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Synopsis

ESKOM control a massive power grid in a vast geographical area in the R.S.A.. This

power originates at the power stations, from where it is distributed to the users. All

the power generated is pumped into a National Power Grid. The backbone of the

network consists of the following supply voltages:

• 765 kV

• 400 kV

• 132 kV

These voltages are stepped dO\m locally at substations to lower voltages for the

customers. Bigger customers (e.g. Municipalities, Mines, etc.) are bulk users and use

high voltages. Lower voltages range from 220V up to 66kV.

In order to ensure a good service to all power user customers ESKOM must be able to

identify power failures and other abnormal conditions as quickly as possible and react

fast to restore power again.

\Vhen supervising a power grid good communication systems are essential.

Communications systems serve as links between the follo\\ing functional systems:

• Contacting personnel with radio (Mobile or Handheld)

• Contacting personnel \\ith pagers (Digital or Analogue)
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• Receiving up to date information on the SCADA network

• Protection on power lines and transformers (Fault conditions)

Without good telecommunication ESKOM will not be able to control the national grid

efficiently. The Telecommunication Department fulfil a vital role ensuring that the

National Grid functions at its optimum.

It is normally impossible to do an accurate measurement of the power level in dBm or

dBv on a communication line while an RTU is communicating to the MASTER.

This is mainly because the duration of the data burst on the communication line is less

than the sample time required by the level meters available. The time duration on a

TELKOR PUTU general poll is 250ms. With the available digital meters (e.g. W &G

SPM33A) it is totally impossible to get a power level reading because the sampling

time of the instrument is I second. With the analogue meters available (e.g. W&G

SPM09, SPM31) it is possible to get a reading, but this normally between 2 dBm and

4 dBm Iow, because of the dynamic behaviour of the moving coil. Thus before the

pointer of the meter has reached the correct level, the burst of data has stopped This

is characterised by three quantities:

1. The inertia (1) of the moving coil about its axis of rotation.

2. The opposing torque (S) developed by the coil suspension

3. The damping constant (D)
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A solution is to sample the receive and transmit levels during polling with an

electronic circuit and feed it into an ADC connected to a Microcontroller (e.g. 803 I

family). The Microcontroller will do all the converting and mathematical functions

and will output a value through a DAC. This output value wiII be a current(mA)

value directly proportional to the input level (e.g. -20dBm to OdBm = 0 to 5mA).

These RX and IX level values can be fed into analogue inputs of the RTU. This real­

time measurement of the levels on communication lines wiII be available at the

SCADA master. These values can then be trended and if a downward trend is

observed, maintenance can be done on the line before a failure. This should result in

higher availability of the SCADA network.
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Svnopsis

ESKOM beheer 'n massiewe eJektriese krag netwerk oor 'n groot geografiese gebied

in the R.S.A. Hierdie elektriese krag het sy oorsprong by die kragstasies, vanwaar dit

versprei word na die verbruikers. AlIe elektriese krag wat opgewek word, word aan

die Nasionale Netwerk geJewer. Die ruggraat van die netwerk bestaan uit die

volgende spanrungs:

• 765kV

• 400kV

• 132kV

Hierdie spannings word verminder by plaaslike substasies vir die verbruikers. Groter

verbruikers (b.v. MunisiepaJiteite, Myne, ens.) gebruik hoe spannings. Lae

spannings wissel van 220V tot 66kV.

Om te verseker dat 'n uitstekende diens aan al die verbruikers gelewer word, moet

ESKOM vinnig kragonderbrekings en abnormaJe toestande op die netwerk kan

identifiseer en vinnig kan reageer om die onderbreking te hersteI.

Om 'n kragnetwerk effektief te beheer, is 'n goeie komrnunikasie stelsel nodig. Dit

word gebruik vir die volgende:

• Om personeel te kontak in die veld (Radio)
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• Om Toesigbeheer op die apparaat in die veld te he (SCADA).

• Beveiliging van kraglyne en transformators

Sonder goeie telekommunikasie sal dit onmoontlik wees om die elektriese netwerk

effektiefte beheer. Die telekommunikasie departement vervul hier 'n belangrike rol

om te verseker dat die Nasionale Netwerk maksimaal benut word.

Dit is normaalweg onmoontlik om 'n akkurate spanningsvlak meeting te doen in dBm

of dBv op 'n kommunikasie lyn terwyl 'n Slaaf stasie in 'n afstandbeheerde sisteem

met die Meester stasie kommunikeer.

Die hoofrede hiervoor is dat die tydsduur van die data korter is as die monstertyd wat

nodig is vir die beskikbare meetinstumente om die data te verwerk. Die tyd vir 'n

TELKOR PUTU (Slaaf stasie) se kortste boodskap is 2S0ms. Met die beskikbare

digitale drywing meters (bv. W&G SPM33) is dit totaal onmoontlik, omdat die

verwerkingstydperk van die meter I sekonde is. Met die analoog meters beskikbaar

(bv. W&G SPM09 ann SPM31) is dit moontlik, maar die lesings is gewoonlik tussen

2 dBm en 4 dBm laag, as gevolg van die dinarniese eienskappe van die bewegende

spoel van die meter. Met ander woorde voor die meter se naald die korrekte waarde

bereik, het die data gestop. Die volgende drie kwantiteite bepaal die bewegende

meter se karakter:

1. Die traagheid (J) van die bewegende spoel om sy eie as.
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2. Die oponerende wringkrag (5) onwikkel deur die spoel se suspensie.

3. Die dempings konstante (D)

Die beste oplossing is om die ontvang en send seine te probeer monster met 'n
elektroniese baan en dit te voer na 'n ADO wat gekoppel is aan 'n mikro verwerker
(bv. 8031 familie). Die mikro verwerker doen dan al die omskakelings en wiskundige
verwerkings en verskaf 'n analoog uittreewaarde deur 'n DAO. Hierdie uittreewaarde
moet in mA wees en direk eweredig aan die intreewaarde (bv. -20dBm tot OdBm = 0
tot SmA). Die ontvang en send waardes kan dan gebruik word vir 'n slaaf stasie se
analoog intree poorte. Hierdie sal 'n akkurate en onmiddelike lesing wees van die
dry>,ing en beskikbaar wees by die meester stasie. Hierdie waardes kan gestoor word
in 'n data basis en 'n daar sal onmiddelik waargeneem word indien die waardes besig
is om te dryf. Vinnige optrede deur tegniese personeel is dan moontlik om the
komrnunikasie lyn weer in te stel voordat 'n onderbreking plaasvind. Dit sal 'n hoer
beskikbaarheid van die stelsel meebring.
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1. Introduction

With a Company like ESKOM it is essential to have good quality communication circuits out

to the Substations in the field. At each Substation is a RTU (Remote Terminal Unit), which

must communicate with a Mainframe Computer System at our Control Centre. This is called

a SCADA system(Supervisory Control and Data Acquisition)

A RTU is defined as a computer with I/O ports, which communicates with a master computer

system. The RTU performs the following functions:

• Accept alarm inputs or conditions (Input device).

• Does controls (Output device).

• Accept analogue inputs with an ADC (Input device)

An RTU must be able to accept raw data from the plant, process it and transmit this

information to the SCADA Master. It must also be able to receive messages from the

SCADA Master, process the information and utilize it (e.g. do a control).

A SCADA network normally use polling RTU's. A polling KIU is defined as an RTU that

"ill only react when it receives a message from a SCADA master containing it's O\\TI address

and which vvill request a reply (e.g. TELKOR PUTU, 1ST ERTU, L&N SCALD). The reason

why poling RTU's are used is that more than one RTU can be on one communication line,

each with its mm address. If a single remote/master system is used (every remote has it's

O\"lln master), FDM or TD~I mW't be used to put more than one system on one
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communication line. This is due to thefact that each RTU and MASTER use a unique

frequency. This will limit the amount ofRTU's on the line (e.g. TIC 2P/2C systems).

This message can be a general poll, analogue update, one shot control, two shot control, etc.

For a reliable telecontrol system it is essential to have good communication lines from the

SCADA master to the RTU's in the field. It is therefore necessary to do periodic routine

maintenance on the systems and testing of the communication lines. This also involves the

measurement of the power levels on the transmit as well as receive lines.

The SCADA system is used to do the following:

I. NotifY the Control personnel at the control centre of any abnormal condition out at

the substation, e.g. Voltages out of limit, alarms, breaker trips, ctc.

2. Enable the Controllers to do Remote Controls at the substations, e.g. Reset

abnormal conditions and open or close breakers remotely.

3. Supply trends on analogue values, e.g. 1\1W, I\lvar, Amp, kV, Frequency, etc.

As you can see \\ithout a reliable SCADA system it is impossible to control an electrical

network efficiently. Without a reliable communication network it is impossible to have a

reliable SCADA system.



A communication system will nmction properly only when it is set up properly. This means

that the signal levels on the system are set up to the manufacturer's specifications or the

CCnT recommended levels.

If the levels that are connected into the system (TX or transmit levels) are too high it can

overload the system and if it is too low, noise can corrupt the data on the system. If the levels

coming out of the system (RX or receive levels) are too high it can damage the equipment it is

connected to and if it is too low, noise will also corrupt the data.

Most of the data on the systems is FSK modulated which are sinusoidal wave type

modulation. If the levels are to high the waveform will "clip" and thus will be distorted and

data corruption \\ill occur. When levels are too low, noise can be at the same level as the

data, which will result in corruption of the waveform.

It is therefore important to have a good maintenance programme to continuously test the

communication links. The following procedure is being used:

J. One technician goes to one end of the link \\ith his test equipment. This can be

far, some of our substations are 600km from the control centre.

2. Another technician goes to the other side of the link \\ith his test equipment.

3. The communication line to be tested is taken out of service, thus disconnecting it

from the communication system.
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4. The communication line at the one end is looped back (The Receive and Transmit

lines are disconnected from the RTU and connected together).

5. A test signal is injected at the other end at an certain level, looped back and

received again. The Transmit signal is then compared with the Received signal

enabling the technician to see if there was a loss of data (Bit Error Rate) or a change

in level(dBm) between the RX and TX.

This method is however time consuming and not very productive, because two persons are

required to drive to the two sites, of which one can be 6 hours drive and at least two

technicians are needed for the test. We therefore need a better solution that will enable us to

do tests automatically and warn us ifthe quality of the line is deteriorating.

A good system must be able to monitor the lines automatically and indicate in advance of a

failure in order for preventative maintenance to be carried out.

6



Fault Statistics

The following table is a summary of Telecommunication Faults handled by Telecomms and

Control Western Cape during the time 30 June 1995 to 30 June 1996.

Section Total Outage Mean Down Mean Repair Total Faults
Hours Time in Hours Time in Hours Cleared

Broadband 1939 14 1.8 162
Radios 7875 30 1.2 315
Power Line Carrier 406 I1 2.2 40
Repeater 1542 16 1.9 151
Sv,itches 7418 23 I.I 393
Telecontrol 2868 20 1.3 217
Telephones 7295 21 0.6 386

With the aid ofa good preventative system the total faults as well as the down time of the

faults should be less.

This should result in a higher availability for the telecomms system.
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2 Measuring levels on Transmission Lines

Power Measurement in Decibels

With faultfmding as well as commissioning of equipment it is essential for all teclmical

personnel to know how to use level meters as well as signal generators.

Before we can start on how to use the test equipment, we must understand what levels are and

what the unit of measure is.

The DECIBEL

Let's start by looking at the word decibel itself. It is a combination of "deci" and "bel". Bel

comes from Bell. It was chosen to honour Alexander Graham Bell, the inventor of the

telephone. Deci is a prefix meaning one-tenth. To get more realistic numerical values it was

decided to use one tenth of the "bel" value, thus the term decibel.

NB (number of beIs) = logEl
P2

NdB (number of decibels) = 10 logEl
P2

The factors PI and P2 represent the values of any tvw power levels that are to be compared.

In general, power levels can be of any type: electrical, mechanical, thermal, etc. We are

however concerned primarily with the power levels of communication signals at various

points in the communication system. Power level comparisons are most meaningful when the
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power levels are related in some way. For example, the power gain in an electronic amplifier

(a comparison of the output power to the input power) is often expressed in decibels:

gain (dB) = 10 log Pout

Pin

Why do we use the logarithm of the power ratio and not just the simple ratio of PI and P2 ?

The answer is that human physiological response to sensory stimuli such as light and sound is

approximately power logarithmic. This means that, for example, if the sound power at your

ear of an aeroplane flying overhead is 10 000 times the power, at your ear, of a person

clapping hands close by, you do not perceive the aeroplane sound as being 10 000 times as

loud. Your perception is more like 40 times since 10 log 10 000 =40. Thus power ratios

expressed in decibels provide information which is more closely related to real-life effects

than do simple direct ratios.

We will mainly use two types of decibel readings:

• dBm (Related to ImW in 6000 termination)

• dBv (Related to Volt)

We v.ill use the follo\\IDg formulas for electrical power:

• p= VI

• P =V'lR

• P =FIR
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dBV:

Decibel values can be measured with a voltmeter by using the following formulas:

PI = (VI)2 /RI

NdBV = la log.£l
P2

= 10 log (VI) 2/Rl
(V2) 2/R2

P2 = (V2)2 /R2

= 10 log [(VlN2) 2 X (R2/RI)]

= 20 log..Yl. + 10 log R2
V2 RI

If the resistance is the same at the two points where power is being considered, that is if RI ~

R2, the second term becomes zero, thus:

NdBV = 20 log,JU
V2

The practical significance of the above equation is that only a voltmeter is needed to

determine decibel values if the resistance at the points of measurement are the same. Many

multimeters manufactured primarily for the use of field technicians have a scale calibrated in

decibels (e.g. Fluke 8060A). This scale is used when the meter is measuring ac voltage. With

such meters the scale is accurate only for measurement across 600Q loads. If the resistances
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are not the same, the decibel value obtained by voltage measurement must be corrected by the

use of the second term, 10 log R21R1.

dBm:

Because the decibel formula contains a ratio (a comparison of two power levels), the decibel

is said to be a relative unit. A relative unit is to be distinguished from an absolute unit.

Examples of absolute units are amperes, volts, ohms, etc. However, absolute decibel units

can be created with the use of set reference power levels against which to compare any other

power level. The reference for the dBm unit is lmW, thus:

NdBm= 10 log PI
1mW

Before we can start measuring levels we must stilI look at the following concepts:

• Band\\idth

• Impedance Matching

• Through reading

• Terminated reading
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Bandwidth

Measurement of power on communication lines can be measured as "JVideband" or over a

certain "Bandwidth" at a certain centre frequency. With wideband the measurement is taken

over the whole frequency spectrum that the instrument can handle. In other words levels of

all frequencies on the communication line will be added and the total level \,;ill be displayed.

When only a certain signal must be measured, this signal must be filtered out and then

measured. This is done by selecting the centre frequency of the signal and the bandwidth the

signal operate in. The portion of the frequency spectrum utilised by the signal being

measured is the band\\idth of the signal.

Bandwidth = f highest - flowest

Centre Frequency fcentre = flowest +( f highest - flowesl)/2

Impedance Matching

All communication lines have a working characteristic impedance. This may vary from 75Q

up to 600Q. When the line is connected to other equipment (e.g. a MODEM), the

impedance of both must be the same (matched) to have minimum power loss on the circuit. If

the impedance on both are the same, it is said to be balanced. Level meters also have an

impedance at their input when measuring and will influence the reading. Care must thus be

taken when using level meters to select the correct impedance.
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Through reading (High Impedance)

With a through measurement, you are measuring over the line, while it is "live"

(Communicating), with nothing connected to the circuit.

6000.

l-----J Microwave
TX

RX

Level

Meter
High Impedance

600Q

ODE

When a level meter is used to measure. for example the level on the TX line in the above

diagram, the meter must be selected to high impedance. This normally is higher than 12ill

which. when connected in parallel to the TX. will not influence the impedance of the circuit.

When the meter is selected say to 75Q. the impedance of the circuit will be 75Qin parallel to

600Q, which ",ill drastically influence the reading. The meter is calibrated to correct the

error introduced with mismatching on the circuit.
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Terminated reading

With a tenninated measurement, you are measuring power on a circuit that has no other

equipment terminated on it.

600a I-----=RX:..=..::... -+ 600a... "~.c..;"

When the TX level coming from a microwave must be measured and it is not connected to

any other equipment. the level meter must also be selected to the same impedance as that of

the equipment which would eventually be connected to it. The impedance of the terminated

equipment is always matched to that of the bearer equipment in order to effect maximum

power transfer.

One last important thing to remember: Always calibrate the eter before a measurement is

taken.
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The following is thus important when taking power level measurements on

communication lines:

• Is the meter calibrated?

• Is the battery charged ?

• Are we measuring dBm or dBv ?

• Is the Bandviidth selected correctly?

• Is the Impedance selected correctly?
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3. IDF Background

The IDF (Intermediate Distribution Frame) at a Telecommunication site is the backbone

where equipment are physically connected to each other with cables and wires. This makes it

easier when changes have to be made later.

When parts of equipment are connected directly to each other by cables. it would be a

massive job to make connection changes, because the cables will have to be disconnected and

connected again. This can be a massive job if 100 pair (200 wires) cables are involved. The

IDF was therefore introduced. The cables are made off separately on the frame and are

connected by cross connection wires (jumper wires). In case of a change it will only be is

necessarily to change the jumper wires.

Figure 3.1. IDF with Tagblocks 00 firsl4 verticals aod Kroue 00 lasl 2 verticals
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Different connection blocks on the IDF are used:

• Krone 10 pair

• Krone 8 pair

• Poyet 10 Pair

• 6 x 25 tagblocks

• 10 x 20 tagblocks

The Krone and Poyet blocks are "push in" blocks and do not require soldering. A special tool

is used to connect the wire to the block. The 6 x 25 and 10 x 20 blocks require the jumper

wires to be soldered onto the tags. The Poyet and Krone blocks are faster to wire, but can

take only a limited amount ofjumper wires (2) per connection.

The IDF makes use of a specific numbering scheme enabling the user to find any point on the

IDF quickly and accurately. Without this it will be virtually impossible to install new

functions on the IDF or finding old functions quickly.
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4. Suggested Solution

As mentioned in the introduction, there is a routine maintenance program to test the

communication links on a regular basis. This is however hampered by the following factors:

• Staff shortage

This due to the problem that ESKOM is not allowed to expand personnel.

• Expansion of the current network

This is due to new services demanded by internal ESKOM customers

• Refurbishment of old equipment

Old equipment must be replaced because of age, unavailability of spares and

because of new technology that is demanded by customers

To relieve the pressure on the telecommunication personnel, we must look at other means of

testing the communication lines automatically.

A solution to the current problem is to feed the TX and RX levels at the substation back to the

control centre as an analogue value. This value will be displayed continuously on the screens

of the SCADA system. The SCADA system will also continuously log and trend the values

in a database. This can then be printed out and a trend can be observed.

If the trending graph shows a deterioration in line quality, the technicians can go out and

realign the communication line. This procedure \\ill save on the amount ofmaintenance tests

on the communication lines.
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All the RTU's that ESKOM uses have analogue inputs, which are supplied with a current

range between -5 and +5mA by a transducer. The scaling is normally as follows:

Example 4.1.:

Ot05mA = Ot0400kV

Example 4.2.:

- 5 mA to + 5 mA = - 480 to + 480 MVar

Example 4.3.:

Ot05mA = Ot0800A

Therefore we can use the analogue inputs of the RTU's to send an analogue value of the

power of the FSK signal to the SCADA master. We only have to supply a value that ranges

from 0 to 5 mA and is directly proportional to the power ofthe FSK signal..

This level meter unit must have to the following specifications:

I. Standalone, connected to a RTU and fit into a standard 3U rack.

2. It must measure the RX and TX levels of the RTU and supply the RTU with a

analogue value that is directly proportional to power of the incoming level (-20dBm to

OdBm) = 0 to 5mA).

3. Work from a SOV substation supply
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5. RMS to DC Conversion Theory

Definition of RMS

RMS or Root Mean Square is a fundamental measurement of the magnitude of an ac signal.

Its definition can both be practical and mathematical. Defined practically: the RMS value

assigned to an ac signal is the amount ofdc required to produce an equivalent amount of heat

in the same load. For example: an ac signal of I volt RMS will produce the same amount of

heat as in a resistor as a I volt dc signal. Defined Mathematically: the RMS value of a

voltage is defined as:

Enns = ~V;'g

The above is a simplified formula-equivalent to the standard deviation ofa zero average

statistical signal. This involves squaring the signal, taking the average, and obtaining the

square root. The averaging time must be sufficient long to allow filtering at the lowest

frequencies of operation desired.

Methods of True RMS to DC Conversion

Thermal RJ.'\tS to de Conversion

Thermal conversion is the simplest method in theory, yet in practice, it is the most difficult

and expensive to implement. This method involves comparing the heating value of a

unkno\\n ac signal to the heating value ofa kno\\n calibrated dc reference voltage (see Figure

5.1.). When the calibrated voltage reference is adjusted to null the temperature difference

between the reference resistor (R2) and the signal resistor (RI), the power dissipated in these
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two matched resistors will be equal. Therefore, by the basic definition of RMS, the value of

the dc reference voltage will be equal to the RMS value of the unknown signal voltage.

Vin

Al
Heater Protection Thermal Barrier A2

Vout

Heater
Protection

Figure 5.1. A Thermal RMS to de Converter

Each thermal unit contains a stable, low-TC resistor (RI, R2) which is in contact with an

linear temperature to voltage converter (S I, S2), an example of which would be a

thermocouple. The output voltage of SI (S2) varies in proportion to the mean square of Vin,

the first order temperature/voltage ratio will vary as K VinIRI .
•

The circuit ofFigure 5.1 typically has very low error (approximately 0.1%) as well as wide

bandwidth. However, the fixed time constant of the thermal unit (RI SI, R2 S2) limits the

low frequencies effectiveness of this RMS computational scheme.

In addition to the basic types discussed, there are also variable gain thermal converters

available which can overcome the dynamic range limitations of fixed gain converters at the

expense of increased complexity and cost.

21



Direct or Explicit Computation

The most obvious method ofcomputing RMS value is to perfonn the functions of squaring,

averaging, and square rooting in a straight-forward manner using multipliers and operational

amplifiers. The direct or explicit method of computation (Figure 5.2) has a limited dynamic

range because the stages following the squarer must try to deal with a signal that varies

enormously in amplitude. For example, an input signal that varies over a 100 to 1 dynamic

range (lOmV to 1V) would have a dynamic range 10 000 to I at the output of the squarer

(squarer output = ImV to IOvolts).

These practical limitations restrict this methods to inputs which have a maximum of

approximately 10 : I dynamic range. System error can be as little as ± O. I% of full scale

using a high quality multiplier and square IOoter. Excellent bandwidth and high speed can

also be achieved using this method.

Indirect or Implicit Computation

A generally better computing scheme uses feedback to perform the square root function

implicitly or indirectly at the input of the circuit as sho\\ll in Fi:"ure 5.3. Divided by the

average of the output, the average signal levels now vary linearly (instead of as the square)

\\ith the R..'\1S level of the input. This considerably increases the dynamic range of the

implicit circuit, as compared to explicit R..\lS circuits.
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Some advantages of implicit RMS computation over other methods are fewer components,

greater dynamic range, and generally lower cost. A disadvantage of this method is that it

generally has less bandwidth than either thermal or explicit computation. An implicit

computing scheme may use direct multiplication and division (by multipliers), or it may use

any of several log-antilog circuit techniques.

Vin

R

x Vout

SQUARE AVERAGE SQUARE-ROOT

z

Figure 5.2. The Explicit Computation Method

,-------,ZY..
X Vout

Vin
y X R

Figure 5.3. The Implicit Computation Method

The RMS to dc converter used in the final design (AD536A) is an example of the implicit

computation method.
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6. Circuit Description

The fmal design ofthe unit consists of the following blocks (see Figure 6.1):

1. Power Supply

2. FSK Analogue input circuit (as in diagram 6.1). This in turn consists of:

2.1. Isolation Transformer

2.2. Amplifier.

2.3. Full wave full wave rectifier (RMS to DC converter)

2.4. Amplifier

2.5. Trigger Circuit (Voltage Comparator \vith TfL output)

3. Analogue to Digital Converter

4. Microprocessor

5. Digital to Analogue Converter

6. Current Source.
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FSK Inpu
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TIC
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t 1 Analogue I
~ ADC f-

Micro DAC I - Current
-

Source 1 Out I

t2 Analogue DAC2 Current
- '-----

Source 2
c-

Out 2
start_sample

mA

mA

Figure 6.1 Block Diagram Level Meter

The FSK signals are detected by the analogue modules. The FSK signal is amplified,

converted to DC and a start_sample signal is generated by the module (Figure 6.3.). The

voltage comparator wiU generate a TTL logic high signal (start_ sample) when the level of

the FSK input rise above - 20dBm. The microprocessor will start the sampling of the DC

signal through the ADC, the moment the start_sample signal is detected by the

microprocessor (Figure 6.1).

•

·[T

I

I,Dov m 1.00v M200"" tn'-ly--J
S.GGV

1ek Stopped: Single Sea

Figure 6.2.
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The microprocessor will switch between the two analogue modules (RX and TX inputs). The

sampled value will be converted to a linear value and converted to a 8 bit value by the

microprocessor. The microprocessor will output this calculated value to the DAC. The DAC

will feed a constant current source which will produce a current directly proportional to the

voltage input from the DAC.

This current produced by the constant current source will be directly proportional to the power

of the FSK signal at the analogue input.

Figure 6.2. shows the relationship between the FSK signal (Channel I), the rectified signal
(Channel 2) and the start_sample pulses (Channel 3).

Isolation
Transformer Amplifier

RMS to DC
Converter Amplifier

FSK
input 1

To
>--ADC

r---- To Microprocessor (start_sample)

Comparator

Figure 6.3. Block Diagram FSK Analogue Input of one Channel
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Figure 6.4. shows the timing between the FSK signal (Channel 1), the rectified signal

(Channel 2) and the start sample pulse (Channel 3). Note the fust part of the rectified signal

is constant. The reason for the non-linearity of the rest of the signal is that the RMS to DC

converter also reflects the value of the signal when it change over from a logic "1" to a logic

"0". The "dips" in the signal is when there is a changeover from one FSK frequency to the

other. During the constant part of the signal the MODEM transmits a logic "I" constantly to

act as a wakeup (PTT) for the other MODEM. It is during this constant part that the samples

are taken by the ADC.

The software is written that the microcontroller will wait 101llS after the start_sample signal

goes high and will then take ten samples while the level is constant. The average of the ten

samples will then be used for the conversion to get amore accurate and constant value.
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7. Circuit Design

The first prototype was build on a single sided PC-Board and included a 220V AC power

supply on the board. The main problem with this version was with the mounting ofthe uuit in

the sub-stations and the availability of AC power. Most telecommuuication devices use a

50V DC supply (e.g. RTU's, level plan equipment, amplifiers, attenuators, etc.).

The final design was therefore changed that the PC-board will fit into a standard 3U rack and

will work off a 50V DC supply. The level meter was constructed on one board and the PSU

on a separate board. This was done to cater for later changes in PSU designs, thus the level

meter board will not change if the PSU changes.

To minimise design time and costs a standard DC/DC converter was used for the PSU,

instead ofdesigning switchmode PSU from scratch. The design of such a uuit is a massive

project on its own. The uuit used (CALEX 48T5.15UW), takes a48V DC supply and

converts it to 5V and +1_15V DC with the following specifications :

• 5V DC output

• +15V DC output

• -15V DC output

800mA

150mA

150mA
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FSK Analogue input desigu (Diagram 7.1).

Note: Only one channel is shown here, because both channels are exactly the same.

The FSK signal is connected to a high impedance isolation transfonner with a I: I ratio, to

decouple the circuit from the signal that has to be measured. A 6000 resistor is connected to

the secondarY side of the transfonner to provide a 6000 load to the source. This is done to

match the impedance on the communication line, without the loss ofpower.

The DC offset in the FSK signal is then blocked with a O.IIlF capacitor CI. The signal is then

amplified with a LM35 I operational amplifier connected as a non-inverting amplifier.

A gain of 100 was chosen

Gain = R2...
R3

= 100

choose R3 = lkQ

thus R2 = 100kQ

A variable resistor is chosen for R2, for calibration later.

The amplified signal is again fed through a DC-blocking capacitor (C2, 0.11lF) and fed to the

RMS to DC converter (AD536A). The AD536A is connected in a standard connection as

described in Appendix B5. To minimise ripple on the supply rails, two O.IIlF capacitors (C4

and C5) are used to bypass both supplies (+15V and -15V) to ground as near the device as

possible. A O.IIlF capacitor was chosen for the filter capacitor (C3).
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The output of the AD536 is split to an operational amplifier (LM351) in non-inverting mode,

which supplies the analogue to digital converter and a voltage comparater, which supply the

micro-eontrol1er with the start_sample pulse.

Amplifier design:

A gain of 100 was chosen

Gain=R4
RS

= 100

choose R4 = 100kQ

thusRS = IkQ

A variable resistor is chosen for R4, for calibration later.
Voltage Comparater design:

The voltage comparator must supply a start_sample pulse to the micro controller when it

detects a signal higher that -20dBm. The LM311 voltage comparator was chosen. The output

is open-eollector and is taken to +5V with a pull-up IkQ resistor (R8).

Resistor ratio:

R7 = X
R6+R7 5

Were x is the compared voltage.

R7 was chosen as 22kQ and R6 as 470kQ.

thus x = 224mV

The output from the AD536 must be adjusted to 224mV (R2) with a -20dBm FSK input.
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ADC and Micro-controller design

The ADC (AD7890) is connected in a standard connection (Diagram 7.2) as described in

Appendix B2. The AD7890 is used, because of its fast conversion time (5.9 us), it is a 12 bit

ADC with high accuracy and it has eight analogue inputs. Only analogue inputs 1 and 2 were

used for the two input signals, but later models can utilise all eight, supplying eight input and

output channels for the level meter.

With a bigger model ofeight input channels, it is suggested that the analogue inputs be

separated from the level meter board and constructed on a separate PC-board. This will make

the unit modular and user defmable. More than one type of analogue board can be

constructed ranging from one to eight inputs available for the user.

The control signals and digital data input I output siguals were connected directly to the one

port (PI) of the micro-controller.

The micro controller (8751) was chosen, because it has on board RAM and ROM available

for the user, which eliminates external ROM and RAM devices, thus simplifYing the design

and making the PC-board smaller.

The 8751 was connected in a standard connection (Diagram 7.2) as described an Appendix

B4. An 4 MHz crystal was used for the oscillator with two capacitors(47 pF) as shown in

Figure 6.1 in Appendix B4.
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The 8751 controls the ADC and serially reads the data from the ADC. The output ports P2

and P3 are connected directly to the DAC, which in turn supplies the output current to the

current source. A calibration switch SWl is used to calibrate the output of the DAC. When

the switch is "on", the 8751 will output logic "l"'s on all the bits ofport P2 and P3. This

will enable the user to adjust the output of the current source to full scale (5rnA), with a full

scale input to the DAC.

Port 0, bit 0 and 1 are used to detect the start_sample signals from the analogue input module

and will activate the sampling ofthe data via the ADC.
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Digital to Analogue Converter and Current Source Design

Note: Only one channel is shown here, because both channels are exactly the same.

The DAC800 was chosen for a DAC because ofit's low cost and simple configuration. The

DAC is connected to a LM3999 precision voltage reference Zener (Diagram 7.3), to supply a

constant reference voltage to the DAC800. The output of the DAC is connected to a LF35l

operational amplifier, connected as a current source, ofwhich the output current is

proportional to the output of the DAC.

• + Vrer= Voltage at Pin 14

• lrer = Current through R2

• Rrer= R2

• IfS = Output Current at pin 4

• Vout = Output voltage ofDAC at pin 4

Voltage Reference Design

The temperature stabiliser pin 3 in connected directly to the 15V supply line and

consume typically 12 mA.
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Zener forward current = 100pA

Zener voltage = 6.95V

Assume maximum supply current through RI = 1.5 mA

RI = 15 - 6.95
0.0015

=5.3kQ

Choose 4.7kQ

Thus maximum current = 1.7 mA

Digital to Analogue Converter Design

The DAC800 is connected in a basic positive reference operation connection. (Figure 15 in

Appendix B3)

Choose R2 = 3.8kQ

IFS = Vref

R2

=~

3800

= 1.829mA

Choose Vcut = 5V

Rout = Vref

IFs

=2
0.001829

=2.73kQ
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Choose a 2.2kn (R4) resistor in series with a 2kn variable resistor(VRI). The variable

resistor is then the calibration point for full scale calibration.

Current Source Design

The LM351 operational amplifier is connected as a current source (Diagram 7.3), ofwhich

the output current is directly proportional to the input voltage.

Non - Inverting Voltage (MAX.) = 5V

Inverting Voltage (MAX.) = 5V

lout(max.) = 5mA

R6 =V.
lout

= i
0.005

= lkn
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Power Supply Design

The initial PSUwas a simple 220V AC to +5/+1 5/-15V DC design.

Standard bridge rectifiers, regulators, capacitors and transfonner were used in the design as

shown in Diagram 7.4.

As mentioned this design was not used in the final version, because of the 50V DC supply

voltage used in ESKOM sub-stations.

