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1. INTRODUCTION

The hps digital trainer type 3510 F is a universal experimen-
ter for demonstrating, testing, designing and checking digital

logic circuits and systems.

The digital trainer has sufficient standard logical building
blocks for the construction of complex sequentially-combined
circuits. These building blocks include gates, flipflops,
memories, shift registers, adders, decoders, counters, divi-
ders, monoflops, clock generators and input and output units
(switches, pushbuttons, indicator lamps, relays and seven-

segment display units).

All the laws of Boolean algebra can be demonstrated with ease
with the aid of the gates provided (AND/NAND, OR/NOR, inver-
ters). This makes the unit particularly suitable for such
establishments as vocational colleges, company training cen-

tres, secondary schools and so on.

With the more complex, ready-wired digital circuits such as
shift registers, flipflops, adders, dividers, decoders,
memories etc, these digital systems can be demonstrated in

a way that is visually informative, particularly because of

the optical display of logical states by the indicator lamps.

These circuits can also be included in larger circuit arrange-
ments, for sequential logic operations, for instance. Almost
every type of circuit currently in industrial use can there-
fore be constructed, and this makes the trainer well suited
for use in technical colleges, universities and development

laboratories.

The digital circuit development engineer will find the trainer
particularly useful, since it enables him quickly to check a
circuit design for correct operation. This saves a great deal
of time, since it replaces the far more difficult process of

thinking a sequence through.
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The slow operating speed is a great advantage when checking
sequential circuits, since it makes it very easy to detect
and correct mistakes that may have been made when setting up
the circuit; this would be far more difficult at a high

operating speed.

The trainer is designed so that only the most important
logical connections have to be made; all others are already

wired inside the trainer.

Unused circuits may normally be left unconnected. This means
that the trainer is not tied to a particular digital circuit
technique (e.g. LSL, DTL, TTL etc), so that circuits designed
on paper can be transferred directly to the plugboard of the
trainer without difficulty. For this reason the circuit
examples are arranged in such a way that only the principle

circuit, but not a complete plug-in plan is given.

The 200 examples given (part I and II) should serve as
stimulation only. Although the manuals provide a representa-
tive cross-section of digital circuits, the scope for the
construction of other digital circuits with the trainer is

practically unlimited.

It takes only a short period of use to realise that the
trainer provides a strong incentive for users to try out
their own circuit designs, since it quickly shows whether

the design is correct or not.

The learning process will be more successful if the basic

principle only, rather than the complete circuit, is taken
from the manuals, and the desired circuit is worked out by
a combination of reasoned thought and the trial-and-error

method.
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All the symbols on the front panel conform to DIN 40700/14

or are drawn so that they are unmistakable.

If familiarisation is necessary, it is advisable to read
the circuit descriptions of the various modules on pages

6 to 25, and to try out the circuits.

The trainer is designed in such a way that the modules
cannot be damaged by incorrect connection.

Other recommended hps manuals on the subject of digital
logic:

vV 0005 Basic principles of digital engineering

vV 0034 Introduction to digital engineering

=— Systemlechnik
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2. Function groups in the digital trainer type 3510

Available components:

10 Input variable switches with Q- and Q-outputs, optical
indication of 1-state by light-emitting diodes (LEDs),

two outputs are debounced
1 unwired toggle switch
1 unwired pushbutton switch

20 AND/NAND elements each with four inputs; two of the

elements have Schmitt-trigger inputs
12 OR/NOR elements each with four inputs
6 power inverters (fan-out n = 30)
2 relays 1 A, 20 V dc, 60 V ac, 0.7 ms

5 JK-Ms flipflops each with three J- and K-inputs, static
set and reset inputs; optical display of the Q-state by
red LEDs

6 JK-MS flipflops each with one J~ and K-input, static set
and reset inputs; optical display of the Q-state by red
LEDs

11 indicator lamps (red LEDs)

1 50 Hz clock generator with Q- and é-output (mains

frequency)
1 clock generator 1.00000 MHz (quartz stabilised)

1 clock generator, variable from 0.1 Hz to 100 kHz by
six steps

1 monoflop with Q- and Q-output, triggering by positive
or negative edge (Schmitt-trigger input) as well as
single triggering by pushbutton, pulse width variable

from 1 pus to 10 s, adjustable in seven steps

== Systenilechnik
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3 monoflop with Q- and Q-output, triggering by positive
or negative edge (Schmitt-trigger input), pulse width
variable from 1 pus to 10 s, adjustable in seven steps

(monoflop = monostable flipflop)
Dividers
1 1:1000 divider with reset input
1 1:100 divider with reset input
T 1:10 divider with reset input

3 1:10 dividers with 20, 21, 22 and 23 outputs and

reset input

T 1:6 divider with reset input
1 1:6 divider with 20, 27 and 22 outputs with reset input
T 1:5 divider with reset input

2 five-position shift registers with parallel inputs and
outputs, reset input, optical display of Q-states
(right-shifting)

1 BCD nines-complement code converter 8421
1 BCD/decimal decoder
2 four-bit full adder

2 four-bit memory (D-flipflops) with optical display of

memory states
2 seven-segment display units with BCD/seven-segment decoder
3 optical displays of the decimal point
2 TIC sockets with extractor, 16 pins (DIL)
12 sockets for logic 0 (L)

10 sockets for logic 1 (H)

== Systenilechnik
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Power supply: 220/110 Vv; 50-60 Hz

Power consumption: 60 VA

Mains fuse: 0,5 A, surge-resisting
Mains switch: on/off, with indicator lamp
dc power supply: +5 V/3 A

(internally wired, stabilised

and short-circuit protected)

Dimensions: LxXWxH =
650 x 500 x 225 mm

Weight: 20 kg approx

Note:

Where several hps digital units (3510 F or 3505 D) are used

in parallel, it is only necessary to connect logic 0 = 0 V.

Modules, inputs, outputs etc can be temporarily identified
with a felt pen. The markings can easily be removed with a
damp cloth.

Attention:

When feeding voltage signals in from outside it is essential
to ensure that the voltage level of the external signal is
only between 0 and +5 V (not negative).

Failure to ensure this may result in damage to the systems.

=== Systemlechnik
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3. Description of the function groups of hps digital trainer
type 3510

The hps digital trainer type 3510 F is equipped with TTL
integrated circuits (TTL = transistor-transistor logic)
Positive logic with normal assignment of the logical states

is used:

The logical state ONE (logic 1, H) corresponds to a typical
voltage level of about +3 V; the logical state ZERO (logic
0, L) corresponds to a typical voltage level of about 0.2 V.

Unless specifically defined otherwise, in this manual an
open, unconnected input is a logic 1. Typical overall opera-
ting times are in the range 10 to 50 ns; the typical maximum
clock frequencies of the individual elements are 10 to

50 MHz.

3.1 Input variable switch

This switch is used to switch variable binary input
quantities to digital devices (e.g. on coding, decoding,
code conversion, logical operations etc). Each switch has

a Q-output (up) and a Q-output (down).
O Q

a
6 ®

= 1, H LED off

i
<
-
L@}

Toggle down: Q

101

Toggle up: Q =1, H = 0, L LED on

The switches are numbered from 0 to 9 ( or from a to 1i).

Systemilechnik
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The output load factor (fan-out) is 10 for the Q- and Q-
outputs. The first and last switches, switches 0 and 9

(or a and i) are debounced.

a bounce Q bounce-free

il Il

) l -t ™ | =t

switch-on switch-off switch~on switch-off

3.2 Indicator lamps (LEDs)

The logical states can be displayed optically by means

of these GaAsP (red) light-emitting diodes. If there is

a logic 1 at the output (voltage present) the diode is
lit; if there is a logic 0 (no voltage present) the diode
is not lit. In this case an open output means logic 0,
i.e. the lamp is not 1lit. The output load factor (fan-in)

is less than 2.

3.3 AND/NAND gates

0 Qe 8§ 0 O——q § 0 O——aq &

s Jie S— D X b Omeei [T 0 X b O o X
€ O - C O——ri = (s W— -
d 0—y " d o—f X d o= 2"
Function: x =a * b - ¢ - d; (x = anbaArcAad) AND
or: Xx=a-b-c-d NAND

Since an open (unconnected) input is treated as a logic 1
in this case (e.g. a = Torb=1Torc=10rd=1),

these gates may be used directly without additional
circuitry as a three-input AND gate (one input open)

or as a two-input AND gate (two inputs open) or as an
inverter (three inputs open). The two gates marked "S" (.I)

each have four Schmitt-trigger inputs, which are used to

== Systemilechnik
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make pulse edges steeper. The inverted outputs marked "Rg"

(Q) are open-collector gates, which have a collector

resistor connected internally to plus. These outputs are

suitable for a wired AND operation.

Function: x = x1 °* x2 AND
Fan-in per input: 1
Fan-out for x and Xx: 10
3.4 OR/NOR gates
0 Oy >1
e — O X
o o
Function: x = a + b + ¢ + d; (x = avbvecvd) OR
or: XxX=a+b+c+d NOR

In these gates an open input means logic 0, so that unused
inputs may be disregarded, (e.g. a = 0, b =0, ¢ = 0,

d = 0). This gives, without additional circuitry, a gate
with three, two or one inputs, depending on how many inputs

are left open.

Fan-in per input: <2

Fan-out for x and x: 10

Systenilechnik
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3.5 Sockets for logic 0 (L) and logic 1 (H)

Since logic 0 and logic 1 are often needed in digital
circuits, sockets with these two levels are distributed

uniformly across the plugboard.

Coding:
Logic 0 socket (:)

Logic 1 socket <:>

3.6 Power inverter

Function: x = a

0 Ot D=0 X .
Fan=-in: 1

Fan-out: 30

3.7 Relays

These relays can only be operated via a power inverter.
The relay operates when the open end of the winding is

connected to 0 V, or, if the relay is driven by an

inverter, when a = 1.

Switching current 1A

Switching voltage 20 V dc, 60 V ac
Response time 0.7 ms

Winding resistance Rgoy & 260 Q

=== Systenilechnik
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3.8

JK flipflop with

one J- and one K-input

-

~4i

T “Slave
)y Gz
Ky 52

Q

o1

Arrangement of a
two JK flipflops

with inverter

So—q S
o._..
T o—
0.___.
R O—C

I
l
__r..o
I
I
l
l
l
l
|
—J

JK master~slave flipflop made up of

This is a clock-controlled JK master-slave flipflop in

which any change at the output as a result of signals

at the J- or K-input is only possible when there 1is a

clock pulse at the T-input.

The logical behaviour is shown in the operation table

Meanings of symbols:

J ] K] o

0| 0| 9Qp tn

0| 1] 0 tn

171 0] 1 o

1 1 Qn On
tn tn

= time before the clock pulse or

states before the clock pulse

= time after the clock pulse or

states after the clock pulse

= gtate before and after the clock

pulse (0 or 1);

clock pulse

no change by the

= the state has changed after the

clock pulse

Training in Technology
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Meanings of open J- and K-inputs: J = K = 1

Since this is a master-slave flipflop the information at
the J- and K-inputs is only accepted by the master
flipflop on the positive edge of the clock pulse, and is
only passed to the slave flipflop on the negative edge
of the clock pulse, so that the information only appears
at the outputs at this time. Information can only be
transferred when the signals are applied to the J and K-
The

inputs before the positive edge of the clock pulse.

clock pulse must be at least 20 ms long. The maximum
clock frequency is 20 MHz.

The static set and reset inputs are unaffected by the

clock.
Reset: R =0 (Q = 0)
Set: S = (Q = 1)
and § = 0, R =0 (0 = 1) "dominant setting"

The Q-state 1is displayed optically

with the aid of an LED.

Fan-in J, K: 1
Fan=in T, ﬁy S: 2
Fan-out 0, 5: 10

JK flipflop with three J- and three K-inputs

S |

 PRSSN o) 00
31 _____] ®

13 1

T ey --

Ky 3

=" ﬁ
R —dR

£~ systenilechnik

Training in Technology



20 v 0035

This is basically the same input as in 3.8, but with a
three-element AND circuit before the J-input and before
the K-input.

J=J1 - J2 - J3

and

It

K Kq ° Ky * K3

All other characteristics and data are as for the previous
flipflop.

3.10 Shift registers

Pushbutton for S

D ofsg of of3 of) £y
S o % 9 $ ®
NN

SE. : P B
O- O lo— 7] P ®le— ® ®
Push- ¢ T N | | I N | | I 1 | N A
us 1] > > > > >
button \-\@ e =T s H"‘"

for R Roo| 1 1 1 1 ]
9

Q.

The two 5-bit shift registers (right=-shifting) are made up
of five JK master-slave flipflops (as described in 3.8).

The serial input signal goes to serial input SE. For this,
the information must be present at SE and at the reset input
R = 1 (socket not connected) before the positive edge of
clock pulse T.

At the positive edge of clock pulse T the information is
taken from the previous flipflop or from SE, and is passed,
at the negative edge of clock pulse T, to outputs Qs to Q1.
When SE ={}} , Q5 ={}} after the negative edge of T.

Parallel information can be fed to inputs Eg to Ej

===— Systemilechnik
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regardless of the state of the clock and reset input R.

The information at Eg to Eq is passed simultaneously to

the individual memory locations when § = 0, or when the
pushbutton above the S socket is pressed. Parallel output
of the information is possible with the aid of outputs Q5
to Qq, so that this shift register may be used as a serial/
parallel converter, parallel/series converter oOr memory

(parallel and series operation).

All flipflops can be reset at the same time (Q5 to Q1 = 0)
regardless of the clock signal, when R = 0, or when the
pushbutton above the R socket is pressed. The Q-states of
the flipflops are displayed by LEDs.

If a 4-bit shift register only is required, for instance,
the parallel information is fed to Eg to Ep, and Q2 is

used as the serial output.

Open inputs E1 to Es mean logic O.

Fan-ins: SE, S, R, T =1
E1 to ES < 2
Fan-outs: Q1 to Qs = 10

=== Systenilechnik
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BCD—+=DECIMAL decoder

11

3.

10

1

12
13
14
15

Outputs

Inputs

The function table clearly describes the operation of this

decoder.

Open outputs correspond to logic 1.

Fan—-out:

Input:

10

Output:

21 20

22

BCD/DECIMAL
9876543210

23
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3.12 Nines-complement

D C B A

[ [T

i A A A
BCD/9s-COMPLEMENT

Ll

X W v U

Dec. D C B A X W v U Dec
0 0 0 0 0 1 0 0 1 9
1 0 0 0 1 1 0 0 0 8
2 0 0 1 0 0 1 1 1 7
3 0 0 1 1 0 1 1 0 6
4 0 1 0 0 0 1 0 1 5
5 0 1 0 1 0 1 0 0 4
6 0 1 1 0 0 0 1 1 3
7 0 1 1 1 0 0 1 0 2
8 1 0 0 0 0 0 0 1 1
9 1 0 0 1 0 0 0 0 0

Inputs Outputs

The nines-complement of a one-digit decimal number is the
amount that must be added to that number to make nine.
The nines-complement of the four-digit binary number D C B A

is present in binary code at sockets X/W/V/U.

Fan-out:
Input: A, B, C, D:
Output: u, v, w, X: 10

== Systenilechnik
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3.13 4-bit full adder

This full adder adds two 4~digit binary numbers Ag/A3/A2/Aq
and B4/B3/B2/B1, where af and bq are the least significant
digit (20),

Ccin is the input carry of a previous addition. If there is
no c¢jin, this socket must be connected to 0. L4/23/L2/2q is
the sum of the two 4-digit binary numbers, and cgyt is the

output carry of this sum. 7 is the least significant

digit.
Signal: 13 2 1101 S Ay A3 Ay Aq
12 2 1100 = By B3 Bp B
+ 1 - 1 - Cin
26 = 11010 = cout L4 I3 Iy Iy
Fan-ins: Ay, A4, By, By, cin : 4, Aq, A3, Bq1, Bj
Fan-outs: L4, Iy, L3, Ly : 103 Cout ¢ 5

NB: Open inputs = logic 1 (H)
B" 53 52 B’ Cin /91* /‘735& /7]

(LT ITTL

4-bit full adder

[TT1T

Cout &4 23 22

If a 1-bit full adder only is required, the following must
be connected to 0: Ay, A3, By, B3, Bg. The sum is present
at Z1, the output carrier at I5. (In the experiment
instructions in hps manuals V 0035 and V 0036 the letter S
is used instead of the Greek letter I.)

Systenilechnik

Training in Technology




vV 0035 25

3.14 Memory flipflops (D flipflops)

OO 31
oF—0 >

D
Push-
button %?
A (Q)

These flipflops have two stable states controlled by the

clock signal (T). As long as the clock pulse T = 0, the
information at D is passed to output Q, and is held there

even when T goes to 1 (e.g. socket open).

Logical function

tn tn+1 tn = time before the clock pulse
A Al tpn+1 = time after the clock pulse
1 1
0 0

Information transfer by T can also be achieved by pressing
the pushbutton. When Q = 1 a signal lamp lights up at the

output. Open inputs A, B, C, D behave as logic 0.

Fan-ins: T ¢ <2
A, B, C, D : 3
Q-outputs: A', B', Cc', D' : 10

=— Systemlechnik
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3.15 Seven-segment displays

These units are made up of a decoder and a display. A
decimal point can also be made to appear by means of the
decimal point socket.

The decoder decodes binary-coded decimal numbers D/C/B/A
(where the value of A is lowest) in binary code to seven

segments a to g.

