
AUGUST li, 

TT-PACKARD JOURNAL 

© Copr. 1949-1998 Hewlett-Packard Co.



Measuring Analog Parameters of 
Voiceband Data Channels 
A new Transmiss ion  Impa i rment  Measur ing  Se t  comb ines  
the measurement  capabi l i t ies  o f  s ix  separate  ins t ruments  
in to one por tab le package.  I t  measures f i f teen parameters 
af fect ing data t ransmiss ion in  one- four th  the t ime former ly  
required. 

by  Noe l  E .  Damon 

THE PROLIFERATION OF DATA SYSTEMS 
in all areas of science, business, education, and 

government has resulted in an explosive demand 
for new communications capabilities. Because the 
demand has outpaced the building of specialized 
data communications networks, most data communi 
cations now takes place over channels optimized for 
voice transmission â€” the voiceband telephone lines. 
This vast network has been pressed into a service for 
which it was not originally designed, for which new 
parameters are important, and for which new mea 
surement instrumentation is required. 

Fig. 1 shows a general data network and the inter 
faces at which test instruments are used. Notice that 
both analog and digital testing are done: tests be 
tween interfaces A and D are digital, while those be 
tween 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: 

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

In the United States and Canada, Bell System stan 
dards prevail, while CCITT standards are used in 
most other countries. These standards define differ 
ent parameters, measurement techniques, and mea 
surement units, so different instruments are required. 

For digital tests, the Hewlett-Packard test set for 
telephone channels with modems is Model 1645A 
Bit Error Rate Analyzer.1 For higher-speed digital 
channels Model 3760A/61A Data Generator/Error 
Detector2 may be used. 

Analog Channels  
Analog channels may contain cable and microwave 

links, including satellite relays and various types of 
carrier systems. Three classes of tests are performed 

on the analog channels: installation, routine mainten 
ance, and troubleshooting. Sixteen parameters are 
commonly used in characterizing an analog data 
channel,  their individual significance depend 
ing 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. 
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L O M    
Amplitude Distortion 
Message Circuit Noise 
N'oise-to-Ground 
N'oise with Tone 
Phase Distortion 

(Envelope Delay) 
Impulse N'oise 
â€¢ 
Single-Frequency Interference I â€¢ 
Frequency Shift 

Nonlinear Distortion 
â€¢â€¢â€¢â€¢ â€¢ â€¢ 

â€¢ 
Dropouts 
P e a k - t o -  A v e r a g e  R a t i o    Â ¡    Â ¡    j  

1 Uses a spectral analysis technique 

Instruments: 
3552A Transmission Test Set 
3770A Amplilude/Delay Distortion Analyzer 
3551A Transmission Test Set 
4940A Transmission Impairment Measuring Set 
5453A Fourier Analyzer with 5468A Transponder 
35B1C Selective Voltmeter 

Why so many instruments? First of all, if the service 
isfui luw speed, ODD (direct distaneedialing) aad the 
facility is known to be entirely copper wire to the 
nearest central office, then not all of the measure 
ments are really necessary. In North America, the 
3551A Transmission Test Set may provide the com 
plete testing answer. However, for higher-speed data, 
private lines, or carrier-routed service, complete test 
ing of more parameters is necessary. Therefore, one 
of the more elaborate instruments with this complete 
capability is required, either Model 4940A Transmis 
sion Impairment Measuring Set or Model 5453A/ 
5468A Fourier Analyzer/Transponder. Choosing- 
between these two requires a price/performance 
decision. 

The Fourier analyzer system is a computerized test 
ing and record-keeping system. It allows testing of a 

line in less than two minutes with no operator inter 
vention. The basic system with 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-equipment basis for 
large installations â€” 10 units or greater. 

The 4940A Transmission Impairment Measuring 
Set is a greatly improved manual test instrument. It 
requires operator interaction and separate recording 
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. 

Transmiss ion Impai rment  Measur ing Set  (T IMS)  
Some of the instruments listed in the table above 

will be described in detail in forthcoming issues of 
the Hewlett-Packard Journal. This article describes 
the new Model 4940A Transmission Impairment 
Measuring Set (Fig. 2), which is designed to measure 
analog parameters that affect data transmission in 
United States and Canada telephone channels. It is 
used at the interfaces designated B and C in Fig. 1. 

""'.'mired hv the 4')4().\ .in;: 
Loss  

â€¢ Amplitude distortion (relative or absolute loss 
as a function of frequency) 
Dropouts (sudden large decreases in channel 
gain) 
Gain hits (sudden positive or negative gain 
changes exceeding a preselected threshold) 
Phase hits (sudden shifts of channel phase ex 
ceeding a preselected threshold) 

â€¢ Impulse noise exceeding three preselected 
thresholds 
Weighted noise (3-kHz flat  weighted or C- 
message weighted) 

Â» Noise with tone (weighted noise in the presence 
of a 1004-Hz tone) 

Terminal  
Equipment 

Terminal  
Equipment  

Te lephone 
Office 

Te lephone 
Channel 

Analog Tests  
(Loss, Distortion, Etc.)  

Analog Tests  
(Loss. Distort ion. Etc.)  

Terminal  
Equipment 

Digital  Tests 
(Error Rate,  Etc.)  

Digital  Tests 
(Error Rate.  Etc.)  F i g .  1 .  A  g e n e r a l  d a t a  n e t w o r k ,  

showing where ana log and d ig i ta l  
test  instruments are used.  
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F i g .  2 .  M o d e l  4 9 4 0 A  T r a n s m i s  
s i o n  I m p a i r m e n t  M e a s u r i n g  S e t  
m e a s u r e s  f i f t e e n  a n a l o g  p a r a  
meters affect ing data transmission 
in  one- four th  the t ime former ly  re  
q u i r e d .  T e s t s  a r e  a c c o r d i n g  t o  
B e l l  S y s t e m  s t a n d a r d s  u s e d  i n  
North Amer ica.  

Phase noise or jitter of 300-Hz bandwidth 
Relative envelope delay as a function of fre 
quency 
Frequency shift 

â€¢ Longitudinal noise or noise line-to-ground 
Single-frequency interference 
Intermodulation or nonlinear distortion 
Peak-to-average ratio (P/AR) 

The last two are optional. 
All measurement functions are provided in the 

4940A 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 single- 
pair channels. A bridging input is also provided to 
allow parallel connection with other instruments. 
Measurements may be made in a loop-around con 
figuration using a single 4940A, or in either direc 
tion with a second 4940A 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 elimi 
nate range switches. Controls are grouped into fields 
and inactive displays are blanked. Each control and 
switch field has associated with it a light-emitting- 
diode dot light that is illuminated in any measure 
ment 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 in 
advertent interaction. 

System Organizat ion 
Organization of the 4940A is illustrated by Fig. 3. 

The 4940 A system consists of three transmitters, a 
receiver with varying fi l ter  and detector com 
binations, 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 as 
sociated with each display field indicates the correct 
units for that field, depending on the measurement 
being made. 

To reduce power dissipation, a high-efficiency in 
verter-type switching-regulated power supply3 is 
used. As a bonus, the conventional power transfor 
mer 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 con 

nection 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 
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current to hold the line relay in dial-up line testing. 
A connection point is provided for a handset to per 
mit voice communication over the lines being tested 
using either internal power or line battery. An inter 
nal loudspeaker and power amplifier are provided 
for voice communications and for listening to the 
line signal. A passive RF-suppression input filter 
removes signals above 10 kHz without affecting 
dynamic range or introducing intermodulation dis 
tortion. The DISPLAY CONNECTED TO switch determines 
whether a receive or transmit pair is to be monitored 
by the measuring circuits and display. 

An array of input filters selects the fraction of the 
voiceband to be measured. There is a 1004-Hz band 
pass filter for phase jitter measurements, a 1010-Hz 
notch filter for noise-with-tone measurements, a 60- 
Hz high-pass filter that may be used in level/frequency 
measurements where power-line interference is domi 
nant, a P/AR signal bandpass filter, and notch filters 
to remove baseband nonlinear distortion signals. Fil 
ter functions, transmitted signal type, and detector 
type are selected by the MEASUREMENT switch. 

Autoranging and Detect ion 
A programmable autorange amplifier centers all in 

put signals within a fixed 12-dB operating range by 
inserting up to 110 dB of gain in 10-dB increments. 
The number of 10-dB gain steps needed to place the 
signal within the fixed 12-dB operating range pro 
vides the tens-digit signal level information. Units 
and tenths-digit level information is obtained from a 
digital logarithmic converter that has a 30-dB 
dynamic range roughly centered on the 12-dB operat 
ing region. The response of the autorange amplifier 
may be shaped by 3-kHz flat, C-message weighting, or 
second and third-order nonlinear distortion filters, 
depending on the position of the measurement selec 
tion switch. 

An appropriate detector selected by measurement 
type follows the autorange block. An averaging de 
tector is used in sinusoidal level measurements be 
cause of its noise rejection abilities and in envelope 
delay measurements because of its insensitivity to 
modulation. Peak detectors are used as threshold sen 
sors in impulse noise measurements. A weighted 
sum of the responses of the peak and average detec 
tors provides an excellent approximation to rms re 
sponse for noise and nonlinear distortion measurements. 

Digital  Processor 
Digital level information from the logarithmic con 

verter and pulse representations of impulse noise and 
gain hits are routed to a digital processor. A memory 
in the processor accumulates and stores the informa 
tion for subsequent display. An arithmetic unit pro 
vides the capability of making relative level/fre 
quency measurements by storing an initial measure 

ment and subtracting this count from all following 
measurements. When a reference is set, the units 
annunciator automatically shifts from dBm to dB. 

The relative level capability is also used in the non 
linear distortion measurement. Four frequencies in 
two bands are transmitted. The total signal level is 
first used to set a reference level. Next, second and 
third-order intermodulation products are selected by 
switching in the proper bandpass filters and the rela 
tive level of these products is measured directly in 
dB with respect to the total original signal. 

The arithmetic unit averages ten readings of 
0.01-dB resolution for each refresh cycle. The refresh 
rate of the digital display has been chosen so the viewer 
can see the time variations of the average signal. The 
overall effect closely simulates the response that 
would be observed on a meter-type display, but pro 
vides 0.1-dB resolution, much better than a meter. 
Measurement of non-sinusoidal signals is made to 
1-dB resolution by averaging 10 or 20 readings of 
0.1-dB resolution and rounding the result. 

Tracking Fi l ter  
A limiter and phase-locked loop form a tracking 

filter that provides a stable, clean signal from which 
frequency information is derived. To allow rapid 
reading of frequency with one-hertz resolution, the 
digital processor averages ten periods and then com 
putes the signal frequency. The display refresh rate is 
sufficiently rapid to yield apparently instantaneous 
response to variation of the front-panel transmitter 
frequency control. The frequency measurement range 
is from 200 Hz to above 4 kHz. 

The processor also handles accumulation of signal 
dropouts or impulse noise counts. To detect drop- 
outs (a decrease in absolute carrier level of 12 dB 
lasting longer than 10 ms), a level reference loop sam 
ples the carrier at the beginning of the measurement 
interval and stores this level as a reference in an ab 
solute reference memory. This level attenuated by 
12 dB becomes the reference in a threshold compara 
tor and timing circuit. 

A presettable relative threshold detector continu 
ously compares the current absolute peak value of 
the signal to the same signal value delayed by four 
milliseconds. If the threshold is exceeded the event 
is counted as a gain transient or hit. 

A limiter, phase-locked loop and 300-Hz bandpass 
filter compare the absolute value of the phase varia 
tion of the received signal in a presettable threshold 
detector with the same signal delayed by four milli 
seconds. Exceeding this threshold counts as a phase 
transient or hit. 

In the measurement of phase noise or jitter the error 
signal from the phase-locked loop is detected peak- 
to-peak at the 2.58-sigma level, quantized by an 
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Digital 
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Processor 
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Fig .  are  more 4940A TIMS is  s ix  ins t ruments  in  one.  Many c i rcu i ts  are  shared by two or  more 
measurements.  

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-tracking voltage-control 
led oscillator is also available as a sync signal for 
viewing jitter components on an oscilloscope or for 
making high-resolution frequency measurements. 

P/AR and Enve lope  De lay  
P/AR or peak-to-average ratio is measured by 

establishing a normalized signal level with an AGC 
loop and a fixed reference level after passing the in 
put signal through a shaping filter. An analog calcu 
lator circuit solves the P/AR equation: 

P/AR = 100(2 P / P n  

FWA/FWA, 
where P/P0 and FWA/F WA0 

-0 
are the normalized peak 

and full-wave-rectified average values of the signal 
envelope. A dc signal proportional to this value is 
then quantized by the A-to-D converter and displayed 
by the left display. 
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Relative envelope delay is measured by the 4940A 
over a range of -3000 to +9000 microseconds with 
resolution of one microsecond and accuracy of Â±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 83i/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 (repeater func 
tion) or compared with the crystal-derived internal 
modulation source for phase shift (normal or mea 
suring set function). In the normal mode the 83i/3- 
Hz signal is squared by a limiter and routed to a digi 
tal processor. Once an initial phase reference is es 
tablished at a reference frequency, the digital processor 
calculates the net phase difference and then stores 
this value and subtracts it algebraically from subse 
quent 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 measure 
ments are averaged for each display reading. The 
refresh rate is three per second. 
Transmitters 

One of three internal transmitters is selected by 1 
choice of measurement. The transmitted amplitude 
is adjustable over a range of +10 dBm to less than 
-40 dBm. Setting the DISPLAY CONNECTED TO switch 
to TRANSMIT allows the unit to monitor the output 
level and, if appropriate, the output frequency. When 
switching between measurements all amplitudes re 
main constant with two exceptions. Because of the 
high crest factors of the nonlinear distortion and P/AR 
signals, output amplitude is limited to 0 dBm in these 
measurements. 