A Calex 48T5.15UW DC/DC converter (Figure 7.5) was used in the final design and was

mounted on a separate PC-board, acting as the PSU. An on/off switch, fuse and diagnostic

LED's were added to the circuit. This unit supplies the main PCB with power, which

contains the rest of the circuit.

PSUDesign:

Fuse (Ft)

1=..£
V

=.&,2
48

= 0.177 A

Chose 150mA

Rl=15-I.5
.02

=675Q
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R2=15-1.5
.02

=6750

R3 = 5 -1.5
.02

= 1750

Chose resistor values:

• RI =6800
• R2 =680Q
• R3 = 180 0

All LED's 3mm RED
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8. Calibration and Testing of the Unit

The following calibration must be done on the unit for accurate operation:

I. Calibration of input circuits:

1.1 Switch the unit off.

1.2 Connect a Voltmeter to Test Point I (TPI)

1.3. Connect a Signal Generator to FSK input I

1.4. Select the output of generator to 6000 tenninated and OdBm power

1.5. Select centre frequency of3000Hz and bandwidth of 240Hz

1.6. Switch the unit on

1.7 Adjust VR3 that meterreads 1.1V

1.8. Connect voltmeter to Pin 6 U9 and adjust VR4 that meter displays 10V

1.9 Repeat procedure with Input 2, VRI and VR2

2. Calibration of the output circuits:

2.1. Switch the unit off

2.2 Connect a Ammeter to Output I (Full Scale as near as possible to 5mA)

2.3 Switch the unit on

2.4 Switch the calibrate switch on

2.5 Adjust VR6 that meter reads 5mA

2.6 Switch ofCalibrate switch

2.7 Repeat procedure with Output 2 and VRS.
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3. Testing of unit:

3.1 Use a calibrated MODEM (e.g. -9dBm output) for the test

3.2 Connect a poling signal to input 1 ofthe unit (from the MODEM)

3.3 Connect a Ammeter to output 2

3.4 Take the reading on the meter and use the following mathematical equation to

calculate the dBm reading:

oto 5mA = -20dBm to OdBm
Thus

dBm output = (mA reading * 2Q) -20
5

Compare dBm output value with the calibrated value of the MODEM. If the two values

are the same the circuit is working properly. Repeat with Input 2 and Output 2.
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The following results are from calibration tests done on the unit..

Channel 1:

dBmlnput mAoutput Calculated % Error
From Source dBmOutput

-20 0.015 -19.94 0.3
-18 0.49 -18.04 0.2
-16 0.96 -16.16 1
-14 1.46 -14.16 1.1
-12 1.96 -12.16 1.3
-10 2.47 -10.12 1.2
-8 2.98 -8.08 1
-6 3.48 -6.08 1.3
-4 4.01 -3.96 1
-2 4.5 -2 0
0 5 0 0

Channel 2:

dBmInput mAoutput Calculated % Error
From Source dBmOutput

-20 0.02 -19.92 0.4
-18 0.4 -18.4 2.2
-16 0.94 -16.16 1
-14 1.47 -14.12 0.8
-12 1.96 -12.16 1.3
-10 2.49 -10.04 0.4
-8 3 -8 0
-6 3.51 -5.96 0.6
-4 4.02 -3.92 2
-2 4.5 -2 0
0 5 0 0

See also National Calibration Certificate in Appendix A.4
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9. Problems encountered and earlier versions

The only difference between the versions was with the analogue input circuit.

Version 1.0.

Basic description:

The input circuit consisted ofan active full-wave rectifier and an amplifier as in

Diagram 9.1. In order to keep the rise-time of the rectified signal as low as possible,

the signal was first rectified and then amplified. An active rectifier was used because

the voltage drop over the diodes in a diode bridge (±lAY) is higher than the input signal

(22OmY).

Problems encountered:

The circuit proved to be very accurate with constant level signals, but unusable with

polling signals. The duration ofa poll is 260ms and the rise time of the rectified signal

was 1sec with a 1.8% ripple (4mV with a 220mV peak to peak signal).

With a low rise time of IOms, the ripple on the rectified signal was unacceptably high

at 18% (4OmV with a 220mV peak to peak signal).
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Practical Results:

The different ripple/rise-time values are displayed in Table 9.1.

Capacitor C3 Ripple (mV) Input Signal (Vpp) Rise Time (ms)
(Ilt)

10 4 220 1000
4.7 5 220 300
1 7 220 100

0.68 8 220 60
0.47 11 220 50
0.1 40 220 10

Table 9.1.
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Version 2.0.

Basic description:

The active full-wave rectifier was changed to a peak detector and an amplifier as in

Diagram 9.2.

An 4.7 J.1f capacitor with a 180kll resistor was connected to the output to get a

smoother rectified signal. The resistor was used to discharge the capacitor.

Problems encountered:

The rise-time ofthe rectified signal was acceptable at 4mV, but the percentage ripple

was 15.

The other big problem was that the capacitor did not discharge to 0 V between polls.

The voltage only dropped down to IV (Figure 9.1.), which was too high.
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The waveform of the FSK data bursts is captured on channel 2 and the rectified signal on

channel L

Another big problem was that the samples from the ADC were not CODStant. It depends

on when during the poll it was sampled. The output of the DAC and ODStant current

source varied between 3.7 mA and 5 mA with a full scale input ofOdBm, The result

should have been a constant 5mA output. The reason for this behaviour is that the
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rectified signal is not a constant value, but a very non-linear waveform, because of the

FSK signal that is peak detected.

It was later observed that there was a constant signal of 60ms at the start of the FSK poll.

This acted as an PIT to switch the MODEM on. The master keeps the MODEM at a "logic

I" for 60ms before it starts to transmit the data (see figure 9.2). It was calculated that data can

be sampled by the ADC every 880ns, thus there is ample time to do 10 samples and take the

average during this constant signal. This principle was used in the final version.

"R!!k Stopped: Single Seq

f
.f...

Figure 9.2.

! ..
-_._--1...

. . . . . . . . . . . .
:
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10. Software

The software for the 8751 microcontroller was written in C and compiled to 8751 assembly

language. The reason for this is that C supply us with excellent mathematical functions,

which would be cumbersome in assembly language directly.

Software was written for single channel and double channel sampling. The reason for single

channel was more for testing purposes. It was difficult to simulate two FSK data channels

with the initial versions. The reason for this is that two MODEMS must be used and the

timing between the two signals must be correct.

Software was also written in PASCAL to simulate general poll massages sent out by a Master

SCADA Station. The serial output ofan PC serial port was connected to a 200 Baud FSK

MODEM, which produced the FSK output that was used for the tests during the design stage.

The MODEM used is the same as the MODEMS used by the SCADA Master and Slaves.

The TELKOR PUTU protocol was used for the General poll Message and is described below:

General Poll Message

A general poll message consists of three bytes and looks as follows:

Bytel Byte 2 Byte 3
STATION GENERAL CHECK
ADDRESS MESSAGE SUM
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10.1. The first byte consists of the station address.

Example: 2E (Hex) = RTIJ 46 (Decimal)

10.2. The second byte defmes the general poll number as well as the type of poll, a general

poll discard or a general poll retransmit. Bit 7 (MSB) of the 8 bits shows if it is a general poll

re-transmit or a general poll discard. Bit 0 and 1 shows which number general poll it is.

17161514131211
MSB

10.2.1. Bit 7:

1 0 1
LSB

Binary Value

1
o

10.2.2. Bit 0 and 1

HEX

Meaning

General Poll re-transmit
General Poll discard

Binary General Poll number

1
2
3
4

Where:

o
1
2
3

00
01
10
11

GPO
GPl
GP2
GP3

GPO = Request priority 0 information only

GPO = Request priority 0 and 1 information

GPO = Request priority 0, 1 and 2 information

GPO = Request information on all priorities
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Examples:

Data: 2E 03 2D

03 = 0000 0011

Thus it is a general poll number 3 discard

Data: 2E 83 2D

83 = 1000 0011

Thus it is a general poll number 3 re-transmit

10.2.3. The last byte is the checksum ofthe message and is the XOR value of the first

two bytes.
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Source Code for General Poll Message.

Program RS232;

USES
DOS,CRT;

Var
COM : Word; (* RS 232 Comrns Port *)
Mesbyte : Byte; (* Nwnber ofBytes in TX Message *)
Check : Byte; (* PUTU Message Checkswn *)
PutuAddr : Byte; (* PUTU Address *)
Genpole : Array [1..3] ofByte; (*General Pole Message*)
ClockStart : Longint;

(*************************************************************************)

Procedure init8250; (* Initialize RS232 Port *)

(* Putu RS232 Communication *)
(* *)
(* Baud-rate = 200 *)
(* Data Bits = 8 *)
(* Start Bits = I *)
(* Stop Bits = I *)
(* Parity = Odd *)
(* Baud Rate Devisor = 115200 I Baud-rate *)

Begin

PORT[COM+3]:= $80;
PORT[COM] := $40;
PORT[COM+I]:= $02;
PORT[COM+3] := $OB;
PORT[COM+4] := $OB;
PORT[COM+l]:= $01;

End;

(* Initialize Baud-rate devisor *)
(* Output LSB Baud-rate devisor *)

(* Output MSB Baud-rate devisor *)
(* Set up Line Control Register *)
(* Set up Modem Control Reg <)
(* Set up Interrupt-enable Reg *)

(**************************************************************************)

Function GettimeVal : Longint;

Var
Hour, Minute, Second, SeclOO : Word;
Time: Longint;
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Begin
Gettime(Hour,Minute,Second,SecIOO);
Time:= «Hour * 360000) + (Minute * 6000) + (Second * 100) + (SeclOO));
GettimeVal := Time;

End;

(**************************************************************************)

Procedure Startclock;

Begin
Clockstart := Gettimeval;

End;

(* Get Time *)

(*.******•••***.**.*.**.*.**.**.**.***.*••••**•••**.*.************.********)

Procedure Senddata(Mesbyte : integer); (* Send Data To Comms Port *)
Var

n: Integer;

Begin
For n := 1 to Mesbyte do
Begin

While «port[COM+5] AND $20) = 0) DO (* Check Line Status Register *)
begin
end;
PORT [COM] := MESSAGE[n];

End;
End;

(**••••••*.*.*••*•••*••••*••••••••••••••••••*••••*••••*********************)

Procedure Genpolpr;

Var
i : integer;

Begin

(* General Pole Procedure *)

Check := Putuaddr XOR $03;
Genpole[l] := Putuaddr;
Genpole[2] := $03;
Genpole[3] := Check;
Mesbyte := 3;
Move (Genpole,Message,3);
Senddata(3);

End;

(* Checksum *)
(* Address Byte *)

(* General Pole Byte *)
(* Checksum Byte *)

(* Message Length *)
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(**************************************************************************)

Begin
Corn :=$3F8;
lnit8250;
Putuaddr:= $1;

End.

(* Begin Main Program *)
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Source Code for single channel sampling:

#pragma code debug objectextend small
#incIude <reg5I.h> /* define 8051 registers */
#incIude <matb.h>

bit do_sample;
sbit CONVST = Ox90;
sbit SCLK= Ox91;
sbit TFS = Ox92;
sbit CAL_SWITCH = Ox93;
sbit RFS = Ox94;
sbit DATA_OUT = Ox95;
sbit DATA_IN = Ox96;
sbit START_SAMPLE = Ox97;
#define DACI P2

void set_charmel(unsigned char charmel) {
bit adr_bit;
int I;

TFS = I;
SCLK= I;
TFS=O;
charmel = (charmel« 3) & 0x38;
for(I = 0;1 <= 5;1++) {

SCLK= I;
if ((charmel »(5 -I) & I) = I) adr_bit = I;
else adr_bit = 0;
DATA_IN = adr_bit;
SCLK=O;

}
SCLK= I;
TFS = I;

}

int get_sample(unsigned char charmel) {
int I;
intdataJn;
unsigned char data_in_A;
unsigned char data_in_B;

set_charmel(charmel);
CONVST= I;
RFS = I;
SCLK= I;
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CONVST=O;
DATA OUT=l"- ,
CONVST= 1;
data in=O"- ,
data in A=O"- - ,
data in B=O"- - ,

for(I = 0;1 <= 2;1++);
RFS=O;
for(I = 0;1 <= 3;1++) {

SCLK= 1;
SCLK=O;

}
for(I = 0;1 <= 3;1++) {
SCLK=l;
SCLK=O;
if (DATA_OUT) {
data in A = data in A I (1 «(3 - I));- - - -

}
}
for(I = 0;1 <= 7;1++) {

SCLK= 1;
SCLK=O;
if(DATA_OUn {
data_in_B = data_in_B I (1 «(7 -I));

}
}
RFS= 1;
SCLK= 1;
data_in = «int)«int)data_in_A * (int)256) + (int)data_in_B);

long total_sample;
int i;
float volt;
floatdBm;
unsigned char ma_out;

void delay (int n){

int i;
for (i = 0; i<= n; i++)

{
}

}
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mainO { 1* main program *1

while(l) {
if(CAL_SWITCH) {
DACl =OxFF;

}
else {

while (!do_sample){ 1* check for trigger pulse *1
while (START_SAMPLE); 1* must be lOrns long *1
while (!START_SAMPLE);

delay (500); 1* IOms delay *1
if(START_SAMPLE) do_sample = 1;
else do_sample = 0;
}

total_sample = 0;
for (i = 0; i < 10 ; i++){

total_sample += get_sample(l);
}

}

volt = «(float)total_sample/lO.O) 12048.0) * lO.O;
dbm = 20.0 * logI0(98.ge-3 * volt);
ma_out = (unsigned char)«(20 + dbm) 120) * 256.0);
DACl = ma_out;
do_sample = 0;

}
}
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Source Code for double channel sampling:

#pragma code debug objectextend small
#include <reg51.b> /* define 8051 registers */
#include <matb.b>

sbit CONVST = Ox90;
sbit SCLK = Ox91;
sbit TFS = Ox92;
sbit CAL_SWITCH = Ox94;
sbit RFS = Ox93;
sbit DATA_OUT = Ox95;
sbit DATA_IN = Ox96;
sbit START_SAMPLE = Ox97;
sbit STARTO = Ox80;
sbit STARTl = Ox81;
#defme DACI P2
#define DAC2 P3

void set_channel(unsigned char channel) {
bit adr_bit;
int 1;

TFS= 1;
SCLK= I;
TFS =0;
channel = (channel« 3) & Ox38;
for(! = 0;1 <= 5;1++) {
SCLK= I;
if((channel»(5-1)& 1)= I)adr_bit= I;
else adr bit = O·- ,
DATA_IN = adr_bit;
SCLK=O;

}
SCLK= I;
TFS= 1;

}

int get_sample(unsigned char channel) {
int I;
int data_in;
unsigned char data in A;
unsigned char data_in_B;

set_channel(channel);
CONVST= 1;
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RFS = 1;
SCLK= 1;
CONVST=O;
DATA OUT = 1-- ,
CONVST= 1;
data in=O-- ,
data in A=O-- - ,
data in B=O-- - ,

for(I = 0-1 <= 2-1++)-, , ,
RFS=O;
for(I = 0;1 <= 3;1++) {
SCLK= 1;
SCLK=O;

}
for(I = 0;1 <= 3;1++) {
SCLK= 1;
SCLK=O;
if(DATA_OUT) {
data_in_A = data_in_A 1(1 «(3 - I»;

}
}
for(I = 0;1 <= 7;1++) {
SCLK= 1;
SCLK=O;
if (DATA_OUT) {
data_in_B = data_in_B I (1 «(7 - I»;

}
}
RFS= 1;
SCLK= 1;
data_in = «int)«int)data_in_A * (int)256) + (int)data_in_B);

void delay (int timeout){

int i;
for (i = 0; i<= timeout; i++)

{
}

}

bit wait_trigger(unsigned char channel, int timeout)
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/* wait 10 ms */
/* still high ? */

/* wait 10 ms */
/* still high ? */

{
bit saved_state;
intms5;

ms5=0;
switch(channel)
{
case OxOO:

saved_state = STARTO;
while(l)
{
if«STARTO != saved_state) && (saved_state = 0» /* 0 to I trans */
{
delay(500);
if (STARTO)
{
return(l);

}
}
else
{
saved_state = STARTO;
delay(250); /* wait 5 ms */
ms5++;
if(ms5 >timeout)
{
return(O);

}
}

}
break;

case OxOI:
saved_state = START!;
while(l)
{
if«STARTl != saved_state) && (saved_state = 0» /* Oto I trans */
{
delay(500);
if(STARTl)
{
return(l);

}
}
else
{
saved_state = STARTl;
delay(250); /* ",.ait 5 ms */
ms5++;
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if(ms5 >timeout)
{
return(O);

}
}

}
break;

}
}

void do_conversion(unsigned char channel)
{
long total_sample;
int i;
float volt, dbm;
unsigned char ma_out;

total_sample=O;
for (i = 0; i < 10; i++) /* acquire 10 samples */
{
total_sample += get_sample(channel);

}
volt = «(float)total_sample/l 0.0) / 2048) * 10;
dbm = 20.0 * loglO(98.ge-3 * volt);
ma_out = (unsigned char)«(20 + dbrn) / 20) * 256.0);
switch (channel)
{
case OxOO:

DACl = ma_out;
break;

case OxOI:
DAC2 = rna_out;
break;

}
}

main 0
{

while(l)
{

{
DACI =Oxff;
DAC2= Oxff;
}

else
{
if (waiUrigger(l, 2000» /* timeout in 5rns intervals */
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}
}

}

{
do_conversion(l);
}
if(wmt_trigge~O,2000))

{
do_conversion(O);
}
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11. Synthesis and recommendations

The final version ofthe level meter proved to work perfectly, despite initial setbacks. The

unit is a valuable instrument with high accuracy.

Further enhancements to the unit will be to add the following to it. These additions will

change it into a micro RTU.

• Dial-up MODEM

• Alarm Inputs

• Control Outputs

The MODEM will enable personnel to dial in to a site and do remote diagnostics. This will

be useful when the RTU at the site is not responding to the master station. The following

remote diagnostics will be available:

• RX and TX levels

• Alarm condition of the RTU power supply

• Remote control to reset the RTU, in case ofa crash

With the above changes it must be stressed that a suitable communication protocol must be

designed. Examples ofmessages from the master to the micro RTU will be:

• Update TX and RX levels
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• Update alann condition

• Sent remote control

• Test

Each message will have to get a unique structure and the structure will have to be ofsuch a

nature that it will not limit later enhancements or changes to the micro-RTU. It must be

stressed that a communication protocol must be as simple as possible. This normally called

the KISS (Keep It Straight and Simple) principle. The shorter the transmit message, the

shorter the "air" time will be. This will cause less errors, and a higher availability of the

system.

Possible applications will be to market the unit as a low cost hand-held level meter for

technicians. Portable level meters (e.g. W&G SPMJI) are bulky and heavy and normally not

all the functionality is used by technicians. Although they are excellent test equipment and

very accurate, they are also very high in price.

One possible problem with the unit is that it is a wide band meter, thus it measure the full

frequency spectrum on the communication line. In some cases it will be necessary to do

selective measurement, thus a certain frequency range needs to be measured. In this case a

range ofband-pass filters will have 10 be fitted to the unit.

The unit can also be made more intelligent, i.e. it can be fitted with a MODEM that will

decode messages ofthe RX and TX lines, looking for data corruption. The problem here will
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be that different makes ofRTU's use different message protocols. Different units will have to

be designed for each type of RTU, which will make it non standard.

The price ofthe power supply used in the project is however very high (±R600) and in order

to produce a low cost module, a low cost DC/DC converter must be designed. This can be

done with the proposed further enhancements.

A low cost DC/DC converter should bring the total price down to such a level that it will

prove to be cost-effective to insta1l the unit in all sub-stations equipped with RTU's. The unit

will prove it's worth as a vital diagnostics tool, when it is changed to the proposed micro-

RTU.
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A.I. Installation Procedure

The level meter must be connected to a communication line without interfering with the

co=unication between the RTU and the co=unication equipment.

The way to do this is to introduce splitters in the RX and TX lines. An splitter take one 6000

signal and split this into four 600 Q signals with the same power. The reason for this is that

you can connect more than one 600 Q terminated device onto a 600 Q terminated

co=unication line without changing the impedance and power on the communication line.

The connections between the communication equipment, splitters, RTU and level meter is

shown in Diagram 12.1.

The level meter consists oftwo 3U cards that are fitted into a 3U rack that is connected with

cables to the local IDF at the sub-station. These cables are connected to the backplane ofthe

3U rack. An short 4-wire cable connects the PSU board and the micro-controller board on the

front panels of the two cards. This is used to supply the power to the micro-controller card.

The 50V supply voltage for the PSU card is on the backplane of the 3U rack.

Normally the splitters are also housed in the 3U rack and connected to the IDF via cables from

the backplane ofthe 3U rack. The co=unication equipment and RTU are also connected

with cables to the IDF. The wire connections between the communication equipment,

splitters, RTU and level meter are made with jumper wires on the IDF as in diagram 12.1.
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After the jumper connections are made, the levels on all the equipment must be checked with

a portable level meter (e.g. SPM3I), to verify that the connections were made correctly.

The RTIJ must now be programmed to accept the two new analogue inputs and the SCADA

master must be programmed to accept two new analogue values with the scaling factor of0 to

5mA = -20dBm to OdBm.

If the level meter was calibrated correctly before installation and the programming was done

correctly the unit should work.

Fault rmding:

Ifthe unit is not working check the following:

12.1. Check if the unit is switched on

12.2 Measure for the SOV supply voltage

If it is absent, check the SOV cable connection between the backplane and SOV DC

supply from the batteries.

12.3. Measure for the +5V, -ISV and +ISV supplies

If it is absent, check the fuse on the PSU card and the cable connection between the

PSU card and the micro-eontroller card.

12.4. Measure lithe TIC and RX signals at the level meter

Ifthis is absent or the incorrect level, check all jumper wire connections on the lDF

and all cable connections between equipment and lDF
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12.5. Measure ifthere is an current output at the analogue outputs of the level meter.

If the FSK input level at the level meter and the supply voltages are right, but the

analogue outputs are absent, the unit is faulty.

Ifthe analogue outputs to the RTU are present and the correct value, the problem is

either with the RTU or the SCADA master.
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Communication RX

Equipment

=f:E MODEM
e.g. TX

1. Power Line Carrier RTU
2. MIcrowave Channel

b=
MODEM

RX
3. Radio Channel TX

Analogue Inputs

AN 1 AN2

Out 1 Oul2

Analogue

FSK 1 Outputs

FSK
Inputs Level Meter

FSK2

Diagram 12.1. Levcl Mctcr Conncction to Communication Equipmcnt
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Abbreviation

AC
ADC
DAC
DC
FDM
FSK
I/O Port
kV
mA
MODEM
Mvar
MW
PC
PSU
RAM
ROM
RTIJ
RX
SCADA
TDM
TX

A.2 Glossary of Terms

Meaning

Alternating Current
Analogue to Digital Converter
Digital to Analogue Converter
Direct Current
Frequency division muItiplexing
Frequency Shift Key
Input I Output Port
Kilo Volts
MiliAmpere
Modulator Demodulator
MegaVar.
Mega watt
Personnel Computer
Power Supply Unit
Random Access Memory
Read Only Memory
Remote Tenninal Unit
Receive
Supervisory, Control and Data acquisition
Time division muItiplexing
Transmit
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AA. Test Equipment used

Equipment Make Serial Number Specifications

Oscilloscope Tektronix TDS 420 B012122 See calibration
setificate

Oscilloscope probe I P6138 None 350MHz lOpF
Oscilloscope probe 2 P6138 10Ma 10: I
Oscilloscope probe 3 P6138
Oscilloscope probe 4 P6138

Multimeter Fluke 8060A ESK44 See calibration
sertificate

Level Meter Wandel u Goltennann 406274K See Calibration
SPM-9 Sertificate

Input: 220 V AC
Power Supply Prullips WB9230 Outputs:

PE 1542 0-20V 0-1 A
0-20V O-IA
0-7V 0-3A

MODEM TELKOR 610428 0- -20dBm output
FAM200 6000 termination
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A.5. Calibration Certificates
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B.l. Level Meter Circuit Diagram

B.2. PCB layout

B.3. Component Layout

BA. Component List

AppendixB
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Appendix C

C.l. LF 351 OP Amp

C.2. AD7890A ADC

C.3. DAC 0800

CA. 8751 Microcontroller

C.5. AD536A True RMS-to-DC Converter

C.6. LM 311 Voltage Comparator

C.7. LM3999 Precision Reference

C.8. LM 7915 Regulator

C.9. LM 7805 / LM 7815 Regulator

C.10. Calex 48T5 DCIDC Converter
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ESKOM

ESKOM CALIBRATION SERVICE

>M DISTRIBUTOR GROUP CAPE DIVISION

METROLOGY STANDARDS LABORATORY

CERTIFICATE OF CALIBRATION

Ihis certificate is Issued to -

ESCOK
I I C
SYSTEM PERfORMANCE

TeleoDone no : X33&&

It cDlpiles ,n fUil "10 lhe condItions of lhe
iPprOYil granted oy the ESkDl Calibrat,on Service. It 'S a carreet

recorD of tie leasuresenls noe. TUs certificate lIy nat ile reoroouced
GIUer flan In luii elcept .Itb .ritten aporoyal of the ,ssuing laboratory.

CERTIFICATE No: SLI0154/ 01

ACKENFELL PO Box 222, BRACKEHFELL, 7560

DATE OF ISSUE - 12-04-96

PAGE 1 OF 4 PAGES HEAD LABORATORY:ZW DE WITT

TEL (021\ 980-3294
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ESKOM

Cb~JBRATIOfl OF 9SCILLOSCOPE

MAKE : TEKTRONIX

MODELiTYPF : TDS420

INSTRUMENT NUMBER : 12122

CALIBRATED FOR : ESCOM

CALIBRATION PROCEDURE No : SEE PAGE 3

CALIBRATION EQUIPMENT : MSL 078

The laboratory is environmentally controlled at a Temperature of
230C +/- 20C and a Relative Humidity between 35% and 60%.

Uncertainties ot measurements are quoted in terms of a 95 %
Confidence Level •

•

The values in this certiticate are correct at the time of
calibration. Subsequently the accuracy will deoend on such
factors as the care exercised in handlin9 and use of the
instrument, and the treQuency of use. Recalibration should be
oertormed atter a oeriod which has been chosen to ensure that the
instrument's accuracy remains within the orescribed limits.

Recommended due date :12-04-97

CERTIFICATE No: SL10154i 01

DATE OF ISSUE: 12-04-96

PAGE 2 OF 4 PAGES CALl RATED BY:ZW DE WITT

)/
."
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ESKOM

1. PBOCIOPVRI;

The instrument was calibrated in terms of laboratory standard~,

the accuracies ot which were traceable to national measuring
standards maintained at the CSIR.

2.1 TIM~BASE CALIBRATION

Setting
(5)

(%) Error
CH 1

2 n 0,0
5 n 0,0
10 n 0,0
20 n 0,0
50 n 0,0
0,1 1.1 0,0
0,2 1.1 0,0
0,5 1.1 0,0

• 1,0 1.1 0,0"
2,0 1.1 0,0
5 U 0,0
10 U 0,0
20 1.1 0,0
50 U 0,0
0,1 m 0,0
0.2 m 0.0
0,5 m 0,0
1,0 m 0,0
2.0 m 0,0
5,0 m 0,0
10 m 0,0 _.
20 m 0.0
50 m 0,0
0.1 0,0
0,2 0,0
0,5 0,0

Uncertainty at measurements: ± 0,5 %

CERTIFICATE No: SL10154/01

DATE OF iSSUE 12-04-96

PAGE 3 OF 4 PAGES CAL~ATED By:iw DE
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ESKOM

App 1i ed
(V)

Setting
(V) Chan 1

(%) Error

Chan 2 Chan 3 Chan 4
--------------------------------------------------------------

10 m 2 m 0,0 0,2 - 0,1
20 m 5 m 0,4 0,0 0,0
50 m 10 m 0,1 0,2 0,0
0.1 20 m 0,3 0,4 0,0
0.2 50 m 0,3 0.4 0.0
0.,5 O. 1 0,2 0,2 0,0
1 0,2 0,1 0,4 - 0,1
2 0.5 0,1 0,2 0,0
5 1 0,1 0,0 - 0,1
10 2 0,0 0,0 0,2
20 5 0.0 0.0 0,1
50 10 0,0 0,0 0,2

0,0
0,0
0,0
0,1

- 0,2
0,0
0,0
0,0
0,0

+ 0,1
+ 0,2

0,0

Uncertainty of measurement: ± 1 %

•
2.. 3 B~~PWJQIH VERIFICATION (100 mY)

The - 3 dB point ot Chan 1 = > 234 MHz
Chan 2 = > 230 MHz
Chan 3 = > 239 MHz
Chan 4 = > 239 MHz

Uncerta' "tv ot measurement: ± 5 %

3.1 Tests were done to contirm correct operation ot al~

tunr..,ons. on al i ranqes, of the instrument.

3.2 The lnstrument performed to within the manutacturers accuracy
spec i .. i C;;fT 1on.

CERTiFiCATE No: SL101541vl

DATE OF ISSUE - 12-04-96

PAGE 4 Of 4 PAGES
) ,

C~~RATED BY:ZW DE WITT
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ESKOM
ESKOM CALIBRATION SERVICE

~OM DISTRIBUTOR GROUP CAPE DIVISION

METROLOGY STANDARDS LABORATORY

•

CERTIFICATE OF CALIBRATION

This certificate is Issued to -

mOM
TIC
SYSTEM 'ERF~MA.CE

Teleehone no : X3366

It coauhes in full lith tne conthtions of tne
aouro.a; granted oy tbe Eskol Calibration Service. It is a correct

record ot tne leasure.ents lade. ThIS certifIcate lay not be.reurobuced
other rhan ,. full exceot ,itb Iritten aeeroval of the issuIng laboratory.

CERTIFiCATE No: SL101551 VI

OAiF OF ISSUE 26-04-96

PAGE OF 4 PAGES HEAD OF'LABORATORY:ZW DE WITT

BRACKENFELL PO Ba. 222. BRACKENFELL. 7580 ~EL (02') 980-3294
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ESKOM
C;;~IJBRlLTtQ!'LOF SELECTIVE LEVEL .,.ETER

MAKE W&G

MODEL/TYPE : SPM9

INSTRUMENT NUMBER 406274

CALIBRATED FOR : ESCOM

CALIBRATION PROCEDURE No SEE PAGE 3

CALIBRATION EQUIPMENT MSL 136, 076 & 104,M

The laboratory is environmentally controlled at a Temperature of .
230C +1- 20C and a Relative Humidity between 35% and 60%.

Uncertainties ot measurements are quoted in terms of a 95 %
Confidence Level .

•

The values in this certificate are correct at the time of
calibration. Subsequently the accuracy will depend on such
factors as the care exercised in handling and use of the
instrument. and the frequency ot use. Recalibratlon should be
performed atter a perlod which has been chosen to ensure that the
instrument's accuracy remains within the prescrloeo limits.

Rec~~ended due date :26-04-97

CERTIFICATE No: SLi01551 01

DATE OF ISSUE : 26-04-96

PAGE 2 OF 4 PAGES CALIBRATED BY:ZW DE WITT

/
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ESKOM

The instrument was calibrated in terms ot laboratory standards,
cne accuraCles ot WhlCh were traceable to national measuring
sTanoardS malntalned ac the CSIR.

2. RESU!-TS

~REg_EJY.ER RESPONCE-'l!=R I FI CATI ON

____Bb~Q!;.!,,!=__LI.1'lE.AF.UTY CHECK (Coax)

2.1.1 Instrument Range setting: 1 dB

Applied treauencies: 10 kHz, 100 kHz

Applied dBm Indicated dBm
6000 (Bal) 1500 (Bal)

- 0,50 - 0,48 - 0,46
0.00 + 0.02 + 0,05

+ 0.10 + 0,12 + 0,13
+ 0,20 + 0.23 + 0.22
+ 0,30 + 0,32 + 0,34
+ 0,40 + 0,39 + 0,41

.~ + 0,50 + 0,50 + 0,52
+ 1.00 + 1,02 + 1.03

Uncertainty ot measurement: + 0,01 dB

Applied treauencies: 10 kHz. 100 kHz

Appl led dBm Indicated dBm
6000 (Ba I I 1500 (Ba I )

+ 10,00
0.00

- 10.00
- 20.00
- 30.00

40.00

+ 10,08
+ 0,02
- 10.96
- 20,97

30,97
- 40,01

+_10,06
+ 0,05

9,94
- 19,95
- 29,96
- 40,94

Uncertainty of measurement: ± 0,1 dB

CERTIFICATE No: SL10155/01

DATE OF ISSUE 26-04-96

PAGE 3 OF 4 PAGES
/

CALIB~ATED BY:ZW DE WITT
)'

"
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ESKOM

Instrument settinQs (Selective :60 HZ)

Applied Frequency OUT Indicated frequency

(HZ) (Hz)

1.0000 K 1,00 k
3,0000 K 3,00 K
5.0000 K 5,00 k

10,0000 k 10,00 K
12,5000 k 12,50 K
15,0000 K 15,00 K
17,5000 K 17,50 K
20,0000 K 20,00 K

100,0000 K 100,00 K

Uncertainty of measurement: ± 1 in 10- 3 ·f ± 1 Hz
• ,

3 ..REMARKS

None.

