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Abstract

Satic Component Interconnection Test Technology
(SCITT) is a new XNOR circuit based technology that is
used for board-level interconnection test.

SCITT provides an easy test method using simple patterns
and results in a high diagnostic resolution. The method is
especially suited for SDRAM and other ‘complex
memories but can be used for other devices as well. Very
little overhead isrequired. A real silicon implementation is
presented and evaluated.

1 Introduction

Modern designs have increasing functionality resulting in
increasingly complex designs. The high component density
of the designs and the use of package types like Ball Grid
Arrays (BGA) for the ICs make verification of first
prototypes difficult. If a smple test can weed out the
assembly failures quickly, verification can focus on the
functional aspects . For volume production, the main focus
of assembly test is to check the structure of the assembly.
Many test methods are hampered by the lack of access for
signa measurements by the use of the modern
technologies. Therefore, electronic access, as provided by
Boundary Scan is an increasingly popular method. For
some components Boundary Scan is not suited or not
possible. One class of such components is the so-called
‘complex memories'. For these components, this paper
introduces the concept of SCITT. SCITT stands for Static
Component Interconnection Test Technology and uses the
functionality of XNOR gates to replace the functionality of
the complex memories during testing.

Sections 2 and 3 introduce this concept in more detail. A
typical application area is shown in section 4, followed by
implementation remarks on different memory types in
section 5. In section 6, test mode control is discussed along
genera points of attention. A description file is introduced

in section 7, just before we start the discussion on a real
example in sections 8 ,9 and 10. Section 11 deds with
some comparative calculations on different but related test
ideas. Finally some remarks on Design for Test (DfT) with
respect to SCITT are given in section 13, followed by the
concluding remarks. The interna details on the XNOR
circuits can be found in an accompanying paper [2].

2What isSCITT

SCITT stands for Static Component Interconnection Test
Technology and requires the insertion of XNOR circuits in
a device. These XNOR circuits (see figure 1) replace the
normal function of a chip when in test mode. It is basically
meant for board-level test.

The acronym SCITT shows two important aspects:

1. It is about ‘static’ testing. Once in test mode it
bypasses the dynamic (parametric and high frequency)
properties of the component.

2. It is about component interconnection testing,
verifying the connections between the device and its
surroundings.
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Figure 1: XNOR function



SCITT is developed to provide a cheap test solution in
combination with Boundary Scan [1]. It is therefore not a
subgtitute for but an addition to Boundary Scan as test
solution.

It is assumed that the device, which has this test circuitry
implemented, can be fully accessed on all its pins at board
level. This can be realised, amongst others, by access from
an adjacent Boundary Scan device or from direct access
from an edge connector. Thisisillustrated in Figure 2.
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Figure 2: Boundary Scan accessto a memory device

The basic idea of SCITT is simple: consider all outputs of
adevice as outputs of XNOR circuits. Each output function
(pin) must have a unique mapping on the inputs of the
device. Furthermore a fail-safe way to get in and out of
test-mode is required. The schematic block diagram in
figure 3 shows how to prevent entering the functional block
(in this case the SDRAM core) in test mode.

L
Test
control
He ) SDRAM
BOUNDARY \[— or xAddress core
SCAN e  ASIC bus |
xData I
bus
—

Figure 3: Test accessand location of
implementation

In test mode a simple, datic, logic (XNOR) function
remains that replaces the original function of the device, as
‘seen’ from it's pins. This logic function enables easy
detection of all single stuck-at and bridging faults that may
occur during assembly.

3 Some basics

A memory device has three groups of connections, a
control bus, an address bus and a data bus (see figure 2).

From the control bus a minimal but necessary sub set is
selected for SCITT test control. The remaining control
connections are combined with the regular inputs (address
bus) and together they form the set of extended inputs for
the SCITT circuitry. When control outputs are present as
well, they are combined with the regular outputs (data bus)
to form the set of extended outputs. In thisway, for SCITT
there is always only a set of extended inputs, connected
through the XNOR functions to a set of extended outputs.
Note that the (data) outputs may have a bi-directional
functionality. It is stated that the proof of a correct
interconnection need only to be made in a single direction.
The capability to check the correct functioning of the total
1/0 buffer after assembly islost with this method.

