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DESIGN APPLICATIONS

EASILY UPGRADE A
68030-BASED SYSTEM WITH
- A CLEVER CACHE DESIGN

BuiL.D A CACHE DAUGHTERBOARD THAT PLUGS INTO
THE EXISTING PROCESSOR SOCKET TO EXPLOIT THE
PROCESSOR’S SYNCHRONOUS MODE.

ompanies spend lots of time and resources creating a microprocessor-

based product. By the time the product is ready for the market, how-

ever, the industry has already introduced a faster or more advanced

processor. Selling yesterday’s technology is difficult, yet it's not prof-

itable to sacrifice the existing system and develop another product

that uses the updated technology. The ideal solution is to bring the
updated technology to the existing system without major changes.

For instance, a 68030-based system that uses dynamic RAM (DRAM) runs at 3
clock cycles/access in the asynchronous mode. The system doesn’t take advantage
of the processor’s synchronous operation, which runs at 2 clock cycles/access at 33
MHz. Adding ecache memory to the existing system would convert a large number
of the slow DRAM accesses to fast aceesses in the cache static RAM (SRAM). A
high ratio of SRAM accesses to DRAM accesses indicates better performance.

A cache can be built on a daughterboard that plugs into the system’s existing
processor socket. That way, designers can upgrade an outdated microprocessor-
based system without changing its architecture. The cache system is a small sub-
system that uses fast SRAM and cache technology. With that technology, the
processor can run at it’s maximum speed. The cost of developing this small, add-in
daughterboard is minimal compared to the cost and the time it takes to rebuild
another system. This cache system can upgrade an application’s speed up to 30%.

The operation of cache is based on the principle of program locality. Programs
usually access the same memory blocks repeatedly. In addition, they spend much
time executing instructions in a loop. DRAM is used for main memory and SRAM
for the cache. Accesses to SRAM are fast and don’t need wait states. When the pro-
gram reads data or instructions from the slower DRAM memory, the processor
writes the surrounding block of data into the cache. Subsequently, the next access
to the same information comes from the cache memory with no wait states.

There are drawbacks, however. The data that the microprocessor needs may not
always be in the cache memory. When the program attempts to find data in the
cache, the system will indicate if the desired data is stored there. This is done with
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I 1. THE CACHE SYSTEM is made up of eight Motorola SRAM chips, three PAL devices, and two Texas Instruments tag comparators.

the cache tag comparator, which
compares the current address being
accessed by the processor to the ad-
dresses of data stored in SRAM and
determines if they match.

A cache hit occurs when a match is
found. In that case, the memory loca-
tion needed by the program is al-
ready in the cache (SRAM), so the
cache can give the required informa-
tion to the processor without delay.
A cache miss occurs when there’s no
match, and the processor has to fetch
data from the main memory (DRAM)
and update the cache.

A TrIcKY TASK

Designing the add-in cache system
is tricky because it can’t alter the ex-
isting system, but instead must work
around it. This cache has unique fea-
tures that optimize the overall sys-
tem performance. For example, the
design interleaves DRAM and
SRAM accesses. Interleaving memo-
ry accesses reduces the penalty of a
cache miss. In addition, the cache
controller hides the dynamic RAM
refresh in static RAM and peripheral
accesses.

60 B3

The daughterboard uses a simple
direct-mapped cache that’s made
from 64 kbytes of fast static memo-
ry. Direct-mapped design offers sim-
plicity and uses the least amount of
tag memory. The main memory
(DRAM on the system board) is di-
vided into logical pages. Each page
of DRAM is the same size as the
cache.

The total number of the DRAM
pages is calculated by dividing the
DRAM size by the size of the SRAM.
In this 68030-based system, 8 Mbytes
of DRAM and 64 kbytes of SRAM ex-
ist. The number of pages is 8000 + 64
=128 pages.

Each page is directly mapped to
the 64-kbyte SRAM space. A page
consists of 16k 4-byte lines. The ad-
dress space A, ;- covers the 16k lines
needed for each page.