Dec. | D a b c d e £ g
23 22 21 20
0 0 0 0 0 1 1 1 1 1 1 0
1 0 0 0 1 0 1 1 0 0 0 0
2 0 0 1 0 1 1 0 1 1 0 1
3 0 0 1 1 1 1 1 1 0 0 1
4 0 1 0 0 0 1 1 0 0 1 1
5 0 1 0 1 1 0 1 1 0 1 1
6 0 1 1 0 0 0 1 1 1 1 1
7 0 1 1 1 1 1 1 0 0 0 0
8 1 0 0 0 1 1 1 1 1 1 1
9 1 0 0 1 1 1 1 0 0 1 1
10 1 0 1 0 0 0 0 1 1 0 1
11 1 0 1 1 0 0 1 1 0 0 1
12 1 1 0 0 0 1 0 0 0 1 1
13 1 1 0 1 1 0 0 1 0 1 1
14 1 1 1 0 0 0 0 1 1 1 1
15 1 1 1 1 0 0 0 0 0 0 0
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D C B A — ey | o .
TTTT [ N N N R A
23 22 21 20 %., . ‘ I.Z.... .,3,..1 4' ?,
) N N N Y
BCD/7-Segm. - 7, ;—, -é-’ LO— —H—’
5 7
ol =
] — | =
,;;-’ 2 13 14 5
e
Decimal
point
Fan~-ins: A, B, C, D < 2
Decimal point: <
Dividers

All dividers are made up of negative-edge-triggered JK
master-slave flipflops (information taken in on positive
edge, passed on on negative edge. The dividers count with
(BCD) . All flipflops can be set to 0

(counter setting 0) with reset socket R. The two 1:10

the binary code

dividers on the right of the plugboard can also be
manually reset with the pushbutton. Resetting takes place
at R = 0. All dividers are ready to count on R = 1

(socket open). All the dividers work asynchronously.

a) 1:5 divider

T Q
0 0
1 0
b0 2 0
1
jL T C 3 0
T Ot +
- 1:
Ro—dr 40
0 0

Training in Technology
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b) 1¢6 divider
1—m——-a3
T 1 Q3 Q2 01 614 -
T O] .
0 0 0 0 5 ; 1:6
1 0 0 1
21 0 1 0 20
fomsnemeil() 0.1
3 0 1 1 9
4 1 0 0 2! r
=00,
511 o0 1 1
2
o} o 0o o 12L——003
1:6 1:6 1:2 JL | <
TLo—+ 4 5
R o—alR
c) 1:10 divider .I“""—"oo.lk
T Q4 Q3 Q2 Q1 T Lﬂ 1:10
R 0——Q R
o]0 0 0 0
1 0O 0 0 1 )
210 o 1 o0 121
310 o0 1 1 A=
2
4 1 o0 1 0 0 12
5 | 0 1 0 1 )3
=0
6 0 1 1 0 i
[ -
710 1 1 1 T o+ 1e7
811 0 0 o0 R 0——qR
9 | 1 0o 0 1 _
RT
0] 0 0 o0 o0
17:10 1:10 1:2
R +
DEZ
] d .} - wad
23 |22 lﬂ <F°
6 o
QL 0.3 Q, Q4
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4d) 1:100 divider T Q
01 0
1 0
.]---——0(1
'ﬂ. | [
T o——+ 1100
R OO R
80 1
99 1
01 0
e) 1:1000 divider T Q
01l 0
1 0
e (L
1 ]
| |
T O——1+ 1.1000
R 0——dR .
800 1
999 1
010

3.17 50 Hz generator

G 0 X (0V/=+3V)

50Hz pP—0X

Steep-edged square-wave pulses are available at output
terminals x and x (amplitude +3 V approx.) The pulse
length is shorter than the space between the pulses (at
output x). The frequency is identical to the 50 Hz mains
frequency. Fan-outs, x and x: 10

=== Systemilechnik
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3.18

1 MHz pulse generator

G
T . 0 V/&~+3 V
 ovwwn

1MHZ

This generator produces square-wave pulses (amplitude

+3 V) at the highly accurate frequency of 1.00000 MHz
using a quartz crystal. The accuracy of the frequency

is better than 10~5 (<0.01%). By using frequency dividers
it is possible to produce highly accurate frequencies
(for a digital clock, for instance).

Fan-out: x = 10

Variable-frequency clock generator

Outputs x and x supply steep-edged square wave pulses of
variable frequency from 0.1 Hz to 100 kHz (amplitude 3 V

approx) .

Step 100 kHz to 10 kHz G! Q) X (OV /243V )

10 kHz to 1 kHz UL

1

2

3 1 kHz to 100 Hz

Step 4 100 Hz to 10 Hz . lsmrﬂsmp
5
6

q?
kH.
10 Hz  to 1 Hz "Z,o'])@ e @
1 Hz to 0.1 Hz Froy

The range switch is used for coarse setting, and a poten-

St -
ep %

Step

Step
Step

tiometer (accuracy about 10%) is used for fine setting.
There is an overlap of about 10% on the potentiometer at
the beginning and end of adjacent steps. The duty factor
of the output pulses varies slightly on fine adjustment.
The generator can be disabled (stopped) by applying logic
0 to the start/stop socket, and can be enabled (started)
by applying a logic 1 or leaving the socket disconnected,
so that the generator does not give the first pulse until
after the generator has been enabled. This is very useful
for synchronised processes.

Fan-outs, x and x: 10

Training in Technology
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3.20 Monoflop

Pushbutton

Z
_f' Single pulse

E1 O—rd> e X (0V/=+3V)
TL

Ey) O—O0p> O——0 X

The monoflops give steep-edged single pulses (amplitude
3 V approx) of adjustable pulse width T at outputs x and
x. The pulse width T can be varied from 1 ps to 10 s

(accuracy about 10%).

Fixed Variable

Step 1 1 us 1T us to 10 us
Step 2 10 us 10 us to 100 us
Step 3 100 us 100 pus to 1 ms
Step 4 T ms 1T ms to 10 ms
Step 5 10 ms 10 ms to 100 ms
Step 6 100 ms 100 ms to 1 s
Step 7 1 s 1 s to 10 s
Step 8 10 s

The overlap of adjacent steps for the monoflop with
variable pulse width setting is about 20%.

The single pulse is triggered at input E4 by positive
edges, and at input E2 by negative edges.

The rise time or fall time of the trigger signals at Ej
and Ep must be less than 1 V/s (Schmitt-trigger input)
Single pulses can also be generated by pressing the
bounce-free pushbutton. A pulse is triggered when the

pushbutton is pressed.

= Systenilechnik
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Triggering at Eq is only possible if Ep = 1 (socket open)
and if the pushbutton is not pressed. Triggering at Ej is
only possible at Eq = 0 (socket open) and if the push-
button is not pressed.

It is only possible to give a single pulse by pressing the
pushbutton if sockets E1 and Ej are open (E1 = 0, Ey = 1).

Fan-ins: E1 ¢ 2
Ery ¢ 1
Fan-outs: x and x : 10

3.217 Empty socket

O 0O 0O 0 0o 0O 0o o©

O+5V ov O

O_;

o 0 0O O O O o

This socket enables digital ICs in dual-in-line cases with
up to 16 pins to be studied or included in a circuit. The
+5 V supply voltage required is available at the +5 V
socket, and can be connected to the appropriate socket of
the IC.

Caution:

Only use the +5 V to supply the IC, never as a logic 1
signal, otherwise internal components may be damaged.
The IC sockets are fitted with an extractor for easy
removal of the ICs.
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4. BASIC LOGIC CIRCUITS AND BOOLEAN ALGEBRA

4.1 General

The base of the binary signal processing are the Boolean
operations AND-OR-NOT, which are named the logic functions.
Each binary signal process can be derived from one of

these three operations and from a time-dependent function,
the memory. Components of electronic circuits are con-
structed such, that the output of the component satisfies
the basic operation as a function of one, but usually from

several inputs.

4.1.1 AND-function (conjunction, coincidence)

The AND-operations of several input variables (a, b, c¢c...)
cause a through-connection at the output x when all inputs
are present at the same time, e.g. a, b and c. Its circuit

corresponds to a series connection of relay contacts.

The two possible ranges of binary electric guantity are to
be marked according to DIN 41700/14 with L (low) and H
(high). The values of range L are closer to - « and of

range H closer to + «, At positive logic this is:

A

L

it >

H

As nearly all technical literature uses 0.1, these easily

understood symbols are used in these manuals henceforth.

Training in Technology

Systemilechnik



34 vV 0035

Truth-table Symbol:

c b a X 0 O] &

ol o] o}f o b o 0 X
€ O

0 0 1 0

0 1 0 0

—

1 0 0 0 x=a * b *c

1 0 1 0 other form of notation:

1 1 0 4] X = aAnbarc

1 1 1 1 X =a &b g&c

4.1.2 OR-function (disjunction, mixture)

The OR~operation has a through=-connection at the output,
even if only one input is at "1". It corresponds to a

parallel connection of contacts.

c b a bie Symbol:

ol ol o] o

ol o | 111 ¢ Oo——y 21
b |

ot 110 1 © X
o S—

ol 1111 —a+b+ c

1101 0| 1 =avbvec

1 1o 111 /;*

11 1] 0 1 4 /L:' Lok

11111

4.1.3 NOT=function

A NOT-operation means an inversion (negation) which is
denoted by a line above the input and by a point (circle)
in the symbol. The invertor is also named negator.

Lo R — mqn, 6 = 1
1

"1“ — IIOII,
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a bid
1

0 1 a O~y D) X ao—a ) X

1 0

Examples:

X = ab X ab x = a + b X = a
0 O & Q O & Lo—q =1 1

ey X D) X DD X 1 Q= D—0 X

b Ot o J o SO | b o~

4.1.4 NAND-function

The NAND-operation is a negated AND-operation and has its

name of NOT-AND. A NAND-operation causes at the output x

a through-connection, if at least one input is at "0".

Q
o

a

»

_— el - e O O O
“_ s OO oo

0
1
0
1
0
1
0
1

NOR~function

[ oo JNU: N UIOC AL (UL (UL (S UUK WO

Symbol:
a0—y ¢
b Ol O X
¢ O—
a b c  or
a+ b+ ¢

The NOR-operation is a negated OR-operation and has its

name from NOT-OR. A NOR-circuit causes a through-connection

to the output,

if

none of the inputs are at "1".

Training in Technology

== Systemilechnik




36 vV 0035

c b a X Symbol:
0 0 0 1
0 Oy 21
0 0 1 0
B Qe O X
0 1 0 0 co
0 1 1 0
1 0 0 0 = a + b + ¢ or
1 0 1 0 X =a-+b - c
1 1 0 0
1 1 1 0
4.1.6 Theorems of switching algebra

OR: + or
AND: ° or
a, b, ¢ = Boolean variables (0 or 1)
_] _ (e}

a) a+ 0 = a 0

a
2 a) a - 1= a M«Q?_{Q4w~
2 b) a * 0=20 —4GF~000-
sa) arara.=nca-s  fC b2
a

3 b) a-a-+*as... =al=a ——vgl—/gL— 2 —
4 (3) =a=a
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Communitative law

6 b) a 5 = 0 —~<;Lq<ﬁ;— = ——ooo-m
7 a) a+b+c=(a+b)+c=a+(b+c)=Db+ (a+ )

*
7 b) a‘*b--c=1(a-->b) ~c=a- (b--c)=Db - (a-° c)

*Assocliative law

8 a) a b + a c = a (b + ¢)

distributive law
8 b) (a + b) (a + ¢) = a + b * ¢
9 a) a + a b = a :

9 b) a -+ (a+b) =a

Reduction formulae

10a) a -+ (a+b) =a-b
1Mb) a+a-+b=a+b |
11 a) a + a b=a+hb
11 b) a+a-*b=2a+b

S+ Systenilechnik
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12 a+a-°-b=a-+b
13 a) (a +b) « (a+Db) =b
13 b) (a * b) + (a - b) =b
14 a) (a +b) » a+¢c) =a-*c+a-b
14 b) (a+b) - (@ -¢c) =a-°c+a-°b
15 a) (a+b+c¢c ...) =a+*Db-¢ ...
de Morgans
theorem
15 b) (a *b--c...) =a+b+c ...
16 a) fa*b-c...) =f (a+b+c+ ...)
Shannons
theorem
16 b) fla+b+c+ ...) =f(a°*b-c...)

4.1.7 Set up of the output-function (switching function)

With the given truth table, the output functions may be
found by 2 methods.

a) Disjunctive normal equation:

(disjunctive = connected to one another)

The formulation starts with all lines of the truth-table
with "1" at the output x, a multiple serial connection
(AND-operation) has to be set up; the corresponding row
groups are to be connected parallel. In the Boolean Alge-
bra this corresponds to the sum of several products,
which are assigned to the individual lines with "1",

Training in Technology =— Systemilechnik
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b) Conjunctive normal equation: (conjunctive = connecting)

A parallel connection (OR operation) is formulated from
each row with a "0" at the output x. The rows are then
connected by an AND operation and both inputs and out-

puts are inverted.

Example:

c b a X a, b, ¢ = inputs

0 0 0 ’ (independent)
0 0 1 0 X = output

0 ] 0 0 (dependent)

0 1 1 1

1 0 0 1

1 0 1 0

1 1 0 0

1 1 1 1

Disjunctive normal equation:

X = abc + abc + abec + abc (abc = a + b - ¢)
Conjunctive normal equation:

x= (a+b+c) - (a+b+c) - - (a+b+2c) - (a+b+0a)

With the aid of the calculating rules both forms can be
simplified so that the least expense for realization of

the switching function is obtained.

4.1.8 Exclusive-OR (antivalence, X-OR)

The exclusive-OR operation results at the output in a
through-connection, if a input, but not several at the

same time, show the value "1".

—= Systemilechnik
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b a X exclusive = excluding, i.e. the state
0 0 0 a=>b =1
0 1 1
T 10| 1 x = ab + ab
1 1 0
Symbol:
a O— =1 {l O] =1
OO X 1 X
eOo—q &
b O— 121
21l o
so—{ "z | [
b O—(
4.1.9 Exclusive=-NOR (eguivalence)

The exclusive-NOR operation results in a through-connection

at the output, if all inputs are in the same state (0 or 1).

b | a X

0] 0] 1

0 1 0 X = ab + ab or X = ab + ab
1101} 0

T 1|
Symbol:

d Qi =1 y 4 O— =1 : .
b o—i b o—ol

10— ¢ a &

vo—___ | | = bo—____| |z 1

I s @) - p—o

a0—q & I 10— & I

b o—-qa b o—q
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4.1.10 Negative logic

In negative logic the potential of the "0" and "1" are
reversed.

a) AND-operation:

X =a - b - c
positive logic: normal "0" = 0 V
"’l" ; U
inverted "0" 2 U
H’I" ; O v
Negative logic AND-operation:
x' =x=a 'b-c=a+b+c (corresponds to posi-

tive OR-operation)

b) OR-operation:

X = a + b + ¢

Negative logic OR-operation:

X' = x=a+b+c=a-b - c (corresponds to posi=-
tive AND-operation)
It can be observed that in negative logic an AND element
is the same as a positive OR element and vice versa. So in

changing from positive to negative logic one needs only to

exchange AND and OR elements.

4.1.11 Extension of the inputs of AND and OR

In a circuit it may become necessary to put more inputs
than are available on a gate for the extension of the

inputs; the following circuit may be used:

a —- &
AND b O— abcd
¢ O—ro
d 0—
B
f o —ox
g0
x=(abcd)efg

Training in Technology

Systemlechnik




42 vV 0035

OR a o0— =1
b Qms a+b+c+d
C O
d o~
z1
e
fg O X
g O

X = ({a+b+c+d)+e+f+g

4.1.12 Wired-AND-operation (Phantom=-AND-operation)

If the outputs xq1 and x2 of two switching circuits are
wired parallel, a new operation logic for the mutual out-
put x is achieved. However, beforehand it has to be
investigated, if such a parallel connection of the outputs
is admissible and no break down occurs. The output of a

number of switching circuit systems shows the following:

output

— 1 00V

As there are 2 states only, the transistor is to be under-
stood as a switch. How this appears with 2 parallel connec-
ted outputs is shown below:

A d {)+UB
X .
0

Systenilechnik
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Let positive logic be used:

0
1

~ 0V (low)
~+ Ug (high)

s >

Function table

X1 X2] X

— O - O
- s OO
— O O O

For the single switch:

X1 or x2 = 1-= switch open
X1 or x2 = 0-= switch closed

(signal 0 dominates)

oxr:

X = X1 * X "Wired-AND-operation"

Symbol:

With TTL-switching circuits, the connection without any
complication is only possible with gates with an open
collector. With these an external mutual resistor Rg has

to be provided.
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A TTL-NAND-element has the following structure:

4 O *+5v

%=
2
N
1
| S—
%
X
bY)
o
Q
0

I

oV Alteration to gates with

"open collector™”

The output circuit consists of an amplifier (T3, T4) where
T3, T4 are controlled by Ty such that T3 conducts for "1"
output and T4 conducts for "0" output. So that the output
for "0" and "1" becomes low-resistant and not suitable for
wired-AND. This kind of operation nevertheless can be demon-
strated with the device, because 2 gates with external

collector resistor Re are available (marked with Rg)

O

O

o._...._

o_.__

o—{ ¢ }—o y
S P—o
O]

o_—..

It is: X = X1 * X3

Xx=a1 b1 " cq1 - dy - a2 - by * cp - dp

X =a1 * by s cqp -dy + az - by * cp - dp
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4.1.13 WIRED-OR-operation (Phantom-OR-operation)

If the switching transistor is located in the upper branch

then a "wired-OR-operation" at positive logic is received.

O +
T )
X1 X2
-0 X
R 4
O 0V
0

X1 X2 X

0 0 0

1 0 1

0 1 1

1 1 1

X1, x2 = 0 -= switch open

X1, x2 = 1 - switch closed
(signal 1 dominates)

X = X9 + X3 WIRED-OR
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4.1.14 Switching functions

46
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4.1.15 The Karnaugh-diagram

We have seen that with the aid of the disjunctive and
conjunctive normal equation the output function can be
set up from the truth-table. By use of the theorems of
the Boolean Algebra the function can be reduced to a
minimum. Essentially, simplification exists at the gene-
rally more favourable disjunctive normal equation by
means of factoring out of terms of form x + x = 1. This
factoring out-method can be accomplished with the Kar-

naugh-diagram.

A rectangle is to be drawn, with as many fields as combi-
nations of the input i.e. at n-input variations 2D fields.
The assignement of the fields to the corresponding combi-
nations of the inputs has to be made in such a way that
one field only is uniquely decided by one possible combi-
nation and at the transfer from one field to a neighbouring

one, only one variable is altered.

Examples:

2 variables: a, b a b X

s

Q ai

=R
- o o
= ]
o o o =

3 variables: a, b, c

abe

(o]
o
o
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4 variables: a, b, c, 4
c, b
e d =1 | a
(o/s] 01 11 10
abedd " a a
-00 d coco oo1 on o0 10 MM 1ol 100
z -
01 atbed I o |abd
- o -
1 o abid
c -
10 d b ] b ! b
5 1 b b5 z c | z ! c Iz
5 variables: a, b, ¢, 4, e
a,bc
o d a
e 000 001 o171 o0t 1O 111 101 100
00 EEEJE E
d — -
o1 abede
= e
7
d -,
10 e
~ I
b ] b b
(PO | e I z < I 2 1

Each field is marked with the variables

which stand at the

border. The marking can be done in such a way that the value

of the variables (1, 0) can be written in the field from left

to right in alphabetical succession.

It is easier to write the variations of the vertical and hori-

zontal directions like coordinates along the edges (attention -

alphabetical succession!).
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The marking of the fields is done as seen in an example for 4

variables.

o]
o
Q
Qs

i
o
O~

a a ai o 0 7 1
0 0 0 0 0 o0 01 | n 10 c N o ] 7 0
1 0 0 0 1
0 7 d
. 1 . . , Ea ol 21| 3 g loolo | 2 | 3 7
1 1 ol o0l 3 o1 | 8 g o118 g
ol o110/ 4 - o
11010111015 " n
. -
0 1 1 0 6 wll 4 & 7 5 d 104§ 4 6 7 5
1 1 1 0 7
0 0 0 1 8
1 0 0 1 9

Obviously, both kind of representation are identical.

