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Abstract

Improvements in electronic have allowed front-end part in communication sys-
tems to be faster and more precise: the focus on this part of a device is justified
as the communication with the external world has to keep the rhythm with
the high speed calculations of every CPU. Every application requires then a
reliable and low noise-conditioned devices able to reach performances we use
everyday. New techniques are developing also in time - frequency metrology
field, where the low noise rate is required to achieve high measurement accu-
racy.

The use of new SoC commercial boards, composed by a programmable logic
and processing system, is a matter of interest in this field in order to develop
new measurement flows: this kind of applications are reliable in terms of flex-
ibility, where on-the-fly test and re-programming hardware are required, and
quite fast in processing data thanks to last years’ CPU presence. Implementing
board-style techniques could allow researchers to avoid complex instruments
tune and long measurement chain in favour of a deep versatility. However, this
kind of adaptability may be limited by main blocks inside every commercial
board: ADC and DAC for front-end, clock generation (i.e. PLL), distribution
and interconnections for back-end.

In this context, my thesis work is focused on analysing and selecting the main
noise figures of merit of the Analog to Digital converter, principal block of the
front-end, selecting testing techniques and finding a way to implement them
using this board potential. Two hardware projects have been designed and im-
plemented using VHDL language and loaded on FPGA part of the System on a
Chip. Data have been generated with Agilent instruments, directly processed
and converted in the Programmable Logic part and packetized and sent by the
Processing System to the main computer: here data have been processed and
analysed using MATLAB and many figures and values have been computed and
here presented and commented, to understand which could be the frequency
performances limiting factor and whether these boundaries could be corrected
or not. The figures of merit here presented can be used to analyse other front
end part, proposing a complete overview of commercial boards’ limiting factor.
At the end some improvements are speculated and presented for further devel-
opments: these techniques could also be modified to make the board analyse
them directly, and other modifications could be designed to increase test flow
speed. This project is a part of a bigger and more complex Red Pitaya charac-
terisation carried on at INRiM by Dr. Cardenas and Dr. Calosso, to develop
a deep knowledge of this architecture: this can lead to an implementation of
this kind of boards in high-specialised techniques, as fibre dissemination and
reception of signals to synchronise different research laboratories.
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Chapter 1

Introduction

1.1 The importance of the front-end in com-
munication systems

In recent years the demand for high speed communication systems has grown,
reaching high performances that we use everyday: examples of this exponential
need are commercial (e.g. WiFi b/g/n band, LTE) and research (e.g. optical
fibre link). In these regards, especially for research purposes as in this thesis, it
is important to have a front-end suitable for the application: it has to sample,
buffer and store the information quickly and correctly enough to respect the
requirements (Figure 1.1).

' ] ] |
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' 1o
: 1o :
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- ' ] ] !
— % — Dout |
Vine——| + : : : I
' ] ] :
' 1o X
' 1o X
Conditioning
Sampling

Figure 1.1: Input front-end schematic



1.2 Thesis outline

The main stage to be considered is the Analog to Digital converter: in fast
data acquisition systems, when both speed and accuracy are required, there
is a need of a fast and precise ADC; the typical drawbacks are high power
consumption and large on-chip area occupied.

When precise electronic is required as in time - frequency metrology, analog
approach is often used to test components. Inconveniences of this approach
are the low reliability due to the need of tune the instrumentation and difficult
repeatability: in order to test a converter for example, many devices are needed
and an automatic control is often difficult. Then, the transition between analog
and digital equipment has allowed lighter and faster measurement techniques to
be developed and used. Last years’ FPGA (Field Programmable Gate Array)
boards have been used as the on-the-fly hardware reprogram capability mixed
with next-generation ARM architecture have allowed researchers to be faster
and ductile: data can be processed and filtered by the PL (programmable
logic) and then analysed with PS (processing system) on the same board.
These systems can guarantee high specifications: FPGA with million of gates,
DSPs, multi channel ADCs and DACs for 1/O; PS with GHz frequency CPU
often ARM technology and many processing and communication modules (e.g.
GPIO, UART, 120).

When using these devices however, the limitation can be the amount of noise
injected by the board in the processed signal. Then, when fast sampling rate
(input) or high signal stability (output) are required this situation can be seen
as a performance boundary. Every board can be evaluated by referred internal
noise:

e PSU has to be stable to avoid moving thresholds across the circuit;
e circuitry of PS has to be electrically isolated from PL and vice versa;

e components through the information chain has to guarantee an high
Signal to Noise Ratio;

e clock generation and distribution has to be compensated and low-jitter
affected.

1.2 Thesis outline

The objective of this thesis is to characterise principal figures of merit of the
main front-end input stage, the AD converter, exploiting theoretical ways to
measure them and verify those techniques on a commercial board. A limiting
factor in ADC performances is evaluated, summing up all those contributions



1.2 Thesis outline

in a valuable element in the time domain and test it also in the frequency
domain. The thesis is organised as follow:

e in Chapter 2 theoretical aspects of noise and ADC figures of merit are
analysed;

e in Chapter 3 measurement techniques to test the converter are shown,
with a brief introduction to the board used to test those procedures and
an overview on hardware projects implemented;

e in Chapter 4 results of techniques implementation are presented, anal-
ysed and commented.

e in Chapter 5 then conclusions and suggestions for future development
are presented.
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Chapter 2

Theoretical background

2.1 The concept of noise in electronics

Broadly speaking, the noise is defined as a disturbance overlying on the signal
to be processed, limiting the maximum amount of information carried. Prac-
tically it is a fluctuation following a Gaussian distribution with mean equal to
zero over an infinite bandwidth (white noise, figure 2.1).

