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PREFACE

This document is intended to be an appendix to
complement the report written by Riccardo Locatelli
about his work at ESTEC, this work being the
implementation of a PCI Interface [1].

The names of some of the blocks have been changed to
ease understanding. In such cases the names of the
VHDL files they refer to, have been included in square
brackets.

Special attention has been given to the connections,
schematics and state diagrams to provide some further
detail missing in the original document.

This note is intended to be read in conjunction with the
original document written by Riccardo Locatelli, as the
aspects already covered in that document have not been
rewritten here.
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1.- PCI Interface. General overview

The PCI Local Bus is a high performance, 32- or 64-bit bus with multiplexed address
and data lines. The bus is intended for use as an interconnect mechanism between
highly integrated peripheral controller components, peripheral add-in boards, and
processor/memory systems [2].

A simple PCI Local Bus architecture is shown in figure 1.
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Figure 1. Example of a PCI System.

In this example, the processor/cache/memory subsystem is connected to PCI through
a PCI bridge. Connected to the bus are typical PCI applications like LAN’s, graphics
adapters or SCSI cards. For an application to be connected to the PCI Local Bus, a
PCl interface is needed. The application can be either a master, target or both.

A “master” is the entity that initiates the transaction on the PCI bus; it requests write
or read accesses to one of the three address spaces of the PCI bus (configuration, I/O
or memory). A “target” is the entity that responds to the transaction initiated by a
master application.
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Figure 2. PCI Interface connecting a back-end application to a PCI Local Bus.

The PCI interface ensures that the information exchanges conform to the PCI
specification by generating the appropriate signals.

The PCI bus specification defines the interaction between two PCI resources: the PCI
bus master and PCI bus target. As with other bus specifications, the PCI specification
defines a protocol for the PCI bus master to read and write data from and to a target,
respectively. It also defines access cycles to a configuration address space to identify
and establish hardware requirements of PCI resources. In addition, it defines a special
cycle to broadcast a message to all PCI resources, and an interrupt acknowledge
cyclel to return the interrupt vector to the platform CPU [3].

The PCI bus protocol is defined as synchronous. All of the signal lines and bus
activity is referenced to the rising edge of a bus clock (CLK signal line) except for the
SERR# (system error), RST# (RESET), and INT#' (interrupt) signal lines [3].

The PCI interface described in this document is an ASIC designed in VHDL. It
implements a 32-bit, 33MHz PCI Master/Target Bus sequencer, compliant with the
PCI Local Bus Standard, Revision 2.1.

2.- Interface blocks

The PCI Interface [LINK_TEST_PCI] connects to the PCI bus on one side and to a
back-end application on the other.

The structure of the whole PCI Interface is shown in figure 3. The design is divided in
two main parts: the PCI core and the synchronisation FIFO’s. A top-down approach
has been chosen to describe the blocks in the system.

! Only in the extended version (64-bit).
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Figure 3. PCI Interface [LINK_TEST_PCI] connection.

2.1.- Synchronisation FIFO’s

The FIFO’s designed for the PCI interface were implemented at the gate level, thus
requiring a large amount of memory in the simulation program to perform tests. For
the simulations performed for this report, they have been substituted for behavioural
models in VHDL.

The PCI Local Bus and the back-end applications run with different clock lines. These
clocks may differ in frequency and/or phase. Four FIFO’s have been added for
synchronisation: F_IN_M, F_OUT_M, F_IN_T and F_OUT_T. These FIFO’s use
different clocks for read and write cycles. In that way, they serve as a data buffering
between both systems.

The back-end application can work as master, target or both, for that reason, four
FIFO’s are needed. For the master side, input data is written synchronous with the
back-end application clock and read synchronous with the PCI Local Bus clock, and
output data is written synchronous with the PCI Local Bus clock and read



synchronous with the back-end application clock. The same structure is repeated for

the target side.

2.2.- PCI Core

The three blocks that compose the PCI Core are the Master, the Target and the
Configuration blocks (see figure 4).

The back-end application can be a Master device, a Target device or both. That means
separate data paths must be provided so that Master and Target parts of the same
application can operate independently.

Figure 4. Internal structure of the PCI Core.
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The Master Block in the PCI Core is intended to interface with the Master side of the
back-end application (if any), and the Target Block in the PCI Core is designed to
interface with the Target side of the back-end application (again, if any).

2.2.1.- Target

The target block receives/sends the data, though the corresponding synchronisation
FIFO’s, from/to the Target side of the back-end application.
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Figure 5. Blocks composing the target block in the PCI Core.



On command and address cycles, the Target Block receives the information from the
PCI Local Bus and sets the parameters for the consequent cycle(s).

On write cycles, the Target Block receives the data from the PCI Local Bus and, after
decoding it, is sent to the back-end application via the F_OUT_T synchronisation
FIFO or to the configuration space.

On read cycles, data is received from the back-end application via the F_IN_T
synchronisation FIFO or from the configuration space and written to the PCI Bus.

The sub-blocks composing this system are described in the following sections.

Target FIFO Sequencer

The Target FIFO Sequencer [FIFO_Tblock] serves as the link between the
synchronisation FIFO’s (F_IN_T and F_OUT_T) and the Target State Machine. It
manages the transfer of data from and to the back-end application. The data arriving
from the back-end application is grouped in 40-bit words. These forty bits are divided
in C/BE# (4 bits), AD (32) and Req_int (4 bits).

The lowest bits received, Req_int[3..0], define the access type. It is encoded
according to the table below.

Bit [3..0] Description
1111 Address single
1110 Address burst
1101 Address burst prefetchable
1011 Address single + fast back-to-back
1010 Address burst + fast back-to-back
1001 Address burst pref. + fast back-to-back
0111 Address single + Lock request
0110 Address burst + lock request
0101 Address burst pref. + Lock request
0011 Addr. Single + Fast b-to-b + Lock req.
0010 Addr. Burst + Fast b-to-b + Lock req.
0001 Addr. Burst pref. + Fast b-to-b + Lock req.
0100 Data
1000 Last Data / Stop

A brief description of the terms in the table follows:

- Single is defined as one access of a memory resource.

