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INTRODUCTION

HISTORICAL PERSPECTIVE

For three decades, high frequency engineers have continued to
develop improved measuring methods and equipment. This evolu-
tionary growth has resulted from the development of more and
more complex high frequency networks and the resulting need to
fully characterize or analyze these networks over significant
bandwidths. The early slotted line techniques for making fixed
frequency, point-by-point, measurements of network parameters
was both tedious and time-consuming. In addition, this type of
measurement greatly restricted the amount of data available to the
engineer. For example, resonances between points of measurement
are missed and the skirt response of filters and amplifiers is not
adequately determined. These limitations prompted the develop-
ment of swept-frequency techniques which now offer an indis-
pensable tool for optimizing designs.

A NEW INSTRUMENT

The Hewlett-Packard 8410 series Network Analyzer represents
a major breakthrough in this evolutionary development of micro-
wave measurement instrumentation. This system incorporates the
advantages that swept techniques offer in addition to many new
features that now permit the microwave engineer to completely
characterize these complex networks with no degradation of
accuracy and in less time than it previously took to obtain
point-by-point magnitude-only measurements.

WHAT IT CAN DO FOR YOU

The HP 8410 is truly a network analyzer since it characterizes
networks or devices in terms of their complex small-signal scatter-
ing or S parameters, much like the low frequency engineers
characterize their networks in the familiar impedance or admit-
tance parameters. Measuring scattering parameters involves
measuring the ratio of the magnitudes and relative phase angles of
response and excitation signals at the ports of a network with the
other ports terminated in a specified characteristic or reference
impedance. Once the network parameters of a microwave device
or “black box’ are known, the engineer then knows how this
device will operate when tied into an even more complex network
or grouping of black boxes. This is very important when using
solid-state active devices at microwave frequencies since there is
usually little extra power available and to insure optimal perfor-
mance of a system, the individual components of the system have
to be mated as perfectly as possible. The information required to
do this can be obtained from the 8410 Network Analyzer.
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SOME TYPICAL APPLICATIONS

Figures |-1 and 1-2 illustrate two measurements made with the
network analyzer on a filter designed to operate in the microwave
frequency range.

AMPLITUDE
10 dB/DIV AMPLITUDE

RESPONSE

PHASE _/ — g > PHASE

,.,.,4‘,3,\, RESPONSE
 SWEEP
55 —-8GHz
Figure I-1

Amplitude and phase response of a 6-8 GHz bandpass filter
showing the flatness of the passband, the skirt response and the
nonlinear phase shift in the skirt region, the phase linearity in the
passhand, and the rejection out of the passband. Approximately 2
dB of ripple can be seen in the passband. The linear phase shift
shows constant group delay for the frequencies in the passband
assuring low distortion for information. The steep skirt response
provides high signal rejection for frequencies immediately outside
the passband. Scale: 10 dB/cm, 180° /cm.

AMPLITUDE
10 dB/DIV AMPLITUDE
RESPONSE
PHASE
25°/DIV PHASE
RESPONSE
SWEEP
CENTER FREO = 5.8 GHz
Af = 200 MHz J
Figure I-2

The amplitude and phase response of the skirt region of a 6-8 GHz
bandpass filter swept on Af sweep of 300 MHz about 5.8 GHz.
This display allows better resolution of the phase response at the
skirt region. It shows non-linearity of phase and variation in slope
of the amplitude skirt. Vertical scale: 10 dB/cm, 257 /em.




These displays were obtained by using one of the output display
units — Phase-Gain Indicator — tied into an oscilloscope. Another
output display plug-in unit, the Phase-Magnitude Display, will
yield the same information directly using its dual-channel scope.

FILTER MEASUREMENT

These figures illustrate the type of output display obtainable when
using the 8410 Network Analyzer. The display actually shows
the amplitude and phase characteristics of the filter as a function
of frequency. Such results are of vital concern to the circuit
designer. The steepness of the “‘skirts’” of the amplitude response
indicates how well the filter rejects frequencies out of the
passband. The linearity of the phase response indicates how the
filter will affect the transmission of information through the filter.
Group delay is a convenient indication of nonlinear phase shift.
This nonlinearity causes distortion in communication links, Thus,
by knowing the group delay, communication engineers can
accurately predict the distortion which will degrade the quality of
transmitted information. The swept-capability of the 8410A
allows for real-time measurements of phase and amplitude and
thus enables equipment adjustment during the test. If this filter
were tunable, it could be tweaked for optimal performance in a
matter of minutes over the entire frequency range of interest.

SEMICONDUCTOR MEASUREMENT

One of the characteristics of interest when measuring semicon-
ductor devices is the gain of the device under certain bias
conditions. Using the network analyzer, along with the peripheral
equipment designed to facilitate measurements, the gain measure-
ment of a transistor or an 1C amplifier becomes an easy task. The
forward transmission parameter, S,,, can be determined with
push-button ease. The required test setup circuitry is contained
within the peripheral equipment and by merely selecting the
proper pushbutton, in this case S, ,, internal switching circuits are
set up and the gain of a total amplifier or an individual stage can
be displayed as in Figure |-3. This polar display vyields both
magnitude and phase information for the amplifier.

This particular display unit is also used if impedance information
is desired. In Chapter I, the relationship between complex
reflection coefficient and impedance is developed. Thus, if a
display unit can display reflection coefficients, it can easily be
converted to display impedance information by simply inserting a
Smith Chart overlay on the CRT face. This is illustrated in Figure
I-4. The input impedance information is of great concern for the
amplifier designer who tries to match the amplifier to the previous
stage for maximum power transfer,

AN 11711
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Figure I-3

Swept polar display of the forward transmission voltage gain (S, ;)
of a transistor from 0.11 GHz to 2 GHz. Full scale voltage gain is
set by an |F attenuator to be 5.0. Intensity markers may be used
to pinpoint the frequency of unity gain on the display.

e - SEaaai '__'"—’ﬁ

| |
| |

120 MHz

NS s SR

Figure I-4

Input impedance of a microcircuit preamplifier swept tested from
120 MHz to 450 MHz. The small loop at about midway in the
response could be indicative of a resonance at that frequency.
Complex impedance can be read directly from the Smith Chart
overlay. Full scale = 1.0.
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THE APPLICATION NOTE

Information in this note applies to both the 8410A and the 8410B
versions of the Network Analyzer. The basic difference between
the 8410A and its replacement, the 84108, is that the 8410B
includes a source interface which, when used with a compatible
sweep oscillator such as the HP 8620C, allows continuous multi-
octave frequency sweeps without adjustment.

The following diagram shows connections between the 8410B
and 8620C. Connections from SOURCE CONTROL to PRO-
GRAMMING, and between FREQ REF INPUT and FREQ REF
are required for continuous multioctave operation. The con-
nection between the source SWEEP OUT and the 8412A Phase/
Magnitude Display SWEEP IN is required for x-axis deflection.
Use of the retrace display blanking and z-axis marker connections
is optional.

Notable changes in the product line since this note was first
printed include introduction of the 86222A/B (0.10-2.4 GHz)
and 86290A/B (2—18 GHz) Sweeper Plug-ins, the 87468 (2—12.4
GHz) S-Parameter Test Set and 11608A Transistor Fixture for
testing active devices, and Option 018 for the 8411A Harmonic
Frequency Converter and 8743A Reflection/Transmission Test
Unit to extend frequency coverage of these units to 18 GHz.

8620C FRONT PANEL

8620C REAR PANEL

SWEEP OUT PROGRAMMING
B620 é( /
FAMILY PLUG-INS REAR PANEL [, . b p—
(86290 ONLY] NORM SOWV OFF BLANKING OFF BLANKING OFF
sm..gvuc m e EXT EXT  NEGATIVE[Z-AXIS/MKR/
AM  TRIGGER BLANKING| PEN LIFT
M REF
|
EEP IN FREQ REF  SOURCE
SWE BLANKING INPUT  CONTROL
AMPLITUOE | "=
(50 mV/dB] INPUTS (1V/GHz) ™ (B4108B
ONLY)
SWP  TEST  REF
PHASE REF CHAN CHAN
(10 mV/deg) WAREE S INPUT  OUT  OUT
@ HORIZONTAL
-
(MAKKER) TESTPHASE “~.(n_ 40\v/SWEEP)
QUTPUTS
BLANKING (INTERFACE NOT
@ REQUIRED FOR -~
@ SINGLE OCTAVE SWEEP
VERTICAL P/N 8120-2208)
B412A B8414A 8410B REAR PANEL
REAR PANEL REAR PANEL

Figure I-5. Connections Between the 8410B and 8620C
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CHAPTER |
BASIC CONCEPTS

INTRODUCTION '

Complete characterization of microwave devices is becoming more
and more necessary for the microwave engineer. Lighter and
smaller microwave systems can be built by combining and cas-
cading devices, provided the designer knows exactly how each
individual component or network behaves. Optimal system per-
formance can then be predicted.

This chacterization of microwave devices is accomplished by two
basic measurements, reflection and transmission, each yielding
both magnitude and phase information. These basic microwave
measurements can be performed with the HP 8410A Network
Analyzer.

Since these measurements are fundamental for working in the
microwave field, it is important to understand them and how they
relate to network parameters and commonly used terms in the
microwave vocabulary.

REFLECTION MEASUREMENTS

At microwave frequencies, a standing-wave pattern will be distri-
buted along a transmission line when there is a load connected to
it that is not equal to the line's characteristic impedance. The
standing-wave pattern is composed of the sum of the voltage wave
incident on the load, Ei, and the voltage wave reflected from this
load or device under test, Er. At the load, the ratio of Er to El,
and the phase angle between them are uniquely determined by the
load impedance. This ratio, called the reflection coefficient, is
therefore a convenient measure of the deviation of the load
impedance from the characteristic impedance,

=

T

=" =0l

where p is the magnitude and ¢ is the phase relationship of this
ratio.

The reflection coefficient, being a vectorial quantity having magni-
tude and phase information, fully describes that load impedance
terminating the transmission line. To measure this ratio, a reflecto-
meter system is used which has the capability of measuring a
portion of the incident and reflected signals in a transmission line.

]This section is designed to instruct the readers of this A/N who have had little
microwave experience to ensure that they will be able to obtain the greatest possible use
from the B410A system.
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Figure 1-1 illustrates both a block diagram setup for a reflection
measurement and how such a measurement can be made using the .
8410A Network Analyzer.

MEASURING
INSTRUMENT
DIRECTIONAL
COUPLERS
E E, DEVICE !
SOURCE UNDER 3%
TEST 3

a. Block Diagram of a Basic Reflectometer

NETWORK  POLAR
SWEEP OSCILLATOR ANALYZER DISPLAY
HP 8690B/RF PLUG-IN HP B410A HPB414A

I=o

HARMONIC
FREQUENCY
CONVERTER
HP 8411A

DEVICE
UNDER
TEST  SLIDING LOAD

REFLECTION TEST UNIT
HP 8741A (110 MHz-2.0 GHz)
OR

HP 8742A (2.0-12.4 GHz)
b. Reflection Measurement using one
8410A Network Analyzer System Configuration

Figure 1-1, Reflection Measurement Test Setup
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Figure 1-2 illustrates a typical result of an output reflection
measurement of a transistor between 0.11 and 2 GHz. In this case,
the Polar Display plug-in (HP 8414A) was used.

Figure 1-2. Typical Result of a Reflection Measurement

Both the magnitude and phase of the reflection coefficient are
displayed on this unit. From this information, the normalized
input impedance of the device under test can be obtained using
the relationship:

This relationship led Phillip H. Smith to develop the Smith Chart
shown in Figure 1-3. This chart eliminates tedious calculations
and facilitates design procedures.

