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This master thesis presents the development and implementation of two digital
systems based on Field-programmable Gate Array (FPGA): a Bit Error Rate Testing
(BERT) system for an Optical Communication (OCOM) application, and a Digital
Signal Processing (DSP) system for a Spin-Dependent Tunneling Magnetometer
(SDTM). Both applications are intended for space and currently under development at
the Ångström Space Technology Center (ÅSTC). The DSP system samples analog
signals and applies a Fast Fourier Transform (FFT) for to provide frequency spectrum
analysis.
The report covers detailed system designs, state machine designs, and accounts for
system verifications and measurements. As the live OCOM system and SDTM were
unavailable by the time of testing, a series of emulated testing cases were set up to
evaluate the digital systems developed. Analog square and sine wave signals were used
to evaluate the performance and accuracy of the FFT in the DSP system. Both
systems were functionally verified by the Altera SignalTap II Logic Analyzer.
Analysis of the measurement results for the testing cases indicates that the BERT
works well at clock frequencies of 50 MHz and 125 MHz, and that the coaxial cable is
more suitable for data transmission as it gives a lower bit error rate than the stranded
wire. The DSP system was verified to work well at a clock frequency of 62.5 MHz,
and is able to sample any waveform at a sampling frequency of 62.5 MHz and
continously get, at maximum, 14-bit wide digital signals. The sample points lengths for
FFT are 64, 512 and 1024, and the data transfer rate between the FPGA and the
computer reaches 115200 baud.
In conclusion, the developed BERT and DSP system can be used to support the
OCOM system and the SDTM hardware, respectively.
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Chapter 1
Introduction
The Agile Optical Communication (OCOM) system for Formation
Flying Spacecraft project
A collaborating close-range cluster of Nanospacecraft is envisioned to be
equipped with inter limited high speed optical communication. The OCOM
is a miniaturized hardware for High Speed Optical Communications System
in collaborating with Nanospacecraft clusters. The OCOM system implements free space optical communication using lasers. The OCOM modules
and subsystems have been designed, fabricated, and evaluated in-house. Further tests on OCOM system can achieve an overall evaluation for this project.
The Spin-Dependent Tunneling Magnetometer (SDTM) project
Magnetometer is a scientific instrument designed to measure the strength
and/or direction of the magnetic field around the instrument. It is frequently applied in scientific space technologies, such as satellite. Recent years
nanosatellites become a trend because of low cost and weight. Therefore
conventional magnetometer must be miniaturized. Micro-Electro-Mechanical
Systems (MEMS) are one way of implementing miniaturization. The SDTM
project researches MEMS-based SDT magnetometer used on nanosatellites.
The measurement systems for 3-D space Magnetometry projects
A specific circuit is designed for the measurement system for 3-D space Mag1

CHAPTER 1. INTRODUCTION
netometry. The measurement system can collect and amplify the very weak
signals from the magnetometer and provide transceiver interfaces. During
these projects the signals from the magnetometer are primarily evaluated.
Purpose of thesis
The intended purpose of this thesis is to develop two high-speed digital subsystems for the OCOM system and SDTM Magnetometer which are both for
future spacescraft missions. The first studied digital system aims to test the
quality of data transmission in the OCOM system. The other system is set up
for analysing the analog signals from the magnetometer. The overall project
is required to be implemented on a FPGA board using VHDL programming
language.

2
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2.1

Current OCOM and SDTM hardware

The current OCOM hardware consists of a transmitter and receiver as shown
in Fig. 2.1 and 2.2, respectively. The serializer of the transmitter subsystem serializes 10-bit wide 8B10B encoded characters to a high-speed serial
data stream which is then emitted to free space by a Vertical-cavity Surfaceemitting Laser (VCSEL) under the control of a VCSEL driver. At the receiver, the laser pulses are detected by an Avalanche Photodiode (APD). The
signal is then amplified by transimpedance amplifier and limiting amplifier
and deserialized back to 10-bit encoded data.

Figure 2.1: The block diagram of OCOM transmitter.

3
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Figure 2.2: The block diagram of OCOM receiver.
The SDTM project has developed basic electronics for interfacing and collecting data from a SDTM sensor as shown in Fig. 2.3. The SDTM sensor
output is amplified by a two-stage amplifier to a relatively strong signal which
is then to be converted to a digital signal.

Figure 2.3: The block diagram of electronics developed for the SDTM sensor
[16].

2.2

Descriptions of the two systems

In this project, two Field-programmable Gate Array (FPGA) based systems
will be developed. The first system is called Bit Error Rate Test (BERT)
system and is designed to check bit error numbers in data transmission of
a Device Under Test (DUT) with the goal of calculating the Bit Error Rate
(BER) for the OCOM system. The other system is called Digital Signal
Processing (DSP) system which samples analog signals and applies a Fast
4
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Fourier Transform (FFT) to analyse the spectrum of the SDTM sensor output. Section 2.4 and 2.5 introduce knowledge about subcomponents and
related informations used in the two systems. Chapter 3 and 4 describe the
details on the implementations.

2.3

FPGA

An FPGA is an integrated circuit designed for the customers or designers to
configure. This is generally achieved by programing Register Transfer Level
(RTL) Hardware Description Language (HDL) codes on its programmable
logic components, called logic blocks. Compared with an Application-specific
Integrated Circuit (ASIC), the biggest advantage of FPGA is that it can
be reprogrammed. Designs using FPGA do not need the high set-up and
Non Recurring Expenses (NRE) costs which ASIC designs require. The
design cycle of a system using FPGA is shorter than that using an ASIC.
An ASIC can not be modified once the circuit is manufactured and highly
depends on design reliability. It has lower unit costs and is suitable for very
high volume designs. FPGA is better suitable for low or middle volume
designs. Compared with a Complex Programmable Logic Device (CPLD),
FPGA has larger scale and capability and is more appropriate for sequential
logic designs. Therefore an FPGA is the optimal choice for this project.
The typical FPGA design flow consists of several steps as follows.
1. Programming in VHDL/Verilog
2. Debugging
3. Simulation
4. Synthesis
5. Placement and routing
6. Timing analysis
7. Verification of design
5
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In the FPGA world, Xilinx and Altera are the most popular FPGA providers
with an approximately 80% market share combined [14]. In addition, Lattice, Actel and QuickLogic are also well-known FPGA providers. In this
project Altera Cyclone III EP3C120 development board, shown in Fig. 2.4,
is used. It features a Cyclone III EP3C120F780 FPGA, DDR2 SDRAM,
Flash memory, 10/100/1000 Ethernet, Graphics and character LCD display
and two Data Conversion High Speed Mezzanine Card (HSMC) expansion
connectors. Additionally, Mentor Graphics’s ModelSim and Altera’s Quartus
II are used for simulation and synthesis, respectively.

Figure 2.4: Top view of Cyclone III development board.
Altera provides customers with many different MegaCore functions which
have been designed, tested and optimized for a long time. Hence they should
work without bugs and reference samples can be searched and found online.
The MegaCore functions must be purchased and licences, often at high prices.
6
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As an alternative, OpenCores, a community, actually delivers open source
Intellectual Property (IP) blocks released under the Lesser General Public
License (LGPL) or similar. The OpenCores projects are appropriate for small
designs with limited funding. The design cycle of projects using already
existing IP blocks from MegaCores or OpenCores become shorter.

2.4

Working principles of the BERT system

BERT is a testing method which determines BER of a digital communications
system. The BER is calculated by the number of bit errors divided by the
total number of transferred bits.
The BERT system consists of a Pseudorandom Binary Sequence (PRBS)
generator, a comparator, an 8B10B encoder, an 8B10B decoder and OCOM
system, as shown in Fig. 2.5.

Figure 2.5: Block diagram of BERT system.
PRBS generator produces a sequence which consists of pseudorandom logical ones and zeros. This sequence is used as a stress pattern for the BERT
system. Pseudorandom is not real random, it will repeat itself after a certain
number of elements, whereas a true random sequence will not repeat itself.
7
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Besides, there are various stress patterns which are suitable for different testing aims. For example the pattern composed of all ones is used to consume
the maximum amount of power.
In communication system or OCOM system, 8B10B encoding, a kind of
line code, is used for digital data transport. The 8B10B encoder encodes
an 8-bit sequence of logical ones and zeros into a 10-bit sequence by rules.
The 8B10B decoder decodes a 10-bit sequence back into an 8-bit sequence.
Detailed principles can be referred to section 2.4.1 and 2.4.2.
A comparator is used to compare two 8-bit sequences, reference sequence and
transfered sequence. If the two sequences are the same, result of comparator
is logical one, otherwise it is logical zero. By counting the number of logical
zero, the number of bit errors is obtained and the BER can be calculated.