Each AND-operation of the disjunctive normal equation (or each
row of the truth-table for which the output function is "1")
takes up exactly one field of the diagram. These fields are
marked e.g. with a "1" (or x etc.). Neighbouring fields with a
"1" are combined to form a block (block of two, block of four,
block of eight).

The simplification consists of the fact that the variables which
are common to all field of a block remain and those ones which
change within the block disappear (a—=a, b—+=Db, ... ). There-
fore the blocks are chosen in a way, that only as few as possible
of variables can be marked. Imagine the Karnaugh-diagram is
shaped as a cylinder (horizontal or vertical direction), then
these fields are neighbouring which are above or below of the
same column resprectively at the beginning and end of the same
row.

Fields used for one block are again useful for the set-up of

another block if this indicates a simplification.
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Example of application:

a b lcjipda]|T figure 1 a, b
c, d a «a
U U ' 0 o1 11 10
i i) IS R N
o0 o | 1|1 w11 BE
oo | 1|00 e I
0 1 0 0 1 01 'LJ_J'
1 0 0 0 1 o
n
0 0 1 1 0 - -
0 1 1 0 0 10 L H =
1 i
i T
1 1 0 0 0 - A z
0 1 1 1 0
1 ° 1 0 ! figure 2 ab _
1 0 0 1 - c,d[_‘ a a
oo 01 1" 10
0 1 0 1 - v —
1 1 1 0 - not possible oo i 1 ] I? { d
= | g
1 e f i " T I
1 0 1 ("don't care") o I . p ; )
1 0 1 1 - | o
U T T T O T . « 1y
c i -
0 X 1 d
b b b

The last 6 combinations are not possible on account of the circuit

used.

From figure 1 we see that: T = abc + acd + abd

An additional simplification is received if the combinations
which are not possible by means of the circuit is interpreted with
"1" and included in the diagram, not being afraid to make a mistake.

These don't care fields are marked by crosses (figure 2) and are

to be used for blockformation, if this shows a simplification.

We receive with that: T = ac + ab

=—==— Systemilechnik
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4,2 Exercises

Exercise 4 - 1

To realize the logic functions AND, OR, NOR, NOR and

EXCLUSIVE OR in NAND-logic.

Solution 4 - 1:

a) AND-function

b
i
i}
o
It
o
o

b) OR~function

o

X =a+b=a+b=a

(De-Morgan's formula)

c) NOT-function

X = a

d) NOR=-function

x=3%Bb=3-b=3-50

e) EXCLUSIVE-OR (antivalence)

a O—]
D O

AL

:

OO X

ja
o

:
i

8 a
g
[2 o—r“

b

g ] D

Xx=a-+b+a-b
=a -+ b+a b
=(a * b)*(a * b)

a o

b o

[=)
ol

=1}
o

|?_|:_Y
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Exercise 4 - 2:

To realize the logic
OR in NOR-logic.

Solution 4 - 2:

functions AND, OR, NOT, NAND and EXCLUSIVE

a) AND~function

X = a b=a-.->b
b) OR=function

x =a + b= a+b
c¢) NOT-function

X = a
d) NAND-function

X =a-+-b=a+Db
@) EXCLUSIVE-OR

X = a b + a b

x=a+b+a+b

| -
a
= a + b D_L~ z1 S
=1
o f TR
2 o—IZ7 =1
O o B Il i
a+b
0.0——-{;10-———@)(
a0 | 2"p
=a+b D—L"§;1O_E->_—1 )
bo-ﬁi: =1 Q§r~ a+b
=a - b+ a =a+b+a+b
=75
|—£ D_l_;1 G+E
a O—=g =

114
—

=

=]
+
o
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Exercise 4 - 3:

To set up, from a given function-table, the disjunctive normal
equation and to simplify the circuit by means of theorems of

switching algebra.

function table

W
o)
Q
"

~N Y U oW N e O
= e e OO0 O
B e = N = S N N e SR
_, O s O e O e O
—_ OO e e O -

Solution 4 - 3:

Disjunctive normal equation

Xg =a - b - cC

X3 = a b c

X4 =a - b c

X7 =a * b * c

X = xQ + X3 + X4 + X7

X =a-*b-+c+a-+b-+c+a-+b*c+a-b-c (without

simplification)

==— Systemilechnik

Training in Technology




54 vV 0035

Circuit: adabbecc
¢ g 1M
*
’—-—
gt g %2
Y -_L_____ =1
e X
L 4 & I
¢ X
—1 3
L 4 &
&
@ X
Simplification: (factoring out of common variables)
x =Db -c (a+a)+b - c (3 +a)
1 1
X = b c +b c
Principle circuit: Realization by means of a circuit:
r} rj input
variables
- .? .? switch
b tc b b C c

b

i gl ' gl

| SR T =T @
[ [

Exercise 4 - 4:

To set up from a given function table the conjunctive normal
equation and to simplify the circuit by means of theorems of
switching algebra.

=== Systenilechnik
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a b c bi4
0 0 0 0 1
1 0 0 1 0
2 0 1 0 0
3 0 1 1 1
4 1 0 0 1
5 1 0 1 0
6 1 1 0 0
7 1 1 1 1
Solution 4 - 4:
Conjunctive normal equation
X1 =a+b + ¢
X2 = a + b + C
Xg = a + b + C
Xg = a + b + ¢
X = X1 ° X3 ° X5 ¢ Xg
X = (a+b+c) - (a+b+c) (a + b + ¢) (a + b + c)
(without simplification)
Circuit
adbbecct
{ a
2
.———-—-
2 = l—
' 1
- 1=
L OX
F
5 =
’_—.‘
L >
Py -
®
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Comprehending:

1. Factorizing

x = (a+b+c) - (a+b+c) (a--b+c) - (a+b+cac

x (aa+a5+ac+abfp%1bc+a5+55tp53-(55+55+5c+5btp%¥bc+EE+EEﬁQES

2. Summarizing

x =[a+al+Db) +a(c+c) +bc+bclla+al+b) +alc+c) +be+ bel
1 1 1 1

x = (a + bc + be) - (a + bec + be);

X = (a + B) + (a + B) with B = bc + bc auxiliary intermediate

variable

With the aid of calculating rule 13 a) from page 38:

% = bc + bc

Circuit:

ey X

[

Training in Technology
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Exercise 4 ~ 5:
To develop the function table of the circuit below:
aabbecec d
l & 1%
[ 3 Xo
$— L=
& [ X2 . e
x T e X
6 N
& Xg
T L
¢ L=
? X3
Solution 4 - 5:
X = X1 + X3 substituting:
X1 = a ° X3 x = a ° ¥y + a - X4
X2 = Xg *+ Xy = a * (X + X7 + a * (xg + c)
X3 = a X4 = a- (c-d+b-d +a-(b-d+cac
X4 = Xg + c
_ factorize:

X5 = b d _ L L

_ x = acd + abd + abd + ac
Xg = cC d
x7 = b - d

Training in Technology —— Systemlechnik
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a a
go 01 | N 10
P -
OO!T ] d
= =" e -
o1 1 1 71
- o
11 1 1
(o 51 -
10 ] =
H
5 | b | b

From the Karnaugh-diagram follows the function table:

a b c d X
0 0 0 0 1
0 0 0 1 1
0 0 1 0 0
0 0 1 1 1
0 1 0 0 1
0 1 0 1 1
0 1 1 0 0
0 1 1 1 0
1 0 0 0 0
1 0 0 1 0
1 0 1 0 1
1 0 1 1 0
1 1 0 0 0
1 1 0 1 1
1 1 1 0 1
1 1 1 1 1

Exercise 4 - 6:

Let the output variable S of a logic circuit be dependent on
the inputs a, b, ¢ as follows: From each given combination of
values of the inputs S should change its value, if only one
of the three inputs or all three of them change their value,
but if 2 inputs change their value, then S is to maintain its

== Systemlechnik
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present value. As a starting point take the condition:
If all three inputs have the value "0", S should also have the

value "0". Develop the function table and design the circuit.

Solution 4 - 6:

Aid: The Karnaugh-diagram is built up such a way that the
passing from one field into another neighbouring one, only

one input changes its value. When writing in a Karnaugh-diagram
in neighbouring fields starting at "000" alternatively "0" and

"1", one has entered the function S.

oo or | 1 10

c 1 7 9] 1 o
b 1 b I b5
Equation:
S = abc + abc + abc + abc (1) a and a factorized:
or:
S = a (bec + bc) + a (bc + be) (2)

antivalence equivalence

=== Systemnilechnik
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Circuit
1)
aabbecec
! .
®
[ L_
¢ &
g P B z1
e S
& Y 3 __J
(—
[
8 Z
®
2)
ad b ¢ c

:

P

r
]
L__1
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Exercise 4 - 7:

Given the function t (a, b, ¢, d) in minimized disjunctive
form:

t = ac + bed + acd
Alter this form simply into a conjunctive form. Write t in
a Karnaugh-diagram, but minimize t and get out the minimized

form of t by applying the Shannon theorems on t.

Solution 4 - 7:

ts £
t form the missing fields of t
in the Karnaugh-diagram
a a a a
oo o1 | 1 10 go o1 4 1 10
ni —
00 1 1 d oo |l 1 1 d
c 1 - z - -
01 ol 1] 1 701
- d . d
=
1 T 1 i Ty
l S

ot
g
Q|

10 1 1

ac + cd + abd + acd

cti
it

t = t = ac + od + abd + acd

= (a+c) - (c+d) - (a+b+4d) - (a+c+d)

——— Systemilechnik
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Exercise 4 -~ 8:

Let a special priority circuit have the following inputs

X1, X2, x3 and outputs yqg, v1, y2, y3 respectively. If all
inputs have value "0" only the output yg should have value
"1". If one or several inputs xy take up value "1" and the
highest index of these input variables is k, then only the
output variable yx should have value "1" and all other output

variables should be zero. Evaluate the minimal circuit.

Solution 4 - 8:

Find the function table for this exercise:

input output

X1 X2 X3 Yo Y1 Y2 Y3

0 0 0 1 0 0 0

0 0 1 0 0 0 1

0 1 0 0 0 1 0

0 1 1 0 0 0 1

1 0 0 0 1 0 0

1 0 1 0 0 0 1

1 1 0 0 0 1 0

1 1 1 0 0 0 1
Yo = X1 X3 X3
Y1 = X1 X3 X3
yy = §1 X2 §3 + x1 X §3 = X ° §3 (§1 + x1)
v = i3 =0

From the table the following is read immediately

Y3 = X3

—=— Systenilechnik
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Circuit:

Systemilechnik

Training in Technology
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5. CODING
5.1 General

Physical quantities can be represented and processed by
analogous and digitalized means. An example of the analogue
display is the temperature measurement done with a quick=-
silver thermometer.

The digital representation of a guantity is done by a number
with a certain "resolution" e.g. by a counting device, which
on its last figure can jump by one unit only. Intermediate
values are not possible (e.g. km-counter).

The representation of digital quantities in engineering is

simply done in the so-called "Binary system”, which only

knows two states, namely "0" and "1" (technically "on" and
"Off") .
With n elements (position) - all of them can take two

different states = an "alphabet" from Z = 20 different signs
can be represented. Each sign can be assigned to another sign,
which need not be based on the binary system. This assignement
is named code. A code word consists of a number of binary
signs "0" and "1",

Example for a binary code:
a = 110; b= 011; c = 101 etc.
With these three numbers an alphabet of
Z =23 = 8 signs can be coded

(Code words are to be used for letters, operations, decimal
numbers, etc.). Analogous to the decimal system which is

arranged according to falling powers of 10:
5673 = 5 - 103 + 6 - 102 + 7 - 101 + 3 . 100,

the binary system is arranged according to falling powers
of 2:

101101 = 1 - 25 4+ 0 - 24 + 1 - 23 4 1 . 22 4 0 . 21 4+ 1 . 20
(decimal 45) = 32 + 8 + 4 + 1

=== Systemilechnik
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To represent a number in the binary system, two current

methods are used:

a) closed binary

e.g. the representation of number 105 as a binary number

in the Binary code:

10549 = 1101001

Besides the Binary code there are other binary codes e.g.
the Gray-codes. From them two successive values differ by
one bit-place only, to make them better suitable than the
Binary code for photoelectrical and mechanical counters.
From the many possible Gray-codes the specified one is

known as the Gray-code. (page 66)

b) Binary Coded Decimal representation (BCD)

Hereby each decimal place (0...9) is represented by a code.
If as a Binary code the first 10 figures of the binary

system are used, then the decimal numbers 753 reads:

75310 = 0111 0101 0011 (8421~Code)
binary neon ngn nan

The assignment of tetrades (words consisting of 4 bits) to
decimal figures is arbitrary, binary is only one possibility
another possibility is the Gray-code already known. The
following tables show some of the derived possibilities from

the binary system.
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Often used BCD-Codes
Decimal | Gray-code | Two out of 5 | Biquinary
numbers codes (g)
number of
places 4 5 7
place value - 74210 50 43210
0 0000 11000 01 00001
1 0001 00011 01 00010
2 0011 00101 01 00100
3 0010 00110 01 01000
4 0110 01001 01 10000
5 0111 01010 10 00001
6 0101 01100 10 00010
7 0100 10001 10 00100
8 1100 10010 10 01000
9 1101 10100 10 10000
10 1111
11 1110
12 1010
13 1011
14 1001
15 1000
immune to |capable of simple arith-

advantage reading being tested | metic rule,

mistake capable of
being tested

of no

advantage calculate |calculate store

for

arithmetic not not simple

rule general general place
applicable|applicable shifting

Training in Technology
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Decimal|Binary Binary- Stibitz- or |Aiken-
numbers | numbers Code Excess-3-Code|Code

number

of places 4 4 4

nlace value 8421 8421 2421

0 0000 0 0000 - 0 0000
1 0001 1 0001 - 1 0001
2 0010 2 0010 - 2 0010
3 0011 3 0011 0 0011 3 0011
4 0100 4 0100 1 0100 4 0100
5 0101 5 0101 2 01071 -
6 0110 6 0110 3 0110 -
7 0111 7 0111 40111 -
8 1000 8 1000 5 1000 -
9 1001 9 1001 6 1001 -
10 = A | 1010 - 7 1010 -
11 =8B | 1011 - 8 1011 5 1011
12 = C | 1100 - 9 1100 6 1100
13 D | 1101 - - 7 1101
14 & B 1110 - - 8 1110
15 = F | 1111 - - 9 1111
calculate, calculate, store,
advantage store forming the complement
of no
advantage not capable of being tested
for
If a pseudo- If a carry A pseude-
tetrade or a over appears |tetrade
carry over a binary 3 appears:
appears bi- has to be If no
nary 6 has to |added. In carry over
be added. This|other cases appears
correction binary 3 binary 6
arithmetic may have con- |has to be has to be
rules sequences subtracted added. In
for the carry other cases
over place. A binary 3
further cor- has to be
rection addi- subtracted.
tion 1s not The carry over place will
allowed to
follow. not be changed by a

correction

Training in Technology
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Further BCD=Codes

Decimal-|Petherick~-|White-|Glixon=-|Walking~|Telegraph~-|Hamming-
Code Code Code Code Code Code Code
0 0101 0000 0000 00011 01101 0000000
1 0001 0001 0001 00101 11101 0000111
2 0011 0011 0011 00110 11001 0011001
3 0010 0101 0010 01010 10000 0011110
4 0110 0111 0110 01100 01010 0101010
5 1110 1000 0111 10100 00001 0101101
6 1010 1001 0101 11000 10101 0110011
7 1011 1011 0100 01001 11100 0110100
8 1001 1101 1100 10001 01100 1001011
9 1101 T 1000 10010 00011 1001100
10 1010010
Il 1010101
12 1100000
13 1100110
14 1111000
15 1111111

Each one of the decimal-codes has its advantage with respect to

addition,

faults

(here not treated in details).

subtraction and forming the complement or detection of

The current tetradic codes

(of 4 bit length) have 6 pseudo-tetrades, because from the 16

possible combinations 6 are not used. This not-using of all

possible combinations is called redundance.

Training in Technology
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5.2 Coder

From the many possible types of information only two are in
practical use, namely the so-called alphanumeric signs and

numbers. All other types of information will be translated

into alphanumeric via a previously agreed code table. Alpha-
numeric signs include big and small letters, the numbers

from 0 to 9 and also a number of special signs such as space,
line feed, full stop, comma etc. For these signs there exist
some international codes e.g. the telegraph code or ASC II
Code. A coder takes over the function to convert these infor-

mation sorts into a certain code.

0
051 1 —®—0 a
2
3
o — Coder b
5 certain
o> d
5 & code =
ol 7
e
e 8 Lo
g

Coder for digit-by-digit translation of the decimal numbers

into a tetradic-decadic code.

The subsequent table shows the assignement of the decimal
numbers 0 to 9 for the binary code. Basically the numbers
also correspond to a code assignement, namely "1" to "10"
Code, whereby the redundance is extremely large (210 = 1024,
but only 10 combinations are used).

Training in Technology
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Table

Exercises

5.3

1

Exercise 5 -

that converts the decimal numbers from 0

Design a coder,

to 9 in the corresponding binary numbers.

1

Solution 5 -

d

Dec.

System

10

c
3
5
D
)

in Technology

3

ining
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From the table it can be seen, when the outputs a, b, ¢, d
must switch through. The operation is done by means of the
disjunctive normal equation, i.e. the inputs 0...9 are to
be connected with each other by means of the OR-gate. Of

course the inputs 0...9 are to occur individually (1 out
of 10).

roje 4 |5 16 }7 |8 |9 ‘
/Ci/ / /3‘/ / / / / / input variables switch

RER:

)

Training in Technology ===— Systenilechnik
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Exercise 5 = 2:

Design a code=-circuit for converting Decimal —= Aiken code
(2421-code) .

Solution 5 - 2:

Dec.

Qs
Q
o
4]

System

W 0 I oy Ut b W= O
P . T Y S o TR« TR oo Y o SR a»)
O UL S T = T S« T «v S o B e
e O O O e e OO
I o R T I T o B N e B - |

The set up of equation is according to the preceding coding.

0 4 5 6 7 8 9

/.)li/j/./_u/./_

=1
2 1 |
[
Gt
@ Z1
&
L 2 g b
L
[’ VE——
& =1
@
¢ py e €
[
¢ ey
’ [ 2 e
® T——
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Exercise 5 - 3:

Design a code-circuit of converting Decimal = Excess-3-Code.

