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Graphical Output for the Computing 
Calculator 

An X-Y p lo t ter ,  des igned to  take the ca lcu la tor  output ,  
draws graphs of  so lu t ions to  complex problems.  I t  can 
make  Smi th  Char ts ,  po la r ,  semi log  and  log - log  p lo ts .  

By Robert W. Colpitts,  Dan Allen and Tom Vos 

A COMPUTING CALCULATOR-PLOTTER COMBINATION IS 

a powerful tool for evaluating solutions to engineering 
and scientific problems. Graphical solutions of problems 
such as statistical distribution analysis and curve fitting 
are easier to interpret than tables of numbers. Other 
typical problems for which a graphical solution is inval 
uable include exponential smoothing for economic fore 
casting, analysis of solutions of differential equations in 
fluid dynamics, heat transfer and electrical network 
response. 

Fast conversion of computer calculations into read 
able graphs is possible with the new HP Model 9 125 A 
X-Y Plotter, Fig. 1 . Designed for use with the HP Model 
9100A Computing Calculator,1 the plotter automatically 
makes permanent graphs of functions solved by the 
calculator with greater precision and speed than hand 
plotting. 

Functions plotted by the calculator-plotter combina 
tion are usually incremental problems in which the inde 
pendent variable is incremented in small steps. The cal 
culator computes the value of the dependent variable 
for each value of the independent variable and places 
the two values (scaled as necessary) in its X and Y reg 

isters. The recorder is then commanded to move to the 
coordinate point and plot it. The calculator then incre 
ments the independent variable and computes the next 
coordinate point while the plotter is plotting the last 
point. 

C o v e r :  I s o m e t r i c  p r o j e c t i o n  o f  t h e  f u n c t i o n  
J<?(r ) ,  computed by the 91 00 A Comput ing Cal  
c u l a t o r  a n d  p l o t t e d  s i m u l t a n e o u s l y  b y  t h e  
9125A p lo t te r .  He igh t  o f  the  su r face  shows the  
l i gh t  i n tens i t y  in  the  d i f f rac t ion  pa t te rn  o f  a  c i r  
cu l a r  annu lus .  L i nes  o f  cons tan t  x  and  y  we re  
d rawn  a t  i n te rva l s  o f  one -ha l f .  To  enhance  the  
a p p e a r a n c e ,  h i d d e n  l i n e s  w e r e  b l a n k e d  b y  
m a n u a l l y  l i f t i n g  t h e  p e n .  E d g e s  o f  t h e  f o l d s  
we re  added  l a te r .  

I n  t h i s  I s s u e :  G r a p h i c a l  O u t p u t  f o r  t h e  C o m  
p u t i n g  C a l c u l a t o r ;  p a g e  2 .  H i g h - R e s o l u t i o n  
T i m e - D o m a i n  R e f l e c t o m e t r y  w i t h  a  P o r t a b l e  
3 0 - l b  I n s t r u m e n t ;  p a g e  8 .  P r e c i s i o n  D C  C u r  
rent  Sources;  page 15.  
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For continuous function plotting, the 9 125 A auto 
matically draws a straight line from one point to the next 
producing a smooth, continuous curve. A point plotting 
mode is available for problems requiring plotting of dis 
crete points. 

Plot  Commands 

Plots can be made either manually, using the calcu 
lator keyboard, or automatically using execution of stored 
program steps. 

The Model 9 125 A Plotter responds to two control 
instructions already on the calculator (FMT) ( ^ ) and 

F ig .  1 .  Th i s  Mode l  91  25  A  X -Y  P lo t te r  au tomat i ca l l y  p lo t s  
s o l u t i o n s  t o  p r o b l e m s  s o l v e d  b y  t h e  H P  M o d e l  9 1 0 0 A  
C o m p u t i n g  C a l c u l a t o r .  M a n u a l  o p e r a t i o n  I s  a l s o  p o s  
s i b l e  t o  t r a n s f e r  d a t a  p o i n t s  I r o m  t h e  c a l c u l a t o r  t o  t h e  
p l o t t e r  d i r e c t l y .  

(FMT) ( f ) as outlined on the self-contained instruction 
card, reproduced in Fig. 2. 

Operation of the plotter is simple: the data to be 
plotted is entered in the X and Y calculator display reg 
isters and then the appropriate plotter control instruction 
is given. Any normalizing or translation of data required 
to accommodate various graph paper formats and scales 
is easily handled by the calculator. 

Plots of continuous functions, with straight line inter 
polation between data points, are most conveniently 
achieved with an iterative program loop that contains 
the plot instruction (FMT) ( ^ ). The automatic pen con 
trol circuit allows the pen to move to the data point 
before dropping, when (FMT) ( ^ ) is given for the first 
time. The (FMT) ( ^ ) and (FMT) ( ^ ) instruction pan- 
on the calculator keyboard gives the plotter the capa 
bility of plotting continuous lines, points or dashed lines. 

When the plot instruction is generated from calculator 
program execution (rather than keyboard), the plotter 
automatically returns a CONTINUE signal to the cal 
culator as soon as the new X, Y data have been received. 
Thus the calculator is freed to compute new data while 
the previously computed data are being plotted. 

If a new plot command is received while the plotter 
is busy, execution and data transfer are delayed 

until the previous point has been plotted. 

Xontrol Logic 

As shown in the block diagram, Fig. 
3, digital information from the cal- 

  c u l a t o r  i s  f e d  t o  t h e  d i g i t a l  c o n  
trol interface. Here the plot 

commands are decoded 
and the pen instructed to 
move accordingly. 

Digital data is presented to 
the 15-bit BCD horizontal (X) 

and vertical (Y) digital-to-analog 
converter (DAC). The outputs of the DAC's 

are simultaneously fed to two identical analog 
channels, each containing a low-pass filter and the pen 

position servomechanism. 

Straight Line Generation 

The pen draws a straight line as it moves from the 
old to the new data point because: 

The new analog position signals are applied simul 
taneously to both channels. 
Each analog channel is linear. 
The unit step responses of the X and Y analog chan 
nels are essentially identical, and free from overshoot. 

Just prior to a plot command, the X and Y DAC 
storage registers contain previously transferred digital 
data, and the DAC's are generating analog output signals 
that determine the present steady state pen position Xa, 
YL When a plot command is received, the control logic 
gates new information from the calculator display regis- 
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rtor goes on to compute the 

INCREMENTS chosen should be large enough lo m.nim.ie plott ing t ime but  
â€¢ J" enough to produce 3 smooth curve A straight fine up to tive inches long 

be drawn at any angle in a single move 

Lifts pen and moves it to the new JC-Y coordinates 

I  U w n f  " > â € ¢  C  Â « I  I B m  I  I O N  M  
0 e K ' Â « Â « J .  M <  O l Â « . n  o n  W  
i Â · i ' . j ,  u , c ' - t  >  Â « i t  i n a t a t  S C A  

- W l  u v f l l  Y  =  1 S  

â€¢ ' set per 
S C A L E  V E I W  â € ¢  . o o r d i n a t  
calculator a 
w i t h  t h e  c i v  â € ¢ ' â € ¢  

.th the ORIGIN controls 
e X and Y registers ot the 

SCALE VERNIER controls to al ign pen 

DECIMAL DIGITS wheel must be set to 6 or less to plot. 

F i g .  2 .  E s s e n t i a l  i n s t r u c t i o n s  f o r  o p e r a t i o n  o f  t h e  M o d e l  
9 1 2 5 A  X - Y  P l o t t e r  a r e  c o n t a i n e d  o n  t h i s  p u l l - o u t  c a r d .  

ters to the DAC storage registers simultaneously, so that 
the DAC outputs jump to new levels, directing the pen to 
the next steady state position X2, Y,. Provided each ana 
log channel is linear (that is, the displacement output is 
related to the electrical input by a linear differential equa 
tion with constant coefficients), the output position re 
sponses, x(t) and y(t), to the step changing inputs will be 
of the form: 

x ( t )  =  X , +  ( X ,  -  X , )  H x ( t )  

( Y , _ - Y , ) H y ( t )  

( I )  

(2) 

where Hx(t) and Hy(t) are the unit step responses of the 
channels, with initial value of zero and final value of one. 

Now if both channels are identical, Hx(t) = Hy(t) and 
Equations (1) and (2) can be combined to express Y as 
a function of X, with time as a parameter: 

y( t )  -Y l  =  
f o r  

t > 0  (3) 

Eq. 3 describes a straight line of undetermined length 
in X-Y space passing through the points Xlt Yj and XL,, 
Y2, which is the desired result. If Hx and Hy are further 

restricted to increase monotonically from zero to one 
(no overshoot), Eq. 3 describes a line of specific length 
connecting these points. 

The prefilters in the analog channels convert the step 
function changes at the DAC outputs into smoothly 
changing functions, such that for jumps of 5 inches or 
less in either coordinate, neither the acceleration nor the 
velocity limits of the servo loop are exceeded. The servo 
amplifiers are not driven to saturation and the loop gain 
remains high at all times. The servos are thus able to 
follow the filter output signals with only a small tracking 
error. Even this small error is linear and therefore can 
be included as part of the total filter characteristic. 

Drawing long straight lines that are linear to something 
like 0.1% requires that the step responses be matched 
to that degree; this is accomplished by making the servo 
loop bandwidth somewhat greater than the filter band 
width so the overall step response is determined pri 
marily by the passive filter whose response is stable and 
predictable. 

Plots Posit ive and Negative 

The HP Model 9 125 A has been designed as a four- 
quadrant machine. Front panel controls allow the user 
to place the origin (0, 0) at anywhere on the paper sur 
face, to accommodate negative data points. 

It is a floating recorder with high common-mode re 
jection and is designed to respond both to positive and 
negative numbers. For negative numbers, FET switches 
reverse the DAC output. In using plotters that respond 
to positive numbers only, it becomes necessary to trans 
late negative numbers to positive. The reversing switch 
arrangement of the Model 9 125 A eliminates additional 
program steps necessary to accomplish this translation. 
Recorder sensitivity is adjustable to account for different 
scale factors of various papers. 

High Resolution 

The Model 9 125 A can plot up to 500 points per inch 
or 200 points per centimeter. Resolution of the digital- 
to-analog converters (DAC'S) is 500 counts per inch, 
and the overall system resolution (at the pen tip) is bet 
ter than 0.005 inch. This high resolution results in faith 
ful reproduction of detail when present in the graph. 