Voltage
Standard deviation
N/

Time Noise voltage density

Figure 2.1: Example of noise amplitude and related probability density.
Noise sources in electronics can be summed up in three main categories[1]:

e electric thermal noise or Johnson noise, related to the casual mo-
tion (Brownian) of carriers in a conductor, always present. As verified



2.1 The concept of noise in electronics

by Johnson a resistor in open circuit condition presents a voltage at its
terminals, whose effective amplitude follows the formula:

Vi =4kTRAf (2.1)

depending on the observation frequency, with k equal to the Boltzmann
constant;

e shot noise or Schottky, related to the carrier going through a potential
barrier as in p-n junction, resulting in a random impulsive noise;

e flicker noise or 1/f, whose amplitude is related to the inverse of the
frequency (that is the reason of the name pink noise).

Moise A
voltage

“ Flicker

Result
Thermal and shot

Freqguency

Figure 2.2: Resulting noise bandwidth.

All these contributions are collected under the effect called additive noise,
resulting in unwanted phase and amplitude modulation on the signal.
The phase noise is a random fluctuation of the phase of the input signal, and
it can be represented as a time fluctuation (jitter) following the formula[2]:

x(t) = o)

27'('1/0

(2.2)

with ¢(t) representing the phase fluctuation and vy the input frequency.
It is evident that the transposition from ¢ to y noise type is independent
from frequency: it can be seen as a jitter on the clock distribution affecting

6



2.1 The concept of noise in electronics

the signal. Eventually, the visible result on the signal is another spurious
amplitude modulation summing to the other one: every time-based change is
connected to an instantaneous variation of the signal value, following

ov = A2r fét (2.3)

The sum of all these contributions lead to a time-independent modulation
worsening the ratio between signal power and noise power (SNR, exploited in
section 2.3). This effect can be injected and/or worsen through the typical
signal chain: the information can be bad conditioned (at the input), poorly
sampled and saved (ADC stage), wrongly analysed and reconstructed (PS/-
DAC stage).

Input signal
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Figure 2.3: Effect of noise on a sine wave, evaluated with SNR.



2.2 Analog to digital conversion

2.2 Analog to digital conversion

AD converters are the fundamental block in every circuit front-end: from
continuous amplitude and time-varying signal the information has to be made
discrete in time domain (sampling) and in amplitude (quantization). A voltage
based signal is then mapped on a sequence of bits (symbols). Every converter
has different specifications, as number of bits, sampling period, settling time:
the choice has to be done considering requirements but also drawbacks, as
power consumed, supply stability needed, on-chip surface occupied.

T T T T
* Original signal
17 P . .
o Mo * Quantized signal
w *
wrErrr R e X
W o
w k4
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0.5 B *
e Vo
2" x
. 5
e o
e
0 | ™ ]
~ ®
% Ha
X ks
X ®
o
o
0.5 S w
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Voo »
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Xx Xx
-1 F PR ¥ LY S,
i i i i
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Figure 2.4: Example of sampled and quantized signal to digital domain.

The general equation followed by ADC is:
N p.
Vm:VFS';y—i—e (2.4)

where

e D; is the ADC output code;



2.2 Analog to digital conversion

e Vg is the full-scale analog input value;
e ¢ is the offset given by the quantization error.

Ideally, an AD system continuously encodes an analog input voltage into N-
bit words respecting the (2.4). At first in order to study every converters
performance two figures of merit have to be taken into account, resolution
and accuracy: the former refers to the theoretical accuracy achievable by the
device; the latter describes how close the device is to its theoretical resolution
[3]. Accuracy is basically how much the converter is limited by noise sources.
Each of the converted codes correspond to a range of voltages at the input,
called the code width. Logically, higher is the resolution, smaller will be
input voltage range associated to every code.

Since every conversion system is not ideal, every input is associated with the
nearest code centre. Here it is important the converter resolution, because
the range of possible symbols is divided in 2V intervals: the distance from
every voltage value and its symbol is related to a certain amount of noise on
the output. The maximum quantization error is then:

Ap 8
9 T 9N+l

(2.5)

|€q|§

£q

AN

Figure 2.5: Maximum quantization error referred to every symbol.

where Ap is the minimum quantization step and S the symbols range: the
amount of average quantization error affects directly the conversion formula,
effect evaluated with e term.

Eventually, in figure 2.6 can be understood the sampling effect on the
signal: correlation between the input and a Dirac comb is applied, following
the equation:

) - f: §-(t—nTy) (2.6)

n=—oo

9



2.2 Analog to digital conversion

where
e x(t) is the input signal;
e 0 is the Dirac comb applied every Tj;

e T, is the sampling period, equal to the reciprocal of the sampling fre-

quency Fi.
A
X(t)
//__ .
/ .
~__ ,,/
o t
A
b
LTI ET
F 9
Xs(t)
e

Figure 2.6: Sampling in an analog to digital system.

The actual limitation of AD system can be then appreciated: sampling is an
operation that creates infinite replica of input signal in the frequency domain.
The input signal then has to respect the Nyquist criterion: in order not
to lose information, a signal must be sampled twice the signal bandwidth,
otherwise aliasing may occur (permanent information loss, reference figure 2.7).
At the end, talking about bandwidth, another limitation is given by sample
and hold need of converters: it is a circuit, often a capacitor with a switch
(MOSFET), that retains the information for the amount of time sufficient
to the circuitry above to process the information. Holding signal value for
an amount of time worsens bandwidth capability of the converter itself, as
the hold time has to be sum to the sampling period to obtain the maximum
sampling frequency in the worst case.

10



2.3 ADC figures of merit

Xs(f) T

L J

2TFm 2nfFs

Xs(f)

N L,

2TFm 2nFs

-

Figure 2.7: Aliasing effect arising if the input signal frequency Fm does not
respect Nyquist criterion.

2.3 ADC figures of merit

Main figures of merit of the AD converter are now analysed. They’ve been
divided in two categories, underlining the different converter behaviour (fre-
quency dependence or not).