2.4.1

8B10B Encoder and IP core

An 8B10B encoder encodes an 8-bit data into a 10-bit symbol. Fig. 2.6
illustrates the schematic diagram of bit conversion process.
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Figure 2.6: 8B10B data conversion.

Topmost numbers 7 to 0 illustrate 8-bit data. Bottom numbers 9 to 0 illustrate 10-bit encoded symbol. Each bit of an 8-bit data are named capital
letter, A, B, C, D, E, F, G, H, where Bit <A> and Bit <H> are the least significant bit (LSB) and the most significant bit (MSB), respectively. The LSB
is usually transmitted first in serial transmission, while the MSB is the last
8
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one transmitted. The 8-bit data can be divided into two groups according
to Fig. 2.6.
Each bit of a 10-bit symbol are named lower-case letter a, b, c, d, e, i, f, g,
h, j, where Bit <a> and Bit <j> are the LSB and MSB, respectively. The
order is not alphabetical. A 10-bit symbol can be also split into two groups
according to Fig. 2.6.
The top 3-bit data is encoded into a 4-bit group according to the 3B/4B
encoding table shown in Table 2.1. The low 5-bit data is encoded into a
6-bit group according to the 5B/6B encoding table shown in Table 2.2. A
10-bit symbol is formed by concatenating these two groups together.
Table 2.1: 3B/4B encoding.
input

RD=-1

RD=+1

input

RD=-1

RD=+1

HGF

fghj

fghj

HGF

fghj

fghj

D.x.0

000

1011

0100

K.x.0

000

1011

0100

D.x.1

001

1001

1001

K.x.1

001

0110

1001

D.x.2

010

0101

0101

K.x.2

010

1010

0101

D.x.3

011

1100

0011

K.x.3

011

1100

0011

D.x.4

100

1101

0010

K.x.4

100

1101

0010

D.x.5

101

1010

1010

K.x.5

101

0101

1010

D.x.6

110

0110

0110

K.x.6

110

1001

0110

D.x.P7

111

1110

0001

D.x.A7

111

0111

1000

K.x.A7

111

0111

1000

Disparity is the difference of the number of ones and zeros in the symbol.
There are three types of disparity such as neutral, positive and negative one.
Neutral disparity expresses that the number of ones and zeros in one symbol
are equal. Positive disparity indicates the number of ones is more than that
of zeros and negative disparity is contrary to the positive one.
To maintain Direct Current (DC) balance, 8B10B encoding ensures neutral
average disparity. For example a positive running disparity must be followed
by a negative or neutral disparity; a negative disparity must be followed by
9
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Table 2.2: 5B/6B encoding.
input

RD=-1

RD=+1

input

RD=-1

RD=+1

EDCBA

abcdei

abcdei

EDCBA

abcdei

abcdei

D.00

00000

100111

011000

D.16

10000

011011

100100

D.01

00001

011101

100010

D.17

10001

100011

100011

D.02

00010

101101

010010

D.18

10010

010011

010011

D.03

00011

110001

110001

D.19

10011

110010

110010

D.04

00100

110101

001010

D.20

10100

001011

001011

D.05

00101

101001

101001

D.21

10101

101010

101010

D.06

00110

011001

011001

D.22

10110

011010

011010

D.07

00111

111000

000111

D.23

10111

111010

000101

D.08

01000

111001

000110

D.24

11000

110011

001100

D.09

01001

100101

100101

D.25

11001

100110

100110

D.10

01010

010101

010101

D.26

11010

010110

010110

D.11

01011

110100

110100

D.27

11011

110110

001001

D.12

01100

001101

001101

D.28

11100

001110

001110

D.13

01101

101100

101100

D.29

11101

101110

010001

D.14

01110

011100

011100

D.30

11110

011110

100001

D.15

01111

010111

101000

D.31

11111

101011

010100

K.28

11100

001111

110000

a positive or neutral disparity and a neutral disparity must be followed by a
positive or negative or neutral disparity.
Running disparity is the record of the disparity of every encoded symbol.
Table 2.3 shows the rules of running disparity more clearly.
In addition to the 256 data symbols, there are 12 special symbols which can
be used for low-level control functions. Table 2.4 shows a list of these special
symbols.
The special symbols are named Kx.y. For instance K.28.5 is called the comma
symbol, which is usually used for alignment purposes. In applications where
data is transmitted serially, the comma symbol can guarantee that a 1010
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Table 2.3: Rules for Running Disparity.
Previous RD

Disparity of code word

Disparity chosen

Next RD

-1

0

0

-1

-1

±2

+2

+1

+1

0

0

+1

+1

±2

-2

-1

Table 2.4: Control symbols.
input

RD=-1

RD=+1

HGF EDCBA

abcdei fghj

abcdei fghj

K.28.0

000 11100

001111 0100

110000 1011

K.28.1

001 11100

001111 1001

110000 0110

K.28.2

010 11100

001111 0101

110000 1010

K.28.3

011 11100

001111 0011

110000 1100

K.28.4

100 11100

001111 0010

110000 1101

K.28.5

101 11100

001111 1010

110000 0101

K.28.6

110 11100

001111 0110

110000 1001

K.28.7

111 11100

001111 1000

110000 0111

K.23.7

111 10111

001111 1000

000101 0111

K.27.7

111 11011

001111 1000

001001 0111

K.29.7

111 11101

001111 1000

010001 0111

K.30.7

111 11110

001111 1000

100001 0111

bit symbol does not occur elsewhere in the encoded bit stream. All special
symbols must not be implemented, it depends on project requirements.
It should be noted that, for this encoder MegaCore, in addition to the 12 basic
special symbols shown in the table 2.4, one unique symbol named 10B_ERR
is defined as 8’b111_11111 in the Altera 8B10B encoder. It indicates an
invalid special symbol.
Fig. 2.7 shows the interface of the 8B10B encoder. The encoder reads data
11
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from the input port left side and writes data to the output port right side.
clk
reset_n
kin
ena
idle_ins
datain[7:0]
rdin
rdforce

kerr
dataout[9:0]
valid
rdout
rdcascade

Figure 2.7: The interface of 8B10B encoder.
The encoder is driven by the clock signal clk. Signal reset_n can be used as
asynchronous reset and is active low.
Signal datain[7 : 0] represents the 8-bit wide data input. The encoder can
read 8-bit sequences from this port continuously or discontinuously by controlling the enable signal ena. When this signal is asserted, data on port
datain[7 : 0] is available and will be read into the encoder. When ena is
deasserted, the encoder will be disabled.
Signal dataout[9 : 0], as its name implies, represents the 10-bit wide output
data signal. When the valid signal is asserted, data on this port is available.
Signal idle_ins is used to automatically insert a comma character, (K28.5.),
for alignment purposes.
Cascaded encoding function can be implemented by signals rdin, rdf orce and
rdcascaded. Running disparity is operated by signals rdin and rdf orce where
signal rdin and rdf orce represent running disparity input and forcing running
disparity, respectively. When signal rdf orce is deasserted, running disparity
is generated internally by the encoder without consideration of signal rdin.
When rdf orce is asserted, the value of signal rdin will replace the internally
generated running disparity. No matter which method of running disparity
is used, signal rdout will show the current value of the running disparity used
currently. Signal rderr expresses error occurs for running disparity when it is
asserted. Errors of running disparity indicate the rules of running disparity
12
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have been violated.
Signal kin represents input a 8-bit data corresponding to the special symbol
for special commands. Signal kerr indicates errors for special symbols when
it is asserted.

2.4.2

8B10B Decoder and IP core

An 8B10B decoder translates 10-bit symbols into 8-bit ones. It executes
contrary operations to an 8B10B encoder.
The 8B10B decoder MegaCore has a structure similar to the 8B10B encoder
MegaCore. Fig. 2.8 shows the interface of it.

clk
reset_n
idle_del
ena
datain[9:0]
rdin
rdforce

valid
dataout[7:0]
kout
kerr
rderr
rdout
rdcascade

Figure 2.8: The interface of 8B10B decoder.

