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A wide range of semiconductor devices are covered
in this volume, grouped into broad device-type sec-
tions, The chapters are divided into four sections:
MOS integrated circuits . . . special-purpose bipolar
ICs . . . field effect transistors . . . and radio-fre-
quency power transistors.

In the first section, the applications chapters cover
the important areas of memory, terminals, calcula-
tors, and interconnecting or interfacing with other
devices. Next, the book covers a broad selection of
special bipolar ICs from the many available today.
This coverage ranges from circuits which are mainly
digital with linear peripherals, such as line drivers
and receivers and read-only memories, to com-
pletely linear circuits such as the double-balanced
mixer and the audio poweramplifier.

The next section explores the major areas in -

which the FET is used, such as R-F applications
and high-impedance and switching or “chopping”
circuits. The last section explains the use of power
transistors in tuned and single-sideband amplifiers
and as frequency multipliers.

Focusing on practical applications useful to prac-
ticing engineers and designers, this volume offers
many worked-out examples and designs that can be
adapted or modified for everyday design work.
For example, SECTION 1. ..

e compares standard thick oxide MOS processes
with nitride MOS processes

e examines the advantages and disadvantages of
the n-channel silicon gate process

e discusses the most important codes used in data
transmission

® covers the operation of a 4k RAM

e explains how to design the necessary interface
circuitry to make MOS devices compatible with
bipolar logic

SECTION 2...

e covers circuit operation, characteristics, and ap-
plications, presenting typical results from using
different types and lengths of lines

e analyzes fixed program semiconductor
memories, one of the most versatile circuit
functions available to designers

e examines the technique of integrating the com-
plete audio power stage using a specific power
amplifier as an example

(continued on back flap)

(continued from tront flap)

SECTION3...

o details the theory and operation of the junction
field transistor (JFET)

e analyzes in detail the 4 most important con-
siderations in designing mixer circuits

e details the 3 general methods for reducing zero
drift in direct-coupled amplifiers

e presents a simplified equivalent circuit ofa
JFET operating in the pinch-off region

e considers 3 basic “chopper” circuit configura-
tions: series, shunt, and series-shunt

SECTION 4. ..
e covers R-F power transformers and their mod-
ulation and transistor requirements, broadband
amplifier techniques, and impedances

e examines both a graphical and a simple math-
ematical approach to filter design

e presents the suggested layout of a tripler circuit

This brief sampling of the book’s wide-ranging
coverage illustrates its practical uspfu}ness to the
working engineer or designer. Appllg:atlon-orlented,
the book can save many hours of design or problem-
practical data.
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Preface

The aim of this book is to provide up to date information on a broad range of semiconductors, and to give
straightforward examples of how the devices may be used in practice. All the chapters have therefore been
written by practising professional engineers with these aims in view.

The chapters in this book on Circuit Design cover a wide range of semiconductor devicesand I have grouped
them into broad device-type sections. These are MOS Integrated Circuits, Special Purpose Bipolar Integrated
Circuits, Field Effect Transistors and Radio Frequency Power Transistors. The first chapter of each section
is of an introductory nature.

In the first section on MOS 1.C.s the Applications Chapters cover what are, in my opinion, the most
important areas: Memory, Terminals, Computational and Interconnecting or Interfacing with other devices.

A wide range of special bipolar integrated circuits exists today but only a small number of their
applications can be described. However, the spectrum is covered from circuits which are mainly digital
with linear peripherals, such as Line Drivers and Receivers and Read-Only Memories, to completely linear
circuits, such as the Double Balanced Mixer and the Audio Power Amplifier.

The major areas in which the FET is used, i.e. R.F. applications, high impedance and switching or
‘chopping’ circuits, are described in specific chapters of the third section.

Finally, the chapters of the fourth section explain the use of power transistors in tuned and single-
sideband amplifiers and as frequency multipliers.

I should like to thank all the authors — for without their efforts this book would obviously not
exist — and in particular, my colleague, David Bonham, for his help in tying up the loose ends.
BRYAN NORRIS

Applications Manager
Texas Instruments Limited
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| PROCESS TECHNOLOGIES

by

Howard Cook

To understand why metal-oxide-silicon, MOS, technologies
are used for the manufacture of digital integrated circuits to
the extent that they are today, it is necessary to examine
the basic device and manufacturing processes which are
used in its implementation. As opposed to bipolar processes
which use the conventional pnp or npn bipolar transistors
as the basic circuit elements, MOS processes rely on the
field effect transistor (FET) principles.

BASIC CONSTRUCTION

Figure 1 shows the basic construction of a p channel
MOS FET and its schematic symbol. The n type substrate
has two p type diffusions in its surface which form the
Source and Drain of the device. A thin layer of silicon
dioxide covers the area of the n type substrate between the
Source and Drain diffusion. An aluminium electrode is
deposited on the surface of this oxide layer and forms the
Gate electrode. With no bias voltage applied between the
gate electrode and n type substrate, there is no conduction
path between the two p type diffusions. However, if a nega-
tive bias is applied to the gate electrode, the field beneath
the electrode may be sufficient to cause the n type sub-
strate material in this area to invert and become p type,

METAL

SUBSTRATE

thus forming a conduction channel between the two p type
diffusions’. The applied gate voltage at which this conduc-
tion channel just begins to form is called the ‘threshold
voltage’ of the device. In this case, since the conduction
channel is formed by the n type material inverting to p
type, this is called a p channel device.

Most of the advantages of this type of device arise
from two main features. The first of these features is the
very high input impedance and isolation between source
and drain. This allows the driver device to fan out to many
similar devices in a circuit, since no input dc current is
drawn, and also, to isolate charge on capacitive nodes of a
circuit, giving rise to a data storage facility. This can be
used to construct dynamic circuits, where the power supply
to the circuit is disconnected for the majority of the time
to reduce power dissipation. Another feature of the
MOSFET is that it exhibits bilateral symmetry. The same
device may be used to both charge or discharge the sub-
sequent node in the circuit, thus reducing the number of
devices necessary to implement many functions. A further
advantage of MOS devices is the much lower number of
process steps required to fabricate an active element com-
pared with bipolar processing. Although the basic model

SEMICONDUCTOR

FIGURE 1. Basic Construction and Schematic Symbol



shown in Figure 1 is somewhat idealised, it does resemble
the most simple of the current processing techniques, i.e.
the standard thick oxide process.

FIGURE 2. Standard Thick Oxide MOS Process

STANDARD THICK OXIDE PROCESS

In practice, the diffusion areas and metal depositions
cannot be controlled to the extent suggested by the
drawing in Figure 1 and the more irregular appearance
shown in Figure 2 is nearer to the actual shapes of these
areas. It can be seen that there is considerable overlap be-
tween the gate metal electrode and the source and drain
diffusions. This gives rise to appreciable capacitances
between these electrodes as well as from the electrodes to
the substrate. A second feature of this simple device is that
threshold voltage is too high, = 4V, for the device to be
directly compatible with TTL.

As already stated, the threshold voltage of an FET is
the applied gate bias at which the conduction channel just
forms. If this device is to be driven from a common
saturated transistor logic family, such as T.T.L., then it is
necessary for the threshold voltage of the FET to be similar
to the voltage switching levels of the logic family. For
operation with T.T.L. this should be in the region of 2-2V.
If the threshold voltage is not directly compatible with the
logic family, then it becomes necessary to interface either
passively or actively, between the logic system and the MOS
system, as described in Chapter V.

The threshold voltage can be derived from the
expression:

VT=bpMs—Qs +2.4f-Qp
Cox Cox
where

VT = Threshold voltage
P)\s = Work function metal — silicon

Qs= Charge per unit surface area at silicon-oxide
interface

Cox = Gate capacitance corresponding to oxide over
channel area

¢f =  Fermi potential

Qp = Bulk charge/unit area associated with channel

depletion region

It can be seen that a significant factor in this
expression is the capacitance Cox and increasing this gives
rise to a lower value of threshold voltage VT. The value of
capacitance Cox is given by

€0 X €
COX = 0t 00X
0xX
where
tox = Gate oxide thickness

€ox = Relative permittivity of oxide
€o= Permittivity of free space (constant)

Hence the capacitance of the gate region can be
increased by reducing the thickness of the gate oxide layer,
or by changing the insulating material in the gate region
from oxide to another material with higher relative per-
mittivity. Reducing the oxide thickness can cause problems
in production yields and repeatability, but using a higher
permittivity material is feasible, and this method gives rise to
the Nitride MOS process.

NITRIDE PROCESS

Figure 3 shows the construction of a device using this
process. The oxide layer in the gate region has been reduced
in thickness compared with the standard thick oxide
process, but a layer of Silicon Nitride, Si3N4, has been
added making the total thickness of the gate insulator tox.
This is normally the same value as toy for the thick oxide
process but the permittivity of the gate insulator is increased
by the use of the nitride layer, which has a higher value of e
than the oxide. This arrangement gives rise to a lower
threshold voltage and the device can be made TTL com-
patible by using a negative voltage rail in the order of
—12V. It is not possible to entirely replace the oxide layer
with nitride due to effects at the nitride — substrate inter-
face causing variations in VT. The stability of the threshold
voltage is one factor which limits the extent to which this
process technique may be applied, although it does have an
extra advantage, in that the nitride layer acts as a good
surface protection against contamination.

t

ox 221000 A

FIGURE 3. Nitride MOS Process



Table 1

STANDARD THICK OXIDE MOS PROCESS

ADVANTAGES

SIMPLE PROCESS

LOW COST

WELL PROVEN AND UNDERSTOOD
RELIABILITY ESTABLISHED

INDUSTRY STANDARD-WIDE
SECOND SOURCING

® NON-TTL COMPATIBLE

DISADVANTAGES

(VT =—40Vij

® +12, — 12V POWER RAIL NEEDED
FOR TTL COMPATIBILITY

® POOR SPEED POWER PERFORMANCE

NITRIDE MOS PROCESS

ADVANTAGES

® SIMPLE PROCESS

® TTL. COMPATIBILITY
(V1= — 2 to —2.5V)

® LOW COST/HIGH YIELD

® |MPROVED DENSITY

DISADVANTAGES

® THRESHOLD STABILITY
POOR SPEED/POWER PERFORMANCE
@® —12V RAIL NEEDED IN TTLSYSTEM

Table 1 shows a comparison of the advantages and
disadvantages of these two processes. They are both simple
processes using few steps in production and capable of
giving high production yields. This gives rise to low cost,
and good reliability. Both processes suffer from a poor
speed power performance figure, due to the relatively high
values of inter-electrode (gate-source, gate-drain, and source-
drain) capacitances.

A method of improving the speed/power performance
by reducing inter-electrode capacitance is by using an ion
implantation technique to achieve the doping of the source
and drain areas of the chip. Ions of the dopant material are
accelerated to high velocity and directed at the surface of
the chip. By adjusting the accelerating voltage, the energy
of the ion beam can be controlled, and thus the depth of
penetration of the ions into the surface of the silicon can
also be controlled. Thin layers of silicon oxide will' be trans-
parent to the ion beam, but thick oxide areas will stop the
ions from being absorbed. Figure 4 shows how this may be
used to accurately define the edges of the source and drain
diffusions by using the gate metal electrode to mask the
gate oxide area from the ion beam. The thin oxide layer at
the sides of the gate electrode allows the beam to penetrate
to the surface of the substrate and form the edges of the p
diffusions. This gives rise to a much smaller overlap
between the gate and the source and drain. The ion beam
can also be used to modify the doping of the substrate
surface in the conduction channel, thus modifying the
threshold voltage of the device. Using this method, the
threshold voltage can be made as small as required, and, in
fact, can be made zero, or even positive. This latter con-
dition would mean that the device would be normally ‘on’
and would only turn ‘off’ at a positive value of gate bias.

Such devices are useful as Depletion Mode load devices in
place of conventional Enhancement Mode load devices
which operate in the usual way, (negative VT).

T

: CHANNEL LENGTH

DEFINED BY GATE

IMPLANTED P-REGION

FIGURE 4. Ion Implant Process

Figure 5 shows two inverters, one using a conven-
tional enhancement load device, and the other using a
depletion mode load. The graph shows the characteristics of
these devices. It can be seen that the depletion mode device
is always ‘on’ for negative VDS and acts as a current source,
supplying constant drain current.

SILICON GATE PROCESS
Another method used to accurately define the gate-
source and gate-drain geometries is the Silicon Gate process.
In this construction the gate electrode is made of poly-
crystalline silicon buried in silicon oxide, as shown in
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FIGURE 5. Load Devices and Load Lines

Figure 6. This has two main advamniages. The first is that the
polycrystalline silicon gate electrode may be used as a
mask for the source and drain diffusions, thus making the
correct alignment of gate, source and drain automatic. This
gives rise to good manufacturing yields and lower inter-
electrode capacitances. The second major advantage is that
the polycrystalline silicon has a lower work function d MS =
0-6V, than aluminium, giving rise to a lower threshold
voltage. Devices made using this process may be directly
TTL compatible, and are capable of a much better speed-
power performance than the processes previously described.

sio,

FIGURE 6. P Channel Silicon Gate

Table 2 shows a comparison of the silicon gate process with
ion implant processes.

An additional advantage of the silicon gate process is the
provision of another level of interconnection between
devices on the same chip. As well as having a metal inter-
connection pattern on the surface, and the p+ diffusions
under the surface, there is now the polycrystalline silicon
conductor material buried in the oxide, which may be used
for interconnecting.

All the examples discussed so far have used an ‘n’
type substrate inverting to a ‘p’ type conduction channel
under the influence of negative gate bias, thus forming p
channel devices. There is a major advantage in using the
opposite type of construction, i.e. using a p substrate
material with n+ diffusions into it. This relies on a con-
duction channel being formed by the p substrate material
inverting to n type under the influence of a positive applied
gate bias. In a n channel device, the majority carriers in the

Table 2

ION IMPLANT PROCESS

ADVANTAGES

SIMPLE PROCESS

ESTABLISHED METAL GATE PROCESS
HIGH YIELD (CONTROLLABLE V)
GOOD SPEED/POWER PERFORMANCE
TTL COMPATIBILITY POSSIBLE

IMPROVED PACKING DENSITY
POSSIBLE

® DEPLETION LOADS POSSIBLE

DISADVANTAGES

@® ONLY 2 LEVELS INTERCONNECT
(Si GATE =2%)

SILICON GATE PROCESS (P—CHANNEL)

ADVANTAGES

® TTL COMPATIBILITY
2% LEVEL INTERCONNECT CAPABILITY
® HIGHER DENSITY THAN METAL GATE

® BETTER SPEED/POWER THAN NITRIDE
(SELF ALIGNED GATE)

DISADVANTAGES

@ CONSIDERABLY MORE COMPLEX THAN
METAL GATE

® HIGH PROCESS COST




Table 3

N—CHANNEL SILICON GATE

ADVANTAGES

® EXCELLENT SPEED/POWER
PERFORMANCE

@® 2% LEVEL INTERCONNECT

@ HIGHER PACKING DENSITY THAN
P-CHANNEL Si GATE OR METAL GATE

® TTL COMPATIBLE

® SINGLE RAIL (5V) OPERATION
POSSIBLE (DEPLETION LOADS)

DISADVANTAGES

® MORE COMPLEX PROCESS THAN
METAL GATE

® LOW FIELD THRESHOLD

channel are electrons, which have a higher mobility than
holes, giving rise to a much better speed/power per-
formance. The advantages and disadvantages of this process
are shown in Table 3.

So far, various methods of fabricating MOSFETS
have been described with some of the basic parameters
highlighted to justify the existence of all these processes to
non-process engineers. There are other factors which are
also important, such as the transconductance (8m) which is
defined % as

g _dlp
mo9VGe lvp

If the gy per unit area is higher for a given process,
then if all other conditions are equal, the device will
operate at a faster speed. Alternatively, the size of the
device can be reduced, without losing performance.

An expression from which gy, may be derived is:-

e u.e:).eol)f.W X(VG — VT)

0X-
where W and L are the device dimensions shown in Figure
1. From this expression it can be seen that with the nitride
process, for example, where Cox is increased, then the gp,
of the device is increased.

COMPLEMENTARY MOS PROCESS

The MOS designer has available all these different
processing techniques from which to choose the most
suitable for the particular application. If the completed
MOS device is not going to be used with any other type of
logic family, then there is no need to strive to make the
device, for example, TTL compatible. There is, however,
another design technique which is gaining acceptance as
being a major technology in MOS integrated circuit design.
This is not so much a new process, but the concept of using
both n channel and p channel devices in complementary
pair configuration on the same chip, forming the basis of
the Complementary MOS process. Figure 8 shows an n

channel and a p channel FET both on the same n type
substrate. To implement the n channel device (the right-
hand FET) it is necessary to first diffuse a ‘tub’ of p type
material, which not only takes up considerable chip area,
but also substantially increases the number of process steps
required. The major advantage of this complementary
circuit design technique is that very low power dissipation
may be achieved for a given function. The two devices in
Figure 8 are shown in the schematic diagram, on the right-
hand side, connected as an inverter. The gates are con-
nected together, and hence when a logic ‘high’ level is
applied to the gate, the n channel device will turn ‘on’ and
the p channel device will turn ‘off’. When a logic ‘low’ is
applied at the input, the opposite will occur. Thus at no
time is there a path for dc current to flow through the
circuit. The only current that does flow is a transient during
the change over time from ‘high’ to ‘low’ or ‘low’ to ‘high’
state. This gives rise to very low power dissipation at low
operating frequencies, which is very useful for battery
operated equipment, etc. However, as the frequency of
operation increases, the power dissipation due to the cur-
rent transient at changeover becomes more significant, and
at approximately 2 MHz, the dissipation is equal to that of
Schottky Low Power TTL (Series 74LS). This is shown in
Figure 9.

FIGURE 8. Basic Complementary MOS Construction
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FIGURE 9. Comparison of CMOS and Bipolar Power
Consumption with Operating Frequency

A summary of the salient features of all these
processes is shown in the comparison chart of Table 4. As
the process complexity increases down the table, so the
process economy decreases. However, improvements in

manufacturing techniques tend to keep pace with the
increasing process complexity, and make these more sophis-
ticated processes a viable proposition.

CHARGE COUPLED DEVICES

There is a new concept in MOS circuit design which
does not use the FET as the basic element. Instead it relies
on charge being driven from one stage of the circuit to the
next stage by the electric field under a pattern of conduc-
tors on the surface of the device. By using multiphase
clocks, the charge on one stage may be stepped through
successive stages, giving rise to a very simple shift register
structure. This is the principle of operation of Charge
Coupled Devices (CCD).

Figure 10 shows a cross section through a CCD struc-
ture. The metal electrodes are connected to the three
phases (¢, , ¢z, ¢3,) of the system clock as shown. The bias
applied to electrodes 1, 4, 7, etc. by clock ¢,, causes a
‘well’ in the depletion layer in the surface of the silicon
substrate. Similarly, phases ¢, and ¢3 cause ‘wells’ under

Table 4. Process Comparison
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electrodes 2, 5, 8 etc. and 3, 6, 9 etc. As illustrated in
Figure 11, a charge of minority carriers is injected into the
depletion region at the beginning of the device (represented
by.__) and is propagated along the device by the action
shown. In Figure 11(a), charge has been injected into the
potential wells under the electrodes. In Figure 11(b), a
larger bias has been applied to the ¢, electrodes, causing a
deeper potential ‘well” under them. The stored charge then
moves towards the deeper ‘well’. Figure 11(c) shows that
the ¢; bias has been removed, and the charge remains
isolated in the ¢, ‘wells’. By applying a suitable sequence of
potentials to the electrodes, the charge can be propagated
along the full length of the device.

The stored charge constitutes the signal, and since, in
theory, the full charge is transferred from stage to stage,
operation can be digital or analogue. Hence this technology
is suitable for digital shift registers, and analogue delay
lines. Another field of application is for light image sensing,
since light falling on the chip will modify the charge stored
at each node according to the light intensity at that point.
The construction geometry of these devices is extremely
simple and gives rise to very high packing density of storage
nodes. This, coupled with the small number of process steps
required, makes CCD potentially a very low cost process,
and the first devices using this technology are just beginning
to appear.
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I1 MOS IN TERMINALS

The functions performed by terminals are data processing
operations such as entry, buffering, transmission/reception
and the display of the digital data. MOS/LSI is particularly
well suited for these functions.

Figure 1 shows a block diagram of a typical
terminal system.

Relative to data processing times, the communica-
tions link varies from very slow to slow. Teletype grade
lines are generally used for asynchronous transmissions and
are limited to about 120 characters per second. Voice grade
lines are used for synchronous data transmission and are
good for about 600 characters per second. Wideband lease
lines are available for up to 1200 characters per second. The
modem on the end of the communication line prepares the
data for transmission down a serial data channel.

RECEIVER/TRANSMITTER

Serial data from the line is accepted and translated to
parallel data for use in the terminal. For transmission, the
parallel data is converted to serial.

A device or subsystem, which is designed to perform
these functions, is known as a Universal Asynchronous
Receiver Transmitter (UART). An example of such a sub-

system made using MOS technology is the TMS 6011
JC/NC UART.

Figure 2 shows a functional block diagram of the
TMS 6011 JC/NC. The receiver section of this device will
accept serial data from the transmission line and convert it
to parallel data, The serial word will have start, data and
stop bits. Parity may be generated and verified. The receiver
section will validate the received data transmission by
checking the proper parity, start and stop bits and convert
the data to parallel. The transmitter section will accept
parallel data, convert it to serial form and generate the
start, parity, and stop bits. Receiver and transmitter sec-
tions are separate and the device can operate in full duplex
mode.

To allow maximum flexibility of operation, the unit
has also been designed as a fully programmable circuit. The
device can operate either in full duplex (simultaneous trans-
mission and reception) or in half duplex (alternate trans-
mission and reception). The data word may be externally
selected to be 5, 6, 7, or 8 bits long. The baud rate is
externally selected by the clock frequency, which can vary
between 0 and 160 Hz. The parity, which is generated in the
transmit mode and verified in the receive mode, can be
selected as either odd or even. It is also possible to disable
the parity bit by inhibiting the parity generation and verifi-
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cation. The stop bit can be selected as either a single- or
double-bit stop. Static logic is used to maximize flexibility
of operation and to simplify the task of the user. The data
holding registers are static and will hold a data word until it
is replaced by another word.

To allow for a wide range of possible configurations,
triple-state push-pull buffers have been selected on all out-
puts except serial transmission and TREmpty flag. They
allow the wire-OR configuration.

The subsystem can be used in a wide range of data
handling equipment such as Modems, peripherals, printers,
data displays, and minicomputers. By taking full advantage
of the latest circuit design and processing techniques it has
been possible to implement the entire transmit, receive, and
format function necessary for digital data communication,
in a single package, avoiding the cumbersome circuitry pre-
viously necessary.

P-channel enhancement-mode low-threshold tech-
nology permits the use of standard power supplies (+5 V,
—12 V) as well as direct TTL/DTL interface. No external
components are needed.

The operation of this device can be best understood
by visualizing the subsystem as three separate sections: 1)
transmitter, 2) receiver, and 3) common control. The trans-
mitter and receiver sections are independent while the
control section directs both receive and transmit.

Transmitter Section

The transmitter section will accept data in parallel
form, serialize it, format it, and transmit it in serial form.
Parallel input data is received on the transmitter buffer
register data inputs TR1 through TR8. Serial output data is
transmitted on the TROutput terminal. Input data is stored
in the transmitter buffer register. A logic ‘low’ on the
TBRLoad command terminal will load a character in the
transmitter buffer register. If words of less than 8 bits are
used, only the least significant bits are accepted. The
character is justified into the least significant bit, TR1.

The data is transferred to the transmitter register
when TBRLoad terminal goes from ‘low’ to ‘high’. The
loading of the transmitter register is delayed if the
transmitter section is presently transmitting data. In this
case the loading of the transmitter register is delayed until
the transmission has been performed.

Data is transmitted in serial form on the TROQutput
terminal. The data is clocked out by TRClock. The clock
rate is 16 times faster than the data rate. The data format is
as follows: start bit, data, parity bit, stop bits (1 or 2). Start
bits, parity bits, and stop bits are generated by the sub-
system. When no data is transmitted the output TROutput
sits at a logic ‘high’. The start of the transmission is defined
as the transition of TROutput from a logic high to a logic
Tow’

Two flags are provided. A logic ‘high’ on the
TBREmpty flag indicates that a word has been transferred
to the transmitter register and that the transmitter buffer

register is now ready to accept a new word. A logic ‘high’ on
the TREmpty flag indicates that the transmitter section has
completed the transmission of a complete word including
stop bits. The TREmpty flag will sit at a logic ‘high’ until the
start of transmission of a new word. Both transmitter
buffer register and transmitter registers are static and will
perform dc storage of data.

Receiver Section

The data is received in serial form on the receiver
input Rlnput. The data is presented in parallel form on the
eight data outputs RR1 through RR8. RInput is the data
input terminal. The data from Rlnput enters the receiver
register at a point determined by the character length, the
parity, and the number of stop bits. Rlnput must be
maintained high when no data is being received. The data is
clocked through the RR clock. The clock rate is 16 times
faster than the data rate. Data is transferred from the
receiver register to the receiver buffer register and appears
on the 8 RR outputs. The MOS output buffers used for the
eight RR terminals are triple-state push-pull output buffers
which permit the wire-OR configuration through use of the
RRDisable terminal. When a logic ‘high’ is applied to
RRDisable, the RR outputs are floating. If the word length
is less than 8 bits, the most significant bits will be at a logic
‘low’. The output word is right justified. RR1 is the least
significant bit and RR8 is the most significant bit.

A logic ‘low’ applied to the DRReset terminal resets
the DReady output to a logic ‘low’. Several flags are pro-
vided in the receiver section. There are three error flags
(parity error, framing error and overrun error) and a data-
ready flag. All status flags may be disabled through a logic
high on the SFDisable terminal.

A logic ‘high’ on the PError terminal indicates an
error in parity. A logic ‘high’ on the OError terminal indi-
cates an overrun. An overrun occurs when the previous
word was not read, i.e., when the DReady line was not reset
before the present data was transferred to the data receive
holding register. A logic ‘high’ on the DReady terminal indi-
cates that a word has been received, stored in the receiver
buffer register and that the data is available on outputs
RR1 through RR8. The DReady terminal can be reset
through the DRReset terminal.

Common Control Section

The common control section directs both the
receiver and the transmitter sections. The initialization of
the subsystem is performed through the MReset terminal.
The Master Reset is strobed to a logic ‘high’ after power
turn-on to reset all registers and to reset the serial output
line to a logic ‘high’. All status flags (parity error, framing
error, overrun error, data ready, transmitter buffer register)
are disabled when the SEDisable is at a logic ‘high’. When
disabled, the status flags float. (3 state buffers in 3rd state).
The number of bits per word is controlled by the WLSelect
1 and WLSelect 2 lines. The word length may be 5, 6, 7, or
8 bits.
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The selection is as follows:

WORD LENGTH WLS1 WLS2
5 Low Low
6 Low High
7 High | Low
8 High High

The parity to be checked by the receiver and
generated by the transmitter is determined by the PSelect
line. A logic ‘high’ on the PSelect line selects even parity
and a logic ‘low’ selects odd parity. The parity will not be
checked or generated if a logic ‘high’ is applied to PInhibit;
in this case the stop bit or bits will immediately follow the
data bit. When a logic ‘high’ is applied to PInhibit, the
PError status flag is brought to a logic ‘low’, indicating a
no-parity error because parity is disregarded in this mode.
To select either one or two stop bits, the SBSelect terminal
is used. A logic ‘high’ on this terminal will result in two
stop bits while a logic ‘low’ will produce only one. To load
the control bits (WLSelect 1, WLSelect 2, PSelect, PInhibit,
SBSelect) a logic ‘high’ is applied to the CRClock terminal.
This terminal may be strobed or hardwired to a logic ‘high’.

CODE CONVERTERS

A terminal system is designed to operate with one
code, USASCII for example. For it to use information from
sources using other than USASCII code, Selectric for
example, a code converter must be included in the terminal
system.

Codes are used to transfer information over data links
between such equipment as peripherals, terminals, and
computers.

A code word is a binary word that represents either
an alphanumeric character or a command.

For instance:
The letter A is represented

by 1000001 in USASCII code
The command DEL (delete)
is cepresented by 1111111 in USASCII code

Depending on the code used, the size of the alphabet
(characters and commands) may vary between 64 and 256.
The number of bits in a common alphanumeric code word
may vary between 6 and 8.

Many different codes are commonly used in data
processing equipment. Equipment is built for a specific
code and for that code only. To build a system from several
pieces of data processing gear using different codes, it is
necessary to convert codes.

MOS ROMs are ideally suited for code conversion.
The code to be translated is fed at the input of the ROM
and the output of the ROM represents the translated input
code.

The most popular ROM size for code converter
applications is the 2048-bit organized as 256 words x 8 bits.
A ROM this size will handle all the usual codes for data
transmission. (The most cumbersome code is the EBCDIC
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with room for 256 characters of 8 bits.) Because most
codes use a 7-bit word and a 128-character alphabet, it is
often possible to make a 2048-bit ROM, organized as 256
words of 8 bits, work both ways and not only translate
code A into code B but also, upon command, translate B
into A.

Codes and Their Definitions

An almost endless variety of codes exists for data
transmission. This causes a problem because users have
difficulty in agreeing on a code, and when they do they
often modify it slightly for their own purposes. Some of
the most popular codes are:

Hollerith: Hollerith is used on punched cards. It is a 12-bit
code with a very large alphabet (256 characters and
commands). This is the code used on the 80-column
punched cards as shown in Figure 3. A normal card punch
machine will only punch 64 characters. Because of these
limitations, the Hollerith code is not generally used for data
transmission.

BCD Code (Binary Coded Decimal): BCD is a very simple
code with 64 characters of 6 bits. This is the code used with
the new SYSTEM 3 IBM punched cards (96 columns,
6 bits/column).

EBCDIC (Extended Binary-Coded-Decimal Interchange
Code): EBCDIC is a widely-used code with room for 256
characters of 8 bits as shown in Figure 4.

USASCII (USA Standard Code for Information Interchange):
USASCII is the only code on which seems to agree with
everybody throughout the world. The code uses 128
characters, 7 bits per character. Often, users are not interested
in the full 128 characters and need only the 64 characters
subset boxed within the table in Figure 5. In this case, only
6 bits per character are needed, and either b7 or b6 may be
dropped.

The international version of USASCII is called ISO.
The 7-bit ISO is almost identical to the USASCII, except
that certain characters may be replaced by national
characters (£ instead of $ for instance). The 6-bit ISO is
obtained by dropping bg.

Selectric Line Code: Because IBM Selectric Typewriters are
commonly used as terminals, several Selectric codes are being
used. The most common is the IBM Correspondence
Selectric Line Code. It is a 7-digit 128-character code. A
certain amount of logic is necessary to go from Selectric
Line Code to Selectric Bail Code shown in Figure 6.

Baudot Code: A very simple 32-character 5-bit code, the
Baudot is used mainly in teletype equipment, illustrated in
Figure 7.
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FIGURE 7. Example of Baudot Code

Other common codes include: IBM System 360 8-bit
code, Honeywell 64 characters, GE 64 characters, UNIVAC
64 characters, Burroughs 64 characters, and IBM 47
characters.

Practical Implementation

The ROMs are very adaptable to code conversion and
can be programmed for this application. Because of the
wide variations within a code family, in each case a truth
table of the codes to be converted is needed before the
device can be implemented.

The particular device is determined by the number of
codes, the number of characters in a code, and the number
of bits in a code word, e.g. TMS 4103 JC/NC ROM has 5
codes, 64 characters and 7 bits.

DIGITAL STORAGE BUFFERS (DSBs)

It is often necessary to buffer information between
the transmission line and a terminal. The rate of data
transmission sometimes may be different from the rate of
display. Such a function may be accomplished through
storage registers but in this case the data is not always
available at the output. A good solution for this problem is
the use of an organized digital storage buffer also called Silo
Buffer.

An example of such a device is the TMS 4024 JC/NC
whose functional block diagram is shown in Figure 8. This
is a first-in first-out digital storage buffer that will store up
to 64 nine-bit words. The major components of the device
include a 9 x 64 dynamic random access memory (RAM),

three shift counters, and comparison and control logic. A
RAM-type organization results in zero ripple-through time.
Data written at the input when the register is empty is
immediately available on the output. The input and output
are completely independent of each other. Input and out-
put timing can be dependent on the.clock timing (synchro-
nous mode) or can be operated independently (asynchro-
nous mode). The dynamic RAM requires two-phase con-
tinuous clocking at a specified minimum frequency. The
clocks can be driven directly from TTL logic. Again low-
threshold, thick-oxide, MOS p-channel enhancement-mode
technology is employed to allow interfacing with TTL/DTL
circuits without external components.

