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Graphical Output for the Gomputing
Galculator

An X-Y plotter, designed to take the calculator output,
draws graphs of solutionsto complex problems.lt can
make Smith Charts, polar, semilog and log-log plots.

By Robert W. Colpitts, Dan Allen and Tom Vos

A coupurrNc cALcULAToR-pLorrER 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 9125A
X-Y Plotter, Fig. 1. Designed for use with the HP Model
9100A Computing Calculator,l 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.

Cover: lsometric proiection of the tunction
Jo'(r), computed by the 9100A Computing Cal-
culator and plotted simultaneously by the
9125A plotter. Height of the surf ace shows the
light intensity in the diff raction pattern ol a cir-
cular annulus. Lines of constant x and y were
drawn at intervals of one-half . To enhance the
appearance, hidden Iines were blanked by
manually lilting the pen. Edges of the folds
were added later.

In this Issue: Graphical Output tor the Com-
puting Calculator; page 2. High-Resolution
Time-Domain Retlectometry with a Portable
30-lb lnstrument; page 8. Precision DC Cur-
rent Sourcesi page 15.

@ HEwLETT.PAcKARo coMPANY,  1969



For continuous function plotting, the 91254 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 9125A Plotter responds to two control
instructions already on the calculator (FMT) ( * ) and

Fig. 1. fhis Model 9125A X-Y Plottet automatically plots
so/utions to problems solved by the HP Model 9100A
Computing Calculator. Manual opetation is a/so pos-
sible to transler data points frcm the calculator to the
plotter directly.

(FMT) ( 4 ) 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
t ime. The (FMT) ( f ) and (FMT) (.! ) instruction pair
on the calculator keyboard gives the plotter the capa-
bil ity of plotting continuous l ines, 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.

Conlrol Logic

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

culator is fed to the digital con-
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 ver t ica l  (Y)  d ig i ta l - 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 Xr,
Y,. When a plot command is received, the control logic
gates new information from the calculator display regis-



5 d  l a c l q A L  ! [ l r s r n i

: trt.! rr! lArrtsi4nnt rird,,.

t u r t u t ! F r f r t i n  i d s d s a n r l
y L a n ' i l . $ r o l t
,.3r: $& ,.8'r !!!r r?r 'a'sOilSiS lX - 0 I : Qli lr ''!rN cl in. r.dl tli r. :ri.ad ,nFhere oi il{

i . . , i l '  l y  r : r r t  f i .  Ocr i iu r . r$ .1 r  l r . l r t rN  }  f r ra . ln  n l l , c ! rq !ed . !n t . .

5eAllil6 O..*urir. s,r! S eftrli ,r tN. tmg.af ro fi fhd iaFr lsiie
an ! . ! r6 i ' r . tN  r r  r i0 .eN! ! : ' c r

INCFIMIITS r5ortr rt|r]d k lnig. {.r!t alr{hg lift bd
:-,riifo.6l !. !.cirL.. sml!.!{! ! !1 0Jile in.!6*lona
*r bt nr.* atar] aatle h ! ilnSre 4r!r

.  l i t ! * . : . a s 6 * ! i r N r S n a l Y c . o r l i . r l . j

? . r . !  r . .  i 4 l h r  n . $  |  1 . * . i i n { e :  i i d l h i , . r e s  n  n  d i i
. 'nr ri4.t n.1f

51!r rl. rD*..i. !1. LlN !. i j  r. i6r I te.rigir asrdjmlb dit
irrt 'rr ' f j lu x 3rd t (ar:i.( {l i !.. i t!] i l !t ir. as lrltt iwd

i r r r r i r d , J * . . r l c t ! r  . . ! 1 @ r ! l t . r l h * n q t t M T t , f t l { ,
l i r t l . r s l - m m i . d , n 1 r  p r . r , ' ; , ; ; i  ! . n s l m e p M t i r E

OSiel{: f..5. .-: ,.! *r t.n b dprt€d *i8in silh ih. Wl6N rontrctt,

Fig. 2. Essenf ial instructions tor operation of the Model
9125A X-Y Plotter are contained on this Dull-out card.

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 Xr, Yr. Provided each ana-
log channel is linear (that is, the displacement output is
related to the electrical input by a linear difierential 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, I (X" - X,) Hx(t) (1)

y( t ) :  Y, l  (Y"  -  Y,)Hy( t )  (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 " - y . f  . .  - . l l f o ry(t) _ y,: 
E _t l*r,t 

_ 
",1 | ,;b (3)

Eq. 3 describes a straight line of undetermined lenglh
in X-Y space passing through the points X,, Y, and Xr,
Yr, 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 0.1Vo 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 Positive and Negative

The HP Model 9125A has been designed as a four-
quadrant machine. Front panel controls allow the user

to place the origin (0, 0) at an1'where 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 9125A eliminates additional
program steps necessary to accomplish this translation.
Recorder sensitivity is adjustable to account for dffierent
scale factors of various papers.

High Resolution

The Model 9125A 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 I second. Under normal environ-
mental conditions, a trace in its retrace in the opposite
direction appears as a single line.
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Fig, 3. /n the Model 9125A X-Y Plottet, inlormation is taken lrcm the calculator and
rcuted to the appropriate channel by the digital contrcl interface circuitry.

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

Ofl-Paper Points

Occasionally a calculated data point wil l 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.

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

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.

