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PROJECT SUMMARY

The objective of this piroject was to research and develop a 32-bit single chip
Error Detection and Correction unit capable of correcting all single bit errors
and detecting all double bit errors in the memcry systems of a spacecraft.

we designed the 32-bit EDAL (Error netection and Correction unit) based on a
modified Hamming code and according to the design specifications and performance
requirements. We constructed a labcratory prototype (breadboard) which was
converted into a fault simulator. The ccrrectness of the design was verified on
the breadboard using an exhaustive set of test cases. A logic diagram of the
EDAC was delivered to JPL Section 514 on October 4, 1588.

2 C operates on a 32 bit data. It corrects all single errors and detects
all double errors and some triple errors in a memory system. The function of our
d ompatibie with that of the IDT {43C460) chip and the TI (54ALS632
he excepiicn of expandability to 64 bits. Our design features Byte
Writes with separate Byte Enables, a Read Detect Mode, a Pass Thru Mode, and a
Built-In Self-Test. In addition, the EDAC deactivates the error signals during
Write Mode and can be esacily configured to operate on & 16-bit data.

The EDAC circuit is packaged in oan 24-pin pin grid array and comprises 32 bi-
cirectional data pinac, 7 bi-directional check bit pins, 15 control input pins,
and 3 output flags pins. The complete design consists of 2103 equivalent gates
{i.e. 4206 +ranzistor pairs). The worst case power dissipation is 300 mW. The
maximum propagaticn detay s approximately 795 ns, well within the specified

puy 1
\.- i
performance requirements.

We performed stuck-at fault simuiation on the complete design and were able to
achieve a 100% fault coverage using 330 BIST (Built-In Self-Test) cycles. We
alsc performed stuck-open fault simulation and achieved a fault coverage of
34.8% with the same number of BIST cycles. By increasing the number of BIST
cycles to 10000 and by extracting deterministic patterns from the logic diagram,

we were able to demonstiate that all of stuck-open faults could be detected.

A oritical design review of LDAT was seld on June 12, 1989, The design was
accepted by the revisw board members and Spaceborne, Inc. was recommended to
crocead with layocut and Tabrication < the DAL in siticon

The layout (placement and routing? of the silicon breadboard was performed on an
IBM PS/2 running a layout sditsr softwars {1 -eDIT) from Tannsr Research, Inc.
The logic blccks used to impiement this cilicon breadbocard were selected from
the standard celi library distributed by MOSIS. During the laycut, special
attention was paid to the guidelines of a radiation hardened design and tc the
power distribution inside the chip. The layout of the EDAC was first submitted
to MOSIS for fabrication on August 14, 1886, A design rule checking performed at
MOSIS identified four types of violations. These errors were corrected and the
EDAC was released for fabrication on Zeptember 4, 1989.

We received ten silicon breadboard chips of the EDAC from MCSIS in November and
tasted them immediately. Only eight chips cut of the ten chips passed the DC and
functional tests. The EDAC chips were dsliversd to NASA/JPL on Hovember 28,
1588.
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i EXECUTIVE SUMMARY

The objective of this projsct was to research and develop a 32-
bit single chip Err-or Detect:on and Correction unit capable of
correcting all singla bit errors and detecting all doubiz bit
srrors in the memcry systems of a spacecraft.

We designed the 32-bit EGAC (Ervor Detection and Correction unit)
based on a moditied Hamming code and according to the design
specifications and performance reguirements. We constructed a
laboratory prototype (breadboard) which was converted into a
fault simulator. The correctness of the design was verified on
the breadboard using an exhaustive set of test cases. A logic
diagram of the.EDAC was delivered to JPL Section 514 on Cctober
4, 1988.

The EDAC operates on a 22 bit data. It corrects all single errors
and detects all double errcrs and some triple errors in a memory
system. The function of our dessign is compatible with that of the
IDT (49046C) chip and the TI (54ALSG32) chip with the axception
of expandability to 64 bits. Cur design features Byte Writes with
separate Byte Enables, a Read Detect Mode, a Pass Thru Mode, and
a Built-In Self-Test. In additicn, the EDAC deactivates the error
signals during Write Mode and can be easily configured to operate
on a 16-bit data.

]

The EDAC circuit is packaged in an 84-pin pin grid array and
comprises 32 bi-directional data pins, 7 bi-directional check bit
pins, 15 control input ping, and 3 output flags pins. The
complete design cuncists of 2103 equivalent gates (i.e. 4206
transistor pairs). The worst case power dissipation is 300 mW.
The maximum propagation delay is approximately 76 ns, well within
the specified perfcrmance requirements.

We performed stuck-at fault simulation on the complete design and
were able to achieve a 100% fault coverage using 38C BIST (Built-
In Self-Test) cycles. We also performed stuck-open fault
simulation and achieved a fault coverage of 94.8% with the same
number of BIST cycles. By increasing the number of BIST cycles to
10000 and by extracting deterministic patterns from the logic
diagram, we were able to demonstrate that all of stuck-open
faults could be detected.

A critical design review of EDAC was held on June 12, 1983. The
design was accepted by the review bhoard members and Spaceborne,
Inc. was recommended to proceed with layout and fabrication of
the EDAC in silicon.

The layout (placement and routing) of the silicon breadboard was
performed on an IBM PS/2 running a ltayout editor software (L-
JEDIT) from Tanner Research, Inc. The logic blocks used to
implement this silicon breadboard were selected from the standard
cell library distributed by MOSIS. During the layout, special
attention was paid to the guidelines of a radiation hardened
design and to the power distribution inside the chip. The layout



of the EDAC was firet submittad to MOSIS for fabrication on
August 14, 1989, A dezign rule checking performed at MOSIS
identitied four types ot vioclations. These errors were corrected
and the EDAZ was released tor fabrication on September 4, 1389,

We received ten silicon breadboard chips of the EDAC from MOSIS
in November and tested them immediately. Only eight chips out of
the ten chips passed the DC and functional tests. The EDAC chips
were delivered to NASA/JPL on November 28, 1989.
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2 INTRODUCTION

2.1 Project Goals

The main objective of this project was the research and
development of a 32-bit single chip Error Detection and
Correction unit capable of correcting all single bit errors and
detecting all double bit errors 1n memory systems of a
spacecraft. The development efforts include:

1. Design of an Error Detection and Correction unit
according to specifications and performance requirements

2. Development of a laboratory prototype
3. verification of the labocratory prototype

4. Fault simulation with at least a 395% fault coverage

5. Layout of a silicon breadboard
6. Fabrication of the silicon breadboard
7. Testing of the silicon breadboard

Delivery of the silicon breadboard to NASA/JPL

oo

o
N

Design Specifications

2.2.1 Modified Hamming Code

The EDAC (Error Detection and Correction unit) generates check
bits on a 32-bit data field according to a modified Hamming code.
The modified Hamming code table on page A-1 in Appendix A
indicates the data bits participating in generating each of the
check bits. For example, check bit CBO is the Exclusive-OR
function of the 13 data input bits marked with an "X". The
modified Hamming code is designed such that the EDAC can be
easily configured for a 16-bit operation. This 1is achieved
through a design in which the 16 least significant data bits of
the 22-bit Hamming code affect only the 6 least significant check
bits.

2.2.2 Syndrome Decode

The Syndrome Decode table on page A-2 in Appendix A shows the
,complete decoding of the seven syndrome bits. A 7-bit syndrome
may indicate: the Tlocation of the single bit-in-error, oOr the
detection of double bit errors, or the detection of triple bit
errors. The exception is the all zero combination which 1is used
to indicate no error detected.

[#6]



2.2.3 TOME: Three or more Errors

The TOME table on page A-3 1in Appendix A shows all cases of the
7-bit syndrome that indicates three or more errors. It is used to
generate the functional equation for the TOME output signatl.
2.2.4 Functional Equations

The functional equations for the generation of the error signals

are shown on page A-4 1n Appendix A. These equations were used to
implement the error detection logic.

2.2 Performance Requirements

A summary of the performance requirements for the EDAC silicon
breadboard is listed on page A-5 1in Appendix A.

2.4 Design Approach

A detailed summary of the design approach 1is shown on pages A-6
through A-10 in Appendix A.

