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(54) Variable gain amplifier

(57) A variable gain amplifier with
digital output which is useful for
but not limited to input range selec-
tion in chart recorders or other mea-
suring instruments comprises an
operational amplifier 5 (Fig. 1) hav-
ing a feedback network 6 and an
analog-to-digital converter con-
nected to an output from a poten-
tiometer 27, 29. For gain selection

purposes each selected range is ap-
proximated by switching effected by
switches SW1, SW2, SW4, SW5,
all forming part of a common digital
gate device, thereby reducing the
number of expensive precision re-
sistors used. A software routine
then adjusts the gain, after digitiz-
ing, to the correct value for the
selected range. Both range switch-
ing and gain correction are con-
trolled by a general purpose micro-
processor 35 which also is available
for other duties in the instrument.
The microprocessor determines a
respective correction factor or
"fudge’” factor 1/N for each range
and applies it to the digital output
of the converter. Thus-corrected
A/D output= A/D output +

1/N (A/D output).
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The drawings originally filed were informal and the print here reproduced is taken from a later filed formal copy.
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SPECIFICATION
Variable gain amplifier

This invention relates to variable gain amplifi-
ers capable of being used for the input to
instruments used for measurement and re-
cording of data expressed as voltage, current
and so forth and including such devices as
chart recorders, digital voltmeters and the like
This class of instruments usually have means
for selecting one of a plurality of input ranges,
the most common of which is a manually
switched series of voltage dividers which may
be in combination with an input amplifier, the
gain of which is set by the switching. Switch-
ing may also be effected automatically by
auto-ranging circuits which select a gain
which keeps the displayed readout value
within display limits, or in the case of a digital
display, shift the decimal point appropriately.
To maintain accuracy from range to range,
each range requires a divider branch to estab-
lish a voltage or gain ratio appropriate to the
particular range. Where a number of ranges
are provided in a muilti-range instrument the
values of the ratios involved may be difficult
to provide with low cost resistors of standard
commercial values and the number of special
valued, high cost resistors may be undesirably
large.

The number of special resistors required
may be reduced by devising economical
switched resistor networks wherein commer-
cial valued resistors may be used, each resis-
tor being in circuit for more than one selected
range. However, the approximate ratios so
obtained for the several switching modes are
unlikely to be exactly the desired ratio values,
but deviate therefrom by a significant amount.
This situation is aggravated by the wide toler-
ances of low cost resistors.

According to the present invention, a vari-
able gain amplifier for the purpose just de-
scribed, comprises an operational amplifier
having a feedback network connected thereto,
an analog-to-digital converter associated with
the feedback network and computing, means
for computing a corrected value for the digi-
tized output delivered by the analog-to-digital
converter, utilizing a predetermined correction
factor. In this way it is possible to provide the
improvement of a micro-processor controlled
correction to each of the approximate ratios of
such an economical switched circuit to obtain
the desired exact ratio. Moreover, the same
micro-processor may direct the requisite
switching for each range entirely through the
use of solid state components so as to avoid
the problems associated with moving con-
tacts, relays and the like. The same micro-
processor may be used for correction and
switching that is responsibie for other mea-
surement, computation and control functions
of the instrument associated with the ampli-

fier.

A gain controlled amplifier in accordance
with the invention may be exemplified by
considering it as the input amplifier of a multi-
range chart recorder of which various func-
tions are micro-processor controiled. Certain
aspects of such a chart recorder are described
in the co-pending patent application no:
8302031. In this context the input amplifier
comprises an operational amplifier arranged in
a non-inverting feedback mode. A multi-path
resistor network in the feedback and output
branch of this amplifier may be switched into
a plurality of configurations utilizing semi-

80 conductor switches controlled by the micro-
processor setting bit values in a peripheral
interface adaptor (PIA) latch. The output
branch of this resistor network is a divider of
which the upper component may be shorted

85 out to change the output by a factor of five.
The output goes from this divider to an an-
alog-to-digital converter (ADC) which converts
this output to ditigal form and stores it in a
register for subsequent software correction.

90 Because of the limited number of resistors
and switches used in this gain control network
the desired exact ratios for the ten gain ratios
of this exemplification can only be approxi-
mated. An important feature of the operation

95 is a routine that acquires for each range a
correction or fudge factor (denoted in the
software routine as FUDGE) and multiplies the
approximate or raw output from the ADC by
this correction factor to secure a corrected

100 digital output value for this range. This cor-
rected value is utilized subsequently in the
recorder. The central micro-processor that con-
trols other functions of the recorder directs its
attention to this routine at predetermined in-

105 tervals. The output values, after correction,
are stored by the micro-processor for use in
the recorder servo routine.