Signal idle_del is used to delete comma symbols. When signal idle_ins is
validly applied on the encoder, the decoder will delete those inserted comma
symbols.
Signals rderr and kerr represent error of running disparity and special symbol, respectively and are active high. Computation of errors of running disparity and special characters are different and independent. For example in
some cases valid encoding can tolerate wrong running disparity even though
signal rderr is asserted. But in fact they are technically invalid codes and
will not cause signal kerr to be asserted.
13
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Figure 2.9: Block diagram of the DSP system.

2.5

Working principles of the DSP system

The DSP system is used for processing and analysing digital signals sampled
from an analog source. It is composed of a signal generator, an Analogto-Digital Converter (ADC), a FFT component, a Universal Asynchronous
Receiver/Transmitter (UART) and Synchronous Dynamic Random Access
Memory (SDRAM). Fig. 2.9 shows the block diagram of the DSP system.
A Signal generator is used to generate analog signals which are converted
to digital samples by the ADC. SDRAM, off-chip memory, provides bigger
memory space than on-chip memory, such as read-only Memory (ROM) and
Random Access Memory (RAM), and can save much more data from the
ADC. This data is processed by using the FFT component. The results of
the FFT are finally transmitted to a PC by the way of UART.

2.5.1

ADC and Data Conversion HSMC

The Data Conversion HSMC shown in Fig. 2.10 [2] is a daughter card of
the Cyclone III development board shown in Fig. 2.4. It is connected to the
Cyclone board via the HSMC interface, Port A or Port B on the left-hand
14
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or right-hand side of the Cyclone board, respectively.

Figure 2.10: Top view of the Data Conversion HSMC.

The Data Conversion HSMC is used for DSP applications with the Cyclone
III board. It provides a set of Analog to Digital and Digital to Analog
interfaces, an Audio Codec interface and external clock I/O interface.
The A/D converter channel A (U1) and channel B (U2) in Fig. 2.10 are
Analog Devices AD9254, 14-bit 150 MSPS A/D converters, designed for high
speed and high-performance applications. The signal-to-noise ratio for the
ADC can reach 72 dB for 70 MHz input signals [10]. Theoretically, the
bandwidth of differential input to ADC is up to 650 MHz [10].

2.5.2

FFT algorithm and IP core

The Fourier Transform is a mathematical operation for decomposing a signal
into its constituent frequencies and transforming it from the time domain into
the frequency domain. The Discrete Fourier Transform (DFT) has opened
up a new signal processing technique which calculates Fourier Transform
of a discrete-time signal in the frequency domain. Equation 2.1 shows a
DFT of length N for a discrete-time sequence at N evenly distributed points
15
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ωk = 2πk/N on the unit circle.
X[k] =

N
−1
X

x(n)e−j2πnk/N

(2.1)

n=0

,k=0,...,N-1
The Fast Fourier Transform (FFT) is a fast algorithm for computing the
DFT. Only O(N log2 N ) operations are required which can significantly reduce
execution time. The FFT MegaCore used in this project uses the Cooley
Tukey radix r decimation-in-frequency FFT algorithm [4]. An algorithm of
radix r recursively divides the input sequence into N/r sequences of length r,
and requires logr N stages of computations. The advantage of this algorithm
is each stage of the decomposition typically shares the same hardware with
data being read from memory, passed through the FFT processor and written
back to memory. The FFT processor is required to be passed through logr N
times. Increasing the radix r induces a reduction in the number of passing
through the FFT processor at the expense of device resources.
The FFT MegaCore function provides various options for the FFT processor
engine architecture. Fig. 2.11 shows the selected Single-Output FFT Processor Engine Architecture. The term single-output refers to the throughput
of the internal FFT butterfly processor engine.

Figure 2.11: Single-Output FFT Engine Architecture [4].
Complex data samples x[k, m] are read from RAM sequentially and processed
by the butterfly processor to form complex outputs G[k, m]. The complex
16
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output is multiplied by a twiddle-factor read from ROM and the result of the
multiplication, H[k, m], is evaluated by the block-floating point unit (BFPU)
to discern the maximum dynamic range of the samples. In this processor
architecture, only one single complex output is computed per clock cycle. It
can save hardware resources at the expense of transform time.
The FFT MegaCore function also provides multiple choices for the I/O data
flow architectures, such as streaming, variable streaming and buffered burst
architecture. Burst architecture is applied in this system. It uses the block
floating point representation, which requires less memory resources at the
expense of reduced average throughput.
The block floating-point arithmetic is a trade-off between full floating-point
and fixed-point arithmetic. For fixed-point, the data precision is required
to be large enough to represent all intermediate values during the transform
computations. For floating-point, the data is represented by a mantissa with
an individual exponent. The block floating-point represents the values by an
independent mantissa with a common exponent in the same FFT data block.
The Equation 2.2 shows how to calculate the practical output, output_p by
using direct output, output_d of FFT.
output_p = output_d ∗ 2−exponent

(2.2)

Fig. 2.12 shows the interface of the FFT MegaCore. The term sink denotes
received data from data sources. The term source means transmitted data
to storage such as RAM.
Signals sink_real and sink_imag are the real and imaginary parts of the
complex received data, respectively, and the incoming FFT frame are started
and ended by the asserted signals sink_sop and sink_eop, individually.
In the same way, the real and imaginary parts of the transformed data are presented by the signals source_real and source_imag, separately. The start
and end of the outgoing FFT frame are expressed by the signals source_sop
and source_eop, apart. Signal source_exp is the common exponent in each
FFT data block.
Input signals sink_valid and source_ready are asserted when the data
on sink_real and sink_imag are valid and when FFT can accept data,
17
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clk
reset_n
sink_sop
sink_eop
sink_real
sink_imag
sink_valid
sink_err
source_ready

sink_ready
source_sop
source_eop
source_real
source_imag
source_exp
source_valid
source_error

Figure 2.12: The interface of the FFT MegaCore.

dividedly. When FFT engine can accept data and when there are valid
data on source_real and source_imag, output signals sink_ready and
source_valid are asserted, respectively. It is not mandatory to feed data
to the FFT during ready clock cycles.
Signal source_error expresses errors occur in the present used FFT. If
FFT is pipelined, errors in an upstream module are determined by signal
sink_err.

2.5.3

UART OpenCores IP

In this project, a UART is an component used for serial communication. It
transforms data between parallel and serial forms. A UART OpenCores IP
[6] is used here to enable serial communication between the computer and
the FPGA board. Fig. 2.13 shows the interface of UART OpenCores IP
16750.
Signal BAU DCE is used to enable the baud rate divisor component included
in the UART OpenCores IP and is asserted when the serial communication
is initialized. The desired baud rate is set by the value of baud rate divisor
in the baud rate divisor component. Equation 2.3 shows how to calculate
the value of baud rate divisor BRD_value.
18
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DOUT
DDIS
INT
OUT1N
OUT2N
BAUDOUTN
RTSN
DTRN
TXFINISH
TXFIFIQ
EMPTY
FULL
SOUT

clk
RST
BAUDCE
CS
WR
RD
A
DIN
RCLK
CTSN
DSRN
DCDN
RIN
SIN

Figure 2.13: The interface of UART.

BRD_value =

f _BRclk
desired_BR ∗ 16

(2.3)

Signals DIN and SOU T indicate bytes of input data in parallel and serial
bit output, respectively. When one byte of data has been transmitted, the
T XF IN ISH signal is asserted by the UART.
A data transfer will take place when chip select signal CS is asserted. Write
and read operations will be performed when W R and RD are asserted, respectively.
Signals CT SN , DSRN , DCDN and RIN show modem status and indicate
clear to send, data send ready, data carrier detect and ring indicator, individually. The meanings of all other signals can be referred to the relative
manual if interested.

2.5.4

Memory system

In the DSP system several different memory blocks are used, including onchip and off-chip memory. On-chip memory is the simplest memory type
19
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available in an FPGA-based system design. The memory is implemented
inside the FPGA and no external connections are necessary on the circuit
board. On-chip memory is the highest throughput, lowest latency memory.
At the same time on-chip memory is very small so that its capacity is somewhat limited. RAM and First-in First-out (FIFO) buffer are typical on-chip
memories. Off-chip memory is external memory, implemented outside the
FPGA. An external memory provides larger storage capacity than on-chip
memory, but is slower.

