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Abstract

A rapid increase in number and diverse applications of connected devices has forced
digital wireless protocols to specialize further for specific purposes. One of such
applications is the previously unanswered market for reliable wireless low-latency
communication in private self-sustained networks. As a revision of an older standard,
DECT-2020 New Radio aims to provide a solution for this market.

To research different physical layer properties of DECT in real-world environments,
a software-defined radio (SDR) framework would be required. Since such design
already existing for IEEE 802.11, a well-utilized open-source project openwifi, an
analogous solution for DECT could be realized. The goal of this thesis was to provide
an implementation for the first part of this SDR framework.

The main contribution of this thesis is an FPGA-based packet detector for DECT.
Written in Verilog-2001 for an AMD Zynq system-on-chip, the implemented design
manages Synchronization Training Field preamble detection and timing synchro-
nization with hardware efficient autocorrelation approach. The proposed design was
evaluated using a simulation environment that integrated MATLAB and the Icarus
Verilog simulation tool. Both real-world and generated data were utilized during the
simulation.

Compared to a cross-correlation based detection, the implementation utilizes only
two complex-valued multiplications at the expense of a higher signal-to-noise (SNR)
ratio requirement. In comparison to a reference autocorrelation-based detection,
the implementation requires at least 2.6 dB higher SNR depending on the utilized
configuration, yet it does not suffer from co-channel interference and includes a simpler
signal power estimator. The resource utilization of the proposed design is comparable
to that of openwifi despite differences in communication protocols. Finally, different
power scaling factors were simulated to analyze the implementation’s performance.
The thesis thus provides an initial foundation to a hardware-based SDR for DECT-2020
NR.

Keywords DECT-2020 New Radio, DECT-2020 NR+, SDR, FPGA, packet
detection, timing synchronization, autocorrelation
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Tiivistelma

Kommunikoivien laitteiden médrdn nopea kasvu seki kiyttokohteiden moninaistu-
minen ovat pakottaneet digitaaliset langattomat tietoliikennetekniikat erikoistumaan
tarkempiin kdyttokohteisiin. Yksi téllainen vield avoin sovelluskohde on pieni viiveiset
ja luotettavat yksityiset langattomat verkot omavaraisella jirjestelylld. Vanhemmasta
standardista laajennettu uuden sukupolven standardi DECT-2020 New Radio pyrkii
tarjoamaan ratkaisua tille sovelluskohteelle.

Voidakseen tutkia DECT:n fyysisen kerroksen eri ominaisuuksia oikeassa maa-
ilmassa, tarvittaisiin ohjelmistoradiolle soveltuvaa kehitysympéristod. Koska IEEE
802.11 standardille on jo luotu halutunkaltainen ja laajasti kéytetty avoimen 1dhdekoo-
din projekti openwifi, vastaavanlainen toteutus DECT:1le on mahdollista. Tamén tyon
tarkoituksena on esittdd ensimmaiinen osio tille ohjelmistoradio kehitysympiristolle.

Tdmaén tyon tdrkein tuotos on FPGA-teknologiaan perustuva paketin tunnistin
DECT:lle. Kirjoitettu Verilog-2001-kielelli AMD Zyng-jarjestelmapiirille, toteutus
sisdltdd Synchronization Training Field-synkronointikentén tunnistuksen seki ajoituk-
sen synkronoinnin autokorrelaatiomenetelmélli. Tunnistinta arvioitiin MATLAB ja
Icarus Verilog-simulaatiotyokalu pohjaisessa ympiristossa todellisilla sekd luoduilla
signaaleilla.

Verrattuna ristinkorrelatiopohjaiseen tunnistukseen, totetus kiyttda vain kahta
kompleksiarvoista kertolaskuoperaatiota, kuitenkin tarviten huomattavasti korkeam-
man signaali-kohinasuhteen. Toteutus my0s vaatii on vihintiin 2.6 dB korkeamman
signaali-kohinasuhteen kuin verrokki autokorrelaatiomalli, mutta ei kérsi samakana-
vahdirioistd ja kayttdd yksinkertaisempaa tehoestimaattoria. Ehdotetun tunnistimen
FPGA-resurssien kdytto on rinnastettavissa openwifi:in huolimatta radiotekniikoi-
den eroista. Lopuksi eri tehoestimaattorin skaalauskertoimia simuloitiin toteutuksen
suorituskyvyn arvioimiseksi. Tyotd voidaan kéyttdd alustana laitteistopohjaiselle
ohjelmistoradiolle DECT-2020 NR:iin.

Avainsanat DECT-2020 NR, DECT-2020 NR+, ohjelmistoradio, FPGA, paketin
tunnistus, ajoituksen synkronointi, autocorrelaatio
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Symbols and abbreviations

Symbols

Euler’s number
complex number
cross-correlation
autocorrelation
in-phase component of a complex signal
quadrature component of a complex signal
power scaling factor
Fourier transform scaling factor
subcarrier scaling factor
time domain base sequence of STF
STF signal cover sequence

number of samples in STF base sequence
N3LE  number of time domain repetitions in STF
Rss  autocorrelation of the STF base sequence
R_gs autocorrelation of the STF base sequence with inverted sign
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Operators
® convolution
&  Kronecker product
. multiplication

A*  complex conjugate of A
> bitwise logical right shift
|A] floor function of A



Abbreviations

5G NR
ADC
ASIC
AWGN
BRAM
BLE
CORDIC
DAC
DDR
DECT
DF
DSP
ETSI
FF
FFT
FPGA
FSM
FT

GI
GPP
HDL
HW
/0
IEEE
ISM
IoT
L-STF
LTE
LTE-M
LUT
MAC
MIMO
NB-IoT
NR
OFDM
PT

RD

RF
SDR
SerDes
SNR
SoC
STF
TDD

5G New Radio

Analog-to-Digital Converter
Application-Specific Integrated Circuit
Additive White Gaussian Noise

Block Random-Access Memory

Bluetooth Low Energy

Coordinate Rotation Digital Computer
Digital-to-Analog Converter

Double Data Rate

Digital Enhanced Cordless Telecommunications
Data Field

Digital Signal Processor

European Telecommunications Standards Institute
Flip-Flop

Fast Fourier Transform

Field-Programmable Gate Array

Finite-State Machine

Fixed Termination point

Guard Interval

General Purpose Processor

Hardware Description Language

Hardware

Input/Output

Institute of Electrical and Electronics Engineers
Industrial, Scientific, and Medical frequency
Internet of Things

Legacy Short Training Field

Long Term Evolution

Long Term Evolution Machine Type Communication
Lookup Table

Medium Access Control

Multiple-Input Multiple-Output
NarrowBand-Internet of Things

New Radio

Orthogonal Frequency-Division Multiplexing
Portable Termination point

Radio Device

Radio Frequency

Software-Defined Radio
Serializer/Deserializer

Signal-to-Noise Ratio

System-on-Chip

Synchronization Training Field

Time Domain Duplexing



1 Introduction

With increasing digitization from commercial applications to industrial machines,
granting wireless access over the air between different devices has necessitated various
protocols and standards. Since the inception of wireless digital communications
devices, later inventions have allowed digital devices to communicate independently
without requirement for human intervention [1, Chapter 1]. As the scale of these
interconnected devices has increased, this phenomenon of networked devices has
become known as Internet of Things (IoT).

By utilizing IoT to remotely supervise large scale systems and create autonomous
networks, the range of use cases for the technology has rapidly increased in the past
years. Such applications include detecting forest fires [2], automatic wall plant climate
control [3], automated warehouses [4] and aiding healthcare [5]. Thus, multiple
different wireless protocols have been proposed and utilized to allow machine-
to-machine communications over-the-air [6, 7]. Some of these communication
technologies have been specifically tailored for IoT applications, such as Bluetooth
Low Energy (BLE), LoRa and Zigbee. Others technologies have been later modified
from existing protocols, such as Narrowband-IoT (NB-IoT) and Long-Term Evolution
Machine Type Communication (LTE-M) from 3rd Generation Partnership Project’s
(3GPP) cellular LTE standard, Reduced Capability (RedCap) from 3GPP’s 5G New
Radio (NR), and Institute of Electrical and Electronics Engineers’ (IEEE) 802.11,
marketed as Wi-Fi.