- Burst is defined as multiple read and writes during one access cycle. The
addressing is incremental relative to a base address.

- Prefetchable returns all the bytes in the given address independently of the C/BE#
signal lines.

- Fast back-to-back access avoids the idle phases between access cycles when the
target is being accessed by the same master




- Lock. The protocol by which a PCI bus master can only access a specific target
and the specific target can only be accessed by the aforementioned PCI bus
master. The locking of a memory access simply means that only one PCI bus
master (called Lock master) can access the locked resource (target). Any PCI bus
master can become the Lock master of a given target.

- Data phase: the portion of the PCI bus cycle when data and the byte enable
information are present on the bus.

- Last data/Stop indicates that this is the last data in a transfer.

The 32 following bits, AD[31..0], indicate the address where the transaction has to
take place, or the data to be transferred.

Bus commands indicate to the target the type of transaction the master is requesting.
These bus commands are encoded on the C/BE[3..0]# lines during the address phase.
PCI bus command encodings are listed and described below [2]:

C/BE#[3..0] COMMAND TYPE SUPPORTED
0000 Interrupt Acknowledge No
0001 Special Cycle Yes
0010 I/O Read Yes
0011 I/0 Write Yes
0100 Reserved —
0101 Reserved ---
0110 Memory Read Yes
0111 Memory Write Yes
1000 Reserved —
1001 Reserved ---
1010 Configuration Read Yes
1011 Configuration Write Yes
1100 Memory Read Multiple Yes
1101 Dual Address Cycle No
1110 Memory Read Line Yes
1111 Memory Write & Invalidate Yes

- Special Cycle provides a simple message broadcast mechanism on PCI.

- /O Read is used to read data from an agent' mapped in /O Address Space.
ADI[31..0] provide a byte address. All 32 bits must be decoded. The byte enables
indicate the size of the transfer and must be consistent with the address byte.

- I/O Write is used to write data to an agent mapped in I/O Address Space. All 32
bits must be decoded. The byte enables indicate the size of the transfer and must
be consistent with the byte address.

- Memory Read is used to read data from an agent mapped in the Memory Address
Space.

- Memory Write is used to write data to an agent mapped in the Memory Address
Space.

- Configuration Read is used to read the Configuration Space of each agent.

- Configuration Write is used to transfer data to the Configuration Space of each
agent.

! Agent: an entity that operates on a computer bus.
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Memory Read Multiple is identical to the Memory Read command except that it
additionally indicates that the master may intend to fetch more than one cache line

before disconnecting.

Memory Read Line is identical to the Memory Read command except that it

additionally indicates that the master intends to fetch a complete cache line.

Memory Write and Invalidate is identical to the Memory Write command except

that it additionally guarantees a minimum transfer of one complete cache line.
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Figure 6. Target FIFO sequencer [FIFO_Tblock].

Figure 6 shows the interconnection lines between the Target FIFO Sequencer and the
rest of the blocks in the Target PCI Core.

The main element in the Target FIFO Sequencer is the state machine shown in figure
7. The four states represent:

Idle: when the target block is not involved in any transaction.

Mem_W: when data is being written in the back-end application target.
Mem_R: when data is being read from the back-end application target.

Not_Mem: used for I/O and configuration operations.
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Req_MEM=0 AND

[Req_lO=1 OR
Config_PCl=1]
End_tran=1
/——\‘ Req_MEM=1 AND
R_W=1

Req_MEM=1 AND

End_tran=0 End_tran=0
End_tran=1 Req_I0=1 OR
Config_PCI=1

nd_tran=0

Figure 7. Target FIFO Sequencer [FIFO_Tblock] State Diagram.

All possible transactions are included in one of these states, where the appropriate
signals are driven according to the tables shown earlier.

Target State Machine

This sub-block implements the main function in the Target block of the PCI Core.
Once the cycle type is decoded, it produces the appropriate signals to command the
rest of the sub-blocks when the back-end application becomes the slave of a bus
transaction. Figure 6 shows the interconnections of the TSM block with the other
blocks in the PCI Core Target.
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Figure 8. Target State Machine block.
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The main part in the architecture of the TSM block is the two state diagrams shown in
figures 9 and 10. A description of the states can be found in [1].

The main state diagram (figure 9) generates the signal lines that command the rest of
the blocks following the PCI Specification.
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Figure 10. Main state diagram in the Target State Machine.
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A Lock state machine is needed to prevent other masters accessing the target when a
lock access is taking place.

[Hit_MEM=1 AND Hit_ MEM=1 AND
HitMEM_en=1 AND HitMEM_en=1 AND
State=Addr AND State=Addr AND
Lock_latch_n=1 AND Lock_latch_n=1 AND
LOCK_N=0] LOCK_N=0

— T
>~ /

FRAME_In_N=1 AND [FRAME_In_N=1 AND
LOCK_N=1 LOCK_N=1]

Figure 10. Lock State diagram.

AD/CBE Buffers Target

The AD/CBE buffers connect the 32-bit address/data and the 4-bit Command/Byte
Enable lines of the PCI bus with the internal buses. There are two different data paths
for the Master and the Target part of the PCI Core.
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p— %" AD/CBE 8 .

9 S BUFFERS rom

-t E AD Data_Read_Conf (e Target FIFO
P CBE Data_Read_Int } Sequencer

<

Figure 11. AD/CBE Buffers block.

The internal structure of the block is shown in figure 12. AD_In and CBE_In are
provided to the TSM for sampling data during write operations. During read
operations, data may arrive from the back-end application (Data_Read_in) or from the
Configuration Space (Data_Read_conf). After selecting the correct line, it is
transferred to the PCI bus through three-state ports controlled by TSM with Output
Enable signals.
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Figure 12. Schematics in the AD/CBE Buffers Block.

Cbe_In

Data_Read_bus

AD

AD_In

The Parity & Error Target block computes parity and reports errors when the PCI Bus
Sequencer is working as Target.
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Figure 13. Parity & Error Target Block.

During the Data phase of read operation, this block generates the Parity signal.
Otherwise it checks the incoming Parity signal. The PERR# signal is driven during
Data phases and SERR# during Address phases and Special cycles.

