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1.1 INTRODUCTION 

All computer applications involve the connection of the computer to 

external hardware for input and output. In computational systems 

these external devices are slaves to the computer, and they exist 

only to 

computer 

computer 

serve the computer. In control applications, however, the 

(or microcomputer) exists to serve the process, and the 

design and programming must be adapted to the process. In 

this course we will be concerned with control applications: how a 

microprocessor is connec ted to equipment it controls, and how it is 

programmed to meet process requirements. 

In most control applications the computer must receive input data, 

process the data and generate control outputs in a timely fashion in 

order to achieve its intended goals. Failure to react in the allowed 

time will result in loss of dat.a and possibly improper control. Real 

time programming deals with these requirements. Most of the exercises 

in this course are real time programs. 

1.2 PURPOSE AND CONTENT OF THE COURSE 

The text and exercises of this course teach the use of programmed, 

timed, and interrupt driven input and output. These are applied to 

open and closed loop control problems, with various forms of discrete 

and analog input signals. Sensor calibration is used to convert a 

thermistor signal to temperature, and the speed of a motor is 

measured 

signals 

student 

using an optical sensor. Triangular and logarithmic output 

are generated. A digital noise filter is developed. The 

will measure the response time of a closed loop control 
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system, after observing the difference in behavior between open loop 

and closed loop control. Atthough no attempt is made to teach 

servomechanism and feedback theory, the basic ideas of proportional 

and integral feedback are presented and used in exercises. 

The interface circuit board includes an interrupt 

priorities and vectors. These are explained and 

exercises having multiple interrupts. 

system with 

used in many 

The manufacturers of microprocessors are introducing new LSI chips to 

make real time control systems easier to design and cheaper to build. 

The background provided through this course will make such devices 

comprehensible to the engineer and programmer. Two such devices, the 

INTEL 8255 Peripheral Interface Adaptor and the INTEL 8253 interval 

timer, are included in the course hardware and extensively treated. 

The remainder of this chapter gives an introduction to the hardware 

of the interface circuit board. Complete schematics are included 

here, but details of how various parts of the hardware operate are 

covered along with exercises in later chapters. 

1-2



HAR DWARE INTERFACING AND REAL TIME PROGRAMMING 

1.3 CABLES AND CONNECTIONS 

The interface circuit board is connected to the Microcomputer 

Training System through a ribbon cable. One end plugs into a 

connector at the upper right edge of the MTS circuit board; the other 

end into a similar connector at the right edge of the Interface 

Training System. Be careful to align the cable so that Pin 1 on the 

AMTS (the right hand end) is connec ted to Pin 1 of the ITS (toward 

the top of the circuit board). Misconnection is likely to damage the 

circuits. To aid in aligning the cable correctly both connectors are 

keyed, and one end of the ribbon cable has a colored stripe. Power 

should be turned off while the connection is being made. 

1.3.1 Power Connections 

The required t5 volt and tl2 volt power is supplied to the ITS 

through the ribbon cable from the MTS. These voltages are made 

available at tie blocks on the ITS for use in experiments. There is 

no negative supply required for any of the �xperiments described in 

this course. One transistor amplifier, suitable for driving a 

teletype or RS232 interface, does require a negative 12 volt supply 

to be connected. 
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1. 3. 2 Signal Terminals 

Signals used to connect the interface board to external devices, or 

to connect various functions together for experiments, are made 

through 

blocks 

tie blocks at the left and top edges. The white plastic tie 

each have four different signals, labelled next to the block. 

Each row in a block is a common 1 ine, making it easy to tie several 

signals together. Wires or component leads can be  inserted directly 

into these tie blocks. One block, at the upper left corner, has +5 

volts at all points to facilitate insertion of pullup resistors. 

A row of screw terminals at the upper right provides for connections 

to serial ports. The tie blocks and screw terminals can be seen in 

Figure 1-1. 

If you 

should 

have purchased the Integrated Experiment Assembly Board, it 

b e  plugged into the tie blocks at the left edge of the 

Interface Training Board. All of the tie block connections remain 

available, but the necessary parts and connections for most 

experiments in the course are preassembled on the Integrated 

Experiment Assembly. 
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1.4 INTERFACE HARDWARE. AND REFERENCES 

An overall block diagram of the 

Figure 1-2. Various sections 

interface circuit board is shown in 

are shown in separate schematic 

diagrams and described in the chapters referred to below. 

1.4.1 MTS Interface 

Figures 1-3 and 1-4 list the signals that are brought out to the MTS 

via the 50 pin connector with their pin assignments in the connector 

head. 

1.4.2 

The 

the 

NOT 

Added Memory 

interface circuit board provides space for memory expansion wh�n 

ITS is used with an early version of the MTS. THIS MEMORY SHOULD 

BE USED WITH YOUR MICROCOMPUTER TRAINING SYSTEM. It .occupies 

addresses that are filled with memory already supplied on the later 

version of the MTS. 
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CONNECTOR SIGNAL NAME CONNECTIONS ON 
PIN INTERFACE BOARD 

1 GND 
2 GND 
3 GND 
4 GND 
5 Vee (+5 Volts) 
6 Vee (+5 Vol ts) 
7 GND 
8 +12 Volts
9 +12 Volts

10 GND
11 GND
12 CLK fiJ2 (U26-18) 

(CLKl Tiepoint) 
(CLK2 Tiepoint) 

13 GND 
14 AB15 (U44-ll) 
15 AB7 (MEM-16) 
16 AB6 (MEM-1) 
17 ABS (MEM-2) 
18 AB4 (MEM-7) (UlS-13) 
19 AB3 (MEM-6) (Ul5-14) 

20 ABlO (044-10) 

21 AB2 (MEM-5) (Ul6-9) 

22 AB9 (MEM-14) 
23 ABl (MEM-4) (U26-20) 

(U28-8) (U30-8) 
(Ul3-5) 

24 ABS (MEM-15) 

25 ABO (MEM-8) (U26-19) 
(U28-9) (U30-9) 
(Ul3-4) 

List of Interface Signals to MTS 

Figu�e 1-3
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CONNECTOR . S I.GHAL NAME CONNECTIONS ON 
PL-i 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

45, 

NOTE: 

46 

(MEH -

MEMR 

RESET 

POBO 

POCO 

MEMW 

INTA 

DB7 

IOR 

DB6 

DBS 

DB4 

Di33 

INTR 

DB2 

DBl 

INTC 

DBO 

row 

-12 Volts 

INTERFACE BOARD 

(U42-10) 

(U32-9) (Ul3-2) 

(U54-6) 

(U32-5) 

(ME!-1-3) (U42-9) 

(046-1) (U45-l) 

(045-9) (015-2) 
(060-11, 12) (U26-1) 
(U28-7) (U30-7) 

(U28-5) (U30-5) 
(U26-22) 

(U59-ll, 12) ( 026-2) 
(U28-28) (U30-28) 
(U45-7) 

(058-11, 12) (026-3) 
(U28-29) (U30-29) 
(U45-5) 

(U57-ll, 12) (U26-4) 
(U28-30) (U30-30) 
(U45-3) 

(US0-11,12) (U26-5) 
(U28-31) (U30-31) 
(U46-9) (U14-3) 

(U33-3) 

(U49-ll,12) (U26-6) 
(U28-32) (U30-32) 
(046-3) (Ul4-2) 

(li43-ll,12) (026-7) 

(U28-33) (030-33) 
(U46-5) (Ul4-1) 

GND 

(U4 7-11, 12) (U26-8) 
(028-34) (030-34) 
(U46-7) 

(028-36) (030-36) 
(026-23) (UlS-3) 

No Connections 

) refers to corresponding pins on all 
chips: 047,048,049,USO,U57,058,059,U60. 

List of Interface Signals to MTS 

Figure 1-4

memory 

1-9 



HARDWARE lNTERFACING AND REAL TIME PROGRAMMING

1-10
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R4(U34-10) 
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1.4.3 Chip Selects and Resets 

Several bits of �he address bus, control bus, and data bus are 

decoded to generate various chip select and reset signals needed on 

the interface board. The circuits are shown in Figure 1-5. Figure 1-6 

gives a "truth table" listing the resuls of this decoding circuitry. 

The addressing of the interface board ports is described in Section 

2-1. The purpose and use of the various reset signals are described 

in Section 2.7. 

Figure 1-5 exemplifies the notation used in other schematics. For 

example, consider several signals at the upper left of Figure 1-5. 

RESET is received from the MTS through connector pin 27 (CON 27). It 

is inverted by one of the six inverters in a 7404, in chip U-32 on 

the circuit board, with input at pin 9 and output at pin 8. The 

output 

RESET, 

is high while the reset key is pressed so it is designated 

and goes to chips U-28 pin 35, U-30 pin 35, and U-13 pin 2. 

Chip and pin designations are used in debugging and circuit tracing 

and are of no interest in this course. 

DB7 means Data Bus Line 7. !OW is low during an input/output write

cycle. AB3 is �ddress Bus line 3.  
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Figure 1-6 

Resets 

4 3 1 0 

1 1 1 1 No effect 

1 1 1 1 Select Timer 

1 1 1 1 Select Port 1 

1 1 1 1 Select Port 2 

1 1 1 1 Write Port 2A 
1 1 1 1 Write Port 2B 
1 1 1 1 Write Port 2C 
1 1 1 1 Program Port 2 

1 1 1 0 Bit Set/Reset 2CO 
1 l 0 l Bit Set/Reset 2Cl 
l 1 1 l Bit Set/Reset. 2C2 
1 0 1 1 Bit Set/Reset 2C3 
0 1 1 1 Bit Set/Reset ic4 
1 1 1 1 Bit Set/Reset 2C5 
1 1 1 1 Bit Set/Reset 2C6 
1 1 1 1 Bit Set/�eset 2C7 
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1.4.4 Port 1 and A/D - D/A Converter 

The interface board includes two 8255 I/0 device�, with three 1/0 

Ports each (A, B & C). One of these, designated device (or Port) 1, 

drives the LED indicators at the top left of the interface board via 

Port lA and provides connections for the digital to analog converter 

via Port lB. It is shown in Figure 1-7. 

described in Sections 2.1 through 2.3. 

The discrete outputs are 

The digital to analog 

converter is described in Sections 4.5 and 4.6. The circuitry that 

makes it function as an analog to digital converter for input is the 

subject of Sections.5.3 and 5.4. Ports lA and lC are brought to a DIP 

socket (U-18) for general 1/0 applications. 
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1.4. 5 Interrupt System 

The second 8255 I/0 port is primarily devoted to the interrupt system 

shown in Figure 1-8 and described in Sections 2.7 through 2.9. The 

8253 interval timer is closely tied to the interrupt system, so it is 

shown in the same schematic, but this device is so important (and so 

complex) that all of Chapter 3 is devoted to it. 
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1. 4. 6 Optical Couplers and Power Driver 

It is often necessary to provide electrical isolation between the 

computer and external equipment. Optica·l couplers use infrared light 

as a coupling medium for information while giving complete electrical 

isolation. An optical coupler (Monsanto MCT6) is provided on the 

circuit board. One 

transistor mounted on 

coupler is used for output, driving a power 

a heat sink. The other coupler is used for 

input. Figure 1-9 shows these circuits. 

1.4.7 Serial Interface Circuit 

The circuits shown in Figure 1-10 can be used to connect the MTS to a 

teletype or a t��minal such as a CRT that uses RS232 signal levels. 

The RS232 system's software and board connections are described in 

Appendix C. 

Note that R38 is connected to the -12 volt tie block but not to the 

system -12 volt supply. To use this circuit, add a wire from R38 to 

pin 45 of the ribbon cable connector, which carries -12 volts. 
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1.4.8 Tape Cassette Modem 

The interfac·e cicuit board contains a duplicate of the tape cassette 

modem provided on the MTS, which was not available on the previous 

ver sion of the MTS. The ITS modem will not ordinarily be used. It is 

shown in Figure 1-11. The digital input and output are carried 

through the ribbon cable but have no connections on the MTS circuit 

board. If the user wants to operate with two separate cassette 

recorder s the signals should be picked up by soldering leads into 

feed-through holes on the ITS cicuit board. Convenient locations are 

in ·the area with the silkscreened label "Microcomputer Interfacing 

System", as indicated below: 

1. 4. 9 Tape Cassette Library 

MICROCOMPUTER 
INTERFACING 

SYSTE�

�To recording modem
U32-5 

receiving modem 
Y54-6 

A cassette tape is provided with most of the programming exercise 

solutions and a few additional programs. It is described in Appendix 

B. 
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1.5 USE OF PMTL OR INTEGRATED EXPERIMENT ASSEMBLY 

If you have a Portable Microprocessor Training Laboratory, or if you 

have installed the Integrated Experiment Assembly on the I.nterface 

Training System, the necessary connections for the more complex 

experiments described in this course can be made by setting the slide 

switches appropriately. The early experiments all require that the 

slide switches be UP. Whenever the directions in this book indicate 

the need for an experimental setup , refer to the "Portable 

Microprocess or Training Lab - Selected Experiments" Manual, or to the 

"Experiment Assembly and Real-Time Firmware" Manual. There you will 

find instructions for all of the necessary switch settings. 
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2. INPUT/OUTPUT AND INTERRUPTS

This chapter discusses the provisions made on the interface board for 

digital logic level inputs and outputs to the microprocessor. 

Interval timers, analog signals and optically isolated inputs are 

discussed in later chapters. 

2.1 PORT ASSIGNMENTS AND ADDRESSES 

The interface board includes two 8255 Programmable Peripheral 

Interface devices. Including the 8255 on the MTS board, a total of 

72 bits of input/output is accessible to the 8080 microprocessor. In 

addition there is an Intel 8253 Interval Timer (see Chapter 3) which 

is addressed and programmed in much the same way as the 8255 ports. 

Figure 2-1 shows the port assignments. Figure 2-2 lists the port 

addresses and assignments and gives a list of programming control 

bytes suitable for each of the 8255's. 

In this table· and throughout the course we wi 11 refer to input ports 

by device number, port letter, and sometimes a bit number: 

PORT 1 A 

I I PORT A, all 8 bits 

�8255 il 

PORT 2 C 2 or sometimes 2C2 

LBit 2 (where the least significant (or right most) 
bit is bit O and h t e most significant (or left most)
bit is bit 7. 

-----Port C 

....... ���-8255 i2 
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2-2

8255 
#0 

(MTS) 

OA 
OB7 

to OBl 
OBO 

<:== Keyboard Rows 

} Unassigned 

- Tape Cassette Receive Data

OC7 - Display Enable
.OC6 - Command Keys
OCS - Keys 8-F
OC4 - Keys 0-7
OC3 - Zero Indicator
OC2 - Carr.y Indicator
OCl -Monitor Enable

___ o_c_o_ - Tape Cassette Send Data 

to 

8255 
#1 

lA 
lB 

1C7 
1C4 
1C3 
1C2 
lCl 
lCO 

8255 
#2 

2A 

2B 

2C7 
2C6 

to 2CO 

::::::> LED's and open collector drivers 

<:=> A/D - D/A Converter 

} Unassigned 

- Interrupt
} Unassigned 
---- Motor Drive Enable 
---- A/D Count Enable 

<=:>Unassigned I/0 
<:::::= Interrupt Status 

---General Interrupt Disable 
} Speciiic Interrupt Enables 

8255 I/0 Port Assignments 

Figur1e 2-1 



ADDRESS 

00 

01 

02 

03 

04 

05 

06 

07 

oc 

OD 

O E

OF 

1 4

1 5

1 6

1 7

CONTROL BYTE 

80 

81 

82 

83 

88 

89 

BA 

88 

90 

91 

92 

93 

98 

99 

9A 

98 

PORT NAME 

PORT OA 

PORT OB 

PORT OC 

CNT a

PORT 1A 

PORT 1 8

PORT 1C 

CNT 1 

PORT 2A 

PORT 28 

PORT 2C 

CNT 2 

TIM 0 

TIM , 

·TIM 2

TIM CT

INPUT/OUTPUT AND INTERRUPTS 

PORT ADDRESSES AND ASSIGNMENTS 

FUNCTION 

MTS Keyboard Input 

Unassigned except 080 

Sae column at right 

Control Port for MTS 8255 

LED and Driver Outputs 

DIA Output or AID Input 

See column at right 

Control Port for 8255 # 1 

Unassigned 

Interrupt Status Input 

Interrupt Enable Output 

Control Port for 8255 # 2 

Timer O 

Timer 1 

Timer 2 

Control Port for 8253 

SPECIAL ASSIGN MENTS FOR OCANO 1C 

OC7 

ocs 

OC5 

OC4 

OC3 

OC2 

OC1 

oco 

OBO 

1C7-4 

1C3 

1C2 

,c, 

1CO 

Display Control 

Enable Command Keys 

Enable Keys 8-F 

Enable Keys 0-7 

Zero Indicator 

Carry Indicator 

Monitor Enable 

Cassette Modem Out 

Cassette Modem In 

Unassigned 

(1 • On) 

(O=- On) 

(O= On) 

(O• On) 

(1 • On) 

(1 a Onl 

(1 • Onl 

Interrupt (If Enabled by 2C6) 

Unassigned 

Motor Drive Buffer (0 • Onl 

DIA Control (1 = Automatic A/0) 

8255 PROGRAMMING CONTROL BYTES (WRITE TO 8255 CONTROL PORT) 

USE WITH 
8255 # 

I 01j0e osjo,jo3jo2jo, j0oj 
L.J 

PORTA PORTB PORTCO-C3 PORTC4-C7 0 1 2 GROUPS 

Out Out Out Out DIA PORT C ILOWERI 
1 • INPUT 

Out Out In Out • 
0 • OUTPUT 

Out In Out Out A/D • PORTS 
1 •INPUT 

Out In In Out AID 
,0 • OUTPUT 

Out Out Out In DIA 
MOOE SILECTION 
0 • MOOE O 
I •MOOE 1 

Out Out In In • 

Out In Out In AID 
GROUP A 

Out In In In A/0 
PQATCIUl'l'l:RI 

In 0'-!t Out Out • D/A I• INPUT 
O•OUTPUT 

In Out In Out • • PORTA 

In In Out Out • A/0 • 
1 • INPUT 
0 • OUTPUT 

In In In Out • A/0 MOOE SELECTION 
00 • MOOE 0 

In Out Out In D/A 01 • MOOE 1 
lX •MOOE2 

In Out In In • 

In In Out In A/0 I MOOE SET FLAG 

In In In In A/0 
1 • ACTIVE 

• Generally only thase control bytes. should be used for normal operation . Macia Definition Format 

• Forbidden configurations 
2-3 

Figure 2-2 

I 



INPUT/OUTPUT AND INTERRUPTS 

2.2 PROGRAMMING AND USING THE 8255 

At system reset all ports of all 8255's are automatically set to 

input Mode O. They can be used this way or programmed to other 

configurations by writing a c6ntrol byte to the control port of the 

desired 8255. The monitor program automatically re-configures the 

8255 on the MTS board such that ports OA and OB are input and OC is 

output. It accomplishes this by writing 92 to the control register. 

3E MVI A,92 

92 0: A =  IN; B = IN; C = OUT 

D3 

03 

OUT CNTO Output.A to 8255 #o Control Register 

(Address 03) 

The interface board 8255's must be set to the desired modes by your 

program. The first programs we will develop require output in all 

three ports of 8255 1. Figure 2-2 gives 80 as the required con-trol 

byte: 

3E MVI A,80 

80 

Load 

make 

OUT, 

A with 

device 

C = OUT 

control byte 

1: A = OUT, 

to 

B = 

D3 OUT CNTl Set 8255 #1 Control Register 

07 (Address 07)
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Because 

usually 

8255 :fl:2 is largely committed to the interrupt system it 

.is programmed for input at port 2B and output at port 2C. 

Port 

.direct 

2A may 

1/0 

be input or output but must be in Mode 0, the normal 

mode. Most programs developed in this course use the 

interrupt system, so in general programs should contain (again from 

Figure 2-2) : 

3E MVI A,92 

92 

D3 OUT CNT2 

OF 

Device 2: A out, B in, C out 

(MVI A,82 may also be used) 

With the 8255 ports programmed, data can be read from or written to 

the ports by IN or OUT instructions, for example: 

DB 

00 

D3 

04 

IN PORTOA 

OUT PORTlA 

(A) <--- Port OA

(Keyboard Input) 

Port lA <--- (A) 

(Interface Board's LED's) 
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EXERCISE 

If you write a program containing all of the instructions listed so 

far, terminated with a jump back to the input instruction as in 

Figure 2-3, the LED indicators on the interface board will show the 

keybo ard input data . 

Figure 2-4 shows the keybo ard connections to ports OC and OA. 

Programming a port to o utput mode automatically sets its outputs low. 

Therefore, (from Figure 2-4), if a key is pressed the corresponding 

bit in port OA is made low. For example, if the MEM key is 

depressed, then port OAO (whic h was pulled high by the r�sistor to 

Vee) is now pulled low thro ugh the MEM key and port OC6. (The 

monitor scans the keybo ad by alternately making ports OC4, OC5 and 

OC6 low or 0, thus identifying the key pressed). 

With the program shown, port OC is programmed for output, so all keys 

are enabled (OC4, OC5 and OC6 all low). Therefore 0, 8 and MEM will 

show the same output. The input to a bit of port OA is high if no 

key in that column is pressed; if a key is pressed and the bit of 

port OC for that row is low, then the input is low. (Review Course 

525, Section 8.1 if a more detailed description is needed). 
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INPUT/OUTPUT AND INTERRUPTS 

2.3 PORT lA LED'S AND DRIVERS 

Port IA (ad dress 04) drives eight sets of open collector inverters 

and LED's V CC --4\i'V\.o_., 

LED 

Port 
lAX 

7406 open 
collector inverter 

Ti1c 
Block 
DS} 

Each bit of the port drives an identical circuit. The LED ind icates 

the state of the output, i.e. illuminated if a one is output. The 

terminal block output follows the port. The state is low if a zero 

is output and open if one is output. 

An open collector buffer is a TTL amplifier whose output comes from a 

transistor with no internal connection to its collector. It is 

approximately equivalent to the circuit below. When the input is a 

logic 1 (greater than 2.4V) current flows into the transistor, thus 

turning it on and effectively connecting the output to ground. 

However, when the input is logic O (OV), no current flows into the 

transistor's base. Therefore, it is off and the output is "floating" 

(i.e., connected to neither ground nor +5V). 

Input no--��---1[::>����--''V�V��+ ���--f
�

�

�

���ooutput

An open collector inverter is shown on a schematic diagram by: 

2-10
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The slash indicates an open collector. Note that the open collector 

output gives a signal only if it is pulled up through some load or 

pullup resistor to a positive voltage, which may be as high as 30 

volts. The output is capable of sinking 40 ma to 0.7 volts. Connect 

a voltmeter from one of the port lA output drivers to ground. It 

will show O volts whether the LED is on or off. Now connect a pullup 

resistor to +5 volts, and the voltmeter will disp lay either OV or 5V 

depending on the state of the Port lAO output bit: 
* 

+5 volts

lK Pullup Resistor 

Port lAO 

GND 

For output bits 1A2, 1A3, and 1A4 (marked DS2, DS3, and US4 on the 

ITS board) pullup resistors (in Ul) are available on the circuit 

board, but not connected. They can be connected by soldering jumpers 

between two pads in front of the LED's for those three bits. 

*NOTE: Throughout this text the illustrations represent ITS board

Tie Block connect points with the symbol �. These refer to one 

of the labelled rows within the white Tie blocks. 
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2.4 MTS DISPLAY 

The seven segment displays on the MTS are operated by a direct memory 

access system. Whate ver data are written to memory locations 83F8 

through 83FF are automatically displayed in the eight digits. (Review 

Course 525, Section 8.3, for more detail.) The OMA channel must be 

enabled by a high output at port OC7. Since programming a port to 

output automati cally sets all bits low, the display was disabled when 

you programmed the MTS 8255 JO. Prove this by adding STA 83F8 before 

the jump instruction in your program. Even though you have written 

the same data to the OMA display area of the MTS memory as you wrote 

to the LED's, the display will remain ·blank. 

A good way to turn the display on is by use of the bit set/reset 

function of the 8255. This allows a single bit of port C to be 

changed without affecting any other bit. Enter this at the end of 

your program (after OUT PORTlA): 

32 STA 83F8 Write keyboard data to display 
F8 
83 
3E MVI A,OF Set bit 7 in port OC 
OF 
03 OUT CNTO 
03 
C3 JMP 820C Jump back to input instruction 
oc 

82 
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Note that the bit set/reset control byte is written to the control 

port, not to port C. 

The bit set/reset control byte has the form: 

7 

-'��� Set/Reset
0 = Off 
l = On 

i--������-Bit Number Oto 7 

Don't Care 
--���������������� 0 = Bit Set/Reset Comma�d 

We will use the bit set/reset command frequently. Be su re you 

understand it. The bit set/reset command is discussed in C ou rse 525, 

Sec ti on 8 .1. 
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2.5 INPUT/OUTPUT CONNECTIONS 

INPUT/OUTPUT AND INTERRUPTS 

In addition to th� terminal block outputs driven by the buffers, port 

l A, port lC, and port 2A are directly connected to empty DIP sockets, 

shown in Figure 2-5. A cable that plugs into this socket can be 

obtained (available from Augat as part number 7Pl6-3T24-l). This 

allows connection of these ports to any suitable device for input or 

output. None of the experiments described here require these 

connections, but when you develop interfaces to other equipment they 

may be needed. 
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2.6 EXTERNAL INPUTS 4 AND 5 

Two terminal block connections labelled EXT 4 and EXT 5 are provided 

for the external inputs needed in many of the experiments in this 

course. These inputs are part of the interrupt system, which will be 

described in Section 2.7. They can also be read as single input 

bi ts. They are connected to port 2B, bits 6 and 7 respectively (see 

Figure 2-7). 

EXERCISE: 

Read the external input bits and display them with the LED's. Change 

the program of Section 2.4 to read Port 2B instead of from Port OA. 

(Refer to Figure 2-2 to find the address). Since the EXT 4 and EXT 5 

inputs are connected to Port 2B bits 6 and 7, the modified program 

will repeatedly input these bits and display them (along with random 

data in the other bit positions) in both the LED's and in the left 

digit of the MTS display. 

2-16
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Connect a clip lead to the EXT 4 input and touch it to ground to se e 

bit 6 change in the display. TTL circuits demand sharp rising and 

falling edges. To ensure suitable signals and to prevent spurious 

noise from causing interrupts, EXT 4 and EXT 5 are brought into 

Schmitt Trigger inverters (in chip U2, a 7414, see Figure 2-7). The 

signals are then inverte d again and used to clock flip -flops in the 

interrupt system, discussed in the next section. The inverted 

signal, 

Connect 

EXT 4, is available at a terminal labelle d EXT 4 OUT. 

this to EXT 5 IN, so that EXT 5 will be inverted from EXT 4. 

Now when you connect EXT 4 input to ground both signals will change. 

They will be displayed (using the program of Section 2.4) in bits 6 

and 7 of the LED's. 
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Timer 0 

Timer 1 

Timer 2 

A/D 
Converter 

EXT 4 

EXT 5 

POR.T 1C3 

2B6 

2B7 

2BO 

2Bl 

2C2 

2B2 

2C3 

2B3 

2B4 

2C6 

Interrupt System disable; Port 2C7 
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2.7 INTERRUPT FLIP-FL OPS AND ENABLES 

INPUT/OUTPUT AND INTERRUPTS 

Most of the experiments in this course use the interrupt capability 

of the 8080. The student should be familiar with Section 8.4 through 

8.6 in Course 525 . A review of those sections may be advisable at 

this point. 

2.7.1 Interrupt Sources 

The MTS will accept repeated interrupts generated by its own hardware 

when the AUTO/STEP toggle switch is set to STEP. We will also refer 

to these as "monitor interrupts" since their purpose is to invoke 

monitor functions such as single 

addition, and independent of the 

accept interrupts generated by the 

interrupt has occurred, or if a DI 

stepping or breakpoints. In 

AUTO/STEP switch, the MTS will 

interface board. (Once an 

instruction is executed in the 

program, no other interrupt can occur until an EI instruction and one 

following instruction have been executed). 

Figure 2-6 is a partial diagram of the interrupt logic of the 

interface board. Interrupts can occur in response to, signa�s 

generated by the interval timers (Chapter 3), by strobed input or 

output using port lA, by the EXT 4 and EXT 5 input ports, and by the 

Analog to Digital converter. 
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EXT 4 IN 

EXT 4 OUT 
;I 

EXT 5 IN' 

EXT 4 IN 

EXT 4 OUT

EXT 5 IN 

PORT 2B4 
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RESET 4 

RESET 5 
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2.7.2 Interrupt Flip-Flops 

The purpose of an interrupt system is to provide for processing of an 

occasional and perhaps fleeting event while allowing the computer to 

carry on other tasks that can be put aside temporarily when an 

interrupt occurs. To permit the processor to recognize a possibly 

very brief signal, the rising edges of the EXT 4 and EXT 5 inputs set 

flip-flops , which actually provide the interrupt data to the 

processor. Each f 1 ip-fl op is reset only by a specific command from 

the processor under program control. This insures that each 

interrupt signal is retained until it has been processed. 

