The impedance on the load side from point A is
about 16 times R1 (connected by transfonner T1; turns
ratio 4 : 1) because the Ul input resistance can be ignored.
Therefore, R1 is 37.5 ohms (= 600 ohms/16). 1If R1 is a
discrete resistor with a standard value, 38.3 ohms, R, is
612.8 ohms (38.3 ohms x 16) and fully satisfies the
stability conditions at point A (equations 3.4 and 3.5).

Finally, R1 and Ul, whose values are now known, can be
installed, the negative impedance can be removed, and the
impedance on the load side can be measured using the
4193A. The result is converted to the resistance shown in
Fig. 3.10. The figure indicates that value R is around
600 ohms, and that stable oscillation can be obtained.

The 4193A can easily measure the usually hard-to-deter-
mine impedance characteristics of an assembled oscillator
circuit such as this, or at least to determine circuit con-
stants for securing stable oscillation, for preventing
abnormal oscillations, and for designing highly reliable
oscillator circuits. Figures 3.9 and 3.10 show measure-
ments made with an external synthesizer connected and
the frequency resolution raised. For details, refer to the
apppendix (p. 18).

(1) Printed patter connection between points @ and ©

Z, : Impedance of frequency divider at the power
supply point

Z, : Output impedance of 5V supply

Z, : Printed pattern impedance between 5V supply
and frequency divider

Figure 3.11.
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Figure 3.10. Frequency Characteristics of Load

Resistance (R, ) Derived from Load Circuit
Impedance

3.3 Power Source and
Ground Pattern Impedance

In a hybrid circuit with both analog and digital sections,
noise in the digital section may have adverse effects on
the analog section when transmitted through the power
source or ground line. In this case, the impedances of the
power source and ground patterns can be used to prevent
noise from getting through. To eliminate interference
between circuits, power source line evaluation using the
4193A is especially important. In actual applications, the
AC impedance should be large enough to attenuate noise
on a line if the line lets noise pass easily, or absorbs noise
because of the decoupling capacitor. The 4193A is useful
for designing a pattern which does not transmit noise.
This is done by measuring pattern impedances of the
power source and ground systems over a frequency range
of 0.4 to 110 MHz by simple probing.

! | Frequency
1 divider

(2) Filter circuit inserted between points ® and ©

Z, : Printed pattern impedance between 5V supply

and power supply point of amplifier

Z, : Impedance of amplifier at the power supply

input

DC Power Supply Configuration for Mixed Analog and Digital Circuit



Fig. 3.11 shows frequency divider {digital) and amplifier
(analog) circuits mounted on a printed circuit board.
They are both powered from the same +5V power source.
Z, contains decoupling capacitor C6, and Z; contains de-
coupling capacitor C7. The impedance value is large at
high frequencies, and switching noise generated at Z, goes
to point through the +5V power source pattern, and
appears in the amplifier output as spurious noise. To
check how much noise gets through, the switching fre-
quency of the divider circuit, pattern impedances Z; and
Z, between points A and ©, and between points
and ©, respectively, at the second harmonic, and ground
impedances Z,, Z;, and Z, at points ®, @, and ©,
respectively, were measured with the 4193A. The results
are listed in Table 3.1 (1). Using equation 3.6 to de-
termine the noise transfer ratio, gave results of 16% to
70%.

Zg'Zs A (r)
Zy (Zyt Zy+ Z5)+ Z, (24t Z5)

B = (3.6)
A (#) : Noise generated at Z,
B () : Noise transferred to Z5

If the AC impedance of Z, is increased, noise can be
attenuated. By inserting an inductor in series with the
Z, pattern, and a bypass capacitor between the grounds
(see Fig. 3.11), the resultant values become as listed in
Table 3-1 (2). The noise transfer ratio improves to about
1% or less, spurious noise at the amplifier output de-
creases at the same ratio, and high-quality signals are
thereby obtained.

Since the 4193A measures pattern impedances and quan-
titatively evaluates noise, it is a valuable tool for achieving
more logical and efficient circuit design.

