































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































THE COMPLETE HIGH PERFORMANCE CACHE
SYSTEM FOR THE 80386 MICROPROCESSOR

APPLICATION NOTE AN-30

CACHE CONTROLLER DESIGN

Cache Associativity, Depth, Page Size, and Line
Size Selection

One of the first considerations for the design of a cache
controller is the selection of the cache memory. For this design, a
direct mapped cache is selected with a cache size of 8K x 32. The
8K data cache divides main memory into 128K pages of 8K
doublewords (a doubleword is 32 bits or 4 bytes). The line size
selected for this cache design is 4 bytes.

It should be recalled that for a direct mapped cache (Figure 2}
every line in the cache will map to a corresponding line in a page
(given by the tag) in main memory e.g.. line 0 of the cache will

always map to line 0 of a main memory page (given by tag). This, of
course, means that it is impossible to have more than one unique
line address in a direct mapped cache e.g.. line 0/page 1 and line
0/page 3 can never coexist in the cache.

Cache Controller Hardware Overview

Figure 14 illustrates the block diagram of the dual cache
controller to be designed for the 25MHz version of the 80386. The
design consists of; two cache tag SRAM blocks, one forthe system
bus and one for the CPU bus; three PALS used for the design of the
cache controller state machine; a data cache SRAM block for the
microprocessor; and a number of 74F logic blocks that serve as
data/address/contro} logic and system bus drivers.

80386 SYSTEM
BUS BUS
A '
A (2:31) A (2:14) D (0:31) BA (2:31)
80386 CACHE MODULE
NCA# y
FLoSH
LRDY# TAG DATA SNOOP
3x7174 4x7164 3x7174
WE# 4
MAT2
ADS# MaT1 | | GLRE OE2# WE#
W/R# WEo# CLR#
D/C# CE1# WINV# BRDY#
M/IO# A 4 y BHOLD
RESET X - BW/R#
N .
CLK '
‘{' >0 ! CONTROL LOGIC BADS#
«—PREADY# . BHLDA
FBE# *
R |
BEO# - BE3#} [ SBEO# - SBE3#
SBEO# - SBE3# DEN#, DIR, WLE, SEL, BHLDA
DEM _plct  DATA
wig—»{DR BUS
sg.—P|CAB  BUFFERS
$»{SAB  (4-FCT646)
< D (0:31) s p]a Ble BD (0:31)
32
BHLDA
SBEO# - SBE3# wie & ADDR
e CAB BUS
${SAB  BUFFERS BBEO# - BBE3#
L4 » A (5-FCT646) BM/IO#, BD/C#, BW/R#
,/ 33 » A B BA (2:31)

M/IO#, D/C#, W/R#
A (2:31)

Figure 14. Block Diagram of the Complete Cache System
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For the CPU cache tag, a 8K x 24 cache tag is used (Figure 28
and 30) which is constructed from three IDT7174 cache tag
SRAMs. The system bus cache tag (SNOOP tag) is constructed
exactly the same i.e. with three IDT7174’s.

For proper termination of a bus cycle, a 74F64 And Or [nvert
gate is used (Figure 31) to drive the READY input of the 80386. The
74F64 is used in order to meet the critical timing requirements of
the READY signal.

The buffer network is built from nine IDT74FCT646’s to form the
address, data and control bus buffers. The IDT74FCT646 is a Fast
CMOS Octal Transceiver Register with an 8-Bit A register and an
8-bit B Register. The 646 block allows for the bidirectional transfer
and temporary storage of 32 bits of data. The DIR (direction) pin is
used to control the direction of data flow between the processor’s
data bus and the system’s data bus (Figure 14).

The system bus tag (SNOOP tag) monitors the addresses onthe
system’s address bus when an externally controlled data transfer
takes place (e.g. DMA). If the SNOOP tag detects an address that is
contained in the CPU cache tag (when BHLDA is active and whena
write occurs), the entire content of both cache tags is flushed via
the reset input of the IDT7174.

SIGNAL DESCRIPTION

e BA (2) - BA (31) are the 30 address pins that connect the system
address bus to the cache module. These 30 pins form the BA
bus or the board address bus.

e BHOLD is an input to the cache module. BHOLD (bus hold) is
asserted by system when another bus master wants to take
control of the bus. BHOLD is active high.

e BHLDAIs anoutput fromthe cache module to the system. When
Bhold is asserted by another bus master, the cache module
responds by activating BHLDA (bus hold acknowledge), the
other bus master is then granted control of the bus.

e BRDY# is an input to the cache module. When the system
asserts this pin, it indicates that the current memory cycle is
complete. BRDY# is active low.

o SBEO# - SBE3# are four output signals from the cache module.
They are the individual byte enables for the memory. These four
signals are active low.

e BADS#is anoutput from the cache module to the system. When
BADS# (board address status) is asserted, it indicates that the
BA bus is stable. BADS# is active low.

o BW/R#is aninput to the cache module from the system. BW/R#
(board write read) is used in the SNOOP function of the module
and helps the device to detect when a write has occured to an
active cache address.

e RESET is aninput to both the cache module and the 80386. The
RESET signal comes from the system and is asserted for 8 or
more CLK periods so that the processor and the cache module
will be placed in a known reset state. The tags of the cache will
be cleared. RESET is active high.

e FLUSH is an input to the cache module. While FLUSH is
asserted, it will cause the tags to clear. This pin is a
“programmable reset”. This signal is active high.

o LRDY# is an input to the cache module. LRDY# is an indication
to the module that a local bus cycle is complete. This signal is
active low.

e W/R# is an input to the cache module. When W/R# is high it

indicates that the 80386 is executing a write cycle and wheniitis

low it shows that the processor is executing a read cycle.

ADS# is an input to the cache module. This signal shows the

status of the A bus. When ADS# is low it indicates that the

address bits A (2) - A (31) are stable. This signal is active low.

The Microprocessor Interface

The microprocessor interface consists of four byte enable pins.
The bus cycle status pins i.e. D/C#, MI/O#, W/R#, clock and reset
signals, the address status pin ADS#, and the four local control
signals FLUSH#, LRDY#, READY#, RESET, LBA# and NCA# (see
Figure 15 for a complete description of the microprocessor and
system interface pins).

The NCA# input is for decoding non-cacheable addresses such
as I/O memory space. The designer needs to design a decoder
that recognizes non-cacheable addresses. The decoder output
ties directly to the NCA# input. LBA# is used to indicate that the
80386 is working with a local device (such as a coprocessor).

System Bus Interface

The system bus interface consists of the buffered data bus
(BDO0:31), the buffered address bus, (BA2:31), the bus byte enable
signals (BBEO#-BBE3#), the system bus control signals (BM/IO#,
BDC#, and BW/R#), and the system control signals of BRDY#,
BHOLD, BADS# and BHLDA. It should be noted that the 80386
equivalent front end signals of the controller module are prefixed
by the letter B (For a complete listing of system bus interface
signals, see Figure 15).

e CLKis an input to the cache module. It is identical to the 80386
clock.

e A (2) - A (31) are the 30 address pins that connect the 80386
address bus to the cache module. These 30 signals are the A
bus. .

e BEO# - BE3# These four byte enable signals are outputs from
the 80386 and are tied directly to the byte enable inputs of the
cache module.

o NCA#isaninputtothe cache module, while active it indicates to
the device that the current address present on the address bus,
A (2) - A (31), is a non cache-address. This signal is active low.

e D/C# is an input to the cache module. D/C#, data-control, is
used by the 80386 to indicate a data cycle or a control cycle.
While low the processor is in a control cycle and while highina
data cycle. No cache operations are permitted in control cycles.

e M/IO#is an input to the cache module, while low it indicates that
the 80386 is addressing an I/O device and while high it indicates
the processor is addressing memory. No cache operations are
permitted for 1/O devices.

e LBA#is an input to the cache module, while active it indicates
that the processor is accessing another device on the local bus,
for example the 80387 coprocessor. Local bus addresses are
not cache addresses.

o DIR, DEN# are outputs from the cache module. These signals
contro! the data bus buffers and the address bus buffers
(external to the module). DIR determines the direction of the flow
of the data bus buffers. DEN# is the enable signa!l and is used to
turn on the bus drivers.

e WLE is an output from the cache module to the data bus buffers
and to the address bus buffers. WLE is used to latch write data
into the write buffers.

e SEL is an output from the cache module. It is used to select the
latches in the data bus buffers and the address bus buffers.

D (0) - D (31) These 32 signals are the data bus connecting
directly to the data bus of the 80386. They are also connected to
the data bus buffers.

o READY# is an output from the cache module. When asserted it
indicates to the 80386 that the current cycle is finished. This
signal is active low.

Figure 15. Functional Cache Controller and 80386 Signal Descriptions
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Timing Diagrams for the Cache Design

Figures 16 through 26 illustrate the cache controller and
memory module timing diagrams for a number of different bus
cycles, namely cache read miss, cache read hit, write cache hit,
write cache miss, read LBA, write LBA, read NCA, write NCA,
BHOLD, and BHLDA. Figures 25 and 26 illustrate the cache tag
and cache memory timing for both the cache and SNOOP tag.

Cache Read Miss and Hit Cycles

The cache read hit cycle, illustrated in Figure 16, begins by
ADS# going low followed by the W/R# signal going low (to indicate
a read). The controller responds by driving WE1# high. The WE#1
signal which drives both the local bus cache tag and the SNOOP
tag sets the two cache tags up for a read and compare operation.
Afterthe read and compare operation is complete, the MAT 1 signal
will be valid. At this point in time (at the beginning of bus state T2)
the cache controller samples MAT1. If MAT1 is high, it indicates
that the cache memory has valid data. The controller responds to
this condition by sending its OE# signal low which in turn enables
the output of the cache memory to drive the microprocessor data
bus with its associated 32-bit data word.

On the other hand, if MAT1 was low, the controller would
respond by entering into a cache read miss cycle (as shown in
Figure 17). This condition indicates that the address is not cached.
For the cache read miss cycle, the cache controller drives the
DEN# signal low which connects the local data bus to the system
data bus. The control signals ADS# and W/R# are duplicated by
BADS# and BW/R# which are placed on the system bus to allow
main memory access. The system bus responds with the required
data and then drives BRDY# low when done. During the main
memory access, the controller updates the cache memory with the
new data, the local bus cache tag and the SNOOP tag with the
associated tag. Afterthe controller receives the BRDY# signal from
the system bus, it then drives READY# low which terminates the
bus cycle. It should be noted here, that for the cache read miss, the
READY# signal is held high an amount of time equal to the main
memory cycle time.

Cache Write Hit and Miss Cycles

When the microprocessor writes data to memory it may enter
into a write hit cycle or a write miss cycle (Figures 18 and 19). As
with the cache read hit cycle, the beginning of the cycle is
instigated by ADS# going low, but with W/R# going high. This state
results in the controller enabling the local and SNOOP cache tags
for a read and compare operation. If MAT1 is returned high to the
controller from this tag, a write hit has occurred which results inthe

controller enabling the cache memory for a write operation (viathe
WEZ2# line). At this time the CPU data bus is written into the cache
memory.

For either a cache hit or miss cycle, the cache controller also
drives the WLE line of the posted write latch such that the address
and data bus contents are captured for the system bus. For a write
miss, the controller exhibits similar timing as it does for the write hit.
Howaever, for a write miss, the cache controller will start writing to
both cache and main memory as if it was handling a write hit cycle.
If later during T2 it was determined that a miss had occured (via
MAT1) then the new content of that cache location does not
correspond to the tag address. The WINV# signal will be driven low
to invalidate the corresponding tag in the cache tag and the
SNOOP tag (see Figures 28 and 30).

LBA and NCA Read and Miss Timings

LBA and NCA both deal with special conditions. The LBA (local
bus access) cycle occurs when another device is to be accessed
onthe local bus for aread or write operation. For the Intel 80386 this
is most often a numerics coprocessor. In order to read data from a
coprocessor on the local bus, (Figure 20), the LBA input to the
cache controller is activated. The cache controller then disables
the cache memory (via WE2# and OE2#) the tag and the SNOOP
memory (via WE1#). The local ready signal {LRDY) is sent fromthe
coprocessor to the controller indicating the end of the LBA cycle.

NCA (non-cacheable address) cycles are entered into
whenever the NCA input to the cache controller is active. The NCA
is usually employed to keep 1/0 data from entering the cache. An
activa NCA# input results in the controller disabling the cache
memory, cache tag and the SNOOP tag. This, of course, keeps
the undesired addresses from entering the cache. As noted in
Figure 22, the NCA cycle has added wait states due to the fact that
the speed of the 1/O device is limited. The designer has also the
option of mapping the address space in several sections and
choosing what section of the address space will be cacheable.
This is accomplished by connecting the NCA# input to the output
of an appropriate decoder. During NCA# cycles the cache
ensemble is totally transparent.

Cache Memory and Cache Tag Timing

Figures 25 and 26 illustrate the timing specifications for the
cache memory, the cache tag and the SNOOP tag. The associated
tables give the necessary memory timing delays for the 16MHz,
20MHz and 25MHz versions of the 80386 microprocessor. As seen
in the table, the READY# signal AC timing specification is met by
use of an 74F64 AOI with a delay that is less than 6ns.
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READ HIT TIMING
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Figure 16. Read Hit Timing
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READ MISS TIMING
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Figure 17. Read Miss Timing
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WRITE HIT TIMING
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Figure 18. Write Hit Timing
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WRITE MISS TIMING
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Figure 19. Write Miss Timing
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READ LBA TIMING
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Figure 20. Read Local Bus Access Timing
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WRITE LBA TIMING
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Figure 21. Write Local Bus Access Timing
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READ NCA TIMING
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Figure 22. Read Non-Cached Addresse Timing
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WRITE NCA TIMING
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Figure 23. Write Non-Cached Addresse Timing
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BHOLD/BHLDA TIMING
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Figure 24. Hold and Hold Acknowledge Timing
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INSTRUCTION CYCLE
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Figure 25. Cache Memory Timing
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INSTRUCTION CYCLE
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Figure 26. Cache Tag and SNOOP Timing
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Top Level Diagram Description and Operation
Figure 27 illustrates the top level diagram of the cache controller

and memory module. The block CRAM is the cache memory,

TRAM is the cache tag for the local bus, SNOOP is the cache tag for

MAIN SYSTEM
BUS PINS

80386 BUS PINS MEMORY CONTROL
CRAM PINS
é—((%.g) A (2:14) SBEO# SBeoe
31) » D (0:31) SBE1# E1#
SBE2# SBEH
SBE3# BES
WE2# [« E
OE2# {¢——0OF
SNOOP .
BA (2:31) [———— BA (2:31)
V'\\,[IIE\-& WE 1#
WINVE WINVE
CLR#
CLR#
TRAM
A @31 > A3 MAT? [——BAT1
V‘\;‘I’E\‘/ﬁ WINV#
CLRZ
g'é?: CE1# BUS BUFFERS
< CONTROLS PINS
- CTRL SnE
= BEO# SBEO# SHEC#
E12 BE1# SBE1# SBE14
3 BE2# SBE2# SBE
BE3# SBE3# BADS#
DIC# D/C# B\?VDE% WE1# 3
| ——r M/I0# WINV# [—— Ny
ADS# A% OE2s QE2r
READYZ | e 4ioh BHLOA BHLDA o
£ WL
BRESET »| RESET SEL S SEL
LBAs o BRDY#
FLUsrE & LBA% MAT1 e
LRDY# FLUSHz MAT. BHOLD
£ LRDY# BHOLD 2
NCA# BW/R# =5 /B
DIR =0
CONTROL RENA CE1Z
INPUTS

Figure 17. Top Level Diagram of the Cache Controller Module

7.6

the system bus (SNOOP tag), and CTRL is a PAL based state
machine which controls the timing and state sequences for
interfacing to; the cache memory; the SNOOP and local cache
tags; and the system and microprocessor buses.
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TRAM Block

Figure 28 represents the connections of the local address bus
(80386 address bus) to the cache tag SRAM (CRAM). A(2:31) are
the address lines which come directly from the 80386 address bus.
The cache tag is addressed using address bus bits A(2) through
A(14). A(15) through A(31) are the address bits that are recorded in
the memory of the cache tag. MAT1 is an input to the cache
controller indicating a hit or a miss.

CE#1, WE#1, CLR# and WINV# are contro! signals which come
from the CTRL block (the internal PALs) to the cache tag . WINV# is
used to invalidate a write entry in the cache. For instance, for an
80386 write cycle, the controller will start to write data to the cache
and main memory at the same time. However, if it is determined
later on in the cycle that a write miss occurred, the WINV# signal
will write a logic low in the 24th bit of the tag which invalidates the

tag address at the cache’s page offset location. CE#1 is used to
keep non-cacheable addresses from entering the tag. If a
non-cacheable address is detected (via the NCA# input), CE#1 will
be disabled which in turn floats the IDT7174 cache tag’s 1/Os. The
CLR# signal is an input signal to the tag and the SNOOP and is
used to flush the cache on SNOOP hits.

CRAM Block

Figure 28 illustrates the cache memory which is used to store
the associated data of the tag addresses. The cache memory
consists of four IDT7164 8K x 8 SRAMs. A(2:14) are the same
address lines that address the cache tag memory of Figure 27 i.e.
the microprocessor address bus. D(0:31) is the 32 bit data bus of
the 80386. The data bus is divided into 4 bytes with each byte being
stored in a unique IDT7164 SRAM.

A (2:31)
IDT7174
A(2) (15
o U -
Al no 1103 I +5V
AL 1 A3 1/04 g
Iyt 1/05 (19l
R B
1
6o QZ vor—4 21 200 OHM
A
13— A9 MATCH
(13 A1
A Al RESET#D
cs#p——
O p——
WE# D
IDT7174
(2) {
A0 101 |—AL23)
31 a1 1/02—A{2
72— /03—A- 25
2— A3 /04 —A{28)
Al /05 —At27
2 s 1OS—A [o8Y
A Vo8 —ATze)
{9} A7 1/08 A (30)
A{10) A8
) MATCH
Afzl At
A {13 I
And | Ay RESET# E
cs#
OE#D—¢
WE# D
1DT7174
) A(31)
A0 1101
ALY 1Ay 1102
HeE
AL A4 1/05
AT A5 1/06
£ A6 1/O7 |-~ +5v
A0 a7 1708
A8
1 ag MATCH MATA
1 -
A A RESET#D
i
# s
WE#
CEt# +5V
WE1#
CLR#
WINV#

Figure 28. Cache Tag Block (TRAM)
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A (4) A2 /03 (2)
B /IR
_ A7)
vl o
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—E 3R
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T VA
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A Cs2f— +5v
A1 OE#
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A Q) : (16)
A4 el reva)
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AR a3 Voe 20
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Figure 29. Cache Memory Block (CRAM)

SBE(0#:3#), WE2#, and OE2# are signals generated by the entire 32-bit double word in the data cache (so as to ensure valid

" CTRL block (Figure 34) which control the operation of the cache datainthe cache). In orderto update the full 32-bit doubleword, the

‘memory. SBE (0#:3#) are used to select a specific byte of the 32-bit - force byte enable signal, FBE#, is gated with the byte enable

doubleword via their direct connection to the IDT7164s. Inthe case signals, BE(0#:3#), of the 80386 to form SBE (0#:3#) as shown in

of a read miss, if the microprocessor wants to read just one byte Figure 34. WE2# and OE2#, from the CTRL block, are used to
instead of the full 32-bit doubleword, the controller will update the control the read and write operation of the cache memory.
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SNOOP Block

The SNOOP (Figure 30) is very similar to the tag. BA(2:31), the
system address bus, is the main memory address bus that the
SNOOP monitors. BA(2:14) is used to address the SNOOP and

BA(15:30) is the address recorded in the SNOOP. As mentioned
previously, the design of the controller module is such that the

SNOOP and the tag always contain the same information.

BA (2:31)
IDT7174
A (?\ AO 1/01 _A (15)
AL Al /02 —BA NG
A A2 1/03 (—BATE—
AP — A3 (/04 —EBAHA
A A 105 —BA-n
Al 58 VoP—BALn —
ok oy Ei 2
a0 Ao MATCH
S
A(13) | aqq RESET#b
18 A12
cs#
OE# D— +5V
WE# D
IDT7174
A (2) AO 1/01 A (23
AL 1 A /02 (—BA (24
Al a2 /03 {—BAL2S
IYGE IV Vo4 —R 57,
Al A2 e T
Alm 182 VO8I—Rp 50)
9] A8 o7 —RATa0)
BA A7 1/08
A (10) | ‘Ag
A H— Ag MATCH
12— Ao
AR Al RESET#
Cs# p———4
OE# po— +5V
WE# D
IDT7174
A (2) BA (31)
A0 1101
QF‘ A1 1102
=L
AL ag 1/05
AT8) ] A2 o7 sV
+
A 1905 ﬁg 1108
A (11
‘H“%' A9 MATCH
1
A RESET#
cs# E_———o
OE# b— +5vV
WE# >
WE1# -
CLR#
WINV#

Figure 30. SNOOP Block (SNOOP)

The WINV#, CLR# and WE1# signals are used in the exact same
way as the tag memory of Figure 28. Functionally the only
difference between the tag memory andthe SNOOP memory isthe
fact that the SNOOP memory is always monitoring the main
memory address bus.

The only output of the SNOOP block is MAT2 which ties directly
to the control block to indicate a SNOOP hit or miss. On a SNOOP
hit, the cache controller will flush the entire contents of the tag

(TRAM) and the SNOOP tag via the clear line (CLR#).
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Posted Write Logic Design and Operation

The posted write logic comes into action when a write occurs.
For the posted write operation, the IDT74FCT646 octal transceiver
registers are controlled by the WLE (write latch enable), signal. The
WLE line, on a microprocessor to memory write, latches the data
and its address into the 646s and continue on without wait states
while the cache control logic downloads the posted write buffer to
main memory (the posted write operation can not be interrupted by
an external system bus requesti.e. itis locked). In acase wheretwo
write miss cycles occur back to back, the 80386 will have a number
of wait states depending on the main memory access time.

For a write hit, the timing (Figure 18) is the same as that of the

read hit (Figure 16). For a write miss however, the bus cycle is
extended by an extra clock period (Figure 19).

Design of the Cache Controller Block (CTRL)
The design of the cache controller requires determining the
state machine cycles of the 80386 and replicating them through

a PAL based state machine. For this design, three 22V10 PALs
were used (Figure 32) to form the PALs block of the controller in
Figure 31.

As shown in Figure 31, the READY# input is generated by the
use of the 74F64. For Figure 31, it should also be noted that all

- inputs to the PALs block are on the left side, all outputs are on the
right side and buses are represented as dark vertical lines. For
Figure 32 it should be noted that the pin out are shown for 28-Lead
PLCC packages.

The designer should use caution if he plans to implement the
PAL design given in this application note. In particular, the pin
assignment should not be changed. This is because the internal
structure of the PALs may not accommodate a term swap between
pins. For example, if the signals WINV# and DIR of PAL1 (Figure
32) were interchanged (WINV# to pin 19 and DIR to pin 17), the
JEDEC fuse map will not run because pin 17 does not have enough
inputs (internally) to handle the equations for DIR.

TAG &
INPUT PINS SNOOP
CRAM
80386 | F10 CE1#
BEO# > B SBEO#
BE1# —: F08 gpE1#
BE2# 4 sBe2# | MAIN
el >————1 &us
INPUTS [|-BESE SBE3#
p —
NCA# F11 PALS BHLDA BHLDA
D/C# ] FBE#
PSS M/O# J‘L NC# BADS# BADS#
LBA# LBA# WE# xﬁ/’;
W/R# W/R# WINV#
MAIN ADS# ADS# WE2# Wez#
BUS MAT1 MATY OE2% Ovif:
BRDY# BRDY# WLE S
BHOLD BHOLD SEL =
RESET# DIR
— LRDY# DEN# DEN#
FLUSH#
FLUSH# RDY1#}+
BW/R# BW/R# DATA & ADDR.
MAT2 RDY2# BUFFERS
MAT2 RGT
Fo4 TagH—
O o CLKB CLA# lia
FO4
RESET I~ }Z Fo4
|EDF1_1 80386
Fio | 1
LRDY# —
READY#
F04 [
1-74F04 [ .£ 74F64
1 - 74F08 FO4
1-74F10 * —>0— Et
1 - 74F11 =
1 - 74F64 OUTPUT PINS

Figure 31. The Controller Block (CTRL)
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Figure 32. The PALs of the CTRL Block

7.6 32



THE COMPLETE HIGH PERFORMANCE CACHE
SYSTEM FOR THE 80386 MICROPROCESSOR APPLICATION NOTE AN-30

PAL Equations »

The equations for the three PALS are presented in Tables 2
through 6. The PALASM source code for the PALs is also given for
generating the corresponding JEDEC fuse map.

INPUTS INTERNALS
N'LIW:A'MIBIB:B.B: ‘R|T.T.T'MiF:D: 1+ .+ .
CiB1/+DArRiHiHIHt E|2¢ 3141 AiBelr v v ¢
SIGNAL |#*A*R*S'T'D'X'Y'L* *S|#v# # |*E*R' ' * DESCRIPTION
NAME vEVEVELLIY e DL JEL L L NG LD

oo o AL T E L

P I T R T T T R

N Lo
FBE# He Ho Ly o Le 0 o Hy ' L He Hioo [ Read Miss, no Main
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@
=
2,
=)

--------- :
[ mamne [H i HD D L L H L G H[L L TH L] wie
. : "

' ' 1

: o

<
]
g
'
1
-
'
-
.
=
3
i
]
.
-
-

I|x'xT'T
-

v
-

'
-
'

'
-
'
- -
'

e L
PR T T T Stay if Rd Miss, not Rdy
VU TU T staytwite, Main
S = L
L A R . N SR I L LT R
N N L | L S Stay if Write, BHOLD
T3# [H HLr v Le v v Hr v G HE L o rHe T2,Rd Miss, no Main
Aol G L m TRl L O T YT T U T ] T2Rd Miss, Main T
HoH HC v L. . H .« A L+ VH .+ . 1 . . | TaWrMiss noMain
[ 74 [wiwir 0 v v e v L L v | T3, Read
R T T L
Table 2. First Part of PAL1’s Equations
Tables 2 and 3 show the equations for PAL1. A horizontal line in The lines grouped together for a signal are ORed vertically. As an
these tables means an AND function between the present terms. example, the logic equation defining the signal FBE# is as follows:

FBE# = NC# e LBA# @ W/R# » MAT1 e BHY# @ RESET# ® T2# @ MAIN# ® FBE#
+
NC# o LBA# @ W/R# @ MAT1 @ BRDY# @ BHX#  RESET# e T2# @ MAIN# e FBE#

+
BRDY# e RESET# e FBE#

Bared signal
Unbared signal

logic low level
logic high level

Each line is accompanied on the right hand side by a short
comment describing the situation to which it relates.
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DESCRIPTION

Write Miss, no Main

v Ca T
! [ T T
. ' ' L} . v [ 1 '
' T [
) Vo [
I Vo a0
<) B Voo
1 ] o e
C [ et v
"y oaaglslgse 0 v oY £ QO
gL glglE . 158 33
2| 2G| d 2 Qe
2 v Bl e[ E 2 G s g S m
et LA T @ s..s..M_.m.r.M...h_r
E|2 £ 22|28 505808 &
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= A A
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AL 0 90:0:.0.0,.5. 5,
2= 012 x,a,2,2,2,3,3, 3

INTERNALS

INPUTS

At gt I H.A
PR S Y

THE COMPLETE HIGH PERFORMANCE CACHE
SYSTEM FOR THE 80386 MICROPROCESSOR

34

Stay until Ready (no BH)

Stay until BHOLD

Write, after BHOLD

Write, no Main
Write, wait for Main

7.6
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DESCRIPTION

Write, no Main
Write, wait for Main

. g
. '
' '

. '
| \
, .
[ u\ﬂl.
YT
' '
s &
. 8.3.8

285

T8t &1 X

=, o.ac,o

0,8, =, =

€'2'E'E

-+ 13+ 3

0,9

ST

2200

Write while Main

Stay until Ready

Write while BHOLD

_St_a): untit released L

Stay until next ADS#

T2,Wr Miss, no Main
Read Hit

DESCRIPTION

NCA after BHOLD

NCA, wait for Main

Stay LBA until Ready

BHOLD, no Main

Stay NCA until Ready
BHOLD, Main

NCA, not Busy

Stay until no BHOLD
One cycle after BHX

BHY when Ready

Read Miss, waitfor Main

Stay unti! Ready

Read NCA, wait for Main
NCA, after BHOLD

Stay until no BHOLD

Read Miss, no Main
Write, after BHOLD

INTERNALS

INTERNALS

INPUTS

PN

L H,

H L,

H

Table 4. First Part of PAL2’s Equations

INPUTS

RDY1# | H

OE2#

RGT

BHX#

BHY#
BHLDA

Table 5. Second Part of PAL2’s Equations
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INPUTS INTERNALS
RiB,B,M/B,F, | . , |cic, o 0
SIGNAL E.HW A AL, « v Lol v 0 v 0 0 0
SiLi/ TiDi Ui « v o |RBRy v 0 0
NAME | E'DrRv 2+ 8¢S+ + o « v |qede o v v v u DESCRIPTION
TR TR e
CLR1# | He H' H* Lt ¢+ 1+ v o o v« + o+« + | snoop Write while BHLDA
CLR2# | Hr + +H « « + +« + o Lo v v v v v v | write Hit while BHLDA
CLR# Hi + +H + 1+ + .+« & L+« + v 0 v U ] write Hit while BHLDA
St B Tt SR S Sl R S TR A A St B Bt T MY m Rt B [
[H Lo "L 4 4+ v+ .+ .| Stayonemorecycle
Coe . o
L e e Lo 4 4 44 b | systemRESET

Table 6. PAL3’s Equations

These equations were developed by closely analyzing the
logical timing diagrams for the 80386 under all the possible states.
A combination of several of these states following each other were
also looked at. The timing waveforms for the controller were then
developed in order to meet its specifications and handle the 80386
operations. Once the timing waveforms were done then the
equations were derived and the PALs programed.

The software PALASM was used to compile the equations for
the PALs into their corresponding JEDEC fuse map. The source
code for each PAL's program is presented below. The

nomenclature in PALASM is somewhat deceptive in that an
apparently logical “high” term might mean a logical “low”. In the
pin declaration part of the source code an active low signal is
represented by a */” preceding its name. In the description of the
equations, however, if a term is written as it was declared (in the pin
declaration) it will be perceived as a logic high, yet if the signal is
written in the opposite sense than in the declaration then PALASM
understands it as a logic low.

Keeping the above in mind, it will become clear to the reader
how Tables 2 through 6 match their respective PAL code.
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TITLE Controller1

PATTERN N.A.