Pause

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

S P E C I F I C A T I O N S

HP Model 9125A
X-Y Plotter

X-Y PLOnER:  The 9125A prov ides  permanent  g raph ic  so lu t ions
o l  p rob lems so lved by  the  9100A Ca lcu la to r  l t  p to ls  a  po in t

spec i faed by  lhe  numbers  in  the  Ca lcu la lo /s  X  and Y reg is rers ,
when ths  to rmat  (FMT)  ins t ruc l ion  is  ac l i va ted  Po in ls  (o r
po in ls  connected  by  s ta igh t  l ines)  may be  p lo l ted  under  man-
ua l  o r  p rogrammed con l ro l

PLOnING AREA:10 inches  on  the  Y ax is  by  15  inches  on  lhe
X €x is  (25  cm by  38  cm on mel r i c  paper )

ORIGIN:  Or ig in  can be  se t  anywhere  on  th€  p lo t ing  su i lace ,
a l low ing  touFquadran l  p lo t t ing

SCALE FACTOR:  500 coun ls  per  inch  (200 counts  per  cm )  Ad.
jus tab l€  by  a t  leas t  t10  co !n ts  per  inch  (4  coonts  pe .  cm)
by  fon t  pane l  sca le  vern ie r  con l ro l

PLOnl f ,G ACCURACY:  10  03  inch  (0 ,8  mm)

OYNAMIC ACCURACY:  Dev la l ion  t rom sra igh t  l ine  be tueen two

data  po in ts  in  less  lhan a004 inch  (1 ,0  mm) fo r  da ta  po in ts

up lo  5  inches  (12 ,5  cm)  apad,  a t  consranr  ambien t  tempera-

RESErABIL ITY:  a0  007 inch  (0  18  mm)

pLOfr lNO TIME:  Min imum o l  09  second l rom one p lo t  po in t  to
lhe  nex t ,  o r  the  ca lcu la t ion  per iod ,  wh ichever  i s  g rea ter

TEMPERATURE:  Tempera lu re  cons idera t ions  lo r  lhese spec i l i ca-

ORIGIN:  S tab i l i t y  be t te r  lhan  0  0008 in l 'C  (0 ,02  mm/ 'C)
SCALE FACTOR:  Tempera ture  coe l f i c ien t  l€ss  han OO2q" l .C
PLOTTING ACCURACY:  Above spec i r i ca t ion  ho tds ,  L55 'C
DYNAMIC ACCURACY:
20-26 'C,  dev ia t ion  1004 in  (1 ,0  mm)
i5 -35 'C,  devra l ion  : t004 in  (1 ,0  mn) ,  ) :O2o/ "  o t  d isp tace ,

5-55 'C,  dev ia l ion  i0  04  in  (1  0  mm),  10  5% o l  d isp lacemenl

RESETTABIL ITYT Above spec i l i caUon ho lds ,  5 -55"C

GEXERAL
WEIGHT:  Net  40  lbs  (18 ,1  kg)  Sh ipp ins  50  lbs  (22 ,7  kg)
P O W E B :  1 1 5  o f  2 3 0  V  t 1 0 %  ( s l i d e  s w i t c h ) ,  5 0 - 4 0 0  H z ,

100 wails
o IMENSIONSi  8y ,  in  h igh  by  20  in  w id€  by  19% in  de€p,

(213 mm x  500 mm x  484 mm)

P R I C E :  H P  9 1 2 5 A , 3 2 4 7 s  0 O

Plo t te r  Paper

To ga in  max imum bene l i l  t rom the  h igh ly -accura le  9125A X-Y
Recorder ,  we recommend pr€c is ion- ru led  p lo t r ing  pap€f  Hswle t -
Pac tard  Company o t le rs  a  w ide  var ie ty  o l  papers ,  ava i lab le
th rough a l l  f i s ld  o l l i ces  These are  11  in  by  17  in  overa l l ,  and
are  packaged 100 she€ ls  psr  box  Pr ice :  54  90  per  bor

MAi lUFACIUnI f lO D lV lS lOf , :  SAN DIEGO OIVISION
16670 W Eernardo Or
San D iego,  Ca l i lo rn ia  92127



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.

lmproper Data Warning

A command to the plotter when improper data are in

the X and Y registers of the calculator causes the pen

to lilt 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.

Precision Graph Paper

The usual commercial graph papers do not do justice

to the inherent accuracy of the Model 9125A. 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 | x 77 inches.
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Plotter Applications
Most engineers probably are famlliar
w i th  Wi l l iam R.  Hewle t t ' s  RC Wien
Bridge oscillator, the Hewlett-Packard
Company's f irst product, The circuit
included an incandescent lamp as a
thermally variable resistance in the
feedback loop, giving the oscillator its
typical constancy of output level over a
wide range of operating conditions. In
1960 Bernard M. Oliver demonstrated'
that the characteristic stability of the
osci l lator depended also upon a sl ight
degree of compressive nonlinearity in
i ts ampli f ier.

