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ABSTRACT 
 
The VPX based data acquisition and processing system is a 3U OpenVPX based 

embedded computer that has been specifically designed for instrumentation and signal 

processing applications. It has features that make it ideal for use in high speed data 

acquisition, data streaming and real time data processing applications. The 

development of this project involved step by step modular debugging. The debugging 

process helped in identifying and isolating the problems in the VPX system. The thesis 

explains the stepwise procedure of the design, development and debugging of the 

project, VPX based data acquisition and processing system, which was assigned to the 

author during his internship tenure at Innovative Integration.  
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INTRODUCTION TO VPX 
 

The project, VPX based data acquisition and processing system, was developed 

on OpenVPX standard. OpenVPX, developed from VME bus (section 1.1), was 

standardized in 2010. The number of OpenVPX based products developed so far has 

been limited. The project combines latest, high speed functional devices that operate 

in synchronization. The development and troubleshooting of the complete hardware 

involves step wise modular debugging. The problems that were found during this 

procedure were recorded and used as guidelines for development of subsequent 

revisions of the PCB boards. The objective of this thesis is to summarize the 

troubleshooting problems that were faced by the author during the development and 

bring up of the project. However, in order to understand these problems, an overview 

of the VPX technology, the evolution and background of OpenVPX and detailed 

functionality of the VPX system has to be presented. Section 1.1 to 1.3 provides the 

history and development of the VPX standard.  

 
1.1 VME Bus Overview 

The VME bus was developed in 1981 during the initial stage of Motorola 68000 

CPU development. Even though it was a CPU bus standard, it witnessed widespread 

use in the area of military applications. With the nature and speed of change in the 

computing industry, the need arose for a standard that would anticipate future 

development and provide an easy upgrade of systems with minimal changes to 

hardware [1]. 

After VME was standardized by IEC in 1987, it was adopted by several 

companies including Phillips, Thomson and Signetics for their system level 

architecture designs. The reason for the popularity of VME included modularity, ease 

of maintenance and upgradability. Several upgrades have been made to VME since it 

was originally introduced. It supported the standard Eurocard 3U and 6U variations 

[11]. 

CHAPTER 1 
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In spite of very insightful design, introduction of high speed serial switched 

fabrics such as Serial RapidIO, PCI Express, Infiniband and 10 Gigabit Ethernet led to 

many critical issues including increased power demand. With the increased power 

consumption and high speed, some issues that had been sidelined became dominant. 

One problem was overheating, which required special attention in this type of system. 

Also, the newer high speed serial fabrics demanded high bandwidth, multiprocessing, 

real time high speed reliable data computing, etc. Thus, it became necessary to revise 

the specification and spin the documentation to resolve these issues scientifically 

while maintaining some compatibility with the previous versions [10]. 

 

1.2 VPX 

VPX is a new generation computing standard that takes the VME bus standard 

to a new level. VPX provides a convenient platform for high speed serial fabrics, and 

maintains compatibility with existing VME customer systems. VPX uses the latest in 

connectors and packing developed by Tyco Electronics, as well as the latest serial 

fabrics.VPX was developed particularly for military based applications, but 

simultaneously covered rapidly growing medical electronics and industrial 

applications that demand high performance, accuracy, high density and meet COTS 

(Commercial Off The Shelf) platform standards [10]. 

 

Features of VPX [10]:                         

 Newly redesigned connector 

 Improved power rating 

 REDI 

 High bandwidth 

 Compact, high performance and rugged 
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1.2.1 Newly redesigned connector 

Because the specifications of VPX demanded high reliability and robustness, it 

was crucial to redesign the card bus connector to meet critical operating and handling 

situations specifically in military and aerospace applications. However, this redesign 

was not compatible with the previous VME bus specifications. A survey revealed that 

users were ready to adopt a hybrid VPX-VME system to maintain compatibility rather 

than to just stick with the previous fragile and inefficient one. The upgraded 

connector, which was designed by Tyco Electronics, underwent exhaustive reliability 

qualification testing including shock, random vibration, bench handling, humidity, salt 

fog and sulphur dioxide, dust and sand, durability with misalignment, ESD and current 

overload. 

 

1.2.2 Improved power rating 

One of the VPX features that is highly appreciated by board designers is the 

improved power rating. The VME bus had relatively low power ratings (90 W @5 V), 

which limited the number of components on board. VPX on the other hand allows 

much higher power consumption (115 W @5 V or 384 W @12 V or 768 W @48 V). 

However, as the power rating increased, the issues of overheating systems started to 

rise. To overcome those problems, additional guidelines such as REDI were 

introduced. 

 

1.2.3 Ruggedized Enhanced Design Implementation (REDI)  

VPX-REDI was developed to provide guidelines for layout designers to help 

improve the cooling methodologies on a particular form factor. Currently, it covers 

enhanced forced air cooling, advanced conduction cooling and liquid cooling. Use of 

ESD covers on both sides is also suggested [1]. 
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1.2.4 High bandwidth 

VPX gave system designers the liberty of using high speed serial fabrics along 

with reduced pin count.VME bus bandwidth was limited to a mere 40-60 MB/s range; 

VPX has a bandwidth of over 5 GB/s. The next generation technologies like Rapid IO, 

PCI-Express Gen-2 Architectures and 10 Gigabit Ethernet all demand electrical 

specifications that run at about 3.125 GB/s, which is impossible for VME to provide. 

