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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:

These voltages are stepped down 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 goed 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.

When supervising a power grid good communication systems are essential.

Communications systems serve as links between the following functional systems:

¢ Contacting personnel with radio (Mobile or Handhzld)

» Contacting personnel with pagers (Digital or Analogue)

iif



e Receiving up to date information on the SCADA network

e 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 fulfii a vital role ensuring that the

National Grid functions at its optimurn.

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

dBv on a communication line while an RTU 1s 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 )1t is totally impossible to get a power level reading because the sampling
time of the instrument is 1 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 low, 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:

(=

. The inertia (J} of the moving coil about its axis of rotation.

8]

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

. The damping constant (D)

(W8]
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A solution 1s 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. 8031
family). The Microcontroller will do all the converting and mathematical functions
and will output a value through a DAC. This output value will be a current(mA)
value directly proportional to the input level (e.g. -20dBm to 0dBm = 0 to SmA).
These RX and TX level values can be fed into analogue inputs of the RTU. This real-
time measurement of the levels on communication lines will 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,



Synopsis

ESKOM beheer ‘n massiewe elektriese 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. Alle elektriese krag wat opgewek word, word aan
die Nasionale Netwerk gelewer. Die ruggraat van die netwerk bestaan uit die

volgende spannings:

s 765kV

e 400kV

Hierdie spannings word verminder by plaaslike substasies vir die verbruikers. Groter
verbruikers (b.v. Munisiepaliteite, Myne, ens.) gebruik ho& 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 abnormale toestande op die netwerk kan

1dentifiseer en vinnig kan reageer om die onderbreking te herstel.

Om ‘n kragnetwerk effektief te beheer, is ‘n goeie kommunikasie stelsel nodig. Dit

word gebruik vir die volgende:

» Om personeel te kontak in die veld (Radio)
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o Om Toesigbeheer op die apparaat in die veld te hé (SCADA).

o Beveiliging van kraglyne en transformators

Sonder goeie telekommunikasie sal dit onmoontlik wees om die elektriese netwerk
effektief te 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 Saaf stasie in ‘n afstandbeheerde sisteem

met die Meester stasie kommunikeer.

Die hootrede 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 250ms. Met die beskikbare
digitale drywing meters (bv. W&G SPM33) is dit totaal onmoontlik, omdat die
verwerkingstydperk van die meter 1 sekonde is. Met die analoog meters beskikbaar
(bv. W&G SPMO09 ann SPM31) is dit moontlik, maar die lesings is gewoonlik tussen
2 dBm en 4 dBm laag, as gevolg van die dinamiese etenskappe van die bewegende
spoel van die meter. Met ander woorde voor dic 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 (8) 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 uvittreewaarde
moet in mA wees en direk eweredig aan die intreewaarde (bv. -20dBm tot 0dBm =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
drywing 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
kommunikasie lyn weer in te stel voordat ‘n onderbreking plaasvind. Dit sal ‘n hoér
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 Contro] 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 {Cutput device).

o Accept analogue inputs with an ADC (Input device)

An RT1J 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 RTU is defined as an RTU that
will only react when it receives a message from a SCADA master containing it’s own address
and which will request a reply (e.g. TELKOR PUTU, IST 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 wit}} its own address. If a single remote/master system is used {every remote has it’s

own master), FDM or TDM must be used to put more than one system on one

[VF)



communication line. This is due to thefact that each RTU and MASTER use a unique

frequency. This will limit the amount of RTU’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 areliable 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:

1. 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, etc.

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. MW, Mvar, Amp, kV, Frequency, etc.

As you can see without a reliable SCADA system it is impossible to control an electrical

network efficiently. Without a reliable communication network it 1s impossible to have a

reliable SCADA system.



A communication system will function 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

CCITT recommended levels.

If the levels that are connected into the system (TX or transmit levels) are too lgh 1t 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 corraption will 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 1s being used:

1. One technician goes to one end of the link with his test equipment. This can be

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

(S

. Another technician goes to the other side of the link with his test equipment.

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

[P

from the communication system.



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 if the 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.



Fault Statistics

The following table is a2 summary of Telecornmunication 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 11 2.2 40
Repeater 1542 16 1.9 151
Switches 7418 23 1.1 393
Telecontrol 2868 20 1.3 217
Telephones 7295 21 0.6 386

With the aid of a 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.




2 Measurino levels on Transmission Lines

Power Measurement in Decibels

With fauitfinding as well as commissioning of equipment it is essential for all technical

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.

Ne (number of bels) = log P1
P2

Nas (number of decibels) = 10 log P1
P2

The factors P1 and P2 represent the values of any two 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



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 P1 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:

s dBm (Related to 1mW 1n 600Q termination)

e dBv (Related to Volt)

We will use the following formulas for electrical power:

e P=VI
e P=VIR
s P=I¥R



dBV:

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

Pl=(VI2/RI P2 = (V2)2 /R2

Nav = 10 log P1
P2

=10log (V1) ¥R
(V2)¥R2

= 10 log [(V1/V2) 2 x (R2/R1)]

=20log V1 +10logR2
A\ R1

If the resistance is the same at the two points where power is being considered, thatisif R1 =

R2, the second term becomes zero, thus:

NdBv =20 log V1
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 600€2 loads. If the resistances

10



are not the same, the decibel value obtained by voltage measurement must be corrected by the

use of the second term, 10 Jog R2/R1.

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 ImW, thus:

Naem= 10 log P1
ImW

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

s Bandwidth
e Impedance Matching
» Through reading

e Terminated reading

11



Bandwidth

Measurement of power on communication lines can be measured as “Wideband” 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 will be displayed.
When only a certain signal must be measured, this sigral 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 bandwidth of the signal.

Bandwidth = f nighest - flowest

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

Impedance Matching

All communication lines have a working characteristic impedance. This may vary from 75Q
up to 600€2. When the line 1s 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 thetr input when measuring and will influence the reading. Care must thus be

taken when using level meters to select the correct impedance.



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.

X

Level

Meter
High Impedance

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 12kQ
which, when connected in parallel to the TX, will not influence the impedance of the circuit.
When the meter is selected say to 750, the impedance of the circuit will be 75Qin parallel to
600Q2, which will drastically influence the reading. The meter is calibrated to correct the

error introduced with mismatching on the circuit.



Terminated reading

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

equipment terminated on it.

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 meter before a measurement is

taken.



The following is thus important when taking power level measurements on

communication lines:

e Is the meter calibrated ?

e Isthe battery charged ?

e Are we measuring dBm or dBv ?

s Is the Bandwidth selected correctly ?

e Isthe Impedance selected correctly ?



3. IDF Backoeround

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 on first 4 verticals and Krone on last 2 verticals



Different connection blocks on the IDF are used:

o Krone 10 pair

e Krone 8 pair

e Poyet 10 Pair

e 6x25 tagblocks

e 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 of jumper 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.



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:

s 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 [ook 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 will save on the amount of maintenance 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.:
O0toSmA = 0to400kV

Example 4.2.:

-5SmAto+ SmA = -480 1o + 480 MVar

Example 4.3.:

0 to5SmA = 0to 800A

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 of the FSK signal..

This level meter unit must have to the following specifications:

1. 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

0dBm) = 0 to 5mA).

3. Work from a 50V substation supply

19



5. RMS to DC Conversion Theorv

Definition of RMS

RMS or Root Mean Square 1s 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 of dec required to produce an equivalent amount of heat
in the same load. For example: an ac signal of 1 volt RMS will produce the same amount of
heat as in a resistor as a 1 volt dc signal. Defined Mathematically: the RMS value of a

voltage is defined as:

Ems = H

The above is a simplified formula-equivalent to the standard deviation of a 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 RMS to dc Conversion

Thermal conversion is the simplest method in theory, vet in practice, it is the most difficult
and expensive to implement. This method involves comparing the heating value of a
unknown ac signal to the heating value of a known 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 (R1), the power dissipated in these



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

Thermal Barrier

Heater Protection

Heater
Protection

Fivure 5.1. A Thermal RMS to d¢c Converter

Each thermal unit contains a stable, low-TC resistor (R1, R2) which is in contact with an
linear temperature to voltage converter (81, S2), an example of which would be a
thermocouple. The output voltage of S1 (§2) varies in proportion to the mean square of Vin,
the first order temperature/voltage ratio will vary as K Vin/R1.

The circuit of Figure 5.1 typically has very low error (approximately 0.1%) as well as wide
bandwidth. However, the fixed time constant of the thermal unit (R1 S1, 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.
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Direct or Explicit Computation

The most obvious method of computing RMS value is to perform 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 dypamic
range (10mV to 1V) would have a dynamic range 10 000 to | at the output of the squarer

(squarer output = ImV to 10volts).

These practical limitations restrict this methods to mputs which have a maximum of
approximately 10 : 1 dynamic range. System error can be as little as £ 0.1% of full scale
using a high quality multiplier and square rooter. 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 shown in Figure 5.3. Divided by the
average of the output, the average signal levels now vary linearly (instead of as the square)
with the RMS level of the input. This considerably increases the dynamic range of the

implicit circuit, as compared to explicit RMS circuits.

[
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Some advantages of implicit RMS computation over other methods are fewer components,
greater dvnamic 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_[ X + v | Vout

C
SQUARE T averace SQUARE-ROOT

Figure 5.2. The Explicit Computation Method

Vout

Z
Vin {
Y X R

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

computation method.



6. Circuit Description

The final design of the 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 with TTL output)

3. Analogue to Digital Converter

4. Microprocessor

5. Digital to Analogue Converter

6. Current Source.



start_sample

[ |
FSK Input 1|Analogue 1| ADC Micro || DACI1 Current
RX Source 1 Out 1
FSK Input 2| Analogue 2 DAC?2 Current
> ] Source2 [ | Out2
start sample
Figure 6.1 Block Dia vel Met

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

mA

voltage comparator will 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).

(B8
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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 1), the rectified signal
(Channel 2) and the start_sample pulses (Channel 3).

Isolation RMS to DC
Transformer  Amplifier Converter Amplifier

FSK To
input 1 ' | ADC

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 first 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

‘Ll‘”

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 “1” 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 10ms after the start sample signal

goes high and will then take ten samples while the level is constant. The ;':werage 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 of the unit in
the sub-stations and the availability of AC power. Most telecommunication 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 of designing switchmode PSU from scratch. The design of such a unit is a massive
project on its own. The unit used (CALEX 48T5.15UW), takes a 48V DC supply and

converts it to 5V and +/_15V DC with the following specifications :
¢ 5V DC output 800mA

o +15VDCoutput 150mA

e -15VDCoutput 150 mA
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FSK Analogue input design (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 transformer with a 1:1 ratio, to
decouple the circuit from the signal that has to be measured. A 600Q resistor is connected to
the secondary side of the transformer to provide a 600Q load to the source. This is done to

match the impedance on the communication line, without the loss of power.

The DC offset in the FSK signal is then blocked with a 0.1uF capacitor C1. The signal is then

amplified with a LM351 operational amplifier connected as a non-inverﬁﬁg amplifier.

A gain of 100 was chosen
Gain=R2_ =100
R3
choose R3 = 1kQ2
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, 0.1pF) and fed to the
RMS to DC converter (AD536A). The ADS36A is connected in a standard connection as
dcscriﬁed in Appendix BS. To minimise ripple on the supply rails, two 0.1pF capacitors (C4
and C5) are used to bypass both supplies (+15V and -15V) to ground as near the device as

possible. A 0.1uF capacitor was chosen for the filter capacitor (C3).



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-controller with the start_sample pulse.

Amplifier design:

A gain of 100 was chosen
Gain=R4 =100
RS
choose R4 = 100kQ
thus RS = 1kQ

A varniable 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-collector and is taken to +5V with a pull-up 1kQ resistor (R8).

Resistor ratio:
R7 = =x Were x is the compared voltage.
R6 +R7 5

R7 was chosen as 22k 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), itisa 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 of eight 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 definable. 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 / output signals were connected directly to the one

port (P1) 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. An4 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 SW1 is used to calibrate the output of the DAC. When
the éwﬁch is “on”, the 8751 will output logic “1””’s on all the bits of port P2 and P3. This
will enable the user to adjust the output of the current SOl;Ice to full scale (SmA), 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 of the 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 DACS800 lwas chosen for a DAC because of it’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 LF351
operational amplifier, connected as a current source, of which the output current is

proportional to the output of the DAC.

+ Vrer = Voltage at Pin 14

Iref = Current through R2

Rer=R2

Irs = Qutput Current at pin 4

Vout = Qutput voltage of DAC 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 R1 = 1.5 mA

R1=15-6.95
0.0015

=5.3kO

Choose 4.7k

Thus maximum current = 1.7 mA

Digital to Analogue Converter Design

The DACS800 is connected in a basic positive reference operation connection. {Figure 15 in

Appendix B3}

Choose R2 = 3.8k

Irs = Vier
R2

=695
3800

=1.82mA
Choose Vour = 5V

Rout = Vrer
Irs

=3
0.001829

=2.73k2



Choose a 2.2kQ (R4) resistor in series with a 2kQ variable resistor(VR1). 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), of which

the output current is directly proportional to the input voltage.

Non - Inverting Voltage (MAX.) =5V
Inverting Voltage (MAX.) =5V
Iout(max.) = SmA

Re=VN-

Tout

=3
0.005

=1kQ
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Power Supply Design

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

Standard bridge rectifiers, regulators, capacitors and transformer 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 SOV 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.

PSU Design:
Fuse (F1)

I=P
v

=85
48

= 0.177 A
Chose 150mA
R1=15-1.5

02
=675Q
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R3=5-1.
02
=1750Q

Chose resistor values:

e R1 =6800Q
s R2 =680Q
e R3 =1800Q

ANl 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:

1. Calibration of input circuits:

1.1 Switch the unit off.

1.2 Connect a Voltmeter to Test Point 1 (TP1)

1.3. Connect a Signal Generator to FSK input 1

1.4. Select the output of generator to 6002 terminated and 0dBm power
1.5. Select centre frequency of 3000Hz and bandwidth of 240Hz

1.6. Switch the unit on

1.7 Adjust VR3 that meter reads 1.1V

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

1.9 Repeat procedure with Input 2, VR1 and VR2

2. Calibration of the output circuits:

2.1. Switch the unit off

2.2 Connect a Ammeter tb Output 1 (Full Scale as near as possible to 5SmA)
2.3 Switch the unit on

2.4 Switch the calibrate switch on

2.5 Adjust VR6 that meter reads SmA

2.6 Switch of Calibrate switch

2.7 Repeat procedure with Output 2 and VRS.



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 of the 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:

0 to SmA =-20dBm to 6dBm
Thus

dBm output = (mA reading * 20) -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 t:
dBm Input mA output | Calculated | % Error
From Source dBm Output
-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
-10 247 -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:
dBm Input mA output Calculated % Error
From Source dBm Output
-20 0.02 -19.92 04
-18 0.4 -18.4 2.2
-16 0.94 -16.16 1
-14 1.47 -14.12 0.8
12 196 12,16 13
-10 2.49 -10.04 04
-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



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 of an 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 (+1.4V) is higher than the input signal

(220mV).

Problems encountered:
The circuit proved to be very accurate with constant level signals, but unusable with
polling signals. The duration of a 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 10ms, the ripple on the rectified signal was unacceptably high

at 18% (40mV with a2 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)
(1)
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

able 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 pf capacitor with a 180kQ 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 of the 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 1V (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 1.

Another big problem was that the samples from the ADC were not constant. It depends
on when during the poll it was sampled. The output of the DAC and constant current
source varied between 3.7 mA and 5 mA with a full scale input of 0dBm. The result

should have been a constant SmA output. The reason for this behaviour is that the



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 PTT to switch the MODEM on. The master keeps the MODEM at a “logic
1” 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.
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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 seht out by a Master
SCADA Station. The serial output of an 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:

Byte 1 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) = RTU 46 (Decimal)

10.2. The second byte defines 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.

=

MSB LSB

10.2.1.Bit 7:

Binary Value Meaning

1
0

General Poll re-transmit

10.2.2.BitOand 1

- VS I % B

Where :

General Poll discard
HEX Binary General Poll number
0 00 GPO
1 01 GP1
2 10 GP2
3 i1 GP3

GPO = Request priority 0 information only
GPO = Request priority 0 and 1 information
GPO = Request priority 0, 1 and 2 information

GPO0 = 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 of the 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 Comms Port *)
Mesbyte :Byte; (* Number of Bytes in TX Message *)
Check :Byte; (* PUTU Message Checksum *)
PutuAddr : Byte; (* PUTU Address *)
Genpole : Array [1..3] of Byte; (*General Pole Message*)
ClockStart : Longint;

(************#*#**#****************#*************#*#***#*****************#)

Procedure init8250; (* Initialize RS232 Port *)
* Putu RS232 Communication *)
* *)
(* Baud-rate = 200 *)
(* DataBits = 8 *)
(* Start Bits = 1 *)
(* StopBits = 1 *)
(* Parity = Odd *)
(* Baud Rate Devisor = 115200 / Baud-rate  *)
Begin
- PORT[COM+3] = $80; . (* Initialize Baud-rate devisor *)
PORT[COM] = $40; (* Output LSB Baud-rate devisor *)
PORT[COM+1] := $02; (* Output MSB Baud-rate devisor *)
PORT{COM+3] := $0B; (* Set up Line Control Register *)
PORT[COM+4] = $0B; (* Set up Modem Control Reg - *)
PORT[COM+1] = $01; (* Set up Interrupt-enable Reg *)
End;

(#*#**#*####*tt####t*t#**###**#*#****#*#t#**##*##tt###*#***t*##*t#**##t#**#)

Function GettimeVal : Longint;
Var

Hour, Minute, Second, Sec100 : Word,
Time : Longint;
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Begin
Gettime(Hour,Minute,Second,Sec100);
Time := ((Hour * 360000) + (Minute * 6000) + (Second * 100) + (Sec100));
GettimeVal ;= Time;

End;

(*******#**************#*********#************************#****************)

Procedure Startclock; (* Get Time ¥)
Begin

Clockstart := Gettimeval;
End;

(**************#*******#****#**#*********************t***t********¢*¢t*****)

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;

(#*##*##**#*********##**###*#***##*t**********##*****##*****#******#**#**#*)

Procedure Genpolpr; (* General Pole Procedure *)

Var
i : integer;

Begin
Check = Putuaddr XOR $03; (* Checksum *)
Genpole[1] := Putuaddr; (* Address Byte *)
Genpole[2] := $03; (* General Pole Byte *)
Genpole[3] := Check; (* Checksum Byte *)
Mesbyte :==3; (* Message Length *)
Move (Genpole,Message,3);
Senddata(3);

End;
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(**#***********************************************************************)

Begin (* Begin Main Program *)
Com = $3F8;
Init8250;
Putuaddr= $1;

End.
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Source Code for single channel sampling:
#pragma code debug objectextend small

#include <reg51.h> /* define 8051 registers */

#include <math.h>

bit do_sample;

sbit CONVST = 0x90;

sbit SCLK = 0x91;

shit TFS = 0x92;

sbit CAL_SWITCH = 0x93;
sbit RFS = 0x94;

sbit DATA OUT = 0x95;

sbit DATA_IN = 0x96;

sbit START_SAMPLE = 0x97,
#define DACI P2

void set_channel(unsigned char channel) {
bit adr_bit;
int1;

TFS =1;

SCLK=1;

TFS =0;

channel = (channel << 3) & 0x38;

for(I =0;1 <= 5;1++) {
SCLK=1;
if ((channel >> (5-1) & 1) = 1) adr_bit=1;
else adr_bit=0;
DATA IN = adr_bit;
SCLK=0; '

3

SCLK=1;

TFS =1;

}

int get_sample(unsigned char channel) {
imI;

int data in;

unsigned char data_in_A;

unsigned char data_in B;

set_channel(channel);

CONVST=1;
 RFS=1;

SCLK=1;
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CONVST =0;
DATA OUT =1;
CONVST=1;
data_in=0;

data in A=0;
data in B=0;

for(1=0;1 <=2;I4++);
RFS=0;
for(I=0;1 <=3;I++) {
SCLK =1; .
SCLK =0
) ]
for(I = 0;1 <= 3;I++) {
SCLK =1;
SCLK =0;
if DATA_OUT) {
data_in A=data in A|(1<<(3-1));
}
3
for(I1 = 0;1 <= 7;14++) {
SCLK =1;
SCLK =0;
if (DATA_OUT) {
data_in B=data _in B{(1 <<(7-1I)};
) _
}
RFS=1;
SCLK=1;
data_in = ((int)}((int)data_in_A * (int)256) + (int)data_in_B);

return(data_in);
}

long total_sample;
inti;

float volt;

float dBm;

unsigned char ma out;

void delay (int n){

int i;

for (i =0; i<=n; i++)
{
}



mam() { /* main program */

while(1) {
if(CAL_SWITCH) {
DACI1 = OxFF;
}
else {
while (Ido_sample){ * check for trigger pulse */
while (START_SAMPLE); /* must be 10ms long */
while (START SAMPLE);
delay (500); /* 10ms delay */
if (START SAMPLE) do sample=1;
else do_sample = 0;
}
total_sample = 0;
for(i=0;i<10;i+H){
total_sample +=get sample(1);
}
}

volt = (((float)total_sample/10.0) / 2048.0) * 10.0;
dbm =20.0 * 10g10(98.9¢-3 * volt);

ma_out = (unsigned char)(((20 + dbm) / 20) * 256.0);
DAC1 =ma_out;

do_sample =0,
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Source Code for double channel sampling:

#pragma code debug objectextend small

#include <reg51.h> /* define 8051 registers */

#include <math.h>

sbit CONVST = 0x90;

sbit SCLK = 0x91;

sbit TFS = 0x92; _
sbit CAL, SWITCH = 0x94;
sbit RFS = 0x93;

sbit DATA OUT = 0x95;
sbit DATA _IN = 0x96;

sbit START SAMPLE = 0x97;
sbit STARTO = 0x80;

shit STARTI1 = 0x81;
#define DAC1 P2

#define DAC2 P3

void set_channel(unsigned char channel) {
bit adr_bit;
inti;

TFS=1;
SCLK =1;
TFS =0;
channe} = (channel << 3) & 0x38;
for(I=0;1 <= 5;I++) {
SCLK = 1;
if ((channel >> (5 -I) & 1) = 1) adr_bit = I;
else adr bit=0;
DATA IN =adr bit;
SCLK =0;
}
SCLK =1;
TFS=1;
}

int get sample(unsigned char channel) {
intl;

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 =0;
DATA OUT=1;
CONVST=1;
data in=10;
data in A=0;
data in B=0;

for(I=0;1 <= 2;I++);
RFS =0, :
for(I = 0;I <= 3;1++) {
SCLK =1;
SCLK =0;
h
for(I=0;1 <= 3;I++) {
SCLK=1;
SCLK =0;
if (DATA _OUT) {
data in A=data in A|(1 <<(3-D);
}
} .
for(I = 0;1 <= 7;1++) {
SCLK =1;
SCLK =0;
if (DATA_OUT) {
data in B=data_in B (1 <<(7-1));
}
}
RFS=1;
SCLK=1;
“data_in = ((int)((int)data_in_A * (int)256) + (int)data_in_B);

reﬁnm(dam'_in);

void delay (int timeout){

inti;

for (i = 0; i<= timeout; i++)
{
}

bit wait_trigger{unsigned char channel, int timeout)



{

bit saved_state;
int ms5;

ms5=0;
switch(channel)
{
case 0x00Q:
- saved_state = STARTO;
while(1)

{ ,
if ((STARTO !=saved_state) && (saved_state — 0)) /* 0 to 1 trans */
{

delay(500); /* wait 10 ms */
if (STARTO) /¥ still high 7 */
{
return(1);
}
}
else
{ .
saved state = STARTO;
delay(250); /* wait 5 ms */
msS++;
if (ms5 > timeout)
{
return{0);
}
}
}
break;
case 0x01:-
saved state = START]I;
while(1)
{
if ((STARTI1 !=saved_state) && (saved_state = 0)) /* Oto | trans */
{
delay(500); /* wait 10 ms */
if (STARTI) /* still high ? */
{
return{1);
}

}

clse

{ :
saved state = STARTI;
delay(250); /* wait 5 ms */
ms3++;
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if (ms5 > timeout)
{
return(0);
}
}
1
break;
3
}

void do_conversion(unsigned char channel)

{

long total sample;

int 1;

float volt, dbm;
unsigned char ma_out;

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

{

/* acquire 10 samples */

total_sample += get_sample(channel);

}

volt = (((float)total sample/10.0) / 2048) * 10;
dbm =20.0 * 1og10(98.9¢-3 * volt);
ma_out = (unsigned char)(((20 + dbm) / 20) * 256.0);

switch (channel)
{
case 0x00:
DACI1 =ma_out;
break;
case 0x01:
DAC2=ma out;
break;
1
}

main ()

{
while(1)
{

{

" DACI = 0xfT;
DAC2 = 0xfF;
}

if (CAL_SWITCH)

else

B
if (wait_trigger(1, 2000))

/* timeout in 5ms intervals */



{

do_conversion(1);

}
if (wait_trigger(0, 2000))

{

do_conversion(0);

}
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11. Synthesis and recommendations

The final version of the 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 of a crash

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

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

¢ Update TX and RX levels
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¢ Update alarm condition
4 Sent remote control

4 Test

Each message will have to get a unique structure and the structure will have to be of such a
nature that it will not liﬁﬁt later enhancements or changes to the micro-RTU. It must be
stressed that a communicatibn 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 SPM31) 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 of band-pass filters will have to 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 of the RX and TX lines, looking for data corruption. The problem here will
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be that different makes of RTU’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 of the 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 install 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.l. Installation Procedure

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

communication between the RTU and the communication equipment.

