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PIXIE 
Pixie is a Unix program that generates a new executable of 

the user's code by adding instructions that trace pieces of 
code known as basic blocks. This new executable is referred 
to as pixified executable. A basic block is a sequence of 
instructions with a single entry point and a single exit point. 
Once processing starts at the entry point, it will proceed until 
the exit point without branching. Along with the modified 
executable, Pixie will also generate a file (with suffix Addrs) 
that contains the addresses of these basic blocks. When the 
pixified executable is run (by typing its name), a new file with 
the execution count of each basic block (with suffix Counts) is 
generated. Programs like cache2000 and Pixstats use the 
Addrs and Counts files, along with the pixified executable, to 
generate formatted profile information. When using cache2000, 
the user's program must be pixified with -idtrace option to 
generate memory referencing information of instructions and 
data. When using Pixstats, the user's program need not be 
pixified with any option. 

PIXSTATS 
Pixstats is also a Unix program that analyzes the program's 

execution characteristics. It generates statistics regarding the 
opcode frequencies, interlocks and a mini-profile ofthe program 
execution. To run Pixstats, the user's program needs to be 
pixified (running Pixie) without any option. To generate the 
Counts file, the pixified program must be executed. Pixstats 
assumes that the user's program fits into the caches and, 
therefore, does not add any memory penalties. The integer 
multiply/divide interlock cycles and the floating point interlocks 
listed in the output of Pixstats needs to be added to the number 
of cycles given by cache2000 to accurately determine the 
total numberof cycles the user's program takes for execution. 
This execution time is with an FPA in the system, as the 
IDT79R3000/3001 compilers assume the presence of an FPA 
in the system at the time of code generation. If FPA does not 
exist, the FPA instructions are emulated in software. Every 
floating point instruction will cause an exception and the 
exception handler will invoke the emulating software. A listing 
of the emulation overhead is provided in the following pages. 
The overhead and the number of the floating point accelerator 
instructions contained in the Pixstats output will help the 
designer in estimating the overhead of a system without an 
FPA. 

MODELING MEMORY SUBSYSTEMS WITH 
CACHE2000 

To simulate different memory subsystems, cache2000 is 
modified to the desired parameters of the proposed system. 
Creating a cache2000 model to simulate the desired memory 
subsystem can be done either by editing the source file 
"cache2000.c", or defining the parameters at Unix command 
level. Allthe possible changeable parameters can be assigned 
new values when the source file is edited. Once the source file 
is edited, it should be compiled to create the executable of 
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cache2000. To compile cache2000.c , an include file called 
''trace.h'' must be in the current directory. Command level 
modifications can be done at compilation time or at execution 
time of cache2000. The parameters of the caches can be 
changed by redefining them when invoking the compiler. The 
main memory latencies and the write buffer depth can be 
altered at the time of execution. (A complete list of all the 
options of cache2000, Pixie and Pixstats is enclosed at the 
end of this application note.) The options include: 

(a) Editingthe source file cache2000.c. -Invoke an editor (vi 
or emacs) on cache2000.c and modify any changeable 
parameter. The list of changeable parameters is given at 
the end. Save the changes and compile the source file 
with the C compiler. To compile cache2000.c, the file 
trace.h should also be present in the current directory. 
The highest level of optimization (04) is used to produce 
the most optimal executable. The math library is linked by 
using -1m. Once cache2000.c is modified with all the 
required parameter values, there is no need to use any 
options either at compile time or at run time. 

cc -04 -0 cache2000 cache2000.c -1m 

(b) Making changes to the Cache2000 at compilation time by 
redefining the parameters -

cc -04 -0 cache2000 -DLsize_log=12 -Dd_size_log=10 
cache2000.c -1m 

This compiles a cache2000 that models an instruction 
cache of 4K words and data cache of 1 K words. The compile 
time changeable parameters of cache2000 are: 

Parameter Name 
LrefilL/og 
Lsize_log 
d_refilL/og 
d_size_log 
byte --..9athering 
read_conflicLcheck 
istreaming 

Possible Values 
0,2,4,5 
10, 11, 12, 13, 14, 15, 16 
0,2,4,5 
10, 11, 12, 13, 14, 15, 16 
0,1 
0,1 
0,1 

(c) Setting the parameters at the execution time ofcache2000 
- The memory latencies can be set at the time of 
simulation. cache2000 is executed in parallel with the 
pixified executable of the user's application program. The 
Unix command "make pipe" is used· to run these two 
processes (cache2000 and user's program) in parallel. 
The tiser's program (pixified with -idtrace), when executed, 
will generate memory referencing information to a Unix 
file with file descriptor 19. This information is piped (by the 
make pipe command) to the standard input file (file 
descriptor 0). cache2000 reads the standard input and 
proceeds with the memory subsystem simulation. An 
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example of setting up the read latency to 6 cycles is: 

makepipe 19 mYJJrog.pixie 'f' 0 cache2000 -read_latency 
6> mYJJrog.cache2000 

Now cache2000 models a main memory with a read 
memory latency of 6 cycles. 

STEPS IN PERFORMANCE ANALYSIS 
The steps involved in measuring the performance of the 

IDT79R3000/3001-based systems are: 

(1) Compile the source of the application program with the 
desired level of optimization to create the executable 
module. 

cc -04 -0 my_prog mYJJrog.c 

(2) Create a cache2000 executable to model the proposed 
memory subsystem by compiling the cache2000.c. 

cc -04 -0 cache2000 -DLsize_'og=12 -Dd_size_log=10 
-DLrefilUog= 5 -Distreaming= 1 cache2000.c -1m 

This compiles a cache2000with instruction cache of 4K 
words, data cache of 1 K words and 32 words of block refill 
for instruction cache with instruction streaming enabled. 

(3) Pixify the application program with -idtrace. 

pixie -idtrace -0 mYJJrog.pixie mYJJrog 

The above command pixifies the application program 
mYJJrog and places the output in mYJJrog.pixie. 

(4) Use makepipe to run the pixified application program and 
Cache2000 in parallel. 

makepipe 19 my_prog.pixie '/' 0 cache2000 > 
my JJrog.cache2000 

This command pipes the memory references generated 
by mYJJrog.pixie to the cache2000. The statistical 
information produced by cache2000to the standard output 
can be redirected to mYJJrog.cache2000. Arguments, 
input file, output file forthe user's application program can 
be specified by: 

makepipe 19 mYJJrog.pixieargs '<' inpuLfile'>' outpuLfile 
'/' 0 cache2000 > mYJJrog.cache2000 

By running the makepipe in the background, the designer 
can fire up more than one simulation. The following 
command sets up the read latency from the main memory 
to 6 cycles and runs the simulation in the background. 
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makepipe 19 mYJJrog.pixie 'f' 0 cache2000 -read_latency 
6> mYJJrog.cache2000 

(5) Run Pixstatstofindoutthe interlock cycles of IDT79R3000/ 
3001 integer multiply/divide unit and the interlock cycles 
of the FPA IDT79R3010. These interlock cycles should 
be added to the cycles from the cache2000 output. The 
output of Pixstats also contains the IDT79R3000/3001 
opcode distribution. This provides the designer with the 
percentages of the FPA instructions in the application 
program. Running Pixstats is a three step process. The 
steps are: 

(a) Repixify the application program without any option. 
(b) Run the pixified program by typing in the name of the 

pixified output to generate the basic block counts file. 
(c) Run Pixstats. 

The commands to accomplish these tasks are: 

(d) Pixify the application program. 

pixie -0 my_prog.pixie myprog 

This generates mYJJrog.Addrs file containing the 
basic block addresses. 

(e) Run the pixified program 

my JJrog.pixie 

This generates mYJJrog.Counts file containing the 
execution count of the basic blocks. 

(f) Run Pixstats. 

pixstats my_prog> mYJJrog.pixstats 

Pixstats uses the Addrs and Counts files and redirects 
the output to mYJJrog. pixs tats. 

cache2000 OUTPUT 
The cache2000program prints out the statistical information 

to the standard output file. It can be redirected to any desired 
file. The statistical information is generated every time after 
the execution of user-specified number of cycles. By setting 
the print variable to an extremely large number (20000000000), 
the output generation can be restricted to the final results. 

The following is one such output file for a typical image 
processing application program written in C language. The rI' 
executable size is 500Kbytes, the text segment is 300Kbytes • 
and data segment is 200Kbytes consisting mainly of 
uninitialized data items of size greater than 512 bytes. The 
cache2000 models a memory subsystem of 8Kbytes of 
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instruction cache, 8Kbytes of data cache, 4 words of block speed is 16.67MHz. The Page mode main memory read 
refill size for the I-cache and 1 word refill for the D-cache. latency is 5 cycles, giving an access time of 300ns. 
Instruction streaming is enabled. The cache flushes are Lines in the file are numbered in the first column for 
turned off to model an embedded application. The clock referencing in the explanation. 

1 cache2000 -flush 20000 -cycle 60 -clock 16.67 -wbsize 1 -read_latency 5: 
2 Fri Oct 1321 :39:051989 

3 73398701 cycles (1.569), 4.4s @ 16.7MHz 
4 46783524 instructions (46.8M) 
5 0 cache flushes 

6 word read 9008972 19.26% 
7 double read 0 0.00% 
8 word write 4161532 8.90% 
9 double write 0 0.00% 
10 byte write 445222 0.95% 
11 half write 438867 0.94% 
12 swr 0 0.00% 
13 swl 73 0.00% 
14 Iwc1 255500 0.55% 
15 Idc1 0 0.00% 
16 swc1 5635 0.14% 
17 sdc1 0 0.00% 
18 basic block 8615556 18.42% 
19 (null) 0 0.00% 

20 l-cache size = 2048 words,direct-mapped, 4 word refill 
21 D-cache size = 2048 words,direct-mapped, 1 word refill,write-through 
22 Write buffer = 1 deep, conflict checking on d-miss, byte gathering 
23 TLBsize = 56 entries, associative, random replacement, 

page size =1 024words 

per per per 
instr cycle other 

24 uTLB misses: 318004 (0.68%1 0.43%) 
25 I-TLB misses: 9394 (0.02%1 0.01%) 
26 D-TLB misses: 7927 (4.29%1 0.01%1 0.06%) 
27 I-cache misses: 2007056 (0.01%1 2.73%) 
28 D-cache misses: 234278 (0.50%1 0.32%1 2.53%) 
29 Idle writes: 2171982 (4.64%1 2.96%1 42.5%) 

(5 memory cycles) 
30 Page mode writes: 2561693 (5.48%1 3.49%1 50.1 %) 

(2 memory cycles) 
31 Non-page writes: 377581 (0.81%1 0.51%1 7.4%) 

(6 memory cycles) 
32 Total writes: 5111256 (10.93%1 6.96%) 
33 Write merges 0 (0.00%1 0.00%1 0.00%) 
34 I-stream branch: 351599 (0.75%1 0.48%1 17.5%) 
35 I-stream d-miss: 31036 (0.07%1 0.04%1 1.5%) 
36 I-stream write: 252829 (0.54%1 0.34%1 12.6%) 
37 I-stream block: 1371592 (2.93%1 1.87%1 68.3%) 
38 I-stream words: 0.4/2.1/1.6 
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39 uTLB miss cycles: 
40 I-TLB miss cycles: 
41 D-TLB miss cycles: 
42 I-cache miss cycles: 
43 I-cache streaming: 
44 D-cache miss cycles: 
45 2-cycle SB/SH/SWUSWR: 
46 Write buffer full cycles: 

(average 1.3 per write) 
47 Write wait cycles: 

(average 1.4 per miss) 

318004 
122122 
103051 
18063504 
-4155427 
1405668 
884162 
6780214 

3093879 
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( 0.68%/ 0.43%) (penalty 1) 
(0.26%1 0.17%) (penalty 13) 
(0.22%/ 0.14%) (penalty 13) 
(38.61 %/ 24.61 %) (penalty 9) 
(-8.88%/ -5.66%) 
(3.00%/ 1.92%) (penalty 6) 
(1.89%1 1.20%) (penalty 1) 
(14.49%1 9.24%) 

( 6.61 %/ 4.22%) 

48 Subtotal: 26615177 (56.89%1 36.26%) 
49 Instructions: 
50 Total: 

46783524 (100.00%1 63.74%) 
73398701 (156.89%1 100.00%) 

51 TLB memory cycles: 
52 Memory bus cycles: 
53 simulation runtime: 
54 DONE! 

111030 (0.24%1 0.15%) 
33976968 (72.63%/ 40.29%) 
248.4u 23.4s, 5473.6w/5%, 172 KinsVs, 255 Krefs/s 

EXPLANATION OF FIELDS 

cache2DDD Runtime Parameters 
1 cache2000 -flush 20000 -cycle 60 -clock 16.67 -wbsize 1 -read_latency 5: 
2 Fri Oct 1321:39:051989 

All the cache2000 runtime parameters that are set by the 
user are listed in this line. The cache flush interval is set to 
20,000 million cycles. This implies that the caches are flushed 
for every 20 billion cycles of user's program execution. In 
Multiprogramming/Mu ltitasking systems, on context -switching, 
implicit cache flushing occurs due to a series of cache misses. 
These cache misses are equivalent to caches being flushed. 
To simulate that environment, cache2000allows the user to 

Cycles and Instructions 

set the cache flush interval. By choosing a large number (like 
20 billion) for this variable, this flushing can be turned off for 
embedded applications that do nol run Multiprogramming! 
Multitasking software. The clock speed selected by the user 
is 16.67MHz and, therefore, the cycle time is 60 nanoseconds. 
The write buffer simulated is 1 word deep. The Page mode 
main memory read latency on load misses is 5 cycles or 300 
nanoseconds. 

3 73398701 cycles (1.569), 4.4s @ 16.7MHz 
4 46783524 instructions (46.8M) 

The user's application program takes 73398701 cycles for 
complete execution. To execute these cycles, the processor 
takes 4.4 seconds when running at 16.67MHz. It takes an 
average of 1.569 cycles per instruction for simulation of the 
current memory subsystem and ofthe current user's application 
program. As we change the parameters for the memory 
subsystem, notice that this average number of cycles per 
instructionwillalsochange. Forafinetunedmemorysubsystem 

Cache Flushes 
5 0 cache flushes 

In the current simulation, the caches are flushed for every 
20,000 million instructions to simulate an embedded application 
environment without any context switching. The cache flushes 
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this number approaches one. The clock speed can be set to 
the desired frequency with -clock option at execution time of 
the cache2000. Line 4 gives the number of instructions 
executed. The last field in line 4 is the number of instructions 
in millions. The number of instructions is independent of the 
memory system being simulated. It only depends on the 
user's program, the data files the program is using and the 
optimization level used in compiling the program. 

are zero forthis example, as the program does not execute 20 &I 
billion instructions. I 
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Reads 
6 word read 
7 double read. 

9008972 
o 

19.26% 
0.00% 

APPLICATION NOTE AN-62 

These two lines give the number of read instructions and 
their percentage of the total number of instructions. In the 
current simulation, 19.26% of the total instructions are word 
(32 bits) load instructions. For cached data/instructions, 
IDT79R3000 treats all load instructions as load word 

instructions since a word is read from the caches on cache 
hits. On a cache miss, a word or multiple words are read from 
the memory. The double reads on line 7 are not applicable to 
the IDT79R3000. 

Writes 
8 word write 4161532 8.90% 
9 double write 0 0.00% 
10 byte write 445222 0.95% 
11 half write 438867 0.94% 
12 swr 0 0.00% 
13 swl 73 0.00% 

These lines list all the store instructions executed by the 
processor. All the load/store instructions work only with the 
data cache if the load/store address is cached. In this 
example, almost 9% of the stores are store word instructions. 
This is almost half of the word read percentage, which is 
typical of many applications. Double writes are not applicable 
to the 1DT79R3000. For partial word writes (sb,sh,swr,swl), 

the IDT79R3000 does a read-modify-write operation. The 
processor does a load from the cache (on cache hit) at the 
store address, merges the data to be stored with the data 
loaded and writes the result back to cache. On a cache miss 
for the load, the partial word is written to the main memory 
(through a write buffer), leaving the cache untouched. 

FPA (cp1) Read and Writes 
14 Iwc1 255500 
15 Idc1 0 
16 swc1 65635 
17 sdc1 0 

0.55% 
0.00% 
0.14% 
0.00% 

The number of reads and writes to/from the FPA instructionsareexecutedbythelDT79R3000. Forthecurrent 
(coprocessor 1) are given by the above four lines. The double user's program, there are 255500 FPA load instructions. The 
word load and store (ldc1,sdc1) are not applicable to the percentage of these loads to the total number of instructions 
IDT79R3000. The coprocessor load/store instructions are is 0.55. The numberof store instructions is 65635 and 0.14 is 
word operations. The CPU and the coprocessors are tightly the percentage to the total number of instructions. 
coupled as they share the same data bus. The Iwc1 and swc1 

Basic Blocks 
18 basic block 8615556 18.42% 

A basic block is a sequence of instructions with a single jump/branch instruction and exit pOints are addresses holding 
entry point and a single exit point. Once execution starts at the a ju mp/branch instruction. The basic block count on line 18 
entry point instruction, it proceeds sequentially until the exit indicates the number of basic blocks of the user's application 
point instruction. Entry points are the target addresses of a program executed. 

Anulled Instructions 
19 (null) 0 0.00% 

Not applicable for the IDT79R3000. 
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Instruction Cache 
20 I-cache size = 2048 words,direct-mapped,4 word refill 
21 O-cache size = 2048 words,direct-mapped,1 word refill,write-through 

The instruction cache and the data cache for the 
I0T79R3000 are direct-mapped. For stores, the data is 
written to the main memory through the data cache, 
implementing the write-through policy. For partial word stores, 
the data cache is looked up for a cache hit. If it misses, the 
partial word is written to the main memory leaving the cache 
unchanged. The I-cache size, O-cache size, I-cache refill size 

and O-cache refill size can be chosen by the user. In the 
current simulation, the caches are 2048 words deep (8Kbytes) 
and the block refill sizes for I-cache and O-cache are 4 words 
and 1 word, respectively. These parameters can be set at 
compilation time of the Cache2000. The possible cache sizes 
are 4, 8,16,32,64,128 and 256 Kbytes. The block refill sizes 
can be selected as 1, 4, 8, 16 or 32 words. 

Micro TLB Misses 
24 uTLB misses: 318004 (0.68%/ 0.43%) 

In translating the virtual address of an instruction to its 
physical address, a two-entry table called uTLB (micro TLB) 
is employed. This micro TLB is not used for data references. 
If a uTLB miss is encountered, the TLB (56 entries) is looked 
up. Whenever there is a uTLB miss, its least recently used 

TLB Misses 

entry is updated with the appropriate entry from the main TLB. 
The percentage of uTLB misses to the total number of 
instructions and the percentage of the misses to the total 
number of cycles are given in paranthesis. 

25 I-TLB misses: 
26 O-TLB misses: 

9394 
7927 

(0.02%/ 0.01%) 
(0.02%/ 0.01%/ 0.06%) 

The above two lines account for the number of times the page table is looked up in order to update the TLB. The TLB 
mapping information needed ( a TLB entry) to translate the is a fully associative memory and a random replacement 
virtual address to physical is missing from the TLB. The first algorithm is employed for TLB updates from the page table. 
line gives the number of misses for instructions while the The last number in paranthesis for O-TLB misses is the 
second one accounts for the data references. The main percentage of the O-TLB misses to the total number of load 
memory holds the entire page table and on a TLB miss, this and store instructions. 

Cache Misses 
27 I-cache misses: 
28 O-cache misses: 

2007056 
234278 

(4.29%/ 2.73%) 
(0.50%/ 0.32%/ 2.53%) 

The I-cache misses are the numberof times the processor 
referred to the instruction cache and could not find the 
instruction. The number of misses on line 27 indicates that the 
2Kwords of I-cache are not quite sufficient for 100% hit rate. 
Increasing the cache size might enhance the performance. 
The first percentage, 4.29%, is the I-cache miss rate, making 
the I-cache hit rate 95.71%. The O-cache misses are the 
number of attempts the processor made to read from the data 
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cache but could not locate the word. The data cache miss rate 
is given by the last percentage in paranthesis (2.53%) which 
is the percentage of O-cache misses to the number load word 
instructions (Iw) and the number of load word instructions to 
the coprocessor 1 (lwc1). The data cache misses, however, 
do not include the load misses occuring in read-modify-write 
operations of partial word stores. 
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Main Memory Writes 
29 Idle writes: 2171982 (4.64%1 2.96%1 42.5%) 

(5memory cycles) 
30 Page mode writes: 2561693 (5.48%1 3.49%1 50.1 %) 

(2 memory cycles) 
31 Non-page writes: 377581 (0.81%1 0.51%1 7.4%) 

(6 memory cycles) 
32 Total writes: 5111256 (10.93%1 6.96%) 
33 Write Merges 0 (0.00%1 0.00%1 0.00%) 

cache2000 simulates Page mode main memory. All the 
different types of writes to the main memory are listed here. 
Idle writes are writes to the main memory that do not follow or 
precede another write. Page mode writes are successive 
writes to the same page. Non-page writes are successive 
writes to different pages. Total writes are the summation of 
these three types of writes. The third percentage in the first set 
of parentheses on lines 29 through 31 is the percentage of the 
corresponding write to the total writes. The numberof memory 
cycles assumed in the current simulation to perform these 

Streaming 

writes is given in the second set of parentheses. These cycles 
can be specified by the user at run time of cache2000. Write 
merges involve merging the words in the write buffer if the 
words have the same address. These write merges are 
simulated by Cache2000 if byte gathering is turned on. Byte 
gathering is one of the features of the write buffer, IDT79R3020. 
Write merges reduce the number of references made to the 
main memory for data updates. In this simulation with 1 word 
deep write buffer and byte gathering tu rned on, the nu mber of 
write merges is zero. 

34 I-stream branch: 
35 I-stream d-miss: 
36 I-stream write: 
37 I-stream block: 
38 I-stream words: 

351599 
31036 
252829 
1371592 
0.4/2.1/1.6 

(0.75%1 0.48%1 17.5%) 
(0.07%1 0.04%1 1.5%) 
(0.54%1 0.34%1 12.6%) 
(2.93%1 1.87%1 68.3%) 

On every I-cache miss, a block refill number of instructions 
is brought into the instruction cache. Enabling streaming 
allows the CPU to execute these instructions as they get 
written into the instruction cache. In other words, the CPU 
does not have to wait forthe completion ofthe writing of a block 
of instructions into the instruction cache before it starts the 
execution. Line 37 gives the number of times the CPU 
streamed through a full block. Lines 34 to 36 list the number 
of times the processor dropped out of streaming due to 
branches, data cache misses, write buffer flushes and partial 
word stores. Line 34 gives the number of occasions the 
processor dropped out of streaming because of executing a 
branch/jump instruction. If the CPU is executing a load and 
faces a data cache miss, streaming is aborted; Line 35 
accounts for such cases. The processor also drops out of 
streaming whenever the write buffer is full and the current 
instruction needs to write to the write buffer, orwhenever it has 

Micro TLB Miss Cycles 

to perform a read-modify-write operation for partial word store 
instructions. I-stream write on Line 36 gives the number of 
such drop outs. The last line, 38, gives the instruction number 
in the block that caused the I-cache miss (0.4 or the second 
instruction in the block; numbering of the instructions starts 
from 0 in a block). the number of instructions the processor 
streamed through (2.1) and the number of instructions of the 
block the processor did not execute (1.6). The numbers on 
Line 38 are average numbers. The last percentage in lines 34 
to 37, under the other column, is the percentage of the 
corresponding streaming number to the number of I-cache 
misses on Line 27. Dropping out of streaming does not stop 
the refilling of the instruction cache with the block refill number 
of instructions. When streaming is aborted, the processor 
waits till the refilling is finished and then starts executing the 
instruction that caused the drop out. 

24 uTLB misses: 318004 
39 uTLB miss cycles: 318004 

(0.68%1 0.43%) 
(0.68%1 0.43%) (penalty 1) 

When the uTLB does not contain the entry to translate the 
virtual address of an instruction to its physical address, there 
is a penalty (1 cycle) in referring the main TLB and updating 
one of its entries with the appropriate entry for future use. The 
miss cycles in Line 39 are a product of the number of uTLB 

9.9 

misses (318004) with the penalty (1) on Line 39. This penalty 
of 1 cycle can not be changed by the user. The percentages 
in parentheses on Line 39 are the penalty cycles per instruction 
and per cycle, respectively. 
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TLB Miss Cycles 
25 I-TLB misses: 9394 (0.02%/ 0.01%) 
26 O-TLB misses: 7927 
40 I-TLB miss cycles: 122122 
41 O-TLB miss cycles: 103051 

(0.02%/ 0.01 %/ 0.06%) 
(0.26%/ 0.17%) (penalty 13) 
(0.22%/ 0.14%) (penalty 13) 

The penalty cycles for loading the main TLB and/or the cycles do not account for any I/O cache miss penalty cycles 
uTLB with a single page table entry from the main memory is that might arise while executing the TLB refill algorithm. The 
given by lines 40 and 41. The penalty for every miss (13 percentages in parentheses on lines 40 and 41 are penalty 
cycles) is fixed and can not be set by the user. These miss cycles per instruction and per cycle, respectively. 

Cache Miss Cycles 
27 I-cache misses: 
28 O-cache misses: 
42 l-cache miss cycles: 
43 I-cache streaming: 
44 O-cache miss cycles: 

2007056 
234278 
18063504 
-4155427 
1405668 

The penalty cycles associated with the I-cache misses and 
the O-cache misses are given by lines 42 and 44. The penalty 
for a miss is the sum of read latency of the main memory (user 
selectable) and the block refill size. In the current simulation 
the read latency is set to be 5 cycles and the block refill size 
is chosen to be 4 words for instruction cache and 1 word for the 

Partial Word Stores 
10 byte write 445222 
11 half write 438867 
12 swr 0 
13 swl 73 
45 2-cycle SB/SH/SWUSWR: 884162 

(4.29%/ 2.73%) 
(0.50%/ 0.32%/ 2.53%) 
(38.61 %/ 24.61 %) (penalty 9) 
(-8.88%/ -5.66%) 
(3.0%/ 1.92%) (penalty 6) 

data cache. If instruction streaming is enabled, the penalty for 
I-cache misses is reduced because of concurrent execution of 
the instructions with the refill of the instruction cache. This 
gain in cycles is given in Line 43. The percentages in 
parentheses on lines 42 to 44 are penalty cycles per instruction 
and per cycle, respectively. 

0.95% 
0.94% 
0.00% 
0.00% 
(1 .89%/ 1.20%) (penalty 1) 

Partial word store instructions take two cycles as the number of 2-cycle stores is the sum of all the partial word 
processor performs a read-modify-write operation, so the stores listed from Line 10 to 13. The percentages in 
penaHy for each store is one cycle. The total penalty cycles parentheses on Line 45 are the penalty cycles per instruction 
due to these instructions is given in Line 45 (884162). The and per cycle, respectively. 

Write Buffer Penalty Cycles 
46 Write buffer full cycles: 6780214 

47 Write wait cycles: 3093879 

Whenever the write buffer is full, the next write causes the 
buffer to be flushed. The processor waits while this flush is 
carried out. For the current user program, the processor 
waited for 6780214 cycles (Line 46) while the main memory is 
being updated with the contents of the write buffer. The 
average wait penalty per write due to a full write buffer is given 
in second setof parentheses on Line 46 (1.3). The write buffer 
continually updates the main memory whenever it has' some 

(14.49%/ 9.24%) 
(average 1.3 per write) 
(6.61 %/ 4.22%) 
(average 1.4 per miss) 

data and the memory bus is free. When there is an I-cache 
miss or a O-cache miss, the memory bus is busy supplying 
instructions and data holding off the write buffer writes. The 
number of cycles the writes are kept waiting due to reads from 
the main memory on cache misses is given on Line 47. The 
average number in parentheses is the write wait cycles per l-
and D-cache misses. &I 
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Subtotal 
48 Subtotal: 26615177 (56.89%1 36.26%) 

The subtotal is the total numberof penalty cycles minus the penalty cycles to the total instructions and the percentage of 
cycles gained due to streaming. The percentage of the total the total penalty cycles to the total cycles is given in ( )s. 

Instructions 
4 46783524 instructions (46.8M) 
49 Instructions: 46783524 (100.00%1 63.74%) 

Line 49 gives the total number of instructions of the current might change if the application program is data dependent or 
application program executed. The number of instructions if a different optimization level is used in compiling the program. 

Total Cycles 
3 73398701 cycles (1.569), 4.4s@ 16.7MHz 
50 Total: 73398701 (156.89%1 100.00%) 

The total number of cycles the processor takes to execute uTLBITLB misses, cache misses, 2-cycle instructions, write 
the current userprogram isthe sum ofthe numberof instructions buffer flushing and write buffer waits, minus the cycles gained 
(1 cycle/instr) and the total number of penalty cycles due to due streaming. 

TLB Refill Cycles 
51 TLB memory cycles: 111030 

For every TLB miss, a TLB refill algorithm gets executed. 
This kernel code is cached and resides in ksegO. The cache 
misses occuring while this algorithm gets executed are taken 

Bus Usage 
52 Memory bus cycles: 33976968 

(0.24%/0.15%) 

into account in I-cache misses and D-cache misses. Line 51 
gives the number of cycles spent for such cache misses. 

