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In this Issue: 
A ne twork  ana lyzer  fo r  the  R&D lab ,  a  rugged ,  sea led  te rm ina l  fo r  the  

shop f loor, a family of printers for the automated off ice. These products may 
not  seem to have much in  common,  and they don ' t ,  except  that  they ' re  a l l  
made by Hewlet t -Packard and you can read about  them in th is  issue.  

The HP 3577A Network Analyzer measures the transmission and reflection 
charac te r i s t i cs  o f  e lec t ron ic  components  and  ne tworks  over  a  f requency  
range built- in 5 hertz to 200 megahertz and displays the results on its built- in 
CRT,  as  shown in  the  cove r  pho to .  Th i s  h igh -pe r fo rmance  ins t rumen t  i s  
be ing  used  by  des igners  and  manu fac tu re rs  to  tes t  t e lecommun ica t ions  

equ ipment ,  mobi le  rad ios ,  v ideo equ ipment ,  aud io  equ ipment ,  medica l  ins t rumentat ion,  power  
suppl ies, disc dr ives, modems, ampli f iers, attenuators, cables, crystals,  integrated circuits,  t rans 
ducers, transformers, and many other devices. The HP 3577 A story is a story of skillful, state-of-the- 
ar t  des ign.  I ts  bandwidth ,  dynamic  range,  accuracy,  reso lu t ion,  and sens i t iv i ty  are  as good as 
you ' l l  and in  th is  k ind of  product .  I t  makes complex measurements easy to  set  up and per form.  
It manipulates results to its user's l iking without a computer, but it can also operate under computer 
contro l .  There 's no magic behind any of  th is ,  just  good design.  Precise analog design for  broad 
bandwidth.  Dig i ta l  s ignal  processing for  accuracy and display f lex ib i l i ty .  Microprocessor contro l  
for  s impl ic i ty of  operat ion. For the detai ls,  read the art ic les on pages 4,  17, and 21. 

The HP 3081 A Indust r ia l  Works ta t ion  Termina l ,  descr ibed by  i ts  des igners  in  the  ar t i c le  on  
page 25, has a compact, personal miniterminal designed for low-cost factory data collection. It has 
big keys grease, are easy to operate with gloves on, and it 's protected against dust, dirt, grease, oil, 
and l iquids.  You can clean i t  wi th any l iquid soap or detergent and r inse i t  of f  wi th a hose, i f  you 
want collected This is where the automated factory beginsâ€” with data collected at the source, on the 
shop terminal An optional bar code wand, also sealed, lets the terminal read two types of bar code, 
increas ing ly  recognized as the best  way to  speed the f low of  par ts  and paperwork in  indust r ia l  
applications. 

The  new  2933A  f am i l y  cons i s t s  o f  t he  HP  2932A  Gene ra l -Pu rpose  P r i n t e r ,  t he  HP  2933A  
Factory pr inters,  Pr inter,  and the HP 2934A Off ice Printer.  They're al l  dot-matr ix impact pr inters,  
capable  per  pr in t ing on mul t ipar t  fo rms.  A l l  o f  the pr in ters  can pr in t  tex t  a t  200 characters  per  
second code graphics with a resolut ion of 90 dots per inch. The HP 2933A can also print bar code 
and large characters (up to 28 t imes normal  s ize) ,  whi le  the HP 2934A of fers a l l  these features 
plus near let ter-qual i ty  pr int ing and a wider choice of  fonts.  Let ter-qual i ty  pr int ing is  done at  67 
or 40 characters per second using a 36-by-24-dot character cell instead of the standard 9-by-1 2-dot 
cell. feature. pages printers provide last-form tearoff, a paper-saving feature. In the articles on pages 
30 and 33,  was designers descr ibe the three pr inters and the specia l  integrated c i rcui t  that  was 
designed for  them. The integrated c i rcui t  makes sure that  each pr inthead wire st r ikes the paper 
a t  the pr in t ing t imes as the pr in thead sweeps back and for th  across the paper ,  pr in t ing in  both 
directions. 

-R.  P.  Do/an 

What's Ahead 
Next  index issue,  the las t  o f  1984,  wi l l  conta in  the annual  index and four  ar t ic les  descr ib ing 

the design of the HP 3561 A Dynamic Signal Analyzer. This versati le instrument allows the real-t ime 
s tudy  the  range  mechan ica l ,  acous t i c ,  and  e lec t r i ca l  wave fo rms  in  the  f requency  range  f rom 
125 /Â¿Hz ( roughly  one cyc le every two hours)  to  100 kHz.  I ts  capabi l i t ies are,  in  a large par t ,  
made possible by custom-designed digi ta l  f i l ter  ICs. 
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An Advanced 5-Hz- to-200-MHz Network 
Analyzer 
This instrument is  a complete network analysis system 
containing an integrated three- input receiver subsystem, a 
graphics display,  and a synthesized signal  source. Softkey 
menus  and  a  power fu l  ope ra t i ng  sys tem make  i t  easy  to  
set  up and use.  

by Robert  A.  Wit te  and Jerry W.  Daniels  

NETWORK ANALYSIS TECHNIQUES and in 
strumentation have advanced significantly from the 
early days of a room full of equipment requiring 

complicated adjustment and calibration for each measure 
ment point. As circuits became more and more complex, 
the need for network analysis of greater accuracy and cov 
ering greater frequency ranges became more important. For 
tunately, the increasing complexity and performance of the 
new circuits could, in turn, be used to simplify and improve 
the network analysis equipment used to design them. This 
synergetic process has resulted in the HP 3577A Network 
Analyzer and HP 35677A/B S-Parameter Test Set (Fig. 1), 
which bring a new level of performance/price ratio to net 
work analyzer applications in the audio, video, baseband, 
IF, and RF frequency bands. 

Features 
The HP 3577A can be used either in stand-alone applica 

tions or as part of a larger instrumentation system. Its fea 
tures include: 

A built-in source. This fully synthesized source has a 
frequency range of 5 Hz to 200 MHz, a frequency resolu 
tion of 0.001 Hz, and an output level adjustable from 15 
dBm to -49 dBm. 
Three receivers (A, B, and R). Each receiver has a dynamic 
range of 100 dB and dynamic amplitude and phase ac 
curacies of Â±0.02 dB and Â±0.2 degree for input levels 
of â€” 10 dB to â€” 50 dB relative to the maximum allowable 
input level. 
An annotated dual-trace display. Other display features 
include an autoscale function, markers, a choice of rect- 

F i g .  1 .  T h e  H P  3 5 7 7  A  N e t w o r k  
A n a l y z e r  ( t o p )  p r o v i d e s  c o s t - e f  
f e c t i v e ,  h i g h - p e r f o r m a n c e  n e t  
w o r k  m e a s u r e m e n t s .  T h e  c o m  
panion HP 35677 A/B S-Parameter 
Tes t  Se t  (undernea th )  and  a  fu l l  
l ine  o f  accessor ies  ensure a  com 
p r e h e n s i v e  m e a s u r e m e n t  s o l u  
t ion. Convenient softkey select ion 
o f  measurement  funct ions a l lows 
the user to measure t ransfer  func 
t ions,  magni tude/phase,  inser t ion 
loss /ga in ,  a t tenua t ion ,  e lec t r i ca l  
length, group delay, and gain com 
pression. 
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angular, polar, or Smith chart formats, and programma 
ble graphics. 

â€¢ Vector math operations. The HP 3577 A can add, subtract, 
multiply, or divide user-defined combinations of input 
data, stored data, and user-defined constants and func 
tions. The results can then be displayed without the 
need of a computer. (See box on page 8.) 

Â» Full HP-IB (IEEE 488) programmability. 
â€¢ Fast data transfer. Data can be sent rapidly to other sys 

tems in either ASCII or binary modes. 
Â« Hard-copy output. Displayed data can be output directly 

to an external HP-IB plotter without need of a computer. 
With the addition of the HP 35677A/B S-Parameter Test 

Sets (see article on page 17), comprehensive two-port de 
vice characterizations are possible. 

Friendly Front Panel 
The front panel is divided into five sections (refer to Fig. 

1). The Display Format section determines how the data 
is presented to the user. This includes receiver input selec 
tion, scaling, the digital marker function, storage and re 
trieval of data, user-defined vector math, and measurement 
calibration. The Source section controls the frequency, 
amplitude, and sweep characteristics of the analyzer's out 
put. The Receiver section sets up the receiver bandwidth, 
vector averaging, input attenuator, input impedance, and 
electrical length compensation. The Instrument State sec 
tion is used to save and recall instrument states, dump data 
to a plotter, and exercise other assorted features. The Data 
Entry area is used to enter or modify all of the user-settable 
parameters in the instrument. Virtually all parameters can 
be entered using the ten-digit keypad, incremented up or 
down, or adjusted with the continuous entry knob. The 
knob can also be locked to the marker for convenience in 
positioning the marker on the display. 

Because of the extensive feature set of the HP 3577A, its 
front-panel design is based on a softkey menu approach. 
Without softkeys, the front-panel complexity would be 
much greater, requiring 330 separate keys to select and 
control all of the features available in the HP 3577A. When 
a user presses one of the front-panel keys, the appropriate 
menu of softkey labels is displayed along the right side of 
the display. The desired softkey function can then be 
selected by using the pushbutton switches that are an inte 
gral part of the display bezel. An extensive softkey ap 
proach can be intimidating if several levels of nesting are 
used, so most menus on the analyzer use only one level of 
nesting (i.e., pressing a front-panel key brings up only one 
menu, with no underlying second level of softkeys). The 
menu hierarchy is very regular, with similar features being 
accessed in a consistent manner. 

Display of Data 
The display used in the HP 3577A is the HP 1345A 

Graphics Display.1 This is a high-resolution (2048X2048 
points) vector display. The user also has access to the HP 
1345 A Display and can directly enter annotation, softkey 
labels, and graphics. The ability to read the keyboard re 
motely and a full HP-IB service request capability allow 
the HP 3577A to act as the user interface in an automated 
test system. 

The basic measurements made by the HP 3577A are 
amplitude and phase. However, the actual measurements 
displayed can be more complex. The input selection can 
be as simple as INPUT A. B, or R, or it can be a ratio such 
as A/R or a very complex equation containing input chan 
nels, constants, and other functions. 

The Y-axis information can be displayed as the log mag 
nitude, linear magnitude, phase, polar, real part, imaginary 
part, or group delay of the input selection. The Y-axis for 
mat is selected by choosing the appropriate softkey func 
tion in the menu obtained by pressing the DISPLY FCTN key 
in the front panel's Display Format section. The LIN MAG 
function is useful when a display of a device's gain or loss 
is desired. PHASE gives a display of the phase shift through 
the device under test. POLAR provides a linear display with 
the horizontal axis being the real part of the measurement 
and the vertical axis being the imaginary part of the mea 
surement. The resulting plot then is the locus of real and 
imaginary data as the selected frequency range is swept. 
This type of display is particularly useful when measuring 
the reflection characteristic of a device. The REAL and IMAG- 

1O. OOOdB 

MARKER 24 587 75O. OOOHz 

M A G C S 1 1 )  - 4 3 .  9 2 1 d B  

(a) 

G. OOOdB 10. OOOdB 

STOP ZOO OOO OOO. OOOHz 

MARKER 133 533 2SO. OOOHz 

M A G C U D F >  - 7 7 .  9 O 7 d B  

>.~! 100 OOO. DC. 

UdBm 

(b) 

STOP 2OO OOO OOO. OOOHz 

Fig. 2. (a) Plot of bridge directivity before one-port calibration, 
(b) Plot after one-port calibration. 
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inary functions are valuable when the input selection is 
chosen so that the direct measurement of impedance can 
be displayed. Thus, the real and imaginary parts of the 
impedance parameter can be viewed versus frequency. The 
important group delay parameter is also available via the 
DELAY softkey display function. Group delay is the deriva 
tive of the measured phase with respect to frequency. 

In addition to the flexible control of the Y-axis display 
of data, the HP 3577 A has several types of X-axis control. 
The features available in the softkey menu obtained by 
pressing the SWEEP TYPE key in the Source section of the 
front panel include linear frequency sweep, alternate 
sweep, logarithmic frequency sweep, continuous wave, 
and sweep direction. Pressing the LIN FREQ SWEEP softkey 
selects a linear, phase-continuous sweep from a user- 
specified start frequency to a user-specified stop frequency. 
ALTERNTE SWEEP allows two totally different linear X-axis 
sweeps to occur. The first trace is swept first over its fre 
quency definition and then the second trace can be swept 
over an entirely independent frequency definition. Both 
traces can be displayed at the same time. For example, this 
sweep definition can allow the simultaneous display of 
the passband and the stopband characteristics of a filter. 

The HP 3577 A can perform a logarithmic frequency 
sweep from an arbitrary start frequency to an arbitrary stop 
frequency. This feature can be used to display traditional 
Bode plots of the frequency response of networks. CW (con 
tinuous-wave) sweeps are useful for repeatedly taking data 
at the same frequency. Many computer-based instrument 
systems can use this mode to take data rapidly at many 
different specified frequencies. The frequency sweep direc 
tion (up or down) for the linear sweeps can be varied to 
suit the measurement needs of the user. 

Another significant feature of the HP 3577A is the ability 
to select the delay aperture. The delay aperture is defined 
as the change in frequency over which the change in phase 
is calculated. The ability to select this parameter allows 

the user to make important trade-offs between delay reso 
lution and noise. 

The wide dynamic range of the instrument and the ver 
satile display formatting often cause the measured data to 
be limited at the top or bottom of the display. When this 
occurs, the AUTO SCALE softkey provides the user a quick 
way of getting all of the data on the display. The automat 
ically scaled display may not be exactly what the user 
wants to see, but it is usually close and always puts the 
data on the screen. 

Measurement Features 
Data Storage. Data from the HP 3577A's three receivers is 
in complex vector form to retain both magnitude and phase 
information. This data can be stored and later recalled and 
redisplayed in whatever display function the user requires 
regardless of what display selection was made when the 
data was stored. The data is stored in floating-point format, 
which retains the full accuracy of the HP 3577A regardless 
of what scale parameters were used at the time the data 
was taken. The data memory in the analyzer is nonvolatile 
so that a power failure will not destroy stored data. 
Normalization. The HP 3577A's normalization function 
provides a simple means of canceling source and receiver 
accuracy and flatness errors, test fixture errors, and cabling 
errors (both magnitude and phase). For a transmission mea 
surement, the user removes the device under test (DUT) 
and replaces it with a through connection. Pressing the 
NORMLIZE softkey stores the remaining magnitude and 
phase errors. The DUT is then reinserted and all measure 
ments are made relative to the stored error, data. The use 
of digital storage and a high-stability circuit design allow 
very precise measurements. Previous instruments required 
an additional accessory to perform this calibration. 

