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Chapter 1

Introduction

1.1 Overview of the Thesis
This thesis implements the control interfaces and the system unit (in FPGA) for
the product called LSC11. The LSC11 product is a three dimensional (3D) plotter
system which is controlled by a Host CPU and this thesis implements the hardware
required to drive the plotter system. There are specific requirements for the LSC11
3D plotter system from the customer which are explained in depth in the chapter
2. This thesis implements the hardware unit fulfilling those requirements.

In this thesis, the LSC11 plotter system is connected to the Host CPU using PCI
Express PCIe technology. The LSC11 system is also required to handle peripherals
like ADC, DAC, PWM Controller, etc., and communicate with other systems via
Controller Access Network (CAN) chaining, all for the purpose of 3D plotting.
The LSC11 system (with its peripherals) and its interconnection with the Host
CPU is illustrated in figure 1.1. Figure 1.1 also shows the use of PCI Express for
the interconnection of the LSC11 FPGA unit with the Host CPU.

1.2 General Description of a 3D Plotter System
The 3D plotter system comprises of 3 axis scanner heads which are used for plotting
the data. The scanner heads draw the ink from the plotter pump and plot the
required pattern on a movable object. The position of the scanner heads are
required to be controlled based on the pattern to be plotted. Each scanner head
is controlled by sending a command data to the scanner head device using a
specific protocol. The scanner heads are mechanical devices and therefore they
have inertial delays when moving from one position to the other position. This
inertial delay is a constraint on the ink injection from the plotter pump. If the
plotter pump injects ink without taking the inertial delay of the scanner heads into
account, then the ink smudges the pattern already marked. This is because the
scanner head has not moved to the new position yet and is hampered by inertia

5



6 Introduction

Figure 1.1. The LSC11 System

and therefore the plotter pump needs to wait for this transition of the scanner
head to happen before which it can release the ink required for marking the new
pattern on the object. In this thesis, the LSC11 FPGA unit has been designed to
control the plotter scanner heads by transferring data and command to them. The
thesis also provides a solution to counter the inertial delay problem of the scanner
heads.

1.3 Hardware Provided in the Thesis
The LSC11 Host CPU is available for use at the start of the thesis. The LSC11
Host CPU comprises of an Intel Atom processor. The Host CPU runs a preloaded
Debian RTOS. An RTOS is used here primarily for low latencies with respect to
interrupt handling. This thesis intends to use the Host CPU to respond frequently
to PCIe based interrupts originating from the LSC11 FPGA unit. Apart from
handling the interrupt based data from PCI Express, primarily, the Host CPU will
contain the user level application to control and feed data to the LSC11 FPGA
unit. This data feeding is accomplished by communicating to the FPGA through
PCIe device drivers. This will be discussed in detail in the chapter 3.

The LSC11 FPGA unit comprises of the soft logic required to implement the
functionality of the LSC11 3D Plotter system. In our thesis, Lattice ECP2M series
of FPGA’s have been used for design implementation. Lattice ECP2M [17] [18]
has the device specifications as shown in the table 1.1. Also, all the peripherals in
the thesis like the ADC, DAC , Quadrature Encoder, etc., have been placed in the
printed circuit board and their interconnections with the FPGA unit have been
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Device ECP2M
LUTs 19K
System DSP Blocks 6
System MEM Blocks(18KB) 66
MAX Available I/O 304
18 * 18 Multipliers 24

Table 1.1. Lattice ECP2M-35 Specification, Package 484

taken care of by Abaxor Engineering.

1.4 Overview of the PCI Express Technology
PCI Express [1] [2] [32] has become a popular computer expansion bus used in
FPGA design these days. PCI Express stands for Peripheral Component Inter-
connect Express (PCIe) and is developed by PCI Special Interest group. PCI
express has significantly replaced the conventional PCI bus. PCI Express can be
operated at a higher clock frequency and supports full-duplex communication be-
tween two endpoints unlike its predecessor PCI. The serial protocol PCI Express
exhibits a substantial increased bandwidth with a low number of circuit paths. In-
tel’s new Atom processors have given a further boost to the usage of PCI Express
as these low-budget processor’s chipset have disabled the legacy PCI interface and
have replaced it with PCI Express interface. Combined with FPGA’s the following
I/O components (not an exhaustive list) can be connected and operated with PCI
Express:

• ADCs

• DACs

• Digital Inputs & Outputs

• Quadrature Decoders/Encoders

• Register Buses

PCI Express comes with an extended configuration space [5] [6] of 4096 bytes while
its predecessors were equipped with only 256 bytes for configuration purposes.
This configuration space can be used for storing various important information
like device-id, vendor-id, caching techniques, error registers etc. One such con-
figuration register field is the BAR(Base Address Registers) [4] which is of very
significance in this project as these BAR’s directly hold the memory addresses
used by the peripheral devices.

In our thesis, 2 such BAR’s have been configured and used. BAR1 register has
been used for mapping all the addresses of the peripherals used in this thesis, i.e
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Figure 1.2. PCI Express Lanes. (a) 1 Lane signal pair, (b) 2 Lane signal pair

memory of peripherals like ADC, Scanner head device, Quadrature decoder, CAN
etc can be mapped to this BAR1 register of PCI Express. After this BAR1 map-
ping and allocation of memory is done, any data write on the PCI Express system
bus pertaining to a peripheral address will reach the relevant peripheral destina-
tion accurately. In our thesis BAR0 PCI Express register has also been included
and used for LSC11 specific configuration like LSC11 interrupt cycle frequency,
sampling frequency of LSC11 read-back, hardware versions, software versions, etc.

To summarize, the two Base Address Register mapping used in LSC11 system are:

• BAR1 Write - To access relevant peripherals in the LSC11 system with their
predefined addresses.

• BAR0 Write - To access LSC11 configuration registers (They are the LSC11
specific registers residing in the FPGA and not the same as PCI Express
configuration registers).

A PCI Express lane is made up of two differential signalling pairs. One differ-
ential pair is for receiving data and the other one is for transmitting the data. PCI
Express lane slots range from 1 to 32 in powers of 2 (1, 2, 4, 8, 16, 32). PCI Ex-
press one lane and two lanes are illustrated in figure 1.2. In our thesis, 1 Lane PCI
Express i.e X1 (available in the Lattice ECP2M FPGA as an Intellectual Property
core) is used. The hardware connections for the PCI Express lane X1 between the
FPGA and the Host CPU in the printed circuit board have been taken care of by
Abaxor Engineering.

1.5 Structure of the Report
This report is organized as follows:
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• Chapter 2 presents the requirements from the customer for the LSC11 FPGA
unit. Chapter 2 also analyses the customer requirements at a finer level,
categorizes the requirements based on the functionality type and summarizes
them. Finally, chapter 2 documents all the modules available at the start of
the thesis.

• Chapter 3 presents the proposed design for the customer requirements. Chap-
ter 3 starts with the interconnection of the various RTL blocks based on the
requirements and then proceeds to present the design of the individual com-
ponents in the LSC11 system. Finally, chapter 3 documents the challenges
and the difficulties faced in the design and the implementation of the LSC11
system.

• Chapter 4 describes the testing plan devised for the verification of the LSC11
system and presents the results of the LSC11 system verification.

• Chapter 5 marks the conclusion and the scope of the future work in this
thesis.





Chapter 2

Requirements of the LSC11
System Unit

2.1 Introduction
This chapter contains the customer requirements for the LSC11 system and the
analysis and translation of those requirements to technical requirements. Section
2.2 states the customer requirements. Section 2.3 presents the analysis done on
the customer requirements and demarcates the requirements into direct and im-
plicit requirements. Also in the section 2.3, the analysis done on the requirements
for the individual blocks is discussed. A summary of the given requirements (af-
ter analysis) is presented in the section 2.4. Section 2.5 presents the ownership
responsibilities of the various modules and also highlights the modules that have
been provided/implemented by Abaxor Engineering before the start or during the
course of the thesis.

2.2 High Level Requirements
In this thesis, the system unit of a three dimensional plotting system called LSC11
has been implemented for the requirements charted by the customer. As discussed
in the section 1.2 , this LSC11 system plots 3D images on a moving object and
needs to drive the scanner heads for the purpose of plotting. The customer re-
quirements for the LSC11 system are as follows:

1. The LSC11 system is to be designed to plot on a new data available every
10 µs and use the scanner head protocol for transmitting data and commands
to the scanner head device. There are three scanner heads for the X, Y and
Z directions. If no new data is available, then the system is intended to drive
the scanner heads continuously with the last valid data.

2. The LSC11 system is intended to be controlled by an user application pro-
gram which resides on a realtime Debian Linux supported Host processor and

11



12 Requirements of the LSC11 System Unit

interfaced with the LSC11 system through PCIe X1 slots. The LSC11 sys-
tem is intended to be demonstrated by this user application program which
transmits data/command to the scanner head device and also controls the
operation of other peripherals in the system.

3. The LSC11 system is intended to be able to communicate with the other
systems on the network, preferably through CAN chaining. Two CAN con-
trollers are required to be implemented in this thesis.

4. Plotters are equipped with a pump device for controlling the ink used while
plotting the data. Plotter pumps available in the market are typically con-
trolled by passing direct digital signals or analog signals or PWM signals.
The LSC11 system needs to be equipped to control the power of various
types of plotter pumps through 8 digital signals or an analog signal or 10
PWM signals, depending upon the type of the plotter pump chosen from the
market.

5. The LSC11 system is to be provisioned with the ability to power the pumps
efficiently, taking into account the inertial delay involved whenever the scan-
ner head changes its position or plots new data. Any commands from the
user pertaining to the control of the plotter pump is to be synchronized
with the next scanner head command transmitted. Hence, every scanner
head command is to be accompanied by other related commands like PWM,
Digital Outputs, DAC data (Analog outputs), etc.

6. The LSC11 system is intended to have a mechanism to stop the plotting
of data and wait on a given matching condition, for example a particular
position of the moving object or a particular triggering of the digital inputs
by the user, etc. This stop condition command, when set by the user, is
desired to allow the next scanner head command in the pipeline to pass
through completely and then enforce its stop condition on the processing of
any further scanner head commands. After the stop condition is enforced,
no further scanner head command is allowed to be processed by the system
until the stop condition set by the user is satisfied by a Digital Input trigger
or by a particular position of the moving object (on which the plotting is
done). The functionality of negating the Digital Inputs before reading them
(if requested by the user) is to also be provided.

7. The LSC11 system is also intended to perform intelligent collection of all the
input data from the environment, once in every 100 µs, without the need for
any cyclic read commands initiated by the user application on the system
bus. The register bus bandwidth is to be used mainly for passing commands
and data to the scanner head device and the other peripherals and therefore
should not get clogged by reading the environment data.

8. The LSC11 system is desired to implement a two channel ADC for generic
purposes.
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9. After the successful demonstration of the LSC11 product, the simulation
model and the code base is to be submitted to the customer by uploading
them to a version control tool.

2.3 Analysis - Stated and Implicit Requirements
The high level requirements are thoroughly scrutinized for details and discussed
with the customer. The block diagram of the LSC11 design based on this analysis
is shown in figure 2.1. A short introduction of the blocks in figure 2.1 is as follows:

• ADC - Analog to Digital conversion block. This is a direct customer require-
ment 8.

• DAC - Digital to Analog conversion block. This block generates analog signal
and is used for controlling the power supplied to the plotter pump as per the
requirement 4.

• Digital Outputs - The direct digital outputs are used for controlling the power
supplied to the plotter pump as per the requirement 4. 8 Digital Outputs
are required to be generated by the LSC11 system, as per the directive from
the customer.

• Digital Inputs - The direct digital inputs act as a trigger for the Stop-Start
Condition and this is as per the requirement stated in 6.

• Quadrature Decoder - This block is used for determining the position of the
object to be marked. This is for the requirement 6.

• PWM - Pulse Width Modulation controller. This is used for controlling the
power supplied to the plotter pump as per the requirement 4. 10 PWM out-
puts are required to be generated by the LSC11 system, as per the directive
from the customer.

• Scanner Head - This block contains the functionality for feeding the scanner
heads with the Scanner Head protocol/XY2-100 Protocol and for receiving
the status data from the scanner head device. This is for the requirement 1

• CAN - 2 CAN (Controller Area Network) controllers are implemented in this
block. This is for the requirement 3

• Host CPU - This hosts the device drivers and the user application for con-
trolling the LSC11 FPGA unit. This is for the requirement 2

All of the stated and the implicit tasks involved in the LSC11 system design are
documented in the subsequent subsections.
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Figure 2.1. Block diagram of the LSC11 system based on the requirements

2.3.1 PCI Express Bus Simulation Model
The high level requirement 2 obligates the use of PCI Express (PCIe) for the
communication between the Host CPU and the LSC11 system unit. Therefore,
the first step in this thesis is to set up a simulation model of PCIe with the libraries
from the vendor organizations Lattice and Trellysis.

The simulation model is to be setup in a Linux Centos 6.0 machine using Aldec
Riviera EDA utility. This is expected to be a time consuming task as it involves
merging the libraries from different vendors and fixing their dependency issues
with CentOS linux.

2.3.2 Register Bus Simulation Model
In this thesis, a register bus utility is to be integrated with the PCI Express model
so as to communicate and update the registers in the FPGA. This is an implicit
requirement. In this regard, a bus master utility that initiates bus communication
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Figure 2.2. Register Bus interconnection with PCI Express

and a generic bus slave utility are to be designed to handle register level commu-
nication with the LSC11 system. Necessary register bus slaves for handling CAN
controllers and the Scanner head controller are to be developed. The register Bus
Master and the slaves should have the functionality to perform single and burst
reads/writes on the system. Wishbone bus utility from opencores.org is a popular
open-source register bus which has been proven to be compatible with PCI Ex-
press and supports burst read/writes. In this thesis, wishbone bus [39] [34] will be
used as the register bus and the basic modules of the wishbone bus will be pro-
vided during the start of the thesis by Abaxor Engineering. Figure 2.2 shows the
interconnection between the PCI Express system bus and the wishbone register
bus and the data flow between the PCI Express bus down to the peripherals. The
wishbone modules provided, require further modification to interface them with
the PCI Express and to synthesize them efficiently.
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2.3.3 PCI Express Device Drivers
The operating system residing in the Host CPU (Debain Linux) recognizes the
PCI Express slot as a device. This is similar to the Universal Serial Bus (USB),
which is also recognized as a device by the operating system. Therefore, the LSC11
system needs device drivers for enabling the user application program (residing on
the Host CPU) to communicate with the FPGA unit via PCI Express. It is the
device drivers that will communicate with the PCI Express and transfer the data
back and forth from the user application (programmed in the high level language
’C’). This is an implicit requirement.

2.3.4 Scanner Head Control
The LSC11 system primarily controls the scanner heads and, therefore, the func-
tionality to drive the scanner heads with relevant data is to be designed and
implemented. The constraints placed on this functionality are as follows:

• Every frame of data should be fed to the scanner head within 10 µs. This is
a customer requirement.

• When no new data is available, the LSC11 controller should continuously
feed the scanner heads with the last valid data.

• Data should be transmitted to the scanner heads via the Scanner head pro-
tocol.

• Generally, every data sent to the scanner head would be accompanied by
other relevant outputs being triggered at the same time. All the other out-
puts that go along with every new scanner head data frame, i.e, the output
power of the plotter pump (for that particular frame of data), digital outputs,
PWM outputs, etc., needs to be synchronized according to the transmission
of the data to the scanner heads. This synchronization is particularly used
for countering the inertial delay in the scanner head devices and, therefore,
powering the plotter pump with a slight delay.

• As per the requirement 6, there should be a provision to stop the data
transfer to the scanner heads until a Start Condition is met. This Start
Condition will wait on either the Digital Inputs fed directly to the FPGA or
a particular positional input of the movable object.

• The status/feedback data from the scanner head device (for every transmis-
sion of scanner head data) should be received continuously and fed back to
the Host CPU for analysis once in every 100 µs. This must be a non-cyclic
read by the Host CPU.

2.3.5 Controller Area Network Chaining
The LSC11 system should have the ability to network with other systems in CAN
chaining. A CAN controller is therefore to be developed, which can transmit the
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data from the Host CPU into the network and receive the data from he network
and feed it back to the Host CPU continuously. In this thesis, two CAN controllers
are to be implemented on the hardware.

2.3.6 Efficient Read-back of the LSC11 Inputs
As per the requirement 7, it is mandated to not have cyclic register bus reads
on the system, as that will significantly consume the PCI Express register bus
time and utilization. Cyclic reads can occur in the LSC11 system in order to
continuously sample the input data (of the LSC11 system) from the environment.
Therefore, this requirement 7 requests for a special mechanism, where the inputs
of the LSC11 system can be automatically transferred to the Host CPU (once in
every 100 µs) without the user having to execute any commands on the system
bus. Such a mechanism would do away with the need for cyclic reads on the
system.

2.3.7 Top Level Controller for LSC11
A top level controller is to be developed for the LSC11 system. It will have the
ability to handle PCI Express configuration writes like MSI Interrupt duration,
MSI Interrupt enable and other configuration edits. The top level controller is also
expected to store information about the software version used, hardware version
used, etc. This is an implicit requirement.

