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A Wide-Ranging Power Supply of Compact 
Dimensions 
I ts  output  ranging f rom 0 to  50 vo l ts  and Oto 10 amperes,  
th is 200W, ser ies-regulated,  laboratory power supply spans 
a range that  would  normal ly  requ i re  three power  suppl ies ,  
and i t  can be programmed by way of  the HP inter face bus.  

by  Pau l  W.  Ba i l ey ,  John  W.  Hyde ,  and  Wi l l i am T .  Wa lker  

LAB SECTION MANAGERS, production en 
gineers, and materials engineers often face a 

difficult choice when specifying the purchase of a 
power supply for their operations. The immediate 
need may be, say, for 5 volts at 7.3 amperes for a proto 
type TTL circuit, or 48 volts at 1 ampere for produc 
tion test of an analog circuit board, or 24 volts at 0.6 
ampere for a stepper motor controller, or 10 through 
18 volts to life-test a batch of CMOS integrated cir 
cuits. But what of future requirements? Will other 
voltages or other currents be needed? Estimates of 
future needs are seldom clear at the time a pur 
chase order is drawn. 

As one solution to this problem, a new power sup 
ply, Model 6002A, uses electronic tap switching to 
achieve an extremely wide range of output voltage 
and current ratings within its 200W power capability. 
As shown by the power output curve of Fig. 1, it is 
equivalent to three power supplies: a 50V-4A supply, 
a 20V-10A supply, and a third that provides in- 
between voltage-current ratings within the 200W 
limit. This one compact supply (Fig. 2), operating 
either in the constant-voltage mode with an adjust 
able crowbar protection circuit or in the constant- 
current mode, may thus fulfill a wide range of present 
and future power supply requirements where the 
good regulation and low-noise output of a series- 
regulated power supply are needed. 

Besides service on the lab bench, the new power 
supply is well adapted to systems work, being pro 
grammable by analog voltages or resistances, and it can 
be equipped for digital programming through the HP 
interface bus (the method of implementing interface 
bus control is described on page 6). System speed is 
improved by circuits that enable the output to slew up 
or down to a new voltage level quickly (<400 ms) in 
response to programming commands. 

Alternat ives 
Before explaining electronic tap switching, let's 

explore some alternative techniques for obtaining 
â€¢Hew le t t -Packa rd ' s  imp lemen ta t i on  o f  IEEE  S tanda rd  488 -1975 .  

ranges of 0 to 50 volts and 0 to 10 amperes in a 
series-regulated power supply. One way would sim 
ply be to design a 500W supply, but that is not a very 
practical solution since the series regulator could be 
called upon to dissipate as much as 650 watts at low 
output voltage settings with high output currents. 

A second approach would be to use three 200W 
power supplies with overlapping ranges. Besides 
being an expensive solution, this would require some 

C o v e r :  T e c h n i c a l  d e v e l o p  
ments described in this issue 
o c c u p y  w i d e l y  s p a c e d  p o s i  
t i ons  i n  t he  f requency  spec  
t r u m  ( s y m b o l i z e d  h e r e  b y  
the  v i s ib le  spec t rum)  â€”  a t  
the low,  low end,  a dc power 
s u p p l y  a n d  p o w e r  s u p p l y  
programmer,  and at  the h igh 

end,  coaxia l  microwave accessor ies.  But  most  of  
these dev ices share one common character is t ic :  
they can be equipped to work on the HP interface 
bus. 
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Fig. 1 .  Maximum output capabi l i ty of  Model 6002 A DC Power 
Supply is bounded by 50 volts, 1 0 amperes, and 200 watts. At 
least  three t rad i t iona l  200W ser ies- regulated power  suppl ies  
would be required to cover the same range of  output  vol tage- 
current  combinat ions.  

sort of switching arrangement to enable an arbitrary 
device to be powered throughout the entire range. 

Pre-regulation â€” using phase-controlled silicon- 
controlled rectifiers ahead of the series regulator for 
coarse regulation â€” is the usual way to obtain a wide- 
ranging power supply. However, pre-regulated 
power supplies do not respond very quickly to remote 
programming. This is because the series regulator, 
which in the steady state operates with a Vce of only 
a few volts, is not designed with enough heat-sink 
capability to absorb the extra energy dissipated when 

F i g .  2 .  M o d e l  6 0 0 2 A  i s  a  2 0 0 W  s e r i e s - r e g u l a t e d  d c  p o w e r  
supply  that  works in  e i ther  the constant -vo l tage or  constant -  
cur ren t  modes o f  opera t ion .  The lower  sca les  on  the  meters  
show the  max imum cur ren t  ava i lab le  fo r  any  vo l tage  se t t ing  
o r  t h e  m a x i m u m  v o l t a g e  a v a i l a b l e  f o r  a n y  c u r r e n t  s e t t i n g  
within the 200W l imit .  

discharging the input filter capacitor during down- 
programming, so it is turned off under these condi 
tions. Since several seconds may be required to dis 
charge the capacitor, the power supply becomes the 
limiting factor on system speed when the application 
calls for frequent down-programming. 

Electronic Tap Switching 
The new Model 6002A uses electronic tap switch 

ing to charge the input capacitor to one of four dis 
crete voltage levels, depending on the output voltage 
and current required. With these four levels, the vol 
tage drop across the series regulators at high current 
levels never exceeds 25 volts, so the regulators are 
never required to dissipate more than 250W in 
steady-state operation. A wide range of output vol 
tage and current levels may thus be provided by a 
compact lab bench supply. 

A diagram of the power mesh in the 6002A Power 
Supply is shown in Fig. 3. The main secondary wind 
ing of the power transformer has three sections, each 
of which has a different turns ratio with respect to the 
primary winding. Two triacs, TA and TB, connect the 
taps on the secondary winding to the augmented rec 
tifier bridge 

At the beginning of each half cycle of the line vol 
tage, the control logic selects which triac is to be fired. 
If neither triac is fired, the input capacitor is charged 
to the voltage determined by Nl turns. If triac TB is 
fired, the capacitor charges to a voltage determined by 
Nl + N2 turns. Likewise, if TA is fired, the capacitor is 
charged by Nl + N3. Finally, both triacs can be fired 
at the same time, charging the capacitor to its highest 
level (Nl + N2 + N3). 

These four voltage levels map into four partitions 
on the output power plot, as shown in Fig. 4. The 
boundaries between the partitions, which are "invis 
ible" to the user, are determined electronically. These 
are named VQD, for the output voltage decision line, 
and IOD1 and IOD2 for output current decisions one and 
two. If the selected output voltage falls below the 
sloping VOD line, both triacs are inhibited and the 
input capacitor charges to the voltage determined by 
winding Nl. When the output is programmed above 
the VOD line, the control logic looks at the output 
current level to decide which triac should be fired. 
The diagram indicates the windings connected as a 
result of these decisions. 

IODI and IOD2 aie not fixed levels of current but are 
modified by the level of the input line voltage (IOo 
decreases as the line voltage increases). This assures 
an adequate voltage drop across the series regulator 
during periods of low line voltage without causing 
excessive regulator dissipation during periods of 
high line voltage. 

The control logic continuously monitors the output 

© Copr. 1949-1998 Hewlett-Packard Co.



Unregulated DC CC Line Voltage 

load current, the output load voltage, and the input 
line voltage. These inputs are applied to a resistor 
network that derives control signals applied to com 
parators along with internally derived references 
for VOD, IOD1) and IOD2. 

As shown in Fig. 5, the comparator outputs are 
applied to flip-flops clocked by pulses that coincide 
with the zero-crossover of the ac line voltage. The 
comparator outputs are thus latched into the flip- 
flops at the start of each half cycle of the input line 
voltage and retained there for the full half cycle. 

The triacs are fired by 18-kHz pulses. If the output 
voltage falls below the sloping VOD line, the VOD latch 
inhibits the generation of 18-kHz pulses and neither 
triac is fired. If the voltage is above VOD, then the logic 
steers the 18-kHz pulses to the appropriate triac (or to 
both) according to the output current level. 

Noise Minimizat ion 
Triacs are capable of generating a considerable 

amount of electromagnetic interference. This inter 
ference is proportional to the turn-on dv/dt so it can be 
minimized by firing a triac only when the voltage is 
low. The current through a triac, on the other hand, 
must be greater than a certain minimum, known as 
the latching current, if conduction is to be sustained. 
There thus exists an optimum time for firing a triac â€” 
late enough in the ac cycle for the current to be above 
the latching level but not so late that the dv/dt would 

F i g .  3 .  S i m p l i f i e d  d i a g r a m  o f  
M o d e l  6 0 0 2 A ' s  p o w e r  c i r c u i t s .  
The contro l  logic moni tors the out  
p u t  v o l t a g e ,  o u t p u t  c u r r e n t ,  a n d  
t h e  l i n e  v o l t a g e  l e v e l  t o  d e c i d e  
which tr iaos (TA and Tg) should or 
should not  be f i red to connect  the 
a p p r o p r i a t e  t r a n s f o r m e r  t a p s  t o  
t h e  p o w e r  r e c t i f i e r s  ( t r i a o s  a r e  
b ipo lar  swi tches tha t  conduct  cur  
r e n t  i n  e i t h e r  d i r e c t i o n  i f  a  g a t e  
pu lse is  proper ly  app l ied  and con 
t inue  to  conduc t  un t i l  the  cur ren t  
f rom the source goes to  zero) .  

generate excessive EMI. 
Since the triac load in the new power supply is the 

input filter capacitor, current flows only when the 
transformer secondary tap voltage exceeds the 
capacitor voltage by some minimum. The time in the 
powerline cycle when the triac cut-in should occur 
thus varies widely as the power supply load is 
changed, so it is quite unpredictable. 