Figure 2-7 shows the connections of these flip-flops in detail. To 

save components the interface board uses negative logic here. The 

flip-flop is actually set to O by the input signal and preset to 1 by 

the reset command. Since the inverted output of the flip-flop is 

used, the signal becomes true (=1) at the input rising edge and false 

(=O) at reset. 

described below. 

These "reset" si gna 1 s are soft ware generated as 

Similar flip-flops are•connected to the outputs of timer O and timer 

1, to allow interrupts on narrow pul�es from these timers. The 

interrupts from the A/D converter and port 1C3 are latched by their 

sources so flip-flops are not needed. Only timer 2 output is 

unlatched. It is used primarily in connection with the A/D converter 

or in a timing mode in which it latches its own input. 
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2.7.3 Interrupt Status and Enables 

All of the interrupt sources, except port 1C3, are taken to port 2a 

as inputs. After an interrupt has occurred, the program can read 

this port to determine the source of the interrupt. We refer to the 

content of this port as the interrupt status byte. The program can, 

of course, read this port at any time. The data are not dependent on 

whether an interrupt was enabled. Refer again to Figure 2-6 to see 

these connections. 

Although the hardware is designed to permit interrupts from many 

different sources, most programs will be concerned with only one or a 

few of these. To prevent any reaction to an undesired interrupt, 

each interrupt source is gated with an output bit from port 20. The 

processor will be interrupted only if an event occurs and its enabl{' 

bit at port 2C is set high. These gates also are shown in Figure 

2-6.

The interrupt sources, their positions in the interrupt status byte 

at port 2B, and their enable bits from port 2C are listed on the next 

page. 
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Source 

Timer O Flip-Flop 

Timer 1 Flip-Flop 

Interrupt 

Enable Bit 

(Active High) 

2CO 

2Cl 

Timer 2 (no Flip-Flop) 2C2 

A/D Comparator 2C3 

EXT 4 Flip-Flop 2C4 

EXT 5 Flip-Flop 2C5 

Port 1C3 2C6 

General Disable 2C7 

EXT 4 Direct (no interrupt) 

EXT 5 Direct (no interrupt) 

Interrupt 

Status Bit 

2BO 

2Bl 

2B2 

2B3 

2B4 

2B5 

1C3 

2B6 

2B7 

Note that Timer 0, Timer 1, EXT 4, and EXT 5 generate interrupts only 

through their flip-flops, which are set by rising edges. In 

processing the interrupt, the flip-flop will be reset (see section 

2.7.4), so it will not generate new interrupts until another rising 

edge occurs. 
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Port 2C7 is a general disable for all external interrupts. When it 

is high, only monitor interrupts can occur. At system reset all 

ports are forced to input mode thus flo ating the signal lines. To 

the logic this appears as a high signal so port 2C7 automatically 

inhibits external interrupts. Whenever port 2C is programmed for 

o utput, all bits are automatically set low. Now, bits 2CO through 

2C6 inhibit the individual interrupt sources. No external interrupt 

can occur until 8255 #2 has been programmed and specific bits of 2C 

have been set high. 
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2.7.4 Clearing Interrupts 

The interrupt flip-flops for Timer 0, Timer 1, EXT 4, and EXT 5 are 

reset by the act of either setting or resetting the corresponding 

interrupt enable bit. This must be done by the bit set/reset command 

written to CNT2 (OF). Writing a byte to port 2C does not affect the 

interrupt flip-flop (see Figure 1-5). This logic design has three 

purposes: 

a) After an interrupt fro m one source has been processed, its 

flip-flop can be cleared without affecting any other source which 

may have received a signal while the previous interrupt was being 

serviced. 

b) A previously disabled source can be enabled and its flip-flop

cleared so that only future events will generate interrupts. 

c) A previously disabled source can be enabled without clearing 

its flip-flop (by writing to Port 2C instead of CNT 2) so that a 

previous event can generate an interrupt. 
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2-26

Program MTS 8255 
Program 8255 #1 
Program 8255 #2 

Read Interrupt Status 
Byte (Port 2B) 

Write to LED's 
Write to 83F8

Enable MTS Display 

Decrement Delay 

Not Zero 

Zero 

Disable EXT 4 Interrupt 
CNT 2 - 08 

Disable EXT 5 Interrupt 
CNT 2 - OA 

Clearing Interrupts 

Figure 2-8 

Program of 
Section 2.6 
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EXERCISE: 

We will demonstrate the setting and clearing of the interrupt 

flip-flops for EXT 4 and EXT 5, using the connection already set up 

(Figure 2-7), and extending the program of Section 2.6. The program 

will display EXT 4 and EXT 5 flip-flops as well as the direct inputs 

and demonstrate clearing the flip-flops. The routine will provide a 

delay period during which the inputs can be controlled manually and 

will be displayed. At the end of the delay, it will clear the 

flip-flop by a disable command. LED's DS6 and DS7 will display EXT 4 

and EXT 5 direct inputs, while LED's DS4 and DS5 will display the 

state of EXT 4 and EXT 5 flip flops, respectively. Figure 2-8 shows 

the program. 

During a delay period the interrupt status byte is repeatedly read 

and displayed. At the end of the delay, the EXT 4 and EXT 5 

flip-flops are cleared by disabling their control bits in port 2C. 

Now if you ground the EXT 4 input during the delay period, its 

inverted output (EXT 4 OUT) will become high and set the EXT 5 

flip-flop. These signals will be 

ground, the EXT 4 flip-flop will be 

displayed. If you remove the 

set. If both flip-flops are set 

(both LED's on), it is due to "bouncing" the jumper contact more than 

once during a delay. In fact it is very difficult to make or break 

the connection so cleanly that you do not set both flip-flops, but it 

is possible. This phenomenon of seeing both rising and falling edges 

when a contact is opened or closed is called "contact bounce", and 

must be considered when connecting to switches. 
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INTERRUPT SERVICE 

INSTRUCTION ADDRESS STORE D AT COMMENT 

RST 1 83F4,F5 Not used with ITS 

RST 2 83F2,F3 Not used with ITS 

RST 3 83FO,Fl Not used with ITS 

RST 4 83EE,EF Generally used for 

programmed ca 11 

to monitor. 

RST 5 83EC,ED Generated by Timer 0 

Default dispatch to 8228 

RST 6 83EA,EB Generated by other 

ITS interrupts 

Default dispatch to 8230 

RST 7 83E8,E9 Monitor interrupt for STEP 

and breakpoint 

Interrupt Dispatching 

Figure 2-10 
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2.8 RESTART INSTRUCTIONS 

INPUT/OUTPUT AND INTERRUPTS 

The 8080 provides ,for eight "restart" instructions, RSTO - - RST7. 

(See Course 525, Chapter 8). The MTS hardware generates RST7 in 

response to an interrupt by resistive pullups on the data bus. The 

ITS interrupt system generates RST5 or RST6 in response to the 

various interrupt sources it provides. 

2.8.1 RST Dispatch 

The MTS monitor dispatches to an interrupt service routine in 

response to any of the RST insructions except RSTO, which corresponds 

to RESET. The address of the interrupt service routine must be 

stored in RAM, according to the list in Figure 2-10. The monitor 

preloads addresses to dispatch RST5 and RST6 into the user's program 

aTea. Most of the program solutions in this course use these default 

addresses. Thus a Timer O interrupt service routine will be located 

at 8228, and service routines for all other ITS inter rupts start at 

8230. 
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2C7 

Output 

Output 
Q 

Timer 2 

Output 

2CO 

2Cl 

2C2 

2C3 

V 
cc 

DB7 

DB6 

DB5 

DB4 

A/D Comparator 
DB3 

Output 

EXT 4 

EXT 5 

Port 1C3 

2-32

DB2 

2C4 DBl 

Q 

DBO 

2C5 INTA 

Q 

INTR 

2C6 

(Numbers in gates are for reference to text, and do not 
indicate chip numbers.) 

Generation of RST Instructions 

Figure 2-11 
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2.8.2 RST Generation 

The logic for generating interrupt 

is shown in Figure 2-11. Port 

request and restart instructions 

2C7 is the general disable for 

interface board interrupts. When it is high (or floating), none of 

the interface board sources can generate an interrupt request. If 

the monitor hardware generates an interrupt request� all data bus 

bits will be high, giving an RST 7 interrupt. 

When port 

enabled by 

high and 

2C7 is low, the interface board interrupt sources can be 

the other bits of port 2C. If any interrupt source is 

its corresponding enable bit in port 2C is high, the NANO 

gate (0, 1, 2, - - , 6) output becomes low, forcing the output of 

gate 8 high. Now gate 9 generates the interrupt request, which is OR 

gated on the MTS board with the monitor interrupt request, so in STEP 

mode an interrupt occurs on every user instruction, but in AUTO mode 

an interrupt occurs only if 2C7 is low and one of the NANO gates 0-6 

is low. 

When INTA is output by the system controller in response to the 

interrupt request, the tri-state buffers are enabled to drive the 

data bus (OBO-OB7). Six of these are always high; OB3 and DB4 are 

controlled by the gates. The following possible combinations exist: 

* 2C7 

hardware. 

high. The interrupt request was generated by the MTS 

Gate O and gate 10 outputs are both high, giving 11111111 

on the data bus. This is an RST 7 instruction. 

2-33



INPUT/OUTPUT AND INTERRUPTS 
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* 2C7 low, timer O flip-flop and 2CO high. Gate O output is 

low, forcing gate 10 output high. This gives 11101111 on the 

data bus, an RST 5 instruction.

* 2C7 low, timer O flip-flop or 2CO low. Gate O output is high. 

Now if any other interrupt source and its enable bit are high, 

gate 10 is low, giving 11110111, RST 6, on the data bus. 

* 2C7 low but no enabled source high. Again the interrupt request

has come from the monitor; gate O and gate 10 are high, and RST 7

is generated.

2-35



INPUT/OUTPUT AND INTERRUPTS 

2-36

Program 8255 #0 A in Bin C 
Program 8255 #1 A out B Out 
Program 8255 #2 A in Bin C 

Clear memory at 8300, 8301 

Enable and clear EXT 4 F/F 
Enable and clear EXT 5 F/F 

Display (8301) and (8302) 

INTERRUPT SERVICE FOR RST 6

Save Registers 

Read Interrupt Status 
Test for EXT 4

EXT 4 

out 
c out 
out 

I 

1 

I 

Address and 
increment 8301 
Reenable EXT 5 

Address and 
increment 8300 
Reenable EXT 4 

Restore Registers 
EI, RET 

Interrupt Service - RST 5, RST 6 

Figure 2-12 



2.9 INTERRUPT SERVICE FOR EXT 4 AND EXT 5 

EXERCISE: 

INPUT/OUTPUT AND INTERRUPTS 

Develop a program to count the number of times the EXT 4 input is 

connected to ground and released. Program the 8255's as in the 

preceding sections. Clear two bytes of variable memory at 8300 and 

8301. Enable EXT 4 and EXT 5 interrupts (using the bit set command). 

Write a main program with a repetitive loop that loads and displays 

the two bytes from variable memory: high order byte for EXT 4, low 

order byte for EXT 5. 

Write an interrupt service routine at 8230 to distinguish EXT 4 from 

EXT 5. Set the interrupt enable bit (to clear the flip-flop) and 

increment a count of number of interrupts. Use location 8300 for EXT 

4 and 8301 for EXT 5. A flow diagram appears in Figure 2-12. Figure 

2-13 lists the status bytes resulting-from the various interrupt

sources and the command bytes to disable or re-enable the interrupts. 

A solution to the programm ing problem is given in Figure 2-14a and 

2-14b.

Note: The EXT4 and EXT5 inputs may react to noise, with the result 

that when one of them is triggered the other may also be triggered. 

Protect against this by connecting each of the m through a !OK 

resistor to +5 volts. 
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In 2-14c an alternate interrupt service routine is shown to 

demonstrate two programming tricks. It is only necessary to save 

registers that will be used. Here only H, L, A and flags are use. 

When a conditional jump is to be made based on a yes-no decision, it 

is often more efficient to assume one result before making the jump. 

Here we can replace a three byte LXI 8301 (at 8246) with a single 

byte INX H, and we can omit the JMP 824E (at 8243). Such tricks are 

often powerful, but should be introduced only after a su ccessful 

program has been written. Patching the program would be difficult in 

this situation. 
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STATUS AND COMMAND BYTES 

COMM AND BYTE 
WRITTEN BY 

STATUS BY TE OBTAINED BY IN PORT 28 OUT CNT 2 
(see Note 2) (see Note 1) 

INTERRUPT 
SOURCE BINARY HEX DISABLE ENABLE 

Timer 0 0 X X X X X X 1 01 00 01 

Timer 1 0 X X X X X 1 X 02 02 03 

Timer 2 0 X X X X 1 X X 04 04 05 

AID Comparator 0 X X X 1 X X X 08 06 07 

EXT 4 0 X X 1 X X X X 10 08 09 

EXT5 0 X 1 X X X X X 20 OA OB 

Port 1C3 (see Note 3) QC OD 

Note 1: Disable or enable command byte must be output to CNT 2 to clear the interrupt flip flop for Timer 0, 
Timer 1, EX T 4, or EXT 5. Disable or enable for A/D Comparator clears the interrupt in automatic AID 
mode only. 

Note Z: The hex values shown assume all other bits are 0. ANI (hex value) will give zero if the interrupt is not 
present. 

Note 3: Port 1 C3 does not appear in the status byte. It is read as XXXX1 XXX by IN PORT1 C. It is cleared by 
reading PORT1A in strobed input mode (mode 1 or mode 2) or by writing to PORT1A in strobed output 
mode (mode 1 or mode 2). Otherwise it can be cleared or set by writing 06 or 07 to CNT1. The interrupt 
enable for Port 1 C3 is cleared or set by writing QC or OD to CNT2, but this does not change the data at 
Port 1C3. 

Status and Command Bytes 

Figure 2-13 
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INPUT/OUTPUT AND INTERRUPTS 

2 .10 STANDARD PROGRAMMING FOR 8255'S 

In Figure 2-12 we programmed the 8255's as follows: 

8255 

8255 

8255 

# 0 

# 1 

# 2 

A in 

A out 

A in 

Bin 

Bout 

Bin 

C out 

C out 

C out 

Almost all of the exercises in this course will use either that 

programming, or the same except for port lB: 

8255 # 1 A out Bin C out 

In most program flow diagrams hereafter, we will show either : 

Program 8255's - lB out 

Program 8255's lB in 

This is to imply the programming above, with the assumption that the 

user program need not program 8255 #0 since the monitor sets it in 

the required condition. Figure 2-15 shows the program steps. You may 

want to post it in a convenient place. 
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2-44

I Program 8255's - lB out I 

3E MVI A, 80 

80 
D3 OUT CNTl 
07 
3E MVI A, 92 
92 
D3 OUT CNT2 
OF 

f Program 8255's - lB in

3E MVI A, 82 
82 
D3 OUT CNTl 
07 
3E MVI A, 92 
92 
D3 OUT CNT2 

OF 

Standard Programming for 8255's 

Figure 2-15 
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3. INTERVAL TIMERS

Timing functions are extremely common in computers used in real time 

applications and communications. Timing can be achieved by program 

loops but with two major limitations. The precision of the timing 

is limited to the length of the loop, (commonly of the order of four 

or more instructions) and the computer can do nothing else while it 

i---s t imin�. 

cost. 

Hardware timers overcome these limitations at moderate 

3.1 INTEL 8253 INTERVAL TIMER 

The 8253 provides three identical, independent 16 bit timers. Each 

timer comprises (Figure 3-1) a 16 bit counter and a 16 bit storage 

register (accessible by IN and OUT instructions), control logic and 

flip flops, a clock input, gate input, and an output. Each of the 

timers occupies one 1/0 port address for reading the counter and 

loading the register. A fourth 1/0 port provides for controlling all 

of the counters. Various operation modes exist which may be 

selected by writing a control byte to the control port. 

Initiating a timer's operation always involves two steps. First the 

timer "mode" must be specified to the control register. Second, the 

timer count-down value is initialized. Typically this requires the 

following sequence. 
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MVI A, control byte Write control byte to 

OUT TIMCT timer control port, to set mode. 

MVI A, low data byte 

OUT TIMER Load low time data byte 

MVI A ,  high data byte 

OUT TIMER Load high time data byte 

After the count value has been initialized the timer will run under 

control of its clock and gate inputs, and will generate a particular 

output 

output 

signal depending on which timer 

waveform could be used as 

mode was pre-specified. The 

a timed interrupt to the 

microprocessor, a low speed clock for an external circuit, or a 

variety of other applications in a microcomputer system, as we will 

see throughout the course. 
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ABO 
ABl 

cs 

Clock 
Gate 

Clock 
Gate 

SYSTEM DATA BUS 

Control 
Logic 

Commands 

Register 
0 

Register 
1 

Register 
2 

Holding 

Register 

Counter 
0 

Counter 
1 

Counter 

2 

Clock�����������������___.

INTERVAL TIMERS 

Output 

Output 

Gate --���------•Output 

Intel 8253 Interval Timer 

Figure 3-1 
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GO 

TO 

Gl 

3-4

�2 CLK (2.048 MHz)

cc 

Vee 

TI.MER 0 
CLK OUT
GATE 

CLKTIMER 1 
OUT 

GATE 

TIMER 2 .._ __ "'""" CLK 
OUT

GATE 

lC O -------t

r -------, 

: A/D CIRCUITS : 
L---------...l 

RESET 0 

2CO 
Q 

RESET 1 

2Cl 

cr 

2C2 

Timer Clocks, Gates and Outputs 

Figure· 3-2 

2BO 

2Bl 

INTERRUPT 
REQUEST 
AND RST 

INSTRUCTION 
GATES 



3.2 CLOCK, GATE, AND OUTPUT 

INTERVAL TIMERS 

Each timer receives a clock input and decrements the content of its 

counter at the falling edge of the clock. On the interface board all 

clock inputs are normally connected to the system 2.048 MHz clock, 

but this connection can be altered to permit use of an external clock 

input. (See Figure 3-2.) 

The gate input to each timer starts, enables or disables its 

counting, depending on the selected mode. On the interface board 

these inputs for timer O and timer 1 are pulled high by resistors so 

that counting is normally enabled, but these gate inputs are also 

accessible at terminals for external control. The gate input to 

timer 2 is connected to the analog to digital converter circuitry 

because timer 2 is often used in A/D operations (as discussed in 

Chapter 5). To enable timer 2 for other functions i.ts gate input 

must be forced high by setting port !CO low. 

The output of a timer goes high to indicate the end of a time 

interval. The time at which it goes low depends on the mode selected. 

On the interface board the outputs of timer O and time, 1 set 

flip-flops in the interrupt system, exactly like the EXT 4 and EXT 5 

flip-flops. Timer 2 output has no flip-flop. It is directly gated 

with an interrupt enable bit into the interrupt system, and it is 

also used to drive a counter in the A/D converter. 
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The output of timer 0, as well as setting an interrupt flip-flop, 

also drives an inverter whose output is available at a terminal for 

use by external hardware. 

Because the system clock is nominally 2.048 MHz it is very easy to 

relate binary counts to decimal times. The following table lists 

some useful values. 
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Binary Count 

(Hexadecimal ) 

0100 

0200 

0400 

0800 

1000 

1800 

2000 

2800 

3000 

3800 

4000 

4800 

5000 

AOOO 

FOOD 

0000 

1F40 

OFAO 

07DO 

Decimal Count 

256 

512 

1024 

2048 

4096 

6144 

8192 

(10240)* 

(12288) 

(14336) 

(16384) 

(18432) 

(20480) 

(40960) 

. (61440) 

(65536) 

8000 

4000 

2000 

Time 

(mill iseconds) 

0. 125

0.250 

0.500 

1.000 

2 

3 

4 

5 

6 

7 

8 

9 

10 

20 

30 

32 

Time (seconds) 

1/256 

1/512 

1/1024 

*The timer cannot be loaded with decimal values grea ter than 9999,

so bina ry counting must be used. 
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3.3 TIMER MODES 

INTERVAL TIMERS 

Any of the three interval timers can operate in any of six modes 

(0-5). Most of the experiments here use mode O or mode 2. The other 

modes are intended principally for interfacing the timer directly 

with external hardware rather than through the program. The modes 

are listed below, and defined in subsequent sections along with 

experiments. A summary of the modes is given in section 3-10. 

Mode -0 Interrupt on Terminal Count 

Mode 1 Programmable One Shot 

Mode 2 Rate Generator 

Mode 3 Square Wave Generator 

Mode 4 Software Triggered Strobe 

Mode 5 Hardware Triggered Strobe 

Within each of these modes the user has some additional options. The 

counters are 16 bits long, and can be loaded with two bytes of data, 

less significant byte first. Two other options (which must be 

selected when the mode is programmed) are to load only the less 

significant byte or to load only the more significant byte. In 

either of these cases, the other byte is set to 00, and counting 

proceeds on both bytes. 
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7 

3.,..10 

6 5 4 3 2 1 0 

� 0 = binary count 
1 = decimal count 

000 Mode 0 
001 Mode 1 
XlO Mode 2 
Xll Mode 3

100 Mode 4

101 Mode 5

00 Latching command (see Section 3.6.3) 
01 Read/Load lea-s-t significant byte only 
10 Read/Load most significant byte only 
11 Read/Load least significant byte 

First, then least significant byte 

00 Select timer 0 
01 Select timer 1 ,__��������
10 Select timer 2 
11 Illegal (Undefined) 

Timer Control Byte Structure 

Figure 3-3 
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The timers can count in binary or decimal, as selected when the mode 

is programmed. 

The mode and options are selected for any one of three timers by 

writing a byte to the control port of th� 8253. 

Figure 

lists 

timers. 

3E MVI A,CONTROL BYTE 

xx 

D3 OUT TIMCT 

17 

3-3 shows the b it structure of the control byte. Figure 3-4 

the most commonly used control bytes for each of the three 
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3-12

0 l 2 3 

Latch 00 00 00 00 

Read/Load LSB 10 12 14 16 

Read/Load MSB 20 22 24 26 

Read/Load Both 30 32 34 36 
(LSB first) 

Ti.:ner l Mode 

0 l 2 3 

Latch 40 40 40 40 

Read/Load LSB 50 52 54 56 

Read/Load MSB 6Q 62 64 66 

Read/Load Both 70 72 74 76 
(LSB first) 

Timer 2 Mode 

0 l 2 3 

Latch 80 80 80 80 

Read/Load LSB 90 92 94 96 

Read/Load MSB AO A2 A4 A6 

Read/Load Both BO B2 B4 B6 
(LSB first) 

Control Bytes shown set binary counting 

Add 1 for decimal counting 

4 

00. 

18 

28 

38 

4 

40 

58 

68 

78 

4 

80 

98 

A8 

BS 

Write control hyte to TIMCT, Port 17 

Latching control byte rloes not affect mo�e 

Timer Control Bytes 

Figure 3-4 

5 

00 

lA 

2A 

3A 

5 

40 

SA 

6A 

7A 

5 

80 

9A 

AA 

BA 



3.4 MODE O - INTERRUPT ON TERMINAL COUNT 

INTERVAL TIMERS 

When a timer is set to mode O, its output goes low. When it has been 

loaded (with one or two bytes as required by the mode select option), 

and its 

falling 

gate 

edge 

input is high, it will decrement the count at each 

of the clock. When the count reaches zero, the output 

goes hi�h. Mode O is intended to generate a time delay whose duration 

and starting time are set by the program. In the following exercise 

we compare a programmed timing loop with an interval timer. Figure 

3-5 shows the program flow diagram. 
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3-14

Program 8255's 
lA Out lB Out lC Out 
2A In 28 In 2C Out 

Program Timer 2 
Both bytes, Mode O 
Decimal Counting 

Disable Interrupts 
CALL ENTWD 

(A) � Corrm\and
(HL) � Time Delay 

Disable Display 
(set port OC7 low) 

Enable Timer 2 interrupt 
(set port 2C2 high) 

Load Timer 2 
(Timer 2) f- {L) 
(Timer 2) f- (H) 

Enable 8080 Interrupt 

(A)� 99

(A)f- (A) + Ol(ADI 01)

Decimal Adjust

Interrupt Service 

CALL DBYTE to 
display count in A 

Disable Timer 2 interrupt 
Discard Return Address 
Enable Interrupts 

Compare Timing Loop with Interval Timer 

Figure 3-5 
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EXERCISE 

This program accepts a time delay value from the keyboard, and starts 

timer 2 in mode O with this value. After enabling interrupts it 

enters a counting loop. At the interrupt generated by timer 2 it 

displays the value reached by the counting loop. The interrupt 

service discards the return address (by POP H) and jumps to start

since the function of the main program is finished when the interrupt 

occurs. 

Note that timer 2, which has no external flip-flop in the interrupt 

system, is appropriately used here because in mode O its output goes 

low when it is programmed to mode O or when it is loaded, goes high 

and stays high at the end of the interval. 

The addresses, programming control bytes, and interrupt 

enable/disable bytes are found in Figures 2-2, 2-13, and 3-4. 

Duplicate copies of these are found in Appendix A. You may want to 

post them for ready reference. 

The delay loop should be: ADI 

DAA 

JMP 

01 7 clocks 

4 

10 

II 

II 

21 clocks 

The interval timer will count 21 times as fast as the programmed 

timing loop. When you run the program, find the smallest delay value 

you can enter that results in a zero in (A). This represents the 

time taken to reach the DAA instruction after the second byte is 
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loaded to the timer. (Run the program in AUTO mode to make the time 

measurements.) 

You should be able to add 21 to that value and get a count of 01. 

(We programmed the timer and the loop for decimal counting to make 

the arithmetic easier.) Each added value of 21 in the delay should 

result in one added count in the result. At some intermediate values 

you will see hex values in the display because the interrupt occurred 

after ADI 01 but before DAA. At 2088 you should obtain a count of 99. 

With delays from 2109 to 2115 the count will be 9A, and at 2116 it 

will be 00. 

If the display is not disabled during counting the programmed timing 

loop will be slower because of the hold states int roduced by the DMA 

channel for the display. 

Try running the program in STEP mode (but with the RUN key). Now you 

can measure the time taken by the monitor. Insert some breakpoints 

that will never be reached and observe the effect. 
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3-20

No 

GETKY 

CALL SCAN 

No key 

(C) - Key

(B) - 55 (hex

CALL SCAN 

Key 

Decrement B 

(A) - Key

Test for Command 

Enable Monitor 
and Display 

RETURN 

GETKY Flow Diagram 

Figure 3-7 



3.5 RESTARTING A COUNTER IN MODE O. 

When a counter is running in mode 

by loading a new time count. The 

INTERVAL TIMERS 

0 it can be stopped and restarted 

output will remain low while this 

is done, and go high only when the most recently loaded count reaches 

zero. 

EXERCISE 

The monitor subroutine GETKY is used to get a single keyboard entry. 

After a key has been pressed and read, it repeatedly reads the 

keyboard until the key has been released for 20 milliseconds to 

protect against contact bounce, which might otherwise cause a single 

key operation to be read as two or more operations. Figure 3-7 is a 

flow diagram for GETKY. SCAN is the subroutine that actually reads 

the keyboard. If a key is pressed SCAN returns the hex value in (A) 

and carry set. If no key is pressed SCAN returns carry cleared. When 

this has occurred for 20 milliseconds (85 repetitions of SCAN) we are 

sure that the key has been released. If a key contact is sensed 

during that time the delay is started again. 
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3-22

CALL SCA)} (0257) 

No Key 

(C)-Key 

Disable Timer O Interrupt 
CNT2- 00 

Program Timer O for 
mode O, load high byte 

TIMCT - 20 

TIMO- 10 
for 20 ms delay 

CALL SC.Ai.� ( 025 7) 

Key 

No Key 

Read interrupt status 
(A) - PORT 2B

Test timer O (ANI O 1) 

Zero 

(Timer O low) Not zero 

High 

(A)-Key 

Test for command 

Return 

GETKY with Timer 

Figure 3-8 



INTERVAL TIMERS 

We will develop a substitute for GETKY that uses timer O instead of a 

delay loop. Figure 3-8 is a flow diagram for this program. The 

diagram is generally the same as figure 3�7 except for the delay 

functions. Write this subroutine and call it instead of GETKY in the 

program below. 

[
CALL GETK!l 

CALL DBYTE 

JMP 

Note that we restart timer O each time SCAN finds the key still 

present, but let it run when the key is released. Timer O output 

never goes high until the timer is decremented to zero. 

We have disabled the timer O interrupt because this program tests 

timer O itself and does not want an interrupt to occur. Other 

interrupts are allowed. It is necessary to disable the timer 

interrupt (using the bit reset function) to clear the flip-flop, 

because it is the flip flop output that is read in port 2B, not the 

direct output from the timer. Timer 1 can be used in the same way. 

Make that substitution and see that the program still works. It can 

also work with timer 2, but port lC must be programmed for output and 

bit lCO set low, otherwise timer 2 may be inhibited from counting by 

the A/D circuitry. 
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3.6 READING A TIMER 

INTERVAL TIMERS 

A timer can be read as well as loaded. The exercises of this section 

make use of that facility. 

