SIEMENS

High Performance

SAB-R2000A

32-Bit RISC Microprocessor

Including on-chip memory management and cache control
with support for up to three external coprocessors
including the SAB-R2010A floating point accelerator.

Advance information

& Two tightly-coupled 16 MHz units on a
single chip
- full 32-bit RISC CFPU
- system control processor {CPO)

e |oad / store architecture
- support for loading misaligned data
- configurable endianness

e Full 32-bit operation
~ thirty two general purpose 32-bit
registers
—~ all instructions and addresses are
32-bits

® On-chip cache control

e On-chip memory management unit

e High Performance
- 12 VAX 11/780 mips average at
16 MHz

e Extensive software and development
support

e Instruction set compatible to R3000
processors

¢ Fully pin and functionally compatible to
all R2000A processars of other
manufacturers

e Ceramic package: C-PGA-145
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SAB-R2000A

Ordering Information

Type Ordering code | Package Description
SAB-R2000A-12-A | Q67120-C552 | C-PGA-145 | 32-bit RISC Processor, 12.5 MHz

SAB-R2000A-16-A | Q67120-C494 | C-PGA-145 | 32-bit RISC Processor, 16.67 MHz
SAB-R2000A-20-A | Q67120-C517 | C-PGA-145 | 32-bit RISC Processor, 20 MHz

Introduction

The SAB-R2000A is a high-performance micropraocessor architecture implemented as a
full-custom CMOS VLSI chip which achieves 20 VAX 11/780 mips average at 16 MHz. It
is a single chip microprocessor that consists of two tightly-coupled 16 MHz units. The first
is a full 32-bit RISC CPU. The second unit is a System Control Processor (CPO) that
integrates the functions needed to keep the CPU from idling for memory access (Memory
Management) and/or for Interrupt and Exception handling. The System Control Processor
contains a Translation Lookaside Buffer (TLB) and control registers to efficiently support a
virtual memory system, as well as all the contro! logic to realize separate caches for
instructions and data. This architecture permits a dual-cache bandwidth of up to

200 Mbytes/second at 16 MHz using standard SRAM devices. It is possible for up to
three external coprocessors (including the SAB-R2010A floating point accelerator) to be
coupled with the SAB-R2000A. The synchronous coprocessor interface generates all the
addresses and manages the memory interface control.
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SAB-R2000A

Figure 1
Logic Symbol
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Note: "#" signifies an active low signal.

Pin Names

Data(31:0) Data Bus

DataP(3:0) Even Parity for Data Bus
AdrLo(15:0) Low Adress Bus

Tag(31:12) Cache Tag and High Adress Bus
TagP(2:0) Even Parity over TagV and Tag Bus
TagV Tag Validity Indicator

Reset# Synchronous Initialization
CpSync# Coprocessor Synchranization
Run# Processar in Run or Stall State
Exc# Exception

CpBusy# Coprocessor Busy
CpCond(3:0) | Coprocessor Condition
BusError# Bus Error

WrBusy# Write Busy for Main Memory
RdBusy# Read Busy for Main Memory
MemWr# Main Memory Write

MemRd# Main Memary Read

AccTy(2:0) Access Type

SysQut# Systern Clock Out

XEn# Read Enable {Read Buffer)
DWr Data Cache Write Enable

IWr Instruction Cache Write Enable
DRd Data Cache Read Enable

IRd Instruction Cache Read Enable
DClk# Data Cache Latch Enable
ICIk# Instruction Cache Latch Enable
Int#(5:0) Interrupt Bus
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SAB-R2000A

Pin Configurations

Figure 2
C-PGA-145 (Top View)
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SAB-R2000A

Pin Definitions and Functions

Symbol Pin Number Input (l) Function
Output (O)

Data(31:0) Q4.P8.Q7,Q5, [I/O A 32-bit bus used for all instruction and data
P6,P5,Q3,N5, transmission among the processor, caches,
P1,P4,Q2,P2, memory interface, and coprocessors.
N3,N2,L3,M2,

K1,N1,M1,L2,
K2,J1,J3,H3,
F2,H1,H2,G1,
G2,F3,b01,E2

DataP(3:0) |N6M3,J2,E1 |10 A 4-bit bus containing even parity over the data

bus.