However, as the number of devices and the variety of operational requirements for
different applications have increased, the ability for current protocols to universally meet
requested demands has become more challenging. For example, a mobile industrial
robot has vastly different performance needs from a static outdoor agricultural sensor.
With such a wide range of IoT applications, each of the wireless communication standard
has to balance between scalability, power consumption, latency, infrastructural costs,
network configuration, and data rates. Hence, each of the wireless IoT technologies has
begun targeting a specific range of use cases, such as local real-time device-to-device
communications for BLE, long range low-energy applications in case of NB-IoT or
self-organizing infrastructureless mesh networks with Zigbee [6, 7].

Even then, a market for reliable low-latency wireless Iol' protocol in private
self-contained network environment is still left unanswered. In the advent of industrial
IoT, where user equipment requires interlinked cable-like wireless transmissions with
steady bandwidth, low latency, and reliability, current IoT standards fail to achieve
such demands in full [8]. Additional issues from various current standards are the
infrastructure requirement or protocol complexity [9]. For example, while 3GPP’s
RedCap could provide a possible solution, the necessity for setting-up, operating,
and administrating a 5G NR network incurs costs and additional labor. From an
IoT equipment perspective, standards such as IEEE802.11 include features and
requirements that needlessly increase engineering costs when simpler designs could
be used. An additional challenge to provide reliability over a wireless channel has
been spectrum congestion, as multiple different technologies share the same frequency
range [10]. These overlapping frequency bandwidths cause signal interference, that in



turn produces data errors and outages. Frequency congestion is a prevalent issue with
protocols utilizing industrial, scientific, and medical frequency (ISM) bands, such as
Wi-Fi, BLE, LoRa and Zigbee.

To answer the need for a protocol that meets demands for such specific market,
European Telecommunications Standards Institute (ETSI) has revised an older wireless
communication standard known as Digital Enhanced Cordless Telecommunications
(DECT). While the protocol was originally designed for in-premise wireless audio
transmissions, the newer revision of DECT has been designed for broader scope
of applications. This new standard, named DECT-2020 New Radio, targets infras-
tructureless networking with need for sub-millisecond latency, adequate data rate,
and high reliability [11, 12]. The standard achieves the performance requirements
by utilizing state-of-the-art physical layer components with added error correction,
a license-exempt technology exclusive frequency range, and self-contained private
network architecture.

However, as the protocol is new, most commercial products for it are still in
development or starting production. Thus, for academia to further research DECT-
2020 NR, the only options currently available are software simulation, software-defined
radios (SDR) or development of their own radio devices for the protocol. In the absence
of commercial options, only SDRs enable relatively quick-to-setup measurements in
real world environments by providing customizable radio interface platforms [13].
Furthermore, SDRs with access to hardware allow additional research avenues. An
open-source project for Wi-Fi utilizing an SDR has enabled researchers to study
time-sensitive networking, which would have been otherwise challenging to conduct
with commercial solutions. This project, openwifi [14], utilizes off-the-shelf SDR
with a field-programmable gate array (FPGA) and a general-purpose processor (GPP)
to create a framework that could be tailored to users needs.

1.1 Thesis objectives

Creating a similar project for DECT-2020 New Radio as openwifi would provide a
framework for further studies to be conducted on DECT. As the IEEE 802.11 project
has allowed a multitude of different research topics, a similar template for a new
wireless protocol would allow off-the-shelf solutions to be utilized to examine the
physical layer properties of DECT.

Hence, this thesis proposes a packet detector implementation for ETSI’s DECT-
2020 New Radio protocol on an FPGA-based SDR architecture. By utilizing similar
design principles as in the openwifi project and migrating them to DECT, the proposed
implementation provides preamble detection and timing synchronization for the new
protocol. While the thesis implementation is intended to be the initial module for the
openwifi-like SDR platform for DECT, it could be further used in other self-contained
hardware projects. Such projects could be radio protocol comparison, in researching
the physical layer of DECT, as part of wireless traffic analysis, and as a part of physical
radio receiver implementation.

In order to achieve this objective, the thesis used an autocorrelation-based packet
detection approach and a hardware-description language (HDL) Verilog-2001 to
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develop the implementation on a target FPGA architecture. Additionally, multiple
values were analyzed for a power scaling factor that is used in normalizing the output
of the autocorrelation. The validity of the proposed design was achieved by verifying
it against a reference modelled in MATLAB. Results of the implementation were
obtained by comparing it to other correlation-based packet detection models with
simulation and by comparing its resource utilization to the open-source Wi-Fi project
for the target FPGA.

As the thesis uses FPGAs for its architectural realization, it needs a hardware
development approach compared to software-based design. However, while the
proposed implementation could be realized as an application-specific integrated
circuit (ASIC), such approach is excluded from the thesis due to the increased design
complexity and the process dependent approach. In addition, the following aspects
were deemed out of scope for the realized thesis implementation and its evaluation:
the physical realization of the proposed implementation on target SDR and support
for all DECT physical layer configurations. Excluding assessment on the physical
SDR platform was done due to the scope of the thesis implementing an FPGA-based
design; hence, evaluation with simulation with captured over-the-air data was deemed
sufficient. In case of DECT physical layer configuration, the additional complexity
for supporting multiple configurations in the realized design was deemed out-of-
scope in favor of a simpler implementation that could be further expanded into other
configurations in future works. The thesis discusses how such expansion could be
done with the proposed design.

1.2 Structure of thesis

The remainder of this thesis is organized into five chapters as follows. Chapter 2
explains the necessary theoretical background and concepts used for the proposed
implementation. Chapter 3 describes the simulation environment utilized in evaluation
and hardware platform targeted by the thesis design. Chapter 4 presents the main
contribution of the thesis and provides the development process used. Chapter 5
analyzes the proposed implementation and its results by comparing the design against
the reference model, with different power scaling factors, against other correlation
models, and FPGA resource utilization against openwifi. Chapter 6 concludes the thesis
by suggesting future works that could be derived from the proposed implementation.
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2 Background

The theoretical and state-of-the-art background necessary for the proposed DECT-2020
New Radio packet detection implementation are as follows: autocorrelation, which is
utilized for packet detection and timing synchronization; FPGA architecture, which is
the hardware system used to execute the proposed implementation; hardware-based
SDR, which is the target radio platform encompassing the hardware system; DECT-
2020 NR, which is the radio protocol that this thesis targets; and openwifi, which
is a related work with similar design objectives as the thesis on the 802.11 wireless
communication standard.

2.1 Correlation

Correlation is used in signal processing and statistical analysis to identify relationships
between sets of random variables. This thesis focuses on the signal processing appli-
cations of correlation, particularly in the domain of digital wireless communication.
A cross-correlation of two finite discrete complex vectors x and y with length N is a
convolution between x and complex conjugate of y, defined as

N N

Rey(m) =X ® " = > Xiem¥y = Y Xicwm (5k +11)", (D
k=—N k=—N

where s is the transmitted signal and » is noise from the transmission channel [15,
Chapter 6]. Cross-correlation can be utilized to find a known sequence x from a
vector y of random elements. If the correlation and its terms are constrained to a
well-defined space, then the cross-correlation maximum will imply if x is within y.
Additionally, the location of x can be determined by the position of maximum and the
number of maxima will indicate how many times x is located within y.

If y = x, and therefore s = x, then cross-correlation becomes autocorrelation

N N
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where m = 0, the center of autocorrelation, will have maximum [15, Chapter 6].
A vector with repeating patterns can be examined with autocorrelation function
to detect existence of these repetitions. A computational approach using a sliding
window for the autocorrelation function additionally allows revealing locations of
the repeating patterns within a observed vector x. If a defined window is smaller
than the vector x and it is slid over the observed sequence, and the window is at least
large enough to hold two repeating patterns, then parts of the x that repeat themselves
will have maximum correlation. The drawbacks for computational approach are
possibly computationally expensive sliding window operation, determining large
enough window size to accommodate repeating patterns and plausible false correlation
detection, as all repetitions within the window will be taken into account.

In wireless communications, both cross-correlation and autocorrelation can allow
detecting existence of a data transmission. These operations are achieved by inserting
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a known pattern called preamble or training sequence into a time domain portion
of the transmitted signal [16, Chapter 5.1.3]. The receiver then cross-correlates the
sent signal with the same locally saved preamble, and detects when the data has
been received once the maximum correlation is achieved. This cross-correlation
operation is also known as matched filter. However, determining the known pattern
from sent data with cross-correlation must be handled with care. As a transmitted
signal propagates through a path as an electromagnetic radio wave, it will experience
noise and both constructive and destructive effects from environmental multipath
components. Furthermore, as baseband processing of a signal is typically done in
digital domain, the transmitted stream of samples will experience sampling difference
and carrier frequency offset between transmitter and receiver due to unavoidable
physical imperfections of utilized electronics. These effects from both channel and
digital devices will accumulate to timing and frequency errors, which may cause
locating and decoding a preamble from transmitted signal impossible for receiver with
cross-correlation. While in digital communications matched filter improves signal
quality against noise [17, p. 61-63], the filter provides no benefits towards multipath
components.