2.3.1 Static parameters

Static parameters are the specifications that can be tested at different speed
or with constant voltage, defining the ADC behaviour in a statistical way [4]
and are related to its transfer function.

e the dynamic range is the ratio between the smallest output value and
the full-scale one;

2N

e the offset error is the difference between ADC ideal behaviour and
actual one: the first transition for example should be at % LSB, where

11



2.3 ADC figures of merit

offset effect makes it to shift towards ideal value. The gain error is the
. . N .
different slope of the real ADC from the ideal one, computed as 5— Gain

and offset uncertainty can be corrected by converter calibration(reference
figure 2.8);

Digital output

Ideal TF
TF with offset error

Analog input

Figure 2.8: Offset and gain error in ADC transfer function.

e the DNL (differential non-linearity) is the difference between ideal code
width and actual one; all code widths of an ideal AD converter are 1 LSB.
The INL (integral non-linearity) is otherwise defined as the distance
between the code centre lying on the ideal AD transfer function and the
non ideal one (reference 2.9). Those error definition are bond: INL value
can be defined as the sum of all previous DNL values up to a local point.
Defining those distances is important because it allows the evaluation of
a problem affecting most converters, the "missing codes” error: if locally
DNL value overcome +/- 1 LSB, the code nearby the affected one is
basically suppressed, not allowing it to be saved and reconstructed; when
the signal is rebuilt in the analog domain that missing code won’t allow
the information to be correctly evaluated, giving a random voltage value
and subsequently invalidating the information, as a noise source.

e the analog noise Vn (also known as input-referred noise) [5] is the noise
generated in the transition between one code and another conditioned by
the board circuitry: a certain amount of noise is produced manly due to

12



2.3 ADC figures of merit

Digital output

negative DNL

missing code

positive DML

Analog input

Figure 2.9: DNL and INL effect on ADC transfer function.

thermodynamic one, therefore the transition widths change dynamically,
producing a certain amount of noise on sampled signal that sums on

DNL - INL effect (reference figure 2.10).

(a) IDEAL ADC

DNGITAL
ouTPUT

[

3

(b) ACTUAL ADC

NGITAL
QUTPUT

ANALOG
INFUT

AMALOG
INPUT

Figure 2.10: Input - referred noise effect on ADC transfer function. [5]

2.3.2 Dynamic parameters

Dynamic parameters define frequency performances of the converter, evaluat-
ing the distortion induced on input signal [4]. These values are related to the

13



2.3 ADC figures of merit

information sampled, and are calculated through a spectrum analysis.

e the Total Harmonic Distortion (THD) is the ratio between sum
of all higher harmonics in the output signal’s Fast Fourier Transform
spectrum divided by the fundamental one. All harmonics are included in
the definition, but just up to the third - fourth component are considered
(those with not negligible power). In formula:

V2 4+ Va2 + L+ V2
‘/12

THD =10 - log(

Figure 2.11: Representation of THD in respect to the fundamental (on the
left).

e the sample jitter is the variation of the period of two consecutive
samples, related to the input signal slew rate and the converter clock
error. The internal source of jitter noise is manly related to the Sample

and Hold aperture time variation, called aperture jitter, and the main
board clock.

e the SINR value evaluates the ratio of the signal amplitude in respect of
the noise level; it gives an idea of how much the noise level contribution,
sum of all previous figures of merit, influences the signal. Logically,
higher is the SNR, higher will be the converter reliability in frequency
terms.

An expansion of the previous concept, aim of this thesis, is the so called
SINAD [6]: it evaluates the SNR plus the noise and the distortion
effect due to the converter. Often calculated as mazimum SINAD, it is

14



2.3 ADC figures of merit

FS

Clock Jitter Noise

Input Sine wave 'y

A J

A 4 Time

-

) v Input Period, t,nr
0

i
Sample Clock ~ — ™| | [ Clock Jitter, e,

Figure 2.12: Sample jitter representation. [6]

the parameter that tells how much the signal is eventually condition by
the overall noise sources through the conversion chain. In formula:

2
VE® (1+DNL) T; 3 .
SINAD = —2010g\/§ (%) +(2mogs)? + (2G)2 4 (D)2 (2.9)

106

where

BW is the fraction of the Nyquist bandwidth used;

— N is the resolution in bits;

— DNL is the differential non linearity, in LSB;

— V,, is the analog noise evaluated in LSB;

— THD is the total harmonic distortion, in percentage;

— T is the RMS jitter of the signal normalised to its period, in PPM.

In ideal conditions (i.e. BW = 100%, DN L = 0), SINAD becomes equal
to ideal SNR value, computed with the rule-of-thumb equation

SNR = 6.02N + 1.76 (2.10)

15



2.3 ADC figures of merit

e eventually the ENOB is a parameter computed starting from the previ-
ous one that analyse the converter effective resolution taking into account
noise and distortion levels. In formula:

Evop — SINAD — 176 (211)
6.02

16



Chapter 3

Testing an ADC

In this chapter the Red Pitaya board system will be introduced, and several
measurement techniques will be discussed. Then, the hardware implementa-
tions of those techniques will be shown and discussed.

3.1 STEMLab Red Pitaya

Red Pitaya is an open source embedded platform composed by a PL (pro-
grammable logic) by Xilinx (Artix-7) and a PS (processing system) part, the
Zynq platform (ARM instruction set). The good aspects of the board are
the embedded instruments on board, loaded by the custom Linux operating
system, and the out-of-the-box equipment provides:

e oscilloscope function and signal generator, two input-output channels
with external trigger capability, able to generate and analyse signals up
to 50 MHz;

e a DFT spectrum analyser able to measure signals up to 62.5 MHz and
export data;

e a Bode analyser able to measure gain and phase from 1 Hz to 60 MHz;

e a logic state analyser that can analyse binary signals (GPIO outputs)
and different encoded buses (12C, SPI, and UART) and decode received
data;

e a LCR meter able to test those components with an additional module.

