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MeasuringAnalogParameters
VoicebandDataChannels
A new IransmissionlmpairmentMeasuringSetcombines
capabilities
of sx separateinstruments
the measurement
fifteenparameters
intooneportablepackage.lt measures
in one-fourththe time formerly
affectingdata transmission
required.
by Noel E. Damon

r|'IHE PROLIFERATION OF DATA SYSTEMS
I in all areasofscience,business,education,and
government has resulted in an explosive demand
for new communications capabilities. Becausethe
demand has outpaced the building of specialized
data communications networks, most data communications now takes place over channels optimized for
voice transmission-the voiceband telephone lines.
This vast network has been pressedinto a servicefor
which it was not originally designed,for which new
parametersare important, and for which new measurement instrumentation is required.
Fig. 1 shows a general data network and the interfaces at which test instruments are used. Notice that
both analog and digital testing are done: tests between interfacesA and D are digital, while those between B and C are analog.
Several Hewlett-Packard instruments have been
developed to test telephone channels. The choice of
one or another of these depends on several factors:
r
r
r
r

analog or digital interface
Bell System standard or CCITT standard
kind of data service and type of facility
price/performancetradeoffs.

In the United Statesand Canada,Bell Systemstandards prevail, while CCITT standards are used in
most other countries. These standards define different parameters,measurementtechniques, and measurementunits, so different instruments arerequired.
For digital tests, the Hewlett-Packard test set for
telephone channels with modems is Model rg+sA
Bit Error Rate Analyzer.l For higher-speed digital
channels Model 3760A/61A Data Generator/Error
Detector2may be used.
AnalogChannels
Analog channelsmay contain cableand microwave
Iinks, including satellite relays and various types of
carrier systems.Three classesof tests are performed
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on the analogchannels:installation, routine maintenance, and troubleshooting. Sixteen parameters are
commonly used in characterizing an analog data
channel, their individual significance depending on signaling speed. The table below lists
these parameters and the model numbers of the
Hewlett-Packard instruments that measure them
according to Bell System and CCITT standards.

Cover: Model49404TransmlssionlmpairmentMeasuringSet is the firstinstrument capableof separating
measurand simultaneously
ing six types of transient
eventsin voice channels:
dropouts,gain hits, phase
hits,and threelevelsof impulse noise.lt displaysthe resultsthreecounts
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line in less than two minutes with no operator intervention. The basic systemwith a minimum number of
transponders costs over $60,000.Such a system can
replace multiple manual analog test sets and can be
more economical on a per-set-of-equipmentbasis for
Iarge installations-10 units or greater.
The 4940A Transmission Impairment Measuring
Set is a greatly improved manual test instrument. It
requires operator interaction and separaterecording
and filing of test results, and takes about ten minutes
to make all of the tests the Fourier analyzer makes,
plus transient analysis. It is fully compatible with
most existing test equipment and costs on the order
of $8,000,depending on options.

Peak-to-Average Ratio
1 Uses a spectal

analysis technique

Instruments:
3552A Transmission

Test Set

3770A Amplitude/Delay

Distortion

3551A Trmsmission

Test Set

4940A Transmission

lnpairment

Analyzer
Measuring

Set

5453A Fourier Analyzer with 5468A Trmsponder
3581C Selective Voltmeter

Why so many instruments?First of all, if the service
is for low speed,DDD (direct distancedialing) and the
facility is known to be entirely copper wire to the
nearest central office, then not all of the measurements are really necessary.In North America, the
3551A Transmission Test Set may provide the complete testing answer.However, for higher-speeddata,
private lines, or carrier-routedservice,complete testing of more parametersis necessary.Therefore, one
of the more elaborateinstruments with this complete
capability is required, either Model 4940A Transmission Impairment Measuring Set or Model 5453A/
5468A Fourier Analyzer/Transponder. Choosingbetween these two requires a price/performance
decision.
The Fourier analyzersystemis a computerizedtesting and record-keepingsystem.It allows testing of a

TransmissionlmpairmentMeasuringSet (TIMS)
Some of the instruments listed in the table above
will be described in detail in forthcoming issues of
the Hewlett-Packard fournal. This article describes
the new Model 494OA Transmission Impairment
Measuring Set (Fig. 2), which is designedto measure
analog parameters that affect data transmission in
United States and Canadatelephone channels. It is
used at the interfaces designatedB and C in Fig. 1.
Parametersmeasuredby the 49404 are:
r Loss
i Amplitude distortion (relative or absolute loss
as a function of frequency)
r Dropouts (sudden large decreasesin channel
gain)
r Gain hits (sudden positive or negative gain
changesexceeding a preselectedthreshold)
r Phase hits (sudden shifts of channel phase exceeding a preselectedthreshold)
r Impulse noise exceeding three preselected
thresholds
r Weighted noise (3-kHz flat weighted or Cmessageweighted)
r Noise with tone fweighted noise in the presence
of a 1004-Hztone)

@
Fig. 1. A general data network,
showing where analog and digital
lest nstruments are used.

Fig. 2. Model 49404 Transmission lmpairment Measurtng Set
measures fifteen analog parameters affecting d ata transm ission
in oneJourth the time formerly reguired. fests are according to
Bell System standards used in
NorthAmerica.

Phase noise or iitter of 300-Hz bandwidth
Relative envelope delay as a function of frequency
Frequency shift
Longitudinal noise or noise line-to-ground
Single-frequency interference
Intermodulation or nonlinear distortion
Peak-to-averageratio (P/AR)
The last two are optional.
All measurement functions are provided in the
4S4OA on balanced lines of either 600 or 900 ohms
impedance. Measurements are made in a full-duplex
mode on two-pair channels or half-duplex on singlepair channels. A bridging input is also provided to
allow parallel connection with other instruments.
Measurements may be made in a loop-around configuration using a single 494OA, or in either direction with a second 494OA or any other instrument
capable of measuring individual parameters at the
other end of the channel.
The front panel has been organized to minimize
the number of controls and make the instrument easy
to use. All measurements are autoranging to eliminate range switches. Controls are grouped into fields
and inactive displays are blanked. Each control and
switch field has associated with it a light-emittingdiode dot light that is illuminated in any measurement in which the control is active. If a switch field is
misprogrammed for a particular measurement, all
displays and dot lights extinguish except the dot light
on that field. When the proper switch setting is made

all displays and lights return to normal. Thus the
operator's attention is focused on only those controls
requiring selection. Switches and controls not part
of a given measurement are disabled to prevent inadvertent interactiorr.
System Organization
Organization of the 49404 is illustrated by Fig. 3.
The 4940A system consists of three transmitters, a
receiver with varying filter and detector combinations, analog-to-digital conversion capability,
three digital processors, and three digital display
fields that may be switched to monitor either receive
or transmit functions. A group of annunciators associated with each display field indicates the correct
units for that field, depending on the measurement
being made.
To reduce power dissipation, a high-efficiency inverter-type switching-regulated power supply3 is
used. As a bonus, the conventional power transformer is eliminated.
To facilitate circuit sharing, all measurements are
reduced to three parameters: dc level, time interval,
and event accumulation.
Input Circuits
There are two transformer-coupled balanced connection ports, one for the transmit pair and one for the
receive pair. A switch is provided for interchanging
the ports without disconnecting the pairs.
A current source across one input port provides a