The solution adopted in the Model 6002A was to 
use an 18-kHz train of 8-/u,s pulses to trigger the triacs. 

sov 

4 0 -  

lom At High Line 

lom At  LowLine  

3 0 -  
Output 
Voltage 

2 0 -  

1 0 -  

4  6  
Output Current 

10A 

Fig .  4 .  P lo t  shows which t ransformer  taps  are  connected for  
any  vo l t age -cu r ren t  ou tpu t .  The  boundar ies  es tab l i shed  by  
output  cur rent  leve ls  ( IOD1 and IOD2 dec is ion l ines)  sh i f t  in  
response to  the input  l ine vo l tage leve l .  
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Vi (From Current 
Meter Buffer)  

Ful l -Wave 
Recti f ied AC 

Fig.  5 .  Tr iac contro l  c i rcu i ts  react  
to the output voltage level,  the out 
p u t  c u r r e n t  l e v e l ,  a n d  t h e  i n p u t  
voltage level. 

The triacs are turned on by the first pulse to occur 
after the load conditions are proper. Because the 
pulse period is relatively short with respect to the line 
voltage period, the triac voltage will not have risen 
very far when this first effective pulse occurs. Also, 
latching the comparator outputs for the whole of each 
half cycle prevents changing load conditions from 
initiating triac firing at a time when the instantaneous 
line voltage may be above the optimum low level. 

As a result of these techniques, EMI generated by 
the triacs is below that contributed by the triac driv 
ing circuits. This in turn was reduced by decreasing 
the interwinding capacitance of the pulse trans 
formers used to couple the pulse trains to the triac 
gates. Only light filtering across the secondary wind 
ings was then required to meet target specifications. 

Impl icat ions of  Extended Range 
The series regulator and related circuits in the 

Model 6002A are conventional in concept except that 
the outputs of the constant-voltage and constant- 
current  comparison ampl i f iers  are  fed to  the  
regulator-driver circuits by way of a diode OR gate. If 
the load should cause the supply to exceed its 200W 
limit, say it were programmed to 40V while supply 
ing a 6Ã1 load, both diodes would become reverse 
biased and neither comparison amplifier would have 
control. Internal biasing in the driver circuits then 
causes the regulators to conduct heavily. The supply 
is not damaged by such operation but regulation is 
poor and ripple is higher. A front-panel indicator 
warns the operator when the supply is in this over- 
range condition. 

The extended range of this supply presented many 
other new circuit and component requirements. The 

input filter capacitor (Cl in Fig. 6), for example, must 
have the high storage capacity with the low series 
resistance needed to handle the higher ripple current 
that occurs when the supply is operating at full cur 
rent capability. At the same time, the capacitor must 
be able to sustain the high voltage present when 
supplied by the maximum input voltage (Nl + N2 + 
N3). This required the use of two 7800-/Â¿F, 100V 
aluminum electrolytic capacitors in parallel. 

The large amount of energy stored in these 
capacitors must be dealt with carefully during such 
transients as power up or down, tap switching, 
switchover from constant-voltage to constant-current 
operation, down programming, load transients, sud 
den shorts or opens at the output and overvoltage 
tripping of the crowbar circuit. For example, consider 
a situation where the supply is operating at 50V con 
stant voltage with a load drawing 3 amperes. Depend 
ing on input line conditions, the input capacitor (Cl) 
would be charged to about 60V so the series regulator 
would have about 10V across it with a resulting 
power dissipation of SOW. 

If a short circuit should suddenly occur in the load, 
the regulator would have 60V across it and 10A 
through it until the control circuitry can react and 
reduce the voltage supplied to Cl. Thus the series 
regulator transistors must have voltage ratings greater 
than 60V as well as a 10A steady-state current capabil 
ity. In addition, the heat sink must not only be able to 
cool the transistors under worst-case steady-state 
conditions, but must have the additional thermal 
capacitance needed to protect the transistors from 
transient overpower conditions. 

The above example also brings up another problem: 
transient overcurrent in the series regulators. As the 
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Remote Programming of Power 
Supplies through the 

HP Interface Bus 
The  Mode l  6002A Power  Supp ly  desc r i bed  i n  t he  ma in  tex t  

can  be  p rog rammed remote l y  by  way  o f  t he  HP In te r face  Bus  
(HP- IB)  when equ ipped w i th  the  appropr ia te  op t ion  (op t  001) .  
T h e  s a m e  c i r c u i t s  h a v e  b e e n  d e s i g n e d  i n t o  a  s e p a r a t e  u n i t ,  
M o d e l  5 9 5 0 1  A  P o w e r  S u p p l y  P r o g r a m m e r  ( F i g .  1 ) ,  t h a t  p r o  
v ides a convenient  means of  inter facing a wide var iety of  power 
s u p p l i e s  ( 7 1  f r o m  H P )  t o  H P - I B - c o n t r o l l e d  s y s t e m s .  I t  c a n  
a l s o  s e r v e  a s  a  g e n e r a l - p u r p o s e ,  i s o l a t e d  d i g i t a l - t o -  
analog conver ter .  

Fig. 1. 

T w o  t e c h n i q u e s  a r e  c o m m o n l y  u s e d  f o r  c o n t r o l l i n g  p o w e r  
s u p p l i e s  r e m o t e l y :  ( 1 )  r e s i s t a n c e  p r o g r a m m i n g ;  a n d  ( 2 )  v o l  
tage programming.  To i l lus t ra te ,  the  bas ics  o f  a  typ ica l  ser ies-  
regu la ted  power  supp l y  a re  shown  i n  F ig .  2 .  I t  can  be  shown  
that: 

where V0 is  the output  vo l tage and VR is  a  re ference vo l tage.  

F ig .  2 .  
T o  c o n t r o l  t h i s  s u p p l y  b y  r e s i s t a n c e  p r o g r a m m i n g ,  o n e  a d  

jus ts  the va lue o f  Rc,  typ ica l ly  by  us ing some sor t  o f  swi tch ing 
dev ice  to  sw i tch  in  var ious  res is to rs .  The ou tpu t  vo l tage V0 is  
l inearly proport ional to Rc when the other parameters are f ixed. 

To control  the supply by vol tage programming wi th uni ty gain,  
R c  i s  d i s c o n n e c t e d  a n d  a  v a r i a b l e  v o l t a g e  i s  c o n n e c t e d  t o  
p o i n t  s .  T h e  o u t p u t  v o l t a g e  V 0  t h e n  e q u a l s  t h e  v a r i a b l e  v o l  
tage VR. 

Each  o f  these  methods  has  d rawbacks .  Wi th  res is tance  p ro  
g r a m m i n g ,  s w i t c h i n g  s p e e d s  t e n d  t o  b e  s l o w ,  e s p e c i a l l y  i f  
l a r g e  b e  a r e  i n v o l v e d ,  a n d  t h e  s w i t c h i n g  a r r a n g e m e n t  b e  
c o m e s  c u m b e r s o m e  i f  m a n y  d i f f e r e n t  v o l t a g e s  a r e  n e e d e d .  

Vo l tage  programming o f  the  type  jus t  descr ibed  requ i res  h igh  
vo l tages to  obta in h igh vo l tage output .  In  addi t ion,  vo l tage pro 
gramming can become qu i te  complex  when a  d ig i ta l  cont ro l le r  
i s  used ,  espec ia l l y  i f  e l ec t r i ca l  i so l a t i on  be tween  t he  powe r  
supp ly  and the res t  o f  the sys tem is  requ i red.  

The 59501 A Approach 
The  approach  taken  w i th  the  Mode l  59501  A  Power  Supp ly  

Programmer (and opt ion 001 for  Model  6002A) is  to use an iso 
l a t e d  t h e  c o n v e r t e r  t h a t  t a k e s  t h e  p l a c e  o f  V R  i n  t h e  
powe r  supp l y ,  and  a  r es i s t o r  s ca l i ng  ne two rk  t ha t  t akes  t he  
p lace of  Rp and Rc.  Referr ing to the equat ion above,  i t  can be 
seen that  the power supply  output  is  a  l inear  funct ion of  VR in  
proport ion to the rat io Rc/Rp. The scal ing network thus provides 
a means for sett ing the range of vol tages that the power supply 
w i l l  ou tpu t  wh i le  the  D-A conver te r  subd iv ides  th is  range in to  
999 s teps (e .g . ,  a  range of  0  to  +99.  9V in  100-mV steps for  a  
100V power supply) .  

A p p l y i n g  t h i s  p r o g r a m m e r  i s  m u c h  s i m p l e r  t h a n  p r e v i o u s  
methods of  conf igur ing power suppl ies in to automat ic  systems 
wh ich  o f ten  compromised versa t i l i t y ,  response t ime,  and e lec  
t r i c a l  i s o l a t i o n .  A c c e s s  t o  t h e  i n t e r n a l  c o n n e c t i o n s  n e e d e d  
w i th in  the  power  supp ly  i s  usua l l y  p rov ided  a t  a  ba r r ie r  s t r i p  
o n  t h e  p o w e r  s u p p l y ' s  r e a r  p a n e l  s o  c o n n e c t i o n s  t o  t h e  p r o  
g r a m m e r  a r e  e a s i l y  m a d e .  T h e  p r o g r a m m e r ' s  H P - I B  " l i s t e n "  
address  i s  se t  on  a  rea r -pane l  sw i t ch  bank  ( i t ' s  a  l i s ten -on ly  
dev i ce ) .  The  power  supp ly  i s  se t  f o r  t he  max imum ou tpu t  de  
s i red by adjust ing Rc in the programmer wi th a f ront-panel  con 
trol (POWER SUPPLY FULL SCALE ADJUST). Voltage values may then be 
sent to the power supply programmer over the HP-IB where the 
numbers sent represent a percentage of ful l  scale, e.g.,  sending 
900, which represents 90.0%, obtains 540V from a 600V supply. 

