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Chapter 9 :: Topics

Privileged Operations

9.1 Principles

9.2 AMBA Buses: APB, AHB, AXI

9.3 Other SoC Buses (not covered in slides)
9.4 Test Plan (not covered in slides)

9.5 Wally Implementation



 Bus interfaces:
— Connect components: e.g., cores, memories,
peripherals

— Standard protocol

* Well-defined interaction
 Makes it easy to attach off-the-shelf peripherals



Wally SoC with EBU & Uncore

EBU: External bus

| | | | | :

| | | | i | unit

I I I rpTw| [ I
|. | : : pTIM | [ |

PC |PCF |

MMU o

LeP | | | _MMUT | Uncore:
PCNextF | | LSU | | .

| | | | | * Everything except the
[ iRowm Joscom-— e B | e processor core

I I

| | = ||[ | | —}| * Includes: bus
FU : = ' : interfaces, memory,

| | © | peripherals

| | :

| |

| |

| |

| |

| | | | |

| | | | R

| | | | privileged [CSR| |

| | | | |

hazard
Fetch Decode Execute Memory Writeback



* Bus connects:
Peripherals are also
— Controllers: e.g., a processor called responders or
— Peripherals: devices.

* Memory
 |/O device: timer, interrupt controller, general-
purpose I/O (GPIO), serial port, etc.

 |Interactions:

— Controller sends:
e Address: indicates which device to access (memory,
peripheral device, etc.)
» Data: read from/written to peripheral

— Peripheral sends:
* Data: in response to controller request
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Simple Buses

Conmer Pﬂ\eral
A A Asynchronous Read-Only
D D E A:  Address
@) _ E __ RD: Read data
ok > ok , Synchronous Read-Only
AF—> A . A:  Address (sets up before clock edge)
(b) RD |¢—— RD : RD: Read data (returned after clock edge)
— — Synchronous Read/Write
ok clk —;:,_ A:  Address (sets up before clock edge)
WE—»WE DQC:: RD: Read data (returned after clock edge)
Al—> A XX WE: Write enable
wo ——| wo :XX:;': WD: Write data (sets up before clock edge)
(c) RD |&———— RD : XX




Bidirectional Data Port

Controller Peripheral
clk » clk
WE WE
A—p A
WD D D
RD —| —

Synchronous Read/Write

with Bidirectional Data Port

A:  Address (sets up before clock edge)
D: Bidirectional data
WE: Write enable

Requires tristate so that only the controller or
peripheral drives D at once.



Handshaking

ck T\

Controller Peripheral

ck —»

WE ——»{ WE  \

REQ ——»| REQ
A—>» A XX
WD ——»{ WD

RDY «—— RDY \
RD [«— RD

QXXXXXXXXXXX)

Handshaking:

* Request/Acknowledge

e Saves power because
controller only needs bus
sometimes

REQ:

Controller asserts Request (REQ)
when it has put a valid address
on bus

ACK/RDY:

Bus asserts Acknowledge/Ready
(ACK/RDY) when transfer is

complete



Multiple Peripherals

Address Decoder:

Distinguishes which peripheral is being accessed
Generates write enable signals

Multiplexer:

Distinguishes which peripheral is being read
Multiplexes read data signals



Multiple Peripherals: Shared Bus

Address Decoder

Controller REQ A SEL Peripheral 1
clk L A >cl_k
WE » WE
REQ 1] REQ
A > A
WD »{ WD
RDY |« RDY]
RD |« RD j}
Peripheral N
| clk
—>»{ WE
[N] REQ
3 A
—— WD
RDY|
RD f}

Address Decoder:

* Generates request (REQ) signals to
peripherals depending on address (A)

* Only one peripheral can drive ready (RDY)
and read data (RD) signals at once

Shared buses are typically slower than point-
to-point buses, so they are typically not used in

SoCs.