CERTIFICATE No: SL10155iOl

DATE OF ISSUE : 26-04-96

PAGE 4 OF 4 PAGES

/
CALIBRATED BY:ZW DE WITT

.F
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B.I. Level Meter Circuit Diagram

B.2. PCB layout

B.3. Component Layout

BA. Component List

Appendix B
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BA. Component List

Power Snpply

Resistors

1f.;~R3:=.I;- I-;:,,:~~.:::~o:,~7~:';:;:'- _
L..:.::::.... ..--=1c::.8;...O:.:;O;...I.....:....;.W'-- _

Semiconductors
LED 1 RED3mm
LED 2 RED3mm
LED 3 RED3mm
Calex 48T5.15W DCIDC Converter

Miscellaneous
SWl SPST Miniature Toggle Switch
Fl 20mm Panel Mount Fuse Holder + 150mA Fuse
CONNOl 32Pin PC MOUNT EDGE Connector
3 X 3mm LD Holders
PC Board I Front Pannel
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Level Meter

Resistors
RI 5k6/ .. W
R2, R3, R9, RIO 1k2/ .. W
R6, R13 470K I .. W
R4, RS, RS, RII, R12, R15, R17, R22 IK I .. W
R7,R14 22K I .. W
RI6,R21 2K2 I ..W
RI 8, R19, R23, R24 3K8/ .. W
R20,R25 4K7/ .. W

Variable Resistors
VRI, VR2, VR3, VR4,
YRS, VR6

Capacitors

lOOK Multitum 20T I Top
2K Multitum 20T I Top

Cl, C3, C7, C8, C9, CIO, Cl I, CI2, CB, C14, JOOnF
CI5,CI6,CI7,CI8,C20,C21
C2 47uF Elec

C4 lOuF Elec

C5,C6 47pF
CI9,C22 10nF

Semicondnetors
UI AD7890
U2 8751
U3, U5, U7, U9, Ul2, UI6 LF35J
U4,U8 AD536A
U6, UIO LM311

UlI, Ul5 DAC0800
Ul3, Ul4 LM3999

Miscellaneous
lPI, 1P2, 1P3, lP4, TP5, 1P6 Test Pins
TJ,T2 I : Ilsolation Tranformer 251 - AGO
CON32 32Pin PC MOUNT EDGE Connector
VI 12mhz Crystal .
8 PIN le SocketX 8
14 PIN lC SocketX2
16 PIN lC Socket X 2
24 PIN IC Socket X I
40 PIN lC Socket X I
PC Board I Front Pannel

187
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Appendix C

C.l. LF 351 GP Amp 99

C.2. DAC 0800 106

C.3. 8751 MicrocontrolIer 117

CA. AD536A True RMS-to-DC Converter 179

C.5. LM 311 Voltage Comparator 184

C.6. LM3999 Precision Reference 192

C.7. LM 7915 Regulator 196

e.8. LM 7805/ LM 7815 Regulator 201

e.9. Calex 48T5 DCIDC Converter 204
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50Hz
2...

~National
~Semiconductor
LF351 Wide Bandwidth JFET
Input Operational Amplifier
General Description
The LF351 Is a low cost high speed JFET input opera­
tional amplifier with an Internally trimmed input oUset
voltage (BI-FET 1fT" technology). The device requires a
tow supply current and yet maintains a large gain band­
width product and a fast slew rate. In addition. well
matched high voltage JFET Input devtces provide very
low input bias and offset currents. The L.F351 Is pin
compatible with the standard LM741 and uses the same
a,tse' YOltage adjustment circuitt)'. This fe~IUfe allows
designers to Immediately upgrade the overall perfor­
mance of existing Ut741 designs.

The LF351 may be used In applications such as high
speed Integrators, fast OIA conYerters, sampl~nd-hold
circuits and many other circuits reQuiring low input
offset voltage, low input bias current, high input imPed­
ance. high slew rate and wide bandwidth. The device
has lOw nolse and offset voltage drift. but for appliea-

Typical Connection

Operational Amplifiers/Buffers

~
81_FETItT"T~

lions where these requirements are ctJUeaJ.lhe lF3S6ls
recommended. If maximum supply current is Important.
however. the LF3511s the better chOice.

Features
• lntemallyltimmedoffsetvoltage 10mV

• Low Input blaseurrent SOpA

• Lowinpulnofsevohage 16nVJVHz

• Low Input noise current 0.01 pAIVHz

• Wide gain bandwidth .. MHz

• High slew rate 13V/14

• Lowsupplyeurrent l.8mA
• High input impedance 1Q125:1

• Low total harmonic: distortion AV =10. <0.02%
RL-'Clk" Vo ,:20Vp-p. BW.20Hz·20kHz

• Low,ff notse corner
• Fast settling time 10 0.01 %

Simplified Schematic

, ..

00

Connection Diagrams !TopView>1

Metal Can Pacbge

.,

...
trrIGw, .....~to_.

Order Number LF3S1H
see NS Paekage H08C

-ono--.....--...- ...__.l

,.
o·

......
o --....-

Order Number LF351N
See NS 'acbge NOBA
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Absolute Maximum Ratings

Supply Voltage :!::18V
Power Dissipation (Nota 1) SOOmW
Operating Temperature Range O·Cta +70-C

TjlMAXj l1S-C
Dlfferentiat Input Voltage ",3fN
Input Voltage Range (Note 2) :=.15V
Output ShOrt Circuit Duration Continuous
Storage Temperature Range -SS·Cta +lSO-C
Lead Temperature (Soldering. 10 seconds) 3OQ"C

DC EleCtrical Characteristics (Nole 3)

LF351
SYMBOL PARAMETER CONomONS MIN TYP

UNITSMAX

VOS Input Offset Voltage RS=-10kQ. TA =25-C 5 10 mV
Over Temperature 13 mV

,4VOS/6T Average le of Input Offset RS=- 101tO '0 "w·e I
Voltage I

'oS lnput Offset Current Tj =- 25·C. (Notes 3. 4) 25 100 pA
Tj" 7O-C - nA

'B Input Bias Current Tj =- 2S ·C. (Notes 3. 4) 50 200 pA
Tj < 7O"C 8 nA

R,N Input Resistance Tj=2S-C 1012 0

AVOL Large Signal Voltage Gain VS=- :e1SV. TA=2S-C 25 100 VlmV

•
Vc = :clOY. RL =2kS:l
Over Temperature 15 VImV

Vo Outpot Voltage Swing Vs =- =: 1SV. Rl =- 10k2 :12 :'3.5 V
VCM Input ComrflOO.Mode Voltage

VS=- ::15V
== "

+15 V
Range -12 V

CMRR Common-Mode Reiectlon Ratio AS" 10kQ 70 100 dB

PSRR Suppty Voltage Rejectton Ratio (Note 5) 70 '00 dB

IS Supply Current '.8 3._ mA

AC Electrical Characteristics (NOle 3)

LF351
SYMBOL PARAMETER CONomONS

MIN UNITS
TYP MAX

SR Slew Rate Vs= :=:15V. TA=25-C 13 - VI..._.
GBW Gain Bandwidth Product Vs= ~15V.TA=2S-C - MHz

en Equivalent InPut Noise VOltage TA = 25-C. RS= 1002. 16 nVtVtfi
f = 1000Hz

iIn EQuivaJenl inPut Noise Current Tj =25-C. t = 1000Hz 0.01 pMIHZ

Not. 1: Foroperaling at ete.aled tempe-raIUle. lheOewice must be Qerated~ on a lhermaI re5lSlance of 15Q·CJW junct;on 10 ambient
or.45-aw junction 10 cue.
Note 2: Un~ Qtt'tefwise specified lhe ab50IuIe maximum negalio¥e input woItage is equal 10 the negal"'e power supply voltage..
Note 3: These speeifi<:a1iottS aopl)' kw VS"'" :!:15V and O·C" TA" .70·C. Ves. le and 'os are measured OIl VCMlED.
Hote 4:: The input bias currents are junction leakage a.nents whleh appro;a:imatet)'~ for e'¥ef)' le·c inereUe in lhe junction tern-
per.\tute. Tj_ Due 10 the limiteo prOCludlOft lest I~ the _mput bias currents measured are eon-etaled 10 junction temperature. In normal
operation the funCtIon temperature rl5~ aDOYe (he ambient temPerature as a result of inl~ Power dISSIDaIIOtl. Po- Tj "" TA + SjA Po
where SjA is theI~ resislVJCe from JunctJOn 10 amt»enl_ Use of a hUt smk is recornmenoed if input bias current is 10 be kepi 10"
minimum.
Nor. 5-: Suppiy 'I01t~ reteetKH'r ralio is measured tor boUt suppl)' ~n.iIUdesincreasing or C\eCfeasing simultaneously in accordanQ!
with common prKlM::e.. ,
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Typical Performance Characteristics
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Typical Performance Characteristics ICont'""edl
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Pulse Response

SIMII Signal Inverting Small Signal Non-In"..-tiftil
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nMe tu uslDlV) TIME nu~IV)

LMvoS_'-. lMJe Signal Non-I rwerting

;; ;;
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w w
CC

'".. ....
~~ cc
>>.. ..

.= ..L .... == cc

TIME CZ"sIDIYJ TIME C2 -'DIY)

nME 15 pfJ'D1V)

Application Hints
The lF351 is an op amp with an intemafly trimrnftf
input offsetvoluge and JFETinputMwiastBI.FET IIT~.

These JFETs have large reverse bre~down VQIt.,s from
rpte to source and drain eiiminating the need for damps
ac.rCKS the inputs- Therefore. large d1fieremiaJ inPut
wolt~ an easily ~ accommodated without Of large­
increase in input current. The maximum differenl~

input woh.q is fndependent of the supply wtril~.

Howevff. neitMc of 'the' input voltages should be

allowed to "«eel the ~g.lt,W'e wpply ~ this will c:au5e

largl! currents to flow whteh can rnull in a destroyed
unit.

Exceeding the negatIve common-mode limit on either
input w,1I ~~ Of revet"W of the phase to the outPUt
and fOfce the amphf>er OU\lWl 10 the cor~ing
htgh ~ low SUite. EllCftding me ~ti¥e comm(lrj-mode
limit on both tJ'1PUu will forcr the amphfter OUlPUt to ..
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Application Hints (Continued)

high state- In neither C3$I! does a l,teh occur since
raising ttw input back within the common-mode range
again PtItS the input stage and thus the wnpUfier in a
............tingmode.

Exceeding the positive common-mode limit on a single
input wm not change the phase of the outPut: howeonr.
if both inputS ex~ tM limit. the outPUt of the ampJi·
fier wifllx forced to a high n:ate.

The amplifier will operate with .. camman-mode inpc.rt
vottagl!: equal to the positive supply; howewr. the gain
bandwidth and slew rate may be' decreased in this condi­
tion.. When the negative common-moc:le voltage swings
to within 3V of the negative supply. an increase in input
offset voltage may occur.

The LF351 is biased by a zener reference which allows:
normal circuit ~i'tion on ±4V POwer $lJpplief,. SupplY'
voltages less than these may mult in lower gain band­
width and slew rate.

Tht LF351 w;U drive .. Z k!l lGad nsis~ \0 ±10V
over the full temperature range of O"c to +7rfc. If the
amplifier is forced to drive heavier load currents,. how­
ewer. an ircruse in input offset voltage- may oc:eur on
the negative voltage sMl'I9 and fmally ruch an aetivt
curteOt limit on both positiwe and negative swing5.

Precautions should be taken to ensure- t:h.at the power
suppfy for the integmed circuit never becomes rnersed
in polaritY or that the unit is not~ installed

Detailed Schematic

'osAllJllSf

backwards in a soc:ket as. an unlimited eufRnt wrge
through the resulting forward diode within the le could
cause fusing of the internal c:.onductors and result in a
~unit.

Because: these amplifiers are JFET eather tt\an MOSFET
inpUt GP amps they do not nquite spec;ial handling..

As with most amplifi~ can should be taken with leacl'
dress. component pJaumetlt and supply c:k!coupling in
order to ensure stabilitv. For example. resistol'$ fTom the
outPUt to an input should be placed with the body close
to the' input to minimize ··pick-up" and maximize the
frequency of the feedback pole by minimhing the
ca~itanee from the input to ground.

A feedback pOle is created when tM feedbaCk around
any amplifier is resistive. The PMallel rnistance and
capacitance from the input of the deo4iee (uwally 1he
inverting inpud to AC ground Rt the frequency of the
pole. In m.,y insu.nees the frequency of this pole is
much preilter 'than lhe expecud 3 dB fltqUency of the
closed loop vain and consequent1y there is negligible
effect on mbilitv mMgin. However. jf the feedback
pole is less thin approximately 6 times the expected
3 dB fteQumey • Iud capacitor Ihould be plKflf from
'the outPUt to thednp.lt of the op ItfICl. The value of the
Idded capacitor should be such that the RC time~
sunt of this capacitor and the mistanc:e: it parallefs
is gruttf than at t;qIJaI to the original feedback pole
time constant.

•• t • '" ..... "...,,0-_...._....._.... .....-..--..--..-_...._..... ....._--'
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Typical Applications
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~National
U Semiconductor
ADCOBOO B-Bit AID Converter
General Description
The ADCOSOO is ., g..btt monofithic AID converter
using P-channel iQo.implanted MOS uc:hnology. It
contains • hid'i input impedmce comparator. 256
series resistors and anatog switches. eantroI logic: and
outPUt Im:hes. Cortversion is perfonned using a succes­
sive approximation technique wheR the unknown
analog voltage is com~ to tM resistor tie poinu
using analog switches. When the appropriate tie point
vottage matches the unknown Yoltage. COf1V'ersion is
complete and the digital outPUts contain an &-bit c0m­

plementary binary word corresponding to the un­
known. The binary outpUt is TRI·STATee to permit
bussing on common daU lines.

The ADCOBOOPD is wecirJed over ~c to +l2!tC
.-.et the AOCXI8OOPCO is specif"ted over o·e to 70·C.

Features
• Lowcost
• ~5V. 1DV input ranges

• No missing codes

• Ratiornetric: ","version

• TRI-STATE outPUts

• Fast
• Conuins CKJtPUt latches

• TTL compatible
• Supply volaqes

• Resolution

• Linearity

• Conversion speed

• Oock range

A to D, D toA

TC· SOps.

5Vocand-12Voc
8biu

11 LSe
40 dock periOds

50 to 800 kHz

Block Diagram
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IODOOOOOO. +fuU«*1
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Absolute Maximum Ratings

Supply VoI_ (VOOI
Supply Voltage' IVGG)
Voltage &t Any Input

Storage Ternperawre
Operating Temperature

AOcosooPO
AOCOBOOPCO

lead Tempernure lSoldering. to seeonds}

VSS-22V
VSS-ZZV

Vss .... O.3V to VSS-22V
lso"C

-5SOC to +12s"C
o"C to Ho"C

300·C

Electrical Characteristics
These SPecifications apply for VSS" 5.0 Voc. VGG· -12.0 Vac. vac· 0 Vac.. reference voltage of 10.000 Vac oICfOSS
the on-chip R-netwOrk (VEl-NETWORK TOP"" 5.000 Voc and VR-NETWORK BOTTOM .. -5.000 Vac). and • dock ne.
querw:y of 800 kHz. For all tests, a 4150 resistor is used from pin 5 to ground. Unless othefwise noted,. 1hese s:pecif"lCations apply
over an ambient temperatUre range of -5s-c to +l:zs-'C for the AOCOSOOPD and o·e to +10·C for the AOC08OOPCO.

PARAMETER CONDITIONS MIN TVP MA>< UNITS

N~Line¥ity TA- 25"C, (Note 11 <J LSB

OvefT~I!. (Note 1) '2 LSB

Differential Non-UnearitY :!:112 LS8

Zero Error <2 LS8

Z~O ErrOt T~perawre Coefficient (Note 2) 0.01 'fofc

Full·Sc:ale error .2 LS8

Full-Scale Enor Tempenwreo Coefficient (Note 21 0.01 'fofc

IflPUl Lnkagt I pA

logical -1" l"pt,it·VoItage A!llnputS r-ss-l.o Vss v
L.ogicaI""O" Input VoIuge Alllnpuu VGG Vs;-4.2 v

Logical Input Leakage TA-~C,AU Inputs, Vll- I pA

Vss -10'1

Logial -1- Output VoI_ All OutPUts, 10H • 100 pA 2.4 V

Logical ""1r Output VoIage All OutpUtS. IOL .. 1.6 tnA C.4 V

Disabled Output Le.akage TA· ~C. Aft Outputs. VOL· 2 pA

VSSO 1DV

Oock FTeq'lJenC:y o"C$TA$+7o"C 50 BOO k'"
-$'C $ TA $ +l2s"C lOO 500 k'"

Cock Pulse Duty Cyde 40 60 "
TRI·STATE Enable/OisableTime - I ps_.
Start Conversion Pulse (Note JJ I 31/2 0'"-Power Supply Current TA' 2s"c i 20 ....
NoIIJ 1:~ plCificSnor. aft~ on bill snighl .....

NotII2:~ by dI!sign 0ftIy•

...,3; SQr1'~,.,a.~,--""'3lndodl.Jl"riDdJ .....~~-mn.
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Timing Diagram
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Application Hints
OPERATION

The AOC08OO contaiM a M'tWOfk with 25&-300!2
resiston in ftfin. Analog switch ups ~ made It the
junction of each mistor and It uch end of the net~

work. In operation... reference C10.00vJ is appfied
across this network of 256 resistOtS. An analog input
{VINJ is first compared to the. anter point of the
ladder via the apprDPfine switdt.. If V IN is larger tNn

41 VREFI2. the in'tet'NI logic: c:hangn the switch points

~ nOw compares VIN and 3/4 VREF. This process.
Iutcwwn as sua:essive approxirNtign. continues until the
best mnch of VIN and VREFIN is ma., N now def"ma
.. specifiC taP on the f"e5inor MtWOI'k.. When me conver­
sion is COI'rIPIeU. the logic Ioad5 a binary word corRS­

ponding to this tap into the QUtp\It mm and an end of
conversion (EOCI Iogtc: Ie¥eI appurL The OUtpUt In:hes
hold this dua yalid until. new convenion is l;OIT1pleted

and MW~ is leaded into the latcheL The data nnsfft"
OCOJI"$ in about 200 ns so m.t ....nd data is present

virnaUy all the' time. Convenion requrres 40 dock
periods. The dmc:e may be opemed in the me run­
ning mode by eonnecting tbe Start Conftf'Sion line to
the End of Conversion line. However. to ensure start-.up
unckf ~ passib{c c;onditions.. an cxtftnal Start Corwer­
lion pulse is ffllUired during Power up eondItions..

REFERENCE

lust 7V abowe the -VOD JUPPty vol.. to insure
~ voltJge dl'i¥« to the analog switches.

Other refer~ voltages m~ be IMcI (such as 10.24VI.
If a 5V ~ferena is used, the ~og range wiN be 5V
and KCUracv will be reduced bY • factor of 2. Thus, for
maximum KCUI"IC:Y. it is desirable to oPerate with at
least a 1DV reference. For TTL logic lnels. th's requim
SV md -SV for the R-netwofk... CMOS can OPeI'ale at
the 10 Voc Vss leftI and a single 10 Vac reference
c.an be used. All cf'Vital voluqe~ for bo1h inpuu and
ou:tPU1S win be from;round to VS$-

ANALOG INPUT AND SOURCE RESISTANCE CON•
SIDERATIONS

The lead to the analog input (pin 12) shoutd be kept as
short as possible. Bo1h noise and digiUl dock coupling
to this input an cause ~tsion errors. To mintf'nize
anv input etrOft. the fo!lowing soun:e. tUistance ~id­
efftians should be noted:

For Rs '$ 5k No .wog input bypass capacitor
~Wed. ,lthough a 0.1 IJ,F input
bypass apacitor will ~t pick­
up due to u~e If'rtes lead
induc:bnce.

for 5k < Rs -s: 20k A 0.1 pF eapacitor from ~ input
(pin 12) to ground shoukl be used.

LOGIC INPUTS

CLOCK COUPUNG

The logical ..t"lnput \1'01... swing for the Clock. Start
Conversion and Output Enable $hould be CVss - 1.QV).

The dock ~ild st\ould be kept aw,., from tne ~og
inPUt line 10 reduCe coupling.

Input buffering K necessary.For Rs > 20k

If the 0VffaI1 convertef" sYStem requires 10wPaS5 filtering
of the ~og input signal. use ~ 20 ill or ~ series
re5tstor for a passM RC section or add ~ op ~p RC
ac:t;..-e lowpass filter (with its inherent low outPut
tni-:.ance) to insure accume converSions.

The r-rference appJled' across the 256 res.in~ nttwork
detMnfnes the anl10g input r-ang!:. VREF C lO.COV
with the top of the R'fletwol"k cottneeted to 5V ~d the
bonom connK1ed to -Sv ~ a :::SV rangl!. The
reference can be lewd shifted~ Vss and VGG·
However, the voltage. which ;s applied 10 the top of the
R-networil. (pin 151. must net exceed Vss to prevent
forward biasina 1he on<hip ~tic silicon diode
which exins~ the P-diHused resistors (pin t5J
-.et thf: N.type body (pin 10. VSS'. Use of ~ ttl"dard
logic pcM'ef'" supply for Vss c:an cause problems. both
due to initial \l'olta9'!! tolerance and~ ewer tem·
peratu~. A solution is to powI!r the VSS line (15 mA
nux drain) frcm the outPut of the op amp which is
used to bias: the toP of the R-Mtwot-k (pin 151. The
analog lnput voltage and the vo!t:.age which is ..,plied
to the bottom of the R-network (pin 5J must be at
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Application Hints ICont;nuedl

CMOS will satisfy this requirement but a pull-up resistOr
should be used for TTL logic inputs.

RE-sTART AND DATA VAUD AFTER EOC

The EOC line (pin 9) WIll be in the low mte for a maxi.
mum of 40 dock periods to indicate ""b.Isy". A START
pulse 'Which 0CCUf'S v.tl;l~ the' AJD u BUSY wiU~t the
SAR and start a new conversion with the EOe signal
remaining in the low state until the ~d of this new
conversion. When the conversion is compfeU'. the fOC
line will go to the high \tollage state. An additional 4
dock periods must be allowed to elapse after EOe goes
high, befa~ • new conversion cyde is requested. Start
Conversion pulses which oc:cur during this last 4 dock
~riod inttlY.J may be ipnored bee Figutu 1 MJd 2 for
high sped operation). This is only a problem fOf' high
conversion fate$ and keeping the number of COfWff­

sions per wcond las than {lI44J x 'CLOCK ~totmlti·

ally guarantees proper operation. For cXlmple. for aM
800 kHz dock. 18.000 conversions pet second are
allowed. The transfer of the new digital data to the
output is initiated wwhen EOC goes to the high YDItage
su",.

POWER SUPPUES

St¥'ld.ard supplies are VSS • 5V. VGG • -12V and
VCC • QV. Device accuracy is de\)enCtent on stability
of the refemw:e voltage .-1 ha" sfigttt sensitWitY to
Vss - VGG- Vec has no effect on xcurac:v. Noise

.. spikes on the: Vss and VGG suppltes can cane improper
corwersien; therefore:. filtering each supply wwith a
4.11lF unglum c:apac:itor is IllCOilll'nellded.

CONTINUOUS. CONVERSIONS AND LOGIC CON·
TROL

Simply tYing the EOe outpUt to the Start Conversion
input will allow continuous conversions. but an oscill.
tion on this line will exist during the first 4 dock periods
after EQC goes high. Adding a 0 flip.flop between EOC
10 input) 10 Start eonven;ion fa outPUt) will prevent
the ost:iIIation and will allow a stop/continuoos control
via the "clea," input.

To prevent missing a start pulse which m~ occur aher
EQC goe'l high and prior to the required 4 dock
pet'"iod time interval. the circuit of Figu~ t an be used.
The RS latch can be set at any time and the 4-suge
shift register delays the apPlication of tht start pulse
to the AID by 4 elock periods. The RS ~tch is reset
1 dock petMxS after the AID EOC signal goes to the low
voJragr SUte. This eircuir abo pt"ovides a Surt CorweT­
sion pulse to the AID whiCh is 1 dock Period wN:te.

A second t:OfttToI losic apPlication circuit is shOlWl in
Figure 2. This a110W$ an asynchronous mrt pulse of
arbitrary length less than TC. continuously converts tor
a fixed high levet and provtdes a single dock period
start pulse to the AID. The binary counter is loaded with
• count of 11 wIwn the start pulse to the AID appears.
Counting is inhibited until the EOC signal trom me AID
goes high. A carry pulse is Vten gtnef".ted 4 dock
per-iods amr £DC goes hig, and iJ used ro reH1 !he
input AS latch. This c:.any pUlse can be used to indiQu
that~ connrsion is compI~. the data ha transferred
to the outPUt buffers and the system i1: n!!ady tor • MW

corrwerlion eyde.

.,~...::==r_~-- •
-..
• • •

-.lL-=............-+-1....__....__-'_=....~r-,,_

AGURE 1. Delaying .. Asynchronous Start PuJse

- ~... """ --- """ ..
-- -"" ""- ""--- • • • •

FIGURE 2. AJD Control logic
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Application Hints (Continued)

ZERO AND FULL-SCALE ADJUSTMENT

Zero Adjustment: This is the offset voltage required at
the bonom of the R-netWOrk (pin 5) to make the
11111111 to 11111110 transition when the input
voltage is 112 LSB (20 mV for • lD.24V scale). In most
cases. this can be ac::comP(i$t\ed by having. 1 k!l pot Ol\

pin 5. A resistor of 475!l can be used as a non-adjustable
best ~oximationfrom pin 5 to ground.

Typical Applications
G....... ConneeQon

full-se.fe Adjustment This is the offset vol~ required
at the top of the R-netwcrk (pin 151 to mak.e tt\e
0ooooo1ס to 0oooooס0 tranSition when the input
voltage is 1 112 lSB from full-seale (60 mV less chan
futl~~ for • 10.24V sale). This 'Wottage ts5luaranteed
to be within 2 LSB for the ADCOSOO. In most cnes.
this can be accomplished by having" 1 k!2 POt on pin
15.

Rdiometrie Input Signal with TfKking Reference

ft •

.. _ a,1«.

" -
- •

" •
ft •

-"~"'::"'--II-"l~.~ ....
Hf..V~tage OdOS Output L.ewels- - -.

•

- -

lnef Shifted Zero Md FuII-sc.Ie forTr~rs-

-·•
i1•

.r------~

ft

-..-

--•.
•
*

•
*
~. -­
ft •

Rt .., R2 cNngr tile~ tnNI ,..
-4'1 by tV/lO Id!
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Typical Applications lCont;nuedJ

VREF'" 10 Voc With nL Logic leftIs

.'.
­n

­._.

At and A2. UOS8N d.4l GP IImO

VREF· 10 Voc With 1DV CMOS Logi~ Lenls

•••o-~~;;,;,....,,,,=U~'~.:"

• ~"':'=.:....j

~

n

a.
n

-::=....----1

-- -_00.....~;;.~~1"iIe...,.-1:,........J

-----..",..-

MiCROPROCESSOR INTERFACE

..

-

Input u.eJ Shifting

• PemUu TTL COITIC*ibie ClUtPUU "'tt1
QV to tDV tnout range IOY 10 -10\1
q,..t,.,.~by~

poI.arity of zener' diodft and mutnin9
1M 6..81< rnistot toVI.

Figure 3 -'Cf the following ymple program If'e induded
to iIIuttnne both hiirdw¥e andsc~ requil"M\entJ to

allow outPUt dn:it from tM AOCOSOO to~ lotded into
the: memory of a mic 0Pl oaUOt system. For this exam-­
ple.. National's INS8060~ SC/MP 11, microprOC2$SOf" has
been .......

The sample program. as shown, will sun the converter,
10Mf the ~·s oulPUt data into the accumulator,
~ track of the numbef" of d.ata bytes entered. c0m­

plement the data and store this diita into RQUennal
merrn;wy loaricns. At~r 256 bytes~ been entered,
the control jumps to the user"s pl"ograJn where proc:es-
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Typical Applications lCon_1

sing of the dau entered win be implemented. A more
practical progr-am whereby -....li data byte entered will
be processed before another entry is m-.:te can easily be
done by jumping back to the user's program at the end
of the: interrupt routine (where the data is loaded into
the accumulator and stored in memory). The end of
the user's program should provide. jump back to the
INITIALIZE SUUfnent to start 11 new c:onversion .and
generate • new data entry.

The following al'bftr.n1y chosen addresses and pointer
assignments Ire used in this example:

Poinw-, - WORD COUNT IADOR:Ol00}
Also used to poim; to the AID converter at
address 0500 for this ex..-nple when data is
to be entered.

Pointer 2 - ENTERED DATA (AOOR's: 0200- 02FF)
Di1ta is stored in 2's comp~ent binary
form. le. 01111111 - +full-scale and
100000oo- - full-scale.

Poinar3 - LOAD DATA SUBROUTINE (sUtts at
ADDR:0300J
Executed when an EOC signa' venerates an
Inten'UPt request via sense A .fter an IEN
(interruPt enabie) instruction.

The address for the converter 105001 is unique for this
particular sample program but may not be in a users
system so I different converter address must be used.
Note that in Figure 3 AOX and ADY for the address
decode QtQ,litry would be address bin AOBTO .and
ACBS (pins 35 and 33 on the SC/MP 11 packagel tOt"
COIWerter address 0500.

SAMPLE PROGRAM TO LOAD DATA INTO MEMORY WITH SC!MP 11.

;DATA EN1lIY SUBROUTINE

cooa oe OATA IN SR: NOf'
oxn A9 aa ILO 1"11
030J Cf05 LDIX"Q5
0JD5 35 X"AH 1
0J06 Cl 00 Le (PI!

.0" 08
00D2 C4 at
..... 35

0005 "" '"aaa7 31

llllOll ""02
OOOA 36

llllOll ""'"0000 ClI'"
OOOF :!2
0010C403
(Kn2 31
001308
OOt. C400
001& 33
OOt7 CAOl
OOt, Q1

00lA ClOO
DOle F4 FF
OOlE 9805

0020 05
002' 08
0022 90 FE
_08

030B F.7F
030A 0:: 01

030C ""'"ll30E Q7

03lJF "" Q7
0311 J5
0312 Co'13
031. 33
0315 Jf

START:

tNITlALlZf:

LOOP;

OTAIN:

NO"
LDIX"Ql
XPAHl
LOIX'DO
XPAL 1
LOIX"Q2
XPAH2
LOIX'DO
STP'U
XPAl. 2
U)IX-oJ
XPAH3
NO"
l.DIX110
XI'AL3
LOIX'Ol
CAS
Le (P1I
XRIX"FF
JZDTAIN

XRIX'1f

ST.'(P2f
LDIX110
CAS
L01X"Q1
XPAH 1
LOlX1J
XPALJ
XPI'C 3

~TftlUl_it-e~"FF.

Of 10. ;...mo 110 DTA IN
: EftIOlts INTERRuPT

; loc:Ip "'"'~ EOC

;"'-'POOftI",~

:~ cs.ca IolGed into

-~;Pv1~ in2'$~ form
; Slc:w.- dHA

: Reseu 101 "' point • -0 alum

; fifll.On'IlO INITIALIZE to u.t.-...........
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Typical Applications (Cont""")

,v
1.1101 JlF

......

un S£NS£ A

..'

•

'V 0-.....--,

tU PRST
XOUT 011

Cl MKz) elK Q

In """04

112 MM7tCZZt

•••

"ce tU P'RST

• •

"

svo-....._--,

(19)tD \Ice
FLAG 8 I

•

...s

"DX·,.......- .....
•..V..,......_-'

- • •
ID to SI: ,.c • ~l

Vss r' ."+ 3 (Ull
5~Fr r' ."

%1111
r' ."IS

"REF
1 (12)

r' ........ AOCll8D n l131.. • ,-5 .u
- fi..IlETWORIl: ti ue,

1.11 ZERO r' .12
,DJ MALO," 12 1.. (15)IN'UT

1-5Y TO 095V1 ,-, .11

,-I
13(111

.11
VD" cue
tI 11

• Senintn.,o IFLGO- 'l"'"tb~.Aar'Q~IFLGOrnultbllesar.dbef_~~~bI'iNt'intdJ
• Wittl inte'nrp(~ _ roe MU force~ in..-rucn. InterYUPl ....cutine' 1hOodd ro.d~ WUI iftto the KQIIOIUYtOf.

• 0uuJut cDD is la COiu......menQl'y ofhet binwy form

• Nu:trltlen in .....*"1_~ pin nurnbB's of SC/MP ctIip

• AOX..et AnY an be.." of the IIlidn!:a lines br.JI tlwy must be hfgtIGnIy ac It'- time~~ 0U:Ulln cs.t. is to be PUt on. daU bus
ti.e_ItIe~-.use~ iu_UfIiqye~

FIGURE 3. Interfacing to 1he SCIMP 11 MCoproeessor
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Typical ApplicatiOf1:S (Cont;nued)

TESTING THE AID CONVERTER

There are many degrees of complexitY associated with
testing an AID convener. One of the simplest tests is to
apply .. known analog input voltage to the converter
and use LEO's to display the resulting digital outPut
code as shown in FIgUte 4. Note that the LEO driven
invert the digital outPUt of the AID converter to provide
a binary display. A lab DVM Can be used if .. precision
voltage source is not available- After adjusting the uro
and fufkt:ale. any number of poinu can be checked.
as desired.