ment and subtracting this count from all following
current to hold the line relay in dial-up line testing.
perprovided
measurements.When a reference is set, the units
for a handset to
A connection point is
mit voice communication over the lines being tested annunciator automatically shifts from dBm to dB.
The relative level capability is also used in the nonusing either internal power or line battery. An interprovided
power
linear
distortion measurement.Four frequencies in
amplifier
are
nal loudspeaker and
for
listening
to
the
and
bands
are transmitted. The total signal level is
for voice communications
two
filter
passive
input
first
used
to
set a reference level. Next, second and
A
RF-suppression
line signal.
removes signals above 10 kHz without affecting third-order intermodulation products are selectedby
switching in the proper bandpassfilters and the reladynamic range or introducing intermodulation disTO
switch
determines
tive level of these products is measured directly in
The
uspraY
CONNECTED
tortion.
pair
monitored
dB with respect to the total original signal.
is
to
be
receive
or
transmit
whether a
The arithmetic unit averagesten readings of
and
display.
measuring
circuits
by the
An array of input filters selectsthe fraction of the
0.01-dBresolution for eachrefresh cycle. The refresh
voicebandto be measured.There is a 1004-Hzband- rate of the digital display has beenchosenso the viewer
pass filter for phase jitter measurements,a 1,O1,O-Hz can seethe time variations of the averagesignal. The
notch filter for noise-with-tone measurements,a 60overall effect closely simulates the response that
Hz high-passfilter that may be used in level/frequency would be observedon a meter-type display, but provides 0.1-dB resolution, much better than a meter.
measurementswhere power-line interferenceis domiMeasurement of non-sinusoidal signals is made to
nant, a P/AR signal bandpassfilter, and notch filters
1-dB resolution by averaging 10 or 20 readings of
to remove basebandnonlinear distortion signals. Filter functions, transmitted signal type, and detector 0.1-dBresolution and rounding the result.
type are selectedby the MEASUREMENT
switch.
TrackingFilter
Autorangingand Detection
A limiter and phase-lockedloop form a tracking
A programmableautorangeamplifier centersall infilter
that provides a stable, clean signal from which
put signals within a fixed 12-dB operating range by
frequency
information is derived. To allow rapid
inserting up to 110 dB of gain in 10-dB increments.
reading
frequency with one-hertz resolution, the
of
The number of to-dB gain steps needed to place the
processor
digital
averagesten periods and then comsignal within the fixed 12-dB operating range proputes the signal frequency.The display refreshrate is
vides the tens-digit signal level information. Units
sufficiently rapid to yield apparently instantaneous
and tenths-digit level information is obtained from a
digital logarithmic converter that has a 30-dB response to variation of the front-panel transmitter
frequencycontrol. The frequencymeasurementrange
dynamic rangeroughly centeredon the 12-dBoperatis from 2OOHzto above 4kHz.
ing region. The responseof the autorange amplifier
The processoralso handles accumulation of signal
may be shapedby 3-kHz flat, C-messageweighting, or
dropouts
or impulse noise counts. To detect dropsecond and third-order nonlinear distortion filters,
(a decreasein absolute carrier level of 1,2 dB
outs
depending on the position of the measurementseleclasting longer than 10 ms), a level referenceloop samtion switch.
ples the carrier at the beginning of the measurement
An appropriate detector selectedby measurement
interval and stores this level as a referencein an abtype follows the autorange block. An averaging desolute reference memory. This level attenuated by
tector is used in sinusoidal level measurementsbecause of its noise rejection abilities and in envelope 12 dB becomesthe referencein a threshold comparator and timing circuit.
delay measurementsbecause of its insensitivity to
A presettablerelative threshold detector continumodulation. Peakdetectorsare used asthreshold senously
compares the current absolute peak value of
sors in impulse noise measurements.A weighted
the
signal
to the same signal value delayed by four
sum of the responsesof the peak and averagedetecmilliseconds.
If the threshold is exceededthe event
tors provides an excellent approximation to rms reis
gain transient or hit.
counted
as
a
sponsefornoiseand nonlinear distortion measurements.
A limiter, phase-lockedloop and g0o-Hzbandpass
filter compare the absolute value of the phase variaDigitalProcessor
Digital level information from the logarithmic con- tion of the received signal in a presettablethreshold
detector with the same signal delayed by four milliverter and pulse representationsof impulse noise and
gain hits are routed to a digital processor.A memory
seconds.Exceeding this threshold counts as a phase
transient or hit.
in the processoraccumulatesand storesthe informaIn the measurementof phasenoise or jitter the error
tion for subsequentdisplay. An arithmetic unit provides the capability of making relative level/fre- signal from the phase-lockedloop is detected peakquency measurementsby storing an initial measure- to-peak at the 2.S8-sigmalevel, quantized by an

lllfv
filf^

Lines

Xlntl

Loudspeaker
Monitol
Transmit/Receive
Monitor Select

Amplitude
Data. Gain
Hits, and HighThreshold
lmpulse Nolse

Froquency Data,
Dropouts, and
Mld-Threshold
lmpulse Noise

Modulator

Jitter, Delay
Data, Phase
Hits, and LowThreshold
lmpulse Noise

Flg.3. Model4940ATIMSis six instruments
in one.Many circuitsare sharedby two or more
measuremen$.

analog-to-digital converter and displayed on the left
display field. The error signal from the loop is also
available at an external connector for spectral analysis
of jitter components.
The output of the carrier-trackingvoltage-controlled oscillator is also available as a sync signal for
viewing jitter components on an oscilloscope or for
making high-resolution frequency measurements.
P/ARand EnvelopeDelay
P/AR or peak-to-averageratio is measured by

establishing a normalized signal level with an AGC
loop and a fixed referencelevel after passing the input signal through a shaping filter. An analog calculator circuit solves the P/AR equation:
r
PIP^
- \

P/AR:1oo(2ffiffi^

r/

where P/Poand FWAJFWAoare the normalized peak
and full-wave-rectified averagevalues of the signal
envelope. A dc signal proportional to this value is
then quantizedby the A-to-D converterand displayed
by the left display.

Relative envelope delay is measuredby the 49404
over a range of -3000 to *9000 microsecondswith
resolution of one microsecond and accuracy of -r 10
microseconds.An AGC circuit in conjunction with
the autorange amplifier provides a precise signal
level to the demodulator circuit, thus eliminating
amplitude sensitivity. The recovered 831/3-Hz
modulation is filtered by a bandpass filter and is
either used to remodulate a fixed-frequency carrier
for return to a far-end measuring set (repeaterfunction) or compared with the crystal-derived internal
modulation source for phase shift (normal or measuring set function). In the normal mode the 83rlsHz signal is squaredby a limiter and routed to a digital processor.Once an initial phase referenceis established at a referencefrequency,the digital processor
calculates the net phase difference and then stores
this value and subtractsit algebraically from subsequent readings. The net value of the relative delay is
displayed with the correct sign; there is no need for
any calculation by the operator. Twenty measurements are averaged for each display reading. The
refresh rate is three per second.
Transmitters
One of three internal transmitters is selectedby the
choice of measurement.The transmitted amplitude
is adjustable over a range of +to dBm to less than
-40 dBm. Setting the otspray coNNECTED
ro switch
allows the unit to monitor the output
to TRANSMIT
level and, if appropriate,the output frequency.When
switching between measurementsall amplitudes remain constant with two exceptions. Becauseof the
high crestfactorsof the nonlinear distortion and P/AR
signals,output amplitude is limited to 0 dBm in these
measurements.
In level/frequency and envelope delay measurements three modes of transmitter frequency control
are available: continuously manually variable, steppable up or down in 100-Hz increments with 4-Hz
offset(f : 100N44,where 2<N<39), or incrementally
swept through the same \OO-Hz steps at a variable
rate. The 4-Hz offset is provided to eliminate interference resulting from the 8-kHz sampling rate in
PCM systems.In the swept mode, the automatic stepping action may be overridden manually if a reading
is missed.The transmitter is phase-lockedto an internal crystal-derived signal when it is in either of the
step modes or when operating at the 1004-Hz fixed
frequency in noise-with-tone, three-level impulse
noise,hits and dropouts, or phasejitter measurements.
Another transmitter generatesthe P/ARsignal. This
signal approximatesthe spectral energy distribution
of a data signal and has a precisely defined peak-toaveragevalue, a parameter particularly sensitive to
amplitude and phase distortion. A ROM is used to
storea digital time domain representationof the P/AR

signal. An A-to-D converter and shaping filter complete the transmitter circuit. Crystal-derived clock
drive insuresspectal frequencyaccuacy and stability.
The third TIMS transmitter generatesthe multifrequency signal used in measuring intermodulation
distortion. Frequenciesare obtained by division of a
crystal-controlled source.
Self-Test
Built into the 49404 is a complete self-testsystem
that allows an operatorto verify the proper functioning and calibration of the set in every measurement.
Placing the set in sELF-cHEcrand rotating the measurement switch through each position with the
transmit and receive inputs connected together and
posiro switch in the REcEIVE
the usplav coNNEcrED
tion causesa seriesof calibration numbers to be displayed. Miscalibration or malfunction of either transmitter or receiver results in deviation of the calibration numbers from their proper values.
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Transient Measurements
by Paul G. Winninghoff
Transientphenomenaare a majorcause of data communication problems,especiallyas the data rateapproachesthe channel capacity.Transientmeasurementsare thereforean important part of data channel characterization.
phenomenaof primaryinterestarecalleddropFourtransient
outs,gain hits,phasehits,and impulsenoise.Measuringthese
phenomenahas been imprecise,partlybecauseof their random, sporadic nature-two successive measurementsmay
yield very differentnumbersof events-and partly because of
the difficultyof separatingand classifyingthe differenttypes of
events.The4940ATIMSis the firstinstrument
capableof simultaneouslyrecordinghits, dropouts,and impulse noise and
properlydistinguishing
one from another.
Dropouts are lossesof signalcarrier.The 49404 recognizesas
a dropouta decreasein carrierlevelof at least 12 dB lastingat
.1
least 0 ms. The referencelevelis establishedat the beginning
of a measurement.Sometimeswhena dropoutoccursthe background noise rises simultaneously,
so the total signal level
may approximatethe origrnalcarrierlevel. In the 49404, a rate
detector,a kind of digital bandpassfrlter,distinguishesbetween carrierand noisein such situations.