His interest in the behavior of the os-
ci l lator st i l l  continuing, Hewlett (now
president and chief executive officer)
contr ibuted the calculated curve shown The curve is the solut ion to the equa- squared value of the osci l lat ion ampli-

tude with the past contr ibution disap-here. lt is the shape of the start-up of tion
osc i l la t ions  jus ta f te r tu rn-on ,  p lo t ted  by  ' i  

+  a6 , ,  -  1 /2 )y  +  y :  O (1 )  pear ing  exponent ia l l yw i th  t ime.  For the
the 91254 in response to 9100 pro- G representsthe gain of the amplifie,. f_l"-gu:l:-y d_omain lhis represents the
srammed calculations' in the reedback tooi and " 

,^, iffi: 
t"J;J?it:?',i""t 

,:[Jl"Jx3..flJ
lBernard  M.  o r iver .  .The Ef fec t  o f  t r -c i rcu i t  N .n-  f t * ,2  =  ( l  - t ) f , * , '+  ,y , '  .  (2 )  ; ; ; " ; ' ; ; i lmav ha  naq i r i va  ^ r  had. -1,9!trl?I9 lr"9liuJtr,.ille^FfJp,sl of rr-circuit Non- t,+r - | ' ', ti+t r cvi ' \1t damping term may be positive or nega-Linearity on the Amplitude Stability of RC oscillators,'
ifiitii:pild;"dliiffii:"v;l':ii:"N..8-r0, ADrir-rune ) rive, depending upon the immediate
1960. yr' will be recognized as the mean past history of the oscillation amplitude.

Antenna Plots

10 
,r"ou"nLf,1"rr1 

loq)

In the February 1964 issue of the Hewlett-Packard Journal Here, 20 : angle between the sides. The first two terms
a Time Domain Reflectometer response was shown, Fig. arise from the forward traveling wave in the two arms, while
21(b), of a broad-band 600 V antenna having triangular sides the second two terms arise from the reflected waves.
14 feet long and 4 teet eight inches high at the outer en^dq The 9100A was programmed to compute {pat 1o inter_
Fig. 20(b). lt was observed that this antenna, being a 300 O 

- 
S(0) 

-

conical line, produced no reflection at the apex, or throat, vals and to plot the results on the 9125A recorder. In addi-
and a reflection at the open end, or mouth, closely resem- tion, the program was then modified to plot the gain and
bling an exponential rise. Thus the reflection coefiicient in return loss versus frequency. The dashed gain line (drawn

this plane can be represented as a single pole: p. : i' 
by hand) is the gain, f O foOS, of an antenna whose effec-

From rhis it foilows that the refrection coefficient **,].o"it x;';':l'"fi 
';rr""il:1t1""ffi: 

"J"tffir"-"?r:"Ji,i-,1'il'? T3l
the throa t i .po :  p "s -14n1/ ) ' ,and tha t theantennaga in in  Aboveth is f requencypat te rnbreakupoccursandtheac tua l
the azimuth plane in a direct ion Q is gain drops well  below that predicted by the mouth area.

sft) : +l{e::;#5+-t sin(e - 61 . 4ffi#ii=t sin(e + o))
- r I e2 ' i t " o " (0= -o )+ . t ] t t x  -1  e2 r i t cos (0 -o )+1 l l t \  - 1  . l l .

i  cosfr-i l-F1 sin(q-il + ----;*1raa,1*1 sin(e+il 
l l



High - Resolution Time- Domain
Reflectometry With a

Portable 3o-lb Instrument
Sfafe-of-f h e- art s a m p I i n g osc i I I o g r aphy g iv es
35 ps  sys fem r ise t ime to  a  d i rec t - read ing
p lug- in  fo r  the  180-ser ies  osc l / /oscopes.

By Jeffrey H. Smith

Wtru a. HIGH-RESoLUTIoN TIME DoMAIN REFLECToM-

rrrn 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

thc minimum observable spacing.

Resolution may be degraded further by losses and re-

flcctions 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 testecl device degrades a 35 ps system response to

approximately 80 ps. Even high quality air-dielectric

l incs, usually used to minimize losses, degrade risetime

somewhat-n ledustien from 35 ps to 37 ps in the case

of a I0cm-long section of 7mm diameter l ine.

Considcr a system consisting of two ideal capacitors

connected between center conductor and ground of a loss-
less coaxial Iine. The resDonse of this svstem as observed

Fig. 1a, ,gesponse of ideal zerc-risetime time-domain
retlectometer to two capacitors bridging /oss/ess /ine.
Besponse of realizable (risetime-limited ) time-domain re-
t lectometer is shown in 1b.

'=9\'=+\

Incident
Step

(a)

cr c2

lncident
Step

(b)



Fig. 2. Time domain reflectometer using ordinary lab
instruments.

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.I This produces the
response shown in Fig. lb. 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 Configurations

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 - the pulse source, the oscil-
loscope, and the device undsl fs5f- are interconnected.
The most general type of TDR system, that which places
fewest restrictions on the nature of these elements, is

l.0liv€r, B. M., 'Time Domain Reflectometry,' Hewlett-Packard Journal, Vol. 15, No,
6, Feb. 1964.

Fig. 4. r9eso/ution obtainable with 1815A TDR
syslem using 28ps sampling head and 20ps
step generator. Retlection shown isf rom 0.02pF
(2 x 10-'o F) capacitor shunting 50 e transmis-
sion line. Veilical detlection lactor: 0.005 p/ div;
horizontal: 0.02 tt/ div.

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 sigral 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

Fig. 3. Time domain rellectometer using oscilloscope
with feedthrough sampler.



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 o and with closely-

controlled source impedance of 50 a L2%, are available.