Solution 5 - 3:

Dec.
System d c b a
0 0 0 1 1
1 0 1 0 0
2 0 1 0 1
3 0 1 1 0
4 0 1 1 1
5 1 0 0 0
6 1 0 0 1
7 1 0 1 0
3 1 0 1 1
9 1 1 0 0
o 1 Z 3 4 5 & 7 8 g
- z1
@
L 4 ]
L 4
&
@ >1
‘,
. o b
&
@
=1
8
L 4 c
&
[ e
® z1
®
o —e—
L

—=— Systemilechnik
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Exercise

5 - 4:

Design a

code-circuit of converting Decimal —» Petherick-Code.

Solution 5 - 4:
Dec.
System d c b a
0 0 1 0 1
1 0 0 0 1
2 0 0 1 1
3 0 0 1 0
4 0 1 1 0
5 1 1 1 0
6 1 0 1 0
7 1 0 1 1
8 1 0 0 1
9 1 1 0 1
] ! 2 3 L 5 & 7 8 g
1 ® 21
@ e
&
%
‘——-—-—-——
“,‘ 21
® e
&
@
L 4 21
‘ pofpee O
@
I —
% Z1
¢
@ po— o
I

Training in Technology
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Exercise 5 - 5:

Design a code-circuit of converting Decimal —+= Gray-Code.

Solution 5 - 5:

Dec.
System d c b a
0 0 0 0 0
1 0 0 0 1
2 0 0 1 1
3 0 0 1 0
4 0 1 1 0
5 0 I 1 1
6 0 1 0 1
7 0 1 0 0
8 1 1 0 0
9 1 1 0 1
10 1 1 1 1
o ] 2 3 &4 5 6 7 8 9
@ 21
@
@ =1
&
‘..._______..‘
® Z1
@ e =
&
3 21
s L —
&
I —
>
® 21 o
L —
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Exercise 5 - 6:

Design a code~-circuit of converting Decimal + White-Code.

Solution 5 - 6
Dec.
System d c b a
0 0 0 0 0
1 0 0 0 1
2 0 0 1 1
3 0 1 0 1
4 0 1 1 1
5 ] 0 0 0
6 1 0 0 1
7 1 0 1 1
8 1 1 0 1
9 1 i 1 1
0 1 2 3 4 5 & 7 8 g
) G 21
&
© by o
®
@
Q-—-_.
@ z1
@ ! N
F ——
3 =1
& | . c
- E——
& =1
@
@ b o
- T_____
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Exercise 5 - 7:

Design a code-circuit of converting Decimal == Glixon-Code.

Solution 5 - 7:

Dec.
System d c b a
0 0 0 0 0
1 0 0 0 1
2 0 0 1 1
3 0 0 1 0
4 0 1 1 0
5 0 1 1 1
6 0 1 0 1
7 0 1 0 0
8 1 1 0 0
9 1 0 0 0
o ! 2 3 b 5 & 7 8 g
@ 21
G py o
®
® =1
L 4 ° ——
©
® Z1
* 8- <
@
&
& =1
-
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Exercise 5 - 8:

Design a code-circuit of converting Decimal -= Telegraph-Code

(only figures).

Solution 5 - 8
Dec.
System e d c b a
0 0 1 1 0 1
1 1 1 1 0 1
2 1 1 0 0 1
3 1 0 0 0 0
4 0 1 0 1 0
5 0 0 0 0 1
6 1 0 1 0 1
7 1 1 1 0 0
8 0 1 1 0 0
9 0 0 0 1 1
o 1 2 3 4 5 & 7 8 g
L & =1
& - —
’ el
@
Q—_—_,
& ey
-,
e
© =1
&
L —t——
@
&
G § z1
&
r's -
" -
9
¢ Z1
L 4
¢ b &

=== Systenilechnik

Training in Technology




v 0035 79

Exercise 5 - 9:

Design a code-circuit of converting Decimal —= Hamming-Code.

Solution 5 - 9:

Dec.
System g £ e d c b a
0 0 0 0 0 0 0 0
1 0 0 0 0 1 1 1
2 0 0 1 1 0 0 1
3 0 0 1 1 1 1 0
4 0 1 0 1 0 1 0
5 0 1 0 1 1 0 1
6 0 1 1 0 0 1 1
7 0 I 1 0 1 0 0
8 1 0 0 1 0 1 1
9 1 0 0 1 1 0 0
10 1 0 1 0 0 1 0
11 1 0 1 0 1 0 1
12 1 1 0 0 0 0 0
13 1 1 0 0 1 1 0
14 1 1 1 1 0 0 0
15 1 1 1 1 1 1 1

If faulty transmission of a code word occurs using this

extensive code, two errors can be detected and one corrected.

The so-called Hamming-Distance is d = 3. With n = 7 places
it would be possible to construct z = 128 combinations,
nevertheless only z' = 16 possibilities are used.

z = 2n = 27 = 128

z' = 2n-d = 27-3 = 16

Systemnilechnik
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012 34 5 67 8 9 101 12131415

8-
v

&
v

&
‘
f © s [
&
O———-—
® >1
‘; —
Y
o] .
o
@
*—_.
F* 21
® P =4
T Pt
—i
T 21 |
@
4
@
&
]
*— e
%
*- ? et f
3
@
t
T 21
2
»— = g
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6. DECODER
6.1 General

Decoders have the task to convert a number code of n code
words into a l1-out-of-n-code. Therefore the decoder has n
outputs. Since 71-out-of-n-codes usually are not suitable
for subsequent digital treatment, normally decoder circuits
are installed at the output of the digital part of an
installation. The 1-out-of-10-code is frequently used for
the display of a counting or calculation result (for direct
decimal display) but also the so-called 7 segment code is
now frequently used.

Example: 8-4-2-1-Code —+ decimal system (l1-out-of-10-code)

d c b a 0 1 2 3 4 5 6 7 8 9
0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 1 0 1 0 0 0 0 0 0 0 0
0 0 1 0 0 0 1 0 0 0 0 0 0 0
0 0 1 1 0 0 0 1 0 0 0 0 0 0
0 1 0 0 0 0 0 0 1 0 0 0 0 0
0 1 0 1 0 0 0 0 0 1 0 0 0 0
0 1 1 0 0 0 0 0 0 0 1 0 0 0
0 1 1 1 0 0 0 0 0 0 0 1 0 0
1 0 0 0 0 0 0 0 0 0 0 0 1 0
1 0 0 1 0 0 0 0 0 0 0 0 0 1
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6.2 Exercises

Exercise 6 -

Develop a decoder circuit which converts the 8-4-2-1-code

into the decimal system and minimize this circuit by means

of a Karnaugh-Diagram.

Solution 6 -

The most used code in digital technics is the binary coded

decimal code with the valence 8-4-2-1 derived from the binary

The conversion of this code into the familiar decimal

abcd
abcd
abcd
abcd

system.

numbers is done using decoders.
a b c

200 27} 22 Dec. System
0 0 0 0 0

1 0 0 0 1

0 1 0 0 2

1 1 0 0 3

0 0 1 0 4

1 0 1 0 5

0 1 1 0 6

1 1 1 1 7

0 0 0 1 8

1 0 0 1 9
Equations:

X0 = EEEE X5

X1 = aEEa X6

X3 = abcd X7

X3 = abcd Xg

X4 = abcd Xg

abecd

Training in Technology
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Principal circuit without simplification

ZU 21 22 23
a ab bec e dd
| ;
B I
T !
¢ &
L 2
._.’—..2
L 2 -
& &
@
_...._.3
L 2 >
&- Y &_»_tf
¥ =
¢ &
- -]
¢ —
I F s
[ —
¢ ¢ o— 8(-—’»7
’-—-4
4 &
& et 5
‘Q
@
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Since with the 8-4-2-1-code from 16 possible combinations
only these from 0 to 9 appear, the remaining 6 combinations
from 10 to 15 (the so-called pseudo tetrades) may be used
(for simplification purposes) as "don't care fields" in the
Karnaugh-Diagram (marked with X).

orff 8 | xy

|
n X X} X X

X = a-b-c-d
X4 = a-b - ¢ - d
X2 = a -+ b - c
X3 = a + b - ¢

X4 = a b+ c
Xg = a b - ¢

Xg = a b - ¢

X7 = a - b - c

Xg = a - d

Xg = a - d

=— Systemlechnik
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Circuit (minimalized):

= b < o
ﬂ/ ﬁ) p/ ﬂ) input variables switch
=1 1 -3 -3
al a b5 b c < P o o
[ < &
'Y 5& |
@ 2 1
1 ? Y _—®__1
2
&
3
&
I 1 ¢ —X—
® P z 4
5
1 = T
&
@ S 2 E
7
& y + )
8
[ @rcomnd ¢ __®—_‘
g
T &
é —-—C§>——4

Exercise 6 - 2:

Develop an error detection circuit of pseudo tetrads for the
8-4~2~1/decimal~decoder.

Solution 6 - 2:

The "Don't care conditions" are simultaneously signals for

the error detection f.

)

Training in Technology
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The completed table is as follows:
d c b a Dec.
0 0 0 0 0
0 0 0 1 1
0 0 1 0 2
0 0 1 1 3
0 1 0 0 4
0 1 0 1 5
0 1 1 0 6
0 1 1 1 7
1 0 0 0 8
1 0 0 1 9
1 0 1 0 (10) £
1 0 1 1 (11)y £
1 1 0 0 (12) £
1 1 0 1 (13) £
1 1 1 0 (14) £
1 1 1 1 (15) £
Error detection f by pseudo tetrads
f = ¢ - d+ b d
£f = d (b + ¢)
1 1
7 o
b a
o f 8
1 f F
! f f
o f g9
Training in Technology — Systemilechnik
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Circuit:
a b o o
a 1 o 1 o 1 0 1
| I | I
1 1 1 1
Y Y
o a b b c = d d
L] ] : |
4 Py §
! % : |

@ ) .
4 i

@

@

¢— & i

&

*

'S & {

°© Qo ¥ Qo Qv @ Qv Qv Q- Q-

I

i

Systemilechnik
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Exercise 6 -

Develop the BCD/decimal-decoder with pseudo-tetrads

detection by means of NOR-gates with the aid of the

De Morgans Theorems:

Solution

Realization of

%0
1
X2
<3
x4
x5
%6
27
%8
%9
£

it

a b =
6 - 3:

X(Q up
a-b-c-4d
a-b-c-d
a b - ¢
a < b c
a *b-c
a b c
a-b - c
a - b c
a -+ d
a - d

d (b + ¢)

by NOR-gates:

R

b and

xXg and
a + b c + d
a+b+c+d
a+ b+ c
a+b+c
a + b c
a+b+c
a+ b+ cC
a+b+c
a + d
a + d

Training in Technology
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aabbcecdd g abbeceddod
l 21 i >1
@ T D X @ = Dt X
T ¢ 0 A 5
L 4 21 L 2 21
4 ° O—e=- X 4 & B
& [ 4
L 4 21 X . o >1
Ot - Yot X
% 2 13 7
@ =1 4 Z1
L S
4 > >
@ T 21 [)—--l--)([‘> T 21 &—wxg

[=o}
-
¥
(=¥
af

———— O
\ 4
v
v

With the following decoders the circuits are shown
simplified according to the logical functions.

=== Systemilechnik
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Exercise 6 - 4:

Develop a decoder circuit for the conversion of the Aiken-

Code (2421-Code) into the decimal system and minimize the

circuit.

d c b a Dec. System
0 0 0 0 0

0 0 0 1 1

0 0 1 0 2

0 0 1 1 3

0 1 0 0 4

1 0 1 1 5

1 1 0 0 6

1 1 0 1 7

1 1 1 0 8

1 1 1 1 9
Solution 6 - 4: (without simplification)

a a b b ¢ c d d

@ Py 8(--»—-0
’—-——-—_—
¢ L 2 Py g’—-&—a?
‘__,_____‘
¢ &
- = 2
‘_._.__.._...‘
¢l 3
- Y &_.NQ
P
'—.___.__.__‘
® &
_D-S
¢ C—
®
@ & e &
g Y
7 — L
@
@
&
_—-—8
g s
L 4 &
4 ¢ —iipeeee g

==— Systemilechnik
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Karnaugh-Diagram for minimization

IRV T A

- —— ey D ke
QI ~ :«IXJ.—\ 7J__ X..“

| rl.i.u_.—.,llL | m

g [P ey !

e et

=l = : oo o
— ]'L% ~rllll _rlnlllw.
RV—— ’I'.—m 1I|III. ——

_— { | i
S #2 __-x Mo i x _“
_Q — |.|: | S L.
r——- .—T.IIIH.++..|||J |
S4ho i o s
o ===/ | N |
s 5t= 2l

v U

1@

X2

T
Q
1
M
O
© 0
Q Q
g ©
(I
[Se e
XX
g
Q 1T
g O
|
o<
X%

Minimized circuit:

Iy

tu

10 S

g —6-

Systemlechni

2
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Exercise 6 = 5:

Develop a decoder circuit for conversion of the 3-excess-

code into the decimal system and minimize the circuit.

d C b a Dec. System
0 0 1 1 0
0 1 0 0 1
0 1 0 1 2
0 1 1 0 3
0 1 1 1 4
1 0 0 0 5
1 0 0 1 6
1 0 1 0 7
1 0 1 1 8
1 1 0 0 9
Solution 6 - 5: (without simplification)
aEbEchc’?
g & & 8’—;—-—-—:{]
‘—...——-.—..
r—m‘
e Py - 3 5
'———-—-——-——
"r 8‘--1—-»-3
[ S |
T e L2
@ P S——
® &
& —— 5
xS
b4 g
L 4 —— 5
&
@ 4
@ N
e
@
® &
@ |—e— g
f

Systemilechnik
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.+—_.1

n

()]
JES O

!

X

L

o1
re

ao

=

x ||
.

b

Karnaugh-diagram for the simplification of the circuit:
0o

vV 0035

(or abc)
(or abd)

=
3
5
@
)

c
d
c
d

N 6 ~ o o @) — W mn F w w0 S @® o
IR LN N
o~ S o3 o o o o3 ] o3 o oS o
ISM Lo
iQ Q
o1
NN
o ©
o
e B Lo BN ST ¢) a pe o—
RUp— & ? S
e No T o Ro Jo U @ @ °- mu
ia P & - 1d <
1V I © 16 © £ L & L g .m
N | R TR B v & & @ & Q
O — N Mo v - @ L 4 f um
E A - 84
o))
'm
Om

Tra




94 v 0035

Exercise 6 - 6:

Construct a decoder circuit which converts the Petherick-

Code into the decimal system and minimize the circuit.

d c b a Dec. system
0 1 0 1 0
0 0 0 1 1
0 0 1 1 2
0 0 1 0 3
0 1 1 0 4
1 1 1 0 5
1 0 1 0 6
1 0 1 1 7
1 0 0 1 8
1 1 0 1 9
Solution 6 - 6: (not simplified)
aabbcecdd
L -
.-__-____
@ Py 5 8"-—-»—»7
[ VA—
@
& e 2
[ VR
[ 3
o ® 8’-—0———3
’....__—‘
&‘ Z o 4
[ “S——————
‘f & 5
S
1%
¢ &
L 2 e
‘C
& &
8- S
‘t
' g
@ ._.__8
*
F
‘7‘ &—.—9

£ Systenilechnik

Training in Technology




95

vV 0035

Simplification

a1 17 0

00

RV Ry R
I m M=
| ~ Il © L.ng J
[ | [ | [ |
alllwﬂll-+||d:ﬁalﬂ

AU LIRS il |
S| ..||||+III.UL|_ _lrllh.m..
ﬁl'lﬁ m!lll- r==" 1II..J_

ih |
I (T
fr—=T——lH HI i
_ﬁXJ: XJ: X T X
Y | |
8 &'= 2l
ly U

O ™~ o O
XX X X
ihelRLcRE Lo NR Lo}
10 Q10 O
19 ©Jc 1o
wono il
= N o <
LT T -

Minimized circuit:

e 5

I

Systemnilechni

I
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Exercise 6 - 7:

Develop a decoder circuit for the conversion of the Gray-

Code into the decimal system.

d c b a Dec., system
0 0 0 0 0
0 0 0 1 1
0 0 1 1 2
0 0 1 0 3
0 1 1 0 4
0 1 1 1 5
0 1 0 1 6
0 1 0 0 7
1 1 0 0 8
P S A L Y O S
1 1 1 1 10
Solution 6 - 7: (without simplification)
aabbccdd
L
.—.—.—-——.‘
S : el .
‘____.,____‘
3 T 3 . 3
....___.....___‘
@ &
@ Py .-
‘—‘
@ ra s 3 c
’._____._..__‘
L - ) | ..
‘_.‘
g L4 ® & —
‘-———
&
® —e— g
T L ¢
L 4 5 T & g

—— Systemilechnik
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Simplification:

10 10 1O 10 O

°

1Q 1Q

g ©
o

[ -
xooX

°

Q Q2 Q
@ 1@ 1d
[ I

N oM <
Xoox X

Q1 i T

Qg © i 1®
(1N
n WO >~
XX X X

Karnaugh-Diagram:

o1 1 10

oo

v, T 4 lu
RN §o-Tokeaks ok |
“n.l ~X|m 9“ W
I |
e Y
o fl x i x If o
b — Al = —
Tli-.ﬂn.ll.l_!m.llﬂnwﬁllj
b fhx X &
L I I |
—— ! |
foll x il ol o~
L {erm | S

§ st= B8

y ]

Systemilechni
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Simplified circuit:

0t
j\
o
o
ni
N
88
o

Training in Technology
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Exercise 6 -~ 8:

Develop a decoder circuit for the conversion of the White-

Code into the decimal system and simplify the circuit.

