


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































16-BIT CMOS SLICES — NEW BUILDING BLOCKS MAINTAIN
MICROSLICE COMPATIBILITY YET INCREASE PERFORMANCE

APPLICATION NOTE AN-06

WORKING TOGETHER

The simplified block diagram of an example Central Proces-
sing Unit (CPU) is shown below using devices manufactured
by IDT. This CPU architecture can be viewed as two major
sections which have a MICROSLICE family part at the heart of
each. The major section of the left hand side of the diagram is
the control path. The microprogram sequencer at the heart is
the IDT49C410 which generates the address for the micro-
program stored in the writeable control store (WCS). The
output of the WCS is registered by the pipeline register.
Together, the sequencer, WCS and pipeline register make up a
state machine which controls the operation of the entire CPU.
In this CPU, the state machine first fetches a machine instruc-
tion and captures it in the instruction register. The instruction
register determines the starting address for each sequence of
microinstructions associated with each machine opcode.

In this example, both the microprogram store and the
instruction mapping memory are formed using RAM. The RAM
has separate DATA|y and DATAqr buses (IDT71682). This
allows the input side to be connected conveniently to an 8-bit
bus for initialization at power up.

The second major section is on the right hand side. This
section is called the data path. The heart of this section is the

IDT49C402A. In it is contained all of the working registers and
the arithmetic logic unit for performing data computations.
One of the internal registers always contains the value of the
program counter (PC) which is the address at which the
opcode for the machine instruction is fetched. When an opcode
is fetched, the memory address register (MAR) is loaded with
the value of the PC while, at the same time, the value of the PC
plus one is loaded back into the internal register file. The
DATAy and DATAqt registers are used to buffer data coming
from and going to the memory during execution of the machine
instruction.

CONCLUSION

The MICROSLICE family from IDT provides high-performance
CMOS solutions for microprogrammed applications. Not only
does the family provide for yesterday’s designs with plug-
compatible devices of the IDT39C000 family, it also provides
solutions for future applications. With the IDT49C000 family, the
designer can take advantage not only of the lower power con-
sumption of CMOS, but utilize higher speeds and smaller board
spacing, yielding smaller packaging concepts required by
today’s customers. In the future, the IDT49C000 MICROSLICE
family will provide alternative architectures which will provide
for yet higher performance solutions.
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CACHE TAG RAM
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CACHE MEMORY DESIGN

Integrated Device Technology. Inc

APPLICATION
NOTE
AN-07

By David C. Wyland

ABSTRACT

Cache memories are a widely used tool for increasing the
throughput of computer systems. The IDT7174 Cache Tag RAM is
a new component designed to support direct mapped cache
designs by providing the tag comparison on-chip. This allows
relatively large cache memories to be designed with low chip
count. The application of the IDT7174 to cache memory design is
explored by designing a simple cache memory, reviewing its
operation and performance, discussing methods of extending the
design, and then reviewing the theory behind the design of cache
memories in general.

INTRODUCTION

Cache memories are an important design tool for increasing
computer performance by increasing the effective speed of the
memory. Computer memories are usually implemented with slow,
inexpensive devices such as dynamic RAMs. A cache memory isa
small, high-speed memory that fits between the CPU and the main
memory in a computer system. It increases the effective speed of
the main memory by responding quickly with a copy of the most
frequently used main memory data. When the CPU tries to read
data from the main memory, the high-speed cache memory will
respond first if it has a copy of the requested data. Otherwise, a
normal main memory cycle will take place. In typical systems, the
read data will be supplied by the cache memory over 90% of the
time. The resultis that the large main memory appears to the CPU
to have the high speed of the cache memory.

The IDT7174 Cache Tag RAM introduced by IDT simplifies the
design of high-speed cache memories. It can be used to make a
high-performance cache memory with a low part count. The
IDT7174 Cache Tag RAM consists of a 64K-bit static RAM organ-

Cacha ‘
Word Address ———————4
8Kx8
RAMWrite ———————  High-Speed
RAM Cloar » StatcRAM

Output
Enable

{ - Match
(Data Input Pins =
RAM Data Output)

Cache Address
Compare Input

Figure 1: IDT7174 Cache Tag RAM Block Diagram

ized as 8K x 8 and an 8-bit comparator, as shown in Figure 1. The
comparator is used in direct mapped cache memories to perform
the address tag comparison, and allows a 16K byte cache for a
68000 microprocessor to be built with four memory chips. The
IDT7174 also provides a single pin RAM clear control which clears
all words in the internal RAM to zero when activated. This control
is used to clear the tag bits for all locations at power-on or
system-reset when the cache is empty of data. This allows one of
the comparison bits to be used as a cache data valid bit.

DESIGN OF A CACHE MEMORY

To understand the application of the IDT7174 to cache memo-
ries, we will begin by designing one. A block diagram of a cache
memory system using IDT7174 Cache Tag memory chips is
shown in Figure 2. The cache memory serves a 16-bit microproc-
essor with a 24-bit address bus and a main memory. In this
system, the 13 least significant bits of the address bus are con-
nected to the address inputs of both the cache tag and the cache
data RAM chips. The upper 11 bits of the address bus are con-
nected to the data I/O pins of the cache tag RAMs. The remaining
five 1/0 pins of the cache tag RAMs are connected to a logic
1(+5).

Data |« #{ Data

Addrs ] Addrs

13 5 43 8 8 8

Main Memory

A A A A\
DT7174 | 1DT7174 DT7164 | 1DT7164
Cacho | Cache f—P| Cacho Cache
Tag Tag Data Data
RAM RAM RAM RAM
Clear—
WA MATCH | MATCH

Memory Read/MWrite
Control Logic

ache Read/Write
+ 330 ohms.
Main Memory ReadMWrite

Figure 2: Cache Memory System Block Diagram

The MATCH outputs of the cache tag rams are tied together
and connected to the WAIT input of the microprocessor. A 330
ohm pull-up resistor is used because the MATCH outputs are
open-drain type. The MATCH outputs are positive-active. The
MATCH output goes high when the contents of the internal RAM
are equal to the data on the I/O pins. When several cache tag
RAMs have their MATCH outputs connected together, a wire-
AND function results: all of the comparators must each register a
match before the common MATCH signal can go high.

In the system shown, the state of the WAIT input to the micro-
processor determines whether the memory data is to come from
the cache or the main memory. If the WAIT input to the micro-
processor is high, the microprocessor will accept data imme-
diately from the cache data RAMs; if the WAIT input is low, the
microprocessor will wait for the slower main memory to respond
with the data.

To understand how the cache memory operates, we will follow
its operation from start-up in an initially empty state. When the
system is powered-up, the cache tag RAMs are cleared to zero by
apulsetotheinitialize pins of the IDT7174 RAMSs. This causes all
cells in the RAM to be simultaneously cleared to logic zero. When
the microprocessor begins its first read cycle, the 13 least signifi-
cant bits of the address bus select a location in the cache tag
RAMs. The location in the cache tag RAMs is compared against
the upper bits of the address bus and against five bits of logic one.

© 1986 Integrated Device Technology, Incorporated

Printed in the U.S.A 7/86
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The MATCH output of the cache tag RAMs will be .ow because all
cache tag RAM cells were reset to zero, and the zeros from the
selected cell are being compared against the five bits of logic
one. In this case, the microprocessor waits for the slower main
memory to respond. This is called a cache miss.

When the main memory responds with read data for the
microprocessor, this data is also written into the cache data
memory at the address defined by the 13 least significant bits of
the address bus. At the same time, the upper 11 bits of the
address bus and the five bits of logic one are written into the
cache tag memory. This 11-bit address tag, in combination with
the 13 bits of RAM address select, uniquely identify the copy of
the main memory data that was stored. The five logic one bits
serve as a datavalid bits which indicate that the datain the cellisa
valid copy of main memory data.

When the microprocessor requests data from the same loca-
tion that has been written into the cache, the upper address bits
on the address bus will be the same as the bits which were
previously written into the cache tag RAM and the MATCH signal
will go high. This is called a cache hit. In this case, the cache data
is gated onto the data bus and the memory cycle is complete.

If the microprocessor requests data from an address with the
same 13 least significant bits as a word in the cache, but with
different upper address bits, a cache miss will result and the
current (more recent) data will be written into the cache. In this
manner, the cache is continuously updated with the most
recently used data.

Memory write cycles are treated differently from read cycles.
On write cycles, data is written directly into main memory and
into the cache. This is called the write-through method of cache
updating. Since all data is written immediately into main memory,
it always contains current information. Data is written into the
cache on full word writes or on byte (i.e. partial word) writes if a
match occurred. Writing bytes into the cache only if a cache
match occurs ensures that the full word in the cache is valid. For
example, this ensures valid data for a byte write followed by a
word read.

The design in Figure 2 uses unbuffered writes. In unbuffered
writes, all write cycles occur at main memory speeds. This slows
down the system for all write cycles at the expense of simple
memory controls; however, this may be acceptable since only
15% of all memory cycles are write cycles in typical programs.
Buffered write is a slightly more complicated method which
improves performance. In buffered write cycles, the write data
and address are loaded into registers, and the main memory write
cycle proceeds in overlap with other processor operations. Since
the next few cycles will probably be read cycles and their data will
come from the cache, the result is that buffered write cycles are
as short as cache read cycles.

CACHE MEMORY DESIGN: PERFORMANCE

Even a simple cache memory can improve system perform-
mance. For a simple, 16-bit cache system such as described
above, a hit rate (percentage of read cycles that are from the
cache) of 68% can be expected. If IDT7174 Cache Tag RAMs and
IDT7164 cache data RAMSs are used, an access time at the chip
level of 35ns results and a corresponding system cache read or
write cycle time of 50ns is practical. Assuming a system cache
access time of 50ns and a main memory system access time of
250ns, the average access time of an unbuffered cache would be
134ns and the average access time of a buffered cache would be
104ns. This corresponds to an improvement in access time of
1.9:1 and 2.4:1, respectively.

CACHE DESIGN DETAILS: CONTROL LOGIC

Figure 3 shows a block diagram of a control logic design and a
typical timing diagram for the cache memory of Figure 2. The
vertical lines in the timing diagram represent 50ns timing inter-
vals. The microprocessor is assumed to have a 50ns clock and a
100ns memory cycle time. In the timing diagram and associated
logic, a Read/Write Timing signal is used to determine whether to
use the cache data or to start the main memory. This timing signal
is the memory read/write request signal from the CPU delayed by
37ns; the address-to-match time of the IDT7174. If main memory
is used, this timing signal is used to write the main memory data
into the cache RAMs on both the main memory read and write
cycles. Datais written into the cache on write cycles only if there
is a match or if it is a word write operation. The state of the
MATCH line is latched by the Read/write Timing signal so that it
remains stable during cache write operations.

Address X

MATCH

Read/Write Timing || I —

Data RAM Output Enable

Tart Main Marory

Main Memory Busy 1

 S— I
RAM Wrte Enable L —
s e— ) S
Match —r@ Output Enable
RoadMWrite Timng STart M WMo
Main Memory B _Dcr—> AT (00P)

WE™ Witeto Ta
e —_IjD:D—>__“( 2 .
Write Word and Data RAMs

Figure 3: Cache Memory Control Timing and
Logic Block Diagrams

CACHE DESIGN DETAILS:
UNCACHED ADDRESSES

In the above cache design, we have assumed that all parts of
memory are cached; however, there are significant exceptions to
this assumption. Hardware 1/Q addresses should not be cached
because they do not respond in the same way as normal memory
locations. Bitsin an I/0 register can and must change atany time,
asynchronously, with respect to the rest of the system. A cache
copy of an earlier I/O state is clearly notavalid response to an I/O
read request under these conditions. Also, an I/O register
address may be used for different functions for read and write, so
that what is read will not be the same as what was written. For
example, write-only control bits will not appear when read, and
read-only bits will not be affected by write operations. For these
reasons, hardware I/O addresses must always force cache
misses. This can be accomplished by adding an 1/O address
decoder to the memory address bus to force a cache miss. (This
decoder aleady exists in many systems to enable the 1/0O
subsystem.)

CACHE DESIGN DETAILS: DMA ADDRESSES

Direct Memory Access (DMA) allows 1/O devices such as disk
controllers to have direct access to main memory by temporarily
stopping the CPU and taking control of the memory address and
data busses. If DMA devices are allowed to write into main
memory without updating the cache memory, cache data could
become invalidated because it would no longer be a copy of the
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contents of main memory. The simplest solution to this problem
is to have the cache monitor the memory bus and be updated if an
address match occurs in the same manner as CPU write-through
operations. Otherwise, the I/O DMA buffer areas of memory must
be forced to be uncached in the same manner as hardware 1/0
addresses.

CACHE DESIGN DETAILS:
EXPANDING THE CACHE IN WIDTH

The cache as described above, can be expanded in both width
and depth. For a 32-bit system, two additional IDT7164 cache
data RAMs (for a total of 4 chips) will be required to store the
32-bit data words. A block diagram of a 32-bit cache system, with
a 32-bit address bus, is shown in Figure 4. Compared with Figure
2, the number of cache data RAMs has been expanded from two
to four to handle the expansion of the data bus from 16 to 32 bits,
and the number of cache tag RAMs has been expanded from two
to three to handle the expansion of the address bus from 24 to 32
bits.

Data |- 1 Data

13 7 1 8 8 32
L AR A A ;
B8Kx8 B8Kx8 B8Kx8 8K x 32

Addrs.

Cache | Cache | Cache [P Cache
Tag Tag Tag Data
RAM RAM RAM RAM
Clear—p{ IDT7174 IDT7174 DT7174 4x
WAIT DT7164
MATCH MATCH MATCH
Memory ReadMWite Gache ReadMWrite
+5- EE I: u "
Gontrol Logic fain Memory Read/Write

Figure 4: 32-Bit Cache Memory System

Note that the cache memory system uses the memory address
lines corresponding to the 32-bit words stored in the cache. If a
byte addressing memory address convention is used, the least
significant bit of the address lines going to the cache RAM chips
is A2, with A1 and AQ used to select the byte(s) within the word to
be read or written in the cache data RAMs.

Thereis a benefit to expanding the cache width by adding data
RAMs: the miss rate improves. The miss rate improves because of
the increase in width, as well as in the amount of data stored. The
miss rate for a 8K x 32-bit cache is estimated at 12.4%, as com-
pared to 32% for a 8K x 16-bit cache. Doubling the cache width
by adding RAM chips doubles the amount of data stored. We
would expect an improvement in miss rate due to the increased
probability of finding the data in the cache.

There is an additional improvement in miss rate, however,
specifically due to the increase in width. This is because thereis a
high probability that the next word the CPU wants is the next
word after the current one. If the cache width is doubled, there is
a 50% probability that the next word is already in the cache,
fetched from main memory along with the current word.

Studies have shown that the miss rate is cut aimost in half for
each doubling of the cache data word width — called line size in
cache theory — up to 16 bytes and larger (Smith 85). The disad-
vantage of very wide cache data word width is either a wide main
memory data bus or complex logic to transfer the word to the
cache in a high-speed serial burst. Simply doubling the number
of main memory cycles does not work well because you have

doubled the effective access time of the main memory but have
cut the miss rate by less than half, yielding a net decrease in
performance.

CACHE DESIGN DETAILS:
EXPANDING THE CACHE IN DEPTH

The cache memory can be expanded in depth by adding
copies of the cache tag and data chips and using upper bits of the
address bus for chip enable ‘selection. An example of an
expanded cache is shown in Figure 5. The primary reason for
increasing the size of the cache memory is to decrease the miss
rate percentage. For example, increasing the cache size from
8K x 16 to 16K x 16 decreases the estimated miss rate from 32%
10 22%.

Tag Bits from Address Bus Datato/ from Data Bus
A14-A23, Logic 1 D150
BKx 16 BKx 16
A0-A P cache | Cacho
Tag RAM Data RAM
2x 2x
IDT7174 IDT7164
A E
MATCH

8Kx 16 BKx 16
4 Ccache | Cache
Tag RAM Data RAM
2x )
1DT7174 IDT7164
IcE
MATC
+5 _—{ 330 ohms IL »MATCH

Figure 5: Depth Exp

ded Cache M y Sy

CACHE DESIGN DETAILS:
SET ASSOCIATIVE EXPANSION

A better way to expand the cache memory in depth is called set
associative expansion (shown in Figure 6), and its control logic
(shown in Figure 7). In this example, we have two independent
cache memories which results in a two-way set associative
cache. If amatch is found in one of the memories, its data is gated
to the data bus. If no match is found, one of the two memories is
selected and updated. Selection of one of the two memories for
cache write update is done by using an additional 8K x 1 memory
to hold a flag for each cache word, indicating which memory was
read last. This way, the least recently used cache word of the pair
is updated.

The cache system described above attacks the problem of
having two frequently used words mapped to the same cache
word. For example, if a program loop included an instruction at
200B2 (hexadecimal) and called a subroutine at 800B2, the cache
word 00B2 would be alternately registered as a cache miss and
updated with memory data from each of these two addresses.
The above design solves this problem by having two independent
memories. One would cache the instruction at 200B2 and the
other would cache 800B2.

Two way set associative expansion, while more complex in
control logic, achieves a better miss rate. For example, the esti-
mated miss rate for a 16K x 16 set associative cache is 18% versus
22% for a simple 16K x 16 cache.
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Tag RAM Data RAM
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MATCI £
BKx 1
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RAM
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1DT8167 Control to Tag/Data RAMs
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Figure 6: 2-Way Set A iative Cache M y Sy

FUNCTION | MATCH ACTION
Read Yos | Enable corrasponding data RAM for read
Wit Yes | Enable corresponding data RAM for write
Read No | Writa main memory data into LRU RAM

Wiite Word | No | Wrte data into LRU RAM

ReadWrite
Timing Write
1 x
Write Word S 2 Wie Erable o
AliUpper RAMs
x -
32 Write Enable to
All Lower RAMs
Lower Was
Road Last
MATCH
WEio
LRU RAM
MATCH— 5 Tutput Enable to
Upper RAM 5 Upper Data RAMs
— e ‘Output Enable to
MATCH 5 ower Data RAMs
Lowar RAM kil
Read E >_| ~So——- Chip sl
Write Timing to

AlIRAMs

Figure 7: 2-Way Set Associative Cache Control Logic
Block Diagram

CACHE THEORY: HOW IT WORKS

A cache memory cell holds a copy of one word of data corre-
sponding to a particular address in main memory. It will respond
with this word if the address on the main memory address bus
matches the address of the word stored. A cache memory cell
therefore has three components. These components are an
address memory cell, an address comparator, and a data memory
cell, as shown in Figure 8. The data and address memory cells
record the cached data and its corresponding address in main
memory. The address comparator checks the address cell con-
tents against the address on the memory address bus. If they
match, the contents of the data cell are placed on the data bus.

An ideal cache memory would have a large number of cache
memory cells with each of them holding a copy of the most
frequently used main memory data. This type of cache memory is

called fully associative because access to the data in each
memory cell is through its associated, stored address. This type
of memory is expensive to build because the address cell and
address comparator are generally several times larger, in terms of
chip area or part count, than the data cell. Also, the address
comparator required for each associative memory cell makes the
design of the cell different from that of standard RAM memory
cells. This makes a fully associative memory a custom design,
precluding the use of efficient standard RAM designs.

4
Cache Memory Cell
Address MATCH "
w N
H ° H
8 Read g
B Enable
]
g
Cache Cache "
Address Cell Data Cell
v
Write Enable

Figure 8: Cache Memory Cell Block Diagram

CACHE THEORY: WHY IT WORKS

Cache memories work because computer programs spend
most of their memory cycles accessing a very small part of the
memory. This is because most of the time the computer is execut-
ing instructions in program loops and using local variables for
calculation. Because of this observation, a 64K byte cache can
have a 90+% hit rate on programs that are megabytes in size.