The one-port calibration feature goes one step further by 
providing a means of canceling the errors inherent in a 
return-loss bridge. During calibration, the user is prompted 

To Other  
Channels 

Other Receiver 
Channels,  B and R 

External 
Frequency 
Reference 

Input 

Fig. 3. Simpli f ied block diagram of 
the HP 3577 A Network Analyzer. 
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O n e - M e g o h m  I n p u t  A t t e n u a t o r  0.25 to 200.25 MHz 
from LO Board 

240  kHz  f rom 
Re fe rence  Board  

250 kHz 

Receiver 
Input 

V  

10 kHz 
50Ã1 Input 
Attenuator 

To Sample-and-Hold 
Circuit (Fig. 5) 

Trip 
Detection 

Fig.  4.  Block d iagram of  the input  
impedance paths for each of the HP 
3577/Vs receivers. 

to connect, in turn, an open circuit, a short circuit, and a 
reference load to the test port. The HP 3577A automatically 
records the data associated with each of these and config 
ures itself for a three-term corrected reflection measure 
ment. A slightly less accurate two-term correction is also 
available that requires only an open circuit and a reference 
load. The one-port error correction can improve the direc 
tivity of a typical bridge from 40 dB to an effective directiv 
ity of 75 dB (see Fig. 2). 
Noise Averaging. Since the input data is stored as complex 
vectors, incoherent noise can be reduced by averaging the 
data from the current sweep with data from previous 
sweeps. The data is weighted exponentially with the most 
recent data weighted the most and the oldest data weighted 
the least. This results in a fast, memory-efficient algorithm 
that reduces noise while still responding to a drift in the 
data. The exponential averaging factor must be a power of 
two and can be selected via the softkey menu. This form 
of averaging should not be confused with video filtering, 
which only estimates or smooths the noise. 
Vector Math. The HP 3577A's vector math capability al 

lows the user to define functions that are themselves math 
ematical expressions consisting of other functions, stored 
data, constants, and input data. To simplify function defi 
nition, the HP 3577A has several useful built-in expressions 
(closed-loop-to-open-loop response, normalized imped 
ance, and impedance] which can be used directly or can 
be modified by the user. A user can display the input 
characteristics of a device in S-parameter form (reflection 
coefficient] or use the vector math features to convert the 
reflection coefficient to input impedance. Depending on 
what display function is selected, the magnitude, phase, 
real part, or imaginary part of the impedance can be shown 
(see box on page 8 for some examples). The impedance can 
also be shown in polar form, which provides both 
amplitude and phase information on the same trace. 

Devices under test often have significant delay in their 
transmission paths, which causes large amounts of linear 
phase shift. The absolute value of the delay may not be 
meaningful, but the deviation from linear phase (or pure 
delay) is often important, especially in digital systems. The 
PHASE SLOPE softkey allows the user to add or subtract up 

(cont inued on page 9)  

Sample and Hold 

10-kHz 
Signal 
from 
Input 
Path 

(Fig. 4) 

8 kHz 
from 
Reference 
Board 

Gain Control 

V  

Prescaler 
Amplifier 

2 kHz 

Algorithmic 
State 

Machine 
Control 

Q u a d r a t u r e !  I n - P h a s e  
D i g i t a l  D i g i t a l  
F i l t e r  F i l t e r  

Fast Processor 
F i g .  5 .  I n p u t  s i g n a l  p r o c e s s i n g  
section of the HP 3577 A 's receivers. 
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User-Defined Vector Math Expands Measurement Capabilities 

The  HP 3577A Ana lyze r ' s  vec to r  ma th  capab i l i t i es  no t  on l y  
increase its power in tradit ional network analysis, but also extend 
i ts usefulness to less-tradi t ional measurement areas. In contrast 
to  the  t race  math  func t ions  o f  ea r l i e r  ana lyzers ,  wh ich  s imp ly  
man ipu la te  an  ins t rument 's  d isp lay ,  vec tor  math  per fo rms com 
p lex  r esu l t s  i nvo l v i ng  t he  ac tua l  measu red  da ta .  The  resu l t s  
a re  then d isp layed and can be  sca led  in  v i r tua l l y  any  fo rm the  
user desires. 

The  measurement  o f  quar tz  c rys ta l  pa ramete rs  p rov ides  an  
excel lent example of vector math at work. Tradit ional ly based on 
complex impedance measurements,  these parameters have long 
been a di f f icul t  measurement problem. Vector Impedance meters 
a re  commonly  ava i lab le ,  bu t  no  s ing le  un i t  has  ever  combined 
the  necessary  f requency coverage (up to  200 MHz) ,  f requency 
resolut ion (0.01 ppm),  and measurement  accuracy (Â±0.02 dB) 
fo r  t hese  dev i ces .  Wh i l e  the  HP 3577A I s  p r imar i l y  a  ne twork  
analyzer ,  i t  can furn ish these impedance meter  funct ions easi ly  
by means of  i ts  vector  math capabi l i t ies.  

F ig.  1 shows the ref lect ion coef f ic ient  (s, , )  of  a quartz crysta l  
In the v ic in i ty  of  ser ies resonance. This t radi t ional  network mea 
surement  i s  de f ined  as  the  ra t io  o f  the  power  re f lec ted  f rom a  
device to that supplied to i t .  In this case, the HP 3577A measures 
the ref lected signal in I ts A receiver and the Incident signal in i ts 
R  rece iver .  Re f lec t ion  coe f f i c ien t  I s  ca lcu la ted  as  A /R and d is  
p layed here  as  magn i tude and phase versus  f requency .  

Transmission-l ine theory indicates that for every value of ref lec 
t ion coef f ic ient  there Is  a corresponding value of  normal ized Im 
pedance ZX/Z0, where Zx is the device impedance and Z0 is the 
s y s t e m  i m p e d a n c e .  I n  o t h e r  w o r d s ,  a f t e r  m e a s u r i n g  s ^  f o r  a  
g iven dev ice ,  i t s  impedance can be ca lcu la ted f rom.  

With can HP 3577A's vector math capabi l i ty,  th is calculat ion can 
be per formed automat ica l ly  fo r  each po in t  o f  the  measurement  
sweep as  i t  i s  taken ,  y ie ld ing  the  rea l - t ime impedance d isp lay  

R E F  L E V E L  / D I V  M A R K E R  g  g 9 9  8 O 2 .  S O O H z  

O .  O  I D O .  O O  M A G  C U D F )  9 . 1 4 4 8  

D .  O d a g  4 5 .  O O O d a g  M A R K E R  9  9 9 9  8 O 2 .  S O O H z  

PHASE CUDF) 2. 435dag 

CENTER 9 999 777. SOOHz 
AMPTD -ID. OdBm 

SPAN SOD. OOOH2 

F ig .  1 .  Magn i tude  ( top  cu rve )  and  phase  (bo t tom cu rve )  o f  
the ref lect ion coeff icient s,,  of a quartz crystal near i ts series- 
resonant  f requency.  

REF LEVEL 
O. ODOdB 
O. Odag 

/DIV 

1. OOOdB 
9O. OOOdag 

MARKER 9 999 BO2. SOOHz 
MAGCUDF) -3. 210dB 
MARKER 9 999 BO2. SOOHz 
PHASE CUDF> 179. O78dog 

\  

\  

CENTER 9 ggg 777. SOOHZ 
AMPTD -ID. OdBm 

SPAN 5OO. OOOHz 

F ig .  2 .  Magn i tude  ( top  cu rve )  and  phase  (bo t tom curve )  o f  
the  c rys ta l  impedance,  as  ca lcu la ted  f rom s , ,  us ing  the  HP 
3577 A's user-def ined vector  math capabi l i ty .  

of Fig. 2. 
Operation is simple. On the softkey menu obtained by pressing 

the ins t rument 's  INPUT key,  the or ig ina l  se lec t ion o f  A/R cor re  
sponds to s-,-,. By pressing the USER DEFlned INPUT softkey, the 
operator Â¡s prompted to enter symbols corresponding to an input 
expression of the operator's choice. In this case the expression is: 

K2* (K1+A/R) / (K1 -A /R )  

where the arbi t rary constants K1 and K2 are assigned values of  
1 and 50, respect ively.  

This transformation from s-,-,  to complex impedance Â¡s useful 
enough that the above equation Â¡s predefined for the HP 3577A 
user upon instrument turn-on or preset.  Al l  that  need be done is 
t o  se lec t  spec ia l  f unc t i on  F4  v ia  the  same use r -de f i ned  i npu t  
m e n u .  C o m b i n e d  w i t h  t h e  i n s t r u m e n t ' s  i n t e r n a l  c a l i b r a t i o n  
f i rmware and a set of accurate impedance standards, impedance 
measurements  o f  ve ry  sa t i s fac to ry  accuracy  and  repeatab i l i t y  
are thus obtained. 

However, this does not yet solve the entire crystal measurement 
problem. From the crystal 's  equivalent c i rcui t  d iagram (Fig.  3)  i t  
can be seen that a shunt capacitance C0 Â¡s modeled across the 
series, or motional components R1 , L1 , and C1 . Away from reso 
nance, the motional arm presents a fair ly high shunt impedance, 
isolat ing C0 for measurement v ia convent ional  techniques. Near 
resonance,  however ,  the reactance of  C0 d is tor ts  the apparent  
impedance of  the mot ional  components,  making thei r  va lues d i f  
f icult  to determine. 

Fig.  3 .  Equiva lent  c i rcu i t  model  o f  a  quar tz  crysta l  dev ice.  
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Aga in  ca l l i ng  upon vec to r  math ,  the  reac tance  o f  C0  can  be  
mathemat ica l ly  removed f rom the overal l  impedance p lot .  To do 
so,  speci fy  a user-def ined input  expression of :  

(K3Â»F4)/(K3-F4). 

where F4 is the calculated crystal  impedance funct ion previously 
descr ibed and K3 is  a complex constant  represent ing the imped 
ance of C0. Use the DEFINE MATH softkey menu to assign to K3 
a value of  0-yX0,  where Xo is  the calculated reactance of  C0 at  
the crystal 's resonant f requency (X0 can be safely approximated 
as f requency- independent  over  the very  smal l  f requency spans 
used for  crysta l  measurements) .  

These ca lcu la t ions  accompl ished,  the  o isp lay  w i l l  now show 
the crysta l 's  impedance as i f  C0 were not  present ;  that  is ,  as a 

s imple ser ies-resonant  c i rcu i t  composed of  the mot ional  compo 
nen ts  R1 .  L1 ,  and  C1 .  A t  se r i es  resonance  ( i den t i f i ed  by  t he  
phase zero cross ing)  the tota l  crysta l  impedance is  s imply R1 .  
The s lope of  the reactance at  phase zero crossing y ie lds values 
f o r  L 1  a n d  C 1 ,  a n d  c r y s t a l  Q  c a n  b e  c a l c u l a t e d  f r o m  p h a s e  
var iat ions wi th f requency. 

U s e r - d e f i n e d  v e c t o r  m a t h  a l l o w s  t h e  H P  3 5 7 7 A  t o  p e r f o r m  
these funct ions wi thout  an ex terna l  computer .  Desp i te  i ts  b i r th  
r ight as a general-purpose test instrument,  i t  is able to dupl icate 
o r  su rpass  func t i ons  fo rmer l y  f ound  on l y  i n  more  spec ia l i zed  
equipment.  

Kenneth M.  Voelker  
Product  Market ing Engineer  

Lake Stevens Instrument Divis ion 

to 72,000 degrees per span of linear phase shift to or from 
the phase display so the user can measure the deviations 
from a linear phase response. 

Hard Copy 
To provide some sort of permanent hard copy of the data, 

the HP 3577A Analyzer supports direct dump of the display 
via the HP-IB to listen-only, HP-GL plotters. The analyzer 
is configured as a talk-only HP-IB device, so no external 
HP-IB controller is required. The firmware supports com 
plete dumps of the display and allows selective plots so 
that several traces can be plotted on one graticule. Select 
able pen number, pen speed, and line type allow the user 
to customize the plot. Positioning the marker where desired 
on the display and pressing the PLOT MARKER softkey lets 
the user record high-precision readings at multiple points 
on the plot. Fig. 2 shows two plot examples. 

Data Transfer 
The HP 3577A provides access to all of its data storage 

via the HP-IB and can dump and load data in three different 
formats: 
â€¢ An ASCII format that can be used by most computers 
â€¢ A 64-bit floating-point format directly compatible with 

HP 9000 Series 200 Computers and allowing faster total 
measurement times since no data translation is needed 

â€¢ An internal HP 3577A format that can be used for tem 
porary storage of data by an external computer system. 

S-Parameter  Test  Sets 
S-parameter (scattering matrix) measurements represent 

the industry standard for the characterization of N-port 
networks, including active and passive devices, for fre 
quencies extending from approximately 100 kHz through 
100 GHz and beyond. The HP 35677A/B S-Parameter Test 
Sets (for 50ÃÃ and 75Ã1 systems, respectively) were de 
veloped to provide this capability for two-port S-parameter 
measurements with the HP 35 77 A, covering a frequency 
range from 100 kHz to 200 MHz (the upper frequency limit 
of the HP 3577A). The test set implementation is based on 
the standard reflectometer bridge design that has been used 
for many years by Hewlett-Packard. Duplication of over 
head circuitry was avoided by deriving all power and con 
trol functions from the HP 35 77 A. A simple four- wire inter 
connect provides these power and control functions, result 
ing in a very cost-effective, high-performance instrument 
that complements and extends the functional capabilities 
of the HP 3577A. (See article on page 17 for more details 
about the HP 35677A/B Test Sets.) 