Tag(31:12) {L14,L15J14, [1/O A 20-bit bus used for transferring cache tags and

J13,K15,J15, high addresses between the processor, caches,
H14,H15,F15, and memory interface.
G14,F14,E14,
D15,C15,D14,
E13,B15,013,
C13,B14

TagVv N15 1O The tag validity indicator

TagP(2:0) K14,G15,C14 | 11O A 3-bit bus containing even parity over the

catenation of TagV and Tag31:12.

Adrl.o A7,A6,B7.B5 |0 A 1B6-bit bus containing byte addresses used for
(15:0) A4, A3 B4,C5, transferring low addresses from the processor to
B3,A2,C4,C2, the caches and memaoary interface.

B1,D2,E3,Ct

IRd P12 0 Read enable for the instruction cache.

iwr P13 0] Write enable for the instruction cache.

ICIk# Q13 0] The instruction cache address latch clock. This

clock runs continuously.

DRd N11 0] The read enable for the data cache.

DWr Q14 O The write enable for the data cache.

DCIk# P11 O The data cache address latch clock. This clock

runs continuously.
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SAB-R2000A

Pin Definitions and Functions (cont'd)

Symbol

Pin Number

Input (1)
Output (O)

Function

AccTy(2:0}

L3 M14 P15

0

A 3-bit bus used to indicate the size of data being
transferred on the data bus, whether or not a data
transter is occurring, and the purpose of the
transfer. The run encoding of the Access Type is
itlustrated in the table below.

AccTy(2) AccTy(1:0) size

1 XX no transaction
00 byte
01 half word
10 tribyte
11 word

Qoo

MemWr#

N12

Signals the occurrence of a main memory write.

MemRd#

N13

Signals the occurrence of a main memory read.

BusEsror#

B12

Signals the occurrence of a bus error during a
main memory read or write.

Run#

N14

Indicates whether the pracessor is in the run or
stall state.

Exc#

Q8

Indicates that the instruction about to commit state
should be aborted.

SysQut#

Q11

A reflection of the internal processor clock used to
generate the system clock.

CpSync#

P14

A clock which is identical to SysOut# and used by
coprocessors for timing synchronization with the
CPU.

RdBusy

c11

The main memory read stall termination signal. In
most system designs RdBusy is normally asserted
and is deasserted only to indicate the successful
completion of a memory read. RdBusy is sampled
By the processor only during memory read stalls.

WrBusy#

A13

The main memory write stall initiation.termination
signal.
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SAB-R2000A

Pin Definitions and Functions (cont’d)

Symbol

Pin Number
144-Pin

input (1)
Output (O)

Function

CpBusy#

B11

|

The coprocessor busy stall initiation/termination
signal.

CpCond
(3:0)

A10,A9,B8,A8

A 4-hit bus used to transfer conditional branch
status from the coprocessors to the main
processaor.

Int#(5:0)

A12,C10,B10,
A11,B9,C9

A 6-bit bus used by the memory interface and
coprocessor to signal maskable interrupts to the
processor. It is also used to specify the
processor's mode during Reset. The Table below
summarizes the mode selectable features.

Y Cycle Modes Z Cycle Maodes

Phase 1 | Phase 2 | Phase 1 Phase 2
Reserved | Reserved |Reserved |BigEndian#
Reserved | Reserved |Reserved |Tristate#
Reserved | Reserved | Reserved [NoCache#

Reserved | Reserved |Reserved |Bus
DriveOn

Phase
DelayOn#

R2000Md

inter-
rupt#
Int#(0)
Inté#(1)
Int#(2)
Int#(3)

Phase Asserted#
DelayOn#

Reserved

Int#(4) | Phase
DelayOn#

Reserved

Asserted#

int#(5)

Clk2 x Sys

P9

The master double frequency input clock used for
generating SysOut#.