The Model 1106A 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 11084 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 sigrrals 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 1SO-series Oscilloscope main-
frame provides a portable package operable in environ-
ments from 0 to +55'C and in 95Vo telative humidity
up to 40oC-the 1815 TDR system may thus be used

Fig.6. Front pane! view ot Model 1815A TDR|Sampler
ptug-in in Model 181 A Oscilloscope mainframe. Outel
concentric control (FEET-NSEC/ DIV) switches in decade
steps so only decimal point placement need be consid-
ered in reading MARKER POSITION dial. Sweep mag-
nitier (EXPAND) is on inner concentric knob and reads
horizontal scale calibration directly.

Fig. 5. 7815 Time Domain Rellectometet system works
with either of two sampling heads and rclated tunnel-
diode step generctorc. 1815A Plug-in here is installed in
Model 181A Variable-Persistence Oscilloscope main-
trame. lt also works with Models 180A and 183A main-
trames.

direct reading, the first to be designed and calibrated

specificallyfor high-resolution TDR. Besides using a 28 ps

sampler and2O 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 1815A System

The new TDR system (Fig. 5) consists of a 18O-series

Oscilloscope mainframe, a new TDR/Sampler plug-in

(Model 18154), 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 flnd 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 mY /div and sweep times to 10 ps/div.

Two sampling heads are available. The Model 18174

has a risetime of 28 ps, equivalent to a CW bandwidth of

dc to 12.4 GHz. The less expensive Model 1816,4' has a

risetime of 90 ps and a CW bandwidth, when used as a

1 0



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 the 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 are from 0.5/div to 0.005/div, with a vernier extending the low

end to O.OO2/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 feet/div. 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 18154

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 psldiv. Indicator

lights show whether horizontal calibration in FEET/DIV or NSEC/

DIV is selected.
The concentric arrangement of horizontal controls allows all hori-

zontal scale factors to be read directly. The operator need not divide a

basic time scale setting by a magnification factor to obtain the horizontal

calibration of his display (see Fig. 6).

An optional version of the 18154' TDR plug-in (Model 18158) has

distance calibrations that read in meters/div rather than feet/div.

Calibrated Marker

The 18154 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

*  Time between incident  step and ref lect ion = 2 x cable Length x veloci ty  of  eronaeat ion :  
f f

c = Velocity of Light = 9.9 X 106ft/s.

d = l-ength of system between sampler and discontinuity

Er = Relat ive die lectr ic  constant  of  system under test  (E. :1.0 for  vacuum)

Fig.7. Typical TDR display ol system with
several impedance discontinuities. Point A
rcprcsents TDR incident voltage sfep, sec-
tion lrom A to B is connecting cable, C, D, E,
and F are impedance discontinuities. (Sweep
time: 1 ns/div; vettical deflection tactor:
p = 0.05/div.) Fig. 8. MARKER ZERO con-
trol places marker on point B representing
input to system undet test. Fig.9. Following
step described in Fig.8, MARKER POSITION
dial is used to place marker on point ol in-
tercst. Distance frcm system input to point
of interest may now be read directly on
MARKER POS/I/ON dial. Fig. 10. Expanded
portion ot display shown in Fig. 9. (Sweep
time:0.2 ns/div.)
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Fig. 11. Display ol vottage step by sampting scope sef for
100o/" sampling etficiency (black dots) and for 2\o/o
sampl ing  e f l i c iency  (wh i te  do ts )  Note  smooth ing  o l
response with reduced sampling eff iciency, and conse-
quent loss of risetime. (Horizontal dot spacing is exag-
gerated for purposes ot i l lustrat ion.)

system input, the operator merely depresses the ZERO

FINDER switch and uses the MARKER ZERO dial ro
position the markcr on B, as shown in Fig. 8. He now
releases the ZERO FINDER swi tch and uses the
MARKER POSITION dial to place rhe 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
F ig .  10 .

Signal Averaging lmproves S/N Ratio

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 1815A reduces the effects of most
types of non-periodic noise and jitter by more than half,

and it is effective whether the noise is introduced within
the oscil loscope or is present in the systcm being tested.

In the past, most general-purpose sampling oscillo-
scopes offcred smoothing as a means of reducing noise.
In the smoothed mode, the gain of the sampling loop is
decreased to recluce the effective sampling efficiency be-
low 1007o. Fol cxarlple, the white dots in Fig. 11 show
a noisy signal displayecl on a sampling scope set for about
25o/c eflective santpling efficiency, that is, each sample
is displayed at a point only 257o of the vertical distance
bctween the previous san-rple and the point where it
would be if sampling efficiency were lOO7o. Contrast
these with the black dots, which show the same signal
obscrved with a santpling scope set for 10OVo sampling
ell iciency, 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 sti l l  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 bcfore 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
1815A, the front panel does not have sampling response
and sampling efl iciency acljustments. This simplif ication
was made possible by a new, highly stable sample strobe
circuit.

A simplified sampling gate is shown schematically in
Fig. 14. Response of the sempling gate is determined by,
among other things, the length of time that the gate is
open. Because the circuit i ime 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.

1 2
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Complelecorrectio" -/ a
at one sampling position .
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Fig. 12. When signal averaging ls used, samples con-
verye towards true wavelorm value while horizontal
movement is stopped. (Horizontal dot spacing exag-
gerated.)



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 equalto Z"/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, Is, is removed

by the reverse current that flows after the switch is closed.

When the charge depletes, at time T' 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 Q" equals

I5 z, where r 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.

