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ABSTRACT

An electronic circuit is designed for Electrocardiogram
(ECG) signal-processing in which the ECG signal-in analog

form- is multiplied by a digital factor (time independent).

The circuit is based on the idea of controlling the gain of
an operational amplifier by a digital signal. The circuit is
designed to multiply an ECG analog varying from -100 mV to
+100 mV by a digital factor varying from -100 to + 100.

Experimental results show that for the specified input

range. the maximum error is 0.5 % and the multiplication is

frequency indpendent up to 100 KHz.
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INTRODUCTION

Several applications of microprccessors in ECG signal -
processing involves multiplication of the analog ECG signal
by the microprocessor outputs which are usually digital
numbers [1], [2]. There are the alternatives to perform this
multiplication, namrely to cornvert the digital number to an
analog one and perform an anlog by analog multiplication, or
to convert the analog ECC signal to a digital one and
perform a digital by digital multiplication, or to perform a

direct analog by digital multiplication.

The first two methods depend on the conversion of an analog
signal to a digital ore or vice versa. This makes the
implementation of both circuits very complex and expensive.
Also the conversion rate of the D/A or A/D limits the
maximum input analog sigral frequency. In our case, where
real time multiplication is needed, very high speed D/A's or
A/D's are required which makes the system even mcre complex
and expensive. The conversior prccess itself, depending on
the resolution of the D/A or A/D introduces errors that

render inaccurate system.

As the third method does not involve any conversion, it is
simpler, less expensive and mcre accurate. The aim cf this
work 1is to design a simple Analog by Digital Multiplier

(ATV) to perform the multiplication of an analog sigral by a

digital factor in the real time and with convenient
accuracy.
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Concep of Multiplication

The concept of the analogy be digital multiplier (ADM) is
based cn the idea of contreclling, by digital signal, the
gain of an operationral amplifier. Figure 1 shows the circuit
of an operational amplifier as an inverting amplifier. The
relatior between the magnitudes of the output and input

voltage signals is as follows:
Vo(t) = Rf/Ri * Vi(t) (1)

If we replace Ri by a set of parallel branches, each
containing a resistance in series with a switch then the

above relation becomes:
Vo(t) = Rf/Rt * Vi(t) | ' (2)

where Rt is the parallel combination of the resistance of
those branches whose switches are on. Each switch 1is
controlled by a digital input bit such that it is closed
when the input bit is at logical 1 and opened if it is at
logical 0. The resistance Rb in series with each switch is

chosen such that:
R, = R/N (3)
where N is the weight of the digital input bit. For a 4-bit

digital 1input word the circuit becomes as that shown in

Figure 2.
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Design of the Multiplier Basic Circuit

Consider the input digital werd to be 8 bits wide, with the
most significant bit reserved for the sign, the decimal
equivalent of the digital input will vary from -128 to +
128, and the amplifier circuit of Figure 2 will be modified
by introducing three mere input branches. We assume the
digital inputs to be TTL levels [3]. To implerent the
digitally controlled switches the CMCS Quad Bilateral
switches (4066) [4] were used for the following features:

(i)  Low Cn-resistance (270 ohms at VDD 0 + 5v)

(ii) Extremely low leakage currert in the OFF state (0.1
nA). ‘

(iii) Frequency response, switch on up to 40 MHz.

(iv) TTL ccmpatability

(v)  Low current switch controls

(vi) Analog signal range from (VSS-0.5) to (VDD + 0.5)
volts

(vii) Low power consumption

(viii) Low price.

A  schematic diagram of the 4066 switch package is shown in
Figure 3,

The operational awplifier used in the circuit was chosen to
be FET Dual operational amplifier (LF 353) for the following

features:

(1)  Wide gain bandwidth (40 MHZ)
(i1i)  High input impedance (1012 ohms)
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(iii) Low cffset voltage (3 mV)

(iv) Low price.
A schematic diagram of the LF 353 package is shown in Fig 4.