Figure 1-3. Smith Chart Overlay Over the 8414A CRT

2I""m— a more complete discussion of the Smith Chart, refer to any standard Microwave

textbook such as “Microwave Theory and Applications,” Stephen Adam, Prentice-Hall
Ine,, Englewood Cliffs, N.Y., 1969, pp. 25 1f,
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1-4

This chart is supplied as a plastic overlay for the CRT of the
8410A Network Analyzer's Polar Display. In this way, the input
impedance of the device under test can be displayed.

From the basic ratio,

other common terms in the microwave dictionary can be defined:

1+p
Standing Wave Ratio = oun

Return Loss indB =-20 log, , »

Rapid conversions between return loss, standing wave ratio and
reflection coefficient magnitudes can be accomplished by using a
Reflectometer Calculator, available from Hewlett-Packard.

TRANSMISSION MEASUREMENTS

Transmission measurements are typically categorized into three
groups: insertion, incremental and comparative. In all of these, the
point of interest is the effect that a device in the line has on the
transmission of energy down the line.

Insertion tests are those in which one measures the magnitude and
phase before and after the device under test is inserted into the
measurement system. The measurements of amplifier gain or filter
attenuation are typical insertion transmission measurements.

Incremental tests are made with the test device already inserted in
the system and measurements of phase shift or gain versus such
factors as temperature or time are made. This type of measure-
ment is typically used in evaluating equipment during a life or
environmental test.

Comparative tests determine the relative phase and magnitude
difference between the test device and another one, which could
be taken as a standard. This type of measurement is used when
one wishes to select matched amplifiers or cables.

Figure 1-4 illustrates both a block diagram setup for a transmission
measurement and how such a measurement can be made using the
8410A Network Analyzer.
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MEASURING
INSTRUMENT
Ein DEVICE Eout Sz
SOURCE UNDER 3%
TEST

a. Block Diagram

OSCILLOSCOPE
NETWORK PHASE-GAIN SRS

SWEEP OSCILLATOR A
prgibemcy sl ANALYZER INDICATOR

HP B410A  HP B413A

R e S

X % 2 13 REFS‘EMFEEE:CE = . » /T‘\i
e » & o @) .
s+ BEEE § Auaw

. !_._ ®| |oaaaxn
—_— —
RF AMPL
SWEEP
ouTr DEVICE
—
TEST CHANNEL

4
<. REFERENCE
N _CHANNEL

TRANSMISSION TEST UNIT
HARMONIC
HPEIAGA FREQUENCY
CONVERTER

HP B411A

b. Transmission Measurement Using one 8410A Network
Analyzer System Configuration

Figure 1-4. Transmission Measurement Test Setup
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Since the two voltages, E , and E | ¢, are vector quantities, their
relationship for one frequency might be as in Figure 1-5,

|Fout| [0

—
e

Figure 1-5. Typical Magnitude and Phase Relationships
In a Transmission Test

In this figure, both the magnitude and phase relationship between
these vectors are seen. In an actual test, however, it is the ratio of
these two vectors that is of importance. This ratio,

Eour _IEoU-rl {% - 9;

Em _IEIN l

can be displayed versus frequency on an oscilloscope or on any
display plug-in unit of the 8410A system. Figure 1-6 illustrates a
typical magnitude and phase response as displayed on an oscillo-
scope when the device under test is a bandpass filter.

AMPLITUDE
10 dB/DIV AMPLITUDE
RESPONSE
PHASE :
100 /DIV ~/ £ - RESPONSE
SWEEP
5.5 — 8 GHz

Figure 1-6. Typical Output Display for a Bandpass Filter



This display illustrates several items of interest:

a. The magnitude response displayed in decibels, or

IEO UT'
ATTENUATION = 2010g, , [E. |
IN

b. The amount of attenuation introduced into the circuit in
the pass-band is referred to as insertion loss. This loss is due to the
fact that perfect components are not available.

c. The phase response of this filter has the sawtooth shape
due to the network analyzer's design. The phase angle range is

+180 degrees or 360 degrees. Thus, the total phase shift intro-

duced into the circuit in the passband equals the number of 360
degree swings shown on the display. As mentioned in the Intro-
duction, distortion of signals through the filter result if the phase
response is non-linear. The phase information available with the
8410A Network Analyzer is, therefore, of great concern to the
communication engineers who are interested in the amount of
nonlinearity introduced into a system by a device such as this
filter., A convenient measure of this nonlinearity is group delay or
slope of the phase response (d¢/dw). Linear phase response would
thus exhibit constant group delay.

THE IMPORTANCE OF PHASE INFORMATION IN
MICROWAVE MEASUREMENTS

The phase information obtainable when using the 8410A Network
Analyzer for transmission and reflection measurements has many
uses.

PHASE INFORMATION IN RADAR SYSTEMS

Phased-array antennas that can be electronically scanned for rapid
target acquisition require precise phasing of signal energy to
elements in the array to provide maximum power output and to
aim the beam precisely. These phased-array systems also require
accurate phase matching of the transmission lines used so the
signals are in the correct phase relationships needed for proper
system operation.

PHASE INFORMATION IN COMMUNICATION SYSTEMS

We have already seen that phase information is needed to maintain
constant “group delay” for the elimination of distortion of the
transmitted information through filters. In addition, many sensi-
tive receivers used in space communications use phase modulation.
The phase sensitivity of receivers and related components to
factors such as vibration, temperature, and time must be known.

AN 117-1
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PHASE INFORMATION IN MICROWAVE
COMPONENT DESIGN

Correct phase information is absolutely necessary for successful
design of microwave components. For example, consider the situa-
tion encountered in the designing of a tuned filter. It is desirable
to determine the pole-zero plot of this filter; i.e., the frequencies
at which the filter's characteristic equation goes to infinity or
zero. This information can be obtained from the filter’s amplitude
response if the dynamic range of the measuring instrument is wide
enough, but measuring steep skirt response is difficult in almost
any application. However, the entire pole-zero response of the
filter can be determined easily by measuring the phase slope
through resonance of the filter. Phase-measuring capability can
eliminate the need for extremely sensitive, narrow bandwidth
instrumentation to characterize the response of high-Q devices
over wide dynamic ranges.

SCATTERING PARAMETERS "

A network can be analyzed operationally by studying its response
to applied signals. Figure 1-7 shows a simple two-port network
that can be characterized by applying a signal at the input port
and noting the response of the network. Mathematically, one
could describe this process by stating that a network can be
characterized in terms of the dependent and independent variables
at each port.

1y 1
e e p——————
Vi Va
O ————0

Figure 1-7. Simple Two Port Network

At lower frequencies, at least three sets of parameters have been
developed to characterize two-port networks. These are referred to
as Z, Y and H parameters. The resulting equations for the Z
parameters are as follows:

Z-Parameters
= z l + zI2I2

111

Vi
V, = Z,,1, +Z,,l,

211

3Additiunal information about these parameters can be found in HP Application Note
77-1, “Transistor Parameter Measurements” and HP Application Note 95-1, *“‘S-Para-
meter Techniques."




In the absence of additional information, four measurements are
required to determine the four parameters Z, | 2, , Z, and
Z,,. Each measurement is made with one port of the network
excited by a voltage source while the other port is left open. For
example, Z1 " the input impedance of the network, is the ratio of
the independent variable, V , to the dependent variable, | , with
the output terminals left open as shown in the equation
211 - _|l

4 |, =0 (output open)

All three of these parameter sets rely on the measurement of
voltages and currents with terminals being open or shorted. This is
difficult to do even at RF frequencies where lead inductance and
stray capacitance make open and short circuits difficult to obtain.

At higher frequencies these measurements typically require tuning
stubs, separately adjusted at each measurement frequency, to
reflect open or short circuit conditions to the device terminals,
Not only is this inconvenient and tedious, but a tuning stub
shunting the input or output may cause a transistor to oscillate,
making the measurements difficult and invalid.

We have seen that, in general, complex transmission and reflection
coefficients completely characterize any device or network. Trans-
mission and reflection parameters — attenuation or gain, phase
shift and complex impedance — can also be described in terms of
linear parameters called scattering or “’S" parameters. As with the
other traditional sets of parameters, once these characteristic
S-parameters are known one can predict the response of cascaded
or parallel networks accurately and completely.

These parameters are usually measured with the device inbedded
between a 50-ohm load and a 50-ohm source and there is very
little chance for oscillations to occur.

For the two port network shown in Figure 1-8, there are four
scattering parameters: S,,, S,,, and S,, and S,,. The forward
and reverse transmission parameters, S,, and S, ,, are the magni-
tude ratio and phase shift of the signal flow between ports when
the signal source is attached to one port and the opposite port is
terminated in the characteristic impedance, Z , of the line.

a1 ap

by b

Figure 1-8. Two-Port Network
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The reflection parameters, S,, and S,, at the input and output
ports, are determined under the same test conditions, i.e., the
sighal source attached to the input or output port with the
opposite port terminated in the characteristic impedance, Z,, of
the line. These parameters, S, ; and S,, obtained from the basic
microwave reflection measurement, are directly related to the
complex impedance of the device by the equation:

148, Z -2

IN 0

Zin - OR S, -
Z, 1‘811

ZIN +zﬂ

Relating this more directly to the previous discussion of incident
and reflected voltages, we define the independent variables a, and
a, as the normalized incident voltages and the dependent variables
b, and b, as the normalized reflection voltages. Thus,

Voltage Wave Incident on Port 1

Voltage Wave Incident on Port 2
vz,
by Voltage Wave Reflected from Port 1
"
Voltage Wave Reflected from Port 2

vz,

The resulting linear equations describing the two-port network are:

a, =

b, =

b, =S§;;a, +S,,a,
b, =S5,,8; + S,,a,

S,, represents the input reflection coefficient with the output
port terminated in the characteristic impedance of the line. This
setsa, = 0. E

rl
Sy S
11~ E, a, =0

Appendix | contains a complete set of S-parameter transforma-
tions to the Z, Y, or H parameters for those who are interested in
a ready reference.

SUMMARY

This chapter discussed the basic concepts underlying the types of
measurements possible with the 8410A Network Analyzer. Figure
1-9 illustrates the various network parameters that can be obtained
from transmission and reflection measurements of the device
under test.




TRANSMISSION REFLECTION
Sl 2 52 1 Sl 1 82 2
Gain Insertion Loss SWR Impedance
' '
Attenuation Return Loss

Figure 1-9. Network Parameters from
Transmission & Reflection Measurements
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CHAPTER 11
THE HP 8410A NETWORK ANALYZER SYSTEM

INTRODUCTION

In Chapter |, two separate configurations of the network analyzer
equipment were used in typical transmission and reflection
measurements. Referring, therefore, to the 8410A as a system is
perhaps a misnomer since the equipment can be assembled in
several configurations depending on the frequency range and appli-
cation, Basically, however, the 84 10A system can be described as a
dual channel receiver which performs the function of a ratiometer
between two signals and then displays these complex ratios on one
of the output display units available.

The following block diagrams illustrate how the components of
the network analyzer are connected for either reflection or trans-
mission measurements.