REVISION 1.1

AUTHOR

COMPANY Integrated Device Technology Inc.
DATE 09-21-1988

CHIP CONTROL_PAL1 PAL22V10

;PINS

31 2 3 4 5 6 7 8 9 10
CLKB /XNC /LBA /W_R'/ADS MAT1 /BRDY /BHX /BHY /RESET
11 12 13 14 15 16 17 18 19 20
BHLDA GND NC /WINV /BADS DIR /WE2 /WE1 /T4 /T3
21 22 23 24 25

/T2 /MAIN /FBE VCC GLOBAL

EQUATIONS

GLOBAL.RSTF = RESET

DIR 1= /BHX * /LBA * /W_R * ADS * /RESET * /MAIN

FBE

MAIN

T2

+

/BHX * /LBA * /W_R * BRDY * /RESET * MAIN
+

/BRDY * /BHLDA * /RESET * DIR

+

/LBA * /W_R * BHY * /RESET * T2 * DIR

+
/LBA*/W_R *BRDY */BHX * BHY * /RESET * /MAIN *
/DIR

1= /XNC * /LBA *W_R * /MAT1 * /BHY * /RESET * T2 *
/MAIN */FBE

+

/XNC*/LBA*W_R * /MAT1 * BRDY * /BHX * /RESET *
T2 * MAIN * /FBE

+
/BRDY * /RESET * FBE
:= /XNC * /LBA * /W_R * /BHY * /RESET * T2 * /MAIN

+

/XNC * /LBA * W_R * /MAT1 * /BHY * /RESET * T2 *
/MAIN

+

/XNC * /LBA * W_R * /MAT1 * BRDY * /BHX * /RESET *
T2 * MAIN

+

/BRDY * /RESET * MAIN

1= ADS * /RESET

+

/XNC * /LBA * W_R * /MAT1 * /BRDY * /RESET * T2 *
MAIN

+

/XNC * /LBA * /W _R * /RESET * T2 * MAIN

T3

T4

WE1

WE2

WINV

BADS

+

XNC * /LBA * /RESET * T2 * MAIN

+

/XNC * /LBA * W_R * /MAT1 * BHY * /RESET * T2
+

/XNC * /LBA * /W _R * BHY * /RESET * T2

1= /XNC */LBA*W_R * /MAT1 * /BHY * /RESET * T2 *
/MAIN

+

/XNC * /LBA *W_R * /MAT1 * BRDY * /BHX * /RESET *
T2 * MAIN

~+
/XNC * /LBA * /W_R * /MAT1 * /BHY * /RESET * T2 *
/MAIN

:= /XNC * /LBA *W_R * /RESET * T3

+
BRDY * /RESET * T4

1= /XNC */LBA*/W_R * /MAT1 * /BHY * /RESET * T2 *
/MAIN

+

/XNC * /LBA * W_R * /MAT1 * /RESET * T3

+

/XNC * /LBA * W_R * /BRDY * /RESET * T4 * MAIN

1= /XNC * /LBA * /W_R * ADS * /RESET * /MAIN
+
/XNC * /LBA * W _R * /MAT1 * /RESET * T3

+
/XNC * /LBA * W_R * /BRDY * /RESET * T4 * MAIN

1= /XNC*/LBA */W_R * /MAT1 * /BHY * /RESET * T2 *
/MAIN :

1= /XNC*/LBA*W_R*/MAT1*/BHX * /BHY * /RESET *
T2 * /MAIN

+

/XNC * /LBA*W_R * /MAT1 * BRDY * /BHX * /RESET *
T2 * MAIN

+
XNC * /LBA * ADS * /BHX * /RESET * /MAIN
+
XNC * /LBA * BRDY * /BHX * /RESET * MAIN
+
XNC * /LBA * /BHX * BHY * /RESET * /MAIN

+
/XNC * /LBA™ /W_R * ADS * /BHX * /BHY * /RESET *
/MAIN

+

/XNC * /LBA * /W_R * BRDY * /BHX * /RESET * MAIN
+

/XNC * /LBA * /W_R * BRDY * /BHX * BHY * /RESET *
/MAIN
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TITLE Controller2
PATTERN N.A.
REVISION 1.1
AUTHOR OE2
COMPANY Integrated Device Technology Inc. RGT
DATE 09-01-1988
CHIP CONTROL_PAL2 PAL22V10
;PINS
31 2 3 4 5 6 7 8 9 10
CLKB /XNC /LBA /W_R /ADS MAT1 /BRDY BHOLD /LRDY
/RESET
;11 12 13 14 15 16 17 18 19 20
/T2 GND /MAIN BHLDA /DEN /BHY /BHX RGT /OE2 /RDY2
;21 2 23 24 25
/RDY1 SEL WLE VCC GLOBAL
EQUATIONS BHX
GLOBAL.RSTF = RESET
WLE := /XNC */LBA * /W_R * ADS * /MAIN * /RESET
+
/XNC * /LBA * /W_R * BRDY * MAIN * /RESET BHY
SEL  := /XNC */LBA * /W_R * ADS * /MAIN * /RESET
+
/XNC * /LBA * /W_R * BRDY * MAIN * /RESET
+
/BRDY * /RESET * /BHLDA * SEL DEN
+
/XNC * /LBA * /W_R * T2 * /RESET * BHY * SEL
RDY1 :=/XNC*/LBA*/W_R*ADS */BRDY * MAIN * /RESET
* /BHX
+
/BRDY * MAIN * /RESET * RDY1
+
/XNC * /LBA * /W_R * ADS * /RESET * BHX
+
/RESET * BHY * RDY1
+
XNC * /LBA * /BRDY * MAIN * /RESET * /BHX
+
XNC * /LBA * ADS * /RESET * BHX
+
XNC * /LBA * T2 * /RESET * BHY
RDY2 := /XNC*/LBA*/W_R*/MAT1*T2*/MAIN */RESET *

/BHX * /BHY

+
/ADS * /RESET * RDY2

;= /XNC * /LBA * W_R * ADS * MAT1 * /RESET

1= XNC */LBA * ADS * BRDY * /MAIN * /RESET * /BHX *
/RGT

-;—(NC * /LBA * /RESET * /BHX * BHY * /RGT

;NC * /LBA *BRDY *T2 * MAIN * /RESET */BHX */RGT
T_BA * ADS * /RESET * /RGT

TLBA * /BRDY * /RESET * RGT

+
LBA * /LRDY * /RESET * RGT
1= BHOLD * T2 * /MAIN * /RESET * /BHX

+
BRDY * BHOLD * T2 * MAIN * /RESET * /BHX

+
BHOLD * /RESET * BHX
1= /RESET * BHX

BHLDA := BRDY * BHOLD * /RESET * BHY * /BHLDA

BHOLD * /RESET * BHLDA

:= /XNC */LBA*W_R */MAT1 *T2 * /MAIN * /RESET *
/BHY * /DEN

7/'-XNC * /LBA * W_R * /MAT1 * BRDY * MAIN * /RESET
7LBA * /W_R * ADS * /MAIN * /RESET * /BHX
7LBA * /W_R * BRDY * MAIN * /RESET * /BHX
.;g\lE(il" /LBA*W_R * ADS * /MAIN * /RESET * /BHY *

+
XNC */LBA * W_R * BRDY * MAIN * /RESET

-+

/BRDY * /RESET * DEN

+

/W_R * /LBA * BRDY * /MAIN * /RESET * /BHX * BHY *

/DEN

+
XNC */LBA * BRDY * /MAIN * /RESET * /BHX * BHY *
/DEN
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TITLE Controller3

PATTERN N.A.

REVISION 1.0

AUTHOR Mammad Safai

COMPANY Integrated Device Technology Inc.
DATE 09-28-1988

CHIP CONTROL_PAL3 PAL22V10

;PINS
N 2 3 4 5 7 8 9 10
CLKB /RESET BHLDA /BW_R /BADS MAT2 /FLUSH NC NC
NC

1112 13 14 15 16 17 18 19 20
NC GND NC NC NC NC NC NC NC NC
;21 22 23 24 25

/CLR /CLR2 /CLR1 VCC GLOBAL

EQUATIONS

GLOBAL.RSTF = RESET

CLR1 := /RESET * BHLDA * /BW_R * BADS
CLR2 := /RESET * MAT2 * CLR1

CLR := /RESET * MAT2 * CLR1
+

/RESET * CLR2
+

/RESET * FLUSH
+

RESET

CONCLUSION

The design of cache based microprocessor systems is
optimized by the use of a cache controller based on a dual cache
tag scheme. Such an architecture is adaptable to present day
25MHz systems as well is easily adapted to future higher speed
microprocessors. Posted writes further improves the effective
cycle time (with the IDT74FCT646s).

At the heart of this design is the IDT7174 cache tag SRAM. This
device with an address to match time of 20ns gives a wide margin
for the two cycle 80386 operating at 25MHz. Faster microprocessor
can be easily accommodated without changes to this design.
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By Kelly Maas

INTRODUCTION

As greater performance is demanded of 32-bit microprocessors,
cache memory systems are quickly becoming commonplace.
While cache design for the Intel 80386 is made easier with the Intel
82385 and other cache controller chips, the system designer still
has to make a choice of static RAMs (SRAMs) for use in the cache.
The IDT71586 CacheRAM™, which includes internal address
latches, is an example of an SRAM that is specifically designed to
simplify cache memory design and minimize part count.

This application note gives an introduction to cache operation,
then describes how a cache may be implemented for the 80386
microprocessor using the 82385 cache controller. We then discuss
how to determine which fast IDT SRAM, such as the IDT71588, is
best for an application. The last section explains how to double
and quadruple the size of the cache memory while still using a sin-
gle cache controller.

CACHE BASICS

Cache design can involve a large number of choices, although
selection of the 82385 largely eliminates these. For example, one
has the option of implementing separate instruction and data
caches, or a single combined cache. Different methods exist for
maintaining cache coherency during cache writes, including write—
back and write—through. A cache may employ direct mapping or
any degree of set associativity. And of course there is the choice of
cache size.

A cache increases the performance of a computer by decreasing
the average time it takes to access memory. Main memory is nor-
mally implemented with dynamic RAM because it offers the high-
est density and lowest cost. But DRAM is relatively slow and is un-
able to match the speeds at which high performance microproces-
sors can read and write memory. Because of this, the processor
must spend part of each read or write cycle idly waiting on the
DRAM. This keeps the high performance 80386 from realizing its
full potential.

Acache s located between the processor and main memory and
is used to store a portion of the main memory contents. It consists
of control circuitry and arelatively smail amount of fast SRAM, and
permits the processor to operate at full speed most of the time. The
propenty that allows caches to decrease the average memory ac-
cess time is called locality of reference. That s, for a given period
of time, the processor is likely to repeatedly access a small set of
localized memory locations. By copying the items from these ad-
dresses into the cache when first accessed, most future refer-
ences to these locations are directed to the cache instead of main
memory.

The general operation of a cache is rather simple. When the
processor makes a memory teference (a read or write), the first
step is to determine if that address is cached (i.e. the data from that
address currently resides in the cache). If it is, the reference is
termed a hit, and otherwise a miss. This is similar to page hits and
misses in a virtual memory organization. In the event of a hit, the
read or write is performed in the cache without delay. When amiss
occurs, the memory reference is forwarded to main memory. In

this case the processor must wait because of the slower speed of
main memory. Note that if main memory is fast enough to elimi-
nate the need for wait states, there is no need for a cache. Note too
that because of the time required to determine if a memory refer-
ence is a hit or a miss, the cache SRAM must be faster than the
SRAM required to implement a (very expensive and impractical)
zero—wait state main memory.

Since the cache is much smaller than main memory, how is it de-
termined what data from main memory to place in the cache? Data
is brought into the cache one line at a time as it is needed by the
processor and removed when displaced by data from another
newly referenced address. Alineis the unit of data transfered from
main memory to the cache during a read miss. It is typically one to
four times the processor word size and is always contiguous. As
the line size is increased, each read miss results in a longer mem-
ory cycle because more data is transferred from main memory to
the cache. But it also increases the hit rate (the fraction of memory
references that are cache hits) in most cases because data is often
loaded into the cache before it is first referenced.

Along with each line of data in the cache is stored atag. Figure 1
shows an example of a direct-mapped cache with a one-word
line. Thetag consists of the most significant bits of the main mem-
ory address from which the line came, and is necessary because
several lines of main memory map to each line in the cache. The
portion of cache memory used to store the tags is called the direc-
tory. The number of address bits in the tag is dependent on all of
the various cache parameters. The deeper the cache, the shorter
the tags. An additional bit is included with each tag in the directory
to indicate whether or not the corresponding cache line is valid, but
is not shown in Figure 1.

MAIN
MEMORY
CACHE MEMORY 00000
IA__TAG M 00001
- L]
00~ _ . Page 0
01 S 000FF
02 00100
L] L[]
hd hd . Page 1
5A oD9 | B2
* ° 001FF
. . - 00200
FF :
22— 0D9B2
L]
L]
1FEFF
1FFO0
. Page 511
[ ]
1FFFF

Figure 1. Basic Direct-Mapped Cache Organization
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Where in the cache is a newly referenced item from main mem-
ory.placed? The best performance, measured by the hit ratio, is
achieved when data from any main memory location may be
placed in any cache memory location. This is known as a fully as-
sociative cache and allows optimum utilization of the cache be-
cause new data can always replace the least needed data, regard-
less of its location.

Unfortunately, afully associative cache is also highly impractical.
Since data may be placed anywhere in the cache, the only way to
determine if a given address is cached is to compare it with every
tag inthe cache. This would require a very large amount of circuitry
and would be too slow. Additional circuitry would also be neces-
sary to implement the replacement algorithm, which determines
which line in the cache is best to remove to make room for new
data.

The opposite extreme to the associative cache is the direct—
mapped cache. In this case each main memory. address is
mapped to a single cache address using the least significant ad-
dress bits. Figure 1 shows how a 128K word main memory and a
256 word direct-mapped cache are organized. The memory may
be viewed as a number of pages, each the size of the cache. Inthis
example there are (128K /256 =) 512 pages. The offset of an ad-
dress within a page determines its cache address, and the page
number becomes the tag. It should be remembered that ad-
dresses are cached individually and that the cache usually con-
tains data from several different pages at any given time. The di-
rect-mapped cache gives inferior performance (in virtually all
cases) because it is impossible to simultaneously cache two main
memory locations whose least significant address bits (page off-
sets) are identical. The main advantages of a direct-mapped
cache are simplicity and speed, since only one tag need be com-
pared to determine if the reference is a hit or a miss.

Most caches employ an alternative to direct-mapping called set
associativity. It offers some of the performance benefits of an as-
sociative cache without the extreme complexity. In 4-way set as-
sociativity, for example, the cache memory is divided into four
identical banks. Much like direct-mapping, the least significant
bits are used to map the main memory address into the cache. But
instead of mapping into a single location in a single block, it maps
into the same location in each of the four blocks. Set associativity
reduces the problem of simultaneously caching multiple main
memory addresses with identical page offsets since there are now
multiple pages (blocks) in the cache. The arrangement of a 256
word, 4-way set associative cache and a 128K word main memory
are shown in Figure 2. Compared with the same size direct—
mapped cache, a set associative cache has smaller pages and
banks, but more of them. Note that direct-mapped is the same as
1-way set associative.

For a 4-way set associative cache, a hit or miss is determined by
simultaneously comparing the most significant bits of the address
with the tag from the appropriate line in each block. A match in any
of the blocks is deemed a hit, and the read or write is performed at
that block of the cache. Since new cache entries can be written to
any of the four banks, a replacement algorithm is used to deter-

- mine which one. A frequently used algorithm is to replace the entry
that is LRU (least recntly used).
8-way set associative caches. As the degree of set associativity
increases, so too does the hit rate, the cache complexity and the
time required to compare addresses with tags.

Also common are 2-way and

MAIN
MEMORY
00000
CACHE MEMORY - 00001
~ 1
00. . PAGE 0
o1 * 0003F
02 00040
L]
. . . . . PAGE 1
L ] o L ] L]
* * * 0007F
. 00080
3G’ :
- H
BANK A BANKB BANK C BANKD .
1FFBF
1FFCO
L]
. PAGE 2047
1FFFF

Figure 2. Four-Way Set Associative Cache

In general, four types of memory cycles are possible with a
cache: read hit, read miss, write hit, and write miss. As mentioned
earlier, a hit occurs during a read (or a write) if a match can be
made between the most significant address bits and one of the
tags, and the valid bit for that tag is set. When aread hitoccurs, the
data is simply read from the cache by the processor with no wait
states.

* When a read miss occurs, a Ilne of data is read from main mem-
ory and placed in an appropriate location in the cache. Atthe same
time it is being written into the cache, the processor reads the ap-
propriate word of data from that line. This operation is known as a
refill and is simplest when the line size is one word.

A write hit is the most complex of the four memory operations. In
addition to writing the data into the cache, it is necessary to ensure
that main memory is kept up~to—date. This may be handled two
different ways; write-back and write—through. With the write—
through method, the data is also written to main memory as soon.
as possible (usually immediately). This ensures that the data in
main memory is always up to date. By making the cache controller
responsible for performing the main memory write, the processor
may continue operating at full speed from the cache even if the
write is delayed. A series of writes, however, will cause the proces-
sor to again wait on main memory. While write—through has the
advantage of keeping main memory fully up-to—date, there is the
disadvantage that it makes heavy use of the main memory
bandwidth. With write—back, main memory is updated only when
the datais discarded from the cache. Butthis means main memory
is not kept up to date. This forces the other devices, such as other
processors and DMA controllers, to also examine the cache direc-
tory (or a duplicate) each time they reference main memory.

A write miss always results in a main memory write. The data
may also be written to the cache, orthe cache may be bypassed. It
might seem to make the most sense to write to the cache, but an
argument for not doing so is that an existing cache entry will be dis-
placed by data that may not be read by the processor in the near
future. As with the write hit, the processor may continue operating
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without wait states it the cache controller takes responsibility for
performing the main memory write.

In addition to the four memory cycles just described, the cache
controller must ensure that any changes to main memory (by DMA,
other processors, etc.) are reflected in the cache. This is requires
"snooping” the system bus and is known as the cache coherency
problem.

To summarize this section, there are several variables in cache
design. The organization of the cache is determined by the line
size (in bytes), the bank depth (number of sets or number of lines
per bank), and the degree of associativity (set size or number of
banks). Choices also exist concerning the handling of cache co-
herency. And there are many more options that are beyond the
scope of this application note.

DESIGNING CACHES WITH THE 80386/82385

The Intel 82385 cache controller couples tightly with the 80386
microprocessor to implement a 32K byte cache. Since the 82385
contains the tag directory and performs all the necessary control
functions, only an 82385, high speed SRAM and a small amount of
additional logic are needed to add a complete cache to an 80386
system. Cache hits allow the 80386 to run at its maximum rate of
one memory cycle every two clock cycles. Instructions and data
are cached together in the same cache memory, and operation of
the cache is completely software transparent. Two pins allow the
user of the 82385 to select between master and slave modes, and
between a direct-mapped cache and a 2-way set associative
cache.

The cache is placed between the 80386 and the rest of the sys-
tem. Memory references from the processor are always inter-
cepted first by the 82385. If a read hit occurs, the processor and
cache remain completely independent of the rest of the system,
and the read is performed directly from the cache. This allows use
of the system bus by other processors or a DMA controller. Only in
the case of a miss, a write, or an uncachable address is a memory
reference passed on to the system bus. Figure 3 shows the basic
bus organization of an 80386 system with a cache.

ADDRESS —]
80386 " o7  H
74FCT374
DATA
—
74FCT646
- CONTROL/STATUS SYSTEM
74ECT374
82385 | CONTROL
ADDRESS
Figure 3. 80386 with Cache
Connections to the 82385

The 82385 controller has three interfaces; a processor interface
to the 80386, a system bus interface (known as the 82385 local
bus), and an interface to the cache SRAM. Through the processor
interface, the cache controller is kept aware of the status of the
processor and in turn controls the termination of memary cycles via
a small amount of additional logic. Most other control signals
between the two chips connect pin-to-pin. The NA# pin on the

82385 connects directly to the NA# pin on the 80386 and is used to
put the processor into pipelined mode as described later. Option-
ally, the NA# input of the 80386 may be tied permanently high to
prevent it from ever entering pipelined mode.

Included in the processor interface is the entire 80386 address
bus (A2-A31). As detailed later, the least significant bits serve as
the cache address while the remaining address bits become the
tag that is stored in the directory. The 82385 has inputs (LBA#,
NCA#, and X16#) which may be drivenby address decoders to in-
dicate any addresses that are either uncached local bus address
space, other addresses not to be cached, and any address space
of 16-bit memory—uwhich is also uncached. Figure 4 shows the
indirect connections between the two chips.

80386 82385
Az—A3s —»|APPLICATION,
mio#——| SPECIFIC LBA#
D/C# > DECODE [—¥ NCA#
WIR# >
LOCK# »| LOGIC X16# -
READY# [* » READYI#
READYO#
BRDYEN#
BREADY#
Other 386
Local Bus
READY
SYSTEM
BREADY#

Figure 4. Indirect 80386-82385 Connections

The 82385 appears to the system to be a standard 80386. Many
of the control signals from the 80386 have functional duplicates at
the 82385’s system interface. These are often shifted in time as
the cache controller may manipulate the system bus independ-
ently of the 80386. Another part of the interface is provided by uni-
directional address and status registers, and by bidirectional data
registers. These are all controlled directly by the cache controller
and are placed in high-impedance when the system bus is not be-
ing accessed. Lastly, the 82385 monitors the system address bus.
As mentioned earlier this is one of the steps required to maintain
cache coherency. Since a DMA controller or other device may al-
ter a main memory location that is also cached, without address
"snooping” it would be possible to have data in the cache that is out
of date. To solve this problem, the 82385 monitors (snoops) the
system address bus, mapping each address into the cache direc-
tory and comparing it with the appropriate tag(s). This tag compari-
son is interleaved with the normal tag comparisons that occur
when the processor performs reads and writes. If a"snoop hit” oc-
curs with this address, the corresponding cache line is marked in-
valid. The next read of that address by the 80386 will result in a
miss and a refill of that line.

The SRAM memory interface is accomplished with ten pins. Fig-
ures 5 and 6 show the simplest direct-mapped and 2-way set as-
sociative configurations, requiring just an address latch and the
memory. CALEN is used to latch 80386 addresses and is neces-
sary because of the processor's ability to perform pipelined
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memory references. Four byte enable signals (CSo#-CSa#) allow
writes of 1, 2, 3 or 4 bytes at atime. The remaining signals control
reading and writing to each of the two banks of a 2-way set asso-
ciative cache, and are intended for RAMs with separate output en-
able (OE) and write enable (WE) pins. To use RAMs with a single
read/write control input, it is necessary to place a pair of
IDT74FCT245 transceivers on the data bus. Also, it is necessary
to gate OE and WE together to provide a contral signal to enable
and disable the transceiver. An additional signal from the cache
controller controls the direction of the buffer. It goes without saying
that anyone using the 82385 should avoid SRAMs without a sepa-
rate OE input. . )

82385 _
CWEA# > WE
COEA# | OE
CSo-a# /2 | BEoa
CALEN[— —1

LE 8Kx32
. 80386 DT MEMORY
74FCT373
A2-14 D Q Ao-12
Do-31 | Do-31

Figure 5. Direct-Mapped Static RAM Connections

Also note that on some versions of the 82385 cache controller,
COE# goes active during write cyles as well as read cycles. Some
SRAMs require that OE remain inactive during writes, making
them incompatible with the Intel 82385. All of IDT's SRAMs are
compatible with every version of the 82385.

82385
CWEA# »|WE 4Kx32
COEA# »{OE MEMORY
Ao-11
4'1 Do-31
‘ BEo-s
y
4, A4
‘CSo-a# 7 /‘ 4
BEo-3
CWEB# WE a2
COEB# »OE MEMORY
CALEN 1 Ao-11
Do-31
80386
A2-13
Do-31]¢ >

Figure 6. ' Two-Way Set Associative SRAM Connections

The Modes

The 82385 contains a 1024-tag directory, has aline size of a sin-
gle 32-bit word (doubleword), and controls 8K of 32-bit cache
memory. As mentioned earlier, by means of a mode pin, the 82385
operates in either a 2—way set associative or direct-mapped con-
figuration.

In 2-way set associative mode the cache is organized as two in-
dependent banks of 4Kx32 memory. The tag directory is likewise
organized with 512 tags for each bank, meaning that each tag cor-
responds to a group of eight lines. In Intel's terminology, each of
these groups is called a set. This organization, shown in Figure 7,
differs somewhat from the organizations described in the previous
section because there is not a tag for each line. This was probably
done to keep the directory small, but has the drawback of requiring
that all eight lines in a set come from the same page of main mem-
ory. One bit in each directory entry indicates the validity of that tag,
and eight additional bits indicate the validity of each individual line.
If one line in a set is replaced by a doubleword with a different tag,
the tag is changed and the seven other lines in that set must be
marked invalid because their tag is overwritten.

The controller has two sets of read and write signals, one for
each bank of the cache. When a memory read or write is re-
quested by the 80386, the 82385 simultaneously performs a tag
comparison inthe appropriate set of both banks. If a hitoccurs, the
controller then performs the read or write at the cache by strobing
the output enable or write enable of the appropriate bank. Figure 8
shows how the tag comparison is performed.
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Figure 7. 82385 Two-Way Set Associative Organization
Cachg Address The direct-mapped mode of operation is largely the same as
2-way set associative. The difference is that the cache is organ-
Page Number, Set Address Line within ized as a single 8Kx32 memory with a single 1 024-entry tag djrec-
Jag Set tory (1024 sets). When a memory reference is made, only a single
(A3 A14]A13 As[A4 AJ tag is compared with the address. When a hit occurs, the 82385
duplicates the read or write signals on both sets of SRAM control
DIRECTORY A - pins. Figurg 9 shows the organization of th‘e dl(ect—mapped
6 T s cache, and Figure 10 shows how the tag comparison is performed.
— e < @DF Ess In the 2-way set associative organization, the first 12 bits
TAG| LINE (A2—A13) are the cache address or page offset. Of these, As—A13
TAG [VALIG VALID determine the set, and A2—A4 determine the line within the set. The
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remaining bits (A14—A31) are stored as the tags. Because the di-
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rect-mapped cache is twice as deep, the tag is shortened by one
bit and the cache address is increased by one bit. Therefore,
A2>-A4 are stillthe line within the page, As—A14 determine the page,
and A1s—Aa1 are the tag. All of this address shuffling occurs within
the 82385 based on the mode pin, and has no effect on the exter-
nal connection of address pins.
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Figure 8. Two-Way Set Associative Set Comparison
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Figure 9. Direct-Mapped
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Figure 10. Direct-Mapped Tag Comparison

The distinction between master and slave modes is relatively mi-
nor and is not discussed here because it is not relevant to the basic
operation of the cache.

82385 Operation

We will now discuss the details of how the 82385 handles the
four types of cache operations previously discussed. During the
first clock cycle of every memory reference, the 80386 outputs an
address and status information, and brings ADS# (address status)
low. Atthistime the 82385 latches the address for the cache RAM
using CALEN, and performs the tag comparison(s) to determine if
the reference is a hit or a miss. Inthe event of a miss, the controller
clocks and enables the address, data, and status registers posi-
tioned between the 80386 and the system. During the following
cycle(s), a normal main memory read or write takes place. The

Cache Organization

cache controller initiates this action by strobing BADS#, which to
main memory (the system) appears functionally equivalent to
ADS#, but trails it in time. The memory cycle is terminated by main
memory which produces the BREADY# signal from a wait state cir-
cuit. See Figure 4.

When a miss occurs, the 82385 also asserts NA# (next address)
which may be used to place the 80386 into pipelined mode.
Pipelining causes the processor to output the address and status
signals of the upcoming memory cycle before the current memory
cycle is completed. This allows the 82385 to perform the tag com-
parison in advance and, if necessary, start the next main memory
cycle immediately upon completion of the current cycle. Pipelining
is not used during a series of cache hits because the cache is al-
ready coping with the 80386's minimum memory cycle time of two
clock cycles. As the cache goes back and forth between misses
and hits, the 80386 goes into and out of pipelined mode.

If a miss occurs during a read operation, the 80386 and 82385
both wait while main memory is read. The incoming data is then
read by the processor and simultaneously written into the cache by
the cache controller. Itis of no concern that valid data may be over-
written, because the 82385 uses write—through to ensure that main
memory always contains the same data as the cache.

During any kind of write, hit or miss, the data is written to main
membory. But because the 80386 posts the write with the 82385,
the processor usually experiences no slow down. That is to say,
the 82385 performs all main memory writes for the processor using
its system bus. As mentioned, the 80386 initiates a memory cycle
with ADS#. The 82385 then waits, if necessary, forthe system bus
to become available. In the mean time, the controller asserts
READYO# on the clock cycle following ADS# to indicate to the
80386 that the memory cycle is over. When the bus is available,
the controller asserts BADS# to start the main memory cycle.
When the system returns BREADY#, it is intercepted by the con-
troller and blocked from reaching the processor. While this occurs,
the 80386 may continue working out of the cache. Only a single
write may be posted with the 82385 at a time, in part because the
82385 controls a single set of registers to latch the 80386's ad-
dress, data, and status. See Figure 3.
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A write hit is identical to a write miss except that a hit also results
in a simultaneous write into the cache. .Of course, if the main
memory write is delayed, they are not simultaneous. Since a write
miss does not result in acache write, only a read miss can cause a
new address to be cached, possibly displacing other valid data.
The read hit is the simplest type of memory access because main
memory is not involved. Once a hit is determined on the first clock
cycle of amemory cycle, the data may be read out on the next clock
cycle.

STATIC RAMS FOR A CACHE

As outlined earlier, the data memory portion of the cache con-
sists of fast but otherwise ordinary SRAMs together with address
latches, all controlled by the 82385. The SRAMs are organized
either as a single 8Kx32 memory for a direct-mapped cache, or
(more commonly) as two 4Kx32 memories for a 2—-way set asso-
ciative cache.

While RAM speeds are typically indicated by the maximum ac-
cess time (address into valid data out), there are many other timing

parameters. Some of these are of special concern for
80386/82385 designs. The major SRAM timing requirements are
shown in Table 1. The equations used to generate these numbers
are shown below.
tAA = 4 CLK2 — 386:T6(max) — 373:Tpd(D to Q, max) -
386:T21(min) or
4 CLK2 - 385:T21a(max) — 373:Tpd(LE to Q, max) -
386:T21(min), whichever is less
tcs = 4 CLK2 - 385:T23(max) — 386:T21(min)
toE = 2 CLK2 — 385:T25b(max) — 386:T21(min)
toHz = CLK2 — 385:T25¢c(max) + 386:T12(min)
taw = 4 CLK2 — 385:T21b(max) ~ 373:tp(LE to Q, max) +
385:T22¢c(min)
tow = 385:T26(min)
tow = 3 CLK2 — 386:T12(max) + 385:T22¢(min)
toH = CLK2 —385:T22c(max) + 386:T12(min)
twp = 385:T22b(min)

READ CYCLE PARAMETERS 16 MHz 20 Mz 25 MHz

MiN. | max. | miN. [ max. | MIN. | max.
Address Access Time!" | tan — | 65 — | 51 — 39 | ns
Chip Seleat. tos — |7t | = |s2 | — | 4 [ns
83:23: 52?:19!0 toe — 19 — | 145 | — | 135 ns
83:;3: E?Qahblze © toHz — 15 — 10 — 65 | ns
WRITE CYCLE PARAMETERS
gt T o [ o] =] |
Chip Select o ew |40 | — |30 - | 25| —|ns
A P P Y S P e
e o [o |- |- ]|
Write Pulse Width twp 40 — 30 — 25 — ns
NGTES:

1. tAA and tAW are dependent on the delay of the address latch. Here, we assume that the latch

is the IDT74FCT373.

2. These numbers given for tDW and tDH only guarantee compatibility with the 80386 and 82385.
System timing for cache updates must also be considered.

Table 1. SRAM Timing Requirements

The most difficult read cycle times to meet are tog and tonz.
Some compromise, however, is possible on the latter. The maxi-
mum times given assume that the 80386 is enabling its data out-
puts in the least possible time, that the output enable signal coming
fromthe 82385s at its slowest, and that the SRAM is disabling out-
puts at its slowest. But the combination of conditions described
above could occur only if the 80386 is at one set of conditions
(minimum temperature and maximum Vcc) and the 82385 and
SRAMs are at another (maximum temperature and minimum Vcc).

While the guaranteed timings result in a calculated tonz of 6.5 ns
for SRAMs used with the 25 MHz processor and controller, the

parameter may be increased by afew nanoseconds since all of the
components on a board are at roughly the same temperature and
voltage.

Still more time may be added to toHz since a violation of this pa-
rameter only means that there will be contention on the databus as
the 80386 begins driving data. Brief contention at this time should
not damage the chips and will not compromise data integrity.

The write cycle timings are generally less critical, although tcw,
toH, and twp should be checked. Any memory satisfying these pa-

rameters should easily meet taw.
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From the table, it should be apparent that timing parameters that
involve the address bus (taa and taw) are among the least critical.
This implies that a fast address latch is not a major concern. Note
also that for the times given in Table 1 for these parameters, it is
assumed that IDT74FCT373 latches are used for the address.
When using IDT CacheRAMs™ that have address latches in-
cluded with the memory, Sns may be added to the taa and taw re-
quirements in Table 1 since the latch propagation delay is included
in the access times of the CacheRAMs™.