2.3.8 PWM Controller
As per the requirement 4, pulse width modulation technique is to be also used for
controlling the power to the plotter pump. In this thesis, 10 such PWM output
ports are to be designed and implemented. This is because some plotter pumps
available in the market require as many as ten PWM inputs for their control.
Further constraints are as follows:

• The PWM output frequency for all the ten output ports should be con-
figurable and capable of handling frequencies like 1 Mhz, 4 Mhz, 40 Khz,
20 Khz, 4 Khz, etc.

• The PWM output should have the ability to be delayed by a user configurable
delay for countering the inertia of the scanner heads. The problem of inertia
associated with the scanner heads has been discussed previously in section
1.2. The delay value is not hard-coded and is user configurable because the
inertial values of the scanner head varies based on the type and manufacture
of the device and therefore the user fixes the exact delay value based on his
scanner head inertial values.

Upon further analysis, it is estimated that the base clock of 120 Mhz can be used
for achieving all of the requested PWM frequencies upon frequency division.
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2.3.9 Direct Digital Inputs/Outputs

The LSC11 system should have the capability to handle direct digital inputs and
outputs from the respective ports. The digital outputs are to be used for controlling
power to the plotter pump if the amplifier of the pump supports direct digital
signals. The PWM and the digital outputs are used for the same purpose of
controlling the plotter pump, albeit depending on the type of the plotter pump
used. The digital inputs are to be used as a trigger for stopping and starting the
plotting of data, which is requested in the requirement 6.

The LSC11 system should handle 13-bit parallel direct inputs and 18-bit direct
digital outputs. The digital inputs must be continuously fed back to the Host
CPU’s memory via Process Image write-back.

The digital outputs should have the capability to be delayed (by a user configurable
factor) i.e driving a ’0’ or ’1’ on the output port after a prescribed delay in nano
seconds. The reason for this user configurable delay is as the same as that explained
in the PWM subsection 2.3.8. This delay factor compensates for the inertial delay
exhibited by the scanner heads during their change of position (plotting data).
This is as per the high level requirement 4.

2.3.10 Digital to Analog Conversion and Viceversa

The LSC11 system should atleast have a 2 channel DAC and ADC implemented
for the purposes of powering the plotter pumps that are equipped with Analog
amplifiers. The LSC11 system also needs to interface an ADC for generic purposes
with a sampling frequency of 10 Khz. This is a low priority requirement. The
output of the ADC must be continuously fed back to the the Host CPU’s memory,
once in every 100 µs, via Process Image write-back. The details of the DAC and
the ADC used are documented in chapter 2 along with the state machines used
for their implementation.

2.3.11 Quadrature Decoder

The requirement 6 states that there must be a provision to stop plotting the data
(driving the scanner heads) and wait for a particular position of the object, after
which the resumption may begin. This requirement can be accomplished by using
quadrature encoder/decoder which deduces the position of the moving object.

The LSC11 system needs to be interfaced with a quadrature decoder for analyzing
the position of a given movable object. The quadrature decoder’s output (in
measured counts from an initial value or position) needs to be written back as a
Process Image continuously to the Host CPU memory.
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2.3.12 Need for Buffering and Stability Requirements
From the analysis of the requirements done so far, it is observed that while the
PCI Express operates at a clock frequency of 125 Mhz (as dictated by the Lattice
ECP2M PCI Express manual), there are other modules in the system like the
PWM module operating at 120 Mhz and the scanner head device operating at a
different clock frequency. Thus, there is a potential need for buffering the data
because of the difference in the clock domains between the various blocks. This
need for buffering is an implicit requirement and will be analysed in chapter 3
further.

There is also an implicit requirement to resolve any metastability issues in the
LSC11 system arising out of the multiple clock domains used in the system. Where
ever data is required to be transferred from one clock domain to the other, synchro-
nisation registers are needed, to minimise the metastability issues in the LSC11
system. This will be further discussed in chapter 3.

2.3.13 Documentation and Version Control
This thesis needs to be well documented and the source code maintained with a
version control software. Subversion and Git [29] will be used in this thesis for
version control purposes.

2.4 Summary of Requirements
To summarize, the following modules will be implemented in this thesis based on
the customer requirements:

• PCI Express - This module interfaces the Host CPU with the LSC11 FPGA
unit.

• Wishbone bus utility - This utility acts as the register bus inside the FPGA.

• Buffer module - This module is required for storing data temporarily because
of the difference in the clock domains used in the LSC11 system.

• Scanner head protocol implementation module - This module transfers data
to the scanner heads using the scanner head protocol.

• User level application and PCI Express device driver - These modules are
required to demonstrate the working of the LSC11 FPGA unit.

• Two CAN controller modules - These modules are used for communication
with other devices in the network.

• LSC11 top level controller module - This module is expected to store the
LSC11 configuration information.
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• ADC and DAC modules - The ADC module is to be implemented to fulfil a
specific customer requirement. The DAC module is required to be used for
powering the plotter pump.

• PWM module - This module is for powering the plotter pump.

• Quadrature Decoder module - This module is required for providing the
position of the movable object.

• Stop-Start condition module - This module is expected to contain the logic
for stopping the scanner head device and resuming it after the specified
condition is met.

• Digital Inputs and Digital Outputs module - Digital Inputs are to be used for
the Stop-Start condition and the Digital Outputs are to be used for powering
the plotter pump.

• Efficient inputs handling module - This module is required for reading the
inputs of the LSC11 system without any cyclic reads on the register bus.

• Inertia compensation logic - This module is expected to compensate for the
inertia delay exhibited by the scanner heads.

2.5 Modules Available at the Start of the Thesis
Figure 2.3 demarcates the design of the LSC11 modules based on their implemen-
tation responsibilities.

• Wishbone Master utility is available from opencores.org, although it needs
to be modified to ensure compatibility with the PCI Express. These mod-
ification tasks will be jointly performed by the thesis owner and Abaxor
Engineering.

• CAN controller is available from opencores.org and can be potentially reused.
However, their interfacing with the LSC11 system needs to be performed by
the thesis owner.

• The transaction layer of the PCI Express will be taken care of by Abaxor
Engineering. This includes tasks like PCI Express credit checking, etc.

• The working templates for the Process Image forwarder [38](The concept
of Process Image is explained in chapter 3) will be provided by Abaxor
Engineering. The PCI Express aspect of the Process Image will be taken
care of by Abaxor Engineering.

• The template for the device driver will be provided by Abaxor Engineer-
ing although the user application and the device driver functionality is the
responsibility of the thesis owner.
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Figure 2.3. LSC11 Modules and their Responsibility

• The addresses of the peripherals will be devised by the thesis owner. Abaxor
Engineering will have the final say in the record structure and the number
of bits used per record for both command and data.





Chapter 3

Design of the LSC11 System
Unit

3.1 Introduction
This chapter presents the detailed design of the LSC11 FPGA unit. In the section
3.2, the RTL interconnection of the design blocks in presented. The section 3.3
documents the allocation of addresses and the registers for individual peripherals.
The section 3.4 tabulates the various clock domain crossings in the system. The
design of the individual components in the LSC11 system is then explained in the
sections 3.5 to 3.15. Finally, the section 3.16 documents the difficulties and the
challenges faced during the implementation of the LSC11 system.

3.2 LSC11 RTL Design
The analysis of the customer requirements has been presented in chapter 2. The
block diagram of the system, based on the translation of the customer require-
ments, has also been shown in figure 2.1. From this block diagram and with all
the details obtained during the analysis phase of the thesis, the LSC11 RTL design
blocks have been devised and their interconnections have been proposed as shown
in figure 3.1.

The reason behind the use of these blocks is discussed in the sections 3.5 to 3.15.
The design blocks in figure 3.1 can be classified based on the functionality that
they provide. The classification is as follows:

• Peripherals

• Control logic

• Communication logic

23
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Figure 3.1. LSC11 High Level Design

Figure 3.1 contains boxes (in dashed lines) to highlight the classification of the
enclosed individual blocks according to peripherals, control logic and communica-
tion logic respectively. A short introduction of the design blocks, based on their
classification, is given next:
The peripherals included in the system are:

• ADC - This block acts as the controller of the ADC device. The design for
this ADC controller block is presented in the section 3.12.3.

• DAC - This block acts as the controller of the DAC device. This block is
used for controlling the power supplied to the plotter pump. The design for
this DAC controller block is presented in the section 3.12.2.

• Digital Outputs - This block injects the user controllable delay for Digital
Outputs. The direct Digital Outputs are used for controlling the power
supplied to the plotter pump. This block will be discussed, in detail, in the
section 3.8.

• Quadrature Decoder - The functionality of the Quadrature Decoder is im-
plemented in this RTL block. This block is used for determining the position
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of the object to be marked. The design for this block is given in the section
3.11.

• PWM - This block acts as the Pulse Width Modulation controller. In LSC11,
PWM is used for controlling the power supplied to the plotter pump. All
of the PWM outputs are gated with the Digital Outputs. Since the Digital
Outputs have the functionality to be delayed by an user configurable delay
value, this delay factor applies to the PWM outputs as well, because of the
"gating". The design for this PWM block is available in the section 3.7.

• Scanner Head Transmitter/Receiver - This design block acts as the scanner
head controller. This block contains the functionality for feeding the scanner
heads with the scanner head protocol and for receiving the status data from
the scanner head device. The design details for this RTL block are presented
in the section 3.5.

• Digital Inputs - This block acts as the controller for receiving the Digital
Inputs of the LSC11 system based on a sampling frequency set by the user.
This block is further explained in the section 3.13.

• CAN - Two CAN (Controller Area Network) controllers are implemented in
this block. The design details for this RTL block are presented in the section
3.10.

• Barrel Cushion Correction - This is a place holder block and will be used by
Abaxor Engineering in the later stages.

The communication logic blocks included in the system are:

• PCIe - This block implements the transaction layer required for the PCI
Express communication between the LSC11 FPGA unit and the Host CPU.
The design for this block is implemented by Abaxor Engineering.

• WB - This block acts as the wishbone bus controller. This block provides the
RTL design for the wishbone master utility, wishbone slave utilities and the
wishbone bus. The design for the wishbone slave utility is explained in the
section A.2 of the Appendix A. Wishbone master utility is available during
the start of the thesis, as mentioned in the section 2.5.

• PI Forwarder - This block acts as the controller for reading the inputs of the
LSC11 system using an efficient methodology. This block accumulates the
input data of all the peripherals before they are fed to the Host CPU memory
via PCI Express. This block will be discussed, in detail, in the section 3.13.

• Ring Buffer - This block implements the buffer required for the LSC11 sys-
tem. This block buffers the data received from the PCI Express and the
register bus before they are passed on to the individual peripherals. The
design for the Ring Buffer block is presented in the section 3.6.
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• Top Level Controller - This block implements the controller to store all the
LSC11 specific configuration data like the hardware version of the system,
software version, interrupt enable bit, interrupt duration etc. The design for
this block is presented in the section 3.14.

The control logic block used in the system is:

• Stop-Start Condition - This is the Stop-Start controller. This block contains
the functionality for stopping and starting the reading of the Ring Buffer
based on a certain stated condition. The design for this control logic block
is presented in the section 3.9.

3.3 Address Mapping of the Interfaces and Reg-
ister Allocation

The foremost design aspect in designing the LSC11 system unit has been to dedi-
cate the addresses for the various peripherals shown in figure 3.1 . The user level
program (residing in the Host CPU) makes use of these addresses to send the
data accurately to the various peripherals. The constraint used for devising this
address mapping is the use of "minimum number of bits" required to compare an
address range. Any write to these address ranges are termed as "BAR1" write in
PCI Express terminology. The table 3.1 shows the address ranges allocated to the
individual peripheral devices in the LSC11 system. After the address allocation,
the number of registers for each peripheral are devised and are mapped accord-
ing to the peripheral addresses. The register allocation for the peripherals in the
LSC11 system is shown in table 3.2. These registers were initially devised in the
design phase of the thesis by observing the peripheral manuals, etc. However,
the initial register structure devised was changed in an iterative manner in the
implementation phase when further details of the peripheral became very clear.
The final register structure is as shown in table 3.2.

Interface Number Address Offset
CAN0 0 0x0000 to 0x0FFF
CAN1 1 0x1000 to 0x1FFF
Scanner Head 2 0x2000 to 0x2FFF
ADC 3 0x3000 to 0x3FFF
Digital IN 4 0x4000 to 0x4FFF
Digital Out 5 0x5000 to 0x5FFF
DAC 6 0x6000 to 0x6FFF
Quadrature Decoder 7 0x7000 to 0x7FFF

Table 3.1. LSC11 Address Allocation
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Device Address Offset Access Category
Ring Buffer 0x000...0x7FF Write/Read Frames Buffer
Ring Buffer 0x800 Write Command Register
Ring Buffer 0x804 Write Write Pointer Write
Ring Buffer 0x800 Read Read-pointer and Flush bit
Ring Buffer 0x804 Read Write Pointer

CAN 0..0x7ff Write/Read CAN Frames Puffer
CAN 0x800..0x87f Write/Read Configurations register
CAN 0x880 Write/Read Config / Status
CAN 0x881 Read CAN-WORDS in PI-FIFO
CAN 0x882..0x883 Read Read Pointer for CAN Frame Buffer
CAN 0x884..0x885 Write/Read Write Pointer for CAN Frame Buffer
Digital 0 Write Sampling Frequency
Input

Quadrature 0 Write Step Count, Reset, Direction
Decoder

Quadrature 4 Write Sampling Frequency
Decoder
PWM 0 Write Pre Divider
PWM 4 Write Resolution
PWM 8 Write Duty Cycle

Scanner Head 0 Write Data X-axis
Scanner Head 4 Write Data Y-axis
Digital Output 0 Write New Value, Delay

ADC 0 Write Sampling Frequency
ADC 4 Write Configuration Register
DAC 4 Write Sampling Frequency
DAC 0 Write Configuration Register

Table 3.2. Register Allocation for the LSC11 Peripherals

3.4 Clocks Used in the Design

Clock Frequency Purpose
125 Mhz PCI Express Clock
120 Mhz PWM Counters
2 Mhz Scanner Head Protocol

Table 3.3. LSC11 Clocks

The section 2.3.12 briefly described the various clock domains required by the
LSC11 system. These clock domains are summarized in the table 3.3. Systems
having multiple clock domains typically require the use of buffers to avoid any loss
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of data, when transferred from a clock domain operating at a higher frequency to
a clock domain operating at a lower frequency. This issue will be discussed, in
detail, in the section 3.6. Apart from the need for buffering, there also exists a
problem of correctly synchronizing the signals that are transferred from one clock
domain to the other clock domain. This is because, a signal transferred from one
clock domain is asynchronous in nature with respect to the receiving clock domain.
If these signals are not synchronized properly, then this can cause a stability issue
in the system called as "metastability" [30] [31]. This issue of metastability is ad-
dressed next.

FPGA systems with multiple clock domains have the inherent problem of metasta-
bility. In a flip-flop, the input signal needs to be stable for a period of time known
as the setup time and the hold time of the flip-flop. This ensures correct sampling
of the input at every clock edge and the reliability of the output. When there is
one clock used in the whole system, then all the inputs are synchronized with the
system clock and, therefore, the outputs are reliable. In systems with multiple
clock domain crossings, there is a possibility of the input signal received from one
clock domain failing to meet the setup time and the hold time rules of the flip-flop
in the destination clock domain. In such cases, the outputs of the system are not
reliable and may lead to a metastable condition. The metastable condition takes
some time to get resolved and then the output of the flip-flop changes to either
the "high" state or the "low" state. If the metastability condition gets resolved
before the signal reaches the next flip-flop in the circuit, then the system is not
negatively impacted. But, if the metastable time exceeds the time required for
the signal to reach the next flip-flop in the system, then it can cause the system
design to fail. This metastability issue in multiple clock domains is minimized by
the use of synchronizer registers (flip-flops). The synchronizer register should be
supplied with the same clock as the destination register. The synchronizer register
basically allows additional time for the metastability condition to get resolved by
increasing the latency in the path of the input signal.

In the LSC11 system, synchronization registers are used to minimize such metasta-
bility issues. This is illustrated in figure 3.2, where a 3-bit array signal is trans-
ferred from the 125 Mhz clock domain and is received by the 120 Mhz clock domain
as per the equation:

I120 [2 downto 0] = O125 [2 downto 0] (3.1)
In this case, if synchronization registers is not used, then some signals from the 125
Mhz domain registers may get sampled by the 120 Mhz domain registers correctly
at the next clock edge (based on the latency of the wire connections), while some
may not. This leads to a metastable state. This is shown in figure 3.3, where the
source signal O125 having the value as "111" is sampled as "110" at the receiving
end (signal O120). In order to minimize metastablility issue, in this example, each
of the source signals from the 125 Mhz domain is first fed into a synchronization
register. This synchronization register is clocked with the same destination clock
frequency of 120 Mhz. The output of this synchronization register is then fed into
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Figure 3.2. Synchronization Registers to Reduce Metastability in FPGAs
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Figure 3.3. Signals Crossing Clock Domains - Without Synchronization Register
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the receiving clock domain register. In this set-up, there is a guarantee that either
all of the inputs signals may either get sampled correctly in the next clock edge
by the receiving system or none of them. If none of the inputs are sampled by the
receiving system in the current clock cycle, then all of the inputs are guaranteed
to be sampled correctly in the next clock cycle. This is shown in figure 3.4, where
the source signal O125 having the value as "111" is sampled correctly as "111" at
the receiving end (signal O120), but with a 120 Mhz clock cycle delay because of
the use of synchronization registers. Thus, the outputs of the receiving system are
reliable.