An example of a variable gain amplifier in
accordance with the invention will now be
110 described with reference to the accompanying

drawings, in which:—
Figure 1 is a simplified schematic diagram;
Figure 2 is a code table for range switching;
Figure 3 is a simplified flow chart of the
115 software routine; and
Figure 4 is a typical object code for the
software routine.
In the schematic diagram of the analog
amplifier circuit shown in Fig. 1, an analog

120 signal which is to be measured is applied to
the input terminals of a simple filter 1 which
minimizes noise spikes and such artifacts and
contains the usual offset-balancing resistor 2.
One side, the low side, of the input is nor-

125 mally grounded to the instrument chassis; the
other is connected to the plus or non-inverting
terminal 3 of a conventional operational am-
plifier 5 (commonly referred to as an “‘op
amp’’). The op amp may typically be one

130 known as Type 07 made by Analog Devices,

70

75
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Inc. or other manufacturers, although other
similar types will also be satisfactory for use in
the invention.

The output 4 of the op amp 5 is connected
to the high side conductor 10 of a switchable
feedback network 6. Connected between this
high side conductor and ground is a first
divider comprising resistor 11 and either resis-
tor 13 or resistor 15 depending on the state
of two mutually exclusive switches labelled
SW-4 and SW-5 respectively in the figure.
These switches shown here in functional form
are part of the semiconductor switch 17
which may be half of the digital gate device
known as DG 390 manufactured by Siliconix
or other manufacturers in the field. Also con-
nected to the high side conductor 10 is a first
shunt resistor 19 which may be switched to
parallel resistor 11 by the operating switch
SW1 of the digital gate device 21. Similarly,
a second shunt resistor 23 is also connected
to the high side conductor 10 and may be
switched to parallel resistor 11 by operating
switch SW2 of digital gate device 25. These
digital gate devices are each one-quarter of
digital gate device DG201 made by the same
manufacturer. It will be apparent that the ratio
of the voltage appearing at mid point 8 of the
divider comprising resistors 11, 19, 25, 13
and 15 to the voltage appearing at output 4
will take one of several values depending on
the states of the switched SW1, SW2. SW4
and SW5. The mid point 8 is returned to the
inverting input terminal of the op amp 5 in
the usual manner through the conventional
offset balancing resistor 14 and oscillation
suppressing capacitor 12. The voltage gain of
a feedback amplifier circuit of this type is
inversely proportional to the ratio of the vol-
tage at mid point 8 compared to the voltage
at output 4 and hence is determined by the
states of the switches.

An output divider comprising resistor 27
and resistor 29 is also connected between the
high side conductor 10 and ground. A digital
gate 34 consisting of one-quarter of device
DG201 and functioning as switch SW-3 can
short out resistor 27 thus changing the di-
vider ratio by a factor of approximately five.
The mid point 12 of this divider is connected
to the input of an analog-to-digital converter
(ADC) which digitizes the output voltage
appearing at point 12.

The switching functions effected by the
digital gates are determined by a microproces-
sor 35 which addresses a peripheral interface
adaptor 33 (PIA) using the output ports of the
PIA as latches. to set the digital gate switches
in the open or closed position as determined
by a bit code set up by the microprocessor
according to the range selected. Fig. 2 shows
a table of switch positions and the resulting
analog gains corresponding thereto for the
illustrative embodiment.

Although the analog gain values resulting

from switching may approximate the desired
corrected gain values, it has been found it
possible to improve the gain accuracy by a
software correction applied by the micropro-

70 cessor to the digitized ADC output value
(“raw’” ADC output. In the simplest version of
this software correction, a correction code
factor, designated as FUDGE in the softwars
routine, is predetermined for each gain range

75 and stored in memory. The microprocessor
secures this code from memory and applies it
to the digitized ADC output value using this
formula:

Corrected ADC Output = Raw ADC Out-

80 put + 1/N(Raw ADC Output).

The factor 1/N is derived by the subroutine
from FUDGE and applied using the shift and
add routine shown in the flowchart of Fig. 3
and the "FUDGER’’ service routine object

85 code of Fig. 4. Thus, by a combination of this
software routine and a switched hardware
resistance network, the desired corrected ADC
output is secured.