In level/frequency and envelope delay measure 
ments three modes of transmitter frequency control 
are available: continuously manually variable, step- 
pable up or down in 100-Hz increments with 4-Hz 
offset (f = 100N + 4, where 2=sN^39), or incrementally 
swept through the same 100-Hz steps at a variable 
rate. The 4-Hz offset is provided to eliminate inter 
ference resulting from the 8-kHz sampling rate in 
PCM systems. In the swept mode, the automatic step 
ping action may be overridden manually if a reading 
is missed. The transmitter is phase-locked to an inter 
nal 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 phase jitter measurements. 

Another transmitter generates the P/AR signal. This 
signal approximates the spectral energy distribution 
of a data signal and has a precisely defined peak-to- 
average value, a parameter particularly sensitive to 
amplitude and phase distortion. A ROM is used to 
store a digital time domain representation of the P/AR 

signal. An A-to-D converter and shaping filter com 
plete the transmitter circuit. Crystal-derived clock 
drive insures spectral frequency accuracy and stability. 

The third TIMS transmitter generates the multi- 
frequency signal used in measuring intermodulation 
distortion. Frequencies are obtained by division of a 
crystal-controlled source. 

Self-Test 
Built into the 4940A is a complete self-test system 

that allows an operator to verify the proper function 
ing and calibration of the set in every measurement. 
Placing the set in SELF-CHECK and rotating the mea 
surement switch through each position with the 
transmit and receive inputs connected together and 
the DISPLAY CONNECTED TO switch in the RECEIVE posi 
tion causes a series of calibration numbers to be dis 
played. Miscalibration or malfunction of either trans 
mitter or receiver results in deviation of the cali 
bration numbers from their proper values. 
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Transient Measurements 
by Paul  G.  Winninghof f  

Trans ient  phenomena are  a  major  cause o f  data  communica 
t ion problems, especia l ly  as the data rate approaches the chan 
ne l  capac i ty .  T rans ien t  measurements  a re  there fo re  an  impor  
tant  par t  o f  data channel  character izat ion.  

Four transient phenomena of pr imary interest are cal led drop- 
outs,  gain hi ts,  phase hi ts,  and impulse noise.  Measur ing these 
phenomena  has  been  imp rec i se ,  pa r t l y  because  o f  t he i r  r an  
dom,  sporad ic  na tu re  â€”  two  success ive  measurements  may  
yield very di f ferent numbers of events â€” and part ly because of 
the di f f icul ty of  separat ing and classi fy ing the di f ferent  types of  
events.  The 4940A TIMS is the f i rst  instrument capable of  s imul 
t a n e o u s l y  r e c o r d i n g  h i t s ,  d r o p o u t s ,  a n d  i m p u l s e  n o i s e  a n d  
proper ly  d is t ingu ish ing one f rom another .  
Dropouts are losses of  s ignal  carr ier .  The 4940A recognizes as 
a dropout a decrease in carr ier level  of  at  least 12 dB last ing at 
least 1 0 ms. The reference level is establ ished at the beginning 
of  a measurement.  Somet imes when a dropout  occurs the back 
g r o u n d  n o i s e  r i s e s  s i m u l t a n e o u s l y ,  s o  t h e  t o t a l  s i g n a l  l e v e l  
may approximate the or ig inal  carr ier  level .  In the 4940A, a rate 
d e t e c t o r ,  a  k i n d  o f  d i g i t a l  b a n d p a s s  f i l t e r ,  d i s t i n g u i s h e s  b e  
tween carr ier  and no ise in  such s i tuat ions.  

Gain  h i ts  are  rap id  changes in  the channel  ga in .  In  the 4940A 
th is  is  a re lat ive measurement ;  the reference level  is  the level  
o f  the  s igna l  i t se l f ,  de layed  by  4  ms  be fo re  compar i son .  The  
4-ms delay a l lows the set  to d is t inguish gain h i ts  f rom impulse 
noise and dropouts.  T ime constants of  the TIMS are chosen to 
ma tch  a  t yp i ca l  modem AGC response  t ime  so  t ha t  a  s l ow l y  
c h a n g i n g  g a i n  t h a t  c a n  b e  t r a c k e d  b y  a  m o d e m ' s  A G C  w i l l  
not  be counted as a gain hi t .  The gain hi t  threshold,  selectable 
by means of  a  f ront -panel  contro l ,  is  2 ,  4 ,  6 ,  or  8  dB.  
Phase hi ts  are rapid phase changes in the channel .  The phase 
re ference is  the  s igna l  i t se l f  de layed by  4  ms,  and the  4940A 
t ime constants  match those o f  typ ica l  modems.  The phase h i t  
threshold is  se lectab le  f rom 10 degrees to  45 degrees in  f ive-  
degree steps.  
Impu lse  no ise  cons is ts  o f  no ise  sp ikes  tha t  a re  much grea ter  
in ampl i tude than the average message-circui t  noise envelope. 
These sp ikes  are  nar row,  typ ica l ly  las t ing  less  than 4  ms and 
occurring in bursts. The 4 94 OA counts noise spikes that exceed 
th ree  th resho lds .  The  low th resho ld  i s  se t  on  the  f ron t  pane l  
and  t he  m idd le  and  h i gh  t h resho lds  a re  4dB  and  8dB  above  
the low threshold. 
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Event Counting 
Trans ien t  measurements  may  be  made  ove r  f i ve -m inu te  o r  

f i f teen-minu te  in te rva ls ,  o r  con t inuous ly .  Dur ing  the  measure  
men t  i n te rva l  t he  cumu la t i ve  coun ts  o f  t he  s i x  s imu l taneous  
measurements (dropouts, gain hits, phase hits, and three levels 
o f  i m p u l s e  n o i s e )  a r e  s t o r e d  i n  i n t e r n a l  m e m o r y .  T h e  t h r e e  
display f ields register either hits and dropouts or impulse noise, 
depend ing  on  t he  pos i t i on  o f  a  f r on t -pane l  sw i t ch .  The  f i na l  
coun ts  rema in  s to red  a f te r  the  end  o f  a  measurement  un t i l  a  
new measurement is  in i t ia ted.  

An " in  process"  annunciator  in forms the operator  that  a mea 
su remen t  i s  unde r  way .  I f  t he  ope ra to r  changes  any  c r i t i ca l  
swi tches (o ther  than the thresho ld  swi tches)  wh i le  a  measure  
m e n t  i s  i n  p r o g r e s s ,  t h e  m e a s u r e m e n t  i s  a u t o m a t i c a l l y  s u s  
pended  and  the  coun t  memor ies  rese t  to  ze ro .  Th is  p reven ts  
inval id measurements.  

Two count rates are provided. BELLSTD limits the count rate to 
s e v e n  c o u n t s  p e r  s e c o n d ,  m a t c h i n g  t h e  c o u n t i n g  s p e e d  o f  
e a r l i e r  i m p u l s e  n o i s e  s e t s  t h a t  u s e d  m e c h a n i c a l  c o u n t e r s .  
CHNL LTD (channe l  l im i ted )  a l l ows  coun t ing  a t  ra tes  g rea te r  
than 30 counts  per  second.  

Transient  Receiver  
The d iagram shows the receiver  system that  s imul taneously  

measures  d ropou ts ,  ga in  and  phase  h i t s ,  and  th ree  leve ls  o f  
impu lse  no ise .  As  i s  t rue  fo r  a l l  4940A measurements ,  many  
o f  the b locks shown are  shared wi th  o ther  measurements .  

The top channel in the diagram measures three-level impulse 
].<â€¢!â€¢:â€¢â€¢ ;".,â€¢â€¢ â€¢ :â€¢â€¢â€¢â€¢â€¢â€¢:,â€¢â€¢ â€¢ â€¢ i- : :â€¢ 

4 -ms  gua rd  i n t e r va l  i s  p rov i ded  so  t he  h i t  de tec to r s  a re  no t  

confused by impulse no ise sp ikes.  Delay and s tore loops ho ld  
the reference levels  dur ing the 4-ms interval .  To prevent  drop-  
outs '  when counted as hi ts,  the hi t  detectors are inhibi ted when 
a carr ier  loss of  more than 12 dB lasts  more than 3 ' /a  ms.  

A  m e a s u r e m e n t  i s  i n i t i a t e d  b y  t h e  o p e r a t o r ' s  p u s h i n g  t h e  
START/RESET button. This sets the automatic reference amplifier 
in the lower channel  to minimum gain.  The gain then increases 
un t i l  a  ou tpu t  o f  the  au tomat i c  re fe rence  amp l i f i e r  reaches  a  
preset level.  The t imed interval  begins after this level has been 
reached. 

Event Discrimination 
Any t ransient  d isturbance of  the carr ier  generates f requency 

componen ts  ou t s i de  t he  1004 -Hz  no t ch  f i l t e r  i n  t he  impu l se  
n o i s e  t h e  a n d  t h e r e f o r e  s i m u l a t e s  i m p u l s e  n o i s e .  T h u s  t h e  
simultaneous measurement of hi ts,  dropouts, and impulse noise 
poses the problem of event discrimination. The 1 004-Hz carr ier 
is necessary for simultaneous measurements, of course, but i t  is 
a lso needed to act ivate companders,  i f  present  in the channel ,  
and to make the impulse noise measurement  representat ive of  
the channel  under  operat ing condi t ions.  

To solve the discr iminat ion problem, recording of  impulses is 
de layed and an inh ib i t  is  prov ided to  prevent  an event 's  be ing 
recorded as an impulse if  i t  records as a gain hit,  a phase hit.  or 
a  d ropou t .  The  h i t  and  d ropou t  de tec to r s  a re  no t  eas i l y  con  
fused by impulses.  

I f  no carr ier  is  present  at  the beginning of  the measurement  
the inhibi t  s ignal  is not generated. This al lows impulse noise to 
be measured wi th no carr ier  present.  A minus s ign annunciator  
in me l ight display wdi n& (he operator that thoro ic no carr ier.  

The 4940A Sine Wave Transmitter 
by Richard  T .  Lee  

T h e  4 9 4 0 A  s i n e  w a v e  t r a n s m i t t e r  g e n e r a t e s  a u d i o  f r e  
quency s igna ls  tha t  are  e i ther  cont inuous ly  var iab le  f rom 200 
to 3900 Hz or steppable in 1 00-Hz increments from 204 to 3904 
Hz.  I t  uses a BFO (beat- f requency-osci l la tor)  c i rcu i t  technique 
to minimize distort ion and to provide at each frequency step the 
f ixed 4-Hz f requency of fset  necessary to test  channels contain 
ing  PCM systems.  A programmable  f requency synthes izer  pro  
v i d e s  s t a b l e ,  p h a s e - l o c k e d ,  s t e p p e d  f r e q u e n c i e s  a t  p r e c i s e  
1  00-Hz inc rements .  The s ine  wave ou tpu t  can  be  ampl i tude-  
modulated at 83 1 3 Hz for test ing data l ines for envelope delay 
distortion. 

The  ove ra l l  b lock  d iag ram i s  shown in  F ig .  1  .  Two  c rys ta l  
osc i l la tors  a t  9 .996 MHz and 10.000 MHz produce the pr imary 
s igna ls  fo r  t ransmi t te r  opera t ion :  a  20-kHz square  wave re fer  
e n c e  s i g n a l  f o r  t h e  f r e q u e n c y  s y n t h e s i z e r  a n d  a  9 . 9 9 6 - k H z  
square wave f ixed- f requency input  to  the BFO mixer .  

The  f requency  syn thes ize r  can  be  opera ted  in  e i the r  a  p ro  
g r a m m a b l e  p h a s e - l o c k e d  m o d e  o r  a n  o p e n - l o o p  m o d e  ( i n  
wh ich  case  i t  may  be  cons idered  s imp ly  a  vo l tage-con t ro l led  
osci l lator).  In the phase-locked mode the synthesizer generates 
s igna ls  in  1  00-Hz s teps  f rom 10.200 kHz to  13 .900 kHz.  The 
ac tua l  f requency  depends  on  BCD in fo rmat ion  f rom the  s tep-  
1  00-Hz c i rcu i t .  Th is  BCD in format ion may be overr idden by a 
c o m m a n d  b i t  f r o m  t h e  s y s t e m  l o g i c  c o n t r o l  t o  p r o d u c e  a n  
1 1.000-kHz output ;  th is  is  done whenever a f ixed 1004-Hz s ig 
na l  i s  wan ted  fo r  no ise -w i th - tone ,  t rans ien t ,  and  phase  j i t t e r  
measurements .  In  the  open- loop  mode a  tun ing  vo l tage  f rom 
the  f r on t -pane l  manua l  f r equency  con t ro l  d i r ec t l y  va r i es  t he  
VCO f requency  be tween 10 .2  kHz and 13 .9  kHz.  

