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Abstract

In order to determine the internal functioning of a computer memory, a simulation is
necessary. Simulate a memory means, make read/write requests to this memory and
observe the path that the requests are going through. Knowledges about the internal
functioning is for example important to be able to give some guarantees about its latency
or its reponse time. Make this simulation implicitly means the need of a simulator.

This thesis is about designing the simulator by using an extension hardware interface of
the processor and then analysing the output values of the simulator.

The methodology followed here is, first the presentation of the hardware interface, then
the presentation of the dataflow during the different requests, then the presentation of the
design used for the simulation and finally the analysis of the simulation result.

The analysis of the simulation result showed that both part of the memory (registers and
BRAM) simulated here work perfectly. In addition, during the access to the BRAM, it
results a delay between the moment when it receives the request and the moment when
it returns a response. Beyond that, the registers and the BRAM have in common that
they have a small addressable space. To have an access to a larger space another means
(DRAM access) is slightly described.






1 Introduction

1.1 Motivation

Simulating a memory means making read and write requests and analyzing what happens
throughout these requests, from the moment they are sent to the returned value. This
simulation can for example be made in the context of determining the internal function-
ing of the memory, i.e. for example determining its latency or its response time. The

read/write requests to memory are effectively not possible without an adequate simulator.

1.2 Objectives and Methodology

This thesis is about designing the simulator by using an extension hardware interface
of the processor and then analysing the output values of the simulator. The extension
hardware used here is a programmable circuit (FPGA).

The methodology followed throughout the thesis is, first of all, a general presentation of
the hardware interface(FPGA), i.e. its functioning, the programming language used to
program it and the dataflows within it. Subsequently the description of the design with
the descriptions of different operations on the memory and finally an analysis of the results

obtained during the simulation.






2 Inside a programmable logic hardware:
FPGA

This chapter is about details on the functioning of the hardware platform used throughout
the thesis.

Figure 2.1: Xilinx ZC706 FPGA [24]

A typical system design consists of several chips: a CPU (Central processing unit), In-
put/Output interfaces, flash SDRAM (Synchronous Dynamic Random Access Memory)
and a DSP (Digital Signal processor) chips. For this system a quite large board is re-
quired in order to contain all this chip. This configuration increases the design cost and
the complexity of the board. In order to decrease these parameters, it would be better
to have all-in-one chip; that means the CPU, the IO interfaces and the DSP in one chip.
We could achieve this objective by using a programmable logic interface like a FPGA.
In this chapter, it is about exploring the functionalities of programmable logic devices
and in particular the details of the architecture of the FPGA. The FPGA will be used
as a hardware interface within the framework of this thesis in order to carry out all the

experiments.
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2.1 Definition and applications

FPGA stands for Field Programmable Gate Array. It’s a sophisticated and flexible piece
of silicon, that implements an arbitrary digital design. An advantage of using the FPGA
is that it can be programmed at logic level. Hence it allows to efficiently accelerate algo-
rithms and achieving performance gains otherwise not possible. The primary difference
between an FPGA and other traditional logic circuits is that the FPGA is completely
fabricated before it has been customized with a design. This makes the FPGA flexible
and programmable at any time on the sofware level.

The use of the FPGA as a hardware interface also has some disadvantages: the program-
ming of FPGA requires knowledge of VHDL/Verilog programming languages as well as
digital system fundamentals. Moreover engineers need to learn the use of simulation tools.
In addition, the power consumption is more than power consumption of traditional circuits

and programmers do not have any control on power optimization in FPGA.

Digital logic in the form of programmable logic devices can be found everywhere. A well-
known example of his application is the use to make real-time applications. Real-time
applications are visible in several areas of daily life like air traffic control, network com-
munication, command control in the aviation engineering etc... The correct functioning
of this applications depends not only on the logical results of the computations, but also
on the physical instant at which these results are produced. This second parameter is
decisive for the choice of using an FPGA because it makes it possible to give good time

guarantees for the operations to be executed [13].

2.2 Structure of an FPGA

In order to use an FPGA for complex tasks, it is very important to know how itself and
its main components are designed. FPGA logic is made up of number of logic blocks, a

routing logic and a I/O interface.