Multiple Peripherals: Point-to-Point

Address Decoder

Controller REQ A SEL Peripheral 1
clk L A >K
WE » WE
REQ ) » REQ
A » A
WD » WD
RDY [«— [4 RDY
RD le— |n U ro
o Read ..
Mux Peripheral N
> clk
—»{ WE
. » REQ
—» A
—»{ WD
RDY
RD

Address Decoder:

* Generates request (REQ) signals to
peripherals depending on address (A)

* Generates select signal for read multiplexer
(Read Mux)

Read Multiplexer (Read Mux):

* Selects one peripheral to read from based
on the address being read

* Multiplexes ready (RDY) and read data (RD)
signals from multiple peripherals



Multiple Controllers & Peripherals

Arbiter Address Decoder
Controller1 REQ GRANT A SEL Peripheral 1
WE A A —» WE
REQ 4 1 » REQ
GRANT < i > A
A » WD
WD Grant RDY
RDY |« —"’l}i" RD
1
RD (— i (XX ]
Peripheral N
Controller M EM —» WE
WE C Al » REQ
REQ W N > A
GRANT |« (M Read 3/ wD
Mux
A RDY
WD RD
RDY |«
RD [€——

Arbiter:

* Arbitrates between
controllers and
grants bus access
to controllers

Grant Mux:

* Grants request
access to one
controller at a time
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AMBA Buses

AMBA: ARM’s Advanced Microcontroller Bus Architecture

* Open-standard on-chip buses
 Used in ASICs and FPGAs since 1996

AMBA Flavors

 APB (Advanced Peripheral Bus): Simple unpipelined
 AHB (Advanced High-performance Bus): Pipelined

* AXI (Advanced eXtensible Interface): Multichannel, high-speed



Example System: AHB to APB Bridge

CpPU , UART Timer
External | % g, | |
Memory S =
Interface | AHB | % m APB | |
<
On-Chip On-Chip SPI GPIO
SRAM ROM




APB

Controller Peripheral 1
PCLK » PCLK
PRESETN » PRESETnN

PSEL[1] » PSEL

PSEL[2], ... —» More Peripherals

PWRITE » PWRITE
PENABLE » PENABLE
PADDR »{ PADDR
PWDATA » PWDATA

PSEL[N:1]
PREADY 4—‘_ PREADY
PRDATA |€— | _ I PRDATA
— More Peripherals
Mux

Controller: also called the Requestor

Signals: similar to generic names, with P prefix

PRESETn: asserts to reset all peripherals

Address Decoder: generates PSEL signals, is part of the Controller



Controller Peripheral 1 Cycle 1 2 3 4 S 6 7
] ] ] ] ] ] ] ]
PCLK » PCLK _,:/ \ ,:/ \ ,{ \ ,{ \M /_\: /.Y_
| | | | | | | |
PRESETn » PRESETn i i i i i i i i
] ] ] ] ] ] ] ]
PSEL[1] » PSEL : i VA i i i i
| | | | | | | |
PSEL[2], ... > More Peripherals i i i i i i i i
| | | | | | | |
PWRITE » PWRITE | i VI : L OO0 : :
| | | | | | | |
PENABLE » PENABLE | i i : i : : :
T T T
| | | | | | | |
PADDR »| PADDR T XXXXAT L XXXXAZ] T XXXXA3! . - X

] ] ] ] ] ] ] ]
PWDATA » PWDATA \ WD1 | | | | |
PSEL[N:1] XXX XX i i i i
PREADY [«— | PREADY : : i : i : : i
| | | | | | | |

PRDATA |¢— | _ | PRDATA | ! ! D GBR S NN GIE

— More Peripherals ! ! ! !
| Setup Access| | Setup Access; | Setup Access |
Mux Write A1 Read A2 Read A3 with wait state

Controller: also called the Requestor

Signals: similar to generic names, with P prefix

PRESETn: asserts to reset all peripherals

Address Decoder: generates PSEL signals, is part of the Controller
Two Phases: Setup (Address) and Access (Data Read/Write)
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APB: General-Purpose I/O (GPIO)

Inside Peripheral

PWRITE io apb
PSEL 1 gpilo_ap
PENABLE | /L /
N
00
From Controller PADDR[1:0] [fE?’C 01 ;
10 |—
BCLK Tristate
GPIOEN BUffer
en
PWDATA[31:0]
o ﬁepmow ) GPIO
en
GPIOIN