HOW THE DIRECT MAPPED CACHE WORKS

The direct mapped cache memory is an alternative to the
associative cache memory which uses a single address compara-
tor for the cache memory system and standard RAM cells for the
address and data cells. The direct mapped cache is based on an
idea borrowed from software called hash coding which is a
method for simulating an associative memory. In a hash coding
approach, the memory address space is divided into a number of
sets of words with the goal of each set having no more than one
word of most-frequently-used data. In our case, there are 8K sets
of 2048 words each.

Each set is assigned an index number derived from the main
memory address by a calculation which is called the hashing
algorithm. This algorithm is chosen to maximize the probability
that each set has no more than one word of most-frequently-used
data. In the direct mapped cache, the hashing algorithm uses the
least significant bits of the memory address as the set number.
This uses the concept of locality, which assumes that the most
often used instructions and data are clustered in memory. If
locality holds, the least significant bits of the address should be
able to divide this cluster into individual words and assign each
one to a separate set.

A memory map of a direct mapped cache of Figure 2 is shown
in Figure 9 as an example of how the main memory words are
related to the cache words. The 16M Word main memory is
divided into 8K word pages, a total of 2048 pages. Each word
within each 8K page is mapped to its corresponding word in the
8K words of the cache; i.e., word 0 of the cache corresponds to
word 0 in each of the 2048 pages (8K sets at 2048 words/set).
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Each word in the cache stores one word out of its set of 2048
corresponding to one of the 2048 possible pages. Both the data
word and the page number (i.e. upper address bits), are stored.

Since only one word in each set (one of 2048 words in our
case) is assumed to be one of the most-frequently-used words,
each set has a single cache memory cell associated with it. This
cache cell consists of an address cell and a data cell, but no
comparator. One comparator is used for the cache memory sys-
tem since only one set can be selected for a given memory cycle
and only one comparison need be made. Inamemory cycle, one
set is selected, and the single cache address cell for that set is
read and compared against the memory address, and the data
from the cache data cell is placed on the bus if there is a match.
The advantage of this scheme is that a single comparator is used,
allowing standard RAM memories to be used to store the cache
address and data for each set.

MAIN MEMORY

High

PAGE 2047

DIRECT MAPPED
CACHE

ADDRESS TAG DATA
RAM PAGE RAM PAGE

PAGE 2046

CACHE DEPTH = PAGE SIZE

DATA STORED AT SAME PAGE
OFFSET IN CACHE AS IN MAIN
MEMORY

Figure 9: Cache System Memory Map

The cache cell for each set should hold the data that was most
frequently used. However, since we do not know which data was
the most frequently used until after the program is run, we
approximate it by storing the most recently used data and replac-
ing the least recently used (oldest) data. In the direct mapped
cache, this is done by replacing the cache cell contents with the
newer main memory data in the case of a cache miss.

CACHE PERFORMANCE

A cache memory improves a system by making data available
from a small, high-speed memory sooner than would otherwise
be possible from a larger, slower main memory. The performance
of acache memory system depends upon the speed of the cache
memory relative to the speed of the main memory and on the hit
rate or percentage of memory cycles that are serviced by the
cache.

The cache performance equations below express the idea that
the average speed of the cache memory is the weighted average
of the cycle times for cache hits plus the main memory time for
cache misses, with memory writes dealt with as a special case of

100% cache miss or 100% cache hit for the unbuffered and
buffered cases, respectively.

CACHE SYSTEM PERFORMANCE: MISS RATE

One of the key parameters in a cache memory system is the
miss rate. Miss rate figures are estimates derived from statistical
studies of cache memory systems. The miss rate is an estimate
because it varies, often significantly, with the program being run.
Miss rate estimates for various cache memory configurations are
given in Table 1. Miss rates for one example of two-way set
associative expansion are also shown in this table.

Size: Miss Rate for Cache Data Word Width - Bits Notes
Words/Tag RAM 16 32 64 128
2K 0.57 0.23 0.10 0.04
4K 0.40 0.18 0.07 <0.04
8K 0.32 0.12 0.05 <0.04
16K 0.22 0.09 <0.04 <0.04
16K (8K + 8K) 0.18 0.07 <0.04 <0.04 2-way Set Assoc
Table 1.

The miss rate estimates given in Table 1 are derived from
simulation studies. (See references.) These studies covered
cache sizes of up to 32K bytes and cache data word widths
(called line sizes in cache terminology) from 4 bytes through 64
bytes. In the case of 16-bit word width caches, the figures given
are extrapolations from the 32-bit data. Also, the figures for
cache sizes above 32K bytes (i.e., 16K x 32, etc.) are extrapolations
from 32K byte data.

CACHE SYSTEM PERFORMANCE FOR
READ CYCLES

Cache memory system performance is determined by the
access time of the main memory, the access time of the cache,
the miss rate (the percentage of memory cycles that are not
serviced by the cache) and the write time. The effective access
time of acache memory system can be expressed as a fraction of
the main memory access time. This dimensionless number, Ps, is
ameasure of cache performance. If we consider read cycles only,
the access time of a cache memory system is:

Ts=(1-M)Tc+MTm =(1 - M)Tc + MTm
Ps =Ts/Tm = (1 - M) (Tc/Tm) + M= (1 - M)Pc + M
Where:
Ts = Cache average system cycle time, averaged over read
and write
M = Miss rate of cache
Tc = Cache cycle time, read or write (assumed to be
equal)
Tm = Main memory cycle time, read or write (assumed to
be equal)
Pc = Cache memory access time as a fraction of main
memory cycle time
Ps = Cache system access time as a fraction of main
memory access time

If the miss rate of a cache memory is 100%, Pc =1.00. If the
cache memory is infinitely fast corresponding to a cache access
time of zero, Pc will be equal to the miss rate, M. For real cache
memories, the access time of the cache is finite. This means that
the cache system access time will approach the cache access
time as the miss rate approaches zero. This is shown in
Figure 10.
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Figure 10: Cache Access Time vs Miss Rate for Read Cycles

CACHE SYSTEM PERFORMANCE FOR
READ AND WRITE CYCLES

Memory write cycles affect the average access time of the
cache system. In a write-through design, unbuffered write cycles
are equivalent to cache misses, while buffered write cycles are
equivalent to cache hits. Unbuffered write cycles take a main
memory cycle to write data for every write. If the main memory
write cycle time is the same as the read cycle time, this is equiva-
lent to a cache miss. In buffered write, data is written into the
cache and into a register for later off-line write into the memory.
Thus, the write cycle in the buffered write case is equivalent to a
cache cycle. Each write cycle in the buffered case is, therefore,
equivalent to a cache hit. The performance equations for this
case are:

Ps = R((1 - M)Pc + M) + W(Tw/Tm)
For unbuffered writes:

Ps = R((1 - M)Pc + M) + W
For buffered writes:

Ps = R((1 - M)Pc + M) + WPc
Where:

R = Fraction of total memory cycles that are read cycles
W = Fraction of total memory cycles that are write cycles
Tw = Write time = Tm for unbuffered, Tc for buffered writes

The effect of unbuffered write cycles is to limit the maximum
performance of the cache system. For the average case where
write cycles are approximately 15% of the total number of
memory cycles, this is approximately equivalent to a cache
memory performance of 0.15, as shown in Figure 11.
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Figure 11: Cache Access Time vs Miss Rate
for Buffered and Unbuffered Write Cycles

CACHE SYSTEM PERFORMANCE IN TERMS OF
AVERAGE MEMORY ACCESS TIME

Although cache memory systems can be evaluated in terms of
the dimensionless performance parameter, Ps, you often need to
calculate the actual access time for a specific system. This is
expressed by:

Ts = R((1 - M) Ter + MTmr) + WTw

Where:

Ts = Cache average system cycle time, averaged over
read and write
R = Percentage of memory cycles which are read cycles
= 85% typical
W = Percentage of memory cycles which are write cycles
= 15% typical
M = Miss rate of cache = 10+% typical
Tcr = Cache read cycle time
Tmr = Main memory read cycle time
Tw = Write cycle time: main memory for unbuffered write,
cache for buffered

For typical values:

Ts = 0.85(0.9Tcr + 0.1%mr) + 0.15Tw
= 0.765Tcr + 0.085Tmr + 0.15Tw

For unbuffered write and Tcr = 50ns, Tmr = Tw = 250ns:
Ts = 0.765(50) + 0.085(250) + 0.15(250) = 97.0ns

For buffered write and Tcr = Tw = 50ns, Tmr = 250ns:
Ts = 0.765(50) + 0.085(250) + 0.15(50) = 67.0ns

CACHE SYSTEM PERFORMANCE IN
TERMS OF CPU WAIT STATES

In many computer and microprocessor systems, the purpose
of the cache memory system is to eliminate CPU wait states,
clock periods where the processor is stopped waiting for the
memory. The cache performance calculations for this condition
are more properly expressed in terms of processor wait states as
follows:

Ncw = R((1 - M) Ncr + (1 - H)Nmr) + WNw
= RMNmr + WNw If: Ncr = 0 (no wait states for cache)
Where:

Ncw = CPU average number of wait states, averaged over
read and write
R = Percentage of memory cycles which are read cycles
= 85% typical
W = Percentage of memory cycles which are write cycles
= 15% typical
M = Miss rate of cache = 10+% typical
Ncr = Cache read cycle time wait states (typically 0)
Nmr = Main memory read cycle wait states
Nw = Write cycle wait states: main memory wait states for
unbuffered write, cache wait states for buffered

For unbuffered write and Ncr = 0 wait states, Nmr = 3 wait states:
Ncw = 0.085(3) 1Tm1 .15(3) = 0.535 wait states

For buffered write and Ncr = Nw = 0 wait states, Nmr = 3 wait
states:

Ncw = 0.085(3) + .15(0) = 0.255 wait states
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CACHE SYSTEM PERFORMANCE IN
TERMS OF CPU THROUGHPUT

The reason for adding a cache to a CPU is to improve through-
put by eliminating wait states. CPU throughput improvement, as
a result of adding a cache, can be expressed as the ratio of the
speeds before and after adding the cache. For our purposes,
CPU throughput improvement can be equated to memory
throughput improvement. CPU throughput for this case can be
defined as the CPU clock frequency divided by the number of
clock states per memory cycle. The speed improvement provided
by the cache can therefore be expressed as the ratio of the
throughput with the reduced number of wait states provided by
the cache to the throughput with full wait states:

_ felk/(No + Ncw)
fclk/(No + Nm)

= (No + Nm)/(No + Ncw)

Where:

fclk = Frequency of processor clock
N = Number of clock cycles per memory cycle
Ncw = Number of wait states for cache system (average)
Nm = Number of wait states for main memory
No = Number of processor states per memory cycle with
no wait states
Fc = Processor throughput relative to throughput without
cache

A 68010 microprocessor requires four clock states per mem-
ory cycle,i.e. No =4. Assuming a 12.5MHz clock and 250ns main
memory access time, Nm = 2 wait states. If we use the unbuf-
fered write case from the clock state analysis above, Ncw = 0.535.
The throughput improvement provided by the cache is therefore:

Fc = (4 +2)/(4 +0.535) = 6/4.535 =
1.32 = 32% throughput increase

This is equivalent to increasing the CPU clock speed from
12.5MHz to 16.5MHz.

CACHE MEMORY PERFORMANCE:
HOW MUCH DO YOU NEED?

A simple, direct mapped cache memory system, as described
above, is often the most cost effective design. In many cases, the
effort to decrease the miss rate beyond that of a simple design
may not be worth the increase in system performance.

For example, if Pc is greater than 0.20 corresponding to a
cache access time greater than 20% of the main memory access
time, it may not be cost effective to improve the hit rate above
90%. This is because there is a knee in the curve of performance
improvement versus miss rate at the point where Pc = miss rate,
as shownin Figure 10. In some cases, even the added expense of
buffered write may not be justified. To examine the relationship
between CPU throughput and miss rate, CPU thorughput
improvement versus miss rate for various microprocessors is
shown in Table 2.

Throughput Relative to Uncached System
Miss Rate 68010 68010 68020 RISC
Unbuttered Buffered Butfered Buffered
1.00 1.00 1.00 1.00 1.00
0.80 1.06 1.12 1.19 1.27
0.60 1.13 1.20 1.32 1.49
0.40 1.20 1.28 1.49 1.79
0.20 1.29 1.38 1.71 2.24
0.10 1.34 1.44 1.84 2.56
0.05 137 1.47 1.92 2.76
0.00 1.40 1.50 2.00 3.00
Table 2.

The data shown is for three CPU/cache systems. The 68010
microprocessor system has a 12.5MHz clock and a cache with
unbuffered write. The 68020 system has a 16MHz clock and a
buffered write cache. The RISC CPU assumes a 10MHz RISC
computer with a 10MHz clock and a buffered write cache, and
assumes one clock per memory cycle with wait states equal to an
integral number of clock cycles.

Using the data in Table 2, we can make an interesting compari-
son between chip count and performance gained over an
uncached system. Table 3 gives this comparison, showing the
chip counts, miss ratios, and performance improvement gain for
simple, depth expanded, and two-way set associative expanded
caches. The chip counts given are for the cache tag and data
RAM chips required, but do not include chip counts for the
control logic. One RAM chip is added for the two-way set associ-
ative case for the least-recently-used cache flag RAM.

Tag RAM 68010 Unbuffered 68020 Buffered RISC Buffered
Size Chips | Miss | Pert | Chips | Miss | Pert | Chips | Miss | Perf
8K 4 |o32|124]| 7 |o012|181| 7 |o012 ] 249
16K 8 |o22|128| 14 |009 | 186| 14 | 0.09 | 2.60
BK:8KSA. | 9 |017 | 131 15 | 007 | 189 | 15 | 0.07 | 268

Table 3.

Table 3 shows that the throughput improvement created by
expanding the cache above a minimum chip count design is
small. This table can be interpreted in two ways. In small systems
where the goal is to achieve high-performance at minimum chip
count, the table indicates that a mimum chip count cache is best
since it buys the most performance improvement per chip; dou-
bling the cache chip count purchased less than 10% further
increase in performance in all cases. In larger systems where the
goal is to achieve maximum performance at moderate chip
count, the table indicates that a further increase in performance
of 5-8% can be obtained by adding fewer than ten chips.

CACHE DESIGNS:
DIFFERENT WAYS TO MAKE ONE

The cache memory described above is a direct mapped cache.
It is a simple, commonly used design with respectable perfor-
mance. Further investigation into the technology of cache
memories will reveal a wealth of other approaches to cache
design. Much of the variety comes from attempts to maximize the
performance of relatively small cache memories typical of earlier
technology. Fortunately, there exists some data to help sort out
the relative value of the various approaches. This data is in the
form of studies on cache memory performance as a function of
cache size, organization, word width, etc., such as the excellent
work done by Prof. Alan Jay Smith of the University of California
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at Berkeley (see references). These studies provide background
and insight on how to achieve the highest performance out of
cache memory systems, as well as documentation of a wide
variety of cache schemes which do and do not work. The follow-
ing comments are intended to provide a simplified guide to, and
summary of, some of this data. The following comments are, in
large part, judgments and opinions derived from the data in
various reports and do not necessarily reflect the opinions of the
original authors of the data.

WHAT WE HAVE LEARNED ABOUT
CACHE MEMORY DESIGN

A simple, direct mapped cache as discussed above will give
good performance if it is large enough. The ultimate measure of
cache memory performance is its effect on system cycle time,
which is a function of cache cycle time relative to main memory
cycle time and the hit rate of the cache. Given a cache cycle time,
miss rate becomes the measure of cache performance. Improv-
ing cache perfomrance, therefore, means improving the hit rate.
However, a simple design with a moderate miss rate may be
sufficient for many applications, giving most of the performance
improvement that could be achieved by a more sophisticated
design.

Much of the work that has been done on cache architecture
and design was aimed at maximizing the performance of rela-
tively small caches, consistent with the capabilities of earlier
technologies. With today's technology, in the form of chips such
asthe IDT7174, we can easily make large cache memories at low
chip counts that are at the upper limit of the earlier technologies.
As a result, much of the sophistication required in smaller cache
designs, in order to achieve an acceptable hit rate, is not required
in today’s large cache designs.

CACHE ARCHITECTURE: DIRECT MAPPED
vs SET ASSOCIATIVE

A pure cache memory should be an associative memory, where
the cache contains all of the most recently used data words. The
direct mapped and set associative designs are approximations to
this which sometimes exclude recently used words when there is
more than one frequently used word per set. Fortunately, the
difference between associative, set associative and direct mapped
can be quantified. The ratios of miss rates for set associative and
fully associative, relative to the direct n.apped case, are shown in
Table 3A. Forexample, if the miss rate for adirect mapped design
is estimated at 0.20, the miss rate for a two-way set associative
design of the same size would be (0.78)(0.20) = 0.156.

What this chart tells us is that two-way set associative caches
have a significant performance improvement over simple direct
mapped caches, but there is little additional improvement
beyond four-way set associative designs. As was noted earlier,
the set associative method can often be included in depth
expanded cache designs where the two (or more) sets of cache
hardware required for the expansion can be arranged to work ina
set associative manner.

Cache Type Ratio of Miss Rate to
Direct Mapped
Direct Mapped 1.00
2-Way Set Assoc 0.78
4-Way Set Assoc 0.70
8-Way Set Assoc 0.67
Fully Associative 0.66
Table 3a.

CACHE SIZE

Cache sizes on commercial systems have tended to range
from 16K to 64K bytes. Caches smaller than 16K can have signifi-
cantly higher miss rates, while caches larger than 64K may not
significantly improve the miss rate. This is shown above in Table
1. Much work has been done on the relationship between cache
size and miss rate; however, most of this work is concerned with
small caches, 32K bytes and under. The IDT7164/IDT7174 com-
bination allows 16K byte cache memory design for 16-bit sys-
tems and a 32K-byte design for 32-bit systems using a minimum
number of chips, and can be easily expanded to 64K and larger if
desired.

WRITE THROUGH vs COPY BACK

There are two general approaches to handling the memory
write problem: write through and copy back. in the write through
approach, memory data is written into main memory as it is
received from the CPU. In the copy back mode, memory data is
written into the cache and flagged with a “dirty write” bit which
indicates that the word has been written into the cache but not
into the main memory. The cache data is copied into main
memory as a separate operation at some later time, and the dirty
write bit is cleared. There appears to be little performance differ-
ence between the write through and copy back approaches.
Since the write through approach is simpler in concept and
easier to implement, it is the most often used method.

WRITE BUFFERING

A significant performance increase can be achieved with a
single level of write buffering. Complete write buffering requires
more than one level of buffering to cover the case of two write
cycles closer together than the main memory write cycle time. A
FIFO can be used to buffer more than one word of write data;
however, the FIFO need be no deeper than four words, since no
further performance results from making it deeper.

SPLITTING THE CACHE:
INSTRUCTION/DATA, SUPERVISOR/USER

Splitting the cache into two smaller caches, one for instruc-
tions and one for data, seems like it would improve the hit rate;
however, it doesn't. In theory, the CPU spends most of its instruc-
tion cycles in a small part of the program. By caching these
separately from the more random data memory, the hit rate on
the instruction portion should be improved. Alas, the studies
show that splitting the cache into two pieces typically does no
better — and in some cases does a lot worse — than leaving the
cache in one piece. This is, perhaps, because the miss rate for
data is degraded by more than the hit rate for instructions is
improved.

LINE SIZE: MAIN MEMORY WORD WIDTH
vs CACHE WORD WIDTH

We have considered cache sizes where the CPU word width,
memory word width and cache data word width are the same
size. Performance improvement can result if the main memory
and cache words are wider than the CPU word. If the cache word
width (called the line size) is doubled the miss rate is cut almost in
half. This is because the next word the CPU wants from memory
is often the word adjacent to the one it just used. Increasing the
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line size by a factor of two will lower the miss rate by almost a
factor of two up to line sizes of 16 bytes and beyond. This is shown
in Table 4.