In the BFO mixer the f requency synthesizer  output  acts as a 

local  osc i l la tor  s ignal  and mixes wi th the 9.996-kHz input .  The 
resul t  is  a chopped s ignal  contain ing a desi red f requency f rom 
204 Hz to 3904 Hz, various harmonics of this frequency, higher- 
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 h  o f  t h e  i n p u t  f r e  
quencies. Fi l ter ing the 9.996-kHz input square wave attenuates 
harmonics  and lower- f requency mix ing products ,  and pass ing 
the mixer output  through the 4-kHz low-pass f i l ter  removes the 
feed th rough and h igher - f requency  mix ing  components .  

The s ine wave s igna l  f rom the 4-kHz low-pass f i l te r  may be 
modu la ted  by  an  83 i  3 -Hz  tone  genera ted  e i ther  in te rna l l y  in  
the transmit ter (normal modulat ion mode) or recovered from an 
input signal in the receiver sect ion of the 4940A (repeat modula 
t ion mode) .  The 83 1 3-Hz s ine wave used in  the normal  mode 
is  c rys ta l -osc i l la tor -der ived and is  processed in  a  d ig i ta l  low-  
pass f i l te r .  The d ig i ta l  f i l te r  has the s tab le  phase-sh i f t  charac 
t e r i s t i c s  t h a t  a r e  e s s e n t i a l  f o r  a c c u r a t e  e n v e l o p e  d e l a y  d i s  
tor t ion measurements.  

The  s ine  wave  t ransmi t te r  may  be  opera ted  in  a  "s igna l ing  
f requency sk ip"  mode,  i ts  output  shut  of f  in  the range 2450 Hz 
to  2750 Hz.  A f requency d iscr iminator  conver ts  the  s ine  wave 
signal  f rom the 4-kHz f i l ter  to a dc analog vol tage that is fed to 
a  w indow comparator .  When the ana log vo l tage fa l l s  be tween 
t w o  r e f e r e n c e  i n p u t  v o l t a g e s  t h e  w i n d o w  c o m p a r a t o r  i s  a c t i  
vated,  opening the FET swi tch at  the t ransmi t ter  output .  

Programmable  Frequency Synthesizer  
As  shown  in  F ig .  2 ,  t he  f requency  syn thes i ze r  i s  a  phase -  

l o c k e d  l o o p  c o n s i s t i n g  o f  a  v o l t a g e - c o n t r o l l e d  o s c i l l a t o r ,  a  
p r o g r a m m a b l e  f r e q u e n c y  d i v i d e r ,  a n d  a  p h a s e  d e t e c t o r  a n d  
low-pass f i l ter. 
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Fig .  1 .  4940 A s ine  wave t ransmi t te r  b lock  d iagram 
The  VCO i s  an  em i t t e r - coup led  mu l t i v i b ra to r  w i t h  va rac to r  

diode tuning elements. The VCO frequency has a nominal range 
of  2.04 MHz to 2.78 MHz. Temperature coeff ic ient  var ies f rom a 
max imum o f  200  ppm/Â°C  a t  t he  l owes t  ou tpu t  f r equency  t o  
less than 100 ppm/Â°C at the highest frequency. After buffer ing, 
t he  VCO ou tpu t  s igna l  i s  d i v ided  i n  f requency  by  200  and  be  
comes the 10.2-kHz- to-13.9-kHz loca l  osc i l la tor  s ignal  appl ied 
to  the BFO mixer .  

A  p rogrammable  d iv ider  opera tes  on  the  2 .04- to -2 .  78-MHz 
V C O  s i g n a l  a n d  p r e s e n t s  t o  t h e  p h a s e  d e t e c t o r  a  2 0 - k H z  
s igna l  t ha t  i s  phase - l ocked  to  a  20 -kHz  re fe rence  f r equency  
when  the  l oop  i s  c losed .  Th ree  cascaded  modu lo -N  coun te rs  
and  a  BCD da ta  se lec to r  fo rm the  p rogrammable  d iv ider .  The  
divisor is 100+N=(1 00+1 OP+Q), where P and Q are the tens and 
ones digits respectively. As indicated in Fig. 2, 100Â«100+NÂ«139; 
however,  d iv isor  va lues of  100 + N = 100 or  101 are prohib i ted 
by the step-1 00-Hz logic. Since the output of the programmable 
d i v i d e r  i s  c o n s t r a i n e d  t o  b e  p r e c i s e l y  2 0  k H z  i n  t h e  p h a s e -  
locked condi t ion,  

fVCo =20,000(1 00 + N) 

w h e r e  N  =  2 ,  3    3 9 .  
There is  a  convenient  d i rec t  re la t ionsh ip  between N and the 

transmit ter output f requency: N =2 corresponds to ioul  = 204 Hz 
N =3 to  f^ ,  =  304 Hz,  and so on.  Each phase- locked f requency 
is accurate within Â±0.5 Hz 

A f ixed-frequency bi t  f rom the system logic control  causes the 
BCD da ta  se lec to r  t o  app l y  P  =  1 ,  Q=0  to  t he  coun te r  cha in ,  
resu l t ing in  a  f ixed- f requency t ransmi t ter  output  o f  1004 Hz.  

The phase de tec to r  conver ts  inpu t  phase d i f fe rences  to  ou t  
pu t  cu r ren ts .  A  low-pass  f i l te r  in tegra tes  these  cur ren ts  to  dc  
a n d  s l o w l y  v a r y i n g  a c  v o l t a g e s  t h a t  a r e  a p p l i e d  t o  t h e  V C O  
tuning input .  The bandwidth of  the f i l ter  is  500 Hz,  low enough 
t o  a l l o w  t h e  l o o p  t o  l o c k  t o  t h e  2 0 - k H z  r e f e r e n c e ,  b u t  h i g h  
enough  so  t ha t  l ow - f r equency  d i s t u rbances  ( such  as  60  Hz )  
o r ig ina t ing  w i th in  the  loop are  a t tenuated  by  the  ac t ion  o f  the  
loop. 

Output to 
BFO Mixer 

BCD Data Selector 

f f t t  
Ones Digit 

O = 0, 1,2, ..., 9 

f t  
Tens Digit 

P = 0, 1, 2. 3 

Fixed Frequency 
Bit from System 
Logic Control 

Hundreds 
Digit = 1 

BCD Inputs from Step-100-Hz Circuit 

Fig .  2 .  Programmable  f requency  syn thes izer  
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Fig .  3 .  S tep-100-Hz c i rcu i t  

The Step-100-Hz Circui t  
Fig. 3 is a diagram of the step-1 00-Hz circuit .  The key blocks 

o f  th is  c i rcu i t  a re  the  two up-down counters  tha t  fu rn ish  BCD 
ones and tens d ig i t  in format ion to the programmable d iv ider  in  
t h e  f r e q u e n c y  s y n t h e s i z e r .  T h e s e  u p - d o w n  c o u n t e r s  c a n  
operate in  two ways:  pulses may be appl ied to  the count-up or  
count -down inputs  o f  the ones counter  f rom e i ther  s ing le-s tep 
f ront -panel  swi tches or  an autostepping c i rcu i t ,  or  in format ion 
present  a t  the i r  da ta  inputs  may be  loaded in to  the  counters ,  
de te rm in ing  the i r  ou tpu ts .  C i r cu i t  ope ra t i on  gua ran tees  tha t  
these two s i tuat ions are mutual ly  exclusive.  

T h e  u p - d o w n  c o u n t e r  o u t p u t s  c a n  b e  c h a n g e d  i n  s i n g l e -  
s t e p  i n c r e m e n t s  b y  o p e r a t i o n  o f  t h e  f r o n t - p a n e l  s t e p - u p  o r  
s tep-down Ha l l -e f fec t  pushbut ton  sw i tches .  The  TTL pu lse  re  
su l t ing  f rom each push opera t ion  t rave ls  th rough a  number  o f  
s tep-up  or  s tep-down ga tes  to  the  appropr ia te  count  inpu t  on  
the ones up-down counter .  Dur ing th is STEP 100 HZ mode, the 
autostep c i rcu i t  i s  deact iva ted.  The up-down counters  are  pre  
vented f rom count ing be low N =2 or  above N =39 by an inh ib i t  
c i rcu i t  that  locks out  input  pu lses to  the s tep-down or  s tep-up 
ga tes  respec t i ve l y .  When  the  i ns t rumen t  i s  t u rned  on ,  any  i l  
l ega l  s ta tes  (e .g . ,  N<2 ,  N>39 ,  P>3 ,  P  o r  Q>9)  p resen t  i n  the  
up-down counters are sensed by the inh ib i t  c i rcu i t ,  which then 
al lows a 2-kHz clock to run through the step-up gates, stepping 
the up-down counters unt i l  they reach an a l lowed state,  where 
upon normal  opera t ion  beg ins .  

Wi th  the  f ron t -pane l  FREQUENCY CONTROL sw i t ch  in  the  

AUTOSTEP pos i t ion  TTL pu lses  f rom the  au tos tep  c i rcu i t  con 
t i n u o u s l y  p a s s  t h r o u g h  t h e  s t e p - u p  g a t e s  t o  t h e  u p - d o w n  
counters  unt i l  N  =39.  These pu lses are  then rerouted through 
t he  s tep -down  ga tes  un t i l  N=2 .  The  sequence  t hen  repea ts .  
The  t ime  in te rva l  be tween  s teps  i s  ad jus ted  by  a  f ron t -pane l  
STEP RATE control to be between 0.25 second and 7 seconds. The 
s t e p - u p / d o w n  p u s h b u t t o n  s w i t c h e s  r e m a i n  a c t i v a t e d  i n  t h i s  
mode. 

When the FREQUENCY CONTROL switch is set to MANUAL and 
the operator wants to change to the STEP 100 HZ mode, he simply 
t u rns  the  sw i t ch  to  t h i s  pos i t i on .  I f  t he  t ransmi t t e r  has  been  
manual ly  tuned to  fout ,  where t h e  f r e  
quency  w i l l  phase- lock  a t  f , ^ ,  =  100N+4 Hz  when  the  change  
is  made. This is  implemented as fo l lows.  In the MANUAL mode 
an output  f rom the manual  f requency load c i rcu i t  locks out  the 
TTL pu lses  f rom the  Ha l l -e f fec t  sw i tches  and the  autos tep  c i r  
cui t .  A repet i t ive sequence of three digi tal  s ignals arr ives at the 
s tep -100 -Hz  c i r cu i t  f r om the  4940A  d i sp lay  c i r cu i t s .  F i r s t ,  a  
RESET pulse zeros the storage counters. Then a FREQUENCY DATA 
pu lse  bu rs t  a r r i ves  a t  t he  i npu t  o f  t he  ones  s to rage  coun te r ,  
and the count  in format ion is  presented a t  the s torage counter  
outputs in BCD form. The number of pulses in each burst equals 
the two most  s ign i f icant  d ig i ts  o f  the 4940A f requency d isp lay  
reading ( that is,  the number of pulses is N).  A LOAD pulse then 
transfers the information in the storage counters to the up-down 
counters.  Thus these counters always contain the current value 
of N. The LOAD pulse is locked out in the STEP 100 HZ and AUTOSTEP 
modes. 
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Nonlinear Distortion Measurements 
by Donald  A.  Dresch 

Non l inear  d is to r t i on  as  used  here  means  the  genera t ion  o f  
unwanted  s igna ls  as  a  resu l t  o f  non l inear  opera t ions  on  a  de  
s i r e d  s i g n a l  o r  g r o u p  o f  s i g n a l s .  H a r m o n i c  d i s t o r t i o n  i s  o n e  
we l l - known  examp le ;  i f  t he  ma in  s igna l  i s  a  s i ne  wave  o f  f r e  
quency  F ,  the  unwan ted  s igna ls  appear  as  s ine  waves  a t  2F ,  
3F,  and so on.  

Harmonic  d is tor t ion is  o f ten used as a measure of  nonl inear  
d i s t o r t i o n  i n  v o i c e  c h a n n e l s  b e c a u s e  h a r m o n i c  d i s t o r t i o n  
i s  e a s i l y  m e a s u r e d  w i t h  r e a d i l y  a v a i l a b l e  e q u i p m e n t  H o w  
e v e r ,  a n y  c o n c l u s i o n  a b o u t  t h e  n o n l i n e a r i t y  o f  a  t e l e p h o n e  
channel  based on harmonic d istor t ion measurements is  subject  
to  gross er rors .  I f  two ident ica l  non l inear i t ies  in  a  channel  are 
s e p a r a t e d  b y  a  l i n e a r  n e t w o r k  t h a t  h a s  j u s t  t h e  r i g h t  p h a s e  
character ist ic ,  the distor t ion products f rom a s ingle t ransmit ted 
s ine wave may combine in  such a manner  that  the energy o f  a  
p a r t i c u l a r  h a r m o n i c  f r o m  o n e  n o n l i n e a r i t y  m a y  c o m p l e t e l y  
cancel the energy of that harmonic from the second nonlinearity. 
A t  t h e  o t h e r  e x t r e m e ,  a  d i f f e r e n t  p h a s e  c h a r a c t e r i s t i c  m a y  
cause  d i s to r t i on  vo l tages  f rom the  two  non l inear i t i es  to  add ,  
showing four  t imes the power level  at  that  harmonic that  would 
be produced by  each source separa te ly .  Because a  te lephone 
channel  may conta in several  nonl inear i t ies separated by l inear  
ne tworks ,  ha rmon ic  measurements  w i l l  y ie ld  d i f fe ren t  resu l t s  
for di f ferent test frequencies as a result  of  var iat ions in channel 
delay wi th f requency.  I f  the channel  conta ins a f requency mul t i  
p lexed  sys tem,  f requency  o f f se t  may  occur  and  harmon ic  d is  
tor t ion  measurements  may show a very- low- f requency "breath  
ing"  or  beat  wi th  t ime.  