2.2.1 Configurable Logic Block (CLB)

The logic blocks are the fundamental elements of FPGAs. They are in particular respon-
sible for the reconfiguration property of FPGAs. Each logic block usually contains look
up tables, registers and other configurable features. The routing logic inside the FPGA is
separated from logic blocks elements. The following part gives further informations about
the three main part of a logic block which are : Look Up Table (LUT), registers and carry
logic. [6] [25]
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Figure 2.2: How a LUT might look for an AND gate with 4 inputs

Look Up Table (LUT)

The LUT is the key component that allows to realize the functions of the combinatorial
logic. It is made up of the series of cascaded multiplexers where the LUT inputs are used
as the select lines. The inputs to the multiplexers are programmed as high- or low-level
logic levels. The logic is called a lookup table because the output is selected by looking
up to the correct program level and routing it correctly through the multiplexers based
on the LUT input signals. The program level selected are based on the truth table for the
function.

As an example of the operation of the LUT fig. 2.3 the minterm is routed through the logic
block where A and B are high and C and D are low. This particular minterm corresponds

to this product term in the desired logic function. [5]

Y = ABICID

Figure 2.3: Example of LUT for an AND gate with 4 inputs



6 2 Inside a programmable logic hardware: FPGA

Registers

A register is a group of flip-flops that stores a bit pattern. The register controls the
synchronisation inside a logic block. It has a clock, input data, output data and an enable
signal port. Every clock cycle, the input data is latched, stored internally, and the output
data is updated to match the internally stored data. If the register isn’t needed, it can be
bypassed to produce a strictly combinatorial logic function from the LUT. Again, similar
the LUT can be bypassed and the register would behave like a storage or synchronisation

function. [3]

Carry chain logic

In order to achieve high performance hardware, the circuit critical path has to be opti-
mized. For most datapath circuits this critical path goes through the carry chain used
in arithmetic and logic operations. The logic blocks contain specific carry chain logic
to provide shortcuts for some signals. The carry chain is the feature allowing FPGAs
to be efficient at arithmetic operations (counters, adders...). For this logical arithmetic
operation, the chain communicates the cumulative information needed to perform these
computations. For those FPGA which implement the carry logic, bypassing LUT and the
carry logic will turn the logic block to a shift register , that could be used for example to

compute DSP (Digital Signal Processing) type operations. [7]

2.2.2 Routing logic

The routing channels and FPGA devices seem simple, but they actually provide lots
of functionality and connectivity. FPGA routing channels allow all device resources to
communicate with all other resources anywhere on the chip. The interconnection delays
are often greater than the logic delays of the designed circuit. Therefore, an efficient
routing algorithm tries to reduce the total wiring area and the lengths of critical-path nets
to improve the performance of the circuit; and for this, the router needs the interconnect
information of the target FPGA architecture. Throughout this work, the board used
comes from the company Xilinx, that’s why we are interested in the architectures used by
Xilinx.

In Xilinx routing, connections are made from logic blocks into the channel through a
connection block. Because of the use of SRAM (Static random-access memory) to load
LUTs, the connection sites become very large. A logic block is bounded by connection
blocks on all four sides fig. 2.4 and they connect logic block pins to wire segments. The
logic block pins connecting to connection blocks can then be connected to any number of

wire segments through switching blocks. [11]
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Figure 2.4: FPGA routing example [1]

2.2.3 Input/Output Interface

FPGA I/0O control is containing blocks found around the outer edge of the array and
made available to all device resources through the FPGA routing channels. The I/O
interface supports a wide variety of standards. Pairs of I/O pins can also be combined
to support differential signaling 1/O standards such as Low-voltage differential signaling
(LVDS). Other features include variable current drive strength and slow rate control to
help improve board level signal integrity. The I/O Interface supports both digital and
analog Input/Output. [4]

2.3 Programming of an FPGA

To support possible connections between all components of the FPGA architecture, while
still including a large amount available user logic , simpler and smaller programming
structures are needed. To meet these goals, FPGAs use SRAM cells to program logic

levels and make routing connections. To program an FPGA, the procedure is as follows:

1. Design the circuit to be implemented using tools that, most of the time for perfor-
mance and time saving reasons, are made by the company that manufactures the

FPGA model. But generic opensource tools are also available. The design itself
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consists of one or more modules commonly called IP (Intellectual Property) core in
Xilinx jargon. The modules are described using a programming language; in this
case it is VHDL.