Figure 14 shows the schematics of the Parity & Error block. Underlined are the
input/output lines, the rest being internal signals.
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CLK ——>> ) DetParErr
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RST int N checker
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* PAR_in
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PERR_Out_N 4’D—>PERR N

> 0 OE_SERR SignalSystErr
— OE_SERR
Par_Err 1
ParErrRes €0 SERR_N
SerrEnable
w: b 4 SERR Output
generator buffers

Figure 14. Schematics in the Parity & Error Target Block.

2.2.2.- Master

The master block receives/sends the data, though the corresponding synchronisation
FIFO’s, from/to the Master side of the back-end application. The sub-blocks
composing this system are described in the following sections.

16



Data_in | \
P CLK Empty_FIFO_in -
P RST_N FIFO IN Read_FINB
st SEQUENCER _‘:D_>
P Full_wait
MASTER o [FIFO_IN_MBIlock]
=
Y g From/To
g @
5 8 o2 g % &
£ 3 2T ¢ % 9 %gz gs Synchron.
5= FIFOOUT FEl0 0558530457 FIFO’s
= 9Y TV s g IS a5
£* SEQUENCER EEEEEEFERWIEE TS
[FIFO_OUT_MBlock] LA AA
Data_out >
- CLK Reset_FIFO_out -
= RST_N Full_FIFO_out |«
Write_FIFO_out j
End_trun W |«
End_tran_R |«
Disco_det |
. Retry_det [«
. El Time_out [
3 g Own_lock |
N =) First_data et
z o E 3 T_Abort |
g G5 & M_Abor [
A A4 YYYYYVYYYYY| [vY
% %%é*é%lg.é‘?%ggégggia‘Egéil.s‘.sl
P drgBEEs O ROxE 2T
@ ST FEELEE R bl ) AL
= P CLK Parity_error o 0o Qs E = Sk
2 Pl RST_N &
i <P PAR PARITY OEPAR |«& OE_PAR
O |- P PERR_N PERR en |« PERR _en
~ & ERROR DR | DTR
DTW |«g DTW
$ B Data_Read_int (e Data_Read_int
né '-g oo} AD_master_int [«
o0& % Cbe_master_int [«
H9
[-yaya
| CLK
| RST_N
hd P FRAME_N
-t P IRDY_N
P DEVSEL_N
P TRDY_N
| STOP_N MSM
¢ | LOCK_N
-t REQ_N
P GNT_N
AD_master_int [« AD_master_int
Cbe_master_int [ Cbe_master_int °
3 5
| |
A l ) o o Q
/CBE OE_AD | OE_AD 4a 5§ 2 £ .
BUFFERS 0t CBE [« OE_CBE 2 g 5 2 =
AD_in - AD_in 5 5 353 & B
-t P AD
Bl CBE
Yy YYYVYVYYY
gEw £ 2 g 3 owm =
N Tk CONFIGURATION LECEE I I
£ 2 oo £
£ BLOCK g 5 5 £ 2 =
SAR @ 3 ] | |
< = b [l
= 3

Figure 15. Blocks composing the master block in the PCI Core.

FIFO IN Sequencer

The Master FIFO IN Sequencer [FIFO_IN_Mblock] serves as the link between the
input synchronisation FIFO (F_IN_M) and the Master State Machine. It manages the
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transfer of data from the back-end application. Figure 16 shows the interconnection
lines of this block.

A Data_in  [—— FrOm/TO
—

CLK Empty_FIFO_in S ynchron.
RST_N FIFO IN Read_FINB FIFO’ S

\A

Flush_pref SEQUENCER

w
=
—P»{ Full_wait

;@ wlvait [RIFO_IN_MBlock]

o]

Q

3 3

= w B 5 i 7 &

@) §i5.¢ £ ©3 EEZ‘::‘

A =>”|§§‘<Q1%3|63§%agé's‘
o T T B oa= i “ & ]
EE33¢Ri3a0522828

Vool et

From/To FIFO Out From/To
Sequencer MSM

Figure 16. FIFO IN Sequencer [FIFO_IN_Mblock].

The State Diagram of this block is shown in figure 17. A description of the states can
be found in [1].

Empty_int=1
RST_Int_N=0
Empty_int=0 A
Ignored_int; Frame_N=1 AND
st _Read=1 AND
Request_int=0
Empty_int=0 AND
Ignored_int=1
Frame_N=0

Pending

M

Last _Read=1 AND
Request_int=1 AND
Ignored_int=0

Frame_N=1

Stop_int=1 AND
Ready_int=1 (Frame_N=1 AND
Last _Read=1 AND
Request_int=1 AND
Ignored_int=1) OR
(Frame_N=1 AND
Last_Read=0)

![Stop_int=1 AND
Ready_int=1]

Figure 17. FIFO IN Sequencer State Diagram.
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The rest of the schematics in this block are shown in figure 18. The data arriving from
the back-end application is grouped in 40-bit words. These forty bits are divided in
C/BE# (4 bits), AD (32) and Req_int (4 bits). The decoders handle this information
and set the different signal lines according to the tables in the Target FIFO Sequencer

section.

( .
—» Req_int_0 :
—» | Req int 2 Empty_in
— Req_int_3 Igngred_in State
top_in
Ready_in —»State
Data_in —® < Ad_int Last_yrea generator
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—L___—: Cbe_int Empty FIFO in @
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Req_int_ 0 — ™ — Request_int . RIFO | Read
mpt m_>[>o_> ea
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_ Log_req
Log_req_int | >
) _ Sp.cycle
Empty FIFQ in — — Empty_int Sp_cycle_int >
_ MWI
CLK —P» MWILint -
_ FSA
FtSA_int >
Full wait — ——  Full_wait_int — cotch
Prefetch_read
Pref_int ::[) -
CLK —¥»| —
R_W

R_W._int

!

Figure 18. Schematics of the FIFO IN Sequencer Block [FIFO_IN_Mblock].
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FIFO OUT Sequencer

This block [FIFO_OUT_Mblock], as shown in figure 19, manages the handshake
between the Master State Machine and the back-end application, handling in the
correct way the information transferred to the output synchronisation FIFO
[F_OUT_M].