The pen can be returned to the same data point to 
within 0.007 inch. Its straight lines are straight to within 
0.010 inch for a 5-inch line, and a vector 5 inches long 
at any angle is drawn in 1 second. Under normal environ 
mental conditions, a trace in its retrace in the opposite 
direction appears as a single line. 
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F i g .  t h e  a n d  t h e  M o d e l  9 7 2 5 / 4  X - Y  P l o t t e r ,  i n f o r m a t i o n  i s  t a k e n  f r o m  t h e  c a l c u l a t o r  a n d  
routed c i rcu i t ry .  the appropr ia te  channel  by  the d ig i ta l  cont ro l  in ter face c i rcu i t ry .  

Using a new HP liquid disposable ink cartridge, the 
pen will draw 2000 feet of line between changes. There 
is no ink mess, and the pen is easily changed, so dif 
ferent colors are easy to obtain on a single graph. 

Off-Paper Points 

Occasionally a calculated data point will be off the 
graph paper. Limit switches then reduce voltage applied 
to the servo motor. Reducing motor voltage rather than 
turning it off allows the motor to return the pen to the 
next data point that is on the paper. Sustained full volt 
age on the motor, while in its limit position, could dam 
age the motor or drive system. This system also reduces 
noise. 

the limits of its travel in one or both axes. The calcu 
lator goes on cycling through the program loop, but the 
plotter is now generating an obviously unacceptable 
graph. This can upset the operator and his immediate 
wish is to make the plotter stop whatever it is doing in 
this panic situation. 

Pressing the STOP key on the calculator brings pro 
gram execution to a halt and activates a STOP control 
line output to the plotter control mechanism. In response 
to this signal, the plotter pen immediately lifts and re 
turns to the origin of the X-Y plot. The STOP key also 
provides a means for zeroing the plotter so that the oper 
ator can adjust the position of his coordinate system 
origin. 

Panic Button 

When plotting continuous functions, the range of the 
variables is often underestimated by the programmer, 
with the result that the recorder mechanism is driven to 

Pause 

When plotting a continuous curve, the operator may 
wish to stop program execution without disturbing the 
plotter. He may decide to modify the plotting increment 

S P E C I F I C A T I O N S  
HP Mode l  912SA 

X-Y  P lo t te r  
X - Y  P L O T T E R :  T h e  9 1 2 5 A  p r o v i d e s  p e r m a n e n t  g r a p h i c  s o l u t i o n s  

o f  p r o b l e m s  s o l v e d  b y  t h e  9 1 0 0 A  C a l c u l a t o r .  I t  p l o t s  a  p o i n t ,  
s p e c i f i e d  b y  t h e  n u m b e r s  i n  t h e  C a l c u l a t o r ' s  X  a n d  Y  r e g i s t e r s ,  
w h e n  t h e  f o r m a t  ( F M T )  i n s t r u c t i o n  i s  a c t i v a t e d .  P o i n t s  ( o r  
p o i n t s  c o n n e c t e d  b y  s t r a i g h t  l i n e s )  m a y  b e  p l o t t e d  u n d e r  m a n  
u a l  o r  p r o g r a m m e d  c o n t r o l .  

P L O T T I N G  A R E A :  1 0  i n c h e s  o n  t h e  Y  a x i s  b y  1 5  i n c h e s  o n  t h e  
X  a x i s .  ( 2 5  c m  b y  3 8  c m  o n  m e t r i c  p a p e r . )  

O R I G I N :  O r i g i n  c a n  b e  s e t  a n y w h e r e  o n  t h e  p l o t t i n g  s u r f a c e ,  
a l l o w i n g  f o u r - q u a d r a n t  p l o t t i n g .  

S C A L E  F A C T O R :  5 0 0  c o u n t s  p e r  i n c h .  ( 2 0 0  c o u n t s  p e r  c m . )  A d  
j u s t a b l e  b y  a t  l e a s t  Â ± 1 0  c o u n t s  p e r  i n c h  ( 4  c o u n t s  p e r  c m )  
b y  f r o n t  p a n e l  s c a l e  v e r n i e r  c o n t r o l .  

P L O T T I N G  A C C U R A C Y :  Â ± 0 . 0 3  i n c h  ( 0 . 8  m m ) .  

D Y N A M I C  A C C U R A C Y :  D e v i a t i o n  f r o m  s t r a i g h t  l i n e  b e t w e e n  t w o  
d a t a  p o i n t s  I n  l e s s  t h a n  Â ± 0 . 0 4  I n c h  ( 1 , 0  m m )  f o r  d a t a  p o i n t s  
u p  t o  5  i n c h e s  ( 1 2 , 5  c m )  a p a r t ,  a t  c o n s t a n t  a m b i e n t  t e m p e r a  
t u r e .  

R E S E T T A B I L I T Y :  - 0 . 0 0 7  i n c h  ( 0 . 1 8  r  

P L O T T I N G  T I M E :  M i n i m u m  o f  0 . 9  s e c o n d  f r o m  o n e  p l o t  p o i n t  t o  
t h e  n e x t ,  o r  t h e  c a l c u l a t i o n  p e r i o d ,  w h i c h e v e r  i s  g r e a t e r .  

T E M P E R A T U R E :  T e m p e r a t u r e  c o n s i d e r a t i o n s  f o r  t h e s e  s p e c i f i c a  
t i o n s  a r e :  
O R I G I N :  S t a b i l i t y  b e t t e r  t h a n  0 . 0 0 0 8  i n / ' C  ( 0 , 0 2  m m / Â ° C ) .  
S C A L E  F A C T O R :  T e m p e r a t u r e  c o e f f i c i e n t  l e s s  t h a n  0 . 0 2 % / Â ° C .  
P L O T T I N G  A C C U R A C Y :  A b o v e  s p e c i f i c a t i o n  h o l d s ,  S - 5 5 Â ° C .  
D Y N A M I C  A C C U R A C Y :  
2 0 - 2 6 * C ,  d e v i a t i o n  Â ± 0 . 0 4  I n  ( 1 , 0  m m ) .  
1 5 - 3 5 ' C ,  d e v i a t i o n  Â ± 0 . 0 4  i n  ( 1 . 0  m m ) ,  Â ± 0 . 2 %  o f  d i s p l a c e  

m e n t .  
5 - 5 5 ' C ,  d e v i a t i o n  Â ± 0 . 0 4  I n  ( 1 , 0  m m ) ,  Â ± 0 . 5 %  o f  d i s p l a c e m e n t .  

R E S E T T A B I L I T Y :  A b o v e  s p e c l f i c a t j o n  h o l d s ,  5 - 5 5 Â ° C .  

G E N E R A L  
W E I G H T :  N e t  4 0  I b s  ( 1 8 . 1  k g ) .  S h i p p i n g  5 0  I b s  ( 2 2 . 7  k g ) .  
P O W E R :  1 1 5  o r  2 3 0  V  Â ± 1 0 %  ( s l i d e  s w i t c h ) .  5 0 - 4 0 0  H z .  

1 0 0  w a t t s .  
D I M E N S I O N S :  8 V z  i n  h i g h  b y  2 0  i n  w i d e  b y  1 9 H  i n  d e e p .  

( 2 1 3  m m  x  5 0 0  m m  K  4 8 4  m m ) .  

P R I C E :  H P  9 1  2 5 * .  $ 2 4 7 5 . 0 0  

P l o t t e r  P a p e r  
T o  g a i n  m a x i m u m  b e n e f i t  f r o m  t h e  h i g h l y - a c c u r a t e  9 1 2 5 A  X - Y  
R e c o r d e r ,  w e  r e c o m m e n d  p r e c i s i o n - r u l e d  p l o t t i n g  p a p e r .  H e w l e t t -  
P a c k a r d  C o m p a n y  o f f e r s  a  w i d e  v a r i e t y  o f  p a p e r s ,  a v a i l a b l e  
t h r o u g h  a l l  f i e l d  o f f i c e s .  T h e s e  a r e  1 1  i n  b y  1 7  i n  o v e r a l l ,  a n d  
a r e  p a c k a g e d  1 0 0  s h e e t s  p e r  b o x .  P r i c e :  S 4 . 9 0  p e r  b o x .  

M A N U F A C T U R I N G  D I V I S I O N :  S A N  D I E G O  D I V I S I O N  
1 6 8 7 0  W .  B e r n a r d o  D r .  
S a n  D i e g o ,  C a l i f o r n i a  9 2 1 2 7  
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size for example, and then continue plotting where he 
left off. Holding down the PAUSE key will cause the 
calculator to halt whenever it executes a plot command. 
If the CONTINUE key is pressed, the program resumes, 
executing the next instruction following the plot com 
mand instruction. 

Keyboard Lockout  

While the calculator is waiting for a CONTINUE sig 
nal from the plotter, it is in its display mode. In this 
mode it normally responds to keyboard inputs. To pre 
vent accidental keyboard inputs from wrecking the plot, 
the entire calculator keyboard is inhibited except for the 
STOP and PAUSE keys, as the operator should expect. 

Improper  Data  Warning 

A command to the plotter when improper data are in 
the X and Y registers of the calculator causes the pen 
to lift and the IMPROPER DATA FORMAT light to 
come on. During a program, the pen will not return to 
the paper until data of the proper format are received. 
An improper data point is, basically, a number too large 
to be within the linear range of the digital-to-analog con 
verters. Such an improper number will not be plotted. 

Precis ion Graph Paper  

The usual commercial graph papers do not do justice 
to the inherent accuracy of the Model 9 125 A. Graph 
paper manufactured to very close margin and squareness 
tolerances is supplied by Hewlett-Packard. Printing ac 
curacy typically is within 0.005 inch. Silent, electro 
static paper holddown is used which permits the use of 
paper of any size up to 1 1 x 17 inches. 
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Plotter Applications 
M o s t  e n g i n e e r s  p r o b a b l y  a r e  f a m i l i a r  
w i t h  W i l l i a m  R .  H e w l e t t ' s  R C  W i e n  
B r i d g e  o s c i l l a t o r ,  t h e  H e w l e t t - P a c k a r d  
C o m p a n y ' s  f i r s t  p r o d u c t .  T h e  c i r c u i t  
i n c l u d e d  a n  i n c a n d e s c e n t  l a m p  a s  a  
t h e r m a l l y  v a r i a b l e  r e s i s t a n c e  i n  t h e  
f e e d b a c k  l o o p ,  g i v i n g  t h e  o s c i l l a t o r  i t s  
t y p i c a l  c o n s t a n c y  o f  o u t p u t  l e v e l  o v e r  a  
w i d e  r a n g e  o f  o p e r a t i n g  c o n d i t i o n s .  I n  
1 9 6 0  B e r n a r d  M .  O l i v e r  d e m o n s t r a t e d 1  
t h a t  t h e  c h a r a c t e r i s t i c  s t a b i l i t y  o f  t h e  
o s c i l l a t o r  d e p e n d e d  a l s o  u p o n  a  s l i g h t  
d e g r e e  o f  c o m p r e s s i v e  n o n l i n e a r i t y  i n  
i t s  ampl i f ie r .  

