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1 Lecture E – Multiplexers, ROMs and PLAs

1.1 Introduction to electronic integration

So far, we have looked at simple circuits with only a few gates, consider-

ing how they are connected together to perform a particular logical function.

Modern-day digital electronics is not like this. Electronic engineers normally

develop complex circuits using sophisticated design tools, and are increasingly

moving away from schematic diagrams of interconnected gates towards high

level software languages1.

It is more cost-effective for circuit designers to rely on the preciseness of a

computer language for describing their designs rather than drawing large num-

bers of wires and transistors. With this approach, entire sections of complex

circuitry can be brought together into a large-scale integrated circuit.

Outside of the major manufacturers of large-scale integrated circuits such as

Intel, there is still a need to go down the traditional route of designing a

printed circuit board and building up the circuit complexity by connecting

relatively simple integrated circuits together. These simple building blocks

may be groups of NAND gates, flip-flops, simple arithmetic units, logic arrays,

etc. The progression is from “small-scale integration (SSI)” to “medium scale

integration (MSI)” and then onto “very large scale integration (VLSI)” (where

the Intels of this world operate) and towards ULSI. In this lecture, we will

consider medium scale integrated circuits. A rough definition of MSI chips

would be a single integrated circuit containing up to a hundred gates or so,

which might provide the basic building blocks for connecting large sub-units in

a computer together.

1.2 Multiplexers (MUX)

Very often in electronic circuits it is necessary to route just one particular data

path onto the next stage in the circuit. A multiplexer is a circuit component

that performs this task. It has a number of data input lines, usually a single

1An example is VHDL, which describes operations on data rather than the hardware to achieve

them, then allows automated derivation of that hardware.
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data output line and the appropriate number of bits for selecting which input is

directed towards the output. It is analogous to a telephone exchange, whereby

the data that gets through to a destination is determined by the switch settings

at any of the multiplexers present in the data path.

The following circuit is a typical multiplexer where one of four inputs, D0, D1,

D2, D3 are chosen by setting the inputs A and B according to the logic

D = A.B.D0 + A.B.D1 + A.B.D2 + A.B.D3 (1.1)

Four-input multiplexer

The standard way of representing such a multiplexer in a schematic circuit

is shown below. Note that the lines A and B can be considered as address

lines, represented collectively in this case as G. The 0/3 notation refers to the

addressable space, i.e. 0-3 selectable lines. De-multiplexers are circuits which

perform exactly the reverse function.

Schematic circuit for a four-input multiplexer
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1.3 Read only memory (ROM)

A Read Only Memory is used for permanent data storage. The data to be

stored in a ROM must be decided before it is manufactured as the binary data

is encoded into the photolithographic masks that are used in semiconductor

device fabrication. As this is an expensive process it is only really economical

for mass production. It is also important that the stored data has been proven

to be correct before mass production begins.

PROMs are programmable ROMs where the storage elements are fusible links

that can be “blown” by applying electrical voltages to the device terminal

(when in write mode). Once these links have been fused, the data is fixed

and cannot be changed. These components are relatively cheap and ideal for

designs with a smaller target market.

EPROMs, “Erasable PROMs”, are a step further. They tend to rely on charge

storage effects in MOSFETs which act in a similar fashion to the fused links

in the ROM. When the EPROM is exposed to UV light, the data can be

erased and the EPROM re-programmed. EEPROMs or Flash-EPROMs are

electrically erasable devices and are ideal for prototyping software or retaining

information that changes infrequently. All of these devices can be referred to

as ROMs.

1.3.1 Structure of a ROM

A ROM is a look-up table, with every data entry considered to have a unique

identifiable address. If the data held in the ROM corresponds to a 16-bit word,

then the data output line is 16 bits wide. If the ROM contains a total of 1024

such data words then it must have sufficient input lines to be able uniquely to

select any one out of the 1024, i.e. the ROM must have a 10-bit address. Thus,

if a ROM has n input lines and m output lines, then it will have 2n separate

addresses, with an m-bit word stored at each address. Within the ROM, all

possible address values must be decoded which, for some applications, might

be an inefficient approach.

As a trivial example, consider a 3-input, 2-output ROM. The inputs are labelled
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Ai, i = 0, 1, 2, and the outputs are labelled Di, i = 0, 1. There are therefore

23 possible input addresses, each corresponding to a 2-bit output. The table

here is an example in which the 2-bit data stored are 10, 11, 01, 01, 10, 00,

10 and 11, starting at address 0 and finishing at address 7.

A2 A1 A0 D1 D0

0 0 0 1 0

0 0 1 1 1

0 1 0 0 1

0 1 1 0 1

1 0 0 1 0

1 0 1 0 0

1 1 0 1 0

1 1 1 1 1

Map of the contents of an 8 address, 2-bit ROM

The above is a map of the memory contents of the chip. The columns D0

and D1 may be considered either as a 2-bit stored word, or as a pair of logic

functions:

D0 = A2A1A0 + A2A1A0 + A2A1A0 + A2A1A0

D1 = A2A1A0 + A2A1A0 + A2A1A0 + A2A1A0 + A2A1A0

Here the logical expressions for D0 and D1 are given in their sum of products

form (each product term being referred to as a minterm – see Lecture B). Each

of the minterms must be decoded within the ROM and its contents configured

to provide the relevant data. We can thus break down the internal structure

of the ROM into three components:

1. A Decoder: This has n input lines and 2n output lines. Decoder line i is

set to logic 1 when the input lines encode the binary number i.

2. A 2n × m matrix of switches that store the individual bits (i.e. the ROM

contents). Row i of the matrix is switched on by line i from the decoder.
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3. An output stage which ORs the outputs from each column of the switch

matrix to generate the required output functions.

An illustration of the workings of a ROM is given in the figure below.

Output matrix for a simple ROM or EEPROM

The figure shows a 3-to-8 line decoder which handles the addressing. Only

the lines and switches corresponding to decoder lines 0, 1 and 7 are shown -

the others are represented as dots. The details of how the internal switches

and the output section are built are outside the scope of the course, but for

those interested a possible realisation using a “wired-OR” implementation is

shown in Figure 7.20 in Hill & Peterson and can also be found in other text

books.
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1.3.2 The decoder

It is possible to buy ROMs with a large number of inputs, say greater than 12.

This results in a very complex decoder with a large number of gate inputs. The

example given in Hill & Peterson describes a 12-input ROM – a device with

4096 addresses. The decoder would then require 4096 12-input AND gates to

implement all the minterms.

A more efficient decoding strategy is to break the input lines into smaller

groups, say three inputs per group, and then further decode the resulting

groups. (A detailed account of this is given e.g. in Hill & Peterson Section 7.3,

particularly Figure 7.17).

1.3.3 Uses of ROMs

As ROMs store data in permanently configured hardware, the data is regarded

as being non-volatile. This means that the data remains uncorrupted when

power is lost. Most computers contain boot PROMs, which contain the initial

instructions that a computer must carry out when switched on. The data

contained in such chips corresponds to very simple instructions that usually

allow the computer to load its operating system from disk or a network.

As a ROM fully decodes a logic function into its minterms, i.e. it implements a

truth table by brute force, it is generally considered to be an overkill to use one

to implement a relatively simple logic function. However, its ability to store a

large number of words of data means that it is an efficient code converter.

A common example used is that of the truth table for a BCD to seven-segment

conversion. A seven-segment display is the typical display seen on digital

watches or cookers that display digits by lighting (or blocking out) the correct

bars from the pattern of 8 shown in the figure below. A ROM is thus able

to take the output from a simple counter and drive a complex display device

directly.
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7-segment display configuration

1.3.4 ROM programming example

A 3-bit counter cycles continuously through the sequence

0, 1, 2, 3, 4, 5, 0, 1, 2, . . .

changing to the next number every 10 seconds. Clearly, the 3-bit counter can

count from 0 to 7 (8 values encoded by 3 bits), but the numbers 6 and 7

are not used in this example. We will design a PROM program that has a

3-bit binary number as its input and drives a seven-segment output display. If

the number 6 or 7 occurs, only the central segment lights up, indicating an

error.

First, we need to work out which segment needs to be driven for each input

count.