From/To FIFO IN
Sequencer
vi
Z2  FIFO OUT
=
££ SEQUENCER
[FIFO_OUT_MBIlock]
g Data_out [~
o | CLK Reset_FIFO_out  f——P»
—_— | RST N Full_FIFO_out |«—
3 Write_FIFO_out -
Q
— End_tran W  |p——
5 End_tran R [«
a, Disco_det |——
= Retry_det  jelp——
. AE‘ Time_out f«lf—
2 g Own_lock [«
N a First_data  [«f—
z B23 T_Abont  [«——
ks 588 M_Abort  |——

*

-
From Parity

& Error

Figure 19. FIFO OUT Sequencer [FIFO_OUT_Mblock].
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This block is basically a set of multiplexers that, depending on the information
received from the MSM, select the bits to be sent to the Output Synchronisation FIFO

T T

W

}f fi
y e

A

—>»
CLK

[F_OUT_M].
CLK

Data_bif
RST Int N~ Own_lock_int_in{
First_data_in
End_tran W Parity_Errot]
Read_Data_int_int
End tran R~ Type_End
Disco_det—1 Info_latchl[7..5]
Parity_error_in{
Retry der— Parity_Error]
Read_Data_int_int
Time out— Info_latch1[3..0]
Own_lock—™] Info_latch1[7..4]
Read_Data_int_in|
First_data— Info_latchi[3..0]]
T_Abort—%1 Shift_1
Shift_
M_Abort— Next_writ
Parity error— Write_in{
Full_fifo_ouf
Full_fifo_out—" Full_con

Read_data _int—%

u

Data _out

o Full wait

No

Write_fifo_ou

- Write fifo out

Flush pref

Figure 20. Schematics of the FIFO OUT Sequencer Block [FIFO_OUT_Mblock].
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Master State Machine

Analogous to the Target State Machine (TSM) in the Target block of the PCI Core,
this sub-block implements the main functions in the Master block of the PCI Core.
Once it has received the data from the FIFO IN Sequencer or from the PCI Bus, it
produces the appropriate signals to command the rest of the sub-blocks when the
back-end application becomes the master of a bus transaction. Figure 21 shows the
interconnections of the MSM block with the other blocks in the PCI Core Master.

To FIFO_OUT
Sequencer From/To FIFO IN
A Sequencer
- — ) A -
Abd AAA 1\4\ AL AA AA
YYYYVVVVYYY Yy
5385558 % ZTSSTYLBEYSSEE
:\Zlfliilgj g'ér %l‘ga'ééam‘éilgﬁﬁlg
2288858 55 czé Z ==:l 3-g'g 8]
SSELOF®A E-g 3 Eo %&)u\:
=F [ &
- OE_PAR
-t PERR _en
3 - DTR
To Parity } g DTW
& Error |- Data_Read_int
2
| CLK
| RST_N
)
=
m |- | FRAME_N
— P [RDY_N
S P DEVSEL_N
o) »| TRDY N
- P STOP_N MSM
O [« | LOCK_N
A - REQ N
P GNT_N
-4 AD_master_int
rom/To - Cbe_master_int 3 g
AD/CBE 5 3
-4——— OE_AD g 5 E &5
Buffers -¢——— OE_CBE Z:’ ; ':‘ }5‘) 3
——P AD_in s 5§ 8 & 82

HITT—

—
~

To Config.
Block

Figure 21. Master State Machine Block.

The main part of the architecture of the MSM block implements the two state
diagrams shown in figures 22 and 23. A description of the states can be found in [1].

The main state diagram (figure 22) generates the signal lines that command the rest of
the blocks following the PCI Specification.
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GNT_N=1 AND

![Request=1 AND

Master_en=1 AND
Ready_int=1]

I[GNT_N=0 AND
FRAME_In_N=1 AND
IRDY_in_N=1] GNT_N=0 AND Frame_In_N=1 AND IRDY_In_N=1 AND
![Request=1 AND Master_en=1 AND Ready_int=1]

GNT_N=0 AND
Frame_in_N=1 AND
IRDY_in_N=1 AND
Request=1 AND
GNT_N=1 Master_en=1 AND
Ready_int=1

GNT_N=0 AND
Request=1 AND
Master_en=1 AND
Ready_int=1

GNT_N=0 AND

![Request=1 AND

Master_en=1 AND
Ready_int=1]

Frame_out_N=1 AND
Retry_int=0 AND
Disco_int=0 AND
T_Abort=0 AND

[TRDY_In_N=0 OR
M_Abort=1] AND
Request=1 AND
GNT_N=0 AND
Ready_int=1 AND
R_W_int=0 AND
[FtSA=1 OR
FbtBE=1] AND

![Lock_Out_N=1 AND
My_lock=1] AND

Sp_Cycle_int=0 AND

Master_en=1

GNT_N=0 AND
Request=1 AND
Master_en=1 AND
Ready_int=1

Frame_out_N=1 AND
[Retry_int=1 OR
Disco_int=1 OR

TRDY_In_N=0 OR
M_Abort=1 OR
T_Abori=1] AND
[Retry_int=1 OR
Disco_int=1 OR
T_Abort=1]

Other cases

Frame_out_N=0 OR
Frame_out_N=1 AND
![Retry_int=1 OR
Disco_int=1 OR
TRDY_In_N=0 OR
M_Abort=1 OR
T_Abort=1]

Figure 22. Main state diagram in the Master State Machine.

A Lock state machine (figure 23) is needed to avoid more than one master taking
control of the LOCK# line.
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LOCK_In_N=1 OR [LOCK_In_N=1 OR LOCK_In_N=1 AND
My_Lock=1] FRAME_In_N=1]

My_Lock=1
LOCK_In_N=1 AND
\ FRAME_In_N:L_—_’/
Figure 23. Lock State diagram.
AD/CBE Buffers Master

The AD/CBE buffers connect the 32-bit address/data and the 4-bit Command/Byte

Enable lines of the internal buses to the PCI Local Bus.
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Cbe_master_int  elq——
From/To

AD/CBE . © le—[ MSM

BUFFERS 0E_CBE |¢—
AD_in [—P»

AD
CBE

PCI Local

Al
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Figure 24. AD/CBE Buffers Block.