SWEEP i o
UENCY
ORCILATOn DEVICE CONVERTER NETWORK HP 84124

HP BGOOB/RF PLUG IN

HP B620A/RF PLUGIN TRANSDUCER ~ UNDER HPB411A  ANALVZER HPEB413A
il L~ . B

TEST HP 8410A HP 8414A

- =
e ~ REFERENCE

Figure 2-1 (a). Transmission Measurement Using
A Power Splitter in the Transducer

DISPLAY

SWEEP OSCILLATOR ™w yo
NETWORK  HP 8412A
HP B690B/RF PLUG-IN ANALYZER HP 8413A

HP 8620A/RF PLUG-IN

I Q I 9 ]

- L] - = .]
wes  EEEE B NEEN
o 0 o K

REFERENCE
!TEST

HARMONIC
FREQUENCY
— CONVERTER
HP 8411A

TRANSDUCER —

Figure 2-1 (b). Transmission Measurement Using
Two Directional Couplers in the Transducer
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SWEEP DISPLAY
UNIT
OSCILLATOR
HP BE90B/RF PLUG-IN NETWORK HP 84124

ANALYZER HP 8413A
HP 8620A/RF PLUG-IN HP 8410A HP 84144

e —
R T TT P
T3 3.3,
- . & * L]
LI B T TT J
e 9
TEST
HARMONIC FREQUENCY
REFERENCE CONVERTER HP B411A
DEVICE
] UNDER
1 | | TEST
L L W

TRANSDUCER

Figure 2-2. Reflection Measurement

The system will now be discussed component by component to
ensure a better understanding of the individual parts and their role
in the overall network analyzer system.

SYSTEM COMPONENTS

THE RF SOURCE — SWEEP OSCILLATOR

HARMONIC Dlﬁ%?Y
SWEEP OSCILLATOR FREQUENCY
HP 8680B/RF PLUG:IN DEVICE CONVERTER NETWORK HP 84124

ANALYZER HP B413A
HP B620A/RF PLUG:IN TRANSDUCR U’PEDS%H HP 8411A HP B410A HP B414A

T~

‘r —

REFERENCE

In these basic test setups, the RF signal source shown isthe HP
8690B/8620A Sweep Oscillator with the 8690/8630 series RF
plug-ins. While all HP sweep oscillators are designed to provide
optimal results with the network analyzer system, however, other
sweep oscillators are usable if they meet the following specifica-
tion:

RF Output: +15 dBm to -6 dBm

Signal Purity: Spurious signals should be at least 20 dB below
the fundamental.

Sweep Characteristics: Uniform sweep rate that is variable
between 15 and 150 MHz per millisecond. An additional im-
portant requirement is at least a 3 millisecond pause at the start
frequency prior to each sweep to allow the network analyzer to
initially lock, ensuring repeatable measurements.




Phase Lock: To improve phase-lock operation at high sweep
rates the sweep oscillator should furnish a voltage proportional
to its output frequency. For multioctave sweeps the 8410B re-
quires 1 volt/GHz at the FREQ REF INPUT connector. The
8410B multipin SOURCE CONTROL connector is a digital inter-
face required for multioctave and multiband operation.

Stable RF Frequency Output: This is of prime importance to
the tuning and tracking of the network analyzer.

THE HARMONIC FREQUENCY CONVERTER (HP 8411A)
AND NETWORK ANALYZER MAINFRAME (HP 8410A)

Figure 2-3. The Harmonic Frequency Converter
and Network Analyzer Mainframe

Every element in this network analyzer system is necessary for the
system’s operation, but these two units serve as the core of the
entire system. The information from the test and reference chan-
nels in the transducer enters the harmonic frequency converter/
network analyzer where, by harmonic sampling, the input signal is
converted to a fixed IF frequency, at which low frequency cir-
cuitry can measure amplitude and phase relationships. Sampling
has the advantage that a single system can operate over an ex-
tremely wide input frequency range; in this case, the range is 110
MHz to 12.4 GHz.

The amplitude and phase detectors are in the display units. The
mainframe contains the phase lock oscillators and IF amplifiers
necessary for automatic gain control as well as the system power
supplies. A simplified block diagram of these units is shown in
Figure 2-4.

To make the system capable of swept-frequency operation, the
internal phase-lock loop, shown in Figure 2-4 keeps the
reference channel tuned to the incoming signal. The phase-lock
loop ensures repeatability and accuracy of test measurements
since it automatically tunes back and forth across the octave
frequency band selected in order to obtain a constant {F fre-
quency. The user selects the frequency band by means of the fre-
quency range switch (No, 1, Figure 2-3). The AUTO position incor-
porated in the 8410B is selected when multioctave sweep oscilla-
tor plug-ins such as the 86222 or 86290 are used.

AN 11741
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HP B411A HP 8410A
l— —————————————————— —
o l l
TEST
SIGNAL | 81
>——=] MIXER AGC MIXER ,%' ——
| |
I IF GAIN |
g CONTROL |
r |
|
AUTO- |
TUNING 2ND |
LOCAL. LO
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Figure 2-4. Simplified Block Diagram of the Harmonie
Frequency Converter (8411A) & Network Analyzer (8410A)

The IF signals reconstructed from the sampler outputs are both 20
MHz signals. Since frequency conversion is a linear process, these
signals have the same relative amplitudes and phases as the micro-
wave reference and test signals. Thus, gain and phase information
are preserved and all signal processing and measurements take
place at a constant frequency.’

A leveled signal source is unnecessary for this network analyzer.
As can be seen from Figure 2-4, there are two matched AGC
(Automatic Gain Control) amplifiers in the network analyzer. One
of these amplifiers keeps the signal level of the reference channel
constant and applies an error signal to a matched amplifier in the
test channel so that the test signal level does not change when
common-mode variations occur. This then allows the ratio of the
test channel to the reference channel signals to be measured
directly on one of the plug-in output display units.

By down-conversion of input frequency, attenuation can be added
to or subtracted from the test channel at the one stable frequency.
This more accurate technique of attenuation is called IF-substit-
ution. It is used during calibration and permits the user to expand
the output display resolution to ensure greater accuracy during the
measurement. On the front panel of the 8410A Network Analyzer
(No. 2, Figure 2-3) there are two test channel gain switches that
are calibrated in units of ten dB and one dB. This |F-substitution
extends the measurement range of the network analyzer for
measuring values of attenuation greater than 60 dB.

1

For a more detailed explanation of these circuits, refer to “*Microwave Theory and
Applications,” by Stephen Adam, pp. 418-421,




OUTPUT DISPLAY UNITS

HARMONIC DISPLAY

: FREQUENCY UNIT
H%"g:;g%;ﬁﬁ?‘i DEVICE CONVERTER NETWORK HP 84124
3 UNDER HP8411A ANALYZER HP 8413A

TEST — HP B410A HP 8414A
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There are three plug-in display devices available. These units give
the user a choice of convenient and varied read-outs of the pro-
cessed infarmation. In addition, peripheral equipment, such as an
oscilloscope or X-Y recorder, can be tied into the system.

a. The Phase-Magnitude Display (HP 8412A)

v)

= == T

&
[
@i
@i
1@ il whd
e —a

—
Figure 2-5. The Phase-Magnitude Display Plug-In

This unit displays amplitude and phase versus frequency; i.e.,
insertion gain or loss or return loss can be displayed directly. It has
80 dB and + 180 degrees display range with selectable resolutions
up to 0.25 dB and 1 degree per major division, allowing measure-
ment resolution of 0.05 dB and 0.2 degree using the inter-division
graticule lines. Its dual channel scope allows amplitude and phase
to be displayed either simultaneously or separately. Figure 2-6
illustrates this output display as used in an actual application.

~ v«r;i T
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FURAA FTY
ey
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-+ W 2 :

10 dB/DIV

CENTER FREQ = 2 GHz
Af =30 MHz

Figure 2-6. Test Results using the 8412A in a Transmission
Measurement of an HP 8739A Notch Filter
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b. The Phase-Gain Indicator (HP 8413A)

Figure 2-7. The Phase-Gain Indicator Plug-In

This unit uses a meter read-out for both phase and gain. The
amplitude ranges are +30 dB, +10 dB, and +3 dB full scale, and
phase ranges of +180 degrees, +60 degrees,=6 degrees full scale.
Resolution of phase and amplitude measurements is selected at the
front panel by pushbutton controls (No. 1, Figure 2-7). This
permits CW tests to be made accurately. Two output connectors
on the front panel (No. 2, Figure 2-7) provide phase and ampli-
tude signals for an external recorder or dual channel oscilloscope
for simultaneous swept measurements.

c. The Polar Display (HP 8414A)

Figure 2-8. The Polar Display Plug-In

The Polar Display provides a polar plot of the magnitude and
phase of transmission and reflection coefficients, and can be used
with either CW or swept frequency.

2-6



OUTPUT INTERPRETATION OF POLAR DISPLAY

If the device under test is a 50-ohm, well-matched device, the CRT
will display a dot at the center of the screen. If the device is
mismatched from the 50-ohm transmission line impedance then at
each frequency, the device has a reflection coefficient, magnitude
and phase that can be read off the display. If all energy is
reflected, the reflection coefficient is equal to 1. Figure 29
illustrates this output display as used in an actual application.
Each point on the CRT trace: 1) corresponds to a specific
frequency; and 2) represents a value of reflection coefficient
magnitude and a specific phase angle. The magnitude of the
reflection coefficient of the device under test may be read on the
concentric circles, using the scale: reflection coefficient =
0.2/division, beginning with zero at the center and 1.0 at the outer
circle.?

450 MHz

120 MHz

Figure 2-9. Test Result Using the 8414A in
a Reflection Measurement.

The phase angle of each point may be read in degrees by noting
where the radial line that passes through the point intersects the
outside ring of the graticule.

Due to the relation between the reflection coefficient and impe-
dance developed in Chapter |, or

2,2 z, 1+r

fii IN <o AND N
Z[N+ZU Zs 1-1

the Polar Display serves the dual purpose of displaying reflection
coefficients and impedance with a Smith Chart overlay provided
with each unit. Figure 2-10 illustrates this for one particular
frequency where the complex reflection coefficient of 0.4/45° is
equivalent to a normalized impedance of 1.70/33.98°, or 1.41 +
j0.952.

z’[‘h.is scale can be expanded for better resolution by setting the TEST CHANNEL GAIN
controls to a higher value, The scale can also be compressed, for negative impedance
measurements, by setting these same controls to a lower value. For example, adding 14
dB of test channel gain will give a full scale value of 0.2, while subtracting 10 dB of gain
will give a full scale value of 3.16. Expanded or compressed Smith Chart overluys are
supplied for these full scale values.

AN 11741
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Figure 2-10. Polar Display for Measuring Complex Reflection
Coefficients or Impedance with Smith Chart Overlay

o, 5 o ZIN o y
I' =0.4/45" or —— = 1.41 + j0.952
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The transducer unit, placed as it is between the signal source and
the harmonic frequency converter, has three functions. First, it
has to split the incoming signal into a reference and a test channel.
Secondly, it has to provide the capability of extending the elec-
trical length of the reference channel so that the distances that the
reference and test signals travel are equal. Thirdly, it connects the
system correctly for transmission or reflection measurements.

a. Operation

To split the incoming signals into the reference and test channels,
two basic methods are used: the power splitter, used in the 8740A
Transmission Test Set, and directional and dual-directional coup-
lers used in the other transmission and/or reflection units. Figures
2-11 and 2-12 illustrate these types of power dividers.

RF
N
500 5002
O— VWA < A O
REFERENCE TEST

Figure 2-11. Power Splitter

| REFERENCE TEST
0

N >3 e —

RF
IN > O
7/ £ N DEVICE

Figure 2-12. Dual Directional Coupler

To be effective and accurate, the directional couplers must have
high directivity, or effective rejection or unwanted signals, deter-
mined by the ratio, in dB, of:

The power appearing at the auxiliary port when the
coupler is in the forward direction to the power appear-
ing at the auxiliary port when the coupler is in the reverse
direction and the main arm terminated in a perfect load.

AN 1171
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Figure 2-13 illustrates this definition:

POWER POWER
METER METER

AUX. AUX,

ARM ARM

@ seur ey [} ——E
MAIN MAIN
SOURCE ARM PERFECT PERFECT ARM SOURCE
LOAD LOAD

DIRECTIVITY = 10 Los-ln Py/P,

Figure 2-13. Illustration of Directivity Definition
b. Description of the Transducer Units

The transducers available are designed for transmission and/or
reflection measurements in a variety of frequency ranges. Table |
lists these transducers according to function and frequency range.