Fig. 13. Improvement in signallo-noise ratio
(upper trace) obtained with signal averaging
system built into new TDR unit.

This situation is avoided in the 18154 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 'spikel and since the width of the preshoot is

much less than r, the stored charge is nearly independent

of '. 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 Oscil 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 1104A) to serve

Jelfrey H. Smith

Jeff Smith has spent his entire
professional career among
pulses and samples, start ing at
HP in  1963 w i th  the  1103A
Trigger Countdown for the 185-
series Sampling Scopes and
with other advanced sampling
scope projects. Along the way,
he contr ibuted to the 14254
Delaying Time Base for the 140
family of sampling plug-ins, to
the 1920A 350ps r iset ime Out-
put Module for the 1900-series

Pulse Generators, and to a 100MHz rate generator. Jeft
hai ls from San Carlos, Cali fornia, but f ishing and ski ing in
the Colorado Rockies suit  him just f ine. He earned both
his BSEE and MSEE degrees at Stanford.
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Fig. 14. Simplitied diagram ot sampling circuit.



Fig. 15. Step recovery diode
pu Ise-sh arpe ni ng ci rc u it. W he n
swltch is closed (time T), volt-
age at point A remains near
ground potential until Tr, when
charge stored in step recovery
diode depletes. Fig. 16. Modi-
t ied pulse-shatpening circuit
uses wavelorm spike to charge
step recovery diode. Charge is
una l tec ted  by  tempeta ture-
i n d u c e d  c h a n g e s  i n  d i o d e
ch arac te  I  i s t i cs .

as trigger countdowns on sig-
nal frequencies up to 18 GHz,
w i t h  t h e  m o d e l  1 1 0 6 , {

tunnel-diode mount, or to
lO  GHz  w i th  t he  Mode l
I 108A. The signal-averaging
and direct-reading marker
features are a lso ef fect ive
when this system is used as a
sampling oscilloscope.
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TDR/Sampler Plug-ln

TDR and Sampler  pe i lo rmance spec i f  ca l  ons  are  ident ica l  excep l

where  ind lca ted  (T0R spec i ' i ca t ion  g iven l i r s t  lo l lowed by  sam-
p le r  spec i l i ca l io i  in  paren lheses)

VERTICAL

S C A L E i  R e f l e c r  o n  c o e f l  c l e n t ,  ( v o l l s )  l r o m  0  0 0 5 / d l v  l o  0  5 / d i v

l n l  2 , 5 s e q u e n c e

A C C U R A C Y :  t 3 % i  T D R  o n l y ,  : 5 %  o n  0  0 l / d i v  a n d  0  0 0 5 / d i v

sca les  in  s igna l -average mode
V E R N I E R :  F o r  c o n l i n u o u s  a d j ! s t m e n t  b e t w e e n  r a n g e s ;  € x t o n d s

sca le  be low 0  002/d iv
S I G N A L  A V E R A G E :  R e d ! c e s  n o l s €  a n d  j i t t e r  a p p r o x  2 : 1

HORIZONTAL

S C A L E T  R o u n d l r i p  t m e  o r  d i s t a n c e  ( l i m e )  r n  l o u r  c a l i b r a l e d
r a n g e s :  1 ,  1 0 ,  1 0 0  a n d  1 0 0 0 / d i v  c o n c e n l r i c  E X P A N o  c o n r r o l
p rov ldes  d i rec t  readout  in  ca l lb ra led  s ieps  l rom 0  01  to  1000
n s / d i v  o r  f i o m  0  0 1  1 o  1 0 0 0  l 1 l d i v  ( 0  0 t  t o  1 0 0 0  n s / d i v )  i n  1 , 2 ,

ACCURACY:  T ime,  t3%i  d is tance,  TDB on ly ,  -E3% i  var la -

t ions  in  p ropaga i ion  ve loc ' ty
M A R K E R  P O S I T I O N :  T e n - l u r n  d i a l ,  c a l i b r a t e d  i n  C R T  d i v i s i o n s

lo r  d i rec t  readout  o l  roundar ip  l ime or  d is lance ( l ime)

MARKER ZERO:  Ten{urn  cont ro l  p rov ides  var iab le  re le rence

t o r  m a r k e r  p o s i t i o n  d i a l
ZERO FINDER:  For  ins tan t  loca t  on  o f  marker  re fe renco
DIELECTFIC (TDR on ly ) :  Ca l ib ra ted  lo r  a i r ,  r  =  1 ,  and fo r

po lye thy lene e  =  2  25  A lso  var iab le  fo r  d io lec t r i c  cons ian ts
f r o m s  =  1  l o a p p r o x 4

T B I G G E R  N G  ( S a m p  I n s  o n l y ) .
PULSES:  Less  lhan 50  nV lo r  p ! l ses  5  ns  or  w ider  to r  j i t t€ r

< 2 0  p s

CW: S igna s  l rom 500 kHz lo  500 MHz requ i re  a l  leas t  80  hV
for  j i t te r  less  lhan 2% o l  s igna l  per iod  p lus  10ps ;  usab le
lo  1  GHz CW u igger ing  may be  ex tended to  18  GHz w i th
HP Mode ls  1104A/1106A t r lgger  coun ldown

RECOnDER OUTPUTS:  Approx  100 mV/d iv i  ve f r i ca l  and hor izon-
la l  ou tpu ts  a t  BNC connectors  on  main l rame rear  pane l