VPX is specifically designed for these requirements. 

 

 

1.2.5 Compact, high performance and rugged 

Embedded systems design sometimes aims at applications that are accompanied 

by very stringent constraints like limited space and weight. Military applications like 

aircraft and unmanned vehicles are very space constrained. VPX exploits properties of 

hybrid architectures (VME-VPX in one chassis) to maintain compatibility, and it 

efficiently manages the space. It also employs a new method of routing IO on rear 

panel RTMs (Rear Terminal Modules). IO ports that were unnecessarily occupying the 

front panel in the VME bus can be used more productively. VPX also supports a 

multiprocessing environment, which runs fairly complex operating systems and 

problem solving algorithms. Supporting these high performance devices is also one of 

the special features of VPX.    
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Figure 1.1 VPX technology roadmap [1] 
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1.3 OpenVPX                              

OpenVPX is a defined set of system implementations within VPX, which 

provides guidelines for system architectures and a framework for interoperability 

between modules and backplanes.  The need for interoperability arose when some 

organizations like the US Department of Defense made it mandatory to improve 

implementation of the open standards. System integrators benefit from OpenVPX 

because they were now able to readily design an application specific system, based on 

compatible OpenVPX profiles to modules, backplanes and development chassis [1]. 

 

Features of OpenVPX [1]: 

 OpenVPX is a defined set of system implementation within VPX 

 Specifies a set of system architectures 

 Uses existing VPX REDI standards and drafts with minimal possible 

changes 

 Defines multiple planes for utility, management, control, data and 

expansion 

 Defines various sizes of pipes used for serial communication 

 Defines several type of profiles for structures and hierarchy in the 

specification 

 Backplane profiles define the backplane topology 

 

 

The architectural development of VPX from VERSAbus in 1970 to OpenVPX, 

ratified in 2010, has undergone enormous changes. This chapter marks some of these 

remarkable features and tries to provide an insight to the milestones that the VITA 

organization has achieved. The chapter also summarized the VPX technology roadmap 

and highlighted some of the features of VPX and OpenVPX.  
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     VPXI-EPC 
  

VPXI-ePC is a 3U VPX based embedded computer system that has been 

specifically designed for rugged, modular and high performance applications. It is 

portable and can survive extreme conditions. It employs a high speed backplane 

connector that facilitates multiple data planes. This unique feature facilitates the use of 

four VPX-XMC adapters that can accommodate high speed data acquisition boards, 

which can acquire, process and output data [2].    

 

Vital features in embedded instrumentation applications are to provide multiple 

low noise, high performance, in-phase clocks and to trigger multiple signals at exactly 

the same instant of time. VPXI-ePC offers such four front panel clock and trigger 

outputs. Each backplane slot also receives dedicated synchronized clock and trigger 

lines [2]. 

 

Features of VPXI-ePC [2]:  

 Ethernet and USB connectors  

 DVI display port  

 RTM for I/O and CPU slots 

 RTM timing expansion cable  

 Front panel PCIe expansion cable  

 System on board (COMEX module) 

 

 

 

 

 

 

 

CHAPTER 2 
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 Figure 2.1 Block diagram for VPXI-ePC 
 

 Figure 2.1 shows the block diagram for VPXI-ePC. It is divided into following 

sections:  

I. VPX COMEX 

II. RTM 

III. VPX Backplane 
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2.1  VPX COMEX 

The VPX COMEX is a 3U OpenVPX system CPU card that integrates COM 

Express CPU with PCIe switch, system timing and triggering features and an onboard 

FPGA core. All the major control signals for the peripherals are originated by devices 

that are mounted on this board. It is also responsible for controlling all the data flow 

and interconnectivity on the chassis. It has an onboard hard disk drive (SATA), which 

provides data storage for the COMEX controller. The power supply circuitry along 

with the temperature sensing and control mechanism ensures that the board does not 

overheat and powers down the system in case of excessive heating [2]. 

The COMEX board also has an onboard PLL that generates user programmed 

frequency outputs on front panel and backplane. For this purpose, it optionally selects 

frequency source as either onboard crystal or external backplane clock input that 

bypasses the PLL. It has a similar arrangement for trigger outputs on the front panel 

and backplane that are internally generated by the FPGA [2].      

 

Functionality of VPX-COMEX is divided as: 

1) COMEX card: Controller system on board that provides software 

access and GUI for the entire setup. 

2) FPGA controller: Takes care of the system timing and triggering 

features. Also acts as a control device for proper sequence of operation. 

3) PCIe switch: Provides additional data paths on backplane and cable 

PCIe connector. 
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Figure 2.2 Block diagram for VPX COMEX 
 

 

 



 Texas Tech University, Milind Tile, August 2012 
 
 

11 
 

2.1.1  COMEX card 

The COMEX (Com Express) module is a highly integrated and compact PC on a 

single circuit board. This Single Board Computer (SBC), as the name suggests, is a 

complete system on a single board. The board has at least one microprocessor (Intel i5 

or i7 processor) with the necessary peripheral support. It has the standard type 6 

connector and is capable of running an operating system such as Windows or Linux 

[2].  