CLK125

CLK120

O125 [0]

O125 [1]

O125 [2]

O120 [0]

O120 [1]

O120 [2]

Figure 3.4. Signals Crossing Clock Domains - Synchronization Register

3.5 Scanner Head Transmitter and Receiver Im-
plementation

The requirements from the customer emphasize the need for the transfer of scanner
head data once in every 10 µs using the scanner head protocol [20] [21]. The various
signals used by the scanner head protocol are shown in figure 3.5. These signals
are explained as:

• SENDCK - Continuously running clock

• SYNC - Synchronises the data transfer

• CHANNEL1 - 1-bit data signal for the scanner head in the x-axis

• CHANNEL2 - 1-bit data signal for the scanner head in the y-axis

The following signal is received back from the scanner head device based on the
scanner head protocol:

• STATUS - 1-bit signal sends the scanner head status for the previous plotter
data transmitted to the heads.
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Figure 3.5. Scanner Head Protocol Signals
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Figure 3.6. Timing Details for the Scanner Head Protocol

The timing details for the scanner head protocol are shown in figure 3.6. The
SENDCK signal acts as the clock signal for the protocol and the CHANNEL sig-
nal is used for transferring the scanner data serially. The scanner head protocol
requires 20 bits, i.e, 3 control bits (C1 to C3), 16 data bits (D1 to D16) and a
parity bit (P), in the same order, to be transferred serially for every cycle using
the CHANNEL signal. Figure 3.6 has been referred from the Rhothor XY2-100
protocol manual [37]. The LSC11 system uses 2 CHANNEL signals for the scanner
heads supporting the x-axis and the y-axis. According to the protocol, driving the
SYNC signal low starts the transfer cycle. The SYNC signal needs to be driven
low for one cycle of the SENDCK clock. From the next SENDCK clock on-wards,
the scanner head data is shifted serially through the CHANNEL signal until the 3
control bits, 16 data bits and a parity bit is transferred. The parity bit generated
in the protocol is of even parity. When the parity bit is transferred, the SYNC
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signal is required to be held low at the same time to signal the start of the next
cycle. While the LSC11 system transfers the data, serially, for every positive edge
of the SENDCK clock, the scanner head device at the receiving end samples the
data on the negative edge of the SENDCK clock. For every cycle of data trans-
mitted to the scanner head device, a status data is received back from the scanner
head device through the STATUS signal. This status data is transferred by the
scanner device using the scanner head protocol and is required to be received by
the LSC11 system after every transmission cycle of 10 µs. The status data received
from the scanner heads is also composed of 20 bits as shown in figure 3.6. The
high byte of the status information and the low byte of the status information are
identical and, therefore, the user can use select either one of them. Therefore, the
LSC11 system is required to implement a scanner head data transmitter and a
status data receiver, as part of the scanner head controller.

For the RTL design of the scanner head controller, state machines are used to
implement the scanner head protocol. The scanner head clock SENDCK has been
chosen to operate at 2 Mhz. This 2 Mhz frequency of the SENDCK clock en-
sures that every scanner head cycle, comprising of a 20 bit serial data transfer, is
achieved within 10 µs.

T =
(

1
2 Mhz

)
per bit · 20 bits = 10 µs (3.2)

where, "T" is the time taken for one scanner head cycle. The state machine for
the scanner head transfer is shown in figure 3.7. This state machine receives the
scanner head data (for directions X and Y) from the buffer in its input registers
and transfers them serially to the scanner head device according to the scanner
head protocol. The scanner head protocol needs the SYNC signal, CHANNEL sig-
nal (20 bits including parity, transmitted serially) and a reference clock SENDCK
at a frequency of 2 Mhz. The START state of the state machine 3.7 takes care
of the initialization of the output signals and reads the register containing the
scanner head data. The LOADSYNC state begins the transfer by lowering the
sync signal. The state machine then executes the state DATA until all the 19 bits
of the scanner head data (3 control bits and 16 data bits) have been read from
the input register and transferred serially. This is done for the scanner head X
and the scanner head Y. The parity bit, based on even parity generation, is then
generated in the PARITY state by performing ⊕ (XOR) operation on all the 19
bits.

Even parity = data(0) ⊕ data(1) ⊕ data(2) ⊕ .....data(18) (3.3)

This state machine is executed continuously and if no new scanner head data is
available from the buffer, then the state machine uses the old data and transfers
them continuously to the scanner heads using the scanner head protocol.

The state machine for the scanner head status read is shown in figure 3.8. This is
a slave state machine of the state machine 3.7. The scanner head device typically
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Figure 3.7. State Machine for Scanner Head Protocol Data Write

Figure 3.8. State Machine for Scanner Head Protocol Status Read
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sends back a status data for the previous data transmission using the same scanner
head protocol. This status data is required to be read back serially by this state
machine. This state machine receives the sync signal and the 2 Mhz clock from
the parent state machine. The INIT state of the state machine waits for the first
cycle of the scanner head protocol to complete (transmitted by the parent state
machine). Once this is done, then the state CHKSYNC waits for the sync signal
to go low again, following which the status data will be transferred to the LSC11
system by the scanner head device. The state SHIFT is executed continuously
until all the 20 input status bits (19 data and 1 parity) are read from the device.
This state SHIFT also internally calculates parity (even parity) for the first 19 bits
received serially and compares the parity value calculated with the actual parity
received in the 20th bit. If there is a discrepancy in the parity bits calculated and
received, then an error is signaled.

3.6 LSC11 Buffer and FIFO Design
The subsection 3.6.1 presents the specific needs for buffering the data in the LSC11
system. The subsection 3.6.2 then highlights the content, format and structure of
a record inside the LSC11 buffer. The RTL implementation used for reading the
buffer and transferring the records to their respective peripherals is presented in
the subsection 3.6.3. Finally, the subsection 3.6.4 shows an example scenario to
highlight the LSC11 system behaviour during the reading of the buffer records.

3.6.1 Design Considerations of the Buffer Used in the LSC11
System

Figure 3.9 shows the buffers used in the LSC11 system. Primarily, the LSC11
system requires two buffers for its operation. They are:

• Buffering the peripheral data - The PCI Express operates at a data rate of
200 MB per second. PCI Express is the medium though which the scanner
head data is sent from the Host CPU to the scanner head controller. The
LSC11 system requirements state the need for transmitting the scanner head
data from the Host CPU in a burst mode (maximum burst speed of 250 words
per 2.5 ms). On the other hand, every scanner head data received from
the PCI Express is processed by the scanner head controller only once in
every 10 µs. This is because, in the LSC11 system, every scanner head data
transmitted to the scanner head device requires 10 µs, as per the scanner
head protocol. Therefore, it is observed that the data is transmitted in burst
mode at a faster rate (200 MB per second or 2000 bytes per 10 µs ) and is
processed at a slower rate (10 µs). Thus, there is a need for buffering. This
is illustrated in the section (a) of figure 3.9.

• Buffering the scanner head status data - The scanner head device transmits
a status data once in every 10 µs. This is as per the scanner head protocol.
This status data is required to be transferred back to the Host CPU only
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Figure 3.9. Buffers Used in the LSC11 system, (a) Buffer for Peripherals, (b) Buffer
for the Status Data

once in every 100 µs (as per the requirement 7 from chapter 2). Thus, it is
observed that there is a need to store the status data, that is received every
10 µs, before which it can be transmitted to the Host CPU every 100 µs.
This is illustrated in the section (b) of figure 3.9.

Figure 3.10. Ring Buffer Control Signals

The implementation for buffering the peripheral data is discussed first. As ob-
served in figure 3.9, the buffer used for buffering the peripheral data is connected
directly with the register bus and therefore, the PCI Express. Any user logged into
the Host CPU can then access this buffer, as it is directly accessible to the user
through the PCI Express and the register bus interconnections. There is always a
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Figure 3.11. Minimum Buffer Size for the Ring Buffer

possibility of an erroneous data creeping in to the buffer from the Host CPU be-
cause of an user error. One particular example of this error is, when a user working
on the Host CPU, wrongly accesses the buffer and loads data into it. Such errors
are very unlikely to happen, but there does exist a possibility. The LSC11 system,
in this case, therefore requires a buffer which allows for more control signals to be
used for loading the data into the buffer. This buffer has been implemented in the
LSC11 system as a Ring Buffer. The signals for the operation of a Ring Buffer are
shown in figure 3.10. In the case of loading a Ring Buffer with data, the user needs
to set the address of the Ring Buffer, using the "write pointer", to the location
where the given record is required to be stored. In the case of reading a record
from the Ring Buffer, the user needs to explicitly specify the exact address of the
record in the Ring Buffer using the "read pointer" signal, after which the Ring
Buffer places the record data on the output data bus. A wishbone slave utility has
been implemented for this Ring Buffer to interface the same with the wishbone
bus. When the end-user executes the command for loading the Ring Buffer with
data, the wishbone slave attached to the Ring Buffer then decodes this command
and generates the necessary control signals for the Ring Buffer to load data into it.
Creating a wishbone slave utility for the Ring Buffer, therefore, involves devising
a state machine that will decode the data from the wishbone bus whenever the
address pertains to the Ring Buffer. The state machine will also contain the logic
to accept or transmit in burst mode for the data received from the wishbone bus.
A typical state machine for devising a wishbone slave is shown in the section A.2
of the Appendix A. The Ring Buffer is implemented as a multi-port memory (one
port for writing and another port for reading) using the Lattice ECP2M IP core.
The minimum size required for this Ring Buffer implementation is discussed next.

PCI Express with one lane, operates approximately at a data rate of 200 MB (200
· 106 · 8 bits) per second. The data bits are received serially and fed in parallel
mode to the LSC11 system. In the LSC11 system, every record stored in the Ring
Buffer is of the size 64 bits. The reason for the use of 64 bits as the record length
is discussed in the next subsection 3.6.2. For every transmission of a record (64
bits of data) through PCI Express, it requires a minimum time of 40 ns as shown
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in the following equation:

Tmin = 64
200 · 106 · 8

= 40 ns (3.4)

The maximum burst frequency to be employed in the LSC11 system is 250 records
per 2500 µs. In the worst case, the system can get 250 records continuously in
sequence. The minimum size of a buffer for the burst mode is given by the following
equation [42] [43]:

Buffermin−size = B - B · Fread

Fwrite
(3.5)

where, "B" is the burst length, Fread is the frequency of reading of the peripheral
data, and Fwrite is the frequency at which the data is sent by the PCI Express to
the buffer. To transmit 250 records of the word length 64 bits, with a write speed
of 40 ns per record, the total time taken is:

T250records = 40 ns · 250 = 10 µs (3.6)

The reading rate of the scanner head record is at one record per 10 µs. Using the
values of the write speed (40 ns) and the read speed (10 µs) in the equation 3.5,
the minimum buffer size is given by:

Buffermin−size = 250 - 250 · 40 ns
10 µs ≈ 250 (3.7)

Therefore, the minimum buffer size to implement without losing any data is 250.
This is illustrated in figure 3.11. The Ring Buffer in the LSC11 system has been
implemented in the FPGA by using Lattice ECP2M’s dedicated Block RAMs of
size 512 (more than the required size of 250) and word length 32 for the ease of
scalability of the design in the future.

Apart from buffering the peripherals data, the buffer for storing the scanner head
status data also needs to be implemented. As mentioned in the section 3.5, the
scanner head device is driven every 10 µs and, therefore, 10 status records are
expected to be received in 100 µs, all of which needs to be stored, before they can
be transferred to the Host CPU. The status data is received at a regular interval
of 10 µs without any burst transfer of data. Hence, to read all of the status data,
once in every 100 µs, and to transfer them to the Host CPU, the minimum size
required for this buffer is 10. This is illustrated in figure 3.13. The buffer to be
used for this purpose is to be connected, as shown in figure 3.9 and is not directly
accessible to the user through PCI Express. Therefore, there is no concern of any
user induced erroneous data getting into the buffer. This buffering logic has been
implemented in the LSC11 system as a simple FIFO, as the purpose here is only
to continuously accept an instance of status data every 10 µs (no bursts), retain
them in a buffer and then transmit them in sequence every 100 µs. The typical
control signals for a FIFO is shown in figure 3.12. A FIFO typically requires only
a "write enable" signal to load the data into the FIFO and a "read enable" signal
to read the first data that was loaded into the FIFO. The FIFO automatically
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performs the operations for shifting the data internally. When the "read enable"
signal is applied to the FIFO, then the FIFO shifts the earliest record available
onto the output data bus. The FIFO implemented is a standard Lattice ECP2M
FIFO IP core of the size 512 with the word length being 16. The word length of
16 is used here because the status data obtained from the scanner head device is
of the length 16 bits, as per the protocol. The size 512 (more than the required
minimum size of 10) used for the FIFO in this thesis is only for the purpose of
scalability of the design.

To summarize, for the purposes of buffering data in a multiple clock domain, a
Ring Buffer is used for storing data sent from Host CPU to the scanner head
peripheral and a FIFO is used for the reception of status data from the scanner
heads back to the Host CPU.

Figure 3.12. FIFO Control Signals

Figure 3.13. Minimum Buffer Size for the FIFO

3.6.2 Ring Buffer Record Structure and Contents
The Ring Buffer discussed in the subsection 3.6.1 is directly connected to the pe-
ripherals like Digital Outputs, PWM data, DAC data and Stop-Start Conditions,
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etc., as shown in figure 3.1. Therefore, there is a need to create a record structure
for the Ring Buffer so that a PWM record in the Ring Buffer is distinguished
from a scanner head record and so on. This is essential because the record for a
PWM, stored in the Ring Buffer, will contain data which is different than a scan-
ner head record. Secondly, when the Ring Buffer is read by the LSC11 system,
the record needs to get transferred to the right peripheral based on an accepted
rules for record demarcation. Therefore, this subsection presents the design of the
Ring Buffer record structure and the methodology used to distinguish a peripheral
record in the Ring Buffer with another peripheral record. This record structure
and methodology is to be strictly followed by the LSC11 user for loading data in
to the Ring Buffer, from the Host CPU.

A scanner head record typically requires 19 bits, i.e, 3 control bits and 16 data
bits for each scanner head in the x-axis and y-axis and, therefore, this (19 · 2) ex-
ceeds the 32-bit benchmark of the LSC11 register bus. Upon further analysis and
inspection, it is estimated that 64 bits of data can be allocated for every record
in the Ring Buffer. These 64 bits correspond to one instance/record of data to be
stored in the Ring Buffer. Since the register bus used in the system is at a 32-bit
level, two rows of 32-bit each in the Ring Buffer are required for storing every
record of data. Every 64-bit record [38] in the Ring Buffer is defined in two rows:
Row 0 and Row1, of 32 bits each. The fields of the various peripheral records,
stored in the Ring Buffer is shown in figure 3.5 [38]. The command section of
the record is used to identify the record type and distinguish the peripheral with
which the record is associated. These fields are further explained in the sections
3.8 to 3.9. The command section of the Ring Buffer record, comprising of bits 31
to 24 (Row0), is devised as shown in table 3.4.

Command (Bits 31 to 28) Record Destination
0 Scanner Head Data
1 DAC Data
2 Digital Outputs
3 PWM Data
4 Stop-Start Condition

Table 3.4. Record Identification by Command Bits

3.6.3 Implementation for Reading the Ring Buffer Records
The Ring Buffer is connected to the wishbone module as shown in figure 3.1.
In LSC11 system, there is no time slicing for feeding the Ring Buffer records to
the various connected peripherals. Instead, the Ring Buffer records are read in
sequence until a scanner head record is encountered. If a scanner head record is
read from the Ring Buffer, then the LSC11 system waits for the previous scanner
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Destination Row Number Record Bit Position Field
Scanner head Row 0 Bits 0 to 15 X-axis data
Scanner head Row 0 Bits 24 to 27 Control data
Scanner head Row 1 Bits 32 to 47 Y-axis data

PWM Row 0 Bits 0 to 7 Predivider
PWM Row 0 Bits 8 to 15 Resolution
PWM Row 0 Bits 24 to 27 Channel number
PWM Row 1 Bits 32 to 41 Duty cycle

Digital O/P Row 0 Bits 0 to 7 Delay
Digital O/P Row 0 Bit 8 New Digital Output
Digital O/P Row 0 Bits 24 to 27 Channel number
Stop-Start Row0 Bits 0 to 23 Negation vector / Position
Stop-Start Row1 Bits 32 to 55 Masking vector / Position
Stop-Start Row0 Bits 24 to 27 Condition

Table 3.5. Ring Buffer Record Demarcation

head transfer to culminate, which in the worst case scenario can take upto 10 µs.
Then, the current scanner head record is processed and the next Ring Buffer
Record is read and so on. If the Ring Buffer record read is a non scanner head
record like PWM record, Digital Outputs record, etc., then the LSC11 system
decodes the record, stores the record values in its internal registers and proceeds
to read the next Ring Buffer record. The data of the non scanner head records
stored in the internal registers are synchronized with their respective destination
peripheral registers during the next scanner head record transmission.