Cache Size Miss Ratio Reduction for Increasing Line Size
in Bytes Line Size (Size of Block From Main Mem to Cache)
4 bytes 8 bytes 16 bytes 32 bytes
4K 1.00 0.586 0.364 0.262
8K 1.00 0.581 0.345 0.222
16K 1.00 0.569 0.330 0.203
32K 1.00 0.564 0.324 0.194
Table 4.

There are two approaches to increasing line size in order to
reduce miss rate: by increasing the memory data bus width, and
by fetching a block rather than a word of data from memory.
Increasing the data bus width (from 16 to 32 bits, for example)
may be practical in some systems where additional performance
is desired.

The other alternative is to transfer a block of bytes to the cache
instead of a single word. This becomes significant in systems
where there is a delay before data transfer from main memory,
but where several words can be transferred quickly after the
initial delay. An example of this concept is the page mode in
dynamic RAM designs. In such a system, there may be an initial
latency of 200ns to begin a memory read cycle but, once started,
the memory may be able to transfer words at 100ns per word for
blocks of up to 256 words. In this case, a line (block) size of 2-4
words may be used to significantly reduce the miss rate with
moderate increase in the main memory cycle time.

SUMMARY

Cache memories have been extensively used in large computer
systems to improve performance. Cache tag RAM chips allow
this technology to be adapted to the small-to-medium system
design at reasonable cost. Simple, direct mapped cache designs
with low chip counts can be used to achieve significant perform-
ance improvements. High-performance and low miss rates
are possible with simple designs due to the high speed and
relatively large cache sizes possible with high-speed CMOS
technology.
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USING TWO CHIP SELECTS

TECH NOTE

ON THE IDT7198

Integrated Device Technology. Inc

By John R. Mick

The IDT7198 is a high-performance 64K CMOS static RAM.
Compared to the standard 16K x 4 static RAM, it features two
active low chip selects and an active low output enable. These
additional features provide the designer with a capability that he
can use to improve system speed.

The output enable can be used in systems to gate the RAM
data onto the bus at the required time. It is independent of the
memory access time and thus can be brought low (enabled) later
in the memory cycle. This means that other bus activity could be
present during the initial part of the access time of the RAM. The
benefit here, of course, is maximum bandwidth on the bus.

The advantages of two chip selects are probably not as
obvious as the use of an output enable control signal. The second
chip select can be used to advantage in high order address
decoding or memory block decoding and provides the opportun-
ity for these events to occur in parallel. This parallelism improves
system speed at no increase in parts count. This is easily demon-
strated in Figure 1. Here we see a memory with a single chip
select, shown in Figure 1A, and a memory with two chip selects,
shown in Figure 1B. Figure 1A shows the IDT74FCT521 8-bit
identity comparator connected in series to the IDT74FCT138

3-line-to-8-line decoder. The output of the decoder is then con-
nected to the single chip select of the RAM. This results in the
access time of the memory being equal to the summation of the 3
devices in series. Figure 1B shows the same devices only the
identity comparator and the 3-line-to-8-line decoder are each
connected to one of the chip selects on the RAM. This results in
the propagation delay of these devices occurring in parallel and
thus improving the overall performance of the system. The com-
parative speed advantage is 9ns commercial and 12.5ns military,
as shown in Figure 1.

Another method for chip select decoding is shown in Figure 2.
Here we see two IDT74FCT138s connected in a matrix arrange-
ment. By using this technique, we are able to perform decoding
on the equivalent of 64 different rows of RAM. Normally on a
RAM with only one chip select this would require nine
IDT74FCT138s. In this arrangement, only two IDT74FCT138s are
needed; thus, a savings of seven devices results, with an
improved propagation delay performance of one less device in
the series.

From these design examples, the design engineer can see the
advantages of two chip selects and an output enable.

IDT
Aq7.23 »| 74FCT521
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IDT
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IDT74FCT521 A—-0O 11ins 12.5ns
IDT74FCT138 E—~O 9ns 14ns
IDT7188 CS- Data 35ns 45ns
55ns 71.5ns

Figure 1A. Standard Memory Design Using One CS
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Figure 1B. Higher-Speed Memory Design Using Two CSs
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CMOS logic with
bipolar-enhanced I/0
rivals Fast TTL gates

Octal CMOS devices incorporating bipolar transistors
race neck and neck with the best low-power Schottky packages
on less than a tenth the operating power.

has progressed mightily in increasing

the operating frequency limits of TTL
devices, in the last reckoning the designer has
been left to resolve the ever present problem of
excess power. On the other hand, CMOS has ad-
vanced from its humble beginnings as a low-
power, low-speed technology to the point where
it can replace its TTL counterparts in many ap-
plications. The 54HCT (high-speed CMOS TTL-
compatible) family, for example, has speed and
output drive-current characteristics similar to
parts in the LS category of TTL devices. Unfor-
tunately, the designer must yet to some degree
grapple with the various power-vs-perform-
ance considerations.

A new CMOS collection of octal buffers,
latches, decoders, registers, and transceivers
for supporting high-speed memories and data
buses provides both the speed and output drive
of 7T4F (Fast) parts at only a fraction of the
operating power (Fig. 1). The IDT 54FCT (Fast
CMOS TTL-compatible) family sports typical
gate delays of 5 to 10 ns and delivers output cur-
rents of up to 48 mA over the full military range

n lthough the evolving Schottky technology

Marcelo Martinez, integrated Devices Technology

Marcelo Martinez, an expert in the custom design of
CMOS LSI microcomputers and controllers, is current-
ly design engineering manager at Integrated Devices
Technology in Santa Clara, Calif. He has a BS in phy-
sics and an MSEE from Berkeley.
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of voltage and temperature. With an average
power consumption of 20 mW (or a few micro-
watts in the standby mode), it is also a viable al-
ternative to Schottky and advanced Schottky
devices.

The family’s enhanced speed and output
drive at low operating power are attributed to a
proprietary 2-um, dual-metal-gate process
called CEMOS (see “Seeing Mostly Higher
Speeds,” p. 119), which is used to fabricate both
input and output stages having the unusual
combination of CMOS and bipolar devices.
These components create stages with low capac-
itance that minimize input currents and output
voltage swings, thereby creating low-power,
high-speed gates (Fig. 2a). Multiple contacts to
all drains and sources of the p-channel and n-
channel devices involved are used to minimize
the gates’ internal resistance, thereby allowing
them to drive larger loads than typical CMOS
gates can. Particular attention is paid to keep-
ing the gates’ source resistance as low as possi-
ble, which has a first-order influence on drive
because of the current-to-voltage feedback ar-
rangement used in this family.

Of prime importance is the push-pull output
stage, which employs two n-channel gates in
parallel with an npn transistor and a small-
signal p-channel device (Fig. 2b). The npn tran-
sistor clamps the output voltage to 4.3 V when
loaded by a TTL device (assuming a 5-V supply).
This configuration provides a high noise mar-

Copyright 1985 Hayden Publishing Co., Inc.
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gin for high-to-low signal transitions, even
when the output is loaded heavily. Further-
more, the switching times are reduced because
of the limited output swing.

Channeling the power

The most significant benefit of the series,
however, is its power-conserving character-
istics. The channel length of the 54FCT CMOS
devices is generally less than their 54HCT pred-
ecessors and so are the resulting internal gate
capacitances. The dynamic power consumed is
therefore proportionally less. In the FCT fami-
ly’s push-pull output driver stage, the relatively
large cross-over current required to switch a
given device is greatly minimized by deskewing
(offsetting) the predriver circuit. This unba-
lancing allows the device to switch at a fraction
of the usual dynamic supply current. Even at
10 MHz, the dynamic power drawn by the
IDTFCT 374 register buffer (which is the first
devicein the family) is only 6% of that required
by a Fast 374 and only 3% of the AS374 (Fig. 3).

(Note that worst-case parameters are exam-
ined. It is much more useful to compare worst-

case parameters than those commonly quoted
for typical-value operation. The actual values of
course, are determined by the circuit.)

When TTL devices drive a CMOS part, the
latter’s input buffer stage will draw power
when the input voltage is other than equal to
the supply voltage. When CMOS devices drive
FCT parts, however, the static power dissipa-
tion is much lower. Specifically, in the case of a
374 driver, the maximum current drain is only
0.16 mA, as compared to 85 mA when the
374 drives the Fast part and 140 mA for the
AS part.

Zilching the zaps

Each input has a 500-Q resistor driving the
junction of a grounded-base transistor and a
grounded-gate n-channel device to protect all
FCT devices against electrostatic discharges
that reach 1000 V or more. The n channel isat a
common point with the emitter of the npn tran-
sistor, and so the junction capacitances and
input-switching times are minimized.

Latchup, also a concern in CMOS devices, is
virtually eliminated. The FCT family will not

50 —
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1. The FCT family of bipolar-enhanced CMOS parts delivers the speed and
drive current of Fast, as well as of advanced and advanced low-power
Schottky TTL devices, but consumes less than a hundredth the static oper-
ating power. They are at least four times faster than earlier high-speed

CMOS parts.
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Seeing mostly higher speeds

The CEMOS method uses a 2-um, silicon-gate pro-
cess to allow CMOS parts to work at almost twice
their former speeds. CEMOS IIA, the version used
for the FCT family, employs a two-layer metalli-
zation technique (see the figure). Smaller effective
channel lengths make it about 40% faster than the
previously used CEMOS I (2.5 um) process.

That process yields, for example, 54HCT138 de-
coders with propagation delays of 8 ns, 10-mA out-
put drive, and 7-mW power dissipation over the full
military range of temperature and voltage supply
extremes. They operate more than 60% faster than
currently available HCT decoders do and are com-
parable in speed to 54ALS bipolar devices. CEMOS
IIB, a 1.5-um version, is further expected to offer a
20% increase in speed for both the FCT and a class of
9- and 10-bit-wide devices compatible with the AM
29800 series, which are slated for release later this
year.

The principal technologies that allow these finer
lines, fewer defects, and higher density are wafer-
stepping printing and the dry etching of thick films.
The most usual approach to fabricating an IC is to
cover a wafer with a photoresist and expose it to
light passing through a mask that is about the same
size as the wafer itself. This 1:1 technique presents
problems in aligning the mask when the tolerances
must be tight and when defects must be reduced to
less than 5/in..

These masking problems have been largely allevi-
ated by using wafer stepping, in which an image

about the size of a few individual dice is exposed to
only a fraction of the total area of a wafer. The im-
ageisplaced on aglassplate havinga1X reticle that
contains 2 to 15 dice in a patterned chrome field.
Then the plate is projected onto the wafer and is
sequentially stepped until the whole wafer is ex-
posed. Because only a small area of the wafer is ex-
posed at any given time, more precise masks and op-
tics can be used and mask defects can be greatly
reduced.

In order to scale the process horizontally, a dry
etch method is employed to maintain tighter control
of the nitride, oxide, polysilicon, and aluminum
films used. CEMOS II employs a plasma etcher,
which uses an electric field to control an ion gas that
etches only in the vertical plane. Thus much tighter
geometries are permitted. This technique overcomes
the main objections to the use of wet acids such
as hydrofluoric, which etch laterally as well as ver-
tically, thereby limiting the ability to produce finer
lines.

In practice, CEMOS I1A deposits oxide at low tem-
perature atop an etched pattern on the first metal
layer. This layer is used extensively to reduce the
resistance and inductance effects on internal supply
lines, thus minimizing noise and internal delays. In-
terconnection vias are then plasma-etched into the
oxide until the metal is exposed. A second layer of
metal is then deposited. This top metal layer is
etched with the pattern characteristic of the desired
circuit.

Thin oxide n~ substrate

Second metal layer

First metal layer

Field oxide

N

Polysilicon

8-57




DESIGN ENTRY
High-performance CMOS logic

lateh up, even for forced trigger currents as
high as 300 mA (for worst-case conditions of
125°Cand Ve = TV). A second type of latch-up
in CMOS devices, normally associated with ex-
cessive substrate current during fast switching,
is also eliminated by judicious selection of
supply voltages. Most CMOS devices suffering
from this malady run at supply voltages of 9 to
12 V; the operating voltages of the FCT family,
being compatible with TTL, runat 7 V.

Noise problems in a high-speed system con-
taining FCT devices will be no worse than in a
system built with Fast parts and will often

Vee
o

[

o —>o—0
500 Q

(a)

Derived from internal logic
(A,

30 Q Vou

(b)

2. A low-impedance RC circuit protects the standard
input circuit of an FCT chip from electrostatic dis-
charges exceeding 1000 V (a). An n-channel gate
npn tr stage keeps input itance low,
and the push-pull output stage is configured to fur-
nish a high noise margin (b). The npn transistor
clamps output swing somewhat, to reduce the
stage’s switching times.

yield an improvement. The designer need only
adhere to standard grounding practices. To be
more specific, he should use suitable supply and
ground planes to reduce inductive supply noise
and crosstalk in signal lines. Also, bypass
capacitors should be deployed throughout, one
per buffer and one for every pair of other logic-
type devices.

The value of the bypass capacitor is equal to
It/V, where I is the output current of the device,
tis the switching time, and V is the variation of
supply voltage due to noise. Assume the dynam-
ic load seen by an octal buffer is 50 @ and the
high-to-low output voltage transition is 4 V.
Thus the current demand is 80 mA. For eight
such devices in the part, each switched every
3 ns., the maximum current demand will be
640 mA. The required bypass value will thus be
0.02 uF, assuming that there is a 0.1-V drop in
Ve with noise.

As an added protection against ground noise,
the FCT family has 300 mV of hysteresis in the
clock and output enable lines. This amount of
swing also guards against slow-rising clock
pulses in heavily loaded enable lines. When the
input voltage is near ground, the device in-
creases Vi by 0.3 V to raise the trip level. Once
the stage switches, the trip level is lowered by 0.3
V. Thus, a slowly changing signal with noise on
it will not falsely trigger the device.

Taking the long route

Unlike the case with most other logic fami-
lies, the designer need not perform critical-
path or power-management analysis when
using FCT devices. Furthermore, the power
consumed is virtually a function of only fre-
quency, duty cycle, loading, and the voltage lev-
els of the systems. If incoming signals are at low
frequency and at logic levels that switch be-
tween the supply-rail values, the FCT devices
will draw a maximum static current approxi-
mately equal to I (that is, 160 uA). When oper-
ated at higher frequencies or at worst-case TTL
output levels (or both), the device will draw
more power, but the drain will still be well
below the power drawn by the equivalent TTL
device.

* Still, several things must be borne in mind in
interfacing these devices, especially with TTL
parts, if the designer is to maximize the power
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savings and minimize latch-up and noise.

Basically, direct interfacing of FCT parts
with Fast TTL devices yields immediate advan-
tages in noise immunity. The FCT’s input stage
exhibits a worst-case level of V;;, = 0.8 Vand Vi
= 2.0 V over the entire specified range of tem-
perature and voltage, the same as for TTL parts
(Fig. 4). But the FCT devices draw an input cur-
rent of less than 1 uA. When they are united
with TTL devices, therefore, the latter’s worst-
case Vi, and Vi levels will be close to their un-
loaded values of Vo,;,; = 3V, V,, = 0.2 V. Con-
sequently, the noise margin will be Voyup,
_V'Hr'c =1Vand V., —V,.‘FCT =(0.6Von
the high and low levels, respectively. Com-
paring these values with the Fast margins of
0.4 V and 0.3 V for TTL-TTL interfaces reveals
that the TTL-FCT interface provides superior
system noise margins.

When FCT parts are connected directly to
Fast devices, the output level will be limited to
about 4 V if Iy is less than 1.5 mA. The corre-
sponding fan-out is 75. A greater noise margin
(2 V) is thus maintained because the output
impedance of the FCT device is lower. For low
logic levels, the noise margin isatleast 3 V.

CMOS parts can be united with conventional
FCT interfaces, too, but at a sacrifice in noise

margin, because the FCT’s trip level is much
lower.

Of course, the best noise immunity is
achieved when a complete FCT logic system is
integrated, in which case the noise margins are
2.2V and 0.6 V. Although the power drain of
FCTs is inherently well below that of TTL, the
designer may utilize several techniques to re-
duce it further. The total power drawn by an
FCT-TTL interface is given by:

P= V(‘,(‘,I(TCCM()S + VCJCCTTL ND +
Vo' Cop + Vo Co

where Icrelates to quiescent current values for
the respective CMOS and TTL input require-
ments, N is the number of TTL inputs above Vi
atany given time, D is the duty cycle, and fis the
operating frequency. The summed internal
capacitance of all stages of the device being
driven is Cpp, Vo 1s the output voltage swing,
and C, is the capacitance of the output stage.
The obvious ways to reduce power dissipation
are thus to lower the frequency of operation, re-
duce the input duty cycle, or lower the number
of inputs that remain high at TTL levels. Low-
level input signals, especially those that suffer
from transient ringing, should be limited to

Power (mW)

Advanced Schottky

600 [~

Advanced low-power Schottky

Fast

400

—— Bipolar
== Bipolar-enhanced CMOS

0.7 mW/MHz
FCT

Clock frequency (MHz)

3. When an FCT octal register is driven by TTL devices, the dynamic power
drain of each stage is less than 6% that of a Fast register and only 3%

that of AS parts, below 10 MHz. The power consumed by the FCT register
when driven by CMOS parts is less than 1% that of Fast and AS registers.
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0.5 V below Vgs. The input protection afforded
by the FCT npn transistor will limit the voltage
internally, but additional current may flow
through the V¢ terminal.

For high-level logic levels, there is no extra
current flow because the n-channel device
breaks down at about 15 V. Nevertheless, input
ringing should be limited if the noise margin is
to be maintained.

Other techniques include reducing rise and
fall times and limiting the number of dec current
paths in a given circuit design. No matter what
power-conserving methods taken, the FCT-
TTL interface will consume no more than one
tenth the power of its FAST-TTL and AS-TTL
counterparts. Consider the case where a 374
shift register drives a 50-pF load on a bus run-
ning at 10 MHz. Assume that half of the reg-
isters switch at the worst-case Voy value of
2.4V, which represents a heavy TTL load of
1 mA. Also assume that the duty cycle is 50%.
Thus IC“’(‘, g 160 ﬂA, ICCT’I‘L =1 mA, N = 4, D
= 1/p, amdM = 10”. In addition, it is known that
Cpp = 30 pF, all additional working registers

have Cpp, of 3(15) = 45 pF, and C, = 50(4) =
200 pF. Given that Ve = 5.5,and V, = 3.5, then
P = 47 mW. With Fast or AS devices replacing
the FCT parts, P is found to equal 482 mW and
713 mW, respectively, given that Vo = 3.

The FCT device’s output can also be con-
nected directly to CMOS or any other conven-
tional TTL devices. When the output voltage is
below 1 V, the FCT presents an 8-Q impedance
to external buffers. The Io;, = 60 mA at 0.5V,
therefore the TTL fan-out is relatively high. Be-
tween 2 and 4 V, and FCT’s npn and n-chan-
nel combination provides an Iy of 30 mA for a
Vou of 2.4 V, and the resulting output imped-
ance is 80 Q. For high-level inputs (V¢c—0.2u),
the Ioy = 100 pA; the resulting high output
impedance is quite acceptable for interfacing to
CMOS devices.O

5
45 Fast-to-Fast Fast-to-FCT FCT-to-Fast FCT-to-FCT
4.4 p—— -— —_t——
4 j— Vou Vou
B
B V,
o OH
§ 3 b———————
o
j=J
S V
3 24 on /
L]
o
g /
3 2
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L
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o
-
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4. FCT-to-FCT interfaces have the greatest immunity to noise, though both FCT-to-

Fast and Fast-to-FCT setup

yield acceptabl

results. Fast-to-Fast links, to date

viewed as having a good noise margin, fall far short of the rest.
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High-density modules
suit military applications

Joe Kraus, Marketing Manager/Subsystems, Integrated Device Technology, Inc., Santa Clara, CA

The ability to produce integrated
circuits meeting the high-reliability
specifications associated with mili-
tary systems has taken a number of
years to develop. Special attention
has always been given to the
semiconductor process and circuit
design techniques to stimulate the
pursuit of the highest density and
speed with the lowest power possible
for monolithic devices.