RAM and IP core
RAM is on-chip internal memory and used to buffer data and addresses.
Altera provides various kinds of RAM MegaCores. In this project, a 2port RAM MegaCore is used in two modes. The 2-port in the first mode,
with single write and read ports, means write and read operations can be
performed at the same time. Whereas in the other mode, with dual write
and read ports, one kind of the operations, write and read, write and write, or
read and read operations can be executed. When reading a memory location
that is being written from the other port, the content read can be the old
memory content or uncertain. Fig. 2.14 and 2.15 show the interfaces of a
2-port RAM MegaCore in the two modes, with single and dual read&write
ports, separately.
clock
data[31:0]
wraddress[10:0]
wren
rdaddress[10:0]
rden

q[31:0]

Figure 2.14: The interface of a RAM:2-port MegaCore with single read&write
ports.

Data is written to, and read from, memory by asserting signals wren and
rden, separately. Read and write commands are operated on the read and
20
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write address, individually. When signal wren_a/wren_b is asserted, input
clock
data_a[31:0]
address_a[13:0]
wren_a
rden_a
data_b[31:0]
address_b[13:0]
wren_b
rden_b

q_a[31:0]

q_b[31:0]

Figure 2.15: The interface of a RAM:2-port with dual read&write ports.
data of data_a[31:0]/data_b[31:0] will be written to the corresponding memory block, which is mapped by the desired address_a[13:0]/address_b[13:0].
Output data of q_a[31:0]/q_b[31:0] will be read by asserting rden_a/rden_b
signal and from address_a[13:0]/address_b[13:0] mapped memory block.

FIFO buffer and IP core
FIFO is a buffering data mechanism which indicates data written in first is
read out first. Fig. 2.16 shows the interface of the FIFO buffer MegaCore.
clock
sclr
data[13:0]
rdreq
wrreq

empty
full
q[13:0]

Figure 2.16: The interface of FIFO buffer MegaCore.
Signals empty and f ull are asserted by the FIFO buffer if no data is in the
FIFO and the FIFO is filled with data, respectively. If the system issues a
read request command, rdreq, when empty is asserted, the outgoing data
q[13 : 0] will not be available. When f ull is asserted and a write request
command, wrreq, is issued, the incoming data data[13 : 0] will be discarded.
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SDRAM and IP core
The Cyclone III development board features 256 MB of dual-channel DDR2
SDRAM with a 72-bit data width. The DDR2 SDRAM has four 16-bit 32
MB Micron devices for the 64-bit datapath and a single 8-bit 32 MB Micron
device. The data bus can be configured as two separate buses of 32 bits each,
or a single 32-bit and a single 40-bit bus. One address/control bus connects
to the top edge of the Cyclone III device and is referred to as TOP, while
the other connects to the bottom and is referred to as BOT. The maximum
frequency of DDR2 SDRAM is 167 MHz. The theoretical bandwidth of the
entire DDR2 SDRAM interface reaches 3,000 MB/s raw throughput.
SDRAM is not FPGA on-chip memory but on-board memory. It can not be
written or read directly, but must be accessed via a specific controller which
can operate on the SDRAM. The controller can be implemented by users
themselves. Nevertheless if it is a new project or design, self-implemented
controller is not advocated. Instead Altera provides a software-implementation
high-performance DDR2 SDRAM controller MegaCore which can operate the
memory efficiently and correctly. The DDR2 SDRAM high-performance controller instance can be generated through a DDR2 SDRAM high-performance
controller MegaCore. Fig. 2.17 shows a block diagram of the controller architecture.

Figure 2.17: Block diagram of DDR and DDR2 SDRAM High-Performance
Controller Architecture.
The Command FIFO buffer can store four consecutive read or write com22
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mands to or from the controller. If the FIFO buffer is full, signal local_ready
to the local interface is deasserted until the FIFO buffer has space to receive
the command. The size of the write data FIFO buffer is larger than the
command FIFO buffer in order to prevent it from filling up and interrupting
streaming writes. Detailed information about the internal architecture can
be found in the DDR and DDR2 SDRAM High-Performance Controller User
Guide [5].
aux_full_rate_clk
aux_half_rate_clk
phy_clk
reset_phy_clk_n
reset_request_n
local_rdata[31:0]
local_rdata_valid
local_ready
local_wdata_req
local_refresh_ack
local_init_done
mem_ba[1:0]
mem_addr[3:0]
mem_dm
mem_ras_n
mem_cs_n
mem_cke
mem_we_n
mem_odt_n
mem_cas_n
mem_clk
mem_dqs
mem_clk_n
mem_dq[7:0]

pll_ref_clk
glocal_reset_n
soft_reset_n
local_size
local_burstbegin
local_address[22:0]
local_write_req
local_be[3:0]
local_wdata[31:0]
local_read_req

Figure 2.18: The interface of DDR and DDR2 SDRAM high-performance
controller, taken from its user guide [5].

Fig. 2.18 shows the interface of the DDR and DDR2 SDRAM high-performance
controller. Ports mem_ba[1 : 0] to menm_dq[7 : 0] must be connected to
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corresponding pins of the SDRAM hardware on board. Fig. 2.20 on page 26
shows the pin assignments for the SDRAM memory.
All read and write operations must be performed on the local interface without any knowledge of controller’s internal architecture. The controller uses
a memory burst length of 4 1 , while on local interface read or write requests
can be of size 1 or 2. If the controller is in half rate mode, read or write
requests are always of length 1. In full rate mode, the controller can accept
requests of size 1 or 2. Requests of size 2 produce higher throughput since
the whole memory burst is used [5]. The SDRAM divides its memory space
into banks, rows and columns. In half rate mode, the width of the address
bus is determined by using equations 2.4 and 2.5.
For one chip select 2 :
width = bankbits + rowbits + columnbits − 2

(2.4)

For multiple chip selects:
width = chipbits + bankbits + rowbits + columnbits − 2

(2.5)

Because the bank address is 2 bits wide, row is 13 bits wide, and column is
10 bits wide, the local address is 23 bits wide. The local_address is mapped
to bank, row and column address, which is shown in Fig. 2.19.
Bankaddr

22

Rowaddress[21:8]

Coladdress[9:2]

21

7

0

Localaddress[22:0]

Figure 2.19: Mapping bank, row, column addresses to the local address.
The two LSBs of the column address on the memory side are ignored, because
the local data width is four times that of the memory data bus width. In
1

A memory burst length of 4 refers to that 4 requested words in an aligned block will
be accessed consecutively, the access order depends on burst mode.
2
The DDR2 SDRAM has four 16-bit 32 MB Micron devices and a single 8-bit 32 MB
Micron device. One Micron device is thought of as one chip.

24

2.5. WORKING PRINCIPLES OF THE DSP SYSTEM
half rate mode, the controller allows burst size local_size to be 1, which
corresponds to a complete memory burst of 4.
To issue a write request, signal local_write_req should be asserted and the
desired address should be set. If signal local_ready is asserted simultaneously, it indicates that the controller has accepted the write request. If not,
the user logic should keep the write request and address signals asserted until
the local_ready signal is asserted.
Similarly, signal local_read_req should be asserted and the desired address
should be set when the user logic requests a read operation. When signal
local_ready is asserted, the controller can accept a new read request in
the following clock cycle. The data read from the SDRAM appears on the
local_rdata[31 : 0] port when the read data valid signal local_rdata_valid
is asserted. There are two types of latencies in the SDRAM, write and read
latency. The typical values for the write and read latencies are 11 and 18
local clock cycles, respectively.
The DDR2 SDRAM controller MegaCore has an internal Phase-locked Loop
(PLL) which generates full-rate clock aux_f ull_rate_clk and half-rate clock
aux_half _rate_
clk, the alternative clocks for user logic. Signal pll_ref _clk is the reference
clock input to PLL and a signal phy_clk is, in this project, the clock for
user logic. All inputs to and outputs from the SDRAM controller must be
synchronous to this clock. When the controller is in half rate mode, the
frequencies of aux_f ull_rate_clk and aux_half _rate_clk are twice and
equal with that of phy_clk, respectively.
Compared with on-chip memory, DDR2 SDRAM requires more clock cycles to complete memory initialization, write training data 3 and calibration
4
. Read and write requests will not be issued to the memory until signal
local_init_done is asserted.