For easI! of testing. .. 10.24 Voc reference is rec0m­

mended for the AID converter. This provides an LSB of
40 mV (10.24012561. To .tjust the zero of the AID. an
M1aIog input voltage of 1/2 LSB or 20 mV should be

applied and the zero adjtJst potentiometer should be Sd
to provide a flicker on the LSB LED readout with all the
omerdisplay LEes OFF.

To adjust the full-scale Idiust potentiometer. an analog
input which is l1J2lSB less than the reference 110.240­
0.060 or 10.180 Vac) should be applied to the aNlog
input and the full-scale adjusted for .. flicker on the LS8
LED. bJt this time with ,,11 the owr LEDs ON.

A complete circuit for .. simple AID tester i$ shown in
Figu~ 5. Note tmt the dock input ..oItage swing and
the digital outPUt vol~ swings are from QV to 10.24V.
The MM74C901 Pf'ovides .. voltage translation 10 5V
operation M)(J also t!'lt logic inversion so the rndout
LEOs are in binary.

..."

•

..:==.:o--.....--ol
I
I
+

c=:J

............

......

....u

FIGURE 4. Basic: AID Testft'

...:-::"~o---~---~---~-..
1'....

2fA~

fCIIOS rl nu

-'..OlffU

.. .".

n ........

,....
..................

"':=.n...r
t·_Ulr_..-

FIGURE 5. Complete 8aUc: Tester Cin:uit
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Typical Applications lConti...edl

The digital outPut LEO display can be decoded by
dividing the 8 bits into the 4 most signiflCant bits and
4 least significant bin. Table I shows the fractional
binary equivalent of these two Sobit groups.. By adding
the decoded "oItages which are obtained from the col·
umn: -Input Voltage Value with .. Ul24Q VREF" of
both the MS and LS grt)l)J)S.. the value of the digital
olSPlay can be determined. For u:arnp~. for an outPUt
LED display of -1011 onO"" or "'BEr" (in hex) the
voltage values from lhe table are 7.04 + 0..24 or

7.280 Voc. These voltage values repraent the anter
values of • oerfect AID converter. The input voltage has
to change by :!:112 LSe :±20 mY). the -quantization
unceruinry" of an AID, to obtain an outpUt digital code
ch~ge. The effects of this quantization error have to be
accounted for in the interPretation of the test results.
A p\Ol of this natural mOl source is shown in Figure 6
where. for claritY. both 'the analog input voltage and the
efTor voltage are normaJi%ed to LSSs.

TABLE I. DECODING mE DIGITAL OUTPUT LEO,

INPUTVOtTAGE

HEX BINARY
FRACTIONAL BINARVVAlUE FOR VALUE WITH

1024 VREF
MS GROUP LS GROUP MS GROUP LSGROUP

F 1 1 1 1 15/16 151256 9.600 0.600

E 1 1 1 0 7/8 71128 8.960 0.560

0 1 1 0 1 13/16 131256 8.320 0.520

C 1 1 0 0 3/4 3/64 '.680 0.480

e 1 0 1 1 11/16 11/256 7.040 0.440

A 1 0 1 0 518 5/128 6.400 0-400

9 1 0 0 1 9/16 9/256 5.760 0-360

8 1 0 0 0 112 1/32 5.120 0-320
7 0 1 1 1 7/16 7/256 4.480 0.280

• e 0 1 1 0 318 3/128 3.840 0-240

5 0 1 0 1 5/1. 51256 3.200 Q.2lJO

4 0 1 0 0 1/4 1/64 2.560 0.160
3 0 0 1 1 3/1. 31256 1.920 0.120
2 0 0 1 0 1/8 1/128 1.280 0.080
1 0 0 0 1 1/16 11256 0.840 0.040

0 0 0 0 0 0 0

FIGURE 6. Enor Plot of. Perfect A10 Showing: Effecrs of Quantization Error
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Typical Applications (Cont'nu"')

A low speed ramp genemor can also be used to sweep
the analog inpUt voltage and the LED outPuts will
provide • binary caunting ~nce from zero to full·
sal•.

The teChniques described so far are suitable for an
engineering naluation or a quick check on performance.
For " higher speed test system, or to obtain planed
data. a digitaHo-anaIog convener is needed for the
test set~p. An ataJnrte lo..bit DAC can serve lIS the
precision voltage source for the AID. Errors of the-AID
under tf:St can be provided as either analog Yoluges or
cfifferenees in two digital words.

A basic AID tester whidt us~ • DAC and provides ~
error as an analog outPut voltagt is shown in Figun 7.
~ 2 GP amps can be eliminated if a lab DVM with a
numef"icaI subtraction feature is available to directly
readout the difference voltage, ..A-C'". The analog

input ..,ol~ tan be supplied by , low frequency ramp
generator and an X-Y plantr can bt' used to provide
analog error (Y axisl versus analog input {X axisl. The
construction derails of " tester of tl'tis type- lire provided
in the NSC application note AN-179. "Analog-to­
Digital Conve:rter Testing".

For gperation with a mK:roproussor or • computer­
based test system. it is more corwenient to present the
errors digiuUy. This an be done with the circuit of
Figure 8 whert the OCJtPUt l:Ode transitions can be
detected as the lo..bit OAC is iOCf1!tnented. This provides
1/4 LSS.step$ for the a-bit AID under test. If the resulu
of this test are automatically ploned with the analog
Input on the X aK;' and ~ urO' (in tSS'sl ~ the Y
axis, a useful transfer function of tht AID under test
results. F()( ~tance testing, the plot is not nKess<Iry
otnd the testing speed an be incl'U5ed by tsutMishing
internallimiu on the allowed error for each code.

-~-•

All R's - 0.05'-~

~- .
L-o-""''--'>-....1':>J_o__•

1_-.,&1.

-­_.-
•

FIGURE 7. AJD Tmerwith Analog Error OutpUt FIGURE 8. Basic ""Digital" AID Tester

Connection Diagram
.-- ...~ "'" r-' J"'" -. u •• "'11

• " • " . n • " •

'- f-

~ I-

, , • . , , •
r' r'- •-----_.

Ordw Nwnbw ADC08OOf'D \-55"'c ftI+12S'Cl
0'" ADCOBOOf'CO ((rC to +7trCI

s..NS~D18A
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CHAPTER 6
MCS®·51 ARCHITECTURE

The major features of the 8051 are:

• ll-bit CPU

• on-cmp oscillator

• 4K bytes of ROM

• 128 bytes of RAM

• 21 Special Function Registers

• 32 VO lines

• 64K address space for external Data
Memory

• 64K address space for external Program
Memory

• two 16-bit timer/counters

PO.o-P07

• a [ive-.source interrupt structure with two
priority levels

• a full duplex serial port

• bit addressabiliry for Boolean processing

The term "8051" is often used generically to
refer to the 8051, the 8031, and the 8751. The
8031 is a ROM-less 8051; it fetches all instruc­
tions from external memory. The 8751 is an
8051 with EPROM instead of ROM.

A block diagram of the SOS I is shown in
Figure 6-1. The pin-out is on the inside of the
front cover of this manual.

~:~f_'~= t
_.1.~__ " I

..Te~AVPT.S£AIA;,. I
PORt AND TI¥ER I

8,00<$

Figure 6-1. Block Diagram of the 8051
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6.0 MEMORY ORGANIZATION

The 8051 maintains separate address spaces
for Program Memory and Data Memory. The
Program Memory can be up to 64K bytes long,
of which the lowest 4K bytes are in the on-<:hip
ROM.

If the EA pin is held high, the 8051 executes
out of internal ROM unless the Program
Counter exceeds OFFFH. Fetches from loca­
tions lOOOH through FFFFH are directed to
external Program Memory.

If the EA pin is held low, the 8051 fetches all
instructions from external Program Memory.

The next higher 16 bytes of the internal RAM
(locations 20H through 2FH) have individually
addressable bits. These are provided for use as
software flags or for one-bil (Boolean) pro­
cessing. This bit-addressing capabililY is an im­
portant feature of the 8051. In addition 10 the
128 individually addressable bits in RAM,
eleven of the Special Function Registers also
have individually addressable bits.

A memory map is shown in Figure 6-2.

6.1 SPECIAL FUNCTION
REGISTERS

The Special Function Registers are as follows:

The registers marked with· are both byte- and
bit-addressable.

The riata Memory consists of 128 bytes of on­
chip RAM, plus 21 Special Function Registers,
in addition to which the device is capable of
=sing up to 64K bytes of external data
memory.

The Program Memory uses l6-bit addresseS.
The external Data Memory can use either 8-bit
or l6-bit addresses. The internal Data Memory
uses 8-bit addresses, which provide a
256-location address space. The lower 128 ad­
dresses access the on-<:hip RAM. The Special
Function Registers occupy various locations in
the upper 128 bytes of the same address space.

The lowest 32 bytes in the internal RAM (loca­
tions 00 through IFH) are divided into 4 banks
of registers, each bank consisting of 8 bytes.
AIry one of these banks can be selected to be
the "working registers" of the CPU, and can be
accessed by a 3-bit address in the same byte as
the opcnde of an instruction. Thus, a large
number of instructions are one-byte instruc­
lions-

• ACC
• 'B
• PSW

SP
DPTR

'PO
• PI
'n
• P3
• IP
• lE

TMOD
• TCON

THO
TLO
THI
TU

• SCON
SBUF
PCON

Accumulalor
B Register
Program Status Word
Stack Pointer
Data Pointer (consisting of
DPH AND DPL)
Port 0
Port I
Port 2
Port 3
Interrupt Priority
Interrupt Enable
Timer/COunter Mode
Timer/Counter Control
Timer/Counter 0 (high byte)
TlIDer/Counter 0 (Iow byte)
Timer/Counter I (high byte)
Timer/Counter I (Iow byte)
Serial Control
Serial Data Buffer
Power ContrOl
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,J,,

-r--------,

:1 ~;~~; I

"',

ExTEAtII"L

.-
i

r \om

""'..... fJI'rEIIloIAL... .. ,r.;: 01

...,
'.... ....,y~_-----'J

~"'E~'

Figure 6·2. 8051 Memory Map

Accumulator

ACC is the Accumulator. The mnemonics for
accumulator-specific instructions refer to the
accumulator simply as A, bUlthe register itself
is named ACC.

reside anywhere in the 128 bytes of on-chip
RAM. When the 8051 is reset, the stack
poimer is initialized to 07H. When executing a
PUSH or a CALL, the stack poimer is in­
crememed before data is stored, so the Slack
would begin at location 08H.

B Register Data Pointer

The B register is used during multiply and
divide operations. For other instructions it can
be treated as another scratch register.

The Data Pcinter (DPTR) is a 16-bit register,
consisting of a high byte (DPH) and a low byte
(DPL). Its intended function is to hold a 16-bit
address.

Stack Pointer Ports 0 through 3

The Slack Pointer is 8 bits wide. The stack can These four parallel ports provide the 32 I/O
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lines. Each pon consists of a latch (Special
Function Registers PO through P3), an output
driver, and an input buffer.

The output drivers of Pons 0 and 2 and the in­
put buffers of Pon 0 are used in accesses to ex­
ternal memory. In this application, Pon 0 out­
puts the low byte of the external memory ad­
dress, time·multiplexed with the byte being
written or read. Port 2~ meanwhile~ outputs
the high byte of the external memory address.

The output drivers and input buffers of Pon 3
are also mUltifunctional, as listed below:

received data bits are transferred from the
shift register to the receive buffer. The shift
register is then ready (0 commence reception
of a second frame, while the frame already
received awaits servicing.

Control and Status Registers

Special Function Registers lP, lE, TMOD,
TeON, seON, and peON contain control
and status bits for the interrupt system, the
timers, and the serial port. They will be fully
described in the remaining section;. of this
chapter.

Serial Data Buller

During serial reception the incoming bitS are
clocked into a separate shift register. When

.reception of a frame is complete, and if
various other conditions are satisfied, 8

The Serial Buffer is aetually twO separate
registers. When data is moved to SBUF, it goes
to the transmit buffer where it is held for serial
transmission. (Moving a byte to SBUF is what
initiates the transmission.) When data is
moved from SBUF, it comes from the receive
buffer.

Porr Pin
P3.0

P3.\

P3.2

P3.3

P3.4

P3.5

P3.6

P3.7

A/temote Function'
RXD (serial input pon)

TXD (serial output pon)

INTO (extemal interrupt)

INTI (external interrupt)

TO mmer 0 extemal input)

T\ mmer \ external input}

WR (external Data Memory
write strobe)

RD (external Data Memory
read strobe)

6.2 OSCILLATOR AND CLOCK
CIRCUIT

XTALl and XTAL2 are the input and output,
respectively, of an inverting amplifier whicb is
intended for use as a crystal oscillator, in the
Pierce configuration, in the frequencY range of
J.2MHz to 12MHz. XTAL2 is also tbe input
to the intemal clock generator.

To drive the chip with an external oscillator,
one would ground XTALl and drive XTAL2.
Since the input to the dock generator is a
divide·by·two l1ip-flop, there are no re·
quirements on tbe duty cYcle of the externaJ
oscillator signal. However, minimum high and
low times must be observed. -

The dock generator divides the oscillator fre­
quencY by 2, and provides a twc>-phase dock
signal to the chip. The Phase I signal is active
during the first half of each clock period, and
the Phase 2 signal is active during the second
hali er eacb clock period.
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______L...::....L.:::.....L--="'-L.:...--l-::.....L-"'-:-

J I
lA) l-byte, l-cycle instruction, e.g., INC A. I

I
, ...... OO'CODEC I
I I
I AfAD 2NO e'lTL I

________ ;-1L.r---r---r...L,--..--i-[-:_00<00<
--------, ,----_.

(6) 2-byte, 1-cycle Instruction, e.g., ADD A. ,data I
I I
I ...... OO'CODEC I
I ...... HUTOOCCO<_

I
-------~_r__r-,._J__r__r-._'__r__r-._'_..____r_;.

ACE lL----,:----n_~nL------''-'n'__ _ _'n_ _l;.-J
I
I
I

I
I
I
I
I

I
(Cl 1-byte, 2-cycle instruction, e.g., INe DPTR.

I

....______ L..:.......L..:::...-L_L..:....-L.-~-,-L-...L.:::.....L-=-~...L..:::....J...=....J. _

1--I
(D) MOVX (1-byte, 2-cyclel

I

Figure ~.;;. FetchJExecute Sequences in the 8051
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6.3 CPU TIMING

A machine cycle consists of 6 states (12
oscillator periods). Each state is divided into a
Phase I half, during which the Phase I clock is
active, and a Phase 2 half, during which the
Phase 2 clock is active. Normally, arithmetic
and logical operations take place during Phase
1 and internal register-to-register transfers
take place during Phase 2.

The diagrams in Figure 6-3 show the fetchlex­
ecute timing referred to the internal states and
phases. Since these internal clock signals are
not externally observable, the XTAL2
oscillator signal and the ALE (Address Latch
Enable) signal are shown for external
reference. Thus a machine cycle consists of 12
oscillator periods, numbered SIPI (State I
Phase I) through S6P2 (State 6 Phase 2). Each
phase iasts for one oscillator period. "Each
state lasts for two oscillator periods. ALE is
normally activated twice during each machine
cycle: once during SIP2 and S2PI, and again
during 54P2 and S5P!.

Execution of a one-cycle instruction begins at
SIP2, when the opcode is latched into the In­
struction Register. If it is a two-byte instruc·
tion, the second byte is read during 54 of the
same machine cycle. If it is a one·byte instruc·
tion, there is still a read at 54, but the byte read
(which would he the next opcode) is ignored,
and the Program Counter is not incremented.
In any case, execution is complete at the end of
S6P2. Figures 6-3A and 6-3B show the timing
for a I-byte, l-cycle instruction and for a
2-byte, l-cycle instruction.

Most 8051 instructions execute in one cycle.
MUL (multiply) and DIV (divide) are the only
instructions that take more than twO cycles to
complete. They take four cycles.

Normally, two code bytes are fetched from
Program Memory during every machine cycle.
The only exception to that is when a MOVX
instruction is executed. MOVX is a I-byte,
2-cycle instruction that accesses external Data
Memory. During a MOVX, two fetches are
skipped while the external Data Memory is be­
ing addressed and strobed. Figures 6-3C and
6-30 show the timing for a normal I-byte,
2-cycle instruction and for a MOVX instruc­
tion.

6.4 PORT OPERATION

All four ports in the 8051 are bidirectional.
PortS I, 2, and 3 have internal pull-ups. Pon 0
has open-drain outputs. Figure 6-4 shows a
functional diagram of a typical bit in each of
the four ports.

Each I/O line can be independently used ann
input or an output. For a line to be used as an
input, the pon latch must contain a I, which
turns off the Output driver FET. Then, for
Ports I, 2, and 3, the pin is pulled high by the
internal pull-up, but can be pulled low by an
external Source. For Pon 0, a I in the pon
latch causes the output pin to float. All the
pon latches in the 8051 have Is written to them
by the reset function.lfa 0 is subseqently writ­
ten to a pon latch, it can be reconfigured as an
input if desired by writing a I to it.

Because Ports I, 2, and 3 are pulled high when
configured as inputs, they are sometimes
called "quasi-bidirectional" ports. As inputs
they can be driven in a normal manner by any
TTL or MOS circuit. Because they do have the
internal pull-ups, however, they can also be
driven by open-collector or open-drain outputs
without the need for additional external pull­
ups.

122



MCS·51 ARCHITECTURE

pin are the ones that read a value, possibly
change it, and then rewrite It to the latch.
These are called "read-modify-write" instruc­
tions. The illSlTlJctions listed below are read­
modify-write instructions. When the destina­
tion operand is a pon or a port bit, these in­
structions read the latch rather than the pin:

Port 0 differs in not having internal pull-ups.
The upper FET in the PO output driver (see
Figure 6-4A) is turned offexcept when the port
is being used as an ADDRlDATA bus in ac­
cesses to external memory. Consequently, PO
lines that are being used as output pons have
open-drain outputs. Writing a I to a PO latch
results in both output FETs being turned off,
so the pin floats. In that condition it can be
used as a high-impedance input.

Notice in Figure 6-4 that there are two ways to
read a port: an instruction reads either the
latch or the pin. In the 80SI, some instructions
read the latch and some read the pin. The in­
structions that read the latch rather than the

ANL

ORL

XRL

(logical AND, e.g., ANL
PI, A)

(logical OR, e.g., ORL
P2.A)

(logical EX-OR, e.g.,
XRL P3, A)

•

(6) PORT 1 BIT

(A) PORT 0 Brr

~eus

~-~....I,
""CH L.,-_...J

"""...
(C) PORT 2 Brr

......,
"''CH

"""--''-'...
(0) PORT 3 Brr

Figure 6-4. Port Latches and Buffers ("See Figure 6-5 for details of internal pullup).
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It is not obvious that the last three instructions
in this list are read-modify-write instructions,
but theY are. What theY do is read the port
byte, all 8 bits, modify the addressed bit, then
write the new byte back to the latch.

6.4.1 Writing to a Port

must contain a I, or else the port pin will be
stuck at 0 regardless of which alternate func­
tion is trying to do what with it. The alternate
functions that are implemented have already
been liste:!, but the list is repeated here for
convenience:

lBC

CPL

INC

DEC

DJNZ

MOV PX.Y,C

CLR PX.Y

SET PX.Y

Gump if bit = I and clear
bit, e.g., lBC PI.I,
LABEL)

(complement bit, e.g.,
CPL P3.0)

(increment, e.g., INC P2)

(decrement, e.g., DEC
P2)

(decrement and jump if
not zero, e.g., DJNZ P3,
LABEL)

(move carry bit to bit Y
of Port X)

(clear bit Y of Port X)

(set bit Y of POrt X)

Port Pin
P3.0

P3.1

P3.2

P3.3

P3.4

P3.5

P3.6

P3.7

Alremote Function
RXD (serial input port)

TXD (serial output pon)

INTO (external interrupt)

INTI (external interrupt)

TO (Timer 0 externaI input)

TI (Timer I external input)

Wit (external Data Memory
write strobe)

RV (external Data Memory
read strobe)

The reason that read-modify-write instructions
are directed to the latch rather than the pin is
to avoid a possible misinterpretation of the
voltage level at the pin. For example, a port bit
might be used to drive the base of a transistor.
One might write a I to it in order to turn the
transistor on. If the CPU now reads the same
port bit at the pin rather than the latch, it wiU
read the base voltage of the transistor and in­
terpret it as a O. Reading th.-latch rather than
the pin will return the correct value of I. It is
to avoid this type of problem that the 8051
directs read-modify-write instructions to the
port latch rather than the port pin.

It can be seen in Figure 6-4D that each line in
POrt 3 is capable ofperforming an alternate in­
put function and an alternate output function,
not related to the port function. The bit latch

In the execution of an instruction that changes
the value in a port latch, the new value arrives
at the latch during 56P2 of the final cycle of
the instruction. However, port latches are in
fact sampled by their output buffers only dur­
ing Phase I of any clock period. (During Phase
2 the output buffer holds the value it saw dur­
ing the previous Phase I.) Consequently, the
new value in the pen latc~ won't actually a~
pear at the output pin until the next Phase I,
which wiU be at SIPI of the next machine
cycle.

If the change requires a O-to-I transition in
Port I, 2, or 3, an additional pull-up is turned
on during SIPI and SIP2 of the cycle in which
the transition OCcurs. This is done to increase
the transition speed. The extra pull-up can
source about 100 times the current that the
normal pull-up can.
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It should be noted that the internal pull-ups
are field-effect transistors, not linear resistors.
The pull-up arrangement is shown in Figure
6-5. The fixed part of the pull-up is a
depletion-mode transistor with the gate wired
to the source. If the port pin is shorted to
ground, this transistor will allow about 0.25
mA (typical) to exit the pin. In parallel with
the fIXed pull-up is an enhancement-mode
transistor which is activated during SI
whenever the port bit does a O-to-l transition.
During this interval, if the port pin is shorted
to ground, this extra transistor will allow an
additional 30 mA (t}'Pical) to exit the pin.

6.4.2 Port Loading

The output buffers of Ports 1,2. and 3 can
drive 3 LS TfL inputs. The output buffers of
Port 0 can each drive S LS TfL inputs.

POrlS 1, 2, and 3 can drive any MOO input
withoui'the need for external pull-ups. Port 0
needs external pull-ups to drive MOS inputs,
except when it's being used as an AD-

DRESS/DATA bus, in which case it can drive
MOS inputs without external pull-ups.

6.5 ACCESSING EXTERNAL
MEMORY

Accesses to external memory are of two types:
accesses to external Program Memory and ac·
=ses to external Data Memory. Accesses to
external Program Memory use signal PSEN
(program store enable) as the read strobe. Ac­
cesses to external Data Memory use RD Or WR
(alternate functions of P3.7 and P3.6) to
strobe the memory.

Fetches from external Program Memory
always use a 16-bit address. Accesses to exter­
nal Data Memory can use either a 16-bit ad­
dress (MOVX @DPTR) or an S-bit address
(MOVX@Ri).

Whenever a 16-bit address is used, the high
byte of the address comes Out on Port 2, where
it is held for lhe duration of the read or write
cycle. During this time the Port 2 lalch (the

Figure 6·5. Internal Pull-Ups. The enhancem~nt mode transistor is turned
on for 2 osc. periods whenever a makes a 1·to-O transition.
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Special Function Register) does not have 10

contain Is, and the contents of the Porr 2 SFR
are not modified. If the external memory cycle
is not immediately followed by another exter­
nal memory cycle, the undisturbed contents of
the Port 2 SFR will reappear shortly after the
read or wrile strobe is deactivated.

If an 8-bit address is being used (MOVX @Ri),
the contents of the Porr 2 SFR remain at the
Port 2 pins throughout the external memory
cycle. This will facilitate paging.

In any case, the low byre of the address is time­
multiplexed with the data byre on Port O. The
ADDRlDATA signal drives both FErs in the
Porr 0 output buffers. Thus in this application
the Port 0 pins are not open-drain outputs,

• and they don't need external pull-ups. Signal
ALE (address latch enable) should be used to
capture the address byre into an external latch.
The address byre is valid at the negative transi­
tion of ALE. Then, in a write cycle, the data
byre to be wrinen appears on Port 0 just
before WR is activated, and remains there un­
til after WR is deactivated. In a read cycle, the
incoming byre is accepted at Port 0 just before
the read strobe is deactivated.

During any access to external memory, the
CPU writes OFFH to the Port 0 latch (the
Special Function Register). thus obliterating
whatever information the POrt 0 SFR may
have been holding.

MORE ABOUT ACCESSING EXTERNAL
PROGRAM MEMORY

External Program Memory is aceessed under
two conditions:

I) Whenever the program counter (PC) con­
tains a number that is larger than OFFFH;

2) Whenever signal EA is active, regardless
of the contents of Pc.

The 8031 is an 8051 that doesn't have internal
Program Memory. EA must be externally
wired to low On the 8031 to enable it to fetch
the lower 4K program byres from external
memory.

When the CPU is executing out of external
Program Memory, all 8 bits of Pon 2 are
dedicated to an output function: DQring exter.
naI program fetches they Outputlhe nign byte
of the PC. and during accesses to external
Data Memory thcy output either DPH or the
Port 2 SFR (depending on whether the external
Data Memory access is a MOVX @DPTR or a
MOYX@Ri).

The read. strobe for external fetches is PSER.
~ is not activated for internaJ fetches.
When the CPU is accessing external Program
Memory, PSEN is activated twice every cycle
(except during a MOYX instruction) whether
or not the byte fetched is actually needed for
the current instruction. When fiSEl'l is ac­
tivated its timing is not the same as JITj. A
complete RD cycle, including activation and
deactivation of ALE and RD, takes 12
oscillator periods. A complete PSEN cycle, in­
cluding activation and deactivation of ALE
and PSEN, takes 6 oscillator periods. The ex­
ecution sequence for these two types of read
cycles are shown in Figure 6-1' for comparison.

OVERLAPPING PROGRAM AND DATA
MEMORY SPACES

In some applications it is desirable to execute a
program from the same physical memory that
is being used to store data. In the 80S 1 the ex­
ternal Program and Data Memory spaces can

126



MCS·51 ARCHITECTURE

(Il)
WITH A
MOVX.

(A)
WITHOUT A

MOVX.

..

....
AD ---~----7----"" -----;-----i--

I :
I ,
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1."" <XI' t "Cl. "'" t"""",
VAUO VAUO v.....

~~'~I
,

I"l~~~" 1 .. 1 ••
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•
l'CH <XI' e-oo OUT 0" P1 OUT X: l'CH "'".. >~..

I

t"" <XI' 1."""""'" 1."" "'"'AUO VAUO .....,
Figl!re 6-6. Executing Out 01 External Program Memory

(Detailed timing diagrams are in the data sheels.)

be combined by ANDing PSEN and RD. A
positive-logic AND of these twO signals pro­
duces an active-Iow read strobe that can be
used for the combined physical memory. Since
the PSEN cyde is faster than the RD cyde, the
external memory needs to be fast enough to ac­
commodate the PSEN cycle.

MORE ABOUT ALE

The main function of ALE is to provide a pro­
perly timed signal to latch the low byte of an
address from PO to an externa1 latch during

fClches from external Program Memory. For
that purpose ALE is acti\'ated twice every
machine cycle. This activation takes place even
when the cycle involves-no externa) fetch. The
only time an ALE pulse doesn't come out is
during an access to e.ternd Data Memory.
The first ALE of the secono cycle of a MOVX
instruction is missing (see Figure /Hi). Conse­
quently, in any system that does nO! use exter­
nal Data Memory, ALE is activated a' a con­
stant rate of 1/6 the oscillator freqency, and
can be used for external clocking or timing
purposes.
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6.6 TIMERS

The 8051 provides two 16-bit registers, Timer 0
and Tuner I, that can be used as timers or
event counters. For each timer/counter
register there is a control bit in Special Func­
tion Register TMOD that selects the timer/
counter function to be "timer" or "counter."

In the "timer'" function the register is in­
cremented every machine cycle. Thus one can
think of it as counting machine cycles. Since a
machine cycle consists of 12 oscillator periods.
the count rate is 1/12 of the oscillator
frequency.

In the "counter" function the register is in·
crernented in response to a I·to-O transition at
its corresponding external input pin, TO or Tl.
In this function the external input is sampled
during S5P2 ofevery machine cycle. When the,
samples show a high in one cycle and a low in
the next cycle, the count is incrernented. The
new count value appears in the register during
S3PI of the cycle foilowing the one in which
the transition was detected. Since it takes 2
machine cycles (24 oscillator periods) to

recognize a ]·to-O transition. the maximum
count rate is 1/24 of the oscillator frequency.
There are no restriCtions on the duly cycle of
the external input signal, but to ensure that a
given level is sampled at least once before it
changes, it should hold for at least one full
machine cycle.

In addition to the "timer" or Mcounter"' selec­
tion, each timer/counter has four operating
modes from which to select. These modes are
functionally illustrated in Figure 6-7.
Operating modes 0, I, and 2 are the same for
both timer/counters. Mode 3 is different. The
four operating modes are described below.

MODE 0
Putting either Timer into mode 0 makes it look
like an 8048 Timer, which is an 8·bit counter
with a divide-by-32 prescaler_ Figure 6-7A
shows the mode 0 operation as it applies to
Timer 1.

In this mode the Timer regiSter is configured as
a 13-bit register. As the count rolls over from
all· 1s to all Os, it sets the Timer interrupt flag
TFI. The counted input is enabled to the
Tuner when TRI = I and either GATE = 0 or
INTl = 1. (Setting GATE = I allows the
Timer to be controlled by external inputlNTI.
to faCilitate pulse width measurements.) TRl is
a control bit in Special Function Register
TeON. GATE is a control bit in Special Func·
tion Register TMOD.

The 13-bit register consists of all 8 bits of THI
and the lower 5 bits of TU. The upper 3 bits
of TU are indeterminate and should be ig·
nored_ Setting the run flag (TRI) does not
clear the registers.

Mode 0 operation is the same for Timer 0 as
for Timer I. Substitute TRO, TFO, and INTO
for the corresponding Timer I signals in Figure
6-7A. There are two different GATE biis, one
for Timer 1 (TMOD.7) and one for Timer 0
(TMOD.3).

MODEl
Mode I is the same as Mode 0, except that the
Timer register is being tJn with all 16 bits.

MODE2
1'1ode 2 configures the Timer register as an
8-bit counter (TLI) with automatic reload.
Overflow from TI.. l not only sets TFl but also
reloads TU with the contents of THl, which
is preset by software to any desired one-byte
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Figure 6-7
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(0) Timer 0 Mode 3. Split Timer 0 Into two 8-Blt Counters

Figure 6-7 (continued)

value. The reload leaves TH 1 !'nchanged.

Mode 2 operation is the same for Timer O.

MODE3
If you put Timer I into Mode 3, it holds its
count. The effect is the same as selting
TRI = O.

If you put Timer 0 into Mode 3, TLO and THO
become two separate counters. The logic for
Mode 3 on Tuner 0 is shown in Figure 6-70.
Note that TLO is using all of the Timer 0 con­
tra! bits: cif, GATE. TRO, INTO, and TFO.
THO is locked into a timer function (counting
machine cycles) and has taken over the use of

TRI and TFI from Timer I. (Thus THO now
controls the "Timer I" interrupL)

Normally one would not put Timer 0 into
:'-1ode 3 unless Timer I Vlerealready in use as a
baud rate generalor for the serial pon. Mode 3
is provided specifically for applications in
which two independent I.mer/counters plus
the serial port are required. One would set up
Timer 1 as the baud rate generator (Mode 2),
and operate Timer 0 in Mode 3.

6.6.1 Timer Control and Status
Registers

Two Special Function Registers, TMOO and

130



MCS·51 ARCHITECTURE

Note: All bits of TMOD are cleared by reset.

TMOD: Timer Mode Control Register

where MI, MO specify the Mode, as follows:

Bit: 7 6543210
GATE CIT MI MO GATE elf MI MO
/- TImer I -/ /--TunerO--/

is the TImer I overflow interrupt
flag. Set by hardware when Tuner
I overflows. Oeared by hardware
when the processor transfers con­
trol to the interrupt service
routine.

is the TImer 1 run control bit.
Set!cleared by software to tum
TImer I anioff.

is the Timer 0 overflow interrupt
flag. Set by hardware when TImer
o overflows. Oeared by hardware
when the processor transfers con­
trol to the interrupt service
routine.
is the TImer 0 run control bit.
Set!cleared by software to turn
TImer 0 onloff.

is the external interrupt I edge
flag. If ITI ; I, this bit is set by
hardware when lNTI is detected to
have made a l-tcH> transition.
Oeared by hardware when the pro­
cessor transfers control to the in~

terrupt service routine.
determines whether external imer·
rupt I is edge-triggered or level­
triggered. If IT! ; I, external in­
terrupt I is edp:-triggered. If ITI
; 0, external interrupt is triggered
by a detected low at INTI rather
than a I in lE!.

is the external interrupt 0 edge
flag. If ITO ; I, this bit is set by
hardware when INTO is detected to

TCON: Timer Control Register

Bit: 7 6 5 4 3 2 1 0
TFI TRI TFO TRO lEI ITI 1£0 ITO

where

• TFI

• TRI

• TFO

• TRO

• lEl

• lEO

• ITI

Description

13-bit counter

I&-bit counter

S-bit counter with auto
reload

split TImer 0 into two
S-bit counters or stOp

TImer I

I 3

MO Mode

o 0
I I

b 2

TCON, are used to define the operating modes
and control the functions of the timer/
counters. When an instrUction changes the
content of TMOD or TCON, the change is
latched into the SFR and takes effect at SIPI
of the next instrUction's f1!Sl cycle. The
registers are shown below.