Count Segments

0 a, b, c, d, e, f

1 b, c

2 a, b, g, e, d

3 a, b, c, d, g

4 f, g, b, c

5 a, f, g, c, d

6 g

7 g
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We need a 3-input, 7-output PROM. Label the inputs as A0, A1, A2 (address)

and the outputs as a, b, c, d, e, f, and g (D6 to D0). Assume that the count

is represented in straight binary. This then leads to the following truth table

for the PROM:

A2 A1 A0 a b c d e f g

0 0 0 1 1 1 1 1 1 0

0 0 1 0 1 1 0 0 0 0

0 1 0 1 1 0 1 1 0 1

0 1 1 1 1 1 1 0 0 1

1 0 0 0 1 1 0 0 1 1

1 0 1 1 0 1 1 0 1 1

1 1 0 0 0 0 0 0 0 1

1 1 1 0 0 0 0 0 0 1

1.4 Buses and tri-state outputs

A major factor in the cost of an integrated circuit is linked to the number

of input and output pins that are required to achieve its functionality. Often

the size of the silicon chip is dictated by the size of the peripheral frame that

encloses the core circuitry. The peripheral frame contains the bond pads and

protection circuitry for these interconnections to the outside world.

Similarly, in the design of a printed circuit board with many components, the

routing of data and power lines can be an intractable problem. Even when

utilising both sides of the printed circuit board for electrical connections, it is

necessary for integrated circuits to share connections. These connections are

called buses, and typically there are 8, 16, 32 or 64-bit buses for carrying data

and address lines.

Bus conflicts will occur if several integrated circuits, connected to the same

bus, try to change the logic values simultaneously. For example, a ROM chip

and an ALU (Arithmetic Logic Unit) chip will probably share the data bus, but

only one of these devices at any time should be allowed to output data to the

bus. Think of what would happen if the ROM was driving all the data bus bits
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to a logic 1, whilst the ALU was trying to put all logic 0’s on the bus. The

potential difference between these outputs would cause currents to flow and

the actual logic values taken by the data bus would be undefined.

The simple solution to this problem is to have a third logic state, implemented

in the hardware of the integrated circuit. Devices that use this approach are

described as having Tri-state outputs. The output can then take one of the

following states: logic 0, logic 1 or high impedance. When the output is in

the high-impedance state, the integrated circuit is effectively isolated from the

rest of the circuitry on the printed circuit board.

An illustration of how this functions is shown in the following figure. The actual

implementation is achieved with MOSFETs if CMOS technology is being used

(e.g. see Lecture A).

Diagrammatic version of a 3-state output – the

third state is accessed by opening both switches

The figure above shows a representation of a tri-state logic output stage.

The top switch being closed, with the bottom switch open, corresponds to a

logic 1 at the output. The top switch open, with the bottom switch closed,

corresponds to a logic 0 output. When both top and bottom switches are open,

this corresponds to a floating output – the high- impedance state in which the

gate does not affect the voltage of the output line.
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1.5 Chip Select and Output Enable

Most complex logic chips such as ROMs or RAMs (Random Access Memory)

have two control line inputs, one being labelled Chip Select, the other usually

being labelled Output Enable. Chip Select can be thought of a turning on the

input sections of the chip whereas Output Enable connects the output section

to the external pins. Both Chip Select and Output Enable must be asserted

for data to be read out of a memory chip.

The following figure shows a common circuit symbol for a 256 x 8-bit ROM.

A 256 address 8-bit ROM

The ROM symbol has small triangles drawn against its outputs – this indicates

that these are tri-state outputs. The small square in the bottom left hand

corner is the symbol for an AND function and indicates that the inputs at its

side must both be true for the whole chip to function and for the tri-state

outputs to exit the high impedance state.

The control input CS1 is active low, which means that it must be a low voltage

to achieve its required function – this is indicated by the small triangle (some-

times a circle) drawn just above its input line and the bar above CS1. Such

active low signals are often used as chip selects. The other control input CS2

effectively acts as an output enable. If CS1 has a low voltage applied to it and

CS2 a high voltage applied to it, the ROM will turn on and drive the 8-bit data

bus connected to outputs D0 to D7.

Chip Select is there to switch off the input decoding of the address lines (which
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may be changing for other reasons). In CMOS circuitry, power is consumed

only when the gates are changing state, so it is wasteful of power to allow the

chip to be continually decoding the address inputs unnecessarily.

1.6 Programmable Logic Array (PLA)

It was stated earlier that a ROM is a highly inefficient implementation of a

logic function. This is because a ROM has to decode all the address lines fully

in order to map all the inputs to the outputs correctly. This can take several

layers of gates, which is an inefficient use of silicon chip area. It adds to the

heat dissipation and introduces unnecessary propagation delays.

A Programmable Logic Array differs from a ROM in that the input decoder

is uncommitted and may be programmed using a matrix of fusible links. In

order to program a PLA one must define both the decoder and output stage

connections. The electrical connections are indicated by a set of X’s placed

on the input and output wire matrix. Only where an X occurs should it be

assumed that an electrical connection exists. A simple decoder “program” is

illustrated below.

Simple decoder implemented using a PLA
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The above is a schematic representation of a programmed PLA. Each AND

gate in the decoder may be driven by up to 6 inputs, formed from the inputs

A, B, C, and their complements. A single line is drawn to represent each of

these 6 inputs. Each OR gate has 4 inputs, each input corresponding to an

AND gate in the decoder. The chip has 3 external inputs and 3 outputs. The

chip thus provides three logic functions f1, f2 and f3, each being functions

of 3 external inputs. The number of AND gates in the decoder governs the

complexity of the logic functions that can be obtained. If we needed to decode

the input functions fully, the chip would need eight 6-input AND gates and

would effectively be identical to a PROM (giving no saving).

The crosses indicate the connections chosen in this case, each cross denoting

a connection. The logic functions implemented are thus:

f1 = AB + ABC

f2 = ABC +BC

f3 = ABC + C

(1.2)

Referring back to the figure, the region to the left of the AND gates is often

referred to as the AND-plane, and that to the right as the OR-plane. The

AND-plane essentially constructs all the necessary minterms and the OR-plane

sums the required minterms to create the function.

The availability of cheap PLAs has given a huge boost to the production of

electronic circuit boards, especially for small- to medium-sized companies. Es-

sentially they allow large array circuits carrying a significant amount of discrete

components to be shrunk into one or two chips, with all the logic functionality

programmed into the array.

An extension of the PLA is the Field Programmable Gate Array (FPGA), the de-

tails of which are beyond the scope of this course. They are extremely popular

as a circuit design approach that offers flexibility with a high level of sophistica-

tion. Normally a designer uses a computer package (XILINX is a key software

supplier) to enter and check an electronic design, which is then programmed

directly into the FPGA device using programming hardware connected to the

computer’s parallel port. Most modern FPGAs can be reprogrammed.
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2 Lecture F – Memory, latches and clock mode circuits

2.1 Introduction

Up to this point all the circuits considered so far can be regarded as combina-

torial, which means that the individual logic gates are not synchronised in any

way. This can sometimes lead to glitches in the final output of the circuit if the

paths to the final output have different numbers of layers of gates, and hence

different delays (race hazards). This can be troublesome when designing large

complex circuits that need to operate quickly.

Control of the circuit timing is introduced through the use of a centralised

clock, acting like a heartbeat for the whole of the circuitry. At first this

might appear to slow everything down, but clock rates of several GHz are now

realisable, which would have seemed unbelievable only a few years ago.

The starting point for designing circuitry that can be “clocked” is to introduce

feedback, such that the output of a logic gate is connected to its inputs –

which thus influences the output again. To analyse such a circuit’s behaviour,

the passage of time needs to be taken into consideration.

The idea of using feedback to ensure that the time evolution of a set of logic

gates follows a desired sequence in response to external stimuli is fundamental

to the design of digital computers. The analysis and design of such circuits

will be the object of the rest of this course on sequential logic.

2.2 Memory – the SR latch

Consider an OR gate with feedback as shown below:

OR gate with feedback
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The equation governing the behaviour of this circuit is

Bn+1 = Bn + A

where the (n + 1)st point in time follows the nth point in time. The truth

table associated with the circuit is as follows:

A Bn Bn+1

0 0 0

0 1 1

1 0 1

1 1 1

If it is assumed that the circuit has been powered up so that the output is 0 and

the input is 0, then the output will stay at 0 for all time. If the input changes

from 0 to 1 at any time, then the output will respond by changing from 0 to 1.

However, once the output is 1, then the feedback ensures that one of the inputs

to the OR gate is a 1. Thus, the output will stay at 1. There is thus an order

of events that will lead to this circuit changing its output. The dependency on

the order of changes in logic levels may be shown on a logic-timing diagram,

which illustrates the edge dependencies of this circuit.

Timing diagram showing edge dependency – in a real circuit

there will be a short delay between A and B changing

This circuit has a single binary output and therefore just two output states,

i.e. 0 or 1. It is an example of a very simple latch, a circuit used to store an

event. The output of the latch is said to be either NOT SET (for logic 0) or

SET (for logic 1).
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We can see from the truth table that once the input A has changed from logic

0 to logic 1 the output becomes SET and cannot be NOT SET by changing

A. This is due to the effect of feedback. This sort of circuit is therefore useful

for recording that a single event has occurred; it has “memory”. However, it

would be much more useful if it could be RESET in some way.