{707 —
01 PRDATA[31:0]

y
GPIOEN: Enable register I PrREADY
GPIOOUT: Output register
GPIOIN: Input register
Mux: Sends input, output, or enable data to Controller

To Controller




Controller Peripheral 1 CYcle 1 2 3 4 5

oK TN\

| |
HCLK > : . :
| | | | | |
HRESETn » HRESETn i i i i i i
| | | | | |
HWRITE » HWRITE OO0 TN AN KK L X
| | | | | |
HTRANS »{ HTRANS  IDLE XX NONSEQXXNONSEQXX NONSEQYX NONSEQ L X
| | | | | |
HADDR TV v » HADDR L XOOOCAT XXXXA2] A3] : X
HSEL[1] : : : : : :
Address M HSEL  TO0000 T T N N :
Decoder | Mgre Peripherals i i i i i i
7y : : : : : :
HWDATA » HWDATA | | XOOWD XX : :
HSELD[N:1] : : . : : :
» HREADY DS/ VAN /i
| | | | | |
HREADY [«— HREADYOUTE | XXX/RE!W\X/ Y2\ (\wai /REIY3
I— | | | | | |
HRDATA |¢— | | HRDATA | : L XXX B X KX XXRX D3
_ More Peripherals |L____ ! ! !
Mux (Address Data | (Address Data |
Write A1 Read A3 with wait state

* Two phases: Address (Adr), Data
— APB called these: Setup, Access
* Note: HWRITE occurs in Address phase
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AHB Address Decoder & Mux

Controller Peripheral 1 Cycle 1 2 3 4 5
- ] [ | | | | | |
[ [
HCLK » HCLK _,:/_\_}:/_\_,J:’_\_,:/ \ }’: \_,J:/_
HRESETn » HRESETn i i i i i i
| | | | | |
HWRITE » HWRITE L XXX/ i O\ E XX\ E /X i i X
| | | | | |
HTRANS » HTRANS  IDLE XX NONSEQXXNONSEQX X NONSEQXX NONSEQ L X
| | | | | |
HADDR 2" » HADDR  OOOOCATT XXXE2T XXXXA3T XXXXAAT X
HSEL[1] ; ; ; ; : :
Address > HSEL OGO T T NG N :
Decoder | Mgre Peripherals i i i i i i
- : : : : : :
HWDATA »| HWDATA | | XOOWDTYXX : :
HSELD[N:1] : : | : : :
» HREADY | O T N N /i
| | | | | |
HREADY [«— HREADYOUT! L OQOC/ROYINY/ROY2\X \wait ROY3
1 : : : ' : '
HRDATA [¢— | _ HRDATA | | | XXX RD 2 XXXKKXXXXRD 3
S More Peripherals [ ! ! !
Mux (Address  Data | Address Data |
Write A1 Read A3 with wait state
(Address Data |
Read A2



AHB Address Decoder & Mux

HADDR "
BaseAdrl —p| = »HSEL[1]
<=  »HSELN]
BaseAdrN —p» - i
Address
Decoder HSELNone
HRESETn reset J— HCLK
—
\ HREADYOUT[1]
HREADY <
@C HREADYOUT[N]
%
m
Distributed ci; ﬁ’i’ g
AND-OR Mux D C 3
= |2 ©
HRDATA[1]
HRDATA € A
HRDATA[N]




Full AHB Interface

Controller Peripheral 1
HCLK HCLK
We discuss some HRESETn HRESETn
of these added HWRITE HWRITE
signals next. HTRANS »| HTRANS
HSIZE »| HSIZE
HPROT » HPROT
>
HBURST » HBURST a
[1]
[7]
HMASTLOCK HMASTLOCK | @
=
HNONSEC HNONSEC | &
HEXCL HEXCL
HMASTER » HMASTER
HADDR v »| HADDR
HSEL[1]
Address | \ore HSEL
Decoder | peripherals
4> _
HWDATA »{ HWDATA
HSELD[N:1]
HWSTRB HWSTRB
HREADY o
Y g
HREADY HREADYOUT |
(Y
HRESP HRESP ®
HEXOKAY HEXOKAY
HRDATA |« < HRDATA
— More —
\<_Peripherals
Mux