This block is controlled by the MSM signal lines which activate or deactivate the

output buffers according to the cycle in process.

OE_AD
OE_CBE |
| AD AD_Master_int
CBE Cbe_Master_int -
AD_In
e o

Figure 25. Schematics of the AD/CBE Buffers Master Block.
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Figure 26. Parity & Error Block.
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Figure 27 shows the schematics in the Parity and Error block. The parity signal is
generated by this block for outgoing data. For incoming data, this block works as a

parity checker.
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ParErrRes
ParErrRes
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Par_Err | »Data DPE
- DetParErr P arity
- Parity Error checker
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Figure 27. Schematics of the Parity & Error Master Block.
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According to the PCI specification, the signals PAR and PERR_N should be provided
respectively one and two clocks later than the data they refer to.

2.2.3.- Configuration block

The Configuration Block contains the configuration space registers and handles
read/write access to them. It also manages the address decoding for Memory and /O

cycles.
From/To
Master
Blgck
— —
N AEAREREE R
£ 5 5§ § & = K 8 B 3
TR RERE
4 E S 5 &5 2 5 % 5 3
< 2 | = a Req back 1
23] P 8 = ek back > From/To
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O RST_N Data_In_back e li .
| IDSEL Data_Out_back » | application
i3
% z ° Notvalid_back '
e O g8 2 _
Z% 10— 80 o 854
U .9 O85TLYE B UIFE B2
& JE23:08%=F E2uiszis  CONFIG.
j%‘é‘“—'%??S‘“E%'E'"x_g'é%qE,,”é% BLOCK
cESPsi3E83538084038

<

U ttith

From/To
Target
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Figure 28. Configuration Block.

An extra function has been added to this block: the configuration cycle can be
performed by the back-end application using the Local Configuration Lines (ending in
‘_back’ in figure 28). This is not included in the PCI Specification but is compatible
with it, so back-end applications provided with this mechanism can profit from it.

" csreE T

Config PCI=1

V\/

Config_PCI=0 AND
Req_back=0

CS_PCI=0 AND
Req_back=0
Config_PCI=0 AND
Req_back=1

Config_PCI=0 AND

Req_back=1 Busy_

BACK Req_back=1

Figure 29. Configuration Block State Diagram.
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The physical addresses of the Configuration Space and its contents is explained in [1].

3.- Simulations

A description of several simulations of the PCI Interface now follows. Given the
amount of possible combinations, only a few relevant simulations are shown to allow

an understanding of its functionality.

The simulation system implements a PCI environment connecting two back-end
applications to a PCI Local Bus through its corresponding PCI Interfaces (see figure

30)

As explained in section 2.1, the FIFO’s designed by Riccardo Locatelli have been
substituted for behavioural models in VHDL.

AN

PCI Interface #1
[Link_Test_PCI]

-

PCI Local Bus

PCI Interface #2
:'> [Link_Test_PCI]

K

MASTER
Back-End
application
#1
TARGET
MASTER
Back-End
application
#2
TARGET

N

Figure 30. PCI Inte}face connection for testing.

3.1.- Write cycles

There are several possible write cycles: memory write, /O write, memory write
multiple, memory write line. Here only the single memory write is described
thoroughly as it is the base for the other cycles.

26



3.1.1.- Single Memory Write Cycle

To write one single data in back-end application #2, back-end application #1 sends the
following information to the PCI Interface: In the first word, the master sends the
encoded command (0111 = Memory Write), the address where the data has to be
written and the transaction type (/111 = Address Single). In the second word the
master sends the Byte Enable Lines (inverted logic), the data to be written and the
transaction type (1000 = Last Data).

MSB LSB
0111 0100 0001 0000 0000 0000 0000 0000 0000 1111 A

— ——e— —A

Transaction

Command Address type

MSB LSB
0001 0000 0000 0000 0000 0000 0000 0000 0001 1000 B

L_Y_M — A_Y_J

Byte Enable Data Transaction

type

Figure 31. Words sent by the Back-end Application #1.

The Single Memory Write cycle starts with the writing of the two words (A and B) by
the back-end application #1 into the PCI Interface (Data_in_IN_M). The PCI
Interface decodes the Command and Transaction Type of the first word and requests
the bus by asserting the REQ_N signal, indicating there is a transaction to be made.
When it has the bus grant (GNT_N = 0), the master starts the address phase by
placing a valid address(C) and command () on AD and C/BE# signal lines
respectively and asserting the FRAME_N signal (inverted logic). The FRAME_N
signal is deasserted at the end of the Address phase.

The Data phase then starts by placing the Data (D) and the Byte Enable Lines (F) on
AD and C/BE# signal lines respectively and asserting IRDY_N. As the Parity signal
is delayed by one clock the odd parity for the Address phase is now set in the PAR
line. The back-end application decodes the address and claims the access by asserting
the DEVSEL_N signal line. The access of data occurs on the rising edge of the clock
signal line when both the IRDY_N and TRDY_N signal lines are asserted.

The PCI Interface #2 indicates to back-end application #2 that there is data in the
Output Synchronising FIFO (F_OUT_T) by asserting the rdempty_OUT_T line. The
back-end application requests the data (rdreq_OUT_T=1) and the PCI Interface sends
the data.
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D = 0000 0000 0000 0000 0000 0000 0000 0001 H = 0110 0000 0000 0000 6000 0000 0000 0000 0001 0001

Figure 32. Timing diagram of a Single Write Cycle.

Note that the order in which the back-end application receives the data (G) is not the
same in which it was sent (A): the command that was encoded in the four most
significant bits by back-end application #1 (master), is received by back-end
application #2 (target) in the four least significant bits.