Dec. system

e e e OO O
PR o RS W e I Y e, Y o W N I o

—_ et O OO = -0 000
el el el (O el e e e O
OO UTH WN — O

Solution 6 - 8: (not simplified):

bbececdd

Al
01

L &
—...,._.,G
&
* & 8’-»-&-&7
@
¢ @
¢ &
@~ S
@ P S—
T @ P &-—’—Lf
’.—___..___.‘
& &
+5
@
‘ & 8’-—»—-—5
* L4 P 8'—b——-?
&
¢ &
L 2 o &
T &
L 4 &
@ Py T —e— g

T Systemlechnik
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Simplification with the aid of the Karnaugh~diagram and
"don't care fields":

<
oo o011 n 10 1
T i
coliolixi|ail 1|z
R [T A S -
< [ e
07: 5 x| 71U 6
Ll [T R o
v e i
mhx i x i gifl g
e md e el T
R e e mm—— s Bl
0L x ot x | & I 3 d
JEN ¢ NI | | WU S| | E——
5 1 b I &
X0 = a d X5 = a d
X1 = a-b-c - d X¢ = a b -c - d
X3 = b c d Xxg = b c d
X4 = Db c d Xg = b c d
@ abbceccdd
| o
’-‘—m
L 3 &
Py |
[ W—
[ &
[ 2 2
‘.—.—-——“
&
2 o 3
I —
& i O
.—_—‘
@ O I
[ 3
T L 4 & e [
En
* & & g 77
¢
| i O g
L ¢
¢ e
*®
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Exercise 6 - 9:

Develop a decoder circuit for the conversion of the Glixon-

Code into the decimal system and minimize the circuit.

d c b a Dec. system
0 0 0 0 0
0 0 0 1 1
0 0 1 1 2
0 0 1 0 3
0 1 1 0 4
0 1 1 1 5
0 1 0 1 6
0 1 0 0 7
1 1 0 0 8
1 0 0 0 9
Solution 6 - 9: (not minimized)
aabbcecdd
Ll 8,
& —>— 0
*—-—.——__
@ ‘ 2 :
@t
@
% 3 LR S
*‘ Py 8‘——,——-3
.—-————-1
& ¢ e
’__—
-~ % 8(__.’__5
¢ )
¢ —e— &
T
F
& L
P R——
IBK: el
' —
¢ N
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Minimized solution:

|

10

n

o1

0o

ol Nojy Wo Rl o B o

o o

g @©imw U110

(e I R IR
mowoonoon
R Moot ik N
ﬁﬁ: m XJ:ﬂX " w |10
I ek it Wl A
“1114...3.:. ===
po il x i a
L4l _JljL —
i o o e A
P ottt x I
[ IR MU f ] NS — |
L) L L]
I L |
QO ol oyl &~ (1@ 1o
L__JjL__J
S sf= 91 10 10 10 IV ©
‘C C L] L] ® L] ®

Q1 Q9 Q9 Q

i © ©Im 1™
| A
< N M <P
3 E

m
=
ko)
2}
o
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Exercise 6 ~ 10:

Construct a decoder circuit which converts the Telegraph=-Code

into the decimal system (digits only).

®
Q.
Q
oy

a Dec. system

- O O O O - O O O O
W O Oy Ut ol W =2 O

1
1
1
0
0
1
1
0
0
1

O O  ed OO e e O
[ e JESE N oo SN o SRR SR o SN SR G

Solution 6 = 10:

Minimization with the aid of the Karnaugh-Diagram:

=1 a
000 001 gn g0\ MO 111 101 100 4
JRSN S ] -“"‘:ﬂ r 1r = .
oo Jtx | x I x xigppg | x il x | 5 | &
- [ N | m# |1
d S v Rt ki e il
o1 3 I x | x| %Jhgx x gl & | x|
Y PO . 3 S e 1 |1 WU (G | NN W |
=TT
1 X !L7 P X X gl x X1 H 2
e il [T | S - -
¢ FEEE | i i
ol x f 8 i x |4 ihlx | x o0 bx il &
N || | ] (L e —
b 1 b I b
1z | c I 1 c 1 1
Xp = a d - e X5 = b -d - e
X1 = a c -+ d - e Xg = a - d - e
X9 = b+ c - d X7 = a - c - e
X3 = a - d Xxg = a-b - e
X4 = a - b Xg = a -+ b

Systenilechnik
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Circuit

01
0

s

Q1
£
o
.
01
N
|

ol
g
3
& &
H
&
[ 2
A 2
&—
3

Systemlechnik
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7. CODE CONVERTER

7.1 General

Code converters are logical networks which convert one code

into another.

for example

Ot i) €1 O] i) L
O ——s—0 b O———{g421-BCD/ >0 %7

Code A/

Code B 3 excessg=-
O S — c O——a—d i Code O €
Ot g od O——t—i - — XY
Example:

The theoretical handling of such a code converter

(8=4=2-1-BCD = 3 excess-Code) is shown below.

Table:

8-4-2~1-BCD=-Code 3 excess-Code

Dec. d c b a d1| c1] bq| aq
0 0 0 0 0 0 0 1 1

1 0 0 0 1 0 1 0 0

2 0 0 1 0 0 1 0 1

3 0 0 1 1 0 1 1 0

4 0 1 0 0 0 1 1 1

5 0 1 0 1 1 0 0 0

6 0 1 1 0 1 0 0 1

7 0 1 1 1 1 0 1 0

8 1 0 0 0 1 0 1 1

9 1 0 0 1 1 1 0 0

Training in Technology
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The six combinations from 10 up to 15 are redundant i.e.

they may be used as "don'

dq
C1
by

aq

5
1
0
0

+ + o+ o+
N W N
+ o+ o+ o+

.
o

care fields".

B W
+ o+ o+ o+
o e
+ 4+ o+ o+

9
9
8
8

(abbreviated notation, the exact notation would be to write

down the corresponding combinations of the 8-4-2-1-BCD-Code).

With the aid of the Karnaugh-diagram these equations have to

be simplified.

ds: =1 a
b Q0 or v on 10

go}l O 2 3 1
&

S — =
@ | x| x | @
- A 1

H - = =i
1 } X X r } xp

S o e B e
| ]
10 4
o) « [©D) &)
5 | b 1 B
dqy = ac + bec + d
bq: a a
= oo o1\ n 10

N =~

wl|©@| 2 @) 1
E { ! I 1

] i i !
U7|€D! x|l x! g
- p t f t
77! x ! x |l x ! x

‘el e
o Il & 5
= Syl

b 1 b t 5
by = ab + ab

a

Ql

!

N

Cy a a
=== 00 agr + n 10 1
=== B
w| o }@ 16} Q] @
1 L -
O S S
| |
o) 8 | x | x| ©)
= 4
17 X X X X

c1 = ac + bc + abc

ai:

From the table it is

obvious that

Training in Technology
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Circuit: o, 5. 4.8cD
Vd - N
a b ¢ d

NAAL

7.2 Exercises

Exercise 7 - 1:

> Excess-3

Develop a code-converter for the conversion of the excess-

three-code into the 8421-code.

Solution 7 -~ 1:

Excess~3~Code 8421-Code
Dec. d c b a di| cq| bq| ay
0 0 0 1 1 0 0 0 0
1 0 | 1 ol o} o0} o 1 = o
2 0 1 0 1 0 0 1 0 oo 01+ n 10
3 0 1 1 0 0 0 1 1
4 0 1 1 1 0 1 0 0 ool x X o X i
5 1 0 0 0 0 1 0 Tz _
6 1 0 0] 1 0 1 1 0
7 110l 1001|111 grs 171816
8 1 0 1 1 1 0 0 0 - d
9 1 1 0 0 1 0 0 1 nmy g X x X
1 1 0 1 1 0 1 0 ¢ -
1 1 1 0 1 0 1 1 0 3 4 I
1 1 1 1 1 1 0 0 _ ! z
0 0 0 0 1 1 0 1 ) 5 -
ololol1]l11l1]1]o0 b b
0 0 1 0 1 1 1 1
The lower six rows are redundant.
Training in Technology === Systenilechnik
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4 + 5 + 6 + 7

€1

1T+ 3 +5+ 7 + 9

aj

2 + 3 + 6 + 7

b1

Al
Q

i

ai 11 10

a0

ar 17 0

ao

T =T T 1
< O] x |O]
X
R A S S |
L2 O] x O]
x
8 S 1=
tu O
] i T 1 19
X x
X
T T T T~ g
1 x [O] x | O
| 1
< |©]0]0)]
8 31 = Q

1« U

(antivalence)

ab + ab

b1

5l

5

10

17

al

o}

77

o1

y 10

-_} d
—

X

==
L

!
.|

|
Juz

X

Tt ===

I
Myl

o

cd + abd

dq

= ac + abc + be

<1

C.
3
=
fo
2,
)
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1Y

v
=1

S ey
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Exercise 7 - 2:

Develop a code~-converter circuit which converts the 8421-code

into the Gray-Code.

Solution 7 - 2:

8421-code Gray-Code

Dec. d c b a dq| c1] b1] aj

0 ololo]lojololo]o

1 olojtol 1] olo] o]

2 oot 1ol ool 1] ~

3 oo 1{1]o]lol1]o w0 ot o o

4 o 1]o 0] 0| 11710 1 ] _

5 ol 1t o1 ol 1] 1|1 EUO ol E] I _d

6 ol 111001 1] 011 ol sl x| x| g

7 o111 1]o0|l1]o0]o0 - o

8 |1 jojojo| 1l 1lo|o gyl

9 10l ol 11101 Cm el 1513
T o0 1ol 101|111 | - -
T1ol 11,1110 >t e 15
1111001 |lo] 1o
TV 1 o0 110 1|1
T 111t {0}l 11010 1
1111111111000

The last six rows are redundant.
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4 + 54+ 6 + 7 + 8 + 9
1T 4+ 2 + 5 4+ 6 + 9

€1

2+ 3+ 4 +5 a1 =

b4

il

a

10

bon

o1

oo

0

or v on

0o

X

gE
S 81 = 91
) 6]
V! o R

T =TTt

00| x |0
X X

1T 1T 1 a

Q] x| x|O!
x

bc + be

b

d_m

o

o1 n 10

oo

o1 17 10

oo

5 i T _Ta
Ia) | 1
1 i -
i [
| X X _
m “ Q
| x | x|
| I
! ! |
O = N
8 881 Q1
e U
1o T L
—I'»l I.....IIHJ\ PR
1© _ﬂx_ Ol
—1 fl| —
x || x| @
| _ a
| I
X _ X_ ®_
] _ -
O f x 1| Ojf+
8 &l = 9
HE §]

dq

Systemlechni
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aEbBchg
! :
? L
ot e
& & mJ‘“
I &
: g
= -
L 2 &I
&
L 4 Z1
! =
Exercise 7 - 3:

=

Develop a code-converter circuit which converts the excess-

three-code into the Petherick-code.

Solution 7 - 3:

Excess-3-code Petherick-code
Dec. d c b a dq] cq] b1l aj
0 0 0 1 1 0 1 0 1
1 0 1 0 0 0 0 0 1
2 0 1 0 1 0 0 1 1
3 ol 1,y 110001110 = o
4 0 1 1 1 0 1 1 0 oo o1t 1 10 1
5 1 0 0 0 1 1 1 0 —
6 1 0 0 1 1 0 1 0 awl x X I8 X )
7 [ T T T O O I R -
8 1 0 1 1 1 0 0 1 ;
9 1t 11100 1] 1] 0] 1 ol s 171816 .
IHEE R
1 1 1 1 < -
0 0 0 0 10 7 3 4 2 d
0 0] 0 | 1 ~ —
0 0 1 0 b 1 b | b
The last six rows are redundant.
Training in Technology == Systemilechnik
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d1 =5+ 6+ 7 + 8 + 9
b1 =2+ 3+ 4+5+ 6+ 7
aq:
d a
oo o1t 17 o
T~ -
o x || x @] x | a
c } } - c
o1 102R0]
~ L=l = o
Y -
17 @| x | x || x
c .: | - c
10 | 3
A L_@
b | b I B
ajq = bc + bc
C’]‘.‘
a a
oo o1t 10
eS|
wllxl x || x| &
N s i =~ z
gl !@;
N et o
— = =
@] x <] x|
c [ el S J - c
10 a
_ L]
b b S
c1 = cd + cd + abc + abc

It

0 +4+ 5+ 9
O+1+ 2+ 7+ 8+ 9

& a
oo 01 1on 10 1
=11 r- _
go; X X [ ! X—} o
! | W, o
T T I
| L ()]
1
[0l o]
[ Al
1 X Xl x|
| e
10 ' YO BE;
_ L@.-.@JL@J
5 | b 1 b
b1 = ac + ab + bc
d1'
a a
oo o1t n 101
aol X X X d
HONONHOMNO.
- =
7 @ x | x| x
0 d
5 | b I b
di = d
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bEngd—
! &
o "1____21
—-‘-——ﬂdl
&
@
¢ &
[ 2
& & z1 5
® 7
\ G &
L
L 8
e |
N ¢ &
! =
p——
13 L .
&
@ &
@
[
& =8
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Exercise 7 - 4:

Develop a decoder for the 7-segment-display of the 8421-
BCD-Code.

Display of digits by means of 7 segments:

LR
J
g
J
R
o
O ——,

[ —II RN

Solution 7 - 4:

a b c_d

Dec.|20 21 22 23{a' b' c' d' e' £' g' Functions:
oj{o o o o041 1 1 1 1 1 0 a' = 0+2+43+5+74+8+9
T{1 o o0 OO0 1 1 0 O O O b' = 0+14+2+3+4+7+8+9
210 1 0 0 |1 1 0 1 1T 0 1 c' = 0+14+3+4+45+6+7+849
317 1 0 o1 1 1 1 0 0 1 d' = 0+2+3+5+6+8
410 0 1 040 1 1 0 0O 1 1 e' = (0+2+6+8
5117 0 1 0 {1 0 1 T 0 1 1 f' = 04+4+5+6+8+9
6 {0 11 o040 0o 1 1 1 1 1 g' = 2+3+4+5+6+8+9
741 1 1 o011 1 1 0 O 0 O
8410 o 0o 11 1 1 1 1 1 1
{17 0 0 t+ 11 1 1 0 0 1 1

(simplified notation, to be exact, one has to write down the
combinations according to the 8421-code, which are assigned

to the corresponding decimal numbers.)
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a

Segment c':

Segment b':

Karnaugh-diagram

Segment a':

116

o
i e
13 %
° o + T
s =— 8 &
Ol® M | I ~le <1®] @
e | A WY + = i L P )
............ a ' i 2]
r i 1 H | _ 13
.mw < I % L“ fio] " Mo X Xl i NWW
S SEPEY TSNS S + " bl +
i HIQ o T
A B [ mu“ 0] m S “Wm mu4 o]
— oo —f— e i
elel <ol v & [elefixlel
1 —i'lLrl..l.L Lo =l nth.LJt._
U U
T
Wihﬂ.d @
“ AU@ X |\ + > ~f{o | x|w &
:..|l|vuA..|_r..l.vMo:1!.|“ w..w 2 0 m > X 7A _+
_%Wltw 11111 mw q t = a0
1 Q T |
@i <|° | "V E @] <{x]oy '}
STal=Tal =4 ool @
0194 < 19 9] @) x|+
U U
Y !
- S o m v 18
+ — = + e
1 PN — T =T Ta +
A el KK Y R o X190 8 . @ |1 x| O g o
F—H = =7 i oo T | i
”.-arTvm,_f_ruxl:@& W = U x..“ x | m - | ® x| x f & 8 T 3
1 —t 0 4 0 1 M 1 -4
F—F=1i 5 T e | R P e Y ®
Ol < o e WIHEIE) v 2 [ef<Ie) ' | £
olel <[+ 8 & lolef«[«| ¥ & [clolxlal - g
S == g LI = i o| =
U © U T © v o .Mu
&
OW
O
=



vV 0035 117

|

4
®

-

iy

= |
¢ z__l
& ]
¢ )
2
* ;1 b’
\ & X
i [
>
I} e =1 o
&
@ s BE=
L - ,3‘“"? — =Tl
¢ 3 |
% xn
>
=1
.FI
@
@ 3‘_{-
8 ! = o—] 21 g
&
¢ 2 ‘

no—¢

ni
Q
a

=== Systenilechnik

Training in Technology

(&)



118 vV 0035

8. ARITHMETIC CIRCUITS

8.1 Exercises

Exercise 8 -~ 1:

Develop a circuit for a half-adder, that can add two

one-placed binary numbers.

Solution 8 = 1:

A half-adder adds two binary bits a + b, e.g. the half-
adder is used to add the lowest place of two n-placed
binary numbers where there is no carry from a preceding

place.

a = 1. term of the sum

b = 2. term of the sum
= sum of a + b

cg = carry of the sum

The possible cases are as follows:

0+ 0 = 0, no carry
0+1 = 1, no carry
1T+ 0 = 1, no carry
T+ 1 = 0, carry 1
The table display:
a b S Cg l.e.: cg = ab
and: s = ab + ab

(antivalence or exclusive-O0OR)

- 2 o o
B o O
O = = o
- o o o

Systemilechnik
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Exercise 8 - 2:

Develop a half-subtracter with the inputs a + b.

Solution 8 - 2:

A half-subtracter should form the difference d and the
carry c¢q (resulting from a borrow) from two binary numbers
a and b, the binary numbers zero and one are represented
by the binary values 0 and 1 respectively.

The 4 possibilities there are:

0 -0 = 0, no carry
T-0 = 1, no carry
0 -1 = 1, carry

1 -1 = 0, no carry

Display in the function table:

a b d cda Cd = gb

0 0 0 0 d = ab + ab

0 1 1 1 (antivalence)
1 0 1 0

1 1 0 0

=== Systenilechnik

Training in Technology




120 vV 0035

¢d

!

Exercise 8 - 3:

Design a full-adder for a binary place (1 bit).

Solution 8 = 3:

A half-adder does not master a full adding operation, because
the carry of the preceding place has not been considered. By
the full-adder not only the total of both binary numbers an
and bp is made up but also is this carry Cp-1 to be con-

sidered for the summation.

Function table with all possible cases:

an bn an- 1 Sn Cn COIILb.

0 0 0 0 0 0

0 1 0 1 0 1

1 0 0 1 0 2

1 4.6 10 1 3

0 0 1 1 0 4

0 1 1 0 1 5

1 0 1 0 1 6

1 1 1 1 1 7

an = 1. term of the sum of the nth binary place
bp = 2. term of the sum of the nth binary place
Cph-1 = carry of the preceeding (n-1)th place

Sn = sum of the nth place

cn = carry of the nth place

=== Systenilechnik
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With the aid of the disjunctive standard form the following
is noted:

T+ 2 + 4 + 7
3 +5+ 6 + 7

Sn

Cn

(the numbers are a substitution for the corresponding

combinations).

Simplification in the Karnaugh=-Diagram

Sum:

Obviously for the sum no

simplification is possible

cn-11 || @ L—___d:)J

Carry:
Lr
oo or bt on 10 1
=== Ch=apn " bn+bpn° cp-1 +an ° Cn~1
0 | 3 |
- ] 1
o r“—qP;-T“—_j
N B ) 52

=== Systemnilechnik
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By means of clever factoring out the sum term can be

simplified:

Sn = (an + by + Cn~1)’55; * Cn-1 + ap * Cp-1 + an - bn} +an " bn ° cp-1

C

Put the bracket term c¢ in the Karnaugh-Diagram so that the
marked fields can supplement themselves with the carry

fields, i.e.: ¢ = EB

Q7

oo or v n 0 1

0o OO @,
Cp-1 1 C)

I by
Received:
sn = (ap + by + cp-1) ° cp + an * bp ° cp-1
Circuit:
an by Cp-i
&—-
[ 3
$- & — 21
B (1)
$ ' )
P W
=1 ¢
®
——L_
®- 21 S
S —
¢r__& n

=== Systemilechnik
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Exercise 8 - 4:

Build a full-adder from two half-adders.

Solution 8 - 4:

1]
=
o
o]

Cn=-1

0n
o

Q
B

For the half-adder only the

functions with cp-1 = 0 are

to be used.