H i s  i n t e r e s t  i n  t h e  b e h a v i o r  o f  t h e  o s  
c i l l a t o r  s t i l l  c o n t i n u i n g ,  H e w l e t t  ( n o w  
p r e s i d e n t  a n d  c h i e f  e x e c u t i v e  o f f i c e r )  
c o n t r i b u t e d  t h e  c a l c u l a t e d  c u r v e  s h o w n  
h e r e .  I t  i s  t h e  s h a p e  o f  t h e  s t a r t - u p  o f  
osc i l l a t ions  jus t  a f te r  tu rn -on ,  p lo t ted  by  
t h e  9 1 2 5 A  i n  r e s p o n s e  t o  9 1 0 0  p r o  
g r a m m e d  c a l c u l a t i o n s .  

'  B e r n a r d  M .  O l i v e r ,  ' T h e  E f f e c t  o f  / Â ¿ - C i r c u i t  N o n -  
L inear i ty  on  the  Ampl i tude Stab i l i t y  o f  RC Osc i l la to rs , '  
Hewle t t -Packard  Journa l ,  Vo l .  11 ,  No.  8 -10;  Apr i l -June 
1960. 

T h e  c u r v e  i s  t h e  s o l u t i o n  t o  t h e  e q u a -  s q u a r e d  v a l u e  o f  t h e  o s c i l l a t i o n  a m p l i -  
t ion 

+  Q  =  0  
t u d e  w i t h  t h e  p a s t  c o n t r i b u t i o n  d i s a p -  

( 1 )  p e a r i n g  e x p o n e n t i a l l y  w i t h  t i m e .  F o r  t h e  
G  r e p r e s e n t s  t h e  g a i n  o f  t h e  a m p l i f i e r  f r e q u e n c y  d o m a i n  t h i s  r e p r e s e n t s  t h e  

i n  t h e  f e e d b a c k  l o o p  a n d  - I  p o  J ^ c o n t r ,  b  u  j d  ^ Â ¿ ^  t h e r m a l  

y * * '  < 7  d a m p i n g  t e r m  m a y  b e  p o s i t i v e  o r  n e g a  
t i v e ,  d e p e n d i n g  u p o n  t h e  i m m e d i a t e  

y , 2  w i l l  b e  r e c o g n i z e d  a s  t h e  m e a n  p a s t  h i s t o r y  o f  t h e  o s c i l l a t i o n  a m p l i t u d e .  

Antenna Plots 

T-VEE Antenna 
Ã ­  =  1 5  F t  2 0 = Â « T  

f  =  5 0  M H z  g  =  3 . 1 9 d B  

T VEE Antenna 
I  =  1 4  F t  2 9  =  6 0 '  

f  =  3 2 0  M H z  g  =  1 2 . 9 5  d B  

100  
Frequency (MHz) 

I n  t h e  F e b r u a r y  1 9 6 4  i s s u e  o f  t h e  H e w l e t t - P a c k a r d  J o u r n a l  
a  T i m e  D o m a i n  R e f l e c t o m e t e r  r e s p o n s e  w a s  s h o w n ,  F i g .  
21 (b) ,  o f  a  broad-band 60Â° V antenna having t r iangular  s ides 
1 4  f e e t  l o n g  a n d  4  f e e t  e i g h t  i n c h e s  h i g h  a t  t h e  o u t e r  e n d s ,  
F i g .  2 0 ( b ) .  I t  w a s  o b s e r v e d  t h a t  t h i s  a n t e n n a ,  b e i n g  a  3 0 0  n  
c o n i c a l  l i n e ,  p r o d u c e d  n o  r e f l e c t i o n  a t  t h e  a p e x ,  o r  t h r o a t ,  
a n d  a  r e f l e c t i o n  a t  t h e  o p e n  e n d ,  o r  m o u t h ,  c l o s e l y  r e s e m  
b l i n g  i n  e x p o n e n t i a l  r i s e .  T h u s  t h e  r e f l e c t i o n  c o e f f i c i e n t  i n  

W o  
th i s  p lane  can  be  represen ted  as  a  s ing le  po le :  p0  =  â€”  ;  â€”  p-rw0. 
F r o m  t o  i t  f o l l o w s  t h a t  t h e  r e f l e c t i o n  c o e f f i c i e n t  r e f e r r e d  t o  
t h e  t h r o a t  i s  p ^  =  p ,  e - 1 4 l r ' / x ,  a n d  t h a t  t h e  a n t e n n a  g a i n  i n  
t h e  a z i m u t h  p l a n e  i n  a  d i r e c t i o n  *  i s  

sin(9 â€” <, 

H e r e ,  2 0  =  a n g l e  b e t w e e n  t h e  s i d e s .  T h e  f i r s t  t w o  t e r m s  
a r i se  f r om the  f o rwa rd  t r ave l i ng  wave  i n  t he  two  a rms ,  wh i l e  
t h e  s e c o n d  t w o  t e r m s  a r i s e  f r o m  t h e  r e f l e c t e d  w a v e s .  

T h e  9 1 0 0 A  w a s  p r o g r a m m e d  t o  c o m p u t e  a t  1 Â °  i n t e r -  
g(0) 

v a l s  a n d  t o  p l o t  t h e  r e s u l t s  o n  t h e  9 1 2 5 A  r e c o r d e r .  I n  a d d i  
t i o n ,  t h e  p r o g r a m  w a s  t h e n  m o d i f i e d  t o  p l o t  t h e  g a i n  a n d  
r e t u r n  l o s s  v e r s u s  f r e q u e n c y .  T h e  d a s h e d  g a i n  l i n e  ( d r a w n  

4~A by hand) is the gain,  10 logâ€” â€” ,  of  an antenna whose ef fec- X 
t i v e  a r e a ,  A ,  i s  t h e  m o u t h  a r e a  o f  t h e  V - a n t e n n a .  N o t e  t h a t  
u p  t o  a b o u t  2 2 0  M H z  t h e  t w o  c u r v e s  a g r e e  w i t h i n  3  d B .  
Above  t h i s  f r equency  pa t t e rn  b reakup  occu rs  and  t he  ac tua l  
ga i n  d rops  we l l  be l ow  t ha t  p red i c t ed  by  t he  mou th  a rea .  

xi Â¡cos (i- 
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High-Resolution Time-Domain 
Ref lectometry With a 

Portable 30-lb Instrument 
State-of-the-art sampling oscil lography gives 
35  ps  sys tem r i se t ime  to  a  d i r ec t - r ead ing  
p l u g - i n  f o r  t h e  1 8 0 - s e r i e s  o s c i l l o s c o p e s .  

By Jeffrey H. Smith 

WITH A HIGH-RESOLUTION TIME DOMAIN REFLECTOM- 

ETER displaying a picture of what's happening, the elec 
tronic designer can locate and identify small impedance 
mismatches or discontinuities in coaxial or stripline sys 
tems. The Time Domain Reflectometer makes visible 
both the physical location and the electrical nature of 
mismatches, providing information the designer needs to 
quickly 'clean up' his system for undistorted transmission 
of fast-rise pulses or for maximum transfer of broadband 
RF power. The design of broadband connectors, attenua 
tors, hybrid circuits, and many other components is thus 
speeded with the clues toward corrective action provided 
by a high-resolution Time Domain Reflectometer (TDR). 

The TDR technique consists of sending a burst of 
energy into the system under test, then using an oscillo 
scope to observe the timing and nature of reflections re 
sulting from impedance discontinuities. The ability of a 
practical TDR system to resolve small discontinuities, 
and to identify them, is determined primarily by two char 
acteristics of the TDR: the risetime of the incident voltage 
step, and the signal-to-noise ratio of the displayed re 
sponse. The step risetime determines both the magnitude 
of the reflection produced by a given discontinuity, and 
the minimum spacing between two discontinuities that the 
TDR system can resolve. Very fast risetimes are desirable 
to decrease the minimum observable spacing. Signal-to- 
noise ratio, which is affected by TDR system noise and 
other residual perturbations and reflections, limits the 
system's ability to detect small discontinuities, and also 
the minimum observable spacing. 

Resolution may be degraded further by losses and re 
flections in cables and connectors attaching the TDR to 
the device under test. In a fast risetime system, these 
losses are not insignificant. For example, a three-foot 

length of RG55/U cable inserted between a TDR unit 
and a tested device degrades a 35 ps system response to 
approximately 80 ps. Even high quality air-dielectric 
lines, usually used to minimize losses, degrade risetime 
somewhat â€” a reduction from 35 ps to 37 ps in the case 
of a 1 Ocm-long section of 7mm diameter line. 

Consider a system consisting of two ideal capacitors 
connected between center conductor and ground of a loss 
less coaxial line. The response of this system as observed 

F i g .  1 a .  R e s p o n s e  o f  i d e a l  z e r o - r i s e t i m e  t i m e - d o m a i n  
r e l l e c t o m e t e r  t o  t w o  c a p a c i t o r s  b r i d g i n g  l o s s l e s s  l i n e .  
Response  o f  r ea l i zab le  ( r i se t ime - l im i t ed )  t ime -doma in  re -  
f lectometer is shown in 1b. 
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Path  o f  S igna l  Ref lec ted 
f r om Dev i ce  unde r  Tes t  

F i g .  2 .  T i m e  d o m a i n  r e f l e c t o m e t e r  u s i n g  o r d i n a r y  l a b  
ins t ruments .  