Byte

Half word
Word
Double word




Examples: Write 1 Byte

Signal _|Option1  |Option2
HADDR [T 0x1002
LERFAS 2 (4 bytes) O (1 byte)
L0 0b0100 060001

AP FAE 0x00420000 0x00000042

Write Ox42 to address 0x1002
HWSTRB (Write Strobe):

Indicates which byte(s) to write
Option 1: Sends whole word, enables 1 byte
within word to be written
Option 2: Single-byte transfer




Must:

e Detect new transactions

e Accept write data (HWDATA) in Data phase, 1 cycle
after address

» Read/write registers in the peripheral

* Produce HRDATA upon read request

* Generate HREADYOUT
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Example: AHB/SRAM Interface

AHB to SRAM Interface SRAM Cycle 1 2 3 4 5 6 7 8
] ] ] ] ] ] ] ] ]
HCLK clk _,{ \ k: \ k: \ }’: \ }': \_{_\_;:’_\_;:’_\_4’_

]
HADDR <7| 0 HADDI? OOXAT XXOA2 1T XXXXA3 T XXXXAL T XXXXAS XXXXAG 1 X i
| i | | Delay A3] Delay A4 Delay A5 T !
moorel, [T LA | XA RO DERES, XA 5 & |
L] L] L] L] L] ) ) ]
] ] ] ] ] ] ] ] ]
HWRITE HWRITE : : i i : : | :
T T T T T T 1
. q ] ] ] ] ] ] ] ] ]
AMETHEE R ey WE | ! ! s —\ ! ! !
seL L= Yk A A A S T T
HTRANS[1] |— i | | | | | | | |
— ] memRbad /T T\l L b b
initTrans—— | memRead | | | | | | | | |
HREADY HREADY i i i i 5 i 5 |
T T |
! ' : : : 1 Busy writing : !
HREADYOUT HREADYOUT : : : : i ! |
T T T |
] ] ] ] ] ] ] ] ]
HWDATA »{ WD i i i i WD3XXXXWi4 i i |
]
] ] | [} | | | [} 1

HRDATA |« RD i i i1 RO2 i i i RO5 RO6
ram ahb | | 1 1 | | i ' |

— (Address Data |, |Address Data | Address Data |
Read A1 Write A3 Read A5

(Address Data | |Address Data |, Address Data |

Read A2 Write A4 Read A6




Chapter 9: Bus Interface




Wally SoC with EBU & Uncore

I I I
I I I
I I HPTW| |, I
I.PIc PCF I I ™ I
MMU
1B | | | [ ]J |
PCNextF | | LSU | |
I I I I I
H |IROM | decomp | I I —
| IRF |_|T_D~ - - _:'_I
N
IFU I I |
I I
I I
I I
I I
I I
I I
| | | | wan]|
I I | | |
I I I | privileged [CSR| |
I I I I I
hazard
Fetch Decode Execute Memory Writeback



RAM Boot ROM
ram_ahb rom_ahb o uart_abp| | clint_apb | | spi_apb
O
External '-g
Q
Memory e}
Interface AHB §' APB
L
© plic_apb | |gpio_apb
uncore
wallypipelinedcore
EBU
AHB AHB
DTIM LSU IFU IROM

wallypipelinedsoc
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Wally Bus/Memory Configurations

Configuration Parameter Typical Address

O\'e(0) 830 AN\ B el ig =Sl RAM in the Uncore 80000000
on AHB

BOOTROM_SUPPORTED ROM in the Uncore 1000

on AHB for

bootloader
EXT_MEM_SUPPORTED AHB interface to 80000000
RAM outside the

Uncore (e.g. via a

DDR memory

controller on an

FPGA)