This can easily be achieved by introducing a mechanism to drive the feedback

signal to logic 0 (thus removing its influence). Consider the logical expression

for this, assuming that we have added another input called RESET:

Bn+1 =
(
Bn AND NOT(RESET)

)
OR SET

= Bn.RESET + SET

or, equivalently

Bn+1 = (Bn +RESET) + SET

which implies

Bn+1 = (Bn +RESET) + SET (2.1)

where De Morgan’s law has been used to convert ANDs into NORs. We now

have a useful latch made from 2 NOR gates, shown below, that can be set

and reset at will.

Modified latch

This circuit may be further re-drawn to emphasise the nature of the feedback

circuitry. Output B is renamed Q (the standard letter used to label a state

output). The “inverted” B signal is also generated as an output NOT(Q).

This implementation of a latch is known as the SR latch; it is shown here with

NOR gates, but it can just as well be implemented with NAND gates (although,

of course, the latter implementation will have a different truth table).
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The SR latch (NOR gates)

The SR latch (shown above for a latch implemented with NOR gates) has a

truth table which is different from what we have seen up to now with combi-

natorial circuits. The feedback introduces time ordering, and so we need to

consider the output Q in an ordered fashion. Qn is considered to be the cur-

rent value of Q, and Qn+1 represents the next state. We see that it is possible

to SET and RESET the output by choosing correct values for both S and

R. The X in the table, for S = R = 1 indicates a problem with this simple

circuit. It is not possible simultaneously to SET and RESET the output, and

if this were tried the output would be unpredictable (in fact it could end up

oscillating between the two possibilities). This input option is considered to

be not allowed.

S R Qn+1

0 0 Qn

0 1 0

1 0 1

1 1 X

The SR latch is a basic memory element and there is a whole family of latches

based on this simple circuit.

2.3 Transparency

As the input values to the latch get modified, the output will change as quickly

as the gates can respond. For such simple circuits this is typically a propaga-
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tion delay of the order of a few nanoseconds. This type of response to the

input data, being independent of a system clock for example, is referred to

as transparency and therefore this device is sometimes called a transparent

latch.

On its own this delay isn’t a huge problem but with a lot of latches and gates

combined this slightly asynchronous behaviour can lead to problems. For this

reason, many complex logic circuits are synchronised using clock signals (see

the next section).

2.4 The clocked master-slave flip-flop

In the Introduction, we mentioned the problems that arise if the propagation

delays in circuits are not accounted for. What is needed is synchronisation of

the circuit(s) into discrete time slots, using a system clock. We will show how

the SR latch of the previous section can be used to build clocked circuitry.

Suppose one wishes to transfer data between two latches in a controlled man-

ner. As an example, suppose we wish to transfer data into SR latch number 1

and then into SR latch number 2, as illustrated below.

Two transparent SR latches connected together

The square boxes with S and R inside them are standard symbols for an SR

Transparent Latch (yes – it’s not very imaginative), the inverting output being

denoted by a small circle. The input to latch 1 will appear at the output

latch 2 after an uncertain set of gate delays inside the circuit. What is needed

is some means to control the interaction between the two latches, and make

their responses time ordered. Using a clock signal that repeats in an ordered

fashion it is possible to synchronise the latches. The circuit below, a Master-



Lecture F – Memory, latches and clock mode circuits 20

Slave SR flip-flop, achieves this objective by using AND gates to synchronise

the changing inputs to the latches. Note that the term “flip-flop” (which was

presumably chosen as the device can “flip” into one state and then “flop” back

to another) is used to refer to circuits that change output state at a clock edge,

whereas term “latch” is used to describe a transparent device.

A Master-Slave SR flip-flop

In the above circuit, the Q2 outputs only change when the clock makes a

transition from logic 1 to logic 0. (Of course, the actual change occurs after the

normal propagation delays). This means that a mechanism for synchronising

the circuit with a clocking signal has been achieved.

We can see how this works by considering the operation of each transparent

latch as the clock input takes different values. First let us assume that the

clock is at a logic 1 level. For this case the latch on the left is exposed to the

set and reset inputs (as the AND gates pass along the digital values). So, the

first latch responds according to the earlier truth table.

However, because of the inverter in the clock path, the right latch is isolated

from the changes to Q1 and as S = R = 0 there is no change in Q2. Only

when the clock goes to logic 0 does the Q data pass along and Q2 is affected

in the normal manner. So, the overall output only responds to the input data

once the clock signal has gone low. The first latch is considered to dictate the

operation of the second latch and hence the term Master-Slave is commonly

applied.
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As Master-Slave devices are a standard building block, there is a standard

diagrammatic representation as shown below.

Master-Slave SR flip-flop symbol

The 1S and 1R denote that the device depends on a control input number 1.

C1 denotes the connection for the control input (clock) number 1 and the ⌝

symbols on the outputs indicate that this is a Master-Slave device and that

the outputs change on the falling clock edge.

You can build a lot of interesting logic using SR latches but more often than

not one finds a different type being used for large scale computer memories –

the D-type latch.

2.5 The D-type latch

An important type of latch is called the D-type latch, where the “D” stands

for “data” (but a few people say “Delay”). It is central to most digital designs

that rely on storage of data or states. The D latch can be constructed using a

simple SR latch as in the following diagram. Here, the SR latch is given in its

NAND equivalent form. This is an SR latch on the right hand side with some

extra logic driving it. There are still two inputs, the D “Data” input and the

Clock (CLK).
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NAND SR latch implementation of a D-type Latch: the two NAND

gates on the left generate the S and R inputs of the SR stage

The NAND SR has a slightly different truth table from the NOR version with

0,0 being the invalid input state. The logic on the left hand side here is used

to ensure that, should D be high when the clock pulse occurs, then the latch

gets set high. Alternatively, if D is low it gets set to low (reset).

NAND SR latch with truth table

(http://hyperphysics.phy-astr.gsu.edu/hbase/electronic/nandlatch.html)

The truth table for the D latch becomes simple, with the Q output taking on

the value of the D input whilst the clock is at logic 1. This is an important

feature of a latch. Whilst the clock is high the output is free to change. When

the clock goes low, the output remains constant and “holds” the last D value

observable at its input. The truth table and symbol for the D latch is shown

below and its behaviour is illustrated in the following timing diagram.
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D C Qn+1

X 0 Qn

0 1 0

1 1 1

C =

D latch truth table and timing diagram

2.6 The clock pulse

Circuits using just combinational logic and transparent latches are called fun-

damental mode circuits. The uncertainty in timing delays throughout various

parts of such circuits can be a serious problem. Instead, whenever possible, a

preferred option is to have the elements of the circuit responding to the edge

of a system clock. In this lecture, we focus on edge-triggered components

which are referred to as either pulse mode or clock mode circuits. Let us start

by examining a clock pulse and defining various attributes.

Timing diagram for a single clock pulse

The clock pulse has two transitions, from logic 0 to 1 and from 1 to 0. These
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are called the positive and negative edges of the pulse respectively (or some-

times the leading and trailing edges). A positive edge-triggered flip-flop re-

sponds to its current data inputs exactly at the 0 to 1 transition of the clock

pulse, modifying its output a short propagation delay afterwards. Similarly, a

negative edge-triggered flip-flop responds to its input data values on the 1 to

0 transition, producing a modified output shortly afterwards.

2.7 The edge-triggered D-type flip-flop

Remember: a Latch is asynchronous – outputs can change whenever inputs

do; a Flip-Flop is synchronous – outputs can only change on a clock edge.

Data storage in pulse mode circuits is almost always achieved using a D-type

flip-flop, for storing one bit of data. The circuit symbol for the positive edge-

triggered variety is shown below. Like the D latch, it has a single D “data”

input and a Q output, but often it is shown with a Q output as well. The only

control signal it receives is the clock input.

Schematic circuit for an edge-triggered D-type flip-flop

The operation of the edge-sensitive D-type flip-flop is best illustrated by its

truth table. Remember that Qn+1 refers to the next changed state of the Q

output.

D C Qn+1

X 0 Qn

X 1 Qn

0 ↑ 0

1 ↑ 1

Notice that Qn+1 remains the same as Qn in all cases except when the clock
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pulse has a positive transition (indicated by the up arrow). When this happens,

the value of D is copied to Qn+1 (after a small propagation delay). The value

of D copied to Qn+1 is the value exactly at the transition edge. Shortly after

this transition the value of D can change but it will not alter the Q output.

In this way the value of D has been stored until the next clock pulse comes

along.