3.1.2.- Burst Write Cycle

A burst write cycle follows the same pattern as a single write cycle with the only
difference that after the address phase (A), more than one data word follows. The least
significant bits in the data are set to 0100 (0100 = Data) except in the last data (D)
where it is set to 1000 (Last Data) as shown in figure 33.
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MSB LSB

0111 0100 0001 0000 0000 0000 0000 0000 0000 1111 A
— —~— A —
Transaction
Command Address type
MSB LSB
0111 0000 0000 0000 0000 0000 0000 0000 0001 0100 B
— —— e
Byte Enable Data #1 Transaction
type
MSB LSB
1011 0000 0000 0000 0000 0000 0000 0000 0010 0100 C
— —— )
Byte Enable Data #2 Transaction
type
MSB LSB
1101 0000 0000 0000 0000 0000 0000 0000 0011 1000 D
— —— —
Byte Enable Data #3 Transaction

type
Figure 33. Words sent by the Back-end Application #1.

3.1.3.- I/O Write Cycle

An /O Write cycle works in the same way as a memory write cycle, but the address
corresponds to an application mapped in /O Address Space.

3.2.- Read cycles

As with the write cycles, not every possible combination of read access is analysed in
this section.

3.2.1.- Single Memory Read Cycle

To read one single data word from back-end application #2, back-end application #1
sends the following information to the PCI Interface: In the first word, the master
sends the encoded command (0110 = Memory Read), the address to be read and the
transaction type (1111 = Address Single). In the second word the master sends the
Byte Enable lines (inverted logic) and the transaction type (1000 = Last Data).
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MSB LSB

0110 0100 0001 0000 0000 0000 0000 0000 0000 1111 A
— ——— —A—
Transaction
Command Address type
MSB LSB
0011 0000 0000 0000 0000 0000 0000 0000 0000 1000 B
\ﬂ__l ;_Y_J
Byte Enable Transaction

type
Figure 34. Words sent by back-end application #1.

The Single Memory Read cycle starts with the writing of the two words (A and B) by
the back-end application #1 into the PCI Interface (Data_in_IN_M). The PCI
Interface decodes the Command and Transaction Type of the first word and requests
the bus by asserting the REQ_N signal, indicating there is a transaction to be made.
When it has the bus grant (GNT_N = 0), the master starts the address phase by
placing a valid address (C) and command (F) on AD and C/BE# signal lines
respectively and asserting the FRAME_N signal (inverted logic). The FRAME_N
signal is deasserted at the end of the Address phase.

The PCI Bus Master (Back-end application #1) then drives valid byte enable
information onto the C/BE# signal lines and the parity of the address (C) and
command (F) onto the PAR signal line. The information is transferred in that way to
PCI Interface #2.

At the target side of the transaction, the behaviour differs depending on the value of
the Memory Prefetchable Status bit in the BAR’s of the Configuration Space: when
this bit is set to 0, meaning the memory space is not prefetchable, the PCI Interface #2
passes two words to the back-end application #2 (figure 35); on the contrary if the
Memory Prefetchable Status bit is set to 1, indicating the memory space is
prefetchable, the PCI Interface #2 passes only one word to the back-end application
(figure 36), to which the back-end application should respond without waiting for the
BE lines.

MSB LSB
0010 | 01000001 0000 0000 0000 0000 0000 0000 0110

~— —A
——
Address Command
MSB LSB

0110 10110011 1000 1111 0000 1111 1000 0011 0011

k_w_l

BE lines

Figure 35. 40-bit words received by a target (back-end application #2)
with Memory Prefetchable Status bit set to 0.
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The timing shown in figure 40 corresponds to this second case where the memory
space is prefetchable: the signal rdempty_ OUT_T in PCI Interface #2 is set to zero
indicating that the information has arrived to the Output Synchronisation FIFO
(F_OUT_T). The target gets this information containing the address to be read via the
Data_out_OUT_T line (H). Once the address is read, the Output Synchronisation
FIFO sets the empty flag to one indicating there is no more data to be read. The target
answers by placing the data in Data_in_IN_T (J). The data is placed in the lowest 32
bits, and the next two bits are used as Stop and T_Abort lines (see figure 37).

MSB LSB
0010 0100 0001 0000 0000 0000 0000 0000 0000 0110 H
~— " —A—
Address Command

Figure 36. 40-bit word received by a target (back-end application #2)
with Memory Prefetchable Status bit set to 1.

MSB LSB
0000 0000 1011 0011 1000 1111 0000 1111 1000 0011 J
11
[§ N _
I —~
T_Abort Stop Data

Figure 37. 40-bit word sent by back-end application #2.

Once the data is ready for sending, PCI Interface #2 asserts TRDY_N. The access of
data by PCI Interface #1 occurs on the rising edge of the CLK signal line when both
the IRDY_N and TRDY_N signal lines are asserted. This data reaches back-end
application #1 via Data_out_OUT_M (K) together with the ‘End-type information’.

MSB LSB
0101 1011 0011 1000 1111 0000 1111 1000 0011 0001 K
Data End-type

Figure 38. 40-bit word received by back-end application #1.

A last data (J) is sent to the target via Data_out_OUT_T to indicate the conclusion of
the transaction

MSB LSB
0110 1011 0011 1000 1111 0000 1111 1000 0011 0001 I
~— —— e —
Data End-type

Figure 39. 40-bit word received by back-end application #2.
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Data_in_IN_M
wrclk_IN_M
wrreq_IN_M

wrempty_IN_M

CLK
REQ_N
GNT_N

FRAME_N

IRDY_N
DEVSEL_N
TRDY_N
AD

CBE

PAR

rdempty_OUT_T
rdelk_QUT_T
rdreq_OUT_T

Data_out_OUT_T

Data_in_IN_T
wrreq_IN_T
wrclk_IN_T

wrempty_IN_T

rdempty_OUT_M
rdelk_OUT_M
rdreq_OUT_M

Data_out_OUT_M

A = 0110 0100 0001 0000 0000 0000 0000 0000 0000 1111
B = 0001 0000 0000 0000 0000 0000 (000 0000 0000 1000
C = 0100 0001 0000 0000 0000 0000 0000 0000
D = 0000 0000 0000 0000 0000 0000 K000 0000
E=10110011 10001111 0000 1111 1000 0011

S
I
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G = 0001

1=011010110011 1000 1111 0000 1111 1000 0011 000
J=0000 0000 1011 0011 1000 1111 0000 1111 1000 001

F=0110

Figure 40. Timing diagram of a Single Read Cycle to a pretetchable memory space.
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H = 0010 0100 0001 0000 0000 0000 0000 0000 0000 0110

1
1

K =0101 1011 0011 1000 1111 0000 1111 1000 0011 0001
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3.2.2.- Burst Read Cycle

The Burst Read Cycle starts as a Single Read Cycle with the exception that after the
address, the Byte Enable lines have to be sent (see figure 41).