From AHB

To AHB

1 T
%) <|Q|>-
Zozle 280
aNTE glod«
dol=Z SlS|lxE
I|Z|T|T IIIg
7 1 e O o A
RN | RN | | | | | o
B | .
8 copies of 1[7:81 ~ er:)d|answap:7 . : | ({;;;}dlanswap[m] subwordread " m
. 4 copies of [15:0] [7:0] : : : 63:32
WriteDataM > copies of 310] ?; \ [63:56] I | \ [63:56] {31'0] N Word SEXT 010
- ’ 1581 15:8 [ 1158 —1 0
[6?'0] 1 e {;2;23] I I@ L {55:413] s -ZEXT 110
subwordwrite _ _ | |15 _ . [31:16] M
FunotaM,, | [23:161 [ [23:16] = 2 |[23:16] [ [123:16] 50 1\} Halfword =l h | o L|ReadData
ey \\\ // [47:40) S I S \\\ // [47:40] —0 =
8'b0000_0001 —00_000] [31:24] [31:24] g I | @ [31:24] [31:24] (15:8] ZEXT 101
8b0000_0010 — 00_001 [39:32] 2 [39:32] [7:0] 1 Byt SEXT = 000
8'50000_0100 —00_010 [39:32] [39:32] é I \ [39:32] [39:32] bu
8'00000_1000 — 00_011 [31:24] 3 | [31:24] ZEXT 100
3p0019.0000 Jooror| | [Tl [ 3 | i 0
_0000 —{00_ Funct3M;,
8b0100_0000 — 00_110 // \\\& / | // \\\ﬂ unct3Myg
8'b1000_0000 —{00_111 [65:48] [55:48] 5281 [55:48]
8'b0000_0011 —|01_00x \ 58] | | / \ [15:8]
8'b0000_1100 — 01_01x [63:56] [63:56] | | [63:56] [63:56]
8'b0011_0000 — 01_10x [7:0] \_17:0]
8'51100_0000 — 01_11x ] | |
8'b0000_1111 — 10_0xx BigEndianM I BigEndianM
8'1111_0000 —10_1xx m7
8b1111_1111 — 11_xxx ByteMaskM Sl
Funct3M.o_IEUAdrMzo | g |
swbytemask I o |
IEUAdrM [20] I | IEUAdMa0 w1z [1 o]
(0] | | BigEndianMD
Funct3M ' | |
. } (to hazard) | LSUStalM
RWM[1:0] (to privileged) | BusCommittedM
FlushW | busfsm |
Stallw | |
ahbinterface I I
Mem1 : Mem2 : Mem3
(Adr) , (Data) , LSU
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LSU’s Bus FSM (bus fsm)

reset

Adr

Stall

HREADY & |[RW

/HTRANS =2
BusStall =1

BusCommited = 1 |/ CaptureEn =1\ BusCommited = 1

BusStall = 1

HREADY

Stall = Stallw

Stall




From AHB

To AHB

1 T
%) <|Q|>-
Zozle 280
aNTE glod«
dol=Z SlS|lxE
I|Z|T|T IIIg
7 1 e O o A
RN | RN | | | | | o
B | .
8 copies of 1[7:81 ~ er:)d|answap:7 . : | ({;;;}dlanswap[m] subwordread " m
. 4 copies of [15:0] [7:0] : : : 63:32
WriteDataM > copies of 310] ?; \ [63:56] I | \ [63:56] {31'0] N Word SEXT 010
- ’ 1581 15:8 [ 1158 —1 0
[6?'0] 1 e {;2;23] I I@ L {55:413] s -ZEXT 110
subwordwrite _ _ | |15 _ . [31:16] M
FunotaM,, | [23:161 [ [23:16] = 2 |[23:16] [ [123:16] 50 1\} Halfword =l h | o L|ReadData
ey \\\ // [47:40) S I S \\\ // [47:40] —0 =
8'b0000_0001 —00_000] [31:24] [31:24] g I | @ [31:24] [31:24] (15:8] ZEXT 101
8b0000_0010 — 00_001 [39:32] 2 [39:32] [7:0] 1 Byt SEXT = 000
8'50000_0100 —00_010 [39:32] [39:32] é I \ [39:32] [39:32] bu
8'00000_1000 — 00_011 [31:24] 3 | [31:24] ZEXT 100
3p0019.0000 Jooror| | [Tl [ 3 | i 0
_0000 —{00_ Funct3M;,
8b0100_0000 — 00_110 // \\\& / | // \\\ﬂ unct3Myg
8'b1000_0000 —{00_111 [65:48] [55:48] 5281 [55:48]
8'b0000_0011 —|01_00x \ 58] | | / \ [15:8]
8'b0000_1100 — 01_01x [63:56] [63:56] | | [63:56] [63:56]
8'b0011_0000 — 01_10x [7:0] \_17:0]
8'51100_0000 — 01_11x ] | |
8'b0000_1111 — 10_0xx BigEndianM I BigEndianM
8'1111_0000 —10_1xx m7
8b1111_1111 — 11_xxx ByteMaskM Sl
Funct3M.o_IEUAdrMzo | g |
swbytemask I o |
IEUAdrM [20] I | IEUAdMa0 w1z [1 o]
(0] | | BigEndianMD
Funct3M ' | |
. } (to hazard) | LSUStalM
RWM[1:0] (to privileged) | BusCommittedM
FlushW | busfsm |
Stallw | |
ahbinterface I I
Mem1 : Mem2 : Mem3
(Adr) , (Data) , LSU
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IFU with AHB Interface