2.5 Project Schedule

The SBIR project schedule as of 28 November 1989 1is shown on page
A-11 and page A-12 in Appendix A,



3 ERROR DETECTION AND CORRECTION DESIGN

The EDAC is a 32-bit single chip error detection and correction
unit. The EDAC generates check bits on a 32-bit data field
according to a modified Hamming code and corrects the data word
when check bits are supplied. It corrects all single errors and
detects all double errors and some triple errors in a memory
system. The function of our design is compatible with that of the
IDT (49C460) chip and the TI (54ALS632) chip with the exception
of expandability to 64 bits. The design features Byte Writes with
separate Byte Enables, a Read Detect Mode, a Pass Thru Mode, and
a Built-In Self-Test. The circuit also deactivates the error
signals during Write Mode and can be easily configured to operate
on a 16-bit data. A 32-bit system uses 7 check bits while a 16-
bit system uses 6 check bits. In either configurations, the error
syndrome is made available. The EDAC also incorporates a Built-
in-self-test logic to perform self-testing. This self-test mode
simplifies testing and allows a user to determine if the EDAC is
failing. A block diagram of the EDAC Design is shown in Figures 1
through 9 of Appendix B.

3.1 Features

- 32 input data bits, 7 check bits

- Corrects all single data or check bit errors, detects
all double and some triple bit errors

- Byte Write with separate Byte Enables

- Deactivates "ERROR" and "MULT_ERROR" signals during
writing operation ‘

- Read Detect Mode (Data is not corrected in Read Detect
Mode)

- Pass Thru Mode

- Built-In-Self-Test

3.2 Architecture Summary
The EDAC 1is a high-performance device used for check bits
generation, error detection, error correction and diagnostics.
The functional blocks of this 32-bit device are:

- Data Input Latch

- Check Bit Input Latch

- Check Bit Generation Logic

- Syndrome Generation Logic



- Error Detection Logic

- Error Correction Logic

- Data Output Latch

- Check Bit / Syndrome Cutput Latch
- Error Output Latch

- Bujlt-In Self-Test

3.2.1 Data Input Latch

The Data Latch Enable Input, LE DATA IN, controls the loading of
a 32-bit input data into the Data Input Latch.

3.2.2 Check Bit Input Latch

Seven check bits are loaded into this latch under the control of
LE DATA IN. Check bits are used in the Error Detection and Error
Correction modes and in the Self-Test mode.

3.2.3 <Check Bit Generation Logic

This logic generates the appropriate check bits for the 32-bit
data stored in the Data Input Latch. A modified Hamming Code is
the basis for generating the proper check bits.

3.2.4 Syndrome Generation Logic

In both the Detect and Correct modes, this logic compares the
check bits read from memory against the internally generated
check bits produced from the input data read from memory.
Matching sets of check bits means no error is detected. If there
is a mismatch, then one or more of the data or check bits is in
error. Each Syndrome bits is produced by an Exclusive-OR of the
corresponding bits of the two sets of check bits. Identical sets
of check bits produces all zeroes syndrome bits. Otherwise, this
7-bit syndrome must be decoded to determine the number of errors
and the specific bit-in-error in the case of a single error.

3.2.% Error Detection Logic

,This part of the device decodes the syndrome bits generated by
the Syndrome Generation Logic. With no errors in either the input
data or the check bits, both the ERROR and MULT_ERROR output
signals are high. The ERROR signal will go low if a single error
is detected. The MULT_ERROR and ERROR signals will both go low if



two or more errors are detected.

3.2.6 Error Correction Logic

In single bit error cases, this logic complements (corrects) the
single data bit-in-error. This corrected data is loaded into the
Data Output Latch, which can then be read onto the bi-directional
data lines. If the single bit error is in one of the check bits,
the corrected check bits are not placed on the check bit /
syndrome outputs. To generate these corrected check bits, the
EDAC must be switched to the Write Mode.

2.2.7 Data Output Latch and Output Buffers

The result of the error correction logic is loaded into Data
Output Latch under the control of the Data Output Latch Enable,
LE DATA OUT. The Data Output Latch buffer is split into 4
independent 8-bit buffers each enabled by -OE BYTE 0-3
respectively. These buffers are used to place data onto the bi-
directional data lines.

3.2.8 0Check Bit / Syndrome Output Latch

The Check Bit / Syndrome Cutput Latch is used for storing the
syndrome generated during a read operation. The latch is Tloaded
from the Syndrome Generation Logic under the control of the
Syndrome / Check Bit Qutput Latch Enable, LE SC. The Check Bit /
Syndrome Output Latch buffer is enabled by -OE CB/SY for writing
data onto the bi-directional Check Bit / Syndrome lines.

3.2.9 ERROR and MULT_ERROR Output Latches

The ERROR and MULT_ERROR Output Latches are used for storing the
ERROR and MULT_ERROR signals generated by the Error Detection
Logic. These latches are controlled by the ERROR and MULT_ERROR
OQutput Latch Enable signals LE ERROR and LE MULT_ERROR
respectively. The ERROR and MULT_ERROR signals can be made
asynchronous by connecting their corresponding Latch Enable lines
to VDD (latches are transparent).

3.2.10 Built-In Self-Test Logic

The block diagram for the built-in-self-test structure 1is shown
on page B-11 of Appendix B. 1In Self-Test Mode, this logic
performs a self-testing of the complete EDAC circuit. After
,(initialization, a number of non-overlapping clock pulses (CLK_A,
CLK_B) are applied and a signature comprising 32 data bits, 7
check bits, and 2 error bits is generated. This signature is
available at the output latches and can be compared to the soO

called "Good Machine Signature”. Matching signatures indicates



that no fault is detected in the EDAC circuit.

3.3 Detailed Product Description

The EDAC unit contains the logic necessary to generate check bits
on a 32-bit input data according to a modified Hamming Code. The
EDAC compares a set of internally generated check bits against
those read from memory to allow correction of any single bit data
error and detection of all double bit and some triple bit errors.
The EDAC can be used with either 32-bit data words (7 check bits)
or 16-bit data words (6 check bits).

The EDAC provides either check bits or syndrome bits on the tri-
stated output pins, CB/SY 0-7. Each check bit is generated from a
combination of input data bits, while each syndrome 1is produced
by comparing internally generated check bits with those read from
memory. Decoded syndrome bits may indicate one of the following:
the location of a single bit-in-error or the detection of a
double/triple bits error. The check bits are labeled:

cBo, CBi1, ¢CB2Z, CB3, CB4, CB5, CB6 for the 32-bit configuration
cgo, CB1, CB2, CB3, CB4, CBS for the 16-bit configuration

Syndrome bits are similarly jabeled SO through S$6 and SO through
S5 respectively.

3.4 Operating Modes

A table on page B-12 of Appendix B lists the operating modes of
the EDAC. These operating modes are defined by the R/-W and the
CORRECT signals. The corresponding waveforms of Write mode, Read
mode, and Self Test mode are shown on Page B-13, B-14, and B-15
respectively of Appendix B.

3.4.1 Write Mode

Write Mode is used to generate the check bits of a 32-bit input
data. The data bits are latched into the data input latches and
the generated check bits are latched into the CB/SY output
latches. After enabling the three-state output buffer, the check
bits are available on the bi-directional CB/SY bus. During Write
Mode the error signals ERROR and MULT_ERROR remain inactive
(high). The waveforms of this mode of operation are illustrated
on page B-13 of Appendix B.

3.4.2 Read Detect Mode

In Read Mode, both data and the corresponding check bits are
latched into the input latches. The waveforms are shown on page



B-14 of Appendix B. The syndrome is generated by bit-wise
comparisons of the check bits read from memory with the check
bits produced from the 32 data bits. This syndrome is decoded to
generate the error signals ERROR and MULT_ERROR. In Read Detect
mode, the 32 data bits remain unchanged. The syndrome bits are
provided on the CB/SY outputs.

3.4.3 Read Correct Mode

The Read Correct mode is similar to the Read Detect mode except
that single bit errors will be complemented (corrected) and made
available to the Data Output Latches. In this mode of operation,
double errors may produce meaningless outputs at the Data Output
Latches.

3.4.4 Pass Thru Mode

The Pass Thru Mode can be used in both, Read and Write Mode. Data
latched into the Data Input Latches remains unchanged. The CB/SY
Output Latches contain the generated check bits in the case of
Write Mode and the syndrome in the case of Read Mode.