The most common cache configuration is 2-way set associative
since it gives higher performance than direct-mapping in the vast

majority of instances. The IDT71586 was optimized for this
application. As shown in Figure 11, only four of these latched
4Kx16 SRAMs are needed to implement the memory of a 2-way
set associative cache. Prior to the IDT71588, this application re-
quired 27 chips plus the cache controller. It consisted of sixteen
4Kx4 (IDT6168) SRAMSs, an address latch (two IDT74FCT373s),
two AND gates (one 7408), and data buffers (eight
IDT74FCT245s). Recall that the AND gates and data buffers are
required for RAMs without separate read and write control pins.

82385 BANK A BANK B
CALEN
il s D acnpdll |
OF IDT71586 IDT71586
LATCHED 'E ] LATCHED
WE  4Kx16 : 4Kx16
CSo
CSy
- I
I |
_ IDT71586 1 IDT71586
OEa LATCHED 'n LATCHED
WEA 4Kx16 - - 4Kx16
CS2
CS3
OEs A2-13 Do-31
WEs 80386

Figure 11. Two-Way Set Associative Cache Using IDT71586
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The 8Kx32 direct-mapped cache has two plausible solutions.
The best solution is to use 8Kx8 SRAMs such as the IDT7164. In
addition to the four memory chips, two IDT74FCT373s are needed
as an address latch. This arrangement is shown in Figure 12, The
IDT71586 can also be used for this application. It requires an in-
vetter for decoding A14 from the processor, which much also be
latched.

82385
CALEN "y
4+ [ 7
_ CS2 Do-7 Bo-7 i
_OEa OE IDT7164
WEa WE 8Kx8 Q D
—  Acz{] IDT
— L Ds-15 |174FCT37
CSo [ 7~
| IDT7164
am 8Kx8
— T Die-23
CSy [ —
M IDT7164
= 8Kx8 ||
— T D2a-34
CS2 — 7~
IDT7164
] 8Kx8 ld |Do-ai 803 Az-14
& =7 86

Figure 12. Direct-Mapped Cache Using IDT7164

INCREASING THE CACHE SIZE

The 82385 was apparently never intended to control anything
other than a 32K byte cache, but it is possible to implement larger
caches using a single 82385. Since the 82385 has a fixed number
of sets (1024) and a fixed number of lines per set (8), there is no
way to change the number of lines in the cache. Therefore, to dou-
ble the size of the cache to 64K bytes, it is necessary to increase
the size of each line from 32 bits to 64 bits. Although this mightim-
ply that 64-bit wide memory is necessary, that is not the case. In-
stead, since the 80386 is limited to 32-bit data, the line size
changes to two doublewords. They are addressed independently,
but are always adjacent memory locations and are either both valid
orbothinvalid atany giventime. Andthey share atag. Aread miss
is handled by reading from two adjacent addresses in DRAM, writ-
ing this data into two SRAM locations, and presenting the 80386
with just one of these two doublewords. This is accomplished by
oftsetting address lines to the cache controller and SRAM, and
adding a refill circuit that increases the number of doublewords
transferred from main memory to the cache on each read miss.
Read hits and write operations are left unchanged. The same prin-
ciples can be usedto increase the size of the cache still further. For
example, quadrupling the cache size to 128K bytes is done by a
2-bit address offset, and performing four DRAM-to—cache
transfers for each read miss.

Before continuing with some of the details of this procedure, we v

should first convince ourselves that the cache will function cor-
rectly with 64K bytes. In particular, can the proper validity of the
cache databe assured? Since the 82385 bypasses the cacheon a

write miss, only a read miss places an entire new entry in the
cache. The two doublewords are read from adjacent DRAM loca-
tions and written to adjacent cache locations. They share the
same tag which is placed in the tag directory at this time. Also, the
tag is marked valid and the valid bit corresponding to the entry is
set. When a write hit occurs, one to four bytes are written to one
address in both the cache and main memory. The remaining bytes
are unchanged and the entire eight lines of the page remain valid.
A write miss is performed as before, with one to four bytes written
to main memory. And aread hit is also essentially unchanged. Itis
not difficult to see that the changes will not affect the ability of the
cache controller to determine if a memory reference is a hit or a
miss.

Thefirst stepin enlarging the cache size is to alter the connection
of address signals to the 82385. Figure 13 shows how the address
lines connect to the 82385 for the standard 32KB cache, and for
64KB and 128KB caches. Proper operation requires that the con-
nection of A31 not be changed. The address connections of the
cache SRAMs are largely unchanged, with one exception. Forthe
64K byte cache, it is necessary for the refill circuit to control the
least significant address bit to the SRAMs because it must perform
two DRAM-to—ache transfers while the 80386 and 82385 believe
they are performing a single memory cycle. This is done by gating
A2 through an XOR gate located between the address latch and
the SRAM. The other input to the gate is controlled by the refill
circuit. For the 128K byte cache, A2 and A3 are both modified in
this manner. .

128K BYTE CACHE

64K BYTE CACHE
32K BYTE CACHE
| 82385 I

A4 e A3 e A2 ——1SA2 A A2 A3 —— A4
A30 —wm A29 —= A28 —1SA28 ASgl— A28 —— A29 — A30
GNd —— A30 — A29 | A29 —— A30 ——Gnd
Gnd —— Gnd A30 — A30 — Gnd — Gnd
A3 e A31 —— A3 | A31 — A31 — A31

SYSTEM ADDRESS BUS 80386 ADDRESS BUS

Figure 13. 82385 Address Connections

As mentioned earlier, memory cycles are initiated by the ADS#
(80386) and BADS# (82385) signals and terminated by the
READY# (80386) and BREADY# (82385) signals. Since neither
the processor nor the cache controller may be allowed to continue
until all DRAM-to—cache transfers are complete, it is necessary for
external logic to control the READY# signal received from the sys-
tem interface. Furthermore, the address referenced by the 80386
must be the last one of the two (64KB cache) or four (128KB cache)
DRAM-to—cache transfers. This is because the 80386 will latch
whateverdata is present on its data buswhen READY# s asserted
to end the read cycle. All of this additional logic is called the refill
circuit, which may be organized as a state machine plus combina-
tional logic, and built using two PLDs.

For the 64KB cache, the first DRAM-to—cache transfer is per-
formed with A2 inverted. The second transfer, which is read by the
80386, is done with A2 uninverted. Likewise with the 128KB
cache, A2 and A3 are controlled during the four transfers such that
the last transfer is with both A2 and A3 uninverted. This is easily
accomplished with the XOR gates and control signals from the refill
circuit.
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Another concern is how the multiple SRAM writes are performed.
In general, either the write enable pin or chip select pins of an
SRAM may be used to control the timing of writes. Without inter-
vention by the refill circuit, only one write will actually occur be-
cause CSo#-CS3# and CWEA# and CWEB# are strobed only
once by the 82385. The refill circuit must intercept and generate
multiple strobes of either the write enable signals or chip select sig-
nals since both control write operations. Keep in mind that for a
2—-way set associative cache, the two write enable signals fromthe
82385 control which bank is written to. Therefore, a design that
performs the writes by control of the write enable signals must be
carefulto strobe only one of the two during any given read miss cy-
cle.

The interface to main memory and the means by which burst
transfers occur is an issue left to the system designer. Static col-
umn DRAMs are the most probable type of main memory since
RAS and CAS may be held steady while the address changes and
different locations are read. The designer must also consider the
generation of READY#, which ends all 80386 memory cycles. It
must come from logic associated with either the DRAM or the
cache control.

To summarize, the refill logic does nothing when a read hit or a
write occurs. Only when a read miss occurs—indicated by the
82385 MISS# signal and the 80386 W/R# signal—does it take
control of the various signals. Note that these two signals must be
gated by other signals indicating the system status. The byte en-
ables (CSo-a#) are deasserted and the control signals are properly
setto invert A2 (and A3 for the 128KB). When the first doubleword
of data is received, it is written into the cache by strobing all the
byte enables together. In the 64KB cache, A2 is then uninverted
and the second (and last) transfer performed. This is the
doubleword actually read by the processor. READY# is strobed at
about the same time as CSo-a# to end the cycle. The 128KB cache
goes through a total of four transfers, with A2 and A3 being appro-
priately altered each time.

Intel has published a technical note on the subject of cache
expansion.

SRAM SELECTION FOR LARGER CACHES

The selection of SRAMs for 64KB and 128KB caches is little dif-
ferent from the 32KB selection except for timing changes. One
change is to the least significant address bit(s). The XOR gates

shorten the access time (tAA) and address to write time (taw) by an
amount equal to the propagation of the gate. The byte selects
(CSo-at) are delayed from the 82385 to the SRAM when they pass
through the PLD, but this is not a critical timing path. The only other

timing considerations are data set-up and data hold time (tbw and

toH), which are entirely dependent on the timing of the refill logic
and system interface and cannot be detailed here.

Anocther external factor that may affect SRAM timing is the use of
address decoding. Although the convention is to use SRAMs of
the same depth as the cache (4K or 8K), it is quite possible to use
shallower SRAMs and a decoder to decode the latched address. If
the SRAMs are half the depth of the cache, only aninverter is re-
quired. A 2~to—4 or 3-to—8 decoder is needed for still shallower

SRAMSs. The only timing parameters affected are tcs and tcw. The

minimum timing for these signals will be equalto taa and taw minus
the propagation delay of the decoder.

The only additional SRAM consideration is due to the XORing of
the least significant address bit(s). Since the XOR gate(s) mustbe
placed after the address latches, it is of no advantage to have
SRAMSs with integral address latches. [f such SRAMs are used,
the latches must be held transparent and external latches are
needed. In place of the IDT71586, the IDT7186 may be used. ltis
a JEDEC standard unlatched 4Kx16 SRAM.

Once the timings are met, other parameters may be considered
in the selection of SRAMs for a cache. Some of these parameters
are listed in Table 2 for the IDT SRAMs that can be used in any of
the cache configurations.

CACHE ORG. SRAMS ADDRESS OTHER BOARD
SIZE LATCH LOGIC SPACE(
32K BYTES 2_WAY: 4 4Kx16 (71586) none none 59 /25
4Kx32x2 16 4Kx4 (6168) 2 74FCT373 23’27 47,_:‘8$2 a5 | 1147 81

DIRECT: | 4 8Kx8 (7164) 2 74FCT373 | none 33725

8Kx32 4 4Kx16 (71586) | none 1/6_7404 59 /25

64K BYTES g;‘)’(‘ggz 8 8Kx8 (7164) 2 74FCT373 | none 571 4.4
DIRECT: 8 16Kx4 (7198) 2 74FCT373 | none 5.0 / 3.5

16Kx32 8 8Kx8 (7164) 2 74FCT373 | 1/6 7404 5.7 / 4.4

128K BYTES | 2-WAY: 16 16Kx4 (7198) | 2 74FCT373 | none 9.2/ 6.4
16Kx32x2 | 46 gkxa (7164) 2 74FCT373 | 1/6 7404 105 / 8.1

4 32Kx8 (71256) 2 74FCT373 none 51 /25

g;ﬁfgz 16 16Kx4 (7198) | 2 74FCT373 | 1/6 7404 9.2 / 6.4

16 8Kx8 (7164) 2 74FCT373 | 12 74139 | 105 / 8.1

NOTE:

1. Board space is in square inches, and excludes fractional ICs. The first number is for DIP packages with 0.1 inch
spacing between packages. The second number is for SOIC packages (except for the 71586 which is a PLCC),

also with 0.1 inch spacing between packages.

Table 2. SRAM Comparisons
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As seen in Table 2, the SRAM of choice for the 64KB 2-way
(8Kx32x2) is the IDT7164, because of its density.

For 16Kx32 (64KB direct) and 16Kx32x2 (128KB 2-way set as-
sociative) caches, the IDT7198 is the most likely choice, although
the IDT7164 produces a competitive design. The IDT7198 gives a
slightly denser design that consumes less power. At the same
time, its 16K depth makes it well suited to these caches by eliminat-
ing decoding.

From Table 2, the 32Kx32 (128K direct) looks very attractive with
the IDT71256. The reason for this is that the IDT71256 is the only
256K bit SRAM in the table. The high density makes it very com-
petitive in both board space and power dissipation.

CONCLUSION

This application note has given an introduction to caches in gen-
eral, and in particular to cache design with the Intel 80386 proces-
sor and 82385 cache controller. We have shown that while the ba-
sic design is rather straightforward, it is possible for ambitious de-
signers to add to the design, creating a larger and higher
performance cache.

Dedicated SRAMs, such as the IDT71586 CacheRAM™, further
simplify the design process while making a significant break-
through in board space and power savings. This five—chip solution
now makes a high performance set asscciative cache available to
any 80386 designer.

7.7 11
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INTRODUCTION

The 33MHz MC68030 can achieve its maximum potential
only through the use of zero wait external cache memory.- At
33MHz, integrated cache tag RAMs, which combine RAM,
compare and reset logic into a single package, are mandatory.
The use of these integrated cache tag RAM devices allows the
MC68030 to operate at 33MHz with zero wait states. Most
cache designers would agree that discrete cache
implementations which satisfied the requirements of 20 or
25MHz systems, fail when tasked at 33MHz clock frequencies.
Integrated cache tag RAMs allow for 33MHz MC68030
operation today and a means to achieve 50MHz operation in
the future.

This application note will present a detailed 33MHz, zero
wait MC68030 cache design using integrated cache tag
RAMs. It is assumed that the reader has basic MC68030 and
cache knowledge.

PRODUCT FEATURES

« 33.3MHz MC68030 zero wait operation.

« 64K bytes of direct mapped external cache organized as
16K x 32.

= Two clock cache read hit yields a 67M byte/sec cache
bandwidth.

« Write through cache architecture.
+ Single level shared memory write pipeline.

+ Cache coherency/shared memory supported through
MC68030 local bus arbitration.

CACHE ORGANIZATION

The 33MHz 68030 design uses a 64K byte direct mapped
unified (both instruction and data) cache organization. The
line size is 16 bytes or four entries of 32 bits each. Read hit
cycles require 2 clocks (2 x 30ns = 60ns) for a minimum cycle
time of 60ns. Read miss cycles generate a retry cycle through
the simultanecus assertion of the MC68030 bus error (BERR")
and halt (HALT") signals (to be discussed later). The minimum
length of the read miss is six clocks (2 for read miss, 2 idle
clocks and 2 for the retried read cycle) which supports a
memory subsystem with a 180ns cycle time. Longer memory
cycle times can always be accommodated.

Cacheable write cycles are performed in three clocks. A
write through cache policy is implemented which provides that
only cacheable write hit cycles (and read miss cycles) require
an update of the cache data. A single level write pipeline
accepts the MC68030 write address and data in three clocks
so that the CPU can continue processing while the memory
write is taking place.

Since the cache is direct mapped, each location in memory
has but one possible resting place within the cache. By
definition the cache is four bytes wide (32 bits); therefore,
there are 16K locations in the 64K byte cache. The mapping
mechanism is based upon the fourteen address bits, A15-A2.
Each memory location is mapped into one of 16K cache
locations based upon these address bits.

-The cache line size dictates how deep the tag and validity
RAMs must be in order to store all of the addresses of the
data cache entries. A 64K byte cache with a 16 byte line size
would require (64K/16 = 4K) a 4K deep tag and validity RAM.
The tag RAM (4K x 16 — 4 devices) stores the address of each
16 byte line of data contained in the cache. Each of the four
IDT6178S12 CMOS cache tag RAMs provide a MATCH
compare output. A cache "HIT” occurs when all four MATCH
bits are high. .

Sixteen address bits A31-A16 comprise the cache “TAG”
which are compared and stored in the cache TAG RAMs.
Address bits A15-A4 become the tag index for selecting a
sixteen byte cache tag entry. Address bits A3 and A2 are
called the longword select. Address bits A1 and AO are the
byte select lines. Since all cache read operations present 32
bits of data, the byte select lines are only used for cache
writes.

LONGWORD BYTE
T/I\G IN[?EX SELIECT SELIECT

[ [ I I |
[A31 A16|A15 A4A3  A2lA1 A0l

The validity RAM (4K x 4 — IDT6178S12) contains the
valid/invalid state of each of the four longwords within the
selected cache line. Valid bit 0 (VALIDO) represents the
valid/invalid state of longword 0 (offset = 0), valid bit 1
(VALID1) represents the valid/invalid state of longword 1
(offset = 4), etc. A validity bit set to 1 indicates a valid entry.
All valid bits are cleared on reset using the IDT6178S12 clear
function. This forces all locations in the validity RAM to 0
(invalid).

Up to 268M bytes of cacheable shared memory can be
accommodated by the 33MHz MC68030 design. PAL, P100
(U2) generates the STERM* (synchronous terminate),
CACHEN* (Cache enable), and MEMCS* (shared memory
chip select) upon receipt of an address in the range of 0000
0000 — OFFF FFFF. This PAL can be modified to accept
different address ranges and memory sizes.

THE 33MHz MC68030 DESIGN CHALLENGE

The 33MHz MC68030 has a zero wait cycle time of 60ns (2
clocks @ 30ns each). This sharply contrasts with the typical
dynamic memory cycle time of 150ns to 200ns. A high speed
cache memory, which has a cycle time of 25ns or less and a
hit rate of greater than 90%, can bridge the disparity between
CPU cycle time and main memory cycle time.

The stringent timing requirements imposed by the 33MHz
Motorola MC68030 has made zero wait state design a major
challenge. There are several critical timing parameters which
must be satisfied.

STERM* SETUP

In order to operate a two clock, zero-wait cycle, the
MC68030 STERM* {Synchronous termination) signal must be
valid (T60) 2ns before the clock rising edge in state 2 of the

©1990 Integrated Device Technology, Inc.
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MC68030 bus cycle. In a cached system, a hit must be
detected before the acknowledge (STERM®) can be
generated. The time required to detect a cache hit is as
follows:

CACHE HIT DETERMINATION:

1 clock @ 30ns each: 30
MC68030 Address Valid, T6: (14) max
STERM"* setup to clock high, T60: (2) max
Time available to detect a cache hit: 14 ns
I so ! s1 I s2 1 s3 |
| 1 1 | I
ek 1 1 | L —
S, 20— | 0 MIN->! jem
A31-0 (Mcss030) 7 7 77X, ADDRESS VALID N
=2 MIN | '
STERM?* (TBD) | ! | : 14 MAX
¥ T 1

i
| 1 :
AS* (MC68030) | h 0-10 ./,
\ | 2-10 |

used in conjunction with a 7ns PAL to generate the STERM*
signal. This would result in a (14 — 12 - 7.5 = — 5.5) -5.5ns
STERM* setup. Obviously, this approach is not acceptable.

BERR*, HALT* SETUP

The MC68030 allows a cycle to be retried (repeated) if both
BERR* (Bus Error) and HALT* are asserted simultaneously
before the falling clock edge at MC68030 state 3. We can
take advantage of this feature by always issuing STERM* on
all cacheable read cycles and should a cache miss be
detected, issue both BERR* and HALT" in time to retry the bus
cycle. This configuration will require the use of the
IDT6178S12 4K x 4 cache tag RAM (See Figure 2), a 74F20
to AND the four MATCH bits and a 10ns PAL to generate the
BERR" and HALT" signals. Schematic pages 24 & 25 show
the tag RAM, the validity RAM and the BERR*, HALT*
generation (Retry Control).

The time required to generate BERR* and HALT"* is
calculated as follows:

BERR*, HALT* GENERATION:

1.5 clocks @ 30ns each: 45
| | \ \ \ MC68030 Address Valid, T6: (14) max
IDT6178S12, Tadm: (12) max
. 74F20 prop. to MATCH?* valid: 6) max
STERM* Setup Diagram — 33MHz MC68030 10ns PKL grop. to BERR*, HALT*: (1(0; max
Consequently there is 14ns to perform a cache tag lookup, RR* + setup t low:
tag compare and generate the STERM* signal. In the most BERR', HALT" setup to clock low: 3 ns
hopetful scenario, an IDT6178S12 (12ns) cache tag could be MC68030 T27a Required = 3ns
e
AooRESS|ASIZAY 2 MIS ML, opees
cPU MATCH | MATCH 3-0
DATA 22420 5 asi-ate DATA
MC68030 32 IDT61785 X 4 “
VALID RAM
(8K X 4) or
(N
1% misMytoress  maToH JUSED) ga)o
IDT61788 X 1 VALID 3-0 CONTROL
2, A3-A2 e
10nS PALs
AT
W Al>-A2 ADDRESS
DATA REGISTERS,
MDa1-MD032 | TRANSCEIVERS 32, D300 f e
FROMSYSTEN | iot4rcTsasaxa |DT61%85 X8
ADDRESS
32, a31-a0_] BUFFERS 32, MA31-MAQ 5.TO SYSTEM
7 > 7 > MEMORY
IDT74FCT373AX 4

Figure 1.0 33MHz 68030 Cache Block Diagram
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, so st s2 , s3
L 1 L 1
CLK _L__l | l |
30 —= i 1
14 M) f — | 0 MIN- e
A31-0 (MC68030) 7 7 7 sZ’('u ADDRESS VALID X7
[] [} [l [}
12 MAX .
MATCH, (IDT6178512) _ ! "3 MINZ’-
! | 26 1
MATCH® (74F20) ! ! ! [ Y
' T T —3mIN,
:RR*, HALT* (10nS PAL) = | | ' 513
]

AS* (MC68030)
! ! [ 1 |
1 1 1 [ !

BERR*, HALT* Setup Diagram - 33MHz MC68030

Since BERR* and HALT* can be generated in time, the
method of retrying cache miss cycles works! Because cache
miss cycles comprise less than 10 percent of MC68030 read
operations, the retry operation will not hinder the 2 clock cache
hit cycle.

The above analysis proves that the integrated approach to
cache tag RAMs (which combine both static RAM features and
compare logic) is mandatory. A discrete implementation would
be capable of a 17.5ns address to match time (12ns RAM
access, 5.5ns compare using 74FCT521B) which fails to
approach the IDT6178S12 topp of 12ns.

DATA SETUP

In order to determine the speed of the cache data RAMs
required, an analysis of the data access time is in order. The
MC68030 cache design utilizes the IDT6198525, 16K x 4
CMOS static RAM. Schematic pages 26 & 27 show the data
RAM configuration. The IDT6198 provides chip select (CS*),
write enable (WE*), and output enable (OE*) controls. The
fastest means by which these RAMs can be accessed is
through the output enable control. Consequently, the
MC68030 cache data RAMs have their chip select controls
grounded (always enabled). The critical read data access
paths are then the address access (tpp) and the output enable
access (tOF) times.

A benefit of this cache architecture is that complicated
control of chip select and write enable (which is required for a
RAM without an output enable) to prevent bus contention on
write operations and byte write hit cycles is not required.

The cache data access time is calculated as follows:

CACHE DATA RAM ADDRESS ACCESS TIME:
1.5 clocks @ 30ns each: 45

MC68030 Address Valid, T6: (14) max
MC68030 Data setup to clock low, T27: (1) min
IDT6198S capacitance derating

(See Loading analysis, Appendix A): (2) max
Data RAM Address Access: 28 ns

IDT6198525 tap Required = 25ns

Ay ——>)
Ay S
. ADDRESS M 16,384-BIT
. DECODE . MEMGRY ARRAY
: .
Ay —>
se0e
4
V0, - 10, E} II COLUMN 10 I—
4 1
WE
e CLEAR
OE CONTROL MEMORY
ARRAY
CCR
4 4
A COMPARATOR —

MATCH 4—'

Figure 2.0 IDT6178512 CMOS Cache Tag RAM ’
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Data Access Time Diagram ~ 33MHz MC68030

The analysis above has proven that a 33MHz MC68030
cache can operate with no wait states using.integrated cache
tag RAMs, data RAMs with output enable, and a retry
operation for cache misses.

Refer to Appendix B for detailed tabulations of the
MC68030, the cache tag and data RAM timing requirements.

A loading analysis (Appendix A) resulted in a determination
that the capacitive load on the MC68030/cache data bus was
above that specified by the IDT6198S25 data sheet.
Consequently, a 2ns delay (0.05ns/pF) was added to the data
access time path to accommodate the 37pF additional
capacitance. There was no excessive capacitive loading on
the MC68030 address bus; consequently, no derating was
required. The loading analysis (Appendix A) and the user
interface (Appendix G) provide more detailed information on
these issues.

PERFORMANCE ISSUES

BURST MODE OPERATION

The 33MHz MC68030 cache design utilizes a 2 clock
cache read and 3 clock write bus cycles. The MC68030 burst
mode 2:1:1:1 was not supported because the burst cycle
actually slows the MC88030 in systems which support a 2
clock cache hit (which this design does). On burst cycles, the
MC68030 will wait until all four longwords have been fetched
before the first longword can be used.

For example, assuming instructions A, B, C and D all reside
in shared memory and the external cache at successive
locations starting at offset 0, the following analysis applies:

2:1:1:1 BURST CASE (5 CLOCK FETCH TIME)

Clock at Which Instruction Enters
MC68030 Instruction Pipeline

1 2 3 4 5 6 7 8 910
INSTRUCTION # 1: a A
INSTRUCTION # 2: b B
INSTRUCTION # 3: c C
INSTRUCTION # 4: d D
ILLUSTRATION NOTES:

1. a, b, ¢, and d denote the clock at which the instruction is fetched from
the external cache.

2. A, B, C, and D denote the clock at which the instruction enters the
MC68030 instruction pipeline.

The total number of clocks required to fetch the four
instructions in the no burst case exceeds the burst case by
three (8 — 5 = 3). However, because the no burst case allows
the MC88030 to begin execution of instructions A, B and C (by
3, 2, and 1 clocks respectively) before the burst case, the no
burst case will execute faster.

N-WAY VERSUS DIRECT MAPPED CACHE
ORGANIZATION

Without a doubt, the 2 or 4 way set associative cache has a
higher hit rate than a direct mapped cache. However, the hit
rate is but one of several factors which must be entered into
the performance equation. An n-way set associative cache
design would be constructed in one of two methods. The first
method would contain one cache data RAM which would be
divided n ways by an address generated from the hit/miss
logic. This method would require extremely fast (5ns) address
access times on the cache data RAM since the cache tag
RAM would now be in the critical path from address to data.
The second method would provide n data caches (connected
in parallel), only one of which would be enabled by the cache
hit/miss logic at a time. This method requires that none of the
n caches be enabled until a cache hit has occurred, whereas
in a direct-mapped cache, the cache data RAMs are
constantly enabled until turned off by a write cycle or a cache
miss. Obviously, a system whose data RAM is already
enabled will provide data much faster than a system whose
data RAM must be enabled only after a cache hit is detected.
An analysis of the n way data caches, connected in parallel
follows:

2 WAY SET ASSOCIATIVE CACHE DATA RAM
OUTPUT ENABLE ACCESS TIME:

. 1.5 clocks @ 30ns each: 45
FOUR FETCH 2-2-2-2 NO BURST CASE (8 CLOCK MC68030 Address Valid, T6: (14)  max
FETCH TIME) MCB8030 Address additional capacitance
. . derating, 8 devices x 7pF = 56pF.
Clock at Which Instruction Enters At 0.05ns/pF the factor is: (2.8) max
MC68030 Instruction Pipeline IDT6178512. tADM: 12
1 2 3 45 6 7 8 910  tADM: (12) ~ max
INSTRUGTION # 1: A 7ns PAL prop. to cache output enable: (7.5) max
INSTRUGTION # 2: B MC68030 Data setup to clock low, T27: (1) min
. IDT6198S data additional capacitance
INSTRUCTION # 3: C derating. 8 devi 70F = 560F.
INSTRUGTION # 4: D erating, 8 devices x 7pF = 56pF.
At 0.05ns/pF the factor is: (2.2) max
Data RAM Output Enable Access: 5.5ns
IDT6198S15 tog Required = 8ns
78 4
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Since the design can only provide 5.5ns of output enable
access time, and the IDT6198S15 requires 8ns, a wait state
must be added. Consequently, a read hit cycle will require
three clocks. That translates to a 50% lower cache bandwidth
than the 2 clock direct mapped cache design presented. Even
a 10% improvement in the cache hit rate provided by an n-way
set associative cache is more than offset by the slower cache
bandwidth. Therefore, the fastest cache architecture for the
33MHz MC68030 is a 2 clock direct mapped implementation.

Assuming a 98% hit rate for n-way set associative cache,
an 88% hit rate for a direct mapped cache, and an 8 clock
memory cycle on read misses (240ns), the following analysis
applies:

N-WAY SET ASSOCIATIVE CACHE
(98% HIT RATE, 3 CLOCK CYCLE):

Hit Rate x # Clocks: 0.98x3 = 2.94
Miss Rate x # Clocks: 0.02x8= 0.16
Average Clocks per Bus Cycle: 3.1

DIRECT MAPPED CACHE
(88% HIT RATE, 2 CLOCK CYCLE):

Hit Rate x # Clocks: 0.88x2= 1.76
Miss Rate x # Clocks: 0.12x8 = 0.96
Average Clocks per Bus Cycle: 2.72

THE 33MHZ MC68030 CACHE DESIGN

Schematic page 21 (Appendix D) shows the block diagram
of the MC68030 cache design. It is comprised of six major
functional units:

1. 33MHz MC68030 Central Processor.

2. Cache tag RAM (4K x 16) implemen‘ted with four
IDT6178S12 (12ns) 4K x 4 CMOS cache tag RAMs.

3. Cache Validity RAM (4K x 4) implemented with one
IDT6178S12 (12ns) 4K x 4 CMOS cache tag RAM.

4. Cache data RAM (16K x 32) implemented with eight
IDT6198S25 (25ns) 16K x 4 CMOS static RAMs.

5. Write pipeline implemented with four IDT74FCT543A
registered data transceivers and four IDT74FCT373A
address latches.

6. Hit/Miss logic; cache, write pipeline, MC68030, and
coherency control logic implemented using six 10ns PALs.

CENTRAL PROCESSOR

The 33Mhz MC68030, U1 on schematic page 22 is the
central processing unit for this design. The MC68030 is a 32
bit virtual memory processor which provides:

» 256 byte instruction cache.
» 256 byte data cache.
- Paged memory management unit (MMU).
» Pipelined architecture.
+ MC68020 object code compatibility.
Because the MC68030 has an internal MMU, only physical
addresses are presented at the address pins. Consequently,
our design incorporates a physical cache which alleviates the

problems associated with virtual caches (such as flushing on
110, task swaps, or MMU translation buffer updates).

P100 (U2), a 10ns PAL controls the assertion of STERM* to
the MC68030 and decodes the memory chip select (MEMCS*)
and the cacheable address space (CACHEN®). Memory
space is defined as the lower 268M bytes of supervisor or user
instruction/data space. Cacheable cycles are defined as
memory space with no cache inhibit out (CIOUT*), no read
modify write (RMC*), no bus grant acknowledge (BGACK"),
and no cache disable jumper installed (JP3). Modifications to
cacheable space or memory space can be easily accom-
plished through reprogramming of P100.

MC68030 CYCLE TERMINATION

The bus cycle acknowledge for the cache design uses the
MC68030 STERM" (synchronous termination) signal
exclusively for read hits, read misses, write cycles, and
noncacheable reads or writes to memory.

Cacheable memory read cycles will always cause STERM*
to be generated based upon the MC68030 address being
valid. This will result in a two clock read cycle. On write
cycles, retry cycles or noncacheable read memory cycles, the
TERMACK"* signal is asserted by P105 (10ns PAL, U25
schematic page 28). This signal in turn causes STERM® to be
generated by P100. Refer to Figure 2.0, page 34, for read and
write cache hit operation.

The use of STERM* for all main memory/cache accesses
mandates a 32 bit wide memory architecture. In fact, the four
74ALS08 gates (U34) on schematic page 30 are used to force
all memory read cycles to be aligned longword reads. Since
we are using a 32 bit cache, the smallest cacheable unit is 32
bits; therefore, byte word or 3 byte memory reads are forced to
appear as 32 bit aligned accesses to memory.

Write hit or miss cycles require three clocks if the write
pipeline is empty. Write cycles are never retried. The pipeline
cannot be overwritten. Memory read or write cycles which
occur after the pipeline has been filled by a previous write
cycle will require the MC68030 to wait until the pipeline has
been emptied. The write pipeline design allows the memory
write cycle to occur independent of the MC68030/cache
operation. Therefore, read hit cycles may continue without
interruption while a memory write is taking place.

The MC68030 contains an internal write pipeline in its bus
interface unit. Therefore, the addition of the external pipeline
yields a two stage write pipeline.