The functionality of reading the Ring Buffer is implemented in LSC11 using a
state machine. This state machine is shown in figure 3.14. This state machine is
designed to read the 64 bits of every LSC11 record from the Ring Buffer. The states
RD_WORD1 and RD_WORD2 perform this reading of a single LSC11 record by
transferring the necessary read enable signals to the Ring Buffer and fetching the
32 bits of data each. If the record read from the Ring Buffer is a scanner head
record, then the state machine checks whether any scanner head data is currently
being transferred or not. If yes, then the state machine waits for that transmission
to complete before it processes the scanner head data obtained from the buffer.
This activity is performed by the states WAIT_LOW and WAIT_HIGH, which
probes the SYNC signal of the scanner head protocol and determines the current
state of the scanner head data transmission. If the record read from the Ring Buffer
is not a scanner head record (Digital Outputs, PWM, Stop-Start condition, etc.),
then they are sent to their respective internal registers in the state INTERFACE,
although their processing happens only in the state START_PWM (after the next
scanner head data from the Ring Buffer is read and ready to be processed).
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Figure 3.14. State Machine for Ring Buffer Read

3.6.4 Example of the Chain of Events Happening with the
Buffer Read

A typical example of the chain of events happening with the Ring Buffer read
is illustrated in the table 3.6. It is to be noted that the transmission of scanner
head data is cyclic and continuous (data transferred every 10 µs) and if there is no
new scanner head data available in the buffer memory, then the last transferred
data will be re-transmitted continuously. It is seen from the table 3.6 that, the
Stop-Start condition is not immediately enforced after the Stop-Start Condition
record is read from the buffer. The Stop-Start condition is only enforced after the
next scanner head data in the Ring Buffer is transmitted.

3.7 PWM for Scanner Head Controller
The PWM [22] [23] [33] outputs generated in the LSC11 system are used for con-
trolling the output power supplied to the pump. The PWM module implemented
in the LSC11 system will generate the following repetitive rates as requested by
the customer:
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Action Step Buffer Read Enable Record Type Read
Buffer reset/Flush Enabled Buffer cleared
Read from Buffer Enabled Scanner head Data
wait for end of transfer Enabled -
Transfer Done Enabled -
Read from Buffer Enabled Scanner head Data
wait for end of transfer Enabled -
Transfer Done Enabled -
Read from Buffer Enabled Digital Outputs Record
Read from Buffer Enabled PWM Record
Read from Buffer Enabled Scanner head Data
wait for end of transfer Enabled -
Transfer Done Enabled -
Read from Buffer Enabled Digital Outputs Record
Read from Buffer Enabled Stop-Start Condition
Read from Buffer Enabled Scanner head Data
Deassert Buffer Read Disabled -
Waiting for required condition Disabled -
Stop-Start Condition matched Disabled -
Enable Buffer Read Enabled -
wait for end of transfer (if any) Enabled -
Transfer Done (if any) Enabled -
Read from Buffer Enabled Digital Outputs Record
Read from Buffer Enabled PWM Record
Read from Buffer Enabled Scanner head Data
wait for end of transfer Enabled -
———– ———— ———

Table 3.6. Chain of Events During the Read of Ring Buffer - An Example Scenario

• 4 MHz and 1 MHz

• 40 KHz, 20 KHz and 10 KHz

The PWM outputs in our design have been generated with a base 120 Mhz clock.
This clock has been further divided by a predivider.

The PWM repetition rate is determined by:

Frequency of Repetition = 120 Mhz
Predivider · Resolution (3.8)

The Resolution variable further divides the predivided clock and designates the
number of steps within one repetition of the predivided clock. In addition to this,
the duty cycle data further specifies how many steps the output signal is set, from
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Figure 3.15. RTL Design for PWM

the beginning of a new cycle. In this design, two variables such as "predivider"
and "resolution" are used for dividing the base clock of 120 Mhz instead of just a
single variable. This is because, the design can then hard-code the values for the
predivider variable and enable the end-user to divide the base clock of 120 Mhz
based on only a narrow range of values (given by the resolution variable).

Therefore, it is observed that 3 variables are used here (predivider, resolution and
duty cycle) for obtaining the PWM signal. The user supplies the values for each
of these variables along with the PWM command. The record structure and the
fields of a PWM record in the Ring Buffer have been shown already in table 3.5.

The design for the PWM controller is accomplished by the use of counters as
shown in figure 3.15. The design has two counter blocks for the division of the
base 120 Mhz clock by predivision and resolution values respectively. After this
division of the base clock, the output signal is fed to the duty cycle block, where
the signal’s duty cycle is varied based on the input value. The input values of
predivision, resolution and duty cycle are obtained directly from the Ring Buffer
when a PWM record is encountered and read from the buffer. 10 PWM outputs are
generated in this manner, each of which have their own configurable predivision,
resolution and duty cycle values. The 10 PWM outputs generated are fed to
the Digital Outputs block, where they are gated with Digital Output signals for
the purpose of inertia compensation. The design of the Digital Outputs and the
methodology used for inertia compensation are both discussed in the subsequent
chapter 3.8.

3.8 Digital Outputs with Delay for Inertia Com-
pensation

This design is for the requirement 2.3.9, which deals with the compensation of
scanner head inertia through Digital Outputs. The Digital Outputs described
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here are primarily used for powering the plotter pump device.

The LSC11 System has 18 Digital Outputs. 8 of them are to be used as a parallel
bus to control the pump’s power directly. The other 10 Digital Outputs (channel
9 downto 0) are each gated (logical "AND") with a PWM output. The new value
of each Digital Output has been designed with the functionality to be delayed by
a user configurable delay. This delayed Digital Output signal sent to the plotter
pump compensates for the inertia of the scanner heads. The user specifies this
delay in the multiples of 125 ns. 125 ns is the base delay value agreed upon by the
customer.

The complete structure of a Digital Output record has been already shown in ta-
ble 3.5. The bits 24 to 27 of the Digital Output record denote the channel of the
Digital Output. All of the 18 channels are delay-able. Therefore, each of the 18
channel has its own delay logic which can be configured by the user. The delay
logic used in our design will use a base clock of 120 Mhz and, therefore, the base
delay of 125 ns will consume 15 clock cycles at 120 Mhz.

The RTL design of the Digital Outputs is shown in figure 3.16. The user config-
urable delay block is implemented in RTL by the use of a digital counter operating
at 120 Mhz clock, with a step count of 15. Therefore, every count of the counter
provides a delay of 125 ns as shown in the following equation:

Period = 15 ·
(

1
120 Mhz

)
= 125 ns (3.9)

As per the customer requirement 5 from chapter 2, every Digital Output signal
must be synchronized with the next scanner head data transmission. To implement
this synchronization, the "start" signal of the delay counter as shown in figure 3.16
is enabled only when the next scanner head record is read from the Ring Buffer
and is about to be transferred.

3.9 Stop-Start Condition for the Scanner Head
Controller

The LSC11 system requirement 6 from chapter 2 mandates the use of a Stop-
Start Condition for stopping and resuming the 3D plotting. In essence, as per our
design, this translates into stopping the reading of new data from the Ring Buffer.
This is because, when the Ring Buffer is not read by the system, no new data
can be transferred to the scanner head device. It is to be noted that, as per the
requirement 6 from chapter 2, when the Stop-Start Condition record in the Ring
Buffer is processed, it is designed to not disable the Ring Buffer read immediately.
The system will wait until the next scanner head data is read from the buffer and
transferred and then the Stop-Start Condition will be activated and the buffer
read is disabled.
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Figure 3.16. RTL Design for Digital Outputs

Possible triggers for resuming the Ring Buffer read after the Stop-Start Condition
is enforced are:

• Digital Inputs - The LSC11 system has 14 Digital Inputs channels (pins).
The user may select a particular Digital Input (channel 0, channel 1, etc.)
to act as a trigger for resuming the Ring Buffer read. The user may also
select a particular matching pattern of bits, i.e, "0001", "01100", "111111",
etc., and then specify a group of Digital Inputs. Then, if the signal values
of the group of Digital Inputs selected match the specified pattern, the Ring
Buffer reading is enabled again.

• Objects position - A value is specified, which when matched by the current
object’s position received from the Quadrature Decoder, the Ring Buffer
reading is enabled again.

Therefore, each record of the Stop-Start Condition fetched from the Ring Buffer
is required to have one of the following triggers:
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Command Value Explanation Value Value
Bits 27 down to 24 Bits 55 down to 32 Bits 23 down to 0

0 Single Input Masking Negation
Vector Mi Vector Ni

1 Pattern Match Masking Negation
Vector Mi Vector Ni

2 Positional Count Position MSB Position LSB

Table 3.7. Stop-Start Condition’s Record Split-up

• A particular Digital Input signal from a specified channel.

• A matching pattern based on a group of Digital Inputs along with their
channel numbers.

• Expected position of the object, specified using an unsigned value, which
will be checked against the current object’s position.

In order to achieve this checking, the Stop-Start Condition record has been imple-
mented to contain the following fields: "Command", "Masking vector", "Negation
vector" and "Positional count". This is shown in the table 3.7. This table contains
the details for a Stop-Start Condition record which has been previously presented
in table 3.5. However, the table 3.7 further goes to show how the fields of a Stop-
Start Condition record can vary based on the type of the trigger chosen. If the
trigger chosen is based on Digital Inputs, then the Stop-Start Condition record
will contain the "Masking vector" and the "Negation" vector in the bit positions
32 to 55 and 0 to 23 respectively, however, if the trigger chosen is based on the
Object’s position, then the record will contain the positional value of the moving
object in the bit positions 32 to 55 and 0 to 23. The "Command" field of the
Stop-Start Condition record is used for selecting either a particular Digital Input,
or a group of Digital Inputs, or the object’s position, as the trigger for breaking
the Stop-Start Condition and resuming the Ring Buffer reading. The "Masking
vector" field of the record helps to choose either a single Digital Input based on a
logical "+" condition, or a group of Digital Inputs based on a logical "·" condition.
The purpose of the "Negation vector" field is to give the user, the flexibility to
negate the Digital Input before it is used for the Stop-Start condition checking.
When the "Command" field in the Stop-Start Condition record contains a value of
0, then the Stop-Start condition waits only on a particular Digital Input. When
the "Command" field contains a value of 1, then the Stop-Start condition waits on
a group of Digital Inputs, decided by the "Masking vector". When the "Command"
field contains a value of 2, then the Stop-Start condition waits only on a particu-
lar position of the object which will be continuously supplied by the Quadrature
Decoder into this block. In this thesis, boolean equations have been devised for
this selection logic and then they are implemented in RTL accordingly.
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In the table 3.7, Mi is the "Masking vector" for the Digital Inputs, Ni is the
Negation vector for the Digital Inputs, and Position field contains the value of the
object’s positional count. XNi is the Digital Input Xi (0 to 13 channels) after it
has been affected by a possible Negation vector Ni:

XNi = Xi ⊕Ni (3.10)

Using the "Masking vector", the logical "+" condition for selecting a particular
Digital Input channel as a trigger is given by the following equation:

C∨ = (M14 ·XN14) + (M13 ·XN13) + ....+ (M0 ·XN0) (3.11)

In the equation 3.11, a particular bit of the Masking vector, if set, enables the
corresponding Digital Input channel to be selected for the trigger condition. For
example, to use the Digital Input channel 14 as a trigger, only the bit 14 of the
Masking vector is set as active high and the rest of the Masking vector bits are
set as active low. This ensures that the equation C∨ returns an active high value
only if the Digital Input channel 14 has an active high value. Similarly, using the
same Masking vector, the logical "·" condition for pattern matching is determined
by the following equation:

C∧ = (M14 +XN14) · (M13 +XN13) · (M12 +XN12) · .... · (M0 +XN0) (3.12)

In the equation 3.12, the Masking vector bits are logically "+"ed with their corre-
sponding Digital Inputs. The motive behind the use of this equation is to set all
the bits of the Masking vector with a logical high value "1’, except those that are
connected to the selected Digital Inputs, for the purposes of pattern matching. For
example, if the pattern to be matched is "1111" (using the Digital Input channels
14 downto 11), then except for the Masking vector bits 14 downto 11 that are
set as active low, the rest of the Masking vector bits are to be set as active high.
This ensures that this equation C∧ returns an active high value, only if the Digital
Input channels 14 downto 11 have their corresponding values as active high. Now,
the "Command" field from the Stop-Start Condition record determines to choose
either the logical "+" or the logical "·" condition as shown in the following equation:

Cfinal = (C∨ · Cb0) + (C∧ · Cb0) (3.13)

where, Cb0 is the bit-25 of the Command value in the Stop-Start condition record,
and Cfinal is the trigger value based on Digital Inputs for resuming the Ring Buffer
reading. To illustrate the boolean equations with an example, in the case of a Stop-
Start condition with a particular Digital Input channel trigger, say channel 13, the
following steps are performed:

• Firstly, the user should input the value of the "Command" section of the
Stop-Start record as 1, to enable a particular Digital Input channel to be
used as a trigger value.

• The user should then input the "Matching vector" as "010000000000000"
(M14 to M0). This "Masking vector" has the value as 1 only in the bit
position 13 since the Digital Input channel 13 is to be used as the trigger.
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• The Cb0 bit then contains the value 1 as well, as it is extracted from the
"Command" section bit 25. Please refer the table 3.7 for the details on
"Command" section.

• Now, substituting the value of Cb0 as 1 in the equation 3.13, the resulting
equation is merely the C∨ equation 3.11 as shown:

Cfinal = (C∨ · 1) (3.14)

• Now, substituting the "Masking vector" value in the C∨ equation 3.11:

C∨ = (0 ·XN14) + (1 ·XN13) + (0 ·XN12) + ....(0 ·XN0) (3.15)

• After simplification, the equation becomes:

C∨ = (1 ·XN13) (3.16)

• Thus, whenever the Digital Input 13 attains the value 1 (after the Stop-Start
condition is set), then the value of C∨ becomes 1 and in turn the value of
Cfinal becomes 1, which can be used as a trigger for resuming the Ring
Buffer reading.

3.10 Controller Area Network Implementation
The Controller Area Network (CAN) [40] [19] [7] was developed by Bosch in 1985.
CAN network was adopted as an efficient solution to replace the interconnection of
electronic systems with point to point wiring. Dedicated and bulky wiring/inter-
connections between electronic devices were replaced with an high integrity serial
bus called CAN, as shown in figure 3.17. CAN was originally devised for electronic
systems in vehicles but was later widely adopted by other markets as well owing
to its efficiency and the reduced cost of interconnection.

The core logic of the CAN controller is available for free download from open-
cores.org in a stable verilog format. The necessary memory handling capabilities
for CAN had already been implemented already by Abaxor Engineering GmbH
and therefore the scope of work on CAN in this thesis is only to devise bus slaves
for Data Write and Read (single and burst mode) and also for internal register
read/write. The CAN controller needs to be interfaced to the LSC11 system with
proper addressing and control signals. Therefore the work done on CAN controllers
is summarized as:

• Allocation of addresses for the CAN peripherals and their registers.

• Devising Wishbone slaves for each of the CAN controller which interfaces
the peripherals with the Wishbone bus.
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Figure 3.17. Interconnection of systems with CAN

Allocation of addresses for the CAN peripherals has been already discussed in
the section 3.3. Creating a wishbone slave utility for the CAN peripheral involves
devising a state machine that will decode the data from the wishbone bus whenever
the address pertains to the CAN peripheral. The state machine will also contain
the logic to accept or transmit in burst mode for the data received from the
wishbone bus. A typical state machine for devising a wishbone slave is shown in
the section A.2 of the Appendix A. This state machine has been used for the CAN
peripherals. The register allocation for the CAN controller has been discussed
previously in the section 3.3.

3.11 Quadrature Decoder Implementation
The Quadrature Decoder module works on the quadrature pulses (pulses with
90 degrees phase shift) which are generated by the Quadrature Encoder module.
The Quadrature Decoder is connected to a Quadrature Encoder, as shown in
figure 3.18. The quadrature pulses are shown in figure 3.19. The Quadrature
Encoder design is not in the scope of this thesis. The quadrature pulses are used
for determining the movement or revolution of an axis of the object. Current
Quadrature Encoders available in the market can generate over 10,000 quadrature
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Figure 3.18. Quadrature Decoder and Quadrature Encoder Interconnection

Figure 3.19. Quadrature Pulses with Lag or Lead

pulses (A and B) per revolution at speeds of 5000 RPM (84 revolutions per second).
The frequency of the quadrature pulses generated by the Quadrature Encoder is
then given by the equation:

Fpulses = 10000 pulses · 84
(

revolutions
sec

)
= 0.08 Mhz (3.17)

where, Fpulses is the frequency of the quadrature pulses generated by the Quadra-
ture Encoder. In the first waveform of figure 3.19, pulse B leads pulse A. If this
is considered as reverse direction and if the pulses are counted, then it can be
deduced that the axis has moved by 6 steps. Similarly, when the pulse A leads
pulse B (second waveform in figure 3.19) and when the pulses are counted, then it
can be deduced that the axis has moved by 6 steps in the forward direction. The
direction is arbitrary and is decided by the user.