The device will process data at any desired rate from
dc to one-half the continuous clock frequency. At a
nominal 500 kHz clock rate the maximum data rate is 250
kHz. Data is processed in parallel format, word by word.
Write and read commands are used to enter and dump data.
Data entry and dump may be either synchronous or asyn-
chronous (in relation to the clock). Asynchronous opera-
tion is limited to data rates of less than one-third of the
clock frequency. A positive-going edge on the read or write
line is recognised as a command. It must occur while ¢1 is
‘high’ for synchronous operation. A write command causes
the data present on the input to be transferred into the
buffer. Data-in must be true for the periods during which
¢2 is ‘low’. For asynchronous operation the Data-in must
be true for two periods after the write command is given,
because the write command may be given at any time in
relation to the clock. If both the read and write lines are
brought to a logic ‘high’, the device is disabled and the data
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outputs are floating. The data present in the register is con-
served while the chip is disabled. A Clear command is pro-
vided to clear all contents of the digital storage buffer.
When the Clear line is brought to a logic ‘high’, it invali-
dates all other commands. Completion of a Clear operation
is detectzd by a logic ‘high’ on the ‘Empty’ status output.
Status outputs (Empty and Full) are provided to indicate
the state of the register and avoid invalid operation. A logic
‘high’ on the Full status output invalidates Write commands
and a logic ‘high’ on the Empty status output invalidates
Read commands.

It can be ‘cascaded’ to form multiples of 64 words (x
9 bits) by using the arrangement as shown in Figure 9. Here
the Empty output of device 1 is connected to the A input
of the first monostable. The Full output of device 2 is
inverted and connected to the B input of the monostable as
an inhibit function. The Q output of the monostable is
connected to the Read input of device 1 and the Write
mono. of device 2. This may be repeated for as many stages
as required. The example shown is of three stages giving
192 words of 9 bits. Assuming the sequence begins with a
clear command, all Empty flags will be ‘high’ and Read
‘low’. The first Data word is written into device 1 by taking
its Write input to a logic ‘1’ level, for a maximum of one
clock period. The Empty output of device 1 goes to a logic
‘0" and triggers the first monostable, to give a pulse of
approximately one clock period. This causes the data to be
read out of device 1 and written into device 2. In this way
the data ‘ripples’ through all the devices, and is eventually
stored in the last device. When the last device is full, the
Full output changes to a logic ‘1° level. This puts a logic ‘0’
on the B input to the monostable of the previous stage,
thus inhibiting any further data transfer into the last device
until some data is read out of it. The Full output will then
return to logic ‘0’. It should be realised that it takes several

clock cycles for data to ripple through all the devices from
the time it is entered into the first device, until it is avail-
able at the output of the last device. The number of clock
cycles obviously depends upon the number of stages.

To expand the memory in parallel, the simple
arrangement shown in Figure 10 can be used to extend the
number of bits.

CHARACTER GENERATORS

MOS ROMs offer an extremely versatile approach to
character generation which can be used advantageously in
terminal systems.

They are programmed during manufacture to store
data which may be read out on command to create the
image of letters, numerals, and symbols in some sort of
display system such as a cathode-ray-tube (CRT), array of
lamps, or matrix-type printer. Each device can store more
than 2000 bits of data (enough for 64 characters in one
device) and includes addressing and decoding circuitry. The
MOS circuitry is static rather than dynamic. No clocking is
required.

Speed performance of static MOS ROMs is adequate
for both low-speed applications and high-speed CRT data
displays. Their small size and low power consumption in
addition to their low cost make them attractive replace-
ments for existing character generators in many display
systems.

Fundamentals

Tube-type character generators take various forms.
Some like the monoscope consist of an electron. gun,
electrostatic deflection plates, and a target on which the
characters are formed. In a character generator of this type,
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FIGURE 10. Digital Storage Buffers Paralleled
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an incoming digital code specifying the character to be
displayed is first converted to deflection voltages. The
electron beam is deflected accordingly to the appropriate
target location which contains a metallized image of the
desired character. This beam then scans the target in
synchronism with the beam in a cathode-ray tube (CRT)
display. Secondary emission from the metal image provides
a video signal for the CRT, reproducing the character on its
face.

In some CRT displays the character generation is
performed within the CRT itself. In this case, a thin metal
stencil with character shapes etched through is used to
extrude the beam to the desired character shape. After
leaving the gun, the beam is deflected to a character
location on the stencil, passes through the stencil, and is
converged to the tube axis. It is then deflected again, this
time to a position on the CRT face, where the shaped beam
causes the selected character to appear.

With these tube-type character generators, the digital
code specifying a character must first be converted to
positional information before character selection can be
achieved. On the other hand, digital character generators
use a more direct approach than the tube type. Digital
types generally consist of a read-only memory (ROM) in
which a given input code produces a digital output
describing a character specified by the user. This digital
output is then converted into a visual image as described
below. The use of ROMs for character generation eliminates
the need for bulky tubes or special-purpose CRTs. They can
also be used in non-CRT applications such as billboard
displays and matrix type printers.

Practical Implementation

There are many different output code schemes that
might be designed into an ROM character generator. How-
ever, the dot matrix output format is perhaps the easiest to
visualize and use. Consider a 5 X 7 dot matrix used to
present the letter A as shown in Figure 11. If each of

N b 5 -
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FIGURE 11. Letter “A” in 5 X 7 Dot Matrix
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the dot positions is a lamp, then the dots in the letter A are
on lamps, while the others are off. The on lamps corre-
spond to logical ‘1” outputs of an ROM with a 35-bit output
word, while the off states correspond to a logical ‘0’ output.
In CRT displays, the same logical two-state output can be
used to blank and unblank the beam. A sequential output
from an ROM is generally more desirable than 35 parallel
outputs because video information can be supplied as the
beam is moving.

In order to use a ROM to generate a variety of
characters a large ROM is necessary. For most display
applications 32 characters is a bare minimum. A 64 charac-
ter alphabet corresponds to a wider range of applications.
Certain data display applications will necessitate as many as
96 or even 128 characters. The size of the dot matrix used
depends on the definition needed for the display. Most
human factor experts agree on the fact that a 7X35
character font presents enough definition for most applica-
tions while a 7 X9 character font is much more eye
pleasing. A 7X9 font permits, for instance, a good
representation of complex characters such as the money
sign and the ampersand. The total number of bits needed is
as follows:

32 characters 7 X § 1120 bits
64 characters 7 X 5 2240 bits
128 characters 7 X S 4480 bits
64 characters 7 X 9 4480 bits
128 characters 7 X 9 8960 bits

It would be costly and awkward to implement such
a large number of bits through diode or classical bipolar
logic. Core memories require special drive and sense cir-
cuits and are difficult to modify for different customer
character requirements. Therefore in recent years, a viable
alternative, especially as far as character generation is con-
cerned, has been ROMs. The cost per bit is low, and likely
to decrease further, and there are also savings in weight, size
and power consumption.

Two examples of ROMs suitable for character genera-
tion are the TMS 2501 JC/NC with a row output format,
and the TMS 4103 JC/NC with a column output.

Both these devices have been designed with a static
logic source which permits the simplest system design and
eliminates the need for the special clocking circuits required
by dynamic MOS configuration.



The TMS 2501 JC/NC series allow the user to display
one out of 64 characters on a 7 x 5 matrix. Rather than
having all outputs available simultaneously only one row of
the dot matrix is available at a time. By addressing the 3
row select lines as shown in Figure 12 the corresponding
row is displayed on the output. The direct character font
of the TMS 2501 is represented in Figure 13.

The 3 bit row address input is internally decoded in 8
row select inputs. Only 7 of them will be used for most
display applications. Such a ‘row output’ device will find its
application in raster scan displays (TV monitor type dis-
plays).

The TMS 4103 JC/NC device has been designed for
use in CRT and billboard displays.

Rather than having all outputs available simultane-
ously, only one column of the dot matrix is available at a
time. By driving one of the five column-select inputs shown
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in Figure 14, the corresponding column is made available at
the output. Thus this character generator accepts USASCII
input coding and provides 64 standard charactersina 5 x 7
dot array, and an entire character can be obtained in less
than 1.5 us.

<z? v —1«? "
v GND v
— ¢ R
5107 | o—- SS L .
CHARACTER | o 4103 | 7
-ADDRESS § o— | [ourputs
INPUTS | o] MOS ROM |
o— —o
;\f_'/
5 COLUMN-

SELECT INPUTS
FIGURE 14. Pin Functions of MOS ROM TMS 4103

The memory matrix of the’ 4103 device consists of
2240 P-channel MOS devices arranged in a 32 X 70 array.
As shown in Figure 15, the 32 horizontal lines drive
the MOSFET gates, while their drains are connected to one
of the 70 output lines. Every device has its source
grounded. When one of the 32 gate lines is driven negative,
those devices which have their gate connected are turned
on, pulling down the voltage of the corresponding output
line. Whether a gate is connected or not is determined by
mask programming, with a connected gate corresponding to
a dot in the output format.

The hlock diagram in Figure 15 shows the inter-
connection of all circuits in an ROM of the TMS 4103
type: the decoder, memory array, and output selection
circuits. In order to arrange the 64 characters witha 5 X 7
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OUTPUT AND COLUMN
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COLUMN-SELECT
INPUTS

1
2
3
GATE] ’P\L;T ONE OF 2240

LNES] [ | = " TRaNSISTORS
| MEMORY ARRAY

DECODER

7069  ORAINLINES 3, TTTTT
OUTPUTS 8-14 ARE NOT USED T
INPUT 6 15 USED ONLY FOR "CHIP ENABLE" 12345 & 1

{F DESIRED. INPUT7 IS AVAILABLE FOR
LONG CODES OR ENABLE. CHARACTER-ADDRESS
INPUTS

FIGURE 15. Functional Diagram of all Circuits
within an MOS ROM of the TMS 4103
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matrix, two characters are encoded on each of the 32 gate
lines. Five of the six bits (or six of seven) in the input code
are used to drive the decoder, with the sixth bit, as shown
in Figure 15, connected to the output buffer to choose
between the two characters.

Programming of the MOS ROMs is done at the
second-oxide-removal processing stage. Unused transistors
have a layer of thick oxide over their gate regions (Figure 16).
The other masks used during the process are the same for
all the devices in one series. Fully computerised methods

Vae

TO BUFFERS

METALLI-
ZATION

THICK OXIDE~

<
(NO TRANSISTOR) ~GATE OXIDE
REMOVAL

(TRANSISTOR)

Ve
P DIFFUSIONS

FIGURE 16. An MOS Transistor can be Either
Constructed or Omitted by Growing Either a
Thin-Gate Oxide or a Thick-Gate Oxide

are used to cut the second-oxide removal mask ensuring
fast turnaround time and completely eliminating code
errors. A picture oi the TMS4103 chip is shown in Figure 34
at the end of the chapter. The thin oxide, thick oxide, and
metal are different shades of gray. The decoding, buffer and
memory matrix sections are on the right, top and centre
respectively, and the programmed areas can be seen in the
memory matrix.

Power Supply Requirements: Two power supplies are
required, Vpp and VGG. The TMS 2501 JC, NC uses a
VDD of —5 V and a VGG of —17 V. In most systems the
designer will want to translate all power supplies up by 5V
and the following voltage Vg +5V, Vpp =0V, VGG =
—12 V. This will permit a TTL device interface. The typical
power dissipation of this device at 50°C is 280 mW. Vpp
and VGG, are nominally —14 'V and —28 V for the’ 4103
device. No current is drawn from the —28 V VGg supply,
since it is internally connected only to MOS gates. About
25 mA is drawn typically by the memory array from the
—14 V Vpp supply at 20°C ambient temperature, resulting
in a 350-mW power dissipation. Additional power is dis-
sipated in the output buffer devices, depending on the ex-
ternal output conditions. In most cases the designer will
translate all power supplies by 14 V, and use Vg =+14 V,
VDD = 0V, VGG =—14V as power supplies. This will also
simplify TTL interface.



Address and Select Inputs: The TMS 2501 JC/NC
type uses an exhaustive decoder (6 inputs in 64 x 8 x 5
organisation). It uses a 3 input address for the row (or
column) select.

All of these inputs are connected to MOS gates. Each
input is protected by a field-plate zener diode against gate
damage due to static charge accumulation. Because only
gates are being driven, the inputs appear capacitive and
require no current other than the small leakage current
associated with the protective zener.

The nominal logic voltage on the inputs are the

following:
otlowing Logic High Vsg

Logic Low VDD
This leads to the following input definition:

TMS 4103 Power supply +14 to —14
MIN NOM MAX
High=0 +11V +14 143
Low =1 0 3V
TMS 2501 Power supply +5 to —12
MIN NOM MAX
High=1 35 N 5.3
Low =0 0 3V
Output Characteristics: The TMS 2501 JC/NC

features a triple-state push-pull output buffer connected
between VSS and Vpp. This will permit direct TTL
capability. The fan-out of the TMS 2501 buffer is 2 TTL
gates.

The’ 4103 type character generators have a single tran-
sistor with an open drain at the output which can be return-
ed to a negative voltage through external circuitry. A
schematic showing a portion of the relevant internal MOS
circuitry for this type appears in Figure 17. When a dot is
to occur, the output device is turned on, pulling the drain
toward ground. Otherwise, the device remains off.

As in a discrete MOSFET, the drain current of the
output buffer is affected by its drain-to-source voltage VDS
and gate-to-source voltage VGs. The value of Vpg is
dependent on the external circuitry being driven, whereas
VGs is determined internally.

Speed Performance: The output current of an MOS
character generator does not change instantaneously after a
new input is applied. A delay occurs which is dependent on
the following factors: the character program within the
memory; whether a character-address, row-address or
column-select input is changed; the characters involved if
character address is altered; the direction of output
change-on to off to on.

A primary source of delay is the charging of the gate
lines in the memory array. The more gates connected or the
more dots programmed in the character, the larger the
capacitance and the longer the time required to charge the
line. Position of the character storage area in the matrix
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FIGURE 17. Portion of Output Circuitry

also affects delay due to the distributed-RC nature of the
diffused drain lines.

Response to a character-address change involves the
longest delays. Beginning with an output initially off, if a
column or row is selected and an input code is applied that
will result in the output turning on,the resulting output
current has the appearance in Figure 18(a). If the output
isinitially onand being turned off, Figure 18(b)is applicable.

CHARACTER-ADDRESS
CHANGED

CHARACTER-ADDRESS

CHANGED
v

(A) OUTPUT off TO on

(B) OUTPUT on TO off

FIGURE 18. Voltage Response of an MOS ROM
Output When Switched by a
Character-Address Change

For a given character, top is always greater than toff
because the output resistance of the decoder is greater
when charging a gate line than when discharging it. Because
these delay times are dependent on the particular character
format desired by a customer, no definite values can be
assigned to top and toff for all memories.

Within a given memory, both top and toff can vary,
depending on the character chosen. Variations from 200 ns
to 350 ns for ton and from 60 ns to 160 ns for toff are
possible.

Turn-on and turn-off delays also exist when a column
is enabled or disabled with a character-address input already
applied. Both of these delays are typically less than 100 ns
for the’ 4103 device.
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The current rise time at an output is always greater
than the fall time. Rise times can be as long as 200 ns while
fall times are generally less than 100 ns.

The discussion of the speed is not only theoretical.
There are many cases when the system design makes a
maximum access time mandatory. When a plain TV
monitor (625 lines) is used, the image is regenerated 25
times per second. If the desirable 80 characters per line of
text is to be used a character must be obtained every 625
ns.

At 400 ns over this temperature range the TMS 2501
has speed to spare. The access times of the two character
generators are as follows:

TMS 2501 TMS 4103
Character 400 ns 700 ns
Row (column) select 300 ns 300 ns

Input and Output Interfacing: The TMS 2501 JC/NC
interfaces directly to TTL, DTL as seen in Figure 19. All
inputs, outputs, chip select and column select lines are
directly TTL compatible without external components.

+5V —-12v  DATA OUTPUT
§ SERIES
SERIES 74 TTL 74 TTL
Vss Ve s
ADDRESS TMS 2501 JC. NC
INPUTS
CHIP ENABLE Voo —©

OR CLOCK l

FIGURE 19. Interfacing TMS 2501 JC/NC
With Series 74 TTL

As far as the TMS 4103 type of device is concerned
interfacing is most easily achieved when the ground of the
MOS device is brought above the TTL ground as shown in
the example given in Figure 20. In this configuration the
character-address, row-address and column-select voltages
do not have to swing below ground. Consequently, TTL
open-collector gates or MSI decoders can be used at the
character-address, row-address and column-select inputs.
The SN7416 open collector TTL gates are ideal for this
purpose. Discrete npn transistors may also be used with
their bases driven by a TTL output; the 2N3014 or its
plastic version the 2N4420 is recommended for this
application.

While either the open-collector gates or npn drivers
could be used at the column-select inputs, an MSI decoder
such as the SN7445 may be more cenvenient since only one
output at a time needs to be enabled. The value of load
resistance R should be about 2 k2 for high-speed opera-
tion. It may be increased at lower speeds to lessen current
drain.

Output interface circuitry must convert the current
output of the character generator to a voltage swing capable
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FIGURE 20. Interfacing a’4103
MOS ROM with 54/74 TTL

of driving a 54/74 TTL input. It should not respond to the
maximum leakage current for an off output, but must
respond to the minimum current for an on output.

A simple circuit which meets these requirements for the
’4103 type is the npn transistor inverter shown at an MOS
ROM output in Figure 20. The 22kQ base resistance
assures that the transistor will not be turned on with an
ROM output leakage current and transistor leakage current
(cgo) of 20mA. A 2.2k load resistance assures that a
good logical O appears at the TTL input when the ROM
output current ison. A 6.8k resistance has been added in
series with the MOS output to limit power dissipation in
the memory, while the 300pF capacitor maintains switch-
ing speeds. As an alternative, use of low-power 54/74 TTL
for the output interface circuitry only requires a
3-k§2 resistor to ground, to convert the character generator
output current into acceptable logic voltages.

In some applications not every output needs a sepa-
rate interface circuit. The system in Figure 26 which is
discussed in the next section, requires only one interface
circuit for seven outputs.

DISPLAY SYSTEMS

Matrix

A moving billboard display could be arranged as shown
in Figure 21. The seven character-generator outputs
each drive one lamp in the far right column. Each pattern
entered at the right is shifted to the left by other logic
circuits in synchronism with the changes of column-select
inputs. After five shifts the entire character is visible. All
column-select inputs are then disabled so that spaces can be
entered in the light matrix between characters.

A column-output character generator can also be used
to obtain printed characters. The seven outputs can be
connected to a column of seven light-emitting diodes
arranged over a strip of moving, light-sensitive paper or
film. Movement of the paper provides the spacing between
columns as the column-select inputs are sequenced.



CRT Screen

The logic block diagram of a system for displaying a
single character on a CRT is shown in Figure 22. Two

LIGHT MATRIX SHIFTED TO LEFT
IN STEP WITH NEW INPUTS TO ORIGINAL COLUMN
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FIGURE 21. Functional Diagram of a Moving
Billboard Display Using One MOS ROM
for Character Generation
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FIGURE 22. Functional Diagram of Circuitry for
Projecting One Character on a
CRT Using an MOS ROM

counters are involved; one sequences through the seven
outputs of an MOS character generator while the other
selects a column. A digital-to-analog converter connected to
each counter provides a staircase waveform for vertical or

horizontal deflection. The scanning sequence is shown in
Figure 23. It begins at the bottom-left dot position of

FIGURE 23. Scan Pattern for Single Character
CRT Display Generated by an MOS ROM

the 5 X 7 dot matrix and ends at the top-right position be-
fore retrace. At the end of each vertical column scan, the
row-select counter resets and advances the column-select
counter to the next column position. An entire scan over
the 35 dot positions must be repeated rapidly enough so
that flicker of the display is not apparent. A rate of 60 Hz
is generally considered adequate for all standard CRT
phosphors and brightness levels.

Waveforms showing the relationship between the
deflection signals, Z-axis output, and counter conditions are
shown in Figure 24 for the first two columns of the
number “8”. The Z-axis output is always low while the
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FIGURE 24. Deflection and Z-Axis Signals for
Single-Character CRT Display as in Figure 13.

beam is being stepped between dot positions and remains
low for a portion of the dwell time at a dot position. This
blanking allows the display system to be used with an
ordinary laboratory oscilloscope having an ac-coupled
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FIGURE 25. Complete Circuit for Single Character CRT Display System

Z-axis input. It also eliminates all potentially visible retrace
lines. Without blanking, the output would not fall when
stepping between on dots. The beam would stay turned on
between steps, creating dc restoration problems with an
ac-coupled Z-axis.

The single-character display system just described is
implemented in Figure 25 using TTL for the counters.
decoder, and D-to-A conversion. A UJT oscillator running
at 4.2 kHz is first divided by two to produce the blanking
signal for the Z-axis amplifier. As the blanking signal is
applied, the row-select binary counter is clocked. The
resultant count is converted to an analog voltage by a 3-bit
D-to-A converter consisting of three open-collector TTL
inverters and a modified binary ladder network, causing a
vertical movement of the beam. When the row-select
decoder senses the eighth state of the binary counter, it
resets this counter and clocks the column-select counter.
An identical D-to-A converter provides the horizontal
deflection signal.

The decoder, a SN7445N;, used for the column-select
counter, interfaces directly with the MOS character genera-
tor, using load resistors. The decoder outputs have a 30-V FIGURE 26. Scope Photos of Numeral “‘8” Obtained
breakdown potential and can sink up to 80 mA. Using an Oscilloscope (and the Circuit of Figure 25)

The decoder for the row-select counter drives open- Different sizes and appearances result from
collector TTL inverters which together with the diode array adjusting oscilloscope gain, focus
allow only one output from the character generator to drive and astigmation controls
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the output amplifier. This simple arrangement eliminates
the need for separate interface circuits on each output and
can be used at high speeds as well as the speeds encountered
in this system.

In Figure 26 is shown a photograph of the number
‘8’ obtained with this system and an ordinary oscilloscope
having decoupled X and Y inputs and an a.c. coupled
Z input. Size and aspect ratio of the character can be
adjusted by the gain controls on the scope, and dot
size can be varied with the focus and astigmation controls.

The extension of the single-character display system
just discussed to a system capable of displaying one entire
line of characters is rclatively straightforward. The column-
select decoder must first be modified so that spaces can be
inserted between characters. Two column widths are suffi-
cient, and are easily obtained without extensive modifica-
tion as shown in Figure 27. All columns are disabled for
the first two counts of the column-select counter so that no
Z-output can occur during this time. (The spacing delay
may be used to address a new character in the ROM.) A
character-address counter is advanced when the column-
select counter resets. The binary outputs of this counter
drive a D-to-A converter with as many output voltage steps
as there are characters, each step having a height equal to

TMS 4103
COLUMN-SELECT
12345
+14V o ° oV
NC NC '
NC NG|
| | |

0123456789
SN7445

FIGURE 27. Modification to Column-Select Decoder
in Figure 25 for Character Spacing

seven column-select steps. Summing of the column-select
and. character-select D-to-A converter outputs results in the
total horizontal deflection signal.

A new character input is applied to the MOS
character generator each time the character-address counter
advances. This may be achieved by clocking MOS shift
registers containing the character codes of the characters to
be displayed at each reset of the column-select counter.

As the number of characters on a line becomes large,
the horizontal deflection voltage approaches a sawtooth
waveform. In practice, a sawtooth can actually be used,
eliminating the need for two D-to-A converters. A linear
ramp generator which is reset when the character-address
counter resets, provides a suitable horizontal signal if a
slight tilt to the characters is permissible.

By adding still another counter, several lines of char-
acters can be displayed. This line-address counter is ad-
vanced when the character-address counter resets. A D-to-A
converter provides a staircase waveform with as many steps
as there are lines. This staircase waveform is summed with
the staircase waveform from the row-select converter to
provide the total vertical deflection signal. The basic organi-
zation of this system is apparent from the above.

TV Raster Scan

Most CRT displays presently being built use raster
scan. This is a TV type of sweep. A raster type CRT is very
similar to a TV monitor. As a matter of fact, some
manufacturers actually use TV monitors for their displays.
The CRT beam is swept in a raster of lines by applying a
synchronized voltage range to the X and Y deflection
circuits.

The image is formed by modulating the beam
intensity with a video signal at appropriate times during the
raster sweeps.

Typical commercial TV video is essentially an analog
signal. There are many shades of gray between pure white
and jet black. For a display, we can simplify the video and
use only two levels of intensity — black and white. Thus,
the video signal can be fed into the CRT as a series of Os
and 1s and the image can be made up of a series of dots and
blanks that are interpreted as lines, characters, etc.

Advantages:

° Economical hardware (TV)

Simple deflection circuits

Simple digital logic

Economical refresh

Constant flicker rate independent of information
Disadvantages:

Use of light pen is difficult

Need storage even for blank areas of the screen

e If data is not alphanumeric, data preparation is
cumbersome

The most common character fonts for raster scan
CRT displays employ 5 X 7 or 7 X 9 matrices.
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In a CRT display, only one dot of a character can be
presented at a time. For this reason, video information to
blank and unblank the beam must be completely serial.
Therefore any parallel outputs of a character generator
must be sequentially inspected.

In a raster-scanned display like that in conventional
television the CRT beam moves vertically after a complete
horizontal sweep. Control of the beam to obtain the
scanning pattern in Figure 23 for each character is not
readily available. It therefore becomes desirable when using
a dot-matrix MOS character generator to display only a
portion of a character at a time, rather than scan over a
complete character before going on to the next one.

One row from each character in a line of characters
can be presented during one horizontal sweep as shown in
Figure 28. A total of seven sweeps is required to dis-
play a character with 5§ X 7 dot matrix. Since conventional
TV displays use interlaced scanning, alternate rows must be
displayed in each field, i.e. rows 1, 3,5, and 7 in one field
and rows 2, 4, and 6 in the other.

The character generator output for this kind of
display should consist of five parallel outputs chosen on a
row-selectable basis. Speed requirements prevent a column-
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FIGURE 28. Raster Scanning of Dot Matrix
Characters as in a Television Picture Tube

selectable output, such as provided by the *4103 type MOS
ROMs, from being used effectively. For this reason the
2500 type of row-selectable device was developed.

TV character displays are popular because of the
inexpensive monitors available. Additional logic costs above
those required for a simpler X-Y display system must be
considered along with other system requirements before a
decision is made on the scan technique and monitors to be
employed.

CRT ‘Stroked’

A CRT character display can be obtained by gen-
erating a sequence of vectors or strokes on the CRT to
describe a desired character. Instead of using a dot matrix
to represent the character, the image is formed from a series
of connected lines. Control of these lines comes from
information stored in several ’4103 type MOS ROMs used
together. Consider an 8 position X-Y stroke representation
of the character ‘A’ as shown in Figure 29. The initial
point of operation is at the coordinate X =0, Y = 0. The
first stroke (1) goes to X =1, Y =1 with Z=0; therefore,
the CRT beam would move diagonally to the new position
with the beam off. The second stroke (2) moves the beam
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FIGURE 29. Letter “A” in 8 Position,
10 Stroke Matrix

from its last position (X =1, Y=1) to the next position
X =1, Y=15 with the beam on, thus drawing a vertical line
on the CRT four units high as the beam moves. The strokes
continue to describe the character until completed, with
the last stroke returning the beam to the initial position. A
block diagram of a display system using this technique is
shown in Figure 30. Note that of the seven outputs from
the ’4103 type MOS ROMs, three outputs are used to

CHARACTER } 01O A I—d’rfbkk):'zsomm
ADDRESS : ‘
INPUTS aﬂg'a {0 To,,\J—o"C[ﬂ:Ew
the
\: —
:{'gﬁa AMPLIFIER
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CObATER DECODER 1PN
1 678910
cLock 5

FIGURE 30. Functional Diagram of Circuitry for
Projecting One Character on a CRT
Using Stroke Generation

designate the Y coordinate and one output controls the
CRT beam intensity. By using more MOS ROMs, the
number of strokes per character can be increased resulting
in a displayed character with finer resolution.

A somewhat different approach greatly increases the
resolution of the displayed character. Instead of generating
the absolute coordinates X and Y at each stroke time, as
shown in the system of Figure 30, only the changes in
coordinate locations need be generated at each stroke time.



The seven outputs from the 4103 type MOS ROMs would
be coded to represent the X axis by 3 outputs (sign and
4 lengths), the Y axis by 3 outputs (sign and 4 lengths) and
the Z axis by one output (beam blanked or unblanked).
The character begins at an initial position on the CRT.
During the first stroke time the CRT beam can move in any
direction in increments of 0, 1, 2, or 3 units with the beam
blanked or unblanked. During the second stroke time the
beam can again move in any direction in 0, 1, 2, or 3 unit
lengths with the beam on or off. The initial position of the
beam for the second stroke time is the final position of the
beam at the end of the first stroke time. Implementation of
the above requires some means of holding the D-to-A
output voltage at the end of a stroke time, and then
summing this voltage with the change in voltage required
during the next stroke period. A second method of
implementation would be to use two 3-bit registers to store
the absolute coordinates of X and Y and two 3-bit adders
that would add the change in locations from the MOS ROM
outputs to the location held in the registers, arriving at the
new location in absolute coordinates. To maintain the CRT
line at the same brightness, the beam intensity can be
modulated by observing the unit lengths the beam must
move during one stroke time and controlling the Z-axis
voltage correspondingly. By using more MOS ROMs of the
'4103 type, displays having 10, 15, or perhaps 20 strokes
per character can be obtained.

KEYBOARD ENCODER

MOS keyboard encoders provide many advantages
compared to bipolar circuits and therefore, are becoming
used more and more. MOS provides greater system
simplicity. One reason for this is that because of the high
level of integration achieved through MOS/LSI, an entire
keyboard encoder can be implemented on one single
package — direct contrast to the numerous discrete devices
and/or integrated circuits used with bipolar techniques.
Because it employs fewer components MOS/LSI allows
considerable savings in hardware in addition to the simpler,
more reliable design.

Furthermore, more cost savings arise from MOS
encoders thfough the savings in related costs, such as
printed circuit boards, labour and testing — all again directly
related to fewer components. With MOS keyboard en-
coders, all codes can be changed easily through one mask
artwork change. A fixed printed circuit board design can be
used. It does not have to be changed when the codes are
changed.

Higher degrees of system performance can be
achieved. With MOS keyboard encoders, two and N-key
rollover are obtained easily. Data-ready terminals, storage
flip-flops and other elements can be easily incorporated in
the design. In addition, the code words associated to 1 key
in the different modes need not be related.

Basic Functions

Activation: Generally, a key controls a simple switch
which is open when the key is at rest and closed when
the key is depressed. A common variation is a reed switch
controlled by a magnet mechanically attached to the
moving part of the key.

In addition to switches there are other ways to detect
the depression of a key. The depression can change the
capacitance of a capacitor, the ohmic resistance of a resistor
or the inductance of a winding. Hall effect (semiconductor)
devices also may be used for the activation of a key.

Number: The number of isolated outputs per key
varies. Generally, there is only one output per key. But
some coding schemes necessitate two, attained by imple-
menting two switches per key or by using two diodes at the
output of the switch.

The number of keys in a keyboard varies depending
upon the equipment in which the keyboard is used. MOS
techniques are applicable to any number of keys. It is
believed, however, that MOS techniques are of special
interest for numbers of keys between 32 and 128. This is
an area in which the considerable cost savings gained by
MOS techniques compared to bipolar techniques are most
evident. It must be remembered that the total of 128 keys
is not a limit imposed by MOS techniques — it is the
practical limit of the size of keyboards.

Key Bounce: When a mechanical switch is closed, the
contacts do not come to rest immediately. There is a
definite “key bounce.” Frequency of this contact bounce
and the settling time vary according to the characteristics of
the switch itself. The encoder must consider this key
bounce phenomenon to avoid spurious encoded outputs.
Well-designed keyboard encoders provide ways of adjusting
for key bounce.

Data Ready Terminal: For indication that the con-
tacts have settled and that the bounce has ceased, an output
terminal should be included in the encoder design. A logical
signal on this terminal indicates that the output data is
valid.

Mode: Depression of a key may result in more than
one output word. In many keyboards, for example, depres-
sion of the same key generates an upper-case or a lower-case
letter (and the corresponding codes at the output of the
keyboard encoder). The number of words generated by the
depression of a single key is defined as the number of
modes. Shift keys (also called mode select keys) are used to
determine which mode corresponds to the depression of a
key. Most keyboards employed in computer equipment use
two, three, or even four modes. Most keyboards used in
calculator equipment, however, use only one mode.

It must be noted that an MOS keyboard encoder
places no restriction on code words associated with the
different modes on any given key. There may be no relation
whatever between these coded outputs because MOS
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keyboard encoders use read-only memory techniques. It is
comparatively easy to implement a multimode keyboard
encoder with bipolar techniques as long as the words
associated with the different modes for any given key differ
by only one or two bits. If such is not the case (which is
very common with keyboards used in terminal equipment)
the amount of logic needed with bipolar techniques
becomes very cumbersome.