The DSACK1* and DSACKO* signals (Data and Size
acknowledge) are reserved for use by the user for 1/0,
EPROM, system bus, MC68882 (Floating Point Coprocessor),
or other device. .

Should a cache read miss occur, both BERR" and HALT*
will be generated which will force a retry operation. The
MC68030 will respond to the simultaneous assertion of both
HALT* and BERR" by terminating the current cycle, waiting
two idle clocks and reissuing the cycle. On retry cycles, the
generation of STERM* on the second bus cycle is disabled.
MC68030 write cycles and all noncacheable cycles (read or
write) are never retried. See Figure 3.0, page 36, for a
detailed timing diagram of the retry operation.

MC68030/SYSTEM CLOCK GENERATION'

The MC68030 and system clocks are generated by a
66.66MHz oscillator (U23) and a 74F174 octal register shown
on page 28 of the schematics. The clock generator is
designed to provide a 50% duty cycle square wave which
minimizes skew between clocks. The 74F04 (U3C) provides
the divide by two function to generate a 33MHz clock from the
66.66MHz oscillator.
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There are four clocks generated on pages 28 & 29. Two
are active high, CLK33M1 and CLK33M2. Two are active low,
CLK33M1* and CLK33M2*. CLK33M1 drives the MC68030.
The remaining three clocks each drive two PAL devices.

All four clock drivers are terminated with both series and
parallel resistive and paralle! capacitive terminators. The
values of these terminators may have to be altered based on
board layout or additional clock loading. To minimize
electromagnetic emissions and provide a clean clock signal
the following routing rules should be followed:

1. Daisy chain route all clock lines.

2. Clock lines should be minimized by tight placement and
routing.

3. Parallel termination resistors should be placed at the end
of each clock net (See R2—-R9, schematic page 29).

4. Series terminating resistors and load capacitors should be
placed at the clock driver source (See R10~-R13,
schematic page 29).

5. A faraday shield should be created around each clock
with a ground trace adjacent to each side of the clock
trace.

6. The clock nets should have no feedthroughs.

7. Clock traces should have 45 degree and not right angle

bends. '

8. The clock traces should be placed on a layer adjacent to
the ground plane.

9. Each clock should have four or less loads.
10. Clock loads should distributed equally along the trace.

11. Provide a generous supply of decoupling capacitors
(0.1puF) around the clock generator circuit and all clocked
devices.

12. A capacitor should be placed at the source (but after the
series resistor) of each clock line to equalize loading on
each trace, minimize ringing, and to establish
approximately 50pf of loading on each trace. The values
of these devices may need to be adjusted after layout
and/or debug. (See C1-C4, schematic page 29).

CACHE TAG/VALIDITY RAMS

The 12ns IDT6178S12 4K x 4 CMOS cache tag RAM (See
Figure 1.0) is used for both the tag and validity functions. The
purpose of the tag and validity RAMs is to save the addresses
of the memory data which are stored in the data cache. On
each cacheable read or write cycle, the current address is
compared with the selected address in the cache tag and the
selected validity bit in the validity RAM. If all four tag RAMs
“Match” and the selected validity bit is set, a hit has occurred.
Address bits A31-A16 are the “TAG". The tag is stored as
data in the IDT6178S12 CMOS cache tag RAM. Address bits
A15-A4 serve as the index into the tag RAM. Address bits A3
and A2 are longword select lines. They are used to select one
of the four validity bits. The cache tag and associated logic
can be found on page 24 of the schematics.

The 4K x 16 tag is constructed of four of the IDT6178S12
devices (U7-U10). Each of the four devices provides a match
signal {(MATCH3-0) which are ANDed by U5A (74F20) to
create the global MATCH* signal. The MATCH"* signal, along
with the validity bits, are used to determine whether a cache
hit or miss has occurred. In addition, on a read miss/update
cycle the MATCH® is used to determine whether the three
unused validity bits are to be saved or invalidated (this will be
explained shortly).

The IDT6178S12 cache tag provides an integrated CMOS
static RAM. and comparator. By combining these functions,
the device eliminates inter-chip delays to offer a high speed
and high density solution to cache tag applications. The

IDT6178S12 also provides a CLEAR function which is not

used in this design for the tag RAM, but is a mandatory part of
the validity RAM.
The validity RAM also uses the IDT6178512 (U11) device.

As a validity RAM, the match feature of the IDT6178S12 is not

required. However, the CLEAR feature is used whenever a
RESET or cache flush (FLUSH* asserted by user provided
logic — usually an /O port) occurs. During these conditions,
the validity RAM is cleared to force all bits in the validity RAM
to 0. Consequently, all cache locations are rendered invalid.
Each location in the validity RAM holds four bits. Each bit
represents the valid/invalid state of one longword in the
sixteen byte cache line. A valid cache entry will have its
corresponding valid bit set (1). Invalid cache entries have their

validity bit cleared (0). The following details the correlation

between the validity bits and the address of the cache entries:

ADDRESS
SIGNAL ADDRESS BITS
DESCRIPTION NAME RANGE A3 A2
Valid Bit 0 VALIDO XXXX XXX0 0 0
Valid Bit 1 VALID1 XXXX XXX4 - 0 1
Valid Bit 2 VALID2 XXXX XXX8 1 0
Valid Bit 3 VALID3 XXXX XXXC 1 1

The validity bits can only be set by read miss cycles. Write
cycles (whether a hit or a miss) do not affect the validity bits.
On every read miss cycle, a read modify write operation takes
place at the validity RAM. At the start of the read miss cycle,
the validity RAM read occurs when the validity RAM control
PAL, P101 (U4), is clocked by the VALIDCLK signal (From
P102). Upon receipt of the VALIDCLK rising edge, P101
modifies the validity bit values and stores the new values in
the PAL's four registers. When the shared memory cycles is
complete, the VALIDWE®* signal asserts for one clock cycle
(approximately 30ns). The VALIDWE" falling edge starts the
validity RAM write cycle and forces P101 to output the new
validity bits. The rising edge of VALIDWE* writes the new
validity bit data from P101 into the validity RAM.

P101 medifies the validity bits based upon address bits A3
and A2. The validity bit selected by address bits A3 and A2
will always be set. The other three validity bits will remain
unchanged if tag RAM indicates a match condition. However,
should a match not occur, the three unselected validity bits will
be invalidated (cleared to 0).

On coherency cycles, if a match occurs, all four validity bits
are cleared to 0. This will be discussed in depth in a later
section of this application note entitled “Cache Coherency”.

The control signals for the tag and validity RAMs are
generated by 10ns PAL, P104 on page 28 of the schematics.
They are as follows: The tag write enable (TAGWE®*), which
only asserts on read miss/retry cycles. The validity write
enable (VALIDWE®), which asserts on both read miss/retry
cycles and cache coherency cycles. Another validity control
signal, VALIDCLK, (Generated by P102, U8, schematic page
25) is used to clock the validity RAM control PAL, P101 and
output enable the validity RAM, U11.
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CACHE DATA RAM

The cache data RAM is constructed using eight
IDT6198S25 CMOS static RAMs. The WE* (write enable) and
OE* (output enable) control pins make these data RAMs
uniquely suited for this application. Here's why.

Bus contention (two tristate devices driving the bus at the
same time) is a major consideration in cache design. On write
cycles, memory devices with only CS* and WE* require
complex timing to ensure that the RAM does not go into the
read mode for even an instant. That is, WE* must be asserted
before CS*, and CS* must be deasserted before WE* in what
is known as a chip select controlled write cycle. Because the
IDT6198S25 has a separate output enable pin for read cycles,
it does not require this special chip select controlled write
timing.

Another advantage of the IDT6198S25 is found on byte,
word, or 3 byte write hit cycles where the entire longword is
not being written. On all write cycles, the MC68030 drives all
four bytes of the data bus. Cache memory devices which
have only CS* and WE* pins must provide individual chip
selects for each RAM to prevent a device which is not being
written from output enabling its data and causing bus
contention with the MC68030.

Again, the 1DT6198S25 is not restricted under these
conditions since it provides an output enable pin to only allow
the output of read data on'read cycles.

The cache data RAM (U13-U20) can be found on pages 26
& 27 of the schematic diagrams. Four write enables
(CAWES-0) are generated by 10ns PAL, P103 on page 28 of
the schematics. These write enables assert for only the
selected bytes based upon the 68030 outputs SiZ1, S1Z0 and
A1, AO on write hit cycles. On read miss/retry cycles, all four
bytes are written to update an entire longword. .

The CACHEOE" (Cache output enable) signal, generated
by P104 on page 28 of the schematics, is used to output
enable the cache data RAMs on read hit cycles. This signal
asserts on all read cycles in MC68030 state 1. If a read miss
or a noncacheable read cycle occurs, CACHEOE" will
deassert in state 2. On read hit cycles, CACHEOE* will hold
the cache read data valid until the cycle is complete.

‘The data cache RAM chip selects are grounded in this
design for several reasons: ‘

1. Chip select pins always respond more slowly than output
enable pins, so the fast OE" access time allows the
slowest possible static memory device to be used for the
cache data RAM.

2. Complicated chip select control to prevent bus contention
is not required.

3. The elimination of the chip select access time critical path
allows faster designs (i.e. 50MHz) to be accommodated
in the future.

Power dissipation is not an issue, since an efficient cache
will be chip selected -more than 90% of the time anyway.

WRITE PIPELINE

On’'MC68030 cacheable or uncacheable write cycles, the
write pipeline stores the write address and data into latches
and registered transceivers (See schematic pages 30 & 31).
Control logic for the pipeline handles the memory request and
completion of the write to memory. This mechanism allows the
MC68030 to perform any single cacheable or uncacheable
write in three clocks (one wait state). Successive write
operations require longer to complete since the pipeline is only

one level deep. However, since most write operations occur -
intermittently, the MC68030 is free to execute out of the cache
until a read miss or a write cycle occurs. This architecture
maximizes the cache utilization by eliminating needless
waiting by the MC68030 for memory write. cycles to complete.
The write pipeline is.comprised of three major components:

1. The address pipeline, IDT74FCT373A octal latches,
U26-U29, on schematic page 30.

2. The data pipeline, IDT74FCT543A octal registered
transceivers, U30-U33, on schematic page 31.

3. The pipeline control/acknowledge PAL, P105, U25 on
schematic page 28.

On any memory write cycle, the PIPEFULL* signal
generated by P105 asserts and latches the write address and
data into the pipeline registers on schematic page 30 & 31.
The PIPEFULL" signal serves as a memory request signal;
however, the user is free to predecode the memory request
using the memory chip select (MEMCS*), the MC68030
address strobe AS*, and the WRITE" signal. The TERMACK*
signal generated by P105 asserts on all memory cycles to
indicate cycle completion. On write cycles when the pipeline
is not full, TERMACK"* is generated immediately. On
noncacheable read cycles or read miss/retry cycles,
TERMACK" is generated upon receipt of the MEMACK* (The
user supplied memory acknowledge). On successive write
cycles the second MC68030 write cycle is acknowledged with
TERMACK®* after receipt of MEMACK®* for the previous write
cycle. Figure 4.0, page 38, shows the write pipeline timing.

The user should use the PIPEFULL* signal as'a memory
request. As long as a MC68030 write cycle is pending
completion, the PIPEFULL" signal will be asserted. For
successive write cycles, the PIPEFULL* signal will always
deassert for one clock between the two write cycles.

CACHE COHERENCY

A coherent cache is one where the cache represents an
exact copy of memory. Cache coherency is accomplished in
this design through the MC68030 bus arbitration interface.
The MC68030 provides for alternate masters to share its
address and data bus and some of its control signals using the
BR*, BG* and BGACK" (Bus request, Bus grant, and Bus
grant acknowledge) signals. Through this interface, cache tag
locations are compared 'and if a match is detected, the four
validity bits in the validity RAM are invalidated. By this means,
the selected sixteen byte cache fine is invalidated, and the
MC68030 must fetch new entries from memory if needed
through the read miss/retry cycle. This mechanism will insure
that the cache always contains an exact copy of the memory
contents.

To initiate a cache coherency cycle, the following steps
must take place:

1. User supplied logic from the shared memory or system
bus interface must first issue a bus request (BR*).

2. The MC68030 will respond with a bus grant (BG*)..

3. The MC68030 will deassert AS* and on board logic will
deassert STERM*, DSACK1* and DSACKO0*.

4. User supplied logic should then drive BGACK* and the
MC68030 address and control signals. To invalidate the
cache line, the WRITE* control signal must be asserted.

5. Aifter the proper address setup time (25ns) is satisfied, the
user supplied logic should drive AS* (address strobe) low.

7.8



A 33MHz MC68030 ZERO-WAIT CACHE MEMORY

APPLICATION NOTE AN-46

6. For coherency cycles, AS* must remain asserted for at
least 2 clocks. There is no maximum period for the
assertion of AS*.

7. The user supplied logic can now deassert AS*.

8. After holding the address and control signals for 10ns, the
user supplied logic should tristate these lines.

9. As soon as all address and control signals have been
tristated, the user supplied logic should deassert
BGACK".

An invalidation (coherency cycle) occurs after AS* and
WRITE* are asserted to indicate that a valid address has been
presented on the MC68030 address bus. Upon receipt of AS*,
the VALIDCLK signal from P102 will assert to clock P101 and
force all four valid bits to 0 (invalid). The VALIDWE" will assert
on the next clock to output enable the new validity bits from
P101 and strobe the four new validity bits into the validity
RAM. The cycle is complete when the external logic
deasserts AS* and (one clock later) BGACK*. Refer to Figure
5.0, page 40, for the cache coherency timing. Note that there
are address setup and hold times referenced to address
strobe (AS*) which must be satisfied for proper operation.

On cache coherency cycles, external logic must drive all
MC68030 signals including function codes, AS*, DS*, WRITE*,
etc. Should the user want to implement a shared memory
scheme through the MC68030 bus arbitration port; the
function codes should be driven to valid values (1, 2, 5 or 6).
If coherency only cycles are required, the function code should
be driven to 0 which is not in shared memory space. The
MC68030 function codes are defined below:

FC2 FC1 FCO CODE ADDRESS SPACE
0 0 0 0 Undefined, Reserved
0 0 1 1 User Data Space
0 1 0 2 User Program Space
0 1 1 3 Undefined, Reserved
1 0 0 4 Undefined, Reserved
1 (o] 1 5 Supervisor Data Space
1 1 0 6 Supervisor Program Space
1 1 1 7 CPU Space

50MHZ MC68030 OPERATION

At 50MHz, with current technology, the MC68030 can
support a 3 clock cache read and a 3 clock write. In this
configuration, retry operations on read misses are not
necessary.. To operate at 50MHz, the architecture of the
current 33MHz design would require only minor changes to
delete the retry cycle and the bus error/halt generation. In
addition the STERM* signal would have to be generated
based upon a cache read hit. However, the data paths,
coherency logic, write pipeline and general architecture would
remain unchanged. Refer to Appendix H for more information
on 50MHz operation.

CONCLUSION

The cache architecture shown here demonstrates a zero
wait state, 33MHz MC68030 shared memory design. The
stringent timing characteristics of the 33MHz MC68030
requires an integrated approach to cache tags. The cache tag
employed was the IDT6178512, 12ns integrated CMOS cache
tag RAM. The IDT6178512 is both a speed and space
efficient cache tag solution. The 12ns IDT6178S12 combines
high speed RAM, compare and reset logic in a single package.

PAL equations can be obtained from IDT on PC format
diskettes. Contact a Static RAM applications engineer at
(408) 727-6116.
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APPENDIX A
LOADING ANALYSIS
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LOADING ANALYSIS

PROJECT: IDT 33MHz 68030 CACHE
TYPE OF SIGNAL: ADDRESS BUS

Device I TR loH lo CinvouT Driver Spec. Load Cap.
Signal Name U# Type Qty SB'!I' (nA) (mA) (mk) (mﬁ) (pF) (pF)
A15-A4 IDT6178 5 D 50 0.05 - - 35 -
IDT6198 8 D 40 0.04 - - 56 -
(Memory F/F) 74FCT373 1 D 5 - - - 10 -
(Coherency) 74ALS245 1 T 20 0.1 3.0 24.0 15 50
68030 1 T 20 0.02 0.4 3.2 20 130
(A4 only) 68882 1 D 10 0.01 - - 20 -
145 0.22 0.4 3.2 156
A31-A16 IDT6178 1 T 10 0.01 - - 7 -
74FCT373 1 D 5 - - - 10 -
74ALS245 1 T 20 0.1 3.0 24.0 15 50
68030 1 T 20 0.02 0.4 3.2 20 130
PAL20L8-10 3 D 75 0.75 - - 15 -
130 0.88 0.4 3.2 67
A3, A2 PAL20R4-10 2 D 50 0.5 - - 10 -
IDT6198 8 D 40 0.04 - - 56 -
74FCT373 1 D 5 - - - 10 -
74ALS245 1 T 20 0.1 3.0 24.0 15 50
68030 1 T 20 0.02 0.4 3.2 20 130
68882 1 D 10 0.01 - - 20 -
145 0.67 0.4 3.2 131
A1,A0 PAL20L8-10 1 D 25 0.25 - - 5 -
74ALS08 1 D 20 0.1 - - 5 -
74ALS245 1 T 20 0.1 3.0 24.0 15 50
68030 1 T 20 0.02 0.4 3.2 20 130
(A1 only) 68882 1 D 10 0.01 - - 20 -
95 0.48 0.4 32 65
D31-Do IDT6198 1 T 5 0.005 4.0 8.0 7 30
68030 1 T 20 0.02 0.4 3.2 20 130
74FCT543 1 T 15 0.015 15 64 12 50
68882 1 T 20 0.02 0.4 5.3 20 130
74ALS245 1 T 20 0.1 3.0 24.0 15 50
80 0.16 0.4 3.2 74

NOTE 1: No current loading problems.
2: No Capacitive derating required on address bus.
3: Capacitance derating required:
a) IDT6198 - 37pF excess capacitance  +2ns
b) 74FCT543 - 12pF excess capacitance +0.5ns
c) 74ALS245 - 9pF excess capacitance  +0.5ns

CAPACITIVE DERATING CALCULATIONS

a) At 0.05ns/pF the IDT6198 must be derated: 0.05 x 37 = 1.85ns = 2ns
b) At 0.04ns/pF the 74FCT543 must be derated: 0.04 x 12 = 0.48ns = 0.5ns
c) At 0.04ns/pF the 74ALS245 must be derated: 0.04 x 9 = 0.36ns = 0.5ns
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A 33MHz MC68030 ZERO-WAIT CACHE MEMORY

APPLICATION NOTE AN-46

33MHZ MC68030 - CACHE TIMING

(2 CLOCK CACHE READ, 3 CLOCK CACHE WRITE)
~ - indicates a derated parameter.
CP - indicates common path analysis used.

IDT6198525 CACHE DATA READ PARAMETERS:

1. 68030 Address to IDT6198 Data Valid: ns
1.5 clock @ 30ns: 45
68030, 6, claock to address: (14) max
68030, t27, read data setup: (1) min
Data bus derating: (2) max
28ns

taa Required =25ns

2. PAL CACHEOE" to IDT6198 Data Valid: ns

1 clock @ 30ns: 30

10ns PAL, clock to CACHEOE*: (10) max

68030, t27, read data setup: (1) min

Data bus derating: (2) max

Clock skew: (2) max
15ns

tog Required = 11ns

3. CACHE CS* to IDT6198 Data Valid:
Since the cache data ram chip select is grounded, this is

not a limiting parameter.
tacs Required =25ns

4. 68030 AS* Negated to IDT6198 Data Invalid: ns

10ns PAL, clock to CACHEOE*: 3 min
IDT6198 CACHEOE* to data invalid: 2 min
5ns

MC68030 T29 Required = Ons

IDT6198S25 CACHE DATA WRITE PARAMETERS:

5. 68030 Synchronous Data Hold: ns

68030, T12, clock to AS* negated: 0 min

10ns PAL, clock to CACHEOE*: 3 min

IDT6198 CACHEOE* to data invalid: 2 min
5ns

MC68030 T30 Required = 6ns

Note: Data hold time is satisfied by parameter #4 above. See
MC68030 User's Manual note #12 on page 13-6.

6. 68030 Address Valid to IDT6198 Write Begin:ns

1.5 clock @ 30ns: 45

10ns PAL, clock to CAWEX* low: 3 min

68030, 16, clock to address: (14) max

Clock skew: (2) max
32ns

tas Required = Ons

7. 68030 Address Valid to IDT6198 Write End: ns

2.5 clocks @ 30ns: 75

10ns PAL, clock to CAWEX"* high: 3 min

68030, 16, clock to address: (14) max

Clock skew: ' (2) max
62ns

Taw Required = 20ns

7. IDT6198 Write Pulse Width: ns

1 clock @ 30ns: 30

10ns PAL, clock to CAWEX* high: 3 min

10ns PAL, clock to CAWEX* low: (10) max
23ns

twp Required = 20ns

IDT6198525 CACHE DATA WRITE PARAMETERS:

8. 68030 Data Valid to IDT6198 Write End: ns

1.5 clock @ 30ns: 45

10ns PAL, clock to CAWEX* high: 3  min

68030, t23, clock to data: (14) max

Clock skew: (2) max
32ns

tpw Required = 13ns

9. 68030 Data Hold to IDT6198 Write End: ns

0.5 clock @ 30ns: 15

68030, t53, clock to data invalid: 2 min

10ns PAL, clock to CAWEX" high: (10) max

Clock skew: (2) max
5ns

tpH Required = Ons

7.8
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A 33-MHz ZERO-WAIT CACHE MEMORY APPLICATION NOTE AN-46
IDT6178S12 CACHE TAG HIT/MISS PARAMETERS: 16. Address Setup to AS* low: ns
) (Coherency cycle)

10. BERR®*, HALT* Set up to Clock Low: ns Address setup to AS* low: 25 min

, 10ns PAL, AS" to VALIDCLK": 3 min
Aoocks @ 300 sdress: (1‘25) ax 74F04, VALIDCLK" to VALIDCLK: 2.4 min
10ns PAL, MATCHx to BERR®, HALT": (10)  max ZgFZ%A“fAL%'%g’.M‘}TC';' VALIDGLK: {8 max
74F20, MATCHx to MATCH": 6) max ns PAL, setup to : (10)  max
68030, t27A, BERR", HALT" setup: @) min i

12ns tapM Required = 12ns (From IDT6178 address)

tADM Required = 12ns (From IDT6178 address)
tpam Required = 11ns (From IDT6178 data)

11. BERR®*, HALT* Set up to Clock Low: ns

(from output enable, retry followed by read)

1.5 clocks @ 30ns: 45

10ns PAL, clock to VALIDWE: (10) max

74F04, VALIDWE: (5.3) max

10ns PAL, MATCHx to BERR*, HALT*: (10) max

68030, t27A, BERR*, HALT" setup: (8) min

Clock skew: (2) max
14.7ns

tog Required = 8ns

IDT6178512 CACHE TAG WRITE PARAMETERS:

12. Address valid to end of Write:
Not calculated but certainly not a problem.

Taw Required = 10ns

13. IDT6178 Write Pulse Width: ns

1 clocks @ 30ns: 30

10ns PAL, clock to VALIDWE" high: 3 min

10ns PAL, clock to VALIDWE" low: (10) max
23ns

twp Required = 10ns

14. IDT6178 Data Valid to Write End: ns

1 clocks @ 30ns: ’ 30

10ns PAL, clock to VALIDWE" high: 3 min

10ns PAL, clock to VALIDWE" low: (10) max

10ns PAL, VALIDWE* to VALIDO-3: (10) max
13ns

tpw Required = 8ns

15. IDT6178 Data Hold after write: ns
10ns PAL, VALIDWE"* to VALIDO-3: 3 min
3ns

tpH Required = Ons

tpam Required = 11ns (From IDT6178 data)

IDT6178S512 CACHE TAG WRITE PARAMETERS:

17. IDT6178 Address Hold after Write: ns

(Retry cycle)

0.5 clocks @ 30ns: AEERT-S

68030 18, Address Hold: 0 min

10ns PAL, clock to VALIDWE* high: (10) max
5ns

twRr Required = Ons

18. IDT6178 Address Hold after Write: ns

(Coherency cycle)

Address hold to AS* high: 10  min

10ns PAL, AS* to VALIDWE* high: (10) max
Ons

twr Required = Ons
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APPENDIX C
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A 33-MHz ZERO-WAIT CACHE MEMORY

APPLICATION NOTE AN-46

Module P100

Title ‘STERM*, Cacheable Access Gen. Rev A 08/04/89

Integrated Device Technology Inc. U2 IDT68030

201L8-10 (10n5)°

p100 Device  ‘P20L8';

rc2 2in 1" vee Pin
rc1 Pin hisd CPUCLX_ Pin 23;
FCO Pin : 1" CACEEN_ Pin 22;
A3l ?in 4 334 STERM_ Pin 217
A30 Pin : 1" CIIN_ Pin 207
a29 Pin 6 1" NC19 Pin 19;
A2 ?in 7 -1n NC18 Pin 18;
AS_ Pin 8; "1 TERMAK_ Pin 17;
WRITE_  Pin : e CACEDS_ Pin 16;
RMC_ Pin 10; "1 MEMCS Pin 15;
CIOUT_  Pin 11; "1t RETRY_ Pin 14;
GND Pin 12; BGACK_ 2in 13;

" TERMINOLOGY:

"1~ at the end of a signal name denotes an active low signal.
= Boolean NOT function.

~ Boolean OR function.

Boolean AND function.

Not equal to.

- 1As_ Active low signal AS_, asserted or on stal
- CRUCLX Active high signal, CPUCLK, asserted or on state.
- z and of equation.

s
BuanawN -
)

" Definitions:

ADDRESS = [A31,A30,A29,A28]: " 68030 address bits A31-A28.
FCODE = [FC2,FC1,FCO]; * 68030 function code.
@RADIX 167 " Change to hex default.
Equat fons
ISTERM_ = * 68030 Synchronous Termination.
(ADDRESS = 0) & (FCODE == 1} & ° Address range: 0000 0000 - OFFF FFFF,
CIOUT_ & WRITE_ & RMC_ & RETRY_ & ° Cache not inhibited, no read-modify~
CACEDS_ + " write, no retry, read cycls, cache

* enabled, User Data Space.
{ADDRESS == 0) & (FCODE 2) ) * Address range: 0000 0000 - OFFF FFFF,
CIOUT_ & WRITE_ & RMC_ & RETRY_ & * Cache not inhibited, no read-modify-
CACHDS_ +  * write, no retry, read cycle, cache

" enabled, User Program Space.

(ADDRESS == 0) & (FCODE == 5} & " Address range: 0000 0000 - OFFF FFFF,
CIOUT_ & WRITE_ & RMC_ & RETRY_ & * Cache not inhibited, no read-modify-
CACEDS_ + " write, no retry, read cycla, cache

* enabled, Supervisor Data Space.

{ADDRESS == 0) & (FCODE 6) & ° Address range: 0000 0000 - OFFF FFFF,
CIOUT_ & WRITE_ & RMC_ & RETRY_ - & " Cache not inhibited, no read-modify-
CACHDS_ + " write, no retry, read cycle, cache

" enabled, Supervisor Program Space.

CPUCLK_ & ITERMAK_ & IAS_ & " Rssert STERM_ for 2nd cycle of retry

" or for write cycles.

ISTERM_ & IAS_ : " Hold STERM_ asserted while AS_ is on.

ICACREN_ = Cacheable Cycle.

(ADDRESS == C) & (FCODE == 1) & ~ Address range: 0000 0000 - OFFF FFFF,
CIOUT_ & RMC_ & CACEDS_ & " Cache not inhibited, no read-modify-
BGACK_ ¢ " write, cache enabled, no other

bus naster, User Data Space.

(ADDRESS == 0) & (FCODE == 2)
CIOUT_ & RMC_ & CACED

Address range: 0000 0000 - OFFF FFFF,
& " Cache not inhibited, no read-modify-

BGACK_ # " write, cache enabled, no other

" bus master, User Program Space.
(ADDRESS = 0) & (FCODE == 5) & " Address range: 0000 0000 - OFFF FFFF,
CIOUT_ & RMC_ & CACHDS_ & " Cache not inhibited, no read-modify-
BGACK_ * " write, cache enabled, no other

" bus master, Supervisor Data Space.
(ADCRESS == 0) & (FCODE == 6} & " Address range: 0000 0000 - OFFF FFFF,
CIOUT_ & RMC_ & CACHDS_ & " Cache not inhibited, no read-modify-
BGACK_ : * write, cache enabled, no other

bus master, Supervisor Program Spa

IMEMCS_ = " 68030 Main Memory Chip Select.
(ADDRESS = 0) & (FCODE Address range: 0000 0000 - OFFF FFEF,
User Data Space.

-

(ADDRESS == 0.

& (FCODE

¥ " Address range: 0000 0000 - OFFF FFFF,
User Program Space.

{ADDRESS == 0

& (FCODE == 5) 4 " Address range: 0000 0000 - OFFF FFFF,
Supervisor Data Space.

(ADDRESS = 0.

& (FCODE == 6) : ~ Address range: 0000 0000 - OFFF FEFF,
Supervisor Program Space.

ierm_ - * Cache inhibit in,
(ADDRESS 1= 0) ¥ " Address range: 1000 0000 - FFFF FFFF,
(FCODE == 7) ¥ " CPU Space function code.

(FCODE - 4} # " Undefined function

(FCOOE == 3) # " Undefined function

(FCODE == 0) ; " Undefined function

24;

~om
e
g
g
~pn
-qe
~qe
0"
e

.pe

mhameaNasatsstsssaraiats Dagcription SAEssEEeRREAARRIRIRRIRS
This PAL the 68030 terminate signal, STERM_
and the cache enable signal, CACREN_. The address range dedicated
cacheable memory is 0000 0000 - OFFF FFFF or 268M bytes (1/16 of

the 68030 address space). STERM_ will assert asynchronously based
on address. Once it has asserted, the 68030 address strobe will

hold it on until the end of the cycl

.

 The CACEDS_ signal 1s a junper selectable external cache disable.
1f the jumper, JP3 is installed, the external cache is disabled. *

that a cachesble cycle is in progr

* The CACHEN_ signal {ndicat

" The MEMCS_ signal is the main memory chip select ocutput. It is used
to indicate that the 63030 address has selected main memory space.

" The cache inhibit signal, CIIN_ rts to force the MC68030 to not
cache (internally} the current cycle. This aignal asserts during
non-memory cycles or for CPU space and undefined function codes.

“asessnstasasastssenis Revision Aistory *Aseessassssisicstian
" Rev A - Logic Innovations, Ine,, FJC - 08/04/83.
= New Release. First Version.

End P100;
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A 33MHz MC68030 ZERO-WAIT CACHE MEMORY APPLICATION NOTE AN-46
Hodule P101 Module P102
Title “Validity RAM Control Rev A 08/04/89 Title ‘Retry, Bus Error, Halt Rev A 08/04/89
Integrated Device Technology Inc. U4 IDT€8030 Integrated Device Technology Inc. U6 IDT68030
20R4-10 (10nS)" 20L8-10 (10aS) "
plol Device TP20R4"; plo2 Device “P20L8
cLx Pen vee Pin A3 Pin "1t vee Pin 24;
A3 Pin I VALIDO Pin 1" A2 Pin -1n VALIDO ?in 23; 3
A2 Pin R HIT_ 2in i As_ Pin 1 NC22 Pin 22; "or
As_ Pin -1 Ne21 Pin b CACHEN_  Pin -1e BERR_ Pin 21; &
CACHEN_  Pin -1 NVLD3 ?in "R MATCE_  Pin hedd HALT, Pin 20; & 3
MATCHI Pin - RVLD2 Pin "R CPUCLE_  Pin 1" RETRY_ Pin 19; 3
MATCE2  Pin 1 NVLD1 Pin “R" RTRYCR_  Pin "1 RTRYED Pin 18; e o
MATCAl  Pin 1 NVLDO Pin "R" BERRIN_  Pin 1" VLDCLX_ Pin 17; 3
MATCEO  Pin 1 MATCH_ Pin - HALTIN_  Pin e BGACK_ Pin 16; 3
VALID3  Pin -1 WRITE_ Pin e WRITE_  Pin L33 NC1s Pin 152 o~
VALIDZ  Pin L34l VALIDL Pin 1 VALID3  Pin Lb VALIDL Pin 14 -
cND Pin oF_ Pin GND Pin 12; VALID2 ?in 13; "1
* TERMINOLOGY: ~ TERMINOLOGY :
L _ at the end of a signal name denotes an active low signal.
"2 - [ = Boolean NOT function. 11— _ at the end of a signal name denctes an active low signal.
.3- + = Boolean OR function. -2 - B = Boolean NOT function.
"4 - & = Boolean AND function. "3 - L = Boolean OR function.
"5 - IAs_ = Active low aignal AS_, asserted or on stata. "a- & = Boolean AND function.
" 6 - CPUCLX = Active high signal, CPUCLK, asserted or on state. "5 - IAS_ = Active low signal AS_, asserted or on state.
L I 3 = end of equation. " 6 - CPUCLK = Active high signal, CPUCLK, asserted or on state.