2. Always by using Xilinx tools, load the design on the FPGA memory cells. At this
level it can be done using a memory card, a JTAG connection (a common hardware
interface that provides the computer with a way to communicate directly with the

chips on a board) or a USB connection directly on the board.

During the loading of the design into the memory cells, the values of the SRAM bits are
determined and then the configuration of each logic block is determined by the SRAM.
The configuration of each logic block is determined by SRAM bits, which are connected
to the circuit elements. The SRAM acts basically as a latch. When programming is
enabled, the values of the SRAM bits are determined by the configuration data is loaded
into the FPGA internal memory cells. This configuration data is loaded into the FPGA
from some external device such as a Read-Only Memory (ROM). Therefore, the FPGA
can be reconfigured an unlimited number of times just by reloading a new set of values

from the external device.
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3 Basics of VHDL

In order to perform the memory accesses, the logic described by the design must be im-
plemented on the FPGA and to do so, it must be described with a programming language
that it can understand and interpret. The programming language chosen here is VHDL.

This chapter is about some basics concepts of the VHDL.

3.1 History and Concept

VHDL (VHSIC-HDL, Very High Speed Integrated Circuit Hardware Description Lan-
guage) is a hardware description language used in electronic design automation to describe
digital and mixed-signal systems such as field-programmable gate arrays and integrated
circuits. [2]

It was originally developped at the behest of the U.S. Department of Defense in 1983
to document the behaviour of the ASICs (Application-Specific Integrated Circuit), then
developed with the idea of being able to interpret the information contained in the doc-
umentation and so logical simulators were developed to read the VHDL files. VHDL
inherited for budgetary reasons the syntax and concepts established for the ADA pro-
gramming language. [10]

The main concept of VHDL used in this work is the parallel programming concept. Indeed
in the case of the FPGA the operations are parallelized with clocks which are used as tact

to trigger the operations.

3.2 Hello World Example

In this example it is a question of implementing the basic example well known enough
in VHDL and then to explain the different keywords to allow its comprehension. This
implementation serves as a basis for all components of the design described in this work

with VHDL.

entity HelloWorld_entity is
end entity;
architecture HelloWorld_entity_arch of HelloWorld_entity is
begin
process is

begin
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report " Hello World!”;
wait ;
end process;

end architecture;

Listing 3.1: Hello World in VHDL

On the first two lines we declared the entity. The entity of a module declares its inputs
and outputs. For it to be possible to run a module in a simulator, it cannot have any
inputs or outputs. Therefore, the module doesn’t have anything other than an empty
entity declaration.

Next, we declared the architecture of the module. While the entity is a modules interface
to the outside world, the architecture is its internal implementation. A module may have
several architectures which may be used with the same entity. That are advanced VHDL
features that could be found in advanced VHDL guides.

Inside of the architecture we declared a process. For now, we can think of a process as a
thread in our program, where things happen sequentially.

Inside the process we print “Hello World!” by using the keyword "report”. On the next
line there is a single wait; When the simulator hits this line, nothing more is going to

happen. The process will wait there forever.