Gain hits are rapidchqngesin the channelgain. ln the 49404
this is a relativemeasurement;the referencelevel is the level
of the signal itself, delayed by 4 ms before comparison.The
4-ms delayallowsthe set to distinguishgain hits from impulse
noise and dropouts.Time constantsof the TIMS are chosento
match a typical modem AGC responsetime so that a slowly
changinggain that can be tracked by a modem'sAGC will
not be countedas a gain hit.The gain hit threshold,selectable
by meansof a front-panelcontrol,is 2, 4, 6, or 8 dB.
Phosehits are rapidphasechangesin the channel.The phase
referenceis the signal itself delayed by 4 ms, and the 49404
time constantsmatch those of typical modems.The phase hit
thresholdis selectablefrom 10 degreesto 45 degreesin fivedegreesteps.
Impu.lsenoise consistsof noise spikes that are much greater
in amplitudethanthe averagemessage-circuit
noiseenvelope.
These spikes are narrow,typically lasting less than 4 ms and
occurringin bursts.The4940A countsnoisespikesthat exceed
three thresholds.The low threshold is set on the front oanel
and the middleand high thresholdsare 4dB and BdB above
the low threshold.

System
Autorange
Amplitiel
in Manual
Mode

Count,
Store
and
Display

Automatic
Reterence
Amplifier

Count,
Store
and
Dlsplay

Event Counting
Transientmeasurementsmay be made over five-minuteor
Duringthe measureintervals,or continuously.
fifteen-minute
ment intervalthe cumulativecounts of the six simultaneous
(dropouts,gainhits,phasehits,and threelevels
measurements
of impulse noise) are stored in internalmemory.The three
displayfieldsregistereitherhitsand dropoutsor impulsenoise,
dependingon the positionof a fronfpanel switch.The final
counts remain stored after the end of a measurementuntil a
is initiated.
new measurement
informsthe operatorthata meaAn "in process"annunciator
surementis under way. lf the operatorchanges any critical
switches(otherthan the thresholdswitches)whilea measuresusment is in progress,the measurementis automatically
pended and the count memoriesresetto zero.This prevents
invalidmeasurements.
srD limitsthe count rate to
Two count ratesare provided.BELL
seven counts per second, matchingthe countingspeed of
earlier impulse noise sets that used mechanicalcounters.
CHNL
LrD (channellimited)allows counting at rates greater
than 30 countsper second.
Transient Receiver
The diagramshowsthe receiversystemthat simultaneously
measuresdropouts,gain and phase hits,and three levelsof
many
impulsenoise.As is true for all 49404 measurements,
of the blocksshownare sharedwith other measurements.
impulse
Thetop channelin the diagrammeasuresthree-level
noiseand the bottomchannelmeasureshits and dropouts.A
4-ms guard intervalis providedso the hit detectorsare not

confusedby impulsenoisespikes.Delayand storeloopshold
the referencelevelsduringthe 4-ms interval.To preventdropouts'beingcountedas hits,the hit detectorsare inhibitedwhen
a cariet loss of more than 12 dB lastsmore than 3lz ms.
A measurementis initiatedby the operator'spushingthe
button.This sets the automaticreferenceamplifier
srARr/REsET
in the lowerchannelto minimumgain.The gain then increases
untilthe outputof the automaticreferenceamplifierreachesa
presetlevel.The timed intervalbeginsafterthis levelhas been
reacneo.
Event Discrimination
Any transientdisturbanceof the carriergeneratesfrequency
componentsoutsidethe 1004-Hznotch filter in the impulse
noisechanneland thereforesimulatesimpulsenoise.Thusthe
measurement
of hits,dropouts,and impulsenoise
simultaneous
posesthe problemof eventdiscrimination.
The 1004-Hzcarrier
measurements,
of course,but it is
is necessaryforsimultaneous
alsoneededto activatecompanders,if presentin the channel,
of
representative
and to makethe impulsenoisemeasurement
the channelunderoperatingconditions.
problem,recordingof impulsesis
To solvethe discrimination
delayedand an inhibitis providedto preventan event'sbeing
recordedas an impulseif it recordsas a gain hit,a phasehit,or
a dropout. The hit and dropout detectorsare not easily confused by impulses.
lf no carrieris presentat the beginningof the measurement
the inhibitsignalls not generated.Thisallowsimpulsenoiseto
be measuredwith no carrierpresent.A minusslgn annunciator
in the rightdisplaywarnsthe operatorthatthereis no carrier.

The 4940A Sine Wave Transmitter
by Richard T. Lee
The 49404 sine wave transmittergenerates audio frequency signalsthat are eithercontinuously
variablefrom 200
lrom2U to 3904
to 3900Hz or steooablein 100-Hzincrements
circuittechnique
Hz. lt usesa BFO (beatfrequency-oscillator)
to minimizedistortion
and to provideat eachfrequencystepthe
fixed4-Hzfrequencyoffsetnecessaryto testchannelscontainprofrequencysynthesizer
ing PCMsystems.A programmable
vides stable, phase-locked,stepped frequenciesat precise
100-Hzincrements.The sine wave outputcan be amplitudemodulatedat 831/3Hz for testingdata linesfor envelopedelay
distortion.
The overallblock diagramis shown in Fig. 1. Two crystal
oscillators
at 9.996MHz and 10.000MHz producethe primary
signalsfor transmitteroperation:a 20-kHzsquarewave reference signal for the frequencysynthesizerand a 9.996-kHz
inputto the BFO mixer,
squarewave fixedJrequency
can be operatedin eithera proThe frequencysynthesizer
grammablephase-lockedmode or an open-loopmode (in
which case it may be consideredsimplya voltage-controlled
generates
modethe synthesizer
oscillator).
In the phase-locked
signalsin 100-Hzsteps from 10.200kHz to 13.900kHz. The
from the stepactualfrequencydependson BCD information
may be overriddenby a
100-Hzcircuit.This BCD information
command bit from the system logic controlto produce an
.1.1
.000-kHzoutput;this is done whenevera fixed 1004-Hzsignal is wanted for noise-with-tone,
transient,and phase jitter
measurements.
In the open-loopmode a tuningvoltagefrom
the front-panelmanualfrequencycontroldirectlyvaries the
VCO frequencybetween1O.2k1z and 13.9 kHz.
outputacts as a
In the BFO mixerthe frequencysynthesizer

localoscillatorsignaland mixeswrththe 9.996-kHzinput.The
resultis a choppedsignalcontaininga desiredf requencyfrom
higher204H2to3904Hz, variousharmonicsof thisfrequency,
o r d e r m i x i n g p r o d u c t s ,a n d f e e d t h r o u g ho f t h e i n p u t t r e quencies.Filtering
the 9.996-kHzinputsquarewaveattenuates
mixingproducts,and passing
harmonicsand lower-frequency
the mixeroutputthroughthe 4-kHzlow-passfilterremovesthe
mixingcomponents.
feedthroughand higher-frequency
The sine wave signalfrom the 4-kHz low-passfiltermay be
modulatedby an 83ls-Hz tone generatedeitherinternallyin
(normalmodulation
mode)or recoveredf roman
the transmitter
inputsignalin the receiversectionof the4940A(repeatmodulation mode).The B3le-Hzsine wave used in the normalmode
and is processedin a digitallowis crystal-oscillator-derived
characpass filter.The digitalfilterhas the stablephase-shift
teristics that are essentialfor accurate envelope delay distortionmeasurements.
The sine wave transmittermay be operatedin a "signaling
frequencyskip" mode,its outputshutoff in the range2450Hz
convertsthe sine wave
lo 2750 Hz. A frequencydiscriminator
signalfrom the 4-kHzfilterto a dc analogvoltagethat is fed to
a windowcomparator.Whenthe analogvoltagefallsbetween
two referenceinput voltagesthe window comparatoris actioutput.
vated,openingthe FETswitchat the transmitter
Programmable Frequency Synthesizer
As shown in Fig. 2, the frequencysynthesizeris a phaseoscillator,a
locked loop consistingof a voltage-controlled
programmablefrequencydivider,and a phase detectorand
low-oassfilter.