Actual ly ,  four  d ig i ts  are t ransmit ted,  wi th the f i rs t  d ig i t ,  t rans 
mi t ted as  a  1  or  a  2 ,  se lec t ing  one o f  two 10:1  output  ranges,  
t he  l owe r  r ange  g i v i ng  a  10x  i nc rease  i n  r eso lu t i on .  Hence ,  
2900 would be sent  to obtain 540V in the example above; 1900 
would obta in  54.0V.  

A rear-panel UNIPOLAR/BIPOLAR switch adds a full-scale nega 
t ive offset to VR and doubles the size of the D-A converter steps 
s o  t h e  p o w e r  s u p p l y  p r o g r a m m e r  c a n  p r o g r a m  a  b i p o l a r  d c  
p o w e r  I n  t h r o u g h  i t s  e n t i r e  n e g a t i v e - t o - p o s i t i v e  r a n g e .  I n  
th i s  case ,  a  p rogramming  inpu t  o f  2000  p rograms the  b ipo la r  
power  supply  to  i ts  maximum negat ive vo l tage and 2999 g ives 
the maximum posi t ive output .  Zero vo l ts  out  is  obta ined wi th  a 
p rogramming code o f  2500 (o r  1500) .  

A l though th is  d iscuss ion  has  cen te red  on  p rogramming  the  
ou tpu t  vo l t age  o f  a  dc  supp l y ,  t he  ou tpu t  cu r ren t  can  be  p ro  
grammed just  as easi ly .  Programming both the vol tage and cur  
ren t ,  however ,  requ i res  two power  supp ly  p rogrammers .  

T h e  o u t p u t  o f  t h e  p o w e r  s u p p l y  p r o g r a m m e r  i t s e l f  i s  O  t o  
9 .99V  in  10 -mV s teps  (0  t o  0 .999V  in  1  mV s teps  on  the  l ow  
range) .  In  the  b ipo la r  mode ,  the  ou tpu t  i s  -10V to  +9 .  98V in  
20-mV steps (or  -1V to +0.998 V in  2-mV steps) .  Wherever  the 
c u r r e n t  d e m a n d  d o e s  n o t  e x c e e d  1 0  m A ,  t h e  p r o g r a m m e r  
i t s e l f  c a n  s e r v e  a s  a  p o w e r  s u p p l y  o r  D - A  c o n v e r t e r  o v e r  
these vo l tage ranges.  

Inside 
A  s i m p l i f i e d  b l o c k  d i a g r a m  o f  t h e  M o d e l  5 9 5 0 1  A  P o w e r  

© Copr. 1949-1998 Hewlett-Packard Co.



H P - I B  F u n c t i o n s  ~  I s o l a t i o n  
HP-IB 

First Rank 
Storage 

Second 
Storag 

B i a s  ^ n  T h r e s h o l d  
S u p p l i e s  B ^  D e t e c t o r s  

Fig. 3. 
S u p p l y  P r o g r a m m e r  i s  s h o w n  i n  F i g .  3 .  T h e  f o u r  c h a r a c t e r s  
rep resen t ing  the  p rogramming  code  a re  t ransmi t ted  one  a t  a  
t ime in  7- l ine ASCII  code on the in ter face bus.  The handshake 
s igna ls  used  by  the  bus  c i r cu i t s  in  accep t ing  da ta  in to  the  in  
strument are used as a clock signal by the storage sequencer to 
p l ace  each  cha rac te r  i n  a  sepa ra te  l a t ch  i n  t he  f i r s t  r ank  o f  
s to rage.  When a l l  four  charac ters  have been s to red ,  they  are  
c locked  s imu l taneous ly  i n to  the  second  rank  o f  s to rage .  The  
D -A  conve r te r  and  t he  range  c i r cu i t  t hen  change  t o  t he  new  
value. The use of  two ranks of  storage prevents the occurrence 
of  undef ined output  vo l tages dur ing the t ime the programming 
codes  a re  be ing  accep ted .  

Once i t  has  been addressed,  the  power  supp ly  programmer  
can respond to a new program code in about 250 /us (80 /us to 
handshake the four digi ts across the HP-IB and 1 70 /us to slew 
to  the new va lue) .  The speed o f  response o f  the  programmer-  
power  supp ly  combina t ion  thus  i s  usua l l y  l im i ted  by  the  s lew 
ra te  o f  the power  supply .  

The range dig i t  (R) contro ls the gain of  ampl i f ier  A2 by short  
i ng  ou t  res i s to r  R1  to  ob ta in  10x  g rea te r  ga in .  The  sw i t ches  
shown as  S1  and  S2  in  F ig .  3  a re  ac tua l l y  FETs  tha t  were  in  
s ta l led  a t  key locat ions to  c lamp the VR output  a t  zero  dur ing 
tu rn -on ,  ho ld ing  i t  the re  un t i l  t he  ins t rument ' s  in te rna l  power  
suppl ies have stabi l ized at their  normal operat ing level.  Without 
th i s  c lamp ing ,  VR wou ld  tend  to  change  e r ra t i ca l l y  wh i l e  the  
b ias suppl ies stabi l ize,  which could cause some problems wi th 
sensit ive loads connected to the dr iven power supply. They also 
c lamp the output  to  zero dur ing turn-of f .  

The opt ical  isolators provide electr ical  isolat ion (up to 600V) 
between the programmed supply and earth ground.  Isolat ion is  

pa r t i cu la r l y  impor tan t  i n  s i tua t ions  where  ob jec t iona l l y  l a rge  
g round - l oop  cu r ren t s  wou ld  o the rw i se  f l ow  be tween  t he  p ro  
g rammed supp ly  and  g round .  I t  a l so  a l l ows  the  p rog rammed 
s u p p l y  t o  b e  f l o a t e d  w i t h  r e s p e c t  t o  t h e  o t h e r  d e v i c e s  c o n  
nected to the HP-IB.  

In  the 6002A 
The c i rcu i ts  jus t  descr ibed func t ion  in  essent ia l l y  the  same 

manne r  when  i ns ta l l ed  i n  t he  6002A  Ex tended  Range  Power  
Supp ly  except  tha t  no  prov is ion  is  made fo r  b ipo lar  opera t ion  
no r  i s  t he re  any  p rov i s i on  f o r  se l ec t i ng  t he  ope ra t i ng  r ange  
o ther  than  tha t  p rov ided by  the  f i r s t  d ig i t  o f  the  p rogramming 
code.  Thus  the  p rogrammable  vo l tage  range i s  49 .95  vo l ts  in  
50-mV steps in the high range, or 1 to 9.99 volts in 1 0-mV steps 
on the 0 range.  In  constant  current  operat ion the ranges are 0 
to 9.99 amperes in 1 0-mA steps and 0 to 1 .998 amperes in 2 mA 
steps. 

T h e  c h o i c e  o f  p r o g r a m m e d  c o n s t a n t - v o l t a g e  ( C V )  o r  c o n  
stant-current  (CC) operat ion,  but  not  both at  the same t ime,  is  
made manual ly  w i th  rear -pane l  swi tches.  When both  swi tches 
are OFF, contro l  reverts to the f ront  panel  and there is  no inter  
act ion wi th the inter face bus.  
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Fast  Current  Limit  

Ser ies Regulators (6)  

Down-Programming  Speed  Up  

01 

Fig.  in  Power  d iagram of  the ser ies-pass regulator  c i rcu i t  in  Model  6002 A DC Power Supply .  

supply makes the transition from 50V constant vol 
tage to 10A constant current, excessive current could 
flow during the time needed for the constant-current 
amplifier to take control. Excessive transient current 
flow is prevented by the "fast current limit" circuit 
(Fig. 6) which responds to high currents through the 
regulators by inhibiting the regulator driver circuit, 
holding the regulator current to a value about 120% of 
maximum rating. 

A power-up control circuit prevents output over 
shoots during power up or down. This circuit, which 
is powered by the unregulated dc, inhibits base drive 
to the regulators whenever the internal regulated bias 
supplies are below a certain minimum voltage. 

Fast  Down-Programming  
A major design objective was to obtain a considera 

ble improvement in programming speed over that 
available in existing power supplies capable of this 
power level â€” a must if this supply is to be useful in 
automatic systems. The enhanced transient capabil 
ity of the series regulator removed many restrictions 
to programming speed but the rate at which the out 
put capacitor (C2 in Fig. 6) can be discharged re 
mained a limiting factor. Circuits were added to 
speed up this discharge. 

During down-programming, the negative-going 
signal from the error amplifiers turns on transistor Ql 

more fully, causing it to turn off the regulator driver 
and the series regulators, thereby stopping charge 
transfer from Cl to C2. At the same time, diode Dl 
becomes forward biased, opening a discharge path for 
C2 through resistor Rl and transistor Ql. Stabistor 
diode D2 establishes a bias that holds the current 
through Ql at a safe level. 

An additional current path is provided by transistor 
Q2. During down-programming, the voltage drop 
across resistor Rl turns on Q2. Resistor R3 limits the 
voltage drop across Q2 to allow greater current with 
out excessive power dissipation in Q2, but R2 limits 
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this current to a safe level. Altogether, this arrange 
ment enables the output to drop from 50V to 0.05V in 
400 ms. Smaller voltage drops and/or the existence of 
load current result in shorter down-programming 
Acknowledgments 
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H P  M o d e l  6 0 0 2 A  D C  P o w e r  S u p p l y  

D C  O U T P U T :  V o l t a g e .  0 - 5 0 V  ( 2 0 0  m a x i m u m  w a n s  o u t p u t  f r o m  2 0 V  t o  5 0 V ) .  
C u r r e n t  0 - 1 0 A .  