F i g .  4 .  R e s o l u t i o n  o b t a i n a b l e  w i t h  1 3 1 5 A  T D R  
s y s t e m  u s i n g  2 8 p s  s a m p l i n g  h e a d  a n d  2 0 p s  
s tep  genera to r .  Re f lec t i on  shown i s  I rom 0 .02pF  
( 2  x  1 0 ' "  F )  c a p a c i t o r  s h u n t i n g  5 0  n  t r a n s m i s  
s i on  l i ne .  Ve r t i ca l  de f l ec t i on  fac to r :  0 .005  p /d i v ;  
ho r i zon ta l :  0 .02  f t / d i v .  

on an ideal zero-risetime TDR would be as shown in 
Fig. la. To determine how this response would appear on 
a physically realizable TDR, the waveform may be treated 
as the input to a filter that has a step response identical to 
the step response of the pulse generator-oscilloscope 
combination comprising the TDR.1 This produces the 
response shown in Fig. Ib. For small values of capaci 
tance, the effect of the TDR's finite risetime is to reduce 
the amplitude of the response and to increase its width, 
while the area underneath the waveform remains con 
stant. The limit of resolution is reached when these re 
sponses overlap so they become indistinguishable. 

TDR Configurat ions 

Given the risetime available with present state-of-the- 
art pulse generators and oscilloscopes, the resolution ob 
tainable from a TDR system also depends considerably 
on how the system elements â€” the pulse source, the oscil 
loscope, and the device under test â€” are interconnected. 
The most general type of TDR system, that which places 
fewest restrictions on the nature of these elements, is 

1 .  O l i ve r ,  B .  M . ,  ' T ime  Doma in  Re f l ec tome t r y , '  Hew le t t -Packa rd  Jou rna l ,  Vo l .  15 ,  No .  
6, Feb. 1964. 

Path  o f  S igna l  Ref lec ted 
f r om Dev i ce  unde r  Tes t  

F i g .  3 .  T i m e  d o m a i n  r e f l e c t o m e t e r  u s i n g  o s c i l l o s c o p e  
w i t h  f e e d t h r o u g h  s a m p l e r .  

shown in Fig. 2. A resistive 'tee' is required here to enable 
each of the three devices to 'see' an impedance equal to 
its characteristic impedance. Otherwise, serious reflec 
tions would be created at the junction of the three lines. 

If all the elements have the same impedance, the signal 
loss is 6 dB each time the signal passes through the tee. 
This results in a total loss of 12 dB since the signal passes 
through the tee twice, decreasing resolution because of 
the reduced ratio of signal to oscilloscope noise. Another 
problem with this setup is the large number of paths for 
undesired reflections. 

Much improved resolution is possible if one of the 
elements is a bridging or feedthrough device, that is, a 
two-port device that feeds most of the signal incident on 
one port through to the other port. The most logical 
choice here would be to make either the oscilloscope or 
the pulse generator a feedthrough device, as this places 
fewest restrictions on the nature of the device to be tested. 
Systems that depend on feedthrough capabilities in the 
tested device are severely restricted in their range of ap 
plications because any transmission loss in the tested 
device degrades overall TDR system performance. 

Hewlett-Packard's development of a high-speed feed- 
through sampler for the oscilloscope has made it possible 
to assemble practical TDR systems in the configurations 
shown in Fig. 3. Systems using this sampler achieve over 
all system response better than 35 ps. 

Until now, these high-resolution systems consisted of 
a general-purpose sampling oscilloscope and a fast-rise 
pulse generator. Such an arrangement requires the user to 
exercise care in interpreting control settings because the 
controls are not calibrated for time domain reflectometry. 
A new plug-in for the 180-series oscilloscopes combines 
high-resolution components into a TDR system that is 
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F i g .  S .  1 8 1 5  T i m e  D o m a i n  R e t l e c t o m e t e r  s y s t e m  w o r k s  
w i t h  e i t h e r  o f  t w o  s a m p l i n g  h e a d s  a n d  r e l a t e d  t u n n e l -  
d i o d e  s t e p  g e n e r a t o r s .  1 8 1 5 A  P l u g - i n  h e r e  i s  i n s t a l l e d  i n  
M o d e l  1 8 1 A  V a r i a b l e - P e r s i s t e n c e  O s c i l l o s c o p e  m a i n  
f r a m e .  I t  a l s o  w o r k s  w i t h  M o d e l s  1 8 0 A  a n d  1 8 3 A  m a i n  
f rames.  

direct reading, the first to be designed and calibrated 
specifically f or high-resolution TDR. Besides using a 28 ps 
sampler and 20 ps pulse generator for the maximum time- 
domain resolution presently attainable, this system also 
achieves higher levels of signal-to-noise ratio with a new 
signal-averaging technique. The kind of resolution obtain 
able with the system is shown in Fig. 4. 

The 1 81 5A System 

The new TDR system (Fig. 5) consists of a 180-series 
Oscilloscope mainframe, a new TDR/Sampler plug-in 
(Model 1815A), a sampling head, and a tunnel-diode 
pulse generator that mounts directly on the sampling 
head. To keep signal losses in the interconnecting cables 
as low as possible, the sampling head is separate from the 
plug-in so that it can be placed adjacent to the device or 
system being tested. 

The new TDR system can find impedance disconti 
nuities in transmission systems up to 10.000 feet long. At 
close range, it can measure discontinuities spaced only a 
few millimeters apart. It has recorder outputs (rear panel) 
and the traditional scan functions, i.e., single, repetitive, 
detail (high sampling density), manual, and recorder 
(slow scan). It also functions as a general-purpose, single- 
channel sampling oscilloscope with deflection factors 
ranging to 2 mV/div and sweep times to 10 ps/div. 

Two sampling heads are available. The Model 1817A 
has a risetime of 28 ps, equivalent to a CW bandwidth of 
dc to 12.4 GHz. The less expensive Model 1816A has a 
risetime of 90 ps and a CW bandwidth, when used as a 

sampling oscilloscope, of 4.0 GHz. For best resolution 
and accuracy, both of these heads use feedthrough, i.e. 
bridging, samplers. 

Two tunnel-diode pulse generating mounts, both with 
outputs of at least 200 mV into 50 Q and with closely- 
controlled source impedance of 50 n Â±2% , are available. 
The Model 1 106A generator has a step risetime of 20 ps, 
which gives a TDR system risetime of 35 ps when used 
with the 28 ps sampling head. The Model 1 108A gen 
erator's risetime is 60 ps, giving a TDR system risetime 
of 110 ps with the 90 ps sampling head. These tunnel- 
diode mounts derive bias and trigger signals from the 
sampling head and require no adjustment in normal use. 
Because the mounts are separate, the device being tested 
may be inserted between the pulse source and sampler 
when transmission measurements are desired. 

The Hewlett-Packard 180-series Oscilloscope main 
frame provides a portable package operable in environ 
ments from 0 to -f-55Â°C and in 95% relative humidity 
up to 40Â° C â€” the 1815 TDR system may thus be used 

F i g .  6 .  F r o n t  p a n e l  v i e w  o f  M o d e l  1 8 1 5 A  T D R / S a m p l e r  
p l u g - i n  i n  M o d e l  1 8 1 A  O s c i l l o s c o p e  m a i n f r a m e .  O u t e r  
c o n c e n t r i c  c o n t r o l  ( F E E T - N S E C / D I V )  s w i t c h e s  i n  d e c a d e  
s t e p s  s o  o n l y  d e c i m a l  p o i n t  p l a c e m e n t  n e e d  b e  c o n s i d  
e r e d  i n  r e a d i n g  M A R K E R  P O S I T I O N  d i a l .  S w e e p  m a g  
n i f i e r  ( E X P A N D )  i s  o n  i n n e r  c o n c e n t r i c  k n o b  a n d  r e a d s  
h o r i z o n t a l  s c a l e  c a l i b r a t i o n  d i r e c t l y .  

10 

© Copr. 1949-1998 Hewlett-Packard Co.



on the flight line or at other remote locations. Its 30-lb weight and small 
size make it easy to carry up antenna masts and easy to maneuver 
through the confines of ships and other closely spaced installations. 

Ease of Use 

Operator convenience was taken as a major design goal during de 
velopment of the 1815 system. Special consideration was given to 
simplifying front-panel controls without reducing versatility (Fig. 6). 
The FUNCTION switch selects a vertical display calibration in units 
of p (reflection coefficient), for direct reading of reflection coefficient 
when volts system is used for time domain reflectometry, or in volts when 
it is used as a sampling oscilloscope. Calibrated ranges for both P and 
volts low from 0.5/div to 0.005/div, with a vernier extending the low 
end to 0.002/div. Indicator lights show whether vertical calibration in 
p/div or volts/div is selected by the FUNCTION switch. 

The instrument has calibrated distance ranges from 0.01 feet/div to 
1000 domain, Although an oscilloscope measures in the time domain, 
distance is usually the information desired. Because propagation time 
depends on a cable's dielectric constant, a given time increment does 
not represent the same cable length on all types of cable. The 1815A 
FUNCTION switch selects calibrated sweep speeds that display the 
distance along either air-dielectric or polyethylene-dielectric cables 
directly in feet/division. Another switch position allows front-panel 
screwdriver adjustment of calibration for direct readout of distance on 
transmission systems that have any other relative dielectric constant 
between 1 and 4. 

If desired, horizontal information may be displayed as a function of 
time, with calibrated time scales from 10 ps/div to 1 /is/div. Indicator 
lights show whether horizontal calibration in FEET/DIV or NSEC/ 
DIV is selected. 

The concentric arrangement of horizontal controls allows all hori 
zontal a factors to be read directly. The operator need not divide a 
basic horizontal scale setting by a magnification factor to obtain the horizontal 
calibration of his display (see Fig. 6). 

An optional version of the 1815A TDR plug-in (Model 1815B) has 
distance calibrations that read in meters/div rather than feet/div. 

Cal ibrated Marker  

The 1815A has a calibrated marker, a brightened dot on the CRT 
trace whose horizontal position is read out directly by a ten-turn pre 
cision control. This is a particularly useful feature during TDR exami 
nation of systems with several discontinuities. For example, Fig. 7 
shows the display resulting from a coaxial system that has a number 
of closely spaced discontinuities that a person might want to locate and 
examine separately. Point A represents the incident TDR step and 
the section between A and B is a short cable connecting the TDR to 
the system being tested. To reference all distance measurements to the 

*  T ime  be tween  inc iden t  s tep  and  re f l ec t i on  â€ ”  2  x  Cab le  Leng th  x  Ve loc i t y  o f  P ropaga t ion  =  ~T fT~  

c  =  Ve loc i t y  o f  L igh t  =  9 .9  X  10Â« f t / s .  
d  =  Length  o f  sys tem between sampler  and d iscont inu i ty  
Er  =  Rela t ive  d ie lec t r ic  constant  o f  sys tem under  tes t  (Er  â€”  1 .0  for  vacuum) 

. 