The effects of the clock edge transition can be further illustrated using a timing

diagram as shown below. Note that the behaviour is different from the D latch,

which is transparent when the clock is high. The curved arrows illustrate the

dependencies between the clock edge and the changed output; note the slight

delay between these effects.

Timing diagram for an edge-triggered D-type flip-flop

A D-type flip-flop circuit, based on the NAND implementation of the SR latch

together with the master-slave arrangement, is shown below.
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D-type flip-flop circuit (NAND implementation)

There is occasionally some confusion (particularly on various webpages) about

the definitions of a latch and a flip-flop. A latch is defined by the fact that the

output changes when an input changes (after a small delay of course), whereas

in a flip-flop, the output only changes when the clock changes. SR flip-flops can

be made either as level-triggered or edge-triggered devices. D-type flip-flops

can only ever be edge-triggered.

2.8 Shift register

A shift register is a good illustration of how D-type flip-flops work in clock

mode. In this example the flip-flops are connected in series and the serial

input data is passed from one flip-flop to the other down the chain. The clock

mode assumption is very important here. On every negative clock edge (note

the small circle at each flip-flop’s C input indicating that the clock input is

inverted), data present on “Data in” is clocked into flip-flop number 1. At

the same time, the content of flip-flop 1 is clocked into flip-flop 2. The data

present at the input of each flip-flop is thus clocked at the same time and the

“old” data shifts one place to the right at every negative clock edge.
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A 3-bit shift register with D-type flip-flops

The data moves in discrete time steps, and the behaviour of the circuit is

therefore very different from that of the ripple adder circuit discussed earlier,

which had an unpredictable propagation delay before the outputs became valid.

In this case the data will always be valid after a period equal to the propagation

delay of one flip-flop, regardless of how many are cascaded together.

The timing diagram for the 3-stage shift register is shown below. Note how

the outputs change (after the propagation delay) on the negative edge of the

clock signal.

Timing diagram for the 3-bit shift register
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2.9 Asynchronous (ripple) counter

D-type flip-flops can also be used to implement a ripple counter, which is an

asynchronous circuit. The 4-bit ripple counter, shown below, consists of four

D-type flip-flops, each flip-flop holding the value of one of the four bits.

The counter output b3 b2 b1 b0 increases from 00002 to 11112 (1510) in incre-

ments of one at each input pulse. The effect of the first flip-flop ripples along

the cascade, so after an input pulse, the count does not settle until each

flip-flop has been affected in turn. The propagation delay of each flip-flop

therefore determines the overall counter speed. This is one of the reasons why

synchronous counter designs are better, since their settling times are usually

limited to the propagation delay of just one flip-flop.

A 4-bit ripple counter implemented with D-type flip-flops

2.10 D-type flip-flop with reset

Clearly the counter needs to be reset to zero in some cases, and therefore it

is necessary to have access to D-type flip-flops with a reset or clear line. Such

flip-flops are useful in asynchronous counters that have a truncated count

sequence, e.g. a modulo-6 counter, which counts from 0 to 5, then returns to

0. The symbol below is for a flip-flop with an active low reset line.
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D C Reset Qn+1

X 0 1 Qn

X 1 1 Qn

0 ↑ 1 0

1 ↑ 1 1

X X 0 0

D-type flip-flop with reset

A D-type flip-flop with reset constructed using NAND gates is shown be-

low.

NAND gate D-type flip-flop with reset
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3 Lecture G – State machines and sequential logic

3.1 The digital state revisited

A disadvantage of asynchronous counters is that their feedback interconnec-

tions cause asynchronous interactions between the discrete states of the flip-

flops, resulting in variable settling times as seen in the asynchronous ripple

counter of Section 2.9. In the rest of this course we will concentrate on clock-

mode designs, in which the state is fully defined by the outputs of the flip-flops

within the circuit, and there is no feedback to the transparent inputs.

The circuit moves from its current state to its next state (which depends on the

current state and external inputs) at each clock transition. Some combinational

logic may be required to achieve this by decoding the current state and any

inputs to the circuit, but essentially the progression through the states can

only happen synchronised to the clock signal.

The combinational logic elements, as well as the system clock and the flip-

flops which store the current state, are arranged in the configuration shown in

the block diagram below. The current state of the system is defined by the

outputs of the storage elements. The next state is defined by the inputs to the

storage elements, but this next state will not be entered until the controlling

clock pulse occurs. The outputs are defined as a logical function of the current

inputs and the current state.

Block diagram of a synchronous finite-state machine
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3.2 Storing the state

The data storage elements can be implemented most simply by using an array of

D-type flip-flops, all driven by the system clock. Each flip-flop provides a single

bit of storage. On each clock edge, the values provided by the combinational

logic are recorded.

As an example, the following circuit shows a 4-bit register (on the left), and

how it is used to store the system state Q3Q2Q1Q0 (on the right). This

system can have 16 unique states, since 24 = 16. The data is clocked through

on the positive edge of the clock, and the flip-flop inputs D3D2D1D0 define

the next state of the machine.

A 4-bit register Using the register to store the state

3.3 State transition tables

We will next look at tools that will allow us to design the combinational logic

that specifies state transitions. One way of describing how a state machine

operates is to draw a table similar to a Karnaugh Map. The rows correspond

to the current state and the columns to the values of the inputs. The entries
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in the table correspond to the next state.

The table shown below is an example of such a transition table. Note that

the entries for this table have no particular meaning and are just chosen for

illustration.

x1x2

y1y2

Y1Y2 00 01 11 10

00 00 00 10 01

01 01 00 11 01

11 01 10 11 11

10 00 10 10 11

The leftmost column is labelled y1y2 and corresponds to all possible states for

this system. We have four states defined by two state variables y1y2, giving

rise to four rows. There are two inputs, x1 and x2, that give rise to the

four columns. (Sometimes the internal variables y1y2 are called the secondary

variables, whereas the inputs x1x2 are called the primary variables.) The whole

table is labelled Y1Y2, which means that the entries of the table correspond to

the next state (the current state being denoted by the lower case y’s and the

next state by the upper case Y ’s).

Consider the first row of the transition table. If the system is in state 00, then

it remains in this state after the next clock edge if the input is 00 or 01. If the

input is 11 or 10 there will be a state transition at the clock edge. Changing

the input values does not change the state immediately, thus a change in input

just corresponds to moving to another column in the same row. A row change

only occurs at a clock edge, the next row being defined by the entry in the

current table position. In order to design an arbitrary sequence generator we

need to identify these state transitions and then work out the logic needed to

achieve them. That is the subject of the next lecture.

3.4 Synchronous counters

With synchronous counters, all state transitions occur on a clock edge. So-

phisticated designs can be obtained using a Programmable Read Only Memory
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(PROM) instead of discrete gates in a combinational logic circuit, but both

approaches will be explored in this lecture.

3.4.1 Generating the transition table

Consider first a simple counter example, say a modulo-5 or divide-by-6 counter

(i.e. a counter with a count sequence 0, 1, 2, 3, 4, 5, 0, 1, 2, 3, 4, 5, 0, 1, . . .). For

such a counter, there are 6 states, which requires 3 bits.

The transition table below shows the current state in the left column taking the

lower case labels y2y1y0, and the entries referring to the next state occurring

on one of the clock edges, taking the upper case labels Y2Y1Y0.

Current State Next State

y2y1y0 Y2Y1Y0

000 001

001 010

010 011

011 100

100 101

101 000

3.4.2 Using registers to store the state: ROM-based counters

We now return to the state machine considered in Section 3.1, but we introduce

a modification. Instead of using combinational logic, we will use a ROM to

decode the next state.

Simple synchronous counters have no inputs, and the outputs are the states

stored in the D-type flip-flops. Therefore, to implement the divide-by-6 counter,

we can modify the generic state machine block diagram as shown below. Here

a PROM replaces the combinational logic and there are no additional external

inputs (because none are needed for this simple counter circuit).
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PROM implementation of a divide-by-6 synchronous counter

In the ROM-based design the next state is the data output from the ROM

in response to the current state, stored by the flip-flops. The current state

can also be considered as the address input to the ROM. At every clock edge,

the data output from the ROM is transferred to the D-type flip-flops. The

clock-mode restriction ensures that the only data clocked into the flip-flops is

that being generated by the ROM in response to the current state. It is the

fact that the D-type flip-flops are edge-triggered that ensures that the above

circuit works.

3.4.3 Data stored in the PROM

The PROM has a three-bit address (A2A1A0) and provides a three-bit output

(D2D1D0). In this simple example the contents of the PROM, pointed to by

the current address, must simply contain the next state. The necessary data

content of the PROM to implement the divide-by-6 counter is given in the

following table.
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A2A1A0 D2D1D0

000 001

001 010

010 011

011 100

100 101

101 000

110 XXX

111 XXX

Note that there are two “don’t care” lines in the truth table, since the circuit

never reaches these states (remember that for a ROM all states have to be

decoded, unlike a PLA design approach).