• CIT selects ~counter" or "timer" func­
tion. Set for ~counter"' function
(count neiative transitions at TO or
T! pin). Oear for ~mer" function
(count machine cycles).

• GATE is Gating Control. When set,
Tuner "](' is enabled only while
INTx pin is high and TRx bit is set.
When cleared, TImer ~. is en­
abled whenever TRx bit is set.

MI

o
• 0

I
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Note: Ail bits of TeON are cleared by reset.

Bits IEI through ITO have 10 do with the extet­
nal interrupts. and are more fully discussed in
the section dealing with the interrupt structure.

• ITO

have made a 1-to-O transition.
Oeared by hardware when th" pro­
cessOr transfers control to the in­
terrupt service routine.

determines whether external inter­
rupt 0 is edge-triggered or level­
triggered. If ITO = I, external in­
terrupt 0 is edge-triggered. If ITO
= 0, external interrupt 0 is trig­
gered by a detected low at INTO
rather than a I in IEO.

(0), 8 data bits (LSB first>. and a stop bit (I).
On receive. the stop bit goes into RB8 in
Special Function Register SCaN. The baud
rate is variable.

Mode 2: II bits are trartsmitted (through
TXD) or received (through RXD): a start bit
(0). 8 data bits (LSB first). a programmable
9th data bit, and a stop bit (I). On trartsmit.
the 9th data bit (TB8) can be assigned the value
of 0 or 1. \Vith nominal software overhead,
TB8 can be made a parity bit. as shown in
Figure 6-8. On receive, the 9th data bit goes in­
[0 RBS in Special Function Register SCaN,
and the stop bit is ignored. The baud rate is
programmable to either 1/32 or 1/64 the
oscillator frequency.

• 6.7 SERIAL INTERFACE

The serial port is full duplex, meaning it can
transmit and receive simultaneously. It is also
receive-buffered, meaning it can commence
reception of a second byte before a pr",iously
received byte has been read from the receive
register. (However. if the first byte still hasn't
been read by the time reception of the second
byre is complete. one of the bytes ..ill be lost.)
The serial port registers are both accessed at
Special Function Register SBUF. A write to
SBUF loads the transmit register. and a read
accesses a physically separate receive register.

The serial port can operate in 4 modes:

Mode 0: SeriaI data enters and exits through
RXD. TXD outputs the shift clock. 8 bits are
transmitted/received: 8 data bits (LSB first).
The baud rate is fIXed at 1/12 the oscillator
frequency.

Mode 1: 10 bits are transmitted (through
TXD) or received (through RXD): a start bit

MOY C,P Parity moved to C2tIY (byte
already in A)

MOV TBS. C Put carry into Transmit
Bit 8

MOY SBUf, A Load Transmit Rep51el

Figure 6-8. Generating Parity and
Initiating a Transmission

Mode 3: 11 bits are trartsmitted (through
TXD) or received (through RXD): a start bit
(0). 8 data bits (LSB first). a programmable
9th data bit. and a stop bit (I). In fact. Mode 3
is the same as Mode 2 iQ all respects except the
baud rate. The baud rate in Mode 3 is variable.

Modes 2 and 3 have a special provision for
multiprocessor comrr.unications. In these
modes 9 data bits are received. The 9th one
goes into RB8. Then comes a SlOP bit. The
pon can be programmed such that when the
SlOp bit is received. the serial pan interrupt
will be activated only if RB8 = I. This feature
is enabled by setting bit SM2 in seON. The
way to use this feature in multiprocessor
systems is as fallows.
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When the master processor wants to transmit a
block of data to one of several slaves, it first
sends out an address byte which identifies tbe
target slave. An address byte differs from a
data byte in tbat tbe 9th bit is I in an address
byte and 0 in a data byte. Witb SM2 = I, no
slave will be interrupted by a data byte. An ad­
dress byte. however, will interrupt all slaves,
so that each slave can examine the received
byte and see if it is being addressed. The ad­
dressed slave wt11 clear its SM2 bit and prepar~

to receive tbe data bytes that will be coming.
The slaves that weren't addressed leave tbeir
SM1s set and go on aboul their business, ig.
noring tbe coming data bytes.

SM2 should be cleared for operation in Mode
oor J.

6.7.1 Baud Rates

The baud rate in Mode 0 is fixed at 1/12 the
oscillator frequency. The baud rate in Mode 2
is either 1/64 or 1/32 of the oscillator
frequency, depending on the value of bit
SMOD in Special Function Register PCON. If
SMOD = 0 (which is its value on reset), the
haud rate is 1/64 the oscillator frequency. If
SMOD = I, the baud rale is 1/32 of the
oscmator frequency.

Baud rates in Modes I and 3 are delermined by
the Timer I overflow rate, as shown below:

Baud Rate = (Timer I overflow rate) In

where n is an integer whose value is either 32 or
16, depending on the value of bit SMOD in
Special Function Register PCON. IfSMOD =
o (which is its value on reset), n = 32. If
SMOD = I, n = 16. Timer I can be con­
figured in any mode. The Timer I overflow

rate is determined by its count rate and how
many counts it takes to reach overflow.

For example, Timer I can be configured in the
auto reload mode (TMOD.S = I, TMOD.4 =
0). The Timer must be running (TCON.6 = I),
and to keep the overflows from generating un.
necessary interrupts the Timer I interrupt
should be disabled (IE.3 = 0). Then the
overflow rate depends on the reload value in
THI, as follows:

Overflow Rate = (count rate)/{2S6-(THI»)

For very low baud rates one might select the
l6-bil Timer I mode (TMOD.S = 0, TMOD.4
= I), and use lhe Timer I interrupt to do a
software reload. In this case one would want
to have the Timer I inlerrupt enabled
(IE.3 = I).

In any case. if Timer I is running with bil
CIT = 0, the count rate is 1/12 the
oscillator frequency. If the timer is running
with C/T = I, the counl rate is the external
input frequency. whose maximum usable
value is 1/24 the oscillator frequency.

Figure 6-9 lists various commonly used
baud rates and how they can be obtained in
the 80S!.

.
nMEJI;1

BAUOlU.TE tosc 'MOD CIf MODE R£1.0AD
VA1.UE

MOOt 0 MA,);: '''HI lZM"z • • • •
¥OOE2t.u.x.:.~ 12MIoQ , • > •MOOESClfi2...5K lZMIiZ , 0 2 FFM

"... l1l)59MWZ , 0 2 FDH.... l1.05iMHZ • • 2 FOH.... l1.059MHZ • 0 2 FAH
2'" 11..059MHZ , , 2 F.H

'''' l1-05iMHZ , • 2 E8H
lJU ll.!l66MHZ , 0 2 'OHH' OMH2 • • 2 72H

H' t2"~Z ! , D , FEE'"

Figure 6-9. Commonly Used Baud
Rates

133



MCS·51 ARCHITECTURE

6.7.2 Baud Rate Bit in PCON

PCQN is a Special Function Register (ad­
dress = 87H) which has been added 10 the
8051 to implement certain Power Control
options in the CMOS version of the chip. In
lhe HMOS chip all the bits in PCON are
dummy except bit 7, which is S~IOD.

SMOD is used in both lhe HMOS and
CMOS versions to double the baud rale in
modes I, 2, and 3. peON is nor bit­
addressable.

The reset value of SMOD is O. Writing a I to
SMOD (MOV PCON, #80H or MOV 87H,
#80H) doubles the baud rale in modes I, 2,
and 3.

• 6.7.3 Serial Port Control Register

Special Function Regisler SCON is used to
defIne the operating mode and control cer­
tain functions of the serial pon. It also
receives the 9th data bil (RE8), and con­
tains the transmit and receive interrupt
flags (TI and RI). The register is as shown
below:

SCON: Serial Port Control Register

Bit: 7 6 543210
SMO SMI SM2 REN TB8 RB8 TI RI

where SMO. SM I specify the serial port mode,
as follows:

SMO SMJ Mode Descriprion Baud
Rare

0 0 0 shift register fosc/I2
0 I I 8-bit UART variable

I (j 2 9-bit UART foscJ64
or

foscJ32

3 9-bit UART variable

• SM2 enables the multiprocessor com­
munication feature in modes 2 and
3. In mode 2 or 3, if SM2 is set to I
then RI will not be activated if the
received 9'.11 data bit (RE8) is O. In
mode I, if SM2 = I then RI will
not be activated if a valid stop bit
was not received. In mode 0, SM2
should be O.

• REN enables serial reception. Set by
software to enable reception. Qear
by software to disable reception.

• TBB is the 9th data bit that will be
transmitted in modes 2 and 3. Set
or clear by software as desired.

• RBB in modes 2 and 3, is the 9th data bit
that was received. In mode I, if
SM2 = 0, RBB is the stop bit that
was received. In mode O. RBB is
not used.

• TI is transmit interrupt flag. Set by
hardware at the end of the 8th bit
time in mode 0, or at the beginning
of the stop bit in the other modes,
in any serial transmission. Must be
cleared by software.

• RI is receive interrupt flag. Set by
hardware ai the end of the 8th bit
time in mode 0, or halfway
through the st~p bit time in the
other modes. i!1 any serial recep­
tion (except see SM2). Must be
cleared by sofrware.

Nore: All bits of SCON are cleared by reset.
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register, then the I that was initially loaded in­
to the 9th position is just to the left of the
MSB, and all positions to the left of that con­
tain zeroes. This condition flags the TX Con­
trol block to do one last shift and then deae­
tivate SEND and set 11. Both of these actions
occur at SIPI of the 10th machine cycle after
"write to SBUF."

Reception is initiated by clearing RI, provided
REN = I. At S6P2 of the next machine cycle
the RX Control unit writes the bits 11111110
to the receive shift register, and in the next
clock phase activates RECEIVE.

RECEIVE enables SHIFT CLOCK to the
alternate output function line of P3.1. SHIFT
CLOCK makes transitions at S3PI and S6PI
of every machine cycle. At S6P2 of every
maclJii,e cycle in which RECEIVE is active,
the contents of the receive shift register are
shifted to the left one position. The value that
comes in from the right is the value that was
sampled at the P3.0 pin at S5P2 of the same
machine cycle.

As data bits come in from the right, Is shift
out to the left. When the 0 that was initially
loaded into the rightmost position arrives at
the leftmost position in the shift register, it
flags the RX Control block to do one last shift
and load SBUF. At SIPI of the 10th machine
cycle after the write to SCON that cleared RI,
RECEIVE is cleared and RI is set.

Mode 0 Applications: Mode 0 was intended
primarily for I/O expansion using CMOS or
ITL shift registers. as shown in Figure 6-11.

6.7.6 More About Mode 1

Ten bits are transmitted (through TXD) or
received (through RXD): a stan bit (0), S data

bits (LSB first), and a stop bit (I). On receive,
the stop bit goes into RB8 in SCON. The baud
rate is determined by the Timer I overflow
rate.

Figure 6-12 shows a somewhat simplified func­
tional diagram of the serial port in Mode I,
and associated timing diagrams for transmit
and receive.

Transmission is initiated by any instruction
that uses SBUF as a destination register. The
"write to SBUF" signal also loads a I into the
9th bit position of the transmit shift register
and flags the TX Control unit that a transmis­
sion is requested. Transmission aCtually comw
mences at SIPI of the machine cycle following
the next roUover in the divide-by-16 counter.
(Thus the bit times are synchronized to the
divide-by-16 counter, not to the "write to
SBUF" signal.)

The transmission begins with activation of
SEND, which puts the start bit at TXD. One
bit time later, DATA is activated, which
enables the output bit of the transmit shift
register to TXD. The first shift pulse occurs
one bit time after that.

As data bitS shift out to the right, "'roes are
clocked in from the left. !Vhen the MSB of the
data byte is at the output position of the shift
register, then the I that was initially loaded in­
to the 9th position is just to the left of the
MSB, and all positions '0 the left of that con­
tain zeroes. This condition flags the TX Con­
trol unit to do one last shift and then deac­
tivate SEND and set 11. This occurs at the
10th divide-bY-16 roUover after "write to
SBUF."

Reception is initiated by a detected I-to-O tran­
sition at RXD. For this purpose RXD is sam-
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pled at a rate of 16 times whatever baud rate
has been established. When a transition is
detected, the divide-by-16 counter is im­
mediately reset, and IFFH is written into the
input shift register. Resetting the divide-by-I6
counter aligns its rollovers with the boundaries
of the incoming bit times.

The 16 states of the counter divide each bit
time into I6ths. At the 7th, 8th, and 9th
counter states of each bit time, the bit detector
samples the value of RXD. The value accepted
is the value that was seen in at least 2 of the 3
samples. This is done for noise rejection. If the
value accepted during the first bit time is not 0,
the receive circuits are reset and the unit goes
back to looking for another I-t<>-O transition.
This is to provide rejection of false start bits.

• If the start bit proves valid it is shifted into the
input shift register, and reception of the rest of
the frame will proceed.

As data bits come in from the right, 1s shift
out to the left. When the stan bit arrives at the
leftmost position in the shift register (which in
mode 1 is a 9-bit register), it flags the RX Con­
trol block to do one last shift, load SBUF and
RB8, and set RI. The signal to load SBUF and
RS8, and to set RI, will be generated if and on­
ly if the following conditions are met at the
time the fmal shift pulse is generated:

I) RI = 0, and
2) Either SM2 = 0 or the received stop bit

=1

If either of these two conditions is not met, the
received frame is irretrievably lost. If both
conditions are met, the stop bit goes into RB8,
the 8 data bits go into SBUF, and RI is ac­
tivated. At this time. whether the above condi­
tions are met or not, the unit goes back to
looking for a 1-to-O transition in RXD.

6.7.7 More About Modes 2 and 3

Eleven bits are transmitted (through TXD) or
received (through RXD): a stan bit (O), 8 data
bits (LSB first), a programmable 9th data bit,
and a stop bit (I). On transmit, the 9th data bit
(TBE) can be assigned the value of 0 or 1. On
receive, the 9th data bit goes into RBS in
SCON. The baud rate is programmable to
either 1/32 or 1/64 the oscillator frequency in
mode 2 and is variable in mode 3.

Figure 6-13 shows a simplified funcrional
diagram of the serial pon in modes 2 and 3.
The receive ponion is exactly the same as in
mode I. The transmit portion differs from
mode I only in the 9th bit of the transmit shift
register.

Transmission is initiated by any instruction
that uses SBUF as a destination register. The
~write to SBUP' sigrral also loads TB8 into the
9th bit position of the transmit shift register
and flags the TX Control unit that a transmis­
sion is requested. Transmission commences at
SIPI of the machine cycle following the next
rollover in the divide-bY-16 counter. (Thus the
bit times are synchronized to the divide-by-16
counter, not to the ~write to SBUP' sigrral.)

The transmission begins_with activation of
SEND, which puts the start bit at TXD. One
bit time later, DATA is activated, which
enables the output bit of the transmit shift
register to TXD. The fmt shift pulse occurs
one bit time after that.. Tne first shift clocks a I
(the stop bit) into the 9th bit position of the
!hift register~ Thereafter. only zeroes are
clocked in.

Thus as data bits shift out to the right, zeroes
are clocked in from the left. When TB8 is at
the output position of the shift register, then
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Timer 0

Source
iNTO

the stop bit is just to the left of TB8, and all
positions to the left of that contain zeroes.
This condition flags the TX Control unit to do
one last shift and then deactivate SEND and

. set TI. This occurs at the 11th divide-by-I6
rollover after "write (0 SBUF."

Reception is initiated by a detected I-to-O tran·
sition at RXD. For this purpose RXD is sam­
pled at a rate of 16 times whatever baud rate
has been established. When a transition is
detected, the divide-by-16 counter is im­
mediately reset, and IFFH is written to the in­
put shift register.

At the 7th, 8th and 9th counter states of each
bit time, the bit detector samples the value of
RXD. The value accepted is the value that was

• seen in at least 2 of the 3 samples. If the value
accepied during the first bit time is not 0, the
receive circuits are reset and the unit goes back
to looking for another I-to-O transition. If the
start bit proves valid, it is shifted into the input
shift register, and reception of the rest of the
frame will proceed.

As data bits come in from the right, Is shift
out to the left. When the start bit arrives at the
leftmost position in the shift register (which in
modes 2 and 3 is a 9-bit register), it flags the
RX Control black to do one last shift, load
SBUF and RBS, and set RI. The signal to load
SBUF and RB8, and to set RI, will be
generated if and only if the following condi­
tions are met at the time the final shift pulse is
generated:

I) RI = Q, and
2) Either SM2 = Q onhe received 9th data

bit = I

If either of these conditions is not me!, the

received frame is irretrievably JOS[, and RI is
not set. If both conditions are met, the re­
ceived 9th data bit goes into RB8, and the ftrst
8 data bits go into SBUF. One bit time later,
whether the above conditions were met or not,
the unit goes back [0 looking for a I-to-O tran­
sition at the RXD input.

Note that the value of the received stop bit is
irrelevant to SBUF, RB8, or RI.

6.8 INTERRUPTS

The 8051 provides five interrupt sources, each
of which can be programmed to one of two
priority levels. The five interrupt sources are
listed below:

Description
External request from P3.2 pin
(sampled at SSP2 of every
machine cycle).

Overflow from Timer 0 ac­
tivates interrupt request flag
TFO.

iNTI External request from P3.3 pin
(sampled at SSP2 of every
machine cycle).

Timer I Overflo..... from Timer I ac­
tivates interrupt request flag
TF!.

Serial Port Completion of transmission or
reception of one serial frame
activates request flag TI (on
transmission) or RI (on recep­
tion).

Each source can be individually enabled Or
disabled by setting or clearing a bit in Special
Function Register lE.
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In the event that requests of the same priority
level are received simultaneously, an internal
polling sequence determines which request is

• serviced. Thus within each priority level there
is a ...;cnd priority structure determined by the
polling sequence, as fonows:

Each source can be programmed to a high­
priority level or a low-priority level by setting
or clearing a bit in Register JP. A low-priority
interrupt can itself be interrupted by a high­
priority interrupt, but not by another low.
priority interrupt. A high-priority interrupt
can't be interrupted. To implement these rules,
the Interrupt System contains two non­
addressable ·priority level active" flip-flops_
One indicates that a high-priority interrUpt is
being serviced, and blocks all further inter­
rupts. The other indicates that a low-priority
interrupt is being serviced, and blocks all but
high-priority interrupts.

Source

External Interrupt 0

Timer 0 Overflow

External Interrupt I

Timer I Overflow

Serial Port

Priority within
lLvel

(highest)

(lowest)

cycle in the execution of the instruction hl
progress. (In other words, no interrupt re·
quest will be responded to until the in­
struction in progress is completed.)

3) The instruction in progress is RETI or an
access to Special Function Registers lE or
IP. (In other words an interrupt request
will not be responded to after RETl or
after a read or write to lE or IP until at
least one other instruction has been ex.
ecuted.)

If any of the above conditions exists, the result
of the interrupt poll is discarded. If none of
the above conditions exists, the result of the in­
terrupt poll is acted on with the very next
machine cycle.

The processor acknowledges a request by first
setting the appropriate ·priority level active"
flip-flop. Then it executes a hardware
subroutine call to the servicing routine. It also
dears the flag that requested the interrupt
(with exceptions: it doesn't clear INTO or
INTI, since it has no control over the sources
of these signals, and it doesn't clear TI or RI).
The hardware subroutine call pushes the con­
tents of the Program Counter onto the Slack
(but it does not save the PSW) and reloads the
PC with an address that depends on the source
of the interrupt request, as shown below:

All the interrupt sources are examined sequen­
tiaIly during each cycle, such that by 56 of any
cycle an active interrupt requestS have been
found and prioritized. Response to the active
request of highest priority wiU commence with
slate I of the next machine cycle, provided the
response is not blocked by any orthe following
conditions:

Source
External Interrupt 0

Timer 0 Overflow

External Interrupt I

Timer I Overflow

Serial Port

Address

DOOm
JOOBH

OO13H
OOIBH

0023H

I) An interrupt of equal or higher priority
level is already in progress.

2) The current machine cycle is not the final

Execution proceeds from that address until the
RET1 instruction is encountered~

The RETI instruction clears the "'priorily level
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External Interrupt control bits ITO and IT! are
in TCON.O and TCON.2, respectively. Reset
leaves all flags inactive. with 11"0 and IT!
cleared.

TI (on transmission) SCON.I
RI (on r=ption) SCON.O

until at least one other instruction has been ex­
ecuted. Thus, once an interrupt routine has
been entered, it cannot be re-entered until at
least one instruction of the interrupted pro­
gram is executed.

There are a number of ways that this feature
can be used to single-step the 8051. One way is
to program one of the external interrupts (sal'.
11\'1"0) to be level-activated. The service
routine for this interrupt then will tenninate
with

External
Interrupt I

Timer]
Overflow

Serial Pan

INTI, if I11 = 0
IEI, iflTI = I

TFI

P3.3
TCON.3

TCON.7

•

JNB

JB

RETI

P3.2.S

PJ.2,S

;WAIT HERE TILL
INTO GOES HIGH

;NOW WAIT HERE
TILL IT GOES LOW

;GOBACKAND
EXECUTE ONE
INSTRUCTION.

All the interrupt flags can be set or cleared by
software, with the same effect as by hardware.

The Enable and Priority Control Registers are
shown below. All of these control bits are Set
or cleared by software. All are cleared by reset.

6.8.4 Interrupt Control Registers

The Interrupt Request Flags are in twO dif­
ferent registers and twO port pins. as listed
below:

Now if the iNTO pin, which is also the P3.2
pin. is held nonnally low, the CPU will go
right into the External Interrupt 0 routine and
stay there until INTO is pulsed (from low to
high to low). Then it will execute RETI, go
back to the task program. execute one instruc­
tion, and immediately re-enter the External In­
terrupt 0 routine to await the neXl pulsing of
P3.2. One step of the task program is executed
each time P3.2 is pulsed.

lE: Interrupt Enable Register

disables all imerrupts. If EA = 0,
no interrupt will be acknowledged.
If EA = 1. each interrupt source is
individually enabled or disabled by
setting or clearing.its enable bit.

enables or dis:.bles the Serial Pan
interrupt. If ES = 0, the Serial
Pan interrupt is <'isabled.

enables or disables the Timer I
Overflow interrupt. If ETI = 0,
the Timer I interrupt is disabled.
enables or disables External Imer­
mpl I. If EXI = O. External Inter­
rupt I is disabled.
enables or disables the Timer 0
Overflow interrupt. If ETO ~ O.
(he Timer 0 interrupl is disabled.

65432 J 0
X X ES ETI EXr ETO EXO

• ETI

• E.Xt

• ETO

• ES

Bit: 7
EA

where

• EA

Location
P3.2
TCON.I
TCON.5

Source Request Flog
External INTO. if ITa ~ 0

Interrupt 0 lEO, if 11"0 ~

Timer 0 TFO
Overflow
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IP: Interrupt Priority Register

6.9 RSTNPD PIN

6.9.1 Reset

Content
OOOOH

OOH
OOH
OOH
07H

OOOOH
OFFH

(XXXOOOOO)
(OXXOOOOO)

OOH-
OOH
OOH
OOH
OOH
OOH
OOH

Indeterminate
(OXXXXXXX)

oat reset. It also configures the ALE and
PSEN pins as inpulS. (They are quasi­
bidirectional.) The intemaJ reset is executed
during the second cycle in which RST is high
ar.d is repeated every eycle until RST goes low.
It leaves the intemaJ registers as fonows:

Figure 6-14. RSTNPD Circuitry

Register
PC

A

B
PSW
SP

DPTR
PO- P3
IP
lE
TMOD
TCON
rno
TLO
rnl
TLI
SCON
SBUF
PCON

defines the Serial Pon interrupt
priority level. PS = I programs it
to the higher priority level.

defines the Timer I interrupt
priority level. PT! = I programs it
to the higher priority level.

defines the ExtemaJ Interrupt I
priority level. PXI = I programs
it to the higher priority level.

defines the Timer 0 interrupt
priority level. PTO = I programs it
to the higher priority level.

defines the ExtemaJ Interrupt 0
priority level. PXO = I programs
it to the higher priority level.

65432 I 0
X X PS PTI PXI PTO PXO

Bit: 7
X

where

• PS

• PT!

• PXl

• PTO

• PXO

Reset is accomplished by holding the RST pin
high for at least [Wo machine cycles (24
oscillator periods) while the oscillator is run­
ning. The CPU responds by executing an inter-

The circuitry connected to the RSTtVPD pin
is shown in Figure 6-14. A Schmitt Trigger is
used at the input to the reset circuitry for noise
rejection. The output of the Schmitt Trigger is
sampled by the-reset circuitry at S5P2 of every
machine cycle. At least two consecutive
samples must show a high in order to effect a
complete reset and initiaJization.

•
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The internal RAM is not ..affected by reseL
When VCC is turned on, the RAM content is
indeterminate unless VPD was applied prior to
VCC being turned off (see Power Down
Operation).

POWER·C)N RESET

An automatic reset can be obtained when VCC
is turned on by connecting the RST pin to

VCC through a 10 "f capacitor, providing the
VCC risetime doesn't exceed a millisecond or
so. A power:en reset circuit is shown in Figure
6- [5. When power comes on the current drawn
by RST commences to charge the capacitor.
The voltage at RST is the difference between
VCC and the capacitor voltage, and decreases
from VCC as the cap charges. The larger the

• capacitor is, the more slowly VRST decreases.
VRST must rentain above the lower threshold
of the Schmitt Trigger long enough to effect a
complete reset. The time required is the
oscillator start-up time plus 2 machine cycles.
If the vec risetime is less than I msec and the
oscillator start-up time doesn't exceed 10 msec,
a 10 "f capacitor will provide a reliable power­
on reset.

6.9.2 Power Down Operation

During normal operation the internal RAM
draws its power from Vec. However, as can
be seen in Figure 6-14, if the voltage at
RSTIVPD exoeeds vee it becomes the source
of power for the RAM. This allows a backup
power supply to be used to hold RAM data in
the event of a power failure.

To take advantage of this feature, the users
system. upon detecting that a power failure is
imminent, would interrupt the processor via
INTO or INTI to transfer relevant data to the
RAM and enable the backup power supply to

+
".'='=:

vccl---

"'''

L.----l ..'MOO

Figure 6·15. Power-on Reset

the RSTIVPD pin before vee falls below its
operating limit. When power returns, VPD
needs to stay on long enough to effect a reset
(oscillator start-up time plus two machine
cycles), and normal operation can resume.

Figure 6-16 suggests one possible implementa­
tion of the power-down feature. Assuming a
detected imminent power failure interrupts the
processor via iNTO, the External Interrupt 0
service routine transfers relevant data to the
RAM and then writes a 0 to PI.O. The low at
PI.O triggers the 555, which is configured as a
one-shot whose output pulse width depends on
R, e, and the presence of vee. If vee is still
present when the 555 times out, it is assumed
that the "imminent power failureYl was a false
alarm, and operation ;esumes from reset. If
vee does in fact go down before the 555 times
out, the 555 win hold power :0 RSTIVPD dur­
ing the outage, and will C?ntinue to hold it
after vee comes back, for a time determined
by Rand C. R and e should be selected so as
to obtain a reliable ·power-on reset.

6.10 8751

The 8751 is the EPROM version of the 8051,
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•

II
V""",UP

=

•
"'. •

vc<:

.'m.... s

Figure 6-16. Power Down Circuit

that is, the on-ehip Program Memory in the
8751 can be electrically programmed, and can
be erased by exposure to ultraviolet light.
Erasure leaves the array in an all Is state.

6.10.1 Erasure Characteristics

Erasure of the 8751 Program Memory begins
to occur when the chip is exposed to light with
wavelengths shorter than approximately 4000
Angstroms. Since sunlight and fluorescent
lighting have wavelengths in this range, con­
Slant exposure to these light sources over an
extended period of time (about 1 week in
sunlight, or 3 years in room-level fluorescent
lighting) could cause unintentional erasure. If
an application subjects the 8751 to this type of
exposure, it is suggested thal an opaque label
be placed over the window. (Suitable labels are
available from Inle!.)

The recommended erasure procedure is expo­
sure to ultraviolet lighl (at 2537 Angstroms) 10

an inlegrated dose of at least IS W-seclcm2.
Exposing the 8751 to an ultraviolet lamp of
12000 "W/cm2 Tilting for 20 to 30 minutes. at
a distance of about I inch, should be suffi­
cienL

Erasure leaves the array iil an all 1s stale.

6.10.2 Programming the EPROM

To be programmed, the 8751 must be running
with a 4 to 6 MHz oscillator. The address ofan
EPROM location to be programmed is applied
to Port I and pins PZ.O-PZ.3 of Port Z, while
the data byre is applied 10 Port O. Pins
PZ.4-PZ.6 and PSEN should be held low, and
PZ.7 and RST high. (These are TTL levels, ex­
cept RST which requires Z.5V for a high.) EA
is held normally at TTL high, and is pulsed to
+ZIV. While EA is at ZIV, the ALE pin,
which is normally being held at TTL high, is
pulsed low for 50 msec. Then EA is returned to
TTL high. This is illustrated in Figure 6-17.
Detailed 'timing specifications are given in the
data sheers.

Note: The EA pin must not be allowed to go
above the maximum specified VPP level of
ZI.5 V, even instantaneously. Even a narrow
glitch above that voltage level can cause per­
manent damage. It is suggested thal the VPP
source be well regulated and free of glilches.

6.10.3 Program Verification

Refer to Figure 6-18 for lhe Program Verifica­
tion setup forthe 8751 orlhe 8051. To read the
Progratn Memory of either the 8751 or the
S051, the following procedure can be used.
The unil must be runnin~ wilh a 4 to 6 MHz
oscillator. The address <lf a Program Memory
location to be read is applied to Port I and
pins PZ.O-P2.3 of POrt 2. Fins P2.4-P2.6 and
PSEN are held low, while the ALE, RST, and
EA pins are held high. (These are TTL levels
except RST, which requires 2.5V for a high.)
Port 0 will be the data output lines. Pl.7 can
be used as a read strobe. While P2.7 is held at
TTL high, the Port 0 pins noat. When P2.7 is
strobed low, the contents of the addressed
location will appear at Port O. ExternaJ pull-
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Figure 6-17_ Programming the 8751

ups (e.g., IOK) are required on Port 0 during
this operation.

6.11 8051 FAMILY PIN
DESCRIPTION

vss: Circuit ground potentiaL

VCC: Supply voltage during programming (of
the 8751). verification (of the 8051 or 8751).
and normal operation.

Port 0: Port 0 is an S-bit open drain bidirec­
.tionall/O port. It is also the multiplexed low­
order address and data bus during accesses to
external memory (during which accesses it ac­
tivates internal pullups). It also outputs in­
struction bytes during program verification.
(External pullups are required during program
verification.) Port 0 can sink eight LS 1TL in­
puts.

Port 1: Port 1 is an 8-bit bidirectional I/O port
with internal pullups. It receives the low-order
address byte during program verification in
the 8051 or 8751. Pon 1 can sinklsource three
IS 1TL inputs. It can drive MOS inputs
without external pullups.

Port 2: Pon 2 is an 8-bit bidirectional I/O pon

with internal pullups. It emits the high-order
address byte during accesses to external
memory. It also reeeives the high-order ad­
dress bits and control signals during program
verification in the 8051 or 8751. Port 2 can
sinklsource three LS 1TL inputs. It can drive
MOS inputs without external puIlups.

Port 3: Pon 3 is an 8-bit bidirectional110 pon
with internal pullups. It also serves the func­
tions of various special features of the MCS-51
family, as listed below:

Port Pi,! Alternate Function
P3.0 RXD (serial input pon)
P3.1 TXD (serial output port)

P3.2 INTO (ClIlerM! interrupt)

P3.3 INTI (external interrupt)

P3.4 TO (Timer 0 O'ternal
input)

P3.5 Tl (Timer I external
input)

P3.6 WR (external Data Memory
write strobe)

P3.7 RD (external Data Memory
read strobe)

147



MCS·51 ARCHITECTURE

.$V

ADCR --:::7.',1...........

........

Figure 6-18. Program Veriflcallon

•
Pon 3 can sinklsource three LS TIL inputs. It
can drive MOS inputs without external
pullups.

RSTNPD: 1\ high level on this pin for two
machine cycles while the oscillator is running
resets the device. An internal pulldown pennits
Power-On reset using only a capacitor con­
nected to VCC.