3.6.1 Measuring a Pulse Duration 

EXERCISE 

In mode O (also modes 2, 3 and 4) counting continues only while the 

gate input is high. ·we can use this to measure the width of a pulse. 

A useful signal source is the MTS cassette modem output. Use a clip 

lead to connect the test point labelled AUDIO OUT at the upper right 

edge of the MTS to the gate input (Gl IN) for timer 1. Use a short 

jumper to connect this also to the EXT 4 input. The modem output is 

nominally 1200 Hz if port OCO output is low, and twice that when 

port OCO is high. We will write a program to select the frequency by 

keyboard input, measure the width of the high portion of the output 

signal, and display that width. The width is displayed in decimal 

clock pulse units. Divide the clock count by the clock frequency 

(2.048 MHz) to determine the input pulse width. Alternately, since 

the signal we are measuring is a square wave, obtain the frequency by 

1024000/count. 

3-25



INTERVAL TIMERS 

To measure the pulse width we will initially load timer 1 with zero, 

while the input signil is low. After the signal has gone high and 

then returned to low we will read the counter. 

XRA 

OUT 

OUT 

A 

TIMl 

TIMl 

IN TIMl 

MOV L,A 

IN TIMl 

MOV H, A 

Enter zero to 

both bytes of 

the timer 

Wait for input 

to go high and 

then low 

Read the ti mer 

content into 

registers H,L 

Although we could clear the timer to zero with a single byte load, if 

it were so programmed, we would then be restricted to a single byte 

read. 

The process above reads and stores the content of the timer, but 

since it counts down this result is the twos or tens complement of 

the actual time, as shown in Figure 3-10. 
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Binary 

Positive 
Count 

0000 
0001 
0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
OOOA 
OOOB 
oooc 

OOOD 
OOOE 
OOOF 
0010 
0011 

OOFF 

0100 
0101 

OFFF 

1000 
1001 

FFFF 

0000 

INTERVAL TIMERS 

Counting Decimal Counting 

Timer Positive 
Data Count 

0000 0000 
FFFF 0001 
FFFE 0002 
FFFD 0003 
FFFC 0004 
FFFB 0005 
FFFA 0006 
FFF9 0007 
FFF8 0008 
FFF7 0009 
FFF6 0010 
FFFS 0011 
FFF4 0012· 
FFF3 
FFF2 

FFFl 

FFFO 
FFEF 

FFOl 0099 
FFOO 0100 
FEFF 0101 

FOOl 0999 
FOOO 1000 
EFFF 1001 

0001 9999 
0000 0000 

Twos and Tens Complement Counting 

Figure 3...,10 

Timer 
Data 

0000 
9999 
9998 
9997 
9996 
9995 
9994 
9993 
9992 
9991 
9990 
9989 
9988 

9901 
9900 
9899 

9001 
9000 
8999 

0001 
0000 

3-27



INTERVAL TIMERS 

The twos complement can most easily be converted by complementing the 

byte as it is read and then adding one to the two byte result. 

IN TIMl 

CMA 

MOV L,A 

IN TIMl 

CMA 

MOV H,A 

INX H 

The tens complement is needed if we use decimal counting. In Course 

525 (Chapter 10) we developed a subroutine to convert a two byte 

decimal value to its hundreds complement. This subroutine is shown 

in Figure 3-13c. 

Although the counter in mode O will only run while its gate input is 

high, it gives no direct indication to the program when it stops. 

Figure 3-11 shows how the computer will react to the input signal. 

Figure 3-12 is a flow diagram for the program. A program solution is 

given in Figure 3-13 for decimal counting. 
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3-30

Program Ports ( lB out) 
Program Timer 1 

Both bytes, mode O decimal 

-

Wait for EXT4 signal to 
be high and become low 

Read Keyboard and set 
frequency. Enable dm.splay. 

(A) � (PORTOA)
Mask for low bit. 
Set high bit 

(PORTOC) � (A) 

Clear Timer 1 
Wait for EXT4 signal to 

b_e high and become low 

Read Timer 
(L)� (TIMl)
(H)� (TU11)

Convert to lOO's complement 
Display pulse width 

Pulse Width Measurement 

Figure 3-12 
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3.6.2 Additional Exercises 

Two other ways of recognizing the state of the input signal are 

possible. One method uses EXT 4 and EXT 5 interrupts but is merely a 

simple extension of the preceeding program. The other reads the timer 

to determine whether it is running. You should develop the program of 

3.6.2.2 yourself. Exercise 3.6.2.1 is optional. 

3.6.2.1 Awaiting an Interrupt 

EXERCISE 

The program in Figure 3-13 can be modified to use the EXT 5 interrupt 

in place of the WTHL wait subroutine at 8230H. 

Connect an additional jumper from EXT4 OUT to EXT5 IN, and enable the 

EXT5 interrupt which will occur at the falling edge of the signal. 

We will load Timer 1 the first time this interrupt occurs, and then 

wait for a second interrupt. When that occurs we will read the timer, 

which will have counted down during the time that the signal pulse 

was high. 

The processor can 

instruction. When 

be 

this 

forced to stop operations by the HLT (76H) 

is encountered in a program the processor 

enters a wait state, and does not execute any further instructions 

until an interrupt occurs. At this time the interrupt service routine 

is executed and then control returns to the next instruction 

following the HLT. 
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Replace the WTHL subroutine with an interrupt service routine that 

does the following: 

Save PSW 

Reenable and clear the interrupt 

Restore the PSW 

EI 

Return 

To enable the interrupt initially, call this service routine i.nstead 

of WTHL. Follow the call by HLT to wait for the first fallin� edge. 

Since RST6 is exactly equivalent to CALL 8230, you can insert both of 

these instructions and a NOP in place of CALL WTHL. 

Now replace the second CALL WTHL by HLT, NOP, NOP. This will cause 

the processor to wait for the second falling edge. The remainder of 

the main program is unchanged. 
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3.6.2.2 Reading an Active Timer 

EXERCISE 

You can re-code the original program (Figure 3-13) to read the timer 

while it is running. 

Use the original WTHL subroutine to detect the first falling edge 

(The timer interrupt should not be enabled). In place of the second 

call to WTHL, call a new subroutine that does the following: 

Read Timer 1 (both bytes) 

Save the result 

Read Timer 1 again (both bytes) 

Compare with previous result 

Repeat until the result changes, indicating 

that the timer is running 

Repeat until the result no longer changes, 

indicating that the timer has stopped 

NOTE: use of an internal subroutine may shorten this program to less 

than 300 bytes. 

3.6.3 Reading While Counting 

In the exercise of 3.6.1, the timer is read only when counting has 

been inhibited by a low input at the gate. In 3.6.2.2, the counter 

is read while it is counting. The final measurement which is 

displayed was taken after counting stopped. 

The IOR signal that places input data on the data bus extends across 

at least one phase 2 clock cycle. Since the timer runs from the phase 
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2 clock, it is guaranteed that the lowest bit will change during the 

time that the counter outputs are driving the bus, and possible that 

all 16 bits will change. The data thus received by the 8080 while 

the data bits are changing must be considered garbage. The 8253 

provides a facility for accurately reading a timer while it is 

one 16 bit register which can be synchronously is counting. There 

loaded with the content of any one counter, upon command from the 

processor. A subsequ ent IN (or two !N's for two bytes) addressed to 

the same counter wi 1-l access the latching register rather than the 

counter itself. The latching control bytes were included (though not 

defined) in Figures 3-3 and 3-4. 

Control Byte 

Binary 

0000 xxxx 

0100 xxxx 

1000 xxxx 

Hex 

00 

40 

80 

Timer Control Byte Digits 

Timer 

0 

1 

2 

Operation 

Copy timer into latching 

register before reading 
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Like the mode set control bytes, these are sent by OUT TIMCT. To 

read a running timer that is programmed for two byte read and load 

the following sequence is used. 

3E 

40 

D3 

17 

DB 

15 

MVI A, 40 

OUT TIMCT 

IN TI Ml 

6F MOV L,A 

DB IN TIMl 

15 

67 MOV H,A 

Latch control byte for timer 1 

Write to timer control 

Read latched data from timer 1 

Store in (HL) 

Note that the IN instructions are still addressed to timer 1, and two 

reads are still required if the timer is programmed for two byte load 

and read. 

EXERCISE 

Develop a program to demonstrate that invalid data may be read from a 

running counter if the latching operation is not used. 
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3.7 MODE 2 - RATE GENERATOR 

Probably the most common use of the interval timer is generation of a 

signal or an interrupt at precisely repeated intervals. This is 

useful for; 

* Generating a slower clock for an external device that

cannot use the 2.048 MHz system clock.

* Measu ring times or generating timing functions too great

for the 32 millisecond capacity of a 16 bit counter.

* Servicing inputs or outputs on a schedule rather than by

interrupts.

* Keeping track of real time.

3.7.1 Use of Mode 2 

Mode 2 is programmed by writing a .  control byte to the timer control 

port in accordance with Figure 3-3. For instance, to program timer 1 

for a two byte load, mode 2, binary: 

�E MVI A, 74 

74 

D3 OU T TIMCT 

17 
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r Count Value Count Value ----t 

TIMER 
OUTPUT LJ 

TIMER :.-:.-=. =. J 
FLIP FLOP 

Count= 1 

Count= O 

LJ 

� 

Initial value_______j 
reloaded 

from register 

u 

__ r 

Set by outpu
�

--- _______ 1_____ _ __ 1 rising edge 

Reset by enable 
or disable of ������ ....... ��������������

interrupt 
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This immediately sets the output high if it was not high. Counting 

starts when a count value is loaded, provided the gate input is high. 

Counting is inhibited if the gate input is low. 

The output remains high while counting, until the count value reaches 

0001, when the output goes low. At the next falling edge of the 

clock, the output goes high and the initial value is reloaded from 

the count register into the counter. Thus, a half microsecond pulse 

is output once for each counting cycle. The timer need not be 

reloaded, and it will give the pulse at a precisely repeated interval 

even if the interrupt service is delayed. 

Figure 3-14 shows the relationship between the timer output and its 

flip flop. Note that the half microsecond pulse from the timer, if 

it were directly connected to interrupt request, might or might not 

generate an interrupt, depending on the state of the 8080 at that 

moment. Therefore, the interrupt must be taken from the flip flop of 

timer O or timer 1. The ITS does not provide a flip flop for Timer 2, 

so this timer cannot reliably generate an interrupt in mode 2 (nor in 

modes 4, 5 or 6, for the same reason). 

After the flip flop has generated an interrupt it must be reset by 

setting or resetting the corresp onding enable bit at port 2CO or 2Cl, 

before an EI instruction is given. Otherwise repeated interrupts will 

be generated, and the main program can never be executed. 
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3-42

Program 8255 #1 
A Out B In C Out 

Program 8255 #2 
A In B In C Out 

Program Timer 0 
High byte, Mode 2, Binary 

Timer 0,._AO

I 
(Hours)...,__ (H) 

(Minutes) -- (L) 

· (Seconds) ,._ 00
(One Sec),._ 32

Enable Timer O Interrupt 

_I 

I 

Display Seconds 
Display Minutes 

Display Hours 

I 

MAIN TIME DISPLAY PROGRAM 

Time of Day Clock 

Figure 3-15 

Save Registers 
Decrememnt One­
Second Counter 

0 

One Sec._. 32 
Increment Seconds 

(In Decimal) 
Test for 60

60 

60 

Seconds-oo 
Increment Minutes 

Test for 60

Minutes� 00

Increment Hours 
Test for 24 

Hours�oo 

Restore Registers
Re-enable Timer O 

Interrupt 
EI 

Return 

RST 5 INTERRUPT SERVICE 
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3.7.2 Real Time Clock 

EXERCISE 

Develop a program that will keep and display the time of day. The 

flow diagram of Figure 3-15 displays hours, minutes and seconds. 

Timer O generates an interrupt every 20 milliseconds and a software 

counter is decremented from 32 (=50 decimal ). At zero a seconds 

counter is incremented (in decimal). At 60 seconds a minutes counter 

is incremedted and at 60 minutes an hours counter is incremented. 

The display function is handled by the main program. This would 

permit another program to operate in conjunction with the time of 

day. It can use the keyboard and display, and when nothing else is 

going on the time can be displayed. 

In this 

from the 

program the starting time (in hours and minutes) is loaded 

content of H and L. Use the monitor to place the time in 

those registers and press RUN when the second hand of your watch 

reaches zero. Test the timekeeping. You will probably find this 

clock to be quite inaccurate because the crystal of the MTS is only 

accurate to 0.1%. This gives an error of 86 seconds a day. 
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The clock can be made somewhat better by using a separate software 

counter for one minute, with an initial value of about OBB8 (= 3000). 

This can be adjusted for crystal frequency error; allowing the clock 

error to be less than 30 seconds a day. Figure 3-16 shows a flow 

diagram for this clock, with coding provided in Figure 3-17. A

further improvement can be made with a one hour counter, with a 

nominal initial value of 02BF20 (180000 decimal). This permits an 

adjustment to less than half a second per day if the crystal is 

sufficiently stable. 

You may want to elaborate the clock program for the fine adjustment, 

or to load time of day by keyboard entry, or to keep date as well as 

time with adjustments for 28, 29, 30, or 31 days. (Remember that 

leap year is omitted every 100 years but included every 400 years, so 

29 February 2000 will exist). 
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SAVE REGISTERS 
DECREMENT ONE 
SECOND COUNTER 

�o 

ONE SECOND COUNTER - 3 2 
INCREMENT SECONDS 

DECREMENT ONE 
MINUTE COUNTER 
(TWO BYTES) 

�o 

ONE MINUTE - 0BB8

COUNTER 
ONE SECOND - 3 2 

COUNTER 
SECONDS - 00

INCREMENT MINUTES 
TEST FOR 60 

f60 

MINUTES - 00 
INCREMENT HOURS 
TEST FOR 24 

�24

HOURS -- 00

RE-ENABLE,RESTORE, 
EI, RETURN 

RST 5 Interrupt Service 

Figure 3-16 
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3.8 CASCADED TIMERS 

INTERVAL TIMERS 

It is possible to use the output of one timer to control another, in 

either of two ways. One output can provide a clock to another time�, 

but on the experiment board this requires disconnecting the system 

clock from the second timer as shown in Figure 3-18. With this 

connection two timers in mode 2 can be cascaded to generate a long 

time interval: 

Capacity 

Maximum Count 

Time 

32 bits 

4,294,967,295 (decimal) 

2,097.152 seconds 

= 34 minutes, 57.152 seconds 

A simpler connection, but with more restricted use, is to use the 

first timer output as a gate input to the second timer, as shown in 

Figure 3-19. Now if timer O is programmed to mode 2 its inverted 

output will enable the gate of timer 1 for exactly one clock pulse in 

each full count cycle of timer O. 

This is effective only if timer O is in mode 2, giving one pulse each 

count cycle, and timer 1 is in mode O or mode 4. In all other modes, 

the gate input rising edge restarts the counter by reloading it with 

the initial value from its storage register, so cascading can only be 

done with the clock input. 
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INTERVAL TIMERS 

EXERCISE 

We will use the simpler connection from TO OUT (at left of ITS 

board) to Gl IN to gate the second timer. In the program of Figures 

3-20 and 3-21, we accept keyboard data for a time delay to be loaded

to timer 1, which is in mode O and gated by timer .o. At the 

interrupt from timer 1 we shift a bit in the LED display as a visu al 

indication. 

If the STEP key is pressed following the numeric data, the interrupt 

service routine disables the timer 1 interrupt, which is not 

restarted until a new keyboard entry is given. If the RUN key is 

pressed following the numeric data,: then interrupt service reloads 

timer 1 and reenables the interrupt. 

This program is designed to work concurrently with the time of day 

display of Figure 3-15. When no keyboard entry is made, the time of 

day display is shown. While ENTWD is accepting keyboard data, it 

controls the display 

The effect of STEP and RUN commands here is analagous to mode O and 

mode 2 in the timers. With STEP timer 1 is decremented to zero and 

interrupts only once, like mode O. With RUN it is reloaded and 

restarted each time it reaches zero. 
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This program can be instructive in other ways. Note that in the 

solution given we load timer 1 and then enable (or disable) its 

interrupt. If the time delay loaded is 0002, the RST6 interrupts 

will occur frequently. If the time loaded is 0000, the interrupts 

will occur very infiequently (once every 1310 seconds). If a value 

of 0001 is entered, no interrupts will occur at all. With this 

initial value the interval timer will not function correctly! 
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3.9 MODE 3 SQUARE WAVE GENERATOR 

When programmed in mode 3, a timer repeatedly counts down from its 

initial value, starting with its output high. Halfway through the 

count, the output goes low. At zero, the output goes high and the 

initial value is reloaded from the count register. Thus a square 

wave is generated. If the initial value is an odd number, the first 

half of the count will be one bit time longer than the second half. 

The gate input disables counting when it is low. At a rising edge of 

the gate input, the initial value is reloaded from the count register 

into the counter. The output becomes high and a new complete cycle 

starts. 

If the count register is reloaded while the timer is running in this 

mode, the current half period of counting will be completed with the 

old value. The new value will become effective when the output 

changes in either direction, or at a rising edge of the gate input. 

3.9.1 Observing the Output 

EXERCISE 

Write a program that will change the mode of timer O every few 

seconds, alternating between mode 2 and mode 3 (Figure 3-22 shows a 

flow diagram). Observe the inverte in one of these ways: 

a) With an oscilloscope

b) With a voltmeter

c) By connecting TO OUT to EXT4 IN, reading Port 2B

and displaying its data in the LED s.
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An oscilloscope permits direct observation of the inverted square 

wave at TO OUT and additional experiments. 

OUT and GND will show a low output (0.4 

running in mode 2, but about 2 volts in 

The voltmeter across TO 

volts) when the timer is 

mode 3. With the jumper 

connected (as in 'c' above), LED DS6 will be visibly illuminated in 

mode 3 but not in mode 2. 

3.9.2 Observing the Counting 

The square wave generator conceivably could operate in any one of 

three ways: 

3-62

(a) Divide initial value by 2 before loading the counter from

the count register. Toggle the output and reload at zero.

(b) Load the counter with the initial value, and decrement by

2 at each clock. Toggle the output and reload at zero.

(c) Compare the counter content with half of the initial value,

and set the output low at equal. Set the output high at 

zero. 
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The following exercise permits you to determine which of these is 

actually used. 

EXERCISE 

Program a timer for mode 3 operation, low byte ortly (Figure 3-23). 

Load it with 7E. In a loop, repeatedly latch and read the timer 

while it is counting. Display the byte in the LEDs of port lA. 

Determine from this how the timer really operates in mode 3. 

If (a) is true, the LEDs will never show a value greater than half of 

the initial value. 

If (b) is true, the least significant bit will never change. 

If (c) is true, the full value will be shown and the least 

significant-bit will count. 

This experiment is suggested because the manufacturer's literature 

does not state how the function is performed. It is sometimes 

necessary to know a detail that the manufacturer did not consider 

important. 
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I PROGRAM 8255' s lB IN I 

PROGRAM TIMER 0 
LOW BYTE LOAD/READ 
MODE 3 1 BINARY 
LOAD WITH 7E 

. 

LATCH, READ, DISPLAY TIMER 0 
TIMCT 00 

(A)-TIMO 
(PORTIA) - (A) 

Reading the Timer Contents 

Figure 3-23 
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3.10 TIMER MODE DESCRIPTIONS 

This section defines all six modes of the timer, includin� modes 0, 2 

and 3 which have previously been discussed as well as the three modes 

that have been neglected. 

The modes differ principally in the effect of the gate input and the 

behavior of the output. 

Modes 

0,4 

2,3 

1, 5 

Modes 

0,1 

2,4,5 

3 

Low 

Disables 

Counting 

Disables 

Counting 

Gate Input 

Rising Edge 

Reloads counter with 

initial value and 

initiates counting. 

Reloads counter 

with initial value 

and initiates counting 

Output Signal 

Low while counting 

High at count = O 

High while counting 

High 

Enables 

Counting 

Enables 

Counting 

Low for one clock period 

High during first half cycle 

Low during second half cycle 
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Modes 

0,4 

1, 5 

2,3 

After Terminal Count 

Counting continues but output 

remains high 

Counting stops until a new gate 

rising edge occurs 

Counting starts again from the 

initial value and output pattern 

repeats for each full count cycle 

Figure 3-24 shows more detail of the gate effect and output timing, 

and the following sec tions define each mode in detail. Figure 3-25 

indicates the timing relationships. Note that mode O and mode 4 are 

similar except for the output state during counting, but for a given 

count loaded to the timer, mode 4 will generate an interrupt one 

clock time later than mode O. The same relationship is true of modes 

1 and 5 
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At zero At next 
clock 
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At zero At next 
clock 
after 
zero 

8253 Timer Modes 

Figure 3-24 
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Gate. l 
Out 

I 

MODE 1 (One Shot) 
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Load Count Program Count 
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I I l 
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Count 

Load 

l 
Count from 0 Count 

1 

Count 
= 0 O Automatic Reload 

_i ___ i u--__+_ 
full 

Count No Countf Count 
partial

! 
full 

Count r 
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t t 

Automatic Reload 
+ t

Gate 

Out 
No Count Count 

count 
= 1 

count 
= f1 

Count 

r I 

partial Stop full 
Count Cotm.t 

MODE 3 (Square Wave) Automatic Reload 

Gate 
Out 

MODE 
Gate 

Out 

MODE 

Gate 
Out 

4 

5 

u 
11/2 Count 1112 Count j1;2 Count _I __ 11;2 Count L 

Load Count Program Count 

• 
= f1 load = f1 

I
! 

from O r 
+ 

I 
Count 0 Count Count lJ 

Automatic Reload 

hJ Count I = f1 • 
�artia�Count UNo Count Full u-Count Count 

Timing Relationships 
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Mode O 

Mode 1 

Mode 2 

INT ERVAL TIMERS 

Interrupt on Terminal Count 

The timer counts down from the initial value and continues 
from zero. The output goes low when mode O is set or when new 
data is loaded. The output goes high when the count reaches 
zero. Counting starts when the final byte of the initial 
value is loaded. If a new value is loaded during counting, 
loading the first byte stops the count and sets the output 
low. Mode O is useful for generating a single time delay 
function or for measuring time from a programmed or external 
eve�t, providing that the time is less than the 32 
millisecond capability of the 16 bit counter. It can be used 
to measure the duration of an external signal, since counting 
is enabled only when the gate input is high. 

Programmable One Shot 

Starts counting down from the initial value after a r1s1ng 
edge of the gate input. The output goes low at the first 
count after the gate rising edge, high at zero. Counting 
starts again from the initial value each time a rising edge 
occurs at the gate input. Mode 1 is useful for generating a 
time delay or measuring time from an external event, 
especially if the external event is a narrow pulse. 

Rate Generator 

The output goes high w en the mode is set. After the count 
has been loaded, the timer will repetitively count down from 
the initial value to zero. The output goes low when the 
count reaches one and high� it h s zero, so a 0.5 
microsecond pulse is generated. Mode 2 is especially useful 
for timing functions where software counters are to be used 
f-� times greater than the 32 millisecond capacity of the
timers. Counting restarts from the initial value immediately
after zero is reached, so a delay before the program services
the counter does not introduce any uncertainty in the timing.
If the counter register is reloaded during counting, the
present period is not affected, but the new value is
effective for subsequent periods. The gate input inhibits
counting when it is low. A rising edge restarts the counter
from the initial value.
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Mode 3 

Mode 4 

Mode 5 

INTERVAL TIMERS 

Square Wave Rate Generator 

The output goe� high when the mode is set . After the count 
has loaded, the timer will repetitively count down from the 
initial value to zero. The output will go low when the count 
reaches half the initial value and high when the count 
reaches zero, so a square wave is generated. If the initial 
value is odd, the output will be high for (n+l)/2 counts and 
low for (n-1 )/2 counts. If the counter register is reloaded 
during counting, the present half cycle is not affected, but 
the new value is effective for the next half cycle and 
subsequent periods. The gate input inhibits counting when it 
is low. A rising edge restarts the counter from the initial 
value. 

Software Triggered Strobe 

The timer counts down from the initial value. The output goes 
high when the mode is set, low when the count reaches zero, 
then high at the nevt clock pulse after zero. If the counter 
is reloaded while it is running, the new count is effective 
immediately after the final byte has been loaded. The gate 
input inhibits counting when it is low. 

Hardware Triggered Strobe 

Starts counting down from the initial value after a r1s1ng 
edge of the gate input. The output goes high when the mode 
is set, low when the count reaches zero, then high at the 
next clock pulse after zero. Counting starts again from the 
initial value each time a rising edge occurs at the gate 
input. If the count register is reloaded during counting, 
The present period is not affected. The new count is 
effective when the next gate rising edge occurs. 
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4. DIGITAL TO ANALOG OUTPUT

Very commonly a computer or microprocessor in a control system must 

receive or generate an analog signal - a signal which represents some 

value in a continuous range of values, rather than a binary O or 1. 

An analog signal may be a variable vol tage which is the output of a 

measuring instrument or the input to a control driver: the voltage 

is like the rate of flow, the temperature, the position, that is 

being measured or controlled; it is an analog of the real variable. 

In this chapter we will experiment with several means by which the 

computer can generate an analog signal. In chapter 5, we will 

investigate the opposite task, of converting an analog signal into a 

digital form that the computer can process. Instruments usually have 

a one-way conversion, but control systems very often need both, as 

suggested in Figure 4-1. 
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.. 

DIGITAL VOLTMETER 

A/D 
Converter 

Processor 

Function Generator 

Processor D/A 
Converter 

Closed Loop Process Control 

Processor _,. D/A 
...... 

Power 
Converter Driver 

Digital 
Display 

Analog 
Voltage 
Output 

,. 

Process 

A/D 
:+- Sensor 

Converter 
-

4-2

A/D and D/A Conversion 

Figure 4-1 
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4.1 METHODS OF D/A OUTPUT 

Although a variab1e voltage is one of the most common analogs,. there 

are many others, each having particular advantages in appropriate 

circumstances. We will discuss some of these in the next chapter, 

which deals with analog input; here we introduce the few that are 

especially suited for at
i

alog output from the computer. 

It is not always clear where analog conversion ends. A computer 

might output a set of binary data which is converted to a voltage 

input 

current 

precess 

to an op-amp, which drives a 

controls a hysteresis motor 

power transistor, whose output 

that generates a torque to 

The ultimate conversion was from digital data to a a gyro. 

new position for the guidance gyro: enroute , we have had a voltage, 

a current, magnetic flux, magnetic force, mechanical force and a 

precessing torque; each of these was an analog of the desired motion. 

There are two basic approaches that can be used for output from the 

digital processor to give a variable value: the output may be several 

binary signals representing a number that is converted to a voltage 

or current; or the output may be a single bit with time is the 

continuous variable, so that either frequency or average power output 

is the analog. In the latter case some external device, often the 

load which is being driven, must integrate the signal. 
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For example, the binary signal may turn a heater on and off to 

maintain a desired average temperature; a bimetal thermostat 

controlling a household furnace does exactly that, and the building 

integrates the binary (oh and off) condition of the furnace. 

In this chapter, we will consider four digital to analog conversions: 

4-4 

Pulse width modulation 

Frequency modulation 

Direct multi-bit output 

Ladder network digital to voltage conversion 



4.2 PULSE WIDTH MODULATION 

Pulse Width Modulation 

DIGITAL TO ANALOG OUTPUT 

Pulse width modulation (pulse duration modulation or pulse-time 

modulation) is a technique to vary average power output over time by 

varying the ratio of power source on-time versus cycle-time (one 

on-time plus off-time cycle). The implementation we shall dis cuss  is 

the switching of a binary output on and off with varying duration to 

generate an average power output. 

I- CYCLE. _J

I. TIME I

_J LJ _n __ r1_ 

The figure shows a signal whose average power is decreasing over 

time; there is a constant cycle-time, but a varying on-time whose 

duration is decreasing. Although the constant cycle-time is not 

necessary, it simplifies the computation. Some loads that might be 

driven may limit the minimum or maximum on-time, in which case the 

cycle-time must be varied in order to vary the on-time/cycle-time 

ratio (duty cycle). 

Pulse width modulation has ihree great advantages for analog output: 

it requires only a single bit from the processor to switch from the 

on state to the off state; it allows the load power to be controlled 

by a s witching device su ch as a relay or SCR rather than a power 
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amplifier; and it minimizes power dissipation (heat loss) in the 

control device. 

4.2.1 PWM Output Program 

EXERCISE 

We will develop a program to generate a pulse width modulated output 

signal, with �eyboard entries to set the cycle time and the duty 

cycle. (Duty cycle = on-time/cycle-time). We will drive one of the 

port lA outputs with this signal and observe the result w1th a 

voltmeter. It will also be visible to some degree in the brightness 

of the LED. Figure 4-2 shows the connections required. 