- : = end of equation.
Equations

Equations
NVLD3 := " New LW # 3 validity bit (offset = C).
A3 & A2 & !CACHEN_ 4+ " Set validity bit for LW # 3. IRETRY_ = ™ Retry this cycle!

ICACREN_ & WRITE_ & " Retry cacheable read,
VALID3 & !A3 & ICACHEN_ & IMATCE_ + " Bold validity bit for LW # 0, 1. IBERR_ & IBALT_ & RTRYCR_ + " Bus error and halt asserted, clock low,

* retry clear not asserted.
VALID3 & !A2 & ICACHEN & IMATCH_ 5 * Hold validity bit for LW # 0, 2. IRETRY_ & RTRYCR_ & IAS_ 4 " Hold on while address strobe on.
. IRETRY_ & RTRYCR_ & IRTRYED_ ¢ " Bold on while retry hold asserted.

NVLD2 := " New LW 4 2 validity bit (offset = 8). 'RETRY_ & RTRYCR_ & CPUCLK_ : = Hold on 1/2 clock.
A3 & IA2 & ICACHEN_ # " Set validity bit for 1W 4 2.

IRTRYED_ = " Retry Hold.
VALID2 & A3 & ICACHEN_ & IMATCH_ 4 " Bold validity bit for LW ¢ 0, 1. {CACEEN_ & WRITE_ & " Assert on cacheable read,

IBERR_ & !BALT_ & RTRYCR_ 4 " Bus error and halt asserted, clock low,
VALIDZ & A2 & (CACHEN_ & IMATCA_ ; " Bold validity bit for LW # 1, 3. " retry clear not asserted.

IRTRYED_ & RTRYCR_ & CPUCLK_ #  * Hold on while clock low.
NVLDL := " New LW # 1 validity bit (offset = 4). IRTRYED_ & RTRYCR_ & AS_ : " Hold on until addresa atrobe of
IA3 & A2 & ICACHEN_ + " Set validity bit for LW & 1. " retried cycle.
VALID! & A3 & ICACHEN_ & IMATCH_ + " Bold validity bit for LW # 2, 3. IVLDCLK_ = " Validity PAL (P101) clock,

IRETRY_ & {RTRYED_ + " Assert on retry and retry hold.
VALIDL & !A2 & ICACHEN_ & IMATCH_ ; " Hold validity bit for 1¥ ¢ 0, 2. IVLDCLK_ & !AS_ + " Hold while address strobe on.

IVLDCLK_ & CPUCLK # = Hold while clock low,
NVLDO = = New LW # 0 validity bit (offset = 0). IBGACK & !AS_ & IWRITE_ # ™ Assert on coherency cycles.
I1A3 & !A2 & ICACHEN 4 * Set validity bit for LW # 0. IVLDCLK_ & IBGACK_ : " Hold til cohersncy cycle done.

VALIDG & A3 & !CACHEN_ & IMATCH_ Hold validity bit for LW # 2, 3.

VALIDO & A2 & ICACHEN_ & IMATCH_ : " Hold validity bit for LW # 1, 3.

1HIT_ = - " Cache hit: read or write.
MATCH3 & MATCH2 & MATCH] & MATCEO & " Tag Matches,
A3 & A2 & VALID3 & IAS_ & (CACHEN & " Longord ¢ 3 and valid 3.
MATCHI & MATCE2 & MATCEl & MATCHO & " Tag Matches,
A3 & A2 & VALID2 & !AS_ & ICACHEN_ 4 " Longord # 2 and valid 2.
MATCH3 & MATCH2 & MATCH1 & MATCHO & = Tag Matches,
IA3 & A2 & VALID) & !AS_ & ICACHEN 4 " Longord ¢ 1 and valid 1.
MATCA3 & MATCE2 & MATCE] & MATCAO & Tag Matches,
1A & !A2 & VALIDO & !AS_ & (CACREN_  ; " longord f O and valid 0.

ey

2044 Dascription *tsesranesssisusaenrtnny

" This PAL generates the EIT_ (cache hit) signal and the updated

" validity bits for writing into the validity RAM on retry cycles

" (cacheable read miss). Validity bits which are not selected are

= unmodified. This PAL is clocked at the beginning of the retry
cycle and at the start of the ccherency cycle.

naae

t4asassaassisss Rayigion History 4*ssasdssssesasearses
" Rev A - Logic Innovations, Inc., FJC - 08/04/89.
" New Release. First Version.

End P101;

{EALT_ = = 68030 Halt signal.
Asserted with bus error to

" force a retry cycle.

IAS_ & !CACHEN_ & WRITE_ & " Assert on cacheable read
MATCE_ & RETRY_ * " and no tag match.
IAS_ & ICACHEN_ & WRITE_ & " Assert on cacheable read,
A3 & A2 & IVALID3 & RETRY_ ¥ " LW &3 and rot valid,
IAS_ & !CACHEN_ & WRITE_ & " Assert on cacheable read,
IA3 & A2 & !VALID2 & RETRY_ ' " LW # 2 and rot valid.
{AS_ & !CACHEN_ & WRITE_ & " Assert on cacheable read,
tAY 6 A2 & (VALID1 & RETRY_ ¥ " LW 21 and rot valid.
IAS_ & ICACHEN_ & WRITE_ & " Assert on cacheable read,
1M1 & 1A2 & IVALIDO & RETRY_ + " LW ¢ 0 and not valid,
THALTIN_ & IAS_ s * Assert on HALT in.
IBERR_ = * 68030 bus error signal.

= Asserted with HALT to

" force a retry cycle
IAS_ & !CACEEN_ & WRITE_ & " Assert on cacheable read
MATCE_ & RETRY_ ¥ " and no tag match.
1AS_ & !CACHEN_ & WRITE_ & " Assert on cacheable read,
A3 & A2 & IVALID3 & RETRY_ * " LW # 3 and not valid.
IAS_ ¢ ICACHEN_ & WRITE_ & " Assert on cacheable read,
fAY & A2 & (VALID2 & RETRY_ + " LW 4 2and rot valid.
IAS_ & ICACHEN_ & WRITE_ 5 " Assert on cacheable read,
1A378 A2 & IVALID1 & RETRY_ + " LW &1 and ot valid.
'AS_ & !CACHEN_ & WRITE_ & " Rssert on cacheable read,
IA3 & !A2 & IVALIDO & RETRY_ ' ™ LW # O and not valid,
IBERRIN_ & !AS_ i " Assert on bus error in.

MeAARMNLAaLIaaRREARIeIts Dagoription SASeaREARSSILANSIL LI RIS
" This PAL generates the RETRY_ signal which serves as a cache
read miss and memory read request indicator. The RETRY_ signal
= asserts in state 3 of the 68030 read miss cycle and holds on

" until the end of the retried cycle.

" Retry hold (RTRYED ) serves to hold on retry during the idle states
 between the lst and 2nd cycles of the retry. This signal is used
" inside this PAL only for feedback. Pin 18 must remain unconnected
" on the schematic.

" BERR_ and HALT_ are the 68030 bus error and halt signals respectively.
* These signals are simultanecusly asserted to force a 68030 retry cycle.

7.8
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A 33-MHz ZERO-WAIT CACHE MEMORY APPLICATION NOTE AN-46
" The BERRIN_ signal is an externally generated input for bus error. Module P103
" The BALTIN_ signal is an externally generated input for halt. Title "Cache Data RAM ¥Write Control Rev A 08/04/89
- - Integrated Device Technology Ine.  U21 IDT68030
" The VLOCLK signal {new validity bit clock) is used to both output 2018-10 (10nS)"
" anable the validity RAM and clock PAL - P10l to generate the new
" validity bits for either the update or the coherency cycle. p103 Device “P20L8°;
- Al P?in 1; I- vee Pin 24;
messenusascassasnacins Revision Eistory * 33 0 ?4n .1 Ne23 Pin 23; .1
* Rev A - logic Innovations, Inc., FJC - 08/04/89. sIz1 Pin b & NC22 Pin 22; o
* New Rel First Version. s120 Pin bt & STATE2_ Pin 21; T
- CPUCLX Pin I- STATED_ Pin 20; o
End P102; CACHEN_  Pin & CANE] _ Pin 19; h
WRITE_ Pin - CAWE2_ Pin 18; -
MEMACX_ Pin et & CANEL Pin 17; o
BIT_ Pin e o CAWEO_ Pin 16; T
As Pin -1 UPOATE_ Pin 15; ~o"
PIPEFL Pin & UPDTIN_ Pin 14; e o
GND Pin NC13 Pin 13; bt &
" TERMINOLOGY:
"1 - _ at the end of a signal name denctes an active low signal,
2~ T = Boolean NOT function.
"3 - L] = Boolean OR function.
4= s = Boolean AND function.
"5 - IAS_ = Active low signal AS_, asserted or on state.
" 6§ - CPUCLK = Active high signal, CPUCLX, erted or on state.
-7~ : = ond of equation.
Equat ions
ISTATE2_ = 030 State 2. On for 030 states 2 & 3.

STATE3_ & CPUCLK & IAS_
ISTATEZ_ & ICPUCLK & IAS_
ISTATE2_ & STATE3_ & IAS_

ISTATEI_ =
ISTATE2_ & ICPUCLK & IAS_
ISTATEI_ & 1AS_

IUPDATE_ =
IMEMACK_ & CPUCLK & PIPEFL_
ICACEEN_ & WRITE_

IUPDTIN_ & ICPUCLK & PIPEFL_
ICACEEN_ & WRITE_

IUPDTIN_ & IMEMACK_ & PIPEFL_
ICACEEN_ & WRITE_

ICANED_ =

1AL & 1A0

{BIT_ & INRITE_ & ICACEEN_
ICPUCLK & 1AS_ & ISTATEZ_

ICAWEO_ & CPUCLK
ICAWEO_ & ISTATEZ_
1UPDTIN_

ICAKEL_ =
1SI21 & SI20 & 1Al & AO

IBIT_ & INRITE_ & ICACHEN_
ICPUCLK & IIS- & KSTA'H‘.Z_

SIZ1 & 1S120 & AL
1HIT_ & IWRITE_ & ICACHEN_

ICPUCLK & IAS_ & ISTATE2_

SI21 & SIZ0 & IAl
IBIT_ & INRITE_ & ICACEEN_
ICPUCLK & IAS_ & ISTATEZ2_

15171 & 1S120 & IAL
IBIT_ & IWRITE_ & ICACEEN_
ICPUCLK & IAS_ & ISTATE2

1CANEL_ & CPUCLK
ICANEL_ & ISTATE2_

1UPDTIN_

1CANE2_ =

ISTZ1 & SI20 & AL & 1RO
IBIT_ & !WRITE_ & !CACHEN_
ICPUCLK & 1AS_ & !STATE2_

SIZ1 & I1SIZO & !Al & AD
IBIT_ & INRITE_ & ICACHEN_
ICPUCLK & IAS_ & ISTATEZ_

SIZ1 & ISIZ0 & Al & 1RO
IEIT_ & {NRITE_ & !CACHEN_

ICPUCLK & IAS_ & ISTATEZ_

SI31 & SIZ0 & lAl
IBIT_ & INRITE_ & !CACHEN_

ICPUCLK & !AS_ & ISTATE2_

SIZ1 & SIZ0 & Al & 1AO
IBIT_ & IMRITE_ & ICACHEN_
ICPUCLK & IAS_ & ISTATE2_

15121 & IS120 & 1AL
BIT_ & IWRITE_ & !CACHEN
{CPUCLK & IAS- & ISTA'I'EZ_

ISIZ1 & ISTZ0 & Al & IAO

-

wraren

R

.

s $1 e

)

Assert on address strcbe & clock > H.
Hold (Latch) while clock low.
Tranaition term, Hold output

while clock switches 8 > 1.

030 State 3. On for 030 states 3 & up.
Assert on address strcbe & clock > L.
Eold output while address strobe on.

Update cycle (Read miss).
Assert on memory ack & cleck > H.

Bold (Latch) output while clock low.

Transition term. Hold output
while clock switches E > L.

Data cache byte 0 write enable.
Any sire: byte 0,

Cacheable write hit,

rt in 030 state 3, clock low.

Hold output while clock is high.
Hold output while clock STATEZ_ is on.
Assert all write enables on cache update.

Data cache byte 1 write enable.
Size = byte: byte 1,

Cacheable write hit,

assert in 030 state 3, clock low.

Size = word: bytes 0-1 or 1-2 (UAT).
Cacheable write hit,
ert in 030 state 3, clock low.

Size = 3 byte: bytes 0-2, or 1-3.
Cacheable write hit,
assert in 030 state 3, clock low.

Size = 4 byte: bytes 0-3 or 1-3 {UAT).
Cacheable write hit,
ert in 030 state 3, clock low.

fold output while clock ts high.

Hold output while clock STATE2_ is on.
Assert all write enables on cache update.
Data cache byte 2 write enable.

Sire = byte: byte 2.

Cacheable write hit,
ert in 030 state 3, clock low.

Size = word: bytes 1-2.
Cacheable write hit,
assert in 030 state 3, clock low.

Size = word: byte 2-3,
Cacheable write hit,
assert in 030 state 3, clock low.

Size = 3 byte: bytes 0-2, or 1-3.
Cacheable write hit,
assert in 030 state 3, clock low.

Size = 3 byte: bytes 2-3.
Cacheable write hit,
assert in 030 state 3, clock low.

Size = 4 byte: bytes 0-3 or 1-3 (UAT).
Cacheable write hit,
assert in 030 state 3, clock low.

Size = 4 byte: bytes 2-3.

7.8
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A 33MHz MC68030 ZERO-WAIT CACHE MEMORY
IBIT_ & IWRITE_ & ICACREN_ & " Cacheable write hit, Module P104
ICPUCLX & IAS_ & ISTATE2_ 4 " assert in 030 state 3, clock low. Title *Cache Validity RAM Control Rev A  08/04/89
Integrated Device Technology Imc. U24 1DT68030
ICAWEZ_ & CPUCLK # " Hold output while clock is high. 1618-10 (10n8)*
ICANE2_ & ISTATE2_ 4 " Hold output while clock STATEZ_ 1s on. p1o4 Device  ‘P16L8
1UPDTIN_ 7 " Assert all write enables on cache update. UPDATE_  Pin 1: - vee Pin 20;
CPUCLK  Pin 2; "1e RTRYCR_ Pin 0"
CACEER_  Pin 3; e VALDWE _ Pin -
ICANE3_ = * Data cache byte 3 write enable. WRITE_  Pin -1n TAGKE _ ?in -1
1SIZ1 & SIZ0 & A) & AD & " Site = byte: byte 3. AS_ Pin bt & CACHOE_ Pin T
IBIT_ & INRITE_ & {CACHEN_ & " Cacheable write htt, RETRY_  Pin -1 MEMROE_ rin -1
ICPUCLK & lu_ & ISTATIIZ_ L] " assert in 030 state 3, clock low. IESET_ Pin bt & STATE'}_ Pin -T"
BGACK_  Pin mrt MEMCS_ Pin T
SIZ1 & 1S120 & Al & " Size = word: bytes 2-3 or byte 3. MATCA_  Rin 9 - Ne12 Pin 0"
{BIT_ & (WRITE_ & ICACHEN_ & " Cacheable write hit, aND ?in 105 BERR_ Pin "1
ICPUCLK & IAS_ & ISTATEZ_ # " assert in 030 state 3, clock low.
= TERMINOLOGY:
SIZ1 & SI20 & IAl & AO & " Size = 3 byte: bytes 1-3. 1= _ at the end of a signal name denotes an active low signal.
IAIT_ & IWRITE_ & |CACREN_ & " Cacheable write hit, 2 - [l = Boolean NOT function.
ICPUCLK & IAS_ & ISTATE2_ # " assert in 030 state 3, clock low. "3 - ' = Boolean OR function.
-a- s = Boolean AND function.
SI21 & SI20 & AL & " Size = 3 byte: byte 3 or bytes 2-3. "5 - IAS_ = Active low signal AS_, asserted or on state.
IHIT_ & INRITE_ & ICACHEN_ & " Cacheable write hit, " 6 - CPUCLK = Active high signal, CPUCLK, asserted or on state,
1CPUCLE & IAS_ & ISTATE2_ # " assert in 030 state 3, clock low. "7 - : = end of equation.
15121 & 15120 & " Size = 4 byte: all offsets. Equations
I1BIT_ 4 IWRITE_ & ICACHEN_ & ™ Cacheable write hit,
ICPUCLK & IAS_ & !STATE2_ 1] " assert in 030 state 3, clock low. IRTRYCR_ = = Retry clear,
IAS_ & IRETRY_ & IBERR_ & CPUCLK # " Clear on bus error.
ICANE3_ & CPUCLK + " Hold output while clock is high. IRESET_ t " Clear on reset.
1BGACK_ i * Clear on CPU bus granted to
ICAWE3_ & ISTATE2_ # " Hold output while cleck STATEZ_ is on. * another master.
10PDTIN_ ;" Assert all write enables on cache update, ITAGHE_ = " TAG RAM Write enable

metaesisaten

Ty

Aaaneas

Description 4444 ceerrans
= This PAL generates the data cache write enables, the cache update

" signal {for cacheable read misses), and the 030 state tracking

= signals STATE2_ and STATE3_. On write hits, only the ected byte
" is written. On cacheable read miss cycles (retried), the assertion
* of the memory acknowledge signal, MEMACK , causes the UPDATE_ signal
" to assert --- which in turn forces all cache write enables to assert.
* Read miss/update cycles are always four byte operations.

" The STATE2_ signal asserts for one full 030 clock cycle ~—- starting
" in 030 state 2 and ending in 030 state 3. The STATE3_ signal asserts
" in 030 state 3 and holds on till the 030 address strobe AS_ goes away.
maseseisnsansrassessts Reviaion Eistory A% sessessssenssasacas

" Rev A - Legic Innovations, Inc., FJC - 08/04/89.

* New Releasea. TFirst Version.

End P103;

IIETRY: & |UPDATE_ & !ICPUCLK
ITAGWE_ & UPOATE_ & IRETRY_
ITAGWE_ & !RETRY_ & CPUCLK

= Assert on retry cycle, after update.
Hold while Update asserted.
Eold while clock high.

“ .-
s

IVALDWE _ = " Validity RAM Write Enable.

" Also controls output enable to new
" validity bits.
Assert on retry cycle, after
Hold while Update asserted.
Hold while clock high.

.

IRETRY_ & |UPDATE_ & ICPUCLK +
IVALDWE_ & IUPDATE_ & IRETRY_ *
IVALDWE_ & IRETRY_ & CPUCLX

update.

-

1BGACK_ & IAS_ & IWRITE_ & " Invalidate all validity bits

IMATCH_ & ISTATE2_ & ICRUCLK # " on coherency checks.

IVALDWE_ & IBGACK_ & IAS_ ;" Hold til address strobe gone on
" coherency cycles.

ICACROE_ = " Data cache read output enable.

1CPUCLK & WRITE

_ & " Aasert on all r not yet state 2,
RETRY_ & STATE2Z_ & BGACK_ t " no retry, no other local bus master.
SCACHDE_ & ]AS_ & WRITE_ & * Hold on till AS_ goes away,
1CACREN_ : " and cacheable read.
IMEMROE_ = " Memory read data buFfer enable.
tAS_ & CACHEN_ & CACHOE_ & " Assert on noncacheable read
WRITE_ & ISTATEZ_ & ICPUCLK + " cycles.
IUPDATE_ & ICACHEN & CACHOE_ & " Masert on cacheable read miss
WRITE_ & {RETRY_ t " (retry) cycles, ,
IAS_ & ICACHEN_ & CACEOE_ & Rssert on cacheable read miss
WRITE_ & IRETRY_ 4 " (retry) cycles.
IMEMROE_ & IAS_ ;" Hold til address strobe gone.
mraeas N TR YT TTITTITTIT I

** Description
* This PAL generates the Tag RAM write enable, the Valid RAM write
enable, and the data cache read buFfer enable. The Valid RAM write
= anable also serves as the output enable for the updated valldity

* bits stored in P101.

= The CACHOE_ signal output enables the data cache on read cycles.
It asserts on all reads in state 1 and will stay on for read hits
and go off for other cycles.

™ ‘The MEMROE_ output ensbles the memory read data onto the
- h 68030 data bus on read or read miss

= cycles.
= The RTRYCR_ signal (retry clear} forces the retry signal generated
" 4in P102 to turn off. RTRYCR_ is generated on a bua error during

" a retried cycle, a reset, or an alternate master bus cycle.

merertiasanes

ees

444se Revision History **ressass
" Rev A - logic Innovations, Inc., FJC - 08/04/89.
= New Release. First Version.

End P104;

"
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A 33-MHz ZERO-WAIT CACHE MEMORY

APPLICATION NOTE AN-46

Module 105
Title "Write Pipline, ack. Control Rev A 08/04/89
Integrated Devics Technology Inc.  U25 IDT68030
16R4-10 (10nS)"

p105 Device  P16RA‘;

CLK_ Pin vee Pin 20;

CPUCLK_  Pin LY TERMAX_ Pin 19;
WRITE®  Pin m1v NC18 Pin 18;
As_ Pin 1" PIPEFL_ Pin 17;
MEMACK_  Pin -1 WRTPNO_ Pin 16;
RETRY_ Pin "1 NC15 Pin 15:
RESET_ Pin "1n NC14 Pin 14;
MEMCS_  Pin -1t we13 rin 13;
MEMERR_  Pin R Ne12 Pin 12;
GND ?in 10; oF_ Pin 1;

= TERMINOLOGY1
"1~ at the end of a signal name denotes an active low signal.

"2~ T = Boolean NOT function.
"3 - ' = Boolean OR function.
"4 ‘ = Boolean AND function.
"5 - IAs_ = Active low signal AS_, asserted or on sta
= 6 - CPOTLK = Active high signal, CPUCLK, asserted or on state.
7 s = end of equation.
Equations
ITERMAK_ = " Terminate acknowledge. Assert

“ this output to generate STERM'.
1As_ & INRITE_ & IMEMCS_ & " Assert on memory write and
1CPDOCLK_ & PIPEFL_ & WRTEND_ t " write pipeline empty.
IS & INRITE_ & IMEMCS_ & " Assert on memory write and
1CPUCLK_ & IPIPEFL. & INRTPND_ & * write pipeline just emptied.
{MEMACK_ # " Used for successive write cycles,
{RETRY_ & WRITE_ & IMEMCS_ ©& " Assert on cache miss/retry (read)
{CPUCLK_ & PIPEFL_ & IMEMACK + " cycle and write pipeline empty.
IAs_ & NRITE_ & IMEMCS_ & ° Assert on memory read (noncacheable)
1CPUCLX_ & PIPEFL. & IMEMACK_ + " and write pipeline empty.
ITERMAX_ & IAS_ ;" Hold til address strobe gone.
IPIPEFL = * Write pipeline full.

.

& IWRITE_ & IMEMCS_ &

IAS_ Assert on memory write and
PIPEFL_ & MEMERR_

# " write pipeline empty.
IPIPEFL_ & RESET_ & " Bold on until reset,
MEMACK_ & MEMERR_ ;" memory acknowledgs or error.
IWRTPND_ := ” Write pipeline transaction pending.

1PIPEFL_ & WRTPND_ & AS_ & " Assert on pipe full, address strobe
MEMERR_ & RESET_ gone and no error or r

IWRTEND_ & {PIPEFL_ B Eold output on while pipe 1s full
MEMERR_ & RESET_ : " and noc error or reset.

masessesstesssiasssssnss Doscription S4Aressstcastassstanarans

* This PAL keeps track of the write pipeline status and generates

" the terminate (TERMAK ) to terminate

= write cycles when the pipeline is empty, successive write cycl

where the pipeline is full and a write cycle is waiting, read miss
retry cycles, and noncacheable read cycles.

" The PIPEFL_ signal asserts whenever the write pipeline is full.

" It holds on until either a memory error or acknowledge is received.
" This output is used to latch the write address and data into the

= write pipeline. On successive write cycles, this signal pulses high
* for one clock to allow the new address and data to be latched.

" The WRTPND_ signal asserts whenever the write pipeline is full

and the 68030 address strobe is gone. It is used to detect the

second of two successive write cycles so that the first write
can complete before the pipeline is refilled.

PPTYTTITI

.

“ee IYYTTS

Revision History **
" Rev A - logic Innovations, Inc., FJC - 08/04/89.
New Relesase., First Version.

End P105;

e
e
"
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A 33MHz MC68030 ZERO-WAIT CACHE MEMORY APPLICATION NOTE AN46

TS D[0.31) ‘ U1 ' _
31 N1 | pa ! A1
D30 ] o el A30
P 1PL[0.2] N_D29 M3 | D2o 49 Y A29
= [N\ N2_| pog A28 A4 A28 /]
N\_D27 41 po7 A7 |85 A27 /]
[\_D26 3 1 p2s R W
N\ 025 Nd ] pas ool T S— v
N.D24 M5 | poy A24 A4
ND22 N5 | po3 A23 723 /]
ND22 M6 | o a22 A2 /]
\321—_@_1 D21 221 A21
[\_D20 M7 D20 A20 B8 A20 /]
N_D19 N7_] pig ate Ao A19 /]
NDi8 —  Ns ] pyg as -G8 A8 /]
D8 ] oy A7 |Al0 AV /
. D1 [ Ba_____ Al6 /
I\ N10 mg 2}2 1 A15
N\_D14 M9 | pys Ata [) A
'Q D N1 ] b3 A3 2 A
D Mio_1 p12 A12 1 A
DU Ni2_ 1 p1 Al & A
Q10 2 ! pio A0 A A
vee X M1 po A9 A
T N\ 3 1 ps A
N L1 07 A7
N H D6 a6 |2 /]
68030 KTEANAL CACHE. ! N i Pyl BiE
301 rP1c S RP1B S RP1A M D3 A3 jR1i2 A
10K 10K 10K N D2 a2 |01 A
INSTALL JP2 TO DISABLE N K D1 A A
68030 MMU 4 3 2 K Do a0 |22 AT
[NBl2 G2 f pip siz1 |—K2
NPLL_ G133 o jpLy : sizo f—i2
Nlelo —  HI3 ] ipig
FC2
[AVEC Ez-ﬂ AVEC Fo1 &
FCo
1 02.4P1 H12 o cois €
[ 2 cs p-M2 |
1o o2JP E13 o mmuDIs ocs p-R3. NC
J;. BAY —AL o B8R As b
anp  [BGACK® 9 o sGACK DS p-K2
RW* 3
[RESET> F12 o RESET DBEN |p-M1
——Li o ciN RMC 81
1 o cBAck ciouT p-S2
csreq KL NC
Gl o STERM
DSACKT: —82 o DSACK! BG p-82
,'FPSA KO 1o DSACKo PEND p-E13 NC
STATUS p—d12 NC
HALT He o HALT REFILL jp—ll3 NC
BERA Hi J BERR
[CIRZ3MD— £} cik
68030-33
STERM®
CIIN®
vee: cs, 04, D10, F2, | N
! F11,H3, H1T,K4, | N
1 K10, L6 1 Q
'6ND: ©5,C7,C0.E3, ! L
' E11,F3 G3,Git, |
1 J3,01,L5,17, 1 —
\ is, Lo \ ———

RETRY*
CLK33M1 Y

TERMACK®>-

Central Processor: 33MHz 68030
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A[0.31]

{AT0.3D
2o ) —ZED
S —{TT2D
vee
siz1 /] o
1 2 WRITE
p— o {>°— {WATE>
FCO 74F04
[SosN
AST
D5*
WRITE®
DBEN"
ANC"
clout*
BG"
Voo
SYNCHRONOUS TERMINATE CONTROL.
CACHEABLE ADDRESS SPACE DECODE
1
S
P100
U2 5
207 EN" -
Nm‘ :; Vg; 9—2’%—‘1?91'1 gt CACHEN"Y
ECO 3 - Vo3 :,_.Mlgﬂ_
A31 4 Y
A3 " vod Pg N
A2 o e RMACK"
:ESLE 7 107 p—16 CACHDS
Basmemcs -
WATE. 9| 1 08 ; — [WMEMCS
CIoUT 11| 1o °© ° |
BGACK™ 13 | 12
RETRY" 14| 13 . GND
CLKGINT 23 INSTALL JP3 TO
na DISABLE EXTERNAL CACHE
20L8-10

Central Processor: 33MHz 68030 (cont'd)
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U12a

RESET > 1

3. TAGCLR®

FLUSH" > 3

74F08

VALIDWE >
[LICEDD

vce

<

1, RRIL 10 3

10K

17 4

A3 1704

Al 1702
A0 vo1

WE MATCH
CLR

T IDT6178512

i1
23/

o [= (i

4

mess

==

4

knf

129 P b B i e o o

F

10

3

WE MATCH
CLR
IDT6178512

A28

ATCH:

«

MATCH2

TAG RAM

4

A3 1104
A2 /03
Al 1702
AQ o1

WE MATCH
CLR
IDTB178S12

A20

ket

MATCH1

VALIDCLK" 3 4

74F04

4 74F20

F

ITAGWE' >

A3 o4
A2 o3
Al Vo2
A0 o1

WE MATCH
CLR

SRR
1016178512

bl

MATCH [0..3}

[As™

ICACHEN'>

IBGACK' >
CLK33M1*)>-

lRETRVCLR",
BERRIN®)-

AT
RTE>—

Cache Tag Validity RAMS, Update Logic
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A[0.31)

un VALIDITY RAM
211 A1
N 201 a0
19 1 Ao
N\ 18 | a8
A7
N\ A6
N A5
[\ ag A4 5
AT et o4 VA
A6 e 103 VALID2 N
AS A1 102 VALID
£4 A0 o1 YAl
YAUDCIK 9 oF
YAUDWE" 104 we  MATCH |-12.NC
TGCIR 17 ein
1516178512
VALIDITY
RAMCONTROL P101
N— A It vor p22 W' 1 oy
A2 12 vo2 p-2L
AS" 13 03 p-22 YA
C, u 1 o4 VA|
ATCH i o5 VA
ATCH 6 S VA
ATCH 13 vo? __MAIC
MATCH e vos WAITE
19
VAUID 11 110
VALID 4
7= i i
VAUDCLK 1
VALIDWE- 13 g_;x
20R4-10
—MATCH" - {MATCHD
RETRY CONTROL P102
| .
A3
| i 01 .
] A2 1”2 vo2 p-21 BERR’ BERR
AST 13 103 HALT HALT-
| CACHEN" " vos b_18 REIRY" o
MATCH® 5 Vo5 RTRYHD"
CLKIIMT™ I Vo p17_ VALIDCLK"
_RETRYCLA" 7 vo7 J
BERRIN® 8 - 08 p 15 NC
HALTIN” 8
110
: "
12
14 1113
A 23 1114
20LB-10
VAUID [0..3]
—_—hs
— _CACHEN" |
SGACK"
CLK3IM1*
RETRYCLR"
BERRIN®
HALTIN®
WRITE®

Cache Tag Validity RAMS, Update Logic (cont’d)
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[CAWER 3>
A3
u13
2 23 4 a13 1104
N 2 a1z po3f 16— DION
il DTy o2 L_._.__Q&\
20 1 a10 1oy A4 D28
o )
A8
a7
A6
As
At
A3
A2
A1
A0
134 we
10 ] csr
U 4 oE ne HE
GND
IDT6198525
14 BYTE O
5 17 027
: Bz 8
3 2L 1 an voa |13 D¢ |
2 201 at0 vor 14— 024
o 19 ) as
CACHE DATA - A8
A7
RAM A8
AS
A4
A3
Az
N At
A0
N_cawEo 13 ) we
104 s
e Ne (e
GND
1DT6198525
15
5 2 1 a3 Vo4 _]7_—%
221 A12 vos 18— 022
N 2] an wo2 |1 1
N 20 1 ato vor |4 D20
19 1 a9
I\ A8
[\ A7
I\ A8
N A5
A
I\ A3
A2
A3 A1
A2 A0
13 we
10} s
1t 4 o [0 SN
GND
1DT6198525
18 BYTE 1
S |z o |
4 :;8; 16 1
AL o2 _‘J_.__QL".\
‘2— vor D16
[
N\
NAS
AT
A
A
A
\-A2
A2
\_CAWE1
NG
GND
1DT6198525
S
[cacrecE > CACHEQE"

64KB Direct Map Data Cache

7.8 26



A 33-MHz ZERO-WAIT CACHE MEMORY

APPLICATION NOTE AN-46

CAWE[0..3)

A[0..31]

D[0..31]

N_CAWE2

PEFEE

A10 o1

2 4 WE

8

H o o ] LA

A3 104 17

Al 2

A10 vo1 |44

T

_cnes

11 g oe Ne H8

GND

10T6198S25

(1 L R

A0 ot

e
- oks [l

I
£
m

o
9

ne P8

o
n

GND

An w2

1 4 o ne HE

GND

1DT6198S25

A13 vos bt D7
A12 vos f16 06

23 |

™ i

211 an 102 _‘3_—0.2“
1

A13 vosl A 03 |

FEFRE
2

A10 vor e D0

A13 vou I DIS
Qe _Did

vo2 [15 D13 0
[ 4 D12 0

D03 >

CACHEOE"

64KB Direct Map Data Cache (cont’d)
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LyED® A[0.31)
SIZ[0..1) P103  CACHE DATA RAM WRITE CONTROL
[EZ- 1 u21
Al 22 N
i 01 jo—22- .
NS i1
\ SI20 CAWE3
CLK3M2 " vos CAWE
G 6 ANt
EMACK" 7 voz UPOATE"
HIT- 18 08
AS* 0] 1%
PIPEFULL” T
NG 13 _fip
UPDATE® [ram
NC 2
=114 CAWE [0..3]
Z0L6-10
PIPEFULL*
P104  VALIDITY/TAG RAM CONTROL
S S
UPDATE" " 01 p—12 RETRYCIR*
e L —
CACHE! 3 vos b1z A ]
WRITE ol s Voa CACHEQE
- 15 Vo5 4MLB_Q‘0E
RETRY o Voo b1 STATE?
RESET™ 7 Vo7 bt MEMCS' (INPUT)
e e
+ 9
BERR i
6810
P05  WRITEPIPELINE
" MEMORY ACKNOWLEDGE CONTROL
LK33M2* " Vo1 TERMACK®
WRITE® P21 N/C
AS® - V2 P20 eiperuL
e — ! Shr
RESET” 15 % P37 NIC
MEMGS® 4 ol T NG
MEMCS® M e 17 vo7 p8- NG
MEMERR ME} 18 vos p—12-
CLK33M2" I
Ju—" CE
A 16R4-10 o =
,_QD;G ' D1 at | 2
4] b2 @2
4F04 ¢ D3 Q3
1 D4 Q4 0
— D5 Q5 2
1 D6 Qs 5
23
i X1 47 9 CLK
vCC 1 CLR
| NC RP2A
66.67 MHZ OSCILLATOR 1 74F174
10K
CLOCK GENERATION
CLK33M2*
CLK33M2

Cache Control Logic
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STATE2®

STATES®

{CAWE [0.3] )

JRETRYCLR®

IVALIDWE®

TAGW

TERMACK® )

PIPEFULL"

CACHE CONTROL
VC_(_)
|
\
l R2 2R3 oR4 RS
‘ 1.8K $1.8KQ1.8K 8 1.8K
R10 33
[i1E] 33
R12 33
R13 33

S I S RIS S NG U
[370F [o7pF [27pF [270F 32 K S 27K $27TK 32.