Tag memory, which is the fast
SRAM part of the tag comparator,
stores the tag of each line. The tag is
the page number that’s unique for
each line. In this system, the tag
takes a value of 0 to 127 for the total
of 128 pages. When the processor
stores any information into the
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SRAM, the cache controller stores
the line tag into the tag memory. The
tag memory is 16k by 7 bits, and is
mapped directly into the SRAM
space A, ;5. Seven bits are needed to
store 128 tags.

When the processor starts an ac-
cess, the tag comparator reads the
stored tag data for this location. It
compares the tag data with the cur-
rent accessed address (A4 ) and in-
dicates a hit if they match. Address
lines A4 5, select one page of the 128
pages.

The cache is made up of eight 15
ns, 16k-by-4-bit Motorola MC6290
SRAM chips (Fig. 1). Each pageis or-
ganized as 16k 32-bit words. Address
signals Ay, are used to decode 4
bytes of the cache line, while A,_;;
create the 16k words of address
space.

This design uses two Texas Instru-
ments ACT2163 16k-by-5-bit, 20-ns
tag comparators. Address lines A, ;-
are connected to both of the tag com-
parators and the SRAM address bus.
Also, Ajg o and A, _,, are connected
to the data inputs of the two cache
tag comparators to store the page
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number.

MATCHA and MATCHB are the
output signals of the tag compara-
tors. These signals go high on a com-
pare cycle if the current processor
address A, ,, matches a previously
stored tag. Address tags are stored
each time the processor writes to the
cache.

The DRAM controller used in the
existing system supports three
modes. A standard DRAM page-
mode access requires a precharge
time delay before the controller ac-
cesses a new row and column. This
access takes 7 clock cycles at 33 MHz
and is the slowest mode. Fast page
mode is used if the controller access-
es a new column in the same row.
This is the fastest access, taking only
3 clock cycles. Interleaving mode is
used when the controller finds an ac-
cess in a different row and that row
is precharged. It takes only 5 clock
cycles/access in this mode.

DIFFERENT MODES

The old non-cache system runs at
an average speed of about 5 cyeles/
access with the DRAM memory, The
three different modes that the con-
troller uses with the DRAM in the
old system will average 5 clock cy-
cles/access. This average access
timeis calculatedas (83 +5+T7)+38=
5, assuming that each mode has an
equal chance to occur.

In the new system, when the cache
controller misses, the processor has
to get the information from the
DRAM main memory. On a cache
miss, the cache controller adds two
more clock cycles to the DRAM ac-
cess because it enters the retry mode
of the 68030. The retry mode is used
because the 68030 samples the Syn-
chronous Termination signal
STERM before a valid result of the
miss or hit signal. The total average
access timeinamissis5+2="7clock
cycles/access.

With a cache hit, the system can
run at 2 clock cycles/acecess. This de-
sign gives an average hit/miss ratio
of about 85%. The average read ac-
cess time becomes (2 X 0.85) + (T X
0.15) = 2.75 clock cycles/access as-
suming 85% SRAM accesses and 15%
DRAM accesses.
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The cache controller uses the
write-through method in which the
controller writes every time to the
DRAM and to SRAM. This technique
minimizes the memory write time.
The average write time, 5 clock cy-
cles/access, is the same as for the
DRAM access because the retry op-
eration isn’t needed.

Overall read and write speed for
the new system can be calculated
from the read accesses and the write
accesses. [taverages about (2.7545)
+ 2 =3.875 clock cycles/access. The
percentage performance increase
over the non-cache system is 5 +
3.875 = 29%.

The upgraded system board is the
old system with the 68030 unplugged
from its socket (Fig. 2). The cache
daughterboard includes the static
RAM, a control block containing the
cache controller that arbitrates be-
tween the old system resources and
the cache system memory, and the
68030 microprocessor. A 169-pin con-
nector links the old system to the
daughterboard through the existing
processor socket.

The address bus, which is the
68030 address bus (Ag o), is shared
by the processor, the cache system,

and the old system. The data bus is
the 68030 data bus (D, ) and is also
shared by the processor, cache sys-
tem, and the old system. The control
bus consists of 68030 control signals
that are shared by both the cache
board and the system board. Those
signals are Clock, Reset, Read/
Write (R/W), and the dynamic bus-
sizing signals.