—_ e (O O - OO
PO RO O mO
EEEGINEN e Ro R o N o)
- OO 2O = - O
RN = P N e I

Half-adder:

it

51

%ﬁh‘*aﬂil

anbp + anby = (@n * bn) (an * bn) = (ap + bp) (@ + bp) =
=an * ap+an by +bycag+ byt by

B —

0 0

i

Sy =ap " byp+ay - by=an by (ay * bp) =an © by (ap + by)

C1 =an ° by

Full~adder:

Sum: sp = EgbnE;_1 + anpbncp-1 + agggcn~1 + anbpcn-1
-1 (anbn + anbn) + cn-1 (3nbn + anbp)

S1 S1

i

with apbp + apnb, = an * by +ap * by = 59

_ En O

following Sy = Cp-1 °* S1 + Cn-1 ° $1

with sq1 as sum function of a half-adder.

=== Systemlechnik
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From the build-up the expression for s, corresponds to the

expression for sq also the above made conversion can be

done.
Therefore: Sp = 81 ° Cp-1 (s1 + cp=1)
Carry: Cn = anbnCp-1 + anbnCn-1 * anbpCn-1 + anPncn-1
= anbn (Cn-1 + cn-1) + Cn-1 (anbp + anbn)
1 51
Therefore: Cp = anbn + cpn-1 ° 1
C1
Cn = C1 + Cph-q1 ° 51
Circuit:
1. Half-adder 2. Half-adder
oy |
z1
& °1
|
L3 — =1 S1+Cn-1
'’ L ) R
L . AT
Cp-19- &— — L =0 Cpy
Cl S1+Cn=1 an

= Systemilechnik
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Exercise 8 - 5:

Design a logic operation circuit, which is working with the
aid of a control function z alternatively as a half-adder

and a half-subtracter (combined half-adder==half-subtracter).

Solution 8 - 5:

Half-adder: z =11; a + b
Half-subtracter: z=90; a-»b

Function table:

a| b | s | cs| @ | cg s = sum

0 0 0 0ol o 0 Cg = carry sum

0 1 1 0 1 1 _ .

1 0 1 0 ’ 0 d = difference

1 1 0 1 0 0 ¢qg = carry difference
(borrow)

Immediately s = d is recognized.

s = ab + ab
= ab + ab
Cs = z (ab); cg = z (ab)

Mutual output for the carries:

cg/cqg =z + ab + z * ab

Circuit:
y4 a h
T
21 s/d

® )

[:] &

[ IeE

Cs/cd
¥ & [
[ o

=== Systemlechnik
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Exercise 8 - 6:

Design a full-subtracter for a binary number (1 bit),

(an - bp = cp-1).

Solution 8 - 6:

A full-subtracter subtracts two binary numbers a, and bp

and considers like a full-adder the carry (borrower) cp-1q

of the preceding place.

Function table with all possible cases:

number of

an bn c¢n-1 dp Cn combination

0 0 0 0 0 0

1 0 0 1 0 1

0 1 0 1 1 2

1__J___0_ | 0 _0_ 3

0 0 1 1 1 4

1 0 1 0 0 5

0 1 1 0 1 6

1 1 1 1 1 7

an = Minuend of the nth dp = difference of the nth
binary place binary place

bn = Subtrahend of the nth cn = borrower of the nth
binary place binary place

Cn-1 = Borrower (borrowing

carry) of the (n-1)th
binary place

With the aid of the disjunctive standard form the following

is received:

dn=

Cn=

1+ 2 + 4 + 7
2+ 4 4+ 6 + 7

Simplification of the Karnaugh-Diagram:

Cp-1]

Q

7

For the difference no simplification

is possible:

dn = ansgcn_1 + aabncn_1 +

+ anbncn-1 + anbncn-1

oo o1 11 10

) 2 3 !

4 & 7 5
bn

Training in Technology
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ent| L&)

b

7

Ch = an ° bp + ap * cn=-1 + b, * cp-1

The difference expression still can be simplified by means
of factoring out:

dn = Cn—'] (an ¢ Br-l + é’?}. ° bn) “+ Cn-—" (an ° bn ~+ g; ° —-r‘i/)
/ A

antivalence equivalence

Circuit:

@y an bp by Cpn-1 Cp-

4 L =1
4 ) = 1
b g &
-
&
& &
L 121
' 4 z1 T dn
- &’-
&
¢ & Z1
C
P N
¢ &
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Exercise 8 - 7:

Specify a principle circuit for a parallel adder, which is
built up from 1 bit full-adders.

Solution 8 - 7:

The simultaneous addition of two multi-bit binary numbers
can be accomplished with a parallel adder, if both sum terms
are available at the same time. For each binary number a
full-adder is needed. The neighbouring adders have to be
connected in such a way that the carry from one place can

be passed on directly to the next highest binary number.

As an example the addition of two 3-placed binary numbers

is shown.

ay by as by =3 b;
c3 1-bit | cp | 1-bit Y| ¢y [1-bit cg=0

full- full- full-adder
adder adder (half-adder) ’

S3 Sz Sy

#‘%*—4

The sum does not appear immediately due to the delay time

of adders. Only after the total delay time is the correct

sum available at the output.

There are special circuits to reduce the delay time of the
carry formation (jump-method, parallel carry generation).

The adder of the lowest binary place can be a half-adder,

because there are no carry inputs.

=== Systemilechnik
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8.2 Forming the complement

A subtraction can be reduced to an addition and complemen-
tation of the subtrahend, as the example of the decimal

system shows:

a - b =c; for example: a = 57 57 - 26 = 31
= 26
or:
57
+ 74 Complement to 100 (100 - 26)
*31

b Carry is separated

At the decimal place the ten-complement can be used:

7 7
- 4 + 6 -+ ten complement (10 - 4)
3 3

A further complement is the nine-complement. After the first

addition the missing 1 (difference to 10) has to be added.
In practice the carry, which always occurs in its highest
number, is added.

Example:

Ny OO
+
~} @

-+ nine-complement

o
n

c\'

With binary numbers the complementation is by the same
principle. Because a binary number has 2 states only here

the ten-complement corresponds with the two-complement.

Nine-complement for the 8421-Code

The circuit for forming the nine-complement in the 8421-Code
is designed in such a way that the result appears in the
function table, e.g. nine-complement of 7 is 2 (nine-comple-

ment of a number = difference between this number and nine).

== Systenilechnik
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Exercise 8 = 8:

Develop a circuit to form the nine-complement of the
8421-Code.

Solution 8 -~ 8:

Realization as with the codes from chapter 7.

Dec.
No. d c b a X w v u 9-complement
0 0 0 0 0 1 0 0 1 9 0 9
1 0 0 0 1 1 0 0 0 9 1 8
2 0 0 1 0 0 1 1 1 9 2 7
3 0 0 1 1 0 1 1 0 9 3 6
4 0 1 0 0 0 1 0 1 9 4 5
5 0 1 0 1 0 1 0 0 9 5 4
6 0 1 1 0 0 0 1 1 9 6 3
7 0 1 1 1 0 0 1 0 9 7 2
8 1 0 0 0 0 0 0 1 9 8 1
9 1 0 0 1 0 0 0 0 9 9 0
8421-Code nine-complement
Simplification with Karnaugh-Diagram:
- u = 0 + 2 + 8
[ d
oo o1 1 v = 2 + 3
w|o | 2z ]| 3 a wo= 2+ 3
c - x = 0+ 1
o | 8 | x| x '
- d (numbers are representative for
mil x X X corresponding combinations)
c -
ol 4 6 | 7 d
b 1

Training in Technology

=== Systemilechnik



vV 0035

131

o

|

[E

<
oo o1t 1 10 4
] 1
i
7 X X
X X x x
1 1
b | b b
u = a
a a
oo arron 10
1 1
X X
B L
X } x x ; X
1 ]
! ]
|
j
[ p 1
e el | I
5 1 b b
w = bc + bc

I

d 0o
- c
01
d —
1
- c
d 0
ﬁ
d oo
- I
o1
d o
11
- c
d 10

a a
gco o1 1 n 10
1 1
| X X
x [l x | x| x
|
] 1
| R -
b | b b
v = Db
a a
oo or oy on 0
_u.___: ==
1 17
] L
7 X X
X X X X
b b b
x = bed

Qi

a4

\Y]
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Circuit:

el

)

0

ot

£

L
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Exercise 8 - 9:

Realize the 9-complement of the 8421-Code by means of a
4-bit full-adder.

Solution 8 - 9:

With the aid of a 4-bit full-adder the nine-complement can

be obtained easier.

For this the 4-placed binary number has to be inverted and
the number 10 has to be added. The subseguent-table is

explanatory.
Dec. o
number | d ¢ b ald ¢ b a + 10 X W Vv u
0 0o 0 0 Oof]1 1 1 1=15{25=1{1 0 0 1
1 o 0o o 1|1 1 1 0=14)24=17}"1 0 0 O
2 o 0o 1 o0o{1 1 0 1=13}]23=110 11 1
3 o 0o 1 1|t 1 0 0=12 22 =110 1 1 0
4 6o 1 0 o1 0 1 1T=11 21 =110 1 0 1
5 o 1 0 1{1t 0o 1 0=10}(20=1}0 1 0 O
6 o 1 1 of1 0 0 1% 9|19=1/0 0 1 1
7 o 1t 1 111 0 0 0= 8[18=1}10 0 1 0
8 10 0 00 1 1 1= 7{17=140 0 0 1
9 1 0 0 1}0 1 1 0= 61]16 = 1 0 0 0 O
v
binary inverted will be nine-
number split off complement
Circuit:
+5V d ¢ ba

1

OV-l. {H }0{2 %g {h SR

1

Cout Sk 53 SZ

Sy

B, B3 B2 By Cin AuA3Ap Ay

4-bit full-adder

L)

|

[ =

Training in Technology
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Exercise 8 - 10:

State a circuit, which forms the two-complement of the

binary code and convince yourself that the same configuration

converts the two-complement in the original binary code.

Solution 8 ~ 10:

Subtraction from binary numbers can be reduced to an addition
of the two-complement. As an example the conversion of the
4-placed binary code into the corresponding two-complement
is shown. The two-complement is obtained by inverting the
binary numbers and addition of number 1 to the lowest binary

place.

Function table:

Dec.|d ¢ b ald ¢ b al|d' c' b' a'
0 o 0 0 o|/1T 1 1 1]0 0 0 0%216]16+ 0 = 16
1 o 0 o 1!/1 1 1 0]1T 1 1 1215115+ 1 = 16
2 O 0 1t o(1 1 0 1/1 1 1 021414+ 2 =1
3 o 0o 1t 1/1 1 0 o0ol1T 1 0 1213113+ 3 =16
4 01 0 0{1 O 1 1]/1 1 0 0%212]12+ 4 = 16
5 o 1 0 t/1 0 1 o0ol1 0 1 151111+ 5=16
6 o 1 1 o1 0 0 1/1 0 1 021010+ 6 = 16
7 o 1 1t 1/1 0 0 0/1 0 0 12 9 9 + 7 = 16
8 17 0 0 0[O0 1 1 1/{1 0 0 0% 8 8 + 8 = 16
9 1 0 0 1/0 1 1 00 1 1 1% 7 7 + 9 = 16
10 1 01 0,0 1 0 1[0 1 1 0% & 6 + 10 = 16
1T}t 0 1 140 1 0 00 1 0 1= 5| 5+ 11=16
12 T 1 0 00 0 1 1[0 1 0 0= 4 4 + 12 = 16
13 T 1 0 1{0 0 1 0]0 0 1 1= 3| 3+ 13 =16
14 T 1 1 0/0 0 0 1T{0 0 1 0= 2 2 + 14 = 16
15 11 1 110 0 0 010 0 0 1= 1 1+ 15 = 16
inverted two-
complement

From the function table it is recognizable that the two-
complement of a binary number is the completion of this
number to the maximal number of the n-placed binary number
(here 15) plus 1 makes (16).

For the realization the same applies as with a code-

converter.

Training in Technology
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a' = 1
b' = 1
¢’ =
a' = 1

Here too the

+ 3

4

-+

-}

9 + 11 + 13 + 15
9 + 10 + 13 + 14

9 + 10 + 11 + 12

6 + 7 + 8

decimal numbers represent the corresponding
of the function table.

combinations
Simplification:

) o2 ||l@IO®
g | | ®
2| mw|® | ®
¢« | e ||| ®

- [Jelere
s |@lla) o

@I#/SB
el =171~

b’ o —
o ||@| 3 | O
g8 {|@|| 7 || @
[=4
2@l 5 || @
@) 7 @)
b
b' = ab + ab
i Q
o l() ()J:gzj
@\ of|m7|g
o

2 %1 15 3

@@ 0]

b

d' =cd + bd + ad + abcd

=d (a+b+c) + abcd

=d (a+ b+c¢)+ (a+b+c)-d

Training in Technology
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Circuit (type 1):

a b &5 < c d o

1%

v

Y

<
P 3
® 1
® T ]
&
6 3
Py )
&
[ 2
%
¢ )
&
Y
-

L
I

Looking at the table it is recognized immediately that the

same operation is applied for the conversion of the two-
complement into a binary code.

Training in Technology
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Exercise 8 - 11:

Evaluate the two-complement of the binary code by means
of a 4-bit full-adder.

Solution 8 - 11:

As there is a 4-bit full-adder in the teaching model, the

two-complement can be formed somewhat simplier, considering

the fact that the two-complement is yielded by inverting

the binary number plus addition of a one to the lowest place.

Circuit (type 2)

OV LlO:O% % a-E Ef

+5V

fm )

B, B3 By By Cin Ay A3 Ay Ay
4-bit full-adder
Cout Sz Sz Sz Sy

EERE

d’ c’ b’ a’

Training in Technology
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Exercise 8 - 12:

Develop a circuit which forms the nine-complement of the

Aiken=-code.

Solution 8 -~ 12:

Also here the nine-complement of the code-word in the Aiken-

code is the completion of this word to 9.

Function table:

Dec. d c b a d c b a
0 o 0 0 0|1 1 1 1 = 9
1 0 0 0 1 1 1 1 0 = 8
2 0 0 1 0 1 1 0 1 = 7
3 o 0 1 1{1 1 0 0 = &
4 |0 1.0 0 [ 1 _0 1 __1_ =5
5 1T 0 1 110 1 0 0 = 4
6 11 0o o]0 o0 1 1 = 3
7 1 1 0 1 0 0 1 0 = 2
8 11 1T 0] 0 0 0 1 = 1
9 11 1 1o 0 00 = 0
Aiken nine~compiement

Obviously the nine-complement is the inversion of the code-
word, therefore the Aiken-code is especially suitable for

arithmetic operations.

Circuit:

N

1 )

ao- o o a

1 i

bo D— ob

Aiken <( > nine-complement

c o ! D oc

d O T b od’

N /
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Exercise 8 - 13:

Develop a circuit which forms the nine-complement of the

Excess=3-code.

Solution 8 - 13:

The solution corresponds to the solution of exercise 8 - 12.

Function table:

Dec.| d c b a d* <¢' Db' a'
ojJo o 1 1|1 1 0 0 = 9
1 o 1 0 0| 1 0 1 1 = 8
20 1 0o 1{1 o 1 0 = 7
300 1 1 o1 0o o 1 £ s
4 |01 1141 0 _ 0 _0 =5
5 1 0 0 0] 0 1 1 1 = 4
61 o o 1l0 1 1 0o £ 3
711 o 1 o0 1 0o 1 = 2
8 /1 0o 1 1|0 1 0 0 = 1
911 1 o olo o 1 1 £ 0

\ / \ J
Excess=-3 nine-complement

Also here the nine-complement is the inversion of the

Excess=3=code.

Circuit:

N

1 s

o  ———

1 .

bo D ob

Excess-3 < > nine-complement

€ o " b oc

do—mud ' b o4

\ /
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Exercise 8 - 14:

Convert the two-complement of the BCD-binary code into

decimal system.

Solution 8 - 14:

The conversion corresponds to a decoding.

Function table:

d’ c' b’ a’ Dec.
0 0 0 0 0
1 1 1 1 1
1 1 1 0 2
1 1 0 1 3
1 1 0 0 4
1 0 1 1 5
1 0 1 0 6
1 0 0 1 7
1 0 0 0 8
0 A 11 {__3

The two=-complement of number 10 to 15 should not appear.

(X = don't-care-fields)

Karnaugh-diagram

’

a
0o o1 71 10

oo O X X X

o1 8 6 5 7

11 %+ e 7 3

5

The solution succeeds as with a decoder, whereby this can be
simplified with the Karnaugh~diagram and the don't-care-fields.

Systemilechnik
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Equations:

= C dr'; 1 = a'b'c'd'; 2 = E’b'c', = a'b'c
= a'b'c'; 5 =a'b'c'; 6 = a'b'c’; = a'b'c!
- 5.'5'6'6.’, = c'd’;
Circuit:
a  a b bW o T a4 o
&
e (3
L e —
@ &
S—
? @-
¢ &
e 2
® &
& o 3
4 &
& 4
@
L & 5
@
&
& & e
®
‘;
B & 7
&
| o &
-
— g
? &—
¢ &
T___ — g
N
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Bxercise 8 -

15:

State a logic operation,

that reconverts the nine-comple-

ment of the BCD-binary code in the decimal system.

Solution 8 -

15

(Deduction as with the two-complement -+ Dec.)

Function table

X w v u Dec.
1 0 0 1 0
1 0 0 0 1
0 1 1 1 2
0 1 1 0 3
0 1 0 1 4
0 1 0 0 5
0 0 1 1 6
0 0 1 0 7
0 0 0 1 8
0 0 0 0 9

Karnaugh-diagram

X
oo o1 11 10
oo g 5 X 1
o1 8 o X O
nftel e | x| x
1¥4
oll 71 3| x| x
w
= ux = ux ;
= uvw ; = uvw ;

uvw ;

uvw ;

it

uvw 7

uvwx ;

O =
|

uvw

uvwx

Training in Technology
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Circuit:

| ;
Sl O
8-
& H
|-
&
o gl S
&
.—-—-——
& & o 3
‘
s ©- & .,
©
@i 2
& fmnees
@
&
@ o L
@
@ &
o 7
‘ I
&
4 _—
® @
@—1 &
- e
1 ’
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8.3 BCD-adder

Exercise 8 - 16:

Develop a correction circuit with AND- and OR-gates, which
will convert the sum of a 4-bit full-adder coded in the

binary code to BCD.

Solution 8 -~ 16:

When adding two BCD-binary numbers with a 4-bit full-adder,

the sum can contain the binary numbers form 10 to 19

(9 + 9 + 1) which do not appear in BCD-form. When adding
decimal numbers of several places they have to be presented
as binary coded decimal numbers because of coding and
decoding.

Therefore combinations from 10 to 18 have to be converted

into the BCD-binary codes with decade-carry. A correction-

circuit is necessary.