(72.63%1 46.29%) 

The caches are loaded with instructions and data from the transfers. The number of cycles the bus is in usage is given 
main memory and updates are made to the main memory by on line 52. 
the write buffer keeping the memory bus busy with these 

Cache2000 Runtime 
53 simulation runtime: 248.4u 23.4s, 5473.6w/5%, 172 KinsVs, 225 KrefS/s 
54 DONE! 

The amount of user time in seconds (248.4), the amount of made per second by the cache2000program in simulating the 
system time in seconds (23.4), the number of instructions memory model are listed on Line 53. These numbers have no 
executed per second and the number of memory references bearing on the performance of the memory model itself. 
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COMPARISON OF MEMORY SUBSYSTEMS tables. In these simulations, it is assumed that the write buffer 
The application program is run through different memory is 1 word deep and the main memory read latency is 5 cycles. 

subsystems and execution times are listed in the following 

I-Cache Size D-Cache Size 1- & D-Cache Refill Instruction Run Time 16.67MHz 
(Kbytes) (Kbytes) (words) Streaming (seconds) 

(1) 8 0 1 OFF 9.6 
(2) 8 0 4 ON 8.3 
(3) 8 0 8 ON 8.1 

(4) 8 8 1 OFF 5.9 
(5) 8 8 4 ON 4.4 
(6) 8 8 8 ON 4.2 

(7) 16 8 1 OFF 5.1 
(8) 16 8 4 ON 4.1 
(9) 16 8 8 ON 4.0 

(10) 16 6 1 OFF 5.1 
(11) 16 16 4 ON 4.1 
(12) 16 16 8 ON 4.0 

(13) 32 16 1 OFF 4.3 
(14) 32 16 4 ON 3.7 
(15) 32 16 8 ON 3.7 

(16) 32 32 1 OFF 4.2 
(17) 32 32 4 ON' 3.7 
(18) 32 32 8 ON 3.6 

(19) 64 32 1 OFF 3.7 
(20) 64 32 4 ON 3.5 
(21) 64 32 8 ON 3.5 

(22) 64 64 1 OFF 3.7 
(23) 64 64 4 ON 3.5 
(24) 64 64 8 ON 3.5 

2854 tbl 01 

Table 1. 

Notice that when streaming is on, doubling the instruction 
cache from 8Kbytes to 16Kbytes gives 6% gain in perform­
ance, 16Kbytes to 32Kbytes gives 9.5% gain and 32Kbytes to 
64Kbytes gives 4.2% gain. When streaming is off, doubling 
the instruction cache gives an average 16% gain in perform­
ance. Also notice that changing the data cache size from 0 to 
8Kbytes gives an average gain of 90%. 

In the following table, the simulations assume a read 
latency of 3 cycles and a 1 word deep write buffer. Instruction 
streaming is turned on. 

I Cache D Cache I &D Cache Run Time 
Size Size Refill 20.00MHz 

(Kbytes) (Kbytes) (words) (seconds) 

(1) 32 8 1 3.4 

(2) 32 8 4 3.0 

(3) 32 32 1 3.3 

(4) 32 32 4 3.0 
2854 tbl 02 

Table 2. 
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Comparing cases 1 and 2, observe that block refill of 4 
words enhanced the performance by 13.3%. Between 3 and 
4, the gain is 10%. With 1 word refill, incrementing the data 
cache to 32Kbytes gives a 3% gain. Between 2 and 4, refill 
size contributes little to the overall performance. 

In the following simulations, refill size of both 1- and D­
caches is 1 word. The read latency is 5 cycles. 

I Cache D Cache Write Buffer Run Time 
Size Size Depth 20.00MHz 

(Kbytes) (Kbytes) (words) (seconds) 

(1) 4 0 1 9.1 

(2) 4 0 4 8.9 
2854 tbl 03 

Table 3. 

Write buffer, for this application program, gives a boost of ,.. 
2.25% to the performance. _ 

11 



R3000 FAMILY SOFTWARE TOOLS FOR PERFORMANCE ANALYSIS 

PIXSTATS OUTPUT 
The following listing is the output of the Pixstats program. 

The information that is not relevant to performance analysis is 
omitted from the output file. The interlock cycles of the integer 
mult/div of the IDT79R3000 and the interlock cycles of the 
IDT79R3010 add/multldiv units are listed in the Pixstats 
output. These interlock cycles should be added to the number 
of cycles given in the cache2000 output to obtain the exact 
number of cycles for program execution, sincecache2000 
only evaluates the memory penalties and does not take into 
account of any interlock penalties. Onthe other hand, Pixstats 
assumes that the application program fits completely in the 
caches. Pixstats is run only once because it is independent of 
the memory subsystem. The number of interlock cycles that 
should be added to the cache2000 cycles is the difference 
between the number of cycles given on the first line and the 
number of instructions on the second line of Pixstats output. 

The Pixstats output file is interspersed with comments for 
explanation. The output file follows. 

pixstats embedded_application: 

49268275 (1.053) cycles (2.95s @ 16.67MHz) - This line 
gives the number cycles the IDT79R3000 and IDT79R3010 
take to execute the application program. The number of 
cycles calculated by Pixstats can differ from the cycles 
calculated by cache2000. In calculating the cycles, Pixstats 
assumes that the application program instructions and data 
completely reside in the caches. In other words, Pixstats 
assumes 100% cache hit rate for both 1- and D-caches, while 
Cache2000 accounts forthe memory overhead. On the other 
hand, pixstats estimates the interlock cycles ofthe IDT79R3000 
and IDT79R3010. The interlock cycles are not taken into 
account by cache2000. The number inthefirst setof ()s is the 
average number of cycles per instruction. The execution time 
is 2.95s at 16.67MHz. 

46783524 (1.000) instructions-This line gives the number 
of instructions executed. Both Pixstats and cache2000 execute 
the same number of instructions. 

9264472 (0.198) loads - This line gives the total number 
of loads tothe IDT79R3000 and IDT79R301 O. This is the sum 
of loads on lines 6 and 14 of cache2000 output. 
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14375801 (0.307) loads+stores - These are the memory 
referencing instructions executed by the IDT79R3000. 

14558230 (0.311) data bus use - The number of cycles 
the data bus is busy is given here. 

6406647 (0.137) branches. 

7024133 (0.150) nops - Thetotal numberof nops executed 
is given. These nops are due to load delay slots and branch 
delay slots. 

1974000 (0.042) multiply/divide interlock cycles (12/35 
cycles) - The IDT79R3000 has a separate integer multiply/ 
divide unit that takes 12 and 35 cycles for integer multiplication 
and division, respectively. Any attempt to read the result of a 
multiply/divide before the operation is complete will cause the 
CPU to interlock until the operation is finished. The number of 
cycles the units Vlere interlocked is given above. 

385600 (0.008) floating point data interlock cycles. 
9562 (0.000) floating point add unit interlock cycles. 
16676 (0.000) floating point multiply unit interlock cycles. 
372 (0.000) floating point divide unit interlock cycles. 
98541 (0.002) other floating pOint interlock cycles - The 

above lines give the interlock cycles of the IDT79R301 0 FPA. 

Data interlocks occur because of data dependencies 
between various floating point operations. This usually happens 
because the source operand (register) of some fp operation is 
the destination registerof some previous fp operation that has 
not completed. The interlock cycles due to data dependencies 
between two successive floating pOint operations are 385600. 

Cycles in which the add/multldiv are interlocked are because 
consecutive fp operations could not be issued. The add, 
multiply and divide units themselves are not pipe lined and, 
therefore, a new operation cannot be started before the 
previous one completes. 

0.337 load nops per load - This number indicates that 67% 
of the load delay slots are filled with useful instructions. 

0.356 stores per memory reference - This number implies 
that 35% of the memory references are store operations and 
the remaining 65% are load operations. Many application 

5111329 (0.109) stores - This line gives the total number programs typically have a 2:1 ratio for reads to writes. 
of stores from the IDT79R3000 and IDT79R301 O. This is the 
sum of stores on lines 8,10,11,12,13, and 16 of Cache2000 
output. 

9.9 

0.474 branch nops per branch - 53% of the branch delay 
slots have been successfully filled with useful instructions by 
the assembler. 
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Opcode Distribution: c.lt 35951 0.08% 
spec 14871837 31.79% xor 29882 0.06% 
Iw 6261479 13.38% srlv 23727 0.05% 
addiu 4970770 10.63% xori 23585 0.05% 
sw 4161532 8.90% div 22679 0.05% 
Inop 3119580 6.67% sllv 22030 0.05% 
bnop 3039486 6.50% fcvtw 19601 0.04% 
addu 2227361 4.76% c.le 19410 0.04% 
andi 1938082 4.14% fsub 17003 0.04% 
beqz 1881668 4.02% addi 14746 0.03% 
bnez 1648279 3.52% bft 14744 0.03% 
sll 1524644 3.26% fdiv 13146 0.03% 
Ibu 1315591 2.81% mthi 12038 0.03% 

1255554 2.68% tneg 9690 0.02% 
lui 1244693 2.66% c.eq 8581 0.02% 
b 1030526 2.20% divu 7802 0.02% 
sra 866987 1.85% fmov 7283 0.02% 
Ihu 822784 1.76% sub 4142 0.01% 
cop1 759725 1.62% srav 2869 0.01% 
jr 728865 1.56% nor 2389 0.01% 
situ 724597 1.55% Ib 964 0.00% 
Ih 607812 1.30% c.olt 877 0.00% 
jnop 603324 1.29% syscall 793 0.00% 
bcond 536865 1.15% tabs 736 0.00% 
bne 519056 1.11% Iwl 178 0.00% 
bgez 492881 1.05% Iwr 164 0.00% 
sb 445222 0.95% swl 73 0.00% 
sh 43886 0.94% add 73 0.00% 
sltiu 409184 0.87% j 36 0.00% 
beq 405527 0.87% 
sri 389980 0.83% The lines above give the opcode distribution of the 
subu 333942 0.71% instructions that are executed. Notice that 759725 COP1 
jal 332866 0.71% instructions have been executed. This number and the 
sit 298293 0.64% percentage are cumulative for all the COP1 instructions. Less 
nop 261743 0.56% than 2% of the instructions executed are, therefore, 
Iwc1 255500 0.55% I DT79R301 0 instructions. 
and 225631 0.48% 
blez 202636 0.43% 24424 static instructions 
bgtz 182090 0.39% 4414 static basic blocks 
tcvtd 175925 0.38% 5.5 static instructions per basic block 
mflo 129374 0.28% Static opcode frequency 
slti 127245 0.27% spec 6646 27.21% 
tcvts 118090 0.25% Iw 3408 13.95% 
multu 105875 0.23% sw 2438 9.98% 
jalr 103051 0.22% addiu 2157 8.83% 
mtf 65771 0.14% addu 1627 6.66% 
swc1 65635 0.14% cop1 1160 4.75% 
or 60680 0.13% Inop 1094 4.48% 
ori 52753 0.11% Ii 1031 4.22% 
bft 50075 0.11% jal 917 3.75% 
tmul 48172 0.10% bnop 889 3.64% 
bltz 43984 0.09% lui 810 3.32% 
cft 40491 0.09% beqz 616 2.52% 
ctf 40046 0.09% Iwc1 526 2.15% 
fadd 38012 0.08% bnez 518 2.12% 
mff 36121 0.08% Ibu 514 2.10% 
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Ih 500 2.05% 
sll 499 2.04% 
jr 474 1.94% 
sh 464 1.90% 
b 455 1.86% 
andi 407 1.67% 
jnop 406 1.66% 
sb 378 1.55% 
sra 324 1.33% 
subu 316 1.29% 
fcvtd 274 1.12% 
swc1 259 1.06% 
bne 256 1.05% 
situ 225 0.92% 
nop 202 0.83% 
fcvts 193 0.79% 
beq 189 0.77% 
Ihu 187 0.77% 
sit 74 0.71% 
fmul 117 0.48% 
mtf 117 0.48% 
bcond 105 0.43% 
ori 105 0.43% 
blez 104 0.43% 
fadd 103 0.42% 
slti 100 0.41% 
sri 88 0.36% 
mflo 80 0.33% 
bgez 78 0.32% 
and 75 0.31% 
sltiu 61 0.25% 
multu 57 0.23% 
bgtz 50 0.20% 
mff 49 0.20% 
bff 44 0.18% 
fdiv 42 0.17% 
cff 37 0.15% 
ctf 34 0.14% 
c.lt 32 0.13% 
fsub 29 0.12% 
bltz 27 0.11% 
jalr 22 0.09% 
xori 20 0.08% 
div 20 0.08% 
xor 19 0.08% 
Ib 17 0.07% 
fcvtw 16 0.07% 
c.le 15 0.06% 
bft 15 0.06% 
addi 14 0.06% 
fneg 13 0.05% 
fmov 12 0.05% 
sllv 9 0.04% 
syscall 9 0.04% 
or 9 0.04% 
c.eq 9 0.04% 
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divu 7 0.03% 
mfhi 6 0.02% 
fabs 6 0.02% 
srlv 5 0.02% 
Iwl 4 0.02% 
Iwr 4 0.02% 
srav 4 0.02% 
sub 3 0.01% 
c.olt 3 0.01% 
j 2 0.01% 
swl 2 0.01% 
add 2 0.01% 
nor 1 0.00% 

The list above gives the number of different kinds of 
instructions the compiler has generated. The total number of 
instructions the compiler generated is 24424 and, in the 
executable, there are 1160 COP1 instructions. The numbers 
given in the list are cumulative of their kind. 

FPA EMULATION OVERHEAD 
The MIPS compilers generate executable code assuming 

the presence of an FPA. When the FPA is not present, or if it 
is not functional, for every FPA instruction, the exception 
handler invokes the floating point instruction emulation 
software. The current state execution information is passed 
onto the emulation software through the Process Control 
Block (pcb). Following the IEEE standards, the emulation 
software decodes the FPA instructions, fetches the operands, 
checks for NaNs, Infinities, Zeros and DEmormalized numbers, 
carries out the FPA operation, normalizes the result and, 
finally, returns the result. 

The amount of time it takes to execute the emulation 
software depends on the instruction being emulated, the value 
of the operands and the amount of the emulation code in the 
cache. The following is a table listing of the emulation times 
of the emulation software of RISC/os 4.0 on M/120 with 
IDT79R3000 @ 16.67MHz for the floating point arithmetic 
instructions. The times are in micro seconds. The numbers 
in ( )s are the number of times the emulation is slower than 
actual execution on the IDT79R3010. 

Instruction Best Case Avg Case Worst Case 
~secs ~secs ~secs 

ADD.S 8.35(70) 18.31 (153) 25.5(213) 

ADD.D 8.35(70) 18.31(153 25.5(213) 

SUB.S 8.35(70) 18.31 (153) 25.5(213) 

SUB.D 8.35(70) 18.31 (153) 25.5(213) 

MUL.S 9.48(40) 23.08(96) 42.91(179) 

MUL.D 9.48(32) 23.08(77) 42.91(143) 

DIV.S 9.48(13) 23.08(32) 42.91(60) 

DIV.D 9.48(9) 23.08(20) 42.91(38) 
2854 tbl 04 

Table 4. 
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The best case occurs when most of the emulation software 
is in the cache and the operands are either zero or infinity. On 
the other hand, the worst case arises when very little of the 
emulation code is in the cache and the operands are 
denormalized. The average times are good indicators of the 
overhead for regular data. To determine the emulation 
overhead for an application program, the output of the Pixstats 
must be used. The static and the dynamic opcode distribution 
for coprocessor 1 listed in the output and the times given 
above help the designer estimate the total emulation overhead. 
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CONCLUSION 
The software tools - cache2000, Pixie and Pixstats -

allow the userto accurately project the performance of different 
IDT79R3000-based systems. The application program needs 
to be compiled only once. cache2000 executable must be 
created for every proposed memory model. All these models 
can be run in parallel as background jobs. Tofindthe interlock 
cycles of the IDT79R3000 and IDT79R301 0, Pixstats should 
be run only once. The cache20000utput clearly points out the 
tunable parameters of the memory subsystem. The Pixstats 
output provides information on integer and floating point 
interlocks and static/dynamic opcode distribution. 
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APPENDIX A 

cache2000(lspp) 
SYSTEM PROGRAMMER'S MANUAL 

Name 
cache2000 - analyze cache misses for an M2000 system 

(IDT79R2900/R2950) 

Synopsis 
Cache2000 [options] 

Description 
cache2000analyzes a memory reference stream produced 

by a program pixified with -idtrace. To use cache2000, first 
use Plxle(1) to translate and instrument the executable object 
module for the program. Use pixie's -idtrace option. Next, 
execute the translation on an appropriate input using 
makeplpe( 1). The pixified program will output the addresses 
and types of memory references to Unix file descriptor 19. 
With makepipe this trace can be fed into the standard input of 
cache2000for simulation. Example: 

make pipe 19 foo.pixie fooarg "<" fooinput '>' foooutput 
T 0\ 

/usr/local/bin/cache2000 --comment ''too fooarg" 
'>' foo.cache2000 

cache2000 differs from cache26(1) in that it models the 
IDT79R2950 memory board, which supports page mode 
writes and 16-word cache refill. The IDT79R2900 also uses 
the IDT79R3000 2-cycle partial word store option to avoid 
cache invalidation. The cache sizes are hardwired in the 
source to 64K bytes. The data cache is write-thru, with 
I DT79R2020 write buffering. cache2000simulatesthe memory 
subsystem. Accurate performance predictions must add the 
stall cycles predicted by pixstats(1). 

--comment string 
Include string in the output. This is useful for 
associating the output with the program and input 
used to generate it. 

-print N 
Set the interval for periodic statistics printout. N is the 
interval in millions of instructions. Default is 20 million 
instructions. 

-flush N 
Set the cache flush interval. N is the interval in 
millions of instructions. Default is 1 million instructions. 

-[no]random_flush 
Flush cache at random intervals (Poisson distribution). 
Default: -norandom_flush. 
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--cycle ns 
Use a ns cycle time when converting cycle counts to 
seconds. Default is 40ns. 

--clock MHz 
Use a 1000/MHz cycle time when converting cycle 
counts to seconds. Default is 25.0MHz. 

-wbsize N 
Simulate a N-deep I DT79R2020 write buffer. Default 
is 4 deep. Maximum is 8 deep. 

-read_latency N 
Instruction and data cache misses take N+ 16 extra 
cycles. Default is 12 cycles. 

-idle_word N 
Set the I DTR2950 memory board idle word write time 
to N cycles. Default is 4 cycles. 

-page_write N 
Set the IDTR2950 non-idle, page mode write time to 
N cycles. Default is 2 cycles. 

-nonpage_write N 
Set the IDTR2950 non-idle, non-page mode write 
time to N cycles. Default is 6 cycles. 

See Also 
pixie(1), pixstats(1), makepipe(1), cache23(1), cache26(1), 
The MIPS System Programmer's Reference. 

These are the cache2000 parameters that can be modified 
to model different memory systems. The values assigned to 
these parameters are just examples. 

/* cahce parameters * / 

/* instruction refill size, in words */ 
#ifndef LrefilUog 
# define LrefilUog 4 
#endif 
#define LrefilLsize (1«LrefiIUog) 
/* instruction cache size, in words */ 
#ifndef Lsize_log 
# define Lsize_log 14 
#endif 
#define LrefilLsize (1 «LrefilUog) 
/* instruction cache size, in words */ 
#ifndef Lsize_log 
# define Lsize_log 14 
#endif 
#define Lsize (1 «Lsize_log) 
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r data refill size, in words */ 
#ifndef d_refilUog 
# define d_refilUog 4 
#endif 
#define d_refilLsize (1 «d_refiIUog) 
r data cache size, in words */ 
#ifndef d_size_log 
# define d_size_log 14 
#endif 
#define d_size (1 «d_size_log) 

r byte gathering * / 
#ifndef byte_gathering 
# define byte_gathering 0 
#endif 
r read conflict checking in write buffer */ 
#ifndef read_conflict_check 
# define read_conflicCcheck 0 
#endif 
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r instruction streaming * / 
#ifndef istreaming 
# define istreaming 1 
#endif 

r memory parameters */ 
private unsigned wbsize = 4; 
private unsigned read_latency = 13; 
private unsigned idle_write_time = 4; 
private unsigned page_write_time = 2; 
private unsigned nonpage_write_time = 6; 
private unsigned byte_extra_write_time = 4; 

private char *comment = NULL; 
private boolean random_flush = false; 
private unsigned prinUnterval = 20000000; 
private unsigned flush_interval = 1000000; 
private double random_flush-parameter; 
private double cycletime = 40e-9; 
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PIXIE(1-SysV) 
RISC/os REFERENCE MANUAL 

Name 
pixie - add profiling code to a program 

Synopsis 
pixie in-prog_name [options] 

Description 
Pixie reads an executable program, partitions it into basic 

blocks, and writes an equivalent program containing additional 
code that counts the execution of each basic block. (A basic 
block is a region of the program that can be entered only at the 
beginning and exited only at the end). Pixie also generates a 
file containing the address of each of the basic blocks. 

When you run the pixie-generated program, it will (provided 
it terminates normally or via a call to exlt(2)) generate a file 
containing the basic block counts. The name of the file is that 
of the original program with any leading directory names 
removed and ".Counts" appended. prof(1) and plxstats(1) 
can analyze these files and produce a listing of profiling data. 

-[no]quiet 
[Permits] or suppresses messages summarizing the 
binary-to-binary translation process. 
Default: -noquiet. 

-[no ]branchcounts 
-branchcounts inserts extra counters to track whether 
each branch instruction is taken or not taken. When 
this option is used, plxstats will automatically print 
more statistics. Default: -nobranchcounts. 

-[no]idtrace 
[Disable] or enable tracing of instruction and data 
memory references. -idtrace is equivalent to using 
both -it race and -dtrace together. Defau It: -noidtrace. 

-[no]itrace 
[Disable] or enable tracing of instruction memory 
references. Default: -noitrace. 
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-[no]dtrace 
[Disable] orenabletracing of data memory references. 
For the moment, -dtrace requires -itrace. Default: 
-nodtrace. 

-idtrace_file number 
Specify a UNIX file descriptor number for the trace 
output file. Default: 19. 

-bbaddrs name 
Specify a name for the file of basic block addresses. 
Default is to remove any leading directory names 
from the in-prog_name and append ".Addrs". 

-bbcounts name 
Specifies the full filename of the basic block counts 
file. Default: objfile.Counts. 

-mips1 
Use the MIPS1 instruction set (IDT79R2000, 
IDT79R3000) for output executable. This is the 
default. 

-mips2 
Use the MIPS2 instruction set (a superset of MIPS1) 
for output executable. 

See Also 
prof( 1), plxstats( 1). 
The MIPS Languages Programmer's Guide. 

Bugs 
The handler function address to the signal system calls is 

not translated. and so programs that receive signals will not 
work pixified. 

Programs that call vforkO will not work pixified because te 
child process will modify the parent state required for pixie 
operation. Use forkO instead. 

Pixified code is substantially larger than the original code. 
Conditional branches that used to fit in the 16-bit branch 
displacement field may no longer fit, generating a pixie error. 
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PIXSTATS{1-SysV) 
RISC/os REFERENCE MANUAL 

Name 
pixstats - analyze program execution 

Synopsis 
pixstats program [options] 

Description 
Plxstats analyzes a program's execution characteristics. 

To use plxstats, first use Plxle(1) to translate and instrument 
the executable object module forthe program. Next, execute 
the translation on an appropriate input. This produces a 
.Count file. Finally, use pixstats to generate a detailed report 
on opcode frequencies, interlocks, a mini-profile, and more. 

-cycle ns 
Assume a ns cycle time when converting cycle counts 
to seconds. 
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-r2010 
Use r2010 floating point chip operation times and 
overlap rules. This is the default. 

-r2360 
Use r2360 floating point board operation times and 
overlap rules. 

-disassemble 
Disassemble and show the analyzed object code. 

See Also 
pixie(1), prof(1), The MIPS Languages Programmer's 

Guide. 

Bugs 
Pixstats models execution assuming a perfect memory 

system. Cache misses etc. will increase above the plxstats 
predictions. 
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G® USING THE IDT73200 MULTILEVEL APPLICATION 

PIPELINE REGISTERS AS READ AND NOTE 

WRITE BUFFERS WITH R3000/1 
AN-GSA 

Integrated Device Technology, Inc:. 

By Danh Le Ngoc, Ignacio Osorio and Avlgdor W1l1enz 

INTRODUCTION 
The objective of this application note is to describe the use 

of the lOT 73200 multilevel pipeline register as the write buffer 
and read bufferforthe R3000/1 RiSe processor.The following 
topics are discussed: 

• Read-Write buffers, explains what read and write buffers 
are, and how they function in a R3000/1 system. 

• Implementing R-W Buffers, describes how to implement 
the IOT73200 as read and write buffers. Buffer depths are 
also discussed in this section. 

• The IDT73200 Multilevel Pipeline Register, presents a 
brief description of general characteristics and configura 
tions of the multilevel pipeline register. 

• A Typical System, provides an example of read-write 
buffers using the IOT73200, within a RiSe system. It also 
presents the control logic and PAL equations to operate the 
I0T73200 as read and write buffers. 

00-15 

16 

SELO-2 "';3~ __ .r...L---'----L-~ __ ~~-.L..-~--~ 

10-3 4 
:00 mo 
~~ 
~:o 
mO :or 

101990 Integrated Device Technology, Inc. 
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Figure 1. Block Diagram of the 10T73200 
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13 12 11 10 MNEMONIC FUNCTION PIPELINE 
LEVEL 

0 0 0 0 LDA 
0 0 a 1 LDB 
0 0 1 0 LDC 
0 0 1 1 LDD 
0 1 0 0 LDE 
0 1 0 1 LDF 
0 1 1 0 LDG 
0 1 1 1 LDH 
1 0 0 0 LSHAH 
1 0 0 1 LSHAD 
1 0 1 0 LSHEH 
1 0 . 1 1 LSHAB 
1 1 0 0 LSHCD 
1 1 0 1 LSHEF 
1 1 1 0 LSHGH 
1 1 1 1 HOLD 

THE lOT 73200 MULTILEVEL PIPELINE 
REGISTER 

DO-15->A 1 
DO-15->B 1 
DO-15->C 1 
DO-15->D 1 
DO-15->E 1 
DO-15->F 1 
DO-15->G 1 
DO-15->H 1 
DO-15->A->B->C->D->E->F->G->H 8 
DO-15->A->B->C->D 4 
DO-15->E->F->G->H 4 
DO-15->A->B 2 
DO-15->C->D 2 
DO-15->E->F 2 
DO-15->G->H 2 
HOLD ALL REGISTERS 

2647 drw 17 02 

Figure 2. Load Control 

The IDT 73200 is a high-speed, low-power Programmable 
Multilevel Pipeline Register. It has a dedicated 16-bit input 
port and a dedicated 16-bit output port. 

processor supports a write-through cache policy, all data 
written into the data cache must also be written into the main 
memory to maintain the cache coherency. Due to the 
data-rate mismatch between the high-speed processor bus 
(33M Hz -> 240M bytes/sec) and slow speed main memory 
(10-15MHz ->10-40 Mbytes/sec), a write buffer and a read­
buffer are required. The write buffer is an elastic buffer which 
is used to capture addresses and data at the cache speed. At 
the other side of the write buffer, data is transfered into the 
main memory at the system memory speed. 

As shown in figure 1, the IDT73200 contains eight 16-bit 
registers which can be configured as one a-level, two 4-level, 
four 2-level, or eight 1-level pipeline registers. Data at the input 
port DO-15 can be written into any of the eight registers under 
control of the load control: 10-3. Figure 2 illustrates the load 
control for the input port . 

An eight-to-one output multiplexer allows data to be read 
on the. V-bus from any of the eight registers using the output­
selection control: SO-2. Figure 3 illustrates the output control. 

READ-WRITE BUFFERS 
As shown in the Figure 4 , a high-speed computer system 

consists of a R3000/1 chip set, high-speed cache, write buffer, 
read buffer, 1/0 devices, and main memory. Since the main 

SEL2 SEL1 SELO 

0 0 0 

0 0 1 
0 1 0 

a 1 1 
1 0 0 

1 0 1 
1 1 0 

1 1 1 

When a load operation causes a cache miss, a main 
memory read is initiated. Two types of main memory read are 
supported on the R3000/1: single word transfer and multiple 
word transfer. In either case, a read-buffer is used to capture 
data from the system memory at memory speed. Then data is 
written into the cache at the cache speed. The depth of the 
write buffer and the read-buffer are dependent on different 
factors such as processor speed, system memory speed, bus 
protocol and the application. 