The way to do this is to introduce splitters in the RX and TX lines. An splitter take one 6000
signal and spl{t this into four 600 Q signals with the same power. The reason for this is that
you can connect more than one 600 Q tenminated device onto a 600 Q terminated

communication 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 of two 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 of the
3U rack. An short 4-wire cable connects the PSU board and the micro-controller board on the
front panels of the two cards. ihis 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.

Nommally the splitters are also housed in the 3U rack and connected to the IDF via cables from
the backplane of the 3U rack. The communication 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. SPM31), to verify that the connections were made correctly.

The RTU 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 of 0 to

SmA = -20dBm to 0dBm.

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

correctly the unit should work.

- Fault finding:
If the unit is not working check the following:
12.1. Check if the unit is switched on
12.2 Measure for the 50V supply voltage
If it is absent, check the 50V cable connection between the backplane and 50V DC
supply from the batteries.
12.3. Measure for the +5V, -15V and +15V supplies
If it is absent, check the fuse on the PSU card and the cable connection between the
PSU card and the micro-controlier card.
12.4. Measure if the TX and RX signals at the level meter
If this is absent or the incorrect level, check all jumper wire connections on the IDF

and all cable connections between equipment and IDF
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12.5. Measure if there 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.

If the 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
Equipment -
e.g.
1. Power Line Carrier
2. Microwave Channel

3. Radio Channel

RX

™

Diagram 12.1. Level Meter Connection to Communication Equipment

. MODEM
Splitter TX
— RTU
MODEM
RX
Splitter
Analogue Inputs
AN 1 AN 2
Cut1 Cut2
Analogue
FSK 4 Outputs
FSK
Inputs Level Meter
FSK2
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Abbreviation

AC
ADC
DAC
DC
FDM
FSK
VO Port
kV

MODEM
Myvar

A.2 Glossary of Terms

Meaning

Alternating Current

Analogue to Digital Converter
Digital to Analogue Converter
Direct Current

Frequency division multiplexing
Frequency Shift Key

Input / Output Port

Kilo Volts

Mili Ampere

Modulator Demodulator
Mega Var.

Mega watt

Personnel Computer

Power Supply Unit

Random Access Memory
Read Only Memory

Remote Terminal Unit
Receive

Supervisory, Control and Data acquisition
Time division multiplexing
Transmit
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A.4. Test Equipment used

Equipment Make Serial Number | Specifications
Oscilloscope Tektronix TDS 420 B012122 See calibration
setificate
Oscilloscope probe 1 | P6138 None 350MHz 10pF
Oscilloscope probe 2 | P6138 10MQ 10 : 1
Oscilloscope probe 3 | P6138
Oscilloscope probe 4 | P6138
Multimeter Fluke 8060A ESK44 See calibration
sertificate
Level Meter Wandel u Goltermann | 406274 K See Calibration
SPM -9 Sertificate
Input : 220 V AC
Power Supply Phillips WB 9230 Outputs:

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

MODEM TELKOR 610428 0 - -20dBm output

FAM 200 600Q termination
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A.5. Calibration Certificates
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B.1. Level Meter Circuit Diagram
B.2. PCB layout
B.3. Component Layout

B.4. Component List

Appendix B
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C.1.LF 351 OP Amp

C.2. AD7890A ADC

C.3. DAC 0800

C.4. 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 DC/DC Converter

X
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ESKOM
ESKOM CALIBRATION SERVICE

PM DISTRIBUTOR GROUP CAPE DIVISION

]
| METROLOGY STANDARDS LABORATORY

[

CERTIFICATE OF CALIBRATION

-~

This certiticate is 1$5ued to -

£SCOM

Ti¢C

SYSTEM PERrORUANCE
Telephone ao ; X 3366

10 compites 1n fuiy with the conditions of the
asorovat granted oy the Eskom Calibration Service. It 15 @ carrect
recora of the measuresents eade. This certificate may not 0e reproguced
Giner {sen in fuii exzceot with writlen zporoval of the issuing ladoratory.

CERTIFICATE No: SL10154/ O1

/‘
DATE OF ISSUE : 12-04-96 7 ey
PAGE 1 OF 4 PAGES " HEAD /o% LABORATORY:ZW DE WITT

ACKEMFELL PO Box 222, BRACKENFELL, 7560 : TEL (021} S80-3294
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ESKOM

CALIBRATION OF OSCILLOSCOPE

MAKE : TEKTRONIX
MODEL/TYPF : TDS420
INSTRUMENT NUMBER : 12122
CALIBRATED FOR : ESCOM
CALIBRATION PROCEDURE No : SEE PAGE 3
CALIBRATION EGQUIPMENT " 1 MSL 078

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

Uncertainties ot measurements are quoted in terms of a 95 &
Contidence Level.

L3

The values in this certiticate are correct at the time of
calibration. Subsequently the accuracy will depend on such
factors as ithe care exercised in handling and use of the
instrument, and the treaquency of use. Recalibration should be .
periormed atter a period which has been chosen to ensure that the
instrument’s accuracy remains within the prescribed limits.

Recommended due date :12-04-97 -

CERTIFICATE No: SL10154/ 91'

/
DATE OF ISSUE : 12-04-96 7 )
PAGE 2 OF 4 PAGES | CALﬁﬁ%ATED BY:ZW DE WITT
/4
/

-
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ESKOM

1. PROCEDURE

The instrument was calibrated in terms ot laboratory standard.,
the accuracies ot which were traceable to national measuring
standards maintained at the CSIR.

2. RESULTS

2.1 _TIMEBASE CALIBRATION

Setting (%) Error

(S} CH 1
2 n 0,0
5n 0,0
10 n 0,0
20 n 0,0
50 n 0,0
0,1 u 0.0
0,2 0,0
0,5 u 0,0

« . 1,0 u 0,0
2,0 ¢ 0,0
S5 u 0,0
10 u G,0
20 u g,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
5,0m 0,0
10m 0,0. °
200 m .0
50 m 0,0 )
0,1 0.0
0,2 0,0
0,5 0,0

Uncertainiy ot measurements: * 0,5 %

CERTIFICATE No: SL10154/01

DATE OF ISSUE : 12-04-96 7 Py 4
PAGE 3 OF & PAGES B CAu;éATED BY:ZW DE WITT
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ESKOM

2.2 _AMPLITUDE_CAL IBRATION

{%) Error
Applied Setting :
(V) (V) Chan 1 Chan 2 Chan 3 Chan 4
10 m 2 m 0,0 - 0,2 - 0,1 c,0
20 m 5m - 0,4 0,0 0,0 0,0
50 m 10 m - 0,1 - 0,2 0,0 Q,0
0,1 20m - 0,3 - 0,4 0,0 - 0,1
0.2 50 m - 0,3 - 0.4 0.0 - 90,2
0,5 G.1t - 0,2 - 0,2 0,0 0,0
i 0,2 - 0,1 - 0,4 - 0,1 G,0
2 0.5 - 0,1 - 0,2 0,0 0,0
5 1 - 0,1 0,0 - 0,1 0,0
10 2 0,0 0,0 - 0,2 + 0,1
20 5 0.0 0.0 - 0,1 + 0,2
50 10 0,0 0,0 - 0,2 0,0
Uncertainty of measurement: * 1 %
2.3 BANDWIDTH VERIFICATION (100 mV)
The — 3 dB point ot Chan 1 = > 234 MHz
Chan 2 = > 230 MHZ
Chan 3 = > 239 MHz
Chan 4 = > 239 MHz

Uncertainiv ot megasurement: * 5 %

3., REMARKS -

-

3.1 Tests were done to contirm correct operation ot ali
funciions. on ali ranges, of the instrument.

3.2 The instrument performed to wiithin the manutacturers accuracy
s iTicarion.,

LERTIFICATIE NOo: SL10154/M
| — ~
DATE OF ISSUE : 12-04-96 ;' J-/~rj/
| £
PAGE 4 OF 4 PAGES CT;}BRATED BY:ZW DE WITT

V4
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ESKOM
ESKOM CALIBRATION SERVICE

KOM DISTRIBUTOR GROUP CAPE DIVISION

i METROLOGY STANDARDS LABORATORY

CERTIFICATE OF CALIBRATION

This certificate 15 issued to -

tSi0N
T4¢
SYSTEM PERFORMANCE
Telephone no : X 3366
v compliies in fuil with tre conditions of tne
approvai granied oy the Eskem Caiidration Service. 1t is 2 correct

record of tme measurements made. This certificate mav not pe-reprocuced
oiher than in full except with written approval of the issuing izboratory.

CERTIFICATE No: SL10155/ 01

DATF OQF ISSUE : 26-04-8%

PAGE t OF 4 PAGES HEAD OF ' LABORATORY:ZW DE WITT

BRACKENFELL PO Box 222, BRACKENFELL., 7560 t ATEL (021) S80-~3294



ESKOM
CALIBRATION OF SELECTIVE LEVEL METER

MAKE : WRG
MODEL/ TYPE | . SPMg
INSTRUMENT NUMBER . 406274
CALIBRATED FOR . ESCOM

CALIBRATION PROCEDURE No : SEE PAGE 3

CALTBRATION EQUIPMENT : MSL 136, 076 & 104,M

The laboratory is environmentally controlled at a Temperature of
230C +/— 2,C and a Relative Humidity between 35% and 60%.

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

The values in this certificate are correct at the time of
calibration. Subsequently the accuracy will depend on such
taciors as the care exercised in handliing and use of the
instrument, and the fregquency ot use. Recalibration should be
performed atter a period which has been chosen to ensure that the
instrumeni’s accuracy remains within the prescriped iimits.

Recommended due date :26—-04-97

CERTIFICATE No: SLi10155/ 01

DATE OF ISSUE : 26-04-96

PAGE 2 OF 4 PAGES a CALIBRATED BY:ZW DE WITT

s
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5 ESKOM

PROCEDURE

The +instrument was calibrated in terms ot laboratory standards,
the accuracies ot which were traceable to nationat measuring
sTasngards maintained at the CSIR.

2. RESULTS

2.1 RECEIVER RESPONCE VERIFICATION

____BX_SCALE LINEARITY CHECK (Coax)

2.1.1 Instrument Range setting: 1 dB

Applied trequencies: 10 kHz, 100 kHz

Applied dBm Indicated dBm
600Q (Bal)}) 150Q (Bal)
- 0,50 - 0,48 - 0,46
0,00 + 0.02 + 0,05
+ 0,10 + 0,12 + 0,13
+ 0,20 + 0,23 + 6,22
+ 0,30 + 0,32 + 0,34
+ 0,40 + (0,39 + 0,41
N . + 0,50 + 0,50 + 0,52
+ 1,00 + 1,02 + 1,03

Uncertainty ot measurement: + 0,01 dB

2.1.2_Range veritication

Applied trequencies: 10 KHz, 100 kHz

ADplied dBm Indicated dBm
6004 (Bal} 1500 (Bal)

+ 10,00 + 10,08 +_1G,06

0.00 + 0,02 + 0,05
- 10.00 - 10,96 - 9,94
- 20.00 - 20,97 - 19,985
- 30,00 - 30,97 - 29,96

- 40,00 - 40,01 - 40,94

Uncertainty of measuremeni: % 0,1 dB

CERTIFICATE No: SL10155/01

o

ODATE OF ISSUE : 26-04-96 - ey

£ P

L3

PAGE 3 OF 4 PAGES CALIBRATED BY:ZW DE WITT
/

-~

86



ESKOM

NPUT_ FREQUENCY CHECK

2.2 RX
Instrument settings (Selective :60 Hz)

Applied Frequency DUT Indicated freguency

{Hz ) (Hz)
1.0000 K 1,00 k
33,0000 K 3,00 K
5,0000 kK 5,00 k

10,0000 k 10,00 K
12,5000 K 12,50 K
15,0000 Kk 15.00 kK
37.5000 Kk 17,50 k
20,0000 Kk 20.00 K
100,0000 K 100,00 k

Uncertainty of measurement: =1 in 10-3 +t + 1 Hz

3 REMARKS

None.

CERTIF#1CATE NO: SLIOISS(G}

DATE OF ISSUE : 26-04-96 - L

-

PAGE 4 OF 4 PAGES CALIBRATED BY:ZW DE WITT
ﬁ.’
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B.1. Level Meter Circuit Diagram
B.2. PCB layout
B.3. Component Layout

B.4. Component List

A

endix B
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B.4. Component List

Power Supply

Resistors

Rl 6300/ W

R2 6800/ W

R3 180/ W

Semiconductaors

LED1 RED 3mm

LED2 RED 3mm

LED 3 . RED 3mm

Calex 48T5.15W DC/DC Converter

Miscellapeous

SW1 SPST Miniature Toggle Switch

Fi 20mm Panel Mount Fuse Holder + 150mA Fuse
CONNO1 32Pin PC MOUNT EDGE Connector
3 X 3mm LD Holders

PC Board / Front Panne!




Level Meter

Resistors

Rl 5k6 /W

R2, R3, R9Y, R10 1Ik2 /%W

R6,R13 470K /W

R4,R5, R8, R11,R12, R15,R17, R22 IK /W

R7,R14 2K /W

Ri6, R21 2K2 MW
R18,R19,R23,R24 3K8 /W

R20,R25 4K7 I W

Variable Resistors

VRI, VR2, VR3, VR4, 100K Muttiturn 20T/ Top
VRS, VRS 2K Multimm 20T / Top
Capacitors

Cl, C3, C7,C8,C9, C10, Cl11, C12, C13, Cl4, 100nF
C15,C16,C17,C18,C20,C21

c2 47uF Elec

C4 10uF Elec

C5,C6 47pF

C19,C22 10nF

Semiconductors

Ul AD78%0

Uz .. 8751

U3, U5, U7, U9, U12, Ul6 LF351

U4, U8 ADS36A

U6, U10 1M311

Uil Uls DACO0800

Ul13,ul4 LM3999

Miscellaneous

TP1, TP2, TP3, TP4, TP3, TP6 Test Pins

T1, T2 I : 1 Isolation Tranformer 251 - AG(
CON32 32Pm PC MOUNT EDGE Connector
Yl i2mhz Crystal -
SPINIC Socket X 8

14 PIN IC Socket X 2

16 PIN IC Socket X 2

24 PIN IC Socket X 1

40 PIN IC Socket X 1

PC Board / Front Pannel
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Appendix C

C.1.LF 351 OP Amp

C.2. DAC 0800

C.3. 8751 Microcontroller

C.4. AD536A True RMS-to-DC Converter
C.5. LM 311 Voltage Comparator

C.6. LM3999 Precisiog Reference

C.7. LM 7915 Regulator

C.8. LM 7805 7/ LM 7815 Regulator

C.9. Calex 4875 DC/DC Converter
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192
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201

204
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Semiconductor

LF351 Wide Bandwidth JFET
Input Operational Amplifier

General Description

The LF351 is a low cost high speed JFET input apera-
tiona) amplifier with an internally trimmed input offset
voltage (BI-FET ™ technology). The device requires a
tow supply current and yet maintains a large gain band-
width product and a fast slew rate. In addition, weil
matched high voltage JFET input devices provide very
low input bias and offset currents. The LF351 is pin
compatible with the standard LM741 and uses the same
offse! voltage adjustment circuitry. This feature aliows
designers to immediately upgrade the overall perior-
mance of existing LM741 designs.

The LFA51 may be used in applications such as high
speed integrators, fast VA converters, sample-and-hold
circults and many other circuits requiring kow input
offset voltage, low input bias current, high input imped-
ance, high slew rate and wide bandwidth. The device
has low noise and oftset voltage drift, but for applica-

Operational Amplifiers/Buffers

BI-FET ur™ Yechnology

tions where these requirements are critical, the LF356 s
recommended. If maximum supply current s Important,
however, the LF351 is the better choice.

Features

B Internaliy trimmed offset voitage . 10mv
= {owinput bias current S0pA
® Lowinput noise voltage 16nVNH2
= Low input nolse current 0.01 pANHZ
= Wide gain bandwidth 4MHz
» High slewrate 13Vis
& Low supply current 1AmA
® High inpul impedance 10129
w Low total harmonic distortion Ay = 10, <0.02%

Ry =10k, Vg = 20Vp-p, BW = 20H2-20kHz

a Low 1 nolse corner S0Hz
a Fast settiing time 1o 0.01% 2us

Typical Connection

Connection Diagrams (Tep Views!
Metal Can Packaoce

Qroer Number LFIS1H
See NS Package HO8C

Y O

Simplified Schematic

TOP ViEw

Orger Number LFISTN
See NS Package NOBA




Absolute Maximum Ratings
Supply Voltage =18V
Power Dissipation (Nota 7) 500 mwW
Operating Temperature Range 0*Cio +70°C
TiMax)y 115°C
Differential input Voltage =30V
Input Voitage Range (Note 2} ) =15V
OQutput Short Circuit Buration Continuous
Storage Temperature Range —-65*Cto +150°C
Lead Temperature {Soldering. 10 seconds) 300°C
DC Hectrical Characteristics ote 3
TIONS LF351
SYMBOL PARAMETER COND! MIN v MAX UNITS
Vos Inpyt Otfset Voltage RAg =10k, Ty =25°C S 10 my
_ Over Temperature 13 mv
AVoglaT Average TC of tnput Offset Rg = 10xQ 10 WITC
Voltage
los Input Offset Current Tj=25°C, (Notes 3, 4) el 100 pA
T < T0*C 4 nA
Ig Input Bias Current Tj=25"C. (Notes 3, 4) 50 200 pA
T‘ < 70'C 8 : nA
Rin Input Resistance Tj=28°C 1012 o
AvoL Large Signal Voltage Gain Vg= =15V, Tp =25°C 25 100 vimy
Vo= =10V, A =2kQ
~ Ovet Temperature 15 vimy
Vo Qutput Voltage Swing ¥g= =15V, A =10k =12 =135 v
Veum Input Common-Mode Voltage Vg= =15V =11 +15 v
Range ~12 A )
CMRA Common-Mode Rejection Ratic Ag € 10kQ 70 100 dB
PSRR Supply Voltage Rejection Ratio {Note 5) 0 100 d¢B
ig Supply Cumrent 1.8 ls mA
AC Hectrical Characteristics mote 3
CONDITIONS L
SYMBOL PARAMETER MIN e MAX UNITS
SA Siew Aate Vg= =15V, Tp=25°C 13 Vius
GBW Gain Bandwidin Product Vgs =15V, Ta=25"C F MHz
€n Equivalent Input Noise Voltage | Tp=25°C, Rg=100Q. 16 VWD
1 =1000Hz ‘
in Equivalent input Noise Cutrent T;=25°C, ¢ = 1000 Hz 0.m pANHL
Note 1- For operating at eievated temperatwre, the Oevice must be derated Dased on 2 thermal resistance of 150 "C/W junclion 1o ambient
or 45°CNh¥ junction to case.
Nate 2 Uniess otherwise specified the at tive input voltage is aguat to the negative power supply voitage
Note X These specifications apply for Vg= =15Vand 0°C < TA € +70°C. Vs, ip and iog are measured 21 VoM =08
Nots 4 The input bias cwrents are junction keakage currents which apwoximatety double for every b v maease in the junction tem-
perature, T; Due 1o Ihe limited procducton test ime, the input bias cumments measured are cometated 1o § ture. I noemal
operation the funclion temperalure ris s above the ambient temperature 25 2 result of intemal power aissipation. Po. T;=Ta +8ja Pp
where 83 is the thermal resistance from junction to ambient. Use of a heal sink is recommenoed if input bias current is 1o be ket t0 2
minynum,
Nots 5 Suppiy voltage rejection ratio is measured for both supply magniludes i ing or & ¢ simyllznecusly in accorgance
with common practice. *
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Typical Performance Characteristics (Continued)
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Pulse Response

Small Sigmal knverting

QUTPUT VOLTASE SWIND (S0 mV/0IV)

TIME {0.2 :2/DIV)

Large Signal lewerting

OUTPUT VOLTAGE SWING (5V/DIV)

TIME 2 p2/DIV)

OUTPUT VOLTAGE SWING (1v/DIV]

Appilication Hints

Tre LF351 &= an 0D 3mp with an internally trimmed
input offservoluage and JFET input devices {B1-FET 1IT™),
These JFETs have large reverse breakdown voltages from
gate 10 source and drain eliminating the need for clamps
across the inputs. Therefore, large differential inpuy
wallages can easity be acCommodisted without 3 large
increase in imput current. The maximum differensat
input voitage is independent of the supply voltages.
However, neither of the inpul voftages should be

TIME (5 ;/DIV}

Small Signal Non-Inverting

OUTPUT VOLTAGE SWING (50 mV/DIV)

TIME (0.2 4TIV}

Large Signat Non-Inverting

OUTPUT VOLTAGE SWING (SV/DIV]

TIME [2 45/D1V)

Current Limit {R,_ = 10052)

aliowed 10 exceed the negauve supply & this will cause
large currents 10 flow wiich can result in 3 destroyed
unit

Exceeding the negative common-mode limit on ether
mnput will cause 3 reversal of the phase 10 the output
and force the amplif:er ouiput 10 the cormesponding
high or iow s13te. Exceeding the negative common-mode
limit on both nputs witl force the amplifier output o a
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Application Hints icontinued)

high state. In neither case does a [aich occur since
raising the input back within the common-mode range
again puts the input stage and thus the ampiifier in a
neemal operating mode.

Exceeding the potitive common-mode Timit on 2 singe
input will not change the phase of the cutput; however,
if bath inputs excead the limit, the output of the ampli-
fier wiil be forced to @ high state.

The amplifier will operate with 8 common-mode input
voitage equal to the positive suoply; however, the gain
bandwidth and siew rate may be decreased in this condi-
tion. When the negative common-mode voltage swings
1 within 3V of the negarive supply, an increase in input
offset voltage may ocour.

The LF351 is biased by 3 zener reference which allows
norma circuit operation on 24V power supplies. Supply
voitages less than these may result in lower gain band:
width and slew rate.

The LF3I51 wall drive a 2 k6 10ad resistance to 210V
aver the full Temperature range of 0°C 10 +70°C. If the
amplifier is forced 10 drive heavier load currents, how
evel, an increase in input otfset voltage may occur on
the negative voltage swing and finally reach an active
- current limit on both positive and negative swings.
Precastions should be taken to ensure that the power
supply for the integrated circuit never becomes reversed
in polarity or that the unit is not inadvertemtly installed

Detailed Schematic

backwards in a socket as an unlimited current Surge
through the resulting forward diode within the IC could
cause fusing of the internal conductors and resuit in a
destroyed unit

Because these amplifiers are JFET rather than MQSFET
input op amps they do not require special handling.

As with most amplifiers, care should be taken with lead
dress, component placement and supply decoupling in
order to ensure stability. For example, resistors from the
output to an input should be placed with the body close
to the iNput 10 Minimize *“pick-up™ and maximize the
frequency of the feedback pole by minimizing the
capacitance from the input 10 ground.

A feedback pole is created when the feedback around
any amplifier is resistive. The paraliel resistance and
capacitance from the input of the device {usually the
inverting input) to AC ground set the frequency of the
pole. In many instances the frequency of this pole is
much greater than the expected 3 dB frequency of the
closed loop gain and consequently there is negligible
effect on stability margin. However, if the feedback
pole is less than spproximately 6 times the expercted
3 dB frequency a lead capacitor shouid be placed from
the output 10 the input of the op amp. The value of the
added capacitor shouid be such that the RC time con-
stant of this tapacitor and the resistance it paraliels
is greater than or equal to the giginal feedback pole
time constant.

Ve O

an .
- ns
Sn

1] ]
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Typical Applications

&
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HAH Vo

« | Uttra-Low lor High} Duty Cycie Pulse Generstor

e n
HEIE "

P GUTPUT

‘

48 -2Vg
* QuUTPUT HIGH ~ R1CRe

48 ~Vg
2vg - 18

. Igmnﬂm"ﬂxln
vg—1E

where Vg =V + VT

* ow Wakage cagacitos |

Supply Current Indicator/Limiter

a TOSYSTEMSUPLY
7 VOLTAGE CONNECTION

s VouT Pwitches high when Rglg > v

plus any I T ] interscts
weith check and undetirpble
bhigh 1 Y pole. Ta wpensare, wdd C2 guch
that: A2C2 m AICT.