.ALElPROG: I\ddress Latch Enable output
for latching the low byte of the address during
accesses to external memory. /\LE is activated
though for this purpose at a CODSlllnt rate of
1/6 the oscillator frequency even when exter­
nal memory is not being accessed. Conse­
quently it can be used for external clocking or
timing purposes. {However. one /\LE pulse is
slcipped during each access to external Da/a
Memory.} This pin is also the program pulse
input {PROG} durin EPROM programming.
PSEN: Program Store Enable output is the
read strobe to external Program Memory
PSEN is activated twice. each machine cycle
dUring fetches from external Program
Memory. {However. when executing out of ex­
ternal Program Memory two activations of
PSEN are slcipped during each access to exter-

naI Da/a Memory.} PSEN is not activated dur·
ing fetches from internal Program Memory.

EANPP: When EI\ is held high the CPU ex·
ecutes out of internal Program Memory
{unless the Program Counter exceeds OFFFH}.
When EI\ is held low the CPU executes only
out of external Program Memory. In the 8031.
EI\ must be externally wired low. In the 8751.
this pin also receives the 21 V programming
supply voltage {VPP} during EPROM pro­
gramming.

XTAL1: Input to the invening amplifier that
forms the oscillator. Should-begrounded when
an external oscillator is Used.

XTAL2: Output of the invening amplifier that
forms the oscillator. and inp'.ttO the internal
clock generator. Receives the external
oscillator signal when an external oscillator is
used.

148



CHAPTER 7
MCS®·S1 MEMORY, ORGANIZATION, ADDRESSING

MODES AND DATA MANIPULATION

7.0 MEMORY ORGANIZATION
In the 8051 family tbe memory is organized
over three address spaces and the program
counter. The memory spaces sbown in Figure
6-2 (page 6-3) are the:

• 64K-byte Program Memory address space

• 64K-byte External Data Memory address
space

• 384-byte Internal Data Memory aci.dress
space

The 16-bit Program Counter register provides
• the 8051 with its 64K addressing capabilities.

The Program Counter allows the user· to ex­
ecute calls and branches to any location within
the Program Memory space. There are no in­
structions that permit program execution to
mOve from the Program Memory space to any
of the data memory spaces.

In the 8051 and 8751 the lower 4K of the 64K
Program Memory address space is filled by in­
ternal ROM and EPROM, respectively. By
tYing the EA pin high. the processor can be
forced to fetcb from tbe internal
ROMlEPROM for Program Memory ad­
dresses 0 through 4K. Bus expansion for ac­
cessing Program Memory beyond 4K is
automatic since external instruction fetches oc­
cur automatically when the Program Counter
increases above 4095. If the EA pin is tied low
all Program Memory fetches are from external
memory. The execution speed of the 8051 is
the same regardless of whether fetches are
from internal or external Program Memory. If

all program storage is on-chip, byte location
4095 sbould be left vacant to prevent an
undesired prefetch from external Program
Memory address 4096.

Certain locations in Program Memory are
reserved for specific programs. Locations 0000
through 0002 are reserved for the initialization
program. Following reset, the CPU always
begins execution at location 0000. Locations
0003 through 0042 are reserved for the five
interrupt-request service programs. Each
resource tbat can request an interrupt requires
that its service program be stored at its re­
served location•

The 64K-byte External Data Memory address
space is automatically aceessed when the
MOVX instruction is executed.

Functionally the Internal Data Memory is the
most flexible of the address spaces. The Inter­
nal Data Memory space is subdivided into a
256-byte Internal Data RAM address space
and a 128-byte Special Function Register ad­
dress space as shown in Figure 7-1.

The Internal Data RAM address space is 0 to
255. Four 8-Register Baliks occupy locations 0
through 3I. The stack can be located anywhere
in the Internal Data RAM ad iress space. In
addition, 128 bit locations of the on-ehip
RAM are accessible through Direct Address­
ing. These bits reside in Internal Data RAM at
byte locations 32 through 47. Currently loca­
tions 0 through 127 of the Intemal Data RAM
address space are filled with on-ehip RAM.
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•

The stack depth is limited only by the available
Internal Data RAM, thanks to an 8-bit
reloodable Stack Pointer. The stack is used for
storing tbe Program Counter during
subroutine calls and may be used for passing
parameters. Any byte of Internal Data RAM
or Special Function Register accessible
tbrough Direct Addressing can be pushed/
popped.

Figure 7-1. Internal Data Memory
Address Space

The Special Function Register address space is
128 to 255. All registers except the Program
Counter and the four 8-Register Il<:nks reside
bere. Memory mapping the Special Function
Registers allows them to be aceessed as easily
as internal RAM. As such, they can be
operated on by most instructions. In addition.
128 bit locations within the Special Function
Register address space can be aceessed using
Direct Addressing. These bits reside in the
Special Function Register byte locations divis·
ible by eight. The twentY Special Function
Registers are listed in Figure 7-2. Their map­
ping in the Special Function Register address
space is shown in Figures 7-3 and 7-4.

Performing a read from a location of the In­
ternal Data memory where neither a byte of
Internal Data RAM (i.e., RAM addresses
128-255) nor a Special Function Register exists
will access data of indeterminable value.

Architeeturally. each memory space is a linear
sequence of 8-bit wide bytes. By Intel conven­
tion the storage of multi-byte address and data
operands in program and data memories is the
least signif=t byte at the low-order address
and the most significant byte at the high-order­
address. Wrthin byte X. the most significant
bit is represented by.;\{.7 while the least signifi­
cant bit is X.O. Any deviation from these con·
ventions will be explicitly ~ated in the text.
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ARITHMETIC REGISTERS:
ACCumulator', B register',
Program Status Word'

POINTERS:
Stack Pointer, Data Pointer (high &
low)

PARALLEL I/O PORTS:
Port 3', Port 2', Port 1', Port 0"

INTERRUPT SYSTEM:
Interrupt Priority Control",
Interrupt Enable Control"

TIMERS:
Timer MODe, Timer CONtrol", Timer 1
(high & low), Timer 0 (high & low)

SERIAL VO PORT:
Serial CONtrol", Serial data BUFfer,
PCON

"Blls In lhese registers are bit addresuble

Figure 7·2. Special Function Registers

1.1 OPERAND ADDRESSING
Thc:re are five methods of addressing source
operands. They are Registc:r Addressing,
Direct Addressing, Register-Indirect Address­
ing, Immediate Addressing and Base-Register­
plus Index-Registc:r-Indirect Addressing. The
IIlSt three of these methods can also be used 10

address a destination operand. Since opera­
tions in the 8051 require 0 (NOP only), 1,2,3
or 4 operands, these five addressing methods
are used in combinations to provide the 8051
with its 21 addressing modes.

MoSt instructions have a "destination. source"
field that specifies the data type, addressing
methods and operands involved. For opera­
tions othc:r than moves, the destination
operand is also a 50= operand. For exam­
ple. in "subtract-with-borrow A.#5" the A
register receives the result of the vaIue in
register A minus 5, minus C.

on ........
'" ...

• 2U • J40" ~J
ACC A J2C rPHI

Ut ". i
"W ,. {OOHJ4

215 201 i
!PC .... 1--':' --.,

'91 ... l.,1 I,,. ~~
~ '" .•cl 1"'1......,-1

1'
1'$ Mol; I

., lS7 _I MO fADttJj .,...-I It.Q mot, r~~"j'"iNC
$COfrl • '12 r-tl -: :ft-~USAIIU:

}'fl nz :

,:~~'-'::,-'THo ..., AlCNI
TU t" ~ ,
no '" .....

TfIIOO W f81J
T(:OIlt 10 UIi Ul ~ _

~ ,~ ~~

;~:::
"~,.e-tJ_
~ ".

Figure 7·3. Mapping of Special Function
Registers

Most operations involve operands that ar"
localed in Internal Data Memory. The selec­
tion of the Program Memory space or External
Data Memory space fo!. a Second operand is
deteimined by the operation mnemonic unless
it is an immediate operand. The subset of the
Internal Data Memory bebg addressed is
determined by the addressing method and ad­
dress value. For example, the Special Function
Registers can be accessed only through Direct
Addressing with an address of 128-255. A sum­
mary of the operand addressing methods is
shown in Figure7-5. The following paragraphs
describe the five addressing methods.
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7.1.1 Register Addressing
Register Addressing permits access to the eight
registers (R7-RO) of the selected Register Bank
(RB). One of the four 8-Register Banks is
selected by a two-bit field in the PSW. The
registers may also be accessed through Direct
Addressing and Register·Indirect Addressing,
since the four Register Banks are mapped into
the lowest 32 bytes of Internal Data RAM as
shown in Figures 7-6 and 7-7. Other Imemal
Data Memory locations that are addressed as
registers are A, B, C, AB and DPTR.

7.1.2 Direct Addressing
Direct Addressing provides the only means of

.... ..- -C ::... fII$II) --......
'" "IRIRIUI"fnl""" •
". vlululutolEJltttu ...

C'< "" 0'0 ... ... "" •.. DJ I D5 I os I 01 , D) f D2 I Cl' I CIO -
PS "" ... '"' ...... -1-1·1"'1_1"1"'" ..

n. .7 t IK t es I Mo I a , B2 I ..t , • .... .. En ... m PO
,.. M'-I_I""Iul"'''''' ..
... .&7fMIA5f ... ,.ufA:lf·tf .. ..

...., .... ..., ... ... ... n ..
'" ·'-11D1-eI-j ... l_j_ "'~

... 1'71_ltlJl_lmI101I"IJ • ..
"" ... ". ... ... n. .. ...

.x "11lE11D1-={-t"'I-'- ,ca.

m at I • I 15 I .. c I a I ~ I • ..
Figure 7-4. Special Function Register Bit

Address

accessing the memory-mapped byte-wide
Special Function Registers and memory
mapped bits within the Special Function
Registers and Internal Data RAM. Direct Ad­
dressing of bytes may also be used to access the
lower 128 b)1es of Imemal Data RAM. Direct
Addressing of bits gains access to a 128 bit
subset of the Internal Data RAM and 128 bit
subset of the Special Function Registers as
shown in Figures 7-3,7-4,7-6, and 7.7.

Register-Indirect Addressing using the content
of RI or RO in the selected Register Bank, or

• Register Addressing
R7-RO

- A,B,C (bit). AB (two bytes),
DPTR (double byte)

• Direct Addressing
Lower 128 bytes of Internal Data
RAM
Special Function Registers
128 bits in subset of Internal Data
RAM address space
128 bits in subset of Special
Function Register address space

• Register·lndirect Addressing
Internal Data RAM (@R1, @RO,
@SP (PUSH and POP only)]
Least Significant Njbbles in
Internal Data RAM (@R1, @RO)
External Data Memory (@R1,
@RO. @DPTR)

• Immediate Addressing
- Program Memory (in-code con­

stant)
• Base-Register- plus Index.Register­

Indirect Addressing
Program Memory (@ DPTR+A,
@ PC+A)

Figure 7·5. Operand Addressing Methods

152



MCS·51 MEMORY, ADDRESSING, DATA MANIPULATION

Figure 7·7. Addressing Operands In
Internal Data Memory

are pan of the instruction to be accessed from
the Program Memory.

7.1.4 Base·Register- plus Index·
Register· Indirel:t Addressing

Base-Register- plus Index-RegiS/er- Indirec1
Addressing simplifies accessing look-up-tables
(LUT) resident in Program nemory. A byte
may be accessed from a LUT via an indirect
move from a location whose address is the sum
of a base register (the DPTR or PO and the in·
dex register (A).

7.2 DATA MANIPULATION
The 8051 microcomputer is efficient both as an
arithmetic processor and as a controller. In ad-

•
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Figure 7-6. RAM Bit Addresses

using the content of the Stack Pointer (PUSH
and POP only), addresses the Internal Data
RAM. Register-Indirect Addressing is aiso
used for accessing the External Data Memory.
In this case, either RI or RO in the selected
Register Bank may be used for accessing loca­
tions within a 256-byte block. The block
number can be preselected by the contents of a
pon. The 16-bit Data Pointer may be used for
accessing any location within the full 64K ex­
ternaI address space.

7.1.3 Immediate Addressing
Immediate Addressing allows constants which
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•

dition to the capabilities of its 8048 pre­
decessor, [he 805 I was enhaneed with im­
proved data transfer, logic manipulation,
arithmetic processing, and real-time oontrol
capabilities_ The S051 performs operations on
bit, nibble (4-bit), byte (8-bit) and double-byte
(l6-bit) data types. It is classified as an 8-bit
macbine since the internal ROM, RAM,
Special Function Registers, ArithmeticlLogic
Unit (ALU) and the external data bus are each
8-bits wide. The double-byte data type is used
only by.the Data Pointer and the Program
Counter. The Data Pointer can be manipulat­
ed as a single double-byte register (DPTR) or
as two locations in Internal Data Memory
(DPH & DPL). The Program Counter is
always manipulated as a single double-byte
register.

7.3 BOOLEAN PROCESSOR
Although the Boolean processor is an integral
part of the SOS I's architecture. it may be 000­

sidered an independent bit processor since it
has its own instruction set, its own ac­
cumulator (the carry flag), and its own bit­
addressable RAM and I/O.

The bit-manipulation instructions provide op­
timum code and speed efficiency in 'bit­
banging" applications such as the control of
the 8051's on-ehip peripherals. The Boolean
processor also provides a straightforward
means ofoonverting logic equations (like those
used in random logic design) directly into soft:
ware. Complex cominatorial-Iogic functions
can be resolved without extensive data move­
ment, byte masking and test-and-branch trees.

7.4 DATA TRANSFER
OPERATIONS

Loo~-up-tables resident in Program Memory
can be accessed by indirect moves. A byte 000­

Slant can be transferred to the A register (i.e.,
aCCUI!lulator) from the Program memory loca­
tion whose address is the sum ofa base register
(the PC or DPTR) and the indCl' register (A).
This provides a convenient means for pro­
gramming translation algorithms such as
ASCII to sevensegment conversions. The Pro­
gram Memory move operations are shown
diagrammatically in Figure 7-8.

The bit-manipulation instructinns allow the
Direct Addressing of 128 bits within the Inter­
nal Data RAM and 128 bits within the Special
Function Registers. The Special Function
Registers with an address evenly divisable by
eight (PO, TCON, PI, SCON, n, lEC, P3,
IPC, PSW, A. and B) contain Direct Ad­
dressable bits. On any addressable bit, the
Boolean processor can perform the bit opera­
tions of set, clear, oomplement, jump-it-set,
jump-if-not-set, jump-if-set-then-clear and
move to/from carry. Between any addressable
bit (or its oomplernent) and the carry flag it can
perform the bit operation of logical and or
logical or with the result returned to the carry
flag.

A byte location within a 2S6-byte block of Ex­
ternal Data Memory can be accessed using RI
or RO in Register-Indirect Addressing. Any
location within the full 64K External Data
Memory address space can be accessed
through Register-Indirect'" Addressing using a
16-bit base register (I.e., the Data Pointer).
These moves are shown in Figur~ 7-9.

The byte in-code-oonstant runmediate) moves
and byte variable moves within the 8051 are
highly orthogonal as detailed in Figure 7-10.
When one considers that the accumulator and
the registers in the Register Banks can be
Direct Addressed, the lWo-operand data
transfer operations allow a byte to be moved
between any two of the RB registers, Internal
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Data RAM. accumulator and Special Function
Registers. Also, immediate operands can be
moved to any of these locations. Of particular
interest is the Direct Address to Direct Address
move which permits the value in a pen to be
moved to the Internal Data RAM without us­
ing any RB registers or the accumulator. The
Data Pointer register can be loaded with a
double-byte immediate value. Also, the 8051's
Boolean Processor can move any Direct Ad-

..G>STU
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Figure 7-8. Program Memory Move
Operations

dressed bit to or from the carry register.

The A register can be exchanged with a register
in the selected Register Bank, with a Register·
Indirect Addressed byte in the Internal Data
RAM or with a Direct Addressed byte in the
Internal Data RAM or Special Function
Register. The least significallt nibble of the A
register can also be exchanged with the least

..""".•

~
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Figure 7·9. External Data Memory Move
Operations
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Figure 7·10. Internal Data Memory Move Operations
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significant nibble of a Register-Indirect Ad­
dressed byte in the. Internal Data RAM. The
exchange operation is shown in Figure 7-1 I.

7.5 lOGIC OPERATIONS
The 8051 permits the logic operations of and.
or. and excIusive-or to be performed on the A
register by a second operand which can be im­
mediate value, a register in the selected
Register Bank. a Register-Indirect Addressed
byte of Internal Data RAM or a Direct Ad­
dressed byte of Internal Data RAM or Special
Function Register. In addition. these logic
operations can be performed on a Direct Ad·
dressed byte of the Internal Data RAM or
Special Function Register using the A register
as the second operand. Also. use of Immediate

• Addressing with Direct Addressing permits
these logic operations to set. clear or comple­
ment any bit anywhere in the Internal Data
RAM or Special Function Registers without
affecting the PSW. RB registers or ac·
cumulator. When one takes into account that
registers R7-RO and the accumulator can be

Direct Addressed. the two-operand logic
operations allow the destination (first
operand) to be a byte in the Internal Data
RAM. a Special Function Register. RB
registers (R7-RO) or the accumulator while the
choice of the second operand can be any of the
aforementioned or an immediate value. The
8051 can also perform a logical or. or a logical
and. between the Boolean accumulator (i.e.
the carry flag) and any bit. or its complement.
that can be accessed through Direct Address­
ing. The and. or. and exclusive-or logic opera­
tions are summarized in Figure 7-12.

In addition to the logic operations that are per­
formed on Internal Data Memory as shown in
Figure 7-12. there are also logic operations
that are performed specifically on the A
register. These are summarized in Figure 7-13.

In addition to the and and or bit logical shown
in Figure 7-12. [here are logicats that can
operate exclusively on a Direct Addressed bit.
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Figure 7·11. Internal Data Memory

Exchange Operations
Figure 7·12. Internal Data Memory Logic

Operations
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These operations are listed in Figure 7-14. The
carry flag is also addressed as a register and
can be set, cleared or complemented with one­
byte instructions.

7.6 ARITHMETIC OPERATIONS
Along with the existing 8048 arithmetic opera­
tions of add. increment, decrement, compare·
to-zero, decrement..and-compare.to-zero. and
decimal-add-adjust, the 8051 implemented
subtract-with-borrow, compare, multiplY and
divide.

Only unsigned binary integer arithmetic is per­
formed in the ArithnieticlLogic Unit. In the
two-operand operations of add, add-"ith­
carry and subtract-with-borrow, the A register
is the IIfS! operand and receives the result of
the operation.The second operand can be an
immediate byte. a register in the selected
Register 'Bank, a Register-Indirect Addressed
b)1e or a Direct Addressed byre. These instruc·
tions affect the overflow, carry, auxiliary­
carry and parity flag in the Program Status
Word (pSW). The carry flag facilitates non­
signed integer and multi-precision addition

Figure 7-13. Internal Data Memory Logic
Operations (Register A
Specific)

~
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• -fSET'8J c
·e-tCt.lllI "".·~(~l CUI. (:Ptl., :0'. 0 T~I.l8C1

Figure 7-14. Internal Data Memory Logic
Operations (Bit·Specific)

and subtraction and multi-precision rotation.
Handling two's-complement-integer (signed)
addition and subtraction can easily be aCCOm­
modated with software's monitoring of the
PSW's overflow flag. The auxiliary-earry flag
simplifies BCD arithmetic. An operation that
has an arithmetic aspect similar to a subtract is
the compare-and-jump-if-not-equal operation.
This operation performs a conditional branch
if a register in the selected Register Bank, or an
Indirect Addressed byte of Internal Data
RAM, does not equal an immediate value; or
if the A register does not etjual a byte in the
Direct Addressable Internal Data RAM, or a
Special Function Register. While the destina­
tion operand is not updated and neither source
operand is affected by the compare operation,
the carry flag is. A SUmmar) of the two­
operand add/subtract operations is shown in
Figure 7-15.

.-. __ eo-
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Figure 7·15. Internal Data Memory
Arithmetic O.Jerations

Figure 7·16. Internal Data Memory
Arithmetic Operations
(Aegister A Specific)
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The multiply operation multiplies the one-byte
A register by the one-byte B register and
returns a double-byte result (MSB in B, LSB in
A). The divide operation divides the one-byte
A register by the one·byte B register and
returns a byte quotient to the A register and a
byte remainder to the B register. These are
shown in Figure 7-18.

incrernented. For efficient loop control the
decrernent-and-jump-if-not·zero operation is
provided. This operation can test a register in
the selected Register Bank, any Special Func­
tion Register or any byte of Internal Data
RAM a=ible through Direct Addressing
and force a branch if it is not zero. The in­
crement/decrement operations are summar­
ized in Figure 7-17.

There are three arithmetic operations that
operate exclusively on the A register. These are
the decimal-adjust for BCD addition and the
two test conditions shown in Figure 7-16. The
decimal-adjust operation converts the result
from a binary addition to two two-digit BCD
values to yield the correct two-digit BDC
result. During this operation the auxiliary­
carry flag helps effect the proper adjustment.
Conditional branches may be taken based on
the value in the A register being zero or not
zerO.

The 8051 simplifies the implementation of
software counters since the increment and
decrement operations can be performed on the
A register, a register in the selected Register
Bank, an Indirect Addressed byte ID the Inter­

.naI Data RAM or a byte in the Direct Ad­
dressed Internal Data RAM or Special Func­
tion Register. The 16-bit Data Pointer can be
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Figure 7·17. Internal Data Memory
Arithmetic Operations

Fi£ure 7-18. Internal Data Memory
Arithmetic Operations
(Register A with B Specific)

Figure 7-19. Unconditional Branch
Operations

Figure 7-20. Call Operations
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7.7 CONTROL TRANSFER
The 8051 has a non-paged Program Memory
to ==odate relocatable code. The advan­
tage of a non-paged memory is that a minor
change to a program that causes a shift of the
code's position in memory will not cause page
boundary readjustments to be necessary. This
also makes relocation possible. Relocation is
desirable since it permits several programmers
to write relocatable modules in various
assembly and high-level languages which can
later be linked together to form the machine
object code.

Sixteen-bit jumps and calls are provided to
allow branching to any location in the con­
tiguous 64K Program Memory address space
and preempr the need for Program Memory
bank switching. Eleven-bit jumps and calls are
also provided to maintain compatibility with
the 8048 and to provide an efficient jump
within a 2K program module. Uu1ike the 8048,

the 8051 's call operations do not push the Pro­
gram Status Word (PSW) to the stack along
with the Program Counter, since many
subroutines written for the 8051 do not affect
the PSW. Hence the 8051 return operations
pop only the Program Counter. The 8051's
branch. call and return operations are shown
diagrammatically in Figures 7-19, 7-20, and
7·21, resPectively.

The 8051 also provides a method for perform­
ing conditional and unconditional branching
relative to the starting address of the next in­
struction (PC - 128 to PC + 127). The bit test
operations allow a conditional branch to be
taken on the condition of a Direct Addressed
bit being Set or not Set. The accumulator test
operations allow a conditional branch based
on the accumulator being zero or non-zero.
Also provided are compare-and-jurnp-if-not­
equal and decrement-and-eompare-to-zero.
These are shown in Figure 7-22.

-s.....

Figure 7·21. Return Operation

Figure 7·23. Unconditional Branch
(Indirect) Operation

The register-indirect jump in the 8051 permits
branching relative to a base register (DPTR)
with an offset provided by the non-signed in­
teger value in the index register (A). This ac­
commodates N-way branching. The indirect
jump is shown in Figure 7-23. .
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Figure 7·22. Unconditional Short Branch
and Conditional Branch
Operations
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CHAPTER 8
MCS®.51 INSTRUCTION SET

•
8.0 WHAT THE INSTRUCTION

SET IS
An instruction set is a set of codes that directs
a computer to perform its operations. The ease
of understanding the instruction set does not
depend upon the structure of the machine
codes that the computer recognizes, so much
as it depends upon the structure of the sym­
helic language that is used to describe the
machine codes.

The 8051 assembly language needs only fony­
twO mnemonics to specify the 80S1'5 thiny­
three functions. A function may have several
mnemonics (e.g., MOY. MOY}{, MOyq

• since the function mnemonic specifies when
the Program Memory or External Data
Memory is used in conjunction ""th the Inter­
nal Data Memory. When the function
mnemonics are combined with unique address
combinations specified in the "destination.
source" field, III instructions are possible.
The "destination, source" field specifies the
data rype and the combination of addressing
methods to be used to address the destination
and source operands. A summary of the 80S 1
instruction set is provided in Table 8-1.

The syntax of most 8051 assembly language in­
structions consists of a funetion mnemonic
followed by a "destination, source" operand
field. Thus "MOY @RO. Data" may be inter­
preted as "The content of the Internal Data
Memory location addressed by the content of
Register 0 receives the content of the Internal
Data Memory location addressed by Data." In
two operand instructions. the destination ad­
dress also serves as the address of the first
source. As an example of this. "ANL Data,

#5" may be interpreted as "The content of the
Internal Data Memory location addressed by
Data receives the result of the operation when
the content of the memory location specified
by Data is and-ed with the immediate 5."

The 8051'5 instruction set is an enhancement of
the instruction set familiar to MCS-48 users. It
is enhanced to allow expansion of on-ehip
CPU peripherals and to optimize byte efficien­
cy and execution speed. Efficient use of pro­
gram memory results from an instruction set
consisting of 49 single-byre, 45 two-byre and
17 three-byte instructions. Most arithmetic,
logical and branching operations can be per­
formed using an instruction that appends
either a shon address or a long address. For
example, Register Addressing allows a two­
byte equivalent of the three byte Direct Ad­
dressing instructions. Also. shon branches are
more code efficient than long branches. 64 in­
structions execute in twelve oscillator periods.
4S instructions execute in twenty·four
oscillator periods. and multiply and divide
take only forty-eight oscillator periods. The
number of bytes in each instruction and the
number of oscillator periods required for ex­
ecution are listed in Table 8-1.

8.1 ORGANIZATION OF THE
INSTRUCTION SET

Instructions are described here in four func·
tional groups:

• Data Transfer
• Arithmetic
• Logic
• Control Transfer
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The Data Transfer, Arithmetic and Logic
groups mentioned in the preceding list are fur·
ther subdivided into an array of codes that
specify whether the operation is to act upon
immediate, RB register, accumulator, SFR or
memory locations; whether bits, nibhles, bytes
or double-bytes are to be processed; and what
addressing methods are to be employed.

8.1.1 Data Transfer
Data transfer operations are divided into three
classos:

• General Purpose
• Accurilulator·Specific
• Address-0bject

None affect the flag settings except a POP or
• MOV into the PSW.

General·Purpose Transfers
Three general-purpose data transfer opera­
tions are provided. Those may be applied to
most operands, though there are specific ex­
ceptions.

• MOV performs a bit or a byte transfer
from the source operand to the dostina·
tion operand. .

• PUSH increments the SP register and
then transfers a byte from the source
operand to the stack element currently ad­
drossed by SP.

• POP transfers a byte operand from the
stack element addressed by the SP register
to the destination operand and then
decrements SP.

Accumulator·Specific Transfers
Four accumulator-specific transfer operations
are provided:

• XCH exchanges the byte source operand
with register A (accumulator).

• XCHD exchanges the low-order nibble of
the byte source operand with the low·
order nibble of register A.

• MOVX performs a byte move between the
External Data Memory and the A register.
The external address can be specified by
the DPTR register (I6-bit) or the RI or RO
register (8-bit).

• MOVC performs the move of a byte from
the Program Memory to register A as
follows. The operand in the A register is
used as an index into a 256-byte table
pointed to by the base register (DPTR or
PC). The byte operand accessed is
transferred to A. MOVe is used for table­
look-up byte translation and for acc=ing
operands from code-in-line tables.

Address·Object Transfer

• MOV DPTR,#data loads l6-bits of im­
mediate data into a pair of destination
registers, DPH and DPL (DHP from low­
order address, DPL from high-order ad­
dress).

8.1.2 Logic
The 8051 performs the basic logic operations
on both bit and byte oP<rands.

Single-Qperand Operations
Seven single-operand logica. operations are
provided:

• CLR is used to set either the A register,
the e register, or any Direct Addressed bit
to zero (0).
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• SETB sets either the C register or any
Direct Addressed bit to one (I).

• CPL either forms the one's complement
of the operand in the A register and
returns the result to the A register without
affecting flags or forms the one's comple­
ment of the C register or any Direct Ad­
dressed bit.

• RL, RLC. RR, RRC. SWAP. Five rotate
operations can be performed on the A
register; RL (rotate left). RR (rotate
right). RLC (rotate left through q. RRC
(rotate right through q. and SWAP
(rotate left four). For RLC and RRC the
C flag becomes equal to the last bit
rotated out. SWAP rotates the A register

, left four places to exchange bits 3 through
owith bits 7 through 4.

Two-Operand Operations
Three two-operand logical operations are pro­
vided:

• ANL peforms the bitwise logical conjunc­
tion of two source operands (for both bit
and byre operands) and returns the result
to the location of the fll"st operand.

• ORL performs the birwise logical in­
clusive disjunction of two source
operands (for both bit and byre operands)
and returns the result of the location of
the first operand.

• XRL performs the bitw;se logical ...­
elusive disjunction of the twO source
operands (byre operands) and returns the
result to the location of the first operand.

8.1.3 Arithmetic
The 8051 provides the four basic mathematical
operations. Only 8-bit operations using un­
signed arithmetic are supported directly. The

overflow flag permits the addition and sub­
traction operation to serve for both unsigned
and signed binary integer>. A correction
operation is also provided to allow arithmetic
to be performed directly on packed decimal
(BCD) representations.

Flag Register Settings
Three one-bit flag registers are set or cleared
by arithmetic operations to reflect certain pro­
penies of the result of the operation. These
flags are not affected by the increment and
decrement instructions. A fourth flag (P)
denotes the parity of the eight accumulator
bits. These flag registers are located in the Pro­
gram Status Word (pSW) register. Their bit
assignment are shown below. A list of the in­
structions that affect these flags is provided in
the "8051 Instruction Set Summary" in Table
8-1.

=1 ---I~ "",,"""- 'L-...
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Bit
Function Flac Location

Carry Flag (also the CY: PSW.7:
C register) -
Auxiliary-<:arry Flag AC: PSW.6: iOverflow Flag OV: PSW.2:
Parity Flag P: PSW.o:
User Flag 0 FO: I PSW.5:
reserved - : PSW.I:
Register Select MSb RSl: PSW.4:
RegistCT Select LSb RSO: PSVI.3:

Unless otherwise stated. the instructions obey
these rules:
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• CY is set if the operation result in a carry
.out of (during addition) or a borrow into
(during subtraction) the high-order bit of
the result; otherwise CY is cleared.

• AC is set if the operation results in a carry
out of the Iow-order four bits of the result
(during addition) or a borrow from the
high-order bits intO the Iow-order 4 bits
(during subtraction); otherwise AC is
cleared.

• ay is set if the operation results in a carry
into the high-order bit of the result but
not a carry out of the high-order bit, or
vice versa; otherwise OY is cleared. QY is
of use to two's-compIement arithmetic,
since it becomes set when the signed result
cannot be represented in 8 bits.

• P is set if the module 2 sum of the eight
bits in the accumulator is I (odd parity);
otherwise P is cleared (even parity). When
a value is written to the PSW register, the
P bit remains unchanged, as it always
reflects the parity of A.

Addition
Four addition operations are provided:

• INC (increment) performs an addition of
the source operand and one (I) and
returns the result to the operand.

• ADD performs an addition between the A
register and the second source operand
and retUrnS the result to the A register.

• ADDC (add with Carry) perfonns an ad­
dition between the A register and the se­
cond source operand; adds one (I) if the C
flag is found previously set and returns
the result to register A.

• DA (decimaI-add-adjust for BCD addi­
tion) performs a correction to the sum

which resulted from the binary addition
of two two-digit decimal operands. The
packed decimal sum formed by DA is
returned to A. The carry flag is Set if the
BCD result is greater than 99; or else it is
cleared.

Subtraction
Two subtraction operations are provided:

• SUBB (subtract with borrow) performs a
subtraction of the second source operand
from the first operand (the accumulator),
subtracts one (I) if the C flag is found
previously set and returns the result to the
A register.

• DEC (decrement) performs a subtraction
of one (I) from the source operand and
returns the results to the operand.

Multiplication

• MUL performs an unsigned multiplica­
tion of the A register by the B register.
returning a double-byte result. Register A
receives the low-order byte, B receives the
high-order byte. OV is cleared if the top
half of the result is zero and is set if it is
non-zero. C is cleared. AC remains
unaltered.

Division

• DIY performs an \!llSigned division of the
A register by the B register and returns the
integer quotient to register A and returns
the fractional remainde- to the B register.
Division by zero leaves indeterminate data
in registers A and B and sets ay, other­
wise OY is cleared. C is cleared. AC re­
mains unaltered.

163



MCS·51 INSTRUCTION SET

8.1.4 Control Transfer
There are three classes of control transfer
operations: unconditional calls. returns and
jumps; conditional jumps; and interrupts. All
control transfer operations cause, some upon a
specific condition, the program execution to
continue at a non-sequential location in pro­
gram memory.

Unconditional Calls, Returns and Jumps
Unconditional calls, returns and jumps
transfer control from the current value of the
Program Counter to the target address. Both
direct and indirect transfers are supported.
The three transfer operations are described
below.