YOUTPUT 

A REG 
BREG 
CREG 
DREG 
EREG 
FREG 
GREG 
HREG 

2647 drw 18 

Figure 3. Output Selection 

9.10 3 



USING THE IDT73200 OR IDT73210 AS 
READ AND WRITE BUFFERS WITH R3000 

PROCESSOR 

EJ B 
DATA ADDRESS 

APPLICATION NOTE AN-65 

HIGHEST BANDWIDTH 
(NATIVE RATE OF CPU) 

25MHZ ~200 MBYTES/Sec 

33MHZ ~240 MBYTES/Sec 

-------- ...... 

t ~ 

jeACHE , 
25MHZ ~100 MBYTES/Sec.each 

33MHZ ~120 MBYTES/Sec each 

INSTRUCTION 
~ 10- DATA CACHE jf-

CACHE 

- ----------... 
1 , 

WRITE 
!WRITE BUFFER & READ BUFFER --- READ ---BUFFER - -

A ! " HIGH-SPEED SYSTEM BUS ) 1 0-15 MHz-.. 10-40 Mbytes/Sec 

1 1 1 
BiFIFO ~ f DISK 1 

CONTROL 

MAIN MEMORY t t-

I SCSI I 
CONTROL 6 t LOWESTBA NDWIDTH 
SCSI BUS ( SYSTEM MEMORY & VO DEVICES) 
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Figure 4. Simplified Block Diagram of a High-Speed RISC System 

IMPLEMENTING R-W BUFFERS 
As previously described in section 1, the lOT 73200 is like 

a high-speed synchronous memory with a depth that is 
programmable from 1 to 8 deep. Therefore, a write buffer and 
read buffer for the high performance R3000/1 system can be 
easily implemented with the help of the lOT 73200. 

FigureS illustrates a detailed R3000/1 system which consists 
of the R3000/1 chip set, write buffer, read buffer, lOT 49C46S 
Flow-thruEOCTM, system main memory, and several state 
machines to control the main memory interface. In this scheme, 
the data bits together with the parity bits flow from the main 
memory through the EOC device for error detection and 
correction. When an error is detected, the EOC informs the 
read buffer control through an error feedback path. 

In figure S the write buffer consists of two paths: address 
and data. The address path (34-bit) is created with three lOT 
73200s to capture the address, tag, and the access type bits. 
The data path of the write buffer (32-bit), is formed by two 
IOT73200. Data coming from the CPU is buffered into the 
"data path" write buffer prior to being written into the main &I 
memory. • 

The read buffer in figure S consists only of a "data path" 
(36-bits) which includes the required data parity on the 
R3000/1 system. The lOT 49C465 high speed Flow-thruEOC 
can be used to maintain the data integrity of the system main 
memory. Also, parity bits are generated with the help of the 
IOT49C465 Flow-thruEOC. 
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USING THE 10173200 OR 10173210 AS 
READ AND WRITE BUFFERS WITH R3000 

BUFFER DEPTH 
As discussed earlier, the IDT 73200 can be configured for 

different depths: eight 1-level, four 2-level, two 4-level or one 
8-level deep registers. This feature makes the 73200 particu­
larly flexible in Read/Write buffer applications. 

The depth of the write buffer is programmable using the 
load-control and the output selection. A single IDT 73200 can 
be programmed to a buffer depth of 1 to 8. A deeper write 
buffer can be implemented by cascading several devices in 
depth as shown in the figure 6. The right depth depends on the 
application program and/or hardware requirements. 

CP 

ern 
10-S 

SELO-2 

.. .. 

Vs~ 
at; 

• 
01S-0 

lOT 73200 
AS 

WRITE 
BUFFER 

Y1S-0 

• 
01S-0 

lOT 73200 
AS 

WRITE 
BUFFER 

Y1S-0 , 

00-31 
32 , 

• 
~ 

01S-0 

~ 
~ 

lOT 73200 
AS 

WRITE 
BUFFER 

f---
~ 

Y1S-0 

• 
~ 01S-0 

~ 

~ lOT 73200 
AS 

WRITE 
BUFFER 

~ 
~ 

Y1S-0 , , 
t Y31-0 
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Figure 6. 16-0eep and 32-Wlde Write Buffer Using 10173200s 

With the help of the write buffer, the CPU can write to the 
memory without regard to the memory speed. However, if 
consecutive (or back to back) write operations take place, the 
write buffer would eventually become full and cause the CPU 
to stall. Naturally, this could present a problem in high perform­
ance systems. A logical solution to CPU stalls is to increase 
the depth of the write buffer. 

APPUCATION NOTE AN-65 

Typical write buffer depths are two and four levels. How­
ever, high end applications with intensive memory access 
may require deeper write buffers, i.e., eight or sixteen levels 
as shown in figure 6. 

Read buffer depth design issues are somewhat different 
from those of the write buffers. For example, when an I-cache 
miss occurs we are faced with the question of "how many 
blocks to refill in the I-cache? " To answer this question, we 
should recall that the miss rate is determined by the cache size 
and the block size. Therefore, the block size determines the 
size of the read buffer. Thus to bring 16 words from memory 
into the I-cache would require a 16 level deep read buffer. 

Fetching small blocks of instructions using a shallow read 
buffer implies constantly fetching instructions and therefore 
stalling the CPU for several cycles. Depending on the applica­
tion, this could impose significant penalty on system perform­
ance. Due to program locality (sequentiality of instructions), 
we would benefit most by fetching a large block. Deep read 
buffers for I-cache are therefore an appealing solution. Typi­
cal read buffer depths are 4levels; high end applications could 
consider from 8 to 16 levels read buffers. 

D-cache fetching, on the other hand, is random in nature 
and typical schemes prefer a 1-level deep read buffer. 

The flexibility of the 73200 allows instantaneous 
re-configuration when fetching for the I-cache and then forthe 
D-cache. For example, we could have an R3000/1 initialized 
for 16 words I-cache fetching and 1 word D-cache fetching and 
still use the same read buffer. This can be accomplished 
through a read buffer controller capable of configuring the 
73200 to different depths. 

Lets now discuss two popular read buffer configurations. 

a) 1-level deep Read Buffer & 
b) 8-level deep Read Buffer 

1-LEVEL DEEP READ BUFFER 
One-level deep read buffers can be used in high 

performance systems where the data transfer between the 
main memory and the CPU is efficiently handled. This can be 
accomplished through a sophisticated memory scheme, like 
interleaving, and supported by a fast DRAM architecture. 
Such a scheme minimizes the transfer rate mismatch 
between the CPU and the main memory. One-level deep read 
buffers can also be applied in low performance systems where 
the penalty in fetching one word at a time is not significant. 

8-LEVEL DEEP READ BUFFER 
This configuration can be used in a general purpose 

system. An 8-level deep write buffer offers the benefit of II' 
effective data rate capture from the R3000/1 to the main • 
memory. The 8-level Read Buffer is convenient for slow main 
memory systems. 
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FIgure 7. R3000/1 System with the Read-Write Buffers 

A TYPICAL SYSTEM 
Figure 7 shows the interconnections among the R3000/1 , 

Instruction and Data Cache, ReadlWrite Buffers, control state 
machine, and the system memory. The read and write buffers 
are built from multilevel pipeline registers denoted by the lOT 
73200. The control state machine represents the logic needed 
to drive the read and write buffers. 

WRITE BUFFER INTERFACE 
A write buffer, as discussed earlier, transfers data from 

cache to main memory and provides address bits to select 
memory locations. This is illustrated in Figure 8: one write 
buffer is dedicated to pass address bits and the othertransfers 
data to the main memory. Therefore, the write buffer labeled 
"address" is activated in both memory reading and memory 
writing operations. 

As seen in Figure 8, the address path carries address, 
tag and Acc type bits. Notice that the write buffer labeled 
"Address", is formed by two lOT 73200. The first 73200 
captures Address low 0-13 and AccTyp 0,1. The second 
73200 captures Adr High 14-29 and Tag 0,1. 

The Data path, as shown in figure 8, carries data and parity 
bits. The data write buffer uses two lOT 73200. They latch 32 
data bits from the cache and transfer them to a memory 
location selected by a memory controller. Notice that parity 
bits can be generated using the IOT49C465 when data is 
flowing from the write buffer to the system memory. 

A situation of interest in deep write buffers is the following: 
The CPU requests reading data from a memory location that 
is about to be updated by the write buffer. The potential 
problem is clear: reading data that hasn't been updated yet. 
To avoid this problem, write buffer systems use conflict 
checking schemes. 

A common "conflict checking scheme" is implemented by 
comparing addresses of memory locations to be read and 
written by the readlwrite buffers. When an address match is 
found, a match signal is send to the CPU. This solution may 
involve using more hardware to implement such scheme. 
Another approach is '1Iushing". To simplify the design, the 
write buffer is '1Iushed", i.e., all pending writings are placed in 
the main memory before any read buffer operation takes 
place. Such is the case in figure 8 where no additional 
hardware was needed. 

Figure 8 shows the associated control circuitry to drive the 
write buffer. Notice that write buffer "data" and AdrHi (14-31) 
are clocked at the SYSOUT signal, whereas AccTyp (0:1) and 
adr-Lo(0:13) are clocked at SYSOUT. 

WRITE BUFFER CONTROLLER 
The write buffer controller is internally driven by two count­

ers: The I-counter selects the load operation for the input to 
the 73200. The SEL-counter selects the register to be read in 
the 73200 output. The write buffer controller also takes care of 
the '1lushing" scheme. 
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Figure 8. Write Buffer Interface 

The PAL equations for the write buffer controller are: 

MODULE WB_CONT; 

TITLE WB_CONT; 
TYPE MMI 16R4; 
Inputs; 

Outputs; 

IC3 
SELC3 
WBEMPTY 
WRACQ 
MEMRD 
WBFULL 
MEMWR 
RESET 

LRD 
LWR 

LAD 
LWR 
X 
WBCEN 
ICE 
SELCE 

Node[pin2]; 
Node[pin3]; 
Node[pin4]; 
Node[pin4]; 
Node[pinS]; 
Node[pin6]; 
Node[pin7]; 
Node[pin9]; 

Node[pin1S]; 
Node[pin14]; 

Node[pin1S]; 
Node[pin14]; 
Node[pin 19]; 

Node[pin12]; 
Node[pin13]; 
Node[pin18]; 

Table; 

END; 

XNOT= 
LWRNOT:= 

LRD NOT:= 

ICE3 XOR SELC3; 
LRDANDWBEMPTYAND~ 
AND RESETaR LRD AND! MEMWR 
AND WRACQ AND! WB EM PTY AND 
RESET; 

(lWB EM PTY AND !MEMRD AND 
[WR AND RESEn OR (!LRD AND 
!MEMRD AND RESEl); 

WBCEN NOT = WBFULL; 

ICE NOT = (!MEMWRAND 'WBFOIT) 
OR(!MEMRD AND !WBEMPTY); 

SELCE NOT - (!LWR AND IWRACQ) OR 
(!LRD AND MEMRD); 

END WB_CONT. 
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The PAL equations for the I-counter are: 

MODULE I-COUNTER; 
TITLE LCOUNTER; 
TYPE MMI 16R4; 

Inputs; 

Outputs; 

Table; 

End; 

X 
IC 
iCE 
R3KRST 
IC3 
IC2 
IC1 
ICO 

IC3 
IC2 
IC1 
ICO 
WBFOIT 
WBEMPTY 

ICO NOT:= 

Node[pin2]; 
Node[pin3]; 
Node[pin4]; 
Node[pin5]; 
Node[pin17]; 
Node[pin16]; 
Node[pin1S]; 
Node[pin14]; 

Node[pin 17]; 
Node[pin16]; 
Node[pin1S]; 
Node[pin14]; 
Node[pin 19]; 
Node[pin12]; 

( ICO AND !ICE ) OR (!ICO 
AND ICE) OR !R3KRST; 

IC1 NOT:= (!ICO AND !IC1 AND IIC1AND 
!ICE) OR (ICO AND IC1 AND 
liCE) OR (IIC1 AND ICE) OR 
!R3KRST; 

IC2 NOT:= (!ICO AND IIC1 ABD !IC2 
ABO !ICE) OR (ICO AND IC1 
AND IC2 AND liCE) OR 
(IICO AND IC1 AND !IC2 AND 
liCE) OR (ICO AND !IC1 
AND IIC2 AND !ICE) OR 
(IIC2 AND ICE) OR 
!R3KRST; 

IC3 NOT := (IIC2 AND IIC3 AND liCE) 
OR (!lC1 AND IC2 AND !IC3 
AND liCE) OR (!ICO AND 
IC1 AND IC2 AND IIC3 AND 
liCE) OR (ICO AND IC1 AND 
IC2 AND IC3 AND liCE) OR 
(!lC3 AND ICE) OR 
!R3KRST; 

WBFULL NOT = !IC AND IX; 
WEMPTY NOT = !IC AND X; 

End LCounter; 

The PAL equations for the SEL-counter are: 

MODULE SEL_COUNTER; 
TITLE SEL_COUNTER; 
TYPEMMI 16R4; 
Inputs; 

SELCE 
ICO 
IC1 
IC2 
R3KRST 

Node[pin2]; 
Node[pin3]; 
Node[pin4]; 
Node[pinS]; 
Node[pinS]; 

SELC3 
SELC2 
SELC1 
SELCO 

SO 
S1 
S2 

Outputs; 

Table; 

so 
S1 
SELC3 
SELC2 
SELC1 
CO 
S2 
C 

SELCO NOT:. 

SELC1 NOT:= 

SELC2 NOT:= 

SELC3 NOT:= 

SO NOT = 
S1 NOT", 
S2 NOT= 

C NOT = SO AND S1 AND S2; 
End; 
End SEL_Counter; 

9.10 
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Node[pin17]; 
Node[pin 1S]; 
Node[pin1S]; 
Node[pin14]; 

Node[pin 18]; 
Node[pin13]; 
Node[pin19]; 

Node[pin18]; 
Node[pin13]; 
Node[pin 17]; 
Node[pin 1S]; 
Node[pin1S]; 
Node[pin14]; 
Node[pin19]; 
Node[pin 12]; 

(SELCO AND ISELCE) OR 
(!SELCO AND SELCE) OR 
!R3KRST; 

(!SELCO AND !SELC1 AND 
!SELCE) OR (SELCO AND 
SELC1AND!SELCE)OR 
!R3KRST; 

(!SELCO AND !SELC1 AND 
!SELC2 AND !SELCE) OR 
(SELCO AND SELC1 AND 
SELC2 AND !SELCE) OR 
(!SELCO AND SELC1 AND 
!SELC2 AND !SELCE) OR 
(SELCO AND !SELC1 AND 
!SELC2 AND !SELCE) OR 
(!SELC2 AND SELCE) OR 
!R3KRST; 

(!SELC2 AND !SELC3 AND 
!SELCE) OR (!SELC1 AND 
SELC2 AND !SELC3 AND 
!SELCE) OR (!SELCO AND 
SELC1 AND SELC2 AND 
!SELC3 AND !SELCE) OR 
(SELCO AND SELC1 AND 
SELC2 AND SELC3 AND 
!SELCE) OR (!SELC3 AND 
SELCE) OR !R3KRST; 

(ICO XOR SELCO); 
(IC1 XOR SELC1); 
(IC2 XOR SELC2); 
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Figure 9. Read Buffer Interface 

READ BUFFER INTERFACE 
When reading from the main memory to the cache, the 

R3000/1 sends a memory read signal to the control state 
machine, represented in Figure 9 as the Read Buffer Control 
Logic. Once the signal has been acknowledged, the R3000/1 
places the address, tag, and data size in the write buffers. 
Internally, the 73200 registers capture this information at 
R3000/1 clock rate with load and output configurations deter­
mined by the read buffer controller. Once the address is 
available in the address bus, the controller will then drive 
memory signals to initiate the memory transfer at memory 
clock rate into the read buffer. 

READ BUFFER CONTROLLER 
The read buffer controller monitors the flow of data within 

the Read Buffer by programming the 73200 internal registers 
to the appropriate load mode and memory clock frequency. 
Finally, the controller selects the output registers at such 
speed to match the R3000/1 frequency. 

The PAL equations for the read buffer controller are: 

MODULE W/RB_CONT; 
TITLE WIRB_CONT; 
TYPE MM116R8; 
Inputs; 

WRACQ 
MEMRD 
MEMWR 
RESET 
LRD 
LWR 
WB CLK_DIS 
CMEMRD 
CCMEMRD 
WRBUSY 

Node[pin5]; 
Node[pin6]; 
Node[pin8]; 
Node[pin9]; 
Node[pin15]; 
Node[pin14]; 
Node[pin19]; 
Node[pin 13]; 
Node[pin 18]; 
Node[pin 161; 

Outputs; 

Table; 

End; 

LRD 
LWR 
WB_CLK_DIS 
WB DATA_OE 
CMEMRD 
CCMEMRD 
WRBUSY 

LWRNOT:= 

LRD NOT:= 

WRBUSY NOT := 

WBCEN NOT:= 

CMEMRD NOT := 

CCMEMRD NOT:= 

End W/RB_CONT; 

Node[pin 15]; 
Node[pin14]; 
Node[pin19]; 
Node[pin12]; 
Node[pin13]; 
Node[pin18]; 
Node[pin16]; 

LRD AND !MEMWRAND 
RESET OR !LWR AND 
WRACQ; 
LWRAND !MEMRD; 

!MEMWROR 
!WRBUSY AND WRACQ 
OR !MEMRD; 

!MEMWR OR !WB_CLK_DIS 
AND WRAC5 OR !MEMRD 
ANDCCMEMRD; 

LRD AND !MEMWR OR 
{need to be inverted} 
!LWR AND WRACQ; 

!MEMRD; 

CMEMRD; 

CONCLUSION 
As the speed of the processor increases, write- and read II 

buffers must also become faster and deeper. The high-speed 
multi-level pipeline register IDT 73200 meets that challenge 
by providing a fast and flexible data path to suit various high-
speed RISC and CISC processors. 

9.10 10 
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READ AND WRITE NOTE 
AN-6S8 

BUFFERS WITH R3DDD 
Integrated Device Technology, Inc. 

By V. S. Ramaprasad 

INTRODUCTION 
In this application note, the design of one deep read and 

one deep write buffer to be used in an R3DDD system is 
described with boolean equations and timing diagrams. The 
boolean equations are for the control signals of the read and 
write buffers and the main memory interface. This control 
logic can be implemented with any PLD. The syntax chosen 
to describe these equations is simple and it is not associated 
with any PLD programming software. The timing diagrams 
explain the various states during the operation of one deep 
read and write buffers. Also described in this application note 
are the other possible configurations of implementing read 
and write buffers with IDT7321 Os. These components can be 
used as two deep read and one deep write, and one deep read 
and two deep write buffers. Beforethe application is presented, 
the features of 7321 D are 'described and a summary of the 
memory interface signals of R3DDD is given. 

R3DDD based systems require readlwrite buffers between 
the CPU and the main memory due to memory bandwidth 
mismatch. The main memory system supplies the instructions/ 
data through a read buffer. The CPU makes the data updates 
to the main memory through a write buffer. The speed 
differences between the CPU, the caches and the main 
memory that typically exist in many systems demand the use 
of at least one level deep read and write buffers. The use of 
these buffers isolates the caches from the rest of the memory 
system. They also limit the physical length of the address and 
data lines and serve as drivers to the rest of the system. 

The gain in performance by increasing the depth of the read 
and the write buffers is completely dependent on the application 
program being executed. By modeling memory subsystems 
with different depths of read/write buffers (using the System 
Programmer's Package tools forthe R3DDD) and running the 
application program on the model, the designer can make the 
trade-off between the cost and the depth of the buffers. For 
high performance systems with sophisticated main memory 
schemes like interleaving, and for systems with fast DRAM 
architectures like Page Mode, or Static Column Mode, a one 
deep read buffer might satisfy the transfer rate of the processor. 

For low performance systems, where the penalty of fetching 
one word at a time is not significant, and for applications with 
infrequent successive writes, a one deep write buffer might 
also deliver optimal performance. 

In systems where one-level deep read and write buffers 
proved to be sufficient, a bidirectional register can be utilized 
to serve as both read and write buffers. The 8-bit bidirectional 
register,IDT7321 D, with parity checking and parity generation 
is an ideal candidate for this purpose. This bidirectional 
register also allows the designerto build a two-level deep read 
buffer and one level deep write buffer, or one-level read buffer 
and two-level write buffer configurations. Using IDT7321D 
reduces the parts that are needed for parity generation. Also, 
by clocking in the lower address bits and the higher address 
bits with separate clocks, the designer can eliminate latching 
the address low bits. 

IDT73210 FEATURES 
Figure 1 shows the features of IDT7321 D with all the control 

signals and data paths. It is a bidirectional buffer with separate 
output enables and clock enables. Data is registered with the 
same clock in both directioris. There is a single data path from 
port A to port B. The 8-bit data and the parity bit are clocked 
through register X. The POLARITY signal is used to select 
even or odd parity generation. Even parity checking is done 
on the data, and a parity error is indicated by PERRA. The 8-
bit data and the parity bit are enabled through a tri-stateable 
buffer to port B. ' 

There are two data paths from port B to portA. A multiplexer 
controlled by SEL selects a path. Even parity checking is done 
in both the paths and parity error is indicated by PERRB. The 
first path is through latch Wand register Z. In this path bit W8 
is complemented by POLARITY to yield either even or odd 
parity.The second path is through registers Y & Z and even 
parity is generated on the data. The two registers in the 
second data path provide the user with two- level deep 
buffering. The 9-bit output is enabled through a tri-stateable 
buffer to port A. 

e1990 In1egrated Device Technology. Inc. 9.10 6/90 
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Figure 2. Memory Interface Signals 

IDT79R3000 MEMORY INTERFACE 
The R3000 has interfaces to the main memory through the 

asynchronous memory bus. The output signals indicate the 
n~ture of operation that the R3000 is performing.· The input 
signals are used to indicate the termination of a stall block 
refills, and to cause exception processing. ' 

The figure above shows the signals used to interface to 
main memory. The address bus is split into AdrHi and AdrLo. 
The AdrHi bus is also used as the Tag bus for cache reads and 
therefore is shown as bidirectional. 

MemRd: This signal indicates the entry into the stall on 
a read operation. It is an active-low output signal. This 
output signal of the R3000 is used by the state machines 
to enter a read state and signal the memory system that 
the R3000 accepts data from the supplied 32-bit address. 
For one word refill, MemRd is deasserted by the R3000 
one cycle afterthe RdBusy signal is deasserted indicating 
that the required data is ready. The deassertion of 
MemRd signals the end of a read stall. MemRd stays 
asserted during the entire stall cycles. 

RdBusy: This input signal to the R3000 is used to enter 
and terminate read stall cycles. The deassertion of 
RdBusy terminates stall cycles and the R3000 enters a 
fixup one cycle later during single word loads or it enters 
refill cycles in case of multiple word loads. RdBusy 
assertion and deassertion is sampled by the R3000 in 
phase 1 of the clock cycle. 

XEn: This active-low, output signal is used to enable the 
output of the read buffer in refill and fixup cycles. 

MemWr: This output signal is asserted low for store 
operations. Unlike MemRd, this signal is active for only 
one cycle as are the associated data and addresses. 
MemWr is used to enter a write state. 

9.10 

WrBusy: In order to create a write stall, this input signal 
to the R3000 has to be asserted low during the cycle in 
which MemWr is asserted. The deassertion of WrBusy 
terminates a write stall and the R3000 enters the fixup 
cycle. In the fixup cycle, the last write operation during 
which WrBusy was asserted is repeated. WrBusy is 
usually tied to the Signal that indicates the write buffer is 
full. WrBusy assertion is sampled by the processor in 
phase 2 and the deassertion is sampled in phase 1 of the 
clock cycle. 

SysOut: This is the clock output of the 79R3000 and is 
the clock frequency at which the R3000 is rated. 

CpCondO: The condition of this input Signal to the 
R3000 in stall cycles determines if the processor will do 
a single word read or a multiple word read. 

BusErr: This input signal is provided as a mechanism 
to create an exception in the R3000 and as an aid to 
escape from interminable stall cycles. 

AccTypO: This output signal has three functions. During 
cached reads it indicates whether there was a data 
cache miss or an instruction cache miss. This information 
is useful if the block refill size is different for data and 
instructions. During uncached reads it is used with 
AccTyp1 to indicate the size of the data being read. 
During writes it is used along with the AccTyp1 to 
indicate the size of the data being written. 

AccTyp1: This output signal is undefined for cached 
reads. For uncached read operations and for store 
operations, AccTyp1 along with AccTypO, indicates the 
size of data transfer. 

AccTyp2: AccTyp2 is undefined for store operations 
with stall cycles. For load ope ratio ns, it is high for cached 
operations and low for uncached operations. During run 
cycles, this line indicates whether there is any data 
transfer during the second phase. 
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USING THE IDTI3200 OR IDTI3210 AS 
READ AND WRITE BUFFERS WITH R3000 

USING 1017321 Os 
Figure 3 shows the application of the 7321 Os as one-deep 

read and one-deep write buffer. Four 73210s are used to 
transfer the 32-bit data and the associated four parity bits. On 
the address bus, four 73210s are used to pass the 32-bit 
physical address and the access type bits(0:1) to the main 
memory. Port B of the 7321 Os are connected to the processor 
side, and Port A of the 7321 Os are connected to the memory 
side. 

The read and the write data paths are explained in Figures 
4 and 5. In this design, one single set of four IDT7321 Os serve 
the function of read and write buffers. Also, a set of four 
I DT7321 Os are used to capture the addresses during read and 

IDT79R3000 

Data 

WrBusy 

MemWr AddrLo 

RdBusy 

MemRd Tag 

~ SysOut 

r-- XEn AccTyp I--
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write operations. The timing diagrams point out the control 
signals that resolve any conflicts in the use of these buffers. 

The control logic, described in the following sections can 
be implemented with any PLD that matches the proc~ssor 
speed. To interface with the main memory, signals are 
defin~d to make a request to the main memory (MREQ), to 
specify a read or a write operation to the main memory (MRD, 
MWR), and a signal from the main memory to indicate the 
completion of read or write operation (CYCEND). 

The memory interface signals from the R3000 are used by 
the PAL state machine inorder to generate controls to the 
buffers and the main memory. The RdBusy, WrBusy, MREQ, 
MRD, MWR, and the clock and data output enables for the 
7321 Os are generated by the state machine. 
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Figure 3. Using IDTI3210 as Read and Write Buffer 
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USING THE IDT73200 OR IDT73210 AS 
READ AND WRITE BUFFERS WITH R3000 

Read Operations 
The data path for the read operations is through register X. 

The address and the access type bits go through the latch W 
and the register Z. The lower address bits are clocked in with 
SysOut. The tag bits, along with the access type bits, are 
registered with inverted SysOut (SysClk). The latch W is 

APPUCATION NOTE AN-65 

always transparent to bypass the address bits and access 
type bits. The POLARITY Signal is held low to pass the access 
type bits as par~y bits through the two 73210 on the tag bus. 
The low POLARITY signal to the four 7321 Os on the data bus 
generates even parity on the data passing through register X. 

AccTyp 0,1 Tag 16:31 AdrLo 0:15 Data + Parity 

SysOut -----+---+------, 

SysClk 

GND 

Vcc 

CP PortB 

I 
POLARITY 

AEN 

SEL 

BOE! Port A 

Vee 

Address 

CP Port B 

POLARITY 

AEN 

SEL 

BOE! Port A 

Vec 

CP Port B 

POLARITY 

SEL 

PortA 

Data 

Figure 4. Read Data Path. One Deep Read, One Deep Write Buffers Using IDT7321 0 
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USING THE 10173200 OR 10173210 AS 
READ AND WRITE BUFFERS WITH R3000 

Write Operations 
The data path for write operations is through latch Wand 

register Z. Data is clocked in the 7321 as on the data bus with 
SysClk along with the tag bits. The lower address bits are 
clocked in with SysOut. Once the address and data are 

APPUCATION NOTE AN-65 

available in the Z registers, the PAL state machine generates 
the output enable signals and presents the address and the 
data to the memory. The even parity that is generated by the 
CPU passes through the parity unit without getting modified. 

AccTyp 0,1 Tag 16:31 AdrLo 0:15 Data + Parity 

SysOut -----+---+-----, 

SysClk PortS 

I 
CP CP PortS CP PortS 

GND POLARITY POLARITY 

Vee 

AEN 

SEL 

Vee 

AEN 

SEL 

POLARITY 

Vee 

SEL 

SOE PortA SOE PortA 

Address Data + Parity 
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Figure 5. Write Data Path. One Deep Read, One Deep Write Buffers Using 10173210 

CONTROL LOGIC 
The control logic for the signals that control the address 

7321 as, the data 7321 as, and handshake signals to the main 
memory system is described with simple boolean equations. 
The 73210s are used to capture the data and addresses 
during read and write operations and to provide the system 
with one-level deep read and write data paths. Byte enable 
signals for partial word writes can be generated by extending 
these equations. In this design, block refills are supported and 
instruction streaming is assumed to be enabled. 

The control signals that are utilized by the PAL state 
machine to control the read/write buffers, and communicate 

with the main memory controller are WIP, WrBusy, RdBusy, 
MRD, MWR, MREQandCYCEND. The clock inputtothe PAL 
is inverted SysOut. In the following boolean equations the 
following notation is adopted: 

OR 
AND 

Logical NOT operation. 
Indicates the corresponding signal is active low. 
Logical OR operation. 
Logical AND operation. 
To end a boolean equation. 
Registered output. 
Combinatorial output. 
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Main Memory Controls 

{ RdBusy usually stays asserted even when there is no read 
{ operation going on. It is deasserted when the memory system 
{ acknowledges ( asserting CycEnd) that the read is finished. It 
{ remains de asserted till MemRd gets deasserted. 
{ It is assumed here that the memory system asserts CYCEND in 
{ phase 1. RdBusy gets de asserted in phase 2, and the CPU puts 
{ out XEn(s) from the next clock cycle. 
{ RdBusy is not deasserted with CYCEND associated with a prior 
{ write operation. 
{ RdBusy is a registered output. 

