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Abstract may have also additional modules. On the left side of the

In the development of bus-based systems and individu92shed line the modules are described by the user and the
modules on the right are part of the bus model.

PCB boards interfacing to a bus, the simulation usually re- e . .
g Y The timing and signaling analyzer module observes the

quires a specific test bench or creation of quite complex . ) .
stimuli. This problem can be avoided with a VHDL modeltraﬁ.IC on the _bu_s and reports upon it. This modu_le al_so rec
ognizes the timing errors and reports protocol violations.

of the bus. In this paper, the bus model concept is discusse o .
pap b The master and slave modules facilitate testing the de-

The concept can be applied to serial and parallel, single .
and multiple master bus modeling on various hierarchical signs that are connected to the bus model. When develop-

levels. The model includes timing and signaling analysis,Ing any unit, its function can be tested by using these
master, slave and arbitration modules. ISA (PC/AT) bus ismOdUIeS' The bus cycles wanted to be performed are given

used as an example case of the modeling. to the master modul_e in a cor_nmand file._ AISO the s_lave
modules have a configuration file in which it is determined
1. Introduction to which bus cycles the slave module responds to.
When multiprocessor buses are simulated, it may be
Behavioral simulation plays an important role in the de-necessary to use a separate arbitration module. Then it is
sign verification of digital systems today. Design verifica- possible to simulate the whole system without arbitration
tion is usually partitioned to PCB boards or even smallermodule implementation.
blocks. These PCB boards or blocks will be in many case: The design of a unit which is connected to the bus model
connected together and to external devices, e.g. sensors acan be done as a normal development process where the
actuators, with different kinds of buses. When we want tosimulators are used in the verification of the design. The
verify the bus interface of a bus unit, we are usually forcecunit can be constructed by using components of commer-
to build a test bench or to create quite a complex stimulu<ial simulation model libraries [1] or application specific
file. We have also problems if we want to verify a whole VHDL descriptions [2].
bus-based system by simulation because in many casest The verification of the unit under design can be started
bus functionality can not be achieved with plain signal linesas soon as the first unit is ready for simulation, without
between the bus units. building a unit specific test bench. So the bus model can be
The bus model concept described in this paper is develused from the very beginning to the verification of the com-
oped to solve the previously mentioned problems. It can bilete system. The bus model consists of many modules
used as a test bench to generate bus events and to verify twhich can be used in the simulation when necessary. When
signaling for individual bus units as well as for a completestarting the debugging of the first unit, it is advisable to use
bus-based system. With the bus model, the bus cycles thithe timing and signaling analyzer module and modules
we want to execute during the simulation are written aswhich generate or respond to events on the bus.
simple commands in a file. Bus traffic and bus protocol vi- The timing and signaling analyzer module may need

olations are displayed with textual messages. some parameters which are given, for example, in the sche-
matics. Such parameters could be, e.g., the level of report-
2. The bus model concept ing and the speed of the traffic.

_ _ o The modules that are used to generate and respond to the
A bus model may include modules depicted in Figure 1.nys events are separated in this paper, but this is not possi-
All buses do not necessarily need all modules and sompje for all buses. The master module is needed if a slave
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Fig. 1. The structure of the bus model.

module is wanted to be tested, because in most buses ti3, Implementation of the bus model
traffic is initiated by the master module. The master module
uses at least one parameter which determines the name  With bus models we mainly do behavioral simulations
the command file. This file includes the commands that ar@and verification of the system specification. We can also do
interpreted to bus cycles during the simulation. The com-bus performance analysis and verify individual bus units.
mands in the file are bus type dependent. These would bi  In verifying designed bus units, it is important that they
for example, write and read cycles if the bus type is paral-can be connected to the bus model without any or with mi-
lel, or sending messages on a serial bus. In the bus typinor changes. This way we can ensure that we are verifying
which support interrupts, the names of the command fileswhat we have really designed. Unfortunately this is not al-
executed when interrupts are requested can also be given ways possible because of a number of limitations. We have
a command file. This command file includes similar com-to do changes, e.g., if the bus data communication has been
mands as the command file of the master module. The slasimplemented by modulation or the signal levels are differ-
modules have their configuration files which are connectecent from digital circuit signal levels. Figure 2. depicts a bus
to the module in the same way as the command file is cormodel, which can vary from a simple model which con-
nected to the master module. The information in the confignects units by a set of signals to a complex behavioral de-
uration file depends on the bus type used, but there must kscription.
at least the address of the module and the initial value of th  One of the biggest problems with bus modeling is the
registers and the memory. lack of bus control circuit models. There are two solutions
The reports of the modules can be directed either to thfor this problem. The first one is a self-made control circuit
command window of the simulator or to a file, where theysimulation model. This choice can be very time consuming
can be examined. Of course, the results of the simulatioland very difficult to implement. On the other hand, by do-
can be examined also in the waveform display of the simuing an accurate, reusable (e.g. synthesizable VHDL) mod-
lator. The most important part of the bus model is the mod-€l, we can use this description effectively in future designs,
ule which recognizes the errors on the bus. From the repofor example in integrating bus control and bus module
of this module it is easy to verify whether the design worksfunctions on the same chip.
correctly or not. Another possibility to avoid missing simulation models
When developing a complete bus-based system, this to raise the abstraction level of the bus model and con-
modules of the bus model can be left out when the correnect it to that interface, where the bus controller is normally
sponding physical units are completed. When the wholeconnected to. Other reasons for the higher abstraction level
system is completed, all the bus model modules can be lecan be the requirements of shorter simulation times or sys-
out from the simulation, making the simulation faster. tem simulation on the message level.
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Fig. 2. The interface of the bus model to bus units.