MSB LSB
0110 0100 0001 0000 0000 0000 0000 0000 0000 1110 A
— —— —
Transaction
Command Address type
MSB LSB
1110 0000 0200 0000 0000 0000 0000 0000 0000 0100 B
H_J L_V_J
Byte Enable #0 Transaction
type
MSB LSB
1101 0000 0000 0000 0000 0000 0000 0000 0000 0100 C
L‘W_J Hf_l
Byte Enable #1 Transaction
type
MSB LSB
1011 0000 0000 0000 0000 0000 0000 0000 0600 0100 D
;_Y_J ;Y_J
Byte Enable #2 Transaction
type
MSB LSB
0111 0000 C000 6000 0000 0000 0000 06000 0000 1000 E
H___J H__/
Byte Enable #3 Transaction

type
Figure 41. Words sent by back-end application #1.

In this example (shown in figure 42), word A contains the command (0110 = Memory
Read), the address to be read and the transactions type (/110 = Address Burst).
Words B through E contain the Byte Enable Lines (in inverted logic) and the
transaction type (0110 = Data, 1000 = Last Data)

As in the Single Read Cycle, rthe target only receives the first word (M) and the target
has been forced to place four data words as response to the request (O, P, Q and R).

The master only receives one of these data (S, T) because the target has stopped the

transaction (STOP_N = 0). The cause of this stop signal is the timer having reached
its maximum which is set in 8 cycles.
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As in the Single Read Cycle, the target receives the data that it has sent itself earlier

(N).

Data_in_IN_M
wacsoe JTTTUULLLUTUULLUUIU U UU U uiww L
wreg Ny _| ]

wrempty_IN_M —| |

o Uy iU iy
REQ_N ———I____J
GNT_N | N

FRAME_N U

IRDY_N

J7
DEVSELN l I
L

TRDY_N
AD —( = s Jwul o+ |}
cBE —{ K [ v '}

PAR ‘_
STOP ‘_J

rdempty_OUT_T u u
rdreq_OUT_T I_l ﬂ

Data_out_OUT_T X.X X M r N

Data_in_IN_T X.X loHQl R

wrreq _IN_T |
wrempty_IN_T | f

rdempty_OUT_M I__l l-—-I
rdreq_ OUT_M I

Data_out_OUT_M X.X x S x T

Figure 42. Timing diagram of a Burst Read Cycle.
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A = 0110 0100 0001 0000 0000 0000 0000 0000 0000 1110
B = 1110 0000 0000 0000 0000 0000 0000 0000 0000 0100
C = 1101 0000 0000 0000 0000 0000 0000 0000 0000 0100
D = 1011 0000 0000 0000 0000 0000 0000 0000 0000 0100
E = 0111 0000 0000 0000 0000 0000 0000 0000 0000 1000
F = 0100 0001 0000 0000 0000 0000 0000 000

G = 0000 0000 0000 0000 0000 0000 0000 0000

H=1111 111100000000 1111 1111 0000 0000
1=10101010 1010 1010 1010 1010 1010 1010

J=0110

K=1110

L=1101

M = 0011 0100 0010 0000 0000 0000 0000 0000 0000 0110
N=0111 1111 1111 0000 0000 1111 1111 0000 0000 1101
0 =00000000 1111 1111 0000 0000 1111 1111 0000 0000
P = 0000 0000 1010 1010 1010 1010 1010 1010 1010 1010
Q = 0000 0000 1100 1100 1100 1100 1100 1100 1100 1100
R = 0000 0000 1000 1000 1000 1000 1000 1000 1000 1000
$=10101111 1111 0000 0000 1111 1111 0000 0000 0000
T=0000 1111 1111 0000 0000 1111 1111 0000 0000 0101

Figure 43. Data Exchange in the Burst Read Cycle.

3.2.3.- I/O Read Cycle

An T/O read cycle works in same way as a memory read cycle, but the address
corresponds to an application rnapped in /O Address Space.

3.3.- Configuration cycle

The purpose of the configuration cycle shown in this example (figure 45) is to write
the BAR registers of the back-end application #2. The agent that performs the
configuration is back-end application #1 by sending the following 40-bit words:

MSB LSB
1011 0000 0000 0000 OIIOO 0000 0000 0001 0000 1110 A
Transaction
Command IDSEL Address type
MSB LSB
0111 0110 0000 0000 0000 0000 0000 0000 0000 0100 B
— —— I
Byte Enable BAR Address #1 Transaction
type
MSB LSB
0111 0100 0001 0000 0000 0000 0000 06000 0000 0100 C
— ——— - —
Byte Enable BAR Address #2 Transaction
type
MSB LSB
0111 0000 0111 0000 0000 0000 0000 0000 0000 1000 D
L__V__N —_——— A‘W—_J
Byte Enable BAR Address #3 Transaction
type
MSB LSB
0111 0000 0001 0000 0000 0000 0000 0000 0000 0100 E
— — —
Byte Enable BAR Address #1 Transaction
type

Figure 44. Words sent by back-end application #1.
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MSB LSB

0111 0001 1111 0000 0000 0000 0000 0000 0000 0100 F
— —— — A
Byte Enable BAR Address #2 Transaction
type
MSB LSB
o111 0001 0101 0000 0000 0000 0000 0000 0000 1000 G
— —— —A
Byte Enable BAR Address #3 Transaction
type

Figure 44. Words sent by back-end application #1 (continuation ).