This approach, however, is of a
one-dimensional nature—an increas-
ing demand in military systems for
portability, miniaturization and bat-
tery operation is forcing the industry
to take a closer look at the wide use
of space-inefficient DIP packages.

One of the first approaches was to
use flat packs. However, because of
their highly flexible leads, many
difficulties were incurred in testing
and handling. Additionally, prob-
lems associated with manufacturing
and processing increased the cost of
flat packs beyond the budgets of all
but the most area-limited military
programs. Most recently, the appar-
ent solution was the advent of
leadless chip carriers (LCCs).

LCCs come on the scene

Around 1978, LCCs began to
emerge as a viable packaging
technique, allowing substantially
higher board-level IC packing densi-
ty and overall system weight
reduction (see Figure 1). The
thought was that not only would
LCCs replace the cumbersome-to-
test flat packs used in high-rel/high-
density military programs, but would
eventually find their way into
commercial applications in which

system size was of major concern.

This obviously did not come
about, since system usage of LCCs is
still small.

One of the main problems that has
kept this idea from culminating as
quickly as planned has been the lack
of a variety of suitable methods to
attach the LCCs to the PC
boards—particularly in military ap-
plications requiring system tempera-
ture extremes, causing the difference
in thermal coefficient of expansion
(TCE) between the LCC and the
polyimide PC board to dislodge the
LCC (see Figure 2).

New packaging techniques

The solution was to develop
packaging techniques that would
take advantage of high-density LCCs
while presenting a highly reliable
component that could be mounted
using traditional techniques. Recent
advances in surface mounting tech-
niques, and further understanding of
the dislodged LCC phenomenon has
given rise to a module approach. In a
module, LCCs are mounted, top and
bottom, to a cofired ceramic
substrate matching the TCEs. The
substrate has a dual-in-line pin out
and thus can be mounted into the PC
board using traditional soldering
techniques. The module, therefore,
allows packing density equivalent to,
or higher than, LCCs with none of
the disadvantages, -achieving the
perfect marriage of old and new
packaging methods.

However, since military applica-
tions demand the highest level of
reliability, this packaging technique
can be thought of as a viable solution
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only after a thorough understanding
of the problems.

Thermal coefficient of expansion
problems

A better understanding of the
mismatching of TCEs can be
achieved by referring to Figure 3a.
In a case where the system is seeing a
large variation in temperature (tem-
perature cycling), the LCC, con-
structed of cofired ceramic, will
expand less than will the flexible
polyimide PC board. This difference
in expansion produces stresses that
will be absorbed by the flexible
solder joint. Given enough tempera-
ture cycles, though, the solder joints
may fatigue to a point of electrical or
even physical discontinuity. Match-
ing the coefficient of expansion of
the LCCs and the substrate or PC
board can alleviate this concern.
Integrated Device Technology’s
modular approach uses a ceramic
substrate constructed of identical
ceramic material and cofired in
exactly the same fashion as the
LCCs. As the system heats up and
cools down, the LCCs and substrate
expand and contract exactly the same
amount (see Figure 4 for substrate
construction).

Although temperature cycling
problems can be lessened in this
manner, a bigger problem can exist.
Figures 3b and 3c represent differ-
ences in TCE that result from power
cycling. In a power-up mode, the
LCC will heat up at a much faster
rate than the substrate since it is the
LCC that is generating the heat.
Until the heat can be transferred
through the solder joints and into the
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substrate, there will be a mismatch
of temperature and thus a mismatch
of expansion. Likewise, in a power-
down mode, the LCC will cool faster
than the substrate and again pose a
mismatch situation.

Although there is no perfect
solution to this problem, IDT has
minimized its effect by using only
extremely low-power CMOS compo-
nents, thus reducing the total
amount of heat generated by the
LCC and limiting the mismatching of
expansions.

Surface mounting techniques

No matter how much attention is.

given to the matching of TCEs, if the
LCC is not mounted with the proper
surface mounting technique, the
solder joint will still become a source
of problems. The proper surface
mounting technique is one that will
evenly heat substrate and LCC to the
ideal temperature to flow the
solder—with minimum overshoot.
The ideal process would be easy to
control, would remain clean, and
would produce the most reliable

Fig. 6a.. Poor solder wicking and ‘cold’ solder joints using forced-air technique.
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solder joint possible. Several tech-
niques were evaluated by IDT to
determine the fastest, most efficient
and, above all, most reliable.

Forced air—Either the LCC or
substrate is screened with a tin/lead
solder paste, assembled, then put in
a hot air furnace to heat the module
to the proper temperature, melting
the solder. This technique of heat
transfer is the most inefficient of all
the methods (see Figure 5) and often
leads to inadequate heating of the
module, producing cold solder joints
and inadequate wicking. Figure 6a
shows a typical part using a forced
air method. Notice the lack of solder
on the gold contact of the LCC, and
the appearance of ‘“cold” solder
joints, indicating improper heating.

Infrared—Similarly,  presilk-
screened LCCs are assembled onto
the substrate and subjected to an IR
heat source. In addition to being an
inefficient method of heat transfer
(see Figure 5), IR produces a
“shadow” effect, i.e., LCCs shielded
from the heat source by either the
substrate or other LCCs see substan-
tially lower heat than do the
non-shielded LCCs. This produces
temperature gradients in the mod-
ule, risking the possibility of
overheating some portions of the
module and inadequately heating
other portions.

Liquid immersion—Although a
relatively effective method of heat
transfer, liquid immersion is a very
unclean process, leaving a substan-
tial amount of residue on the module
after solder reflow. Although the
module can be cleaned, this proce-
dure is often so harsh that it attacks
critical areas of the assembly.

Vapor-phase reflow solder—
Vapor-phase reflow solder is the
method of choice. This is the most
efficient method of heat transfer (see
Figure 5) and produces the most
reliable solder connection.

A vapor-phase reflow solder
system (see Figure 7) consists of
vapor chambers with a heating
element at the bottom and a set of
cooling coils located roughly 4 and
24 of the way up the sides. A liquid




fluorinet (FC-70) is brought to its
boiling temperature (419F) to form a
vapor between the bottom of the
chamber and the primary cooling
coils. The primary cooling coils are
kept at 125 to 175F, thus condensing
the vapor to liquid to be reused.
However, when assemblies are
lowered into the vapor, the vapor
“blanket” is disturbed and very
costly FC-70 is lost to the ventilation
system. To minimize this loss, a
second vapor ‘“blanket” is formed
between the primary and secondary
coils consisting of trifluro ethane.
Since trifluro ethane has a boiling
point of 117F, it will not condense at
the primary coils, but forms a
secondary vapor that will condense
only at the secondary coils kept at

a well - controlled 60F.

Since the primary vapor (FC-70) is
kept at 419F, when modules with
LCCs mounted on them are lowered
in the vapor, the tin/lead eutectic
(melting point of 361F) melts and
flows evenly. The principal of
vapor-phase heating relies on the
condensation of saturated vapor on
the module. This condensation is
accompanied by the release of the
latent heat. of vaporization which, in
turn, causes the cool assembly to
heat rapidly (10 to 30 sec) and
uniformly.

Since the vapor condenses on all
sides simultaneously, the shape of
the module is not important. No
temperature gradients are incurred,
eliminating cold solder joints from

too low a temperature, or dissolution
of noble metals from too high a
temperature. In fact, the S58F
difference in temperature from the
FC-70, and melting point of the
tin/lead eutectic is ideal for maxi-
mum adhesion of the LCC (see
Figure 6b). Studies indicate that in
1.5 million solder connections less
than 0.1% defects were found.
From a manufacturing process
view, vapor-phase reflow has addi-
tional advantages. Surprisingly, the
placement of the LCC is not critical.
The high surface tension of the
solder will physically move the LCC,
assuring perfect alignment of the
LCC pad connections to the
tin-plated tungsten traces on the
substrate. IDT has taken advantage
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of this high surface tension to assure
adhesion of LCCs to the bottom of a
substrate, while additional LCCs are
mounted to the top—producing very
high packing density modules.

The use of FC-70 (chemically
inert) in vapor-phase soldering
eliminates the problem of lead and
contact oxidation since the reflow is
done in an oxygen-deprived environ-
ment. The inert properties of FC-70
also eliminate any flux charring,
etching, or polymerization, making
cleanup of the final module simple.
Military memory medules

Integrated Device Technology
uses the highly reliable vapor-phase
reflow solder technique in manufac-
turing extremely fast, low-power
CMOS static RAM modules.

IDT utilizes its existing line of very
fast 16K static RAMs, produced in
the company’s 2.5um, double-poly,
proprietary “CEMOS” 1 process.
Since “CEMOS” I produces the
fastest 16K CMOS static RAMs
available, the memory modules have
the highest performance possible.

The high packing density tech-

COMPONENT SCREENING PROCEDURES
PER MIL-STD-883, METHOD 5004, CLASS B

nique of mounting LCCs to both top
and bottom of a substrate allows the
construction of 64K RAM modules
with equivalent pinout and function
to proposed monolithic 64K static
RAMs. IDT’s volume production of
three organizations (8K X 8, 16K x
4 and 64K x 1) allows users to leap
the evolutionary boundaries of
monolithic devices by designing
today with 64K static RAM modules
that can be replaced with monolithic
devices when they become readily
available. In addition, because faster
16K static RAMs are used, speeds of
65 nsec over the full military
temperature range can be achieved,
outperforming the proposed specifi-
cations for 64K monolithics.
Parameter matching

Since a memory module is, in
reality, a small subsystem, the
interplay of component parameters
becomes an important considera-
tion. Expertise in manufacturing and
testing of the components becomes
an important asset. IDT takes
advantage of this knowledge of
manufacturing to prescreen each

component, analyzing a variety of
parameters and comparing those
parameters to characterization data
of modules, determining the per-
formance of the module before it is
even constructed. This painstaking
procedure reduces costly rework
and, more importantly, eliminates
the possibility of matching three
high-performance components with
a lower one, thus producing a
module with lower overall perform-
ance.
Rework

Rework of module assemblies is
an extremely simple procedure.
After identification of the problem,
the assembly can be reheated to
reflow any inadequate solder joints
or to remove a defective component.
The difficulties arise in identifying
the problem. A thorough under-
standing of the component interplay
and use of a unique cell pattern test
is critical for minimizing the amount
of rework.

A unique cell pattern test can
identify the exact assembly problem.
If a failure occurs at the same

FULLY ASSEMBLED MODULE SCREENING
PER MIL-STD-883, METHOD 5004, CLASS B

SCREEN TEST METHOD LEVEL SCREEN TEST METHOD LEVEL
Visual and Mechanical Burn:In
Internal Visual 2010, Condition B 100% Pre-Burn-In Electrical Per Applicable Device
High-Temperature Storage 1008, Condition C 100% Specification 100%
Temperature Cycle 1010, Condition C 100% Burn-In 1015, 160 Hrs. @ +125°C
Constant Acceleration 2001 100% or Equivalent 100%
Hermeticity Fine and Gross 1014 100% Temperature Cycle 1010 Condition C 100%
Burn-In Hermeticity
Pre-Burn-In Electrical Pgr Ap;f)licable Device Fine and Gross 1014 100%
pecification 100% " :
Burn-in 1015, 160 Hrs. @ FlSr::ItiEI?g('.‘f)lcal Tests a. At 25°C and Power
o ” o .
. . + 125°C or Equivalent 100% Supply Extremes 100%
Final Electrical Tests b. At Temperature and
Static (DC) a. At 25°C and Power Power Supply
Supply Extremes 100% Extremes 100%
b. At Temperature and
Power Supply Y Functional a. At 25°C and Power
Extremes 100% Supply Extremes 100%
Functional a. At 25°C and Power b. At Temperature and
Supply Extremes 100% Power Supply
b. At Temperature and Extremes
Power Supply (IDT imposed) 100%
Extremes -
(IDT imposed) 100% Sw'tghmg (AC) At 25°C and P
Switching (AC) or Dynamic  a. At 25°C and Power or Dynamic a ed E?(';rem%‘ger 100%
Supply Extremes 100% pPly °
b. At Temperature and
b. At Temperature and P
ower Supply
Power Supply Extremes
Extremes (IDT imposed) 100%
(IDT imposed) 100% P °
External Visual 2009 100% External Visual 2009 100%
Fig. 8.
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address in each device field, the
implication is a bad substrate or an
assembly problem with one or more
common address lines. Failure in one
device memory field indicates an
assembly problem with one device,
or a grossly mismatched component.
In a dynamic failure mode, a unique
cell pattern test can mask off all the
memory fields but one and charac-
terize the parameters of that
individual device. This is essential to
determining the overall performance
degradation of having one device
with lower performance than others.
Screening

To assure the most reliable module
possible, screening the components
and the module is important. IDT
processes all components to MIL-
STD-883, Level B for all military
applications. After assembly of the
module, additional screening is
performed to test mechanical inte-
grity and to ensure proper inter-

play of the components (see Fig. 8).

Right for the military
The availability of LCCs, advanc-

es in surface mounting techniques,
and a dedicated approach to
reliability make the module ideal
for military applications. System
employment of modules and familia-
rization with its performance advan-
tages will keep the military designer
ahead of the competition. Increas-
ingly higher-density modules can be
generated much faster and more
easily than can monolithic devices,
satisfying the higher-density needs of
today’s military systems. In addition,
because of their lower cost, custom
modules are applicable for systems
requiring only moderate quantities.
Unique organizations (X1, X9, X16
outputs), or unique functions (cache
memories, chip set combinations,
etc.), will allow tailoring the
components to the system rather
than the system to the component.
For additional information, con-
tact Joe Kraus, Product Marketing
Mgr., Subsystems, Integrated De-
vice Technology Inc., 3236 Scott
Blvd., Santa Clara, CA 95051,
408-727-6116. O

Reprinted from DESIGN NEWS October 10, 1983
©1983 CAHNERS PUBLISHING COMPANY
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HIGH-SPEED FIFOs
CONTEND WITH WIDELY
DIFFERING DATA RATES

Dual-port RAM buffer and a dual-pointer system provide
rapid, high-density data storage and reduce overhead.

by Michael J. Miller
Frank L. Toth

High-speed multiprocessors, ideally, store large
amounts of sequential data in minimum memory
space. They also transfer data between processors
that are operating at different data rates. One of the
most common buffer/storage architectures devel-
oped to meet these needs is the first-in, first-out
(FIFO) RAM buffer. Until now, FIFO storage has
used high-speed, high-power, but relatively low-
density, bipolar RAMS. Alternately, lower-speed,
higher-density MOS RAMS could be selected. Both
of these solutions, however, require the addition of
control circuitry, such as address counters, bus
buffers, and flag logic.

The Integrated Device Technology IDT 7201/7202
CMOS FIFO uses a dual-pointer system to provide
high-speed, high-density and low-power sequential
data storage. Model 7201 is a 512-location by 9-bit
wide FIFO. The 7202 FIFO is 1024 location by 9
bits wide. This chip offers an access rate of 50 ns,
and sports a dual-port RAM array with separate read
and write ports. It allows simultaneous asynchronous
reads and writes, eliminating the need for handshak-

Michael J. Miller is an engineering manager at
Integrated Device Technology (Santa Clara, CA). He
holds a BS in computer science from California
Polytechnic University.

Frank L. Toth is a marketing manager at Integrated
Device Technology. He holds an MBA from the
University of Santa Clara.

It

£

ing and bus arbitration. Two pointers within the
FIFO indicate the location within the RAM array
where the read or write will take place. When either
of the pointers reaches the last location in the FIFO
queue, the pointer is reset to the first location.

Three flags provide information about the status
of data within the array: an empty flag (EF), a full
flag (FF), and a half-full flag (HF). These status flags
provide a count of how many valid pieces of data
are in the memory queue.

Traditional FIFO designs have two sets of shift
registers to move data through the FIFO. One set
of registers holds the data. When data is placed in
the top register, it drops down and emerges at the
bottom. There is a second shift register, function-
ing in parallel, that contains flags. These flags show
whether the associated data element at the same
chronological position on the data queue is valid.

When data is written into the top location of the
data queue, a true flag is placed into the ‘‘valid-
bit”’queue. The length of the FIFO can be varied
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Addresses in the dual-point architecture of the IDT
7201 and 7202 are generated internally by the
pointers to perform first-in, first-out functions.

by allowing the data and its associated valid bit to
sink down into the next lowest location—as long as
there is no valid data there. This process forms a
stack of valid data. The timing of data down through
the queue is controlled by an internal clock. The
maximum latency, fall-through time is the product
of the maximum number of locations in the queue
and the clock length cycle. The valid-data bit, which
tells the system that data is present, is brought out
in parallel with the queue data.

Dual-pointer architecture

An alternative to this classic shift-register archi-
tecture is one which uses a RAM array and two
pointers. In this setup, the RAM array is 9 bits wide.
The pointers move sequentially through the data,
rather than data moving through the shift registers.
RAM dual-pointer architecture allows data to be ac-
cessed sequentially, eliminating the problem of fall-
through time. The write shows where new data will
be written. The read pointer indicates where data
will be read from the output. When either pointer
accesses its location, it is incremented. When a
pointer is incremented to the last location in the
array, it is reset to the beginning of the array. This
approach shortens the fall-through time and main-
tains a variable-length queue.

In a typical system cycle, the FIFO is reset, acti-
vating the empty flag (EF). As soon as data is writ-
ten into the RAM array, the empty flag is inactive.

The empty flag is not activated again until all data
has been read from the array. When the count of
data elements reaches more than half the number
of locations in the RAM array, the half-full flag (HF)
is activated. If a read reduces the count to just be-
low the half-way count, then the (HF) is deactivated.
The full flag is activated when the count of data ele-
ments is exactly equal to the number of locations
in the RAM array.

Wider FIFOs

Width and depth requirements vary widely according
to the application. Two expansion pins, one for input
(XI) and one for output (XO), enable unlimited
expansion of FIFO depth. For applications requir-
ing less than 1024 locations, the maximum width of
the IDT FIFO is 9 bits. Wider word width can be
achieved by operating the control signals of two or
more devices in parallel. With devices working in
parallel, status flags can be detected from any de-
vice. Two IDT 7201/7202 devices can configure an
18-bit word. Traditional FIFO architecture requires
more external circuitry to match the Input Ready
and Output Ready signals. This is necessary to ac-
count for the data differences in the internal, self-
generated clock frequencies.

Traditional FIFO design also increases fall-through
time of data in applications calling for deeper FIFOs.
Since FIFOs are connected end to end in the older
architecture, data takes longer to fall through. Fall-
through time, in fact, increases in direct proportion
to the number of devices.

With the two-pointer approach, however, the data
input and data output bus are connected. This pro-
duces a parallel-processing architecture that is
analagous to cascading standard RAM devices to
achieve deeper memories.

Device selection

Since FIFOs do not have chip selects and exter-
nal decoding mechanisms, the task of selecting
devices must be done internally. This control is
achieved through a unique serial structure. The first
(or master) FIFO is identified by grounding the FL
input. All other FIFOs in the structure must have
the FL input pulled up to Vcc. The XO output of
the first FIFO is connected to the XI input on the
next FIFO in the queue. The XO output of each
FIFO is connect to the XI input of the next, and so
on, until all FIFOs are serially connected.The XO
output of the last FIFO is then connected to the XI
of the first FIFO.

After a reset, the active read and write pointers
are in the first device. When the write pointer has
progressed to the end of the first FIFO device, it out-
puts a pulse on XO. This pulse activates the write
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pointer at the beginning of the next device, and
simultaneously deactivates the write pointer in the
first device. This passes write enable control to the
second device. The read pointer functions in the
same way, using a pulse on the XO output to activate
the read pointer in the next device while terminat-
ing the read pointer of the first device. The two
pointers form a ring structure, with the read pointer
always chasing the write pointer. The pointer enable
crosses the device boundaries by sending an XO
pulse onto the next device.