3.1. Signaling and bus arbitration

interrupt services etc.) on the bus, and slave modules which
reply to requests of the master and possibly request inter-
rupt type of services (e.g. DMA).

Schematics has been used to connect the bus modules to
the bus model, because module connection and removing is
faster graphically. This model can be used as the system
test bench by configuring the modules. There are two ways
to do the configurations. The configuration files can be
VHDL descriptions connected to the simulation environ-
ment like any behavioral VHDL description. This is not
flexible and convenient, because the configuration files are
modified frequently and VHDL description recompilation
and simulator restart are needed. A much better way is to
write the configuration data in a text file, which is read ev-
ery time the simulation starts and, if needed, during the
simulation. This makes it possible to modify the configura-
tion during the verification process (interactive simulation).
The command format in the text files is bus type specific.

The configuration text file of the master module contains
an introduction part for simulation setup process and a
command part where events which will be executed have
been written sequentially. A new command (event) is read
and interpreted from the configuration file when the previ-
ous one has been executed. In the introduction part there
can be information of master priorities, serial data commu-

~ In most design and simulation cases we use commerciznjcation rate, response time etc. Typical operations in the
model, it must be compatible with these libraries. In prac-the puses where interrupts are possible, there must be sep-
tice all desired technologies and signal values can be implerate command parts for interrupt services (analogous to in-

mented with 9- or 12-level signals.

terrupt service programs). They can be separate files or

When more than one bus unit can asynchronously inincjuded in a shared configuration file (Figure 3.).

tiate bus operations, we have to consider bus arbitration an
its implementation in the bus model. In traditional multi-
processor buses the arbitration logic can be either distribut
ed or centralized. In the case of serial buses the arbitratio
methods are based on contention arbitration and toke:
passing (e.g. bitwise arbitration).

In centralized arbitration logic cases the bus model in-
cludes a behavioral description of the arbitration logic
which can be used in simulations. In distributed logic case:
every bus unit has its own bus arbitration request logic [3].
Generally, the implementation of the bus arbitration is quite
straightforward but bus type dependent.

3.2. Bus modules

The bus model must support the simulation and verifica-
tion process from a single bus unit design to a bus-base
system design. For this reason the bus model has to incluc
modules, which can generate bus events for units unde
verification and reply to bus events activated by the units
In parallel buses and single master serial buses, the mo«
ules can be generally divided into two classes: master moc
ules which are able to start the transfer events (read/write

The configuration text file of the slave module is read in

Fetch com-
mand from

config file Interrupts 2... n

YES
Fetch command frojn
the file of interrupt

Execute service 1.

fetched
command

-&— |nterrupts 2 ... n

Command executed

Fig. 3. Execution of commands in the master
module.



the setup process of the simulation. It contains paramete

settings and memory or register content initialization for BCLK*_\ / \

the module. The size of the memory or register space i | — | —
good to be defined as a parameter, making the use of tt
module much more flexible. The base address of the slav
module is the most obvious parameter setting. Other pa
rameters for the slave module can be the word length, op
eration response time, interrupt invocation data (interrupt VALID
number, invocation moment, R/W acknowledgment ad- SIGNAL
dress) etc. In the setup process there must be commands 1 fon torr
setting the defined data into the memory of the module. Un
defined memory location contents are set to a specified va
ue, typically OOH or FFH.
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Fig. 4. An example of signal timings.

3.3. Reporting bus events 4. Modeling example (ISA)

When the designer is simulating a system .W'th the bus A model of the ISA bus, known also as the PC/AT bus,
model he must know, e.g., bus events, operation address:

d dat tents withi ain t it L The b cwasimplemented as an example [4]. ISA is a typical exam-
and data contents within a certain ime Interval. The L“ple of an asynchronous parallel bus. The ISA bus model
‘was implemented according to the ISA Bus Specification

compoqent in the model .and reports Of. . d'ﬁeref“ busand Application Notes released by Intel Corporation [5]
events into a comment window of the simulator or into a

file. The reporting module also prints the start time of a cer-

- Table 1: Driver types and signal states.
tain command or event.

