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High-Sensi t iv i ty  X-Y Recorder  Has 
Few Input  Restr ict ions 
To match i ts  h igh sens i t iv i ty ,  th is  new recorder  prov ides 
130 dB o f  common-mode re jec t ion  fo r  v i r tua l ly  any  input  
con f igu ra t ion .  No  ex te rna l  "guard"  connec t ion  i s  needed 
un less the common-mode vo l tage exceeds ten vo l ts  peak.  

by  Dona ld  W.  Huf f ,  Dan ie l  E .  Johnson,  and  John M.  Wade  

THE NEW MODEL 7047 A RECORDER is the fastest, 
most sensitive X-Y recorder ever built by Hewlett- 

Packard. This rugged, reliable, one-pen laboratory re 
corder (Fig. 1) has maximum input sensitivity of 0.02 
millivolts per centimetre on both axes. It is capable of 
slewing at more than 76 cm/s and of accelerating at 
rates exceeding 5080 and 7620 cm/s on the X and Y 
axes, respectively. 

Making the high sensitivity usable is a special com 
mon driver amplifier circuit that, acting as an inter 
nally driven guard, provides 130 dB common-mode 
rejection with virtually any input configuration. This 
is a significant difference from other recorders, which 
require that the LO input terminal always be con 
nected to the low side of the source if high common- 
mode rejection is needed. No external "guard" con 
nection is required by the 7047A unless the common- 
mode voltage exceeds ten volts peak. 

Standard features of the 7047 A Recorder are twelve 
calibrated dc input ranges on each axis, a time base 
that provides six sweep speeds from 0.1 s/cm to 50 s/cm, 
calibrated zero offset with zero control, switchable 
input filters, polarity reversal switches, and remote 
control of many functions by TTL signals or contact 
closures. The servo-motors are continuous-duty alu 
minum-framed dc motors that do not wear when the 
pen is driven off scale. Chart paper up to 11 by 17 
inches or DIN size A3 is held in place electrostat 
ically. Pens are disposable, and four colors of ink 
are available. 

Options include metric or English calibration and 
an event marker. 

7047A Des ign  
The 704 7 A Recorder is a member of the 7040 Series 

and shares many parts with other members of that ser 
ies. The basic aluminum mainframe casting is the 
same in all members of the series. The mechanics, 

motors, and servo electronics of the 704 7 A are the 
same as those of other high-performance members of 
the series. 

The principal differences between the 7047A and 
other members of the 7040 Series are in the preampli 
fiers that condition the input signals and drive the 
servo electronics. The dc amplifier used in other 
members of the series does not have the very low 

C o v e r :  O u r  a r t i s t ' s  r e p r e  
s e n t a t i o n  o f  a  t w o - b r i d g e  
m e a s u r e m e n t  t h a t ' s  e a s y  
for the 7047 A X-Y Recorder,  
d i f f i c u l t  o r  i m p o s s i b l e  f o r  
o thers .  St ress-versus-s t ra in  
f o r  a n  u n k n o w n  s a m p l e  i s  
measured by apply ing equal  
forces to the unknown and to 
a  s a m p l e  o f  k n o w n  c h a r a c  

ter is t ics ,  us ing the 7047 A to  p lo t  one def lect ion 
aga ins t  t he  o the r .  One  a rm o f  each  b r i dge  i s  a  
s t ra in  gauge .  The  ac  genera to rs  rep resen t  com 
m o n - m o d e  v o l t a g e s  f r e q u e n t l y  e n c o u n t e r e d  i n  
such measurements .  
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F i g .  1 .  M o d e l  7 0 4 7  A  X - Y  R e  
co rde r  has  max imum inpu t  sens i  
t ivi ty of 0.02 mV/cm (or 0.05 mV/in 
with English scaling) on both axes. 
C o m m o n - m o d e  r e j e c t i o n  i s  
g r e a t e r  t h a n  1 3 0  d B  w i t h  1 - k i l  
i m p e d a n c e  i n  s e r i e s  w i t h  e i t h e r  
input terminal (or both). Six sweep 
s p e e d s ,  c a l i b r a t e d  z e r o  o f f s e t ,  
polar i ty  swi tches,  and input  f i l ters 
are standard features.  

noise and drift required in a high-sensitivity recorder. 
Therefore a new amplifier was designed, using a 
chopper configuration (Fig. 2). It provides the neces 
sary gain (1200 on the most sensitive range) without 
any significant noise or drift problems 

Also because of the new recorder's high sensitivity, 
greater common-mode rejection was required for the 
7047A than for other 7040-Series recorders. Its speci 
fied common-mode rejection ratio (CMRR) of 130 dB 
is not only 20 dB greater than that of others in the Ser 

6 .3V  Rms L ine  
F requency  S ine  Wave  75k 

O  Q  
VOUT 

24  mV/cm 

599.5k 

0.5k 

C o m m o n  
Dr iver  
C i rcu i t  

^ = 1 2 0 0  

F i g .  2 .  H i g h  s e n s i t i v i t y  o f  t h e  
7047  A  Reco rde r  comes  f r om i t s  
c h o p p e r  s t a b i l i z e d  i n p u t  p r e  
a m p l i f i e r .  S h o w n  h e r e  a r e  a  s i m  
p l i f i e d  s c h e m a t i c  o f  t h e  p r e a m p  
and  an  equ i va l en t  c i r cu i t  ( i n se t )  
fo r  the  most  sens i t i ve  range.  The 
p reamp  ac t s  as  a  dc  ope ra t i ona l  
ampl i f ier ,  A, .  

© Copr. 1949-1998 Hewlett-Packard Co.



Ã­es, but guaranteed as well for a 1-kil impedance 
in either the HI or the LO input lead. The input 
configuration is virtually unlimited, as shown in Fig. 3. 
Most recorders cannot operate on their most sensitive 
ranges with the HI terminal grounded and a 1-kil im 
pedance at the LO terminal (Fig. 3b), because a notice 
able line-frequency buzz appears at the pen tip. This 
problem is caused by the unbalance capacitance to 
ground at the secondary of the power transformer, 
which creates a noise voltage and causes a current to 
flow out of the common input or LO terminal, through 
the unbalance and/or source resistance and then to 
ground. The resulting voltage drop across the resis 
tance appears as an input signal tojthe recorder. The 
high CMRR requirement plus the need to eliminate 
this noise pump-out current from the LO terminal 
led to the adoption of the "common driver" scheme. 
This circuit, which is described in detail later in this 
article, represents the biggest single contribution to 
the 7047A's ability to make the wide variety of mea 
surements it does make. 

The packaging that houses the somewhat sophisti 
cated front-end electronics of the 7047 A (input ter 
minals, zero-check switch, filter switch, range 
switch, chopper preamp, and common driver) as well 
as various other functions (polarity switch, calibrated 
zero offset switch, zero potentiometer and vernier po 
tentiometer) consists of two shielded, totally en 
closed, virtually identical boxes, one for each axis 
(Fig. 4). A protruding cable with multipin connector 
connects each preamplifier to the appropriate servo 
electronics inside the mainframe. 

The casting used to mount the boxes, the time-base 
switches, and power controls is the same as that used 

to mount the input terminals, various switches, and 
power controls for the older 7046A X-Y Recorder. 
Hence, no new castings were required for the 7047A, 
and except for that associated with the input boxes, 
no new tooling was required. Thus the development 
cost was kept relatively low, and most of the engi 
neering effort could be directed toward the design of 
the chopper amplifier and the common driver circuit. 

CMR and Noise  Problems 
. Recorder amplifier circuits usually have a com 

mon input terminal, LO. and a high input terminal, 
HI. The input signal VÂ¡ and source resistances RH 
and RL are connected in series between these termin 
als, while a common-mode voltage VCM is applied 
to both. See Fig. 5. 

The secondary winding of the transformer in the 
power supply of the instrument usually has an un 
balance capacitance to ground, CUB. This creates a 
noise voltage VN and causes a current IN to flow out 
of the common input terminal, through the source 
resistance RL and then to ground. The resulting vol 
tage drop, IN^L- across the source resistance ap 
pears as an input signal to the circuit. Hence the true 
input signal is distorted. 

Another problem arises when a common-mode vol 
tage is applied as shown in Fig. 5. The common-mode 
voltage causes a current ICM to flow through the 
leakage impedance RCG| |CCG to ground and back 
to the common mode voltage source. This again 
causes a voltage drop across the source resistance 
RL, which appears as an input to the circuit and dis 
torts the true input. 

Several methods have been used to reduce the ex- 

â€¢CUB is neglected here becau 

Fig.  3.  7047 A meets i ts  CMR speci f icat ions wi th any of  these 
input  conf igurat ions.  

F ig .  4 .  Two sh ie lded  boxes  house the  soph is t i ca ted  7047 A 
front-end electronics. The boxes are removable for servicing. 
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R_ 

Common 

F i g .  5 .  C o n v e n t i o n a l  i n p u t  a m p l i f i e r s  h a v e  p r o b l e m s  b e  
c a u s e  o f  p u m p - o u t  a n d  c o m m o n - m o d e  c u r r e n t s  f l o w i n g  
through the source resistance, RL. 

traneous currents superimposed on the input signal. 
One method is to enclose the secondary windings of 
the power transformer in a box shield. This elimin 
ates most of the stray capacitance to ground. How 
ever, since there must be an opening for the trans 
former wires, the capacitance shield is not complete. 
This method can reduce the stray capacitance by an 
order of magnitude, but is very expensive. 

Another possible solution is to prohibit any input 
resistance between ground and the common input 
terminal. This is unsatisfactory because in many mea 
surement applications a source resistance cannot be 
avoided. Fig. 3d shows one such situation. 