Table 3-1. Impedance Evaluation of DC Power Supplys
R A zoal 2o Neise level st peint
Prequency | Zz: | 2w | Lot | st | Qe e @
]| 5o 15| 2 3 — 30848
15MHz
@ se | as0 2 3 - 35948
w| ss 25| 26 15 —13.1dB
10MHz
@] 65| 600 26 15 - 526dB
| 120 4 37 15 - 1594B
1 5MHz
| 120 | 970 a7 15 —56.6dB
| 235 56| 48 25 - 143dB
20MHz
@] 235 | 1420 18 25 - 55.4dB
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3.4 Pattern Inductor Design and Evaluation

Circuits often do not operate as designed at high frequen-
cies because of pattern impedances. However, this need
not always be a problem. Pattern impedances can some-
times be utilized for more effective circuit design because
of three factors:

e They have high resonant frequencies, are stable as in-

ductive elements, and are not frequency dependent.
@ Not all desired inductor values can be created by coils.
® They are cheap and do not take up much board space.

The following explains how the 4193A is used to measure
the pattern inductance of an LC filter.

In the low-pass filter for input to the video amplifier
shown in Fig. 3.12, pattern type series inductor L1 (Fig.
3.13) was chosen in order to match the previous stage
at 50-ohm impedance. This match is necessary because
the filter’s cut-off frequency is over 100MHz and cannot
be increased any further. The designed value is 60nH, but
lead inductance, distributed capacitance, pattern induct-
ance, and other factors make it difficult to obtain the
exact value when initially assembling the circuit. Here,
the 4193A can be used to solve the problem. By making
a trial pattern inductor value larger than the designed
value, the initial impedance value can be found by shifting
the 4193A probe tip (Fig. 3.14).

+ 13

|

|

L _ _ Low-pass __
filter

Figure 3.12. Low-pass Filter Circuit Used in Video
Amplifier

Figure 3.13. Printed
Pattern Inductor

Figure 3.14. Pattern
{mpedance Measurement
Using Test Probe of the 4193A



Conversely, by making the pattern area graduaily smaller,
the impedance can be measured step by step. In the
4193A, parameter conversion can be easily done by a
controller via the HP-1B. The optiinum value can be ob-
tained by monitoring the inductance value directly. When
designing a pattern with high inductance (2 11H), the
stray capacitance of the probe may affect measurement.
The correct value can be obtained by compensating for
the residual impedance (see paragraph 3.5 and appendix A
(p. 15)). Fig. 3.15 shows the measured values ofthe trial
pattern inductor created by using the parameter conver-
sion program given in the appendix (p. 19) and gradually
changing the measurement point. The point at which the
measured value is alinost the same as the designed value,
60nH, is found in the frequency range of ¢ to 100 MHz.
The 4193A proves very useful for measuring pattermn
inductance of a high-frequency electronic circuit like
this or any other hybrid IC because of its high resolution
(10 milliohms), wide measurement range, and easy-to-use
probe.

I — 1
uw A
) S R P B
- Lz /-
z F_“‘ g = 7T
T T T e
w L3
F
S \\l e
- e =
S NS 14
02 |
}.
a ] @ 28 Tog

FPEJUENCY (MHz

: Impedance between A and E
: Impedance between B and E
: Impedance between ¢ and E
: Impedance between D and E

Helical Pattern Inductence Evaluation at
Different Points on Pattern

Figure 3.15.

3.5 Measuring Assembled Circuit Impadance

There are several points to note when measuring assem-
bled circuit impedance, especially active circuits which
must have high reliability. The four most important
points for making measurements with the 4193A are
as follows:

{1} Circuit Measurement Fixture and Residual Impedance
Compensation
In addition to the component measurement test fixtures
explained in Section 2.3, there are also circuit measure-
ment test fixtures for the 4193A. Fig. 3.16 (a) shows a
ground adapter which measures by directly probing cir-
cuit, and Fig. 3.16 (b) shows a ground lead used when
there is no ground point near the measurement point.
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When the circuit measurement terminal is a BNC con-
nector, the BNC adapter shown in Fig. 3.17 is used. The
BNC adapter ground can be used as an N-type ground if
removed. Residual impedances can be compensated for
these fixtures in the same way as for discrete component
test fixtures desciibed in Section 2.4.