Clk2x Smp

Q10

A double frequency clock input used to determine
the sample point for data coming into the
processor and CoOprocessors.

Clk2 xRd

P10

A double frequency clock input used to determine
the enable time of the cache RAMs.

Clk2 x Phi

Q9

A double frequency clock input used to determine
the position of the internal phases, phase1 and
phase2.

Reset#

Al4

Synchronous initialization input used to force
execution starting from the reset memory address.
Reset# must be deasserted synchronously but
asserted asynchronously. The deassertion of
Reset# must be synchronized by the leading edge
of SysOut.
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SAB-R2000A

Pin Definitions and Functions (cont’d)

Symbol

Pin Number
144-Pin

Input(l)
Output (O)

Function

GND13-0

C6.C7.C12,
F13.G13,
K13.M13,
N10,Ng,
QB6,N4,K3,
G3.D3

Ground

Voo14-0

A1,C3,A5,C8,
A15,E15H13,
M15,Q15,
Q12,N8.N7,
Q1.L1.F1

Power Supply (+ 5V)

Resvd4-0

B13.B6.B2,
P7.P3

Reserved
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SAB-R2000A

Functional Description

The SAB-R2000A consists of two integrated processors - a RISC CPU and a System
Control Processor (CPO). Figure 3 is a block diagram of the SAB-R2000A which shows

the functions incorporated within it.

Figure 3
Functional Block Diagram
CPO Control CPU
(System Control Coprocessor) @
Master Pipeline / Bus Control
C @ ;
1 1L i i
Exception / Control General Registers
Registers (32X 32)
Memory ALU
Management Local
Unit Registers Control Shifter (32-bit)
Logic .
Translation Multiplier/Divider
Lookaside Address Adder
Buffer
(64 entries) PC Increment/Mux
AN
TT Virtual Page Number/Virtual Address @
L ]
[ Q
N @ ~
Tag(20 +4) AdrLo(16) Data(32 + 4)
- J
Y
Physical Address MPB00800
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SAB-R2000A

Basic Architecture

On the right hand side of figure 3 is the CPU datapath that implements the 5-stage
pipeline, which will be explained shortly. The datapath consists of a stack of functional
units including 32 General Registers, ALU, 32-bit Shifter and an autonomous Multiply
Divide unit. An Address Adder and Increment MUX for the PC generate instruction and
data addresses alternatively at double the basic clock rate. This is necessary so that the
SAB-R2000A can access both the Instruction and Data caches in a single CPU cycle,
due to the multiplexed Data bus.

On the left of figure 3 is the System Control Processcr (CPO). It's major element is a fully
associative 64-entry Translation Lookaside Buffer (TLB), which translates a 20-bit virtual
page number into a physical page frame number in a clock phase. As well as address
translation the System Control Coprocessor also manages the exception handling and
error recovery, the external cache interface. the memory control interface and the
external coprocessor interface. It also incorporates on-chip tag comparators. parity
generators and checkers.

Integer CPU

Pipeline Architecture

The execution of a single SAB-R2000A instruction consists of five primary steps or pipe

stages.

(1) IF Instruction Fetch:
Access the TLB and translate the instructions virtual address info its physical
address to read an instruction from the I-cache. Note that the instruction is
not actually read into the processor until the beginning (phase 1) of the RD
pipe stage. Refer to figure 4.

(2) RD Register Fetchinstruction Decoede:
Read any required operands from the CPU registers while decoding the
instruction.

(3) ALU ALU Operation:
Perform the required operation on instruction operands..

(4) MEM Memary Access.
Access memory (D-cache) if required (for a Load or Store instruction).

(5) wB Writeback:
Write back ALU results or value loaded from D-cache to the register file.