To exemplify the derivation and use of the

90 FUDGE code consider a range where the
analog gain set up by the switched network in
the 500 mV range computes to be 3.690.
The analog output voltage is then 1845 mV.
To simplify this example assume the ADC

95 reference voltage is such that the “raw’” ADC
output is then also 1845 mV. Assume also
that a corrected ADC ouput of 2000 mV is
wanted, equivalent to 2000 counts, for full
scale on the recorder. Using the formula

100 above:

2000 = 1845 + (1845/N)

From this, 1845/N = 2000 — 1845 = 155.
105
Solving, N=11.903; 1/N =.08401. In bi-
nary form this is 00010101. It has been
found possible to greatly simplify the software
correction routine by the novel and non-obvi-
110 ous procedure of reversing this 1/N value and
shifting it one digit to the left, thus securing
the code for FUDGE used in the software
routine. Performing this operation a value for
FUDGE is binary form of 101010000 is
115 formed. This may now be put in one byte as
01010000 by omitting the most significant
bit, which will produce an approximate cor-
rected ADC output of 1989 from the routine.
Or FUDGE may be extended to two bytes for
120 greater accuracy in which case one can com-
pute 1/N to 12 to 16 bits, reverse it and shift
left giving the FUDGE code of 1101010000
which will produce a corrected ADC output of
1999.95 from the routine. It is also expedient
125 sometimes to arbitrarily modify FUDGE by
inspection, as will be apparent to one familiar
with binary numbers, to encode it for a closer
result while still staying within one byte. An
example of such a case is to use 11010000
130 for FUDGE which produces 2003.6 for the
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corrected ADC output. This modification of
FUDGE to keep it in one byte may be more
generally effective if the software gain correc-
tion is arbitrarily increased to a higher value in
the same ratio on all ranges; a practice which
would also eliminate negative 1/N values.
Keeping FUDGE in one byte may be very
helpful or even necessary if memory space is
limited; the shortness of this novel software
routine is also helpful with short memories.
The higher software correction may often be
selected to eliminate necessity of correction
on some ranges. Where the higher software
correction is utilized a change of the ADC
reference voltage will bring the final output
back to the desired value for all ranges, e.qg.,
2000 mV in this embodiment.

This novel combination of software and
hardware gain control makes possible further
advantages. In the foregoing simple example
it is assumed that resistors of such a precision
are used that variation of gain from one
instrument to another due to resistor tolerance
variations is insignificant. However, it is an
additional feature of the invention that by
selection or numerical adjustment of the
FUDGE code for any range the raw gain error
due to resistor variation can be closely cor-
rected through the software routine. Determi-
nation of the required FUDGE code value may
be made by impressing a known voltage on
the analog amplifier input and determining
the FUDGE code which will produce the de-
sired corresponding digital output value, thus
effecting the correct overall gain. This FUDGE
code is then stored in a non-volatile memory
for use in the FUDGER sub-routine.

A further extension of the scope of the
invention comprises an automatic gain correc-
tion routine through the micro-processor each
time a range is selected. A known voltage is
provided to the analog input. This voltage
may be delivered by an internal digitally con-
trolled voltage reference device such as the
AD584 Pin Programmable Precision Voltage
Reference manufactured by Analog Devices
Inc. which has an accuracy of 0.1 percent or
better. The micro-processor then reads the
raw ADC output as described above and de-
termines the FUDGE code necessary to correct
this output, storing the FUDGE code thus
determined in RAM. This process is repeated
for each range selected and being carried out
as often as required can compensate for any
temporal variation affecting gain.

It should be apparent that notwithstanding
the advantages previously stated of using
solid state switching means in the feedback
network the essence of this invention can also
be practiced by the use of mechanical or
manual switching or even, in the case of a
single gain range, no switching at all.

Although the operation and features of the
preferred embodiment have been described in
detail, the invention is in no way limited to
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the particular use and construction exempli-
fied. In particular it is apparent that this
amplifier with software gain control can read-
ily be adapted to many applications where an
amplifier of accurately known gain is desired.

CLAIMS

1. A variable gain amplifier comprising an
operational amplifier having a feedback net-
work connected thereto, an analog-to-digital
converter associated with the feedback net-
work and computing means for computing a
corrected value for the digitized output deliv-
ered by the analog-to-digital converter, utiliz-
ing a predetermined correction factor.

2. A variable gain amplifier according to
claim 1 wherein the feedback network com-
prises a plurality of voltage divider paths in-
cluding switches to select a plurality of predet-
ermined voltage ratios.

3. A variable gain amplifier according to
claim 2 wherein the switches comprise solid
state digital switch means.

4. A variable gain amplifier according to
claim 3 wherein the digital switch means are
actuated by bits in PIA latches controlled by a
micro-processor.

5. A variable gain amplifier according to
any one of claims 1 to 4 wherein the correc-
tion factor is determined by applying a known
input voltage to the amplifier and determining
the value of correction factor as predeter-
mined from the characteristics of the feedback
network.

6. A variable gain amplifier according to
any one of claims 1 to 4 wherein the correc-
tion factor is determined by applying a known
input voltage to the amplifier and determining
the value of correction factor which gives the
correct overall gain, and storing this correction
factor in memory.

7. A variable gain amplifier substantially
as described and as illustrated with reference
to the accompanying drawings.
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