The RTL design of the Quadrature Decoder is shown in figure 3.20. The design
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Figure 3.20. Quadrature Decoder Design Blocks

of the Quadrature Decoder comprises of two blocks: controller and counter. The
controller and the counter blocks operate at a frequency of 125 Mhz (system clock).
Since the RTL design for these blocks operate at a clock frequency of 125 Mhz, the
low frequency input quadrature pulses (0.8 to 1 Mhz) are sampled accurately. The
controller block contains a simple state machine which changes state according to
the logic levels of the input quadrature pulses, i.e, "00","01","10" and "11" logic
levels of the input pulses A and B. This controller block triggers the counter block
with information on the direction of count after every step of the axis is detected.
Based on the signals from the controller, the counter block counts the movement of
the axis in the positive or negative direction (adds or subtracts). The final output
from the counter block is designed as 48 bits wide and is fed into the Stop-Start
Condition block as per the design. The size "48" bits (unsigned type) gives enough
headroom to count large values. This is particularly important if every step of the
axis corresponds to only a small minuscule movement of the object and therefore
it pays to have a large counter to track the complete end-to-end movement of the
object. The highest step count achieved by this Quadrature Decoder is 247 − 1.
This is equivalent to 14 · 109 revolutions approximately for a Quadrature Encoder
operating at 500 RPM and generating 10,000 pulses per revolution.

3.12 DAC and ADC Implementation
The subsection 3.12.1 presents the SPI interface which is used for communica-
tion with both the DAC and the ADC. The subsection 3.12.2 then discusses the
implementation of the DAC controller used in the LSC11 system and the subsec-
tion 3.12.3 discusses the implementation of the ADC controller used in the LSC11
system.

3.12.1 The SPI Interface for DAC and ADC
The SPI interface [41], developed by Motorola, simplifies the communication be-
tween any two digital devices and is the popular standard followed in the industry
for communication with the peripheral chips. In this thesis, the SPI interface has
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Figure 3.21. SPI Interface

been used for communicating with the devices like ADC and DAC, i.e, for writ-
ing and reading data into them. The SPI interface is shown in figure 3.21. The
SPI interface between two devices typically requires one device to act as a master
device and the other one as a slave. The important signals of this interface are:

• SCLK - This clock synchronizes all the SPI signals and is sent from the
master SPI peripheral to the slave SPI peripheral.

• MOSI - This signal is "Master Out Slave In" and is sent by the master to
the slave peripheral.

• MISO - This signal is "Master In Slave Out" and is sent by the slave to the
master peripheral.

• CS - This is the chip select signal and selects the slave peripheral for write
and read operations.

In the SPI interface, the master device initiates all the operations. The master
device first selects the slave device and activates the clock signal SCLK (SCLK
shared between master and slave). Then, the master device transfers data through
the MOSI line while it samples the MISO line originating from the slave. The clock
edge for the MOSI transfer and the MISO line sampling is agreed upon by both
the master and the slave devices.

The state machine for a SPI master write transfer is shown in figure 3.22. This
state machine is required to be invoked by a controller to transfer data to a slave
device (like ADC or DAC), using the SPI interface. The state machine does this
work with the states as shown in figure 3.22. First, the state machine is in the
INIT state and then when the controller calls this state machine utility with the
data to be transferred, then the state machine transitions to the state START
and pulls the "busy" signal high. The controller now is able to understand that
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the SPI protocol is in operation and then it waits for the "busy" signal to attain
low value. The state COUNT generates the desired number of SCLKS (as per the
instruction manual of the slave device) and transfers the controller data serially
in synchronization with the SCLK. When the number of SCLKs have reached the
maximum value, i.e, the data has been completely transferred by the COUNT
state, then the state machine transitions to the INIT state again, pulls the "busy"
signal low and waits for an initiation from the controller again.

The state machine for the SPI reading of the slave device is very similar to the

Figure 3.22. SPI Master Write State Machine

one shown in figure 3.22. However, the only difference is that, this SPI read state
machine does not generate its own SCLK clock and gets it from the SPI write
state machine. The SPI read state machine then accepts the serial input data and
shifts them in synchronization with the SCLK clock. The SPI read state machine
is shown in figure 3.23. The SPI read state machine operates at the 125 Mhz
system clock and samples the SCLK clock received as an input from the SPI write
state machine. The SCLK clock is usually slower than the 125 Mhz system clock
and varies between 25 Mhz to 40 Mhz for most of the ADC and DAC devices
available in the market. In this SPI read state machine, the states SCLK_LOW
and SCLK_HIGH have been used to correctly sample the edges of the SCLK clock
and read the input data, received at every SCLK clock edge (usually falling edge,
but varies upon the device used).
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Figure 3.23. SPI Master Read State Machine

3.12.2 DAC Implementation
As per the requirement 4 from chapter 2 (for generating analog signals to control
the plotter pump), it is necessary to interface a double channel DAC with the
LSC11 system unit. The DAC chosen for our thesis is AD5752 [10], manufactured
by Analog devices. AD5752 is a SPI compatible, serial, dual channel 16-bit DAC
and has a software programmable output range (in Volts) of:

+ 5V,±5V,+10V,±10V,±10.8V and + 10V (3.18)

The input data is fed into the DAC serially. The output range used in our thesis
is +10V . The scope of handling the DAC in our thesis is limited to implementing
state machines (state machines for the DAC controller and the DAC SPI interface)
in FPGA. These state machines are used for configuring the DAC registers and, for
writing digital values into the DAC for their respective analog inter-conversions.
The timing diagrams of the DAC are available from the DAC manual in the ven-
dor website. The DAC controller implemented communicates with the DAC chip
through the SPI interface. The SPI interface has been already discussed in the
section 3.12.1. The task of placing the DAC on the printed circuit board and
connecting the FPGA pins to the DAC is handled by another thesis student at
Abaxor Engineering and is out of the purview of this document.

The pin configuration of the DAC 5752 is shown in figure 3.24. The primary
signals to operate this DAC from the LSC11 system unit are:

• SCLK - This is the input serial clock of the DAC for synchronizing any
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transfer of data into the DAC. The SCLK clock frequency in this thesis is
chosen as 25 Mhz, obtained by clock division of the 125 Mhz system clock.
The maximum clock frequency acceptable by the DAC, for SCLK signal, is
30 Mhz [10]. Therefore, SCLK frequency has been chosen as 25 Mhz and
agreed by the customer. This pin is SPI specific.

• SDIN - This is the serial data input (Digital data or the configuration data,
fed to the DAC serially). Data must be valid on the falling edge of the SCLK
as stated in the manual [10].

• SYNC - This is an active low input. The input serial data is shifted serially
during the write-cycle when the SYNC is low (on the falling edge of SCLK).
When the SYNC changes state from low to high, then the input data is au-
tomatically transferred from the shift register to the addressed input register
of the DAC.

• LDAC - Load DAC, Logic Input. This signal updates the analog outputs.
This pin is to be kept low throughout the write-cycle (when SYNC is low).
After the SYNC goes high, then the input data is latched into the correspond-
ing input register as discussed below, however the output update happens
only on the falling edge of LDAC.

• VOUT1 and VOUT2 - Analog outputs of Channel 1 and Channel 2.

The timing diagram of the DAC is available from the vendor manual [10]. As per
the timing diagram, any write cycle of the DAC (configuration register write or
writing the digital data to be converted) is initiated by pulling the corresponding
SYNC line low and then the input data is shifted one by one into the DAC’s input
registers during every falling edge of the SCLK. Once the write cycle is completed,
then the LDAC line is held low and the outputs are updated on the falling edge
of the LDAC signal. The VOUT signals from the timing diagram (vendor manual
AD5752) are the analog outputs generated by the DAC for both the channels.
Figure 3.24 has been referred from [10]

The register structure of the DAC is also available from the vendor manual [10].
Any write to the DAC registers will require the same number of bits (24 bits) to be
transferred. The only difference then is choosing the REG2 to REG0 bit position
for addressing the right register and bit position A2 to A0 for the right channel.

The state machine for handling the DAC is shown in figure 3.25. There are
primarily two operations done on the DAC from the state machine. They are:

• Writing to the configuration register to set the output range at +10V

• Writing the digital data (that needs to be converted) to the DAC output
register and choosing the right channel. The analog output will change
accordingly after the writing is done and the LDAC pin goes from high to
low transition.
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Figure 3.24. DAC 5752 - Chip Pins

Figure 3.25. AD5752 - DAC State Machine
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The state machine contains many wait states because any data sent to the DAC
is transferred through the SPI interface and therefore the state machine needs to
wait for the SPI interface to complete its task, after which it may move to the next
state. The SPI interface and its implementation has been discussed in the section
3.12.1. The state machine sets the configuration data, pulls the SYNC signal low
and starts the SPI interface. This is performed in the state INIT. When the SPI
interface has completed the transfer of the configuration data to the DAC, then
the state machine pulls the SYNC signal high. The states INTERVAL_1 and
INTERVAL_2 implement the obligatory idle cycles between every write cycle to
the DAC, as per the timing diagram in the DAC manual. The digital data to be
converted is transferred to the DAC by pulling the SYNC signal low and starting
the SPI interface again. This is done in the state DATA_WR. Finally, after the
SPI transfers the digital data (to be converted) to the DAC registers, then the
state machine pulls the LDAC pin low in the state LDAC and this generates the
analog outputs at the output pins VOUT1 and VOUT2.

3.12.3 ADC Implementation
The requirement 8 from chapter 2 mandates the use of a two channel ADC, for
generic purposes, in the LSC11 system unit. The ADC chosen for our thesis is
ADS7230 [11], from Texas Instruments. ADC ADS7230 is a SPI compatible, 12
bit, serial interface, low power and dual channel ADC. The input reference voltage
used for ADC in our thesis is 2.5 Volts. The ADC output value corresponding to
this is hexadecimal value "FFF".

As with the DAC implementation, the scope of work on ADC in this thesis is
limited to implementing state machines, i.e, the state machine for the ADC con-
troller and the state machine for SPI ADC interface, in order to write and read
the data from the ADC. The state machine is implemented by analyzing the tim-
ing diagram of the ADC available in the vendor manuals. Placing the ADC on
the printed circuit board and connecting the FPGA pins to the ADC is not in
the scope of this thesis and is implemented by another thesis student at Abaxor
Engineering. The pin configuration of the ADC is shown in figure 3.26. Figure
3.26 has been referred from [11]. The primary signals to operate this ADC from
the LSC11 system unit are as:

• SCLK - This is the serial clock input to the ADC. This signal synchronizes
any data transferred to and from the ADC. The SCLK frequency is chosen
as 25 Mhz (ADC requires a SCLK clock frequency between 0.5 Mhz and
40 Mhz). The frequency of 25 Mhz is derived by clock division of the 125 Mhz
master clock. The ADC values are required to be read only once in every
100 µs and therefore this 25 Mhz (40 ns) SCLK frequency is sufficient for
our ADC operation. The SCLK is SPI specific pin.

• SDI - This is serial data input to the ADC. Data must be valid on the falling
edge of SCLK. Any configuration data is transferred using this pin into the
ADC.
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Figure 3.26. ADS7230 - Chip Pins

• SDO - This is the serial data output of the ADC. ADC generates 12-bit serial
output data (This is the digital data converted by the ADC from its analog
input signal) which is shifted into the FPGA and is valid on every falling
edge of the SCLK.

• CONVST - This is an active low input signal. This stops the sampling
operation and puts the ADC into the conversion mode.

• EOC - This is the output pin signifying end of conversion. This pin is low as
long as the conversion is in progress. After the conversion is complete, this
pin goes high.

• CS - Input chip select pin.

• IN0/1 - Non inverting ADC channel serial inputs.

The timing diagram of the ADC is available from the vendor manual [11].
According to the timing diagram, the conversion cycle of the ADC is triggered by
pulling the CONVST pin low for atleast 40 ns to initiate the conversion. The EOC
pin is pulled low by the ADC to signal the end of conversion. Then, the LSC11
system is required to transmit 12 SCLK clocks to read the 12 bit converted analog
data from the ADC. There are primarily two operations done on the ADC from
the state machine perspective. They are:

• Write to the configuration register to set the right configuration mode.

• Trigger the conversion with CONVST pin and wait for the end of conversion
(EOC pin high status). After this, the output data is shifted out serially by
applying the SCLK clock and enabling the chip select (CS) pin. This is done
for both the channels.
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Figure 3.27. ADS7230 - ADC State Machine

The state machine for the ADC controller is shown in figure 3.27. The state
machine implements the ADC write and read functionality based on the timing
specifications from the vendor manual [11]. In the first step, the state machine
resets the ADC chip and configures the ADC registers so that the ADC begins the
conversion manually (only based on the CONVST pin) and also does not select the
output channel automatically. This activity is performed in the states RST_ADC
and CONF_ADC. Once the ADC configuration is done, then the channel 0 of the
ADC is selected for conversion in the state CHNL0_SEL. Before the conversion is
started, the state machine waits for the tick of the ADC sampling frequency clock
in the state CLK_TICK (the sampling frequency of the ADC is set by the user).
When the converted data from the channel 0 is read in the state CHNL0_RD,
simultaneously the ADC is set to use channel 1 for the next conversion cycle. This
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is made possible by the simultaneous use of the SDO and the SDI pin. SDI pin
receives the serial ADC converted data and the SDO pin transmits the serial ADC
configuration data using the SCLK clock. Then, when the channel 1 converted
data is read by the state machine in the state CHNL1_RD, it simultaneously
selects the channel 0 for the next conversion cycle and loops back to the state
CLK_TICK and this process repeats continuously. The state machine contains
many wait states because every data sent/received from the ADC is through the
SPI interface and therefore the state machine needs to wait for the SPI interface
to complete its task, after which it may move to the next state.

3.13 Efficient Inputs Read-back Implementation
In this thesis, for the requirement 2.3.6, an efficient methodology is implemented to
read all the environment data, once in every 100 µs and transfer them to the Host
CPU’s memory directly using PCI Express interface, but bypassing the wishbone
register bus. Therefore, every field data collected continuously from the various
peripherals like scanner head, CAN, ADC, Digital Inputs, etc., are fed back di-
rectly to the Host CPU memory using this methodology termed as "Process Image"
write-back. "Process Image" (abbreviated as PI in the subsequent chapters and
figures) is a terminology used in this thesis to denote the image of a peripheral
at a given instant, which will be continuously fed back to the Host CPU’s mem-
ory directly (bypassing the wishbone register bus). This is shown in figure 3.28
where the FPGA unit gathers (accumulates) the environment data and sends it
to the Host CPU memory directly. The distinction between the block diagrams
of the LSC11 system shown in figure 3.28 and the one shown previously in figure
2.1 is highlighted by the return path of the data (as shown by the red arrow in
figure 3.28) which replaces the traditional return path via wishbone register bus
(as shown by the white arrow in figure 2.1). Therefore, with this Process Image
methodology, the wishbone bus is completely bypassed for transferring data from
the LSC11 FPGA unit to the Host CPU.

The main control flow, as shown in figure 3.29, summarizes the two way com-
munication between the Host CPU and the environment via PCI Express. The
nomenclatures used for the communication shown in this main control flow are:

• Write BAR1 - Communication from the Host CPU to the field and

• Process Image Write - Communication from the field to the Host CPU.

where, "BAR" stands for Base Address Registers of the PCI Express device. The
data stored by the Process Image methodology into the Host CPU memory can
then be extracted by a device driver at the kernel space. This Process Image im-
plementation ensures that the system bus and the wishbone register bus are always
available for writing data into the scanner heads and are not waiting on cyclic data
reads, which is very critical for the LSC11 system. Secondly, this solution also en-
sures that the user does not have to issue commands from the Host CPU to read
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Figure 3.28. Block diagram of the LSC11 system based on the Process Image proposal

the peripheral data. Although this Process Image has been implemented to fulfil a
customer requirement, estimates (based on theoretical measurement of the worst
case time taken for reading the data of all the peripherals using the traditional
wishbone route) suggest that this will reduce around 15-25% of register bus traffic
in the system.

As stated before, Process Image is the term used in LSC11 terminology for de-
scribing the state of the peripheral at any instant. Every peripheral in LSC11
system has certain field values which distinguish them uniquely. A Process Image
of such a peripheral would encompass all of this important identification fields
along with its relevant associated data. This method of including every periph-
eral’s important identification fields, is achieved in this thesis by the use of a data
structure called the Process Image header. Figure 3.30 shows a typical Process
Image header which is constant for all the peripherals used in the LSC11 system.
The Process Image data of each peripheral in the LSC11 system will have the
constant header as shown in figure 3.30 and followed by some peripheral specific
data. As an example, the Process Image of scanner head peripheral is shown (fig-
ure 3.30), which consists of the generic header followed by the peripheral specific
data. In this example, the peripheral specific data is the status data of the scanner
head that needs to be sent back to the Host CPU. The terms used in figure 3.30
are discussed as:

• SEQ_NR - This is the sequence number of the Process Image transferred
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Figure 3.29. Main Control Flow of the LSC11 system

(for identification purposes).