What should happen if the machine is powered up into one of these two

unimplemented states? A good circuit designer would consider this possibility

and probably decide to put the data values 000 into the PROM locations 110

and 111. In this way if any one of these unimplemented states are entered by

mistake then the machine is steered to the initial state and counting would

proceed as normal.

3.5 Sequencers: number of states required

The sequence for the modulo-6 or divide-by-6 counter is just the count from

0 to 5 repeated over. These 6 states could also refer to a different count se-

quence, for example, the repeated sequence 0, 1, 3, 5, 2, 4, 0, 1, 3, 5, 2 . . .. This

is easy to achieve, as all that is required is for the PROM to be re-programmed

as shown below.
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A2A1A0 D2D1D0

000 001

001 011

010 100

011 101

100 000

101 010

110 XXX

111 XXX

This illustrates the advantages of the PROM approach, compared with decod-

ing using combinational logic (see later). With the latter, a simple change in

the state sequence would require a complete re-design of the combinational

logic circuitry.

It is not always possible to design a circuit in which the states are used as

the outputs directly. This problem arises when there is not a unique “next

state” corresponding to each output. As an example, consider the following

problem.

3.5.1 Example: a two-phase clock generator

In CMOS logic design, it is often necessary to generate a clocking signal con-

sisting of two synchronised, non-overlapping clocks. The two-phase clock gen-

erator circuit needs to be driven by a single clock input and produce two non-

overlapping clock outputs Φ1 and Φ2 as shown in the next figure. The preferred

design approach is to use a ROM-based sequencer using D-type flip-flops as

the storage elements, with the outputs being the states of the flip-flops.

Timing diagram for two-phase clock generator
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The two non-overlapping clocks shown above change state on the positive, or

leading, edge of the clock, and so positive edge-triggered devices are needed.

However, since the outputs Φ1Φ2 follow the sequence 00, 01, 00, 10, 00, 01,

. . ., there is no unique state that follows the state 00 (it can be 01 or 10).

This may be overcome by defining a third variable “aux”, which is a logical 1

for one of the 00 states and logical 0 for the other, as shown in the revised

timing diagram below:

Revised timing diagram for two-phase clock generator

The sequence is now 000, 101, 100, 010, 000, 101, . . ., and there are two

unique states associated with the non-overlapping clock outputs 00.

The transition table is:

Current state Next state

auxϕ2ϕ1 AUXΦ2Φ1

000 101

101 100

100 010

010 000

The transition table for the ROM is:
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A2A1A0 D2D1D0

000 101

001 XXX

010 000

011 XXX

100 010

101 100

110 XXX

111 XXX

Finally, the circuit implementation for the non-overlapping clock generator

is given below, where the PROM contains the data presented in the above

table.
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Two-phase clock generator

The above example demonstrates that the number of states required to im-

plement a sequence depends on the length of the sequence, and not just the

number of independent combinations of outputs required in the sequence.
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3.6 Synchronous D-type flip-flop designs

The finite-state machines introduced above have used a combination of both

D-type flip-flops and a PROM. Although this is a versatile and powerful design

approach, it is not the only option and the need to fully encode all the memory

locations of the PROM can be a disadvantage for simple designs. The latter

can make use instead of combinational logic to drive the D-type flip-flops into

the next state.

3.6.1 The steering table (or transition list)

When designing sequential circuits, it is useful to determine what value of

D should be chosen to achieve the desired state transition at the Q output,

assuming the current state is known. The steering table identifies what value

is needed on the D input in order to obtain the desired transition on the clock

edge. It is straightforward to derive the steering table (shown on the right

below) from the truth table (left), because, for the D-type flip-flop, we need

D = 0 whenever the transition is 0 or L, whereas we need D = 1 whenever

the transition is 1 or H.

D Qn Qn+1 Transition

0 0 0 0 → 0 = 0

1 0 1 0 → 1 = H

1 1 1 1 → 1 = 1

0 1 0 1 → 0 = L

=⇒

Transition D

0 → 0 = 0 0

0 → 1 = H 1

0 → 0 = 1 1

0 → 0 = L 0

3.6.2 Example: synchronous counter

As an exercise in the design of a sequential logic circuit, consider a simple

synchronous counter that counts down from 111 to 000 and back to 111, in a

continuous sequence. The state transition table for a D-type implementation

is given below, with the desired transitions on the right.
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Current state Next state Transition

Q2,n Q1,n Q0,n Q2,n+1 Q1,n+1 Q0,n+1 D2 D1 D0

1 1 1 (7) 1 1 0 (6) 1 1 L

1 1 0 (6) 1 0 1 (5) 1 L H

1 0 1 (5) 1 0 0 (4) 1 0 L

1 0 0 (4) 0 1 1 (3) L H L

0 1 1 (3) 0 1 0 (2) 0 1 L

0 1 0 (2) 0 0 1 (1) 0 L H

0 0 1 (1) 0 0 0 (0) 0 0 L

0 0 0 (0) 1 1 1 (7) H H H

Using K-maps, we can now determine the logic gates to implement the com-

binational logic to drive the 3 D-type flip-flops. The K-maps, logic functions

and corresponding circuit are given below.
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3.7 Conclusion

This lecture looked at how the finite-state machine architecture shown in the

diagram below can be used to implement synchronous counters. These are

simple examples of finite-state machines, which are defined by their states (of

which there is a finite number), the transitions between these states, and the

actions or outputs associated with these states.

The concept of a finite-state machine is at the heart of the theory of computing,

as it allows for a description of how bits of information can be handled by a

sequential machine. If we introduce a branching capability which allows the

sequence of states to change according to an input condition, we have most

of the elements required for understanding how a computer work

4 Lecture H – Data converters: ADC and DAC

4.1 Introduction

The outputs from sensors and communications receivers are analogue signals

that have continuously varying amplitudes. In many systems it is convenient

to record and/or process these signals within a digital circuit, which may be a

microcontroller, microprocessor or a computer. In a digital circuit the signal

will be represented as a list of binary numbers, with each number representing

the amplitude of the signal at a specific time.
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4.2 Data converters

Conversion from an analogue signal to a digital number is performed by an

analogue-to-digital converter (ADC). There are several different types of ADCs,

some of which contain a digital-to-analogue converter (DAC) that converts a

digital number to the equivalent analogue signal. When taken together with

their independent role in creating analogue output signals to drive parts such

as heaters and motors, this makes DACs a critical part of many systems. It is

therefore important to understand the operation of both DACs and ADCs.

4.3 Specification of D/A converters (DACs)

A digital to analogue converter (DAC) converters a digital input represented

as a binary number to an analogue voltage (or current) that is proportional to

the value of this input. The ideal relationship between the analogue output

and digital input for a 3-bit converter is shown below.

The ideal response of a 3-bit DAC

The graph shows the analogue output voltage as a fraction of the full scale

output, denoted by FS. Each bar represents the output for a particular input

and the dashed line shows the line connecting the ideal outputs. In this diagram

3 bits have been shown for clarity. However, in real instrumentation systems,

DACs with 8, 10, 12 or 14 bits are often used.
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4.4 D/A converter architectures (DAC architectures)

4.4.1 The summing amplifier

The basis operation required to create a DAC is the ability to add inputs that

will eventually correspond to the contributions of the various bits of the digital

input. In the voltage domain, that is if the input signals are voltages, addition

can be achieved using the inverting summing amplifier shown in below.
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R2

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="f5QnewOlpyFrSeAH8ZAt1LB1U28=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVX8eAF48RzAOSJcxOJsmQ2ZllplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsrSqSw6Pvf3srq2vrGZmGruL2zu7dfOjhsWJ0axutMS21aEbVcCsXrKFDyVmI4jSPJm9Hobuo3n7ixQqtHHCc8jOlAib5gFJ3UbHQzneKkWyr7FX8GskyCnJQhR61b+ur0NEtjrpBJam078BMMM2pQMMknxU5qeULZiA5421FFY27DbHbuhJw6pUf62rhSSGbq74mMxtaO48h1xhSHdtGbiv957RT7t2EmVJIiV2y+qJ9KgppMfyc9YThDOXaEMiPcrYQNqaEMXUJFF0Kw+PIyaVxUguvK1cNluXqex1GAYziBMwjgBqpwDzWoA4MRPMMrvHmJ9+K9ex/z1hUvnzmCP/A+fwCmxo+5</latexit>

Vout

<latexit sha1_base64="IzndDoN7GbrByav12WKqGBwk3jE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPTR7Xq9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDG/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pX1cv7i0rtLI+jCEdwDKfgwTXU4A7q0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz/Ud41y</latexit>