RdBusy:= !( !WIP AND MemRd AND CYCEND) OR 
!( !RdBusy AND MemRd); 

{A single pulse request is sent out to the main memory system to 
{ indicate that a read or write operation is coming along. It is 
{ asserted only when a read or write operation is feasible through 
{the one deep read and write buffers. 
{ This is a registered output. 

MREQ:= (!WIP AND !MemRd AND MemWr AND !MREQ) OR 
( !WIP AND MemRd AND !MREQ); 

{A read strobe is given out to the main memory system to 
{ indicate a read operation. This signal is asserted while there is 
{ no write in progress and MemRd is asserted. 
{ To support block refills MRD stays asserted with MemRd. 
{ This is a registered output. 

MRD:= (!MRD AND !WIP AND MemRd) OR 
( MRD AND MemRd); 

The control signal CYCEN 0 is asserted by the main memory controller 
to indicate the finish of a write operation or the availability of the first word 
of the block refill in the read buffer. 

It is assumed that CYCEND is asserted in phase 1, so that RdBusy can 
also be deasserted in phase 1. 

{WIP signal is used to indicate whether the write buffer is in 
{the process of retiring its contents to the main memory. 
{ WIPis asserted when MemWr is asserted and deasserted when 
{ an acknowledge (CYCEND) from the main memory system comes 
{ back indicating that the write is carried out. 
{WIP is a registered output 

WIP:= (!WIP AND !MemRd AND MemWr) OR 
(WIP AND !CYCEND); 

{ Write busy (WrBusy) is asserted when there is a write in 
{ progress or when read operation is going on. During read 
{ operations with streaming enabled, WrBusy should be 

9.10 
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{ asserted to stop any writes because there is a common data 
{ buffer for both read and writes. 

WrBusy = WIP OR MemRd; 

{ A write strobe is given out to the main memory system to 
{ indicate a write operation is in progress. 

MWR=WIP; 

Higher Address Buffer Controls 

{ Controls for 73210s that pass higher address bits (Tag 16:31) 
{ and access type bits (AccTyp 0,1). 
{ The path through latch W & register Z is selected by the internal 
{ Mux. 

SEL = 1; 

{ Register Z is enabled for read and write operations when there 
{ is no contention between read and writes.Latch W is transparent. 
{ A read operation in progress is indicated by MemRd signal. 
{ For write operations ABEN is enabled for one clock cycle. 

DMemWr:= MemWr; 
ABEN = (MemRd AND !WIP AND !MemWr) OR 

(MemWr AND !WIP AND !MeiTIRd) OR 
(ABEN AND MemWr AND !DMemWr); 

{ Allows the Access Type bits to pass through "Compliment 
{ Even/Odd Parity" unit as parity bits without getting modified. 

POLARITY = 0; 

{ The higher address bits along with the access type bits are 
{ clocked into the register Z with inverted SysOut. 

CP = ! SysOut; 

{ The higher address bits along with the access type bits are put 
{ out to port A when there is a write in progress or while MemRd 
{ is asserted. 

AAOE = WIP OR MemRd; 

{ AEN always disabled for the address 73210. 

{ BOE always disabled for the address 73210. 

Lower Address Buffer Controls 

{ Controls for 7321 Os that pass lower address bits (AddrLo 0:15) 

9.10 
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{ The path through latch W & register Z is selected by the internal 
{ Mux. 

SEL = 1; 

{ Register Z is enabled for read and write operations when there 
{ is no contention between read and writes.Latch W is transparent. 
{ A read operation in progress is indicated by MemRd signal. 
{ For write operations ABEN,is enabled for one clock cycle. 

DMemWr:= MemWr; 
ABEN = (MemRd AND !WIP AND !MemWr) OR 

( MemWr AND !WIP AND !MemRd) OR 
( ABEN AND MemWr AND IDMemWr); 

{ POLARITY is Don't Care. 

POLARITY = 0; 

{ The lower address bits are clocked into the register Z with 
{ SysOut signal, because they are available in the first phase. 

CP = SysOut; 

{ The lower address bits are put out to port A when there is a 
{ write in progress or while MemRd is asserted. 

AAOE = WIP OR MemRd; 

{AEN always disabled for the address 73210. 

AEN = 1; 

{ BOE always disabled for the address 73210. 

BOE = 1; 

Data Buffer Controls 

{ Controls for 7321 Os that transfer data bits for reads & writes. 
{ The path through latch W & register Z is selected by the internal 
{ Mux to provide one-deep write buffer. 

SEL= 1; 

{ Register Z is enabled for write operations when there is no 
{ read operation in progress. A read operation in progress is 
{ indicated by MemRd signal. Latch W is transparent. 

DMemWr:= MemWr; 
DB EN = (MemWr AND !WIP AND !MemRd) OR 

( DBEN AND MemWr AND !DMemWr); 

( Even polarity generated by the CPU is passed through by setting 
( POLARITY to ZERO. 

9.10 
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POLARITY = 0; 

APPLICATION NOTE AN-65 

{ The data bits along with the parity bits are clocked into the 
{ register Z with inverted SysOut. 

CP = ! SysOut; 

{ The data bits are put out to port A when there is a write in 
{ progress. 

DAOE = WIP; 

{ DAEN is enabled during read operations. 

DAEN = MemRd AND !WIP; 

DBOE is enabled by XEn to read the data from the read buffer. 

TIMING DIAGRAMS 
Figures 6 through 11 give the timing waveforms for the one­

deep read and one-deep write buffer described in Figure 3. 
The signals shown in these figures are described by the 
boolean equations presented earlier. In these timing diagrams, 
the signals that are generated by the PAL state machine are 
shown with a displacement in relation to their input signals. 
Also, some of the signals generated by the PAL state machine 
are registered with SysClk. The main memory interface 
signals generated by the PAL are MREO, MRD, CYCEND, 
and MWR. The enable signals to the address 73210s are 
ABEN, and MOE. The enable signals to the data 7321 Os are 
DBEN, DAOE, DAEN, and DBOE. The memory acknowledge 
signal, CYCEND is asserted two cycles after MR EO is asserted, 
for both read and write operations. 

Figure 6 shows read and write operations. The memory 
read operation starts with the MemRd signal being asserted. 
A MREO pulse is sent out to the memory, and MRD signal is 
asserted forthe duration that the MemRd signal stays asserted. 
The memory system responds to the request by placing the 
data in the read buffer and asserting CYCEND. This deasserts 
the RdBusy signal. RdBusy is sampled in phase 1 by the 
processor, and it generates XEn in the next clock cycle. Since 
the one-deep read and write buffers are implemented using 
the same buffers, during a memory read operation the WrBusy 
signal is asserted to halt any write operations. The address 
enables are asserted through out the read operation to capture 
the addresses. For read operations, DAEN is asserted with 
MemRd signal to capture the data coming from the memory. 
The port B output enable for the data buffers is controlled by 
XEn for reading in the data. The read latency is five clock 
cycles including the fixup cycle. 

For write operations in Figure 6 , the WrBusy signal is 
asserted as long as the write operation is in progress. This is 
indicated by WIP. It should be noticed that the RdBusy signal 
is asserted during write operations to block any read operations. 
The address enables are asserted during the write run cycle, 

and the address output enable is asserted throughout the 
write operation. The data buffer enables are asserted in the 
same way. It should be noted that WIP is a clocked output. 
The write operation takes three cycles. 

Figure 7 shows a four word data block refill. The RdBusy 
signal, once deasserted, remains deasserted until MemRd is 
deasserted. 

Figure 8 shows four word instruction block refill with 
streaming enabled. The instruction cache miss occured on 
the instruction 11. The refill starts with the baSic block 
boundary instruction 10. The processor enters fixup as the 
missed instruction is fetched. The processor streams through 
the rest of the block. 

Figure 9 shows a memory read requested by the processor 
before a previous write is retired to the main memory. The 
state machine puts out a request for the read operation only 
after the completion of the write operation, indicated by the 
first assertion of CYCEND. The enable ABEN is not enabled 
for the read until( the previous write is completed. 

Figure 10 shows two write operations in two consecutive 
clock cycles. Since the write buffer is one word deep, the 
second write is not absorbed by the write buffer, and the 
processor stalls until( the first write is retired to the main 
memory. In the following fixup cycle, the second write is 
completed to the write buffer. The memory request M REO for 
the second write is only generated in the fixup cycle. The data 
and the address of the second write are not captured by the 
buffers while the first write is in progress. In should be noted 
that deassertion of WrBusy is sampled by the processor in 

phase 1. rI 
Figure 11 shows a write operation occuring in the middle of • 

streaming. Streaming starts with instruction 11. The next 
instruction 12 issues a write. Since the write busy signal is I 

already asserted, instruction streaming is aborted. The 
instruction 12 is executed in the following fixup cycle. WIP is 
asserted only in the fixup cycle. The data and the address of 
the write instruction 12 are not captured during streaming. 
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TWO DEEP READ AND ONE DEEP WRITE This configuration of the data path uses the registers Y and Z 
1017321 Os can also be used in two-deep read and one for read operations as two-level deep buffers. For write 

. deepwrneconfiguration. Forcapturingthe addressesandthe operations, the data is wrtten to the register X, thus providing 
access type bits, four 10173210s are used with B ports a one-deep write buffer. The read and write data paths are 
connected to the processor. For transfering data, four shown in Figures 12 and 13. It should be noticed that even 
ID173210s are used with A ports connected to the processor. parity is generated on the data in both the directions. 

AccTyp 0,1 Tag 16:31 AdrLo 0:15 Data + Parity 

PortS Port S PortA 

Address Data 

2647drw 12 

Figure 12. Read Data Path - Two Deep Read, One Deep Write Buffers Using 10173210 
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AccTyp 0,1 Tag 16:31 AdrLo 0:15 Data + Parity 

Port B Port B PortA 

PortA 

Address Data + Parity 
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Figure 13. Write Data Path - Two Deep Read, One Deep Write Buffera Ualng IDT73210 
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AccTyp 0,1 Tag 16:31 AdrLo 0:15 Data + Parity 

PortB Port B Port B 

PortA PortA 

Address Data 
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Figure 14. Read Data Path - One Deep Read, Two Deep Write Buffer. Using 10173210 

ONE DEEP READ AND TWO DEEP WRITE 
To use IOT7321 Os in a one deep read and two deep write 

configuration, four IOT7321Os are connected to the address 
bus with B ports on the processor side. Four I 0T7321 as are 
connected to the data bus with B ports on the processor side 
to transmit data. The data path for the read operations is 
shown in Figure 14. The address and the access type bits can 
be passed through the latch Wand the register Z. Oata is read 
back from the memory through the register X after even parity 
is generated. 

Figure 15 shows the write data path. To utilize the 7321 as 
as two deep write buffer, the addresses and the data are 

passed through registers Y and Z. These two registers 
provide the two-level deep buffering for the addresses and the 
data. If any write operations, such as writing to the registers 
of I/O devices, require only one-deep write buffer, then the 
path through the latch Wand the register Z is useful for both 
data and the addresses. It should be noticed that to transfer 
access type bits in two-deep write configuration, separate 
two-level deep buffering is required. Increasing the depth of 
the write buffer to two may improve the performance 
Significantly if the application executes the second store 
before the first store is absorbed by the main memory. 
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Tag 16:31 AdrLo 0:15 Data + Parity 

Port B Port B Port B 

Address Data + Parity 

2647drw 15 

Figure 15. Write Data Path. One Deep Read, Two Deep Write Buffers Using IDT73210 

CONCLUSIONS 
IDT73210 is an ideal part for one/two-deep readlwrite 

buffers for R3000 applications. It is bidirectional, and speed 
compatible with the existing RiSe processors. It generates 
and checks even parity and hence reduces the parts count in 

the memory interface for R3000 based systems. Using 
IDT73210sonthe address bus, separate latchesforcapturing 
the address low bits can be eliminated. IDT73210 also 
provides the designer two different data paths from port B to 
port A to be selected dynamically depending on the operation. 
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(;)® DESIGNING EMBEDDED CONTROL APPLICATION 

APPLICATIONS WITH THE NOTE 

IDT79R3001 RISControlier™ AN-66 
IntePAted Device Technology, Inc. 

By Michael J. Miller 

INTRODUCTION 
The 1DT79R3000 RISC Microprocessor is increasingly 

selected for demanding embedded tasks in applications 
ranging from avionics controllers (CAP-32) to laser printer 
engines and PBX systems where performance is critical. This 
wide range of use is possible because of the inherently flexible 
yet powerful nature of the R3000 which allows the system 
designer maximum flexibility to achieve both cost and 
performance goals. The IDT79R3001 RISController is the 
first derivative of the R3000 family and builds upon this 
flexibilny by allowing the designer to create systems with 
fewer cache parts or even systems without cache at all! While 
some processors incorporate an on-chip cache, it is typically 
smaller than desired for large applications. The R3001 allows 
the designer to decide whether to have a cache and also the 
cache size. Since the R3001 includes the cache control, there 
is no overhead beyond the actual memory components. 

Basic system designs vary according to specific needs of 
the application. To be an ideal embedded control CPU, a 
processor must provide solutions that meet different sets of 
criteria. These criteria, however, vary in importance depending 
upon the particular application. In general, the criteria will fall 
into one of two broad categories: system performance or 
system cost. Performance can be measured in terms of raw 
throughput, context switch time and minimum and maximum 
latency to interrupts. System cost consists of component cost 
and parts count, which are not always the same. For avionics, 
system board space is paramount, not individual component 
cost. The IDT79R3001 RISController was defined to meet 
these requirements for embedded systems, as well as maintain 
software and architectural compatibility with the R3000. 
Compatibility allows all of the R3000 development tools to be 

RISControlier is a trademark of Integrated DevIce Technology. Inc. 
C EXECUTiVE Is a registered trademark of JM I Software Consultants. Inc. 

used with the R3001. While the changes to the R3000 may 
seem deceptively simple, they result in significant benefits to 
the R3000 family. The 79R3001 dramatically reduces cache 
memory costs and lowers the interface parts counts, as well 
as provides support for single-hierarchy memory systems to 
increase performance. 

TWO SYSTEM APPROACHES 
The RISController offers the designer two basic system 

philosophies. The first is to treat a relatively small amount of 
local synchronous memory built with SRAM as a cache to 
allow the R3001 to manage the movement of data between 
the cache and main memory. In this configuration, the local 
memory provides each word of instruction or data with a valid 
bit and an address tag of its page in main memory. If the 
fetched data is not valid or is from the wrong place, the 
processor refetches the data from main memory in an 
asynchronous handshake. The designer programs the TAG 
address width to exactly match the system requirements. For 
example, a cacheable main memory of 8Mbytes and a cache 
of 16Kbytes requires a 9-bit tag and, thus, the total required 
width is 42 bits for data, tag and valid bit. With the large index 
address in the local cache, the designer can choose to lock 
into the cache portions of the program . 

The other approach is to incorporate a large amount of local 
memory and manage the loading of data and instructions 
through program control. With this approach, the width of the 
local memory is 32 or 36 bits, depending on whether or not 
parity is selected for protection. The R3001 accomplishes 
both approaches with direct control of the local memory 
through dedicated pins and, thus, avoids extra components 
and maximizes performance of the local memory. 

el990 Integrated Device Technology. Inc. 9.11 5190 
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Figure 1. Block Diagram of Two Approaches 

MAKING A SELECTION 
To select the optimal configuration, the designer must 

determine the computational requirements of the application. 
For example, many applications have a "drop dead" 
performance requirement; a processor unable to achieve this 
minimum performance standard is not a viable candidate for 
the application. Performance can be measured as the time to 
execute a task, respond to an interrupt or perform a complete 
context switch. The performance of the R3000 is demonstrated 
to be 21 VUPS in a 25MHz M/2000 system or 13 VUPs in a 
16MHz M/120 system. Using the JMI C EXECUTIVE® as 
kernel on an M/120 provides context switches in 10jls and 
system calls in only 8jls. 

Predictable interrupt response times can be achieved by 
locking the kernel into cache. With the R3001, this is 
accomplished by using a high address line (such as AddrL023) 
as one of the address lines for the instruction cache. In this 
way the instruction cache is divided into two halves, each half 
containing words from a specific region in memory. In this 
example, if all of the kernel code is placed in memory above 
8M and the application code is below 8M, the kernel will not be 
pushedoutofthecache by the application code. Furthermore, 

9.11 

if a kernel such as the "e EXECUTIVE" is used, the kernel will 
never leave the cache because it consists of only 8Kbytes 
which fit entirely into the 16Mb cache that is divided into two 
parts. 

Another key aspect of an embedded control application is 
the parts count and the board area of the design. With this in 
mind, IDT and other SRAM suppliers currently provide wider 
memories as well as integrated logic functions on-chip. For 
example, the IDT71586 is a 4K x 16 SRAM with an integrated 
address latch that can be used to build a processor cache (for 
either the R3000 or 80386) with a low-parts count. Another 
new standard architecture is emerging with IDT's new 71222, 
which includes two interleaved banks of 4K x 18 SRAM in one 
device. With this approach, a desig ner can bu ild a syste m that 
includes both instruction and data caches with minimal parts 
count. Like most other processors, the R3001 needs address 
and data buffers. If operated without cache it will provide 
performance similar to a 68020. By adding a 16Kbyte cache 
using only three parts (IDT71586), however, the performance 
more than doubles, making a 12.5MHz system achieve 4 
VUPs running large embedded applications such as Page ,. 
Description Inlerpreters. &. 
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Figure 2. Locking Code In the Instruction cache 

NO CACHES 
A "cacheless" scheme can be used in various embedded 

applicationswhere deterministic behavior must be guaranteed, 
the application has stringent board space constraints and 
where the amount of code to be executed is limited although 
high-performance is demanded. Examples of such applications 
include communication controllers, avionics, robotics and 
switching controllers. 

These systems typically feature compact instruction and 
data spaces because the nature of theirtask is highly repetitive. 
This allows the system designer to compact the memory 
hierarchy and eliminate the need to "cache" large main memory 
in his system. Instead, the R3001 is used in a non-hierarchical 
(without cache) based system, where aN of the needed code 

9.11 

and data fit in a tightly coupled synchronous memory. Such 
a system achieves the highest performance possible while 
minimizing the part count. Since all memory accesses are 
synchronous (with no cache or TLB misses), the system 
achieves the true (theoretical) performance of the RiSe 
engine. At 25MHz operation, the system will achieve 23 VUPs 
with complete predictability for interrupts. 

The example shown in Figure 3 is a system which 
incorporates 128Kb each of instruction and data synchronous 
memory, a one deep read/write buffer interface to slower 
peripheral devices, 64Kb of EPROM for instructions and 
initialization data (configured in the asynchronous space) and 
a DUART. The instruction and data memory can also be 
expanded by using 64K x 4 or 128K x 8 memories to make 
systems with 256K and 512K bytes, respectively. 
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Figure 3. Low Parts Count System Using the IDT79R3001 

Slower devices, such as the boot EPROM and the I/O 
devices, reside in the "asynchronous" address space of the 
system. The R3001 divides its 4GB virtual address space into 
4 sections: 
1. The kerneVusersegmentwhich is both cached and mapped 

by the TLB. 
2. Kernel segment 0 which is not mapped but is cacheable. 

This is where the system's synchronous memory exists. 
3. Kernel segment 1 which is neither mapped norcacheable. 

The processor reset vector as well as the peripheral 
device are located in this space. 

4. The kernel segment 2which, like the kernel/user segment, 
is both cacheable and mapped by the TLB. 

The asynchronous bus is used when accesses to kseg1 are 
issued by software, as well as when the system is initializing 
itself. 

The asynchronous bus supports 1/0 and memory devices 
with varying access speeds. In this example, the asynchronous 

9.11 

address space is 256Kb and the asynchronous data bus is 8 
bits wide. The design includes 128Kb EPROM ( two 64K x 8 
device) and one DUART. The EPROM holds the boot code, 
initialization data and application code. It would be reasonably 
simple to scale this design to include other I/O devices as well. 

CONCLUSION 
One of the strengths of the R3000 is its ability to support 

different memory hierachies and cache configurations. lOT 
made modifications to the R3000 to create the IDT79R3001 
RISControlier. It retains the flexibility of the original R3000 
while meeting controller design requirements such as reduced 
parts count, small board real estate and predictable interrupt 
response. While future versions of the family will provide 
higher levels of integration such as on-board cache, there will 
always be a version which allows the designer to tailor the 
memory hierarchy. 
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G® USING IDT715D2 RAMs IN A APPLICATION 

REAL-TIME DEBUGGING TOOL NOTE 

FOR A R3DDD MICROPROCESSOR AN-67 

Integrated Device Technology, In~. BASED SYSTEM 

by Bhanu V. R. Nandurl 

INTRODUCTION 
The proliferation of high-speed RISC and CISC 

microprocessors has created a demand for real-time debugging 
tools. This application note shows how a real-time logic 
tracing tool can be created using IDT71502 multifunction 
RAMs. The IDT71502 can be used as a stand-alone logic 
analyzer or as part of an embedded fault monitor and analysis 
system. Details of how to apply this system to an R3000 RISC 
microprocessor-based system are given. The discussion in 
this paper is also equally valid for use in high-speed CISC 
processor-based designs. 

The IDT71502 can be used to function either as a logic 
tracing device or as a test pattern generator. As a logic tracing 
device the IDT71502 can record bus activity continuously and 
then be stopped on a predetermined event such as a bus 
error. This allows the activity leading up to the "event" to be 
recorded for analysis. Since the trace function is 
accommodated in a single device. embedded tracing is more 
likely to be practical. 

DESCRIPTION OF IDT71502 
MULTIFUNCTION RAM 

IDT71502 is a 4K x 16 multifunction RAM with an address 
set-up time of 25ns. It has a breakpoint comparator,16-bit 

RS-232 
INTERFACE 

pipeline register and an address counter. In addition, there is 
a 16-bit set-up register used to set the chip operating mode 
and to read back chip operating status conditions. It includes 
a serial control interface called the serial protocol channel 
(SPCTM) which is available in a variety of other products from 
I DT as well. The SPC logic. as implemented in the IDT71502. 
has one a-bit command shift register. a command decode 
register and a 16-bit data shift register. The serial data shift 
register can be configured to operate in a diagnostic mode. In 
the diagnostic mode of operation. the shift register can read all 
status conditions on the chip such as the RAM output. pipeline 
register output. data output pin state and RAM load/read 
counter value. 

The serial protocol channel consists of a four-pin interface 
bus through which the user can access the internal registers 
of the IDT71502. The four pins are: 

(a) Serial data input pin (SDI) for sending data and 
commands to the device. 

(b) Serial data output pin (SDO) for extracting data from 
the device. 

(c) Serial clock pin (SCLK) forclockingdata and commands. 
(d) Command/Data mode pin (C/O) to provide command 

or data identification to the device. 

TIMING CHAIN 

SCLK 

C/O 

MAXIM 
RS-232 

WESTERN 
DIGITAL 
TR1863 
UART 

SDI 

SDO 

IDT71502 
4Kx 16 

RAM 

Figure 1. 

SPC is a trademark 01 Integrated Device Technology. Inc. 
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This four-bit bus can be very conveniently connected to an SET-UP/STATUS REGISTER CODE 
RS-232C line for direct serial communication with a computer 
and Figure 1 illustrates one scheme to achieve this. The user 
is urged to refer to the "IDT71502 FUNCTIONALITY 
DEMONSTRATION BOARD USER MANUAL" for more 
information on interfacing the I DT71502 to the RS-232C serial 
communication line. The SPC's eight bit command is divided 
into a four-bit command field and a four-bit register field. The 
four-bit command field is used to determine whether a read or 
a write operation will be executed. The four-bit register field 
of the command register is used to select the various internal 
registers and the external pins on which the read or write will 
ta!(e place. Thus, the four-bit command field and the four-bit 
register field can effectively access any internal register for a 
read or a write operation and monitor the state of the external 
pins. 

Table 1 summarizes the SPC commands, and Register 
codes and the set-up register format. When the command! 
data line is high, commands are serially clocked through the 
SCLK into the internal command register via the serial data 
input pin (SOl). When the command/data line is low, data is 
serially clocked by the SCLK into the internal data register via 
the serial data input pin (SOl). The SPC commands are 
executed whenever the CiOline transitions from a command 
mode (logic 1) to a data mode (logic 0). This device, when 
configured to operate in the trace mode, serves as a real-time 
debugging tool analogous to a logic analyzer. 

Bit 

15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

Name 
CE 

SOEFF 

SOE Pin 

OEPin 

WE Pin 

INITPin 

BP Compare 

BPPin 

CS1 

csa 
Non-Reg High 

Non-Reg Low 

-
BC-ADDRS 

BC Pipelined 

Trace Mode 

SPC COMMAND CODES SPC REGISTER CODES 
Command Code ReadlWrlte Register Code ReadlWrlte 

(Hexadecimal) Function Operation (Hexadecimal) Function 

0 Read Read Register 0 ReadlWrite 

1 Write Write Register 1 ReadlWrite 

2 Read RAM Read RAM and 2 ReadlWrite 

Increment Counter 3 ReadlWrite 

3 Write RAM Write RAM and 4 ReadlWrite 
Increment Counter 

5 ReadlWrite 
4-C Reserved (Reserved NO-OP) 

6 Read Only 
0 Write Stub Diagnostic 

7 Read Only 
E Write Serial Diagnostic 

8-F Reserved 
F Reserved (Reserved NO-OP) 

2676 Ibl 02 

Table 1. 
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Operation Performed. 

Read Only 

Read Only 

Read Only 

Read Only 

Read Only 

Read Only 

Read Only 

Read Only 

ReadlWrite 

ReadlWrite 

ReadlWrite 

-
ReadlWrite 

ReadlWrite 

ReadlWrite 
26761b10l 
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RAM Counter 

RAM OutpuVlnput 

Pipeline Register 

Break Mask Register 

Break Data Register 

Setup and Status Register 

11015 - 1/00 (Data Pins) 

RAM Address Pins 

Reserved (Unused) 
26761b103 
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USING IDT71502 RAMs IN A REAL·TlME DEBUGGING 
TOOL FOR A R3000 MICROPROCESSOR BASED SYSTEM 

AN R300D-BASED SYSTEM 
A block diagram of a R3000-based system's CPU and its 

memory interface is shown in Figure 2. It consists of the CPU 
and FPU, data and instruction caches and the read and write 
buffers connected to the CPU and the system bus. This is a 
typical configuration found in embedded or general purpose­
type systems which use the R3000. To reduce the burden of 

APPLICATION NOTE AN-67 

the systemdesignerwho is interested in using the I DT79R3000, 
the CPU and FPU, as well as the instruction and data caches 
with the read and write buffers, are now available in a compact 
module (IDT7RS101) which can be connected to the user's 
system bus. This approach to system design vastly reduces 
the design cycle time by shifting the design emphasis to main 
memory and I/O interfaces. 

IDT79R3000 
RISC Processor 

CPU Data 
Bus IDT79R3010 

Floating Point 
Unit 

CPU Address 
Bus 

j To Main Memory 
and I/O Interface 

2676 drw 02 

Figure 2. A Generic R3DOO Microprocessor Based System 

memory and must provide an address decoded input to the 
IDT71502 tracing the control bus. This input will be used to 
determine whether an instruction or data related transaction 
occurred during that clock period. 

Another approach is to tie the address valid bit on the TAG 
bus to ground via a 300 Ohm resistor. This is necessary to 
prevent a direct short from occurring when the CPU is driving 
the TAG bus. Tying the address valid bit on the TAG bus to , 
ground will result in invalidating the cache TAGs and cache 9 ' 
misses will occur, resulting in the processor accessing main 
memory to get that information. Whenever the main memory 
is accessed to get information after a cache miss, the processor , 
puts out information on the Access Type pins, indicating the 
size of the word to be transferred and that it was a cached 
reference. AccTyp(2) pin output indicates a cached reference 

When debugging a system board based on the IDT7RS1 01 
orits equivalent, the majority of debugging is done by monitoring 
the cache to main memory interface on the main memory side 
of this interface. An embedded trace function may operate in 
the same way. This keeps the capacitance of the trace RAM 
pins out of the speed critical cache buses. If desired, the 
R3000 can be operated in the uncached mode. This forces all 
accesses to main memory and allows every memory access 
of the processor to be monitored from the cache to main 
memory interface. The userwishing to operate in the uncached 
mode can do so by setting bit 11 of the TLB entry register to 
1, indicating uncached mode, oroperate the software in virtual 
address space kseg1. Kseg1 is kemal-mode virtual addressing 
space which is uncached and is 512 Mbytes long starting at 
virtual address OxaOOO_OOOO. With this approach, the user 
must define instruction space and data space in the main when 1 and an uncached reference when O.AccTyp(O) 
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indicates a Data reference when 0 and an instruction reference 
when 1. ,The AccTyp signals are latched using our control 
trace RAM and will determine whether an instruction or data 
transaction occurred during that clock period. 

A user wishing to implement his own cache can use the 
IDT71502 inthe trace mode to monitor the cache. However, 

To Main Memory 
and VO Devices .-
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1WE 
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it should be pointed out that the timing for this part of his 
system is more stringent. The user may have to register trace 
data before clocking it into the IDT71502s to meet the 
IDT71502s set-up and hold time restrictions. 