• IF_ENA - Interface Enable - This bit is high for a peripheral when there is
valid data available during the current transmission.

• IF_NR - Interface Number - The interface to which this Process Image
belongs.

• NEXT_IF - Next Interface - Number of data rows transmitted for the cur-
rent interface.

The implementation strategy for the Process Image methodology is to collect the
data from the peripherals, one by one in a daisy chain manner [35] [36], accumulate
them and serially feed them back into the Host CPU’s memory, every 100 µs. The
Process Image data of one peripheral is passed onto the next peripheral in a daisy
chain manner and then the final Process Image data contains the cumulative infor-
mation on all peripherals, with identification numbers to distinguish them. This
accumulated Process Image data is then transferred serially to the Host CPU’s
memory. This strategy, using the daisy chain accumulation, ensures that there is
only one memory write for all the peripherals during the transfer of the Process
Image data to the Host CPU’s memory, every 100 µs. Therefore, RTL blocks are
required to implement this daisy chain transfer and accumulation of the Process
Image data from every peripheral.
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Figure 3.30. Process Image Header for the Scanner Head Peripheral

The RTL implementation for the Process Image is shown in figure 3.31. The main
RTL components for the Process Image implementation are:

• PI controller - This block is directly connected to the peripheral device and
continuously receives the data from the same and transfers the data back to
the PI forwarder block.

• PI forwarder - This block transfers the data obtained from its PI controller
to the next PI forwarder block in the sequence, in a daisy chain manner. The
PI forwarder block of one peripheral is connected to the PI forwarder block
of the next peripheral in a daisy chain manner. This PI forwarder block,
basically, accumulates its own data with the data received from the previous
PI forwarder block and transfers them to the next PI forwarder block in the
sequence.

The PI controllers (shown as PI CTRL block in figure 3.31) are connected to their
respective peripheral devices and continuously receive the data from them. The
PI controllers are also connected to the PI forwarders and the wishbone bus. The
interfacing with a wishbone bus enables the user to set configuration values such
as sampling frequency, which is used by the PI controllers to sample the data from
the peripherals. To cite an example, in the case of an ADC, the PI controller gets
the ADC values directly from the registers of the ADC module (ADC state ma-
chine described in 3.27) based on a sampling frequency set by the user through the
wishbone bus. The typical input signals for the PI controller from their respective
peripheral devices are the data registers (16 bit), number of data words sent, input
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Figure 3.31. Process Image RTL Implementation

signal notifying new data available, interface number, etc. The PI Controller RTL
block is implemented in the FPGA as a state machine, to read the inputs from the
peripheral registers, once in every 100 µs, generate the data structure as shown
in figure 3.30 and transfer them to the PI forwarder block. There is a possibility
that, there could be no new data available to be read by the PI controller from its
peripheral once in every 100 µs. It is for this reason, that the design of the data
structure prepared by the PI controller has the field IF_ENA (please refer figure
3.30) which indicates whether the data prepared by the PI controller and sent to
the PI forwarder is valid or not. The number of input data registers read by the PI
controller varies depending on the peripheral. For example, in the case of scanner
heads, the PI controller is required to read 10 status values (10 · 16 bit words) and
in the case of quadrature decoder peripheral, the PI controller is required to read
3 data registers of 16 bits (48 bit count). This is the reason, the PI controller gets
the number of data words to be read, as an input from the peripheral.

The RTL implementation of the PI forwarder implements a state machine to ob-
tain the data from its PI controller (in the format as shown in figure 3.30) and to
send the received data in a daisy chain manner to the next PI forwarder as shown
in figure 3.31. The state machine of the PI forwarder also prepares the data (accu-
mulation of data obtained from the other forwarders) in the format as required by
the Transmit TLP interface [3] of the PCI Express. The Transmit TLP interface
of the PCI Express is the mechanism by which the Process Image data (from the
PI forwarder) finally reaches the Host CPU through the PCI Express wiring. The
details of this interface is documented in the section A.1 of the Appendix A. On
every 100 µs clock tick, the PI forwarder requests the new data from the PI con-
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troller when it receives the iprep signal. Then, the PI forwarder forwards the iprep

signal to the next PI forwarder. Also, the PI forwarder sends the amount of data
words it has received from its PI controller, i.e, the value obtained from the ifnos

signal, to the next PI forwarder (in the chain) using the onos signal. This onos

signal is implemented in the design as an unsigned array that can store the total
number of the data words received by the PI forwarder from its corresponding
PI controller. This process goes on for the other PI forwarders. Finally, the last
PI forwarder in the chain sends the onos signal, which contains the value of the
total number of data words required to be transferred for all the peripherals in the
current Process Image cycle. This is shown in the following equations:

onos(N) =
N∑

j=1
ifnos(j)

(3.19)

onos(N) = onos(N - 1) + ifnos(N)
(3.20)

The equation 3.20 is derived from 3.19. In the equations, "N" is the total number of
peripherals in the LSC11 system, i.e, 5, and "onos(N)" is the signal at the output of
the Digital Input PI forwarder block, which contains the value of the total number
of words required to be transferred for all of the peripherals during the current
Process Image write cycle.

Once the total number of words to be transferred to the Host CPU (signal "onos(N)"
from the equation 3.19 is known), then the shifting of the data words from one
PI forwarder to the next PI forwarder happens in a daisy chain manner. The
data is shifted out through the signal daisydat. This shifting happens until the
total number of words to be shifted, given by the equation 3.19 is satisfied. The
daisydat signal is implemented in this design as a bit-vector signal to hold the
Process Image data words.

3.14 LSC11 Top Level Controller Implementation
As per the implicit requirement 2.3.7, a top level controller is required to be
designed. The top level controller designed in the LSC11 system contains config-
uration registers like the Host CPU memory address for the Process Image data
collection, Process Image clock cycle, version registers, etc., which are updated
through BAR0 write. As discussed in the section 1.4, PCI Express has been con-
figured with two Base Address Registers BAR1 and BAR0. BAR0 write in the
LSC11 system is primarily used for writing data into the LSC11 configuration reg-
isters. The structure of the top level controller’s configuration registers (for BAR0
write) is shown in figure 3.32. The register details are discussed as:

• The control register CNTR_REG contains the SAMPLING_PER field which
indicates the Process Image clock cycle’s time period. In LSC11 this is
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Figure 3.32. Top Level Controller’s BAR0 Register Structure

100 µs, i.e, a clock tick to be generated every 100 µs. The INT_DURATION
field contains the delay in micro seconds between the Process Image clock
and the actual interrupt clock. This delay is required because it is essen-
tial to not trigger the interrupt until all the Process Image data has been
collected into the Host CPU’s memory, after which the memory contents
would be processed by the device driver. This is the reason behind the
INT_DURATION delay. Once this delay is satisfied, then the interrupt fol-
lows ( MSI ), which would be picked up by the device driver and the Process
Image data would be retrieved and analysed there. The INT_ENABLE and
TRANSFER_ENABLE bits are used to stop the Process Image write-back
when the need arises.

• PIWRITE0 and PIWRITE1 are the pointers to the Host CPU’s memory
locations where the Process Image would be finally stored. These are set by
the device driver when the driver is initialized and should not be changed
arbitrarily by the user.

• Versions registers are used to indicate the version of the software and the
hardware used. This can be changed by the user at will.

The top level controller is directly connected to the PCI Express. PCI Ex-
press transaction layer (Abaxor Engineering module, please refer section 2.5) pro-
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vides the input signals to the top level controller like bar0_enable, bar0_write,
bar0_address, bar0_data, etc., whenever the user issues a BAR0 command from
the Host CPU. The thesis owner’s responsibility in this design is to devise the
necessary registers in the FPGA as shown in figure 3.32 and update the registers
according to the BAR0 address (bar0_address) and the BAR0 data (bar0_data)
obtained from the PCI Express transcation layer. The thesis owner also generates
the clock ticks for the 100 µs interval and the MSI interrupts as part of this top
level controller using a simple RTL state machine.

3.15 Device Driver Implementation
As per the requirement 2.3.3, the device drivers for communicating with the PCI
Express slot and a user level application have been implemented in this thesis.
The device driver is a kernel level code (Operating system internals), whereas the
user application is written in a higher level language. Therefore, the implemen-
tation challenge is to transfer data, back and forth between the two levels. The
linux PCI Express device driver [16] implemented in this thesis has the following
functionality:

• BAR1 Write (Base Address 1 Write), i.e, write to the register bus accessing
the registers of peripherals.

• Base Address 1 Read, i.e, read from the register bus accessing the registers
of peripherals (if required by the user). This is not a cyclic ’Read’ on the
bus.

• BAR0 Write (Base Address 0 Write), i.e, write to the configuration registers
of LSC11.

• Base Address 0 Read, i.e, read from the configuration registers of LSC11.
This is not a cyclic ’Read’ on the bus.

• Store the Process Image data to the Host CPU Memory and thereby making
the memory available to the user level application programs.

• Enable PCI Express MSI. Implement an interrupt service routine to handle
the storage of the Process Image data and transfer the data from the Host
CPU’s memory back to the user level application.

The device driver code creates the memory chunks (using the regular memory
management commands like mmap, etc.) and enables the Process Image to write
the data into this memory once in every 100 µs. However, this memory content
must be made available to the user level application program which is using this
driver to communicate with the LSC11 FPGA unit. There are two common ways
to do this:

• Using (IOCTL) system calls [12] [13] to move blocks of data from the kernel
mode to the user mode and vice versa. This is shown in the listing 3.1. The



68 Design of the LSC11 System Unit

system call "copy_to_user" sends the data from the kernel level to the user
level using a pointer to the data structure. The command "copy_from_user"
does the vice-versa and copies the data from the user level to the kernel level.
The usage of IOCTL system calls is not efficient, especially for moving large
chunks of data. Furthermore, it is a slow process.

Listing 3.1. IOCTL System Calls to Copy Data from User Level to Kernel Level

unsigned long copy_to_user ( void __user ∗ to ,
const void ∗ from , unsigned long count ) ;

unsigned long __copy_from_user ( void ∗ to ,
const void __user ∗ from , unsigned long n ) ;

• Shared memories [14] [15] can be used to move data from kernel space to user
space and vice-versa. The command to create a shared memory using RTAI
libraries is shown in the listing 3.2. This command "rt_shm_alloc" allocates
a chunk of memory to be shared within the kernel module or between the
kernel modules and the user level processes.

Listing 3.2. Shared Memory System Calls

void ∗ rt_shm_alloc ( unsigned long name , i n t s i z e ,
i n t suprt )

In our thesis, two design decisions have been taking for the device driver imple-
mentation. They are:

• Updating the BAR0 registers directly by the device driver during the driver
initialization - This ensures that the system does not crash because of any
potential errors in the mandatory configuration data prepared by the user.

• Using shared memories to transfer the Process Image data from the kernel
level to the user level.

A simple user level application has been implemented in this thesis, which inter-
acts with the device driver and accesses the FPGA device through PCI Express.
This user level application is called "AbaPciTest". This user level application has
been equipped with all of the BAR0 read, BAR0 write, BAR1 read, BAR1 write
functionality (the driver implements these functionalities while the user level appli-
cation calls them using a wrapper code and diplays the output data on the console)
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and the Process Image read functionality. The application takes user level data
by parsing an input command file. There is also provision in the application to
continuously execute a given input command file until the underlying linux pro-
cess is killed manually by CTRL +C. This user level application is implemented
with the intention to demonstrate the working of our LSC11 System unit. The
"AbaPciTest" application (user level) interacts with the device driver (kernel level)
through the system call shown in the listing 3.3.

Listing 3.3. The IOCTL System Call

i n t i o c t l ( i n t fd , unsigned long cmd , l i s t o f arguments ) ;

The LSC11 user application is implemented in the language ’C’. The user appli-
cation receives the commands and the associated data (commands such as BAR1
read, BAR0 read, BAR1 write, BAR0 write, Process Image read, etc.) from a
command file. This command file (the name of the file) is passed as an argument
to the user application. The user application is invoked by executing the shell
command shown in the listing 3.4.

Listing 3.4. AbaPciTest Execution on Debian Linux

AbaPciTest −f commandfile

3.16 LSC11 Design Implementation - Difficulties
and Challenges

The difficulties and challenges faced in the design of the LSC11 system are ex-
plained in the subsequent subsections. The challenges and difficulties mentioned
here are apart from the various issues that are related to the implementation of
the different modules, as discussed in the previous sections.

3.16.1 Simulation Model of the System with PCI Express
Setting up the simulation model of PCI Express involved compiling and integrating
libraries from various vendors on CentOS version 6.0 operating system. This was,
as expected, an arduous task and consumed about 30% of the total thesis time.
The initial estimated time to complete this task was 1 month, however owing to the
lack of compatibility of the libraries with latest version of Aldec HDL tool used, this
task of setting up a simulation model continued for almost 2 months. The delay
was also attributed to the fact that Trellisys organization had changed its interfaces
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in the libraries that they provided and hence there was some considerable time
spent on understanding and using the new interfaces for simulation. PCI Express
specifications are behemoth in nature and hence debugging the issues involves time
and patience. Once the simulation model was set-up along with the register bus
utility, then interfacing each individual peripheral module and accessing the same
through PCI Express became simpler.

3.16.2 Interfacing the Wishbone Master with the PCI Ex-
press

This task involved understanding the nitty gritty details of PCI Express signals
and took time to accomplish. The wishbone master utility, as mentioned before
in the report, was not custom developed and was primarily a vendor library code.
However, it had to be modified to suit the interfacing with PCI Express and that
involved a lot of debugging.

The vendor library was also modified (pipelined) for the reasons of setup/hold
time violations during the synthesis.

3.16.3 Synchronization of Data
The LSC11 design has several clock domains of 125 Mhz, 120 Mhz and 2 Mhz for
the PCI Express, PWM and scanner head protocol respectively. Data transmitted
from a source clock domain is asynchronous to a receiver clock domain and this
causes metastability issues in the system. The LSC11 design included the relevant
synchronization buffers [30] to avoid metastability issues in the system due to the
data crossing between these clock domains, as explained in the section 3.4.

3.16.4 LSC11 Process Image and Driver Development
Implementation of the LSC11 system also demanded the setting up of Linux PCI
Express device drivers on Debian Linux. This was a grey area and a lot of study
was done on this. There was a considerable amount of time spent on the driver
development to ensure that the driver correctly interacts with the hardware.

A lot of debugging had to be done and finally the connection could be established
with the hardware through our device drivers. Decision was taken to include the
write to the BAR1 configurations registers, i.e, creating the memory for the Pro-
cess Image, etc., as part of the driver initialization itself because it ensured correct
setting up of the configuration values, which could otherwise potentially crash the
operating system.

Designing an end-to-end Process Image solution was a challenge by itself. This
was accomplished after a lot of deliberations, by the use of shared memories at the
driver side and the Transmit TLP interface at the PCI Express side. There had
to be absolute synchronization when the data is picked up from each peripheral
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and transmitted in a daisy-chain manner to the Host CPU Memory. There were
particular issues with the Process Image read-back of scanner head device. There
were instances of FIFO (used for scanner head status data accumulation) getting
empty/under-read and duplicate values written due to corner case scenarios. To
avoid such discrepancies, the FIFO has been designed to be read only after atleast
1 record of scanner head status data was available in it. All these issues were
difficult to debug and to take a corrective action.

3.16.5 Synthesis Timing Rules
There were difficulties with the LSC11 system being synthesized without any tim-
ing violations. LSC11 system is considerably large and the timing violations were
sometimes due to the vendor library code and hence was a bottleneck that took
time to get resolved. The synthesis utility sometimes ran upto 15 hours to meet
satisfactory timing constraints. The design was modified by the use of pipeline
stages to avoid timing rules violation during synthesis.

3.16.6 ADC and DAC Implementation
The ADC used in the LSC11 system (ADS 7230) had a few grey areas in the
timing specifications given by the vendor. The vendor organization had to be
queried to understand and resolve the discrepancies in the user manual that they
had provided for their ADC chip. The ADC and the DAC modules along with
their SPI interface took around 3 weeks to be implemented, including their Process
Image functionality.





Chapter 4

Synthesis Results and Test
Methodology

4.1 Introduction
This chapter presents the synthesis results of the LSC11 system and the testing
plan for the verification of the system. The synthesis results are presented in the
section 4.2. Section 4.3 documents the areas identified in the LSC11 system for the
verification. Section 4.4 describes the verification mechanisms used in this thesis.

4.2 Synthesis of LSC11 RTL Blocks
The LSC11 RTL blocks have been successfully synthesized into the Lattice ECP2M
FPGA. The "setup" time and the "hold" time constraints are met by the design,
upon synthesis. The final synthesis report, showing the resource usage in the
FPGA, is shown in figure 4.1. The term "PCS (SerDes)", used in the synthesis
report, marks the usage of the Lattice ECP2M PCI Express core.