The evolution of these transducers has been from the more special-
ized to the more versatile.

The Transmission Test Unit, 8740A, operates over the entire
frequency range of the network analyzer (0.11—-12.4 GHz). When
this unit is used, the device under test is inserted in the test
channel between the transducer and the harmonic frequency con-
verter while the reference channel of the transducer is connected
directly, or through air line lengths, to the harmonic frequency
converter. Since the device under test may vary in length, both
electrically and physically, the reference channel can be extended
both by means of a reference plane extension as well as by
mechanical line extensions built into the Transmission Test Unit.

The Reflection Test Units, 8741A and 8742A, cover the fre-
quency ranges of 0.11-2 GHz and 2—12.4 GHz, respectively. In
these units, dual directional couplers are used in a reflectometer
arrangement as shown above. One directional coupler couples a
reference signal from the main signal path, rejecting the reflected
signal from the unit under test. Another directional coupler
couples the signal reflected from the unit under test but rejects the
excitation signal. A line stretcher and reference plane extension,
built into these units, are used to equalize the electrical paths of
the reference and test signals.

The measurement of waveguide devices in the X- and P-bands
requires special transducers, the X8747A and P8747A. These are
discussed in Chapter VI,




The more versatile transducers, Reflection/Transmission Test Set
(8743A) and S-Parameter Test Set (8745A) are capable of both
transmission and reflection measurements. These transducers use
directional couplers for splitting the incoming signal into the two
channels. The device under test is connected to these transducers
and then coaxial switches, operated by front panel pushbuttons,
route the signals for reflection or transmission measurements.
Chapters IV and V contain more detailed explanations of these
units.

Table 1
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OSCILLATOR TRANSDUCER  FREQ CONVERTER s
sl i
ey o 21|
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SUMMARY

The units of the network analyzer system that have been described
in this chapter can be assembled in many combinations that will
provide the user with a measuring system fitted for his particular
applications and frequency range of interest. These units have
been assembled in three primary systems, capable of both reflec-
tion and transmission measurements, according to frequency
range. Figures 2-14 and 2-16 show these systems?

SThe block diagrams for the components of the system will be found in Appendix I1.
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Figure 2-14. HP 8410S Option 110
0.11 —2 GHz

Figure 2-15. HP 84108 Option 210
2—12.4 GHz

Figure 2-16. HP 84108 Option 310
0.11—12.4 GHz
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CHAPTER 11l
GENERAL APPLICATION PROCEDURES

INTRODUCTION

At this point, the reader has a general understanding of the HP
8410A Network Analyzer system and the basic theoretical con-
cepts upon which the system has been built.

Beginning with this chapter, we wish to explore the system’s
potential to see how its advantages of wide dynamic range, high
resolution, and flexibility can actually be utilized in the lab or on
the production line for a variety of applications.

This chapter is devoted to those procedures which are common to
each system configuration and each type of measurement. These
procedures must be followed carefully to ensure accurate and
repeatable measurements when using any particular system con-
figuration.

The division of the following chapters according to transducer
(and thus frequency range) will assist the reader of the Application
Note. This division, while not the only possible one, was selected
since the transducers cover specific frequency ranges and are
oriented to types of measurements. Within these chapters will be
found specific calibration procedures as well as a variety of de-
tailed application procedures that will assist the user in developing
an operational knowledge of this particular system configuration,

It is obvious that not all possible applications, nor even all possible
combinations of equipment, are included in these chapters. Suffic-
ient applications are discussed in detail to ensure those using the
equipment that they can operate the 8410A system at maximum
efficiency. Once this operational knowledge has been obtained,
the creativity of the engineer will lead him to further applications.

PRE-MEASUREMENT PROCEDURE

To achieve the specified accuracy of the 8410A Network Analyzer
system requires that the equipment be set up correctly and
calibrated prior to every measurement. The following procedures
describe this pre-measurement procedure that is common to each
system configuration.!

1As a convenience to the user of this Application Note, these procedures have been
reproduced on a foldout in Appendix V.
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L

TEST PHASE-LOCK AND REFERENCE CHANNEL
POWER LEVEL

1 3 2
. o —
Bt et ~ mag® - X - [

® (i
S 4L
.

y L

f;
|

1. Set source to frequency sweep of interest (octave band if
8410A) and sweep speed of 0.01 sec.

START

| 2 |
A

sTOP

2. Set the frequency range switch (No. 1 in above figure) to
AUTO (if 8410B) or to the appropriate octave band (if
8410A) and leave the front panel connectors on the trans-

ducer open.
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3. Adjust the sweep oscillator RF power level so that the refer-
ence channel power level (No. 2) (i.e., RF power into the
8411A Harmonic Frequency Converter reference channel) is
in the “Operate” position of the scale. This ensures that there
is enough power for phase-locking.

4. Observe the trace on the display unit.
a. Switch the sweep mode to automatic repetitive sweeping.

b. For the Phase-Magnitude Display (8412A), set the mode
switch to “Amplitude.” (Using the 8413A with an exter-
nal oscilloscope accomplishes this same function.)

c. For the Polar-Display Unit (8414A), if a dot appears on
the screen, change the reference plane extension (on
transducer) until the dot extends out to a semi-circular
trace. |fno dot appears on the screen, adjust the test
channel gain control until one appears. The normal initial
setting for this control is around 21 dB.

5. Adjust the sweep stability red vernier control (No. 3) until the
display trace is a solid line over the entire sweep. This ensures
phase-locking over the entire frequency range. At times,
better phase locking can be achieved by setting the 8410A's
frequency range switch on either side of the exact range.
Figures 3-2 and 3-3 illustrate improper and proper phase

locking traces.
- e |
F . r
+ i H
AMPLITUDE el 3 . =8
10 dB/DIV A ] s
4"“_'. i [ £ _?;'_-_
TEEERET
3 :‘f:

Figure 3-2. Improper Phase Lock
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&
4

AMPLITUDE S
4 -8 GHz 13 F

Figure 3-3. Proper Phase Lock

6. Switch sweep selector to manual and manually sweep over the
frequency range to ensure that the reference channel power
level remains in the “Operate’”” portion over the entire range.
If the needle on this meter moves into the right black portion

Bl orcRaTe * * orerate [N

during this test, reduce power from the sweeper. If the needle
moves into the left black portion, this could indicate that the

system is dropping out of phase lock. Increase RF power or
readjust sweep stability control.

POWER CONSIDERATIONS

In addition to the procedures required prior to any measurement,
three further specifications of the system need to be considered.
These refer to the power levels in the reference and test channels.

These power level considerations are applicable for any attenua-

tion or gain measurements using any system configuration when
the wide dynamic range capability of the system is utilized.
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Specifications of interest:

1. Reference Channel Power Level (measuring the RF power
level into the harmonic frequency converter) must be between
-16 and -44 dBm.

2. Test Channel Power Level: -10 dBm to the system noise level
(-78 dBm or lower).

3. The Test Channel cannot be greater than 20 dB over the
Reference Channel; i.e., if the reference channel power level is
-40 dBm, the test channel power level must be -20 dBm or
less.

Attenuation Measurements

Since the network analyzer is essentially a ratiometer, measuring
the ratio between the reference and test signals, we see that if both
the reference and test channels are initially at the same power
level, e.g., -30 dBm (mid-range of the reference channel operating
range), then the maximum measuring window for the test channel
is 48 dB; i.e., -30 dBm to the noise level of the system, -78 dBm.
However, the test channel can be offset from the reference chan-
nel by padding the RF inputs to the harmonic frequency con-
verter, 8411A, as in Figure 3-4.

HARMONIC 4

FREQUENCY __ 114 — ¢

CONVERTER | |
HP B411A |

ATTENUATORS ==t i i ! ) )

S-PARAMETER
TEST SET
HP B745A

Figure 3-4. Power Level Offset Setup

For maximum dynamic range we would like the test channel to be
offset so that the input power level is approximately -10 dBm with
the reference channel operating at mid-range or -30 dBm.3

dyithout offsetting, both channels operate at the same power levels.




To accomplish this, insert a 20-dB attenuator in the reference
channel and a 3-dB attenuator in the test channel. These pads
are inserted prior to calibration.

Figure 3-5 illustrates the operating power levels in these channels
for attenuation measurements,

TEST CHANNEL REFERENCE CHANNEL
POWER LEVEL POWER LEVEL

T p

T UPPER LIMIT (-10 dBm)

- UPPER LIMIT (-16 dBm)
17 dB OFFSET

bt B Moy B BT o b ot OPERATING LEVEL (-30 dBm)

DYNAMIC
RANGE

-+ LOWER LIMIT (-44 dBm)

— Y L NOISE LEVEL OF SYSTEM ( <-78 dBm)—i—
)

Figure 3-5. Power Levels for Attenuation Measurements

Gain Measurements

When measuring the forward gain of an amplifier, i.e., the S,
parameter, the limiting specification is the upper power level, -10
dBm, of the test channel.

To expand the dynamic range, we again offset the reference and
test channels but in the opposite direction from the above dis-
cussion. Thus, by placing a 30-dB attenuator in the test channel
and a 3-dB attenuator in the reference channel while operating at
-30 dBm in the reference channel, the dynamic range is now 47 dB
(-67 dB to -10 dB). This can be seen in Figure 3-6.

TEST CHANNEL REFERENCE CHANNEL

POWER LEVEL POWER LEVEL
0 dBm
_|_.... —_——

~— UPPER LIMIT {-10 dBm)

~- UPPER LIMIT (-16 dBm)

BYNAME . s asesmmse s semy !
el OPERATING LEVEL (-30 dBm)

27 dB OFFSET

—~ LOWER LIMIT (-44 dBm)

—_—

=t NOISE LEVEL OF SYSTEM (<-78 dBm) ~—t—

Figure 3-6. Power Levels for Gain Measurements

4Both channels are padded due to the mechanical problem of attaching the 8411A to

the transducer,

AN 11741

3-7



AN 1171

3-8

In summary, the following four points must be remembered con-
cerning dynamic range of transmission measurements.

1. Test channel power level must not be greater than 20 dB
above the reference channel power level.

2. The reference channel power level should be as low as
possible to reduce errors due to interchannel crosstalk
while still high enough to reliably achieve phase-lock.

3. The maximum power levels must not be exceeded:

Reference Channel: -16 dBm
Test Channel: -10 dBm

4. Noise level in the test channel is <-78 dBm.




The 8745A S-Parameter Test Set provides the necessary system
configuration for measuring the S-parameters of any device when
used with the 8410A Network Analyzer System.! [t operates over
the frequency range of 0.11 to 2.0 GHz and is programmable for
automatic usage. Peripheral equipment such as the Universal Ex-
tension (HP 11604A) (No. 1, Figure 4-1) and Transistor Fixtures
(HP 11600B/11602B) make this test set very flexible. With this
transducer in the system, all four S parameters of 2-port devices,
discussed in Chapter |1, can be measured by using the four push-
buttons on the front panel (No. 2, Figure 4-1). This pushbutton
ease of measurement is accomplished by means of coax switches
which actually orient the RF source, load and directional couplers,
depending on the S parameter being measured. The following
figures show the actual setups for measuring these parameters.

AB co
e PORT PORT
% 71
4 < 0-—{ L \ it
| { y 3 501!
L LOAD
RE 4 DUAL DEVICE DUAL 4 :
SOURCE BIAS DIRECTIONAL UNDER  DIRECTIONAL BIAS
. TEE COUPLER TEST COUPLER  TEE
B
S1i=a [ B 9A
c
S21= 1 oC - A

Figure 4-2. Setup for Measuring S, , and S, |

1!':.‘hxapt.tzr V1 describes the measurement of semiconductors with the 8745A.