4 Introduction to AXI Protocol

In order to create a design that will be loaded on the FPGA, it is necessary to understand
how the designs are made. The FPGA provided by the company Xilinx uses an interfacing
protocol that facilitates the implementation and the dataflow between the different com-
ponents of the design. The definition of a design for the FPGA is done at a higher level of
abstraction than the direct manipulation of the logic blocks, i.e. with the tools provided
by the company that manufactures the FPGAs. It is quite possible to describe the design
with a programming language such as C or C++ while using all the abstractions related
to these programming languages and then transcribe the resulting code into VHDL code
that can be read and loaded into the hardware to define the configuration of the logic
blocks. It is notably possible to directly describe the components of the design in VHDL,
but regularly this makes the task a little more complex depending on the objective to
be achieved. The design components are called IP (Intellectual Property) core and the
interface protocol they use in the case of FPGAs produced by Xilinx is the AXI protocol.
AXI (Advanced eXtensible Interface) is an interface protocol defined by ARM as part of
the AMBA (Advanced Microcontroller Bus Architecture) standard. An interface protocol
is a specification that defines how data is delivered and interpreted [9]. The version of the
protocol used in this work is version 4 included in version 4.0 of AMBA released in 2010.
The essence of the AXI protocol is that it provides a framework for how different blocks
inside each chip communicate with each other. It offers a procedure before anything is
transmitted, so that the communication is clear and uninterrupted.

The AXI Protocol has several advantages:

e Productivity: Because the protocol has been standardized and made available for
free, IP cores have been made easier to design since only one protocol needs to be

mastered.

e Flexibility: The AXI protocol is subdivided into several parts that can be used
according to the objective to be achieved. The details of these different parts are

discussed below.

e Availability: The AXI protocol is not only used by Xilinx for the creation of core
IPs for FPGAs designed by Xilinx, but also by many members and partners of the

ARM community. In short, there is a considerable amount of IP core designed by
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the large community available that can be imported and even used for Xilinx FPGAs

and many others.

e Parallelism: Multiple bits, typically 32, are sent in parallel, what can have other

sizes.

e High-performance: The AXI protocol contains features such as streaming, to move

data more quickly than word by word.

4.1 Basic concepts and keywords used in the AXI protocol

Before detailing the AXI protocol, it is important to clarify the meaning of a few terms

and concepts that recur fairly regular throughout this thesis.

e AXI protocol is the set of rules that define a data exchange between the AXI Master
and the AXI Slave.

e AXI Master/Slave model is an asymmetric communication protocol where an object
called master controls another object called slave. The definition given to the master
and slave varies according to the context of use. In the case of the AXI protocol,
the master is the one that initiates an AXI transaction and the slave is the one that

responds to this transaction.

e AXI transaction is the flow that defines the transfer of data from one point to another

using the elements of the AXI protocol.

e Data burst is the broadcast of a relatively high-bandwidth transmission of data over

one transaction

e Intellectual Property (IP) core is a reusable unit block of logic made in order to
simplify the design of the FPGA.

e Signal is a sequence of bits that carries information from one point to another.
Within the framework of this thesis, signals have types that define their length. The
main types used here are std_logic which defines a signal of size 1 whose value can
be U X°0°,1° 72’ W’ L’ ’H’ [’ ; std_vector which defines a signal of variable size
and value. Further details about the types can be found here [18]

e Memory address is a value that refers to a memory area of defined size. The size of

this memory area is 32 bits in this thesis.
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4.2 AXI4-Stream protocol

The AXI4-Stream protocol is used for applications that typically focus on a data-centric
and data-flow paradigm where the concept of an address is not present or not required.
Each AXI4-Stream acts as a single unidirectional channel for a handshake dataflow.
Data centric refers to an architecture where data is the primary and permanent asset, and
applications come and go. In the data centric architecture, the data model precedes the
implementation of any given application and will be around and valid long after it is gone.
8]

Data flow is a concept aiming to decentralize the operations carried out during a program
in the form of a pipeline in order to execute them in parallel.

To transfer data between the AXI Master and the AXI Slave, the AXI4-Stream protocol

uses different signals to communicate.|[26]

Signal Status Notes
TVALID Required
TREADY | Optional TREADY is optional, but highly recommended.

TDATA Optional

TSTRB Optional Mot typically used by endpoint IP; available for sparse
stream signalling.

Note: For marking packet remainders, TKHEEP use
rather than TSTRE.

TKEEP Absent Mull bytes are only used for signaling packet remainders.
Leading or intermediate Mull bytes are generally not
supported,

TLAST Optional

TID Optional Mot typically used by endpoint IP; available for use by

infrastructure IP.

TDEST Optional Mot typically used by endpoint IP; available for use by
infrastructure IP.

