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Features

Feature Description
Pipeline Six stages

Folding Up to four instructi

I-Cache line size 16 bytes

I-Cache bus to I-Buffer 64 bits

I-Buffer entries 16

Multicycle operations Microcode
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Pipeline

• Fetch (F) stage— The ICU fetches instructions from either t
ICU or from external memory.

• Decode (D) stage — The IU groups and precodes instructio
ing Unit (IFU).

• Register (R) stage— The IU fetches the operands from the s
load-use conditions, bypass conditions, and stack cache m
this stage is in the Register Control Unit (RCU).

• Execution (E) stage— The IU uses the ALU to either compu
the address of a load or store from the DCU. All multicycle
code datapath for execution.

Fetch Decode Register Execute C

F D R E
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Pipeline (Cont’d)
• In case of a control flow instruction, the IU calculates 

condition upon which the branch is dependent.

• In case of a floating-point instruction, the IU provides t
execution.

• Cache (C) stage — The IU accesses data from the data cac
traps at the end of the cycle.

• Write (W) stage — The IU writes back the results to the sta
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Instruction Cache Unit (IC

• The ICU fetches instructions from the I-Cache and provide
unit.

• The ICU uses an instruction buffer (I-Buffer) to hold instruc
from memory until they are consumed by the IU.

• The I-Buffer gets 8 bytes from the I-Cache or 4 bytes from
(BIU).

• The instruction cache line is 16 bytes.

• The I-Cache is configurable between 0 to 16 Kbytes.

• In a cache miss, the ICU generates a memory request for 

• If the I-Buffer is empty and an instruction cache miss occu
stalled.
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Units

I-Tag

icu_dout_d

Miss

Miss state machine

icu_req
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ICU Interaction with Other 

+4

I-Cache Bypass

Aligner

IU

BIU

iu_addr_e

biu_data

ibuf_dout

Length decoder

nxt_fetch br_pc

. . . .I-Buffer[15] I-Buffer[0]

icu_biu_addr

icu_addr
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ICU Structure

• The I-Cache is a direct-mapped, 16-byte line size cache w

• Each line has an 18-bit cache tag entry and an associated

• A 16-byte instruction buffer delinks the fetch stage from the
performance reasons.

• The processor status register contains an Instruction Cach
which, if disabled, causes instruction fetches to behave as
instruction cache.

In that case, the ICU fetches instructions from memory and
I-Buffer, but does not write them into the instruction cache.
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ICU Structure

I-Cache_cntl

ibuf_cntl I-Buffer

icu_dpath
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ICU Structure (Cont’d)
• Instruction cache control (ic_cntl ) — ic_cntl  determin

the instruction cache to access. Depending on the situation
the trapPC, or the nextPC for the access.

ic_cntl also provides mux control for the data mux, which
fill bus and the diagnostic data.

ic_cntl  generates bus requests due to cache misses or 
cache miss,ic_cntl  bypasses data from the ICU to the I-B
available from memory prior to the completion of the cache

• Instruction buffer (I-Buffer)  — The I-Buffer is implemented
buffer.

In a cycle, the ICU adds 8 valid bytes to the I-Buffer from the
first available position. When the I-Buffer is full, the fill tran
read a maximum of 7 valid bytes, starting from position on

When a branch or trap occurs, the ICU flushes all the entrie
branch or trap data to move to the top of the I-Buffer.
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ICU Structure (Cont’d)

align_data ibuf_douti0 7

ibuf_dout [i]

1 2 3 4 14 15 1. . . . .

IU
decode

Maximum of 7 valid bytes

. . . . . . . .
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ICU Structure (Cont’d)
• I-Buffer control ( ibuf_cntl ) — I-Buffer control provides 

control signals for I-Buffer functions. It keeps track of the v

To simplify the I-Buffer full logic and enhance the timing, the
entries exceed 8 bytes.

