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by Hugo Vifian

fn HAnnCTERIZING CIRCUITS in the frequency
U domain is a fundamental activity in both the
design and the testing of electronic circuits. Only by
knowing the gain/phase-vs-frequency
characteristics
and the input-output impedancesof each circuit can
one assemblea complete device capable of meeting
performance objectives.
Over the past ten years there has been a dramatic
growth in the use of network analyzersto characterize
component and circuit performance. By providing
plots of gain or loss, phase shift, and reflection coefficient versus frequency, these instruments have
given electronic engineers practical insight into
circuit and componentbehavior, leading to more precise designs.The more precise designshave led to
tighter system performance specifications-for example, closerpacking of communicationschannelsand this in turn has led to a demand for even better
measuring instruments.
Such a new instrument is the Model 85054 Network Analyzer (Fig. 1). Intended for use in the RF,
VHF and lower UHF frequency ranges, it makes
traditional measurementsof driving point and transfer characteristicswith a greaterfrequencyrange (500
kHz-1.3 GHz),greater dynamic range (100 dB), better resolution and higher accuracy than its predecessors,and it doesthis with considerablymore convenience.It also makesdirectmeasurementsof equivalent electrical line length, of deviations from linear
phase and of group delay with much greater facility
than has hitherto been possible. With these capabilities, the new network analyzer makes it possible
to characterizea network quickly with a minimum
of ambiguity.
All-in-OneTest System
The new network analyzeris a completemeasuring
system that includes a precision swept-frequency
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source, a three-input tracking teceiver, a CRT display, a frequency counter, and an autoranging voltmeter that gives direct digital readout of gain/loss,
phase,deviation from linear phase,and group delay.
An internal digital processorconhols the inshument's
operation,simplifying the way the insEument operates
and enhancing the clarity of the data presentation.
The three inputs, all of which have 100-dB dynamic range,enablesimultaneousdisplay of both the
transmissionand reflection coefficientsof a device or

Cover: The subjectof this
month'sissue,Model85054
NetworkAnalyzerpresenfs
requencymeasureswept-f
mentsin eitherCartesianor
polarcoordinatesonits C,9f
display and its digital displays give the frequency,
magnitude,phase,and delay of any point selected on the CRT trace by a
movable marker.
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Fig. 1. Model 8505A Network
Analyzerls shownhere measurtng
the frans,.nissionand reflection
coefficientsof a 50A ftlter using
the Model 8502A Transmissionl
Reflection festSet. With its digital
readouts, in addition to a dualmode CRTdisplay,thisnew instrument can characterizecircuitsand
componentsin the 0.5 - 1300-MHz
frequency range more quickly,
more accurctely, and with greater
convenienceand /ess ambiguity
lhrn

its gain and phase responses. The display can be
either in rectangular or polar coordinates (Fig. 2) and
both a rectangular and a polar plot may be displayed
at the same time. Up to five markers can be placed
anywhere on the display and the frequency and amplitude or phase of the signal at any point designated
by a marker can be displayed digitally (Fig. 3J,giving
a measurement resolution of 0.01 dB in amplitude,
0.1o in phase, and 100 Hz in frequency, an order of
magnitude better resolution than that obtainable
from a CRT display alone.
Electronic Delay Line
A continuously-variable delay line may be inserted
in the measurement channel to match the electrical
length of either the A or B input to the reference. It
also enablesthe measurement of a device's eouivalent
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electrical length by substitution. The delay line, a
new development, is simulated electronically, giving
calibrated, finger-tip control of line length up to the
equivalent of -r1500 meters (it can also add negative
delay), a much greater length than would be possible
with a mechanical line stretcher. It has the added
advantages of not contributing mismatch errors
or attenuation.
Because the line has a constant time-delay-versusfrequency characteristic at any one delay setting, the
phase shift through the line varies linearly with frequency as it does through a coaxial cable. During
measurements of phase shift, the line may be inserted
to subtract a phase shift equivalent to a device's electrical length so the display wiII show the deviations
from linear phase shift caused by the device as a function of frequency (Fig. +). Interest in this measureFig. 2, Swept-frequencymeasuremenls may be displayed in
either cartesian or polar coordlnates. TransparentSmith-chart
overlays,as shown in the photo ot
a filter input impedance at right,
are provided for direct readout of
impedance with the polar displays. Overlays with logarithmtc
sca/es are also provided for logarithmic sweeps, as in the photo at
left showing the responseof a
65-MHz high-pass filter over a
100-dB dynamic tange, swept
from 1 to 1000MHz.

Ftg. 3, Digital readouts give three-digit resoluilon measurements of frequency, gainlloss, phase,or delay at the point in
the responsecuNe indicated by the positive-goingmarker.
ment has been growing