TUSER Optional

Figure 4.1: AXI4-Stream signal [14]

The most interesting signals are:

e TVALID indicates when data is available.
e TREADY indicates that the AXI slave can accept data

e TDATA is the primary payload of the AXI4-Stream interface and is used to transport

data from a source to a destination.
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e TLAST marks the end of data transmission.

4.2.1 Handshake process

All data transfer procedures in a chip are clocked by at least one clock. The data transfer
takes place only when TVALID and TREADY are asserted at the same time. When the
data is present at the AXI Master, it asserts the TVALID signal; when the AXI Slave is
available for data reception, it asserts the TREADY signal. The assertion of the TVALID
and TREADY signals is independent of each other and the data transmission only takes

place on a rising clock. In fig. 4.2 the arrow shows when the transfer occurs.[14]

ackt L L L1 L

INFORMATION | |

TWVALID ﬂ||' 'I|!I
TREADY E 'ﬂ

Figure 4.2: AXI4-Stream handshake process

4.3 Memory Map Protocols and AXI4-Lite

This protocol emphasizes the use of addresses for data transfer. It has the advantage of
giving a homogeneous view of the memory space because the IP core evolves in a predefined
memory space. The AXI4 Lite protocol is a subset of the Memory Map Protocols with

only basic features.

e [t simplifies its use by removing many of the data transfer signals but follows the
AXI4 specification for the rest.

e [t allows only one data transfer in one time, i.e. data-burst mode is not possible.

Because of its relative simplicity, this protocol is used for data transfer in the practical
part of this work.[26]

4.3.1 Handshake process

In the methodology for using the memory map protocol, the concept of Write Address/-
Data/Response channel and Read Address/Data channel fig. 4.3 is used. The communi-
cation over each channel is done by using a handshake protocol just like in AXI4-Stream

protocol.
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Write Address
Write Data
Master Write Response Slave
Interface Interface

Read Address

Read Data

Figure 4.3: Channel connection between the AXI Master and the AXI Slave interface [15]

e Write Address channel provides address by the AXI Master at which data should be

written.

e Write Data channel is the channel used to send data from an AXI Master to an AXI

Slave.

e Write Response channel specifies the burst status but it’s not needed in AXI4-Lite

protocol because it doesn’t provide this functionality.
e Read Address channel provides address by the AXI Master from which to read data.

e Read Data channel is channel used by the AXI Slave to send data back.

The handshake protocol also uses signals to coordinate the transfer of data and these
signals are relative to the channel being used. Here are the signals used in the AXI4-Lite

protocol

e AWVALID is generated by the AXI Master when Write Address is valid

AWREADY is generated by the AXI Slave when it can accept Write Address.

AWADDR holds the Write Address

WVALID is generated by the AXI Master when Write Data is valid

WREADY is generated by the AXI Slave when it can accept the Write Data.
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e WDATA holds the Write Data
e ARVALID is generated by the AXI Master when Read Address is valid

e ARREADY is generated by the AXI Slave when it can accept Read Address and

control signals
e ARADDR holds the Read Address
e RVALID is generated by the AXI Slave when Read Data is valid

e RREADY is generated by the AXI Master when it can accept the Read Data and

response.
e RRESP indicates the status of data transfer.

e RDATA holds the Read Data

Write address channel Write data channel

AWVALID WVALID
AWREADY WREADY
AWADDR WDATA
AWPROT WSTRB

Figure 4.4: Write signals sorted by channel

Read address channel Read data channel

ARVALID RVALID
ARREADY RREADY
ARADDR RDATA
ARPROT RRESP

Figure 4.5: Read signals sorted by channel

As mentioned above, there are indeed two types of transactions possible : read and write
transactions. [26] [14]

AXI4 Lite Read Transaction

The steps for a read transaction are quite simple [12]

1. The AXI Master puts an address on the Read Address channel as well as asserting
ARVALID,indicating the address is valid, and RREADY, indicating the AXI Master

is ready to receive data from the AXI Slave.