GND

Cache Control Logic (cont’d)
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(OO e DY)
LivAl 1 U34A
3
TAAL508
Sizol 4 U26
SIZ[0..1
AR Do Q0 MSiZ1
A[0.31] TAC508 41 b1 Qi MO
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68030 Address Latches, Data Transceivers
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A 33-MHz ZERO-WAIT CACHE MEMORY
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A 33MHz MC68030 ZERO-WAIT CACHE MEMORY
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A 33MHz MC68030 ZERO-WAIT CACHE MEMORY
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A 33-MHz ZERO-WAIT CACHE MEMORY
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Figure 5. 33MHz MC68030 Cache Coherency Cycle (cont’d)

41

7.8



A 33MHz MC68030 ZERO-WAIT CACHE MEMORY APPLICATION NOTE AN-46

78 42



A 33-MHz ZERO-WAIT CACHE MEMORY

APPLICATION NOTE AN-46

APPENDIX F
PARTS LIST

7.8

43



A 33MHz MC68030 ZERO-WAIT CACHE MEMORY APPLICATION NOTE AN-46

IDT 33MHz 68030 Cache Revised: August 28, 1989
Revision: A

Bill Of Materials August 28, 1989 12:42:24 Page 1 of 1

Item Quantity Reference Part

1 4 C1,C2,C3,C4 27pF

2 3 JP1,JP2,JP3 JUMP2

3 1 R1 47

4 4 R2,R3,R4,R5 1.8K

5 4 R6,R7,R8,R9 2.7K

6 4 R10,R11,R12,R13 33

7 2 RP1,RP2 10K

8 1 U1 68030-33

9 3 U2,Us,U21 20L8-10

10 1 us 74F04

11 1 U4 20R4-10

12 1 us 74F20

13 5 u7,u8,U9,ut0,Ut1 IDT6178S12

14 1 u12 74Fo08

15 8 U13,U14,U15,U16,U17,U18, IDT6198S25
u19,U20

16 1 u22 74F174

17 1 u23 66.67MHz OSCILLATOR

18 1 U24 16L8-10

19 1 u2s 16R4-10

20 4 U26,U27,U28,U29 IDT74FCT373A

21 4 U30,U31,U32,U33 IDT74FCT543A

22 1 us4 74ALS08
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APPLICATION NOTE AN-46

This appendix discusses the timing, loading, architectural,
and other design considerations relevant to the cache design.
In addition, signal definitions including those supplied by the
user to interface to the MC68030 cache design are provided.

ADDRESS AND DATA LOADING

The 33MHz MC68030 cache design was analyzed for
capacitive and DC loading assuming several additional loads
(not shown) for the benefit of the user. Refer to Appendix A,
Loading Analysis for detailed information. The additicnal
loads and their functions are as follows:

ADDRESS BUS (A31-A0):

A31-A0: 74ALS245 - Transeiver for coherency and/or dual
port address path.

Ad: MC68882 - Floating Point Coprocessor.
A31-A16: PAL20L8 - Two pals for additional address
decoding.

DATA BUS (D31-D0):

D31-D0: 74ALS245 - /0, EPROM, system bus interface data
path.
D31-D0: MC68882 - Floating Point Coprocessor.

The user is free to add more loads to either the address or
data buses so long as DC loading characteristics are not
violated and timing parameters are derated for added
capacitive loading.

CACHE COHERENCY/DUAL PORT

The cache coherency interface to the 33MHz MC68030
cache is also designed to be a dual port memory interface.
The dual port interface will allow the user to perform memory
read and write operations in parallel with cache coherency
cycles. Memory write cycles will utilize the write pipeline.

Figure 5.0 details the timing requirements for a cache
coherency/dual port cycle. The user should drive a function
code of 0 for coherency only cycles. For dual port cycles, a
valid function code (1, 2, 5 or 6) should be driven.

The 33MHz MC68030 cache design requires that the user
drive the coherency/dual port address onto the A31-A0 lines
using a 74ALS245 transceiver (not shown in the schematics).
The MC68030 data lines should be driven only for dual port
operation. The remaining MC68030 signals should be driven
in similar manner as the MC68030. Contro! signals such as
AS*, DS*, WRITE*, etc. should be asserted and deasserted
on clock edges according to the MC68030 AC electrical
specifications.

IDT 33MHZ MC68030 CACHE SIGNAL
DESCRIPTIONS

SIGNAL ACTIVE
NAME STATE DRIVER USER DESCRIPTION

AS* L 3S Yes MC68030 address strobe.
Also driven by
coherency/dual port
interface logic.

AVEC* L TP Yes Autovector. Driven by
user to terminate
autovectored inter- rupt
acknowledge cycle.

A[0..31] H 3S Yes MC68030 address bus.
Driven by user for
coherency/dual port
cycles.

BERR* L TP No MC68030 bus error input.
Driven by P102 (U6) retry
cycles. ltis also asserted
by P102 when the user
supplied logic asserts
BERRIN*.

BERRIN* L TP Yes Bus errorin. Driven by
user to force P102 to
generate BERR* to
MC68030. The user can
assert BERRIN* (alone)
to bus error a processor
bus cycle or (with
HALTIN®) to generate a
non- cacheable retry.

BG* L TP No Busgrant. Driven by
MC68030.

BGACK* L TP Yes Bus grant acknowledge.
Driven by useron
coherency/dual port
cycles.

BR* L TP Yes Busrequest. Driven by
user on coherency/dual
port cycles.

CACHEN* L TP No Cache enable. This
signal is driven by P100
(U2) to indicate that the
cycle in progress is
cacheable.

CACHEOE" L TP No Datacache output
enable. This signal is
driven by P104 (U24) to
the IDT6198 data RAMs
to output cache read data
onto the MC68030 data
bus.

Key: TP =totem pole
38 = tri-state
OD = open drain
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A 33-MHz ZERO-WAIT CACHE MEMORY APPLICATION NOTE AN-46
SIGNAL ACTIVE SIGNAL ACTIVE
NAME STATE DRIVER USER DESCRIPTION NAME STATE DRIVER USER DESCRIPTION
CAWE[0.3] L TP~ No Datacache write enable. D[0..31] H 3S Yes MC68030 data bits.
These signals are driven Driven by user for /O
by P103 (U21) to cause accesses (through a
data to be written into the transceiver), MC68882
cache data RAMs on accesses or other custom
either a read miss- update interface.
cycle or a write hit.
ECS* L TP No  MC68030 early cycle
ClIN* L TP No  Cache inhibitin. This start.
: signal is asserted to force
the MC68030 to not FC[0..2] H 3S No  MC68030 function code.
internally cache the
current cycle. Itis FLUSH* L TP Yes Cache flush. This signal
generated to force /O is generated by the user
space, system bus space to invalidate the entire
or other non- memory cache. Itis normally
address space to be generated by an I/O
noncacheable. CIIN* is access. The pulse width
driven by P100 (U2). on this signal must be at
least 26nS and it must be
clouT’ L TP No  Cache inhibit out. The generated while the
MC68030 assers this cache is not being ac-
signal to indicate that the cessed. Therefore, the
current bus cycle should MC68030 should be in
not be cached externally. the process of an 110
access or it should be
CLK33M1 H TP No 33MHzclock # 1. Thisis halted while the flush
the 33MHz, 50% duty signal is active.
cycle clock used to drive
the MC68030 and/or on HALT* L TP No  MC68030 halt input.
board logic. P102 (U6) generates this
signal on retry cycles. It
CLK33M2 H TP No 33MHzclock #2. Thisis is also asserted by P102
the 33MHz, 50% duty when the user supplied
cycle clock used to drive logic asserts HALTIN®.
on board logic.
HALTIN* L TP Yes Haltin. Generated by
CLK33M1* L TP No 33MHzclock # 1. This is user supplied logic to
the 33MHz, 50% duty assert the HALT" signal to
cycle active low clock the MC68030. The user
used to drive on board can assert HALTIN®
logic. (alone) to cause a
processor halt state or
CLK33M2* L TP No 33MHzclock #2. Thisis (with BERRIN*) to
the 33MHz, 50% duty generate a noncacheable
cycle active low clock retry.
used to drive on board
logic. HIT* L TP No  Cache hit. May be used
by user supplied logic to
DBEN* L 3s No Data bus enable. as an early indication of a
Provided by MC68030 for cache miss.
user supplied logic.
IPL{0..2] L TP Yes MC68030 interrupt priority
DS L 38 No  MC68030 data strobe. level input.
DSACK1,0* L TP Yes MC68030 data and size MATCH* L TP No Cache TAG RAM match

acknowledge. Driven by indication.

user for all noncacheable,

non-memory cycles (IO, MA[0..27] H 3S No  Latched memory address
system bus, vectored bits.

interrupt acknowledge,
etc.).
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SIGNAL ACTIVE
NAME

STATE DRIVER USER DESCRIPTION

SIGNAL ACTIVE

NAME STATE DRIVER USER DESCRIPTION

MD[0.31] H 38 Yes

MEMACK* L TP Yes

MEMCS* L TP No

MEMERR* L TP Yes

MEMRDOE* L TP No

MEMWROE* L TP

Yes

MsIZ[0.1] H 35 No

Registered memory data
bits. The user must
present read data on
these lines no later than
1.5 clocks after
MEMACK" is asserted.
See Figure 3.0. On write
cycles, the user must
generate MEMWROE* to
output write memory data
onto MDO-31.

Memory acknowledge.
This user supplied signal
should be asserted for
one clock based on the
CLK33Mt falling edge (or
CLK33M2* rising edge).
It should be asserted no
earlier than 1.5 clocks
before memory read data
is valid. See Figure 3.0.

Memory chip select.
Generated by P100 (U2).

Memory error. This signal
should be generated by
user supplied logic to
indicate a memory parity
error, an access to
nonexistent memory, or
other error. MEMERR*
should be asserted for
one clock based on the
CLK33M1 falling edge (or
CLK33M2" rising edge).

It is used to clear a write
cycle pending in the
pipeline. The user should
simultaneously assert
BERRIN* and MEMERR*
for read cycles which
result in an error
condition.

Memory read data output
enable. P104 (U24)
asserts this signal to
place memory read data
onto the MC68030/cache
data bus.

Memory write data output
enable. User supplied
logic must assert this
signal according to the
memory timing
requirements.

Latched memory size bits.

PIPEFULL*

RESET*

RETRY*

RETRYCLR*

RMC*

S1Z[0..1]
STATE2"

STATE3*

TAGWE*

TERMACK*

L

L

P

oD

™

P

38

3s
|z

P

P

|

No

Yes

No

No

No

No
No

No

No

No

Write pipeline full.
Generated by P105 (U25)
to latch the memory write
address and data. It can
alsobeusedas a
memory write request
signal.

Reset. Reset must be
generated by a user
supplied open collector
(pulled up) driver.

Retry. This signal is
generated by P102 (U6)
to indicate that a retry
cycle is in progress. It
can be used by user
supplied logic to indicate
a memory read miss
request.

Retry clear is generated
by P104 (U24). It forces
RETRY" to deassert
based on a bus error,
reset, or alternate bus
master access.

MC68030 read modify
write cycle.

MC68030 size bits.

MC68030 state 2. This
signal ascerts  in state
2 and deasserts after
state 3. Generated by
P103 (U21).

MC868030 state 3. This
signal asserts in state 3
and holds on until the bus
cycle is complete.
Generated by P103
(u2t).

Tag RAM write enable.
Generated by P104
(U24).

Terminate acknowledge.
This signal is generated
by P105 (U25). The
assertion of TERMACK*
causes P100 (U2) to
assert STERM®, which
acknowledges a 32 bit
bus cycle to the
MC68030. TERMACK*
asserts on pipelined write
cycles, retry cycles, and
noncacheable read
cycles.
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SIGNAL ACTIVE
NAME STATE DRIVER USER DESCRIPTION

VALIDWE" L TP No  Validity RAM write enable.

VALIDWE?® is generated
by P104 (U24). It serves
to output enable the new
validity bits in P101 (U4)
and strobe the new
validity data into the
validity RAM,
IDT6178512 (U11).

WRITE* L 3S No MC68030 write signal
(low).

WRITE H TP No  MC68030 write signal
(high).

7.8

49



A 33MHz MC68030 ZERO-WAIT CACHE MEMORY APPLICATION NOTE AN-46

7.8 50



A 33-MHz ZERO-WAIT CACHE MEMORY

APPLICATION NOTE AN-46

APPENDIX H
50MHz MC68030 TIMING ANALYSIS
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50MHZ MC68030 — CACHE TIMING

(2 CLOCK CACHE READ, 3 CLOCK CACHE WRITE)
~ - indicates a derated parameter.
CP - indicates common path analysis used.

IDT6198515 CACHE DATA READ PARAMETERS:

1. 68030 Address to IDT6198 Data Valid: ns

1.5 clocks @ 20ns: 30

68030, 6, clock to address: (14) max

68030, t27, read data setup: (1) min

Data bus derating: (2) max
13ns *eeer

taa Required = 15ns

2. PAL CACHEOQE* to IDT6198 Data Valid: ns

1 clock @ 20ns: 30

7ns PAL, clock to CACHEOE™: (7.5) max

68030, t27, read data setup: (1)  min

Data bus derating: (2) max

Clock skew: (2) max

17.5ns

tog Required = 8ns

3. CACHE CS* to IDT6198 Data Valid:
Since the cache data ram chip select is grounded, this is
not a limiting parameter.

tacs Required = 15ns

6. 68030 Address Valid to IDT6198 Write Begin:ns

1.5 clock @ 20ns: 30

7ns PAL, clock to CAWEX" low: 3 min

68030, 16, clock to address: (14) max

Clock skew: (2) max
17ns

tas Required = Ons

7. 68030 Address Valid to IDT6198 Write End: ns

2.5 clocks @ 20ns: 50

7ns PAL, clock to CAWEX* high: 3 min

68030, 16, clock to address: (14) max

Clock skew: (2) max
37ns

taw Required = 14ns

7. IDT6198 Write Pulse Width: ns

1 clock @ 20ns: 20

7ns PAL, clock to CAWEX" high: 3 min

7ns PAL, clock to CAWEX"* low: (7.5) max

15.5ns

twp Required = 14ns

IDT6198S15 CACHE DATA WRITE PARAMETERS:

8. 68030 Data Valid to IDT6198 Write End: ns

1.5 clock @ 20ns: 30
. . 7ns PAL, clock to CAWEX" high: 3 min
4. 68030 AS* Negated to IDT6198 Data Invalid: ns 68030, 123, clock to data: (14) max
7ns PAL, clock to CACHEOE™: 3 min Clock skew: (2)  max
IDT6198 CACHEOE* to data invalid: 0 min 17ns
3ns tpw Required = 8ns

MC68030 T29 Required = Ons

9. 68030 Data Hold to IDT6198 Write End: ns
IDT6198S15 CACHE DATA WRITE PARAMETERS: 0.5 clock @ 20ns: 10

68030, t53, clock to data invalid: 2 min
5. 68030 Synchronous Data Hold: ns 7ns PAL, clock to CAWEX* high: (7.5) max

Clock skew: (2) max
68030, T12, clock to AS* negated: 0 min
7ns PAL, clock to CACHEOE™: 3 min 2.5ns
IDT6198 CACHEOE" to data invalid: 0 min tpH Required = Ons

3ns
MC68030 T30 Required = 6ns
Note:Data hold time is satisfied by parameter #4 above. See
MC68030 User's Manual note #12 on page 13-6.
52
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IDT6178S12 CACHE TAG HIT/MISS PARAMETERS:

10. BERR®, HALT* Set up to Clock Low: ns
1.5 clocks @ 20ns: 30
68030, t6, clock to address: (14) max
7ns PAL, MATCHx to BERR*, HALT": (7.5) max
74F20, MATCHx to MATCH*: (6) max
68030, t27A, BERR*, HALT" setup: (3) min

—0.5ng HHeeeee
tADM Required = 12ns (From IDT6178 address)
tpaM Required = 11ns (From IDT6178 data)

11. BERR®, HALT* Set up to Clock Low: ns

(from output enable, retry followed by read)

1.5 clocks @ 20ns: 30

7ns PAL, clock to VALIDWE: (7.5) max
74F04, VALIDWE: (5.3) max
7ns PAL, MATCHx to BERR*, HALT*: (7.5)max
68030, t27A, BERR*, HALT* setup: (3) min
Clock skew: (2) max

4708 e
tog Required = 8ns

IDT6178S12 CACHE TAG WRITE PARAMETERS:

12. Address valid to end of Write:
Not calculated but certainly not a problem.

taw Required = 10ns

13. IDT6178 Write Pulse Width: ns

1 clocks @ 20ns: 20

7ns PAL, clock to VALIDWE* high: 3 min

7ns PAL, clock to VALIDWE" low: (7.5) max

15.5ns

twp Required = 10ns

14. IDT6178 Data Valid to Write End: ns

1 clock @ 20ns: 20

7ns PAL, clock to VALIDWE® high: 3 min

7ns PAL, clock to VALIDWE* low: (7.5) max

7ns PAL, VALIDWE"* to VALIDO-3: (7.5) max

8ns

tpw Required = 8ns

15. IDT6178 Data Hold after write: ns

7ns PAL, VALIDWE* to VALIDO-3: 3 min
3ns

tpH Required = Ons

16. Address Setup to AS* low: ns
(Coherency cycle) .

Address setup to AS* low: 25 min
7ns PAL, AS* to VALIDCLK*: 3 min
74F04, VALIDCLK* to VALIDCLK: 2.4 min

74F20, MATCHx to MATCH*": (6) max
7ns PAL, MATCH* setup to VALIDCLK: (7.5) max
16.9ns

tADM Required = 12ns (From IDT6178 address)
tpam Required = 11ns (From IDT6178 data)

IDT6178S12 CACHE TAG WRITE PARAMETERS:

17. 1DT6178 Address Hold after Write: ns

(Retry cycle)

0.5 clocks @ 20ns: 10

68030 18, Address Hold: 0 min

7ns PAL, clock to VALIDWE* high: (7.5) max
2.5ns

twR Required = Ons

18. IDT6178 Address Hold after Write: ns

(Coherency cycle)

Address hold to AS* high: 10 min

7ns PAL, AS* to VALIDWE* high: (7.5) max
2.5ns

twR Required = Ons
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50MHZ MC68030 — CACHE TIMING

(3 CLOCK CACHE READ, 3 CLOCK CACHE WRITE)
(NO RETRY ON CACHE MISS)

~ - indicates a derated parameter.

CP - indicates common path analysis used.

IDT6198520 CACHE DATA READ PARAMETERS:

1. 68030 Address to IDT6198 Data Valid: ns

2.5 clocks @ 20ns: 50

68030, t6, clock to address: (14) max

68030, 27, read data setup: (1) min

Data bus derating: (2) max
33ns

taa Required = 20ns

2. PAL CACHEOE* to IDT6198 Data Valid: ns

2 clocks @ 20ns: 40
68030, 9, read data setup: (10) max
7ns PAL, clock to CACHEOE™": (7.5) max
68030, t27, read data setup: (1) min
Data bus derating: (2) max
19.5ns

tog Required = 8ns

3. CACHE CS* to IDT6198 Data Valid:
Since the cache data ram chip select is grounded, this is
not a limiting parameter.

tacs Required = 20ns

4. 68030 AS* Negated to IDT6198 Data Invalid: ns

7ns PAL, clock to CACHEOE*: 3 min
IDT6198 CACHEOE* to data invalid: 0 min
3ns

MC68030 T29 Required = Ons

IDT6198520 CACHE DATA WRITE PARAMETERS:

5. 68030 Synchronous Data Hold: ns

68030, T12, clock to AS* negated: 0 min

7ns PAL, clock to CACHEOE™": 3 min

IDT6198 CACHEOE" to data invalid: 0 min
3ns

MC68030 T30 Required = 6ns

Note: Data hold time is satisfied by parameter #4 above. See

MC68030 User's Manual note #12 on page 13-6.

6. 68030 Address Valid to IDT6198 Write Begin: ns

1.5 clock @ 20ns: 30

7ns PAL, clock to CAWEX"* low: 3 min

68030, 16, clock to address: (14) max

Clock skew: (2) max
17ns

tas Required = Ons

7. 68030 Address Valid to IDT6198 Write End: ns

2.5 clocks @ 20ns: 50

7ns PAL, clock to CAWEX* high: 3 min

68030, 16, clock to address: (14) max

Clock skew: (2) max
37ns

taw Regquired = 14ns

7. IDT6198 Write Pulse Width: ns

1 clock @ 20ns: 20

7ns PAL, clock to CAWEX" high: 3 min

7ns PAL, clock to CAWEX* low: (7.5) max

15.5ns

twp Required = 14ns

IDT6198520 CACHE DATA WRITE PARAMETERS:

8. 68030 Data Valid to IDT6198 Write End: ns

1.5 clock @ 20ns: 30

7ns PAL, clock to CAWEXx* high: 3 min

68030, 123, clock to data: (14) max

Clock skew: (2) max
17ns

tpw Required = 8ns

9. 68030 Data Hold to IDT6198 Write End: ns

0.5 clock @ 20ns: 10

68030, t53, clock to data invalid: 2 min

7ns PAL, clock to CAWEX" high: (7.5) max

Clock skew: (2) ~max
2.5ns

tpH Required = Ons
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IDT6178512 CACHE TAG HIT/MISS PARAMETERS: 16. Address Setup to AS* low: ns
(Coherency cycle)

. ke Address setup to AS* low: 25 min

10. STERM* Set up to Clock High: ns 7ns PAL, AS* to VALIDCLK®: 3 min
. 74F04, VALIDCLK* to VALIDCLK: 2.4 min
2.0 clocks @ 20ns: . 40 74F20, MATCHx to MATCH?: (6) max
68030, 16, clock to address: (14) max 7ns PAL. MATCH" setup to VALIDCLK: 75)m
7ns PAL, MATCHx to STERM": (7.5) max ns PAL, setup to ~ (7.5) max
68030, 160, STERM* setup: (2) min 16.9ns
16.5ns tADM Required = 12ns (From IDT6178 address)

taADM Required = 12ns (From IDT6178 address)
tpam Required = 11ns (From IDT6178 data)

11. STERM* Set up to Clock High: ns

(from output enable, retry followed

by read) —

2.0 clocks @ 20ns: 40

7ns PAL, clock to VALIDWE: (7.5) max

74F04, VALIDWE: (5.3) max

10ns PAL, MATCHx to BERR*, HALT*: (7.5) max

68030, 160, STERM" setup: (3) min

Clock skew: (2) max
14.7ns

toe Required = 8ns

IDT6178512 CACHE TAG WRITE PARAMETERS:

12. Address valid to end of Write:
Not calculated but certainly not a problem.

taw Required = 10ns

13. IDT6178 Write Pulse Width: ns

1 clocks @ 20ns: 20

7ns PAL, clock to VALIDWE* high: 3 min

7ns PAL, clock to VALIDWE® low: (7.5) max

15.5ns

twp Required = 10ns

14. IDT6178 Data Valid to Write End: ns

1 clocks @ 20ns: 20

7ns PAL, clock to VALIDWE" high: 3  min

7ns PAL, clock to VALIDWE®* low: (7.5) max

7ns PAL, VALIDWE" to VALIDO-3: (7.5) max
8ns

tpw Reguired = 8ns '

15. IDT6178 Data Hold after write: ns

7ns PAL, VALIDWE" to VALIDO-3: 3 min
3ns

tpH Required = Ons

tpam Required = 11ns (From IDT6178 data)

IDT6178512 CACHE TAG WRITE PARAMETERS:

17. IDT6178 Address Hold after Write: ns

(Retry cycle)

0.5 clocks @ 20ns: 10

68030 18, Address Hold: 0 min

7ns PAL, clock to VALIDWE* high: (7.5) max
2.5ns

twRr Required = Ons

18. IDT6178 Address Hold after Write: ns

(Coherency cycle)

Address hold to AS* high: 10 min

7ns PAL, AS* to VALIDWE"* high: (7.5) max
2.5ns

twg Required = Ons

7.8
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33MHz 68020 CACHE APPLICATION
IN ONLY 19 CHIPS NOTE
AN-79
Integrated Device Technology, Inc.
by Jim Handy

The schematic in Figures 1 and 2 shows a simple cache to
support 33MHz zero-wait operation in the Motorola 68020.
The design is a simple 32K byte direct-mapped write-through
cache using a line size of one long-word. Software controls
are provided for cache control during context switches, as is
done on the internal caches in the 68030.

A few tricks are used to allow the cache to readily operate
at this high frequency while using “off the shelf” parts. All parts
used in this design have been readily available through
distribution for years.

Thefirsttrick isthat the cache residesin virtual space rather
than physical space. This is done by driving the cache’s
address inputs with the logical address bus betweenthe CPU
and the MMU rather than the more typical move of using the
MMU'’s address outputs. This approach reduces the delays in
the address path to the cache memory, thus considerably
loosening the constraints of cache memory access time. In
addition, the CPU and cache memory can operate indepen-
dently of the MMU, thus removing the extra cycle the MMU
uses to translate addresses. The minimum cycle of this cache
is three clock periods, whereas the minimumcycle of an MMU-
mapped memory access is four clock periods.

The secondtrick is to use a bus retry sequence ratherthan
the DS Acknowledge signals to signify a cache miss. Withthe
more typical acknowlege-drivensystem, amisscycle ishandled
as a single slow memory access. This would require the
cache controller to respond with a “hit” or “miss” signal within
the first 30ns of the memory cycle, duringthe CPU’s S2 phase,
to let the CPU operate out of cache with no wait states. (See
IDT Technical Note 11 "Cache-Tag RAM Timing for the 68020
Usingthe IDT7174".) Inthe busretry systemshownhere,two
memory cycles (zero-wait read from cache, followed by retry)
are executed on a cache miss, the latter being the cache
update. A cache miss does not need to request a bus retry
untilthe CPU’s S4 cycle. The cost of this method is that eight
additional clock half-cycles are incurred for every cache miss
(a total additional delay of 120ns), however, the benefits are
that considerably less costly and more widely available parts
canbe used for the cache-tag memory, and significant board
space can be saved by the low component count of this slow
of a cache.

The cache will be described in its three main sections:
cache-tag RAM, cache data RAM, and cache control logic.

The cache-tag is built up of three IDT7174 8Kx8 cache-tag
RAMs, U1, U2 and U3. These devices are fast (25ns) CMOS
static RAMswhich contain an eight-bit comparatorto compare
the RAM core’s data outputs with the data input pins. The
MATCH outputs are open-drain, and have beenwire-ORed to
allow the three devices to act as a single 8Kx24 device. A
RESET input is used to invalidate all entries by clearing all
RAM bits inthe entire array to 0 within 55ns. Data inputs from

the CPU to these devices consist of the cache index address,
A2-A14, the upper address bits, A15-A31, the Size bits
SIZE0-SIZE1, the function codes, FC0-FC2, and two valid
bits. The cache index address, A2-A14, is simultaneously
sent to the cache data RAM, and is used to indicate which
cache address is being accessed. The upper address bits,
A15-A31,determinewhetherthe indexed addressis replicated
in the cache data RAM. The size bits SIZEQ-SIZE1 allow the
cache to store and subsequently retrieve misaligned data
fransfers, as long as a write or cache update cycle and the -
following read cycle are similarly misaligned. The function
codes serve to identify whether the cache location is used in
user/supervisormodes, andwhetherdata consists of program
or data entries. The 68020 allows each of these options to
have its own 4 Gigabyte space. The valid bits are compared
against the two remaining bits in the cache-tag RAMs. If the
cache-tag has not had new data written 1o a location after a
reset, the corresponding valid bits will contain zeros, and will
not match the hard-wired high level present at the input pins,
thus unilaterally preventing a cache hit from occurring at that
location. Four other signals, CPUSPACE, IOEN, CACHE.E
and AS disallow the cache-tag from issuing a hit when
coprocessors or |/O devices are being accessed, when the
cache is disabled, orupon aninvalid address. CPUSPACE is
derived from the function codes (FCO-2 all highs) while IOEN
is a decoded address range where the I/O devices are
mapped. These signals are combined with the cache-tag's
output in U13A, U18D and U16B to produce the CHIT signal.