Each of these steps requires approximately one CPU cycle as shown in figure 4 (parts of
some operations lap over into another cycle while other operations require only 12
cycle).
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SAB-R2000A

Figure 5

Phase

'

Y AN W AN AW AW

Execution Sequence of an Instruction

21’21‘21‘21‘2

RD ALU MEM WB

ICACHE
ID

RF

or

IVA

ITLB
DVA
DTLB
DCACHE
wB

ICACHE 0 oP wWB

RF ova |0OTLB DCACHE

VA | ITLB

—_—

one cycle MPTO0801

Instruction Cache Access

Instruction Decode

Register Operand Fetch

Operation {ALU/Shift)

Instruction Virtual Address Calculation
TLB Access for Instruction

Data Virtual Address Calculation

TLB Access for Data

Data Cache Access

Write Back to Register File
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SAB-R2000A

Figure 5
Overlapped execution of 5 instructions.
SAB-R2000A Instruction Pipeline
{5-deep)
IF RD ALU MEM WB
IF RD ALU MEM WB
<:: IF RD ALU MEM wB
Instruction
Flow IF RD ALU MEM WB
IF RD ALU MEM wWB
Current
CPU
Cycle MPA0DE02

The SAB-R2000A uses a 5-stage pipeline to achieve an instruction execution rate
approaching one instruction per CPU cycle. Thus the executions of five instructions at a
time are overlapped as shown in figure 5. This pipeline operates efficiently because
different CPU resources (address and data bus accesses, ALU operations, register
accesses and so on} are utilized on a non-interfering basis. As figure 6 illusirates there is
not only parallelism due to pipelining but also parailelism within the execution of a single
instruction.

The clock cycle is divided into two phases. To access the external instruction and data
caches (ICACHE, DCACHE) requires 1 cycle, as do major internal operations (OP, DA,
IA). Instruction Decode (ID) is simple enough to occur within one phase, overlapped with
Register Fetch (RF). Instruction address calculation and translation (IA) also overlaps
Instruction Decode and Register Fetch, it consists of instruction virtual address
calculation (IVA see figure 4) and TLB access for instruction address translation (ITLB).
The Instruction address calculation and translation that is performed in the present
instruction is for the second instruction following the present instruction, as shown in
figure 6 (i.e. A in Instr. O is for Instr. 2).
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SAB-R2000A

Figure 6
Instruction Pipeline Dependencies

phase | 1|2tz 1]z ]2]t]a]1]2]
N aValalalaWal
Instr. 0:] ICACHE | ID orP ¢
RF DA DCACHE? WB
A (2) @ e I Operand bypass
—H B j for zero delay
H ' :
fnstr. 1: ICACHE: | 1D oP !
»| RF DA || DCACHE | wB
'l 1A@) !
Branch Al ¢ Load Delay (1 cycle)
Delay >
Instr. 2: (1 cycle) ICACHE ID opP
RF DA DCACHE | WB
1A (4)
Instr. 3: ICACHE ID OP
RF DA DCACHE | WB
IA {5)
MPTL0803
IA  : Instruction address calculation and translation

DA : Data address calculation and translation
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SAB-R2000A

IA is performed here especially so that a branch, for example, at Instr. 0 in figure 6 can
address the ICACHE access of Instr. 2 (see dotted line A), i.e. one cycle latency. What
happens is that after the condition has been evaluated (i.e. for a conditional branch),
either PC +2 or the Branch Target address is MUXed to the IF stage of the second suc-
ceeding instruction (again dotted line A). This means that if the branch is taken the
branch target address is the address of Instr. 2. On the other hand, if the branch is not
taken, PC +2 (i.e. two sequential instructions after the current PC) is the address of
Instr. 2. Data address calculation and translation (DA) is similar to JA. Similarly, a load at
Instr. 0 fetches data that are immediately used by the OP of Instr. 2 (dotted line C). while
an ALU/Shift result gets passed directly info Instr. 1 with no delay (dotted line B). This
tight coupling between instructions makes for a highly efficient pipeline. Note that the 1A-
ICACHE and DA-DCACHE cycles are displaced by one phase, so that the corresponding
TLB and cache accesses can be interleaved on a single set of buses (see also figure 4).