L O A O  E F F E C T  ( L o a d  R e g u l a t i o n ) :  

V O L T A G E :  0 - 0 1 %  -  1  m V .  C U R R E N T :  0 . 0 1 % -  1  m A .  

S O U R C E  E F F E C T :  V O L T A G E :  0 . 0 1 % -  1  m V .  C U R R E N T :  0 . 0 1 %  +  1  m A .  

P A R D  ( R i p p t e  a n d  N o i s e ) ,  2 0  H i  t o  2 0  M H z :  

V O L T A G E :  1  m V  r m a l t Q  m V  p - p .  C U R R E N T :  5  m A  r m s .  

T E M P E R A T U R E  C O E F F I C I E N T  ( i ' C  a f t e r  3 0  m i n u t e  w a r m u p ) :  

V O L T  A G E :  0 . 0 2 %  - 2 X  * V .  C U R R E N T :  , 0 2 % - r 5  m A .  
D R I F T  ( c h a n g e  i n  o u t p u t  o v e r  8 - h o u r  i n t e r v a l  a f t e r  3 0 - m m u t e  w a r m u p } .  

V O L T A G E :  . 0 5 % t - 1  m V  C U R R E N T :  . 0 5 % -  5  m A .  
O U T P U T  I M P E D A N C E :  T y p i c a l l y  0 . 5  m i l  i n  s e r i e s  w i t h  1  M H .  

L O A D  E F F E C T  T R A N S I E N T  R E C O V E R Y :  1 0 0  p s  f o r  o u t p u t  v o t l a g e  t o  r e t u r n  t o  
within from 5 rnV of nominal output voltage setting following load current change from 
50% to 100% or 100% to 50% of  fu l l  toad current .  

REMOTE CONTROL (Ana log  Programming} :  
R E S I S T A N C E  C O N T R O L  C O E F F I C I E N T :  

V O L T A G E :  1 k i l / V Â ± 7 % .  C U R R E N T :  1 0 0 I V A Â ± 7 % .  

V O L T A G E  C O N T R O L  C O E F F I C I E N T :  
VOLTAGE: 1V/V=:20 mV (50 mV posi t ive of fset  requi red)  
CURRENT: 50 mV/AÂ±10% 

RESPONSE T IME (max imum t ime  f o r  ou tpu t  vo l i age  t o  change  be tween  0  t o  
99.9% or  100% to 0.1% of  maximum rated output  vo l tage) :  
U P :  N o  L o a d  -  1 0 0  m s .  F u l l  L o a d  -  1 0 0  m s .  

D O W N :  N o  L o a d  -  4 0 0  m s .  F u l l  L o a d  -  2 0 0  m s .  

D C  O U T P U T  I S O L A T I O N :  1 5 0 V  D C .  
O V E R V O L T A G E  P R O T E C T I O N :  T r i p  v o l t a g e  a d j u s t a b l e  f r o m  2 . 5 V  t o  6 0 V .  

T E M P E R A T U R E  R A T I N G : O t o 5 5 5 C  o p e r a t i n g :  - 4 0  t o  - 7 5 = C  s t o r a g e  F a n c o o l e d .  

P O W E R :  1 0 0 ,  1 2 0 ,  2 2 0 ,  O f  2 4 0 V a c  ( - 1 3 % ,  - t - 6 % ) ,  4 8 - 6 3  H z .  
I S :  2 1 2  m m  W  x  1 7 7  m m  H  x  4 2 2  m m  D  ( B ^ S  x  7  x  1 6 * *  i n ) .  

S P E C I F I C A T I O N S  
W E I G H T :  1 4 . 5 k g .  ( 3 2 1 Â »  

H P - I B  O p t i o n s  
P R O G R A M M A B L E  R A N G E  

H I  R A N G E :  0 - 5 0 V  o r  0 - 1  Q A .  

L O  R A N G E :  0 - 1  0 V  o r  0 - 2 A -  

A C C U f l A C Y  < 2 5 = 5 * C  a f l e Â »  3 0 - m i n u t e  w a r m u p } :  

H I  R A N G E  

L O  R A N G E  

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

L O  R A N G E  

c v  
0 . 2 % - 2 5 m V  

0 . 2 % - 1 0 m V  
CV 

cc 
0 . 2 %  - 2 5 m A  

0 . 2 %  - 2 5 m A  

C C  

5 0 m  V  1 0 m A  
l O m V  2 m A  

ISOLATION:  250 Vo l ts  dc  f rom Bus Oata  ines to  power  supp ly .  
PRICE IN U.S.A. :  6002A, $800:  Opt  001 (HP-IB Inter face) ,  $350.  

HP Model  59501 A Iso la ted D A.  Power  Supply  Programmer  
D i g i t a l  t o  A n a l o g  C o n v e r t e r  

D C  O U T P U T  V O L T A G E  
R A N G E :  H i g h  L o w  

U N I P O L A R :  0  l o  9 . 9 9  V o f t s  0  t o  . 9 9 9  V o l t s  

B I P O L A R :  - 1 0  t o  + 9 . 9 8  V o f t s  - 1  t o  + . 9 9 8  V o l t s  

D C  O U T P U T  C U R R E N T :  1 0  m A  m a x i m u m  

P A R D  ( R i p p l e  a n d  N o i s e ) :  2 m V  r m s M O m V  p - p  

RESOLUT1ON:0.1% of range. 
ACCURACY (specified at 23Â°CÂ±5Â°C): 

R A N G E  H i g h  L o w  

U N I P O L A R :  0 . 1 % + 5 m V  0 . 1 % - * -  I m V  

B I P O L A R :  0 . l % 1 0 m V  "  "  2 m \  

Â» a-hour  nwrva l  Mowing 30-minute  warm-up) :  
â € ¢ u g h  L o w  

. 0 4 % - . 1 m V  
R A N G E  

U N I P O L A R :  . 0 4 % + . 5 m V  

B I P O L A R :  . M K - M m V  . 0 4 % f - 2 n i V  

T E M P E R A T U R E  C O E F F I C I E N T :  
R A N G E  H i g h  L o w  

U N I P O L A R :  . 0 1 % / Â ° C + . 5 m V r C  . 0 1 % V C + . 1 m V / Â ° C  

B I P O L A R :  . 0 1 % T C * . 5 m V / Â ° C  . 0 1 % / Â · C Â · ' Â · . l m V i Â · C  

Z E R O  A D J U S T :  = 2 5 0 m V  

D A  F U L L  S C A L E  A D J U S T :  = 5 % .  

P R O G R A M M I N G  S P E E D :  t i m e  r e q u i r e d  f o r  o u t p u t  t o  9 0  f r o m  z e r o  t o  9 9 %  o f  
programmed output  change is  250/ is .  

P o w e r  S u p p l y  P r o g r a m m i n g  
P r o g r a m m i n g  N e t w o r k  S p * c t H e * t l o f i i :  M  r e p r e s e n t s  c a k b r a l e d  f u l l  s c a l e  v a l u e  

o f  s u p p l y  b e i n g  p r o g r a m m e d  a n d  P  r e p r e s e n t s  a c t u a l  p r o g r a m m e d  o u t p u t .  

F u l l  s c a l e  v a l u e  ( M )  c a n  b e  a n y  v a l u e  w i t h i n  s u p p l y ' s  O u t p u t  r a n g e  a n d  i s  c a l i  
b r a t e d  w i t h  5 9 5 0 1  A  p r o g r a m m e d  t o  i t s  m a x i m u m  h i g h  r a n g e  o u t p u t .  

A C C U R A C Y  ( 2 3 Â ° C = S Â ° C ) :  

H i g h  L o w  
U N I P O L A R :  . 0 5 % M  +  . 2 5 % P  . 0 1 %  M  +  . 2 5 %  P  

B I P O L A R :  0 . 1 % M  +  . 2 5 % P  . 0 2 %  M  +  . 2 5 %  P  

ISOLATION: 600Vdc between HP-IB data l ines and output  terminals .  
Genera l  

T E M P E R A T U R E  R A N G E :  O p e r a t i n g :  0  t o  5 5 ' C .  S t o r a g e :  - 4 0  t o  7 5 " C  

P O W E R :  1 0 0 ,  1 2 0 ,  2 2 0 ,  o f  2 4 0 V a c  ( + 6 % -  1 3 % )  4 7 - 6 3 H Z ,  1 0 V A .  

D I M E N S I O N S :  2 1 2  m m  W  x  8 9  m m  H  x  2 7 0  m m  D  ( 8 H x 3 Y Â ¡ x 1 0 Ã  *  i n c h e s ) .  

W E I G H T :  1  3 6  k g .  3  I b ) .  

P R I C E  I N  U . S . A . :  $ 5 0 0  
MANUFACTURING DIV IS ION:  NEW JERSEY D IV IS ION 

Green Pond Road 
Rockaway,  New Jersey 07866 U.S.A.  
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Coaxia l  Components  and Accessor ies  for  
Broadband Operat ion  to  26 .5  GHz 
The new APC-3.5  coax ia l  connector  makes i t  poss ib le  to  
des ign detectors ,  a t tenuators ,  s l id ing loads,  and swi tches 
fo r  b roadband opera t ion  to  26 .5  GHz.  

by George R. Kirkpatrick, Ronald E. Pratt,  and Donald R. Chambers 

WHERE FEASIBLE, COAXIAL CABLE has al 
ways been preferred to waveguide for the 

transmission of microwaves because of its broader 
bandwidth, flexibility, and lower cost. This is es 
pecially true of microwave measurements where the 
general convenience of working with coaxial cables 
far outweighs the disadvantages of higher signal 
losses and slightly poorer electrical performance. 