PORT lA� 

4-6

� 

-
GND 

Output Connections for PWM 

Figure 4-2 

lK 
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4.2.1.1 PWM Program Operation 

We will use two timers and two interrupt service routines to control 

the PWM output signal. Timer 0, operating in mode 2, will control 

the uniform cycle time. It will repetitively count down from its 

initial value, generating a RST 5 interrupt when it reaches zero. 

The RST 5 service routine will turn the output signal on, loan Timer 

2 with the on-time and enable the Timer 2 interrupt. It will also 

reenable the Timer O interrupt to clear the latch. 

When Timer 2 counts down to zero, an RST 6 interrupt will occur. 

The RST 6 interrupt service routine will turn the output signal off, 

and disable Timer 2 interrupt: 

RST 5 RST 6 RST 5 RST 6 RST 5 

TIMER 0 
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Since timer O generates RST 5, then only timer 2 will be enabled for 

RST 6; the program will distinguish the two interrupts by their RST 

instructions. For the moment, let us ignore the main program and 

examine the interrupt service routines in Figure 4-3. 

4.·2.1.2 PWM Interrupt Service 

At the end of a cycle, timer O generates an RST 5 interrupt. After 

saving the registers, we turn the output si gna 1 on. The 8255 does 

not have individual bit control for its port A, but we can achieve 

it by: 

IN PORT lA 

ORI 01 

OUT PORTlA 

Even when a port is programmed for output, its content can be read by 

the program. This allows restoration of all bits in port lA except 

the one we want to change. Since we are not using the other bits, 

this procedure is not really needed, but in some other programs it is 

a useful technique. 

Now the RST 5 routine loads timer 2, which is operating in mode O; 

enables both interrupts, and exits. The output signal has been 

turned on and will stay on until a timer 2 interrupt occurs. 
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Timer tJ 
Interrupt Service 

Save Registers 

Turn output signal on 

Timer 2�0n Time 

Reenable Timer 0 interrupt 

Enable Timer 2 interrupt 

Restore registers 

EI, RET 

RST 5

End of Cycle 

DIGITAL TO ANALOG OUTPUT 

Timer 2 
Interrupt Service 

Save Registers 

Turn output signal off 

Disable Timer 2 interrupt 

Restore registers 

EI, RET 

RST 6 

End of On-Time 

PWM Interrupt Service 

Figure 4-3 
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The RST 6 interrupt service routine is invoked by timer 2. It turns 

the output signal off; disables its own interrupt, and exits. Now 

the output will stay off until the timer O interrupt service turns it 

on again. 

� 

��� 
CYCLE 

TIME

t i i 
RST 5 RST 6 �TS 

The time loaded to timer O sets the cycle time; the time loaded to 

timer 2 sets the on-time. 

4.2.1.3 PWM Test Program 

Write the interrupt service routines according to Figure 4-3, and a 

trivial main program to program the ports and timers as shown in 

Figure 4-4. This will prove the hardware interface and the interrupt 

service routines. The average power can be changed by entering 

different initial values for cycle time and on-time. 
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Progrctm 8255's PlB OUT 
Program Timer O, high byte, mode 2, binary 
Program Timer 2, two bytes, mode O, binary 

(8300) Initial Cycle Time 
(Timer 0) - Initial Cycle Time 
(8302)- Initial On Time, low byte 
(8303) -Initial On Time-, high byte 

I DI RST 5 to start operation 1 

-

Perpetual Loop 

PWM Test Program 

Figure 4-4 
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4-12

Progr.am 82-SS's PlB OUT 

Program Timer O, high byte, mode 2, binary
Proqram Timer 2, 2 bytes, mode O, binary 

(8300) �Initial Cycle Time
(8301) �Initial Duty Time 
(Timer Ol�Initial cycle Time 
(8302, OJ�Initial On-Time 

DI 
RST 5 to initiate operation 

-

-

Call ENTBY for new cycle 
time or duty cycle 

I Test command key I 

<> RON 

Any 
other 

Store data as
duty cycle 
at 8301 

-

Calculate on-time from 
cycle time and duty cycle
and store at 8302, 03 
Display on-time (2 bytes);
cycle time (1 byte); duty 
cycle (2 decimal digits).
Timer O cycle ti.me 

PWM Main Program 

Figure 4-5 

Store data
cycle time
at 8300 

as 
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4.2.1.4 PWM Main Program 

After testing the hardware and interrupt service routines, we will 

develop a more interesting program to allow keyboard control of cycle 

time and duty cycle. (Duty Cycle = on-time/cycle time.) The program 

of Figure 4-5 calls the monitor subroutine ENTBY to obtain a one byte 

value and a command key: 

CD CALL ENTBY 

36 

03 

ENTBY accepts numeric keys, always returning the last two keys 

entered as a byte in register L, and returns when a command key has 

been pressed and released, with the command key value in registers A

and C. 

6.10.3) 

keyboard, 

All registers except E are used. (See Course 525, Section 

During operation most of the time will be spent scanning the 

waiting for keyboard entries. Although the monitor 

program, as a whole cannot be interrupted (since it disables the 

interrupt), any of its subroutines can be, so the PWM interrupt 

service routines will control the output. 
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When keyboard data are returned by ENTBY, we will test the command 

key (register A): if it is RUN (=14), the data byte (register L) 

will be stored as a new cycle time (and su bsequently written to timer 

0); other wise, the data byte will be taken as a decimal duty cycle. 

We use a mixed number system in this program. Cycle time and on-time 

are kept as binary numbers, but duty cycle is accepted, stored and 

displayed as a decimal fraction. A subroutine (at 8290) mu ltiplies 

the binary cycle time by the decimal fraction duty cycle to obtain a 

two byte binary on-time. This unorthodox procedure is used because 

it is easy to choose a cycle time from the table given in Figure 4-6, 

but binary fractions expressed in hexadecimal are awkward to handle 

mentally. 
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Binary Count Decimal Count Time (msecs) 

0100 256 6.125 

0200 512 0.250 

0400 1024 0.500 

0800 2048 1.000 

1000 4096 2 

1800 6144 3 

2000 8192 4 

2800 10240 5 

3000 12288 6 

3800 14336 7 

4000 16384 8 

4800 18432 9 

5000 20480 10 

AOOO 40960 20 

FOOO 61440 30 

0000 65536 32 

Conversion of Binary Count to Time 

Figure 4-6 
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4.2.1.5 Use of the PWM program 

Write your complete program in accordance with Figures 4-3 and 4-5. 

You can test and debug the data entry, display and multiplication 

sections without enabling the interrupts by omitting the DI and RST 5 

instructions. The solution given in Figure 4-7 is subdivided as 

follows: 

4-7a

4-7b 

4-7c

4-7d

4-7e

8200-8223 

822 8-823F 

8240-8257 

8260-8288 

8290-82AA 

Initialization 

RST 5 entry and RST 6 processing 

RST 5 Processing 

Main Program Loop 

Subroutine BVXDF 

To run the given program, depress RST, then RUN. The voltmeter 

should show about 2-1/2 volts , due to an initial cycle-time of

50ll(l0ms) and an initial duty cycle of 50%. Keying in .a decimal duty 

cycle (1-99), followed by the NEXT key (any command key except RUN) 

will change the duty cycle accordingly and display it in two right 

hand digits. The four left digits will contain the binary count 

on-time (in hexadecimal clock pulses , see Figure 4-7). Keying in a 

hexadecimal value followed by the RUN key, will change the cycle 

timer to the new valtie and display it in the remaining two display 

digits. 

. ·, 
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When the entire program is operating the voltmeter (connected as 

shown in Figure 4-2) will display a value proporti ona l to the duty 

cycle. This depends on the mechanica l inertia of the voltmeter to 

integrate the signal; a digital voltmeter wi ll be confused by the PWM 

signal unless it has an averaging or true RMS capability. 

The average output voltage is proporti onal to the duty cycle, and 

fndependent of the cycle time. With a maximum cycle time, you may be 

able to see some slight motion of the voltmeter needle; or if you 

make the cycle time = 16.625 milliseconds, you may see it with the 

stroboscopic effect of fluorescent lighting. 
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4.2.2 Variable Cycle Time 

OPTIONAL EXERCISE 

Postulate an open loop control system for the heating of a chemical 

reactor, in which the heater duty cycle is set according to the 

volume of material being cooked. As in the preceding exercise, the 

required duty cycle is an input to the computer. Because a gas fired 

heater is used, and ignition is not instantaneous, the minimum useful 

on-time is 20 seconds; fuel efficiency is enhanced by longer 

on-times. When the batch is small, however, a heater off-time 

exceeding 180 seconds may result in excessive cooling between heat 

cycles, and shorter off-time is preferable. The chemical engineer 

has provided this table of on time vs. duty cycle; interpolation is 

to be used between these values. 

Duty On Off Cycle 

Cycle Time Time Time 

.10 20 180 200 

.20 20 80 100 

.30 30 70 100 

.40 40 60 100 

.50 60 60 120 

.60 90 60 150 

.70 140 60 200 

.80 160 40 200 

.90 180 20 200 

1.00 200 0 200 
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Design a program that will vary the on-time and off-time according to 

this table, with any reasonable interpolation scheme. To make a 

convenient display during program debugging, divide the times by 10. 
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4.3 FREQUENCY CONTROL 

DIGITAL TO ANALOG OUTPUT 

Frequency is another analog that requires only a single output bit 

with time as the continuous variable. Varying the frequency of an 

output signal can control an induction or synchronous AC motor, can 

control the delivery or flow of a fluid, or can test frequency 

dependent hardware. 

Generation of a fixed frequency signal is automatically accomplished 

by the 8253 in mode 3, the square wave generator, as we demonstrated 

in Section 3.9.1. The frequency can be varied by loading different 

time intervals to the timer. Some applications of variable frequency 

control cannot tolerate the high harmonic content of a square wave, 

and some form of multi-bit output is required to create a more nearly 

sinusoidal signal. We will experiment with this in Section 4.7. 

The following exercise creates audio tones with the square wave 

generator thus demonstrating a technique for frequency generation. 

The most common use of tone generation is for frequency modulated 

data communication and recording, which is used in the tape cassette 

interface included on the computer. In the next exercise we will 

modify the previous program to vary the frequency and to demonstrate 

frequency modulation. The final exercise in this section will create 

music from the square wave generator. This is more of a toy than 

part of a useful system, but it uses important programming techniques 

such as bit manipulation and table look-up, as well as frequency 

modulation. 
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4-26

Program 8255's - Port lB Out 
Program �imer 0, Both bytes, 

Mode 3, binary 

Program Timer 1, Both bytes, 
Mode O, binary (for next 
exercise) 

. 

CALL ENTWD 
(A)� Command
(HL)f.-Data

Load Timer 0 
(TIMO)�(L) 
(TIMO )f- (H) 

TIMER 0 

GND r.---

T.O
OUT

Audio Output Program and Circuit 

Figure 4-8 
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4.3.1 

Audio Tone Generator 

Write a program to load timer O with data entered through the 

keyboard. 

the tone 

wave mode. 

Connect the loudspeaker as shown in Figure 4-8 to output 

generated by timer o. The timer is to operate in square 

Monitor subroutine ENTWD (0346) will accept two data bytes and a 

command, returning the data in register pair HL and the command in 

register A. Load the data (less significant byte first) into timer 

O. If you enter d�ta from the list in Figure 4-9 the tone will be a

defined musical note. If you have perfect pitch or a standard for 

comparison such as a tuning fork or a high quality audio oscillator 

you may detect that the tone is imperfect. This stems from error in 

the computer's crystal clock and from rounding error in the 

calculation of period = 1/frequency. (The latter is only significant 

at the very high frequencies). Try keying in the data for various 

notes and listen to the tone. 
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Musical 
Note 

C (below Middle C) 
C:/f 
D 
Dfl 
E 

F 
F:/f 
G 

G4fo 
A 
A# 
B 
C (Middle C) 
C:/I 
D 
D:/1 
E 

F 
Ff/: 
G 

G4f 
A A440 
M} 
B 
C (above Middle C) 
C:/f 
D 
D://: 
E 
F 
F:/1 
G 

G:/fo 
A 
A:/f 
B 
C C" 
C:/1 
D 
D/fo 
E 
F 
F:/f 
G 

Gff. 
A 
Mf 
B 

Frequency 
(Hertz) 

130. 81
138.59
146.83
155.56
164.81
174. 61
185. 00
196.00
207.65
220.00
233. 08
246. 94
261. 63
277.18
293.66
311.13
329. 63
349. 23
369.99
392.00
415.30
440.00
466.16
493.88
523.25
554-: 3 7
5 87. 33
622.25
659.26
698. 46
739.99
783.99
830.61
880.00
9 32. 33
987. 77

1046. so
1108. 73 
1174.66 
1244. 51 
1318.51 
1396.91 
14 79. 98 
1567. 98 
1661. 22 
1760.00 
1864.66 
1975.53 

List of Concert Pitch Musical Tones 

Figure 4-9 
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Timer Period 
(Hex Count) 

3D28 

39B9 
367C 
336D 
308A 
2DD1 
2B3E 
28Dl 
2687 
245D 
2253 
2065 
1E94 
lCDD 
1B3E 
19B7 
1845 
16E8 
159F 
1468 
1343 
122F 
1129 
1033 
OF4A 
OE6E 
OD9F 
OCDB 
OC23 
OB74 
DADO 
OA34 
09A2 
0917 
0895 
0819 
07A5 
0737 
06CF 
066E 
0611 
OSBA 
0568 
051A 
04Dl 
048C 

044A 
040D· 
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4.3.2 Frequency Modulation Program 

Modify the tone generator program to generate a tone whose frequency 

increases with time. Data loaded with the MEM command will control 

the rate of change by setting an interrupt period in timer 1. Data 

loaded with any other command key will provide the initial frequency. 

At each interrupt the period loaded to timer O will be reduced by one 

count to increase its frequency. After the frequency of 8000 HZ 

(period = 0100 hex) has been generated the original frequency will be 

reloaded. Figure 4-10 shows the main program and Figure 4-11 shows 

timer 1 interrupt service. 

To use the program enter a period from the tone table of Figure 4-9 

using any command exce pt MEM. The tone will be steady at first, 

since timer 1 is not running. Now enter an interval to timer 1, 

using the MEM key. The tone will slide from the initial frequency up 

to 8000 HZ, and then re peat. 
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4-30

Program Ports and Timers 
as in Figure 4- 8 

-

CALL ENTWD 
(A)� Command

(HL)� Data 
Test for MEM command 

MEM 

(A) = 10 

Any other key 

Store data at 8302,03 
Duplicate at 8304,05 

Load data to Timer 0 
(TIMO)� (L) 
(TIMO)� (H) 

' 

Tone Generator - Main Program 

Figure 4-10 

Store data 
at (8300, 01) 

Call Timer 0 
interJ"UP.t 

service 
(RST6) 

1 
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Save necessary registers 

Reload Timer 1 with data 
stored by MEM key 

(TIMl)f-(8300) 
(TIM1)4-(8301) 

Increase frequency (decrease 
period) 

(HL)�(8304, 05) 
(HL)�(HL)-1 

Test for (H) = 0 

10 

=O 

Recover original frequency 
(HL)�(8302, 0 3) 

-

Store new frequency and 
load timer 
(8304, 05 )� (HL) 
(TIMO)�(L) 
(TIMO)�(H) 

Enable and clear Timer 1 
Interrupt 

(CNT2)�03 
Restore registers, EI, Return 

Tone Generator Interrupt Service 

Figure 4-11 
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C (Below Middle 

C41 (D �) 

D 

D{I (E �) 

E 

F 

F/1 (G�) 

G 

G/1 (A�) 

A 

A/I (B�) 

B 

C (Middle C) 

C"L ,r (D �) 

D 

D41 (E�) 

E 

F 

Ff! (G�) 

G 

Gfl (Al:,) 

A 

A;1 (B�) 

B 

C (Above Middle 

C/1 (D�) 

D 

D4fo (El,) 

E 

F 

F/f (GI,) 

Rest 

4-32

C) 

C) 

Codes for Music.al 

Figure 4-12 

0 d .J .r 
00 80 40 20 

01 81 41 21 

02 82 42 22 
03 83 43 23 

04 84 44 24 

05 85 45 25 

06 86 46 26 

07 87 47 27 

08 88 48 28 

09 89 49 29 

OA 8A 4A 2A 

OB 8B 4B 2B 

QC BC 4C 2C 

OD SD 4D 2D 

OE BE 4E 2E 

OF BF 4F 2F 

10 90 so 30 

11 91 51 31 

12 92 52 32 

13 93 53 33 

14 94 54 34 

15 95 55 35 

16 96 56 36 

17 97 57 37 

18 98 58 38 

19 99 59 39 

lA 9A SA 3A 

lB 9B SB 3B 

lC 9C SC 3C 

lD 9D SD 3D 

lE 9E SE 3E 

lF 9F SF 3F 

Notes 
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4.3.3 Recorded Music Player 

This program module reads music - in the form of notes in a list. 

Each note in the tune includes three bits to indicate duration of the 

note (eighth, quarter, half and whole notes) and five bits to select 

one of 30 tones starting at C below middle C and covering two and 

one-half octaves. (See Figure 4-12). For each note it performs a 

table lookup on the five low order bits to find a time interval 

corresponding to the tone frequency, and outputs that time to timer 0 

operating as a square wave generator. The inverted output of timer 0 

drives a loudspeaker, as shown in Figure 4-8. 

Timer O runs in mode 3; its interrupt is disabled, and its only 

function is to generate the square wave. Timer 1 runs in mode 2 to 

give a repetitive timing interrupt which is used to count down a 

software counter, loaded from the high three bits of the note, to set 

the note duration. 
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4-34

Program 8255's Port 1B Out 
Program Timer 1 

High bytes Mode 2, Decimal 
Load for 512 interrupts/second 

(TIMCT) - 65 
(TIM1) - 40 

Load initial address for time 
(HL) - 8300 

CALL ENTWZ (0349) 
Returns new data in (HL) 
Preserves (HL) if no data 
Command in (A) and (C) 

Store tune address for 
interrupt service 
( 8 3A2 , A3) - ( HL) 

(DE) -(HL) 
Store rest flag and duration 

(83A0) .-04 (83A1)- 01 

RST 6 to enable Timer 1 
and start time 

(HL) - (DE) 

TUNE - MAIN PROGRAM 

FIGURE 4-13 
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The main program (Figure 4-13) initializes the ports and Timer 1, and 

loads a fixed address (8300) where a tune is stored. It calls ENTWZ 

to permit entry of different addresses where other tunes can be 

loaded. This monitor subroutine preserves (HL) if no hex keys are 

entered. This address and a flag and counter are stored for use by 

the interrupt service routine. 

Timer l is programmed during initialization to mode 2, decimal, and 

loaded with 80 in its high byte to interrupt 256 times per second. 

This value makes a whole note of one second. Faster tempo can be 

obtained by loading smaller values to timer 1. (You may want to 

elaborate the program to accept a value from the keyboard.) 
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Save registers. Load from memory: 
(L) � Software cou...,ter for time
(H) f- Flag for note or rest

Decrement counter 

Program Timer 0 
Both bytes, Mode 3, Binary 

(L)� 04 for rest duration
Decrement (H) to test flag

Not zero 
Note 

Load tune address 
Read note and test for FF 

==FF Stop Tune) 

Increment and Store tune address 
Split note into 3 high bits(duration) 

and 5 low bits (tone) 
(E)�high 3 bits
(D)� 02 (Flag for note)

(HL) Address of tune table 
Double low 5 bits and add to 

tone table address 
Load Timer O with tone table data 

(HL)�(DE) 

Store counter and flag 
Reenable Timer 1 interrupt 
Restore registers, return 

FIGURE 4-14 
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Interrupt service for timer 1 (figure 4-14) decrements a software 

counter (83AO) and exits if not zero. 

At zero it reprograms timer O (to mode 3, binary) which stops 

counting until the timer is reloaded. A flag at 83Al is decremented, 

and if it goes from 02 to 01 a rest of 1/64 note (4 counts) is 

generated 

that the 

to separate one musical note from the next. The next time 

software counter (83AO) reaches zero the flag will count 

down from 01 to 00, and a new note is played. The tune address is 

loaded from memory (83A2, A3) and the next note is read. If this 

note is FF the tune is finished and an exit is made without loading 

timer 0. For any other note the tune address is incremented and 

stored, and the note is split into three high bits for duration and 

five low bits for tone. The high bits are entered to the software 

counter, and the flag is set to 02 to indicate a note is being 

played. Now the five low bits are tested for code lF which indicates 

a rest in the music. For any other code, 00 to lE, the tone table is 

addressed to find the time interval for the corresponding note. The 

tone table data are copied to timer 0, which now generates a square 

wave of the required frequency. 
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DIGITAL TO ANALOG OUTPUT 

Figure 4-15 is a complete program with a tone look-up table (Figure

4-16) and a few tunes (Figure 4-17). The tone table covers four 

octaves, more than can be addressed by the five bits allotted for 

selecting 

different 

a 

set 

note. You 

of notes. 

can change the table address to obtain a 

This also permits transposing a tune from 

one major key to another, simply by entering a different address for 

the table. You may want to provide keyboard entry for this, also. 
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4.3.4 Music Recording Program 

OPTIONAL EXERCISE 

Develop a program that will play notes entered from the keyboard, 

recording the tune as it is played. Define the hexadecimal keys to 

represent sixteen notes in the key of C. 

C 

F 

B 

E 

D 

G 

C 

F 

E 

A 

D 

G 

F 

B 

E 

A 

Define the command keys for playing and editing the music: 
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ADDR Load a starting address (optionally) 

followed by a four digit address. 

Otherwise use the last address entered. 

BRK Set a musical key (to be followed by a 

note, or by sharp or flat and a note). 

MEM Sharp (to precede a note) 

REG Flat (to precede a note) 

CLR Delete (from the recorded tune) the last 

note played, replacing it with the stop code (FF). 

RUN Play the tune from the beginning to the end, 

STEP 

NEXT 

and wait for a new note to be added to the tune. 

Play the next note recorded (if any) and wait 

for a new note to be added. 

Enter a rest in the tune. 
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To record a tune the musician will enter: 

ADDR 

REG 

CLR 

xxxx 

D 

to locate the tune 

(for example) to set the key of 

D flat. 

to delete any note already recorded at 

that location, and prepare to replace it. 

Now enter the successive notes. The program must transpose the note 

of the selected musical key into a note in the chromatic scale, play 

that note while the hexadecimal key is held down, and measure the 

duration of the note. When the key is released, generate and store 

the code for the tune and duration. 

To end the recording enter any note or a rest (NEXT) and press CLR to 

replace it with the stop code. 

To play the tune back, press ADDR, RUN. 

To edit fhe tune, press ADDR, STEP, STEP, STEP etc. to play one note 

at a time. Replace any desired note by CLR and the desired note. 

Development of this program is left as an exercise for the student. 

The relationship between the musical keys (C, D flat, etc.) and the 

meaning of the hex keys is shown in Figure 4-18. The hex code given 

for each note is the whole note code shown in Figure 4-12. 
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Hex 
C 

Key 

0 E 04 

1 F 05 

2 G 07 

3 A 09 

4 B OB 

5 C oc 

6 D OE 

7 E 10 

8 F'. ll 

9 G 13 

.A A 15 

B B 17 

C C 18 

D D lA 

E E lC 

F F lD 

Hex Ffl Key 

a F 05 

1 Ffl 06 

2 G{I 08 

3 Ml OA 

4 B OB 

5 C# OD 

6 Dfl OF 

7 F 11 

8 Ffl 12 

9 Gffa 14 

A Ml 16 

B B 17 

C C{F" 19 

D Dffa lB 

E F lD 

F Fifa lE 
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Cf} o·. D4} E 

Df} 03 E 04 Dfl 03 E 04 

F 05 F1,b 06 F 05 Fffo 06 

Ff/ 06 G 07 G 07 Gff 08 

Gffa 08 A 09 Gffo 08 A 09 

Mf OA B OB A/fa OA B OB 

C oc C oc C oc Cf! OD 

c;; OD D ·OE D OE Dffa OF 

Dffa OF E 10 Dffa OF E 10 

F 11 Fffa 12 F 11 F1,b 12 

Fffa 12 G 13 G 13 G/F 14 

c;4; 14 A 15 Gffa 14 A 15 

Ml 16 B 17 Affo 16 B 17 

C 18 C 18 C 18 Cffo 19 

Cf} 19 D lA D lA Dffo lB 

Dffa lB E lC Dff lB E lC 

F lD Ffl lE F lD F# lE 

G G{fa A Ml 

E 04 E 04 � 04 D{f 03 

Fffa 06 F 05 Ffl 06 F 05 

G 07 G 07 Gfl 08 G 07 

A 09 G{fa 08 A 09 A 0-9 

B OB Af} QA B OB Af} QA 

C QC C oc Cf} OD C OC 

D OE c4; OD D OE D OE 

E 10 Dfl OF E 10 Dfl OF 

Ffl 12 F 11 Fil 12 F 11 

G 13 G 13 G{I 14 G 13 

A 15 Gfft 14 A 15 A 15 

B 17 · Mf 16 B 17 Mfa 16 

C 18 C 18 Cffa 19 C 18 

D l.A ct; 19 D lA D lA 

E lC D1i lB E lC D{f lB 

Ffl lE F lD Ffl lE F lD 

Music Recording Program, Hex Key Chart 

Figure 4-18 

F 

E 04 

F 05 

G 07 

A 09 

Mfa OA 

C QC 

D o:e 

E 10 

F 11 

G 13 

A 15 

Ml 16 

C 18 

D lA 

C lC 

F lD 

B 

:r.: 04 

Fffa 06 

Gfl 08 

Ml OA 

B OB 

C1,� OD 

Dffa OF 

E 10 

F/f 12 

Gfl 14 

A# 16 

B 17 

C{f 19 

Dfl lB 

E lC 

F 
. 

lD 



4.4 MULTI-BIT OUTPUT 

DIGITAL TO ANALOG OUTPUT 

A multi-bit output can r�present a continuous variable to any desired 

precision. The output is usually in the form of a binary number with 

each bit having a weighted value (e.g. 1,2,4,8,16---); this must be 

converted to a voltage or current by external hardware. Section 4.5 

deals with this proc�dure. Another possibility, occasionally used 

as a display device, is to illuminate an LED as a pointer. A 

prototype automobile speedometer has been shown with an LED at each 

mile per hour position; here all of the lower values are illuminated, 

up to and including the actual speed. We will modify the tune 

program of Section 4.3.3 to display the tone in this fashion , �sing 

the LED's of port lA. 

In the program of Figure 4-15 the interrupt service obtains a note to 

be played and makes a conditional jump if the note is a rest. This 

is a good place to insert a patch to display the tone. At 825A 

replace JZ 826A by JMP 8280, where we will place the patch. 
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We wi 11 display the notes 

NOTES 

* *C,C ,D,D 

E,F,F#,G 

G#,A,A#,B 

Octave of middle C 

c,c#,n,o# 

E,F,F#,G 

ai,A,A#,B 

Octave above middle C 

c,c#,n,n# 

E,F,F# 

Rest 
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as follows: 

CODES DISPLAY 

OO,Ol,02,03 00000001 

04,05,06,07 00000011 

08,09,0A,OB 00000111 

OC,OD,OE,OF 00001111 

10,11,12,13 00011111 

14,15,16,17 00111111 

18,19,lA,lB 01111111 

lC,lD,lE 11111111 

00000000 
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The patch must save the note and the flag, and it must include the JZ 

826A instruction that was replaced. We can obtain the desired 

display by masking unwanted bits and shifting, so that the codes 

00,01,02,03 are transformed to 00, and 04,05,06,07 are transformed to 

01, etc. Then increment the result so that the values range from 01, 

to 08. Now this procedure will shift from one to eight l's into 

register H: 

LOOP 

LXI H,OOFF 

DAD H 

DCR A 

JNZ LOOP 

Register H can be displayed in port lA. Figure 4-19 shows the patch. 

For many tunes it may be more interesting to mask for the three low 

bits and omit the shifting, so each note within a small range will be 

displayed differently. 
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4.5 ANALOG VOLTAGE GENERATION 

DIGITAL TO ANALOG OUTPUT 

Probably the most common analog signal is a variable voltage. The 

remainder of this chapter and most of Chapter 5 are concerned with 

variable voltage signals and their interface with the computer. 

Clearly a variable voltage can be generated by a pulse width 

modulated signal integrated by resistors and capacitors; we will use 

such a generator in Chapter 5. Other schemes involve multi-bit 

output. 

4 .5.1 Binary Summing Circuit 

Consider the network shown in Figure 4-20. 
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4-56

Vref 

+ 8 volts

© 
2K 

@ 
4K 

SK 
Amplifier 

Summing 
-

Junction 

Summing 
- i.l\.Resistor 

Note: Resistance and reference voltage shown are 

selected for convenience of discussion; they 
are not typical values. 