in recent years because of the

necessity of preserving phase relationships in multiplexed signals and preserving the shape of complex waveforms.
The instrument can also directly display group
delay, a plot whose magnitude corresponds to the
slope ofthe phase response curve (Fig. +). A new technique for measuring group delay directly, described
on page 11, makes it possible to resolve variations in
delay with a resolution of 1 ns/div.
Automated Operation
Designed to work with the HP Interface Bus (HP's
implementation of IEEE Standard 488-1925), the new
network analyzer can work in an automatic system for
setting up measurements, reading data, and correcting
for errors. When equipped with the HP-IB option, the
new analyzer can be incorporated into an automatic
system simply by connecting it to a controller with
the appropriate cables.
In most cases, the controller will be a calculator.
Considerable attention was paid to defining programming codes that would make it easy for a user
who is not experienced in programming to control
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AccuracyEnhancement
One of the most important applications of calculator- or computer-controlled network analyzersis the
removal of system errors from the measurement
data. These errors arise from non-ideal test fixtures,
mismatches,and other instrumentation problems.
For example, the input impedance of a device in
an environmental chamber is to be measured at the
end of a long cable.As shown in Fig. 6, an imperfect
cable severelyinfluences measurementresults, leading to results that are meaningless.An accuracy-enhancement program supplied with the calculatorcontrolled network analvzer can correct the data. as
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the instrument remotely. Each front-panel control is
labelled with the address code used by a calculator
to set that particular control, so there is no need to
mernorizecodes.For example,when programming
the instrument to sweep its full frequency range, the
vonn switch is set to the LINFULLposition. The program code for that setting is M2, where M stands for
MODE,as indicated on the front panel, and 2 stands
for the secondposition of the switch.
The instrument, however, provides an eveu easier
way to program control settings,a result of the instrument'sdigital architecture.This is the "Learn" mode.
After the appropriate part of the instrument is addressed (sourceor receiver),the single keystroke command "L" on the controller/calculatorwill causethe
instrument to "read" the front-panel switch settings
and make the readings available to the interface bus.
Without bothering with control program codes, the
user may set up test sequenceson the fiont-panel
controls, store them (e.g. on tape), and then recall
them when needed.
Factory-assembledautomatic network analyzers
that include the Model Bs05A, a 98304 Calculator
with printer, an s-parametertest set, and appropriate
cables and fixtures are available as Model B50ZA
(Fie. 5).

=

8{' -

E

o
40-

,9
't6
o

0-16 MHz

o
600 MHz

+16 MHz

Fig. 4. Dual trace display shows swept measurementof
group delay (lower trace) and devtation from linear phase
shift (upper trace). Group delay is defined as the negative
rate of change of the phase deviationcurve.

Fag, 5. Factory-assembled and tested automatic sysfems
designed around the Model 85054 Network Analyzer are
furnished with example programs and programs for accuracy
enhancement, system verification,and diagnostic testing.
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programremovescable
Fig.6. Accuracyenhancement
errorsfrom upper trace to give accuratedisplayof device
gain (lowertrace).
shown by the corrected plot in Fig. 6. First, calibration measurements are made with the test device replaced by a short-circuit termination, then an opencircuit termination, and finally a 50O (or 75O)termination. With that information stored, the calculator
computes the error terms and corrects the data.

I nstrument Organization
A simplified block diagram of the network analyzer
is shown in Fig. 7. A sweep-frequency test signal anywhere within a 0.5-1300 MHz range is generated by
mixing a YlG-tuned 4.2705-5.5100-GHzsweep signal
with the output of a fixed 4.27oo-GHz oscillator.
A second sweep-frequency signal, offset from the
RF output by 100 kHz, is generated by mixing the
YlG-tuned signal with the output of a 4.2099-GHz
oscillator. This signal is used as a local-oscillator
(LO) signal to convert the test signals to 100-kHz IF
signals for use in the signal-processing section of
the instrument.
The test-signal frequency is measured at any point
selected by a marker during the sweep by a counter
(the counter actually measuresthe LO signal and then
corrects the reading for the offset). The counter uses
a technique that measures the frequency at a single
point indicated by a marker without stopping the
sweep (see box, next page).
The magnitude and phase information impressed
on the test signals by the device under test is translated through the down-converters and detected by
the analyzer's amplitude and phase detectors. This
information is presented on the CRT display either in
cartesian coordinates (Bode plot) or polar coordinates
(Nyquist plot). A sample-and-hold circuit retains the
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Fig.7. Organization of the Model 85054 NetworkAnalyzer

XY-Display

displayed magnitude or phase level at any selected
point in the sweep for measurementand display by
the built-in digital voltmeter.
Detailsof the operationof all thesecircuits are described in the articles that follow.
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Measuring a Linearly Changing Frequency
A common problem in swept-frequency
measurementsis
how to measurethe frequencyof any selectedpoint in the
sweepwhilethe sweep is progressing.In earlyinstruments,
a
frequencyreadingwas derivedby readingthe CRTgraticulein
conjunction
withthe starvstopfrequencysettings.Crystal-controlledfrequencymarkersimprovedaccuracybut it stilltook
time to interpolate
the readingsand arriveat an answer.
Laterinstruments
usedconventional
frequencycountersbut
had to stop the sweep long enoughfor the countermeasurement,Thedifficultyof stoppingthe sweepquicklyand precisely
limitedthe precisionof this methodand the act of stoppingthe
prosweep often introducedtransientsinto the measurement
cess. Othertechniquesinvolvedstoppingthe sweepfor measurementduringthe sweepflyback,but hysteresis
in the sweep
returnaffectedthe accuracy of doing it this way.
A new approach that uses an up-down counter sidesteps
these problems.When a marker pulse occurs, the counter
startscountingup on the RFfrequencyand continuescounting
for a selectedgate time (f1 to 1, in the diagram),The RF fre-

e
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Time
quencyincreaseslinearlyduringthe countergate,however,so
the totalcountis higherthanwanted.The counterpauses,then
countsdown on the RF for anothergate time (f. to fo).
Analysisshowsthat if the gate timesshown in the diagram
are used,the numberof cyclescountedduringup-downcounting is the sameas the numbercountedat a constantf requency
frequency
f.,for a gate time equalto z. Thus,the instantaneous
at a point indicatedby a markercan be measuredwithoutstopping or otherwiseinterfering
with the sweep.
--Frederick Woodhull
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A Familv of Test Sets for the 500 kHz-1.3 G}Iz Range
Whetheror not good data is obtainedf rom a measurementat
high frequenciesmay be determined by the way the device
under test is connectedto the measuringinstrument.lmpedance mismatches,loose connections,and phase shiftsthrough
unequalcable lengthscan degrade a measurementsignific a n t l y .T o m i n i m r z et h e s e p r o b l e m s ,a n d t h u s t o a s s u r e
consistentaccuracy in measurementsmade by the new Model
85054 Network Analyzer as well as for other applicationsin
the frequencyrange between500 kHz and 1.3 GHz, a new
familyof test sets has been developed.