AN 1171
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AB_ poRt PORT — 2
11| A [oevice| 8 | | L
¥ UNDER}—o W, . o -
5041 } TEST ! 5041
LOAD 3 0
: 3 DUAL DUAL 3 A rE
BIAS DIRECTIONAL DIRECTIONAL BIAS 7 souRce
TEE COUPLER COUPLER TEE =
c
S22= p [%c-“D |

siz= 8 /8

Figure 4-3. Setup for Measuring Sgg and Sy o

Once the system is calibrated and the device to be tested is
inserted in the Universal Extenstion (11604A) (No. 1, Figure 4-1) ,
no further change in test setup needs to be made to measure all S
parameters.

The bias tees are included for the measurement of semi-
conductors {described in Chapter VI). They allow dc bias to be
applied to the device under test.

A point of confusion sometimes arises as to the meaning of the
input port switches (No. 3, Figure 4-1). Since S, and S, are the
refleetion and transmission coefficients looking into the input port
of the device, these input port pushbuttons actually determine
which port of the device is being driven. To select the proper
input port, the operator must determine which port of the device
under test is to be considered the input port. He then presses the
input port pushbutton which corresponds to the 8745A port
which is connected to the input port of the device under test.

For example, pressing button A’ means the incident test signal is
applied to port A of the 8745A. As a result, power is delivered to
the test device from port A when measuring S, | and S, , and
from port B when measuring S,, and S, ,. For some devices it
doesn’t matter which port is input or output, but when measuring
semiconductor characteristics, the capability of changing input
ports is necessary if the transistor is to be characterized in the
common emitter, base and collector configurations.

The Reference Plane Extension (No. 4, Figure 4-1), together with
the fixed rear panel reference extension (No. 1, Figure 4-8) are
used to equalize the path lengths of the reference and test signals.
Figure 4-4 illustrates the reference and test channel path lengths
for reflection calibration,




FIXED “EEXF'[EERNFSNIgEI R‘EF TEST

LINE
STRETCHER

REFERENCE

"

Figure 4-4. Reference and Test Channel Path Lengths

When making measurements with the Universal Extension
(11604A), it is necessary to use the long* coaxial link supplied
with the universal extension to compensate for the electrical
length of the device under test and the universal extension. A
short coaxial link is supplied with the S-Parameter Test Set.
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a. Connect a short to Arm A (No. 1) of the 11604A.

b. Depress “A” Input Port (No. 2) and S |

2. Typical Results on Two Display Units.
Phase-Magnitude Display—8412A% Polar Display—8414A

a. Select Phase mode (No. a. Holding beam center

1) at 90° /div. Adjust hor- switch (No. 1) depressed,
izontal controls (No. 6) adjust vertical and hori-
for sweep linearity. zontal position (No. 2)

until beam is centered on
display. Release switch.

b. Adjust reference plane extension on 8745A (No. 4) for:

Flat Horizontal Line Dot or Smallest Cluster

This indi-
cates that
the electrical
lengths in
the incident
and reflec-
ted channels

FREQUeNcYy  ©Of the reflec- REFLECTION
tometer are COEFFICIENT
.. equal
Set degree offset switch
on 8412A (No. 3) to
180°.
3‘l‘he- identical results shown for the 8412A could be obtained with the 8413A and an
oscilloscope.

4-4

switches (No. 3).




c. Adjust 8410A (No. 2) phase vernier for:

180° Phase Shift Dot Positioning on 180° Line

FREQUENCY

REFLECTION
COEFFICIENT

Increase resolution to 1°/div
for this step.

d. Adjust 8410A test channel gain (No. 4} and amplitude
vernier (No. 5) for:

Amplitude = 0 dB Phase = 180°
AMP
0dB
SNy
FREQUENCY FREQUENCY
Amp — 0.25 dB/div Phase — 1°/div
(Select Dual mode)

p =10

REFLECTION
COEFFICIENT

These adjustments are made to calibrate the displays using a short.
The Polar Display must show a reflection coefficient of S, | =
1/180°, and the Phase-Magnitude Display a return loss of 0 dB and
180°.

e. Connect the short to Arm B (No. 5) of the 11604A and

depress S,, switch. The results will be nearly the same as
before when measuring S, | from Port A.

The fact that S, | and S, , are nearly identical means the couplers
in the 8745A track well. This means accuracy and time saving
since it is not usually necessary to calibrate separately for S, , and
S, , except for the most precise measurements.

AN 1171

45



AN 11741

4-6

TRANSMISSION CALIBRATION

1. Set Up Equipment. Follow the procedural methods discussed
in Chapter 111.

HP 8745A and the
11604A Universal Extension

a. Connect the arms together and depress the A-Port (No. 1)
and S, , or S, switches (No. 2)

2. Typical Results on Two Display Units

Phase-Magnitude Display Polar Display
HP 8412A HP 8414A

a. Select Phase mode (No. 1) a. Holding beam center

at 90 /div. Adjust hori- switch (No. 1) depressed,
zontal controls (No. 6) adjust vertical and hori-
for sweep linearity. zontal position (No. 2)

until beam is centered on
display. Release switch .

b. Adjust Reference Plane Extension on 8745A (No. 3) for:

Flat Horizontal Line Dot or Smallest Cluster

- * . P
TRANSMISSION
COEFFICIENT

FREQUENCY




c. Adjust 8410A phase vernier (No. 3) for:
0° Phase Shift

o oL 05 1D L

Dot Positioning on 0° Line

FREQUENCY TRANSMISSION
COEFFICIENT

Increase resolution to 1°/div.

d. Adjust 8410A test channel gain (No. 4) and amplitude
vernier (No. 5) for:

Amplitude

FREQUENCY FREQUENCY

Amp — 0.25 dB/div Phase — 1°/div
(Select Dual mode)

r=1/0°

TRANSMISSION
COEFFICIENT

These adjustments are made to calibrate the displays for a through
circuit. The Polar Display must show a transmission coefficient or
S,, or S,, =1.0/0, and the Phase-Magnitude Display an insertion
loss of 0 dB and 0°.

BENEFITS

1. Notice that the 8745A is in almost perfect calibration for
transmission measurements even though it has been calibrated
for reflection.

2. Notice how S,, and S,, are almost exactly the same. This
means the couplers track well for S, and S, ,.

3. Only one simple, accurate calibration need be made for all
four S parameters. When in a hurry, you can leave the univer-
sal extension open for lower frequencies and calibrate for
S,,- If you need more accuracy, you can get it by calibrating
separately for each S parameter.

The network analyzer system is now properly set up and cali-

brated for accurate use.

AN 11741
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BIS:FE"I?‘Y SIGNAL SOURCE
NETWORK HP 84124 110 MHz-2 GHz

HP B690/86998
YZER HP 8413A
al:‘PA !iuzoi HP 84144 OR HP 8620A/B632A

e g E—————

| m=e r . BLANKING [OPTIONAL] |

. "O‘: IENEEEE
e = [ E

SWEEP REFERENCE Il
|

L;[ -—————SWEEP IN 8412A i, e
. j IRF
SWEEP OUT e
) RF
IN #*
= FIXED REFERENCE
EXTENSION

HARMONIC
FREQUENCY
CONVERTER
HP B8411A
SPARAMETER
TEST SET
b
= HP 87454,

UNIVERSAL 7/ \\
EXTENSION 4/
HP 11604A

Figure 4-5. General Test Setup for Microwave Hardware
Measurements Using the 8745A S-Parameter Test Set

*Rear-Panel Coaxial Link (HP Part No. 11604-20021)
TRANSMISSION MEASUREMENTS APPLICATIONS

ATTENUATION OF A NOTCH FILTER

The purpose of this measurement demonstration is to illustrate the
basic 8745A test setup and the procedure for obtaining the 60+
dB of dynamic range of the system. The specification of the HP
8439A Notch Filter calls for a notch width of 2 MHz at 60 dB

attenuation centered at 2 GHz.

Praocedure

a. Set up system as in Figure 4-5 using the Phase-Magnitude

Display Unit.®

maximum dynamic range.®

c. With the start-stop sweep control on the sweep oscillator set
to 1 to 2 GHz, press input Port A and S, , pushbuttons and
note the notch near the right side of the CRT display, as in

Figure 4-6.

5'l‘l:n Phase-Gain Indicator (8413A) with an oscilloscope could be used in this measure-
ment.

GREflI to the “Power Considerations" section of Chapter I11.

Follow the calibration procedures described in this chapter.
The filter to be tested has Type N connectors so adapters to
the APC-7 connectors of the Universal Extension (11604A)
must be used. Place 20 dB attenuator in reference channel and
3 dB attenuator in test channel before calibration to ensure

Test Results

Figure 4-6
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Test Results
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With the bias power supply off, calibrate the system. Set the
mode switch of the 8412A to "“phase”. Adjust the 8745A
reference plane extension and 8410A phase vernier until the
end points of the phase response are on the same horizontal
graticule line,

Set the 8412A mode switch to amplitude. Adjust the 8410A
test channel gain control and the amplitude vernier for zero
dB level as a reference. Switch mode to phase and photograph
the display. (Figure 4-9.)

Turn on the power supply and adjust the voltage level until
the amplitude display indicates 5 dB loss in the modulator.
Then switch the mode switch of the 8412A to phase and
photograph the phase response. (Multiple exposures are taken
for this and the following attenuation measurements.)

Repeat step g for several other attenuation levels. Figures
4-10 and 4-11 illustrate typical results.

As the bias level is increased (i.e., more attenuation intro-
duced into the modulator), linear as well as non-linear phase
shift is introduced. This linear phase shift may be eliminated
for each attenuation level by adjusting the 8745A reference
plane extension and adding lengths of air line to the rear panel
coaxial link until the phase shift end points are on the same
graticule line. Figure 4-12 illustrates a typical family of curves
of non-linear phase shift vs. frequency for various attenuation
levels after the linear phase shift has been eliminated.

Purpose

The purpose of this section is to demonstrate several capabilities
of the network analyzer:

b.

Measurement of gain.
Use of IF substitution techniques.

Use of X-Y recorder in conjunction with the system for
making high resolution measurements using grid or calibration
lines. This technique is useful in other applications requiring
high resolution such as the measurement of insertion loss or
passband ripple of filters.

AN 1171
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Figure 4-10.
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25°/DIV
SWEEP
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Figure 4-11,
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25°/DIv
SWEEP
09 — 18 GHz

Figure 4-12.
Typical Family
of Pin-Modulator
Non-Linear Phase Shift
vs Frequency
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e. The nominal gain of the amplifier is 40 dB. Figure 4-14
illustrates typical power levels for a transmission measure-
ment calibration. (To understand the diagram and the
power levels listed, start at the “Ref Output’’ terminal
using the power level limits (-16 and -44 dBm) and then
trace back through the circuit.)

BIAS
INPUT

BIAS
BLOCK

} §500HM
DUAL DIRECTIONAL TERMINATION
(+4 to COUPLER

24 dBm) ]
A -

Gall T D 2 . G20dB S
Y
e ——— rrerciNEL
STRETCHER
3 REF OUTPUT

(-16 to -44 dBm)
(16 to ?__YREFERENCE
44 dBm) »__COAX EXTENSION _ TEST OUTPUT

o’ BIAS (<10 dBm)
BLOCK
5 RE INPUT
P $ 48 10 -20 dBm
38
PAD
a8 E P —l _ ©

1
1
]
|
I
|
|
|
I
|
I
|
1
|
PORT E.l

20 -
e 1§ BIAS
DUAL DIRECTIONAL BLOCK I
COUPLER =
—= _§TERM|NAT|0N

BIAS
INPUT

Figure 4-14. Simplified 8745A RF Schematic Diagram
Switches shown for Transmission Measurement

As can be seen, the lowest power level to Port A is -24 dBm due to
the constraints of the reference channel power level. Putting a 10
dB pad into the arms of the universal extension during calibration
and test will lower the input power to the amplifier to the proper
operating level, with the RF input approximately -15 dBm. Place a
3-dB pad in the reference channel and a 20-dB pad in the test
channel.”