Binary Summing Circuit 

Figure 4-20 

Output 
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Each of the switches, labelled 1,2,4, and 8, represents a contact 

closure or a transistor switch operated by one bit of the computer 

output. If switch 8 is closed, a current of 8 milliampers flows 

through the lK resistor and generates an 8 millivolt signal across 

the 1 ohm summing resistor. If switch 4 is also closed, a current of 

4 milliamperes flows through the 2K resistor; the two currents are 

summed to generate 12 millivolts at the summing junction. Thus any 

combination of the four switches generates an analog voltage 

proportional to the binary output as shown in Figure 4-21. The 

output amplifier generates a more useful signal level. 

Bit Value 

1 

2 

4 

8 

Binary 
Value 

0000 

0001 

0010 

0011 

0100 

0101 

0110 

0111 

1000 

1001 

1010 

1011 

1100 

1101 

1110 

1111 

Resistor Current 

SK 1 ma 
4K 2 ma 
2K 4 ma 
lK 8 ma 

Parallel 
Resistance Current 

0 

8000 1 

4000 2 

2667 3 

2000 4 

1600 5 

1333 6 

1143 7 

1000 8 

889 9 

800 10 

727 11 

667 12 

585 13 

571 14 

533 15 

Numerical Vaues for Circuit of 4-12 

Figure 4-21 

Voltage 

a.a

0.001 

0.002 

0.003 

0.004 

0.005 

0.006 

0.007 

0.008 

0.009 

0.010 

0.011 

0.012 

0.013 

0.014 

0.015 
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The accuracy of this device is limited by the influence of the 

voltage at the summing resistor; as more bits are used in the 

conversion, this becomes more significant, but is is largely overcome 

by the use of an operational amplifier, as shown in Figure 4-22. 

With this connection, the op-amp output is inverted from the input 

signal; the current from the resistor network actually flows to the 

op-amp output through the feedback resistor, and the voltage at the 

summing junction is held very close to ground, so that the crosstalk 

between bits (i.e. the influence of one bit on the signal generated 

by another) is very small. For a detailed discussion of operational 

amplifiers, the student is referred to Wait, Huelsman and Varn, 

"Introduction to Operational Amplifier Theory and Applicationsll, 

McGraw-Hill, 1975. This particular subject is discussed in Chapter 1, 

page 11. 

Even with the op-amp summing circuit, the binary weighted network 

suffers from the wide range of precision resistor values required. 

For a modest number of bits (up to 8 or even 12) these can be 

obtained with discrete resistors, but a range from lk to 128K (for an 

eight bit converter) is impractical for monolithic construction. The 

R-2R ladder network overcomes this problem.
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+8 VOLTS

lK 

2K 

4K 

BK 

Feedbac_k Resistor 

Sunnning / 
Junction 

Binary Summing Circuit with OP AMP 

Figure 4-22 

Output 
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VREF GND 

@ 

© 

@ 

u) 
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2R 

R-2R Ladder Network

Figure 4-23 

Analog 
output 

R 

R 

R 
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4.5.2 R-2R Ladder Network 

Figure 4-23 shows an H-2R Ladder Network for digital to an alog 

conversion. In this circuit bip olar (i.e. double throw) switches are 

requ ired, so that for e ach bit a resistor is connected either to the 

reference voltage or to ground. If all bits are 0, then all 

�onnections go to ground and the output is O volts; if any bit is 1, 

its resistor is connected to the reference voltage and. injects 

current into the network to develo p a positive output voltage. 
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The R-2R network has two major advantages: only two resistor values 

are used, and they differ only by a factor of 2, so it can readily be 

constructed as a monolithic circuit; and it has a constant impedance 

independent of the binary input. The figure below shows an 

equivalent circuit for the case where the most significant bit is a 1 

and the remining bits are O. 

... 

-

R 

R 

... 

-

2R 

R 

... 

-

R 

2R 

© 

... 

-

R 

2R 

V
REF 

2R 

@ 

Output 

Looking to the left along the circuit from any node, w ith all of the 

less significant bits 0, one always sees an impedance of 2R to ground 

as depicted in Figures 4-24a through 4-24c. Now, if the 2R resistor 

for the most significant bit is connected to the positive reference 

voltage, a simple voltage divider is formed, giving an output signal 

equal to half the reference voltage as shown in Figure 4-24d. 
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Impedance = R+R = 2R 

FIGURE 4-24a 

R 

--���-...a.-����--��-Impedance =

l +R = 2R
---.....--

2R 

-

FIGURE 4-2 4b 

R 

!_ + l
2R 2R 

--��� ............. --IAA.--�-----Impedance 2R 

-

V
REF

2R 

2R 

FIGURE 4-24c 

Output = l/2 V
REF

':" 4-63 

FIGURE 4-24d 
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Binary Value 0100 

R 

R 2R 

- -
- -

R R 

2R 

V = 3 

8 VREf 

Binary Value 0010 V
REF 

2R 

R R R 

R 2R 

- -
-

V =

11 17 VREF
Equivalent Circuits 

Figure 
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2R 

R 

VREF

2R 

R 

2R 

-

V = d VREF

/a 

2R 

--
-

Output 

2R 

/

v = 
1

4 VREF

output 

-
-

v = 

aYREF 

/ 
Output 

2R 

-

for Single Bit = 1 
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Figure 4-25 shows the voltages for two other cases where a single 

bit is 1. When multiple bits are l's, their voltages add, to give an 

output proportional to the binary input and the reference voltage. 

V = 
out 

Binary_Value

2
n 

V 
ref 

The output circuit sees a source impedance equal to R, from the 

parallel combination of the 2R resistor for the high bit and the 

ladder network to the left. Thus, the Thevenin equivalent circuit 

for the ladder network is the voltage given above with a series 

resistance equal to R, as shown in Figure 4-26. 

The R-2R Ladder bas been discussed in detail because it is used in 

the Ferranti D/A Converter included on the interface board. The 

operation of this device is discussed in the next section. It drives 

an operational amplifier, also shown in Figure 4-26, to isolate the 

load from the converter. A pot provides for adjustment of the full 

scale output, to compensate for error in the reference voltage and 

the value of R. In a system designed for a single purpose much less 

adjustment range would generally be provided, but in the interface 

board it was considered desirable to have a wide range to allow for 

various experiments. 
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v = Bina;:x Value
!11 VREF 

R - 2R LADDER EQUIVALENT CIRCUIT 

Op-Amp D/A Converter 
r-----,

Full Scale 
Adjustment Output Buffer 

I 
lOK 

I 
I 

I 
I 

I 
I 
I 

SOOK 

L _ __ _j 

6.SK

330'K lOK 

D/A Converter Output Circuit 

Figure 4-26 

Output 



4.6 FERRANTI D/A CONVERT ER 

DIGITAL TO ANALOG OUTPUT 

In this 

Analog/ 

section we will describe the Ferranti ZN 425E Digital to 

Analog to Digital Converter, and experiment with its D/A 

mode. Chapter 5 deals with analog to digital input using the 425. 

The device is a monolithic 8 bit D/A converter using an R-2R ladder 

network. 

binary 

It contains an 

counter used for 

internal voltage reference source and a 

A/D conversion. Figure 4-27 is a block 

diagram of the device, with its inputs and outputs. 
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4.6.1 D/A Circuit Input and Output 

The 425 has an eight bit port for digital data, connected to port lB 

of 8255 1. These 8 bits control the bipolar switches for the R-2R 

ladder network. An internal circuit generates a 2.55 volt reference 

voltage for the ladder, although an external source can be connected. 

The analog output voltage appears at pin 14 and is connected to two 

op-amps. One of these (at the upper right of Figure 4-23) has a pot 

for f�ll scale output adjustment as discussed in Section 4.5, and the 

op-amp generates a buffered analog output signal available at a tie 

block. This is the output signal to be used in the experiments of 

the following sections of Chapter 4. 

4.6.2 D/A Circuit Control Signals 

A count control signal at pin 2 of the 425 determines whether the 

eight bit digital data port is to be input to the 425 or output from 

the 425. When this signal from port lCO is low, the 425 accepts 

digital data from port lB and converts the binary data to an analog 

voltage. This is the mode we will use in the remainder of Chapter 4. 

This signal also forces a NANO gate output high to give an enabling 

signal to Timer 2 gate input; in this mode, Timer 2 is independent of 

the D/A circuit and can be used for other purposes. The A/D 

interrupt control (port 2C3) should be low to. inhibit any interrupt 

from the A/D comparator. 
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OUT 

GND 

8255's PORT lB OUT 
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We will discuss the remaining signals shown in Figure 4-27 in the 

next chapter, since they are concerned only with A/D input. To 

operate the 425 in D/A output mode, the following procedure should be 

used: 

MVI A,80 

OUT CNT 1 

MVI A,92 

OUT CNT 2 

Program 8255 #1 

A out Bout C out 

Program 8255 #2 

A in Bin C out 

This sets count control (!CO) and interrupt control (2C3) low, as 

well as programming port lB for output to allow writing data to the 

D/A converter. 

4.6.3 Generating an Analog Voltage 

EXERCISE 

Write a program to accept data from the keyboard and write the data 

to the D/A converter. Observe this voltage at the ANALOG OUT tie 

block with a voltmeter. Adjust the full scale output to make the 

least significant bit of the data byte correspond to 10 millivolts. 

Figure 4-28 shows the program flow and the voltmeter connection. 
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For a 10 millivolt least count, full scale output should be 2.55 

volts when the digital value is FF (=255). It is easier to read 2.50 

volts on the meter, so key in FA (=250). Remember, you press a 

command key following the hex value. Adjust the output pot. Now key 

in various hexadecimal values and see that the output correctly 

follows the keyed value. 
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4.7 FUNCTION GENERATOR 

DIGITAL TO ANALOG OUTPUT 

The microprocessor, with the D/A converter, can be used to generate 

an analog signal that varies over time. If the variation of the 

signal repeats itself in a predictable manner, the result is a wave. 

The procedure of repeating a sequence of analog signals over time is 

called waveform synthesis or function generation. In this section we 

will experiment with several such functions, including sawtooth and 

triangular. 

Unfortunately, the microprocessor is too slow to generate signals at 

useful frequencies for most purposes, typically being limited to less 

than one Hertz. However, some control applications do want very low 

frequency signals. Another possible use for waveform synthesis is 

examination of complex waveforms resulting from harmonics or the 

combination of non-harmonic frequencies, when real-time operation is 

not required. 
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4.7.1 Voltage Ramps 

One of the commonly needed control functions is a voltage ramp - an 

output voltage that increases or decreases linearly with time. 

Figure 4-29 shows positive and negative sawtooth functions and a 

triangular wave generator. The flow diagrams shown could be simple 

loops in a main program with some delay built in, but more probably 

each would be in an interrupt service routine invoked by a timer. 

The rate of increase or decrease is set by the time interval loaded 

to the timer. 

If a full scale sawtooth is to be generated the service routine can 

read the present output voltage from the output port, increment the 

value, and output the new voltage. (Remember that a port programmed 

for output can be read). The service routine can be as simple as 

this:. 

PUSH PSW Save A and F 

MVI A,Ol Re"-enable timer 0

OUT CNT2 Interrupt 

IN PORTlB Read voltage 

INR A Increment 

OUT PORT1B Output voltage 

POP PSW Restore A,F 

EI 

RET 

Change INR A to DCR A for a negative sawtooth. 
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4.7.1.1 Voltage Ramp Program 

EXERCISE: 

Write a program to generate a positive sawtooth waveform using the 

above interrupt service routine. The main program must initialize 

the ports and timers. Then it has no further function, so it can end 

with an instruction that jumps to itself. The signal will appear at 

the Analog Out tie block. Connect your voltmeter across Analog Out 

to GND and observe the vol tage increase gradually from zero to full 

scale (about 2.55 volts) and drop back to zero, in cycles of about 8 

seconds. 

You can generate a negative sawtooth function by changing the INR A 

instruction in the Interrupt Service Routine to DCR A. 
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4.7.1.2 Triangular Wave Program 

EXERCISE: 

Write a program to generate a triangular waveform. The program must 

store a flag 

decreasing. 

to indicate whether the voltage is increasing or 

It will also need maximum amplitude data if the output 

is to be less than full scale. Figure 4-30 is a flow diagram of a 

service routine to generate a triangular function. 

Rewrite the service routine of the previous program to compare the 

voltage with a maximum amplitude (stored at 8391) and to test an 

increase (FF) or decrease (00) flag stored at 8392. At the maximum 

voltage or at zero, reverse the flag. Use fixed values for the 

maximum amplitude arid timer interval, or call for keyboard input of 

these if you wish. The next major exercise involves keyboard entry 

of data for a function generator. 
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Save Registers 
Reenable Timer O Interrupt 
(HL�Address Max Voltage 
(A�PORTlB Read Voltage 
CMP M Set CY if V ( 'Max 
(HL��(HL)+l Address Flag 
INR M} Set Zero 
DCR M if decrease 

CY set 

Old A� ?fax 

Increment A 

((HL))�OO 
Decrement A 

Decrement A 

((HL)*-FF 

Zero Set 

Decrease 

Output Voltage to PORT lB 
Restore Registers,EI,RET 

Triangular Function Generator 

Figure 4-30 
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4.7.2 Keyboard Controlled Function Generators 

In this and following exercises we shall develop a program to 

generate different waveforms selected by keyboard commands. The first 

exercise will again generate the triangular wave; later an 

exponential will be generated by numerical integration. Generation of 

a sine wave could be added. This exercise reviews some important 

programming techniques: interrupt service, keyboard input, dispatch 

tables, and using the stack for addresses. It also introduces methods 

of passing arguments to subroutines, and a variable subroutine call. 

EXERCISE: 

Write a program that repetitively increases the output voltage toward 

a target voltage and then gradually decreases it toward the 

complement of the original target. Accept keyboard data to set the 

rate of increase or decrease, and the target voltage. The rate can be 

adjusted either by adding a variable value to the output data at 

fixed time intervals (or subtracting the value for the decreasing 

ramp), or by incrementing (or decrementing) the output at a variable 

time interval. The latter approach gives a smoother ramp. The 

program shown in Figure 4-31 and following figures provides both 

approaches and also permits increasing or decreasing the rate by 

command key input. Timer O provides interval timing; it is used as a 

rate generator (mode 2) and interrupts the main program to add or 

subtract the voltage increment to the existing output data. 
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INITIALIZATION 

DISPLAY AND 

TEST FOR INPUT 

INPUT DATA 

AND COMMAND 

DISPATCH TO APPROPRIATE 

COMMAND PROCESSOR 

SET 

INCREMENT 

CLR 

ZERO 

VOLTAGE 

FIX 

VOLTAGE 

Keyboard Control led Function Generator 

Figure 4-31 

See Figure 4-32 

See Figure 4-33 

SET 

TARGET 
l See

Figure 
4-34
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When · the output voltage is increased beyond the upper limit by 

adding thevoltage increment, the voltage is set equal to the target 

and the mode is changed to decrease, and similarly when the output is 

decreasd below the lower limit. This leads to a triangular output 

wave centered on half scale output. Section 4.7.2.5 describes the 

process in detail. 
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4.7.2.1 Main Loop 

In the main program (Figure 4-32) the display is controlled to show: 

Time interval being used for interrupt 

Voltage increment 

Present output voltage 

Keyboard inputs are accepted to alter the time interval, the voltage 

increment, or the target voltage. Numeric entry is optional; a 

command key is required, and processed as shown in the table below: 

Figure 

display 

output 

calls 

RUN 

STEP 

CLR 

BRK 

NEXT 

Set time interval 

Set voltage increment 

Start ramp at zero 

Set voltage and clear increment 

Store or complement target 

4-32 shows the main program. After initialization and 

of the initial values it repeatedly reads and displays the 

voltage and test s the keyboard. When a key is pressed it 

ENTBY for new data and a command. The command is used to 

address an appropriate processing module. 
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RAMP GENERATOR 
INITIALIZE, DISPLAY, ACCEPT INPur, DISPATCH 

Program 8255's, PORT lB OUT 
Program Timer O , high byte, mode '2 
(8390)H,O Initial Time Interval 
(8391)f-Ol Voltage Increment 
(8392)� 0 .Increase/Decrease Flag 
(Timer O· )�Time Interval 
Enable Timer O Interrupt 

Enable Interrupts (EI) 
(L}f-(8390) Time Interval 
(H)�(8391) Voltage Increment
CALL DWORD to Display

Read output voltage from Port lB 
Display voltage 
CALL SCAN for Key input 

CALL ENTBY 
(A�command 
(L)�data

DISPATCH 

(to Figure 4-33) 

KP.vboard Controlled Function-Generator 

Figure 4-32 
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4.7.2.2 Dispatch for Keyboard Input 

Dispatch is shown in Figure 4-33. We use the technique of dispatch 

tables and pushing addresses onto the stack: if you have not been 

using these techniques a review of Course 525, Section 7.5, 11 FLOW 

CONTROL TECHNIQUES" . 

Since all of the processes must return to the display of time 

interval and voltage increment, we will push that address onto the 

stack. The various processing modules can end with the return 

instruction instead of a three byte jump. 

Then we add to the command key value ( 1 OH to. 17H) the low byte of the 

dispatch table address minus lOH, so that MEM (lOR) will direct us to 

the first location in the dispatch table. The dispatch low address 

byte is entered to L. Register H has already been loaded with 82. 

This dispatch address is pushed onto the stack. To reduce processing 

in the individual modules we will move the input data into register A 

and load HL with the address of the voltage increment (8391). Now a 

return will go to the appropriate module and the return address to 

the display function will be back on the top of the stack. 
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(nISPATCH 

I 

Save Input Data 
(E)�(L) 

I 
Push "Re tum" Address 
(ST)�"SET"'s Address 

I 
Create low address byte 

from command 
(L)� (A) + (Low Address-10)

I 
Create high address byte 

(H)�high byte of 
dispatch table base address 
Get Dispatch Address 

(L)� ((HL)) 
Push Dispatch Address onto stack 

(ST*"-(HL) 

I 
Recover Input Data 

(A)�(E) 

I 
Get Voltage. Increment 

Address 
(HL*"-8391 

I 

Disable Interrupts 

I 
Jump to Key Processor 

RET 
, I I I 

/ I I I \ 
/ I I I ' 

88888 
(To Figure 4-34) 

Ramp - Dispatch 

Figure 4-33 
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Some of the key input processing manipulates data that can also be 

changed by interrupt service. To prevent confusion the interrupts 

should be disabled while such processing is done. It is convenient 

to disable the interrupts by DI just before the "return" to the 

processing module, and enable just after the return from the 

processing module. Therefore, we have an El instruction at the start 

of the main loop. 

Since the monitor requires interrupts to operate in debug mode (STEP 

and BRK) it is desirable to modify the instructions that affect 

interrupts as you debug various parts of the program. 

the instruction that enables the Timer O interrupt. 

Initially omit 

Replace the DI 

instruction (before the "return" in dispatch) with RST4, so that the 

monitor will be called immediately before dispatching to the key 

processing module. Now you can either STEP or RUN through the main 

loop, using breakpoints as needed, but will always enter the monitor 

before dispatching. Since the timer interrupt is not enabled you can 

debug this part of the program even before writing the interrupt 

service routine. 

After the main loop has been checked out replace the EI instruction 

at the beginning of the loop with a DI. Now the main loop, DWORD and 

ENTBY will operate without interruptions by the monitor, and you can 

try the various command entries very easily, always entering the 

monitor just before dispatch. 
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4.7.2.3 Key Processing 

Figure 4-34 shows the key processing modules. We enter the 

appropriate module with a return address (to the display function) in 

the stack, the key input in register A, and the address (8391) of the 

�oltage increment in HL. 

RUN sets the time interval. The input data byte is loaded to Timer 0 

and stored at 8390 for display. 

STEP stores the input byte at 8391 to set a new voltage increment. 

Since processing for RUN ends with MOV M,A; RET; we can simply 

dispatch to the MOV M,A instruction rather than duplicating it. 

BRK stops the ramp and sets a fixed voltage. The ramp is stopped by 

setting the voltage increment (at 8391) to zero. Then the input data 

byte is written to PORTlB for the D/A output. 

CLR writes the input data byte to the D/A output (00 if no data 

entered). 

NEXT either sets a new target voltage (if a data byte was keyed in) 

or complements the old target voltage. Address the target voltage 

(8392) by INX H. ENTBY returns in register D a count of the number 

of hex keys entered. If this is zero, recover and complement the old 

target voltage; otherwise store the new data. 
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Eilter key processing module from Dispatch with: 

(A) • n�ric data keyed (00 if uone) 
(BL) • 8391 (address .for Av )

SetAt 

SetAv 

(TIMO)�(A) Load Timer 
(BL),E-(HL)-1 Address At 

Store At or Av 
( (HI.) ),E-(A) 

· Clear Increment 
((HL) )�00 

Output Voltage to D/A 
(POR:rlB ),E-(A) 

Set or (HL)+(HL)+l Address Target 
Complement INR. D, OCR D Test for data 
Target 
Voltage 

1'0 Data Entered 

(A).,_rcm:IT Complement Target 

((BL))� (A) Stora Target 

Function - Key Input Processing 

Figure 4-34 
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Save All Registers 

(Jump past RST 

Push EXIT address 
Load and push subroutine 

address 
Load argument list address 
Read present D/A voltage 

"Return" to function 
subroutine 

I 

I 

Function Subroutine 
(A)�new voltage

EXIT i 

Output new voltage 
(PORTlB)� (A) 

Reenable Timer O Interrupt 

Restore registers, EI, RET

Timer O Interrupt Service 

·Figure 4-35
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4.7.2.4 Interrupt Service Routine 

Interrupt service for timer O is shown in Figure 4-35. It performs 

the normal housekeeping duties of any interrupt service routine. At 

entry it saves the registers; at exit, it clears and re-enables the 

timer 0 interrupt flip-flop, restores the registers, enables 

interrupts and returns. 

To provide for later exercises where other functions will be 

generated, the interrupt service routine enters a separate subroutine 

to perform the ramp calculation. Different subroutine calls are 

allowed (although at present only one will be used) by loading the 

subroutine's entry address from data memory. The procedure is: 

LXI H,EXIT Push an address for return 

PUSH H from the subroutine 

LHLD FUNC Push the stored entry 

PUSH H address for the subroutine 

LXI H,8391 Load a data address 

RET Dispatch to the subroutine 

The first function subroutine to be developed (TRIWV) is located at 

8250. This address will be stored in memory locations 8398,99 to be 

loaded by interrupt service. Later we will make this a variable. 

TRIWV needs as input data the present voltage, voltage increment, and 

increase/decrease flag. It returns the new voltage in register A. 

We could require the function subroutine to read the voltage from 

PORT1B, load the other data from the defined addresses in memory, and 
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output the result to PORT1B. There are 

meth�d chosen here: 

three advantages to the 

* The subroutine is "global''. Another program could call the 

subroutine to operate on different data. 

* A different subroutine that needs the same data can be

substituted for this one.

* The function subroutine can be debugged by a temporary

calling program.

The data needed by the function subroutine (arguments) can be passed 

in any of three ways: 

* Loaded into registers

* Stored in memory locations reserved for this subroutine

and its calling program

* Stored in memory locations assigned to these particular

data, with the address or addresses loaded into registers or

into reserved memory locations.

Results can be returned in the same ways. In this program we will 

combine the first and third methods. The present voltage will be 

read from PORTlB by interrupt service and passed to the function 

subroutine in register A. The voltage increment and 

increase/decrease flag are in their assigned memory locations 8391 

and 8392. Address 8391 is loaded into register pair HL and passed to 

the function. TRIWV obta ins the increment from ((HL)) and the flag 
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from ((HL)tl). The function subroutine would work equally well if 

some other call inl program passed .it a different memory address, with 

different data stored there. 

T�e subroutine returns the new vol tage in register A. This is output 

to the D/A converter by the interrupt service routine as the first 

step of its �xit procedure. 
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TRIWV 

Enter with (A)= present voltage 
((HL)) = increment 

((HL)+l) = target voltage 

(B)�( (HL)) A v  
(HL)f-(lil..)+1 Address Target 
Compare present voltage with 

tar et 

No CY 

Voltage� Target 

(A*-(A)+(B) v' =v+Av 
Compare new voltage with target 

(A)�( (HL))
· (A)f- (A)

((HL))�A)
(A)�(A)

RETURN 

Target voltage 
Complement and 

store as new target 
Return (A)=old 

target 

RF.TURN 

(A)f-(A)-(B) v'=v-Av
Compare new voltage with target

CY 

Voltage ( Target 

Rl<,;TUR..'r<f 

Triangual Wave Function Subroutine 

Figure 4-36 
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4.7.2.5 Function Subroutine TRIWV 

TRIWV calculates a new voltage by either adding or subtracting the 

voltage increment to the present voltage. It receives the following 

arguments (input data) from the calling program: 

Location 

(A) 

((HL)) 

((HL)�l) 

A ssignment 

Present voltage 

Voltage increment 

Target Voltage 

The subroutine is shown in Figure 4-36. The increment is copied to 

register B· and the present voltage is compared to the target to 

decide whether to add or subtract the increment. The new voltage is 

calculated and again compared with the target. If it was and still is 

less than the target, or if it was and still is gre ater, return with 

the new voltage in register A. If the voltage has passed the target, 

however, we will now complement the target voltage to be ready for 

the next entry, and return with the previous target voltage in 

register A to be output. 

The result is a triangular waveform increasing until it reaches the 

target voltage and then decreasing to the complement of the voltage. 

The waveform is centered on 1.275 volts, half of full scale. 

Note that TRIWV looks like any normal subroutine. It is not affected 

by the variable calling procedure, which could equally well be CALL 

TRIWV. 
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4.7.2.6 1n·struc ti ons 

Write the complete program in accordance with the flow charts 

presented. The solution shown in Figure 4-37 (a-h) follows the flow 

charts precisely and can be referred to if help is needed. 

For display of the· voltage in the main loop you can CALL DBYTE .. For 

the sake of amusement, the program given in Figure 4-37 calls a 

subroutine to show the voltage in the LED'S as well as in the seven 

segment display. This subroutine has not been documented here; you 

can copy it, or figure it out, or just use DBYTE. 

Memory assignments in the solution .given are: 
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8200-8227. 

8228-824F 

R250-827F 

8280-82A4 

82A5-82AC 

82AD-82DF 

82EB-82FF 

8390 

8391 

8392 

8398,99 

Initialize 

Inte�rupt service 

TRIWV function subroutine 

Main loop 

Dispatch table 

Key processing 

Display· subroutine 

Time interval 

Voltage increment 

Target Voltage 

Entry address for subroutine 
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4.7.2.7 Debugging 

Debug�ing 

4.7.2.2. 

technique� for the main program were suggested in Section 

These are repeated here , referring to addresses in the 

given· solution. 

a) Omit OUT CNT2 at 8223 to avoid enabling timer interrupt.

b) To debug dispatch loop  omit El at 8280 and DI ·at 8�A3.

c) To debug key processing modules enter DI at 8280 and RST4 at 82A3.

d) To debug interrupt service enter RST5 at 8280 and El at 82A3.

Replace EI at . end of interrupt service with DI at 824E. Now 

interrupt service will be called, with monitor interrupts enabled, 

after each key entry has been processed. The monitor will be 

disabled during key input and dispatch but enabled during key 

processing and interrupt service. 

e) To run the debugged program restore all of the modified

instructions: 

8223 OUT 

824E EI 

8280 EI 

82A3 DI 

CNT2 

4-107



DIGITAL TO ANALOG OUTPUT 

As you develop your own program keep debugging in mind and provide 

for similar techniques. Keep a separate list of modified 

instructions to be sure you restore them all. 

4.7.2.8 Program Operation 

With the initial value of 40 for the time interval and 01 for the 

voltage increment, the output voltage will increase and decrease 

slowly �nough to be observed iri the display and on a voltmeter. Using 

NEXT will reverse the direction part way up or down. With an 

oscilloscope 

frequencies. 

you can observe the triangular output at higher 

Try entering smaller values of both time interval and 

voltage increment, keeping a constant ratio so that the total period 

is the same (see list below). Now observe the effect the on the 

waveform. 

Voltage Time Total 
Increment Interval Period 
(STEP) (RUN) (Seconds) 

01 40 4.096 
02 80 4.096 
03 co 4.096 
04 00 4.096 

01 01 0.064 
02 02 0.064 
04 04 0.064 
08 08 0.064 
10 10 0.064 
20 20 0.064 
40 40 0.064 
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The CLR key starts the triangle from zero or from any desired value 

keyed in. This will be of more use in later exercises. BRK stops the 

function and sets the voltage to any value keyed in. This is 

convenient for calibrating the A/D output. Request a voltage and 

adjust the analog out pot to make the output agree with the 

voltmeter. Operate at a slower rate (press 0, RUN) 

Enter 1.55 volts for the target by 9B,NEXT. Press CLR to start a 

ramp at zero. Observe the voltage climb to 1.55 and then drop to 

1.00, (64 hex) and climb again. Press NEXT while it is rising and 

see it fall. 