3

A specific pattern of data is written to each DQ (SDRAM data interface) pin of the
memory [13].
4
When the write training data process is completed, the sequencer then repeatedly
reads the training pattern back from each DQ pin of the memory [13].
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Figure 2.20: Pin assignments for memory side SDRAM.
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Chapter 3
Development of BERT system
3.1

Design of BERT system

This BERT system aims to check numbers of bit errors of a DUT and then
compute bit error rate. The design is described by the functional block
diagram shown in Fig. 3.1.
On-Chip ROM

8B10Bencoder

DUT
Comparator

On-Chip RAM

8B10Bdecoder

Clk

Figure 3.1: Functional schematic diagram of BERT.
The 8B10B MegaCore encoder reads reference 8-bit data from on-chip ROM
and encodes this into a 10-bit symbol, which is transmitted through the DUT
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to the 8B10B MegaCore decoder which decodes the symbol back to 8-bit data.
The comparator reads the reference data from on-chip ROM and the decoded
data from the 8B10B MegaCore decoder, compares the data and saves the
results to the on-chip RAM. The on-chip ROM contains a PRBS which is
generated by Matlab, as described in section 3.1.2. All inputs and outputs
of the generated 8B10B MegaCores are set to be registered in MegaWizard
1
in Quartus II. The advantage of registered inputs and outputs increases
stability of them and avoid to suffer from glitch 2 . Clk is used for driving
all components and denotes the clock from board oscillator. It provides
frequencies 125 MHz and 50 MHz.

3.1.1

State machine

The state machine of the BERT system is shown in Fig. 3.2. Reset_s resets the board to initialization state, where all used registers are flushed.
Rdrom_s reads reference data from ROM and wrenc_s writes this data
into the encoder. There is a 3 clock cycle latency between wrenc_s and
rdenc_wrdec_s, which is caused by the registered inputs of the 8B10B encoder . Rdenc_wrdec_s reads encoded data from the encoder and writes it
to the decoder via the DUT. If the enc_kerr signal is asserted, the encoder is
required to read the reference data and do encoding again. There is a 2 clock
cycle latency between rdenc_wrdec_s and rddec_s, which is caused by the
registered inputs of the 8B10B decoder. Rddec_s reads decoded data from
the decoder and W rram_wrcomp_s writes this data into the RAM and the
comparator. Rdram_rdcomp_s is used to read the result of the comparison.
When one byte has been compared, the state jumps to rdrom_s again. The
system will run 16 iterations. When loop_num reaches 15, the state jumps
to idle_s which halts operations.

1
2

A simple user guide can refer to Appendix B: MegaWizard tutorial
Glitch is a usually short-lived fault in a system.
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reset

rdrom

wrenc

delay1

enc_kerr

loop_num

rdrrdc

wrrwrc

delay2

rdewrd

rddec

delay3

idle

Figure 3.2: The state machine of the BERT system.

3.1.2

PRBS

For testing the OCOM system, a PRBS is needed. This psuedorandom data
is generated by Matlab and changed into a hex format file by Quartus II,
shown in Fig. 3.3.

3.1.3

Comparator

The comparator compares two sequences of same length. When the two
sequences are identical, the result of the comparator is true and set to logical
one, otherwise false.
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Figure 3.3: Psuedorandom binary sequences in Quartus II.

3.2

Verification

For verification, the SignalTap II Logic Analyzer in Quartus II is used to
capture and show the logic states and values of all desired signals during a
time interval. Many problems of an application can be found and diagnosed
through the timing diagram. Fig. 3.4 shows the timing diagram of all signals
and states during the first 8-bit data transaction. Each transaction consumes
nine clock cycles and goes through nine states. During rdrom_state, the
rden signal is asserted, which indicates a read request for data at the first
address 0000h. The first 8-bit data, 31h, is then read out in the next clock
cycle (wrenc_state) and transfered from q of the ROM to datain of the
encoder. That address 0000h contains 31h can also be seen in Fig. 3.3, which
indicates that data has been read correct. Due to registering the inputs and
outputs in the encoder, the available 10-bit data, 271h, on dataout is delayed
3 clock cycles and becomes available in rdenc_wrdec_state. Among the
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hex output data, 17C and 283 are idle characters (K28.5), used to align the
data stream. The HSMC interfaces (Port A and Port B) are connected to
I/O pins on the Cyclone III development board. Enc_out and dec_in on
Port A are connected to the encoder’s dataout and datain, respectively. A
single clock cycle delay is needed between the signals dataout (the encoder)
and datain (the decoder) at a 125 MHz frequency. No delay exists at a 50
MHz frequency. Because the inputs and outputs of the decoder are registered,
dataout is delayed 2 clock cycles. The 10-bit symbol, 271h, is translated back
into the 8-bit data, 31h, in rddec_state and all idle characters are deleted.
In the next clock cycle and wrcomp_state, the comparator is enabled and
31h from the ROM and 31h from the decoder are compared. The result
of comparison (signal errcounter) 0 is exported in the next clock cycle and
rdcomp_state. Because it is the first loop, loop_num is 0. When it reaches
16, all iterations have been performed and the value of errcounter will hold
the final number of bit errors.

3.3

Measurement setup

Because the OCOM system was unavailable by the time of testing, the BERT
measurements were made with a novel setup. All but one of the transceiver
connector pairs were shorted using jumper headers, while the 10th and last
connector pair was altered as presented in tables 3.1 and 3.2. Fig. 3.5 and
3.6 show the testing environments for NO.4 and NO.5 cases, separately.

Table 3.1: Measurement setup for the stranded wire.
Case Length (cm) Number of loops core
1
90
1
air
2
90
3
air
3
40
1
air
4
40
4
air
5
40
4
ferrite
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Figure 3.4: Timing diagram of all signals and states during the interval for
the first 8-bit data transaction.
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Table
Case
6
7
8
9
10
11

3.2: Measurement setup for the coaxial cable.
Length (cm) Number of loops Shielding
90
1
none
90
1
both ends
90
1
one end
90
3
none
90
3
both ends
90
3
one end

Figure 3.5: The testing environment for a 40-cm 4-loop air cored
stranded wire (No.4 case).

3.4

Figure 3.6: The testing environment for a 40-cm 4-loop ferrite
cored stranded wire (No.5 case).

Results

Each of the cases 1 through 11 were tested at two different frequencies, 125
MHz and 50 MHz, and the number of Bit Errors was measured three times.
For each of the measurements, total amount of transferred data is 1024
kbytes. Tables 3.3, 3.4 and 3.5 show the results of the BERT measurements.
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Table 3.3: Results of measurements for a 90-cm stranded wire.
Case Numbers of BE BER
Numbers of BE BER
at 125MHz
at 50MHz
1

356884
357486
357395

0
34.07% 0
0

0%

2

527680
527679
527674

63015
50.32% 58604
58126

5.71%

Table 3.4: Results of measurements for a 40-cm stranded wire.

Case Numbers of BE BER
at 125MHz

Numbers of BE BER
at 50MHz

3

0
0
0

0%

0
0
0

0%

4

88983
86870
86662

8.35%

0
0
0

0%

5

134358
134102
130993

0
12.70% 0
0

0%
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Table 3.5: Results of measurements for a 90-cm coaxial cable.
Case Numbers of BE BER
Numbers of BE BER
at 125MHz
at 50MHz
6

392628
387957
379798

0
36.89% 0
0

0%

7

337806
337435
337517

0
32.19% 0
0

0%

8

527680
527680
527680

270898
50.32% 270962
270809

25.83%

BER

BER

Case Numbers of BE
at 125MHz

Numbers of BE
at 50MHz

9

525960
525955
525925

1089
50.16% 1008
952

0.10%

10

381586
381406
381109

0
36.37% 0
0

0%

11

527679
527680
527680

514326
50.32% 514336
514025

49.04%
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Chapter 4
Development of DSP system
4.1

Design of DSP system

The DSP system is composed of several components implemented on the
Data Conversion HSMC and the Cyclone III development board. All components but UART are Altera MegaCores. Fig. 4.1 shows the functional
block diagram for the DSP system. Signal generator indicates analog signal
resource. During the development phase, a Linear Feedback Shift Register
(LFSR) can be used to generate pseudorandom digital signals for testing the
correctness of the system without using ADC and FIFO. FFT correctness
and performance can be evaluated by using a square or sine function with

Signal Generator

SDRAM
Cyclone III Development Board

ADC

FIFO

F P GA

Data Conversion HSM C
B

Matlab/PC

RAM1

A

UART

RAM

FFT

Figure 4.1: Functional schematic diagram of the DSP system.
37

CHAPTER 4. DEVELOPMENT OF DSP SYSTEM
different frequencies and amplitudes. In the final application, the miniaturized SDTM magnetometer becomes the analog signal resource to be tested
and analysed.
An ADC samples the analog signals from the signal generator and transmits
the samples from the Data Conversion HSMC to external SDRAM on the
Cyclone III board. A FIFO buffer is used to regulate the flow of data and
avoid data loss during transmission because of limits of SDRAM.
To store as much data as possible, SDRAM is preferred over on-chip memory.
Because of read and write operations can not be performed continuously in
some cases, the FIFO buffer and on-chip RAM are designed to connect to
the two sides of SDRAM.
The FFT MegaCore continuously reads a certain number of samples: 64,
512, or 1024 points. These three choices are all used in this system. As the
UART communication between the FPGA and the PC is relatively too slow,
before transferring data, another on-chip RAM is used to temporarily store
the FFT results.
The UART translates parallel data into a serial stream for RS232 communication between the Cyclone board and the PC. Because PC can not judge
when the valid data begin, start and stop bytes are inserted into the serial
bit sequence during data transmission. At the PC-side, the FFT data is
received, scaled, and analysed in Matlab.
When all SDRAM data has been transformed (condition B), new data from
the ADC will be transferred to the FIFO buffer, otherwise the system will
continue to read SDRAM data (condition A).