To circumvent multipath interference, a transmitter can send a vector v that includes
a repeating pattern p. If a path that the signal propagates through is constant for the
duration of the transmission, all elements in v will experience same propagation effects.
The receiver may then use autocorrelation Equation (2) on the v to detect p. Such
approach with repeating patterns does require following assumptions: the receiver
knows how p is formed, the sequence p should have good correlation properties and
the utilized channel does not change during the transmission [16, Chapter 5.1.3].
As an example for such repeating patterns, [IEEE802.11 packets include short and
long preamble [18, p. 2813-2814] that are utilized to detect the existence of a
transmission [19]. Autocorrelation has lower signal-to-noise ratio in noisy radio
channels compared to matched filter, thus combining both of them would trade
computational complexity for improved signal detection [20].

An issue with correlation equations (1) and (2) is that the values of the correlations
are not properly constrained. If a receiver attempts to determine the existence of a
pattern in a random stream of samples, it must know when the maximum correlation
has occurred. A process that limits values to well-defined constraints is known as
normalization, for example to [—1, 1], where 1 equals maximum correlation and -1
maximum anti-correlation. Normalizing the autocorrelation Equation (2) for finite
discrete complex vector x with length N yields

ZnNz_N xn+mx;k, E [XX*]
= BEARSY § 3)

Rxx(m) = N
n=—N xnxn

o

where E[XX*] is the mean of X and its complex conjugate, and o2 is the variance
of X. If the variance of the random variable is known, then the receiver can unbias
the normalization so that the maximum correlation occurs at a predetermined value.
However, in cases where variance is unknown, biased normalization must be utilized.
These normalization operations are known as biased and unbiased estimators.
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2.2 Field-programmable gate array

Field-programmable gate arrays are integrated circuits that consist of multiple elec-
trically reprogrammable logic elements interconnected via a reconfigurable routing
matrix [21, Chapter 1]. These logic elements, known as Configurable Logic Blocks
(CLBs), consist at a minimum of a lookup table (LUT), a flip-flop (FF) and a multi-
plexer (MUX). A LUT outputs a Boolean value based on a truth table of its inputs.
An FF is a register driven by a clock, latching on its input and outputting its currently
held value. Lastly, a MUX selects whenever a LUT’s output is routed into an FF’s
input or past it to the output of a CLB. The combination of a LUT, a FF and a MUX
enable CLBs to create binary logic, or any digital logic when further augmented with
reprogrammability and the reconfigurable routing matrix. In addition to CLBs, most
of the FPGA’s input and output (I/O) ports can also be reprogrammed, granting its
users freedom in integrating the device into a physical system or reconfiguring the
I/0Os depending on the use case. An example architecture of a simplistic FPGA is
shown in Figure 1.

Switch| Mesh

el CLB 110 110 110

110 CLB CLB CLB 110

110 CLB CLB CLB 110

110 CLB CLB CLB 110
110 110 110

Figure 1: A simple FPGA architecture.
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The main benefits for utilizing FPGAs are their ability to implement any digital logic,
reconfigurability, and parallelization. With the possibility to create any digital logic,
FPGA users may: hardware accelerate computationally heavy operations [22, 23, 24],
prototype hardware systems, create glue logic to interface between devices, or produce
digital system in small volumes without need for fabrication [25]. Such varied
applications are possible due to the electrically reprogrammability of the circuit, which
limits non-recurring engineering costs and allows modifications to the design even
during deployment.

In addition to these benefits, the performance of FPGA architectures stems from
their inherent massive parallelization, where each element operates independently.
The only limiting factors for latency performance are the clock frequency utilized and
number of clock cycles for a given data path, while data rate performance is limited by
the available I/Os and number of hardware elements in a given FPGA device [24]. To
improve data rates, dedicated hardware elements have been integrated into FPGAs
to accelerate hardware-intensive processes and enhance I/0 bandwidths. Examples
of such improvements include digital signal processor (DSP) blocks to accelerate
multiplications and large sums, block random-access memory (BRAM) modules to
increase on-chip memory, and specialized I/Os such as Double Data Rate (DDR) or
serializer/deserializer (SerDes) interfaces that increase bandwidths to external devices.

However, drawbacks for FPGAs include the volatility of their programming where
the circuitry must be reprogrammed after each power up, limited availability of on-chip
memory, a laborious and complex development process of digital logic compared to
software development, and increased power consumption with worse performance in
comparison to ASICs for the same task [25]. In addition, while serial tasks that include
states and many branching paths can be implemented in FPGAs, such operations may
not benefit from the massive parallelization of the device. Furthermore, such tasks
can be more easily developed in software and executed on GPPs, which have become
ubiquitous in embedded systems.

For development process of digital logic on FPGAs, hardware-description languages
such as Verilog, SystemVerilog and VHDL have been the mainstay as design tools. In
HDL development flow for an FPGA, as shown in Figure 2, the designer first models
their given system with HDL code, before synthesizing the design into register-transfer
level (RTL). The RTL is then placed-and-routed and converted to a bitstream used
to program the FPGA. Each stage additionally includes intermediary steps, such as
simulations, resource and timing analysis, and constraints. Additionally, designers may
utilize vendor or third-party intellectual properties (IPs) to accelerate development
process.

Nevertheless, due to the inherently laborious process to create and manage complex
systems with HDLs, other tools have gain attention to ease development. One of such
tools that has gained industry wide support is high-level synthesis (HLS), where a
higher abstraction of logic is described and then converted into HDL code or directly
into RTL [26, 27]. With HLS, the mental overhead of complex systems will be
minimized, the system’s behavioural operation simulation becomes lower effort and
higher abstractions is possible to implement with minimal changes, and development
time of larger designs is reduced significantly. However, the performance and resource
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utilization of HLS generated code can be unpredictable and sub-par in comparison
to a hand-written HDL [28]. Therefore, while high-level synthesis has become more
popular due to the ease of use and rapid development, hardware-description languages
are still used in designs were performance and resource utilization constraints or

predictability are paramount.
Design
requirements

HDL coding <

Vendor IPs
3rd party IPs

(Elaboration and)
Synthesis

Timing constraints
Placement constrains Place & Route
Port placement

(Implementation)

Bitstream generation

‘ FPGA programming ’

Figure 2: A FPGA design flow.

2.3 Hardware-based software-defined radio

Software-defined radios are radio platforms which allow arbitrarily modifying the
digital baseband and controlling the analog radio frequency (RF) front end [29].
In applications where requirements for the analog interface are known or within
well-defined range, while demands for baseband processing might change rapidly or
be unknown beforehand, a SDR provides the necessary freedom and performance.
Example applications that require such adaptability are research and development,
electronic warfare and small-scale radio network deployments [13].

While off-the-shelf SDR platforms can support a wide range of spectra, large data
rates, and high accuracy, these systems still face other drawbacks beyond cost efficiency
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when compared to dedicated radio terminals [13, 30]. A user of a SDR must provide
the required functionality for the device, which either necessitates a development
effort or the use of ready-made solutions. Additionally, while SDRs have lower power
consumption and cost than multiple dedicated terminals when transmission flexibility
is required, these advantages are lost when transmission requirements are fixed.
Most importantly, antennas that support wide frequency ranges presents significant
challenges, and in applications with high-accuracy requirement, users must account
for potential impairments.

SDRs can be classified into two major categories: GPP-based or hardware (HW)
based [13, 31]. In GPP-based SDR platforms, most or all of the baseband processing
is operated on a GPP-host. These system typically include a secondary device that
is tasked with interfacing a RF front end, in addition to handling preliminary signal
processing in both the receive and the transmission chain. Examples of such systems
are GNURadio [32], RTL-SDR [33], and SORA [34]. Conversely, in hardware-based
systems the baseband processing is done on a dedicated SDR device interfacing its RF
end. Such platforms are typically self-contained or include an expansion card for a
user selected RF front end. Examples of HW SDRs are WARP [35], LOLA-SDR [36],
Airblue [37] and RT-WIFI [38]. While some of these designs could be categorized
as hybrid-based SDRs [13], as they utilize both a GPP and a FPGA, their system
architectures rely on system-on-chip (SOC) designs that provide low-latency on-chip
interfaces. This thesis will focus on the hardware-based software-defined radios due
to the selected target SDR platform.