V1
<latexit sha1_base64="HctSoe+bi5MWx+W3d2A/vMg8iNs=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNgNvo4BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqEccJ9yM6UCIUjKKVHpq9aq9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDG/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVryryuX9Rbl2nsdRgGM4gTPw4BpqcAd1aACDATzDK7w50nlx3p2PeeuKk88cwR84nz/V+41z</latexit>

V2

<latexit sha1_base64="/AwlmLSqZk69vrc5PgUdSRqiaVM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB40DAjbseAF48RzQLJGHo6PUmTnp6hu0YIQz7BiwdFvPpF3vwbO8tBEx8UPN6roqpekEhh0HW/ndzS8srqWn69sLG5tb1T3N2rmzjVjNdYLGPdDKjhUiheQ4GSNxPNaRRI3ggGN2O/8cS1EbF6wGHC/Yj2lAgFo2il+/rjaadYcsvuBGSReDNSghmqneJXuxuzNOIKmaTGtDw3QT+jGgWTfFRop4YnlA1oj7csVTTixs8mp47IkVW6JIy1LYVkov6eyGhkzDAKbGdEsW/mvbH4n9dKMbz2M6GSFLli00VhKgnGZPw36QrNGcqhJZRpYW8lrE81ZWjTKdgQvPmXF0n9rOxdli/uzkuVk1kceTiAQzgGD66gArdQhRow6MEzvMKbI50X5935mLbmnNnMPvyB8/kDzOKNbQ==</latexit>

V →

<latexit sha1_base64="7RmLbcwAUQfU8L8itVudzg/Wu7Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiAISpgRt2PAi8eIZoFkDD2dnqRJT8/QXSOEIZ/gxYMiXv0ib/6NneWgiQ8KHu9VUVUvSKQw6LrfTm5peWV1Lb9e2Njc2t4p7u7VTZxqxmsslrFuBtRwKRSvoUDJm4nmNAokbwSDm7HfeOLaiFg94DDhfkR7SoSCUbTSff3xpFMsuWV3ArJIvBkpwQzVTvGr3Y1ZGnGFTFJjWp6boJ9RjYJJPiq0U8MTyga0x1uWKhpx42eTU0fkyCpdEsbalkIyUX9PZDQyZhgFtjOi2Dfz3lj8z2ulGF77mVBJilyx6aIwlQRjMv6bdIXmDOXQEsq0sLcS1qeaMrTpFGwI3vzLi6R+VvYuyxd356XK6SyOPBzAIRyDB1dQgVuoQg0Y9OAZXuHNkc6L8+58TFtzzmxmH/7A+fwBydqNaw==</latexit>

V +

<latexit sha1_base64="M0xp4AsqU66Fe831tC2yN0GLFAk=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvHiMYh6QLGF2MpsMmZ1dZnqFsOQbvHhQxKsf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrNR56WTjplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Njt2Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhjZ8JlaTIFZsvClNJMCbTz0lfaM5Qji2hTAt7K2FDqilDm0/JhuAtvrxMmudV76p6eX9RqZ3lcRThCI7hFDy4hhrcQR0awEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AeNBjq8=</latexit>

Rf

An inverting summing amplifier

To understand how this circuit operates assume that the op-amp is ideal. Since

the op-amp is ideal V − = V +, but, in this circuit V + = 0, so the current

flowing into this node from the two inputs is

Iin =
V1

R1
+

V2

R2

Since no current flows into the inverting input of the ideal op-amp, all this

current must flow around the feedback loop through resistor Rf . This will

only happen when the op-amp output voltage is

Vout = −IinRf

which becomes

Vout = −V1Rf

R1
− V2Rf

R2

Now if we assume that

Rf = R2 = 2R1
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then

Vout = −(2V1 + V2).

This weighted combination of inputs is the principle behind the operation of

many digital-to-analogue converters.

4.4.2 D/A Converters

The simplest way of convert a digital input word into a corresponding analogue

voltage is to use an op-amp as a summing amplifier with a weighted resistor

“ladder”, as shown below.

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="f5QnewOlpyFrSeAH8ZAt1LB1U28=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVX8eAF48RzAOSJcxOJsmQ2ZllplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsrSqSw6Pvf3srq2vrGZmGruL2zu7dfOjhsWJ0axutMS21aEbVcCsXrKFDyVmI4jSPJm9Hobuo3n7ixQqtHHCc8jOlAib5gFJ3UbHQzneKkWyr7FX8GskyCnJQhR61b+ur0NEtjrpBJam078BMMM2pQMMknxU5qeULZiA5421FFY27DbHbuhJw6pUf62rhSSGbq74mMxtaO48h1xhSHdtGbiv957RT7t2EmVJIiV2y+qJ9KgppMfyc9YThDOXaEMiPcrYQNqaEMXUJFF0Kw+PIyaVxUguvK1cNluXqex1GAYziBMwjgBqpwDzWoA4MRPMMrvHmJ9+K9ex/z1hUvnzmCP/A+fwCmxo+5</latexit>

Vout

<latexit sha1_base64="M0xp4AsqU66Fe831tC2yN0GLFAk=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvHiMYh6QLGF2MpsMmZ1dZnqFsOQbvHhQxKsf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrNR56WTjplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Njt2Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhjZ8JlaTIFZsvClNJMCbTz0lfaM5Qji2hTAt7K2FDqilDm0/JhuAtvrxMmudV76p6eX9RqZ3lcRThCI7hFDy4hhrcQR0awEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AeNBjq8=</latexit>

Rf

<latexit sha1_base64="osDwqe650k+5647+V1D2/wnyl/A=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGRPEYxTwgWcLspJMMmZ1dZmaFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7glhwbVz328ktLa+sruXXCxubW9s7xd29uo4SxbDGIhGpZkA1Ci6xZrgR2IwV0jAQ2AiG1xO/8YRK80g+mlGMfkj7kvc4o8ZKjXonfbi5HXeKJbfsTkEWiZeREmSodopf7W7EkhClYYJq3fLc2PgpVYYzgeNCO9EYUzakfWxZKmmI2k+n547JkVW6pBcpW9KQqfp7IqWh1qMwsJ0hNQM9703E/7xWYnpXfsplnBiUbLaolwhiIjL5nXS5QmbEyBLKFLe3EjagijJjEyrYELz5lxdJ/bTsXZTP789KlZMsjjwcwCEcgweXUIE7qEINGAzhGV7hzYmdF+fd+Zi15pxsZh/+wPn8Aetmjz4=</latexit>

VREF

<latexit sha1_base64="rY3vsizlfZ5SWv4ZqqZ8HHqpvKw=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVX8eAF4+RmAckS5id9CZDZmeXmVkhLPkELx4U8eoXefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzThBP6IDyUPOqLFSvd5ze6WyW3FnIMvEy0kZctR6pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NbPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTQvKt515erhslw9z+MowDGcwBl4cANVuIcaNIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/OYY1u</latexit>

S0
<latexit sha1_base64="8ZewE+U86a84y2qdUu5kPkSMs2w=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKu+MhFCHjxGIN5QLKE2clsMmRmdp2ZFcKSn/DiQRGv/o43/8ZJsgdNLGgoqrrp7gpizrRx3W8nt7K6tr6R3yxsbe/s7hX3D5o6ShShDRLxSLUDrClnkjYMM5y2Y0WxCDhtBaPbqd96okqzSD6YcUx9gQeShYxgY6V2veeiG1Sp94olt+zOgJaJl5ESZKj1il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjq7d4JOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/XicxYcVPmYwTQyWZLwoTjkyEps+jPlOUGD62BBPF7K2IDLHCxNiICjYEb/HlZdI8L3tX5cv7i1L1LIsjD0dwDKfgwTVU4Q5q0AACHJ7hFd6cR+fFeXc+5q05J5s5hD9wPn8AGlSOpg==</latexit>

R0 = 8R

<latexit sha1_base64="4ffL549sxYUm+BYJ+wbf9mZeWAg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKuxMdFCHjxGIN5QLKE2clsMmRmdp2ZFcKSn/DiQRGv/o43/8ZJsgdNLGgoqrrp7gpizrRx3W8nt7K6tr6R3yxsbe/s7hX3D5o6ShShDRLxSLUDrClnkjYMM5y2Y0WxCDhtBaPbqd96okqzSD6YcUx9gQeShYxgY6V2veehG1Sp94olt+zOgJaJl5ESZKj1il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjq7d4JOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4bWfMhknhkoyXxQmHJkITZ9HfaYoMXxsCSaK2VsRGWKFibERFWwI3uLLy6R5XvYuyxf3lVL1LIsjD0dwDKfgwRVU4Q5q0AACHJ7hFd6cR+fFeXc+5q05J5s5hD9wPn8AFcmOow==</latexit>