• Instruction cache datapath (icu_dpath ) — icu_dpath  co
and the datapath logic. It includes the datapath for generati
tion that is to be decoded and does the following:

• Provides appropriate addresses and data to the RAMs

• Stores valid entries on to the I-Buffer

• Supports diagnostic reads and writes to the cache
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icu_pc_d
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ICU Structure (Cont’d)

Adder

Encoder
iu_shift_d

jmp_pc

PC Datapath
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I-Cache Transactions

• Cache read hits — On a read hit, the ICU fetches 8 bytes o
cache and stores them in the I-Buffer in one cycle.

ICU decodes the instruction-length information associated
from the instruction cache into 4 bits per byte and writes th
the I-Buffer.

• Cache read misses — On a cache miss, miss control gener
the BIU.

On receiving the data from memory, the ICU writes the data
them into the I-Buffer.

• Noncacheable reads — The ICU sends a noncacheable req
cacheable instructions.

Once the data are available on the cache fill bus, the ICU b
I-Buffer and does not write them into the I-Cache.
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I-Cache Transactions (Co
• Cache indexed flushing — The ICU can invalidate an instru

comparing its tag against the address provided by the IU—
self-modifying code.

During a flush, the ICU accesses the tag for the indexed lin

• Diagnostic reads and writes — The ICU can use privileged 
diagnostic reads and writes to both the instruction cache R

    Reserved Index bits

0   1131
I-Cache or tag access address format

        I-Tag Reserved

01331
Tag access data format

031
I-Cache access data format

Data
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Integer Unit (IU)

The Integer Unit (IU) does the following:

• Executes all the instructions that are defined in thepicoJava
Guide

• Interacts with the ICU to fetch instructions

• Interacts with the FPU to execute floating-point instruction

• Interacts with the DCU to execute load-related and store-r

• Groups the instructions in the Instruction Folding Unit (IFU

• Accesses registers and provides bypass signals in the Reg

• Decodes the instruction in the Decode Unit and executes t
cution and microcode datapaths
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Integer Unit (IU) (Cont’d

IFU

RCU

Execution
control

Pipe control

Microcode

Microcode

Execution
datapath

SMU DCU

ICU FPU

datapath
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Instruction Folding Unit (IF

The IFU does the following:

• Examines the top 7 bytes in the I-Buffer to determine how 
be folded (up to a maximum of four). (See “Folding Groups

• Redecodes the instructions and provides the information to
shift signal to the I-Buffer that indicates the number of byte

Each of the 16 I-Buffer entries,bi, contains:

• vi: Valid bit

• di: Dirty bit

• 4-bit li: The length of the instruction that corresponds to 
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Length Decoder

Add

l1 1

a1

Add

l2 2

a2

Add

l3 3

a3

Add

l4 4

a4

l5l0

0
a1

a2
a3

0
a1

a2
a3

a4
a5

a6 0
a

L1 L2
0

L0

L1
L2

L3

shift_d_sel

shift_d  (to I-Buffe(from folding logic)
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 Logic
b6 0

f5 f6
0

f1

f2
f3

f4
f5

f6

2
F3

FDEC FDEC
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Folding Decoder and Folding
b2 b3 b5b0 b1

f1 f2f0
0

f1
f2

f3

0
f1

f2
f3

f4
f5

f6

L0 L1 L
F1 F2

F0

Folding logic

FDEC FDEC FDEC

F0 F1 F2 F3

FOE

g2 g4 g6 g8
g5 g7 g9g3g1

Fold 2
Fold 3
Fold 4

Not valid
No folding
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Instruction Type

• LV  — Local variable load or load from global register or pu

• OP — Operation that uses the top two entries of the stack. I
group instruction.

• BG2 — Operation that uses the top two entries of the stac

• BG1 — Operation that uses only the top most entry of the 

• MEM  — Local variable stores and global register stores

• NF — A nonfoldable instruction
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Folding Groups

• LV LV OP MEM

• LV LV OP

• LV LV BG2

• LV OP MEM

• LV BG2

• LV BG1

• LV OP

• LV MEM

• OP MEM
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Register Control Unit (RC

• The RCU is composed of the register access logic, the bypa
tion logic.

