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SECTION 1

INTRODUCTION

A\

This is the final report of a seven-month program beginning April 15,
1974 and ending approximately October 15, 1974 to design and fabricate

e —r—

two progra;:mable signal processors with the necessary software to pro-

vide for real time operation of specific High Frequency Modem configura-
tion. These configurations include:

a. Conventional time-differential phase shift keyed modulation (TDPSK).

b. DEFT mode, using frequency differential phase shift keyed modulation
(FDPSK).

c. CODEM mode, combined TDPSK wi‘q coding for error control and the use

of soft decision decoding.
»
The contract was accomplished by GTE Sylvania, Needham, Massachusetts for

the Naval Research Laboratories under Contract #Nog)lh-'(h-c-0299.

. Table 1-1 lists the deliverable items under the HF Px?og’mable Modem Pro-
cessor Contract #N0001L-TL-C-0299. Shown in Figure 1-1 is a photograph of
one of the two HF Programmable Modem Processors. The basic subsystems and
control panels are labeled on the photograph. An Interface Blocina.gra.m
breaking the hardware down into sub-sections and describing the inter!ce

between sub-sections is shown in Figure 1-2. The equipment is designed ‘
around a basic high speed signal processor which is programmed to provide the

real time processing required.

The programmable signal processor delivered was the standard rack mounted
GTE Sylvania PSP.

FR75-2 : 1
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Two (2) Each - Programmeble Signal Processors,
each with 2K x 2K of data and program memory
with plug-in expansion capability to 4K x LK.

Two (2) Each - Special prupose circuitry, not
a part of the main processor, including two
A/D converters for each processor.

Two (2) Each - Input devices for reading assem-
bled programs into each Programmable Signal
Processor.

Interface hardware and software between the
Programmable Signal Processors and the
Government's PDP 11 DR 11C.

Reports and Data -

TABLE 1-1. DELIVERED ITEMS

f
i
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The standard PSP is located in the middle of the rack and consists

of a total of two nests of cards, one nest containing the Arithmetic

Unit and one nest containing 2K of 32-Bit Word Program Memory and

2K of 16..Bit Word Data Memory. This memory has been expanded by NRL GFE memory
elements to 3K x 3K. Directly below the PSK memory is the Standard Program
Console and Writing Shelf. The PSP is described in further detail

in Section 2.1.

TG T T I R PRI - o VAT T T TR

The PSP is a general purpose processor which must be interfaced to

specific controls and devices to meet particular requirements. The

requirement in this procurement was for a modem which would be used

to perform HF channel testing of a set of woice processors over a i
HF link. The interface between the PSP and the external device is

provided by the Input/Output nest of special purpose circuitry. This

circuitry provides the standard modem interfaces to the voice pro-

cessor, such as |

a. Transmit modem input
1. push-to-talk (PTT) command
2. external frame timing

3. external data timing
4. digital data s !

b. Transmit modem output
1. frame timing
2. data timing

3. end of preamble signal

4. rf transmitter keying signal

c. Receive modem output
1. frame timing
2. data timing
3. digital data
4, preamble tones detected
5. data tones detected

. | FR®-2 3
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The signals are derived from routines programmed in the Processor in the
transmit mode or input data process such that it can be easily inter-
faced with the Processor in the receive mode.

Since the processor is a computer, means must be provided to input

A program when required. Provisions have been provided for three means
of input access to each PSP. For the unit in a laboratory environment
the hardware and software is provided to assemble a program on a PDP
11/45 and directly read a program into the processor. The ability to
directly read data between the processor and the 11/45 is also provided.
Further details on this is given in Section 4.0.

For the processor located at a remote site, a paper tape reader is in-
cluded with the equipment. Programs can be assembled on the 11/45 and
punched out on paper tape. The paper tape is then used as an input to
read the program into the processor. Also provisions were provided for
a card reader which could be interfaced to the processor at a later
date.

The software developed for the program included many of the most
accepted modem techniques and designs presently in use. Four programs
were developed which totaled seven different congurations of data rste

and types of modulation. These are summarized in the following chart:

Modulation Type DATA RATE

200 3600 4800
Kineplex X X X
Codem X: X X
DEFT 4 X

X indicates configuration programmed on this contract

FR75-2 6
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Further details on the Modem Techniques used and a description of the

A

programs developed can be found in Sections 3.2, 3.3, 3.4.
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SECTION II

SUBSYSTEM EQUIPMENT DESIGN

The following section describes the operation of each functional block
in the deliverable equipment and identifies drawing numbers and wirerun lists

for each subsystem.

2.1 The Programmable Signal Processor

The central element in the programmable modem hardware is the PSP which is
a high-speed digital computer designed specifically to implement complex digital
signal processing systems such as modems, vocoders and spectrum analyzers. The
camputer is composed of an arithmetic section, an address storage and modification
section, a control section, an input/output section, a control comnsole, and two
memory sections. One memory is used for program storage and the other one for date
storage. The memories are designed with TTL, LSI elements and the instruction rate
for direct memory access instructions is 4 MHz. A h.ardware multiply is provided
which performs multiplication of two sixteen bit numbers in .T750 microseconds.

For this application 2K of 32 bit program memory, 2K of 16 bit data memory,
a twelve bit A/D converter and a 12 bit D/A converter is provided with each
equipment. The memory has been expanded GFE to 3K of both data and program.
Digital interfaces for voice processing equipment and inputs from a modem control
operators console are connected to the standard PSP input-output structure.

Further details on the design of the PSP can be found in Appendix C.




.;; 2.2 EFM I/O NEST
General
The HFM I/0 Nest is physically located in the rear section of the
HFM cabinet. The nest contains digital and analogical logic which
interfaces the PSP with Peripheral devices.
There are eight logic boards in the I/O nest which perform the
folliowing functions as indicated in Figure 2.2-1. ]
JI
Slot Location Name Primary Fucntion ;
5 Data Clock Synchronizer Phase lock loop fﬂ
9 Paper Tape Reader Load PSP Program Memory ,
13 PDP-11 & 180 Interface Interfacing PDP-11 with t
PSP & 188 data transmission
15 PSP Modem Panel Interface Used by programmer as a tool
(%) generating Parameter for real‘j
time operetions, (2) trouble
shotting malfunctions
19 D/A Converter OUTA @ LA D/A Conversions 'j
and 9 5A
21 L/A Converter OUTA @ D/A Conversion
23 A/D Converter A/DL A/D Conversion k‘
24 A/D Converter A/D ¢ A/D Conversion
4
The I/0 Nest consists of an Augat panel rack and a wire wrapped back
] panel. This chassis contains the conanectors that the nest to the i
‘ peripneral devices, MIL-STD-188 transmission data lines, and the PSP. ]
j The chassis is hardwired to the logic nest. The wire run list, j
#19-593571 derines the signal nsmes on each connector shown in the
interface block diagram in Figure 2-2 and defines the wiring to the j
nest. The signal grounds from the connectors are tied to the nest ‘
ground plene by lugs and a ground strap running the length of the
nest. A terminal blcck or the cliassis connects +5 volts, + 15 volts i

FR75-2 9




and the ground to the nest.

Also mounted on the upper connector

bracket of the I/O nest is a fixture that houses the 12 MHz
oscillator gradule which provides the timing for the real time

clock. A photograph in Figure 2 2-2 shows the physical appearance

of the HFM I1/0 nest and its component parts.

The remainder of this subsection describes each logic board.
Applicable documents for the HFM I/O nest: 00-59367k.

FR75-2
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2.2.1 pata Clock Synchronizer (DCS)

The DCS inputs the external clock generated by the data source
to phase locks a voltage controlled oscillator using a program-
mable divider chain. This clock is then used in place of the
12 MHz internal clock as the basic timing to all the real time
céuntefs in the Modem. Logic to select the clock under program
control is located on this card. The effect is a phase locking
of the real time samples to the external clock and also allow-
ing sampling and outputting of data with the correct phase cf
the clock. Operation in this mode is required when the data

source cannot accept a clock from the Modem.

Located on the card is also the circuitry which interfaces the
A/D converter and D/A converter channel O, with the audio inter-
face of the transceiver. This includes an active filter and

amplifier chain for both the input and output.

Applicable Documents for Data Clock Synchronizer

00-592169 HFM Data Clock Synchronizer

06-592168 Circuit Card Assy HFM - D.C.S.

Physical Description of D.C.S.

The D.C.S. is located in slot 5 of the I/O nest. It consists
of li=- and 16~ pin dual-in-line integrated circuits plus several
types of discreet components mounted on an Augat board type

8136-RG5 with 30 gauge wire wrapping on the Backside.




D.C.S. Interfaces

The D.C.S. interfaces with a 12 MHz Osc., D/A converter
Fe D/A O UTA ¢¢f, A/D Converter £/D "0", the I/0 Connector
Panel and the PSP. The signals arc defined on documeat
number 06-552150. Applicable interface dccuments are:
19-593671, wire run list - I/0 Nest to "J" coan. 1-17

19-593672, wire run list I/0 internest.

2.2.2 Paper Tape Reader Interface (PTRI) 53

The Paper Tape Reader Interface logic card temporarily stores

and buffers tape data, performs a check sum of the data, and

. h'

provides all the control functions necessary to transfer tape ol
l‘ data to the PSP program memory. The paper tape reader is not
connected as an irput device and can only load memory wnen

the PSP is in the non-run mode.

The Operational Procedure for acquisitioning tape data by the

FSP is as follows. l

~

a) Jumper cable "W18" must be attached to J5 and J6 on the
photograph of I/0 panel, Figure 3.5-1.
I/0 Connector Panel (see p oi.).

e

? b) Turn on Paper Tape Reader.
¢) Load tape into the tape reader.

d) PSP must be in the non-run mode.

FR'15-2 14
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“’ . e) Program CLRA. |

f) Push PTR "START" button on Modem Panel

Tape should run and stop at end of tape. -

o m———

The conditions under which the tape can stop are the following:
a) By depressing the PTR "START" button.

b) Detecting faulty message preamble.

¢) End of tape.

d) 1Incorrect sum check (alarm light on modem panel illuminates).
e) CLRA (programmed).

Applicable Documents for PTRI

00-583913 Paper Tape Reader Interface

06-583914 PTRI Circuit Card Assy

Physical Description of PTRI

The PTRI is located in slot location 5 of the I/0 nest. It
oo consists of 14- and 16- pin dual-in-line integrated circuits
mounted on an Augat board type 8136-RG5 with 30 gauge wire

wrapping on the backside. -

FR75-2 15
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PTPR Interfaces

The PTRI interfaces with the PSP and the Iomec tape reader inter-
face logic. The signais are defined on document number 06-58391k.

Applicable interface documents are:

19-593671; Wire run list - I/O nest to "J" conn. 1-17

19-593672; Wire run list - I/0 internest

The Paper Tape Data flow from the PTR to the PSP is shown as a

dotted line on figure 2-1.
3.2.3 PDP-11 & 188 INTERFACE

The PDP-11 Interface card performs two functions.

1) It provides drivers for data to and from the PDP-11 and

PSP polling address, and performs control functions with
the PDP-11. Channel 11 has been assigned for polling data

to and from the PDP-11.

2) It provides level converters buffers for the MIL-STD-188
data transmission lines, decodes the PSP output address and
buffers the cutput strobe. The data transmission lines are

further defined in the I/0 panel section of this report.

Applicable Documents for PDP-11 & 188 Interface

00-592151 PDP Interface & 138 Interface

06-592150 Circuit Card Assy PDP Interface and 188 Interface

]
1
i
1
|
}
!
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Physical Description of PDP-11 & 188 Interface

The PDD-11 & 188 Interface is located in slot 13 of the I/O
nest. It consists of li- and 16- pin dual-in-line integrated
circuits mounted on an Augat board type 8136-RG5 with 30 gauge

wire wrapping on the backside.

PDP-11 & 188 Interface

The PDD-11 interfaces with the PSP on one end and the PDP-11
on the other end. The 188 interfaces with the PSP on one end,
and the I/b connector panel on the other end. The signals are

defined on document number 06-592150.

Applicable interface documents are:

19-593671 Wire Run List - I/0 nest to "J" Conn. 1-17

19-593672 Wire Run List - I/0 internest
2.2.4 pgsp Modem Panel Interface

The PSP Modem Panel Interface provides data selector/multiplexer

logic for the flow of data to the PSP. The following chart lists

the data channeled to the PSP input bus.

The PSP has 16 input and output chennels used to get data into
and out of the machine. Data is multiplexed by having channel

assigments and using particular bit locations in the channels

17
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for particular data bits. The input output nest then processes
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the data. The particular input channel assignment used in the

HFPM is shown in the Table 2,2-]1 and the output channel assign-

e

ment is shown in Table 2,2-2.
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Applicable Documents for PSP Modem Panel Interface

00-592156 PSP Modem Panel Interface

05-592155 Circuit Card Assy. PSP Modem Panel Interface.

Physical Description of PSP Modem Panel Interface

The PSP Modem Panel Interface is located in slot 15 of the I/0
nest. It consists of l4- and 16- pin dual-in-line integrated
circuits mounted on an Augat board type 8136-RG5 with 30 gauge

wire wrapping on the back side.

. PSP Modem Panel Interfaces

The PSP Modem Panel interfaces with thz PSP on one end and on

the other end it receives data as shown below.

IR SOURCE
PDP-11 OUT PDP-11 & 188 Interface
Variable 1 PSP Modem Panel
Variable 2 PSP Modem Panel
Mode PSP Modem Panel
Display PSP Modem Panel

External Data PDP-11 & 188 Interface

External Frame PDP-11 & 188 Interface

The signals are defined on document number 05-592155.
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Applicable interface documents are:

19-593671 Wire Run list - I/0 next to "J" Conn. 1-17

19-593672 Wire Run list - I/O internest
2.2.5 D/A Converter OUTA ¢LA & OSA

The D/A Converter OUTA (LA & ¢5A card provides buffering and
temporary storage for PSP output data OBR L to 15 whan address
OUTA @4A or OUTA ¢J5A is selected. The outputs of the storage
registers channel the twelve data bits to their respective D/A
converter module. D/A # 4 OUT and DA @5 OUT are brought out to
BINC Connectors J10 & J11 on the I/0 Connector Panel. The

primary purpose of these converters are to provide displays

since no filtering of the signals are provided.

Applicable Documents for D/A Converter

00-592159 D/A Converter OUTA QLA & ¢'SA

06-592157 Circuit Card Assy. D/A Converter

Physical Description of D/A Converter OUTA f4A % 035A

The D/A Converter OUTA A & OSA is located in slot 19 of the

I/0 nest. It consists of 14- and 16- pin dual-in-line integrated

circuits, and two 32 pin D/A modules mounted on an Augat board

type 8136-RG5 with 30 gruge wire wrapping on the backside.
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D/A Converter OUTA #UA & @SA Interfaces |

The D/A converter OUTA @UA & @5A interfaces with the PSP on one

end and the I/0 Connector Panel on the other end. Signals are
defined on document number 06-592157. Applicable interface '

documents are: 19-593671 and 19-593672.
2.2.6 D/A Converter OUTA A

The D/A Converter OUTA @@ card provide buffering and temporary
storage for PSP output data OBR 4 to 15 when address OUTA @@

is selected. The outputs of the storage register are channeled
into a D/A Converter module. DA @@ out is routed to the D.C.S.
TX OUT filter. This output provides the baseband signal out to H

.the transceiver.

Applicable Documents for D/A Converter QUTA @@

00-592158 D/A Converter OUTA @@ i

06-592157 Circuit Card Assy - D/A Converter

Physical Description of D/A Converter OUTA ggA

The D/A Converter OUTA @A is located in slot 21 of the I/O
nest. It consists of lk- and 16- pin dual-in-line integrated

circuits, and a 32 pin D/A module mounted on an Augat board

type 8136-RG5 with 30 gauge wire wrapping on the backside.
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D/A Converter OUTA $gA Interfaces

The D/A Converter OUTA @#A interfaces with the PSP on one end
and the D.C.S. on the other end. Signals are defined on
document number 06-592157. Applicable interface documents are:

19-593671, and 19,593672.

2.2.7 Converter A/D "L"

]
H
]
|
]

The A/D Converter A/D "1" converts the analog signals routed

through J9 located on the I/0 Connector Panel. Segments of

4

the analog signal are sampled, and converted to a digital
15 bit word. After the conversion is completed, the digital wdl
word is routed to the PSP input bus. When channel 1 is

‘polled the data is stored into the PSP data memory. For the

present programs, this input is a spare.

Applicable Documents for A/D Converter A/D "1L"

00-592154 A/D Converter A/D 1

00-592152 Circuit Card Assy. A/D Converter

i Physical Description of A/D Converter A/D "1" 3.
! L

The A/D Converter A/D 1 is located in slot 23 of the I/O nest. 1

4

? It consists of 1k- and 16- pin dual-in-line integrated circuits
and two 32 pin A/D modules mounted on an Augat board type 816-RG5

with 30 gauge wire wrapping on the bzackside.

FR75-2 ' 24
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A/D Converter A/D 1 Interfaces

The A/D Converter A/D 1 card interfaces with the PSP on one end
and the I/0 Connector panel on the other end. Signals are

defined on document 06-592152.
Applicable interface documents are:
19-593671, and 19-593672.

2.2.8 A/D Converter A/D "O"

The A/D Converter "0" converts the analog signal "RX OUT" into

digital 15 bit word. After the conversion is completed, the
digital word is routed to the PSP input bus. Each time channel

"0" is addressed the data is stored into the PSP data memory.

Applicable Documents for A/D Converter A/D "0"

00-592153 A/D Converter A/D "O"

00-592152 Circuit Card Assy. A/D Converter.

Physical Description of A/D Converter A/D "0"

The A/D Converter A/D "0" is located in slot 25 of the I/0 nest.
It consists of 14~ and 16- pin dual in line integrated circuits
and two 32 pin A/D modules mounted on an Augat board type 816-RGS

with 30 gauge wire wrapping on the backside.

-
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A/D Converter A/D "0" Interfaces

Zr"
~,;) The A/D Converter A/D "0" card interfaces with the PSP on one
end and the D.C.S. on the other end. Signals are defined on

document 06-592152. Applicable interface documents are:

19-593671, and 19-593672.
2.2.9 Assignment of Interrupts

The interrupt and real time counter structure is the heart of
any real time processing system. Further explanation of the
software use of the interrupt logic can be found in section
3.1 Mocdem Techniques and Algorithms. The I/b clrcui try
defines which A/D converter or input channel is assigned to
yhich real time counter. The HFPM has three interrupt logics

and two A/D convérters. The assignment is as follows:

1) Rrcg (Output address "F") is associated with A/D address
"@" - it has the highest priority - (PC = 0002).

Input "@" will reset this interrupt.

2) RrCl1  (Output address "E") is associated with A/P address
"1". It has the lowest priority - (PC = 0000).
Input "1" will reset the flop. (This A/D is spcre

at the moment.)
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3) Rrc2 (Output address "D") is associated with the
vl external data timing. It has next to the
highest priority. Input "6" will reset the flop

(pC = 0001). .
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2.3 PAPER TAPE READER

The paper tape reader used was the IOMEC Model 2031 Perforated
Tape Handler. For further information see the Operation and Maintenance
Manual.

2.4 CONTROL PANEL

The configuration has two control panels - a standard PSP program
console and a modem control console. The program console allows the pro-
gram to be started and stopped; words to be read into or out of program
memory, or data memory, or the register field to display the major internal
reaisters and control flops; and allows the operator to single step through
the program. The primary use of this console is to debug programs.

Figure 2.4-1 contains a photograph of the modem control panel thru
which most of the real-time program modifications will be made. The modem
control console is segmented into four major groups--a program control sec-
tion, a display section, a data/radio interface section and a paper tape
interface section. The real-time control of the program and all of the con-
nections to the HF radio, the display devices, and the data sources and
sinks can be effected at this panel.

2.5%1 MODEM OONTROL CONSOLE FUNCTIONS

PROGRAM OONTROL

° VARIABIE 1 and 2 - Each thumbwheel switch will be used to modify
16~bit program parameter. The parameters modified could be
such parameters as sampling rate, frame rate, synchronization

speed, or Doppler speed.

MODE - The 4-bit thumbwheel switch will be used to control the mode
of operation of each modem program. For example, six modes of
the TDPSK program would be half-duplex 2400 b/s, 3600 b/s,

4800 b/s and full-duplex 2400 b/s, 3600 b/s and 4800 b/s.

° DOPPLER - This switch will be used to disable the Doppler correction.
FR75-2 This is a feature common ;oamany hardware modems.
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DISPLAY

* OONTROL - This 4-bit thumbwheel will control which display functions
and/or sync appears at the D/Al, D/A2 and SYNC outputs.

DATA/RADIO INTERFACE

* PTT OONTROL; TRANSMIT/RECEIVE Switch - The PIT switch is used by the
program to control whether the modem is in the transmit mode or
the receive mode. When the PIT switch is turned on (TRANSMIT posi-
tion) the receiver is disabled and transmit preamble is generated.
when this switch is returned to the RECEIVE position the transmit
program is turned off and the receiver goes into a preamble search
routine.

* EXTERNAL PTT JACK - When a phone jack is inserted, the PTT switch
function is disabled and the PTT function is accepted from an ex-
ternal source.

* PREAMBLE - This light is turned on when transmit preamble is being
generated.

* XMIT ON - This lamp is turnmed on when the PIT function is enabled.

* IN SYNC - The IN SYNC light is turned on when the receive program
has acquired a preamble signal.

* RECEIVE ON - This lamp is turned on when the modem program is in the
receive mode (PIT not enabled).

* RESET - This is a momentary switch used to restart the modem from the
preamble sequence in the transmit mode or to restart the preamble
search in the receive mode.

PAPER TAPE READER INTERFACE

* START - A push button that either starts or stops the paper tape
reader.

* ALARM - A light indicating when a check sum error has been recognized.

FR75-2 30




2.5 INPUT/OUTPUT PANEL

The input/output panel located on the rear of the rack provides all 1

electrical interfaces with other equipments. A photograph of the I/O panel
in Figure 2.5-1 illustrates the connectiors and controls available. j
3

A.C. power input, circuit breakers and fuse and located to the left
on the panel. A circuit diagram showing the interconnection of these con-
trols can be found in Section 3.6.

Interoconnections to the NBT or other data source are provided on the
Data connector. Pin assignments and drawing nomenclature are given in Table
2.5-1. All signals are I 6 Volts defined by MIL-STD-188 low level interface.

Interconnections to the transceiver and key generator are provided
on the RF connector. Pin assignments and drawing nomenclature are given in
Table 2.5-6. The transmit and receive audio output tones are transformer
ocoupled and impedence matched to 600 Ohms. The transmitter key signal and i
key generator control signal are MIL-STD-188 low level compatible signals. |

'I'ne‘test signals are brought to BNC connectors for access to test
equipment such as oscilloscope and counters. These include the Analogue
to Digital Spare Converters, the two Digital to Analogue Converters used
for software display and the Sync Pulse.

Interconnections to the PDP-11/45 DR11-C is made thru the three
connectors PDP-11 IN, OUT and Card Reader. Three 25 foot cables were provided
for this purpose with BERG connectors for interconnections with the DR 11C
interface of the PDP-11. Cable information is provided in drawing Nos. 19-
592214, 19-59-2215 and 19-592216.

2.6 A.C. POWFR DISTRIBUTION

The A.C. Power distribution is shown in Figure 2.6-1. The prime
power comes to the processor thru the I/O parel. located on the back of the
rack on Connector Jl. It is controlled by the A.C. Power on-off switch on
the PSP control panel which switches a relay routing power thru two circuit
breakers to the Launch Power supplier and A.C. Strip on the rack. Further
information on the Launch Supplier can be obtained from the Launch Operating
Manual.
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TABLE 2.5-1

DATA QONNECTOR

CONNECTOR DRAWING
; PIN DESIGNATION DESCRIPTION
1 Chassis Gnd
2 TX Data TX Data
3 RX Data RX Data
: 4 RXDFRM RX Frame
| 5 EX PRM TX End of Preamble
6 EPRM RX Preamble Detect
: 7 Signal Ground
E 8 D Pres RX Data Tones Det
t 9 RXPIM (SEC) RX Data Timing Return
; 10 XMB (SEC) TX Data Timing Return
| 11 NA
E 12 D Pres (SEC) RX Data Tones Det Return
13 EXPRM (SEC) TX End of Preamble Return
: 14 TX Data (SEC) TX Data Return
15 XMD TX Data Timing
16 RX Data (SEC) RX Data Return
17 RX DIM RX Data Timing
18 EPRM (SEC) RX Preamble Detect Return
19 RXDFRM (SEC) RX Frame Return
20 TX FRM TX External Frame
21 TX FRM (SEC) TX External Frame Return
] 22 TX DIM TX External Data Timing
23 TX DIM (SEC) TX External Data Timing
Return
‘f 24 XMF TX Frame
25 XMF (SEC) TX Frame Return
FR75-2 33




CONNECTOR DRAWING
PIN DESIGNATION DESCRIPTION
1 - Protective Ground
2 TX OUT TX Output
3 - NA
4 - NA
5 - NA
6 KGEN Key Generator Control
7 = Signal Ground
8 - NA
9 TX KEY TX Key
10 = NA
11 - NA
12 RX RET RX Return
13 - NA
14 TX RET TX Return
15 = NA
16 - NA
17 - NA
18 KGEN Key Generator Control
Return
19 - NA
20 - NA
21 - NA
22 TX KEY TX Key Return
23 - NA
: 24 RX OUT RX Output
‘ 25 - NA
| S—
FR75-2 34
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SECTION III
Operational Software
This section describes the operational software which implements the seven
modems in real time on the programmable modem processor. The modem technique
used in the programs are first discussed followed by the coding techniques.
Each of the programs are discussed with pertinent parameters given along with

timing and memory requirements. The final subsection contains test results.
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3.1 Modem Techniques

This section describes the medem zlgorithms which are used to implement the
systems described in section L.5 fThe typical program organization utilizes
interrupt loops to input and output samples and data. The actual processing
accomplished on & baud basis is provided in the main program. The following
description provides further detail on the techniques used to implement H.F.

modems.

3.1.1 Typical Program Organization

Figure 3.1-1 is a flow chart of a typical program. The routines are brcken
up into four basic categories: the sample interrupt routine, the data
interrupt routine, wait and main loop routines.

The sample interrupt routine, shown ir detail in Fiugre 3.1-2
is entered from the main loop at the system

sampling rate. The program counter and contents of the accumulator at the
time of the interrupt are saved so that the operation which was being per-
formed in the main lcop can be continued at the end of the interrupt routine.
The interrupt routine is coded so that the longest path through the routine

will be completed befocre the next interrupt signal.

The interrupt rate is controlled by a programmable real time counter, and can
be set to any value from 125 nsec to 512 usec to an accuracy of 125 nsec. The
real time counter is usually initialized in the start-up routine. The inter-
rupt pulse strobes the A/D converter which in turn interrupts the program when

the input conversion is complete. The output stores a number in a buffer.

The interrupt routine has four primary functions. As the interrupt routine
is entered, the program control branches to a line signal calculation routine,

where the output sample is calculated and transmitted to the D/A converter.