R1 = 4R

<latexit sha1_base64="EDhc0d/stRJWWpIkCUZLTLzxT6k=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcJu8HURAl48xmAekCxhdjKbDJmZXWdmhbDkJ7x4UMSrv+PNv3GS7EETCxqKqm66u4KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bweh26reeqNIskg9mHFNf4IFkISPYWKld71XQDarUe8WSW3ZnQMvEy0gJMtR6xa9uPyKJoNIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpxIJqP53dO0EnVumjMFK2pEEz9fdEioXWYxHYToHNUC96U/E/r5OY8NpPmYwTQyWZLwoTjkyEps+jPlOUGD62BBPF7K2IDLHCxNiICjYEb/HlZdKslL3L8sX9eal6lsWRhyM4hlPw4AqqcAc1aAABDs/wCm/Oo/PivDsf89ack80cwh84nz8USI6i</latexit>

R2 = 2R

<latexit sha1_base64="5D5atIa2EDt6xtN6dxYItOQ9YfE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNj1fRECXjzGYB6QLGF2MkmGzM4uM71CWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSyFQdf9dpaWV1bX1nMb+c2t7Z3dwt5+3USJZrzGIhnpZkANl0LxGgqUvBlrTsNA8kYwvJv4jSeujYjUI45i7oe0r0RPMIpWalQ75+SWVDuFoltypyCLxMtIETJUOoWvdjdiScgVMkmNaXlujH5KNQom+TjfTgyPKRvSPm9ZqmjIjZ9Ozx2TY6t0SS/SthSSqfp7IqWhMaMwsJ0hxYGZ9ybif14rwd6NnwoVJ8gVmy3qJZJgRCa/k67QnKEcWUKZFvZWwgZUU4Y2obwNwZt/eZHUz0reVeny4aJYPs3iyMEhHMEJeHANZbiHCtSAwRCe4RXenNh5cd6dj1nrkpPNHMAfOJ8/o3eOZw==</latexit>

R3 = R

<latexit sha1_base64="Xj/pfH9cU0EvBw/8iI73I3JgEx0=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVX8eAF4+RmAckS5id9CZDZmeXmVkhLPkELx4U8eoXefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzThBP6IDyUPOqLFSvd7zeqWyW3FnIMvEy0kZctR6pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NbPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTQvKt515erhslw9z+MowDGcwBl4cANVuIcaNIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/P5Y1v</latexit>

S1

<latexit sha1_base64="VKxXWSe8NIV3DQLPbj3RTI9X2co=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQcJu8HUMePEYiXlAsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8NOME/YgOJA85o8ZK9Xqv0iuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz1J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJ3Xb56uCxVL7I48nACp3AOHtxAFe6hBg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kD0WmNcA==</latexit>

S2
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Analogue
switches

A 4-bit DAC with weighting resistors and summing amplifier

At the start of the conversion process, a 4-bit input code, B3B2B1B0, is applied

to control the corresponding switches S3S2S1S0. Each switch Sn connects the

resistor Rn to the voltage source VREF when the corresponding bit Bn is high,

whereas if Bn is low the resistor Rn is grounded. The other end of each resistor

is connected to the summing junction of the op-amp. For a 4-bit converter, in

which the resistors are in the ratio 8 : 4 : 2 : 1, as shown in the figure above,
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the total current flowing onto the inverting input of the op-amp is

Iin = VREF

(B3

R
+

B2

2R
+

B1

4R
+

B0

8R

)
this current then flows throughRf to generate the output voltage and hence

Vout = −Rf

R
VREF

(
B3 +

B2

2
+

B1

4
+

B0

8

)
The output voltage Vout is therefore proportional to a weighted sum of the

input bits. If R = 2Rf , then the relationship between digital inputs and the

analogue output voltage Vout will be as shown in the following table.

Digital input Vout

0000 0

0001 − 1
16VREF

0010 − 2
16VREF

...
...

1110 −14
16VREF

1111 −15
16VREF

The circuit therefore achieves the desired function of producing a voltage pro-

portional to the value of the binary number represented by B3B2B1B0. How-

ever, there are two main problems with this circuit:

(i). The output voltage from the reference voltage source must stay constant

even when its output current is changing, i.e. its source resistance must

be zero.

(ii). The resistor values must be very accurate and in the correct ratio to one

another. Although this requirement can be achieved in an integrated

circuit, the range of values required for, say, a 12-bit D/A converter (for

example, 10 kΩ to 20.48MΩ) makes it impractical.

For these reasons, a different type of resistor network is normally used, the

R-2R ladder, which can be constructed, as its name indicates, using just two

values of resistors. This network, shown in the figures below, therefore avoids

the need to create different resistance values.
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Analysis of the R-2R ladder network

The trick to analysing the R-2R ladder network is to start from the right-hand

end. As shown in the diagram below, there are two 2R resistors in parallel at

this end of the ladder, which are therefore equivalent to a single series resistor

R. This resistance is in series with resistance R, forming a total resistance of

2R. But this 2R is in parallel with another resistance 2R, and so on. Thus, all

elements to the right of a particular node in the ladder network are equivalent

to a single resistance of 2R.

<latexit sha1_base64="Mdczo5o3GJ6zWAlodeTuH4AmGUA="></latexit>

VREF

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="f5QnewOlpyFrSeAH8ZAt1LB1U28=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVX8eAF48RzAOSJcxOJsmQ2ZllplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsrSqSw6Pvf3srq2vrGZmGruL2zu7dfOjhsWJ0axutMS21aEbVcCsXrKFDyVmI4jSPJm9Hobuo3n7ixQqtHHCc8jOlAib5gFJ3UbHQzneKkWyr7FX8GskyCnJQhR61b+ur0NEtjrpBJam078BMMM2pQMMknxU5qeULZiA5421FFY27DbHbuhJw6pUf62rhSSGbq74mMxtaO48h1xhSHdtGbiv957RT7t2EmVJIiV2y+qJ9KgppMfyc9YThDOXaEMiPcrYQNqaEMXUJFF0Kw+PIyaVxUguvK1cNluXqex1GAYziBMwjgBqpwDzWoA4MRPMMrvHmJ9+K9ex/z1hUvnzmCP/A+fwCmxo+5</latexit>

Vout

<latexit sha1_base64="cs5anrG3fnJCnBNHlj4Fea0wals="></latexit>

R

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R<latexit sha1_base64="P9cGZG0uWbwooa0OTe/kXYCZyKo="></latexit>

I

<latexit sha1_base64="UnvJZtky52PACBsFN8K0p7FEb5o="></latexit>

I3
<latexit sha1_base64="g2YWTzd20nmqILNfoqvBd1yko98="></latexit>

I2
<latexit sha1_base64="Py4xkn0YzpkyhOmfyXzDW3ELRKM="></latexit>

I1
<latexit sha1_base64="6ri8y7G4NM34Cffz9fGkkdnFLSk="></latexit>

S3

<latexit sha1_base64="Wdsf9tQ1UMojHfGXF63v5XzKxkM="></latexit>

S2

<latexit sha1_base64="ICpDZnpnWeHAo+OI3jw0PwN6mgU="></latexit>

S1

<latexit sha1_base64="V8wR7tGQsCQr953v+/8t3iqF2hQ="></latexit>

S0

<latexit sha1_base64="oW0sqc1gUHP2jfNOlNc04BhtzRE="></latexit>

I0

An R-2R ladder 4-bit D/A converter
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The analysis of the ladder network means that for the network in the figure

above the incoming current splits into two at each node and thus

I2 = 2I1 = 4I0

and

I3 = VREF/2R = 2I2 = 4I1 = 8I0.

As with the previous circuit, each bitBn of the digital code controls a switch Sn.

When Bn = 1, the switch Sn directs current In towards the summing junction;

otherwise the current flows straight to ground. The DAC output voltage is

therefore determined by a current that is proportional to the weighted sum of

the input bits as required.

The other advantage of this architecture is that the inverting input of the

op-amp is a virtual earth and hence one end of each the 2R resistors is al-

ways connected to ground. This means that the current flowing through each

branch of the ladder network is independent of the switch conditions and hence

the digital input. The significance of this is that it means that the total cur-

rent supplied by the voltage source is constant and the circuit performance is

independent of the output impedance of the voltage source.

One potentially useful modification to this basic architecture is to use a variable

voltage source, possibly formed by a second DAC, to create a variable reference

voltage. The analogue output signal is then proportional to the product of the

variable reference voltage and the input binary number; this type of device is

usually known as a multiplying DAC or MDAC.