2. The AXI Slave asserts ARREADY, indicating that it is ready to receive the address.
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3. Since both ARVALID and ARREADY are asserted, on the next rising clock edge
the handshake occurs, after that the AXI Master and AXI Slave deassert ARVALID
and the ARREADY, respectively. (At this point, the AXI Slave has received the

requested address).

4. The AXI Slave puts the requested data on the Read Data channel and asserts
RVALID, indicating the data in the channel is valid. The AXI Slave can also put a
response on RRESP.

5. Since both RREADY and RVALID are asserted, the next rising clock edge completes
the transaction. RREADY and RVALID can now be deasserted.

AXI4 Lite Write Transaction

The steps for a write transaction are quite simple [12]

1. The AXI Master puts an address on the Write Address channel and data on the Write
Data channel. At the same time it asserts AWVALID and WVALID indicating the

address and data on the respective channels is valid.

2. The AXI Slave asserts AWREADY and WREADY on the Write Address and Write

Data channels, respectively.

3. Since Valid and Ready signals are present on both the Write Address and Write
Data channels, the handshakes on those channels occur and the associated Valid
and Ready signals can be deasserted. (After both handshakes occur, the AXI Slave
has the Write Address and Data)

4. The AXI Slave asserts BVALID, indicating there is a valid reponse on the Write

Response channel.

5. The next rising clock edge completes the transaction, with both the Ready and Valid

signals on the write response channel high.

It’s important to notice that the handshakes on the Write Address and Write Data chan-
nel do not neccessarily occur simultaneously but both must occur before the AXI Slave
can send a Write Reponse. Also Write Address and Write Data handshakes can occur
independently or simultaneously and no order is enforced, only that both must occur to

complete the transaction.






5 Memory Access Snooping

This chapter is about describing the design carried out in order to solve the problem raised
in the introduction i.e. perform the simulation on the memory. The chapter is divided
into two parts. The first part consists of describing the material used and the second part

consists of describing the accesses to the different types of memories.

5.1 Description of Equipment
The materials used to achieve the objective are as follows

5.1.1 FPGA

The FPGA used is a Zyng-7000 series FPGA from the company Xilinx, more precisely
the evaluation board ZC706.

Figure 5.1: FPGA Evaluation Board ZC706 [24]

The interesting memory characteristics for this work are the following:

e The board has 350K logic cells
e The board has a 19 Mb Block RAM.

e The board has a 2 Gb SDRAM (Synchronous Dynamic Random Access Memory).

Further details on the board can be found here [23].

5.1.2 Others tools

The two other tools mainly used are the following:

e The vivado IDE which is mainly used for the design and simulation of IP cores before

their synthesis. More generally it is used for PL (Programmable Logic) modeling.
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e The Eclipse IDE is adapted by the company Xilinx for PS (Processing System)

programming.

5.2 Register access snooping

The FPGA has registers and as mentioned above section 2.2.1, those registers can be
used as memory for operations that do not require too much memory space. The design
needed to access this memory is described here. The objective is to count the number of
write/read requests on this memory.

The design essentially has the following components:

e An IP core ZYNQ7 Processing system which is the intermediate component between
PS and PL. It is also the element that plays the role of the AXI Master for all the
others AXI Slaves components (In this design there is only one AXI Slave) and its
behavior is programmable in C/C++ from the IDE ECLIPSE.

e An IP core Processing system reset: It provides customized resets for an entire

processor system, including the processor, the interconnect and peripherals. [22]

e An IP core AXI Interconnect: It is used to establish the connection and control data
transmission between AXI Masters and AXI Slaves. For example, it controls the
protocol version used, the size of the addresses and the size of the transmitted data.
116]

e An IP core IP. MEMORY _BLOCK whose functionalities and behaviour will be de-

scribed below.

It is important to note that the first three components mentioned above are components
designed by the company Xilinx. The last component has been designed throughout the

thesis in order to achieve access to registers.

Functionalities and Behaviour of IP_.MEMORY_BLOCK

This component allows access to a memory space made up of 40 addresses of 32 bits each
one which follow one another, i.e. a total memory space of 32*40 = 1280 bits = 160 bytes.
It has an AXI Slave port to receive data and address from the AXI Master and a array of
size 40 where the received data is stored.