The development of a new 3.5-mm connector1'2 
now allows practical application of coaxial compo 
nents at frequencies from dcto well above 18 GHz, the 
practical upper limit in recent years. The new connec 
tor is used on several new microwave components 
(Fig. 1), that operate to 26.5 GHz with instrument- 
quality performance. The convenience of working 
with coaxial systems thus becomes available for de 
sign and test of a broader range of microwave systems, 

such as those involved with telecommunications. 
Mechanical details of the 3.5-mm connector, avail 

able commercially as the APC-3.5, are shown in 
Fig. 2. The salient features of the new connector are: 
â€¢ Entirely mode free up to 34 GHz. 
â€¢ Optimized cost/performance. Reflection coefficient 

is typically 0.05 for random mated pairs operating 
to 34 GHz while cost is much less than precision 
connectors previously available. 

â€¢ Mechanically rugged and electrically repeatable. It 
is not readily deformed so performance is main 
tained over hundreds of insertions. 

â€¢ Compatible with the proposed IEC standard 3.5-mm 
connector mounting. Mechanically and electri 
cally compatible with the SMA connector system 
presently used for frequencies up to 18 GHz. 

â€¢ Male and female connectors are electrically inter- 

F i g .  1 .  B r o a d b a n d  p e r f o r m a n c e  
t o  2 6 . 5  G H z  i s  a c h i e v e d  b y  n e w  
m i c r o w a v e  c o m p o n e n t s  a n d  a c  
c e s s o r i e s  e q u i p p e d  w i t h  t h e  
A P C - 3 . 5  c o n n e c t o r  s y s t e m .  

10 
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' P r o p o s e d  I E C  M o u n t i n g  

APC-3.5 APC-3.5 

LJyyA^vw/vwvy  

Beads 

APC-3.5 S M A  

F ig .  2 .  A  c ross -sec t i on  o f  ma ted  ma le  and  f ema le  APC-3 .5  
connectors is shown in the upper drawing. The structure at the 
mating surface is an air-dielectr ic l ine with only the dimensions 
of  the center and outer connectors control l ing the impedance. 
The  l ower  d raw ing  shows  how the  APC-3 .5  i n te r faces  w i th  
the  w ide ly -used SMA connector .  

changeable. The mating interface of the inner and 
outer conductors are in the same plane and the 
electrical distance from the mating interface to the 
IEC mounting interface is identical for the male 
and female connectors. 
The plane of the mating interface is separated from 
the center conductor support insulator sufficiently 
to minimize the effects of variations in mechanical 
tolerances and temperature on the SWR of mated 
connectors. 
The female connector provides a mode-free con 
nection directly to 0.141-inch (3.5-mm) diameter 
semirigid coaxial cable fitted with the standard 
male cable terminator, allowing easy integration 
of the new components into microwave systems. 

- 3 . 0  .01 8  1 2  1 6  2 0  
Frequency (GHz)  

2 4  

F i g .  3 .  F r e q u e n c y  r e s p o n s e  o f  a  t y p i c a l  8 4 7 3 C  d e t e c t o r .  
Matched pairs t rack within Â±0.5 dB over the ent i re frequency 
range. 

26.5-GHz Detectors 
The new connector allows the frequency range of 

HP's low-barrier Schottky-diode detectors (LBSD) to 
be extended to 26.5 GHz. As shown in Fig. 3, detector 
response is flat within Â±0.6 dB up to 20 GHz and then 
rolls off monotonically at about 0.51 dB/GHz. This 
response results from the interaction of the diode 
parasitics and the thin-film matching network (Fig. 4) 
but because of the close control that can be exercised 
over the circuit parameters, the response of a pair of 
detectors can be matched within Â±0.5 dB up to 26.5 
GHz. 

In certain applications, airborne radar for example, 
the detector might be exposed to extreme temperature 
variations. The LBSD may be operated over a temper 
ature range of â€”65 to 100Â°C and unlike fragile point- 
contact devices, it is not damaged by repeated temp 
erature cycling. There may be some changes in per- 

"Low-barrier Schottky diodes are rugged mesa devices designed for low impedance at the origin of the 
I/V curve so no bias is required for low-level detection applications. Included with the diode in the 
detector is a thin-film resistor network that matches the diode to 50fi transmission lines.3 

Diode Parasit ics 

Matching 
Network 

RF Bypass 
Capacitor 

O  

R F i n  
(50Ã1) 

Video 
Out 

Fig .  4 .  Schemat ic  representa t ion  
o f  a  l o w - b a r r i e r  S c h o t t k y - d i o d e  
detector.  
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rence  Temperature  25Â° C 

- 2 0 d B m  

- 6 0  - 3 0  O  3 0  6 0  9 0  1 2 0  
Temperature (Â°C) 

- 2 0  - 1 5  -  1 0  - 5  O  5  1 0  
Power  (dBm)  

Fig.  5.  The ef fects of  temperature 
o n  t h e  p e r f o r m a n c e  o f  a  l o w -  
b a r r i e r  S c h o t t k y - d i o d e  d e t e c t o r  
( M o d e l  3 3 3 3 0 C )  w h e n  o p e r a t i n g  
wi th  a  10-k( l  v ideo load.  Detector  
p e r f o r m a n c e  i s  a f f e c t e d  b y  t h e  
v ideo load and the power leve l  so 
for  a  g iven operat ing point ,  the ef  
f e c t s  o f  t e m p e r a t u r e  c a n  b e  
min imized by  the  cho ice  o f  load.  

formance at the extremes of the temperature range, as 
shown by the curves of Fig. 5. The temperature- 
induced changes in performance are strongly affected 
by both the video load and the power level so over a 
limited temperature range (30 â€” 50Â°C) there exists an 
optimum load that will minimize the effects of temp 
erature. This is best determined experimentally. 

The new detector is available in two basic config 
urations (Fig. 1). Model 8473C has a BNC video out 
put connector and is intended for use in laboratory, 
production, and field measurement setups where the 
convenience of the BNC connector is an important 
factor. Model 33330C has an SMC video output con 
nector that meets the size restrictions of many OEM 
applications. The APC-3. 5 RF input connector in both 
detectors provides a mode-free, well-matched, and 
mechanically rugged interface to the detector over a 
bandwidth of 10 MHz to 26.5 GHz. 

Two additional products, the 8473B and 33330B, 
offer the advantages of the new connector in lower- 
cost detectors for use up to 18 GHz. 

Miniature  Coaxia l  S l id ing Load 
A reflectionless termination is a basic requirement 

in many measurements, such as that required at the 
output of a 2-port network when its s-parameters are 
being measured. Since reflectionless terminations are 
unattainable, a sliding load is used. Observation of 
the resultant signal as the sliding load is moved en 
ables the operator to identify load element reflections 
with respect to the fixed reflections existing in the 
measurement setup so corrections can be made to the 
measurement results. 

Sliding loads generally consist of a tapered load 
element in an air-dielectric line that has a precisely 
controlled geometry. Nevertheless, three general 
sources of reflection exist: the connector, impedance 
errors in the line itself, and the sliding element. The 
first two are fixed and can be measured, and the com 

bined SWR is specified for HP sliding loads. The third 
is determined during a measurement by moving the 
sliding element. 

As frequencies go higher and transmission-line 
dimensions become smaller, variations in line 
geometry have a greater effect on measurement accu 
racy, thus requiring more care to protect parts that can 
be bent or otherwise damaged. Consequently, a new 
sliding load (Model 911C, Fig. 6) was designed with 
minimum length and weight to reduce stress on the 
mated connector pairs. Since it has the new APC-3. 5 
connector, it can be used over a frequency range of 2.0 
to 26.5 GHz. 

The design also minimizes the exposure of the 
center conductor to accidental damage by bending. 
Because the center conductor in air-dielectric sliding 
loads has no supporting beads so as not to introduce 
additional impedance discontinuites, it is supported 
by the mating connector at the front and two Teflon 

Fig.  6 .  Model  911 C s l id ing load fu l ly  protects  the center  con 
d u c t o r  a g a i n s t  a c c i d e n t a l  b e n d i n g .  T h e  r a n g e  o f  t h e  l o a d  
e lement t ravel  is  3/8X at  2 GHz. 
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Specification 

1 2  1 6  
Frequency (GHz) 

20 2 4  2 6 . 5  1 2  1 6  2 0  
Frequency (GHz) 

2 4  2 6 . 5  

Fig.7. ports plots at left show insertion loss and reflection coefficients for both ports of a typical 8495D 
step attenuation at the 0-dB sett ing. The plots at r ight show attenuation and reflection coeff icients 
for  the 30-dB set t ing.  Typical  s tep- to-step accuracy is  Â±2 dB at  26.5 GHz. The ref lect ion coef  

f ic ients are s imi lar  for  the other at tenuat ion levels.  

bearings within the tapered load at the rear. Although 
the center conductor is allowed a small amount of 
lengthwise travel to facilitate its insertion into the 
mating connector, the amount of forward travel in the 
new Model 911C is limited to the minimum required 
for convenience in making the RF connection and at 
no time does it protrude from the back, as in earlier 
designs. Its exposure to accidental bending forces is 
thus minimized. 