3. Calibration

a. Insert the 10 dB attenuator in the Port A arm of the
universal extension. Attach the APC-7 to SMA adapters
to the attenuator and to the Port B arm and connect the
SMA adapters.

b. Follow the calibration procedures described earlier in this
chapter. Record the test channel gain level.

?Refgt to the “Power Consideration’ section of Chapter 111,
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Test Results
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Figure 4-15
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CHAPTER V

HP 8743A TRANSDUCER APPLICATIONS
(2.0 — 12.4 GHz)

Figure 5-1. The HP 8743A Reflection-Transmission Test Unit

The 8743A Reflection-Transmission Test unit in combination with
the 11605A Flexible Arm (No. 1, Figure 5-1), a sweep oscillator
and the 8410A Network Analyzer make up a system for making
transmission and reflection, phase and magnitude, measurements
on microwave components in the 2 — 12.4 GHz frequency range.
It is also programmable for automatic usage.!

With this transducer in the system, transmission or reflection
parameters of microwave components can be measured by using
the two front panel pushbuttons (No. 2, Figure 5-1). In terms of S
parameters, both S, , and S, , can be measured with one setup. By
merely reversing the device under test, the other two S parameters,
S,, and S, , can be determined. Figure 5-2 illustrates this testing
procedure in block diagrams.

The reference plane extension (No. 3, Figure 5-1), together with
the fixed reference channel extension on the back of the unit are
used to equalize the path lengths of the reference and test signals.

This Reflection-Transmission Test Unit is not equipped with bias

tees. This means that external bias circuits need to be used for
measurements of active semiconductor devices.

1A simplified RF schematic diagram is shown in Appendix II,
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Figure 5-2, Setups for Characterizing Microwave
Devices Using the 8743A Test Unit
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HP 8743A and the
11605A Flexible Arm
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d. Adjust 8410A test channel gain (No. 3) and amplitude
. vernier (No. 4) for:
Amplitude = 0 dB Phase = 180°
PHASE
180°

FREQUENCY FREQUENCY
Amp — 0.25 dB/div Phase — 1° /div

(Select Dual Mode)

p=1.0/180°

. REFLECTION
COEFFICIENT
These adjustments are made to calibrate the displays using a short.

The Polar Display must show a reflection coefficient of 1/180°,
and the Phase-Magnitude Display a return loss of 0 dB and 180°.

TRANSMISSION CALIBRATION

1. Setup Equipment. Follow the procedural methods discussed
in Chapter I11.

HP 8743A and the
11605A Flexible Arm

5-5
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a. Attach a 10 dB attenuator to the 11605A Flexible Arm
(No. 1). (The 10 dB attenuator is connected to the .
flexible arm during calibration and measurements to
reduce any ambiguities due to mismatch between the
11605A Flexible Arm, the 8743A Test Unit and the
8411A Harmonic Frequency Converter. The attenuator
reduces the ambiguity to essentially that of the attenu-
ator (VSWR < 1.25). In addition, the 10-dB attenuator
makes the test channel power level during calibration and
test the same for transmission and reflection measure-
ments. This allows one to calibrate for one mode of
operation and switch to the other during test without
recalibrating. Also, the combined electrical lengths of the
11605A and the attenuator make the electrical length of
the test channel in the transmission mode nearly equal to
its length in the reflection mode.)

b. Connect the flexible arm to the Unknown and Trans-
mission Return ports.

2. Typical Results on Two Display Units

Phase-Magnitude Display Polar Display
8412A 8414A

a. Select Phase mode (No. 1) a. Holding beam center

at 90°/div. Adjust hori- switch (No. 1) depressed,
zontal controls (No. 5) adjust vertical and horiz-
for sweep linearity. ontal position (No. 2) un-

til beam is centered on
display. Release switch.

b. Adjust reference plane extension on 8743A for:

Flat Horizontal Line Dot or Smallest Cluster

This indi-
cates that
= the electrical
\ lengths in
1 the incident |
and reflec-
ted channels al

FREQUEncY  Of the reflec- ™ Lo \Lamission

tometer are COEFFICIENT
equal.
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c. Adjust 8410A phase vernier (No. 3) for:

0° Phase Shift Dot Location on Q° Line

FREQUENCY TRANSMISSION
COEFFICIENT

d. Adjust 8410A test channel gain (No. 6) and amplitude
vernier (No. 4) for:

Amplitude Phase

FREQUENCY
Amp — 0.25 dB/div Phase — 1°/div

(Select Dual Mode)

TRANSMISSION

COEFFICIENT
These adjustments are made to calibrate the displays for a through
circuit. The Polar Display must show a transmission coefficient =
1/Q° and the Phase-Magnitude Display an insertion loss of O dB

and 0°. The Network Analyzer system is now properly set up and
calibrated for accurate use.

APPLICATIONS USING THE 8743A
GENERAL PROCEDURE
1. Reflection.
Measurements are made in the following manner:

a. Set up (Figure 5-3) and calibrate the 8410A system, as
described previously in this chapter.
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b. Connect the device to be tested directly to the 8743A

unknown port. This device should be terminated in its
characteristic impedance. Depress the reflection push-
button.

On the 8414A Polar Display, read the reflection coef-
ficient, magnitude and phase, directly from the CRT. For
impedance measurements, insert the Smith Chart overlay
over the CRT and read the impedance directly.*

For small reflection coefficients the 8414A resolution
can be improved by increasing the test channel gain. For
example, increasing the test channel gain by 14 dB
changes the full scale reflection coefficient calibration
from 1.0 t0 0.2

2. Transmission.

Measurements are made in the following manner:

Set up (Figure 5-3) and calibrate the 8410A system.

Insert the device to be tested between the unknown port
and the 10 dB attenuator attached to the flexible arm.
Depress the transmission pushbutton,

1) When using the 8414A Polar Display, note the 8410A
test channel gain setting. This is the calibrated gain
setting obtained earlier. Adjust the test channel gain
controls to locate the CRT display on the outside circle.
The difference in gain settings is the magnitude of the
transmission voltage gain or loss of the device under test.
The phase shift through the device can be read directly
from the CRT for each frequency of interest by using
trace brightening (Marker) to identify the frequency.

2) When using the 8412A Phase-Magnitude Display, one
can read the gain or attenuation directly from the
display. By switching to the phase mode, the phase shift
through the device can be accurately determined.

"Rel’er to the discussion on “Output Interpretation for the 8414A" in Chapter 11,
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Test Results
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Test Results

e. To see this effect clearly on the 8414A Polar Display, it
will be necessary to expand the scale on the display by
increasing the gain in the test channel. If 14 dB of gain is
added, for example, the outer circle (full scale) repre-
sents a reflection coefficient = 0.2.

f. The center of the circle describing the actual reflection
coefficient can now be moved to the origin of the display
by adjusting the vertical and horizontal position controls FULL SCALE =1
on the 8414A Polar Display. (This has effectively elimi- Figure 5-7
nated the directivity and cross-talk error vector from the
system for one frequency.)

e o
Precaution: Do not adjust the test channel gain setting or change TEST CHANNEL GAIN SETTING
frequencies after this point.
CENTER OF
CIRCLE (TIP OF
g. Remove the sliding load and connect the test device, 35 DIRECTIVITY

feet of coax cable terminated in a 50-ohm load, to the VECTO'}’

unknown port. One dot will appear on the display unit
representing the complex corrected reflection coefficient
of the load, p. Figures 5-7 to 5-10 illustrate the results
of this test.

) 2y FULL SCALE = 0.2
As an aside, the directivity vector could have been

subtracted algebraically from the uncorrected value of
reflection coefficient, p o Note that this subtraction
results from the vector relationship involved. However,
by the method outlined in this section, this mathematical
step is unnecessary. Figure 5-11 illustrates these vector

Figure 5-8

relationships.
FULL SCALE =0.2
Y \a v
Figure 5-9
pe =0.06 [-122°
" . RETURN LOSS = 26 dB
Dmecrrwrv‘\ VSWR =1.11
VECTOR
\\//

X

pue=0.03 [-116 \W,
/

Figure 5-11. Vector Relationships

>‘\;<

™~ pc = 0.05/-122"

FULL SCALE = 0.2
Figure 5-10
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Test Results

IRANSMISSION MEASUREMENT AP

CHARACTERISTICS OF A BANDPASS FILT
Purpose

The purpose of this measurement demonstration is to illustrate the
basic 8743A testing procedure and the procedure for obtaining the
60+ dB of dynamic range of the system. The test filter, Vector
Industries Model 1457, has a pass band of 2.5 to 3.5 GHz.

Procedure

a. Set up system using the Phase-Magnitude Display, and
calibrate.

b. For maximum dynamic range, attach 20-dB attenuator to
the reference channel and 3-dB attenuator to the test
channel.®

c. Insert filter between unknown port and the 10-dB attenu-
ator attached to the 11605A Flexible Arm.

d. Press transmission switch on the 8743A and observe
display on the Phase-Magnitude Display Unit. (The 0 dB
reference line can be shifted up to the top graticule line
by increasing the 8410A test channel gain. This ensures
the capability of 80 dB full scale on the 8412A display.)

Figure 5-12 illustrates the results of this test.

Precaution: When testing at the maximum dynamic range of the
system be sure that the test channel is not driven above -10 dBm.
Compression of the IF amplifiers can result is this level is above
-10 dBm causing a small error in measurement.

Figure 5-12

5Refer to “*Power Considerations’ Section of Chapter 111,
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Figure 6-1. Semiconductor Measuring System
INTRODUCTION

The S-Parameter Test Set, HP 8745A, has been discussed in detail
in Chapter 1V. The pushbutton ease, demonstrated in that chapter
when measuring microwave devices, is equally well suited for the
measuring and characterizing of semiconductor devices.

The semiconductor measuring system, shown in Figure 6-1, con-
tains the 8745A Test Set along with the accessories developed for
the measurement of semiconductor devices.

The test device, in this case a semiconductor, is measured by
means of Transistor Fixtures (No. 1, Figure 6-1) shown in Figure
6-2.

AN 11741

6-1



AN 117-1

6-2

Figure 6-2. Transistor Fixtures HP 11600B/11602B

These fixtures will accept either bipolar or field effect transistors
(FET) in a variety of packages. The snap-on dials (No. 1, Figure
6-2) orient the transistor for either common emitter-base-collector
or common source-gate-drain configuration.

In addition, the dials when rotated to the proper configuration
will indicate which input port button must be depressed during
the measurement. This eliminates the problem, alluded to in
Chapter |V, of tracing the input or output ports for the various
configurations.

The second accessory used in semiconductor measurements is the
Transistor Bias Supply (No. 2, Figure 6-1), HP 8717A, shown in
Figure 6-3.