The powerful configuration of this board can be easily seen[10]: a dual-channel
14-bit Analog to Digital converter working at 125 MSa/s and a dual-channel
14-bit Digital to Analog converter working at 125MSa/s are present for fast

17



3.1 STEMLab Red Pitaya

Processing System

Flash Controller NOR, NAND, Multiport DRAM Controller
SRAM, Quad SPI DDR3, DDR3L, DOR2

1

AMBA® Interconnect AMBA® Interconnect

MPl:nre

CAN IIEIJN"‘ SIMD and FPU IIEEIN"'l SIMD and FPU

S ’ ARM® Cortex™ - AQ ARM® Cortex™ - A9

GPID Snoop Control Unit
2% SDID 512KB L2 Cache 256KB On-Chip Memory
with DMA
m JTAG and Trace | Configuration m

2 USB
with DMA

Processor 1/0 Mux

2x GigE
wi?h ||]g|»,m AMBA® Interconnect AMBA® Interconnect

Hi— e

General-Purpose ACP  High-Performance
AXI Ports AXI Ports

o Aﬁ"i,ux Programmable Logic
Thermal Sensor (System Gates, DSP, RAM)

PCle® Gen 2
1-8 Lanes

Serial Transceivers

Multi-Standard I/0s (3.3V & High Speed 1.8V)

Figure 3.1: Zynq platform overview|[11].

Input/Output, with input amplitude that can be set to 2V or 20 V; two GPIO
expansion port are present, one of them fully programmable; the System on
a Chip integrates on one hand the dual core Cortex-A9 running at 766 MHz
with two PLLs for clock generation and stabilisation and on the other hand
the FPGA with the following characteristics[10]:

e 28000 programmable logic cells;

17600 LUTSs;
35200 flip-flops;

512 MB of RAM divided in 36 kb blocks;

80 Digital Signal Processing units.

18



3.1 STEMLab Red Pitaya

Fast analog outputs Fast analog inputs
125 MS/s, 14 bits, +1 V 125 MS/s, 14 bits, #1 V

/ \ / \

Digital extension
16 1/0 ch., 125 MS/s, 3.3 V

Analog extension
~100 kS/s, ~12 bits, 0-1.8 V
4 SAR ADC ch., 4 PWM DAC ch.,

Microprocessor + FPGA

Dual core ARM-Cortex A9 Zync SoC DDR3 RAM

512 MB

Daisy chain
microSD
OS drive & FPGA design
Ethernet m'f:‘ge}:fB
1Gb/s USB micro USB

5V,2A
OTG SO console

Figure 3.2: Red Pitaya hardware overview.[12]

This powerful configuration led to a high ductility while carrying out several
measurement techniques: redefining the logic part with Xilinx VIVADO editor,
input data could be elaborated and sent to the processing system; data packets
then had been formed and sent to the main computer to be elaborated with
MATLAB using Secure Copy Protocol over Ethernet.

As Red Pitaya is an open source project, VIVADO IDE ans SDK don’t fully
recognise the device via Ethernet nor USB; then, a full custom configuration
project (.bit file) has been compiled then sent over Ethernet to the board to
be loaded from custom OS from line terminal. This operation has allowed e
deeper knowledge of Linux programming techniques but all the SDK monitor-
ing systems were shut off.

3.1.1 Linear Technology 2145

Red Pitaya board is equipped with LT 2145 dual channel ADC: it is a flash
converter 14-bit resolution designed for high SNR, low jitter and low cross-
talk application with maximum sampling frequency equal to 125 MHz[13]. The
power supply voltage has to be stable and equal to 1.8 V, and the frequency
performances are in the suitable range for no missing code and low harmonic
distortion condition, to be characterised.

Analysis results of several tests are provided, carried out in extreme conditions
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3.1 STEMLab Red Pitaya

to rally the component (T = 25°C, f = 70 MHz, A = —1dBFS):

H Parameter \ value H
DNL (max) 0.9
INL (max) 2.6
SINAD 72.8 dBFS

Table 3.1: Figures of merit from Linear Technology datasheet.

Those results have been verified in chapter 4 in different test conditions (dif-
ferent frequency span, 1 - 20MHz, different amplitude values, 2 - 5V,,;,): they
fit within a good tolerance, as the INL and the DNL stay below the maximum
value (reference section 4.5) and the SINAD value is coherent (reference sec-
tion 4.9), as it has to be adapted to the maximum input amplitude (20 V) and
re scaled in dBFS with the formula:

Vi

AdBFS = 20[0910 (7> (31)
b

with

e 1/, is the amplitude used in the test;

e 1} is the amplitude of the test carried out by the Linear Technology
(17.82V).

20
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Figure 3.3: LT2145 core block diagram[13].

3.2 Measurement techniques

3.2.1 Histogram test for linearity

The histogram method is used to evaluate any kind of non linearity behaviour
of a converter: the integral and differential non-linearity were this work start-
ing point. This test compute the density of every available code from 2¥-1 —1
to 271 in 2’s complement with N bits. During the test a repetitive signal is
applied to the converter, generating the corresponding constellation of sym-
bols at the output; in this case a sinusoidal signal has been chosen due to its
bathtub-like statistical distribution.

Any deviation from the ideal output is underlined as evident spikes in the
distribution, while the worst case of the ADC, the missing code case, can be
easily found once collected all data and investigating if a recurrence bin is fixed
at zero.

During conversion operation, the histogram test shows how many times a cer-
tain code word appears at the output starting from the analog input: the in-
formation is stored in different bins, representing every code recurrences. With
N bits there will be 2V code bins and ideally their width should correspond to
%, where Vg represents the full-scale range in volts of the converter. That
is the point of the test: practically the code width is not fixed due to linearity
errors, and this test counting recurrences is able to recognise this deviation.
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3.2 Measurement techniques

Due to the test nature the number of samples to be collected to high confidence
can be quite large[4]:

m2N-1z2

M = 52

(3.2)
where

e N is the number of bits;

e [ is the DNL resolution;

® Z,/s is a parameter for 99% confidence resolution.