To maximise diagnostics, each XNOR function must have
an odd number of inputs greater than one and each output
must have a unique combination of inputs connected [2]. In
test mode, SCITT changes the ‘complex’ memory function
into asimple logic cluster containing XNOR functions.

In order to keep test pattern generation simple, the basic set
of awalking ‘1" and walking ‘0" sequence is applied to the
extended set of inputs. Additionally, an al ‘1" and al ‘O’
pattern complete the set of stimuli. So, the number of used
test vectorsis also very small. Thisis arequirement for this
technology if it is used with Boundary Scan. If N is the
number of extended inputs the total number of test vectors
is 2N+2, which is linear with the number of inputs of the
memory devices.

4WhentouseSCITT

In modern multi media designs, basic elements are mixed
signal 1/0, a processor and some memory (see figure 4).
Memory and mixed signal circuits often lack a test mode
that is “compatible” with Boundary Scan. Trends in
modern designs also show that processor speed and the
amount of memory connected are till increasing. Also
more and more “complex memories’ are being used. A
complex memory is a memory with an embedded protocol
or memories that need initialisation before use. Examples
are SDRAM, FCRAM, RAMBUS, FLASH, and FIFOs.

For the memory market, price and pin compatibility are
very important. The silicon overhead and four extra pins
needed to implement Boundary Scan are unacceptable.

The protocols and initialisations, together with dynamic
access restrictions for the memories, make interconnect
testing by means of Boundary Scan from surrounding
devices difficult. The difficulty is especially influenced by
the Boundary Scan chain length involved (TriMedia has
385 cells). Even with specia algorithms [3][6], the
dynamic memory timing aspects of SDRAM, FCRAM or
RAMBUS memories are still to be respected. If a
connection is failing, proper access to the devices may be
impossible at al, leaving this test option meaningless.



SCITT can overcome these problems because of its static
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Figure 4: Generic multi media block diagram.

nature during test. SCITT needs no or almost no extra pins
and requires very little silicon overhead. The first areas of
interest for SCITT must be these price driven memory
markets with standardised packages, no defined test pins
on the package and dynamic restrictions.

5 A look at some memories

- FLASH

The long erase time of FLASH memories after an
interconnect test make such a test, before in-line final
programming, not economical. The use of pre-programmed
flash devices on the assembly line is expensive as well,
mainly due to logistics. Witha SCITT test mode thereis no
programming involved, so erasure is not needed and pre-
programmed flash devices may be used on the assembly
line. Alternatively, in-line downloading can now be donein
proven correctly connected devices.

The byte/word input control needs special attention for
SCITT application. Sometimes this pin is strapped to a
fixed value which may imply that part of the outputs (*high
byte') is not used.

In general two issues are important:

1. With strapped pins, the tests of other pins and
diagnosis of the results should not be hampered due to
awrongly chosen combination of inputs on the XNOR
circuits.

2. All of the inputs must, at least, map on the smallest set
of outputs, as defined in the functional description
(like ‘byte mode'). However, a vaid SCITT
implementation must also be implemented on the
remaining outputs.

3.

- FIFO

Testing interconnects of deep FIFOs may take alot of time

when done with a Boundary Scan approach because of the

‘half-full’ and ‘full’ flag signals. They must be tested and

that involves many write cycles. Because of the decoupling
of function and actual contact to a device pin, this test can
be minimised using SCITT.

In figure 5 an implementation diagram for FIFOs is shown.
Again, for test control only a few lines are needed. The
remaining control in- and output signals are added to the
sets of extended inputs and outputs, respectively. The idea
is that test control can be realised with an arbitrary set of
control lines that does not influence the functional
behaviour. Additionally, during functional mode, there
should not be a combination of control signals which can
inadvertently put the device in test mode.
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Figure5: SCITT implementation proposal for FIFO

- SDRAM
For SDRAM, an implementation will be discussed in more
detail from chapter 8 onwards.