Figure 3.16. Ground Adapter (a) and Ground Lead (b)

Figure 3.17. BNC Adapter

{2) Probe Withstand Voltege

When the probe is used to measure impedances in an
active circuit the bias voltage of the circuit may have an
adverse affect. The 4193A probe can handle up to 50V
DC, and can measure almost any circuit without being
damaged. However, this limit may be exceeded when
measuring a circuit driven by high voltage or a high
output electronic amplifier. In this case, correct measure-
ment can be obtained without damaging the probe by
using a blocking capacitor (refer to the appendix for the
measurement method). Note that the AC withstand volt-
age of the probe is 5 Vnns,

(3} Measurement Signal Level

The 4193A measurement signal level changes according
to the impedance measurement range, as listed in Table
3.2. If the range is fixed, the current level does not
change regardless of the impedance measured. Therefore,
a voltage equal to the product of displayed impedance
value and measurement current is applied to the com-
ponent being measured, and reaches its peak when the
impedance value is highest.



Table3-2. Relation betwaen Measurement Signal Level
and Impedance Range

Impedance

range 100 |wa | kalilo0kali0okae
Measurement |9 .| 100 A | 1004A | 502A | 102A
current

Maximum

If measured impedance value overrange (Or) is displayed,
the voltage applied to the component exceeds the value
in the table. This may reach 100 to 230mVrms on 108 to
1k€2 ranges, and 1 to 1.2Vrms on other ranges. There-
fore, care must be taken when measuring voltage sensitive
components. When measuring an assembled circuit, the
measurement signal level must be carefully considered,
especially for circuits that contain an amplifier. If the
circuit saturates, or if the active point of an active element
is changed drastically, the impedance may be measured
under circuit conditions different from actual operating
conditions. To guard against this, use an oscilloscope, and
check the measurement points of the circuit before actual
measurement to make sure that there is no distortion in
- the waveforns.

(4) Effecw of Operation Signals on Circuit Measurement
When measuring circuit impedance with the 41934, ideal-
ly, the circuit should be free from operating signals or
noise. However, this is impossible for some circuits. For
circuits with AC signals (e.g., active circuits such as syn-
thesizers or signal generators), the measured value may
become unstable. To obtain stable results with the 4193A
despite the AC signals or noise, the following two points
should be considered.

1. Difference between frequency of operating signal in
the circuit and the 4193A measurement frequency.
2. Level of operating signal going through the circuit.

1. Frequency condition
If the operating frequency of the circuit to be meas-
ured is too closs to the 4193 A measurement frequency,
measured values fluctuate and the correct value cannot
be obtained. Therefore, it is necessary to set a differ-
ence between them. This difference, called AF, changes
according to the signal level of the circuit to be meas-
ured. Fig. 3.18 gives reference data indicating the rela-
tionships between signal level and AF. Note how much
difference must be set between their frequencies when
the signal level does not change. This is near the funda-
mental wave of the 4193A measurement signal, but
also applies to harmonics. Therefore, the following
harmonics and signal frequency of the circuit to be
measured must have at least the AF shown in Fig. 3.18.

F=nxK(n=12,...) 3.7
F: 4193A harmonics
K: See Fig. 3.19
IM o o
Stably measurable region
> ) 500
A srably measurable region £
o sonjsoon
N e e R
T : @ e
5 ookl Al @ :
o e Y
it N
R : Limit of additional error of £1 count For
s i impedance value
10 [ I' '
-5 -4 -3 -2 -10 0 0
Operating signal level of circuit under test
dBm (5002/6009)

(AF: Frequency diffezence between test frequency of the
4193 A and operating 3ignal frequency of circuit under test)
Figure 3.18. Relation between Minimum Frequency
Difference {AF) and Operating Signal

Level of Circuit under Test

30

2511

20 7
~ Ul /V K = (f, +9.765 x 10-°)/N,
g s fi : Test frequency of the 4193A
< 1 in MHz
* 12 i N; : Sampling number

S

0f : | I I |

Nghi2l 4 |18 110l12[14116 118 20(22124/26[28| 32 | 36 | 40 | 44 |

04YV 10 20 30 40 5 60 W 80 9% 100 110

265 15 25 » 45 55 65 Frequency (MHz)

Figure 3.19. Relation of Constant K to Test Frequency of 4193A
15



2. Level of operating signal passing through circuit

The second point necessary for stable measurement is
the level of the signal passing through the circuit. The
maximum allowable signal level in the circuit loosely
depends on the impedance of the component to be
measured, as shown in Fig. 3.20. For example, if the
impedance is 10.ohm, the level of the signal passing
through the circuit must be lower than —10 dBm. If
higher, measurement values may fluctuate.