The connector parts are replaceable so either male 
or female APC-3.5 connectors can be installed. With 
the female connector, SWR of the fixed discon 
tinuities is less than 1.07 to 14 GHz and less than 1.10 

to 26.5 GHz. For the male connector version, SWR is 
less than 1.04 for the entire 2 â€” 26.5 GHz range. The 
load element itself has an SWR of less than 1.22 at 10 
GHz and less than 1.07 to 26.5 GHz. 

DCâ€” 26.5 GHz Precision Step Attenuators 
Precision attenuators serve various purposes in 

microwave measurements, primarily in reducing RF 
power levels to a suitable range for a detector or 
power meter or providing calibration points for inser 
tion loss or reflection measurements when a substitu 
tion technique is used. 

Attenuator operation over a frequency range ex- 
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tending from dc to 26. 5 GHz is now provided by a new 
coaxial step attenuator that has an attenuation range 
of 0 to 70 dB in 10-dB steps. Frequency response is 
shown in Fig. 7. 

The new attenuator is similar to the 8494/5 series of 
dc-18-GHz attenuators4 but the design was modified 
to eliminate moding at frequencies above 18 GHz by 
using female APC-3.5 connectors. Like the 8494/5 
series, the new attenuator uses the edgeline transmis 
sion system5 to obtain reliability and repeatability. 

The edgeline transmission system consists of a flex 
ible, flat ribbon center conductor suspended at right 
angles between two ground planes. Since the center 
conductor can be flexed without changing its spacing 
with respect to the ground planes, it can be bent to one 
side to contact an attenuator card and to the other side 
to contact a bypass section of transmission line, 
thereby producing a switchable attenuator that main 
tains constant characteristic impedance. 

The attenuator elements are passivated tantalum- 
nitride thin-film distributed resistor-conductor pat 
terns established on sapphire substrates by a high- 
resolution photolithographic process. The center 
conductor makes contact with a small wiping action, 
thus avoiding problems with contact contamination 
and ensuring good electrical contact each time. Re 
peatability of settings is typically within 0.05 dB at 
26.5 GHz. 

The new attenuator is available in two bench-top 
versions, the manually switched Model 8495D and 
the programmable Model 8495K, and two OEM ver 
sions, Models 33321D (manual) and 33321K (prog 
rammable). The programmable versions are switched 
by internal self-latching 24V solenoids that draw 110 
mA during switching (30 ms), then automatically 
disconnect themselves. They can be incorporated 
into HP interface bus systems by use of the Model 
59306A Relay Actuator and a 20 â€” 30V power supply. 

A Mechan ica l  M ic rowave  Swi tch  
The fundamental purpose of any switch is to sepa 

rate and direct signals. In the case of microwaves, 
obtaining adequate signal separation between the 
common and "off" ports can be a problem, as in sys 
tems for measuring the s-parameters of 2-port net 
works where there is a requirement for a high degree 
of separation. Another special requirement for mic 
rowave switches, again as in s-parameter measure 
ments, is that a well-matched termination, not an 
open circuit, must be maintained on the unconnected 
line. 

To fulfill these requirements, the 33311-series of 
single-pole, double-throw switches was developed. 
This design has now been adapted to use the APC-3.5 
connector to give a switch (Model 33311C) that can 
work with signals over a range of dc to 26.5 GHz. 

The basic approach to the design was to dimension 
the area surrounding the contact mechanism so it 
functions as a waveguide beyond cut-off. The rapid 
reduction in coupling with respect to distance be 
tween ports achieved by this construction allowed 
close spacing of the connectors while still achieving 
at least 85 dB isolation between the common port and 
the "off" port up to 18 GHz (50 dB at 26.5 GHz). This 
made short conductors possible so insertion loss, 
even at high frequencies, is quite low, as shown in 
Fig. 8. 

The circuit between the common port and the con 
nected port is completed by an edgeline conductor 
that is moved into position to contact the port- 
connector center conductors, as shown in Fig. 9. 

2  4  1 2  1 6  2 0  2 4  2 6 . 5  
F r e q u e n c y  ( G H z )  

Fig .  8 .  P lo t  a t  top  shows the  inser t ion  loss  th rough the  con  
nected port of a 333 1 1 C switch at microwave frequencies . The 
center  p lo t  shows the  re f lec t ion  coef f i c ien t  o f  the  input  por t  
when the connected port is terminated in a wel l-matched load. 
At  bot tom is  the re f lec t ion coef f ic ient  look ing in to  the uncon 
nected port  ( terminated internal ly) .  
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Fig. 9. Internal view of the Model 333 1 1 C microwave switch. 

Another section of edgeline connects the uncon 
nected port to a 50ÃÃ thin-film resistor. Two other 
sections of edgeline make the connection for the other 
condition. 

The conductors are slightly bowed to provide a 
slight wiping action when contact is made, achieving 
very good repeatability and long life. By the nature of 
edgeline construction, SWR is not appreciably af 
fected by slight flexing of the conductors when mak 
ing contact. Typical SWR is also shown in Fig. 8. 

Switching is effected by a magnetic circuit using 
two 24V coils and permanent-magnet latches. Sepa 
rate contacts remove power from the activated coil 
when the switching action is completed so power 
is consumed only while the mechanism is switching 
(30 ms). Besides reducing power consumption and 
related heat buildup, this arrangement allows exter 
nal circuits to sense the switch position since one of 
the two solenoid coils will be open. Like the at 
tenuators, the switch can be incorporated into an HP 
interface bus system by use of the Model 59306A 
Relay actuator and an appropriate power supply. 
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Analyzer that quickly and accurately characterizes 
each production unit over its entire frequency range 
of operation. Special thanks are due to Stephen F. 
Adam for guidance and encouragement. E 
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S P E C I F I C A T I O N S  
HP Models  8473C and 33330C Coax ia l  Detec tors  

(Models  8473B and 33330B have ident ica l  spec i f ica t ions 
to  18 GHz. )  

F R E Q U E N C Y  R E S P O N S E :  
O C T A V E  B A N D  F L A T N E S S :  - 0 . 2  d B  o v e r  a n y  o c t a v e  t o  8  G H z .  
BROADBAND FLATNESS:  0 .01  to  12 .4  GHz :  Â±0 .3  dB  

0.01 to 20 GHz: Â±0.6 dB 
20  to  26 .5  GHz:  Â±1.5  dB f rom a  -3 .3  dB 

l inear slope. 
SWR (50 ! !  cha rac te r i s t i c  impedance) :  0 .01  to  4  GHz :  <1 .2  

4  t o  18  GHz :  <1 .5  
18 to  26 .5  GHz:  <2 .2  

L O W  L E V E L  S E N S I T I V I T Y  ( < - 2 0  d B m ) :  0 . 0 1  t o  1 8  G H z .  > 0 . 5  m W / x W ;  
18  to  26 .5  GHz,  >0 .18  mV/^ iW.  

M A X I M U M  O P E R A T I N G  I N P U T  ( p e a k  o r  a v e r a g e ) :  2 0 0  m W  
SHORT-TERM MAXIMUM INPUT ( less  than  1  m inu te ) :  1  wa t t  ( t yp ica l )  
NOISE ou tpu t ,  peak- to -peak  w i th  CW power  app l ied  to  p roduce  100  mV ou tpu t ,  

400  kHz  BW):  <50  MV.  
OUTPUT POLARITY :  nega t i ve .  
RF  CONNECTOR:  APC-3 .5  ma le  (SMA compa t i b l e )  
OUTPUT CONNECTOR: BNC female (8473B/C) ;  SMC wi th  male center  conductor  

(33330B/C).  
D IMENSIONS ( length  x  d iameter ) :  48 .4  x  9 .9  mm (1 .89  x  0 .39  in )  
PRICES $205.  U.S.A. :  8473C,  $275:  8473B,  $235;  33330C,  $260;  33330B,  $205.  

Op t  001  ,  ma tched  pa i r :  add  $20  pe r  un i t ;  Op t  003 ,  pos i t i ve  po la r i t y  ou tpu t :  
add $30 per  un i t .  

HP Models  8495D/K and 33321 D/K Step At tenuators  
ATTENUATION ACCURACY (Â±dB re fe renced  f rom 0  dB  se t t i ng ) :  

Attenuation Sett ing (dB)1 

Frequency  Range  
DC-12 .4  GHz 
12.4-18.0 GHz 
18.0-24.0 GHz 
24.0-26.5  GHz 

10 
0.6 
0.7 
0.9 
1.0 

20 
0.7 
0.9 
1.5 
2.5 

30 
0.9 
1.2 
2.5 
3.0 

40 
1.8 
2.0 
3.0 
4.2 

50 
2.0 
2.3 
3.2 
4.4 

60 
2.2 
2.5 
3.3 
4.6 

70 
2 3  
2.8 
3.5 
4.8 

'Typica l  Step- to-Step Accuracy:  Â±1 dB to 18 GHz;  Â±2 dB to 26.5 GHz.  
SWR (character is t ic  impedance,  SOU):  dc  to  12.4 GHz,  1 .6 ;  

12.410 18 GHz,  1 .9 ;  
18 to  26.5  GHz,  2 .2  

INSERTION LOSS:  (0 .5  +  0 .13 f )  dB  where  f  i s  f requency  i n  GHz .  
L IFE (min imum):  1  mi l l ion  s teps or  swi tch ings per  sect ion.  
REPEATABILITY:  0.03 dB typ ica l  a f ter  1  mi l l ion s teps,  to  18 GHz;  0.05 dB typ ica l  

a f ter  1  mi l l ion s teps,  to  26.5 GHz.  
RF INPUT POWER (max) :  1  wa t t  average ,  100  wat ts  peak  (10ns  pu lse  w id th ) .  
POWER SENSIT IV ITY :  <0 .001  dB /dB /wa t t .  
ATTENUATION TEMPERATURE COEFF IC IENT :  <0 .0001  dB /dB /Â°C .  
RF  CONNECTOR:  APC-3 .5  f ema le  (SMA compa t i b l e ) .  
W E I G H T :  M a n u a l  v e r s i o n s ,  4 2 5  g r a m s  ( 1 5  o z ) ;  p r o g r a m m a b l e  v e r s i o n s ,  4 5 4  

grams (16 oz) .  
D I M E N S I O N S :  1 5 9  m m  L  x  5 2  m m  W  x  4 3  m m  H  ( 6 . 2  x  2 . 1  x  1 . 7  i n c h e s ) .  
P R O G R A M M A B L E  V E R S I O N S  

S W I T C H I N G  S P E E D :  2 0  m s  m a x .  
COIL  VOLTAGE:  (20 -30V) .  
SWITCHING CURRENT:  1  10  mA a t  24  V .  
COIL  IMPEDANCE:  220  ohms ,  70  mH.  