• The register access logic is responsible for:

• Generating constants
• Fetching operands from the stack
• Determining stack cache hits or misses

• The bypass logic does the following:

• Determines the operand bypass controls, which bypass 
E stage of the pipe

• Generates the load use case, during which the DR stage

• The destination logic does the following:

• Determines the destination address for each operation i
• Keeps track of the destination address down the pipe
• Writes to the stack cache in case of cache hits
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S-Cache

Adder

B0
OPTOP Vars

Micro-

source_sel

code
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Register Access Logic
gl0

gl1
gl2

gl3
-1

0
. .2.0

B0

B0,B1 0
1

2
3

const_selgl_sel

offset_sel

const_gl_sel

final_data_sel

Data

scache_addrsc_bottom

CMP

sc_hit
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Bypass Logic

Prioritizer

CMP CMP CMP

scache_addr dest_e dest_c dest_

Bypass control sign
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dest_w
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OPTOP Vars

sel

S-Cache
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Destination Logic

Adde

Microcode address

dest_r

dest_e dest_c

sc_bottom

CMP

0 1 3
-1 2 4

Offset

source_offset_sel
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IU Datapath

• The IU datapath is a single-cycle execution engine used by
take only one cycle as well as by the microcode for multicy
culation of addresses.

• The IU datapath consists of the following:

• Main adder
• Address adder
• Comparator, shifter
• Bit-wise operator
• Integer converter

• The IU also maintains most architectural registers inside th

• PC andOPTOP, which it monitors in pipe control
• GLOBAL0, GLOBAL1, GLOBAL2, andGLOBAL3, which it m
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Convert Reg 1

Reg 2

Reg N

2

or_C for_W for_W1

src2_bypass

architecture Guide.
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IU Datapath

CMP Adder Shifter Bit

Adder

alu_out_eiu_data_eiu_br_pciu_addr_e

pc_c ucode_porta

ucode_portc
Constants

imdr_data

RS1 RS

dcu_data_c for_C
for_W

for_W1 f

iu_alu_b
iu_alu_a

uma_portb

Offset

0uma_porta

s$_miss_addr

pc_e

src2_bypass

Note - This figure is a simplified version of the datapath. For more details, seepicoJava-II Micro



30

Memory
adder

em_portb iu_addr_e

a mem_portb
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Microcode

RS1 RS2 Archi-
ALU

D-Cache

Microcode datapath

iu_optop

u_f21~0

ucode_porta

ialu_a

ialu_b

ucode_portc

u_addr_st_wt

u_addr_st_rd

mem_porta

m

Register
Microcode

mem_port

tectural
registers

register

ROM
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Microcode Control

+1

+2

+3

Decoder

Microcode
ROM

Control signals

rom_start next_addr

rom_addr

(opcode_0 , opcode_1 )
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Microcode Control (Cont
• Microcode implements the multicycle operations.

• Microcode has its own datapath, which consists mainly of 
ters and a ROM (284 x 70)

• Microcode shares two adders in the IU.
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Pipe Control Unit
• The Pipe Control Unit keeps track of thePC and OPTOP reg

PC_R

PC_E

ArchitecturalPC

ShadowPC

PC_out

PCDatapath
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OP_OUT
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Adder

OPTOP_E

Architectural

ShadowOPTOP

Wr_optop

OPTOP_E OPTOP_SHIFT

OPT
OPTOP

OPTOPDatapath
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Reissue Logic

• If a folded group misses the S-Cache while accessing any o
control resetsOPTOP and PC.

It then reissues the folded group of instructions.

• If a folded group traps, pipe control resetsOPTOP and PC.

It then reissues the folded group of instructions with folding
instructions.
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Stall Types

• DCU hold — Holds the DREC stages of the pipeline due to

• SMU hold — Holds the DREC stages of the pipeline in an 

• Microcode busy — Holds the DR stages of the pipeline wh

• IMDR busy — Holds the DR stages of the pipeline when th
der unit is busy.