In comparison to GPP-based solutions, HW SDRs platforms provide much larger
data rates, allow precise control over performance and latency, and have higher power
efficiency per operation [13]. As most of the platforms utilize an FPGA, a system-on-
chip (SoC) with an FPGA, or an ASIC, the massive parallelization and high throughput
intrinsic to the systems enable the larger data rates, and thus both sample rates and
bandwidth. Furthermore, as these system utilize hardware-based designs with logic
gates and registers, SDR users can create custom designs and architectures that are
tailor made for each use case. The benefit for such approach is the precise control over
design parameters, which conversely translate into user-defined latency and data rates.
In addition, the HW-based SDRs that are self-contained can be effortlessly utilized in
field-tests without requirement for additional equipment.

However, the main drawbacks for HW SDRs are cost and development process [13].
Due to the inherent slow and laborious development of FPGAs, time-to-market or time
to the prototype are much longer than in equivalent GPP-based design. Additionally,
SDRs utilizing software can be operated with various free-to-use open-source tools or
low-cost propriety ones, while their development can be done using plug-and-play
style or various software libraries and programming languages. In hardware-based
development, propriety tools are typically per device family, require expensive licences
before usage, and are typically rigid, monolithic in design and have restrictive host
requirements.

Furthermore, open-source tools can be limited in both availability and use cases.
In conjunction with the development, while hardware-based designs can be self-
contained, their unit costs to setup are typically much higher. Where as a user laptop
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and an existing wireless modem can create a temporary GPP-based SDR, in hardware
the user must obtain the physical device before it can be utilized. In addition, HW-based
SDR is only able to support the range of operations it is physically designed for and
any limitations in the system require physical revision of the platform. Each of these
hardware-based issues are further exacerbated with ASICs, which require additional
fabrication and any faults in the design are in most of the cases non-fixable. Conversely,
SDRs utilizing software can be readily scaled and expanded, as most of the designs
can be swapped from one host to another with minimal or no changes required. In
hardware, migration from one device to another is effortless only if both of the devices
have same architecture. In most of the cases, the design requires some changes, but in
the worst case the implementation can not be migrated and requires extensive work.

2.4 DECT-2020 New Radio

DECT is local area wireless communication technology by ETSI, composed of two
main standards: Classic DECT and DECT-2020 New Radio. This thesis will only
focus on DECT-2020 NR and thus refer to it as DECT. Approved by International
Telecommunication Union Rabdiocommunication Sector (ITU-R) for International
Mobile Telecommunications-2020 (IMT-2020 Standard), DECT is the first non-cellular
5G standard. The protocol aims to provide a reliable local network that allows its
users to setup, scale, manage and operate without a dedicated infrastructure operator
as with cellular technologies [39].

Furthermore, the standard can work independently or as a medium for both
IP, IPv4 and IPv6, and non-IP data. Therefore, the key advantages which DECT
offers in comparison to other 10T standards, such as, but not limited to, BLE, L.oRa,
Zigbee, LTE-M, NB-IoT, and RedCap, are the combination of reliability, scalability
and network structure flexibility balanced with data rates and latency. By merging
state-of-the-art technological advancements, a user-definable network topology, and
a technology-exclusive license-exempt spectrum, the protocol’s envisioned main
applications are industry 4.0, public services and multimedia industry, yet supports
other local networking use cases [12]. The key values of DECT are summarized in
Table 1.

DECT supports two types radio transmissions: synchronous and random ac-
cess [40]. In synchronous transaction mode, a coordinator allocates dedicated time
slots for each of its client devices. Such approach provides predictable data rates
and latency, whilst simultaneously allowing the coordinator to balance load between
clients. However, transmission channels with unpredictable interference, such as
ISM radio bands, such synchronization is not always possible or is too unpredictable.
To aid reliability in such access, the coordinator allocates transmission slots that its
clients may utilize randomly. The each of the transmission slots have a start time and
each random access is limited in data size by a time window during which a single
transmission must be sent.
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Table 1: DECT-2020 NR key values.

Parameter Value

Minimum bandwidth 1.728 MHz

Maximum bandwidth 221.184 MHz

Multiplexing CP-OFDM with FDMA and TDMA

Frame length 10 ms

Slots per frame 10

Number of subslots per slot 2,4,8,0r 16

OFDM symbols per slot 10, 20, 40, or 80

OFDM symbols per subslot 5

Duplexing TDD

Modulation BPSK, QPSK, 16-/64-/256-/1024-QAM

Maximum MIMO 8 receiver, 8 transmitter

CRC size 16 or 24 bits

Coding rate 1/2, 2/3, 3/4, or 5/6
Beamforming, transmit diversity, turbo code,

Other features HARQ with soft-combining,

coexistence with Classic DECT

Before utilizing a transmission slot, a client must check if the channel has ongoing
transaction before trying to send its own data within the allowed time window. If the
allocation is already in use, the client must wait for a random period of time before
trying again. As such, random access can also be beneficial in cases where data
transmissions are infrequent or utilize first-come, first-served transaction style.

For radio topology, DECT allows two modes to be utilized simultaneously or one at
the time: fixed termination point (FT) and portable termination point (PT) [41]. In FT
mode, a radio device (RD) acts as a local coordinator that manages transmission and
configurations between itself and devices in PT mode. As such, a device in portable
termination may only search for, connect to and configure itself to a FT before any
data transactions. To allow flexible topology, a device in FT mode may have multiple
PTs connected to it and can simultaneously connect to another FT as a PT. However, a
portable termination may only have a single device as its fixed termination, which
means that a RD is always a FT for a PT and vice versa.

The full protocol stack of DECT, as shown in Figure 3, is partitioned into medium
access control (MAC) layer and physical layer [12]. The function of MAC layer is to
manage user data, a local radio device RD, and networking between other radio devices.
Data from user are segmented into packets, while received data from physical layer
is combined. Additionally, four different logical transmission packets are supported:
paging and broadcasting (PCH/BCH), dedicated communication (DCH), and random
access (RACH) [40]. Each of these are then encapsulated into either a Physical Control
Channel (PCC) or a Physical Data Channel (PDC) before passed to the physical layer
for transmission, or decoded from when receiving. When communicating with the user,
two data modes are supported: Dedicated Traffic Channel (DTCH), for bidirectional
communication with a RD, and Multicast (Broadcast) Traffic Channel (MTCH), for
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multicast data communications with multiple RDs simultaneously. Both of these
are internally multiplexed and demultiplexed to the appropriate logical transmission
packets. The MAC layer is additionally responsible for facilitating communications
between user, local RD, and other radio devices by choosing an appropriate connection
mode. Furthermore, selection and coordination of radio interface parameters as a FT
to PTs, or correcting the parameters as a RD to the ones that its FT utilizes, are tasks
of the MAC. The layer additionally handles hybrid automatic repeat request (HARQ),
an error control algorithm. In HARQ, The receiver sends an acknowledgement if the
packet was received correctly or included errors. The transmitter can then send a part
of the packet again, which the receiver can then combine with the faulty one to get the
correct packet.
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Figure 3: Full DECT-2020 NR protocol stack [12, Figure 2].

2.4.1 Physical layer

The physical layer in DECT protocol stack is responsible for connecting radio interface
and MAC layer, and management of both radio and baseband data. The tasks of
the physical layer include: multiple-input multiple-output (MIMO), beamforming,
forward error coding and decoding, rate matching, modulation and demodulation,
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error detection, timing and frequency synchronization and transmission diversity [42,
p- 8-9]. As such, the layer can be modeled as a stream that sends segmented data
from the MAC layer to a physical radio interface and, in a vice versa manner, passes
received data from the interface to the MAC. This stream, as shown in Figure 4 for a
single antenna receiver, is a multistage chain of operations.

—> ADC > STF detection » Timing synchronization > Fregft;:;cgoe::eitli::\:se
Demodulation < Equalization < FFT < Symbol alignment <€
Descrambling > sggr?]‘:)r?llgt(i:gn —> Rate matching » Channel decoding

e cro e Skt

Figure 4: DECT-2020 NR single antenna receiver block diagram.

In the receiver chain, the physical layer is first tasked with receiving in-phase
and quadrature (I/Q) complex samples from the radio interface, typically after an
analog-digital converter (ADC) which samples the analog baseband. From this stream
of I/Q-samples, the receiver must determine the existence of a packet and its location.
DECT utilizes a preamble-based synchronization method, where the physical layer
packet structure includes a data field to aid the receiver to timing, phase and frequency
synchronize itself to the transmitter.