The Start Access signal is the Ad-
dress Strobe (AS) signal from the
68030 microprocessor that indicates
a valid access. AS indicates a valid
address on the bus, and is connected
to the cache controiler to indicate a
start of an access.

A Cacue Hit

Cache Ready is an output of the
tag comparator that indicates a
cache hit if the information can be re-
trieved from the SRAM. The Cache
Enable signal is an output of the
cache controller to enables the
SRAM so that the processor can get
the information from it.

The cache controller drives the
System Enable signal active if the
processor needs information from
the old system that has the DRAM

and the peripherals. System Enable
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Processor
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i System Ready
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2. AN EXISTING SYSTEM is upgraded by plugging a cache daughterboard into the

system’s microprocessor socket. The processor is relocated to the daughterboard.
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is the Address Strobe signal to the
old system. Called SYSAS, it starts
accesses on the old board.

System Ready is used on the old
system board for the bus cycle tprmi-
nation signal DSACK,_,. On the
cache board, it’s called SYSDSACK
and tells the controller that the infor-
mation is ready from the system
board. The controller generates
STERM and DSACK,,_, synchronous
and asynchronous termination sig-

mination signal SYSDSACK when
data is ready from the DRAM or a
peripheral device.

The cache controller regenerates
STERM after receiving SYSD-
SACK on a DRAM access. It passes
the SYSDSACK signal directly to
the processor as the DSACK signal
on a peripheral access.

The 68030 processor supports syn-
chronous bus cycles that are termi-
nated with the Synchronous Termi-

nation signal STERM. These cycle
are for 32-bit ports and take a min
mum of two clock cycles. The bus ¢y
cle is synchronous if:

® Data Transfer Acknowledge
(DSACK) is not asserted.

® The port size is 32 bits.

e Synchronous-input setup and hold
time for STERM is met.

Synchronous mode is used to ru

nals to end the proces-
sor access.
The cache controller

Non-memory system access

;_—_'ﬂ

has a special arbitra-
tor that allows the

Start non-memory system access.
Assert SYSAS = 0.

68030 to choose be-
tween the added sys-

__ Start processor access.
AS = Dand address is vali

)

Y

tem’s SRAM memory
and the old system’s
DRAM or peripherals.

No /' 1s non-memory system ready?
Wait for SYSDSACK.

No Is it amemory access?
is DRAM = 0?

b

The arbitrator moni-

4 Yes

tors the processor’s
Start Access signal
(AS), Clock, and the

Assert Data Transfer Acknowledge.
Assert DSACK = 0.

address. It then gener-
ates a Cache Enable Memary access
signal if the controller
accesses the cacheand 7 Miss 1 Write
generates System En- ———
able if the controller Assert Halt and BERR. Start memary system.
accesses the old sys- Start retry operation. Assert SYSAS = 0.
tem memory. ] Wait

T;ne output of the Start memory system.
cache tag comparator Assert SYSAS = 0. 9
tells the arbitrator if NegateBERR, Ha. o R
the data can be found -
inthe SRAM and gives Is itamemory read? . ¢ Yes
a cache hit. In a cache ISR/W =17 No Write data to system memory.
hit, the cache control- Yes Read Is system memory re:dy?> Assert STERM.
ler ends the access by — Is SYSDACK = 07
generating STERM to Asser;sS:eE:%J =0 Yes
the 68030. . Read data from cache,

In a cache miss or a I Read data from system memory.
peripheral access, the Assert STERW.
arbitrator generates Find output of
another start signal < cache tag comparator. ! Find output of N
for the system board Isitahit? No g Is it a word access? cache fag comparator. 2
called SYSAS. This Yes Find size. Isitahit? Wiss
signal is connected_to Hit Yes Yes{
the system board’s AS Cache write Hit Iy

signal in the interface
socket. The system
board sees SYSASasa
Start Address strobe
from the processor,

1 Return ’
!

Write data to cache.
AssertWE =0,

Yes I it a word access?
Find size.

| No

and responds to it with
the asynchronous ter-
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3. THE DIFFERENT PATHS taken by the cache-based system for memory and non-memory

accesses are shown in a flow chart.
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the processor at two cycles in the |

SRAM. To avoid wait states, the sys-
tem must assert the STERM signal
before the rising edge of the second
clock cycle. Data must be valid 0 ns
before the falling edge of the second
clock so that the processor latches
valid data. The cache controller as-
serts the Synchronous Termination
(STERM) signal early and doesn’t
wait for Address Strobe (AS).

