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To match its high sensitivity, this new recorder provides 
130 dB of common-mode rejection for virtually any input 
configuration. No external "guard" connection is needed 
unless the common-mode voltage exceeds ten volts peak. 

The following article was written by Donald 
Huff, Daniel Johnson, and John Wade and 
appeared In the "Hewlett-Packard Journal." 

n{% HE NEW MODEL 7047A RECORDER Is the fastest, 
i i 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 704 7 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. 

7047 A Design 
The 7047A 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 7047A 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 



Fig. 1. Model 7047A X-Y Re
corder has maximum input sensi
tivity of 0.02 mV/cm (or 0.05 mV/in 
with English scaling) on both axes. 
Common-mode rejection is 
greater than 130 dB with 1-kil 
impedance in series with either 
input terminal (or both). Six sweep 
speeds, calibrated zero offset, 
polarity switches, and input filters 
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-

Fig. 2. High sensitivity of the 
7047A Recorder comes from its 
chopper stabilized input pre
amplifier. Shown here are a sim
plified schematic of the preamp 
and an equivalent circuit (inset) 
for the most sensitive range. The 
preamp acts as a dc operational 
amplifier, Ai. 



les, but guaranteed as well for a 1-kft 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-kO 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 to the 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 7047A (input ter
minals , zero-check switch, filter switch, range 
switch, chopper preamp, and common driver) as well 
as various other functions (polarity swritch, 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. 

CUR and Noise Problems 
Recorder amplifier circuits usually have a com

mon input terminal, LO, and a high input terminal, 
HI. The input signal \T

{ 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, INRL, 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-

*Cyg is neglected here because Cyg < < CQQ. 

Fig. 3. 7047A meets its CMR specifications with any of these 
input configurations. 

Fig. 4, Two shielded boxes house the sophisticated 7047A 
front-end electronics. The boxes are removable for servicing, 



Fig. 5. Conventional input amplifiers have problems be
cause of pump-out and common-mode currents flowing 
through the source resistance, RL. 

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 

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 

The Common Driver Amplifier 
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-kO resistance in either the HI or the 
LO input lead or both. This holds over the full Hew
lett-Packard Class B environmental range (0° to 55°C, 
up to 95% relative humidity at 40°C). The effects of 
unbalance capacitance from the power transformers 
are virtually eliminated and a "guard5s 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 It Works 
Fig. 6 is a simplified schematic diagram of the com

plete 7047A preamplifier, including the common 
driver amplifier. The noise generator ¥ N and unbal
ance capacitor CUB represent the current source from 
the power transformer. The leakage impedance 
(RC G | |CC G) 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 V{ and the source resistances in the 



Fig. 6. Simplified schematic of 
the 7047A input circuit. Ai is the 
equivalent of the input preampli
fier and As is the common driver 
amplifier. The COMMON MODE VOL

TAGE INPUT (CMVI) does not have 

to be connected unless the 
common-mode voltage exceeds 
±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 RQVI° 

The main preamplifier is shown in Fig, 6 as opera
tional amplifier Aa. 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. A t provides a non-inverting gain of 

K = 1 + R2/Rt 

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 Rt 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 Aa, 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 t and Z2, and the 
diodes Da 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 A1 and Its feedback resistors Ra 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 



R1+R2, virtually all of the current through Ra 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 7G45A, 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 ±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 V{ Is floating (e.g., a battery) and there is no 
common-mode voltage source. The absence of VCM 

(with RCM = oc) 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 Z1 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 Da 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 7047 A 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-kfl 
resistance In series with the HI terminal). 

The front-panel FILTER switches, one for each ax
is, provide more than 20 dB additional normal-mode 
rejection at line frequency when the filter Is IN. 
Some degradation of rise time occurs. 

Reference 
1. "Floating Measurements and Guarding," Application 
Note 123, Hewlett-Packard Co., 1970. 



APPENDIX I 
Anaiytical Expressions For Common-Mode Rejection Ratio and Noise 

Pump-Out Current 

The common driver amplifier, A3 in Fig. 6, is shown in the diagram below with 
gain A. Also shown are the sources of the unwanted current lL, the common-mode 
voltage VCM, and VN, which is the TheVenin equivalent of the noise source VN 

in Fig. 6, that is, 

V = iajCuezcG v ( 1 ) 

1 +jwCUBZCG 

where 

7 5CG (2) 
1 + JW^CGHCG 

also from Fig. 6. The Thevenin equivalent impedance is 

z-=7rdhr- (3) 

1 + j w U C G H C G 

where 

^CG ^ CCG + CUB (4) 

The output impedance Z0 is the parallel combination of R0 and C0, which are, 
respectively, R10 and C in Fig. 6. The input resistance R, is equivalent to the 
series combination of R, and R2 in parallel with R7. All components obviously 
insignificant to the analysis are omitted. 