Figure 6-3. Transistor Bias Supply, HP 8717A

This bias supply is connected to the 8745A test set by means of a
36-pin cable. It includes two supplies — constant voltage and
constant current — and a number of switches enabling any
transistor to be biased quickly and accurately. These switches on
the front panel correspond to the different positions of the




snap-on dials for the transistor fixtures. This eliminates the need
for external wiring changes for each new configuration; that is,
common emitter-base-collector or common source-gate-drain.
While the transistor is biased for one particular configuration, the
switches allow monitoring of the voltages and currents on any of
the three leads of the transistor under test,

HP 8745A with the 11600B Transistor Fixture attached

AN 11741
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2. Typical Results on Two Display Units

Phase-Magnitude Display ? Polar Display
8412A 8414A
5
A\
P

4 6

a. Select Phase mode (No. 1) b. Holding beam center
at 90°/div. Adjust hori- switch (No. 1) depressed,
zontal controls (No. 6) adjust vertical and hori-
for sweep linearity. zontal position (No. 2)

until beam is centered on
display. Release switch.

b. Adjust reference plane extension on 8745A (No. 4) for:

Flat Horizontal Line Dot or Smallest Cluster

This indi-
cates that
the electrical
lengths in
the incident
and reflec-
. . ted channels
FREQUENcY  Of the reflec- REFLECTION
tometers are COEFFICIENT
equal.

c. Adjust 8410A (No. 2) phase vernier for:

PHAsE B

180° Phase Shift Dot Positioning on 180° Line

PHASE
180°

FREQUENCY REFLECTION
COEFFICIENT

Set degree offset
switch on 8412A (No.
3) to 180° and in-
crease resolution to
1°/div for this step.

sThe identical results shown for the 8412A could be obtained with the 8413A and
an oscilloscope.
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d. Adjust 8410A test channel gain (No. 4) and amplitude
. vernier (No. 5) for:
Amplitude = 0 dB Phase = 180°
PHASE
180°

FREQUENCY FREQUENCY
Amp — 0.25 dB/div Phase — 1°/div.

(Select Dual mode)

r=1.0/180°

REFLECTION
COEFFICIENT

. These adjustments are made to calibrate the display using a short.
The Polar Display must show a reflection coefficient of S,, =

1/180° and the Phase-Magnitude Display a return loss of 0 dB and
180°.

TRANSMISSION CALIBRATION

a. Remove SHORT Termination and plug in THRU Termi-
nation.

Depress S,, Switch

b. Typical Results on the Two Display Units:

Phase-Magnitude Display — 8412A
Amplitude Phase

o -
FREQUENCY FREQUENCY
Amp — 0.25 dB/div Phase — 1° /div

6-5
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a. Rotate the dial to common emitter (CE). Plug in the
transistor making sure the tab on its case fits into the
notch on the dial. With the transistor snap-on dial in the
common emitter mode, the colored notch on the
perimeter of the dial lines up with the “set A" port line
on the transistor fixture.

This means that the 8745A Port A is the port connected
to the transistor input.

b. Set Port A pushbutton,

c. Decrease the RF power until there is just enough to
operate the network analyzer as indicated by the refer-
ence channel level indicator. This ensures small signal
parameters will be measured.

# oreraTe [

AN 1171
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Test Results

B

=

Figure 6-6

g. At this point, the circuit designer may wish to note how
the impedance varies with bias current. By varying the
emitter current from 10 mA to 3 mA, the variations in
S,, and S,, can be noted. This important observation is
vital when designing circuits since in order to achieve
maximum gain, the designer will match both the input
and output impedance of the transistor, at the operating
bias level, with its conjugate impedance.

2. S,, and S, , (Transmission) Measurements

a. To measure the transmission (or gain) characteristics,
remove the Smith Chart overlay from the 8414A Polar
Display and press S, ,

AL
==

b. Measure S, : Since the system was initially calibrated so
that the outer circle on the display represented a ratio of
the reference signal to the test signal equal to one, this
scale can be compressed by reducing the signal in the test
channel. To do this, decrease the 8410A test channel gain
by any value. However, if it is reduced by 14 dB, then the
full scale (outer circle) transmission coefficient is then
equal to five; i.e., 14 dB = voltage ratio of 5. This allows

. the accurate measurement of gains greater than one, as for
this transistor’s S,, parameter, or forward gain of the
transistor. Depress the S, ; pushbutton: Figure 6-8

6-9
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. % BIAS o
BIAS N
INPUT BLOCK 50 OHM ?
DUAL DIRECTIONAL TERMINATION [—rz -
COUPLER COMPENSATING LINE dB= | o
PORT A e
o -
) (e o g
23 J . 3
——— LINE o
| STRETCHER 2
i t REF z
5 =] OUTPUT E
¢ T TEST 2
o BIAS OOUTPUT g
! BLOCK e
—o——3F——our S
348 o l
[~ hEs 20 dB
PORT B - $ lag ——| PAD
pid
b e BIAS
DUAL DIRECTIONAL BLOCK
COUPLER |3 500HM
BIAS TERMINATION
INPUT

Figure 6-9. The 11607A Adapter

The limitation that this adapter introduces into the system is that
the dynamic range of the system is reduced to 40 dB. However, 40
dB is generally more than adequate for transistor measurements.

. NEGATIVE IMPEDANCE (TUNNEL DIODE)
MEASUREMENTS

CALIBRATION

Again the system must be calibrated but with a slight modification
to the procedure described above for transistors.

1. Set up equipment and follow the procedural methods
described in Chapter [1].1

2. Rotate dial so HP is at bottom. Plug in short termination so
. that the arrow points up, as shown,

1yse the Pre-test Procedure foldout in Appendix IV to facilitate your calibration.

6-11
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Normal Smith Chart compressed

1

# FULL SCALE ®
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MEASUREMENT Test Results

Procedure

A 1N3716 tunnel diode is used in this demonstration measure-
ment.

1. Remove the dial from the transistor fixture. Turn off the bias
supply.

2. Plug the diode in fixture. Make sure positive terminal is in
Port B hole.

The RF circuit now looks like this:

S22 OR
-— ZINPUT ——e

RF GROUND

3. Decrease the RF power until there is just enough to operate
the network analyzer as indicated by the reference channel
level indicator and depress S, , pushbutton.

# orerate [

4. Set the 8717A voltage supply range switch to 1V full scale
and slowly apply voltage to the tunnel diode until the
magnitude of the reflection coefficient is as large as possible.
The diode is now tunneling since the reflection coefficient is
greater than 1. This voltage should be somewhere between
0.065 to 0.35 volts. Figure-6-10

FULL SCALE = 3,16
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2y (150 MHz) = 50 (0.1 + 0.35)

Figure 6-11
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CHAPTER VII

HP 8747A WAVEGUIDE MEASUREMENTS
(X Band 8.2 — 12.4 GHz) (P Band 12.4 — 18 GHz)

=

Figure 7-1. The HP 8747A Waveguide
Reflection/Transmission Test Unit

INTRODUCTION

The HP 8747A is an X- or P-band' transducer for use with the
8410A Network Analyzer system. It contains special waveguide
hardware for making reflection and transmission measurements
from 8.2 to 12.4 GHz (X8747A) or 12.4 to 18 GHz (P8747A)
with the same ease as coaxial measurements with the other
transducers.

The 8747A (Figure 7-2) includes a power splitter of the direc-
tional coupler type to furnish isolation between the two channels.
These equal signals are then fed into two special directional
couplers which couple the power into two channels — reference
and test. At this point, the reference channel is terminated into a
sliding short. Into the test channel are inserted either a shorting
plate for calibration, or the test device for either reflection or
transmission measurements.

INSERT UNKNOWN

HERE FOR
TRANSMISSION
FIXED SHORT MEASUREMENTS
OR UNKNOWN X

FOR TEST § 4= == =) $
REFLECTION e 1048 10 dB
MEASUREMENTS

ADAPTER [ b TEST
g § B TO NETWORK

INPUT R ANALYZER

POWE

SPLITTER ADAPTER[ b REF

0 i _# Zioda___,

1 %

e

Pl x

SLIDING ADD WAVEGUIDE HERE

SHORT TO BALANCE FOR
TRANSMISSION
MEASUREMENTS

Figure 7-2. HP 8747A Schematic

1 P Band operation is only possible when using a special 8411A Harmonic Frequency

Converter, such as 8411A Option H10,

AN 11741
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PROCEDURE FOR TRANSMISSION MEASUREMENTS
Equipment Setup
NETWORK e,
ANALYZER
SIGNAL USING POLAR
SOURCE DISPLAY — 8414A
WAVEGUIDE
SECTION ;
() 0,

HP 87477

DEVICE
UNDER
TEST

Figure 7-4. HP 8747A Transmission Test Setup

CALIBRATION.

The system is calibrated as in a reflection measurement. NOTE:
Do not insert the device under test (No. 4, Figure 7-4) until the
system is calibrated.

MEASUREMENT

S

Open the 8747A Test Unit sections and insert the device
under test (No. 4, Figure 7-4) into the test channel and a
section of waveguide (No. 4) of equal physical length into the
reference channel.

Read the transmission loss (or gain) and phase on the output
display unit.

a. A correction of 180° must be added to all phase indica-
tions because the reference setting was made with a short
circuit (e.g., phase reading of +60° = 180° + 60° or
-120°).

b. To determine the electrical length of the test device, note
initial sliding-short setting at calibration, then adjust the
sliding-short to return the swept phase display to a
horizontal line. The electrical length is equal to the
device’'s physical length plus twice the change in the
sliding-short settings.
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INCIDENT WAVE: Ej, H;

TRANSMITTED WAVE: Ep Hj

b b o —— — — —— — —— ]

AEFLECTED WAVE: E;, H,

MEDIUM 1 Z=0 MEDIUM 2 Z AXIS
n n2

Figure 7-5. Wave Description Definition

Substituting equation (1) in equation (3), it may be shown that
for real n:3

UPYUE if Mo > UE

8) S = :
nymy ifny > ny

PROCEDURE

The dielectric constant of a piece of beryllia (beryllium oxide)
can be found in the following manner:

1. Equipment Setup

SWEEP OSCILLATOR

WFI“?HBGBBGQBBGB NETWORK POLAR
(8-12.4 GHz) PLUG-IN ANALYZER DISPLAY
p HP B410A  HP 8414A

BERYLLIA

TE 1
SPECIMAN L = HARMONIC
2\ TPT- B [PA FREQUENCY
1 CONVERTER
———] i1~ -a=n SHORT HP 84114
WAVEGUIDE
TERMINATION
HP X9108

Figure 7-6. Equipment Setup

3Ibid, ppg. 345-348.
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CHAPTER VII

FURTHER APPLICATIONS

INTRODUCTION

As mentioned in the Introduction to Chapter I, “It is obvious
that not all possible applications are listed in these chapters.” The
applications described, however, should indicate both the versa-
tility of the system as well as its ease of operation and technologi-
cal contributions.

This chapter will further demonstrate the system’s versatility by
illustrating a variety of other applications and the results obtained.
It is hoped that the entire spectrum of applications presented in
this chapter will stimulate the creativity of the user so that he will
ask himself: “What can I do with this instrument that will
facilitate my work and provide me with information that was
previously too difficult to obtain or too inaccurate to use?”’

The methodology of calibration and measurement discussed in

detail in the previous chapters will assist the engineer as he uses
the network analyzer in the applications he has before him.

REFLECTION MEASUREMENTS

Impedance

Figure 8-1. Antenna Impedance

Expanded Smith Chart display of the input impedance of a log
periodic antenna swept tested between 3.6 GHz and 4.0 GHz. This
type of display adds greater resolution to a given measurement
making the measurement more definitive. Full Scale p = 0.2.

AN 1171
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Figure 8-2. Yig Resonant Impedance

Response of a magnetically tuned YIG sphere at f, = 10 GHz. Af
sweep is 450 MHz. R, = 3.56Z_ = 175 ohms. The loops, one just
below the real axis to the right-center of the photo and the second
at the end of the trace at the left of the photo, are parasitic
modes. The one on the right is termed a transit mode and moves as
a function of resonant frequency. The parasitic mode at the end of
the trace is called a stationary mode. Both types of modes must be
minimized (or eliminated) before final use of the YIG. Full Scale
p=10

Figure 8-3. Resonant Response of Yig Sphere

Resonant response of a YIG sphere tuned to f, = 11 GHz. The Af
sweep mode was adjusted to 440 MHz. R, can be read from the
display to be 2Z, = 100 ohms. Note that the transit mode and
stationary mode are present, as in the case of the YIG described
previously but that the transit mode has shifted further from
resonance. Full Scale p = 1.0.