The read and write pointers are designed so that
they can never cross each other, even in cascade
mode. The XO pulse occurs simultaneously with the
read and write signals. When the last location is read
or written to, the XO output goes low with the read
or write enable input, then goes high when this sig-
nal goes high. Even though reads and writes are
asynchronous, there is no conflict between the write
and read pointer.

One special situation occurs when the FIFO is
empty, and the read and write pointers are at the
last location. The system cannot read from the FIFO
until the empty flag is deactivated. To solve this
problem, the empty flag output will go high after
the write pulse goes high. This ensures that the
XO pulse, indicating the write pointer, has been
passed on to the next device. The system will then
read the last location. At this point, another XO
pulse will be issued, transferring the read pointer.
The flow-through mode provides maximum per-
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I !
READ CONTROL (R) ' I

o
L

OUTPUT
EXPANSION
PIN (0)

L
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WRITE CONTROL (W)
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QUTPUT
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b) THE READ-FLOW-THROUGH CASE

FIFO is empty, and the read and write pulses are
separate and distinct (a). Read-flow-through mode is
invoked while the printers are at the device
boundaries (b).

formance and design simplification for systems
which are pipelined. The read-flow-through mode
is a special case where data is allowed to flow
through and empty the FIFO by lowering the read-
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Width expansion of the IDT7201 7022 for designs require more storage than 1024 by 9 bits. The parts
function in parallel, avoiding system performance degradation.
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In file server applications, high-speed FIFOs offer
lower costs and higher efficiency than other hard-
ware or software approaches. Assume the file
server is connected to a local area network (LAN)
on one side and a Winchester disk on the other.
Both I/0 connections demand attention at unpre-
dictable intervals and must be serviced on demand,
or data is lost.

A possible software solution would be to place
data into software FIFO queues as it arrives. When
afull record is buffered, processing begins. To im-
plement this solution, though, the data rates of both
interfaces would have to be low enough so that the
software code could poll the status of either 1/O
port. Also, the ports would have to be monitored
in case another user on the LAN makes a request.
These time-consuming tasks detract from system
performance.

One hardware approach to moving data in file
server applications uses hardware interrupts. Here,
an interrupt mechanism calis routines to move data
to and from the I/O ports and the software FIFO
queues. Interrupts allow one task to run at a time
and can switch to an I/O service routine at any in-
stant. An interrupt solution, therefore, must be
designed so that the interrupted task’s data is not
destroyed . Extra code is required to maintain the
state of the machine. This overhead may prevent
an interrupt during a critical time for a particular
piece of code. This would in turn require code to
disable and re-enable interrupts around the critical
sections. Also, the programmer must spend addi-
tional time proving that all possible sequences
caused by random interrupts will produce desirable
results. Typically, these complications outweigh
the faster execution hardware interrupts offer.

Direct memory access (DMA) offers another hard-
ware solution for a file server application. This ap-
proach monitors 1/O ports with a block of circuitry.
When the port requires attention, the DMA logic in-
terrupts the current task at the bus transfer level

The high-speed FIFO solution

and steals a memory cycle to transfer the data to
or from the port and the FIFO queue in memory.
Although memory cycles are lost, the effect is
mimimal when contrasted with the hardware inter-
rupt scheme, where a whole subroutine of many
cycles was executed to transfer each element of
data. A significant disadvantage of the DMA solu-
tion is that the DMA controllers are complex
devices which must be programmed and imple-
mented in the bus structure. In addition, since the
DMA mechanism can only serve one source at any
given instant, they act as a throughput bottleneck.

In file server applications, all of these solutions
move the mechanism that feeds data to or from the
FIFOs into program memory, away from the soft-
ware and closer to the /O port. Because both FIFO
queues are in memory, the memory bus remains a
bottleneck. Hardware FIFOs avoid this memory bus
bottieneck and boost system performance.

The processor would still interface to the FIFO
through an 1/0 port, but the FIFO would now be be-
tween the /O port and the rest of the hardware. The
software could service data at a steady rate with
no loss of data. without the problems or overhead
associated with more complicated schemes such
as interrupts or DMA. Because the queues are be-
tween the controller and the peripheral, the
peripheral can load or read the queue without inter-
rupting the controller. Since the controller is not
involved with maintaining both queues, there is no
possibility of lost data because one queue was be-
ing serviced while data for the other queue arrived.

Large FIFOs, such as the IDT7202 which is 1024
location by 9 bits, offer a minimum device count.
Assuming that there are two FIFOs (transmit and
receive) for each 1/0 port, then there will be only four
28-pin devices for the FIFO solution. The DMA ap-
proach, however, requires at least one 40-pin device
and several bus buffer/control devices as well. A
similar parts count can be expected with the inter-
rupt solution.

enable input before data is written into the FIFO.
When the empty flag (EF) is finally deactivated, sig-
naling a write from the input side, the receiving
circuitry can terminate the read cycle by reading
after the appropriate access time, then deactivate the
read signal.

The write-flow-through mode is used when the
read signal is full. The sending circuitry can antici-
pate a read by the receiving circuitry by lowering the
write input before the full flag (FF) is deactivated.
The receiving circuitry knows that the sending cir-
cuitry has read a location, freeing up a location to
receive new data. The sending circuitry then activates
the write input, writing data into the RAM array.
This flow-through mode means the full flag does not
have to be monitored before initiating a write cycle.

Hardware FIFOs are an economical memory or-
ganization to use when lists of data items are to be
buffered. Because they do not require an address to
access items in the list, there is less overhead in terms
of both circuitry and access time.

Reprinted with permission from Computer Design — September 1, 1985 issue.
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16-by-16-bit multipliers
fabricated in CMOS
rival the speed of bipolars

A pair of CMOS parallel multipliers sports a 65-ns clock
multiplication time, allowing them to substitute for bipolar
equivalents in digital signal-processing circuits.

he mathematical theories behind digital
I signal-processing systems have been
around for decades, but not until the ar-
rival of inexpensive dedicated ICs could de-
signers readily implement complex digital
signal-processing systems. Their availability
opens up a wide variety of applications in such
areas as real-time speech processing and pat-
tern recognition, not to mention radar and
spectrum analysis.
Digital signal processing consists mostly of
a series of multiplications and additions—
with the multiplications taking up the most
time. Thus one of the primary building blocks
in any such system is a parallel multiplier that
handles large numbers quickly. Fortunately,
digital signal processing no longer need de-
pend on power-hungry bipolar multipliers to
obtain the requisite speed. A pair of CMOS
multipliers—which give designers all the ad-

Frank Lee, Chun P. Chiy, and Frank Toth
Integrated Device Technology Inc.

After working on silicon-on-sapphire technology at
Heuwlett-Packard’s Cupertino Division, Frank Lee
helped to found IDT in Santa Clara, Calif., in 1981. He
is currently director of product development.
Cofounder Chun P. Chiu also came from HP'’s Cup-
ertino Division, he is now IDT’s director of DSP de-
sign engineering.

Before joining IDT last January as marketing manag-
er for the DSP Division, Frank Toth was marketing
manager for microprocessors at Synertek.

Reprinted from ELECTRONIC DESIGN- June 14, 1984
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vantages inherent in that process—are now
available that are as fast as many of their bi-
polar equivalents.

Some specifications

The two parallel 16-by-16 bit multipliers
operate with a 65-ns clock multiplication time
and a typical power consumption of only 200
mW, which is less than Viz that of comparable
bipolar devices. This power advantage de-
mands no sacrifice in speed and is achieved
through the use of a CMOS technology known
as CEMOS-I.

The architecture of the duois relatively sim-
ple, with each multiplier consisting of three
sections: An input-register arrangement for
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Semiconductor Technology: Fast CMOS multipliers

two 16-bit numbers (X and Y), an asynchro-
nous multiplier array, and an output-register
arrangement. The last includes a multiplexer
that supplies two output paths for the final
product (Fig. 1).

The differences between the two multipliers
show up mainly in their clocking configura-
tions. The IDT7216 features four independent
clocks, one for each of the circuit’s two input
and two output registers (CLKX, CLKY,
CLKL, CLKM). The clocks can thus be ar-
ranged to simplify the design of a digital
signal-processing system and to maximize its
throughput. The IDT7217, on the other hand,
employs only a single clock for all the registers,
which makes it suitable for pipelined micro-
programmed systems. It also furnishes sep-
arate register-enable signals (ENX, ENY, and
ENP).

Identical twins, almost

Except for the different clocking and en-
abling schemes, the devices are identical. In
both circuits, a multiplication is performed by
an array of adders in accordance with a mod-
ified Booth’s algorithm with a 4-bit carry-
look-ahead circuit, which helps achieve the re-
quired high speed. All of the input registers, as
well as the output registers for the least signif-
icant product (LSP) and the most significant
product (MSP) use the same positive-edge-
triggered D-type flip flops.

In operation, the two numbers to be multi-
plied are fed into separate X and Y registers,
which also receive two signals (Xyand Yy) that
identify whether the input is in the form of an
unsigned magnitude or a two’s complement.
Consequently, users are able to multiply
mixed-format inputs.

Routing the output

Once the multiplication is carried out, a For-
mat Adjuster (FA) signal converts the 32-bit
output into the desired format: either a full
32-bit product or a left-shifted 31-bit product
with the sign bit replicated in the LSP. The
data then passes into two 16-bit latch reg-
isters, onefor the LSP and another for the MSP
part of the output. Each 16-bit segment of the
total product can be clocked out separately
through the multiplexer under the control
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1. Two nearly identical versions of the 16-by-16-bit
parallel multiplier are available. The IDT7216 (a)
supplies four separate clock-input ports for the two
16-bit input registers and the two 16-bit output reg-
isters. The IDT7217 (b) furnishes a single clock input
for all the registers but three separate register-
enable signals.




of the Most Significant Product Select
(MSPSEL) signal.

Additionally, the output from the LSP reg-
ister can be routed to the Y 1/0 port by means
of the output enable (OEL) signal, which con-
trols a three-state output buffer. When the in-
putand the output data need not belatched, the
Feedthrough (FT) control signal is available to
make the MSP and LSP registers transparent.

The twelvefold power advantage of the new
multipliers is a result of the aforementioned
CEMOS-I process, a 2.5-um double-polysilicon,
dual-well technology that employs a lightly
doped substrate and cuts cost by obviating the
need for an epitaxial layer. With the process,
thedelayof aninverteris amere(0.430nsat5V.

On the level

Moreover, since CMOS devices draw power
only while switching from one level to another,
slowing down the device further decreases the
multipliers’ power requirements so that it
drops below the full-speed figure of 200 mW.
Such power savings not only reduce both ther-
mal stress and power supply costs, but equally
importantly they allow the designer the option
of housing a complete system in a smaller
package. That freedom is made possible be-
cause elaborate heat-sinking apparatus such
as heat rails, cooling pipes, and fans are usual-
ly not required.

At the same time, the size of the printed
circuit board may be significantly reduced.
For example, a system of 12 bipolar multi-
pliers, each in a 64-pin package, takes up 36.84
in.”. Additionally, the thermal expansion and
power dissipation problems of such a 3.5-W de-
vice are quite substantial. However, with the
CMOS multipliers housed in 900-mil leadless
chip carriers, the same system can be squeezed
into less than 15.36 in.”.

Beat the heat

An added bonus of the leadless chip carriers
is that their lead capacitances are about half
those of a typical DIP, thereby reducing inter-
connection propagation delays. Also, the chip
carriers weigh approximately V10 as much as
an equivalent DIP.

Finally, beyond its low power dissipation,
the CMOS design also ensures a wide tempera-

ture tolerance. Since the CMOS process inte-
grates both n- and p-type devices on one chip,
the data output is able to employ an npn tran-
sistor asa pull-updevice and an n-channel FET
as a pull-down circuit. Doing so takes advan-
tage of the fact that increasing temperature
slows down FETSs but speeds up npn bipolar
transistors. The result is a device whose multi-

Operand A Operand B
(64 bits) (64 bits)
|Sign| Exponent | Fraction | [Sign | Exponent T Fraction |
11 T 52 T b1 I 52
Hidden bit
-~ (always = 1)
53
Adder X 53 ”vidden bit
—\/-‘ (always = 1)
Muitiplier
53
Normalize |
’l‘ 106 bits
Round and adjust ]
(S 1 T 52
Product C
|sign| Exponent | Fraction ] "6 bits)

(a)

ISign(8) | Exponent(E) [ Fraction, or significand (F) |
1 bit 11 bits 52 bits
Implicit
binary point
Nominal value = —15(1.F) 28~ 102

(b)

2. The multipliers can be put to good use in high-
speed floating-point applications such as a 64-by-
64-bit circuit (a). The operands employed follow the
IEEE double-precision standard (b), which desig-
nates the first bit as the sign, the next 11 bits as a
number’s exponent (a power of 2), followed by a
53-bit fraction. In the multiplication process the
fractions are multiplied as integers and the expo-
nents are merely added.
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plication time varies little over the military
temperature range. Moreover, its output swing
is symmetrical from rail to rail.

Naturally, the self-heating effects of bipolar
devices that produce excessive die-surface
temperatures and lower overall device reli-
ability are absent. Also absent is an old CMOS
problem—latch-up. Large input overshoots,
which cause noill effect in bipolar circuits, can
result in latch-up with some types of CMOS de-
vices. That problem occurs when the close
proximity of p- and n-channel elements form
what is essentially a silicon controlled recti-

fier. In the multiplier designs, latch-up is sup-
pressed through the selective use of guard
rings, which were designed into the chip after a
careful analysis of all possible latch-up paths.
As aresult, no adverse latch-up effects should
be observed with as much as 800 mA applied to
the I/0 pins.

No static

Another significant problem familiar to
users of CMOS, especially in systems operating
in harsh environments, is damage due to elec-
trostatic discharges. However, the several

Operand Y
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= - v >
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3. In an array of sixteen 16-bit CMOS multipliers, two 64-bit operands are multiplied
in combinations of 16 by 16 bits and the partial products added to produce a 128-bit
output. The six partial products shown in color make no contribution to the 64 MSBS.
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forms of input protection circuitry employed
in the multipliers, such as large-area gate-
modulated diodes, protect against electro-
static discharges to 5000 V. Thus with the ma-
jor problems generally associated with CMOS
solved, especially its speed limitation, applica-
tions for the pair of multipliers abound.

Floating-point arithmetic, for instance, de-
mands high-speed multiplication. Virtually all
popular 16-bit microprocessor families have
coprocessors that are able to carry out such
precise floating-point operations. Moreover, a
new standard on binary floating-point arith-
metic, IEEE 754, has been widely adopted. It
designates 32-bit single-, 64-bit double-, and
even 80-bit extended-precision output prod-
ucts, all of which are finding wide use in en-
gineering workstations for mechanical and
electrical simulation, matrix inversion, and
awide variety of other scientific digital signal-
processing applications.

However, although performing an arith-
metic operation in tens of microseconds might
be a satisfactory rate for simple problem solv-
ing, designers are increasingly faced with the
need to speed up floating-point operations be-
cause of the growing complexity of data pro-
cessing applications, especially interactive de-
sign work. Accordingly, the computing power
of large array processors is now required in
small table-top workstations.

The 64-bit question

Even though the 32-bit microprocessors and
related chip sets now emerging offer some
hope of carrying out floating-point operations
at high speed and with single precision—the
64-bit double-precision format is another
matter. In the past, buiky high-power bipolar
devices were the designer’s only choice. Now,
the CMOS multipliers supply a more attractive
alternative.

For instance, consider a common config-
uration for a 64-bit floating-point multiplier
that employs the IEEE double-precision for-
mat (Fig. 2). During a multiplication, the
11-bit exponent field of the format is calcu-
lated using just simple addition. Calculating
the fractional (significand) field, on the other
hand, involves the multiplication of two 53-bit
integers, which generates a 106-bit product. If
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the IEEE standard’s precision requirement is
relaxed to allow a 64-bit product, the signifi-
cand multiplication can be handled by an array
of 10 multipliers.

At first glance it would seem that 16 multi-
pliers are needed (F'ig. 3). However, only the 10
most significant partial products contribute to
the 64 MSBs of the final product. Thus the low-
er 6 partial products do not have to be produced
and added. In that way, six multipliers and 12
adders can be eliminated.

A partin every port

As mentioned earlier, the 32-bit products
from each individual multiplier in the array
can either be multiplexed out of the single
16-bit product port in two parts or both parts
can be delivered simultaneously, one through
the product port and the other through the
shared Y-operand I/0 port. Naturally, for the
greatest speed and the minimum amount of
hardware, the Y I/0 port should be shared,
which is easily done merely by disabling the Y
input mode of each circuit after the multiplier
has been loaded.

Also contributing to the high speed of the
multiplier array is the fact that all the multi-
pliers are loaded simultaneously and produce
their output only one multiplication-delay lat-
er: Just the summed partial products propa-
gate through the array. Finally, the rounding
(RND) input signal is not enabled individually
for partial products but is activated at the end
of the overall multiplication based on the
precision requirements for the final output
product.

Indeed, the advantages of the CMOS parallel
multipliers are most dramatically demon-
strated wherever large arrays of high-speed
multipliers are needed. It should be kept in
mind, though, that the combination of low
power, small size, and high speed that the 7216
and 7217 offer are important benefits in any
application—even if only a single multiplier is
used.o




QUALITY CONFORMANCE PROGRAM

COMMITMENT TO QUALITY

Integrated Device Technology's monolithic and modular hermetic products
are designed, manufactured and tested in accordance with the strict
controls and procedures required by Military Standards. The
documentation, design, processing and assembly criteria of our Quality and
Reliability Assurance Program were developed using MIL-M-38510 as the
guideline.

Product flow and test procedures for all monolithic hermetic Military Grade

products are in accordance with MIL-STD-883. State-of-the-art production
techniques and computer-based test procedures are coupled with stringent
controls and inspections to ensure that products meet the requirements for
100% screening and quality conformance tests as defined in MIL-STD-883,
Methods 5004 and 5005.

Product flow and test procedures for all modular hermetic products are
patterned after the 100% screening and quality conformance requirements
of MIL-STD-883.

Product flow and test procedures for all plastic products are in accordance
with industry practices for producing highly reliable plastic molded products.
State-of-the-art production techniques and computer-based test procedures
are coupled with stringent controls and inspections to ensure that products
meet the requirements for 100% screening and quality conformance tests.

By maintaining these high standards and rigid controls throughout every
step of the manufacturing process, IDT ensures that our Military and
Standard Grade monolithic and modular hermetic products consistently
meet customer requirements for quality, reliability and performance.
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SUMMARY PLASTIC PRODUCT

PROCESSING FLOW

Wafer Fabrication. Humidity, temperature and particulate
contamination levels are controlled and maintained according to
criteria patterned after Federal Standard 209, Clean Room and
Workstation Requirements. All critical workstations are maintained at
Class 100 levels or better.

Topside passivation is applied to all wafers for better moisture barrier
characteristics.

Wafers from each wafer fabrication area are subjected to scanning
electron microscope analysis on a periodic basis.

Die-Sort Visual Inspection. Wafers are cut and separated and

the individual die are 100% visually inspected to strict internal criteria.

Die Push Test. To ensure die attach integrity, product samples are
routinely subjected to die push tests.

Wire Bond Monitor. Product samples are routinely subjected to
wire bond pull tests to ensure the integrity of the lead bond process.

Pre-cap Visual. Before the package is molded, 100% of the
product is visually inspected to criteria patterned after MIL-STD-883,
Method 2010, Condition B.

Post Mold Cure. Plastic encapsulated devices are baked to insure
an optimum plastic seal so as to enhance moisture barrier
characteristics.
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10.

11.

Pre-Burn-In Electrical. Each product is 100% electrically tested at
Ta = +25°C to IDT data sheet or customer specifications.