SBC integrates following things on one board: 

 CPU core  

 Memory 

 Common IO’s of a PC 

 USB 

 Audio 

 Graphics (PEG) 

 Ethernet 

 DVI 

 
Figure 2.3 COMEX CPU [5] 
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2.1.2  FPGA controller 

The VPX-COMEX has a Xilinx Spartan 6 FPGA core on board. The main 

purpose of the FPGA is to support the timing and triggering features on backplane and 

front panel outputs. It uses a CDCE72010 PLL to synthesize the clock signals. These 

clocks are later distributed via clock-mux IC CDCE18005. Programming of these two 

ICs is done by FPGA through SPI interface. As shown in Figure 2.2, the FPGA is 

connected to the PLL via SPI bus, which gives an application the liberty to program 

the internal registers of the PLL. In order to do so, it uses the functional register set 

provided by the FPGA that is related to the PLL.          

The FPGA also controls the device wake up sequences and their correct 

initialization. There are situations in which some devices must be completely 

initialized before other devices are actually turned on. For example the cable PCIe 

repeater IC must be initialized before the PCIe link comes up. The PCIe linkup occurs 

within the first    100 ms of the system startup. Hence, it is responsibility of the FPGA 

to ensure that all devices that are directly or indirectly related to PCIe enumeration are 

in their correctly initialized state and ready for linkup.  

One of the main reasons to select a Spartan family FPGA is the physical size of 

the device. Because VPX-COMEX is based on the 3U form factor, there is always a 

limitation on the number of components that can be accommodated and the size of 

each one of them. The Spartan family offers relatively optimum size for this particular 

application, providing the minimum necessary functionality like PCIe interface, 

JTAG, etc.    
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2.1.3  PCIe switch 

 

 
 

Figure 2.4 PCIe bus systems [6] 
 

The PCIe switch is an interface between PCI Express endpoint devices and the 

root complex. The main purpose of the switch is to provide expansion ports for the 

PCIe bus. The number of devices that can be connected to a system depends on the 

number of available ports on the root complex. If there is a need for additional ports, a 

PCIe switch can be employed for the purpose. When a switch is connected to a root 

complex, the linking port is generally initialized as an upstream port and the endpoint 

device ports as downstream. 

In this application, IDT switch PES32NT24AG2 is used. The device gives the 

designer, the liberty of choosing various port structures, including the number of lanes 

on a particular port (X1, X2, X4 or X8), port direction (upstream or downstream), 

speed of operation (gen-1 or gen-2), I²C accessible internal registers and error flag 
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indicators for monitoring device malfunction. Devices that are connected on a 

backplane communicate with the system on a PCIe link. All of those connections are 

routed through the switch. There are four ports P0, P2, P4 and P6 (all X4 lanes) that 

go to the backplane. Port P8 (X8 lanes) is connected to the system, and port P16 (X8 

lanes) is assigned for the cable PCIe. Selection for the number of lanes on the port is 

done using stack configuration pins on the switch. These pins are scanned during 

startup and latched to internal registers of the switch. Details about stack configuration 

and other related hardware pins are explained in chapter 4 [5].   

 

2.2  RTM 

RTMs (Rear Terminal Modules) are one of the features of VPX systems. Earlier 

versions (VME standard) routed the DIO outputs to the front panel. The result was that 

other more important IOs like high speed analog inputs/outputs, clock reference input, 

etc. had to compete with DIO for connector space. Introduction of RTM modules 

made simple division of these two groups. The DIO were routed towards the rear side 

of the backplane and the high speed A/D signals to the front panel. The debugging and 

application developments were simplified [2].  
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Figure 2.5 RTM-COMEX [2] 
 

The RTM is specifically designed to work in conjunction with the COMEX card 

described earlier. It provides the on-board system basic IO support like USB, Ethernet, 

DVI port, VPX timing cable, etc. 

If a user has multiple data acquisition systems running at the same clock 

frequency, it is always preferable to use a single clock source. RTM COMEX offers 

this feature through the timing cable. One can select external clock source from a user 

application, and the on board RTM multiplexer flips the source from internal to 

external.  Figure 2.6 indicates how this selection is made.   
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Figure 2.6 Block diagram for input clock/trigger multiplexer on RTM 

COMEX 
 
 
2.3  VPX Backplane 

The VPX backplane provides the transport media for electrical signals between 

modules. It helps in interconnection of different backplane adapter slots. The VPX 

backplane also facilitates transfer of data/control signals between the adapter slots. 

This application has a total of 5 backplane connectors on the front side and an equal 

number on the rear side. The first slot on the front side is allocated to the COMEX 

card, and rest of the slots act as expansion slots [7].  
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Figure 2.7 VPX backplane [7] 

 

The VPX backplane can have different signal interconnection topologies. They 

are categorized as two types: 

1. Distributed switching VPX 46.21 

2. Centralized switching VPX 46.20 

 

2.3.1 Distributed switching 

VPX payload modules, with their use of RT2 connectors, which provide high 

bandwidth and high pin count, are suited for distributed switching. The VPX standard 

defines 4 ports of 4 lanes each for each payload card, which allows the user to set up 

mesh topologies in the backplane. A mesh topology is comprised of two or more 

payload cards that connect to each other through switch chips on board [7].  
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Figure 2.8 VPX backplane topologies [7] 

 

 

2.3.2 Centralized switching 

Centralized switching is comprised of one or two switches that connect a 

number of payload cards in a chassis. It provides 1 + 1 redundancy (one master and 

one slave). The switch cards use an inter-switch connection to keep the heartbeat so 

that the system knows when to switch over in case the primary (master) switch fails. 