Hardware Design 
Fig. 3 shows the functional blocks making up the HP 

3577A. The source produces the synthesized 5-Hz-to-200- 
MHz stimulus for a device or network under test. The 
source also generates the frequency sweep and controls the 
output amplitude from 15 dBm to -49 dBm in 0.1-dB in 
crements. Each of the three identical receivers tracks the 

3 0 0 . 2 5  M H z  
f r o m  O f f s e t  

B o a r d  

3 0 0 . 2 5 - t o -  
5 0 0 . 2 5 - M H z  S i g n a l  
f r o m  S y n t h e s i z e r  

b o a r d  
Fig. 6. Block diagram of the output 
board. 
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Main Processor 

10-MHz 
Output 

Main Processor 

F i g .  7 .  B l o c k  d i a g r a m  o f  t h e  f r e  
quency reference board. 

source frequency and measures the real and imaginary parts 
of the signal coming into its input (usually from the output 
of the DUT). A very fast vector math processor takes the 
real and imaginary data from each of the receivers, saves 
this raw data in memory, and converts it to the selected 
display function. The main processor provides the user 
interface, controls the internal circuits, services the HP-IB, 
and updates the display of data on the CRT. 
Receiver. The block diagram shown in Fig. 4 illustrates 
the conversion of the input impedance paths for different 
measurement requirements. The input signal to the receiver 
section is translated in frequency and filtered using all 
analog processing. In the one-megohm input position the 
input signal goes through a one-megohm, O-to-20-dB at 
tenuator. In the 50Ã1 input position a higher frequency re 
sponse is possible. An overload detector measures the sig 
nal level at the input to the 50Ã1 attenuator and if a damage- 
level signal is present, the input relay trips and automati 
cally selects the one-megohm input position. A message is 
then sent to the CRT display to indicate what has happened 

100 kHz 
from 

Reference 
Board 

Analog Phase 
Interpolation 

and Bias Current 
Sources 

and to explain how to reconnect to the 50O input position. 
After the input attenuator, the signal goes through a 

unity-gain buffer amplifier to the first mixer for down-con 
version. The first mixer is a diode and transformer double- 
balanced mixer. The local oscillator (LO) drive signal is a 
7-dBm tracking signal that is tuned to 250 kHz above the 
input frequency. Thus, the frequency range of the LO is 
250 kHz to 200.25 MHz. The output of the mixer is a con 
stant 250-kHz IF. Following the mixer is a 250-kHz 
bandpass filter that has a zero at 230 kHz, the image fre 
quency for the second mixer. The second mixer is a transis 
tor array with an LO drive of 240 kHz. The 250-kHz and 
240-kHz signals mix to provide the 10-kHz IF, which is 
then amplified to levels that provide an optimum signal-to- 
noise ratio for the active 10-kHz bandpass filter. 

The purpose of this 10-kHz bandpass filter is to provide 
an antialiasing filter of approximately 1.7-kHz bandwidth. 
This bandpass filter is a cascade of six active second-order 
RC sections. Two of these sections have a transmission 
zero at 14 kHz. This zero is necessary to reject any signal 

Phase-Locked 
Loop Unlock 

Detector 

To Output  Board 
To LO Board 

F ig .  8 .  B lock  d iag ram o f  the  syn  
thesizer board. 
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aliasing with the second harmonic of the 8-kHz sampling 
frequency used in the following sample-and-hold circuit 
(Fig. 5). Also included in the 10-kHz bandpass filter is an 
all-pass network stage that provides a means of adjusting 
the phase shift through the filter. The sequence in which 
the second-order sections are cascaded is optimized for the 
best noise performance. 

The 10-kHz signal is sampled at an 8-kHz rate with a 
sample-and-hold circuit (see Fig. 5). At first glance it might 
appear that sampling a 10-kHz signal at 8 kHz violates the 
Nyquist criteria for sampling. However, what is really hap 
pening is that a bandwidth of 1.7 kHz is sampled at 8 kHz. 
The information at 10 kHz can be thought of as being trans 
lated in frequency from 10 kHz to 2 kHz just the same as 
if it had been down-converted in a mixer. 

The sampled signal is then converted from an analog 
signal to a digital sequence by an analog-to-digital converter 
(ADC), which is an 8/12-bit successive-approximation 1C. 
One of the contributions of the total A-to-D process is the 
prescaling variable-gain amplifier in front of the ADC. The 
converter operates in a two-pass operation. On the first 
pass, the prescaling amplifier is set to a gain of 1.1 and an 
8-bit conversion is made. This output is processed by a 
state machine and a number is fed back to program the 
prescaling amplifier to the gain required to get the signal 
to approximately a full-scale level. The second-pass con 
version is then done to 12-bit resolution. The results of the 
two conversions are combined to produce a 26-bit word. 
The extra bits are used by internal arithmetic processing 
steps and then truncated from the result. 

This two-pass conversion approach provides not only 
12-bit resolution at full scale, but 12-bit resolution all the 
way down to 42 dB below full scale. 

The ability to take two conversions and put the results 
together to form a useful answer is made possible by an 
accurate tantalum-nitride resistor network with a ratio ac 
curacy of better than 0.02%. These resistors are used as 
part of the variable-gain amplifier. (For a discussion of the 
design of this ADC, see article on page 21.) 

The output of the ADC is a digital sequence representing 
a 2-kHz signal. This output contains both the amplitude 
and phase information of the signal coming into the re 
ceiver input. Quadrature detection is used to extract the 
required amplitude and phase data. The digital sequence 
representing the 2-kHz signal is applied to two digital mix 
ers simultaneously. One mixer uses a local oscillator that 
generates a digital sequence representing a sampled cosine 
function. The other mixer uses samples of a sine function. 
The results of this mixing process are two data streams, 
one representing the real part of the input signal and the 
other representing its imaginary part. 

The two data streams are filtered separately by custom 
digital filters that define the instrument's resolution 
bandwidth (1 Hz, 10 Hz, 100 Hz, and 1 kHz). The filters 
are four-pole Bessel filters implemented as custom inte 
grated circuits. These variable-bandwidth filters allow the 
accurate measurement of devices with steep frequency re 
sponses and help reduce the measurement noise. The out 
put of each filter is a 24-bit two's-complement number. 
The 24-bit numbers representing the real and imaginary 
parts of the input signal are then sent to the fast vector 

math processor for further manipulation into functions 
such as magnitude and phase. 
Source. The source output (Fig. 6) is generated by mixing 
a 300.25-MHz signal from the offset sectiop with a signal 
from the 300. 25-to-500. 25-MHz synthesizer. The result is 
a 5-Hz-to-200-MHz source output frequency. The output 
mixer is a double-balanced diode ring mixer. The LO level 
is 15 dBm. The 300.25-MHz signal at the RF port of the 
mixer is varied over an approximate 10-dB range by using 
another double-balanced mixer as a variable limiter. This 
limiter is switched at a high level and its output is con 
trolled by a current summed into its dc port. The output 
signal is then filtered by a 200-MHz low-pass filter to elimi 
nate out-of-band responses before it is amplified by two 
identical amplifier stages. These 20-dB stages have very 
flat frequency response from 1 Hz to greater than 200 MHz 
and are designed as complementary amplifiers with local 
feedback to obtain optimum biasing. 

A second 200-MHz filter is used before the final 15-dB 
power stage, which is used to provide the 15-dBm signal 
at up to 200 MHz. This amplifier is also a complementary 
design to optimize for low distortion. A dc servo loop (not 
shown in Fig. 6) is built around the entire amplifier chain 
to keep the output coupled at ac only; that is, to maintain 
the dc level of the output at reference ground. The output 
amplifier maintains its ac level by using a peak detector 
to sense the output and provide a feedback signal to correct 
the amplitude. The frequency response below 100 kHz is 
flat enough that leveling is not necessary. The synthesizer 
controls a signal that tells the main processor whether or 
not to level the output board. This signal can be sent even 
during a sweep so that leveling can be enabled or disabled 
dynamically. 

The level of the output signal is controlled over a 4-dB 
range in 0.1-dB steps by using a digital-to-analog converter 
(DAC) to set the reference voltage level for the variable 
limiter. Amplitude sweeps are accomplished by having the 
HP 3577A's main processor continuously send out new 
amplitude settings for this DAC. Further control of the 

Fig. 9. Photograph of the synthesizer board showing RF shield 
ing cans. 
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output level is provided by a 60-dB attenuator which is 
constructed in 4-dB steps. The 4-dB pads are switched 
using high-reliability RF relays. 
Frequency Reference. The frequency reference circuitry 
(Fig. 7} generates signals synthesized from one common 
reference frequency. The main reference frequency is au 
tomatically selected from either the internal 10-MHz coarse 
crystal oscillator, the internal 10-MHz high-stability oven 
oscillator, or a user-supplied external reference of 10 MHz/ 
N where N can be any integer from 1 to 100. The hierarchy 
of selection is external reference first, oven oscillator sec 
ond, and finally coarse 10 MHz. If none of the above selec 
tions achieves a phase-lock condition, an Oscillator Unlocked 
message is displayed by the processor. The selected 10- 
MHz reference frequency is used to lock an internal 300- 
MHz VCO. All of the other fixed frequencies needed by 
the HP 3577A's circuits are generated by dividing down 
from the 10-MHz and the 300-MHz signals. 

Fig. 7 illustrates how the coarse 10-MHz VCXO and the 
alternate references are interfaced with the 300-MHz oscil 
lator. The external reference and the internal oven reference 
are buffered by comparators and applied to an OR gate. The 
presence of the external reference signal is sensed by a 
detector; if the signal is present, a shutdown signal is sent 
back to the oven oscillator to switch off its output. The 
output of the OR gate is used to generate a pulse that will 
provide an input into the phase detector of the 10-MHz 
phase-locked loop. If an external reference is not present 
and the oven oscillator has not yet stabilized (a condition 
that can exist just after the HP 3577A is turned on), the 
coarse 10-MHz VCXO controls the loop. 

The output of the 10-MHz phase-locked loop is used for 
several purposes: 
â€¢ It is supplied to the user for locking other instruments 

to a common reference. This signal has the advantage of 
being "cleaned up" in terms of phase noise by the loop 
bandwidth of 3 Hz. 

â€¢ It is sent to the HP-IB interface board. 
â€¢ It is divided by 100 to obtain the 100-kHz frequency 

reference that is used by the fractional-N synthesizer. 
^ It is also used as a reference for the 300-MHz phase- 

locked loop. 
The circuit configuration used for the 300-MHz VCO is 

used in several of the circuit blocks in the HP 3577A. This 
configuration is called a negative-resistance oscillator. It 
makes use of the property that the input impedance of a 
common-base transistor circuit with inductance in the base 
lead is negative over some range of frequencies. A tuned 
circuit placed in parallel with this negative impedance will 
result in sustained oscillation. The inductor for the tuned 

circuit is implemented by using a section of short-circuited 
semirigid coaxial cable. The VCO is tuned using voltage- 
variable diode capacitors in the tuned circuit. The output 
of the 300-MHz oscillator is used by the LO circuitry and 
the offset frequency loop. A divided-down 30-MHz signal 
is used to provide a clock for the fast processor. 

Other frequencies generated by the reference circuitry 
are 6 MHz, 2 MHz, 1 MHz, 240 kHz, and 8 kHz. The 240-kHz 
and 8-kHz outputs are used by the receiver board for the 
down-conversion LO and sampling signals, respectively. 
Synthesizer. The synthesizer board (Fig. 8) generates a 
300. 25-to-500. 25-MHz frequency with 0.001-Hz resolution 
and can be swept in a phase-continuous fashion over the 
entire 200-MHz span. The output from this board is used 
to provide the sweeping signal for both the source output 
and the tracking receiver LO. 

The basic synthesis technique is fractional-N frequency 
synthesis.2 This technique for synthesizing frequencies of 
arbitrary resolution uses a phase-locked loop, a divide-by-N 
counter, a "pulse swallowing" variable modulus counter, 
and analog circuitry to correct for phase interpolation. A 
proprietary 1C and a custom resistor network are used to 
realize the performance and cost advantages of this 
technique. 

Several circuit improvements have been added to enable 
fractional-N frequency synthesis to be performed at fre 
quencies of 300 to 500 MHz. Advances in operational 
amplifier technology have allowed discrete circuits to be 
replaced with high-performance ICs. One example of this 
is the integrator shown in Fig. 8. A 500-kHz low-pass filter 
after the sample-and-hold circuits filters out the high har 
monics of the 100-kHz reference frequency used by the 
phase-locked loop. This prevents these signals from becom 
ing phase sidebands on the output. A major contribution 
is the ability to sweep the entire frequency range in one 
band. The VCO that provides this capability is similar to 
the 300-MHz oscillator design described earlier. It is a nega 
tive-impedance oscillator using a shorted transmission line 
as an inductor and varicap diodes as the tuning elements. 
The ability to obtain a negative resistance region over such 
a large frequency range required careful optimization of 
several parameters. Many of the performance characteris 
tics were achieved only after design attention was focused 
on good RF shielding techniques. Fig. 9 illustrates the 
shielding used to minimize coupling between circuits on 
the synthesizer board and circuits on other boards. 
250-kHz Offset. The HP 3577A's design requires generation 
of an offset frequency equal to the receiver IF. The source 
and the receivers therefore are tuned to the same frequency 
as they are swept from 5 Hz to 200 MHz. A 250-kHz refer- 

From 
Reference '  

Board 

3 0 0  M H z  

6  M H z  

To Output  
Board 

Fig. 10. Block diagram of the offset 
frequency board. 
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ence is obtained by dividing the 6-MHz output from the 
frequency reference board by 24. This frequency is used 
as one input to a phase detector that is part of the phase- 
locked loop of the offset board (Fig. 10). The 6-MHz and 
300-MHz outputs from the frequency reference board are 
sent to the offset board, which generates a 300.25-MHz 
signal that is sent to the output board to mix with the 
300.25-to-500. 25-MHz swept LO. The 300.25-MHz VCO is 
another negative-impedance design. This oscillator's out 
put is mixed against the 300-MHz synthesized reference 
signal and the lower sideband of 250 kHz is then compared 
with the 250-kHz reference signal in a phase detector. The 
dc signal out of this phase detector is used to control the 
300.25-MHz phase-locked loop whose output is the desired 
250-kHz offset frequency synchronized with the reference. 
Local Oscillator. The local oscillator board (Fig. 11} ap 
pears to have a deceptively simple function. The circuit is 
designed to provide three identical 0.25-to-200. 25-MHz 
tracking LO signals for the HP 3577A's three receivers. The 
tracking signals are produced by mixing a fixed 300-MHz 
signal from the reference board with the swept 300.25-to- 
500. 25-MHz output from the synthesizer. There are several 
important performance characteristics that require special 
attention. The three LO signals must be matched in phase 
and amplitude (although amplitude matching is of lesser 
consequence] over a 200-MHz bandwidth. There are several 
types of spurious responses that, if present, would be con 
verted by the mixers on the receiver board and produce 
dynamic range limitations. Hence, the requirement for the 
dynamic range of the receivers to be better than 100 dB 
places some severe constraints on the LO signal purity. 