Burn-In. Standard Grade products are burned-in 40 hours or
equivalent on memory devices, 16 hours or equivalent on VLSI logic
devices and may be obtained as an option on MSI logic family
devices (FCT, AHCT and 39C800) utilizing the same burn-in
conditions as the Military Grade product.

Post-Burn-In Electrical. After burn-in, 100% of the plastic product
is electrically tested to IDT data sheet or customer specifications at
+25°C and the maximum temperature extreme. The minimum
temperature extreme, is tested periodically on an audit basis.

Mark. All product is marked with product type and lot code
identifiers.

Quality Conformance Inspection. Samples of the plastic product

which have been processed to the 100% screening requirements of
Table | are subjected to the periodic Inspection Program as outlined in
Table Il. Where indicated the test methods are patterned after
MIL-STD-883 criteria.
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TABLE |
PLASTIC PACKAGE PRODUCT FLOW

WAFERS
Q = QUALITY INSPECTION | 100% SAW
ALL OPERATIONS SHOWN ARE WASH
100% PROCESSING STEPS
UNLESS OTHERWISE INDICATED |
VISUAL

OPTICAL INSPECTION

OPTICAL INSPECTION
¢ Q LTPD SAMPLE
INCOMING
LEAD FRAME S
AQL SAMPLE
INCOMING
DIE ATTACH
EPOXY Q ’
AQL SAMPLE
FRAME LOAD
EPOXY DIE ATTACH
AND CURE
DIE ATTACH
«— a PUSH TEST
SAMPLE
INCOMING GOLD
WIRE AQL SAMPLE Q —
THERMASONIC
WIRE BOND
LEAD BOND
«— PULL TEST
SAMPLE
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TABLE | Continued...

PRE-CAP OPTICAL
INSPECTION

PRE-CAP OPTICAL INSPECTION
¢ Q LTPD 5/ACC NO. 2

INCOMING
MOLDING COMPOUND Q —
AQL SAMPLE

ENCAPSULATION/MOLD

CHEMICAL
DEFLASH

POST MOLD
CURE

MECHANICAL
DEFLASH

TRIM/FORM/
SINGULATION

SOLDER DIP

OPEN/SHORT TEST
LTPD SAMPLE

EXTERNAL
VISUAL

PRE-BURN-IN
ELECTRICAL TEST +25°C
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TABLE | Continued...

BURN-IN BIASED/DYNAMIC AT +125°C

40 HRS OR EQUIVALENT ON MEMORY DEVICES

AND 16 HRS OR EQUIVALENT ON VLS| LOGIC DEVICES
AND MAY BE OBTAINED AS AN OPTION ON MSI LOGIC
FAMILY DEVICES (FCT, AHCT AND 39C800)

POST BURN-IN
ELECTRICAL TEST +70°C

——

PDA <10%

Q ELECTRICAL TEST QUALITY

SAMPLE LTPD 5/ACC NO. 1 +70°C

TOPSIDE MARK

LEAD STRAIGHTEN

100% ELECTRICAL
QUALITY TEST +25°C

<4—— PDA <5%

SHIPPING
INSPECTION GATE
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TABLE |
SUMMARY
PLASTIC QUALIFICATION/PERIODIC INSPECTION PROGRAM

28-8

QUALITY LEVEL
MAXIMUM
SEQUENCE AND TEST DESCRIPTION LTPD | SAMPLE SIZE/ACCEPT NO.

SEQUENCE A: ELECTRICALS

P M % EACH INSPECTION LOT. — 100PPM
SEQUENCE B: PACKAGE/PROCESS

PERFORMED EACH 8 WEEKS, EXCEPT FOR B-6, FOR EACH PACKAGE FAMILY.
B-1 PHYSICAL DIMENSIONS, MIL-STD-883, METHOD 2016 - 2/0
B-2 RESISTANCE TO SOLVENTS, MIL-STD-883, METHOD 2015 — 8/0
B-3 SOLDERABILITY, MIL-STD-883, METHOD 2003 15 25/1
B-4 RESISTANCE TO SOLDERING HEAT, 260°C FOR 10 SECONDS 10 38/1
B-5 AUTOCLAVE: UNBIASED, 2 ATM SATURATED STREAM, +121°C, 96 HOURS - 100/1
B-6 ESD SENSITIVITY, MIL-STD-883 , METHOD 3015, CAT. A, PERFORMED FOR INITIAL - 15/0

QUALIFICATION ONLY.
SEQUENCE C: PACKAGE/CHIP

ERFORMED EACH 9 MONTHS MAXIMUM

C-1 STEADY-STATE LIFE TEST, MIL-STD-883, METHOD 1005 +125°C, FULLY DYNAMIC, 1000HR. 5 105/2
c-2 MOISTURE LIFE TEST, 85°C/85%RH, STATIC BIAS, 1000HR. 5 105/2
SEQUENCE D: PACKAGE DESIGN

P H 9 MONTHS MAXIMUM ON EACH PA E FAMILY F

ASSEMBLY LOCATION,
D-1 LEAD FATIGUE, MIL-STD-883, METHOD 2004, CONDITION B, 15 3472
D-2 THERMAL SHOCK, MIL-STD-883, METHOD 1011, CONDITION A, 0-100°C, 15 CYCLES 5 105/2
D-3 TEMPERATURE CYCLING, MIL-STD-883, METHOD 1010, CONDITION D, 5 105/2

-65°C TO +150°C, 100 CYCLES.




SUMMARY OF MONOLITHIC HERMETIC

PRODUCT PROCESSING FLOW*

All test methods refer to MIL-STD-883 unless otherwise stated.

1.

Wafer Fabrication. Humidity, temperature and particulate
contamination levels are controlled and maintained according to
criteria patterned after Federal Standard 209, Clean Room and
Workstation Requirements. All critical workstations are maintained at
Class 100 levels or better.

Die-Sort Visual Inspection. Wafers are cut and separated and
the individual die are 100% visually inspected to strict internal criteria.

Die Shear Monitor. To ensure die attach integrity, product
samples are routinely subjected to a shear strength test per Method
2019.

Wire Bond Monitor. Product samples are routinely subjected to a
strength test per Method 2011, Condition D, to ensure the integrity of
the lead bond process.

Pre-Cap Visual. Before the completed package is sealed, 100% of
the product is visually inspected to Method 2010, Condition B criteria.

Environmental Conditioning. 100% of the sealed product is

subjected to environmental stress tests. These thermal and
mechanical stress tests are designed to eliminate units with marginal
seal, die attach or lead bond integrity.

Hermetic Testing. 100% of the hermetic packages are subjected to
fine and gross leak seal tests to eliminate marginally sealed units or
units whose seals may have become defective as a result of
environmental conditioning tests.
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10.

11.

12,

Pre-Burn-In Electrical. Each product is 100% electrically tested at
Tp =+25°C to IDT data sheet or customer specifications.

Burn-In, 100% of the Military Grade product is burned-in under
dynamic electrical conditions to the time and temperature
requirements of Method 1015, Condition D.

Post-Burn-In Electrical. After burn-in, 100% of the Class B Military
Grade product is electrically tested to IDT data sheet or customer
specifications over the -55°C to +125°C temperature range. Standard
Grade products are sample tested to the applicable temperature
extremes.

Mark. All product is marked with product type and lot code identifiers.

Quality Conformance Tests, Samples of the Military Grade
product which have been processed to the 100% screening tests of
Method 5004 are routinely subjected to the quality conformance
requirements of Method 5005.

* For quality requirements beyond Class B levels, such as SEM analysis,
X-ray inspection, particle impact noise detection (PIND) test, Class S
screening or other customer specified screening flows, please contact
your Integrated Device Technology sales representative.
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= QUALITY SAMPLE
INSPECTION

INCOMING
PREFORM
(AQL SAMPLE)

INCOMING
SIDEBRAZE
PACKAGE
(AQL SAMPLE)

INCOMING WIRE
(AQL SAMPLE)

MILITARY GRADE PRODUCT FLOW

HERMETIC PACKAGES MIL-STD-883
(SEE NOTE 1) JEST METHOD
WAFERS NA
SAW
WASH
WAFER BREAK
VISUAL SORT
VISUAL INSPECTION
VISUAL INSPECTION
— Q LTPD 71
SAMPLE
Q
Q _’
DIE ATTACH
DIE ATTACH
< Q PUSH TEST 2019  >2.5kg
SAMPLE
Q __p
WIRE BOND N/A
LEAD BOND
— Q PULL TEST 2011 >3.0g
SAMPLE L
v
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PRE-CAP VISUAL

Q LTPD S

INCOMING
LIDS Q |—»
(AQL SAMPLE)
FLATPACK
FORM | 00
ATTACH BUMPER| TOPBRAZE
CHIP ONLY

ACCNO.=2

SEAL

BACK MARK

STABILIZATION BAKE

TEMP CYCLE

CENTRIFUGE

FINE LEAK TEST

GROSS LEAK TEST
(100%)

TRIM

PRE-CAP VISUAL

TEST METHOD

2010

2010

N/A

1008
CONDC

1010
CONDE

2001
CONDE

1014
COND A
orB

1014
CONDC

COND.B

COND.B

PROVIDES LOT
TRACEABILITY

24HR/150°C

10 CYCLES
-65°C TO +150°C

Y1 DIRECTION
30KG (PKG < 5g)
20KG (PKG > 5g)

<5.0X10°8
CC/ATM/SEC.




BURN-IN

4¢— PDA

Q

— Q

FINISHED
GOODS-UNMARKED

!

HERMETICITY
SAMPLE FINE
AND GROSS LEAK
TESTLTPD 5/1

EXTERNAL VISUAL

PRE BURN-IN
ELECTRICAL TEST

I POST BURN-IN
ELECTRICAL TEST
(SEE NOTE 2)

5% PDA
(SEE NOTES 2 & 5)

ELECTRICAL
HIGH TEMP
(SEE NOTE 2)

ELECTRICAL TEST
QUALITY SAMPLE
LTPD 3/MAX ACCEPT 1
(SEE NOTE 2)

ELECTRICAL
LOW TEMP
(SEE NOTE 2)

ELECTRICAL TEST
QUALITY SAMPLE
LTPD 5/MAX ACCEPT 1
(SEE NOTE 2)

-STD-

1014

N/A

5004

1015

5004

5004

5004

5005

5004

5005

FINE: COND AorB
<5.0 X 108
ATM/CC/SEC.

GROSS: COND C

(+25°C)

(+25°C)

(+135°C)

(+135°C)

(-58°C)

(-58°C)
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JEST METHOD
TOPSIDE MARK
LEAD STRAIGHTEN
SOLDER DIP
(CERDIP PACKAGES
ONLY)
HERMETICITY SAMPLE 1014 8
NDITION AORB 5.0 X 10"
Q LTPD 5/MAX ACCEPT NO.=1 2%,, ICC/SEC 0
FINE/GROSS LEAK (SEE NOTE 3) CONDITION G
100% ELECTRICAL TEST .
QUALITY GATE 5004 (+25°C)
PDA< 2%
(SEE NOTE 4)
EXTERNAL VISUAL
INSPECTION 2009
PACK
QUALITY SAMPLE - BOX STOCK
«— a BUY-IN EXTERNAL VISUAL 2009
LTPD 15/MAX ACCEPT 2
SAMPLE SELECTION FOR l
«—— Qa QUALITY CONFORMANCE 5005
INSPECTION - GROUP B, C, D

BOX STOCK

QUALITY INSPECTION
PLANT CLEARANCE
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NOTE:

. ALL SCREENS ARE 100% UNLESS OTHERWISE NOTED.

. ALL ELECTRICAL TEST PROGRAMS ARE PER THE APPLICABLE IDT TEST

SPECIFICATIONS.

. THIS HERMETICITY SAMPLE IS APPLICABLE TO 300 MIL 20 LD CERDIP

(SUBSYSTEM PRODUCT ONLY, MSC-0202) PACKAGES AND THE 300 MIL
24 LD SIDEBRAZE PACKAGE ONLY.

. A. IDT PERFORMS A 100% ELECTRICAL TEST AT +25°C WITH A

2% PDA LIMIT AT THIS POINT TO SATISFY GROUP A
REQUIREMENTS.

B. IDT CONSIDERS THIS TO BE EQUIVALENT TO THE GROUP A
REQUIREMENT OF AN LTPD OF 2 WITH AN ACCEPT NUMBER
OF 2.

C. IF ALOT FAILS THE 2% PDA LIMIT, IT MAY BE RESCREENED
1 TIME ONLY TO A TIGHTENED PDA LIMIT OF 1.5%

. IF ALOT FAILS THE 5% PDA BUT IS £10%, THE LOT MAY BE RESUBMITTED

TO BURN-IN 1 TIME ONLY TO THE SAME TIME AND TEMPERATURE
CONDITIONS AS FIRST SUBMISSION. THE SUBSEQUENT POST BURN-IN
ELECTRICAL TEST AT +25°C WILL BE PERFORMED TO A PDA OF 3%.
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IMPROVED TOLERANCE OF INTEGRATED
DEVICE TECHNOLOGY PRODUCTS FOR
HIGH-RADIATION ENVIRONMENTS

INTRODUCTION

The need for high-performance CMOS integrated circuits in
military and space systems is more critical today than ever before.
The lower power dissipation that is achieved using CMOS
technology, along with the high complexity and density levels,
makes CMOS the nearly ideal component for all types of
applications.

Systems designed for military or space applications are
intended for environments where high levels of radiation may be
encountered. The implication of a device failure within a military
or space system clearly is critical. IDT has made a significant
contribution toward providing reliable radiation-tolerant systems
by offering integrated circuits with enhanced radiation tolerance.
Radiation environments, IDT process enhancements and device
tolerance levels achieved are described below.

THE RADIATION ENVIRONMENT

Thereare four different types of radiation environments that are
of concern to builders of military and space systems. These
environments and their effects on the device operation, sum-
marized in Figure 1, are as follows:

Total Dose Accumulation refers to the total amount of accumu-
lated gamma rays experienced by the devices in the system, and is
measured in RADS(SI) for radiation units experienced at the
silicon level. The physical effect of gammarays on semiconductor
devices is to cause threshold shifts (Vt shifts) of both the active
transistors as well as the parasitic field transistors. Threshold
voltages decrease as total dose is accumulated; at some point, the
device will begin to exhibit parametric failures as the input/output
and supply currents increase. At higher radiation accumulation
levels, functional failures occur. In memory circuits, however,
functional failures due to memory cell failure often occur first.

Burst Radiation or Dose Rate refers to the amount of radiation,
usually photons or electrons, experienced by devices in the
system due to a pulse event, and is measured in RADS(SI) per
second. The effect of a high dose rate or burst of radiation on
CMOS integrated circuits is to cause temporary upset of logic
states and/or CMOS latch-up. Latch-up can cause permanent
damage to the device.

Single Event Upset (SEU) is a transient logic state change
caused by high-energy ions, such as energetic cosmic rays,
striking the integrated circuit. As the ion passes through the
silicon, charge is created either through ionization or direct
nuclear collision. If collected by a circuit node, this excess charge
can cause a change in logic state of the circuit. Dynamic nodes
that are not actively held at a particular logic state (dynamic RAM
cells for example) are the most susceptible. These upsets are
transient, but can cause system failures known as “soft errors.”

Neutron Irradiation will cause structural damage to the silicon
lattice which may lead to device leakage and, ultimately,
functional failure.

RADIATION PRIMARY
CATEGORY | PARTICLE | SOURCE EFFECT
Space or
Total Dose Gamma Nuclear Permanent
Event
Temporary
Nuclear Upset of Logic
Dose Rate Photons Event State or
Latch-Up
. Temporary
SEU C'g:mslc Space Upset of
4 Logic State
Device Leakage
Neutron Neutrons Né":ek:r Due to Silicon
Lattice Damage
Figure 1.
DEVICE ENHANCEMENTS

Of the four radiation environments above, most concern is
focused on the first two, Total Dose Accumulation and Dose Rate.
Integrated Device Technology has taken considerable data on
these two effects, and has developed a process that significantly
improves the radiation tolerance of its devices within these
environments. Prevention of SEU failures is usually accomplished
by system-level considerations, such as error checking and
correction (ECC) circuitry, since the occurence of SEUs are not
particularly dependent on process technology. Little is yet known
about the effects of neutron-induced damage.

Figure 2 itemizes the broad enhancements that IDT has made to
its process. The use of epi substrate material accomplishes a
lower substrate resistance environment to guarantee latch-up-
free CMOS structures. Field and gate oxides are less susceptible
to radiation damage, i.e. “hardened,” by modifying the process
architecture to allow lower-temperature processing. Device
implants and Vts have been adjusted allowing more Vt margin.
Other mask steps have been added or modified to optimize
radiation tolerance.

STANDARD ENHANCED
Substrate Material n- n- epi/n+
Field Oxide std hardened
Gate Oxide std hardened
vt,n 0.75 volts 1.3 volts
Vi, p -0.75 volts -0.6 volts
Process Temperature o
Post Gate Oxide 1000°C 900°C
Figure 2.
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RADIATION HARDNESS CATEGORIES

With the process enhancements described above, Integrated
Device Technology can now offer integrated circuits with varying
grades of radiation tolerance, or radiation “hardness,” shown in
Figure 3. IDT defines the level of radiation hardness as follows:

Radiation Enhanced integrated circuits are defined as being
able to withstand a total dose of 30K RADS(SI) without failure.

Radiation Tolerant integrated circuits are defined as being able
to withstand a total dose of 10K RADS(SI) without failure.

Standard IDT products can be expected to exhibit radiation
tolerance to the extent of being able to withstand 4K to 6K
RADS(SI) without failure.

Integrated Device Technology now offers, or plans to offer,
devices processed to each of these radiation tolerance Tevels
across the full product line. The appropriate part number corres-
ponding to these radiation hardness categories is defined in
Figure 4.

Please contact your local IDT sales representative or factory
marketing to determine availability and price of any IDT product
processed in accordance with one of these levels of radiation
hardness.

CONCLUSION

There has been widespread interest within the military and
space community in IDT’s CMOS product line for its radiation

RADIATION TOTAL(M LATCHUP ! I its high f dl
HARDNESS LEVELS DOSE (RADS/SI) LEVEL h.arqnes's evels, as we 'as its _|g -performance an _ow'power
Standard oK 108 dissipation. To serve this growing need for CMOS circuits that
i - must operate in a radiation environment, IDT has created a
Tolerant >10K 108 separate group within the company to concentrate on supplying
Enhanced S30K NONE o products for these applications. Contl_numg_ research and
(2.4 x107) development of process and products, including the use of
NOTE: in-house radiation testing capability, will allow Integrated Device
1. This data is for RAMs. Logic circuits are generally higher. Technology to offer continuously increasing levels of radiation-
tolerant solutions.
Figure 3.
IDT XXXXX A 999 A A AA
DEVICETYPE POWER SPEED PACKAGE PROCESS RAD HARD
MIL-STD-883, Class B
MIL-STD-883, Class S
Standard Blank |-
Radiation Tolerant RT
Radiation Enhanced RE
Figure 4.
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SYSTEM CONSIDERATIONS
IN THE TESTING OF FAST CMOS DEVICES

In order to evaluate or verify the performance of fast CMOS
devices, itisimportant to implement a measurement environment
that does not degrade device operation. The following article
outlines techniques for system configuration which may alleviate
common degradations of test systems.

Ground Noise is one of the most common and troublesome test
problems. Ground noise is the unwanted voltage fluctuation of
the ground reference due to current spikes required during the
switching of device output logic levels. These voltage variations
in the ground reference can be quite significant, and can cause
an erroneous perception of the voltage margin or noise immunity
tolerance of the device under test (DUT). in a memory tester the
ground path incldes handler contacts, connectors and the DUT
load board, thus there may be one long, high inductance ground
path back to the test system ground.