If a table lookup procedure is used to generate the output tones and the
heterodyne tone, registers are used to keep track of the location of each %one
in the lookup table. After a sample of the sum of ocutput tones is generated,

the output tone register file must pe updated. Each register is incremented
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by the integer which correspond to the proper phase shift in the table for

the generated frequency. Since the heterodyne frequency is generated at the

sample rate, its register must be updated every pass through the interrupt

routine.

The second basis function performed by the interrupt routine is the inputting
of the A/D converted line sample. The input sample is stored in a 256 sample
buffer, which is read into the input at the update time by a routine in the

main program.

The update timing is controlled by a counter in the interrupt loop. When

the appropriate number of input samples per update interval has been taken

(- g & el g [ = lrvd g & "ﬁ

in, a flag flip flop is'set in the "hcusekeeping" routine. At this time, the
main loop is waiting for a new start in the main loop. When program control
returns to the main loop, the flag flip flop condition allows program control
to break out of the idle loop and proceed into the analysis and modulation
functions.

The final function controlled by the interrupt routine is synchronization,

input buffering and system timing.

One orthogonal difference equation is used to form a 64/128 sample integrate
and dump operation at the baud rate. After two segments of input data have
been processed through the difference equation filter (i.e., once every two
bauds), the data from this filter is used to modify the program baud length

in order to synchronize to the received signal.

The center 64/128 input samples of each baud is stored in an input buffer in
scrambled order. When all samples have been accumulated, the interrupt routine
returns program control to the demodulation FFT rather than the "idle" loop
where the progrem had been waiting. Thus, an update interval is controlled

by a counter in the interrupt routine.

Figure 3,1-3 shows a detailed flow graph of the synchronization, input and timing

operaticns /2400 bps KINEPLEX Program. Other interrupts are similar. The
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timing diagram shows the states of two variables - BIPIN and BININ - whose
two low order bits are used for timing control.

The output data interrupt loop provides the interface to the data source and
sink in the same manner as the audio sample interrupt loop provides the inter-
face to the transceiver. This interrupt loop operates from the second priority
real time counter. The interrupt rate is set at twice the data rate. For
instance, if the data rate is 4800 bits per second, the interrupt rate will

be 9600 interrupts per second.

Referring to figure 3.1-4, upon an interrupt, the program counter jumps to the
starting location of the interrupt loop; the A register is saved and the

A/D channel 6 is inputted. This enables the interrupt loop for the next
interrupt. A decision is then made whether internal or external data is to

be used in the program. If internal data is requested, the interrupt loop
returns to the main program.

In the external data mode, a decision must then be used to determine if the
modem will accept an external clock or output data based upon an internally
generated clock. This decision is based upon an input from bit 1 of the mode
control switch.

The clock period is then divided into two parts, the period of time when the
clock cycle goes from low to high and data is read out of the modem and when
the clock cycle goes from high to low and data is read into the modem. In
order to determine the phase of the external clock, the recreated clqock from
the phase locked loop is inputted on channel 2 and is sampled when the soft-
ware is in the external mode to determine which cycle of the clock is up at
the time of sample.

In the internal mode a flag is initialized during the start-up rocutine and
is set and reset in the interrupt routine to keep track ¢f the clock cycle.

Data, clock and framing information is stored in a memory location and out-
putted once per data interrupt cycle.
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i 3.1.2 MODULATION AND DEMODULATION

With the exception of one modulator which utilizes a table lookup algorithm s

- - (the 2400 b/s TDPSK mode), the Fast Fourier Transform

is ~used for all modulator synthesis and demodulator analysis operations. A table

lookup modulator generates the composite tone set from a cosine table and, although it takes

more processing time than an FFT modulator, it has the advantage of generally requiring ;
less program memory. As the number of tones in the set increases a table lookup modulator

| = becomes less and less practical.

For more than ten tones, an FFT is the most efficient method in terms of processing
time to synthesize a composite tone set or to analyze a received composite signal. The
size of the FFT, N, must be the lowest power of two which satisfies the following
relationships:

fs
N-=
L

fur v

[

f . >
where:

4 ™ sampling rate
It = tone spacing
tﬂl = the highest frequency tone transmitted.

For the modem structures developed, , N works out to either 64 or 128.

Since a radix-4 FFT requires roughly a factor of two less processing than a radix-2 FFT

( (1.6 milliseconds versus 3.2 milliseconds for a 64-sample complex FFT on the PSP), the
radix-4 algorithm is used exclusively, The flow diagram for a radix 4 FFT is shown

in Figure 3,1-5.
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Because a 128-sample DFT cannot be implemented directly with a radix-4 FFT i
(128 is not a power of four), the 128-sample DFT's required will be implemented by a real ! ‘
only transform algorithm which uses a complex 64-sample, radix-4 FFT. The real only
transform algorithm loads adjacent samples of the real valued input into the 64 real and 64
imaginary inputs to a 64-sample FFT. After the FFT is performed, the complex output is
even-odd separated and weighted by a complex sinusoid to produce the real and imaginary
outputs of the 128-sample input sequence} The entire 128-sample real only algorithm can
be accomplished in 2.54 milliseconds on the PSP, In addition to the time savings, this
algorithm has the advantage of using a common FFT routine in all of the modes.

Although it is not intuitively obvious, the real only algorithm can be used to generate
the composite tone set from the complex vectors which define the modulation on each tone.
The algorithm2 uses the symmetric properties of a real transform and is shown in block
diagram form in section 2.5. The basis of the algorithm is the fact that a real input must
have a spectrum whose real part is even~-symmetric about N/2 (64 for this case) and whose
imaginary part is odd-symmetric about N/2.

In the following two subsections, phase and amplitude detection are discussed in
more detail.

3.1.2 . DPSK Detection

Figure 3.1-«6isa block diagram of the 4-phase DPSK decoder. Although the vectors
are used as complex quantities in the processor decoder routine, they are expressed in
magnitude and phase notation to simplify the explanation. Thus, the input vector,

%n of Jn , is expressed as
Alll Lﬂn ¢=‘/211 -] tqn

where Aln L°ln is the present FFT output vector for the nth orthogonal modem tone.

To decode the two frame bits associated with the nth tone, the phase of this vector

must be compared to the phase of the previous nth vector, Az . L°2n Since the baud length

by

1. This operation has been implemented and is fully described in Multi-transform FFT
Techniques, J. deLellis, Systems Engineering Technical Memorandum No. 1.

2. This algorithm has been implemented and is described in the Proposal for Goldwine
—[%T_m B

Telephone Subscriber Unit Using Carlos, GTE Sylvania Proposa , date
I | M%y 1971 (Secret-Crypto)
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is not orthogonal and the Fourier Transform algorithm measures phase only with respect to
the first data sample, the phase of the previous vector must be corrected before it is com-
pared with the present vector., A correction vector is generated to properly advance the
phase of the previous vector to the same reference sample implied in the present vector:

6 =L +2) 5,

where
N = number of samples in the FFT

n = harmonic number of the tone

L = number of samples/baud

A = number of samples of sync correction applied since previous vector
In Equation (4-2),the quantity 2 7/N is the phase angle that the fundamental tone is 2dvance
for each single sample advance. This quantity is multiplied by the harmonic number of the
tone being processed, n. Finally, the integer, (L + ) is the number of samples over which
the previous vector must be advanced to have the same phase reference as the present

vector.

The previous vector is simply multiplied by the correction vector to compute the
corrected veqtor, A2 = [02, o

A2n |¢2'n=A2n |‘92n>< 1 i&_

Finally, the corrected vector is conjugated and multiplied by the present vector to produce

the difference vector

AlnAZn |¢1n 5 ¢2'n g3 V2n | 2 °2'n i vln l oln
The phase angle of the difference vector determines the state of the two data bits associated
with the tone being decoded. Since the difference vector is actually represented in the pro-
cessor as a complex number, the sign of the imaginary part is used to determine the state

of the most significant bit and the sign of the real part is used to determine the state of the
least significant bit,

In 8¢ DPSK, the same algorithms are used to generate a difference vector. The
change is, of course, that three bits must be demodulated. Detection will be performed by
utilizing the initial real and imaginary values of difference vector to determine the quadrant
of the received vector, shifting the difference vector by /4 radians, and using the resultant
real and imaginary components to specify octant of the received vector.




TR

3.1.2 Amplitude Detection

In the high data rate modes of the error control modem programs, two amplitudes
will be transmitted on each tone to yi€eld one data bit per tone. Figure3,1-7is a block
diagram of the technique which will be usad for amplitude detection.

The magnitude of the nth output slot of the FFT will be compared to a threshold which
is initially set to the mean of the expected amplitudes. The demodulation decision for the re-
ceived bit is based on the sign of the difference between the magnitude and the threshold.
After the demodulation, the amplitude is gated into one of two LP digital filters. Filter A
averages the previous values of the lower valued amplitude, and Filter B averages the
previous values, higher valued amplitudes.

As an example of the operation of this technique, consider a strong signal in sync
whose two output magnitudes are distributed about the threshold. After a short time,
the threshold will go to the mean of the sigrals, If the signal frequency then goes into a deep
fade,the threshold will dimminish and attempt to follow the current mean of the two received
amplitudes.

The difference equation which is used to perform the low pass filtering operation
may be written:

YXk) = aX(k) + pY(k - 1)
where

a=1 -e'T'/T

8= Tt

T’ = baud period
7 = filter time constant
X(k) = input
Y(k) = filtered output

This filter has the same impulse response in the sampled time domain as a simple RC
integrator with a time constant of 7. The normalizing factor, a, is chosen to give the filter
a gain of unity, In the program, e is the parameter EZ, and 8 is the parameter AT. The
actual value of T’ /7 used in the program will be 1/5. Thus, the filter essentially takes a
weighted average of the previous 25 input values (five time constants),
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3.1.3 Continuous Dopvler Correction

Doppler shift can be caused by a frequency offset in the radio transmitter
and receiver circuits or by a relative motion between the transmitter and
receiver. In the case of motion Doppler shift, the shirt is actually
proportional to the transmitted frequency. Since the ratio of the carrier
frequency to the audio bandwidth is high, the effect at the received audio
is essentially the same as the effect caused by equipment misalignment - a
constant frequency shift of the incoming signal. Because any appreciable
shift will destroy the orthogonal separation properties of the demodulation
FFT, the Doppler shift must be corrected before demodulation can be properly

performed.

If a constant tone surrounded by at least two empty slots is transmitted as
a Doppler pilot tone, the output of the demodulator FFT can be used to track
this tone. Sufficient information can be derived from the magnitudes and/or
phases of the expected tone position FFT output and the adjacent outputs to

compute a Doppler correction signal.

After each pﬁss through the demodulator FFT the magnitude and phase of the
Doppler tone (FFT - slot 4) and the two adjacent "empty" slots are calculated
in subroutine CTOP. The magnitudes of the three slots are compared to verify
that the Doppler tone energy is concentrated in the center slot. If the
magnitudes of either of the empty slots exceeds one-fourth the magnitude of

the center slot, the frequency offset parameter o¢ is stepped in the appropriate
direction €~:1hz). Fine Doppler tracking is established by comparing the
Doppler toae phase on aframe to frame basis.* If the phase is advancing the
_]; « 25 = 1 hz. This allows

2n L5 32

tracking of up to 2.3 hz/sec Doppler rates. Both the coarse and fine *racking

offset parameter / is incremented by o =

rates can be adjusted by changing two instructions. I“igure-v?-l-8 presents a block

diagram of the Deppler tracking routing.

*¥Corr etions for non-orthogonal guard times are made where applicable.
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The discrete Hilbert transform has frequency response

Ew znf | 0LfLY (1)
* He ) =3, BLELI

(sampling frequency = 1)

The usefulness of the Hilbert transform can be seen by considering the follow-
ing. Let x(n) be a real valued sequence with Fourier transform X(eY znf)'
If x(n) is passed through the ideal Hilbert transformer, the Hilbert transform

f(n) will have a Fourier transform '

S O .

8 o -j X(eiznf) 0LfLY%

: X (edzmf )= J . 5

1 i { j X(edzm) YLfL1 (@)
Now form the analytic signal .
i

2(n) = x(n) +j X (n) (3)
The transform of z(n) is simply J

| jznf

22ty - 2 X(ed2mhy 0LfLY (%) i
0 BWifll )

2
Z(ej rrf) is a causal function, zero on the lower half of the unit circle.
; This is the key to frequency shifting with the Hilbert transform. The
x procedure is outlined in figure L.1-9. The analytic signel Z(n) is multiplied by

'5 the complex exponential exp [Je‘nafn}. This time domain multiplication yields
convolution of the causal Z(e:)2m‘) with an impulse at © =a4f, thus effecting
| a shift of &f to the spectra. As illustrated in figure 1, the real part of
& , this complex signal, call it y(n), is the frequency shifted equivalent of
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the real input signalvx(n). This procedure can be realized with two real
multiplications and one real addition (in addition to the operations required
to generate x(n) from x(n) ).

In summary, the frequency shifted signal y(n) can be expressed

Y() = x(n) cos (2241, ] - &(n) sin [2nAf, ]

If of is negative this procedures shifts the spectra toward zero.

Tae FIR Hilbert transformer used in the modems was designed at NSA and has
the impulse response shown in figure 3.1-10. The magnitude and phase reeponses
of this filter are illustrated in figures 3.1-1l ana 3.1-12.

Once the Hilbert transform of the input has been calculated the sine and

cosine of the offset frequency use required to complete the procedure. An

NSA designed resonator is used for this purpose. Figure 3.1-13 presents a block
diagram of the resonator. The difference equations that characterize the

resonator are:

C(i) + a S(i)
S(i) - a CGi+ 1)

ai+l)
S(i+1)

For initial conditions C(o)_1, S(0)=C the response can be shown to bel

C(n) = Cos ;1\|
S(n) = -Sin t[na(]

. The NSA Hilbert Transformer and Resonator designs are analyzed in Analysis

of the Hilbert Transformer Frequency Shifting Technique, W. Carmichael
System Engineering Technical Memorandum No. 16. 197h4.
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T

Jn:ct,,
e = cos w, tn - j sin Wo tn Fids: (4-6)
where
w = the output frequency offset
This operation results in a unidirectional frequency shift of the output spectrum. The
operation is essentially the discrete version of the Fourier Transform shift theorem. The

frequency of w is continually updated by the Doppler correction coefficient so as to shift
the frequency displaced input back into its proper representation in the frequency domain.

The sinusoids cos wctn and j sin wctn are generated by a table look-up algorithm

. which uses the FFT cosine table. Since the frequencies generated are not necessarily

orthogonal to the table, an interpolation algorithm must be used to generate these frequencies.

If the highest tone in the set is too close to 1/2 the sampling rate, this correction
algorithm, which is efficient in terms of computation time, cannot be used. The reason is
that it shifts both the upper and lower side bands together. In a digital representation, the
frequencies in the tone set are reflected about half the sampling rate. The reflected values
which are shifted along with the desired frequencies may not be orthogonal to the FFT slot
and can cause interference with the measurements if they are too close to the sin x/x
response of the nearest demodulation FFT slot.

The method of Doppler correction that will be used in most of the modes is to form a
set of signals which consist of a set of signals one of which is the Hilbert Transform of the

L]
other .
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3.1.4 CONTINUOUS SYNCHRONIZATION

The algorithm used to process the synchronization input data may be represented by
the following difference egquation:

Vit ™ 2(cos W T) ¥y + ¥pe_q =& (2-7

where w b is the radian center frequency of the filter, T is the sampling period, and €k is
the input, This diiference equation has the solution
k
1 N %
¥, =——= /), gln)sin k-n)w T+ C, cos (kwT) + C, sin kw T) (2-8)
k  sin pr n:'I P 1 P 2 p

where the last two terms represent the transient part of the solution and may be dropped
by starting the difference equation with zero initial conditions [y0 =0 and vy = 0]. If this
difference equation is excited by an input waveform until time (K’ - 1) and then if the
difference equation is aliowed to ring (i.e., g = 0, k >K’), the output waveform for
k > K’ will be a sinusoid with a frequency of wp whose amplitude and phase will be related
to the input amplitude, phase, and frequency.

Figure 3.1-14 shows the response to an input sinusoid

8 = A cos (wka + o) (2-9)

whose frequency is identical to the center frequency of the difference equation. The output
of the filter for kT < K’T can be written from equation (2-8) as:

A
Vi =§Tn_? % 1/2 [cos (¢ + kpr) - coSs (anpT -0~ kpr)]

-l
n=1

for large k

A k
yk > - -SiT(—Dp_T (:7 COs (0 + kpr):l (2-10)




Pigure 3.1-14. Response of Difference Equation to an Input Sinusoid




Thus, when the filter is excited at its center frequency, the envelope amplitude is directly
proportional to the input amplitude and the number of input samples processed. The phase

of the output is the same as the input phase.

In the synchronization process, 127 or 63 values of input are processed and the last

input sample is set to zero to allow the diiference equation to ring once. The last two values
of output (yK, and YKo 1 where K’ is 128 or 64) are used to calculate the quadrature com-~

ponents which are in turn used to compute the magnitude.

The algorithm used to calculate the quadrature components is derived by considering

‘ the output points as two samples of a sinusoid:
(2-11)

— (4
Vgr = Ax sin (K pr + ox)

Ykre1 = A Sin [(K* + 1) pr + ox]

where Ax is proportional to the input amplitude component, A, and o‘( is a function of the

phase of the inpat component, ¢. By simple trigonometric manipulation, the following

equations for the quadrature components can be developed:

R , Cos wp’I‘ = Ax cos (K'pr + 0) sin .upT (2-12)

p T YK+l T
Ip =Yg sin wp’I' = Ax sin (K’pr + ¢) sin pr (2-13)

Given the quadrature components, the magnitude of filter output component can be calculated.

The algorithm employed to find the approximate square root of the sum of the squares is

described by the following expression,
/ 20 =2 :
m = P~/ R I -
aQ + B p + o - (2-14)

1

l

]

]
]

]

]

!

where

B=1/2

Q=MaxRp,I

P=MinR_,I
PP
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The rms percentage error incurred as a result of using this approximation is 7,21 percent‘.1
n ! The mean squared error could be lowered by making 3 equal to 1/4, but the resultant peak ]

error would be increased.

The combination of difference equation and magnitude algorithm has a sin x/x
frequency response centered at w . The first zero crossings occur at the reciprocal of the
integration period away from the center frequency. The integration time of the filter is
made to equal the orthogonal period of the tone set and wp is chosen to be harmonically
related to the transmitted tones so that the zero crossings of the difference equation

response fall on the center frequencies of the information bearing tones.

In slot synchronization, the difference equation is centered on an orthogonal fre-
quency at which no energy is transmitted. Since there is no tone transmitted in the synchro-
nization slot, the presence of energy at this frequency is caused by a baud transition which ,
spills energy from the transmitted tones into the slot. If there is no baud transition in the i
measurement.interval, the value of m will go to zero because of the orthogonal relationship

between the transmitted tones and the zero crossings of the response.

Figure 3.1-15 shows the method of data segmentation used by the modem demodulator J

for two consecutive bauds. Each line box represents an orthogonal time period. As shown, g
the difference equation operates on two data segments (""early' time period and the "late" ;
time period) in the two baud periods of time. In this diagram M represents the total number
of samples in a transmitted baud.

3 Baud synchronization is accomplished by adding a correction, £ ), to the number of
samples processed every other baud. The difference equation filter can detect four align-
ments of the actual received baud with respect to receiver timing. These conditions are f
diagrammed in Figure 3.1-16.

In cases "a'" and "b'' of Figure 3.1-16 energy is measured in only one of the two inter-
vals, the synchronization correction is calculated from the following expressions:

A= C(m2 - me) (2-195)

4, Manley, H.J., "A Simple Approximation to ‘\I X2 + Y2 with Minimum Mean Squared
1 Percentage Error,' ARL Research Note 733, February 1960.
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s

where

m _ = magnitude of late filter

(

m, = magnitude of early filter

C = synchronization constant

The constant, C, is chosen so that the maximum value of A during the lock-in phase synchro-

nization is three or four samples,

When the received baud is in sync, neither filter will measure energy in the syn-

chronization slot and the correction goes to zero.

- Since the number of samples monitored by the early and late filters exceeds the
number of samples in a baud, it is possible that a baud transition will lie in both the early
and later filters. When a preamble time acquisition is used and

if the HF link is poor this condition will occur. To prevent ambiguities in such an

~ occurrence, the values of the early and late magmtudes are checked before they are used in

equatxon (2-15). If both magmtudes exceed an experxmentally determined threshold, the value

- of A is forced to plus one. In this manner, the program will tend to walk out of the indeter-

minate position,

When the input level is reduced to zero, as might be experienced in a deep signal
fade, the correction goes to zero. Thus, the synchronization will be maintained in a deep
fade as long as the accuracy of the transmitter and receiver clocks is sufficient., The
continuous synchronization rate will be adjusted so that the timing pulses for the buffered
output data will not be more than three microseconds in any one output bit period.

3.1.5 PREAMBLE FUNCTIONS

The transmitted preamble duration is 32 frames, consisting of a CW Doppler tone
is

at frequency %2, and a biphase modulated sync tone at frequency - modulated

at the frame rate.




The receive preamble processing performs four functions

‘a,) detect preamble presence
b.) estimate the doppler frequeicy
c.) establish frame syncronization

d.) detect data presence (or end of preamble)

As implemented these four functions are performed sequentially. The block
diagramin Figure 3,1-17 summarizes how the preamble function is performed.

Initially an FFT is performed on each block of 64 input samples. The sum of
the magnitudes of slots 4, 5 and 6 (doppler shots) are compared with the sum
of the slots 18, 19, and 20 (noise slots). If their difference exceeds a
relative threshold, the frame counter is set to zero and the doppler esti-

mation mode initialized.

In the doppler estimete mode FFI's are again performed on each 64 sample
input block. An average is maintained of dot product values of the latest
doppler slot value with the previous doppler slot value. After 1k frames
the average is converted to polar form with the angle being the doppler
estimate.

In the syncronization mode 16 sample DFT's are performed on "early" and
"ate" windows. The mcst negative correlation of the early-late windows
corresponds to frame transition. This function is performed for 14 frames.
This function requires 370 usec of each two sample pericd (. L400.usec) thus

prohibiting parallel doppler and sync modes.

With the doppler and synchronization modes complete the preamble waits for
the first data frame before relinq uishing control to the main program. The

synchronization and doppler acquisition algorithms are discussed below.
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3.1.5.1 Synchronization Acquisition

Time synchronization is performed in two parts: acquisition and tracking.
Acquisition is performed by detecting the positions of the phase transitions to the sync tone
of the received preamble. A discrete Fourier transform is performed, calculating the
spectral coefficient on the sync tones. The integrations are performed on successive se-
quences of sixteen input signal samples, as shown in Figure3.1-18.If the real and imaginary
coefficients of the early and late integrations are designated as RE’ XE, RL’ and XL
respectively, then the dot product is calculated as

E °L=REI£+ XEXL

The locus of the dot product amplitude as a function of the location of the data transition in
the integration pair is shown in Figure 3.1-18.When no phase transition occurs during the
early or late integrations, the phases of the early and late coefficient vectors are the same,
resulting in a maximum positive dot product. When the 180 dégrees phase transition occurs
at the early-late transition, the resulting dot product is maximum negative., For inter-
mediate transition locations, the dot product locus follows a straight line between the positive

and negative maximum,

The dot product is calculated at the end of each integration pair. The criterion for
locating the transmitted phase transition is a selection of the integration pair yielding the
most negative dot product. The early-late transition of this integration pair is the best
estimate of the location of the phase transition. In order to attain the desired resolution,
integrations are time staggered as shown inFigure3,(1-19, As shown, 16 sample integra-
tions are staggered in two sample offsets, requiring’8 parallel integrations. This results :
in a dot product calculation on alternate samples, or a +1 sample resolution.

This detection process is continued over the duration of the transmitted preamble.
The location of the most negative dot product is stored, on a continuing basis. Thus,
although there is a negative peak for each frame transition, only the position of the most
negative peak is retained at the end of the preamble. Since a fade on the sync tone causes
regduction in the magnitude of the dot product, non-faded detections are favored over faded
ones in a preamble which bridges a fade.

At the end of the preamble the time location of the most negative dot product is
noted. A frame transition will have occurred 16 sample time intervals prior to this time,
and the receiver frame counter zeroed to the transition frame,
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3.1.5.2 Doppler Acquisition

In orthogonal signaling schemes, it is necessary to remove frequency errors

on the incoming signal prior to orthogonal detection, or crosstalk will result.
These errors are of two types: frequency offset due to equipment drift or
terminal motion, and Dopplier spread resulting from ionospheric scatterer
relative motion or terminal motion during multipath transmission. If a density
function of the instantaneous frequency error is formed, then frequency offset
is the mean, and Doppler spread is the variance. Doppler correction circuits
detect and correct the mean frequency error, but cannot eliminate the Doppler

spread term.

The initial frequency correction is made during the preamble. Successive 6k4-
sample DFT's are performed to calculate the coefficients of the preamble
Doppler tone frequency. Coefficients from successive integrations are vector
multiplied to calculate the differential vector, as is done in the PSK data
demodulation process. In the case of Doppler detection, however, it is the
angle of the differential vector that is desired, as this angle is directly
propcrtional to the frequency offset on the received preamble Doppler tone.
This angle is calculated for 64-sample block, and the results are averaged
over the preamble detection period for process gain. At the end of the
preamble, the final offset calculation is used to perform a step frequency
correction on the incoming signal. The initial correction is limited
:_fs/ZN where fs/N is the orthogonal tone spacing. For example the initial
offset correction range for the TDP3K~2400 moden is + 55 Hz.
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3.2 CODING TECHNIQUES

Tne product codes and the "Rank'" decoding algorithm used in this epplication

were reported recently in the literature to be the error control technique employed with an
experimental error controlled HF modem. 5 Called Codem I, it is designed primarily to
provide protection against frequency selective fading, and indeed bit error rate improve-

ments of 1 to 2 orders of magnitude have been observed.

3.2. 1 PRODUCT CODES - RANK DECODING

The (25, 16) product code was employed in Codem I with a decoding algorithm
suggested by Chases. The decoder makes soft decisions on the 25-bit received word and
ranks the relative reliability of each bit. Decoding then proceeds only with the ranking
‘information. The (25, 16) code is similar in structure to the (9,4) product code which is
more convenient to use to describe the Rank decoder. We will follow the example given
by Chase closely. To encode a (9,4) product code word, consider arrarging the informa-
tion bits (I1 - ’4) ina 2 x 2 array, in Figure 4.2-1. The parity bits (P1 - Ps) are formed
by taking mod -2 sums of the rows and columns; that is: Pl = Il@ Iz, P3 = Il@ 13, and
so on. Pg is formed by summing all four information bits (P, = Il@ 12® 13@ =

P,® P, = P,® P,.