PRICES $1060 ;  U .S .A . :  8495D (manua l ) ,  $700 ;  8495K (p rog rammab le ) ,  $1060 ;  
33321 D, $690; 33321 K. $1050. 

HP Model  91 1C Sl iding Load 
FREQUENCY RANGE:  2 .0  t o  26 .5  GHz .  
IMPEDANCE: 50S!  nomina l .  
REFLECTION COEFFIC IENT:  

MOVABLE LOAD ELEMENT: <0. 1 , 2.0 to 1 0.0 GHz; <0.035, 1 0.0 to 26.5 GHz. 
C O N N E C T O R  A N D  T R A N S M I S S I O N  L I N E :  < 0 . 0 2 ,  2 . 0  t o  2 6 . 5  G H z  f o r  m a l e  

APC-3.5;  for  female APC-3.5,  <0.02 + 0.001 f  (where f  is  f requency in  GHz),  
2.0 to 26.5 GHz.  

POWER RATING:  1  wa t t  ave rage ,  5  kW peak .  
L O A D  ( 5 . 6  T R A V E L :  T h r e e - e i g h t h s  o f  a  w a v e l e n g t h  a t  2 . 0  G H z  ( 5 . 6  c m  

minimum). 
CONNECTORS SUPPL IED:  I n te r changeab le  connec to r  bod ies  and  cen te r  con  

ductor  p ins for  use wi th  male and female APC-3.5 connectors .  
LENGTH:  266 mm (10 .5  in ) .  
WEIGHT:  71  g  (2 .5  ounces) .  
ACCESSORIES FURNISHED:  Car ry ing  case  and  two  wrenches .  
PRICE IN U.S.A. :  $720.00.  

HP Model  3331 1C Microwave Switch 
TYPE: Single-pole,  double- throw, break-before-make; sel f - latching solenoids wi th 

automat ic solenoid disconnect  af ter  swi tching.  
I N S E R T I O N  L O S S :  D C - 2  G H z ,  < 0 . 2 5  d B ;  

2 -10  GHz ,  <0 .50  dB ;  
1 0 - 1 6  G H z ,  < 0 . 8 0 d B ;  
16-26 .5  GHz,  <1 .40  dB ( typ .  <0 .6  dB) .  

ISOLAT ION:  DC-12 .4  GHz ,  >90  dB ;  
1 2 . 4 - 1 8  G H z ,  > 8 5 d B ;  
18-26 .5  GHz,  >50  dB.  

SWR (character ist ic impedance: 50Ã!)  
THRU L INE:  DC-2  GHz ,  <1 .15 ;  

2 -10  GHz,  <1 .30 ;  
10-16  GHz,  <1 .50 ;  
16-26.5  GHz,  <1.90.  

5 0 f l  I N T E R N A L  L O A D :  D C - 2  G H z ,  < 1 . 1 5 ;  
2 -10  GHz ,  <1 .30 ;  
10-16  GHz,  <1 .50 ;  
16-26 .5  GHz,  <2 .30 .  

INPUT POWER RATING:  1  wa t t  ave rage ,  100  wa t t s  peak  fo r  10  us .  (A l so  l ess  
than Â±7 Vdc). 

RF  CONNECTOR:  APC-3 .5  fema le  (SMA compat ib le ) .  
L IFE:  >1  000  000  sw i t ch ings  
REPEATABIL ITY:  0 .03  dB typ ica l  to  26 .5  GHz a f te r  1  000 000 swi tch ings .  
SWITCHING SPEED:  30  mi l l i seconds  max.  
SOLENOIDS 

COIL  VOLTAGE:  20 -30V.  
SWITCHING CURRENT:  120 mA a t  24V (co i l s  d isconnect  a f te r  sw i tch ing) .  
COIL IMPEDANCE: 200Ã1,  127 mH. 

E N V I R O N M E N T A L  
OPERATING TEMPERATURE: -25Â°C to  +75Â°C 
HUMIDITY: 95% RH, 40Â°C, 5 days 
V IBRATION:  .3 " ,  10-55  Hz  
SHOCK:  50  g 's ,  3  ms 

WEIGHT:  88  gm (3 .1  oz )  
D I M E N S I O N S :  5 3  m m  W  x  1 4  m m  D  x  3 5  m m  H  ( n o t  i n c l u d i n g  c o n n e c t o r s ) .  

(2  x  ' / 2  x  2  i nches ) .  
PRICE IN U.S.A. :  $395.  
M A N U F A C T U R I N G  D I V I S I O N :  S T A N F O R D  P A R K  D I V I S I O N  

1501 Page Mi l l  Road 
Palo Al to.  Cal i fornia 94304 U.S.A. 
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Personal  Calculator  Algori thms I I  
Tr igonometr ic  Funct ions 
A deta i led  exp lanat ion  o f  the  a lgor i thms used by  HP 
hand-he ld  ca lcu la to rs  to  compute  s ine ,  cos ine ,  and  
tangent. 

by Wi l l iam E.  Egbert  

BEGINNING WITH THE HP-35,1'2 all HP personal 
calculators have used essentially the same al 

gorithms for computing complex mathematical func 
tions in their BCD (binary-coded decimal) micro 
processors. While improvements have been made in 
newer calculators,3 the changes have affected primarily 
special cases and not the fundamental algorithms. 

This article is the second of a series that examines 
these algorithms and their implementation. Each 
article will present in detail the methods used to 
implement a common mathematical function. For 
simplicity, rigorous proofs will not be given, and 
special cases other than those of particular interest 
will be omitted. 

Although tailored for efficiency within the environ 
ment of a special-purpose BCD microprocessor, the 
basic mathematical equations and the techniques 
used to transform and implement them are applicable 
to a wide range of computing problems and devices. 

The Tr igonometr ic  Funct ion Algor i thm 
This article will discuss the method of generating 

sine, cosine, and tangent. To minimize program 
length, a single function, tan B, is generated first. 
Once tan 6 is calculated, sin 6 is found by the formula 

sin 6 = 
Â±tanfl 

Vl+tan20 

It turns out (as will be explained later) that cot 6 can 
easily be generated while generating tan 6. Then cos 6 
is calculated using the formula 

cos 0 - 
Â±cot0 

Vl+cot20 

It can be seen that these formulas are identical, ex 
cept for the contangent replacing the tangent. Thus 
the same routine can solve for either sine or cosine 
depending on whether the argument is tangent or 
cotangent. 

Scaling 
Since 6 and 0+n(360Â°) yield identical trigonometric 

functions, every angular argument is resolved to a 
positive angle between 0Â° and 360Â°. For reasons to be 
explained later, all calculations assume angles ex 
pressed in radians. An angle in degrees is first con 
verted to radians by: 

0rad = 0deg X TT/180. 

Angles expressed in grads are also converted using 
the appropriate scale factor. 

Once 6 is in radians, 2-rr is subtracted repeatedly 
from 1 8 1 until the absolute remainder is between 0 
and 2 77. For large angles this would take a long time. 
In such cases 27rxl0n can be subtracted in a process 
similar to division. Suppose an angle 6 is expressed 
in scientific notation (e.g., 8.5X 10s). 2-rr x 10", or 6.28... 
xlOn, is then repeatedly subtracted from 6 until 
the result becomes negative (underflow). Thus 6.28... 
x 10s is subtracted from 8.5 x 10s twice and underflow 
occurs. 6. 28... x 10s is then added to the negative re 
mainder to give a number between 0 and ITT x 10s, in 
this case 2.2X105. The remainder is expressed now as 
22xl04 and the process is repeated, this time sub 
tracting 277X104. With this method, large angles are 
quickly resolved. 

The problem with this scaling process is that in cur 
rent computers numbers can be expressed only to a 
limited number of digits, so 2-77 and therefore ZTTX 10n 
cannot be expressed exactly. Error creeps in with 
each shift of the remainder. Thus, the larger the angle, 
the fewer significant digits remain in the scaled re 
sult. A rule of thumb for rough estimates is that for 
each count in the exponent, one digit of accuracy 
will be lost. For example, 5 x 10s when scaled will 
lose five digits of accuracy. 

A negative argument is treated the same as a posi 
tive number until the end, when the scaling routine 
returns a number between 0 and -2-7T. Then 2rr is 
added to the negative result, giving again a number 
between 0 and 2-rr. This addition of 2-rr causes a digit 
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to be lost,  which results in asymmetry such as 
cos(86Â°) Â£ cos(-86Â°). Newer calculators obviate this 
problem by scaling to a number between 0 and 77/4. 