The total power consumption of the LSC11 system is measured as 7 W (including
the Host CPU processor and the peripherals), with the supply voltage at 24 V
and the total current in the system at 3 A. The power consumption of the system
was estimated by another thesis student at Abaxor Engineering (for designing the
printed circuit board). The final values of power consumed and the current in the
circuit was in accordance with the expected values.

4.3 Areas of Test Coverage
From the analysis done on the requirements, the test planning for the LSC11
system was formulated. The testing of the LSC11 system covers the following
areas:
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Figure 4.1. Synthesis Report on Resource Usage

• BAR0 Write and BAR0 Read - This testing ensures that all the important
LSC11 configuration registers like the Host CPU memory addresses for the
Process Image, the Process Image cycle frequency, etc., are capable of being
updated and read by the system.

• BAR1 Write and BAR1 Read - This testing ensures that all the peripheral
registers are accessible from the Host CPU.

• Ring Buffer Read and Write - This testing covers the Ring Buffer function-
ality and also the functionality of various peripherals like the scanner heads,
PWM, Digital Outputs, etc. because the Ring Buffer hold the records for
these peripherals before they are processed.

• Stop-Start Condition - This testing covers the enforcement of the Stop Con-
dition and the correctness of the various triggers which should disable the
Stop Condition, when set by the user.

• Process Image - This testing focusses on the correct reading of the Process
Image data for the various peripherals.

• ADC/DAC - The ADC and the DAC peripherals connected to the LSC11
system needs to be duly tested.

• CAN controller - The test cases should test the basic accessibility of the CAN
controller registers from the Host CPU. Extensive testing has been done by
Abaxor Engineering already on this module.
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4.4 Verification Mechanisms
Verification in the LSC11 system was carried out at 2 levels - the simulation phase
(software) and the post-synthesis phase (hardware).

All the LSC11 RTL blocks have been first thoroughly simulated for correctness us-
ing the Aldec "Riviera" EDA tool and then taken forward for the FPGA synthesis.
The LSC11 simulation has been made possible by the use of PCI Express bus func-
tional libraries supplied by the vendor "Trellysis". Once the PCI Express module
along with the wishbone bus module was successfully simulated, then adding the
individual modules one by one and calling them using their designated addresses
became much simpler. All the areas of testing described in the section 4.3 have
been covered during the simulation phase by verifying the waveform values and
the timing of the signals.

Verification in hardware was initially performed by connecting the debug pins
of the FPGA to the oscilloscope directly and observing the outputs, for correct-
ness and accuracy. This methodology was used because the device driver was not
ready in the initial phases of the thesis. Once the device driver was ready, then
the verification became straightforward, by executing the user application on the
Host CPU and reading the desired FPGA registers. Although, areas like scanner
head protocol, PWM outputs, etc., have been verified using the oscilloscope, right
throughout this thesis.

The following subsections describe how the areas, identified for testing in the
LSC11 system, have been tested at the hardware level with the use of devices like
pattern generators, etc. The technical details are available in the Appendix B.

4.4.1 Device Driver Initialization Testing

In this testing, the device driver is tested for the correct start-up. Certain key
log messages are displayed on the output console during the start-up of the device
driver, such as the allocation of Process Image memories, enabling PCIe interrupts,
initializing shared memory and setting the BAR0 registers, etc. These log messages
are thoroughly checked to ensure whether the driver has successfully started or not.
Once the driver is successfully initialized, then the user application has the access
to the LSC11 FPGA unit.

4.4.2 BAR0 Read Testing

This testing verifies the reading of the BAR0 registers. The driver has been de-
signed to automatically update (on start-up of the driver) certain key BAR0 reg-
isters such as the top level controller’s registers (please refer section 3.14 of the
chapter 3). The register addresses to be read are written into a file and then this
file is executed by the user application.
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4.4.3 BAR0 Write

BAR0 Write functionality from the user’s perspective is not really necessary as the
driver has been designed to load the BAR0 registers with correct values, on start-
up. The functionality, however, is there for use and should be used with discretion.
The testing of the BAR0 control register write is, nevertheless, performed by
increasing the Process Image sampling frequency from the initial default value
of 100 µs to 1000 µs. This change will manifest itself in the form of increased
number of samples read during every Process Image read (in the case of scanner
head status data, etc.).

The BAR0 Process Image memory pointer registers which has been initialized by
the device driver must never be changed, as tampering with them will hang the
system. However, to test the writing into these registers, the interrupts and the
Process Image clock are both disabled and then the new data is written into these
registers.

4.4.4 Ring Buffer Data Write

This is the core testing of the LSC11 system because this testing loads the Ring
Buffer with the data (say scanner head data), which will be eventually transferred
to the scanner heads via the scanner head protocol. The Ring Buffer is filled up
with records of the scanner head data, PWM, Digital Outputs with delay values
and the Stop-Start Condition. The first testing is to process some PWM records
and Scanner head records and observe the oscilloscope.

The records are dumped into a command file and executed with the "AbaPciTest"
user program. After loading the Ring Buffer with these records, the write pointer
is set accordingly, to start the reading of the Ring Buffer records by the LSC11
system. The oscilloscope will then show the last scanner head data transmission
continuously. The oscilloscope also should show the PWM outputs with the fre-
quency, as stated by the user in the PWM record. It is to be noted again that,
for every PWM channel to be enabled, the digital output that is gated with this
PWM channel has to be enabled first. Section B.5 of the Appendix B shows the
full scope of this testing with the oscilloscope outputs.

4.4.5 BAR1 Register Read

BAR1 Read is necessary to read any register values in the LSC11 system that are
not expected to be read in a cyclic manner. Some examples of these registers are
the Ring Buffer registers, i.e, the current write pointer, the current read pointer,
etc., which can be read by the user but are not required to be read in a cyclic
manner. This testing ensures the correctness of this functionality.
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4.4.6 Stop-Start Condition Testing
A Start-Stop condition stops the reading of the Ring Buffer data, until a condition
it has been waiting on, has been fulfilled. A Stop-Start condition is not enforced
immediately but is only enforced after the next Scanner head data is read and
transmitted. The testing for the Stop-Start Condition is done by loading some
scanner head records into the Ring Buffer along with some Stop-Start Condition
records. The first Stop-Start Condition in this testing (please refer section B.7 of
the Appendix B) waits on digital inputs 1 and the second Stop-Start Condition
waits on the digital input 2. When the Stop-Start Condition is enforced, the read
pointer is observed to be frozen and the Ring Buffer read is disabled. Immediately
when the condition is met, the Ring Buffer is read until the next Stop-Start Con-
dition is enforced.

The results of this testing can be verified by looking at the BAR1 read of the
write/read pointer registers which will clearly indicate whether the Stop-Start
Condition is enforced or not. Also, this testing can be verified by looking at the
oscilloscope for the last scanner head data transmitted, which indirectly indicates
the read pointer of the Ring Buffer.

4.4.7 Process Image Read
Process Image testing ensures the correct read back of all the field values. Every
Process Image read should have their sequence numbers and the corresponding
data. After the device driver is implemented, the Process Image testing is per-
formed by executing the user level application to read the shared memory of a
particular peripheral, as the shared memory of every peripheral gets updated by
the device driver every 100 µs. One such example of reading the Quadrature
Decoder’s Process Image data is shown in section B.8 of the Appendix B.

4.4.8 Quadrature Decoder Testing
The quadrature decoder module is tested by connecting the quadrature inputs to
a pattern generator. Based on the difference in the input signals (lag or lead),
the quadrature decoder module increments or decrements the positional count.
This count value can be observed in real time by reading the Process Image of the
quadrature decoder. The testing results are documented in the section B.8 of the
Appendix B.

4.4.9 DAC/ADC Testing
In this thesis, the output of the DAC is directly fed to the ADC for testing pur-
poses. The digital input values are written into the DAC through the user ap-
plication program. Since the DAC is connected directly to the ADC module, the
outputs from the ADC are observed by reading their Process Image and verified
for accuracy.





Chapter 5

Conclusion and Future Work

5.1 Conclusion
To conclude,

• The system unit for the LSC11 3D plotter system has been designed and
implemented with the Lattice ECP2M FPGAs and PCI Express commu-
nication in this thesis work. Use of PCI Express technology ensures that
the system can be compatible and connected across all of the latest CPU’s,
which come with PCI Express slots.

• The thesis requirements were tabulated after discussions with the customer
and were baselined. The LSC11 system unit has been designed to meet the
given requirements and also the constraints placed on timing and accuracy.

• The LSC11 system can be used to power different types of plotter pump
amplifiers - Digital, Analog and PWM mode.

• An efficient mechanism for reading the system inputs from the environment,
in a cyclic manner, has been successfully implemented in this thesis.

• The device driver for accessing the LSC11 system from the Host CPU via
PCI Express, has been designed to meet the various types of reads/writes
on the PCI Express system bus.

• A simple user level application implemented ensures that this design can be
demonstrated and verified.

• With the device driver already in place, the user application can be modified
according to the customer needs and various designs can be plotted with the
LSC11 plotter system.

• The design is in accordance with the setup and hold time rules.

• The results are demonstrated to the customer successfully.
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5.2 Future Work
In this thesis, 1 lane PCI Express has been implemented. The Lattice ECP2M
FPGA also supports 4 lane PCI Express implementation. The LSC11 design can
be modified to use the 4 lane PCI Express for higher speeds of data transfer
between the Host CPU and the FPGA. Currently, the LSC11 user application
implemented, is a test application which tests the working of the LSC11 system.
The actual application which uses the LSC11 system in a real time scenario has
to be designed and implemented. Also, the LSC11 system currently handles the
data transfer to the DAC separately (as per the customer request), i.e, the data
comes through the wishbone register bus write (and not the Ring Buffer), initiated
by the user application. In future, this can be modified to ensure that the data
to the DAC is synchronised with the scanner head data. This can be done by
loading the DAC data into the Ring Buffer and synchronizing its processing with
the subsequent scanner head data transfer. The Barrel cushion block (currently
a place holder block in the RTL design) needs to be implemented. This Barrel
cushion block intends to replace the software logic for plotting on a movable object
(changing scanner head positions on the fly, according to the object’s position) by
implementing the required logic directly in the hardware.
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Appendix A

Appendix A - PCI Express
TLP Interface and the
Wishbone Slave Design

A.1 PCI Express Transmit TLP Interface
The timing details of the PCI Express Transmit TLP interface are shown in figure
A.1. This interface sends the data from the LSC11 system to the Host CPU via
PCI Express. The important signals of this interface are:

• tx_req_vc0 - This signal checks if the end point is ready for receiving the
Process Image data and is asserted high. This signal is asserted low when
the tx_rdy_vc0 signal reaches high state.

• tx_rdy_vc0 - This signal is activated when the endpoint is ready to receive
the Process Image data.

• tx_st_vc0 - This signal is activated in the next clock cycle when the tx_rdy_vc0
signal is activated.

• tx_data_vc0 - This is a 16 bit signal. The Process Image data and its
memory addresses are sent through these 16 bit signals.

• tx_nlfy_vc0 - Active high transmit nullify TLP. This signal, if used, nullifies
the TLP. If tx_nlfy_vc0 is asserted to nullify a TLP, the tx_end_vc0 signal
should not be asserted.

Figure A.1 has been taken from [3].

PCI Express implements split transactions [1] (transactions with request and re-
sponse separated by time), allowing the link to carry other traffic while the target
device gathers data for the response. PCI Express uses credit-based flow control.

85



86 Appendix A - PCI Express TLP Interface and the Wishbone
Slave Design

Figure A.1. PCI TLP Interface

In this scheme, a device such as the PCI Express root complex tied to the Host
CPU broadcasts an initial amount of credit for each received buffer in its trans-
action layer. The device at the opposite end of the link (the PCI Express end
point in the FPGA), when sending transactions to the root complex, counts the
number of credits consumed by each TLP from its account. The sending device
can only transmit a TLP when its consumed credit count does not exceed its credit
limit. When the receiving device completes processing the TLP from its buffer,
it signals a return of credits to the sending device, which restores the credit limit
by the same amount [1]. The credit counters used are modular counters, and the
checking of consumed credits to credit limit involves modular arithmetic. The
advantage of this scheme (in comparison with other methods such as wait states
or handshake-based transfer protocols) is that the latency of credit return does
not worsen performance, provided that the credit limit is not encountered.

A.2 State Machine for the Wishbone Slave Utility
A wishbone slave utility acts as an interface between the wishbone master and
the peripherals. 4 wishbone slaves are used in the LSC11 system for the following
peripherals:

• 2 wishbone slaves for the CAN controllers

• 1 wishbone slave for the Ring Buffer (peripherals associated with the Ring
Buffer like scanner head, PWM, Digital Data, etc.)

• 1 generic wishbone slave for handling peripherals like ADC, DAC and the
quadrature decoder.
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The wishbone master transfers the data and the address (of the destination pe-
ripheral) to the wishbone slave in two modes. They are:

• Single read/write mode - In this mode, for a single cycle, the wishbone
master sends only a single data to the slave (write) or receives only a single
data from the slave (read). This is the mode commonly used for updating
a register in the destination peripheral, where the master places the data
and the address on the wishbone bus and the same will be decoded by the
wishbone slave and the corresponding register is updated.

• Burst read/write mode - In this mode, the wishbone master sends a batch
or block of data in one cycle along with their addresses. The addresses are
incremented in the burst cycle by the wishbone master. The wishbone slave
is then expected to read the data and the address (or also send the data)
from the wishbone master continuously, until the burst cycle is completed.
In the LSC11 system, burst cycles are used for updating any memory struc-
ture like the Ring Buffer or CAN memories, etc.

The state machine of the wishbone slave is shown in figure A.2. This state ma-
chine is expected to support the single and burst modes of transfer from the wish-
bone master. The state machine is also expected to decode the address obtained
from the wishbone master and identify the peripheral (to which the data belongs
to) accordingly. This state machine has two hierarchical states, REG_STATE
and FRAME_BUF. When the wishbone slave state machine decodes the address,
placed on the wishbone bus by the wishbone master and decodes it as a register
address, then it moves to the state REG_WR (belonging to the hierarchical state
REG_STATE). The REG_WR state is shown in figure A.3. This state simply
updates the register or reads data from a register, depending on the request from
the wishbone master. The hierarchical FRAME_BUF state is shown in figure
A.4. This state supports the burst read/write mode. This state is reached when
the state machine of the wishbone slave decodes the address on the wishbone bus
(placed by wishbone master) as a non register address. The burst write mode is
handled in the state BURST_WR, as shown in figure A.4. The state machine
remains in this state until all the data have been received from the wishbone mas-
ter and sent to their destination peripheral memory or buffer. If the wishbone
master places a request for the burst read, then the state machine changes its
state to the BURST_RD state and stays in that state until all the data (based on
the addresses received in burst mode from the master) have been read from the
destination peripheral memory and transferred back to the wishbone master.
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Figure A.2. Register Bus for Scanner Head peripheral handling-State Machine

Figure A.3. Register handling for dealing with Buffer Reset/Write Pointer etc
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Figure A.4. Ring Buffer Data handling from the Bus Master-Single/Burst Mode
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Appendix B - Verification
Technicalities

B.1 Simulation of the LSC11 System
Simulation of LSC11 system is carried out on Aldec Riviera EDA tool using vendor
libraries from Trellisys (for PCI Express simulation) [24] [26]. All the peripherals
in the system like the scanner head device, DAC, PWM controller, Quadrature
Decoder, CAN controller are accessed by typical Trellisys memory write/memory
read commands. A memory write/memory read command using the Trellisys
library is given by the listing B.1.

Listing B.1. Trellisys Library - Memory Operations

memwr( clk , sv , rv , addr , data ) ;

memrd( c lk , sv , rv , addr , data ) ;

where,

• clk - Global clock

• sv - Global handle to control signals

• rv - Global handle to status signals

• addr - The address where the data is to be Written or Read

• Data - In the case of a write command, this is the data to be written and
for a read command, the value in this field is used for comparison with the
output produced by the read command
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B.2 Command File Format
A typical command file executed by the user application will have the following
format:

Listing B.2. Command File Format

user1@abaxor01 :~/ abadeviced# cat bar1w . txt
BAR1ADDW 10244 NUM 3
0000040 #Data1
0000060 #Data2
0000003 #Data3
SLEEP 500

where,

• BAR1ADDW is a typical command to be executed. In this example it means
BAR1 Write command

• "10244" is the decimal address where this Write operation should take place.

• "NUM" is a keyword and is followed by the number of data in double words
(32-bit) which is to be written into the specified address by this command.
In this case, the number of data words to be written is 3.

• "SLEEP" - This is an optional sleep command.