L 5 Py
I 1 Py
P3Py | Py

Figure 3.2-1: The (9,4) Product Code

5. Chase, D., ""A Combined Coding and Modulation Approach for Communication over
Dispersive Channels", IEEE Trans. on Communication, Vol, Com. 21, March 1973,
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The nine bits to be decoded are ranked according to their relative reliability. The
bits are labeled 1,2,........ , 9-where 9 indicates the most reliable received bit and 1 the
least reliable. Consider the possible ranking situation shown in Figure L.2-2(a). The x's
indicate the locations of three assumed errors (the most that a soft decision decoder can
find and correct in this case) and the f's indicate flags for the d-1 least reliable bits

(d=4 is the (9,4) code’'s minimum distance).

The decoder begins by checking the parity of each row and column of the received
word in Figure 3,2-22) Av“indicates that the parity checks and Y indicates not. Note
that a parity equation will check if there are no errors or two errors in a row or column.
The rest of the algorithm can be stated in three main parts:

ia. Consider the highest ranked unflagged undecoded bit. If all

parity equations check, decode the bit as is.
1b. If all equations do not check, flag the bit.

1c. If at least one equation checks, decode the bit as is, provided its
rank is larger than the lowest ranked undecoded bit in each un-
checked equation. Flag the lowest ranked undecoded bit in each
unchecked equation.

2. If, after decoding a bit. there remains only one undecoded bit
in any equation, decode the remaining bit by forcing parity to
check.

3. When all remaining bits are flacged, decode the highest ranked
flagged bit and go to step 2,

S s ca e a L bt

Figures 3..2-2(t),(c), (d), (e) and (f) trace rhe decoding steps for the previously stated
example. We begin with bit 9 and notice that the vertical parity checks but the horizontal
parity does not. Invoking Step 1c, we decode bit 9 and circle it to so indicate. Bits 7 and
8 are similarly decoded by Step 1c. As soon as bit 7 is decoded, though, the first column
and third row have just one remaining undecoded bit. Step 2 insists that we now decode ‘
bits 3 and 4 by forcing the parity in the first column and third row to check. Thus, in :
Figure 3,2-2(c)bits 3 and 4 are decoded and circled. Bit 4 is circled twice to indicate - i
that it had to be complemented for the third row parity to check and indeed we have
corrected our first error in so doing. The highest ranked undecoded bit (bit 6) is decoded i
next by Step 1c, as shown in Figure 3,2-3e) leaving bit 5 the only undecoded bit in the :
second row. Step 2 again insists that bit 5 be complemented and decoded next to assure

correct parity on the second row. We have just found and corrected the second error
(Figure 3.2-2(e).Finally, bit 2 is decoded by Step 2 enabling bit 1 to also be decoded
properly by Step 2, correcting the third error and completing the decoding process.
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Figure 3.2.2: Decoding a (9, 4) Product Code
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3.3 Dpeliverable Modem Software

o This section describes the modem software that was developed for the

contract. Four basic programs were written to perform the seven

full and half-duplex modem configurations.

Each of the four basic deliverable programs is discussed separately
in subsections 3,3,'1 to 3.3.4. The parameters of all the modes
(Tables 3.3-1 3.3-2 3.3-3 3.3-4, & block diagram of the processing,
and memory requirements for the four programs are presented in

each section. A timing analysis is also presented for each mode.

Programs were combined to make functional processing simple where
camon algorithms are used for similar programs and also to take

advantage of existing software routines. The four basic programs

are briefly described below.




3.3.1 2400 Bit Per Second TDPSK, No Coding

Table 3.3~1shows the parameters of the 2400 b/s uncoded TDPSK program,

This 16-tone, duplex DPSK modem was designed to be compatible with the specifica-
tions set forth in "Modem, Digital Data MD-5B( )/G" for the 2400-b/s mode. The program
has been interfaced with an AN/ACQ-5 modem

operating in the voiced mode.

Figure 3.3~1 is a block diagram of the modem. The input to the modulator is either
a fixed 32-bit input frame
or a random data input. At the baud rate (75 Hz) 16 differential phase shift
angles are formed - one for each of the sixteen information bearing tones. Each differential
phase shift is one of four possible angles. Thus two input data bits are encoded in each

information bearing tone.

The table ook -up modulator forms 17 sinusoidal output tones from an 128-point
§ cosire table, and outputs the composite signal through a D/A converter and low pass filter.
i Each sample of the output is formed at the 7040-Hz sampling rate in the interrupt routine.
Figure 3.3-2 (a) shows the amplitude versus frequency plot of the output waveform. The

605-Hz Doppler correction tone is continuous and conveys no data information.

The table look -up modulator generates the output tones by stepping through the
cosine table at various rates. For instance, the Doppler tone is generated by outputting
every eleventh value (mod 128) in the table at the sampling rate. Phase modulation is ac-
complished by adding increments which correspond to a 45, 135, 225 or 315 degree phase
shift to the storage locations which hold the current cosine table address for each of the

T

sixteen information bearing tones. This phase modulation operation is performed at the

end of each baud (once each 84 output samples).

- i--‘ e e e G i—v.




TABLE 3,3-JUNCODED TDPSK MODEM PARAMETERS

DATA

Information Rate
Frame Rate
Number Inf. Bits/Frame

SIGNALLING

Modulation

Number of Inf. Tones
Tone Spacing

Baud Period
Orthogonal Period
Guard Time

Doppler Tone

Information Tones
PROCESSING

Sampling Rate
Samples/Baud
Modulation DFT

Demodulation DFT

Doppler Correction

Synchronization

2400-b/s Mode

2400 b/s
75 Baud/s
32

4¢ TDPSK
16
110 Hz
13.33 ms
9.09 ms
4. 24 ms
605 Hz
935-2585 Hz

7040 Hz
94
Table Look-up

64-Point Complex
FFT

Complex Shift
Slot

3600-b/s Mode

4800-b/s Mode

3600 b/s
75 Baud/s
48

4¢ TDPSK

24

93.175 Hz

13.33 ms

10.66 ms

2.66 ms

468.75 Hz
656.25-2812.5 Hz

6000 Hz
80

64-Point Complex
FFT

64-Point Complex
FFT

Hilbert Xform
Slot

5000 b/s
66.66 Baud/s
72

8¢ TDPSK

24

93.75 Hz

15 ms

10.66 ms

4.33 ms

468.75 Hz
656.25-2812. 5Hz

6000 Hz
90

64-Point Complex
FFT

64 -Point Complex
FFT

Hilbert Xform
Slot
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Demodulation analysis is accomplished in a radix-4, 64-point complex FFT. The
center 64 samples of each baud are buffered and used to form the input to the transform.
Before being fed to the FFT the modem input is multiplied by a complex frequency shifting

vector:
~jm.tn _ SRCLER %
€'Y =cos wt jsin w t (2-16)

where

o 3/2 W0 (with 0-Hz Doppler correction)

4y =21 %% = 22(110 Hz)

This process forms a complex input which has two useful characteristics. The first such
characteristic is that the spectrum of this input lies on the orthogonal frequencies analyzed
by the FFT. Since the input sampling rate is 7040 Hz, the 64-point FFT produces a spectrum
whose center frequencies are multiples of 110 Hz (3040 Hz/46). However, the modem tones
as defined by the Signal Corps, although orthogonally spaced by 110 Hz, are centered on

odd multiples of 55 Hz. Thus, to be analyzed by a 64-point transform, the input spectrum
must be shifted by an odd multiple of 55 Hz. A simple heterodyne shift (i.e., multiplica-
tion by a real valued cosine) would produce both upper and lower sidebands which would in

turn confound the analysis spectrum.

The second useful characteristic of this frequency shifting process is that the center
frequency, ©ep of the shifting vector can be modified to correct for a Doppler shift in the
input signal. The complex shifting vector is generated by a table look-up technique which
operates out of the 128-point cosine table. This routine differs from the modulator table
look-up routine in that double precision arithmetic is used to keep track of the current table
address of the shifting vector.

Figure 3.3-2 {b)shows an amplitude versus frequency response of the input as it
appears at the FFT output. When no Doppler correction is applied, the input is shifted
down by 165 Hz. Input Doppler shift is measured by forming the magnitude of the Doppler
FFT output channel and the two channels on either side of the Doppler slot (i.e., FFT output
numbers 3, 4 and 5), The two tones adjacent to the Doppler output channel (FFT numbers
3 and 5) are subtracted to form an error function. If the absolute magnitude of this function
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exceeds a threshold, a Doppler correction will be applied. The sign of the function
determines the direction of the correction. If a Doppler correction is to be made, a second
function is calculated by subtracting the magnitude at the Doppler position (FFT slot num- .3
ber 4) from the adjacent magnitude in the direction of the previously determined Doppler
shift. This second function is used to provide a fast or slow update (depending on the sign
of this function) to the complex shifting vector. :

The sinusoids required to generate the shifting vector are computed in a table look-up
routine which uses the 128-sample cosine table. Since the frequencies of these sinusoids
are not necessarily harmonics of 55 Hz (the fundamental generated by outputting the table at
the sampling rate) an interpolation technique is used in the table look -up routine. The
interpolation technique uses double precision arithmetic to define a fractional place in the ;
table for each table look-up operation. The fraction is in turn rounded off for each table &
look-up operation. This operation is essentially equivalent to a zero order hold interpola-

tion function.

Syncfxronization is accomplished by using a single pole difference equation centered

at 825 Hz to measure baud transitions. In the modem modulator, no tone is transmitted in
this slot. Since the difference equation is dumped at an orthogonal interval, any energy
measured in the interval will be due to a baud transition. The difference equation is turned
on once per baud and aligned to measure adjacent "early'" and "late" segments of input. A
correction is applied to the data buffer every other baud to align the program timing to the
timing of the received input. If baud transition indications appear in both the "early" and
mate" intervals (as might happen when the demodulator first receives a signal), a unidirec-
tion synchronization correction is applied until the baud transition is found in only one of-thé

intervals.
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3.3.2 3600/4800 bps TDPSK, No Coding
Table 3.3-1 shows the parameters of the 3600/4800 bps TDPSK

program,

Figure 3.3-3 shows the block diagram of the 3600-b/s and 4800-b/s modes of the
uncoded TPSK program. In this diagram, the preamble generation and detection routines
are shown connected to the transmit D/A and receive A/D by a switch to indicate that they

only operate during the setup of a link. The operation of these algorithms is discussed in
subsection 4.1,

In the transmitter, a 64-sample complex FFT is used to generate the composite
] tone set. In this scheme, the real and imaginary part of each tone is generated by adding

n
il
1
J
1
)
N
1

the appropriate phase shift to the previous transmitted vectors. The composite frequency

)
-t
-

domain signal is fed to the FFT which in turn produces a composite time domain line signal,

[S——— -

The primary difference between the 3600 and 4800-b/s mode receiver and the

F ‘f 2400-b/s mode receiver is that the higher data rate modes use a Hilbert Transform gener-
: ator to correct for Doppler offset. With this scheme, the orthogonal outputs of the Hilbert
Transform generator are multiplied by a2 cos and sin function whose frequency is equal to
the measured offset. The sum of multiplier outputs is a real signal which has been shifted
by the appropriate correction frequency. Since the input is real, only the real part of the
demodulation FFT is loaded.
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TABLE 3.3-2. TDPSK/PRODUCT CODE (CODEM) MODEM PARAMETERS

DATA

Information Rate
TX. Rate
Frame Rate
Coding

Number TX Bits/Frame
Number Inf. Bits/Frame

SIGNALLING

Modulation

Number of Inf. Tones

Tone Spacing
Baud Period
Orthognal Period
Guard Time
Doppler Tone
Information Tones

PROCESSING

Sampling Rate
Samples/Baud
Modulation DFT

Demodulation DFT

Doppler Correction
Synchronization
Encoder

Decoder

2400-b/s Mode

3600-b/s Mode

‘See Text

2400 b/s
3750 b/s
75 Baud/s
25, 16

50

32

4¢ TDPSK

25

93.75 Hz

13.33 ms

10.66 ms

2.66 ms

468.175 Hz

656. 25-2906. 25Hz

6000 Hz
80

64-Point Complex
FFT

64-Point Complex
FFT

Hilbert Xform
Slot

Product

Rank; 25,16

3600 b/s
5625 b/s
75 Baud/s
25,16

75

48

8¢ TDPSK

25

93.75 Hz

13.33 ms

10.66 ms °

2,66 ms

468.175
656.25-2906. 25Hz

6000 Hz
80

64-Point Complex
FFT

64-Point Complex
FFT

Hilbert Xform
Slot

Product
Rank; 25, 16

4800-b/s Mode

5000 b/s*
7200 b/s

' 50 Baud/s

36, 25
144
100

2A, 8¢ TDPSK
36

62.5 Hz

20 ms

16 ms

4 ms

500 Hz

687. 5-2875 Hz

8000 Hz
160

128-Point Real
Only

128-Point Real
Only

" Hilbert Xform

Slot
Product
Rank; 36,25
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3.3.3 2400/3600 bps TDPSX With Coding

P Table 3.3-2 describes the parameters of the 2400/3600 bps
CODEM Modem.

A block diagram of the 2400 b/s and the 3600-b/s modes is presented' in Figure b4.3-%
Again the preamble routines are not shown. The coding transformation for the data encoder
will be the coding transformation specified in Table 5 of the RFP. In the 2400-b/s mode
one bit from each of the 25, 16 code generators will be applied to each tone as specified in
Table 6 of the RFP. In the 3600-b/s mode, three sets of 25 bits are generated and three
bits of modulation are applied to each tone. Again the information and parity bits will be
applied to the data tones according to the scheme specified in Table 6 of the RFP (i.e.,
one bit from each set of 25 transmitted bits to each tone).

In the demodulator, both the detected bit stream and the rank for each bit are
transmitted to the rank decoder algorithm. The rank of each demodulated bit is made by
ordering the confidence level of each bit, which is in turn calculated from the projection of

_the received differential phase vector on the decision axis.Figure 3 3_5 shows the confidence
levels for arbitrary differential phase vector in the 2-bit per tone (2400-b/s mode) case.

The operation of the rank decoder is discussed in subsgction~ 3.
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3.3.4 4800 bps Codem and DEFT
Table 3.3-2 describes the parameters of the LB0O bps Codem
Modem.

As shown in Table 3.3-2the actual information rate of the 4800-b/s mode
is 5000 b/s (100 decoded bits/frame times 50 frames/second). An

exact data rate of 4800 b/s could be achieved by simply lowering the baud rate to 48 bauds/

second. Such a change would increase the guard time to 4, 83 milliseconds.

Figure 3.3-6 shows the block diagram of the 4800-b/s mode. In this mode 36
information tones, modulated in both phase and amplitude, are transmitted each frame. A
128-sample real only transform is used to generate the composite line signal in the trans-
mitter and to analyze the Doppler-corrected input signal in the receive mode.

The amplitude moduiation used in the received mode will allow one of two levels to
be transmitted for each data tone, since the phase information must, of course, be main-

tained. The threshold for the amplitude decision algorithm will be made adaptive by

ave i i
raging the previous levels of ones and zeros and computing a mean ie

In the 4800-b/s mode, four sets of 36

: -bit outputs are generated by the data encoder,
Since each tone transmits four bits of data (

one amplitude bit and three phase bits), one bit
of data from each 25, 36 encoder set will be applied to each of the 36 data tones, The ranks

for the DPSK bits will be computed in the same manner as the ranks for the 3600-b/s mode

The amplitude bit ranks will be computed by ordering the distance between the received
amplitude and the decision threshold for each bit,
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1
1 TABLE 3.3-3: FREQUENCY ASSIGNMENTS FOR 4800 b/s CODEM MODE }
A FFT SLOT FREQUENCY FUNCTION
ial 8 500 Doppler Tone ] g
‘ ? 9 562.5 Doppler Slot '
| 10 625 Sync Slot
i 11 687.5 Data Tone 1 ]
12 750 Data Tone 2
13 812.5 Data Tone 3
14 875 Data Tone 4
15 937.5 Data Tone 5 :ﬁ
16 1000 Data Tone 6
17 1062.5 Data Tone 17 -
18 1125 Data Tone 8 i
19 1187.5 Data Tone 9
3 20 1250 Data Tone 10
21 1312.5 Data Tone 11 2y
22 1375 Data Tone 12 §e
] 23 14317.5 Data Tone 13
E 24 1500 Data Tone 14 5
, 25 1562.5 Data Tone 15 v
26 1625 Data Tone 16
! 27 1687.5 Data Tone 17
i 28 1750.0 Data Tone 18
29 1812.5 Data Tone 19
30 1875 Data Tone 20 ‘
31 1937.5 Data Tone 21 7
32 2000 Data Tone 22 u‘
33 2062.5 Data Tone 23
34 2125 Data Tone 24 T
35 2187.5 Data Tone 25 &
36 2250 Data Tone 26
37 2312.5 Data Tone 27 "
4 38 2375 Data Tone 28 r
! 39 2437.5 Data Tone 29 o
! 40 2500.0 Data Tone 30 +
; 41 2562, 5 Data Tone 31 ,
| 42 - 2625 Data Tone 32 -
! 43 2687.5 Data Tone 33
44 2750, Data Tone 34 r
45 2812.5 Data Tone 35 A
46 2875. Data Tone 36
E |
| =
3 | Wk
| FR75=2 920 ’ e




Table 3. -4 describes the FDPSK modem program which will only have
one mode. The frequencies for the tone set are shown in Table 3.3-5.

The data tones are referenced to a reference tone at 515.625 Hz.

Figure 3.3-6 shows a block diagram of this mode. For the sake of clarity, the
preamble functions are not shown in this block diagram. In the frequency differential phase
shift keyed system the complex data tone vectors are phase modulated with respect to ten
reference tones which are generated from the reference generator.

The complex frequency domain vectors are expanded in the frequency domain to
form an even real part and an odd imaginary part. The real and imaginary parts are
summed and fed into the 128-sample real only transform algorithm., The real and imaginary
parts of the output of this transform are in turn summed to form the composite line signal.
The summing at the input and output of the transform utilizes the symmetric properties
of a real valued DFT to eliminate the need of a complex 128-sample FFT.

The receive mode of this modem uses the same 128-sample real only algorithm to
generate the frequency domain vectors for the reference and data tones. The signal is

demodulated by computing the data tone phases to the phase of the appropriate reference
tone.

FR75-2
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Table 3.3-4: FDPSK (DEFT) MODEM PARAMETERS

DATA

Information Rate
Frame Rate
Number Inf. Bits/Frame

SIGNALLING

Modulation

Number of Inf. Tones
Number of Reference Tones
Tone Spacing

Baud Period

Orthogonal Period

Guard Time

Doppler Tone Spacing
Inf. and Reference Tones

PROCESSING

Sampling Rate
Samples/Baud
Modulation DFT
Demodulation DFT
Doppler Correction
Synchronization

4800 b/s
40 Baud/s
120

8¢ FDPSK

0 -
[

46. 875 Hz

25 ms

21,33 ms

3.66 ms

468,75 Hz

609. 375 - 2906. 25 Hz

6000 Hz

150

128-Point Real Only FFT Algorithm
Hilbert Xform

Slot

FR75-2
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Table 3.3-5: FREQUENCY ASSIGNMENTS FOR FDPSK MODEM

g
1]
_7;
FREQUENCY FUNCTION TONE ] %
b 375 Doppler Tone i
421.875 Doppler Slot ;
i 468.75 Syne Slot ]
|
i 515.625 Reference Tone 1
| 562.5 Data Tone 1
609.375 Data Tone 2 ]
656.25 Data Tone 3 i
703.125 Data Tone L ] i
15
750 Data Tone 5 ot
796.875 Data Tone 6 :
‘ 843.75 Data Tone 7 ] X
: 890.625 Data Tone 8
: 937.5 Data Tone 9 |
984,375 Data Tone 10 ] i
1031.25 Data Tone 11 ;
! 1078.125 Data Tone 12 :
' 1125, Data Tone 13 d
1171.875 Data Tone 14
1218.75 Data Tone 15
1265.625 Data Tone 16
| 1312.5 Data Tone 17 :
{ 1359.375 Data Tone 18
: l 1406.25 Data Tone 19 ]
i ; 1453.125 : Data Tone 20 3
1500 Date Tone 21 ]
: | I 1546.875 Data Tone 22
| : 1593.75 Data Tone 23
. 1640.625 Data Tone ol ]
' 1687.5 Data Tone 25
f | 1734.375 Data Tone 26
‘ ) 1782.25 Data Tone 27 ]
j 1828.125 Data Tone 28
! ! 1875.0 Data Tone 29 _
; 1921.875 Data Tone 30 J
{ 1968.75 Data Tone 31
i 2015.625 Data Tone 32 -
2062.5 Data Tone 33 }
g 2109.375 Data Tone 34 '
| FR75-2 94 ]
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TABLE 3.3-5: FREQUENCY ASSIGNMENTS FOR FDPSK MODEM (Cont.)

FREQUENCY FUNCTION TONE
2156.25 Data Tone 35 ;
2203.125 Data Tone 36 !
2250 Data Tone A S SN
2296.875 Data Tone 38
2343.75 Data Tone 39
2390.625 X Data Tone Lo *
i
]
Li FR75-2 95
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3.4 Software Operation

Control of the programs is originated from the modem control panel

on the manual switch register on the processor control panel. After

the program is read into the machine either from the FDP-11 or paper

T

tape and the initial or starting location is set, the machine is
put into the run mode. From this point on operation is controlled
bj the switches. Each of the programs varies slightly on control
due to the functional difference between modes; however, standardiza-

tion is provided where possible,

Display controls originate from the manual switch register and are

given below:

Bit Location Description } ;

Difference Vector, Low 6

15 Random Data In ;

i | 14 Error Control j ‘
: 11 Anything, Low 11 ‘
! | 14 Input, Diff Eq |
| 9 Unprocessed Vector, Low 6 !

;,

{

Tone Location

OHMNMWFWN o

!
S?

Bit 15 switches between internal and external data. Bit 14 in the

-,
-

Codem modes switches in the error decoder. In the mode where the

el et Hemad  Reed el Gl

decoder is not used, the parity bits are transmitted but just

[—

ignored in the demodulation.
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Bit 11 allows any memory location in the lower 2K of data memory to

be displayed on one of the D/A converters. A capability is thus
provided to display flags and other locations where unprocessed

data cen be inspected while the program is running.

Bit 10 displays the difference equation used for time synchronization ¥ i
on one D/A converter and the input samples on a second D/A converter,
Bits 9 and 8 output the real and imaginary axis of the FFT and %
processed output of the tone selected by the lower 6 bit locations on |

the switch register. i

Control of which program, internal or external_clock, preamble or

no preamble is exercised by the mode control. In general - bit one f
controls the program, bit 2 is internal or external clock and bit 3
controls preamble on or off. For instance, in the Codem III/DEFT

program, the mode switch is as follows:

Switch Setting Description
@ CODE& L8¢@, INTERNAL CLOCK, PREAMBLE
1 DEFT , INTERNAL CLOCK, PREAMBLE
2 CODEM 48¢@@, EXTERNAL CLOCK, PREAMBLE
3 DEFT » EXTERNAL CLOCK, PREAMBLE
L CODEM L8@@#, INTERNAL CLOCK, NO PREAMBLE
5 DEFT , INTERNAL CLOCK, NO PREAMBLE
6 CODEM u48@@, EXTERNAL CLOCK, NO PREAMBLE
T DEFT » EXTERNAL CLOCK, NO PREAMBLE




-

In all of the programs a number of parameters can be

easily modified. The most significant of these variable parameters are listed below:

a. Sampling Rate - A single parameter will control the sampling rate. As
| the sampling rate is varied, the tone spacings, tone positions, and data
i rate will vary.

I
b. Frame Rate - A single parameter, the number of input samples per frame, J I
will vary the frame rate and consequently the guard time and data rate. The i

lower limit to this variation will be the number of samples in the orthogonal
set (64 or 128), In this case, the guard time would go to zero.

¢. The Tone Position - The position of each tone in the data set will be
referenced to a stored table in data memory. Modification of this table
will result in frequency shifts in the data or Doppler tones. Since the tones
must fall on an FFT slot, such 2 shift can only be made in increments of
the tone spacing.

d. Doppler and Time Tracking Rates - The rates of frequency and time
tracking will be controlled by four or five locations in data memory. The

i modification that these parameters make to the tracking rates will be identi-

] fied in the listings.

-

e. Number of Tones - The number of tones in the data set in the modes which
do not require a fixed number of data bits per frame for the coding scheme will be
E i variable, This number will be varied by adjusting several parameters in data memory.

f. Number of Preamble Frames - The number of preamble frames transmitted
and expected in the receiver will be varied from 5 to 32 by modifying two
locations of data memory.

FR75-2 98
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3.5 Program Memory and Timing

FR75-2

The programs have been written to operate both half duplex and full
duplex. Two of the seven modes at the present do not have sufficient
time to oﬁerate full duplex with all functions enabled. The times
for all of the programs are given in Table 3.5-1l. The times are a
combination of calculated times and measured times. It should be
noted that the times given are nominal times and worst case conditions
can expand the noted time. For instance, the decoder when correcting

bursts of error can take a longer period than noted in the chart.

Table 3-5-2 presents the number of 32 bit words used in program
memory and 16 bit words used in data memory for each of the four

combined programs.

29

s
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TIMES IN MILLISZCO:DS

»
» Progren Timing CoDEM  © CODIt  TDPSK TDPSK TDPSK
CODEM DEFT 3600 2400 2400 3600 4800
483
| Sarple-Interrupt .9 .95 5 5 5.2 0.5 0.5
.Data Interrupt ‘ 1.5 1.5 15 5 .56 8l 106
2.46 2,46 .25 1.0 5.76 1.3b . 1.76
Modnlation
Encode .05 - .05 .05 - = =
Form Mod. Vectors _ 1.1 slad .8 .8 0.5 0.8 0.8
Scranble a3 .3 -3 -3 - 0.3 0.3
. FFT 1.6 1.6 1.6 1.6 - 1.6 1.6
: Even/0dd Separation .6 .6 £ o L
Store A b o2k 2 = 0.2 0.2
) 4,04 2,99 2.99 0.5 2.94 2.9%
Derodulsation *
| Hilbert Transform 2.2 2.8 1.k 1.4 . 1.4 1.k
3 ‘ Scrarble .3 .34 .34 .34 - 0.34 0.3k
E FFT cT i 1.6 1.6 1.6 1.6 1.6 1.6 1.6
’ Even/0dd S T .6 - = - = o,
g Ieﬁ(?ig.:\mf:s dank, Sig i i T i o s o
Proc DMopnler Det)
Decode 4.5 - 2.6 1.8 - - =
g .24 7.5h 8.9 7.1k 2.4 L.sk L7k
]
! Totel Full Duplex Tire 20.79 1L.0% 13.1% 11.13 8.66 8.82 9.02
r 2 TASLE 3.5-1: liring Fstizates
|
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CODE CODEM III 3600/

ROUT INE + DEFT  CODEM I/II L4800 2400
Outpuat Mod Sample L3 - 37 ko 101
Preamble 379 372 383 389
Input Sample + Sync - 129 130 138 187
Data Interrupt 85 83 92 61
3rd Interrupt L L 4 L
Wait Loop 34 36 22 30
Modulation 1h7 89 92 --
Demodulation 411 437 303 290
Initialization 115 122 111 L7
Scramble athes. 30 30 30 -
Even/0dd 53 -- -- -
Erec. 28 28 - --
PRCG 13 13 13 --
DFRAM 10 10 18 58
NOPS -- -- 20 -
CTOP 159 159 159 159
INVERT 30 30 30 30
FFT i85 185 185 185"
VMP 18 18 18 18
SIN/coS 13 13 13 13
DISP 50 50 50 55
DECOD b 639 e _—
Total Program Memory 2347 2u85 1734 1632
Total Data Memory 2899 2662 1768 1124

TABLE 3.5-2: Memory Requirements '

FR75-2 101
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E " 3.6 Test Results

A1l of the programs were operationally and functionally tested.