Stmultaneous Key Depression: 1t -is common for a
keyboard operator to depress two or more keys simultane-
ously. Obviously, this can cause problems with the genera-
tion of an output signal. Most keyboards do not include a
mechanical key interlock which prevents the depression of
more than one key at a time. Therefore, some type of
electronic “lockout™ or “rollover” must be a necessary part
of a keyboard encoder to ensure that only one output —
the proper output — is generated despite the fact that two
or more keys were depressed simultaneously.

N-Key Lockout: One way of overcoming the problem
of output determination when two or more keys are
depressed together is known as N-key Lockout. Such a
circuit is a part of certain keyboard encoders.

If this is designed as a part of the circuit, when two or
more keys are depressed at the same time, within the
settling period of the contacts or the sampling period of the
keyboard encoder, the keyboard encoder will not generate
any data output. When one key is depressed, the keyboard
encoder generates the proper output. But when a second
key is depressed while the first one is also depressed, the
keyboard encoder does not generate any output as long as
the first key is not released. When the first key is released,
the output corresponding to the second key is generated.
Thus, if N keys are depressed simultaneously no output will
be generated until all keys are released except one.

N-Key Rollover: Another way of overcoming the
problem of simultaneous key depression is N-key rollover.
In an N-key rollover system, when a key is depressed the:
corresponding output is generated. If the first key remains
depressed while a second key is depressed, the output
corresponding to the second key is generated. When a third
key is depressed while the two first keys (or one of them)
are still depressed, the output corresponding to the third
key is generated. In an extreme case, all of the keyboard
keys except one may be depressed. When the last key is
depressed, the corresponding output is generated.

N-key rollover, which has been shown increases
typing speed considerably, is commonly found on electric
typewriters. Because most typists are accustomed to
electric typewriters, it is extremely desirable to include
these same features on keyboards used for terminals.

Generally, it may be assumed that N-key lockout is
sufficient when a visual indication CRT screen, paper
printout, and other methods corresponds to the depression
of a key. N-key rollover, while desirable in all instances, is
absolutely necessary when no visual indications corre-
sponding to the depression of a key are provided.
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Fairly difficult and complicated to attain with bipolar
techniques, N-key rollover is, however, relatively easy to
implement with MOS techniques.

Output Wire ORing: A system may include more
than one keyboard. Or if a very large number of keys are
desired, it may be necessary to use several encoders for one
keyboard. The design of the encoder output circuits must
be such that the corresponding outputs of several encoders
may be directly tied together and that the resulting output
be the logic sum of the connected output. In an MOS key-
board encoder, this can be achieved by using single-ended
buffers or special enable logic.

Output Latches: It is often desirable to keep the out-
put word corresponding to a key available on the outputs
of the keyboard encoder until the next key is depressed. To
accomplish this, latches must be provided in the encoder.
The MOS encoders discussed later detail how this is
accomplished with MOS techniques.

Static Keyboard Encoders

Static MOS keyboard encoders make use of static
ROM techniques. Except for the key bounce circuits and
the output latches, an MOS static keyboard encoder
essentially consists of a large MOS read-only memory with
as many outputs as there are bits in the desired output
code.

As shown in Figure 31 a possible implementa-
tion would be to assign one key to each read-only memory
input. This is not desirable because:

1)  The number of input terminals would become much
too large (the largest package commonly used in MOS
has 40 pins while most keyboards have from 40 to 90
keys). This would force the utilization of several
ROMs in a wire-ORed configuration.

2)  If an off-the-shelf ROM were to be used, the number
of bits would become ludicrous. In a normal ROM
the n inputs are decoded in 20 terms. If a custom
ROM were to be used, it would, of course, be possible
to forego the decoder and to access directly the
read-only memory matrix. This is possible since only
one switch could be closed at a time.
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FIGURE 31. Assigning One Key to Each ROM
Input is not Desirable



Static keyboard encoders automatically provide
N-key lockout. The decoder section of the ROM is
programmed to accept only input words which consist of
specific patterns of logic “1” and logic “0”. No other
combinations will be accepted by the decoder, nor result in
an output.

N-key rollover may be obtained easily with a static
keyboard encoder if the switches are wired to produce a
voltage pulse instead of a voltage level upon closure. The
width of the voltage pulse must be at least equal to the
access time of the ROM.

Static keyboard encoders do not necessitate clock.
They are simple to use and N-key rollover is easily
obtained. Their only drawback is that two diodes per key
are necessary when one-contact switches are used. However,
computer-type diodes are inexpensive and can often be
mounted in the reed-switch housing, taking the place of the
wire going to the upper part of the reed, as shown in
Figure 32.

Dynamic Keyboard Encoder

Scanning techniques are commonly employed when
bipolar logic elements are used to implement keyboard
encoders. The same techniques are applicable to MOS
keyboard encoders.

Basically, a dynamic keyboard encoder consists of
these five elements:

1) A binary counter.

2) A decoder driven by the most significant bits of the
counter (slow count).

3) A multiplexer driven by the least significant bits of
the counter (fast count).

4) A one shot fed by the output of the multiplexer.

5) A ROM for mode select and code conversion.

The key switches are used as cross points in a matrix,
the lines of which are the outputs of the decoder, and the
columns of which are the inputs to the multiplexer. All of
the columns of the matrix are scanned for each step of the
decoder. Such a system is shown in Figure 33.

A key closure results in logic ‘1’ at the output of the
multiplexer and the output is used to stop the counter. The
output of the counter, when stopped, is the ROM input
address. A ‘1’ on the output of the one-shot signifies that
the data is valid (data ready).

The MOS scanning keyboard encoders used in such
systems offer many advantages compared to their bipolar
counterparts:

1)  The high level of integration allows the designer to
implement the entire circuit in one package instead of
several packages.

2)  The ROM section of the MOS keyboard encoder can
be expanded to store several unrelated modes/key.

3) Codes can be modified by a single-level artwork
change on the MOS device instead of a printed circuit

4)

5)

board change.

A clock generator can be incorporated on the chip
easily.
Two-key rollover is inherent to the scanning

approach. N-xkey rollover may be obtained simply
through shift-register techniques in the MOS scanning
approach, and this circuitry can be incorporated on
the chip.
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FIGURE 32. Method of Mounting Diodes in the Reed-
Switch Housing When One-Contact Switches Are Used
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FIGURE 33. Block Diagram of a Typical
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FIGURE 34. Photograph of a TMS 4103.
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11l THE RANDOM ACCESS MEMORY

by

Howard Cook

The semiconductor memory element has already made an
enormous impact on the industrial electronics industry.
This is partly due to its higher performance than core
memories, and lower cost than high performance magnetic
systems such as plated wire. It is also due to its greater
convenience of use. No mechanical or physical knowledge is
required to build a system using a semiconductor memory
device, unlike magnetic systems which require considerable
specialised knowledge. These factors combined with the
low cost are important factors in the growing interest in
memory devices in non-computer applications and it is
likely that memory devices similar to those described in this
chapter will be used in consumer electrical apparatus. For
example, in the T.V. set information transmitted during the
frame synch. period, could be stored and then displayed at
the touch of a button.

The first major assault by the semiconductor industry
on the virtual monopoly of magnetics in memory systems
was the introduction of 1024 bit p-channel Random Access
Memory (RAM) devices at the beginning of this decade.
The first of these to be introduced was the ’1103, and
despite some undesirable characteristics which required
special care in the use of the device, demand for it rapidly
increased throughout the industry and many memory
system manufacturers were soon committed to designs
using the ’1103. Later devices, such as the TMS 4062/3
(AMS 6002), offered better performance and fewer pro-
blems in use.

The advantages of the later generation of devices were
sufficient to influence some systems manufacturers, but the
majority felt that they should persevere with the *1103,
since so much had been spent on system development with
this device, until something happened which would offer a
significant cost advantage over the 1103 and warrant new
system designs.

The next logical step in semiconductor memory
development after 1024 bits is 4096 bits of storage per
device. To be able to produce devices of this capacity
economically called for a change in technology, and the
n-channel silicon gate process was therefore developed
commercially. This process combines the advantages of the
silicon gate technique, i.e. smaller device geometry and
easier interconnect, with those of n-channel processing. In
the n-channel Field Effect Transistor, FET, the majority
carriers are electrons, which have a greater mobility than
the hole carriers in a p-channel device. This results in a
better speed-power combination for the device, as discussed
in Chapter I.

The RAM is not only an essential unit in any high
performance memory system, but is also becoming a useful

function in modern logic circuit design. By definition the
RAM is a data storage element in which the access time to
the stored data is identical for all storage locations. This
differs from a recirculating store, for example, where the
access time to any particular stored bit depends upon the
position of that bit at the moment of accessing.

The usual approach to manufacturing a RAM storage
element is to use some form of two dimensional matrix of
storage cells, whether these cells are ferrite cores, plated
wire elements, or semiconductor circuit. Owing to the
regular pattern of the matrix and interconnections, a large
number of the latter type, i.e. the semiconductor circuits,
may be fabricated in a small area on a silicon chip, and the
improvements in semiconductor processing techniques have
enabled devices with up to 4096 (64%) storage cells to be
manufactured. Examples of two MOS RAMs are the TMS
4063 1024 bit device (commonly abbreviated to 1k bit)
and the TMS4030 4096 bit (4k) memory.

DEVICE DESCRIPTIONS

1k Bit RAM

The TMS 4063 is a high performance MOS RAM
organised as 1024 words by one bit. An access time of
150ns is attainable, and a cycle time of 290ns. It only
requires two clock signals without any overlap, which con-
siderably simplifies the design of the control circuit.

The *4063 differs from the earlier 4062 only in that
the ‘clock’ and ‘chip select’ inputs to the device are intern-
ally connected to a common pin, thus allowing the TMS
4063 to be packaged in an 18 pin dual-in-line (D.I.L.) pack.

The basic cell uses four transistors with unique
support circuitry which gives rise to high performance yet
low power dissipation. The low input capacitance simplifies
the design of driver circuits necessary to interface with
transistor-transistor logic (TTL). The differential outputs
are capable of being wire-OR’ed to facilitate memory
expansion. In this case each memory is controlled
separately by the Chip Select/Clock input.

The reading of information stored within the memory
is non-destructive, but since the device is dynamic, it is
necessary to periodically refresh the stored information.
4k Bit RAM

The TMS 4030 is a 4096 word x 1 bit dynamic RAM
fabricated using n-channel silicon gate processing. Its 300ns
maximum access time and 470ns maximum cycle times
make it ideally suitable for large memory applications. Its
inputs and output, except for the single clock, are directly
compatible with Diode Transistor Logic (DTL), TTL and all
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similar logic families. This enables a considerable cost saving
in peripheral interface devices to be made, quite apart from
the fact that the memory device itself sells at a lower cost/
bit than any 1k memory device. The device incorporates
internal registers for the Address inputs and the Chip Select
input to simplify the input timing requirements. It can be
seen from the timing diagrams on the data sheet that the
many ‘don’t care’ conditions make it extremely simple to
operate the TMS 4030.

The power dissipated during operation at maximum
speed is approximately 0.1 mW/bit, and the power during
standby (i.e. Chip Enable at logic ‘low’) is approximately
2mW. To obtain these low power requirements, it has been
necessary to employ dynamic circuitry techniques in the
design of this device, and hence Refresh cycles are
necessary in most applications to maintain the integrity of
the stored data. The requirement for Refreshing the data is
that all 64 combinations of address A, — As must be exer-
cised within the stated Refresh period. (2ms at 70°C). The
power supplies required to operate the memory are Vpp =
12V, VBB = -3V, V¢C = 5V, and Vgsg§ connected to OV.
The +5V supply is obviously compatible with the logic
supply of the remainder of the system, and the —3V sub-
strate bias supply has to sink only a very small current. This
supply may be economically generated within the memory
system to save using an external supply.

The Storage Cell

The first MOS memories developed used static type storage
cells as shown in Figure la. These are similar in operation
to bipolar memory devices being made up of cross coupled
bistables. These cells are then arranged in a matrix, and the
selection of one X address and one Y address uniquely
selects one cell. The differential outputs of the cells are
connected to the Read lines. To read the contents of a cell,
it is necessary to detect the polarity of the differential
current flowing in these lines. The contents of these static
cells remain unchanged until new information is written in.
In such cells one transistor is always conducting, which
gives rise to a certain power dissipation —an important
consideration. To reduce power consumption, the dynamic

a) STATIC FOUR-TRANSISTOR CELL
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type of cell was introduced (see Figure 1b). In this cell the
transistors making up the bistable are connected to the
power rail via two more transistors which are controlled by
the clock signal.

When the clock signal is at the Vpp supply, this cell
operates as a static cell, but when the clock signal is at Vg,
the cell is disconnected from the Vpp supply and does not
conduct current through either transistor. The information
is stored on the parasitic capacitors associated with the gate
of each transistor which controls the state of the bistable
when the clock returns to Vpp. The power consumption is
thus reduced, but since the charge leaks away from the gate
capacitances, it is necessary to periodically retresh the
information simply by pulsing the clock line to Vpp and
allowing the current which then flows through the cell to
reinforce the charge on these capacitors. The TMS 4063
uses a dynamic cell such as this (Figure 2).
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FIGURE 2. Memory Cell of the TMS4062/3
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The transistors Q1 and Q2 form the bistable and Ao o] 1 !
transistors Q3 and Q4 connect the bi-stable to VREF. The A1 O——rof i MEMORY MATRIX
capacitors Cl and C2 are the parasitic gate capacitors of QI Az O] O ' szrOows
N . . . - . . l} 32 COLUMNS
and Q2. To write information into this cell either point A A3 o ! (1024 B1TS)
or point B is forced to V§g by means of external circuitry, e ™

thus deciding the state of the bistable. To read the CLOCK O 4
information stored in the cell, it is necessary to detect the | | [/ F-=———-—o
current which flows from either point A or “point B to
VREF when the cell is addressed. These functions may be MULTIPLEXER
performed by discrete circuitry or by means of an
integrated circuit i.e. the SN75370, a device specially
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designed for this purpose, and described in Chapter IV. i =
Organisation of the 1k Device J
The memory cells are arranged in a matrix of 32 rows by 32 RESET O— COLUMN DECODER
columns. The ten addresses (A, to Ay) are divided up such ‘;sx o—

that the first five (A, to A,) select the rows and the last vR:: o l l l l

five (A5 to Ay) select the columns, via the row and column Voo :—__ A As A Ae Ag

decoders (see Figures 3 and 4). FIGURE 3. TMS 4063 Block Di
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The clock signal drives all 32 cells in the selected row,
and also, at the same time, connects the selected column of
32 cells to the internal data highway which appears exter-
nally as the Input/Output (I/O) lines. The Reset input pre-
charges all the internal lines before a cycle, and also drives
the row and column decoders. The 32 cells, in the row
selected by the decode of :address A, to A4, are refreshed
by the clock signal. When the clock is at Vpp, one tran-
sistor of each of these cells is held ‘on’ by the charge on the
gate capacitors, and the current, flowing through this
device, reinforces this charge. The 32 rows have to be
addressed for refreshing at least once during the stated re-
freshing period (2ms).

Organisation of the 4k Device

The heart of the 4k RAM is a bit cell containing a
transistor and a storage capacitor. The 4096 bits are organ-
ized in a matrix of 64 rows by 64 columns as can be seen
on the photograph of the device, Figure 5. The rows are
selected by decoding the addresses Ao through As while
the columns are selected by decoding the addresses on pins
Ag through A,, (see Figure 6). In the middle of the
memory matrix, there are two rows of dummy cells with a
differential sense amplifier between them. There are 64
such sense amplifiers, one per column, with a dummy cell
on either side. This arrangement is shown in Figure 7 for a
single column.

When the chip-enable clock is low, the potentials on
both halves of the column inputs to the sense amplifiers are
equalized by the internal clock ¢. During the same time, an
intermediate voltage is directly written into the dummy cell
capacitors by the precharge voltage generator. This inter-

mediate voltage is halfway between a high level and a low
level that would be stored in a bit location.

When the chip-enable clock goes high, the addresses
are gated into the circuit. The row address decode then
selects one row of 64 bits and also selects the opposite
dummy row, such that the selected row and the dummy
row are on opposite sides of the differential amplifiers.
During a read operation, the bit-storage capacitors on the
selected row share their charge with the parasitic capaci-
tance on their half of the respective column. On the other
half of the columns, the dummy bit storage capacitors share
their respective charges. This charge sharing then produces a
corresponding voltage change on the column. Since the
voltage change produced by the bit capacitors is either lower
or higher than the voltage change produced by dummy-bit
capacitors, a voltage differential is set up across the two
inputs to the sense amplifier. The sense amplifier is then
enabled by the internally generated ¢pg clock and causes
the sense amplifier (which is basically a pair of cross-
coupled inverters) to latch. If one side of the sense ampli-
fier latches high, the other side latches low and vice versa.
This restores the voltage readout from the bit-storage
capacitors on the selected row, in effect refreshing the 64
bits in a manner similar to the read/restore performed with
core memories. The column decode address then gates one
of the 64 columns through to the output buffer.

During a write operation, the column decode address
selects the column to be tied into the date-in line. During
#DS the sense amplifier on the selected column latches as
dictated by data-in and the new data is then written into
the cell selected by the row decode address. The other cells
on this row go through a refresh cycle only.

FIGURE 5. Photograph of TMS4030 RAM.
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OPERATION OF 1k RAM

The connections to the device may be grouped as
follows:

(i) Address: The ten address inputs select a particular
cell.
(ii) Clock Signals: (Clock and Reset). These two signals
control the operation of the device.
(iii) 1/O Lines: These two lines are used in reading and
writing of information out of and into the device.
(iv) Power Rails: The four power connections are:

VsX (Substrate Bias) +22.5V
Vss (Source) +20V
VREF (Reference) + 7V
VpD (Drain) ov

These power rails must be decoupled close to the memory
with Tantalum and Ceramic capacitors to keep voltage
movement to a minimum. The OV should be supplied as a
ground plane or as tracking of generous proportions on the
printed circuit board.

The Vgg supply rail has to supply current to the TMS
4063s whereas the Vpp and VREF rails have to sink
current. The standby power of the device is in the order of
2 mW. During this time all the address and Clock inputs are
at VgS. When run at maximum speed, the power consump-
tion is in the order of 120mW.

Inputs

The Reset: causes all the internal connections and the
output lines to be pre-charged after each Read, Write or
Refresh cycle. It also disconnects the cells from external
signals. In this state the address input capacitance is very
low, making it easy to change the address information. The
duration of the Reset period may be reduced by driving the
Reset input more negative than Vpp.

The Addresses: may be divided into two groups, X
and Y. The first five addresses, inputs A, to A4, drive the
rows of the matrix, and the second group, inputs Ag to Ag
drives the columns. Each of these groups is decoded to select
one from 32 rows or columns. The  Addresses must be set
up during the Reset period. Only one cell will be addressed
when the Clock is driven to Vpp. There is necessarily a
delay tpp between Reset going to Vgg and Clock going to
VpD for the row and column decoders to be discharged
(see data sheet).

The Clock: drives one row of 32 cells determined by
-the row decoder. During the Clock period, all these 32 cells
have their information refreshed. It connects the points A
and B (see Figure 2) of each cell in the selected column to
the I/0 lines of the device. The Clock input must be present
for all cycles.
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Input Capacitance: The inputs to the MOS device are
essentially capacitive. It is, therefore, necessary to use
circuits capable of driving capacitive loads. Table 1 shows
the value of these capacitances. These circuits have to be
capable of driving a large number of inputs for large
memory arrays. When calculating the total capacitance, it is
necessary to also consider the capacitance of the printed
circuit wiring.

Table 1 Input Capacitance

Vin = Vss
CHARACTERISTICS VALUE pF
typ. max.
CAD Input Capacitance, Address 25 3.5
Cr Input Capacitance, Reset 30.0 40.0
Cc Input Capacitance, Clock 30.0 36.0
Ci/o Capacitance, 1/0 (not selected) 25 3.5

All necessary interface circuits are discussed fully in
Chapter V.

Cycles

Read: The information of the cell selected by the
addresses A, to A,y appears on the I/Olines, a short delay
(tcp) after the negative transition of Clock.

Refresh: This is necessary to maintain the
information stored in the cells as described earlier. The
refreshing of the 1024 bits of the memory, requires 32
cycles within the 2ms Refresh period, to select every row at
least once. If more than one memory device is connected
together to increase the capacity, all the devices may be
refreshed simultaneously, thus still only requiring 32 cycles.
The Refresh cycle is the same as a Read cycle, but it
is necessary to hold the I/O lines to VREF via a low
impedance to prevent movement of these lines corrupting
stored data. If the 32 rows of the matrix are selected during
the Read cycles, within the 2ms period, then additional
refreshing is not necessary.

Write: This is the same as a Read cycle except that
one of the I/Olines has to be forced to VSS during the
Clock period.

OPERATION OF 4k RAM

The areas which are worthy of consideration for
exploiting the advantages of the TMS 4030 are:-
Input/output techniques.
Refreshing techniques.
Generating VBB.

The refreshing techniques are discussed in the control
section of this chapter.



Input/Output Techniques

The Address, Chip Select, Read/Write, and Data
inputs to the TMS 4030 are similar in nature, being approx-
imately SpF input capacitance, and requiring input levels
as shown in Figure 8. Although the upper threshold is 2.2V
the inputs may be taken as high as Vppif required.

VOLTS

Voo
S S S S S S S S S
SSS S S S S S S S S S

} //////

INPUT HIGH

(&)

INPUT
LOW

FIGURE 8. Input Voltage Levels (Except CE)

These voltage levels are obviously compatible with
TTL, DTL etc. However, although a small number of inputs
may be driven from a standard TTL gate, when a large
number of inputs are connected in parallel the capacitive
load becomes too great to be driven by normal TTL
devices without additional components.

Figure 9 shows the normal limiting conditions. In (a)
a logic gate with active pull-up is used to charge the
capacitive load. The active pull-up (totem pole) resembles a
constant current source, and hence the output voltage
rises linearly with time. The rate of rise, and hence the
time(t) to reach Vout(max) depends on the current that

CONSTANT Iy ¢
CL I Vo
CHARGING T CHARGING
VOLTS 1
Vout
(max)

CLI \;o

the logic gate can source from its output.

In (b) an open collector gate with a pull-up resistor to
5V is used for the same function. The output voltage now
rises exponentially, with a time constant RC.C].. As with
any exponential, the output will reach 95% of its maximum
in 3 time constants, i.e. t=3.RC.CL. However if the pull-up
resistor is toVpP, the output voltage will achieve 2.2V in a
much shorter time. The third example, (c), shows the case
of a logic gate discharging a capacitive load. It is necessary
to use a series resistor, Rg, to limit the current out of the
capacitor into the output of the gate. Without this resistor,
the initial peak current would exceed the maximum sink
capability of the device, and damage could occur. Once
again the voltage waveform is exponential, and the time for
the output to fall to within 5% of the minimum voltage is
t=3.Rs.CL.

One practical method of driving the capacitive load
is to use a logic gate with an output stage capable of sourc-
ing and sinking high currents. Two such devices are the
SN74128 dual 4 input positive NAND and the SN745140
quad 2 input positive NOR line drivers. These devices have
an output capability of approximately +50mA, and hence
require a 1002 resistor in series with each output. They
will drive a 100pF load with edge speeds of <30ns, as
shown in Figure 10.

The advantage of using these devices is that they
combine the necessary drive capability with a choice of
logic function and their static power dissipation is low. For
driving much larger capacitive loads, it is necessary to resort
to more conventional techniques, e.g. the SN75361 MOS
driver device as described in Chapter V. Finally, if economy
is more important than power dissipation, then the MOS
inputs may be driven from a standard open collector buffer
device (e.g. a SN7416, SN7417, SN7438 etc.) with series
output resistor, and collector pull-up resistor to VDD as
described above.

Vce

TIME

(a)

FIGURE 9.

(b)

(c)

Output Voltage Waveforms
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FIGURE 10. Using 5082 Drivers

The Chip Enable input requiring a 12V swing, is
easily driven from the SN75361 or SN75363 devices
specifically designed for this purpose.

The Data Output of the TMS 4030 is capable of
driving two standard TTL inputs. (i.e. Igyt = —3.2mA).
However, if speed is the ultimate criterion, then the
capacitance connected to the Data Output should be kept
to a minimum, since the current available from the output
is relatively low. Hence wiring (printed circuit or other-
wise) should be kept as short as possible, and driving one
TTL input will give rise to faster edge speeds than when
driving two. Although wire —OR’ ing several memory
outputs together is normal practice to expand the number
of words per bit, it should be remembered that this does
add capacitance to the output line, and hence slow down
its edge speeds.

Generating VBB

By generating VBB (—3V) within the system, the
requirement for an additional power supply is removed.
This supply is particularly suitable for generation since the
current requirement is extremely low, even in very large
systems (100uA max/TMS 4030).

The circuit shown in Figure 11 will generate a stable

12v

SN75450/1/2/3/4
l_ ______
—D—
I
Tms l
Tms |
I
o —+1 )
|
|
e J

voltage rail of —3.1V, capable of sinking 10mA. This
corresponds to the IBB current of 100 TMS 4030s. The
clock inputs are derived from the Refresh clock in the
system, and the values shown in Figure 6 will be satisfactory
for operation from a 500Hz 1:1 mark-space ratio clock.

EXPANDING THE MEMORY

It is normal for more than one RAM to be connected
together to give greater than 1k words, and/or greater than
1 bit word length: e.g. 1 x TMS 4063 1k words x 1 bit

n x TMS 4063 nk words x 1 bit

mx TMS 4063 1k words x m bit

m.n.x TMS 4063 nk words x m bit
Similarly, more than one card of nk words by m bits may
be connected together to further increase system capacity.

Bit Expansion

The size of the TMS4063 is 1024 words of 1 bit. To
increase the system size to 1024 words by N bits, N TMS
4063 devices are connected with all their address and clock
inputs paralleled, and each pair of I/O lines connected to %
SN75370 (or other bit drive/sense circuits). Thus when an
address is selected, one bit in each memory device is activa-

1N4150
x4

FIGURE 11. -3V Generator Circuit



RESET

CLOCK

SN75361A

I

&

>

g

bd
<

&

»
o

»
<

>
®

»
©

AR

BIT 1
WE
Yo
RE
TMS4063 -_/%7
Dl|
ol >
DO.
0o +
o
R
©
R
z Dlz
* DI >
i
1) >
U RE
1] wo Wz
WE
BIT 2
Dl
LY} >
[oe}
o
g oo >
S
s RE
o
o X /3}7
WE
BIT n ‘
CE WE

FIGURE 12. 1k x N. Bit Organisation

ted, forming an N bit word. This organisation is shown in
Figure 12.

There is a practical limit to the maximum number
of devices which may be connected together. This is
due to the capacitive load of the TMS 4063 inputs on the
clock and address drivers. Depending on the required speed
of operation, these circuits are only capable of driving a
certain maximum capacitance. To further increase the word
length however, it is permissible to parallel up the clock and
address inputs of several planes of N bits, at TTL level. To

refresh M cards of N bits still only requires 32 cycles, since -

cycling addresses A, to A, selects every bit in the memory.

Word Expansion

The differential output lines of the TMS4063 and the
corresponding drive/sense lines of the SN75370 are design-
ed to allow more than one TMS 4063 to be wire-OR’ed into
it. The capacitance of the 1/O lines of a non-selected TMS
4063 is 3.0pF, and each % x SN75370 is capable of driving
60pF. When deciding how many 4063s to wire—OR to-
gether, it is necessary to also consider the capacitance of
the printed wiring, etc. on the printed circuit board
(P.C.B.). Since the output (DO) of the SN75370 is three-
state, the outputs of several such devices may also be wire-
OR’ed together, to further increase the number of words.
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4k Word x 8 Bit System

Figure 13 shows the schematic diagram for such a
system, which could be assembled on a modest sized P.C.B.

The TMS 4063 packages are arranged as an 8 x 4
matrix with the 10 address inputs of all the devices connec-
ted to a common 10 drivers. The I/O lines of each of the
four devices in each row are wire ‘OR’ed together into the
1/0 inputs of half an SN75370, giving 4096 words x 8 bits.
The Reset inputs are all commoned, and driven from a
single driver. The Clock inputs are used to select the parti-
cular row of 1024 words x 8 bits to be accessed at any
instant, and hence have to be selected by decoding two
more addresses, Ao A;;. The 3-input NAND gates used in
this decode also have one input of all four gates connected
to a Memory Select point which has to be at a logical ‘1’
before any row can be selected.

As described, this system is designed for optimum
cost rather than power dissipation. To reduce the power
dissipation the Reset should also be controlled by the de-
coded addresses, as is Clock and the Memory Select. Pro-
vision should be made for Memory Select to inhibit the
address drivers such that when Memory Select is a ‘0’ (not
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selected) all the address and clock inputs of the memory
devices are ‘high’, this being in the ‘low’ stand-by power
state. If this is done, then the Memory Select must be
driven to a ‘1 whenever a Refresh cycle is required, as well
as for normal cycles. Also, during Refresh, the clock inputs,
controlled by the decode A,;, and A,,, must all be
enabled, otherwise a greater number of Refresh cycles,
including A, and A, ;, must be performed.

A single memory module, such as this, may be used as
a small system with the necessary control circuitry, or else
it may be used as part of a large system, with many such
modules to give greater number of words and/or greater
word length. However, the control circuitry required to
support stored data in either case is identical.



CONTROL CIRCUITS FOR 1k RAM

The control circuitry for a memory system using 1k
RAM type devices has to serve several functions.

(@) To generate the timing of the various clock pulses,
address strobe, Read and Write strobes, and Memory
Select (if applicable).

(b) To generate the Refresh addresses, and multiplex
these with the addresses from the ‘outside world.’

(c) To either generate Refresh cycle requests from an
internal clock and process these to initiate Refresh
cycles at sufficient frequency to support data, or else
to process Refresh cycle requests generated by the
computer, or other external source. In each case, the
Refresh activity may be either synchronous or
asynchronous with the normal memory operation,
and the control circuitry must ensure that the
Refresh cycle does not clash with a normal cycle in
the asynchronous case. (Assuming that this situation
does not arise in the synchronous case.)

(d) To decode higher order addresses ‘which are used to
select memory modules in large systems using the
Memory Select inputs of the modules.

(e) To take care of normal cycle control and interlock
and generate necessary output ‘flags’ required by the
processor.

The design of the control circuit is influenced by several

factors:

(i) Required Access time

(ii) Required Cycle time

(iii)and (iv) Power dissipation and cost. (Priority depending
on individual requirement.)

It may well be that the Access time and Cycle time are not
important, in which case the power and cost considerations
predominate.

Synchronous System

It is more usual for cycle times in the range of .5 to lus
to be required and the first circuit is designed around this
performance. It is suitable for a synchronous system where
the controlling clock is supplied from the processor to the
memory.

The basis of the timing generation circuit in this first
example is an 8 bit serial-in/parallel-out TTL shift register
SN74164. This is connected as shown in Figure 14. The
data input is initially a ‘1’ and the first clock pulse moves
this ‘1’ into the first stage, whereby it appears on output A.
This output is inverted and used to change the state of the
data input latch to a ‘O’. Subsequent clock pulses move the
stored ‘1’ through the shift register until it appears on the
output connected to the ‘clear’ monostable the SN74121.
The Q output of this monostable resets the data input latch
and clears the shift register. Figure 15 shows this action.

CLEAR
CATA
cLocK SN74164 OUTPUTS INPUT
——————
b HagFgEgbcB,
a
\ ) —'I
0—| >o——-———|
SN74121 P ’ l ) l ‘ l

FIGURE 14. Basic Timing Generation
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FIGURE 15. Sequence of Timing Circuit
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In this mode the shift register is acting as a delay line,
and combinations of the outputs may be used to generate
the required pulse timings. The input clock to the shift
register can be generated by a Schmitt gate with CR
feedback, which is gated with the cycle control signal. If
the clock period is 80ns a reasonable timing diagram may
be obtained. This is shown in Figure 16.

One of the advantages of this system is that the
timing of all the outputs is controlled by only one factor,
i.e. the Schmitt oscillator. Under normal circumstances the
frequency variation of this oscillator when the 5V logic
supply is varied +0.5V does not affect the system reli-
ability, since the waveform timing is generous compared to
the minimum values laid down in the device specification.
However, if better frequency stability was required, a
two-transistor multivibrator could be used, instead of the
Schmitt oscillator.

To generate the refresh addresses, the input clock
from the processor, etc. must be counted, to give an output
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which, in turn, will clock the refresh address counter at the
correct rate. This is shown in Figure 17. The input clock to
the address counter (an SN7493) is also used as the least
significant output, and hence has to be 1:1 mark-space
ratio.