Asynchronous operation is used
for data transfer to peripherals on
the main system board. The system
uses AS, DS, and DSACK to control
data transfers.

AS signals the start of a bus cycle,
and DS is used as a condition for val-
id data on a write operation. Decod-
ing the 68030 size output signals and
A, provides strobes that select the
active portion of data bus. The pe-
ripheral then responds by placing
the requested data on the correct
portion of the data bus and asserting
the DSACK signals to terminate the
cycle.

RETRY OPERATION

On a cache miss, the cache control-
ler forces a retry operation to pre-
vent the processor from latching bad
data. The system asserts STERM
and doesn’t wait for the output of the
tag comparator to become valid,
avoiding a wait state.

The cache controller asserts
BERR and Haltduring a bus cycle so
that the processor enters the retry
sequence. The processor samples the
BERR and Haltsignals on the falling
edge of the second clock cycle. It also
terminates the bus eycle and places
the control signals in their inactive
states. The processor retries the pre-
vious access when BERR and Halt
are negated.

The decoder PAL device asserts
DRAM if the accesses are to the
memory (Fig. 3). The PAL equation
to generate the memory decode sig-
nalis:

DRAM =%, * &,

If DRAM is false, the access is to
non-memory devices. On the start of
processor access, the control PAL

device monitors AS and DRAM. It
asserts SYSAS if the access is to the

O L EcTRONTIC
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4. A CACHE HIT occurs ‘when the Miss signal is false. The processor can read data
located in the SRAM when the G signal is asserted.

non-memory devices. The PAL equa-
tionis:

SYSAS=DRAM"* AS

SYSAS is the Start Access signal,
previously AS in the old system. As-
sertion of SYSAS causes the system
to start the non-memory access.

The write PAL device then waits
for SYSDSACK, which comes from
the old system when it has valid data.
The PAL device asserts the DSACK
signals to end the processor cycle.
The PAL equation is:

DSACK =DRAM * SYSDSACK

The control PAL device asserts
STERM when the processor starts a
memory read. STERM comes early
enough to be sampled by the proces-
sor’s second clock rising edge for a
synchronous access with zero wait
states. The PAL device examines the
results of the tag comparator’s out-
putand generates Miss if it’s false. It
also asserts a read enable signal
called G to the SRAM. The PAL
equations are:

STERM =DRAM * R/W * Miss

G =DRAM " AS " Miss

DRAM is generated by the ad-
dress, and is valid at: time = address
valid time + PAL delay =1547=22
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ns (Fig. 4). DRAM and R/W gene:
ate the STERM signal, which is vali
at: time = DRAM valid time + PA!
delay =22 + 7 = 29 ns. The micropr¢
cessor samples STERM at the risin;
edge of S,at 30 ns for zero-wait-stat
access.

During an SRAM or DRAM rea.
cycle, the cache controller assert
STERM and G. It then generates
Miss state signal if MATCHA
MATCHB, or both are false. Th
Miss state is generated from a PA]
register clocked by the falling edg
of the clock.

The decoder PAL device examine
MATCHA and MATCHB, and as
serts BERR and Hzlt if a miss oc
curs. The processor samples BERR
Halt on the falling edge of the secont
clock, and enters the retry operation
It stays idle for two cycles. Miss be
comes active and negates BERR anc
Halt, therefore the retry time is mini
mum.