The rank decoder was extensively tested to the error patterns

inclosed in Appendix A and operated successfully with all of the

| NI SV S U e

patterns. This test was performed on the decoder operating as

an integral block of the modem program. I

(S

Frequency responses were run on the input and output filters and

lh.

are given in Figure 3.6-1 and Figure 3.6-2 . Two

responses are given since the design incorporated provisions to

.

rapidly change the bandwidth of the filters by modular change of

a set of eight resistors per filter. Two modules were provided

—

with the equipment.

Signal to noise tests, fading tests and doppler tracking tests
were performed at NRL. The results are not included in this

report.
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4.0 SUPPORT PROGRAMS

This section describes the software development both for the assembly
and loading of programs from the PDP 11/45 to the PSP and ciagnostic programs
developed for the PSP. '

Signal processing tasks are performed on the PSP by appropriate PSP
programs written specifically for the task at hand. In this environment it
is important to have efficient techniques to develop and test PSP programs.
An extensive collection of field-proven hardware and software support sys-
tems was provided to simplify the task of the PSP program develooment.

These' support systems range from the simple PSP assembler which can
run on any suitable general-purpose computer to a complete set of peripheral
hardware and support software for use by the PSP programmer. The PSP assem-
bler can be oriented to run in either a batch or time-shared mode on a general-
purpose computer. For the laboratory requiring peripheral equipment, one or
more PSP's may be integrated with a PDP-11 computer system, such that the PSP's
becare the masters of the system controlling the available peripherals. To
support the PSP/PDP-11 system at NRL, assembler was provided to run on the
PDP-11 with 20K of memory plus an extensive collection of support software
including an on-line debugging program for the PSP, a PSP dump program, a PSP
loader and other useful packages itemized below.

4.1 PHILOSOPHY OF PSP/PDP-11 APPROACH

The efficient use of the PDP-11 in conjunction with the PSP is discussed
in this subsection, which describes the relationship between a general-purpose
computer system and the PSP in the development of modern signal processing
equipment.




——— ————— . SN A Sl s s W

By way of background, the PSP is designed to provide an improvement over previous
methods both in developing and implementing signal processing equipment. Prior to the
advent of the PSP, sophisticated signal processing equipment was built in two phases, the
simulation phase and the implementation phase. In the first phase, proposed techniques
were programmed ''or simulated' on a large scaie general-purpose computer. During this
phase, parameters of design could be varied and analyzed. Through this simulation effort
a final system was specified and all parameters defined. During the second phase, the
final system was constructed through a hardware design effort. Once the second phase had
begun, changes in design and parameters became expensive. Sophisticated equipment was
excessively difficult and expensive to build and in some cases impossible to debug. The
success of a system could be impaired in cases where subtle variations between the simula-
tion and the end product caused unexpected degradations.

Using a PSP as a replacement for special-purpose hardwired designs overcomes
most of these ditficulties. The hardware design effort of phase two is largely replaced by
a programming effort on the PSP.

Making the transition from the simulation program to the PSP program is far easier
than making the transition to a hardware design effort. Communication and documentation
problems between a software effort and a hardware effort are eliminated. Indeed, the pro-
grammers who developed the simulation software generally follow on with the PSP imple-
mentation program.

The programming effort on the PSP becomes the last effort of design. Flexibility
is maintained throughout the design effort, and system changes may be incorporated with

minimum cost even after systems have been delivered, simply by changing the PSP program.

With the flexibility during the PSP programming effort the distinction between the
simulation phase and the implementation phase quickly becomes blurred. Many of the stu-
dies previously performed in a simulation effort on a general-purpose computer are more
quickly achieved during the PSP programming effort.

Indeed, if the PSP had all of the capabilities of a general-purpose computer, the
simulation effort using a separate computer would be entirely eliminated.

The PSP, however, does not have these capabilities and, since a primary objective
of the PSP is to provide low cost hardware to perform the signal processing task in the field,
its design is not burdened by facilities and software that are useful only in the laboratory.
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In order to achieve the best of both worlds - the minimum cost deliverable hardware,
and the facilities that are desirable during system simulation and development - GTE
Sylvania has interfaced the PSP to a PDP-11 in such a way that the PSP programmer has at
his disposal the facilities of the PDP-11 system.

The hardware interface is quite straightforward. Three data paths between the PSP
and the PDP-11 are implemented as shown in Figure 4-1.

The path to the PSP card reader input allows PSP programs assembled on the
PDP-11 to be loaded into the PSP directly. This eliminates the card reader and avoids the
unnecessary step of punching cards. As a result of this data path, PSP assembly language
programs may be read into the PDP-11 card reader, or written at the PDP-11 typewriter
input. Programs may be stored on the PDP-11 disk. The powerful facilities of the PDP-11
editor and file handling software (PIP) will be available to the programmer. The fact that
the programs are run on the PSP yet are written and assembled on the PDP-11 is a distinc-

tion that is of little concern to the programmer.

With the I/O data paths between the PSP and the PDP-11, data is easily passed
between the two processors. As a result, the PSP program has the PDP-11 peripherals

available for use.

Data to be processed may originate from a tape unit, results may be printed on a
typewriter and program parameters may be requested from the typewriter. As a resuit,
the PSP programmer has the hardware and control normally associated with a general-

purpose computer.

The programmer has two choices. He could write programs in Fortran which would
be executed by the PDP-11 CPU, or he could write programs in PAP (PSP Assembly Pro-
gram language) which would be executed by the PSP CPU. In either case, the programmer
has available all of the peripherals of the combined facility.

With this arrangement, the need for the traditional Fortran simulation program is
reduced considerably. In many cases, the "'simulation' effort can be done more effectively
with a PSP program than with a Fortran program.
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4.1.2.1 INTERFACE TO LOAD PSP PROGRAM AND DATA MEMORY FROM PDP 11/45

o e

4.1.2 PSP TO PDP 11/45 INTERFACE HARDWARE i

To implement the PSP/PDP-11 System outlined in the preceding paragraphs,
cables and I/0 connectors were provided to interface two PSP's to NRL's PDP 11/45 i
camputer. The hardware interface will provide the capability to perform three 1
distinct functions with either PSP: ‘
{
|

a. The ability to load the program and data memory of the PSP directly

from the PDP 11/45. ‘3‘

b. The ability to transfer a 16-bit data word from a PSP to the PDP 11/45. #
I‘

c. The ability to transfer a 16-bit data word from the PDP 11/45 to a ‘

PSP.

One of the functional paths shown in the block diagram in Figure 4-2
will allow the PSP program and data memory to be loaded fram the PDP 11/45.
The interface will connect a DR11 output channel to each PSP card reader input
channel. It will be implemented so that 12 bits of data can be transferred,
in parallel, from the PDP 11/45 to the PSP's, and will be functionally equiva-
lent to the transfer of 12 bits of data from an IBM card colum to the PSP
through a card reader. This channel will therefore have identical capabilities
to those otherwise provided by the card reader input to the PSP. The PSP will
then be able to be loaded by transferring PSP binary deck card images from the
PDP 11/45 to the PSP under program control of the PDP 11/45.

In addition to the data transfer capability of the interface, the PSP
card reader enable/disable signal will be fed back to the PDP 11/45 so that its
state can be determined by the PDP 11/45 program.
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4.1.2.2 Interface to Transfer 16-Bit Data from PSP to PDP 11/45

A second data path to each PSP shown in the block diagram in Figure 2-10 will
allow the PSP's to transfer 16 bits of data in parallel from the PSP to the PDP 11/45. This
transfer will be accomplished by execution of a PSP output instruction (OUTA or OUTM).
Signals generated by execution of the OUTA or OUTM instruction will be used to alert the
PDP 11/45 that it must perform an instruction to complete the transfer.

4.1.2.3 Interface to Transfer 16-Bit Data from PDP 11/45 to PSP

A third data path to each PSP shown in Figure 2-10 will also allow a PSP program
to obtain 16 bits of data in parallel from the PDP 11/45. This transfer will be accomplished
by execution of a PSP input (INPA or INPM) instruction. Signals generated by the PDP 11/45
will be used to alert the PSP that it must perform an INPA or INPM instruction to perform
the transfer. ' :

4.1.3 PSP-TO-PDP 11/45 INTERFACE SOFTWARE

In addition to the interface hardware described in subsection 4.2, interface
software is necessary to realize the potential of the interface between the PSP's and the
PDP 11/45. With the appropriate software in both the PSP and the PDP 11/45, the PSP's
will be able to make use of the peripherals on the PDP 11/45 for either input or output as
desired and appropriate. Similarly, PDP 11/45 software is required to make use of the
ability to load the PSP program and data memory from the PDP 11/45. Generally, each
I/O exchange between the two computers requires a matching pair of programs - one in the
PSP and one in the PDP 11/45. The software to implement these functions is referred to
as the interface software. Software will be delivered to implement the functions detailed
in Table 4-1. It is divided into three groups corresponding to the three functional data
paths described in subsection 4.2.

4.1.3.1 Implementation of PSP Software

The PSP interface software is included as part of the PDP-11 version of the PSP
assembler so that the programmer need not be concerned with the details of the program-
ming to use the interface. That is, the PSP programmer will include such statements as,
for example,

RWND TAPE
in his PSP program, The PSP assembler will then insert the PSP coding necessary to
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; perform the function. Each such instruction will be treated by the assembler as a request
. | for the appropriate predefined "Macro' routines to be inserted in the PSP program.

1 ‘ ‘ 4.1.3.2 Implementation of PDP 11/45 Software

o The PDP 11/45 I/O interface software in Groups II and III are combined into one
complete program to be executed in conjunction with the execution of the PSP Program.

o wowd ew Gwd  God
PR PP e e

The software in Group I are separate programs reflecting their distinctive functions.

TABLE 4-1, PSP - PDP 11/45 INTERFACE SOFTWARE

o+ ‘oo

Group I - PDP 11/45 to PSP Program and Data Memory Load Group. This

group operates with the PSP in the halt mode. &
8
PROGRAM DESCRIPTICN
T Py =
1. PSPLDR PSP Loader Program - A PDP 11/45 program to

, ‘transfer a PSP binary program from a PDP 11/45

! source device to the PSP program and data memory.
The source device may be the card reader, disk file,
Mag tape, Dec tape, or paper tape unit,

2. PSPODT PSP On Line Debugging Technique Program - A PDP
11/45 used to debug PSP programs. Single or
multiple program or data memory locations in the
PSP may be changed by specifying the address and
new contents at the PDP 11/45 TTY (teletype or Dec

| Writer) input device. The old contents may be

i destroyed or remembered and subsequently restored

i by the PDP 11/45. The contents of PSP program or

| data memory locations may be examined via the PSP 1 3
| front panel light or printed on the TTY by specifying - i
the locations to be examined at the PDP 11/45 TTY. !
N i
: 3. PSPMDP PSP Memory Dump Program - A PDP 11/45 program 4 i
f ! to "dump" the contents of the PSP program or data ;
lt f memory, listing the contents on the PDP 11/45 TTY -
| ! or line printer. This program is incorporaied as an ‘
| | - option in the PSPODT program described above, 5 '
! ‘
| 1 8
o !
P )
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TABLE 4-1. PSP - PDP 11/45 INTERFACE SOFTWARE (Cont.)

Group II - PSP to PDP 11/45 data transfers. This group operates with the {
PSP in the run mode. Each function requires matching pairs of
programs: a program to transmit the data from the PSP and a
receiving program in the PDP 11/45. Only the PSP routines are

listed.
PROGRAM : DESCRIPTION
1. WRIT ; A generalized PSP Macro to steer a record of data
from the PSP to a PDP 11/45 output device.
2. RWND A PSP Macro routine to request a rewind on a PDP
11/451/0 device.
3. WEOF A PSP Macro routine to write an end of file on a PDP
11/45 Output device.
4, BKSP A PSP Macro routine to request a backspacing of
records on a PDP 11/45 I/0 device.
% 5. TYPE A specialized PSP Macro within the generalized
: WRIT category to transfer a character s.ring to the
PDP 11/45 TTY device.
6. PNCH A specialized PSP Macro within the generalized

WRIT category to transfer a data string to the PDP
i 11/45 PUNCH device.

Group IIT - PDP 11/45 to PSP data transfers. The group operates with the PSP
in the run mode. As in Group II each function requires matching
pairs of programs: a PDP 11/45 program to transmit the data and a
PSP routine to accept the data. Only the PSP routines are listed.

PROGRAM DESCRIPTION
i 1. READ A PSP generalized Macro to request a data transfer

from a PDP 11/451/0O device.

2. RDCH A PSP Macro to read a character input at the PDP
11/45 teletype.

3. RDLN A PSP Macro to read a line of characters input at
the PDP 11/45 teletype.

f 4. RPTP A PSP Macro to read data from a paper tape unit.




It

U ——

%.1.3.3 USE OF THE COMBIMED SOFTWARE

The user's task, as a result of these utility programs, will be reduced
to the job of writing the PSP program using the standard text editing facilities
of the PDP 11/45, or other standard means of creating the source program.

With the PSP program complete, the user will type a sequence of cammands
at the PDP 11/45 teletype such as:

RUN PAP (assembler PSP program)
RUN PSPLDR (load program to PSP)
RUN PSPINT (run interface program)

At this point the user will be ready to run the PSP program with the devices of
the PDP 11/45 avail=ble as requested by the PSP program.
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4.2 PSP DIAGNOSTIC PROGRAMS

A complete set of diagnostic software has been developed for the.PSP to verify that
the PSP is working properly and/or aid in isolating a hardware problem in the event of a
component failure. The programs available are:

Data memory test program
Program memory test program
Register file test program
Instruction test program
Multiply test program

2R ES

These programs are provided with the PSP as deliverable items. Since the PSP is
a programmable signal processor, additional test programs to check out special I/0 equip-

ment, real-time counters, etc. can te easily developed.

=% brogram listings are ins~lssed in frpendiy &,

5
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4,2.1 PSP Register File Test Program

4.2.1.1 Objective - The PSP register file test program tests the PSP to determine
whether data can be stored and retrieved properly from the 32 index registers.

4.2.1.2 Method - The program follows the same procedure used for the PSP data
memory test which is described in subsection 4.2.2.  Although the objective, method and
flow chart of the two programs are identical, the programs themselves reflect the differences
in programming technique required to address the register locations. Because of these
similarities, no flow chart is provided for the register file test.

4.2.1.3 Program Timing - Because there are only 32 registers, the program cycles

very rapidly, continuously repeating the test unless a failure occurs.

4.2.1.4 Factors Not Tested - This test is designed to test the storage cells in the
register file only. It is not intended to check the register file arithmetic unit which is

tested elsewhere.

hvird  Basd  Gueid e Bl
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4.2.2 PSP Data Memory Test Program
4.2.2.1 Objective - The data memory test program tests the PSP to determine whether

data can be stored and retrieved properly from the data memory.

4.2,2.2 Method - The program tests the data memcry by storing a background pattern
of ZEROS in all data memory locations. A test word with a ONE in a single-bit position is
then stored in the test location. The entire data memory is checked to determine whether
the ONE and the ZEROS were stored correctly.

If the pattern is not correct, the program halts with indicators pointing to the loca-
tion of the failure. '

The entire test is a repetition of this basic scheme of (1) storing a background pattern
in all memory locations, (2) storing a test word with a single bit in the test location,
(3) checking all memory locations for the correct pattern, and (4) halting if an error is dis-
covered. The complete test stores a ONE in each bit location of the data memory against a
background of all ZEROS and a ZERO in each bit location against a background of all ONES.

Upon completion of the test, the program repeats from the beginning. Thus it runs
céntinuously unless an error is discovered.

4.2.2.3 Program Flow Chart - The data memory test program flow charts (Figures 4-3

through. 4-6 ) illustrate the program operation. As shown, the data memory is filled with
‘a background pattern of ZEROS (Block 9 of Figure 4-3 ). A test word with the low-order bit
on is stored in the last data memory location (Block E of Figure 4-3 ). The entire memory
is checked to see whether or not the correct pattern is stored (Block 11 of Figure 4-3 ). I{ an
error is discovered, the program enters a halt sequence (Block 1B of Figure 4-3 ) which
sets up indicators (Figure 4-6) pointing to the bad locaticn and then halts. If no error is
found, the sequence is repeated with the test word stored in successive data memory ioca-
tions. Wheon all memory locations have been checked using the test word with the low-order
bit on against a background of all ZEROS, the background is changed (Block 2A of

Figure 4-3)to allONES, the test wordis changed to all ONES with a ZERO inthe low-order
bit location and the test sequence is repeated.

After all memorylocations aretested with the second pattern of abackground of ONES
and a test word of ONES with a ZEROin the low-order position, the background and test word
are again complemented, and the test word is shifted left one bit to move the bit which is on
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in the test word to the next bit location. This sequence is repeated until all bit locations of
the data memory have been tested with a ONE against a background of all ZEROS, and with
a ZERO against a background of all ONES, Upon completion (Block 37 of Figure 4-3 ), a
count of the number of completions of the test is incremented by one.

4.2.2.4 Tracking Procram Progress - While the data memory test program is running,

its progress through the program may be followed if the selector switch is set to display the
contents of the A register on the front panel lights. Three indications of progress may be
seen this way: the current background pattern, the test word and the number of times the
test has been completed. i

Most of the time, the lights will display the background pattern. Each time the test
word is changed, the test word before the change is displayed in the A register briefly
(Block 24 of Figure 4-3 ). Similarly, at each completion of the program, the count of the
number of completions through the test is displayed briefly (Block 37 of Figure 4-3 ).

4.2.2.3 Failure Indicators - If the program detects a faulty data pattern, it enters the

halt sequence shown in Figure 4-6. The sequence places indicators in the locations that
can be displayed by rotating the selector switch on the front panel. Thus the information
pertinent to the detected fault can be easily displayed.

The halt occurs in the process of checking a single data memory location. The
address of the memory location in error will be contained in index register 1, which can be
displayed by rotating the switch to the register location. The contents of the memory loca-
tion in error will be displayed in the A register. If flag ZERO is reset, the contents should
have been the background pattern; if it is set, the contents should have been the test pattern.
The DM setting of the selector switch displays the B register. This will contain the contents
of the last data memory location., Unless it is the last data memory location which failed,
this will be the background pattern.

4,2.2.6 Index Registers in Use - Information that can not be obtained by rotating the
front panel switch can be obtained by inspecting the remaining index registers. This is done
by placing the index register number in the instruction register and rotating the selector
switch to the register position, Register 2 contains the address of the location that should
contain the test word. All other locations should contain the background pattern. Register3

FR75-2 j 122




contains the background pattern, while Register 4 contains the test word, Register 5
contains the address of the last data memory location. Register 6 contains the count of the

number of successful completions of the test.

(; P L Memoryv Size Variations - The program has been written to check a data

memory with 3072 locations., For different memory sizes, this may be easily changed. The
first instruction in the program is a load register with literal inst ruction that places the
number of locations minus 1 in register 5. By changing this one instructicn the program
will check daca memeries of any size. The pregram checls all locations starting with
address ZERO. In the event that the starting address is to be changed, locations C, F, 19,
and 20 must be cianzed, These are the locations that use the first data memory location as

location ZERO. These should be changed to refer to the first location desired.

2 Procram Timing - The time to run a complete test varies roughly as the square

Ten e

of the memory size, since the main test loop contains roughly N operations, where N is the

memory size, and must be repated N times. For a data memory with 1K locations, the
program takes approximately two minutes, whereas for a 12K memory it takes about six

hours.

Factors Not Tested - The data memory test program tests the individual stor:za

locations, address decoding, card selection, and data paths. It deces nct test the varicus

>

addressing modes such as indirect addressing. This is 12t to another program.
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4.2.3 Instruction Test Program

An attempt was made in the development of the instruction testing routine to keep in
mind and check the particular hardware implementation chosen for the PSP instructions,
That is, the prcgram is more than a simple instruction verifier but something less than an
exhaustive machine checking algorithm. Each instruction was pushed hard but not necessar-
ily through all possible execution cases. For each instruction a small set of cases was
chosen which would check the most likely set of single and some multiple faults.

The operation of the program is quite simple. If it runs and seems to be looping
correctly the machine is apparently executing all of its instructions. If it halts (after an
initial halt test) there is a problem. The location of that halt will point to the most likely
set of instructions which failed. The program is flow charted in Figure 4-7.

The program begins in location STRT (DIS)' Before loading the program it is as-
sumed that PM clear has been pushed and the A register is thus cleared. First, load, store,
register store, JEQ and halt is checked by hitting the run switch. If halt worked, the
program should stop at location 1816 and the PC will read 19 16° The operator should verify
that A= EMTY=R4 = FFFF16 and R1= R2 = R3 = RM1 = RM2 = 0 before proceeding and
A should be restored to its full condition., If, after starting the program again at location
1916' the program halts, there is a problem.

For example, suppose the machine halts, and there is an A3 16 in the PC. The halt
has been executed in location A2 16 which means the JEQ in location Al16 failed. If the A
register is indeed non-zero, then hand checking should begin at the beginning of this
particular test, location 9E 16° First, the operator should single instruct LDAL FFFF and
check to see if indeed the A register is sot to FFFFIB' ADDL 0 then sets the B register to
zero and leaves the A register full, Finally - INSTRT 44622 takes as the A input to the AU
the number 0 and forms the Boolean product of the A register (FFFF16) and B register
(000016), which is used as the B input to the AU, and adds the two inputs, If the result is
non-zero, -INSTRT 44622 is not working. Perhaps the Boolean product is not zero, or
perhaps the A input to the AU is not being set to zero.

Note that some of the tests can fail by jumping to halt, which is outside of the main
line of coding. The halt location will still point to the instructions which failed. Suppose
the machine stops at location 546 16 the halt would have been executed at location 54516 and
the comment field of that hait tells us that we came from line 23216 in the coding. The
operator would then single instruct through the appropriate coding to see why it did jump on
bit 8 set when it should have been resect,
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So much for the obvious failures. There are a number of problemé which lead to
subtle faults that are more difficuit to find using this program. Infact, the program may
not halt but might be operating in a loop that was not intended. If it is suspected that the
program is not looping correctly, halts should be written over the NOP's which separate
large blocks of the main coding. Table 4-3 lists the locations to insert halts, The
machine should successively halt at each of these locations if operating properly.

There are other praoblems which arise in the run mode of operation but are eliminated
when the machine is single stepped. That is, the machine may indeed halt at some time,

but when the suspect coding is tested via the single step button, everything appears in order.
Such problems can be found by single stepping in the run mode, i.e., by writing a halt
immediately after the suspected instruction.
TABLE 4-3, ADDRESSES OF NOP'S
1. 2E 16 ]
2, D6 16 i
3. 1“16 1!
4. 10!"‘16 j j
5. 3 & 16 (’] :T.
6. 3F3 16 |
1. 50716 } i
- |
" ]
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4.2.4 ‘ Program Memory - Memory Address Test

The intent of this program is to test the address wiring of the PSP's program
memory. To test the addressing of memory the program must write data into memory and
read it back for comparison to be sure the data was stored and returned from the proper
location.

Since the instructions stored in program memory cannot write or read from program
memory, the card reader is used to program the PSP's console to effect this test.

The test used is a 3-pass test. The first pass addresses each location of a 1K octal
sector of memory storing that location's address in the memory address position of its
32-bit word.

The second pass programs the PSP's console: to read a 1K octal sector of program
memory; to compare the memory address position of each location with its address; and to
stop the card reader when the location contents are not equal to the location address.

The third pass is used to read a 1K sector of memory and determine if data had
inadvertently been written there during the writing of another 1K sector.

Figures 4-8 , 4-9 and 4-10 are flow charts of PASS 1, 2 and 3 operation.
To run this test the following procedures should be used:

a. PASS 1 - Load 1K Segment with Addresses

1. With RUN/STOP switch in STOP, push PM CLEAR switch to clear
program memory.

2, Using LDRL (3A40) and starting address (MA), set RFO0 to FIRST
ADDRESS of 1K being tested.

Memory Sector Starting Address
0-1K 0000
1K - 2K 0400
2K - 3K 0800
3K - 4K 0C00

3. Set PCto FIRST ADDRESS; JMP (8000) to starting address.

4, Place PASS 1 card deck on card reader and start the reader, The
MA DISPLAY REGISTER should step through the 1K locations of
program memory as they are loaded,
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) b. PASS 2 - Check 1K for Valid Address Storage

1K 1. Using steps 2 and 3 in PASS 1 procedure, set RF1 and PC to the FIRST
i “ t ADDRESS of 1K being tested. For step 2 use LDRL (3A41) to load RF1.

2. Using CLA (4343), clear the A register.

. 3. Place PASS 2 deck on card reader and start reader. The card reader
should stop with all cards read and the A register equal to 0000 (HEX),
indicating that the 1K segment has been read and does contain the
information as written during PASS 1,

¢, PASS 3 - Test Other 1K Seements for all Zeros

1. Set RFO and PC to the FIRST ADDRESS of a 1K segment other than the
segment containing its addresses; similar to steps 2 and 3 in PASS 1.

2. Using CLA (4343), clear the A register.

3. Place PASS 3 on card reader and start card reader. During this PASS,
the A register holds the sum of error words found.

A register equals 0000 (HEX) for segment holding 0000 (HEX) in all
locations. ;

4.2.5 PSP Multiply Test Program

The intent of this program is to test the PSP's arithmetic unit and associated logic
using the fractional multiply instruction. This instruction, MLNR, multiplies the contents

of a register file by the contents of the A register, leaving the results in the A register.

The program using this instruction multiplies all combinations of a 16-bit word found
in register file 0 (R0) by all combinations of another 16 bit word found in register file 1 (R1).

Each set of words held in R0O'and R1 are multiplied twice. During the first multiply
RO contains A and R1 contains B. During the second multiply RO contains B and R1 contains
A. Upon completion, the results of both multiplies are compared for equality.

For further details on program operation, see the flow chart, Figure 3-36 and the
program listing.