While the voltage is falling, press CLR to start at zero. Now the 

voltage will rise toward the 1.0 volt target, complement the target 

to give 1.55 volts, and continue to climb. Then it will resume the 

steady rise and fall between 1.0 and 1.55. 
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4.7.3 Exponential Function 

The charging of a capacitor leads to a voltage which increases with 

time at a slowing rate as the capacitor voltage approaches the 

source voltage. (See Figure 4-:-38). The.capacitor voltage is given 

by: 

(a} v = Q/C 

where Q is the accumulated charge and C the capacitance. The charge 

is accumulated as current flows into the capacitor anrl is calculated 

from the time integral of the current. 

t 

(b} Q = 0./' idt 

The current through the resistor is proportional to the yoltage 

across the resistor: the source voltage Vs minus the capacitor 

voltage at that instant. 

( c} 

then 

(d) 

. 1 
1 = � (Vs - v} 

1 ./'
t 

v' = �� (Vs - v}dt RC 

which can be solved to give: 
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Exponential Function 
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As t increases without limit the exponential term approaches zero and 

the capacitor voltage approaches the source voltage. With a digital 

computer we can solve the integral equation (d) numerically without 

resort to the explicit solution (e); doing so can generate the 

exponential function. 

For numerical integration there is no infinitesimal time, so equation 

(d) is rewritten as:

(f) V' = V � (Vs - v).6.t/RC

In this section we shall create a function subroutine to evaluate 

equation (f), to be called in place of TRIWV in our function 

generator program. 

As the output voltage v approaches the source voltage Vs, it changes 

very slowly. To obtain a good representation of the exponential we 

must use two byte precision for the calculation. We will store the 

less significant byte of v in memory, and the more significant byte 

will be read from and output to PORT lB. 
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Eventually v will stop changing, even though it is not yet quite 

equal to Vs. At this point we will start a discharge period, in 

which the source voltage is zero. Then: 

( g ) V ' s V + ( 0 - V ) LJ. t / RC 

Again, after some time, v will stop changing and we will switch back 

to the charging function. Successive charge/discharge cycles are 

shown in figure 4-39. 

We will store two variables to control the charge or discharge. The 

source voltage Vs will be stored as hex data entered with MEM. A 

"switch variable" wi 11 represent the state of the switch shown in 

figure 4-39. The "target voltage" stored or complemented by NEXT (at 

8392) will be used as the switch variable: if its most significant 

bit is one the voltage will increase toward Vs; if the most 

significant bit is zero the voltage will decrease toward ground. 

Th us the function of the NEXT key is preserved. 
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4.7.3.1 Exponential Waveform Generator 

EXERCISE: 

Modify and add to the program of Section 4.7.2 to generate either a 

triangular wave or an exponential. Accept keyboard input of source 

voltage (Vs), time interval f1 t, and the ratio !1t/RC. 

Data will be entBred as one byte values with command keys, as before. 

Key input processing is shown in Figures 4-34 and 4-40, and described 

in the following subsections. 
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Set Triangular 
(HL�Address at TRIWV 

(8398, 99)�(H,L) 

Store Vs 

( (HL) +2 *-CA) 
Set Exponential 

(HL*-Address of EXPV 

Clear low byte of v 
( (HL)+3)�00 

Set high byte of v 
(PORTlB)�(A) 

R.'t..:TURN 

Key Selection of Waveform 

Figure 4-40 
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4.7.3.2 Selecting the Waveform 

Since the waveform is generated by interrupt service, this module 

must behave differently for the two different waveforms. The 

distinction is handled by storing a jump address in memory (at 8398, 

99) according to the REG (for triangular) or MEM (for exponential) 

command. The interrupt service routine of 

program (Section 4.7.2) provides for the 

subroutine address by: 

LXI H, EXIT 

PUSH H 

PUSH exit address 

the function generator 

use of this variable 

LHLD 8398 

PUSH H 

PUSH subroutine address 

4.7.3.3 

LXI H, 8391 

RET 

Load data address 

Dispatch to selected subroutine 

Data Entry and Storage 

As indicated in the table on the next page, there are two new 

variable data bytes to be stored in addition to the function address. 

The less significant byte of v is calculated and stored by EXPV. It 

is also to be cleared by the BRK and CLR keys. This is necessary in 

order to obtain a consistent result each time CLR is used. 
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The source voltage Vs is to be entered by MEM. For two byte precision 

in the calculation we will use this value as the high byte , with zero 

for the low byte. crf no value is entered with MEM, the source voltage 

wi 11 be set to zero.) 

MEM also selects the exponential vaveform by storing the address of 

EXPV at 8398, 99. REG is to select the triangu lar waveform by storing 

the address of TRIWV at 8398, 99. 

RUN, STEP and NEXT are unchanged: 

RUN loads timer O and stores!::::.. t at 8390. 

STEP stores.6v or !::::..t/RC at 8391. 

NEXT stores the switch variable or target voltage at 8392. If no 

data were entered NEXT complements the old value. 

Memory assignments are: 

8390 

8391 

8392 

839 3 

8394 

!::::.. t 

f:j,, V or!::::.. t / RC 

Target voltage or switch variable 

Vs 

v ( low byte) 

8398,99 Function address 

8250 Entry to TRIWV 

8100 Entry to EXPV 
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4.7.3.4 Calculating Exponential Voltage 

Subroutine EXPV, shown in Figure 4-41a calculates: 

v' = v + (Vs-v) (.6.t/RC) 

At entry, register A contains the high byte of v, and register pair 

HL contains the address of the memory location for t/RC, a single 

byte value. The other variables are contained in successive 

locations: 

Offset Nominal Variable Address 
Address Address 

(HL) 8391 .6. t/RC 

(HL)+ 1 8392 switch variable 

(HL)+2 8393 Vs (high byte) 

(HL)+ 3 8394 v (low byte) 

Although specific memory addresses are listed above, the subroutine 

will use only offset addressing, so that it could be called from 

another program module with different data in different storage 

locations. 

The subroutine returns with the contents of the memory locations 

updated, and the new two byte value of v in (DE). 
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Load Variables 
(D)�(A) v(high) 
(B)� ((HL)) At/RC 

Address and test switch variable 
(at: (HL)+l) 

( 80 Decrease �80 Increase 

(C) � 00 (C)� Vs

Address and load v(low) 
(E)�( (HL)+2)

(ST)�(DE) Save old v 
(ST�(HL) Save Address v 

(HL)�(D:S) 
(E�OO- (L) 

V 

(D)� (C) -(H)-(CY) Vs-v 

At/RC (C)f-OO for (BC) 

CALL BMULT 
(HL)�(HL)+(DF.)(BC) 

=v+(Vs-v) .6.t/RC 

(DE)f-(HL) 
(HL)�(ST) 
((HL) *-CE) 
(BC)f-(ST) 

v' (new v) 
Address v(low) 
Store v' (low) 
Old V 

Test and Exit 

EXPV - Calculate Voltage 

Figure 4-41a 

to Figure 4-4lb 
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The subroutine moves the input voltage into register D and loads the 

other �ariables, incrementing (HL) to access successive bytes. It 

tests the switch variable and either loads Vs into (C) from memory if 

the voltage is to increase or clears C if the voltage is to decrease. 

Then the low byte of v is loaded to register E, so that (DE) contains 

the two byte value of v. Both v and its address are saved in the 

stack, and the calculation begins. 

V' = V f (Vs - V)(�t/RC) 

is to be evaluated. We shall develop a subroutine (BMULT) to 

ev-luate this expression with the following entry data, all as two 

byte variables. 

(BC) 

(DE ) 

(HL) 

= 

= 

= 

�t/RC 

Vs-v 

V 

Before calling BMULT, the value of Vs - v is calculated by EXPV as 

follows: Move v into (HL), and subtract its low byte from zero, 

placing the result in (E ). Subtract the high byte of v from Vs (or 

zero if the voltage is decreasing) using the SBB instruction 

(subtract with borrow) and place the result in (D). Clear the low 

byte of �t/RC (register C) and call BMULT. 

The new value of v is returned in register pair HL. It is moved to 

DE, the address for v (low) is popped and its new value is stored. 

The old value of v is popped into (BC) for comparison. 
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Figure 4-41b shows the procedure for changing the switch variable. 

The new value of v is compared with the old value. If it has 

changed, the process will continue in the same direction. When 

v no longer changes, the switch variable is complemented. 

4.7.3.5 Subroutine BMULT 

Both Vs and v are positive values that can range from 0000 to 

FFFF. Vs - v can range from -FFFF to FFFF. The two byte subtract 

gives these values with CY set if the result is negative. 

For example: 

Vs 

FFFF 

FFFF 

0000 

0000 

V 

0000 

FFFE 

0001 

FFFF 

(CY) 

0 

0 

1 

1 

(DE) 

FFFF 

0001 

FFFF 

0001 

Vs - V 

+FFFF

+0001

-0001

-FFFF

Thus (CY) and (DE) represent a 17 bit twos complement value. 

We will design BMULT (Figure 4-42) to accept the data in this form 

and perform a correct multiplication with a positive or negative 

value in DE as marked by the CY flag. The resulting value of v' (in 

HL) will always be positive, since Vs, V, and t/RC are all positive. 

The value of v' will be greater or less than v, depending on the sign 

of Vs - v. 
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From Calculation 

(BC) = Old v 
(DE) = New v 
(HL) = Address at v 

Address switch variable 
(HL)� (HL)-02 

Test for change in v 
(A)�(E) v' (low) 

CMPC compare v(low) 
(A)�(D) v' (high) 

v'(high)rv(low) ___ _ 

CMP B Com are v hi h) 

Complement switch variable 
( (HL) )� ((HE'Y) 
(A)�(D) v' (high) 

RETURN 

EXPV - Test for Change in Voltage 

Figure 4-41b 

R�TURN 
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4-126

ENTER 

Shift (DE) right one bit 
and shift CY into MSB 
Test for (DE)• 0 

Shift (BC) left one bit

(CY)�t1SB 

Zero 

Ho CY 

Add shifted multiplicand to 
partial product 

(HL)HHL)+(DE) 

Test for (BC)=O 

Set CY if (DE) negative 
(AX-(D)+(D) 

Zero 

Returns (HL)�(!IL) + (D�) (BC) 

Subroutine BMULT 

Figure 4-42 

RETURN 

RETURN 



DIGITAL TO ANALOG OUTPUT 

The multiplication will be done by repeatedly shifting the 

multiplicand (DE) right •nd the multiplier (BC) left. If the bit 

shifted out of the multiplier is a one, add the shifted multiplicand 

to the partial product (HL). 

The first shift of the multiplicand will enter the carry bit into the 

high bit of the multiplicand, so that the shifted value will retain a 

proper twos complement form. At each loop the carry must be restored 

to its original state by copying the high bit from (D) into the 

carry. The table below shows successive values of the multiplicand 

for the two cases where it was initially t4000 or -4000 (represented 

as COOO with carry set). 

CY Clear (t) CY Set(-) 

4000 cooo 

2000 EOOO 

1000 FOOO 

0800 F800 

0400 FCOO 

0200 FEOO 

0100 FFOO 

0080 FF80 

There is no rounding of the value as it is shifted. It is not 

necessary for the precision required, and any simple rounding 

procedure will lead to erroneous results. 
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4.7.3.6 Implementing the Program 

Much of the exponential program is a modification of the previous 

program. The memory locations suggested in Section 4.7.2.6 allow 

room for these added functions, with BMULT and EXPV located at 8100 

and 8120 respectively. 

To debug EXPV and BMULT it is probably easiest to avoid the main loop 

and interrupt service altogether. Instead of running from 8200, use 

the debugging program shown as the first pages of Figure 4-43. 

You can enter a value for v through the keyboard. With no data 

entered the previous value is recovered. Then you can step through 

the subroutine. When you are satisfied that program flow is correct 

and stack usage is balanced, repeatedly press NEXT, and successive 

values will be generated and displayed. Breakpoints can also be used 

in BMULT or EXPV. Note that the multiplier t/RC has been set to 50 

(01010000); this is a nice value for testing BMULT because the 

multiplication process can be observed during the first four bits, 

but will terminate quickly. It reaches the switch point fairly 

quickly (32 iterations) which is also convenient. 

When you are satisfied with your subroutines restore the operating 

program, but with the debugging modifications suggested in Section 

4.7.2.7. Check the program flow. Remove the debugging changes and 

run the full program in AUTO mode. 
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4.7.3.7 Program Operation 

Initialization sets.6.t = 40 and.6. t/RC = 01. No value is entered for

Vs, but your debugging may have left the value FF in Vs. 

The numeric display, the LED's, and the voltmeter will show the 

exponential rising quickly at first and slowing until it seems to 

stop at FD. Now only the less significant byte is changing. Suddenly 

the voltage will drop, and then approach zero very slowly. 

With the ratio 6. t/RC fixed, an increase in the time interval .6.t 

(entered with RUN) will also represent an increase in the time 

constant, so charging will take the same number of steps, but more 

time. An increase in.6.t/RC (entered with STEP) will result in larger 

and fewer steps to reach the source voltage, and therefore less time. 

If 6-t and 6. t/RC are both increased pro port iona tel y, the time constant 

will remain constant and a coarser approximation of the same waveform 

wi 11 be obtained. If

interesting to observe. 

for corresponding values 

an oscilloscope is available this will be 

The total cycle time will not be constant 

of .6t and .6t/RC because the slow final 

approach to the source voltage is not calculated precisely. 
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Restore the original values for,6,t and.6.t/RC and enter a lower value 

for Vs. 

40, RUN 

01, STEP 

80, MEM 

Now the exponential will rise only to half scale, taking the same 

time as before, and then reverse. 
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5. ANALOG TO DIGITAL INPUT

Microprocessors in instruments and control systems generally require 

input of analog signals, which must be converted to digital form for 

processing. 

the following: 

Variables generated by sensors are likely to be any of 

Frequency or Pulse Interval (tachometers, flow meters and other 

motion sensors, and instrumentation electronics used for conversion 

of other variables) 

Pulse Width (instrumentation electronics - not common) 

Resistance (thermistors, strain gauges, position sensors) 

Capacitance or Inductance (position sensors - usually converted to

frequency) 

Voltage or Current (thermocouples, photovoltaic cells, or conversions 

of variable resistance.) 

In this chapter we will consider digital conversion of pulse 

interval, 

measured 

frequency, voltage, and resistance. 

a pulse width. That section should 

In Section 3.6, we 

be reviewed, and 

especially Section 3.6.3 which discussed reading a timer while it is 

running. 
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Enable EXT 4 Interrupt 

HALT - wait for 

first interr�pt 

-

-

HALT - wait for 
next interrupt 

Load data stored 
by interrupt service 

Display data 

RST 6 Interrupt Service 
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Pulse Interval Measurement 

Figure 5-1 



5.1 PULSE INTERVAL MEASUREMENT 

ANALOG TO DIGITAL INPUT 

An external input of the ITS (either EXT4 or EXT5) with its edge 

triggered latch makes it easy to measure a pulse interval. To avoid 

noise triggering of the flip flop the signal should be coupled 

through an optical coupler (see page 1-18). Connect the AUDIO OUT 

test point near the upper right corner of the AMTS to OPTO IN, and 

connect OPTO OUT to EXT4 IN. 

5.1.1 Measuring a Steady Signal 

EXERCISE 

When a rising edge occurs at the EXT 4 input, it will set the latch 

and generate an RST6 interrupt. An interrupt service routine will 

read and restart a timer, to measure pulse interval. 

The main program displays the data read from the.timer by interrupt 

service, and loops to a Halt instruction. This stops program 

execution until another interrupt has occurred. Execution of the 

main program resumes at the location following HLT after the 

interrupt has been serviced. We ignore the first measurement because 

it is meaningless. The counter was started when power came on, not 

at an edge of the signal. Thereafter, we load and display the 

measured data after each interrupt. Since the 8253 counts down from 

zero this value is the twos complement of the number of clocks in one 

modem cycle (see page 3-10). A flow chart is shown in Figure 5-1, and 

a coding solution in Figure 5-2. 
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5.1.2. Measuring a Multi-Valued Interval 

EXERCISE 

When the cassette modem is actually in use its pulse interval is 

switched between two values, depending on the data being recorded . 

.....__, ____ .... v-,;o ____ _.,/ 

HIGH FREQUENCY 

DATA = 1 

LOW FREQUENCY 

DATA• 0 

We can compare the measured interval to some threshold value to 

decide which frequency is present. We will use the monitor's tape 

recording program SEROT to generate a data trair
r 

to the cassette 

modem, and develop an interrupt service routine to measure the 

intervals, decide which frequency is present, and measure an average 

interval for one frequency. 

The low frequency is half of the high frequency, and the signal is a 

square wave, so if we define W as the width of a high frequency 

pulse, the interval for the high frequency is 2W and the low 

frequency interval is 4W. If the bit time is constant the number of 

2W intervals for a data bit equal to one should be twice the number 

of 4W intervals for a zero. This ratio is severely distorted 

however, by the interrupt service routine which interferes with the 

bit timing loop in SEROT. Therefore the number of cycles of each 

frequency is meaningless during this test. The measurement of pulse 

intervals is valid, however, because the recording frequency is 
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generated by the modem hardware, not by the program. 

If we use a single threshold, as suggested above, an uncerta inty 

arises in the measurements because an intermediate pulse interval can 

also occur. The modem changes its interval after its input data from 

the processor changes, at the moment when its output changes from 

high to low or from low to high. 

I.____ 
->I 2

W

I .___I ___.I 

f� ... a-���·4W�����-....,l-�---�-3W����> ... / 

The intermediate value 3W occurs much less frequently than the other 

values because it can only occur at a bit boundary, and even there it 

has only a 25% probability. It will be detected, however, and our 

program should provide for it. 

5.1.2.1 Program Design 

The program will accept (through keyboard entry) two different 

thresholds. 

interrupt. 

The modem output will be sensed as before by the EXT4 

At each interrupt the preceding time interval will be 

measured and compared with the thresholds. If it lies between them 

the interval will be added into a sum, and counted. If the interval 

is less than the lower threshold or more than the higher, the time 

will be discarded. All intervals will be counted (separately from 

the count of those between thresholds). 
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5-8

Program Ports 
Port lB Out 

Program Timer 0 
Both Bytes, Mode 0, Decimal 

- I

- I

DI 

Call ENTWD 
(H)--high threshold 
(L)----low threshold 

I 

Clear data memory 8300-0F 

Store thresholds 
(8302, 03)--�(HL) 

Store memory address for 
SEROT to transmit 
(83E4) -0010 

I 

RST 6 to enable EXT4 

Jump into SEROT at 0371

I 
I 

I 

Abnormal exit from interrupt 

Disable EXT4 

Clear Stack by LXI SP, 83D3 

Display sum of times (3 bytes) 
and count (1 byte) 

I 
Multi-Valued Interval-Main 

Figure 5-3a 
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The program will be stopped either when 100 values have been summed 

or when 65,536 interrupts have occurred. The latter sto p will 

indicate few or no measurements have occurred between the thresholds. 

If the two thresholds have been selected to include one of the 2W, 

3W, or 4W intervals the program will be stopped after 100 

occurrences. By varying the thresholds we can measure the average 

interval for each nominal value. For ease of interpretation the 

interval measurement and summing will be in decimal. 

5.1.2.2 Main Program 

The main program is depicted in Figure 5-3a. Timer O is used again to 

measure the interval, but now it is programmed for decimal counting. 

After the two thresholds have been entered the main program clears 

the data memory and stores the thresholds. RST 6 is used to call the 

interrupt service, which will start the timer and enable the EXT4 

interrupt. (This leads to some invalid measurements which will be 

discarded by interrupt service). Now the reserved memory locations 

83E4,E5 are loaded with a convenient address for the start of data 

transmission by SEROT. Any address can be used, except that unless 

quite frequent alternations of ones and zeros are present there will 

be very few 3W intervals. A starting address of 0010 works nicely. 

A jump into SEROT causes the monitor to start transmitting data to 

the modem. SEROT starts at 0371. 

5� 
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5.1.2.3 Abnormal Exit 

When interrupt serv.ice for EXT4 reaches a stopping point, after 100 

measured intervals or 65,536 total intervals, it makes an abnormal 

exit. Instead of restoring registers and returning to SEROT, the 

abnormal exit clears the stack and displays the measured data. 

Previously 

clearing 

we 

the 

have sometimes made abnormal exits from subroutines, 

stack by popping the return address into a register 

we cannot use that method because SEROT uses several pair. 

nested 

do not 

Here 

subroutines and also uses the stack to save registers, and we 

know how many levels of the stack may be in use. In this 

program we clear the stack by reinitializing the stack pointer: 

31 

D3 

83 

LXI SP,83D3 

This loads the stack pointer with the same address normally loaded by 

the monitor. Although the stack contents have not been erased, this 

effectively discards the past history and gives a fresh start. 

5-11



ANALOG TO DIGITAL INPUT 

5-12

Save registers 

Latch and read Timer 0

(DE)-Timer 0

Restart Timer 0

Address and increment low byte of 
interrupt counter 

Zero 
�

ot
.
Zero 

Address and increment high byte 

ABNORMAL EXI'li {)_ 
T � 

Test high byte for zero 

<> 

Zero 

Address low threshold 

Compare high byte of time 

�
ime < Threshold 

Address high threshold 

Compare high byte of time 

<>
Time S Threshold 

CALL ADDT Subroutine to add time into 
sum 

Reenable and clear EXT4 

Restore registers, EI, RET 

Multi-Valued Interval - Interrupt Service 

Figure 5-3b 
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5.1.2.4 Interrupt Service 

Figure 5-3b shows the interrupt service routine. After saving the 

registers we read and restart Timer O. The two byte interrupt count 

is incremented. At 65536 interrupts the counter reaches zero and the 

abnormal exit is taken. To avoid recording invalid data caused by 

initialization both in the main program and in SEROT, we ignore the 

first 256 measurements, by testing the high byte of the count. The 

high byte of the timer data is compared to the two thresholds. Since 

the timer returns the hundreds complement of the interval time, the 

comparison is made not by CMP but by: 

MOV 

ADD 

DAA 

A,D 

M 

(A)<---high byte of time 

Add threshold 

This sets CY if the time is less than the threshold. 

If the time lies between the two thresholds a subroutine is called to 

add the hundreds complement of the timer data into the sum, and to 

increment the decimal counter. 
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5-14

Address sum of times 
(HL)--8304 

I 

Load A with 100 decimal 
(A)--9A 

Subtract low byte of timer 
(A) -(A) - (E)

Add to low byte of sum, decimal 
(A)-(A) + ( (HL)) 
DAA 
((HL))-(A) 

I 

Address next byte (INXH)
Load A with 99 or 100 

(A)-99 + CY 

Subtract high byte of timer 
(A)-(A) - (D) 

Add to second byte of sum 
(A)-(A) + ((HL)) 
DAA 
((HL))-(A) 

I 

Add Carry to third byte 
(HL)--(HL) + 1 

of sum

(A) --( (HL) )+ 00 + CY 
DAA 
((HL))-(A) 

I 

Decimal increment counter 
(HL)--(HL) + 1 
(A)__.;-( (HL)) + 01 
DAA 
( (HL) )-(A) 

� 

Zero 
(ABNO

C RETURN ) 

Add Decimal Time to Memory 

Figure 5-3c 
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5.1.2.5 Decimal Addition Subroutine 

Figure 5-3c shows the addition subroutine. Since the timer data 

represents the hundreds complement of the time interval we must 

complement it before adding it into the sum. Here we combine the two 

functions. The Intel 8080 (or the NEC 8080AF) does not allow DAA 

after subtraction, but only after addition. 

MVI 

SUB 

ADD 

DAA 

MOV 

A,9A 

E 

M 

M,A 

(A)<---100 

Subtract low bytes 

Add to low sum 

Subtracting a decimal value from 9A or 99 cannot generate any carry. 

After adding the old sum, DAA will make the proper adjustment to a 

decimal value, generating a carry if the result exceeds 99. For the 

second byte we load A with 99 and add the carry from the first byte, 

so it contains either 99 or 9A (= 100 decimal). 

INX 

MVI 

ACI 

SUB 

ADD 

MA 

H 

A,99 

00 

D 

M 

MOV M,A 

Address second byte 

Load A with 99 or 100 

Subtract timer 

Add into old sum 

If {his generates a carry it must be added into the third byte. 
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Now the decimal counter is incremented and we return to increment the 

binary count unless the decimal counter reaches 100. Then the 

abnormal exit is taken. Note that the use of LXI SP permits the 

abnormal exit from any subroutine level without regard to the stack. 

Write your program and test it. Section 5.1.2.6 describes the use of 

the program. Memory assignments in the solution given in Figure 5-4 

are: 

5-16

8300,01 

8302 

8303 

8304,05�06 

8307 

83E4,E5 

Binary count 

Low threshold 

High threshold 

Sum of times 

Decimal count 

Starting address for transmission 
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5.1.2.6 Program Debugging and Operation 

The use of RST6 to call the interrupt service routine not only 

provides an easy way to start the timer and enab le the EXT4 

interrupt, but also allows you to step through interrupt service for 

debugging. You can step through with a normal return or force the 

abnormal exit by pre loading the decimal counter with 99. If the 

thresholds are set at 99 and 00 then interrupt service wi 11 call the 

decimal addition subroutine for any timer data. 

For meaningful results the program must be run in AUTO mode. Enter 

thresholds of 99 and 00 (9900,NEXT). Almost immediately a decimal 

value for the time is displayed as three bytes, with a count of 00. 

For instance: 
0007 1332 

TLTOTAL TIME FOR 

I 

IN'i'ERVALS 
DECIMAL COUNT 

....._ ____ 

100 

(=100) 

If equal numbers of wide and· narrow intervals were received this 

would be a central or average value. In fact SEROT generates enough 

leading high frequency intervals that this measurement includes no 3W 

or 4W intervals. Prove this by entering thresholds of 09 and 00 

(0900,NEXT). A similar average will be obtained. 

Try thresholds of 06 and 00. No intervals of fewer than 600 clocks 

should occur, so the program will run for 65,536 interrupts, and then 

display 000 000. Possibly one or a few short intervals will occur. 
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The display might· show: 

0100 0530 

----�i--=

i---

-Time for a single
short interval 

One short interval observed 
------

Try thresholds of 07 and 00. Deperiding on the time constant of the 

cassette modern oscillator there may be no intervals, a few, or many 

intervals in this range. 

Now exclude the short intervals by entering thresholds of 99 and 09.

The 2W intervals will be excluded and the sum of times will include 

mostly 4W intervals and possibly a few 3W intervals. The average will 

be close to the 4W interval. The lower threshold can be raised to 

exclude the 3W intervals. Try 99 and 13, which should include only 

the 4W intervals. 

Finally, set thresholds to include only 3W intervals. Try 13 and 09

( 1309, NEXT) There may, or may not, be 100 measurements made before 

the 65536 interrupts have been counted. In one experiment the result 

was: 
9510 4854 

�TIME FOR 95 INTERVALS 
OF 3W WIDTH 

COUNT OF MEASUREMENTS 
-----

The average time is 104854/95 or 1104 clock times. 
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5.1.3 Measuring Received Pulse Intervals 

EXERCISE 

The program of 5.1.2 can also be used to measure the pulse intervals 

returned by the cassette recorder. Here we do not need (or want) the 

SEROT program running, so change the JMP 0371 instruction to a jump 

to itself. In the solution given in Figure 5-4: 

8224 JMP 8224 

Create a tape with a leader (all ones) of several seconds, or use one 

you already have. Connect the EXT 4 input to OPTO OUT, and connect 

OPTO IN to the AMTS test point AUDIO IN. Connect the cassette, start 

it in playback mode, and wait until you hear the steady tone from the 

leader. Now start the program as before; when it has received 356 

one bits it will display the average pulse intervals. Compare these 

with those observed for recording. This gives a measure of the speed 

stability of your recorder. 
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Clearly a frequency can be obtained from a pulse interval measurement 

by inverting the measured data. This gives the instantaneous 

frequency, which may be needed in some instances, especially when the 

rate of change is important. Often the rate of change is small 

compared 

pulses 

to the frequency, and we can measure frequency by counting 

over some period of time such as one or ten seconds. This 

method is used in the two following exercises. 

5.2.1 Logic Level Frequency Measurements 

EXERCISE 

Measure the frequency of a logic level signal. Use EXT 4 (as in the 

preceding exercise) to detect the rising edge of the signal, and 

count the occurrences (in decimal). Use timer O with a software 

counter to measure one second intervals. The Timer O interrupt 

decrements a software counter, which starts at 64 to count lOOD 

intervals of 10 milliseconds each. At zero, the counter is reloaded. 

The frequency count is copied to another pair of memory locations and 

the counter locations are cleared. 

The main program does only initialization and display. Program port 

2 and timer O. Load timer O with 5000 for a 10 millisecond interrupt 

interval and enable EXT 4 and Timer O interrupts. Then repetitively 

load the copy of the frequency count and display it, as suggested in 

Figures 5-5 and 5-6. 
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5-26

RST 5 Interrupt 

Save registers 
Address and decrement 
software counter 

;l 0 

=O 

Software counter- 64 
Copy and clear frequency 
(8303,4) --- (8301,2) 
(8301,2) - 0000 

(A) -....; 01 to enable Timer 0

RST 6 Interi::upt 

Save registers 
Address and increment 
two byte frequency 
count in decimal 
(A) ....:- O 9 to enable EXT 4

Reenable Interrupt 
Restore registers, EI, RET

Frequency Measurement - Interrupt 

Figure 5-5 
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5.2.2 AC Input Signal 

EXERCISE 

In the preceding section, we measured the frequency of a logic level 

si gna 1. Often the variable input may be an ac signal, without 

sharply defined edges. For accurate results, the input signal must 

be squared. A sinusoidal input may not be detected at the same point 

in its cycle every time. Squaring can be accomplished with an 

integrated circuit comparator or an op-amp connected as a comparator. 