~ 

~ 

I < 
V031 -ooo • Ir 

spe 1 
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BAcct(O) 

WrAck 
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2676 drw 03 

Figure 3. Block Diagram to Trace Instructions, Oata, Instruction AOddresses and Data Addresses 
on the System Bus of an R300o-based System 

DESCRIPTION OF THE MONITOR CIRCUIT 
Figure 3 shows the block diagram of an implementation of 

the. monitor circuit. It is placed on the system bus between 
main memory and the write buffer of the R3000. The R3000 
uses the write. through cache update policy to ensure data 
coherency. The function of the write buffer is to capture data 
and addresses output by the CPU and ensure that data is 
passed on to main memory. The read buffer is used for 
temporary storage of data during data transfers between main 
memory and the CPU. Depending on the block refill size, the 
read buffer can be 1,4,8, 160r32wordsdeep. The block refill 
size of the system is fixed during the system reset operation. 
The

o
R3000's CpCondO input can be set to a 0 to indicate a 

single word transfer or can be set to a 1 to indicate a block 

transfer by the external memory controller. The PAL state 
machine is used to generate the appropriate IDT71502 strobes 
to capture instructions, data, instruction addresses and data 
addresses. 

The I DT71502s labeled "1 " in Figure 3 is used for capturing 
data and instruction addresses; IDT71502s labeled "2" is used 
for capturing data and instructions. The IDT71502labeled "3" 
is used to trace the control bus signals. In this application note, 
we assume a single word deep read buffer. If a system is 
designed for all possible types of data transfers (i.e bytes, half 
words, tribytes, words and block refills), ourPALequationswili 
also have to change to generate the strobes necessary to 
trace these data transfers. 
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Figure 4. Main Memory Read Cycle (Single Word Read) 
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Figure 5. Main Memory Write Cycle (Single Word Write) 

TIMING ANALYSIS 
Figure 4 is the timing waveform for a single word read and 

Figure 5 is the timing waveform for a single word write. Since 
the system bus timing parameters are dependent on an 
external memory controller, Table 2 summarizes the important 
handshaking signals needed to satisfy the protocol necessary 
to trace system bus signals. 

AddrOutEn is an input to the read buffer from the main 
memory controller. When asserted, this input will enable the 
address that is registered in the read buffer to the system bus. 
McRd is a read strobe that is generated by the main memory 
controller in response to a MemRd pulse from the R3000. 
RBDEn is a main memory controller input to the read buffer 

9.12 

that registers the data available on the system data bus into 
the read buffer. 

WrAck is an input to the write buffer from the main memory 
controller. It indicates that it has written the word presented to 
it to main memory. RdAck is also a main memory controller 
output that is used to generate the RdBusy signal to the 
R3000. TWE is an input to the IDT71502s that latches data 
addresses, instruction addresses, data, and instructions; it is 
also an output from our PAL state machine. TCLK is the clock 
input to the IDT71502s tracing data addresses, instruction 
addresses, data, and instructions. The signals TWE and 
TCLK are also used as inputs to the IDT71502s in order to 
trace the control bus signals. 
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Signal 
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Function 

BMemRd The buffered memory read signal from the R3000 

BMemWr The buffered memory write signal from the R3000 

AddrOutEn Read buffer address output enable signal from the memory controller 

McRd Main memory read strobe from the memory controller 

RBDEn Read buffer data enable strobe from memory controller 

WrAck Write acknowledge to write buffer from memory controller 

RdAck Read acknowledge to read buffer from memory controller 

TWE Write enable input to IDT71502 from PAL state machine 

TCLK Clock input to IDT71502 from PAL state machine 
267611>104 

Table 2. 

TIMING SPECIFICATIONS FOR THE 
IDT71502s 

tTWDS is the IDT71502 specification defined as "Trace 
Write Data Set-up Time". The user must satisfy the following 
condition: 

tTWDS ~ 8ns 

tTWDH is the IDT71502 specification defined as "Trace 
Write Data Hold Time". The user must satisfy the following 
condition: 

tTWDH ~ 2ns 

tTWS is the IDT71502 specification defined as "Trace Write 
Enable Set-up Time." The user must satisfy the following 
condition: 

tTWS ~ 8ns 

tTWH is the IDT71502 specification defined as "Trace Write 
Enable Hold Time." The user must satisfy the following 
condition: 

tTWH ~ 2ns 

CONCLUSION 
The IDT71502 is a multifunction RAM that is fast enough to 

be used to trace the operation on most high-speed 
microprocessors including the IDT79R3000 RISC 
microprocessor. The 25ns speed grade can be used to trace 
full speed the operation of this processor up to 25M Hz. The 
discussion in this paper focused on providing the pertinent 
information needed to construct a monitor circuit based on 
IDT71502 multifunction RAMs to trace the system bus of an 
R3000-based system. This discussion is also valid for users 
interested in using the IDT71502 RAMs in a trace mode to 
monitor system buses based on other high-speed processors. 

Microprocessor based systems are usually provided with 
software routines that are used as diagnostic tools to test 
system primary and secondary memory for failures. These 
programs also test 1/0 devices before the user receives a 
prompt, telling him the system as a whole is ready for service. 
This procedure is usually carried out after system reset, but 
occasionally during normal operation the system "crashes" in 
the middle of some critical task and the user has no clue as to 
what happened priorto the "crash". The IDT71502 multifunction 
RAMs, when operated in trace mode and mounted permanently 
on critical system paths, can serve as "black boxes"to givethe 
user this very important information. This information can 
then be very conveniently retrieved via the four bit serial 
protocol channel connected to the RS-232 connector and the 
reason for the crash can be determined. 

The I DT71502 is a mu Itifunction RAM that has the capability 
to serve as a valuable logic monitoring tool. It contains the 
Serial Protocol Channel and a breakpoint comparator, has a 
4K x 16 memory space and is available with an access speed 
of 25ns. Thus, it is well-suited for use as a single chip logic _ 
analyzer in high-speed, high-density environs. _ 
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MODULE WITH THE IDT79R3000 NOTE 

RISC PROCESSOR IN SINGLE OR AN-76 

Integrated Device Technology,lnc. MULTIPROCESSOR SYSTEMS 

by Kelly Mass 

The I DT7MB6049 is a complete cache module for the 
I DT79R3000 RISC processor and is designed for both single­
and multi-processor systems. It has two banks of SRAMs, 
each configured as 16K x 60, and each with address latches. 
One bank is used to cache instructions, the other to cache 
data. They share a data bus, allowing one bank to be 
accessed at a time. 

Use in multi-processor systems, is facilitated by a second 
address bus and an additional set of latches forthat bus. This 
bus is used in multi-processor applications to latch an address 
from a source other than the R3000. This allows the system 
to invalidate entries in the data cache in conjunction with the 
R3000. This is done in order to maintain cache coherency. 
The setof address latches forthe instruction cache is included 
in the module for symmetry, although normally no invalidations 
are done to the instruction cache. I nstruction cache invalidation 
would require cache swapping, but only data cache invalidation 
is described below. 

When the system wants to invalidate an entry in the data 
cache, it forces the R3000 into an MP Stall by asserting 
CpCond(3). During the one clock cycle that it takes for the 
processor to enter the MP Stall, it is the responsibility of the 
system to disable the output of the latch which supplies the 
processor's address to the data cache, and enable the output 
of the latch which supplies the invalidate address. The module 
pins P10E(1) and P20E(1) are used for this purpose. It is 
important that they should never be activated simultaneously 
since the outputs of the latches are tied together. The same 
applies to P10E(2) and P20E(2) for the instruction cache. 
Both address latches for the data cache are normally clocked 
by the same DClk signal from the R3000 through the P1 LE(1) 
and P2LE(1) pins of the 7MB6049. 

Once the processor is in MP Stall, it strobes DRd while 
CpCond(2) is unasserted, allowing the system to read the 
contents of the cache. The actual invalidation of the data 
cache entries begins when the system asserts CpCond(2) 
and provides the appropriate invalidate address. CpCond(2) 
causes the R3000 to output an invalid bit and strobe DWr. 
Multiple invalidations are performed by keeping CpCond(2) 
and (3) asserted, and changing the invalidate address. Note 
that the invalidate address timing must be consistent with the 
processor timing. One suggestion is that the invalidate 
address input of the module be driven by a register that is 
clocked by SysOut. 

The IDT7MB6049 has two chip select (CS) signals. Both 
ofthese should be grounded ifthe cache is not depth expanded. 

e1990 Integrated Device T echnoiogy. Inc. 
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The four output enable (OE) and four write enable (WE) 
signals are split evenly between the data and instruction 
cache: (1-2) control the data cache, and (3-4) control the 
instruction cache. 

OE(1-2) ofthe 7MB6049 connectto the DRd1 and DRd20n 
the R3000. DRd1 and DRd2 are identical, and the load should 
be distributed evenly between them. Likewise, OE(3-4) 
connect to IRd1 and IRd2, WE(1-2) connect to DWr1 and 
DWr2, and WE(3-4) connect to DWr1 and DWr2. 

The convention of the pin naming of the 7M B6049 is that P 1 
refers to the address from the R3000, and that P2 refers to the 
(invalidate) address from the system. Likewise, (1) refers to 
the data cache and (2) refers to the instruction cache. As 
shown in Figure 2, P1 LE(1) and P2LE(1) are typically connected 
together to DClk since they latch addresses into the two data 
cache latches. P1 LE(2) and P2LE(2) likewise are connected 
together to IClk. P2LE(2) is not used if instruction cache 
invalidation is not performe~ 

Similarly, P1 OE(1) and P10E(2) are typically connected 
together so that the outputs of the two R3000 address latches 
are enabled and disabled together, while P20E(1) and P20E(2) 
can together control the output of the invalidate address 
latches. P20E(2) may be pulled continuously high if the 
instruction invalidate address latch is unused. 

The 60 data I/O pins of the module are labeled D(O) to 
D(59). Although the ordering of the data and address pins of 
a RAM is normally arbitrary and can be ignored, that is not the 
case with the 7MB6049. Because of steps taken to reduce the 
chip count and power consumption of the module, Tag(12)­
Tag(15) of the R3000 must connect to D(36)-D(39) on the 
7MB6049, and AdrLo(12)-AdrLo(15) of the R3000 must 
connect to P1A(10)-P1A(13) on the 7MB6049. The order in 
which the other I/O pins are connected is not critical. Table 1 
shows recommended I/O pin connections between the R3000 
and 7MB6049. 

R3000 Signals ID17MB6049 Signals 

Data Data{O) - Data(31) D{O) - D(31) 

Data Parity DataP{O) - DataP(3) D(32) - D(35) 

Tag Tag(12) - Tag(31) D(36) - D(55) 

Tag Parity TAgP{O) - TagP(2) D(56) - D(58) 

Tag Valid TagV D(59) 

2730tb101 

Table 1. Connection of Data and Tag Buses 
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Figure 1. Block Diagram of the IDT7MB6049 
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t;)® IDT79R3001 SPECIFICATIONS & APPLICATION 

CACHE RAM TIMINGS NOTE 

Integrated Device Technology, Inc:. 

1.0 GENERAL DESCRIPTION 

The IDT79R3001 is a RISC microprocessor which is used 
in a variety of applications ranging from low-end embedded 
controllers to high-end workstations. Currently, the R3001 
operates at a frequency of up to 33 MHz. This specification 
does not explain the functionality of the R3001 nor its architec­
ture but is limited to describing the key timing parameters. For 
a more detailed description of the functionality and architec­
tural description of the R3001 , please refer to the references 
listed at the end of this document 

This document starts with a brief description of the R3001 , 
the three-phase clock inputs, cache timings, required timings 
for SRAMs to function as cache for the R3001 , two technical 
notes explaining the factors used in the timing calculations, 
and the conclusion reached. 

2.0 FUNCTIONAL DESCRIPTION 

The IDT79R3001 is a 32-bit RISC microprocessor that is 
currently available from Integrated Device Technology, Inc. in 
two packages: the 144-pin PGA and the 172-pin ceramic 
flatpack. It has a 32-bit data bus, a 32-bit address bus that is 
divided into the low-order bits (AdrLo) and the high-order bits 
(TAG), control signals for the cache, control signals for main 
memory, and power and ground pins. The R3001 also has 
three double frequency clock inputs and one clock output 
used for interfacing the R3001 to the external world. 

Delay 
Line 

AN-77 

3.0 THREE CLOCKS AND DELAY-LINE 
SETTINGS 

Figure 3.1 shows a block level diagram of the R3001 with 
its three clock inputs coming from a delay line. Table 3.1 
shows a summary of the delay line settings to be used for 
different operating frequencies of the R3001. Please note 
carefully that Clk2xSys Is taken asthe zero time reference 
and comes from the first tap of the delay line. The other 2x 
clocks lag Clk2xSys in time and follow it with respect to delay 
line taps. 

4.0 DERATING CALCULATIONS AND CACHE 
TIMING CONSIDERATIONS USING x4 
SRAMS 

The design of the cache subsystem for the R3001 is 
straightforward. Industry standard static RAMs function as 
cache. This chapter discusses the methodology used to 
calculate the critical timing parameters for a static RAM so that 
it can function as cache forthe R3001. This chapter examines 
the timings for a 16 MHz, 20 MHz, 25 MHz, and 33 MHz 
R3001. The timing equations derived take into account the 
effect of capacitive loading on the bus. The derating factors 
are calculated based on certain assumptions. These assump­
tions are detailed in this chapter and the derating factors 
calculated. The timing equations are then discussed. At the 
end of this chapter a table containing the SRAM timings (for 
different operating frequency of the R3001) is included. 

IDT79R3001 

CIk2xSys 

CIk2xSmp'Rd 

CIk2xPhi 

Figure 3.1. Three-Phase Clock Input to the R3001 

Parameter 16 MHz 20 MHz 25 MHz 33 MHz 
Clk2xSys 0 0 0 0 
Clk2xSmp 6 6 6 4.5 
Clk2xPhi 16 14 12 9 

Table 3.1. Delay Line Settings for R3001 Operating at Different Frequencies 

©1990 Integrated Device Technology. Inc. 9.14 8/90 
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Figure 4.1. Block Level Diagram of a Cache Subsystem with the R3001 Using IDT7198 16K x 4 to 

Function as Cache (the R3010 Is not shown In this ngure) 

4.1 Device Capacitance 

Figure 4.1 shows a typical R3001 based system. The 
cache comprises of fast 16 K x 4 static RAMs e.g., the 
IDT7198. The AdrLo bus of the R3001 goes through a high­
speed transparent latch: the FCT373. It also goes through a 
latch which is used to address the main memory. All the 
devices have an input and an output capacitance. In addition, 
each device is capable of driving a certain load. These 
parameters: the input capacitance, the output capacitance, 
and the load capacitance are given in Table 4.1. 

The cache format of the R3001 comprises of 48 bits: 32 bits 
of data, 15 bits of tag and, a valid bit. With this requirement, 
it is clear that forthe instruction cache, 12 IDT7198s (16K x 4 
SRAMs) are needed. The data cache has the same format. 
This means that there are a total of 24 SRAM devices for the 
cache. 

9.14 

#of Total 
Device Devices Capacitance Capacitance 

R3000 1 Cin = 10 pF 10pF 

IDT7198 2 Cout = 7pF 14pF 

IDT374A 1 Cout = 12 pF 12 pF 

IDT8238 1 Cin = 10 pF 10pF 

Table 4.1. Capacitances of the Various Devices In a Typical 

R3001 System 
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4.2 Assumptions for Surface Mount Layout Design With 
'x4' SRAMs 

In the following sections, certain assumptions have been 
made while calculating the derating factors. These are as 
follows: 

1) The trace has a capacitance of 2 pF/inch. 
2) The speed of light is 2 nslfoot in epoxy. 
3) The R3001 speeds are specified with a loading of 25pF. 
For every additional 25 pF, there is a delay of 1 ns. 
Note that the cache control signals are specified with a 50pF 
load and derate 1 ns/25pF after that. 

4 The distances between the R3001 and the latches are 
approximately 1 inch each. 
5) The distances between the R3001 and the RAMs ap proxi­
mately 4 inches each. 
6) In all of the assumption, it is assumed that a surface mount 
package is used. 

Figure 4.2 shows a brief mechanical layout of an R3001 
board. 

1 D~ache 1 

00 00 
I. D-Cache 1 

Tag Data 

~ 1 R=01,8 ~ 
[3;tJ 00 I 00 ~ Tag Data 

i 
i 

3" 1" I 1" 3" 
I 

Assume read and write buffer underneath the board 

Figure 4.2. Surface Mount Board of an R3001 System with Cache 
and Main Memory Interface and Approximate Distances Between the 

Various Devices 

4.2.1 Address Bus Derating Calculations 

For the system shown in Figure 4.1 each address bit is 
connected to five latches: one going to the main memory 
interface buffer, two to the instruction cache and tag memory, 
and two to the data cache and tag memory respectively. The 
latches in turn are connected to the address pins on the static 
RAM. Figure 4.3 shows all the devices that each address bit 
is connected to. 

BitA2 

Figure 4.3. Block Diagram Showing Various Devices Connected 
to One Address Bit 
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Trace length from the CPU to the latch = 4 inches (4.1) 
Capacitance of the trace, Ctrace = 4 X 2 pF/inch = 8 pF (4.2) 
Input capacitance of the 373 latch = 10 pF (4.3) 
As each address bit is connected to five latches (FCT373), 
Total input capacitance due to 5 devices, 
C373in = 5 X 10 = 50 pF (4.4) 
Total capacitive load = Ctrace + C373in = 8 + 50 = 58 pF(4.5) 
The rated R3001 load, CL(R3001) = 25 pF (4.6) 
From Eq. (4.5) and Eq. (4.6). Extra capacitive loading for 
the R3001 = 58 - 25 = 33 pF (4.7) 

Let us now examine the capacitive loading between the 
latches and the RAM. 

Path length from latches (373s) to RAM (7198s) = 3" (4.8) 
Trace capacitance from latch to RAM = 3 X 2 pF/in = 6pF 

(4.9) 
Input capacitance of the RAM = 5 pF (4.10) 

Each output from the latch is connected to eight RAM devices. 

Load due to 8 devices = 6 X 5 = 30 pF (4.11) 
Total capacitance = 30 + 6 = 36 pF (4.12) 

The rated '373 load = 50 pF (4.13) 

From Eq. (4.12) and Eq. (4.13) it can be seen that there is 
no delay due to the capacitive load between the latch and the 
RAM. 

However, there is a delay due to the capacitive load 
between the R3001 and the latch. This delay can be calcu­
lated as follows: 

For every extra 25 pF of load, there is a delay of 1 ns (4.14) 
From 4.7 and 4.14, delay due to the capacitive load = 33 I 25 
= 1.32 ns (4.15) 

The speed of light == 2 nslfoot (4.16) 

For a maximum path length of 5", delay = 5"/12" X 2 = 0.8 ns 
(4.17) 

From Eq. (4.15) and Eq. (4.17), 

Total propagation delay for the address bus, AdrLod = 1.32 + 
0.8==2ns (4.18) 

4.2.2 Data Bus Derating Calculations 

The derating calculations for the data path are similar to 
those done for the address path. The data bus is connected 
to the floating point unit (R301 0), the instruction cache 
(IDT7198), the data cache (IDT7198), a read register 
(FCT374A), and a write register (FCT823). This is shown in 
Figure 4.4. Two cases must be considered: a data store and ,. 
a data fetch. Both are discussed, _ 
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Figure 4.4. Block Diagram Showing Various Devices Connected toOne Data Bit 

4.2.2.1 Data Store (R3001 CPU Outputs Data): 

Each data bit is connected to two RAMs (7198s) - one for 
instruction and one for data. 

The path length for the data bus = 5" (4.18) 
Trace capacitance for the data bus = 5 X 2 pF/in=10pF 

(4.19) 
Capacitive loading due to devices, 
Cdevices = 2 X CRAMin + C374in + CS23 + CR3010 (4.20) 
Cdevices = 2 x 7 + 12 + 10 + 10 = 46 pF (4.21) 
Total capacitive load = Ctrace + Cdevices = 46 + 10 = 56 pF 

Propagation delay due to speed of light = 

5"/12" x 2 = 0.8 ns 
Delay due to capacitive load = (56 -25 ) 125 = 1.24 ns 

From Eq. (4.23) and Eq. (4.24), 

(4.22) 

(4.23) 

(4.24) 

Total propagation delay on a store = 1.24 + 0.8 '" 2 ns 
(4.25) 

4.2.2.2 Load (RAM Provides Data) 

Since the trace length is the same, Ctrace = 10 pF (4.26) 

Capacitive load due to devices, 
Cdevices = CR3001 + CR3010 + CRAMin + C374in + CS23 
Cdevices = 10 + 10 + 12 + 10 + 7 = 49 pF (4.27) 
Total capacitance = Ctrace + Cdevices = 10 + 49 = 59 pF 
The RAM rated drive is 30 pF. 

Extra load = Total capacitance - RAM rated drive = 

59 - 30 = 29 pF (4.28) 

Propagation delay due to capacitive load = 29/25 = 1.16 ns 

Propagation delay due to the path length = 0.8 ns 

Total propagation delay = 1.16 + 0.8 '" 2 ns 

(4.29) 
(4.30) 
(4.31) 

4.2.3 Read and Write Control Derating Calculations 

The effect of the capacitance on the control signals fromthe 
R3001 processor to the caches and the memory interface is 
considered here. The control signals on the R3001 are the 
IRd, DRd, IWr, and DWr which control the instruction cache 
read, data cache read, instruction cache write, and data cache 
write respectively. The read and write control signals are 
connected to the output enable (OE), and write enable (WE) of 
the instruction and data cache, respectively. Assuming the 
use of a 16 K x 4 I DT7198 static RAM, each control signal is 
connected to 8 such static RAMs. 

Number of devices (SRAM) connected to each 

control line = 12 
Input capacitance of each device (SRAM) = 5 pF 
Total load capacitance = 5 x 12 =60 pF 

Path length = 5" 

Trace Capacitance = 5 x 2 pF/in = 10 pF = 10 pF 
Total capacitance = 60+ 10 = 70 pF 
Extra capacitive load = 70 - 50 = 20 pF 
Propagation delay due to capacitive load", 1 ns 
Propagation delay due to the trace length = 0.8 ns 

Total propagation delay = 1 + 0.8 '" 2 ns 

(4.32) 
(4.33) 
(4.34) 

(4.35) 
(4.36) 
(4.37) 
(4.38) 
(4.39) 
(4.40) 

(4.41) 
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Figure 4.5. Board Layout for a Through-Hole Design of an R3001 Cache Subsystem 

4.3 Assumptions for Through-Hole Layout Design 
Using x4 SRAMs 

In this section, the deratings are calculated for a through 
hole design. Figure 4.5 shows an example of the layout of a 
through hole design. This layout corresponds to an demon­
stration board used extensively at lOT. The data trace lengths 
are 10 inches and the address trace lengths are 9 inches. 

4.3.1 Address Derating Calculations 

For the system shown in Figure 4.3, the number of devices 
connected to the R3001 is the same. 

Trace length from the CPU to the latch = 9 (4.42) 
Trace capacitance = Ctrace = 9 x 2 = 18 pF (4.43) 
Input capacitance of the latches = 10 pF (4.44) 

Total capacitance = 5 x C373 + Ctrace = 5 x 10 + 18 = 68 pF 
(4.45) 

Extra load on the R3001 = CL = 68 - 25 = 43 pF (4.46) 

Since the rated 373 load is 50 pF, there is no derating factor 
between the FCT373 and the RAMs. 

Therefore the derating is between the R3001 and the latches. 
Delay due to capacitance = 43/25 = 1.75 ns (4.47) 

Propagation delay due to the trace length = 9/12 x 2 = 1.5 
ns (4.48) 

Total derating on the address bus = 1.75 + 1.5"" 3 ns (4.49) 

4.3.2 Derating on the Data Bus 

As in section 4.2.2, the derating for the data bus is calcu­
lated for two cases: i) an instruction fetch, and ii) data store. 

4.3.2.1 Data Store (R3001 CPU Outputs Data) 

Each data bit is connected to two RAMs (7198s) - one for 
instruction and one for data. 
The path length for the data bus = 10" (4.50) 
Trace capacitance for the data bus = 10 x 2 pF/in = 20 pF 

(4.51) 

Capacitive loading due to devices, 
. Cdevices = 2 x CRAMin + C374in + CS23 + CR3010 (4.52) 

Cdevices = 2 x 7 + 12 + 10 + 10 = 46 pF (4.53) 
Total capacitive load = Ctrace + Cdevices = 20 + 46 = 66 pF 

(4.54) 

Propagation delay due to speed of light = 10"/12" x 2 = 1.6 ns' 
(4.55) 

Delay due to capacitive load = (66 -25 ) /25 = 1.55 ns (4.56) 
From Eq. (4.23) and Eq. (4.24), 

Total propagation delay on a store = 1.54 + 1.67 ... 3 ns 
(4.57) 

4.3.2.2 Load (RAM Provides Data) 

Since the trace length is the same, Ctrace = 20 pF (4.58) 

Capacitive load due to devices, 

Cdevices = CR3001 + CR3010 + CRAMin + C374in + CS23 

Cdevices = 10 + 10 + 12 + 10 + 7 = 49 pF (4.59) 

Total capacitance = Ctrace + Cdevices = 20 + 49 = 69 pF II 
The RAM rated drive is 30 pF. • 
Extra load = Total capacitance - RAM rated drive = 
69 - 30 = 39 pF (4.60) I 

Propagation delay due to capacitive load = 39/30 = 1.3 ns 

Propagation delay due to the path length = 1.6 ns 

Total propagation delay = 1.3 + 1.6"" 3 ns 

(4.61) 

(4.62) 

(4.63) 
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4.3.3 Read and Write Control Deratlngs 

For a through hole design, the effect of derating on the 
control signals will be more. This section calculates that 
effect. The trace length from the CPU to the RAMs is 9 inches 
for the layout shown in Figure 4.5. Each control signal is 
connected to 8 devices. 

Number of RAM devices connected to each 
control signal = 12 (4.64) 
Input capacitance of each RAM = 5 pF (4.65) 
Total load capacitance = 12 x 5 = 60 pF (4.66) 
The trace length = 9" (4.67) 
Trace capacitance = 9" x 2 pFlinch = 18 pF (4.68) 
Total load capacitance = 60 + 18 = 78 pF (4.69) 
Extra load = 78 - 25 = 53 pF (4.70) 
Derating due to capacitive load = 53/50 = 1.6 ns (4.71) 
Propagation delay due to trace length = 
9/12 x 2 nslfoot = 1.6 ns (4.72) 
Total derating = 1.6 + 1.6", 3 ns (4.73) 

4.4 Timing Equations for Cache Design 

This section deals with the timing equations that enable us 
to determine the critical timing requirements of the static RAM 
that will be used as cache. These equations are based on the 

APPLICATION NOTE-77 

use of static RAMs (without built-in latches) as cache 
RAMs. The superscript cd' in the following equations denote 
the deratings to be taken into account. The static RAM chosen 
for illustration here is a 16K x 4 IDT7198. The board Is 
assumed to be surface mount for all speeds of the R3001 
except for the 16 MHz speed grade. The deratings for the 
surface mount board is 2 ns and that for a through hole board 
(which is used for the 16 MHz R3001) is 3 ns. The deratings 
were derived from certain assumptions. The explanation and 
the methodology used is explained in the previous sections. In 
the following, a generalized equation is given followed by the 
timing requirements for different frequencies of the R3001. All 
calculations are based onthe R3001 specifications forthe four 
speed versions (16, 20, 25, and 33 MHz), which are found in 
the lOT data sheets. 

Figures 4.6,4.7,4.8, and 4.9 show the timing diagrams of 
the R3001 when it is doing a data store followed by an 
instruction fetch. This is the worst case example and is 
chosen to determine the SRAM parameter requirements. 
Figure 4.6 shows the timing diagrams for an R3001 operating 
at 16 MHz. Figures 4.7,4.8, and 4.9 show the timing diagrams 
for an R3001 operating at 20 MHz, 25 MHz and 33 MHz 
respectively. The encircled numbers represent the equations 
presented in section 4.4. The timing diagram in conjunction 
with the equations are used to arrive at determining the timing 
requirements. 
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The following equations are used to determine the timing 
parameters for the static RAM so that they can function as 
cache for different operating frequencies of the R3001. The 
numbers at the left correspond to the encircled numbers in the 
timing diagrams. Equations 9 and 10 are not shown in the 
timing diagram but are included for completeness. The 
equations also use some R3001 parameters. These are listed 
in Table 4.2. 

(1) Internal Sample to Phase Delay 

This is the time that the processor needs to sample the 
incoming data. Typically, for the R3001, tsmp ;::: 5. 