F i g .  7 .  T y p i c a l  T D R  d i s p l a y  o f  s y s t e m  w i t h  
s e v e r a l  i m p e d a n c e  d i s c o n t i n u i t i e s .  P o i n t  A  
r e p r e s e n t s  T D R  i n c i d e n t  v o l t a g e  s t e p ,  s e c  
t ion  f rom A to  B  i s  connec t ing  cab le ,  C ,  D ,  E ,  
and  F  a re  impedance  d i scon t inu i t i es .  (Sweep  
t i m e :  1  n s / d i v ;  v e r t i c a l  d e f l e c t i o n  f a c t o r :  
P  =  0 . 0 5 / d i v . )  F i g .  8 .  M A R K E R  Z E R O  c o n  
t r o l  p l a c e s  m a r k e r  o n  p o i n t  B  r e p r e s e n t i n g  
i npu t  t o  sys tem unde r  t es t .  F i g .  9 .  Fo l l ow ing  
s tep  desc r ibed  in  F ig .  8 ,  MARKER POSIT ION 
d i a l  i s  u s e d  t o  p l a c e  m a r k e r  o n  p o i n t  o f  i n  
t e r e s t .  D i s t a n c e  f r o m  s y s t e m  i n p u t  t o  p o i n t  
o f  i n t e r e s t  m a y  n o w  b e  r e a d  d i r e c t l y  o n  
M A R K E R  P O S I T I O N  d i a l .  F i g .  1 0 .  E x p a n d e d  
p o r t i o n  o f  d i s p l a y  s h o w n  i n  F i g .  9 .  ( S w e e p  
t ime :  0 .2  ns /d i v . )  

11 
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F ig .  11 .  D i sp lay  o f  vo l t age  s tep  by  samp l i ng  scope  se t  f o r  
1 0 0 %  s a m p l i n g  e f f i c i e n c y  ( b l a c k  d o t s )  a n d  f o r  2 5 %  
s a m p l i n g  e f f i c i e n c y  ( w h i t e  d o t s ) .  N o t e  s m o o t h i n g  o f  
r e s p o n s e  w i t h  r e d u c e d  s a m p l i n g  e f f i c i e n c y ,  a n d  c o n s e  
q u e n t  l o s s  o f  r i s e t i m e .  ( H o r i z o n t a l  d o t  s p a c i n g  i s  e x a g  
ge ra ted  fo r  pu rposes  o f  i l l us t ra t i on . )  

system input, the operator merely depresses the ZERO 
FINDER switch and uses the MARKER ZERO dial to 
position the marker on B, as shown in Fig. 8. He now 
re leases  the  ZERO FINDER swi tch  and uses  the  
MARKER POSITION dial to place the marker on re 
flection E (Fig. 9). The distance from the system's input 
(point B) to point E may now be read directly from this 
dial. The horizontal magnifier always expands about the 
marker so, if the operator wishes to examine this dis 
continuity in greater detail, he need merely operate the 
EXPAND switch to obtain a display like that shown in 
Fig. 10. 

Signa l  Averag ing  Improves  S /N  Rat io  

As discussed earlier, noise is one of the factors limit 
ing the resolution of a TDR system. A new type of signal- 
averaging circuit in the 1 8 ISA reduces the effects of most 
types of non-periodic noise and jitter by more than half, 

C o m p l e t e  c o r r e c t i o n  ^ ^ /  
at one sampling position 

F i g .  1 2 .  W h e n  s i g n a l  a v e r a g i n g  i s  u s e d ,  s a m p l e s  c o n  
v e r g e  t o w a r d s  t r u e  w a v e f o r m  v a l u e  w h i l e  h o r i z o n t a l  
m o v e m e n t  i s  s t o p p e d .  ( H o r i z o n t a l  d o t  s p a c i n g  e x a g  
ge ra ted . )  

and it is effective whether the noise is introduced within 
the oscilloscope or is present in the system being tested. 

In the past, most general-purpose sampling oscillo 
scopes offered smoothing as a means of reducing noise. 
In the smoothed mode, the gain of the sampling loop is 
decreased to reduce the effective sampling efficiency be 
low 100% . For example, the white dots in Fig. 1 1 show 
a noisy signal displayed on a sampling scope set for about 
25% effective sampling efficiency, that is, each sample 
is displayed at a point only 25% of the vertical distance 
between the previous sample and the point where it 
would be if sampling efficiency were 100%. Contrast 
these with the black dots, which show the same signal 
observed with a sampling scope set for 100% sampling 
efficiency, that is, each sample displays the actual voltage 
present at the sampling gate when the sample is taken. 
Note that reducing sampling efficiency reduces the noise 
appreciably, but it also reduces the observed signal rise- 
time. The lost signal risetime may be regained by spacing 
samples more closely horizontally, but it is still possible to 
miss narrow impulses or high-frequency ringing. 

The signal-averaging circuits in the 1815A reduce 
noise without losing high-frequency information. With 
this system, sampling efficiency is reduced and several 
samples are taken at the same point on successive repeti 
tions of the TDR waveform before the display is stepped 
horizontally to the next sampling position. This allows the 
amplitude of each sample to converge towards its true 
value, as shown in Fig. 12. The improvement in signal- 
to-noise ratio is shown in Fig. 13. 

With signal averaging, the display rate is slower than 
normal because of the greater number of samples re 
quired to complete a scan. However, the VERTICAL 
SENSITIVITY switch selects sampling efficiency and 
number of samples (10 to 250) at each point for the best 
compromise between noise reduction and display rate. 

Stable Sampling Loop 

As a further step towards simplifying operation of the 
18 ISA, the front panel does not have sampling response 
and sampling efficiency adjustments. This simplification 
was made possible by a new, highly stable sample strobe 
circuit. 

A simplified sampling gate is shown schematically in 
Fig. 14. Response of the sampling gate is determined by, 
among other things, the length of time that the gate is 
open. Because the circuit time constant is much longer 
than the time the sampling gate is open, the sampling 
capacitor does not charge to 100 percent of the signal 
amplitude. 

12 

© Copr. 1949-1998 Hewlett-Packard Co.



The percentage of the sampled signal appearing on the 
capacitor is influenced by the strobe pulse width, which 
determines how long the sampling gate is open, and by the 
strobe pulse amplitude, which determines the effective 
resistance of the sampling diodes, and also by the imped 
ance of the circuit connected to the sampler input, which 
affects the sampling circuit time constant. 

Variations in sampling efficiency caused by changing 
source impedance may be eliminated by making the elec 
trical length of a feedthrough sampler sufficiently long 
that a signal does not have time to travel from the sam 
pling gate to its connector and be reflected back to the 
gate until after the gate has closed. This assures that the 
sampling gate sees a constant impedance equal to Z0/2. 

Variations in the strobe pulse result primarily from 
variations in the minority carrier lifetime of the step re 
covery diode that generates the strobe pulse. To see how 
this occurs, a simplified step recovery diode pulse-sharp 
ening circuit is shown in Fig. 15. Charge stored in the 
diode's p-n junction by forward current, Ir, is removed 
by the reverse current that flows after the switch is closed. 
When the charge depletes, at time Tj in the diagram, the 
diode stops conducting abruptly, thereby generating a 
sharp voltage step (the sampling diode strobe impulse is 
obtained by differentiating this step). 

The amplitude and risetime of the step is determined, 
in part, by the amount of stored charge in the diode at 
the instant the switch closes. The stored charge Qs equals 
Ir r, where - is the effective minority carrier lifetime. 
Since minority carrier lifetime depends on temperature, 
the size and shape of the strobe pulse varies with tempera 
ture. Hence, a front-panel control has been provided on 
sampling scopes to compensate for these variations. 

F i g .  1 3 .  I m p r o v e m e n t  i n  s i g n a l - t o - n o i s e  r a t i o  
( u p p e r  t r a c e )  o b t a i n e d  w i t h  s i g n a l  a v e r a g i n g  
s y s t e m  b u i l t  i n t o  n e w  T D R  u n i t .  

This situation is avoided in the 1815A by use of the 
strobe circuit shown in Fig. 16. The amount of charge 
stored in the step recovery diode now depends on the 
preshoot 'spikej and since the width of the preshoot is 
much less than T, the stored charge is nearly independent 
of T. Thus, the strobe pulse is uniform with respect to tem 
perature changes. 

This sampling gate is sufficiently stable that response 
and smoothing adjustments may be preset internally. It is 
this temperature stability that makes it practical to have 
portability in a high-resolution TDR system. 

Sampling Osci l loscope 

The Model 1815A/B plug-in also has a trigger circuit 
that allows the unit to be used as a general-purpose single- 
channel sampling oscilloscope. This circuit triggers on 
pulses as small as 5 mV and on CW signals to above 500 
MHz. With larger triggers, it is usable to 1 GHz. In addi 
tion, the TDR tunnel-diode mounts may be used with an 
inexpensive power supply (HP Model 11 04 A) to serve 

Jeffrey H. Smith 

Je f f  Smi th  has  spent  h is  en t i re  
p r o f e s s i o n a l  c a r e e r  a m o n g  
pu l ses  and  samp les ,  s t a r t i ng  a t  
HP in  1963 w i th  the  1103A 
T r i g g e r  C o u n t d o w n  f o r  t h e  1 8 5 -  
s e r i e s  S a m p l i n g  S c o p e s  a n d  

^ b k  '  w i t h  o t h e r  a d v a n c e d  s a m p l i n g  
scope  p ro jec ts .  A long  the  way ,  

P ^ "  h e  c o n t r i b u t e d  t o  t h e  1  4 2 5 A  
De lay ing  T ime  Base  fo r  the  140  
fami l y  o f  samp l ing  p lug - ins ,  to  
t h e  1 9 2 0 A  3 5 0 p s  r i s e t i m e  O u t  
pu t  Modu le  fo r  the  1900-ser ies  

Pu lse  Genera tors ,  and to  a  100MHz ra te  genera tor .  Je f f  
ha i l s  f rom San Car los ,  Ca l i fo rn ia ,  bu t  f i sh ing  and  sk i ing  in  
the  Co lo rado  Rock ies  su i t  h im jus t  f i ne .  He  earned  bo th  
h i s  BSEE and  MSEE degrees  a t  S tan fo rd .  