In parallel bus models, the interpretation of the bus Driver type | logical 1| logical O] unknown tristate
events can be divided into three phases. In the first phas [F7C 1 0 X not
the unit initiating the event, the address of the unit and the specified
type of the bus cycle are clarified. In the second phase th |open collector H 0 X not
unit can affect the length of a bus cycle by delaying or by specified
choosing one alternative of different reply modes. In the fi- | Tristate 1 0 X z

nal phase the bus event terminates and, e.g., read data c
be printed out. The reporting module must be divided into4.1. Bus signal implementation
several processes like one process for each bus cycle typ

interrupt and DMA request processes. The ISA bus model was implemented on low hierarchi-
o _ _ cal level to support ISA bus add-on card design, especially
3.4. Timing and signaling errors when the bus interface logic is integrated into an ASIC. In

o . . . this implementation the behavioral model of the bus was
The role of the timing and signaling analyzer module iS o+ 4 ctyally needed. All what is needed is behavioral mod-

remarkable because timing and signaling errors are thigg of hys modules and a bus interaction analyzer that can
most important verified items in the designed units. Analy-pe connected together with signal lines in a structural
sis of the errors must be done on the basis of the signal va,,,n description or with wires in a schematic.

ues and timing. The printed error messages should bgyy ogic 1164 multi-value logic system can be used to
categorized into several classes by the error severity f0jiement TTL, tristate, and open collector drivers and re-

easier interpretation. _ . ceivers (Table 1.)[6]. Signal type std_logic is utilized be-
In Figure 4. there is one example of signal timings on @556 resolution function is built in that signal type.

parallel bus. For each time shown in the figure, minNiMUMganqard component simulation models from the most
and/or maximum time values have been specified. The tim,;qe|y ysed commercial simulation model libraries can be

ing analysis must be divided into several processes, bedirectly connected to the bus model signal lines.
cause in parallel buses there are several timings which d

not have dependencies with each other and the order of ttr4.2. Bus modules

signal events cannot always be predicted. In most cases

is necessary to include the interpretation of the bus event To make the bus model support add-on card design ver-
as a part of the timing analysis, because the timings are dification as well as bus-based system simulation both mas-
pendent on the types of the bus cycles. ter and slave modules have to be implemented. The names
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Fig. 5. Main state machine.

masterand slave are not exact but the risk of misunder- module configurations are read in the beginning of the sim-
standing is minimal. In an usual ISA bus configuration, ulation. Here is an example of a slave module configuration
platform resources act as a master and add-on cards file.
slaves. Text files are used to configure the master and tré- ATgll_:s b%ggr;gﬁegé ):--Set base addr of add-oncard
slave modules. 6 Y;--Add-on card type selection mem or 1/O
The master module is able to execute memory and I/CE'CT{\' ?i:@fgcggscgfgeb;tefg’c%?gnse'ec“°” 8/16
access cyples..Access cycles are generateq from mterp.retngE}B 010 01 --Bf/ée_}/va\\/'gredF:/rglifgtr')fggsemng
configuration file commands in a sequential order duringINTR("3™,"6000 ns *,"02")--Interrupt generation
simulation. If interrupts are not requested, access cycles ar~ e end
executed from the main configuration file. In the case of in-4.3. Bus cycle reporting
terrupt request, all the access cycles from the interrupt sel
vice file are executed once. The following line is an  There are four distinct bus cycles on ISA bus: access,
example of the master module command format. transfer, refresh, and bus ownership. It is reasonable to in-
MRD(“ADDR”", "SBHE","LADDR"); clude the bus initialization to the same state machine as the
With this command a memory read access cycle can pPreviously r_nentiongd cycles. In Figure 5. there is the main
executed. The following example is from an actual masteiState machine that is used to select the cycle type on a bus

command file. transaction. A transition in the diagram occurs when a
- This is commen named signal is enabled or a signal with * character is dis-
M\F;V%("%%%%%' N "00") --Memé?éy)rgﬁiemow write abled. The same main state machine is used in bus cycle re-
V\;( 0%%%% 1); BBI) re I/% write portlng_and in tlmlng and signal a_nz_;tlyzmg. Most states in
-~ The end the main state machine must be divided in substates during

The master module also generates the 8 MHz systerreportlng or a_nalyzmg process. : .
clock for the bus, enables MEMR and MEMW when need- The reporting module of the bus model displays infor-
ed, and enables Reset Device signal of the bus in the begllmatlon about the current bus activities during simulation.
ning of the simulation TEXTIO standard package is used to display information.