3.4.5 Self-Test Mode

The Self-Test Mode switching waveforms are shown on page B-15 of
Appendix B. The Self-Test Mode is initiated by writing the seed
according to the table on page B-16 of Appendix B. The seed
consists of 32 data bits and 7 check bits. Data and check bits in
this table are in hexadecimal format. The seed is loaded into the
input latches.

The applied data propagates through the combinational logic and
is then loaded into the output latches. In Self-Test mode, these
output latches form the signature register. At this point the
number of cycles is zero. The Self-Test procedure is started by
setting LE R/-W to low and by applying the non-overlapping clocks
CLK_A and CLK_B starting with CLK_B. One “shift", as defined in
the waveforms illustration, is a sequence of one CLK_B and one
CLK_A pulse. One cycle consists of 41 shifts. When a cycle is
completed, the generated data is latched into the signature
register. After a certain number of cycles has elapsed, the
signature is read and compared with the good machine signature.
If both signatures are identical, no fault is detected. A large
number of possible faults can be detected with the first three
test vectors shown in the table. However, some faults are more
difficult to detect and require special sequences. Most of these
seguences consist of a seed for initialization and a second seed
.to generate the signature. With the test vectors shown 1in the
table, a 100% stuck-at fault coverage can be accomplished.

3.5 32-Bit Data Word Configuration

wl



The 32-bit format of the EDAC unit consists of 32 Data bits and 7
Check bits. It is referred to as 32/39 code. A single EDAC unit
provides all the logic needed for single bit error correction and
double bit error detection of a 32-bit data field.

The table in page A-1 of Appendix A indicates the data bits
participating in the check bit generation. For example, check bit
CBO 1is the exclusive-OR function of the 13 data inputs marked
with an "X". Check bits are generated and output in the Write
Mode.

Syndrome bits are generated by an Exclusive-OR (XOR) of the
generated check bits with the read check bits. For example, SO is
the XOR of check bits CBO from those read with those generated.
The table in page A-2 of Appendix A indicates the decoding of the
seven syndrome bits to identify the location of bit-in-error for
a single bit error or the detection of a double or triple bit
error. The all zero case indicates no error detected.

In the Correct Mode, the syndrome bits are used to compliement
(correct) single bit errors in the data bits. For double or
multiple error detection, the data latched into the Data Output
Latch is not defined.

3.6 16-Bit Data Word Configuration

The 16-bit format of the EDAC unit consists of 16 Data bits and 6
Check bits. It is referred to as 16/22 code.

An EDAC unit can be configured for single bit error correction
and double bit error detection of a 16-bit data field. The
necessary connections 1is shown on page B-17 of Appendix B. Only
the least significant 16 bits are used as data input, the 16 most
significant data 1inputs are grounded like the seventh check bit
input. The Output Enable lines for the most significant two data
bytes (-OE BYTE 2,3) are disabled (tied to VDD). The operation in
16-bit mode is the same as in 32-bit mode, except that only 16
data and 6 check/syndrome bits are used.
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4 EDAC LABORATORY PROTOTYPE

4.1 PC-Interface Board

This PC-Interface board is designed to allow an IBM PC/AT to
communicate with the 3Z-bit EDAC prototype board. It consists
of an Address Decoder, a Bus Transceiver, and Input/Output Ports.
The complete logic diagram of the PC interface board is shown in
figures 1 through 20 of Appendix G. Five connectors labeled C1
through C5% are used to interface the board with the EDAC. A1l
connecting wires between the EDAC unit and the interface board
are twisted pair cables to minimize noise.

4,.1.1 Address Decoder

The Address Decoder receives the 10 least significant bits
address of the IBM PC and the +AEN signal. It generates the -CE
signal when the +AEN signal is "low" and the 10-bit address is 1in
the range of 300H-31FH. This -CE signal in turn activates the
Bus Transceiver. Together with the lower 5 bits of the address,
it selects one of the 32 available ports in the above stated

range.

4.1.2 Bus Transceiver

The Bus Transceiver (74HCT245) 1is enabled by the Address Decoder
and the direction of the data flow 1is determined by the -IOR
signal of the IBM PC. When -IOR 1is "low", the Bus Transceiver
allows data to to be transferred from a selected port of the
interface card to the IBM PC’s data bus. When -IOR 1is "high"
data flows 1in the opposite direction. The 74HCT245 transceiver
buffers data in groups of 8 bits (i.e. a byte) and converts the
TTL level of the IBM PC to the CMOS level used in the prototype
EDAC unit.

4.1.3 I/0 Ports

Each output port consists of a 74HC373 chip while each input port
consists of a 74HC374 chip. The open drain output ports are
designed with 74HC74 chips and NMOS transistors. Altogether,
there are 16 ports each providing up to 8 data lines. In the
interface card, these ports are configured as:

- 96 bi-directional data lines

- 16 input data lines

- 16 output data lines

2 open drain output data lines

Each data line is mapped to the input and output signals of the
32-bit EDAC prototype unit. The two available open drain output
data lines and the rest of wunused data lines are reserved for

11



later use with Spaceborne, Inc.'s microsimulator chips.

4.1.4 Operation of the PC~-Interface Board

The interface card supplies the necessary control signals, data,
and check bits to the 32-bit EDAC laboratory prototype as
specified by a test program. It also receives the appropriate
data, check/syndrome bits, and error signals from the prototype
board to be read by the test program.

The control signals to the EDAC prototype board are send out
through ports 304H and 305H. The Error signals from the prototype
32-bit EDAC unit are received through port 300H.

The 32 data bits and 7 check bits are transferred via bi-
directional data lines. The direction of the data flow on the 96
bi-directional data lines is controlled by bit 0 of port 305H for
ports 1 through 3, and by bit 7 of port 305H for ports 6 through
8. The transfer of data from the EDAC prototype board to the
interface card is controlled by port 313H.

4.2 EDAC Breadboard Description

The EDAC tlaboratory prototype was implemented on a wire-wrap
board. All1 the interconnections were made based on the netliist
produced from the logic diagram of the EDAC laboratory prototype.
The schematic diagram of the laboratory prototype 1is shown in
Appendix C, figures 1 through 60. The prototype board is designed
with 4000 series CMOS chips which can be replaced by their
functional counterpart Spaceborne, Inc.’s microsimulator chips
for fault simulation. The EDAC prototype board is controlled by
an IBM PC/AT which communicates with the prototype board through
an interface card as described in 4.1.

4.3 Design Verification

To perform a thorough functional verification of the EDAC design,
several test programs have been developed. The design was divided
into several functional units and each unit was tested
separately. This method called "sensitized partitioning” enabled
us to exhaustively test each functional block (i.e. check bit
generator, error detector, and error corrector) contained in the
EDAC. We applied an exhaustive set of test vectors to each of the
functional blocks and compared the circuit’'s response with an
expected set of responses derived from the specifications of the
EDAC. To verify the function of the complete design, another
test program was usad to apply random data to the EDAC. With over
,1 million test vectors applied, the EDAC breadboard passed the
test without any discrepancy.

4.3.1 Description of Test Case Programs



The test case programs were developed in the "C" language under
the DOS operating system. A listing of these test case programs
is provided in Appendix F. Printouts of the verification results
for each 1individual functional units are listed on pages C-793
through C-82 1in Appendix C.

4.3.1.1 Check Bit Generator (PT-TEST.C)

The check bit generator comprises seven parity networks each
with either 13 or 14 inputs. Each parity network generates one
check bit. In order to complete an exhaustive test of the
checkbit generator in a reasonable amount of time, only one
parity network is exhaustively tested at a time. The test program
generates and applies an exhaustive set of vectors to each parity
network. The resulting check bits are compared with expected
check bits according to the design specifications. In the case of
a disagreement, an error message is produced. The listing of this
program can be found on pages. F-18 through F-23 of Appendix F.

4.3.1.2 Error Detector (ED-TEST.C)

The error detector unit detects single and multiple errors and
generates the syndrome and the error signals ERROR and MULT
ERROR. In order to exhaustively verify the function of the error
detector, the circuit is sensitized so that every possible
syndromes is generated. The resulting error signals are compared
with expected error signals of a correct design. This program is
lTisted on pages F-24 through F-27 of Appendix F.