SYSTEM CLOCK 1:1MARK -SPACE
DIVIDE BY N
FROM PROCESSOR RATIO
fc
7493 —9—

T«

TO REFRESH ADDRESS
MULTIPLEXER

FiGURE 17. Refresh Address Generation
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|IF REFRESH PERIOD = 2ms
TIME BETWEEN REFRESH CYCLES = 2x10—>/32 = 62.5 us

fAo’ LEAST SIGNIFICANT ADDRESS FREQUENCY = 1/2 x 62.5
x 10—° = 8 kHz.

HENCE N (DIVISION FACTOR) = /8x10%

These five addresses Aoy to A, then have to be multiplexed
with the operational addresses from the ‘outside world’.

The two most economical solutions for the address
multiplexing are shown in Figure 18, although another
alternative is to use two SN74157 quad 2 line to | line
multiplexers. The latter takes up less physical space, but has
a higher component cost. Figure 18 (a) shows the multiplex
function made up from 15 NAND gates, and Figure 18 (b)
shows an open collector NAND solution, requiring 10 gates
and 5 resistors. The latter solution is particularly suited to
driving the addresses through back-plane wiring, etc. in
multi-board systems.

The one remaining function for the control logic is to
process the Cycle Initiate and Read/Write signals and to
co-ordinate the normal cycle and Refresh cycle functions.

With a synchronous system it is fairly straightforward to
make the normal cycle and Refresh cycles mutually
exclusive. The easiest way of doing this is to use the
Refresh cycle pulse to inhibit the normal cycle initiate
pulse, thus giving total priority to the Refresh. Having
arranged for this to be the case, then a very simple circuit,
such as shown in Figure 19, is all that is needed.

The SN74123 monostables give a pulse output at
each edge of the A, Refresh address waveform. These
outputs are ‘OR’ed into a latch which stores the fact that
the cycle, initiated by its output, is a Refresh cycle, and it
remains set until the end of the Refresh cycle. The outputs
of this latch are used to control the Refresh address
multiplexer, and the Read and Write Enable outputs which
must be inhibited during Refresh. The latch output is also
‘OR’ed into another latch along with the normal cycle
initiate, since these two signals never occur together, and
this forms the ‘Busy’ latch, also remaining set until the end
of the cycle. The Busy signal may sometimes need to be
inhibited during Refresh, and this may be accomplished
using the output of the Refresh latch.
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FIGURE 19. Refresh/Normal Cycle Control.

Figure 20 shows the complete control system using
these circuits. Any extra output pulses that may be
required can be generated in a similar manner to those
shown, such as Data Available, etc.

There are many ways of generating the system timing
pulses, e.g. L.C. delay line, monostables, shift register (as
described), latches with time constants, etc. each of which
may have its particular merits in terms of timing accuracy,
thermal stability, power rail variation immunity, cost or
other aspect. One of these alternatives is shown in Figure
21 using D-type latches, Schmitt trigger gates, and CR time
constant circuits.

During standby, the capacitors C1 and C3 are charged
to 3.3V. The capacitor C2 is discharged. The output of the
Schmitt trigger network N2 is ‘low’ and N4 is ‘high’. At the
positive transition of the cycle request, the output Q of N1
is low’. The combination R1 and Cl is discharged. When
V1 = 0.8V, the output of Schmitt trigger N2 changes the
state of latch N3. The output Q of N4 which is initially at
‘0%, goes to a ‘1”. The latch N1 is reset to ‘1’ by the preset
input, and components R2 C2 are charged.

When V2 = 1.6V, all the inputs of N4 are ‘high’ and
the outputs goes to ‘0’. Capacitor C3 which was initially
charged to V3 3.3V discharges through resistor R3

o <= R3
— Pr a ¢
INITIATE P P V3 o
. N1 N3 b
D o L Q -4 . 4
2
,71,; 7]; R2 v N4
c2 c3
———
CLOCK
BUSY
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BUSY NS
—Ofa D
Pr !
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FIGURE 21. Alternative Timing Generation



Y

ADDRESS
TO

MEMORY
DRIVERS

SYSTEM EXTERNAL ADDRESSES
CLOCK
] [
+N
*—1
A B
1 ! SN7493
/2 /s
SN74123 SN74123
>
Q Q
CYCLE
INITIATE
- i
MEMORY SN7413 °
SELECT —
SN74164
al
READ/WRITE
\
' SN74121
L
B
aie
SYSTEM
RESET
%
i/ |
| [
BUSY  WRITE  READ
ENABLE  ENABLE

[ >
ADDRESS
STROBE

L]

CLOCK
>

FIGURE 20. Control Circuit

45



towards OV. When V3 = 0.8V, the positive edge of N4
drives the latch N5 which resets the latch N3 to Q = 0 by
the preset input. This Q output immediately turns off the
Schmitt N4 which ensures that it cannot oscillate. The latch
N5 will be reset to Q3 = ‘1’ at the beginning of the next
cycle.

The length of the reset signal is determined by
components R1 and Cl, and by the propagation times of
Schmitt N2, latches N1 and N3, and the invertor. The length
of the decode delay tpp is determined by components R2
and C2 and by the propagation time of the Schmitt N4.
The length of the clock pulse is determined by components
R3 and C3 and the propagation delay of Schmitt N4.

The output Q of latch N5 is high throughout the
duration of the cycle. This may be used to indicate that the
memory is busy.

The temperature stability of these different times
depends mainly upon the capacitors. It is necessary to use
high stability capacitors, e.g. poly-carbonate, or mica.

Asynchronous Systems

In an asynchronous system, the cycle request from the
processor, and the Refresh activity of the memory are
totally independent. Hence there has to be provision to
store the normal cycle request if it occurs while a Refresh
cycle is in progress, and similarly to store the Refresh cycle
request (internally generated) if it occurs during a normal
cycle. The problem then arises of priority when a normal
cycle request and a Refresh cycle request occur at the same
instant. Priority has to be given to one or the other, and the
lower significance request has to be stored until the end of
the ensuing cycle, and then acted upon.

Apart from this requirement, the control system is
the same as the synchronous systems described previously,
with respect to timing generation, address multiplexing, etc.
Figure 22 shows a block diagram for the system. The

REFRESH
PERIOD GENERATOR

latches A and B store the initiate signals, and are reset
appropriately, i.e. when a normal cycle ends, the normal

cycle latch B is reset, and not the Refresh latch A (and vice
versa).

CONTROL CIRCUITS FOR 4k RAM

Refreshing Techniques

The TMS 4030 requires 64 Refresh cycles within the
2ms minimum refresh period (70°). However, there are
several ways in which they may be implemented, and each
has its own advantages. The most simple case is when the
normal system activity causes Read or Write cycles to be
performed on the 64 combinations of A, to As without
any additional cycles, within the 2ms. This situation does
arise when the device is being used in a serial mode (as a
shift register).

Another method is possible if the system is not
required to operate at the maximum speed of the
TMS 4030. A Refresh cycle can be performed at the end of
every normal cycle, thus effectively doubling the cycle
time of the device. A counter supplies the addresses
Ag—Aj5 in sequence, during the Refresh cycles. However,
this relies on there being at least 64 memory cycle requests
during the 2ms. The advantage of this system is that the
memory is never ‘Not Available’ due to Refresh, but
simply appears to the processor to have a cycle time of
approximately 1us.

One of the most common systems is to have an
oscillator in the memory, generating a pulse every 1/64th
of the Refresh period. This Refresh Clock is either sent out
to the Processor (or whatever else is controlling the
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FIGURE 22. Asynchronous Control Circuit
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memory) to indicate that the next cycle must be a Refresh
cycle, or, alternatively, it initiates control circuitry within
the memory system to override any subsequent cycle
requests, and to perform a Refresh cycle immediately the
cycle in progress (if any) is completed. In the first case
(synchronous) the processor organises the Refresh cycle,
and hence ‘knows’ that the memory is ‘Not Available’.
In the second case, (asynchronous), since the Refresh
activity is all carried out within the memory system, the
only evidence of this to the Processor is an apparently
long cycle now and then. The worst case would be when
the memory receives a cycle request immediately after a
Refresh cycle has commenced, and the Processor has to
wait for the Refresh cycle to finish and then for the normal
cycle to be executed.

To make use of the low power standby condition
possible with the TMS 4030, another possibility is to
arrange for the 64 Refresh cycles to take place consecut-
ively in a burst lasting approximately 32us. The advantage
of this system is that the entire control logic of the
memory (including the Refresh address counter), with the
exception of a 2ms clock, may be disconnected from the
SV supply for the remainder of the time (i.e. 2ms — 32us =
1.968ms). This is especially useful where the memory is
being operated with a standby battery power supply, and
quiescent power dissipation must be kept to an absolute
minimum.

These arrangements are shown diagramatically in
Figure 23.

If the time taken by Refresh activity is an embarrass-
ment to the processor, it may be reduced by several
methods. The dynamic memory device requires refreshing
because charge leaks away from the capacitors on which it
has been stored. This leakage is the normal semiconductor
thermal leakage effect, and is very much a function of
temperature. Although the Refresh period is stated as 2ms
at 70°C, an approximate law may be applied, which states
that the leakage doubles for every 100C rise in temperature.
Using this law allows two things. First, the device may be
operated at temperatures above 70°C by increasing the
Refresh rate accordingly (e.g. 1ms at 80°C). The second
possibility is to reduce the percentage of time for which the
memory is ‘Not Available’ due to Refresh at lower temper-
atures. To obtain reliable operation over a wide temperature
range, without performing more Refresh cycles than nec-
essary, it is possible to add a temperature dependent
component in the Refresh Clock circuit such that the
oscillator frequency follows this approximate law.

Some applications may dictate that the interruptions
due to Refresh be kept to an absolute minimum. If this is
important enough to justify a fairly large increase in the
amount of logic necessary to control the Refresh activity,
then a memory function can be included in this logic. This
is to record the fact that a particular memory address
combination has been accessed within the Refresh period,
and if this is the case, then the Refresh cycle on that
address combination is omitted for that Refresh period. A
block diagram for such a system is shown in Figure 24.

ALTERNATE NORMAL/

CASE!  LEFRESH CYCLES [ NORMAL CYCLE ” REFRESH CYCLE ” NORMAL CYCLE IrREFRESH
) (3:2.371557:4) l
REFRESH CLOCK { ‘ l
I ' ;
L
SN Cmmons moieare + G A G i1t i g oot gL
REFRESH CYCLES)
asvnon merncon Iil L1111 lill I l+ll [ |
r—-— 2ms P
( REFRESH CLOCK |
CASE Il

BURST REFRESH

64 REFRESH CYCLES

FIGURE 23. Various Refresh Organisations
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The blocks shown in heavy outline are common to the
majority of memory systems. The other blocks perform the
Refresh cycle minimisation. Each time a normal cycle takes
place, the relevant combination of addresses Ag — As is also
applied to the 64 bit memory, and a ‘0’ written into that
location. Whenever the Refresh clock calls for a Refresh
Cycle, and generates a new Refresh address via the address
counter, this address is also applied to the 64 bit memory.
The content of this location is read out, and if it is a ‘0, the
Refresh cycle is prevented from taking place, and a ‘1’ is
written back into the memory. In this way, the Refresh
cycles are only allowed to take place on the addresses which
have not been accessed (read or write) within the Refresh
period.

APPLICATIONS

MOS RAM devices are suitable for a wide range of
applications. As previously stated, they are capable of high
speed operation using relatively simple support circuitry
and system timing, and also have the advantages of a very
low power stand-by mode, when the dissipation is less than
2mW.

In certain applications, every address of the memory
may be accessed within the Refresh period of 2ms. When
this is the case, additional Refresh cycles are not necessary.
Such an application is generating the characters for a CRT
display for a data terminal. Another application where this
condition may be met is using the R.A.M. as a recirculating
shift register replacement. Here the memory address inputs
are connected to the outputs of a 10 or 12 bit counter, the
input of which is continuously clocked. A recirculating

<

|

shift register may be considered as a loop of data moving
past a stationary point, whereas the R.AM. used in this
application is represented by a point moving round a
stationary loop of data. This is effectively the same thing.
The advantage is that very large ‘shift registers’ may be
constructed in this manner, using more than one RAM., and
only when the number of addresses is so large that the
address counter cycle time becomes longer than the Refresh
period, does external Refresh circuitry become necessary.

This idea may be modified such that the address
counter is not continuously clocked, but instead is clocked
by the advent of data to be written in. Hence data
appearing at random time intervals from some source may
be stored sequentially in the memory and read out again in
sequence at a later 'stage. This application would require
external Refresh cycle generation.

For mainframe applications using the 1k RAM, it
may be necessary to discard the low power dissipation
between cycles in favour of the 150ns access time. However
unused memory cards may be disabled on the basis of the
most likely address to be next accessed is the one most
recently accessed, which is the basic assumption used in
shuffling data in a cache memory. Hence a large proportion
of the memory can be in the low power state, whilst the
average access time can approach the 150ns.

For applications requiring non-volatile data storage,
batteries may be employed at moderate cost. It then only
becomes necessary to sense power supply failure (which has
been done for many generations of core memories to ensure
correct power supply shut-down sequence for data
retention) and switch in the stand-by batteries, at the same
time inhibiting all memory activity so that all devices are in
the low power state.

INPUT NORMAL/ CLOCKS
NORMAL CYCLE cONTROL REFRESH > TIMING OCKS,
REQUEST INPUT CYCLE > GENERATION STROBES.
INTERLOCK CONTROL :
>~
4
<
<
TEMPERATURE o R
CONTROLLED ¥ > ® -
cLock
Y
DATA
ouT
READ
A Y  |conTenT »> 64 WORD L |wmiTe
& 1 BIT < 0 v
RE-WRITE ‘1'}—eg MEMORY LOGIC
LOGIC
H
ADDRESS B
MULTIPLEX COUNTER
STEERING i
> INPUT
ADDRESSES
2DERAESSSES ADDRESS Ag— Ag
FROM PROCESSOR MULTIPLEX > T8 MEBORY
—

STEERING INPUT

FIGURE 24. A Sophisticated Refresh Control Circuit for a 4096 Word Memory
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IV ARITHMETIC PROCESSOR

by

Bob Parsons

Another major area where LSI MOS devices have made
acontribution is in the computational field, the best example
being the rapid development and abundance of pocket
calculators. The actual devices used for these are specific
and generally only supplied to the calculator manufacturer.
Also they are not easily adapted to other applications as
they have, for example, keyboard entry and de-bounce
routines which limit the rate of data inputs, and the output
data is coded for a particular type of display, i.e. it is not
a normal arithmetic code, e.g. BCD or Binary. However, an
MOS computational device is made especially for a wide
range of general arithmetic processing, i.e. the TMSO117NC,
and this chapter describes this device and its applications
in order to illustrate an MOS computational product and
its utilization. This digital block is designed to process
numerical data in BCD format, and performs the most
commonly required arithmetic operations. Numbers of up
to ten digits can be processed in under 100 milliseconds.
Even when only partially utilized, it gives a considerable
cost saving when compared with more conventional arith-
metic techniques. Its applications include automatic control
systems, ‘on-line” data analysis, digital correlators, weighing
machines, and computing counters/frequency meters. The
device requires a minimal amount of external control logic,
and solutions to complex problems may be obtained by
using it as a ‘mini’ central processor unit (CPU) in con-
junction with bipolar integrated circuit Programmable Read
Only Memories (PROMs) as the microprogram stores, as
described both in this chapter and Chapter VII.

The various functions that a processor will perform
may be classified into three types — arithmetic, register,
and internal control (‘housekeeping’). Register and simple
arithmetic operations, such as data interchange and add/
subtract 1, require a minimal amount of internal micro-
programs and are rapidly executed. More complex
arithmetic operations, such as multiplication and division,
use a considerable portion of the program space and take
proportionately longer to execute. The time taken to carry
out ‘housekeeping instructions,” e.g. reset after error flag, is
variable, being dependent on the state of the internal
program.

INTERNAL ORGANISATION

As shown in Figure 1, internally a typical processor
consists of a 3520 bit ROM for microprogram storage and
control; a 182 bit 5 register dynamic Random Access
Memory (RAM) 3 of which are used for data and two for

CONTROL > PROGRAM
P.L.A. R.O.M.
<
7 § \ > l
TIMING DATA
P.LA. > R.AM./A.L.U.

RS :

' ‘ OUTPUT P.LA.
! INPUT/OUTPUT '.___/‘/_
i INTERFACE i
‘ i l
L <4
T ouTPUT

FIGURE 1. Internal Organisation of TMS0117

flag storage, a decimal Arithmetic Logic Unit (ALU),control
timing and output decoders.

By using ROMs for program internal storage and
‘programmable logic arrays’ (PLAs), a very flexible device

can be produced. By changing a single mask the micro-
program can be modified to carry out operations such as

X%, x%, (x* +y?)*% etc.

DATA INPUT/OUTPUT
AND CONTROL FUNCTIONS

The device’s inputs, outputs and control terminals are

shown in Figure 2.

sA 8 7\ DATA OUTPUT
RESET —e—{ KO S8 |—e—4 | pARALLELBCD
€ I==2? [ pEcaDE SERIAL
SERIAL SO p—a—1
patain = K@ $& |—=—BusY/READY | sTatUS
DECIMAL SG [+ _ERROR INFORMATION
POINT SP | DIGIT CLOCK
ENABLE —e——| KP 01—
. INPUT/OUTPUT TIMING
cLock —e— & .
. DIGIT SCAN
.
D11 o

FIGURE 2. TMS0117 Inputs, Outputs
and Control Terminals
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CONTROL BIT
J 22

»
o

Table 1. Input Coding

3

20 4—— INPUT DATA WEIGHTING

Al

CONDNEWN=O

Clear

Equals
Multiply
Divide

Add

Add 1
Subtract
Subtract 1
Add 1 to overflow
Subtract 1 to zero
Shift right

Shift left

N

> Numeric Data

$ Instruction Codes |

Exchange operands /

No operation
No operation

Data Input

There are two types of data input, both of which are
entered on the KQ terminal i.e. numerical data, operational
commands. The serial data input line requires its infor-
mation in the form of a serial five-bit word. Four bits are
used as a data/instruction code and the fifth bit as a
control. The control determines whether the four-bit code
is interpreted as data or as an instruction. This input coding
is shown in Table 1.

In order to reduce the number of package pins
required for data entry, the five-bit code is serialized. The
processor generates sequential digit strobes, D1 to D11,
that enable the input data to be serialized. A gate
implementation of the entry logic and a simplified timing
diagram are shown in Figure 3

The data entries are controlled by the enable input, as
described under Interfacing. Numeric entries are limited to
ten digits. Any zeros that are required to fill the unused
most-significant-digit positions preceding number entry
(‘leading zeros’) need not be entered; but if, from a systems

M m M RN H At e ae. 0000000000
44awlme-ws000O0OO0OOOCO ~w000OOOCOO 2R

4424 20000=-=--000D'00~===20000C
N - N
~4-.0'02-00+200+=00.00==00=~00 BN

-0 -'0-0-0-0-020-020-02020=0

} Not Used

No operation point of view, it is necessary to enter them, they will be

ignored by the processor. Data are entered most-significant-

digit first.
Table 2. Numeric Coding
Data Output
SA SB SC SD SE SF SG DIGIT There are two types of data output — numeric and
(0 0 0 (0] 0 0 0 0 status.
0 0 0 1 0 0 0 1
g g : ? g 8 g g Numeric Data: is presented as digit serial/bit parallel,
0 1 0 0 o 0 o " Binary Coded Decimal (BCD) during digit times D10 (MSD)
DATA S
< 0 1 0 1 0 0 0 5 to DI (LSD) on outputs SA to SD (see Table 2). This serial
0 1 1 0 o o o 6 information repeats after 11 digit times, i.e. once every
(1) (1) (1) (1) 6 0 0 7 digit cycle. Outputs D1 to D10 can be used to strobe an
L 0 0 1 g g g g external display or indicate the beginning and end of the

output data word. An output digit clock is provided on
output SP to enable the user to clock output data into an

NOTE: Data is extracted from MSD (D10) first to LSD (D1) last. external register. The digit clock timing is arfanged such

DATA ENTRY TIMING DIAGRAM
Vee Vss t
Do —
D1 1D
4 H e = o3
DATA D3
IN 22:1:))_ ™S 0117 M D5
D1
D5 . — 1 D7
23 .
K -_r-DD— : 1 D10
o7 .
CONTROL —F:D,_ o011 |-
M M
D10
I 1 1 M

T KQ INPUT — INST. SUB. 1j

KQ INPUT — DATA 6

FIGURE 3. Entry Function and Timing Diagram
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that output data is valid on either edge of the digit clock.
Similarly digit strobes D1 to D11 also inset the data
outputs.

Status Information: i.e. the internal state of the
processor (housekeeping), is available on outputs SE to SG
during D11 time. Output D11 may be used to clock
outputs SE to SG into an external register. The status
coding is shown in Table 3.

Table 3. Status Coding

SA SB SC SD SE SF SG
0 0 0 0 1 X 0 Busy 1
0 0 4] 0 0o X 0 Ready INTERPRETATION
0 0 0 0 0 0 0 Sign Positive (where X represents a
0 0 0 [} 0 1 0 Sign Negative don’t-care condition)
[ 0 0o o X X 1 Error
—=Error
Sign OUTPUT
Busy/Ready

During D11 time, outputs SA to SD are zero. Output
SG indicates an error, such as numeric overflow or an
invalid operation. Status outputs have the following
priorities.

D1
D2
D3

D5

1) Error output SG invalidates all other numeric
and status outputs. If an error indication
occurs, the processor enters a locked state and
must be reset by the KO input.

2)  Busy/ready output SE invalidates numeric and
sign data, unless it indicates that the processor
is ready to accept new data or instructions, i.e.
only when there is no error and the ready signal
is present are the sign and numeric outputs
valid.

An example of the data output timing is shown in
Figure 4. As shown, the serial output data represents
—~0190654003. The numeric and sign outputs are valid
since the processor indicates that it is READY and there is
no ERROR during D11 time.

Decimal Point (DP)

The processor operates in fixed-point mode on input
and output. The point is not interposed between input
digits, i.e., therc is no input or output data code
representing DP. DP is, in fact, implied by the digit time at
which input KN is taken to a logic High. Decimal-point
format is shown in Table 4.

KN may be taken to a logic High by means of a fixed
link with the required digit output D1 to DI0. If the
position is to be determined by means of logic inputs, then
open collector gates can be used to determine the KN-digit

FIGURE 4. Data Output Timing Example M
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D10 M
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SD f 1
sc L
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SA L
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SE

SF J |

SG

0 3 ~—-SIGN o 1 9
NO ERROR

READY
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Table 4. Decimal Point Format

OUTPUT
REGISTER
DEC.PT MSD LsSD
POSITION ‘ *
0 X X X X X X X X X X e D10
9 XxeX X X X X X X X X D9
8 X XeX X X X X X X X D8 o
7 X X Xex X X X X X X D7 Digit time
6 X X X XeX X X X X X D6 at which
5 Xx X X X XeX X X X X D5 KN = Vss
4 Xx X X X X Xex X X X D4
3 X X X X X X XeX X X D3
2 X X X X X X X Xex X D2
1 X X X X X X X X XeX D1

connection in a manner similar to data entry.

The decimal point is not entered in the normal flow
of entering numbers but is set for any calculation by the
KN to digit line link. This link does not affect an addition
or subtraction problem, but it does affect multiplication
and division. The decimal is not stored internally; therefore,
erronerous answers will result if the connection is changed
while performing a series of calculations. To prevent errors,
RESET or CLEAR the chip after changing the decimal
point position.

Timing and Operating Sequence

The timing of the data entry and control is
determined by the enable input in conjunction with the

status outputs. It is best expressed in ‘digit times’, i.e. the
time between leading edges of successive digit pulses, and
‘digit cycles’, i.e. the time between leading edges of
successive D1 pulses.

To initiate a data entry cycle, the enable input KP is
taken to a logic High (VSS). After a variable delay, the
status outputs will indicate that the processor is in the
BUSY mode. Data entry will be possible during the
READY mode only. The device will ignore inputs when
performing an operation. The entry cycle will last 14 to 23
digit times, depending on which digit is ‘on’ when the enable
connects to VSS. Enable must be released within 5 digit
times from BUSY signal unless the special mode of operation
is desired. (In the special mode the enable is kept High
throughout the operation). Data inputs are changed each
time the processor goes from the READY to the BUSY
state until the entire sequence is completed. This speeds up
data input since the processor may be ready internally to
accept new data, but, because of the multiplexed output,
the READY output cannot be given until D11 time. Since
data entry and some operations, such as Add 1, Shift Right,
etc., are short, the BUSY time will only be 1 to 3 digit
cycles.

Data and instructions are entered in the same order as
with a +,—, = type of keyboard. In addition to chain
operations, e.g.zx b xc=, there is an ‘implied constant’
mode. The processor retains the last operator and number

Table 5. Examples

Entry Display Comments

1) 100 100 Display entry
- 100 Stored as instruction
3 3 Display entry
= 97 E xecutes previous instruction
= 94 Constant mode, instruction is
sub 3, executes and displays
- 94 Stored as instruction
50 50 Display entry
= 44 Executes previous instruction
= -6 Constant mode instruction is
sub 50
= —56 Constant mode instruction is
sub 50
2) 100 100 Display entry
- 100 Stored as instruction
3 3 Display entry
+ 97 Causes previous instruction to
be carried out and stores
current instruction.
10 10 Display entry
+ 107 Previous instruction carried out
and stores current instruction
3 3 Display entry
- 110 Executes previous instruction and
stores current instruction
99 99 Display entry
- 1 Executes previous instruction and
stores current instruction
12 12 Display entry

= -1 E xecutes previous instruction and

displays result
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Entry Display Comments

3) - 0 Stored as sign/instruction
5 5 Display entry
X -5 Enters instruction and interprets—
as sign and displays
3 3 Display entry
= —-15 E xecutes previous instruction and
displays result
4) - 0 Stored as sign/instruction
5 5 Display entry
X -5 Enters instruction and interprets—
as sign and displays
- -0 Enters sign and displays
5 -5 Enters data and displays with
associated sign
= 25 E xecutes previous instruction and
displays result
5) 100 100 Display entry
+ 100 Enters add instruction
- 200 Enters sub instruction and executes
previous instruction
3 3 Display entry
= 197 E xecutes previous instruction and
displays result
6) 100 100 Display entry
- 100 Enters sub instruction
- 0 Enters sub instruction and executes

previous instruction
5 Display entry
Executes previous instruction and
displays result



DATA INPUT AND DIGIT LINES

Vss
KP ‘-‘:L_] ENABLE

KO RESET

CONTROL
KQ -

23 22 21 20

DATA ENTRY

DECIMAL POINT"

D11 D10 D9

D8 D7 D6 D5 D4 D3 D2 D1

*Decimal point — one switch and only one switch permanently closed.

FIGURE 5. Data Input and Digit Lines

entry before an ‘Equal’ operation, as a constant.

The + and — code is interpreted as a sign after a
Multiply or Divide operation, and as an operation at any
other time. Successive Equal operations cause multiple

executions of the previously stored instructions and the
associated data, i.e. constant mode operation. Various
examples of sequential operations are shown in Table 5.

Table 6. Time Required to Complete Functions

FUNCTION TIME

Number entry, single digit 5.2 ms maximum

Operation instruction entry 6.9 ms maximum

Shift left or right 1.72 ms
Increment or decrement 3.4 ms
Exchange operands 52 ms
Add, subtract 8.6 ms

Multiplication 70 ms (worst-case numeric inputs)

Division 80 ms (worst-case numeric inputs)
Digit cycle time 1.72ms
Digit time 156 us

Table 6 shows the time required to complete the
functions indicated for a nominal 250-kHz clock rate.

INTERFACING

Input

As previously explained, input data is serialised by
means of the digit strobes. This is shown diagramatically in
Figure 5, c.f. Figure 3, where this is implemented with logic
gates.

The data input lines are KN, KO, KP and KQ. The
‘boxes’ represent a logical or direct switch connection
between the digit lines D1 to D11 and K inputs. The K
inputs will interpret as a logic ‘High’ a voltage that lies
between the substrate supply voltage Vs and Vg — 1.5V,

and as logic ‘Low’ a voltage between the gate supply
voltage VGG and drain supply voltage VDD +1.2 V. The
simplest input interface may be a TTL open-collector gate
with a pull-up resistor to Vgg. (Figure 6)

INPUT INTERFACE
4.7 k2

SN7405A OR OTHER L l 3
OPENCOLLECTORTTLY 2 2

Py Vss

Y
YV

DATA INPUT

TMS 0117

%

FIGURE 6. Input Interface Circuit

OUTPUT INTERFACE

P Vss

i SN7404N 9
— 680-0 3
o
Cc
3.9k =
Vv (2]
GG SN7414N
— 1k0 9
x
o
c
5.6 kQ2 =

VGG

FIGURE 7. Output Interface Circuit



All data and control inputs have an internal pull-up
resistor to VSS. The load presented to an external driver is
the internal resistor (30 k€2) and the capacitance of the gate
clamp protection diode.

Output

All outputs, D1 to D11, data and status are
open-drain buffers. These output buffers have a typical
channel resistance rDS(on) of 250 £ and can supply in
excess of 5 mA from Vgg. An economical output interface
compatible with TTL is shown in Figure 7.

Any output, e.g. digit clock, that is required to drive
a TTL clock input should be interfaced with a Schmitt
trigger, such as the SN7414N integrated circuit. The
Schmitt trigger is required because the fall time of the
open-drain output is of the order of 150 nanoseconds and is
not directly compatible with edge-triggered TTL inputs.

PRACTICAL APPLICATIONS

A Subsystem

The peripheral circuits required to operate a
TMSO0117NC are shown in Figure 8. These provide: TTL
compatibility on data input and output, a visual display of
the contents of the output register and the necessary
control logic. The circuit operation is as follows:—

Clock Generation: Transistors Q1 and Q2 form a
self-starting single-phase clock generator with a pulse
repetition rate of 250 kHz. The required output voltage
swing is from Vgg to VGG. The clock input of the
TMSO0117 has an internal buffer with a typical capacitance
of 10 pF, thus allowing component economy in the design
of the clock generator. ‘

Data Input: As previously stated the data input is
classified as control and numeric. The class is determined
by the select input of a 4-pole 2-way multiplexer N1 whose
outputs are serialized by means of the digit strobes and
open collector gates N2 to N5. The serial data is interfaced
to the input KQ by an open collector buffer N7 with a
pull-up resistor to the substrate supply Vss. The fifth data
bit, i.e. the one that tells the processor if the other four
inputs are data or an instruction, is serialized by gate N6
and digit strobe D10.

Data Output: Data output consists of status and
numeric information. Status information is obtainable only
during D11 time from outputs SE, SF and SG. The D11
output clocks these into a 3-bit staticizer N8 to N10. A
Schmitt trigger N18 ensures edge speed and loading
compatibility between the D11 output and the clock input
of the staticizer. Status outputs are then displayed by
visible-light-emitting diodes (VLEDs) operated from the
staticizer outputs.

Numeric information is available from outputs SA to
SD during times D1 to D10 in serial BCD form. By using
digit strobes as digit enables for the display it is possible to
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produce an economical dynamic display using any
multi-digit common cathode 7 segment monolithic device.
The serial BCD output is converted to seven-segment code
by the decoder N11. This then drives the segment drivers
N12 and N13. The displays which have a common cathode
for each digit, are enabled by digit drivers N14 and N15,
which have been designed for direct compatibility with the
TMS 0117 digit outputs. The peak segment current of 40mA
is defined by 56-S2 resistors in series with the segment drivers.

Overall Operation: The data control line to multi-
plexer NI is set up by an external input which tells the
processor to accept numerical or control data. A single
clock edge (start) transfers a logic Low to the output of
latch N16. This takes the enable input KP of the processor
to a logic High, instructing it to carry out a data entry
cycle. A short time after enabling, the status output from
latch N8 (BUSY) also goes to a logic High, indicating that
the processor is entering data. This output resets and holds
the Q output of N16 to a logic High, ensuring that the
enable input is removed from the processor as soon as it is
BUSY. Thus, further enable commands are prevented from
being entered during this time. As soon as the status
outputs indicate that the processor is READY, the reset to
bistable circuit N16 is released allowing further enable
commands.

Programmable BCD Calculator
In order to economise on package count the system
has been arranged to operate with 8 decade numbers.

Programming: So that the calculator may be easily
programmed, the program language is constructed with a
minimum number of commands. The program format
consists of an 8 bit word,

A8 A7 A6 A5 A4 A3 A2 Al

The first three bits A8, A7 and A6 determine the
type of instruction, the five remaining bits specify the
Instruction, Memory Address, or an Input/Output
Command. An exception is the Branch Command
determined by A7 and A8, where the remaining 6 bits
specify the Branch Address. Table 7 shows the basic
instructions.

Mathematical Operations (000): These are defined by
instructions with the following format: —

A8 A7 A6 A5 A4 A3 A2 Al

0 0 0 X X X X X
mathematical type of mathematical
operation operation

Bit AS is not used. Bits Al to A4 define the
particular mathematical operation. The actual operations
for the various codes of Al to A4 are given in the dotted
box section of Table 1.