Since the converter on the board is 14 bits resolution, M is equal to 17077785,
rounded to 20 million of samples for higher reliability.
Then the transition voltages between codes has been evaluated:

J
V= —Acos(% Z Hy) (3.3)
k=0

where
e A is the sinusoidal amplitude;
e H, is the corresponding recurrence bin of a word.

Eventually DNL and INL has been computed through:

_Vin -V
DNL; = (3.4)
V=W
INL; = - (3.5)

where
e V/; is the corresponding threshold voltage;
e 1/ is the first threshold voltage computed.

For sake of simplicity, A has been set to 1V, in order to normalise the final
result and reduce the sensitivity from this linear factor.
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3.2 Measurement techniques

3.2.2 Histogram test for analog noise

Same configuration has been used to test the input referred noise (analog
noise)[8]: converter input has to be terminated to a dc value, in this case set
to 0V and recording a number of output samples. Differently from bathtub-like
graph from the previous case, the effect of the analog noise is a Gaussian-like
output, as the converter keeps elaborating data around a fixed value with
higher mean: then the noise is referred to the standard deviation of the distri-
bution.

20

T T T
I Collected bins
Approximated Gaussian distribution

80

Figure 3.4: Example of noise referred output bins.

The standard deviation has been computed with MATLAB and normalised to
the number of bits.

3.2.3 Histogram test for jitter evaluation

The structure previously used has been adapted also to evaluate jitter im-
pact on sampled signal. The main idea was to sample the signal at every
0V positive-edge crossing (reference figure 3.5), collecting all the output sym-
bols and computing the standard deviation of the Gaussian distribution. The
output in this case has been similar to the analog noise evaluation, but the
meaning is totally different: the output is the code sampled oscillating around
the theoretical value (0), and the output is evaluated in seconds to understand
the difference between subsequently sampling period.

The jitter is then evaluated with the formula[9]:
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3.2 Measurement techniques

o
J = 3.6
ijz ( )
Although the formula in literature included the normalisation in respect to

the number of bits it has been decided not to normalise the result to respect
needed of the SINAD Intersil formula (reference 2.9).

The sampling jitter is a combination of external clock jitter and internal aper-
ture jitter of the converter: one task of this evaluation was possibly to under-
stand which could be the jitter limiting performances, the jitter of the clock
oscillator or the jitter caused by the sample and hold unit in the converter,
better analysed in Chapter 4. Jitter value has been evaluated also through
an Agilent frequency meter analysing the board equipped with a hardware

structure(reference figure 3.12) to buffer and measure it on GPIO port using
an oscilloscope with infinite permanence function.

["\
0.s H
n

.

0.3 0.4 dﬁ 0.6 &T 0.8
| ]
A Y
O | | | N | I |
N I 4 N 4 N L Ll ||..J
0.3 0.4 0.5 0.6 0.7 0.8

Figure 3.5: Example of 0V crossing sampling to jitter evaluation. On the
top, the signal to be sampled; on the bottom, Dirac comb representing sample
period.
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3.2 Measurement techniques

3.2.4 THD evaluation

The Total Harmonic Distortion has to be then evaluated. Thus the mea-
surement could be performed on the sampled data, Red Pitaya tool has been
chosen to test also the custom OS functions. The output is a spectrum analy-
sis (reference example figure 2.11) and cursors can be used as every spectrum
analyser to measure voltage peaks and to implement THD evaluation following
the formula 2.8.

3.2.5 SINAD evaluation in frequency domain

In conclusion another way to evaluate SINAD value has been found: computing
this term in frequency domain is simpler, because a formula is applied on Red
Pitaya spectrum analyser output[4]:

m—1 M/2 —1
SINAD = 10log [Afn ( DA+ ) Az) } (3.7)

k=1 k=m-+1

where

e m is the data related to the fundamental: since the sampling period is not
precisely a multiple of the input frequency, data around the fundamental
have been also taken (limit set to 2 maximum);

e A,, is the fundamental amplitude;
e A, is the data processed amplitude;

e M is the number of data samples.

The main problem related to this approach is the lack of deepening of single
distortion term in noise analysis, even if the frequency domain approach is
quite simple and fast.

In the output file of Red Pitaya tool the two nearest values to the main fre-
quency have been considered (reference figure 3.6), as the signal power is not
perfectly centred on the principal line: this speculation seems working well
evaluating the power in this specific case.

The built-in tool is not stable: the tool often doesn’t give anything in output,
and with some windows changes and tweaks some files have been collected
(with few points). The output .csv file function is then glitchy and is depen-
dent on the frequency windows observation setting. In order to proceed to the
analysis, output .txt file have been created unifying different observation files
and proceeding with MATLAB analysis.
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3.3 Hardware implementation

TTTT TTTT ,

i i

Figure 3.6: Evaluating SINAD in the frequency domain, only bins with relevant
power have to be considered (green ones) in respect to noise (red ones). As
the sampling rate is not a perfect multiple of the input signal, the power is
spread over the nearest bins in respect to the main frequency.

3.3 Hardware implementation

One goal of this thesis was to implement those different techniques on the
ductile structure of a FPGA board. Two projects have been implemented in
Xilinx VIVADO in order to collect data processed from the converter and send
through the PS to the main computer, and analyse board clock.

Due to the lack of documentation regarding this open source platform, a cus-
tom configuration file for Zynq SoC has been written, in order to have the
processing system part functioning while reprogramming the hardware side.
Thus this precaution worked, Xilinx SDK didn’t recognised the board, so the
configuration file has to be copied on the Red Pitaya in the root folder and
then loaded with cat command in the /root/dev/xzdevcfg configuration folder.