W E I G H T T  N e t ,  s  l b s  ( 2 3  k g ) ;  s h i p p i n g , 1 0  l b s  ( 4 , 5  k s )
PnICE:  HP Mode l  rSrsA (d is tance ca l ib ra led  in  f t ) ,  31100,  HP

Mode l  18158 (d is tance ca l lb ra ted  in  metors )  $1100

HP Mode ls  l817A and 1816A
28ps and 90ps Samplers

Model  1817A and Mode l  18164 spec i t i ca t ions  are  ident ica l  excep l
where  ind ica ted  (Mode l  1817A spec l i ca l ion  used w i rh  Mode l

1106A lunne l  d  ode mount  g lven  t i rs t  fo l lowed in  paren theses  by

Mode l  18164 spec i l i ca l ion  used w i th  Mode l  1108A lunne l  d rode

TOR SYSTEM

SYSTEM RISETIME:  Less  lhan 35ps  (11ops)  inc ident  as  m6as-
u r e d  w i t h  M o d e l  1 1 0 6 4  ( M o d e l  1 1 0 8 A )

OVERSHOOT:  Less  than l5%
INTERNAL REFLECTLONS:  Less  than 10% wi th  45ps  (145ps)

TDB use re f lec ted  puLse l rom shoded ou tpu t

J ITTER:  Less  than l5ps ;  w i th  s igna l  averag ing ,  typ lca l l y  5ps
I N T E R N A L  P I C K U P :  p < 0  0 1
NOISE:  Measured tanoent ia l l y  as  percentaqe o f  inc ident  pu lse

when te rmina ted  in  50n and opera ted  in  s ignaLaverage 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
l h a n  3 %  ( 1 % )  i f o m  0  0 5 / d i v  t o  0  5 / d i v

L O w . F B E O U E N C Y  D I S T O R T I O N :  <  t 3 %
M A X I M U M  S A F E  I N P U T I  1  v o l l

SAMPLEB SYSTEM
RISETIME:  Less  lhan 28ps  (90ps)

I N P U T : 5 0 O  l e e d t h r o u g h
D Y N A M I C  R A N G E : 1  v o l t

M A X I M U M  S A F E  I N P U T T  3  v o l l s  ( 5  v o l t s )
LOW-FREQUENCY DISTORTION:  <  13%
N O I S E :

NORMALT Lsss  than 8  mV (3  mV)  lansen l ia l  no is€  on  001
V/d iv  lo  0  5  V /d iv  sca les  No is€  decreases  au tomat ica l l y
on  0  005 V/d iv  sca le

SIGNAL AVERAGE:  Reduces  no ise  and j i t le r  approx  2r1
W E I G H I :  N e t  3  l b s  ( 1 , 4  k g ) ;  s h i p p ' n s , 7  l b s  ( 3 , 2  r s )
P R I C E :  H P  M o d e l  1 8 1 7 4 ,  S 1 5 0 0 ;  H P  M o d e l  1 8 1 6 4 ,  1 8 5 0

HP Mode ls  11064 and 1108A
20ps and 60ps tunnel diode mounls

Tunne l  d iode mount  connsc ts  d i r€c l l y  to  sampler  head fo r  TDB

AtPLITUDE:  Greater  lhan  200 mV in to  50O
RISETIME:  Mode l  1106A,  approx  20ps ;  Mode l  1108A,  l6ss  than

60ps

OUTPUT IMPEOANCE:  509 i2%
SOUBCE REFLECTION:  Mode l  1106A,  less  lhan 10% wr th  45ps

TDBi  Mode l  1108A less  than 10% wi th  145ps TDR
W E I G H T :  N e t , 1  l b  ( 0 s  k q ) ;  s h i p p i n s , 3  l b s  ( 1 , 4  k g )
P R I C E :  H P  M o d € l  1 1 0 6 A ,  $ 5 5 0 ;  H P  M o d e l  1 1 0 8 A , $ 1 7 5
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Precision DC Current Sources
CCB-Series Currenf Sources can supply precisely regulated
currents as low as 1 p.A. Programming is rapid, and tiny
Ieakage currents are eliminated by a guarding technique.

By Joseph C. Perkinson and Willis C. Pierce, Jr.

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 Regulation
The current regulation of a current source, as seen at

the load, is degraded by any impedance in parallel with

the load. If Io is the current generated by the source, 11 is

load current, 21, is load impedance, and Zs is the total

impedance shunting 21, then

t '  -  I oZ t' " -  z "+Zr
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 61778,61818, and 61868, 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 Mo to 1300 Mo), and there is

no output capacitor to lower the output impedance or

AN Incer, 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

Fag. 1. An ideal current source has intinite internal im-
pedance, delivers the same current, 1", to any load, and
supp/les intinite voltage to an open circuit. A practical
current source has a Zt which is finite, but as high as
posslb/e. lt should also have an adiustable voltage limit
to keep the load trom being damaged.
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Fig. 2. The current regulation ol
a current source can be de-
graded by any irppedance that
shunts the load. lt Zt is high,
meter and leakage impedances
can be signit icant.

+

Ir\

11= loZ5/ (21+25)

+=+*+*+***+
zB zL Zu Zr

CURRENT SOURCE

Zi = Output (internal) impedance of current source. 4 = 6 for ideal current source.

Zr = Insulation impedance anywhere inside output terminal of current source.