Address 0 of the array is a counter that stores the number of write accesses, address 1
stores the number of read accesses and address 2 has the value by default 00000000 but
takes the value FFFFFFFF if there is a write request to address 0, 1 or 2 or if there is a

read/write request to an address greater than 40 and ignore the request.
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How the request happen is quite simple. To perfom a write request, the AXI Master sends
the data to be written and the address, then the AXI transaction is carried out according
to the AXI4-Lite protocol. The AXI Slave then receives the data and saves it in the array.
To perform a read request, the AXI Master sends the address, then the AXI transaction

is performed and the AXI Slave returns the value at the requested address from the array.

5.3 Block Random Access Memory (BRAM)

The FPGA has a type of memory called BRAM located in the PL. The BRAM (sometimes
called embedded memory, or Embedded Block RAM (EBR)) larger than the registers. In

a generic way how BRAM works, is quite simple. It uses the following signals [17]:

e Enable (EN) : it determines whether a read or write operation can happen. It has a

length of 1 bit and is of type std_logic.

e Write enable (WE) determines whether a write operation can happen. It has a length
of 4 bits and is of type std_vector. When its value is ”0000”, only read operations

can be performed, when its value is ”1111”, only write operations can be performed.

e Address (ADDR) holds the address whose content must be read during a read op-

eration or whose content must be modified during a write operation.

e Data in (DIN) : it’s a signal that holds the data to be written during a write opera-

tion.

e Data out (DOUT): it’s a signal that holds the data that was read during a read

operation.

BRAM uses the concept of a port. A port is a logical group of signals that do not
necessarily have an interdependence between them. Each BRAM port groups at least
these signals together. Unlike the AXI-4 Lite data transfer protocol transactions, the one
used for writing and reading BRAM is quite simple.

e If Enable has the value ’0’ no operation is possible. During the simulation on the
memory Enable is initialized with the value ’1’” and does not change until the end of

the execution.

e If the Write enable has the value 70000”, the memory is read at ADDR and the read
value is written to the DOUT.

e If the Write enable signal has the value 711117 then DIN is written to ADDR in
the memory. Once this is done the same address is read and its content is written
to DOUT. There is a delay between the moment when an address is indicated and

when the value written to this address can be read from DOUT.
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At the logic level, there are two types of BRAM configuration:

e Single Port BRAM: As the name implies, this is a BRAM with only one communica-
tion port. This port is used for both reading and writing data, i.e. it is not possible

to read and write simultaneously.

e Dual port BRAM. This configuration uses two ports and allows simultaneous reading

and writing.

5.4 BRAM access snooping

The goal of this design is the same as the one performed on the registers, i.e. to count the
number of write and read requests made on the memory. For this, the design previously
used for the registers is reusable here. The presence of the IP core IP_.MEMORY _BLOCK
is not necessary here but it does not influence the result either. To achieve this goal two

main components are added to the design:

e Block Memory Generator (BMG) is a component designed by Xilinx that represents
the BRAM. The written data has a 32-bit size and the depth (number of addresses)
of the BRAM is 2048, i.e. the total accessible memory is 32 * 2048 = 65536 bits.
For this design the single port BRAM configuration is used.

e SLAVEBRAM is the component designed to communicate with the BMG. It has
one AXI Slave port to communicate with the AXI Master and one BRAM port to
communicate with the BMG.

Functionalities and Behaviour of SLAVEBRAM

This IP core works by using the AXI4-Lite protocol to communicate with the AXI Master
and the communication protocol described above for BRAM. The data transaction steps

combine these two protocols. The handshake for writing happens as follows:

e The AXI Master puts an address on the Write Address channel and data on the Write
Data channel. At the same time it asserts AWVALID and WVALID indicating the

address and data on the respective channels is valid.

e The AXI Slave asserts AWREADY and WREADY on the Write Address and Write

Data channels, respectively.