• ACALL and LCALL push the address of
the next instruction onto the stack (PCL
to low-order address, PCH to high-order
address) and then transfer control to the
target address. Absolute Call is a 2-byte
instruction used when the target address is
in the current 2K page. Long Call is a
3-byte instruction that addresSes the full
64K program space. In ACALL, im­
mediate data (i.e. and 11 bit address field)
is concatenated to the five most signifi­
cant bits of the PC (which is pointing to
the next instrUction). If ACALL is in the
last 2 bytes of a 2K page then the call "'ill
be made to the next page since the PC will
have been incrernented to the next instruc·
tion prior to execution.

• RET transfers control to the return ad­
dress saved on the stack by a pre,ious call
operation and d=ements the SP register
by two (2) to adjust the SP for the popped
address.

• AJMP, LJMP and SJMP transfer control
to the target operand. The operation of
AJMP and LJMP are analogous to

ACALL and LCALL. The SJMP (short
jump) instruction provides for transfers
within a 256 byte range centered about the
starting address of the next instruction
(-128 to + 127). The PC-relative short
jump facilitates relocatable code.

• JMP @ A + DPTR performs a jump
relative to the DPTR register. The
operand in the A register is used as the
offset (0-255) to the address in the DPTR
register. Thus, the effective destination
for a jump can be anywhere in the Pro­
gram Memory space. This indirect jump is
also useful for implementing N-way bran­
ches.

Conditional Jumps
In the control transfer group, the conditional
jumps perform a jump contingent upon a
specific condition. The destination will be
within a 256-byte range centered about the
starting address of the next instruction (-128 to
+ 127).

• JZ performs a jump if the accumulator is
zero.

• JNZ performs a jump if the accumulator
is not zero.

• JC performs a jump if the carry flag is set.

• JNC performs a jump. if the carry flag is
not set.

• JB peforms a jump if the Direct Ad­
dressed bit is set.

• JNB performs a jump if the Direct Ad­
dressed bit is not set.

• lBC performs a jump if the Diroet Ad­
dressed bit is set and then clears the Direct
Addressed bit.
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8.1.4 Control Transfer
There are three classes of control tranSfer
operations: unconditional calJs, returns and
jumps; conditional jumps; and interrupts. All
control tranSfer operations cause, some upon a
specific condition, the program execution to
continue at a non-sequential location in pTa.
gram memory.

Unconditional Calls, Returns and Jumps
Unconditional calJs, returns and jumps
transfer control from the current value of the
Program Counter to the target address. Both
direct and indirect transfers are supported.
The three transfer operations are described
below.

• ACALL and LCALL push the address of
the next instruction onto the stack (PCL
to low-order address, PCH to high-order
address) and then transfer control to the
target address. Absolute Call is a 2-bYte
instruction used when the target address is
in the current 2K page. Long Call is a
3-bYte instruction that addresses the full
64K program space. In ACALL, im­
mediate data (i.e. and II bit address field)
is coneatenated to the five most signifi­
cant bits of the PC (which is pointing to
the next instrUction). If ACALL is in the
last 2 bYtes of a 2K page then the caI1 ...ill
be made to the next page since the PC will
have been incremented to the next instruc­
tion prior to execution.

• RET transfers control to the return ad­
dress saved on the stack by a previous call
operation and decrements the SP register
by twO (2) to adjust the SP for the popped
address.

• AJMP, UMP and SlMP transfer control
to the target operand. The operation of
AJMP and UMP are analogous to

ACALL and LCALL. The SlMP (short
jump) instruction provides for transfers
within a 256 bYte range centered about the
starting address of the next instruction
(-128 to + 127). The PC-relative short
jump facilitates relocatable code.

• JMP @ A+DPTR performs a jump
relative to the DPTR register. The
operand in the A register is used as the
offset (0-155) to the address in the DPTR
register. Thus, the effective destination
for a jump can be anywhere in the Pro­
gram Memory space. This indirect jump is
also useful for implementing N-way bran·
ches.

Conditional Jumps
In the control transfer group, the conditional
jumps perform a jump contingent upon a
sp«ific condition. The destination will be
within a 256-bYte range centered about the
starting address of the next instruction (-128 to
+127).

• lZ performs a jump if the accumulator is
zero.

• lNZ performs a jump if the accumulator
is not zero.

• lC performs a jump if the carry flag is set.

• lNC performs a jump-if the carry flag is
not set.

• lB peforms a jump if the Direct Ad·
dressed bit is set.

• lNB performs a jump if the Direct Ad·
dressed bit is not set.

• lBC performs a jump if the Direct Ad·
dressed bit is set and t.'len clears the Direct
Addressed bit.
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Table 8-1. 8051 Instruction Set Summary

ADD
ADDC
SUBB
MUL
DIV
DA
RRC
RLC
SETll C

'N~~ that opttalicns on SFR b),e aOOTe!'.S ~08 Of bt1 ad­
d~ 209-215 (i.e. (he psW or bits in the ?Sw, 'lol;ill abo
affect nag settings.

@Ri

Notes on inStruction set and addressing modes:
Rn - Register R7-RO of the currentl" selected

RegistCT Bank. •
-8-bil internal data loation's address. This

could be' an Imcmal Data RAM location
(G-127) or a SFR (i.e. VC pon. control
register. Sl:alus registCT. d'- (128-lSSl).

-B·b;1 internal data RAM location 10-255) ad-
dr~ indirectly through r~istcr RI or RD.

-8-bir conSUlnt included in il1$[ruaion.
- J6-t>ir constanl included in inSlruaion
-16-t>il deslination address. Used by LCAL.L &:.

UMP. A t>ranch an be Inywh~ ,,·jlhin the
64K·bYJe Program Memory address space.

addrl J -11·bit deslinaIion address.. Used by ACAL.L &.
AJMP. The branch will be ..-ithin lhe satm'
2K-byae page of program memory as the firn
byac of lhe followi"g imtruction.

-Signed (two's complemend 8·bil offset b)'le_
Used by SJMP and all conditional jumP1­
Range is -128 (0 ... 127 b)'1cs relative le firS(
bYte of the following ilUlruaion.

-Direct AddrttSed bil in Inlernal Dala RAM or
Special Function Rqista.

-New operation nol pro",ided by 8048/8049.

'dala
'Oata 16
addrl6

bi'

",

INSTRucnON FLAG 'NSTRUCTJO;o.;
C OV AC
X X X ClR C
XXXCPLC
X X X ANL C.bi\
o X ANl C.Jbil
o X ORL C.bil
X ORLC.bit
X MOve.bit
X CJNE
I

Imerrupr Response Time: To finish exeCluion oi ,;urren! in­
Sl:TUC1ion. respond 10 Ihe interrupt requ~. push the pC
and 10 veaor 10 the first jnslruetion oflhe interrupt sen-Ke
program requires 38 to 81 oscillator ptriods (3 10 71JS@ 12
M!lz).

INST"RUcnONS THAT AFFECT flAG SETTINGS'

rLAG
C QV AC
o

"""""""

ARITHMEnC OPERATIONS ARITHMETIC OPERATIONS CooL

Osd1\alor o.dIWo._Die
DescriptioD Bytt Period

_oh<
D<xrip<Joo 8". p......,

ADD A.Rn Add register 10 I 12 SUBS A.dire:t Subtract direa 2 .2
AcCUmulator byte from Ace

ADD A.direa Add direa 2 12 with borro....
byte 10 SUBS A.@Ri Subtract 12
Accumulator indirttt RAM

ADD A.@Ri Add indirtct 12 from Acc .'Ih
Ram 10 borrow
Aceumulalor SUBB A.'daIa Subtract 2 12

ADD A.'dala Add immdiiate 2 11 immediate data
daIa 10 from Att with
Accumulator borrow

ADDC A.Rn Add register 10 11 'NC A lnaem<n. 12
Accumulator Accumulat<>'
with Carry INC Rn lnaem<n' 12

ADOC A.diteCl Add direct 2 12 registCT
byte to INC dirttt Jnc:rcnnlL 2 12
AlXWTlulaIor dir~ bYte
.ith Carry INC @Ri Ina= .2

ADDC A.@Ri Add indirect 12 indirttl RAM
RN\-{ 10 DEC A O«tcmenl .2
Accumulator Aea.tmulat<:
"'rh Carry DEC Rn Oc=m<n. .2

ADOC A ••data Addim~a.te 2 .2 Register
data 10 Acc DEC direct 0=""<", 2 .2
with Carry dirttt bYte

SUBS A.Rn Subt..a 11 DEC @Ri Dc=mc>. 12
regiSter from indirect RAM
Ace ,,"ith
borrow All mnemonio copyrilhled Oime:! Corr<Jl1lllon 1980
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Table S-l.lnstruction Set Summary (continued)

OATA TRANSFER OATA TRANSFER ConL

D-..ci1lalor
Ml1ef!1oai" Description B)"t~ Period Mnemonic' Descriplion.

MOV A.Rn Mo\'~ register 1 12 MO\'X tg'Ri.A Mo\-e: A« \0
,n External RAM
Accumuhuor (S·bit addr)

MOV A,dif'!'CI Move" dir«l 2 12 MOVX @OPTR.A Mo\-e Ace to
byte lO E~\~al Ram
Accumulator (l6-bil addr)

MOV A.@Ri Mo',e: indirect 12 PUSH dire<.."t Pu">h ditec'l
RA.'I.1 ro b)1e Onto stack
Accumulator POP dire<..., Pop dirttt byle-

MOV A.ldata Move 2 12 (rom '\lack
immcliate data XCH A.Rn E.'\than,t'

'0 rC'!i~er ..... ilh
Accumulator Accumulalor

MOV Rn,A MO"-t 12 XCH A.dir«:\., Exchan!c
Accumulator direct b;o'1C'
10 register wilh

MOV Rn.direct Move dirttt 2 2' ACl,."'lJmula,or
byte 10 regisler XCH A.@Ri E:u:i\angc

MaV Rn.'da\2. Mo~ 2 12 indirC\.1 RAM
immediale dala ...·jlh

'0 rqt:uCT AtturnulalOf
MOV dircet.A ~ove 2 12 XCHO ,\.@Ri f.'chanttc ~.

Ac;annl1l2IOf orckr Dip!
fa direct byte indiTe:'" RAM

MOV din:Cl.Rn M~ regisl;c 2 2' ~ith A..-r:
10 direc'l byte

MaV direa.dirta M()'lie oirt'Ct J 2'
byl:e 10 direct

MQV direct.eRi Move indirect 2 2'
RAM to direc'l

b",
MQY dira.1.'do!.l;t ~1cn'e J 2'

immooi;!le d<ll.ll
10 dirC1..1 h;'l('

:\IQY @Ri.A '-1(n'e "An-umul.llIOr
III ifJdir~"'1

RA~I

MOY @Ri.dirt\.1 '-tOle dtr~'~:l . 2 2'
b~l(' 10 indirt'l.l
RA:\T

MOV @Ri.'doU01 \10\l: ,
"irnmcdiat~ dollOl

10 indir..'\."t
RAM

MaV DPTR.ldala16 lOOld Dala N
POlmeT '" itn a
I(p.bil corNoll'l'

MOVe A.@A+DPTR Mo..'C' Code 2'
OYI(' rdaJI\e to
DPTR 10 ~....

MOVe A.@A.PC Mo..'e Code "byte rdol.li .. e "J
PC and A-<:c

MOVX A.@Ri Mo"'e E'lilcrn.al ,.
RAM Hi-b1..
addf) 10 A..-c

MOYX A.@DPTR Mo.,:e E'.lernat 2'
RAM (I&-bil
addrllQ Ac,,"

Ofdlla'M
Byte- Period

I 24

24

2 24

2 24

12

2 12

12

All mncmonio copyrifJued ",Imd Corporation 19'iO

168



MCS·51 INSTRUCTION SET

Table 8·1. Instruction Set Summary (continued)

BOO LEAN VARIABLE MANIPULATION PROGRAM BRANCHING ConL
Oscillator Oscillator

Mnemonic Descriptioa B,1e Period Mnemollic ~puon By!, P<riod

CL!< C a..,.= I 12 ',,"'2 ,,' Jump if 2 2'
CLR bit Clear direct bit 2 12 Accumulator is

SETB C Set Ca", I 12 NO' wo
SET8 bit Set direct bit 2 12 CJNE A.dirta.rd Com~re direct 3 2.
CPL C Compld'l'lel1t I- 12 byte- 10 AIX

Carry and Jump if
CPL bit Complement 2 12 NOl Equal

direct cil CJNE A.'datli.rd Camafe J 2'
ANt C,bi! AND direct bil 2 24 immediate' to

10 Carry Act and Jump
ANt C,/bit AND 2 2. if NoI EqlSal

complement of C)NE RN.,can.n:1 Compare: 2'
direct bit to immclial(' 10
CMry (('gister and

ORL C.bit OR direct bil 2 24 Jump if Not
10 Carry Equal

ORL C.Jbil OR 2 2' ONE @Ri.'Cata,rd Compare 3 2.
complemenl of immediate 10

dirc:c: bit lO indirecl and
Carr,. Jump if NO\

MOY C.bit Move direct bit 2 12 Equ"
10 Carry DJNZ Rn.rd D=<men, 3 2'

MOY bit.C MoYe Carry 10 2 24 re(iSleT and
direct bit Jump if No\

JC '" Jump if Carry 2 24 ;«'0.'" DJNZ direct.rd D=ana" J 2'
'NC '" Jump if CarT)' 2 2' dirm by1e and

"'" '" Jump if Nm

'B bit.rd Jump if dirttt 3 2' Zao
Bit is set NOP No Operalion 12

JNB bil,m Jump if direct 3 2'
Bi\ is NQ\ sa

'BC bil.rd Jump if dirm ~ 24
Bil i~ set &:
dear bit

PROGRAMING BRANCHING

OsciIlsior
MHmOrUc Description B~1f' P<rio<l

ACAll addrt I Absolul~ 1 24
Subrouline
Clll

lCALL addrl6 LonE ~ 24
SubrOUlim'
Can

RET Return fot 2.
SUbrOl.lline

REIl Return fo: 2'
in,~pI'

AJ\tP a.dddl A~\u\~ jump 1 2'
U\IP addrl6 Long Jump ~ 24
SJ\fP ", Shon Jump 1 2.

(relative addr)
JMP @A.+OPTR Jump mdireo 2'

rdali'\"e 10 IMo

DPTR
JZ ,,' Jump if 1 2'

Acc:umlJ~or is
1.«0

All mnemonia CC1pyr"it-'1ltd tllnld Corpo~ion 1980
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• ONE compares the f!!St operand to the
second operand and performs a jump if
they are not equal. C is set if the flTst
operand is less than the second operand;
else it is cleared. Comparisons can be
made between the A register and Direct
Addressable bytes in the Internal Data
Memory or between an immediate value
and either the A register, an RB register in
the selected Register Bank, or a Register­
Indirect addressed byte of the Internal
Data RAM.

• DJNZ decrements the source operand and
returns the result to the operand. A jump
is performed if the result is not zero. The
DJNZ instruction makes a RAM location
efficient for use as a program loop
counter by allowing the programmer to
decrement and test the counter in a single
instruction. The source operand of the
DJNZ instruction may be any byte in the
Internal Data Memory. Either Direct or
Register Addressing may be used to ad­
dress the source operand.

Interrupts
Program execmion control may be transferred
by means of internal and external interrupts.
All interrupts perform a transfer by pushing
the Program Counter onlO the stack and then
branching to programs located at absolute
locations 3, 11. 19, 27 and 35 in the Program
Memory. The programmer must push all
registers that will be altered by bis interrupt
service program onto the stack to avoid cor­
ruption. Only one interrupt transfer operation
isnecessary:

• RETI transfers control in a manner iden~

tical to RET. In addition, RETI reenables
interrupts for the current priority lev\.·'.

See section 2.3.1 for funher details on the
operation and control of tbe interrupt system.

8.2 Instruction Definitions
The rest of this chapter defines all tbe instruc­
tions and operations which tbe MC5-51 CPU
can perfonn. There is a separate section for
each of the 51 basic operations, ordered
alphabetically according to the operation
mnemonic.

When an operation may apply to more than
one data type (generally bit and byte data). the
MC5-S1 assembly language uses the same
mnemonic for each, reducing the number of
mnemonics the programmer must remember.
The assembler determines which instruction is
appropriate from the operands specified.
Thus, the mnemonic "CLR" can operate on
the eight·bit accumulator ("CLR A"l, or on
one-bit variables ("CLR FO"). The mnemonics
ANL. ORL, CPL. and MOY can relate to
more than one data type as well. These opera­
tions present each data type in a separate sec­
tion.

Each section tben describes the action taken by
the operation, tbe flags and registers affected.
and shows a short example of how an instruc·
tion might be used in a program. Next comes
the number of bytes ana -machine cycles re­
quired. the corresponding binary machine­
language encoding. and a sym;'olic description
or restatement of the function implemented.

Note: Only the carry, auxiliary-<:arry, and
over flow flags are discussed in these instruc­
tion descriptions. Since the parity bit (PSW.O)
is recomputed after every instrucrion cycle any
inS'"...ruction that alters the accumulator ­
either inherently or as a special function
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register - could affect the parity flag. Similar·
Iy, instructions which alter directly address&!
registers could affect the other status flags if
the instruction is applied to the PSW. Status
flags can also be modified by the generalized
bit-manipulation instructions.

Nineteen operations allow more than one ad­
dressing mode for the source and!or destina­
tion operand. The headings for these sections
show the· instruction format with such
operands enclosed in angle brackets (for exam­
ple, MOV<dest-byte> ,<src-byte». The

operation description tells what modes (or
combinations of modes) are allowed, and gives
the assembly language notation, byte and cycle
counts, encoding format, and a Sytnbolic
description for each.

The infonnation in this chapter is directed
towards defining the capabilities of the
MCS-Sl architecture and hardware. For
details on the assembly language or ASMSl
capabilities refer to the MCS-51 Macro
Assembler User's Guide, publication number
9800937.
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ANALOG
DEVICES

FEATURES
True rms-tCKIc Conversion
Laser-Trimmed to High Accuracy

0.2% max Error (AD536AK)
0.5% max Error (AD536AJI

Wide Response Capability:
Computes rms of ac and dc Signals
450kHz Bandwidth: Vrms > 100mV
2MHz Bandwidth: Vrms >1V
Signal Crest Factor of 7 for 1% Error

dB Output with GOdB Range
low Power: l.2mA Quiescent Current
Single or Dual Supply Operation
,l~onolithic Integrated Circuit
-5SoC to +125°C Operation (AD53GAS)
LowCost

ODUCT DESCRIPTION
~ AD536A is a complete monolithic integrated circuit which
:orms true rms-to-dc conversion. It offers performance
:ch is comparable or superior to that of hybrid or modular
.~ costing much more_ The AD536A directiy computes the
~ rms value of any complex input waveform containing a.c
; de components. It h~ a crest factor compensation scheme
·;.:h allows measurements with 1% error at crest factors up
7. The wide bandwidth of the device extends the measure­
·.t capability to 300kHz with 3dB error for signal levels
:." loomV.

:mportant feature of the AD536A not previously availa.ble
~s conveners is an auxili2.ry dB output. The logarithm of
rms output signal is brought out to a separate pin to allow

.~B conversion, with a useful dynamic range of 6OdB. Using
:Xtemally supplied reference current, th~ OdB level can be
:.'eniently set by the user to correspond to any input level
;; 0.1 to 2 volts nns.

AD536A is laser trimmed at the wafer level for input and
~Ut offset. positive and negative waveform symmetry (dc
::sa.l error). and fun scale accuracy at 7V rms. As a result.
:Xtemal trims ar~ required to achieve the rated accuracy
··':e unit.

~~= is fllll prot~ction for both inputS and outputs. The input
:·-:.itry can take overload voltages well beyond the supply
::s. Loss of supply voltage with inputs connected will not
.~ unit failure. The output is short-circuit protected.

• AD536A is available in two accuracy grades (J. K) for
~:nercial temperature range (0 to +70°C) applications. and
': grade (S) Tared for the -5SoC to +125°C extended range.
: AD536AK offers a maximum total error of ±2mV til.l%

'~ation furnished by Analog De'oIices is believed to be accurate
"f!iable. However. no responsibilitv is 2SSllmed by Analog Devices.
~ use; nor for any infringements of patents or other rights of third
':': which may result from its use. No license is granted by implica­
Or otherwise under sny patent Of patent rig,ts of Analog Devices.

Integrated Circuit
True rros-to-de Converter

of reading and the AD536AJ and AD536AS have maxi­
mum errors of ±SmV ±D.S% of reading. All three versions are
available in eithet a hctrnetically sealed l'ryin DIP or lo-pin
TO-lOO meul can.

PRODUCT HlGHUGHTS
1. The AD536A computes the true root-mean-square level of

a complex ac (or ac plus de) input signal and gives an equw..
alent de: output level. The true rms value of a wavefonn is a
more useful quantity than the :ilverage rec:tjfi~d value since
it relates directly to the power of the signal. The rms value
of a statistical signal also relates to its standard devUtion.

2. The creSt factor of a waveform is the ratio of the peak
signal sv.ing to the rms value. The crest factor compensa·
rion scheme of the AD536A allows measurement of highly
complex signals with 'Wide dynamic range.

3. The only extemal component required to perform mezs.
urements to the fully specified accuracy is the capacitor
which sets the averaging period. The \'a!ue of this capaci­
ror detennines the lo~frcquenc}' ac accuracy, ripple
level and settling time.

4. The AD536A will operate equally well from split supplies or
a single supply with total·Jpply levels from 5 to 36 volts.
The one miUiampere quiescent supply current makes the
device wdl-suited for a wide variety of remote controllers
and banery powered instrUments.

5. n.e AD536A directiy replaces the AD536. and provides
improved bandwidth and temperature drift specifications.

One Technology Way; P. O. Box 9106; Norwood. MA 02\i62·910G U.SA.
T~: 617/329-4100 Twx: 71a/3~77
Telex: 924491 Cab\es: ANALOG NORWOOOMASS
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PECIFICATIONS (@ + 25"(;, and ± 15V de unless otherwise noted)
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Figure 3. Single Supply Connecrion

Figure 2. Optiona' Externa' Gain and Output Offset Trims
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The major advantage of external trimming is to oprimize
device perfonnance for a reduced signal range; the AD536A
is internally trimmed for a 7V nns full scale range.

SINGLE SUPPLY CONNECTION
The applica.tions in Figures 1 and 2 require the use of approx·
imately symmetrical dual supplies. The AD536A can also be
used with only a single positive supply down to +5 volts, as
shown in Figure 3. The major limitation of this connection is
that only at signals can be measured since the differential in­
put: Stage must be bi&SC'd off ground for proper operation.
This biasing is done a.t pin la; thus it is critical that no
extraneous signals be coupled into this point. Biasing ca.n be
accomplished by using ~ Ksistive divider betWeen +Vs and
ground. Thc values of the resistors can be increased in the
interest: of lowered power consumption, since: only 5 micrO'"
amps of current flows into pin 10 (pin 2 on the "H" pacluge).
AC input coupling requires only capa.citor~ as shown; a. dc
return is not necessary as it is provided internally. C2 is seIccted
for the proper low frequency break point with the input resist­
ance of 16.7H2; for a eut-off at 10Hz. C, should be 1p.F. The
signal ranges in this connection a.rc sIighdy more restricted
tha.n in the dual supply connection. The input lnd output sig·
naJ ranges are shown in figure 16. The load resistor~ Rt.. is
necessary to providc:.output sink current.

OPTIONAL EXTERNAL TRIMS FOR HIGH ACCURACY
If it is desired to improve the accuracy of the ADS36A. the
external trims sho~'Il in Figure 2 can be added. ~ is used to
trim tile offset- Note that the offset trim circuit adds 365n in
series with the internal 25kn resistor. This will cause a 1.5%
increase: in scale factor. which is uimmed out by using RI
as shown. Range of scale factor adjusnnent is :t1.5%.

The trimming procedure is as follows:
L Ground the input signal, V[N, and adjust ~ to give zero
voltS outpUt from pin 6. Alternatively. R...; can be adjusted to
give me correct output with the lowest expcaed value of VL~'
2. Connect the d~ed full sale input level to VlN. either
de or a ca.libnted ae signal (lkHz is the optimum frequency);
then trim R1 to give the correCt output from pin 6. i.e .•
l.OOOV de inpUt should give l.OOOV de QurplJt. Of course, a
±:l.OOOV peak-to-peak sine'-"'4ve should give a O.707V dc O;.Itput.
The remaining errors, ;;l.S given in the specifications, arc due to
the nonhnearit.y.

STANDARD CONNECTION
The AD536A is simple to connect for the majority of high
accuracy rms measurements. requiring only an external capac­
itor to set the averaging time constant. The standard connec~

tion is shown in Figure 1. In this configuration. the ADS36A
I,l,ill measure the nns of the ac and de level pr~nt at the
input, but will show an error for low frequency inputs as a
function of the futer capacitor. CAv. as sho....-n in Figure S.
Thus, if a. 4J1F capacitor is used. the additional average error
at 10Hz will be 0.1 'lb. at 3Hz it will be 1'lb. The accuracy at
higher frequencies will be according to specification. If it is
desired to reject the de input, a capacitor is added in series with
with the inpUt, as shown in Figure 3; the capacitor must be
non-poIar. If the AD536A is driven with power supplies with
a considerable amount of high frequency ripple. it is advisable
to bypass both supplies to ground with 0.1# ceramic discs as
near the device as possible.

The input and outpUt signal ranges are a function of the sup-
ply voluges;thcse ranges are shown in Figure 16. The AD536A
cm also be used in an unbuffered voltage output mode by dis­
connecting the input to the buffer. The output then appears
unbuffered across the 25k resistor. The buffer amplifier can
then be used for other purposes. Further the AD536A can be
used in a CUrrent output mode by disconnecting the 2Sk resis~

tor from ground. The output current is available at pin S (pin
10 on the "H" package) "'ith a nominal scale of 40"A per volt
nns inpa~ positive out.

Figure 1. Standard rms Connection
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Figure 5. ErrorlSettling Time Graph for Use with the
Standard rms Connection in Figure 1
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Figure 6. Settling Time '" Input Level

A better method for reducing outpUt ripple is the use of a
"post-fllter". Figure 7 shows a. suggested circuit. If a single­
pole filrer is used (C. removed, Rx shoned), and Co is approx­
imately twice the value of CAV, the ripple is reduced as shown
in Figure 8, and settling time is increased. For example. with
CAv = l/lF and C, =2.2/lF, the ripple for a 60Hz input is re­
dueed from 10% of reading ro approximately 0.3% of reading.
The settling time, however. is increased by approximately a
factor ou. The v.uues of CAV and C, can therefore be redueed
to permit faster serrling times while still providing SUbstantial
ripple reduction.

The rwo-pole post-filter uses an a.ctive filter stage to provide
even greater ripple reduction without substanti3lly increasing
the settling times over a circuit with a one-pole fLltcr. The
values of CAV• C:. and C3 can then be reduced to allow ex­
tremely fast settling times for a constant amount of ripple.
Caution should be exercised in choosing the value of CAv.
since the de error is dependent upon this value and is inde-­
pendent of the post filter.

For a morc dcailed explana.tion of these topics refcr to the
RMS to DC C071vusio71 Applicfltioll Cuid~ 2nd Edition,
available from Analog Devices.

Figure 8. Performance Features of Various Filter Types

Figure 7. 2 Pole "Post" Filter
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CHOOSING THE AVERAGING TIME CONSTANT
The AD536A will compute the rms of both ac and de signals.
If the input is a slowly-varying dc. the output of the ADS36A
...vill track the input exacdy. At higher frequencies. the average
outpUt of the AD536A will approach the rms value of the in­
pUt signal. The actual OUtput of the AD536A will differ from
the ideal output by a de (or average) error and some amount
of ripple. as demonstrated in Figure 4.

Eo

TIME

Figure 4. Typical Output Waveform for Sinusoidal Input

The de crror is dependent on the input signal frequency and
the value of CAV. Figure 5 can be used to determine the mini­
mum value of CAv which will yield a given percent de error
above a given frequency using the standard rms connection.

The :le component of the output signal is the ripple. There are
two ways to reduce the rippJe. The first method involves using
a. large value of CAV. Since. the. ripple: is inversely proponional
to CAV y a tenfold increase in this capa.citance will effect a ten­
fold reduction in ripple. When measuring waveforms with high
Crest factors..! (such as low duty cycle pulse trains), the aver­
aging time: constant should be at least ten times the signal peri­
od. For example, a 100Hz pulse rate requires a lOOms rime
constant, which corresponds to a 4p.F capacitor (time con­
Stam = 2Sms per /IF).

The primary disadvantage in using a large CAV to remove rip­
?1e: is that the settling rime for a step cha.nge in input level is
:ncreased propomonately. Figure 5 sho'WS tha.t the relationship
between CAV and 1% settling time is 115 milli.scconds for each
rnicrofarad of CAv. The settling timc: is twice as great for de­
creasing signals as for increas:ng signals (the values in Figure 5
are for decreasing signals). Settling time also increases for low
signal levels, as shown in Figure 6.

IDEAL
Eo

( YERROR = Eo - Eo (lDEALI

~ f - -"';::A~ERAGE Eo = Eo

DOUBLE-FREQUENCY
RIPPLE
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\DS36A PRINCIPLE OF OPERATION
fhe AD536A ernbodies an implicit solution of the rms equa­
ion that overcomes the dynamic range as well as other limi­
.ations inherent in a straight-forward computation of rms.
rhe actual computation performed by the AD536A follows
ne equation:

Vans = Avg.

;igure 9 is a simplified schematic of the AD536A; it is sub­
iivided intO four major sections: absolute value circuit (ac-
jYe rectifier), squarer/divider. current mirror, and buffer am­
Jlifier. The input voltage. Vll'J' which Can be ac or dc, is con­
.'erted to a unipolar current 11 • by the active rectifier Al. A2,.
"I drives one input of the squarer/divider. which has the
:ransfer function:

14 = 11
2/13

rhe output current, 14 • of the squarer/divider drives the cur­
"em mirror through a low pass filter fonned by R I and the
:xtemally connected capacitor, CAv. If the RI. CAV time
:onstant is much greater than the longest period of the input
;ignal. then 14 is effectively averaged. The current mirror re­
urns a current 13, which equals Avg. [141. back to the squarer/
:ivider to complete the· implicit rms computation. Thus:

I. = Avg. (1.'/1.] = I, rmS

rhe current mirror also produces the output current, loUT'
I.hich equals..214 • loUT can be used directly or converted to
•voltage with R 2 and .buffered by ~ to provide a low im­
?edance voltage output_ The: transfer function of the ADS 36A
:'1US results:

VOUT =2R, """s =VlN rm'

rhe dB output is derived from the emitter of 03, since the
,'oltage at this point is proportional to -log VIN. Emitter fol~

'Jwer. o.s. buffers and level shifts this voltagc:. so that the
:B output voltage is zero when the externally supplied
~itter current (lREF) to Os approximatc:s 13 -

A8S0t.UTE \/4LU£!
VOlTAGE _ CURRHfT

CONVERT!;fl

"

01'>( - Cl.»U»lNOT
SOU"'1'lUII
CtVIO(1'l

.",

Figure 10. Physical Dimensions
Dimensions shown in inches and (mm).
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Figure 11. Chip [imensions and Pad Layout.
Dimensions shown in inches and fmm},

Figure 9. Simplified Schematic Figure 12. AD536A Pin Connections and Functiona/ Diagram
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~National
~Semiconductor

Voltage Comparators

LM311 Voltage Comparator
General Description
The LM3l1 is a voltage comparator that has input
currents more than it hundred times lower lnan de­
vices like the lM306 or LM710C. It is also de­
signed 10 operate over it wider ~nge of supply
YOltages: from standard :!:15V OD amp Sl.lpplies
down to the single 5V SUpply used for le logic. Its
outPUt is compatible with RTl. OTl and TIL as
well as MOS circuits. Further. it C¥t dri ...e lamps OF

relays. switChing voltages. up to 40V at currentS as
hi9h as 50 mA,

Features
• Ollefatrl hom sil'lC,lle SV wpply

• Maximum input eun~t: 250 nA

• Maximum oUset eurr~l: 50 nA

• Oiff....-entiaf mput voltage range: :30V
• Power COt'lsumplton: 135 mW iH ~ t5V

80th the inoul anO Ihe outPUt of the LM311 can
be isolated from s.vslem !Found. and the Output
c.an drIve JO,ids rell!fred '0 fFourn:J. The pos.i.jve
supply or the nega:ive \Upply, Olfsp.t bal'lncing

dnd SIfObe capab,lIty are provided and OUtputs can
be wIre OR·ed. Arthovql'l slower (han the lM306
oolnd lM7JOC '100 ns resPO"k lime vs 40 nsl the
d~ict: is itlSO mucro 'h\ ))root:! to SPurt0\.l5 oscllla­
liOns. Th.., LM311 "'''~ the same pon conftguralion
as the LM306 and lM710C. See the "apDhcalion
hinu·· of the lMJ11 f(N applocal;Ofl help,
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Absolute Maximum Ratings

Total Supply Voltage (v•• )
Output to Negative Supply Voltage (V.,..)
Ground to Negative Supply Voltage (V 14 1
Difftrential Inpur Voltage
Input Voltage (Note 1)
Power Dissipation (Note 2)
Ou~t Short Circuit Duration
Opet'2lting Ter?\perature Range
Storage Temperature Range
Lead Temperature {soldering. 10 sec}
Voltage at Strobe Pin

Electrical Characteristics (Not< 31

36V
<OV
3DV

±30V
±15V

500mW
10...,

aCeta 70·e
-6S"C to 1SO"'C

300·C
V+-5V

PARAMETER CONDITiONS MIN TVP MAX UNITS

10

70

300

-14.5 13.8.-14.7 13.0

0.23 04

51 7.5

<.1 5.0

-

InPlo't Offset Voluge INote 4)

Input Offset Current (Note 4)

Input 6ias Current

VolUge Gain

Response Time INote 5)

Saturation VOltage

Strobe ON CurTent

OutpUt Le.k~Cumnt

Input Offset Volage INote 4}

Input Offset Current {Note 4J

Input Biz Current

Input ¥olugt R~

$nur.Jtion Vol~

Positivoe Suppty Current

Neg;atiw Supply Current

T". .. 2~C. Rs '$ SOk

T 25"C

T "25"C

T 25·C

TA .. 25"C

V1N $ -10 mV, IOLlT • 50 mA

T.... ~C

To\..25"'C

V IN ~ 10mV, VouT -35V

T.... 25·C. 'ST'-OSE ·3 mA

As 550k

V+~4_5V.V-·O

V ,N S-10mV.ls""c ~8mA

TA"' 2S-C

TA .. 25·C

<0

2.0

6.0

lOO

200

200

0.75

30

0.2

7.5

50

250

1.5

50

mV

nA

nA

V/mV

v

mA

nA

mV

nA

v

V

mA

mA

No'" 1, Thq;~.ng -'Phq to< t15V suPPlees... nv POS,t<ve ;npooU YOlQge limrt is 30\1'~ tI'>e neg;ill",," IUgoty. Tht' N'p'lNe

inpon l'Olta!l'" I....;, is~ to tI'>e nep-tivesupply ¥OtUlQe or 3QV be{~ tt>e PQSitM ilupply. wt't~ ;s Ins.