3.3.1 ADC data converter

Several requirements and problems have been encountered:
e high amount of sampled data from the converter has to be stored then

transferred to be elaborated, but the temporarily store device has to be
chosen: every on board solutions have not enough bandwidth;
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3.3 Hardware implementation

e input data has to be converted from raw to be elaborated and adapted
to be sent on AXI communication bus;

e Ethernet scp protocol has not enough buffer to store temporarily data
packet to be sent to the main PC.

e all of these requirements didn’t allow to implement a real-time system:
all data has to be analysed later.

Since in the histogram test the matter of interest is the statistical data of the
periodic input signal and not the real-time stream, the project (reference figure
3.7) has been implemented to solve previous requirements and problems.
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3.3 Hardware implementation

The system works as follow:

e the raw input data are store in a FIFO at first. As the maximum sam-
pling rate is 125 MSa/s and every code is composed by 14 bits, the maxi-
mum bandwidth required is 218.75 MB/s. Xilinx FIFO generator has the
required bandwidth, maximum up to 600 MB/s[14]. The custom state
machine asserts wr_en signal and the FIFO starts to collect samples
directly from ADC after the reset state;

e when FIFO is full, it asserts full signal; the state machine asserts rd_en
to starts transfer symbols to AXI4 ADC interface, until is senses empty:
then it starts over to refill the FIFO. The queue has another function:
as it has been decided to write samples in data packets to the SD card
to store them temporarily, the FIFO is used as an interface between
different clock domains (125 MHz - 500 kHz) as the class-10 SD card has
a maximum write speed of 10 MB/s;

e the ADC interface converts the raw symbols to hexadecimal 2’s com-
plement and adapt it to 32 bits width as AXI protocol requires[15], in-
serting in free bits a hexadecimal control code (”feed”) to monitor the
good sample operation; then, handshaking signals are asserted as AXI
protocol requires to let PS through C code to read value and store it in
SD card packet in a .txt file;

e eventually, the packet is transferred through scp protocol via Ethernet
to the main PC and opened in MATLAB.

The file opened in MATLAB is converted and remapped to integer value, con-
verted to bins to be counted and then formulas are implemented on data.

3.3.2 Timing and ST diagrams

The timing constraints are related to the Xilinx IP cores: since there was
the need of implement a custom state machine that had to manage all the
signals related to the Xilinx IP rules and following the AXI communication
protocol. At first, at startup, the FIFO has to be reset: according to the Xilinx
constraints, the rst signal has to be asserted at least for 3 clock cycles of the
slowest clock of the domain (500kHz). Write and read enables have to be set
to 0 during all this period (figure 3.8).

Then, data starts to be collected in the queue, with wr,,, asserted. Then when
the FIFO is full, full is asserted for a single clock cycle. The state machine
set the enable to 0, and switches to the second clock domain, preparing AXI
device to be turned on (figure 3.9).
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3.3 Hardware implementation

In conclusion, when the last symbol is sent at the PC, the signal empty is
asserted for a single slowest clock cycle; then the C code checks how many
symbols have been collected, and eventually the state machine starts again
the writing cycle at 125 MHz. If the operation is over however, the hexadec-
imal control code turns to all zeros: the C code evaluate this condition and
then put the whole system in idle mode (figure 3.10).

The State Transition Diagram is presented in figure 3.11, and sums the pre-
vious transitions made by hardware and led by the custom State Machine
between filling the FIFO and downloading it transferring data to the main
computer.

3.3.3 C code development

During the project development, C code has been written to be run on the
ARM architecture. AXI ADC component writes data to a specific memory
register a valid flag and data output: the code checks the flag and saves the
symbol to a local buffer. As the PS sees the PL part as a memory-mapped
device, the code sets the precise address (0x43c00000) using mmap function.
Then, when the counter hits the requested number the PS has to detach the
shared memory and writes the .txt file opened in append mode.

The communication between the board and the main PC has been resolved
using a fixed IPv4 on the Red Pitaya and disabling the automatic IP linking
on the main computer. The, with the program PUTTY, a communication over
Ethernet via command line has been established, allowing to execute Linux
commands directly on the custom OS.

3.3.4 On board clock analyser

As jitter evaluation has been difficult (explained in section ...) due to the low
value and subsequently difficult instrument evaluation, another project has
been developed to analyse it (reference figure 3.12).

It works as follow:

e an utility buffer sets the ADC clock from differential to single-ended;

e the Clocking Wizard IP boost the signal and divide it to different ratios
(1MHz, 5 MHz, 10 MHz, 20 MHz) to be able to measure them directly;

e the Combiner IP combines all the signals to fit the expansion port (GPIO)
for the measurement.
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3.3 Hardware implementation

The direct measurement on the oscilloscope was another confirmation of the
values obtained from the indirect analysis, thus limited by instrument resolu-
tion: it has been carried out to verify the order of magnitude of the values, as
unexpected good performances were calculated.

30



3.3 Hardware implementation

"Qd rARIIJ POY 99s 01 w)sAs Surssonord ‘98ri0ls vyep 10] OALA
‘auryoeur 9)eIs WOISND ‘VORJINUI [XY DV oIe syoo[q urely pojustdidur jooloxd 9s1y o) JO oWOYDS :/°¢ 0INSI]

wesfig Bursseooid JONAZ

N OISR 104
D W10
1T
[y T

LG Z3ANNY COLL
ANOT 1AW 00LL
MO DI COLL

.lOZ \/N WY DI MY W

ydued e [ gsd

t 0 D W
+ o amesn
+ viss

oraav4 <}

+ o o:as

waa <

(UDHENPOI-BId) LA BAES OO

U W [0S

+ w00
+ U L3NEIHLE Ol

wpexE g

g dog

acE

0 Jwe)sfs Busseood
|Esey WSS ossesy

.

et peopei usp [

(LRl

Y oos +

0 8BS O0Y

[T

[polumms o s BN W e
[robesa Eaudsad i
[ppbesi pnss sng P

1o g s ouls e

W0 Lsd s

et

JEIBUBS) 0414

WP
o
=
Cap ]

(T [0 bncp b
P - - - Adus
Amng —
OV Odlld =)

=T
[relder <
(L] 3

LR Ol =

0 JoEeueb o

Ik

J loeLl e e ope

31



3.3 Hardware implementation

1 2 3 4
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dout [14 ] 1

Figure 3.8: Reset state transition.