Long Time lategrator
v
NESET
WTEGRATE 0o s
Vi O AAr—g

H¥Z g tnverting Amplifier

Parmitic npul uuuw-u Ci=D pF for LFas1
d isyout

* Low leakage cavacitor
* 50k pot used for ket sensitaee V05 adjust
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Semiconductor

ADCO0800 8-Bit A/D Converter

AtoD,Dto A

General Description Features .
The ADCOB0QO is an B-bit monolithic A/D converter = [ ow cost
wsing P-channel ijon-implanted MOS tzchnology. It ® *5VY, 10V input ranges
m&sehigl’ihmimpedmmparalta_,ﬁ = No missing codes
series resistors and snalog swirches, control logic ; . ;
output latches. Conversion is performed using a succes- ® Ratiomewic conversion
sive approximation technique where the unknown & TRI-STATE cutputs )
anzlog voltage is compared to the resistor tie point a Fast Te=5S0s
using analog switches. When the appropriate tie point ® Contains output latches
voltage matches the unknown voltage, conversion is & TTL compatible
complets and the digital outputs contain an B-bit com-
plementary binary word corresponding to the un- .- Suppllvroluges 5Vpeand "‘2"[?5
known. The binary output is TRI-STATE® to permit = Hf” "."m 8 hits
bussing on common data fines, ® Linearity 1158
’ u  Conversion speed 40 clock periods
The ADCOSIOPD is specified over —55°C 10 +125°C = Clock range 50 10 800 kMHz
and the ADCOS0OPCD is specified over 0°C to 70°C.
Block Diagram
Vsg
eu0s
RAETRORK 200V
- Qs O
r o
. ! AH00Y l
| [ =
I l ] - L 4 l
2568 L
e WETWORK I _L
[ l —_— — ] & STARY
3 e I_Ocouv:ﬂsou
l i g ANALDG I SELECTION
I I SWITCHES . AND
—_— ] ONTAGL
I l ! Q_...._"'l' 1 Lasc I _
ENO OF
l ] I : l ‘—l—o' CONVERSION
e whow Sy |
k]
I |s|§ I l r T ;
<
o WL l t
l T 1 i1
I v L d -l
7 TRISTATES
, ouTRUT
I T EMAILE
s u o0
. MGITAL GROUND
by S - ‘}H H -
5 . o (3|2 sTpsfsags
o]
ANETWORK Vg P 1254
BaTTOR ARALDE COMPLEMENTARY
weuT DIGITAL DUTPUT
00000000 » +full-scaie]
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Absolute Maximum Ratings
Supply Voitage (VoD Vgs—22V
Supply Valtage (VGG) Vss—22v
Voltage at Any Input Vs + 0.3V 1o Vgg—22V
Storage Temparature . 150°C
Operating Temperature
ADCOBOOPD —58°C o +125'C
ADCD200PCD ' 0*Co+70°C
Lead Temperature {Soldering, 10 seconds! 3p0°C
Electrical Characteristics .
These specifications apply for Vgg = 5.0 Vpo. VGG = ~12.0 Vpe, VDp = © VDL a reference voltage of 10.000 Vo acr
the en-chip R-network (VENETWORK TOP = 5.000 Vpr and VR.NETWORK BOTTOM = --5.000 Vpel, and a clock fre-
quency of 800 kHz. For all vests, 2 4755 resistor is used from pin 5 10 ground. Unless atherwise noted, these specifications apply
over an ambient temperature range of —55°C 1o +125"C for the ADCOS00PD and 0°C 10 +70°C for the ADCOS0OPCD.
PARAMETER CONDITIONS MIN TYP MAX UNITS
Non-Linearity Tpa = 25°C, (Note i} 21 LS8
' Over Temperature, (Note 1) *2 LS8
Differential Non-Linearity =112 LS8
Zero Error *3 Lsa
Zero Error Temperature Coefficiens {Note 20 0.0t %r'c
Fult-Scale Ervor *2 LS8
Fult-Scale Error Temperature Coefficient [ [Note 2} 0.01 %/ c
Inpu'tt Leakage 1 EA
Logical “17 knpuit-Voltage All Inputs [Vgs—1.0 Vssg v
Logical 0" Input Voitage Al Inputs vGa& Vegs4.2 v
Logical Input Leakage Ta®25°C, All inputs, Vi~ 1 BA
Vgg — 10V
Logical ~17 Qurput Voltage Alf Outputs, 0 = 100 uA 24 v
Logical “0" Output Voliage All Qutputs, IO = 1.6 mA 08
Disabled Output Leakage Ta* 25°C, A Qutputs, VoL = nA
Vg € 10V
Clock Freguency 0 CLTAS+I0°C 50 800 kM2
-S5'C< TAS+125°C 100 500 kHz
Ciock Pulse Dty Cycle 40 60 %
TRI-STATE Enable/Oisable Time - B | L]
Start Conversion Pulse {Note 3) 1 3112 Clock
Period
Power Supply Current Tao=25C 20 mA
Nots T: Nondinewity specificetions sre based on begt straight line,
Note 2@ Guesrsnmeed by desgn only.
Notr 3: SIwT cormersion pulse Surstion gresTer than 3 3/7 Clock perands will RIS DOrrrsrsion mrins.
—
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Timing Diagram

s JUTUUUUTULIL

*5Y ———
STAAT
CONVERSION i

o T ]

Enssi 7{-: BL'
DaTa ‘:-—"--—nu-u-frb-—-—-"’_{: !}‘:“

EWAFLE ' DESARLE !
BELAY DELAY

Data i ¢complementary dinary (tyl scate & all “0's™ outpus],

Application Hints
OPERATION

The ADCOS00 conuins a netwark with 256-300Q
resistors in series, Analog switch taps are made at the
junction of each resistor and at each end of the net-
wock. In operation, a reference {10.00V) is applied
acrass this network of 256 resistors. An analog input
{Vin! & first compared 10 the center point of the
ladder via the appropriate switch. 11 VN is larger than
VREF/Z. the internal logic changes the switch points
and now compares ViN and 3/4 VRgF. This proces,
known & successive approximation, continues until the
best match of Vi and VREF/N & made. N now defines
a specific tap on the resistor network, When the conver.
sion is complete, the logic [oads 3 binary word comes-
ponding 10 this 1ap inte the output latch and an end of
conversion (EQC) logic level appears. The output latches
hoid this data valid until 3 new conversion is completed
and rew data is loaded into the latches. The dats vransfer
occurs in about 200 ns so that valid dats is presemt
virtualty 3ll the tme. Conversion requires 40 clock
periods. The device may be operated in the free run-
ning mode by connecting the Start Conversion line
the End of Conversion line, However, 10 ensure stari-up
under all passible conditions, an external Start Conver-
sion pulse is required during power up condrtions.

REFERENCE

The reference applied across the 256 resistor network
detsrmines the analog input range. VREF = 10.00V
with the 10p of the R-network connected to 5V and the
bottomn connected 10 —5V gives a =5V range. The
referance can pe level shifted between Vgg and VGG
However, the voitage, which is applied 10 the top of the
R-network (pin 151, must nat exceed VgS ta prsveat
forward biasing the on-chip parasitic silicon dhode
which exists between the Pdiffused resistors {pin 15)
and the N-type body (pin 10, Vgsl. Use of a standard

logic power supply for Vgg can cause problems, both

due 10 inmial voltage tolerance and chanpes over tem-
perzture. A sglution is 10 power the Vgg line (15 mA
max drain} from the output of the op amp which is
used 10 bias the top of the R-network {pin 15}, The
analog tnput voltage and the voltage which is applied
1o the botiom of the R-network (pin 5] must be mt

least 7V above the —Vpp supply voltage 1o insure
adequate voliage drive 10 the analog switches .

Other reference voltages may be used (such 25 10.24V),
If a 5V reference is used, the analog fange witl be 5V
and accuracy will be reduced by 8 factor of 2, Thus, for
Maximum accurdcy, it is desirable 10 operare with at
teast 3 10V reference. For TTL logic levels, this requires
EV and -5V for tw R-network. CMOS can operate
the 10 Voo Ves level snd 2 single 10 Ve reference
can be used. All digiztal voltage levels for both inputs and
outputs will be from ground to Vg,

ANALOG INPUT AND SOURCE RESISTANCE CON-
SIDERATIONS

The lead 10 the analog input {pin 12} should be kept as
short a5 possible. Both noise and digital tlock coupling
10 this input can Cause conversion errors. To minimize
any input erracy, the tollowing source tesistance consid-
erations should be noted: ’
For Ry < 5k No anatog input bypass capacitor
requrired, aAthough & 0.1 xF input
bypass capacitor will prevent pick-
up due 1o vnavoidable series lepd
inductance. -
For Sk <R <20k A 0.1 xF capacitor from the input
{pin 12} 1o ground should be used.

For Rg > 20k Input butfering is necessary.

It the overall convenier system requires lowpass filtering
of the analog input signal, use a 20 kS or fess series
resistor for a passive RC section or add an op amp RC
active lowpass filter (with ixs mberent low output
1eSisIance} 10 NSUTE MCCUrate CONVErSIONS.

CLOCK COUPLING

The clock iead should be kept away from the analog
nput jine 10 reduce coupling.

LOGIC INPUTS

The logical ~1*" input voitage swing for the Clock, Start
Conversion and Output Enable should be {Vgg — 1.0V).
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Application Hints (continued)

CMOS will satisfy this requirement but a pull-up resistor
shaould be used for TTL logie inputs.

RE-START AND DATA VALID AFTER EOC

The EOC Jine (pin 9} will be in the low state for a maxi-
mum of 40 clock periods to indicate “busy™. ASTART
puise which occurs while the A/D is BUSY will reser the
- SAR and start a new conversion with the EOC signal
remgining in the low state until the end of this new
conversion. When the conversion is compliete, the EOC
line will go to the high voltage state. An additional 4
clock periods must be allowed to elapse after EOC goes
high, before 2 new convecsion cycle is requested. Start
Conversicn pulses which ocour during this last 4 clock
period intarval may be ignored [see Figures 7 and 2 tor
high speed eperation). This is only a problem for high
conversion rates and keeping the number of conver-
sions per second less than {1/42] x ICLOCK dutomati-
cally guarantees proper operation, For example, for an
800 kHz ciock, 18,000 conversions per second are
allowed. The transfer of the new digitai datx o the
output i initiated when EOC goes 1o the high voltage
state.

POWER SUPPLIES

Standard supplies are Vgg = 5V, VGG = =12V and
Vpp = OV. Device accuracy is dependent on suability
of the reference voltage snd has slight sensitvity o
Vgg ~ VG- Voo has no effest on accuracy. Noise
spikes on the Vgs and VGG supplies can cause improper
conversion; therefore, filtering each supply with a
4.7 ¢F ranwlum capacitor is recommended,

CONTINUOUS CONVERSIONS AND LOGIC CON-
TROL

Simply tying the EOC output to the Start Conversion
input will allow eontinuous conversions, but an oscilla-
tion on this line will exist during the first 4 clock periods
ahier EOC goes high. Adding a D flip-flop between EQOC
(D input) 10 Start Conversion {Q ocutput) will prevent
the oscillation and witl allow a stopfcontinuous contrel
via the “clear™ input.

To prevent missing 2 start pulse which may occur after
EOC goes high and prior 10 the required 4 clock
period time interval, the circuit of Figure 1 can be used,
The RS lawich can be set at any time and the 4-stage
shift register delays the application of the start puise
1o the A/D by 4 clock periods. The RS larch is reset
1 clock period after the A/D EOC signal goes to the low
volitage state. This circuit afso prowides a Start Conver.
sion puise to the A/D which is 1 clock period wide,

A second control logic application circuit is shown in
Figure 2. Thiz allows an asynchrongus sterl pulse of
arbitrary length less than TC, continuously converts for
a fixed high level and provides a single clock period
start pulse 10 the A/D. The binary counter s loaded with
2 count of 11 when the $13rt pulse to the A/D appesrs.
Counting is inhibited until the EQC signal from the AJD
goes high, A carry pulse 75 then generated 4 dlock
periods after EDC goes high and Is used 10 reset the
input RS latch. This carry pulse can be used to indicate
that the conversion is complete, the data has transterred
10 the output buffers and the system is ready for 2 new
conversion cycle,

1 - e JL
i . - o g
3 Il -yt il G
Sk r il LLIAN fian
1 Bl
L
START
LR RN
L -
FIGURE 1. Delaying an Asynchronous Start Pulse -
JL I
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Application Hints (cominuea)
ZERQ AND FULL-SCALE ADJUSTMENT

Zeto Adjustment: This is the offset voltage required at
the bottom of the R-network (pin 5} 10 make the
1111111 v 11111110 tramsidon when the input
voltzge is 1/2 LSE {20 mV for a 70.24V scale}. In most
cases, this can be accomplished by having 2 1 k{l poton
pin 5. A resistor of 4758} can be used as a non-adjustable
best approximation from pin 5 10 groengd,

Typical Applications
Genersl Connection

- ~UY o

i3 -3
(2.4
]

Hi-Voltage CMOS Output Levels
- Vi
DL

T T

OV w 10V vy range
OV to 10V ouvtowt levels

Full-Scale Adjustment: Thisis the offset voltage required
at the top of the R-network (pin 15) to make the
00000001 w 00000000 rwansition when the inpur
voltage is 1 1/2 LSB from fullscale (60 mV less than
full-scale for 3 10.24V scale). This voltage is guaranteed
to be within 2 LSB for the ADCOB0O. In most cases,
this can be accomplished by having a 1 k2 pot on pin
15.

Ratiometric Input Signal with Tracking Reference
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§
3';.

AT =OAg
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Level Shifted Zero snd Full-Scale for Transducers

Level Shitted input Signal Range
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Typical Applications (continuedt

VREF = 10 Vpg With TTL Logic Levels

[ren
1 = nd
L8 vae VAA—ANA o [ 1™ A
WA .
T
'-":E A " w=
n
L0 O—e 13
- S¥pg ASCwm
Ve ¥ [ Rp—
M‘:I.: BEABLE
P + w |4
> et
s ~ ‘:" wous
™
- :a = = X
> b T+ “Ser spnlication hines
= k2 Al snd A2 » LMISEN Cual op amp
VREF = 10 Vo With 10V CMOS Logic Levels
Im kv
Bege

A A A

 _—

MICROPROCESSOR INTERFACE

Figure 3 and the foliowing sample program sre inciuded
to iliustrate both hardware and software requirement to
allow output date from the ADCOS00 to be loaded into
the memory of 3 microprocessor system. For this exam-
ple, National's INSBOGO, SC/MP [, microprocessor has
been used.

T

*  Permis TTL compatibie outputs with
OV 10 10V inout range {0V 1o =10V
inpuy renge achieved by reversing
polarity of Tentr thodes ang rerurning
the 6Bk resistor to VT,

The sampie program, & shown, wiil start the converter,
ioad the converter's ouiput data into the accumuiator,
keep track of the number of data bytes entered, com-
plement the data and store this data into sequential
memory locations. After 258 bytes have been entered,
the control jJumps 10 the user’s program where proces-
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Typical Applications contimes)

sing of the data entered will be implemented. A more
practical program whereby each data byte errered will
he processed before another entry is made can easily be
done by jumping back to the user's program at the end
of the interrupt routine (where the data is joaded into
the accumolstor and stored in memory). The end of
the user's program should provide a jump back to the
INITIALIZE statement to start » new conversion and
generate a new data entry,

The following arbitrarily chosen addresses and pointer
assignments are used in this example:

Pointer 1 — WORD COUNT (ADDR:D100}
Also used ta point 1o the A/D converter at
address 0500 for this exampie when data is

. Pointer 3 —

Poimer 2 — ENTERED DATA (ADDR's: 0200+ 02FF)
Data is stored in 2's compiement binary
form, ie, 01711111 - +full-scale ang
10000000 =+ — fuli-scale.

LOAD DATA SUBRCUTINE (starts ar
ADRDR:0300)

Executed when an EQC signal gensrates an
interrupt request via sense A after an [EN
{interrupt enabie) instruction.

The address for the converter (0500} is unique for this
particular sample program but may not be in & user's
system so a different converter address must be used.
Note that in Figure 3 ADX and ADY for the address
decode circuitry would be address bits ADBID and
ADBS {pins 35 and 33 on the SC/MP I} package] for

10 be entered.

3F

converter address 0500,

SAMPLE PROGRAM TO LOAD DATA INTO MEMORY WITH SC/MP 1.

000y o8 START: NOP
0002 C01 Lo,
DOOdE X5 XPAH ¥
0005 C4 00 LOIX08
oog? 3 XPAL1 Pr=g300
ooos 4 02 LOIX02
oooA 36 XPAH 2
ooOB Ca00 LDIX0
0000 CRO0 5Tren i Zere word counmt (P
000F 32 XPAL 2 P2 = 0200
o1 CATY Lo
ooz 37 XPFaM 3
0013 0B NITIALIZE: NOP
014 C4 00 LDIX00
o0 13 XPAL 3 ;3 = @00
0oT7 CADI T LDixot
oowe or CAS 2 Saars comverbin wip fag O
oota CO0 LD {P1)
001C FA FF XRIXFF
OCIE S80S JZOTAIN [ Tett o see if word count # FF |
# w, oo w DTA WM
o020 o5 1EN : Enabies INTERRUPY
o0zi 08 LOOP: NOP
00z2 SOFE JMPLOOP Loop unid EOC
o024 08 OTA IN: NO¥
; User program 10 process duts
DATA ENTRY SUBROUTINE
300 08 DATAINSR:  NOP -
0X)1 AS0Q 1o ir; I INCrement word Doung
eI Ca05 LDixos
oS a5 XPAR 3 :PY wiil pownt 40 COnverter
0 C100 1D iPH : Cormerter dats kopoed wrio
oorTstator
0308 F4 TF XRIX'?F : Put gata i 7's complement form
QoA CEN ST@®1P2  :Sworedsta
a30C CF 00 LDIX 00
oRE 07 cas ; Rern fag O
CAF CaD: LDIX0T
an 38 XPAM 1 ; Resemx P1 10 poinst 5t word Coumt
0312 o413 LDIX13
o34 33 XPAL] .
s XPPC 3 zFrwm 10 INITIALIZE o stwt 3

P COrmeTIOn
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Typical Applications icontinuea
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{i.e_, The comverter must have its own unigue addness]

FIGURE 3. Interfacing to the SC/MP 11 Microprocessor
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Typical Applications (continued)
TESTING THE A/D CONVERTER

There are many degrees of complexity associated with
testing an A/D converter. One of the simplest tests is w0
apply 3 known analog input voitage 1o the converter
and use LED' 10 display the resulting digital output
code as shown in Figure 4. Note that the LED drivers
invert the digital output of the A/D converter to provide
a bingry display. A lab DVM can be used if a precision
voltage source is not svailable. Afrer adjusting the zero
and full-scale, any number of points can be checked,
2 desired,

For ease of testing, a 10,24 Vpr reference is recom-
mended for the A/D converter, This provides an LSB of
40 mV (10.240/256]. To adjust the zero of the A/D, an
analoy input voltage of 1/2 LS8 or 20 mV should be

STAKT

DC ARALOS AD
Wyl vaLTAGE o ! ’ TNDER YeET

El*__.

SUTPYT
EmagcE

v

applied and the zero adjust potentiometer should be et
to provide a flicker on the LSB LED readout with all the
other display LEDs OFF.

To sdjust the full-scale adist potentiometer, an analog
input whichis 1 172 LSB less than the reference [10.240~
0.060 or 10.180 Vi) should be applied 10 the analog
input and the full-scale adjusted for a flicker on the LSB
LED, but this time with all the other LEDs ON.

A complete circuit for » simple A/D tester is shown in
Figure §. Note that the clock input voltage swing and
the digital output voltage swings are from OV to 10,24V,
The MM74C907 provides a voltage transiation w 5V
operation and also the logic inversion so the readowt
LEDs are in binary.

-
i£0 4/

FIGURE 4. Basic A/D Tester
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FIGURE 5. Complete Basic Tester Circuit
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Typical Applications (continuea)

The digital output LED display can be decoded by
dividing the 8 bits into the 4 most significant bits and
4 least significant bits. Table | shows the fracrional
binary equivalent of these two B-bit groups. By adding
the decoded voltages which are obtained from the col-
umn: “Input Voltage Value with a 10.240 VREF™ of
both the MS and LS groups, the value of the digitl
display can be derermined. For example, for an output
LED display of *1011 0110” or “B6™ {in hex} the
voltage values from the table are 7.04 + 024 or

7.280 Vpr. These voltage vaiues represent the center
values of & oerfect A/D converter. The input voltage has
to change by %1/2 LSB 220 mV), the “guantization
uncerminty” of an AL, 10 obwain an output digital code
change. The effects of this quantization error have 10 be
accounted for in the interpretation of the test resules.
A plot of this natural error source is shown in Figure §
where, for clarity, both the analog input voltage and the
error voltage are normalized o LSBs.

TABLE I. DECODING THE DIGITAL OUTPUT LEDs

INPUT VOLTAGE
HEX BINARY FRACTIONAL BINARY VALLIE FOR \::_thisv ::‘:
MS GROUP LS GROUP MS GROUP | LS GROUP

F |1 v 1 1 1516 15/256 9.600 0.600
E 1 1 1 0 8 77128 8.950 0.560
0O 1 3 0 13116 13/256 8320 0.520
€ {1 1 00 374 364 7.680 0.480
B |1t o t 1 11116 117256 7.040 0.440
Al 01 0 5/8 5/128 £.400 0.400
g {1 0 0 1 9/16 8/256 5.750 0.360
g€ |1 0 0 o0}12 1/32 ' 5120 0.320
7 10 1 1 1 mns 7/256 4,480 0.280
§ Jo 1 1 0 3s 3n128 3.840 0.249
S0 1 0 1 5/16 5/256 3.200 0.200
4 |6 1 00O 14 1/64 2.560 0.160
2 0 0 1 1 316 256 1.920 0.120
2 jo 0 1 0O /8 /128 1.280 0.080
1 |o 0 0 % 1/16 1/256 0.640 0.050
0 Jo 0 0 0 0 0

A0 ERADR VOLTAGE [IN LS8i)
L

ANALGE rUT VOLTALE 0N LS8y

FIGURE 6. Error Plotof & Perfect A/D Showing Effects of Quantization Esror
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Typical Applications (continued)

A low speed ramp generator can also be used to sweep
the analog input voltage and the LED ocutputs will
provide a binary counting sequence from zero 1o full-
scile.

The techniques described so far are suitable for an
engineering evaluation or a quick check on performance.
For a higher spesd test system, or to obtain plotied
datz, & digitel-to-analog converter s needed for the
1est setup. An accurate 10-bit DAC can serve as the
precision voltage source for the AJD. Errors of the AD
under test can be provided as either analog voltages or
differences in two digital words.

A basic A/D rester which uses 2 DAC and provides the
error a5 an analog output voltage is shown in Figure 7.
The 2 op amps can be eliminated if 2 lab DVM with a
nufnecica! subtraction feature it available to direcdy
readout the difference voltage, “A—C~. The analog

- ot v
TPUT
] watann :'b s e
L ]
-
-
-
O WX Anay |
L] _T‘l
= Al R's = 0.05% 1olerance

FIGURE 7. A/D Tester with Anaiog Error Quiput

Connection Diagram

input voltage can be supplied by a low frequency ramp
generstor and gn X-Y ploter can be used to provide
analog error {Y axis) versus analfog input {X axis). The
construction details ol a tester of this type are pravided
in the NSC application note AN-179. “Analog-to-
Digital Converter Testing™.

For operation with 2 micraprocessor of a computer-
based test system, it i more convenient to present the
errors digitally, This can be done with the circuit of
Figure & where the output code transitions can be
detectzd as the 10-bit DAC is incremented. This provides
1/4 LS8 steps for the 8-bit A/D under test. If the results
of this test are automatically plotted with the analog
input on the X axis and the error [in LSBs} as the Y
axis, a wseful wransfer funcuon of the ASD under test
results, For acceptance testing, the plot is not necessary
and the testing speed can be increased by establishing
internat limits on the aliowed error for each code.

AL o a ITAL
ne

)

e )

FIGURE 8. Basic “Dhgiwal” ASD Tester

Duat-In-Line Package
-
Y.
L Lo
Y 23 1 e 7T e axs Ay
L T L 3 15 - n (-4 11 i ]
-
— —
1 H 3 + 3 th H 1] L
+ ¥ g A STH) ETYT g ESC
sz  WT v tmami
s
0TI
™ YW

Order Number ADCOBOOPD 1-557C 10 +125 C]
or ADCOSO0PCD (0°C 1o +70°C)
See NS Paciage D184
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CHAPTER 6
MCS®-51 ARCHITECTURE

The major features of the 8051 are: * a {ive-source interrupt structure with two
priority levels
e 8-bit CPU - * a full duplex serial port
* on-chip oscillator » bit addressability for Boolean processing
« 4K bytes of ROM
o 128 bytes of RAM The term “805!” is often used generically to

refer to the 8051, the 8031, and the 8751, The
8031 is 2 ROM-less 8051; it fetches all instruc-

21 Special Function Registers

* 32 1/0 lines tions from external memory. The 8751 is an

» 64K address space for external Daia © 8051 with EPROM instead of ROM.
Memory

* 64K address space for external Program A block diagram of the 8051 is shown in
Memory Figure 6-1. The pin-out is on the inside of the

+ two 16-bit timer/counters front cover of this manual.

FOGPOT PROPLT

i 38

SCOm | SCOm | TeO0 | ¥COM
Teal: I ™ Tt

P - PROGRAM “
W TERRLST. SEPAL COuTER

POAT AND TiMER

PSEN ~=—— z
L TG =
i AND b-33
Ed-mmp—ey comtap,  |i:
Rsr—r—- ;E

e e SR S e S — - — e il e A Al W SR S e e o o

Figure 6-1. Block Diagram of the 8051
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MCS-51 ARCHITECTURE

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 an-chip
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 1000H through FFFFH are directed to
external Program Memory.

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

The Data Memory consists of 128 bytes of on-
chip RAM, plus 21 Special Function Registers,
in addition 10 which the device is capable of
accessing up to 64K bytes of external data
Memory.

The Program Memory uses 16-bit addresses.
The external Data Memory can use either 8-bit
or 16-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-chip RAM. The Special
Function Registers occupy various locations in
the upper 128 bytes of the same address space.

The lowest 32 byt=s in the internal RAM (loca-
tions 00 through 1FH) are divided into 4 banks
of registers, each bank consisting of 8 bytes.
Any 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 opcode of an instruction. Thus, a large
number of instructions are one-byte instruc-
tions. .