Ht». 2, The ma.>fft..-rI ;un('t>Oft~ of t!'>e LM311 Q; 110·C. FCIr coeraltns; ~e~~tes.~ "'the TO-S
~~munbe~ecl~Oft.~ rn.isQneeot lSO·C!W.;unnJon U1~_0I"4S·CIW.IUt'1C100<'l t, DSII'. The lhr1"~1

~ofthe~""""i_~is 100·CIW.;"nctOon 10wrc-nL

~ 3: T'- ~1~iorI:s IPPiY tOr "'S .. J:1SV ...cl the Ground Pi.. ~ gro.t<1d• ....cl C'"C < TA < .1(;""C. unl",-o~_
:r;pecifOed". The ottS'l!t "'OlUlil't. offwt CU'f'e'ft1'" b..s eutnft1 JOeeiIQtICln5 .,py tor ¥tV SUOOIv vOUJge hO'Tl""~5V tuPOiv
&IQ 1Q ~15v SUOQhn

Nou-", The ofbrl ¥Ot~...,cottR1.cu~Ull"vefl_tt">ern-..-=-,,,,atun_ind 10dr_me ';"'I;>U''';I'''''' .Y()ltol ~1'he1"
lUA'Iy ....1fI 1 m.A loaC_ Thw.. rNR o......-.en dehne .... -..gr t.nd V':;J~ Orrul ac:eount r!>f,...orst~ettecu of woI~pr,

""" input irnpecIana.
No-5, The~ tiomes;JeCif.ed ~cIef>n.itKlrtll is tor.'OOmV Oroutnepwrth S",V ~J..-e.

I\Iota 6: 00 not shott!;he I1l""01X pm 10 ground; ill:hould be Cl,.t~1dr~ at J 1Cl 5 mA.
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Typical Performance Characteristics
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Typical Applications IConl;nuedl
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Connection Diagrams'
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Application Hints

CIRCUIT TECHNIQUES FOR AVOIDING
OSCILLATiONS IN COMPARA.TOR APPLICATIONS

When a high-speed C;DmpaTatol" such as the LM111 is
Wied with fast input signals and low source impedanas.
the outPUt response will normally be fast and stable,
assuming that t~ ~r sup",~ haw bHn bypiilSS!:d
(with 0.1 p.F disc capacitors!. and that the output "gnat
is routed well iNa'( from thl' inputs ~pins 2~ J}~
also away tram pins S and 6.

HOwe'ler. when the input signal is a yoltq ramp or iI

slow sine wave, or if the sign~ souree impedat'ICl! is high
11 kn to 100 kill. the cotnparator ~ burst into
oscillation nelf the crossing-point. This fs due to the
high gain and "",ide bandwidth of c:omp¥ators Itke the
LM111. To avoid oscillation or i~tablllty in SlJch it

U1age. several ptKaUrions art recommended. ill shOW"l
in Fi9Jre J below.

1. The trim pins (pins 5 and 61 Kt as unwanted ~xil·

iary inpun. If~ pins are not tOf1~ to a trim·
pot. they should be shOt1l!d t~thM. U they .,.e
connected to a trim-pot. a 0.01 JJ.A ~itor Cl
bet'lNffn pins 5 ~d 6 will minUnize tht susceptibilitY
to AC COUpling. A smaller uP~itor is IlSed if pin 5 is
used tor posiri"c feedback.as in F;,u,., 1.

2. Certain SOUfU'$ wiU produ« ,. dl!lIner eom~rllt()l'"

output waveform if a 100 pF to 1000 pF ca~tor

0. is connl!C"ted directlY across the intNt ptns.

3. When thl! sigrW soura is applied ttuouqh a resini...
network. R,. it is usually advanugKlUs to choose an
Rs' of subSanti~ly tN SIJTlt: VMUl!. both for DC and
tor dy~ic lAC) conJ..ide~lions.. c.bon. tirroxide.
and ml!tal·filmresi\tofS~ all been used sucussful1y
in comparator- input circuit\"Y. InductiW' "-"rewound
rnistors are r'lOt suiuble.

4. Whl!n comparator circuits use input resistors (eg.
summing resistors!, ~ir v.due and placement are
particularly import.ant. In all cas~ tM body of the
rnistor should be dose to the dwice or socket. In
other words there should be very little lead length or
printed-circuit toil nm bttween eompafiUor and
resistor to radiate or pick up signals. The ume- apl)lies
tocapaOtors. pots. etc. for example. if Rs .. 10 Ht .IS

little as 5 i~ of lead between the r«istots and the
input pins can result in oscillations that are very hard
10 damp. Twisting these input leadS tightly is the
only (second bestl altemative to placing rrsistors
close to the comparator.

5. Since feedback: to almost any pin of a com~rjnor

can rewlt in os.cillatiotl, tht printed-circuit I~out

snould ~ engiMef'W thoughrlully. Preferably ~re

should be a grOUndplane undff the: LM111 circuitry,
fOf el(¥TIp!e:. one side of a doubl~4oJYer cin:uit card.
Ground foil (or. ptnitive wpply or ~trve wpply
foil) should extend betwffM the output and the
input!. to act IS a guard. The foil conntttions for the
inputs should be ~ srmll and compaet as possible.
and should be essentially surrounded by gt'ound 'oil
on all sides. to g.,grd ag.ainst capacitive coupling from
any high-lnd signals fwen _ the DUt:>ut). If pilu 5
~ 6 are not used. they should be shorted tD9t'ther.
If they are connected (0 • tl"im-po[,. the trim-pot
should be: loc.attd. at mOll' few inc:ht1: .-wrt from the
LM'l'. and the 0.01 pF capacitor Should be installed.
If this QDacitor ur1not be uwd.... shidding printtd­
circuit foil m.ay be ~isa~. bet~ pins 6 .nd 7.
ihe power supply bypan capacitOtl should be localed
within " C:ou~e i~ of the LM111. (Some other
t"QmPl!r,1fors require tM' powrr-supply by~» to be
locattd immediately adjacent to the comparator.)

'",.
"

~-~ 50 ""
" -

.~1-
-

.h.. ,--.
·l~• ,

c--'- , ..,..,
~

; , ,
~

- -=:... •

H'E1,
_1SY

fiGURE 1. ImP'"cwt'd Positive Fftd.boN::k
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Application Hints (Continued)

6. h ... a standard pr~dure to use hyneresis {positive
feedback} around a comparator. to prevent oscillation.
and to avoid excessive noiu: on the output because
the c:ompatator is a good amplifier tor- iu own naiR.
in the cin::ujt of FigcJr~ ~ thf. feedback from the
OL/tpUt fO the positive input will cause about 3 mV of
hysternis. However. if Rs is larger than iooO. such
as 50 kO. it would not be re~nabte to simply
increase the nlue of the pos;itive feedback resistor
above 510 kO. The circuit of Figure 3 could ~ used.
bl.lt it is rather awkw,arc. SH- the notes in part9r1ph
7 below.

7. When both inputs of the LM111 are connected to
aeti'fe sifJ""Is. or if • high.impedance signa' is driving­
the positive input of the tMl11 so that positive ftoed·
back woold ~ disruptive. tm circuit of Figure 1 is

ioUI. The positiV1!: feedbaCk h to pin S (one of the
offset adjustment pinsl. It is sufficient to cause 1 to
2 mV hysrt'r~is ~ sharp ~ransjtions with input
triangle waYl!S from • few H2 to hllndred$ of kHz..
The po$itive-ftedback signal across the sm re1,inor
swings 240 mV below tht positive suppty. This sign..'
is cente~ around the nominal vol~ge at pin 5. so
this feedbitc:k d~ not adCt to the Vas of the com­
parator. k much .as B mV of Vas an be trimmed
out. using the 5 kn pot and 3 kn rtsistor as shown.

8. Thes.e application notts apply specifically to the
LMllt. lM211. lM3t1. and lFll1 f.mi/~ 0'
comparatOl's. .nd are applic..able to all high-speed
c.o~rators. i", ~ral. lwith the e:w:.ceptio", that not
all comparators h~e trim pins!.

r--,r----~r-0n,

••

FlGURE 2. Connntif:>nJ,l Positin Fftdbac:k

,--,.------,r-0 n,

>;---+-<>lntT""

,.
FIGURE 3. Positive, FeedbKil With Hi9*' Scuta. Rffistance
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~National
~Semiconductor

Voltage References

LM3999 Precision Reference
General Description
The LM3999 is it precision, temperatlJf"Htabilized
monolithic tener offering tempWltur"e ~ff"tl;:~U

a factor of tI!~n better than high quality refererce ztmerS.
Constructed on·a single monolithic chip is ~ temperature
nabiJi.te1' circuit and an aetive referl!l'1Ce zener. The
active circuitry reduces the dynamic impedance of the
zener' to about o.sn and allows the zener to OPerate
over 0.5 mA to la mA culTent range with l!'Ue'mially
no change in lIO!tage or temperature coefficient. Fufther.
a new subsurface nner stl1JCture gives law noiSl! and
exceU~t kmg term stability compared to ~dinary

monolithic zenen.

The LM3999 reference is e.'~tio~lIv easy to use
and ffft of the' problems tnat ilfe often txpefienced
with ordinary zenBS. There i$ yinu.ally no hysure-s,is in
refer-ellCl! voltage with temPerature eyclinq. Also. tl'\t
LM3999 is free of \/oltage shifts due to Strns on the
luds. Finally. since the unit is te-nper.ature St~iliud.

warm up time isf~

The lM3999 can be used in almost any apPIation in
place of adinarv l~ with improved oer1Of"m.aoce.

Some ideal applications ate aMlog to digital converters.
pte(:lston VOltage or CUITtont 50utces Ot Drecision power
supplies. Further. in many C3WS. the- LM3999 can
replace references in exining equipment with. mini­
mum of wiring~_

The: LM3999 is pack:tg«! in a standard TO-92 packagt
.and;s f.lled from o"e 10 +70""C.

Features
• Guaranteed o.oooS%fC temPt'fat"re coefficitont

• Low dynamic tm.pedanc:e - O.S!1

• Iniliall0lerance on brnkdown volt. - 5%

• ShMp tunkdowtl at JlOO,:tA

• Wide oPeUlting eurrent - SOO.uA to 10 mA

• Wide suDPIy range for temperature subili2ef

• Low power for nabilization - 400 mW at 2S"C

• L'Ong letm stability - 20 ppm

Schematic Diagram
T__.... SuW:Q:...

..,

.. 1:".,.
.H... ,..

• H ••••."
,. ••...

••

•
, -

Functional Block Diagram Typical Applications

..
.
~"~U"Qf1oU<Ulfll __ ':~

Uw _~
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Absolute Maximum Ratings
T~mperatur!' Stabilizer Voltage 36V
Re~rse Breakdown Current 20mA
Forward Current 0.1 mA·
Operating Temperature Range aOe to +70"C
Storage Temperature Rartge' -5S"Cto+1SO"C
lead Temperature lSoldering, 10 secondsl JOO"C

Electrical Characteristics INolO 11

PARAMETER CONDITIONS MIN TYP MAX UNITS

A~rse Breakdown Voltage O_6mA~IR'$10mA 6.6 6.95 7.3 V

Reverse Breakdown Voltage O.6mA S I StOmA

Q\ange With Current 6 20 mV

Re~rse Dynamic Impedana lA -1 mA 0.6 2.2 n
Reverse Brukdown T~Pel"ature

Coefficient O"C$TA$70"C 0.0002 0.0005 "re
RMS Noise 10 Hl"$ f S 10 kHz 7 .V

Long Term $tability Stabilized. 22"C '$ TA '$ 2S
G e.

1000 Hours, IR. 1 mA ~O.l% 20 ppm

Temperature Stabilizer TA· 2S"C. Still Air. Vs • JOV 12 16 mA

T empe:n11utl: SUlbilizet" Supply

Voltage 36 V

Warm-Up Time to O.O5~ VS-30V. TA-2S-C 5 Sea>"",
,

Initial Twm-on Current 9$VS'$40. TA-2s-'C 140 200 mA

Note 1: Tbaa' lQ«ifoQfoonsacoly lor XIV ~h.d to the '-~ute~NlUI'''''CfC S TA ~ +'Xf"c.

Typical Performance Characteristics
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Typical Applications lContinued)
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Voltage Regulators~National
~Semiconductor
LM79XX Series 3-Terminal Negative Regulators
General Description
The LM79XX series of 3·terminal regulators is .h'ailable
with fixed output voltages of -5V. -12V. and -15V.
These devices ne-ed only one external component-.
compensation capacitor at the output. The LM79XX
serin is packaged in tht' TC-220~ package ;and is
capable of supplying 1.5A of output current.

Th~e regulnon emp!oy inll!'mal currWt limiting safe
aru protection and thermal shutdown tor pr01l"C1lOn
agal~t wirtl.Ully all overload conditions.

Low ground Pin current of tht! L.M79XX kfi~ allO"'S
outPut WOll. 10 be easily boon~ above t~ pr~t

walllt with a resistor di"ide< _The 10« ~teSeent I:Urrtnl

drain Of~~...>ces WiTh a s.pec:lfi~ mbimwn ch~
with Ii~ and I~ em.urt'i goOd re:guf.auoJ'l in the vcll~
bOOSted mode

For .pp1iQltlO"S reQuiring ot~r V01Uges. ~ lM13J'
Cfta shHt.

Features
• T~a1. shQn CUCUlt and ute ¥e. prOl~i,,"

• High riDDle reiKlioro

• 1.5Aoutpvt cunel'll

• "'7' prewt OU(PUt ..oIlolge

Typical Applications
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rnovt "" OVIPUf Il~l. lI'fC.I ..... ,iJ<..".t"[:I rhor~Ivo'I.(lfft_t.wy

'"""" $l\00'U.

.- i'--.........- ....- .....-o~c
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Absolute Maximum Ratings
Input Voltage

IVo·SV) -35V

(Vc ~ f2V and 15VI -40V

Input-outPut Differential

(Vo" 5Vl 25V
(Vo '" 12V and 15V) 30V

Power Dissipation Internally limited

Opet-aring Jur\c:rioo T~rature Range oDe to .12SDC
Storage TemPerature Range -6S

D

Cto·1SO"C
Lead Tempe,",uure (Soldering. 10 secondsl 23O

O'
C

Electrical Characteristics Conditions uoless otherwise noted: lOUT" SOOmA. CIN" 2.2J.,F. COUT" IpF.

O"C'$TJ$ +125"C. Power DiS5j~tion'S 15W.

PART NUMBER LM7905C

OUTPUT VOLTAGE 5V
UNITS

INPUT VOLTAGE tunless Othetwiw speeiftedl 10V

PARAMETER CONDITIONS MIN TVP MAX

Va Output Volragr TJ" 25"C -4.8 . 5.0 -52 V

SmA'$ Jour '$ lA. -4.75 -5.25 V

P'$ 'SW 1--20 ~ VIN '5-11 \'

'>Va L"'e Regulation TJ" 25'C.1Norf' 21 • SO mV

1-25 ~ VIN '$ -11 V

2 15 mV

l-t25 v INS-81 V

,>Va load R~laItO., TJ" 25 C,INoIl!' 21 mV

SmAS lOUTS I.SA 15 100 mV

250 mA S lOUT < 750 mA 5 SO mV

'Q Qu~entCurrent TJ"2S-'C • 2 mA

'>'0 Qv.nee-ul Current W,th L.~ 05 mA

0....,.. 1-25 S VIN '$ -11 V

W,th lcad.5mAS IOUT'51A 05 mA

Vn OUl()ut NorW' VOlt. TA a 2S'C. IOHI$t'5 1OO HI 125 "V

R'llflll! R~te'Cll()'" f e 120 HI 54 66 d.
(-TB S V 11'01 S -BI V

D'OI.JOUJ Volt. TJ a 2S-·C. lOUT" lA 11 V-
IOMAX PC;l1o. Ovft)ul CI,IfFl;onl TJ s 25C ""2.2 A

A..... ..,e T~.lu'e 'OUT a 5 ",A. 0.' mV/C

Cot-llocwnT 01 o C'~TJ"S:TOO'C

OutllUl Vojt~l!'

197



Bectrical Characteristics (Conhnued) Conditions unless othenw~ not~: lOUT. SOD mA. CIN· ::t2IJF.

COUT"" lJ1F. o"e'S TJ $" +12SC:C. Power Dissipation" 1.SW.

PART NUMBER LM7912C LM7915C
OUl1'UT VOLTAGE 12V 15V
INPUT VOLTAGE {unins OtMrcMW SPeCifiedJ _t9V -nV UNITS

PARAMETER CONDITIONS MIN TVP MAX MIN TVP MAX

Vo Output Voltage TJ·25"·C 411.5 -12.0 ' 12-5 -14 , -15.0 '15.6 V

5mAS'OUTS 1A• -11.4 12.6 -14.25 15.75 V
p< 15W 1-27 < VIN oS -14.5J I JO'$"VIN> 17.51 V

"VO Line RegulJ100n TJ" 25··C. (NOlI: 21 5 80 5 100 mV

1-30$VINS-14.51 1~30:: VIN:" 17.SI V
3 30 3 50 mV

(-22 S 'VIN S -161 1·26~VIN~ :101 V

.>VO L~ Regul.t~ TJ. 2S-C.INotl: 21 15 200 15 200 mV
5mAS lOUTS 1.SA 15 200 15 200 mV
250 mA S lOUT S 750 mA 5 75 5 75 mV

'0 OUon«'I'll Cutfent TJ·25-·C 15 3 15 3 mA

.l10 Ouiescel11 Current Withl~ 0.5 05 mA
0..... !-305VINS-1451 f -3O"~ VIN:5 17.51 V

W,lh lo.ac.SmAS lOUTS lA 05 05 mA

Vn OUlput Norw \Ioh. TA· 25"C, 10 HI S f'S 100 HI JOO 375 .V

R.POle Re;ectOon '-120H: ... 70 54 70 dB

1-25 S VIN S --151 1~30~ VIN'S -11S1 V

O'ClPOUT VOII. TJ - 25-·C. fOUT - lA 1.1 1 1 V

IOMA.X Pot&1r. 0utPU1 Cunem TJ-2S"C 2.2 n A

Avefagt T~alUfe lOUT - SmA. -o.B -1.0 ,"V/·C

CodfocOenlOf O·C ~ TJ ~ 1oo"C

OutDut V~1age

NcnI1: FDl" c:*U_ttor- of ;...aiDfl~ riw 0.- 10~~Oon.~ ...--,.. ;una.. 10~ (#,JAI .. SO-CJW
(no ha'! sinJI,) ~!tc/w (iftfinm! hea1 ....k).

NotIIl 2: Regulation is .......red .-T •~~~ by po,,-' IaUnI tI'IIi'UI • Do- cNty ~.~ On OWU)U111'QlQ9l"

dUe 10 hntiro5l effects must t-w~ OnIO Ka:IUftt.

.
-

I
!
I

I
i
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Typical Applications (Con!;n",d)
HOgto Stllbility 1 Amp R.....,w ....~

•.-n
~.

a"
~,

n' o~

._, ,

Q *-u

.c," •
_ H ..' - ,~

B-
.•-.t j'-....__.... -"''-_

LoloCl a<>clline regul~ton <: 0.01 .....1~••l...rt nabilnv ~ O.2'ti

t ~.e-,...."l!'li Zene. l:UJ'tent

tI SohCl I.If'IUoIum

°Sele<::t .a410", IO~1 OUlbu! ¥Oll~ 2~C Hid<'''9~lrcl

SO
~IOUT·, ...A. RI

-

,u*.,....'...

--, --,
I
I

• I
• - I
~, ,.... 1-o. f :!'_• L.t,_fl- I

~ I
Q B I~ - I

·'n --'-
At a<ld 01 "'100'" the 00t0e-e I'lt9o>!_Or to -,un_- ......... ""'IN IS
~ed ......_ III .V1N ..-.cl a~ to&! Os eJr_ t._ tlW

O/,l"tPilU ",,!'>out RJ JI"'d 01. O'rtOJt "'_ f'e9ul.~ _R nol
,uon _m he..,y lD_l A- I,,) IO.cl C\IO', I f~ KI 1...........

'egu~Ot_.....,Ihou9'" f'- 00"'1."" CN'Ptot oScl~ by 02.
"R2 oS OCttOt4l G<"l'l.Jnd pM'I CUt'ltn,"om. I"'" PoSoI~ ....i.lC!. 11""'-"1

ltl.DYQt> A1 -'I.,.e;~_ ·"OUT .. 6O"",y .t R11$ om'Ilfl:.

•~ oOghtowu onoe..-s vnru 'I .. '0 f" 1 t'f'lA} .. SVIAI.

t~. oN., it ...~ fil ... uoatiro' is..--. ftJarI r
frgm 1."79O'5l,."

"L¥rso bo- .-. """'='~~ ..... tu If .. 5VJRl "1 CiIO> tw kf •
10-. la 1

t~ onty ,. ""'~I "'wo UOIO'Of .""0""1 tfl.-.'Z'"
hO'" LM7905CT

0-._
lM790SCX
lM7912CK
lM7'91SCK

See NS PadLiIge KCQ2A

Connection Diagrams
TQ.J"~

N11WJ -.. To·220hc:lu9r

~~ -ill§Ec:~'
c __ ......,.~

lMn>OSCT
lM7912CT
l ..."nSCT

s- NS PatUge T03B-- _..
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SChematic Diagrams

~

•• ••
~ k

.. " ..
~

.......
'k ." ."...

.n
'-'

"U,

""...
'"

.. ..
'n AA.. .. .,
k '" ••

'" • ~ U

,-

-lZV ..... -15V

.. " ..
~

•••

.••1-------1-----4

,.
k

.--t--[,••

r-+--!·""~-------{i·"
.n

200



~National
U semiconductor
LM78XX Series Voltage Regulators
General Description

Voltage Regulators

The LM18XX SNi~ of thrl!e teTminal regulators is
available with ~ral fixed OUtput "oltaqes making t'hem
useful in ill wide range of a:,plieations. One of these is
loal on card rrgubtion. eJiminoJting the distribution
problems associated with single point reguliltion. The
voItages 3vailabte allow thtse ~1ators: to ~ U1ed in
logic $VUe-ms. imtN~tation" HiFi. and oth~ solid
SUte electronic eQuipment. Although designed primarily
as fixed voltage regulaton These devltts can be used
with external componrrtU 10 obtain adjustable vOlt~
and currents.

The LM18XX ~r~ is available if' ar. .,Iuminuor. TO·3
p,ack~ which will atlow OW-t 1.0A I~ cuncm it
.adequaTt' heat Sinking is prov:1ed. Currnn limiting ts
included to limit the peak OUtPUt current to , safe value.
$afe afea protection for the outPut !ransistor ~ pr()yided
to limit internal po~ dini~lion. If internal ~r
dissipation becomes too htgtl for the heat \inking
provid~. t~ therm;ll shutdown circuit ukei ~r
preventing the le from overhuting.

Consid~b1eeffOl'1 'VIS ~JlPendl!'d to make IM LM7SXX
Soef"ies of regu!;lI(If"S ...;ny to Uie ;lnd minimize the numbo'!r

Schematic and Connection Diagrams

of external comPCN'tents. It is not necnsary to bypass W
~<tD",t. ;llthough this d~ improve transient rnPOMe.
Input bypauing is ~ed only if the regulator is loal!'d
f~r from thto filter ~torof the power supply.

For outPUt YOltage other thlln SV. 12V and 15V h
LMl17 series provides an outPut \,01. ra"9t from
l.2V to 57V.

Features
• Output eurr~nt in uceu of lA
• I.,t~mal thermal overlc»d protectiQt1

• No external C()mponent!: required

• Output transistor Afe ~ru protection
• (rntrnll shat circuit ~.nnt limit
• Alfailabll! in the aluminum TO·3 package

Voltage Range
lM780SC 5V
LM78l2C 12V
LM1815C 15V

Meule:-,~

TOo3lKI...-

•

.,.,.

..,.

_.

_._~----

-0
..r·",_•

."..-...-.
LM7805CK
LM78t2CK
LM7'15CK

s- P8dU91 KCXl2A

......
~"'INNrr;'

LM7805CT
LM1612CT
LM7B15CT

S-~T038
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Typical Performance Characteristics
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Absolute Maximum Ratings
Input Voltage C'lO= SV, 12V and 15V)
Internal Power Dissipation (Note 1)
Operating Temperature Range (TAl

35V
Internally Umited

:3OQ"C
ZlO"C

Maximum Junctldn Temperature
(KPaCkage) 1SO·C
er PaCkage) 125·C

Storage Temperature Range -65·C to -+-, SO·C
Lead Temperature (Soldering, 10 secondS)

To-3 Package K
T().220 Package T

Electrical Characteristics lM78XXC (Note 2) O·C < TJ" 12S·C unless Dtherwlse noted,

OUTPUT VOLTAGE I '2V 15V

INPUT YOLTAGE 1,,"""5o~senol~ I 'DV IOV UHITS

PARAMETER CONortlONS I "IN TYP WAX ""IN TYP M,u WIN TYP "AX

Vo Po " 1~W.5m." '0 C; lA
\fMIN " VIN" V......x

I 4.8 $ 52 11..5 12 12.$ 14.." 1$ 1$ 6

4.~ 5..25 tU 12.6 14.25 15.7$
(7< YIN" 20) {'''.!le; VIN< 21) 111.5" VIH" 30J

v
v
v

10" 'A

TI"'2S"C 50 120 1~ mV
bY.", (1.,3" VIN" 201 (1".6" VIN" 21) 1\1.7" VI"," JOt v
O·"TI'.I25"C 25 60 75 mY
,t.Y.N ca" IN" 121 (16" VIN" ZZI OCI" V,,,,,, Z'51 V

'0" lA

5ft'lAC; '0' '.50'
250 rnA " '0 " 750 rnA

T,s 25·C
o'e" T. I( .'~·C

10

•...

12 120 12 t!ID.. "
120 150

• •
8.5 IS

mV
mV

mV

.....
mA

0.' 0.5 c.~ I mA

T.s25"'C.'o" U.

V"'J~ " VJN " V......x
'0" ~m""'O"C" TI" .t25"C
V...n.. " VIN " V......x

'0
17.$" VI"''' :lOt

I .•

"4,1S" V,N" m "(17.9" V,N" XlI

'.0 I
I1T.' " VI"''' JOT I

mA
V

m'
V

v

v

.V

••••
v

"'"A
•

mVI~

to

2'I.
1.2
2.1.

'7.7

"

2.0

"I~
2'
I.'...

20

•
2.1
2.'
0.6

..I

1
1'0" T... ·l"I_,l5"COO'

's'20k: ~"!lOOI'tI~

O"C" T." • 12!>"C

V ••mll " VIN " v ...... "

Tl" ZS~. fOUl. , ...
's11o.HJ:

T,s25"C
T,,,,,ZS"'C
o"e" T,,, • 125 "C. '0=5 mA

TI=25~.to" , ...
tIlDUt "on.
~U'Ol"eclll:l ~f~'"

l.me ReogWtJOll

OrQoout VotI.aQe

0tJtpu1 RestsJ~
Shol1~ Cun'efrt
PeaIt OvtP\IC Cur'~

A-..er",e Te of VOUT

V,N

NOTE 1: ~~of!ToeTo-J~(K, «CliI~"-C/W~IOc-..-:J3S-cJWa-wambiI!nLT~~oIlN

TO-22D~m.,~ 4-c/W~ le ca. anc150"CJW ea- to M1biInL

NOTE 2: M~ In~~~.cJ'O$I;the irtuf of O:D.l'f,.-..d. c.IC*dtot KrC:I*S the outPUl of O.'.,f. All~ ...
e-tlt n(JisI vdUlge And~~ ratio ..~ vsing pWM~ ('w " IOrns, Q.'Tr Cl'dt''' 5.... t~~~~ to

~~~~ 1nl.-I be tI*etI into llCl:Ol."nf~.
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• Efficiencies to 78% • Low Noise Operation

• Wide 4:1 Input Voltage Aange • Overvoltage Protection

The wide input range of the 8.5 Watt triple series makes Ihem
ideal for solar powered ATV's and instruments.

These converters offerhighly regulated triple outputs plus SOD
VDC input 10 output isolation. Each unit has both a logic
shutdown pin and thermal overtoad protection circuitry. All the
outputs and the power switch are overvoltage protected.

8.5 Watt Triple Output xc case
INPUT OUTPUT OUTPUTVOLTAGE uooa

RANGEVOC
VOLTAGE CURRENT NUMBER

MINlMAX VOC 'mA

9.0136.0
5,,,,12 600,,,,165 12T5.12UW

5, ",15 600,,,,'50 12T5.15UW

16.0172.0
5,,,,12 800.=:185 48T5.12UW

5. :15 600,,,,150 48T5.15UW

Mounting Kit M59

-- ..""" -..

10 Watt Single Output
• High Power Density • Water Washable Case

• Small 1.02" x 2.02" Cases • Fully Self-Contained

These compact DCIDC converters are ideal for use in battery
operated industrial, medical control and remote data collection
systems. All inputs and outputs are fully filtered 10 minimize
excessnoise. Each converter is overtoad protected and offers
a thermal shutdown system for maximum reliability.

0.50%

20 mV p.p
121 models: 700 VDC
48T models: 1544 VOC

l$OLATlON

LOAD REGULATION TYPICAL
UNE AEGULATION TYPICAL

CASE OPERATING TEMPERATUAE

NQJSE TYPICAL

SJX·SJOED SHIELDED COPPER CASE

0.01%

60mV p..p

UN!:. REGULATlON TYPlCAL

NOISE TYPICAL

LOAD REGULATION TYPICAL

10 Watt Single Output E1 case
INPUT OUTPUT OUTPUTVOLTAGE VOLTAGE CURRENT MODEL

RANGEVOC
VOC mA NUUBER

MlNIMAX
3.3 2000 12S3.2000NT

9.0116.0
5 2000 12S5.2OOONT

12 900 12512.9OONT

15 700 1251S.7ooNT

3.3 2000 24S3.2000NT

5 2000 245S.2000NT
16.0136.0

12 900 24512.9OONT

15 700 24515.700NT

3.3 2000 48S3.2000NT

5 "2000 48S5.2000NT
36.0172.0

12 900 48512.9OONT

15 700 4651S.700NT
-

I I
0..0 "~o '"0 0

'"..,
0

I
I 2 1 •, , , 0.000
..L- 0.31

I I I I I
00 0 ~

-: 00 " ~" ~ "00 -

•

no 2
15
.58

15
-;;'

pO') _ Wcr.N

00 00-

I I I' I _2.71I 765" 2.500

o
..;

XC CASE: 8.5 Watt Triple UW

Pin 8.S Watt Triple UW
1 .INPUT 5 -121-15V OUTPUT

2 -IN?lIT 6 ...SVOUTPUT
3 +12/+15V OUTPUT 7 ..SVCMNflJ

• ~MN/1J a ONiOFF

ISOtATlON

CASE OPERATING r-d.fPERATURE
AVE-SIO;:-.J) $HJELDED COPPER CASE

El CASE: 1a Wall Single NT

125 &. 245~ 700 VOC
48S mooets: 1544 VDC

[lJ Note: Pins 4 and 7 are connected lI1temaJly.

Pin 10 Watt SIngle HT
1 +JNPUT

2 ·INPuT
3 +OUTPUT
5 CMN
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