6 Test mode control

Finding a possible solution for the test problem is only half
the answer. The test should be flexible, controllable and
not brand or type dependent. This makes standardisation of
the access methods and a description of the XNOR circuit
implementation necessary. Because of the existence of
many different complex memory types, the description for
test mode control can only be given along general lines:

- Test mode entry must be possible at power up. Thisis
because interconnect testing is one of the first things to
be done.

- Test mode control must make it possible to enter or
resume normal operation. This is because many follow
up tests regquire power and a functioning memory as
well. A power down followed by a power up sequence
can take alot of time.

- Useasfew control pins as possible to get a robust test
mode control. This is because the test mode control
pins are harder to diagnose when failing.



- Glitches on the control pins during functional mode
may put the device in test mode. The device must
either return automatically to functional mode or a
normal reset procedure should work.

- Define a test mode control sequence that can be
described and interpreted unambiguously. This is to
make automatic control (pattern) generation possible.

- When applicable, an extra test state in the devices
state diagram might be added, which is aso
addressable from functional mode. This makes a
software based self-test of a system easier.

- (Optional) When possible implement the test control
using one (or more) additional test pin(s). Such apinis
the best means for control of SCITT mode (but still
more expensive).
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7TheSCITT description file

Just like the BSDL file for Boundary Scan, a description
filefor SCITT isrequired.
Thisfile should contain at least the following aspects:

- The XNOR circuits must be given, including their
connections to physical pins.

- The test mode control sequence must be given, which
describes the signal levels to apply after power up to
enter SCITT mode.

- Thesequence of signal levelsto exit this test mode.

Further details are possible in an optional section of this
file. Options like the availability of a dedicated test pin
(one or more), or the description of an added test state to a
state diagram are possible. Also a set of test patterns may
be included (see appendix A). A proposa for
standardisation is to write these implementation details in
Verilog[7]. Verilog was used for the definition of the
circuits for implementation and for the simulation of the
circuit as implemented in an SDRAM. Currently work is
ongoing for the exact definition of the contents of this file.
Due to the simplicity of the pattern generation and
electronic distribution of datasheets it is thought best to
distribute the design description as part of the device
datasheet. The usage of this file, after extraction from the
datasheet, can be threefold:

1. For the specification of the implementation for
generating the circuits during | C design.

2. For generating the actua test patterns automatically
(two times: for IC test as well as for the actual board
assembly test).

3. During the diagnostic process. A program may find
out what went wrong, based on the test results and this
description file.

The usage of this file is depicted in figure 6. This figure
shows two separate processes. The upper part depicts IC
design and testing. The lower part depicts PCB assembly
test.

8 A SCITT testable SDRAM example

The initial idea for SCITT came up when testing a board
containing an advanced processor and some SDRAM
devices, similar to those in figure 7.

The main problem is that the SDRAMs have an internal
state-machine and registers that are controlled by almost all
its address lines. One single solder error on these lines can
leave the system dead because the control of the MRS
register value is lost through bridge errors, stuck at faults
or opens. For this example a demo-board with a Philips
TriMedia processor and Fujitsu 64Mbit  (2Mx32)
MB81F643242B SDRAM isused [4].

To implement SCITT in a SDRAM requires an extra test
state. This state is added in such a way that it can only be
entered directly after the power-up sequence (see figure 8).
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multi media design.

The main reason for this is functional safety, robustness
and backward compatibility.

Checking the controller definition in the SDRAM for use
of control lines showed a possibility to enter the test-mode
without extra pins. Only three control lines, CSn, CASn
and CKE are needed.

PRE- or PALL NORMAL
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Figure 8: SDRAM state-machine extension

The SDRAM enters test-mode with a high to low level
transition on the CASn signal while CSn and CKE are low
after power-on (seefigure 9).

In test mode, the CSn signal determines which device is
selected for testing. This normal function allows separate
device or bank switching if multiple memories are

connected. The CKE signal is used to enable (high) or
disable (low) the defined test output signals.