Transmisslon and Reflection Test Set
Much time can be saved by makingtransmissionand reflecThis is especiallytrue in
tion measurements
simultaneously.
applicationswhere the device under test must meet certain
return loss specilicationsas well as having a gaventransmission characteristic,since the two almost always interact.
Test Set enables
The Model 8502fu8 Transmission/Reflection

Three-Way Power Splitter
For making comparisonmeasurements
such as matching
networks, as described in the measurementshown below,
to 8505A
RF out trom 85054

R

/l

A

/l

B

/|
*Ar o dB
Attcn0atlon Setting

a three-way power splitter is an important tool. The Model
11850p/B PowerSplitterwas designed to match signal tracking betweenany two ports within 0.1 dB in magnitudeand
1.5'in phase.lt is availablein both 50O and 75O versions.
The resultsof the typical applicationshown in the diagram
are seen in the CRT photos.The photo at left shows the group
delays through a filter and a compensatingequalizer.The
use of the three-waypower splitterenables adjustmentsto be
made on the individualnetworks,and the resultsobserved,
before the networksare cascaded for final veritication.as in
the photo at right.

this to be done with a minimumof externalcabling.
As shown in the diagram below, the test set has a two-way
power splitterfor splittingolf a referencesignaland it has a
bridgecircuitthat separatesthe reflectedsignalfrom the incident signal.The power levelat the test port can be reduced by
the built-instep attenuatorwithoutaffectingthe referencesignal
on
for examplesuch as makingmeasurements
in applications,
sensitiveampliliers,Dc bias up to 30V and 200 mA can be
appliedto thetest portthroughthe biasinputfor measurements
on the parametersof active components.
The 8502A/BTest Set is availablein both 50O and 75O versions,Setsof cablesmatchedfor electricallengthwithin2 at
1.3 GHz are availablefor making the necessaryinterconnectionslor the 8502A/B test set, and also for the three-way
power splitter.
The $Parameter Test Set
of a devicecan be measuredquickly
All four s-parameters
TestSet.Basically
with the aid of the Model85034 S-Parameter
Test Set but it
it is like the 8502A Transmission/Reilection
includesa second directionalbridge for the output port ol the
device under test and a relay that alternatelyswitches each
bridge to the power source and to a power sink for reversing
t h e d i r e c t i o no f B F p o w e r f l o w d u r i n g m e a s u r e m e n t so f
lt is fully programmablethroughthe HP Inters-parameters.
face Bus for use in automaticsystems,as well as being
operablemanually.
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Processi
ng Wide-Range
NetworkAnalyzer
Signalsfor Analog and DigitalDisplay
by WilliamS. Lawsonand David D. Sharrit

tTt nSf SIGNALS, AFTER PASSING through or
I being reflected from a device under test, are
down-converted to a constant 100-kHz IF in the
Model 85054 Network Analyzer and then sent to the
instrument's signal processorfor measurement.
The signal processordetectsthe amplitudes, phase
relationships, and delays of the test signals, and
conditions the results for display on the CRT and for
measurementby the built-in voltmeter. Display contioning includes magnification and offsetting, conversion to polar coordinates if desired, and the
switching required for displaying two quantities
simultaneously.
The instrument has two identical processingchannels, permitting the simultaneous measurementand
display of two independent quantities.Two channels
also make possible measurementsof the ratio of two
input signals and the delay and phase relationships
between them. One of the processing channels is
time-sharedby the A and B measurementinput ports,
enabling concurrent display of two ratio measure-

ments such as simultaneous display of a device's
transmission and reflection characteristics.This
channel has the electronic line stretcher that introduces up to -r1700' of electrical length.
Processoroperation is under control of a ROMbaseddigital processor.It storesindependent offsets
for magnitude and delay for both measurementchannels, and independent electrical length offsetsfor the
A and B inputs. It also has calibration storageregisters that enablethe O-dBreferenceline on the display
to correspond to any input power level.
InternalDetails
A simplified block diagram of the analog signal
processingcircuits is shown in Fig. 1. The signals fed
to the input connectorsfirst go to the down-converters (not shown) and the resulting 100-kHz IF signals go to the signal processorwhere they are buffered and bandpassfiltered before being sent to the
magnitude and phase detectors.The gain of the buffer amplifier is changedby 20 dB in accordancewith

Flg.1 . Simplifiedblock diagram of the signal processorin the Model 85054 Network Anatyzer