The Mcst critical part of the circuit is the resistors.
since the multilier accuracy depends upcn the values of
these resistances. The main factor determining the values of
these resistances is the switch CN-resistance (Ron= 270

ohms). The smallest resisiance in the parallel branches is

the one corresponding to the most significant bit which

equals to

R, = R/64 (4)
Therefore for small error ,

R/ 64 >> 270 ohms (5)

If we take R6 to be 20 kilo-chms, this gives sufficient

accuracy. The values of the parallel resistors will thus be

Ro = 1.28 mega-ohns
R1 = 64C kilo-ohrms
R, = 320 kilo-ohms (6)
R3 = 160 kilo-ohms
R4 = 80 kilo-ohms
R5 = 40 kilo-ohms
R6 = 20 kilo-ohns
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It is not easy to have this wide range of precision
resistors. To overcome this, trimmers in series with fixed

resistors are used to give a precise overall resistance.

The feedback resistor Rf should be equal to R, which is 1.28
mega-ohrs, for correct multiplication. If we set the maximum
analog input to be 100 mV and the maximum digital input to
be # 10C, then the maximum output of the multiplier stage
will be + 10 V. But since the output of the multiplier stage
is to drive the sign-bit stage, then Rf must be modified so
as to bring down the raximum ouvtput of the multipler stage

to the levels adequate for the sign-bit stage.

The circuit of Figure 5 is used to implement the sign-bit
stage. It is such thet when the sign-bit is at logical 0
then the digital word 1is taken to rerresent a pcsitive
number, and when the sign-bit is at logiczl 1 the number is
a negative one. The cutput of the multiplier stage is fed to
a 4066 switch. The input requirements of the switch is that
the analog sigral must be within VDD + 0.5 V and VSS - 0.5
V. Thus 1if Rf is halved, that is taken to be 640 kilo-ohms
instead of 1.28 mega-ohms, then the output of the multiplier

stage will be within + 5 V.

For VDD = 5 V and VSS = - 5V this wouvld be adequate since
the 4C€6's input can thus vary fror + 5.5 V to - 5.5 V.

Ap operational amplifier is used at the input to interface

between the TTL digital ipnput and the CMOS switch. The CMCS

NCR Gate (4011) is wused as an inverter. The final
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operational amplifier was chosen to have a gain of 2 soc as

tc compensate for the halving of Rf in the multiplier stage.

The final circuit of the analog by digital multiplier (ADM)

is shown in Figure 6.

Experiments

The following experiments were made to check the accuracy
resolution, and frequéncy response of the circuit:
Experiment 1: The ADM was given a 100 mv input- the maximum
design input-and the digital input was varied from 0O to 100

unit in steps of 1. The analog output was recorded.

Experiment 2: The ATM was given a sinusoidal input of 10C mV
peak to peak and the digital input wes set at 100. The
frequency of the analog input signal was varied from d.c. to

1 MHz and the analog output was recorded.

RESULTS AND CONCLUSIONS

In experiment 1 an offset of 3 mV to 9 mV was observed. When
the meximum offset, corresponding to digital input 0, was
compensated for, the output had an error not exceeding 0.5 %

as in Table 1.
Assuming that the digital input varies from -100 to +10C as

stated earlier, the required resolution is (1/100) or 1 %.

Thus the maximum allowable error is + 0.5 %. From the
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results of experiment 1 we can see that the circuit

satisfies this conditiorn.

Experiment 2 yielded that the output was constant for input
analog frequencies from d.c. up to 100 KHz. This shows that

our ADM is frequency-independent in this range.

The analog by digital multiplier (ADM) presented has the

following advantages:

(i) Apalog input level is between -10C mv and + 10C mv
with a frequency spectrum up to 10C KHz.

(ii) Digital input is 8-bit in sign magnitude
representation with a decimal equivalent range of -10C
to + 10C.

(iii) The output is analog and ranges between -10V and +10V.

(iv) The maximum error is 0.5% of the maximum output
voltage.

(v) The multiplication is performed in the real time.
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