The required level of performance of the local oscillator 
board was achieved by careful design of the filters, mixers, 
and shielding, and by using a limiter for single-sideband 
rejection. Various 200-MHz and 300-MHz low-pass filters 
are used to ensure pure signal inputs to amplifiers and 
mixers. The main conversion mixer used to generate the 
0.25-to-200. 25-MHz output is a high-level, double-bal 
anced mixer capable of providing low-level, high-order 
mixer products. Special RF shielding cans and circuit 
placement are used to obtain the high on-board frequency 
isolation (over 120 dB at several hundred MHz). 

A typical mixer used for frequency translation has several 
undesirable conversion mechanisms. One such mechanism 
is single-sideband detection of signals on the switching 
port. It is important, therefore, that the level of single- 
sideband signal delivered to the mixer be reduced to an 
acceptable range. The local oscillator board uses a limiter 
in the signal path to control the level. It is well known that 
a single-sideband signal can be modeled as a sum of an 
amplitude-modulated signal and a phase-modulated sig 
nal. The limiter converts any single-sideband level to a 

phase-modulated double-sideband signal by removing any 
amplitude modulation. The particular type of limiter cho 
sen (the mixer-limiter configuration) also has the advantage 
of providing feedback around the limiter, which further 
stabilizes the output against frequency response losses. 
Oven Reference. The oven board provides the 10-MHz 
high-stability crystal oscillator reference frequency for the 
HP 3577 A. For high-stability operation while the tempera 
ture of the oven is reaching a stable point, the user can 
supply an external 10-MHz oscillator. Otherwise, the HP 
3577A uses its coarse 10-MHz VCO as a reference until the 
oven source stabilizes. 

As the HP 3577A warms up to a constant temperature, 
the current flowing into the oven is monitored. During the 
warm-up period the required current is greater than the 
current required later to keep the oven at a stabilized tem 
perature. The decrease in this current is measured and used 
to enable an output switch that delivers the 10-MHz oven 
reference signal to the reference board. This RF switch can 
also be enabled/disabled by a signal from the reference 
board that indicates whether an external 10-MHz reference 
is present (see Fig. 7). The RF switch consists of a transistor 
and two FETs that together provide at least 100-dB rejection 
of the 10-MHz signal when the switch is off. 
Power Supply. The power supply for the HP 3577 A is a 
switching regulator design which has good efficiency. The 
configuration used is referred to as a half bridge. The ac 
power line voltage is rectified to form a dc voltage that is 
switched at a 40-kHz rate by MOSFET switches to provide 
the signal to be transformed to the desired secondary volt 
ages. The feedback control is around the rectified 5V sec 
ondary output. The error voltage is supplied to a pulse 
width modulator 1C for loop correction. 

One interesting outcome of developing an instrument- 
quality switching power supply is that a large portion of 
the cost and a lot of the design and development time was 
spent on providing protection circuits for the supply. Some 
of these circuits enable the supply to withstand accidental 
abuse and some allow the supply to be relatively insensitive 
to power line variations. The HP 3577A's power supply is 
designed to withstand a range of line voltages as well as 
instantaneous excessive voltages (surges) and instantane 
ous excessively low voltages (sags). Whenever an out-of-tol- 
erance line voltage exists for a substantial time, the supply 
shuts down in an orderly fashion. This means that the RAM 
portion of the microprocessor is disabled before its 5V 
power is removed. The supply is also internally protected 
against accidental servicing abuses and component fail 
ures. The supply shuts down in case of secondary overvolt- 
ages and current limits, primary current limits, and exces 
sive environmental temperatures. 

A switching power supply can be thought of as a time- 

3 0 0 . 2 5  t o  
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from Synthesizer 
Board 
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Reference 

Board 

L i m i t e r  INPUT A  Rece iver  
INPUT B  Rece iver  
INPUT R  Rece iver  

Fig. 11. Block diagram of the local 
oscillator (LO) board. 
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varying linear system. Closing the feedback loop from the 
5V dc output to the pulse width modulator chip is a control 
loop problem. Designers usually want a great deal of gain 
to reduce ripple at the input frequencies and, for loop sta 
bility, want to have gain crossover determined by a single 
pole. These conditions, along with the requirement of a 
two-pole filter for reducing the switching frequency to a 
low level, make for interesting design challenges. Some 
solutions for reducing the two-pole rolloff to a single-pole 
rolloff use the inherent equivalent series resistance that 
occurs in the capacitor used for switching frequency filter 
ing. This resistance can provide a zero that can aid the 
loop response shaping. While this type of loop compensa 
tion can be used successfully, it does depend on an often 
unspecified and uncontrollable parameter â€” the filter ca 
pacitor's ESR or equivalent series resistance. 

The power supply in the HP 3577A was designed using 
a different two-loop technique to provide frequency com 
pensation for the switcher. One feedback loop, the inner 
or ac loop, senses the 40-kHz output before the LC section 
of the 40-kHz filter. The outer or dc loop senses the dc 
output after the conversion to 5V has taken place. The two 
loops are then summed for a common error signal. One 
advantage of this scheme is that the poles of the inner loop 
become zeros in the overall feedback response equation. 
Thus, a properly placed pole in the inner loop can become 
a zero that compensates for the LC filter rolloff. This gives 
a very important degree of freedom for the control loop 
design. In addition, the compensation is very well con 
trolled and can be accurately used to provide the required 
level of stability. 

Digital  System 
The digital processing capabilities of the HP 3577 A are 

provided by two separate microprocessors (see Fig. 3). The 
main processor is an MC68000 and its partner, the fast 
processor, is a 2900-family bit-slice processor that is micro 
programmed to do the real-time data processing in the in 
strument. The main processor handles the user interface, 
HP-IB protocol, analog hardware control, and service diag 
nostics. It also provides a list of tasks for the fast processor 
to perform during every frequency sweep. The trace mem 
ory provides 24K bytes of nonvolatile storage, which is 
accessible by both the main processor and the fast proces 
sor. The main processor RAM and the trace memory RAM 
consist of low-power CMOS devices that are automatically 
powered by a lithium battery when ac line power is not 
applied to the instrument. 

The fast processor is made up of four 2901 bit-slice ALU 
chips, each four bits wide, resulting in a 16-bit wide data 
path. The microcode resides in a 2K x 48-bit ROM array 
and provides all of the control signals for the fast processor. 
A 2910 microsequencer chip combines instructions from 
the microstore with conditions in the ALU to provide con 
ditional and unconditional branching and subroutine calls. 
Most of the fast processor is implemented using high-speed 
Schottky-technology parts. 

Although the analyzer provides a phase-continuous fre 
quency sweep, data is taken and stored at discrete points, 
typically 401 points per sweep. On a point-by-point basis, 
the fast processor takes the data from the three receivers, 

multiplies it by a gain factor, adjusts the phase for any 
electrical length compensation, performs the vector averag 
ing algorithm, and stores the corrected data in trace mem 
ory. The data from the three receivers is of the form R + 
jX, where R is the real or in-phase portion of the vector 
and X is the imaginary or quadrature portion of the vector. 

The fast processor then processes the data according to 
the functions selected and/or defined by the user. After the 
fast processor completes its signal processing tasks it scales 
the data for the display and passes the data to the main 
processor. The main processor takes the data on an inter 
rupt basis and writes it to the memory of the internal HP 
1345A Display (with optional memory board), which pro 
vides high-quality vector graphics. 

The HP-IB interface is implemented using a TMS9914A 
interface 1C under the control of the main processor 
firmware. 

Trace Math 
Vector averaging is performed using the following al 

gorithm: 

Ravg = (l/k)Rnew + Racc[(k - 

andXavg = (l/k)Xnew + Xacc[(k-l)/k] 

acc are the accumulated values from pre 
w and Xnew are the values from the current 

where Racc and X 
vious sweeps, Rn 
sweep, and k is the averaging constant selected by the user 
(either 1, 2, 4, 8, 16, 32, 64, 128, or 256). This algorithm 
results in the data from previous sweeps being averaged 
according to an exponential weighting, with the most re 
cent sweeps weighted the most. Thus, the algorithm can 
follow drifts in the data while still providing a reduction 
in the variance. Restricting k to powers of two makes the 
averaging calculations significantly faster, since in floating 
point notation incrementing or decrementing the exponent 

CENTER ID 7OO OOO. OOOHz SPAN 2O OOO. OOOHz 

AMPTD 15. OdBm 
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is equivalent to a multiply or divide by two. To facilitate 
efficient start-up, the actual value of k is sequenced through 
1, 2.  4,  et  cetera until  the value selected by the user is 
reached. The data is then further processed to prepare it 
for display. First, the fast processor performs any calcula 
tions required by the input selection. This may be as simple 
as INPUT A divided by INPUT R (A R) or may be a very com 
plicated user-defined expression. Next, the fast processor 
adjusts the phase of the data for the phase slope adjustment 
and then does the display function calculation (see Table I). 

The two most common display functions (log magnitude 
and phase) have traditionally been implemented using a 
log amplifier and an analog phase detector. Because of the 
digital  IF structure in the receiver (see Fig. 5),  the HP 
3577A's ability to do the detection digitally has greatly 
improved the stability and resolution of the analyzer's de 
tector. The delay calculation is performed by approximat 
ing the derivative of phase 4> with respect to frequency CD 
(Fig. 12). That is, group delay = -A<Â£/Aco, where Ao> = 
delay aperture. 

Selectable delay apertures are provided (in percent of 
the selected frequency span) according to the number of 
data points used for the aperture. This allows the user to 
trade off noise reduction (provided by a wide aperture) and 
frequency resolution (provided by a narrow aperture) to 
optimize the group delay measurement. Apertures of 0.5, 
1,2,4,8, and 16 percent of the frequency span are provided 
and the resulting delay aperture is displayed in hertz. Pre 
vious analyzers  provided only a  f ixed delay aperture ,  
which could result in the aperture being wider than the 
bandwidth of the device under test. This difficulty is elimi 
nated in the HP 3577A, because the delay aperture automat 
ically tracks the selected frequency span. 

Software 
The software structure is shown in Fig. 13. EXECUTIVE, 

the highest-level module, performs the process scheduling 
function. EXECUTIVE maintains a table that indicates the 
status of each process and its priority. The highest-priority 
process that is ready to run will be executed. Processes can 
schedule other processes to be run as appropriate and pro 
cesses can cancel other processes when they are no longer 
needed. This approach provides an orderly means of con 
trolling the large software system. EXECUTIVE normally al 
ternates between executing SWEEP CONTROL and COMMAND 
INTERPRETER. 

Table I  
Display Function Calculat ions 

Function Calculation 

SWEEP CONTROL coordinates the synthesizer, the output 
board, and the fast processor in performing the sweep func 
tions in the instrument.  It  also keeps track of when the 
digital marker information must be updated and does so 
when the sweep passes the marker location. At the start of 
each sweep, SWEEP CONTROL generates a list of instructions 
for the fast processor hardware to execute and sets up the 
control ports in the analog sections. During the sweep, 
SWEEP CONTROL keeps track of the activities of the fast 
processor and analog circuits by acting as a software state 
machine. Events in the fast processor cause SWEEP CON 
TROL to transition from one state to the next. This state 
machine approach keeps an extremely complex real-time 
task manageable. SWEEP MANAGER initializes the fast pro 
cessor and the fractional-N frequency synthesizer and sets 
up the sweep. 

COMMAND INTERPRETER accepts commands from the front 
panel and the HP-IB interface, categorizes each command 
and invokes the appropriate subordinate module. This is 
the largest process in the instrument software; it includes 
menu generation, user-defined math support, plotter con 
trol, HP-IB command parsing, numeric entry, RPG (rotary 
pulse  generator  or  knob)  entry,  and general  command 
execution.  Corresponding HP-IB commands and front-  
panel key presses are translated into the same internal to 
kens by COMMAND INTERPRETER and passed on to the appro 
priate subordinate module for execution. This makes com 
mand processing for the HP-IB and the front panel consis 
tent, minimizes duplicate code, and streamlines the soft 
ware structure. 

CONFIDENCE TEST and 1 PORT CALIBRATION are less-used 
processes that implement their respective features by emit 
ting commands that COMMAND INTERPRETER executes. 

A system of message queues allows communication be 
tween processes. One process may need to provide informa 
tion to another process before it  is executed so that the 
receiving process knows what action is required. The send 
ing process puts the message in the message queue of the 
receiving process. When the receiving process is executed, 
it first looks in its queue to determine what messages are 
there and then determines what action is required. 

Some sections of the software are so critical that they 
are interrupt driven. The MC68000 main microprocessor 
has seven levels of interrupt, five of which are used. The 
highest-level interrupt (level 7) is connected to the INSTRu- 
ment PRESET key on the front panel. Level 6 is used by the 
fast processor to transfer trace data to the main processor 
in real time. Level 5 is used by the fast processor to transfer 
s tatus information.  The status interrupt  procedure per  
forms only the critical tasks and then puts the status mes 
sage in the SWEEP CONTROL message queue to be processed 
later. Level 4 is the system timer, a divided-down version 
of the 10-MHz reference that interrupts the main processor 
at a 6-Hz rate. This interrupt is used to scan the keyboard 
and update a software real-time clock. Interrupt level 3 is 
used in conjunction with the TMS9914A HP-IB interface 
circuit to implement the HP-IB functions. 

The f i rmware for  the main processor  was developed 
using a Pascal workstation based on an HP 9000 Series 200 
Computer. The richness of the Pascal dialect and the excel 
lent computing power and memory size of the Series 200 
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were combined with some custom utilities to provide an 
efficient software development workstation. These work 
stations were then networked together with a shared re 
source manager (HP 9000 Model 226 Computer, Option 
500) that allows access to a common disc and printer as 
well as a means of transferring data between workstations. 
Since both the Series 200 Computers and the HP 3577A 
Analyzer use an MC68000 microprocessor, the software 
developed on these workstations was inherently portable 
to the HP 3577 A. 