4.3.1.3 Error Corrector (EC-TEST.C)

The error corrector block corrects a faulty bit in the case of a
single error. To verify this block, an exhaustive set of test
vectors simulating all possible single errors 1is applied to the
circuit. The corrected data bits are examined to make sure that
only the faulty bit has been toggled. The listing of this program
is included on pages F-28 through F-31 of Appendix F.

4.3.1.4 Random Pattern (EDAC.C)

This program 1is designed to work with our EDAC design and with
two commercial EDAC chips. (i.e., SN 74ALS632 chip from Texas
Instruments and IDT 49C460 chip from Integrated Device
Technology). This program enables one to write any data to the
EDAC and to display the response of the EDAC on a CRT (screen).
It also allows one to inject faults into written data to
determine the circuit’s behavior in regard to a faulty data.
Last, but not least, the program has a feature that enables one
to test the EDAC automatically (Function key F8-Test).



when this feature is used, random data is applied to the EDAC in
WRITE mode and the generated check bits are read back. The data
and the corresponding check bits are then applied to the EDAC in
READ mode so that the processed data and the resulting error
signals can be compared to the expected values. Finally, every
possible single and double errors is systematically injected into
the data applied to the EDAC. To probe further the algorithm of
this program, consult pages F-1 through F-17 of Appendix F.

4.4 Functional Compatibility

In order to ensure functional compatibility, we compared the the
operation of our design with commercially available EDAC chips.
Two commonly used EDAC chips were purchased from Texas
Instruments (SN 74ALS632) and Integrated Device Technology
(49C460). Both chips are 32-bit Error Detection and Correction
Units with the capability of correcting a single error and
detecting all double errors.

4.4.1 Integrated Device Technology (49C460) Chip

The IDT 49C460 chip is a high speed, low power, 32-bit Error
Detection and Correction unit which generates check bits on a 32-
bit data field according to a modified Hamming Code and corrects
the data word when check bits are supplied.

In WRITE mode data is latched into the input latches. Then the
output of the generated check bits is enabled and the check bits
are available at the bi-directional CB/SY pins. In READ mode data
and check bits are latched into the input latches. The data
output latches are transparent during READ mode. Data output is
enabled and the corrected data and the syndrome are available at
the outputs.

4.4.2 Texas Instruments (SN 74ALS632) Chip

The SN 74ALS632 chip is a 32-bit parallel Error Detection and
Correction circuit in a 52 pin 6800mil package. The EDAC uses a
modified Hamming code to generate a 7-bit check word. This check
word is stored along with the data word during the memory write
cycle. During a memory read cycle, this 3g-bit word from memory
is processed by the EDAC to determine if the 32-bit data has been
corrupted while it was stored in the memory.

The operation of the TI EDAC is quite different from our design,
because of the use of two external decoding signals (S0, S1). In
order to operate this EDAC with our test programs, we had to add
,a decoding logic to the adapter to generate the necessary control
signals to this TI chip.

4.4.3 Results of Functional Zomparison
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A thorough comparison with our design showed that our design
comprises all operation modes and features that are implemented
in these two commercial circuits. In fact, our design is much
more flexible in operation than either one of the commercial
chips. However, we discovered two features that were not included
in our early design.

The first feature that both commercial circuits posses, 1is the
disabling of the error signals during the WRITE operation.
Without this precaution, the state of the error signals would
depend on the data written to memory during WRITE mode. Since the
required additional circuitry for this feature is small, it is
added into our -design.

The second feature is an operation mode, called "Detect Mode”. In
this mode single and double errors are detected (i.e., error
signals are active) but single errors are not corrected. To
retain compatibility with the commercial circuits this feature is
also implemented in our design.

Since it is desirable to operate these commercial chips using the
same interface and the same programs that we used for our EDAC
design, we build adapters for these commercial chips and
developed a generic test program. Schematic diagrams of the
adapters are shown on pages C-73 through C-78 in Appendix C. The
listing of the test case program, EDAC.C, is provided in Appendix
F, pages F-1 through F-17. This test program performs a
functional verification of the EDAC units.

4.5 Fault Simulation

Because of the limited number of microsimulator chips at our
disposal and because we included scannable latches in our design,
we had to divide the fault simulation into two parts: simulation
of the combinational logic of the EDAC and simulation of the
scannable latches.

4.5.1 Microsjmu]ators

In the EDAC fault simulator, Spaceborne, Inc.’s proprietary
microsimulator chips were used in place of their corresponding
functional eguivalent 4000 series CMOS family of chips. These
microsimulator chips are capable of simulating stuck-at, stuck-
open and bridging faults. Throughout this report, each type of
microsimulator chips are prefixed by MS. Thus, MS4071, MS4011,
MS4081 and MS4023 are the microsimulator chips equivalent of
4071, 4011, 4081 and 4023 CMOS chips respectively. Data sheets of
,the microsimulators are provided on pages D-26 through D-37 1in
Appendix D.

4.5.2 Fault Simulator Breadboard
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The chips layout of the breadboard for the EDAC fault simulator
is shown in figures 1 through 24 (see pages D-2 through D-25) of
Appendix D. Notice that each microsimulator chips has a shift
register to propagate an injected fault to each and every
inputs/outputs of logic gates inside it. Connected together,
these microsimulator chips form a shift register chain that will
be used for fault injection.

In this breadboard layout the vertical (Y) and horizontal (X)
numbers are coordinates used to indicate a chip’s location.
Looking at figure 1 on page D-2 of Appendix D, the chip on the
upper left hand corner (X=11, Y=32) is of type 74HC75 located at
3211. FE1 and FE2 are control signals to select the operational
mode of the microsimuilator chips. For stuck-at fault simulation,
FE1 0 and FE2 = 1. For stuck-open fault simulation, FE1 = 1 and
FE2 1.

FCL is the clocking signal to shift the injected fault along the
shift register chain. Looking at figure 24 on page D-25 of
Appendix D, FDI 1is the input at which a "1" (simulating a fault)
is injected and propagated along the shift register chain as
indicated by the arrows. FDO is the output of this shift
register chain as shown in figure 14 on page D-15 of Appendix D.
FDO is used to verify that only one fault is being injected into
the shift register chain. With this layout, we generated a fault
list by assigning a fault number to every inputs and output of
the gates used to implement the EDAC.

Throughout this report, the notation YX(Z) will be used to denote
a test point (i.e. a fault to be checked) where YX is the Y and X
coordinates of a chip and Z 1is, its PIN Tlocation. For example,
3208(20) refers to the PIN 20 of a chip located at 3208.

A summary of the fault locations, unused faults, and undetectable
faults of the EDAC is shown in Appendix D on page D-38 for the
combinational logic and on page D-39 for the scannable latches.
For the combinational logic, for example, the shift register
chain starts at 0105, hence, 0105(1) is assigned fault number O,
0105(2) is assigned fault number 1, 0105(3) is assigned fault
number 2, ... etc. By tracing the direction of shift, we can see
that the shift register chain ends at 1109. The test point
1109(19) is the last fault in the combinational logic of the EDAC
fault simulator. There is a total of 1464 (fault number O to
1463) faults to be checked, with 19 of them not used.

The 19 faults not used are associated with unused gates of the
microsimulator chips. For example, an MS4011 comprises four 2-
input NAND gates with a total of 12 possible faults. If there is
one gate not used the 3 faults of that gate are called "unused
fauits™.

4.5.3 Stuck-at Fault Simulation



4.5.3.1 Stuck-at Fault Mechanism

Since a single stuck-at fault models the logical behavior of the
most frequently occurring physical failures, it is widely used in
test generations and fault simulation of a digital circuit. A
stuck-at fault is typically a short circuit between a signal wire
with either the power or the ground.

4.5.3.2 Stuck-at Fault Simulation Hardware

We converted the laboratory prototype (breadboard) of the EDAC
(Error Detection and Correction) into a hardware fault simulator
by replacing the 4000 series CMOS family chips with Spaceborne,
Inc.’'s proprietary microsimulator chips.

The fault simulator is capable of injecting stuck-at and stuck-
open faults. The EDAC is designed with build-in-self-testing
capability. We use a simplified linear feedback shift register
(LFSR) for test pattern generation and a simplified shift
register for signature compression. This simplified approach
proved to be as effective as the linear feedback register (LFSR)
approach but with significant savings in hardware.