A Wide-Range,ContinuouslyVariable Line Stretcher
A line-stretcheris an indispensabletool for high-frequency
network analysis because it enables the electrical reference
point of a phase measurementto be placed physicallyanywhere required by the measurement.Usually,the reference
point is placed at the inputto a device to enable measuremenr
of the phase shift throughthe device. Knowingthe phase shift
as a functionof trequency,the equivalentelectricallengthof the
device can be derived.By insertinginto the referencepath an
additionallengthequivalentto that ot the device,the deviations
from linear phase shift throughthe device can then be determined.
Telescopingsectionsof coaxialline plusfixed sectionsof line
of various lengths have been used for adjustingthe electrical
lengthof an RF path for these measurements.Besidesthe obvious inconvenienceof doing it this way, this arrangementalso
contributesto measurementerrors because of the imperfect
impedance matches that connectorsinevitablyintroduceinto
the test signal path.
The electronicline-stretcherused in the Model 85054 NetworkAnalyzermakesit much easierand fasterto shiftthe phase
referencepointover an extremelywide range,and it introduces
no mismatcherrors.Basically,it is a voltage-controlledphase
shifterthat introducesa phase shift proportionalto the RF testsignal frequency,thus simulatinga fixed time delay.
The basic scheme is to up-convertthe incoming lF signal
(100kHz)by mixingit witha localoscillator
signaland removing
all but the firslorder upper sideband mixing products with a
narrowbandfilter. The signal is then down-convertedto 100
kHz by a second localoscillatorthat is phase-lockedto the first.
A phase offset proportionalto the RF frequency is introduced
into the phase-lockloop so the phase shift of the lF output
varies with respect to the lF input in proportion to the RF
frequency.
The theory behind this operationis as follows.The output of
the reference(first)oscillatoris cos(orrt*{,"). When the referencefrequencyis mixed with the incominglF frequency,arlp,
the mixeroutput has many components:N@m+M@tF.
The nanowband filter removesall but the first-orderupper sideband,
namely@m+@rp.
This is then mixed with the voltage-controlledoscillatorsignal, cos(<.rrt+dvco).
The output of the second mixer is
V:Acoslor m*artF)t+drer]xcos[, #+dvco ]
The trigonometricterms when expanded become
'/z[
cos o.rlptxcos(drer-dvco)+
lzcos(2a.t u p)t x cos(d,er+dvco) +
/zsin arrrtx s in (d,"r- dvco) - lzsin(2a ^+ rl1F)tsin (dref+ @vco)
Low pass filteringremovesthe higherorder terms.Substituting
@orsfor 6,et-Qvco, the mixer output then becomes:
V=A (cos arrFtxcos,bors+h sin orlptsin @eps7

the setting of the MAx lNpur LEVELswitch (-10 dBm,
-30 dBm), which enablesimproved accuracy when
measuring low-level signals.
The A and B iniluts time-share the measurement
channelby meansof the electronic switches shown at
the IF inputs. To eliminate interferencebetween the
channels, the switches were designed for 130-dB
"off" isolation; careful shielding and layout keeps

which yields:
V:A cos (arlpt+{ers)
Thus,the originallF input signal iS recoveredbut with a phase
ofJseteoual to the offset betweenthe two oscillators.
A block diagramof the electronicline stretcheris shown below.
A voltage ramp derived from the RF source sweep-control voltage is added to the phase detector output to give a
phase bffset proportionalto RF frequency.The ramp is scaled
according to the effectiveline length desired.A dc offset derived from the instrument'soffset storage registeris added to
permit controlof the steady-statephase shift.

The phase detector is a conventional0-36CPdetector. To
extendthe offset range,the oscillatoroutputsare divided by a
factorof 10 beforethe phase comparison,allowingthe VCO to
be offsetalmostas much as 360CPfrom the reference.By suitable choice of a voltage levelto place the zero offsetcondition
at the centerof the phase detector'srange,the offsetoperates
over a range of + 170ff.
It is possibleto obtain a wider phase-shiftrange by dividing
the oscillators'outputsby factorsgreaterthan 10 but noiseperformancewould then sufter and the filteringrequiredto keep
feedthroughin the phase detectorout of the controlloop would
be more difficult.
Althoughit would be preferableto use a higheroscillatorfrequency for reasonsof noise and loop stability,the sideband
filteringrequirementsestablisha practicallimit.The lowersideband must be suppressedmorethan 70 dB belowthe upper sideband to keeo "sideband" noise below visiblethresholdon the
CRTtrace.
-William Lawson

crosstalk between them more than 120 dB down.
The magnitude detectoris similar to conventional
average-responding meter-rectifier circuits. The
resulting dc is processedthrough a logarithmic amplifier and buffered before going to the input multiplex switch. The two magnitude detectors can be
calibratedto track within 0.1 dB over a range of input
levels greaterthan 60 dB.