Vector  Rotat ion 
An angle can be expressed as a vector having X 

and Y components and a resultant R (see Fig. 1). 
If R is the unit vector, then X=cos 9 and Y=sin 0. 
However, regardless of the length of R, Y/X = tan 0and 
X/Y=cot0.  This  holds  true for  al l  values  of  6  
from 0 to 277. Thus, if some way could be found 
to generate X and Y for a given 9, all the trigonometric 
functions could be found. 

In vector geometry a useful formula results when 
one rotates a vector through a given angle. Let 
us suppose we have a vector whose angle is 6\, 
and we know its components Xa and Yj (see Fig. 2). 
The X2 and Y2 that result when the vector is rotated 
an additional angle 02 are given by: 

X2 = Xa cos 62 - Ya sin 02 

Y2 = Y! cos 02 + Xa sin 02 

Dividing both sides of these equations by cos 02 
gives: 

X, 

cos 02 

C O S  0 2  

= X1- Yjtan 82 = X2' 

= Y! +X1tan02 = Y2' 

(1) 

Note that X2' and Y2', while not the true values of X2 
and Y2, both differ by the same factor, cos 02. Thus 
Y2'/X2' = Y2/X2. From Fig. 2 it is plain that the quo 
tient Y2'/X2' is equal to tan (0a+ 02). Thus the tan 
gent of a large angle can be found by manipulating 
smaJJer angles whose sum equals the large one. Re 
turning to equation 1 above, it can be seen that to 
generate X2' and Y2'f Xa and Yj need to be multiplied 

Fig. 2. 

by tan 02 and added or subtracted as needed. If 02 is 
chosen so that tan 02 is a simple power of 10 
(i.e., 1, 0.1, 0.01,...) then the multiplications simply 
amount to shifting X: and Yj. Thus to generate X2' 
and Y2', only a shift and an add or subtract are needed. 

Pseudo-Division 
The tangent of 0 is found as follows. First 0 is 

divided into a sum of smaller angles whose tangents 
are powers of 10. The angles are tan"1 (1) = 45Â°, 
tan"1 (0.1) = 5.7Â°, tan'1 (0.01) Â« 0.57Â°, tan'1 (0.001) 
=0.057Â°, tan'1 (0.0001)=0.0057Â°, and so on. 
This process is called pseudo-division. First, 45Â° is 
subtracted from 0 until overdraft, keeping track of 
the number of subtractions. The remainder is restored 
by adding 45Â°. Then 5.7Â° is repeatedly subtracted, again 
keeping track of the number of subtractions. This pro 
cess is repeated with smaller and smaller angles. 
Thus: 

+r 

Fig. 1. 

0 = q0 tan l (1) + qa tan"1 (0.1) +q2 tan"1 (0.01)... 

The coefficients qÂ¡ refer to the number of subtractions 
possible in each decade. Each qÂ¡ is equal to or less 
than 10, so it can be stored in a single four-bit digit. 

This process of pseudo-division is one reason that 
all the trigonometric functions are done in radians. 
For accuracy, tan'^lO"') needs to be expressed to 
ten digits. In degrees, these constants are random digits 
and require considerable ROM (read-only memory) 
space to store. However, in radians, they become, for 
the most part, nines followed by sixes. Because of this, 
they can be generated arithmetically, thus using 
fewer ROM states. Also, in radians, tan"1 (1) = 77/4, 
which is needed anyway to generate TT. The problem 
with using radians is that since 77 is an irrational num 
ber, scaling errors occur as discussed earlier. This 
means cardinal points do not give exact answers. For 
example, sin (720Â°) Â¿ O when calculated this way 
but rather 4xlO~9. See reference 3 for a discussion 
of this point. 

18 
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So far, a pseudo-quotient has been generated that 
represents the division of the given angle 6 into 
smaller angles whose tangents are powers of 10. In 
many HP calculators the pseudo-quotient is five 
hexadecimal digits long. Each digit represents one 
series of subtractions and is a number from 0 to 10. 
For example, if 6 were 359.9999Â°, the pseudo-quotient 
would  be  77877,  represent ing  6  =  7 tan~a( l )  
+ 7tan~a(0.1) + Stan-^O.Ol) + 7tan~1(0.001) 
+ 7tan~1(0.0001). There may also be a remainder r, 
which is the angle remaining after the previous par 
tial quotient subtractions have taken place. 

Tan 9 can now be found using the vector rotation 
process discussed earlier. 

Pseudo-Mult ipl ication 
To use equation 1 we need an initial Xl and Yv 

These correspond to the X and Y of the residual 
angle r discussed previously. This angle is small 
(less than 0.001Â°), and for small angles in radians, 
sin 6 = 6 (another reason to use radians instead of 
degrees). Thus, to good accuracy, the initial Ya can 
be set to the residual angle, and the initial Xa set to 1. 
Equation 1 can now be repeatedly applied, where 02 
is the angle whose tangent is 10"'. Each time equa 
tion 1 is applied, a new Xa and Ya are generated, i.e., 
X2' and Y2'. The number of times equation 1 is 
applied is determined by the count in the pseudo- 
quotient digit for that 6 . Thus if the original angle 
had a 3 in the pseudo-quotient digit corresponding to 
tan~a0.1, or 5.7Â°, equation 1 would be applied three 
times with Xa and Yl being shifted one place right 
for tan (tan~10.1) before the addition or subtraction. 
In this manner, new Xa and Yl are formed as the vec 
tor is rotated the amount corresponding to the count 
in the pseudo-quotient digits which, of course, sum 
to the original angle 6. 

Equation 1 shows that to generate X2 requires a 
shift of Yj and a subtraction from Xa. Likewise Y2 
requires a shift of X} and an addition to Yv To imple 
ment this would require either two extra registers to 
hold the shifted values of Xj and Ya, or else shifting 
one register twice and the other once. It would be 
desirable to shift only one register once. Happily, 
this is possible. Consider the following: Let Y = 123 
and X = 456. Suppose we want Y + (Xx 0.01). This can 
be obtained by keeping the decimal points in the 
same places and shifting X two places right. 

123 
+  4 . 5 6  

127.56 

12300 
456 

12756 

The digits in both answers are exactly the same. The 
only difference between the two is that the second 
answer is 100 times the correct value, which is the 
same value by which Y was multiplied before the 
addition. Thus to avoid shifting X, Y must be multi 
plied by 10'. 

Expanding this method to the problem at hand also 
helps us solve another problem, that of accuracy. 
During pseudo-division, the angle 6 is resolved until 
a small angle r is left as the original Y value. Since 
this is done in fixed point arithmetic, zero digits are 
generated following the decimal point (e.g., .00123). 

Since zero digits do not convey information except 
to indicate the decimal point, the remainder is shifted 
left one place (multiplied by 10) during each decade 
of pseudo-division. This preserves an extra digit of 
accuracy with each decade. The final remainder is 
equal to rxlO4 if the pseudo-quotient is five digits 
long. 

To demonstrate mathematically the implementa 
tion that requires only a single register shift, return 
to equation 1 and replace tan 62 by 10~'. This substi 
tution is legal because 62 = tan"1 (10~'), where j is 
the decade digit. 

X2' = X^ 
(2) 

Y2' = 

( 3 )  

Now suppose instead of shifting X two places right, 
we multiply Y by 100, shifting it two places left. 
What happens? 

Now let Z = Yj x 10', or Ya =ZxlO~Â¡. Substituting 
in equation 2, 

./\.i ~~ /\.i â€” /< X 1U 
1  1  

2  1  

Multiplying the second equation by 10' gives: 
Y2'xlO' = Z+X! 
The left-hand side (Y2'xlO') is in the correct form 

to be the new Z for the next iteration. Thus for each 
iteration within a decade: 

- A - 2  =  - A - i  Â ¿ t X l U  

Y2'xlO' = Z+Xj 
X2' becomes the new Xt 
Y2'xlO' becomes the new Z 

Since the shifted remainder (rxlO4) is desired as Z 
for the first iteration, the original j is 4. 

To implement equation 3, Xj and Z are stored in 
two registers. ZxlO~2'is formed and stored in a third 
register. Xa is added to Z to form the new Z. This 
leaves Xj undisturbed so that ZxlO"2' can be sub 
tracted from it to form the new X2'. 

This implementation saves extra shifts and in 
creases accuracy by removing leading zeros in Z. 
The only register shifted is Z. 
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After equation 3 has been applied the number of 
times indicated by one pseudo-quotient digit, Z is 
shifted right one place, and a new pseudo-quotient 
digit is fetched. This in effect creates Y5 x 10', where j 
is one less than before. Again equation 3 is applied, 
and the process is repeated until all five pseudo- 
quotient digits have been exhausted. The result is an 
X and a Y that are proportional to the cosine and sine 
of the angle 6. Because the final j is zero, the final Y 
( = Z) is correctly normalized with respect to X. 

So far, then, an X and a Y have been generated by a 
pseudo-multiply operation consisting of shifts and 
additions. If tan 9 is required, Y/X is generated, which 
is the correct answer. For sin 6, Y/X is calculated, and 
for cos 0, X/Y is calculated. Then either X/Y or Y/X is 
operated on by the routine described at the beginning 
of this article. The only difference between the com 
putation for sin 0 and that for cos 6 is whether X and 
Y are exchanged. 

In summary, the computation of trigonometric 
functions proceeds as follows: 

1. Scale the input angle to a number in radians 
between 0 and 2rr. 

2. Using the pseudo-division process divide 
the scaled number into groups of selected 
smaller angles. 

3. With the pseudo-multiply process of equation 3 
applied once for each angle resulting from the 
division of the input argument, generate an X 
and a Y that are proportional to the sine and co 

sine of the input angle. 
4. With X and Y, compute the required function 

using elementary operations. 
5. Round and display the answer. 

The calculator is now ready for another operation.^ 
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