Frequency
Programming
Bits
Fixed-Frequency
Bit trom System
Logic Control

10.2 + Illlllll
13.9 kHz -

200 -->
3904 Hz-

3904

o

t_

Repeat Mode
Modulation
from Receiver

Fig. 1. 49404 sine wave transmitterblock diagram
The VCO is an emitter-coupled
multivibrator
with varactor
diodetuningelements.
TheVCOfrequencyhasa nominalrange
of 2.04 MHzto 2.7BMHz.Temperature
coefiicientvariesfroma
maximum of 200 ppm/'C at the lowest output frequency to
lessthan 100 ppm/'C at the highestfrequency.Afterbuffering,
the VCO outputsignalis dividedin frequencyby 200 and becomesthe 1O.2-kHz{o-13.9-kHz
localoscillatorsignalapplied
to the BFO mixer.
A programmabledivider operates on the 2.04{o-2.78-MHz
VCO signal and presents to the phase detector a 2O-kHz
signal that is phase-lockedto a 20-kHz referencefrequency
when the loop is closed.Threecascadedmodulo-Ncounters
and a BCD data selectorform the programmabledivider.The
divisoris 100+N:(100+1op+e),wherep and e arethetensand
onesdigitsrespectively.
As indicatedin Fig.2, 100<100+N<139;
however,divisorvaluesof 100+N:100 or 10-1are orohibited
by the step-100-Hzlogic.Sincethe outputof the programmable
divider is constrainedto be precisely20 kHz in the phaselockedcondition,

Manual
Frequency
Tunlng
Voltage

Output to
BFO Mixer
2O-kHz
Reterence

fy66: 20,000(100+N)
w h e r eN : 2 , 3 , . . . 3, 9 .
Thereis a convenientdirectrelationship
betweenN and the
transmitteroutputfrequency:N:2 correspondsto for,-_ 204 Hz
N:3 to for,: 3O4Hz,and so on. Eachphase-locked
f requency
is accuratewithin+0.5 Hz.
A fixed-frequency
bitf romthe systemlogiccontrolcausesthe
BCD data selectorto apply P:1, Q:O to the counterchain,
resultingin a fixedJrequency
transmitter
outputof j004 Hz.
The phase detectorconvertsinput phase differencesto output currents.A low-passfilter integratesthese currentsto dc
and slowly varying ac voltages that are applied to the VCO
tuninginput.The bandwidthof the filteris 500 Hz, low enough
to allow the loop to lock to the 20-kHz reference,but high
enough so that low{requencydisturbances(such as 60 Hz)
originatingwithinthe loop are attenuatedby the actionof the
loop.

t

Ones Digit
O : 0 , 1 , 2 , . . . ,9

Fixed Frequency
Bit tlom System
Logic Control
Tens
P = 0 ,1 , 2 , 3

Hundreds
Digit=1

BCO Inputs trom Step-loG'Hz Circuit
Fig, 2. Programmable
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Display
Circuits
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Frequency
Data

I
Autostep,
Step-100-Hz

2-kHz
Clock
Autostep'
BCD lntormation
to Programmable
Divider
N:10P+Q

100-Hz,
Manual

BCD Ones
Outpui (O)

Output (P)

Fig. 3. Step-700-Hzcircuit

The Step-10GHz Circuit
Fig.3 is a diagramof the step-100-Hz
circuit.The key blocks
of this circuit are the two up-down countersthat furnish BCD
onesand tens digit information
to the programmable
dividerin
the frequency synthesizer.These up-down counters can
operatein two ways:pulsesmay be appliedto the count-upor
count-downinputs of the ones counterfrom eithersingle-step
front-panelswitchesor an autosteppingcircuit, or information
presentat their data inputsmay be loaded into the counters,
determiningtheir outputs.Clrcuit operationguaranteesthat
these two situationsare mutuallyexclusive.
The up-down counteroutputs can be changed in singlestep increments by operation of the front-panel step-up or
step-downHall-effectpushbuttonswitches.The TTL pulse resultingfrom each push operationtravelsthrougha numberol
step-up or step-downgates to the appropriatecount input on
the ones up-downcounter.Duringthis srEp1ooHZmode, the
autostepcircuit is deactivated.The up-down countersare preventedfrom countingbelowN:2 or above N:39 by an inhibit
circuit that locks out input pulses to the step-downor step-up
gates respectively.
When the instrumentis turned on, any illegalstates(e.9.,N<2, N>39, P>3, P or Q>9) presentin the
up-downcountersare sensedby the inhibitcircuit,whichthen
allowsa 2-kHzclockto runthroughthe step-upgates,stepping
the up-down countersuntilthey reach an allowedstate,whereupon normaloperationbegins.
W i t h t h e f r o n t - o a n e lF H E o u E N c o
y NTRoL
switch in the

AurosrEpposition TTL pulses from the autostep circuit continuouslypass through the step-up gates to the up-down
countersuntilN:39. Thesepulsesare then reroutedthrough
the step-downgates until N:2. The sequencethen repeats.
The time intervalbetween steps is adjusted by a front-panel
srEpRAIEcontrolto be between0.25secondand 7 seconds.The
step-up/downpushbuttonswitchesremain activatedin this
mode.
and
coNTRoLswitch is set to TMANUAL
When the FREouENcy
the operatorwantsto change to the srEp1ooHZmode, he simply
turns the switch to this position.lf the transmitterhas been
the {remanuallytuned to for,,where 100N<fout<.100(N+1),
quencywill phase-lockdt foul: 100N+4 Hz when the change
is made. This is implementedas follows.In the urruunrmode
an outputfromthe manualfrequencyload circuitlocksout the
TTL pulses from the Hall-effectswitchesand the autostepcirsequenceof threedigitalsignalsarrivesat the
cuit.A repetitive
step-100-Hzcircuitfrom the 4940A display circuits.First,a
Reserpulse zerosthe storagecounters.Then a rneouencvo,qrn
pulse burst arrives at the input of the ones storage counter,
and the count informationis presentedat the storagecounter
outputsin BCDform,Thenumberof pulsesin eachburstequals
the two most significantdigits of the 49404 frequencydisplay
reading(thatis, the numberof pulsesis N). A LoADpulsethen
transiersthe informationin the storagecountersto the up-down
counters.Thusthesecountersalwayscontainthe currentvalue
of N. The roao pulse is lockedout in the srEproorz and AurosrEp
modes.

Nonlinear Distortion Measurements
by DonaldA. Dresch
Nonlineardistortionas used here meansthe generationof
unwantedsignalsas a resultof nonlinearoperationson a desired signal or group of signals.Harmonicdistortionis one
well-knownexample;if the maln signalis a sine wave of frequencyF, the unwantedsignalsappear as sine waves at 2F,
3 F ,a n d s o o n .
Harmonicdistortionis oftenused as a measureof nonlinear
d i s t o r t i o ni n v o i c e c h a n n e l sb e c a u s e h a r m o n i cd i s t o r t i o n
is easily measuredwith readily availableequipment.However, any conclusionabout the nonlinearityof a telephone
channelbasedon harmonicdistortion
measurements
is sublect
to gross errors.lf two identicalnonlinearities
in a channelare
separatedby a linearnetworkthat has just the right phase
characteristic,
the distortionproductsfroma singletransmitted
sinewave may combinein such a mannerthatthe energyof a
particularharmonicfrom one nonlinearitymay completely
cancelthe energyof that harmonicfromthe secondnonlinearity.
At the other extreme,a differentphase characteristicmay
cause distortionvoltagesfrom the two nonlinearities
to add,
showingfourtimesthe powerlevelat that harmonicthatwould
be producedby each sourceseparately.
Becausea telephone
channelmay containseveralnonlinearities
separatedby linear
networks,harmonicmeasurements
will yield differentresults
lor differenttestfrequenciesas a resultof variationsin channel
delaywithfrequency,lf the channelcontainsa frequencymultiplexedsystem,frequencyoffsetmay occur and harmonicdis"breathtortionmeasurements
may showa very-low{requency
ing" or beat with time.
The nonilneardistortionmeasurement
in the 49404 takesa
differentapproachthat minimizestheseproblems.In the TIMS
transmitter,
count-downchainsfrom a crystaloscillatorcreate
two pairsof tones,A and B. TheA pairis centeredat 860 Hz and
separatedby 6 Hz, and the B pair is centeredat 1380Hz and
.1
separatedby 1 Hz. Nonlineardistortionis measuredby detecproductscreatedwhen this signalis
ting the intermodulation
transmittedthroughthe voice channel.Second-orderdistortion is measuredby selectivelyfiltering,power summingand
detectingthe energyat the A+B and A-B frequencies.
Thirdorderdistortion
is measuredby filteringand detectingthe28 -A
frequencies.
Second-order
dlstortionproductsconsistof eight
distinct frequencies,while third-orderproducts consist of
four distinctfrequencies.Togetherall these frequenciesapproxlmatenarrow-bandnoise in amplitudedistribution.This
reducesthe sensitivity
of the measurement
to envelopedelay
and frequencyoffsetcharacteristics,
Testshaveshownthat the frequencydependenceand time
variabilityproblemsof harmonicdistortionmeasurements
are
not completelyeliminatedby using the intermodulation
technique.However,theyare greatlyreducedin most cases.Second-orderdistortionmeasurements
on channelswith different
producevarying
amplitudeand envelopedelaycharacteristics
resultswhen amountsof distortionare low. However,in practrcal applicationsthere is good generalagreementwhen the
amountof second-orderdistortionis of sufficientmagnitudeto
be of interest,and in the case of multiplexed
channels,if readings are averaged over a 20{o-30-secondinterval.Thirdorder distortionmeasurements
also exhibita reduced sensitivityto time and delaydistortionvariabilitybecausethe A and
B frequenciesand the third-order28-A product are near
the centerof the bandwherethe channel'senvelopedelaycharacteristicis typicallyflat.