Data_in_IN_M EEEE
weceon JUTTUUNUUUULUUUUUU UL ¢
wrreq_IN_M I I

J

o JUUUUUUU U Uy U iam
REQ_N ———l B

GNT_N I

FRAME_N | J
IRDY_N | N >
DEVSEL_N | |

TRDY_N | ]
CBE {o] P }_—@

PAR I }

rdempty_OUT_T

l [
aacovrr |[TUTULLUUUTULLUAUTUUyuuunuuuy
[ I

rdreq_OUT_T

~

Signals between the Back-End

Data_out_OUT_T X. X R s]rulv I X J

Figure 45. Timing diagram of a Configuration Write Cycle.
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A = 1011 0000 0000 0000 0100 0000 0000 0001 0000 1110
B = 0111 0110 0000 0000 0000 0000 0000 0000 0000 0100
C =01110100 0001 0000 0000 0000 0000 0000 0000 0100
D = 0111 0000 0111 0000 0000 0000 0000 0000 0000 0100
E = 0111 0000 0001 0000 0000 0000 0000 Y000 0000 0100
F=0111 0001 1111 0000 0000 0000 0000 1000 0000 0100
G = 0111 0001 0101 0000 0000 0000 0000 0000 0000 1000
H = 0000 0000 0000 0100 0000 0000 0001 0000

I = 0110 06000 0000 0000 0000 0000 0000 (000

1 =0100 0001 0000 06000 0000 0000 0000 000

K = 0000 0111 0000 0000 0000 0000 0000 0000

L = 0000 0001 0000 0000 0000 0000 0000 0000

M = 0001 1111 0000 0000 0000 0000 0000 0000
N = 0001 0101 6000 0000 0000 0000 0000 0000

0= 1011

P=0111

Q=0111

R = 0001 0000 0000 0000 0100 0000 0000 0001 0000 1011

S = 0101 0110 0000 0000 0000 0000 0000 0000 0000 0111

T = 0101 0100 0001 0000 0000 0000 0000 0000 0000 0111

U = 0101 0000 6111 0000 0000 0000 0000 0000 0000 0111
V = 0101 6000 0001 6000 0000 0000 0000 0000 0000 0111
W = 01010001 1111 0000 0000 0000 0000 0000 0000 0111
X =0110 0001 0101 0000 0000 0000 0000 0000 0000 0111

Figure 46. Datc Exchange in the Configuration Write Cycle.

In the first word (A) the master sends the encoded command (1011 = Configuration
Write), the selected agent (AL[18] is connected to the IDSEL signal line of the PCI
Interface #2), the address where the data has to be written (000100 is the address of
the first Base Address Register) and the transaction type (11101 = Address Burst).
The following words contain the data to be written in the BAR’s.

The data is written in the Base Address Registers with the characteristic that only the
most significant byte is recorded. This is not because only the first Byte Enable line
has been selected in all the words, but because it has been programmed that way in
the VHDL files. As a result, the first byte is that written in the configuration cycle,
and the three last bytes are those fixed by hardware (see figure 47).

0110 0000 0000 0000 0000 0000 0000 1000 | 10w

0100 0001 0000 0000 0000 0000 0000 1000 [ 14

00000111 0000 0000 0000 0000 0000 0000 | 18n

0000 0001 0000 0000 0000 0000 0000 1000 [1Cx

0001 1111 0000 0000 0000 0000 0000 0001 | 20u

0001 0101 0000 0000 0000 0000 0000 0001 | 24«
\ — _
Programinable Fixed by hardware

Figure 47. BAR’s in the Configuration Space after the Write Configuration Cycle shown earlier.

The Local Configuration Cycle (from back-end application) is described in detail in

[1].

4.- Conclusions

Simulation of the design has Jeen done and it has proved to work correctly in most
cases. There are nevertheless ¢ few points that need comment.
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1.- Bits structure.

The position of the bits is not the same during the cycles. As it has been seen in the
single memory write and single memory read cycles, the master sends the
command in the four most significant bits and the target receives it in the four least
significant bits. The same happens with the position of the data read in the read
cycle: the target must place the data in the 32 lowest bits while the master (and
target) receives it in the 32 rniddle bits.

Although the system works correctly, it would be clearer for operation and
understanding if the bits would keep the same position throughout the entire cycle.

2.- Read Cycle.

As explained in more detail in section 3.2, the read cycle does not complete as
expected. Only the address to be read is received by the target. It takes sixteen
clock cycles more to receive the Byte Enable lines, resulting in the target asserting
the Stop signal line due to latency timer expiration. To study the rest of the read
cycle, the target has been “orced to answer by writing data in the corresponding
Synchronisation FIFO as soon as the first word is received. This data reaches the
master correctly.

In the case of a burst read cycle, the transaction is not finished, even forcing data
into the Synchronisation FIFO as soon as the address is received, due to the
expiration of the target latency timer.

3.- Target receives its own data.

When a read cycle is performed, the requested data is sent to the master but also
returned to the same target that sent it. This problem has also been observed in the
Configuration cycle: the data sent to the Configuration Space of the PCI Interface
is also received by the target of the back-end application.

4.- Long cycles.
According to the PCI Specification [3], a standard write cycle lasts two or three

clock periods (see figure 48). A typical write cycle in the system under study lasts
a minimum of four clock pzriods (see figure 32).
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e LTI L
FRAME_N ‘__r
IRDY_N |_r
CBE X ¢ X e X
w__ X AXD X
TRDY_N T
DEVSEL_N ———l__[_

PAR PA PD

Figure 48. Standard Write Single Access Cycle.

Similarly, a standard read cycle lasts three or four clock periods according to PCI
Specifications (see figure 49) while in the system under study it takes a minimum
of five clock periods (see figure 40) without waiting for the Byte Enable lines.

ax [ L] [ 1] L |
FRAME_N L]
IRDY_N | |
e X c X _BE_ X
w_ Xa )X
TRDY_N
DEVSEL_N | |
PAR X pa )———(E_X:

Figure 49. Standard Read Single Access Cycle.

5.- Not fully configurable BAR’s.

On a Configuration Write Cycle, only the eight most significant bits of the Base
Address Registers (BAR’s) can be modified. The other 24 bits are fixed by
hardware.
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