R D ( t )  =  R e s i s t a n c e  o f  
S a m p l i n g  D i o d e s  

F i g .  1 4 .  S i m p l i f i e d  d i a g r a m  o f  s a m p l i n g  c i r c u i t .  
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F ig .  15 .  S tep  recove ry  d i ode  
pulse-sharpening circuit.  When 
switch is closed (t ime TQ), volt 
a g e  a t  p o i n t  A  r e m a i n s  n e a r  
ground potent ial  unt i l  Tf ,  when 
charge stored in step recovery 
d iode dep le tes .  F ig .  16 .  Mod i  
f i ed  pu l se - sha rpen ing  c i r cu i t  
uses waveform spike to charge 
step recovery diode. Charge is 
u n a f f e c t e d  b y  t e m p e r a t u r e -  
i n d u c e d  c h a n g e s  i n  d i o d e  
character is t ics.  

as trigger countdowns on sig 
nal frequencies up to 1 8 GHz, 
w i t h  t h e  m o d e l  1 1 0 6 A  
tunnel-diode mount, or to 
10  GHz wi th  the  Mode l  
1 108 A. The signal-averaging 
and direct-reading marker 
features are also effective 
when this system is used as a 
sampling oscilloscope. 

To Differentiator 
and 

Sampling Diode 

To Differentiator 
and 

Sampling Diode 
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S P E C I F I C A T I O N S  
1815A/B  

TDR/Sampler  P lug- In  
TDR and Sampler  per fo rmance spec i f i ca t ions  are  Ident ica l  except  
w h e r e  i n d i c a t e d  ( T D R  s p e c i f i c a t i o n  g i v e n  f i r s t  f o l l o w e d  b y  S a m  
p ler  spec i f i ca t ion  in  parentheses) .  
VERTICAL 

SCALE:  Ref lec t ion coef f ic ient  p  (vo l ts )  f rom 0.005/d iv  to  0 .5 /d iv  
in  1,  2 ,  5  sequence.  

ACCURACY:  Â±3%;  TOR on ly .  Â±5% on  0 .01 /d l vand  0 .005 /d i v  
sca les  in  s igna l -average  mode.  

VERNIER:  For  con t inuous  ad jus tment  be tween ranges ;  ex tends  
sca le  be low 0.002/d iv .  

S IGNAL  AVERAGE:  Reduces  no i se  and  j i t t e r  app rox .  2 :1 .  
HORIZONTAL 

S C A L E :  R o u n d - t r i p  t i m e  o r  d i s t a n c e  ( t i m e )  i n  f o u r  c a l i b r a t e d  
ranges:  f ,  10 ,  100.  and 1000/d iv .  Concent r ic  EXPAND cont ro l  
p rov ides  d i rec t  readout  in  ca l ib ra ted  s teps  f rom 0 .01  to  1000 
ns/d iv  or  f rom 0.01 to 1000 f t /d iv  (0.01 to 1000 ns/d iv)  In  1,  2 ,  
5  sequence.  

ACCURACY:  T ime .  Â±3%:  d i s tance ,  TDR on l y .  Â±3% Â± va r i a  
t i ons  i n  p ropaga t i on  ve loc i t y .  

MARKER POSITION:  Ten- tu rn  d ia l ,  ca l ib ra ted  in  CRT d iv is ions ,  
fo r  d i rec t  readou t  o f  round- t r i p  t ime  o r  d i s tance  ( t ime) .  

M A R K E R  Z E R O :  T e n - t u r n  c o n t r o l  p r o v i d e s  v a r i a b l e  r e f e r e n c e  
for  marker  pos i t ion  d ia l .  

ZERO FINDER:  For  ins tan t  loca t ion  o f  marker  re fe rence.  
D I E L E C T R I C  ( T D R  o n l y ) :  C a l i b r a t e d  f o r  a i r .  t  -  1 ,  a n d  t o r  

po lye thy lene,  Ã­  *  2 .25 .  A lso  var iab le  fo r  d ie lec t r i c  cons tan ts  
from r â€” 1 to approx 4. 

TRIGGERING (Sampl ing  on ly ) :  
PULSES:  Less  than  50  mV fo r  pu lses  5  ns  o r  w ide r  fo r  j i t t e r  

< 2 0  p s .  
CW: Signals  f rom 500 kHz to  500 MMz requi re  a t  least  80 mV 

f o r  j i t t e r  l e s s  t h a n  2 %  o f  s i g n a l  p e r i o d  p l u s  l O p s ;  u s a b l e  
to  1  GHz .  CW t r i gge r ing  may  be  ex tended  to  18  GHz  w i th  
HP Models  1104A/1106A t r igger  countdown.  

RECORDER OUTPUTS:  Approx  100  mV/d iv ;  ve r t i ca l  and  hor i zon  
ta l  ou tpu ts  a t  BNC connectors  on  main f rame rear  pane l .  

WEIGHT:  Ne t .  5  I bs  (2 .3  kg ) ;  sh ipp ing ,  10  I bs  (4 ,5  kg ) .  
P R I C E :  H P  M o d e l  1 8 1 5 A  ( d i s t a n c e  c a l i b r a t e d  I n  f t ) .  $ 1 1 0 0 .  H P  

Model  1815B (d is tance ca l ib ra ted in  meters) .  $1100.  

HP Models  1817A and 1816A 
28ps and 90ps Samplers 

Model  1817A and Model  1616A spec i f ica t ions are  ident ica l  except  
w h e r e  i n d i c a t e d  ( M o d e l  1 6 1 7 A  s p e c i f i c a t i o n  u s e d  w i t h  M o d e l  
1 1 0 6 A  b y  d i o d e  m o u n t  g i v e n  f i r s t  f o l l o w e d  i n  p a r e n t h e s e s  b y  
Mode l  1816A  spec i f i ca t i on  used  w i t h  Mode l  1108A  t unne l  d i ode  

TDR SYSTEM 
SYSTEM RISETIME:  Less  than  35ps  (110ps)  i nc iden t  as  meas  

ured w i th  Mode l  1106A (Model  1108A) .  
OVERSHOOT: Less than Â±5%. 
INTERNAL  REFLECTIONS:  Less  t han  10% w i t h  45ps  (145ps )  

TDR;  use  re f lec ted  pu lse  f rom shor ted  ou tpu t .  
J ITTER:  Less  t han  I 5ps :  w i t h  s i gna l  ave rag ing ,  t yp i ca l l y  5ps .  
INTERNAL P ICKUP:  p<0 .01 .  
NOISE:  Measured  tangent ia l l y  as  percen tage  o f  inc iden t  pu lse  

when terminated in 500 and operated in s ignal-average mode. 

L e s s  t h a n  1 %  ( 0 . 5 % )  o n  0 . 0 0 5 / d i v  t o  0 . 0 2 / d i v  s c a l e s ;  l e s s  
than  3% (1%)  f rom 0 .05 /d iv  to  0 .5 /d iv .  

LOW-FREQUENCY DISTORTION:  <Â±3%. 
MAXIMUM SAFE INPUT:  1  vo l t .  

SAMPLER SYSTEM 
RISETIME. Less than 28ps (90ps). 
INPUT: 500 feedthrough.  
DYNAMIC RANGE: 1 vol t .  
MAXIMUM SAFE INPUT: 3 vol ts  (5 vol ts) .  
LOW-FREQUENCY DISTORTION:  <Â±3%.  
NOISE: 

N O R M A L :  L e s s  t h a n  8  m V  ( 3  m V )  t a n g e n t i a l  n o i s e  o n  0 . 0 1  
V /c l i v  t o  0 .5  V /d i v  sca les .  No ise  dec reases  au tomat i ca l l y  
on  0 .005 V/d iv  sca le .  

S IGNAL AVERAGE:  Reduces  no ise  and  j i t t e r  approx  2 :1 .  
WEIGHT:  Net ,  3  Ibs  (1 ,4  kg) ;  sh ipp ing ,  7  Ibs  (3 ,2  kg) .  
PRICE:  HP Mode l  1817A.  $1500;  HP Mode l  1616A,  $850.  

HP Models 11 06 A and 11 08 A 
20ps and 60ps tunnel diode mounts 

system, 
AMPLITUDE: Greater than 200 mV Into 50C. 
R I S E T I M E :  M o d e l  1 1 0 6 A .  a p p r o x  2 0 p s :  M o d e l  1 1 0 8 A ,  l e t s  t h a n  

60 ps. 
OUTPUT IMPEDANCE: 500 Â±2%. 
SOURCE REFLECTION: Model  1106A.  less than 10% with 45pS 

TDR;  Mode l  1108A,  less  than  10% w i th  145ps  TDR.  
WEIGHT:  Ne t ,  1  I b  (0 .5  kg ) :  sh ipp ing ,  3  I bs  (1 ,4  kg ) .  
PRICE:  HP Mode l  1106A,  (550 ;  HP Mode l  1108A.S175 .  
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Precision DC Current Sources 
CCB-Ser ies  Cur ren t  Sources  can  supp ly  p rec i se l y  regu la ted  
cu r ren ts  as  l ow  as  1  Â ¡Â¿A.  P rog ramming  i s  r ap id ,  and  t i ny  
l e a k a g e  c u r r e n t s  a r e  e l i m i n a t e d  b y  a  g u a r d i n g  t e c h n i q u e .  

By Joseph C. Perkinson and Will is C. Pierce, Jr.  

AN IDEAL CURRENT SOURCE is a current generator which 
has infinite internal impedance. An ideal current source 
provides any voltage necessary to deliver a constant cur 
rent to a load, regardless of the size of the load imped 
ance. It will supply this same current to a short circuit, 
and in the case of an open circuit it will try to supply an 
infinite voltage (see Fig. 1). 

In practical current sources neither infinite internal im 
pedance nor infinite output voltages are possible. In fact, 
if the current source is to be used as a test instrument, it 
should have a control for limiting its maximum output 
voltage, so its load will be protected against the applica 
tion of too much voltage. Its output impedance should be 
as high as possible, of course, and should remain high 
with increasing frequency so as to limit current transients 
in rapidly changing loads. A capacitor across the output 
terminals is to be avoided, since it will lower the output 
impedance, store energy which can result in undesirable 
transients, and slow down the programming speed. 