After synchronization and correction of phase and frequency, the orthogonal
frequency-division multiplexing (OFDM) symbols are aligned and the OFDM cyclic
prefix (CP) is removed. The subcarriers of the OFDM are then obtained by using a
discrete Fourier transform’s optimized version, fast Fourier transform (FFT). Utilizing
equalization and predetermined pilot subcarriers, the receiver then attempts correct
any intersymbol interference (ISI). In ISI, a channel with multipath propagation or
one that is bandlimited might cause OFDM symbols to overlap in time domain. The
symbol that is overlapped can then have distortions in its subcarriers in frequency
domain, which may cause errors in subsequent stages. Once the receiver has equalized
the subcarriers, they are demodulated to extract bits, which in digital system are binary
values. In addition, received samples are parallelized before FFT, and serialized again
after demodulation.

With the binary stream, the receiver then performs descrambling of the data. In
scrambling, vectors with multiple consecutive Os and 1s are dispersed, which aids
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synchronization and reduces spurious spectral changes during the transmission. Then,
if the received packet type is PDC, it is segmented. These segments, or the single
binary stream in PCC case, are then individually rate matched and channel decoded
with turbo codes, which attempts to correct any incorrect bits in the stream. After
error correction, the segments are concatenated to obtain the final binary stream for a
given received packet. Before encapsulating the received packet to either PDC- or
PCC-packet type and passing it to the MAC layer, the receiver does one final error
check with a cyclic redundancy check (CRC). If an error is detected, the MAC layer is
informed for further actions to be taken.

The physical layer has two major configuration parameters: a Fourier transform
scaling factor 8 and a subcarrier scaling factor u [42]. The Fourier transform scaling
factor is used to scale the size of discrete Fourier transform, which in turn defines the
number of subcarriers in the OFDM. Similarly, the subcarrier scaling factor determines
the OFDM subcarrier spacing, number of OFDM symbols per subslot and number of
subslots in a transmission slot. Therefore, the utilized radio link bandwidth is thus
the combination of both parameters, where u € [1,2,4,8] and B € [1,2,4,8,12,16].
For example, the formula for nominal channel bandwidth is defined by

BDFT=ﬂ~27kHZ-ﬂ'64.
Likewise, the transmission channel bandwidth is calculated as
Brx =p-27kHz-B- (64— - Ncp— Npc),

where Ncp = 8 is the cyclic prefix size and Npc = 1 is a subcarrier reserved for direct
current.

These parameters are additional used to select the number of sublots and cyclix
OFDM symbols, which in turn determine the data rate and transmission time. To
transmit data over a physical channel, DECT utilizes a transmission packet structure
illustrated in Figure 5. A packet consists, in order, of a Synchronization Training
Field (STF), multiple Data Fields (DFs), and a Guard Interval (GI) [42, p. 14]. The
STF enables the data-driven synchronization, while DFs are the OFDM symbols
transmitted with a CP. As DECT utilizes time division duplex (TDD) for time division
multiple access (TDMA), the GI reduces timing constrains between different slots. To
summarize, each physical layer transmission packet contains one or more subslots,
where each subslots has five OFDM symbols. The first symbol is reserved for STF,
while the last symbol is reserved for GI. Hence, each transmission packet contains at
minimum three DFs.
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Figure 5: DECT physical layer transmission packet structure for y = 1 [42, Figure
5.1-1]

2.4.2 Synchronization Training Field

Each physical layer transmission packet in DECT begins with a predefined STF
sequence. The function of this preamble is to allow a receiver to determine existence
of a packet, time domain synchronize, steer automatic gain control, and coarse correct
both frequency and phase offsets [43]. The field is formed with six predetermined
pilot sequences, defined in frequency domain, with the sequence selection depending
on the selected Fourier transform scaling factor g [42, p. 15-16]. For g = 1, which
this thesis utilizes, the pilot pattern is:

STFB = ejﬂ/4 {1’ _1’ 1, 1, _1’ 17 1’_1, 1’ 1’ 17 _1’ _1’ _1} .

pilot
Before transmission, the pilots are transformed to time domain with an inverse Fourier
transform. The resulting sequence is known as base sequence, denoted by S, and
the length of the sequence is Ng = 16 - 5. Additionally, to both allow and improve
correlation-based sequence detection, S is repeated number of times that depend of the
utilized subcarrier scaling factor u. For u = 1, the number of repetitions is seven, and
nine in all other cases. For this thesis, 4 = 1 is utilized. As such, the time domain STF
for {8 = 1, u = 1} physical layer configuration consists of seven repeating identical S
patterns with length of 16.

However, each of the repeated base sequences are further multiplied with an other
vector called cover sequence, denoted by ¢, [42, p. 34]. This sequence has two
options, depending on used u, which are

[ {,-1,1,1,-1, -1, -1, when u = 1
TN, -1,1,1,-1,-1,-1,-1,-1}, when u € {2,4,8}.

The function of ¢, is to aid accurate localization of both the end of sequence and the
maximum correlation of the STF, which are required in the timing synchronization
and the phase and frequency offset correction. Figure 6 illustrates the effect of ¢,
in autocorrelation and cross-correlation, where cover sequence is either included or
omitted and, if omitted, with correlation window sizes of the full STF sequence or
only the base sequence. In cases were the cover sequence is included, Figures 6a
and 6b, the maximum correlation is prominent and therefore much easier to detected.
Additionally, the end of STF sequence is located at the maximum, hence both timing
synchronization and offset corrections can be operated on the same sequence.
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Figure 6: Illustrations of STF autocorrelation and cross-correlations with and without
cover sequence c,, for physical layer { = 1, u = 1} configuration. For cases without
cover, window sizes for full sequence and only base sequence are additionally displayed.

24



Thus, the final time domain STF signal is a Kronecker product of the cover
sequence c,, and the base sequence S

{ cu(0)-S§ }
STF=c, (X) S = :

NSTF

cu(Nggp = 1) - S
cu(0) - S(0) cu(0) - S(1) cu(0) - S(Ns - 1)
_ cu(1) - S(0) cu(1)-S(1) cu(1) - S(Ns = 1)
cu(Ngps = 1) - 8(0)  cp(Ngis = 1) - S(1) ... cu(NREE-1) - S(Ns - 1)

STF . .o .
where Nppp, is the nth base sequence repetition.

2.5 Openwifi

Openwifi is an open-source SDR project thatimplements full-stack of Wi-Fi/IEEE802.11,
versions a/g/n, on a SoC [14]. The project interfaces Linux based systems with radio
front ends, where the overall structure is shown in Figure 7. The main contribution of
the project is an open-source physical layer implementation of the IEEE802.11 in Ver-
ilog and interfacing this implementation with Linux Kernel 802.11 MAC framework.
Main benefits for openwifi are: support of oft-the-shelf hardware platforms, a working
template that can be expanded and modified for further uses, and a plug-and-play setup.
The SDR has been used to study IEEE802.11, such as time sensitive networking and
real-time communications [44, 45, 46, 47, 48, 49, 50, 51]. Although openwifi could
be modified to run on any configuration with a GPP, a FPGA and a radio front end,
project is aimed towards using AMD Zynq SoCs as hardware platform and Analog
Devices AD9361 as radio front end.

Management \ /]
User Data wpa_supplicant, hostapd, \\//
space application iwconfig, iwlist, etc. sdrctl ] t -
system call nlg0211 Q e | I W | |
socket e
(protocol agnostic) B
UL S hetwork protocol cfg80211_ops

Kernel (TCP/IP, etc) Management frames
space

(device agnostic)

Ethernet driver m linux
“““““““““““““““““ IEEIETH openwifi

Software Defined Radio (SDR)
Hardware RF front-end

Figure 7: Openwifi overall architecture [52].

The project design can be divided into two parts: SDR driver on GPP software
written in C and 802.11 physical layer on FPGA hardware written in Verilog HDL.
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The software is an interface between the proctol implementation and a Linux Kernel
framework that encapsulates IEEE802.11 MAC into an application programming
interface (API) [53]. The SDR driver additionally controls and configures the radio
front end and the 802.11 physical layer, manages transmission packets, and allows
custom user logic in both software and hardware to be utilized. As an example of the
customized logic, the project has a module that allows bypassing the IEEE 802.11
transmission packet structure and capturing I/Q-samples from an ADC on a custom
trigger.