e Once AWREADY, WREADY, AWVALID, WVALID are asserted at the same time,
Write enable is set to 711117 and AWADDR respectively WDATA is copied on the
ADDR respectively on DIN.
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e 2 Clock Cycles later Write Enable is reset to ”0000” and the transaction is completed.
The handshake for reading happens as follow :

e The AXI Master puts an address on the Read Address channel as well as asserting
ARVALID, indicating the address is valid, and RREADY,, indicating the AXI Master

is ready to receive data from the AXI Slave.

e The AXI Slave asserts ARREADY, indicating that it is ready to receive the address

on the bus.

e Once ARVALID, ARREADY are asserted at the same time and RVALID is not,
Write enable is set to 70000” and AWADDR is copied into ADDR. The content of
the address is read and is written on DOUT with a delay of 2 clock cycles.

e DOUT is copied to RDATA and RVALID is asserted.

e The rest of the transaction conforms to the AXI4-Lite protocol after assertion of
RVALID.

For the case where the address sent by the AXI Master is 0 1 or 2 the processing is the
same as described for the register memory. For access attempts with an address greater
than 2047, the requested address modulo 2047 will be considered as the address sent by
the AXI Master. Also the number of clock cycles indicated above is not mentioned in any

documentation concerning the BRAM, it was obtained after observation of the simulations.

5.5 DRAM access snooping

On the PS there is a DRAM (Dynamic Random Access Memory) whose size varies ac-
cording to the board used. In our case a 2 Gb memory is available. This is the most
important advantage of using DRAM. There are particularly two types of DRAM present

on the board dedicated to this experience:

e Double Data Rate 3 Synchronous Dynamic Random-Access Memory (DDR3 SDRAM)

e Double Data Rate 2 Synchronous Dynamic Random-Access Memory (DDR2 SDRAM)

Access to DRAM is done by adding the MIG (Memory Interface Generator) component to
the previously used design. No read/write experiments are performed here. For a possible
research the documentation of the MIG is available [21] as the first step to achieve this

purpose.






6 Evaluation

This chapter is about the evaluation of the result obtained during the simulations made on
the design described above. For the evaluation a few tests have been written. These tests
are indeed programs written in C in the Eclipse IDE modified by the company Xilinx.
The written tests will define the data and addresses that will trigger the AXI transactions
in the design.

6.1 Evaluation of access to registers

The tests on the registers worked perfectly and the counters were justly updated. The
disadvantage of using the registers is its small size. On the board dedicated to this exper-
iment, the registers have a total size of 5088 kilobits [20]. However, the registers offer a

better read/write access time than all other memories.

6.2 Evaluation of access to BRAM

The tests on the BRAM worked perfectly and the counters were justly updated. On
the board dedicated to this experiment the BRAM has a total size of 19.2 Megabits [20]
[23]. The BRAM size is sufficient for a large number of applications designed for FPGA.
Also the read/write access times are acceptable. To optimize the latency, the BRAM is
subdivided into blocks whose sizes vary depending on the board used. On this board, each
blocks can be 18 or 36 kilobits.[19]






7 Conclusion and QOutlook

This thesis is about simulating and analyzing memories using an extension hardware plat-
form to the Processor, the FPGA. In this framework two ways to achieve that purpose has
been presented. The first one is the access to registers and the second one is the access
to Block Random Access Memory (BRAM). The simulation consists of performing write
and read requests on the memory and the analysis consists of following the request from
the moment where they are sent to the moment when the returned value show up by the
sender. After the simulation, some tests has been written in order to make sure that the
returned values are the expected values. The result is conclusive since all the returned
values corresponded to the expected values. In order to perform the simulation, a design
was made and implemented on the FPGA. The special feature of this design regarding
BRAM is the synchronization of the data between the moment when the requests are
made and the time it takes for BRAM to respond to them. This synchronization has been
achieved here by the use of delay section 5.4.

As far as the size of the simulated and analyzed memory is concerned here, an access to
the registers and BRAM gives restricted access to the memory. A way to get an access to
more space is the Dynamic Random Access Memory (DRAM). Indicative elements such
as the MIG to start the simluation and the analysis on it are mentioned here section 5.5.
The next step could be , by using the MIG , find out which characteristics, constraints,
avantages and disavantages the DRAM has and then compare them to characteristics of
the registers and the BRAM.
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