1 2 3 4 5
Clk_125MHz | | | | | | | | | |
din [14] £ { ! X
dout [14 ]
rd_en
wr_en \
full { \
empty
Figure 3.9: Write full transition.
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Figure 3.10: Read empty transition.
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Chapter 4

Results

In this chapter results of previous techniques are presented and analysed.

4.1 DNL and INL evaluation

4.1.1 Board defect

When evaluating non linearities for the first time the bathtub distribution was
present, underlining the correct sample operation, but another problem arose:
even with the signal generator set to the maximum Red Pitaya input amplitude
many symbols at the limits were missing (reference figure 4.1). Thus the DNL
at the amplitude limits overcame 1 LSB, going against the no code missing
declaration[13].

A solution has been found: setting the amplitude of the input sine wave to
2.05V,, with board input limit set to 2V,,, 25mV per limit, has fixed the
problem. Then, a theory has been speculated: although the converter can
guarantee no missing code, the reference voltage is not stable as requested.
The histogram test is then able to detect also non linearities of the board.
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4.1 DNL and INL evaluation
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Figure 4.1: First evaluation of histogram test.
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4.1 DNL and INL evaluation
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Figure 4.2: First evaluation of DNL.
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4.2 Bathtub distributions

4.2 Bathtub distributions

Correct results are then presented (reference figures 4.3 - 4.6). This output
verifies hardware correctness in two ways: the first one is the output distri-
bution, that has to be bathtub like as the input signal has no derivative at
its boundaries, and then higher sampling probability (or slower slew rate); the
second one is the presence of all symbols, in particular the spikes at the limit,
evidencing a good sampling system and the fully saturated input to have a
good conditioned experiment. As frequency increases, the probability of mid-
dle inputs has to lower, as the signal applied has faster slew rate in non-zero
derivative points.
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Figure 4.3: Histogram test, 1 MHz
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Figure 4.4: Histogram test, 5 MHz
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4.2 Bathtub distributions
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Figure 4.5: Histogram test, 10 MHz
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4.2 Bathtub distributions
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Figure 4.6: Histogram test, 20 MHz
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4.3 DNL results

4.3 DNL results

DNL results are then presented (reference figures 4.7 - 4.10). In normal con-
ditions the DNL value in nearly negligible, except for input amplitude limit:
according to previous speculation, due to the non-stable reference voltage and
the slower signal transition, the deviation from one code to another worsens,
though it never overcomes the 1 LSB boundary.
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Figure 4.7: DNL evaluation, 1 MHz
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4.3 DNL results
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Figure 4.8: DNL evaluation, 5 MHz
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Figure 4.9: DNL evaluation, 10 MHz
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4.3 DNL results
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Figure 4.10: DNL evaluation, 20 MHz
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4.4 INL results

4.4 INL results

INL results are then presented (reference figures 4.11 - 4.14). As INL and DNL
are strictly connected, INL verification is one step to investigate DNL analysis
correctness: as the previous case the distance from the ideal transfer function
degrades near signal limits, but it’s stable in the middle.
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Figure 4.11: INL evaluation, 1 MHz
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Figure 4.12: INL evaluation, 5 MHz
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4.4 INL results
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Figure 4.13: INL evaluation, 10 MHz
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4.4 INL results
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Figure 4.14: INL evaluation, 20 MHz
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4.5 Maximum DNL - INL

4.5 Maximum DNL - INL

| Frequency [MHz] | Maximum DNL [LSB] ||

1 0.64
) 0.63
10 0.62
20 0.63

Table 4.1: Maximum DNL values in respect to the frequency.

| Frequency [MHz] | Maximum INL [LSB] |

1 0.63
5 0.63
10 0.63
20 0.64

Table 4.2: Maximum INL values in respect to the frequency.

As it can be seen, in the frequency span of the analysis INL and DNL doesn’t
heavily affect the signal: the maximum value of the non linearities has been
reported and used to evaluate the distortion in the worst case. In normal
operations however the DNL value, real limit to performances, is computed
with mean value of 0.2 LSB. As declared, no missing code have been found
and non-linearities values are in the tolerability range.

The problematic parts of the signal have been evidenced: the points with null
derivative of the sine wave are the more probable and the more noisy due to the
major overall noise impact on lower slew rate and the higher recurrence during
noise evaluation. DNL has a direct impact on lowering ideal SNR value: the
fact that, in this case, it doesn’t depend directly on converter’s performance,
it is a good way to separate board and device characterisation, evidencing that
the same converter on another commercial board can be more reliable.
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4.6 THD evaluation

4.6 THD evaluation

Total harmonic distortion has been then evaluated with technique exploited
in chapter 3 (reference figure 4.15 - 4.18) and a plot of computed values is
presented (reference figure 4.19). Peak values have been evaluated with em-
bedded tool of Red Pitaya directly on the graph, computing then on MATLAB.
As frequency increases, the harmonic distortion is not negligible anymore: the
speculation is that the more the frequency gets near to the limit, the more

upper harmonics distorts input signal and worsens all the frequency values,
especially SINAD one.
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Figure 4.15: THD evaluation, 1 MHz
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4.6 THD evaluation

Figure 4.16: THD evaluation, 5 MHz

Figure 4.17: THD evaluation, 10 MHz
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4.6 THD evaluation

Figure 4.18: THD evaluation, 20 MHz
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Figure 4.19: THD values over frequency.
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4.7 Analog noise evaluation

4.7 Analog noise evaluation

The analog noise has been evaluated: the effect is a spurious driven voltage
generator, summing up all the noise contributions presented in section 2.1.
What is to be understood is if the overall input noise is negligible in respect
to other contributions or not.
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Figure 4.20: Analog noise evaluation, input grounded.