4.1.1

State machine

The state machine of the DSP system is shown in Fig. 4.2. The states are
named in hexadecimal number and described in Table 4.1. States in blue and
green background indicates operations to the SDRAM and UART, respectively. A state jump must satisfy a specific condition. These are described
in Table 4.2.
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1
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q
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b

c
B

4

d
F

e
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E

3

l

o
9

D

m

n

5

k
j

C

11

i

10

8

h

f

g
7

6

Figure 4.2: State flow of DSP.
After resetting the DSP system (state 0), write data requests are issued to
the FIFO buffer and SDRAM (state 1 and A). The data from the ADC are
stored in the FIFO buffer and then transmitted to the SDRAM (state A).
When the desired amount of data has been stored in the SDRAM (state
2), SDRAM read requests are issued (state B). When the amount of read
requests reaches the desired number (condition c), 64/512/1024, the system
still needs a long delay until all corresponding data has been read out from
the SDRAM and stored to RAM1 completely (state 4). The FFT MegaCore continuously reads the desired amount of samples from RAM1 and outputs the results to RAM (state F). When all results of the FFT have been
stored (condition e), the serial transmission begins. The values of the signals
source_real[15 : 0], source_imag[15 : 0] and source_exp[7 : 0] are transmitted. When all 64/512/1024 samples have been transmitted completely, a
long delay is created to ensure that Matlab receives all data (state D). If data
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Table 4.1: State description of DSP system
Function
Asynchronous reset

State No.
0

Reset system

1

Issue write request to the FIFO
buffer and the SDRAM
Continue to issue write request, the
ADC data is written to the SDRAM
via the FIFO buffer
Complete writing SDRAM, issue
read SDRAM request

Writing the SDRAM
A

2

Reading the SDRAM

Description

B

Continue to issue SDRAM read request, read data from the SDRAM
to RAM1
Complete reading SDRAM, all data
are stored to RAM1

4
A complete FFT process

F

Enable the FFT, read data from
RAM1 to the FFT and write results
of the FFT to the RAM

UART

3
5
6
7
8
10
11
9
C

Enable UART
Transmit number[15 : 8]
Transmit number[7 : 0]
Transmit source_exp[7 : 0]
Transmit source_real[15 : 8]
Transmit source_real[7 : 0]
Transmit source_imag[15 : 8]
Transmit source_imag[7 : 0]
Transmit 0D

Delay

D

Set a 500 M clock cycle delay

Condition

E

Determine whether all SDRAM data
has been transacted, and do jump

40

4.1. DESIGN OF DSP SYSTEM

Table 4.2: Condition description of state jump.
Function

Condition No.
a

Description
The desired amount of data
are stored to the SDRAM.
(local_ready & reached_max_address

SDRAM operations

=1)

b

All SDRAM write data are
completed. (writes_remaining =0)

c

The amount of read SDRAM
requests reaches 64/512/1024.
(sample_counter_temp_max
=64/512/1024)

FFT

d

All SDRAM read data are
completed. (reads_remaining =0)

e

The last outgoing result is read
out and stored to the RAM.
(source_valid & source_eop =1)

f/g/h/i/j/k/n

An 8-bit data has completed
transmission. (T XF IN ISH =1)

l

The number of bytes transmitted is less than 64/512/1024.
(T XF IN ISH =1 & address_a <

UART

64/512/1024)

m

The number of bytes transmitted reaches 64/512/1024.
(T XF IN ISH =1 & address_a >=
64/512/1024)

Delay

o

A 500 M clock cycle delay is
satisfied. (delays > 500 M)

Condition

p

Determine
whether
all
SDRAM data has been
transformed, and do jump.

is remaining in the SDRAM (condition p), the system will continue to read
out data (state B and 4) and do a transform (state F), otherwise new data
from the ADC will be transferred to the FIFO buffer and SDRAM (condition
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q, state 1).

4.2

Verification

This section will show the timing diagrams for the signals contained in the
successful verification. Fig. 4.3 shows a overall view of all important signals
contained in the DSP system. For this figure, SDRAM stores 128 samples
and FFT has 64 samples for a transformation. It can be seen that the
FFT MegaCore needs a lot of clock cycles to complete a transformation.
The following figures will show the detailed process of data transfers, signal
settings and states.
Fig. 4.4 and 4.5 show timing diagrams of important
signals connected to the ADC and FIFO buffer. Fig. 4.4 and 4.5 give an
overall and close-up view about those signals, respectively. Fig. 4.4 indicates
that write and read requests can be issued as long as FIFO is not full and
empty. Since the ADC and FIFO buffer input ports are connected, signals
adc and data are the same at all times, but data is valid only when signal
wrreq is asserted. When signal rdreq is asserted, signal q will be valid,
otherwise q keeps the old data. In Fig. 4.5, latencies of signals can be seen
clearly. A single clock cycle latency exists between the ADC data output
and FIFO buffer data input, and a one and a half clock cycle latency exists
between the FIFO buffer input and output.
Fig. 4.6 and 4.7 show timing diagram of samples being read from FIFO buffer
to SDRAM. Fig. 4.6 gives an overall view of 64 samples being read. It can
clearly be seen that SDRAM write requests are not continuous. Therefore
FIFO buffer read requests have to follow the steps of SDRAM write requests.
Fig. 4.7 gives a close-up view to those signals. Signal local_wdata_req
is asserted when signal local_ready and local_write_req are asserted at
the same time. Signal rdreq is connected directly with local_wdata_req.
When local_wdata_req is active, rdreq is logical one and FIFO buffer will
write the value of q into local_wdata. There is no delay between signal q
and local_wdata. The first data, 2343h, in Fig. 4.7 has been written into
SDRAM as the value 00002343h. Q and local_wdata are 16-bit and 32-bit
data, respectively. Hence, 2343 has to be extended to 32 bits, 00002343h.
42

4.2. VERIFICATION

Figure 4.3: Timing diagram showing overall view of all important signals in
DSP with a 64-sample FFT MegaCore.
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Figure 4.4: Timing diagram showing overall view of data transfer between
the ADC and FIFO buffer.

Figure 4.5: Timing diagram showing close-up view of data transfer between
the ADC and FIFO buffer.

Figure 4.6: Timing diagram showing overall view of data being read from
FIFO buffer to SDRAM.

Figure 4.7: Timing diagram showing close-up view of data being read from
FIFO buffer to SDRAM.
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When local_wdata_req is deasserted, local_wdata holds the last available
value, in this case 00001ACB, until local_wdata_req is enabled again.
Fig. 4.8, 4.9, and 4.10 show SDRAM address controls and changing process
of reads_remaining signal. In Fig. 4.8, when write requests are issued,
signals col_addr and row_addr are operated in state A which is used for
writing data to SDRAM. It can be seen clearly that row_addr is changed
from 0000h to 0001h. Bank_addr is always zero. (Col_addr_max is set to
be 64, which does not show here.) Col_addr increases from 0 to 63, which
operation has been iterated three times in Fig. 4.8. The first two iterations
are for writing data in SDRAM. Hence 128 samples are written into SDRAM.
The blank parts 1 of col_addr indicates that write requests to the SDRAM
are not continuous. States B and 4 are used for reading data from SDRAM.
Signal reads_remaining is operated in these states and calculated by using
equation 4.1. N _issued_read_requests and N _available_read_data denote the number of issued read requests and available read data, respectively.
Fig. 4.9 and 4.10 show the process for increasing and decreasing the values
of reads_remaining which indicates the controls for reading data, respectively. When reads_remaining is 00h in state 4, it indicates all SDRAM
read requests have been answered and data has been read out.
Reads_remaining = N _issued_read_requests−N _available_read_data
(4.1)

Figure 4.8: Timing diagram showing overall view of SDRAM address controls.
Fig. 4.11 and 4.12 show data being read from SDRAM to RAM1. In Fig.
4.11, it can be seen that a many clock cycle delay exists between signals
1

The 0 logic state.
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Figure 4.9: Timing diagram showing the process of increasing value of
reads_remaining.