The cache data RAM is simply built up of four IDT7164 8Kx8
35ns CMOS static RAMs, U4 - U7. Its address inputs are the
same cache index inputs which are fed into the cache-tag
RAMs, its data 1/O is the 68020’s 32-bit data bus and the
output enable is driven by the CHIT output from the tag array.
The IDT7164’s 18ns output enable to output valid time as-
sures that data will be present on the CPU’s data pins within
plenty of time to execute a zero wait-state read cycle. The
address to CHIT delay of 30ns gives the synchronization logic
enough time to adequately generate the bus retry sequence
into the 68020. The wrile pulse into this RAM array is
generated by the cache write pulse logic described in a
subsequent paragraph.

The controllercanbe divided intothree parts: cache enable/
disable, hit/miss logic and cache write pulse generation. The
enable/disable control is made of four chips, U10, U12B,
U15A and B, U18A-C and is a simple address decoder with
three output signals, Enable, Disable, and Reset. The three
signals are mapped within the CPU space of the processor,
and generate an acknowlege signalwith zerowait states. The
Enable and Disable commands toggle the cache enable flip
flop, with the Enable signal also resetting the cache-tag to
assure that a session is begunwith the tag flushed of any stale

©1990 Integrated Device Technology, Inc.
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7.9 2



25MHz 68020 CACHE IN ONLY 19 CHIPS APPLICATION NOTE AN-79

D3t
D30
D29
D28
D27
D26
D25
D24
D23
D22
D21
D20
D19
D18
D17
D16
D15
D14
D13
D12
D11
D10
D9
] o i 2 S R ] g o ind o o S ] 9.’5‘2.':.“.".‘.’95‘-‘21 oe
000090090 00009009 800008828
2 | A12 2[A12 21A12 2{A12 vos 18 p7
23 1At us 23 A1 us 231 A1 us 21Aa11 U7 o7 8 De
21 1 A10 21 1A10 211A10 211 A10 1vos J1Z____ps
24 | A9 24 | A9 241 a9 24| A9 1os {16 pa
25 1a8 25| a8 251 A8 251 A8 o4 15 ____p3
3 1a7 31a7 3]a7 3 A7 o3 113 p2
4 | a6 A8 416 As o2 12 ____p1
g A5 g A5 g A5 g A5 vor P11 _.po
7 2‘; IDT7164525 7 2‘; IDT7164525 7 ﬁg IDT7164S25 7 ﬁg IDT7164525
8 1A 25ns 8K x 8 8l a2 25ns 8K x 8 8| A2 25ns 8K x 8 B8lan 2515 8Kx8
S]a;  Static RAM 5]ay  StaticRAM Glay  Static RAM 9]a1  Static RAM
10 | A0 10 A0 10} a0 10 a0
5y 28]cs2 26| cs2 26{cs2 26| cs2
20 |TS1 20 ITS1 20 /TSt 20 I'TS1
Ak 22| OF 22|08 22| OF
b7 |WE 27 |We 27 |WE 27 |We

CHIT

Figure 1. Cache Tag and Cache Data RAMs




25MHz 68020 CACHE IN ONLY 19 CHIPS
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data from a previous use. The Reset control is used to flush
the cache for a context switch. A 25ns IDT7174 cache-tag
RAM can be reset within 55ns, but the minimum address
strobe pulse width of the 33MHz 68020 is 50ns, so azero wait-
state cycle can only be used for this operation if a 20ns cache-
tag is specified.

The hit/miss logic consists of a series of two latches, U9A
and U39B, which are timed from the address strobe with the
33MHz CPU clock and the 66MHz bus clock to sample the
status of the cache-tag output as late as possible to allow for
the cache-tag’'s accesstime, stilladequatelyin advance of the
trailing edge of the 68020's S4 cycle to assure that a BERR is
generated soon enoughforthe CPUto recognize that it should
attempt a bus retry. The retry sequence which is to be fed to
the 68020 consists of the assertionof the DSACK signals during

the S2 clock phase, followed by the assertionofthe BERR and
HALT signals during the S4 phase. Upon a cache miss, the
CMISS signalis outputto the system data buffers to allow data
to be received from the system memory and I/O devices. The
CMISS signalis also routedby U11B and U14A-D andis gated
by the address strobe and the INHIBIT signal (explained be-
low) to generate BERR and HALT inputs tothe CPU. The third
latch, U12A, is combined with the system reset and cache
enable signals to enable/disable the cache’s acknowledge
and bus error signals. As a general rule, the acknowlege
signals are senttothe CPU for all memory accesses, with U14
and U13D only being disabled by the INHIBIT signal. The
INHIBIT signalis generated by the trailing edge of the address
strobe of the cycle upon which a cache miss is detected,
and continues until the trailing edge of the address strobe of
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the next cycle, the cache update cycle. During either the
second cycle of a cache miss or during a write cycle, or
whenever the cache is disabled, the INHIBIT signal disallows
the cache fromgenerating DSACK, HALT, and BERR signals,
thus leaving the system memory in control of the bus timing.

Cache write pulse generation is controlled by U17A and B
and the surrounding logic. There are two conditions under
which a cache write occurs in this design: all write cycles, and
the secondcycle of allcache misses. The firstcase is handled
by routing the CPU'’s write pulse through U13C and U19A to
the write strobe inputs of the cache-tag and data RAMs. The
second case is slightly more complicated. A write strobe for
the second cycle of a cache miss starts with the coincidence
of an address strobe and the INHIBIT signal as detected by
U19B, and continues until two 33MHz clock cycles after the

external memory has generated either DSACK signal. The
termination of this cycle is coincident with the time that the
CPU strobes data into itself, and is timed by the circuit using
U16A, U17A andB, and U13B. Thisfollowsthe 68020’s ability
to receive the DSACK signals before read data is actually
valid.

For clarity’s sake, 74F00 series logic was selected over a
PAL for this design. The use of a PAL and a wait state during
tag reset could significantly loosen the specifications (and
cost) of the tag RAMs used. With a 7.5ns PAL, the same
cache could operate using a 35ns IDT7174. The configura-
tion of the controller, as well as the basic architecture of the
cache has been adapted from a Motorola application note,
AN984, which implements a 25MHz cache in approximately
65 chips.
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AP RAMS FOR AN INTEL386™ APPLICATION
i CACHED MICROPROCESSOR Py
SYSTEM
Integrated Device Technology, Inc.

by Pat Kearns, Intel Corporation and Jim Handy, Integrated Device Technology, Inc.

The design of caches for microprocessor systems has
often been avoided by design engineers because of the extra
board space needed to implement them. Now, however, with
the introduction of the Intel 82385 cache controller, the de-
signer has a solution to the board space issue posed by
caches. The 82385, because of its compatibility with a wide
number of different types of static RAMs, allows the designer
to improve the performance of an Intel386™ microprocessor-
based system without unduly adding to the overall board
space of the system. Further, because of the design of the
Intel 82385 cache controller, and again because of its com-
patibility to a wide number of different types of static RAMs,
the designer is able to implement a board space efficient two-
way set-associative cache, allowing the optimum solution to
the cache design problem.

Using chips from both Integrated Device Technology and
Intel, a solution to a direct mapped cache is presented. In
addition a number of different solutions to a two-way set-
associative cache design are given for an i386™ micropro-
cessor-based system. The solutions presented allow for the
designer to select a cache design that is best suited for his
application.

CACHE ASSOCIATIVITY

One of the most fundamental aspects of cache design with
the 82385 cache controller is the associativity of the cache.
When using the 82385, the designer has the choice between
either using a direct mapped or two-way set-associative
architecture.

In order to make the correct choice, the designer should
first understand the definition of associativity. Associativity
may be defined, architecturally, as the number of memory
banks that are used for the data cache memory. Forexample,
a direct mapped (or single-way set-associative) cache has a
single bank of memory with every location in the data cache
mapping line per line to the corresponding line offsets within
any main memory page. A two-way set has two banks of
memory with each line location (one in each memory bank)
mapping to any page in main memory.

For a direct mapped cache, the architecture dictates that
there will never be more than one piece of data at any unique
line otfset address in the data cache (the address of a data
location in main memory is given by a unique page number
and a non-unique line offset address). Forexample, sincethe
main memory address locations page 2/line 6 and page 3/line
6 have the same line offset addresses (they have the same
line number), they can neverboth be in a direct mapped cache
at the same time. Conversely, page 2/line 6 and page 2/line
7 can be in the cache at the same time, since their line offset
address differs (even though their page addressis the same).

i386 and Intel386 are trademarks of Intel Corp.

On the other hand, for a two-way set-associative cache,
every location in the cache has two pages that it can be
mapped to. This implies that there can be two pieces of data
(one percacheway) atany one line offsetaddressinthe cache
memory at the same time. To use the same example asinthe
previous paragraph, the two-way cache can maintain both
page 2/line 6 (way A) and page 3/line 6 (way B) within the
cache at the same time. A request for data from either page
2/line 6 or page 3/line 6 will result in a cache hit.

A consideration when deciding on whether to use a direct
mapped cache or a two way set-associative cache is the
relative performance between the two in regard to handling
program structures. A program structure with code in one
page of main memory which frequently calls a routine located
in a different page in main memory can cause an extremely
high miss rate if a direct mapped cache is used (assuming a
high likelihood of line offset address conflicts). For example,
amicroprocessor fetches an instruction from page address X,
with a line offset address Y. This instruction is stored in the
cacheuntil anotherinstructionfetchfrom a page address Z but
with the same line offset caused a cache miss to occur. If the
program structure is such that these two addresses are in a
loop, this causes a string of consecutive misses. This situation
is often called “Thrashing”.

Ontheotherhand, atwo-way set-associative cache handles
programs that are ontwo different pages muchmore efficiently,
since as stated, atwo-way set-associative cache can have as
many as two pieces of data at any unique line offset address
in its cache, which helps significantly in alleviating the thrash-
ing problem. :

Eventhough a two-way set-associative cache has a higher
immunity to thrashing, itis easy to see why designers have not
raced to higher and higher levels of associativity. The main
reason is, of course, that a two-way set-associative cache
typically consumes up to twice as much circuitry as a direct-
mapped cache. With typical circuits containing as many
components as the one shown in Figure 3, this circuitry
penalty has often not been considered worth the gain in
performance shown in Figure 1.

82385 CACHE ARCHITECTURE AND OPERA-
TION OVERVIEW '

The 82385's architecture is specifically designed for either
a32Kbyte direct mapped or a 32Kbyte two-way set-associative
cache arrangement. The cachedirectory architecture dictates
that a direct- mapped design be 8K deep by 32-bits (forthe 32-
bit word length of the i386 CPU), or two banks of 4K by 32-bit
words for a two-way set-associative design.

©1990 Integrated Device Technology, Inc.
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Figure 1. Hit rate as a function of cache configuration

(Source : A. Smith, UC Berkeley)

The 82385 cache architecture can be divided into four
functional blocks. There is the cache controller state machine
logic, the cache tag directory, the systemy/local bus cache
directory multiplexerand the write buffer. The cache controller
is designed to replicate the Intel386 microprocessor’s front
end which allows not only direct connection of the controller to
the system bus, but it also enables the CPU to operate in
pipeline mode with a cache connected, thus assuring the
highest possible throughput. The cache directory is used to
indicate the presence of the requested cache data in the
external cache data RAM. It consists of 1024 tags, 8192 line
valid bits, and 512 replacement algorithm bits (the tags hold
the page numbersdiscussedinthis article). Inorderto provide
system coherency (in case a DMA or other bus master
updates a cached memory location), the cache directory is
multiplexed between the systembus andthe intel386 address
bus via the on-chip multiplexer.

The state machine of the 82385 controls the interaction of
the cache static RAM with the system bus and the CPU local
bus. When the microprocessor operates out of the cache, it
first strobes the cache controller with its address status line
which inturn signals the cache controller and the cache static
RAM address latch to latch the address bus.. The cache
controller responds by examining the cache directory to see
if data forthe requested address is in the cache. Ifthe desired
data is in the cache RAM, the cache controller asserts one of
its cache output enable (COE#) signals (one output enable is
used for a direct-mapped cache, two are used for a two-way

set-associative cache). This, of course, enables the cache
RAM'’s data output lines. Once the data is presented to the
CPU’s local data bus, the cache controller terminates the bus
cycle by asserting its READYO# (Ready Out) signal which is
gated to the i386 CPU’s READY input port.

On acache miss, the controllerinvalidates the correspond-
ing cache location (by resetting the associated valid bits) and
then performs a main memory read into boththe CPU and the
appropriate cache location by enabling the external system
address latch and datatransceivers withits associated control
signals (BACP, BAOE#, LDSTB, DOE#, and BT/R#).

Whenthe microprocessorwrites datato the systemmemory,
the 82385 also plays animportant role. During a write cycle,
the 82385 latches the i386 CPU address, data, and cycle
definition signals, and the i386 CPU local bus cycle is com-
pleted without wait states, reducing the effective memory write
cycletime. The 82385 waits for accesstothe systembus, then
performs the write to main memory independent of the mi-
croprocessor. The i386 CPU is free to concurrently operate
out of the 82385 cache via the i386 local bus.

The cache controllerincludes the necessary /0O and logic
to monitor system bus DMA transfers. The BHOLD and
BHOLD Acknowledge signals are used by the controller to
manage external system bus transfers. On reception of a
BHOLD signal, the controller (when programmed for master
mode) will issue a BHOLD Acknowledge output signal to the
requesting device. The requesting device then sends its data
across the systembus whichin turnis monitored by the cache
controllerviaits snoop address bus ({the multiplexer alternately
presents to the cache directory the microprocessor address
and the system bus address). Should the DMA write to a
locationwhichis currently inthe cache memory, thatlocation’s
valid bit will be invalidated so that the cache contents will not
disagree with the contents of the main memory at the end of
the DMA. Before the system bus transfer occurs however, an
external device must assert the Snoop Enable signal input
that feeds the controller. Aswell, a Snoop Strobe signal must
be presented to the controlier for the transfer of each system
bus address so that the controller can latch the system
address bus. Alternatively, during a DMA transfer, the con-
tents of the cache may be emptied by asserting the FLUSH
signalthat feeds into the cache controller. Boththe Snoop and
the FLUSH are used to prevent the possibility of the processor
operating out of the cache with stale data that has not been
checked by the coherency logic during a system bus DMA
transfer.

CHOOSING BETWEEN DIRECT MAPPED AND
ASSOCIATIVE CACHES

Until now, the designer who wanted the added perfor-
mance of two-way set-associative caches had to tolerate
added component count, increased power, and increased
board space. Such trade-offs often left the designer without
a cost-effective solution to a two-way set-associative design.
This is because, on one hand, a higher associativity offers
higher throughput, but on the other hand, a higher associativ-
ity requires an inordinate number of chips.
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SYSTEM THROUGHPUT AS A FUNCTION OF
CACHE POLICIES

Foragivencache memory size, the higher the associativity
of the cache, the lowerthe overall miss rate (or the higher the
hit rate). Figure 1 shows the hit rate for generic direct-mapped
and two-way set-associative caches of various memory sizes.

As figure 1 shows, a two-way set-associative cache in
generalwill have a higher hit rate than direct-mapped caches.
Roughly speaking, atwo-way set-associative cache has simi-
lar hit rate performance to a direct-mapped cache of twice the
size. Thus an 8kB two-way set-associative cache has perfor-
mance similar to that of a 16kB direct-mapped cache, and a
32kB two-way set-associative cache will have similar hit rate
performance to a 64kB direct-mapped cache.

A cache with a higher hit rate will result in higher system
performance. To see this clearly, let's look at a general
33MHz example. For this example system, fast page-mode
dynamic RAM is used for main memory and we will assume:
70% of main memory reads and memory writes occur
withinthe same DRAM page as the preceding memory
reference. These cycles take two wait states (4 clocks).
30% of main memory reads and memory writes occur
across a DRAM page boundary from the preceding
memory reference. These cycles take six wait states (7
clocks).

The cache hit rate accounts for about 82% of the memory
cycles in a direct-mapped 32kB cache, and about 90% of
the memory cycles in a two-way set-associative 32kB
cache (see figure 1). Each of these cycles takes two
clocks. All other memory references are to main memory
at the time penalties listed above.

.

Based on the above assumptions, a 33MHz CPU's aver-
age numberof clocks per memory cycle without a cache would
be:

(30%* 7 clocks) + (70%* 4 clocks) = 4.9 clocks per memory
cycle while a 33MHz system which used a 32kB direct-
mapped cache would perform at:

(82% * 2 clocks )+ [18% * ((30% * 7 clocks) + (70% * 4
clocks))] = 2.522 clocks per memory cycle resulting in a per-
formance improvement over a non-cached system of 48.5%:

(4.9 - 2.522)/4.9 = 0.485

In a similar analysis, a 33MHz system which used a 32kB
two-way set-associative cache would perform at:

(90% * 2 clocks )+ [10% * ((30% * 7 clocks) + (70% * 4
clocks))] = 2.29 clocks per memory cycle

This will result in a performance improvement over a non-
cached system of 53.3%:

(4.9 - 2.29)/4.9 = 0.533 and nearly a 10% performance .
improvement over the direct-mapped cache of the same size:

(2.522 - 2.29)/2.522 = 0.092

This analysis can be carried over to Intel386™ specific
systems. For Intel 82385 cache designs, the two-way set-
associative configuration will generally provide better perfor-
mance than the direct-mapped contiguration. In addition, the
82385 further improves performance by optimizing the timing
interfaces on both the processor bus and the systembus. An
82385 32kB cache in the two-way set-associative configura-
tion will thus provide comparable performance to a generic
64kB direct-mapped cache.
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INTERFACING STATIC RAM TO THE CACHE
CONTROLLER

The static RAM interface for the two-way set-associative
cache is relatively simple and straightforward. l consists of a
32-Bit data bus, a 12-Bit Address Bus (the lower offset
addresses, A2-A13), a cache RAM output enable signal for
each memory bank (COEA# and COEB#), two bank write
enable signals (CWEA# and CWEB#), a directional signal to
controlthe flowthe optional data transceivers (CT/R#), and an
address latch enable signal (CALEN). The data transceiver
interface also supports four byte select signals (CS0#-CS3#)
which are used by the i386 CPU when it needs to write data
to the cache on a byte basis. )

Forthe direct mapped cache, the interface is even simpler.
Allthe standard signals are the same as for the two-way set-
associative cache except that the write enable and output
enable signals for bank B are notused (or are used in parallel),
and an additional address line (A14) from the i386 CPU is
used to account for the added depth of the cache.

CHOOSING A RAM FOR DIRECT MAPPED
ARCHITECTURE

Choosing a static RAM for a direct-mapped architecture for
the 82385 is simple. Since the cache RAM must consist of a
single 8Kx32-bit bank with latched addresses and separate
byte enables, four 8Kx8 static RAMs and two octal latches can
be usedto easily configure the system interface and meet the
system memory requirements (Figure 2). Due to the nature of
certain faster steppings of the 82385 and the COE and CWE
signals they generate, an 8Kx8 must be used which can
tolerate the simultaneous assertion of output enable and write
enable signals. Here the IDT7164, an8Kx8 static RAM, is the
perfectchoice since it meets both the static RAM configuration

and the simultaneous assertion requirements. Further, the
IDT7164’s 25nS access time allows for the 33MHz cycle time
to be met, and its 10ns output enable time supports the fast
requirements of the COEA# and COEB# signals. Finally, the
direct-mapped cache consumes little board space (about 4
square inches for the RAM in a through-hole configuration)
and, as mentioned above, can improve system throughput by
nearly 50% in the example 33MHz system.

CHOOSING A RAM FOR A 2-WAY SET-
ASSOCIATIVE SYSTEM

The two-way set-associative configuration is generally
considered the more attractive solution to the cache problem
fromthe standpoint of systemthroughput, but consumes more
board space than a direct-mapped cache in most implemen-
tations. Three approaches to a two-way set-associative
cache are presented for evaluation below.

THE 4Kx4 SOLUTION

One good approach (shownin Intel’'s 82385 data sheet) for
a two-way set-associative cache is to use a 4Kx4 bit static
RAM like the IDT6168 (Figure 3). This design incorporates
sixteen 4Kx4 IDT6168 static RAMs, two IDT74FCT373 octal
address latches, and eight IDT74FCT245 octal transceivers.

Two AND gates are shown in the diagram as inverted-input
NOR gates. These are used to enable the bidirectional
transcievers during either a read or a write cycle, and have
been eliminated in designs using later, taster steppings of the
82385. In these steppings the output enable pins (COEA#,
COEB#) go active simultaneously with the write enable pins
(CWEA#, CWEB#) so that the output enable inputs of the
transceivers canbe driven directly by the 82385 ratherthanby
the outputs of the AND gates. Thisis animportant plus at high
speeds, where the cumulative delays caused by the transceiv-
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Figure 3. Two-way Set-associative Cache Using 4K x 4 Static RAM:s
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ers and the AND gates can delay the data path to the point
where it becomes too slow to support valid cache write cycles
using the fastest currently available static RAMs.

The 4Kx4 solution offers a fast two-way set-associative
cache designwith a low miss rate. A design using 20ns RAMs
will operate with the 33MHz Intel386 CPU, and has about a
10% higher throughput than the direct mapped cache design.
The design, however, needs about twice as much board
space as the direct mapped solution.

THE LATCHED 4Kx16 SOLUTION

A better solution to the two-way set-associative cache
designwhich saves board space and chip countis obtained by
using an offshoot of the JEDEC standard 4Kx16 static RAM
(Figure 4). The design incorporates four IDT71586 4Kx16
CacheRAMs. The IDT71586 is a 4Kx16 static RAM which
incorporates address latches specifically for caches like those
required in an Intel386/82385-based system. It allows the
creation of a two-way set-associative design without a cost/
performance penalty over a direct mapped design.

Another advantage of the 4Kx16 solution, is that the design
can use slower static RAMs than those required by the 4Kx4
solution since the function of the octal transceivers is inte-
grated into the chip. The octal transceiver chips, which are
necessary in the 4Kx4 solution, are not needed for the 4Kx16
solution since the IDT71586 has a fast (10ns) output enable
pin to control output data flow.

This allows static RAMs with an access time of 25nS to be
used to support a 33MHz processor, as opposed to the 20nS
4Kx4s required in the solution discussed previously.

In addition to offering nearly a 65% board space savings
over the 4Kx4 solution and reducing the required chip count,
the 4Kx16 solution also offers an easy signal interface. This
is provided by the IDT71586's two separate chip select pins,

upper and lower byte enable, which precisely match the i386
CPU’s byte-oriented addressing capability. Furthermore,
since the IDT7186's write enable and output enable signals
may be activated simultaneously, it can accommodate all
steppings of the 82385.

As canbe seen from Table 1,the IDT71586 offers the best
overall power, component count and board size for atwo-way
set-associative cache design. Because of its configuration
andthe incorporation of address latches and internal databus
transceivers on the IDT71586, the total cache, including the
cache controller, is reduced to five ICs.

The IDT71586 is a 4Kx16 static RAM that latches the
address businto the address input pins upon application of the
ALEN input whichis provided by the cache controller's CALEN
line. The CSU and CSL byte-enable inputs of the IDT71586
are connected to the cache controller signals CS0#-CS3#.
These signals are used to select the individual bytes in the .
cache memory forbyte operations. The associatedIDT71586's
write enable lines are connected to the CWEA# and CWEB#
lines of the controller while the IDT71586’s output enable
signals are driven by the controllers COEA# and COEB#
lines.

The critical timing parameters dictating the static RAM
selection are the output enable time and the address access
time for the read operation. Since the IDT71586 includes an
output enable pin andon-boardlatches it is able to meetintel's
recommended non-buffered cache times for all speed grades.
For a read hit, the static RAMs are required to provide data
less than 35nS after the address is output to keep up with a
controller operating at 33MHz. Also, the data must become
valid within 10ns of the assertion of the output enable. The
write cycle time of the RAM must be less than 36nS. These
specifications are all easily met by the IDT71586.
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Board Size Power
Square Inches | Max. mA
Surface [Through

SRAM Configuration | #I1Cs | Mount | Hole
Direct Mapped

8Kx8(DT7164) | 6 [ 18 [ 41 | 630
Two-Way Set Associative .

4Kx4(DTe168) | 27 | 53 | 84 | 1770
Latched

4Kx16(IDT71586) | 4 | 1.9 | 50 [ 640

NOTE: 2993 tbi 01

1. The table ilustrates that the optimum solution for an Intel 82385-based
cache memory system is the IDT71586 4K x 16 Latched SRAMin a
two-way set configuration. The designer, with a small penalty in size
and power, gains the benefits of a small IC count and the performance
advantages of a two-way set associative cache architecture.

CONCLUSION/SUMMARY

When designing caches, the static RAM selection is a
critical concern. A poorly selected RAM will unnecessarily
consume board space and increase power consumption.

Static RAMs with on-board latches and output enable func-
tions are available to improve the cost/performance ratio of
the overall system.

To maximize throughput of a cache design, the designer
would use atwo-way set-associative configuration. However,
such configurations often consume too much board space
and power to be an attractive solution. Here, the IDT71586
4Kx16 latched static RAM is the designer’s preference since
it allows for a cost-performance optimized two-way set design
in about the same amount of space as adirect-mapped cache.
The IDT71586 which incorporates byte select pins, address
latches and an output enable function gives the designer the
added throughput, a simple logic design and the necessary
tightly coupled interface to the Intel386/82385 signals.
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- N BURST CACHE RAM APPLICATION
- FOR THE 486 AN-B7
Integrated Device Technology, Inc.
by Kelly Maas

This note is intended to introduce you to the IDT71589, a
32Kx9 RAM designed specifically to simplify the design of
secondary caches for the 486 microprocessor. We will
outline its features and how they reduce logic and timing
concerns. Certain aspects of cache operation and design are
also addressed. A complete i486 cache design using the
71589 is the subject of IDT Application Note 78.

THE IDT71589

The two key features of the 71589 are a 2-bit burst counter
and a synchronous interface. These reduce cache parts
count and simplify timing. The 71589 is housed in the same
32-pin 300 mil packages as a conventional 32Kx9, but two
pins were added to the usual SRAM control interface. These
are the CLK and ADS (Address Status) signals from the i486.
The 71589 uses these to synchronize its timing with the CPU,
and to identify the beginning of a bus cycle. To facilitate the
quick and quiet operation of this memory, a second ground pin
was added.

TYPICAL CACHE CONFIGURATION

Figure 1 shows a block diagram of a basic 128K byte direct
mapped i486 secondary cache. Since the 71589 does not
contain any system control logic, a separate cache controller
is required. This may be in the form of an off-the-shelf cache

controller, or as an ASIC or multi-component custom design.
The cache itself consists of this control logic, tag RAMs, and
four 71589s, as well as buffer logic between the cache/CPU
and the rest of the system. The 71589 CLK input is the same
signal as the CLK input to the i486. The i486 drives the ADS
to each 71589. Likewise, the databus is a direct connection
between the 71589s and the i486, and Ao-A14 on the 71589
connect to A2-A16 on the i486. Timing for the 71589 is such
that i486 addresses may be optionally buffered in order to
reduce loading. The three remaining 71589 signals — CS,
OE and WE — are all generated by the cache controller.

Separate cache tag RAMs are required unless they are
incorporated in the controller. Assuming that the secondary
cache is the primary cache format of a 16 byte line size and
one tag per line, our secondary cache requires (128K/16=) 8K
tags. Since the tag consists of those address bits that are not
used to address the cache itself, the tag of our simple cache
consists of CPU address bits A17-A31, which are connected to
the data pins of the tag RAMs. Address bits A4-A16 are used
to address the tags. Address bits A2 and A3 specify the word
within the line and have no association with the tag. As with
the 71589, tag RAM controi signals are generated by the
cache control logic.
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Figure 1. Direct-Mapped 128K Byte Secondary Cache
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Although Figure 1 shows a direct mapped 128K byte cache,
the 71589 is in no way limited to such applications. Itisgeneral
enough that other cache configurations can be achieved
simply by changing the controller. Deeper caches, such as
64K x 36 or 128K x 36 are easily implemented with a few
additional control signals. Each 32K x 36 block requires its
own OE for output control. To control writes, either separate
WE signals with a common CS, or separate CS signals with a
common WE are required. Thus, a 64K x 36 cache requires
five 71589 control signals, while the 32K x 36 cache requires
three control signals. Ample time exists to generate these
additional control signals by decoding address bits since the
address is valid from the i486 more than one cycle before the
read or write.

These 71589 control requirements apply in exactly the
same way to a set-associative cache, although the set-
associative cache requires additional logic and memory to
implement a replacement algorithm. Since the 71589 is not
partitionable, the minimal 2-way set associative cache is
2(32K x 36) or 256K bytes.

In either case, a cache consisting of a large number of
71589s may use address buffers to reduce loading on the
i486 without impacting cache timing.

IDT71589 OPERATION

Operation of the 71589 is keyed directly to the i486 and is
not complicated. First, all input signals except OE are syn-
chronous. Although most SRAM users are unaccustomed to
synchronous memory interfaces, it actually makes design of
an 486 secondary cache much simpler. As with the CPU
itself, 71589 timing is referenced to the rising edge of the
clock. Simple setup and hold times with respect to this edge
is almost the only timing involved. Signals generated by
controllogic willbe naturally stable duringthese times. Timing
relationships are shown in Figure 2, which shows part of a

Every bus cycle begins with the assertion of ADS by the
i486. Onthe first clock (rising edge) with ADS low, the 71589
registers the entire address, resets the counter and begins a
read. (ADS must have been sampled high in the previous

cycle.) Inthe event of a read hit by the CPU, OE is asserted
and WE is negated. So long as CSis held low, each clock will
increment the 71589’s internal address counter and the next
word of the burst read is presented to the i486 in accordance
with its setup and hold requirements. As required by the i486,
the sequencing follows a special order that is determined by
the initial address. The 71589 generates the second address
of a burst by complementing the least significant bit of the
registered address, the third address by complementing the
second LSB, and the fourth address by complementing both
bits._Figure 3 shows a burst read.

If ADSis maintained low for more than one cycle, the 71589
will not be affected. Only when ADS is sampled high then low
againwilithe 71589 start a new bus cycle as described above.
Also, CS and WE are ignored during this initiation cycle.

Just as wait states are added to 486 bus cycles by
maintaining RDY and BRDY inactive, wait states are added to
the 71589 by maintaining CS inactive. When CS is sampled
high, the 71589 counter does not increment and the data read
is unchanged. A burst read with wait states may be required
when data in a copy-back cache is being copied back to main
memory. This is shown in Figure 4. Note that CS differs from
the usual chip select function since it does not disable the
outputs when negated. WE also has no effect on the output
buffers. OE alone enables and disables the outputs.

As with read cycles, write cycles begin with the assertion of
ADS, the resetting of the counter, and the registering of the
address. The first write may be performed in the next clock
cycle by asserting CS and WE. If the 71589 samples both CS
and WE low, it will register the data at the same time and write
it with an internally generated write pulse. Since all three of

burst read.
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Figure 2. IDT71589 Timing Relationships
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BURST CACHE RAM FOR THE 1486

APPLICATION NOTE AN-81

LS/ N /2 WS /2 U/ W2 U/ W
ADS# N\ 77777 777 77 N\ //
A (0:14) XX Xaddr A addr B0 X_
WE

cs AN\ AN\ [XXXXXXKXX
OE XX
D(0:8) —-————(data. A0 mdata. Al mdata. A2 mdata. A3

Figure 3. IDT71589

these signals are synchronous, they only need to be valid
duringtherising clock edge. Thereis no needforthe controller
to generate a write pulse that carefully matches the period of
valid data from the CPU. Don't forget to (asynchronously)
negate OE before the data is presented to the 71589. Figure
5 shows a single 71589 write cycle.

Although the i486 performs only single write cycles, burst
writes are also possible. Infact, every cache line refill can be
a burst write. On every clock cycle, if CS and WE are as-
serted, the data present on the data bus at that time is written
into the 71589. Since line refills are rather slow due to main
memory latency, wait states are usually required during burst
writes, as shown in Figure 6. Again, this is controlled by CS.
When CS is sampled high during a burst write, both the
counter increment and write operations are blocked. Thus,
WE is normally held low during the entire write burst, and only
CS is asserted and negated as required.

Burst Read Cycle

To idle a 71589 that is not being accessed despite the
generation of ADS strobes, OE is negated to disable the data
bus, and either CS or WE is negated to disable writing to it.
With CS low and WE high, the burst counter will increment but
nothing will happen to the memory contents.