The non l inear  d is to r t ion  measurement  in  the  4940A takes  a  
d i f ferent  approach that  min imizes these problems.  In  the TIMS 
t ransmi t ter ,  count -down chains f rom a crys ta l  osc i l la tor  c reate 
two pairs of tones, A and B. The A pair is centered at 860 Hz and 
separa ted by  6  Hz,  and the  B pa i r  i s  centered a t  1380 Hz and 
separated by 1 1 Hz. Nonl inear distor t ion is measured by detec 
t i ng  the  in te rmodu la t ion  p roduc ts  c rea ted  when  th i s  s igna l  i s  
t r a n s m i t t e d  t h r o u g h  t h e  v o i c e  c h a n n e l .  S e c o n d - o r d e r  d i s t o r  
t i on  i s  measured  by  se lec t i ve ly  f i l t e r ing ,  power  summing  and  
de tec t ing  the  energy  a t  the  A +  B and A-B f requenc ies .  Th i rd -  
o r d e r  2 B - A  i s  m e a s u r e d  b y  f i l t e r i n g  a n d  d e t e c t i n g  t h e  2 B - A  
f requenc ies.  Second-order  d is tor t ion products  cons is t  o f  e ight  
d i s t i n c t  f r e q u e n c i e s ,  w h i l e  t h i r d - o r d e r  p r o d u c t s  c o n s i s t  o f  
f o u r  a p  f r e q u e n c i e s .  T o g e t h e r  a l l  t h e s e  f r e q u e n c i e s  a p  
p rox ima te  na r row-band  no i se  i n  amp l i t ude  d i s t r i bu t i on .  Th i s  
reduces the  sens i t i v i ty  o f  the  measurement  to  enve lope de lay  
and f requency o f fset  character is t ics .  

Tes ts  have  shown tha t  the  f requency  dependence  and  t ime 
var iab i l i t y  p rob lems o f  harmon ic  d is to r t ion  measurements  a re  
no t  comp le te l y  e l im ina ted  by  us ing  the  i n te rmodu la t i on  t ech  
n ique .  However ,  they  a re  g rea t l y  reduced in  mos t  cases .  Sec  
ond-order  d is tor t ion  measurements  on channe ls  w i th  d i f fe rent  
ampl i tude and enve lope de lay character is t ics  produce vary ing 
resu l t s  when  amounts  o f  d i s to r t i on  a re  low.  However ,  i n  p rac  
t i ca l  app l i ca t i ons  t he re  i s  good  gene ra l  ag reemen t  when  the  
amount  of  second-order  d is tor t ion is  o f  suf f ic ient  magni tude to  
be of  in terest ,  and in  the case of  mul t ip lexed channels ,  i f  read 
i n g s  a r e  a v e r a g e d  o v e r  a  2 0 - t o - 3 0 - s e c o n d  i n t e r v a l .  T h i r d -  
o rde r  d i s t o r t i on  measu remen ts  a l so  exh ib i t  a  r educed  sens i  
t iv i ty  to  t ime and delay d is tor t ion var iab i l i ty  because the A and 
B  f r e q u e n c i e s  a n d  t h e  t h i r d - o r d e r  2 B - A  p r o d u c t  a r e  n e a r  
the center of  the band where the channel 's envelope delay char 
acter ist ic is typical ly f lat .  

There were other considerat ions for  the select ion of  A and B 
f r equenc ies .  The  second -o rde r  p roduc t s  mus t  be  somewha t  
immune to  the e f fec ts  o f  channel  ro l l -o f f ,  and the second and 
third-order products must be separated by at  least 300 Hz from 
any signal components to minimize the effects of phase j i t ter on 
d i s t o r t i o n  r e a d i n g s .  T h e  f r e q u e n c i e s  c h o s e n  m e e t  t h e s e  
requirements. 

The  e f fec t  o f  backg round  no ise  on  the  measuremen t  i s  de  
te rm ined  by  doub l ing  the  power  o f  the  A  f requenc ies  and  d is  
ab l ing  the  B f requenc ies .  Leve l -sens i t i ve  c i rcu i ts  such as  sy l  
lab ic  compandors  a re  kep t  a t  the i r  opera t ing  leve ls  wh i le  the  
n o i s e  i n  t h e  n a r r o w - b a n d  A - B ,  A + B ,  a n d  2 B - A  s l o t s  i s  m e a  
sured.  A cor rect ion fac tor  can then be appl ied to  the measure 
ments as shown in Fig.  1.  

NLD Transmit ter  
The b lock  d iagram of  the  non l inear  d is tor t ion  t ransmi t te r  i s  

shown in F ig.  2.  The four  A and B f requencies are synthesized 
f rom programmable countdown cha ins,  a l l  fed f rom a common 
c r y s t a l  o s c i l l a t o r .  T h e  A  a n d  B  f r e q u e n c y  p a i r s  a r e  a d d e d  
separa te ly  and  low-pass  f i l te red ,  then  added toge ther .  In  the  
o u t p u t  o f  c i r c u i t ,  a  t r a n s i s t o r  s w i t c h  d o u b l e s  t h e  g a i n  o f  
t he  amp l i f i e r  and  d i sab les  the  B  coun t -down cha ins  fo r  back  
ground no ise measurements .  

NLD Receiver  
Fig. 3 is a block diagram of the nonl inear distort ion receiver.  

Before notch ing out  the fundamenta l  f requencies the received 
s igna ls  are  h igh-pass  f i l te red to  remove any s igna ls  a t  60  Hz 
and i ts  harmonics.  The notch f i l ters re ject  the A and B f requen 
c ies  by  50 dB.  Depend ing on whether  i t  i s  the  s igna l ,  the  sec  
ond-order level,  or the third-order level that is being measured, 
n a r r o w - b a n d  f i l t e r s  a r e  a u t o m a t i c a l l y  s w i t c h e d  i n  o r  o u t .  A  
quasi-rms detector detects the s ignals.  As in al l  other measure 
ments,  leve l  ranging,  leve l  re ferenc ing,  "+"  and " - "  ind icators ,  
and dB/dBm indicators are completely automat ic.  Readings are 
s t a b i l i z e d  a p p r o x i m a t e l y  f o 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  
se lect ion has been made.  

3 4 5 6 7 8  
D i s t o r t i o n  M e a s u r e m e n t  A b o v e  

N o i s e  M e a s u r e m e n t  ( d B )  

9  1 0  

F ig .  1 .  Co r rec t i on  f ac to r  i s  app l i ed  t o  non l i nea r  d i s t o r t i on  
measurements to e l iminate noise contr ibut ion.  
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Fig.  2 .  4940A nonl inear  d is tor t ion t ransmi t ter  
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Re fe rence  

Con t ro l  

Fig .  3 .  4940A non l inear  d is tor t ion  rece iver  
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Envelope Delay Distortion Measurements 
by Richard  G.  Fowles  and Johann J .  He inz l  

Phase delay distort ion and envelope delay distort ion are often 
con fused .  Phase  de lay  i s  i nser t ion  phase  sh i f t  d i v ided  by  f re  
quency, <t>/ta. Envelope delay is the first derivative of phase with 
r e s p e c t  t o  f r e q u e n c y ,  d ^ / d w  ( s e e  F i g .  1 ) .  P h a s e  d e l a y  d i s  
to r t ion  and enve lope de lay  d is to r t ion  occur  when phase de lay  
a n d  e n v e l o p e  d e l a y ,  r e s p e c t i v e l y ,  v a r y  n o n l i n e a r l y  w i t h  f r e  
quency.  I t  is  possible to have phase delay distor t ion wi thout en 
v e l o p e  d e l a y  d i s t o r t i o n ,  b u t  e n v e l o p e  d e l a y  d i s t o r t i o n  i s  a l  
ways  accompan ied  by  phase  de lay  d is to r t i on .  

V o i c e  t r a n s m i s s i o n  i s  n o t  a f f e c t e d  b y  e n v e l o p e  d e l a y  d i s  
to r t i on  o r  phase  de lay  d i s to r t i on  because  in te l l i g ib i l i t y  i s  no t  
impa i red  by  phase sh i f t .  However ,  e lec t ron ic  equ ipment  such  
as  da ta  modems  may  be  ve ry  sens i t i ve  to  such  d i s to r t i on  be  
cause waveforms may be  cons iderab ly  a l te red .  In  the  spec ia l  
case  o f  by  phase  de lay  d is to r t ion ,  in fo rmat ion  t ransmi t ted  by  
an  amp l i tude ,  f requency ,  o r  phase-modu la ted  s igna l  i s  no t  a f  
f e c t e d  b e c a u s e  t h e  a m p l i t u d e s  a n d  r e l a t i v e  p h a s e s  o f  s i d e  
bands and car r ie r  a re  not  changed.  Enve lope de lay  d is to r t ion  
or  EDO, on the o ther  hand,  is  very  t roub lesome.  

Method  o f  EDO Measurement  
The 4940A EDO measurement  i s  based  on  the  Nyqu is t  and  

Brand method. '  A  car r ie r  s igna l  i s  ampl i tude modula ted wi th  a  
low- f requency  s igna l .  The  phase  sh i f t  encoun te red  by  the  en  
velope of  the transmit ted signal  is a measure of  envelope delay 
a t  tha t  car r ie r  f requency .  A l though enve lope de lay  i s  an  abso 
l u t e  q u a n t i t y ,  t h e  4 9 4 0 A  m e a s u r e s  r e l a t i v e  e n v e l o p e  d e l a y ,  
tha t  is ,  enve lope de lay  as  a  funct ion  o f  car r ie r  f requency wi th  
respec t  to  a  f i xed  bu t  a rb i t ra ry  car r ie r  f requency .  Th is  has  no  
e f fec t  on  the  measurement  o f  d is to r t ion ,  wh ich  i s  de te rmined  
b y  m e a s u r i n g  t h e  v a r i a t i o n  i n  r e l a t i v e  e n v e l o p e  d e l a y  o v e r  
t h e  f r e q u e n c y  b a n d .  T h e  4 9 4 0 A  i s  c o m p a t i b l e  w i t h  o t h e r  e n  
ve lope delay test  sets  used by the te lephone companies in  the 
U.S.A.  and Canada.  

I n  v o i c e b a n d  m e a s u r e m e n t s ,  e n v e l o p e  d e l a y  d i s t o r t i o n  i s  
usual ly  re ferenced to  a  car r ier  f requency near  1800 Hz.  In  the 
t y p i c a l  c h a n n e l  t h e  e n v e l o p e  d e l a y  c h a r a c t e r i s t i c s  a r e  f l a t  
and a minimum in th is region. The modulat ion index of  the EDO 
tes t  s igna l  i s  50% and the modula t ion  f requency is  83 i /3  Hz.  

T o  m a k e  a n  E D O  m e a s u r e m e n t ,  t w o  T I M S  a r e  u s e d .  T h e  
T IMS normal  tes t  se t  t ransmi ts  a  tes t  s igna l  over  the  channe l  
under test  to the TIMS repeat test  set .  The repeat set  responds 

Frequency <a (radians second) 

Fig .  1  .  Phase de lay  and enve lope de lay  de f ined.  

by t ransmi t t ing envelope delay in format ion back to  the normal  
se t  ove r  t he  re tu rn  re fe rence  vo i ce  channe l .  The  no rma l  se t  
compares i ts received signal with i ts transmitted signal to deter 
mine envelope delay d is tor t ion values.  

The normal set  t ransmits an ampl i tude-modulated test  s ignal  
consist ing of  a var iable-frequency carr ier  (300 to 3904 Hz) and 
a f ixed modulat ion f requency (83i ,3 Hz).  The carr ier  f requency 
is varied over the band of interest, usually in 1 00-Hz steps. The 
t es t  s i gna l  t r ave rses  t he  vo i ce  channe l  unde r  t es t  and  i s  r e  
ce ived by the repeat  set .  The rece iver  o f  the repeat  set  ampl i  
tude-demodu la tes  the  incoming tes t  s igna l  and then uses  the  
recovered modulat ion to ampl i tude-modulate a f ixed-f requency 
carr ier  that  is  t ransmi t ted back to  the normal  set .  The f ixed re 
pea t - se t  ca r r i e r  f r equency  i s  usua l l y  se lec ted  nea r  m idband  
(1800 no Because the repeat-set  carr ier  f requency is  f ixed,  no 
enve lope  de lay  d i s to r t i on  i s  encoun te red  by  the  re tu rn  re fe r  
ence  s igna l ,  a l though  the re  i s  a  f i xed  enve lope  de lay .  There  
fo re ,  the  enve lope de lay  va lue rece ived a t  the  normal  se t  rep 
resen ts  the  enve lope  de lay  va lue  rece ived  a t  the  repeat  se t ,  
plus the constant envelope delay of the retu rn reference channel. 

The receiver  o f  the normal  set  demodulates the incoming re 
tu rn  re fe rence s igna l .  The phase o f  the  incoming re tu rn  re fe r  
ence enve lope is  then compared to  the or ig ina l  83 i /3-Hz osc i l  
la to r  s igna l  to  determine the  d i f fe rence in  phase between the 
two signals. 