The device will exit test mode if the CASh line is set high.
When leaving the test mode, the normal initialisation
sequence (apply 'precharge’ command) can be continued.
This is exactly the expected norma behaviour and
therefore the controller won't notice the difference even if
the device enters test mode by accident.

Except for the three control signals ALL remaining signals
become input or output of the device in test mode (see
table 1).

Table 1: Test mode signal allocation

control Inputs outputs
CSn RASN DQ(0..31)
CASn A(0..12)
CKE DQM(0..3)

CLK

WEn

Because no extra pins are used to enter or exit test-mode,
the package is pin-compatible with existing JEDEC
standards. The actua signal levels required for SCITT
control are shown in figure 9.

Re-entry of the test-mode after power up is not possible.
As soon as a precharge command is applied the test-mode-
entry command is disabled. This implementation was

power on
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Figure9: SCITT control signals at power up.

DQ High-Z

chosen to prevent the device entering test mode while in
normal operation since the test-mode entry command
sequence might occur during normal operation of the
device.

9 SDRAM, afirst implementation

When the SDRAM is in test mode the chip has three
control lines, 20 input, and 32 outputs. The Verilog file



Figure 10: Photogr aphs of sections of the B-version (SCITT = black spots) of the Fujitsu die.
The small pictureon top isan overview of the whole chip.

(Appendix B) shows the actua description of the 32
XNOR circuits and their connections to the pin numbers.
This is an early implementation with two-input XNORs.
Although 100% coverage is achieved, which is responsible
for detection, it may show dightly less diagnostic
capabilities than a realisation with three-input XNORs [2].
Detailed calculation shows a dlight increase of the access
time by only 0.05 nsec. The die size penalty for this first
implementation was about 0.3% . When implemented from
the beginning of a design cycle and not as final addition,
this silicon increase could even be less than 0.1%.

The photograph of the die shows the area of SCITT
implementation (figure 10). Notice the small black
rectangles that indicate the SCITT implementation areas

10 Results from practice

Verilog simulations on the Fujitsu SDRAM model done at
Philips showed that entry and exit of test mode function
correctly. The actua tests on the real device showed
correct behaviour as well.

The 20 inputs will result in a total of 42 test patterns (see
appendix A) needed to detect all stuck at and bridging
errors for one chip on an assembly.

Fault simulations done on the implemented two-input
XNOR circuits show that the fault coverage on the stuck at
and bridging errors is indeed the expected 100% on the
extended inputs and extended outputs.

Table 2: Test coverage and diagnostic resolution for
SDRAM circuit ‘en20_32'.

Circuit: En20_3
2
Coverage stuck-at 0/1 input pins 100%
Coverage stuck-at 0/1 at all output pins | 100%
Coverage wired-and bridges 100%
Coverage wired-or bridges 100%

One of the improvements for board-level test is that
strapped pins are detected as such and will not block the
circuit as was encountered using a NAND-tree [5].

The silicon implementation is tested with a board using a
Philips TriMedia DSP (TM1100) as SDRAM controller
with Boundary Scan and two 8MByte Fujitsu
MB81F643242B SDRAM devices.



The SDRAM s tested in normal function at 100MHz and
120MHz. No functional flaws were detected.

Figure 11 shows the Boundary Scan set up as used for
verification. The only Boundary Scan devicein the chainis
the TM1100 with a register length of 385 cells. All
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Figure 11: boundary-scan chain set up

address, data and control lines of the SDRAM are
connected to the TriMedia processor and have full
Boundary Scan access. A total of 46 test patterns are
applied for test: 42 patterns are needed for the coverage
(see appendix A), three additional patterns are needed for
test mode entry, and one is needed for test mode exit. The
actual test execution took 412ms with a 43.7KHz tester
(PC printer port based tester). This matches the calculated
test time very well.