A third method applies when only one side of the 
input signal has a source resistance. It provides a 
polarity switch that reverses the polarity of the pre 
amplifier output for the same polarity of input signal. 
By reversing the leads to the input terminals and 
using this polarity switch, the source resistance can 
always be placed in series with the HI input terminal. 
This removes the input resistance from the ex 
traneous current path and greatly reduces the distor 
tion of the input signal. This solution, however, is 
inadequate when there is an impedance in both input 
terminals simultaneously (e.g., bridge measure 
ments), or when an impedance in series with one 
terminal has to be switched from one terminal to the 
other without adjustments. 

Another method uses separate amplifiers for each 
input terminal followed by a differential amplifier 
to drive the output. The high impedance of the input 
amplifiers prevents any currents from flowing out of 
the input terminals. However, resistor matching 
problems limit the expected common-mode rejection 

to about 80 dB, far below the 130 dB desired for the 
7047A. Another problem with this configuration is 
that the voltage drift of the two input amplifiers has 
an additive effect on the output voltage. Therefore, to 
achieve a given stability both amplifiers must have 
no more than half the drift of the original single pre 
amplifier. Also, the total noise voltage is approxi 
mately 40% more than the original noise voltage. 

A widely used method is guarding, or placing an 
electrical shield called a guard around the circuit 
to isolate the circuit from ground. This achieves two 
things. First, the internally generated noise current 
flowing out of the input terminals is greatly reduced. 
Second, high common-mode rejection, especially at 
line frequency, can be realized by driving the guard 
terminal at the common-mode voltage. This diverts 
the common-mode current around the source im 
pedance in the LO terminal. Guarding has some draw 
backs, such as additional cost, and the burden of driv 
ing a guard terminal properly.1 

The Common Dr iver  Ampl i f ie r  
The common driver amplifier used in the 7047A 

permits measurements to be made with better than 
130 dB common-mode rejection at dc and line fre 
quency with a 1-kil resistance in either the HI or the 
LO input lead or both. This holds over the full Hew 
lett-Packard Class B environmental range (0Â° to 55Â°C, 
up to 95% relative humidity at 40Â°C). The effects of 
unbalance capacitance from the power transformers 
are virtually eliminated and a "guard" terminal does 
not have to be driven provided the common-mode 
voltage is less than the output voltage range of an 
operational amplifier in the circuit. Since roughly 
90% of all measurements and recordings taken in 
volve less than 10V, this voltage was chosen as a rea 
sonable limiting value. When this voltage is ex 
ceeded, an auxiliary input terminal (COMMON MODE 
VOLTAGE INPUT) may be driven to circumvent the 
saturation limitation of the amplifier. The only 
shielding required is to isolate the HI and LO input 
terminals from chassis ground. This shield is con 
nected to circuit common, which is now an inacces 
sible point inside the recorder. 

How I t  Works 
Fig. 6 is a simplified schematic diagram of the com 

plete 7047A preamplifier, including the common 
driver amplifier. The noise generator VN and unbal 
ance capacitor CUB represent the current source from 
the power transformer. The leakage impedance 
(RCG||CCG) is due to many factors; for example, 
the preamplifier shield, the servo amplifier, and the 
servo motor, all referenced to circuit common, are in 
close proximity to chassis ground. The input signal to 
be amplified is VÂ¡ and the source resistances in the 
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V O U T  "  K V 1 N  

CUB 

i  I  
Ceo 

O  
GROUND 

R I N  =  1 M "  
R ,  R ,  =  6 0 0  k i !  
Km. ,  =  1200 -  
R3 + RÂ« = 20 kl ! nom 
RS = 20 k! 1 
R6 = 10 kÃ¼ 

R 7  6 0 0  k !  !  
R e  =  2  k n  
R ,  =  1 0 0 ! !  
R U I  =  1  M Ã ­ !  

C =  0 .1  f iF  
Vz i  =  VZ2  =  12 .1V  

Ground 'Most-sensi t ive range (0 .05 mV/ in or  0 .02 mV/cm) 

F i g .  6 .  S i m p l i f i e d  s c h e m a t i c  o f  
the 7047 A input  c i rcu i t .  A^  is  the 
equ i va len t  o f  t he  i npu t  p reamp l i  
f i e r  and  A3  i s  the  common d r i ve r  
amplifier. The COMMON MODE VOL 
TAGE INPUT (CMvi) does not have 
t o  b e  c o n n e c t e d  u n l e s s  t h e  
c o m m o n - m o d e  v o l t a g e  e x c e e d s  
Â±10 V. 

HI and LO terminal leads are shown as RH and RL, 
respectively. The common-mode source VCM is 
shown in series with its source resistance RCM. 

The main preamplifier is shown in Fig. 6 as opera 
tional amplifier Aj. Although it actually consists of 
a chopper, an ac amplifier, a demodulator, and an in 
tegrator, its overall effect is that of a dc operational 
amplifier. Al provides a non-inverting gain of 

K = 1 + R2IR^ 

for the voltage VIN, which appears across the input HI 
and LO terminals. 

The operational amplifier A2 inverts the output 
voltage VOUT so that, ideally, all of the current flow 
ing through R2 and R1 because of VOUT has a return 
path through R7 and into the output of A2. The 
potentiometer R3 allows a precise adjustment of this 
current sinking so virtually no current flows out of 
the LO terminal. 

The operational amplifier A3, the common driver 
amplifier, has its negative terminal connected to the 
LO input terminal. It serves to drive the circuit com 
mon to the same voltage as the voltage applied to 
the LO input terminal. (Note that all three operational 
amplifiers Alt A2, and A3 have their power supplies, 
and hence their outputs, referenced to circuit com 
mon.) 

Resistors R9 and R10 and capacitor C are con 
nected in a series-parallel combination between the 
output of A3 and chassis ground to provide a shun 
ting path to ground for the transformer noise coupled 
into the circuit common from the power supply. 
Thus chassis ground forms part of a negative feed 
back path for amplifier A3 through the elements 
R9, R10, and C, the common mode voltage source 
VCM and RCM, and the impedance RL. 

The output of A3 is also connected to its negative 
input terminal through an alternative feedback path 
consisting of the zener diodes Z: and Z2, and the 
diodes Dj and D2. The point B is connected through 
resistor R8 to circuit common. This diode-resistor 
network activates the alternative feedback path be 
fore amplifier A3 reaches the saturation point. The 
auxiliary common-mode voltage input terminal 
(CMVI) is connected to the output of A3 through resis 
tor R9 to provide an alternate reference voltage (in 
stead of chassis ground) for the output of A3 when 
the common-mode voltage exceeds the range of A3. 

In normal operation, the common-mode voltage is 
less than the voltage range of A3 and the CMVI ter 
minal is not externally connected. The voltage VIN is 
amplified by At and its feedback resistors R1 and R2. 
The voltage VOUT at the output of A1; which is refer 
enced to circuit common, drives the unity-gain amp 
lifier A2, which inverts this voltage. Because R7 equals 
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Ra+R2, virtually all of the current through Rj and R2 
is drawn through resistor R7, and not out of the LO 
terminal. 

Amplifier A3 serves as a voltage follower and keeps 
the voltage potential on circuit common equal to the 
voltage on the LO input terminal. The result of this is 
that the currents through RL resulting from VCM and 
VN are greatly reduced compared to the case shown 
in Fig. 5. Consequently, the CMRR with a resistance 
in the LO terminal is greatly improved and the pump- 
out noise current is virtually eliminated (see Appen 
dix I). 

The current through RH because of VCM is also con 
siderably reduced because circuit common is moving 
with respect to ground along with this common- 
mode voltage. Therefore the CMRR with a resistance 
unbalance in the HI terminal is improved signi 
ficantly (for the 7047A, at least an order of magnitude 
over the earlier 7045A, which is conventionally 
floated). 

The main limitations on CMRR are imperfect 
shielding between the HI and LO terminals and chas 
sis ground, and finite gain in amplifier A3. The in 
put imperfections in the operational amplifiers (off 
set voltages and bias and offset currents] are not 
serious with appropriate design and component 
selection (see Appendix II). 

When VCM exceeds the range of A3 the alternative 
diode-resistor feedback path will be activated, un 
less a voltage within Â±10V of VCM is applied at 
the auxiliary CMVI terminal. For the straightforward 
situation of Fig. 6, the best connection is shown by 
the dashed line to point A. In this case A3 need only 
supply the voltage difference between the common- 
mode voltage applied through the LO input terminal 
and the voltage applied to the CMVI terminal. 

If no signal is applied to the CMVI terminal under 
the above conditions and the alternative feedback 
path is activated, the circuit still functions but it loses 
its ability to shunt to ground the current generated by 
the noise voltage VN, and this flows out of the LO 
input terminal as in Fig. 5. Also, the CMRR is re 
duced, especially for the case of the 1-kfl resistance 
in series with the LO terminal. 

The alternative feedback path for A3 is especially 
necessary to keep it from saturating when the signal 
source VÂ¡ is floating (e.g., a battery) and there is no 
common-mode voltage source. The absence of VCM 
(with RCM = oo) disrupts the normal feedback path 
through chassis ground. Without a negative feedback 
path amplifier A3 would become an open-loop 
amplifier and would lose its ability to reduce the vol 
tage difference between the LO terminal and circuit 
common to near zero. However, before A3 reaches its 
saturation point, its output voltage reaches the turn- 
on voltage of zener diodes Za and Z2. The output cur 

rent of A3 produces a voltage difference across R8, 
which in turn produces a voltage difference across 
the signal diodes B1 and D2 sufficient to forward bias 
one of them, depending on the polarity of the biasing 
voltage. Thus the alternative negative feedback path 
is activated to keep amplifier A3 from saturating. 
Other 7047A Features 

The front-panel POLARITY switches, one for each 
axis, determine whether positive signals drive the re 
corder right-to-left or left- to-right on the X-axis, and 
down-to-up or up-to-down on the Y-axis. Thus the 
user can drive the recorder in a predetermined direc 
tion regardless of the polarity of the input signal and 
without having to exchange input leads. If he cannot 
drive the CMVI terminal with a common-mode vol 
tage exceeding 10V, he can use the POLARITY 
switch along with exchanging the input leads to max 
imize CMR, provided there is no resistance in series 
with the LO terminal. The CMR performance will 
then approximate that of the 7045A Recorder (i.e., 
110 dB at dc and 90 dB at line frequency for a 1-kil 
resistance in series with the HI terminal). 