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-bit (Boolean) pro-
cessing. This bit-addressing capability is an im-
portant feature of the 8051, In addition to 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 Funciion Registers are as follows:

* ACC  Accumulator
*B B Register
* PSW  Program Status Word

sp Stack Pointer

DPTR Data Pointer (consisting of

DPH AND DPL)

* PO Port 0

* Pl Port |

* P2 Port 2

* P3 Port 3

* 1P Interrupt Prionty

* IE Interrup: Enable

TMOD Timer/Counter Mode
* TCON Timer/Counter Control
THO  Timer/Coumnter O (high byte)
TLO Timer/Counter 0 (low byte)
THI Timer/Counter 1 (high byte)
TL1 Timer/Counter 1 (low byte)
* SCON Serial Control
SBUF Serial Data Buffer
PCON Power Control

The registers marked with * are both byte- and
bit-addressable.
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MCS-51 ARCHITECTURE

FFFF

EXTERMAL

£FFFF

00
A
—_— { — Al
OFFF OFFF
COvERLASBED
A SPaCE
INTERNAL EXTERNAL
&a JE o g re——— -
[] ] SPECIAL
1 FLesC T
= BEGISTERS
* W TERmAL
o) 2o X B 00
~ _ L - S \"_'W__‘,
2 hd
PROGRALMS WEWORY INTERNAL “}f::“
DATZ MEMIRY WE,
Figure 6-2. 8051 Memory Map
Accumulator reside anywhere in the 128 bytes of on-chip

ACC is the Accumulator, The mnemonics for
accumulator-specific insiructions refer 10 the
accumulator simply as A, but the register itself
is pamed ACC.

B Register
The B register is used during multply and

divide operations. For other instructions it can
be treated as another scratch register.

Stack Pointer

The Stack Pointer is 8 bits wide. The stack can

RAM. When the 8051 is resel, the stack
pointer is initialized 10 07H. When executing a
PUSH or 2 CALL, the stack poinmter is in-
cremenied before data is stored, so the stack
would begin a1 location (8H.

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

Ports 0 through 3

These four paraliel ports provide the 32 I/O
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MCS-51 ARCHITECTURE

lines. Each port consists of a lawch (Special
Function Registers PO through P3), an output
driver, and an input buffer.

The output drivers of Ports ¢ and 2 and the in-
put buffers of Port 0 are used in accesses 10 ex-
ternal memory. In this application, Port 0 out-
puts the low byte of the external memory ad-
dress, time-multiplexed with the byie being
written or read. Port 2, meanwhile, outputs
the high byte of the external memory address.

The outpur drivers and input buffers of Port 3
are also muhifunctional, as listed below:

Port Pin Alternate Function’
P3.0 RXD (serial input port)
P3.1 TXD (serial output port)
P2 INTO (external interrupt)
P3.3 - INTI (external interrupt)
P34 TO (Timer 0 external input)
P35 Ti (Timer } external input)
P3.6 WR (external Data Memory

write strobe)
P3.7 RD (external Data Memory
read strobe)

Serial Data Bufier

The Serial Buffer is actually two separate
registers. When data is moved 10 SBUF, it goss
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.

During serial reception the incoming bits are
dlocked into z separate shift register. When
Jreception of a frame is complete, and if
varipus other conditions are satisfied, 8§

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

Control and Status Registers

Special Funciion Registers IP, IE, TMOD,
TCON, SCON, and PCON contain control
and status bits for the interrupt system, the
timers, and the serial port. They will be fully
described in the remaining sections, of this
chapter.

6.2 OSCILLATOR AND CLOCK
CIRCUIT

XTALI1 and XTAL2 are the input and output,
respectively, of an inverting amplifier which is
intended for use as a crystal oscillator, in the
Pierce configuration, in the frequency range of
1.2MHz to 12MHz. XTALZ is also the input
10 the internal clock generator.

To drive the chip with an external osciliator,
one would ground XTAL! and drive XTAL2.
Since the input to the clock generator is a
divide-by-two flip-flop, there are no re-
quirements on the duty cycle of the external
oscillator signal. However, minimum high and
low times must be observ_ed. -

The clock generator divides the oscillator fre-
guency by 2, and provides a two-phase clock
signal to the chip. The Phase 1 signal is active
during 1he first half of each clock period, and
the Phase 2 signal is active during the second
half cf each clock period.
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Figure £.5. Fetch/Execute 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 2
Phase I half, during which the Phase 1 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
| and internal regisier-io-register transfers
take place during Phase 2.

The diagrams in Figure 6-3 show the fetch/ex-
ecute timing referred 1o the internal states and
phases. Since these internal clock signals are
not externally observable, the XTAL2Z
oscillator signal and the ALE {Address Latch
Enable) signal are shown for external

_reference. Thus a machine cycle consists of 12
‘oscillator periods, numbered S1P1 (State 1
Phase 1) through S6P2 (State 6 Phase 2). Each
phase lasts for one oscillator period. Each
state lasts for two oscillator periods. ALE is
normally activated twice during each machine
cycle: once during S§1P2 and S2P1, and again
during S4P2 and SSP1.

Execution of a one-cycle instruction begins at
S1P2, when the opcode is latched into the In-
struction Register, If it is a two-byte instruc-
tion, the second byte is read during $4 of the
same machine cycle. If it is 2 one-byte instruc-
tion, there is still 2 read at S4, but the byte read
(which would be 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 1-byte, l-cycle instruction and for a
2-byte, i-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 feiched from
Program Memory during every machine cycle.
The only exception to that is when 2 MOVX
instruction is executed. MOVX is a 1-byte,
2-cycle instruction that accesses external Data
Memory. During a MOVX, two feiches are
skipped while the exiernal Data Memory is be-
ing addressed and sirobed. Figures 6-3C and
6-3D show the timing for a normal 1-byte,
2-cycle instruction and for a MOVX instruc-
tion.

6.4 PORT OPERATION

All four ports in the 8051 are bidirectional,
Poris 1, 2, and 3 have internal pull-ups. Port 0
has open-drain outpuis. Figure 6-4 shows a
functional diagram of a typical bit in each of
the four ports.

Each 1/0 line can be independently used afan
input or an output. For a line to be used as an
input, the port laich must contain a 1, which
turns ©ff the ourput driver FET. Then, for
Ports 1, 2, and 3, the pin is pulled high by the
internal pull-up, but can be pulled low by an
external source. For Port 0, a 1 in the port
latch causes the ouiput pin to float. All the
port latches in the 8051 have 1s written to them
by the reset function. If a 0 is Subseqently writ-
ten to a port latch, it can be reconfigured as an
input if desired by writing a 1 to it.

Because Ports 1, 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 puli-
ups.
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Port @ differs in not having internal pull-ups.
The upper FET in the PQ output driver {see
Figure 6-4A) is turned off except when the port
is being used as an ADDR/DATA bus in ac-
cesses to external memory. Consequently, PO
lines that are being used as output ports have
open-drain outputs. Writing a 1 10 a PO latch
results in both output FETs being turned off,
s0 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
tead a2 port: an instruction reads either the
latch or the pin. In the 8051, some instructions
read the latch and some read the pin. The in-
structions that read the laich rather than the

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

ANL {logical AND, e.g., ANL
Pl, A)

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

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

(A) PORT O BIT

{C) PORT 2 BIT

o ] NTERMAL
e

L
L)

FUnCT IR

@) PORT I BIY

Figure 6-4. Port Latches and Buffers (*See Figure 6-5 for details of internal puliup).

123



MCS-51 ARCHITECTURE

IBC (jump if bit=1 and clear
bit, e.g., JBC FI.1,
LABEL)

CPL (complement bit, e.g.,
CPL P3.0)

INC . (increment, e.g., INC P2)

PEC (decrement, e.g., DEC
P2}

DINZ (decrement and jump if
not zero, e.g., DINZ P3,
LABEL)

MOV PX.Y,C (movecarry bittobit Y
of Port X}

CLR PX.Y {clear bit Y of Part X)

SET PX.Y {set bit Y of Port X)

It is not obvious that the last three instructions
in 1his Yist are read-modify-write instructions,
but they are. What they do is read the port
byte, 21l 8 bits, modify the addressed bit, then
write the new byte back to the latch.

The reason that read-modify-write instructions
are directed to the latch rather than the pin is
to avoid a possible misinterpretation of the
voliage level at the pin. For example, 2 port bit
might be used 1o drive the base of a transistor.
One might write 2 1 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 will
read the base voltage of the transistor and in-
terpret it as a 0. Reading the latch rather than
the pin will return the correct value of 1. It is
1o avoid this type of problem that the 8051
directs read-modify-write instructions to the
part lawch rather than the port pin.

It can be seen in Figure 64D thar each line in
Port 3 is capable of performing an alternate in-
put function and an alternate ourput functjon,
not related to the port function. The bit latch

must contain a 1, or else the port pin will be
stuck at O regardless of which alternate func-
tion is trying to do what with it. The alternate
functions that are implemented have aiready
been listed, but the list is repeated here for
canvenience:

FPort Pin Alternate Function
P3.0 RXD (serial input port)
P31 TXD (serial output port)
P3.2 INTO (external interrupt)
P33 INTI (external interrupt)
P34 TO (Timer O external input)
P3s T1i (Timer 1 external input)
P1.6 WR (external Data Memory

write strobe)
P3.7 RD (external Data Memory
read strobe)

6.4.1 Writing to a Port

In the execution of an instruction that changes
the value in a port latch, the new value arrives
at the latch during S6P2 of the final cycle of
the instruction. However, port latches are in
fact sampled by their ourput buffers only dur-
ing Phase 1 of any clock period. {During Phase
2 the cutput buffer holds the value it saw dur-
ing the previous Phase 1.) Consequently, the
new value in the port laich won’t actually ap-
pear at the output pin until the next Phase 1,
which will be a1t SiP) of the next machine
cycle. ‘

If the change requires a 0-to-] transition in
Port 1, 2, or 3, an additional pull-up is turned
on during SIP! and S1P2 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 curren? 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 pullup is 2
depletion-mode transistor with the gate wired
to the source. If the peort pin is shorted to
ground, this wransistor will allow about 0.23
mA (typical} 1o 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-1 transition.
During this interval, if the port pin is shorted
to ground, this extra transistor will allow an
additional 30 mA (typical) to exit the pin.

6.4.2 Port Loading

The output buffers of Ports 1, 2, and 3 can
drive 3 LS TTL inputs. The output buffers of
Port 0 can each drive 8 LS TTL inputs.

Ports 1, 2, and 3 can drive any MOS input
without the need for external putl-ups. Port 0
needs external pull-ups to drive MOS inputs,
except when ir's being uwsed as an AD-

DRESS/DATA bus, int which case it can drive
MOQS inputs without external pull-ups.

6.5 ACCESSING EXTERNAL
' MEMORY

Accesses to externial memory are of two types:
accesses to external Program Memory and ac-
cesses (o external Data Memory. Accesses to
exiernal Program Memory use signal PSEN
{program store enable) as the read strobe. Ac-
cesses 10 external Data Memory use RD or WR.
(alternate funciions of P3.7 and P3.6) 10
strobe the memory.

Fetches from external Program Memory
always use a 16-bit address. Accesses 10 exter-
nal Data Memory can use either a 16-bit ad-
dress (MOVX @DPTR) or an 8-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 the duration of the read or write
cycle. During this time the Port 2 latch {the

DELAY = 2 (USC. #EFRCDS

E ~, . PEPLEVION MODE FET

Vs

Figure 6-5. Internal Pull-Ups. The enhancement mode transistor is turned
on far 2 osc. periods whenever Q makes a 1-to-0 transition.

£
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Special Function Register) does not have to
contain Is, and the contents of the Port 2 SFR
are not modified. If the external memory cycie
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 write strobe is deactivated.

If an 8-bit address is being used (MOVX @Ri),
the contents of the Port 2 SFR remain at the
Port 2 pins throughout the exiernal memory
cycle. This will facilitate paging.

In any case, the low byte of the address Is time-
muitiplexed with the data byte on Port 0. The
ADDR/DATA signal drives both FETs in the
Port 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 byte into an external latch.
The address byte is valid at the negative transi-
tion of ALE. Then, in a write cycle, the data
bvte 1o be written appears on Port 0 just
before WR is activated, and remains there un-
til after WR is deactivated. In a read cycle, the
incoming by1e 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 hoiding.

MORE ABOUT ACCESSING EXTERNAL
PROGRAM MEMOQRY

External Program Memory is accessed under
two conditions:

I) Whenever the program counter {PC} con-
tains 2 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 10 feich
the lower 4K program bytes from external
memory.

When the CPU is executing out of external
Program Memory, all 8 bits of Port 2 are
dedicated 10 an output function: Daring exter-
nal program fetches they output the high byte
of the PC, and during accesses 1o external
Data Memory they output either DPH or the
Port 2 SFR (depending on whether the external
Dara Memory access isa MOVX @DPTR ora
MOVX @Ri).

The read strobe for external fetches is PSEN.
PSEN is not acijvated for internal ferches.
When the CPU is accessing external Program
Memory, PSEN is activated twice every cycle
{except during 2 MOVX instruction) whether
or not the byte ferched is actually needed for
the current instruction. When PSEN is ac-
tivated its timing is not the same as RD. A
compiete RD cycle, including _activation and
deactivation of ALE and RD, takes 12
oscillator periods. A complete PSEN cycle, in-
ciuding 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-¢ 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 10 store data. In the 8051 the ex-
ternal Program and Dara Memory spaces can
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Figure 6-6. Executing Out of External Program Memory
(Detaited timing diagrams are in the data sheets.)

be combined by ANDing PSEN and RD. A
positive-logic AND of these two signals pro-
duces an active-low read strobe that can be
used for the combined physical memory. Since
the PSEN cycle is faster than the RD cycle, the
exiernal memory needs to be fast enough 10 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 external latch during

ferches from external Program Memory. For
that purpose ALE is activated twice every
machine cycle. This activation t2kes place even
when the cycle involves Tio external feich. The
only time an ALE pulse doesn’t come out is
during an access 1o externsl Data Memory.
The first ALE of the secona cycle of a MOVX
instruction is missing {see Figure 6-6). Conse-
quently, in any system that does not use exter-
nz! Data Memory, ALE is activated at a con-
stani rate of 1/6 the oscillaior 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 Timer 1, that can be used as limers 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 regisier 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-
cremented in response to & 1-t0-0 transition at
its corresponding external input pin, TO or T1.
In this function the external input is sampied
during S5P2 of every machine cycle. When the
samples show 2 high in one cycle and a low in
the next cycle, the count is incremented. The
new count value appears in the register during
S3P1 of the cycle foilowing the one in which
the transition was detected. Since it lakes 2
mrachine cycles {24 oscillator periods) 10
recognize 2 1-to-0 transition, the maximum
count rate is 1/24 of the oscillator frequency.
There zre no restrictions on the duty cycle of
the external input signal, but 1o ensure that a
given level is sampled ai least once before it
changes, it should hold for at least one full
machine cycle.

~

In addition to the “nmer” or “counter™ 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, 1, and 2 are the same for
both umer/counters. Mode 3 is different. The
four operating modes are described below,

¥

MODE O
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 67A
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-Is to all Os, it sets the Timer interrupt flag
TF1. The counted input is enabled 1o the
Timer when TR1 = 1 and either GATE = Oor
INT! = L. (Setting GATE = 1 allows the
Timer to be controlled by external input INTT,
to facilitate pulse width measurements.) TR1 is
a control bit in Special Function Register
TCON. GATE is a control bit in Special Func-
tion Register TMOD.

The 13-bit register consists of all 8 bits of TH1
and the lower 5 bits of TL1. The upper 3 bits
of TL1 are indeterminate and should be ig-
nored. Setting the run flag (TR1} does not
clear the registers.

Mode 0 operation is the same for Timer 0 as
for Timer 1. Substitute TRO, TFO, and INTO
for the corresponding Timer | signals in Figure
6-7A. There are two different GATE bits, one
for Timer 1 {TMOD.7) and one for Timer 0

(TMOD.3). .

MODE 1
Mode 1 is the same as Mode 0, except that the
Timer register is being ran with alt 16 bits,

MODE 2

Mode 2 configures the Timer register as an
8-bit counter {TL1} with aviomatic reload.
Overflow from TL1 not only sets TF1 but also
reloads TLI with the contents of THI, which
is preset by software to any desired one-byte
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Figure 6-7 (continued)

vzlue. The reload leaves TH1 ynchanged.
Mode 2 aperation is the same for Timer 0.

MODE 3
If you put Timer 1 into Mode 3, it holds its
count. The effect is the same as serting
TR! = Q.

If you put Timer 0 into Mode 3, TLO and THO
become 1wo separate counters. The logic for
Mode 3 on Timer 0 is shown in Figure 6-7D.
Note that TLO is using all of the Timer 0 con-
trol bits: C/T, GATE, TRQ, INTG, and TFO.
THO is locked into 2 timer function {counting
machine cycles) and has taken over the use of

TR! and TF1 from Timer 1. (Thus THO now
controls the “Timer 1" interrupt.) '

Normally one would not put Timer 0 into
Mode 3 unless Timer | were already inuscasa
baud rate generator for the serial port. Mode 3
is provided specifically for applications in
which two independent t:mer/counters plus
the serial port are required. One would set up
Timer 1 as the baud rate generator {Mode 2),
aad operate Timer 0 in Mode 3.

6.6.1 Timer Control and Status
Registers

Two Special Function Registers, TMOD and
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TCON, are used to define the operating modes
and conmo! 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 SIP1
of the next instruction’s first cycle. The
registers are shown below.

TMOD: Timer Mode Control Register

Bit: 7 & 5 4 3 2 1 0
GATE C/T M1 M0 GATE C/T M1 M0
S~ Timer | —/ /—— Timer 0 —/

where M1, MO specify the Mode, as follows:

M1 MO Mode Description
¢ 0 0 13-bit counter
0 1 1 16-bit counter
1 0 2 8-bit counter with auto
reload
i 1 3 split Timer 0 into two
8-bit counters or 510p
Timer 1
« C/T selects “counter™ or “timer” func-

tion. Set for “counter” function
(count negative transitions at TO or
T1 pin). Clear for “timer” function
{count machine cycles).

is Gating Control. When set,
Timer “x™ is enabled only while
INTx pin is high and TRx bit is set.
When cleared, Timer “x” i5 en-
abled whenever TRx bit is set.

* GATE

Nore: Al bits of TMOD zre cleared by reset.

TCON: Timer Control Register

Bit: 7 6 5 4 3 2 1 0
TF1 TR! TFO TRO IE! IT1 1EO ITO

where
» TFI is the Timer 1 overflow interrupt
flag. Set by hardware when Timer
1 overflows. Cleared by hardware
when the processor transfers con-
trol to the interrupt service
routine.

is the Timer 1 run contro! bit.
Set/cleared by software to turn
Timer 1 on/off.

is the Timer 0 overflow interrupt
flag. Set by hardware when Timer
0 overflows. Cleared by hardware
when the processor transfers con-
trol to the interrupt service
routine.

is the Timer 0 run contro! bit.
Set/cleared by software to turn
Timer 0 on/off.

is the external interrupt 1 edge
flag. If IT1 = 1, this bit is set by
hardware when INT1 is detected to
have made a I-t0-0 transition.
Cleared by hardware when the pro-
cessor transfers control 1o the in-
terrupt service routine.

determines whether external inter-
rupt 1 is edge-triggered or level-
triggered. If IT1 = I, external in-
terrupt 1 is edp-triggered. If IT]
= 0, externa} interrupt is triggered
by & detected jow at [NT] rather
than a 1 in IEI.

is the external interrupt O edge
flag. If ITO = 1, this bit is set by
hardware when INTO is detected 1o

« TFQ

* TRO

= 1E]

* ITI]
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have made a 1-to-0 transition.
Cleared by hardware when the pro-
cessor transfers control to the in-
terrupt service routine.

determines whether external inter-
Tupt O is edge-trizgered or level-
triggered. If ITO = I, external in-
terrupt O is edge-triggered. If ITO
= 0, external interrupt ¢ is trig-
gered by a detected low ar INTO
rather than a ! in 1EQ.

= JTO

Bits IE1 through ITO have to do with the exter-
nal intertupts, and are more fully discussed in
the section dealing with the interrupt struciure.

Note: All bits of TCON are cleared by reset.
6.7 SERIAL INTERFACE

The serial port is full duplex, meaning it can
transmit and receive simultanecusly. I is also
receive-buffered, meaning it can commence
reception of z second byte before a previously
received byte has been read from the receive
register. (However, if the first byte still hasnt
been read by the time reception of the second
byte is complete, one of the bytes will 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 2 physically separate receive register.

The serial port can operate in 4 modes:

Mode 0: Serial 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

(D), 8 data bits {LSB first), and a stop bit (1).
On receive, the stop bit goes into RB8 in
Special Function Register SCON. The baud
rate is variable.

Mode 2: 1! bits are transmitted (through
TXD) or received (through RXD): a start bit
{0), 8 datz bits (LSB first), a programmable
9th data bit, and a stop bit (1). On transmit,
the 9th data bit {TB8) can be assigned the value
of 0 or 1. With nominal software overhead,
TB8 can be made a parity bit, as shown in
Figure 6-8. On receive, the 9th data bit goes in-
to RBS in Special Function Register SCON,
and the stop bit is ignored. The baud rate is
programmable to either 1/32 or 1/64 the
oscillator frequency,

MOV C,P ; Parity moved 10 carry (byte
already in A)

MOV TBE, C  ; Put carry into Transmit
Biu 8

MOV SBUF, A . Load Transmii Regisier

Figure &-8. Generating Parity and
Initiating a Transmission

Mode 3: 1] bits are transmitted (through
TXDj} or received (through RXD): a start bit
{0), & data bits (LSB firs1), a programmable
Sth data bit, and a stop bit {1). In fact, Mode 3
is the same as Mode 2 in all respects except the
baud rate. The baud rate in Mode 3 is variable.

Modes 2 and 3 have 2 special provision for
multiprocessor communications. In these
modes 9 dara bits are received. The 9th one
goes into RBS. Then comes a stop bit. The
port can be programmed such that when the
stop bit is received, the serial port interrupt
will be activated only if RBS = 1. This feature
is enabled by setting bit SM2 in SCON. The
way to use this feature in muliiprocessor
systems is as follows.
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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 the
target slave. An address byte differs from a
data byte in that the 9th bit is 1 in an address
byte and 0 in a data byte. With SM2 = 1, no
slave will be interrupted by a data byte. Anad-
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 will clear its SM2 bit and prepare
to receive the data bytes that will be coming.
The slaves that weren't addressed leave their
SM2s set and go on abous their business, ig-
noring the coming data byies.

SM2 should be cleared for operation in Mode
Qorl.

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 ecither 1/64 or 1/32 of the oscillator
frequency, depending on the value of bit
$MOD in Special Function Register PCON. If
SMOD = 0 (which is i1s value on reset), the
baud rate is 1764 the oscillator freguency. If
SMOD = 1, the baud rate is 1732 of the
oscillator frequency.

Baud rates in Modes | and 3 are determined by
the Timer 1 overflow rate, as shown below:

Baud Raie = {Timer 1 overflow rate) /n

where n Is an integer whose value is cither 32 or
16, depending on the value of bit SMOD in
Special Function Register PCON. If SMOD =
O (which is its value on reset}, o = 32. If
SMOD = I, n = 16. Timer ! can be con-
figured in any mode. The Timer 1 overflow

rate is determined by its count rate and how
many counts it takes 10 reach overflow.

For example, Timer 1 can be configured in the
auto reload mode (TMOD.S = !, TMOD.4 =
0). The Timer must be running (TCON.6 = 1),
and to keep the overflows from generating un-
necessary interrupts the Timer 1 interrupt
should be disabled (IE.3 = 0). Then the
overflow rate depends on the reload value in
THI, as follows:

Overfiow Rate = (count rate}/{256-(TH1)]

For very low baud rates one might select the
16-bit Timer 1 mode (TMOD.5 = 0, TMOD.4
= ), and use the Timer | interrupt to do a
software reload. In this case one would want
to have the Timer 1 interrupt enabled

(IE.3 =1).

In any case, if Timer 1 is running with bit
C/T = 0, the count rate is 1/12 the
oscillator frequency. If the timer is running
with C/T = 1, the count rate is the external
input frequency, whose maximum usable
value is 1/24 the osciliator frequency.

Figure 69 lists various commonly used
baud rates and how they can be obtained in
the 8051,

TIMER 1
BAUD RATE tosc SO0} /T | MODE | RELOAD
VALUE
MODE O MAX: tMHZ 12 MHZ x X X F3
WODE 2 MaX: 375K 12 W2 k) x x x
MODES 1.3 825K 12 MHT 3 4] 2 FFH
622 11050 MHT 1 [} 2 FDH
S V1.056 M [] ° F FOH
48K 11059 M2 ] [ 2 FAH
24K 11058 MHZ 0 [ 2 Fad
12 11059 MHT [ ° 2 EBH
1375 TE066 MHZ [ 0 2 10
ng EMHI @ i) 2 T
10 12 M2 ] ¢ T FEEBH

Figure 6-8. Commonly Used Baud
Rates
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6.7.2 Baud Rate Bit in PCON

PCON 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
the HMOS chip all the bits in PCON are
dummy except bit 7, which is SMOD.
SMOD is used in beth the HMOS and
CMOS versions to double the baud raie in
modes I, 2, and 3. PCON is nor bit-
addressable.

The reset value of SMOD is 0. Writinga 1 1o
SMOD (MOV PCON, #30H or MOV 87H,
#80H) doubles the baud rate in modes 1, 2,
and 3.