The ‘normal’ memory test for the demo-board consists of a
program download using the JTAG-debug port of the
TriMediathat starts running a 12N test algorithm. This test
takes 30 seconds, and an optimised version till takes 5
seconds. A general remark is that this type of testing also
checks for the internals of the memories and is interesting
for prototype testing. This is however not required (and
time consuming) during PCB assembly testing.
Calculations indicate that a Boundary Scan test with a
SCITT device, on a 10MHz tester (TCK clock speed) only
takes about 3.4 msec. This improvement of more than a
factor 1000 is considerable but merely applicable for
prototype testing.

11 Comparison of four methods

Comparison of different test methods for SDRAM. To
make a comparison all options are calculated with a pro-
cessor having a Boundary Scan cell length of 385 and 2
SDRAM devices of 4*512K* 32 organisation. The Boun-
dary Scan state machine control clock cycles are neglected.

1- Boundary Scan on the SDRAM.

First the estimated Boundary Scan implementation for
SDRAM isgiven. 32 bidirectional data pins, using a2-cell
implementation result in 64 cells. The 12 address pin
inputs, realised with a 1-cell implementation resultsin 12
cells. Finally, the 11 control pins use also a 1-cell imple-
mentation, resulting in 11 cells. This makes a total of 87
cells per device. The total chain length of the test set up is:
385 + 87 + 87 = 559.

Secondly, for the test patterns about 16 patterns are
required: three possible drive sources on data lines that
drive stuck-at patterns (all ‘0" and al ‘1') result in six pat-
terns, ten patterns are required for a ‘ counting sequence’
and itsinverse set [8]. This sums up to atotal of 16 pat-
terns. The total number of test clocks necessary is 559 * 16
= 8944. Required test time (TCK @ 10 MHz): 0.9 msec.

2-  SCITT implementation.

In this case, the Boundary Scan chain length (controller
only) is 385 cells.

Required test vectors: 3 for SCITT entry, 84 patterns for
test of two devices and 1 for exit. This makes atotal of 88
vectors. The total number of test clocks necessary is 385 *
88 = 33880. Required time (TCK @ 10 MHz): 3.4 msec
Note: with an extratest pin on the SDRAM the
initialisation (entry) would not be necessary.

3- Functional test approach using Boundary Scan.

During this functional test, the Boundary Scan tester or
controller must emulate the normal cycles on the SDRAM.
Initialisation after power-on: 27 states to active idle state
(PALL, 8*[IDLE, REFRESH, PALL] IDLE.). For an op-
timised test vector set that includes the CAS latency of 2,
we need 6 vectors per write and 8 vectors per read cycle.
Asused for memory test, 24 addressline and 6 dataline
patterns are necessary [3][6]. The 24 address line checks
need awrite-write-read cycle. This makes 24* (6+6+8) =
480 vectors. The data line check are simple write-read
cycles and require 6* (6+8) = 84 vectors. This makes atotal
of 564 vectors necessary for the test per chip. The total
number of test clocks necessary for two devicesis2 *385 *
564 = 434280.

Required time (TCK @ 10 MHZz): 43.4 msec

Notel: to remain within the timing limits of the SDRAM
specification, the test speed (TCK) must be calculated in
relation to the chain length and the most critical time
involved (like e.g. RAS pulse width).

Note2; solder errors on the address lines can lead to illegal
or invalid statesin the state-machine of the SDRAM.
Behaviour of the state-machine, especially under fault
conditions, is vendor dependent. All this may make the
diagnosis quality unpredictable or even impossible.



4- Full functional

Without using Boundary Scan, we may use hormal soft-
ware that executes the same test as mentioned under 3. If
the test passesit is much faster but depends on the interface
speed. The number of patternsisonly 168 (24 times write-
write-read and 6 * write-read per device). Required time

(uP @ 100 MHz): 0.2 JuSec

In case of faulty connections, strange behaviour can be

expected, even system crashes are observed.

Next to the diagnostic restrictions that are the same asin

3, additional requirements for board level are:

- Thetest software must be available (ROM code or
downloadable).

- Theprocessor must run without using the SDRAM
under test for program execution.

- The processor must run even with failures (bridges) on
its SDRAM connections.