• FPU busy — Holds the DR stages of the pipeline when the

• S-Cache hold — Holds the DR stages of the pipeline on a l
the R stage.

• ICU hold — Holds the DR stages of the pipeline during dia
the I-Cache or I-Tag.

• Multicycle hold — Holds the D stage of the pipeline during
long and double operations.

• LDUSE hold — Holds the pipeline for one cycle in a load u
and a use in the R stage.
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Floating Point Unit (FPU

FPU

fpop <7:0>

fpop_valid

fphold

clk

reset_l

powerdown

test_mode

fpain <31:0> fpbin <31:0>

fpout <31:0>

fp_kill
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FPU Structure

M
ic

ro
co

de
se

qu
en
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r

fpop

fpop_valid

fpkill

reset_l

fpbusyn
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nc
h

co
nd
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fpain

Input/
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Multi
divid
rema
unit
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FPU Structure (Cont’d)
• Microcode sequencer — Controls the microcode flow and m

• Input/Output Registers — Controls input-output data trans
input data loading and output data unloading registers for 

• Floating point adder-ALU  — Includes the combinatorial log
point adds, floating-point subtracts, and conversion operat

• Floating point multiply/divide/remainder unit — Contains th
ing multiply, divide, and remainder operations.
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Stack Manager Unit (SM

The SMU does the following:

• Moves data in and out of the stack into memory in an overfl
stack cache

• Handles spills and fills of the stack cache by speculatively d
out of the stack cache from and to the data cache

• Generates a pipeline stall to stall the pipe in a stack cache
condition

• Keeps track of the requests to the data cache. A single req
consists of a 32-bit consecutive load or store request.

• Handles stack cache write misses of the IU
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orts and two write
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Stack Cache

• The stack cache is a 64-entry register file with three read p
ports.

• The stack cache caches the top few entries of the operand

• Two read ports and one write port fetch and store operand

• Exclusive read and write ports perform background dribblin
the data cache.

• All memory addresses generated as offsets fromOPTOP, VAR
accesses. All other memory accesses go directly to the da
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MU starts a spill transaction,
ress and data, and receives an
ill condition continues to

MU starts a fill transaction,
ress, and receives an acknowl-
ites the data into the stack
er request.
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Dribbling Operations
• Spill

If the number of entries exceeds the high watermark, the S
sends a write request to the data cache along with the add
acknowledgment in return. It sends another request if a sp
exist.

• Fill

If the number of entries is less than the low watermark, the S
sends a read request to the data cache along with the add
edgment along with the requested data in return. It then wr
cache and, if a fill condition continues to exist, sends anoth

(SC_BOTTOM – OPTOP) > high watermark

spill 1 spill 2 spill 3 spill 4

Acknow- Update 1

No spill

ledgment 1

(SC_BOTTOM – OPTOP) < low watermark
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Dribbling Operations (Con
• Overflow

If the number of entries on the stack is greater than 60, a s
empty stack locations handle interrupts.

The SMU then stalls the pipeline and activates a state mac
write requests to the data cache.

Once the dirty entries have been written into the data cache
the six top most entries of the stack (based on the newOPTOP lo
the stack cache, reading them from either the data cache o

When there are six entries in the stack cache, SMU deass
instructions continues.

• Underflow

If the number of entries on the stack cache is less than six,
stack cache accesses generated as offsets ofOPTOP are conside

   (SC_BOTTOM – OPTOP) > 60

   (SC_BOTTOM – OPTOP) < 6
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 data cache, then clears its
 the data cache.
picoJava-II Microarchitecture• March 1999

Dribbling Operations (Con
The SMU then stalls the pipeline and activates a state mach
to the newOPTOP value and sends read requests until there
cache.

Once the SMU has written the data onto the stack cache, i
entries beyondOPTOP are not used and, therefore, not save

The SMU can activate an underflow only in response to ch
the return instructions.