The program is loaded through the card reader and started by placing the run switch
into the run mode. The program stops halfway through with the following particulars:

ASN = 1
RFO0 = 8000
PC= B

{ , P — -




0 =RO
0 =RI

ROle = Ré

]

k RixRO = R7

5

i

' i
1

i

i

HLT
TEST i
COMPLETE

YES

e emiamer 2 e e e

0 = RO

YR = B RO+1 = RO i

2584-72¢ |

»

Figure 4-11 PSP Multiply Test Program Flow Chart
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When this happens, to continue, position the run switch down momentarily and then back to
f’ o run. The program will run for approximately another two hours to completion, when it will
2% G stop with PC = 11, |

Other halts occurring at location OA are due to multiply errors.
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LNV ES&WN -

PSP DATA MEMORY TEST PROGRAM 5/1/72

. 000VLO000
0000003FF
O000C0FFF
000000 3ER

000000001
000000002

. 0000C0003

000000004
V000V0VOS
000000006
000000007
00000000¢

0000C000C
3A45 OBFF
TA43 0000
3AC6 FFFF
7443 0000
3AC3 FFFF
7443 0001
3AC4 FFFF
6A45 0000
3AC2 FFFF
6A45 0000
3AC1 FFFF
6A43 0000
FF21 0000
1141 000C
6A44 0000
FF22 0000
4F43 0030

5A45 0000
3AC1 FFFF
6A4l 000V
6622 0000
2080 oule
6A43 0000
8000 OwlY
6A44 0000
0621 000C
2080 0022
00C0 04Co

6A41 0000
6622 0000

CHECKSNGP

‘PARAMETERS .
FIRST=0 'FIRST DM ADDRESS
LAST=3071. 'LAST DM ADDRESS

ASTEP=4095.
BSTEP=1000.
]

'REGISTER ASSIGNMENTS

R1=1

R2=2 'REG 2 HOLLS TEST LOC
ALL=3 'REG 3 HOLDS BACKGND
TEST=4 'REG & HOLDS TEST WD
LST=% 'REG 5 HOLDS LAST DM LOC

COUNT=6

R7=27

R8=8.

'

‘PROGRAM

«PRNG O

LORL LAST,LST

Lb,L O

STAR COUNT SINITIALIZE COUNT
LDyL O

STAR ALL CINITIALIZE BACKGND
LDeL 1

STAR TEST SINITIALIZE TEST Wl
LO,R LSTY

STAR R2 *START LAST MEM LOC.
LOyJR LST *FILL MEMORY

STAR R1 ‘WITH

LDOyR ALL *BACKGND

S FIRST,R1 ‘DATA.

JRNZ D o=1,4R1

LDyR TEST *STCRE TEST WD

S FIRST,,R2 *IN MEM LOC R2.

*(FOR PROG TEST HALT)
*{T0 INSERT ERROR)

¢ (MANUALLY.)

LDyR LST

STAR R1

LDsR R1 'CHECK LUC R1

SUByR R2 *COMPARE LOC OF TEST WD
JEQ GTST 'R1=R2

LDyR ALL *NO, GET BACKGND

J o2

LOyR TEST 'YES, GET TEST WO
SUB FIRST,R1 *'MEM LOC Rl OK
JEQ RTN 'YES: RETURN.

RF 0O 'NOy GET RDY TO HLT.
’ 'RESET FLAG TO
‘INDICATE OM

*SHOULD=BACKGND.
LOsR R1
SUBsR R2 'SHOULDL IT
149




B

54 001E
55 UOLF
56 0020
57
S5¢
59
60 002}
61
62
63
64
65
66
6! 0022
68 0023
69
70 0024
71 0025
72 0026
73 0027
74 0028
75 0029
16 002A
17 0028
78 002C
19 oo2v
80 002€
81 002F
82 0030
83 0031
24 0032
&5 0033
86 0034
87 0035
88 0036
89
90 0037
91 0038
92 0039
93 003A
94 0038
95 003C
96 0030
. 97 003E
98
99 003F
100
CHECLKSUMS

20A0 0C20
08C0 0000

.CA21 0000

0001 OVuFF

1141 0013
1142 0009

6A44 0000
3A47 FFFF
3A48 O0O0F
1147 0027
3A47 FFFF
1148 0027
4F43 0000
4043 0000
3AC4 FFFF
6A43 0000
4F43 0000
4043 0000
3AC3 FFFF
20A0 0007
6A44 0000
2740 0037
4C03 0000
3AC4 FFFF
8000 G007

6A46 0000
7903 0001
3AC6 FFFF
3A47 OFFF
3A48 03ES
1147 003C
3A6T7 OFFF
1148 003C

8000 0063
000000000

LEFT PROGRAM MEMDRY=
RIGHT PROGRAM MEMORY=
DATA MEMORY=

FR75-2

RTNS

NPATS

DSPLS

PAUSS

001CD
03092
00000

JNE .+2 *YES, SKIP SF,
SF 0 'N0y SET FLAG.
LD FIRST,R1 *GET CONTENTS
'OF BAD MEM LOC
*FOR DISPLAY IN
* A REGISTER.
HLT LAST,R1 'HALT WITH
*BAD MEM LOC ADDRESS
*OISPLAYED
*IN RF AND LAST
EMEM LOC CONTENTS
*DISPLAYED
*IN DM,
JRNZ,D CHK1,R1 *CHECK NEXT LOC
JRNZ,0 STR4,R2 ‘*REPEAT TEST wD
‘FOR ALL MEM LOC.

LOyR TEST 'GET NEW PATTERN
LORL L1T7T77T7,RT7 ‘BRIEF PAUSE
LDRL 17,R8

JRNZ 4D «¢R7 'TO DISPLAY
LDRL 177777,R7 'TEST WD.

JRNZ 4D «-2+R8

NOP *(FOR PROG TEST HALT)
CPL *COMPLEMENT TEST wD
STAR TEST

LOyR ALL

NOP *{FOR PROG TEST HALT)
cPL *COMPLEMENT BACKGND
STAR ALL

JNE STR3 ‘ALL=0
LD+R TEST 'YES
J8S 17,0SPL °*ALL BITS TESTED

SL1 'NOy SHIFT TEST BIT 1
STAR TEST
J STR3 'REPEAT FOR NEXT 8IT

YDISPLAY ROUTYINE

LDyR COUNT 'YESy TEST COMPLETE
ADDsL 1 * INCREMENT COUNT
STAR COUNT

LORL ASTEP,R7

LORL BSTEP,RS

JRNZ,D PAUS,R7 ‘'PAUSE, DISPLAY

LORL ASTEP,R7 *COUNT IN

JRNZ,D PAUS4RB- * A REGISTER FOR
*THREE SECONDS

J STR2

«END STR1
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.
1
: e
3
¥ &4
S
°
. 7
8
]
v
11
12
13
{ la
15
10
17
lo
12
20
1
2¢
23
b4
" 2%
26
21
20
Yy
k IV
31
32 0000
3 V001
34 0002
3> 0003
30 0004
3 0005
3b 0006
39 0007
40 0008
41 voo?9
42 000A
43 0008
44 000C
45 o000V
46 Q00E
&7 000F
48 0010
49 0011
Sv Vo012
51 0013
52 0014
53 0015
|
l FR75-2

5/4/72

00000QF FF
000000¢C0
000030004
00L000005
000000000

7A43
FFOO
TA43
FFOO
7443
FFOO
TA43
FFOO
CACO
3aC0
3AC1
3AC2
3AC3
3AC4
3ACS5
3aC6
3AC7
3ACs8
3aC9
3ACA
3ACB
34CC

0000
VL02
0006
0V03
0001
0006
0000
0005
€003
FEFE
FFFF
FEFF
FFFF
FFFF
FEFF
FEFF
FFFF
FFEF
FFEF
FEFF
FFFF
FFFF

STR1S

STR¢S

STR13s

STR&S

151

'REGISTER FILE TEST PROGRAM
2 -

'PRCGRAM RUNS CONTINUOUSLY
‘IF REGISICR FILE IS5 OK.
SUISPLAYING SLOWLY INCREASING
'NUMBER [N A REGISTER TC
YINUICATE THE NUMDER

SOF SUCCESSFUL COMPLETICNS
'OF TEST,

[}

'PROGRAM HALTS IF ERRCR

1S FGUNDe.

SSELECT SWITCH MAY BE USEL :
'*TO LISPLAY RELEVANT

'DATA AFTER THE HALT, h
'PC-COMNTAINS HALT LOCATION+1L
*IR-R FIELD INDICATES BAD REG
‘OM-REG WITH TEST wWu
YA-CUNTAINS TEST wD
SRF-CCNTAINS BAD REG CONTENTS
*STATUS INDICATES IF

' FLAG 0=0, RF SHOULD=BACKGND
' FLAG 0=1, RF SHOULD=TEST WU

ASTEP=TTT17
#STEP=1000
R4=4

RS=5

«PRNOG O

*START PROGRAM
LbaL o
S COUNT
LbaL O
S ALL
LOAL )
S TEST
LDAL O
S RTEST.
LU ALl
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR.
STAR

VINITIALIZE CCuNT
*INITIALIZE BACKGND
"INITIALIZE TEST WD
*START REG 0

'LOAD

‘ALL
SREGISTERS
‘WITH
*BACKGROUND
'DATA,

VOO WVMEEN=C
e o

-
-0
o o

12.

-
-




FR75-2

vole6
9017
vol1s8
0019
Qola
oolLs
001C
0010
001E
001F
Qo020
vo21
0022
0023
G024
0025
Vo026
0027
0028
0029
0024
vo2s
002C
0020
002F
002F
0030
0031
00132
0033
0034
0035
0036
0037
0038
0039
003a
0038
003C
0030
003E
Q03F
0040
0041
0042
0043
0044
0045
0046
0047
00«8
0049
004A

3ACO
JACE
3ACF
3au0
3401
3JAD2
3403
3A0L4
3ADS
3AD6
3A07
3AL8
3A0D9
3A0A
3A008
3A0C
3A0L
3ADE
3ADF
TA43
5905
FFOO
CACO
8080
3AC0O
3000
3AC1
8000
3AC2
8000
3AC3
8000
3AC4
8000
3ACS
8060
3AC6
8000
3AC7
8000
3ACS8
8000
3AC9
8000
3ACA
8000
3ACHB
8000
3ACC
8000
3ACD
8000
3ACE

FFFF
FFFF
FFFF
FFFF
FFFF
FFEF
FEFF
FFFF
FFFF
FREF
FFEF
FFEF
FFEF
FFEF
FFFF
FFFF
FFFF
FFFF
FFFF
002¥
0003
0006
0004
0006
FFFF
006E
FFEF
006E
FFEF
0V6E
FFFF
QU6E
FFFF
006€
FFEF
0G6E
FFEF
006E
FFFF
VUGE
FFEF
006E
FEEF
0U6E
FFFF
006E
FFFF
0086¥
FFFF
006E
FEFF
CO6E
FEFF

STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
STAR
S1AR
STAR

STAR ¢

STAR
STAR
STAR
STAR
LUAL

il.

FIRST
ADDy2M RTEST

S WHICH
LO TEST

J WhICH

FIRSTSSTAR ©
J CHECK

152

STAR

l.

J CHECK

STAR

2.

J CHECK

STAR

3.

J CHECK

STAR

4,

J CHECK

STAR

Se

J CHECK

STAR

be

J CHECK

STAR

7.

J CHECK

STAR

8.

J CHECK

STAR

9.

J CHECK

STAR

10.

J CHECK

STAR

11.

J CHECK

STAR

12.

J ChHECK

STAR

13.

J CHECK

STAR

14,

'GET TEST wD

*STORE

'TEST
'PATTERN

'IN
*SELECTED

'REGISTER.

'CALCULATE yuwmp
'LOCATION,

| ]
B

e i bt Bae e B e o

Tt st et B el it Wik

B W

.
Lok




|

|
|
|
|

17

108
ey
110

112
113
114
115
1106

135
136

138
139
140
141
lac
143
144
145
146
147
148
149
150
151
152
153
154
155
150
157
158
159

FR75-2

0048
004C
004D
00«E
004F
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
005A
0058
005C
0050
00SE
00S5F
0060
0061
0062
0063
0064
0065
0066
0067
voes
0069
0064
0068
006C
0060
VO6E

006F
0070
0071
0072
0073
0074
G075
0076
0077
Vo778
0079
007A
0078
Vo7C
0070

8000
3ACF
8000
3400
28000
3A01
80CO
3AD2
8000
3A03
€000
3A04
8000
3ADS5
8000
3A06
8000
3AD7
8000
3A08
80G0
3A09
8000
3ADA
8000
3A08
€000
3ADC
8000
3A00
80CO
3ADE
8000
3ADF
80060
4F 43

7443
FFOO
6440
8000
0000
6A4l
8000
0001
6A42
8000
G002
6A43
8000

0003

6444

006E
FFEF
006F
FFEF
CO6E
FFFF
006&E
FHFF
006¢
FFFF
006E
FFFF
0067
FFFF
006F
FFFF
006E
FFFF
005E
FFFF
006F
FFFF
OV6E
FFFF
U06&E
FFFF
QUGE
FFFF
006E
FFFF
006E
FFFF
006F
FFFF
006E
0uou

FFFF
0000
Cu00
O0EE
0005
0voo
QUEE
0005
0000
VUEE
0005
0000
00E<
0005
0000

J CHECK
STAR 15,
J CHECK
STAR 16,
J CHECK
STAR 17.
J CHECK
STAR 18,
J ChECK
STAR 19,
J CHECK
STAR 20.
J CHECK
STAR 21.
J CHECK
STAR 22.
J CHECK
STAR 23,
J CHECK
ST1AR 24.
J CHECLK
STAR 25,
J CHECK
STAR 26.
J CHECK
STAR 27,
J CHECK
STAR ¢8.
J CHECK
STAR 29,
J CHECK
STAR 130.
J CHECK
STAR 131,
J CHECK
CHECK 3NOP

LoaL -1
S REXAM
CHK1$ LOAR 0.
J EXAN
HLY RTEST,0.
LVAR 1.
- J EXAM
HLT RTEST, 1.
LOAR 2.
J EXa&M
HLT RTEST,2.
LDAR 3.
J EXAM
HLTY RTEST,3.
LDAR 4.
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*(FOR PROG TEST: HALT)
*(TO INSERT ERROR)

¢ (MANVALLY.)
‘INITIALIZE REXAM

*CHECK
SALL REGISTERS
‘FOR CORRECT
" YPATTERN.,




FR75-2

T a_?:

16V
161
16¢
163
164
165
166
167
1 4-1]
167
170
171
172
173
174
17>
17¢
177
178
179
180
181
162
183
L84
169
166
187
182
1&9
190
191
192
193
194
195
176
197
195
199
200

2C¢
2C3
2L«
205
206
207
20b
209
21V

212

Q07E
007F
0080
oos1
0082
0083
0084
0085
0086
0087
00a8
0089
vosa
0088
ooscC
0080
008E
008F
0090
vovl
0092
0093
0094
0095
0096
0097
0098
0099
0094
009y
009C
0090
vO9E
VO9F
0040
00Al
00A2
00A3
00A4
V0AS
00Ab
00A7
VOAd
00A9
00AA
00AB
QoAC
VOAD
00ag
0O0AF
VoBo
oosl
00R82

8000
00G4
6A4S
8020
0005
bA4 6
8000
00ve6
6A4L7
8000
0007
6A6SE
8000
0008
6A49
8000
0009
6A4A
8000
V00A
6440
8000
0008
644(C
8000
00vC
6440
8000
000D
6A4LE
8000
000E
bALF
8000
00O0F
6450
6000
0010
6A51
8000
0011
6A52
8000
0012
6A53
8000
Q013
6154
8000
0014
6AS5
80C0
0015

OQEE
0005
0000
QUEE
wuosS
0000
O0EE
00095
0V00
QOEE
0005
Quoo
OGEE
0005
cuoo
OVEE
Ce05
0u00
OOQEE
0u05S
ovoo
VUEE
0uosS
0000
OUEC
(VIVIo )
0000
OVEE
0C05
00CO
VOEE
0V05S
M1V )
VOEE
c00%
0000
0O0EE
0005
0000
00EE
0005
Quo0
UUEE
0005
0000
VOEE
Quos
o0ooe
00EC
C005
Uo0uU
Q0EFE
Gu0sS
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J EXAM

HLT RTEST, 4.
LDAR S.

J EXAM

HLTY RTEST,S5.
LDAR 6.

J EXAM

HLT RTEST,6.
LDAR 7.

J EXAM

HLTY RYEST, 7.
LLDAR 8,

J EXAM

HLT RTEST,8.
LDAR 9.

J EXAM

HLT RIEST,9.
LUAR 10.

J EXAM

HLT RTEST,10.
LOAR 11l.

J EXAmM

HLT RTEST,1ll.
LCAR 12.

J EXAM

HLT RTEST,12.
LUAR 13,

J EXAM

HMLT RTEST,13.
LDAR 14,

J EXAM

HLT RTEST,14.
LDAR 15,

J EXAM

KLT RTEST,15.
LDAR 16,

J EXAM

HLT RTEST,16.
LUAR 17,

J EXAM

HLT RTEST,17.
LDAR 18,

J EXAM

HLT RTEST,18.
LDAR 19,

J EXAM

HLT RVTEST,19.
LDAR 20.

J EXAM

HLT RTEST,20.
LLAR 21

J EXAM

HLT RTEST,21.

*T0 CHECK REG &
'RETURN IF NOT 0K
'RETURN IF OK

*INSTR

'FOR HALT WITH
‘DEC IMAL NUMBER
"IN R FIELD AND
'RTEST IN MaA
‘FIELDL.

—Ba

andh-d-l—-a"




s

213
214
215
2106
217
21
219
22v
221
P23
223
224
225
206
227
22y
229
230
¢31
23
233
234
€3>

236

237
238
239
240
26l
dbc
243
244
245
246
247
264
249
250
251
252
253
254
255
256
257
258
253
260
261
262
263
264
265

0083
0084
0o08s
0oBé
0087
ooB8
ooe9
VOEBA
oouss
vosC
008D
00BE

00BF -

00CO
00C1!
0o0C2
00C3
00C4
00C5
90Cé6
oocC7?
oocs
00CY
ooCa
oocs
v0oCC
vocCD
00CE
00CF
0000
0oLl
0002
oou3
0004
0005
0oLs
coL7
ooos
0009
0004A
o008
oouc
o0LL
00DE
GOOF
VO0EO
OOE]
00E2
00E3
00E4

00ES
00ES

6AS56
8000
0016
6A57
8000
o017
6A58
8000
cols
6459
3000
0019
645A
8000
o0l4a
6458
8J00
cols
6A5C
8000
001C
645D
8000
001D
6A5E
800U
00LlE
6ASF
8000
O01F
CAGO
4F 43
7903
FFOO
7623
20AV
CAQO
4F43
4043
FFOO
CACO
4F 43
4063
FFOO
20A0
CAOO
2740
4C03
FFOO
8000

CAOO
7903

0000
00EL
0005
Quo0o0
COEE
0005
0000
OUEE
000Y
0000
00EL
VUO0S
Co00
OCEE
0005
oo0co
QuEE
Qu0o5
00Co
DOEEL
0U05
0300
00EC
0ces
Q0CO
OUEF
0005
G000
QUEE
9005
0u0S
0000
0001
0005
0020
0003
0u04
0coo
[V]81¢1¢]
Q004
0003
0000
0000
0003
0006
0004
00ES
coGo
0004
JVG6

0002
coo1

NREGS

NPATS

DSPLS$

LOAR 22.

J EXAM

HLT RTEST,22.

LDAR 23.

J EXAM

HLY RTEST,23.

LUAR 24,

J EXAM

HLT RTEST,24.

LDAR 25,

J EXAM

HLT RTEST,25.

LUAR 26.

J EXAM

HLT RTEST,26.

LOAR 27,

J EXAM

HLT RTEST,27.

LDAR 28.

J EXAM

HLT RTEST,28.

LDAR 29.

J ExXAM

HLT RTEST,29.

LDAR 30.

J EXAM

HLT RTEST,30.

LoAR 31,

J EXAM

HLT RTEST,31.

LU RTEST

NOP "(FOR PROG TEST HALT)
ADDL 1 YINCREMENT RTEST
S RTEST

SUBL 32. 'ALL REGISTERS OCNE
JNE STR& 'NO, REPEAT

LD TEST 'YESy GET NEW PATTERN
NOP *(FOR PROG TEST HALT)
CK ‘COMPLEMENT TEST wD

S TEST

LD aLL

NOP *(FOR PROG TEST HALT)
CK 'COMPLEMENT BACKGND

S ALL :

JNE STR3 'ALL=0

LU TEST 'YES

JBS 17,0LSPL  ‘'ALL BITS TESTED
SL1 *NO, SHIF1 TEST BIT 1
S TEST 'SAVE

J STR3 *REPFAT FCR NEXT BIT

'OISPLAY ROUTINE
LD COUNT *YESy TEST CCOMPLETE
ALD.L 1 "INCREMENT COUNT




266"

268
269
27v
271
2712
27s
21«
275
276
211
PAL!)
2179
<80
¢\
28¢
203
284
285
&b
267
288
289
290
291
29¢
293
294
295
296
297
298
299
300
301
302
303
304
305
306
‘307
30y
309
310
311
3¢
313
314
315
316
317
316

FR75-2

00E?
00E8
00E9
00EA
00E8
00€C
00ED

OOEE
O00EF
00FO0
00F1
00F2
00F3
VOF 4
QOF5S
00F6
00F7
00F8
QO0F9
O0FA
00F8B
00FC

Q0FD
OOFE
QO0FF

0100
o101
0102
0103
0104
0105

0106

0000
0001
6002
0003
0004
0005
0006

FFOO
3A44
3445
Ll44
3A44
1145
8000

FF0OO
TA43
E90UV
FFOO
4F43
7443
5905
5903
7903
FFOO
CALL
D600
2080
CAQO
00Cv

8000
CA0O
08Co

D600
2080
CAQO0
7623
FFOO
CA00

8040

0002
OFFF
0200
00EA
OFFF
Q0EA
0002

0001
ouol
900u
0000
0000
ouTl
0000
0000
0003
0uo6
0005
00C0
COFt
0003
000V

0100
0004
0000

0001
0106
0006
ouol
0006
0004

0006

0000C0LI0

00600V
0000
c000
0000
(0 [V] s J0]
0000
0000

S COUNT

LORL ASTEP,R4

LORL BSTEP,RS .
PAUSS JRNZ,D PAUS,R¢ 'PAUSE, OISPLAY

LORL ASTEP,R4 ‘COUNT IN

JRNZ O PAUS RS ‘A REGISTER FOR

J STR2 *THREE SECONDS.

0

YEXAMINE R CONTENTS ROUTINE
ExAMs S RSAV 'SAVE R VALUE

LOAL 1

AUD REXAM 'CALC REG 8E ING

S REXAM 'EXAMINEU.

NOP '(FOR PRCOG TEST HALT)
LUAL CHK1 'CALC NORMAL

ADD,2M REXAM 'RETURN ADDRESS.
ADD+M REXAM

ADD.L 3

S WHICH *SET RETURN ADCRFSS

LD RTEST 'GET RTST VAL

SUB REXAM 'COMPARE REXAM

JEQ GTST 'REXAM=RTEST

LO ALL ‘NO, GET BACKGND.

RF 0 ‘RESET FLAG
‘TO INODICATE
'REGISTER SHCuULD
'HAVE BACKGNL.

J et*3

GTSTS LL TEST *YESy, GET TEST wWD.
SF 0 *SET FLAG

‘TO INDICATE
*REGISTER SHOULD
_ 'HAVE TEST wD.
SUB RSAV 'RSAV CORRECT

JEQ RTN -'YESy NORMAL RETURN
LD wHICH *NO, RETURN TO HALT
SuB,L 1

S WHICH

LD TEST 'TEST WO TO

‘A REGISTER
'FOR DISPLAY

RTINS J WHICH 'RETURN
'

«DATA O
REXAMS
RSAVS
COUNTS
ALLS
TESTS
RTESTS
WHICHS

coccoco
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S

oconN20020
onne 820N 0504
on0l 8000 CS0A
0092 ©€OCO 000N
0003 COQOCC ccoe
0004
cN2% 0BEC CCOC
n0ONS FFOON ONN0
o0N%6 FFCD CCO1
0onarT  FFENC 0ONN3
0028 3ACY FFFF
AnNg  3AC2 FFFF
0Nr0A 3AC3 FFFF
CNOB  CANP 0002
nONC  FFCO 00N3
COND 34C4 FFFF
Q00E 2080 0S3C
NONE  COON 00NN
/Mmilce
001N 1404 0S53R
211 1403 013
0012 £OOC OCOD
0N13 7973 6C01
C214 2080 €016
nN1S  OCCC DNOON
nnilé6
nn1l6 CAQC ocoe
2917 7s03 00061
nC18 FFCO CNaIN
nn19e  Ccaen 2C01
NN1A 7623 0001
CN1B8 FFCC OCO1
001C E9NC 009N
NM1D 2C8C N022
IN1E 7903 8030
NN1F 7903 8CON
0D2H 2080 0022
cn21 €0QC f0QON
6n22
n022 3601 0021
NN23  6A4)1 0NIDND
0N24 3AC2 FFFF
rO25 36A2 FFFF
oMN26 6A42 ON0N0
N027 2CBO N029
0Cc28 0COC n2CN0O
nN2g 1401 COL6
AMN2A  TA43 00D0
nn28 7903 NOIN

INSTRUCTION TEST PROGRAM - HFDR

..* PUSH P4 CLEAR
¢ LOAD PROGRAM

«PROG O
JMP WXYZ
JMP ZYXNW
HLY

HLT
STRTS
DINT

STA RM1
STA RM2
STA EMTY
STAR 1
STAR 2
STAR 3
LDA FULL
STA EMTY
STAR &
JEQ OUT2

HLT 'HLY WORKED A=EMTY=R&4=FFFF R1=R2=R3=RM]=RM2=0C""

GO01l¢

JRNO OUTl,.4
JRNO ++2,R3
HLT

ACDL 1

JEC CNE

HLT

ONE S

LDA M1
ADDL 1}

STA ”rM}

LDA RM2
SuBsL 1

STA RM2

ADD RM]

JEQ TWO .
ACDL 1ncgocn
ADDL 1C000C9
JEG o+2

HLT

TWOS
XR¢ADDsL 1,4R1
LDAR R1
STAR R2

XR 4SUBsA R2
LDAR R2

JEQ +¢2

HLTY

JRNO ONE,R1

LDoAL 9
ADCL O




540 n02C
$50 cCo2D
560

S1n 0N2E

S8C O0Q2F.

S90 0n1y)
620 0931
610 0132
620 0ON33
630 NN34
640 035
650 0N36
660 27137
670 0n3g
680 0039
660 N03A
7C0 0038
710 003C
720. on3D
730 O0O0N3E
T40 O003F
750 004"
T60 0041
7710 0142
780 0043
790 0044
800 0r4s
810 QN46
820 0047
B30 0NN4B
B40__0C49
85N 004A
860 0N4B
870 014C
880 004D
8G0 O004E

9CO  0N4F

910 o0sn
920 0051
930 0052
940 NDS53
950 0NS4
960 0NS5
970 0256
980 0057
990 0058
1000 0059
1010 00SA
1n20 0NNSB
1030 00SC
1040 2NS0D
1050 O00SF
10606 ONSF

FR75-2

2080
0onno

4982
7903
2080
cecon
TA43
4982
7903
2080
oecny
TA43
4984
7903
7623
2080
(alal a0}
TA43
4984
79C3
7623
2089
cnon
59C3
7903
2080
[talale}
TA43
5903
79C3.
2Ca0
onon
TA43
5984
7623
2180
coeg
TA43
5984
7623
208¢C
aTalalo
TA43
3AC1
7A43
6571
218N
[daly]
3AC1
6901
2¢8r
cono

CO02E
annn

onon
ocn1
0032
cnoc
FFFF
noIe
2001
0037
oocn
AAAA
ncIn
0001
AAAA
0c30
0090
5555
009N
0001
5555
0043
n000
00?2
ceal
6047
noon
FFFF
0007
02901
004C
0000
AAAA
0nee
AAAS
n0S1
1000
5555
nonsg
5554
0056
0000
FFFF
FFFF
oeny
000"
005C
0nuo
FFFF
0000
ene6n
0099

JEQ .¢2

HLT

* £4 FS F6 F7
ADD,CA,8B
ADOL 1

JEQC o¢2

HLT

LDAL 177777
ADD.CA,8B
ADOL 1

JEQ o#2

HLY

LDAL AAAA
ADD,CA,28
ADOL 1

SUBL AAAA
JEQ o¢2

HLT

LDAL 52525
ADC,CA,28
ADOL 1

sSudL 52525
JEQ o+2

HLT

ADD,A.M FULL
ADDL 1

JEQ o¢2

HLT

LDAL FFFF
ADDyAM ZERO

ABBL 1 .- .- .