At  the beginning of  the measurement a DELAY ZERO control  
is  used to cancel  the envelope delay of  the measurement loop. 
Al l  future measurements are then referenced to the normal-set  
car r ier  f requency at  which the de lay was zeroed (usual ly  near  
1800 Hz). 

EDO Analog Circui ts  
Fig.  2  shows the 4940A EDO receiver  c i rcu i ts .  The received 

enve lope de lay s igna l  passes f i rs t  th rough a 10-kHz low-pass 
f i l t e r  and  an  au to range  amp l i f i e r  t ha t  keeps  the  ou tpu t  l eve l  
wi th in a 12-dB range for input s ignal  var iat ions up to 50 dB. An 
au tomat i c  l eve l  con t ro l  c i r cu i t  gua ran tees  a  nea r l y  cons tan t  
83i /3-Hz signal  ampl i tude at  the demodulator and l imi ters.  This 
i s  impor tan t  because  l eve l  changes  he re  wou ld  cause  sma l l  
delay errors. 

A  f u l l - w a v e  r e c t i f i e r  i s  u s e d  t o  d e m o d u l a t e  t h e  e n v e l o p e  
d e l a y  s i g n a l .  L o w - p a s s  f i l t e r s  1  a n d  2  r e c o v e r  t h e  8 3 i / 3 - H z  
modula t ion.  The h igher  the Q of  these f i l te rs  the h igher  is  the 
a t tenua t i on  o f  unwan ted  i n te r fe rence  tones ,  ha rmon ics ,  and  
noise. Unfortunately, an increase in Q also results in an increase 
o f  po le  l oca t i on  d r i f t  w i t h  t empera tu re .  Th i s  causes  a  phase  
shift  and therefore an error in the envelope delay measurement. 
To overcome this problem, a special  control  loop was designed. 
T h e  l o o p  c o m p a r e s  t h e  p h a s e  o f  t h e  d e m o d u l a t e d  8 3 i  3 - H z  
signal at the output of high-Q fi lters 1 and 2 with that of the same 
83i/3-Hz signal at the output of low-Q f i l ters 3 and 4. The low-Q 
f i l t e r s  a r e  v e r y  t e m p e r a t u r e  s t a b l e  a n d  s e r v e  a s  a  p h a s e  
reference. 

A change in pole locat ion in the high-Q f i l ters (e.g. ,  because 
of  a  change in  temperature)  changes the inser t ion phase sh i f t  
a t  83 i  3  Hz.  Th is  phase sh i f t  i s  measured in  a  phase detec tor  
and the detector  output  vol tage is  compared to a f ixed dc refer  
e n c e  a m  T h e  d i f f e r e n c e  i s  a m p l i f i e d  b y  a  d i f f e r e n t i a l  a m  
pl i f ier ,  which controls a vol tage-dependent resistor  in low-pass 
f i l ter  1 .  Vary ing th is resistor 's  value changes the pole locat ion 
and the inser t ion phase shi f t  through that  f i l ter .  The resul t  is  a 
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Amplif ier 

To Digital  
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B a n d p a s s  m  L o w - P a s s  
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Phase 
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dc Ref  

Fig. 2. 4940 A envelope delay transmitter and receiver circuits 

f i l t e r  t h a t  h a s  h i g h - Q  a m p l i t u d e  r e s p o n s e  a n d  l o w - Q  p h a s e  
s tab i l i ty .  I ts  temperature s tab i l i ty  v i r tua l ly  e l iminates warm-up 
t ime and the need for  a constant  ambient  temperature to make 
an accura te  enve lope de lay  measurement .  

Delay changes wi th  temperature in  the t ransmi t ter  are min i -  

1-MHz Clock 

mal  because the modula t ion  s igna l  i s  synthes ized d ig i ta l ly  by  
summing of the outputs of an 8-bi t  shi f t  register.  This technique 
overcomes the s igni f icant  temperature dr i f t  o f  analog f i l ters.  
EDO Digital  Circuits 

From the receiver c i rcui ts  shown in Fig.  2,  the f i l tered 83i /3-  

Return 
Signal 
from 
Receiver 
Circuits 

Address 

Data 

Fig .  3 .  4940A enve lope  de lay  measurement  c i r cu i t s  
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Hz output goes to the digital measurement circuits shown in Fig. 
3 .  The  measurement  i s  con t ro l l ed  by  an  a lgo r i thmic  s ta te  ma 
chine.2 

The  dynam ic  r ange  o f  t he  measu remen t  c i r cu i t s  i s  12 ,000  
mic roseconds ,  d i s t r i bu ted  as  -3000  /us  to  +9000  /Â¿s  f rom a  
selectable arbi t rary reference.  12,000 Â¿ts corresponds to one 
per iod of  the modulat ion f requency of  83 1/3 Hz. 

T h e  8 3 i / 3 - H z  s i g n a l  f r o m  t h e  r e c e i v e r  c i r c u i t s  i s  f i r s t  s y n  
chronized with the 1 -MHz clock signal and then compared in the 
phase  de tec to r  w i th  a  re fe rence  s igna l  f r om the  phase  au to -  
range  c i r cu i t .  F ig .  4  i s  a  d iag ram o f  t he  phase  de tec to r .  The  
de tec to r  t r i gge rs  on  t he  l ead ing  edge  o f  e i t he r  i npu t  s i gna l :  
t h e  r e f e r e n c e  s i g n a l  s e t s  t h e  p h a s e  d e t e c t o r  a n d  t h e  r e t u r n  
s igna l  rese ts  i t .  The  ou tpu t  pu lse  w id th  o f  the  phase de tec to r  
is  there fore  a  measure o f  the phase d i f fe rence.  

I n  a  p r a c t i c a l  c i r c u i t ,  n o i s e  c a u s e s  d e g r a d a t i o n  o f  t h e  r e  
sponse,  as shown in  F ig .  5 .  To meet  the accuracy requi rement  
o f  Â ± 1 0 / u . s ,  t h e  p h a s e  d e t e c t o r  m u s t  o p e r a t e  i n  t h e  l i n e a r  
w indow shown in  F ig .  5 .  For  the spec i f ied  wors t  case (S+N) /N 
o f  20  dB  and  a  3 .9 - kHz  bandw id th  t h i s  w indow i s  11 ,600  / us  
wide. 

To establ ish that the phase detector is operat ing in the l inear 
w indow  a  phase  au to range  c i r cu i t  (F i g .  6 )  i s  ac t i va ted  each  
t ime the DELAY ZERO but ton is  pressed.  This  c i rcu i t  s teps the 
phase in 90Â° increments and remains enabled unt i l  the phase 
difference is between 90Â° and 270Â°. The arbitrary reference for 
the  measurement  i s  then  es tab l i shed  by  measur ing  the  in i t ia l  
phase  re la t i onsh ip  be tween  the  re fe rence  and  re tu rn  s igna ls  
a n d  t h e n  d e l a y i n g  t h e  r e f e r e n c e  s i g n a l  u n t i l  t h e  d e s i r e d  r e  
fe rence  phase  ex i s t s .  I n  p rac t i ce ,  t he  re fe rence  phase  d i f f e r  
ence is not arbitrary; it is always set to 90Â° when the DELAY ZERO 
but ton is  pressed.  

Measurement  Procedure  
T o  m a k e  a n  e n v e l o p e  d e l a y  d i s t o r t i o n  m e a s u r e m e n t  t h e  

re fe rence  phase  d i f f e rence  i s  se t  a t  90Â°  w i th  the  re fe rence  
s ignal  leading the return s ignal .  The carr ier  f requency at  which 
th is  i s  done i s  a rb i t ra ry ;  however ,  1804 Hz  i s  genera l l y  used .  
Wi th  by  re fe rence  es tab l i shed,  the  measurement  p roceeds  by  
in i t i a l i z ing  a  41 /2  decade  coun te r  a t  17000 .  The  lead ing  1  in  
d icates a negat ive number and 7000 is  the tens complement  of  
3000;  thus  the  number  preset  in to  the  counters  is  -3000.  Th is  
removes the  in i t ia l  phase d i f fe rence o f  90Â°.  Twenty  samples  
o f  the  phase de tec to r  ou tpu t  a re  a l lowed to  ga te  1 -MHz c lock  
pulses in to the 4! /2 decade counter .  I f  the delay has increased 
t h e  c o u n t e r  o v e r f l o w s  a n d  r e s e t s  t h e  o v e r f l o w  f l i p - f l o p ,  a n d  
t h e  n u m b e r  i n  t h e  c o u n t e r  i s  d i s p l a y e d .  I f  t h e  d e l a y  h a d  d e  
creased the counter would not  have overf lowed. (This indicates 
a phase detector  output  of  less than 90Â°.)  In  th is  case before 

Phase  De tec to r  
O u t p u t  

Ac tua l  
R e s p o n s e  

F ig .  5 .  Phase  de tec to r  ou tpu t  ve rsus  phase  d i f f e rence .  To  
avo id  no i se -p roduced  dev ia t i ons  f r om the  i dea l  cu r ve ,  t he  
de tec tor  must  opera te  w i th in  the  11 ,600 f j s  w indow shown.  

b e i n g  d i s p l a y e d  t h e  n u m b e r  i n  t h e  c o u n t e r  i s  t e n s  c o m p l e  
mented to  put  i t  in  proper  s ign-magni tude form.  

The use of the digital  display in the measurement of envelope 
de lay  o f fe rs  the  advantage o f  hav ing accuracy  and reso lu t ion  
i ndependen t  o f  d i sp layed  magn i t ude .  Bu t  a l ong  w i t h  t h i s  ad  
van tage  came  the  d i g i t a l  d i sp lay ' s  ma in  d i sadvan tage :  poo r  
readabi l i ty for noisy signals.  Noise is especial ly t roublesome in 
phase  measuremen ts .  The  p rob lem was  reduced  by  keep ing  
sys tem bandw id th  as  na r row  as  poss ib l e  i n  t he  de tec to r ,  by  
averaging 20 samples to reduce noise before d isplay ing the re 
sul t ,  and by us ing a d isp lay ref resh rate consis tent  wi th v isual  
response ( three t imes per  second) .  The resul t  is  a  mean var ia  
tion of Â±50 fiS out of a possible 1 2, 000 /xs for an input (S+N)/N 
o f  20  dB over  a  3 .9-kHz bandwid th .  
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F ig .  4 .  Enve lope  de lay  phase  de tec to r  
F i g .  6 .  P h a s e  a u t o r a n g e  c i r c u i t  k e e p s  t h e  p h a s e  d e t e c t o r  
wi th in i ts l inear operat ing region. 
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Peak-to-Average Ratio Measurements 
b y  E r h a r d  K e t e l s e n  

B e c a u s e  o f  t h e  d e m a n d  f o r  i n c r e a s i n g  n u m b e r s  o f  d a t a -  
qua l i t y  t e l ephone  channe ls ,  a  qu i ck  means  o f  i den t i f y i ng  de  
g raded  channe ls  has  been  sought  by  the  te lephone indus t ry .  
A  success fu l  me thod  wou ld  e l im ina te  unnecessa ry  measu re  
ments  on  good channe ls  and a l low main tenance personne l  to  
concen t ra te  f u r the r  measu remen ts  on  deg raded  channe ls  t o  
locate impai rments  and repai r  the channels .  

To meet this need , the peak-to-average ratio (P/AR) measu re- 
m e n t  w a s  d e v e l o p e d  b y  B e l l  L a b o r a t o r i e s .  P u l s e s  o f  k n o w n  
p e a k - t o - a v e r a g e  r a t i o  a r e  t r a n s m i t t e d  t h r o u g h  a  c o m m u n i  
cat ion channel .  At  the receiv ing end the peak- to-average rat io  
o f  the  pu lses  is  measured,  normal ized,  and d isp layed.  A read 
ing of  100 s ign i f ies  no pu lse degradat ion.  

Any change in  the  phase re la t ionsh ip  o f  the  f requency com 
ponen ts  o f  t he  pu l se  mod i f i es  t he  pu l se  shape  (p r imar i l y  by  
spread ing i t  in  t ime) ,  and there fore  the  P/AR measurement  is  
very  sens i t ive to  envelope de lay d is tor t ion.  Noise,  changes in  
the  t rans fer  charac ter is t i c  o f  the  channe l ,  and repeater  ampl i  
f ier  c l ipp ing a lso af fect  the P/AR reading.  

The transmit ted pulses are shaped to s imulate a data signal .  
The major port ion of the energy is distr ibuted near the center of 
t h e  v o i c e  b a n d .  T h e  p u l s e  s p e c t r u m  c o n t a i n s  1 6  f r e q u e n c y  
components from 125 + 1 5.625 Hz to 3875 + 1 5.625 Hz (Fig. 1 ). 
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Without the offset of 15.625 Hz, the spectral  l ines are al l  odd 
ha rmon i cs  o f  t he  l owes t  f r equency ,  125  Hz .  The  absence  o f  
e v e n  h a r m o n i c s  p r o d u c e s  a  p u l s e  t r a i n  w i t h  h a l f - w a v e  s y m  
metry,  e l iminat ing a problem of  ear l ier  P/AR instruments where 
reversing the line polarity would result in a different P/AR reading. 