Figure 4.10: Timing diagram showing the process of decreasing value of
reads_remaining.

Figure 4.11: Timing diagram showing overall view of data being read from
SDRAM to RAM1.

Figure 4.12: Timing diagram showing close-up view of data being read from
SDRAM to RAM1.

Figure 4.13: Timing diagram showing overall view of signals between RAM1
and FFT input interface.
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Figure 4.14: Timing diagram showing close-up view of signals between RAM1
and FFT input interface.
local_read_req and local_rdata_valid. The data at local_rdata is available when signal local_rdata_valid is asserted. Because local_rdata_valid
and wren are connected directly, there is no delay between local_rdata and
data.
Fig. 4.13 and 4.14 show how data is being read from RAM1 to FFT. In
Fig. 4.13, a 64-sample stream (sink_real) starts at sink_sop and ends at
sink_eop. Data is being read continuously. In Fig. 4.14, a two clock cycle
delay can be seen between issuing RAM1 read requests rden and getting
output data q. No delays exist between the data output of RAM1 and FFT
data input. Because the FFT has a 16-bit data interface, the value 00002352h
at address 0 in RAM1 is read to the FFT as the value 2352h.
Fig. 4.15 shows a complete FFT process. Signals sink_sop, sink_eop,
source_sop, and source_eop show the beginnings and ends for the incoming
and outgoing data to and from FFT, respectively.

Figure 4.15: Timing diagram showing overall view of a FFT process.
Before the serial data can be transmitted, the outgoing FFT data must be
buffered to RAM. Fig. 4.16 shows the processes of saving the FFT results
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to RAM. Because the exponent, real and imaginary values of the FFT result
must be buffered, a 2-port RAM with dual write and read ports is used.
The values of source_imag and source_real are stored to the high and low
16-bit of data_a, respectively. In Fig. 4.16, 0000h and 0176h are stored as
00000176h to RAM at address_a 0. The value of the first exponent 3Ah
is stored to data_b as the value 0000003Ah at address_b 0040h in RAM.
Apparently the exponent is always the same during a transformation. To
avoid from data change, each of the exponents is stored here. When the data
in RAM is transmitted to the PC, SignalTap II can hardly be used to capture
signals because the serial interface runs too slowly compared with the FPGA
clock frequency.

Figure 4.16: Timing diagram showing FFT results being stored to RAM.

4.3

Measurement setup

Fig. 4.17 shows the connection of Cyclone III board and Data Conversion
HSMC. Because the SDTM magnetometer was unavailable by the time of
testing, a well-known input signal is used in order to evaluate the DSP system. Hence an Agilent 33220A function generator was connected to the Data
Conversion HSMC via ADC input interface. The results will be transfered
to PC via one pin of HSMC debug header as serial transmission port. The
ADC on Data Conversion HSMC is configured to have a sampling frequency
of 62.5 MHz. Nyquist frequency is 31.25 MHz. Lengths of sample points for
FFT are 64, 512 and 1024. All measurements were made for three different
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lengths of FFT. The input signals for each measurement were 2.5 MHz square
wave, 7.8125 MHz and 11 MHz sine wave, respectively.

Figure 4.17: The connection diagram of Cyclone and Data Conversion
HSMC.

4.4

Results

Frequency spectrums shown in Fig. 4.18, 4.19 and 4.20 are plotted by Matlab
and abandon the parts with insignificant magnitudes. They are generated
by plotting the normalized magnitudes on the y-axis and frequency on the
x-axis.
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Figure 4.18: FFT result plotted by Matlab using 2.5 MHz square wave input
signal.

Figure 4.19: FFT result plotted by Matlab using 7.8125 MHz sine wave input
signal.
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Figure 4.20: FFT result plotted by Matlab using 11 MHz sine wave input
signal.
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Discussions
Discussions of BERT
1. Transmission medium
When the transceiver connector pairs are shorted using 10 jumper headers
on the HSMC debug header, no errors occur in the BERT system. Hence
it has been shown that bit errors occur outside the Cyclone III board. In
the measurements, errors are data transmission errors and exist in transmission medium and connectors. The wire and coaxial cable are used as the
transmission medium.
The coaxial cable is widely used as a transmission line for radio frequency
signals. It can work under a wide bandwidth and has a strong dielectric
insulator. Coaxial connectors, such as Subminiature version A (SMA) and
Bayonet Neill-Concelman (BNC), are designed for connecting and maintaining the same impedance as the cable. In the measurements, the coaxial cable
is used without the connectors. Hence the performance of the cable will be
somewhat degraded.
The wire has a copper core similar to that of the coaxial cable, but unlike
the coaxial cable, the wire does not have the outer shield. Therefore the
performance of the wire is worse than that of the coaxial cable for signals
transmission, especially at high frequencies.
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2. Factors influencing the BER
Transmission errors may be caused by transmission channel noise, reflection,
interference, delay distortion, attenuation etc. In Tables 3.3 and 3.4, it can
be seen that the BER of a 90-cm wire is higher than that of a 40-cm wire at
both 50 MHz and 125 MHz. At the same frequency, the longer the wire is, the
higher the attenuation is, because attenuation per unit length is frequency
dependent. Additionally, propagation delay (T ) may also be a factor, because
it depends on the wire length (l) and the propagation velocity (V p) in the
specific medium. It can be calculated by:
T =

l
Vp

(5.1)

In copper wire, the propagation velocity V p ranges from 0.59% to 0.77% of
the speed of light [15]. The results of propagation delay is shown in Table
5.1. The reference clock periods of 125 MHz and 50 MHz are 8 ns and 20 ns,
respectively. The propagation delay will not affect data stability and BER by
adding an additional clock delay for data transmission or a register holding
the encoded characters.
Table 5.1: Results of propagation delay.
Length (cm)

The minimum
P_delay (ns)

The maximum
P_delay (ns)