If more than four memory accesses are performed in a
burst, the address counter will wrap around. Also, once a
burst cycle is initiated, it is not exclusively a read burst orwrite
burst. In fact, reads and writes may be mixed in any order
withoutreasserting ADS. Rememberthatcounterincrementing
is controlled only by CS andis independent of any other inputs
except ADS.

These features may be usefully combined in copy-back
caches during the replacement of a dirty cache line with a new
line from main memory. If a secondary cache read is deter-
mined to be a miss, and the new line from main memory must
replace a line in the secondary cache that is dirty (contains

CK /Y ¥ VY Y ¥
ADSH# N\ /77 777 777 777 777 777 77 @ \\_./
A (0:14) KK addr A0 addr BO
WE

cs (7 T\ [T T O\ [T TXXXX
OF /XX
D(08) ————— Y dataAo: X data Al X data A2 i X data A3

Figure 4. IDT71589 Burst Read Cycle with Wait States

1




BURST CACHE RAM FOR THE 1486

APPLICATION NOTE AN-81

KN 7
ADsE TN /7 T\ 7T\ I 77T T
A (0:14) XZZXEdrA MdrB XE( addr C

WE /
os N/
3

D(0:8) —(dEaA - (G B )— XS

Figure 5. IDT71589 Single Write Cycles

kN Y 7\ O\
1/

/7 \
ADSH N\ | /7T 77T 777 777 777 777 777777 Qi /7
A (0:14) XXX Naddr A0 ddr B
WE AV XX
cs W\ /7 T\ 7T O 7O\ /XXKXX
OE XXX RKXXXXKXKXK]
D(0:8) Gata Ay ——<Gata A> (i (@i

Figure 6. IDT71589 Burst Write Cycle with Walit States

datathatis more current than main memory), the dirty line may
be transferred to main memory, then the new line may be
transferred from main memory at once into both the primary
and secondary caches, all without reasserting ADS. Such a
burst read-write cycle is shown in Figure 7.

COPY-BACK EVICTION

Although it is not specific to the 71589, the following
scheme is proposed for minimizing CPU delay when perform-
ing a line replacement. Rather than writing directly from the

' secondary cache (71589s) into main memory, the dirty line

may first be written into a write buffer. This can be done inthe
minimum burst read time of 5 clock cycles. The i486 is in wait
states and is so far uninvolved. Meanwhile, the controller
would have initiated a main memory read of the requestedline
the moment it was known that the cache read was a miss. As
soon as the data is available from main memory, it is bursted
into both the CPU and the 71589s simultaneously. The CPU
resumes operation once the first word is returned. Once the
entire line has been transferred, the write buffer contents are
written back to main memory.

ADDITIONAL CONSIDERATIONS

One additional concern occurs when the designer elects to
implement a secondary cache with a copy-back replacement
algorithmor a line size larger than four words. While the CPU
normally asserts the required ADS signal, these situations
require that ADS also be generated by another source. Inthe
first case, a system (non-CPU) read that results in a snoop hit
of adirty cache line requires that this word or line be read from
the 71589. Since the CPU is notinvolved, the cache controller
generates the ADS signal for the 71589. In the second case,
once a four word line refill has been performed to satisfy the
i486, the controller will generate an alternate ADS strobe and
continue filling the remainder of the secondary cache’s larger
line from main memory.

Todeliverthis alternate ADS to the RAM, HOLD is asserted
1o the i486 for one or two cycles. This forces the CPU to float
its bus, including ADS, allowing the controller to assert ADS
for one cycle. An alternative at slower speeds (33 MHz and
less) is to simply gate the two ADS signals together with a
negative logic OR gate to generate the 71589 ADS.




BURST CACHE RAM FOR THE 1486

APPLICATION NOTE AN-81

K ¥\ ¥/ N\
s NS VAN VAN NANNNANNNANNN / [/ A\ /7
A (0:14) XXX addr A0 addr B X_
WE X7 T XA AR XXX
cs AN AR AR A\ A AR AR )62 6264
OF  XXXXXX\ /

D(0:8) WWdata A1_Xdata A2 3 data A3 )—<data A~ data AT data A data AD——+——

Figure 7. IDT71589 Burst Read/Write Cycle with One ADS Strobe

IDT71589 VS STANDARD RAMS

Non-synchronous, non-burst RAMs are ill suited to i486
caches. In additionto the additional logic, anexternal address
burst counter interferes directly with burst read access times.
At 33 MHz, with an i486 data setup time of 5 ns, data must be
available 30 -5 = 25 ns after a clock edge. Witha 7.5 ns PLD
asthecounter, a17.5ns RAMis required. Althoughinterleaving
solves this problem, it complicates the design, increases
board space and parts count, and doesn't solve write cycle
problems.

An even greater design challenge exists in achieving zero
wait state writes with conventional SRAMs, something that
should be an important goal since every 486 write cycle is
propagated through the primary cache to the secondary
cache. Again at 33 MHz, data from the i486 is guaranteed to
be valid (30-18 =) 12 ns before the end of the second clock
cycle of aread, andis guaranteed to be valid only 3 nsinto the

next cycle. The only reasonable way to generate a write pulse
is from the clock, specifically during the low portion of the
second clock period. All timing parameters are easily met
exceptforthe RAM data hold time, which is normally specified
as 0 ns. The write pulse, being generated by control logic with
CLK as an input, must naturally trail CLK by some delay.
Currently no 3 ns TTL logic exists, resulting in a timing
violation. Buffering of the data would increase the data hold
time, but it would decrease write cycle data setup time as well
as required read cycle access time.

In other timing concerns, itis easy to calculate the required
cache tag address to match time required for the 71589. The
path is address valid delay, tag address to match, logic, then
to BRDY on the i486 and to WE on the 71589, all within two
clock cycles. At 33 MHz, the setup times for BRDY and WE
are 5 ns and 4 ns respectively. Address to match is therefore
2(30)-16-7.5-5=31.5ns, assuming a 7.5 ns PLD.
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USING HIGH-SPEED
8K x 8 RAMS

TECHNICAL
NOTE
TN-04

by Michael J. Miller

INTRODUCTION

Integrated Device Technology provides two high-speed CMOS
8K x 8 static RAMs for use in high-performance memory applica-
tions. These sophisticated static RAMs are suitable for incorpora-
tion in main memories and caches for the current generation of
25MHz 32-bit microprocessors, such as the Motorola 68020 and
the Intel 80386. These two CMOS RAMs have an address-to-data
access time of 30ns. Using these static RAMs together with the
FCT family, which is a memory interface family provided by IDT,
will result in very high-performance memory systems.

USING THE IDT7164

The IDT7164 is a 28-pin industry standard 8K x 8 CMOS static
RAM. It has a chip select and address access time of 30ns. The
block diagram in Figure 1 shows the IDT7164 in a typical applica-
tion where the address bus is decoded to generate a chip select
and the lower order address lines provide specific location selec-
tion inside the 8K x 8. The IDT74FCT521A is an 8-bit address
comparator which generates an active low output signal whenever
there is a match. The address-to-match output is 7.2ns commer-
cial. The IDT74FCT138A is used as an address decoder. This is a
one-of-eight selection device which can be used to take mid-
range addresses and select one out of eight possible enables. The
enable signals are then connected to eight 8K x 8 static RAMs. The
address-to-enable-out time is 5.8ns. The sum total of the memory
system shown is 43ns.

USING THE IDT7165

The IDT7165 is a more sophisticated version of the 8K x 8 static
RAM. The No Connect pin in the industry standard is used as a
butk clear for this static RAM. By pulsing this control line low for
60ns, the entire contents of the 8K x 8 static RAM is cleared to a
value of zero. This is an important function for systems which need
to guarantee all locations are zero at power up time. For software,
this can be very convenient because when the initial program is

loaded in, it is guaranteed that all locations are zero without having
to write them all, thus saving a lot of time. Clearing the memory at
system reset also removes the nasty bug that some programs may
run slightly differently each time the computer is powered on be-
cause the program inadvertently reads a location that has notbeen
written to.

As today’s static RAMs are utilizing ever decreasing transistor
geometries, the probability of data still being intact when power is
turned off and then turned back on increases. This effect is contrary
to the requirements for data secure systems. Data security is not
only important for military applications, but also commercial appli-
cations where data encryption or confidential data may be in-
volved.

Incorporated on the IDT7 165 8K x 8 static RAM are two chip se-
lects just like the industry standard version. However, these two
chip selects have slightly different operation. The active HIGH chip
select is a chip select that, when disabled, puts the RAM into a low-
power standby mode. This allows gating of the data bus so that, as
the data bus floats in tri-state, the input buffers do not consume
excessive power. The active LOW chip select, on the other hand,
does not gate the data bus, providing a fast access path. This ac-
cess path is 10ns faster than the active HIGH chip select, yieldinga
chip-select-bar-to-data-access time of 20ns. The block diagramin
Figure 2 shows a configuration very similar to Figure 1. The differ-
ence, because of the fast chip select time, is that the delay time of
the address comparator and decode selector are in parallel with
part of the address access time. Therefore, the sum total access
time from the address bus through the comparator decode selector
is 33ns.

CONCLUSION

While the IDT7164 is an industry standard 8K x 8 with very high
performance, the IDT7165 can provide increased performance
with extra features such as bulk clear. Both of these devices are
very suitable for inclusion into designs incorporating the current
generation of 32-bit microprocessors.

© 1987 integrated Device Technology, Inc.

Printed in the U.S.A. 7/88
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ADDRESS BUS

IDT74FCT521A

7.2ns
ADDRESS COMPARATOR

5.8ns
DECODE SELECTOR 'DT’“FC[TI‘EA
- CS ADDRESS
30ns
TS AND ADDRESS ACCESS IDT7164
DATA
1
)
43ns —]
TOTAL SYSTEM L
ACCESS TIME !/V
A
DATA BUS

Figure 1. IDT7164 30ns Address and Chip Select Access
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IDT74FCT521A
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Figure 2. IDT7165 20ns Chip Select Access
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FAST RAMs GIVE TECHbﬁgfr\lé
LOWEST POWER TN.07

by John R. Mick

INTRODUCTION

Many types of equipment such as airborne flight equipment and
ground-based, battery operated equipment require the lowest pos-
sible power for their operation. Often, design engineers choose the
slowest possible memories thinking that they are minimizing the
power dissipation. In many applications, this does not necessarily
represent the lowest power system.

UNDERSTANDING THE TRADEOFF

Most CMOS static RAMs have several different power supply
specifications depending on their mode of operation. Forexample,
the operating power supply current (ICC) can be quite high. Many
CMOS static RAMs have one or two different standby currents
specified. The first of these is the TTL level standby current usually
designated as ISB. The second of these is the full CMOS standby
power level usually designated as Isg1. These two standby cur-
rents are usually considerably lower than the operating power sup-
ply current.

DESIGN EXAMPLE

Letus suppose that we have a microprocessor systemthat has a
required bus cycle of 200ns. For the purpose of this design exam-
ple, let us assume that if we select a slow static RAM (such as
120ns), we can design the system so that the chip select is low for

120ns and high for 80ns. This gives a total microprocessor bus cy- -

cle time of 200ns. The result of such a system is that, while the chip
select is low, the operating power supply current is drawn. For the

purpose of this example, let us assume that 90 milliamps is re-
quired. Similarly, while the chip select is high, the full CMOS
standby power supply current is drawn and, in this example, let us
assume itis 0.9 milliamps. The net result is that the average power
dissipationto operate the RAMin this speed range is 275 milliwatts.
This is shown in Figure 1.

A second design possibility exists in which we could select a
very fast static RAM (such as 35ns). Let us assume the IDT7198L.35
for the purpose of this example. In this design, a 200ns bus cycleis
again required for the design, but now we will operate the RAM as
fast as possible. This will result in the chip select being low for a
total of 35ns and high for a total of 165ns. The net result is that, for
the IDT7198L35, while the chip select is low, we draw an active
power of 110 milliamps. While the chip select is high, we draw a
CMOS standby power of 0.9 milliamps. This results in a total aver-
age power for the system of 100 milliwatts.

SUMMARY

As can be seen from the above example, and referring to Fig-
ure 1, utilizing the fastest static RAMs can result in the lowest over-
all operating power for this system. This takes advantage of the
much higher speed of the RAM and the resulting low duty cycle for
which we draw the high amount of power. Thus, we can see that
one should not just choose a slow RAM for a low-power system, but
rather the designer should consider the fastest possible static
RAMSs and utilize the low operating duty cycle when implementing
the system.

FAST RAMs = LOWEST POWER

. 200ns
St QW RAM
90mA .
s m, 0.9mA
120ns 80ns
AVERAGE POWER = 275 MILLIWATTS
_FAST RAM.
cs 110mA 0.9mA
35ns 165ns

AVERAGE POWER = 100 MILLIWATTS

Figure 1. Active Chip Select Time for 200ns Cycle

© 1987 Integrated Device Technology, Inc.
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AN CACHE-TAG RAM TECHNICAL
P TIMING FOR THE 68020 NOTE
USING THE IDT7174

by SRAM Applications

Acache memory forthe 68020 canbe made usingIDT7174
cache-tag RAMs in combination with cache-data RAMs such
asthe IDT7164. The access time requirements for the cache-
tag and cache-data RAMs can be derived from the 68020
timing specifications.

At first glance, it would appear that the cache-tag RAMs
must be faster than the cache-data RAMs because they must
decide whether to use cache data or main memory data and
this decision must be made at the beginning of the memory

32-BIT DATA BUS

cycle. This would be true if only the DSACK inputs were used
for the cache, but slower tags can be used if the design takes
advantage of the 68020's retry cycle, by asserting both the
BERR and HALT inputs (see Application Note 79). The critical
path for the cache-tag RAMs is from the address outputs,
through the cache-tag RAMs to their match outputs and
through the drivers to the DSACK inputs (or the BERR and
HALT inputs) to the 68020. This is shown in the 68020 Cache
Interface drawing below.

32-BIT ADDRESS BUS MAIN
MEMORY
68020 CACHE-TAG CACHE-TAG
RAM RAM
IDT7174 IDT7164
DSACKO
or BERR
DSACK1 MATCH 2998 drw 01
or HALT

Figure 1. 68020 Cache Interface

The cache-tag and cache-data RAM access time calcula-
tions and timing diagram are shown below for a 68020 running
with a 20MHz through 33MHz clock for both DSACK and
BERR/HALT architectures.

Cache-Tag RAM Access Time Requirement Cache-Data RAM Access Time Requirement
Spec. Value (ns) Spec. Value (ns)
No. Characteristic 20MHz I 25Mhz l33Mhz No. Characteristic 20MHz I 25Mhz | 33Mhz
DSACK Architecture
— 3 Half-Clock Periods 75 60 45 — 5 Half-Clock Periods 125 100 75
6 Clock High to Address -25 -25 2 6 Clock High to Address -25 -25 -21
e Driver Delay -5 -5 -5 27 DATAIN Valid to Clock Low -5 -5 -5
47A DSACK Input Set-up Time -5 -5 -5
Tag RAM Access Time 40 25 14 Data RAM Access Time 95 70 49
BERR/HALT Architecture
— § Half-Clock Periods 125 100 75
6 Clock High to Address -25 -25 -21
— Driver Delay -5 -5 -5
27A BERR/HALT Valid to -15 -10 -5
Clock Low
Tag RAM Access Time 80 60 44
©1990 Integrated Device Technology, Inc. 7.14 Rev. 12/%0
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—-I 50ns @ 20MHz r—

CLOCK _J so | st | s2| s | sa| ss [ so |_

ADDRESS X X

for for
—
25ns b DSACK BERR/HALT

TAG RAM
ACCESS TIME

DSACK fe— tAM—.I |'—-5ns Sns

LOGIC DELAY

DSACK
SET-UP TIME

BERR/HALT
SET-UP TIME A I Jesns

ACGESSTIME XX

Figure 2. 68020 Cache Timing Diagram

+—5ns [+ 15ns

2998 drw 02

Cache-tag and cache-data RAM access time requirements
for various 68020 clock rates are shown in the table below.
Note that a 5ns delay for the drive gates is assumed.

Tag Access
Speed Clock Time (ns) Data Access
(MHz) Perlod (ns) | DSACK| BERR/HALT| Time (ns)
33 30 14 44 49
25 40 25 60 70
20 50 40 80 95
16 62.5 53 95 121
125 80 65 130 - 150

7.14 2
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AN CACHE TIMING FOR TECHNICAL
i B THE 80386 NOTE

by SRAM Applications

A cache memory for the 80386 can be made using IDT7174
cache-tag RAMs in combination with cache-data RAMs such as
the IDT7164. The access time requirements for the cache-tag and
cache-data RAMs can be derived from the 80386 timing

must be made at the beginning of the memory cycle. The critical
path for the cache-tag RAMs is from the address outputs, through
the cache-tag RAMSs to their match outputs and through the READY
driver to the READY input to the 80386. This is shown in the 80386

specifications. Cache Interface drawing below.
The cache-tag RAMs must be fast because they must decide

whether to use cache data or main memory data and this decision

32-BIT DATA BUS

32-BIT ADDRESS BUS

MAIN
MEMORY

80386

CACHE-TAG
RAM
IDT7174

READY -—o(:"—_k

MATCH

CACHE-DATA
RAM
IDT7164

Figure 1. 80386 Cache Interface

The cache-tag and data RAM access time calculations and tim-
ing diagram are shown below for a 80386 running with a 16MHz

clock.
Cache-Tag RAM Access Time Requirement Cache-Data RAM Access Time Requirement
Spec. Value Spec. Value
No. Characteristic @ 16 MHz (ns) No. Characteristic @ 16 MHz (ns)
- 2 Clock Periods 125 - 2 Clock Periods 125
T6 Clock High to Address -40 T6 Clock High to Address -40
- READY Driver Delay -5 T21 DATA |y Valid to Clock Low -10
T19 READY Input Set-up Time -20
Tag RAM Access Time €0 Data RAM Access Time 75
© 1987 Integrated Device Technology, Inc. Printed In the U.S.A. 9/87
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CACHE-TAG RAM TIMING FOR THE 80386

USING THE IDT7174 TECHNICAL NOTE TN-13

T T2

r—— 62.5ns @ 16MHz ——»

i [ S I B LT

ADDRESS x
— 40ns l——

2% (62.5) - (40+5+20) = 60ns

CLOCK

TAG RAM
ACCESS TIME

READY
LOGIC DELAY

—

— [— 20ns

READY
SET-UP TIME

«— 10ns

Ly |

DATA RAM
ACCESS FiMe 2* (62.5) - (40+10) = 75ns

Figure 2. 80386 Cache Timing Diagram

Cache-tag and cache-data RAM access time requirements for
various 80386 clock rates are shown in the table below. Note thata
5ns delay for the READY drive gate is assumed.

80386
Speed Clock Tag Access Data Access
(MHz) Period (ns) Time (ns) Time (ns)
20 50.0 52 58
16 62.5 60 75
12 83.3 95 C10

Figure 3. 80386 Cache Memory Access Time Requirements vs Clock Rate
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PROGRAMMABLE LENGTH
SHIFT REGISTERS USING
RAMs AND COUNTERS

TECHNICAL
NOTE
TN-16

by SRAM Applications

Programmable length shift registers can be made using
counters and RAMs. These shift registers can be quite long and
reprogrammed during use if desired.

A block diagram of a programmable length shift register made
froma RAM and counter is shown in Figure 1. This shift register can
be from one to 16,384 words long by four bits per word. It can shift
at clock cycle times down to 38ns for 15ns RAMs and FCT161A
counters.

The RAM and counter configuration provide a circular buffer.
The counter size (in total counts) sets the size of the circular buffer.
The counter points to the next location for storing data in this buffer.

SHIFT REGISTER LENGTH
VALUE = LENGTH-1

l

Before storing new data at this location, the old data is read outand
latched. As the counter walks around the ring, the old data is
continuously read out and new data written in.

The programmable length is provided by the counter. In the
case shown, the counter counts from zero and increments up to the
compare value which is the shift register effective length minus 1.
The 521 comparator output is active at this maximum count and
causes the counter to be parallel loaded with zero, effectively
resetting the counter.

ZERO
(RESET VALUE)

TR [T gensomes,
F. CLK 3x FCT161A
DATA IN ) ADDRESS Dour f—=f 373, |~ paTa oUT
L we ShAM.
4 x 6167SA15
CLOCK

Figure 1. Variable Length RAM Based Shift Register Block Diagram

Timing for this shift register is shown in Figure 2. Data is read out
from the RAM during the first half of the clock cycle and latched in
the 373 during the second half. Data is written into the RAM in the

second half, and the counter isincremented at the end of the cycle
Clock cycle time calculations are shown in Table 1.

© 1989 Integrated Device Technology, Inc.

Printed In the U.S.A. 01/89




PROGRAMMABLE LENGTH SHIFT REGISTERS
USING RAMs AND COUNTERS TECHNICAL NOTE TN-16

CLOCK | READ L WRITE

COUNTEROUT X ’ .

RAM READ DATA 'x x GOOD X

373 LATCH OUT X X X

WRITE DATA IN X _ : X GOOD

Figure 2. Variable Length RAM Based Shift Register Timing Dlagram

sNoNaNe

Table 1. Clock Cycle Time Calculations

Counter settling time: FCT161A 7.2ns
RAM access time: IDT6167SA15 15.0
Latch setup time: FCT373A 20
Clock high time, minimum 24.2ns
Clock low time = RAM write time: IDT6167SA15 13.0
Total 37.2ns
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(NE Regional Office)
428 Fourth St, Ste. 6
Annapolis, MD 21403
(301) 858-5423

MASSACHUSETTS

DT

(Eastern Headquarters)

#2 Westboro Business Park
200 Friberg Pkwy.,

Ste. 4002

Westboro, MA 01581

(508) 898-9266

MICHIGAN

Tritech Sales
Farmington Hills, MI
(313) 442-1200

MINNESOTA

OHMS Technology Inc.
Edina, M}
(612) 932-2920

MISSISSIPPI

DT

(SE Regional Office)

1413 S. Patrick Dr., Ste. 10
Indian Harbor Beach, FL
32937

(407) 773-3412

MISSOURI

Rush & West Associates
St. Louis, MO
(314) 965-3322

MONTANA

Thorson Rocky Mountain
Englewood, CO
(303) 799-3435

NEBRASKA

IDT

(Central Headquarters)
1375 E. Woodfield Rd.,
Ste. 380

Schaumburg, IL 60173
(708) 517-1262

NEVADA
(NORTHERN)

IDT

(Western Headquarters)
2972 Stender Way
Santa Clara, CA 95054
(408) 492-8350

NEVADA
(SOUTHERN)

Western High Tech Mktg.
(Clark County, NV)
Scottsdale, AZ

(602) 860-2702




NEW HAMPSHIRE

DT
(Eastern Headquarters)

#2 Westboro Business Park

200 Friberg Pkwy.,
Ste. 4002

Westboro, MA 01581
(508) 898-9266

NEW JERSEY

DT

(NE Regional Office)
One Greentree Centre,
Ste. 202

Mariton, NJ 08053
(609) 596-8668

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

NEW MEXICO
Western High Tech Mktg.

Albuquerque, NM
(505) 884-2256

Quality Components
Buffalo, NY
(716) 837-5430

Quality Components
Manlius, NY
(315) 682-8885

SJ Associates
Rockville Centre, NY
(516) 536-4242

NORTH CAROLINA
Tingen Technical Sales

Raleigh, NC
(919) 870-6670

OHIO

Norm Case Associates
Rocky River, OH
(216) 333-0400

OKLAHOMA
IDT

(Central Headquarters)
1375 E. Woodfield Rd.,

PENNSYLVANIA
(WESTERN)

Norm Case Associates
Rocky River, OH
(216) 333-0400

PENNSYLVANIA
(EASTERN) -

SJ Associates
Rockville Centre, NY
(516) 536-4242
RHODE ISLAND

DT
(Eastern Headquarters)

#2 Westboro Business Park

200 Friberg Pkwy.,
Ste. 4002

Westboro, MA 01581
(508) 898-9266

SOUTH CAROLINA

0T
(SE Regional Office)

TEXAS

0T

(S. Central Regional Office)

6034 W. Courtyard Dr.,
Ste. 305-48

Austin, TX 78730
(512) 338-2440

DT

(S. Central Regional Office)
14285 Midway Rd., Ste. 100

Dallas, TX 75244
(214) 490-6167
UTAH

Anderson Associates
Bountiful, UT

(801) 292-8991
VERMONT

DT
(Eastern Headquarters)

#2 Westboro Business Park

200 Friberg Pkwy.,
Ste. 4002

Waestboro, MA 01581
(508) 898-9266

WASHINGTON

Westerberg & Associates
Bellevue, WA ’
(206) 453-8881

0T

(NW Reégional Office)
7981 168th Ave. N.E.,
Ste. 32

Redmond, WA 98052
(206) 881-5966

WEST VIRGINIA
Norm Case Associates
Rocky River, OH

(216) 333-0400
WISCONSIN
Synmark Sales

Park Ridge, IL

(708) 390-9696
WYOMING

Thorson Rocky Mountain
Englewood, CO

NEW YORK Ste. 380 1413 S. Patrick Dr., Ste. 10 (303) 799-3435
Schaumburg, IL 60173 g;d;;r;Harbor Beach, FL

oT (708) 517-1262 407) 775-3412 VIRGINIA

(NE Regional Office) (407) 775-

250 Mill St., Ste. 107 DT

Rochester, NY 14614 OREGON (NE Regional Office)

(716) 546-4880 428 Fourth St., Ste. 6
Westerberg & Associates Annapolis, MD 21403
Portland, OR (301) 858-5423
(503) 620-1931

IDT TECHNICAL CENTERS

Integrated Device Technology

(Westemn Headquarters)
2972 Stender Way
Santa Clara, CA 95054
(408) 492-8350

Integrated Device Technology
(Southwestern Regional Office)

6 Jenner Drive, Suite 100
Irvine, CA 92718
(714) 727-4438

Integrated Device Technology

(South Central Regional Office)
14285 Midway Road, Suite 10
Dallas, TX 75244 :
(214) 490-6167

Integrated Device Technology
(Eastern Headquarters)

#2 Westboro Business Park

200 Friberg Parkway, Suite 4002
Westboro, MA 01581

(508) 898-9266

INTEGRATED DEVICE TECHNOLOGY, INC.
(European Headquarters/Northern Europe

Regional Office)
21 The Crescent

Leatherhead

Surrey, UK KT228DY
Tel.: 44-372-377375

HALL-MARK
ELECTRONICS

Contact your local office.

AUTHORIZED DISTRIBUTORS

HAMILTON/AVNET

INSIGHT
ELECTRONICS

VANTAGE
COMPONENTS

ZENTRONICS




AUSTRALIA

George Brown Group
Rydalmere, Australia
Tel.: 612-638-1999

George Brown Group
Hilton, Australia
Tel.: 618-352-2222

George Brown Group
Blackburn, Australia
Tel.: 613-878-8111

AUSTRIA

Ing. Erst. Steiner
Vienna, Austria
Tel.: 43-222-827-4740

BELGIUM

Betea S.A.
Sint-Stevens-Wolnne,
Belgium

Tel.: 323-736-1080

DENMARK

Exatec A/S
Copenhagen, Denmark
Tel.: 45-31-191022

FEDERAL REPUBLIC
OF GERMANY

DT

(Central Europe Regional
Office)
Gottfried-Von-Cramm-Str. 1
8056 Neufahrn

Federal Repulic of Germany
Tel.: 49-8165-5024

Dacom GmbH
Stuttgart, FRG
Tel.: 49-711-780-6810

Dacom GmbH
Ismaning, FRG
Tel.: 49-89-964-880

Dacom GmbH
Buxheim, FRG
Tel.: 49-08-458-4003

Dacom GmbH
Soligen, FRG
Tel.: 49-21-259-3011

Dacom GmbH
Karlsruhe, FRG
Tel.: 49-72-14-7193

INTERNATIONAL SALES

Dacom GmbH
Sarstedt, FRG
49-89-5066-5160

Scantec GmbH
Planegg, FRG
Tel.: 49-89-859-8021

Scantec GmbH
Kirchheim, FRG
Tel.: 49-89-70-215-4027

Scantec GmbH
Ruckersdort, FRG
Tel.: 49-89-91-157-9529

Topas Electronic GmbH
Hannover, FRG
Tel.: 49-51-113-1217

Topas Electronc GmgH
Quickborn, FRG
Tel.: 49-4106-73097

FINLAND

Comodo Oy
Helsinki, Finland
Tel.: 358-0757-2266

FRANCE

IDT

(Southern Europe Regional
Office)

15 Rue du Buisson aux
Fraises

91300 Massy, France

Tel.: 33-1-69-30-89-00

Scientec REA
Chatillon, France
Tel.: 33-149-652750

Scientec REA
Cesson-Sevigne, France
Tel.: 33-99-32-1544

Scientec REA
Saint Etienne, France
Tel.: 33-77-79-7970

Scientec REA
Venissieux, France
Tel.: 33-78-00-0415

Scientec REA
Cedex, France
Tel.; 33-61-39-0989

A2M
BUC, France
Tel.: 33-39-54-9113

Aquitech
Merignac, France
Tel.: 33-56-55-1830

Aquitech
Cedex, France
Tel.: 33-1-40-96-9494

Aquitech
Rennes, France
Tel.: 33-99-78-3132

Aquitech
Lyon, France
Tel.: 33-72-73-2412

HONG KONG

0T

(Hong Kong Regional Office)
Unit 329, 3/F Asia Business
Centre

The Centre Mark,

287-299 Queen's Road
Central

Hong Kong

Tel.: 852-542-0067

Lestina International Ltd.
Kowloon, Hong Kong
Tel.: 852-735-1736

INDIA

Malhar Corp.
Rosemont, PA
Tel.: 215-527-5020

ISRAEL

Vectronics, Ltd.
Herzlia, Israel
Tel.: 972-52-556070

ITALY

Lasi Electronica
Mitano, Italy
Tel.: 39-66-101370

Microelit SRL
Milan, ltaly
Tel.: 39-2-469044

Microelit SRL
Rome, ltaly
Tel.: 39-6-8894323

JAPAN

DT

(Japan Headquarters)
U.S. Bldg. 201

1-6-15 Hirakarasho,
Chiyoda-Ku

Tokyo 102, Japan
Tel.: 81-3-221-9821

Dia Semicon Systems
Tokyo, Japan
Tel.: 81-3-439-2700

Kanematsu Semiconductor
Corp.

Tokyo, Japan

Tel.: 81-3-511-7791

Marubun
Tokyo, Japan
Tel.: 81-3-639-9897

NKK Corp.
Tokyo, Japan
Tel.: 81-3-228-3826

Tachibana Tectron Co.,
Ltd.

Tokyo, Japan

Tel.: 81-3-793-1171

KOREA

Eastern Electronics
Seoul, Korea

Tel.: 822-566-0514
NETHERLANDS
Auriema

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

Eltron A/S

Oslo, Norway

Tel.: 47-2-500650
SINGAPORE
Data Source Pte. Ltd.

Lorong, Singapore
Tel.: 65-291-8311

SOUTH AMERICA

Intectra Inc.
Mountain View, CA
Tel.: 415-967-8818

SPAIN

Anatronic, S.A.
Madrid, Spain
Tel.: 34-154-24455

Anatronic, S.A.
Barcelona, Spain
Tel.: 34-3-258-1906

SWEDEN

Svensk Teleindustri AB
Spanga, Sweden
Tel.: 46-8-761-7300

SWITZERLAND

W. Stolz AG
Baden-Daettwil,
Switzerland

Tel.: 41-56-849000

W. Stolz AG
Lausanne, Switzerland
Tel.: 41-21-274838

TAIWAN

Johnson Trading Company
Taipei, Taiwan
Tel.: 886-273-31211

General Industries Inc.
Taipei, Taiwan
Tel.: 886-2764-5126

UNITED KINGDOM

0T

(European Headquarters/
Northern Europe Regional
Office)

21 The Crescent
Leatherhead

Surrey, UK KT228DY
Tel.: 44-372-363339

Micro Call, Ltd.
Thame Oxon, England
Tel.: 44-84-261-939
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3236 Scott Boulevard
" Santa Clara, CA 95054-3090
(408) 727-6116 FAX: (408) 492-8674
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