PCF

From AHB To AHB

IFUHADDR
IFUHSIZE

IFUHTRANS

IFUHREADY
HRDATA

FlushD

I

|

|
1]

ahbinterface

StallD

2'b011 (4 bytes) FetchBuffer[31:0] InstrRawF
Y Captﬂ,rJeE” (to hazard) _|IFUStallF
lbusfsm| (to privileged) [BusCommittedF
| |
| |
Fetch | Fetch | Fetch
IFU (Adr) | (Data) | (Mem3)

* Read-only: so no HWDATA, HWRITE, HWSTRB
e Little-endian: so no byteswap modules
e 32-bit reads only: so no subwordread modules
e StallD rather than Stallw



EBU: External Bus Unit

controllerinput EBU
IFUHADDR [ g '?J_ HADDR ’
LSUHADDR T |‘L1

IS4 L
IFUHSIZE . 0] |HSIZE
LSUHSIZE T i

N

—fen| |
0 = o] | HWRITE
LSUHWRITE T -

N

—en| [
FUHTRANS[T) || QO} HTRANSI[1]
LSUHTRANS[1] T 5

HREADY
IFUHREADY e
\_ p—
LSUHREADY
o L) -
) o < fod
@ @ 2 @ D
4 04 al 2

3 S ) =1 T

LL L L L n

] | ] ] |

ebufsmarb

liRDATA HRDATA
LSUHWDATA HWDATA
LSUHWSTRB HWSTRB




EBU FSM Arbiter: ebufsmarb

else else
reset / CntRest = 1 LSUHTRANS[1] & / IFUSelect = 0
IFUHTRANS[1] LSUSelect = 1
/ IFUSave = 1
IFUSelect =0
IDLE LSUSelect = 1 ARBITRATE
IFURestore = 1
IFUDisable = 1
HREADY &
~(LSUHTRANSI[1] &
IFUHTRANS[1] IFUHTRANS[1])

/IFUSelect =1 | SUHTRANS[1]  /CntRest=1
/ LSUSelect = 1




Simultaneous Requests

Cycle O 1 2 3 4 5
] ] ] ] ]
S e an N e eV an\

] ] ] ] ]

IFUHTRANS 27 X 2. T X 27 X 21X
] ] ] ] 1
UHADDR 1A1 X 1A2) i XIA3 T X i
Simultaneous T T T ' '
Request IFUHREADY i i i i i
] ] ] ] ]
i | IRD1 IR IR
] ] ] ] ]
LSUHTRANS 2 1 X 0 (morequest) i i
] ] ] ] ]
LSUHADDR LAl X | i i i
] ] ] ] ]
LSUHREADY i i i i i
] ] ] ] ]
LSUHRDATA T YXXXCRDIXXX . ! !
] ] ] ] ]
ebufsmarb - ey At X TOLE | : :
state T T T T T
IFUSelect ' IFU granted | | |
1 bus dccess H H H
LSUSelect LSUgrjnted\ | i i i
bus acFess : : : :