Centralized switching is optimal for applications that do not require high backplane 

bandwidth. It is also easy to add/remove cards from the overall system, because the 

software that provides connectivity to the payloads can use simpler algorithms [7].   
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VPXI-ePC, which is an OpenVPX based embedded system, is composed of 

several small sub sections. These sections have been developed based on standards 

defined by the VITA organization. Each part has a particular function, and most of 

them have been designed and developed in-house at Innovative Integration. The 

description in this chapter was intended to project some details about the functionality 

and operation of the system. It also presents the architecture and skeletal overview of 

the chassis.        
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 FIRMWARE
 

3.1 Description 

Figure 3.1 shows the block diagram for the FPGA firmware. The FPGA is 

actually an interface between high level application and hardware. It 

implements all low level hardware transaction protocols like SPI, I²C, etc. The 

user writes into the internal registers of the FPGA (ii_regs_peripherals), and 

the firmware inside the FPGA will carry out the necessary operation required 

by that write.  

 
 

 
Figure 3.1 Block diagram for VPX firmware [2] 

 
 

 

CHAPTER 3 
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The major firmware modules include [2] :  

 

1) Clock and PCIe interface 

a) ii_clock_crm 

b) ii_pcie_intf 

 

2) Wishbone interface 

a) ii_regs_mast 

b) ii_regs_peripheral 

 

3) Serial interface  

a) ii_cdce72010_spi 

b) ii_cdce18005_spi 

c) ii_ds91m040_spi 

d) ii_i2c_master 

e) ii_i2c_slave 

f) ii_uart 

 

4) Triggers 

a) ii_comex_triggers  

 

5) PicoBlaze interface 

a) ii_pblaze 

 

3.1.1 Clock and PCIe interface 

Inside the FPGA, different modules perform various functions either 

independently or in cooperation with one or more co-modules. In either case, they 

must be synchronized so that all the internal data or command exchanges are carried 
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out at the same speed. To ensure this synchronization, a module has been developed 

called ii_crm. This module takes a differential raw clock input from a crystal that is 

external to the FPGA. It then converts this differential raw clock to single ended 

locked clock and distributes this modified clock to the other modules. This conversion 

is done using logic inside the module that uses large FIFO structures and differential 

to single ended conversion buffers.  

All the FPGA accesses by user application programs running on system 

(COMEX PC) are carried out on the PCIe bus. The commands that use the PCIe bus 

must be interpreted and converted to a generic form so that the rest of the modules can 

use them. The function of ii_pcie_intf block is to provide this conversion. The module 

(ii_pcie_intf) directly connects to the in-out PCIe port on the top module and converts 

the high speed PCIe signals into more generic ones. These generically converted 

signals are then connected to a block called Wishbone.         

 

3.1.2    Wishbone interface 

The Wishbone bus is a OpenSoure hardware computer bus that is designed to 

allow various parts of Integrated Circuits like IP cores and software modules to 

communicate with each other. The Wishbone bus is a logic bus that does not specify 

any electrical standards. It was developed with the sole purpose of standardizing the 

communication between various IP cores and making them reusable, portable and 

reliable. The Wishbone bus can be used by software, firmware and hardware IP. 

Figure 3.2 shows the interface [3]. 
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Figure 3.2 Block diagram for Wishbone bus interface 

 

This application uses the Wishbone master core from OpenCores to create the 

interfaces for various I²C and SPI slave cores. The application uses the generic signals 

from ii_pcie_intf and controls the Wishbone slave devices with the standard Wishbone 

interface. A general idea for the user interface is to provide a pre-defined standardized 

register set with a functional description of each. Creating such a register set enables a 

user application to easily access internal functionality without knowing actual 

implementation. 'ii_regs_peripheral’ is the module that holds the bank of registers and 

‘ii_regs_mast’ interprets the host commands for reading and updating these registers 

[3].   
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3.1.3    PicoBlaze interface 

PicoBlaze is an 8-bit embedded microcontroller that uses a RISC architecture. It 

is a very compact, capable and cost-effective soft core. It only occupies 26 slices in a 

Spartan-6 FPGA, and it requires no external resources for its operation. Because it is 

delivered as synthesizable VHDL source code, the PicoBlaze microcontroller is 

relatively immune to product obsolescence, because the microcontroller can be 

retargeted to future generations of Xilinx FPGAs, exploiting future cost reductions and 

feature enhancements. Furthermore, the PicoBlaze microcontroller is expandable and 

extendable [4].  

 

Features: 

 Byte wide ALU with carry and zero flag indicators 

 64 byte internal scratchpad RAM 

 Predictable performance (2 clock cycles / instruction) 

 Fast interrupt response (worst case 5 clock cycles) 

 256 input and 256 output ports for easy expansion and enhancement 

 
  Figure 3.3 Block diagram for PicoBlaze interface [3]  
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Before the advent of the PicoBlaze embedded processors, the microcontroller 

resided external to the FPGA, limiting the connectivity to other FPGA functions and 

restricting overall interface performance. By contrast, the PicoBlaze microcontroller is 

fully embedded in the FPGA with flexible, extensive on-chip connectivity to other 

FPGA resources. Signals remain within the FPGA, improving overall performance. 