JEQ .¢2

HLT

LDAL AAAA
ADD,CA,2M MEMO
SUBL AAAS

JEQ «¢2 .. ...

HLT

LDAL 52525
ADD4CA,2M QOMEM
SUBL 52524
JEQ +¢2
HLT 3
LDAL FFFF
STAR R1
LOAL 1
ADDyAyR R1
JEQ o+2
HLT

STAR R}
ADDyA4R R1
JEQ +¢2
HLT
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1070
1080
1090
1109

1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
: 1240
‘ 1250
1260
1270
.1280
1250
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
14C0
1410
1420

1440

1460
1470
1489

.1490.

1500
1510
1520
1530
1540
1550
1560
1570
1580
1590

l FRT75-2

1430.
1450 .

00 6C
o061l
onN62
0063
Co 64
N1 65
0066
o067
nnes
nne6s
006A
oc 68
ne6ecC
DleX-1p)
00 6E
N0 6F

nnT0

1071
0072
AN T3

0nT4

0075
0n76
nov7
0078
ne19

CO7A
oe78
Lo J@
a270
NNTE

00 7F .

cosc
ne 8l
ocg2

ocsa3

o084
0085
0086
0087

0088

0089
0N BA
oos8s

79CS
7623
2780
noec
7905
1623
79C3
7373
21780
conn
7905
7623
7903
79013
2080
cooo

7443

4901
2085
noor

7443

4587
7903
2080
neer
TA43

4S87
79C3
7973
2080
ondo

7443

4987
2080
ccoo

TA43

4S10
7903
20280
ceno

499N
7903
2080
onoo

1999

3332
0064

0onon-

1717
EEEE
800¢
a09rc
006A
anpn
5555
AAAA
8CoC
8nNO
onTe
00900

0091

nooN
CC74
0e929

FFFF

0nose
N002
o019
(ale]a]s]
AAAA

noan

8000
soen
007F
onon
eeop

oaoce
00R3
oeao

FEFE ..

ocen
~092
2088
0n90
(alab oy
oent

003C
00no

.. ADD,2K.288B

¢ ADD/ZK,288 : - 48

—-LBAL O

AL EEEE L T e i

ADD,A,2L 14631
SUBL 31462

JEQ .+2

HLT

ADDyA,2L 73567
SuBL 167356
ADDL 1009CC
ADDL 1G0N09 |
JEQ .¢2 |
HLT -

ADDy A, 2L 52525 .

SUBL AAAA !
ADOL 1009700 - '
ANDL 100NCO -

JEQ .+¢2 ' !
HLT

¢ =]

LDAL )

* ADDsAsB=-1

« INSTRT 44401 . . f
JEQ .+2
HLT

¢ 28B8
LDAL FFFF

« INSTRT 44607
ADDL 2

JEQ .+2

HLT

LDAL 125252

o!NSTRT ‘0‘!6“7 i
ADDL 100700 4
ABOL 102789 3
JEQ .42 i
HLT

¢ ADD+ZK,288
« INSTRT 44607
JEQ .42

HLT

‘B=A

¢ ADD,OK,B8=A

+« INSTRT 44420

ADDL 2

JEQ .+2

HLT

¢ ADDJCA.8=A . R i . g A
s INSTRTY 44620 5

ADOL 1

JEQ .¢2

HLT
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G o

1600
1619
1620
1630
1640
1650
1660
1670
1680
1690
1700
1719
1720
1739
1740
1750
1760
1770
1780
17990
1820
1e10
1820
1830
1840
185¢C
1860
1870
1880
1890
1900
1910
192¢
1930
1940
1950

1960.

1970
1980
1990
2000
2010

. 2020._.

2039
2040
2050
2060
s e 2070

. 2080 _.

2090
2100
2110
2120

FR75-2

oosc

0280
COAE
0N BF
cNso

ong|
£092
9ng3
n094
LIVEL

nnge
ANg7
nn9g
n099
009a

LT
nn9c
M09ID
00 9E

nN9F
el Yo
COAL
00A2
0CA3

00AG
00 AS
CO0 A6
0NAT
N0A8

0NA9 _

00AA
0CAB
00 AC

NOAD

ONAE

00AF
e280
0981
c182

0ng3 .

0084
ocBs
co8é
ong7

TA43

4692
79C3
2180
0enNo

4991
2080
aron
TA43
7913

4652
2c80
oene
TA43
79¢C3

4513
2780
ceoe
7443

4913
7803
2080
oeen
TA43

4915
7963
2089
ocon
TA43

4695
2080
cnoo
7A43

4995
793
7903
2080
tnno
TA43

4997

7903
20R0
ceen
7443

oco¢

nnae
0001
0091
nnnn

nnoo
0094
0099
FFFF
oone

nEAn
nc99
000N
oonl
FFFF

cona
009E
0non
FFFF

€000
oon?
0043
0000
FFFF

cooc
con3
00AS8
alsle ]y
5555

ccan
00AC
0009
AAAA

ocoo

8000 .

8000
0082
0non
FFFF

ccon
nen2
ocs?
¢0920
5555

_..oINSTRT_44625.

LDAL ©
* ADD+CA,B=AB

"« INSTRT 44622

AQOL 1
JEQ .+2
HLT

¢ ADDsZK,B=A

« INSTRT 44621

JEQ .¢2 -
HLT :
LDAL FFFF
ADDL 2

* ADD,ZX+B=AB
«INSTRT 44622
JEQ .¢2

HLT

LDAL 1

ADDL FFFF

* ADDsA,B=AB
« INSTRT 44423
JEQ .¢2

HLT

LDAL FFFF

¢ ADDyAyAB

« INSTRT 44423
ADDL 2

JEQ .¢2

HLT

LDAL FFFF
*ADD,A,B, =A28

« INSTRT 44425 S

ADOL 3

JEQ .¢2

HLT

LDAL 52525
*ADDyZK¢B8=2A8B
JEQ +#2

HLT

LOAL AAAA

* ADDyZKy,B=2AB
« INSTRT 44625
ADDL_100700_._
ADDL 1092000

JEQ .+2
HLT
LDAL FFFF

* ADDyZK.B=A288
+INSTRT 446217
ADDL 2

JEQ .¢2

HLT

LDAL 52525
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BB ST RS T  SHA TE ESTE

2130
. 4 > 2140 ONARB
' 7 2150 COR9
2160 O0NRA
2170 9088
2180
} 219¢ 098C
22C0 208D
2210 CNS8E
2220 ONHF
2230 00CH
© 2249
2259
2260 n0Cl1
2270 00C2
2287 0onC3
2299 NNC4
2300
2310 00CS
2320 InCeé
2330 O0OnC?
2340 NOCB
2350
- 2360 09C9
237C 0~CA
2380 NOCB
2390 o00CC
2400
2410 0ONCD
2420 NNCE
2430 JNCF
2440
2459 2nDO
2460 nnanl
2479 00D2
2480 n0np3
2490 (CND4
2500
2510
2520
2530 ¢CO0pS
254N N0D6
2550 oD
256C 0NpA
2519
2580 N0D9
2590 NODA
2600 0008
2610 . 00DC
2620
2639 0000
2640 00DE
2650 ONOF

4597
2080
nroc
TA43

4597
7503
7903
2ran
c0Co

590C
7903
2080
API0

5981
7603
2c80
conc

5987
7603
2080
(ealale]

5687
2780
ceee

5987
7903
7903
2080
cnCo

7981
7673
2080
00co

79C0
7903
2080

adain(T

7987
7603
2780

0noe
COoBR
c0oo
AAAA

200C
ance
8CI0
nncl
Q0o

cnoc
0002
aAncCsS
oCc0C

0000
~Na
falofoR")
nonn

fNoa
3C02
ocCD
Qone

c095
orpe
ccne

npna
laboly]
8529
°eDS
09920

coon
ne91

2C0S
noae

nnnn
alalep
f000
0co0

FFFF
noD2
00€E1

¢ ADD,2K,B=A288
CINSTRT 44627

JEQ .¢2
HLT
LOAL AAAA

* ADD,Z2K,R=A2RH
«INSTRT 44627 f |
ADOL 10NNON0 ig
ADCL 100009 . ?
JEQ .+2
HLT

‘FS ]
* ADD,OK,B=0K I
«INSTRT 5440C |

ADOL 2 E
JEQ .¢2
HLT

*ADD¢ LK ¢B=0K
«INSTR 54601

ADDL 1 |
JEQ 42 t
HLT

*ADD,ZKyB=20MDM
« INSTRT 546074FRST

DM=FFFF

ADOL 2
JEQ .¢2
HLY

* ADD,ZK,B=2DMDM
« INSTRT 5467 7,SND

JEQ <42

HLT

¢ ADD¢2ZKyB=2DMDM DM=AAAA
« INSTRT 54607, TRE

ADDL 1Cc009

ADDL 10C°700

JEQ .+¢2

HLT

* F6 DONE

S

* ADD,ZK,R=0K

« INSTRT 746C1

ADOL 1
JEQ .+2 . #a
HLT

¢ ADD,OKB=0K
CINSTRT 74409

ADOL 2
JEQ +¢2
HLT T b R EL

' ADDyZK¢B=2LL UL=FFFF

<INSTRT 74607 .FFFF
ADOL 2 |
o+2 |

JEQ




FR75-2

2660
2670
2680
2690
2700
2710
2720
2732
2740
2750
2760
2770
2780
279¢
2800
2810
2820
28130
2840
2850
2860
2870
2880
2890
2900
2910
2927
2930
2949
2950
2960
2910
2980
2990
3000
301c¢
3029
3030
3040
3050
3060
3C70
. 3080
3090
3100
3110
3120
3130

3140 _.

3150
3160
3170
3180

0QEQ
00EL
00E2
0CE3
COE4
00ES
00E6
aNE?
Q0ES8

NNES

oM EA
0nEB
ONEC
NOED
CCEE
NOEF
A0 FN
NCF1
CoF2
00F3
COF&
0OCFS

QNF6

OCFT .

NOF8
00F9
NOFA
0CFB
0NFC
00FD

OCFE
COFE

n100
o111
0112

c000
7987
2180
cecoc
7987
7903
903
2080
noee

7463

4663
2580
25AN
ceo9
7443
4963
2580
2540
cnoo
TA43
4963
2580
25A0
0000
7443
4563

258C

2540

anap
TA43

4963
25A0

25806
0000
7443

0co0
5555
00E4
oQoo0
AAAA
8nnce
80ne
0CE9
noooe

aceo

0000
n540
NCEF
0000
FFFF
6ono
ns4)
a0F3
0000
AAAA
nane
0542
NCF8
09N0
5555
0000

0543

COFD

0000
80n0n

0nan
£544

o1ne
(gl To X
2000

HLT

¢ ADDy2ZK,B=2LL 635555
«INSTRT 74607,52525
JEQ .¢2

HLT

« INSTRT 74607.,AAAA
ADDL 106000

ADDL 170009

JEQ .¢2

HLT

¢ PARITY CHECK

LNAL P

* ADD4CA,B,FCGRM PARITY
¢ ADD¢CA¢B,FORM PARITY
* ADD,CA.BoFORM PAR[TY
« INSTRT 44543

! JMP 0DD PARITY QUTA
«INSTRT 2260C,0UTA

¢ JMP EVEN PARITY .+¢2
«INSTRT 226404.¢2

HLT

LDAL FFFF

* ADD,CA,B,FORM PARITY
« INSTRT 44543

* JMP ODD PARITY OUTB
+«INSTRT 2260C,0UTB

* JMP EVEN PARITY .¢2
«INSTRT 22640¢.¢2

HLT

LDAL AAAA

* ADD,CA+ByFORM PARITY
« INSTRY 44543

¢ JMP ODD PARITY QUTC
« INSTRT 22602,0UTC

¢ JMP EVEN PARITY .+2
o INSTRT 22640,.42

HLT

LDAL 52525

¢ ADD.CA,4B,FORM PARITY
« INSTRT 44543

¢ JMP ODD PARITY OUTOD
«INSTRT 22600,0UTD

¢ JMP _EVEN PARITY o+¢2
«INSTRT 22640,.¢2

HLT

LDAL 1C0N0O0

¢ ADD.CA.BFORM PARITY
« INSTRT 44543
_e INSTRT 22647,0UTE .
t JMP ODD PARITY ,¢2

o INSTRT 22600,4,¢2

HLT

LDAL 200900
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. 3190 o -3 _ADD,CA+B,FORM PARITY
3200 0LN3 4963 00NC - ,INSTRT 44543
3210 0104 25A0 0545 LINSTRT 22640,0UTF
3220 ¢ JMP 0ODD PARITY 42
3230 0105 2580 CINT LINSTRT 22600442
3240 0106 00CH 0000  HLT ,
3250 OJ107 7A43 08CGC LDAL 4000 3 g
3260 ' ADD,CA¢B,FORM PARITY
3270 0108 4563 001C LINSTRT 44543
3280 0109 25A0 NS46 LINSTRT 22640,0UTG
3290 ' JMP 0ODD PARITY .42
3300 -G1NA 258N N1OC L INSTRT 22600,.42
3310 0108 ©CCC OC30 HLT ' ;
3320 010C 7A43 0290 LDAL 1000
3331 ' ADOsCA,B,FORM PARITY
3340 010D 4563 0NNO INSTRT 44543
3350 O1JE 25A0 0547 LINSTRT 22640,0UTH }
3360 ¢ JMP NDD PARITY .42
3370 O10F 2580 0111 LINSTRT 226C0se42
3380 0110 0000 COO0  HLT |
336C 0111 7A43 0080 LDAL 200 E
34N0C ' ADD,CA,B,FORM PARITY .
3410 N112 4563 009N LINSTRT 44543
3420 (0113 25A0 0548 LINSTRT 2264M,0UTI
3430 ¢ JMP 00D PARITY .+2
3440 0114 25BC D116 L INSTRT 226004.42
3450 0115 0000 ~00N  HLT
3460 N116 7443 0020 LDAL 4N
3470 ' ADD,CA+B,FORM PARITY
3480 0117 4963 002C LINSTRT 44543
349C 0118 25AC €549 JINSTRT 2264C,0UTJ
3500 ' JMP 0DD PARITY .¢2
3510 1119 2580 C118 LINSTRT 226C0,.42
3520 N11A 0NCO 0000 HMLT
353C 0118 7A43 CPO8 LDAL 10
3540 ' ADD,CA,B,FCRM PARITY
35590 N11C 4963 0000 LINSTRT 44543
3560 0110 2540 N54A LINSTRT 22640,0UTK
3570 ' JMP ODD- PARITY .#2
3580 OL1E 2580 7120 L, INSTRT 22600442
3590 OLl1F 0OCO0 000D  HLT
3600 0120  7A43 0002 LDAL 2
3610 ¢ ADDyCA+B+FORM PARITY
3620 N121 4563 ~NNC L, INSTRT 44543
3630 0122 25AC 0548 LINSTRT 2264C,0UTL
3640 ¢ JMP 00D PARITY .+2
3650 0123 258C M125 LINSTRT 226004.¢2
3660 0124 0COQ 0NOO0  HLT
. 3670 0125 7A43 0CO2 LDAL 9 . e et g i T ki
3680 N126 49NB OCOC ADDsAeBySR2
3690 0127 2C80 N129 JEO .+2
3700 AL2R  NOAN A0ON  HLT
3710 0129 7A43 FFFF  LDAL FFFF
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3720

3730
3740
3750
3760
3770
3780
3790
38C0
3810
3820
3830
3840
3850
3860
381
3887
3890
39¢C0
3911
3920
3930
3940
3950
3960
3970
3989
3990
40°C0
4010
49520
40730
4040
4050
4060
4070
4080
4090
41C0
4110
4120
4130
4149
4150
4160
4170
4180
4190
. 4200
4210
4220
42730
4240

FR75-2

N12A 4988
0128 7903
0l12C 2cs80
n120 NOcCO
012E 7A43
012F 4988
0130 7623
0131 2nAC
n132 0ro0n
0133 7443
0134 4988
0135 7623
0136 2n8n
0137 coorn
0138 7A43
0139 4988
013A 7623
0138 2080
n13C coon0C
0130 7443
0l13E 4988
N13F 7623
Ni14Cc 2780
141 ~rene
0142 N8CO
0143 r9CC
Nl44 0ACO
0145 C8CO
Nnl4s6 CCCO
0147 o0DCC
n148 OECC
0149 O0FCO
014A TA43
0148 3AC1
014C

0l4C cCCCe
0140 20CO0
QCl14E 2NPEOD
014F 0000
n1sn  C1Co
0151 21¢Cn
0152 21E0
7153 NNNO
2154 (02CO
0155 22Cn
0156 22€0
0157 €nOO
0158 C3iCo
0159 23CO
9154 23€0
n1ss 0200
015C (4CC

- e so——

ecec
[alalo} §
C12E
00o0n
5555
ocne
1555
1133
nn)o
TFFF
oo0nc
LFFF
0138
oenn
6666
nnoe
199%
0130
ol lo]
1999
0coo
N666
0142
crae

ocnn
n000
0009
ncao
ceon
0CG0
2009
onno
FFFF
FFFF

cooc
05?8
0159
npaan
2009
ns2c
0154
Co0n
009N
0520
n158
nenn
noogn
CS52€E
n15C
nnpn
nonn

ADDs2KoB,+SR2
ADDYL 1

- JEQ o¢2

HLT

LDAL 52525
AND¢ZK ¢ By SR2
SUBL 12525
JEQ o¢2

HLT

LoAL 77777
AND.ZKeRBy SR2
suaL 177717
JEQ 42

HLT

LDAL 63146
ADDyZKyBo SR2
SUBL 14631
JEQ .42

HLT

LDAL 14631
ADD+ZK¢B,4SR2
SUBL 3146
JEQ .+2

HLT

* FLAG TEST
SF

SF

SF

w
Ry
~NOWVEWN=O

LDAL FFFF
STAR 1
FLAGS

RF 0

JFS 0,A0UT
JFR Nee¢2
HLT

RF 1

JFS 1,R0UT
JFR lee¢2
HLT

RF 2

JFS 2,C0UT
JFR 24,42
HLT

RF 3

JES 3,00UT
JFR 3..02A
HLT

RF ¢«
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T

FR75-2

- 4250

4260
4270
4280
4290
4300
4310
4320
43130
%340
4350
4360
4370
4380
4390
4410
4410
4420
4430
4440
4450
4460
4470
44 R0
4490
4560
4510
4520
4530
4540
4550
4560
4570
4580
4590
4600
4610
4620
4630
4640
4650
4660
4670
4680
4690
4700
4710
4720
473¢C
4740
4750
4760
4770

0150
01SE
0l15F
0160
01561
0Le?
0163
0164
n165
N1 66
Cl67
cl168
D169
01 6A
0168
N16C
cl16D
C15E
01 6F
N 70
0171
n172
n173
N1 74
0175
r175
176
NT7
2178
0179
017A
n178
017C
N170
N1 7E
N17F
Q180
2181
01382
n1a3
r184
0185
0186
"1 87
o188
n18a9
n18A
n18R
018C
0180
N1RE
Nl BF
0190

24C0
24F0
cooce
0sCcn
25CC
25€0
coqae
neCO
26C¢C
26E0
ococ
0nrcn
27C0
27EC
0000
6A41
2080
7903
3AC1
oA4l
2180
oenn
TA43
3AC1

CECO
20E0
20C0
neeo
coco
21EC
21Co
cnoon
CACO
22E0
22Cce
iala o i
na8co
23EN
23C0
c009
ccco
24EQ
24C0
neoce
oapeon
25E0
25Cn
onoe
"ECo
26EN
26C°
roong

052F
0166
c000
orno
053¢
0l64
oode
nean
0531
0168
00G0
nedNn
0532
n1ac
0000
0cno
0173
onni
FEFF
noon
clac
noan
FFFF
FFFF

LLLY
0533
0179
0090
0009
05134
0170
0007
cNnoo
0535
0181
cnoe
nean
0536
0185
f\ho(_\
ocon
0537
c189
0009
lal \Eala
0538
o180
acne
nonn
n539
I
0one

JFS 44,EOQUT
JFR 44,42
HLT

RF §

JFS S.FOUT
JFR 54,.¢2
HLT

RF 6

JFS 6,G0OUT
JFR 649,42
HLT

RF 7

JFS 7,HOUT
JFR Tye¢2
HLT

LDAR 1

JEQO .¢6
ADDL 1
STAR 1
LDAR 1

JEQ FLAG
HLT

LDAL FFFF
STAR 1
GLAGS

SF ©

JFR N,T10QUT
JFS Oye+2
HLT

SF 1

JFR 1,J0UT
JFES 1,042
HLT

SF 2

JFR 2,K0UT
JFS 24042
HLT

SF 3

JFR 3,L0UY
JFS 3'-‘2
HLT

SF 4

JFR 4,MOUT
JFS 44,42
HLT

SF 5

JFR S,NOUT
JFS Syet2
HLT

SF &

JFR 6,00UT
JFS 64042
HLT
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4780
4790
4800
4810
4820
4830
4840
4850
4860
4870
4880
4890
4909
4910
4920
4930
4940
4S50
4960
4970
4980
4990
5000
5010
sc2n
5030
5040
5050
5069
5079
508¢
5090
5100
5110
5129
51130
5140
5150
5160
5170
5180
5190
52C0
5210
5220
5230
5240
5250
5260
5270
s2gn
5290
5300

FR75-2

. 9191

N192
193
2194
0195
n196
0197
0198
0199
n19a
0198

019C
N190
019€
019F
01 A0
0141
N1A2
01A3
N1A3
Nn1AG
0145
N A6
0147
01A8
01A9
N1AA
01AB
01AC
01AD
N1 AE
N1AF
o180
nisl
NiR2
0183
Nl184
a185
N1BSs
n187
n1B8a
o1L9
0l18a
n1A8
018C
0180
218E
01 8F
oi1ce
nCl
n1c2
N1C3

OFCn
27€0
27Co0
onoe
6A4)
2080
75C3
3AC1
6A41
2080
cnoc

7443
3aCl1
3AC3
TA4L3
3AC2
3ACé
3AC5

1141
nnng
1162
onne
1443
cone
1464
noee
18C1
1202
1102
6A42
2r8n
alalele}
6A45
7903
3ACS
69n1
2080
029N
6A42
6625
208¢
choe
6A43
6905
208¢C
7903
7903
2n8n
ialalale)
6ALY
6625

ococ
0534
0195
oonn
2¢00
019¢C
ocol
FFFF
0009
0175
0070

FFFE
FFFF
FFFF
ncH2
FFFF
FFFF
FFFF

N1AS
ocnn
N1A7
€Nu"
N1A9
NG
0la8
onoo
0552
ns53
n181
LS
ClR1
cna0
oocA
cony
FFFE
cnnn
0187
aron
0090
Qecnn
0188
0099
no20
cnne
01C2
CLLT
aona
01C2
neonn
neHe
conn

SF 7

JFR 7,P0UT
JFS Tee¢2
HLT

LDAR 1

JEQ .+6
ADOL 1
STAR |
LDAR 1

JEQ GLAG
HLT
¢ £l
LLAL
STAR
STAR
LDAL
STAR
STAR
STAR
BEGS
JRNZsD o¢2.1
HLT

JRNZol o¢2,2
HLT

JRNU4D o¢2,3
HLT

JRNO, [ .¢2,4
HLT

JRO CA,l

JRZI QRy2
JRNZ 44,2
LDAR 2

JEQ .+2

HLT
LDAR
ADDL
STAR
ADCR
JEQ .+2

HLT

LDAR 2

SURR S

JEQ .2

HLT

LDAR 3

ADDR S

JEQ +¢5
ADDL 1€0000
ADDL 1000207
JEQ .¢2

HLT

LDAR 4

SUBR S

MENNWe=T

=N =N
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5310
5320
5330
5340
5350
5360
5370
5380
5390
5400
541C
5420
5430
5440
5450
5460
5470
5480
5490
5500
551C
5520
5530
5540
5550
5560
5570
5580
5590
5600
5610
5620
5630
5640
5650
5660
. $670
5680
5650
5700
5710
5720
5730
5740
g 5750
5760
5770
5780
5790
5800
5810

| : 5830

R, FR75-2

olC4
n1CS
01Ceo
n1C7
o1Cc8
01Cs
c1ca
01cCa
n1ccC
01co
C1CE
TNCF
0100
n101
3102
7103
0104
01n5

C1D6.

0107
01DA
n109
€104
c108

o1ccC
0l1DD
O1DE
010F
N1EN

.0lEl

0l1€2
OlE3
0l E4
01ES
N1EGL
OlE7
Cl€8
21E9
N1EA
N1Ey
N1EC
N1€0
N1EF
Ol EF
N1FO
Ol1F1
0l1F2
O1F3
01F4
N1FS
N1F6

01FT7.

2080
0eeo
1402
1802
ooco
1141
0o20cC
1201
occo
1111
1141
1161
1442
1462
1142
ocnn
3932
1462

8966

1462
cooe
3622

1202
nnen

TA43
27 2C
2r00C
cooc
TA43
210¢C
onro
7A43
22¢C¢0
cone
TA43
2302
onon
TA43
2400
onen
7443
25¢C0C
(4 [ale o}
TA43
260N
odnn
TA43
21300
onnon
TA43
2n60
2040

0lC6
0030
01A3
ol1Cq
0009
olCH
00a0
~1Co
009290
0554
0555
n556
0557
0558
2104
ocon
ond2
01n7

(2 {0/ ol

n1ng
0009
2002
010cC
€con

nool

055¢
QlED
conoo
cro2
ClE3
0ran
(algfa2)
0lE6
acace
N02R
01E9
(alalalh]
(nlpd) e
ClEC
00990
coan
ClEF
onan
0nan
01F2
(6 [alb Jo
coan
01F5
(olakeley
0137
0554
O1F9

JEQ .+2
HLT

-JRNO BEG,2

JRO 42,2
HLT

JRNZ+D .¢2,1
HLT

JRZ ++2,1
HLT
JRNZ 0C,!

JRNZ,D 0OD,!
JRNZ,1 OE,1
JRNC.C CF 2
JRNO.I 0G,2

JRNZ+D .+242.