Table 7. Basic Instructions

instruction 001XXXXX transfers data from the memory
location addressed by XXXXX (A1-A5) into the calcu-

1 i !
l\?j:\ltly‘:rlon A8 A7 A6 lator. Similarly the instruction 010XXXXX causes output
. . data from the calculator to be stored in the memory
C 0 (4] 1] Math tical t
c? 0 0 1 R:ade(ri':)aptﬁ? eperation location addressed by XXXXX. The bits Al to AS can
P g : ‘1’ ‘g’t:)i:f (output) address the first 32 memory locations. Data storage may be
ca, cs 1 0 X “Jump’ if sign + classified into 3 types.
ce, C7 1 1 X ‘Jump’ if sign — . .
a)  Temporary storage for results of partial calculations.
b)  Constant storage such as «, € etc.

Memory Operations, Input/Output (001 and 010): c) Input/Output data. Each of the 32 memory locations
Memory commands control the interchange of data could be used as an input/output store through which
between the calculator and the random access memory. The data could be transferred to and from the calculator.
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N1 SN74157N N11 SN7448N N17 SN7405AN
N2-N6 SN7401N N12 SN75491N N18 SN7414N
N7 SN7405AN N13 SN75491N N19 SN7414N
N8 SN7474N N14 SN75492N N20 SN7414N
N9 SN7474N N15 SN75492N N21 TMS 0117 NC
N10 SN7474N N16 SN7474N N22,N23 TIL360 (6-digit
numeric display)
C1 0.1 uF D1, D2 1544 Q1, Q2 BC182
Cc2 1uF D3,D4,D5 TIL209 (VLED)
C3,C4 120 pF
R1 1k R10 1 k2 R24, R25, R26, R27, R28 680 2
R2, R3 4.7 k2 R11 5.6 kQ2 R29, R30, R31, R32, R33 3.9 k2
R4 8.2 k82 R12 1kQ R34, R35, R36, R37 56 2
R5 3302 R13, R14,R15 680 2 R38, R39, R40 56 Q
R6, R7 1kS2 R16, R17, R18, R19 3.9kQ R41, R42, R43 330 2
R8, R9 33k R20, R21, R22, R23 680 %2 R44 5.6 kQ2

NOTE:

of device designations.

FIGURE 8. TMS0117

Many of the integrated circuits contain multiple elements; the total number of packages is considerably lower than the number

asa Subsystem
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Stop Instruction (011): When this instruction is
carried out the calculator will stop until an external start
signal is applied. This instruction is employed, for example,
when the calculator is used with automatic test equipment
or in machine tool applications, in order to synchronise the
calculator with external equipment.

Branch Instructions (10 and 11): This form of
instruction is used when ‘decisions’ i.e. non sequential
programming, are to be made, e.g. a particular address
contains the instruction (10101000). If the result of the
previous calculation is positive, a ‘branch’ is made to the
instruction at address location (101000) and this
instruction carried out. If the sign is not positive it
continues as normal.

With 6 bits of program address it is possible to
address 64 instructions. If the required program contains
more than 64 instructions (e.g. 256) it is possible to
accommodate these additional instructions by indirect
addressing. The program can be divided into groups of 64
instructions and, by placing a Branch Instruction in the
most significant bits of an address, it is possible to address
from group to group:—

i.e. Group 1 Instructions 0-63
2 64-127
3 128-191 etc.
ADDRESS
™ COUNTER
MEMORY TMS 0117

!

ADDRESS

DECODER

I—
—

{1

FIGURE 9. Block Diagram of Calculator

Circuit Description: The block diagram of the Prog-
rammable BCD calculator is shown in Figure 9. A prog-
ramme address counter is used to ensure that the programme
steps are carried out in the correct order, After the execution
of each programme step, the counter is incremented by
one. The output from the address counter addresses the
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DATA STORE
INPUT

memory containing the programmed instructions that are
to be carried out. These programmed instructions are then
decoded by an instruction decoder which controls the
address counter when a branch instruction occurs and
synchronizes the calculator with the memory and input/
output logic.

In the logic circuit of Figure 10, the two 4-bit
synchronous counters, N3 and N4, form the programme
address counter. Their outputs feed the address inputs
of the two memories, N1 and N2, which contain the
stored programme. In the circuit shown, SN74188A, user
programmable, read only memorys (PROMs) have been
used. However, this type of memory should only be used
when a ‘permanent’ programme is required. For programme
flexibility a random access memory (RAM) such as the
SN7489 or SN74200 may be used. The number of prog-
ramme steps can, of course, be increased beyond 256 by
adding additional memories and address counters. The
outputs Al to A8 of the instruction ROM are divided into
two groups as explained previously. Outputs Al to A5 define
a particular operation, add, multiply etc., and A6 to A8 a
‘basic’ instruction such as perform a mathematical operation,
read input data etc. At all other times outputs Al to A5
specify an address. Bits A6to A8 are decoded into 1-out-of-8
lines by decoder N5 to form the control lines CO to C7.
Instructions C2 (write data into output store), C4/5 and
C6/7 (branch instructions) are completed within one digit
cycle time and the programme counter is incremented at
the next D11 pulse. The time taken to carry out instructions
CO and Cl (Mathematical operation/read input data) is
variable and is determined by the time taken for the
calculator to complete its internal micro programmes. The
programme counter moves on to the next instruction when
the status output of the device changes from busy to ready.
If a ‘stop’ instruction C3 is decoded, the processor will
only step to the next instruction when an ‘External Start’
signalis applied. A branch instruction is handled as follows:-
When such an instruction is detected by decoder N5, the
output from gate N9B or N9C changes to a logical ‘1°. This
together with the sign input enables gate N8B (AND-OR
invert) causing its output to change to a logical ‘0’, thus

enabling the synchronous load input of the programme
counters N3 and N4. When clocked, these will not increment

by one, but will be loaded with the data present on lines Al
to A6; which is the branch address of the next programme
step. Although there are six address bits they may only be
used by indirect addressing as explained earlier. The most
significant outputs (bits 7 and 8) of the 8 bit address
counter are reloaded during a branch instruction so that
these remain unchanged. When the ‘Step Programme/
Continue’ switch is in the ‘Step Programme’ position, the

.processor will stop after it has completed each instruction.

It may be restarted by means of the External Start or the
Increment input.

The input/output control logic, shown in Figure 11,
forms part of the instruction decoder. The decoded instruct-
ion C2 (write output data in RAM) obtained from the
instruction decoder, enables the memory address encoder
N27. The inputs of this encoder are obtained from the
calculator digit strobe outputs, so that, when encoded,
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FIGURE 10. Address Counter/Decoder and Memory Logic



these define the address locations in which the output data
from the processor is to be written. During a ‘read input’
instruction, the address inputs A, B and C to the memory
are obtained from counter N28 via the multiplexer N26.
The read address counter N28 increments by one after each
decade has been entered. After the complete number (8
decades) has been entered the Qp output of N28 changes to
a logical ‘1°, producing a ‘ready’ output. This enables the
instruction counter and decoder, allowing the processor to
continue. When an ‘Instruction Input’ CO is decoded, the
synchronous load input of counter N28 is taken to a logical
‘0’. After the processor has completed an instruction entry
cycle,a Reset-clock (R-clock) is produced (derived from the

Digit-clock (D-clock) and the busy/ready output of the
processor, clocking the counter N28. This causes the data
(0001) present on its load inputs to be transferred to its Q
outputs and the Qp output to change to a logical ‘1°, again
indicating ‘entry complete’ and allowing the processor to
continue.

The random access data memory, shown in Figure 12,
is addressed by the Al to AS outputs of the programme
stores N1 and N2. These 5 bits can address a total of 32
locations. Associated with the store is a parallel data input
and output channel. The data words are organised as 8
decade numbers. Each RAM is able to store two such
words, i.e. 64 bits. Input data, which is in parallel form,

N 30E

D1 —47

D2 —46

D3 —945

DL —q4
D5 —d
D6 —

57—

D8—-0

N 29 A,B,C
N 30 A,B,C
c2
y
\ > % &
S N26 SN74157N G o
oo o P N 29D
<$5% =aza coct
ENABLE
N 30D
READY
o < N < moOOo
L a< R—CLOCK »—F oo oo
LqE1 N 27 SN 74148N GS co »—qLOAD \ 785N 74161N
P—CLOCK »—dCLEAR
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FIGURE 11. Input/Output Control Logic
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is converted to decade serial, by means of multiplexers N20
to N23. The output of each multiplexer is ‘wire ORed’
with its corresponding output from the RAM before being
transferred into the arithmetic unit. Data for the arithmetic
unit may therefore be derived from an external source or
from the RAM store by controlling the logic states of inputs
C1 and C2 or CO. Serial output data from the arithmetic
unit is converted into parallel form by means of 8 bit shift
registers N16 to N19. In the system shown only two SN7489
RAMs have been used, this number may of course be
increased to suit a particular application. Im many instances
it is economical to replace some of the RAM storage by
ROM storage in order to hold numerical and conversion
factors, constants such as €, m, cms./ins, etc.

The arithmetic functions of the BCD calculator are
all performed by a TMS0117 processor, as shown in Figure

13. A master 250 kHz clock is generated by a Schmitt
trigger oscillator, N31A, followed by a buffer, N32A, and
interface transistor, VT1. The clock waveform generated is
symmetrical about the supply Vpp with an amplitude of
+ 7.2V. Output timing is determined by the ‘busy/ready’,
D11 and D-clock outputs. Bistable network N38 produces
a logical ‘1’ at its Q output for the time that the processor
is busy. Pulse synchroniser N39 produces an R-clock every
time the processor status outputs change from ‘busy’ to
‘ready’ and the R-clock also increments the memory address
counter after each data entry. Two types of overflow are
produced: one when the magnitude of a numerical calcul-
ation exceeds ten digits, (overflow 1); the other when the
result of an operation exceeds 8 digits, (overflow 2). The
latter signal is produced by ‘ANDing’ the segment H(SH)
‘dipstick’ output with the D9 output.

o550 A
e I K haze
I 02 £ D2
N33C
N328 1k -T2V 0 S b
ENABLE ——D: kP N33D
72y o4 e Bt
N33E
__ N35A  a.c w2 - < =
RESET
SET Ko e N33F
on D6
N358 N34A
ST 3 07
b1 N37A . > <“A34B —
a 72 D ol 08 N37C  N32D
03 T« T —
= o) OVE
s @ o e VERFLOW 2
Ds! N32E s N34C
58 N378 oy 1 50 nN34E 5V
07 N34D 1 on
@ KN on ol T < o SN 7470N
oo DECIMAL POINT - y D-CLOCK K O f——>BUSY
N36 A,B,C INPUT [0t Cosy. > S N31C s
s N318
SH ¢ — :3] 0 s z
« —>‘—J‘, OVERFLOW 1 - g
¥ o IS
(Overfiow) | | N31D . i o R z
- o SIGN RESET pi
(Sign) __,e__T N31E z Y|—"R-CLOCK
SE *
(Busy) [ S ] N31F
so
o Ve )
5 =2 4.7k 7 2Va—qVss < -—7&1
— Voo
8
-7, 2Ve— Vo6
=¥~ =3 6802 SA
N40 A,B,C,D
N4t A
N36 A,B,C

FIGURE 13. Arithmetic Unit



V INTERFACING MOS DEVICES

by

Howard Cook

In terms of speed, cost and packing density, MOS
devices are suitable for many functions. Typical of these are
memories and shift registers. However, the MOS inputs and
outputs are frequently not directly compatible with bipolar
logic, e.g. TTL, and the necessary interface circuitry must
be carefully designed if cost and speed advantages of the
MOS device are to be conserved.

REQUIREMENTS

Clock Drivers

P-channel MOS devices usually require input signals
(e.g. clocks and addresses) with voltage swings in the order
of 20V peak to peak. These may or may not use OV as the
upper or lower level. If OV is the lower level, then there are
some integrated circuits designed specifically for this
function. However, if this is not the case, discrete circuits
or hybrid circuits have to be used.

MOS inputs have a very high D.C. impedance and
thus only present a capacitive load to any driving circuits.
This capacitive load may vary from 2pF for the inputs to
some devices, to 40pF for others (e.g. TMS 4063 Reset
mput, 40pF max.) It is frequently required to drive the
inputs of many devices in parallel, and the load on any one
driving circuit may be several hundreds of pico Farads.

Since the ‘on’ impedance of a MOSFET is closely
related to its gate potential, the tolerances on the upper or
lower levels of the input waveforms to the MOS devices are
normally quite tightly specified for operation of the device
at maximum speed. This imposes additional requirements
on the driver circuits in terms of the ‘sit’ levels of the
output waveforms.

Very often, the propagation delays through the driver
circuit, and the output rise and/or fall times contribute
directly to the access time of the memory, or the limit on
the maximum clocking rate of a shift register. These are
further factors to be taken into account. It is also
important to consider the two other major factors, power
dissipation and cost. With clock drivers it is normal for the
quiescent output condition to be one level, and to pulse to
the other level during operation. This differs from some
address driver applications, where it may be necessary for
the output to remain in either state for long periods of
time. In this latter case, power dissipation must be kept to a
minimum for both output states, if it is, as usual, an
important consideration in the system design.

The cost of a driver circuit made up of discrete
components is probably 50% component cost, and 50%
assembly, printed circuit board (P.C.B.) area etc. Hence the

cost is closely related to the number of components. The
cost of a totally integrated driver circuit is nearer 90%
component cost, and 10% assembly, P.C.B. area, etc.

The power dissipation is worth discussing in greater
detail, since it is relevant regardless of the type of driver
circuit used. The power dissipated in a driving circuit is
made up of three components:

(1) As a result of driving charge into and out of the
capacitive load.

(2) By the driver circuit elements when the output is
static at both high and low levels.

(3) By the driver circuit elements when the output
changes state, with no output load connected.

In case (1) the dissipation in the driver output devices
can be expressed as

Pl= %CV2.2 . f
where C = load capacitance

V = Voltage transition

f = cycle frequency.

as %5CV2 is the energy change in the capacitor when the
voltage across it is changed by V. In any one cycle this
change occurs twice (assuming only one output pulse per
cycle), once at each pulse edge. The rate of change of
energy is then 5CV?%. 2 . f.

For case (2) the powers can be represented as:

Py = Static power when output is ‘high’.
Py = Static power when output is ‘low’.

When the device is switching, the static power will be
made up of a fraction of both of these, according to duty
cycle. If the ratio of ‘output high’ time to ‘output low’ time
is N:1 then:

P2 = Poy - N/(N+1) +Pgp . 1/(N+1)
= (N.Poy + P /(N+1)

In the third case, the power dissipation is a constant
at any one frequency, defined by the driver circuit
components. In circuits employing a ‘totem pole’ type of
output stage, this dissipation can become very significant at
high frequencies, due to the high current surge through the
totem pole devices when they are both instantaneously ‘on’
during changeover of the output state. If this dissipation is
labelled Py then the total power dissipated in the driver,
driving a load C; at frequency f through voltage V is given
by

P,

ot = PL+P2+P3

= CLVEf+(NPoy+ Py )/(N+1)+ P
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A graph of these components of the total power
dissipation may be drawn for some typical totem pole
output driver circuit, as shown in Figure 1.

Prot = P1+P2+P3

POWER——p

P2=N.Pon+PoL

" _ar”” . N+1
S :
1 10 100 1k 10k 100k 1M 10M
FREQUENCY —p
Hz

FIGURE 1. Typical Power Dissipation Curves.

The total power dissipated in the circuit has to be less
than the rated maximum dissipation if the device is an I.C.
Discrete Circuits: The most basic circuit is simply a
common emitter inverter, as shown in Figure 2. The output

——

VH
Rc

AAAA
VVVv

3 OUTPUT

INPUT —g TIS55

AAAA
YWy

RB

Vi

FIGURE 2. Common Emitter Inverter.

rise time is controlled by the collector resistor R(. Resistor
Rp is necessary to draw charge out of the base to ensure a
positive turn ‘off’ action when the input base drive is
removed. For fast operation a good switching transistor
should be used, with short storage time, low VCE(sat)’ and
an acceptable hpp. (normally 10 or greater). The power
dissipation when the output is ‘high’ (POH) is zero, and
Pqy, is made up of the IC2 R dissipated in  resistor R¢
and the VBE/RBZ of the base resistor. The dynamic power
due to the load PI is shared between the collector resistor
and the transistor, whilst the power at changeover is
probably not significant at reasonable edge speeds and
frequency (i.e. if rise and fall times are small compared with
cycle time).

This circuit can drive small capacitive loads, but has
the disadvantages that the rising output edge is exponential
(defined by R and Cp) and that resistor R(- dissipates
power continuously in the VOL state. This imposes a
practical limit on the minimum value resistor which can be
used to achieve a short time constant for the rising
exponential.
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Both of these problems may be reduced by adding an
emitter follower gain stage which uses an extra transistor
and diode (and resistor—explained later.) This circuit,
Figure 3, will give similar output rise times with a much

VH
Rc i
b
OUTPUT
INPUT ——4
P
‘P
Rp :: TIS
55
_ \7N

FIGURE 3. Improved Basic Inverter Circuit.

larger value of resistor R, thus reducing power dissipation
and the continuous current requirement of the first
transistor. The disadvantages are that the output low level is
now one Vip(gat) Plus the diode forward voltage Vi above
V. and the output high voltage is one Vpp below V.
However, this is normally acceptable.

Obviously, this circuit can also be used to give fast
rise times, by using a lower value of RC' If this is the case, a
small value resistor (=222) will almost certainly be needed
in series with the output. This increases the damping of the
circuit formed by the capacitive load and the wiring
(printed or otherwise) which is predominantly inductive, so
that ringing and overshooting are controlled.

To further increase the load driving capability;i.e. to
be able to drive the same load with faster edges, or to drive
a larger load with the same edge speeds, a complimentary
pnp-npn booster stage can be added to the output, as
shown in Figure 4. Once again, these two devices have an
effect on the output levels.

Voy is now Vg — 2Vpp and
VoL = VeE@a Y VF* VBE T VL

VH
RC <
<
OUTPUT
INPUT
‘b
Rg $
Vi

FIGURE 4. Inverter with Booster Output.

However, as before this is usually acceptable. The
series resistor R is now certainly necessary, due to the low
impedance of the output stage, and the faster switching
speeds which will probably be used.



All these circuits so far are designed so that they
dissipate zero power in the Vyy state. If it should be
necessary to dissipate zero power in the VOL state, a pnp
version can be used, Figure 5. The main disadvantage of this

VH
<
Re 3 2N
? 2905A
TIS
— N4150 55
INPUT OUTPUT
$
3
Rce on
2905A
Vi

FIGURE 5. Pnp Version of Driver Circuit.

circuit is the lack of good fast pnp transistors capable of
withstanding the necessary voltage. The method of driving
the input of these circuits once again depends upon the
specific application.

If vy is OV then the input may be driven directly
from the output of an open collector TTL gate, as shown in
Figure 6. When this is the case, the base turn ‘off” resistor is

VH

5V ——e—
< <
3 E
4 1 OUTPUT

TTL
INPUT

Vi =0V
FIGURE 6. Driving from Open Collector TTL.

omitted, since the VOL of the TTL gate is 0-4V max.,
which is low enough to turn the transistor ‘off” quickly, and
hold it ‘off”. However, it is necessary for the TTL gate to be
situated in close proximity to the transistor it is driving.
This, with a good current return path from the transistor
emitter to the TTL device ground connection, maintains
reasonable switching speeds and noise immunity. If this is
not possible, and long printed circuit tracks or wiring are
involved, then it is necessary to drive from a device such as
the SN74S140 which is capable of sourcing 40mA from its
output, as shown in Figure 7. A series resistor is used to
define the current out of the TTL gate, and this may be
shunted by a small, low inductance capacitor to speed up
the turn ‘on’ time. A base turn ‘off’ resistor is now
necessary.

These methods are suitable for any duty cycle of
operation. However, for duty cycles up to about 80%,
capacitor coupling may be used. The TTL gate is open
collector, Figure 8. The diode is necessary to recover the

;

SN745140

o-AAAA

Vi =0v

FIGURE 7. Driving from Remote TTL Source.

VH

i

Wy

VW~

AAAA

AN | VL
FIGURE 8. Capacitor Coupling.

coupling capacitor when the 1TL gate output goes ‘low’
again, the resistor in series with the diode limiting the peak
current through the capacitor into the gate output. This
circuit has the advantage that VL does not have to be OV. If
this is the case and 100% duty cycle is required then some
other form of level shift circuit must be employed, Figure
9. The pnp transistor, used in unity gain common base

5V

VH

TTL
INPUT

AAAA

S AAAA
VWW

/T""
1

ov

AAAA
YWy

FIGURE 9. Pnp Level Shifting.

mode, acts as a level shifter. To reduce the power dissipated
in this transistor, there is a resistor in series with its
collector to decrease the voltage across the pnp when it is
conducting.

Integrated, or Partially Integrated Circuits: The
simplest of these, providing that V| =0V, is to use an open
collector TTL gate, with suitable output voltage and
current characteristics, e.g. SN7406 Hex inverter, Figure
10. Once again, the output characteristics of this circuit can
be improved by adding extra components, as for the
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discrete circuits described earlier. Instead of using normal
TTL open collector devices, the SN75450B family of
peripheral driver devices shown in Figure 11 are very
suitable, having high output sink current capability, and
being available in a full range of functions.

Using these circuits, the required logic function may
be achieved for the overall driver circuit, as shown in Figure
12. Once again, these circuits are only suitable for

—— vy

VWV

e
6 SN7406

{>Q » OUTPUT

ov

~AAAA

FIGURE 10. Simple Integrated Driver.

applications where V[, = OV. If this is not the case, then
capacitor coupling has to be used as before. However, for
the majority of memory driver applications, it is usual for

Peripheral drivers

VL to be OV, and there are two fully integrated driver
devices which may be used. For driving very large capacitive
loads made up of a number of smaller capacitances, it is
possible to have one booster circuit associated with each
part of the load, and to drive all the boosters from one
integrated circuit. This also has the effect of reducing the
capacitance due to the printed circuit board layout, since
each booster may be situated close to the load that it is
driving, as illustrated in Figure 13.

The SN75361AP is a device which is especially suit-
able for MOS driving. As shown in Figure 14 it is a bipolar
circuit consisting of two 2-input NAND gates, with one
input of each gate being commoned and the other input
free. Inputs 1 and 2 are single TTL loads (1.6mA) and the
input S, is the equivalent of two TTL loads. The device
requires two power supplies, Voc = 5V, V§g = Vgg of
MOS, and OV. The outputs are of the high current ‘Totem
Pole’ form with current limiting protection. The device is
capable of operating with Vg in the range 4.75V to 24V.
The SN75361AP is capable of driving up to 1000pF, at
speeds suitable for MOS memory clock inputs. The Totem
Pole outputs are protected against overshoots by clamping
diodes. The standby power consumption (outputs high) is
in the order of 10mW. Since the load driven by this device

TYPE SN75450B SN75451B SN75452B SN75453B SN75454B
Vcc 2A 2Y 28 2C 26 SuB Vee 28 2a 2y Vgc 28 2A 2Y vec 28 2A 2Y vece 28 2A 2
14| 13112 | Jl0}j9|]8 81]71|/6]]5 8ll7|1J6|]S s{j7|ye|ys 817|165

Block

Diagrams
1]]12]]3(|14]]|5]]|6]]7 1(12(]3]}]4 1112]]|3[}4 1[12[]3]]s 11]2}]3]|4
G 1A 1Y 1B IC 1E GND 1A 18 1Y GND 1A 1B 1Y GND 1A 1B 1Y GND 1A 1B 1Y GND

Y =AB Y =AB Y=A+B Y=A+8B
Features Two TTL gates and two high current transistors on one chip. Each transistor sinks 300 mA of current and has a minimum collector-
emitter breakdown voltage of 30V.
+  Two Uncommitted
Transistors L' 8 pin Package AND Gates ® NOR Gates * OR Gates
FIGURE 11. SN75450B Family
VH
3
b3
% SN75452B 1
e e m ommomea = om.y
] 1
: ! OUTPUT
1
1
1
1
-
Vi =0V

FIGURE 12. Inverting Driver Circuit (NAND).
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FIGURE 13. Driving More than One ‘Booster’ Stage
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FIGURE 14. SN75361AP

consists mainly of a lumped capacitance at the end of an
inductive line with very little resistance, fast switching of
the device output causes serious ringing. To reduce the Q of
this reactive load circuit, it is necessary to use a small resis-
tor in series with the driver output. However, this resistor
causes a degradation in switching speed and a compromise
must be arrived at, whereby the ringing is reduced to
acceptable levels, without slowing the edge speeds exces-
sively. To speed up the rise time, it is possible to shunt this
resistor with a fast diode (e.g. IN4150). Using such a cir-
cuit, and with the series resistor of 10€2,the propagation
time tpH, is about 26ns and tp1 | is around 32ns, with a
load of 400pF. (The propagation times are made up of the
delay through the device and the output rise or fall times).
The load of 400pF is equivalent to 160 address inputs, or

14 Reset or Clock inputs of the TMS 4063.
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Vss
L 100
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cL,

The second fully integrated device is the SN75365
(Figure 15), which is a quad two-input NAND device. This
has an extra power supply input VBB' It may be operated
with this connected to the Vgg input, or when used to
drive ‘1103 type’ memory devices, may be connected to the
Vip supply of the 1103. Once again, resistors in series with
the outputs are required. The data and performance of this
device are shown in its data sheet.

Data Inputs/Outputs

The data input and output levels of most MOS shift
registers and Read Only Memories (ROMs) are either
directly TTL compatible, or only require the addition of a
‘pull-up’ or ‘pull-down’ resistor to interface with a TTL
logic gate. However, with Random Access Memories
(RAMs), in order to achieve high operating speeds, the data
inputs and outputs are often MOS levels, i.e. high voltage
swings for data inputs, and low current levels for data
outputs. Two examples of this are the ‘1103 type’ devices,
and the TMS 4063.

In the case of the’1103, the data input is similar in all
respects to a clock input, with a capacitance of approxi-
mately 7 pF. The drivers suitable for clock driving are also
suitable for driving these inputs. The data output is in the
form of a current (500uA min. for output high) which must
be sensed, and converted to a TTL voltage. The most
effective way of performing this function is to use the
SN75107, 108, 207, 208 devices, depending upon required
function and speed, as illustrated in Figure 16.

pom o o e oo owy

O/P 1

O/pP2

o/P3

o/P 4

FIGURE 15.SN75365

These devices are dual circuits, each half comprising
of a differential amplifier stage, and a TTL gate. To make
full use of the differential amplifier, it is advisable to run a
dummy data line all the way from the memory device,
alongside the actual data line, and connect the dummy line
to the non-inventing input. Thus, any common mode noise
picked up in these data lines, from switching clocks etc., is
rejected by the differential amplifier. It is necessary to
provide a current path to Vppy for the sense signal at the
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FIGURE 17. Effect of Input Threshold Voltage

amplifier input, via a resistor, to develop a voltage
excursion to switch the amplifier. In the case of the
SN75107 and 108 (open collector o/p version of the *107)
the input threshold is 25 mV. If very fast speeds are
required, then the SN75207 and ’208 allow faster oper-
ation, since their input threshold is guaranteed 10mV max.
This means that the output current from the 1103 which is
charging up the stray capacitance on the data line, as well as
developing a potential difference across the input resistor of
the sense amplifier, has to charge these stray capacitances
to a lower potential. It can achieve this in a shorter time.
This is easily understood by reference to Figure 17.

It is also possible to sense the output of the 1103
device using a low power TTL gate, and a resistor to
ground, as shown in Figure 18. This is essentially a low cost
solution, and is only suitable for applications where high
speed is not required.

The TMS 4063 requires specialised circuitry for both
the data input and output functions. This memory device
has a pair of differential data lines which are used for both
writing and reading of data. Figure 19 shows how discrete
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FIGURE 18. Simple Sensing Circuit.

transistors may be used with an integrated circuit compara-
tor to perform these functions. A differential amplifier, of
the SN72720 type, and a zener diode, such as IN5230B (in
series with a 270X resistor for level conversion), are used.

The SN72720, a dual device with separate outputs, is
ideal, and has a response time of about 15ns to the ramp
input presented to it in this application. A similar device is
the SN72820, which has an extra gain stage, and is slightly
quicker in operation. There is also a version of this available
with output strobes, called the SN72514, which is very
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FIGURE 20. Connecting the SN75370 to the TMS4063

useful in applications where an additional strobe gate after
the comparator is undesirable. All these devices have an
absolute maximum differential input voltage of +5V which
must not be exceeded during the Write cycles, and a protec-
tive resistor network is necessary on the inputs. If the
device is operated between the V§§ and Vpp power rails,
the ‘O’ level output will be about 7V. Hence a Zener diode
and resistor are necessary on the output to convert to TTL
level.

This Read/Write circuit is obviously quite complex,
uses many components, takes up much space, and dissipates

considerable power. In a large multi-digit memory, all these
factors are undesirable. The alternative solution is to use
the SN75370 which is a device specifically designed for this
application as shown in Figure 20. This requires no external
components, and is a dual device, performing the complete
Write-drive Read-sense functions for two memory word
bits. For operation it requires two control signals as well as
Chip Enable. i.e. Write Enable and Read Enable. The timing
diagram, Figure 21, shows the operation of these inputs.
The delay from Read Enable going ‘low’, to the Data Out-
put being valid (tRgp = Read Enable Delay) is typically
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15ns. It is necessary for the data on the I/O lines to be
present for a period previous to this, (tpg = Data Set-up) of
approximately 10ns., owing to the propagation time
through the sense amplifier of the device. When Read
Enable returns ‘high’, there is a delay (tRgR = Read Enable
Recovery) before the valid Data Output ends of typically
15ns.

WORKED EXAMPLES

This section describes the steps involved, when
designing a system for a specific application, to optimise
some of the circuits previously mentioned.

Consider a 4k word x 16 bit modular high speed
system where the Access time is the all-important factor. If
the memory element used is the TMS4063 1024 bit
R.AM. as described in Chapter IlI, the following figures
may be immediately derived from its data sheet:—

‘Reset’ input capacitance (1 device)= 30pF typ., 40pF max.
- 16 ‘Reset’ inputs in parallel = 640pF max.

(Note that when calculating the load, or any other value
associated with driver circuits, etc. provision must always
be made for reliable operation under ‘worst-case’ con-
ditions, hence in this case the maximum figure of 40pF is
used for the ‘Reset’ input.)

‘Clock’ input capacitance (1 device)

16 ‘Clock’ inputs in parallel = 576pF max.
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= 30pF typ., 36pF max.

‘Address’ input capacitance (1 device) = 2.5pF typ., 3.5pF
64 ‘Address’ inputs in parallel = 224pF max. Max.

The requirements for the ‘Reset’ driver and ‘Clock’
driver circuits are similar in terms of load, but differ in
terms of quiescent output polarity. To achieve a fast Access
time, the ‘Reset’ input to the TMS4063s must remain low
between cycles, and the cycle commences with ‘Reset’
going high. The ‘Clock’ inputs are high during this time and
go ‘low’ for a minimum of 100ns, at least 60ns after Reset
has gone ‘high’. At the end of the 100ns min Clock period
both ‘Clock’ and ‘Reset’ return to their original state, as
shown in Figure 22.

The driver circuit shown in Figure 23 will operate
with a 570pF load and an output cycle as shown in Figure
24. This is suitable for the ‘Clock’ inputs of a TMS 4063
memory array. With capacitor C[, = 570pF, to obtain rise
and fall times of 20ns or less:

C1Rg<20.107/3

ie. RS =102

Transistors VT3 and VT4 are both operating as emitter
followers. For VT3 the npn device, a BLY33 VHF transistor
is eminently suitable, and the 2N2905A is suitable for VT4.
Transistor VT2 is also an emitter follower with Iy of
=100mA, for which a BFR39 can be used. Transistor VT1
is the only saturating switch, and the TISS5 is a good low
cost device. Resistor R(- has to supply the base current to
VT2, and pull up the collector of VT1.

]B(max) for VT3 and VT4 = lout(max)“o
=100mA

The hgp of a BFR39 @ ICN = 100mA and VCE=20V
=25 min.

Hence, the base current =100/25
=4mA.

The base input capacitance of VT2 = 60pF

and the collector capacitance of VTI-= 10pF

Therefore, if the rise time is to be 20ns and
neglecting base current to transistor VT2:

Time constant CRo =20 107%/3
orRe =20, 107°/3 .70 .107!?
=940

Neglecting the capacitance at this point, the value of
resistor R necessary to supply Ip (= 4mA) into transistor
VT2 is:

(20 = Veg(sat) ~ VBE — Vp)/4.107

18/4.1073
= 4-5kQ

Hence, taking both requirements into account:

Re =94.4'5.10%/(94+45.10°)
=920 — use 8202
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With RC =820 The components of power dissipation are:
Icfor VT1  =(20 _VCE(sat))/82 P1 (due to capitive load) = C.V2.f i
=240mA =570.107'2.350.35.10°
=698 mW

At this collector current: o o .
This is dissipated mainly in the two output transistors

DEE =15 min. and the output series resistor.
~1g = 240/15 P2 (due to circuit elements in static conditions)
= 16mA
R =(5-Vgp)/16.1073) -
B 0 BE =PoL - tor/teycle * Po - ton/teycle
The TTL output has to sink (5 — V,)/Rg(= 21mA.) With the output ‘high’, the only dissipation is in the
output of the TTL gate and its ‘pull-up’ resistor.