Approximately 90% of the instrument's firmware was 
written in Pascal and 10% was written in assembler code. 
There are approximately 40,000 lines of source code, which 
were compiled into 256K bytes of MC68000 machine code. 

Servicing Features 
The HP 3577A provides two means of assuring proper 

operation of its circuits. First, the instrument performs a 
variety of self-tests without the need for customer interac 
tion. On power-up, the main processor RAM and ROM are 
tested, trace memory is tested, various system clocks are 
checked for activity, and the fast processor performs a self- 
test. The main processor also continuously monitors the 
status of the Analog Failure signal, which is an open-collector 
logic signal that is pulled low when a failure is sensed in 
the analog section. Second, a confidence test is included 
that requires the user to connect the source output to a 
receiver input with a short cable. The user can invoke this 
test to verify the functionality of the instrument. The 
analyzer does several frequency sweeps and checks the 
measured data against limits to determine whether a failure 
has occurred. Because of the high performance of the instru 
ment, this is not a test to full specifications, but instead 
merely a test of whether the instrument is functional. 
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A Broadband Two-Port  S-Parameter  Test  
Set 
by Wil l iam M. Spaulding 

S PARAMETERS allow network designers to charac 
terize the transmission and reflection behavior of 
each port of a loaded N-port network in an accurate 

and easy-to-use manner. The scattering matrices formed 
by each network's S-parameters can be used to evaluate 
network matching under loaded conditions or can be easily 
combined to form one overall scattering matrix that charac 
terizes a complex network formed of many smaller net 
works whose individual scattering matrices have been de 
termined separately. To aid the designer in obtaining these 
useful parameters with the HP 3577A Network Analyzer 
(see article on page 4), a special test set was developed. 

The HP 35677A/B S-Parameter Test Set (A for 50Ã1 sys 
tems, B for 75ÃÃ systems) is based on the standard reflec- 
tometer bridge configuration that has been used in Hewlett- 
Packard instrumentation for many years (see Fig. 1). Early 
in the HP 35677A/B project, a decision was made to imple 
ment the test set as a "slave" unit by tapping the circuitry 

of the HP 3577A for power and control.  A very simple, 
rear-panel, f our- wire interconnect was developed as the 
complete interface. This approach provided the foundation 
for a very cost-effective instrument, and allowed the design 
ers to focus on optimizing the RF design over a wide fre 
quency range of 100 kHz to 200 MHz as the major develop 
ment effort. 

S-parameter measurements require the capability of dis 
tinguishing incident power from reflected power at the test 
ports. Two methods for separating incident and reflected 
waves are illustrated in Fig. 2 and Fig. 3. The schematic 
shown in Fig. 2a is representative of directional coupler 
circuits designed to function over a broad frequency range 
from LF (tens of kilohertz) to VHF and microwave. Indi 
vidual circuit differences usually center on the manner in 
which the coupling transformers are implemented. At fre 
quencies ranging from audio to low RF, transformers are 
often built using pot core or toroid designs. Mutual-imped- 

I N P U T  R  
O f  H P  3 5 7 7 A  

R F  I n p u t  
f r o m  

H P  3 5 7 7 A  

T e s t  
P o r t  2  

I N P U T  B  
o f  H P  3 5 7 7 A  

I N P U T  A  
O f  H P  3 5 7 7 A  

F ig .  1  .  B lock  d iag ram o f  the  HP 
35677A/B S-Parameter  Tes t  Set .  
This test  set  is  based on the stan 
dard  re f /ec tometer  b r idge  con f ig  
u r a t i o n  u s e d  b y  H P  f o r  m a n y  
years, but required part icular care 
in its design to cover a 100-kHz-to- 
200-MHz f requency range.  
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ance-coupled lines are used as transformers as frequencies 
progress upward from RF to millimeter wavelengths. Fig. 
2b shows an idealized circuit for the coupler which models 
transformer Tl as a scaled current source and transformer 
T2 as a scaled voltage source. Standard network analysis 
methods may be used to analyze the function of these cir 
cuits. From Fig. 2b it can be shown that: 

Vout = (1/2N)[VF + VR - = (I7N)VF 

The voltage applied to the detector is proportional to the 
voltage reflection coefficient F scaled by the coupling factor 
1/N. Common choices for the coupling factor are 1:10 or 
1:100, yielding 20-dB and 40-dB couplers, respectively. A 
distinct advantage of the configuration of Fig. 2 is the ability 
to handle very large power levels, because of the 20-dB-to- 
40-dB loss to the detector port, while delivering full 
matched power from the source. The major disadvantage 
lies in the use of coupling transformers. At lower frequen 
cies, coupling transformers can be realized to cover a fre 
quency range on the order of a decade. Higher-frequency 
couplers are usually limited to octave frequency ranges 
because of bandwidth restrictions imposed by transformers 
implemented from coupled lines. Hence, multidecade 
bandwidths for these devices are not generally realizable. 

Bridge Configuration 
Fig. 3a shows the standard bridge configuration most 

often used to implement a multidecade reflectometer. As 
indicated by the circuit model of Fig. 3b, the function of 
the balun transformer is to float the single-ended voltage 
source across the bridge. In an alternative connection, the 

bridge could be driven single-ended from the source port 
and the balun used to float the detector (see Fig. 3c). The 
circuit shown in Fig. 3a was chosen for the HP 35677A/B, 
because the stray reactances of the balun are padded by 
the internal impedance of the bridge, resulting in a better 
detector port match. This can be an extremely important 
effect at the upper frequency limits of the system. 

Although careful design is required, it is easier to imple 
ment the source balun in Fig. 3a than it is to implement 
the broadband transformers in Fig. 2a. By cascading two 
toroidal baluns wound from transmission line, a very high- 
performance balun covering a multidecade frequency range 
can be realized. At higher frequencies, the balun effect of 
a transmission line greater than one quarter wavelength in 
electrical length can be made to dominate as the trans 
former action of the toroids begins to fail. Higher-frequency 
test sets from Hewlett-Packard (e.g., the HP 8503A/B S-Pa- 
rameter Test Set) use small semirigid coaxial line for the 
balun windings. The center conductor acts as the primary 
winding and the shield acts as the secondary winding. 

Another alternative for the transmission line is to use 
wire carefully glued together at precise spacing to provide 
a parallel-wire line with the proper characteristic imped 
ance. This line is then wound onto the toroidal cores using 
standard toroid winding machines to produce a bifilar- 
wound transformer. This approach is used in the HP 
35677A/B. One balun is wound on very high-permeability, 
low-frequency, ferrite material to extend the frequency 
range downward. The second balun is wound on a more 
broadband ferrite material to provide transformer action at 
midrange frequencies. High-frequency performance is 
achieved by transmission-line balun effects as the line elec 
trically becomes longer than one quarter wavelength. Over- 

(b) 

Fig.  2.  Direct ional  coupler  design 
f o r  s e p a r a t i n g  i n c i d e n t  a n d  r e  
f lected waves,  (a)  Circui t  schema 
t ic,  (b) Ideal ized circui t  model.  Z0 
is ei ther 50 ohms (HP 35677 A) or 
75 ohms (HP 35677B).  
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all. extremely broadband performance results, covering a 
range in the HP 35677A/B that spans three decades and 
one octave (100 kHz to 200 MHz). 

Stripline Design 
Once baluns with satisfactory performance were de 

signed, the engineering effort centered on the fabrication 
of the bridge circuit using standard G-10 epoxy-glass 
printed circuit techniques. One method used to achieve 
transmission lines on printed circuit boards is illustrated 
in Fig. 4. A trace of width w is etched on one side of the 
board with a ground plane covering the other side. The 
characteristic impedance of the Stripline is determined 
using formulas such as those discussed in reference 1 . Since 
the relative permittivity and dielectric losses of the printed 
circuit substrate material can vary significantly from batch 
to batch, the corresponding characteristic impedance and 
line insertion loss can also vary. 

To preserve the cost advantage of using standard materi 
als over having to use a substrate material with tightly 
controlled properties, the approach shown in Fig. 5 was 
chosen. In this approach, a machined housing functions 
as the ground plane and air is used as the dielectric. Since 

the plating is reasonably uniform over one side of the 
printed circuit substrate, the dimension d is controlled by 
the machining of the housing â€” a process that can be very 
accurate. No metal surfaces exist on the opposite side of 
the printed circuit board for distances many times greater 
than d. As a result, the per-unit-length capacitance of the 
line is determined primarily by the dielectric constant of 
air, with the effects of the properties of the printed circuit 
materials being almost totally negligible. 

Directivity of the bridge corresponds to balancing its 
components on a one-to-one basis. Extreme care was taken 
to preserve symmetry in the printed circuit board artwork 
and to retain accuracy in the placement of the bridge com 
ponents to maximize balance. A capacitance-adjustment 
screw was added to the reference resistor side of the circuit 
to allow for minor variations in capacitance at the test port. 

Techniques similar to those described above were used 
in the design of the power splitter circuitry. Baluns and 
an attenuator pad were also placed in the reference path 
to equalize electrical length and insertion loss. 
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An ADC for  a  Network Analyzer  Receiver  
b y  A l a n  J .  B a k e r  

THE HIGH ACCURACY and resolution of the HP 
3577A Network Analyzer are features that are made 
possible in part by the digital IF section and the ana 

log-to-digital conversion scheme used in the receivers. 
Hence, resolution, linearity, and dynamic range of the HP 
3577 A are directly related to the performance of the analog- 
to-digital converter (ADC) used in its receivers. 

The HP 3577A has an overall dynamic range of 100 dB, 
a dynamic accuracy (linearity) of Â±0.02 dB over 40 dB of 
its dynamic range with some degradation over a wider 
dynamic range, and a resolution of 0.001 dB. The 100-dB 
dynamic range would seem to dictate that a 17-bit ADC be 
used in this application. However, full 17-bit linearity is 
not required at full scale, because the dynamic accuracy 
specification corresponds to only 9-bit linearity at that 
level. Furthermore, only a 15-bit linearity would be re 
quired to hold the dynamic accuracy specification for an 
input 40 dB below full scale (simply because six of the 
upper bits of the ADC are lost, that is, are zero at this input 
level). What is really required is an ADC that has enough 
linearity to meet the dynamic accuracy specification and 
that can be moved over the required dynamic range to 
reduce the maximum number of bits required. 

As mentioned in the article on page 4, the HP 3577A 
receiver's ADC stage is constructed using a 12-bit succes 
sive-approximation A-to-D converter preceded by a pre- 
scaling amplifier. The gain of the amplifier is variable in 
6-dB increments from 0 dB to 42 dB. When an A-to-D 
conversion begins, the gain is initially set to 0 dB and the 
ADC performs a quick eight-bit conversion to obtain an 
estimate of the input level. This eight-bit estimate is then 
used to address a ROM lookup table. The output of the 
lookup table is used to set the gain of the prescaling 
amplifier to the optimum value, that value being the gain 
that pushes the input to the ADC as near as possible to 
positive or negative full scale without exceeding full scale. 
Then, the ADC performs a more accurate 12-bit conversion. 

This arrangement is essentially a floating-point analog- 

Prescaiing Amplifier 

vln 
V O U T  

G a i n  G = 2 n ;  n = 0 , 1    7  

Fig. con . Simplif ied block diagram of the analog-to-digital con 
vers ion sect ion used in the three receivers of  the HP 3577 A 
Network Analyzer.  

to-digital converter. The result of the 12-bit conversion 
represents the mantissa, and the gain setting for the prescal 
ing amplifier represents the binary exponent. Fig. 1 is a 
simplified block diagram of the A-to-D conversion section 
of the HP 3577A's receivers. As shown in this diagram, the 
result of the 12-bit conversion is postmultiplied by the 
reciprocal of the gain of the prescaling amplifier or 1/G. 
This is analogous to multiplying by a binary exponent and 
is accomplished by appending the appropriate number of 
zeros to the 12-bit result from the ADC. This technique 
provides an ADC that runs at an 8-kHz conversion rate 
with 0.004-dB resolution, better than Â±0.02-dB dynamic 
accuracy, and greater than 100-dB dynamic range. The res 
olution is improved to better than 0.001 dB by averaging 
multiple samples in the presence of noise. 

Fig. 2 gives a more detailed picture of the prescaling 
amplifier. This amplifier is a standard inverting amplifier 
and its gain is varied by changing the position of the sum 
ming node relative to the resistor network through the use 
of FET switches. Only one of the FETs is ever on at any 
given time. The series sum of the resistors to the left of the 
on FET corresponds to the amplifier's input resistor and 
the series sum of the resistors to the right of the on FET 
corresponds to its feedback resistor. The resistor network 

8-Bit  Est imate Select  (Gain=1.1)  

To  ADC 

From Lookup Table  
Fig .  2 .  Presca l ing  ampl i f ie r  used 
wi th the receiver  ADC. 
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Input  Level  Relat ive to Maximum Al lowable Input  (dB) 
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Input  Level  Relat ive to Maximum Al lowable Input  (dB) 
(c) 

Fig.  3 .  Ef fec t  on l inear i ty  er ror  o f  o f fset t ing the input  s igna l  
a  smal l  amount .  The shaded reg ion def ines the HP 3577A's  
l inear i ty  speci f icat ion,  (a)  L inear i ty  error  caused by one LSB 
er ror  in  the MSB t rans i t ion o f  the ADC.  No s igna l  o f fset ,  (b)  
Reduc t i on  o f  e r ro r  i n  (a )  by  o f f se t t i ng  i npu t  s igna l  by  on l y  
0.013% in ful l  scale,  (c) Further reduct ion of l inear i ty error in 
(a)  by of fset t ing input  s ignal  by 0.07% of  fu l l  scale.  

is a patterned thin film of tantalum nitride. The thin-film 
resistors are ratio-trimmed to Â±0.02% to provide the re 
quired A-to-D conversion linearity. Guarding techniques 
and low-leakage FETs are used in the prescaling amplifier 
circuit to prevent leakage currents from summing into the 
amplifier and introducing nonlinearities. 