6.7.3_$erial Port Control Register

Special Function Register SCON is used to
define the operating mode and controi cer-
tain functions of the serial port. ki also
receives the 9th data bit (RBE), and con-
tains the transmit and receive interrupt
flags (Tl and RI). The register is as shown
below:

SCON: Serial Port Contro} Regisier

Bi: 7 6 5 4 3 2 10
SMO0 SMI1 SM2 REN TB8 RBS TI Rl

where SMO, SM1I specify the serial port mode,
as follows:

SM0 SM! Mode Description  Baud
- Rate
] Q 0 shift register {550 /12
0 1 1 8-bit UART variable
1o 2 S-bit UART  fosc 764
or
fosc./32
1 I 3 9.bit UART  variable

* SM2 enables the multiprocessor com-
munication feature in modes 2 and
3.Inmode2o0r3,if SM2isset1al
then RI will not be activated if the
received 9th data bit (RB8) is 0. In
mode 1, if SM2 = 1 then R} will
not be activated if a valid stop bit
was not received. In mode 0, SM2

should be Q.

enables serial reception. Set by
software to enable reception. Clear
by software to disable reception.

is the %th data bit that will be
transmitted in modes 2 and 3. Set
or clear by software as desired.

in modes 2 and 3, is the 9th daia bit
that was received. In mode 1, if
SM2 = 0, RBS is the stop bit that
was received. In mode 0, RBR is
not used.

is transmit interrupt flag. Set by
hardware at the end of the 8th bit
1ime in mode 0, or at the beginning
of the stop bit in the other modes,
in any serial transmission. Must be
cleared by software.

is receive interfupt flag. Set by
hardware at the end of the 8th bt
time in mode 0, or halfway
through the strp bit time in the
other modes, in any serial recep-
ton {except see SM2). Must be
cleared by software.

Note: All bits of SCON are clezred by reset.
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register, then the 1 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 deac-
tivate SEND znd set T1. Both of these actions
occur at SIPI of the 10th machine cycle after
“write to SBUE.”

Reception is initiated by clearing Rl, provided
REN = 1. 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 1o the
alternate cutput function line of P3.1. SHIFT
CLOCK makes transitions at S3P1 and S6P}
of every machine cycle. At S6P2 of every
machine cycle in which RECEIVE is active,
the contents of the receive shift register are
shified to the Ieft 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, 1s shift
out 1o 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 Contro! block to do one last shift
and load SBUF. At S1P1 of the 10th machine
cycle after the write to SCON that cleared R],
RECEIVE is cleared and RI is set.

Mode 0 Applications: Mode O was intended
primarily for I/0 expansion using CMQS or
TTL shift registers, as shown in Figure 6-11,

6.7.6 More About Mode 1

Ten bits are wransmitied (through TXD) or
received (through RXD): a start bit (0}, 8 data

bits (LSB first), and a stop bit (1). On receive,
the stop bit goes into RB8 in SCON. The baud
rate is determined by the Timer 1 overflow
rate.

Figure 6-12 shows a somewhat simplified func-
tional diagram of the serial port in Mode 1,
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 | into the
%th bit position of the transmit shift register
and flags the TX Control unit that a transmis-
sion is requested. Transmission actually com-
mences al S1P) 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 1o
SBUF™ signal.)

The transmission begins with activation of
SERND, which puts the start bit at TXD. One
bit ume 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, zeroes are
cocked in from the left. When the MSB of the
data byte is at the owtput position of the shift
register, then the 1 that was initially loaded in-
to the 9th position is just to the left of the
MSB, and all positions w0 the left of that con-
tain zeroes. This condition flags the TX Con-
trol unit 10 do one last shift and then deac-
tivate SEND and set T1. This occurs at the
10th divide-by-16 rollover after “write 1o
SBUF.”

Reception is initiated by a detected }-to-0 tran-
sition a1t 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 1FFH is written into the
input shift register. Resetting the divide-by-16
counter aligns its roliovers with the boundaries
of the incoming bit times. '

The 16 states of the counter divide each bit
tirne into I6ths. Ar the 7th, 8th, and 9th
counter states of each bit time, the bit detector
sampiles 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 1-to-0 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 start 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
RBS, and set RI. The signal to Joad SBUF and
RRB8, and to set RI, will be generated if and on-
Iy if the following conditions are met art the
time the final shift pulse is generated:

I}) RI=0,and
2) FEither SM2 = 0 or the received stop bit
=]

If either of these two conditions is not met, the
received frame is irretrievably lost. 1f both
conditions are met, the stop bit goes into RBS,
the 8 data bits go into SBUF, and R! is ac-
tivated. At this time, whether the above condi-
tions are met or not, the unit goes back to
looking for a 1-10-0 transition in RXD.

6.7.7 More About Modes 2 and 3

Eleven bits are transmitted (through TXD) or
received {through RXD): a stari bit (0), 8 data
bits (LSB first), a programmable 9th data bit,
and a stop bit (1). On transmit, the 9th data bit
{TB8) can be assigned the value of O 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 functional
diagram of the serial port in modes 2 and 3.
The receive portion is exactly the same 25 in
mode 1. The transmit portion differs from
mode 1 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 SBUF” signal also loads TBR 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
SIP1 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 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. The first shift clocksa |
(the stop bit) into the 9th bit position of the
shift register. Thereafter, only zeroes are
clocked in.

Thus as data hits shift out to the right, zeroes

are clocked in from the left. When TBS is at
the output position of the shift register, then
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Figure 6-13. Serial Port in Modes 2 and 3
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the stop bit is just to the left of TBS, 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 1Ith divide-by-16
rollover after “write to SBUF.”

Reception is initiated by a detected 1-to-0 tran-
sition at RXD. For this purpose RXD is sam-
pled ar 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 [FFH is written to the in-
put shift register.

At the 71h, 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 Jeast 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 1-10-0 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, 1s 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 block to do one last shift, load
SBUF and RB3, and set R1. The signal to load
SBUF and RBE, 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) Rl =0,and
2) Either SM2 = () or-the received 9th data
bit = |

If either of these conditions is not met, the

received frame is irretrievably lost, and Rl is
not set. If both conditions are met, the re-
ceived 9th data bit goes into RBS, and the first
8 data bits go into SBUF. One bit time later,
whether the above conditions were met or not,
the unit goes back to looking for a 1-te-0 tran-
sition at the RXD input.

Note that the value of the received stop bit is
irrelevant to SBUF, RBS, or RI.

6.8 INTERRUPTS

The 8031 provides five interrupt sources, each
of which can be programmed to one of two
priority levels. The five interrupt sources are
listed below:

Source Description

iNTO External request from P3.2 pin
(sampled at S5P2 of every
machine cycle).

Timer 0 Overflow from Timer 0 ac-
tivates interrupt request flag
TFO. |

INTI External request from P3.3 pin
(sampled at S5P2 of every
machine cycie).

Timer 1 - Overflow from Timer 1 ac-
livates intemupt request flag
TFL. =

Serial Port  Completion of transmission or

reception of one serial frame
acrivaies request flag TI (on
transmission) or Rl (on recep-
tion).

Each source can be individually enabled or
disabled by setting or clearing a bit in Speciz]
Function Register IE,
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Each source can be programmed to a high-
priority level or 2 low-priority level by setting
or clearing a bit in Register IP. A low-priority
interrupt can itself be interrupted by a high-
priority interrupt, but not by anocther low-
priority interrupt. A high-priority interrupt
can’t be interrupted. To implement these rules,
the Interrupt System cogtains (w0 non-
addressable “priority level active” flip-flops.
One indicates that 2 high-priority interrupt is
being serviced, and blocks all further inter-
rupts, The ather indicates that 2 low-priority
interrupt is being serviced, and blocks all but
high-priority interrupts.

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 2 second priority structure detesmined by the
polling sequence, as follows:

Source Priority within
Level
External Interrupt G (highes)
Timer 0 Qverflow
External Interrupt 1
Timer 1 QOverflow
Serial Port {lowest)

Al the interrupt sources are examined sequen-
tially during each cycle, such that by S6 of any
cycle all active interrupt requests have been
found and prioritized. Response 10 the active
request of highest priority will commence with
state I of the next machine cycle, provided the
response is not biocked by any of the following
conditions:

1) An interrupt of equal or higher priority
level is already in progress.
2} The current machine cycle is not the final

cycle in the execution of the instruction ia
progress. (In other words, no interrupt re-
quest will be responded to until the in-
struction in progress is completed.)

3) Theinstruction in progress is RETI or an
access {0 Special Function Registers 1E or
IP. (In other words an interrupt reguest
will not be responded to after RETI or
after a read or write to IE 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 thein-
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
clears the flag that requested the intermupt
(with exceptions: it doesn't clear INTO or
INTI1, since it has no control over the sources
of these signals, and it doesn’t clear T1 or RI).
The hardware subroutine call pushes the con-
tents of the Program Counter onto the stack
(but it does not save the PSW) and reloads the
PC with an address thar depends on the source
of the interrupt reguest, as shown below:

Source Address
External Interrupt 0003H
Timer 0 Overflow Q00BH
External Imermupt 1 Q013H
Timer 1 Overflow 001BH
Serial Pont 00623H

Execution proceeds from that address until the
RET! instruction is encountered.

The RETI instruction clears the “priority level
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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 (say,
INTO) to be level-activated. The service
routine for this interrupt then will terminate
with
JNB :WAIT HERE TILL
INT0 GOES HIGH
:NOW WAIT HERE
TILL IT GOES LOW
;GO BACK AND
EXECUTE ONE
INSTRUCTION.

P3.2,3

] P3.2,%

RET1

Now if the INTO pin, which is also the P3.2
pin, is held normally low, the CPU will go
right into the External Interrupt 0 routine and
stay there until INTO is pulsed (from low 10
high 10 low). Then it will execute RETI, go
back to the 1ask program, execute one instruc-
tion, and immediaiely re-enter the External in-
terrupt § routine to await the next pulsing of
P3.2. One step of the task program is executed
cach time P3.2 is pulsed.

6.8.4 Interrupt Control Registers

The Interrupt Reguest Flags are in two dif-
ferent registers and two por pins, as lisied
below: :

Source Request Flag Location
External INTO,if IT0O = 0  P3.2
Interrupt 0 IEG, if ITO = 1 TCON.1
Timer 0 TFC TCON.5
Overflow

External INT1,ifITl=0 P33
Interrupt 1 1E1, il ITI = 1 TCON.3

Timer } TF1 TCON.7
Overflow

Serial Port  Ti (on transmission) SCON.1

Ri{on reception) SCON.¢
External Interrupt conirol bits ITO and IT1 are
in TCON.C and TCON.2, respectively. Reset
leaves all flags inactive, with ITQ and IT}
cleared.

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 sofiware. All are cleared by reset.

IE: interrupt Enable Register

4 3 2 ! 0
ES ET1 EXIr ET0 EX0

Bi: 7 6 5
Ea X X
where
« EA disables all interrupts. H EA = 0,
no interrupt will be acknowledged.,
IFEA = 1, ecachinterrupt source is
individually enabled or disabled by

setting or clearing its enable bit.
enables or disables the Serial Port
interrupt. 1f ES = 0, the Serial
Part interrupt is disabled.

cnables or disables the Timer |
Overflow interrupt. If ET1 = 0,
the Timer 1 interrupt is disabied.
enzbles or disables External Inter-
rupt 1, If EXI = @, External Inter-
rupt | is disabled.

enables or disables the Timer 0
Overfllow interrupt. 1If ETO = (0,
the Timer Q interrupt is disabled.
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[P: Intertupt Priority Register

Bit: 7 6 5 4 3 2 1 0
X X X PS PT1 PX1 PTO PXO
where '
* PS defines the Serial Port interrupt
priority level. PS = 1 programs it
to the higher priority level.
defimes the Timer 1 interrupt
priority level. PT1 = 1 programs it
1o the higher priority level.
defines the Exiernal Interrupt 1
prority level. PX] = 1 programs
it to the higher priority level.
defines the Timer O interrupt
priority level. PTO = 1 programs it
to the higher priority level.
defines the External Interrupt O
priotity level. PX0 = 1 programs
it to the higher priority level.

» PT1

* PX1

* PX0

6.9 RST/VPD PIN

The circuitry connected to the RST/VPD pin
is shown in Figure 6-14. A Schmitt Trigger is
used at the input 1o the reset circuitry for noise
rejection. The output of the Schmitt Trigger is
sampled by thereset circuitry at S5P2 of every
machine cycle. At least two consecutive
samples must show a high in order to effect a
complete reset and initialization.

6.9.1 Reset

Reset is accomplished by holding the RST pin
high for at least two machine cycles (24
oscillator periods) while the oscillator is rup-
ning. The CPLI responds by exscuting an inter-

o _D',Drmesgm

Figure 6-14. RSTIVPD Circuitry

nal reset. It also configures the ALE and
PSEN pins as inpuis. (They are quasi-
bidirectional.) The internal reset is executed
during the second cycle in which RST is high
and is repeated every cycle until RST goes low.

It leaves the internal registers as follows:

Register Content

PC 0000H

A O0H

B 00H
PSW OCH

Sp 07TH
DPTR 0000H

PO - P3 OFFH

iP (XK 00000)
IE {0XX00000) -
T™MOD Q0H™
TCON 00H
THO 00H
TLO 00H
THI1 00H
TLI 0CH
SCON 00H
SBUF Indeterminate
PCON [(1:8.6.0.0.6.0.4]

144




MCS-51 ARCHITECTURE

The internal RAM is not_ affected by reset.
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-ON RESET

An automatic reset can be obtained when VCC
is turned on by connecting the RST pin to
VCC through a 10 pf capacitor, providing the
VCC risetime doesn't exceed a millisecond or
so. A power-on resei circuit is shown in Figure
6-15. 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 remain 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 VCC risetime is less than | msec and the
oscillator start-up time doesn’t exceed 10 msec,
a 10 pf capaditor will provide a reliable power-
on reset.

6.9.2 Power Down Operation

During normal operation the internal RAM
draws its power from VCC. However, as can
be seen in Figure 6-14, if the voltage at
RST/VPD exceeds VCC it becomes the source
of power for the RAM. This allows a backup
power supply to be used to hold RAM data in
the even: of 2 power failure.

To take advantage of this feature, the user’s
system, upon detecting that 2 power failure is
imminent, would interrupt the processor via
INTO or INT] to transfer relevant data to the
RAM and enable the backup power supply to

¥

By51

RSTVPO

Figure 6-15. Power-On Reset

the RST/VPD pin before VCC falls below jts
operating limit. When power returns, VPD
nteeds 1o stay on long enough to effect 2 reset
(oscillator start-up time plus two machine
cycles), and pormal 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 routing transfers relevant data to the
RAM and then writes a 0 10 PL.0. The low at
P1.0 triggers the 555, which is configured as a
one-shot whose output pulse width depends on
R, C, 2nd the presence of VCC. H VCC is still
present when the 555 times out, it is assumed
that the “imminent power failure” was a false
alarm, and operation resumes from reset. If
VCC does in fact go down before the 555 times
out, the 555 will hold power ;0 RST/VPD dur-
ing the outage, and will continue 1o hold it
after VCC comes back, for a time determined
by R and C. R and C 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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RST/VPD

Figure 6-16. Power Down Circuit

that is, the on-chip Program Memory in the
8751 can be electrically programmmed, and can
be erased by exposure to ultraviolet lighi.
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 Ffluorescent
lighting have wavelengths in this rangs, con-
stant exposure to these light sources over an
extended period of time (about 1 week in
sunlight, or 3 years in room-leve! fluorescent
lighting) could cause unintentional erasure. If
an application subjects the 8751 to this type of
exposure, it is suggested that an opague label
be placed over the window. (Suitable labels are
available from Intel.)}

The recommended erasure procedure is expo-
sure to ultraviolet light (at 2537 Angstroms) to
an integrated dose of at least 15 W-sec/cm?.
Exposing the £751 to an ultraviolet lamp of

12000 #W/cm? rating for 20 to 30 minutes, at
a distance of about 1 inch, should be suffi-
cient.

Erasure leaves the array inn an al! 1s state.

6.10.2 Programming the EPROM

To be programmed, the 8751 must be running
with a 4 to § MHz oscillator. The address of an
EPROM location to be programmed is applied
to Port 1 and pins P2.0-P2.3 of Port 2, while
the data byte is applied to Port 0. Pins
P2.4-P2.6 and PSEN should be held low, and
P2.7 and RST high. (These are TTL levels, ex-
cept RST which requires 2.5V for a high.) EA
is held normally at TTL high, and is pulsed to
+21V. While EA is at 21V, the ALE pin,
which is normally being held at TTL high, is
pulsed low for 50 msec. Then EA is returned 1o
TTL high. This is illustrated in Figure 6-17.
Detailed timing specifications are given in the
datz sheets,

Note: The EA pin must not be allowed 10 go
above the maximum specified VPP level of
21.5 V, even instantaneously, Even a narrow
glitch above that voltage level can cause per-
manent damage. It is suggested that the VPP
source be well regulated and free of glitches.

6.10.3 Program Verification

Refer to Figure 6-18 for the Program Verifica-
tion setup for the 8751 or the 8051. To read the
Program Memory of either the 8751 or the
8051, the following procedure can be used.
The unit must be running with a 4 to 6 MHz
oscillator. The address of a Program Memory
locarion to be read is applied 10 Port | and
pins P2.0-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.)
Fort O will be the data output lines. P2.7 can
be used as a read strobe. While P27 is held at
TTL high, the Port O pins {loat. When P2.7 is
strobed low, the contents of the addressed
location will appear at Port 0. External pull-
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Figure B-17. Programming the 8751

ups (e.g., 10K) are required on Port 0 during
this operation.

6.11 8051 FAMILY PIN
DESCRIPTION

V8S: Circuit ground potential,

VCC: Supply voltage during programming (of
the 8751}, verification (of the 8051 or 8751),
and nornmal operation.

Port 0: Port 0 is an 8-bit open drain bidirec-
tional 170 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 O can sink eight LS TTL in-
puts.

Port 1: Port } is an §-bit bidirectional IO pont
with internal pullups. It receives the low-order
address byte during program verification in
the 8051 or 8751. Port 1 c¢an sink/source three
LS TTL inputs. It can drive MOS inputs
without external pulfups.

Port 2: Port 2 is an 8-bit bidirectional i/ Q port

with Imernal pullups. it emits the high-order
address byte during accesses to external
memory. It also receives the high-order ad-
dress bits and control signals during program
verification in the 8051 or 8751. Port 2 can
sink/source three LS TTL inputs. 1t can drive
MOS inputs without external pullups.

Port 3: Port 3 is an 8-bit bidirectional 1/ O port
with internal pullups. It also serves the func-
tions of various special features of the MCS-51
Family, as listed below:

Port Pin Alterrare Function
P3.0 RXD (serial input port)
P3.1 TXD (serial output port)
P3.2 INTC (cx.tcm’ai interrupt)
P33 INTI1 (external interrupt)
P34 TO0 (Timer Q evternal
input}
P3.5 T1 (Timer 1 external
input)
PiL6 WR (external Data Memory
write strobe)
P37 RD (external Data Memory
read strobe)
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Figure 6-18. Program Verification

Port 3 can sink/source three LS TTL inputs. It
can dove MOS inputs without external
pullups.

RST/VPD: A high level op this pin for iwo
machine cycles while the osciltator is running
resets the device. An internal pulldown permits
Power-On reset using only a capacitor con-
nected 10 VCC.

ALE/PROG: Address Latch Enable output
for latching the jow byte of the address during
aceesses 1o external memory. ALE is activated
though for this purpose at a constant 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 ALE pulse is
skipped during each access to external Doto
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 skipped during each access to exter-

nal Data Memory.) PSEN is not activated dur-
ing fetches from internal Program Memory.
EAIVPP: When EA is held high the CPU ex-
ecutes out of intermal Program Memory
(unless the Program Counter exceeds OFFFH).
When EA is held low the CPU executes only
out of external Program Memory. In the 8031,
EA must be externally wired low. In the 8751,
this pin also receijves the 21V programming
supply voltage (VPP) during EPROM pro-
gramming.

XTALT: Input to the inverting amplifier that
forms the oscillator. Shouldbe grounded when
zn external oscillaior is used.

XTALZ: Qutput of the inverting amplifier that
forms the oscillator, and inp.t to the internal
ciock generator. Receives the external
oscillator signal when an external oscillator is
used.
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CHAPTER 7
MCS®51 MEMORY, ORGANIZATION, ADDRESSING
MODES AND DATA MANIPULATION

7.0 MEMORY ORGANIZATION

In the 8051 family the memory is organized
over three address spaces and the program
counter. The memory spaces shown in Figure
6-2 (page 6-3) are the:

* 64K-byte Program Memory address space

» 64K-byte Exterpal Data Memory address
space ’

* 384-byte Internal Data Memory address
space

The 16-bit Program Counter register provides
the BQ5i with its 64K addressing capabilities.
The Program Counter allows the user-to ex-
ectite calls and branches (o any location within
the Program Memory space. There are no in-
structions that permit program ¢xecution to
move from the Program Memory space 10 any
of the data memory spaces.

In the 8051 and 875] the lower 4K of the 64K
Program Memory address space is filled by in-
ternal ROM and EPROM, respectively. By
tving the EA pin high, the processor can be
forced 1o fetch from the internal
ROM/EPROM for Program Memory ad-
dresses 0 through 4K. Bus expansion for ac-
cessing Program Memory beyond 4K is
auntomatic 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 repardiess of whether fetches are
from internal or external Program Memory. If

all program storage is on-chip, byte location
4095 should be left vacant to prevent an
undesired preferch from external Program
Memory address 4096.

Certain locations in Program Memory are
reserved for specific programs. Locations 0000
through 0002 are reserved for the initiatization
program. Following reset, the CPU always
begins execution at location 000Q. Locations
0003 through 0042 are reserved for the five
interrupt-request service programs.: Each
resource that can request an interrupt requires
that irs service program be stored at its re-
served location.

The 64K-byte External Data Memory address
space is automaticaily accessed when the
MOVX instruction is executed.

Functionally the Internal Data Memory is the
most flexible of the address spaces. The Inter-
nal Data Memary 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 Iniernal Data RAM address space is 0 to
255. Four 8-Register Banks occupy locations 0
through 31. The stack can be located anywhere
in the Imternal Data RAM adiress space. In
addition, 128 bit locations of the on-chip
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 Internal Data RAM
address space are filled with on~chip RAM.
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The stack depth is limited only by the available
Internal Data RAM, thanks to an 8-bit
reloadable Stack Pointer. The stack is used for
storing the Program Counter during
subroutine calls and may be used for passing
parameters. Any byte of Internal Data RAM
or Special Function Register accessible
through Direct Addressing can be pushed/

popped.
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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 Banks reside
here. Memory mapping the Special Function
Registers allows them to be accessed 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 accessed 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 z byte of
Internal Data RAM (i.e., RAM addresses
128-255) nor a Special Function Register exists
will access data of indeterminable value,

Architecturally, each memory space is @ 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 significant byte at the low-order address

and the most significant byte at the high-order
address. Within byte X, the most significant

bit is represented byX.7 while the least signifi-

cang bit is X.0. Any deviation from these con-

ventions will be explicitly stated in the text.
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ARITHMETIC REGISTERS:
ACCumulator*, B register*,
Program Status Word*
POINTERS:
Stack Pointer, Data Pointer (high &
low)
PARALLEL VO 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 O (high & low)
SERIAL 1O PORT:
Serial CONirol*, Serial data BUFer,
PCON

*Bits in these registers are bit addressable

Figure 7-2. Special Function Registers

7.1 OPERAND ADDRESSING

There are five methods of addressing source
operands. They are Register Addressing,
Direct Addressing, Register-Indirect Address-
ing, Immediate Addressing and Base-Register-
plus Index-Register-Indirect Addressing. The
first three of these methods can also be used to
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 2 “destination, source™
field that specifies the data type, addressing
methods and operands involved. For opera-
tions other than moves, the destination
operand is also 2 source operand. For exam-
ple, in “subtract-with-borrow A,#5” the A
register receives the result of the value in
Tegister A minus S, minus C.

TIL
i

;
g
T
L

T
i

Figure 7-3. Mapping of Special Function
Registers

Most operations involve operands thar are
located in Internal Data Memory. The selec-
tion of the Program Memory space or External
Data Memory space for a second operand is
determined by the operation mnemonic unless
it is an immedijate operand. The subset of the
Internal Data Memory being 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 Figure 7-5. 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-R0) 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 Internal
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
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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 bytes of Internal Data RAM. Direct
Addressing of bits gains access 1o 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-indirect Addressing

— Internal Data RAM [@R1, @RQ,
@SP (PUSH and POPF only)]

— Lleast Significant Nibbles in
Internal Data RAM {@R1, @RO)

— External Data Memory (@R1,
@R0, @DPTR)

» Irmmediate Addressing

— Program Memory (in-code con-
stant)

Base-Register- plus Index-Register-

indirect Addressing

— Program Memory (@ DPTR+ A,
@ PC+A)

®

Figure 7-4. Special Function Register Bit
Address .

Figure 7-5. Operang Addressing Methods
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Figure 7-6. RAM Bit Addresses

using the content of the Stack Pointer (PUSH
and POP only), addresses the Internal Daia
RAM. Repister-Indirect Addressing is also
used for accessing the External Data Memory.
In this case, either Rl 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 2
port. The 16-bit Data Pointer may be used for
accessing any location within the full 64K ex-
ternal address space.

7.1.3 Immediate Addressing
Immediate Addressing allows constants which
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Figure 7-7. Addressing Operands in
Internal Data Memory

are part of the instruction 1o be accessed from
the Program Memory.