The physical layer implementation on FPGA is divided into five sections as shown
in Figure 8. The sections are: rx_intf, tx_intf, openofdm_rx, openofdm_tx and
xpu. The first section, rx_intf, is tasked with reading I/Q-samples from ADC and
passing them first to OFDM demodulation before writing them as bytes to the GPP
through direct memory access (DMA) interface. The section may also bypass OFDM
demodulation or loopback data sent in transmission path, if configured by the user. The
second section, tx_intf, is responsible for transferring bytes from GPP through DMA
to OFDM modulation and finally I/Q-samples to a digital-to-analog converter (DAC).
The third and fourth sections, openofdm_rx and openofdm_tx modules are tasked
with de-/modulation, de-/interleaving, packet synchronization, frequency correction,
symbol alignment, inverse FFT and FFT, equalization, CRC and rate matching.
The fifth section, xpu, handles power detection, carrier-sense multiple access with
collision avoidance (CSMA/CA), received signal strength indication (RSSI), and both
transmission and receiving header parsing.
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Figure 8: Openwifi design block diagram [52].
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3 Simulation and hardware environment

The thesis implementation was developed on Verilog-2001 HDL using AMD Vivado,
simulated during development process with Icarus Verilog [54] simulation and
GTKWave [55] waveform analysis tool, and evaluated on a software simulation
environment based on MATLAB. Furthermore, the proposed implementation targeted
the same SDR platform as the open-source project openwifi utilized. While the
platform has satisfactory performance requirement for wireless radio protocol physical
layers, the main interest of the platform for this thesis is the prospect for future
development in a DECT framework.

3.1 Simulation environment

The software environment utilized in this thesis can be roughly divided into two
parts: algorithm evaluation and HDL development. Algorithms, which the proposed
implementation were to actualize on the target FPGA, were designed and evaluated in
MATLAB. During the hardware description language programming, an open-source
Verilog simulation tool Icarus Verilog and an open-source waveform visualization
tool GTKWave were used for simulation. AMD Vivado was the tool employed for
FPGA synthesis and resource utilization evaluation.

The final system evaluation utilized a combination of MATLAB and Icarus Verilog
to analyze correctness of the developed Verilog implementation against the reference,
performance of the proposed design against other correlation models, and evaluation of
different estimated power scaling factors. The overview of this simulation environment
is shown in Figure 9.
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Figure 9: Block diagram of the simulation environment used to evaluate the proposed
Verilog implementation.
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The main MATLAB program consists of an preprocessing, reference MATLAB
implementation of the algorithm, post-processing, and evaluation of the Verilog’s
output. Data used for analysis was either captured from an over-the-air transmission or
generated in software. The captured or generated signal was then preprocessed before
executing an Icarus Verilog test bench and the reference MATLAB implementation in
parallel. The testing environment in turn executed the realized Verilog implementation
with the given data and wrote the outputs for post-processing. Once both the test
bench and the reference had finished their operations, the post-processing read the
Verilog’s output and reformatted it for further analysis. In case further debugging of
the HDL implementation was required, the Verilog testing environment additionally
created a waveform trace to be analyzed with the GTKWave.

While such environment allows a robust simulation and analysis of an algorithm
and its realization on HDL, the environment can be additionally expanded to a full radio
stack simulation. In such case the HDL implementation could be analyzed in-depth
as close as possible to a real-world realization, and, conversely, the upper layers of a
radio protocol stack could be examined against an actual hardware implementation.
Furthermore, replacing the Icarus Verilog testing environment connections with a
network socket or an equivalent solution would allow real-time and real-world analysis
of the realized HDL on a hardware platform. Lastly, in full stack simulation parts of
the MATLAB environment can be replaced with a C or other programming language
designs, which would allow designers to first simulate parts of the radio protocol in
software against a real hardware implementation. The benefits for such approach is
that the simulated design could be as close as possible to the same design executed in
actual environment, while simultaneously allowing in-depth debugging and analysis
to the design with a trivial access. In addition, the inputs to the system could be
controlled, permitting simulation of rare corner cases and unit testing for both software
and hardware.

However, even such approach lacks proper means to simulate issues rising from
analog components or from hardware-related issues. An additional problem for
software simulation is the much lower performance of the simulated system, limiting
availability of fully real-time evaluations with real-world. The performance becomes
especially an issue if the simulated design is complex or tools used for simulation
have sub-par execution time, in which case even small steps in the simulation may
take significant amount of time. Nonetheless, a full stack simulation would provide
a framework which could be further modified depending on the need and as a step
before actual hardware.

3.2 Hardware platform

The physical software-defined radio platform that the thesis implementation is designed
towards is a combination of an Avnet’s ZedBoard [56] development board and an
Analog Device AD-FMCOMMS3-EBZ [57] evaluation board.

As the controlling part of the SDR platform, ZedBoard has an AMD Zynq-7000
XC7Z020 SoC at its core, an integrated circuit that includes both an ARM’s Cortex-A9
general-purpose processor and an AMD Artix-7 FPGA. Table 2 lists the main features
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of the SoC, where most notable features are the interfaces between the processor and the
FPGA. The 32-bit master and slave interfaces individually have a theoretical bandwidth
of 600 MB/s per interface, while the high-performance advanced extensible interface
(AXI) memories and accelerator coherency port (ACP) have theoretically a bandwidth
of 1200 MB/s per interface [58]. Furthermore, as all interfaces are bidirectional,
the total achievable bandwidth per interface is double of the unidirectional. While
connection technologies such as DDR and SerDes have unidirectional bandwidths an
order of magnitude higher, such connections require additional devices to be supported
and are rarely available within integrated circuits. Additionally, the ACP interface
allows FPGA logic to access GPP cores’ caches in coherent manner, which enables
much lower latency than off-chip solutions. As such, the SoC enables real-time
applications were the lowest latency is a requirement.

Table 2: Zyng-7000 XC7Z020 SoC features.

Processor ARM Cortex-A9 MPCore
Cores 2
Maximum frequency 667 MHz
L1 Cache 32 KB Instruction, 32 KB data per processor
L2 Cache 512 KB
On-chip Memory 256 KB
FPGA Artix-7
Programmable Logic Cells 85000
LUTs 53200
FFs 106400
BRAMs (36 kb each) 140
DSPs 220
2x AXI 32 bit Master
2x AXI 32 bit Slave
Processor-FPGA interfaces 4x AXI 64 bit/32 bit Memory
AXI 64 bit ACP
16 Interrupts

More importantly, such in-chip interfaces create opportunities to interconnect
software and hardware, as in the case of the openwifi. As the FPGA implementation of
project is responsible for the 802.11a/g/n physical layer, it can be supplemented with
the software’s ability to handle complex state machines and loops that are required in
the MAC layer. In addition, analyzing and calculating different parameters in software
is relatively trivial in comparison to the HDL. For example, calculating correct carrier
frequency and its configuration for the radio front end’s phase-locked loop occurs
seldom in most of the uses cases, requires multiple branching steps and may include
floating-point arithmetic for finer frequency granularity. While same operations could
be realized in hardware, such approach would needlessly waste resources in a process
that doesn’t need immediate response with low latency. Similarly, a real-time packet
detection and synchronization would require most of the GPP’s processing power
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and thus reduce the overall performance of the system. With an FPGA, the detection
and synchronization can be completely parallel to all other operations and even each
others, can be done trivially done in real-time and can be efficiently designed for low
resource utilization with correct algorithms.

As the radio front end part of the SDR platform, the Analog Device evaluation
board utilizes AD9361 as the radio transceiver, with its key features listed in Table 3.
While the maximum bandwidth of 56 MHz excludes use cases where large data rates
are required, the wide spectrum support enables utilizing large selection of wireless
technologies. Finally, with two independent radio chains and possibility for both TDD
and frequency division duplex (FDD), the transceiver enables variety of scenarios for
both single-input single-output and MIMO.

Table 3: FMCOMMS3 (AD9361) features.

TX/RX chains 2
ADC/DAC bits 12

TX spectrum 47MHz to 6.0 GHz
RX spectrum 70 MHz to 6.0 GHz
Modes TDD and FDD
Bandwidth <200kHz to 56 MHz
TX max power 9dBm
Minimum RX noise figure 2dB
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4 Packet detector implementation

The main contribution of this thesis is an DECT-2020 New Radio packet detector and
timing synchronizer written in Verilog-2001 for FPGA-based hardware architectures.
The implementation uses a normalized autocorrelation-based approach for detecting
STF preamble and, in conjunction with a buffering system, synchronizing user data.
The autocorrelation algorithm implemented was presented in DECT Forum NR+
conference, available at [59, Webinar Series (4): Technical II].