As shown the SAB-R2000A uses a number of techniques internally to enable execution of
all instructions in a single cycle, such as bypassing between instructions in the pipeline to
keep the latency of branches and memory references to 1 cycle and to allow ALU resuits
to be used in the succeeding instruction. However, there are two categories of
instructions whose speciat requirements could disturb the smooth flow of instructions
through the pipeline:

e Load instructions have a delay. or latency. of one cycle before the data being loaded
is available to another instruction.

e Jump and Branch instructions aiso have a delay of one cycle while they fetch the
instruction and target address if the branch is taken.

The SAB-R2000A continues execution despite the inherent 1-cycle delay. Loads, Jumps
and Branches do not interrupt the normal flow of instructions through the pipeline, i.e. the
pipeline is not stalled. The processor always executes the instruction immediately follow-
ing one of these "delayed instructions”. Instead of having the processor manage these
pipeline delays, the SAB-R2000A turns over the responsibiiity for dealing with “delayed
instructions” to software. Thus the assembler must insert an appropriate instruction
immediately following a "delayed instruction”. It also has the responsibility of ensuring
that the inserted instruction has nc dependencies relating to the "delayed instruction”. In
the SAB-R2000A architecture only multi-cycle delays (e.g. waiting for SAB-R2010A
results, MUL/DIV results, etc.) are handled by hardware interlocks - 1-cycle delays, as
described, are handled much more efficiently by software for all implementations (thus
guaranteeing scalabhility).
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SAB-R2000A

CPU Registers

There are 32 general purpose 32-bit registers, two 32-bit registers that hold the results of
integer muitiply and divide operations, and a 32-bit program counter as shown in figure 7.

Figure 7
CPU Registers

b _
31 General Purpose Registers 0

r0 (hard wired to zero)
1
re

29
r30
r31 {link register)

31 Multiply/Divide Registers 0

HI
LO

31 Program Counter 0

PC

MPADOD804

The 32 General Purpose Registers are treated symmetrically, with two exceptions - rOis
hardwired to a zero value, and r31 is the link register for Jump And Link instructions.
Register r0 may be specified as a target register for any instruction when the result of
the operation is discarded. The register maintains a value of zero under all conditions
when used as a source register.

The two Multiply/Divide registers (HI, LO) store the double-word, 64-bit result, of multiply
operations or the quotient and remainder of divide operations.
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SAB-R2000A

The Program Counter contains the current virtual address of the next instruction to be
executed.

There is no condition code register. If an instruction generates a condition, the corres-
ponding flags are stored in a general purpcse register. This means that the pipeline is
freed of any special mechanisms to by-pass condition codes, interlock onthem, or abort
writing them on exceptions. Instead the methods already implemented to deal with re-
gister-value dependencies are employed. Further, conditions mapped onto the register
file are subject to the same compile-time optimizations in allocation and reuse as other
register variables.

There is also no Program Status Word (PSW) register - the functions traditionally pro-
vided by a PSW are instead provided in the Status and Cause registers incorporated
within the CPO. CPQ has a number of special purpose registers that are used in conjunc-
tion with the memory management system and during exception processing. These will
be explained in the CPQO section.

Data Formats

The SAB-R2000A defines signed/unsigned 32-bit words, 16-bit halt-words and 8-bit bytes.
The byte ordering is configurable either little-endian (IAPX x86°, N§32000°%, DEC VAX®) or
big-endian (MC680x0%, IBM 370%) byte ordering. Hence it is compatible with existing
databases generated by machines that access bytes in either order.

Bit 0 is always the least significant (rightmost) bit, thus bit designations are always little-
endian (although no instructions explicitly designate bit positions within words). Figures 8
and 9 show the ordering of bytes within words, and the ordering of words within multiple-
word structures for the big-endian and little-endian conventions.

Special instructions are provided for addressing words that are not aligned on 4-byte
(word) boundaries (Load/Store-Word-Left/Right; LWL, LWR, SWL, SWR). These
instructions are used in pairs to provide addressing of misaligned words with one
additional instruction cycle over that required for aligned words.

iAPX x86°% is a trademark of INTEL

NS32000° is a trademark of National Semiconductor
DECVAX?® is a trademark of Digital Equipment Cooperation
MC680x0? is a trademark of Motorola Inc.