7.1.4 Base-Register- plus Index-

Register- Indirect Addressing
Base-Register- plus Index-Register- Indirect
Addressing simplifies accessing look-up-tables
(LUT) resident in Program riemory. 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 PC) and the in-
dex register (A).

7.2 DATA MANIPULATION
The 8051 microcomputer is efficient both asan
arithmetic processor and as a controller. In ad-
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dition to the capabilities of its 8048 pre-
decessor, the 8051 was enhanced with im-
proved data transfer, logic manipulation,
arithmetic processing, and real-time control
capabilities. The 8051 performs operations on
bit, nibble {4-bit), byte (8-bit) and double-byte
(16-bit) data types. It is classified as an 8-bit
machine since the internal ROM, RAM,
Special Function Registers, Arithmetic/Logic
Unit (ALU) and the exterpal data bus are each
8-bits wide. The double-byte data type is used
only by.the Datz 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
Tegister.

7.3 BOOLEAN PROCESSOR
Although the Boolean processor is an integral
part of the 8051’s architecture, it may be con-
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 1/70.

The bit-manipulation instructions allow the
Direct Addressing of 128 bits within the Inter-
nal Data RAM and 128 bits within the Special
Function Registers. The Spedal Function
Registers with an address evenly divisable by
eight (P0, TCON, P1, SCON, P2, IEC, 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, complement, jump-if-set,
Jjump-if-not-set, jump-if-set-then-clear and
move to/from carry. Between any addressable
bit {or its complement) and the carry fiag it can
perform the bit operation of logical and or
logical or with the result returned to the carry
flag.

The bit-manipulation instructions provide op-
timum code and speed efficiency in “bit-
banging™ applications such as the control of
the 8051's on-chip peripherals. The Boolean
processor also provides a sraightforward
means of converting logic equations (like those
used in random logic design) directly into soft-
ware, Complex cominatoriallogic functions
can be resolved without extensive data move-
ment, byte masking and test-and-branch trees.

7.4 DATA TRANSFER
OPERATIONS

Look-up-tables resident in Program Memory
can be accessed by indirect moves. A byte con-
stant can be transferred 1o the A register (.e.,
accurulator) from the Program memory loca-
tion whose address is the sum of a base register
{the PC or DPTR) and the index register {A).
This provides a conveniemt means for pro-
gramming translation algorithms such as
ASCII to seven segment conversions. The Pro-
gram Memory move operations are shown
diagrammatically in Figure 7-8.

A byte location within a 256-byte block of Ex-
ternal Data Memory can be accessed using Rl
or RO in Register-Indirect Addressing. Any
location within the full 64K External Dara
Memory address space can be accessed
through Register-Indirect Addressing using a
16-bit base register {i.c., the Data Pointer).
These moves are shown in Figurs 7-9.

The byte in-code-constant (immediate) maves
and byte variable moves within the 8051 are
highly orthogonal as detailed in Figure 7-1C.
When one considers that the accumulator and
the registers in the Register Banks can be
Direct  Addressed, the two-operand data
transfer operations allow 2 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 Jocations. Of particular
interest is the Direct Address to Direct Address
move which permits the value in a port to be
moved to the Internal Data RAM without us-
ing any RB registers or the accumulator. The
Data Pointer register can be lozded with a
double-byte immediate value. Also, the 8051°s
Boolean Processor can move any Direct Ad-

A

AN

SASE-REGISTER- mmm .
m&mmﬂ
B rCwa
PROG MEM 3-540) p-oc ‘I&“‘]

dressed bit to or from the carry register.

The A register can be exchanged with a register
in the selected Register Bank, with a2 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 significant nibble of the A
register can also be exchanged with the least
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Figure 7-8. Program Memory Move

Figure 7-5. External Data Memory Move
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Figure 7-10. Internaf 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 7-11.

7.5 LOGIC OPERATIONS

The 8051 permits the logic operations of and,
or, and exclusive-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 Intermal Data RAM or
Special Function Register using the A register
as the second operand. Also, use of Immediare
Addressing with Direct Addressing permits
these Jogic 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-R0O and the accumulator can be

RECISTEN DIMECT
K7-Ra D
REGISTER
a
“Low
REGISTENINOIRECT reppLE
LN ]

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-R0) 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 2 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, there are logicals 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
Alopg with the existing 8048 arithmetic operz-
tions of add, increment, decrement, compare-
to-zero, decrement-znd-compare-to-zero, 2nd
decimal-add-adjust, the 8051 implemented
subtract-with-borrow, compare, multiply and
divide.

Only unsigned binary integer arithmetic is per-
formed in the Arithmetic/Logic Unit. In the
two-operand operations of add, add-with-
carry and subtract-with-borrow, the A register
is the first operand and receives the result of
the operation. The second operand can be an
Jmmediate byte, 2 register in the selected
Register ‘Bank, a Register-Indirect Addressed
bytc or 2 Direct Addressed byte, These instruc-
tions affect the overflow, carry, auxiliary-
carry and parity flag in the Program Starus
Word (PSW). The carry flag facilitates non-
signed integer and multi-precision addition

Rl
Compupesinos.
RotmeLent
Pustpte—L et Tivianyh-Covy
Aolere-fligh

LR N ]

Pogiae Flagil-Throughe-C 1y
Swap-bidntiay Foue Lot Faur}

Figure 7-13. Internal Dala Memory Logic
Operations (Register A

and subtraction and multi-precision rotation.
Handling two's-complement-integer (signed)
addition and subtraction can easily be accom-
modated with software’s mornitoring of the
PSW's overflow flag. The auxiliary-carry flag
simplifies BCD zrithmetic. 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, oran
Indirect Addressed byre of Intermal Data
RAM, does not equal an immediate value; or
if the A register does not equal 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 camry flag is. A summary of the two-
operand add/substract operations is shown in
Figure 7-15.
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Figure 7-15. Internal Data Memory

Specific) Arithmetic Operations
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Figure 7-14. Intema! Data Memory Logic
Gperations (Bit-Specific)

Figure 7-16. Internal Cata Memory
Arithmetic Operations
(Register A Specific)
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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 resuit
from a binary addition to two two-digit BCD
values to yield the correct two-digit BDC
result. During this operation the zuxiliary-
carry fiag 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 in the Inter-
2] Data RAM or 2 byte in the Direct Ad-
dressed Internal Data RAM or Special Func-
tion Register. The 16-bit Data Pointer ¢an be

* Wtivemant (WL}
= Cecrpnupn (DEL)
- Du Py
1207}
DARECT RECISTER
O oA
WNC DEC. DaNT) {eC}
WEGISTER
-
NG, OEC)
REGISTER - ECT
AT-ne om1, o
(NG, DEC. By . DEC)

Figure 7.17. Interna! Data Memory
Arithmetic Operations

Ficure 7-18. Internal Data Memory
Arithmetic Operations
(Register A with B Specific)

incremented, For efficient loop control the
decrement-and-jump-if-not-zero operation is
provided. This operation can test a register in
the selected Register Bank, any Special Fune-
tion Register or any byte of Intermal Data
RAM accessible through Direct Addressing
and force a branch if it is pot zero. The in-
crement/decrement operations are summar-
ized in Figure 7-17.

The multiply operation multiplies the one-byte
A register by the one-byie B register and
returns 2 double-byte result (MSBin B, LSBin
A). The divide operation divides the onec-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.
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7.7 CONTROL TRANSFER

The 8051 has a non-paged Program Memory
to accommodate relocatable code. The advan-
tage of 2 non-paged memory is that 2 minor
change to a program that causes 2 shift of the
code’s position in memeory 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 varous
assembly and high-level languages which can
later be linked together to form the machine
object code.

Sixteen-bir jumps and calls are provided to
allow branching 10 any location in the con-
tigrous 64K Program Memory address space
and preempt 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 efficent jump
within a2 2K program module. Unlike the 8048,

REGISTER N BECETENWOWECT
re v e
“EP s pasi-twtrednniies

Figure 7-21. Return Operation

il

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%
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 10 PC + 127). The bit test
operations allow a conditional branch to be
taken on the condition of a Direct Addressed
bit being ser or not set. The accumulator test
operations allow a conditional branch based
o the accurnulator being zero or non-zero.
Also provided are compare-and-jump-if-not-
equal and decrement-and-compare-to-zera.
These are shown in Figure 7-22.

The register-indirect jump in the 8051 permits
branching relative 10 2 base register (DPTR)
with 2n 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.

Figure 7-22. Unconditional Short Branch
and Conditional Branch
Operations

Figure 7-23. Unconditiona! Branch
{Indirect} Operation
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CHAPTER 8

MCS®51 INSTRUCTION SET

8.0 WHAT THE INSTRUCTION
SETIS

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-
bolic Ianguage that is used 1o describe the
machine codes.

The 8051 assembly language needs only forty-
two mnemonics 1o specify the 8051's thirty-
three functions. A function may have several
mnemonics (e.g., MOV, MOVX, MOVQ)
since the function mnemonic specifies when
the Program Memory or External Data
Memory is used in conjunction with the Inter-
nal Data Memory. When the funciion
mnemonics are combined with unique address
combinations specified in the “destination,
source” field, !11 instructions are possible.
The “destination, source” {ield specifies the
data type and the combination of addressing
methods to be used to address the destination
and source operands. A summary of the 8051
instruction set is provided in Table 8-1.

*

The syntax of most 8051 assembly language in-
structions consists of a function mnemonic
followed by a “destinarion, source” operand
field. Thus “MOV @RQ, Data” may be inter-
preted as “The content of the Internal Data
Memory location addressed by the content of
Register O recejves 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 recejves the result of the operation when
the content of the memory location specified
by Data is and-ed with the immediate 5.”

The 8051’s instruction set is an enhancement of
the instruction set familiar to MCS—48 users. It
is enhanced to allow expansion of on-chip
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-byte, 45 two-byte and
17 three-byte instructions. Most arithmetic,
logical and branching operations tan be per-
formed using an instruction that appends
either a short address or a2 long address, For
example, Register Addressing allows a two-
byte equivalent of the three byte Direct Ad-
dressing instructions. Also, short branches are
more code efficient than long branches. 64 in-
structions execute in twelve oscillator periods,
45 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
mermmory locations; whether bits, nibbles, bytes
or double-bytes are to be processed; and what
addressing methods are to be employed.

8.1.1 Data Transter
Data transfer operations are divided into three
classes:

* General Purpose
» Accumulator-Specific
» Address-Object

None affect the flag settings except 2 POP or
MOY into the PSW.

General-Purpose Transfers

Three general-purpose data transfer opera-
tions are provided. These may be applied to
most operands, though there are specific ex-
ceptions.

e MOV performs 2 bit or 2 byte transfer
from the source operand to the destina-
tion operand. ’

* PUSH increments the SP register and
then transfers a byte from the source
operand to the stack element currently ad-
dressed by SP.

* PGP transfers a byte operand from the
stack element addressed by the SP register
to the desunarion operand and then
decrements SP.

Accumulator-Specitic Transfers
Four accumulator-specific transfer operations
are provided:

* XCH exchanpes 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 2z byte move between the
External Data Memory and the A register.
The external address can be specified by
the DPTR register (16-bit) or the R1 or RQ
register (8-bit).

* MOVC performs the move of 2 byte from
the Program Memory to register A as
follows. The operand in the A register is
used as an index into 2 256-byte table
pointed to by the base register (DPTR or
PC). The byte operand accessed is
transferred to A, MOVC is used for table-
look-up byte translation and for accessing
operands from code-in-line tables, )

Address-Obiect Transfer

* MOV DPTR,#data loads 16-bits of im-
niediate 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 zhc_i_zasic logic operations
on both bit and byte operands.

Single-Operand Operations
Seven single-operand logica; operations are
provided:

* CLR is used 1o set either the A register,
the C 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 (1).

+ 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 C), RRC
(rotate right through C), and SWAP
(rotate left four). For RLC and RRC the
C flag becomes equal 10 the Jast bit
rotated out. SWAP rotates the A register
left four places to exchange bits 3 through
0 with 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 byie operands) and returns the result
10 the location of the first operand.

* ORL performs the birwise logical in-
clusive disjunction of 1wo source
operands (for both bit and byie operands)
and returns the result of the location of
the first operand.

¢ XRL performs the bitwise logical ex-
clusive disjunction of the two source
operands (byte 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 supporied directly. The

overflow flag permits the addition and sub-
traction operation to serve for both unsigned
and signed binary integers. 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-
perties of the result of the gperation. 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 thar affect these flags is provided in
the “g05! Instruction Set Summary” in Table

81,
mmr | | ; ]
‘-‘w—"“—-—w——-d !
R pames e
Bit
Function Flag i Location
Carry Flag (also the CY: PSW.7:
C register) -
Auxiliary-Carry Flag | AC: PSW.6:
Overflow Flag ov: PSW.2:
Parity Flag P: PSW.0:
User Flag 0 FO: PSW.5:
reserved — PSW.1:
Register Select MSb | RSI: PSW .4;
Register Select LSh RSO: PSW.3:

Unless otherwise stated, the instructions obey
these rules:
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e CY is set if the operation result in 2 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 low-order four bits of the result
{during addition) or a borrow from the
high-order bits into the low-order 4 bits
(during subtraction); otherwise AC is
cleared.

QV is set if the operation results in a carry
into the high-order bit of the resukt but
not 2 carry out of the high-order bit, or
vice versz; otherwise OV is cleared. OV is
of use to two's-complement arithmetic,
since it becomes set when the signed resuit
cannot be represented in § bits.

P is set if the module 2 sum of the eight
bits in the accumulator is 1 (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 addirion operations are provided:

* INC (increment) performs an addition of
the source operand and one (1) 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) perforns an ad-
dition between the A register and the se-
cond source operang; addsone (1) if the C
flag is found previcusly set and returns
the result to register AL

DA {decimal-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 accumulztor),
subtracts one (1} if the C flag is found
previously set and returns the result to the
A register.

DEC (decrement) performs 2 sabiraction

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
unahiered.

Division

* DIV performs an unsigned division of the

A regisier by the B register and returns the
integer quotient to register A and returns
the fractional remainde 1o the B register,
Division by zero leaves indeterminate data
in registers A and B and sets OV, other-
wise OV is cleared. C is cleared. AC re-
mains unaitered.

163



MCS-51 INSTRUCTION SET

8.1.4 Control Transfer

There are three classes of control transfer
operations: unconditional calls, returns and
jumnps; 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 «¢alls, 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.

s ACALL and LCALL push the address of
the next instruction onto the stack (PCL
to low-order address, PCH 10 high-order
address) and then transfer control to the
target address. Absolute Call is a 2-byte
instruction used when the target addressis
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.c. and 11 bit address field)
is concatenated to the five most signifi-
cant bits of the PC {which is pointing 1o
the next instruction). If ACALL is in the
last 2 bytes of 2 2K page then the call will
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) 1o adjust the SP for the popped
address.

¢ AJMP, LIMP and SIMP transfer control
to the target operand. The operation of
AJMP and LIMP are znalogous to

ACAILL and LCALL. The SIMP (short
jump) instruction provides for transfers
within & 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 usefu) 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 {-128t¢
+127).

e JZ performs a jump if the accumulator is
zero.

* INZ performs a jump if the accumulator
is not zero.

» IC performs a jumpif the carry flag is set.

® INC performs a jumpif the carry flag s
not set. -

* JB peforms a jump if the Direct Ad-
dressed bit is set.

» JNB performs a jump if the Direct Ad-
dressed bit 1s not set.

» IBC performs a jump if the Dirsct 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 comtrol transfer
operations: uncenditional calls, returns and
jumps; conditional jumps; and interrupts. All
control rransfer operations cause, Some upon a
specific condition, the program execution to
continue at a non-sequential location in pro-
Eram 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.

* ACALYL and LCALL push the address of
the next instruction onto the stack (PCL
to low-order address, PCH 1o high-order
address) and then transfer control to the
target address. Absolute Call is a 2-byte
instruction used when the target addressis
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 bir address field)
is concatenated to the five most signifi-
cam bits of the PC (which is pointing 10
the next instruction). If ACALL is in the
last 2 bytes of 2 2K page then the cail will
be made 1o the next page since the PC will
have been incremented to the next instruc-
tion prior 1o execution.

¢ RET transfers control to the return ad-
dress saved on the stack by z previous call
operzation and decrements the SP register
by two (2) to adjust the SP for the popped
address.

= ATMP, LIMP and SYMP transfer control
to the target operand. The operation of
AJMP and LIMP are analogous 1o

ACALL and LCALL. The SIMP (short
jump) instruction provides for transfers
within 2 256 byte range centered about the
starting address of the next instruction
(-128 o +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 2 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 accumularor is
zero.

+ INZ performs a2 jump if the accumulator
is not zero.

* JC performs 2 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.

¢ 3BC performs a jump if the Direct Ad-
dressed bit is set and then clears the Direct
Addressed bit.
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Table 8-1. 8051 Instruction Set Summary

Interrupe Response Time: To finish execurion of current in-
struction, f=spond to the interrupt request. push the PC
and 10 vector 10 the first instruction of (he interrupt service
program requires 38 to 81 oscillater periods (3 10 Tps @ 12
MHz).

INSTRUCTIONS THAT AFFECT FLAG SETTINGS'

INSTRUCTTON FLAG INSTRUCTION FLAG
C OV AC C OV AC

ADD X X XCLRC o
ADDC X X X CPLC N
suss X X X ANLCObe hY

MUL o X ANL C./bit X

DI 0 X ORL C.bit hY

DA X ORL C.bit N

RRC X MOV C.bit hY

RLC X CINE X

SETB C 1

'Note that operations on SFR byle address 20% or bit ad-
dresses 208-215 (i.e. the PSW or bits in the PSW) will also
affect flag sewtings.

Noles on instruction set and addressing modes:

Rn —Register R7-RO of the currently sclecied
Register Bank,
dara —8-bit internal data location’s address. This

could be an Imernal Data RAM location
(0-127) or a SFR [ie. I/O pornt. conurol
regisier, status register, erc. (128-255)).

@Ri —8.bit internal data RAM location (0-255) ad-
dressed indirectly through register R1 or RG.

¥daa —8-bit constant included in instruction.

#data 16 — [6-bit consiant included in instruction

addri6 - 16-bit destiration address. Used by LCALL &
LIMP. A pranch can be anywhere within the
62K -byie Program Memory address space.

addri] - [1-kit destination addresy. Used by ACALL &

AJMP, The branch will be within the same
2K-byte page of program memory s the first
byte of the following tnstruction,

ret = Signed (two's compiement) 8-bit offser byte.
Used by SIMP and all conditional jurnps.
Range is -128 to + 127 bytes refative (o firg
byte of the following instruction.

ARITHMETIC OPERATIONS

Oscillator
Byte Period

Muoemonic
t 12

A.Rn

Description
Add register 10
Accumulator
Add dirca 2 12
byte to
Accumuiaior
Add indirect i 12
Ram 10
Accumulajor
Add immediate
dasa 1o
Accumulaior
Add regisizr 1o 1 12
Actumulator
with Carry
Add direct
byte 1o
Accumulaior
with Carry
Add indirect i 2
RaM o
Accumulator
with Carry
Add immediate
data o Acc
with Carry
Subtract
register from
Acc with
borrow

ADD

ADD A direct

ADD  A.@Ri

LY}
1

ADD  Adaa

ADDC ARn

ra
Ls

ADDC A dirext

ADDC A,@Ri

3
"

ADDC A.fdara

SUBB A.Rn

bit — Direct Addressed bit in Internal Data RAM or
Special Function Register,
- = New operation not provided by 8048/8049,
AR THMETIC OPERATIONS Cont,
Oscillator
Mnpemonic Description  Byte  Period

SUBBE A.direct Subrracy diren 2 12
byte from Acc
with borrow

SUBBE A.@Ri Subtract ) 12
indirect RAM
from Acc with
borrow

SUBB A ¥daz Subtract 2z 12
immediate data
{rom Acc with
barrow

INC A Increment 1 12
Accumylator

INC Rn Increment 1 12
register

INC direct Increment 2 12
diregt byte

INC @Ri Increment ; 12
indirect RAM

DEC A Decrement 1 12
Accumulate

DEC Rn Decremens 1 12
Register

DEC direct Decremen: 2 12
direct bvie

DEC @Ri Decrement I 12
indirect RAM

All mpemonics copynghted dimeg Corporaiion 1960
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Table §-1. Instruction Set Summary (continued)

ARITHMETIC QPEARATIONS Cont.

Mnemonic
INC DPFTE

MUL AR
piv AB
DA A

Deseription
Increment
Dara Pointer
Muliply A &L 8
Divide Aby B
Decimal
Adjust
Accemulatar

Byte

Osciliator
Period
24

43
43
12

LOGICAL OPERATIONS

Mnemenic
ANL A.Rn
ANL A direc

ANL  A.@Ri

ANL  Addaia

~AMNL direct. A

ANL  dirovt sdata

ORL. A.Rn

QRL A_direa

ORL A.@Ri

ORL Addata

QRL direct A

ORL derevt ddara

XRL A.Rn

XRL A_direwr

XRL AER

XRL A fdata

Description  Byte

AND register
Accurmnulator
AND direct
bwvie o
Accumulator
AND indirec
RAM 10
Accumularor
AND
immediaie daia
1Q
Accumulalor
AND
Accumulaior
ta direct vie
AND
immexiiate daa
to direct byie
OR regivter 10
Accumulawor
OR direc1 byvie
1]
Avcumaiatac
QR indirea
RAM 0
Accemalaior
OR immediaie
daiz 10
Accumnlane
OR
Avcumulaior
10 direct bvic
OR imrsedue
dara ro dirca
e
Excluvie-OR
regisier o
Accumutiior
Exctusive-OR
diret i to
Accumularor
Exclusive-OR
indireer RAM
10
Accumulaior
Exclusive-OR
jmmediate dala
to
Accumuiator

2

L)

LE )

1J

hr

Oscillator
Period
12

12

LOGICAL OPERATIONS Cont.

XRL

XRL

CLR
CPL
RL

RLC

RR

RRC

SWAP

Mupemonic

direct, A

direct, #data

Diescription
Exclusive-OR
Accumulator
1o direct byte
Exclusive-OR
immediare data
10 direct byte
Clezr
Accumulator
Complement
Accumulator
Rotare
Accumulaior
Lefi
Rotate
Accumulator
Left through
the Carry
Rotae
Accumulaior
Right
Rotate
Accumulzior
Right 1hrough
the Carry
Swap nibbles
within the
Accumulaior

Brte

2

Oscillator
Period
12

24

12

12

All macmonics copyrighied ~inted Corparation 1980
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Table 8-1.Instruction Set Summary (continued}

DATA TRANSFER
Manemonic
MOV  A.Rn
MOV A direc
MOV A @Ri
MOV A fdata
MOV Rn,A
MQY  Rnadirect
MOV Rn¥daa
MOV direct.A
MOV direct.Rn
MOV direcidirect
MOV direca,@Ri
MOV dircvt. kdata
MOV GRiA
MOV @Ridirev
MOV @Ri.fdaa
MOV DPTR. #da:alé
MOVYC A.@A+DPIR
MOVC A.@A+PC
MOVX A gRi
MOVX A.@DPTR

Description
Move register
to
Accumularer
Move direer
byte 10
Accumulator
Move indirect
RAM 10
Accumulator
Move
inunediate data
to
Arcumulator
Move
Accumulator
10 Fegister
Move direct
byte 1o register
Move
imimediare daia
1o Tegiver
Move
Accumulator
10 direct bvie
Move regisier
10 direct byte
Move direct
bvie 10 direct
Move indirect
RAM 10 direq
byie
Move
immoediare data
1o dirext baie
Move
Accumulator
10 indirgvt
RAN
Move direat
bye 1o indirev
RAM
Mme
wnmediate dara
10 indirest
RAM
toad Daia
Pomnier with &
TA-brt constam
Move Code
ovi¢ relaine 10
DPTR 10 Acc
Move Cade
bvie relaine 10
PC and Acc
Move Exicrnal
RAM {E-bu
addr) 10 Auc
Move External
RAM (16-bir
addr) 10 Acc

Oscillator

Byte Period

(]

[ ]

[

[

T

rer

12

23

DATA TRANSFER Cont

Mnemaonic
MOVX @&Ri,A

MOVX @DPTR.A

PUSH  direct
PQOP direct
XCH A.Rn

XCH A dircet

XNCH A& Ri

XCHD A.@Ri

Description
Mave Ace lo
External RAM
(8-bit addr)
Move Ace 10
External Ram
{16-bit addr)
Push direct
byte onto stack
Pop direct byie
from siack
Exchange
regiuer with
Accumulaior
Exchange
direct byie
with
Accumulaior
Exchange
indirevi RAM
with
Accumularor
Exchange low-
order Digii
indirevt RAM
with Ace

Byte

1

[

"~

Oscillasor
Period
24

24

24
24

12

12

All mnemonics copyrighied clmel Corporanon 1980
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Table 8-1.Instruction Set Summary (continued)

BOOLEAN VARIABLE MANIPULATION

PROGRAM BRANCHING Cont.