(2) RAM Address Access Time 

This equation is used to determine the Address Access 
time parameter requirements of the static RAM. From 
the timing diagram of Figure 4.9, it is easily calculated. 
As an example, let us calculate the address access time 
for a 33 MHz R3001. The total cycle time for a 33 MHz 
R3001 is 30 ns. If the processor's sample time require­
ment is met the time remaining in the cycle is 24 ns. This 
time the data has to be presented to the processor. The 
processor requires a data setup time of 4 ns. There is 
also a propagation delay through the latch for the 
address bus. For the 33 MHz part, a fast FCT373C is 
used which has a maximum propagation delay of 4.7 ns 
(See Table 4.3). The derating factors due to the 
capacitance and the trace length also have to be taken 
into account. Using all these factors, the equation is: 

tRAMAA ~ tcyc - tsmp - tos - t373PO - tAdrLod -tRAMAAd 

16 MHz R3001: tRAMAA ~ 60 - 10 - 9 - 5.2 - 3 - 3 
tRAMAA ~ 29.8 

20 MHz R3001: tRAMAA ~ 50 - 8 - 8 - 5.2 - 2 - 2 
tRAMAA ~ 24.8 

25 MHz R3001: tRAMAA ~ 40 - 6 - 6 - 5.2 - 2 - 2 
tRAMAA ~ 18.8 

33 MHz R3001: tRAMAA ~ 30 - 4.5 - 4.5 - 4.7 - 2 - 2 

tRAMAA ~ 12.3 

(3) cache Enable to Sample 

This equation is used to determine the system output 
enable(toES) requirements of the cache RAM. This 
should meet the processor's setup specification. The 
output enable time (tOE) specifications for the RAM is 
tested for a voltage change of 200 mV (a fall from 1.732 
Vto 1.532Vtor1DT RAMs). Fora system, however, the 
voltage falls from approximately 3.3 V to 1.5 V. This fall 
time is usually a nanosecond. Therefore the RAM 

9.14 
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specifications should take this system factor Into 
consideration and specify the output enable time at 
least one nanosecond lower than the calculated 
timings. 

tOES ~ tcyC/2 - tRod - tDS - tsys-smp + tsys-rd - tOEsd 

16 MHz R3001: tOES ~ 30 - 3 - 9 - 10 + 10 - 3 
tOES ~ 15 

20 MHz R3001 : tOES ~ 25 - 2 - 8 - 8 + 8 - 2 
tOES~ 13 

25 MHz R3001 : tOES ~ 20 - 2 - 6 - 6 + 6 - 2 
tOES ~ 10 

33 MHz R3001 : tOES ~ 15 - 2 - 4 - 4.5 + 4.5 - 2 
tOES~ 7 

(4) Minimum Read Pulse Width 

This timing requirement guarantees that the read pulse 
width generated by the processor is at least as long as 
the cache RAM output-enable time. 

tOES ~ tcyC/2 - tsys-rd - tOESd 

16 MHz R3001: tOES ~ 30 - 10 - 3, 
tOES ~,17 

20 MHz R3001: tOES ~ 25 - 8 - 2 
tOES~ 15 

25 MHz R3001: tOES ~ 20 - 6 - 2 
tOES ~ 12 

33 MHz R3001: tOES ~ 15 - 4.5 - 2 
tOES ~ 8.5 

(5) Read-Write I-Cache Data Bus Contention 

This timing requirement ensures that the RAM output is 
tristated soon enough after the instruction read signal 
goes high. In the worst case, when the processor 
performs a store operation, no data contention occurs. 

tRAMHZ ~ tsys - tRdd + DEn 

16 MHz R3001: tRAMHZ ~ 16 - 3 + (-2.5) 
tRAMHZ ~ 10.5 

20 MHz R3001: tRAMHZ ~ 14 - 2 + (-2) 
tRAMHZ ~ 10 

25 MHz R3001: tRAMHZ ~ 12 - 2 + (-1_5) 
tRAMHZ ~ 8.5 

33 MHz R3001: tRAM HZ ~ 9 - 2 + (-1) 
tRAMHZ ~ 6 
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(6) Processor Data-Setup to End of Write 

This enables the designer to determine whether the 
cache RAMs have adequate data setup time when the 
processor does a store operation. In the equation, the 
minimum derating is used on the write line i.e., tWrd 

because that is the worst case assumption. 

tRAMOS :::; tcyC/2 - tsys-smp - tOVal - tOVald - tWrd 

16 MHz R3001: tRAMOS:::; 30 - 10 - 3 - 3 - (-2) 
tRAMOS:::; 16 

20 MHz R3001: tRAMOS:::; 25 - 8 - 3 - 2 - (-1) 
tRAMOS:::; 13 

25 MHz R3001: tRAMOS:::; 20 - 6 - 2 - 2 - (-1) 
tRAMOS:::; 11 

33 MHz R3001: tRAMOS:::; 15 - 4.5 - 2 - 2 - (-1) 
tRAMOS:::; 7.5 

(7) Data Hold from End of Write 

This parameter requirement guarantees that the data 
holdfrom end of write ofthe cache RAM ismetwhenthe 
processor or the read buffer is writing to the RAMs. 

tRAMHD :::; tRAMLZ 

16 MHz R3001: tRAMHD:::; 2 

20 MHz R3001: tRAMHD:::; 2 

25 MHz R3001: tRAMHO:::; 2 

33 MHz R3001: tRAMHO:::; 2 

(8) Data Setup to SysClk 

This timing parameter ensures that the setup time into 
an external register (for the main memory interface) is 
sufficient enough for when the processor is doing a 
store. The data is clocked in the register on the rising 
edge of the buffered SysOut (through an inverting 
FCT240A). In this equation, tsys(min)d is used to insure 
worst case calculations. 

tsetupSys :::; tcyC/2 - tsys - tOVal - tOVald + tsysd+t240POmin 

16 MHz R3001 : tSetupSys:::; 30 - 16 - 3 - 3 + 2 + 1.5 
tSetupSys:::; 11.5 

9.14 

APPUCATION NOTE-n 

20 MHz R3001 : tSetupSys :::; 25 - 14 - 3 - 2 + 1 + 1.5 
tSetupSys :::; 8.5 

25 MHz R3001 : tSetupSys :::; 20 - 12 - 2 - 2 + 1 + 1.5 
tSetupSys :::; 6.5 

33 MHz R3001: tSetupSys:::; 15 - 9 - 2 - 2 + 1 + 1.5 
tSetupSys :::; 4.5 

(9) Data Hold from SysClk 

This timing parameter is to guarantee that the hold time 
specification for an external register is met on a proces­
sor store. In this equation the minimum value of tRod is 
taken to insure worst case numbers. 

tHoldSys :::; tsys-rdd - tsysd - t240PDmax + tRAMLZ + tRdd 

16 MHz R3001: tHoldSys:::; 6 - 2 - 4.8 + 2 + 1 
tHoldSys:::; 2.2 

20 MHz R3001 : tHoldSys :::; 6 - 1 - 4.8 + 2 + 1 
tHoldSys :::; 3.2 

25 MHz R3001: tHoldSys :::; 6 - 1 - 4.8 + 2 + 1 
tHoldSys :::; 3.2 

33 MHz R3001 : tHoldSys :::; 4.5 - 1 - 4.8 + 2 + 1 
tHoldSys :::; 1 .9 

(10) Address Setup to End of Write 

This equation enables us to determine the timing re­
quirement for the RAM so that the address set up time 
is sufficient before the trailing edge of the write pulse. 

tRAMAW:::; tcyc - tsmp-sys - tAdrLod - t373PO + twrd 

16 MHz R3001: tRAMAW:::; 60 - 10 - 3 - 5.2 + 3 
tRAMAW:::; 44.8 

20 MHz R3001: tRAMAW:::; 50 - 8 - 2 - 5.2 + 2 
tRAMAW:::; 36.8 

25 MHz R3001 : tRAMAW :::; 40 - 6 - 2 - 5.2 + 2 
tRAMAW:::; 28.8 

33 MHz R3001: tRAMAW:::; 30 - 4.5 - 2 - 4.7 + 2 
tRAMAW:::; 20.8 
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(11) Write Hold Pulse-Width 

This requirement guarantees that the cache RAMs 
minimum write pulse width specification is met. 

tRAMPW :::; tcyC/2 - tWrDly 

16 MHz R3001 : tRAMPW :::; 30 - 5 
tRAMPW:::; 25 

20 MHz R3001: tRAMPW:::; 25 - 4 
tRAMPW:::; 21 

25 MHz R3001: tRAMPW:::; 20 - 3 
tRAMPW:::; 17 

33 MHz R3001: tRAMPW:::; 15 - 2 
tRAMPW:::; 13 

(12) Write Recovery Time 

The write recovery time is the time between the write 
pulse going inactive and the change in address. This 
characteristic is usually specified by the SRAM manu­
facturer and is typically zero. This parameter is impor­
tant in the R3001 cache interface and care must be 
taken to choose the proper part to prevent race condi­
tions. In the R3001 cache design using the IDT7198 
16 Kx4RAM, the latch enable is controlled by IClklDClk 
and the write enable on the RAM is controlled by IWrl 
DWr. The timing diagram shows the relationship be­
tween the two clocks and the parameter TwR. Timing 
calculations below show that the write recovery speci­
fications are not violated. 

Derating calculations for DClk and OW, 

To calculate the effect of derating on the control signals 
DClk and DWr, the following assumptions have been 
made. 
1) The pin to pin variation on an R3001 device is 15 % 
for a 50 pF load. Under the maximum case, the 
deratings will vary from 1.7 to 2 ns for DClk and DWr. 
Under the minimum case the deratings will vary from 
0.58 to 0.625 ns. 
2) The trace length for the DWr signal is 6 inches. 
3) The trace length for the DClk signal is 2 inches. 
4) The trace length of the address bus to the RAM is 4 
inches. 
5) Each IClk control signal is connected to four FCT373 
devices. 
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10T79R3001 

AdrLo 

IClk CIk2xSys 

CIk2xSmpIRd 

CIk2xPhi 

1Wr Path2 ~ Addr 

10T7198 
(16KX4) 

Figure 4.10a. Circuit Showing rwr and IClk Signals to Latch and 

SRAM 

The input and ouput capacitances for the R3001, 
IDT7198, and FCT373 can be obtained from Table 4.1. 
Figure 4.1 Oa is a simple circuit showing the connections 
of IClk and IWr from the R3001 to the latch enable (LE) 
on the FCT373 device and Write Enable (WE) on the 
static RAM respectively. Figure 4.1 Ob shows the tWR 
timings with respect to the data cache in an R3001 
based system. 

DClk 

AdrLo 

Latched 
AdrLo 

Output 

IAdr IAdr DAdr 
I 

! ~~tPD I (~---D"';'-A--~ 1 ~A 

Figure 4.10b. Write Recovery Timing 

To prove that the TWR parameter is not violated, the 
calculations are done as follows. The derating effects 
on the DClk and AdrLo signal should exceed that of the 
DWr signal. The calculations are similar to the derating 
calculations in previous sections. The minimum propa­
gation delay through the latch is considered. The 
derating on the DClk Signal coming out of the 79R3001 
is lesser than that of the DWr signal. The reverse case 
is superfluous and in fact makes the Situation better. 
The minimum and worst case derating effects on the 
same 79R3001 have been shown. This is because the 
write recovery time parameter must not be violated over 
the entire operating range. 
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capacitive Deratlons: 
(R3001 variations 15% 1.7ns· 2ns) 

«( Cdriver + Cload + Ctrace) - Crated)/25 * (Min Or 
Max) = CLD 

Iclk ((10 + 4 * 10 + 2 * 2) - 25)/25 * 1.7 = 1.97ns 

Iwr ((10 + 8 * 7 + 6 * 2) - 25)/25 * 2 = 4.24ns 

RamAddr ((12 + 8 * 7 + 4 * 2) - 50)/25 * 0.5 = 0.52ns 

Calculations : 

Race path 1 : Iclkmin + Tpd(le) + RamAdrmin = 
( 1.97 + 2 + 0.52 ) = 4.49 

Race path 2 : Iwrmax = 4.24 

Path1 - Path2 > Twr 

4.49 - 4.24 > 0 

Capacitive Deratlons: 
(R3001 variations 15% 0.58ns - 0.625ns ) 

(( Cd river + Cload + Ctrace) - Crated)/25 * (Min Or 
Max) = CLD 

Ielk ((10 + 4 * 1 0 + 2 * 2) - 25)/25 * 0.58 = 0.58ns 

Iwr ((10 + 8 * 7 + 6 * 2) - 25)/25 * 0.625 = 1 .325ns 

RamAddr ((12 + 8 * 7 + 4 * 2) - 50)/25 * 0.5 = 0.52ns 

9.14 
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Calcu lations: 

Race path 1 : Iclkmin + Tpd(le) + RamAdrmin = 
(0.58 + 2 + 0.52) = 3.1ns 
Race path 2 : Iwrmax = 1 .325 

Path1 - Path2 > Twr 

3.1 -1.325 = 1.775> 0 

From the above calculations and the RAM timing tables 4.3 
and 4.4, it can be seen that the data setup to the processor is 
met. The output enable of the RAM which is controlled by lAd 
goes high and the RAM output starts to go tri-state. From the 
figure, the reader may correctly question whether the hold 
time requirements of the R3001 are met. It is indeed met by 
the capacitance on the bus and also due to the fact that CMOS 
devices are being used. The technical note entitled "Meeting 
Bus Hold for the R3001" gives a more detailed explanation. 

Table 4.3 gives the timing data sheet for a typical SRAM 
device. The timing parameters correspond to a particular 
RAM configuration. Other RAM devices may have different 
timings for some of the parameters. However, there are 
certain timings that must be met. These critical parameters 
are listed in Table 4.4 and the unlisted parameters may vary 
a bit from device to device. 
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AC ELECTRICAL CHARACTERISTICS­
COMMERCIAL TEMPERATURE RANGE 

16MHz 20 MHz 
SYMBOL PARAMETER TEST CONDITIONS MIN. MAX. MIN. MAX. 

Clock 

TCkHigh Input Clock High(2) Transition < 5ns 12.5 - 10 -
TCklaw Input Clock Low (2) Transition < 5ns 12.5 - 10 -

TCkP Input Clock Period(5) 30 500 25 500 

Clk2xSys to Clk2xSmp/Rd(5) 0 Tcycl4 0 Tcycl4 

Clk2xSmp/Rd to Clk2xPhi(5) 9 Tcycl4 7 Tcycl4 

Run Operation 

TOen Data Enable (3) - -2 - -2 

TOOis Data Disable (3) - -1 - -1 

Toval Data Vaild Load = 25pF - 3 - 3 

TWrOly Write Delay Load = 25pF - 5 - 4 

Tos Data Set-Up 9 - 8 -
TOH Data Hold -2.5 - -2.5 -
Tcss CpBusy Set-Up 13 - 11 -

TCSH CpBusy Hold -2.5 - -2.5 -
TAcTy Access Type [1 :0] Load = 2SpF - 7 - 6 

TAT2 Access Type [2] Load = 2SpF 17 - 14 -
TMWr Memory Write Load = 2SpF 1 27 1 23 

TExc Exception Load = 2SpF - 7 - 7 

Stall Operation 

TSAVal Address Valid Load = 2SpF - 30 - 23 

TSAcTy Address Type Load = 25pF - 27 - 23 

TMRdl Memory Read Initiate Load = 2SpF 1 27 1 23 

TMRd Read Terminate Load = 2SpF - 7 - 7 

TStl Run Terminate Load = 25pF 2 17 2 15 

TRun Run Initiate Load = 2SpF - 7 - 6 

TSMWr Memory Write Load = 25pF 1 27 1 23 

TSEc Exception Valid Load = 2SpF - 20 - 18 

TSEc DMA Drive On Load = 25pF 3 15 3 15 

TSEc DMA Drive Off Load = 2SpF - 10 - 10 

Reset Initialization 

TRST Reset Pulse Width 6 - 6 -
TRSTTAG Reset Pulse Width, 140 - 140 -

Pull-downs on Tag 

Capacitive Load Deration 

Q.o Load Derate 0.5 1 0.5 1 

NOTES: 
1. All timings are referenced to 1.5V 
2. The clock parameters apply to all three 2x clocks: Clk2xSys, Clk2xSmp/Rd and Clk2xPhi. 
3. This parameteris guaranteed by design. 
4. These parameters are illustrated in detail in the "I DT79R300 1 Hardware Interface Guide". 
5. Tcyc is one CPU clock cycle (2 cycles of a 2x clock). 
6. With the exception of Run, no two signals of a given device will derate by a difference greater than 15%. 

Table 4.2. R3001 AC Specificalions.*PLL: Phase Locked Loops 
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25 MHz 
MIN. MAX. UNIT 

8 - ns 

8 - ns 

20 500 ns 

0 Tcycl4 ns 

5 Tcycl4 ns 

- -1.5 ns 

- -0.5 ns 

- 2 ns 

- 3 ns 

6 - ns 

-2.5 - ns 

9 - ns 

-2.5 - ns 

- 5 ns 

12 - ns 

1 18 ns 

- 5 ns 

- 20 ns 

- 18 ns 

1 18 ns 

- 5 ns 

2 11 ns 

- 4 ns 

1 18 ns 

- 15 ns 

3 15 ns 

- 10 ns 

6 - Tcyc 

140 - Jls 

0.5 1 ns/25pF 
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READ CYCLE TIMING SPECIFICATIONS 

16.7 MHz 20.0 MHz 

Parameter Min. Max. Min. Max. 

tRC 30 - 25 -
tAA - 30 - 25 

tACS1 - 30 - 25 

tCLZ1 5 - 5 -
tOES - 15 - 13 

tOLZ 5 - 5 -
tCHZ1 - 12 - 10 

tOHZ - 10 - 10 

tOH 5 - 5 -
tpu 0 - 0 -

tPD - 30 - 25 

WRITE CYCLE TIMING SPECIFICATIONS 

16.7 MHz 20.0 MHz 

Parameter Min. Max. Min. Max. 

twc 30 - 25 -
tCW1 25 - 21 -
tAW 25 - 21 -

tAS 0 - 0 -
twp 25 - 21 -

tWR1 0 - 0 -
tWR2 0 - 0 -

tWHZ - 18 - 16 

tDW 16 - 13 -

tDH 0 - 0 -
tow 5 - 5 -

25.0 MHz 33.0 MHz 

Min. Max. Min. Max. 

20 - 12 -
- 19 - 12(1) 

- 20 - 15 

5 - 2 -
- 10 - 7 

5 - 3 -
- 8 - 8 

- 8 - 6 

5 - 0 -
0 - 0 -
- 20 - 15 

25.0 MHz 33.0 MHz 

Min. Max. Min. Max. 

20 - 15 -

17 - 15 -
17 - 15 -
0 - 0 -
17 - 13 -
0 - 0 -
0 - 0 -

- 8 - 6 

11 - 7 -
0 - 0 -
5 - 5 -

Table 4.3. Static RAM Read and Write Timings to Work as Cache with the R3001 

NOTE: 

1. This assumes that an FCT373C with a TPD = 4.7 ns Is used. 

9.14 
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READ CYCLE TIMING SPECIFICATIONS 

16.7 MHz 20.0 MHz 

Parameter Min. Max. Min. Max. 

tRC · - · -

tM - 29.8 - 24.8 

tACSl - · - · 
tCLZl · - · -

tOES - 15 - 13 

tOLZ · - · -
tCHZ1.2 - · - · 
tOHZ - 10.5 - 10 

tOH · - · -

tpu · - · -
tPD - · - · 

WRITE CYCLE TIMING SPECIFICATIONS 

16.7 MHz 20.0 MHz 

Parameter Min. Max. Min. Max. 

twc · - · -

tCWl · - · -
tAW 44.8 - 36.8 -
tAS · - · -

twp 25 - 21 -
tWRl 0 - 0 -
tWR2 0 - 0 -

tWHZ -- · -- · 
tDW 16 - 13 -
tDH · - · -
tow · - · -

APPUCATION NOTE-77 

25.0 MHz 33.0 MHz 

Min. Max. Min. Max. 

· · - -

- 18.8 - 12.3 

· · - -

· · - -
- 10 - 7 

· · - -

· · - -
- 8.5 - 6 

· · - -

· · - -

· · - -

25.0 MHz 33.0 MHz 

Min. Max. Min. Max. 

· · - -

· · - -
28.8 - 19.8 -

· · - -

17 - 13 -

0 - 0 -
0 - 0 -

· · -- --
11 - 7 -

· · - -
· · - -

Table 4.4. Static RAM Parameters to Work as Cache with the R3001 ,. 

NOTE: All the parameters shown are the most allowable for maximum and minimum, respectively. Numbers not shown are not critical for the &. 
R3001 application. 
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Parameter 

FCT373A Propagation Delay 

FCT373A Latch Enable Delay 

FCT373A Latch Enable Hold 

FCT240A Propagation Delay 

FCT373C Propagation Delay 

FCT240C Propagation Delay 

Load Symbol 

50 t373 PO 

50 t373 LE 

50 t373 Hid 

50 t240 PO 

50 t373 PD 

50 t240 PO 

APPLICATION NOTE-n 

Min. Max. 

- 5.2 

2 8.5 

1.8 -

1.5 4.8 

1.5 4.7 

1.5 3.7 

Table 4.5. Timing Parameters of FCT Logic Devices 

5.0 USING x16 LATCHED RAMS AS CACHE 
4.4.1 Legend FOR THE R3001 ON A SURFACE MOUNT 

DESIGN 
tRAMAA - RAM Access Time 

tRAMOE -

tRAMHZ -

tRAMLZ -

tRAMHO -

tos-

tsys-

trd-

tsmp-

tcyc-

t240PO -

RAM Output Enable Time 

RAM OutPut Low impedance to Output in 
High impedance 

RAM Output in High impedance to output in 
Low impedance 

RAM Data Hold Time 

R3001 Data Setup Time 

Phase Difference between Clk2xSys and 
Clk2xPhi 

Phase Difference between Clk2xPhi and 
Clk2xSmp/Rd 

Phase Difference between Clk2xPhi and 
Clk2xSmp/Rd 

Cycle time of the R3001 

Propagation delay from Clk to Output of 
FCT240A 

5.1 Assumptions for Surface Mount Design Layout Using 
x16 Latched RAMs as Cache for the R3001 

In this chapter, the RAM timings are calculated for a 4K X 
16 I DT71586 which have the latches built in. For the static 
RAMs with latches built in, the address access times tRAMAA, 
and the address setup to end of write tRAMAW will change from 
those of a regular static RAM. The propagation delay due to 
the latches is eliminated increasing the access time and the 
address setup to end of write by about 5 ns. In addition the 
board layout is different because the distances from the CPU 
to the RAM is reduced. This decreases the derating factors by 
a finite amount. This chapter calculates the derating factors 
for an R3001 cache design using the IDT71586 as cache. 
These are the following assumptions: 

1) The trace has a capacitance of 2 pF/inch 

2) The speed of light is 2 ns/foot in epoxy. 

3) The R3001 speeds are specified with a loading of 
25pF. For every additional 25pF, there is a delay of 
1 ns. Note that the cache control Signals are specified 
with a 50pF load and derate 1 ns/25pF after that. 

4) The distances between the R3001 and the latches 
are approximately 5 inches. 

5) The distances between the R3001 and the RAMs are 
approximately 2 inches each. 

6) In all of the assumptions, it is assumed that a surface 
mount package is used. The input capacitance of the 
RAMs is a typical value (7 pF) for a PLCC package. 
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The instruction and data caches are deSigned using the 
IOT71586 latched SRAMs. The system memory is assumed 
tobe256MB. Oataparityonthe R3001 is disabled. Theupper 
four tag bits are also not compared and their comparision is 
turned off at reset time using pull down resistors on the Tag 
(31 :28) bits. Therefore the cache data format is 48 bits wide. 
The instruction and data caches are built using six IOT71586 
- three for instruction cache and three for the data cache. 

5.2 Derating Calculations Using IDT71586 as Cache 
RAMs 

The derating factors for the IOT71586 cache RAMs follow 
the same methodology as explained in Chapter 4. The cache 
size is 4K words for instruction and 4K words for data. The 
latches are eliminated. The derating factors for the address 
and data bus are calculated. 

3x 
IDT71586 IDT79R3001 

Data 

T31·28 T27·13 

150Cl 

'----t---~---=-----t .... Dala31·0 

L----....... --~:---o--Tag 22·14 + valid~ 

Figure 5.1. 71586 Used as Cache RAMs for the R3001 

Cache Size = 16KB 

Figure 5.1 shows a cache system for the R3001 with the 
latched RAMs i.e., IOT71586 as the cache. There are a total 
of 6 such devices required for 16KB each of instruction and 
data cache. 

I 

:~ 
I~ 
I 

'Z' 

EJ 
EJ 

'Z' 

Figure 5.2. Surface Mount Board Layout of an R3001 System 
Using IDT71586 as Cache and 

Approximate Distances Between Devices 

APPLICATION NOTE-n 

Figure 5.2 shows an example layout of an R3001 surface 
mount design board using latched RAMs (IOT71586) as 
cache for the R3001 system. The distance between the 
R3001 data pins and the caches is about 2 inches. The total 
trace length for the address bus and the data bus is about 4 
inches each. 

5.2.1 Address Bus Derating Calculations 

Each AdrLo bus is connected to eight latched RAMs i.e., 
the IOT71586 and the address latch for main memory writes 
and reads. (Figure 5.3) 

Figure 5.3. Number of Devices Address Bus is Connected To 

Trace length from the CPU to the address latch (for main 
memory) = 4 inches (5.1) 

Capacitance of the trace = Ctrace = 4 x 2 pFlinch = 8 pF (5.2) 

Input capacitance of the 373 latch = 10 pF (5.3) 

Total input capacitance due to 6 RAM devices = 6 x 7 = 42 
pF (5.4) 

Total capacitance due to the load = 8 + 42 + 10 = 60 pF (5.5) 

The rated R3001 load = 25 pF (5.6) 

Extra loading on the R3001 = 60 - 25 = 35 pF 

The delay can be calculated as follows. 

(5.7) 

For every extra 25 pF of load, there is a delay 01.1 ns (5.8) 

From Eq. 5.7 and Eq. 5.8, delay due to the capacitive load 
= 351 25 = 1.4 ns (5.9) 

The speed of light"" 2 nslfoot (5.10) 

For a maximum path length of 3", delay = 3"/12" x 2 = 0.5 
ns (5.11) 

From Eq. 5.9 and Eq. 5.11, 

Total propagation delay for the address bus = 1.4 + 0.5 "" 2 
ns (5.12) 

From the above calculations, it is seen that the derating on the 
address bus is 2 ns. 

5.2.2 Data Bus Derating Calculations II • From Figure 5.4, it is seen that the data bus is connected 
tothefloating point unit (R301 0), two 71586devices, one read 
register (FCT374A), and one write register (FCT823B). As in 
the previous chapter where we considered a 16 K x 4 static 
RAM, we have to calculate the deratings for two cases: i) for 
an instruction fetch, and ii) for a data store. 
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Bit DO 

(2) 

~==~ l~:c~!s) 

Figure 5.4. Devices Data Bus of the R3001 Is Connected to 

5.2.2.1 Data Store (R3001 outputs data) 

APPUCATION NOTE-77 

write respectively. The read and write control signals are 
connected to the output enable (OE), and write enable (WE) of 
the instruction and data cache respectively. Two control 
signals each are provided for the read and write operations of 
each of the caches. Assuming the use of a 4 K x 161DT71586 
static RAM, each control signal is connected to 3 such static 
RAMs. 

Number of devices (SRAM) connected to each control line 
= 3 (5.28) 

Input capacitance of each device (SRAM) = 5 pF (5.29) 

Total load capacitance = 3 x 5 = 15 pF 

Path length = 4" 

Trace Capacitance = 4 x 2 pF/in = 8 pF 

(5.30) 

(5.31) 

(5.32) 

Each data bit is connected to two RAM devices _ one for Total capacitance = 15 + 8 = 23 pF (5.33) 
instruction and one for data. There is no extra capacitive loading here as the rated 

R3001 load is 50 pF. 

The path length of the data bus = 4 inches. (5.13) Propagation delay due to the trace length = 0.8 ns (5.34) 

Trace capacitance of the data bus = 4 x 2 pF/inch = 8pF Total propagation delay = 0.8 "" 1 ns (5.35) 
(5.14) 

Capacitive loading on the data bus due to the different 5.3 Timing Equations for Cache Design 
devices = 2 X CRAMin + CR3010in + C3740ut + C823in = 2 x 7 
+10+12+10=46pF (5.15) 

Total capacitive load = 
Cdevices + Ctrace = 46 + 8 = 54 pF 

Propagation delay due to speed of light = 
4"/12" x 2 = 0.6 ns 

(5.16) 

(5.17) 

Delay due to capacitive load = (54 - 25) 125 = 1.16 ns (5.18) 

Total delay = 1.16 + 0.7 = 1.8 ns "" 2 ns. (5.19) 

5.2.2.2 Load Data Into R3001 (RAM outputs data) 

Since the trace length is the same, the trace capacitance 
Ctrace= 8 pF. (5.20) 

Capacitive load = CR3001in + CR3010in + C71586in + C374in + 
C8230ut (5.21) 

Cdevices = 10 + 10 + 7 + 12 + 10 = 49 pF (5.22) 

Ctotal = 49 + 8 = 57 pF (5.23) 

The RAM rated drive = 30 pF (5.24) 

Propagation delay due to extra capacitive loading = (57 -
30) 125 = 1.08 ns (5.25) 

Propagation delay due to path length = 0.8 ns (5.26) 

Total propagation delay = 1.08 + 0.8 "" 2 ns (5.27) 

5.2.3 Read and Write Control Derating Calculations 

The effect ofthe capacitance on the control signals fromthe 
R3001 processor to the caches and the memory interface is 
considered here. The control signals on the R3001 are the 
IRd, ORd, IWr, and DWr which control the instruction cache 
read, data cache read, instruction cache write, and data cache 

This section deals with the timing equations that enable us 
to determine the critical timing requirements of the static RAM 
that will be used as cache. These equations are based on the 
use of static RAMs without built-in latches as cache RAMs. 
The superscript cd' in the following equations denote the 
deratings to be taken into account. The static RAM chosen for 
illustration here is a 4K x 161 OT71586. The board is assumed 
to be surface mount for all speeds of the R3001. The deratings 
for the surface mount board is 2 ns. The deratings were 
derived from certain assumptions. The explanation and the 
methodology used is explained in the previous sections. In the 
following, a generalized equation is given followed by the 
timing requirements for different frequencies of the R3001. All 
calculations are based on the R3001 specifications forthe four 
speed versions (16, 20,25, and 33 MHz), which are found in 
the lOT data sheets. 