B.3 BAR0 Read Testing
The driver has already set the first 3 BAR0 registers, i.e, the control register and
the two Process Image registers that hold the pointer to the Host CPU’s Memory.
To read the current BAR0 registers, the following steps are performed:

Listing B.3. BAR0 Read Testing

The commands f i l e :

user1@abaxor01 :~/ abadeviced# cat bar0r . txt
BAR0ADDR 0 NUM 1 # Control Reg at Address 0
BAR0ADDR 4 NUM 1 # PI Memory 1
BAR0ADDR 8 NUM 1 # PI Memory 2
BAR0ADDR 12 NUM 1 # Vers ion R e g i s t e r

Execution :

user1@abaxor01 :~/ abadeviced# AbaPciTest −f bar0r . txt
−−−> s t a r t read ing f i l e bar0r . txt
−−−> Read now 4 BAR1 Byte From FPGA !
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−−−>BAR0 Double Word Value Read from Address 0
From FPGA = 0x0064087D

−−−> Read now 4 BAR1 Byte From FPGA !
−−−>BAR0 Double Word Value Read from Address 4

From FPGA = 0x2F025000
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>BAR0 Double Word Value Read from Address 8

From FPGA = 0x2F026000
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>BAR0 Double Word Value Read from Address 12
From FPGA = 0 x30000004
−−−> end o f f i l e bar0r . txt reached !

The control register has values of 0x0064 in its MSB 16 bits which correspond to
100 (in hexadecimal) µs. The Process Image memory pointers are 0x2F02500 and
0x2F02600.

B.4 BAR0 Write Testing

BAR0 write functionality is not necessary as the driver has already loaded the
registers with correct values. The functionality however is there for use and should
be used with discretion.

Increasing the sampling frequency of Process Image read-back to 1000 µs:

Listing B.4. BAR0 Write Testing

The commands f i l e :

user1@abaxor01 :~/ abadeviced# cat bar00 . txt
BAR0ADDW 0 NUM 1 # BAR0 Write at l o c a t i o n 0
03E8087D
SLEEP 500

Execution :

user1@abaxor01 :~/ abadeviced# AbaPciTest −f bar00 . txt
−−−> s t a r t read ing f i l e bar00 . txt
−−−> 003E8087D
−−−> wr i t e now 4 BAR0 Byte to FPGA !
−−−> w i l l wait 500 ms !
−−−> end o f f i l e bar00 . txt reached !

The Value 03E8 in the MSB 16 bits corresponds to 1000 in hexadecimal. This write
can be verified by reading the BAR0 registers again or observing the oscilloscope
for the change in the frequency of the Process Image clock.
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B.5 Ring Buffer Data Write Testing
The Ring Buffer is stored with records of scanner head data, PWM, Digital Out-
puts with delay values and the start condition. The first testing done is to process
some PWM records and some scanner head records and observe the oscilloscope.

Listing B.5. Ring Buffer Data Write Testing

The Commands f i l e :

user1@abaxor01 :~/ abadeviced# cat pwmtest . txt
BAR1ADDW 8192 NUM 16
48010136 # D i g i t a l Output Record f o r PWM0 with
de lay o f 0x36 ∗ 125 ns .
00000000
6000641E # PWM 0 with f requency o f 40~Khz − 0x64 as
r e s o l u t i o n , 0x1E as d i v i d e r f requency
and 0x32 as duty c y c l e f o r the base c l o c k o f 120~Mhz
00000432
4A010136 # D i g i t a l Output record f o r PWM 2 −delay o f
0x36 ∗ 125 ns
00030004
62000A03 # PWM 2 with f r e q u e n c t o f 4~Mhz − 0x0A as
r e s o l u t i o n frequency , 0x03 as d i v i d e r f requency
and 0x05 as duty c y c l e on a base c l o c k o f 120~Mhz .
00000405
0300000A # scanner head Record 0 − X Value
00000007 # scanner head Record 0 − Y Value
4C010136 # D i g i t a l output f o r PWM 4
00030004
64006478 # PWM 4 with f requency o f 10~Khz
00000432
03000004 # scanner head Record 1 − X Value
00000008 # scanner head Record 1 − Y Value
SLEEP 500

Execution :

user1@abaxor01 :~/ abadeviced# AbaPciTest −f pwmtest . txt
−−−> s t a r t read ing f i l e pwmtest . txt
−−> d2w 0 x48010136 on 8192
−−> d2w 0 x00030004 on 8196
−−> d2w 0x6000641E on 8200
−−> d2w 0 x00000432 on 8204
−−> d2w 0x4A010136 on 8208
−−> d2w 0 x00030004 on 8212
−−> d2w 0x62000A03 on 8216
−−> d2w 0 x00000405 on 8220
−−> d2w 0x0300000A on 8224
−−> d2w 0 x00000007 on 8228
−−> d2w 0x4C010136 on 8232
−−> d2w 0 x00030004 on 8236
−−> d2w 0 x64006478 on 8240
−−> d2w 0 x00000432 on 8244



94 Appendix B - Verification Technicalities

−−> d2w 0 x03000004 on 8248
−−> d2w 0 x00000008 on 8252
−−−> wr i t e now 64 BAR1 Byte to FPGA !
−−−> w i l l wait f o r 500 ms !
−−−> end o f f i l e pwmtest . txt reached !

S e t t i n g the wr i t e p o i n t e r :

user1@abaxor01 :~/ abadeviced# cat wr i te40 . txt
BAR1ADDW 10244 NUM 1 # R e g i s t e r 10244 or 0x2804
o f the scanner head i n t e r f a c e .
0000040 # Write p o i n t e r with value 0x40
SLEEP 500

Execution :

user1@abaxor01 :~/ abadeviced# AbaPciTest −f wr i te40 . txt
−−−> s t a r t read ing f i l e wr i te40 . txt
−−> d2w 0 x00000040 on 10244
−−−> wr i t e now 4 BAR1 Byte to FPGA !
−−−> w i l l wait f o r 500 ms !
−−−> end o f f i l e wr i te40 . txt reached !

Here a PWM record is preceded by its corresponding Digital Output record be-
cause every PWM is gated with a Digital Output as discussed in the high level
design. Therefore, the Digital Output must be enabled first to obtain the PWM
output. After the command file is loaded and executed, 64 bytes of data gets
written (0x40 bytes) into the Ring Buffer. Now, the write pointer has to be set so
that the Ring Buffer will be read sequentially and the records can get processed.
After the write pointer is set, the oscilloscope is observed for the verification of
the PWM signals and checked for accuracy.

B.6 BAR1 Register Read Testing

Listing B.6. BAR1 Register Read Testing

The commands f i l e :

user1@abaxor01 :~/ abadeviced# cat bar1r . txt
BAR1ADDR 10240 NUM 1 # R e g i s t e r 0x2800 f o r g e t t i n g
back cur rent Read p o i n t e r and the Flush s t a t u s
− Read p o i n t e r s t o r e d in MSB 16 b i t s
BAR1ADDR 10244 NUM 1 # R e g i s t e r 0x2804 Write p o i n t e r

Execution :

user1@abaxor01 :~/ abadeviced\# AbaPciTest −f bar1r . txt
−−−−> s t a r t read ing f i l e bar1r . txt
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>Double Word Value Read from Address 10240
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From FPGA = 0 x00400001
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>Double Word Value Read from Address 10244
From FPGA = 0 x00000040
−−−> end o f f i l e bar1r . txt reached !

Currently after the execution of previous Ring Buffer loading, the read and write
pointers are at 0x40. Please note that the read pointer is stored in the MSB 4
Hexadecimal values from the first output.

B.7 Stop-Start Condition Testing
A Stop-Start Condition stops the reading of the subsequent Ring Buffer data until
a condition it has been waiting on has been fulfilled. A Stop-Start Condition is
not enforced immediately but is only enforced after the next scanner head data is
read and transmitted.

Listing B.7. Stop-Start Condition Testing

The commands f i l e :

user1@abaxor01 :~/ abadeviced# cat s t a r t c o n d i t i o n . txt
BAR1ADDW 8192 NUM 16
00000001 # scanner head Record 0 − X Value
00000002 # − Y Value
00000003 # scanner head Record 1 − X Value
00000004 # − Y Value
810 d0000 # Stop−Star t Condit ion − Waits on the
D i g i t a l Input 0 to go High . P lease r e f e r
the high l e v e l des ign f o r the record f i e l d s
000 f0001
00000005 # scanner head Record 2 − X Value
00000006 # − Y Value −
After t r a n s m i t t i n g th i s , the prev ious s t a r t
c o n d i t i o n i s en fo rced
00000007 # scanner head Record 3 − X Value
00000008 # − Y Value
810 d0000 # Stop−Star t Condit ion − Waits on the
D i g i t a l Input 1 to go High . P lease r e f e r the
high l e v e l des ign f o r the record f i e l d s
000 f0002
00000009 # scanner head Record 4 − X Value
0000000A # − Y Value
0000000B # scanner head Record 5 − X Value
0000000C # − Y Value
SLEEP 500

Execution :

user1@abaxor01 :~/ abadeviced# AbaPciTest −f
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s t a r t c o n d i t i o n . txt
−−−> s t a r t read ing f i l e Dataring . txt
−−> d2w 0 x00000001 on 8192
−−> d2w 0 x00000002 on 8196
−−> d2w 0 x00000003 on 8200
−−> d2w 0 x00000004 on 8204
−−> d2w 0x810D0000 on 8208
−−> d2w 0x000F0001 on 8212
−−> d2w 0 x00000005 on 8216
−−> d2w 0 x00000006 on 8220
−−> d2w 0 x00000007 on 8224
−−> d2w 0 x00000008 on 8228
−−> d2w 0x810D0000 on 8232
−−> d2w 0x000F0002 on 8236
−−> d2w 0 x00000009 on 8240
−−> d2w 0x0000000A on 8244
−−> d2w 0x0000000B on 8248
−−> d2w 0x0000000C on 8252
−−−> wr i t e now 64 BAR1 Byte to FPGA !
−−−> w i l l wait f o r 500 ms !
−−−> end o f f i l e Dataring . txt reached !

S e t t i n g the wr i t e p o i n t e r :

user1@abaxor01 :~/ abadeviced# cat wr i te40 . txt
BAR1ADDW 10244 NUM 1
0000040
SLEEP 500

Execution :

user1@abaxor01 :~/ abadeviced # AbaPciTest −f
wr i te40 . txt

−−−> s t a r t read ing f i l e wr i te40 . txt
−−> d2w 0 x00000040 on 10244
−−−> wr i t e now 4 BAR1 Byte to FPGA !
−−−> w i l l wait f o r 500 ms !
−−−> end o f f i l e wr i te40 . txt reached !

Command f i l e f o r read ing the cur rent read p o i n t e r va lue :

user1@abaxor01 :~/ abadeviced# cat bar1r . txt
BAR1ADDR 10240 NUM 1
BAR1ADDR 10244 NUM 1

Execution :

user1@abaxor01 :~/ abadeviced# AbaPciTest −f bar1r . txt
−−−> s t a r t read ing f i l e bar1r . txt
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>Double Word Value Read from Address 10240
From FPGA = 0 x00200001
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>Double Word Value Read from Address 10244
From FPGA = 0 x00000040
−−−> end o f f i l e bar1r . txt reached !

The read p o i n t e r va lue i s 0x0020 (MSBs o f the f i r s t output )
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and s t a ys the re because o f the f i r s t Stop−Star t Condit ion .
The wr i t e p o i n t e r i s in the second output and has the
value 0x0040 .

Execution a f t e r s e t t i n g the f i r s t D i g i t a l Input :

user1@abaxor01 :~/ abadeviced# AbaPciTest −f bar1r . txt
−−−> s t a r t read ing f i l e bar1r . txt
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>Double Word Value Read from Address 10240
From FPGA = 0 x00380001
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>Double Word Value Read from Address 10244
From FPGA = 0 x00000040
−−−> end o f f i l e bar1r . txt reached !

After the f i r s t D i g i t a l Input t r i g g e r i s appl ied ,
the read p o i n t e r va lue moves forward to 0x0038
(MSBs o f the f i r s t output ) and s ta y s the re because

o f the second Stop−Star t Condit ion .

Execution a f t e r s e t t i n g the second D i g i t a l Input :

user1@abaxor01 :~/ abadeviced# AbaPciTest −f bar1r . txt
−−−> s t a r t read ing f i l e bar1r . txt
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>Double Word Value Read from Address 10240 From
FPGA = 0 x00400001
−−−> Read now 4 BAR1 Byte From FPGA !
−−−>Double Word Value Read from Address 10244 From
FPGA = 0 x00000040
−−−> end o f f i l e bar1r . txt reached !

After the second D i g i t a l Input t r i g g e r i s appl ied ,
the read p o i n t e r va lue moves forward to 0x0040
(MSBs o f the f i r s t output ) and matches the wr i t e
p o i n t e r . This means the Ring Buf f e r has been
read complete ly upto the wr i t e p o i n t e r va lue .

In this testing, some scanner head records along with Stop-Start Condition records
are processed. As explained in chapter 3, the Stop-Start Condition stops the
reading of the Ring Buffer and hence the read pointer of the buffer does not change
until the trigger arrives for disabling the Stop-Start Condition. In this testing, we
have set the Stop-Start Condition to wait on the Digital Inputs channel 0 and
channel 1 (trigger values). After the first Stop-Start Condition is processed, the
read pointer should stop after reading the 4th record and its value should be 0x20.
Please note that the read pointer is stored at MSB 4 hexadecimal values in the
result. The read pointer is stopped at 0x0020 and is waiting on the Digital Input
0. Now, when the Digital Input 0 is applied and the read pointer is observed
again. The Read pointer has now moved from 0x20 and has stopped at 0x0038
because of the second Stop-Start Condition. It is waiting on Digital Input 1 now.
When the Digital Input 1 is applied and the read pointer is observed again, then
the read pointer and write pointers are having the same values and this testing
has passed the Stop-Start Condition. This is because, the Ring Buffer has been
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read completely upto the address set by the write pointer and, therefore, the read
and write pointers are having the same value. Similar testing for start condition
is carried out for all other combinations of the Stop-Start Condition.

B.8 Quadrature Decoder Testing
Quadrature Decoder needs to have the following mandatory initialization com-
mands:

• Setting up count step, Resetting the accumulator, Setting choice of direction,
i.e, forward/reverse (All of this in one command)

• Setting up of PI Sampling frequency

For testing purposes, the Quadrature decoder input pins (A and B) are connected
to a Pattern Generator. All the steps involved in the testing of the Quadrature
Decoder are shown in the following listing:

Listing B.8. Quadrature Decoder Testing

The commands f i l e f o r count step , accumulator
r e s e t and c h o i c e o f d i r e c t i o n :
r o o t @ t r i c s 0 1 :~/ abadeviced# cat quad in i t . txt

BAR1ADDW 28672 NUM 1 # 28672 i s 0x7000 − Quad
Decoder I n t e r f a c e Address
00030001 # Bit 0−15 i s f o r Step count , Bit 16
i s f o r Accumulator r e s e t , Bit 17 i s f o r D i r e c t i o n .
In t h i s example , the count i s f i r s t s e t to ' 1 ' ,
accumulator i s r e s e t and the r e v e r s e d i r e c t i o n i s
s e t
SLEEP 500

Execution :

r o o t @ t r i c s 0 1 :~/ abadeviced# AbaPciTest −f
quad in i t . txt

−−−> s t a r t read ing f i l e quad in i t . txt
−−> d2w 0 x00030001 on 28672
−−−> wr i t e now 4 BAR1 Byte to FPGA !
−−−> w i l l wait f o r 500 ms !
−−−> end o f f i l e quad in i t . txt reached !

S e t t i n g the Sampling Frequency , the commands
f i l e :

r o o t @ t r i c s 0 1 :~/ abadeviced# cat quadsamplefreq . txt
BAR1ADDW 28676 NUM 1
00000001
SLEEP 500

Execution :
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r o o t @ t r i c s 0 1 :~/ abadeviced# AbaPciTest −f quadsamplefreq . txt
−−−> s t a r t read ing f i l e quadsamplefreq . txt
−−> d2w 0 x00000001 on 28676
−−−> wr i t e now 4 BAR1 Byte to FPGA !
−−−> w i l l wait f o r 500 ms !
−−−> end o f f i l e quadsamplefreq . txt reached !

Now to read the Process Image o f Quad decoder which
w i l l r e turn the 48 Bit count value .

r o o t @ t r i c s 0 1 :~/ abadeviced# cat piquad . txt
PIREADQUAD

Execution o f Process Image read ing :

r o o t @ t r i c s 0 1 :~/ abadeviced# AbaPciTest −f piquad . txt
−−−> s t a r t read ing f i l e piquad . txt
PI Data Row 00 = 83 BD # PI Sequence Number
PI Data Row 02 = 00 03 # Number o f PI Words
t ransmit ted
PI Data Row 04 = 2B 2F # This i s LSB Bit s 0−15
o f the count
PI Data Row 06 = 00 00 # Bit s 16−31 o f the count
PI Data Row 08 = 00 00 # This i s MSB Bit s 32−47
o f the count

−−−> end o f f i l e piquad . txt reached !

Execution o f Process Image read ing again :

r o o t @ t r i c s 0 1 :~/ abadeviced# AbaPciTest −f piquad . txt
−−−> s t a r t read ing f i l e piquad . txt
PI Data Row 00 = 83 98
PI Data Row 02 = 00 03
PI Data Row 04 = 2E 8E # Count has i n c r e a s e d from
2B 2F ( prev ious example )
PI Data Row 06 = 00 00
PI Data Row 08 = 00 00
−−−> end o f f i l e piquad . txt reached !
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