PhaseDetection
For phase detection, IC line receivers perform a
limiting function on the incoming sinusoids to
achieve constant-level signals. The test signal then
goesthrough the electronic line stretcher(seebox, page
9) while the referencesignal goes through a compensating bandpass filter. Both signals are squared in
Schmitt triggers and then used to drive a f-K flipflop that performs the phasecomparison.The resulting rectangularpulses,whose widths are proportional to the phase difference between the two signals,
are integratedin a low-passfilter to derive a dc level
proportional to phase difference.This signal goes to
the input multiplex switch.
With the limiting provided, this phasedetectorcan
work over a 100-dBrange of input signal levels.Measurementuncertainty is shown in Fig. 2 asa function
of signallevel.At levelsgreaterthan -60 dBm, detection accuracyis better than 0.01'/degree.
Following the input multiplexer, offsetsare added
to the detectedsignals (magnitudeand delay) and the
results are amplified according to the settings of the
sCALE/Drv
switches.Video filtering can be introduced
here if the displayed signal is particularly noisy. Finally, the signals enter the display multiplex where
they are switched to the display according to the display mode selected.The marker waveformsare added
to the displayed signals at this point.
Markers are generatedin responseto triggers derived from comparatorsthat respond to the level of
the sweep tuning ramp. The combination of a single
unipolar triangle (-r'\)
for the vertical deflection
and a bipolar dual triangle ( -^/) for the horizontal generatesa diamond-shapedmarker that is easily
discerned regardless of the slope of the displayed
responsecurve.
DigitalReadout
As mentioned previously, in addition to the realtime CRT display of a network's swept response,
Model 8505A provides digital readout of the network's gain, phase or delay at the frequency desig-
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Fig.2. Accuracy of phase measurement over a 10A-dB
range of input levels.
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nated by a marker. This is done by sampling the responseof the selecteddetectorwherever the particular marker occursduring a sweep.A sample-and-hold
circuit retains the detectedvalue for conversion by a
2000-countdual-slopeA-to-Dconverter,which sends
the results to the digital processorwhere the counts
are averaged.The processor drives the appropriate
digital readout on demand.
The sample-and-holdcircuit is preceded by a
low-pass filter and an amplifier that has switchable
x 1 or x 10 gain.The x 10 gain is switchedin to retain
3-digit resolution whenever the measured quantity
is less than 10 dB or 100'.
Besidesreadingthe value of the quantity displayed
on the CRT trace at the frequency of the selected
marker, the digital readout can also show the offset
corresponding to the measurement mode selected,
i.e.magnitudeor delay.The choiceof readoutis made
by the pushbuttons labeled MKR(for marker) and nnr'
(for reference)
While being displayed digitally, the offset can be
modified by the three pairs of upnowN increment
buttons, one pair for each digit in the display. The
display can be returned quickly to its calibratedposition by pressing the crR button momentarily, which
clears the corresponding offset register.
Once set, an offset is retained in a storageregister
eventhough the measurementmode may be changed.
The offsets in storageare sequentially loaded into a
pulse-width modulator that drives each of four lowpass filters in turn, giving dc values for the four offsetsused in the analog signal processing.
In addition to storageregisters for offsets, the instrument has storageregistersfor display calibration.
For example, it is often convenient to establish the
O-dB reference level at the signal level within the
passbandof a filter regardlessof the filter's insertion
loss. Finding the 3-dB points or other points of interest is then straightforward, with no need to account
for insertion loss.
There are two ways the operator can change the
display calibration. One is to switch to the REFERENCE
mode, use the uP/Do\at buttons to move the desired
part of the trace to the referenceline, then press the
zno pushbutton. This adds the contents of the appropriate offset registerto the corresponding calibration
register and clears the contents of the offset register,
The digital display goesto 0.00 and the RrL indicator
turns on to show that a non-zero number is in the
calibration register.
The second way is to use the tr,tanxrRmode, position the selectedmarker at the desired point on the
trace, then press the zRo button. The digital processor comparesthe stored offsetto the value of the measured signal at the point designatedby the marker,
and incrementsthe offsetuntil this differenceis zero.

A Wide-Range,High-Resolution
Group Delay Detector
ment is reduced, as it is in other methods of delay measurement. With slow and/or narrow frequencysweeps,the Model
85054 obtains calibratedgroup delay measurementswith
acceptablesignal{o-noiseratio by superimposinga small
linear1-kHzsawtoothwaveformon the sweeptuningrampand
makingthe delaymeasurement
coincidentwiththe peakof the
sawtooth.The frequency "aperture" may then be kept small
s o r i p p l e s i n t h e d e l a y - v e r s u s - f r e q u e n ccyu r v e a r e n o t
smoothedout.

Measurementof the group delay of a network is important
of a transfor the evaluationof the distortioncharacteristics
a phaseshift
missiondevice.A distortionless
deviceintroduces
that is a linearfunctionof frequencyso it has the same time
delay for all frequencies.When a complex signal passes
through a device that delays some frequencycomponents
with respectto the others,the devicedistortsthe signaleven
thoughthe relativeamplitudesmay remainthe same,
in the telephoneindustry,
Groupdelay(te),a termoriginating
is definedas the negativerate of change of phase with irequency: to : -ddldar. A plot of group delay versus frequency in a distortionless
device is then a straighthorizontal
line.Withtypicaldevicesthe phaseshiftdoes not vary linearly
so the phase slope,and hence the group delay, variesas a
functionof frequency.
The linear sweepJrequencycharacteristicsof the Model
of group
8505ANetworkAnalyzerenabledirectmeasurement
test signalsuppliedto the device
delay.The sweep-frequency
undertest can be representedas:
Vin:Acos(oo+Vzat)I
where A is the signal peak amplitude,oo is the frequencyat
t = 0 and a is the rate of chanqeof frequency.
The outputof the devrce,assuminga quasi-stationary
solution.can then be exoressedas:
(t-tD)+O ]
Vou,: GxA cos {[oro+7zc(t-tD)]

The block diagram for the circuits performingthe group
delay measurementis shown above. The two discriminators
obtain voltages proportionalto the frequenciesat the input
and output of the device, and a voltage proportionalto the
frequencydifferenceAo is obtained by subtractingone from
the other.The tuning ramp from the frequencysweep control
is differentiatedto obtain a, the rate of change of frequency,
and used to divide Aarto obtain te.
For slow and/or narrowsweeps,the sawtoothvoltage is added
is
to the frequencycontrolramp.Theoutputof the differentiator
then filtered by a synchronouslow-passfilter to obtain a dc
voltage proportionalto the sawtoothup-slope.The output of
the divider is gated so the measurementis made at the peak of
the sawtoothwaveform,
--David Shanit

where G, tp and @ are the gain, delay,and residualphaseof
the deviceat @o.
Theshiftin frequencybetweeninputand outputis Aor: -ctp;
so the delay is to : -4r7o. In the Model 8505A,the delay
at frequency r'ro is measured by determiningthe frequency
differencebetweeninputand outputof the device undertest
during a sweep, and dividing by the rate of change of frequency. For examplewhen sweepinga 100-MHzband in a
sweep time of 10 ms, a frequencyshift of 10 Hz is equivalentto a 1-nsdelay.
At slow sweep rates or with narrow sweeps, the frequency
ratioof the measuredifferenceis smalland the signal{o-noise