- For control and diagnostics, an access channel
through the processor is needed.

Table 3: Summary of test method comparison

M ethod: PatternsTest time Diagn.

1. Full Boundary 16 0.9msec ok
Scan

2. SCITT 88 34msec ok

3. Emulated functional | 1128  43.4 msec poor

4. Functional, at speed| 1128 0.2 dsec  poor

12 Remarkson Design for Test

At the board level, afew details need to be taken care of to
use SCITT.

- Thecontrolling processor needs to have areset or halt
capability that can be held active during the power up
phase. Thisisrequired to prevent the processor from
inadvertently initialising the SDRAMSs.

- Anaccess point or test spot is required on thissignal.

- Thecontrolling processor must preferably have
Boundary Scan implemented.

- ALL linesof the SCITT memory must be accessible.

13 Remar ks and conclusions

The use of SCITT is not limited to board-level test.
Manufacturers of the IC’'s can also use SCITT effectively

for among others IC bond-wire testing and 1O parametric
tests.

Fujitsu designers estimate that the SCITT logic could be
hidden in the pad area in case of a new design so the die
size increase is almost zero. For a re-design of an existing
chip which is the case for the Fujitsu MB81F643242B, the
silicon overhead proved to be less then 1%.

The implementation considers al bi-directional data pins
as outputs. This limits the effective check of the related
input buffers. At board level, the target is set to
interconnect tests, therefore this is not a problem.
However, improvements are desirable because potential
assembly damage should be covered as early as possible in
the test process as well.

This work is till in progress and a definition that can be
seen as a standard is one of the focal points of current
activities. At the time of writing, we are working on stan-
dardisation within  JEDEC as this will bring the optimal
results for the test community.

14 Acknowledgements

This work is made possible with partial funding of the
European MEDEA programme (project A101/A222).

15 References

[1] IEEE Test Technology Technical Committee of the
|IEEE Computer Society, ‘IEEE Std. 1149.1 Standard
Test Access Port and Boundary-Scan Architecture’,
Ingtitute of Electricdl and Electronic Engineers,
October 21, 1993, ISBN 1-55937-350-4.

[2] Biewenga A.S.B., Hollmann H.D.L., De Jong F.G.M.,
Lousherg G.E.A, ‘ Static component Interconnect Test
Technology (SCITT), a new technology for assembly
testing’, Paper submitted for I TC99.

[3] Biewenga A., Muris M., 'Using Boundary Scan Test
To Test Random Access Memory Clusters, |IEEE
Proceedings of the International Test Conference,
1993, pp 174-179.

[4] Fujitsu SDRAM datasheet MB81F643242B Version
AEOQ.1E.

[5] Robinson Gordon D., 'NAND Trees Accurately
Diagnose Board-level Pin Faults, IEEE Proceedings
of the International Test Conference, 1994, pp 811-
816.

[6] De Jong F., A, De Lind van Wijngaarden A.,
‘Memory interconnection test at board level’, |IEEE
Proceedings of the International Test Conference,
1992, pp 328-337.

[7]1 The Verilog Hardware Description Language (HDL),
|EEE Std. 1364-1995.



[8] JarwalaN., Yau C., ‘A New Framework for Analyzing Interconnects’, |EEE proceedings of the International
Test Generation and Diagnosis Algorithms for Wiring Test Conference, 1989, pp 63-70.

Appendix A: The interconnection test patterns for the 64Mbit SDRAM circuit.