The PicoBlaze microcontroller reduces system cost because it offers a single-chip 

solution, integrated within the FPGA and only occupying minimal FPGA resources 

[4]. 

 

 
Figure 3.4 Block diagram for Wishbone I²C master interface  

 

As shown in Figure 3.4, the Wishbone bus for the I²C master controller is 

multiplexed between the Wishbone master and the PicoBlaze interface. PicoBlaze is 

used to specifically generate an I²C initialization sequence for two ICs PIEQX5864. 

These ICs, which form the link between PCIe switch and slave devices, require 

optimum values for equalization and de-emphasis. This initialization must be done 

within 100 ms of the initial system boot, because PCIe searches for the presence of all 

PCIe end point devices with this time slot. Because the FPGA is the startup and 
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wakeup sequence control device on board, it must take care of this initialization. There 

are numerous ways to do it other than PicoBlaze, but in this application, PicoBlaze is 

an effective solution to the problem.  

 

3.1.4 Trigger interface 

Triggers are the signals that provide a synchronizing reference for A/D or D/A 

converters in multi board systems. With multiple data acquisition boards in one 

system, synchronizing the boards is a challenging task. Trigger signals are of great use 

in such situations. One can adjust the starting point (triggering) by programming the 

initial delay. In some boards, it is desired to provide multiple triggers to ensure proper 

synchronization of the signal capturing procedure. The trigger block helps fulfill these 

requirements. The VPX COMEX has 8 trigger outputs. Four of them go to the front 

panel, where they can be connected to other boards using an SMA connector. The 

other four go to the backplane slots, where they are used by the VPX-XMC adapter 

boards for individual triggering [2]. 

 

3.1.5 Serial interface 

All modules that are present in the firmware are connected using the Wishbone 

interface. Because the FPGA provides the user a platform to access the low level 

hardware, the user need not develop modules in the FPGA to carry out these functions 

individually. Many modern devices make use of serial interfaces for read/write of their 

internal registers. One such interface is I²C, which is used by several devices on the 

COMEX board. A module has been developed in VHDL called I²C master, which 

interfaces with the Wishbone master and generates the I²C bit banging sequence. 

Section 3.1.5.1 shows the details. 
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3.1.5.1    I²C master [12] 

Features: 

 Compatible with Philips I2C standard 

 Multi master operation 

 Software programmable clock frequency 

 Clock stretching and wait state generation 

 Software programmable acknowledge bit 

 Interrupt or bit-polling driven byte-by-byte data-transfers 

 Arbitration lost interrupt, with automatic transfer cancelation 

 Start/Stop/Repeated start/Acknowledge generation 

 Start/Stop/Repeated start detection 

 Bus busy detection 

 Supports 7 and 10 bit addressing mode 

 Operates from a wide range of input clock frequencies 

 Static synchronous design 

 Fully synthesizable 

 
The I²C master core standard defines a register set that helps in implementing 

the I²C protocol. Table 3.1 to 3.5 [12] show the details. 
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Table 3.1 Control register 

 
 

Table 3.2 Transmit register 

BIT # ACCESS DESCRIPTION 

7:1 W Next byte to transmit via I²C 

0 W 

In case of a data transfer this bit 
represents the data’s LSB 
In case of slave address transfer this bit 
represents the RW bit 
‘1’ = reading from slave 
‘0’ = writing to slave 

 
 

Table 3.3 Receive register 

BIT # ACCESS DESCRIPTION 

7:0 R Last byte received via I²C 
 

BIT # ACCESS DESCRIPTION 

7 RW 
EN I²C core enable bit 
When set to ‘1’ the core is enabled 
When set to ‘0’ the core is disabled 

6 RW 
IEN I²C core interrupt enable bit 
When set to ‘1’ the interrupt is enabled 
When set to ‘0’ the interrupt is disabled 

5:0 RW Reserved 
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Table 3.4 Command register 

BIT # ACCESS DESCRIPTION 

7 W STA, generate (repeated) start condition 
6 W STO, generate stop condition 
5 W RD, read from slave 
4 W WR, write to slave  
3 W ACK, when receiver, sent ACK (ACK=0) 

or NACK (ACK=1) 
2:1 W Reserved 
0 W IACK, Interrupt acknowledge. When set, 

clears a pending interrupt 
 

Table 3.5 Status register 

BIT # ACCESS DESCRIPTION 

7 R 

RxACK, Received acknowledge from slave 
This flag represents acknowledge from 
addressed slave 
‘1’ = No acknowledge received 
‘0’ = Acknowledge received 

6 R 
Busy, I²C bus busy 
‘1’ after START signal detected 
‘0’ after STOP signal detected 

5 R AL, Arbitration lost 
This bit is set when the core lost arbitration 

4:2 R Reserved 

1 R 
TIP, Transfer In Progress 
‘1’ when transferring data 
‘0’ when transfer complete 

0 R 

IF, Interrupt Flag. This bit is set when an 
interrupt is pending, which will cause a 
processor interrupt request if the IEN bit is set 
The interrupt flag is set when: 

 One byte transfer has been completed 
 Arbitration is lost 
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FPGA firmware developed in VHDL for this application is coded following the 

structural model. The main reason for using this modeling style is because it provides 

module reusability. It also provides isolation of functionality and helps a designer 

during the troubleshooting phase. The block diagram for firmware in Figure 3.1 

displays the important blocks and their interconnection using data paths. It also 

reflects the modular approach that was adopted during its development phase.  