CRT display, and John Barr the HP-IB interface.
Product design was by Oleg Volhontseff. @
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A PrecisionRF Sourceand
for the Model8505A
Down-Converter
NetworkAnalyzer
by Rolf Dalichow and Daniel R. Harkins

HILE SUPPLYING A CLEAN TEST signal
with well-controlled amplitude over a multidecadefrequency range, the RF system of the Model
85054 Network Analyzer has to supply a tracking
signal that is precisely offsetin frequency.It is used as
an LO signal by the input RF down-convertersin the
receiver.
A key factor in the analyzer's performance is the
design of the down-converters. To be meaningful,
network measurementsrequire that the input ports
have equalphaseand magnitude characteristics.This
makesaccurateratio measurementspossible.It is also
desirablethat eachinput have a wide dynamic range,
as this broadensthe range of applications.
Each of the three input ports of the Model 8505A
has a 100-dBdynamic range and tracks the other two
in phaseand magnitude over the 0.5-1300-MHzfrequency range,as indicated by the ratio responseplotted in Fig. 1. Contributing to this performanceis the
use of only one frequency-conversionstep,made possible by the choice of an IF frequencythat is below the
RF frequency range of the instrument.
The basic organization of the RF system was indicatedin the diagramon page 5. The RF test signal is
generatedby mixing a 4.21O5-5.510-GHz
swept
microwavesignal with a fixed +.zro-GHzsignal and
supplying the amplified and leveled difference frequency to the output port. The use of these high frequenciesresults in a multi-decadestimulus signal
that is quite free of higher-order mixing products.

^

g

The offsetLO signal is generatedby mixing the swept
microwavesignal with a fixed 4.2099-GHzsignal,resulting in a 0.6-1300.1-MHzsignal that is always
100 kHz abovethe RF output signal. If good tracking
characteristicsare to be achieved, it is necessary
for eachdown-converterto receivethis LO signal at the
samelevel and with the samephase as the others.Uniform drive characteristicsare assuredby mounting the
three mixers in close proximity, an arrangement
that on the other hand, had interesting implications
in achieving 100-dB isolation between input channels. The solution to this is discussedin the box on
the next page.
Stabilized4.2-GHzOscillators
Although operating at about 4.2 GHz, the two
fixed oscillators of the RF generating system are offset only 100 kHz from each other. The responsecharacteristics of the receiver circuits require that this
frequency difference be maintained within + 50 Hz
over the entire tuning range of the instrument. With
this and the requirement for frequency accuracy,
some sort of phase-locking system is the obvious
design choice. Phase-locking also offers improved
noise sidebands,necessaryfor achieving the goal of
100-dB dynamic range.
Of the various ways of phase-locking two oscillators, an approachwas selectedthat promised to be the
most efficient in terms of circuit complexity. It is
diagrammedin Fig. 2. The two microwave signals are
generated in identical thin-film microcircuit oscillators and each is phase-lockedto a separatecrystal
reference.The references,however, operateat much
lower frequencies where the 100-kHz difference is
more easily maintained. The crystalsare matched for
temperature coefficient so the 100-kHz difference
varieslessthan 25Hz over a temperaturerangeof 2540oC,eliminating the need for a temperature stabilizing system.
Samplers perform the down-conversion for the
phase comparison at the lower frequencies. The
sampling rate is 100 MHz so the low-passfiltered output of the sampler is the 10-MHz differencebetween
4.21.oGHz and the 42d harmonic of 100 MHz. At this

+0.4
+o.2

o.o

-o.2
-0.4

Flg.1. Frequency responseof the Model 85054 Network
Analyzer in making amplitude ratio measurements (AlR or
BIR). Close tracking of the input mixers is required to obtain
this performance.
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Well-Matched Down-Converters

Input mixers of the Model 85054 Network Analyzer were
to have a good input impedancematch, less than 0.1-dB
compressionat a -1o-dBm input level,and a noisefloorthat
would permita 100-dBdynamicrange.The mixerswereto track
closelyin amplitudeand phase and cross talk betweenthem
was to be more than 100 dB down.
To meet theserequirements,
the mixerdesigndiagrammed
below was developed,Constructingthe mixers as thinJilm,
hybridmicrocircuits
on a sapphiresubstrateassureduniformity.
As shownin the diagram,boththe signaland LO inputsto the
mixerare throughcommon-baseamplifiers.
This configuration
was chosen for three reasons.First,the phase and amplitude
characteristicsare consistentfrom transistorto transistoroj
differentlots.Second,the inputimpedanceis only2 to 4 ohms
throughout
the 1300-MHzf requencyrange.Third,theconfiguration has high reverse isolation,necessary for achieving the
'1
00-dB crosstalkspecification.
The low inputimpedanceallowsthe overallinputimpedance
to be set by a series input resistor,obtaininga typical return
lossof 24 dB with littlesignalloss.The noisefigureof the input
mixeris aboutthe samewiththe amplifieras it wouldbe without,
but withoutthe amolifieran inDUtattenuatorwould be needed
to obtain a good returnloss figure, and this would reduce the
oynamrcrange.
A coplanarwaveguidestructureratherthan the usual microstrip transmission-line
structureis used for the microcircuits
to keep the groundcurrentson the top surface,Chip connections to ground can thus be made shortfor low inductance.
With the resultingvery short base leads, the reverseisolation