The result has been normalised to the number of bits, and it is evaluated as
0.12 LSB. Resorting to the formula 2.3, and evaluating that 0.12 LSB are equal
to 7.32 1V this term can be considered negligible for frequencies of interest.
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4.8 Jitter evaluation

4.8 Jitter evaluation

Overall jitter has been the computed with the technique discussed in the pre-
vious chapter. Since the object of study was a commercial board, a jitter in
the order of ns over a period of 1s was expected: since after the analysis results
in the order of the ps, another test with the second hardware project has been
carried out.
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Figure 4.21: Overall jitter evaluation, 1 MHz
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Figure 4.22: Overall jitter evaluation, 5 MHz
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4.8 Jitter evaluation
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Figure 4.23: Overall jitter evaluation, 10 MHz
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4.8 Jitter evaluation
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Figure 4.24: Overall jitter evaluation, 20 MHz
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4.8 Jitter evaluation

H Frequency [MHz] \ Jitter [ps] H

1 23.7
) 47.9
10 71.8
20 83.5

Table 4.3: Results of the first jitter analysis through the first hardware equip-
ment.

H Frequency [MHz] ‘ Jitter [ps] H

1 100
) 110
10 130
20 130

Table 4.4: Results of the second jitter analysis through the second hardware
and the frequency meter.

The jitter measured is the result of the sum of the sample and hold unit and
the clock jitter: the limit is the latter, as the S/H bandwidth declared by the
datasheet is 750 MHz and thus, at the frequency object of the test, this can be
considered negligible.

As it has been said, the second measurement has been done in order to under-
stand and confirm the order of magnitude of the sample jitter: the deviation
is imputable to the instrument noise bias, but verification was carried out cor-
rectly. Once confirmed, the second result has been used as worst case scenario.
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4.9 Final SINAD and ENOB evaluations

4.9 Final SINAD and ENOB evaluations

At the end of several measurements SINAD value has been computed with
formula 2.9: as it can be seen from figure 4.25 the results are in the range of
tolerance for good performances, also evaluating the Effective Number of Bits
(reference figure 4.26).

The tolerance has been computed for every value with the formula:

P+oP

oP = 10logw( ) (4.1)

An oscillation around + 0.5dB corresponds to 10% of uncertainty on SINAD
value, considered as a reasonable value.

SINAD over frequency on RP board
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Figure 4.25: Overall SINAD evaluation.
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Figure 4.26: ENOB computed from the SINAD values.
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4.9 Final SINAD and ENOB evaluations

SINAD time versus frequency domain
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Figure 4.27: SINAD evaluation in time and frequency domain.
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4.9 Final SINAD and ENOB evaluations

| Frequency [MHz] [ SINAD [dB] | ENOB [bits] |

1 84.3 13.7
> 84 13.66
10 83.6 13.6
20 82.7 13.46

Table 4.5: Results of SINAD evaluation with ENOB values.

| Time domain SINAD [dB] | Frequency domain SINAD [dB] |

84.3 84.2
84 83.5
83.6 83.4
82.7 81.9

Table 4.6: Results of the second SINAD analysis in time and frequency domain.

After the analysis final values fit the results provided by the Linear Technology:
testing conditions were different due to instrumentation used (5 V,, instead of
17.8V,,), estimating a difference of 11 dBF'S, making reasonable the results of
both dissertations with the formula 3.1.

Summing up all the results presented in this chapter the limiting factors of the
frequency performances in no-limit conditions are the non linearities that can
not be compensated: harmonic distortion and jitter are nearly negligible in
this board values. This measurement system then has been capable of weigh-
ing different figures of merit and it has been able of understanding this case’s
limiting factors: this experience proves that the chosen figures of merit are rep-
resentative of the main noise contributions. Testing them in this way makes it
possible to understand whether a board could guarantee precise specifications
or not.

In conclusion Intersil formula has been verified with frequency domain analysis
(reference figure 4.27) with a maximum deviation of 0.8 LSB (absolute value).
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Chapter 5

Conclusions and future
developments

The objective of this thesis was to develop a measurement sequence test for
an embedded and commercial Analog to Digital converter. This work is a part
of Red Pitaya characterisation for time - frequency metrology, to understand
whether this board could be fit for this purpose or not. Due to the shortage
of time, the sequence was not adapted to the other important part of the
front-end, the Digital to Analog converter. The focus has been then moved to
choose and characterise the principal figures of merit and weight them of the
analog conversion. The Red Pitaya board has been proved suitable for precise
electronic equipment, as the analysis on accurate signals can be carried out
without noise heavy influence.

Further developments could be implemented: as well as adapt it on other board
components, faster implementation could be done with Red Pitaya update in
several ways:

e instead of forming data packets, direct data can be sent over Ethernet
establishing a direct connection with the main workstation without using
Secure Copy protocol or saving data to the Secure Disk, being limited in
speed; to achieve that, AXI4 protocol has to became from Lite to Stream
and high speed 64-bit port on Red Pitaya has to be enabled, maybe with
configuration files provided;

e a MATLAB driver could be written, as data collection can be stored in
the main computer with an algorithm, lightening the PS part of long
calculations and storing operations;

e faster operations could be implemented also enabling DMA engine, trying
to achieve bandwidth required from sampling saving operations.
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The system has proven to weigh on board noise sources, to understand if
they can be eventually corrected. Red Pitaya system is stable and can achieve
good performances on signal generation and analysis: the next main project,
after a deeper characterisation carried out by Dr. Cardenas and Dr. Calosso,
is the use of this board in fibre technology as it can synchronise e.g. different
laboratories over fibre diffusion of a stable and noise-free impulse.
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