Therewereotherconsiderations
for the selectionof A and B
frequencies.The second-orderprciductsmust be somewhat
immuneto the effectsof channelroll-off,and the secondand
productsmustbe separatedby at least300 Hz from
third-order
any signalcomponentsto minimizethe effectsof phasejitteron
d i s t o r t i o nr e a d i n g s .T h e f r e q u e n c i e sc h o s e n m e e t t h e s e
requirements.
The effectof backgroundnoiseon the measurement
is determinedby doublingthe powerof the A frequenciesand disablingthe B frequencies.Level-sensitive
circuitssuch as syllabic compandorsare kept at their operatinglevelswhile the
n o i s ei n t h e n a r r o w - b a nAd - 8 , A + 8 , a n d 2 8 - A s l o t si s m e a sured.A correctionfactorcan then be aooliedto the measurem e n t sa s s h o w ni n F i g .1 .
NLD Transmitter
The block diagramof the nonlineardistortiontransmitteris
shownin Fig,2. The four A and B frequenciesare synthesized
from programmable
countdownchains,all fed from a common
crystaloscillator.The A and B frequencypairs are added
separatelyand low-passfiltered,then added together.In the
outputsummingcircuit,a transistorswitchdoublesthe gain of
the amplifierand disablesthe B count-downchainsfor background noisemeasurements.
NLD Receiver
Fig.3 is a block diagramof the nonlineardistortionreceiver.
Beforenotchingout the fundamentalfrequenciesthe received
signalsare high-passfilteredto removeany signalsat 60 Hz
The notchfiltersrejectthe A and B frequenand its harmonics.
cies by 50 dB. Dependingon whetherit is the signal,the second-orderlevel,or the third-orderlevelthat is beingmeasured,
narrow-bandfilters are automaticallyswitched in or out. A
quasi-rmsdetectordetectsthe signals.As in all othermeasure"+" and "-" indicators,
ments,levelranging,levelreferencing,
and dB/dBmindicatorsarecompletelyautomatic.
Readingsare
s t a b i l i z e da p p r o x i m a t e l fyo u r s e c o n d s a f t e r a p u s h b u t t o n
selectionhas been made.
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Fig. 1, Correction factor is applied to nonlinear distortion
measurements to eliminate noise contribution.
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Envelope Delay Distortion Measurements
by Richard G. Fowles and Johann J. Heinzl
back to the normal
by transmitting
envelopedelayinformation
set over the return referencevoice channel. The normal set
signalto detercomparesitsreceivedsignalwithitstransmitted
mine envelopedelay distortionvalues.
The normalset transmitsan amplitude-modulated
test signal
consistingof a variableJrequencycarrier(300 to 3904 Hz) and
frequency(83rrsHz).The carrierfrequency
a fixed modulation
is variedoverthe band of interest,usuallyin 100-Hzsteps.The
test signaltraversesthe voice channelunder test and is received by the repeat set. The receiverof the repeat set amplitude-demodulates
the incomingtest signaland then uses the
recoveredmodulation
to amplitude-modulate
a f ixedJrequency
carrierthat is transmittedback to the normalset. The fixed repeafset carrierfrequencyis usuallyselectednear midband
(1800 Hz).Becausethe repeat-setcarrierfrequencyis fixed, no
envelopedelay distortionis encounteredby the returnreference signal,althoughthere is a fixed envelopedelay.Therefore, the envelopedelay value receivedat the normalset representsthe envelope delay value received at the repeat set,
plustheconstantenvelopedelayof the returnreferencechannel.
The receiverof the normalset demodulates
the incomingreturn referencesignal.The phase of the incomingreturnreference envelopeis then comparedto the original83r/3-Hzoscillator signal to determinethe differencein phase betweenthe
two signals.
At the beginning oJ the measurementa DELAv
zERocontrol
loop.
is usedto cancelthe envelopedelayof the measurement
All futuremeasurementsare then referencedto the normal-set
carrierfrequencyat whichthe delaywas zeroed(usuallynear
1800Hz).

Phasedelaydistortionand envelopedelaydistortionare often
confused.Phasedelayis insertionphaseshiftdivided by frequency,@/or.
Envelopedelay is the firstderivativeof phasewith
respectto frequency,d{/dar (see Fig. 1). Phase delay distortionand envelopedelay distortionoccur when phase delay
and envelopedelay, respectively,vary nonlinearlywith frequency.lt is possibleto havephasedelaydistortion
withoutenvelope delay distortion,but envelopedelay distortionis always accompaniedby phase delay distortion,
Voice transmissionis not affected by envelope delay disis not
tortionor phase delay distortionbecauseintelligibility
impairedby phaseshift.However,electronicequipmentsuch
as data modemsmay be very sensitiveto such distortionbecausewaveformsmay be considerablyaltered.In the special
case of pure phase delay distortion,informationtransmittedby
an amplitude,frequency,or phase-modulated
signalis not affected because the amplitudesand relativephases of sidebandsand carrierare not changed.Envelopedelay distortion
or EDD,on the otherhand,is very troublesome.
Method of EDD Measurement
is basedon the Nyquistand
The 49404 EDD measurement
Brandmethod.lA carriersignalis amplitudemodulatedwitha
lowJrequencysignal.The phase shiftencounteredby the envelopeof the transmitted
signalis a measureof envelopedelay
at that carrierfrequency.Althoughenvelopedelayis an absolute quantity,the 4940A measuresrelativeenvelopedelay,
that is, envelopedelayas a lunctionof carrierfrequencywith
respectto a fixed but arbitrarycarrierfrequency.This has no
which is determined
elfecton the measurement
of distortion,
by measuringthe variationin relativeenvelopedelay over
the frequencyband. The 4940A is compatiblewith otherenvelopedelaytest setsused by the telephonecompaniesin the
U.S.A.and Canada.
In voicebandmeasurements,
envelopedelay distortionis
'1800
Hz. In the
usuallyreferencedto a carrierfrequencynear
typical channel the envelope delay characteristicsare flat
indexof the EDD
and a minimumin thisregion.The modulation
test signalis 50% and the modulationfrequencyis 83ils Hz.
To make an EDD measurement,
two TIMS are used. The
TIMS normaltest set transmitsa test signalover the channel
undertestto the TIMSrepeattest set.The repeatset responds

EDD Analog Gircuits
Fig.2 showsthe 49404 EDD receivercircuits.The received
envelopedelaysignalpassesfirstthrougha 1O-kHzlow-pass
filter and an autorangeamplifierthat keeps the output level
withina 12-dBrangefor inputsignalvariationsup to 50 dB. An
automatic level control circuit guaranteesa nearly constant
83ls-Hz signalamplitudeat the demodulator
This
and limiters.
is importantbecauselevel changeshere would cause small
oelayerrors,
A full-waverectifieris used to demodulatethe envelope
delay signal.Low-passfilters 1 and 2 recoverthe 83ls-Hz
modulation.
The higherthe Q of thesefiltersthe higheris the
attenuationof unwantedinterferencetones, harmonics,and
noise.Unfortunately,
an increasein Q alsoresultsin an increase
of pole locationdrift with temperature.Thrs causes a phase
shiftand thereforean errorin the envelopedelaymeasurement.
To overcomethisproblem,a specialcontrolloopwas designed.
The loop comparesthe phase of the demodulatedB3ls-Hz
signalat the outputof high-Qfilters1 and 2 withthatof the same
83ils-Hzsignalat the outputof low-Qfilters3 and 4. Thd low-Q
filters are very temperaturestable and serve as a phase
reference.
A changein pole locationin the high-Qlilters(e.9.,because
of a changein temperature)
changesthe insertionphaseshift
at B3ileHz. This phase shiftis measuredin a phase detector
and the detectoroutputvoltageis comparedto a fixed dc refeF
amence voltage.The differenceis amplifiedby a differential
plifier,whichcontrolsa voltage-dependent
resistorin low-pass
filter1. Varyingthis resistor'svalue changesthe pole location
and the insertionphaseshiftthroughthat filter.The resultis a
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Fig, 1, Phase delay and envelope delay defined.
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Fig.2. 4940A envelope delay transmitterand receiver circuits
filter that has high-Q amplitude response and low-Q phase
stability.lts temperaturestabilityvirtuallyeliminateswarm-up
time and the need for a constantambienttemoeratureto make
an accurate envelopedelay measurement.
Delay changes with temperaturein the transmitterare mini-