Another  d i f f i cu l ty  in  mak ing  P /AR measurements  i s  what  i s  
c o m m o n l y  c a l l e d  " b r e a t h i n g " .  I n  a  c a r r i e r  s y s t e m ,  a l t h o u g h  
the carr ier  f requency of  the t ransmi t ter  is  crysta l  cont ro l led,  i t  
may di f fer  f rom the carr ier  f requency used in the demodulat ion 
process at  the receiver .  When the f requency d i f ference is  less 
than of Hz i t  causes a slow variat ion in the phase relat ionship of 
the  spec t ra l  components ,  wh ich  causes  the  magn i tude  o f  the  
pu lses  to  change  s low ly .  I f  the  de tec to r  in  the  P /AR rece ive r  
fo l lows the changes,  the readings may vary by a large amount  
f rom the i r  ave rage  va lue .  The  15 .265-Hz  f requency  o f f se t  i n  
t h e  4 9 4 0 A  i n c r e a s e s  t h e  r a t e  o f  m a g n i t u d e  v a r i a t i o n  s o  t h e  
changes are  eas i ly  in tegra ted by  the detec tor .  

To prevent ampli f ier saturat ion in the communication channel, 
t he  c res t  f ac to r  o f  t he  4940A pu lse  t ra in  i s  l im i ted  to  10  dB .  
Cres t  fac tor  is  the  ra t io  o f  peak vo l tage to  rms vo l tage.  Cres t  
factor is  important  because i t  determines the dynamic range re 
quired for system l ineari ty.  A system may operate l inear ly when 
t h e  s i g n a l  i s  a  s i n e  w a v e  b u t  b e g i n  c l i p p i n g  w h e n  a  n o n -  

.  :  I  ) '  â € ¢  â € ¢  ' â € ¢  â € ¢  , â € ¢ â € ¢ ! . â € ¢ â € ¢ â € ¢  . . . .  ; '  ; â € ¢  .  â € ¢  ' ,  I  - , , ' . .  

i s  t ransmi t ted .  L imi t ing  the  c res t  fac tor  to  10 dB assures  tha t  
th is wi l l  not  occur.  

How I t 's  Done 
In  ear l ie r  P /AR sets  the  rece iver  was requ i red  to  cope wi th  

the ef fect  of  f requency t ranslat ion of  the P/AR spectrum by the 
carr ier  system (breath ing) .  F i l ters  and phase equal izers  made 
the  rece i ve r  comp lex  and  expens i ve .  I n  t hese  ea r l y  se ts  the  
P/AR signal  was generated by means of  a pulse generator  and 
shap ing  f i l t e rs .  In  the  4940A an  o f f se t  P /AR spec t rum i s  gen  
e ra ted  d ig i ta l l y  i n  the  t ransmi t te r ,  and  the  rece ive r  becomes  
very simple.  

T h e  4 9 4 0 A  u s e s  a  4 0 9 6 - b i t  r e a d - o n l y  m e m o r y  ( R O M )  t o  
generate the pulse t ra in (see Fig.  2) .  The ROM is programmed 
w i t h  t he  t ime -doma in  rep resen ta t i on  o f  t he  o f f se t  f r equency  
spect rum.  I t  i s  dr iven by  a  crys ta l  osc i l la tor  to  guarantee that  
the spect ra l  l ines are at  the correct  f requencies.  

The ROM output  repeats  each 64 mi l l iseconds,  but  because 

' 6 kHz 

ROM 
Address 

D-to-A 
Converter 

F i g .  1 .  F r e q u e n c y  s p e c t r u m  a n d  e n v e l o p e  o f  t r a n s m i t t e d  
s ignal  for  peak- to-average rat io  measurements.  

Fig.  2.  P/AR signal waveform is stored in a read-only memory 
in the 4940A. This method of generat ion al lows the receiver to 
be much less complex and expensive than previous methods . 
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Fig .  3 .  P IAR ca lcu la tor .  

t he  pu l se  t r a i n  has  ha l f -wave  symmet ry ,  on l y  t he  f i r s t  32  ms  
are  s to red .  The ROM is  o rgan ized in to  512 8-b i t  words  and is  
s a m p l e d  a t  a  r a t e  o f  6 2 . 5  m i c r o s e c o n d s  p e r  w o r d  ( 5 1 2  x  
62.5  Â¿is  =  32 ms) .  The sampl ing f requency o f  16 kHz is  h igh 
enough so  tha t  a l ias ing  does  no t  occur .  

A 5-kHz low-pass f i l ter keeps out-of-band signal energy 40 dB 
be low the t ransmi t ter  leve l  and smooths the output  waveform.  
The in format ion in  the ROM is  pre-emphas ized to  compensate  
f o r  t he  ga in  and  phase  changes  t ha t  occu r  as  t he  pu l ses  go  
through the smooth ing f i l ter .  

A t  the  rece iv ing  end  P/AR is  ca lcu la ted  us ing  the  fo l low ing  
equat ion: 

P /AR =  100 (2  
P / P n  

FWA/FWA, -1) 
where P0 and FWA0 are the peak reading and ful l  wave average 
readings of the transmit ted pulse train.  Since P0 and FWA0 are 
constants ,  the equat ion can be wr i t ten as 

P / A R - 1 0 0 ( K g g - l )  

The  rece ived  pu lse  i s  shaped  by  a  fou r th -o rder  band-pass  
f i l ter that has a center frequency of 1300 Hz and a Q of 3.1. The 
shaping f i l ter  reduces the ef fects of  power- l ine f requency inter  
ference and modi f ies  the pu lse t ra in  before detect ion.  

The  f i l t e r ' s  response  was  ca lcu la ted  to  m in im ize  the  c res t  
factor  of  the t ransmit ted s ignal  whi le  mainta in ing the same f re 
quency  spec t rum a t  the  de tec to r  i npu t .  Th is  was  done  on  an  
i terat ive basis  by crosscorre lat ion of  a  t r ia l  f i l ter  funct ion wi th  
the desired f i l ter  output  (detector  input) .  Then the t ime-domain 
t ransform was taken, the peak and rms values of  the waveform 
were calculated, and the resul t ing crest  factor was plot ted as a 
funct ion of  pole locat ion.  The resul t ing plot  was a cone-shaped 
con tou r  map  w i t h  t he  m in imum c res t  f ac to r  a t  i t s  apex .  The  
4 9 4 0 A  s h a p i n g  f i l t e r  i s  d e s i g n e d  t o  h a v e  t h e  p o l e  l o c a t i o n s  
cor responding to  th is  min imum crest  fac tor .  

The  peak- to - fu l l -wave-average  ra t io  measurement  i s  made 
by  an  abso lu te - va lue  amp l i f i e r  i n  an  au toma t i c  ga in  con t ro l  
l oop  re fe renced  t o  a  one -vo l t  sou rce  (F ig .  3 ) .  The  resu l t i ng  
ou tpu t  vo l t age  i s  d i g i t i zed  and  ave raged  ove r  f i ve  i n t e r va l s  
to  reduce var ia t ions caused by no ise t rans ients .  

S P E C I F I C A T I O N S  
HP Mode l  4940A Transmiss ion  Impa i rment  Measur ing  Set  

L e v e l  a n d  F r e q u e n c y  
T R A N S M I T T E R  

F R E Q U E N C Y  R A N G E  2 0 0  H i  l o  3 9 0 4  H z  
F R E Q U E N C Y  S E T A B I L I T Y  1  H z  

F R E Q U E N C Y  A C C U R A C Y  -  0  5  H i  i n  s t e p  m o d e  

M A N U A L  M O D E  C o n t i n u o u s l y  a d i u s i a b l e  2 0 0  H z  l o  3 9 0 4  H z  
S T E P  1 0 0  H i  M o d e  2 0 4  H i  T O  3 9 0 4  H i  i n  1 0 0  H i  i n c r e m e n t s  

A U T O  S T E P  M O D E  C o n t i n u o u s l y  s t e p s  u p  a n d  t h e n  b a c k  | m  1  0 0  H i  . n c r e m e m s i  
f r o m  2 0 4  H z  t o  3 9 0 4  H i  

O U T P U T  R A N G E  -  1 0  d B m  t o  4 0  d B m  
F R E Q U E N C Y  R E S P O N S E  -  0  1  d B  2 0 0  H i  l o  3 9 0 4  M i  
O U T P U T  L E V E L  S E T A B I L I T Y  0  1  d B m  

H A R M O N I C  A N D  S P U R I O U S  S I G N A L S  G r e a t e r  m a n  5 0  d B  b e l o w  t u n d a m e n i a l  
R E C E I V E R  

F R E Q U E N C Y  R A N G E  2 0 0  H z  t o  3 9 0 4  H i  
F R E Q U E N C Y  R E S O L U T I O N  1  H z  
F R E Q U E N C Y  A C C U R A C Y  -  0  5  H i  

DETECTOR FutÃ­ wave average 
L E V E L  R A N G E  -  1 0  d B m  t o  4 9  d B m  
L E V E L  R E S O L U T I O N  0  1  d B m  
L E V E L  A C C U R A C Y  Â ± 0  1  O B m  a t  1  K H z  f r o m  0  t o  1 5  d B m  

-  0  2  d B  O v e '  f u n  f r e q u e n c y  a n d  l e v e l  r a n g e  

6 0 H Z I N P U T F I L T E R I S W I T C H S E L E C T A B L E )  2 5 0 B  t o s s  a t  6 0 H z  4  d B  l o s s  

Message  C i rcu i t  No ise  
A M  

RECEIVER 
WEIGHTING FILTERS C Message 
D E T E C T O R  Q u a *  r m s  
R A N G E  - 1 0  d B m  l o  - 1 0 0  d B " i  
RESOLUTION 1  dBm 
A C C U R A C Y  - 1  d B  

Noise- with -Tone 
T R A N S M I T T E R  

F R E Q U E N C Y  1 0 0 4  H i  f i n e d  

O U T P U T  R A N G E  â € ¢  1 0  d B m  l o  4 9  d B m  
L E V E L  R E S O L U T I O N  1  d B m  

3 - K H i  f l a t  s * i i c t i  s e l e c t a b l e  

N O T C H  F I L T E R  5 0  d B  i Â « t K Â » o r >  I r o m  9 9 5  H z  l o  I 0 2 S  H i  

F o e  o f w  s p e c i f i c a t i o n s  r e t a r  t o  M e s & a g e  O c u r t  N o s e  

3  Leve l  Impu lse  No ise .  H i ts  and  Oropouts  

F R E Q U E N C Y  1 0 0 4  H i  t u e f l  
O U T P U T  R A N G E  -  1 0  d B m  t o  4 0  d B m  
L E V E L  R E S O L U T I O N  1  O B m  

R E C E I V E R  
R E C E I V E D  T O N E  L E V E L  0  d B m  t o  4 0  d B m  

N O T C H  F I T E R  5 0  d B  r e p c h o n  f r o m  9 9 5  H i  t o  1 0 2 S  H i  
C O U N T  I N T E R V A L  5  o r  1 5  m m m  o r  c o n t i n u o u s  
I M P U L S E  N O I S E  T H R E S H O L D  R A N G E  L o  X  d B m  t o  1 0 0  d B m  I  

a t x v e  L o .  H i  B  d B  a b o v Â «  L o .  ' 0 9  d B m  m a ,  

I M P U L S E  N O I S E  T H R E S H O L D  A C C U R A C Y  Â ± 1  d B  

I M P U L S E  N O I S E  C O U N T  R A N G E  L o  0  t o  1 9 9 9 9 .  M . d  0  t o  9 . 9  

C O U N T  R A T E  7  c o u n t s  p  
s e l e c t a b l e  

G A I N  H I T  T H R E S H O L D  2  â € ¢  
P H A S E  H I T  T H R E S H O L D  1  
HIT  GUARD INTERVAL 4  n  
D R O P O U T - L E V E L  T H R E S I  

6  a n d  B  d B  
<  t o  4 5  d e g r e e s  m  s  d e g r e e  i n c r e m e n t s  

r  t h a n  

x  g r e a t e r  D R O P O U T  D U R A T I O N  1  

P H A S E  H I T  C O U N T S  0  t o  1 9 . 9 9 9  
D R O P O U T  C O U N T S  0  t o  9 . 9 9 9  
G A I N  H I T  C O U N T S  0  l o  1  9 9 9  
D I S P L A Y  A l l  s . Â »  p h e n o m e n a  a r e  c o u n t e d  s i m u l t a n e o u s l y  a n d  s t o r e d  A  s w i t c h  

s e l e c t i o n  d i s p l a y s  e i t h e r  t h e  I m p u l s e  N o i s e  c o u n t s  o r  m e  H i t s  a n d  D r o p o u t  

Phase Ji t ter  
T R A N S M I T T E R  

F R E Q U E N C Y  1 0 O 4 H i f u e d  

O U T P U T  R A N G E  â € ¢  1 0  d B m  t o  -  4 0  d B m  
L E V E L  R E S O L U T I O N  1  d B m  

R E C E I V E R  
F R E Q U E N C Y  R A N G E  9 9 0  H i  t o  1 0 3 0  H i  

L E V E L  R A N G E  â € ¢  1 0  d B m  l o  4 0  d B m  
L E V E L  R E S O L U T I O N  1  d B m  
JITTER DETECTOR Pea*  lo  peat ,  
JITTER BANDWIDTH 20 Hi  lo  300 Hz 
JITTER RANGE 0 2 lo  25 degrees 
JITTER ACCURACY Â± 5a, of reading Â±02 degrees 
JITTER RESOLUTION 0 1 degree 

Enve lope  De lay  
T R A N S H f T T E R :  