4.5.3.3 Description of the Stuck-at Fault Simulation

The programs used for the stuck-at fault simulation are FAULT.C
for the EDAC logic and FAULT1.C for the scannable latches. These
programs are listed in Appendix F on pages F-32 through F-47 and
pages F-48 through F-65 respectiyely.

As the program starts, the EDAC chip is initialized. This ensures
that no faults has been injected. Then a user is asked to choose
the number of cycles for the simulation. To save time, the first
pass should comprise only a small number of cycles (e.g. 10),
since in this pass all detectable faults will be injected. For
subseguent passes, only those faults not yet detected are
injected.

First, the initial seed is written to the EDAC. Then, the shift
register formed by the scannable latches is shifted 41 times.
This is equivalent to one cycle. After the required number of
cycles elapses, the signature which is reflected by the state of
the output latches is read back. This signature is called "good
machine signature". Now the first fault is injected and the seed
is written again. This newly generated signature is then compared
with the good machine signature. In the case of a disagreement,
the particular fault injected has been detected. If both
,signatures matches, then the fault was not detected. This process
is then repeated for the next fault.

To ensure a correct simulation, the location of the injected
fault is monitored throughout the test. In the case of the
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occurrence of a fault at a wrong location or the detection of
more than one injected faults, the simulation is interrupted and
the obtained results are invalidated.

4.5,.3.4 Results of Stuck-at Fault Simulation

The results of the stuck-at fault simulation are shown in
Appendix D, pages D-40 through D-47 for different numbers of
cycles. During this simulation we discovered that the shift
registers did not cycle properly. A solution was found by adding
an additional D-latch to each and every scannable latch. The
effect of these extra latches on the propagation delay is
negligible since they are not part in the data path of the EDAC.
After this modification, the cycling and the fault simulation
worked as expected.

During the stuck-at fault simulation, we achieved a 100% fault
coverage with 10 undetectable faults. Three of these undetectable
faults were located within a macrocell (scannable latch LS1) from
LSI Logic and therefore not accessible for modification. The
other 7 faults were lcocated within the decoder in the error
corrector block. After further examination of this circuit we
discovered that the reconvergent part of the decoder could be
simplified. By replacing two NAND gates (each containing one
undetectable fault) in this decoder by inverters, the redundancy
is eliminated. The use of inverters make the two faults
detectable, while the other five faults became detectable once
the redundancy has been eliminated.

After implementing these changes into the logic diagram and into
the fault simulator breadboard we repeated the stuck-at fault
simulation. By choosing a particular seed for the fault
simulation of the EDAC logic we were able to achieve a 100% fault
coverage with less than 400 cycles.

The fault simulation of the second part (i.e. the scannable
latches) proved to be more difficult because it contains latches.
To eliminate the dependence on the state of the latches, the
circuit has to be initialized before any new cycle is started.
Eight faults were only detectable with a special sequence of test
vectors. Finally, a 100% stuck-at fault coverage was achieved
using only six cycles. The necessary test vectors are listed in a
table on page B-16 of Appendix B.

4.5.4 Stuck-open Fault Simulation

4.5.4,1 Stuck-open Fault Mechanism

Besides the classical stuck-at faults, one other important non-
classical fault is an open connection. Open connection failures
in CMOS process may be caused by faulty manufacturing steps (i.e.
overetching, poor contacts, etc) or by electrical stress (i.e.
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electromigration of metal).

A failure due to an open connection that turns a MOS transistor
permanently off 1is called a stuck-open fault. Since this open
connection behaves like a memory element, a stuck-open fault
converts a combinational circuit 1into a sequential circuit. A
stuck-open fault can only be detected by a sequence of test
vectors. Depending on the type of a logic gate, the first vector
has to charge or discharge the load capacitance so that a
subseguent test vector can detect this fault.

An example using a 2-input NAND gate is given in the following.
To detect a stuck-open fault at any one of the two parallel PMOS
transistors, .a test vector must set inputs to both PMOS
transistors to "high" to discharge the output load capacitance to
ground. Then, a second test vector has to set inputs to both PMOS
transistors to "low”. If a stuck-open fault exists in any one the
PMOS transistors, the output of the NAND gate will remain "low"
as opposed to "high" of a functional NAND gate.

4.5.4.2 Stuck-open Fault Simulation Hardware

The 4000 series CMOS family of chips in the breadboard were
replaced by Spaceborne, Inc.’s proprietary microsimulator chips.
These microsimulator chips are capable of simulating stuck-at,
stuck-open, and bridging faults. The selection of the fault type
is controlled by the control signals FE1 and FE2. For stuck-open
fault simulation, both signals are set to "1". Each fault
simulator chip consists of a 12 stage shift register with the
shift input FDI and the shift output FDO.

The clock input FCL allows shifting within the shift registers.
Each position in this shift register is eguivalent to an input or
an output of the gates located on the chip. A "1" at one of these
positions means a fault is being injected at that position. The
shift registers of the different chips are interconnected to form
one shift register chain. To inject a fault at any position in
the shift register chain a "1" is shifted from the input to that
position.

The EDAC circuit is designed with Build-In Self-Test (BIST)
capability. This feature reduces considerably the number of steps
necessary to perform fault simulation. The BIST circuit consists
of two shift register chains, constructed from the input latches
and the output latches respectively, and an exclusive OR gate.
The Exclusive-OR gate and the shift registers form a simplified
Linear Feedback Shift Register (LFSR) which generates the test
pattern.

,The fault simulator breadboard is connected to an IBM PC/AT to
control the fault simulation.

4.5.4.3 Description of the Stuck-open Fault Simulation
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To perform stuck-open fault simulation, we modified the test
program we used for stuck-at fault simulation accordingly. As the
program starts, the EDAC chip is 1initialized. This ensures that
no faults has been injected. Then a user is asked to choose the
number of cycles for the simulation. To save time, the first pass
should comprise only a small number of cycles {(e.g. 10), since in
this pass all detectable faults will be injected. For subsequent
passes, only those faults not yet detected are injected.

First, the initial seed is written to the EDAC. Then, the shift
register formed by the scannable latches 1is shifted 41 times.
This is equivalent to one cycle. After the required number of
cycles elapses, the sighature which is reflected by the state of
the output latches 1is read back. This signature is called "good
machine signature”. Now the first fault is injected and the seed
is written again. This newly generated signature is then compared
with the good machine signature. In the case of a disagreement,
the particular fault injected has been detected. If both
signatures matches, then the fault was not detected. This process
is then repeated for the next fault.

To ensure a correct simulation, the location of the injected
fault 1is monitored throughout the test. In the case of the
occurrence of a fault at a wrong location or the detection of
more than one injected faults, the simulation is interrupted and
the obtained results are invalidated.

4.5.4.4 Results of the Stuck-open Fault Simulation

The results of the stuck-open .fault simulation for different
number of cycles is shown in Appendix D, pages D-48 through D-53.
As mentioned in 4.5.4.1, it 1is necessary to apply a sequence of
test vectors rather than a single vector to detect stuck-open
faults. Since it is less likely for a pseudo random test vector
generator to produce a sequence of test vectors required to
detect stuck-open faults, the fault coverage for stuck-open
faults is expected to be significantly lower than the fault
coverage for stuck-at faults.

To keep the program as simple as possible we used the same
initial conditions used in stuck-at fault simulations for this
stuck-open fault simulation. Compared to the stuck-at fault
coverage, the fault coverage for stuck-open faults is about 4-5%
lower. At 400 cycles, for example, the stuck-open's fault
coverage is only 94,8% compared to stuck-at’s fault coverage of
100%. This fault coverage can be improved by simply idincreasing
the number of cycles or by applying relatively simple
deterministic test patterns. Our engineers were able to show that
,all stuck-open faults in the EDAC circuit can be detected.
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5 SILICON BREADBOARD

5.1 Schematic Diagram

The schematic diagram of the silicon breadboard was derived
directly from the schematic diagram of the fault simulator
breadboard. Each cell of the fault simulator breadboard was
replaced by a corresponding cell from the 2-micron standard cell
library supplied by MOSIS. This ensured a functionally correct
logic diagram of the silicon breadboard, since the schematic
diagram of the laboratory prototype has already been verified.
The schematic diagram of the silicon breadboard is provided in
figures 1 through 60 of Appendix E.