The chapter summarized some of the distinguishing approaches used to resolve 

issues like I²C devices initialization, clock and trigger interface, clock distribution 

interface development, etc. During this development phase, numerous problems arose 

which were fixed using either firmware modification or by making some hardware 

change. Chapter 4 will address the hardware problems that were encountered and 

explain the stepwise procedure of fixing those problems.      
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HARDWARE DESIGN AND TROUBLESHOOTING 
 

The hardware of VPXI-ePC is made of several sections. The schematics for 

these individual sections were designed and developed at Innovative Integration. The 

final revision (rev-c) of the boards which was developed from the first prototype board 

(rev-a) has implemented several hardware modifications. These modifications were 

discovered by the author during troubleshooting of the boards and signify the 

contribution towards overall system development. Chapter 2 and 3 provided an 

overview of the system operation and organization, which will help the reader 

understand the hardware troubleshooting procedure. This chapter explains the 

hardware design, the challenges that were faced by the author during the 

troubleshooting of the boards and the modifications that were made to solve the 

problems. 

            

4.1 PCI Express Switch 

VPXI-ePC provides multiple data planes for expansion. These data planes 

provide user flexibility to plug in for four VPX-XMC adapter cards, which are 

connected to the system through the PCIe link. A PCIe switch helps provide these 

links. Figure 4.1 shows the exact interconnection of the switch to the backplane slots 

on the chassis. A total of four backplane slots get four lanes (X4) each from the switch 

(P0, P2, P4 and P6). There also exists an expansion slot for cable PCIe, which can be 

connected to any PCIe slave device. Port 16 (P16) provides eight lanes (X8) for this 

expansion cable. The switch is also connected to the system on port 8 (P8) with eight 

lanes (X8) [2]. 

 

CHAPTER 4 



 Texas Tech University, Milind Tile, August 2012 
 
 

32 
 

 
 

Figure 4.1 Block diagram for PCIe switch interface 
 

 
Figure 4.2 Schematic for PCIe switch [2] 
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Figure 4.2 shows the schematic of the switch 89HPES32NT24AG2. A group of 

pins are scanned during startup and then latched into the internal registers to initialize 

the switch. All of the ports that are to be used for PCIe endpoint devices are initialized 

as downstream ports. The port that is to be connected to the root complex is made 

upstream.  

PES32NT24AG2 has a default mode enabled on power up. In this mode, it 

configures port 0 (P0) as an upstream port and others (P2, P4, P6, P8 and P16) as 

downstream. But according to schematic arrangement, port 8 (P8) is required to be 

upstream. In order to switch the operating mode between port 0 and port 8, a mode 

change has to be performed. This change of mode is achieved using an initialization 

file that is loaded during startup from an external memory source. The group 

arrangement and the initialization details are summarized in table 4.1 to 4.6. 

 

4.1.1 Stack configuration 

Stack configuration determines the number of lanes to be associated with 

individual ports. 24 ports are available in this switch that can be stacked into various 

groups per user lane width requirements. PES32NT24AG2 provides a total of four 

stack configuration groups. Table 4.1 to 4.5 [8] shows these details . 

 

Table 4.1 Stack configuration groups  

Stack Ports associated with the stack 

Stack 0 0, 1, 2, 3 

Stack 1 4, 5, 6, 7 

Stack 2 8, 9, 10, 11, 12, 13, 14, 15 

Stack 3 16, 17, 18, 19, 20, 21, 22, 23 
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Table 4.2 Stack 0 configuration 

STKCFG Field in the 

STK0CFG Register 
Stack Configuration 

Hex Binary Port 3 Port 2 Port 1 Port 0 

0x0 0b00000    X8 

0x1 0b00001  X4  X4 

0x2 0b00010 X2 X2  X4 

0x3 0b00011 X2 X2 X2 X2 

0x6 0b00110  X4 X2 X2 

Others Reserved 

 

Table 4.3 Stack 1 configuration 

STKCFG Field in the 

STK1CFG Register 
Stack Configuration 

Hex Binary Port 7 Port 6 Port 5 Port 4 

0x0 0b00000    X8 

0x1 0b00001  X4  X4 

0x2 0b00010 X2 X2  X4 

0x3 0b00011 X2 X2 X2 X2 

0x6 0b00110  X4 X2 X2 

Others Reserved 
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Table 4.4 Stack 2 configuration 

STKCFG Field in the 

STK1CFG Register 
Stack Configuration 

Hex Binary P15 P14 P13 P12 P11 P10 P9 P8 

0x0 0b00000        X8 

0x1 0b00001    X4    X4 

0x2 0b00010  X2  X2    X4 

0x3 0b00011  X2  X2  X2  X2 

0x6 0b00110    X4  X2  X2 

0x8 0b01000    X4 X1 X1  X2 

0x9 0b01001    X4 X1 X1 X1 X1 

0xA 0b01010  X2  X2  X2 X1 X1 

0xB 0b01011  X2  X2 X1 X1  X2 

0xC 0b01100 X1 X1  X2    X4 

0xD 0b01101 X1 X1 X1 X1    X4 

0xE 0b01110  X2 X1 X1  X2  X2 

0xF 0b01111 X1 X1  X2  X2  X2 

0x10 0b10000  X2 X1 X1 X1 X1  X2 

0x11 0b10001  X2 X1 X1 X1 X1  X2 

0x12 0b10010  X2 X1 x1 X1 X1 X1 X1 

0x13 0b10011 X1 X1  X2 X1 X1 X1 X1 

0x14 0b10100 X1 X1  X2 X1 X1 X1 X1 

0x15 0b10101 X1 X1  X2  X2 X1 X1 

0x16 0b10110 X1 X1 X1 X1  X2 X1 X1 

0x17 0b10111 X1 X1 X1 X1 X1 X1  X2 

0x18 0b11000    X4  X2 X1 X1 

0x19 0b11001  X2 X1 X1  X2 X1 X1 
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Table 4.4 Continued 