Function table

Dec. | |
number|coutl s4 s3 s2 sSq|coutlss’ s3' s2' sq'

0 olo o o oo o 0o 0o O

1 010 0 0 110 0 0 0

2 040 0 1 010 0 0 1 0

3 0,0 o0 1 1,0 ‘0 0 1 1

4 o,0 1 o olo lo 1 0o o0

5 olo 1 0o 10 j0 1 0o 1

6 olto 1 1 o]0 jo0 1 1 0

7 olo 1 1 1 L0 40 1 1 T

8 oy1 0 o0 0[O0 1 0 0 ©
9l oo alo i o o 1

10 ol 1 o 1 of[flte o o o (%16
11 ol 1 o 1 1 ]1ite 0o 0o 1 (E7
12 o1 1t 0o o f|tfto o 1 0 (=18)
13 0,1 1 0 1 [||1fto 0o 1 1 (319)
14 o, 1 1 1 o [|1j0o 1 0 0 (Z20)
15 ol 1 a0 1 0 1 (2
16 1o o o o 1,0 1 1 0 (=22)
17 110 o o 1|1t 1 1 (= 23)
18 1Tpo0o o 1 o {1t 0 0o 0 (%24
19 1970 0 1 1 {111 0o 0o 1 (%25

A
sum in binary codes sum in BCD-binary codes

Systemilechnik
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The realization is done according to the same principle as

with a code-converter.

From the function table it is read: s1' = sq
s2' = 2+ 3+ 6+ 7+ 12+ 13 + 16 + 17

s3' = 4+ 5+ 6+ 7+ 14 + 15 + 16 + 17

sq4' = 8 + 9 + 18 + 19

10 ¢+ 11 + 12 + 13 + 14 + 15 + 16 + 17 + 18 + 19

Cout'

Karnaugh-diagram (page 438)

~
X = don't-care~-
Cout
s, ooo oor on  Ol0 _MO___mm___101 100 fields

oo | O L @ 8 l(x ‘x‘ X @]] (20 to 31)
o1 | 5 @ 9 u>< lx l x Q@J
5
1 IC} C)! s x| x| x|®
Se
10 l() @I »w | o] x| x| x]|um®
Sy
Sy 53
s2' = Cout ° EZ * 82 + 854 ° S3 ° EE + Cout ° EE
, , Cout
s3', s,
) S
o ||®]] = fs XW x | x)
AR OIE] l g xJ x || x|| @
— = 5,
3 ||®@ C@] |l x (x < || ®|
©)

N =4 L—_@_J o LX LL&_)&J BJJ

>4
53 53
s3' = EZ * 83 + s3 * Sy + Cout ° 55
s4' = s4 * S3 * S2 + Cout * S2

Training in Technology
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Cout
) s B)
o« @ 8 | x | *x]| %
15 |@) g x || x|| x |®
= s,
3|7 {@ @l x | xll x
52
2| s @ © | x xJ x | ®
lk o
34
S3 53
Cout' = 84 ° S3 + sS4 ° S9 + Cout
Circuit (type 1)
Cout Coutsw S, s3 53 Sz 5; s; 5,
© 5,7
T s &
® "L
L 2 b3 21
[ 2 = A ’
¢ e
T &
L 4
& z1
® — s,
& &
&
? &
‘;
? L=
o 54/
@ 3 _I__
[ o
¢ &
! - - >3
= cout'
@ & -_]_.
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Exercise 8 - 17:

Develop a BCD-correction-circuit (see exercise 8 - 16),
but with an additional 4-bit full-adder.

Solution 8 - 17:

The circuit of page 146 is very complicated. With the aid
of a second 4-bit full-adder the correction-circuit can be
made remarkably simpler.

From the function table on page 144 obviously the sum in
BCD (sg4', s3', s2', s1') 1s always bigger by six for the
numbers from 10 to 18 compared to the sum in the binary
code (s4, s3, s2, s1).

In case of coue' = 1 for the sum sgq4 s3 s2 s1 6 20110 has

to be added. The corrected carry cout' remains unchanged.

Cout' = S84 83 + sS4 S2 + Cout

Cout' = sa4 * (s2 + s3) + cout

Circuit (type 2):

Cout s, 535 s

{tv
—

Cout'

CRITY AR E)

By 83 B28; Cin A A3 Az A
4-bit full-adder

Cout s¢ =3 Sz 59

$

-

! ’ ’ 7’
Cout =+ S3° Sz’ sy

Training in Technology == Systemlechnik
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Exercise 8 - 18:

Design a complete BCD-adder circuit for the first Decimal-

place.

Solution 8 - 18:

2.term of the sum of
T.term of the sum ¢ ™0 hecimal place

ov

by b3 b2 b7 Cin @y azap
4-bit full-adder

Cout s, s5 so s

correction-circuit

to cip of the Cout' 5’ Sz sz’ s
2.Decimal place adder

~
term of the sum of
the 1.Decimal place

)

Training in Technology = Systemilechnik

f oy
e
TSR



vV 0035 149

8.4 BCD-Subtracter

Exercise 8 - 19:

Design a BCD-subtracter circuit for one decimal-place,
taking a 4-bit full-adder and a BCD-correction-circuit

as a basis.

Solution 8 - 19:

With closed binary coded numbers a subtraction of two
binary numbers can always be reduced to an addition with

the two-complement.

For binary-coded decimal-numbers (BCD) this is only possible

for such numbers where the minuend is bigger than the sub-

trahend. This is valid for each decimal place.

Example: 34 - 18 = 16; 18 = 0001 1000

34 = 0 0 11 0 10 0 ; Two-complement of 18:
T1T 11 1000
0 01 1! 0100
+ 1 1 11 1000
[Tloo 1001100
2 12

The solution is not correct (instead 6 —= 12 or instead 1-—= 2).
A special logic circuit would have to be developed for
correction if the carry is 0 (minuend < subtrahend). It is
more convenient however, to use the same arithmetic-unit

for a subtraction of BCD-numbers as for BCD-addition. For

this instead of the two-complement the nine-complement of

the minuend has to be used. The nine-complement of the

minuend is the completion of the respective number to nine.

Training in Technology
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Mathematical operation:

Difference: a-b=c with a > b
Nine-complement of b: (9 - b)
Addition of the nine-complement: a + (9 - b) =a - b + 9
c
a+ (9 -Db) =c+ 9

As the difference c is always bigger or equal to 1 (a > b)
the result (¢ + 9) is always bigger or equal to 10, e.g.
the BCD correction-circuit starts operating. Besides the

adder's result (c + 9) is too big by the value of nine.

The BCD-correction-circuit reduces the numbers from 10 to

18 by the value of 10, i.e. by 1 too many, as shown on table:

1 H 1

number |cout S4 S3 S2 sSq|Cout' s4' s3' s2' sy’

10 0o]1 0 1 o0 1790 0 0 0 |=0=10=10
11 ol 1 o 1 1 11 o o o 1 |21=11-10
12 011 1 0 0 1}0 o 1 0 |22=12-10
13 0‘1 1 0 1 11 0 0 1 1 23 =13 - 10
14 0 4 1 17 1 0 110 1 0 0 |&4=14-10
15 0 | 1 1 1 1 1:0 1 0 1 |=5=15 - 10
16 110 0o o0 o0 1700 1 1 0 |=6=16-10
17 1:0 o 0 1 1bo 1 1 1 |27=17-10
18 1,0 0 1 0 1:1 0 0 0 |=8 =18 - 10

binary BCD
This error is easy to correct if the carry cout' = 1 is once

again fed to the input cijp of the 4-bit full-adder (9 + 1 =
10).
The flow of a subtraction action is shown with two examples.

Training in Technology
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nine-complement of

addition:

BCD=correction:

result:

nine-complement of

addition:

BCD=correction:

result:

25 & 0 0 010 1
132 0 1 0 11
132 100 0 0110
8
0010 10 1
+ 1000 110
1010 10 1 1
10 1
1fo oo ol1foo o
[" v 1
+ 1
00 0 1 0010
1
23 2 ¢ 10 00 1 1
15 & 1 1 1
15 % 100 0 0100
8
0010 01 1
+1000 100
1010 01 11
10
1[0000'0[0111
1]
[ . 0
, e+ ]
0000 1000
0
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As seen from both examples with numbers with several decimal
digits, the carry output of the highest place has to be
added to the carry input of the 4-bit full-adder of the

lowest place.

Circuit for one decimal-place:

b

a
P00 [
» ¥ ) y ¥
nine-complement
By Bz By Cin  A¢ Az A2 Ay
4-bit full-adder
Cout S¢ S3 S St
BCD-correction circuit
Cou'{:l Sq.' S3! So! St

N

difference ¢ = a - b

Training in Technology
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8.5 Combined BCD-adder/subtracting-unit

Exercise 8 - 20:

Develop a combined BCD-adder/subtracting unit for one decimal
place using solution 8 - 19 and 8 - 20.

Solution 8 - 20:

The nine~complement of number b = B4 B3 B2 Bq

(page 130 ... 132).
U= B Corresponds:
W=By B3 + By By °2_P
— — By = ¢
X = Bq B2 B3 B, 23

With a control order L the kind of calculating is decided.

Addition: L =1

Subtraction: L =0

At the B-inputs (B4'B3'B2'B1') of the 4-bit full-adder the
following has to be applied:

By' =B1 * L +U - L =By L+ By L

Bp' = By

By' =By - L+ W=+ L =283 L+ (B + B3 + By + B3) - L
By' =Bg - L +X L =Bg -L+3By By B3 L

Training in Technology
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Circuit:
b o
L 0O By B3 0 B> 0 By OFAe OR3 O Ay OF4
Y j Y Y v ¥ Y ¥

1 .
! L 11
& & g
L g
z1
w‘ﬁr‘“ ‘11}
& & & & &

|
]
i

21 Z1 =1
| .Y
&
|
By B3’ B2! By’ Cin A¢ A3 Az Ay
4-bit full-adder
Cout  S¢ S3 So 51

7 ! /

BCD—-correction=circuit

result c ¥
L =1: ¢c=a+b OCout' S‘r' 531 52; Sy
L =0: ¢c=a-=->» g

c

At N-decimal places cin 0 = 0; Cout'n = Cin n + 1; 0 = 1 Dec.place;
n = 0...N has to be combined and in case of parallel-subtraction:

€Cin 0 = Cout'N/ Cout'n = Cinn + 1-

Systenilechnik
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8.6 Parallel multiplier

Exercise 8 - 21:

Develop a parallel multiplier for a two-placed binary code

and work out the circuit in NAND-technique.

Solution 8 -~ 21:

apy aj
bz b1

multiplier

i

multiplicator

With 2 binary places the numbers 0, 1, 2, 3 can be represen-
ted, the largest product is 3 by 3 = 9. All possibilities

have to be tested.

ap aq by by Py P33 Pp Pq| = result
0|0 0 0 0 0 0 0 0] 0
110 1 0 o], |0 0 0 00
211 0 0 o0 0 0 0 0|0
301 1 0 0 0o 0 0 0|0
olo o o0 1 o o0 o oo Py = 1+3+9
1o 1 0 1|, to0o 0 0 1|1 Py = 2+3+6
211 0o 0o 1 o o0 1 0|2 Py = 4 + 6
301 1 0 1 o 0o 1 1|3 Py = 9
0o 0o 1 0 0O 0 0 0|0
Tlo 1 1 0|, 0 0 1 02
211 0 1 0 0 1 0 0|4
301 1 1 o0 0O 1 1 0|6
olo o 1 1 o 0 0 0|0
U A E B O O I
211 0o 1 1 0O 1 0 0 |6
3011 1 1T 0 0 1 ]9
Training in Technology SystemTechnik
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Layout
—e o 2 3 7
221 o 1 1 0
1
o s} (0] 0 0 0 o
2 7 0 o] o & 2
3 1 1 o & g 3
1 o 1 a 2 3 7
Pq: ay a, Py: ay ay
== gg 011 1 10 1 === 00 0 | 1 0
00 bz _ao bz
5 - B; — -
o1 01 |1 1
- b - L b
e = 2
17 1 1 1 { 1 % 1 }
o1 - o1 e
10 I 1| b2 701 L b2
- . [ttt I
Gzt ap 1 dp az ez az
P1 = a1 bq = (a7 bq) Pzzaqg;b2+a15b2+;a2b1+a2b155
P2 =ay by by - ajay by - aj ag by * ap by by
Pi3: ay aj Py: ag ay
== o o111 10 | = g0 o011 n 10 1
o bz 00 bz
by - b; -
.
a1 [ o1
— bp — by
n ] ! 11 1
b_, | —- b? -
10 bz 10 bz
az | apz (= as | az as
P3=a25—«ib2+a_1—1a2b2 Py = aq ap by by

ap b1 by * a7 ap b2

il

Py

al a2 b1 b2

Training in Technology
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Dec. system

s
o>
dJ
W
v
B
e
—

W 0 3 o U1 s w N = O
- = O O O O O O o O
O O e e OO O O
S O = - O O = = O O
L™ R T e T o R e R

Circuit:

ay aj azaz by b by by

l & 1

o—— P,

ay
|

L.
]

e ||
’....._.__‘
¢ &
. 3
T e ol W
¢
s oo ' 1,
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9. COMPARATOR-, THRESHOLD-, SELECTION-CIRCUITS

9.1 Comparator-circuits

Exercise 9 - 1:

Develop a comparator-circuit, that compares simultaneously

the two 1-placed binary numbers a, b.

Solution 9 - 1:

>

a b X a = b y =a > b z 2 a <b
0 0 1 0 0
0 1 0 0 1
1 0 0 1 0
1 1 1 0 0
equivalence
x = ab + ab
y = ab
z = ab
<L

The Karnaugh-diagram shows: (s
X =y + 2 ol x | v
oxr B

b1 z x
X =y + z (equivalence circuit) -
Circuit:

a>b
o —ﬁ[:——————*—y
1

D X 0z=h

o3 I B

\

Systemilechnik
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Exercise 9 - 2:

Develop a comparator-circuit, that compares simultaneously

the two 2-placed binary numbers a, b.

Solution 9 - 2:

a b
ajap| by by|xZajay =bybyply=ajay>byby|z=ajay<byb

0 0| 0 0 1 0 0

0 0] 0 1 0 0 1

0 0] 1 0 0 0 1

0 0| 1 1 0 0 1

0 1] 0 0 0 1 0

0 1] 0 1 1 0 0

011 1 0 0 0 1

0 1| 1 1 0 0 1

1 0| 0 0 0 1 0

1 0] 0 1 0 1 0

1 0] 1 0 1 0 0

100 1 1 0 0 1

1 1} 0 0 0 1 0

1 1] 0 1 0 1 0

1 1] 1 0 0 1 0

1T 1] 1 1 1 0 0

R

21 20 21 20

Layouts:
X o Y g Z ay

co o1 1 10 4 oo or 1 n 10 1 o0 o1 LL_IO‘
oo 1 oo 1 1 1 oo
o1 1 o1 1 1 o1 1
- bp - by = {ba
n 1 1 n ] 1 1

by - - by -
10 1 10 1 o] 1 1
| ap i ! ap [ | ap

)

==— Systemilechnik

e
T
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Each field of the Karnaugh-diagram is marked for one only
output x, y or z, because only one output is possible. Now
the terms can be simplified accordingly. If the problem is
reduced to one 1-bit-comparator, then the solution becomes
remarkably simpler and can easily be extended to binary
numbers with more than 2 places. aq and bq are the highest
places.

If aq > by then the complete binary number is larger than
b, or a1 < b1+ a < b.

If the highest places are equal (aq = b4) then the lower
places have to be compared: ap = by; ap > by; ap < by,
This comparison was already carried out on the previous

page.

a; & b, b, highest binary place 2!

e e sk audie ey

T el

|
@ I |
=1 {‘17“51
O ¢ & Jm-

—0 Y a>b

| ¢ & 4[ a; < by
l ? |
L ] | -
— _— Tlowest binary 0 X a = b
dzaz by b place 20 as = b
4 & 9z > bz
* —
.T' 21| 2 =be ¢
O -

- g I ap < by

=0 Z a< b

1.

Systemlechnik
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Exercise 9 - 3:

Build a 4-bit-comparator (equivalence circuit) for two

inputs a and b.

Solution 9 - 3:

With the aid of equivalence circuits it can be observed
whether or not two binary values a and b are equal. For
an output it is necessary that the individual code places
are equal. For the comparison of each code place the
equivalence-gate is used. The circuit supplies a "1" at
the output x if all code places are equal. For each of
the code places an eqguivalence-gate as described on page

158 has to be present.

Ay ay dp @p A3 Ay @, ay by by bp bp by b3 by by

9 &
¢ kR
b 8’__{“
&
L 4 &
¢ el
o 8,_1— i s
@ 0—10""
® % X
? 131:)“—
¢ & | ash,
@
¢ &
- —‘—;13__
18 &1 azb,

Systemilechnik
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9.2 Threshold circuit

A threshold circuit connects through at the output (x = 1)
when a "1" potential is applied to at least a certain num-
ber of inputs. This minimum number is called "threshold"

of the circuit.

Exercise 9 - 4:

From the inputs a, b, ¢, d, e at least 3 must have the

value "1", so that at the output at x a "1" appears.

Solution 9 - 4:

It is sufficient that all possible three-combinations of

inputs are combined by AND-gates and leading to an OR-gate.

Y &
4 &
@
==
1 gz
PS &
. o X
@ sl J
‘¢ T 1¢1 B
[ S e |
4 2
O’___‘
k¢ & ] ¢ L
ﬁ‘ 8

Training in Technology
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Exercise 9 - 5:

Design a threshold circuit in which the output x is a "1"
if from the inputs a, b, ¢, d and e at least two have a
"1"-potential.

Solution 9 -~ 5:

The circuit may only have a "0" at the output x if only
one or no input is at "1". At threshold 2 the possible
combinations to four (n - 1) inputs can be combined by

OR-gates and put on an AND-gate, as shown on the diagram.

Karnaugh-diagram

(o]
8]s/s] oot o1 Qo 1o 171 101 100 '}
F— T ] ]
ajlﬁgﬁ, ol 1 1o 1 1 T |l o
%;%W_J L_ ] L]
o1 lo_j' 1 1 1 1 1 1 1
. — e
il 1 1 1 1 1 1 1 1
d == _
ol o] 1 1 1 1 1 1 1
I |
I b 1
| c ) i P 1

Systemilechnik
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As only 6 combinations yield to x = 0, but 28 x = 1, it is
meaningful to make the set up with the negated form of the
output variables.

Xx=abde 4+ abcd + abce + bcecde + ac

0.4
Mt

Conversion with the aid of the Morgan's rule:

>

x=x=abde+abcd+abce+bcde+acde
X = (a+b+d+e) (a+b+c+d) (a+b+c+e) (b+c+d+e) (at+c+d+e)
Circuit:

a b o d e

i
& S =
‘——4
2 =1
& =11
3
“ =1 &
@ - > X
—
3= =1
‘—!
& P >1
‘T‘—

= Systemilechnik
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Exercise 9 - 6:

Design a circuit, reading at the output x value "1" if at
least four of the five inputs a, b, ¢, d and e have the

value "1".