• Stack cache write misses

When the IU has a stack cache miss on a write, it issues th
the data. The SMU gives this request higher priority over s

The SMU holds the pipe until it has issued the store to the
pipe, issues the miss address, and stores the miss data to

dest_address  > SC_BOTTOM
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Data Cache Unit (DCU
• The DCU does the following:

• Arbitrates data cache requests from the SMU and the pi

• Generates address, data, and control signals for the dat

• Reorders the data RAM output to provide the correct da

• Provides datapath and control logic for processing of no

• Provides the datapath and datapath control functions for

• The data cache is a two-way set associative, write-back, wr
cache. The cache size is configurable to 0, 1, 2, 4, 8 and 1

• Each line has a cache tag store entry associated with it. O
write 16 bytes of data into the cache from main memory.

• The arbiter arbitrates data cache requests from the pipelin
ally, the pipeline has a higher priority than the SMU. Howe
SMU holds the pipe, it has a priority over the IU pipe.

The arbiter selects address and data inputs for the tag and
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ont’d)
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 case of flushes

cache hits)
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line into write buffer. Once
e, writeback control starts a
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Data Cache Unit (DCU) (C
• Address control updates the following:

• The address fields of the tags (while writing to the cache
• TheLRU bit during cache access, invalidating the entry in
• The dirty bit while writing to the caches

• Aligner control provides the following:

• Write enable signals to the data RAM
• Control signals (to align data from the data RAM during 

• Miss control does the following:

• Interfaces with the write back control and read-buffer co
• Handles cache misses
• Generates a stall signal to the pipeline as well as bus re
• Provides handshaking signals for the above transactions

• Writeback control determines which line to replace, depen

If the dirty bit of the line is set, writeback control moves that
the cache fill transaction started by miss control is complet
writeback cycle.
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 or the register file
 buses for cache fill and write-

mmodate a cache line that is
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Data Cache Unit (DCU) (C
• The data cache datapath does the following:

• Provides the appropriate address and data to the RAMs
• Post-processes data before sending them to the pipeline
• Sends the appropriate address and data on the memory

back transactions
The datapath also contains a single 16-byte buffer to acco
being replaced.
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sactions

 data RAMs with the read
e load’s data are available at
. In case of a cache miss, the

ache in the C + 1stage. In a
ack cache, the DCU fetches a

d of a cache line misses the
 cache instead of reading
text switch time as well as

ever, it cannot accept addi-
IU or SMU can dispatch
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Data Cache Unit (DCU) Tran
• Cache reads

In the C stage of the pipe, the DCU accesses the tags and
address, then compares the tags. In case of a cache hit, th
the end of the C stage after going through the aligner muxes
DCU makes a request to the BIU.

• Cache writes

In a cache hit in the C stage, the DCU writes data into the c
cache miss, since the data cache is a write-allocate writeb
line from the memory and writes it into the D-Cache.

Since the SMU writes sequential data, if the write to the en
D-Cache, the DCU writes the missed data directly into that
from memory. This protocol saves memory cycles and con
improves the interrupt latency.

DCU does not stall the pipeline on a cache write miss. How
tional requests until the store transaction is complete. The 
back-to-back stores for the data cache.

There is a bubble between a store and an immediate load.
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memory controller at the end

are no outstanding requests.

mory controller, then

 there is a dirty line to be

t after a cache line fill cycle is

ne stall is deactivated once
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Data Cache Unit (DCU) Transact
• Cache Fills

On a cache miss, the DCU sends a cache fill request to the
of the C stage.

A cache fill transaction starts in a cache miss where there 

The DCU waits until it receives apj_ack  signal from the me
writes the data from the memory bus onto the cache.

• Writebacks

A writeback transaction takes place in a cache miss, where
replaced.

In cacheable loads and stores, writeback transactions star
complete.