Check whether the following example satisfies the
above condition (indicated by dashed lines in Fig. 3.18
to 3.20).

Measurement conditions:

Operating frequency .... 10MHz (assume there
are no harmonics)

Operation signal level . ... —30 dBm

Impedance ........... 10 ohms

If the measurement is made at a frequency as close
to the operating frequency as possible, AF is 30 to
35kHz as calculated from Fig. 3.18. Then, suppose
that the 4193A measurement frequency is set to
10.04MHz. Here, 8.3748 and 10.0498 MHz are found
to be the 4193A harmonics closest to 10MHz from
equation 3.7 and Fig. 3.19. These values satisfy the
AF condition because they are more than 35 kHz away
from the operating frequency, 10 MHz, of the com-
ponent to be measured. Also, since the 10-ohm im-
pedance is in the stable area of Fig. 3.20 when the
operation signal is —30 dBm, stable measurement is
possible at 10.04 MHz. Note that measurement is
always stable if the level of a signal passing through
a circuit is —80 dB or lower than the 4193 A measure-
ment signal.

2
i
@
Z 0
: % Limit of sdditional
= -0} - error of 1 count for
a impedance value
2 _
2 ~20r — _ Tt
s Stably measurable region 3
I~
5 :
o —30EiEEs
o :
!
—40 :
10 LT 10042 1k

Impedance of circuit (or device) under test

Figure 3.20. Relation between Operating Signal Level
and impedance Value of Circuit under Test
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APPENDIXES
A. HP-IB System Applications

By connecting the 4193A to a controller via the HP-IB,
measurement and data processing can be done automati-
cally. The following describes a measurement example in
which the residual impedance of a test fixture is compen-
sated by a simple system structure as shown in Fig. A-1.
Parameter conversion is also done. Residual impedance
compensation was already explained in Section 2.4. Para-
meter conversion can be calculated from the 4193A
measurement data (|Z| and 6) given in Table A-1. Fig.

Table A-1. Table of Parameter Conversion

Parameters Eg'i"'::il:s“t Symbols Conversion equations
sem::slstance Rs 12|  cost
ER A X 1Z1 - sind

reactance
Conductance [ G cosd/ |Z|

Susceptance Q B —sind/ 1ZI|
nducince| 7| Ls 121 siné/(2x1)

S anacitance | o Cs —1/(2x (12l sind)
P"i::t!lzlctmce *'_f’_'* Lp 1Zi/(2%£-sind)
R D o TN Cp —sin6! (2xf-121)
Quality factorl :] Z. . Q |tané | ’
D] AL, D tand = 1/tand |
Admittance Y10y [1YI=1/12l, gy=—0 |

f : Test frequency
121 : Impedance magnitude readings
6 : Phase readings

A-2 (p. 16) is a flowchart for compensation and conver-
sion using the 9845B desk-top computer, and shows six
cases of representative automatic parameter conversion.
The results are given in Fig. A-3. This program is very
efficient because parameter conversion can be done with-
out having to compensate for residual impedance. For a
device or test fixture which does not require such com-
pensation, parameter conversion can be done immediately.

Se ‘/
/
10 K Ca
5 — e
St ey, A " |
w 19 M ——— C
Sz
x
-
—
g 20|
[ =
(8]
10 |
83 ] 1624 Tie
FREJUEENCY (MHz)
Cy: with residuals compensated
C2: without compensation
Figure A-3.  Effect of Residual Compensation

98034B HP-IB Interface

HP-IB

Figure A-1.
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Example HP-IB System Using the 4193A

OPT. 311 (98411A) GRAPHICS ROM
OPT. 312( 98412A) 1/0 ROM
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. | |measurement with |
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| | | '
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Figure A-2.  Flow Chart for Residual Impedance Compensation and
Parameter Conversion Program

18



B. Measuring Impedance of Components
Biased at Over 50V DC

The 4193A probe can safely handle up to 50V DC or
5Vims AC. Use the following methods for values over
50V DC to prevent damage to the probe.