mal becausethe modulationsignalis synthesized
digitallyby
summingof the outputsof an 8-bit shiftregister.This technique
overcomesthe significanttemperaturedrift of analog filters.
EDD Dlgltal Circuits
From the receivercircuits shown in Fio. 2. the filteredB3r/3-

l-MHzClock

Return
Signal
trom
Receivel
Circuits

Address

Fig.3. 49404 envelope delay measurement circuits
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circuitsshownin Fig,
Hz outputgoesto the digitalmeasurement
3. The measurementis controlledby an algorithmicstate machine,2
circuitsis 12,000
The dynamicrange of the measurement
microseconds,distributedas -3000 pcsto +9000 g.s from a
selectablearbitraryreference.12,000pr,scorrespondsto one
periodof the modulationfrequencyof 83ttsHz.
The B3ile-Hzsignal from the receivercircuitsis first syn.1-MHz
clocksignalandthencomparedin the
chronizedwiththe
phase detector with a referencesignal from the phase autorange circuit.Fig. 4 is a diagramof the phase detector.The
detectortriggerson the leadingedge of eitherinput signal:
the referencesignal sets the phase detectorand the return
signalresetsit. The outputpulsewidth of the phase detector
is thereforea measureof the phase difference.
ln a practicalcircuit,noise causesdegradationof the response,as shownin Fig.5. To meetthe accuracyrequirement
o f + 1 O p s , t h e p h a s e d e t e c t o rm u s t o p e r a t ei n t h e l i n e a r
windowshownin Fig.5, For the specifiedworstcase (S+N)/N
of 20 dB and a 3.9-kHzbandwidththis windowis 11,600ps
wrde.
To establishthatthe phasedetectoris operatingin the linear
window a phase autorangecircuit(Fig. 6) is activatedeach
zERobutton is pressed.This circultsteps the
time the DELAY
phasein 90'incrementsand remainsenableduntilthe phase
differenceis between90'and 27O".Thearbitraryreferencefor
is then establishedby measuringthe initial
the measurement
phase relationship
betweenthe referenceand returnsignals
and then delayingthe referencesignal untrlthe desiredreference phase exists. In practice,the referencephase difierzERo
ence is not arbitrary;it is alwaysset to 90' when the DELAY
buttonis oressed.

Phase Detectol
Output
Actual
Response
ldealized
Response

l-

j 1,600rs *l

Fig. 5. Phase detector output versus phase difference. To
avoid noise-produced deviations from the ideal curve, the
detectormust operate withinthe 11,600ps window shown.
being displayedthe number in the counteris tens compleform.
mentedto put it in propersign-magnitude
of envelope
Theuse of the digitaldisplayin the measurement
delay offersthe advantageof having accuracy and resolution
independentof displayedmagnitude.But along with this advantagecame the digitaldisplay'smain disadvantage:poor
in
for noisysignals.Noiseis especiallytroublesome
readability
phase measurements.
The problemwas reducedby keeping
system bandwidth as narrow as possible in the detector, by
averaging20 samplesto reducenoisebeforedisplayingthe result,and by usinga displayrefreshrate consistentwithvisual
response(threetimesper second).The resultis a meanvaria.12,000
p.sfor an input(S+NyN
tionof +50 rrs out of a possible
of 20 dB over a 3.9-kHzbandwidth.

Measurement Procedure
To make an envelope delay distortionmeasurementthe
reference ohase difference is set at 90" with the reference
signalleadingthe returnsignal.The carrierfrequencyat which
this is done is arbitrary;however,1804Hz is generallyused.
proceedsby
the measurement
Withthe referenceestablished,
initializing
a 4y2 decadecounterat 17000.The leading1 indicatesa negativenumberand 7000is the tenscomplementof
3000;thusthe numberpresetintothe countersis -3000. This
removesthe initial phase differenceo1 90". Twenty samples
of the phasedetectoroutputare allowedto gate 1-MHzclock
pulsesintothe 472decadecounter.lf the delayhas increased
the counter overflows and resets the overflow flip-flop, and
the numberin the counteris displayed.li the delay had decreasedthe counterwould not haveoverflowed.(Thisindicates
a phase detectoroutput of less than 90'.) In this case before
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Peak-to-Average Ratio Measurements
by ErhardKetelsen
Because of the demand for increasing numbers of dataqualitytelephonechannels,a quick meansof identifyingdegraded channelshas been soughtby the telephoneindustry.
A successfulmethodwould eliminateunnecessarymeasurementson good channelsand allowmaintenance
personnelto
concentratefurthermeasurements
on degraded channelsto
locateimpairmentsand repairthe channels.
To meetthis need,the peak-to-averageratio(P/AR)measurement was developed by Bell Laboratories.Pulses of known
peak{o-averageratio are transmittedthrough a communication channel.At the receivingend the peakto-averageratio
of the pulsesis measured,normalized,
and displayed.A reading of 100 signifiesno pulsedegradation.
Any changein the phaserelationship
of the frequencycomponentsof the pulse modifiesthe pulse shape (primarilyby
spreadingit in time),and thereforethe P/ARmeasurement
is
very sensitiveto envelopedelay distortion.Noise,changesin
the transfercharacteristic
of the channel,and repeateramolifier clippingalso affectthe P/ARreading.
pulsesare shapedto simulatea data signal.
The transmitted
The majorportionof the energy is distributednearthe centerof
the voice band. The pulse spectrumcontains 16 frequency
c o m p o n e n t s f r o m . 1 2 5 + 1 5 .H
62
z t5o 3 8 7 5 + 1 5 . 6 2H
5z(Fig 1).

Withoutthe offsetof 15.625Hz,the spectrallinesare all odd
harmonicsof the lowest frequency, 125 Hz. The absence of
even harmonics produces a pulse train with half-wavesymmetry,eliminating
a problemof earlierP/ARinstruments
where
reversingthe linepolaritywouldresultin a differentP/ARreading.
Another difficultyin making P/AR measurementsis what is
commonlycalled "breathing",In a carriersystem,although
the carrierfrequencyof the transmitteris crystalcontrolled,it
may differfromthe carrierfrequencyused in the demodulation
process at the receiver.When the frequencydifferenceis less
Ihan2 Hz it causesa slowvariationin the phaserelationship
of
the spectralcomponents,which causesthe magnitudeof the
pulsesto change slowly.If the detectorin the P/ARreceiver
followsthe changes,the readingsmay vary by a largeamount
from their averagevalue. The 15.265-Hzfrequencyoffsetin
the 49404 increasesthe rate of magnitudevariationso the
changesare easilyintegratedby the detector.
To preventamplifiersaturation
in thecommunication
channel,
the crest factor of the 49404 pulse train is limitedto 10 dB.
Crest factor is the ratio of peak voltage to rms voltage. Crest
factoris importantbecauseit determinesthe dynamicrangerequired for systemlinearity.A systemmay operatelinearlywhen
the signal is a sine wave but begin clipping when a nonsinusoidalsignalof the same rms levelbut highercrestfactor
is transmitted.
Llmitingthe crest factorto 10 dB assuresthat
this will not occur.
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How lt's Done
In earlierP/AR sets the receiverwas required to cope with
the effect of frequencytranslationof the P/ARspectrumby the
carriersystem(breathing).Filtersand phaseequalizersmade
the receiver complex and expensive,In these early sets the
P/ARsignalwas generatedby meansof a pulse generatorand
shaping filters. In the 49404 an offset P/AR spectrum is generated digitallyin the transmitter,
and the receiverbecomes
very srmple.
The 49404 uses a 4096-bit read-onlymemory (ROM) to
generatethe pulsetrain(seeFig.2). The ROM is programmed
with the time-domain representationof the offset frequency
spectrum.lt is driven by a crystal oscillatorto guaranteethat
the spectral lines are at the correct frequencies.
The ROMoutputrepeatseach 64 milliseconds,
but because

ABCDEFGHIJKLMNOP
300
2qr0
3000
Frequency(Hz)

Flg.2. P IABsignalwaveformls sforedin a read-onlymemory
in the49404,Thismethodot generation
allowsthereceiverto
previous
bemuchIesscomplexandexpensivethan
methods.