The configurable slave module that can act as an add- o/n some simulators information can be displayed on the
card is also included in the bus model. Multiple slave mod- screen but in all simulators information can be saved in a
ules can be included in the simulation. Every module musfIIe An example of reporting module displayed informa-

have its own configuration file. The slave module is able tct'on is below. BMI stands for Bus Model Information.
BMI:Executing 16-bit memory read cycle at time
respond to the memory and I/O access cycles generated IBMI:1764.000000ns

the master module. One interrupt activation is also possibIEyF-Cycis fype-owait —  — C0r 20
for one slave. The current slave module has 128 16 bit reacMI:High data byte: AB Low data byte: CD

MI:Cycle complete
able and writable locations that can be preset. The slav Y P



4.4. Timing and signal analyzer 5. Conclusions and future work

This is the most important module of the bus model |n this paper a VHDL-based bus model concept has
from the user‘s point of view. This module can be called thebeen described. The modeling of the example case took
analyzer module. It displays information about timing andthree man months of which the signal and timing analyzer
protocol errors during the simulation. This module ap-implementation took about two thirds of the effort. VHDL

peared to be the most time consuming in bus model impleas a description language was suitable for this kind of mod-
mentation. The main reason for that is the nearly unlimiteceling.

number of different error combinations and a great numbe  As it is shown in the modeling example, a bus model
of signal timing variations. More than half of the VHDL helps designers to verify effectively their bus units in the
description lines of the whole bus model are in this module system under development. By configuring master and
Some compromises had to be made. We gave up the inteislave modules the designer can flexibly generate the de-
tion to built an analyzer that can give a precise informationsjred stimuli to the bus unit under design. The reporting
message of all signal errors and concentrated to timing etrmodule and the signal analyzer of the model give valuable
rors because they are more difficult to notice in visualinformation of the bus communication and errors. If the se-
check of the simulation results. lected bus is planned to be used for a long time, a lot of
On ISA bus there are two typical signal timing specifi- work in the creation of complex stimulus files can be avoid-
cations. First, the interactive action where a signal valueed by designing a bus model for future product develop-
change triggers a response signal on another bus modulment.
Another typical situation is where two signals from the  The bus modeling work has been continued with two
same unit have a specified time difference. In both casebuses: the CAN bus and a telecom serial bus. The CAN bus
maximum, minimum or both time constraints can be de-model implementation will support the system design veri-
fined. The signal propagation delay between two units caification on the message level. The telecom serial bus model
be 0-11 ns on ISA bus. The signal propagation delay is nowill be designed to work as a configurable ASIC test bench
implemented in our bus model. However, it is not a prob-for large telecom system development.
lem because worst case can be used in all timing analysi:
Following there is an example of the analyzer information6. Acknowledgments
messages. BMW stands for Bus Model Warning.
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4.5, Portability and simulations Cellular Systems.

This simulation model was tested in Intergraph [7] and
Mentor VHDL simulators. Portability of our model was not
complete, and some changes were needed in signal line in[l] SmartModel Library User's Guide, Logic Modeling
plementation and in TEXTIO package function usage. The" * Corp., 1992. 122 pages.
problem with signal lines was that simulator dependent sig[2] Douglas L. Perry. VHDL. McGraw-Hill Inc., 1991. 458
nal types had been used. Another portability problem was  pages. o
the use of a TEXTIO package function to test end of line[3] Joseph Di Giacomo. Digital Bus Handbook. New York:

. . : . Mc Graw-Hill Publishing Company, 1990. 560 pages.
type variable. With careful model design, portability be- 4] Jari Toivanen. VHDL-Based Modeling of Buses (in
tween these simulators can be achieved in this kind of cas” * Finnish). MSc Thesis. Tampere University of Tech.,
es. Simulation times are highly dependent on the use  1993. 77 pages.
described units that are connected to the bus model. Simi[5] ISA Bus Specification and Application Notes. Intel
lations that we have done with the bus model master, tw¢ ~ COrporation OCPD Technical Marketing, September

: 12, 1989. 73 pages.
slaves and reporter and analyzer are able to give som 6] Jean-Michel %e%ge, Alain Fonkoua, Serge Maginot,

rough estimates of simulation times. In that configuration,” ~ jacques Rouillard, VHDL Designer’s Reference, Klu-
one bus cycle took about one and a half second of elapse  wer Academic Publishers, 1992. 455 pages.

time in simulation in Intergraph VHDL simulator. The [7] AdvanSIM-1076: Digital Lab User Guide Version 7.0.
computer hardware we used was a Sun SparcStation |P  Intergraph Corporation, July 1992.

with 24 Mbyte main memory.
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