STKCFG Field in the 

STK1CFG Register 
Stack Configuration 

Hex Binary P15 P14 P13 P12 P11 P10 P9 P8 

0x1A 0b11010 X1 X1  X2 X1 X1  X2 

0x1B 0b11011 X1 X1 X1 X1 X1 X1 X1 X1 

0x1C 0b11100  X2 X1 X1    X4 

Others Reserved 

 

Table 4.5 Stack 3 configuration 

STKCFG Field in the 

STK1CFG Register 
Stack Configuration 

Hex Binary P15 P14 P13 P12 P11 P10 P9 P8 

0x0 0b00000        X8 

0x1 0b00001    X4    X4 

0x2 0b00010  X2  X2    X4 

0x3 0b00011  X2  X2  X2  X2 

0x6 0b00110    X4  X2  X2 

0x8 0b01000    X4 X1 X1  X2 

0x9 0b01001    X4 X1 X1 X1 X1 

0xA 0b01010  X2  X2  X2 X1 X1 

0xB 0b01011  X2  X2 X1 X1  X2 

0xC 0b01100 X1 X1  X2    X4 

0xD 0b01101 X1 X1 X1 X1    X4 

0xE 0b01110  X2 X1 X1  X2  X2 

0xF 0b01111 X1 X1  X2  X2  X2 

0x10 0b10000  X2 X1 X1 X1 X1  X2 

0x11 0b10001  X2 X1 X1 X1 X1  X2 



 Texas Tech University, Milind Tile, August 2012 
 
 

37 
 

Table 4.5 Continued 

 
STKCFG Field in the 

STK1CFG Register 
Stack Configuration 

Hex Binary P15 P14 P13 P12 P11 P10 P9 P8 

0x12 0b10010  X2 X1 x1 X1 X1 X1 X1 

0x13 0b10011 X1 X1  X2 X1 X1 X1 X1 

0x14 0b10100 X1 X1  X2 X1 X1 X1 X1 

0x15 0b10101 X1 X1  X2  X2 X1 X1 

0x16 0b10110 X1 X1 X1 X1  X2 X1 X1 

0x17 0b10111 X1 X1 X1 X1 X1 X1  X2 

0x18 0b11000    X4  X2 X1 X1 

0x19 0b11001  X2 X1 X1  X2 X1 X1 

0x1A 0b11010 X1 X1  X2 X1 X1  X2 

0x1B 0b11011 X1 X1 X1 X1 X1 X1 X1 X1 

0x1C 0b11100  X2 X1 X1    X4 

Others Reserved 

 

4.1.2 Switchmode 

Switchmode pins determine the working mode of the switch and the source for 

initial configuration. In this application, the default configuration won’t work, we need 

to load the initial configuration from an external serial memory attached on the 

SMBus. When the switch receives a reset signal, it externally loads configuration and 

places it inside the internal registers. The table 4.6 [8] summarizes the pin values 

versus operating mode of the switch. 
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Table 4.6 Pin values vs. operating mode of the switch 

SWMODE[3:0] Switch Mode 

0x0 Single partition  

0x1 Single partition with serial EEPROM 

0x2 Single partition with serial EEPROM jump 0 initialization  

0x3 Single partition with serial EEPROM jump 1 initialization 

0x8 Single partition with reduced latency 

0x9 Single partition with serial EEPROM initialization and 

reduced latency 

0xA Multipartition with unattached ports 

0XB Multipartition with unattached ports and I²C reset  

0xC Multipartition with unattached ports and serial EEPROM 

initialization  

0xD Multipartition with unattached port with I²C reset and serial 

EEPROM initialization 

0xE Multipartition with disabled ports 

0xF Multipartition with disabled ports and serial EEPROM  

initialization 

 

 PCIe switch PES32NT24AG2 has a provision to allow access to internal 

registers via I²C SMBus. The SMBus is active even when the PCIe link is not set up. 

This is a highly desirable feature during troubleshooting. If the switch is not able to 

communicate with the host system on the PCIe link, design engineers can make use of 

the SMBus for the purpose. 

 Before the switch was able to enumerate to the system, an Aardvark I²C/SPI 

host adapter from Total Phase (figure 4.3) was used to monitor the internal registers of 

the switch. A careful examination of these registers revealed the incorrect mode of 

operation on port 8 (P8). The port number (port ID) on port 8 and port 0 were 
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incorrect, too. These problems were fixed by developing a correct initialization file 

that was loaded from an external memory during startup.   