The resistor Rm in Fig. 2 is only switched into the circuit 

when the eight-bit estimate of the input is being made. 
Ideally, this estimate is made with the gain of the prescaling 
amplifier set to one (0 dB). To provide some margin in the 
eight-bit estimate, the gain of the amplifier is actually set 
to 1.1 instead of one by switching Rm in parallel with the 
effective input resistor. This 10% margin ensures that the 
input to the ADC does not exceed full scale when the op 
timum gain value is selected from the eight-bit estimate 
for the subsequent 12-bit conversion. 

The 12-bit ADC is used in a bipolar mode. That is, the 
most-significant bit (MSB) of the 12-bit result is a sign bit 
so that the mantissa is represented in sign-inverted two's- 
complement form. The MSB transition occurs in the region 
of zero volts. Consequently, small input signals fall into 
the MSB transition region and an error in the MSB transi 
tion will create a dynamic linearity error at small signal 
levels. Since dynamic linearity is a ratio error (the ratio of 
the measurement error to the input signal level), the 
dynamic linearity can be improved by offsetting the input 
to the ADC slightly so that small inputs are biased out of 
the MSB transition region. Granted, there are code errors 
associated with other bits of the ADC output. However, if 
the input signal is offset by only a small amount so that it 
doesn't fall into the region of another major bit transition, 
the noise on the input smooths out the errors associated 
with the least-significant bits (LSBs). The digital filtering 
that follows the ADC effectively averages multiple A-to-D 
samples and provides this smoothing. 

Fig. 3a shows the linearity error that results because of 
a one-LSB error in the MSB transition of the ADC. Fig. 3b 
shows the improved linearity when the input signal is offset 
by only 0.013% of full scale. Fig. 3c shows the further 
improvement in linearity for an offset of 0.07% of full scale. 
The input offset is adjusted at the factory to provide the 
required linearity. 

Fig. 4 is a model of the A-to-D conversion section that 
includes the various offsets associated with this section of 
circuitry. These offsets can create several types of linearity 
errors if not adjusted properly. VOSo is the offset associated 
with all of the circuitry before the A-to-D conversion sec 
tion. This offset is adjustable. Vos is the offset associated 
with the prescaling amplifier and can also be adjusted. 
Finally, VOS2 is the input offset associated with the 12-bit 
ADC and is not adjusted in this scheme. 

From Fig. 4, the expression that describes the digital 
output as a function of the analog input voltage is: 

(1) 

(2)  

which may be reduced to: 

V O U T  =  -  ( V i n  +  V O S o  -  V O S i )  +  ( V O S i  +  V O S 2 ) / G  

Note that VOSi is referred back to the input. That is, VOSj 
appears in the same term that contains Vin and VOSo. This 
term is independent of the gain selected. The second term 
is an offset term that scales with the selected gain. Recall 
that to select the optimum gain, the prescaling amplifier 
is first set to a gain of 1.1 to obtain an eight-bit estimate of 
the input signal level. When a gain of 1.1 is selected, the 
second term of Equation 2 may be a significant percentage 
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Prescaling Amplif ier 

Gain  G=2":  n=0,1 , . . . ,7  

of the total answer if VOSi and VOS2 are significant. Con 
sequently, the estimated signal level can be in error by a 
significant amount, resulting in an improper gain selection 
for the 12-bit A-to-D conversion. In some cases, the incor 
rect gain chosen may cause the input to the ADC to exceed 
full scale, the result being a spike in the dynamic linearity 
plot (see Fig. 5). 

When measuring one or the other of the quadrature com 
ponents of the input (either real or imaginary), the HP 
3577A averages two samples that are 180 degrees out of 
phase, with the sign of one of the samples inverted. This 
sign inversion and averaging are done in the digital down- 

Input Level  Relat ive to Maximum Allowable Input (dB) 

Fig.  5.  Ef fect  of  an error in the 12-bi t  A-to-D conversion gain 
select ion on dynamic l inear i ty  (note spike near -  40 dB input  
level).  The shaded region defines the area of operation within 
specif ications. 

Fig.  4.  Simpl i f ied model f rom Fig.  
1  w i th  va r ious  o f f se t  vo l tages  in  
c luded.  

conversion and filtering stages that follow the ADC. The 
expression describing this process is: 

Measuremen t  =  Vz  VOUT|V -  V2  VOUTl  _  v  
v  i n  v  i n  

(3) 

The gains associated with the positive and negative sam 
ples may not be the same. If the gain associated with the 
positive sample is Gp and the gain associated with the 
negative sample is Gn, then by inserting Equation 2 for Vin 
and â€” Vin in Equation 3 we obtain: 

Measurement = -Vin + V2(VOSi + VOSJ [(l/Gp}-(l/GJ] (4) 

Note that VOSo is eliminated and does not appear in this 
equation. VOSo is the offset used to bias small signals out 
of the MSB transition region of the ADC. This dc term is 
converted to an out-of-band term in the digital down-con 
version stage that follows the ADC and therefore does not 
affect the measurement. The second term of the equation 
represents a measurement nonlinearity that occurs when 
the positive and negative gains are not the same (this occurs 
when the input voltage is in the gain transition region). 

Both of the problems just described (improper gain selec 
tion and a nonlinearity caused by different positive and 
negative gains) can be eliminated or reduced by adjusting 
VOS] so that VOS] = - VOS2. When this is done, the error 
terms in Equations 2 and 4 go to zero. VOSi is adjusted in 
the factory to eliminate these errors. 
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An Industr ia l  Workstat ion Terminal  for  
Harsh Environments 
This terminal  is  designed to co l lect  product ion data r ight  
a t  the source on the shop f loor  in  adverse envi ronmenta l  
condit ions. 

by Jean Bounaix ,  Jean-Claude Dureau,  and Jacques Firdmann 

IN THE INDUSTRIAL WORLD TODAY, competition is 
strong and is focused on price and quality. Production 
management has to keep a close watch on materials, 

labor, processes, and goods. To help production people in 
their decision processes, application programs can provide 
real-time data synthesis, but their results are meaningful 
only if the data has been picked up right at the source â€” the 
production line. 

HP's new industrial workstation terminal, the HP 3081A 
(Fig. 1), is designed to meet this need. It can go into hostile 
environments characterized by dust, humidity, liquid jets, 
chemical pollution, repetitive vibrations or shocks, and 
strong electromagnetic disturbances. Its excellent resis 
tance to the environment, especially to dust and liquids, 
makes it suitable for most industrial applications. The only 
limitations are temperatures below 0Â°C, or explosive atmo 
spheres (the terminal is not gas-tight). 

The HP 3081 A Industrial Workstation Terminal is a com 
pact, low-cost personal terminal. Its robust plastic casing 
ensures maximum rigidity and sturdiness as well as excel 
lent resistance to a wide range of chemicals. Gasket seals 
along the casing halves and cable feedthroughs guarantee 
protection from dust and liquid penetration to an IP rating 
of 65, as defined in IEC Publication 529 (see page 26). The 
HP 3081A is tested as specified in this standard to verify 
its IP rating. 

The terminal provides the untrained operator with very 

Fig. 1 . The HP 308 1 A Industrial Workstation Terminal is sealed 
aga ins t  dust  and l iqu ids  to  an IP ra t ing  o f  65 .  The s tandard  
numeric keypad has large keys that  are easy to operate wi th 
gloves on. 

F ig .  2 .  Op t ions  i nc lude  an  a lphanumer i c  keypad ,  a  cho ice  
o f  bar  code wands,  and a  cho ice o f  s lo t  readers .  

simple data input and output devices: 
One-line alphanumeric display. Messages up to 32 
characters in length can guide operators step by step 
through their data collection transactions. 
Keyboard with large keys. Operators can use the key 
board to enter answers through user-definable func 
tion keys. 
Bar code reader. To shorten the data capture process 
when long alphanumeric data is entered, the keyboard 
can be bypassed by bar code input, which also signifi 
cantly improves data integrity. 
In its standard configuration, the HP 3081A is supplied 

with a numeric keypad with five function keys (10 with 
shift key), a 32-character alphanumeric display, and 2400- 
baud, current-loop data communications capability. 

The display uses vacuum fluorescent technology, and 
has bright green 6x3-mm (0.24 x 0.12-in) characters. 

For applications requiring alphabetic keyboard input, an 
optional full alphanumeric keyboard is available (Fig. 2). 
The ABCD sequential layout of the alphanumeric keyboard 
makes more sense to industrial users who are not familiar 
with typewriter or computer terminals and prefer to "hunt 
and peck" in alphabetical order. 

The optional bar code reader is designed to provide more 
efficient data entry by greatly reducing the time and errors 
associated with keyboard entry. The amount of reduction 
varies, depending on what reports one reads or what as 
sumptions one makes, but it is not unreasonable to expect 
that typically, entry time can be reduced by a factor of 10 
over typing, while accuracy can be increased by a factor 

NOVEMBER 1984  HEWLETT-PACKARD JOURNAL 25  

© Copr. 1949-1998 Hewlett-Packard Co.



of 1000. The terminal can be fitted with one of a range of 
six bar code readers, including handheld wands and slot 
readers for badges and edge-coded documents. A mounting 
bracket is available so that the terminal, as well as the 
wand or slot reader, can be secured to a wall or other flat 
surface. 

Installation 
The HP 3081A can be connected to a computer in a 

number of configurations. When used with an HP 92922A 
Four-Channel Adapter or an HP 92923A Single-Channel 
Adapter (point-to-point) or with an HP 2333A Cluster Con 
troller (multipoint), the HP 3081A is powered by a dc volt 
age (12V to 36V) routed through the datacom cable from 
the adapter or the controller. When the HP 3081A is used 
as a stand-alone (OEM) terminal, an external dc power 
supply is required. 

The HP 3081 A can be connected to an RS-232-C point-to- 
point port on almost any computer through the HP 92922A 
Adapter (up to four terminals per adapter) or the HP 92923 A 
Adapter (one terminal per adapter). It can also be a compo 
nent in a distributed network of terminals connected 
through the HP 2333A Cluster Controller (up to 32 termi 
nals per controller). Fig. 3 and Fig. 4 illustrate these two 
connection methods. 

A screwdriver is all that is needed to connect the current- 
loop datacom cable (no soldering necessary). The choice 
of current-loop cable, which is available in two versions 
(standard and special), depends on the datacom distance. 
The cable is screw-connected inside the rear access panel 
of the terminal. A gasket along the panel edge maintains 
the terminal seal. The optional bar code reader (wand or 
slot reader), is also screw-connected inside the same panel. 

Datacom Distance 
For end-user applications, HP provides two datacom ca 

bles, which allow a maximum of 60 meters (HP 92920A) 
or 150 meters (HP 92921A) between the HP 3081A and the 

How Do You Describe Terminal 
Ruggedness? 

The HP 3081 A Industrial Workstation Terminal has an IP rating 
o f  65 .  The  i ndus t r i a l  ba r  code  wands  have  an  IP  ra t i ng  o f  64  
while the bar code slot reader is rated IP 65. What does this mean? 

These rat ings are based on a standard (Publ icat ion 529-1978) 
provided by the International Electrotechnical Commission (IEC), 
which Standard affiliated with the International Organization for Standard 
izat ion ( ISO).  The standard c lassi f ies degrees of  protect ion pro 
vided by the enclosures of  electr ical  equipment.  After the let ters 
" IP" the see a pair  of  numerals.  The f i rst  number represents the 
degree of protection against part icles, and the second represents 
the degree of protect ion against l iquids. The accompanying table 
descr ibes the degrees of  protect ion.  

IEC Standard for  Classifying Enclosures 

Class 
0 
1 

2 

3 

4  

5 

6  

7 

8  

'Sma l le r  pa r t i c les  canno t  pene t ra te  the  
pperation. 

Particles 
No protection 
>50 mm (e.g.,  hand) 

>12mm(e .g . ,  f i nger )  

> 2 . 5 m m  
(e.g., screwdriver) 

>1 mm (e.g., steel 
wire) 
> 75 /j,m 
(e.g.,  metal f i l ings) 
Total protection from 
dust whatever the 
particle size 

Liquids 
No protection 
Protected from dripping water 
(vertical only) 
Protected from dripping water 
(Â±15 degrees from vertical) 
Protected from splashing 
water ( Â±60 degrees from 
vertical) 
Protected from splashing 
water (any direction) 
Protected from water jets 
(0.3 bar, 12.5 l i ter/min) 
Protected from water jets 
(1 bar, 100 liter/min) 

Protected from accidental 
immersion (1 50 mm depth) 
Protected from continuous 
i m m e r s i o n  

enc losure  in  amounts  su f f i c ien t  to  d is rup t  

Host 
Computer  

92922A 
4-Channel 

Adapter 

AC Power  

F ig .  compu te r  HP  connec t i ons  o f  t he  HP 3081  A  to  an  RS-232 -C  compu te r  can  use  the  HP 
9 2 9 2 2 A  s h o w n ) .  A d a p t e r  o r  t h e  H P  9 2 9 2 3 A  S i n g l e - C h a n n e l  A d a p t e r  ( n o t  s h o w n ) .  
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2333A Cluster 
Controller 

40253A 
8-Channel 

Adapter 
(up to 4) 

8x3081A Industr ia l  Workstat ion Terminals  per  40253A 

Current  Loop 2400 bd (up to 150 m) 

F i g .  h o s t  t h e  s h o r t - d i s t a n c e  c o n n e c t i o n s  o f  H P  3 0 8 1  A s  t o  a  h o s t  c o m p u t e r  c a n  u s e  t h e  
HP 2333A Cluster  Contro l ler  wi th  HP 40253A Eight -Channel  Adapters .  

HP 92922A, HP 92923A, or HP 2333A. 
For hardware OEMs who want to use their own cables, 

it is possible to extend this length, provided that a cable 
with lower electrical resistance is used. Two major precau 
tions are necessary. First, the input voltage at the terminal 
must not be lower than 12 volts dc, and the voltage drop 
in the ground wire must not exceed 2.5 volts. The voltage 
drop in the ground wire represents a common-mode volt 
age, since the same ground wire is used for datacom and 
power. A separate ground wire for the power supply can 
be used to avoid this problem. Second, the external diam 
eter of the cable must be between 3.5 and 6.5 mm to main 
tain the terminal seal. 

If an OEM wants to configure the HP 3081A with a local 
power supply (i.e., if neither the HP 92922A/23A nor the 
HP 2333A is used), the distance is restricted by current-loop 
datacom requirements (600 meters or 1 960 feet) , rather than 
by cable resistance. 