The front-panel FILTER switches, one for each ax- 

S P E C I F I C A T I O N S  
HP Model  7047A High Sensi t iv i ty  X-Y Recorder  

TYPE unique common Front input only. Floating, guarded. Employs a unique common 
d r i v e r  C M V  t h a t  e l i m i n a t e s  n e e d  f o r  c o n n e c t i n g  C M V  t o  r e c o r d e r ,  i f  C M V  
s 10V peak. 

INPUT RANGES: 0.05, 0.1 , 0.5, 1 , 5, 1 0 mV/in. ; 0.05, 0.1 , 0.5, 1 , 5, 1 0 V/in. (metric 
cal ibrat ion avai lable in 0.02, 0.05, 0.1, 0.5, 1, 5 mV/cm; 0.01, 0.05, 0.1, 0.5, 1, 5 
V/cm).  Cont inuous vern ier  between ranges.  

INPUT RESISTANCE:  1  megohm cons tan t  on  a l l  ranges .  
SOURCE RESISTANCE:  10k ohm max imum on a l l  ranges except  .05  mV/ in .  and 

.1 mV/ in.  ( .02 mV/cm, .05 mV/cm, and .1 mV/cm) where i t  is  2k ohm maximum. 
ACCURACY: Â±0.2% of ful l  scale (includes l inearity and deadband) at 25Â°C. Temp 

coefficient Â±0.01% per Â°C. 
RANGE ACCURACY: Â±0.2% of fu l l  scale Â±0.2% of def lect ion ( includes l inear i ty 

and deadband) at 25Â°C. Temp coefficient Â±0.01% per Â°C. 
DEADBAND:  0 .1% of  fu l l  sca le .  
COMMON MODE REJECTION:  130dBdcand  130  dB  ac  w i t h  1k  ohm imba lance  

in ei ther the high or low terminal (exceeds 150 dB under normal lab condit ions).  
CMR decreases 20 dB per  decade s tep in  a t tenuat ion f rom the most  sens i t ive  
range. 

N O R M A L  I N .  R E J E C T I O N :  3 0  d B  m i n i m u m  a t  l i n e  f r e q u e n c y  w i t h  F I L T E R  I N .  
(50 dB typ ica l  a t  60 Hz and 40 dB typ ica l  a t  50 Hz.)  

SLEWING SPEED: 30 in /sec (76 cm/sec)  min imum. 38 in /sec (97 cm/sec)  typ ica l  
under normal lab condi t ions.  

A C C E L E R A T I O N  P E A K :  
Y-AXIS: 3000 in/sec2, (7620 cm/sec2) 
X-AXIS: 2000 in/sec2, (5080 cm/sec2) 

OVERSHOOT:  1% o f  fu l l  sca le  max imum.  
ZERO OFFSET: Eleven cal ibrated scales of zero offset in both axes. Switchable in 

s teps  o f  one  fu l l  sca le  f rom +1  to  -10 .  
OFFSET ACCURACY AT 25Â°C (APPLIES TO CALIBRATED ONLY) :  Â±0 .1% o f  

fu l l  sca le  t imes N where N = number  o f  sca les  o f  o f fset .  
O F F S E T  Â ° C .  C O E F F I C I E N T :  Â ± 0 . 0 0 4 %  o f  f u l l  s c a l e  t i m e s  N  p e r  Â ° C .  
TIME BASE: Standard: 6 speeds; 0.5, 1 , 5, 10, 50, 100 sec/in (metric calibration .1 , 

.5 ,  1 ,5 ,  10,  50 sec/cm) swi tchable in to  X or  Y ax is .  
TIME BASE ACCURACY: 1.0% at 25Â°C. Temp coeff icient Â±0.1%/Â°C. 
POWER: 1 15 or  230 Vac,  Â±10%, 48 to 66 Hz,  180 VA 
PEN LIFT:  E lect r ic  ( remote v ia  TTL leve l )  
W R I T I N G  A R E A :  1 0  x  1 5  i n  ( 2 5  c m  x  3 8  c m )  
WEIGHT:  Net  41 Ib  (18,6 kg) ;  sh ipp ing 53 Ib  (24 kg) .  
PRICE IN U.S.A. :  $2850.  Event  Marker  Opt ion 002,  $85.  
M A N U F A C T U R I N G  D I V I S I O N :  S A N  D I E G O  D I V I S I O N  

16399 West  Bernardo Dr ive 
San Diego,  Cal i forn ia 92127 U.S.A.  
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APPENDIX I 
Analyt ical Expressions For Common-Mode Reject ion Ratio and Noise 

Pump-Out  Current  

The  common d r i ve r  amp l i f i e r ,  A3  in  F ig .  6 .  i s  shown in  the  d iag ram be low w i th  
gain the common-mode shown are the sources of the unwanted current IL. the common-mode 
vo l tage  VCM,  and  V^ .  wh ich  i s  the  ThÃ©ven in  equ iva len t  o l  t he  no ise  sou rce  VN 
in Fig. 6, that is.  

V -  

also from Fig. 6.  The ThÃ©venin equivalent impedance is 

T h e  o u t p u t  i m p e d a n c e  Z 0  i s  t h e  p a r a l l e l  c o m b i n a t i o n  o f  R 0  a n d  C 0 .  w h i c h  a r e ,  
r e s p e c t i v e l y ,  R , 0  a n d  C  i n  F i g .  6 .  T h e  i n p u t  r e s i s t a n c e  R ,  i s  e q u i v a l e n t  t o  t h e  
s e r i e s  c o m b i n a t i o n  o f  R ,  a n d  R z  i n  p a r a l l e l  w i t h  R 7 .  A l l  c o m p o n e n t s  o b v i o u s l y  
insigni f icant to the analysis are omit ted.  

We can now wr i te  the  loop equat ions  

V C U + A ( V C - V L ) - I L ( R C U + R , + Z 0 ) - I N Z 0  = 0  

=Â° 

S i n c e  

V C - V L  =  - I L H ,  

equat ions (5)  and (6)  become 

Solving for IN in equat ion (9) we have 

_  V i ,  -  U Z 0 + A R , )  
â€” ~Z' â€” +z â€” 

Subst i tut ing (10) into (8) we obtain 

u  v  ^  
V C M  V N 7 .  7  

j  _    Â ¿ C G * Â ¿ 0    

Â ° "  +  Â ° *  '  Z ' c c + Z , ,  

Under a l l  normal  operat ing condi t ions i t  can be assumed that  

| Z c a l Â » | Z . |  

| A R , | Â » | H C M + Z J  

Hence 

A R  A R  Z ' c r  

Since from (1),  (2),  (3),  and (4) 

V ; ,  .  
ZCG 

we have 

V  Z  

: 

â€¢ 

' 
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â€¢' 

The f i rs t  te rm in  equat ion  (17)  represents  the cur rent  resu l t ing  f rom the common-  
mode  the  VCM There fo re ,  f o r  a  res i s tance  RL  in  senes  w i th  the  LO te rm ina l .  

C M R R  
" C M " , .  R I  
| A | R  

. 
" v Z - R  

For  RL  =  1  k l l  and  R,  =  300  ku ,  

C M R R  3 0 0  A  

U s i n g  d e s i g n  v a l u e s  f r o m  t h e  7 0 4 7 A  w e  g e t  t h e  f o l l o w i n g  a p p r o x i m a t e  
va lues for  CMRR: 

2.0 â€¢ 109 or 186 dB. dc nominal 
1.6x 108 or  164 dB,  dc minimum 
6 .0  10 '  o r  155  dB .  60  Hz  nom ina l  
4 .7x10*  o r  133  dB.  60  Hz  min imum.  

These values agree c losely  wi th measured values for  the 7047A.  
T h e  s e c o n d  t e r m  i n  e q u a t i o n  ( 1 7 )  r e p r e s e n t s  t h e  c u r r e n t  r e s u l t i n g  f r o m  t h e  

p o w e r  t r a n s f o r m e r  n o i s e  c u r r e n t .  T h i s  i s  r e d u c e d  b y  a  f a c t o r  o f  A R / Z 0 ,  w h i c h  
for  the 7047A is  nominal ly  2  '  106,  absolu te  va lue.  Wi th  a  10-k i i  source res is tance 
and the not  terminal  connected to ground,  th is  source of  pump-out  current  was not  
measurable on the 7047A.  

is, provide more than 20 dB additional normal-mode 
rejection at line frequency when the filter is IN. 
Some degradation of rise time occurs. 
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APPENDIX II 
Effects of Ampl i f ier Offsets 

The common dr iver ampl i f ier  AS from Fig 6 is shown in the diagram below with i ts 
a s s o c i a t e d  r e s i s t o r s  a n d  a n  e x t e r n a l  s o u r c e  r e s i s t a n c e  o f  R L .  T h e  H I  t e r m i n a l  
is grounded, since this represents a more signif icant case than when the LO terminal 
is  grounded The of fset  vol tage of  A3 is shown as a var iable battery v03 (an internal  
potent iometer is used to adjust i ts equivalent value).  The bias and offset currents of 
AS may be neglected because a low - leakage dual- input FET is used The sum of the 
offset voltage and the product of offset current and drift compensation resistance Re for 
amplif ier A2 in Fig. 6 is shown as the f ixed battery v02. v0i is the equivalent offset re 
ferred batteries the input of the chopper amplifier Ai. Vo is the sum of the series batteries v0z 
and v03. of - V0 is the voltage with respect to circuit common at the negative input of 
AS. Vi of Vz are the voltages with respect to circui t  common at the outputs of Ai and 
A2,  respect ive ly  {see F ig.  6) .  Smce a dc analys is  is  be ing done,  a l l  capaci tors  are 
ignored. 