In practice, ground noise may be minimized by using the
following techniques:
e Provide multiple high-quality, high-frequency, ceramic bypass
capacitors as close as possible to the DUT and again on the
DUT load board. This allows the Ve wiring to serve as an extra
AC ground path for high-frequency ground noise.
Keep the ground path as short as possible; use large diameter
or multi-strand wire and “straight-line” wiring techniques.
(Note: Multi-strand wire is preferred for high frequency applica-
tions because of skin resistance effects.)
Minimize the number of series connections in the DUT ground
path; provide as many parallel ground connections as possible
through each remaining connector.
If the system uses a Kelvin (force-sense) ground system,
terminate the system by shorting force to sense on the DUT
load board. Kelvin systems provide DC accuracy, but their
response times are much too slow to aid in the suppression of
ground noise at the test site. Terminating Kelvin early sacrifices
a little DC accuracy, but the ability to use the sense line as a
second, low impedance ground path usually improves the
overall test accuracy.
Reduce the DUT load capacitance (receiver and interconnect
capacitance) as much as possible; avoid using low values of
load resistors. Both techniques reduce the transient currents,
thus improving test accuracy. When necessary, DUT output
drive capability can usually be verified with DC tests.
Reflections, due to impedance mismatch between the DUT
output drivers and the circuitry which connects the outputs to the
test system, are another common problem. This resonance
occurs because the wire connecting the DUT outputs to the
receivers is actually an inductor connected in series with the
comparator input capacitance, forming a series resonant tank
circuit. Uncorrected ringing can cause errors in measuring
output timing and increase cross-talk noise. :

Note also that ringing also occurs on input signals to the DUT
from the test system, and these signals should also be matched.
Of particular importance are edge-triggered control lines (e.g.
Write Strobe) which, if ringing excessively, will cause double-
triggers.

In practice, ringing may be minimized by using the following
techniques:

e [n instances where severe conditions exist, it is best to try to
match the driving source with the transmission line and load. A
series resistor of 20 to 70 ohms is likely to tune most normal
applications.

Use short, low inductance connections from the DUT output to
the receiver; minimize comparator and interconnect capaci-
tance. Both techniques raise the resonant frequency of the
tank circuit which limits the time measurement error and
reduces the DUT’s ability to stimulate ringing in the tank
circuit.

Use twisted pair wiring techniques to connect DUT outputs to
the receivers. Though this raises the capacitance slightly, it
reduces the purely inductive character of the interconnect,
usually tending to reduce ringing.

Cross-Talk between signals on adjacent lines is also a common
problem in high-speed systems. This inductive coupling will tend
to add noise to both input and output lines, causing errors in
measuring input noise margin and output settling times, respec-
tively. Techniques to reduce cross-talk are as follows:

e Physically separate conductors of critical signals and keep
wires as short as possible.

Reduce output loading to minimize the magnitude of current
transients which could be coupled to adjacent lines.

Use twisted pair or shielded cable wherever possible; take care
totie all grounds from these transmission lines together at both
ends.

Use ground plane or ground mesh techniques in the load
board and the handler interface if possible.

Use pull-up or pull-down resistors on unused inputs. Without
these safeguards, device inputs are especially susceptible to
cross-talk noise.

Latch-Up is a possiblity with CMOS memories, and good test
procedures will ensure that unwanted latch-up does not occur.
Ve should never exceed the absolute maximum rating, and
input lines should never be taken below ground voltage. Latch-
up is discussed in more detail elsewhere in this data book.

In conclusion, the issues in desiging a test environment are
identical to designing any high-speed system, but the initial
conditions given in designing a test-system interface—and
importance of correct results—dictate a higher degree of dedi-
cation to the details outlined above.
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THERMAL PERFORMANCE DATA OF
INTEGRATED DEVICE TECHNOLOGY PACKAGES

When calculating the junction temperature, T,, at which an
operating integrated circuit functions, it is necessary to know the
thermal resistance of the package, 6,5, measured in “degrees
centigrade per watt” With this data, the following equation
is used:

Ty=Ta+ P [0yl

where Ty is the ambient temperature and P is the power at which
the device operates.

The figures below represent generic thermal performance data
for standard IDT production packages. Thermal resistance is
influenced by a number of factors, including die size, cavity size,
and die bonding; in order to present a comprehensive character-

ization of these variables, a range of values is provided rather
than a single point.

Please note that 8, is the thermal resistance from the device
junction to the surrounding environment which, typically, is “still
air” at 25°C with the package inserted into a low cost socket
mounted on a printed circuit card.

Also included in the figures is 8¢, which is junction to case
thermal resistance with the package attached to an “infinite” heat
sink. For surrounding conditions that are different, T, can
theoretically be calculated using the following equation:

Ty=Ta+ P [08yc* 6cal

where 6, the case-to-ambient thermal resistance, depends on
the airflow conditions, etc., and must be known.
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PACKAGE DIAGRAM

OUTLINES

Integrated Dev ILCT&.‘LhﬂOk’)‘ y.Inc

PLASTIC DUAL IN-LINE PACKAGES

P20 20-PIN PLASTIC DIP P22  22-PIN PLASTIC DIP

0
| 1.020

0.30
T 1.060 | 0320 1.060
D 1 0.280 D 0.240
0270

J oo OO O

0.320 | 1020 |

0.045 0.008
oor0 | [ 0040 0445 as0 ™| 0.040 5300
0.065 0.200 ™ 0.065
T 1
0120—L T—L — b i H
OJGOT 0015 0° - 13:! 0012 0. 015 ° - 15°
0.016 ‘JL- 0.0 0.060 L 0.310 J 0.090 0.050
2.020 X 0.370 0.016 0.310
X 0310 - 0.020 0110 0.370
P24-2  24-PIN PLASTIC DIP (300 mil.) P24-1  24-PIN PLASTIC DIP (600 mil.)
L 1.220 [
| 1.250 |
0.300 1220 B W s O O s O W o S o B s W s O O o B O |
0.320 . [
I 1.250 | 1
1 oooooooooooo. . 0.600 D 0.530
) 0.240 0.620 0.560
0.270 ¢
A SR, | g e e g o o I s e
0.045 .1 1o 0445 0.045
0.075 0.045 0.200 o080 | [ 0.045 8
"l r_ 0.065 ’l l 0.065 -
L ‘_i T1 _i
it A 0.008 Ri A 0.008
0120 0.008
0.160 . 1o 0.120 f < 0012
T $” 018 P T o015 0157
0.016 0.090 L°-31° 0.016 $“ %0 0610 ’
0.020 i~ 0.370 ooz i< 3999 0670
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PACKAGE DIAGRAM
OUTLINES

Intearated Device Technoloay e
o N

PLASTIC DUAL IN-LINE PACKAGES (Continued)

P28 28-PIN PLASTIC DIP P40 40-PIN PLASTIC DIP
2,020
1.400 2,070
Nl 1450
F A AN A R
L g T f
} 0.600 ) 0.500
0.600 0.500 0.620 0.560
se P 0535 1
T LTATATIT AT LT AT AT LT LT
LT LT AT P LT T LTI PLY) g:#'“—-w .. 00 0.020 %
0.040 . 0.030 0.150 > =~ 0.065 0.0701
0.080 — ‘—m— 0.200 i

] = 1{ =
s AT e - L \/E N
83;3»“«~ _'| I‘ono pome \/L_M_J

0.670

P48 48-PIN PLASTIC DIP P64 64-PIN PLASTIC DIP
2.400 3.190
2.450 3.240
T_ A Y T Y ¥ L T T T T
0.600 0.500
o2 | wen oszs P sam0
_l_ﬁfﬁf‘u”u‘ﬁl“l.r‘ﬁf'xhhl“lf‘u“lf ETATATITATATL T LT LT ]
%ﬂ . 00 0.020 o_.%g 0070 [ . oos e
-~ I~ 5085 "o—so 0.070 o e 2030 0.020 230
' 1

0.065 o.osol
0.100 ) 0.008
o 5° 0.180 0

T; _.“-_ 02_90 E_g_;%__"__ % OMSO\IL-@"I

P68  68-PIN PLASTIC DIP (Consult Factory)
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Integrated Device Technology. Inc

PACKAGE DIAGRAM

OUTLINES

DUAL IN-LINE PACKAGES

D16 16-PIN CERDIP
|«———— 0.770 + 0.020 ——»
—»{ |« 0.005 MIN.
T A ra . ra r
0.310 )
0.265
L JLJ L JLJ L LI L JLCJ
0.305 + 0.015
0.150 + 0.015 MIN. 1
) 1
0.200 MAX. |
* I o _15°
o150+0025 °‘5°+°°25 e 0° - 10.0 % 0.002
L ° 055 TYP. |¢ 0.375 REF.-—|
0.100 TYP
D20 20-PIN CERDIP
0.935 |
0.970 |
e
0.245
0.310
0.140  0.090 0.030 0.200
0225 0.110 0.070 0015 el 20‘,1
i: ] 0060 |- 1
0.125 i T
0.150
__I I__ 0.014 0,005 \\\" 0.008
0.023 - e 0.01
3 -13°
D22 22-PIN CERDIP
| 1.050 |
I 1111 |
.260
310
| -
100
2020 .005 2000
060 MIN"' |<- ;
A ! < .008
030 013
== .090 ) :290
.060 _»lL_ 015 —>| <0 125 "‘.320
022 160
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PACKAGE DIAGRAM

OUTLINES

Integrated Device Technologyy Inc

DUAL IN-LINE PACKAGES (Continued)

D24-1 24-PIN SIDEBRAZE THINDIP

]
D w

0.310

v

0.095 0.050

Tl —JL S

D24-2 24-PIN THINDIP (CERDIP)

j&————— 1.200 £ 0.020 —————

0.295 + 0.015
N
N PIN NO. 1 IDENTIFICATION
0.005 MIN. ==
:——050 +0.030 0.120 MAX.
J L 0.050 + 0.010 —»{l<¢-0.010 + 0.003
_JL' 0.050+0.010 .| le 0100TYP 0150+ 0.025 L 120 _»I
0.018 + 0.003

0.320
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PACKAGE DIAGRAM

: OUTLINES
Integrated Device Technology. Inc

DUAL IN-LINE PACKAGES (Continued)
D28-1

28-PIN CERDIP (600 mil.)

1.440
1.490

oo ocooooomoe o

0.510 0.600
0.545 i 0.625
0.090
o]l 0:040 0.045 0:020 0.200
0100 ~ ! I~ 0.060 0065

0.015
0.100 0.020
0.180

1]
0.100 TYP. go_150(]

D28-2 28-PIN SIDEBRAZE THINDIP (400 mil.)

1.380
1.420.

0.600 + 0.003

oooooo;m ;e
s ~\

]
0

e
w
&
S

—

T 0.395
0.360 + 0.003 0420
e '

0.090
o1l 0.035 0038 0030 - goos
0.065 0.060 0060
0°-15°4 b
0.008
0.015 nll 2
0125 §023 o ’I
0175 0.100 TYP. —»1-0.400 TYP:
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PACKAGE DIAGRAM

OUTLINES

Integrated Device lechnology: Inc

DUAL IN-LINE PACKAGES (Continued)

D28-3 28-PIN SIDEBRAZE (600 mil.)

1.380-1.420
- —(35.052-3s.oss)k’1
o T e O e O o O s O e O s O e A e s O s B e O e
28 =
.560-.600
(14.224-15.240) )— +
*! '* .090-110 *l l* 1030-.060
(2.286-2.794) (.762-1.524)
100-.200 000-.098
(2.540-5.080) (.000-2. 489)"‘ }<' _-020-.060
I (.508-1.524)
I SEATING 006013
. PLANE ™" (.203-.330)
_,1 |$ .015-.022 < 005 I* .590-.620
120-160 (:381-.559) @27- ) (14.986-15.748)
(3.048-4.064)

D32 32-PIN SIDEBRAZE
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PACKAGE DIAGRAM

OUTLINES

Integrated Device Technology. Inc

DUAL IN-LINE PACKAGES (Continued)

D40-1  40-PIN SIDEBRAZE

L 1.980 N
" 2.030 o
imEslalsEalslsl

0.595 A ‘

0625 ( + )
| S0 B SR Jup SR R SND ) GED G S

—>{ }« 0.100 TYP. *n* 0.038

0.060
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0.020
0.070
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s | [w
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<«—0.600 TYP. —»~
0.175

D40-2  40-PIN CERDIP

| 2.028
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o W B B o B KT |
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o.jsif H ] I

| [—ot00TvR | |« 2008

0.055

0.020

0.060 15°

o

—

=R [
T e JEF \i- o%08 )\

DSP72103-005

0.008
0.012
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PACKAGE DIAGRAM

OUTLINES

Integrated Device Technology. Inc

DUAL IN-LINE PACKAGES (Continued)

D48-1 48-PIN SIDEBRAZE (600 mil.) D48-2  48-PIN SHRINK-DIP (400 mil.)
0550 b 0.380
0610 0.410
0.035
0100 0.065” [ Q000 Loz 0035 _ 0020
0200 y _od10 0.065 | | 0070
i ﬂ ii H AA 0.008 _>L_
i 0. > %Tozo
0180 »f<Gom 0.005 > 0.015 0.005 > TYR
0.023

D58 58-PIN SIDEBRAZE

i

i =

R e e A A R R a =SS A==
2.940 + 0.030

I+

0.008

L7°
-4
N
o

T [ 1 [ 0.100 + 0.010
0.280 MAX. WMW lﬁ i ) *’S
WW% g_[ 0.010 + 0.003

f +0.050 l + ‘__
0150 _ 5525 _;”. 0.050 £ 0.010 0.100 Typ, 0-020+0

0.018 + 0.004
0.615 £ 0.020

8-102



PACKAGE DIAGRAM

OUTLINES

Integrated Device Technology. Inc

DUAL IN-LINE PACKAGES (Continued)

D64  64-PIN SIDEBRAZE

i‘ 340+0040 —
Y s I o o | I o | 08900015

PIN #1
— =}« 0.050 + 0.010 oS soor
1 11 11 1 1 1.1 11 1
_____ 0.015 = 0.012
| e e e | ==
»! L o0s0toot0 0400 WE:' _JL_ 0.010 + 0.003
0.018 £ 0.004
+0.050 0.990 £ 0.015
0150 _ 5525

D68 68-PIN SIDEBRAZE SHRINK-DIP

2.380

o
| « 2.440

0.005 0.038 0.020 _ 0.085
TYP. * 0.060 0.070 ! 0.190

TEITTT

0.125
0170

1
¥
T

0.070 TYP.
0.015 0.035
0.023 0.065 |
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PACKAGE DIAGRAM

OUTLINES

Integrated Device Technology. Inc

PIN GRID ARRAY

G68 68-PIN PGA
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PACKAGE DIAGRAM

OUTLINES

Integrated Device Technology. Inc

PLASTIC LEADED CHIP CARRIERS

J20 20-PINPLCC

PIN 1
0.045 x 45°
=)
! R
1 1
1 |
| |
| |
3 '
t |
g =
T i
0.050 | 8| © P ———— o
4 0.350
BSC 0360

J28 28-PINPLCC
PIN 1

0.45 x 45°,

no-_——- - - -
|4 ) SR—— |

L
T _______ ag

J32 32-PINPLCC

PIN1
0.045 x 45°
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PACKAGE DIAGRAM

OUTLINES

PLASTIC LEADED CHIP CARRIERS (Continued) .

J52 52-PINPLCC

PIN 1 —>] 0.063
. TYR
0.045 x 45° Y : y |

. 3 : T

1 I

| |

| ! 0.600

]

]

L'E -

d S f I |
o;f.; | it = 1 - 0.077
: 0.750 0.015 |<— :
BSC |« 70— oaes _’”‘—Wﬁ -~ TYP

J68 68-PIN PLCC

PIN 1

0.045 x 45°

) N

l<_ 0.077
TYR
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PACKAGE DIAGRAM

OUTLINES

Integrated Device Technology. Inc

LEADLESS CHIP CARRIERS

L20-1 20-PINLCC

-

0.290 __
+0.010

0.425 +0.010

L20-2 2-PINLCC

—>| |+—0.055+0.010 —| |« 0.045TYR

S oo scouamcrs

0.0875 TYP.
0.008R . |

20 PLACES | 5 EQUAL SPACES

AT 0.050 EACH

0. 025
+0.006 ™ 0.012R TYP.

—> < o.070TYp 4 PLACES

0.050 £ 0.005
055 + 0. l—
0.055% 0.006 —» ‘ 0.025 + 0.003 -»I lq— *
> |
- i U i 0.085 + 0.005
| ; N N )
0.352 + 0.007 : ! | 0.200 + 0.005
]
& —
’l — 0.050 TYP.
& 0.352 + 0.007 0.065 + 0.006 —» | — —>| lq- 0.200 + 0.005

L22 22-PINLCC
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—
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00717 o oos

—

]

L nononon

™ o025+ 0.003-> (= 0.045 + 0.006
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PACKAGE DIAGRAM

OUTLINES

Integrated Device Technology. Inc

LEADLESS CHIP CARRIERS (Continued)

L28-1 28-PINLCC
450 + .008 .080 + .006
= SQUARE _»| P
R — >
4X 6 EQUAL SPACES .070 £ .006
@ 050 EA.
L28-2 28-PINLCC
e ——— =
0.540 TOP SIDE
0.560
=
— \_—.—/ ——
: 0.060
e e -
L28-3 28-PINLCC
0.055+ 0.006 —»| |—
0.352 £ 0.007

N ]
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goooooo
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“’I |<-.040 X 45°
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0.050 + 0.005
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)

1
1
" | 0.200 + 0.005

0.050 TYP.
I<— 0.200 + 0.005

'1_

]
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PACKAGE DIAGRAM
OUTLINES

Integrated Device Technology. Inc

LEADLESS CHIP CARRIERS (Continued)

L32 32-PINLCC

.080 + .006 |~——].085: .010
l~e

| 550+ .008 | |~——.015 X 45°—~] I——.oso TP
T — _L .025 + .003
2 (32 PLACES)
2 X 8 EQUAL 8
SPACES @ H g-— .009R
.050 EA. § (32 PLACES)
= AAQRARARNNAN
H-I |=—.040 x 45°
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- y N
[ - 7
0.022 } |
— 0.037
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1= 1
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PACKAGE DIAGRAM
OUTLINES

Integrated Device Technology: Inc

LEADLESS CHIP CARRIERS (Continued)

L52 52-PINLCC
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PACKAGE DIAGRAM

OUTLINES

Integrated Device Technolog)y. Inc

CERPAK
E20 20-LEAD CERPACK
0.050 BSC
L._ = 1 'i
e — _f
] 0.015
——] 0.019
'r ’l 0.540 MAX.
1= — 4

0.04: MAX. LO.GOS MAX. J 0.00S’MIN.

4

3 | F —r+
1 I
0.010 0.045 0.006
0.040 0.092 0.245 0.250
0.300 0.370

FLATPACKS

F20 20-LEAD FLATPACK F24  24-LEAD FLATPACK

PIN NO. 1 MARK

E PIN NO. 1 MARK Vi
1 20— 0.017 £ 0.002 1 24

] = —— — —
] e — I
—_ —_ ‘
0.470 ] —————————— —— (017 + .002
— F————— o050 TYP. 2470 = —— S
e ————] T 0. .600 + .015 el =
| — — v 0490 = = i _t
— — [— = ———— 7? 050 TYR
— ———— | ——— —————
———————10 1 :I—L ] = o *
12 —+ .005/.045
350 + 0.01 285 + 0.1 .080 + .010 -400 £ .010
00054—0‘002 | 0.350 £0.010  0.285+ 0.015 0.045 MAX. ~ 025+ '015,|
T T 0.001 >
i Ly =
c \ r } —~| }~.030 MIN
[} 285 + .020 ".005 +.02
j —»I |<— oosomn. L 0.025 + 0.015 -001
0.080 + 0.010 ' SRD6167-024

8-111



PACKAGE DIAGRAM
OUTLINES

Intearated Device Technology: Inc

FLATPACKS (Continued)

F64 64-LEAD FLATPACK

LEAD #64

LEAD #1
LEAD #1 INDICATOR

- 0.050 + 0.005 TYP.