(1) Circuit Measurement

If a circuit has a bias voltage of over 50V, insert a block-
ing capacitor (Cpg) between the probe and circuit before
measurement (Fig. B-1). The impedance [1/(2nf Cg)]
of capacitor Cg must be negligible at the measurement
frequency in order to compare it with that of the circuit
to be measured. Note that a 4193A measurement value
includes Cg if the value is not small enough. When this
occurs, apply the same voltage to be applied to the circuit

Blocking Testprobe and
capacitor test §ixture
CplZeg) ] —a

Circuit

under test

(Zc) 2 © Measured value

Z¢g : Impedance of blocking capacitor
Z~ : lmpednace of citcuit under test

1Zcgl = 1/27/Cy (f : Test frequency)

when the impedance of blocking capacitor is negligible
compared to that of circuit under test:

(lZCB|( |ch)

when the impedance of blocking capacitor is not negligible:
Zc = Zm — Zcp

Figure B-1. Measurement of Active Circuits Biased at

Over 50V DC
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to Cp, and check that it does not fail. Then measure with
the 4193A to obtain the value of vector impedance Zg.
After that, measure circuit impedance Z,, through capa-
citor Cg and compute Z,, — Z¢g to obtain the value of
component impedance Z.

(2} Component Measurement

When measuring a component with a voltage over 50V,
use the bias circuit shown in Fig. B-2. Here, the imped-
ance of capacitor Cg must be negligible as described in
(1). If the Cg impedance is too large, compensate in the
same way as described in (I). Conversely, the impedance,
\/Ri + «'..);JL'.2 , of the bias circuit must be sufficiently large
in comparison with that of the component, because the
two are in parallel.

Test probe
Pl s and test fixture
' —_

E>a0v

Zy : Impedance of device under test
Cg : Blocking capacitor

R, L : Series resistance and inductance for
bias voltage source

| Zegl = t/20fCy (f: Test frequency)

Condition that the measured value is equal to the im-
pedance value of DUT js as follows:

Zeg | KI1Z 4|

VRE+ QafLY > 1Zyl

Figure B-2, Measurement o f ComponentsBiased atDver
50vDC



C. How to Increase Test Frequency Resolution
(External Synthesizer Application)

The 4193A frequency resolution is 4 digits, but must
be improved when measuring high Q devices, such as
crystals. The frequency resolution can be improved by
connecting an external synthesizer to the 4193A as shown
in Fig. C-1. The external synthesizer affects only the fre-
quency resolution. The measurement signal level and
other characteristics are all determined by the 4193A. It
is best to make the synthesizer frequency as close to that
of the 4193A as possible, but, for the absolute impedance
value | Z|, a difference of 10MHz or less is small enough
for accurate measurement. The phase should be compen-
sated using the following equation.

fo . 4193Asset frequency in MHz

fi : External synthesizer set frequency in MHz

0m : 4193A display value
6 : Compensated real phase value

The limit of frequency resolution provided by an external
synthesizer depends on the residual FM in the 4193A in-
ternal synthesizer (Fig. C-2).

Notes

If a synthesizer capable of generating a frequency of
110 MHz or over is connected, the 4193A may be able to
measure up to 140 MHz. Also, if a synthesizer with higher
frequency resolution than residual FM in the 4193A
internal synthesizer us used, measurement is possible with
lower frequency resolution than residual FM. In this case,
however, accuracy of the measured value cannot be
guaranteed,

AP- 1B

10833A HP-IB Cable

98034B HP-1B Interface

1250-0780 Type N Adapter
+

11170A Cable Assembly

FigureC-1.
- 1G
)
= 1(IJML || ! ”L ok
E 'tes&[?q:”n =
= =1
fs IMp=
;1001&
§ 10k
2 1k 3
&
e i M |
.dM 1M 10M 110M
Measurement frequency (Hz)
Figure C-2.