# test patterns for nodule en20 32

# vect or

# il D = input |ow

# i2 U = input high

# i3 L = output |ow

# i4 H = out put high

# i5

# i6 i11 i16 o1l 06 0ll o016 o021 o026 031

# i 7 i12 i17 o2 o7 0l2 017 022 027 032

# i8 i13 i18 o3 08 013 o018 023 028

# i9 i14 i19 o4 09 0l4 019 o024 029

# il0 i15 i20 o5 010 o015 020 025 030
1 DDDDDDDDDDDDDDDDDDDDHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH # al | - 0 sti mul us
2 UDDDDDDDDDDDDDDDDDDDLLLLLLLLLLLLLLLLLLLHHHHHHHHHHHHA # 20x wal ki ng- 1
3 DUDDDDDDDDDDDDDDDDDDL HHHHHHHHHHHHHHHHHHLLLLLLLLLLLLL
4 DDUDDDDDDDDDDDDDDDDDHL HHHHHHHHHHHHHHHHHL HHHHHHHHHHHH
5 DDDUDDDDDDDDDDDDDDDDHHL HHHHHHHHHHHHHHHHHL HHHHHHHHHHH
6 DDDDUDDDDDDDDDDDDDDDHHHL HHHHHHHHHHHHHHHHHL HHHHHHHHHH
7 DDDDDUDDDDDDDDDDDDDDHHHHL HHHHHHHHHHHHHHHHHL HHHHHHHHH
8 DDDDDDUDDDDDDDDDDDDDHHHHHL HHHHHHHHHHHHHHHHHL HHHHHHHH
9 DDDDDDDUDDDDDDDDDDDDHHHHHHL HHHHHHHHHHHHHHHHHL HHHHHHH
10 DDDDDDDDUDDDDDDDDDDDHHHHHHHL HHHHHHHHHHHHHHHHHL HHHHHH
11 DDDDDDDDDUDDDDDDDDDDHHHHHHHHL HHHHHHHHHHHHHHHHHL HHHHH
12 DDDDDDDDDDUDDDDDDDDDHHHHHHHHHL HHHHHHHHHHHHHHHHHL HHHH
13 DDDDDDDDDDDUDDDDDDDDHHHHHHHHHHL HHHHHHHHHHHHHHHHHL HHH
14 DDDDDDDDDDDDUDDDDDDDHHHHHHHHHHHL HHHHHHHHHHHHHHHHHL HH
15 DDDDDDDDDDDDDUDDDDDDHHHHHHHHHHHHL HHHHHHHHHHHHHHHHHL H
16 DDDDDDDDDDDDDDUDDDDDHHHHHHHHHHHHHL HHHHHHHHHHHHHHHHHL
17 DDDDDDDDDDDDDDDUDDDDHHHHHHHHHHHHHHL HHHHHHHHHHHHHHHHH
18 DDDDDDDDDDDDDDDDUDDDHHHHHHHHHHHHHHHL HHHHHHHHHHHHHHHH
19 DDDDDDDDDDDDDDDDDUDDHHHHHHHHHHHHHHHHL HHHHHHHHHHHHHHH
20 DDDDDDDDDDDDDDDDDDUDHHHHHHHHHHHHHHHHHL HHHHHHHHHHHHHH
21 DDDDDDDDDDDDDDDDDDDUHHHHHHHHHHHHHHHHHHL HHHHHHHHHHHHH
22 DuUUUUUUUUUUUuuuuuuuLLLLLLLLLLL L LL L L L L L HHHHHHHHHHHHH
23 ubUUUUUUUUUUUUUUUUUUL HHHHHHHHHHHHHHHHHHLLLLLLLLLLLLL # 20x wal ki ng-0
24 uubuuuuuuuuuuuUUuuUUHL HHHHHHHHHHHHHHHHHL HHHHHHHHHHHH
25 uuubuuuuuuuuuuuUuuUUHHL HHHHHHHHHHHHHHHHHL HHHHHHHHHHH
26 uuuubuUUVUUUUUUUUUUUUHHHL HHHHHHHHHHHHHHHHHL HHHHHHHHHH
27 uuuuubuuuvUUUUUUUUUUHHHHL HHHHHHHHHHHHHHHHHL HHHHHHHHH
28 uuuuuubuuvuUuvuUUUUUUHHHHHL HHHHHHHHHHHHHHHHHL HHHHHHHH
29 uuuuuuubpuVUUUUUUUUUUHHHHHHL HHHHHHHHHHHHHHHHHL HHHHHHH
30 uuuuuuuubpUUUUUUUUUUUHHHHHHHL HHHHHHHHHHHHHHHHHL HHHHHH
31 uuuuuuuuubUUUUUUUUUUHHHHHHHHL HHHHHHHHHHHHHHHHHL HHHHH
32 uuuuuuuuuubUUUUUUUUUHHHHHHHHHL HHHHHHHHHHHHHHHHHL HHHH
33 uuuuuuuuuuubUUUUUUUUHHHHHHHHHHL HHHHHHHHHHHHHHHHHL HHH
34 uuuuuuuuuuuubUUUUUUUHHHHHHHHHHHL HHHHHHHHHHHHHHHHHL HH
35 uuuuuuuuuuuuubUUUUUUHHHHHHHHHHHHL HHHHHHHHHHHHHHHHHL H
36 uuuuuuuuuuuuuuUDUUUUUHHHHHHHHHHHHHL HHHHHHHHHHHHHHHHHL
37 uuuuuuuuuuuuuuuDUUUUHHHHHHHHHHHHHHL HHHHHHHHHHHHHHHHH
38 uuuuuuuuuuuuuuuuUbUUUHHHHHHHHHHHHHHHL HHHHHHHHHHHHHHHH
39 uuuuuuuuuuuuuuuuUDUUHHHHHHHHHHHHHHHHL HHHHHHHHHHHHHHH
40 uuuuuuuuuuuuuuuuUUDUHHHHHHHHHHHHHHHHHL HHHHHHHHHHHHHH
41 uuuuuuuuuuuuuuuuuuUDHHHHHHHHHHHHHHHHHHL HHHHHHHHHHHHH