RF
Input

I*u

LO
Input

+V

of each amplifieris aboutthe sameas the transistor
chip itself
(typically36 dB at 1300 MHz). The coplanarstructurealso
allowsvariationsin the spacing of the ground conductorfor
better control of the inductance of the input capacitor and
resistor.
mixer
The RF signaldrivesthe diodesof the single-balanced
by way of a resistivepower divider.The LO drive is througha
balun structure.A balun is requiredto balancethe LO drive
signalto ground,isolatingthe LO signalfrom the RF and lF
paths. Three separatebaluns are used. The first "lifts" the
inputto the othertwo so the parasiticcapacitance{o-groundof
theirinputsis balanced,tendingto cancelany RF and lF feedthroughto the LO channel

The 100-kHztankcircuitin the lF outputimprovesthe signalto-noiseratiobut its impedancein the RF rangeis higherthan
wanted.The solutionto this problemwas to use an lF input
amplifierthat has an inputimpedanceof lessthan3 ohms.The
lF inputamplifieris not partof the microcircuit
but it is mounted
close to the down converterfor minimumline length.lt is followed by a 300-kHzlow-passfilterfor furtherattenuationof the
LO and RF signals.
As shown by the photo of the microcircuitabove, the three
mixersare arrangedsymmetricallywith respectto the LO drive
inputto establishan identicalLO drive path for each mixer.A
singleinductiveloop in each branchof the LO powerdivider,
alongwith a chip capacitor,formsa low-passfilterto ground
for image feedthroughinto the LO drive. Overall,the downconvertersachieve the design goals with respect to input
returnloss,dynamicrange and crosstalk.Amplitudetracking
betweenmixersis betterthan +3" up to 750 MHz. and within
t5" to 1300MHz.

l_

i*
i-\ A
fv

-v

--Wayne Frederick

point, the sampler noise floor is some 10 dB below
that of the oscillator, allowing for some noise improvement within the bandwidth of the phaselock loop.

Dual-TrackingSources
The 4.z-GHzoscillatoroutputsaretranslateddown
to the 0,5-1300-MHzfrequencyrangeby the arrangement shown in Fig. 3. The sweptmicrowavesourceis
supplied through a hybrid power splitter asthe high-
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Flg.2. Sourceosc//alors
are phase-locked
to crystalreffrequency
offsetbetweenoscilerences
to obtain100-kHz
Iators.
level (+to dBm) LO signal to the double-balanced
mixers. The stabilized +.2-GHz oscillator outputs
are the low-level inputs.
The principal design effort with these tracking
sources was directed towards maintaining greater
than 90-dB isolation between the two output signals
to prevent spurious responsesin the measurements.
The techniquesused in obtaining this high isolation
are describedin the box on the next page.Very clean
spectrums for the two tracking sourceswere obtained
as a result of the high isolation, plus the fact that the
lowest ordered spurious mixing product falling within
the 0.5-1300-MHzband is a seventh-orderproduct.
FrequencyControl
The 4.2105-5.5100-GHz
sweptmicrowavesignalis
generated by a YlG-tuned oscillator (YTO) tuned
by a voltage ramp originating in a Miller-integrator type sawtooth generator.The ramp also drives
the CRT horizontal deflection.
Sweep oscillatorslike this have been designedand
built many times before.However, the principal con-

.5 -1300
MHz

straint on this design, aside from the need for very
good stability, was the need for digital programmability.
Fig. a diagrams the technique for digitally setting
the stop and startfrequenciesof what is essentiallyan
analog circuit. The sweep voltage is inverted and
offset in the inverting amplifier. Both the non-inverted and inverted ramps are attenuated by digitallycontrolled attenuatorsand then summed in the ramp
output amplifier. DCA1 attenuatesthe inverted ramp
according to the selected start frequency (the noninverted ramp is always zero at the start) and DCA2
attenuates the non-inverted ramp according to the
desired stop frequency (the inverted ramp is always
zero at the end of the ramp).
The digital data bus controlling the attenuators
also drives the digital readoutsfor the start and stop
frequencies.By eliminating the dials, scales,pointers
and dial cords usually used for frequency indication,
the digital system simplified the mechanical design
of the instrument to a great extent. It also made it
possible to store and recall different frequency settings, useful for alternate display of responsecurves
over two different sweep frequency ranges.
For the display of Bode plots, a logarithmic sweep,
obtained by passing the linear ramp through an exponential amplifier, is provided in three fixed ranges
{1-10MHz, 1-100MHz, 1-1000MHz).
ExpandedSweep
Any two frequencies within the range of the instrument may be selectedfor the start/stopend points of
the frequency sweep by the two front-panel rnneurnscy
controls. When the uonn switch is set to LINFULLor
Loc FULL,causing the instrument to sweep its fuII
range, the selected end points are indicated by two
markers on the CRT trace. The operator can then use
the rnequnucy controls to bracket a frequency range
of interest,and then switch to the uN rxpRuDmode to
expand the selectedrange to full display width.