Oscillator Oscillaor
Mnemonic Description  Byte  Period Mremoznic Description Byte Period
CLR C Clear Carry 1 12 INZ ret Jump if 2 24
CLR bit Llear direct bit 2 12 Accumulator is
SETB C Set Carry 1 12 Not Zero
SETB  bh Set direct bit 2 12 CINE A, direct.rel -+ Compare direct 3 24
CPL C Complement I 12 - byte 1o Acc
Carry and Jump if
CPL bit Complement 2 12 Not Equal
direct bit CINE A #daa.red Corare 3 24
ANL  C.bit AND direat bit 2 24 immediaze 10
to Carry Acc and Jump
ANL C,/bit AND 2 24 if Not Equal
complement of CINE RNdaizred  Compare 3 24
direct bit 10 immediare 10
Carry register and
ORL  C.bit OR direct bt~ 2 24 Jump if Nat
to Carry Equal
ORL Crbit OR 2 24 CINE @Ri#data,rel Compare 3 24
complemeni of immediate 10
direct bit to indirect and
Carry Jump if Nov
MOV C.bit Move direct bity 2 12 Equal
to Carry DINZ  Rn.rel Decrement 3 4
MOV bi,,C Mowe Cartyo 2 24 register and
direct bit Jump if Mot
iC rel Jompif Carry 2 24 Zero
is st DINZ  direcirel Decremen: 3 24
INC rel Jump il Carry 2 23 direct byte and
oL set Jump if N1
JB bitref Jump if direct 3 24 2Zeto
Bit is set NOP No Operation | 12
JNB bir,re! Jump if direct 3 24
Bt 35 Nea set
JBC bit.rel Jump if dire@ 3 24
Bit is sat &
chear bit
PROGRAMING BRANCHING
Oscilistor
Maoemonic Descrigtion  Biyte  Period
ACALL addri! Absciule 2 24 -
Subroueune -
Cali
LCALL addrlé Long i 24
Subrounine
Cali
RET Rewurn far 14 24
Subroutine
RET! Rewurn for ¥ 24
interrupt
AIMP addeil Absoluie Jump 2 4
EINP addrlb Long Jump 3 22
SIMP  rel Shon Jump 2 24
(relative addr}
e @A+DPTR  lump indirea 14
relative to the
DPTR
1Z ret Jump il 2 P2
AtCurhuiaior i
Zeto
AR ics copyrighied eintel Corporaon 1980
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o CINE compares the first operand to the
second operand and performs a jump if
they are not equal. C is set if the first
operand is jess than the second operand;
else it is cleared. Comparisons can be
made betwesn the A register and Direct
Addressable bytes in the Internal Data
Memory or between an immediate value
and either the A register, 2n RB registerin
the selected Register Bank, or a Register-
Indirect addressed byte of the Internal
Data RAM.

DINZ decrements the source operand and
returns the result to the operand. A jump
is performed if the result is not zero. The
DINZ 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
DINZ 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 execution control may be transferred
by means of internal and external interrupts.
All interrupts perform a transfer by pushing
the Program Counter onto the stack and then
branching to programs located at absolute
locations 3, 14, 19, 27 and 35 in the Program
Memory. The programmer must push all
regisiers that will be altered by his interrupt
service program onto the stack to avoid cor-
ruption. Only one interrupt t=nsfer operation
is necessary:

e RETI transfers control in 2 manner iden-
tical to RET. In addition, RETI reenables
interrupts for the current priority level.

See section 2.3.1 for Further details on the
operation and control of the interrupt system.

8.2 Instruction Definitions

The rest of this chapter defines all the instruc-
tions and operations which the MCS-51 CPU
can perform. 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
MCS-51 assembly language uses the same
mnemonic for each, reducing the number of
mnemoenics the programmer must remember.
The assembler determines which instruction is
appropriate from the operands specified.
Thus, the mpemonic “CLR” can operate on
the eight.bit accumulator (“CLR A™), or on
one-bit variables (“CLR F0"). The mnemonics
ANL, ORL, CPL, and MOV can relate to
more than one data type as well. These opera-
tions present each data type in a separate sec-
tion.

Each settion then describes the action taken by
the operation, the flags and registers affected,
and shows a short example of how an instrue-
tion might be used in a program. Next comes
the number of byies and -machine cvcles re-
quired, the corresponding binary machine-
language encoding, and 2 symholic description
or restatement of the function implemented.

Noter Only the carry, auxihary-carry, and
overfiow flags are discussed in these instruc-
tion descriptions. Since the parity bit (PSW.0)
is recomputed after every instruction cycle any
instruction thzt alters the accumulator —
cither inherently or as a special function
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register — could affect the parity flag. Similar-
ly, instructions which alter directly addresszd
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-manipulztion 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 a2 .symbolic
description for each.

The information in this chapter is directed
towards defining the capabilities of the
MCS-51 architecture and hardware. For
details on the assembly language or ASMS51
capabilities refer 1o the MCS-5] Macro
Assembler User’s Guide, publication number
9800937.
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Integrated Circuit

FEATURES
True rms-to-de Conversion
Leser-Trimmed to High Accuracy
} 0.2% max Error {AD536AK)
0.5% max Error (ADS36AJ)
¥ide Response Capability:
Computes rms of ac and dc Signals
450k Hz Bandwidth: Vqg > 100mV |
2MHz Bandwidth: V. >1V
Signal Crest Factor of 7 for 1% Error
8B Qutput with 60dB Range
{tow Power; 1.2mA Quiescent Current
$%ingle or Dual Supply Operation
{onolithic Integrated Circuit
{55°C to +125°C Operation (AD536AS}
Low Cost

2F0DUCT DESCRIPTION

§:AD536A is 2 complete monolithic integrated circuit which
‘orms true yms-to-de conversion. It offers perfarmance

¥<h is comparable or superior to that of hybrid or modular
#s costing much more. The AD536A directly computes the
t rms value of any complex input waveform contzining ac

¥ dc components. It has a crest factor compensation scheme
¥<h allows measurements with 1% error at crest factors up
¥’ The wide bandwidth of the device extends the measure-
“t capability to 300kHz with 3dB error for signal levels

e 100mV.

important feature of the AD536A not previously available
175 converters is an auxiliary dB output. The logarithm of
"mms output signal is brought out to a separate pin to allow
4B conversion, with 2 useful dynamic range of 60dB. Using
«ternally supplied reference current, the 0dB level can be
“tniently set by the user to correspond to any input level

% 0.1 to 2 volrs rms.

" ADS36A is laser trimmed at the wafer level for input and
L:’Jt offset, positive and negative waveform symmetry (dc
*sal error), and full scale accurzcy at 7V rms. As a resuly,
“rernal trims are required to achieve the rated accuracy

S2 unit.

72 is full protection for both inputs and outputs. The input
“try ean take overload voluages well beyond the supply

*s. Loss of supply voltage with inputs connected will not
¢ unit failure. The output is short-cireunit protected.

*ADS536A is available in two accuracy grades (J, K) for
“mercial temperatere range (0 to +70° C) applications, and
* grade (S) rated for the -55°C 10 +125°C extended range.
*AD536AK offers 2 maximum toral error of £2mV +0.2%

‘Mation furmished by Analog Devices & believed 1o be accurate
"tliable, However, no responsibility is assumed by Analog Devices
= use; nor for any infringement of patents or other rights of third
% which may resuit from its use. No license is granted by impiica-
Or otherwise under any patent or patent rights of Anaiog Devices.

of reading and the AD536A) and AD536AS have maxi-
mum errors of £5mV #H.5% of reading. All three versions are
zvailzble in ¢ither 3 hermetically sealed 14-pin DIP or 10-pin
TO-100 metal can.

PRODUCT HIGHLIGHTS

1. The ADS36A computes the true root-mean-square level of
a complex ac {or ac plus de) input signal and gives an equiv-
alent dc output level. The true rms value of 3 waveform is a
more useful quantity than the average rectified value since
it relates directly to the power of the signal. The rms value
of 2 statistical signal also relates to its standard deviation.

2. The crest factor of a waveform is the ratio of the peak
signal swing to the rms value. The crest factor compensa-
don scheme of the AD536A allows measurement of highly
caomplex signals with wide dynamic range.

3. The only exrernal component required to perform meas-
urements to the fully specified accuracy is the capacitor
which sets the averaging period. The value of this capaci-
tor determines the low frequency ac accuracy, ripple
level and setding time.

4. The AD536A will operate equally well from split supplies or
a single supply with total <apply levels from 5 to 36 volts.
The one milliampere quiescent supply current makes the
device well-suited for 2 wide variety of remote controllers
and banery powered mstruments.

5. Tre ADS36A directly replaces the AD536, and provides
improved bandwidth and temperature énft specifications.

One Technology Way: P. O. Box 9106; Norwood, MA (02662-9106 [1.S_ A
Tel: 617/325-470¢ Twx: 710/394-6577
Telex: 924421 Cabies: ANALCG NORWOCODMASS
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PECIFICAT"]NS (@ +25°C, and =15V dc pnless otherwise noted)

del ADS38AT ADS3AK ADS3EAS
Aiin Typ Max Ain Typ Wax Min Typ Max Umits
$NSFER FUNCTION Vot = V. (Vo Vot = Vavg Vo ¥ Your © Vave (V¥
SVERSION ACCLRACY
%3l Ervor, Internal Trim' (Figure 1) =5=0.5 =1=42 =5 =05 mY = %of Reading
1. Temperatre, T,y 0 + 70 =0.1 =001 =0.05 =0.005 =0.1 0005 | mV =%l Reading™C
~70°Cry + 125 0.3 £0.005 | mV = %of Reading™C
v Supply Voluge =01 =001 =01 =0.0¢ =0.f =001 WV = %of Reading/V
dc Reversal Error =02 =0T =0.2 =%of Reading
12! Egror, Exvernal Trisd’ (Frgase =3=03 =2=01 =302 N mV = % of Reading
ORVS. CREST FACTOR?
sFxtortin? Specificd Accuracy Specificd Aceuracy Specified Accuracy
 Factor = 3 -0.1 -0l ~0.1 % of Reading
% Factor = 7 -1.8 - 10 - Lo { %ol Reacding
{UENCY RESPONSE* !
dwidth for % additional error0.09dB) :
15 = HmV 5 5 5 . kHz
Vis = 100V 45 A5 45 ! kidfy
Viv=1V 12¢ 120 V20  kHz
*F Bandwidrh .
Vo = 10mV %0 ] ) | KMz
Vi = 100V 450 450 450 ; kHz
eIV 2.3 2.3 23 « MHx
IRAGING TIME CONSTANT {Figure ) 25 5 2% T muuFCAY
YT CHARACTERISTICS :
¥4 Range, = 15V Sapplies. !
Continuons rms Level fa? Qw7 ow7 ! Vs
Peak Trangicpt Input =20 =20 20 V peak
Cenimumas rey Leved, == SV Supphcy w2 [HEY] [ T%4 Vs
Pk Transient Input. = 5V Supplies =7 =7 =7 V peak
*az:myem Continuous Nendesiructve
-mxm(mswvvwm =25 =2 =z ¥ peak
3t 13.33 16.67 2 113 16,67 e 13.33 1687 20 1 kit
0.8 =2 a5 =1 03 2 =y
“& Volage, ¥ « COM{Fure 10 =1 =2 =05 =1 =2 mV
" Tempersture =0.1 =61 0.2 myaC
". Suppty Voltage =01 =i =02 mviy
T3¢ Swing, = 15V Supplics S+l <128 S+l 125 So+ll +125 v
1Y Suppky . Qw2 Swel Qo2 hd
~TPUT (Figure 12,
2, Vi 7mV10 7V rms, 0dB = IV rim =04 =6.5 =02 =83 =05 e 1}
A Factor 3 -3 -3 oVl
3 Factor TC (U ncookpensatcd., ace Frg-
¥ 12 for Temperature Compensatioa) - 0.0 -0.033 -¢.03 4T
+0.33 +0.33 +0.53 ol Reading™C
=1V -3 Fa] ] -] wn » 5 F.:] » ah
} 100 1 100 1 1% " 3
@ @ 40 WAV rrs
~ Scale Facyor Totcraoce =10 =20 =10 =20 =10 £y, ] %
. n = 30 b b2 7] n n w X
- Vsi(+ Vs -Viw(+Vy - Vi (+Vy
=150 =15 -2.3v) A\
“T AMPLIFIER .
'\“L-d()mput\-'olmam: -Vl + Vg -VWsto(+Vy ~Viti+ ¥, v
. -215% -2.5v} ~15V)
OHfver Vobtage K,y = 25k =83 =4 =05 =4 =03 =4 mY
n [ 2 0 0 . nA
i’ w i [
{ e 3mA, (¢ SmA. {+5mA,
- 130nAY - 130uAl - 1301A)
- - 20 20 w0 mA
| * Remstance as 0.5 0s 1t
* Lgmai Bandwidih t 1 1 Mtz
::"\__:E_‘__; 3 3 5 Vigs
“SUPPLY
8+ Raed Performance =13 =15 =18 v
"3 Suppiy =34 =11 ERE ] =13 =30 =1 v
L:usup.p;_, 3] ' 36 +S '+ 36 5 <3 N
“‘m&m-::n
LIV SV 1036V Toam e T 12 2 12 2 B2 2 mA
“‘TLRE RANGE
t‘ ortrsance o L) L] .M - 55 B3] c
g 35 + 150 55 » 150 L] 150 b
rf'uw;,pwwmd‘“;mwmeAmmmahmimF’ . own 2 wesey em al) prodocunn g of Gl oot

* ey facsor 18 specificd a1 s adddrtaomad error for [ s raTanguiar puine inpanl, puise width
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STANDARD CONNECTION

The AD536A is simple to connect for the majority of high
accuracy rms rmeasurements, requiring only an external capac-
itor to set the averaging tume constant. The standard connec-
tion is shown in Figure 1. In this configuration, the AD536A
will measure the rms of the ac and de level present at the
input, but will show an error for low frequency inputsasa
funcdon of the filter capacitor, Cay, 25 shown in Figure 5.
Thus, if 2 44F capacitor is used, the additional average error
at 10Hz will be 0.1%, 2zt 3Hz it will be 1%. 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-polar. 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 0.1uF ceramic discs as
near the device as possible.

The inpur and outpur signal ranges are a function of the sup-

ply voltages; these ranges are shown in Figure 16. The AD536A
can also be used in an unbuffered voltage output mode by dis-
connecting the input to the buffer. The cutput 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 25k resis-
tor from ground. The output current is available at pin 8 (pin
10 on the “H™ package) with a nominal scale of 40u A per volt
rms inpat, positive out.

L ~-‘;‘:‘ 1
=]
~ ==

L |
]
o

Figure 1. Standard rms Connection

OPTIONAL EXTERNAL TRIMS FOR HIGH ACCURACY

If it is desired to improve the accuracy of the ADS36A, the
external wims shown in Figure 2 can be added. Ry is used 1o
trim the offser. Note that the offset trim circuit adds 3650 in
scries with the internal 25k resistor. This will cause 2 1.5%
inecreasein scale factor, which is trimmed out by using R;

as shown. Range of scale factor adjustment is $1.5%.

The trimming procedure is 23 fellows:

1. Ground the input signal, Vpy, and adjust Re 10 give zero
volts output from pin 6. Alternatively, Rg can be adjusred 1o
give the correct ourput with the lowest expected value of Vi,
2. Connect the desired full scale input level to Vpy, either

dc or a calibrated ac signal (1kHz is the opumum frequency);
then wrim R to give the correct outpur from pin 6, ie,,
1.000V dc input shouid give 1.000V dc output. Of course, a
+1.000V peak-to-peak sinewave should give 20.707V de ourpur.
The remaining errars, as given in the specifications, are due to
the nonlinearity.

C e

The major advantage of external rrimming is to optimize
device performance for a reduced signal range; the AD5S36A
is internally wrimmed for a 7V rms full scale range.

Cav
=]
SCALE
FACTOR i
ADIUST . S
Vi _mf*—-“E ABSOLUTE E“"""Vs
A1 VALUE v
=] ]
R4 OFFSET
— Son ADJUST
W, SOUARER 2
¥ 1l r DIVIBER !
4
I = L_I CURRENT
MIRROA
tar{]
26k
7 st [l
25k

Figure 2. Optional External Gain and Output Offset Trims

SINGLE SUPPLY CONNECTION

The applications in Figures 1 and 2 require the use of approx-
imately symmetrical dual supplies. The AD536A can also be
used with only 2 single positive supply down 10 +5 voirs, as
shown in Figure 3. The major limitation of this connection is
that only ac signals can be measured since the differential in-
put stage must be biased off ground for proper operation.
This biasing is done at pin 10; thus it is critical that no
extrancous signals be coupled inro this point. Biasing can be
accomplished by using 2 resistive divider between +Vg and
ground. The values of the resistors can be increased in the
interest of lowered power consumpton, since only 5 micro-
amps of current flows into pin 10 {pin 2 on the “H” package).
AC input coupling requires only capacitor C; as shown;ade
TCWUrn is not necessary 2sitis provided internally. C, is selected
for the proper low frequency break point with the input resist-

_ance of 16.7k82; for a cur-off at 10Hz, C; should be 1uF. The

signal ranges in this connection are slightly more restricted
than in the dual supply connecton. The input and ourput sig-
nal ranges are shown in Figure 16, The load resistor, Ry . is
necessary to provide output sink current.

Cav
g e
1k
=] [ ® —
Vi HI———E ASSOLUTE bl o
S VALUE il
NORPOLARIZED E ; E
ST s 1
= j—?, o
CURRENT
vour E MIRROR E__""—‘:anw:
~ 7 »—J Bu;__ 1 ﬁ* P :%m‘
W %

Figure 3. Single Supply Connection
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CHOOQSING THE AVERAGING TIME CONSTANT

The ADS36A will compure the rms of both 2¢ and de signals.
If the input is a slowly-varying d¢, the output of the AD536A
will track the input exactly. At higher frequencies, the average
output of the AD536A will approach the rms value of the in-
put signal. The actual output of the AD336A will differ from
the idezl output by 2 de {or a2verage) error and some amount

! of ripple, a5 demonstrated in Figure 4.

By
i IDEAL
Eo
DC ERAROR = Eg - Eg {IDEAL)
Pt Y 2 M

J..tf..kfntp_\_ pg——— _
~ T N averacee,- i
DOUBLE—-FREQUENCY

RIPPLE

j—

TIME

Figure 4. Typical Qutput Waveform for Sinusoidal input

The dc error is dependent on the inpur signal frequency and
the value of Cay. Figure § can be used to derermine the mini-
mum value of Cyv which will yield a given percent de error
above a given frequency using the standard rms connection.

The ac component of the output signal is the ripple. There are
two ways to reduce the ripple. The first method involves using
2 large value of Cay. Since the ripple is inversely proportionat
10 Cav, 2 tenfold increase in this capacitance will effect 2 ten-
fold reduction in ripple. When measuring waveforms with high
crest factors, (such as low duty cycle pulse trains), the aver-
ging time constant should be at Jeast ten times the signal peri-
od. For example, a 100Hz pulse rate requires 2 100ms tme
constant, which corresponds to 2 4uF capacitor (time con-
stant = 25ms per iF).

The primary disadvantage in using z large Cov to remove rip-
ple is that the setding time for a step change in input fevel is
‘ncreased propertionately. Figure 5 shows that the relationship
between Cay and 1% sertling time is 115 milliseconds for each
Microfarad of Cyv. The sentling time is twice 3s great for de-
‘reasing signals as for increasing signals (che values in Figure 5
re for decreasing signals). Sexxling time ziso increases for low
signal levels, as shown in Figure 6.

100

Al

g
o

T gy pf

| H
VALUES FORC,, AND
01 f— 1% SETTUNG THME

MULTIPLY BEADING BY 0 FiS

FOR 1% SETTLING TIME IN RFCONDS

Ty ¢t Do
" =y dc ERROA + % RIPPLE Pwai) |
oo TN T
X:3)

1 10 100
WPUT FREQUENCY - Mr

Figure 5. Error/Settling Time Graph for Use with the
Standard rrms Connection in Figure 1 -
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Figure 6. Settling Time vs Input Level
A betrer method for reducing curput ripple is the use of 2
“post-filter”. Figure 7 shows a suggested circuit. If z single-
pole filter is used (C3 removed, Ry shorted), and C, is approx-
imately twice the value of Cay, the ripple is reduced as shown
in Figure B, and scrtling time is inereased. For example, with
Cav = 1pF and C; =2.2uF, the ripple for a 60Hz input is re-
duced from 10% of rcading to approximately 0.3% of reading.
The sertling time, however, is increased by approximately 2
factor of 3. The values of Cay 2nd C; can therefore be reduced
to permit faster settling times while still providing substantial
ripple reduetion.

The two-pole post-filter uses an active filter stage 1o provide
even greater ripple reduction without substantially increasing
the sertling times over a circuit with 2 one-pole filter. The
values of Cav, C;, 2nd Ca can then be reduced 1o allow ex-
wemely fast scttling times for 2 constant amount of ripple,
Caution should be exercised in choosing the value of Cay,
since the dc error is dependent upon this value and is inde-
pendent of the post filter.

For 2 more dezaiied explanation of these topics refer to the
RMS 1o DC Conversion Application Guide 2nd Edition,
available from Analog Devices.

pCy ; o -L__

v - T

Figure 7. 2 Pole “Post™ Filter

OC EAROR
OR RIPPLE -
% of Reacsrg

h . P PK
: . RIPPLE IONE POLE}

% |

DC ERROR

Cav = WwF

{ALL FILYERS}
i

o

SOk Px PX 00N W Tox
REPPLE,

Cav = F
Cz=Cy=22.F [TWO POLE}

Figure 8. Performance Features of Various Fifter Types
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AD536A PRINCIPLE OF OPERATION

fhe AD536A embodies an implicit solution of the rms equa-
ion that overcomes the dynamic range as well 2s other limi-
ztions inherent in a straight-forward computzton of rms,
(he actual computation performed by the AD536A follows
he equation:

2
Vi
Vlms = Avg. I—-—.—-]

L Vs

Figure 9 is a simplified schematic of the AD536A; it is sub-
livided into four major sections: absolute value circuir (ac-
ive rectifier), squarer/divider, current mirror, and buffer am-
Jifier. The input voltage, Vi, which ezn be ac ar de, 1s con-
rerted te a unipolar current Iy, by the active recrifier Ay, As.
'y drives one input of the squarer/divider, which has the
ransfer funcdon:

[4 = Il 2/ 13

'he output current, l;, of the squarer/divider drives the cur-
ent mirror through a low pass filter formed by R, and the
xternally connected capacitor, Cay. If the Ry, Cay time
:onstant is much greater than the longest period of the input
ignal, then L, is effectively averaged. The current mirror re-
urns a current 1, which equals Avg. 11,1, back to the squarer/
‘vider to complete the implicit rms compurtation. Thus:

Iy = AVg. [1121141 = [, rms

The current mirror also produces the output current, Iy,
#hich equals 24. L5y can be used directly or converted 1o
ivoltage with R; and buffered by A4 to provide a low im-
7¢dance voltage output. The transfer function of the AD536A
‘ius results:

Vour = 2R2 L= Vin s

The dB output is derived from the emirter of Qj, since the
‘oltage ar this point is proportional to -log Vpy. Emitter fol-
awer, Qg, buffers and level shifts this voltage, se that the

‘B output voltage is zero when the externally supplied
Tnitter current {IggF) to Qs approximates I3.

CURRENT — MIAROR

ASSOLUTE WALES
VOLTAGE - CURREMNT

CONVERTER
e
50 h —@i ﬂ
- eur
' ‘y ™ BUFFER o,'fT

NIRRT
NS > l;é apy =
I

(7

5 1 v

OME — OUADRANT
SOUARER[
DivIDER

Figure 8. Simplified Schematic
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Li311 Voltage Comparator

General Description

The EM3TT is a voltage comparator that has input
currents more than a hundred times lower than de-
vices Jike the LM306 or LM710C. it is also de
signed 1o Operate over a wider range Of supply
voltages: from standard $15V op amp supplies
down to the single 5V supply used for 1T lagic. 1ts
outpyt is compatitie with RTL, DTL andd TTL as
well as MOS circuits. Fuarther, i car drive lamps or
relays, switching voltages up to 40V al currents as
highas 50 mA,

Features

= Operates from single 5V supply
® Maximum inpul current: 250 nA
& Maximum offset current: 50 nA

Voltage Comparators

& (ifferential input votlage range: 2330V
& Pgwer consumptron: 135 mivY a1 £ 15V

Botn the input and the output of the LM311 can
be isolated from system ground, and the output
¢can drive loads referred 10 ground, 1he posilive
soply of the negative supply, Oifset balancing
and strobe capabubity are provided and oulputs can
be ware OR’ed. Although slower than the LM306
ard LM7T0C (200 o5 response 1ime vs 40 ns) the
device is 350 MuCh e prone 10 spurrous ascitlar
trons. The LM311 nas the same pn configuration
as the LM306 and LM710C. See the “apphcation
mins” of tne LM311 for application help,

Auxiliary Circuits**

L
s

Ralyy Drover with Strobe

by o T 1 Y (ot

™
T

Digeial Trpmumnsion Isolator

g a4 Frogial

T . it Sl [y
S o e m——

P D Rt frmmnd Sy e -

Stroivag af! Both lngut™
s Dutput Srages

hid Noie: Pun connecticons shown on schematc duagram
and typwai appiications sre for TO-5 package.
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Absolute Maximum Ratings

Tot! Supply Voltage (Va4) - 36V
Output 1o Negative Supply Voitage (V44 40V
Ground to Negative Supply Voltage (V) 3ov
Differential Input Voltaoe £30V
input Voluage {(Note 1} *15v
Power Dissipation (Note 2) 500 miW
Output Short Circuit Duration 10 sec
Operating Temperature Range 0°C 10 70°C
Storage Temperature Range —€5°C 10 150°C
Lead Temperature {soldering, 10 sec) 200°C
Voliage at Strobe Pin V-8V

Eiectrical Characteristics wowe

PARAMETER CONDITIONS Min TYP MAX UNITS

Input Otfset Voltaoe {Note 4} T, *25°C. Rg < 50k 2.0 15 my

Input Otfset Cutrent {Note 4) T, = 25°C 6.0 50 na

Input Bizs Current Ta=25°C 100 250 aA

Voltage Gain T, =25°C a0 200 vimVv

Responge Time (Note 5} T, =25°C 200 ™~

Saturation Voitage Vi € =10mV, lgpy = 50mA 0.7% 15 v
T, =25C

Strobe ON Current Ta=25°C 30 mA

Outpur Leakage Current Vin 2 10mV, Vv = 35V 02 &0 nA
Ta =25°C. Igymope = 3MA

Input Otfset Voitage (Note 4) R¢ < 50k 10 myv

Input Otfser Current (Note 4} 70 nA

Input Bias Current 300 nA,

Input Voittage Fange - -i45 13.8-147 110

Saturation Voltage V45V, VT =0 0.23 02 v
Vo € =10mV, Iy <8 ma

Positive Supply Current Ta=25C 51 75 mA

Negative Supply Current  ~ Ta=25"C 4 5.0 mA

Now 1: This raung sopies tor 215V qupoias. The poutre input voltage livst 8 30V sbove the negairve suppiy. The negatore

MUt vol cage limit s equal to The Negitive SWDOY voitage of 30V below the positive suppiy, whithewver is lets,

Notw 2: The manynum junchon 1emoerstere of the LMIT1 l;l 110°C, For operating ot eievated temperatures, dences in the TO-S
Package musst e cerdted Daver on a Thermael cesistance of 15070, junction to smiment_ or 45 CW, junetgn * . case. The thermat

resisTpock of The gusindine pacikege & 100 T/, junchion 10 Smbsent,

Note 1: Trem tpecilications soply for Vg = 215V and ™ Ground pin a3 grownd, smd 0°C < Ty € +70°C, uniem oTherwese
soeciteeef, The otser voltage, oftse: curent and bt curtent sDecilications sopty for pny suply voitage tiom 3 unge 5V supoly

up 3¢ = 15V sepoiier.