Heqce the SN7438 or similar open collector buffer output ie. inTTLgatel ..V =21 .107 .04
device must be used. out” “out = 84mW

With an output ‘high’ level of 19V and an output

in “pull-up’ resistor [> R =(21.107%)? . 220
‘low’ level of 08V the times for this circuit are: in“pullup’ resistor B ( )

=97mW
= W
tod (‘I’to‘0’) = 24ns POH(tOt) 181m
'pd (0" to 1) = 16ns With the output ‘low’; resistor R~ will dissipate:
t, = 24ns
and tg = 26ns (20 — 0°5)% /82 = 4'63W
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Transistor VT1 will dissipate:

Ig - Vg * 1c - VeE(sat)

=35.15/220 +19'5.05/82
=0'024 +0119
=143mW

PoL(tot) =477W

and P2 =477.100/290 +0°18.190/290
=164 +0°11
P1+P2 =245W

P3 (Power dissipation due to the switching losses in
the circuit) is insignificant (i.e. <10mW)

A similar procedure is employed to design the oppo-
site polarity for the reset input.

The address driver requirement is not so stringent.
Consider the timing diagram shown in Figure 25. If the
addresses were to be driven high during the non-valid
periods, then only a fast fall time is required, and a very
slow rise time (<130ns) can be used. A peripheral driver
device (SN75450B series) with a pull-up resistor on the
output, as shown in Figure 26, would be suitable for this
application.

For a 4k word x 16 bit system, this circuit would
have to drive 64 address inputs. From the TMS4063 data
sheet, the maximum address input capacitance is 3pF.
Hence the driver load is 3 x 64 = 192pF = Cy- The time
constant of the output waveform is CLRC which must be

< %x 130ns if the output voltage is to achieve 95 per cent
of Vgg within 130ns.

- . -9
CiR¢ =433.10
R =433.107°.1.107'%/192
=220Q2

The resistor RS is required in series with the output
to limit the maximum current out of the load capacitance
into the driver output to 300maA or less.

= 6882

This should give an output fall time of:

3CiRg = 3.192.107'2 . 68

= 39ns

The actual performance figures were:

tpd (‘0’to1’) =4lns
tpd (‘I’'to‘0’) =19ns
t = 70ns
and tg =24ns

If a faster fall time is required, a transistor and diode may
be added to the output, as shown in Figure 27.

Resistor R~ is still 220€2.

Resistor Rg has to limit the current through the 2N2905A
to = 600mA.

Rp =20/06

=33Q
The output fall time is now:

3.192.1071% .33
= 19ns

The actual performance figures were:

tpd (‘'0Cto‘l’) =35ns
tpd (‘’to‘0’) =20ns
t, =65ns
te =17ns

]
RESET ____/

CLOCK
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L. e e = - -

\ 130ns
I

ADDRESSES \;X >< 25( ><><>ZS&

VALID

FIGURE 25. Address Timing Diagram. ‘
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FIGURE 27. Faster Address Driver.

CONCLUSION

Interfacing between TTL systems and MOS devices
has often been a problem to potential MOS users. There is
no mystique involved in designing suitable circuits, as has
been shown. It is always a case of deciding on the required
factors in order of importance, and then designing the
circuit to achieve the best compromise of all the design
criteria. With discrete component circuits, the cost is
directly proportional to the number of components
involved, the final cost being made up of component cost,
assembly time, test time, printed circuit board space, reject
contingency, etc. These cost factors should be taken into

account when comparing the cost of a discrete component
circuit with that of an integrated device.

New MOS devices appear regularly, and many later
generation devices are TTL compatible at inputs and
outputs. However, very high speed devices will probably be
using high level inputs for some time, and will require the
use of similar interface circuits to those described.

It is emphasised that the best results from a circuit
can only be obtained if the circuit is designed for the
specific application. Although a circuit from a report of
another system may appear to ‘work,” the chances are that
it is not optimum for its new application in terms of cost,
speed, power dissipation, etc. Such optimum performance
has to be designed.
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VI LINE DRIVERS AND RECEIVERS

by
Dale Pippenger and Richard Mann

A number of the 1.C. devices mentioned in the previous
chapter can be used as line drivers or receivers, e.g. the
SN75450B series are particularly suited for simple line
driving. This is because the noise margins of most logic
circuits are adequate for the transmission of digital data
over a distance of a few inches. The transmission of error-
free data over longer lines in noisy environments, however,
requires the use of special transmission-line drivers and
receivers and the careful selection of a suitable transmission
line. This requirement is especially critical when data trans-
mission is between computer consoles or between a com-
puter and remotely located peripheral equipment. There-
fore a series of integrated-circuit line drivers and receivers
has been developed which can interface between DTL or
TTL circuits and long lines for clean, free data trans-
missions e.g. Table 1 lists these devices and the transmission
system for which they have been especially designed. This
chapter contains information which is intended to help
systems design engineers by covering circuit operation,
circuit characteristics, and applications. Typical results
using different types and lengths of lines are also provided.

DATA TRANSMISSION

A study of the problem of data transmission indicates
that the use of a terminated transmission line is desirable
from a performance standpoint, since signal reflections are

eliminated, allowing high-speed data transmission. A
balanced or two-wire system is often used because in such a
system, noise is primarily common-mode and can be
rejected by a differential-input line receiver with adequate
common-mode rejection properties.

Depending on the length of the transmission line, the
costs of the line and of its installation can be influencing
factors in the selection of the line. For short transmission
lines, the use of relatively expensive shielded coaxial cable
may be acceptable. For longer lines, however, the use of
less expensive flat or twisted-pair cable is desirable. To
further decrease the cost of a transmission system, a ‘party-
line’ system may be employed in which several line drivers
and receivers share a common transmission line.

A high-speed driver/receiver system designed for long
transmission lines is almost universally applicable since it
can also be used to advantage with shorter lines or lower
data-transmission speeds. The following characteristics are
desirable for such a system:

1) High-speed data transmission (=10 MHz).

2) Use of popular supply voltages.

3) Compatibility with popular logic.

4) High sensitivity (<50 mV) at receiver input.

5) Receiver speed insensitive to overdrive.

6) High receiver input impedances.

7) High common-mode rejection at the receiver
input.

Table 1 Basic Data Transmission Categories

DRIVERS RECEIVERS
EIA RS-232-C
SN75150 SN75152, SN75154
SN75188 DTET % { MODEM | snN75189; SN75189A
MIL-STD-188
SN75150 D.TEt |[ 1' MODEM [ SN75152
360 1/0 INTERFACE

SN75123 PE1 IF jl IBM 360 ‘ SN75124
SN75121 SINGLE-ENDED, SINGLE SUPPLY
D >
SN75450 B SERIES
SN75113 ~
SN75114 l ) DIFFERENTIAL, SINGLE SUPPLY | > A
SN75183
gﬁ;g}?g [l DIFFERENTIAL, DUAL SUPPLY | > gm;g}g;ﬁ g“;ggg;
SN75109 . SN75107A
SN75110 PARTY-LINE OPERATION SN75108A
SN75113 ) * o > SN75115
SN75138 (DATA BUS) SN75182
SN75116 T SN75138
R LOCATION 2 LOCATION X AN

SN75117

t Data terminal equipment.
* Peripheral equipment.
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8) Strobe capability for receiver.
9) Driver capable of driving
terminated lines.
10) Inhibit capability for driver, with high output
impedance in inhibit mode

low-impedance

A system satisfying these requirements is shown in
the functional diagram of Figure 1. A balanced, twisted-pair

TWISTED PAIR
TRANSMISSION LINE 2R =Zq
3

AT 5

—O LOGIC
OUTPUT

LOGIC
INPUTS

CONSTANT CURRENT CONSTANT CURRENT
S 3 SOURCE AT

SOURCEe CE A
NEGATIVE VOLTAGE NEGATIVE VOLTAGE

LINE DRIVER

LINE RECEIVER

FIGURE 1. Functional Diagram of a Basic
High-Speed Transmission System

transmission line is terminated at each extreme end in its
characteristic impedance. The line terminations also bias
both lines at a nominal positive level of a few hundred
millivolts. The driver is composed of a stage that converts
input logic levels to voltage levels that control a current
switch. The current switch unbalances the voltage on the
transmission lines, resulting in a voltage difference at the
receiver input.

The input stage of the receiver is a differential-input
stage that exhibits high rejection of common-mode input
signals. An intermediate stage converts the polarity of the
line signal to the desired logic levels at the receiver output.
It should be noted that the driver output is not affected by
the common-mode signals induced on the line, thereby
insuring error-free transmission and recovery of data.

An important feature of the system of Figure 1 is
that provisions can be made for removing the driver output
current from both lines, as indicated in Figure 2. In this
inhibit mode, another driver may be used to transmit data
over the line. A strobe or gate provision on the receivers
allows any driver to communicate with any or all enabled
receivers while other drivers are inhibited and other
receivers are strobed off. Line receivers and drivers may be
connected anywhere along the line. {t should be noted that
line terminations are required only at the extreme ends of
the lines as the output and input impedances of trans-
mitters and receivers are high compared to the line
impedance. A single transmission line can therefore service
several computer or peripheral equipment consoles.

The concepts described above are implemented by
e.g. the SN55107 series. These circuits are designed for
compatibility with popular TTL (transistor-transistor logic)
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FIGURE 2. Expansion of the Basic System to
‘Party Line’ Operation

integrated circuits and for use with balanced terminated
transmission lines.

TRANSMISSION LINES

Types of Lines

Many types of wire and cable are used to inter-
connect logic systems. Plain insulated wire or loose shielded
wire are sometimes used, but not in long line interconnec-
tions due to the indeterminate value of their line imped-
ance. Coaxial cables used are typically of the 50-Q and
75-Q variety. There are special types of coaxial cables with
lower or higher impedances, but seldom are impedances
ever over 200 Q.
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FIGURE 3. Characteristic Impedances of Parallel and
Coaxial Lines as Functions of Dimension Ratio



Twisted pair lines normally have an impedance of 100
Q to 200 © which may vary under special conditions e.g.
ingress of moisture. The chart in Figure 3 shows that for
any given cable size a twisted-pair line has considerably
greater impedance than a coaxial line.

The impedance of any unknown line may easily be
determined with an RX meter—the line impedance Z is
computed from the measured short-circuit impedance Zg,
and the open circuit impedance Z thus: Z = (Zg ZOC)IZ'

Normally the line impedance is considerably smaller
than the driver output or receiver input impedances. This is
very desirable since connecting several drivers and receivers
to one line does not affect the line impedance, so that
critical mismatch is avoided.

Signal Degradation
In long lines the transmitted signal experiences two
types of degradation: frequency-insensitive and frequency-

Ry R

Rt Ry

- 4 AN

“WWA——4
TRANSMISSION LINES

sensitive. Frequency-insensitive degradation is primarily the
attenuation due to line resistance. The resistance of the
wire is insensitive to frequency except at very high frequen-
cies where skin effect becomes evident.

Figure 4 shows the resistive attenuation for different
line length and resistivity. The signal swing is sct by the
driver output current and the line impedance. It may be
approximated as Ioyt RT/2 = Igut Zg/4, where RT is the
value of the line-terminating resistors and Z is the line
impedance.

By using e.g. the SN55/75109 driver (Ioyt=6 mA)
and a twisted pair line with an impedance of 100 © and an
attenuation factor of 0,01 Q/ft, it can be seen from Figure
4 that data may be transmitted (theoretically) over line
lengths of several thousand feet before line resistance
effects degrade signal amplitude to an unusable level.
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FIGURE 4. Resistive Attentuation With Length of Typical Transmission Lines
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The other category of signal degradation, frequency-
sensitive type, is related to the capacitive characteristics of
the line. As an example, Figure 5 shows the attenuation of
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% Ay
2 100 —7
z iz
o T TYPEC
< =
2 19 //
wo Lo >z
£ o7 >
< 04
<
< o2
o
» 04
1 2 4 710 100 1000 10,000
FREQUENCY (MHz)
FIGURE 5 Attenuation With Signal Frequency in

Typical Coaxial Cables

various coaxial lines with respect to frequency of operation.
For instance, type B coaxial cable has an attenuation of
about 17 dB per 100 feet of length at 1 MHz.

The attenuation of a twisted pair of flat wires is a
little more difficult to determine due to its sensitivity to
different physical characteristics and environmental condi-
tions. A typical example of the frequency-sensitive attenua-
tion of twisted pair lines is given in Figure 6.
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FIGURE 6. Signal Attenuation With Frequency in
Twisted-Pair Transmission Line (SWG Solid Wire
23 With 0.060-in Plastic Cover, (Twisted 4.5

Times Per Foot)

Most receivers are designed to detect differential
signals as small as 25 mV. The maximum decibels of
attenuation Apax that can be tolerated may be computed
thus: Amax=20 logeVdiff—28, Where Vgiff is the signal
swing at the driver output, expressed in millivolts. As an
example, in the case of a line driven by a signal of 0.5 V
amplitude, the maximum attenuation is 20 loge
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500—28=26 dB. From Figure 5 type A coaxial cable has
about 1.5 dB attenuation per 100 feet at 10 MHz. The
maximum permissible length of coaxial in this example is
about 1700 feet. For operation at 1 MHz, type A cable has
0.4 dB/100 ft, and the maximum length is about 6500 ft.

When a twisted pair is used, the characteristics of the
line need to be known. In a laboratory experiment, a pair
of SWG 23 plastic insulated wires were twisted about 4.5
times per foot of length. Figure 6 shows the attenuation
per 100 feet at different frequencies. This information may
be used to determine the maximum length that could be
driven in this particular case.

RELEVANT DEVICE CHARACTERISTICS

Receivers

A receiver circuit should have a typical propagation
delay of say 15 ns, to make it ideal for use in high-speed
systems. The receiver delay should be almost completely
insensitive to overdrive voltages of 10 mV or greater. Such
a circuit would respond to input signals with repetition
rates as high as 20 MHz.

Input Sensitivity: The input sensitivity is defined as
the differential d.c. voltage required at the inputs of the
receiver to force the output to the logic gate threshold
voltage level, and is typically 3 mV. This feature is parti-
cularly important when data is transmitted down a long
line and the pulse is deteriorated due to line effects. A
receiver with this sensitivity also finds many other appli-
cations such as comparators, sense amplifiers, level
detectors, etc.

Common-mode Voltage Range: The common-mode
voltage range or CMVR is defined as that voltage applied
simultaneously to both input terminals which, if exceeded,
does not allow normal operation of the receiver. The
recommended operating CMVR is 3V, making it useful
in all but the noisiest environments. In extremely noisy
environments, common-mode voltage can easily reach 110
V to 15V if some precautions are not taken to reduce
ground and power supply noise, as well as crosstalk
problems.  When the receiver must operate in such
conditions, input attenuators should be used to decrease
the system common-mode noise to a tolerable level at the
receiver inputs. Differential noise is also reduced by the
same ratio.

These attenuators are often intentionally omitted
from IC receiver input terminals so the designer may select
resistors which will be compatible with his particular appli-
cation or environment. Furthermore, the use of attenuators
adversely affects the input sensitivity, the propagation time,
the power dissipation, and in some cases the input
impedance (depending on the selected resistor values),
therefore reducing the versatility of the receiver.

The ability of a receiver to operate with a + 15-V
common-mode voltage at the inputs can be checked using
the circuit shown in Figure 7. Dividers with three different
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FIGURE 7. Common-Mode Circuit for Testing
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values presenting a S-to-1 ratio may be used so as to
operate the differential inputs under + 3 V common-mode
voltage. Careful matching of the two attenuators is needed
so as to balance the overdrive at the input stage. Examples of
the resistances which could be used are:—

Attenuator 1: 2k to 0.5k
Attenuator 2: 6kQto1.5kQ
Attenuator 3: 12k to 3.0kQ

Input Termination Resistors: To prevent reflections;
the transmission line should be terminated in its character-
istic impedance. Matched termination resistances normally
in the range of 2552 to 200%2 are required not only to
terminate the transmission line in a desired impedance,
but also to provide a necessary d-c path for the receiver
input bias. Careful matching of the resistor pairs should
be observed or the effective common-mode rejection ratio
will be reduced. An important point here is that the stray
capacities associated with the load resistors should also be
balanced with respect to ground by careful layout.

The input circuit of the receivers should meet the
requirements for low input currents (30 uA typical) and
high input impedance for low loading on the lines;
important considerations for ‘party-line’ applications.

Reference Voltage: A differential receiver can be
used as a single-ended line receiver or comparator by refer-
encing one input as shown in Figure 8. The operating
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FIGURE 8. Some Methods of Referencing
Receiver Inputs

threshold voltage level is established by (and is approx-
imately equal to) the applied reference input voltage,
Vief, selected within the operating range.

A simple method of generating the reference voltage
is the use of a resistor voltage divider from either the
positive VCC+ or negative VoC— voltage supplies as in
Figure 8a. The reference can also be obtained by a diode
(Figure 8c) or a reference supply or just ground (Figure
8b). The bias current required at the referenced input is low
(typically 30 uA). Therefore, voltage dividers of this type
may normally be operated with very low current require-
ments and may be used also to supply a number of parallel-
ed reference inputs.

In noisy environments, the use of a filter capacitor
may be recommended as indicated in Figure 8a.

Drivers

As stated previously, for reliable operation with less
than optimum conditions, drivers should be primarily de-
signed to drive balanced terminated transmission systems
which virtually eliminate the adverse effects of line capaci-
tance. These circuits should have low propagation delay
(about 10 ns) for high-speed operation.

Input: Drivers should also accept TTL input levels
and convert them into an output current suitable for
supplying to the transmission line.

Output: Anoutput current of, say, 10 mA allows very
long balanced lines to be driven at normal line impedances of
50 to 200 2. The resulting low-level differential signals
minimize power dissipation. The most positive level at the
bases of the driver output transistors should allow at least
—3V of noise induced on the lines before saturation of the
driver output occurs. The high collector-emitter break-
down of the driver output transistors should allow up to
+10V of induced noise before transistor breakdown occurs.

PRACTICAL DEVICES

Receivers

The functional block diagram of a typical family of
dual line receivers is shown in Figure 9. The logic of the
two devices in the series is the same, but the SN55/75107A
has a standard TTL totem-pole output, while the
SN55/75108A has an open-collector output allowing wired-
OR operation. Both the drivers and receivers have two func-
tions per package which can be used independently of each
other.

The receivers are designed to work with power
supplies of +5 V and —5 V so that only one extra supply is
needed when used with TTL or similar logic. The circuit
consists of a differential input stage which is coupled to
another differential amplifier by a pair of emitter followers
so that a high common-mode rejection ratio (CMRR) is
obtained. A second emitter follower couples the amplifier
stage to one input on a standard TTL multi-emitter stage.
The two other inputs on this stage are used to provide a
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gate function for each individual receiver and a common
strobe for both receivers. The conditions for a logical ‘0’ at
the receiver output are that both the gate and strobe inputs
are high and the differential input is =25 mV with the
positive input being the most negative. Conversely a logical
‘1’ output occurs when the positive input is more positive
by a value = 25 mV. The SN55/75107A and SN55/75108A
will both sink 16 mA at 0.4 V in the low state and the
SN55/75107A will source 0.4 mA at 2.4 Vin the high state.
The SN55/75108A collector leakage is less than 250 uA in
the logical ‘1’ condition.

Due to the design of the balanced input stages of the
receivers they will handle a common-mode signal of at
least ¥3V without false operation. The common-niode
capability can be increased further by tapping down the
line terminating resistors. This will decrease the differential
sensitivity pro rata. However, in most cases the differential
input will considerably exceed the minimum required.

Drivers

The line drivers SN55/75109/110A have a circuit
arrangement as shown in Figure 10. As with the receivers
the power supplies are +5 V. Each driver in the package
consists of a TTL compatible input stage followed by a
differential stage, driving a current-mode output stage so
that a constant current is switched into either side of the
line pair, according to the state of the input. The current to
the other side is zero and the driver looks like an open
circuit. This current mode of operation allows any value of
load resistance to be connected across the line. This is
important in a party-line system where a driver may be at
the terminating end of a line as well as at the sending end.
The driver output current is 6 mA for the SN55/75109 and
12 mA for the SN55/75110.

Another feature important for party-line operation is
the inhibit input-gate which allows either driver-output
stage to be turned off completely regardless of the data
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input. There is also a common inhibit input which allows
both drivers to be turned off simultaneously. For an output
stage to operate, both the individual and the common
inhibitor inputs must be at a logical ‘1’. In the off condition
the output current is less than 30 A so that a large number
of drivers can be used on a line without causing significant
loading. The receivers and drivers can both withstand a
common-mode line voltage of + 3 V without running into
breakdown or saturation.

General Considerations

In any application of devices such as, for example, the
SN55107 series, there are two important precautions to be
observed. First, when only one driver in a package is used,
the outputs of the other driver must either be tied to
ground or inhibited, or excessive power dissipation may
result. Second, when only one receiver in a package is being

used, at least one of tne differential inputs of the other
receiver should be terminated at some voltage between +3
V and -3 V, preferably at ground. Failure to do so causes
improper operation of the unit being used because of
common-bias circuitry for the current sources of the two
receivers.

There are some other equally basic but less critical
recommendations about unused driver gate inputs. Wherc
these inputs are left open-circuited, the propagation delay
to a logical ‘O’ is increased by about one nanosecond per
input. In high-speed systems this could be a significant
factor. For faster switching times, unused gate inputs can
be tied to a positive voltage source of 2.4 V to 5.5 V. The
positive supply voltage Vo4 may be used if it is regulated
to 5.5V maximum. This disposition greatly reduces the
distributed capacitance associated with the emitter, bond
wire, and package lead of the input transistor. It also

Veer o—

1 —.
Logic AT

INPUTS 00

GND

QUTPUT OUTPUT
1v 1z

~
|
INHIBITOR :
INpUTS DO
p—-f- —- ¢ 4
2
\

X

T
HU ¥
el ﬁT

- Vee-

4 }w ) T ‘
R1¢ R3 4 L. i ; aksak L{' ]{\'
— ) 1
‘[ R2 oo T
S—
] Fﬁ I
L;
r v
2A 0— o
LOGIC |
INPUTS N 2y 2z
28 i OUTPUT OUTPUT
S et SN55 109 SN55 110
N r' SN75 109 SN75 110
N Ry 4k 2.2k
700 Ry 1.5k 820
R3 440 240
22k 12.5k 3k R, 175k 875
Ry 274k 15k

NOTES: 1. COMPONENT VALUES SHOWN ARE NOMINAL.
2. RESISTANCE VALUES ARE IN OHMS,

FIGURE 10. Schematic Diagram for SN55/75109 and SN55/75110 Dual Line Drivers

81



insures that no additional degradation occurs in the
propagation delay times. The best solution is to join unused
inputs to a used input on the same gate. This method
provides the fastest switching speeds since the stray
capacitances are driven by the preceding gate. This method
aiso provides protection against excessive supply surges
since the 54/74 TTL outputs at a logical ‘1’ are typically
3.5 V and are current-limited.

The unused gate inputs may be tied to Vo through a
resistor. The value of the resistor should not be less than
1 k& or the supply voltages transients could damage the
inputs. The upper limit is determined by the voltage drop
caused by logical 1’ input currents and by the minimum
supply voltage.

SYSTEM APPLICATIONS

Unbalanced or Single Line (Ended) Systems

Line driver and receiver 1.C.s may be used in un-
balanced or single line systems whose basic format is as
shown in Figure 11. Although this arrangement does not

TWISTED PAIR OR CO-AXIAL LINE

DATA

wl )
”

25m /J7

FIGURE 11. Simple Single Line System

L _sn7sst )

offer the same performance as balanced systems for long
lines, it is adequate for very short lines where environ-
mental noise is not severe. As mentioned at the beginning
of this chapter, a number of standard TTL devices can be
used for this mode of operation. Devices which are much
more suitable, however, are the high output current
SN55/75450B dual peripheral driver series, as described in
the previous chapter, or, especially, the devices designed for
this purpose such as the SN55/75121 and ’122, the 123
and 124, the ’138, the SN75150 and ’152, and the 188
and ’189.

Figure 12 shows one of them being applied in a
circuit with a % SN75152 as the receiver. Such a system
will drive 1000 feet of co-axial cable up to a frequency of
500kHz. Additional features of this particular circuit are
the ‘OR’ capability of the driver and the adjustable noise
immunity of the receiver. The fact that three voltages are
necessary, however, could be inconvenient. If an SN75450B
driver, say, is used in conjunction with a receiver such as
the (dual) SN75140 or (triple) SN55/75122, the system
will operate from a single 5V supply. An extension of the
single line system to include party line operation is shown
in Figure 13, where the SN55/75122 receiver is coupled
with its partner line circuit the (dual) SN55/75121 driver.

Differential line drivers and receivers may also be
used in a single line system, if their greater sensitivity is
required. In such systems, the receiver threshold level is
established by applying a d-c reference voltage to one
receiver input terminal and supplying the transmission line
signal to the remaining input. The reference voltage should
be optimized so that signal swing is symmetrical with
respect to it for maximum noise margin. It can be provided
either by a separate voltage source or a voltage divider from
one of the available supplies.
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FIGURE 12. Single Line System using a Dual Peripherdl Devices as a Driver
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A single-ended output from a driver is used in single-
wire systems as shown in Figure 14. A coaxial line is pre-
ferred, to minimize noise and crosstalk problems. For large
signals swings, devices with a high output current are
recommended. The unused driver output terminal should
be tied to ground as shown in Figure 14. The voltage at the
output of the driver is then given by Voyt = (Vp—R2Iout)
(RDAR1 +R2), where Iyt is the given output sinking current.
The values of R1 and R2 affect the amplitude of the pulse
and its position with respect to ground.

One-Channel Balanced Transmission:

As discussed earlier many line circuits are designed
for use in high-speed data transmission systems that utilize
balanced, terminated transmission media such as twisted

Vp 0TO10V

DRIVER Ry RECEIVER

STROBE

STROBE

REFERENCE
VOLTAGE
-3V TO 3V

FIGURE 14. A Typical Single-Line Transmission Method
Using Differential Devices

pair lines. Such a system operates in the balanced mode, so
that any noise induced on one line is also induced in the
other. The noise appears as common-mode at the differen-
tial receiver input terminals, where it is rejected. The
ground connection between the line driver and line receiver
is not part of the signal circuit, so that system performance
is not affected by circulating ground currents and ground
noise.

The special output circuit of drivers allows ter-
minated transmission lines to be driven at normal line
impedances. High-speed operation of a system is ensured
since line reflections are virtually eliminated when ter-
minated lines are used. Crosstalk is minimized because of
the low signal amplitude, low line impedances, and because
the total current in a line pair remains constant.

A basic balanced transmission system of the type
given in Figure 1,but using SN55107 series devices is shown
in Figure 15. The SN75207 and *208 dual sense amplifiers
have a tighter input sensitivity than the SN55/75107A and
’108A. (It was this fact that allowed them to operate at
higher frequencies as MOS memory sense amplifiers in the
previous chapter.). Therefore when used as receivers in the
differential system of Figure 15 a longer transmission line
length is possible. Data is transmitted on the twisted-pair
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FIGURE 15. Use of SN55107 Series Devices in a Typical Single-Driver, Single-Receiver Transmission System
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line by unbalancing the line voltages by means of the driver
output current. Line termination resistors, labeled R, are
required only at the extreme ends of the line. For short
lines, termination resistors only at the receiver end may
prove adequate. Signal phasing depends on the driver
output and receiver input polarities on the line.

Again the necessity of using two voltage supplies with
the SN55/75107 series of devices might be inconvenient, so
Figure 16 shows a system which employs the SN55/75114
and 115 pair of devices which operate from a single supply.

Party-Line Balanced Systems:

The need to communicate between many receivers
and line drivers using one line per channel could require
large amounts of wire and consequently increase the instal-
lation costs. For example, in transmitting and receiving
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FIGURE 17. Simple Party Line System with Driving and
Receiving Stations Scattered Along the Line
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information from the cockpit of an airplane to some
remote area in the tail of the plane, the wire required for a
multi-channel system might well weigh more than all of the
equipment involved. Thus a method for sharing a single
transmission line by several drivers and receivers is
desirable.

The strobe feature of receivers and the inhibit feature
of line drivers such as the SN55107 series allows them to be
used in party-line (also called ‘data-bus’) applications.
Examples are shown in Figures 17, 18 and 19. In each of
these systems, an enabled driver transmits data to all
enabled receivers on the line while other drivers and
receivers are disabled. Data can therefore be time-
multiplexed on the transmission line. The party-line system
thus offers maximum performance at minimum cost for
those applications in which it is usable.
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FIGURE 18. Party-Line Concept of One Driver
Transmitting to One of Many Receivers
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FIGURE 19. Conceptual Diagram of Four Transmission
Channels Sharing the Same Party Line

Addressing System: this application is intended to
illustrate the principles involved in party line transmission.
Although built and tested satisfactorily, a specific require-
ment would probably require several modifications to
function correctly in the desired mode. However,the appli-
cation described demonstrates the ability of line drivers and
receivers to transmit data on a party line with consistent
accuracy. The circuit techniques may be applied to any
party line system where remote addressing and address
recognition is required.

The block diagram of a two-station system is shown
in Figure 20. The operation is as follows: The two stations,
A and B, each have a wired-in address code which corres-
ponds to the other station. When driver A starts to
transmit, the address code is clocked serially into a pulse
generator. The latter encodes a logical ‘0’ as a pulse with a
2:1 mark/space ratio, and a logical ‘1’ as a pulse with a 1:2
mark/space ratio. Driver B is inhibited during this time.
When all eight bits of the code have been transmitted driver
A is itself inhibited. The code will have been received by
receivers A and B and the pulse width detected so that eight
corresponding logic levels are serially shifted into a memory
with parallel outputs. The eight outputs are compared with
a wired address code and in this case comparator B will
recognize its own address. When this happens driver B is
enabled and pulse generator B is triggered so that it
transmits a code which is recognized by comparator A. This
process will stop when one false bit of data is transmitted.
There is no need for the station-clock generators to be
synchronized as long as the frequency is within the range of
the pulse-width discriminators. In a practical system the
address code would probably be followed by further data
which would be allowed to reach the station output only if
the address code was appropriate.

CODE MEMORY PULSE
00101101 GENERATOR

COMPARATOR

SERIAL/PARALLEL]| PULSE WIDTH
CONVERTER DISCRIMINATOR

— g ]

A logic diagram is shown in Figure 21.A 4 MHz signal
clocks flip-flop N1A whose Q1 output drives the rest of the
circuit. The clock is gated via the clear input to the flip-flop
so that the clock can be started in the correct phase.

Networks N2A and N2B form a three state counter
with the following truth table:

Clock Pulse Q2 Q3
0/3 0 0

1 1 0

2 1 1

By selecting either Q2 or Q3, pulses can be obtained
with either 1:2 or 2:1 mark/space ratios of a pulse
repetition frequency (p.r.f.) of 4/(2X3) MHz. The sclection
is performed by gates N3A, N3B and N3C and controlled
by the Do output of shift register N8.