DETERMINATION OF Q

-

Figure 8-4. Determination of @ of YIG Spheres

By adjusting the resonant frequency f, = 10 GHz to the real axis
of the specially scribed overlay! and then using Af sweep to
position the end-points of the sweep at the Q, lines on the
overlay, the resonant Q of the YIG may be calculated from the
following:

fo 10 GHz

% Tommg W

Full Scale p = 1.0

Figure 8-5. Determination of @ of Yig Spheres
The loaded Q of the YIG resonance may be obtained by adjusting
the f, = 10 GHz to the real axis of the Smith Chart and then

adjusting Af such that the end-points of the sweep are on the Q,,
lines scribed on the overlay. The loaded Q is then calculated from:

Full Scale p = 1.0

iSee page 8-8 for the method of drawing this overlay.
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8-3



AN 11741

8-4

Figure 8-6. Cavity Resonance

Swept-frequency response of a cavity with the Af sweep adjusted
such that the start and stop frequencies are at unity reflection and
an impedance of zero. The specially scribed overlay allows rapid
calculation of Q by adjusting Af sweep to the appropriate lines on
the overlay and then calculating the Q from:

f
Q =9
Of

The resonant resistance of the cavity can be read from the real axis
of the Smith Chart tobe 1.6 Z, = 80 ohms. Full Scale p = 1.0

Figure 8-7. Cavity Resonsant Response

By adjusting the Af sweep and cavity resonance such that the
resonant response is symmetrical about the real axis on the Smith
Chart and then adjusting the Af sweep so the end points of the
sweep are coincident with the Qg lines on the specially scribed
overlay, the Q;, of the cavity can be calculated from:

fo 12 GHz

Qe == BgNpz - o




TRANSMISSION MEASUREMENTS

PASSBAND INSERTION

Figure 8-8

High resolution display of the insertion loss of the 8—10 GHz
filter in the passband. Swept display between 7.9 GHz and 10.1
GHz with scale of 1 dB/cm. The tracking error of the system was
not eliminated by plotting grid lines. Hence, the worst case
accuracy of such a measurement would be £0.5 dB. Elimination of
the tracking error would allow typical accuracy of 0.1 dB
excluding possible mismatch errors.

GAIN

ul

Figure 8-9. Amplifier Gain

Transmission gain at one stage of development of a microcircuit
preamplifier swept between 1 GHz and 2 GHz. The variation of
the gain may be viewed as a function of frequency. The amplifier,
or any component, may be sweep tested at the end of a
production line for rapid accept/ reject tests. Scale: 2 dB/cm.

AN 11711
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Figure 8-10. Amplifier Gain and Phase

Gain and phase response of a hybrid integrated circuit amplifier in
the frequency range 120 MHz to 450 MHz. The break frequency is
about 400 MHz. The linearity of the phase shift allows the viewer
to predict the distortion due to group delay which the amplifier
would introduce into a system which may be used for television
broadcasting or telemetry purposes. Scale: 10 dB/cm, 100° /cm

0dB

10 dB/MAJ
Div

0" _

100" MAS |
DIV ji:jr

80" BORESIGHT

Figure 8-11

Plot of gain and phase pattern of a log periodic antenna at 3 GHz
between —90° and +90” azimuth. The plot was not taken in an
anechoic chamber and, hence the pattern is not as smooth as it
should be. Scale: 10 dB/maj. div., 100°/maj. div.




DESCRIPTION OF Q MEASUREMENT OVERLAY

As we have seen in the applications of Section A, a specially
scribed Smith Chart overlay can be used to determine the three
parameters: Q-unloaded, Q,; Q-loaded, Q; and Q-external,
Any cavity can be characterized by a simple R-L-C

Qexr.?
resonant circuit.

ReaviTy
o N
IN— S LeaviTy
o— if
CeaviTy

a. Equivalent Cireuit of Cavity Alone, Used to Determine QO

Reavity

Z, 1:1
%’) F % % Leavity

CeaviTy

b. Equivalent Circuit of Cavity Perfectly Coupled to a Trans-
mission Line — Used to Determine Q,

@ Leavity

1L
LU

CeaviTy

¢. Equivalent Circuit of Cavity Imperfectly Coupled to a
Transmission Line — Used to Determine sz-r

Figure 8-12. Cavity Equivalent Circuits

‘&For a more complete treatment of this subject refer to “Microwave Measurements,”

Edward L. Ginzton, McGraw-Hill Book Co., Inc. N.¥Y. 1957. Chapters 7 and 9.
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These parameters are defined as:

Q, — selectivity factor of the cavity dependent on the
geometrical proportions of the cavity

energy stored

Q, =27 Grgrqy Tost per cycle
Q. — The Q of the entire system, including all sources of
energy loss.

Qi x+ — The Q of the external system, i.e., the losses are due to
the external load only, since the cavity is assumed to
have no Q of its own (R = O).

The specially scribed overlay is constructed in the following
manner,

1. Qg Arcs:

These arcs connect the half power points on the Smith Chart,
i.e., the points at which R , y 1oy =*Xcavity -

Thus, center the arc at

2. Q, Segments:

These segments connect the points

Z=0=xj0
and
Z=0%j1
and describe the half power (3 dB) points, i.e., the points at
which Xi,vry = Total Resistance of the Cavity and
Transmission line, i.e., Rg s vipy +Zo
3. Qpyq Arcs:

These arcs are centered at the intersection of the tangents to
the Smith Chart at Z = 0+ j0and Z =0 % j1 with a radius
equal to the value such that the arcs go through these points.
These arcs describe the half-power (3 dB) points at which

Xeaviry = Zo

These arcs and lines can be scribed on existing Smith Chart
overlays for the 8414A Polar Display in a matter of minutes.




These Q parameters can then quickly be determined by identifying
the frequency f, with a marker or trace brightening, setting the
CW mode of the sweep oscillator to this frequency and then
switching the sweep mode to Af. The resulting display can be
expanded or contracted until it touches the desired set of Q loci.

This parameter is then determined by the formula:

f
Q= Yaf
Af is the 3 dB bandwidth

e.g., in Figure 8-13,

Il

Qpye = Tof (f5 < £4)
foy (£, - £,)
Q = Tor (£, - £5)

o
i,
[

N\ o X )
\ O\ A TricAL >

A 14 i IMPEDANCE
e~ LOCUS '
2 ; \
v \ T \
c% 4 Oext
NV ' 2
% I 22
.S 1.0

Figure 8-13. Lociof Q,, Q, Qgxp
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APPENDIX |

CONVERSION EQUATIONS BETWEEN

Z,Y,Hand SPARAMETERS
(NORMALIZED TO Z,))

- (zyg - 1) (zpp+ 1) - 24520
" (zyy + 1) (254 1) - 24525

B 2z,
f127 (zy, + 1) (2% 1) - 25 2y,

_ 2254
" (zy; + 1) (294 1) - 245 2,

__(Zn + 1) (z92-1) - 212 2
TG ) (2t 1) - 232 2

(- v (1 Hyaltyy, Ve
11 (1+ yi1) (1 +¥s5) - V42 Yu

A -2Y12
= (1 +Y11} {1+Y22)' Yi2 Y21

-2Y9,
(1 +y,) (T+yg) - v, ¥y

s ___“ +y1) (1-ya) + yor y1n
22 (1 +yy) (1+ye) - viaya

: =(h11 - 1) (hyy +1) - hyy hyy
11 (hyy +1) (hyy +1) - hyy by

S12 = (hy; +1) (hag +1) - hyo hyy

-2h,,

s -
21 (h,, +1) (hyy +1) - hy, hyy

(1 +hyy ) (1 - hy)+ hyy hy,

%227 (hy, +1) (hgp+ 1) - hypha

(1 4s,) (- s55) + 555 89y

Fu” (1- 311) (1- s55) - 84359

2515

z -

12 (1 - 55,) (1-85) - 84585

2s 5,

InT )

{1+ s,) (1 -

- Sg5) - 81389

Sy1) + S1a Spy

(1 + '80) (1-

- Sgg) - $32 Sy

S11) + Syp Spy

V11=(1 + 831) (1+ 8p0) - S1250

-2519

Yiz™ (1 + 55,) (1 + s559)- 815 8y

'2521

(1 +s4) (1

b s, (1 +

Saa) - 12 Spy

- Spp) +$12 Spy

Yoo = (1 +5,) (1+

(1 + 511} (1 +

S11) - S12 Sy

S22) - Sy2 Say

h

2510

u= {1 -s,,) 1+

S32) * 813 83y

ho= (1~ s, (1 +

"2521

Sza) + Sy Soy

h =
27 (1 - s, (1 +

h

AT - o) (1 -

Sga) * 812 Sgy

S;2) - S12 Sy

22 (1 - §;,) (1+ 535) +555 59y
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In addition to these transformation equations, it may be more
convenient for the user of the S-parameters to convert these to
y, z, or transmission parameters by a matrix transformation.

The following equations are given for this purpose:

TWO PORT PARAMETER TRANSFORMATIONS:

s parameters and y parameters
Y =(U-§)(U+S) ™!
S=(U-Y){U+Y)!

s parameters and z parameters
Z=(U+S)(U-9)"

S=(Z-U)@Z+uyt

where U stands for Identity
(Unit) matrix

s parameters and t (transmission)

parameters
r A
- (S41 S22 -S12821) Su
Soq Soq
T=
San 1
L Sa1 S21 )
[ T.Te Blas |
Tia TuTee- Tiolo
T22 T22
S=
A s
! Taa Taz .
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APPENDIX I

RECOMMENDATIONS ON HANDLING
AND CARE OF APC-7 CONNECTORS

COUPLING
//X//f/l// 1 ""I!ff.‘f!‘!!f!!fllﬂfflﬂ!ﬂllfﬂlllllllxI]////\
ﬂ!fb‘ﬂﬂ | SUPPORT
INNER 4 -' BEAD
cogucion | |
HOLDER T T ==
a7 |
y INNER
il /// T CONTACT
T
My i
% w,//// 7.
W : COUPLING

USE

To Connect:

1. On one connector, retract the coupling sleeve by turning the
coupling nut counterclockwise until the sleeve and nut disen-
gage.

2. On the other connector, fully extend the coupling sleeve by
turning the coupling nut clockwise. To engage coupling sleeve
and coupling nut when the sleeve is fully retracted, press back
lightly on the nut while turning it clockwise.

3. Push the connectors firmly together, and thread the coupling

nut of the connector with retracted sleeve over the extended
sleeve. Leave the other coupling nut in the original position:
closing the gap between coupling nuts tends to loosen the
electrical connection.

To Disconnect:

1.

Loosen the coupling nut of the connector showing the wider
gold band.

AN 117-1
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WIDER BAND

2. IMPORTANT: Part the connectors carefully to prevent
striking the inner conductor contact.

CARE

1. Keep contacting surfaces smooth and clean. Irregularities and
foreign particles can degrade electrical performance.

COUPLING NUT

2. Protect the contacting surfaces when the connector is not in

use by leaving the coupling sleeve extended.

3. Use lintless material and/or firm-bristled brush such as tooth
brush for cleaning. If a cleaning fluid is needed use isopropyl
alcohol. IMPORTANT: Do not use aromatic or chlorinated
hydrocarbons, esters, ethers, terpenes, higher alcohols, ke-
tones, or ether-alcohols such as benzene, toluene, turpentine,
dioxane, gasoline, cellosolve acetate, or carbon tetrachloride.
Keep exposure of the connector parts to both the cleaning
fluid and its vapors as brief as possible.
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