We can now write the loop equations 
V C M + A ( V C - V L ) - I L ( R C M + R, + Z 0 H N Z 0 = 0 (5) 

and 

V' N - I N (ZCG + Z 0 ) + A ( V C - V L ) - I L Z 0 = 0 (6) 

Since 

V C - V L = - I L R , (7) 

equations (5) and (6) become 

VCM-^L[RCM + ( 1 + A ) R , + Z 0 ] - I N Z 0 = 0 (8) 

and 

VN-lN(ZCG + Z0)~iL(Z0 + AR,) = 0 (9) 

Solving for !N in equation (9) we have 

, _ V'N - U Z Q + A R . ) { 1 0 ) 

N Z'CG + Z0 

Substituting (10) into (8) we obtain 

VCM ~ V ' N 7 7 % 7 -
I - t£G+±o (11) 
L ~ Z0(Z0 + AR,) 

RCM+Z0 + (1+A)R, - oK ° " 
-̂CG + ^ - O 

Under all normal operating conditions it can be assumed that 

| Z c G | » | Z 0 | d2) 

| A | » 1 (13) 

! A R , | » ! R C M + Z 0 | (14) 

Hence 

I L . Y C M „ J ^ _ (15) 
L AR, AR, ZCG 

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

^ = i-CUBVN (16) 

we have 

I I AR, J W C U B V N A R | H/) 

The first term in equation (17) represents the current resulting from the common-
mode voltage VCM. Therefore, for a resistance RL in series with the LO terminal, 

V r M |A|R, 
VCMHL HL 

| A | R, 

For RL = 1 Ml and R, = 300 Ml, 

CMRR-300|A| (19) 

Using design values from the 7047A we get the following approximate 
values for CMRR: 

2.0 x io 9 or 186 dB, dc nominal 
1.6x10s or 164 dB, dc minimum 
6.0 X10 7 or 155 dB, 60 Hz nominal 
4.7x106 or 133 dB, 60 Hz minimum. 

These values agree closely with measured values for the 7047A. 
The second term in equation (17) represents the current resulting from the 

power transformer noise current. This is reduced by a factor of AR/Z0, which 
for the 7047A is nominally 2 X 1 0 6 , absolute value. With a 10-kll source resistance 
and the HI terminal connected to ground, this source of pump-out current was not 
measurable on the 7047A. 



APPENDIX II 
Effects of Amplifier Offsets 

The common driver amplifier A3 from Fig. 6 is shown in the diagram below with its 
associated resistors and an external source resistance of RL. The HI terminal 
is grounded, since this represents a more significant case than when the LO terminal 
is grounded. The offset voltage of A3 is shown as a variable battery v03 (an internal 
potentiometer is used to adjust its equivalent value). The bias and offset currents of 
A3 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 
amplifier A2 in Fig. 6 is shown as the fixed battery v02. v0i is the equivalent offset re
ferred to the input of the chopper amplifier A1. V0 is the sum of the series batteries V02 
and V03, and - Vo is the voltage with respect to circuit common at the negative input of 
A3. V1 and V2 are the voltages with respect to circuit common at the outputs of At and 
A2, respectively (see Fig. 6). Since a dc analysis is being done, all capacitors are 
ignored. 

Assuming A3 to now be an ideal operational amplifier (i.e., infinite gain, infinite input 
impedance, and zero offset), we can use superposition to write 

i = Vo/300k(l + Vi/800kft + V2/60(M! 
= Vo/300kn + Vi/600kn - Vi/600kO - v02/300k(l 
= Vo/30CMl - V02/300M1 
= (V02 + Vo3)/30(Mi - V02/30CM1 
= v03/300k(l 

Hence, by adjusting only the offset voltage v03 of the common driver amplifier A3 to 
zero, the pump-out current I due to offsets can be eliminated. The effect of drift in 
amplifier A2 on pump-out current I is eliminated by the algebraic cancellation of the 
terms containing V02. This is the result of connecting the + terminal of amplifier A3 to 
the - terminal of amplifier A2 (see Fig. 6), a connection whose advantages are not 
obvious at first glance. 

The offset voltage at the output of the preamplifier is given by 

V1 = -Kvoi - v02 - v03 

For the 7047A design the Kv0i term is only significant on the most sensitive ranges 
when K is large. Hence, only v02 + v03 is compensated by adding a series equivalent 
low-impedance fixed voltage on a less-sensitive range. Kvoi, which comes into play 

only on the most sensitive ranges, is tolerated, and typically is on the order of a few 
millivolts or an offset of about 0.1 cm at the pen tip on the 0.02 mV/cm range (the 
sensitivity at the output of the preamplifier is 24 mV/cm on all ranges). 