The realized implementation, as shown in Figure 10 block diagram, is composed of
two major modules: STF detection and timing synchronization. The detector has three
distinct elements to detect presence of a STF preamble, which are autocorrelation’s
numerator E [XX*], denominator o2, and their comparison. For timing synchroniza-
tion, a finite-state machine (FSM) and a ring buffer are used to determine a location
of the autocorrelation’s peak, which in turn allows locating the start position of the
received packet in a sample stream.

> F [ XX*] ﬁ
Time Packet detected
> » synchronization >
FSM
> o’ 4 Offset control
\ 4
I,Q LQ
> Ring buffer >

Figure 10: STF detection and timing synchronization block diagram, with numerator,
denominator, and FSM abstracted.

4.1 Autocorrelation numerator

A block diagram of the implemented autocorrelation numerator E [ X X*] is shown in
Figure 11. The system can be divided to major three parts: complex multiplication,
cumulative sum and magnitude calculation. The first part calculates complex valued
multiplication between current sample and a complex conjugate delayed one. After the
multiplication, the result is used to calculate the correlation with help of an auxiliary
buffer for delayed complex multiplier outputs and the last iteration of the correlation
output. Lastly, the magnitude of the correlation is calculated with an estimation
approximation optimization, and this magnitude is outputted when a preset constant
value has been exceeded by a counter since last reset.

31



Lo !

> Auxiliary buffer Skip

Counter
; > c Y Y Y Y
: Complex m > Ym = Ym-1+Cm Y
: . > m
E 716 | 7+ |l multiplier 233 + 2¢m_18 > || . H
: > — 2Cm—64 + Cm—96
Z71 [«

Figure 11: STF autocorrelator’s numerator block diagram.

The most important part of the numerator’s design is the cumulative sum, that
utilizes the preamble’s repeating pattern exploitation. As the STF’s base sequence S
repeats every Ng = 16 samples with 8 = 1 configuration, autocorrelation for a single S
can be simplified by comparing sample at current step to a delayed delayed version of
itself. Thus, the autocorrelation equation for a base sequence becomes

Ns—1

Rss(m) = D" SnemSpomens- @)
n=0

However, as the cover sequence c,, is added on top of S, this simplification must
be modified. As the cover sequence only periodically changes the sign of S, then
for subsequent sequences that have opposite sign with their delayed version, the
Equation (4) becomes

Ns—1

R_gs(m) = —Rgs(m) = — Z Snem S meNg: %)
n=0

Therefore, the autocorrelation for the full time domain STF with ¢, for {# =1, u =1}
can be defined with combination of equations (4) and (5) as

Ry (m) = R_ss(STFg, ..., STF31) + R_ss(STFs,, ..., STF47)
+ Rss(STF48, RN STF63) + R_SS(STF64, cee STF79) (6)
+ Rgs(STFgo, . .., STFos) + Rss(STFog, . .., STFi11),

where STF,, is the nth term of STF in time domain.

While the packet detection’s numerator could be naively calculated with auto-
correlation Equation (6), it requires at least six complex multiplications in parallel.
Another option could be calculating one sum at a time in serial, after collecting all of
the samples. The drawback for serialization is increased latency and processing delay,
which requires the serializer to calculate the sums faster than the samples arrive in
order to support real-time correlation.
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A way to circumvent both latency and complex multiplier parallelization is to
calculate the autocorrelation as a flow, which combines both serialization and parallel
sum calculation. As samples arrive to the numerator as a stream due to transmission
serialization, this allows unrolling the Equation (4) to a cumulative sum. In cumulative
sum, each step is a sum of the result at past step and current inputs. The sum can be
then calculated in an iterative manner with a running total, that is defined as

y(m) =y(m—1)+xy — Xz,

where y(m) is the rolling total at current cycle, y(m — 1) is the total at previous
cycle, x,, is the sample at current cycle and x,,_z is a sample from Z cycles ago.
Substituting x with complex multiplications from autocorrelation Equation (4), the
running total for single base sequence sum with length of Ng = 16 is

y(m) = y(m—1) +xpX,, 16 = Xm-16X,,_3,- (7

However, the cumulative sum still requires two complex multiplications in parallel:
one to compute current step x,,x, . and other for the delayed step x,,-16x},_5,. To
reduce number of complex multiplications, the x,,x, . term can be denoted by

c(m) = xXpX, 6. (8)
This allows to rewrite complex multiplication terms in Equation (7) as
z(m) = c¢(m) — c(m — 16),

where one may observe that the latter term is simply delayed operation of the first
multiplication. Thus, the total sum Equation (7) becomes

y(m) =y(m —1) + z(m). )

For autocorrelation R_gs, where subsequent base sequences had opposite signs, the
sign of z(m) is similarly simply inverted.

As the autocorrelation reaches it maximum at position zero, the STF autocorrelation
for {8 =1, u = 1} will have its maximum at m = 111. Substituting the sums with y
terms from Equation (9), the derived STF autocorrelation Equation (6) can be written
as a cumulative sum. Additionally, the structure of autocorrelation allows cumulative
sum to use only one running total. This term is denoted with y,,. By dropping the
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additional y(m — 1) total sum terms, this yields:

Yax(m) = yxx(m = 1) + Rgs(STFog, . . ., STF111) + Rss(STFsgo, . . ., STFos)
+ R_gs(STFes, . . ., STF79) + Rss(STEus, . . ., STFg3)
+ R_SS(STF32, RN STF47) + R_Ss(STF16, ceey STF31)
= yu(m = 1) + yo(m) + y1(m — 16) = y2(m — 32) + y3(m — 43)
— ya(m — 64) — ys(m — 80)

Yn=2Zn

=" yu(m = 1)+ zo(m) + z1(m — 16) — zo(m — 32) + z3(m — 48)
—z4(m — 64) — z5(m — 80)

=yu(m—=1)+c(m) —c(m—16) + c(m — 16) — c(m — 32)
—c(m-=32)+c(m—-48) +c(m —48) —c(m — 64) — c(m — 64)
+c(m — 80) — c(m — 80) + c(m — 96)

=yu(m—=1)+c(m) —2c(m —32) +2c(m — 48) — 2c(m — 64)
+c(m —96).

Thus, the cumulative sum of the time domain STF autocorrelation’s numerator is
Ym = Ym-1+Cm — 2Cm—32 + 2Cm—48 - 2Cm—64 + Cm—96- (10)

By utilizing an auxiliary buffer to hold past values, the cumulative sum can be
calculated using binary additions, subtractions and shifts. Nevertheless, the utilized
architecture’s memory elements must support reading values at the specific indexes,
which may not be always available. For example, dedicated BRAM elements typically
allow only limited access to the data with relatively large granularity, which would
be insufficient in given use case. As such, look-up table-based memory should be
utilized, as they efficiently support access with smaller granularity. In the proposed
implementation, the buffer is implemented with a shift-register, as such design approach
has lowest resource utilization on the target FPGA architecture. However, a more
architecture-independent design approach would utilize a LUT-based ring buffer, due
to its availability and predictable resource cost regardless of the FPGA architectures.

Additionally, the numerator requires magnitude calculation once the cumulative
sum is calculated. Utilizing a magnitude estimation by approximation allows avoiding
calculating square-root in magnitude equation for a complex value:

2l = Y+ Q%
By using approximation to avoid square-root operation, the magnitude becomes

|z ~ Amax (|I],|Q[) + Bmin (|I|, |Q]) , (11

where A and B are constants between 0 and 1 [60].

However, the scaling requires multiplication with constants that are decimal
numbers. To avoid using multipliers, the constants should be selected to be binary
fractional numbers if possible, as such approach allows reducing the multiplication
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to trivial binary additions and shifts. For example, in the proposed design where the
constant values are A = 1 and B = 0.25, the multiplication with 0.25 can be calculated
with

0.25x =x> 2,

where x > y is binary right shift that shifts bits in x by y bits to the right. However,
the selected values amount to a maximum absolute error of 11.6% due to the
approximation [60].

Another approach to calculate magnitude is coordinate rotation digital computer
(CORDIC) algorithm, which could be used to calculate magnitude with better accuracy
and, depending on the algorithm implementation, higher clock speed [61, 62].
Additionally, CORDIC would simultaneously allow calculating the phase error of
the received signal in parallel to magnitude, which is required during the phase
synchronization. However, due to CORDIC requiring a number of steps to improve its
accuracy, its iterative design approach adds latency with each step, while the unrolled
version requires a multiplier at each step. Furthermore, phase correction is out of
scope for this implementation. As such, the magnitude estimation by approximation
benefits from reduced resource utilization and processing latency at the expense of
accuracy.