.6 -1300.1
MHz

Flg. 3. Stab/Zed oscillatoroutputsare mixedwiththe YIGtuned sweep-frequency
signal to obtain the networkanalyzer'sRFoutputand the oftsettrackingLO signal.
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rampare conFlg.4. Startand stoplevelsof the YlG-tuning
shownhere.
trolleddigitallyby the arrangement

Generating Well-Isolated
Tracking Source Signals
The photo below shows one of the two identicalhybrid thinIilm 4.2-GHzoscillatorsused rn the RF sectionof the Model
85054 NetworkAnalyzer.Each oscillatoris a push-pull,transmission-line-coupled
type similarto one previouslydescribed
for the HP Model866024Synthesizer
RF Section.lThe phaselock circuitsdrive a varactordiode coupledto one end of the
resonator,giving a tuning rangeof about 15 MHz. A second
tuning input is providedby the collectorcircuitwhich allows
a 35-MHzvariationin responseto collectorvoltagevariattons.
comThis inputis used for coarsetuningand for temperature
pensation,Becauseof the constant-current
of
characteristics
the collectorcircuit.a simolethermistornetworkin serieswith
frequencyvariationsto
this input holds temperature-induced
less than 3 MHz over a 6Cl'Ctemperaturerange.
Two outputsare coupledout of the oscillator.
One goes to a
reflectivemodulator
thathasgreaterthan40-dBdynamicrange,
It provideslevelingand verniercontrolof the RF output.The
other goes to the sampler,shownin the left half of the microcircuitin the ohoto.
The sampleroperatessimilarlyto otherspreviouslyused rn
HP instruments.2
By integratingeach oscillatorand its associatedsamplerintoa hybridmicrocircuit,
allof the microwave
operationscan be performedwithinthe package,simplifying
shieldingand reducingthe numberof RF connectorsto one.
The basic circuitryior convertingthe oscillatoroutputsto
the 1.3-GHzfrequencyrange is diagrammedin Fig. 3 on the
oppositepage,Controlof threekindsof leakagewas crucialin
attaininghigh isolationbetweenthe two output signals.First
was the leakageof the signalfrequency(f. in Fig. 3) through
the first mixeracrossthe LO amplifierand power splitterinto

the fo port of the secondmixer,where it would be down-convertedand introducedintothe lF outputof the secondchannel,
generaSecondwas the third-ordermixingproducl (2Io-t2)
ted in the first mixer leakingout the to port acrossthe power
splitterintothe secondmixer.Thirdwas the leakageof the sum
frequencies,fo + f., couplingfrom mixerto mixeracrossthe
commonLO path,This provedto be the mosttroublesome,
Thef irsttwo sourcesof leakagedependon mixerbalancebetweenf. and fo ports,forwardand reversegainof the amplifiers,
splitterisolation,and the two-toneconversionefficiencyof the
by the useof a
werewell-controlled
mixer.Mixercharacteristics
mixer.The isolationin the LO drive
thin-filmdouble-balanced
path was improvedsignificantlyby the use of a two-section
hybridpower splitterwith 3-dB pads at its port.
Leakageof the sum frequenciesfo + f. was furtherattenuatedby insertionof a 4-6-GHzbandpassfilterbetweeneach
amplifierand its associatedmixer. However,surface-wave
modewerepotentialproblems.
modesand the TE,owaveguide
Thereforethe packagedimensionsfor the hybridsplitter,amplifiersand filters,shownin the photoabove,werechosenin such
a way that any modingoccurs abovethe frequencyrangeoJ
interest.
--Mark Roos
--Philip Chen
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The sweep wIDrH control has positions labelled
1 and sTART/sToPz allowing two
START/SToP
sweep
end points to be selectedand storedin
setsof
the
control is moved, say,from position
RAM. When
position
the
sweep end points selectedwhile
2,
1 to
position L are stored. The rnuin
the switch was
may
then be usedto selecta new pair
controls
QUENCY
points.
the wInrH control back to 1
Moving
of end
points and recalls the prepair
of
new
stores the
viously storedpair.
When the wrorH control is set to Arr, the stored
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end points are used alternatelyto control the sweep,
causing simultaneous display of two frequency
sweeps.This provides a means,for example,of displaying a high resolution view of a filter's passband
at the sametime that the total filter response,including the stop bands,is shown. The effectthat adjustments made on the passbandhave on the stop band
are readily seenas the adjustmentsare made.
When the wloru control is set to CW+Ar',the
control selects the center freleft-hand FREQUENCY
quency of a sweepand the right-hand control selects

the sweepwidth.
Markers
Up to five markers can be positioned on the displayed trace by the MARKERcontrols. Markers are
initiated by comparatorsthat generatea pulse when
the frequency-controlramp reachesthe dc level of a
voltage set by the corresponding MARKER
control. A
switch selects the number of markers displayed
(thesearein addition to the two sweepend point markers displayedin the full sweepmodes).The highest
numberedmarker initializes datataking by the digital
measurementcircuits. This marker points up above
the displayed trace while the otherspoint downwards.
YIGOscillatorStabilization
For consistentmeasurementsof Q over a wide frequency range, drift and residual FM have to be more
tightly controlled at the low end of the frequency
range. Therefore, to allow full-scale display of lowend narrowband sweeps,the network analyzer provides a choice of three frequency ranges with two
low-endbands(0.5-13MHz, 0.5-130MHz) stabilized.
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A sampleof the RF output is applied directly to a lownoise discriminator and the output of the discriminator goesto the control-loopsumming point to correct
the YIG tuning voltage for any drift or residual FM in
the RF output. With this control system,residualFM
is only 2OHz rms on the low range and 200 Hz rms
on the middle range.
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