(1) Internal Sample to Phase Delay 

This is the time that the processor needs to sample the 
incoming data. Typically, for the R3001, tsmp ~ 5 

(2) RAM Address Access Time 

This equation is used to determine the Address Access 
time parameter requirements of the static RAM. From 
the timing diagram of Figure 5.4, it is easily calculated. 
The total cycle time for a 33 MHz R3001 is 30 ns. If the 
processor's sample time requirement is met, the time 
remaining in the cycle is 24 ns in which the data has to 
be presented to the processor. The processor requires 
a data setup time of 4 ns. The derating factors due to 
thecapacitance and the trace length have also to be 
taken into account. Using all these factors, the equation 
is, 
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tRAMAA ~ tcyc - tsmp - tos - tAdrLod - tRAMAAd 

16MHzR3001: tRAMAA~60-10-9 -3-3 

tRAMAA~ 35 

20 MHz R3001: tRAMAA ~ 50 - 8 - 8 - 2 - 2 

tRAMAA~ 30 

25 MHz R3001: tRAMAA ~ 40 - 6 - 6 - 2 - 2 

tRAMAA ~ 24 

33 MHz R3001: tRAMAA ~ 30 - 4.5 - 4.5 - 2 - 2 

tRAMAA ~ 17 

(3) Cache Enable to Sample 

This equation is used to determine the output enable 
requirements of the cache RAM and should meet the 
processor's setup specification. The output enable time 
for the latched RAM is specified by the manufacturer 
and tested for a voltage change of 200 mV (1.732 V to 
1.532 V for lOT RAMs). For a system the voltage falls 
fromalevelof3.3 Vto 1.5Vandthe added fall time must 
be considered when specifying the RAM tOE parameter. 
This fall time is approximately an additional nanos­
econd. Therefore the RAM tOE parameter should be 
one nanosecond lower than the calculated numbers 
below. 

tOES ~ tcyC/2 - tRod - tos - tsys-smp + tsys-rd - tOESd 

16 MHz R3001 : tOES ~ 30 - 2 - 9 - 10 + 10 - 3 

tOES ~ 16 

20 MHz R3001: tOES ~ 25 - 1 - 8 - 8 + 8 - 2 

APPUCATION NOTE-n 

(4) Minimum Read Pulse Width 

This timing requirement guarantees that the read pulse 
width generated by the processor is at least as long as 
the cache RAM output enable time. 

tOES ~ tcyC/2 - tsys-rd - tOESd 

16 MHz R3001: tOES ~ 30 - 10 - 3 

tOES ~ 17 

20 MHz R3001 : tOES ~ 25 - 8 - 2 

tOES~ 15 

25 MHz R3001: tOES ~ 20 - 6 - 2 

tOES ~ 12 

33 MHz R3001: tOES ~ 15 - 4.5 - 2 

tOES ~ 8.5 

(5) Read-Write I-Cache Data Bus Contention 

This timing requirement ensures that the RAM output is 
tri-stated soon enough after the instruction read Signal 
goes high. In the worst case, when the processor 
performs a store operation, no data contention oc­
curs. 

tRAMHZ ~ tsys - tRdd + tOEn 

16 MHz R3001: tRAM HZ ~ 16 - 2 + (-2.5) 

tRAMHZ ~ 11.5 

20 MHz R3001: tRAMHZ ~ 14 - 1 + (-2) 

tRAMHZ ~ 11 

tOES ~ 14 25 MHz R3001: tRAM HZ ~ 12 -1 + (-1.5) 

25 MHz R3001: tOES ~ 20 - 1 - 6 - 6 + 6 - 2 tRAMHZ ~ 9.5 

tOES ~ 11 33 MHz R3001: tRAM HZ ~ 9 - 1 + (-1) 

33 MHz R3001: tOES ~ 15 -1 - 4 - 4.5 + 4.5 - 2 tRAMHZ ~ 7 

tOES ~ 8 (6) Processor Data-Setup to End of Write ,. 

This enables the designer to determine whether the IiII 
cache RAMs have adequate data setup time when the 
processor does a store operation. In the equation, the 
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minimum derating is used on the write line i.e., tWrd 

because. that is the worst case assumption. 

tRAMDS ~ tcyC/2 - tsys-smp - tDVal - tDVaJd - tWrd 

16 MHz R3001: tRAMDS ~ 30 -10 - 3 - 3 - (-2) 

tRAMDS ~ 16 

20 MHz R3001: tRAMDS ~ 25 - 8 - 3 - 2 - (-1) 

tRAMDS ~ 13 

25 MHz R3001: tRAMDS ~ 20 - 6 - 2 - 2 - (-1) 

tRAMDS ~ 11 

33 MHz R3001: tRAMDS ~ 15 - 4.5 - 2 - 2 - (-1) 

tRAMDS ~ 7.5 

(7) Data Hold from End of Write 

This parameter requirement guarantees that the data 
hold from end of write of the cache RAM is met when 
the processor or the read buffer is writing to the RAMs. 

tRAMHD ~ tRAMLZ 

16 MHz R3001: tRAMHD ~ 2 

20 MHz R3001: tRAMHD ~ 2 

25 MHz R3001: tRAMHD ~ 2 

33 MHz R3001 : tRAMHD ~ 2 

(8) Data Setup to SysClk 

This timing parameter ensures that the setup time into 
an external register (for the main memory interface) is 
sufficient enough for the case when the processor is 
doing a store. The data is clocked in the register on the 
rising edge of the buffered SysOut (through an inverting 
FCT240A). In this equation, tsys(min)d is used to insure 
worst case calculations. 

tsetupSys ~ tcyC/2 - tsys - tDVal - tDVald + tsysd + t240POmin 

16 MHz R3001: tSetupSys ~ 30 -16 - 3 - 3 + 2 + 1.5 

tSetupSys ~ 11.5 

20 MHz R3001: tSetupSys ~ 25 - 12 - 3 - 2 + 1 + 1.5 

tSetupSys ~ 10.5 

9.14 

APPUCATION NOTE-n 

25 MHz R3001 : tSetupSys ~ 20 - 12 - 2 - 2 + 1 + 1.5 

tSetupSys ~ 6.5 

33 MHz R3001: tSetupSys ~ 15 - 9 - 2 - 2 + 1 + 1.5 

tSetupSys ~ 4.5 

(9) Data Hold from SysClk 

This timing parameter is to guarantee that the hold time 
specification for an external register is met on a proces­
sor store. In this equation the minimum value of tRod is 
taken to insure worst case numbers. 

tHoldSys ~ tsys-rd - tsysd - t240POmax + tRAMLz + tR~ 

16 MHz R3001: tHoldSys ~ 6 - 2 - 4.8 + 2 + 1 

tHoldSys ~ 2.2 

20 MHz R3001: tHoldSys ~ 6 - 1 - 4.8 + 2 + 1 

tHoldSys ~ 3.2 

25 MHz R3001: tHoldSys ~ 6 - 1 - 4.8 + 2 + 1 

tHoldSys ~ 3.2' 

33 MHz R3001 : tHoldSys ~ 4.5 - 1 - 4.8 + 2 + 1 

tHoldSys ~ 1 .9 

(10) Address Setup to End of Write: 

This equation enables us to determine the timing re­
quirement for the RAM so that the address set up time 
is sufficient,before the trailing edge of the write pulse. 

tRAMAW ~ tcyc - tsmp-sys - tAdrLod + twrd 

16 MHz R3001: tRAMAW ~ 60 - 10 - 3+ 2 

tRAMAW~ 49 

20 MHz R3001 : tRAMAW ~ 50 - 8 - 2 + 1 

tRAMAW~ 41 

25 MHz R3001: tRAMAW ~ 40 - 6 - 2 + 1 

tRAMAW~ 33 

33 MHz R3001 : tRAMAW ~ 30 - 4.5 - 2 + 1 

tRAMAW ~ 24.5 
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(11) Write Hold Pulse Width: 

This requirement guarantees that the cache RAMs 
minimum write pulse width specification is met. 

tRAMPW ::;; tcyC/2 - tWrDly 

16 MHz R3001: tRAMPW ::;; 30 - 5 

tRAMPW::;; 25 

20 MHz R3001: tRAMPW::;; 25 - 4 

tRAMPW::;; 21 

25 MHz R3001: tRAMPW::;; 20 - 3 

tRAMPW::;; 17 

33 MHz R3001: tRAMPW::;; 15 - 2 

tRAMPW::;; 13 

From the above calculations and Figure 5.3, it can be 
seen that the data setup to the processor is met. The 
output enable of the RAM which is controlled by lAd 
goes high and the RAM output starts to go tri-state. 
From the figure, the reader may correctly question 
whether the hold time requirements of the R3001 are 
met. It is indeed met by the capacitance on the bus and 
also due to the fact that CMOS devices are being used. 
The technical note entitled "Meeting Bus Hold for the 
R3001" gives a more detailed explanation. 

phase 2 

APPUCATION NOTE-n 

From Figure 5.5, it is clearly seen that the address 
setup and hold time for the latched RAMs are met by 
using IClk to capture the instruction address. Figure 
5.5 is to illustrate the timings for a 25 MHz IDT71586 
latched RAM. Similar timing diagrams can be drawn to 
verify the setup and hold times for R3001 operating at 
different frequencies. 

5.3.1 Legend 

tRAMAA - RAM Access Time 

tRAMOE - RAM Output Enable Time 

tRAMHZ - RAM OutPut Low impedance to Output in 
High impedance 

tRAMLZ - RAM Output in High impedance to output in 
Low impedance 

tRAMHD - RAM Data Hold Time 

tDS - R3001 Data Setup Time 

tsys - Phase Difference between CIk2xSys and 
Clk2xPhi 

trd - Phase Difference between Clk2xPhi and 
Clk2xRd 

tsmp- Phase Difference between Clk2xPhi and 
Clk2xSmp 

tcyc - Cycle time of the R3001 

tsmp-rd = tsmp - trd 

t240PD - Propagation delay from Clk to Output of 
FCT240A 

phase 1 

AdrLo K IAdr ~ K DAdr ~ 

Data 

IRd" 

lelk 

phi sys 

(0) 

i\ 
5 

las - ~ --
~ 

smp(rd) 

(6) 

5 
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~ 

phi 

(12) 

~ 

) 
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(12) 

Figure 5.5. Address Setup and Hold Timing for a Latched RAM (25 MHz R3001) 
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Parameter Description 

tRC Read cycle 

tCH ALEN high 

tCl ALEN low 

tAS Adr Latch set-up 

tAH Adr Latch Hold 

tAA Address Access 

tACE Chip Enable access 

tOEs Output enable 

tClZ CE to out in LZ 

tOlZ OE to out in LZ 

tCHZ CE to out in HZ 

tOHZ OE to out in HZ 

tOH Output Hold from 
address in change 

16MHz 
Min. Max. 
35 --
10 
10 
5 
5 
-- 35 

-- 35 
-- 16 
3 --
2 --
-- 25 

-- 11 
3 --

20 MHz 25 MHz 
Min. Max. Min. Max. 
30 -- 25 
10 10 
10 10 
5 5 
5 5 
-- 30 -- 24 
-- 30 -- 25 

-- 14 -- 11 
3 -- 3 --
2 -- 2 --
-- 22 -- 20 

-- 11 -- 9 
3 -- 3 --

Table 5.1. Read Cycle Timings for an IDT Static RAM with Latches 

16MHz 20 MHz 25 MHz 
Parameter Description Min. Max. Min_, Max. Min. Max. 

twc Write cycle 35 -- 30 -- 25 

tCH ALEN high 10 10 10 

tCl ALEN low 10 10 10 

tAS Adr Latch set-up 5 5 5 

tAH Adr Latch Hold 5 5 5 

tAW Address to end of write 35 -- 30 -- 25 

tASW Address set-up 0 -- 0 -- 0 --
twp Write pulse width 25 -- 20 -- 17 --
tcw CE to end of write 25 -- 20 -- 20 --
tWR Write recovery 0 -- 0 -- 0 --
tWHZ Write to out in HZ -- 15 -- 15, -- 13 

tDW Data setup 16 -- 13 -- 11 --
tDH Data Hold 0 -- 0 -- 0 --
tow Out active from end of 5 -- 5 -- 5 --

write 

Table 5.2. Write Cycle Timings for an lOT Static RAM with Latches 
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33 MHz 
Min. Max. 
15 
8 
8 
4 
4 

-- 17 
-- 17 

-- 8 
3 --
2 --
-- 15 
-- 7 
3 --

33 MHz 
Min. Max. 
15 
8 
8 
4 
4 
15 
0 --
11 --
11 --
0 --
-- 8 
7 --
0 --
5 --
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TOOL FOR THE IDT 79R3000 PAPER 
CP-01 

Rise FAMILY 
Integrated Device Technology, Inc. AS PRESENTED AT SOUTHCON '89 

By Philip Bourekas 

INTRODUCTION 
The inherent flexibility of the lOT 79R3000 family architecture al­

lows system designers to make a wide variety of system tradeoffs. 
Therefore, it is extremely important that effective development 
tools be available for each step of the design. This need starts 
when the initial architectural decisions and performance simula­
tions are made and carries through to the final stages of hardware­
software integration and system diagnostics development. 

This paper describes the System Programmer's Package (SPP) 
for the lOT 79R3000, an effective set of tools available for each 
part of the design process. These tools allow designers to make 
tradeoffs in both hardware and software which result in systems 
with very cost-effective performance, and also speeds the overall 
development of the target application. . 

PROCESSOR OVERVIEW 
The architecture of the lOT 79R3000 family is partitioned into a 

processor and a separate high-performance floating point unit. 
The processor, which can sustain 20 VAX MIPS performance, 
consists of two tightly-coupled processors implemented on a 

single ship. The first processor is a full 32-bit CPU utilizing RISC 
techniques to achieve a new standard of microprocessor perform­
ance; the second processor is a system control coprocessor 
(CPO), containing a Translation Lookaside Buffer (TLB) and con­
trol registers to support a 4 GByte virtual memory subsystem. Also 
integrated onto the processor chip is a dual-cache controller which 
controls separate direct-mapped instruction and data caches. 
Each cache can independently vary in size from 4K bytes through 
256K bytes, with independently selectable block refill sizes of 1 to 
32 words. The processor achieves 200 MBytesl second cache 
bandwidth at 25 MHz. Figure 1 illustrates the interaction between 
the CPU, its coprocessors, and the memory subsystems. 

The full performance of the 79R3000 is achieved by the proper 
integration of software and hardware. The 79R3000 contains a 
highly efficient five-stage pipeline, with each stage of the pipeline 
controlling a different CPU resource. Optimizing compiler technol­
ogy serves to both reduce the number of instructions required to 
perform a given task, and also serves to efficiently schedule in­
structions. This eliminates processor stalls which might arise if a 
hardware interlock is activated and eliminates NOP instructions 
during the latency cycles of LOAO or BRANCH operations. 

Data 79R3000 CPU 

Data Address 

Memory 
and I/O 

c 1989 Integrated Device Technology, Inc. 

Instruction OE, 
Cache WE 

(4k - 256k bytes) 

Memory 
Control 

with 
System Coprocessor 

Figure 1. 79R3000 Based System 
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ARCHITECTURAL DECISION PHASE 
In order to determine the system configuration which yields the 

best price/performance tradeoff for a given application, the system 
designer has to make a number of decisions. For example, the de­
signer needs to select the cache configuration which best s~pports 
the application requirements. The 79R3000 allows the deslgnerto 
choose various cache depths from 4K bytes to 256K bytes, and to 
select an appropriate block refill size, for both the instruction and 
data caches. 

The optimal cache size and block size is a function of the locality 
of the typical programs running on the system, as well as .the CPU 
sub-system's latency to main memory when a cache miss occurs. 
In general, the longer the latency to main memory the longer the 
CPU will be stalled for a cache miss and thus the more severe the 
penalty. This means that in orderto overcome the effects of a long 
memory latency, a large cache and a fairly large block size are 
needed to support high performance. Systems with a relatively low 
latency to main memory may be able to tolerate a smaller, less ex­
pensive cache subsystem and a smaller block size. 

Operating System 

Development Machine 

Figure 2. Using Cache-2000 to Determine. 
Optimum System Configuration 

Before going to the expense of drawing schematics or building 
boards, the system designer can use a set of programs contained 
in the SPP which simulates various cache sizes and refill sizes. 
Since the typical bus latency of the target system is included during 
the simulations, a relatively accurate model of anticipated perform­
ance is available. This capability is contained in the Cache-2000 
module as part of the SPP; provided in source form, this package 
allows the system designer to describe the overall system and then 
benchmark typical target software (as shown in Figure 2). In this 
manner, a decision about the allowable tradeoffs in cost and per­
formance can be made before the detailed design is begun. 

SOFTWARE DEVELOPMENT PHASE 
Software development is increasingly a bottleneck in system de­

velopment. The SPP contains a number of utilities which facilitate 
the parallel development of software with hardware, allowing much 
of the software can be developed long before the target hardware 
is available. 

Key to this is the stand-alone software simulator package, Sa­
ble, which models the CPU, FPA, and the entire memory hierarchy 
of TLB, Cache, main memory, disk and system console. Sable 
simulates the execution of 79R3000 instructions in an environment 
which mimics the target system. Further customization is possible, 
as the simulation package is provided in source form. 

CONFERENCE PAPER CP-{)1 

While Sable models things such as disks simply as a source or 
sink for data files without modeling the physical performance of a 
disk (latency, etc.), Sable does provide sophisticated models of the 
TLB and cache. Sable keeps track of the contents of the TLB and 
of each cache entry after every cycle. This allows debugging of 
kernels, diagnostics and other programs which might r~.quire 
knowledge of the privileged, supervisor state as well as faCilitates 
debugging of user programs which may execute on top of an oper­
ating system. 

Thus, by using the Sable architecture simulator, the. software for 
the target system can be developed concurrently With the hard­
ware itself. It is worth noting that MIPS Computer Systems uses 
Sable to debug its operating systems for new computers, and typi­
cally has the software working months in advance of the target 
hardware. 

Other utilities are provided to minimize the software develop­
ment effort. The Stand-Alone 110 library, SAIO, is designed to per­
form the functions of the stdio standard "C" library. The SAIO li­
brary contains Unix system-like routines that access disks, Ether­
net, tapes, and UART devices and also includes routines to p.er­
form fault handling and cache flushing. The stand-alone compiler 
system uses the SAIO library to produce code that will execute in 
the target stand-alone environment. The entire stand-alone ap­
plications program is then constructed "on-top" of the modules 
provided by the SPP, as shown in Figure 3. 

Operating System 

Development Machine 

Figure 3. Using SPP to Develop Stand-Alone Applications 
on the Host System 

Code can be developed in assembly language, "C", Pascal, For­
tran or even PU1 or Cobol; the software development tools work 
equ~lIy well with any of MIPS standard languages. MIPS simula­
tion debugger, sdbx, provides source level debugging across the 
entire language suite, tracing every machine action back to the 
original source statement. Sdbx provides the ability to examine 
and modify the state of the machine as well as standard debug fa­
cilities such as single-step or breakpoint. 

Finally, another utility that comes standard with the MIPS RISe/ 
os UNIX operating system, called PIXIE, provides extensive profil­
ing of the target code. PIXIE dynamically profiles the execution of 
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the target software, so that the performance of the application can 
be tuned and so that all of the modules can be fully tested. PIXIE 
works on the binary image of the program, and thus does not re­
quire modification to the source code in order to be used. 

HARDWARE/SOFTWARE INTEGRATION 
The SPP toolkit also benefits the process of integrating software 

onto the target hardware. The SPP provide utilities which connect 
the target to the host development machine for final debugging, 
and also provides a number of software modules designed to be 
incorporated into the target to facilitate integration. 

The SPP includes a PROM monitor which provides system diag­
nostics and in~ialization of the machine. Provided in source form, 
the monitor is designed to initialize the cache, reset the machine 
state, and transfer control either to a shell program or the applica­
tions program. The monitor is responsible for storing communica­
tions parameters for the console port and maintaining other sys­
tem information. Utilities are provided to facilitate the compilation 
of the mon~orprogram and to help burn it into PROMs. The PROM 
monitor allows basic commands to examine and modify system 
memory, and provides primitive debug support which is typically 
retained in the customer end product. 

In addition to monitor functions, the PROM monitor also contains 
a set of power-on diagnostics which exercises the basic function­
ality of the CPU, FPA and memory. These diagnostics are also 
often incorporated into the customer end product. Once the target 
system can correctly execute the diagnostic suite, the application 
is known to communicate effectively with the cache and the basic 
operation of the CPU subsystem is confirmed. 

SPP Makefiles 

Compiler System 

Standalone Library 

Simulator 

Operating System 
RS232 

Development Machine t----1IIIj 
Optional Etherne'-t---.-------' .. ~ ................•.. 

Figure 4. Using the SPP During Hardware/Software 
Integration 
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The Monitor and Stand-Alone Shell, SASH, extends the func­
tionality of the simple PROM monitor. The monitor functions are 
partitioned between the PROM Monitor and SASH so that basic 
functions provided by the PROM monitor can be kept in a small 
PROM, while the extended SASH functions can then be executed 
out of RAM. 

The 'dbgmon' debug monitor is designed to be incorporated into 
the target machine. It provides hooks which allow the host to re­
motely debug the target machine, and works with the Mips host 
system debugger, pdbx, which is a source level symbolic debug­
ger configured to operate remotely. This duo performs remote de­
bugging, including the ability to breakpoint, single step, and exam­
ine the execution state of the target. Beyond disassembly, the 
debugger maps machine instructions to the source statements 
which generated them, and prints variables and addresses 
symbolically. 

Finally, in order to debug the target through the host develop­
ment vehicle, communications software is also provided. Two 
RS232 ports in the target system aid development; one for the tar­
get systems' console monitor and one for the remote debug ac­
cess to the target from the host. In addition to RS232 capability, 
drivers are also provided for Ethernet. Once the initial debug of the 
program is completed, Ethernet can be used to greatly speed the 
transfer of programs and data from the host. A Bootfile Server 
Driver is provided on the host to download bootable images to the 
target across the Ethernet. The SPP provides driver routines in 
source form, so that if necessary the drivers can be modified. Fig­
ure 4 illustrates the use of the SPP in debugging the stand-alone 
application on the target system. 

HOST DEVELOPMENT SYSTEMS 
The SPP has been designed to run on a variety of development 

hosts, provided that the host utilizes the R3000 processor. By run­
ning on a native mode platform, using a toolkit that was developed 
by the same people that developed the processor itself, there is no 
danger of errors in the interpretation of the workings of the 
processor. 

Operating System 

Development Machine 

Figure 6. The Systems Programmer's Package for the lOT 79R3000 
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. -
M/120 
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Ml2000 
Many Users 
20 mips 
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Figure 5. Range of SPP Host Development Systems for the IDT 79R3000 

Platforms for the SPP include MIPS' M Series of RISC comput­
ers, which are powerful (1 0 to 20 VAX MIPS) multi-user UNIX envi­
ronments, and also includes the 7RS201 Macintosh-II develop­
ment card available from lOT. The choice of host development 
machine is primarily determined by the number of developers of 
the application. Figure 5 illustrates the range of SPP hosts 
available. 

CONCLUSIONS 
The lOT 79R3000 is a very powerful microprocessor based upon 

RISC principles. The processor architecture is supported by a very 
powerful toolset, the SPP, which supports product development 
during all phases of the design process. 

During the initial architectural phase, the SPP provides tools 
which enable the system designer to make appropriate tradeoffs in 
cache design to achieve very cost effective performance for the 
end application. 

Software development can then proceed concurrently with hard­
ware development. The SPP includes language and library tools 
to facilitate development, as well as a powerful symbolic debugger 
for the software debug effort. An entire simulation environment 
simulates the processor, memory, and 1/0 subsystems. It is used 
to fully simulate the target system before it is even fully designed, 
and allows the target operating system and software to be de­
bugged on an existing, functional platform. 

Finally, the process of integrating software onto the target hard­
ware is facilitated by modules included in the SPP. Source code 

UNIX Is a tra:Jemark of AT&T 
VAX Is a trademark of Dighal Equipment Corporation 
Macintosh Is a trademark of Apple Corrputer 
MIPS and RISc/os are trademarks 01 MIPS Corrputer Systems 

for communications drivers, diagnostics, and a debugger and sys­
tem monitor allow very powerful debug support as the software is 
brought up on the target hardware. ' 

Altogether, the SPP enables applications to be developed forthe 
79R3000 in a very timely fashion, and allows the system designers 
to concentrate on developing the target system rather than on de­
veloping tools. The SPP provides the user with total control over 
the development process. Its power has been demonstrated at 
MIPS Computer Systems, where it is used to develop operating 
systems for new computers. 
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MICROPROCESSOR 

Integrated Device Technology, Inc. AS PRESENTED AT NORTHCON '89 

By Philip Bourekas 

INTRODUCTION 
Today's high-speed RiSe microprocessors bring new levels of 

performance to todays' applications. This performance is a blend 
of the raw system speed and of the architecture of the processor. 
However, these processors require a different design methodol­
ogy than the familiar techniques applicable to lower speed else­
type microprocessors. Todays' processors feature tools rich in 
software content, appropriate to the software-intensive nature of 
RiSe. 

The lOT 79R3000 Rise Microprocessor family is richly sup­
ported by a wide variety of development tools, benefiting all stages 
of the development process. These tools allow designers to maxi­
mize performance, minimize cost, and significantly reduce time to 
market. Additionally, the tools are flexible enough to be well suited 
to the requirements of either reprogrammable or embedded type 
applications. 

ARCHITECTURE OVERVIEW 
The lOT 79R3000 is a high-performance microprocessor using 

RiSe techniques to achieve 27 MIPS performance in a 33MHz 
system. The 79R3000 architecture was developed by MIPS Com­
puter Systems as an evolution of work originally begun at Stanford 
University, and is a second generation implementation of the MIPS 
instruction set architecture. 

The 79R3000 achieves this high-performance through the com­
bination of low average cycles per instruction (typical of RISC proc­
essors) and high instruction and data bandwidth. The 79R3000 
consists of two tightly-coupled processors on a single chip. The 
32-bit integer RISC CPU is complemented by CPO, the on-chip 
system control coprocessor containing an MMU with 64-entry, 
fully associative TLB, processor control and status registers, and 
an on-chip cache controller featuring 267MBytes/second of proc­
essor bandwidth using industry standard static RAMs. 

,..--________ -,Da 5 
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Figure 1. Typical 79R3000 Based System 
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DEVELOPING APPLICATIONS FOR THE 
lOT 79R3000 RISC MICROPROCESSOR 

The arch~ecture features a separate floating point accelerator, 
the 79R3010, which executes at 9.3 single precision Unpack 
MFLOPS (4.3 MFlops double precision). Also frequently used is 
the 79R3020 write buffer, which allows the processor to execute 
stores to main memory at the processor cycle rate, rather than the 
main memory rate. Figure 1 illustrates a typical 79R3000 based­
system. 

The full performance of the 79R3000 family is a result of bal­
anced integration between software and hardware. The integer 
CPU contains a five-stage pipeline, therefore executing five in­
structions concurrently and reducing the average time per instruc­
tion. Optimizing compiler technology serves to both reduce the 
number of dynamic instructions required to execute a given task, 
and also to insure that the various resources of the CPU are fully 
utilized. Examples of compiler optimization include scheduling in­
structions to eliminate latency effects in branch or load instruc­
tions, and also scheduling resources to minimize the occurance of 
hardware interlocks which might arise if an access to a busy re­
source is attempted. 

ON-CHIP CACHE CONTROL 
The 79R3000 contains an on-chip cache controller which con­

trols separate Instruction and Data Caches. Each cache can vary 

Data and 
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in depth from 4k Bytes through 256kBytes. Additionally, each 
cache can have independent cache refill block sizes of 1 through 
32 words (block refill refers to how much data is retrieved from 
main memory when processing a cache miss; block refill relies on 
the principle of locality of reference to improve net processor per­
formance by amortizing the expense of going to slower main mem­
ory over a number of instruction or data elements likely to be 
needed). 

The on-chip cache controller implements separate, direct­
mapped Instruction and Data caches using industry standard 
static RAM devices such as the IDT 7198 (16k x 4) or lOT 71586 
(4k x 16 with integrated address latch), using a single address and 
single data bus. External latches capture the address for the 
cache access, while the 79R3000 provides signals to directly con­
trol the address latching, RAM output enable, and RAM write con­
trol for each cache. The tag comparison occurs on-chip, simulta­
neous with the data access, minimizing the amount of time neces­
sary for the cache control function. Thus, it is very simple to imple­
ment a highly-efficient cache for the 79R3000 while minimizing 
the amount of logic needed to implement the cache control. Figure 
2 illustrates the design of 64kBytes each of Instruction and Data 
Cache, a configuration common in workstation applications. 