At the end of each pulse there is a negative edge at
output Q2 which is used to clock the divide-by-8 section of
an SN7493N 4-bit counter. This also clocks the shift
registers N8 and N9 via gates N6A and N6B so that the next
bit of the address code appears at D, on N8. After eight
code pulses there is a negative edge at the D, output of the
counter N4, which clocks flip-flop N1B. This in turn, clears
flip-flop NIA. resets the counter and inhibits the line
driver. The action of the pulse generator is now inhibited
until network N1B is cleared. The data pulses are con-
tinuously detected by all the receivers in the system. The
leading edge of each pulse is positive at the output of the
receivers. This edge triggers the monostable N10, whose
pulse width is approximately half way between that of
a ‘0’ pulse and that of a ‘1’ pulse (in this case 1.250 us).
When the pulse generator is inhibited gate N6C is enabled
by output Q4 so that the negative trailing edges of the data
pulses will clock the shift registers. The level of the serial
data input Sjp, on register N9, is controlled by the mono-
stable output. For a narrow pulse the clock edge will occur
while the serial input is high putting a logical I’ into the
register. Conversely, a wide pulse puts in a logical ‘0’. If a
condition arises where the outputs of the registers from left
to right are 01100101 then the output of gate N7 falls to
‘0’. This clears flip-flop N1B and changes the mode of the
shift registers so that parallel data will be clocked in when
the clock input receives a negative edge. This comes from
the Q1 output. A new address code (10110100) is now

CODE MEMORY
10100110

COMPARATOR

SERIAL/PARALLEL
CONVERTER

PULSE WIDTH -
DISCRIMINATOR

FIGURE 20. A Block Diagram of a Two Station System
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FIGURE 21. Logic Diagram of an Address Code Generator and
Detector in a Two-Station System

clocked into the shift registers resetting the output of N7 to
a ‘1’ and the mode control to the shift condition. The
outputs of flip-flop N1B disable gates N5B and N6C so that
the shift registers are isolated from the receiver and are
clocked only by the pulse generator output Q2

The oscillogram, in Figure 22 shows the input to line
driver A (10110100) and the corresponding output from
receiver B. In this case, the master-clock speed has been
increased to approximately 17 MHz giving a pulse repeti-
tion frequency of 2.8 MHz. The two stations were linked
by 100 yards of bell-flex having a characteristic impedance
of 120 . The two waveforms are identical in content but
there is a delay of 500 ns due to the propagation time of
the cable. The propagation delay of the driver and receiver
alone is 16 ns. The oscillogram, in Figure 23 shows the
differential and common-mode line voltages at the input of
receiver B measured under the same working conditions as
Figure 22. The time base has been slowed down to show
both codes. The signal from driver A has been degraded by
the cable but is still ample to drive the receiver. Each pair
of codes is followed by a space equal to twice the cable
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delay since the codes must travel from B to A and back
again before a signal reappears at receiver B. The common-
mode waveform demonstrates an interesting effect which is
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OUTPUT OF
RECEIVER

0.5 usfem

FIGURE 22. Oscillogram Showing the Input to Line
Driver A (10110100) and the Corresponding
Output from Receiver B



due to the inductance of the cable. Although the cable has
a fairly constant characteristic impedance between conduc-
tors, the impedance between conductors and ground is far
from constant unless the cable is balanced and shielded. In
practice, the common-mode impedance of the cable appears
inductive and therefore when the current changes direction
from station to station, regardless of the conductor in
which it flows, there will be an exponential common-mode

500 mV/cm DIFFERENTIAL

500 mV/em § ¥ common MoDE

1 us/em

FIGURE 23. Oscillogram Showing the Differential
and Common-Mode Line Voltages Measured at
the Input of Receiver B, Under the
Same Conditions as Figure 22.
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FIGURE 24. Oscillogram Demonstrating the
Common-Mode Rejection Capability
of the Receivers

voltage spike. This spike depends on the driver current and
the time-constant of the cable and terminating resistors.
This common-mode signal will normally be within the
handling capacity of the receivers, but a method of
reducing it is shown later. The common-mode rejection of
the receivers is shown in Figure 24 in which a
3 V peak-to-peak 1 MHz signal is produced at the receiver
inputs by varying the ground potential seen by the junction
of the terminating resistors. Although the differential signal
is apparently swamped, the correct code still appears at the
output of the receiver. The common-mode signal has no
eftect on the driver, because, when the line is terminated at
each end, the ground potential of the receiver will be halved
at the driver, due to the divider network formed by the
load resistors (see Figure 25).

Ve APPROX Ys
2 ) 2
%o
2
|;0 Ve
Y %o
2 2
v v,
G G
2 APPROX. 2

FIGURE 25. Circuit Showing How Common-Mode
Signals Have no Effect on the Driver Because
the Ground Potential of the Receiver is
Halved at the Driver Due to
the Divider Network

Combined Data and Clock Transmission

The system just described does not have a clock
reference common to all stations but relies on the pulse
generator frequency staying within the range of the
pulse-width detector. If it is necessary to transmit data and
the corresponding clock signal down a single line - pair then
the inhibit condition of the line drivers can be used to
produce the three current states required. The circuit is
shown in Figure 26 and the corresponding input and output
waveforms in Figure 27. This circuit uses only half of a
driver package, a complete receiver package and an
SN7400N quad 2-input NAND gate.

The input data is fed to the A terminal on the driver,
and the clock or synchronization signal is fed to the
inhibit A terminal. This means that when the clock is high,
one line or the other will carry the signal current depending
on the state of input A1. When the clock is low, neither line
conducts, and the receiver outputs are determined by the
bias resistors R1 and R2, which ensure that the receiver
outputs are high when the driver is inhibited. The clock
pulses are recovered by gate Gl which looks for a
logical‘0’at either of the receiver outputs. The data signal is
restored by a simple latch, G2 and G3. This gives a Non

87
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CLOCK O——4
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SN75110N SN75107N SN7400N

CONNECT UNUSED INPUTS TO LOGICAL 1

FIGURE 26. Data and Clock Transmission Down a Bifilar Line
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INPUT AND OUTPUT WAVEFORMS VERTICAL SCALES 5 V/ecm
FIGURE 27. Input and Output Waveforms for the FIGURE 28. Oscillogram Showing the Inputs and
System Shown in Figure 26. QOutputs of the System in Figure 26.
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Retum to Zero (NRZ) signal. If a Return to Zero (RZ)
signal is required this comes from gate G4.

Each of the load resistors R, equals half the line
impedance Z. The line is loaded at one end only, since
data is transmitted in only one direction. If Z j is fairly low

(about 100£2) a 12mA driver SN75110N may be required.

R1 and R2 are about 47 Q and 1k respectively. This
assumes that the full common-mode noise range is required
and that the receiver sensitivities are at their minimum. It is
not always possible to design a system which will meet
these worst case conditions for all practical values of line
impedance and attenuation. However, receiver sensitivity is
usually well above the minimum and the noise immunity
can often be relaxed. allowing a workable system to be
achieved. The oscillogram, Figure 28 shows the inputs and
outputs of a system as described above. The clock rate is
approximately 3 MHz and the transmission line is again 100
yards of flat twin bell-flex.

Reduction of Common-Mode Voltage Spike

As stated earlier, any change in the sum of the
currents flowing in the two halves of a bifilar line, either in
magnitude or direction, will tend to produce an exponential
voltage spike due to the common-mode inductance of the
line. This is illustrated in Figure 29 in which a 12 mA driver
is alternately switched on and inhibited. The inductance
between the line pair and ground is 4.75mH and this gives a
maximum spike of 300mV with a fall time of 165us. The
rise and fall times will be affected mainly by the line
inductance, the mutual inductance between lines and the
terminating resistors. It is unlikely that this spike will be of
a magnitude that seriously affects the operation of the
circuit. However, if it is essential to reduce the spike, the
following approaches may be used to keep the total
driver-current constant even when the data section is
inhibited.

An ideal solution would involve a separate positive
current source as shown in Figure 30. With this system the
base drivers to the extra transistor, Q1 and Q2 are arranged
so that Q1 would source a current equal to the collector
current of transistor Q4; and transistors Q2 and Q3 would
both be off. For a change of data input level, the
conducting and non-conducting pairs reverse and when the
IC line driver is inhibited, transistors Q1 and Q2 are both
off. This arrangement ensures a zero net current in the
line-pair at all times but requires rather elaborate circuitry
and a lot of discrete components.

A simpler solution is shown in Figure 31. Here the
second driver in a package is used to provide a current sink
whenever the first driver, which is used for data trans-
mission, is inhibited. The two resistors R and R are
equalized so that the differential current in the line is zero
when the first driver is inhibited. Wiring to the inverter
should be as short as possible to minimize the propagation
delay between the inhibit functions. By this means the
current from a driver station will be constant except during
the brief change-over period. Resistors R and R impose an
extra loading on the line. However, they are about 500
each for a 12 mA driver and 1 kQ each for 6 mA driver, or

approximately 10 or 20 times the resistance of Z,
Figure 32 shows the results of this method applied under
the conditions indicated in Figure 29. The width of the
voltage spike has been reduced from 165 us to 15 ns. This
allows the amplitude to be reduced by a capacitive filter
without seriously affecting the data transmission rate.

LINE INDUCTANCE = 4.75 mH

100 us/cm

FIGURE 29. Oscillogram Showing Voltage Spike
Caused by Common-Mode Inductance of
Bifilar Line when a 12 mA Driver is
Alternatively Switched on
and Inhibited

s &
|
|
|
|
|
!

|
|
|
DRIVERI

FIGURE 30. Separate Positive Current Source that
May Be Used to Ensure that the Total Current
From a Driver is Constant Even When the
Data Section is Inhibited
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DATA

INHIBIT

FIGURE 31. Circuit Showing the Second Driver in
Package Being Used as a Current Sink when
the First Driver is Inhibited

2 usfem

0.2 V/cmT
0.1 V/cmT

0.1 us/em

FIGURE 32. Oscillogram Showing the Effect of
Using the Circuit in Figure 31. Compare
to Figure 29 obtained under
the same conditions
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VIl (PROGRAMMABLE) READ-ONLY MEMORIES

by Bob Parsons
and Jean-Marie Krausener

Since their introduction in the late 1960s, fixed program
semiconductor memories have established themselves as one
of the most versatile integrated circuit functions available
to designers. They offer a unique combination of flexibility,
performance and low cost in a highly usable form. Their
applications range from micro program storage, code con-
version and generation (as discussed with MOS devices in
Chapter II), to the production of analogue waveforms.
Recently, the progress achieved in bipolar large scale inte-
gration technology has allowed the creation of Read-Only
Memories (ROMs) with a high capacity and very short
access times. These memories are fixed content and are
either mask or fusible link programmable. There are, of
course, other methods of producing Programmable Read
Only Memories (PROMs) e.g. MNOS charge injection
devices. All the applications given in this chapter are
applicable to these alternative forms of PROM.

As an introduction, the characteristics and organi-
sations of a simple, low capacity ROM/PROM will be des-
cribed. The organisation and applications of more complex
devices will be discussed later.

DESCRIPTION OF THE SN7488 1.C.

The SN7488*I.C. is a mask programmed 256 bit read-
only memory organised as 32 words of 8 bits each. An
average access time of 35 nanoseconds, and TTL inputs and
outputs, provide a good system flexibility. The user pro-
grammable version of this device is the SN74188A. The
memory is organised as 32 words of 8 bits each, and
includes essentially (as shown in Figure 1):

— a 5 bit address decoder

— a 256 bit memory

and 8 output buffers.

The memory is addressed in binary notation by 5
inputs A, B, C, D, E. Also provided is a memory enable
input G, which must be at a logical ‘zero’ for the memory
to be addressed. When G is at a logical ‘one’ all outputs are
read as logical ‘ones’. When the Enable input is a logical
‘zero’ and an address is applied to the 5 inputs, one of the
32 gates is enabled taking one of the 32 horizontal rows to
a ‘1’ level. Depending on the word which is programmed at
this address the vertical lines to the eight output buffers are
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FIGURE 1. Functional Logic Diagram of the SN7488 1.C.

* The SN7488 is now designated SN74884

The line matrix shown above is an extreme simphtication of the 256 program options.
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connected to the decoded row or are open circuit. Those
vertical lines which are connected are pulled up to a logical
‘1” and the word programmed at this address is thus trans-
ferred to the 8 output buffers.

ORGANISATION OF ROMs

Increasing the length of words

When words of more than 8 bits (number of bits in a
word) are to be stored it is necessary to parallel several
ROMs as shown in Figure 2. Each word is placed in the
various memories in the following way:—

— bits from 1 to 8 are located in the first memory.

— bits from 9 to 16 in the second.

— bits from 17 to 24, in the third, etc.

The different parts of a word are located at the same
address on each device. Figure 2 shows a memory contain-
ing 32 words of 32 bits, which requires 4 paralleled SN7488
memories.

Applications requiring an odd number of bits, or less
than whole multiples of the number of outputs, can be
implemented with a smaller memory and a data selector as
illustrated in Figure 3. The arrangement shown will provide
one more bit to the word length. Simplicity of design is
characterized by the fact that the address of the additional
bit is derived directly from the existing address register.
Other selectors can be implemented which provide 2
additional bits.

Increasing the memory capacity

« ROMs containing more than 32 words, while keeping
a length of 8 bits, need a decoder acting on the Enable
inputs. Thus memories are alternately interrogated and the
corresponding outputs are connected in ‘Wired-OR’ con-
figuration, as shown in Figure 4, which illustrates a 512

ADDRESS INPUT

L1 ]

SN74188A

Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8

SN745151 B

FIGURE 3. Modifying Number of Bits in a Word

word 8 bit ROM. This ROM is addressed by 9 bits, A, B, C,
D, E, F, G, H and I; I being the most and A the least
significant. The first 32 words of 8 bits are located in the
memory on the left, which acts when the ‘0’ output of the
SN74154 is decoded (F.G.H.I = 0000). The following 32
words are located in the second memory enabled by an
output ‘1’ from the decoder (F.G.H.I = 1000), and so on,
such that each of the 32 groups is situated in a SN7488
memory controlled by one of the decoder outputs.  Note
that as the 16 memories are jointly addressed a buffer is
required, e.g. an SN7440 device to drive the address inputs
AtoE,

Simultaneously increasing the capacity and the word length

High capacity memories with words of more than 8
bits are obtained by combining both principles described
previously. For example, if a 16 bit 256 word ROM is

32-BIT WORD

15

0, 0,0;0,0,0;0,0 o 505 070 0,0,0;0,0,0,0,G 0,0,0;9,0,0, 0,
EN SN7488 EN SN7488 EN SN7488 EN SN7488
A B C D E A B C D E A B C E A D

16 23 24 31

[
ENAB. A B C D E
Ly —
BINARY ADDRESS

FIGURE 2. ROMs in Parallel
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8 BIT WORD

—a =
12345678

!

!

BINARY AVDDRESS

FIGURE 4. Increasing the Memory Capacity

required a circuit similar to that shown in Figure 5 is used.
In order to obtain 16 bit-words, it is necessary to use two
groups of SN7488 memories, with paralleled outputs. Each
group has 8 x SN7488 devices to form the 256 word
memory. The first 32 words are included in the M1
memory, M1.1 containing the first 8 and M1.2 the last 8
bits. Words 32 to 63 are placed in the memories M2, etc. To
address this memory requires 8 bits. The first 5 in order of
increasing weight, A, B, C, D, E, simultaneously address all
the memories. The last 3, F, G, H, act on the inputs of a
decoder SN7442. The ‘0’ output connected to the
ENABLE inputs controls the two memories M.1.1 and
M.1.2, the ‘1 output’ the M2 memories, and so on, until
finally ‘output 7’ controls the M8 memories.

Part of a very much larger memory system, such as
may be used for complex character generation, is shown in
Figure 6. As illustrated, one-fourth of a 65k-bit memory,
organized as 4096 words of 16 bits, is implemented with an
X, ¥, z decode pattern requiring only a single SN74S139 to
complete the memory enable and a resultant address. Word
capacity is increased to 4096 due to the fact that 16 sets of
outputs are connected to the data output bus lines. The
16-bit word length is achieved by paralleling the outputs
as described previously.

This 65k-bit memory is implemented with only 65
packages: 64 SN74S287s and an SN74S139. (The ’S287 is a
user programmable ROM of 1024 bits arranged as 256
words of 4 bits). Intermediate buffer/drivers are not re-

[} 0.20304 05060708 |020304 05060708 ‘020304 05060708 O, 02030405050708
EN SN7488 ofEN  SN7488 qEN  SN7488 dEN  SN7488
A B C D E A B C D E A B D_E A D _E
JlJAH&L$J&A&A {
0123456 7 8910112131415
SN74154
A B8 C D EN DATA
I l——‘——; S
A BCDEFGH I ENABLE

16-BIT WORD

6 ¢
AE

W
0;3;030,05050,051 | 0, 0;030405050,0g
SN7488 — SN7488
(MA1) —] (M.1.2)
DL
SN7488 F SN7488
M2.1) — M.2.2)
r T T f T T
o
bAhdl) \ 1) ’e
SN7488 F SN7488
(M.8.1) — (M.2.2)
=VIORREROY
SN7442
A B _C
l _f——l__i_l
FGH ENABLE

C DE

BINARY ADDRESS

FIGURE 5. Increasing Both Capacity and Word Length
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FIGURE 6. Section of 65k Bit Memory Array
quired between the 2 to 4 line decoder and the enable 4-BIT WORD
inputs as all are low-current p-n-p inputs. The total loading : z 3 4
on each ‘S139 output is 4mA sink and 400 uA drive
current. Each of the respective 64 address inputs are con- SN7ast
nected common (i.e. all A's, all B s, etc.) and their loading is SN7a04
only 16mA sink and 1.6mA drive current. — t T
Memories with words of less than 8 bits .

Sometimes memories with words of less than 8 bits I [T i
are needed, for example, 4, 2 or 1 bit. By using 2, 4 or 8 0,0,0;0, 050500 7408 00,030, 05050; Og
input multiplexers, these memories can be obtained: N sN7488 —Deden snrass

ROM Organized as 128 Words of 4 Bits. This 512 bit A8 G
memory requires two SN7488 devices as illustrated in 1 I J
Figure 7. 128 words are addressed from 7 bits A, B, C, D,

E, F and G; A being the least significant bit and G the most -

significant. In such an arrangement the words are placed in

a memory in the manner shown in Table 1. The output

selection is made with SN7451 AND-OR-INVERT gates. A NACR v”ADDRES:
BI

ROM Organized as 128 Words of 2 Bits. In this
memory, as illustrated in Figure 8 the output selection is
obtained by a dual 4 input multiplexer SN74153. 7 bits, A, FIGURE 7. ROM Organized as 128 Words of 4 Bits
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TABLE 1
ADDRESS MEMORY 1 MEMORY 2
AG 0o 10 AG 01 1
BCDEF 01020304 05060708 0‘020304 05060708
00000 WORD 1 WORD 2 WORD 65 WORD 66
WORD 3 WORD 4 WORD 69 WORD 68

10000

WORD 63 WORD 64

11111 WORD 127 WORD 128

B, C, D, E, F and G are addressed; G being the most signifi-
cant bit. The two bits of low weight, A and B, determine
the group of two addressed outputs. The organization of
such a memory is shown in Table 3.

By
SN7488 SN 74153
ENABLE EN st
(<8 1co
G o——— € 0, 1c1 W p—
03 1c2
F 6——pD o 1c3
N 2-BIT
E 0———-C Lq ST.2
BINARY Os 20 WORD
R Do—s8 Og ¢ oY p—
ADDRESS 05 22
Co— A Og 2C3
B T

A

FIGURE 8. ROM Organized as 128 Words of 2 Bits

TABLE 2

ADDRESS AB=00 AB=10 AB=01 AB=11

CDEFG 0.' 05 0, Os 03 0, 0, 0g
WORD 1 WORD 2 WORD 3 WORD 4
WORD5 WORD 6 WORD 7 WORD 8

00000
10000

11111 WORD125 WORD126 WORD 127 WORD 128

ROM Organized as 256 Words of 1 Bit Each. In such
an application, e.g. where the purpose is to obtain a func-
tion of 8 variables, A, B, C, D, E, F, G, H; H being the most
significant bit. The choice of the output is made by using
an 8 input multiplexer SN74151, addressed by the lowest
variables A, B and C (Figure 9). The 256 words of 1 bit
each are selected in the following way; the first eight in
the first line are addressed by D, E, F, G, H = 00000 and
the following eight words in the second line by 10000, etc.

RANDOM LOGIC FUNCTION GENERATORS!

A ROM or a PROM is essentially a store giving access
to a location upon application of a specified address. It is,
therefore, possible to use any ROM or PROM for the
generation of logical functions. As an example the
SN7488A or SN74188A memory can produce on its 8

SN7488 SN74151
ENABLE — N o, Do st _;
Ho——€ i ol
O3 Dy Y-
Go————0 0, D3
o} D, v
Fo——cC s + 1-B!T WORD
Og Os
BINARY | Eo——8 o, Dg
ADDRESS] Do— A Og 0, A
c |
B
A

FIGURE 9. ROM Organized as 256 Words of 1 Bit Each

outputs, 8 Boolean functions each of 5 variables. For a
specific combination of input variables A, B, C, D, E there
is a certain value of function F. The input combination
addresses one eight-bit position in the memory, and the
desired value of function F is stored at this location. The
other possible combinations of the five input variables are
stored at the remaining 31 locations. For example, the 8
following fuctions are to be realized.

Fl=AoBoCeDeoE

F2 = AB + CDE + ACD

F3=ABC+E_

F4=(A+B)(C+D)

F5 = ABCDE + ABCDE

F6=ABE +BC+BDE+BD _

F7= ABCDE + ABCDE + ABCDE + ABCDE +

ABCDE
F8 = maj (A, B, C, D, E) [e.g. more than 2 out of 5]

Such functions as these are typical of those which
would be required to control the JK inputs of a complex
counter. The counter may be, for example, counting in the
sequence required to produce a calendar clock.

Table 3 shows how the positive logic functions can be
located in the memory. Figure 10 illustrates the equivalent
random logic circuits needed to generate three of these
functions (i.e. F2, F3 & F7). The method presented here is
expandable to functions of more than S binary variables,
and it is possible to generate simultaneously more than 8
functions by using the various patterns of expanded ROM
or PROM bit capacity.

MICRO PROGRAMME STORE

ROMs and PROMs are ideally suited to storing con-
trol instructions and numerical constants for use with a
digital processor. An arrangement, such as shown in Figure
11, can be used to generate trigonometric functions, or
process sequential data such as that obtained from a weigh -
bridge or navigational system. As described in detail in
Chapter IV the TMSO117NC is a ten digit MOS ‘number
cruncher’, which requires a five bit instruction code. As
explained four of these bits can either be data (binary
coded decimal) or an instruction. The fifth bit determines
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F2

F3
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TABLE 3

INPUTS
WORD BINARY SELECT ENABLE ouTPUTS
E D C B A G F8 F7 F6 F5 F4 F3 F2 F1
0 L L L L L L L L L L H H L L
1 L L L L H L L L L L L H L H
2 L L L H L L L L L L H H L H
3 L L L H H L L L L L H H H L
4 L L H L L L L L L L H H L H
5 L L H L H L L L L L L H L L
6 L L H H L L L L H L H H L L
7 L L H H H L H L H L H H H H
8 L H L L L L L L H L H H L H
9 L H L L H L L L H L L H L L
10 L H L H L L L L L L H H L L
11 L H L H H L H L L L H H H H
12 L H H L L L L L H L L H H L
13 L H H L H L H L H L L H L H
14 L H H H L L H L H L L H H H
15 L H H H H L H H H H L H H L
16 H L L L N L L L C L H L L H
17 H L L L H L L L H L L L L L
18 H L L H L L L L H L H L L L
19 H L L H H L H L H L H L H H
20 H L H L L L L L L L H L H L
21 H L H L H L H L H L L L H H
22 H L H H L L H L H L H L H H
23 H L H H H L H H H L H H H L
24 H H L L L L L L H L H L L L
25 H H L L H L H L H L L L L H
26 H H L H L L H L L L H L L H
27 H H L H H L H H H L H L H L
28 H H H L L L H L H L L L H H
29 H H H L H L H H H L L L L L
30 H H H H L L H H H H L L H L
31 H H H H H L H L H L L H H H
ALL 3 X X X X H H H H H H H H H
H = high leve!l, L = low level, X = irrelevant
=
B —]| COUNTER
E i F2 IIII
32WORDx8BIT  |188A
PROM
° 1
'161 .
A STEPCOUNTER TR 7
B [] 64WORDS
¢ F3 32 WORD!BBIT 1884 s
: —= )
—
INST.CODE  DATA
A m 8T01 LINE ENCODER susviReron)
CONTROL
= DATA
B "q } ouTPUT

\d
(T11]

LT AT

FIGURE 10. Some Equivalent Random Logic Circuits

F7

FIGURE 11. Microprogramme Store

whether the other four bits are to be interpreted as an
instruction or as numeric data. In order to define the
operating sequence, it is necessary to know which opera-
tions are to be ‘number entry’ and which are to be arith-
metic instructions. This is defined by the single control bit



obtained from a '188A PROM organised as 32 words of 8
bits. The required organisation is 256 words of 1 bit. The
conversion is achieved by using an 'LS152 eight-to-one line
demultiplexer to sequentially select the eight outputs of the
PROM. The selection inputs of the multiplexer are driven
from the last three bits of the "LS161 control counter. The
instruction codes are stored in a separate ‘188A PROM, the
address to this being incremented by the ’LS161 instruction
address counter, every time the output from the control
PROM changes from a ‘data entry’ to an ‘instruction’
command. The instruction PROM is organised as 32 words
by 8 bits, and has its output reorganised as 64 words of 4
bits by means of a ’157 quad two line to one line
demultiplexer.

CODE CONVERTERS

The use of ROMs as code converters was discussed in
Chapter II using MOS devices. Further examples of code
conversion are explained here. However, apart from the
brief segment describing a conventional ‘shift and add’
technique for comparison purposes, they all use bipolar
ROMs/PROMs which are particularly suited for small
specialized systems.

Parallel Operation

A typical example of a specialized code conversion is
one which converts Morse code into ASCIL. Use of a
PROM, e.g. the SN74188A, is necessary to allow the special
programme required to be written into the memory. The
system is shown in Figure 12. The Morse dots and dashes
are sorted in a format generator into logical ‘ones’ and
‘zeros’. To overcome the problem that not all Morse charac-
ters are of equal length, they are loaded into a shift register,
with each character preceded by a fixed filler code. The
combined character output, (Morse and the remainder of
the filler code) from the shift register is transferred into a
buffer store whose parallel data outputs address PROMs.
These are interconnected such that their organisation gives
64 words of 8 bits. Each memory is programmed to convert
the Morse/filler code into ASCII code. There is sufficient
storage available for the system to handle code groups as
well as alpha numeric characters. The ASCII output code
addresses a large ROM operating as a character generator,
e.g. the TMS4103 as described in Chapter II.

Arithmetic Operation
Shift and Add Technique: The conventional method?

for performing binary to BCD conversions has been the
shift and add technique. This is a form of binary to BCD

EN
INPUT, CHARACTER
FORMAT GEN.
CODE 1228 DISPLAY]
END —" oM
LOAD| IDATA Ychar 188A INPUT
ADDRESS
= 64x8
- - en
FILLER ) < SHIF T —BUFFE
CODE |- REG H—{STORE 32x8
] - PROME
~ 198 ] 198 —
— '188A

FIGURE 12. Code Conversion Using PROMs from Morse to ASCII

SHIFT
ouT
Qp Qc Qg  Qa
MUX SN54298,
INPUT SN74298
A INPUTS B INPUTS
OUTPUTS o,
2
Cn +4 SN54283 :
CARRY SN74283 z
ouT <
B INPUTS SHIFT IN
R
CARRY IN
10

FIGURE 13. Typical ‘Shift & Add’ Digit Conversion

conversion in which 4-bit bytes are shifted through a
‘correction’ process. As they are shifted through, the
presence of a number greater than 9 (1001) is detected, and
6 (0110) is added as a ‘correction’ to the developing
number. Adding 6 to any 4 bit binary number which is not
a valid BCD number ‘corrects’ the binary number to the
equivalent BCD number. The primary drawback of the
‘shift and add’ technique is that it is relatively slow when
large numbers are involved. For example, 10 ones (binary
1023) is to be converted into 1 0000 0010 0011 (BCD
1023). 10 shifts are required, and each of the last 7 shifts
may involve corrections. Each correction can generate a
carry to the next higher digit only; so, a simple ripple adder
may be used with little loss of speed. This operation can be
implemented with the SN74298, SN7432, and SN74283, as
shown in Figure 13. An obvious method of increasing the
conversion speed and to reduce the control logic is to
utilize ROMs/PROMs.
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Using ROMs/PROMs: An example of a 7 bit BCD
code converter is illustrated in Figure 14. The 7 input bits
correspond to 128 different decimal positions (0 to 127).
Note that the hundred digit is ‘0’ if the input binary
number is less than 100 and ‘1’ if the input binary number
is between 100 and 127. Therefore, it is not necessary to
store this digit in a memory, a simple decoder for numbers
greater than 100 is sufficient. This has been done with a
SN74HS52 by decoding the hundred in the following way:—

F=26.25 (2% +23 +22)

The units correspond to the memory outputs Os,0¢,07,
Og and the tens to the outputs of O;,0,,03,04. The first
32 numbers (corresponding to the numbers between 0 and
31) are stored in memory 1, on the right part of the circuit
shown in Figure 14, activated by the condition 2°. 27
applied on the “ENABLE” input. Numbers 32 to 63 are
situated in memory 2, numbers 64 to 95, in memory 3;and
numbers 96 to 127 in memory 4. Each of these memories is
made active by placing on the “ENABLE” input the
following: —

Memory 2 ENABLE 2 =2°. 25

Memory 3 ENABLE 3 =2°.2°

Memory 4 ENABLE 4 =2°¢, 2%

The system shown can be extended to BCD code converters
of more than 7 bits by adding blocks of memories for units
and tens above 128, and if needed, storing in the memory
the hundreds.

Binary to BCD and BCD to Binary code conversions
are such a common requirement that specific ROMs have
been produced to carry out these conversions i.e. the

SN54/74184/5A. These devices. their operation and applica-
tions, are discussed fully in a chapter of the preceding
volume?.

SEQUENCE GENERATORS

Sequence generators may be used as counters,
sequencing through a code that is dependent upon
externally applied inputs. During the operation of a
sequencer each step performed is dependent on the result
of previous operations. Such generators are ideally suited
for controlling industrial processes. An example of a simple
sequencer is given below.

The study of a sequential system should be made by
using a flow diagram. Such a diagram is given in Figure 15.
This has 16 states with two external variables M and N
which should never be simultaneously at a logical ‘1°. Also,
M and N are at a logical ‘1’ only during the transition time
between the decision period and the following state. As an
example, it is assumed that 4 output variables are to be
generated at each of the 16 states. In such an application, a
ROM is useful because each of the 16 states can be coded
by 4 internal variables. The state which exists at a particular
moment addresses the memory which in turn indicates, at
the output, the address of the following state (Table 4).
When the sequence is interrupted, as for example in state 4,
coded ABCD=0100, with E =0 (where E stands for M + N);
state(5),coded 0101 is obtained if E =0, that is M =0; and
state(13)coded 1101,if E=1, thatisM = 1.

BINARY
96 25 24 23 32 27 29
SN74H52 ) T 77
b d 1
| — g
r - 11 1 b 4 L 1 1 1 |
E D C B A E D C B A E D C A E D C B A
a 3 2 1
EN SN7488 EN SN7488 EN SN7488 EN SN7488
030503 05 0607 04020504 05 0g O 07020304 05056 0;¢ 102030405060
17
11 J
—
10 3 2 4
2 23 22 21 2 23 22 21 20
102 10' 100
B.C.D.

FIGURE 14. 7 Bit BCD Code Converter Using ROMs
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FIGURE 16. Synchronous Sequential Generator

A synchronous sequential generator can be construc-
ted as shown in Figure 16, with a 5-bit register (an SN7495
and an SN7474) to hold the address between two clock
pulses. When state 12 is reached, i.e. A B C D =0011, this
position is decoded, and as the next clock pulse goes to a
logical ‘1’ the cross-coupled NAND gate RS latch (%
SN7400) is cleared, applying a logical ‘1’ on the
ENABLE and setting all the outputs at ‘1’. The system is
then at the STOP position. This method can be used instead
of the sequential approach to a system using for example,
the HUFFMAN? method, which is always long and tedious.
It is sufficient to implement a code for each of the stable
states and to memorize the various states by using the given
example as a model. Therefore, it is useful, in each case, to
adapt the organization of the memory to the number of
output bits to be generated. In some cases it is possible to
use the output variables as state variables, if the latter are
different at each state. In this case, the memory will be
considerably simplified.

Table 4.

EOUIVALENT INPUTS OUTPUTS
WORD | BINARY SELECT [ENABLE | NEXT STATE | FUNCTION'
STATES A B C D E G Y1 Y2 ¥3 Y4 Y5 Y6 Y7 Y8
09 ) o [t 1 U1 [ [T
j oML UL L L L oH L oL
2 L O T L HoH oLL
[©) 3o Mmoo L L [
[©) B a4 T toH UL U HoOL H L
® 5 oMo oHoL oL L LMoL
) 6 L oH H L L HoH H L
@ o H MWL L L LLoLH
@ N 1 oL M
8 9 (M oL oL 1 LML oH
@ 0 (L oH LoH L L H oH oL H
—e() A RIS T L HoL oLt
12) STOP 12 L L H HL L H O H H H
13 mOfH U H L L L oH H OH
(n oL M MM L L L oL oLt
START 15 H O H H H L L H L Lt
>—s0 oLt UL oH L L L HH
VoMo oL L H L X X X X
18 L H L L H L X X X X
I L X X X X
H—0) 20 [U ¢ H U H { H L H H
21 |H L oW oL H L X X X X
22 fL oW oL H L X X X X
23 H OH H L H L X X X X
20 L L L oHoOH L X X X X
25 |H L L H H L X X X X
26 [t W oL oHOH L X X X X
O—s0 2/ |H H L H H L L L HH
28 U L H H H L X X X X
20 [H L M H H L X X X X
30 |L H H H H L X X X X
31 |H H H H H L X X X X
ALL [X X X X X H H H H HIH H H H

H = high level, L = low level, X = irrelevant
tProgrammed to supply the functions and/or operand as required.