Flg. 1. Frequencyspectrumand envelopeof transmitted
signalfor peak-to-aver
rements.
age rctio measu

17

oto

P/AR=1oo(2F#ffi-"-1)

From

wherePoand FWA. are the peak readingand full wave average
readingsof the transmittedpulse train.Since Poand FWA. are
constants,the equationcan be writtenas
t

Peak

P / A R = 1 .o oI-WA
(K'#-t)
The received pulse is shaped by a tourth-orderband-pass
filterthat has a centerf requencyof 1300Hz and a Q of 3.1. The
shapingfilterreducesthe effectsof power-linefrequencyinterference and modifiesthe pulse train before detectior,.
The filter'sresponsewas calculatedto minimizethe crest
the samefresignalwhilemaintaining
factorof the transmitted
quency spectrum at the detector input. This was done on an
iterativebasis by crosscorrelationof a trial filter function with
the desiredfilteroutput(detectorinput).Thenthe time-domain
transformwas taken.the oeak and rms valuesof the waveform
were calculated,and the resultingcrest factorwas plottedas a
functionof pole location,The resultingplot was a cone-shaped
contour map with the minimum crest factor at its apex. The
49404 shapingfilter is designedto have the pole locations
to this minimumcrestfactor.
corresponding
The peakto-full-wave-averageratio measurementis made
amplifierin an automaticgain control
by an absolute-value
loop referencedto a one-voltsource (Fig. 3). The resulting
output voltage is digitized and averaged over five intervals
to reduce variationscaused bv noise transients.

Flg. 3. PIARcalculator.
the pulse train has half-wavesymmetry,only the first 32 ms
are stored.The ROM is organizedinto 512 B-bitwords and is
sampled at a rate of 62.5 microsecondsper word (512 x
62.5 ps :32 ms).The samplingfrequencyof 16 kHz is high
enoughso that aliasingdoes not occur.
A 5-kHzlow-passfilterkeepsoufof-bandsignalenergy40dB
below the transmitterlevel and smoothsthe output wavelorm.
The informationin the ROM is pre-emphasizedto compensate
for the gain and phase changesthat occur as the pulsesgo
throughthe smoothingfilter.
At the receivingend P/ARrs calculatedusing the following
eouation:
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MicrowaveIntegratedGircuitsSolve
a TransmissionProblemin EducationalTV
link
An educationalTV
sysfemusinga satellite
transmission
ground-station
needsa state-of-the-art
receiverthatdoesn't
integratedcircuitsprovideaway.
costverymuch.Microwave
by JamesA. Hall,DouglasJ. Mellor,RichardD. Pering,
and Arthur Fong

supplied through the same coaxial cable that brings
the RF signal back down. This allows the receiver to
be placed up to 30 meters from the antenna.
Another advantage of the tuned-radio-frequency
(TRF) design surfaces here: there is no need to provide for environmental immunity of the antenna
module to assure the stability of a local oscillator
since one isn't used. The module functions reliably
throughout a temperature range from -48 to +65'C.
The use of microwave integrated circuits also
meets another requirement: the receiver should be
capable of receiving either one of two channels, centered at 2566.7 and Z00z.S MHz. Tunability used to
be a problem with TRF receivers because of insufficient bandwidth but the basic MIC amplifier has an
800-MHz bandwidth that spans both channels. In the
proposed design, a single bandpass filter assembly is
used for each channel. Changing channels is simply
a matter of reconnecting two coaxial lines.

HE REQUIREMENT WAS FOR A two-channel,
low-noise, S-band receiver with a channel bandwidth of z OMHz. It was to be rugged and require little
if any maintenance, and it should be capable of being
produced in quantity at modest cost.
Stability and low noise at a carrier frequency around
2600 MHz imply a sophistication that ordinarily has
not been compatible with mass production. Microwave integrated circuits, however, can help resolve these conflicting requirements.
A novel receiver based on these reouirements
is designed around a microwave integrated circuit
(MIC) amplifier developed at HP. This amplifier
servesrepetitively as a gain block at 2.6 GHz,leading
to a conceptually simple design based on the tunedradio-frequency (TRF) principle.
Basic Considerations
Today's wideband amplifiers make it unnecessary
to heterodyne the received signal down to an intermediate frequency for amplification. Thus the frontend mixer and local oscillator formerly needed in
microwave receivers can be dispensed with, eliminating a major source of noise and instability.
Amplification required to bring the weak antenna
signal up to the +10-dBm level required by the FM
video demodulator occurs at the carrier frequency in
five cascaded four-stage amplifiers. The amplifiers
are all based on the same MIC design using HP type
35821. transistors but with some differences in the
first and last amplifiers. The first amplifier uses a
selected input transistor for minimum noise and the
fifth amplifier has an active biasing arrangement to
increase its power-handling capability. Overall gain
of the amplifier chain is about 146 dB and noise figure is less than 4.2 dB, typically 3.7 dB.
To assure that antenna cable losses (5.5 to 8.5 dB)
would not affect the system noise figure, the first and
second amplifiers are mounted in a separate module
at the antenna. DC power to the antenna module is

The Rest of the Picture
Designing a TRF receiver to operate at 2.6 GHz

Fig, 1. EducationalTV receiver convertslow-levd satelliterelayed signalsto standardvideo and audio signalsfor direct
aoolication to a monitor.
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Fig.2. Block diagram of tuned-RF TV receiver. Availability of cost-effective wideband microwave amplifiers and discriminators simplified the design.

required a few departuresfrom traditional practice.
One departureinvolves the limiter. The received signal consistsof one video channel and four audio subcarriers, all frequency-modulated onto the carrier.
Since the receiver may be operating close to the FM
threshold level, it is especially important that it not
respond to variations in the amplitude of the received
signal. Ordinarily, diode clippers or saturating amplifiers are used to remove amplitude variations but
these don't function well at 2.6 GHz. A fast-acting
ALC system is used instead.
The ALC system uses an AM detector at the side
arm of a thin-film 6-dB directional coupler that follows the 5th amplifier. The detector output controls
both a PlN-diode attenuator and a Schottky-diode
"modulator". The PlN-diode attenuator suppresses
most of the AM variations but it is effective only for
variations occurring at rates below 100 kHz. The
high-frequency variations are suppressed by the
Schottky-diode modulator (or, if you will, "AMunmodulator", which really describesits function).
As shown in the block diagram of Fig. Z, the PINdiode attenuatoris placed aheadof the third RF amplifier, thus reducing the dynamic range requirements
of the circuits that follow. The modulator is just ahead
of the fifth amplifier. Becauseof the short signal paths
in the circuits, feedback-loop phase shift is minimized. Thus, amplitude variations occurring at rates
2'l

up to 100 MHz are suppressed.
This system provides more than 30 dB of AM suppression and it maintains the discriminator drive
level within -r0.5 dB for all normal input signal levels and operating temperature variations. Another advantage of the high-speed ALC limiting technique is
that it generates no carrier harmonics as clippers do,
eliminating the need for further filtering.
The Discriminator
The wavelength of a 2600-MHz signal is sufficiently
short to make transmission lines 1 or 2 wavelengths
Iong compatible with microwave integrated circuit
technology. It is thus possible to design a discriminator based on the variations of a transmission line's
input impedance as a function of frequency, and
build it using mass-producible thin-film techniques.
To gain some insight into the operation of this kind
of discriminator, Fig. 3 is presented. One transmis'
sion line (T1) is terminated in a short and the other
(T2), equal in length to T1, is terminated in an open.
At very low frequencies, the input to T1 is effectively
shorted so no input voltage appears at node 1.
Transmission line T2, on the other hand, has a high
input impedance at low frequencies so all of the input
voltage appears at node 2 . The output of the summing
block is then a negative voltage, -V.
At the frequency where the lines are lalt long, the

Direct-to-Schoolhouse Satellite Relay of Video Programs
About 100 receivingsitesare involvedin the initialprogram.
The antennaat each site is a fixed,parabolicdish 3 metersin
diameter.The receiverrecoversthe video signaland the four
to a monitoror for remoduaudiochannelsf or directapplication
amplifiers.
latronto VHF for CATVdistribution
TV program
of the educational
Thekey to the implementation
of a low-costsateland othersimilarsystemsis the realization
lite ground station.The receivermust be reliable,simple to
it
operate,and suitablefor mass production.Nevertheless,
performance.
How technologyin the
mustgive state-of-the-art
form of microwaveintegratedcircuits can resolvethese conarticle.
flictingrequirements
is describedin the accompanying
The 4T5-6 was built by Fairchildlndustries,and WestinghouseElectricCorporationis prime contractorfor the ground
station. Hewlett-Packarddeveloped a suitable receiver with
company resourcesand produced a quantity under subcontractfor the experiment(the receiveris not offeredfor individualsale).