 

     Figure 4.3 Aardvark I²C/SPI host adapter [9] 

 

 

 

  4.2 Cable PCIe 

Figure 4.4 shows the schematic for the cable PCIe connector and corresponding 

PCIe repeater ICs. With the help of PCIe cable, it is possible to connect multiple 

chassis together and hence increase the possible number of adapter boards in one 

system. Port 16 of the PCIe switch is assigned to cable PCIe. On the master chassis, 

P16 is initialized as a downstream port with 8 lanes (X8). These lanes are connected to 

the front panel cable PCIe connector through two repeaters ICs PIEQX5864. The 

function of these IC is to provide various levels of equalization and de-emphasis as 

required.  
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Figure 4.4 Schematic for cable PCIe interface [2] 

 

PIEQX5864 is a special version of PIEQX58XX family. In order to reduce the 

pin count and physical dimensions of IC, the initialization pins (Mode, Level) are 

omitted. The initialization is done through the I²C port instead.The default 

configuration of these ICs sets the levels for equalization and de-emphasis to 

maximum. This results in improper operation of the PCIe link. The appropriate values 

for equalization and de-emphasis are loaded through the I²C port during the system 

startup by the FPGA. These values depend on numerous factors like length of cable 

used, trace length, separation length of PCIe switch from repeaters, signal integrity, 

etc.   
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4.3 Master-Slave Mode  

The VPXI-ePC chassis can be operated in both master and slave mode with 

some minor hardware changes. VPXi-ePC has the unique feature of re-using a single 

COMEX board (same chassis) as both, a Master and a Slave module. This gives the 

board designer the flexibility of swapping between two modes and thereby 

maximizing the utilization of all board features [2]. Following are some key 

differences while running the board in slave mode. 

 No COMEX CPU present 

 FPGA enumerates to PCIe switch instead of COMEX CPU 

 Clock source for PCIe is from cable PCIe (Master chassis) instead    

of COMEX 

 Port 6 on the backplane gets two lanes (X2) instead of four from 

PCIe switch   

 All the cable PCIe interface signals like CPWRON, CPERST#, 

CPRSNT#, CWAKE#  must be altered for slave. 

 

In addition to these changes, some more hardware changes are necessary. 
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Figure 4.5 Schematic for clock source selection [2] 

 
 

In Figure 4.5, the PCIe clock source must be flipped for slave COMEX 

operation because COMEX CPU is absent. The IC in Figure 4.5 is a simple clocking 

fan-out generator. Replacing the resistors changes the source appropriately for each 

specific mode.     
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Figure 4.6 Schematic for FPGA PCIe link selector [2] 

 

Figure 4.6 shows the schematic for FPGA PCIe link selection. Resistors R2 and 

R6 are populated alternately for Master and Slave mode, respectively. The IC 

PCIE2212 is a multiplexer IC that selects one of the given two inputs. The function of 

this schematic is to connect the FPGA PCIe link either to COMEX CPU or to PCIe 

switch.  

 

The troubleshoot phase involves stepwise debugging to isolate the source of 

problem. After the problem source is identified, the next step is to fix the problem with 

minimum possible changes. This chapter summarized some problems that were 

encountered during the entire hardware bring up phase of the VPXI-ePC. Identifying 

and fixing these problems is the development process from first prototype board to 

fully functional version (rev-c) [2].       
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 CONCLUSION 
A VPX based embedded data acquisition and processing system was developed. 

During this phase of development, many issues were faced and fixed systematically. 

When the project was assigned to the author, the COMEX CPU was the only 

functioning section in the system. The work performed for this thesis is summarized in 

this section. The debugging started by troubleshooting the FPGA section. In this stage, 

FPGA firmware developed in VHDL, was simulated on Modelsim. Before actual 

implementation, the logic was tested using dummy Verilog models, and then the 

binary file was transferred to the FPGA. After the simulation results were verified, the 

next step was to begin with the hardware troubleshooting. This work involved clock 

frequency verification, power supply regulation and Digital IO. The functional 

verification of the firmware and hardware for PCIe section on FPGA was confirmed 

after the correct enumeration of the FPGA on the system.  

VPXi-ePC has various timing and triggering features. These are generated by 

onboard PLL and distributed using the clock-mux ICs. The next task in 

troubleshooting was to ensure accuracy of the output clock frequencies. The debug log 

files were created and monitored, and the errors were isolated and fixed by verifying 

the contents of internal registers of PLL and clock-mux ICs. Generation of correct 

output frequencies as per user application program ensured the correct operation of the 

hardware, firmware and software. 

The PCIe switch connects the VPX backplane connector modules with the main 

system. The main aim of the VPXI-ePC is to provide fully functional multiple 

backplane adapters. Getting the PCIe switch to enumerate was the most critical section 

of the system development process and represents a major contribution of the work 

described in this thesis. During the design and troubleshooting of this device, author 

faced numerous problems like initialization, clock mismatch, wrong port number, etc. 

These problems were fixed by using a tool from Total Phase called the Aardvark 

I2C/SPI host adapter. This device was interfaced with the PCIe switch via I²C port on 

the SMBus interface. The internal contents of the PCIe switch were monitored. By 

CHAPTER 5 
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careful observation of the register contents, the problem was identified. Necessary 

hardware and firmware modifications were made to fix the problem. The last step in 

troubleshooting was to ensure system reliability. To verify this, data was streamed 

from the system for a number of days. The performance of the system did not degrade. 

After the overall performance of the VPXI-ePC was found convincing, the system was 

shipped to customers. 
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