42 UUUUUUUUUUUUUUUUUUUUHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHE # al [ -1 sti nul us



Appendix B: The Verilog description of the 64Mbit SDRAM SCITT implementation.

nodul e en20_32 (o0l, 02, 03, 04, 05, 06, 07, 08, 09, 010, 011, 012, 013,
0l4, 015, 016, 017, 018, 019, 020, 021, 022, 023, 024,
025, 026, 027, 028, 029, 030, 031, 032,
i1,i2,i3,i4,i5,i6,i7,i8,i9,i10,i11,i12,i 13,
i14,i15,i16,i17,i18,i19,i 20)

out put ol, 02, 03, 04, 05, 06, 07, 08, 09, 010;

output 11, 012,013, 014, 015, 016, 017, 018, 019, 020;
out put 21, 022, 023, 024, 025, 026, 027, 028, 029, 030;
out put 031, 032;

input i1,i2,i3,i4,i5,i6,17,i8,i9,i10

input i11,i12,i13,i14,i15,i16,i17,i18,i19,i20

xnor #10 (o1, i1, i2); //32 tinmes 2-input xnor
xnor #10 (02, i1, i3);
xnor #10 (03, i1, i4);
xnor #10 (04, i1, i5);
xnor #10 (05, i1, i6)
xnor #10 (06, i1, i7)
xnor #10 (o7, i1, i8);
xnor #10 (08, i1, i9)
xnor #10 (09, i1, i10);
xnor #10 (010, i1, i11)
xnor #10 (ol1l, i1, i12)
xnor #10 (012, i1, i13)
xnor #10 (013, i1, i14)
xnor #10 (o014, i1, i15)
xnor #10 (o015, i1, i16)
xnor #10 (016, i1, i17)
xnor #10 (o017, i1, i18)
xnor #10 (018, i1, i19)
xnor #10 (019, i1, i20)
xnor #10 (020, i2, i3);
xnor #10 (021, i2, i4);
xnor #10 (022, i2, i5);
xnor #10 (023, i2, i6);
xnor #10 (024, i2, i7);
xnor #10 (025, i2, i8);
xnor #10 (026, i2, i9);
xnor #10 (027, i2, i10);
xnor #10 (028, i2, il1l);
xnor #10 (029, i2, i12);
xnor #10 (030, i2, i13);
xnor #10 (031, i2, il14)
xnor #10 (032, i2, i15);

endnodul e // en20_32
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