F R E Q U E N C Y  R A N G E  3 0 0  t o  3 9 0 4  H z  

M O D U L A T I O N  F R E Q U E N C Y  8 3 - 1  3  H z  
L E V E L  R E S O L U T I O N  0  1  d B m  

F o r  o t h e r  s p e a f i c a l i o t n s  r e f e r  1 0  L e v e l F r e o v e n c y  
R E C E I V E R  

F R E Q U E N C Y  R A N G E  3 0 0  t o  3 9 0 4  H i  

L E V E L  R A N G E  *  1 0  t o  - 4 0  d B m  
L E V E L  A C C U R A C Y  - 0 2 5  d B m  
L E V E L  R E S O L U T I O N  0  1  d B m  

D E L A Y  R A N G E  3 . 0 0 0  t o  -  9 . 0 0 0  m i c r o s e c o n d s  
D E L A Y  R E S O L U T I O N  1  m c r o M c m J  
D E L A Y  A C C U R A C Y  I B A C K  T O  B A C K )  -  T O  * s  f r o m  6 0 0  t o  3 9 0 4  H i .  Â ± 3 0 u S  

f r o m  3 0 0  H i  l o  6 0 0  H z  
M N J M U U  S I G N A L  T O  N O I S E  R A T I O  2 0  d B  3  . H z  f l a t  â € ¢ e d i t i n g  t a r  M M  

a c c u r a c y  

Noise- to -Ground 
T R A N S M I T T E R :  O u M  M r m n M o n  
R E C E I V E R  

R A N G E  4 0 t o  1 3 0  d B m  
I N P U T  C I R C U I T  S O O  o r  9 0 0  o h m s  a c r o s s  m e  k n e  l O O k - o n m s  t o  g r o u n d  

F o r  o t h e r  s c e o h c j f t o n s  r e f e r  l o  M e s s a g e  C - r C u i T  N o . s e  

- --â€¢ â€¢â€¢ 

OUTPUT RANGE 0  I !  
RESOLUTION 1 

L E V E  R A N G E  -  1  0  t o  3 5  d B m  
L E V E  A C C U R A C Y  -  1  d B m  

L E V E  R E S O L U T I O N  1  d B m  

2 N D  O R D E R  R E C E I V E  F I L T E R S  C e n t e r e d  a t  5 2 0  a n d  2 2 4 0  H z  
3 R D  O R D E R  R E C E I V E  F I L T E R  C e n t e r e d  a t  1 9 0 0  H i  
2 N D  O R D E R  P R O D U C T S  R A N G E  t o  5 0  d B  b e l o w  ' e c e r v e d  l e v e l  

3 R D  O R D E R  P R O D U C T S  R A N G E  l o  6 0  d B  b e l o w  r e c e i v e d  l e v e l  

P/AR (Opt ional )  
T R A N S M I T T E R  

O U T P U T  R A N G E  O t o  - 4 0  d B m  
L E V E L  R E S O L U T I O N  1  d B m  

R E C E I V E R  

L E V E L  R A N G E  *  1 0  d B m  t o  - 3 0  d B m  

L E V E L  R E S O L U T I O N  1  d B m  
P  A R  R A N G E  0  1 0  1 2 0  P  A R  U r a l s  
P  A R  R E S O L U T I O N  1  P  A R  U n i T s  
P A R  A C C U R A C Y  - 2 P A H U m t s  

General  

I M P E D A N C E S  6 0 0  o n m s  a n d  9 0 0  o h m s  

S F  S K I P  2 4 5 0  t o  2 7 5 0  H i  n o m i n a l  
R E C E I V E R  

T E R M I N A L  I M P E D A N C E S  6 0 0  o h m s  a n d  9 0 0  o h m s  I S M  
B R I D G I N G  I M P E D A N C E  G r e a t e r  m a n  5 O k - o n m  

B R I D G I N G  L O S S  L e s s  t h a n  0  3  d B  a t  i k H i  
R E T U R N  L O S S  G r e a t e r  m a n  4 0  d B  
H I G H  F R E Q U E N C Y  P R O T E C T I O N  G r e a t e r  m a n  6 0  d f  

5 0 0 k H z  
M O N I T O R  A M P L F I E R  O U T P U T :  

O U T P U T  R A N G E  0  1 0  7  v o f t s  |  

3 D B  B A N D W I D T H  2 0 0  H z  K )  6 2 0 0  H z  V  I n t o  l o a d s  
F L A T N E S S  -  I  d B  I r o m  3 0 0  H z  t o  3 9 0 0  H z  |  

O U T P U T  I M P E D A N C E  5  o h m s  
O U T P U T  C O N N E C T O R  3 4 7  j a t t  

T E S T  J A C K S :  3 1 0  i a c *  m u t f c p l * )  Â « r t h  5  w a y  b i n d i n g  p o s t s  t a r  b o t r  f  ,  

r e c e i v e r s  
D C  B L O C K I N G  ( w i t h  n o  h o W i n g ) :  2 0 0  v o t a  
P O W E R  R E Q U I R E M E N T S  1 0 5  t o  1 2 9  v o K s  a c  6 0  H i  

O P E R A T I N G  T E M P E R A T U R E  3 ? F  t o  1 2 2 f  

W A R M - U P  T I M E  F O R  S T A T E D  A C C U R A C Y  5  m i n u t e s  
T W O  A U X I L I A R Y  B N C  O U T P U T  C O N N E C T O R S :  A c c e s s e s  ' e C â ‚ ¬ * v e d  t r t  

g u n n e r  a n d  p h a s e  Â » n e r  m o d u l a t i o n  Â « g n a t s  

W E I G H T  4 0  o o u " C ! S  a o o ' o i r m a t e i ,  
P R I C E S  I N  U  S A  

4940A J7750 
Oohor 001 adds P AR Measurement, add S350 00 
OpMn 002 adds Nonfcnear CMorton Measurement add S750 00 
Opbon 003 adds P AR and Nonkneer DolonMn Measurements add I'  100 

MANUFACTURING D IV IS ION DELCON D IV IS ION 
6 9 0 E  t t d d M M M R o a d  

M U S A  

TEST SIGNAL TYPE Two oars o> K 0  H i  ana  1360  H I  
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Noel  E .  Damon (cen ter )  
4940A p ro jec t  manager  Noe l  Damon,  an  eng ineer ing  g roup  
leader  a t  HP's  Delcon Div is ion,  has been wi th  HP for  ten 
years .  Dur ing  tha t  t ime he 's  des igned cus tom RF and data  
acquis i t ion systems and served as project  manager for  u l t ra 
son ic  detectors ,  cab le  fau l t  locators ,  and the 4940A TIMS.  
Before coming to HP he designed f i l ters and mobi le te lecom 
municat ions sys tems for  seven years .  Noel  comple ted h is  
s tud ies for  the BS degree in  e lect r ica l  engineer ing at  the 
University of California at Los Angeles in 1957, fol lowing three 
years  in  the  U.S.  Army.  He rece ived h is  MSEE degree f rom 
Stanford Univers i ty  in  1970.  He's marr ied,  has four  chi ldren,  

and l ives in Sunnyvale, Cali fornia, where he's active in church 
affairs.  He l ikes to bowl,  and for vacat ions, he favors f ishing, 
hunt ing,  sk i ing,  and backpack ing.  

Dona ld  A .  Dresch  ( le f t )  
Don Dresch came to HP in 1 972 with eleven years' experience 
in  the  des ign  o f  commun ica t ions  equ ipment  and  sonar  sys  
tems.  He implemented the nonl inear  d is tor t ion measurement  
of  the 4940A TIMS. Born in  Spr ingf ie ld,  I l l ino is ,  Don served 
in  the U.S.  Navy f rom 1954 to  1957,  then at tended the 
Universi ty of  I l l inois,  receiving his BSEE degree in 1960 and 
his MSEE degree in 1970. He's married and has f ive chi ldren, 
and understandably  f inds fami ly  act iv i t ies  occupying a good 
dea l  o f  h is  t ime.  But  he a lso  en joys  read ing and camping,  
and is  someth ing o f  a  conno isseur  o f  mal t  beverages.  The 
Dreschs l ive in San Jose, Cal i fornia.  

Richard  T .  Lee ( r igh t )  
Dick Lee has spent  most  o f  h is  l i fe  on the San Franc isco 
pen insu la .  Born in  San Mateo,  he rece ived h is  BSEE and 
MSEE degrees from Stanford University in 1 958 and 1 959, and 
was a research associate at Stanford Electronics Laboratories 
f rom 1959 to 1963.  With HP s ince 1964,  Dick has done high-  
f requency  and  VHF des ign  fo r  the  8411  A  Harmon ic  F re  
quency  Conver te r  and  the  8407A Network  Ana lyzer ,  and  
des igned the  t ransmi t te r  sec t ion  and power  supp ly  o f  the  
4940A TIMS.  He 's  an  amateur  photographer ,  a  co l lec to r  o f  
c lass ica l  mus ic  records ,  a  Sunday  schoo l  teacher ,  and  a  
somet ime h iker .  He 's  marr ied,  has two ch i ldren,  and l ives in  
Cupert ino, Cal i fornia. 

Erhard  Ke te l sen  ( r i gh t )  
A nat ive  o f  Husum,  Germany,  Erhard  Kete lsen  came to  the  
U.S.A.  in  1955.  Dur ing the next  f i f teen years he served four  
years in  the U.S.  A i r  Force,  met  and marr ied h is  Swiss wi fe ,  
and earned his BSEE degree from Cal i fornia State Universi ty,  
San Jose in  1970.  S ince jo in ing HP in  1970,  he 's  des igned 
the 491 OF Open Fault Locator and the P/AR circuitry and NLD 
transmit ter  for  the 4940A TIMS. He's now near complet ion of  
h is  MSEE work at  Cal i forn ia State Univers i ty ,  San Jose.  The 
Kete lsens,  who l ive in  Sunnyvale,  have two boys.  Erhard 
serves as enter ta inment d i rector  of  the local  cub scout  pack,  
and l ikes to spend his leisure t ime reading, hiking, or working 
on cars. 
R i c h a r d  G .  F o w l e s  ( l e f t  c e n t e r )  
D ick  Fowles  des igned the  d ig i ta l  da ta  process ing  c i rcu i ts  
and automat ic  EDD re ferenc ing sys tem of  the  4940A TIMS.  
Dick joined HP's Delcon Division in 1 970 just after graduating 
f rom Cal i forn ia State Polytechnic Univers i ty  (Pomona) wi th 

a  BSEE degree.  Now work ing  fo r  h is  MSEE degree a t  
Cal i forn ia State Univers i ty ,  San Jose,  and specia l iz ing in 
m ic roprocessor  des ign ,  he  recen t l y  conduc ted  a  c lass  on  
a lgor i thmic state machine design for  h is  Delcon col leagues.  
He 's  a  member  o f  IEEE and the Cal i forn ia  Nat ional  Guard,  
and his varied interests include f igure skating, archery, music, 
swimming,  and b icyc l ing.  A nat ive of  Mi lwaukee,  Wisconsin,  
Dick is  s ingle and l ives in San Jose.  

Johann  J .  He inz l  ( l e f t )  
Johann Heinzl graduated from the Technical Col lege of Moed- 
l ing/Vienna, Austr ia in 1963 wi th the degree Ingenieur Grad. 
in  te lecommunicat ions .  Before  coming to  HP in  1972 he 
worked for  many years in the design of  te lev is ion test  instru 
ments.  He 's  a  member of  Fernseh Technische Gesel lschaf t  
e.V. and author of  three professional  papers on TV distort ion 
measurements .  Johann des igned the ana log enve lope de lay 
circuits for the 4940A TIMS. He is married, l ives in Cupertino, 
Cali fornia, and enjoys cross-country ski ing, backpacking , and 
photography.  

P a u l  G .  W i n n i n g h o f f  ( r i g h t  c e n t e r )  
Pau l  Winn inghof f  des igned the t rans ient  measurement  and 
phase j i t ter  c i rcu i ts  of  the 4940A TIMS. Wi th HP s ince 1964,  
Pau l  has  cont r ibu ted to  the  des ign o f  the  8552A Spect rum 
Analyzer IF Sect ion,  the 8443A Tracking Generator /Counter ,  
the 491 2A Faul t  Locator,  and the 4940A. This is  h is th i rd ap 
pearance in  the Hewlet t -Packard Journa l .  Paul  was born in  
But te ,  Montana.  He rece ived h is  BS degree in  e lec t r ica l  
engineer ing f rom Montana State Univers i ty  in  1962 and h is  
MS in  1963.  He 's  marr ied,  has two ch i ldren,  and l ives in  
Sunnyvale, California. Along with his major hobbiesâ€” amateur 
radio and high-f idel i ty audio equipmentâ€” Paul has recent ly 
been s tudy ing Spanish in  ant ic ipat ion o f  a  second t r ip  w i th  
h is  wi fe to her  nat ive land,  Colombia.  
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Microwave Integrated Circuits Solve 
a Transmission Problem in Educational TV 
An educational TV system using a satel l i te transmission l ink 
needs a state-of-the-art  ground-stat ion receiver that doesn't  
cost very much. Microwave integrated circuits provide a way. 

by James A.  Hal l ,  Douglas  J .  Mel lor ,  R ichard D.  Per ing,  
and  Ar thur  Fong  

THE REQUIREMENT WAS FOR A two-channel, 
low-noise, S-band receiver with a channel band 

width of 20 MHz. 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. Micro 
wave integrated circuits,  however, can help re 
solve these conflicting requirements. 