20

9845B
OPT. 311(98411A) GRAPHICS ROM
OPT. 312(98412A) 1/0 ROM

How to Connect an External Synthesizer

4193 A Frequency resolution of 4193 A internal synthesizer

Residual FM of 4193 A test signal
(Band width 400 Hz)
(Band width 100 Hz)

Residual FM of Test Signal of 4193A
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1240 FIRED 2
1356 IF B=l THEH FFINT "STEP Ne,'.“FPEQUENCY «MHZ “, "RESISTRINCE ' THH, " “PEACTAY
CE <OHMH,"
13560 IF Bx2 THEH PRINT -3TEP NG.", "FFPEQUEMCY «11H2) ", "CEHDUCTANCE “w>", "51JSCEPT
AHCE g™
1370 IF B=% THEMN pRINT “STEP Ho.", "FREQUENCY <1AHZ M~ ,*IHPUCTAHCE (uH ", "OUARLITY
FRiTOR"
1380 [F B=4 THEM PRINT "STEP Ko ", "FREOUMENCY (MHzT«™,"CAPACITHNCE ipFo» ~BDISS.IPA
TioN" :
1390 IF BF=S THEU ‘PRIHT "STEP tlo.o', "FPEQUENCY ¢MH2)5', “INDLITANMCE «uH)'", "RESISTAN
CECNHIT "
1406 IF B=& THEN PRIHT “STEP Ho¢.","FPEOUENCY <(MH2:" “CRAPRIITANCE 'pF>" "CINBUCT
AHLE cteSs™
1410 [F B=F THEN PPINT "ITEF He.","FRECUENCY (MHWZ:*',"MAGNITIJDE (DHHD'', "PHASE ‘D
EGREE, "
1420 FOR 1:! TO N
1439  IF B=1 THEN Al aCcl 4C0OSaD(Tse
1440 If B=C THEM Al :=COSCBCI>:/C ;410060
1450 IF B=2 THEH Alo=C<DIaSite P 1) 2/Pl FLID#1EnR
1460 IF ka4 THEN AcId=-1E12-2 LS PRI ITES DO GXPY PER
1470 IF k=S THEN A<D =Cc17#SINCDCIN) /2. PLF(l ++[E&
1420 IF k=€ THEW M<1y=-=1EI2-2-P1°C 1o SIN(Dcls2 'F(I>
1490 IF B=7? THEN m(IM=CiD
15¢¢ IF B=1l THEN B(l ‘=C{D)¥*SIH-Dcl
1510 [F B=2 THEM Rl =-SINCD (1)) CLli%1000
1920 [F (B=3) AND s @S (D(1)=8) THEN Bl s=RES(SINcBc Ll ) 1E-3
1530 [F ‘B=3) AND «COS(Dcl,,m®: THEN 1540
1540 IF B=3 THEN B I aABS SIN(D:[5>-> ABS(COSCD‘ 1>
1558 IF k=4 THEN BCI sTAHWARS 4O-ABT D(I>y:n
[SE® IF B=S THEN B(1>s (o 1)*COS DL
1570 IF Beg THEN E(I sCOS(D(l+ . C/L[ %1000
15606 IF B=? THEN Brlo=B(I>
15%0 [F TI-R<I> THEN Tl=Acl:
1600 [F T2,ACl, THEN TZ=fA: 1>
1618 [F SIKE(l: THEN SisB-!)
1620 1F S$2:kel) THEN S2s=B{(Iy
1628 PPINT [,F<I> - JEE,RA 1), Ri
1640 NEXT I
1850 PRINT ™ "
1860 FRINT "MAXIHUN WJRETITL,
1670 PRINT “MUNINUM= . . “Rs";TC,"
1536 BEEP
1230 IHPUT “lpput MASIHUM ang MIMIMOY calue of A £or gragtng s¢abing®, k1,h2
[Té0  NIPUT “Ingtt MAZIMUM ard MIMIMUM calye of B fer Jraphi:c scal:iag",LI,L2
1710  STANDARD
v RETURN
1720 P11’ 1 444400t r24400 PALAR o +4t4t0000rit000e!
1748 FCALE K2-NKi=K2rve 2 K1arp [-kZ 4, QL= Lt=L2 s, 2 LI+ Li-L205,2
1750 CLIF ¥2.b1,L2,L10
1260 FPANE
726 IF AND +.LI{®) THEN 1270
1730 (F AHME L2 @+ @R 102 THEM 2(3¢
I7=0  IF AND ¢ L1-@. O -L1 AND ' L2.¢v THEM 252
100 IF Ok (b2=@+2 AND «L1- 01 THEN 3440
1&10 IF Ok v Z=®:) AND (L2 @) DR THEH 2270
1F UR (F2sKVs 0 AMMDT (LI @ OP AND ' L2:0: THEH TGy
1F OF r[=¢'1 AND (2 ¢ AND 0F (L2s0:-+ THEH 4149