HLT

XRyADDsL 2,2
JRNOo I <4242
HLT .
JRNO,I ,+2,2
HLT

XR.SUB.L 2'2

JRZ 42,2
HLT

SUNED

LoaL 1
JBR De¢AX
JBS Cyet2
HLT

LDAL 2
JBS lye¢2
HLT

LDAL 4
JBS 2¢e¢2
HLT

LDAL 8.
JBS 34442
HLT

LDAL 16,
JBS 4ye¢2
HLT

LDAL 32.
JBS S5ee¢2
HLT

LDAL 64,
JBS 64442
HLT

LOAL 128.
JBS Teet2
HLT

LDAL 256.
JBR 8.+BX
JBS Be9et2
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$840 O01F8 0CO0 0020 HLT
$850 O0O1F9 7443 020" LDAL S12.
$860 N1FA 2140 OLFC JBS 9e9et+2
S870 0N1FB O0CO0 ONOND  HLT
§880 ON1FC T7A43 0407 LDAL 1024,
5890 OLFD 2240 OLFF JBS 10e9e¢2
S9CC OlFE 02000 €020 HLT
i 5910 AIFF TA43 08NC  LDAL 2048,
§920 3200 2340 0272 JBS 1lleeet2
5930 1201 ©CNO0F 0NJD  HLY
5940 0202 T7A43 100C LDAL 4096.
5950 N2N3  244C 0295 JBS 12e9e+2
5960 0204 CQCC NCIN  HLY
§970 0205 7A43 20N0  LDAL 8192.
598N 0206 254C N29R  JBS 13eeet2
5949n (2907 NCOC 000 HLT
6NN0 0208 TA43 40NC  LDAL 16394,
6010 N209 264C 0278 JBS 14eee¢?
6020 020A . 070C CGCOO HLTY
6030 N208 7TA43 AONC  LDAL 32768.
6040 020C 2740 027E JBS 15e94+¢2
6050 N2np  0NONC CONO  HLT
] 6060 O020E T7A43 FFFE LDAL =2
: ' 6070 0N20F 2000 0SSR JBS 0,CX
: 6080 _021C 2920 €212 JBR Nyet2
| 6090 N211 O©OCNQ COOO HLT
! 61CC 0212 7A43 FFFO LDAL =3 : y
| 6110 0213 2120 0215 JBR l,.+2
i 6120 9214 0000 0090 HLT
| 6130 0215 7A43 FFFB LDAL -5
i 6140 02162220 0218 JBR 2eeP2 . i it ioiine oo s s s o s s i v
| 6150 0217 0000 NCOO HLT
| : 6160 0218 7TA43 FFF7 DAL -9,
6170 0219 2320 0218 JBR 34,42
6180 021A NOCC 0000 HLT
‘ 6190 0218 T7A43 FFEF LDAL ~17.
E . 6200 021C . 2420 021F JBR 44,42 RO ot el S Lo tlasa e
! 6210 N210 NNOC 0ADA  HLT ’
6220 N21E TA43 FFDF LDAL =33,
6230 N21F 2520 0221 JBR Sgeet+2 , ;
6240 0220 000C 0000 HLT 1

S

dene?  Gsmad dme

| 6250 0221 7443 FFBF LDAL =-65. 1
i 6260 1222 2620 0224 JBR 64442 S S R A T H |

| 6270 0223 0000 MONC  HLT i
6280 0224 TA43 FFTF LDAL -129. f

, 6290 N225 2720 0227 JBR Tye42 :
] : 6300 N226 0ONNEC COON  HLT :

' 6310 0227 7TA43 FEFF DAL =257.
6320 _ 0228 2040 055C JBS B,¢0X _
6330 N229 2060 N22B JBRR Beyet2
6340 N22A (QOCC 0COO HLT

6350 022R 7443 FOFF LDAL =513,
6360 022C 2160 N22E JBR 9epe+2
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1
'l 6370
6380
x : 6390
' 64NN
& 6410
6420
6430
b 6440
” 6450
6460
6470
6480
6490C
650N
6510
6520
- 6530
6540
6550
6560
6570
6580
6590
6600
6610
6620
6630
6640
6650
6660
H670
6680
6690
67C0
6710
6720

6740
675¢C
6760
6770
6780

6800
6810
6820
6830
6840

6860
6870
6880
6860

FR75-2

F—

6850

022D
022E
N22F
n2130
0231
n232
0233
0234
€235
nN236
0237
0238
0239
N2 3A
02138
023cC
023D
023F
023F
024N

0241

N242
0243
02 44
€245
0246
0247
N248

.0249

N24A
0248
024C
0240
024E

024F_.

a2s5n
0251
nes2
N253
Nn2s54

. 0255

n256
0257
0258
0259
C25A

0258.

n25C
Nn250
025E
N25F

cooc
7443
2260
(alalelad
TA43
2360
cooc
TA43
2460
acnce
TA43
2560
ceer
7443
265C
oono
TA43
2760
cecc
7443

4963

25A0
ocec
7443
208¢C
20AC
cocc
TA43

2C80

TA&3
2080
7A43
208¢C
7A43
2¢80
TA43
2080
TA43
208C
TA43
2080
74413
2c8n
TA43
2080
7443
2080
TA43
2C80
TA43
2080

€000
FRFF
0231
nonn
FTFF
0234
cooe
EFFF
0237
0000
DFFF
0234
ceao
RFFF
0230
neo0
TFFF
n24n
€020
eone

cnnn

244

.ccoe

aleloy
G550
0248
cCeno
nene

CS55E

cene
055F
0nosg
n560
nC10

0561 ...

ne2n
0562
AngE
0563
nec8n
0564
0100
0565
0200
0566
N4l
0S67
ngoo
0568
100¢
0569

HLT
LDAL =1025.
JBR 10.9e¢2
HLT

LDAL -20489.
JBR 1leset2
HLTY

LDAL -49097,
JBR 1244.¢2
HLT

LtDAL -8al193.
JBR 13.,.¢2
HLT

LNAL ~16385,
JBR l“o'.*z
HLT

LDAL -327¢9.
JRR 15,¢.42
HLT

LDAL O

¢ ADDyCA.B.FCRM PARITY
« INSTRT 44543
* JMP EVEN PAR
« INSTRT 226404.+2
HLT

LoAL 1

JEQ ZA

JNE .+2

HLLT

LDAL 2

JEQ ZB

LDAL ¢

JEQ IC

LDAL R,

JEQ 20D

LDAL 16,
AIEQISE. e e
LDAL 32.

JEQ LF

LDAL 64.

JEQ 26

LDAL 128.

JEQ ZIH . . .
LDAL 256.

JEQ 21

LDAL S12.

JEQ ZJ

LDAL 1024,

JEQ ZK ?
LDAL 204AR.

JEQ ZL

LOAL 4096.

JEQ IM
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1320 ..

6970
6910
6920
6930
6940
6950
6960
6970
6980
6990
mneo
7010
7020
7030
T040
7050
7060
7070
7080
7090
7100
7119
7120
7130
T140
7150
7160
7170
7180
7190
7200
7210
7220
7230
7240
7250

1260 .

T27¢C
7280
r29C
7300
1310

7330
1340
7350
7360
370

..1380

FR75-2

7390
7400
7410
7420

0260
0261
1262
n263
02 64
0265
0266
n267
0268
n269
026A
02 68
n26C
0260
02 6E
C26F
0270
0271
0272
c273
0274
n275
0276
n27T7
0278
0279
n27Aa
0278
027C
n270
027E
N27F
0280
0281
n282
0283
2284
0285
0286
0287
nz2sa
0289

L284A

n28s
n28cC

028D
C28E

-028F

n290

7291
0292

TA43
2080
7A43
2080
TA4)
208n
TA43
2380
23A0
o00¢€
7843
23890
23AC
oenre
TA43
7903
2380
000cC
23A0
7903
7903
238N0
ocne
23A0
TA43
2280
oenc
2180
[lalele]
21A0
22AC
TA43
22810
oocc
2180
21A0
000C.
22A0
TA43
2180
onar
2280

. 22A0

aonc
21A0

3A41
6A41
2nsn
¢ooc

3641
1801

2000
0564
4000
0568
sONN
nsec
009
n560
026A
0000
FFFF
nS6E
n26E
0090
TFFF
0001
0272
0020
ns71
TFFF
cool
0277
coen
0572
ocnn
0278
0000
0270
0009
n57s
cs76
TFFF
0282
0000
0573
0285

0009

0577
FFFF
0289
c0oo
C5T4
028C
0000
0578

oone
noon

0291 .

cQo00

FFFF
0294

LDAL 8192.
-JEQ IN
LDAL 16384,
JEQ 20
LDAL 32768.
JEQ ZP
LDAL O

JOF 2Q
JNOF o,+2
HLT

LDAL FFFF
JOF ZR
JNOF ,+¢2
HLTY

LDAL 77777
AODL 1

JOF .+¢2
HLT

JNOF ZU
ADDL 77777
ADDL 1§

JOF ++2
HLT

JNOF 2V
LDAL 0

JGE .¢#2
HLT

JLE o¢2
HLT

JGT 2Y

JLT 22
LOAL 77777
JGE L¢2
HLT

JLE IW

JGT .+2
T
JLT ZAA
LDAL FFFF
JLF .+#2
HLTY

JGE IX
LY %2
HLT

JGT 248

' F3

LDRL 0,1
LDAR 1

JEQ %2
HLT

e

XReEOR,L FFFF,1

JRO

4201
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o 7430
¥ T440
7450
7460
7470
7480
7490
7500
7510
7520
7530
7540
7550
7560
1570
7580
7590
7600
1610
1620
7630
7640
7650
71660
16170
7680
7690
7700
771¢
1729
1730
7740
7750
7760
17170
7780
. 179¢C
7800
7810
7820
7830
7840

. 1850 .

7860
7870
7880
7890
7900

. 7910 ..

7920
7930
7940
7950

FR75-2

0293
0294
0295
0296
0297
n298
0299

0294
n298
N29C
029D
029E
N2 9F
C2A0
n2Al
0242
0243
0244
N2AS
0246
N2A7
N2 A8
N2AS
02 AA
0248
N2AC
N2AD
N2 AE
N2 AF
0280
0281
n2a2
nz283
0284
0285
c286
n287

0288
0289
228A
n2Bs
028C
0280

N28E
028F
n2cn
02C1
02cz2
02C3

ceec
3641
1201
0000
3641
1201
cooc

7443
36C1
1201
nanc
36C1
1201
nnec
7443
36C1
1201
oooe
36C1
1801
onoc
36C1
1201
200C
3A41
1801
nooe
36C1
1801
0000
7A43
36C1
1801
cocc
36C1
1801
conre

3041
1201
2060
3041

1801
nanc

3141
1201
aonn
3141
1201
onnge

0000
FFFF
c297
0000
0006
G29A
0000

ccno
oCcocC
029F
neon
FFFF
N2A1
Q000
FFFF
conn
02A5
0020
FFFF
n2A8
0CNo
FFFF
N2A8
c002
FFFF
02AE
onan
ocaC
12R 1
00090
0o0
FFFF
nzes
o0a0
nNonp

0238 .

onoe

(alatols]
n2RAR
0200
none
n2BE
0000

FFFF

.02C1

onno
FFFF
n2c4
0009

HLT
XReEQOR¢L FFFFel
JRZ 42,1
HLT
XRe€EORLL Ol
JRZ .¢2,1
HLT
¢ AL
LDAL O
XR,ECR, AL
JRZ .+2,1
HLT
XRJECR AL
JRZ 4241
HLT
LOAL FFFF
XRL,EDORy AL
JRZ +2,1
HLT
XR,E0OR AL
JR() .0291
HLT
XR,EOR AL
JRZ +2,1
HLT
LDRL FFFF,1
JRU .+2,1
HLT
AR EOR AL 0,1
JRO +2,1
HLT
LpaL o
AKR+EGRy AL FFFF,1
JRU ++2,1
HLT
XR,EOR AL 0,1
J%U ..‘2!1 = -
HLT
¢ TABLE A2

' CPL
XRyCK,A 1
JRZ 42,1
HLT ey el by, . o )
XRoCKyA 1
JRO 0"2'1
HLT
¢ NOT A+8
XRoCORyL FFFF,1
JRZ 42,1 - e
HLT
XR.COReL FFFF,1l
JRZ -’2"
HLT

i s e

0,1

FFFF,1

0,1

FFFF,1

FFFF,1

1M




7960 02C4 3141 0200 XR«COReL 0ol
7970 02CS 1801 02C7 JRO .+2,1
7980 02C6 000C 0000 HLT
7990 N"2C7 3141 007C XReCOR,L 0,1
8000 G2C8 1201 02CA JRZ .+2,1
8010 0N2CY9 0000 N00N HLT
] 8020 N2CA 3241 FFFF XRsCKAND.L FFFF,l
| 8930 N2CR 1801 N2CH JRN ,+¢2,1
{ 8040 0N2CC ©NOO 0020  HLT
8050 02CD 3241 FFFF XR,CKAND,L FFFF,1 -
8060 02CE 12N1 N2D0 JRZ .+2,1
8070 O02CF NANO NNIN HLT
808N 0200 3241 CADN  XR,CKANDesL 9,1
8090 N2D01 1201 0203 JRZ .+2,1
8109 1202 ONCO 00IN  HLT
8110 1n293 13C41 0000 XR,0 1
8120 7204 1801 02D6 JRO .+2,1
8130 N205 OCEGH ONNO  HLT
8140 N2D6 3341 NNOND  XR,Z 1
8150 D207 1201 0209 JRZ .+2,1
8160 0208 000C 0300 HLT
8170 0209 3441 FFFF XR,CAND.L FFFF,1
8180 02DA 1801 020C JRU .+2,1
8190 02DB ONCC COOO HLT
8200 0Q20C 3441 NN20  XR4CAND.L 04l
8210 020D 1801 02DF JRO .+2,1
| 8220 02DE 0NNC ONID  HLT
H 8230 O02DF 3541 FFFF  XR,CLsL FFFF,1l
8240 Q2EN 12Nn1 N2E2 JRZ ++2,1
8250 N2E1 0000 NNOO  HLT
8260 12E2 3541 0007 XR.CLoL 0,1
8270 0D2E3 1801 N2ES JRO .+2,1
8280 O02E4 O0COC 000N  HLT
8290 O02E5 3741 NOON  XR,ANDCL.L 0,1
8300 O02E6 1801 02EB JRO ++2,1
8310 N2ET ONOC 00NN HLT
8320 N2EB 3741 FFFF XR,LANDCL,.L FFFF,1
8330 02E9 1201 02EB JRZ .+2,1
8340 N2€A NOOO 2000 HLT
8350 02EB 3741 FFFF XR,ANDCL.L FFFF,1
B36N0 N2EC 1201 02EE  JRZ .+2,1
8370 O0Q2ED OO0NC OFDD  HLT
. 8380__ N"2EE . 3841 CNON  XR,CKOR,L 0,1
8390 FN2EF 1801 C2F1 JRO .+2,1
8400 0N2FN0 O0CCC 0000 HLTY
841N (02F1 3841 0NCC XR,CKOR,L 0,1
8420 02F2 1201 C2F4 JRZI .+2,1
8430 02F3 CONC 000  HLT
0440.. C2F4 3841 FPFF XRyCKOR¢L . FEFES) . o e e e
8450 02FS i801 O2F7 JRO ++¢2,1
8460 02F6 ONOC 0010 HLT ; %
8470 O02F7 2841 FFFF XR,CKNR,L FFFF,1
8480 O02F8 1801 02FA JRCO .+2,1
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8490
8560
8510
8520
8530
8540
8550
8560
8570
8580
8590
86CO
8610
8620
8630
8640
8659
8660
8670
8680
8690
870
8710
8720
8730
8740
8750
8760
8770
8780
8790
8800
8810
8820
8830
8840
8850
8860
8870
8880
8890
8900
8910
8920
8930
8940
8950
8960

. 8910

8980
8990
900
9010

C2FQ
nN2FA
N2F8
nN2FC
02FD
N2FE
22FF
0390
0301
n3o2
0303
0304
0305
n3INeG
0307
J3n8
1309
N30A
0378
030C
0300
030F
C30F
0310
£311
0312
€313
N314
0315
0316
0317
n318
2319
N31A
7318
t31C
0310
031E
03 1F
0320
0321
0322
0323
0324
2325
2326
0327
Nn328
0329
C32A
0328
¢32C
n3zo

. oeoc

3641
1201
oooe
3941
1801
cenc
3841
12c1
ocno
3A41
18C1
ccco
3841
1801
oone
3841
1201
02c0
3841
1291
cnno
3841
1201
o0co
3041
1201
000
3041
1801
00co
3041
1801
onee
3041
1801
0000
3E41
1801
ocrn
341
1801
€500
3901
3£41
12¢1
ocnn
3F41
1201
nnnn
3901
18r1
conn

0099..

000
02FD
009
0000
€309
ococ
caGe
c302
0000
FEFF
0396
2000
FEFF
0319
0000
0050
n30¢
0000
FFFF
N3CF
000N
0000
n312
ccon
FFFF
0315

feon

cooe
n318
coae
FFFF
031R
oasn
00aC
031E
ocoe
acoa
n321
0000
FFFF
0324
0007
coo1
00c0
0323
cooc
nonc
£328
0c 00
FFFF
n32E
noon

-
;
Ty T

HLTY . B4 R eldeg
“XRoEQVeL 0,1
JRZ .42,1

HLT

XReEQVeL 0,1l
JRO .¢2,1

MLT

XRoLOWL 0,1
JRZ o’z'l

HLT

XRoLDolL FFFF,l
JRO .+2,1

HLT

JRO .+2,1

HLT

XRoAND,L 0,1
JRZ .‘2'1

HLT

XRyANDsL FFFF,1
JRZ .,+2,1

HLT

XR yANDoL O41
JRZ .#2,1

HLT

XR,0ORCL,L FFFF,1
JRZ ++2,1

HLT

XR,0ORCL,L 0,1
JRO .*291

HLT

XRyORCLsL FFFF,1
JRO .+2,1

HLT

XR¢ORCL,L 0,1
JRUO +2,1

HLT

XRyORHL 0,1
JRO ++2,1

HLT

XR+s0ORyL FFFF,1
JRO 42,1

HLT

XR,ADDsL 1,1
XReORsL 041l
JRZ .'2'1

HLT

XReK 1

JRZ ++2,1

HLT

XR¢ADDyL FFFF,1
JRO ++2,1

HLT
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9020
90130
9940
9050
9060
9070
9080
9nge
9100
9110
9120
91130
9140
9150
9160
9170
9180
9190
9260
9210
9220
9230
9240
9250
9260
9270
9280
9291
9300
9310
9320
9330
9340
9350
9350
9370
9380
9390
9460
9410
9420
9430
9440
9450
9460
9470
9480
9499
9500
9510
9520
9530
9540

FR75-2

532€
N32F
03130
03131
7332
0333
2334
0335
0336
n337
7338
n339
0334
0338
033C
0330
C33E
n33F
034C
0341
n342
0343
N344
n345
n346
0347
0348
1349

034A
0348
234C
N340

034E
034F
23s¢
0351
2352
3353
n354
n355
0356
0357
0358
0359
N35A
n3se
n3sC
0350
t35€E
C35F
0360

FFFE
0331
n0Co
econn
~334
cone
FFFF
e [alade}
cno?
M"336
n0d0
enoo
0001
033p
cnoe
FFFF
0000

0341 .

£090
onol
0344
0000
FFFF
n347
0060
FFFF

034A
anne

FFFH
FFFF
034€
0010

2350
00ood
N353
0000
(alplale)
0357
ccoo
ocoo
ooon
noo2
0093
€359
nono
n3se
2000
ccoo
C035E
0090
n3ev

XR»SUBM,L =2,1
JRZ .+2,1

-HLY

XReSLL1 1

JRZ .+2,1

HLT

XReADDsL FFFF,el
XRyeSLL1 1
XRoADDoL 2,1
JRZ .+2,1

HLT

XRyM1l 1
XRsADD,L 19l
JRZ 42,1

HLT

XR4ADDoL FFFF,l
XRoP1 1 y
JRLI o+2,1

HLT

XRySUBoL 1,1
JRO o¢2,1

HLT

XR,SUB,L FFFF,1l
JRZ 42,1

HLT

XRyADDP 4L FFFF,1
JRZ 42,1

HLT

¢ SL1p

LORL FFFF,1

« INSTRT 3€9041,,FFFF
JRO .¢2,1

HLT

' F8

JMP (+2

HLT

JMP ¢33

HLT

HLT

JMP o+

HLT

HLT

HLT

LORL 2,1

LDRL 3,2

JMP ,¢0,1

HLT

JMP 40,42

HLT

HLTY

Jel o+0,1

HLT g

Jel «¢0,1
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Y y 9550
! 9560
¢ 95170
9s8an

9590

600

9610

9620

9630

9640

9650

. 9660

9680
9690
9700
9710
9720

9740
9752
9760
97170
9780
9190
: 9800
9810
! {t) : 9820
: 9830
9840
9850
9860
9870
; 9880
! 9890
9910
9919
9920
9930
9949
9950
9960
9970
9980
! 9990
10000
10010
10020
i 10030
10040

4 10060
‘ 1 10070

|
I) FR75-2

9672 .

9730 ..

10050°

0361._0c00
0362 00NN
0363 8041
0364 CrCO
03é5 Q0cc0
0366 0ONnNC
0367 8041
n3gg 0rnn
0369 cooec
036A 8080
0368 Q2CO
n3eC oone
036D .
0360 8nNO
036E C0OeoC
036F C2CO
0370 8QA2
0371 Qoon
0372 . Cco00
€373 o0oce
0374 8CC2
c375 o©Onee
0376 o©ccCoO
N377 80C2
£378 ccco
0379 3902
037A BCE2
03738 0fNJ
037C care
N30 8NE2
037 cCo000
037F 0000
0380 o0nc
n381 0©0CCO
0382 3622
0383 1202
C384 0000
0385 3621
n3g6 1291
0387 ©n00
0388 8201
0389

0389 9CN0
038A 0NCH
c388

0388 3621
038C 1201
0o3an onne
038E 3A43
N38F 8223
0390

N390 o0CCO

00Co
c000
0363
oron
cCOG
ocan
03467
6000
cooe
001A
cCoo
02929

0370
(o] ofals]
2090
ccls
aoen

ceoo .

c000
oc1c
alalels]
ceao
oeLlD
0ca0
oenl
CCIE
0cI0
2030
Q01F
0020
0000
0Ccan
cnne
n0Y4
0385
oooo
c0N2
0388
0070
0388

on)J°
0090

033§
C38E
(sJoln]o;
0003
0390

nono

LT b e

HLT

JeD 40,1
HLT

HLT

HLT

JeD 4041
HLT

HLT

J ' MCN
HLT

HLT

~CONS.. " o0 : R

J «#3

HLT

HLT .
J 'MCN1l,2
HLT

HETS e Saes e s

HLT .

JeD' MCN2,2
HLT

HLT

JeD *MCN3,2
HLT

XRoADDJL 1,2
JelI TMCNG,2
HLT

HLT

Jol *MCNS,2
HLT

HLT

HLT

HLT

XReSUBsL 4,2
JRZ 42,2

HLT . :
XR¢SUBsL 201
JRZ .+2,1

HLT

JSR BOO,R1
RBUCS

HLT

HLT

BROOS

XRoeSUByL RBOOsR1
JRZ 10201

HLT

LORL 3,3 Y
¢ JSR INDEXED
+INSTRT 101043,G00
GOOos

HLT
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10080
10090
10100
‘ - tollo0
Lol 10120
: ‘ 16130

10140

10150

10160
’ 10170
10180
10190
10200
10210
10220
10230
10240
17250
10260
10270
10289
10290
103C0
* 10310
1¢320
3 : 10330
i 10340
! {t) 10350
! 19360
| 19370
10380
10390
! 10400
! ) 10410
i 10420
{ | : 10430
E | 10440
: i 10450
b ! 10469
10470
10480
! : 10490
10570
10810
10521
10530
| 10540
3 10550
10565
10570
10580
10590
10600

.,,-.

FR75-2

PR ———

0391
0392
0393
2394
0395
2396
0397
n398
0398
0399
039A
n398

039C
9390
N39E
239F
N3GF
23AC
03l
03A2
N03A3
C3A4
0345
03A6
03A7
n3A8
n3A9
C3AA
9348

N3ac
93A0
03AE
03AF
0380
n3el
0382

n383
nN3gs
n3gs
n3n6

0387
n3ss
N389
038A
n3pe
038C
q380
N3BE
N38F

0009
orQn
3623
1203
eneo
8281
cocc

3621
1201
0700
3444

8244

neeo
coeo

talulals)
cooe
0noo
onece
3624
12C4
cecon
8AB4
1804
00Co
8AB84
12C4
coco

CANO

7903
2n80
ccoo
(- Yalo}
2780
ooon

pene
7623
21890
ocon

€909
7903
2080
noco
7903
ESCO
2nan
nooo
CARO

e ———. ] e —

HLTY

HLT

XR,SUB,L GOO,3
JRZ .+2,3

HLT

JSR * HON,1
HLT

LOOS

XRoS5UBeL LOO-1,1
JRZ 4241

HLT

LORL 444

* JSR °*INDEXED
«INSTRT 101244,F00C
HLT

HLTY

MOO$

HLT

HLT

HLT

HLT

XRoSUBoL MOO-2,4
JRZ .#2,4

HLT

« INSTRT 105204 ,UNO
JRO .+24%

HLT

+INSTRT 1052n4,2EQ
JRZ 42,4

HLT

* £ CDE

LDA UNO

ADDL 1

JEQ .+2

HLT

LDA ZE0

JEQ +2

HLT .

¢ LDA A=-DM

« INSTRT 1530NC,UNO
SURL 1

JEQ .¢#2

HLT

¢ LDA A+DM

« INSTRT 164400,UNC
ADDOL 1

JEQ .42

HLT

ADDL 1

« INSTRT 164400,UNO
JEQ .¢2

HLY

LNDA *ARS

176

Cboed G el b bd bed G

b4

L

T

PRy




10610
10620
10639
1764n
10650
1N660
106719
1N64"
17690
10702
10710
10729
1273¢C
10740
10759
10760
10779
11780
10792
10870
17812
10820
118130
1ngan
10859
10869
12870
‘172882
19899
10900
12919
17920
19937
10940
10950
10960
10979
10981
10999
11079
11010
11020
11039
11040
11050
11060
11070
11080
11090
11100

11110

11120
11130

FR75-2

23C2
~3C1L
n3cz
n3C3
23Ce
c3C5
N3Cce
N30T
1308
N3CS
N2CA
n3ce
~3CC
n3Co
D3(F
aICE
A3 DN
~301
2302
n3D03
N304
2305
n306
1397
2308
309

A3
0308

Z3DC
N300
230E
23DF
DEYI
N3E]
N3g2
N2E3
N3E4
N3ES
N3E6
C3E7
N3ES8
e
Q3 EA
N3EB
Y3EC

N3ED
G3EE
N3EF
N3IFN
03F1
03F2
N3F3

79C3
2n80
foee
A4
CA21
7623
208C
e Tots!
CAal
71621
298¢
nng~
6A41
7623
208¢C
anne
CA61
7623
22819
rooc
6441
7623
2cer
alala Bl
3A41
caal
7623
2n8C
eecee
3A41
CACl
7623
2781
oonn

. 6A4l

7623
27 8¢
cran
CAE1
7623
208"
Laelella)
1621
1201
anen

TA43
Freo
7903
2080
Laialaln
CANG
278N

0NNl
n3CH
ccon
oanny
nnng
ne3n
n3cs
onan
ontp
anRA
Nn3CcC
ArIN
SC39
e Y
8352
crne
arng
CRgen
2304
anaA
BT
LYY/
Y308
rnan

CC2A .