4.5 A/D converters (ADCs)

Analogue to Digital (A/D) conversion is the process whereby an analogue signal

is converted into a corresponding binary number, the digital output. The ideal

relationship between the analogue input and the digital output for a 3-bit A/D

converter is shown below. The input analogue values are quantised by dividing

the continuous analogue input range into 8 discrete steps or code ranges.
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The ideal response of a 3-bit ADC

Since the ADC is unable to distinguish among different values in the same

code range the output can have an error as large as ±1
2 LSB. This quantisation

error is an intrinsic limitation of representing a continuous input by a finite

set of output numbers. The first approach to minimising the effects of quan-

tisation errors is to ensure that the maximum expected amplitude of the input

signal matches the input range of the ADC. This usually means that ampli-

fiers are needed between the signal source and the ADC. By using an active

low-pass filter this amplification function can be performed by the anti-aliasing

filter.

The other method of reducing quantisation error is to increase the number of

output bits. For example 212 = 4096 and hence a 12-bit A/D converter can

resolve a signal to 1 part in 4096, or 0.024% of the maximum input.

The two types of A/D converter that we will discuss are:

• Parallel converters

• Successive approximation converters

The choice between the types of converter is made on the grounds of the cost,

resolution and speed required for a particular application.
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4.5.1 Parallel ADCs

Parallel encoding (sometimes known as “flash” encoding) is the fastest (and

most expensive) method of A/D conversion. This architecture, which is shown

in the figure below, achieves an n-bit conversion by simultaneously comparing

the analogue input with 2n−1 voltage reference levels. The reference levels are

usually generated by a chain of identical resistors connected in series. Each of

these references is compared to the input by a device known as a comparator.

This is a circuit with a very high differential gain so that its output saturates to

a maximum value when the voltage on the non-inverting input is higher than

the voltage on the inverting input. Otherwise the comparator output voltage

saturates to a minimum value.

Schematic of a flash A/D converter
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A comparator array can therefore be designed so that the outputs from all

comparators whose reference voltage is below the common input saturate to a

maximum output value, while the output of all the other comparators in the

array saturate at the minimum output voltage. The maximum comparator out-

put voltage is interpreted as a logical 1, whilst the low output is interpreted as

logical 0. Therefore the 2n − 1 outputs from the array represent the analogue

input value by the position of the transition between ones (from the compara-

tors with reference voltages below the input voltage) and zeros (from those

with references above the input). The position of the transition between the

ones and the zeros moves as the analogue input voltage changes. This repre-

sentation is therefore referred to as a thermometer code. The final stage of the

conversion process is to use a digital circuit, known as an encoder, to convert

this representation of the input to a conventional n-bit binary output.

The flash converter is a simple concept, but its main advantage is the speed

at which conversion can be achieved. Since the input is compared to all the

reference values simultaneously the time required to perform a conversion is

simply the response time for the comparators and the encoder. This conversion

time is significantly shorter than the fastest alternative architectures. The

disadvantage of the flash converter is the large number of comparators and

resistors required, which means that these converters are relatively expensive.

Furthermore, as the number of comparators increases, the voltage difference

between the reference inputs of two adjacent comparators reduces, and the

errors between reference levels caused by variations between the values of

individual resistors must therefore be reduced. Since these variations are caused

by slight differences in the sizes of different resistors any reduction in errors

will only be achieved by using larger area resistors. Unfortunately, this simply

further increases the cost of the final component. Overall, flash converters are

therefore fast, but, expensive.
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4.5.2 Successive-Approximation ADCs

The successive-approximation converter shown below operates by approximat-

ing the analogue input signal with a binary code. This binary code is succes-

sively revised by changing each bit in the code until the best approximation

is achieved. At each step in the approximation, the present estimate of the

binary value corresponding to the analogue input signal is saved in the succes-

sive approximation register. The contents of this register are converted to an

analogue signal by a DAC so that a single comparator can determine whether

the approximation is larger or smaller than the input signal.

A schematic diagram of a successive-approximation ADC and its inter-

nally generated analogue signal (solid line), and input signal (dashed).

As shown at the bottom of the figure, the first approximation sets the most

significant bit (the MSB), of the successive approximation register to 1 and

resets all the other bits (i.e. sets them to 0). If the DAC output (which is

therefore equal, at this point, to half full-scale) is smaller than the analogue

input, the MSB is left at 1; if the DAC output is too large, then the MSB is

set to 0. In the next clock cycle, the next most significant bit is set (i.e. at
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the DAC output is now equal to either 3/4 or 1/4 of full-scale, depending on

whether the most significant bit was left on or not), and this new approximation

is compared with the analogue input. Each successive bit is similarly tested.

After the least significant bit has been tested, the conversion is complete and

the output register contains the binary code.

If the accuracy of conversion is to equal the resolution of the converter, the

input signal must remain constant within the analogue value of 1/2 LSB during

the conversion time

To quantify the limitation this places on the input signals that can be converted

accurately assume that the input signal is a sinusoidal wave of frequency f Hz

and peak-to-peak amplitude VREF , i.e.

Vin =
1

2
VREF sin 2πft.

For an n-bit converter, 1/2 LSB (a simple estimate of the quantisation error)

is equivalent to a voltage of
1

2
VREF/2

n.

The rate of change of the input signal is

dVin

dt
= πfVREF cos 2πft.

The maximum rate of change occurs when the input is zero and is given by∣∣∣dVin

dt

∣∣∣
max

= πfVREF .

If the conversion time is tc, then we must have∣∣∣dVin

dt

∣∣∣
max

tc ≤
1

2

VREF

2n
,

which can be re-written as

πfVREF tc ≤
VREF

2n+1
,

and therefore requires that the input frequency is limited to

fmax =
1

πtc2n+1
.
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For an 8-bit ADC with conversion time of 10µs, this gives a maximum fre-

quency of 62Hz. This is obviously much too low for most applications. The

problem that limits the maximum frequency that can be converted arises from

the changes in the input signal during the conversion process. These changes

can be avoided by using a sample-and-hold circuit just before the ADC input.

As its name suggests this type of circuit samples the signal and then holds the

sampled value until the conversion process is completed and a new sample is

acquired.

A sample-and-hold circuit

The basic sample-and-hold circuit consists of an analogue switch and a storage

capacitor, as shown above. The analogue switch is controlled by a signal,

labelled Hold, which allows the input signal to pass through to the capacitor

during the aperture time and disconnects it during the hold time. The value

of the input signal vin is therefore stored on the capacitor during the hold time.

The choice of a value for this capacitor is a compromise between the need to

minimise voltage changes caused by leakage currents during the hold interval

(i.e. make C as large as possible) and the need to follow high-frequency input

signals without them being low-pass filtered by the combination of the capacitor

and the finite on-resistance of the switch (i.e. make C as small as possible).

In order to reduce leakage currents during the hold time, to prevent voltage

changes, the voltage on the capacitor is sensed using an op-amp configured as

a voltage follower. Similarly, the speed of the circuit is increased by detecting

the input signal via a second op-amp acting as unity gain buffer that reduces

the source impedance driving the capacitor during the aperture time.
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With a sample-and-hold circuit on the input to a successive-approximation

A/D converter the maximum operating frequency of the converter is now given

by

fmax =
1

πta2n+1

where ta is the aperture time which can be just a few tens of nanoseconds.

Hence input signals whose frequency is several tens of kHz can now be con-

verted to binary format with this type of A/D converter.

4.6 Summary

The outputs from sensors and communications receivers are typically analogue

signals that have continuously varying amplitudes. In many systems it is con-

venient to record and/or process these signals using a digital circuit, which

may be a microcontroller, a microprocessor or computer. In a digital circuit

the signal is represented as a sequence of binary numbers, with each number

representing the amplitude of the signal at a specific sampling instant.

A digital to analogue converter (DAC) converters a digital input signal, repre-

sented as a binary number, to an analogue voltage (or current) that is propor-

tional to the value of this input. A DAC can be created using an R-2R ladder

and an op-amp.

Conversion from an analogue signal to a digital (binary) number is performed

by an analogue-to-digital converter (ADC). The analogue signal input to an

ADC is quantised by dividing the continuous input range into 2n discrete steps

or code ranges (for an n-bit ADC). This results in rounding errors called quan-

tisation noise, which has a maximum value of Vmax/2
n+1.

In a flash ADC the input voltage is compared in parallel with many differ-

ent reference voltages. The resulting system is conceptually simple, fast but

expensive.

A successive-approximation ADC operates by comparing the analogue input

signal to the output of a DAC, and thus determines successive bits of the

output, starting with the MSB, until all bits including the LSB of the output
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are determined. The result is only valid if the input remains approximately

constant during the time taken to perform the conversion. Therefore a sample

and hold circuit is used to sample the input voltage and hold it constant during

conversion.

Please send feedback, suggestions, corrections etc. to

mark.cannon@eng.ox.ac.uk
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