Writebacks take place in the back ground. Thus, the pipeli
the cache fill transaction is complete.
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s, the cache fill transaction

e writeback cycle, the DCU
iss.

n NC request to the bus. Once
line.

kes an NC request to the bus.
 does not stall the pipeline.
e data are written into the

ore occurs after the cached
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Data Cache Unit (DCU) Transact
In case another miss occurs while a writeback is in progres
waits for it to finish before starting its process.

If there is a request for the line being written back during th
does not bypass that data. Instead, it generates a cache m

• Noncacheable (NC) loads

Noncacheable loads force a cache miss; the DCU makes a
the data are available, the DCU bypasses them to the pipe

• Noncacheable (NC) stores

Noncacheable stores also force a cache miss; the DCU ma
The DCU then writes the data into the writeback buffer and
This transaction is very similar to a writeback once the stor
write buffer.

If the write buffer contains a cache line, a noncacheable st
store is retired, thus maintaining strong write ordering.
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 the corresponding line tags
 hit. If so and the dirty bit is
s set, the DCU starts a

g, except that the DCU does
 writes it back to memory.

 memory.

sponding line tags and com-
CU invalidates the line and
iss, no state change occurs.

one to determine hit or
cle operation and continues
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Data Cache Unit (DCU) Transact
• Cache compare flushing

In a cache compare flushing operation, the DCU accesses
and compares them to determine whether there is a cache
not set, the DCU turns off the tag’s valid bit. If the dirty bit i
writeback transaction and updates theLRU bit.

• Cache indexed flushing

Cache indexed flushing is similar to cache compare flushin
not compare the line tags. If the cache line is dirty, the DCU
The DCU resets the valid bit after moving the dirty line into

• Cache invalidate flushing

In a cache invalidate flushing, the DCU accesses the corre
pares them to determine if there is a cache hit. If so, the D
does not start writeback transactions. If there is a cache m

• Zeroing of cache lines

Thezero_line  instruction takes five cycles to complete—
miss and four to write. The IU assumes this to be a one-cy
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line  that uses the
ntilro_line  completes.

a valid dirty line. If so, the
ache line. It also updates the
 line with zeroes.

acheable stores on a cache
s into noncacheable stores

 improve dribbler store per-

stic reads and writes to both
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Data Cache Unit (DCU) Transact
the execution flow unless there is an instruction followingzero_
data cache, in which case the DCU stalls that instruction uze

The DCU checks the tags to determine if the cache line is 
DCU initiates a writeback transaction and zeroes out the c
LRU bit and sets the dirty bit. If not, the DCU fills the cache

• Nonallocated writes

Nonallocated writes are processed in a manner similar to c
hit. On a cache miss, the DCU converts nonallocated write
and sends them to memory.

The DCU uses nonallocating writes for the SMU request to
formance.

• Diagnostic reads and writes

The DCU can use privileged instructions to perform diagno
the data cache RAM and the tags.
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t
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Data Cache Unit (DCU) Transact

Index bits

01131
D-Cache or tag access address forma

Set
bit

D-Tag
01331

D-Cache data format

ReservedL D V
12

031
D-Cache data format

          Data



54

)

uests and performs the fol-

 controllers so that they

 data cache units and

 cache requests.
picoJava-II Microarchitecture• March 1999

Bus Interface Unit (BIU

The BIU contains arbitration logic for picoJava-II internal req
lowing tasks:

• Generates read and write requests to memory

• Provides acknowledgments to the I-Cache and data cache
can sync data

• Handle errors that are generated on the memory bus

• Arbitrates internal requests from the instruction cache and
generates external requests on the bus

Data cache requests have a higher priority than instruction



55

nt’d)

tv
type

size
addr
dout

ack
din
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Bus Interface Unit (BIU) (Co

BIU

icu_req
icu_type
icu_size

pj_clk
pj_reset

dcu_req
dcu_type
dcu_size

pj_

icu_addr

dcu_addr

dcu_dout

pj_

pj_
pj_
pj_

pj_
pj_

BIU Arbiter
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