The interface board includes a comparator in the analog input circuit 

which can be used in this way. Figure 5-7a shows the circuit. 

5-30

CAUTION: The input to the op-amp must not go more negative than 

-0.3 volts. If the signal is alternating above and below ground,

a protection circuit must be provided as indicated in Figure 5-7b 

or else the signal must be attenuated to swing within$ 0.25 

volts. 

CAUTION: The input to the op-amp must not go more negative than 

-0.3 volts. If the signal is alternating above and below 

ground, a protection circuit must be provided as indicaten in 

Figure 5-7b or -else the signal must be attenuaten to swing 

+ 
within - 0. 25 vol ts. 
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Protection Circuits for AC Signals 
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INTERRUPT 

2B3 

5-31 



ANALOG TO DIGITAL INPUT 

The input signal to ANALOG IN is amplified (with unity voltage gain) 

by the first op-amp, attenuated if necessary by the pot, and compared 

with the output signal from the D/A converter. A threshold signal is 

provided by the converter. This can be set very close to O volts, or 

to some more positive value. When the input signal is greater than 

the threshold, the output of the second op-amp is a low logic level. 

When the input signal is less than the threshold, the logic signal 

goes high and can generate an interrupt or be sensed at port 2B3. 

The cassette modem output provides a suitable signal to test this 

program. It has an amplitude of about ! 0.3 volts with a very high 

source impedance. Connect a lOOK resistor from analog input to 

ground to ensure that the signal stays within the safe range for the 

op-amp. Set the ANALOG IN pot to the far right, and connect the 

CASSETTE AUX output to ANALOG IN. 

With this arrangement, a RST 6 interrupt will occur whenever the 

external signal goes below the threshold. Since there is no latch 

for this interrupt, the program must monitor port 2B3, -and not enable 

the interrupt again until this signal has become low. In the program 

of Figures 5-8 and 5-9, timer 1 is used to interrupt the main program 

often enough to detect when the comparator output goes low and then 

enable the A/D comparator interrupt. Timer O again counts time. The 

frequency is counted in response to comparator interrupts instead of 

EXT 4 interrupts. 
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RST 6 Interrupt 

Save Registers 
Read Interrupt Enables 
Mask to test Comparator 

Enable Bit 

Comparator Enabl 

Timer 1 Enabled 

Read interrupt status 
Mask to test Comparator 

Comparator High 

Low 

Disable Timer 
(CNT2) - 02
(A) - 07 to enable comparator

Disable Comparator 
(CNT 2) - 06 

Address and increment 
two byte frequency 
count in decimal 

(A) - 03 to enable Timer 1

(CNT 2) - (A) to enable 
Restore registers, EI, RET 

Sinusoidal Measurement -- RST 6 Interrupt 

Figure 5-8a 

ed 
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5�4 

Program Ports - Port lB Out 
Program Timer O and Timer 1 
high byte, mode 2, binary 
Load Timer O for 10 milliseconds 
Load Timer 1 for 125 microseconds 
Enable interrupts for Timers O and 

Display copy of frequency count 

AC Signal Frequency - Main 

Figure 5-8b 
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Interrupt service for this program (Figure 5-8a) introduces a 

primitive interrupt manager. The occurrence of RST6 does not by 

itself tell the program which interrupt source must be serviced. We 

read the interrupt enable byte (port 2C) and test whether the 

comparator or timer 1 was enabled to create the interrupt. (We know 

that only one has been enabled.) If the comparator interrupt was 

enabled, we know that the comparator caused the interrupt and now 

must be disabled and timer 1 enabled, and the frequency count should 

be incremented. If timer 1 was enabled, we read the_ interrupt status 

byte (port 2B) to decide whether it is now time to enable the 

comparator (and disable timer 1) or whether timer 1 should be 

reenabled and the comparator remain disabled. 

Clearly, the function of testing the comparator si gnal could be 

relegated 

the two 

to the main program, which has very little to do. We used 

RST 6 interrupts in order to demonstrate one means of 

distinguishing the source. 
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EXTERNAL 

CONNECTIONS 

CIRCUIT BOARD 

ANALOG 
OUT 

r---------0--<] 
I 

I 
I 

I ANALOG 

I IN 

OPTO 

OUT 

lµf lK 

GND 

lK lOK 

Connections for Voltmeter Experiments 

Figure 5-10 

Vee

(+5 volts) 
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5.3 A/D INPUT - VOLTA GE 

Conversion of a voltage input to a digital value is generally 

performed by comparing the input signal with a voltage generated by 

digital to analog conversion. The result of the comparison is used 

to adjust the digital value until the two voltages are alike. A/D 

converters differ in the adjustment procedure, three principal 

methods being successive 

approximation. 

repetitive ramp, tracking, and 

We will experiment with each of these. 

The comparison between the D/A output and the analog input is the 

primary purpose of the comparator circuit and gating that were 

introduced in Section 5.2.2. Refer again to Figure 5-7a, which shows 

the circuit. For direct measurement of a voltage that is within the 

0 to +2.55 volt range of the D/A converter, the ANALOG IN pot can be 

set for no attenuation of the input signal. For a signal between 2.5 

and 5.0 volts, the pot can be set to attenuate the signal by a known 

amount. Signals greater than 5.0 volts must be attenuated 

externally, because the op-amp cannot handle a signal greater than 

its supply voltage. (It will not be damaged by any signal up to +30 

volts, but remember that signals lower than -0.3 volts will damage 

the op-amp.) Since our OPTO OUT will be less than 2.5 volts, we can 

set the ANALOG IN pot for no attenuation (rotate fully to the left). 

A variable DC voltage is needed for these experiments. The OPTO OUT 

of the interface board is connected through a pot to 5 volts (see 

Figure 

betwen 

output 

5-10). With an external lK resistor 

0.4 and 2.4 volts can be obtained. 

to ground is needed to remove noise 

to ground, a voltage 

A capacitor from the 

from the signal. The 

5�1 
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signal is to be connected to ANALOG IN, and your voltmeter will be 

connected to either ANALOG IN or ANALOG OUT. 

Note: If you are familiar with A/D conversion, you may want to skip 

the exercises of this section and proceed to Section 5.4, where the 

use of the automatic A/D input feature is described. 
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5.3.1 Output,Input and Display Subroutine 

EXERCISE 

All of the voltmeter programs involve changing the digital value 

repetitively, comparing its analog conversion with the input signal, 

and making a decision on that comparison. This operation involves 

the following steps (with the digital value kept in register L): 

MOV A,L (A) <--- digital value 

OUT PORT lB To D/A converter 

(about 40 micro-seconds delay is required between OUT and IN) 

IN PORT 2B Read interrupt status 

AN! 08 Mask for comparator 

Both the digital to analog converter and the comparator require some 

settling time before the comparison of D/A output voltage to input 

voltage is valid. This delay should be at least 40 microseconds. 

Usually some other function can usefully be accomplished, but 

otherwise a delay loop can be used. 

These steps will usually be followed by jump if zero, or jump if not 

zero for the decision. 
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Output Digital Value 
(PORT lB)-4--(L) 

Save registers 
(ST)�(DE) 
(ST)........_(BC) 

(DE)� 0002 for minimum delay 

Test command for RUN 

(C) = 14 

(D)....__10 for 1/4 second delay

DI to prevent monitor from interfering 
with delay loop 

(ST)� (DE) Save delay 
(A) ..-(L) Digital value 
CALL DBYTE Display 
(DE) .._(ST) Recover delay 

-

Read and Mask Comparator 
Display at 83FC 
Save in register C 
Test keyboard 

<> 
Key Pressed

Decrement and test delay 

Not Zero 0 

(A)�(C) Recover comparator
ORA A Set Zero if low
Restore registers, EI, RET

Output, Input and Display Subroutine 

Figure 5-11 
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For convenience in debugging several voltmeter programs, we will 

create a subroutine that will perform output and input, and also 

display the digital value and the result of the comparison for some 

fixed length of time before allowing the main program to proceed with 

its operations. It will save registers so that it will have exactly 

the effect of the above process when it returns. In addition, it 

will make two tests to defeat the delay, as shown in Figure 5-11. If 

a key input command previously entered and saved in register C is RUN 

(=14) a minimum delay i.s set and the display is bypassed. Otherwise 

a 1/4 second delay is entered and the digital value is displayed. 

Within the delay loop the keyboard is tested, and if any key is 

pressed the delay is abandoned. 

Note that saving registers, loading the delay and testing the command 

provide marginally enough time for the comparator to settle after the 

digital output. To guarantee enough time when RUN is used, a delay 

count of 0002 is used in this case. 
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Program Ports - Port lB Out 

CALL ENTBY 
(L) - data 
(A) - command

(C) - (A) to save command

CALL iIDSP to output 
value·, read comparator, 
and display both 

Test Program for OIDSP 

Figure 5-12 
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The comparator is read, displayed and saved within the delay loop, 

by: 

IN 

ANI 

STA 

MOV 

PORT2B 

08 

83FC 

C,A 

Read interrupt status 

Mask comparator 

Di sp1ay 

Save comparator bit 

At exit from the loop, either when the delay count reaches zero or 

when 

Since 

delay 

a key is pressed, the comparator bit is recovered from (C). 

the flag set by masking has been lost by the keyboard test and 

count, ORA A is executed to set or clear the zero flag 

according to the content of (A). At exit the zero flag is set if the 

digital value is less than the input voltage. 

A trivial test program, shown in Figure 5-12, is suitable for 

debugging your Output/Input/Display subroutine (OIDSP), and also for 

calibration of the potentiometers. Connect the voltmeter to ANAI.DG 

OUT initially. When you key in a numeric value, with any command, it 

will be output to the D/A converter. Key in FA, STEP, and adjust the 

ANALOG OUT pot to obtain 2.50 volts on the voltmeter. Key in other 

values, and find the value at which the comparator output changes 

from low to high, as shown on the display. When the digital value is 

greater than the input signal, the comparator bit is set, and will be 

displayed as a bottom horizontal bar, indicating that the digital 

value must be reduced. 
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Program Ports - Port lB Out 

CALL ENTBY 
(L) - data 
(A) - Command

(C) - (A) to save command

-

CALL �IDSP to output 
value, read comparator, 
and display both 

(leave 3 NOP·, s for a patch) 

CALL SCAN to test keyboard 

Key pressed 

Generate Ramp 
(L) - (L) +l

Voltage Ramp Generator 

Figure 5-14 
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5.3.2 Ramping Voltmeter 

EXERCISE 

Modify the test program as shown in Figure 5-14, to generate an 

output voltage ramp. After output and delay, test the keyboard and 

go to CALL ENTBY only if a key is pressed, otherwise increment the 

digital value and go again to OIDSP. (Remember that OIDSP exits 

immediately when a key is pressed, but it does not indicate whether a 

key was pressed. Therefo�e, the main program must test the keyboard 

independently.) 

Now the program wi ll cycle the digital value in register L, counting 

from 00 through FF and back to 00. This will generate a voltage ramp 

at the D/A output, as shown in Figure 5-15. When the output is less 

than the input, the comparator bit will be low. When the output 

becomes greater, the comparator bit will be high. Your voltmeter on 

ANALOG OUT will show the ramp. Suggested code is shown in Figure 

5-16.
AUALOG OUT 

ANALOG 

-----�-----"7'�---1-----.....:,�--4-/ IN 

D/A Outputs and Inputs 

Figure 5-15 

L COMPARATOP 
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You may want to shorten the delay for each step by reducing the value 

loaded for the delay loop in OIDSP. With a value of 1000 the full 

cycle of the ramp will take about 60 seconds. 

Now 

the 

press 

wait 

watch the display of the comparator bit. It will be blank until 

D/A output exceeds the input voltage. As soo n as it appears, 

NEXT and hold it down. This will stop the program (ENTBY will 

for release of the key) and the output voltage will be 

displayed. When you release the key ENTBY will return with 00 in 

register L to start a new ramp. 

Obviously this function need not depend on your finger, since the 

processor has the decision bit available. OIDSP returns with the 

zero flag set when the comparator is low, and cleared when it is 

high. Insert JNZ after the return from OIDSP, to a patch that will 

display the result and restart the ramp. The program of Figure 5-17 

calls an a 1 terna te entry to OIDSP that bypasses 1;he digital value 

output and the check on the stored command, and loads a different 

delay time. 
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{As in Figure 5-14) 

I I 
I I 
I I 

CALL OIDSP to output 
value, read comparator, 

and display both 

Comparator not zero 

CALL SCAN to test keyboard 

Key pressed 

Generate Ramp 
{L�(L) + 1 

CALL DSPDY 

{alternate entry to 
�IDSP without output 

and input and 
test for command) 

Ramping Voltmeter 

Figure 5-17 
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After the result display, the digital value is set to zero to start a 

new ramp. You can see the ramp on your voltmeter. If you press RUN , 

the display and delay for intermediate results will be inhibited by 

OIDSP, and only the final value will be displayed. 

Now move the voltmeter to ANALOG IN to observe the input signal. 

Compare the value displayed by the program with the measured voltage. 

They should agree closely, but if some error exists, you can adjust 

the ANALOG IN pot to. compensate for it. Adjust the OPTO SENSE pot to 

change the input value and observe the value measured by the program, 

comparing it with the voltmeter. 
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I 
I 
I Comparator 

Bit High 

Compare new value to 
previous value and 
save new value 

(A) - (L)
CMP H 

(H) -- (A)

CY set - new< old 

CY clear 
Conversion 
Complete 

CALL DSPDY 
to display result

Decrement digital value 
(L) - (L) - 1

Jwnp back to 
CALL OIDSP 

Tracking Voltmeter 

Figure 5-19 
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5.3.3 Tracking Voltmeter 

EXERCISE 

If an analog to digital conversion is being performed on only one 

input signal, after the first conversion is complete, it is not 

necessary to generate repetitive ramps. Instead, the digital value 

can be decreased when the comparator indicates that it is greater 

than the input, and increased when it is less. Now the D/A voltage 

will track the input signal. Modify the ramping voltmeter program so 

that it enters a tracking mode when a conversion is complete. When a 

key is pressed, it should start a new conversion. As before, the RUN 

command will cause display of completed conversion only, while NEXT 

will call for display of intermediate results. When the program is 

in tracking mode, the conversion is complete when the comparator bit 

becomes high after an increase in the digital value. 
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Figure 5-19 s-hows the modification to the ramping voltmeter. The 

program is identical except for the action taken when the comparator 

bit is high. Now after each test by OIDSP, if the comparator is low 

the digital value is incremented as before, but if it is high the 

digital value is decremented. If the comparator remains high for 

successively lower digital values the decrementing continues, so as 

to track a decreasing voltage. When the comparator is high at a 

digital value equal to or greater than the previous value, the 

conversion is complete and the long display is made. Now the digital 

value output will alter nately increase and decrease by one bit. A 

complete new conversion, starting at zero will be started only when a 

command key is entered. 

Connect your voltmeter to the ANALOG OUT signal, and watch it track 

the input as you adjust the SENSE pot. 
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5.3.4 Successive Approximation Voltmeter 

EXERCISE 

The ramping voltmeter is relatively slow in reaching equality of 

output and input, and the time required for a conversion varies 

according to the input voltage. The $UCcessive approximation method 

overcomes both of these drawbacks. Instead of starting at zero and 

ramping upward, the D/A converter output is started at one half of 

full scale and increased or decreased according to the comparator 

signal by successively smaller amounts (1/2, 1/4, 1/8 - - - ) until 

the increment or decrement of one least significant bit has been 

processed. Figure 5-21, below, shows the signals. 
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"D/A OUTPur 

I I 

Successive Approximation Signals 

Figure 5-2-1 
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After all of the successively smaller increments or decrements down 

to 

is 

one least significant bit have 

within + or - 1 bit of the 

been processed, the digital value 

analog input. If the process were 

stopped here, the result would always be an odd number, since in the 

last step the digital value, up to here an even number, was either 

increased or decreased by one. The procedure of Figures 5-22 and 

5-23 avoids this problem by shifting the increment right just before 

adding or subtracting, and doing an ADC if the comparator is low, but 

SUB if it is high. Thus when the increment reaches zero, the digital 

value may still be increased, but will not be decreased. The result 

is therefore within + 1/2 bit of the input value. 

As in the preceding program, we will 

conversion is complete, and start 

enter a tracking mode when the 

a new conversion when NEXT is 

pressed. With the RUN key, however, we will start a new conversion 

as soon as the old conversion has been completed. 
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Program Ports - Port lB Out 

Set initial command to NXT 
(C) - 15

A i-------------..

Start new 
Conversion 

(L) -

(H) -

80 Initial value 
80 Twice initial 

increment 

B ,_.. __________ ,... 

Continue 
Conversion CALL OIDSP 

Read Interrupt Status 
Mask for Comparator Bit 
(Returns zero flag if low) 

Shift increment right 
(Divide by 2, {CY) - LSB 

Comparator Low 

(zero) 

Add with carry 
Digital value 
+ increment

Subtract 00 
with borrow 
to prevent 
going beyond FF 

Comparator High 

(not zero) 

Subtract 
Digital value 
- Increment

Add 00 
with carry 
to prevent 
going below 0 

Go to test keyboard 
and test for 
conversion complete 

Successive Approximation Volmeter 

Figure 5-22a 
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;CALL SCAN to test keyboard 

Key pressed 

Test increment for zero 
(1+) = 0? 

Not Zero 

Continue 
Conversion Zero 

Conversion 
Complete 

CALL DSPDY to 
display result 

Test command for RUN 

RUN 

Start new 
conversion -:f RUN 

Tracking Mode 

(H)� 02 to make
next increment = 1 

CALL ENTBY 

( c }E- command 

Start new 
conversion 

Continue Conversion 
in Tracking Mode 

Successive Approximation Voltmeter (continued) 

Figure 5-22b 
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5.4 AUTOMATIC A/D INPUT 

In Section 5.3, we have been using the microprocessor's arithmetic 

capability to control the D/A output for comparison with an input. 

Generating a voltage ramp requires such simple logic that our 

Ferranti ZN 425E D/A converter includes the necessary counter and 

switches. 

wo control inputs of the 425 must be operated for automatic A/D 

input, 

Figure 

and a clock signal must be provided for the internal counter. 

5-24 shows the logic of the 425. The internal counter is 

driven by its clock signal and cleared by its reset signal. If the 

"count" control signal is low, as we have been using it, the counter 

outputs are isolated by the open collector transistor switches. Then 

the R-2R ladder is controlled by the data output from Port lB. If the 

"count" control signal is high, internal gating allows the internal 

counter to control the data on the 1/0 port and the switches of the 

R-2R ladder. Port lB must be programmed for input, and the data from 

the A/D converter can be read there. 
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The clock for the internal counter is taken from timer 2. When it 

generates clock pulses, the Ferranti counts up, generating a voltage 

ramp at the D/A output. If it exceeds the analog input signal, the 

comparator output goes high. This signal is NAND gated with count 

control, so that when both signals are high the timer 2 gate input 

becomes low, inhibiting further counting. The Ferranti's counter now 

contains the digital value corresponding to the analog input voltage. 

This value, available at port lB, is held until the counter is reset. 

The reset input to the 425 counter is generated when the A/D 

comparator interrupt is enabled or disabled. The D/A output becomes 

zero, so the comparator output goes low and clears the interrupt. 

Therefore this interrupt behaves as though it had a latch cleared by 

the enable or disable interrupt command. There is an important 

constraint on treating this as a latch, as we shall see in the 

following exercise. First we will demonstrate the automatic ramp 

generation. 
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Program Ports 
Port lB In 

Program Timer 2 
High byte, Mode 2' Binary 

Enable Automatic A/D 
(PORT lC)�Ol 

Load Timer 2 for 32 milliseconds 
(TIM2)._ 00 

Reset A/D counter 
CNT2�06 

Read and display·A/D input 
(A)..._Port lB 
CALL DBYTE 

Read interrupt status byte and 
mask for A/D comparator 

Comparator Low 
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Comparator High 

CALL GETKY (023D) to wait for key 
before starting new conversion 

Automatic A/D Input 

Figure 5-25 
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5.4.1 Reading A/D Input 

EXERCISE 

Figures 5-25 and 5-26 show a program to operate the Ferranti 425 in 

its automatic A/D input mode. Port lB is programmed for input and 

Port lCO is set high to enable the counter. Timer 2 provides the 

clock to the Ferranti: here it is set to a maximum delay to make the 

ramp visible. 

A new conversion is started by resetting the A/D counter. Since we 

are not using an interrupt system, the disable command is given by 

writing 06 to CNT2. The content of the A/D counter is read and 

displayed, and then the comparator input is tested by: 

IN 

AN! 

PORT2B 

08 

Read interrupt status 

Mask for A/D comparator 

The input, display and test procedure is repeated until the 

comparator is high. The increasing ramp is readily observed in the 

display, and can also be seen by connecting your voltmeter to ANALOG 

OUT. When the comparator becomes high the program waits for a key to 

be pressed, and then starts a new conversion. 
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Now interchange the test of the comparator and the input and display 

of the A/D value. 

CNVRT MVI 

OUT 

TEST IN 

ANI 

JZ 

IN 

CALL 

CALL 

JMP 

A,06 

CNT2 

PORT2B 

08 

TEST 

PORTlB 

DBYTE 

GETKY 

CNVRT 

Reset A/D counter 

Wait for comparator 

to become high 

Re ad A/D 

Di splay voltage 

Wait for key 

It appears that this should display only the fin al voltage, since we 

read it when the comparator is high. Inste ad, it sometimes displays 

00! This demonstrates the constraint previously mentioned. The A/D 

comparator does not reset instantly, as does a latch. After the 

reset, the D/A output goes low very quickly, but the comparator takes 

several microseconds to respond. Therefore reading the comparator 

immediately after a reset may find it still high, and the program 

above falsely supposes that the conversion is finished. If you press 

a key quickly twice in succession, or press it again as soon as 00 is 

displayed, then the program will make the conversion properly. 
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A better scheme is to rearrange the program again, placing the reset 

before CAI.J.. GETKY. Then, if you like, replace CALL GETKY with CAI.J.. 

DELAY (0236) for a fully automatic voltmeter. You can speed it up by 

loading Timer 2 with 02 instead of 00, to give a clock interval of 

125 microseconds instead of 32 milliseconds. In the solution given 

in Figure 5-26, this can be done by deleting the XRA A instruction

before loading Timer 2. We shall investigate the effect of the clock 

interval in the following exercise. 
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Program Ports - Port lB In for A/D 
Program Timer 2 - Both Bytes, Mode 2, Binary 
Set Port lCO high for automatic A/D 
(lll..).- 0000 for initial time interval 

-

-

Load Timer 2 from (lll..)

--
(�e� ;e;t2 

- - - - .. 

Enable A/D Interrupt 

-

-

Display A/D value stored by interrupt 

Test keyboard 

No Key 

Key Pressed 

CALL ENTWD for Time Interval 

RST6 Interrupt Service 

PUSH PSW only 
Read and Store A/D Input 
Reset A/D Counter 
POP PSW, EI, RET 

A/D Input with Interrupt 

Figure 5-27 
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,5.4.2 A/D Input with Interrupt 

EXERCISE 

Since the A/D comparator generates an interrupt signal, the input can 

be accepted with an interrupt service routine. In this exercise we 

hall demonstrate two risks with the interrupt service and a 

technique that protects against both. 

The main 

initially 

program 

loads it 

(Figure 5-27) programs Timer 2 for two bytes and 

for 32 milliseconds. The A/D interrupt is 

enabled. Now when a conversion is complete the interrupt service 

routine reads the A/D input, stores the value in memory, and resets 

the A/D counter. The main program displays the stored value. Now if 

a key is pressed ENTWD accepts a new interval for the clock to the 

Ferranti and loads Timer 2. Otherwise it merely displays the voltage 

repeatedly. 

Do you see the danger in this program? Write and test the program 

and try to identify the problem that may occur in the solution from 

Figure 5-28. 

Interrupt service only provides the time for POP PSW and EI after 

resetting the A/D counter. If the comparator does not respond in 

that time, the interrupt is still present when RET is executed. The 

main program is never allowed to execute an instruction after 

enabling the A/D interrupt. (This problem is not certain to occur, 

however.) 
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This problem is easily solved. Before POP PSW, EI, RET insert CALL 

DELAY (0236) in the interrupt service routine. This monitor 
,r 

subroutine generates a delay of about one millisecond, using only the 

A register. Now there is plenty of time for the A/D comparator to 

settle. The voltmeter program should now operate correctly, although 

it is very slow because of the long clock interval. Try shorter 

intervals: 4000, 1000, 0400, 0100, 0050. 

and see the display follow it. 

Adjust the OPTO SENSE pot 

If you make the clock interval short enough, and the voltage low 

enough, the main loop will not be able to operate because a correct 

A/D conversion is completed before DELAY returns. Again the 

interrupt is already there before EI, RET is executed. 

To solve both problems, reset the A/D counter with a disable command 

instead of enable: 

MVI A,06 

OUT CNT2 

In the main program, enable the A/D interrupt by w riting 08 to Port 

2C, and include this in the short loop. Now an interrupt can occur 

only once for each pass through the main loop, so it is guaranteed to 

run, with or without the delay in interrupt service. 

The slow response of the comparator introduces another problem which 

can be investigated with this program. With a fast cl ock, several 

counts may occur after the D/A output actually exceeds the input 

voltage, but before the comparator responds and inhibits the clock. 

This leads to slightly different results, depending on the clock 
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rate. For an y given rate, however, the error is fixed and can be 

compensated for. In our experiments it is small enough to be 

ignored. We shall generally use a time interval of 20 (hex), which 

gives a 16 microsecond clock. 

The LM324N op�amp was selected here because it is able to operate on 

a single t5 volt supply and still work with signals down to zero 

volts. Faster op-amps cannot handle signals as low as the negative 

supply voltage, so would require an additional power supply. A 

specialized voltage comparator circuit such as National Semiconductor 

LM339N would provide fast response with the single supply voltage, 

but would not serve for the other op-amp functions needed here. 
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5.5 DIGITAL NOISE FILTER 

If the voltage at the analog input is very close to a particular D/A 

output value, it is likely that the least significant bit of the 

measured voltage will change from one reading to another. If noise 

i� present on the analog signal, several bits may change. A filter 

is needed to reduce the noise. We  con.nected a capacitor at the input 

(Figure 5-10) for this purpose. 

Filtering can also be done by digital processing. An excellent 

technique for estimating the present value of a signal that is 

changing with time, but also includes noise is to calculate a running 

average that gives less and less weight to older data measurements. 

E. =

Where the V(i) are successive measurements and the f(j) are weights 

applied to them. Obviously, the weights must be selected so that if 

V does not change E(i) will equal V. This is achieved by the 

following expression, which also minimizes the data to be stored, 

E . = fV . + ( 1 -f) E . 
1l l 1-

Storage is required only for the present estimate, E(i), as a 

variable and a single value of f as a constant, yet is exactly 

equivalent to the infinite series of the first expression with: 
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fo 
= f

f1 
= f(1-f)

f
2 

= f(1-f) 2 

f3 = f(1-f) 3 
etc. 

If we were to use f = 0.25, these would be: 

f o = 0. 25

f1 = 0.1875 

f 2 = 0.140625 

f 3 = 0.1054 6875 etc. 

ANALOG TO DIGITAL INPUT 

Greater values of f lead to faster response of the est imate to new 

data, while smaller values give more noise filtering. 

5.5.1 Filter Program Algorithm 

rThe filter calculations will be performed by a subroutine FILTR. To

simplify the calculations, we will restrict the value of f to 1/2, 

1/ 4, 1/ 8 or 1/16. With such power of 2 fractions, the multiplication 

and divisions required become simple shifts by n bits, where f = 1/2n 

The expression to be calculated then becomes: 

E.l.
V. + (2

n
-l) E_.

1 1 ..L-. 

Data read from the A/D input have single byte precision, but to avoid 

the loss of the less significant bits of each measurement, we will 

carry out calculations and store results with two byte precision. 

Rather than storing E(i) after each new input and calculation, we 

wi 11 store 2
n

E. , 
1 

which will be used at the next calculation. 
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Suppose that we choose f = 1/4, or n=2. Then the stored value is 

which represents 4E.-l 1 when a new measured value V(i) is

obtained. The algorithm is shown below. 

notation let m = 2n ). 

STEP 

Recover stored data 

Multiply by m 

Subtract stored data 

Divide by m 

Add new measurement 

Store result 

Divide by m 

m=4 

4E. 11-

16E. 11-

12E. 11-

3E. 11-

4E. 

(For convenience in

RESULT 

general 

mE. 1l-

2 
J:11. E. 11-

m (m-1) E. 11-

(m-HE. 11-

mE. 