Note that HP does not provide or support low-resistance 
cable or a local power supply. 

Design 
The electronic circuitry is designed to implement the 

terminal functions at the lowest possible cost compatible 
with moderate volume. Standard but functionally efficient 
components were chosen. A single printed circuit board 
based on one microcomputer chip carries about one 
hundred components, as shown in Fig. 5. (CRT terminals 
today typically have more than four hundred). While the 
electronics of the terminal have been significantly 
simplified, the major design points are the sealed case, 
keyboard, and connection panel. 

Case 
Three criteria influenced the design of the case. First, 

the internal electronics had to be protected from the harsh 
industrial environment. Second, the electronic connec 
tions also had to be protected. And third, the cost had to 
be low. A sealed case, dust- and liquid-resistant, offers a 
solution to the problem of protecting the internal elec 
tronics. Waterproof connections often found in specialized 
military and industrial applications were available and 
could have solved the second problem, but their cost and 
complexity eliminated this choice. Instead, the connec- 

Fig. 5. The HP 3081 A's simpl i f ied electronics are on a single 
pr in ted c i rcu i t  board.  
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Top Case  

Gasket 

Bottom Case 

Fig .  6 .  The case is  sea led by  to ro ida l  gaskets  pressed in to  
grooves. 

tions are placed inside the case. 
The case is made of ABS plastic, grade KJB. This material 

has good mechanical properties, shock resistance (stretch 
ing under temperature), and good chemical resistance to 
acids, bases, solvents, and oils. The sealing function is 
implemented differently for the case, the keyboard, and 
the connections. 

For sealing of the case, toroidal gaskets are pressed into 
constant-volume grooves (Fig. 6). This technology is used 
to seal the assembly of the top and bottom halves of the 
case, the display window on the top of the case, and the 
connector panel in the case bottom. For sealing of the 
keyboard, hard lips are pressed on a flat gasket made by 
the elastomer keyboard itself (Fig. 7). This technology was 
chosen since it allows some give in the keyboard. A con 
stant retaining force is provided by six steel springs. 

The two electrical connections, one for the combined 
power supply and data communications cable and the other 
for the bar code reader cable, are protected under a panel 
connector, which is sealed with a toroidal gasket. These 
two openings are sealed with well known feedthrough con 
duit used in military and industrial applications (Fig. 8). 

Display 
For reasons of ergonomics, we decided to use a display 

that provides good visibility in both dim and brightly lit 
environments. The green display characters are more easily 
perceived by the human eye. A tilt angle of 10 degrees 
offers ease in reading whether the terminal is wall-mounted 

Top Case  
Three Lips Elastomer Keyboard 

F o r c e  M e m b r a n e  S w i t c h  H o l d e r  

Spring 

or placed on a table. 
For cost and reliability reasons, we chose a direct connec 

tion with the printed circuit board (Fig. 9). A special curved 
pin was designed to give good flexion and protection from 
strains on solder points, on the glass, and on the board, 
both during assembly and later in use. Special tooling was 
developed to curve and locate 40 pins at the same time. 
Repetitive shock and vibration tests of long duration have 
demonstrated the quality of the connection system. 

Keyboard 
The sealed keyboard is a full-travel keyboard (1-mm 

travel) with tactile feedback. It is composed of (see Fig. 10): 
f An elastomer keyboard for all mechanical keyboard func 

tions, with the periphery functioning as a gasket that 
seals the top case 
A switch membrane circuit for electrical functions, with 
the following characteristics: switch contact of the keys, 

Cable Connection 

Outside 

Inside 

(a) To Internal  Connection 

F ig .  7 .  The  keyboard  i s  sea led  by  ha rd  l i ps  p ressed  in to  a  
f la t  gasket  formed by the keyboard i tse l f .  

F ig .  8 .  Cab le  connec t ions  a re  sea led  w i th  feed through con 
dui ts  (a)  and protected under  a panel  connector  sealed wi th 
a toroidal  gasket (b).  
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Fig. 9.  The display is connected direct ly to the pr inted circui t  
board  by  means o f  spec ia l ly  curved p ins .  

sealing of the contact for double protection, connection 
circuit between the keyboard and the electronics board, 
and high dielectric isolation for protection from electri 
cal discharges 

â€¢ A holder plate for mechanical rigidity and mounting of 
the keyboard components 

â€¢ An overlay for identification of the keys, definition of 
the keyboard workspace, and protection of the flexion 
area of the elastomer membrane underneath. 

Industr ial  Design for Friendly Use 
Although our primary objective was the construction of 

a rugged terminal, we wanted to achieve user acceptance 
in the factory environment by giving users a friendly termi 
nal. The texture and color of the molded plastic case resist 
scratches and dirt. The keyboard has zones of different 
colors to facilitate the identification of keys. The shape and 
dimensions of the keys permit the use of gloves. The 
luminous display is easy to read in light or dark environ 
ments. A tough transparent cover allows the user to label 
the function keys. This cover slides to one side for label 
insertion or removal, but remains attached to the terminal 
so that it cannot be lost. 

Although it is aimed at industrial use, the terminal is 

F ig .  10 .  The  keyboa rd  assemb ly  cons i s t s  o f  an  e l as tomer  
keyboard that also functions as a gasket to seal the top case, 
a  swi tch membrane c i rcu i t ,  a  ho lder  p la te ,  and an over lay.  

not out of place in the office or reception room. 
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High-Qual i ty,  Dot-Matr ix Impact 
Printer Family 
Easy paper  handl ing,  last - form tearof f ,  graphics,  and a 
f r iendly contro l  panel  are some of  the common features.  

by  Mark  J .  D iV i t t o r i o  

HARD-COPY OUTPUT of results, reports, memos, 
order forms, charts, and program listings is fre- 

_ _ quently required for many computer applications. 
Equipment providing this output should be reliable, fast, 
and easy to use. Adding the requirement of high print qual 
ity, Hewlett-Packard developed the HP 293X Printer family 
to meet these needs. 

The HP 2932A (Fig. I), HP 2933A, and HP 2934A (Fig. 
2) Printers are 136-column, bidirectional, dot-matrix im 
pact printers. Common to the family is the ability to print 
at 200 characters per second (cps) on one-to-six-part forms 
up to 400 mm (15.75 inches) wide. The standard symbol 
font is designed to a 9X12 symbol cell matrix, with a hori 
zontal and vertical resolution of 90 dots per inch (dpi). All 
three of the printers have the ability to print graphics at 
21,600 dots per second. There are two standard character 
styles resident in all the printers â€” Courier (serif) and Cubic 
(sans serif). In addition, there are three standard pitches 
and ten resident languages, all of which can be selected 
from the printer's front panel or under host computer con 

trol. 
One of the major features of this family is its simple and 

flexible paper handling. Various paper widths, labels, and 
multipart forms are accommodated. The adjustable feed 
tractors and the straight paper path ensure smooth move 
ment of paper through the machine. The last-form tearoff 
capability (Fig. 1) saves paper, and front forms loading 
simplifies the task of loading and removing paper. 

The interfaces offered include RS-232-C/V.24 (standard), 
HP-IB (IEEE 488), Centronics, RS-422, Data Link, and Syn 
chronous Multipoint. 

Architecture 
There is a basic underlying architecture to serial dot- 

matrix printers (Fig. 3). The data is presented at an input/ 
output port (HP-IB, RS-232-C/V.24, ...), processed electron 
ically, converted to mechanical drive signals, and printed 
as characters on a piece of paper. The HP 293X Printers 
contain a microprocessor, RAM, ROM, a custom 1C, and 
the power electronics for the printhead and motors; all of 

F i g .  1 .  T h e  H P  2 9 3 2  A  G e n e r a l -  
Purpose Printer is the basic model 
o f  H P ' s  2 9 3 X  P r i n t e r  f a m i l y .  A l l  
mode l s  f ea tu re  l as t - f o rm  tea ro f f  
( s h o w n ) ,  e a s y  p a p e r  h a n d l i n g ,  
g raph i cs  ou tpu t ,  200  cha rac te r -  
p e r - s e c o n d  d o t - m a t r i x  p r i n t i n g ,  
and uncompl ica ted  fea ture  se lec  
t ion via a fr iendly front panel.  
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this is required to convert the incoming data into the dots 
on the paper. In processing a simple character to be printed, 
the following must occur. The character is input, the 
character pattern in the character ROM is determined, and 
the code defining the dots that represent the character is 
fetched. The code for the dots is stored in a manner such 
that the twelve-wire printhead can be used efficiently. The 
custom 1C handles a large portion of the details controlling 
the timing of when and how wires in the printhead are 
actuated to form the character. 

Three of the major components of the HP 293X Printers 
are the impact printhead, the paper handling mechanism 
and the standard cell integrated circuit. This custom inte 
grated circuit is discussed in the article on page 33. The 
printers also contain five printed circuit assemblies. The 
power supply electronics, the head and motor drivers, the 
I/O electronics, and the main logic electronics assemblies 
are interconnected through the fifth assembly, which func 
tions as a main bus backplane. 

HP 2932A and HP 2933A Pr inters  
The HP 2932A General-Purpose Printer (Fig. 1) is the 

basic model of the HP 293X family. The HP 2933A Factory 
Data Printer has two additional features that were de 
veloped for use on the factory floor. This model will au 
tomatically generate bar code patterns and print large 
characters up to 28 times their normal size. 

HP 2934A Printer  
The HP 2934A Office Printer (Fig. 2) is the model that 

takes full advantage of the resolution of the mechanism 
and printhead that were designed for this printer family. 
The twelve-wire impact printhead, the paper handling 

mechanism, and the standard cell integrated circuit allow 
the HP 2934A to print near letter-quality (NLOJ text at 67 
and 40 cps. The print quality is achieved by printing charac 
ters in a 36x24-dot character cell. At 67 cps the resolution 
is 90 dpi horizontally and 180 dpi vertically. At 40 cps the 
vertical resolution is identical to the horizontal resolution, 
180 dpi. The 36-column-by-24-row NLQ cell is achieved 
with the twelve-wire printhead by printing the dots in the 
cell in two passes (Fig. 4). The twelve odd-numbered rows 
are printed, the paper is advanced a half dot width (0.0055 
inch) and then the pattern for the even-numbered rows is 
overlaid on the first pattern. 

The HP 2934A produces the near letter-quality characters 
by means of user-installable character cartridges. Four of 
these character cartridges may be resident in the machine 
at a time with each containing the data for a specific font 
at both printing speeds (67 cps and 40 cps). Fonts that are 
offered include Courier, Courier 12, Italic 10, Italic 12, and 
Letter Gothic. See Fig. 5 for some examples of the fonts 
printed by the HP 2934A. 

NLQ Cells 
The grid that the NLQ font symbols are designed within 

has 36 horizontal positions and 24 vertical positions (see 
Fig. 4). The purpose of the dense symbol cell is to allow 
better symbol definition and to simulate arcs with more 
precision. Not all of the positions can be used in a given 
symbol cell because, first, the impact frequency of a wire 
in the printhead is limited to 1800 Hz. Second, a line of 
text (when printed in the NLQ fonts) is printed with the 
printhead carriage moving at 20 inches per second. This 
rate, in conjunction with the impact frequency limit, limits 
the positions that can be printed in the 36x24 cell. The 

F i g .  2 .  T h e  H P  2 9 3 4 A  O f f i c e  
Printer offers letter-quality printing 
a t  67  and 40 cps  and memo-qua l  
i ty  pr in t ing a t  200 cps.  H igh-qua l  
i t y  g raph ics  a l lows a  user  to  add 
i l lustrat ions and graphs to reports 
and  o the r  documen ts  p r i n ted  on  
t h e  H P  2 9 3 4 A .  I t  i s  s h o w n  h e r e  
w i t h  t h e  H P  2 9 3 4 0 S  S i n g l e  B i n  
Sheet  Feeder ,  an  op t iona l  acces  
s o r y  f o r  c o n v e n i e n t  u s e  o f  c o m  
pany  s ta t ionery  and  o ther  s ing le  
sheet forms. 
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Paper Advance 
Step Motor 

RS-232-C, 
HP-IB, etc. 

Printhead 
Carriage 

Step Motor 

Fig.  3 .  Bas ic  b lock d iagram of  a  ser ia l  dot -matr ix  pr in ter .  

resulting limitation on a given wire is that it once it has 
been energized it cannot be energized again for four logical 
dot positions. However, this does not limit the logical cell 
pattern for a symbol to every fourth position in the horizon 
tal direction. If a wire in a given row is fired in column 
zero, the next time it can be energized is column four. But, 

Position 
1 2  1 6  2 0  

16  

20 

24 

Viso in. 

Fig .  4 .  Near  le t te r -qua l i t y  charac te r  ce l l s  on  the  HP 2934A 
Printer are formed by two passes of the twelve-wire pr inthead 
as  shown fo r  the  Cour ie r  l e t te r  C .  Shaded  do ts  a re  fo rmed  
on the f i rs t  pass,  so l id  dots  on the second pass.  Because of  
p r in tw i re  impac t  f requency  and  p r in thead  ca r r iage  ve loc i t y  
l imi ta t ions,  dot  spac ing in  any row of  an NLQ cel l  cannot  be 
any  c loser  than  one do t  every  four  hor izon ta l  do t  loca t ions  
(see text). 

H P  9 2 1  8 8 B  C o u r i e r  1 0  , ,  

(?ABC DEFGHIJK LMNOPQRS TUVWXY2[ \]~_'Â«bc dÂ« 

IT /-Â£t AAÃˆ Ã‰E 

â€¢*Ã²Ãº aÃ©Ã³ÃºÃ Ã¨Ã²Ã¼ a*ouÃi04 aijrÂ»AiOU Ã‰iBÃ“ÃXSB OÃ 

HP92188E  He lv  10  

Â®ABC DEFGHIJK LMNOPQRS TUVWXYZt  ] " 

Ã¡Ã©Ã³Ãº aÃ©Ã³ÃºÃ Ã̈ Ã²Ãº aeouAT0A Ã  Ã­ aaeA i ou Ã‰iBÃ³ 

HP 92188H Ital ic 10 

Ã§ ABC DEFGHIJK LMNOPQRS TUVUXYZ[  ] " 

IT /-Â£T 

Ã¡Ã©Ã³Ãº. Ã¡Ã©Ã³ÃºÃ¡eoÃ¼ 

HP 921 88M Prestige Pica 10 

@ABC DEFGHIJK LMNOPQRS TUVWXYZf \]"_ 

Ã Ã¨Ã²Ãº aÃ©Ã³ÃºÃ Ã¨Ã²Ã¼ aeÃ²uAÃ0/E aÃ­tfaeAioÃ¼ Ã‰ipÃ² 

Fig.  5 .  Examples of  some near  le t ter -qual i ty  fonts  ava i lab le  
for  the HP 2934A Printer.  

if there is not a requirement for a dot at column four (strictly 
a function of the symbol to be printed), the next dot can 
be placed at any of the remaining positions in the cell. 