—
—>»l= 0.018 + 0.002

0.010 £ 0.001 0.520 * 0.015
64 LEADS ’4— SQUARE —>1
L = — ——— — = = ‘
I SEATING PLANE
0.350>«— 0.900 + 0.015 —>| 0.080 + 0.010
MIN.
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ORDERING INFORMATION

When ordering by TWX or Telex, the following format must be used:

Complete Bill To.

Complete Ship To.

Purchase Order Number.

Certificate of Conformance. Y or N
Customer Source Inspection. Y or N
Government Source Inspection. Y or N

Requested Routing.
IDT Part Number —

TIOMMOOm>

Government Contract Number and Rating.

Each item ordered must use the complete part number exactly as listed in the price book.

SCD Number.

&

Customer Part Number/Drawing Number/ Revision Level—

Specify whether part number is for reference only, mark only, or if extended processing to customer specification is

required.

Customer General Specification Numbers/Other Referenced Drawing Numbers/Revision Levels.

L.
M. Request Date With Exact Quantity.
N. Unit Price.

O:

Federal Supply Code Number - 61772
Dun & Bradstreet Number - 03-814-2600
Federal Tax I.D. - 94-2669985

TLX# - 887766

FAX# - 408-737-3468

Special Instructions, Including Q.A. Clauses.

Minimum Order Quantities:
OEM - $500.00/$100 per line item
Distributor - $1,000.00/$100 per line item
100 piece minimum on all Flatpack orders

ORDERING DESCRIPTION

DT XXXXX_ A 999 A A
DEVICE TYPE POWER SPEED  PACKAGE PROCESS/
TEMPERATURE
BLANK COMMERCIAL 0°Cto +70°C
| INDUSTRIAL -40°C to +85°C
B MILITARY -55°C to +125°C
Screened to MIL-STD-883,
Method 5004, Class B
SEE PACKAGE DESCRIPTION TABLE
SPEED GUARANTEED MINIMUM PERFORMANCE
MEASURED IN NANOSECONDS
POWER S STANDARD POWER
L LOW POWER
DEVICE  LE. 6116
TYPE
10T XX FCT138
IDT XX AHCT138 X
TEMPERATURE  pACKAGE  PROCESS
RANGE
Blank Standard Processing (48 Hour Burn-in)
B MIL-STD-883, Class B, Method 5004
{ SEE PACKAGE DESCRIPTION TABLE
| 74 0°Cto +70°C
—] 54 55°Cto +125°C

P PLASTICDIP L LEADLESS CHIP CARRIER

D  CERDIP XL FINE-PITCH LCC

C  CERAMIC SIDEBRAZE ML MEDIUM-PITCH LCC

XC  CERAMIC SIDEBRAZE SHRINK-DIP

T THINDIP (300 mil, 24-Pin) E  CERPACK

F  FLATPACK
PACKAGE | g piNGRID ARRAY
DESCRIPTION U DE
TABLE SO  PLASTIC SMALL OUTLINE IC

NOTE:

J PLASTIC LEADED CHIP CARRIER

When a product is available in a package type with more than one pin count or package dimension, please
indicate the package designator when ordering — (i.e. IDT6116L70L28-2 or IDT6116L70L32).
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CORPORATE HEADQUARTERS
3236 Scott Boulevard

P.O. Box 58015

Santa Clara, CA 95052-8015
(408) 727-6116

TLX: 887766

NORTHWESTERN HEADQUARTERS

3236 Scott Boulevard

P.O. Box 58015

Santa Clara, CA 95052-8015
(408) 727-6116

TLX: 887766

SOUTHWESTERN REGIONAL OFFICE

12777 Valiey View Street

Suite 262

Garden Grove, CA 92645

(714) 891-6651 or (213) 598-3076

ALABAMA
Montgomery Marketing
Huntsville, AL

(205) 830-0498

ALASKA

Integrated Device Technology, Inc.
Santa Clara, CA

(408) 727-6116

ARIZONA

Western High Tech Marketing
Scottsdale, AZ

(602) 860-2702

ARKANSAS

Integrated Device Technology, Inc.
Dallas, TX

(214) 458-0466

CALIFORNIA
Bestronics Inc.
Culver City, CA
(213) 870-9191

Bestronics Inc.
Irvine, CA
(714) 261-7233

Bestronics Inc.
Woodland Hills, CA
(818) 704-5616

Integrated Device Technology, Inc.
Garden Grove, CA
(714) 891-6651

Technology Sales Inc.
Mountain View, CA
(415) 960-0600

CANADA (EASTERN)
Bytewide Marketing Inc.
Lachine, Quebec

(514) 636-4121

Bytewide Marketing Inc.
Mississagua, Ontario
(416) 675-1874

CANADA (WESTERN)

Integrated Device Technology, Inc.
Santa Clara, CA

(408) 727-6116

COLORADO

Thorson Rocky Mountain
Englewood, CO

(303) 779-0666

CONNECTICUT
Lindco Associates
Southbury, CT
(203) 264-7200

DELAWARE
Micro Comp Inc.
Baltimore, MD
(301) 644-5700

FACTORY DIRECT OFFICES

CENTRAL HEADQUARTERS

999 Plaza Drive
Suite 400

Schaumburg, IL 60195

(312) 843-1262
TWX: 910-651-1910

NORTH CENTRAL REGIONAL OFFICE

3601 W. 77th Street
Suite 880

Minneapolis, MN 55435

(612) 831-5422
TLX: 291013

SOUTH CENTRAL REGIONAL OFFICE

5501 LBJ Freeway

Suite 500

Dallas, TX 75240

(214) 458-0466 or 458-0467
TWX: 910-861-4034

EASTERN HEADQUARTERS

15 Pleasant Street Connector

Suite 502

Framingham, MA 01701

(617) 872-4900
TLX: 855249

NORTHEASTERN REGIONAL OFFICE
111 Smithtown Bypass

Suite 202

Hauppauge, NY 11787

(516) 360-3370
TLX: 62921896

DOMESTIC SALES REPRESENTATIVES

FLORIDA

Lawrence Associates, Inc
Altamonte Springs, FL
(305) 339-3855

Lawrence Associates, Inc.
Boca Raton, FL
(305) 368-7373

Lawrence Associates, Inc
Clearwater, FL
(813) 584-8110

Lawrence Associates, Inc
West Melbourne, FL
(305) 724-8294

GEORGIA
Montgomery Marketing
Norcross, GA

(404) 447-6124

HAWAII

Integrated Device Technology, Inc.
Santa Clara, CA

(408) 727-6116

IDAHO

Integrated Device Technology, Inc.
Santa Clara, CA

(408) 727-6116

Thorson Rocky Mountain
Englewood, CO
(303) 779-0666

ILLINOIS

Synmark Sales
Park Ridge, iL
(312) 390-9696

INDIANA
Arete Sales

Ft. Wayne, IN
(219) 423-1478

IOWA

Rep Associates Corp.
Cedar Rapids, IA
(319) 373-0152

KANSAS

Design Solutions Inc.
Shawnee Mission, KS
(913) 677-4747

KENTUCKY

Norm Case Associates
Rocky River, OH

(216) 333-0400

LOUISIANA

Integrated Device Technology, Inc.

Dallas, TX
(214) 458-0466

MAINE

Integrated Device Technology, Inc.

Framingham, MA
(617) 872-4900

MARYLAND
Micro Comp Inc.
Baltimore, MD
(301) 644-5700

MASSACHUSETTS

Integrated Device Technology, Inc.

Framingham, MA
(617) 872-4900

MICHIGAN

Rathsburg Associates, Inc.
Southfield, MI

(313) 559-9700

MINNESOTA

Comprehensive Technical Sales
Eden Prairie, MN

(612) 941-7181

MISSISSIPPI
Montgomery Marketing
Huntsville, AL

(205) 830-0498

MISSOURI

Design Solutions Inc.
St. Louis, MO

(314) 9617170

MONTANA

Integrated Device Technology, inc.

Santa Clara, CA
(408) 727-6116

NEBRASKA

Design Solutions Inc.
Shawnee Mission, KS
(913) 677-4747

NEVADA

Integrated Device Technology, Inc.

Santa Clara, CA
(408) 727-6116

Western High Tech Marketing
(Clark County, NV)
Scottsdale, AZ

(602) 860-2702

NEW HAMPSHIRE

Integrated Device Technology, Inc.

Framingham, MA
(617) 872-4900

NEW JERSEY
SJ Associates
Mt. Laurel, NJ
(609) 866-1234

NEW MEXICO

Western High Tech Marketing
Albuquerque, NM

(505) 884-2256

NEW YORK
Quality Components
Buffalo, NY

(716) 837-5430
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NEW YORK, Continued
Quality Components
Manlius, NY

(315) 682-8885

SJ Associates
Jamaica, NY
(718) 291-3232

NORTH CAROLINA
Montgomery Marketing

Cary, NC

(919) 467-6319

OHIO

Norm Case Associates

Rocky River, OH
(216) 333-0400

OKLAHOMA
lon Associates
Tulsa, OK
(918) 664-0186

OREGON

Integrated Device Technology, Inc.
Santa Clara, CA

(408) 727-6116

PENNSYLVANIA
Norm Case Associates
Rocky River, OH

(216) 333-0400

SJ Associates
Jamaica, NY
(718) 291-3232

RHODE ISLAND

Integrated Device Technology, Inc.
Framingham, MA

(617) 872-4900

SOUTH CAROLINA
Montgomery Marketing
C

Cary, N
(919) 467-6319
TEXAS
lon Associates

Austin, TX
(512) 331-7251

lon Associates
Grand Prairie, TX
(214) 647-8225

lon Associates
Houston, TX
(713) 8377717

UTAH

Anderson Associates
Bountiful, UT

(801) 292-8991

VERMONT

Integrated Device Technology, Inc.
Framingham, MA

(617) 872-4900

SOUTHEASTERN REGIONAL OFFICE
478 Ballard Drive

Suite 35A

Melbourne, FL 32935

(305) 242-1821

TLX: 5692163

EUROPEAN HEADQUARTERS
#5 Bridge Street

Leatherhead

Surrey, UK KT228BL
44-372-377375

TLX: 851-946240

VIRGINIA
Micro Comp Inc.
Baltimore, MD
(301) 644-5700

WASHINGTON

Integrated Device Technology, Inc.
Santa Clara, CA

(408) 727-6116

WEST VIRGINIA
Norm Case Associates
Rocky River, OH

(216) 333-0400

WISCONSIN

Comprehensive Technical Sales
Eden Prairie, MN

(612) 941-7181

WYOMING

Thorson Rocky Mountain
Englewood, CO

(303) 779-0666



ALABAMA
Hallmark Electronics
Huntsville, AL

(205) 837-8700

Hamiiton/Avnet
Huntsvilie, AL
(205) 837-7210

ARIZONA

Hallmark Electronics
Phoenix AZ

(602) 437-1200

Hamilton/Avnet
Temple, AZ
(602) 231-5100

Insight Electronics
Tempe, AZ
(602) 829-1800

CALIFORNIA
Diplomat Electronics
Chatsworth, CA
(213) 700-8700

Diplomat Electronics
Sunnyvale, CA
(408) 737-0204

Hallmark Electronics
San Jose, CA
(408) 946-0900

Hallmark Electronics
San Diego, CA
(619) 268-1202

Halimark Electronics
Citrus Heights, CA
(916) 722-8600

Hallmark Electronics
Canoga Park, CA
(818) 716-7300

Hallmark Electronics
Torrance, CA
(213) 217-8400

Hallmark Electronics
Tustin, CA
(714) 669-4700

Hamilton/Avnet
Chatsworth, CA
(818) 700-6500

Hamilton/Avnet
Costa Mesa, CA
(714) 641-4100 or
(714) 7546111

Hamilton/Avnet
Gardena, CA
(213) 217-6700

Hamilton/Avnet
Ontario, CA
(714) 989-4602

Hamilton/Avnet
Sacramento, CA
(916) 9252216

Hamilton/Avnet
San Diego, CA
(619) 571-7510

Hamilton/Avnet
Sunnyvale, CA
(408) 743-3355

Insight Electronics
San Diego, CA
(619) 587-0471

CANADA
Hamilton/Avnet
Calgary, ALB
(403) 230-3586

Hamilton/Avnet
Burnaby, BC
(604) 437-6667

Hamilton/Avnet
Mississauga, ONT
(416) 6777432

Hamilton/Avnet
Nepean, ONT
(613) 226-1700

Hamilton/Avnet
St. Laurent, QUE
(514) 335-1000

COLORADO
Hallmark Electronics
Englewood, CO
(303) 790-1662

Hamilton/Avnet
Englewood, CO
(303) 740-1000

CONNECTICUT
Diplomat Electronics
Danbury, CT

(203) 797-9674

Hallmark Electronics
Wallingford, CT
(203) 269-0100

Hamilton/Avnet
Danbury, CT
(203) 797-2800

FLORIDA

Hallmark Electronics
Orlando, FL

(305) 855-4020

Hallmark Electronics
Pompano Beach, FL
(305) 971-9280

AUTHORIZED DISTRIBUTORS

Hallmark Electronics
Clearwater, FL
(813) 530-4543

Hamiiton/Avnet
Ft. Lauderdale, FL
(305) 971-2900

Hamiiton/Avnet
St Petersburg, FL
(813) 576-3930

Hamilton/Avnet
Winter Park, FL
(305) 628-3888

GEORGIA

Halimark Electronics
Norcross, GA

(404) 447-8000

Hamifton/Avnet
Norcross, GA
(404) 447-7507

ILLINOIS

Hallmark Electronics
Woodale, IL

(312) 860-3800

Hamilton/Avnet
Bensenville, IL
(312) 8607700

INDIANA

Halimark Electronics
Indianapolis, IN
(317) 872-8875

Hamilton/Avnet
Carmel, IN
(317) 8449333

IOWA
Hamilton/Avnet
Cedar Rapids, |1A
(319) 362-4757

KANSAS

Hallmark Electronics
Lenexa, KS

(913) 888-4747

Hamilton/Avnet
Overland Park, KS
(913) 888-8900

KENTUCKY
Hamilton/Avnet
Lexington, KY
(606) 2591475

MARYLAND
Diplomat Electronics
Columbia, MD

(301) 9951226

Hallmark Electronics
Columbia, MD
(301) 988-9800

Hamilton/Avnet
Columbia, MD
(301) 995-3500

MASSACHUSETTS
Diplomat Electronics
Bilierica, MA

(617) 867-4670

Hallmark Electronics
Billerica, MA
(617) 9359777

Hamiiton/Avnet
Peabody, MA
(617) 532-3701

MICHIGAN
Hamilton/Avnet
Grand Rapids, MI
(616) 243-8805

Hamifton/Avnet
Livonia, M
(313) 522-4700

MINNESOTA
Halimark Electronics
Bloomington, MN
(612) 854-3223

Hamilton/Avnet
Minnetonka, MN
(612) 932-0600

MISSOURI
Hallmark Electronics
Earth City, MO

(314) 291-5350

Hamilton/Avnet
Earth City, MO
(314) 344-1200

NEW HAMPSHIRE
Hamilton/Avnet
Manchester, NH
(603) 624-9400

NEW JERSEY
Diplomat Electronics
Totowa, NJ

(201) 785-1830

Hallmark Electronics
Mt. Loral, NJ
(609) 4247300

Hallimark Electronics
Fairfield, NJ
(201) 5754415

Hallmark Electronics
Pinebrook, NJ
(201) 882-9773

Hamulton/Avnet
Cherry Hill, NJ
(609) 424-0100

Hamilton/Avnet
Fairfield, NJ
(201) 575-3390

NEW MEXICO
Hamilton/Avnet
Albuguerque, NM
(505) 765-1500

NEW YORK
Diplomat Electronics
Melville, NY'

(516) 454-6334

Hallimark Electronics
Ronkonkoma, NY
(516) 737-0600

Hamilton/Avnet
Hauppauge, NY
(516) 434-7421

Hamilton/Avnet
Rochester, NY
(716) 4759130

Hamilton/Avnet
Syracuse, NY
(315) 437-2641

Hamilton/Avnet
Westbury, NY
(516) 997-6868

NORTH CAROLINA
Hallimark Electronics
Raleigh, NC

(919) 8720712

Hamilton/Avnet
Raleigh, NC
(919) 878-0810

OHIO

Hallmark Electronics
Worthington, OH
(614) 888-3313

Hallimark Electronics
Solon, OH
(216) 349-4632

Hamilton/Avnet
Cleveland, OH
(216) 831-3500

Hamilton/Avnet
Dayton, OH
(513) 439-6700

Hamilton/Avnet
Westerville, OH
(614) 882-7004

INTERNATIONAL AUTHORIZED REPRESENTATIVES

AUSTRALIA
Protronics Pty. Ltd.
Adelaide, S A
Tel.: 61-8212:3111

BELGIUM

BETEA SA/NV
Brussels, Belgium
Tel.: 32-2-736-8050

DENMARK

C-88 A/S

Kokkedal, Denmark
Tel.: 45-2-24-48-88

FINLAND

Turion Oy

Helsinki, Finland
Tel.: 358-90-372-144

FRANCE

REA

Lavallois Perret, France
Tel.: 33-1-75-81-111

Rep Tronic SA
Orsay, France
Tel.: 33-1-69-288700

GERMANY

Scantec GmbH
Planegg. West Germany
Tel - 49-8985980-21

Scantec GmbH
Kirchheim/Teck, West Germany
Tel.: 49-7021-54027

Topas Electronic. GmbH
Hannover, West Germany
Tel.: 49-511-345691

ISRAEL
Vectronics, Ltd
Herzla, Israel

Tel.: 972-52-556070

ITALY

Microefit SRL
Milan, Italy

Tel.. 39-2-469044

Microelit SRL
Rome, ltaly
Tel.: 39-6-890892

JAPAN

Internix

Tokyo, Japan

Tel.: 81-3-369-1101

Kanematsu Semiconductor Corp.
Tokyo, Japan
Tel.: 81-3-551-7791

THE NETHERLANDS
Auriema

Eindhoven, The Netherlands
Tel.: 31-40-816565

NORWAY

Eltron A/S

Oslo, Norway

Tel.. 47-2-50-06-50

SPAIN

Anatronic, S A
Madrid. Spain

Tel.. 34-1-2424455
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OREGON
Harmilton/Avnet
Lake Oswego, OR
(503) 635-8157

PENNSYLVANIA
Hamilton/Avnet
Pittsburgh, PA
(412) 281-4150

TEXAS

Hallmark Electronics
Houston, TX

(713) 781-6100

Hallmark Electronics
Dallas, TX
(214) 553-4300

Hallmark Electronics
Austin, TX
(512) 258-8848

Hamilton/Avnet
Austin, TX
(512) 837-8911

Hamilton/Avnet
Stafford, TX
(713) 780-1771

Hamilton/Avnet
Irving, TX

(214) 859-4111
UTAH

Hallmark Electronics
Murray, UT

(801) 2683779

Hamilton/Avnet
Salt Lake City, UT
(801) 972-2800

WASHINGTON
Hamilton/Avnet
Bellevue, WA
(206) 643-3950

WISCONSIN
Hallmark Electronics
New Berlin, Wi
(414) 797-7844

Hamilton/Avnet
New Berlin, WI
(414) 784-4510

SWEDEN

Svensk Teleindustri AB
Spanga, Sweden

Tel.: 46-8-761-7300

SWITZERLAND
Anatec AG

Zug, Switzerland
Tel.. 41-42:31-5477

TAIWAN

Johnson Trading Co.
Taipar, Tawan

Tel.. 886-2-562-7302

UNITED KINGDOM
Micro Call, Ltd
Thame Oxon. England
Tel: 44-84-421-5405

Microlog Ltd
Surrey. England
Tel * 44-948-62-29551
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