E. 
1 

1 

1 ) 

-1)

-1)

The multiplications and divisions by m are simple shift s of n bits, 

so the constant to be stored is n. To use this for single byte 

precision for the measured value and double byte precision for the 

arithmetic, n must be no greater than 4 (m= l6 ), since one 

intermediate result has the data shifted left by 2n bits from the 

measured value. In fact, n -= 4, making f = 1/16, gives rather slower 

response than we wiil generally want. 

5.5.2 Program Definitions 

Subroutine FILTR and a local subroutine SHFTN are defined below and 

depicted in Figure 5-29. 
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The program in Figure 5-30 displays both filtered voltage, E(i), and 

inputted vol tag�, V(i). The leftmost two hex digits are E(i) and the 

next two digits are V(i). The value for n (1,2,3 or 4) is entered via 

the keyboard and displayed in the rightmost two display digits. 

5.5.2,1 Subroutine FILTR 

Calculates estimated value of a variable with repetitive measurements 

containing noise. 

Enter with new data in register A and (HL) addressing a four byte 

memory area: 

((HL)) = n 

((HL) + 1,2) = 

( (I-IL) -t 3) = E. 
1 

(used in calculation) 

(previous result) 

Calculates and stores (in the same two locations) 

2
n
E. = (2

n
-1)E.+ v.

1 1 1 

n 

Re turns (A) = E, = 
2 -1)E

1
+V

i 
1 

2
n 

(H) = E. 

(L) = V. 
1 

Registers B,C,D and E are preserved. 
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5-92

Save Registers B,C,D,E 

(B) , (C)� ( (HL)) n 

Address 2nEi-l and save address 
(ST)� (HL)+l 
(E)�((RL)+l)} 2

nEi (D)�( (HL)+2) 
Copy (HL)�(DE) 
Shift (HL) left n times, 

counting down in (C) 
Result (HL)+-2 2nEi-l 

(C)�(A) To keep Vi 
Subtract z2nEi-l - 2

nEi-l 
(DE)<-(HL)-(DE) 

(L)�(C),(H)+-00 Vi(2 bytes)

CALL SHFTN 
(DE)� (2n-l) Ei-1 

Add Vi(XCHG,DAD D,XCHG) 
(DE)�ZilEi 

Recover address for 2nEi 
and save Vi. Store result 

(ST)-e(HL) 
((HI..))+-(E) 
((HL+l)�(D) 

Address memory for Ei 

A 

Subroutine FILTR 

Figure 5-29a 
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C? 
Rotm.d (DE) down so that 

SHFTN wi 11 rotm. d up only if 
fractional part> 1 

(DE)� (DE)-0001 
CALL SHITN 

(D�)�2nEi/2n=Ei 
(A) �low byte=Ei

Store result 
( (HL) )�(A) 

I 

Recover Vi and enter F.i 
(HL)-E- (ST) (L)�Vi
(H)� (A) (H)+-Ei 

I 
Restore Registers B,C,D,E 
Return 

Subroutine FILTR (continued) 

Figure 5-29b 
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5-94

(C) __. (B) = n for
counting shifts

Clear Carry 
Shift (DE) right one bit 

(C) __. (C) -1

;io 

No Carry 

Carry 

(DE) ..__ (DE) +l
(A) __. (E) 

Return 

Subroutine SHFTN 

Figure 5-2 9c 



5.5.2.2 Subroutine SHFTN 

Shift s a data word right n bits with rounding. 

Enter with (B) = n 

(DE)= data word 

Return with (B) = n (unchanged);

(DE)= data word/2n ; 

ANALOG TO DIGITAL INPUT 

(A)= less significant byte of data word. 

Register C is cleared. Registers H and L are preserved. The carry 

flag is set if roundup has occurred. 

Roundup occurs if the highest bit shifted out is 1. That is, if the 

fractional part of (data/2n ) is greater than or equal to one 

half. 
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A comment on rounding of the calculations is necessary, because the 

requirement 

m(m-l)Ei-l 

is not at a 1 1 o bv i o us . When the division of 

is done, round up should occur if the hi ghest bit

shifted out is 1; that is, if the fractional part of the result is 

equal to or greater than 1/2. If this roundup is not done, the final 

result, with constant input, is al ways one less than the measured 
E. 

value. When the division of m 1 is done to obtain E(i) for 

display, the roundup must occur only if the fractional part is 

greater than 1/2. Other wise the filter can never reach a value of 

zero. This is handled by a DCX D before calling SHFTN the second 

time. 

Modify the A/D input with interrupt program (Figure 5-28) to use 

FILTR. Display both the measured value and the filtered value, when 

an interrupt occurs. Use the keyboard input to accept a new value of 

n for the filter. When a new value is entered, clear the existing 

mE(i) from memory, to ensure that the high bits (beyond the precision 

being used) will not be left with data. 

Test the program with the existing connections (Figure 5-10). Then 

remove the filter capacitor and test it again. 
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5.5.3 Filter Response 

The behavior of a filter may be described in terms of frequency 

response, or as response to a step function. Each contains the same 

information, mathematically speaking, but one or the other is more 

convenient depending on the purpose or the structure of the filter. 

For a programmed digital filter, it is far easier, in general, to 

obtain the step function response, since only a two valued input is 

required. The response of FILTR to a full scale step input is shown 

in Figure 5-31. You can obtain similar data by a simple process of 

programmed calls 
nE. 

2 i cleared. 

to FILTR. Start with the 

Load register A with FF 

memory locations for 

(or some other value), 

call FILTR, and display the result. Wait for a key, then repeat the 

load and call. 
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5.6 TEMPERATURE MEASUREMENT 

Two important devices are used for temperature measurement in 

conjunction with microprocessors: thermocouples and thermistors. A 

thermocouple is a junction of two dissimilar metals. When heated the 

junction develops a voltage which can be measured and converted to 

temperature. The thermocouple is highly precise, requires no 

calibration, and is extremely rugged. It has the disadvantage that 

the voltage generated is small, and no current may be allowed to flow 

in its circuit, because resistive voltage drop in the wire would mask 

the thermal voltage. 

5.6.1 Thermistor Characteristics 

A thermistor is a semiconductor device that appears as a variable 

resistance dependent on temperature. Figure 5-32 is a plot of 

resistance versus temperature for the thermistor supplied with your 

interface board. The manufacturer's data for this device is 

Keystone Part No. RL2012-5506-120-D1 

R esistance 10000 ohms at 25 degrees C 

5506 ohms at 37.8 degrees C 

251 ohms at 125 degrees C 

Temp. Coefficient 

4.84% per degree C 

at 25 degrees 

The plots of Figure 5-32 were obtained by fitting these data with a 

curve generated numerically from: 
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5.6.2 Thermistor Operation 

When the thermistor is connected in a circuit such as shown in Figure 

5-33, it gives a voltage which is close to linear over modest 

temperature ranges. The data can be linearized, and scaled from 

voltage to temperature, by a table lookup with linear interpolation. 

For the experiments in this section we will use the lOK ohm 

resistance data, but for high temperatures you might choose a lower 

resistance. 

Because of its non-linearity and because it is subject to the 

uncertainties of semiconductor manufacturing, a thermistor must be 

calibrated. To do this adequately requires a laboratory thermometer 

and thermistor. This can be done by heating the thermistor and 

thermometer in a water bath. If you do not have these facilities 

available, it is reasonably satisfactory to measure the resistance at 

a known room 

appropriately. 

temperature and scale the manufacturer's data 

The following procedure does the necessary scaling by 

a pot adjustment, assuming that you will use the fitted curve data. 
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5.6.3 Thermistor Input adjustment 

Connect the thermistor as shown in Figure 5-34. Find the room 

temperature. (A household thermometer is sufficiently accurate for 

this.) Find the expected voltage from: 

Vt = 2.50 i 0.0615 (25-T) (Celsius) 

or Vt = 2.50 i 0.0342 (7 7-T) (Fahrenheit) 

or use the table of Figure 5-34. Note that for any temperature below 

0 

25 C the expected voltage is beyond the 2.55 volt range of the D/A 

converter. We will adjust the ANALOG IN pot to divide the voltage by 

2. With the OPTO SENSE pot fully to the right for maximum 

resistance, measure the actual input voltage. Using a digital 

voltmeter program such as Figure 5-28 or 5-30, display the A/D input. 

Adjust ANALOG IN to make the A/D value half of the actual input. Now 

adjust the OPTO SENSE to obtain the expected voltage for the actual 

temperature. This procedure sets the pot to match the thermistor 

resistance at 25 degrees C, thereby removing the princjpal 

uncontrolled variable of the thermistor. You can now heat or cool the 

thermistor and observe the voltage changing. If you have a 

thermometer, you can calibrate the thermistor, taking a series of 

voltage and temperature measurements. 
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5.6.4 Table Lookup ·and Interpolation 

To convert a measured voltage to a temperature requires a table 

lookup and possibly some form of interpolation. Four approaches are 

available: 

5.6.4.1 Method A 

Store a complete table of temperature versus voltage. This is not 

unreasonable, since the 8 bit A/D input only requires 256 table 

entries. The temperature can be stored in bin ary and converted to 

decimal for display. or with two byte entries, it can be stored in 

decimal. This approach minimizes program complexity, is very fast, 

but is extravagant of memory. 

5.6.4.2 Method B 

Store a partial table, listing voltage and temperature at appropriate 

intervals. Find two (adjacent) points in the table, above and below 

the measured voltage, and do a linear interpolation between them. 

This requires the least storage, but requires multiplication and 

division for the interpolation, and since that would probably be done 

in bin ary, it also needs bin ary to decimal conversion for the 

display. 

5.6.4.3 Method C 

Store a table of voltage, temperature, and slope at appropriate 

intervals. Find the lowest table entry whose voltage is greater 

(hence temperature lower) than the measured value and multiply the 
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slope by the difference between tabulated voltage and measured 

voltage. Add this to the tabulated temperature. This avoids division, 

and can reasonably be done in decimal to avoid binary to decimal 

conversion. The multiplication can readily be done by successive 

addition, since the multiplier (the voltage difference) will always 

be a small number. 

5.6.4.4 Method D 

Store a table of s lopes with ranges over which each slope applies, 

and perform a numerical integration from the start of the table to 

the measured voltage. The stored slopes need greater precision than 

with an interpolation, since errors accumulate, but the storage 

requirement is still less than any method except that of 5.6.4.2. 

This method is used in the following exercise. 
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5.6.5 Voltage to Temperature Conversion 

Develop a subroutine and a data table 

temperature and display both the input 

ANALOG TO DIGITAL INPUT 

to convert voltage to 

and the result. The 

integration technique discussed in Section 5.6.4.4 is to be used. 

5.6.5.1 Data Table 

Each table entry includes a slope (in decimal) and a count. The 

slope is repeatedly summed into the temperature while its count is 

decremented and the A/D input is incremented. When the A/D input 

reaches zero, the integration is complete. If the count is 

decremented to zero before the A/D input reaches zero, the next table 

entry is accessed and the process continues. The process is 

p6rtrayed in Figure 5-35, for a hypothetical A/D input of ES. The 

slopes and temperatures shown are illustrative and not at all 

realistic. Figure 5-36 lists actual data for an ideal thermistor with 

the previously specified characteristics. A subroutine for the 

conversion by integration is defined in Section 5.6.5.2, and shown in 

Figures 5-37 and 5-38. 
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TEST 

A/D Input 

C4 

co 

BO 

AO 

80 

70 

60 

50 

40 

38 

30 

·2c

28

24

20

lC

18

14

10

OE

QC

OA

09

08

07

06

5-116

DATA TABLE 

Temperature Repetitions 
(hex) 

0.600 4 

2.219 10 

8.188 10 

13. 644 20 

24. 012 10 

29. 372 10 

35.052 10 

41. 356 10 

48.684 10 

52. 940 8 

57.788 4 

60. 512 4 

63. 484 4 

66.764 4 

70.436 4 

74.620 4 

79.476 4 

85.284 4 

92.496 2 

96.876 2 

101. 924 2 

108.102 1 

111.675 1 

115. 740 1 

uo. 437 1 

125.974 1 

Thermistor Calibration Data 

Figure 5-36 

DATA 

Slope 
(decimal) 

0. 405

0.373 

0.341 

0.324 

0. 335 

0. 355

0.394 

0. 458

0.532 

0.606 

0.681 

0. 743

0.820 

0.918 

1.046 

1.214 

1. 452

1. 803

2.190 

2.524 

3. 089

3. 5 73

4.065 

4. 697

5.537 

6. 700
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Our calibration data do not extend to 2.55 volts (FF). The first 

i f 1 . t t O. 60
° 

C at mean ng u po1n occurs a 3. �2 vol ts (C4 ). The 

integration procedure to be used demands that data be provideo for 

all possible values, so we will start the process with a linear 

integration from -23.701
° 

C at a slope of 0.405 for 64 repetitions. 

This generates 0.600
° C at 3.92 volts and gives the correct slope 

from there to 2.219 ° C at 3.84 volts. Results down to slightly 

negative temperatures will be approximately correct. The first 

table entry is the starting temperature (in hundreds complement 

form) and the next entry provides the 0.405 ° C per 20 mv slope with 

40H repetitions. 

8310 

11 

12 

13 

14 

15 

16 

17 

18 

19 

lA 

lB 

etc. 

99} 

62 

97 

40 

0
5

} 04 

10 

73} 03 

10 

41 

}03 

-23.701

64 repetions 

0.405 ° C/20 mv 

16 repetitions 

0.373 ° C/20 mv 

16 repetitions 

0.341 ° C/20 mv 
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5-118

Save registers B,C,H,L 
Save A/D Input (register A) 
Address Lookup Table 
Load three bytes to registers 
B,E,D for starting temperature 

Address repetition count 
(B) ._ ( (HL)) Repetition Count 
(HL)-(HL) +1 Address Slope 

Save A/D Input (PUSH PSW) 
Add two byte slope to 
three byte temperature 
(C) ._ (C) + ( (HL)) 
(E) - (E) + ( (HL) +1) + CY 
(D) - (D) + CY
Recover A/D Input
Increment A/D Input

zero 

Decrement repetition count 

;o 

Display 
and Exit 

Address next repetition count 

Temperature Lookup by Integration 

Figure 5-37 
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5.6.5.2 Subroutine Temp 

Enter with, (A) 

Return with (A) 

= 

= 

measured voltage 

measured voltage 

Registers B,C,H,L preserved. 

Display A/D input in hexadecimal, temperature in decimal either as 

three bytes (xxx.xxx) or as two bytes rounded (xxx.x). 

Data table, located at 8310-836F, 

8310-02 

8313 

8314-15 

8316 

8317- 18 

etcetera 

Repetition count for first slope 

Slope, decimal, as x.xxx 

Next repetition count 

Next slope 

Note that the flow diagram does not detail the display function, 

which is left to the student. 

5.6.5.3 Test for TEMP 

A simple test program is given in Figure 5-38a. Key in a hex value 

representing a voltage and observe the result displayed by TEMP. Try 

values from Figure 5-36 to be sure that the corresponding temperature 

is displayed. It is suggested that subroutines FILTR and TEMP and the 

temperature table be saved on tape, because they will be used in 

later exercises. 
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5.6.6 Thermometer Program 

EXERCISE 

Develop a program to read the thermistor voltage and convert the 

measurement to decimal degrees by table lookup with interpolation. 

In many systems it is more appropriate to take measurements at 

regular intervals than as rapidly as possible. This is particularly 

true with temperatures which typically change slowly and where rate 

of change may be of interest. In this program a timed interrupt 

will decrement a time counter and at one second intervals, it will 

increment a seconds counter. At each interrupt (20 milliseconds) it 

will reset the A/D converter and enable the A/D interrupt. Thus, a 

measurement of temperature will be made every 20 milliseconds, and a 

timer will be available to the main program. 

RST 6 services the A/D interrupt. It will read the input from port 

lB and call FILTR, the subroutine of Section 5.5.2, to obtain a 

filtered value for the input voltage. Since a measurement is wanted 

at 20 millisecond intervals, RST 6 service disables the A/D 

interrupt. 

The main program loop compares the interval counter with an interval 

obtained by keyboard input. When the count has reached the desired 

interval, it restarts the counter, loads the current estimate of 

voltage and calls TEMP (the subroutine of Section 5.6.5.2) to display 

the temperature. It also tests the keyboard and calls ENTBY if a key 

is pressed to enter a new interval. 
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The subroutine developed in Section 5. 3.5 will convert the measured 

voltage to temperature by table lookup and interpolation. Both 

temperature and voltage are displayed. The low byte of temperature 

is not significant, since the absolute accuracy is not better than 

half a degree. The display function should be modified to display 

only the two higher bytes. Rounding of the three byte result is 

easily achieved by making the initial value -23.651 instead of 

-23.701 (976.349 in hundreds complement).

Memory assignment for the program are: 

8200 - 8227 

8228 - 8257 

8258 - 826F

8270 - 82AF

82BO - 82FF 

8300 

8301 

8302 

8303-4 

8305 

R310 - 836F

Main - Initialize 

Interrupt Service 

Main Loop 

Subroutine FILTR 

Subroutine TEMP 

One second counter 

Seconds counter 

n for FILTR 

2 nE. 
1 

E. 
l. 

for FILTR 

Table for TEMP 

Note that 8300 - 8305 must be initialized at program loading, along 

with the table for TEMP, even though they contain variables. A 

solution is shown in Figures 5-39 and 5-40. 
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ANALOG TO DIGITAL INPUT 
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MAIN - INITIALIZE 

Program Ports - Port lB In 
Program Timer O and load 

for 20 millisecond interrupt 
Program Timer 2 and load 

for + 16 for A/D clock 
Set Port lCO for automatic A/D 
RST5 to enable interrupt 
Set CY and jump into main 

loop at cc ENTBY

MAIN LOOP 

(DE) - 8301 to address 
seconds counter 

(A) - ((DE)) seconds count
Subtract desired interval
(A) - (A) - (L)

A>-c_Y s_et __ _ 
<J Seconds< Interval

Seconds ;;;i: Interval 

((DE))--- (A) Reload Seconds 
(A) - (8305) Filtered Voltage 
CALL TEMP to display 
Voltage and Temperature 

I 

I 

-� 

CALL SCAN to test keyboard 

-

-

No key 

y 
CC ENTBY for new interval 

Thermometer - Main 

Figure 5-39a 

I 
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RST 5 Interrupt Service 

Save registers 

Call service subroutine (8246) 

Jump to exit (8240 
. 

RST 6 Interrupt Service 

Save registers 

Read A/D input (voltage) 

Address data memory for FILTR 

Call FILTR to calculate and 
store new voltage estimate 

(A)------06 to disable A/D 

-

Exit (locate at 8240) 

CNT 2-+--(A) to clear interrupt 

Restore registers, EI, RET 

TIMER O Service Subroutine 

CNT 2___..:07 Enable AD 
(A)-01 To enable Timer 0 
NOP, NOP For patch 
Address and decrement one se·cond 

counter 

RETURN 

Reload one second counter 

Address and increment counter fo 
seconds 

RETURN 

Thermometer - Interrupt Service 

Figure 5-39b 
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5.6.7 Data Logging 

OPTIONAL EXERCISE 

Modify the thermometer program to make a data logger. This will 

record in memory a series of measurements for later review. It will 

also provide for subsequently reviewing the data. The design of 

subroutines FILTR and TEMP makes the revision very simple. Before 

CALL TEMP in the main loop, increment a data address and copy the 

filtered voltage to that location. Figure 5-41 shows the data 

logging program. To fi t the program into the same space, we abandon 

the keyboard test while running, and simply call ENTBY once as part 

of initialization to obtain an interval. Register pair BC is 

available for the data logging address. Note the virtue of having 

subroutines save registers. 
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5-140

Program Ports and Timers 
as in Figure 5-39a 

CALL ENTBY 
(A) -- command
(L) - logging interval

Test cormnand for RUN_ 

Data 
Review 

RST 5 to enable interrupts 
(Jump past interrupt service) 
(BC) - 8000 Logging Address 

(DE) - 8301 to address 
seconds counter 

(A) - ((DE)) seconds
Subtract desired interval
(A) - (A) - (L)

CY set 

seconds < 
interval 

((DE)) - (A) Reload seconds 
(A) - (8305) Filtered voltage
((BC)) - (A) Store voltage 
(C) -(C) +l Next address

=O 

CALL TEMP to display 
voltage and temperature 

DI, HLT 

Logging Thermometer - Main 

Figure 5-41 
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After CAIL ENTBY in the initialization module, we will test the 

command for any of three keys: 

RUN 

NEXT 

STEP 

Start data logging, at intervals given 

(in seconds) 

Review the stored data, showing the 

temperature at each point in succession 

when NEXT is pressed 

Replay the stored data as an output to the 

D/A converter, using the time interval 

entered with the command. 

NEXT and STEP jump to the modules shown in Figures 5-42 and 5-43. 

Replay is interesting because it allows several hours of data to be 

displayed on a scope or voltmeter in a much shorter time. For 

instance, if the interval entered for data logging was 3C (decimal 

60), the recording interval is one minute, allowing four hours of 

data to be recorded. Then a replay of the logged data with an 

interval of 01 will play the data back in four minutes. Greater 

speedup can be obtained by altering the program constants used for 

. loading timer O and the "one second" counter. The table of Figure 

5-44 shows the constants needed for various recording and playback 

intervals, and Figure 5-45 presents a program solution. 
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Temperature Review 

(E) -- (L) Keyed Interval 
(HL)--8000 Data Address 

Not CY 
�------...... � B 

Key = STEP 

CALL DISPLAY 

(ST) 
(A) 
CALL 
(A) 
CALL 
(L) 
(DE) 

Display Temperature and Address 
and increment address 

CALL GETKY 
Wait for a Key 

Display Subroutine 

- (DE) Save (DE) 
- ( (HL) ) Voltage 
TEMP Display Temperature 
- (L)
DBYTE Display Address 
-- (L) +l Next Address 
-- (ST) Restore (DE) 

Return 

Logging Thermometer - Ileview Data 

Figure 5-42 
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Temperature Replay 

Program Port lB Out 
RST 5 to enable Timer 0 
(A)---00 To clear time counters 
(8300) .- (A) 

(8301) - (A) Restart seconds count 
(PORT lB) -- ( (HL)) Output Voltage 
CALL DISPLAY 

Display temperature and address 
and increment address 

Disable A/D interrupt 
(A) - (8301) seconds count
(A) -- (A) - (E) subtract interval

CY set 
) 

------c 
Seconds < interval 

Seconds� interval 

Not CY

Logging Thermometer - Replay 

Figure 5-43 
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Timer 0 
Preload 

(high 
byte) 

08 

AO 

FO 

FO 
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Interrupt "One Interval Interval Recording 
Time Second" Count Entered Time 

Pre load Time 

l ms Ol l ms Ol l IDS 

20 ms 32 1 sec 01 1 sec 

OA 10 sec 

lE 30 sec 

JC 1 min 

78 2 min 

20 ms cs 6 sec OA l min 

JC 6 min 

64 lO min 

96 15 min 

30 ms FO 7. 2 sec FA 30 min 

Logging Thermometer - Timing Constants 

Figure 5-44 

Max Run 
Time 

(approx) 

.25 sec 

4 min 

40 min 

12 hrs 

4 hrs 

8 hrs 

4 hrs 

24 hrs 

40 hrs 

64 hrs 

5 days 
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5.6.8 Thermistor Self Heating 

When a temperature measuring device is carrying current, as the 

thermistor does, it generates heat internally. If the thermal 

resistance between the sensor and its environment is very low, as it 

will be in a liquid, this means that the sensor affects the 

experiment. If the thermal resistance is high, as in still air, the 

measured temperature will be higher than the real temperature. 

This effect is usually negligible. In the circuit we have been using, 

the maximum self heating is about 0.6 milliwatt, occuring near 

25
° 

C. Thus, the self heating would be less than 0.1 degree, not 

detectable with our A/D converter. For an experiment, the effect can 

be increased in two ways. Supply the thermistor from T12 volts with 

smaller series resistance to increase the heat generated, and bury 

the thermistor in a piece of styrofoam to decrease its dissipation. 

The connection of Figure 5-46 accomplishes this, and also allows 

switching the power to the thermistor on and off. We will show that 

the self heating error can be eliminated by applying power only 

during brief measurement intervals. 

Since the circuit is changed, our previous calibration data are not 

valid for this experiment. Figure 5-46 shows a plot of voltage vs 

temperature for this connection, near room temperature. The input is 

in the neighborhood of one volt, so the ANALOG IN pot should be 

adjusted to no attenuation for maximum sensitivity. 
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PORTlAO 
=l HEAT/MEASURC:
=O OFF 

RlV12 
R1 +R2+P

'T

l. 1JO 

.90 

c.!) 

< 

�. 80 
::> 

. 70 

.60 
15 16

+12 VOLTS

PORTlAO 

ANALOG 
IN 

GND 

17 18 

,,,.....,... Thermistor 
in styrofoam 

RT 

19 20 21 22 23 

TEMPERATURE 0
c

Thermistor Connection and Calibration 

for Self Heating Experiment 

Figure 5-46 
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Note that with this connection, the slope is inverted from that of 

the normal connection, so the temperature conversion of the previous 

exercises must be modified. Interrupt service must be modified to set 

port lAO high at RST 5 to enable the measurement. To detect self 

heating, leave port lAO high, but to demonstrate its elimination, set 

port lAO low at RST 6. 

In the interrupt service routine given in Figure 5-40b and 5-40c room 

was left for two patches to control power to the thermistor. In the 

subroutine that services Timer O, we had: 

MVI 

NOP 

NOP 

A,01 

Replace the NOP instructions with: 

OUT PORTlA 

To reenable Timer 0 

Turn on Thermistor Power 

Now self heating should be measurable. To eliminate self heating we 

will turn thermistor power off after reading and processing the 

input. After the call to FILTR insert: 

MVI 

OUT 

MVI 

A,00 

PORTlA 

A,06 

Turn off thermistor power 

To disable A/D 
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Now power will be applied to the thermistor only while the A/D 

conversion is 

A,01 to again 

difference. The 

being performed. The MVI A,00 can be changed to MVI 

keep power on. The data log should demonstrate the 

revised program is shown in Figure 5-47. One 

instruction in TEMP is changed from INR A to OCR A, and a very short 

calibration table is entered. 
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5.6.9 Other Temperature Logging Experiments 

The thermistor is encapsulated so that it can be used in water, 

making several interesting experiments possible. Plot temperature 

versus time as you bring a pot of water from room temperature to 

boiling. Determine the temperature difference from a very gentle 

boil to a full boil. Determine the effect of a lid on the pot. 

There is an old wives' tale that hot water will freez� more rapidly 

than cold water. Test it. 

5.6.10 Abbreviated Temperature Lookup 

For most measurement and control purposes, the extensive temperature 

table used up to here is not necessary, since it gives a precision 

greater than the absolute accuracy of the thermistor. In the 

program of Figure 5-48, a much shorter table is provided, fitting in 

the memory space 82EC to 82FF. Each slope is used for 32 additions, 

so the repetition count is not needed. This table gives the same 

results within ± 0. 1 ° C over the range of 10° C to 40° C and 

+1.0
° 

C from o
° 

C to 90
° C.
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5.6.11 Thermistor Resistance Matching 

OPTIONAL EXERCISE 

The chief difficulties in using the thermistor come from the 

non-linearity and high slope (degrees/volt) at higher temperatures. 

These problems can be avoided if the series resistance is well 

matched to the thermistor resistance at the temperature being 

measured. By switching discrete outputs the computer can accomplish 

this matching automatically. Figure 5-49 shows a circuit in which the 

thermistor is connected between Vee and a resistor ladder which can 

be switched to provide different series resistance. Calibration 

curves for each resistance are shown. The advantage is that only a 

linear portion of each calibration curve is used, and a moderate 

slope (temperature/voltage) is retained at all temperatures. 

Switching of the network can be done by the Port lA outputs. These 

introduce an offset 

perfectly to ground 

scheme effectively 

voltage because their outputs are not pulled 

but only to about t 0.4 volts. To use this 

each curve should be calibrated independently, 

with two temperatures for each. 
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The processing algorithm finds the highest single resistor which 

brings the input voltage on-scale (less than 2.56 volts). Th us at 

20 C the 16K resistor produces an off-scale voltage, but the SK 

resistor produces 1.92 volts. A table stores, for each resistor, the 

lowest temperature for which that resistor will be used, the 

corresponding voltage, and the slope. The measured temperature is 

the low temperature plus the slope times the voltage difference. 

Figure 5-50 shows the program flow. 

The resistors required for this experiment are not supp lied with the 

course. 
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Select 16k resistor 
Output FA to D/A 

Test A/D Co arator 

Low 

Voltage 2. 50 

Select next lower resistor 

Reduce D/A Output by 1 
Test A/D Comparator 

Low 

Address table data for 
selected resistor. 

Subtract table voltage 
from measured voltage 

Multiply by slope 
Add table temperature 

EXIT 

Thermistor Resistor Matching Flow 

Figure 5-50 
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