90

3.896

5.085

40

1.732

2.259

From all three tables 3.3, 3.4 and 3.5, it can be seen that the BER at 50 MHz
is lower than that at 125 MHz for the same wire or coaxial cable because
the lower frequency allows for a longer setup and hold time, so that the
signal has more time to become stable before being sampled at the clock
edge. Hence, the BER becomes lower. In addition, the lower frequency is,
the lower attenuation becomes.
The BER in the three-loop/ferrite core cases is higher than that for the
one-loop/no core cases. The three-loop and ferrite core leads to a higher
inductance which results in a higher impedance. If this impedance does
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not match the characteristic impedance of the debug header, reflections will
occur. The effect greatly depends on the rising and falling edge speeds of the
signals, and the length of the unmatched transmission line. Another effect
of increased inductance is that the wire acts as a filter, suppressing highfrequency components and causing rising and falling edge to be distorted.
The same applies for stray capacitance, which is generally greater for the
coaxial cable than for the wire. A higher clock frequency implies shorter
setup and hold time, so that any oscillations and reflections in the signal will
have less time to settle to the correct value. Hence, a balance between high
data rate and low BER is an issue.
In conclusion, the coaxial cable is more suitable for data transmission than
the wire as expected. A shorter wire or coaxial cable with less loops and at
a lower frequency produces lower BER than the longer one with more loops
and at a higher frequency.
Discussions of DSP Testing
1. Windowing functions
Leakage means that the spectral information from an FFT shows at the
wrong frequencies [19]. An FFT can not entirely avoid from the leakage,
but can be reduced by using windowing functions. These are applied to the
raw data before performing the FFT. The simplest windowing function is
the rectangular window. Since the rectangular coefficients are always 1, the
rectangular window is effectively implemented by storing a finite number of
samples in memory and executing an FFT on them. The rectangular window
used in the DSP system yields a narrowest main lobe and has the highest
frequency resolution.
There are other windowing functions, such as Hanning or Hamming window.
They produce wider main lobes and smaller side lobes, which results in the
lower frequency resolution and reduction of leakage, respectively.
2. Spectral analysis of square wave
In terms of an ideal square wave, all of even harmonics should be zero. In
Fig. 4.18, it can be seen that even harmonics in the 1024 and 512 samples
spectrums are very close to zero. It is a good result because the actual input
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square wave used is not ideal. For the 64-sample spectrum, the main peak
and all subsequent harmonics have offsets, which is the performance of poor
spectral resolution. The spectrum of 512 points looks very smooth and clean,
but by comparison the spectrum of 1024 points is the best because the peak
of 1024 samples and the even harmonics are much more close to pure tone
and zero, respectively.
3. Spectral analysis of sine wave
The spectrum of 512 samples shown in Fig. 4.19 is the best one of the
three. It has a narrow peak and all side lobes are close to zero. Hence, it
approximates the ideal spectrum for a sine wave. By comparison, though the
plot of 1024 samples has a similar narrow peak, the side lobes do not look
good which indicate leakage. Because the rectangular windowing function is
used, it is deduced that for the 7.8125 MHz sine wave, the function is better
adapted to the 512 samples. For the same reason, the rectangular windowing
function is best suitable to the 1024 samples for the 11 MHz sine wave in Fig.
4.20. For the 64-sample plot, the peak shown in Fig. 4.19 does not occur
closely around 7.8125 MHz due to poor spectral resolution. By contrast, the
spectral resolution of 64 samples in Fig. 4.20 is not that poor.
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Conclusions
Discussions of DSP Testing
The BERT system works well at clock frequencies of 125 MHz and 50 MHz.
For each measurement, 1 Mbytes of psuedorandom data is transcieved and
the BER is calculated. In the measurements, the best BERs, 0%, all occur at
the relatively lower frequency of 50 MHz. The coaxial cable is more stuitable
for getting a better BER than the wire. It should be noted that 50 MHz,
90 cm and 40 cm are not threshold values, but a large number of similar
measurements can find them if it is necessary. A more meaningful method
is to measure a longer or additional new transmission line wanted by using
the BERT system, which can ensure that no transmission errors exist. In the
future, the OCOM system, the final target, will be measured. The measured
wire and coaxial cable will be inevitable to be used in the connections between
the OCOM system and Cyclone III board. By using the secure transmission
line, the BER can be determined to be caused by the OCOM system rather
than elsewhere.
Conclusions of DSP Testing
The DSP system works well at a clock frequency of 62.5 MHz. It can sample
any waveform from an Agilent function generator by an ADC on the Data
Conversion HSMC at a sampling frequency 62.5 MHz and get maximum 14bit wide digital signals continuously. The system has also implemented the
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FFT functionality for data lengths of 64, 512 and 1024 samples, respectively.
The results of the FFT have been plotted into the frequency spectrums by
Matlab for spectral analysis. The data transfer rate between the FPGA and
PC is 115200 baud. It is worth noting that SignalTap II has a limited sample depth used for buffering the signals shown in the system’s verification.
Because the DSP system is somewhat complex and the signals included in
the system are too many, to show all the necessary and important signals in
one figure the DDR2 SDRAM should be set to be as small as possible. In
the implementation, the DSP system of 64 samples can present all signals in
one figure, but 512 samples and 1024 samples can not. Therefore the DSP
system currently only uses less than 1% of the available DDR2 SDRAM,
even though a 256 MB space is provided. The verification and measurements
have been successfully performed for the current version of the system. In
the future, as long as the program is revised slightly, if the maximum values
of SDRAM addresses are increased, more data can be stored if needed. It
should be noted that this revised system will be hard to verify by SignalTap
II, but it can be believed to be correct.
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Chapter 7
Future work
BERT system
For the final test of the OCOM system, several different stress patterns should
be designed and implemented. A PLL should also be used for providing various frequencies. In this design, SignalTap II is used to display the bit error
numbers. Further consideration is to design a display function in order to
show the error numbers or error rate on a user defined 7-segment display.
Since the Cyclone III board only provides a 4-bit 7-segment display, displaying the error rate is suitable. Thus, a calculation function for the error rate
is required to be added to the application.
DSP system
In the current DSP system Sampling frequency and working frequency are
62.5MHz. For a wider choice of frequencies, a PLL should be designed and
added to the application. All clock interfaces of the components in the application should then be driven by a new clock frequency. Synchronization
issues between different clocks must be considered carefully. If a larger sample depth is needed, a new FFT MegaCore should be generated and all the
related parts of the application should be revised accordingly. It is possible
to increase the transfer rate between FPGA and PC by adjusting the divider
value. In addition, Altera DSP builder, a Matlab/Simulink based development tool for signal processing, could be used to generate parts of the system.
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Since DSP builder also uses FFT MegaCore function, the performance of this
system should be probably quite similar to the current system.
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Appendix A: Quartus II setup
tutorial
1. Introduction
This tutorial is a simple introduction to Quartus II, the tool used for synthesizing the written VHDL code and verifying in circuit. The goal of this
tutorial is to give a easy start to this laboratorial environment used here. For
a new project, please refer to more detailed and complete Quartus II user
manual.
2. Software requirements
Quartus II 8.0sp1 is used in this project. Quartus II 8.0sp1 later can be used
as well. All MegaCore functions versions are 8.0. Versions can be updated
but please note the updated information.
3. Setting up software environment
1) Start Quartus II 8.0sp1 software. Open the Quartus II project file mydsp.qpf
for DSP system or mybert.qpf for BERT system.
2) If the codes are modified, compile the project file again, otherwise compilation to the codes is unnecessary in this step. Compilation includes several
steps, analysis and synthesis, fitter(place and route), assembler(generating
programming files), timequest timing analysis, and EDA netlist writer. If
the compilation is successful, the codes can be downloaded to the circuit.
3) Open SignalTap II Logic Analyzer, a tool to capture signals from the
circuit in order to debug and verify your design. The Fig. 1 shows the user
65

BIBLIOGRAPHY
interface.

Figure 1: Managing and configuring user interface of SignalTap II.
In the user interface, configuration should be performed as follows before
downloading codes.
For Hardware and Device, Cyclone III EP3C120 is selected as Device and
USB-blaster is used as Hardware interface between Cyclone III board and
PC. For SOF manager, it is used to upload the SRAM Object File (SOF)
automatically generated by the compilation of Quartus II. Find mydsp.sof
(or mybert.sof for the BERT system ) and download this file using a blue
button close to it. For Clock, the design is using 62.5MHz, phy_clk signal
as system clock. So it can be set as Clock signal. Signal clk, 125MHz can
be alternative. For Data, sample depth depends on how many signals are
captured and how wide the signals. If device memory resource is limited,
the design will fail to compile due to sample depth. Try to reduce it and
recompile until compilation is successful. For trigger, there are two types,
power-up trigger and runtime trigger. Power-up trigger is in blue color and
can be revised during running the codes in the circuit. But runtime trigger, in
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white, can not be adjusted. Runtime trigger is used here. Run the program
by triggering the signal reset connected to the user switch. In setup tab,
the signals can be added to be captured by double click the white area.
Please note adding or deleting signals cause recompilation of the program.
Recompile it in Quartus II. When all the steps above are completed, run the
program using the red triangle icon (run analysis or autorun analysis) or find
the corresponding command in the tool menu in SignalTap II. Because the
program is always running, you must click stop button to capture signals
which can be found in data tab. To continue or restart button can be found
near run button.
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Appendix B: MegaWizard
tutorial
1. Introduction
All examples of MegaCore functions applied in this design are generated by
MegaWizard Plug-In Manager of Quartus II. This tutorial shows how to
use MegaWizard Plug-In Manager and gives one simple example for ROM
generation used in design.
2. Setting up software environment
1) Start MegaWizard Plug-In Manager from tools menu of Quartus II. Fig.
2 shows memory compiler which Altera provides. There are several kinds of
ROM, ROM:1-port, ROM:2-port. The 1-port ROM is introduced here.
For this ROM, output q has 8 bits width. The depth of 8-bit words of memory
is set 65536 words (64K words) shown in the Fig. 3. As said in section 3.1.2,
all golden data run 16 times. The total amount of words is 1024 K.
Signal rden is ticked shown in the Fig. 4. When rden is asserted, data are
available on output q in the following clock cycle.
Rom is initialized with a Hexadecimal File [.hex] by specifying position of
this file. The Fig. 5 shows how to specify it.
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Figure 2: MegaWizard Plug-In Manager for ROM page.

Figure 3: Setting data width and depth in MegaWizard Plug-In Manager.
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Figure 4: Adding read enable signal to the ROM in MegaWizard Plug-In
Manager.

Figure 5: Initialization the ROM using MegaWizard Plug-In Manager.
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