ARITHMETIC OPERATIONS

Binary Multiplication

Common yet comparatively slow operations in, for
example, computers are multiplication and division. As des-
cribed in detail in another chapter of the preceding volume,
Wallace tree adders and ROMs acting as look-up tables can
be used for fast multiplication®. As can be seen, however,
from the circuit diagram of a 16 x 16 bit multiplier, a large
number of devices are required. A considerable reduction
can be effected by forming the Wallace tree adders with
ROMs. By using low power Schottky fabrication techniques
the required bit density necessary to produce these devices
can be achieved. Further reduction can be obtained by
incorporating the two 4 x 4 bit multiplier ROMs in a single
device e.g. the SN74S274 as shown in Figure 17. This
device can be arranged to provide the basic building block
for an n-bit-by-n-bit multiplier as the necessary subproducts
are available for accumulation in a SN74S275 7-bit-slice
Wallace tree. This is effectively a 7 input adder followed by
a 3 input adder. The functional equivalent is shown in
Figure 18 and can be used in three ways:

(i) With the simulated 3 bit adder for minimum package
count.
(i) With the SN74H183 for high speed additions as
shown in Figure 19.
(iii) It can also be cascaded to handle larger number of
bits/slice.
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FIGURE 17. 4 Bit by 4 Bit Parallel Multiplier
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FIGURE 18. SN745275 Cascadable 7 Bit Slice Wallace Tree
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FIGURE 19. High Speed 7 Bit Slice Wallace Tree
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The SN74S274 and SN74S275 can be used to
implement up to a 16 x 16 multiplier (with or without the
simulated 3 input adder) in only one main level (taking the
3-to-2 bit addition as a minor level). Figure 20 is an
example of a 16-by-16 multiplier which can be imple-
mented with bit-slice accumulation as illustrated in Figures
18 and 19. Table S gives an indication of the speed perfor-
mance of a system, such as shown in Figure 20, comparing
two different package arrangements.

Table 5
REDUCE REDUCE

TYPE NO. PKG. COUNT MULT. TIME

(PACKAGES) (PACKAGES)
SN745274 5 16 16
SN74S275 5 16 16
SN74H183 s 6% 14
SN74283 5 6% 1
SN745181 5 6
SN745182 s 2
TOTAL PACKAGES 45 55

16 X 16 MULTIPLY TIME 180 ns typ. 106 s typ.

Binary Division and Square Rooting

Many computing systems use add/subtract and shift
algorithms to perform division and square rooting by
restoring or non-restoring methods. An iterative method for
performing division and square rooting is described here.
Both procedures require the use of a very high speed simul-
taneous multiplier such as that previously described. A
small amount of additional logic will convert this system
into a divider or square rooter as shown in Figures 21 and
23. As stated, division is carried out by an iterative method.
If the dividend is denoted by A and the divisor by B then
the first step is to make an approximation Q, to the
quotient Q. This first approximation is then multiplied by
the divisor B. The result should be, if the initial choice of
the value of Q; was correct, equal to the dividend A. The
product Q; B is then compared with the dividend. The
result of this comparison indicates whether the value of the
quotient chosen was too large or small, and therefore the
direction of the adjustment that must be made in order to
approach the correct value. A system based on this
principle is shown in Figure 21.

The high speed multiplier uses *S274 ROM look up tables in
conjunction with ’S275 Wallace tree adders and "S181 arith-
metic logic units (ALUs). The quotient register comprises
’S174 and ’S175 D type storage latches. High speed com-
parison of the product QB with the dividend is carried out
by cascaded ’S85 four bit comparators as shown in Figure
22.

The iterative process begins with- a one being
mnserted into the most significant bit location of the
quotient register. Comparison of the dividend with the
product formed by multiplying the contents of the
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FIGURE 20. 16 Bit by 16 Bit Parallel Multiplier
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FIGURE 21. High Speed Divider Block Diagram

quotient register by the divisor can give three results:—

(i) If the product is equal to the dividend then the
quotient is too small. A one is inserted into the next
least significant bit and the most significant bit
allowed to remain.

(i) If the product is greater than the dividend the

quotient is too large. The one is removed from the
most significant bit location and is inserted into the
next least significant bit location.

The above processes are continued until all positions
of the quotient register have been inspected or the
‘divide stop’ condition is reached.

This method will allow the quotient of two 14 bit
binary numbers to be formed in under 2 micro-
seconds.

Binary square rooting may be carried out in a manner
that is almost identical to that used for division. The system
block diagram is shown in Figure 23. As in the divider
example, a one is placed in the most significant digit
position of the output register in which x will be formed.
The contents of this register is the initial value of x. This is
then squared by the high speed multiplier and the result
compared with the input x. The system operation is now
similar to that of the divider previously described.

(i)

INPUTS

MsB) 823 83
a23 ——a3
822 ——{82
22 — a2
821 A
az1 a1 A8 —ne
820 As
Az0 a0
819 a8 85,
t—a-s Les
A a8 ‘585
818 63
g a3
817 82
YL —
816 a8
a6 ——ar ey —
815 ———J80 a8
415 —Jao
B1e 3 85
(—fae 85
A X 585
813 ————Jp3 o [
a13 ————a3 a3
812 ———fB2 ez
212 ————az ouTeuTS
811 ——g) as Al—
an ——ar a8 |—nc a1 A l—
810 ————Bo Y] S p—— ABf—
a1 —so ——f a0
B9 —Ja s o —a e o5
(—ae Les a8 “Les
am—as “ses . 585
88 ——f83
a8 ———Ja3
8 —— 82
a1 ——a2
" — yy—
26— e
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15»: L85
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81— 81 A
A1 ———day A
1Lse) 80 a8
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L—fas -
H—a-8 185
t—ae Se5

FIGURE 22. High Speed Comparison using 4 bit
Comparators

ANALOGUE APPLICATIONS

Up to the present time analogue applications have
been almost entirely the domain of linear circuits. The
availability of large capacity ROMs now means that digital
techniques may be applied to solving complex analogue
problems. As examples of this further use of ROMs/PROMs
two applications are described, analogue transfer function
and trigonometric function generation.
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FIGURE 23. Binary Square Rooter

Analogue Transfer Function Generation

An application which, to date, has been a difficult
operation is that of analogue transfer function generation
e.g. an industrial process employing a non-linear transducer
would probably require the transducer output to be
linearised in order to control the operation. Figure 24
shows, for example, a curve, y=f(x) which needs to be
produced in order to linearise the transducer output. The
method of achieving this is, first of all, to divide the func-
tion up into straight line sections, as shown in the insert, in
a similar manner to the method used when generating func-
tions with analogue techniques. However, using these, one
is probably limited to, say, twenty sections on the curve,
where as with a digital technique several thousand sections
could be used depending on the accuracy required.

AY

y=f(x)

’x

FIGURE 24. Example of Function to be Reproduced

Figure 25 gives the block diagram of a function
generator using linear interpolation. The analog x input
goes through an Analog to Digital Converter (ADC) whose
output addresses two ROMs, e.g. the 32 words x 8 bits
SN7488s or the 256 words x 4 bits *187s, if a fixed func-

102

—x—"—‘ ADC —‘—I——‘

GRAD. CONST.
ROM ROM
DAC DAC

1 1

_ ANALOG | . [anatoc]or
MULT. ADDER [T

FIGURE 25. Transfer Function Generator

tion is required. (Alternatively PROMs such as the 32 words
x 8 bits ’188A, the 64 words x 8 bits *186, the 256 words x
4 bits 3 state *S287 or the 256 words x 4 bits ’S387 could
be used If an easy modification of the function is required
then RAMs such as the 1024 words x 1 bit TMS4063, the
4096 words x 1 bit TMS 4030 or the 256 words x 1 bit
SN74200 should be employed). In the system shown the
gradient of each section of the curve is stored in the first
ROM. The second ROM contains the constant value, k,
which determines the starting point of a section. The out-
puts from both the memories are converted to an analog
voltage by means of Digital to Analog Converters (DACs).
The output from the gradient DAC is then multiplied by
the x input in an analog multiplier whose output is there-
fore the mx term of y=mx+c, the equation of a straight line
adjoining two adjacent turning points. The constant term,
¢, defining the beginning of each section is then added to
the mx term by means of an analog adder. The output of
the adder is therefore y, where y=mx+c, which defines the

output function over each section. Although two ROMs are
shown, it is, in fact, not necessary to use both, as the
gradient can be obtained simply by subtracting k1 from k2
etc.

Trigonometric Function Generation

The system to be described may be used to generate a
time varying function f (t) or a static function f (x) if y is
single valued over the range of interest. Specific values of
the required function are stored in a PROM. Intermediate
values are obtained by interpolation. Most methods of
interpolation require either additional arithmetic elements
or another ROM containing a difference table. The system
shown in Figure 26 linearly interpolates between f (x)
values stored in the ROM by means of a time averaging
technique. In order to average between two stored values of
y to give the correct value of y at X+AX the two y values
are alternately switched into a low pass filter. The ratio of
the times that each value is switched into the filter is
directly proportional to the magnitude of AX. The output
of the filter is therefore a time averaged signal, equal to the
value of Y at X+AX.

With reference to Figures 26 and 27 the system
operation is as follows. The bit address to the SN74186
PROM is obtained from a 6 bit binary adder, the inputs of
which are derived either from an external address input (X)
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FIGURE 27. Graphical Representation of System Operation

Dttt = DX/ (X1 — Xp)
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FIGURE 28. System Logic Diagram

or a 6 bit counter. The carry input Cjy to this adder is
derived from the 4 bit interpolation adder. When Cijp isat a
logical ‘0’ the adder outputs represent X and when at a
logical ‘1’ they represent Xp+1. The time that Cp isat a
logical ‘1’ is determined by the carry output of the 4 bit
interpolation adder. The interpolation adder is fed from
two sources, the AX input (part of the address counter) and
the output of a continuously incrementing counter. If the 4
bit address counter contains zero then no carry output is

produced during a cycle of the incrementing counter, and
the 6 bit address to the PROM addresses Xn. If however AX
was 2 for example, a carry would be produced from the
interpolation adder for 2/16 of the cycle time of the
incrementing counter. The output from the PROM would
be the average 2/16Xp+1 and 14/16Xp. The averaging
circuit may be a simple CR filter utilising the output
impedance of the digital to analog converter as the resistive
component. The complete circuit diagram of the system is
shown in Figure 28.



Sin® (x) No Interpolation (Sin x)/x No Interpolation

Sin® (x) Interpolation and Smoothing (Sin x)/x with Interpolation

Figure 29 illustrates the type of result that may be obtained
using this method of generation.

(Sin x)/x with Interpolation and Smoothing

FIGURE 29. Illustrations of some Functions Generated
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VIII A ZERO CROSSING DETECTOR AND PULSE GENERATOR

by

Jurek Budek

In more recent years, industry has shown itself increasingly
ready to accept power control by solid state devices. Many
innovations have been introduced in the field of switching
and controlling power, e.g., optically coupled triacs with
zero voltage switching and gallium arsenide diode light
source devices!. Furthermore, voltage input phase control
for triacs and thyristors, used in conjunction with burst
firing techniques for transformer and inductive loads,?
enlarge considerably the area in which semiconductors can
be used beneficially.

The advantages offered by solid state switching are
obvious. Mechanical contactors and relays, having moving
parts, are subject to wear and tear and require periodic
maintenance. In addition to the cost of the maintenance,
the inconvenience caused by the interruption of work,
especially in nonattended stations, is another factor to be
considered. A triac, used as a semiconductor switch, has
features which overcome these difficulties and is ideally
suited for frequent operation. It must be remembered,
however, that by using a solid state contactor, complete
isolation is not possible. In fact, a triac inserts into the
circuit a very high impedance when in the * off’ position,
and for complete clectrical isolation, an * off” load switch
is reccommended.

Thyristors and triacs, used in a phase control mode,
produce considerable radio frequency interference (RFI)
due to the step change in current, and the suppression
methods become more difficult and expensive as the load
increases. In domestic appliances, particularly, the RFI is
acute and must be suppressed according to BS 800.

Electric heaters, and other loads with a long time
constant, may be controlled by passing through them a
selected number of full or half cycles. The current then will
be in phase with the voltage and since the switching takes
place at the point where the voltage crosses zero, there will
be no problem of RFI. Such control is called burst firing or
zero voltage switching. Burst firing is not suitable for lamp
dimming (at 50/60 Hz) due to the flicker, or for motor
speed control, or with transformer loads unless certain
steps, which will be explained later, are taken.

The SN72440 zero voltage switching IC is a combina-
tion of a threshold detector and a zero-crossing trigger, i.c.,
it allows a triac (or thyristor) to be triggered when the ac
input signal crosses through zero volts.In this manner, the
load utilizes the full-cycle supply voltage as opposed to the
partial cycle typical to phase control power circuits.

CIRCUIT DESCRIPTION

Besides the zero-voltage detector and differential
amplifier, the circuit includes a sawtooth generator, an

output section, resistors which may be used as a voltage
divider for the reference side of the resistance bridge, and
the active elements of a sawtooth generator. An external
sensor suitable for the application and an external potenti-
ometer form the input side of the resistance bridge.

The SN72440 can be used either as an on-off control
with or without hysteresis, or as a proportional control
with the use of the internal sawtooth gencrator. Although
its principal application is in temperature control, other
uses include photosensitive control, voltage level sensor, ac
lamp flasher, small relay driver, or a miniature lamp driver.

The inhibit function (pin ) prevents any output
pulses from occurring when the applied voltage at the
inhibit input is typically 1V or greater.

The circuit shown in Figure 1 provides on-off tem-
perature control. Electrolytic capacitor C1, maintains the
dc operating voltage; the voltage developed across it is
approximately 12V due to the arrangement of the two
zener diodes, D5 and D6, and the diode D7. The voltage
between pins 1 and 4 will fluctuate with the frequency of
the firing of triac since the energy to fire a triac comes from
capacitor C1. In this circuit configuration, the thermistor
used must have a negative temperature coefficient. During
most of the ac cycle, transistor Q1 is turned on by the
current flow through eitherD1,Q1 and D4 orD2, Q1 and D3
depending on the polarity of the ac voltage between pins 1
and 3. The collector current of QI turns on Q6. With Q6
on, base-drive to transistors Q7 and Q8 is inhibited,
resulting in no output pulses to fire the triac. When the ac
voltage crosses zero, Q1 and Q6 are turned off, enabling Q7
and Q8 to turn on. The current then will flow from the
positive side of capacitor C1 through MT1 and then the
gate of the triac to pin 10 and, via transistor Q8, back to
the negative of the capacitor C1, thus firing the triac. Each
output pulse at every zero-crossing point is either inhibited
or permitted by the action of the differential amplifier and
resistance bridge circuit. The differential amplifier consists
of transistors Q2, Q3, Q4, and Q5 and the resistance bridge
consisting externally of the 8-k§2 thermistor and a 10-k§2
potentiometer and internally two 10-k€2 resistors joined
together by linking pins 8 and 9. As the controlled
temperature begins to rise, the positive voltage applied to
pin 13 increases. The differential amplifier acts to lower the
potential of the base of transistor Q1 enough to allow it to
stay on for the complete cycle, thus inhibiting the output
pulses. Similarly, when the temperature falls, Q1 is allowed
to turn off during zero-voltage crossing points and permits
passage of the output pulses. The width of the output
pulses at pin 10 can be varied within certain limits.
Increasing the value of external resistor R20 will increase
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FIGURE 1. On-Off Temperature Controller using SN72440

the width of the pulses. Typically the pulses are 100 us
with a 33-k§2 resistor, and approximately 250 us with an
82-kQ2 resistor.

It is possible that with only the basic circuit compo-
nents already mentioned, a ¢ half waving > of the triac could
occur, i.e., the triac will conduct in one direction only. This
happens when the ‘latching’ current, which is different in
the direction from MT1 to MT2 than from MT2 to MT1
has not been reached before the triggering pulses disappear.
This ¢ latching-in’ current is a function of the instantaneous
voltage applied to the main terminals of the triac at the
same time as the gate pulses. By shifting the trigger pulses, a
higher voltage can, in effect, appear at themainterminal of
the triac. This is implemented in the circuit, as shown in
Figure 1, by connecting a delay circuit between pins 1 and
3 consisting of a 0.22-uF capacitor in series with a 1-kQ2
resistor.

The circuit shown in Figure 2 provides proportional
control of a heating system. The circuit is basically the
same as Figure 1, with the exception of the sawtooth
generator being included in the overall system.

Transistors Q9 and Q10 are connected as a thyristor in
order to discharge the external capacitor C2 very quickly.
The values shown in the Figure 2 give a sawtooth time
constant of approximately 1.5s, ie., between 10 to 75
times the line voltage period. Although this time constant
can be changed by varying either the external capacitor C2
or the external resistor, it is preferable to vary the capacitor
because too small a resistor value will cause transistors Q9
and Q10 to stay on continuously.

>
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Figure 3 shows the effect of the sawtooth voltage at
pin 13 on the output pulses. At the start of the sawtooth
waveform, the base of transistor Q1 is high and output
pulses occur at pin 10. When the sawtooth voltage reaches a
certain voltage value or above, the Q1 transistor will turn
“on,’ inhibiting pulses at pin 10. Variation in thermistor
resistance, caused by the change in temperature, moves the
sawtooth up and down and thus varies the number of pulses
which appear at pin 10.

TRANSFORMER AND INDUCTIVE LOADS

When a transformer is switched © on’ at peak voltage,
assuming a demagnetized core, EMF must be immediately
established opposing the applied voltage. The flux required
must have a maximum rate of change, i.e., will start to
increase from zero. These conditions are precisely the same
as normal operation conditions, where the magnetizing
current lags the voltage by 90°, (ie., a steady state
condition), hence there are no current transients. Assuming
that a voltage of zero value is applied to the transtormer
throughout the first half period, the voltage is positive and
subsequently the EMF negative, such that the flux for the
first half-cycle must continuously increase. It begins at zero
and reaches double its normal peak at the end of the first
half-cycle. The magnetizing current required to produce
twice the normal flux density may be several times greater
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than the full load current. The severity of inrush current will
depend on the point on the sine wave at which the switch
has been closed.

Consequently, the application of zero-voltage switch-
ing IC to transformer control presents certain problems.
First, the SN72440 device controls the switching in half
cycles and not in full cycles. Therefore the trains of half
sine wave pulses in the burst firing mode may be asymmet-
rical, i.e., they may contain more positive than negative
pulses, which will magnetize the transformer core in one
direction and aggravate subsequent switching conditions.
Second, since the current lags the voltage in inductive loads,
the pulses must be extended, otherwise °latching ’
current can never be reached.

Manual Control

Figure 4 shows a burst firing, manual control for
transformer loads. Basically, it uses the zero-voltage pulse
generator SN72440 with pulses advanced to lead the supply
voltage by 60° by means of a 0.1-uF capacitor in series with
a 1-k§2 resistor connected between pin 3 and the line. In
order to make the differential amplifier less sensitive, and
thus suitable for manual control, 5.6-k§2 resistors were
added between pins 12 and 4, and 13 and 4, and the
external thermistor replaced by a 10-k€2 resistor. Connect-
ing a 0.022-uF capacitor between pin 3 and S inhibits every
second pulse, thus generating one pulse every full cycle. For

isolation purposes, the output from pin 10 is applied to the
SN7413 Schmitt trigger IC via a pulse transformer.

The Schmitt trigger is used to improve the system
noise immunity, as well as to decrease the rise time of the
pulses which are applied to the SN74122 retriggerable
monostable IC. By adding external timing components, i.e.,
a 2.2-uF capacitor between pins 13 and 11 and a 33-kQ
resistor between pin 13 and the positive rail, the output
from the monostable will maintain the positive extended
pulse as long as the input pulses are applied every 20 ms. Its
output, pin 8, is then connected to the gate of the triac via
two 2N3708 transistors connected as a Darlington pair.

By varying the 5-kQ2 potentiometer connected to pin
13 of the SN72440, burst firing control can be achieved.
Figure 5 shows some of the oscillograms of the primary
current of a transformer with an 0.8 power factor load and
illustrates that a wide range of control has been achieved,
from one cycle to continuous control. The first pulse of the
current is always less than steady state and the number of
positive and negative pulses is equal.

Automatic Control

For automatic temperature control of the transformer
load, the manual operation circuit of Figure 4 must have
some modifications made to it, i.e. the 10kQ resistor is
replaced by an 8-k§2 negative coefficient thermistor, a
10-k2 potentiometer takes the place of the 5-k§2 potenti-
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FIGURE 5. Oscillograms Illustrating the Control Range

ometer and 3.3-k€2 resistor in series, and the two 5.6-k2
resistors are removed.

Figure 6 shows some of the oscillograms taken on the
primary side of a transformer with 0.8 power factor
inductive load. Figure 6(a) gives the switching point of
the mains supply, triggering pulses advanced approximately
60°. Figure 6(b) shows the transformer primary voltage
and current lagging it by 30°. Figure 6(c) gives primary
volts and current simultaneously when switched on. In
order to maintain a continuous pulse from the retriggerable
monostable IC, the output pulsewidth, ty, must be longer
than 20 ms, i.e., the time interval of the input pulses.

The pulses, however, must not be too long, otherwise
asymmetrical operation will take place. The pulses must be
with the limits:

20 ms <t, <20 ms +(a +¢)
where pulsewidth, ty» =032 Rextcext(l + 0'7/Rext) ns
(from data sheet)

Reyt isin kQ
Cext in PF

a is advancement of the pulses in ms

¢ is the lagging angle between current and FIGURE 6. Oscillograms Illustrating
voltage in ms. Voltage and Current Waveforms
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IX A DOUBLE BALANCED MIXER

The process of mixing two signals of two different
frequencies to obtain a third signal is a widely used
function in all types of communication system. With the
widespread use of the single side-band suppressed carrier,
(SSB), type of transmission the demand for circuits to per-
form this function is increasing. In a SSB system the
frequency conversion process must be accomplished by a
mixing or heterodyning action, rather than the frequency
multiplying process which would result in a loss of the
original modulating signal plus increased unwanted distor-
tion products. In many respects the processes of modula-
tion, mixing and detection are basically the same; their
requirements and circuit analysis are very similar. They
operate on the basic principle in which two signals of
different frequencies fo and fg are applied to either one or
two input ports. The output signal is a complex function
best expressed by a power series such as:—
Eout =a *+a,Vin +a, V3ip + a5 V3jp

ta, A in ... (1 )
The series and its expansion is covered in detail in Chapter
XiI.
A mathematical expansion of this expression involving the
two input signals of frequency fy and fg will show the
following products in the output:
fo, fs
fo £ fs
26 £ £y, fo £ 2fg
3fg * fs, fo + 315
4fy fs, fo +4fy  and soon.
The order of the product nfy + mfy is defined as the sum of
n + m. Generally, the strongest components are the lower
order products. As such, only these are considered to be of
importance. Since the desired output is either the sum or
difference frequency fo * fg, all undesired components
should be eliminated.

The attenuation of these undesired components is a
major problem in the design of mixers and modulators.
Often, mixer and modulator circuits are followed by filters
or tuned circuits which attenuate those frequency com-
ponents outside the desired pass band range. This method
of attenuation is adequate for attenuation of high order
products and other components outside the desired pass
band. However, some of the odd order intermodulation
products fall inside or very close to the desired pass band.
Their attenuation is primarily a function of the mixer itself.

Balanced modulator mixer circuits have the advantage
of suppressing one of the input signals, usually the carrier,
and also cancellation of harmonics of the same by applying
two signals equal and opposite in phase to each other at the
output. In the double balanced mixer, this is extended to

include both input terminals. The degree of attenuation is
dependent upon the balance of the two output signals. If
both signals are equal and opposite in phase, maximum
cancellation occurs. Balance can be achieved by matching
components. Since this is impractical when using discrete
components one or more adjustment controls, such as
variable capacitors or resistors, can be used to offset the
balance due to mismatch in components.

Although discrete component matching is imprac-
tical, component matching can be achieved by using inte-
grated circuit techniques. A balanced modulator/mixer
circuit is ideally suited to integrated circuit design since its
power and voltage requirements are not high and no tuned
circuits are necessary for obtaining the desired balance. A
monolithic integrated circuit that has been developed to
perform as a double balanced modulator or mixer will, in
general, require no controls to achieve balance. Such an
integrated circuit could be produced with seven matched
transistors and resistors as shown in Figure 1, i.e. the
SN56/76514.

CIRCUIT DESCRIPTION

Since component matching is achieved with inte-
grated circuit techniques, a high degree of cancellation of
undesired frequency components in the output signal is
obtained. The device has three inputs and two separate
outputs available. Other points in the circuit are brought
out for a.c. bypassing and power supply connections. The
circuit offers a definite size advantage over discrete com-
ponent systems. No external adjustments are necessary to
meet most of the required attenuation and isolation specifi-
cations. The device consists of two cross-coupled
differential amplifiers, the tails of which are driven by a
third differential pair. Transistors VT1 and VT2 form a
differential pair for one input signal whilst transistors VT5
and VT6 form a single ended input stage for the other
signal. The device operates as a double balanced system in
that both signal inputs are balanced out and appear greatly
attenuated at the outputs. The collectors of VT1 to VT4
form the output connections where signals are available in
push-pull or single ended form.

D.C. Characteristics

The circuit may operate from a single supply or two
separate supplies. Maximum supply voltage is 15V (single
ended) with a typical operating range of 10 to 12V. The
bases of transistors VT1/4 and VT2/3 form the differential
connections for one input signal. If single ended operation
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is required, the unused bases should be bypassed to ground
by a capacitor, the size of which depends upon the fre-
quency of operation. The base of transistor VT6 is
decoupled for both balanced and single ended operation.
A.c. coupling should be used to both inputs and outputs to
prevent d.c. unbalance in the circuit. Particular care is
required when operating a device at low frequencies as the
coupling capacitors will usually be of the electrolytic type
and leakage in the input capacitors will degrade the balance
in the circuit. This still applies if the signal inputs operate
around earth potential. A.c. coupling is still required but
leakage problems will be minimised.
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FIGURE 1. Internal Circuit Diagram of the SN 56/76514
Double Balanced Mixer

A.C. Characteristics

The device was designed to present a low impedance
at the inputs. This is nominally 50 Q for the signal and
600 Q for the oscillator inputs for the circuit of Figure 1.
Table 1 shows the variation of the real part of the single-
ended input impedance with frequency.

Table 1
Frequency Local Oscillator Input | RF Input or Decouple 2
MHz Q Q
5 63 530
10 62 450
50 68 360
100 80 290

The output impedance of the mixer is dependent upon the
operating frequency and the- collector load resistor, RL.. A
600 €2 resistor is supplied on the chip. This value can be
reduced by externally connecting a resistor in parallel from
the + V¢c supply to collector. The relationship between
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the load resistor R and frequency of operation can be seen
from the following equation:—

fmax = 1/2.1.RL.Cm

where Cpy, is the input miller effect capacity and is given
by:

Cm=CBE.RL/RE

The circuit of Figure 1 will operate satisfactorily up to 150
MHz. Depending upon the required signal isolation and
conversion gain it may be used at higher frequencies.
Conversion gain is a function of the oscillator voltage level
as related to the desired output signal. A large oscillator
voltage will give good conversion gain but the odd order
intermodulation products will be higher. A low oscillator
voltage results in poor conversion gain, poor noise figure
and therefore relatively higher feedthrough ratio. The
derivation of the transfer characteristic of the device shows
the output, Vg, to be:—

Vo =— 600 (0.018) e, tanh (38.e,/2)

for the on-chip loads of 600 £2, where ¢, is the RF input
voltage and e, is the oscillator input voltage.

APPLICATIONS

Mixer

One obvious use of the device is as a mixer, where a
carrier fo is mixed with a signal fg. The desired outputs are
fo * fs. However, as a result of the deficiencies in the
mixing process other outputs are produced. Generally, the
higher the order of the intermodulation product, the lower
the amplitude.

The curves given in Figures 2, 3 and 4 illustrate the
performance of the SN56/76514 double balanced mixer as
a frequency converter using the input frequencies of 1 MHz
and 10 MHz. These measurements were made with a filter
in the 1 MHz input. This improves the level of harmonic
distortion present at the input to better than 90dB down
on the wanted sideband. This was necessary to give accurate
results for the intermodulation product measurements.
Figures 2 and 3 are graphs plotted relative to mean side-
band levels. A large number of results have been included
because it is not easy to characterise a device such as a
mixer, which operates over a wide range of input
frequencies and levels. It can also be seen that the user must
make a compromise between the levels of intermodulation
products at the output and feed-through from the input
that he can tolerate. Due to the inherent matching between
the circuit elements produced by the monolithic integrated
circuit process, the circuit has a good performance as it
stands with regard to intermodulation products and feed-
through of input signals. Good thermal matching is also
achieved because the elements result from the same
diffusion processes and are in close physical proximity to
one another. However, the performance can be improved
by the introduction of a small d.c. differential off-set
current to the upper long tailed pairs (VT1 to VT4). The
current required is small, being typically of the order of a
microamp. The effect of this off-set current which is
applied to the RF input, can be seen in Figures 2, 3 and 4.
The input-output characteristics of the device when used as
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a mixer show that good linearity is preserved up to about Figure 6 shows the well-known bow-tie linearity dis-

100 mV peak to peak. A typical spectrum analysis of the play, showing how the output voltage amplitude varies
output of the device when used as a frequency converter is linearly into input voltage. The modulating voltage is the
shown in Figure 5. 50 mV peak to peak at 10 MHz is horizontal axis and the output of the device, push-pull
applied to the RF input and 250 mV peak to peak at 1 across 600 £, is the vertical axis. Input voltages are 100 mV
MHz applied at the oscillator input. The vertical scale is peak to peak in both cases.

logarithinic (in dBs).

2 T "
10MHz 10dB/DIV 20MHz

FIGURE 5. Spectral Analysis of Mixer Qutput FIGURE 6. “Bow-tie” Display Showing Device Linearity
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FIGURE 7. Performance of a Frequency Doubler

Frequency Doubler

When the SN56/76514 is used as a frequency doubler
the principle employed is that of a multiplier where the
same frequency is applied to both input terminals. No
tuned circuits are employed and Figure 7 shows the varia-
tion of harmonic content in the output waveform with
input voltage level relative to twice the input frequency.
The user must make the compromise between the tolerable
level of 1 MHz component and, in this case particularly, the
4 MHz component. Alternatively, whilst applying the same
frequency, different levels can be applied to the input
terminals. It has been found that an attenuator placed
between the RF and local oscillator inputs, the signal input
being applied to the oscillator input, has an effect on the
higher harmonics. Figures 8 and 9 show the effect of this
attenuator. In the first case (Figure 8) the 1 MHz
component is 40dB down on the wanted 2 MHz com-
ponent; in the second (Figure 9) with the attenuator, this
has been reduced to 30dB down, but it will be noticed that
the third and fourth harmonics are down on their former

1 2 3

4 Mst

FIGURE 8. Spectral Analysis of Frequency Doubler
Operation Without Attenuator
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FIGURE 9. Spectral Analysis of Frequency Doubler
Operation With Attenuator

values. The value of the attenuation required is roughly
10dB but this has to be the subject of the individual appli-
cation if the optimum performance is to be obtained. The
attenuator is required because the RF input will tolerate a
lower level of input signal than the oscillator input because
of the presence of the emitter resistors in the lower long
tailed pair VT5 and VT6. Figure 10 shows the input
(bottom trace) and output (top trace) waveforms. Because
the device is of monolithic integrated construction, there is
no reason why the phase balance should not be good and
therefore the phase relationship between input and output
waveforms preserved over a wide frequency range. It should
be noted that when using a device in a doubler application
the use of the balance control to apply a small d.c. differen-
tial offset between the bases of transistors VT1 and VT3
improves the performance considerably, particularly with
regard to fundamental feed-through. Differential d.c.
current into these bases is typically in the microamp region.
The effect of this current is shown in Figure 7. Figure 11
shows the variation of the twice frequency component.

FIGURE 10. Input and Output Waveforms
of Frequency Doubler
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Analogue Multiplier

The frequency doubling technique described pre-
viously is a particular case of the use of the double balanced
mixer operating as a linear multiplier. The equation of the
transfer characteristic of the device may be expressed in the
form:
Eout =K, .e; .tanh K, .e;
where K, and K, are constants and e; and e, represent the
input at the signal and oscillator ports respectively.
If the. input signal is applied to the oscillator and the bases
of transitors VT2 and VT3 with the RF input grounded to
a.c. then the phase of the output signal is reversed. For
small values of u, tanh u = u, and the device will act as an
analogue multiplier. Thus in the previous case of the
frequency doubler:
Eout = a2 sin? wt

=a? (1 — cos 2wt)/2

Thus in the output there exists a d.c. term and a term at
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