Tag Buses I\I---------l~~'--_;=::;:==;__, 

AdrLo 
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IRd1* 
IWr1* 
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Processor 
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IRd2* 
IWr2* 

DRd1* 
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DClk 

DRd2* 
DWr2* 

SysOut * 
Xen * 

Address Data 
32 + 4-bits Parity 

Figure 2. 64kBytes of Instruction and Data Cache 
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ASYNCHRONOUS MEMORY INTERFACE 
The 79R3000 also incorporates a simple, flexible interface to 

,main memory resources, including RAM, PROM, and liD. This in­
terface is supported through the use of the Asynchronous Memory 
Interface, which is used whenever uncached data is required (e.g. 
cache miss processing, uncacheable memory, liD devices, etc.). 

The asynchronous interface consists of control signals for read­
ing and writing main memory. The processor asserts its request 
signal (e.g. MemRd, which indicates a main memory read), and 
main memory throttles the processor with the appropriate control 
signal (e.g. RdBusy, which says that the required data is not yet 
available). Further information about the type of transaction is 
available from the Access Type bus, which indicates the size and 
cause of the data access. The processor automatically updates 
the contents of its caches when main memory traffic was initiated 
by a cache miss. 

The 79R3000 can be used with a wide variety of memory inter­
faces. In compute server type systems, the asynchronous inter­
face is typically used as part of a backplane bus arbiter circuit. The 
memory required by the processor then typically takes many cy­
cles before the first transaction can be completed, while immedi­
ately subsequent transactions take considerably fewer cycles (the 
79R3000 block refill mechanism takes advantage of this fact). In 
embedded systems, the processor typically has much more direct 
control of its main memory resources, and these signals are used 
with a simple state machine to facilitate transfer activity between 
the main memory bus and the CPU-cache bus. Thus, the 
79R3000 asynchronous memory interface is flexible enough to 
satisfy a wide variety of applications. 

With all of this flexibility, it is important that the system designer 
have a rich toolset available to assess the implications of certain 
design decisions. This toolset must account for the application 

Instruction #1 
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constraints in terms of cost, size and performance. The lOT 
79R3000 is supported by tools which allow system designers to 
evaluate their proposed system in advance of committing to PC 
board, and to verify that the system design goals are achieved. 

PERFORMANCE CONSIDERATIONS 
This architecture results in the highest standard of microproces­

sor performance. In developing an application for the 79R3000, it 
is important to understand the fundamental reasons for the proces­
sor's high standard of performance, and to understand the implica­
tion of design decisions in terms of performance. In this way, the 
cost of the system can be optimized for the performance level re­
quired by the application. 

The performance of the 79R3000 is a result of its low average 
clocks per instruction, and its high memory bandwidth. The pipe­
line stages allow multiple instructions to be in various stages of 
processing simultaneously, as shown in figure 3. (Compiler tech­
nology serves to insure full use of this parallelism.) 

The instruction cache allows a new instruction to be initiated on 
every processor clock cycle, and the low average instruction la­
tency means that instructions are completed ,at close to one cycle 
per instruction. The purpose of the instruction cache is to provide 
the majority of the instructions at the processor clock rate. 

Instruction bandwidth is complemented by data bandwidth. The 
purpose of the system write buffers (such as the lOT 79R3020) is 
to allow the processor to finish with a data write in one clock cycle, 
even if the system takes multiple clock cycles to retire the data. 
The data cache provides for very fast data load operations, and is 
capable of supplying a data operand in every clock cycle (the 
79R3000 can get both an instruction and data item in each clock 
cycle, resulting in 267MBytes/sec bandwidth at 33Mhz). 

r-------~------------ ---------------------- ---------------------
Instruction 

Fetch 

Instruction 
Fetch Instruction #2 

Instruction 
Decode 
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r------~-------------
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Figure 3. Pipeline Stages of the 79R3000 
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DEVELOPING APPLICATIONS FOR THE 
lOT 79R3000 RISC MICROPROCESSOR 

Performance in a given application is thus to a first approxima­
tion a function of system speed and cache efficiency. That is, more 
cache hits imply that more information is given to the processor at 
the single cycle rate. Coupled with high frequency (short cycle 
time) operation, the 79R3000 achieves ultra-high performance. 
The 79R3000 includes features which further help to minimize the 
impact of cache miss processing. These features include the block 
refill capability, which allows multiple main memory words to be re­
trieved when performing cache miss processing. Block refill takes 
advantage of the difference between memory latency (the time to 
the first operand), and memory bandwidth (the time between suc­
cessiveoperands). The 79R3000 allows the designer to select the 
block refill appropriate to the application. Further, the 79R3000 
performs instruction streaming, which is the simultaneous fetch 
and execution of cached instructions, to result in substantial per­
formance improvement when filling the cache with a new process 
or task. 

The amount of cache "sufficient" for a given application is a func­
tion of a number of factors. These factors include the latency to 
main memory (how long on average it takes to receive an operand 
not in the cache), as well as the instruction mix (the reference and 
time locality of the code, the amount of data versus ALU opera­
tions, etc.). The system designer is free to implement more or less 
cache, as appropriate for the system, depending on his cost and 
performance constraints. 

One tool available to help the system designer determine the ap­
propriate amount of cache for a given application is the 
Cache-2000 cache simulator. With Cache-2000, the designsr 
can "describe" a proposed system and evaluate the performance 
of representative software on that system. Cache-2000 does not 
require the software engineer to modify source code, but rather 
works from the executable image of the code using UNIX profiling 
tools to determine the number of cycles required to execute the 
program on the described system. Inputs to Cache-2000 include 
the cache sizes, processor frequency, main memory latency, write 
buffer depth, and block refill sizes selected. Cache-2000 provides 
a highly accurate simulation of the software performance on the 
system described, and gives the system designer a firm basis for 
making design trade-offs. 

A final consideration exists for real time systems, where a gen­
eral purpose cache may not satisfy the predictability requirements 

CONFERENCE PAPER CP-02 

of the application. A number of techniques for the 79R3000 exist 
which guarantee predictable, high-performance in real time appli­
cations. These techniques allow the system designer to use either 
hardware or software to lock time critical portions of the operating 
system into cache at all times, guaranteeing single cycle access to 
kernel instructions. Alternately, the system designer could take 
advantage of the on-chip cache controller to construct a memory 
system entirely with synchronous memory devices (e.g. SRAM), 
and achieve the highest levels of system performance and true 
predictability. 

Figure 4 illustrates alternative ways in which the 79R3000 flexi­
bility and performance can be brought to embedded applications. 
The performance evaluation tools allow the system designer to 
conclude in advance whether a given system architecture is 
appropriate to the task. 

COST TRADEOFFS 
Once the appropriate system configuration is determined, the 

system designer can go about designing the lowest cost system 
achieving the desired level of performance. IDT has written appli­
cations notes describing ways to reduce system cost while not af­
fecting application performance. These techniques take advan­
tage of the nature of various types of applications, and use the inte­
gration of the 79R3000 to full advantage. By taking advantage of 
these features, the system designer can build "just as much" cache 
as is needed for the application. 

Specifically, the 79R3000 cache controller was designed to im­
plement a line size of one word (that is, one tag, or main memory 
origin descriptor per 32-bit word in the cache). Further, the cache 
controller was designed to support a full 4 Gigabytes of cacheable 
main memory, and to implement caches between 4k bytes and 
256k Bytes in depth. In doing so, the. on-chip cache controller will 
compare 20-bits of tag on each cache cycle. 

However, it is not required that all tag values come from ram ele­
ments. In systems which implement caches larger than 4k Bytes, it 
is possible to provide a feedback path between the processor out­
put cache address and the input low-order tags. This can be done 
with a single 74FCT244A buffer/driver, rather than RAM. 

General Control, Few InstructIons, 
110 IntensIve 
(e.g. DataComm) 

Tight Loops, 
Data Intensive 

. (e.g. Laser Printer) 
Limited Memory Needed 
(e.g. Robotics) 

High Performance 
Real Time System 
(e.g. Flight Simulator) 

Figure 4. Typical 79R3000-based Systems 
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Similarly, many embedded applications require less than 4 
Gigabytes of cacheable memory (a number more typically associ­
ated with reprogram mabie applications). In these systems, the de­
signer can "hard-wire" high-order tags, using resistors or buffers, 
and reduce the cost of the cache by reducing the cacheable mem­
ory space. This still allows the system designer to access the en­
tire 4 GigaByte address space for memory decoding, etc. 

Additionally, there is no absolute requirement that the cache line 
size be one word. The system designer could take advantage of 
the processor's built in block refill capability to implement a larger 
line size. If the line size were increased to only four words, then 
one-fourth as many tags would be required as data elements, and 
the cost of the cache is further reduced. 

THE ROLE OF DEVELOPMENT TOOLS 
For the system designer to properly design the application, it is 

important that sufficient tools be in place. Many of these decisions 
will be determined by the software to be run on the application. 
The 79R3000 features a wide variety of software development 
tools, which allow the concurrent development of both hardware 
and software. These tools allow the software to be developed be­
fore the target hardware is designed. Thus, the system designer 
works from accurate information regarding the nature of the soft­
ware, its dynamic execution profile, and the amount of memory re­
quired to support it. The software developer develops his applica­
tion on the development host, and uses Sable, the architecture 
and instruction set simulator, to develop all of the application code 
prior to target system availability. 

The hardware designer can also draw on a variety of develop­
ment and debug tools. In addition to the Cache-2000 program, 
there are a number of other tools used by the hardware designer. 

FPU 
OSC .. 
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These include hardware models of the component family, such as 
those available from Mentor or Valid Logic. These models use ac­
tual components to sim ulate the interaction of the CPU in the target 
system, while the system exists only in schematic form on the CAD 
platform. This reduces the risk that the first PC board has 
significant errors. 

When the system is being initially debugged, logic analyzer tools 
are used to trace the system activity. The 79R3000 is supported 
on a number of logic analyzers, including Gould, Tektronix, and HP 
family offerings. These analyzers disassemble the bus traffic, and 
are invaluable, non-intrusive aids during the debug process. 

Software tools are also used during system debug. The PROM 
monitor, available from lOT, includes useful debug aids such as 
breakpoint, memory examine and modify, diagnostics, etc. The 
PROM monitor is available in source form, allowing full customiza­
tion to the requirements of the target system. Thus, the interaction 
of the target software and hardware can be examined and con­
firmed during the debug stages. 

PRE-PACKAGED SOLUTIONS 
There are a number of other products available to minimize the 

amount of time required for RISC development. These include 
hardware and software products. 

For the hardware designer, lOT offers a family of RISC subsys­
tems, integrating the CPU and Caches onto a single, small foot­
print module such as the subsystem shown in figure S. These 
modules are ideal for initial development and even for full produc­
tion. The risk associated with high-speed system design is elimi­
nated, and the customer can focus on his value added software 
and peripherals. 
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DEVELOPING APPLICATIONS FOR THE 
lOT 79R3000 RISC MICROPROCESSOR 

For the software designer, a rich toolset is also available. The 
Stand-alone I/O library interfaces between C language I/O calls 
and direct device drivers. The PROM monitor eliminates the need 
for the software developer to develop tools, and thus allows him to 
focus on the software for the application itself. Finally, a wide vari­
ety of operating system support is available, including real time op­
erating systems for either C or Ada applications. 

CONCLUSIONS 
The 1DT79R3000 architecture is ideal for a wide variety of high­

performance applications, ranging from embedded applications 
through real-time systems and including high-performance 
reprogram mabie applications such as workstations and file 

System System 
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servers. In addition to its inherent high-performance, the 
79R3000 architecture is flexible enough to allow the system de­
signerto configure the system according to the application require­
ments, thus achieving the desired performance at minimum cost. 

In order to bring the performance of the processor to the applica­
tion system, it is important that a rich and robust toolset be avail­
able at all stages of the system development cycle. The 79R3000 
provides tools for both the hardware and software teams to use 
during all phases of the development project, as shown in figure 6. 

The end result is the highest-performance processor available 
today, and a toolset which enables application developers to bring 
that performance to their systems at minimum cost and with mini­
mal development effort. 

Architecture Development 
System 

Integration 
and Verification Evaluation Phase 

UNIX is a trademark 01 AT&T 
VAX Is a trademark 01 Dlg~aI Equipment Corporation 
Macintosh Is a trademark 01 Apple Corfl)uter 
MIPS and RISCIos are trademarks 01 MIPS CorJl)uter Systems 

Figure 6. System Development Phases and Support 
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Integrated Device Technology, Inc. 

by Philip Bourekas 

ABSTRACT 
This paper discusses the architecture of the R3001 

RISControlier™, a derivative of MIPS Computer Systems 
R3000 microprocessor which lOT has developed to address 
the particular needs of embedded systems designers. This 
paper discusses the architectural features of the MIPS RISC 
architecture which make it well suited to embedded 
applications, and discusses the changes to the R3000 
implementation embodied in the R3001. The paper also gives 
examples of how these changes help embedded system 
designers achieve the goals of their applications. 

INTRODUCTION 
The lOT R3000 microprocessor (the MIPS RISC Processor) 

has found widespread acceptance among re-programmable 
applications such as UNIXTM workstations and server systems. 
Less widely known, but of considerable significance, is the 
growing acceptance in the embedded marketplace in 
applications including real-time control systems, data 
communications, laser printer controllers, graphics terminals, 
and avionics controllers. 

This acceptance is testimony to the elegance of the 
instruction set, software, and the basic device implementation. 
In working with such a diversity of customers, however, lOT 
identified a set of significant changes to the R3000 device 
which make it even better suited to solving these types of 
control problems. 

While the R3000 is obviously a good device for many 
embedded applications, it became clear from our customers 
that it would be possible to implement incremental changes to 
the device to simplify and broaden its application in embedded 
systems. lOT has implemented a derivative of the R3000 
which addresses many of the issues the R3000 brought to 
embedded system designers. 

The R3001 is the solution. The design goals of the R3001 
were to: 

MIPS is a trademark of MIPS Computer Systems. Inc. 
VAX is a trademark of Digttal Equipment Corp. 
UNIX is a registered trademark of AT&T. 
R ISControlierv is a trademark of Integrated Device Technology. Inc. 

et990 Integrated Device Technology. Inc. 9.17 

• Maintain FULL software compatibility with the R3000, at 
both the kernel and user levels, to maximize the wealth of 
software support (both development and applications) 
available for the MIPS RISC architecture. 

• Allow embedded system designers to realize the perform­
ance of the R3000 at lower total system cost (fewer 
devices, less power, less board area, etc.). 

• Allow the system designer more options in the design and 
partitioning of the high-performance memory system. 

• Give the system designer full control of all aspects of 
system design; don't make each system pay forthe full set 
of worst case assumptions about systems dramatically 
different from his or her target application. 

• Recognize the needs of real-time deterministic systems, 
and provide solutions to the problems of general purpose 
caches in these applications. 

• Support systems which do not wish to implement "cache", 
such as real-time systems. 

• Support the use of complementary products designed for 
the R3000, such as the high-performance R301 0 Floating 
Point, cache RAMs, interface chips, etc. 

• Support systems which distribute the processing task 
among tightly-coupled heterogenous processing devices, 
such as systems with I/O processors working directly with 
the R3001 local memory. 

• Maintain same pin count as R3000 (which is pad limited; 
higher pin count would thus result in higher end-user 
device cost). Pin compatibility was not a constraint. 

• Achieve the same range of speeds as the standard R3000. 
• Maintain the full performance of the R3000. 

This paper discusses the architecture of the R3001, and 
how it achieves the above goals. A few design examples are 
included to help clarify how these changes achieve the goals 
established for the project. 
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lOT's R3001 SIMPLIFIES DESIGN OF 
HIGH-PERFORMANCE CONTROL SYSTEMS 

THE R3000 IN EMBEDDED SYSTEMS 
There are a number of reasons why the R3000 has been 

used in embedded systems. The primary reasons are: 
The R3000 attains the highest levels of performance, 
based on its efficient architecture: 28 VAX Units of 
Performance at 33 MHz, sustained, in real-world 
application. Other processor architectures require much 
higher frequencies to approximate the performance 
achieved by the R3000. 
The R301 0 Floating Point Acceleratorco-processorbrings 
excellent floating point performance to those systems that 
need it, such as military avionics control systems. 
The compilers forthe R3000 achieve most of the efficiency 
of programming in assembly language, while offering the 
ease of development of high-level languages. 
It is possible to use a single basic CPU subsystem design, 
and achieve various levels of performance by either 
varying cache depth, system speed, or memory interface 
(write buffer depth and block refill size), and by using 
hardware or software floating pOint. 
The R3000 development environment provides powerful 

Highest Bus Bandwidth 
(Native Rate of the CPU) 

Lowest Bandwidth 
(Where the Program Resides) 
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software development tools, including debugging support, 
system profiling, system performance projection, and target 
system software simulation. This allows system software 
to be developed quickly and in parallel with the target 
hardware, minimizing time-to-market. 

THE R3000 ARCHITECTURE 
The R3000 implements a strictly hierarchical view of 

memory, appropriate for minicomputer systems. In a typical 
R3000 system, a given level of memory is a high-speed cache 
of the larger, slower memory below in the hierarchy, as shown 
in Figure 1. For example, the on-chip register file contains the 
most frequently used data items; the next high-speed memory 
is implemented as high-speed instruction and data caches for 
the main memory, which is a "cache" of the mass storage 
system. The R3000 utilizes various techniques to manage the 
interaction of the various levels, from register allocation 
algorithms implemented in the compilers to TAG comparison 
of the cache, and an MMU to support a demand paged virtual 
memory system. 

On-Chip Register File 
Managed by Compilers, 
Programmer's 
3 Words/ Clock Cycle 

Instruction and Data Caches 
Managed by 
On-Chip Controller 
2 Words/Clock Cycle 

Main Memory 
Capabilities are system dependent. 
Long Latency, but Burst Bandwidth 
of 1 Word/Clock Cyeie 

Mass Storage 
Managed by MMU, 
Page Tables 

Figure 1. Hierarchies of Memory in an R3000-Based System 

9.17 2 



lOT's R3001 SIMPLIFIES DESIGN OF 
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The R3000 integrates a direct mapped cache controller on 
Chip. The R3000 requires that a full 60 bits of data be provided 
by each cache in each cycle; these 60 bits include 32 bits of 
data, 4 bits of data parity, 20 bits of TAG, a valid bit, and 3 bits 
of TAG parity. This amount of overhead is required because 
the R3000 allows (and assumes) cacheable main memory as 
large as 4 GB, and a cache as small as 4 KB. 

All of these techniques combine to allow the R3000 to bring 
the highest levels of performance to microprocessor-based 
systems. However, these techniques are not necessarily 
appropriate to embedded applications, and thus add complexity 
and cost to the system design. For example, an embedded 
system typically contains all instructions in the system PROMs; 
there is no need to perform demand paging from disks. 
Similarly, embedded systems may not operate in a multi­
tasking model, but rather run a single executive process. This 
simplifies (or eliminates) the requirement for managing virtual 
memory references. 

In fact, many embedded systems do not wish to deal at all 
with caches. This may be motivated by cost, area, or system 
architectural requirements. For example, a real-time system 
may be vastly complicated by a general purpose cache; the 
system designer can not be guaranteed what is in the cache 
when a given system event occurs, and thus the general 
purpose cache brings no performance gain to the real-time 
system. In fact, in these real-time systems, general purpose 
caches are viewed as "non-deterministic", and thus contradict 
a basic requirement of real-time applications. 

THE lOT 79R3001 ARCHITECTURE 
From the perspective of a programmer, there is no difference 

between the standard R3000 and the lOT 79R3001. Both 
devices contain the same basic execution core and memory 
management unit, thus eliminating any risk of software 
incompatibility. The R3001 is, therefore, fully software 
compatible with the R3000, at both the kernel and user levels 
of software. Neither user programs nor kernels need to be 
modified to use the R3001. 

However, the R3001 can present a totally different look to 
the system designer compared to the model assumed by the 
R3000. The R3001 was implemented as a set of design 
changes to the bus-interface of the R3000. These changes 
were selected to maximize the amount of flexibility the system 
designer has when implementing the appropriate memory 
subsystem for his embedded application. Whereas typical 
uni-processorcomputersystems tendto have relatively similar 
memory requirements, embedded applications tend to have 
dramatically different requirements, depending onthe particular 
problem to be solved. 

CONFERENCE PAPER CP-03 

THE R3001 MEMORY INTERFACE 
While the R3001 does support the hierarchical memory 

structure ofthe R3000 (at lower system cost), the RISControlier 
goes beyond the capabilities of the R3000 by allowing a 
different view of memory. Rather than assuming that the 
highest speed memory is always used as a general purpose 
cache, the R3001 allows the system designer to use this 
memory space in a wide variety of ways. This flexibility is the 
key to the R3001 in embedded systems. 

The R3001 allows the system deSigner to view the fast 
memory as a synchronous memory space, distinct from 
(ratherthan a cache of) slower memory. This partitioning is at 
the discretion of the system designer; in some systems a 
general purpose cache model might still be used, while in 
other systems a "cache less" memory system would be 
implemented to assure real-time performance. 

The R3001 directly controls two areas of memory: the 
synchronous memory space, and the asynchronous memory 
space. Synchronous memory is further subdivided into 
separate instruction and data portions, to supply the highest 
possible bandwidth to the processor. Unlike the R3000, it is 
simple for the system designer to implement these memory 
spaces as two different regions of memory, rather than 
implement a hierarchical relationship between them. The 
memory interfaces supported by the R3001 are illustrated in 
Figure 2. 

The R3001 directly controls the synchronous memory 
spaces using a single data bus and single address bus but 
separate sets of control pins (one set for instruction and one 
fordata). The control pins control the external de-multiplexing 
of address (using external transparent latches) and muniplexing 
of data (using the output enable of the memory devices). The 
synchronous interface performs both an instruction and data 
access per clock cycle on alternate phases of the clock. It 
presents an address for the instruction in one phase and 
completes the data transaction in the same phase. In the next 
phase it completes the instruction transaction and initiates a 
new data transaction. The operation of the synchronous 
interface is illustrated in Figure 3. 

In systems which wish to implement a hierarchical 
relationship between the high-speed synchronous memory 
and slower memory, the R3001 simplifies the design of the 
high-speed caches by making the on-Chip direct-mapped 
cache controller much more flexible. All the system deSigner 
needs to do is ''widen'' the synchronous memory space by 
connecting standard memory devices to the appropriate TAG 
lines of the processor. The CPU will automatically manage the 
cache, detect hits and process misses by accessing the 
asynchronous memory space. 
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Figure 3. R3001 Synchronous Memory Interface Operation 

In these hierarchical systems, the R3001 implements 
caches with substantially lower cost than the R3000 does. 
This is because of the flexibility of the synchronous memory 
interface. The R3001 eliminates TAG parity, and makes data 
parity optional. Additionally, rather than requiring TAGs for a 
model of 4 GB memory and a 4 KB cache, the R3001 only 
requires the amount of TAGs required for that particular 
system. Most embedded systems implement main memory of 
8 MB or less, and build caches of 8 KB or larger. Thus, rather 
than requiring 60 bits per cache to support the R3000 cache 
controller (or 15 high-speed 16Kx4 memories), R3001 based 
systems can be implemented with cache widths of 44 bits or 
less (only 11 RAMs per cache). This saves a minimum of 8 
high-speed RAMs per system, as shown in Figure 4. Note, 
however, that disabling the checking of TAG bits does not 
reduce the amount of memory supported by the processor; it 

9.17 

reduces the amount of memory which may be cached. The fu II 
4 GB address space is still available (although not all of it is 
cacheable) in the system, simplifying address decoding for 
various types of memory such as memory-mapped I/O devices. 

This same mechanism extends to allow cacheless systems; 
the system designer merely disables all TAG checking. The 
architecture of the processor allows software to separate 
synchronous and asynchronous memory references by using 
virtual addresses that are either"cacheable" (synchronous) or 
"uncacheable" (asynchronous). 

This approach yields direct benefits to real-time systems. 
By eliminating the hierarchical model of memory, the high­
performance real-time system designer can accurately 
measure and predict critical real-time metrics such as context 
switch time and interrupt latency without worrying about the 
uncertainty associated with general purpose caches. 
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FIgure 4. Cost-Reduced R3001 Cached System 

DMASUPPORT 
Since the R3000 always assumes a cache-based system. 

the only external access to the fast memory supported are 
those required for multi-processor cache coherency. The 
R3000 thus incorporates a simple but flexible interface which 
allows an external agent to specify a given cache line. and to 
request that the processor invalidate that line by writing into it. 
System DMA events. such as disk transfers. are assumed to 
only occur in the asynchronous memory space. In this 
memory space. the processor is not a master, but merely 
another requester. . 

While this model is appropriate for minicomputer type 
systems, it severely limits the embedded system designer. 
Many embedded systems use different types of specialty 
processors under the control of a single, general purpose 
processor. For example, a threat recognition system might 
contain a DSP subsystem to perform image recognition. and 
use a general purpose processor for prioritization or response 
to threats. Such a system needs a high-bandwidth method of 

communicating between these processors. a natural 
application for DMA transfers. 

The R3001 allows an external master to request 
mastership of the synchronous memory bus and control 
signals. as shown in Figure 5. The DMA controller then can 
quickly transfer data from one processor memory into the 
high-speed R3001 synchronous memory. allowing the 
RISController to process the data (or special instruction 
sequence) rapidly. 

CACHELESS SYSTEM 
A high-performance processor requires a great deal of 

memory bandwidth to keep the execution engine running at 
full speed. Typically. caches are used t6 supply this bandwidth. 
I n many applications. however. performance can be traded for 
cost. and the use of caches can be avoided. Alternately. in 
many other applications. it is feasible to implement a large 
enough fast memory that traditional caching strategies can be 
avoided. 
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Figure 5. R3001 DMA Arbiter Interface 

The system design shown in Figure 6 illustrates a cache­
less system offering 7 mips of performance (based on real­
world embedded applications such as page-description 
language interpreters). Rather than using caches, a set of 
ROMs contains the processor instructions, and the processor 
clock rate is slowed to 8 MHz to allow a ROM access every 
clock cycle. In addition to the instruction ROMs in the 
synchronous space, there is a bank of DRAM for main storage 
(in a laser printer or graphics application, this would contain 
the page or screen image and the display lists). Peripheral 
devices, such as communications devices, are also resident 
in the asynchronous memory space. 

All instruction accesses are satisfied by the ROMs, 
providing zero-wait state access to instructions. Since the 
processor clock speed is reduced to 8 MHz, DRAM accesses 
can be satisfied in 3 clock cycles (even if using 180 ns DRAMs, 
such as those available in the military market place). Note that 
a small data cache, implemented using just 5 2Kx8 SRAMs at 
90ns (very inexpensive devices) could further increase 
performance by reducing the number of DRAM references 

necessary. Implementing the data cache would merely require 
the inclusion of the address latch and the memory devices. 

A similar system could be implemented using dense SRAMs 
rather than ROMs, allowing higher speed operation. Such a 
system would probably require the boot ROMs to be resident 
in the asynchronous memory space. This type of system is 
typical of many of the real-time applications of the R300 1. The 
R3001 makes this possible because of its processors ability to 
implement cacheless systems, and because of its support of 
large (16 MB) synchronous memory. 

REAL-TIME CACHE BASED SYSTEM 
It is possible to implement a system with the benefits of 

caching which also satisfies the deterministic requirements of 
the real-time system designer. With the R3001, the real-time 
system designer can easily implement a specialized caching 9 
structure which guarantees that critical kernel routines will be 
executed with constant execution time (ratherthan the variable 
execution time which is a result of the uncertainty of whether I 

the code is cache resident). 
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Figure 6. R3001 ROM Based, Cacheless System 

The basic technique involves segmenting the cache into 
two portions: a dedicated kernel section, where the time 
critical code is resident and which tasks can riot overwrite, and 
a general purpose section, where the tasks benefit from 
caching but which is non-deterministic. 

Software separates memory areas forttie time critical code 
from the general task, according to the. addresses used. 
External address decoding is then used to separate kernel 
from general accesses, and select the right cache area 
depending on the decoded address. 

Figure 7 shows the cache subsystem which might be 
implemented for such a design. A high-order address line 
indicates whether the access is for the time critical kernel, or 
is a general access. If a kernel access is indicated, then the 
chip-enable for the kernel cache is activated and the enable 
for the general cache is negated,thus insuring a kernel 
reference. A simple routine at system startup pre-loads the 
critical code into the kernel cache, so that all invocations of 
those routines result in cache "hits". This achieves the highest 
levels of real-time performance, utilizes the caches to minimize 
overall system cost and achieves the highest levels of real­
time throughput. 
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Figure 7. R3001 Real-Time, Cache Based System 

SUMMARY 
The introduction of the R3001 enables the designers of 

embedded systems to bring the performance inherent in the 
MIPS RiSe architecture to their embedded applications by 
satisfying the cost, area, and performance constraints of 
various applications. This allows the designer to use a single 
base architecture throughout their system, for example, by 
using the R3001 to manage I/O processing in an R3000 

9.17 

based minicomputer. This allows both I DT and ourcustomers 
to leverage their experience with the architecture, and has 
proven to be attractive to a large number of our customers. 

IDT will continue to innovate with the MIPS RiSe 
architecture, producing other derivative versions of the 
architecture which are well suited to specific embedded 
applications. 

9 



DOMESTIC SALES 
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