HTRANS 27 X 27 X 27 X 27 X X
| | | | |
HADDR LA1. XIAT  XIA27 XIA3 T X i
] ] ] ]
HREADY i i i i
| | | |

HRDATA H XZX LR51><Z>(IRD5 XZX IRBZXZX IRB3><Z><
|Address Data | |[Address Data
Read LA1 Read IA2
(Address Data | |Address Data |
Read IA1 Read IA3




Simultaneous Requests

Cycle 0 1 2 3 4 5
] ] ] ] ]
ck NN
] ] ] ] ]
IFUHTRANS 2, X 2. P X 21 X 21X
] ] ] ] 1
IFUHADDR 1Al X1A2 o XIA3 T X |
] ] ] ] ]
IFUHREADY i IFU,waits i i i
] ] ] ] ]
IFUHRDATA | | IRD1 IR IR
] ] ] ] ]
LSUHTRANS 2 1 X 0(morequest) i i
] ] ] ] ]
LSUHADDR LAT X | | | |
] ] ] ] ]
LSUHREADY i i i i i
] ] ] ] ]
LSU granted access LSUHRDATA T XXXCRDIYXXX | i i
(LSU has priority) i i i i i
ebufsmarb - 45y A rirate Y IDLE | : :
state : : : : :
: IFU g:'anted : : :
1 bus dccess H H H
LSU grante : : : :
bus ac|t:ess : : : :
HTRANS 21 X 21 X 21 X 21 X i X
| | | | |
HADDR LA1: XIATL XIA2: XIA3 T X |
] ] ] ] ]
HREADY i i i i i
i | | | |
HRDATA ] LRD1 IRDi IRD2 IRD3
lAddress Data | |Address Data
Read LA1 Read I1A2
(Address Data ; |Address Data
Read IA1 Read IA3



Simultaneous Requests

Cycle 0 1 2 3 4 5
| | | | |
dk NS\
| | | | |
IFUHTRANS 27 X 2. T X 21 X 21X
| | | | |
IFU waits IFUHADDR 1A X 1A2 o XIA3 T X |
—— i i i
IFUHREADY i IFU}waits i i i
| | | |
IFUHRDATA | IRDV IR IR
|
LSUHTRANS 2 1 X 0(morequest
|

LSUHADDR LA1 X

LSUHREADY

LSU granted access LSUHRDATA T XXXLRDTXXX

(LSU has priority) |
eb”fs’:tz';g IDLE, YArbitrate X IDLE

RGN DU P I N DU g

N PR 1 |

Bl s b Tk B R e B e s e s bl Bl €= B

IFU g:'anted
bus dccess
LSU grante :
bus ac|t:ess :
HTRANS 2 X 21 X 2 X 2 X X
| |
HADDR LA1. XA XIA27 X IA3 X
] ]
HREADY i i
| |
HRDATA ] LRD1 IRD: IRD2 IRD3
lAddress Data | |Address Data
Read LA1 Read I1A2
(Address Data ; |Address Data
Read IA1 Read IA3
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EBU

HADDR

uncore

v

adrdecs

vvyY

RAM

HADDR
HSEL
HREADY

HSEL

3 <

HSELD

HREADYOUT
ram_ahb

YVvY

Boot ROM

HADDR
HSEL
HREADY
HREADYOUT

HREADY
<

T

rom_ahb

YVYVY

AHB APB Bridge

HADDR
HSEL
HREADY

HREADYOUT
ahbapbbridge

CLINT

PLIC

GPIO

UART

Yivy e

SPI

External

HADDR
HSEL
HREADY
HREADYOUT
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Vp)
Q
)
O
)
g
S
=
o%
Vp)
e
(O
D
a'e
D
>
e
>
O
Q
Vp)
-
O
O

Cycle 0

HCLK

100

X

X010

HSEL[2:0]

001

X 001

X700 (RAM)

X010 [ROM) .