Note 4: The oftser volr.-oe:anduﬁmcurtemsmmv’!mm:vmmm:ommm&w\uﬂ:hmlM|ote-mef
spply with 1 mA losd. Thus, these Darameters define an £Tror band 2ng take Wlo scCount T worst-case eftects of voltage gair

and inpyt impedance.
Nowm §: The response Tne specifred e definitions} i for 8 100 mV inout step with S mV overds ree.
Note §: Do not short The STrobe Pi 10 growund; i1 shaw'id be current driven 2t 2 10 S maA.
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Typical Performance Characteristics
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Typical Performance Characteristics (continuer

Supply Current
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Typical Applications continuea
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Schematic Diagram
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Application Hints

CIRCWMIT TECHNIQUES FOR AVOIDING
OSCILLATIONS IN COMPARATOR APPLICATIONS

When a high-speed comparator such & the LMI11 s
used with fast input signals and low source impedances,
the output response will normally be fast and stabie,
assuming that the power suppliss have been bypassed
[with Q_t pF disc capacitars), and that the oulput signal
is routed well away from the inputs (pins 2 and 3} and
also away from pins 5 and 6.

However, when the input signal is a voltage ramp or 2
slow sine wave, or if the signal sousce impedance is high
11 k2 w 100 kfl}, the comparatoer may burst mnto
oscillation near the crossing-point. This is due to the
high gain and wide bandwidth of comparators like the
LM113. To avoid oscillation or instabibiy in such a
usage, several precaunions are recommended, as shown
in Figure T below.

1. The grim pins (pins 5 and 6} act as umwanted auxil-
iary inputs. If these pins are not connected 10 a trim-
pot, they should be thorted together. If they are
connected 1o 2 trim-pot, a 0.01 pA capacitor C1
between pins 5 aad B will minimize the susceptibilicy
10 AC coupling. A smaller capacitor is wsed if pin 5 is
used far positive feedback as in Figure ],

2. Certain sources will produce 4 cledner Comparator
output waveform if a 100 pF 10 1000 pF capacitor
€2 is connected directly across the input ping.

3. When the signal source is applied through a3 resistive
petwork, Rg, i1 is usually advantageous 1o choose an
R’ of substantially the same value, both for DCand
tor dynamic (AC) considerations. Carbon, tin-oxide,
and metal-film resistors have ali been used successfully
W Compardtar iNput Cincuitry. Inductve wirewournd
resistors are not suitable.

. When comparator circuits use input resistors {eg.

summing resistors), their value and placement are
particularly important. In all cases the body of the
resistor should be close to the device or socket In
other words there should be very little lead tength or
primed-circuit foil srun between tomparator and
resistor 1o radiate or pick up signals, The same applies
ta capacitors, pots, etc. For example, if R = 10k}, &
littie a5 5 inches of lead between the resistors and the
tnput pins can result in oscillations that are very hard
to damp. Twisting these input leads tightly is the
only (sscond best) aiternative to placing resistors
close to the comparator.

. Since feecback 1o almost any pin of a comparator

can result in oscillation, the printed-circuiil layout
should be engineered thoughtiully, Preferably there
should be a groundplane under the LMT11 circvitry,
for example, one side of a doubledayer circuit card.
Ground foil {or, positive supply of negative supply
foil} should extend between the output and the
inputs, 10 act as a guard. The toil connections for the
inputs should be as smail and compact as possible,
and should be essentially surrounded by ground foil
on all sides, 1o guard against capacitive coupling from
any high-level signais {such & e output). 3 pins &
and & are not used, they should be shorted together.
i they are connected [0 & trim-pot, the rim-pot
thould be lpcated, at most, # few inches away from the
LM, and the .01 pF capacitor should be ingtailed.
¥ this capacitor cannot be used, a shielding printed-
circuit foil may be advisable between pins 6 and 7.
The power supply bypacs capacitors should be locsted
within & Ccouple inches of the LM111, [Some other
Compasaton require the powersupply bypass 10 be
located immediately adiacent to the comparator.)

15y

-15¥

t =
[ 21

Pin connciony shown are for LM111H n B-esd TO-5 hermenc package

FIGURE 7. {mproved Positive Feedback
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Application Hints continveq)

6. 11 . 2 standard proCedure 1o use hysteresis [positive
feedback] around 2 comparator, to prevent oscitlation,
and 10 avoid excessive noise on the ouwtput because
the comparator is @ good ampiifier for its own noise.
In the circuit of Figure 2 the fesdback from the
output 10 the positive input will cause about 3 mV of
hysteresis. However, if R is targer than 1002, such
as 50 k{. it would not be reasonable to simply
increase the value of the positive faedback cesistor
above 510 kiZ. The circuit of Figure 3 could be used,
but it is rather awkward, See the notes in paragraph
7 below.

When both inputs of the LM111 are connected to
active sigmals, or if 2 high-impedance signal is driving
the positive input of the LM111 sg that positive feed-
back would be disruplive, the circuit of Figure 1is

-

+

AP

-l

~T5¥

igeat. The positive feedback is to pin § (one of the
offser adjustment pins). 1t is sufficient to cause 1 to
2 mV hysteresis and sharp ransitions with input
wiangle waves from a few Hz 10 hundreds of kHz
The positive-feedback signal across the 8281 resistor
swings 240 mV below the positive supply. This signal
s centered around the nominal voftage at pin §, so
this feedback doss not add 16 the Voo of the com-
parater. At much g B mV of Vg can be trimmed
out, using the 5 k{2 pot and 3 k&) resistor as shown,

These application notes apply specifically to the
LMTIT, LMZ11, LM3I11, and LF111 families of
compargtors, and are applicable 10 al) high-speed
comparators in gentral, {with the exception that not
3l comparators have trim pinsl.

) ¥iv

"
‘v

A
Vv
L]

Fint connecTions thovn 3o for LM 1116 o B-tead TO-S mermetic oackage

FIGURE 2. Conventional Positive Feedback
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LIVi3929 Precision Reference

General Description

The 1M3984 s a precision, temperature-stabilized
monolithic zener offering temperature coefficients
a factor of ten better than high quality reference zeners.
Constructed on.a single monolithic ¢hip is 2 temperature
stabilizer cireuit and an active reference zener. The
active circuitry reduces the dynamic impedance of the
zener 10 about 0.5 and allows the zener 1o Operate
over 0.5 mA to 10 mA Current range with essennally
na change in voltage or temperature coefficient, Further,
a new subsurface zener structure gives low naise and
excailent long term stability compared o ordinary
monclithic zeners.

The 1LM3I999 reference & exceptionally easy 10 use
and free of the probiems that are often experienced
with ordinary eners. There is virtually no hysieresis in
reference voltage with temperature cycling. Alsa, the
LM3ONE is free of voltage shifts due to siress on the
feads. Finally, since the unit i temperature stabilized,
warm up time i fast

The LM3999 can be used in almost any appiication in
b. place of ordinary ieners with improved Derformance.

Voltage References

Some ideal applications are analog to digital converters,
precition voltage Or currénl soUrCes OF brecision power
supplies. Further, in many cases, the LM3399 can
replace references in existing equipment with z mini-

mum of wiring changes.

The LM3995 is packaged in 3 standard TO-92 package
and i3 rated f20m 0°C 10 +70°C.

Features

® Guarsnieed (1.0005%/°C temperature coelficient
= {ow dynamic impedance — 0.5

® [nitial 10ierance on breakdown voltage — 5%

® Sharp brezkdawn a1 400uA

= Wide aperating current — S500uA 10 10 mA

& Wide subply range for temperiture stabilizer

® Low power for stabilization — 400 mW at 25°C
= Long 1¢rm stabidity ~ 20 ppm

Schematic Diagram
Tempersture Stabdizer
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Absolute Maximum Ratings

Temperature Stabilizer Volrage 38V
Reverse Breskdown Current 20mA
Forward Current C.ImA
Operating Temperature Range 0°C 10 +70°C
Storage Temperature Range ~55°C 10 +150°C
Lead Temperature {Scldering, 10 seconds! 300°C

Electrical Characteristics ivote 1)

PARAMETER CONDITIONS MIN TYP MAX UNITS
Reverse Breakdown Voltage 0EmALIg<10mA 6.6 6.85 7.3 v
Reverse Breakdown Voltage 0EmA<I<ICmA
Change With Current [ 20 mv
Reverse Dynamic impedance IR=1mA [+3 22 v
Reverse Breakdown Temperature
Coefficient 0°CLTASTC 00002 | 0.0005 % C
RMS Noise W0 HZ ST < W kHz ? Yy
Long Term Stability Subilized, 22°C < T4 < 28°C,
1000 Hours, Ig = 1 mA 20.1% 20 pom
Temperature Stabilizer Ta = 25°C, Still Air, Vg = 30V 12 18 mA
Temperature Stabitizer Supply
Voitage ’ 36 v
Warm-Up Time 10 0.05% Vg =30V, Ta =25°C s Seconds
initigd Turmn-on Current 9< Vg <40, Ty =25°C 140 200 mA

Nots §: T speci xatons 300y tor 30V aoplied 10 the temoerature sabihaer and 0°C € Ty, € +70°C

Typical Performance Characteristics
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Typical Applications continveq)
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National
Semiconductor

Voltage Regulators

LM79XX Series 3-Terminal Negative Regulators

General Description

The LM79XX series of 3-1erminal regulators is available

with fixed output voltages of =5V, =12V, and —15V.

These devices need only one external component--a
' compensation capacitor at the owtput, The LM79XX

series is packaged in the TO-220 power package and i3

capable of supplying 1.5A of output current.

These feguiziors employ internal current limiting safe

area prowection and themmal shutdown tor protection

against vittually &t overload conditions.

Low ground pin current of the LM72XX series allows

outbul voltagt 1o be easily boosied above the preset
walug with 3 resistor divider. The low Quiestent current

drain of these devices with 2 specified maximum change
with {ine and load ensures good reguiation in the voltag
boosted mode

For applications requiring other woltages. see LM137
daa sheet.

Features

® Thermal, shon Guecuit and safe ared protection
® High ripple repclion

® 1.5A gutput cunent

B 2% prevet oulput voildge

Typical Applications

215V, 1 Amp Tracking Regulstors
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Absolute Maximum Ratings

Input Voltage
Vg =5V}
{Vg = 12V and 15V)
Input-COutput Differential
Vg =5V)
(Vg = 12V and 15V}

Power Dissipation

Operating Juncrion Temperature Range

Storage Temperature Range

Leac Temperature {Soldering, 10 seconds}

35V
—40v

25V
aov

Internalty Limited
0°C1o +125°C
—$5°C to +150°C
230°C

Electrical CharacteristiCS conditions uniess otherwise noted: 1oyT = 500 mA, Ciny = 2.2uF, CoyT = 14F,
0°C < Ty< +125°C. Power Dissipation € 15W. ’

PART NUMEER LM7905C

QUTPUT VOLTAGE 5V UNITS
INPUT VOLTAGE {unless otherwise specifaed] =10V
PARAMETER CONDITIONS MIiN TYP MAX

Vo Quiput Voltage Ty=25°C ~4.8 -850 -52 Y
SmA< louT S 1A -4175 -5.2% v
P< 15w <N -T v
Avg Line Regulation Ty=25C. {Nowe 2} B 50 mv
=25 vin < -1 v
2 i5 mV
(~12<vin<-8 v
Avg toad Regulation Ty=25 C, (Nowe 2} my
SmA< 1oyt € 1.5A 15 100 mv
2 mA <oy T < 750 mAa 5 S0 my
g Quwescent Corsent T3=25¢C ! 2 mA
g Qurescent Current With Line 0% mA
Change =25<viyg-n v
Wi Load, SmAa<igyT <A 0s ma
Va Output None Voltage Ta*25C \0HZ <t 100 Hz 125 oV
Ay Regection =120 Hz 54 66 B
(“'ISSVle'E] v
Diopout Voltage T;=25°C IpyuT * 34 1 v
lomax  FPeax Outout Current Tj=25¢C 2 A
Ay age Temperaiure Kyt = SmA, 04 my/! C

Coethicwnt of
Cunpmat Voliage

0C~Ty<100°C
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Electrical Characteristics {Continued} Conditions uniess otherwise noted: IQuT = 500 mA, Ciy = 2.2uF,
CouT = WwF. O°C < T1< +125°C, Power Dissipation = 1,5W.

no het sink} and 5C/W (infinite hem simk].

Now 2: Regul
Oue 10 heating effects must be taioen into pcsownt.

is na

PART NUMEER LM7212C LM7815C
OUTPUT VOLTAGE . 12V 15V T
INPUT YOLTAGE {unies otherwise specified] 18y ~z3v UNITS
PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX
vg Quiput Voitage Ty=25°C . -11.8  -120 -12£ |-38g 150 156 v
Sma<IgyT € VA -114 126 {-14.25 1578 v
P<ISW (-27T<Vin<-145 | [ 30<Vn< 178 v
Avp Line Regulation Ty=25°C, (Note 2} -3 80 5 100 mv
1-30€S VN <-185E | =30 vy~ 175 v
3 30 3 0 my
(=22 < ViN<—16) -6< Vg 20 v
EA Loag Regulation Ty = 257C, (Note 2} 15 200 15 200 my
SmALIgyT <154 15 200 15 200 mv
25C mA < gyt € 750 mA 5 75 5 75 my
P} Cuwescent Current Ty=25C 15 3 15 e ma
3ig Churescenm Currenm With Line 05 05 ma
Change {-30< vy <-4 5) (307 vy € 175 v
With Lo SmA<tguT 14 05 05 ma
Va Qutput Nonse Vohuage | T4 = 25°C 10Hz <1< 100 H 00 37g v
Ripple Rejection =320 My 54 0 S 70 a8
1-25 <€ vy € ~15) (~30 VNS -LT S v
Dropout Voltage Ty=25°C fguT = 1A 1.1 11 v
1oMAx  Peak Ouput Cutrem Ty=25C 22 23 A
Average Temperature | 104T * SmA, 0.8 -1.0 mvITe
Coetfucien of 0"C < Ty < 100°C
Output Voltage
Naw 1: For of # e tiae cur &G Power dhasipetion, Thermel resa ! w© .uul‘nsn'cm

¥ jon tempersTure by Pubse TESUNG with B bowr guty Eycle. Changet in Gutdut vologe
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Typical Applications contiruea

High Stability ¥ Amg Reguistor

[
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National
Semiconductor

Voltage Regulators

LM78XX Series Voltage Regulators

General Description

The LM78XX series of three terminal regulators is
available with several fixed output voltages making them
useful in 3 wide range of 2pplications, One of these is
loczl on card regulation. efiminating the distribution
problems associated with single point regulation. The
voltages gvailable allow these reguiators 10 be used in
fogic systems, instrumentation,” Hifi, and other solid
state siectronic equipment, Although designed primarily
as fixed woltage regulators these devices can be used
with external companents to obtain adjustable voltages
and currents.

The LM78XX ceries is available in gr aluminum T0O.3
package which will allow over 1.0A load curenm it
adequate hear sinking is provided. Current limiting is
included to limit the peak output curren? 16 7 safe value,
Safe arez protection for the putput transistor s provided
to limit internal power dissipation, 1f internal power
dissipation becomes too high for the heat sinking
provided, the thermal shutdown circuit takes over
preventing the 1C from overheating,

Considerable effort was expended 1o make the LM7EXX
series of regulators #asy 10 use and minimize the fumber

of external components, it is not necessary 1o bypas: the
output, although this does improve transient response.
inpus bypassing is needed only if the regulator is located
far from the filter capacitor of the power supply.

For output voltage other than 5V, 12V and 15V the
LM117 series provides an output voltage range from
1.2V 1o 57V.

Features

® Output current in excess of 14

= [nternal thermal overioad protection

= Noexternal components required

* Qutput transisior safe 2rea protection

® Internaf short Circuit cument fimit

8 Avzilable in the aluminum TO-3 package

Voltage Range

LM7805C 5y
LM7812C 12v
LMTBISC 5V

Schematic and Connection Diagrams
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| Performance Characteristics
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Absolute Maximum Ratings

tnput Voltapse (Vo = 5V, 12V and 15V)

internal Power Dissipation

asv

{Note 1} internatly Limited

Operating Temperature Range (TA}

0=Cio +70°C

Maximum Junctidn Temperature

(X Package)
(T Package)
Starage Temperature Rang
Lead Temperature (Solderi
TO-3 Package K
TO-220 Package T

150°C

125°C
) ~85°C1o +150°C
ng, 10 seconds)

300°C

230°C

Eilectrical Characteristics LM78XXC (Note 216°C < 1 < 125°C unless otherwise noted.

OUTPUT YOLTAGE 5V Lrid 15V
INPUT YOLTAGE {uniezs otherwise noted] 1wy 15y 23y UNITS
PARAMETER CONDITIONS MIN TYP MAX|MIN TYP MAX| MIN TYP MAX
T=25C.5mA s 1o & 1A 4B 5 52 in5 12 125 14 15 6 v
vo Cutput Voltage Pp € 15W. SmA g i &£ 1A 475 25| 14 126 [1125 $5.75 v
VMiN € Vin € Vigax TEYNS2D [R5 VW ZN {175 C Vg € 30 v
Ty=25°C 3 50 LI ¥ 4 150 "o
1g =500 mA a}rm _ TS VN 28 NS Yy 20 {1754 Vi < 3O v
0'C& Tj6 =-125°C 50 120 150 my
v o aViN B Vyy € 200 (13C VNS 2T (85 C vy € 300 v
avg  tine Peg Ti=25C %0 57 150 ™y
< 1A AVIN FACYING 2D | DB VN ZNTOITT & V) € 30 v
‘o 0 s T SIS Py & 7 v
&VIN B 1n <12 V6C VNS I | ©20€ Vi & 26 v
. Tie 250 SmA & ig € 1L5A w = 12 120 12 150 my
£Yg  Load Reguiation ! 250 mA & 19 € TS0 mA F:3 &0 5 my
SmAC DS A QC LT & - 125°C 50 120 150 my
Ti=25°C 1} L] e mk
A
[t} Ourescent Corrent get 0CE T €125 as 25 25 ma
5mA& < A - 0% a5 05 mi
Ty w257C, g€ T4 1.0 1.8 10 mA
sig Chnescent Current Vaarw € Vin € Viaax THCVING 2N [NEBC Vi 2N [(17.9€ Vi< XD v
Ip &« S50 mA C T T3< +125°C 10 1.0 1.0 ! mA
YN € ViN € Vigax TEVNE IS [N45€ Vs 30 [NTSC Vi € 301 | v
VN Ouput Nose Vottage| Ta=25"C. 10 H2 € 1 £ W00 MHg 40 75 9% i oV
s A T=25"Cor 62 & 55 T a8
&ViN t= 120 My e 500 ma 62 25 E aB
5V°m_ﬂum Reyeclon GC& T % -125°C
VN € Vin € Vivax B VNS I8 { (15C V& 29 Fr85 Vi 28S v
Oropout Vohage Ti= 3570 iguT » 14 20 0 | 20 v
Outpu? Resistance  J1=1hHD 8 W 19 me
fo  Short-Circuit Current (T=25°C 23 15 1.2 A
FPeak Output Currems [T =25°C 24 24 2.4 »
Averace TC ot Vot |0'CS T) €4 125°C =95 ma 0 1.5 18 mvi*C
nput vohage
Vi Regureg 1o Matam [ Tj=25°C i € 1A Ta EEY .7
Ling Regutaron
D Thermat of e

NOTE 1: Thermal resssance of e TO-1 package 1K, KCJ & tytacslly 420/ W panction: &5 Cese and 350/ ¥ case 1o

TO-220 package [T is Typacaly 4°C/W anction 10 case and 5050/ W case 1o amisent.
NOTE 2 Al chussczeristics drs mossursd with Cacacitor soross tha wut of 0.22 4F, and 8 capacitor scross the output of (.1 uF. AS charscuenstics ea-
St DO YOIthpe and DD PAICTION MG Bre Madsured using puksa trchniques (hw € 10ms, duty cydle € 5%). Duipe! vohage chanpes due 1o
changes it inteal tamperSnss Must be L Nto #CCount senerately.




= Efficiencies fo 78% = Low Noise Operation

= Wide 4:1 input Voltage Range ™ Overvoltage Protaction

The wide input range of the 8.5 Watt triple series makes them
ideal for sclar powered RTU's and Instruments.

These converters offer highly regulated tripte outputs plus 500
VDC input to output isolation. Each unit has both a logic
shutdown pin and thermal overload protection circuitry. Alithe
outputs and the power swiich are overvoltage protected.

8.5 Watt Triple Output -

INPUT -
OUTPUT | ouTPuUT
VOLTAGE |yo; racE | CURRENT

| e |
5, x12 800, =185

901380 5, =15 | 800, =150

5, =12 [ 800 =185 48T5.12UW

5, 215 | 80Q, =150 48T5.15UW

Mounting Kit MS9
LINE REGULATION TYPICAL 0.50%
LOAD REGULATION TYPICAL 2.00%

NOISE TYPICAL 20mV P-P
ISOLATION 12T mocets: 700 VDC

48T models: 1544 VDC
CASE OPEHATING TEMPERATURE -25°C 10 +80°C
S1X-5:DED SHIELDED COPPER CASE

MODEL
RUMBER

12T5.12UW
12T5.15UW

18.072.0

Do not mmerse in bguid

XC CASE: 8.5 wat Triple UwW

258
o0 Q20
o0 QD0
e
OO0 OO~ 0.0408
L SN
T T 00 )
7E 543 "

o
~
20 Bl sooo —
L 031 —
i bl Lo
- o0 C ~ o o ~
= BEEE £ 3
o - <
i
S
Pin - 8.5 Watt Triple UW
1 +INPUT 5 -12/-15V QUTRUT
2 -INPUT 3] +5V QUTPUT
3 +12/215vV OUTPUT 7 +5V CMN {1]
4 =CMN |1} 8 ONAOFF
[1] Note: Pins 4 and 7 are connected irternally.
Pin 10 Watt Single NT
1 +HINPUT
2 -INPUT
3 +OUTPUT
5 CMN

LA

4375. 150

pC/DC CONVERTER

ey INPUT
‘t?h H_E'mTNT

g‘r\’;‘;& » £rBomd

10 Watt Single Output
® Water Washable Case
* Fuily Self-Contained

* High Power Density
= Smafl 1.02" x 2.02" Cases

These compact DC/DC converters are ideal for use in battery
operatedindustrial, medical control and remote datacollection
systems. All inputs and outputs are fully filtered to minimize
excess noise. Each converteris overioad protected and offers
a thermal shutdown systemn for maximurn reliability.

10 Watt Single Output -~ -

INPUT
VOLTAGE ‘%ﬁ“gs SRt MODEL
RANGE voc | YOLTA iy NUMEER
MINMAX :
33 2000 1253 2000NT
5 2000 1255, 2000NT
9.0118.0 12 900 12512 900NT
15 700 12515.700NT
33 2000 2453 2000NT
5 2000 2455 2000NT
180360 12 200 24512.900NT
15 700 24515, 700NT
33 2000 4852.2000NT
5 2000 4855 2000NT
360720 12 °] 800 48512.900NT
15 700 48S15.700NT
LINE REGULATION TYPICAL oo
1 0AD AEGULATION TYPICAL 0.2%
NOISE TYPICAL 80 mv PP
125 & 245 madeis: 700 VDC
ISOLATION 485 mogels: 1544 VDC -
CASE OPERATING TEMPERATURE =250 0 + 100G

FIVE-SIDED SHIELDED COPPER CASE Do not immerse i baquid

E1 CASE: 10 Watt Single NT

| 1
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