Solution 9 - 6:

All four-combinations of inputs are operated by AND and
combined by an OR-gate. The four-combinations are (refer

table page 165):

x = bcde + acde + abde + abce + abcecd

&
.
,-——-
'@ &
¢ & ]
& T3
® 3 & X
&
= |
’—-
*— 2
I
9.3 Selection circuit "2 out of n"
Exercise 9 - 7:
Design an operation-logic to find out if from n = 4 inputs

a) 2 inputs show state one

(recognition output xq1 = 1)

b) 2 or more inputs show state one

(recognition output X3 = 1)

Training in Technology
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Solution 9 - 7:

Table:
Dec. d c b a X1 X9
0 0 0 0 0 0 0
1 0 0 0 1 0 0
2 0 0 1 0 0 0
3 0 0 1 1 1 1
4 0 1 0 0 0 0
5 0 1 0 1 1 1
6 0 1 1 0 1 1
7 0 1 1 1710 1 X1 =3+5+6+9+ 10+ 12
8 1 0 0 0 0 0 X2 =3+5+6+ 9+ 10+ 12
\ /
9 1 0 0 1 1 1 M
10 1 0 1 0 1 1
11 1 0 1 ] 0 . + 7+ 11T+ 13 + 14 + 15
12 1 1 0 0 1 1
13 1 1 0 1 0 1
14 1 1 1 0 0 1
15 1 1 1 1 0 1
Karnaugh~diagram:
x;0 o0 o _n %o x50 =
w|o |+ | @] s o4+ |®@]| 8
—
o1 | ®]|13]|@ 111G |3 G
Q [=;
W@ 7|5 |n @ | |@E]®
b b
oll 21 ®| » | ® 2 | ® “ ®©
(= [
There is no simplification possible for x1:
x{= abcd+abcd+abcd+abcd+abcd+abcecd

X2= xt+abc+acd+bcd+abd

== Systenilechnik
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Circuit:

ni

ol
- l &
. @
[ g & >
R : 1=
Z1
Ll =y ge - 0 x,
&
o &
!
o %
o—7F o
[ .
1 &
o &
@
¢ &
*
‘;
¢ & l
& =1 —f >
2 “-—*] “1-——-()><2
. h O
‘ ____J_
&
J &
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10. ERROR DETECTION AND ERROR CORRECTION

Exercise 10 - 1:

Develop a circuit for testing the (2 out of 5)-code.

Solution 10 - 1:

From this 5 bit code 2 are always used. From the possible

32 combinations (23 = 32) thus only 10 are used.

{ (2) = 3 - 5 = 10} 22 combinations are redundant.

Code table:

Dec. e d c b a
0 1 1 0 0
1 0 0 1 1
2 0 0 0 1
3 0 0 1 1 0
4 0 1 0 0 1
5 0 1 0 1 0
6 0 1 1 0 0
7 1 0 0 0 1
8 1 0 0 1 0

SS9l a0 0.

The combinations from 10 to 31 are incorrect and should be

indicated by the output x¢ = 1.

S Systenilechnik
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Karnaugh-diagram:

Errors with x¢ = 1 are marked with (X).
[
000 oo1 on o010 170 177 107 100
" Lx el el e <] s | ®
)
o1 X 2 X 4 X X X 7
S
<
_____ Wt npmpuaps
Al 1« \ syt e
7 X X X X X
lL } A & 1131 EU
b PR —, PRI - 4
a] X 3 X 5 X X X 8
|
| NUT——
o
C c

£ = edc + doa + eba + eda + eca + edb + ecb + cba + dcb + dca
+ edba + edcb + edca + edcba + edcba

The expression is very extensive, but it can be realized
by the digital teaching model.

After a longer translation the Boolean expression for xgf

can be simplified as follows:

xg = (de + cd + bc + ab + ae) % (ce + ac + ad + bd + be)

(¥ antivalence)

== Systemlechnik
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Circuit:

’,
. 4
£
iy

]
-

&
g N
® ey
@ 2 XF
il
&—a
. T ¢ — antivalence
I
@ g N
®
b i
é
L 4 &
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Exercise 10 = 2:

Specify a recognition circuit of the pseudo tetrads of
the 8421-BCD-Code.

Solution 10 - 2:

The 8421-BCD-Code uses only the combinations from 0 to 9
from the 16 possible combinations. The remaining 6 states
from 10 to 15 do not have to appear and can be used for

error detection.

Dec. system d c b a Xf

10
11
12
13
14
15

_— e e e e e
_ e e . OO
e T o TR ai JL Y
_ O e O e O
[ L . S SN Sy

The remaining not shown value combinations are "0" in the
table.

xf = abcd + abcd + abed + abed + abed + abed

Simplification by factoring out:

bcd + bed + bed
bd + ¢cd =4 (b + ©)

Lf
Xf

i

The same result is achieved with the aid of the Karnaugh-

Diagram.

0o o 0 0 o

—°_""“] do 3

a1 o] 10 11 i 0] ﬁ’)Xf

n 12 141 15

ai
!
Lj

¢ O—
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10.1 One error-detection- and correction circuit for code words

of the Hamming-~Code

When transferring binary data the capability of a received
code word being tested and possibly corrected is indispen-
sable. For this, special codes are needed which must have a
redundancy i.e. not all possible combinations are used to
form a code. They consist of effective words and pseudo

words (test-words).

One of these codes is the "Systematic or Hamming-Code".

With this code any two useful words (information carrying
words) are different by a constant minimum number of bits d.

d is also named Minimum-Hamming-Distance. The principle is

made clear by a space diagram of a 3 bit code.

1o 111 10 117

101 107

on [o11]
010

000 001 000 0017
error detectable code error correctable code
d = 2 d = 3

d also means the number of cube edges which are between
one code word (= cube corner) and another code word. The
codes used here are arbitrarily (010, 100, 111 and 011,

100) . Of course, other combinations can be used.

If the number of bits increase, the geometric body for
the code-space becomes more complicated. As an example

the code-space for a 4-placed code is mentioned.

Systemilechnik
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(4)- group 0ooo P
[4)- group
(%)~ group .
(%)- group
(%)- group

For the Hamming-Code the following is valid:

Number of recognizable errors:

Number of correctable errors:

for an odd least-Hamming-distance d
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Exercise 10 - 3:

Develop a one-error-detection circuit for 3 binary places.

The code of the net-words has to be built up in such a way

that the cross-sum is always even (even parity).

Solution 10 - 3: (see also page 174)
Correct code words code words with one error
000 0 01
011 010
T 0 7 100
T 10 T 11
Table: Karnaugh-diagram:
C b a XE -
oo o1 77 0
0 0 0 0
0
0 0 1|1 °c1lO1°10
o 1 0 |1 a?@O@O
0 1 1 0
b
1 0 0 1
1 0 . 0
1 1 0 0
1 1 1 1 x¢ = faulty code word

Equation (no simplification is possible):

XE = abc + abc + abc + abc

=== Systemlechnik
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1T &
'S
2 & . e
4 -
L [O%r
& o R I
’*
&
¢

The Karnaugh-diagram shows, that no blocks can be
constructed, because the neighbouring fields differ
by one variable only, but for code words in the
Hamming-Code with d = 2 the code words always differ

by 2 variables.

Exercise 10 - 4:

Develop a one-error-correction circuit for 3 binary

places. The effective words should be (refer to page
174): 01 1, 100

Solution 10 - 4:

With one error the following code words can appear:

c b a c!' b' a’
correct 0 1 1

0 0 1 0 ! 1 corrected
incorrect 0 1 0 0 1 1

1 1 1 0 1 1
correct 1 0 0

0 0 0 1 0 0 corrected
incorrect 1 0 1 1 0 0

1 1 0 1 0 0
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Equations: a' = cba + cba + cba + cba
b' = a!
c' = cba + cba + cba + cba
Karnaugh-diagram:
a6’ 00 o1 1 S o
P
g 1
a 7]’ r ) )
b
a' = b' = bc + ac + ab
c’: oo o 1 <o
(-_H
o 1 {7!7)
1 1
“ I __J
b
¢' = ac + ab + bc Circuit:
or
C b a
¢t =a' =B I
1
(from table or I b ¢ &
Karnaugh-diagram) l
@— 2
& z1 aQ’
‘ !
0—-&—]—— b
r T o
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11. MODULO N-CONVERTER

11.1 General

Mathematical: a =D>b ° mod n (calculating rule) is valid

or expressed differently:
a=b+m- - n

whereby m is an integer number which is received when a

is divided by n.
- 3]
m peesd e
n
n is the highest appearing number value

is the number from which the modulo is to be formed

b is the difference from a and the integral multiple of n

Example:

When calculating with trigometric functions for the
determination of the function value of an angle from
over 360 degree only the difference to 360 degree or
720 degree, 1080 degree is needed (m - 360 degree).

e.qg. a = 1563° (= a)
n = 2360°
b = 1563° ~ 4 - 360° = 1563° -~ 1440°
b = 123°

therefore

1563° = 123° mod 360°

With digital numbers a counter can only count to its top
number. Then the counter starts again from state zero.
If e.g. 37 pulses are given to a 10-counter, then the
counter counts through 3 times and stops on value 7.
Thus:

37 = 7 mod 10 (a = 37; b = 7; n = 10)
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Assignment table for modulo n-converter for numbers in

binary code (3 bit places)

c b ajc'" b a'lc' b' a'{c' b' a'lc' b' a’
0j0 0 0j0 O OlO0O O O0}{0O0 O O0f{0 0 O
t4y0 0 1{0_0 110 0 1T{0 0O 1{0 0 1
210 1 010 0 O 01 040 1 0}0 1T O
3170 1 1 ' 0_ 0 110 O OO0 1 110 1 1
411 0 00 O O0}J0 O 110 0 O ' 1_.0__0_
511 0 1  0_0_ 110 1. 0}J0 0 1{0 0 O
611 1 010 0 O0}J0 0 010 1 00 0 1

I 11 140 0 ti0 0 1 01110 1 0
0 0 0 O
mod 2 mod 3 mod 4 mod 5
Exercise 11 - 1:

State the circuit of a modulo 2-converter for 3 binary

places.

Solution 11 - 1:

Take from table:

a' = abc + abc + abe + abc
a' = ab (c + c) + ab (¢ + c)
1 1
a' = ab +ab =a (b + b) = a
a' = a
This result can be read directly from the table; further:
c=0; b=20
Circuit:
ax O o a'
b Oo— b'
c O—— c’
Training in Technology Systemilechnik
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Exercise 11 - 2:

Develop a converter modulo 3 for 3 binary coded inputs.

Solution 11 - 2:

From table page 180 follows:

a' = abc + abc + abc (cannot be simplified)
b' = abc + abc (cannot be simplified)
c' = 0

This solution is valid with 3 inputs a, b, ¢ only i.e. for

8 possible combinations.

Circuit converter modulo 3:

aa b be e

T O

Exercise 11 = 3:

A logic operation is wanted for a converter modulo 4 for

3 inputs in the binary code.

Solution 11 - 3: (refer page 180)
a' = abc + abc + abec + abc
a' = a (as with modulo 2)
b' = abc + abc + abc + abc
b' = ab (c + c) + ab (c + ¢)

1 1
b' = b (a + a)

!
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b' = b

c!' =0

Circuit:

ao o a’
b O— O b!
cO r-~oc’
Exercise 11 - 4:

State a circuit of a converter

modulo 5 for 3 bit places

of the binary code.

Solution 11 = 4:

Table page 180 yields:

abc + abc + abe

a' =
' = ac (b + b) + abc
a' = ac + abc
b' = abc + abc + abc
b' = abc + ab
b' = bc + ab
c¢' = abc
This

combinations a, b, ¢ only.

Circuit:

aabbecc

a 1 a |

_ =1
C Il" [ T h
B |

H I
c !I l
_ Lo

5 i b I &

solution is valid likewise with 8 possible input

Training in Technology

=—=—= Systemilechnik




vV 0035 183

12. DIGITAL SWITCHES

Exercise 12 - 1:

Develop a circuit by which the illumination of a staircase
from 3 places independently from each other can be switched

on and off. (Digital circuit for staircase illumination)

Solution 12 - 1:

3 switches = 3 variables: a, b, c (per floor a switch and

a lamp)
a = 1. floor
b = 2. floor
= floor
Agsignment: switch closed = 1

switch open

Switching function for the lamps: £

light on: £ =1
light off: £ =0

Function table:

o
o
Q
th

T T Y ow S« S e B« )
_ e OO = = OO
-_ O =R O O e O
= o R e =)

Equation

f = abc + abc + abc + abc

Training in Technology
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Karnaugh-diagram

& <
0o or 1 n 10 1
aopl| o 1 o 1
a —1 1 o] 1 @]
) b5 1 b I B

From the Karnaugh-diagram it is seen that further simplifi-
cation is not possible.

Circuit:

&
1. floor
e
% 2. floor
t _l__:;xf
e &_J»—-—
‘?—
$ «K%
L_ 2 3. floor

Exercise 12 - 2:

The circuit in relay-technique is to be realized by a semi-

conductor circuit consisting of NAND-gates.

Training in Technology
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Solution 12 - 2:

First a definition of contact positions must be made.

(y = general variables)

switch up: normal y

Y . .
Q___J/j“_uﬂ switch down: inverted y

Loy

Y F=y o Y

~<|

At a contact net work every way that leads to a through-
switching has to be considered. Then all ways have to be

combined with each other through an OR-operation.

Intermediate variable x:

/,___,______._______\
:-_7—9) J\____ — X = bc + bc
"-"""\\ /f"_"'“’

\ l l /

N s . e o et e e <o s i et

b c

/‘:./’_—:?:."—.‘]‘t __\\
4 : :
B | \J\':'_— £ :_:_;g_.'_;} possible through-
’“'\\ 1 ’ ____}17-'-‘-—= —— ) switching ways
« b x

Training in Technology
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f = abx + ax + ax + abx
= x (ab + a) + x (a + ab)

Now the variable x or x has to be used. Evaluation of x:

x = bc + bc
% = bc + bo

= bc . be

= (b + <) (b + c)

=b +b+Db-c+c+b+c-c

0 0
thus:
X = bc + cb
f = (bc + cb) (ab + a) + (bc + b&) (a + ab) (see page 37
3+ b a + b 10 b and 11 b)

factoring out:
f =bc * a + beb + ¢ba + cbb + bca + beb + bea + bob
with b * b=b and b * b =0 follows:

f = abc + abc + bc + abe + be + abo

This expression is to be simplified by means of the Karnaugh-

diagram.
g c f =b + ac + ac
oo o1t oo |
_ — e in NAND-techniques
ao L (R I = =
- oo f =b + ac + ac
e 3 ‘
a i Lol —
e i f=Db - ac * ac
bt b I b
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Circuit:
- &
a 1 1.Q
- 2
b &
br--—-—1 O f
+
- C 1E
Exercise 12 - 3:

Develop a simple one-pole digital on-off switch.

Solution 12 - 3:

The through-switching is done with the control signal x:

x =0 switch open, output 0
x = 1 switch closed,
output variable a = input variable e

This realizes an AND=-gate

a =x - e or in NAND=-techniques a=x - e
2o —1 0 a e O—s—f ¢ e O—e—r~ g 1
X ————0 a {0 Ot (0
X X
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Exercise 12 -~ 4:

Develop a one-pole digital reverse contact or information

switch.

€

0
- Q
Solution 12 - 4:
Control signal: x = 0 (rest position) a = e4
X = 1 = ej
a=2x°e] +x - ey
or in NAND-techniques
a = x eq + x - e2 = X - e * X * ey
Circuit:
€4 & &1 0 t

iy
-
=)

Training in Technology
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Exercise 12 = 5:

Develop a digital pole reversal switch.

Solution 12 = 5:

Here also for the switch-over of the digital switch the

control signal x is used.

x = 0 : switch up

ai = e1; az = €3
x = 1 ¢ switch down
al = ep; az = e
Equations:
a] =x ° ey + x - e or ap = (x + e1) * (2 * ep)
ag = X * ey + x ° ey ap = (x + ep) * (x - eq)
NAND-technigques
ey % - & L
' 2l -0 q, I a4
2 &
? ¢
21 a ¢ a
2 - [ 2
Nl S S
1
* L
X X

!
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Exercise 12 = 6:

Develop a digital rotary-switch with 4 switch positions

where the distribution of an information e, at the input,

should be passed alternatively to 4 outputs aq, ap, aj

a4 (demultiplexer).

Solution 12 = 6:

The 4 switch positions have to be defined by two control

signals x, y.

e.g.

The logic equations are:

X N position
0 0 1
1 0 2
0 1 3
1 1 4
a»; }—{;/' e
an Xy ° e
as >"<y c e
asq Xy - e

Training in Technology
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&—4—-—0(11
2
-
£ Quelronccntl)
4 &
----—--—---QCL3
@
L ¢ &
& 0 a,
X y
i
o] o
X y
Nt

Data selection inputs

Exercise 12 = 7:

Develop a digital rotary-switch with 4 switch positions
where 4 information inputs e1, e, e3, e4 are passed, as

required, to one output, a. (Data selector, Multiplexer)

Solution 12 - 7:

- Here also the 4 switch positions have to be defined by
the control signals x and y (page 190).

The logic equation is:

a=2xXy - ej+xy - ey + Xy - e +xy - eq

=== Systenilechnik
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210' &
€,0 &
.- L]
2.0 ’—1—21
30 L g _J' — a
e 0
% s &
C;
ﬁgl |
o o)
X y
e ——

Data selection inputs

If the 4 switch positions are selected successively, this can
be done with a counter which counts up to 4. As normally such
digital rotary switches do not work independently from other
switching instructions in a larger circuit, it is meaningful

to use a clock controlled (synchronous) counter.

X % Clock
0 0 1
1 0 2
0 1 3
1 1 4
0 0 5

The counter, that runs cyclically through these states is

called a modulo 4-counter.

1
> 1 —{> 1
clock| _| 1K ﬁ i I'_.
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Exercise 12 - 8:

Sketch the principle of a digital time-multiplex-system

with the aid of a 4-bit-multiplexer and a 4-bit-demulti-
plexer.

Solution 12 - 8:

With both digital switches, a time-multiplex-system for

transfer of 4 information sources through a channel, can

be realized. In the sender as well as in the receiver

are synchronous controlled modulo 4-counters, which are
switched by a central clock.

&
€p OO

<,
transfer channel O———0 ap

€3 Om———0 s €

= 0‘—““"‘—'““003
540—-—_Jﬂ N0 ay
| i | §

sender ? T receiver
X Y X Y
mod 4- mod 4-
counter counter
clock l ]
fo!
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