Z" = Gircuil board impedance,

Z. = Load impedance

ZM = Meter imp€dance

Z, = Test lead insulation imp€dance

store energy. Low leakage and high output impedance nected. The outputs are floating, so the sources can be
result in precise current regulation. The output current used as either positive or negative sources.
changes less than 25 ppm of setting *5 ppm of range for For systems use, the sources are programmable. Pro-

a load change that swings the output voltage from zero to granrming specd is high for this type of instrument: from

maximum. Currents supplied can be as small as I pA and 0 to 99% of the programmed output in as fast as 500 ps,

as large as 500 nlA, and there are no turn-on, turn-off, depending on the model. For dynamic and incremental

or power-removal overshoots, either of current or of measurements, ac modulation can be superimposed on

voltage. the outPut current.

The CCB Current Sources also have continuously vari- What's lnside
able voltage-limit controls. Current and voltage controls Fig. 4 is a simptified schematic of a CCB Current
are independent and can be set before the load is con- Source. There are four principal sections-the current

Current Sources In The Laboratorv and On The Production Line
Throughout  sc ience and indus t ry -  in  e lec t ron ics ,  chem-
is t ry ,  b io logy ,  ins t rumenta t ion ,  and so  on  -  there  are  ap-
p l i ca t ions  in  wh ich  we l l - regu la ted  cons tan t  cur ren ts  a re
ind ispensab le  There  are  o ther  app l i ca t ions  in  wh ich  such
cur ren ts  a re  des i rab le  because they  make measurements
easier. The fol lowing examples are representative of the
k inds  o f  app l i ca t ions  fo r  wh ich  HP CCB Cur ren t  Sources  are
wel l  su i ted .

Semiconductor  tes t ing ,  e .9 . ,  eva lua t ing  reverse  break-
down charac ter is t i cs  by  supp ly ing  jus t  enough vo l tage to
induce ava lanche breakdown,  bu t  a t  a  cont ro l led  cur ren t
Iow enough no t  to  cause damage;  o r ,  measur ing  fo rward
l-V characterist ics of p-n junctions. CCB advantages: no
outpu t  capac i to r  to  cause cur ren t  t rans ien ts ,  guard  c i r -
cu i t  fo r  mon i to r ing  the  ou tpu t  w i th  a  vo l tmeter  o r  X 'Y
recorder ,  p rogrammabi l i t y  fo r  au tomated measurements .
Measur ing  dynamic  o r  inc rementa l  impedance,  e .9 . ,  the
dynamic  impedance o f  zener  d iodes ,  o r  the  smal l -s igna l
h-parameters of transistors. CCB sources are useful here
because ac  modu la t ion  can be  super imposed on  the i r  dc
outpu t  cur ren ts ;  hence one cur ren t  source  supp l ies  bo th
b ias  and modu la t ion .

Measur ing  res is lances ,  e .9 . ,  on  a  p roduc t ion  l ine .  Meas-
urements can be absolute-value or comparative. The
known current reduces resistance measurements to volt-
age measurements .  CCB advantages :  guard  c i rcu i t  fo r
measu r ing  ou tpu t  vo l tage w i thout  per tu rb ing  load cur ren t ,
p rec ise  regu la t ion .
Measuring small  resistances where contact resistance
can be  as  h igh  as  the  unknown and can vary  w ide ly ,  e .9 . ,
in  p rob ing  in tegra ted  c i rcu i ts  to  measure  sur face  res is -
t i v i t y .  The known cur ren t  supp l ied  by  a  cur ren t  source  is
independent  o f  con tac t  res is 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
i  n c l  u d e :

Prec is ion  e lec t rop la t ing
Dr iv ing  e lec t romagnets
Testing and sort ing resistors, relays, and meters.

Supplying power to loads whose impedances vary widely,
e.9., devices which have negative resistance character-
ist ics.
Certain analyt ical methods, such as chronopotentiometry,
coulometric t i trat ion, and electrogravimetry.
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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 lmpedance
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 openJoop 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 pF,
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 extremelv hieh 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

Fig. 3. New CCB Series, Models 61778, 61 81 B and 61868
Current Sources, have their positive output terminals
enclosed by a guard which eliminates most ot the leak-
age cuftents shown in Fig. 2. They can supply cutrents
as low as 1 pA, regulated within 25 ppm ot setflng
*5 ppm ol range tor a load voltage change from zero
to maximum. They also have continuously adiustable
voltage limits.

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-
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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 connectcd 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 - 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 thc load. Connecting a volt-
meter between the negative output terminal and the posi-

tive output terminal wil l 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 2Vo of full scale is
needed, an external voltmeter must be used.

Cufient
Control

Erternal
Programming

V o r R

REFERENCE
SUPPLY

GUARD
AMPLIFIER

currcnt Range 
command

Voltage

S€ries
Regulatol

Current Sampling
Rrsistors

CURRENT
COMPARISON

AMPLIFIER

Positive Output
Terminal

Guard +

lsolating
Diodes

V A

Voltage
Control

VOLTAGE
LIMIT

AMPLIFIER

Negative Output
Terminal

Fig. 4, Command voltage tot currcnt rcgulator comes f rom internal relerence supply ol
trcm extemal programming voltage or resistance. Voltage-limit circuit quickly draws
cutrent away f rom load when load voltage exceeds voltage limits and isolating diodes
tum on. High-gain rcgulatot and absence of reactive elements in output give high out-
put impedance, tast programming, and treedom lrom current overshoots.