Assuming AS to now be an ideal operational amplifier (i.e.. infinite gain, infinite input 
impedance,  and zero of fset) ,  we can use superposi t ion to wr i te  

I  â€¢ Vo,300k i l  +  V i /600k i l  -  Vz /600k i i  
=  Vo/300kÃ­ l  t  V ,  eOOkÃ­ l  -  V i  eOOki l  -  vo2/300k i i  
-  V o / 3 0 0 k i l  -  v 0 2 / 3 0 0 k i i  
= (vo2 + Vo3)/300kli - V02/3ÃœÃœKÃÃ 
= v03/300k! l  

Hence, to adjust ing only the of fset vol tage vos of  the common dr iver ampl i f ier  AS to 
zero,  the pump-out  current  I  due to of fsets  can be e l iminated.  The ef fect  o f  dr i f t  in  
ampl i f ier  A? on pump-out current I  is  el iminated by the algebraic cancel lat ion of  the 
terms ampl i f ier  voz.  This is the resul t  of  connect ing the *  terminal  of  ampl i f ier  A3 to 
the - advantages of amplif ier A2 (see Fig. 6). a connection whose advantages are not 
obvious at f irst glance. 

The of fset  vol tage at  the output  of  the preampl i f ier  is  g iven by 

V T  -  - K v o i  -  v o 2  -  v o s  

For the ranges design the Kvoi  term is only s igni f icant on the most sensi t ive ranges 
when series is large. Hence, only v02 * vQ3 is compensated by adding a series equivalent 
low-impedance f ixed vol tage on a less-sensi t ive range. Kvoi ,  which comes into play 
only on few most sensit ive ranges, is tolerated, and typical ly is on the order of a few 
mi l l ivo l ts  or  an of fset  o f  about  0 .1  cm at  the pen t ip  on the 0.02 mV/cm range ( the 
sensit iv i ty at  the output of  the preampl i f ier is 24 mV./cm on al l  ranges).  

600k! !< 

V i  _ = _  _ = -  V j  -J *- 
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Digi ta l  High-Capaci tance Measurements 
to  One Farad 
Here 's  a  new h igh-C meter  capab le  o f  measur ing  today 's  
wide-va lue e lect ro ly t ic  and tanta lum capaci tors .  I t 's  for  
product ion test ing, incoming inspect ion, and the laboratory.  

by Kunih isa  Osada and Jun- ich i  Suehi ro  

HEWLETT-PACKARD'S MODEL 4350A/B High- 
Capacitance Meter1, first produced in 1971, had 

a wide measurement range [1/j.F to 300 mF) and si 
multaneously measured capacitance and dissipation 
factor, features that were considered advanced at the 
time. Since 1971, however, the capacitor industry 
has made considerable progress. Manufacturers of 
high-value electrolytic capacitors, used in computer 
power supplies and many other applications, now 
routinely produce capacitors as large as one farad. 
Tantalum capacitors are now produced in an ex 
panded range of values (0.1/j.F to 1000/tF) with 
smaller dissipation factors. 

The new Model 4282A Digital High-Capacitance 
Meter, Fig. 1, has a measurement range wide enough 
and accuracy high enough to satisfy the present mea 
surement needs of capacitor makers and users, and 
then some. Its four-digit readout, digital output, and 
remote programmability are expected to make it use 
ful in production test and incoming inspection sys 
tems, as well as in the laboratory. 

Model 4282A measures capacitance in nine ranges 
from 10 nanofarads to one farad. Resolution as fine as 
one picofarad is possible. Basic accuracy in capaci 
tance measurements is 0.4% to 2.5%, depending on 
range. Dissipation factors as high as 10.00 can be 
measured. Resolution is 0.001 and basic accuracy is 
1.5%. 

The new high-C meter can also measure the pro 
duct of capacitance and equivalent series resistance 
and display the result in ohm-farads. Capacitance is 
read on the LED four-digit display; dissipation and 
ohm-farads are read using three full digits with a 
fourth for overranging. The reading rate is contin 
uously variable from 0.3 to 2 seconds, and capaci 
tance and dissipation factor (or ohm-farad) measure 
ments can be displayed alternately if desired, thus eli 
minating the need for resetting panel switches or us 
ing two instruments. 

Four internal test frequencies are available: 50, 60, 
100 and 120 Hz. An internal dc bias supply is contin 
uously variable from 0 to 10 volts. 

I I F i g .  1 .  M o d e l  4 2 8 2  A  D i g i t a l  
H i g h - C a p a c i t a n c e  M e t e r  m e a  
su res  capac i t ance  t o  one  f a rad ,  
d i s s i p a t i o n  f a c t o r  t o  1 0 . 0 0 ,  t h e  
p r o d u c t  o f  c a p a c i t a n c e  a n d  
equivalent  ser ies resistance ( f IF) ,  
a n d  d c  v o l t a g e s  t o  6 0 0 V .  A n  
o p t i o n  a d d s  l e a k a g e  c u r r e n t  
measurements.  

10 

© Copr. 1949-1998 Hewlett-Packard Co.



M a n u a l  C  B r i d g e  

Mul t i p l i e r  

M a n u a l  C  B r i d g e  w i t h  V o l t a g e  C o n t r o l l e d  A t t e n u a t o r s  

F i g .  2 .  A  c a p a c i t a n c e  b r i d g e  m a y  b e  b a l a n c e d  b y  a d j u s t  
i n g  s t a n d a r d  c a p a c i t o r s ,  a s  s h o w n  i n  ( a ) ,  o r  b y  a d j u s t i n g  
t h e  g a i n  o f  a  v o l t a g e - c o n t r o l l e d  a t t e n u a t o r ,  o r  m u l t i p l i e r ,  
as  shown in  (b ) .  Mode l  4282A uses  the  la t te r  approach ,  ad  
d ing  a  feedback loop so  ba lance is  ach ieved automat ica l ly .  

Leakage-current measurement ranges from 1 mi 
croampere to 10 milliamperes are added with Option 
001. Results are displayed on three digits with 18 per 
cent overranging. DC bias from 0 to 100 volts and pro 
vision for bias from an external source are added to 
the standard instrument with this option. 

Digital and analog output are available on the rear 
panel. Function, range, and reset are independently 
remotely programmable by contact closure to 
ground or TTL/DTL logic levels. IL with Option 001 
is also programmable. 

In addition to these high-C-meter capabilities, Mo 
del 4282A can be used as a three-digit dc digital volt 
meter to measure up to 600 volts. 

Bridge Measurement  
Because the bridge method is the most accurate 

way to measure impedance, the 4282A makes bridge 
measurements. However, the bridge is balanced auto 
matically, so measurements are much faster than 
with a manual bridge. 

Fig. 2a shows a manual bridge for measuring the ca 
pacitance and dissipation factor of an unknown. A 
series equivalent circuit is assumed for the un 
known. The bridge is balanced by adjusting standard 
capacitors Csl and Cs2. At balance, 

S2 s2 
sl  

For the series equivalent circuit, dissipation factor is 
defined as 

Dx = coCxRx. 

At balance, 

DX = wCs2Rs2. 

Shown in Fig. 2b is the same bridge, but with ana 
log multipliers acting as voltage-controlled attenua 
tors replacing the variable standard capacitors. Bal 
ance is obtained by varying Vc and Vd. At balance, 

ir + +  =  0 .  

How the  New Meter  Works  
Fig. 3, the simplified block diagram of the 4282A 

High-Capacitance Meter, has a basic configuration 
similar to that of Fig. 2b. The major difference is that 
in the 4282A the bridge is balanced automatically by 
means of a negative feedback loop consisting of mul 
tipliers, a summing amplifier, synchronous detec 
tors, and integrators. 

The test signal from the meter's internal oscillator 
is applied to the unknown through an AGC amplifier 
and a power amplifier. A transformer makes it pos 
sible to apply dc bias to the unknown. 

The voltage across the unknown capacitor is ampli 
fied by Aj in Fig. 3. The voltage across the range resis 
tor Rsl is amplified by A2. The output of amplifier A! 
goes to one of the multipliers, which in turn provides 
current icl to the summing amplifier through stan 
dard capacitor Csl. The output of A2 goes to the other 
multiplier, which sends current ic2 to the summing 
amplifier through standard capacitor Cs2. Reference 
current ir comes to the summing amplifier directly 
from the output of A2 through standard resistor Rs2. 

The output of the summing amplifier is divided 
into two parts by the synchronous detectors, which 
produce dc voltages proportional to the real (in- 

11 
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P o w e r  
O s c i l l a t o r  ,  ^ A m p l i f i e r  

PvJ 
'AGC 

Ampl i f i e r  

I n t e r n a l  d c  
B i a s  S o u r c e  

F i g .  3 .  t r a n s  c i r c u i t  d i a g r a m  o f  t h e  4 2 8 2 A  D i g i t a l  H i g h - C a p a c i t a n c e  M e t e r .  T h e  t r a n s  
former signal i t  possible to apply dc bias to the unknown along with the ac test s ignal at  50, 60, 

100, or 120 Hz. 

phase) and imaginary (quadrature) parts of the cur 
rent ix through the unknown. These voltages are 
integrated and the integrator outputs are the second 
inputs to the two multipliers. 