A novel receiver based on these requirements 
is designed around a microwave integrated circuit 
(MIC) amplifier developed at HP. This amplifier 
serves repetitively as a gain block at 2.6 GHz, leading 
to a conceptually simple design based on the tuned- 
radio-frequency (TRF) principle. 

Basic  Considerat ions 
Today's wideband amplifiers make it unnecessary 

to heterodyne the received signal down to an inter 
mediate frequency for amplification. Thus the front- 
end mixer and local oscillator formerly needed in 
microwave receivers can be dispensed with, elim 
inating 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 fig 
ure 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 

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 pro 
vide 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 + 65Â°C. 

The use of microwave integrated circuits also 
meets another requirement: the receiver should be 
capable of receiving either one of two channels, cen 
tered at 2566.7 and 2667.5 MHz. Tunability used to 
be a problem with TRF receivers because of insuf 
ficient 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. 

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

Fig .  1 .  Educat iona l  TV rece iver  conver ts  low- leve l  sa te l l i te -  
re layed s ignals to standard v ideo and audio s ignals for  d i rect  
appl icat ion to a moni tor .  
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Antenna  

S I G N A L  
S T R E N G T H  

A u d i o  
O u t p u t  
C i rcu i t s  

uu 
AUDIO OUT 

OdBm 600 Ã­ Ã­ 

Fig. cost-effective wideband diagram of tuned-RF TV receiver. Availability of cost-effective wideband micro 
wave ampl i f iers  and d iscr iminators  s impl i f ied the des ign.  

required a few departures from traditional practice. 
One departure involves the limiter. The received sig 
nal consists of one video channel and four audio sub- 
carriers, 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 amp 
lifiers 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 fol 
lows the 5th amplifier. The detector output controls 
both a PIN-diode attenuator and a Schottky-diode 
"modulator". The PIN-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, "AM- 
unmodulator", which really describes its function). 

As shown in the block diagram of Fig. 2, the PIN- 
diode attenuator is placed ahead of the third RF amp 
lifier, thus reducing the dynamic range requirements 
of the circuits that follow. The modulator is just ahead 
of the fifth amplifier. Because of the short signal paths 
in the circuits, feedback-loop phase shift is mini 
mized. Thus, amplitude variations occurring at rates 

up to 100 MHz are suppressed. 
This system provides more than 30 dB of AM sup 

pression and it maintains the discriminator drive 
level within Â±0.5 dB for all normal input signal lev 
els and operating temperature variations. Another ad 
vantage of the high-speed ALC limiting technique is 
that it generates no carrier harmonics as clippers do, 
eliminating the need for further filtering. 

The Discr iminator  
The wavelength of a 2600-MHz signal is sufficiently 

short to make transmission lines 1 or 2 wavelengths 
long compatible with microwave integrated circuit 
technology. It is thus possible to design a discrimina 
tor 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 (Tl) is terminated in a short and the other 
(T2), equal in length to Tl, is terminated in an open. 
At very low frequencies, the input to Tl 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 %\ long, the 
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Direct-to-Schoolhouse Satellite Relay of Video Programs 
Among  the  many  expe r imen ts  be ing  conduc ted  t h i s  f a l l  by  

N A S A ' s  l a t e s t  a p p l i c a t i o n s  t e c h n o l o g y  s a t e l l i t e ,  t h e  A T S - 6 ,  
i s  an  ambi t ious  exper iment  invo lv ing  d i rec t - to -schoo lhouse re  
l ay  o f  educa t i ona l  TV  p rog rams .  The  expe r imen t ,  deve loped  
by the Federat ion o f  Rocky Mounta in  States,  a  reg ional  educa 
t i o n a l  o f  i s  d e s i g n e d  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  
m a k i n g  m e t r o p o l i t a n  e d u c a t i o n a l  r e s o u r c e s  a v a i l a b l e  t o  
spa rse l y  se t t l ed  a reas .  W i t h  t he  sa te l l i t e  r e l ay ,  educa t i ona l  
p rograms l i ke  those  fo r  ear ly  ch i ldhood,  career  deve lopment ,  
and cont inu ing adul t  educat ion can be brought  to  areas where 
resources have hardly been adequate to provide basic reading, 
wr i t ing  and ar i thmet ic ,  much less  any th ing  beyond tha t .  

T h e  s a t e l l i t e  l i n k  i s  a l s o  b e i n g  u s e d  t o  c a r r y  v i d e o  c o n  
sul tat ions to hospi ta ls  and other  heal th care centers that  other  
wise do not  have ready access to  major  medica l  fac i l i t ies .  The 
s y s t e m  i s  f u n d e d  b y  t h e  N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  
Admin is t ra t ion  and  the  Depar tment  o f  Hea l th ,  Educat ion ,  and  
We l fa re .  Many  o the r  o rgan i za t i ons ,  such  as  t he  Co rpo ra t i on  
for  Publ ic  Broadcast ing,  are a lso invo lved in  the ef for t .  

Pa rked  i n  an  equa to r i a l  geo -s ta t i ona ry  o rb i t  22 ,300  m i l es  
above the ear th  a t  94Â° west  long i tude over  the Galapagos is  
lands,  the  sa te l l i te  has  an e l l ip t ica l  g round coverage over  the  
Uni ted Sta tes  o f  about  800 by  500 km.  Po in t ing  is  ground con 
t ro l lab le  to  cover  any por t ion of  the cont inenta l  Uni ted States.  

P re - t aped  TV  ma te r i a l  w i t h  as  many  as  f ou r  s imu l t aneous  
l anguage  channe l s  i s  beamed  up  to  t he  ATS-6  sa te l l i t e  f r om 
a  g r o u n d  s t a t i o n  n e a r  D e n v e r ,  C o l o r a d o .  P o w e r e d  b y  s o l a r  
ce l l s ,  t he  sa te l l i t e  f unc t i ons  as  a  t r ansponde r ,  r ece i v i ng  s i g  
na ls  on car r ier  f requenc ies near  2  and 6 GHz and re- rad ia t ing 
them to earth at  S-band frequencies (2566.7 and 2667.5 MHz).  

The  2600-pound sa te l l i t e  has  a  10-mete r  an tenna  d ish ,  the  
l a rges t  eve r  dep loyed  i n  space .  The  pa rabo l i c  d i sh  cons i s t s  
o f  a  c o p p e r - c o a t e d  D a c r o n  m e s h  s u p p o r t e d  b y  t h i n - g a u g e  
aluminum r ibs that  had been wrapped around the satel l i te  body 
for the launch phase. The dish gives a beam width of 2.7Â° which, 
wi th the 22 wat ts  of  t ransmit ter  power,  g ives an ef fect ive Â¡so-  
t rop ic  rad ia ted  power  o f  200 .000 W.  

About 100 receiv ing s i tes are involved in the in i t ia l  program. 
The antenna at  each s i te  is  a f ixed,  parabol ic  d ish 3 meters in  
d iameter .  The rece iver  recovers  the v ideo s igna l  and the four  
audio channels for direct appl ication to a monitor or for remodu- 
lat ion to VHP for CATV distr ibut ion ampl i f iers.  

The key to the implementat ion of the educat ional TV program 
and other  s imi lar  systems is  the real izat ion of  a low-cost  sate l  
l i t e  g round  s ta t i on .  The  rece i ve r  mus t  be  re l i ab le ,  s imp le  to  
ope ra te ,  and  su i t ab l e  f o r  mass  p roduc t i on .  Neve r t he less ,  i t  
must  the  s ta te-o f - the-ar t  per formance.  How techno logy in  the  
fo rm o f  m ic rowave  in teg ra ted  c i r cu i t s  can  reso lve  these  con  
f l ic t ing requirements is descr ibed in the accompanying art ic le.  

The  ATS-6  was  bu i l t  by  Fa i r ch i l d  I ndus t r i es ,  and  Wes t i ng -  
house E lec t r ic  Corpora t ion  is  p r ime cont rac tor  fo r  the  ground 
s ta t i on .  Hew le t t -Packa rd  deve loped  a  su i t ab le  rece i ve r  w i th  
c o m p a n y  r e s o u r c e s  a n d  p r o d u c e d  a  q u a n t i t y  u n d e r  s u b  
contract  for  the exper iment  ( the receiver  is  not  of fered for  ind i  
vidual sale). 

situation is reversed. Now line T2 appears as a short 
at node 2, while the input to Tl appears as an open 
circuit. The output of the summing block is now a 
positive voltage, +V. 

At a signal frequency where the lines are VsX long, 
the magnitudes of the transmission lines' input re 
actances are equal, so the diode detectors produce 
equal but opposite voltages. The output of the sum 
ming block is then zero. Since the voltage output 
varies relatively linearly with respect to input fre 
quency, this network could be used as an FM discrim 
inator by making the lines VaX long at the carrier 
frequency. 

Above the frequency where the lines are ViX long, 
the voltage output reverses sense, returning to â€”V at 
the frequency where the lines are l/2\ long, where it 
again reverses sense. This process repeats as the fre 
quency increases, with the output passing through 
zero when the lines are odd multiples of %\ long. 
This suggests that the sensitivity (volts/MHz) can be 

increased by making the lines an odd multiple of %\. 
The final discriminator design uses lines about 

i3/8\ long at 2600 MHz. The output thus goes from 
-V to + V between 2400 and 2800 MHz, thus increas 
ing sensitivity by a factor of 13 but still allowing 
enough bandwidth to accommodate both channels. 

Sensitivity and linearity were further improved 
through use of a computer optimization program 
that modified the transmission-line characteristic 
impedance and lengths. As a result, 70Ã1 transmission 
lines are used and the resultant voltage/frequency 
triangle is assymetrical. 

One serious problem with this type of discrimina 
tor has been the response to harmonics. In the final 
discriminator design, these were reduced to manage 
able proportions by inserting resistances in the lines 
V4\ from the terminating ends. At the center fre 
quency, a shunt resistor at this position in the open 
line is at a voltage null and therefore has no effect on 
circuit operation. At all even harmonic frequencies, 
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Fig.  3 .  Bas ic  t ransmiss ion- l ine FM d iscr iminator .  

however, it is at a high impedance point so it termi 
nates the line. A series resistor performs a dual func 
tion 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 ampli 
fied 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 ap 
plied 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 satel 
lite down-link carrier to disperse the energy within 
the frequency spectrum. .This technique is needed to 
meet international maximum flux density specifica 
tions designed to protect terrestial communications 
systems from satellite interference. 

RF Filtering 
Preliminary filtering is provided in the antenna 

module by a 3-section thin-film filter that has a band 
width of 300 MHz at the 3-dB points and less than 
1-dB insertion loss. This filter is a capacity-coupled, 
ViA transmission-line design. 

Connectors are provided in the antenna module for 
inserting an optional notch filter between the two 
amplifiers. This is for use in areas where there may be 
strong interference from adjacent RF signals. 

Center frequency, receiver bandwidth, and group 
delay characteristics are determined by the channel 
filter, so this filter is critical to proper receiver opera 
tion. Because of the requirements for high Q, thin- 
film circuits could not be used here (in general, the 
smaller a resonant structure is, the lower the Q). The 
proportionately narrow bandwidth (0.9%) and the 
need for temperature stability dictated a coaxial 
3-pole interdigital structure. This gives a bandwidth 
of 23.5 MHz at the 3-dB points. Temperature-com 
pensated resonators assure a frequency drift of less 
than 2 ppm/Â°C. 
RF Amplifier 

As mentioned before, the RF amplifier is a key fac 
tor in determining receiver cost and performance. It 
must be designed in a way that takes maximum ad 
vantage of the high gain-bandwidth product avail 
able from present-day microwave transistor chips but 
it must be simple to fabricate and test. 

The two-element (shunt L, series C) matching net 
works often used as transistor interstages yielded a 
300-400 MHz bandwidth in this application. How 
ever, to assure adequate gain flatness within the 
bandwidth of interest and to allow for the inevitable 
variations from unit to unit without resorting to trim 
ming adjustment, bandwidth was doubled with little 
sacrifice in gain or complexity by using the double- 
tuned interstage shown in Fig. 4. 

First of all, for maximum bandwidth Lc is made 
equal to zero. This requires a coupling coefficient K 
s u c h  t h a t :  ^  _  

Then, C2 = C,/K2(1-K2), where C, is the parasitic 
capacitance. 

Relationships established by the center frequency 

a r e  L ,  =  l / K ' C , )  a n d  L 2  =  K 2 L , .  
These values were transformed to those required for 

Transistor 
Output 

Transistor 
Input or Load 

Ã ­ .  S =  L I  
C1 

Prototype 

Fig.  4 .  In ters tage coupl ing c i rcu i t  
a t  le f t  was der ived f rom the t rans 
former-coup led pro to type a l r igh t .  
Four-stage hybrid ampl i f iers using 
m i c r o w a v e  c h i p  t r a n s i s t o r s  a n d  
t h i s  i n t e r s t age  ach ieve  30  dB  o f  
ga in  and 600-800 MHz bandwidth 
at  2.6 GHz. 

© Copr. 1949-1998 Hewlett-Packard Co.



the actual circuit by the following relationships: 
Lc = L2 - M where M, the mutual inductance, 

= KVLjL^ (it was already established that Lc = 0); 
Lb = M; and La = Lj -M. 

A four-stage amplifier design using this interstage 
was realized in thin-film circuitry by making Lb a 
shorted shunt section of transmission line and La a 
squared spiral inductor. C2 is a chip capacitor. 
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