IBM 370% is a trademark of IBM Cooperation
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Figure 8
Addresses of Bytes within Words: Big Endian

¢ Least significant byte is at lowest address.

s Word is addressed by byte address of least
significant byte.

Word
Higher 31 24 23 16 15 8 7 Address
Address 8 9 10 11 8
ﬂ 4 5 6 7 4
Lower 0 1 2 3 0
Address
e Most significant byte is at lowest address.
¢ Word is addressed by byte address of most
significant byte. MPACO80S
Figure 9
Addresses of Bytes within Words: Little Endian
Word
Higher 31 24 23 16 15 8 7 Address
Address 11 10 9 8 8
ﬂ 7 6 5 4 4
Address

MPADOB06
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SAB-R2000A

Addressing

The SAB-R2000A uses byte addressing, with alignment constraints for half-word and
word accesses; half-word accesses must be aligned on an even byte boundary and word
accesses must be aligned on a byte boundary divisible by four. Any attempt to address a
data item that does not have the proper alignment causes an alignment exception. As
said earlier special instructions are provided for addressing words that are not aligned.

The SAB-R2000A supports only one addressing made - base register plus a signed
16-bit offset, which covers the most commeon case in High Level Languages and is very
fast. The assembler, however, synthesizes some additional addressing modes to present
more traditional addressing capabilities to the assembly language programmer.

Instruction Set Overview

All SAB-R2D00A instructions consist of one 32-bit word. There are only three instruction
formats ({immediate, jump and register) as shown in figure 10.

The single instruction length simplifies instruction fetch and decode and eliminates the
overhead for instructions crassing word and page boundaries within the memory hier-
archy, thereby simplifying the interaction of instruction fetch with the virtual memory
management unit. The three instruction formats ensure that opcodes and register des-
criptors are always found in the same bit locations. This enables register fetch to proceed
in parallel with operation decode on all instructions, which is exactly what happens in the
RD pipestage. More complicated (and less frequently used) operations can be
synthesized by the compiler using sequences of simple instructions.

The SAB-R2000A instruction set can he divided into the following groups:

e Load/Store instructions move data between memory and general registers. They are
all I-type instructions, since the only addressing mode supported is base register plus
16-bit, signed immediate offset. These are the only instructions which access memory.

¢ Computational instructions perform arithmetic. logicai and shift operations on values
in registers. They occur in both R-type (both operands and the result are registers)
and I-type {one operand is a 16-bit immediate value) formats.

e Jump and branch instructions change the control flow of a program. Jumps are always
to a paged absolute address formed by combining a 26-bit target with four bits of the
Program Counter (J-type format, for subroutine calls) or 32-bit register addresses
(R-type, for returns and dispatches). Branches have 16-bit offsets relative to the
Program Counter (I-type). Jump and Link Instructions save a return address in
Register 31.

e Coprocessor instructions perform operations in the coprocessors. Coprocessor
Loads and Stores are I-type. Coprocessor computational instructions have co-
processor-dependent formats (see SAB-R2010A data sheet).
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SAB-R2000A

e Coprocessor 0 instructions perform operations on the System Control Coprocessor
(CPD) registers to manipulate the memory management and exception handling

facilities of the processor.

e Special instructions perform a variety of tasks, including movement of data hetween
special and general registers, system calls and breakpoint. They are always R-type.

A detailed summary of the instruction set is provided in the Instruction Set Summary

section.

Figure 10

Instruction Formats

I-Type (Immediate)

31 26 25 21 20 16 15 0
op rs rt immediate
J-Type (Jump)
31 26 25 0
op target
R-Type {Register)
31 26 256 21 20 16 15 11 10 6 b 0
op rs rt rd shamt funct
MPA0Q807
where:
op : is a 6-bit operation code
rs : is a 5-bit source register specifier
rt . is a 5-bit target (source/destination) register or branch condition
immediate : is a 16-bit immediate, branch displacement or address displacement
target : is a 26-bit jump target address
rd . is a 5-bit destination register specifier
shamt : is a 5-bit shift amount
funct : is a 6-bit function field
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