The feedback loop acts to set iÂ¿ = 0. At balance, 
the input current to both integrators is zero, and the 
integrator output voltages are Vc and Vd, which are 
proportional to the unknown capacitance and dis 
sipation factor, as we will now show. 

The multiplier input voltages in Fig. 3 are 

V2 = V2 

The currents into the summing amplifier are 

v, = -ix(Rx + J 
jwC, 

and 

V2 - ixRslA2. 

The output of each multiplier is proportional to the 
product of its two inputs: 

Vi=V1Vc/K1 

and 

and 

ir = V2/RS2 = ixRslA2/Rs2. 

When the bridge is balanced, 

id = id + ic2 + ir = 0. 

Substituting the values above into this equation, set 
ting the sums of the real and imaginary parts equal to 
zero, and solving for the unknowns gives the follow 
ing relations: 

c  =  
* - ^ C  -  

I V 

and 
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The built-in digital voltmeter measures Vc and Vd 
and displays Cx and Dx directly. Ohm-farads are ob 
tained by multiplying the dissipation factor by 1/co. 

Four-Terminal  Measurement  
Model 4282A has nine decade capacitance ranges, 

from 10 nF full-scale to 1 F. Thus the unknown impe 
dance may range from milliohms to megohms, and 
the 4282A must be able to cope with the problems of 
both low-impedance and high-impedance measure 
ments. 

A four-terminal configuration, as shown in Fig. 4, 
is used to eliminate low-impedance measurement er 
rors caused by test-lead resistances (R) in Fig. 4). 
Two terminals are used to inject current into the un 
known and two other terminals are used to detect the 
voltage across the unknown. Because lead resistance 
between the unknown and the range resistor Rsl may 
cause an error, two different terminals are used to 
detect the voltage across the range resistor. Very- 
high-input-impedance voltage followers at the vol 
tage-detection terminals make the four-terminal con 
figuration practical for bridge measurements, where 
the unknown voltage and the reference voltage must 
be detected simultaneously while keeping the cur 
rent in the voltage leads negligibly small compared to 
the current in the current leads. 

Stray Capaci tance Compensat ion 
Capacitance measurement resolution may be as 

fine as 1 pF on the lowest range, so stray capacitance 

and amplifier input capacitance must be considered 
a source of error. Of the stray capacitances shown in 
Fig. 5, Cj causes mainly capacitance errors and C2 
causes mainly dissipation factor errors. C3 does not 
affect measurements. Without compensation, capaci 
tance errors might be as large as 20% of full scale on 
the lowest range. 

To eliminate these errors, Model 4282A has the 
stray-C compensation circuit shown in Fig. 5. Ampli 
fiers A4 and A5 send compensation currents i4 and i5 
through capacitors C4 and C5. The result is that 

i, + 2 + i4 + i5 = O 

so the current that flows through the unknown capaci 
tor is equal to the current flowing through the range 
resistor. 

For high-voltage protection a pair of zener diodes 
is connected to each input voltage follower as 
shown in Fig. 6. In normal operation there is no ac 
voltage across the diodes that connect the amplifier 
input terminal to the zener diodes, so these diodes 
introduce no distortion and no additional stray 
capacitance. 

The Mult ipl iers 
The accuracy of the new high-C meter in capaci 

tance and dissipation factor measurements is mainly 
a function of the linearity of the two multipliers 
shown in Fig. 3. The multipliers, a kind of voltage- 
controlled attenuator, are linear within 0.2% or bet 
ter from 1/10 of full scale to full scale for both inputs. 

The multiplier circuit, Fig. 7, consists of a pulse- 

F ig .  4 .  A  f ou r - t e rm ina l  con f i gu ra t i on  w i t h  ve ry -h i gh - i npu t -  
impedance  vo l t age  f o l l owe rs  i n  t he  vo l t age -sens ing  l eads  
e l iminates errors caused by lead res is tances.  

F i g .  5 .  S t r a y - C  c o m p e n s a t i o n  c i r c u i t  m a k e s  t h e  c u r r e n t  
through the unknown equal  to  the cur rent  through the range 
resistor RS1. 
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F i g .  6 .  F o r  h i g h  v o l t a g e  p r o t e c t i o n ,  z e n e r  d i o d e s  a r e  c o n  
nected to  each input  vo l tage fo l lower .  C i rcu i t  is  des igned so 
tha t ,  in  normal  opera t ion ,  no  ac  vo l tage appears  across  the  
d i odes ,  so  t hey  i n t r oduce  no  d i s t o r t i on  o r  add i t i ona l  s t r ay  
capac i tance.  

width modulator followed by a demodulator. The 
duty cycle of the modulator output pulse is propor 
tional to one of the multiplier input voltages, and the 
gain of the demodulator is proportional to the other 
multiplier input voltage. 

The clock generator in the modulator circuit of 
Fig. 7 produces a sawtooth wave, which fixes the per 
iod of the modulated pulse. The clock frequency is 
200 kHz, far higher than the input signal frequency. 
The input voltage to the zero detector is half the sum 
of the clock generator output voltage and the integra 
tor output voltage. 

Inputs to the integrator come from the variable 
multiplier input voltage Ea, which corresponds to 
Vj or V2 in Fig. 3, and the fixed reference voltage 
Â±Er. During time Tt, the zero detector input vol 
tage is positive and switch Sj connects +Er to the 
integrator. During T2, the zero detector input is nega 
tive and St switches to â€” Er. Tj-f^ is equal to the 
clock generator period. At steady state the sum of the 

Pulse Width Modulator  

Zero Detector  Output  

Modulator 
Integrator 
Output 
(Steady State) 

Clock 
Generator 
Output 

Zero 
Detector 
Input 

Zero 
Detector 
Output  

Demodulator 
Integrator 
Output 
(Initially Zero) 

Demodulator 
Output 
(Initially Zero) 

Fig. demodulator. multiplier consists of a pulse width modulator and a demodulator. One multiplier input 
varies demodulator duty cycle of the modulator output pulse, and the other varies the demodulator gain. 

Mul t ip l ier  l inear i ty is  bet ter  than 0.2% for both inputs.  

â€¢-- 

© Copr. 1949-1998 Hewlett-Packard Co.



integrator input currents over the complete period is 
zero. Hence 

and 

EaRr 

Vu is sampled and held on capacitor C0. At the end 
of the next clock period the integrator output is 

Vi2 = 
EV.TJ EbT2 

The values of CÂ¡, Rf, and the clock period are chosen 
so that 

=  0 .  'R,c. 

Thus Tj-T2 is proportional to the input voltage Ea. 
In this closed-loop modulator, the hysteresis of the 
zero detector causes no error. 

In the demodulator circuit of Fig. 7, switch S2 is 
controlled by the zero detector output pulse. During 
time T2, S2 connects the voltage -Eb to the integrator, 
where Eb is the other multiplier input voltage, cor 
responding to Vc or Vd in Fig. 3. During time Tlt +Eb 
is connected to the integrator. The sample gate sam 
ples the integrator output voltage VÂ¡ at the end of each 
period (T^+T2) and capacitor C0 holds the sampled 
voltage. 

Assuming that the integrator output is zero and 
the demodulator output Eout is also zero at the begin 
ning of the first period, the integrator output at the 
end of the first period is 

V  =  

Therefore 

Vu=Vi2. 

This means that if Tt-T2 is constant, demodulation 
is completed in one clock period and Eout remains 
constant thereafter, as shown by the waveforms in 
Fig. 7. The output voltage is 

P 

RÂ¡CÂ¡ 

P  F  R  

which is proportional to the product of the i wo multi 
plier input voltages Ea and Eb. 

A simple low-pass filter could have been used 
instead of the integrator and sample-and-hold circuit 
of the demodulator, but there would have been time 
delay and ripple problems. The 4282A approach 
eliminates these. 
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S P E C I F I C A T I O N S  
HP Model  4282A Digi ta l  Migh-Capaci tance Meter  

M E A S U R I N G  R A N G E S :  
CAPACITANCE: 1 0.OOOnF to 1 .OOOOF, four full digits. 9 ranges in decade steps. 

manual  se lect ion.  18% overranging.  
D I S S I P A T I O N  F A C T O R :  1 . 0 0 0  t o  1 0 . 0 0 ,  t h r e e  f u l l  d i g i t s .  2  r a n g e s ,  a u t o  

select ion.  18% overranging.  
OHM FARAD: 1 .OOOOmF to 1 0.OOÃ¼mF three full digits, 2 ranges, auto selection, 

18% overranging.  
DC VOLTAGE: 10.00V to LOOOkV, three fu l l  d ig i ts .  3  ranges,  in  decade steps.  

manual  se lect ion (maximum vo l tage is  600V) ,  18% overranging.  
MEASURING CIRCUIT:  Ser ies  equ iva lent  c i rcu i t  us ing four - te rmina l  method.  
MEASURING FREQUENCIES:  50Hz ,  60Hz ,  100Hz  and  120HZ (50Hz  and  60Hz  

synchronized by l ine f requency).  Accuracy: Â±1.5%. 
M E A S U R I N G  V O L T A G E S :  1 0 n F  t o  1 0 m F  r a n g e s :  < 1 V r m s . ;  1 0 0 m F  r a n g e :  

' ' O . I V r m s . ;  1 F  r a n g e :  < 1 0 m V r m s .  
ACCURACY (+23Â°C Â±5Â°C a f te r  ha l f  hour  warm up) :  Â±(% o f  read ing  *% o f  

full scale) 

C A P A C I T A N C E :  

C  Range  

10nF 
100nF 
V F t o  1 m F  
10mF 
100mF 
1F 

% of  reading 

1.0 + 0.9 â€¢ D rdg 
0.5 -i- 0.5 
0.4 + 0.5 
1.0 - r  0 .5 
1 .5  +  0 .5  
2.5 -t- 0.5 