SYSAS is asserted by the contro
PAL device as soon as Miss is gener
ated. It doesn’t wait for the proces
sor to finish the retry mode. SYSA:
starts the DRAM access from the
system memory, thereby interleav
ing it with the cache accesses. The
PAL equations are:

Miss=DRAM* AS*R/W*

D ESIGN
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(MATCHA ™
MATCHB) Block ———\_3,— 8,0\ N2 N
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R/W*(MATCHA* AS V2. /4 LN Y/ 17/ 4
MATCHB)* RN =222 £
Miss N
SYSAS = DRAM * Mateh 222222 %
Miss m,m 7777 ] 4522 %
The old system as- Wiss —
serts SYSDSACK - gEi
when it completes the 6 77772
DRAM access. The 3YSAS 59 e
control PAL device — “Fast — — = — — Slow
waits until SYSD- SYSDSACK s L2 4
SACK comes before STERM N ZZ7
asserting STERM to WE 59 —
end the access. The RS
PAL equationis: Data ZZ. X
STERM =DRAM * ) . JRERH T .
Miss * SYSDSACK 5. IF THE TAG COMPARATORS don't find 2 match, a cache miss occurs; BERR, Halt is asserted;

Byte read or write
from the SRAM is possible because
the cache controller writes the data
that comes from the system DRAM
to the SRAM if it’s a word. The PAL

equation is:
WE = Miss * (A, * A, *Size, * Size,)

The rising edge of Miss makes WE
go from low to high and writes the
data into the SRAM.

MATCHA, MATCHB comes from
the address tag comparators, and is
valid at: time = address valid + ac-
cess time = 15 + 20 = 35 ns (Fig. ).
BERR, Halt comes from MATCHA,
MATCHB, DRAM, R/W, and AS at:
time = match valid + PAL delay =35
+ 7 = 42 ns. The processor samples
BERR, Halt at the falling edge of S,,
which occurs at 45 ns.

Miss is generated from the clock’s
falling edge and AS at: time = falling
edge of S, + PAL delay =45+ 7=
52. BERR, Halt becomes false from
Miss at: time = Miss valid + PAL de-
lay =52+ 7=59. The processor sam-
ples BERR, Halt by the falling edge
of the clock at 75 ns. In addition, SY-
SAS is generated by Miss at: time =
Miss valid + PAL delay =52+ 7=59
ns. SYSDSACK comes from the sys-
tem DRAM controller before the
clock’s falling edge. .

The cache system supports byte
access from the SRAM o increase

AL ECTRONTIC

and the processor reads data from the main memory.

system performance. To support the
byte read from the cache memory,
the controller uses byte writes to the
static RAM in a write access with a
hit. In a memory write with a miss,
the cache controller writes the data
to the SRAM if it’s a word access.
The PAL equations for a write opera-
tion are:
SYSAS=DRAM *(R/W)*AS"*
SYSHALT
STERM =DRAM * (R/W) *
AS * SYSDSACK

WE=DRAM*(R/W)* AS*
(MATCHA * MATCHB)+
DRAM *(R/W)* AS* (A, * A, *
Size, * Size,)

On a write to memory, the control
PAL asserts SYSAS to start the
DRAM access. Control PAL waits
for the SYSDSACK (DRAM is
ready) signal, then it asserts STERM
to finish the cycle. The control PAL
generates the WE signal to do byte
write to the SRAM if the accesses
are a write with a hit. In a write with
a miss, the controller asserts WE to
do only word write if (A, * A, * Size,*
Size,) is true.

SYSDSACK generates STERM on
DRAM accesses and when STERM
= SYSDSACK valid + PAL delay =
45 + 7 = 52 ns. The processor sam-
ples STERM at the clock’s rising

MARCH 14, 1991

edge at 60 ns.

The cache controller improves the
system refresh time by hiding the re-
fresh in memory or peripheral ac-
cesses. The old system uses the Halt
signal to refresh the DRAM. With
the new design, the cache controller
can monitor SYSHALT (the old Halt
that goes to the processor socket in
the old system board) and doesn’t as-
sert a Halt signal to the processor.
The controller, instead of halting
SRAM or peripheral accesses, allows
them to continue. o
__The cache controller uses the SY-
SAS and SYSHALT signals to
stretch a system DRAM access if the
refresh is occurring during a memo-
ry access. If a refresh has already
started, the controller delays the
start of a system DRAM access until
the refresh is finished.(J
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