5.2 Layout

The placement and routing of the silicon breadboard was performed
on an IBM PS/2 using a layout editor software called L-Edit from
Tanner Research, Inc. The design was manually verified for logic
design correctness, and was design rule checked for layout
violations. Each cells in the standard cell library supplied by
MOSIS was also verified. A standard cell layout approach was
combined with customized cells to optimize the performance of the
design. Analog circuit simulations to estimate the propagation
delay of the critical logic paths were also performed using a
software called PSPICE from MicroSim Corp.

5.2.1 Problems During Layout

Due to the limited memory (maximum 640 Kbytes of RAM) accessible
by DOS (the operating systems used by L-EDIT) several problems
were encountered during the layout. One immediate constraint is
that the whole EDAC layout must use less than 640 Kbytes of
memory. The solution is a layout technigue called "hierarchical
layout” in which a larger design is built from many smaller cells
that can be verified easily. Finally, careful placement and
routing of these cells allow us to circumvent this problem.

5.2.2 Radiation Hardened Design

Following the guidelines for designing radiation hardened
devices, we used only 2- or 3-input NAND gates and 2-input
Exclusive-OR (Exclusive-NOR) gates to implement the EDAC circuit.
Fan-out of logic gates is limited by buffers. Inputs and outputs
of latches are also buffered. Finally, the availability of
inverting outputs of latches enabled us to save area (no need for
inverters) and reduce the propagation delay.

5.2.3 Power Distribution
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The power distribution internal to the chip was done such as to
sustain large currents that might occur during exposure of the
chip to total dose radiation. Moreover, the drive capabilities of
buffers and drivers were enhanced by connecting up to three of
them in parallel. This was necessary to maintain the performance
level of the chip when operated under total dose radiation.

The power and ground interconnections of the standard cells were
implemented in first layer of metal, while the global power
distribution was laid out in an interleaved network of second
1evel of metal. The power busses of the pad drivers were isolated
from those of logic cells to reduce power and ground noise in the
logic cells.

To minimize power and ground noise in the pad area, as many pins
as possible were allocated for VDD and VSS pads. The lateral
interconnect wiring between the functional cells was routed
almost exclusively in first level metal while the vertical
interconnect wiring was routed almost exclusively in second leve]l
of metal as recommended by MOSIS.

5.3 Layout Verification

After the placement and routing was completed, an independent
verification of this layout was performed by two other engineers.
They inspected the layout manually for open wires and missing
interconnections and employed the design rule checker of L-Edit
to ensure no layout rules was violated. Since the L-Edit design
rule checker had a few restrictions due to memory limitations,
only single hierarchical blocks can be checked. Consequently, we
decided to have a much more comprehensive design rule checking on
the complete layout done at MOSIS.

5.4 Fabrication of the Silicon Breadboards

This layout of the EDAC was submitted for fabrication on August
14, 1989. A checking performed at MOSIS identified four types of
design rule violations at the interfaces between hierarchical
blocks. These mishaps were corrected immediately and the EDAC
design was released for fabrication on September 4, 1889.

5.5 Testing of the Silicon Breadboards

We received ten silicon breadboard chips of the EDAC (Error
Detection and Correction) from MOSIS and tested them. Eight out
of the ten chips passed the test. The quiescent current range of

working chips varied from 0.8 mA to 3.3 mA while the defective
ones varied from 3.8 mA to 4.7 mA.

5.5.1 Random Test
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In the random test, random data was applied to the EDAC in WRITE
mode and the generated check bits were read back. Then the data
and the corresponding check bits were applied to the EDAC in READ
mode and the output data and the resulting error signals were
compared with the expected values. Every possible single error
and double error was injected into the data applied to the EDAC.
With over 1 million test vectors applied, eight chips passed the
test.

5.5.2 Functional Test

The second test was a comprehensive functional test using a
method called sensitized partitioning. This method enabled us to
test exhaustively each functional block of the EDAC. We applied
an exhaustive set of test vectors to each of the functional
blocks (i.e. check bit generator, error detector, and error
corrector), and compared the response with a set of responses
derived from the specifications of the EDAC. These exhaustive
tests were repeated three times on each chip and no errors were
detected in all eight chips that passed the previous random test.

5.5.3 Built-In Self-Test

The final testing was done using the BIST feature (Built-In Self-
Test). We applied the initial seed to each of the silicon
prototypes and used 380 clock cycles to generate the signhature.
This signature was then compared with -the good machine signature
generated earlier during the stuck-at fault simulation of the
EDAC breadboard. Again, the signature of each of the eight chips
that passed the previous two functional tests was identical to
the good machine signature. The respective signatures of the two
chips that failed in the two functional tests again did not match
the good machine signature. Thus, faulty chips can be screened
out by both functional testing and built-in-self-testing.

5.5.4 Quiescent Current

Finally, the results of guiescent current measurements of each of
the silicon prototypes are tabulated in the following:

Chip No. Quiescent Current Ippqg passed/failed
1 1.15 mA passed
2 4.67 mA failed
3 3.85 mA failed
4 1.37 mA passed
5 1.95 mA passed
6 2.78 mA passed
7 1.96 mA passed
8 2.10 mA passed
9 3.31 mA passed

10 0.739 mA passed

3]
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5.5.5 Propagation Delay

A measurement of the actual propagation delays of the silicon
breadboards showed that the maximum propagation delay is within
the limits of the performance requirements. A detailed table of
the measured propagation delays of each of the eight working
chips is provided on page E-65 of Appendix E.

5.6 Summary of EDAC Features

The EDAC circuit consists of 32 bi-directional data pins, 7 bi-
directional check bit pins, 15 input pins, and 3 output pins. The
84 pin package still offers plenty of available pins to be used
as power and ground pins. The complete design consists of 2103
equivalent gates (i.e. 4206 transistor pairs). The estimated
power dissipation is 300 mW. The measured maximum propagation
delay of approximately 76 ns is within the 1limits of the
performance requirements. The pin configuration and a description
of the pins can be found in Appendix E on page E-62 and pages E-
64 through E-65, respectively.

5.7 Delivery to NASA/JPL

The EDAC chips were delivered to NASA/JPL on November 28, 1989,
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NOTE:

The complete figures, computer programs, and logic diagrams
included in the appendixes (page 25 through page 353) were
delivered only to Mr. Larry Hess of JPL.
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APPENDIX B:

ERRCR DETECTION AND CORRECTION DESIGN
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ERROR DETECTION AND CORRECTION UNIT WITH BUILT-IN SELF
TEST CAPABILITY FOR SPACECRAFT APPLICATIONS
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Posttion of the Fuolnsive=0R 2ates:

OR: MS4071 NAND: MS1011 AND: MS1081
NT loc A\l Bl Z1 loc A2 B2 Z2 loc A3 B3 Z3
1 3205 TR 3206 1 2 3 3207 1 o2 3
o 3203 305 4 3206 5 6 4 3207 506 4
3 3205 11 15 16 1206 14 15 186 3207 14 13 16
| 3205 18 19 17 3206 18 19 17 3207 18 19 17
3 1105 ST 106 1 2 3 3107 1 2 2
b 1105 5600 2106 5 6 | 3107 3506 |
7 1105 L: 16 2106 14 15 16 3107 14 15 15
8 1105 18 19 17 1106 13 19 17 3107 18 19 17
9 3003 Lo 3006 1 o2 g 3007 1 203
L0 1003 56 3006 5 6 3007 5 6
11 3005 L1 13 15 3006 14 15 16 3007 14 15 16
2 3005 18 19 17 3006 18 19 17 3607 18 19 17
13 2905 1 2 3 2906 1 2 3 2907 1 2 3
14 2905 5 6 4 2906 5 06 4 2907 5 6 4
13 2905 14 13 16 2906 14 15 16 2907 14 15 16
16 2905 18 19 17 2906 18 19 17 2907 18 19 17
17 2805 1 2 3 2806 1 2 3 2807 1 2 3
18 2805 5 6 4 2806 5 6 4 2807 5 6 4
19 2805 14 15 16 2806 14 15 16 2807 14 15 16
20 2805 18 19 17 2806 18 19 17 2907 18 19 17
21 2705 1 oz 3 2706 1 2 3 2707 1 2 3
22 2705 35 6 4 27086 5 6 4 2707 5 6 4
23 2705 14 15 16 2706 14 15 16 2707 14 15 18
4 2705 18 19 17 2706 18 19 17 2707 18 19 17
25 2605 1 2 3 2606 1 2 3 2607 1 2 3
26 2605 5 6 4 2606 3 8 4 2607 5 6 4
27 2605 14 15 16 2606 14 13 16 2607 14 15 16
2 2605 18 19 17 2606 18 19 17 2607 18 19 17
29 2505 1 2 3 2306 1 2 3 2507 1 02 3
30 2505 50601 2506 5 6 4 2307 5 6 4
31 2505 14 15 16 2506 14 13 16 2307 14 15 16
32 2505 18 19 L7 2506 18 19 17 2507 18 19 17
.. 33 24053 t 2 3 2406 1 2 3 2407 1 2 3
s - 34 2405 5 6 4 2106 5 6 4 2407 5 6 4
15 2405 14 13 16 2406 14 15 16 2407 14 13 16
36 2405 18 19 17 2406 18 19 17 2407 18 19 17
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Nr. loc. Al BI 1 loc. AZ B2 22 loc. A3 BY z3