D rdg 
D rdg 
D rdg 
D rdg 
D rdg 

D I S S I P A T I O N  F A C T O R :  

C  Range  
10nF 
100nF to  1mF 
10mF 
100mF,  1F  

O H M - F A R A D :  

C  Range  

10nF 
l O O n F t o  1 m F  
10mF 
100mF,  1F  

% of  reading 

1 . 5  +  0 . 5  D  r d g  
1 . 5  +  0 . 2  D  r d g  
1 . 5  +  0 . 2  D  r d g  
1 . 5  +  0 . 2  D  r d g  

% of  reading 

1.0 + 0.5 â€¢ Ã1F rdg 
1 . 0  4 -  0 . 2  ! ! F  r d g  
1 . 0  -  0 . 2  f ! F  r d g  
1 . 0  +  0 . 2  Ã I F r d g  

% of ful l -scale 

';;â€¢ 
0.1 

0.05 
I 

| 0 

% of ful l -scale 
0 . 2  C f s / C  r d g  +  0 . 3  
0 . 2  C f s / C  r d g  +  0 . 3  
0.2 â€¢ Cfs/C rdg + 0.5 
0 . 2  C f s / C  r d g  f  3  

% of ful l -scale 

0.2 â€¢ Cfs/C rdg + 0.3 
0 . 2  C f s / C  r d g  +  0 . 3  
0 . 2  C f s / C  r d g  +  0 . 5  
0.2 â€¢ Cfs/C rdg + 3 

D C  V O L T A G E :  
10V range: Â±(0.05% of  reading + 0.1% of  fu l l -scale) .  
100V and 1kV ranges:  Â±(0.2% of  reading f  0 .1% of  fu l l -sca le) .  

TEMPERATURE COEFFICIENT:  ( re fe r red  to  +23Â°C,  and  tempera tu re  range  o f  
0Â°C to 50Â°C): 

C: Â±0.02% of reading/Â°C 
D, Ã1F: Â±0.03% of reading C 
V: Â±0.01% of reading/Â°C 

Opt ion 001 Leakage Current  Measurement  
RANGE: 1.000j*A to  10.00mA, 5 ranges,  three fu l l  d ig i ts .  
OVERRANGING: 18% 

ACCURACY: 

1/ iA range:  Â±(2% of  reading *2.0% of  fu l l -scale) .  
10^A to  10mA ranges :  ~ (2% o f  read ing  +0 .3% o f  fu l l - sca le ) .  

BIAS VOLTAGES:  
INTERNAL SOURCE: 0 to 10V, 0 to 100V. 2 ranges,  cont inuously var iable over 

each range. 
M A X I M U M  C U R R E N T :  1 0 0 m A  f o r  1 0 V  r a n g e  a n d  6 0 m A  ( f o r  1  m i n u t e )  f o r  

100V range 
E X T E R N A L  S O U R C E :  U s e a b l e  u p  t o  6 0 0 V d c  a c r o s s  E X T  B I A S  t e r m i n a l s  o n  

rear panel. 
PROTECTIVE RESISTOR:  1k i !  fo r  100V range  and  fo r  ex te rna l  b ias ,  I f l f o r  10V 

range. 

Genera l  
DC B IAS  VOLTAGE:  0  t o  10V ,  con t i nuous l y  ad jus tab le  w i t h  DC  B IAS  con t ro l .  

Maximum charg ing current  is  100mA. 
B A L A N C I N G  T I M E :  N o r m a l l y  o n e  s e c o n d  ( w h e n  m e a s u r i n g  o n  C  r a n g e s  o f  

10nF through 10mF,  capac i tance va lue near  fu l l -sca le ,  d iss ipat ion fac tor  less 
than one and wi thout  dc b ias) .  

R E A D I N G  R A T E :  C o n t i n u o u s l y  v a r i a b l e  f r o m  0 . 3  s e c o n d s  t o  2  s e c o n d s  w i t h  
RATE control .  

RESET:  con tac t  one  read ing  by  dep ress ing  RESET INT  pushbu t ton  o r  con tac t  
c losure to  ground or  TTL low leve l  a t  RESET EXT l ine.  

D I G I T A L  O U T P U T :  
O U T P U T  a n d  B C D  + 1 - 2 - 4 - 8 ,  d a t a  p a r a l l e l ,  d e c i m a l  p o i n t ,  f u n c t i o n  a n d  

uni t ,  over load and unbalance, and polar i ty .  
LEVEL: Low: 0.3V Â± 0.3V, Max.  s ink current  15mA. High:  3.9V Â± 1.5V, Max.  

load current  300j iA.  
PRINT COMMAND OUTPUT:  Negat i ve  go ing  TTL pu lse  o f  approx .  1ms.  
PRINTER HOLD INPUT:  TTL low leve l  or  contac t  c losure  to  ground.  

R E M O T E  P R O G R A M M I N G :  A l l  " F U N C T I O N S ' ;  " C  R a n g e ' :  I L  R a n g e  ( o p t i o n  
001)  and Reset  by TTL low level  or  contact  c losure to  ground.  

ANALOG va lue .  DC ou tpu t  o f  1V  fu l l - sca le  i n  p ropo r t i on  t o  d i sp layed  va lue .  
ACCURACY: Add Â±0.5% of  reading to accuracy speci f icat ion.  

OPERATING ENVIRONMENT: 0Â°C to +50Â°C, <90% RH. 
POWER REQUIREMENTS:  100V ,  120V ,  220V  o r  240V  Â±10%,  50Hz  o r  60Hz ,  

approx.  70VA. 
D I M E N S I O N S :  4 2 5  W  x  8 8  H  x  4 6 7  D  m m .  
WEIGHT: Net 8.8 kg.  
PRICES IN U.S.A.:  

HP 4282A.  $3500 
HP 4282 wi th  Opt ion 001.  $3750 

M A N U F A C T U R I N G  D I V I S I O N :  Y O K O G A W A - H E W L E T T - P A C K A R D  L T D .  
9-1,  Takakura-cho 
Hachioji-shi 
Tokyo 1 92 Japan 
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Computer  Per formance Improvement  by  
Measurement  and Microprogramming 
The speed o f  a  computer -based Four ie r  ana lyzer  was 
increased by  a  fac tor  o f  ten  by  c rea t ing  severa l  new 
mach ine language ins t ruc t ions  us ing f i rmware.  Areas 
to  be  mic roprogrammed were  se lec ted  on  the  bas is  
o f  per formance measurements .  

by David  C.  Snyder  

MICROPROGRAMMING, or microcode, is a 
comparatively old technique for computer de 

sign. It was first described by Wilkes in 1951, when 
most logic gates were vacuum tubes and the transis 
tor was only a three-year-old infant. The original ob 
jective was "to provide a systematic alternative to the 
somewhat ad hoc procedure used for designing the 
control system" of a computer.1'2 

The control system of a computer implements its 
basic machine-language instruction set. In many 
computers (e.g., the 1967 vintage HP 2116), this sys 
tem is a combination of random logic, complicated 
clocking, and special-purpose data paths. In a micro- 
coded computer, a set of primitive operations (gate 
register R3 to bus, gate bus to register Rl, issue ADD 
command, etc.) is first identified. One then builds a 
primitive machine and microprograms the primitive 
machine to emulate the desired machine. 

Microcoding introduces a degree of freedom into 
the design process by breaking one problem, defin 
ing the desired machine, into two relatively noninter- 
active ones: defining a set of primitives (using hard 
ware), and microprogramming these primitives to 
emulate the desired machine. 

As the years passed, memory costs (both ROM and 
RAM) dropped, memory speeds rose, and more de 
signs used microcode. Today one finds microcode 
used in large machines (e.g., most models of the 
IBM 360 and 370), minicomputers (e.g., Hewlett- 
Packard 2100 and 21MX, Microdata Model 1600), mi 
crocomputers (e.g., National GPCP and Intel MCS-4, 
but not Intel MCS-8), and some calculators (e.g., HP 
35, HP 9830). The benefits to the designer include re 
duced design time and increased hardware product 
life. The benefits to the user include the ability to in 
crease performance greatly through the use of low- 
cost, microcoded instructions tailored to the user's 
own problems. 

Where Microcode Fi ts  
Machine language is the lowest user-program 

mable level in most computers. FORTRAN or ALGOL 
programs must be translated into this language by 
FORTRAN or ALGOL compilers before the programs 
can run. BASIC and other interpretive languages are 
implemented by machine language programs. As 
sembly language is translated into machine language 
by an assembler, which replaces instruction mne 
monics with numerical opcodes. If one were to stop 
a computer and look in its memory, one would find 
machine language programs and their data (num 
bers, tables, lists, etc.), nothing else. 

All stored-program computers work in the follow 
ing manner: a program address register (P) contains 
the address of the next machine language instruc 
tion. That instruction is fetched, P is incremented to 
the next instruction address, and the fetched instruc 
tion is executed. This pattern then repeats. In a ma 
chine that is not microcoded, these phases are imple 
mented via complicated clocking, discretionary wir 
ing, and control gates arranged in a seemingly ran 
dom pattern. In a microcoded machine, the execute 
phase â€” and sometimes fetch, interrupt, and direct 
memory access â€” is implemented by a microprogram 
that runs in a simpler, more regular microprocessor. 
The advantage of such a machine hierarchy â€” imple 
menting the "2116 language machine" by a micro 
program stored in a "2100 micromachine" â€” is that 
the hardware is simpler, hence more reliable, and 
considerably more flexible: changing the visible ma 
chine requires microcode changes or additions, not 
rewiring, layout, new parts, and so on. 