As an example of this symbol definition criterion, Fig. 
4 illustrates an uppercase Courier C. This symbol demon 
strates the limits as explained above. In the second row 
there are four dots that must be printed for the upper por 
tion of the symbol. The dot labeled A at position 10 is the 
first dot in the row and can be printed without restriction. 
The next two dots (B and C) must be located four logical 
columns apart. This can be seen on the background grid. 
The next printable position on this row is position 22, but 
the symbol does not require a dot there. However, the sym 
bol does require a dot at position 25, which is seven posi 
tions from the last dot (C) that was fired and is therefore 
a printable position. 
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Custom 1C Controls Dot-Matrix 
Impact Printers 
This custom integrated circuit performs the complex logic 
requi red for  contro l l ing the pr in twi res and the pr in thead 
carr iage motor  in  a fami ly  of  h igh-per formance ser ia l  dot-  
matrix printers. 

by Thomas B.  Pr i tchard and David S.  Lee 

THE ELECTRONICS used in the HP 293X Printer fam 
ily includes a custom integrated circuit to interface 
between the microprocessor and the printhead and 

its carriage motor. The special characteristics of the print- 
head require much parallel processing with timing resolu 
tion and accuracy down to one microsecond. In addition, 
the open-loop stepping of the carriage motor and the open- 
loop firing of dots are not performed at the same time, so 
a method of synchronization is necessary. These features 
cannot be implemented in a single general-purpose micro 
processor and would be uneconomical if implemented with 
multiple parallel processors or discrete logic. A custom 1C 
fills these requirements while providing many other bene 
ficial features. 

To illustrate the advantages of using a custom 1C, Table 
I shows a comparison between the TTL breadboard used 
during development to simulate the custom 1C and the 
custom 1C itself. Not including the additional cost of a 
larger power supply, more bypassing, and the larger printed 
circuit board area, the production cost of the TTL im 
plementation would have been 6Vz times the cost of the 
custom 1C, even after amortizing the development cost of 
the 1C over the expected life of the product. Several other 
significant advantages of a custom 1C are easier and faster 
testing, ability to choose a package pin configuration to 
minimize printed circuit board layout interconnect, and 
lower inventory parts count. 

Table I  

Compar ison of  Discrete TTL Versus Custom 1C 

Number of ICs 
Total number of pins 
Board space 
Maximum worst-case power 

Cont ro l  

Circuit  Requirements 
Fig. 1 shows the operating environment for the custom 

1C. The inputs to the chip from the eight-bit 8051 micropro 
cessor controller are a six-bit-wide data bus, a four-bit ad 
dress bus, and a control bus. Outputs supplied by the chip 
are twelve printwire control signals sent to the printwire 
drivers and four-phase control signals sent to the printhead 
carriage motor. 

8051 
M i c r o  

processor Carr iage 
Mo to r  

Fig. 1 . The custom 1C used in the HP 293X Printers interfaces 
the  con t ro l l i ng  m ic rop rocesso r  i n  t hese  p r i n te rs  w i th  t he i r  
pr in thead and i ts  carr iage dr ive motor .  

1 
(3) 

Â© 
0  

(a) 

(b) 

F ig .  2 .  (a )  Con f igu ra t i on  o f  t he  p r i n tw i res  on  the  HP 293X 
p r i n t h e a d  a s  v i e w e d  l o o k i n g  t h r o u g h  t h e  p r i n t h e a d  t o  t h e  
surface of the paper, (b) Photograph oÃ­ pr inthead. 
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Fig. 2 shows the physical arrangement of the twelve dots 
on the printhead. The twelve printwires are arranged in 
two columns of six wires each. The dots made by one 
column are staggered vertically with respect to the dots 
made by the other column. One column consists of only 
even-numbered dots and the other column consists of only 
odd-numbered dots. Because of the separation of the two 
columns, a timing delay is required for firing the second 
column. For example, to print a vertical solid straight line 
on the paper when the printhead is moving from left to 
right, the odd-numbered column is fired first. Sometime 
later (depending on printhead speed), when the even-num 
bered column aligns with the previous position of the odd- 
numbered column when it fired, the even-numbered col 
umn is fired. Since the HP 293X Printers are bidirectional 
printers, the printwires are also activated when the print- 
head moves from right to left. In this case, the even-num 
bered column fires first and the delay is applied to the 
odd-numbered column. 

Another requirement of the custom 1C is data buffering. 
Consider when the printer starts from idle. The leading 

Wirel 

Wire3  

Wi res  

Wire? 

SHORT 
H O L D  

(c) 

Fig .  3 .  Typ ica l  f i r ing  and t iming waveforms for  the  odd-num 
b e r e d  p r i n t w i r e s  i n  t h e  r i g h t  c o l u m n  ( l o o k i n g  t o w a r d  t h e  
paper ) .  Note  that  each wi re  cannot  be f i red  more than once 
every four intervals (139 us per interval), (a) Firing waveforms. 
Note  dua l  vo l tage  leve ls  and vary ing  ho ld  t imes (see  tex t ) ,  
(b)  Timing waveforms for  generator A (see Fig.  5) .  (c)  Timing 
waveforms for  generator  B.  

column of printwires begins to print first and at the same 
time the printhead advances. Because of the relatively wide 
horizontal separation of the two printwire columns, the 
leading column will have printed between two and eight 
times (depending on dot density and printhead speed) be 
fore the trailing column reaches the first firing position. 
Since the printing data is given to the chip one complete 
vertical line pattern (up to all 12 dots) at a time, it is neces 
sary for the chip to be able to buffer up to eight columns 
of delayed data for the trailing printwire column. 

Other printhead requirements are the maximum firing 
frequency and a dual-voltage, variable-length firing wave 
form. To produce high-resolution dot placement for near 
letter quality printing, but still not exceed the maximum 
firing frequency, a dot may only be fired at most every 
fourth possible firing time. 

Fig. 3a illustrates the dual applied voltage waveform re 
quirements. When initially turned on, the solenoid firing 
a printwire requires a short high-voltage pulse, called a 
kick pulse, to build up flux and get the wire moving toward 
the ribbon. Then the voltage is reduced to maintain the 
velocity of the wire. Before the wire hits the ribbon, at what 
is called the hold time, the applied voltage is turned off 
so the wire can bounce off the ribbon after impact. The 
wire cannot be fired again until it returns to its rest position. 

An additional complication of the waveform generation 
occurs when the wire is fired at a high, but still allowable 
frequency. When the wire has just returned to its rest po 
sition, there is still residual energy in the system, composed 
of some magnetic flux remaining in the solenoid that fired 
the wire as well as some mechanical oscillation of the wire 
against its return stop. If the same firing waveform were 
immediately applied, the wire would strike the paper 
slightly early. Although the resulting dot placement error 
would be acceptable, this unfortunately would also result 
in too much energy delivered to the wire. The wire would 
strike the ribbon harder, leaving more ink on the page and 
producing inconsistent darkness of dots, which is unac 
ceptable. In addition, this would prevent the wire from 
bouncing off the ribbon fast enough, and since the print- 
head is moving relative to the ribbon, the ribbon could 
tear. The chosen solution to the problem is to shorten the 
hold pulse width whenever the same wire was just fired a 
short time earlier. This can be seen in Fig. 3a by comparing 
the waveforms for wires one, nine, and eleven. 

The printhead carriage motor in the HP 293X Printers is 
a unipolar four-phase step motor. To control the speed and 
direction of the carriage, the custom 1C must supply the 
appropriate four phases to drive the motor. One of the 
requirements of the chip is that it be able to handle a wide 
range of printhead carriage speeds in both directions and 
yet require minimum attention from the control micropro 
cessor. Another requirement is ramp-up and ramp-down 
timing. The stepping of the carriage motor must also be 
synchronized with the firing of the printwires. Because the 
carriage motor control is an open-loop system, this syn 
chronization between the location of the carriage and the 
firing of the wires is crucial to eliminate cumulative errors. 

Circuit  Operation 
Fig. 4 shows a block diagram of the dot input and carriage 
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motor control circuitry portion of the custom control 1C used 
in the HP 293X Printers. As mentioned earlier, the dot data 
supplied by the control microprocessor must be buffered 
for the trailing column of printwires. Depending on the 
direction of the carriage motor, the data for the leading 
column is sent to the front-dot data latches and the data 
for the trailing column is sent to the rear-dot data latches 
and delayed by a shift register according to the horizontal 
dot density required. The front/rear-dot state sequencer 
then enables the leading and trailing column firing times 
according to the current carriage motor velocity. 

The carriage motor control circuit consists of a four-bit 
state machine and an eight-bit-wide programmable timer. 
The output of the timer clocks the state machine, which 
generates the waveforms required by the carriage motor. 
The programmability of the timer allows a wide range of 
printhead velocities. 

Since the printing mechanism is an open-loop system, 
a registration error might accumulate. This could be a sig 
nificant factor affecting print quality, particularly when a 
long line is printed. The custom 1C solves this problem by 
feeding the output of the carriage motor timer back to the 
printwire firing control circuit. Hence, the firing of the 
wires is synchronized with the steps of the carriage motor. 
In addition, to assure a consistent starting point at power 
on, the position of the printhead is initialized by driving 
it all the way to the right and then returning it to the left. 
If the printhead is in the middle of the line at power-on, 
it is still driven to the right as if it were at the start of the 
line. Since the carriage motor torque is limited, no damage 
is done by driving it against the right margin stop during 
this initialization. 

Each signal indicating when each wire should be fired 
must be stretched from a one-microsecond pulse to the 
waveform required by the printwire driver as shown in 
Fig. 3a. Since the waveform generators require much silicon 
area, it was undesirable to have one for each of the twelve 
wires. Therefore, only four are used, and when a wire is 
fired, the custom 1C selects one of these four waveform 

Left/Right 
Data to 

Dot Output 
Waveshaping 

Circuits 

Fig.  4.  Block d iagram of  dot  input  
and carr iage motor control  port ion 
of  the custom 1C for  the HP 293X 
Printers. 

generators. The four generators are divided into two pairs, 
one pair for each printwire column of the printhead. This 
is necessary since the left column is fired asynchronously 
with respect to the right column. Within the right column 
pair of waveform generators, two circuits are needed to 
generate the necessary waveforms for the six wires as illus 
trated in Fig. 3. While normally only one of these two 
circuits might be expected to be needed because the 139-mi- 
crosecond dot rate is already generated by the 8051 control 
microprocessor, two generators are required because the 
8051 's interrupt accuracy is not sufficient to control the 
waveforms to a resolution of one microsecond. 

Fig. 5 illustrates the waveshaping circuitry for the odd- 
numbered (right) column. Identical logic circuitry is used 
for the even-numbered column. As a firing pulse comes 
in, the circuit checks to see which of the two timers is just 
starting its cycle and the data gets latched in the appropriate 
A or B hold-time flip-flop. The wire settling timers, one 
for each wire, indicate how long it has been since that same 
wire was last fired. The wire settling timers and the hold- 
time flip-flops combine the waveforms shown in Fig. 3b 
and 3c to generate the independent firing waveforms shown 
in Fig. 3a. The kick and hold data for each wire is multi 
plexed on the outputs to reduce the 1C package size to 40 
pins. The data is then externally demultiplexed and the 
actual 36.5V kick and 6.5V hold voltages are generated. 

Since development of this 1C was done in parallel with 
that for the printhead, not all of the characteristics of the 
head were known at the time. Because of this, it was neces 
sary to make many functions programmable, including the 
kick, short-hold, and hold times. In the final implementa 
tion, the kick time is varied by the firmware, the value 
being a function of the power supply voltage. However, 
the short-hold and hold times, once programmed during 
initialization, are constant. 

Because of the rubbing of moving paper, printhead, and 
ribbon, and because of frequent user interaction, electro 
static discharge (ESD) is a common problem in printers. If, 
because of ESD, a microprocessor is allowed to send illegiti- 
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F ig .  5 .  B lock  d iag ram o f  do t  ou t  
p u t  w a v e s h a p i n g  p o r t i o n  o f  t h e  
custom 1C for  the r ight  (odd-num 
bered) column of printw/res. 

mate commands, it may cause a hardware failure in the 
electromechanical system and may require a service call. 
To reduce the possibility of this happening, the custom 1C 
will reset itself if it detects certain fault conditions. 

Implementation 
The first step in the implementation of the custom chip 

was the development of a TTL 1C simulator. This enabled 
the firmware engineers to start working before the 1C fabri 
cation was done, and also provided feedback for necessary 
design changes because of unexpected system characteris 
tics. For example, the original breadboard did not perform 
the short-hold function; it was well into the project when 
it was decided that the 1C design should be changed to 
incorporate this feature. The original breadboard was wire- 
wrapped; the later simulator used stitch-wire connections. 

A proprietary NMOS process developed by HP was cho 
sen based on economic considerations. A standard cell 
approach was used as the best compromise in this project 
between 1C manufacturing cost and development time. The 
die, which measures 6440 Â¿un by 6250 /am, is mounted 
and bonded in a plastic dual in-line 40-pin package. 

The proprietary HP software development tools and de 

sign processes used to generate this custom 1C included 
schematic capture, evaluation, logic verification, fault 
simulation, automatic placement and routing, timing simu 
lations, and test pattern generation. The schematic capture, 
evaluation, and timing simulations were performed on HP 
2647A Graphics Terminals using an HP 3000 Series 68 
Computer. The logic verification, fault simulation, and test 
pattern generation were performed on HP 2647A Terminals 
using an HP 1000 E-Series Computer. The automatic place 
ment and routing were performed on an Amdahl 470. 
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