Amongthe many experimentsbeing conductedthis fall by
NASA's latest applicationstechnologysatellite,the 4T5-6,
is an ambitiousexperimentinvolvingdirect-to-schoolhouse
relay of educationalTV programs.The experiment,developed
by the Federation
of RockyMountainStates,a regionaleducais designedto determinethe feasibilityof
tionalorganization,
m a k i n g m e t r o p o l i t a ne d u c a t i o n a lr e s o u r c e sa v a i l a b l et o
sparsely settled areas. With the satellite relay, educational
programslikethosefor earlychildhood,careerdevelopment,
and continuingadulteducationcan be broughtto areaswhere
resourceshavehardlybeenadequatetoprovidebasicreading,
writingand arithmetic,much less anythingbeyondthat.
The satellitelink is also being used to carry video consultationsto hospitalsand other healthcare centersthat otherThe
wise do not havereadyaccessto majormedicalfacilities.
system is funded by the NationalAeronauticsand Space
Administration
and the Departmentof Health,Education,and
Welfare.Many other organizations,
such as the Corporation
for PublicBroadcasting,
are also involvedin the effort.
Parkedin an equatorialgeo-stationary
orbit 22,300 miles
abovethe earthat 94'west longitudeover the Galapagosislands,the satellitehas an ellipticalgroundcoverageover the
UnitedStatesof about800 by 500 km. Pointingis groundcontrollableto cover any portionof the continentalUnitedStates.
Pre-tapedTV materialwith as many as four simultaneous
languagechannelsis beamed up to the 4T5-6 satellitefrom
a ground statronnear Denver,Colorado.Poweredby solar
cells,the satellitefunctionsas a transponder,receivingsignalson carrierfrequenciesnear2 and 6 GHz and re-radiating
(2566.7and 2667.5MHz).
themto earthat S-bandf requencies
The 2600-poundsatellitehas a 10-meterantennadish, the
largestever deployedin space.The parabolicdish consists
of a copper-coatedDacron mesh supportedby thin-gauge
aluminumribsthathad beenwrappedaroundthesatellitebody
for the launchphase.Thedishgivesa beamwidthof 2.7'which,
with the 22 watts of transmitterpower, gives an effectiveisotropic radiatedpower of 200,000W.

increasedby making the lines an odd multiple of 7s),.
The final discriminator design uses lines about
13/strlong at 2600 MHz. The output thus goes from
-V to *V between 2400 and 2800 MHz. thus increasing sensitivity by a factor of tg but still allowing
enough bandwidth to accommodateboth channels.
Sensitivity and linearity were further improved
through use of a computer optimization program
that modified the transmission-line characteristic
impedanceand lengths.As a result, 70O transmission
lines are used and the resultant voltage/frequency
triangle is assymetrical.
One serious problem with this type of discriminator has been the responseto harmonics. In the final
discriminator design,thesewere reduced to manageable proportions by inserting resistancesin the lines
Yetrfrom the terminating ends. At the center frequency, a shunt resistor at this position in the open
line is at a voltage null and thereforehas no effect on
circuit operation. At all even harmonic frequencies,

situation is reversed.Now line T2 appearsas a short
at node 2, while the input to T1 appearsas an open
circuit. The output of the summing block is now a
positive voltage, *V.
At a signal frequency where the lines are %). long,
the magnitudes of the transmission lines' input reactancesare equal, so the diode detectors produce
equal but opposite voltages.The output of the summing block is then zero. Since the voltage output
varies relatively linearly with respect to input frequency,this network could be used asan FM discriminator by making the lines 7atrlong at the carrier
frequency.
Above the frequency where the lines are %), Iong,
the voltage output reversessense,returning to -V at
the frequency where the lines are lzlt long, where it
again reversessense.This processrepeatsas the frequency increases,with the output passing through
zero when the lines are odd multiples of 7e),long.
This suggeststhat the sensitivity (volts/MHz) can be
22

module by a 3-sectionthin-film filter that has a bandwidth of soo MHz at the 3-dB points and less than
1-dB insertion loss. This filter is a capacity-coupled,
%1.transmission-line design.
Connectorsare provided in the antennamodule for
inserting an optional notch filter between the two
amplifiers. This is for use in areaswhere there may be
strong interferencefrom adjacent RF signals.
Center frequency, receiver bandwidth, and group
delay characteristicsare determined by the channel
filter, so this filter is critical to proper receiver operation. Becauseof the requirements for high Q, thinfilm circuits could not be used here (in general, the
smaller a resonantstructure is, the lower the Q). The
proportionately narrow bandwidth (0.9ol.)and the
need for temperature stability dictated a coaxial
3-pole interdigital structure. This gives a bandwidth
of zg.s MHz at the 3-dB points. Temperature-compensated resonatorsassure a frequency drift of less
than 2 ppmfC.
RF Amplifier
As mentioned before,the RF amplifier is a key factor in determining receiver cost and performance.It
must be designed in a way that takes maximum advantage of the high gain-bandwidth product available from present-daymicrowave transistor chips but
it must be simple to fabricate and test.
The two-element (shunt L, seriesC) matching networks often used as transistor interstagesyielded a
300-400 MHz bandwidth in this application. However, to assure adequate gain flatness within the
bandwidth of interest and to allow for the inevitable
variations from unit to unit without resorting to trimming adjustrnent,bandwidth was doubled with little
sacrifice in gain or complexity by using the doubletuned interstage shown in Fig. 4.
First of all, for maximum bandwidth L" is made
equal to zero. This requires a coupling coefficient K
suchthat:
K: (R2/R1)Y4
Then, Cz: CtlK2(l-K'), where Ct is the parasitic

+v
0

-v

5200 MHz
2600MHz
(%)\)
(%r)
Frequency +

T2

r--_.?
:?-

ot+
sofi

I

-l

var@2.oo

l+-

Fig.3. Basictransmission-line
FM discriminator.
however, it is at a high impedance point so it terminates the line. A series resistor performs a dual function in the shorted line.
All of the circuits beyond the discriminator use
standard off-the-shelf components and conventional
techniques. The output of the discriminator is amplified an additional 30 dB for application to the TV
de-emphasis network and to the four audio channel
subcarrier demodulators.
The video signal is further amplified and then applied to a diode dc restoration circuit. This removes
a 30-Hz triangular modulation (synced to the video
frame rate) that is frequency modulated onto the satellite down-link carrier to disperse the energy within
the frequency spechum., This technique is needed to
meet international maximum flux density specifications designed to protect terrestial communications
systems from satellite interference.
RF Filtering
Preliminary

capacitance.
Relationships establishedby the center frequency

7l(ao2C)and L, : K2Lr.
These values were transformed to those required for
afe

filtering

is provided in the antenna

T

M

Prototype

Interstage
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c2
Flg. 4, Interstage coupling circuit
at left was derived from the transformer-coupledprototype at right.
Four-stagehybrid amplif iersusing
microwave chip transistorsand
this interstage achieve 30 dB of
gain and 600-800 MHz bandwidth
at 2.6 GHz.

the actual circuit by the following relationships:
L" : f,a - M where M, the mutual inductance,
: KVL1L2 (it was already establishedthat L" : g1;
Lt : M; and L" : Lr -M.
A four-stageamplifier design using this interstage
was realized in thin-film circuitry by making L6 a
shorted shunt section of transmission line and L" a
squaredspiral inductor. C, is a chip capacitor.
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Arthur Fong (right center)
Of Art Fong's many accomplishments,he is best known for
his contributionsto HP microwavesignal generatorsand
spectrumanalyzersbut he also laid the groundworkleading
to HP'sinvolvementin hybridmicrocircuits.He's a graduateof
the Universityof Calitornia(BSEE)and Stanford(MSEE).Art
was concernedwith microwavetest instrumentation
at the MIT
Radiation
LabsduringWorldWar ll. SincejoiningHP in .1946,
he has had a number of positions,but he is now on the
HP corporateengineeringstaff, responsiblefor electronic
design strategy.An avid skier, Art also likes fishing, backpacking,and photography---activities
he finds more time for
now that the two youngestof his four childrenare in college.

Bulk Rate
U.S.Postage
Paid
Hewlett-Packard
Company

iiil,i38ilJl
CHANG E OF AD DRESS:1ff,i:H:J::fiffi-1::i"nT;ilil:1T,""',ffiliT.l:"j',:T"^i,Ti5,:il