IF
IF

OF Kil=@)) AND (F&~€) RAND L1I8- THEH 4427
OF +K1m@)+ AND K233 AND CiL1 N ®F -L1s@.0 #HD (L2{0. THEN 43

1 4900844244 404404%4 K10 AND LI Q TH+++4440044+ 4444000044 4bb0b sttt vits
A2ES <kE1-FZ) 10, LI-L2) 19, KD,L2

WOLE (HI4K2) -2 ,L2-L1-L&r®. 2

CSIZE 4.9

LEG

LOFG 4

COSUE Maae

FOP [=¢ TO 10 STEP =

MOVE h2+lxCt -k, 10.L2-LI=-L2 ~.01
CSIZE 4,.5

LORG &

IF ¥2{-439 TNEN Z000

LABEL +2¢1+<k1=+25-10

GOTO 2010 .

LABEL ‘K2+12:HKI-Kk2:. 107 -100¢
NEXMT [

MOVE K2-(h1-K2)%.,2,:L1+L 2 72
CSIZE 4,.5

LMIR 90

DEG

LORG &

GOSUE laming

LBIP o

FOR 1=0 TO 6 STEF 2

MOVE K2-¢p [-KZ-$, 0l LEslx L]1-L2) 10
(SIZE 4,.5

LORG 2

IF L27-499 THEN 210

LRBEL L2+IsfLI-L2>. 10

GOT0 2170

LABEL <L 24¢[«<L]1=-L2) 10, 1008
HEKT |

LOTQ 5356

1 44404444+ 0024444+400 K170 ANL) L2 S0 4444324004 4400 4470000 4++499
AXES “I1-k22 10.(LI-L2) 710, k2,L2
HOVE <Kl1+b2:v2,L2-L1-L2'*.2
CSIZE 4,.5

DEG

LORG 4

GOSUE Haune

FOR I1=¢ TC 1¢ ZTEP O

HOVE K2+lxkl-a2). 1@, LZ=--L1-LZ =01
CSIZE 4,.%

LOFZ €

IF K2¢-49% THEN 2339

LABEL b2+1£0b1-12). 10

LoTO 2340

LABEL (kZ+I®-F1-kZ- [6)- 1600
UEXT |

MOVE KZ=(tl-F2'* 2, L1+L2) ¢
CSICE 4..9

LDIR %6

JEG

LORG €

GOSUBR Hanirew

LBIR @

FOF [=0 T) 18 3TEP &

HOVE 12— b1=pz =, 00, L2el» LI-L2 1]
CSIZE +4..9

LORG %

IF LI 4% TNEH 141

LABEL L2el=:L1-LZ:~1@

GoTh 23580

LAREL L2¢I+.L1=-L2)-10:. 1008
NENT |

GeTe 5350

1 4ottt tts00t0+44e IO AUD LI =0 AND LI @ testettttttocstsre
ANES (¥1-K2) 714, (LI-L2s 18,K1,9
MOVE ¥2+upil-k20* @1,cL3-L1>/20
CSI2E 4,.5

BEG

LORG 3

GOSUR Hame

FOR 1=0 T+ 1® S-TEFP 2

MOVE +2+12¥1-b2,./10, . L2-L1 -¥, O}
CSIZE 4,.9%

LOKG 6

IF K2(-49% THEH lewd
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