1 8



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

Fig. 5. fhe guatd sutrounding the positive output tetmi-
nal sp/ils the impedances through which leakage cuF
rents (ls) flow. The guard and the positive output termi-
nal are kept at the same voltage, thereby keeping the
leakage cuilents trom degrading the rcgulation. The
output voltage can be measured at the guard so the
meter impedance doesn't shunt the load.

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. It must not
be connected to either output terminal, since this inter-
leres 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 rezulator saturates while the

Joseph C. Perkinson

Joe Perkinson received his
BSEE degree from Massachu-
setts Inst i tute of Technology in
1964, and came to HP the same
year. Joe was the principal
developerof the 61778 and
61 81 B Current Sources; he
holds a patent on the guard cir-
cuit  and has another pending
on the voltage-l imit circuit .  Now
a project engineer in the digital
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Jersey Division, Joe is working

part-t ime for his MSEE degree at Stevens Inst i tute of
Technology.
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works on electronics projects at home. He also enjoys
building and f lying model aircraft and working with a
church youth group.

Willis C. Pierce, Jr.
Before coming to HP in 1968,
Bil l  Pierce worked on welding
processes, equipment, and cir-
cuits for ten years, start ing as a
customer service engineer and
gradually moving into develop-
ment and research. He has four
patents pending, two on new
welding processes, one on a
pulse-welding power supply,
and one on a semiconductor
diode circuit .  At HP's New
Jersey Division, Bi l l  has worked

on a high-current power supply, and on the 61778 and
6181B Current Sources. He is now project engineerforthe
61869 Current Source.

Bi l l  received his bachelor 's degree in engineering from
Galifornia State Polytechnic College in 1959, and his MSEE
degree from Stevens Inst i tute of Technology in 1967. He is
a member of IEEE. An avid tennis player, he also enjoys
bridge, swimming, electronics, and working with young
people through the YMCA.
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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-there is no need to short the
output.

Transformer Shielding Eliminates 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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S  P E C  I F I C A T I O N S
HP CCB-Series

dc Cur ren l  Sou lces

6 1 7 7 8  6 1 8 1 8

G500mA r250mA

rsovdc  r100vdc

A rsmA f2  smA

B 0-50mA r25mA

C r500mA L250mA

Bange
A 200mV/mA lV /mA

Range
B 2omv/mA 100mV/mA

C 2mV/mA lomv/mA

Bange
A 400O/mA 2kg lmA

Range
B 409/mA 2ooo/mA
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Range
A  R = 3 3 0  M e q  C : 5 0 0 p F  R : 1 3 3 0  M e s  C : r 0 p F

Range
B  B = 3 3 M e g  C : 0 0 0 5 r F  R : 1 3 3 M e g  C = l O O p F

Range
C  R : 3 3 M e g  C = 0 0 5 p F  R = 1 3 3 M e g  C = l o O O p F

Range
A 0  40pA rms/spA p-p  O 20pA rms/O SpA p-p

Range
B 4  opA rms/4o !A p-p  2  OpA tmstT  EpA p-p

C 404A rms/250/A p-p  20pA rms/1oopA p-p

6 ,  60 ,  600mA;  60vdc  3 ,  30 ,  300mA;  120vdc
tTh is  ne tuork  i s  a  s imp l l t ied  representa t ion  o f  a  comptex  ne twork  The jo rmula  Z  =  RXc , - /FF- l - ' l&
i s u s e d t o r f r e q u e n c i e s u p t o l M H z b y s u b s t i t u t i n g t h e v a t u e s g i v e n t o r R a n d C  A b o v e j M H z r h e o u !
pu t  impedancs  is  g rea ter  than the  fo rmuta  woutd  ind ica te- toad t rans ien t  ov€rshoors  a re  tess  rhan
20% of  range se l tng  to r  a  fu l l  toad  change w i th  a  1ps  nse  r jme
i lNot  ava i lab le  a t  p ress  t ime

AC INPUT:  115 Uac t l lo /o ,  4H3 Hz,  o  6  A ,  55  W a t  11s  Vac
For  230 Vac order  Op i ion  28

LOAD REGUUTION:  less  than 25  ppm o l  ou tpu t  t5  ppm o f
range swi tch  se t t ing  lo r  a  load change t rom zoro  to  max imum
rared ou tpur  vo l tage

LINE REGUUTION:  less  than 25  ppm to r  a  change in  the  t ine
vo l tage f rom 103 5  ro  126 5  Vac  (o r  126 5  to  103 5  Vac)  a t  any
outpu t  cur ren t  and vo l tage w i lh in  ra t jng

LOAD TRANSIENT RECOVERY TIME:  less  than 2m ps  lo r  ou tpu t
cur ren l  recovery  to  w i th in  1% o t  the  nomina l  ou tpu t  cur ren t
fo l low ing  a  fu l l  load  change in  ou tpu l  vo t tage

PROGRAMMING SPEED:  less  than 500 ps  t rom zero  to  99% ot
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TEMPEBATURE RATING:  Opera t ingr  0  lo  S5"C S lorage:  _40 to
t 7 5 ' C

PRICES:  Mode l  61778,  t42500.  Modet  61818,  g42S,OO Modet
61868,  $450.00 .
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100 Locusr  Avenue
Berkeley Heights, New J ercey 07922
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