37 2305 | TR 2306 1 2 3 2307 1 2 3
38 2305 ST 2306 5 6 4 2307 5 6 4
39 2305 11 15 16 2306 14 15 16 2307 14 15 16
10 2305 18 19 17 2306 18 19 17 2307 18 19 17
i1 2205 1 2 3 2206 1 2 3 2207 1 2 3
o 2205 30604 2206 5 6 4 2207 5 6 4
13 2203 14 15 16 2206 14 15 16 2207 14 15 16
11 2205 18 19 17 2206 18 19 17 2207 18 19 17
I 2105 1 3 2106 1 2 3 2107 1 2 1
1 2105 T S106 5 6 4 2107 36 4
17 2103 IR ¥F 2106 14 15 16 2107 14 15 16
18 2103 a 19 17 2106 18 19 17 2107 18 19 17
iy 2013 Lo 2006 1 2 3 2007 12 3
30 2003 R 2006 5 6 4 2007 5 6 4
51 2005 T1o1s o 2006 14 15 16 2007 14 15 16
52 2005 1% 19 17 2006 18 19 17 2007 18 19 17
o) 19053 1 2 3 1906 1 2 3 1907 1 2 3
54 1905 5 6 4 1906 5 6 4 1907 5 6 4
55 1905 14 15 186 1906 14 15 186 1907 14 15 186
56 1905 18 19 17 1906 18 19 17 1907 18 19 17
57 1805 1 2 3 1806 1 2 3 1807 1 2 3
58 1805 5 6 1806 5 6 4 1807 5 6 4
59 1805 14 13 16 1806 14 15 16 1807 11 15 16
60 1805 18 19 1 1806 18 19 17 1907 18 19 17
61 1705 1 2 3 1706 1 2 3 1707 1 2 3
62 17035 5 6 t 1706 5 6 4 1707 5 6 4
63 1705 14 13 16 1706 14 15 16 1707 14 15 16
64 1705 18 19 17 1706 18 19 17 1707 18 19 17
65 1605 1 2 3 1606 1 2 3 1607 1 2 3
66 1603 5 6 4 1606 5 6 4 1607 5 6 4
67 1605 14 15 16 1606 14 15 16 1607 14 15 1
68 1605 18 19 17 1606 18 19 17 1607 18 19 17
69 1505 1 2 3 15306 1 2 3 1507 1 2 3
70 1505 5 6 4 1506 5 6 4 1507 5 6 ¢
71 15035 14 15 16 1506 14 15 16 1507 14 15 16
72 15035 18 139 L7 1506 18 19 17 1507 18 19 17
73 1405 1 2 3 1406 1 2 3 1407 1 2 3
= 74 1403 5 6 1406 5 6 4 1407 3 6 4
. 75 14035 14 1516 1406 14 15 16 1407 14 15 16

76 1405 18 19 17 1406 18 19 17 1407 18 13 17
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o 1305 1 ¢ 3 1306 ) 1307 1 ¢ 3
T8 1305 3 046 4 1306 3 6 4 1307 5 6 ¢
] 1305 14 15 16 1306 14 15 16 1307 14 15 16
80 1305 18 19 17 1306 18 19 17 1307 18 19 17
81 12035 1 2 3 1206 1 2 3 1207 1 2 3
82 1205 S f 4 1206 35 6 4 1207 5 6 4
83 1205 1+ 15 16 1206 14 15 16 1207 14 15 16
84 1205 18 19 17 1206 18 19 17 1207 18 19 17
85 1105 1 2z 3 1106 1 2 3 1107 1 2 3
86 1105 5 b i 1106 5 6 4 1107 5 A 4
87 1105 14 13 16 1106 14 15 16 1107 14 15 16
88 1105 18 19 17 1106 18 19 17 1107 18 19 17
89 1005 1 2 2 1006 1 2 3 1007 1 2 3
90 10035 3 6 | 1006 5 6 4 1007 5 6 A
9l 1005 Ly 15 16 1006 1+ 135 16 1C07 1t 13 16
32 1005 18 19 17 1006 18 19 17 1007 18 19 17
93 0903 1z 3 0906 1 2 3 0907 1 2 3
94 0905 5 6 4 0806 5 6 4 0907 35 6 4
95 09053 14 13 16 0906 14 15 16 0907 14 15 16
96 0905 18 19 17 0906 18 19 17 0907 18 19 17
97 0805 1 2 3 0806 1 2 3 0807 1 2 3
98 0805 5 6 4 0806 5 6 4 0807 5 6 4
99 0805 14 15 16 0806 14 15 16 0807 14 13 16
100 08035 18 19 17 0806 18 19 17 0907 18 19 17
101 0705 1 2 3 0706 1 2 3 0707 1 2 3
102 0705 3 6 4 0706 5 6 4 0707 5 6 4
103 07035 14 15 16 0706 14 15 16 0707 14 15 16
104 0705 18 19 .17 0706 18 19 17 Q707 18 19 17
105 0605 1 2 3 0606 1 2 3 0607 1 2 3
106 0605 35 6 4 0606 5 6 4 0607 5 6 4
107 0605 14 15 16 0606 14 15 16 0607 14 15 16
108 0605 18 19 17 0606 18 19 17 0607 18 19 17
109 0505 1 2 3 0506 1 2 3 0507 1 2 3
110 0508 5 6 4 0506 5 6 4 0507 3 6 4
111 0505 14 15 16 0506 14 15 16 0507 14 15 16
112 0505 18 19 17 0506 18 19 17 0507 18 19 17
113 0403 1 2 3 0406 1 2 3 0407 1 2 3
114 0405 5 6 4 0406 5 6 14 0407 5 6 4
116 0405 14 15 16 0406 14 15 16 0407 14 15 16
116 0405 18 19 17 0406 18 19 17 0407 18 19 17
C-65
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117 0303 1 23 0306 1 2 3 0307 1 2 3
113 0305 5 6 4 0306 5 6 4 0307 3 6 +
119 0305 14 153 16 0306 14 15 16 0307 14 15 16
120 03035 18 19 17 0306 18 19 17 0307 18 19 17
121 0205 1 2 3 0206 1 2 3 0207 1 2 3
122 0205 3 6 4 0206 5 6 4 0207 5 6 4
12 0205 14 13 16 02086 14 15 186 0207 14 15 16
124 0205 18 19 17 0206 18 19 17 0207 18 19 17
125 0105 1 ¢ 3 0106 1 2 3 0107 1 2 3
126 0105 3 6 4 0106 5 6 4 0107 5 6 4
127 0105 14 15 16 0106 14 15 16 0107 14 15 16
128 0105 18 19 17 0106 18 19 17 0107 13 19 17
129 0109 1 2 3 0509 1 2 3 0309 1 2 3
130 0109 3 00 0509 6 4 0309 5 6 4
131 0109 v 15 16 0509 14 15 16 0309 14 15 16
13¢ 0109 18 19 17 0509 18 19 17 0309 18 19 17
133 0209 1 2 3 0609 1 2 3 0409 1 2 3
134 0209 5 6 + 0609 3 6 4 0409 5 6 4
C-66
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Position of the Fxelusiv-NOR gate:

OR: MS4071 NAND: MS401t NAND: MS4011
Nr. loc. Al Bl Y1 loc. A2 B2 Y2 loc. A3 B3 Y3
1 0209 14 13 16 0609 14 15 16 0609 18 19 17
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Position of the 3cannatlz Latches:

NAND MS4011 INV: T4HCS340 LATCH: T74HCTS
Nr loc loc Al Z1 A2 22 loc CLK D Q@ @B
1 32014 3201 2 18 317 3202 13 2 16 1
2 3104 3201 4 16 3 15 3102 13 2 16 1
3 3004 3101 3 13 317 3002 13 2 16 1
t 2304 101 + 16 3 2902 13 2 16 1
| SRO a0 . 1K [ 2802 13 2 16 1
6 2T0H o0 i 16 53 13 2702 1 2 16 1
7 2604 901 “ 18 317 2602 13 2 16 1
] ANTER 2301 I 16 3 15 2302 13 2 s 1
9 2404 2801 2 18 3 17 2402 13 2 16 1
10 2304 2801 4 16 3 13 2302 13 2 16 1
11 2204 2701 2 13 3 17 2202 13 2 16 1
2 2104 2701 | 16 5 15 2102 13 2 16 1
13 2004 2601 ¢ 18 3 17 2002 13 2 16 1
14 1904 2601 4 16 3 13 1902 13 2 16 1
13 18014 2501 2 18 317 1802 13 2 16 1
18 1704 2501 4+ 16 3 15 1702 13 2 16 1
17 1604 2401 2 18 317 1602 13 2 16 1
18 1504 2401 4 16 5 15 1302 13 2 16 1
19 1404 2301 2 18 317 1402 13 2 16 1
20 1304 2301 4 16 3 15 1302 13 2 16 1
21 1204 2201 2 18 3 17 1202 13 2 16 1
22 1104 2201 + 16 5 15 1102 13 2 16 1
23 1004 2101 2 18 3 17 1002 13 2 16 1
24 0904 2101 { 16 5 15 0902 13 2 16 1
25 0804 2001 2 18 3 17 0802 13 2 16 1
26 0704 2001 4 16 35 13 0702 13 2 186 1
27 0604 1901 2 18 3 17 0602 13 2 16 1
28 0504 1301 4 16 35 15 0502 13 2 16 1
2 0404 1801 2 18 3 17 0402 13 2 16 1
Jo 0304 1801 4 16 35 15 0302 13 2 16 1
J1 0204 1701 2 18 3 17 0202 13 2 16 1
32 0104 1701 4 16 5 15 0102 13 2 16 1
33 3203 3201 6 14 7 13 3202 4 6 1011
34 3103 3201 g 12 911 jloz 4 6 10 11
a5 3003 3101 6 14 7 13 3002 4 6 10 11
36 2903 J101 g 12 9 11 2902 1 6 10 11
Cc-69
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37 2803 2001 G147 13 2802 4 6 10 11
'8 2704 3001 8 1z 911 2702 4 6 10 11
39 2603 2901 6 14 713 2602 4 6 1011
10 2503 23901 8 12 9 11 2502 4 6 1011
11 2403 2801 6 14 7 13 2102 4 6 10 11
12 2303 280t 8 2 911 2302 + 6 10 11
3 2203 2701 5 14 713 2202 14 6 10 11
t4 2103 2701 3 12 9 11 2102 4 6 10 11
43 2003 S Hnootd 718 2002 05 10 11
16 19035 ol gtz 911 1902 {6 10 11
17 1803 2501 6 14 713 180% 4 610 11
18 1703 2301 # o1 9 11 1702 1 6 10 11
19 1603 2401 6 14 7 13 1602 4 6 10 11
50 1503 2401 8 12 911 1502 {4 6 10 11
31 14073 2101 5 14 7 13 1402 1 6 10 11
52 1303 2301 8 12 9 11 1302 4+ 6 10 11
53 1203 2201 6 14 7 13 1202 4 6 10 11
34 1103 2201 8 12 911 1102 1 6 10 11
535 1003 2101 6 t4 713 1002 4 6 10 11
36 0803 2101 8 2 911 0902 4 6 1011
57 0803 2001 6 14 7 13 0802 4 6 10 11
58 0703 2001 g8 12 9 11 Q702 4 6 10 11
59 0603 1901 6 14 7 13 0602 4 6 10 11
60 0303 1901 8 12 911 0502 4 6 10 11
61 0403 1801 6 14 713 0402 {4 6 10 11
62 0303 1801 8 2 911 0302 4 6 10 11
63 0203 1701 6 14 713 0202 4+ 6 10 11
64 0103 1701 g 12 9 11 0102 4 6 10 11
65 3208 2009 2 18 3 17 2909 13 2 16 1
66 3008 2009 4 16 5 15 2809 13 2 16 1
67 2808 1909 2 18 317 2709 13 2 16 1
68 2608 1909 4 186 5 15 2609 13 2 16 1
69 2408 1809 2 18 317 2509 13 2 1 1
70 2208 1809 4 16 5135 2409 13 2 16 1!
71 2008 1709 2 18 3 17 2309 13 2 16 1
7 3108 17093 4 16 5 15 2909 4 6 10 11
73 2904 2009 6 14 7 13 2809 4 6 1011
74 2708 2009 8 12 911 2709 4 6 1011
75 2508 1909 6 14 7 13 2609 1 6 10 11
76 2308 1909 8 12 9 11 2509 4 6 10 11
C-70
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07 2108 1809 5 14 7 13 2409 4 6 10 11

X! 1908 1809 8 12 911 2309 1 6 10 11

73 1808 1709 6 14 7 13 2209 13 2 16 1

80 1708 1709 g 2 911 2209 1+ 6 10 11

g1 1608 L60¢ 2 18 317 2109 1 6 10 11
Cc-71
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EDAC - Error Detection and Correction Unit

Testing of the Parity Tree Network - exhaustive
Status 7 vectors tested
Checkbit 0 ok 8192
Checkbit 1 ok 16384
Checkbit 2 ok 16384
Checkbit 3 ok 16384
Checkbit 4 ok 16384
Checkbit 5 ok 16384
Checkbit 6 ok 8192
Test completed successfully! No Errors detected!
Teststart: 08:28:31 Teststop: 09:09:26 Testtime: 00:39:55
F9-Stop F10-Exit
C-80
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EDAC - Error Detection and Correction Unit

Testing of the Error Detector - exhaustive

Status 7 vectors tested

ok 128

Test completed successfully! No Errors detected!

Teststart: 09:35:55 Teststop: 09:35:55 Tegttime: 00:00:00

Cc-81
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F10-Exit



EDAC - Error Detection and Correction Unit

Testing of the Error Locator - exhaustive
Status ¥ vectors tested
ok 32

Test completed successfully' No Errors detected!

Teststart: 09:50:08 Teststop: 09:50:08 Testtime: 00:00:00

Cc-82
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F10-Exit



EDAC - Error Detection and Correction Umit

Testing for: No Single Errors
Byte 3 Byte 2 Byte 1 Byte O Checkbits
a8 56 38 10 data 58

10101000 01010110 00111000 00010000 written 1011000

1006725 vectors 0 discrepancies
Fi1-Start F4a-Singlae FS~Double F9-Stop F10-Exit
- M_
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FAULT SIMULATION

Map of
Figure 1

Frgure 2

Figure
Figure
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Fault Simulatcr Br=2adbcard tayout

Fault Simulator Breadboard
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Microsimulator

SP4HFSO11: 2-Irput NAND Gates............... o-28
SP4AHFS023: 3-Input NAND Gates............... D-29
TP4AHFS0T71: 2-Input OR Gat2s....... . . 000 o-:z
SP4HFSN81: 2-Inmput AND Gates................ C-3%5

Fault Simulation

Combinational LTgi1c

Scannable LahbchesS. . vt vn i D-33

Results of Stuck-at Fault

.3.1 Combinaticnal Logic:
.3.2 Combinaticnal Logic:
3.3 Combinational Logic:
3.4 Ccmbinational Logic:
3.5 Combinational Logic:
.3.6 Scannable Latches: 2
.3.7 Scannable Latches: 4
.3.8 Scannable Latches: 6

Simulation

10 cycles......... D-40
20 cycles......... D-41
100 cycles........ D-42
300 cycles........ D-43
400 cycles....... D-44
cycles......oov..n<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>