One approach to the design of a current source is to 
add a high series resistance to an ordinary voltage source. 
However, it is difficult to achieve good current regulation 

Practical  Current Source: Z,  = <co 

F i g .  1 .  A n  i d e a l  c u r r e n t  s o u r c e  h a s  i n f i n i t e  i n t e r n a l  i m  
p e d a n c e ,  d e l i v e r s  t h e  s a m e  c u r r e n t ,  / 0 ,  t o  a n y  l o a d ,  a n d  
s u p p l i e s  i n f i n i t e  v o l t a g e  t o  a n  o p e n  c i r c u i t .  A  p r a c t i c a l  
c u r r e n t  s o u r c e  h a s  a  Z ,  w h i c h  i s  f i n i t e ,  b u t  a s  h i g h  a s  
p o s s i b l e .  I t  s h o u l d  a l s o  h a v e  a n  a d j u s t a b l e  v o l t a g e  l i m i t  
t o  k e e p  t h e  l o a d  f r o m  b e i n g  d a m a g e d .  

this way. Typical applications for current sources call for 
output impedances of a few megohms to a few hundred 
megohms and currents of tens or hundreds of milliam- 
peres. This means the source voltage would have to be 
tens of kilovolts or more. Such a high-voltage supply will 
cause noise problems, will be difficult to modulate or to 
program rapidly, will be dangerous, will be very large, 
and will waste a lot of power. 

Electronic current regulation is a much more tractable 
way to obtain high output impedance. There are still 
design problems, but they are of a different kind. One 
problem that is rather difficult to deal with is leakage. 

Leakage Versus Regulat ion 
The current regulation of a current source, as seen at 

the load, is degraded by any impedance in parallel with 
the load. If I0 is the current generated by the source, IL is 
load current, Zr, is load impedance, and Zs is the total 
impedance shunting Zi,, then 

_  Â °  s  

When the output impedance of the current source is high, 
then even very small leakage currents can become sig 
nificant (see Fig. 2). Such things as the input impedance 
of a voltmeter measuring the load voltage, the insulation 
resistances of wiring and terminal blocks, and the surface 
leakage currents between conductors on printed-circuit 
boards will all take current away from the load, unless 
they are kept from doing so by the design of the current 
source. 

CCB Current  Sources 
In the new Hewlett-Packard CCB Current Sources 

(Models 6177B, 6181B, and 6186B, Fig. 3), leakage at 
the output terminals is negligible, owing to a combination 
of techniques, including guarding, shielding, physical iso 
lation, and hygiene. Feedback regulation makes the out 
put impedance high (3.3 Mn to 1300 MQ), and there is 
no output capacitor to lower the output impedance or 
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Fig.  2 .  The current  regulat ion oÃ­  
a  c u r r e n t  s o u r c e  c a n  b e  d e  
g r a d e d  b y  a n y  i m p e d a n c e  t h a t  
s h u n t s  t h e  l o a d .  I f  Z ,  i s  h i g h ,  
m e t e r  a n d  l e a k a g e  i m p e d a n c e s  
c a n  b e  s i g n i f i c a n t .  

CURRENT SOURCE 

L/uiput (internal) impedance of current source. ZÂ¡ = co tor Â¡deal current source 

Z,  = Insulation impedance anywhere inside output terminal of current source. 

Zg = Circuit  board impedance.  

ZL = Load impedance 

ZM = Meter  impedance 

ZT = Test lead insulat ion impedance 

store energy. Low leakage and high output impedance 
result in precise current regulation. The output current 
changes less than 25 ppm of setting Â±5 ppm of range for 
a load change that swings the output voltage from zero to 
maximum. Currents supplied can be as small as 1 /iA and 
as large as 500 m A, and there are no turn-on, turn-off, 
or power-removal overshoots, either of current or of 
voltage. 

The CCB Current Sources also have continuously vari 
able voltage-limit controls. Current and voltage controls 
are independent and can be set before the load is con 

nected. The outputs are floating, so the sources can be 
used as either positive or negative sources. 

For systems use, the sources are programmable. Pro 
gramming speed is high for this type of instrument: from 
0 to 99% of the programmed output in as fast as 500 Â¿is, 
depending on the model. For dynamic and incremental 
measurements, ac modulation can be superimposed on 
the output current. 

What's Inside 
Fig. 4 is a simplified schematic of a CCB Current 

Source. There are four principal sections â€” the current 

Current Sources In The Laboratory and On The Production Line 
T h r o u g h o u t  s c i e n c e  a n d  i n d u s t r y  â € ”  i n  e l e c t r o n i c s ,  c h e m  
i s t r y ,  b i o l o g y ,  i n s t r u m e n t a t i o n ,  a n d  s o  o n  â € ”  t h e r e  a r e  a p  
p l i c a t i o n s  i n  w h i c h  w e l l - r e g u l a t e d  c o n s t a n t  c u r r e n t s  a r e  
i n d i s p e n s a b l e .  T h e r e  a r e  o t h e r  a p p l i c a t i o n s  i n  w h i c h  s u c h  
c u r r e n t s  a r e  d e s i r a b l e  b e c a u s e  t h e y  m a k e  m e a s u r e m e n t s  
e a s i e r .  T h e  f o l l o w i n g  e x a m p l e s  a r e  r e p r e s e n t a t i v e  o f  t h e  
k i n d s  o f  a p p l i c a t i o n s  f o r  w h i c h  H P  C C B  C u r r e n t  S o u r c e s  a r e  
we l l  su i t ed .  
â € ¢  S e m i c o n d u c t o r  t e s t i n g ,  e . g . ,  e v a l u a t i n g  r e v e r s e  b r e a k  

d o w n  c h a r a c t e r i s t i c s  b y  s u p p l y i n g  j u s t  e n o u g h  v o l t a g e  t o  
i n d u c e  a v a l a n c h e  b r e a k d o w n ,  b u t  a t  a  c o n t r o l l e d  c u r r e n t  
l o w  e n o u g h  n o t  t o  c a u s e  d a m a g e ;  o r ,  m e a s u r i n g  f o r w a r d  
I - V  c h a r a c t e r i s t i c s  o f  p - n  j u n c t i o n s .  C C B  a d v a n t a g e s :  n o  
o u t p u t  c a p a c i t o r  t o  c a u s e  c u r r e n t  t r a n s i e n t s ,  g u a r d  c i r  
c u i t  f o r  m o n i t o r i n g  t h e  o u t p u t  w i t h  a  v o l t m e t e r  o r  X - Y  
r e c o r d e r ,  p r o g r a m m a b i l i t y  f o r  a u t o m a t e d  m e a s u r e m e n t s .  

â € ¢  M e a s u r i n g  d y n a m i c  o r  i n c r e m e n t a l  i m p e d a n c e ,  e . g . ,  t h e  
d y n a m i c  i m p e d a n c e  o f  z e n e r  d i o d e s ,  o r  t h e  s m a l l - s i g n a l  
h -pa rame te r s  o f  t r ans i s t o r s .  CCB sou rces  a re  use fu l  he re  
b e c a u s e  a c  m o d u l a t i o n  c a n  b e  s u p e r i m p o s e d  o n  t h e i r  d c  
o u t p u t  c u r r e n t s ;  h e n c e  o n e  c u r r e n t  s o u r c e  s u p p l i e s  b o t h  
b i a s  a n d  m o d u l a t i o n .  

M e a s u r i n g  r e s i s t a n c e s ,  e . g . ,  o n  a  p r o d u c t i o n  l i n e .  M e a s  
u r e m e n t s  c a n  b e  a b s o l u t e - v a l u e  o r  c o m p a r a t i v e .  T h e  
k n o w n  c u r r e n t  r e d u c e s  r e s i s t a n c e  m e a s u r e m e n t s  t o  v o l t  
a g e  m e a s u r e m e n t s .  C C B  a d v a n t a g e s :  g u a r d  c i r c u i t  f o r  
measur ing  ou tpu t  vo l tage  w i thou t  pe r tu rb ing  l oad  cu r ren t ,  
p rec i se  regu la t i on .  
M e a s u r i n g  s m a l l  r e s i s t a n c e s  w h e r e  c o n t a c t  r e s i s t a n c e  
can  be  as  h igh  as  t he  unknown  and  can  va ry  w ide l y ,  e .g . ,  
i n  p r o b i n g  i n t e g r a t e d  c i r c u i t s  t o  m e a s u r e  s u r f a c e  r e s i s  
t i v i t y .  T h e  k n o w n  c u r r e n t  s u p p l i e d  b y  a  c u r r e n t  s o u r c e  i s  
i ndependen t  o f  con tac t  res i s tance .  

O t h e r  a p p l i c a t i o n s  c a l l i n g  f o r  w e l l - r e g u l a t e d  c u r r e n t s  
inc lude :  
a  P r e c i s i o n  e l e c t r o p l a t i n g  
â€¢ Dr iv ing e lectromagnets 
Â »  T e s t i n g  a n d  s o r t i n g  r e s i s t o r s ,  r e l a y s ,  a n d  m e t e r s .  
-  S u p p l y i n g  p o w e r  t o  l o a d s  w h o s e  i m p e d a n c e s  v a r y  w i d e l y ,  

e . g . ,  d e v i c e s  w h i c h  h a v e  n e g a t i v e  r e s i s t a n c e  c h a r a c t e r  
ist ics. 
Ce r ta in  ana ly t i ca l  me thods ,  such  as  ch ronopo ten t i ome t ry ,  
c o u l o m e t r i c  t i t r a t i o n ,  a n d  e l e c t r o g r a v i m e t r y .  
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Fig.  3 .  New CCB Ser ies,  Models  6177B,  61 81 B and 6186B 
C u r r e n t  S o u r c e s ,  h a v e  t h e i r  p o s i t i v e  o u t p u t  t e r m i n a l s  
e n c l o s e d  b y  a  g u a r d  w h i c h  e l i m i n a t e s  m o s t  o f  t h e  l e a k  
a g e  c u r r e n t s  s h o w n  i n  F i g .  2 .  T h e y  c a n  s u p p l y  c u r r e n t s  
a s  l o w  a s  1  n A ,  r e g u l a t e d  w i t h i n  2 5  p p m  o f  s e t t i n g  
Â ± 5  p p m  o f  r a n g e  f o r  a  l o a d  v o l t a g e  c h a n g e  f r o m  z e r o  
t o  m a x i m u m .  T h e y  a l s o  h a v e  c o n t i n u o u s l y  a d i u s t a b l e  
vo l tage l im i ts .  

regulating section, the guard circuit, the reference supply, 
and the voltage-limit circuit. 