001

HSELD[2:0]

|
Wait for RAM

/7

:Wait for ROI\II

\

HREADYOUT ROM

HREADYOUT RAM

HREADY

Read ROM

Data

Address

Read RAM



Execute | Memory HRDATA
IEUArE [¥] IEUAdrM ARBW LSUHADDR
xen L ahbinterface | *-=N
| 1L PMA SelDTIM ML | LSUHWDATA
I MMU en AHBW
| WriteDataM XLEN
! XLEN
| FetchBuffer
! LittleEndianWriteDataM
N % \
| SWW ES
DTIMAdr/ D'|"M LitfleEndianReadDataWordM
| Read DataWordMuxM/
DTIMReadDataM - ReadDataM
| XCEN _L;Ji ES - sSWR
) LLEN
I
i LSUWriteDataM
' LLEN LSU
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S
a2 B
oué wi| <
L|N|=| X«
T|T|T| I
D|IDD| Dl
|| W T
! I I
Ta] wo IROMInstrF i i IFU
lIROM | |
| CE | |
| : | |
: : : MMU
[Y]PCF ! ! PMA [SellROM
PCNextF || | ‘rL'
| 30011 (4 bytes) | |+| FetchBufferj31:0] |° |H-nstrRawk
. 0 B - -
StallD ' ' (to hazard) [IFUStallF
| | |
IFIushD Ibusfsml (to privileged) | BusCommittedF
| ahbinterface | |
: Fetch : Fetch : Fetch
, (Adr) . (Data) |, (Mem3)
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Hazard Unit with Bus Support

Flush Cause hazard Combine Flush
PCSIcE Generation
D FlushDCause D FlushD
D FlushECause D— FlushE
CSRWriteFenceM
RetM FlushMCause
TrapM D FlushM
FlushWCause
e %D Flushw
Lo (pofifo
Stall Cause Propagate HEEIE
Generation Stalls é é é é
| Ol O| ©
o SlalfCause j}StallF 5 55|9 StallF
LoadStallD e r
StoreStallD ] . |StructuralStallD StallDCause StallD StallD
CSRRdStallD/ _~
—c}
o StllECause StallE StallE
WFIStallM — StallMCausg StallM } StallM
IFUStallF >
StallWCause Stall Stallw
LSUStallM




Cycle 0 1 2 3

4
oK N\ O\ O\

1. Trap occurs
2. Bus is

5 6 7
| | I:l \ ':( \ '%l W
IFUHTRANS 0 : : N2 Yo X2 ! . .
E : : i i EX A : X : committed (is in
IFUHADDR : ; ] : : : ! ;
: X800010:00 Xsooo1o:o4 : : : 80001004 i)(_85000200(; X Data phase), e
IFUHREADY | R — L/ | | | must wait for bus
HRDATA i i i i Xori );(4, x0, 10 i i i Xauipc x6, 24 transaction to
InstrRawF E E E E Y ori x4, x, 10 i E complete
InterruptPending 5 i i1 | | | 3 i | 3. Bus transaction
-V S N R N N N completes, o
: : : : : : : ! trap can be taken
busfsm
" X_Adr! XData ! ! " Mem3 'Y Adr! X Dat .
state —— 4 . 4 = i EX = EX . ; A Dala 4. Instruction in
BusStallF 2 Adr phase (addi)
BusCommittedF : : : : : : : : is flushed
&Data— | Adr || A & 5. Instruction at
20001000 o @HUSTS the trap handler
Trap occurs —— ¢ : ori X4, Xo, :
80001004 addi x5, x4, 10 (auipc) fetched
?rapHandler:
80002000 auipc x6, 24
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O373dIN
O373d3an

3N
NSHne-

CommittedM = BusCommittedM

CommittedF

M_MODE _|
status.MIE -
S MODE -

status.SIE
U _MODE -

CommittedM —
CommittedF

MintGlobalEnM

SIntGlobalEnM

Committed

InstrValidM

46

12|

NITX

NITX"

trap

= BusCommittedF

Later chapters will expand
the Committed signals

_ IntPendingM
PendlnglntsMD_]_C
EnabledintsM WM H—- WFIStallM
ExceptionM
— TrapM
ValidintsM |\
InterruptM
Ti2 I i
Priority
Encoder
6
] —— CauseM
] DelegateExM
0] DelegateM

DelegatelntM
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