In appearance, the HP 2100 is a rather conventional 
minicomputer (Clark Kent appeared to be a rather 
conventional reporter). It may have up to 32K words 
of nonvolatile memory and many I/O devices. Its 
machine language is identical to that of the earlier 
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User 
Program 

>â€¢ Benchmark Area 

F i g .  1 .  A n a l y z i n g  s y s t e m  p e r f o r m a n c e  i s  t h e  f i r s t  s t e p  i n  
d e c i d i n g  w h e r e  t o  u s e  m i c r o c o d e .  A  c o m m o n  m e t h o d  i s  t o  
u s e  a  s o f t w a r e - p r o g r a m m a b l e  c l o c k  t o  t i m e  v a r i o u s  o p e r a  
t ions.  This  method requi res considerable in tu i t ion.  

HP 2116 and its operation speeds are typical of most 
minicomputers. What sets it apart from most other 
minicomputers, however, is that it is a microcoded 
machine, and the user is encouraged to take advan 
tage of this microcode capability. 3A 

The importance of microcode to the user is that it 
makes possible significant performance increases in 
many situations. Performance may mean speed to 
one user, accuracy to another, and a special data for 
mat to a third. For example, the HP 2100's Fast 
FORTRAN Package (FFP), a microcode package imple 
mented in read-only memory (ROM), yields a speed 
increase of more than 30 times in extended-precision 
floating-point operations. Along with this speed in 
crease, the user gets a significant increase (approxi 
mately 900 words) in available memory because oper 
ations previously performed by machine language 
subroutines are replaced by microcoded instructions 
implemented in ROM. This kind of architectural ex 
tension requires no hardware extensions such as ex 
tended arithmetic units or special-purpose processors. 

Microprograms are stored in some form of relatively 
permanent memory. ROMs, PROMs, and RAMs are 
used, in addition to the somewhat less structured pro 
grammable logic arrays (PLAs). When RAMs are 
used, they are sometimes called writable control store 
(WCS). This special memory is generally several 
times faster than the computer's main memory, where 
machine language programs and data reside. It is 
also usually wider (some machines use 200-bit-wide 
microinstructions) to allow for substantial paral 
lelism of operations. 

In the HP 2100, microcode is organized into four 
256-word modules. Each word is 24 bits wide. 
Module 0 defines the base instruction set. It is im 
plemented in ROM and is always present. Modules 1, 
2, and 3 are for extensions to the base set. They may 
be absent, or may be implemented in ROM, PROM, or 
WCS. Although all run at 1 96 nanoseconds per micro 
instruction, WCS has a speed advantage since its 
microprograms may be dynamically tuned for speed. 
However, it is volatile and therefore requires copies 
of its microprograms in the computer's main memory. 

The speed advantage of microcode in the 2100 
comes from four sources: 

The fast microprocessor: 196 ns/microinstruction 
is five million microinstructions per second. 
Storage of microcoded programs outside of main 
memory. This eliminates competition of programs 
and data for main memory cycles and thus doubles 
the speed of most instructions. 
Provision for parallel operation of the computing 
resources â€” for example, calculation during a 
memory access. 
The ability to create special-purpose assembly 
language instructions and thereby overcome per 
formance compromises that may have been made 
when the basic instruction set was designed. 

Analyz ing Where to  Microcode 
It is easy to be misled by intuition in the area of tim- 

O s c i l l o s c o p e  

Breakpoint  Register  

F i g .  2 .  A  u s e f u l  t o o l  f o r  t i m i n g  a n a l y s i s  i s  a  h a r d w a r e  
b r e a k p o i n t  r e g i s t e r ,  w h i c h  e m i t s  a  p u l s e  w h e n e v e r  t h e  
c o m p u t e r  p r o g r a m  a c c e s s e s  t h e  m e m o r y  l o c a t i o n  s e t  
i n t o  t h e  s w i t c h  r e g i s t e r .  T h e  c o m p a r a t o r  o u t p u t  m a y  b e  
d i s p l a y e d  o n  a n  o s c i l l o s c o p e  o r  b e  f e d  t o  a  c o m p u t e r ,  
even the  one be ing  measured.  
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ing. Quite often our feelings about where computer 
programs spend their time are wrong, primarily be 
cause we ask the wrong questions. It is important to 
know if a speedup by a factor of five in a particular 
subroutine will effect a speed increase of 5, or 1.5, or 
1.0005 at the system level. 

Fortunately, there are techniques that allow us to 
measure system performance, localize areas with 
highest system performance leverage, and predict re 
liably what system performance increment to expect 
from microcode (or assembly language, or simple 
program reorganization, for that matter). System per 
formance, in this context, means basically the timing 
associated with user-visible operations. For example, 
in the eyes of a user processing SONAR echoes in real 
time, the per-echo processing time is a system char 
acteristic; the timing of subroutines is relevant only 
in relation to this. 

By far the most common technique to measure sys 
tem timing is to use a hand-held watch. Unfortunately, 
this method collapses all information about timing 
into a single number, time. A second common method 
is to use a software-programmable clock to time var 
ious operations (see Fig. 1}. Many computers contain 
programmable clocks with millisecond or micro 
second resolution. These require considerable intui 
tion in deciding what to measure and what to change. 
Also, there is no easy way to predict what the effect of 
a change will be. For example, the user may recode a 
large matrix inversion and eigenvalue package much 
more efficiently, only to find that the system timing 
really depended on a tiny vector-dot-product routine 
used by the matrix inversion routine. 

An extremely useful tool for timing analysis is a 
hardware breakpoint register, such as the HP 10676A 
or the American Asian BPR-2100 (see Figs. 2 and 3). 
This device emits a pulse every time the address set 
into its 16 switches matches the M (memory address) 
register. One can determine the time in microseconds 
spent in any subroutine by setting its entry address 
into the switches and timing the pulse separation on 
any scope. The entry address is accessed via the [SB 
instruction when the routine is entered and via the 
JMP.I instruction when the routine is exited. Thus 
the breakpoint register emits a pulse at the beginning 
and end of the subroutine. The breakpoint register can 
also answer such questions as "Is this section of code 
used?," "Did the DMA completion interrupt happen 
before or after some external event?," and so on. 

Perhaps the most useful tool for timing analysis is 
the activity profile (see Fig. 4). This is a plot showing 
the percentage of time spent in each area of memory. It 
not only localizes timing hot-spots, it measures their 
intensity. 

One of the simplest ways to generate an activity 
profile is simply to push the HALT switch ten or 

0.2 ms/div 

L  

Fig.  3.  Sett ing a subrout ine's entry address into the switches 
o f  a  b reakpo in t  reg is te r  makes  i t  poss ib le  to  see  how o f ten  
tha t  sub rou t ine  i s  used  and  wha t  i t s  execu t ion  t ime  i s .  Top  
photo shows th is  subrout ine is  invoked about  every  0 .5  mi l l i  
second .  Bo t tom pho to  shows  sub rou t i ne  i s  abou t  70  m ic ro  
seconds long:  pulses are entry ,  parameter  p ickup,  and ex i t .  

twenty times while the system is operating and write 
down the program address register contents each 
time the machine is halted. Normally some range of P- 
values will stand out. This, along with a printout of 
the subroutines loaded into various areas of memory, 
points to the programs that need attention. It also sug 
gests what speed improvement is possible. For exam 
ple, if seven out of twenty halts found P in the .FLUN 
floating-point unpacking subroutine, then there 
would be speed increase of about 7/20 or 35% if the 
.FLUN routine were made infinitely fast. 

A fancier version of this procedure uses the com 
puter to measure itself. I have used this technique on 
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Fig.  o f  The act iv i ty  pro f i le ,  a  p lo t  showing the percentage of  
t ime  spen t  i n  each  a rea  o f  memory ,  i s  an  exce l l en t  too l  f o r  
t i m i n g  a n a l y s i s .  G e n e r a t i n g  i t  r e q u i r e s  t h a t  t h e  p r o g r a m  
labeled ACP run at  the same t ime as the user 's  program. Any 
computer 's  in ter rupt  system prov ides th is  capabi l i ty .  

several different machines. The IBM 360/67 required 
creation of a high-priority asynchronous task running 
off the time-of-day clock. The CDC 6600 used an inter 
rupt processor resident in one of its peripheral pro 
cessing units (PPUs), and the CDC 3800 used a con 
ventional interrupt processor. In the HP 2100, a short 
assembly language subroutine (about 50 words long) 
that used the computer's interrupt system to read an 
endless loop of paper tape was written. As each inter 
rupt occurred (approximately every three milli 
seconds using a 300-cps photoreader), the user pro 
gram would pause, the interrupt subroutine would 
read the P-register and increment a histogram stored 
in a 256-word buffer, and then the user program 
would continue. 

Fig. 5 shows this technique applied to a benchmark 
portion of a FORTRAN program. The CALL to ACP 
defines the range of P-register values to be included 
in the histogram and begins the test. The CALL to 

2S 
M  

C A L L  A C P C I P M I N ,  I R H O ,  I B U F , 2 5 6 >  1 0 8 )  
I L O O P = 1  
D O  3 0  I = 1 , I L O O P  
D O  2 5  J =  1 ,  1 0  
D O  2 5  K =  1 , 2 5 6  
J R P P C K ) =  A L O  G C  F L O A T  <  I  R P P C K ,  J )  )  ) *  1 0 0 .  
C O N T I N U E  
C A L L  A C P O C S L I M )  

F ig .  5 .  A  po r t i on  o f  a  use r ' s  FORTRAN p rog ram w i th  CALL  
s ta tements  to  s ta r t  and s top  ACP processes.  

ACPO ends the test and produces the plots shown in 
Figs. 6, 7, and 8. 