In the current regulating section are a series regulator, 
current-sampling resistors, and a current comparison am 
plifier. The current-sampling resistors are low-noise, low- 
inductance, low-temperature-coefficient resistors, large 
enough to give adequate voltage drop, yet as small as 
possible to minimize the temperature rise that results 
from the power dissipated in them. 

The command input to the current comparison ampli 
fier is a negative voltage with respect to the circuit com 
mon. To increase the output current the command voltage 
is made more negative, permitting the output current to 
increase until the voltage drop in the current-sampling 
resistors equals the input command signal. The current 
comparison amplifier then regulates the output current to 
maintain it at the selected level. 

The command voltage is derived from the internal ref 
erence supply. The same command voltage is used on all 
three current ranges, and the output current range is 
changed by switching the value of the current-sampling 
resistors. This method of changing current range not only 
simplifies control but also changes the loop gain so as to 
improve regulation and noise rejection at low output 
current levels. 

The current source can also be programmed externally 
by voltage or resistance. In this case the external voltage 
or resistance is used to control the command voltage. 

A unique feature of the CCB Current Sources, com 

pared with most other electronically regulated power 
supplies, is that CCB sources have no reactive elements 
in the output circuit. An inductor in the output circuit 
would form an L/R time constant with the load which 
would lower the programming speed and make it depend 
ent upon the load impedance. The effects of a capacitor 
have already been mentioned, and will be discussed fur 
ther in the next section. 

High Output  Impedance 
The high output impedance of the CCB Current 

Sources is a result of several factors, both electrical and 
mechanical. The series-regulator transistors are in a cas- 
code configuration, which inherently has a high output 
impedance. Since the open-loop gain of the error ampli 
fier is high, the closed-loop output impedance is greatly 
increased by feedback. Minimizing the output capacitance 
was a major design objective, and no physical capacitor 
has been placed across the output. Although the output 
impedance falls off with frequency due to the necessary 
gain and phase compensation in the amplifier circuits, it 
is much higher than it would be if a capacitor were con 
nected across the output terminals, and much higher than 
it would be for a different series-regulator configuration. 

The importance of low output capacitance should not 
be underestimated. Excessive output capacitance would 
cause the output impedance of the current source to fall 
off with increasing frequency, and this would cause unde 
sirable transients in rapidly changing loads. Large capaci 
tors store large amounts of energy which, if discharged 
suddenly through the load, may cause damage; negative- 
resistance devices are particularly susceptible to this kind 
of damage. Finally, an output capacitor would slow down 
the response of the current source to changes in the ex 
ternal programming signal. The output capacitance of the 
CCB Current Sources ranges from only 10 pF to 0.05 /iF, 
depending upon the model and the current range. 

Also in the interests of keeping the output impedance 
high, the impedances of internal leakage paths have been 
made as high as possible by careful mechanical design 
and hygienic construction techniques. For example, the 
series regulator is isolated from the chassis by a layer of 
boron nitride which has an extremely high insulation 
resistance. 

Leakage, both internal and external, is further reduced 
by guarding the positive output terminal. 

How the Guard Works 
Guarding techniques are often used to reduce un 

wanted currents flowing into or out of sensitive circuits. 
The operation of a guard depends on the fact that the 
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unwanted currents are flowing through some impedance 
to get into or out of the sensitive circuit. By carefully 
surrounding the sensitive circuit with a conducting sur 
face or guard, each of the impedances between the sensi 
tive circuit and the outside world can be split into two 
parts, one between the guard and the sensitive circuit and 
one between the guard and the rest of the world. If now 
the voltage between the guard and the sensitive circuit is 
kept at zero, then the guard has accomplished its purpose 
of eliminating unwanted currents flowing into or out of 
the sensitive circuit. The guard is not connected directly 
to the sensitive circuit; if it were then no improvement 
would result. 

To eliminate leakage currents in the CCB type of cur 
rent source, the positive output terminal is surrounded 
by a conductor which is connected to the front-panel 
guard terminal (see Fig. 5). The current comparison 
amplifier keeps the guard terminal and the positive out 
put terminal within one millivolt of each other for any 
load or output setting. Thus any leakage impedance con 

nected to the positive output terminal has nearly zero 
volts across it, and leakage currents are forced to flow 
through the guard instead of the positive output terminal. 

Leakage in long load leads can be effectively reduced 
with the help of the guard when the negative side of the 
load is grounded. Shielding the positive load lead and 
connecting the shield to the guard terminal is all that is 
required â€” the ground lead does not have to be shielded. 

In addition to eliminating leakage currents the guard 
can also be used to measure the output voltage without 
drawing current away from the load. Connecting a volt 
meter between the negative output terminal and the posi 
tive output terminal will lower the output impedance, but 
a voltmeter connected between the negative output ter 
minal and the guard has no effect on the output imped 
ance. The meter still measures the output voltage because 
the guard is at the same potential as the positive output 
terminal. The front-panel voltmeter is connected to the 
guard, but if accuracy greater than 2% of full scale is 
needed, an external voltmeter must be used. 

F i g .  4 .  o r  v o l t a g e  f o r  c u r r e n t  r e g u l a t o r  c o m e s  f r o m  i n t e r n a l  r e f e r e n c e  s u p p l y  o r  
f r o m  e x t e r n a l  p r o g r a m m i n g  v o l t a g e  o r  r e s i s t a n c e .  V o l t a g e - l i m i t  c i r c u i t  q u i c k l y  d r a w s  
c u r r e n t  d i o d e s  f r o m  l o a d  w h e n  l o a d  v o l t a g e  e x c e e d s  v o l t a g e  l i m i t s  a n d  i s o l a t i n g  d i o d e s  
t u r n  o n .  H i g h - g a i n  r e g u l a t o r  a n d  a b s e n c e  o f  r e a c t i v e  e l e m e n t s  i n  o u t p u t  g i v e  h i g h  o u t  
p u t  i m p e d a n c e ,  f a s t  p r o g r a m m i n g ,  a n d  f r e e d o m  f r o m  c u r r e n t  o v e r s h o o t s .  
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W i t h  G u a r d  L  = L  G u a r d  

F i g .  5 .  T h e  g u a r d  s u r r o u n d i n g  t h e  p o s i t i v e  o u t p u t  t e r m i  
n a l  s p l i t s  t h e  i m p e d a n c e s  t h r o u g h  w h i c h  l e a k a g e  c u r  
r e n t s  ( I s )  f l o w .  T h e  g u a r d  a n d  t h e  p o s i t i v e  o u t p u t  t e r m i  
n a l  a r e  k e p t  a t  t h e  s a m e  v o l t a g e ,  t h e r e b y  k e e p i n g  t h e  
l e a k a g e  c u r r e n t s  f r o m  d e g r a d i n g  t h e  r e g u l a t i o n .  T h e  
o u t p u t  v o l t a g e  c a n  b e  m e a s u r e d  a t  t h e  g u a r d  s o  t h e  
m e t e r  i m p e d a n c e  d o e s n ' t  s h u n t  t h e  l o a d .  

Unlike other guards, such as those used on digital volt 
meters, the guard in the CCB Current Source is active and 
internally referenced to the positive terminal. // must not 

be connected to either output terminal, since this inter 

feres with the closed loop performance. 

Voltage-Limit  Circuit  
The voltage-limit circuit keeps the output voltage of 

the current source from exceeding the level set by the 
front-panel voltage potentiometer. This circuit is a shunt 
regulator across the output terminals which draws cur 
rent away from the load when the output voltage exceeds 
the preset level. It is capable of sinking the full rated 
output current of the source. 

An important design criterion for the voltage-limit cir 
cuit was that it eliminate dangerous high-voltage or high- 
current transients that might occur under certain load 
conditions. For example, when the load is suddenly re 
moved from an ordinary constant-current power supply, 
the output voltage will try to rise to the raw supply volt 
age of the instrument, which can be hundreds of volts. 
Or, when the load is suddenly reconnected to a unit oper 
ating in the voltage-limit mode, a high-current transient 
can occur if the current regulator saturates while the 

instrument is in voltage limit. 
In the CCB Current Source, the voltage-limit circuit 

always operates at the selected voltage and begins to draw 
load current when the load voltage exceeds this voltage 
and causes two isolating diodes to turn on (see Fig. 4). 
The voltage-limit circuit goes into operation in as little 
time as it takes to turn on the two isolating diodes. Be 
cause of the finite response time of the rest of the voltage- 
limit circuit, small voltage overshoots can occur if the 
load voltage is rising rapidly, but these are never more 
than a few volts. 
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The reason for using two isolating diodes is to mini 
mize leakage. The diode connected to the positive output 
terminal is also connected to the guard, through a small 
resistor. When the diodes are turned off, this diode has 
very little back bias and its leakage current is negligible. 

Current overshoots are minimized by having the cur 
rent regulator operate normally whether it is supplying 
the load or the voltage-limit circuit or both. Thus there 
are no significant current overshoots at any time. 

A front-panel light tells the user when the voltage- 
limit circuit is drawing current away from the load. The 
front-panel meter always indicates the total current being 
supplied by the current regulator; thus the user can set 
the current source to the desired current even with the 
output terminals open â€” there is no need to short the 
output. 

Transformer Shie lding El iminates Ripple  
The CCB Current Sources meet their low ripple speci 

fications regardless of which output terminal, if either, is 
connected to earth ground. High-gain current regulation 
is one reason for the low ripple. Another is special shield 
ing to keep ac voltages in the power transformer from 
being coupled into the output via the capacitance be 

tween the transformer windings and the output or ground. 
One source of ripple current is capacitive coupling be 
tween the primary winding and the negative output ter 
minal. In the CCB Current Sources, this problem is 
eliminated by enclosing the primary winding in an elec 
trostatic shield which is connected to earth ground. A 
second source of ripple current is capacitive coupling 
between the secondary winding and ground. In fact, much 
of this capacitance may be due to the primary shield. To 
eliminate this ripple current, the secondary winding is 
enclosed in an electrostatic shield which is connected to 
the negative output terminal. This causes the ripple cur 
rent generated by the secondary winding to flow in a 
closed loop inside the instrument. 
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