(007 47
n3°C
N300
[alabol}
027
2720
N3E2
NAAN
coon
D098

D3E6
nALO

fN2s
04NN
N3EA
aean
nnne9
N3ED
0000

noov
nn29
oenl
N3F2
talg v Lo
nh29
~3FS

ADLL 1

JEQ 42
HLT

LORL 7,1
LDA TABO.1 ,
JEQ .+2 4 § |
HLT )
LDA,D TARQC,1 |
SURL 128. i £
JEO .+2 B
HLT i
LDAR | ﬁ
SURL & !
J[Q 0’2 E !
HLT #
LDA,I TABO,1
SURL 64,

JEQ .+2

HLT f
LDAR 1 *

SuBL 7
JEQ . ¢2 8
HLTY : i
LDRL 1Q.»1l

LDA 'FLOS,!

SURL 2948,

JEQ .¢2

HLT

LDRL S.,1

LDAD *GLOS.]

SUBL 3182.

JEQ 42

HLT

LDAR 1

SusL AR.

JEQ .¢2

HLT

LDA,I *MLOS,1

SusL 1024.

JEQ .+2

HLT

XRySUBsL Sesl

JRZ ++¢2,1

HLT

¢ ATNDM A'TQA

LOAL 9

< INSTRT 17000N,FFO
ApuL 1

JFQ .42

HLT

LOA FFO

JEQ .42
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11140
11150
11160
11m
11180
19N
11279
11210
11220
11230
11240
11250
11260
11270
11280
11290
11320
11310
11320
11330
11340
11350
11369
11371
11380
11390
11470
11410
11420
11439
11440
11459
11460
11470
11480
114959
11570
11510
11520
11630
11540
11550
11567
11579
11589
11590
11670
11610
11620
11639
11640
11650
11669

N3F6
IM3FS
YF6
13F7
~IF8
N3IF9
73FA
"3F8
N3IFC

A3ED
N3IFE
03FF
2600
n4a1
0402
N4n3
ng "4
0415
n4ce
%07
n4ng
n409
N4NA
74"8
cenc
042D

04NE
NG NF
241C
911
04612
2413
nsls
7415
nale
N417
2418
0419
1A
04 18
21C
n410
04 1E
041 F

0420
421
N4 22
NG 23
0424
7425

ocron
7443
fFeon
2080
(elalele
cAONn
7903
2rgn
020D

TA43
F300
2089
ccon
CArO
7623
2r8C
erno
TA43
F300
2080
(akalala
CAQC
7623
2080
f0a0
FFOO

TA43
7903
FS00
7903
2080
conn
C[.’\(‘
79903
2080
nerno
TA43
7903
F500
2can
oo
CAON
2¢80
b Lalele}

TAG3
F6CC
20R0
rore
CACNH
7903

LLY
FFFF
NN29
D3F9
nhY
nn29
0Nl
N3FD
nouo

AAAA
0029
6401
0ocHo
0029
AAAA
2425
LLOLY
5555
n029
neng
r\n'_‘,-n
2029
5555
n4nd
naGH
6029

FFFF
reon
3229
oanti
Q414
andn
229
ncn1
0418
0099
ocnl
FFFF
nn2a
0610
nCao
€029
N420
0000

FFFF
0129
n626
coan
N029
oony

HLT

LUAL FFFF

« INSTRT 177000,FFQ
JEQ %2

HLT

LDA FFN

ADODL 1

JEQ .#2

HLT

¢ ATODM NTOA

LDAL AAAA

«INSTRT 1714)32,FF0
JEQ «¢2

HLT

LDA FFQO

SuBL AAAA

JEQ +¢2

HLT

LDAL 52525

« INSTRY 1714"C,FFO
JEQ <#2

HLT

LDA FFO

SUBL 52525

JEG o2

HLT :

STA FFO

* ATONM 4 °TOA

LDAL FFFF

ANDDL ©

« INSTRT 172400,FF0
ADOL 1

JEQ .¢2
HLT

LDA FFO
ADULL 1
JEQ .+2
HLT

LOAL 1
ADDL FFFF

« INSTRT 17249C,,FFD
JEQ .+2

HLT .

LDA FFO

JEQ ++2

HLT

* ATO DM AMOD2BYOA
LDAL FFFF

« INSTRT 173C00,FFC
JEQ o¢2

HLT
LDA FFO
ADDL 1
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11670 0426 2080 0428 JEQ .+2

1168C 0N427 0EI0 D000 HLT

11590 0428 7443 CONO  LDAL 0

11707 r429 F6CC NN29  INSTRT 173COC,FFQ

11710 N62A 2C80 N42C JEQ .+2 :

11720 n&428 0nCo onnn {LT

1173 042C CARD €329 LDA FFO

11740 042D 2080 042F  JEQ .42

1175C ©42F CCNO 9019 HLTY

11760 N42F  7A43 n0N1  LDAL 1

1177C "%30 7903 FFFF  ADDL FFFF

11780 0431 F606 0ON29 L INSTRT 173C0C,FFC

11792 0432 7903 CCO1 ADDL 1 i

11802 N433  278C 06435 JEQ .+2 |

1181C 0434 90CO "P3% HLTY i

11820 04135 CANC NP29 DA FFO f

11330 0436 2087 0438 JEQ .+2 ! |

11840 437 OCOGO 00370 HLT §

11850 2438 7A43 FFFF LDAL FFFF !

11860 N439 7903 CNOC  ACDL 0 %
|

11870 043A F60C (029 LINSTRT 1730C0,FFC
11880 0438 7903 NNN) . ADDL 1
11890 043C 2r80 N43E JEQ .+2
119"0 0Nn&3p ONCGCE GONO HLT
11910 043F CATO CC29 LDA FFO 5
11920 043F 7903 &ONL ADDL ) |
11930 D440 2080 0442 JEQ .+2 i}
11940 0441 £0C6 00D HLT !
11950 ¢ ATUDM BTOA {
11960 r442 7443 0001 LDAL 1
11970 0443 17903 FFFF ADDL FFFF
11980 (€444 FANC 7929  LINSTRT 175000,FF0
11990 0445° 7903 noAl  ADDL 1
12000 N446 2080 (448 JEQ .42
12019 0447 JCCO 0702 HLT i 8
12020 0448 CAND 0ON29 DA FFO '
12030 0449 2080 0448 JEQ .+2
12C4N0  D44A  ONGG 000D HLT
12050 0448 TA43 FFFF LOAL FFFF
12960 044C 7903 6CON  ADDL O
12070 044D FAON 0029 L INSTRT 1175CNC,FFG
12080 N44E 2080 0450 JEQ o +2
: 11 12090 044F D0CC 0000 HLY . .. ... ...
12177  045C CACC 0029 LDA FFO
" . 12110 0451 7903 nAnl  ADDL 1
12120 N452 2080 (4S54  JEQ ++2
12130 0453 ©O0C 0090 HLT
12140 ¢« ATADM ABTOA
12157 0454 7A43 0N0) LDAL 0
12160 N455 FRCON 0N29 «INSTRT 1754CC,FFO
J 12179 0456 2080 0458 JEQ o2
12180 0457 ACOR NNIO HLT
12190 0458 CACD n029 LDA FFO
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4 122n¢
g 12210
5 L 12220
1 12230
' 12240

| 12250

l 12267

: 1227°

12280

12290

12300

12310

1232¢

12339

12340

12350

12360

12370

12389

12390

12400

12417

12420

12432

| 12440

! 12450

f 12460

~ 12470
124R0
12490
12570
t 1251
12529
1253n
12540
12550
12560
12570
12580
. 12590
; 12600
i . 12610
12620

12630
| 126490
i 12659
12660
12679
12680
12690
12700
12710
12720

I FR75-2

e

o o — Y ——

0459
045A
0458
n45¢C
€450
4 5E
04 5F
046"
N461
N4 62
N4 63
NL 64
C6465
reL 66
0467
N6 68
0469
N4 6A
2468
NG 6C
0460
04 6E
54 6F
nGg 1IN
0471
NG 72
0473
C474

N4 7S
2676
NG 17
0478
04 79
04TA
0478
047C
0470
04TE
Q4 TF
0480
0481

N4 ]2
0483
0484
N4 85
N4 86
2487
N4 88
3489
N4 8A
N4 AB

2r8n
[aladele]
7443
7903
FROC
QCRN
enop
CACP
79C3
2T AN
ftecns
TA43
7903
FRNO
20ur
alelo o
CANC
208"
naco
TA43
FRNO
7903
2080
ocnn
CANC
7903
2n80
oeoe

7443
FCOC
7903
2080
A
CAPN
2080
annc
TA43
FCOn
793
2080
ceno

TA43
7903
FEONR
7903
2n8n
[alalal )
CANN
2080
(alalaTe
7443

7458
cnge
FFEFF
cone
2029
resr
c2a9
nn2q
onol
Ca64
conn
[alaTal |
FFFF
rn2g
04569
alals e}
cr29
046C
0000
FFFF
229
cenl
na71
annnn
re29
nnni
0475
nQan

[alaly]a}
0229
cenl
047A
a0an
on2a
ca47n
nOIN
FEFF
ne29
ocol
0482
oonon

nooy

FFFF
nr2q
coel
0488
neon
0n29
0488
(alalols ]
FEFE

JEQ .¢2

HLT

LDAL FFFF

ADDL 9

«INSTRT 175477,FFO
JEQ .¢2

HLT

LDA FFO
ADOL 1
JEQ .+2
HLT

LCAL 1
ADDL FFFF

«INSTRT 1754CN,FFO
JEQ .+2

HLT

LDA FFO

JEQ .+2

HLY

LNAL FFFF

« INSTRT 17540C,FFC
ADDL 1

JEQ .¢2

HLT

LDA FFO

ADDL 1

JEQ .+2

HLT

¢ ATOOM 1T0A

LDAL ©

«INSTRY 176CCC,FFO
ADDL 1

JEQ .+2

HLY

LDA FFD

JEQ .+2

HLT

LDAL FFFF

« INSTRT 1760CC,FFO
ADDL 1

JEQ .¢2

HLT

! ATODM A+BTOA

LDAL 1

ADDL FFFF

« INSTRT 177CAC,FFO
ADDL 1

JEQ .¢2
HLTY

LDA FFO
JEQ 42
HLT

LDAL FFFF
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M 12730 048C 7903 0000 ADOL O

12740 48D FENN 0C29 LINSTRT 1770CC,FFO
12750 C43F 7903 CCOl  ADDL 1
12760 04BF  208) 1491 JEQ .+2

. 12770 N4SN CCCC 00N HLT
12780 0491 CACO NP29 DA FFO
12790 0492 7503 ncO1l  ADDL 1
12800 0493 2080 N4G5 JEQ .¢2

3 1281~ 04S4 CO00 NOON  HLT
12820 1495 TA43 E1El  LDAL 160741
128307 0496 7903 OFCF  ADDL 7417
12847 £497 FFAD 0N29  INSTRT 177600,FFQ
12850 (4S8 7903 G0Nl ADOL 1 :
12860 N499 2CHA 049R  JEQ ,+2
12870 049A 00NO CCOT  HLT
12880 0498 CACO 0029 LDA FFO
12890 N49C 7623 FOFL  SUBL 171360
12900 049D 2787 N4IF  JEQ .+2
12910 049E 0N0C 2000 HLT
12920 1% 9F CADC NCAR  LDA TABO
12930 04AN  FENC (D03 STA TABO - :
12940 04A1  D60M 0NIB  SUB TARD i
12950 04A2 2080 04A4 JEQ +2
12960 04A3  (COC 0CD0  HLT
12970 C4A4 7A43 NCN2  LDAL ©
129RC N4A5 FFCO CC2E STA FRD :
12990 04A6 TA43 FFFF LDAL FFFF ;
130€C  04A7 FF80 0028 STA *'CSTO
13010 N4A8 CACO G026 LDA FRD
13020 04A9 79r3 00ONL  ADDL 1 '
13030 C4AA 2080 04AC JEQ ,+2 g i
13040 04AB CCOD 000N HLT :
13056 N4AC FFCO CC2E  STA FRD '
13060 04AD 3A41 OCN2 LDR 2,1 i
13070 04AE  7A43 FFFF  LDAL FFFF - .
13080 N4AF  FF21 002F STA FRD,1
13090  04BC  CAQO 003D LDA LUC
13160 0481 79103 0001 ADDL 1
13110 04B2 208C 04B4 JEQ .+2
13120 N4B3  CNCO 0COO  HLT
13130 C4B4 FFOO f03~  STA LUC
13140 0485 3A42 0073 LDRL 3,2
13150 04B6 7A43 FFFF LDAL FFFF
13160 N4BT FF62 O02F STA,1 BUC,2
13170 2488 7903 2001 ALOL 1
13180 0489 CAO0 0032 LDA MOC
13190 C4BA 79C3 0C0l ADDL 1
13200 N4RB 2080 04AD JEQ ++2
13210 £4BC 0ROL 0C0C LT
13220 N4RD  FFON 0032 STA MOC
13230 N4BF 1622 0004 XR,SUB.L 442
13240 D4RF 12€2 N4C1  JRZ 442,42

d 13250 24CA  £ORC 0C00  HLT
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13240
1327¢
13280
13290
1330C
13310
13320
13330
13340
13350
13360
13372
13380
13390
13400
13410
13420
13430
13440
13450
13460
13470
13489
13490
135C0
1351¢C
135272
13530
13540
13559
1356"
13570
13580
13550
13600
13610
13620
13630
13640
13650
13660
13670
13684
136910
13700
13710
13720
13730
13740
13750
13760
13770
13780

04C1
24C2
n4C3
04C4
2CS
neCé
4C17
04C8
04C9
f4CA
04CB
nace
n&CoD
24CE
04CF
NG D0
n4D1
0402
0403
404
04 D5
0406
0407
N4 D8
0409
N4 DA
n4 08
040C
040D
N4 DE
N4DF
%EC
N4 EL
04E2

"0N4E3

04F 4
04ES
04€6
04E7
NG E8
04€9
04EA
04 €8
2% EC
04ED
04FE
04EF
P4 FO
04F1
04F2
n4F3
N4 F4
N4 FS

39C1
7443
FFé&l
7903
cace
7503
2080
0rno
3621
1201
0300
FFOC
3A41
TA43
FFAL
7903
CACO
7903
2080
onen
FFNN
TA43
FFC1
7903
CACP
7903
2080
nooe
FFOO
3621
1201
Ceen
3441
7443
FFEL
7903
CACO
7903
2080
0000
FFON
3621
1201
fcnon
7443
7903
7903
7903
3A4N
A420
noen
nacQ

C8EOQ

onol
FFFF
002E
00Nl
onnal
anny
Q4CS
Qunn
0022
04CC
(o] (Tual
0r31
o0n3
FFFF
nn2c
conl
Cn3e
onni
0405
onoe
0036
FFFF
0nC20

ooy’

or4c
ool
040D
noso
004n
onn2

04E1 .

naNA
0oens
FFFF
nr2n
Ccal
0ng2
(alo¥ol |
04E9
nenNd
GC42
ordé
Q4ED
0090
T1FFF
ocel
TFFF
ncol
04FS
nonr
nran
nocH
neng

XRyADDsL 1,1

LDAL FFFF
STA oD FRD,1
ADDL 1

LNDA HOC

ADDL 1

JEQ .¢2

HLTY

XReSUBsL 241
JRZ 42,1
HLT

STA HOC

LLURL 3.1
LOAL FFFF
STA *CSTT,1l
ADDL 1

LOA CvVY+3
ADDL 1

JEQ .+2

HLT

STA CVYe3d
LCAL FFFF
STA,0 *CSTF,1
ADDL 1

LDA DGE+3
ADOL 1

JEQ o+2

HLT

STA DOGE+3
XRoSUBsL 2,1
JRZ .+2,1
HLT

LDRL 5,1
LDAL FFFF
STA,1 *CSTF,l
ADDL 1

LDA DGF+S
ADDL 1

JEQ «+2

HLT

STA DGE+5
XRoSUB,L 6,1
JRl QQZQl
HLT

LDAL 77777
ADOL 1

ADDL 77777
ADDL 1
XRyLDyL o+4,0
JRI 0,0

HLT

HLT

DINT
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13750
13800
13810
3 13820
138130
1384N
13850
13860
.1387¢0
13880
13890
139np
13910
1392¢
13930
13940
13950
13960
13970
13980
13990
14000
14010
14020
14030
14041
14050
14060
14070
14080
14C90
14100
14110
1412¢C
14130
14140
14159
14160
14172
14180
14196
14200
14210
14220
1423C
14240
14250

14260

14270
14280
164290
14300
143190

—

FRT75-2

04F6
N4F7
N4F8
04FQ
04F A
NG FR
N4 EC
nGFD
N4FE
04FF
050¢C
nsny
2572
2593
nsng
504
15125
D696
n5n7
7508
0578
nsraq
0594
nsna
0578
a50(
n57D
ASCFE
05NF
AsOF
0510
nsll
0512
5113
2514
ns15
0516
ns17
7518
ns18
n519
NS1A
518
751C
0510
N51E
0S1F
as2e
0521
0522
0523
n524
0525

7903
7903
208¢
neonn
3440
R4 20
ceco
FREQ
2087
ecco
cane
2020
0CED
870N

2620
rog0
12n0
cene

~CEQ
gnne

3620
CF&C
1200
ncoe
nGgoo

cane
7903
FFCO
2000
7443
NELC
TA43
NEG6C
8GO

TAGL3
CF60
TA43
CE6G
7843
FFCC
FFOO
3AC1
3AC2
3AC3
TA4 3
3AC4
Clalol e
4F43

8C22
RCAC
04FA
cCIan
N4FD
nnac
(i{als 5.
co9n
G500
g
0047
c5n8
9020
~5)3

0593
eCINn
CSNF
cooe

anno
n529

ns99
Sharpif:
CSLF
[eXadalh]
aa2e

CraT
cool
7047
£S18
FEFF
nn3Y
crnn
coon
cs1C

0090
acHn
FEFF
coan
aane
G090
crnl
FEFF
FFEF
FFFF
FFFF
FEFF
nO1°
2090

SO ————

ADDL 1c0Aaco
ADDL 1n200cCO
JEQ .¢2
HLT

XReLDoL
JRI 2,0
HLT
DINT
JEQ
HLT
LDA LOGC

J8a 0,SECD
IS
JMP L ¢0 S
WXYZ2$
XRySUBsL
INPS
JRZ BGN,N
HLT

SECDS
EINT

JMP L +0
LYXWS
XR,SUBL
INPS 17
JRZ BGN.N
HLT

HLT

BGNS

t0A LOGC
AODL 1
STA LOGC
JBRS 0,000
LDAL FFFF
OUTA 17 .
LOAL 9

OUTA 16

JMP . ¢5

onos

LOAL O

CUTA 17

LOAL FFFF

QuTA 16

LDAL O

STA RM}Y

STA RM?2

STAR 1

STAR 2

STAR 3

LOAL FFFF

STAR &

JMe GOl

NuP

.’300

ot2

amf SOT

o‘l|n

.-loO
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14320
1433C
14342
14350
14369
14370
14389
164390
144""
14410
14420
14430
14440
14450
14460
144170
14487
14460
14577
14510
14520
14530
14540
14550
14569
145710
14580
14599
14600
14617
1462)
14630
14640
14650

14660

146710
14680
14690
14770
14710
14720
1647230
14740
1475N
14760
14770
14780
14760
14800
14810
14820
14830
14840

FRT75-2

0526
NS27
nsze
a5 29
£52A
0528
ns28
n52C
°52C
ns20
2520
NS2F
NS2E
05 2F
NS 2F
7539
NG 3N
15131
1531
N532
3532
533
1533
65134
1534
ns13s
0535
2536
N5 136
NS 37
0537
ns 38
0538
75 39
nN539
NS 3A
GS3A
15138
7538
ns3cC
053C
0530
NS 3t
a5 3F
ns 4N
NS4
nS541
Nns541
0542
0542
n543
Ny 4Y
N5464

8429
ANEC
800
angn
cenn

none

oLalaln
2095
0528
Sann
cnne

ocen

g aGaae

nrn9
n09cC

¢0C2

Y Apan

oecoo
3720

009C

¥ 0029

ocno

't 00Qe

0090
0090
nene

nnn0

* 0090

0nnn
a0

Y nONe

0090

ooen

ofae

0eN0

anIn

JRI Cs9

EINT

JMP .+0

HLT
HLT
AQUTS
HLT
aguTs
HLT
cCouTs
HLT
DouTs
HLT
EOQUTS
HLT
FOUTS
HLT
GauTs
HLT
HOUTS
HLT
INuTS
HLT
JOouTs
HLT
KQUTS
HLT
LOUTS
HLY
MOUTS
HLT
NOUTS
HLT
oouTs
HLT
POUTS
HLT
ouTls
HLT
ouT2$
HLT
HLT
HLT
HLT
QuTAs
HLT
ouTas
HLT
auTCs
HLT
ouTns
HLT
OUTES
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14850
14867
148710
14880
14890

14909

14912
1492¢C
14930
14940
14952
14969
14970
1498n
14999

C544
645
0545
NG44
0546
1547
n547
N548
n548

549

2549
544
2544
NS4R
1548

0900

0299

[Qalelg

HLT
QUTFs$
HLT
ouTGS
HLT
NUTHS
HLY
auTls
HLT
IVARE
HLT
OUTK S
HLT
OuTLS
HLT
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15289
1539
15640¢
156410
15420
15430
156472
15450
1546C
15471
15480
15490
- 15500
15510
15529
15530
15549
15550
15560
15579
15580
15590
156C0
15619
15620
15630
15649
15650
15660
15679
15680
15690

157€¢0

15710
15720
15730
15740
15750
15760
15770
15780
15790
15890
15810
15820
15830
15840
15850
15860
15870
1588480
15890

15970

FR75-2

rs561
€562
n562
ns63
0563
n564
€564
N5 65
~565
n566
0566
1567
AS567
N568
2568
n569
n569
256A
NS 6A
NS 68
n568
n56C
n56C
n560
NS 60
NS4E
05 6E
05 6F
n56F
as7¢
05172
571
f5T1
n572
0572
0573
0573
574
NS 74
nS5S75
0575
n576
0576
ns77
ns17
ns78

0578

cooe ¢

cnon

fo00C

nron NN

ro0n
onen
fnen
angn
eoon
cocn
0009
on0¢
oncn
nGOO
2000
0000
onon
eroc
ronn
nnoc
onco
coco
cnen

cnno

0099

0000

2000000N0
coon0onnol
cnenngen2
fNONNNCAD 3
cAnronnne
CANNNAAAA

HLT
IF$
HLT
6%
HLTY
IHS
HLT
s
HLY
1Js
HLT
IKS
HLT
ILs
HLT
IMs
HLT
INS
HLT
0%
HLT
0%
HLT
Qs
HLT
IR$
HLT
1S8$
HLT
PARS
HLT
PAV L
HLT
Vs
HLT
14}
HLT
Zx$
HLT
vYs
HLT
s
HLY

ZAAS

HLT

lABS

HLT

«DATA O

Ri=1
R2=2
R3=3
R4=4
AAAA=125252
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15919
15920
159130
15940
15957
15960
15970
1598n
15990
160Cn
16010
16020
16030
16040
16050
16060

16071
16080
1609C
‘16100
16119
16120
16130
16140
16159
1616¢

1617C -

1618¢C
16190
162€0
16219
16220
1623¢
16240
16250
16260
16270
16280
16257
1637C

FR75-2

CoorNAAAB
AAANNAAAS
0001
n0J1
FFFF
ONNONFFFF
2CcocC
NOONNEFFE
FFFF
5555
AAAA
o0an
5555
AAAA
oone
0non 1
0092
neos
0038
nnln
no20
cr40
ocse
c2G60
0420
cgnn
1000
2000
4Ca0
oeces
0360
0371
0374
G317
©378
N3TF
. €398
039F
FFFF
onnn
0022
oC0R
coenc
OGCOE
FFFF
0one
0020
"02€
0033
oN3o
I{elal¢
6Lo00
nUOC

-HOOSLOOD

AAAR=AAAA+]
AAAG=125251

RM1S1

’M2s1

FULLSFFFF
FFFF=177777

EMTYSD
FFFE=FFFF=1]
FRSTSFFFF

SND$52525

MEMOSAAAA

ZERQ$D

OMEM$52525

TRESAAAA

MRK 280 -
TABOS1920%98e 316093200640 9128.9512491024442048,,4096.,

B“i?.., 134,

1TAR$TABO
MCNSCON
MCN1SCONe4 -
MCN2SCON+7
MCNISCON+ LT,
MCN4SCON+ 14,
MCNS5SCONe18.

FNOSMO0 .
UNOSFFFF

ZEO$H f
ARS$UNU

FLOS$TABO

MLOSSTABO#1. A L )

GLOSSTABN+3

FFSFFFF

FFO$0

FFT$? :
CSTOSFRO ,
CSTTSCVY ;
CSTFSOGE
FRD$O
BUC 8N
LUC$0
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FR75-2

16310

16329

16330

16340

1635C
16360

0031
no32
0n33
0036
0n 35
36
0037
00138
€039
M 3A
on3e
00 3¢
913D
a0 3€
00 3F
004n
el
0042
0043
0044
0045
[o]pX 7
0C47

CHECK SUMS
LEFT PROGRAM MEMORY=
RIGHT PROCRAM MEMORY=
DATA MEMORY=

ncan
oenn
FFFF
o0coon
fco0
00N
cone
o0n0
r00N
an9e
nCoo
cnon
ncnn
6000
0009
n0An
onnc
0oeon
0000
annn

HOC$9 .
MNCs0

CVYSFFFF o090 ¢0909CeCs0¢00 O

DGESO0¢0¢NeCeNeNeCe0e0,0

0c0C

Aan0n
ccnl

0000n00G4

LOGCS1
«END STRT

NAB13
NFATH

09BES
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PROGRAM LISTING

00 3340 : CLR (START)
01 3341 CLR
02 6A40 A,LDAR RO
03 9421 0000 MLNR R1 -
04 3AC6 FFFF STAR R6
05 6A41 LDAR R1
06 9420 0000 MLNR RO
07 3ACT FFFF STAR R7
08 6626 SUBR R6
09 2080 000B JEQ B ;
0A 0000 HLT (ERROR)
0B 1801 0010 B,JRO C,1
oC 1460 0002 JRNO,IA,2
oD 3340 CLR
OE 3021 INR R1
OF 8000 0002 JMP A
10 0000 FFFF C,HLT (FINISH)
{ FR74-2 . 189/190