Fig. 6 shows that the only area in the entire machine 
that affects system timing is located near memory lo 
cation 32000. This area is expanded in Fig. 7. Note that 
both the location and the intensity of timing hot 
spots stand out. Fig. 8 shows the effect of adding the 
floating point ROMs. 

Upgrading a  Computer -Based Signal  Processor  
The HP 5451B (Fig. 9) is a computer-based digital 

signal processor. Its calculator-like keyboard allows 
the user to observe, synthesize, and manipulate wave 
forms in both the time domain and the frequency do 
main. Internally, all waveforms are represented digi 
tally to provide large dynamic range (16 bits, equiva 
lent to 96 dB) and the ability to perform precise 
manipulations. 

Fourier analyzers are widely used to solve problems 
in mechanical vibration, signature analysis, modal 
analysis, impact testing, digital shaker control, noise 
source detection, underwater acoustics, servo testing, 
communications, filter design, and many other areas. 

An objective of the 545 IB project was to use the mi 
crocode capability of the 2100 computer to provide a 
factor of two or three improvement in speed over the 
already optimized 5451A software. By using factory 
programmed PROMs to create several new machine 
language instructions, and then using these new in 
structions in some of our time-critical software mod 
ules, we hoped to be able to pass on the speed im 
provement to the user at zero additional cost. 

The first engineering task was to develop a method 
to measure processing performance in a way that 
would allow comparison of various processing tech 
niques. The methods developed were described in 
the preceding section. Applied to the 5451A, they 
produced results like Figs. 10 and 11. 

At the same time we assembled the necessary hard 
ware: a writable control store (WCS) for development 
of microprograms, a PROM writer for later "burning" 
the debugged microprograms onto PROMs, and an 
HP 2100 Computer. 

After a time we began to get an intuitive feel for 
what we could do with microcode. During the calcu 
lation of a power spectrum, one has to convert an array 
of complex numbers (A+jB) into an array of magnitude- 
squares (A2 + B2). The 2100 machine language 
MPY instruction takes about 11 microseconds, but 
we were able to do the entire conversion, including 
multiplication, double-precision addition, memory 
access, and array subscripting at only 6.5 /Â¿s per 
word. Only 30 microinstructions were required. 

A complicated in-place sorting operation is re 
quired in the fast Fourier transform (FFT). Each word 
(typically there are 1024 words] is moved to its bit- 
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-r- 100% 

10k 20k 24k 30k 34k 40k 

10k 20k 24k 30k 34k 40k 

F ig .  6 .  Ac t i v i t y  p ro f i l e  genera ted  
by ACP. The horizontal axis shows 
m e m o r y  l o c a t i o n s  0  t o  4 0 0 0 0 s  
( 1 6 3 8 4 ,  o ) .  T h e  s u b r o u t i n e s  l o  
cated between 3 1 200e and 32200s, 
approx imate ly ,  a re  the  on ly  ones  
tha t  in f luence the  execut ion  t ime 
of this user 's benchmark program. 
The  l i t t l e  bump  a t  25400s  i s  t he  
b e n c h m a r k  p r o g r a m  i t s e l f .  

reversed image; thus the contents of address 0001 Â¿ 
moves to address 10002, the contents of address 
00102 to 01002, the contents of address 00112 
to 11002> etc. The machine language program that 
performed this in-place sort took about 80 /^s/word 
and required about 60 instructions. The new machine 
language program takes 4 /us/word and requires only 
ten instructions. One new machine language instruc 
tion was created with a 30-microinstruction micro 
program which is not only faster but also smaller than 
its machine language counterpart. 

Fig. 12 compares the speed improvements and in 

cremental costs of firmware and special-purpose 
hardware methods of improving the speed of the 
Fourier analyzer. 

As we saw more uses for microcode, we realized 
that ROMs were too inflexible in our application. We 
did not have a static problem to solve, such as emulat 
ing the 2116 instruction set. Furthermore, standard 
programming techniques for speed enhancement are 
much easier to apply with WCS than with ROM. As a 
result, our approach changed. To provide a structure 
that would allow any future software development ef 
fort (by factory, field, or user) to comprise both a ma- 

Cumulat ive Percent 

100% 

3 2 3 0 0  3 2 4 0 0  

31400 31500 31600 31700 32000 32100 32200 3 2 3 0 0  3 2 4 0 0  

F ig .  7 .  An  expanded  v i ew  o f  t he  
area around 32000s in  F ig .  6 .  Re 
solution is two words, compared to 
100 words in Fig. 6. Notice how the 
a r e a s  w i t h  s y s t e m  p e r f o r m a n c e  
l e v e r a g e  s t a n d  o u t .  T h e  . P A C K  
subrout ine takes about 40% of the 
t i m e ,  b u t  t h e  . M A P .  s u b r o u t i n e ,  
w h i c h  r e s o l v e s  s u b s c r i p t s ,  h a s  
e s s e n t i a l l y  z e r o  l e v e r a g e  f o r  
th is benchmark.  
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- r  1 0 0 %  

10k  2 0 k  3 0 k  4 0 k  

1  
1 0 k  2 0 k  30k 4 0 k  

F i g .  8 .  A c t i v i t y  p r o f i l e  f o r  t h e  b e n c h m a r k  o f  F i g s .  6  a n d  7  
w i t h  f l o a t i n g - p o i n t  f i r m w a r e  r e p l a c i n g  t h e  F A D S B ,  F M P ,  
F L O A T ,  F I X ,  a n d  . F L U N  r o u t i n e s  a n d  e l i m i n a t i n g  . P A C K  
ent irely.  The benchmark runs six t imes faster,  an improvement 
that  could have been predicted f rom Fig.  7.  Subrout ine ALOG 
now takes  70% o f  the  t ime,  mos t  o f  i t  i n  a  28-word  sec t ion ,  
.MAP.  takes  abou t  10% o f  the  t ime,  and  the  user ' s  p rogram 
about  20%. Thus there is  s t i l l  room for  improvement .  

F ig .  9 .  Thanks  to  the  m ic rocode  capab i l i t y  o f  t he  HP2100S 
c o m p u t e r ,  t h e  5 4 5 7 8  F o u r i e r  A n a l y z e r  i s  t e n  t i m e s  f a s t e r  
than the 5451 A. 

F ig .  10.  Act iv i ty  prof i le  for  a  benchmark process used in  the 
5451  A  shows  tha t  80% o f  the  t ime  i s  spen t  i n  sub rou t ines  
near memory locat ion 10000a. 

chine language portion and a microcode portion, and 
to capitalize on the intrinsic flexibility and higher 
speed potential of writable control store, WCS was 
included in the 5451B hardware configuration. 

A structure that allows the sharing of WCS can 
pose coordination problems. Assume that a program 
uses special machine language instructions defined 
by microcode residing in WCS. Should the program 
be responsible for loading WCS? What if it calls a sub 
routine that loads WCS with something else? Should 
subroutines be deprived of the use of microcode? If a 
machine interrupt occurs, should an interrupt pro 
cessor be allowed to use WCS? If some of the WCS mi 
crocode is committed to PROM to eliminate WCS 
loading time, should the programs using that micro 
code be changed at all? 

The solution chosen in the 5451B involves the use 
of both PROM and WCS along with the concept of vir 
tual microcode. Users of special microcoded machine 
language instructions need not be aware of the storage 
medium or the state of WCS. Any assembly language 
routine in the 5451B that uses microcode assumes 
that WCS is loaded with the appropriate micropro 
grams. If that assumption is true, that microcode is 
executed with zero linkage overhead. If that assump 
tion is false, an illegal opcode trap occurs, and the 
trap interrupts into an assembly language system sub 
routine that quickly loads WCS and causes the no- 
longer-illegal opcode to be re-executed. The dynamic 
character of WCS is invisible to the user, who may 
simply assume that all of the microcode is available 
all of the time. 

The virtual microcode concept required several 
features not present in the normal 2100 architecture: 
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7.4k 10.4k 

Loop 1 

F i g .  1 1 .  E x p a n d e d  v i e w  o f  t h e  
a r e a  a r o u n d  1 0 0 0 0 s  i n  F i g .  1 0 .  
E l e m e n t a r y  o p e r a t i o n s  t h a t  d e  
t e r m i n e  s y s t e m  s p e e d  i n c l u d e  
c o m p l e x  a d d i t i o n ,  s u b t r a c t i o n ,  
a n d  m u l t i p l i c a t i o n ,  d o u b l e - p r e c i  
s ion  add- tes t - round ,  and  t r i gono  
metr ic interpolat ion. 

illegal instruction trapping, interrupts not involving 
the I/O structure, a third programmable DMA channel, 
and others. PROMs were microprogrammed to fill this 
need. They contain micro-utilities for parameter pass 
ing (giving the machine language programmer access 
to invisible registers and the rnicroprogrammer ac 
cess to global parameters like the location of the oper 
and stack), illegal-opcode trapping, pseudo-interrupts 
(allowing microcode to call assembly language rou 
tines), pseudo-DMA (500 kHz rate without requiring 
any special hardware), and other capabilities. 

This new set of capabilities allows the user to ignore 
the operation of loading WCS as well as the time 
"lost" during the loading. For example, it is possible 
for the execution time of a subroutine as short as ten 
milliseconds to be cut by a factor of five or ten, even 
including the loading of WCS. In fact, during the 
most time-critical operations in the 5451B Fourier 
Analyzer, WCS may be reloaded as often as every 10 

F i g .  1 2 .  C o m p a r i n g  s p e c i a l - p u r p o s e  h a r d w a r e  w i t h  f i r m  
ware for  speeding Four ier  analyzer  operat ion.  

to 50 milliseconds. The slight cost of loading is more 
than offset by the additional speed available and by 
the flexibility that allows different microprogram 
ming efforts (application groups, users, the factory) 
to work together on a problem solution. 
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