Lastly, the autocorrelation numerator includes a counter that skips the first 96
correlation outputs after reset. The reason for this counter is to avoid corner cases
where a low-power signal with some autocorrelation would cause detection after
reset. As the estimated signal power is zero after reset and is used to normalize the
correlation, signals with any autocorrelation properties will cause a detection to occur.
Additionally, as the maximum autocorrelation for STF requires 112 samples, skipping
first 96 outputs of the correlation will be sufficient.

4.2 Autocorrelation denominator

A block diagram for the implemented autocorrelation denominator o2 is shown in
Figure 12. The main logic is divided into three parts: squared-magnitude complex
calculation, a cumulative sum of signal power and scaling output with a constant
factor. The squared-magnitude complex is obtained from absolute value of a current
sample with complex multiplier. The output value of the multiplication is used to
accumulated with a running total over the STF preamble, delayed multiplier output
and last iteration of the total. Finally, the cumulative sum is scaled with a to calculate
normalized autocorrelation comparison.

The most important algorithm for the denominator is the estimated signal energy,

that is defined as -
E, = / X dt.

(o)

which is for finite-length discrete signals
N
Ey= ) x(m]. (12)
n=—N
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Figure 12: STF autocorrelator denominator block diagram.

When the discrete signal is complex valued, the term for discrete signal energy

becomes 5
)P = [1+Q = {P+Q* =T +Q".

For complex values, the term can be further reduced to

k(=P +Q*=(1+QI+Q)"=(1+Q)(I-Q).

Thus, the squared magnitude of a complex value can be calculated by multiplying the
sample with a conjugate version of itself.

As with the numerator’s autocorrelation, the discerete energy sum (12) can be
calculated with a cumulative sum. Due to the sum being constrained only to the STF’s
power in order to normalize the autocorrelation, the N term is the length of STF in
time domain. For {8 = 1, u = 1} configuration, the length was 112 samples. Thus,
the autocorrelation denominator’s cumulative sum is

Ym = Ym—1 +XmXpy + Xm112X,,_112- (13)

Likewise in numerator, the x,,—112x, _,,, term can be delayed from the initial calcula-
tion, which reduces the required complex multipliers to one.

Additionally for denominator, instead of normalizing the autocorrelation function
with a division, the power scaling factor @ is used multiply the power estimation
output in normalization process. Such approach avoid the division operation used
in normalization, which is a resource or latency intensive depending on the utilized
algorithm. As the maximum in normalized autocorrelation is located at value of 1,
the maximum for the normalized autocorrelation, as was defined in Equation (3) in
Section 2.1, can be located by calculating inequality

E[XX*]
0-2
Ry - 02 < E[XX"]. (14)

Ry <

In optimal theoretical case, where the signal power is estimated perfectly, the power
scaling factor should be R,, = 1, which would reduce the Equation (14) to a simple
equality. However, the length of estimated signal power and correlation calculations may
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differ because of implementation specific issues, causing a bias in the autocorrelation
output. In this thesis’s implementation, the estimated power of STF is calculated from
its full length of 112 samples, while the correlation’s calculation uses only 96 elements
due to utilization of delayed autocorrelation approach. Thus, in the ideal case, the
factor of 96/112 ~ 0.857 should be chosen as it normalizes the correlation and the
estimated power perfectly. In the rest of this thesis, the scaling factor of estimated
signal power R, is denoted with « as it combines both the detection threshold and
scaling.

Unfortunately, due to noise and other detrimental effects from channel and hardware
quantization, the estimated signal power and correlation of a receiver signal fluctuate
from ideal. To avoid events where the correlation fails to exceed or equal signal power
because of the external factors, the scaling factor should be smaller than in the ideal
case as it allows the calculated correlation to be imperfect. As a result, lowering «
improves signal detecting in noisy environments by allowing detection of channel
corrupted STF. However, decreasing estimated signal power can cause false positive
detection events to occur in presence of interfering signals. Due to lowering the
required level of correlation, such action may additionally cause unwanted signals to
exceed the scaled signal power and thus result to a false detection of a packet. Signals
that have repeating patterns, and thus high correlation with themselves, are especially
susceptible to cause erroneous packet detection.

Lastly, scaling the estimated signal power with a requires a multiplication operation.
As with magnitude calculation in Equation (11), binary operations can be utilized to
avoid multiplication. For example, the computation of scaling with 0.75 would be

0.75x = (x> 1)+ (x > 2).

Thus, a should be chosen so that the multiplication can be calculated using only the
cheap binary operations. In this thesis, two scaling factors used are 0.75 and 0.6875,
that can be calculated as

0.6875x=(x> D+ x>3)+(x>4).

Both of these constants have low resource requirements while providing improved
signal detecting capability without causing false positive detection occurrences.
While 0.75 has lower resource utilization than 0.6875, it requires received signal to
have better signal-to-noise ratio.

4.3 Timing synchronization

Due to the proposed implementation’s autocorrelation being calculated with a com-
parison instead of a division, the output of the comparison is a Boolean value. As the
value only indicates if the correlation exceeds estimated signal power, further logic is
required to locate the maximum of the autocorrelation, also known as peak. Once this
peak has been located, the received packet can be timing synchronized to its location
as it indicates the start of user data. A finite-state machine is utilized to determine the
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peak of a possibly detected STF, while an additional ring buffer is utilized during the
timing synchronization.

To analyze decision logic for packet detection and timing synchronization, the
autocorrelation denominator’s normalization Equation (14) can be alternatively written
as

E[XX™]

< —_—

T Ry -0’
where R, = a is the power scaling factor. In the Equation (15), the estimated power
is scaled with the factor. Lowering the scaling factor increases correlation, which
increases the chances that the correlation will exceed the threshold of one. Thus, the
detection occurs once autocorrelation function exceeds the scaled estimated signal
power, or in alternative words, normalized correlation is greater or equal to one.

The effects of @ on the detection and timing synchronization are visualized in
Figure 13 with an ideal STF sequence. For power scaling factors 0.25 and 0.50, both
the autocorrelation’s main lobe and side lobes exceed the detection threshold. As the
maximum correlation is located in the main lobe’s peak, the timing synchronization
logic should disregard the side lobes and only consider the main lobe. Such logic is
further complicated if the received presumably has low signal-to-noise ratio (SNR), in
which case one or more side lobes may not exceed the threshold.
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That said, if the scaling is increased to 0.75, only the main lobe will exceed the
threshold. In such case the timing synchronization becomes trivial, as the peak can be
located from the center of the lobe. Regardless, if « is increased over the theoretical
maximum of 96/112 as in the case of @ = 1, then the autocorrelation will never exceed
the threshold. In this thesis, only the scaling factors of 0.6875 and 0.75 are considered,
which significantly simplifies timing synchronization logic as the side lobes do not
exceed the threshold unless amplified by an interfering signal.

The state diagram of the peak detection and timing synchronization FSM can be
observed in Figure 14. The state machine works as follows: after a reset, a positive
detection counter C,, and a negative detection counter C, are initialized to zero. The
FSM then waits until a detection occurs, upon which the current position of ring
buffer’s write pointer is stored to Wy,,.q and the C, counter is incremented. The
logic then loops, incrementing either counter each time a new [/Q-sample is received:
C, upon detection and C, when no detection has occurred. If the negative detection
counter exceeds a threshold 77, the loop is exited and the positive detection counter is
compared to a second threshold 7,,. If the C, exceeds its threshold, STF is declared to
be located, its peak is calculated with

Pioc = 1 Co /2],
and the ring buffer’s read pointer is corrected to

Rnew = Wstored + Ploc-

Lastly, the counters are cleared and the FSM begins to wait for a new detection.

Function of the thresholds 7, and T, in the state machine is to avoid false positive
detection from noise. If the power scaling factor « is set small and the design would not
include the thresholds, then detection events caused by abrupt noise spikes would be
erroneously declared as received packet. Therefore, increasing the thresholds improve
design’s resistance to noise. The drawback to such method is the possibility to miss the
STF, as too large threshold may exceed the width of an ideal STF’s peak or a smaller
peak due to diminishing effects from noise.
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Figure 14: State diagram of the timing synchronization FSM.

4.4 Expanded g and u support

The proposed STF packet detection and timing synchronization implementation
supports only {8 = 1, u = 1} configuration of the DECT-2020 New Radio physical
layer. The rigid architecture is caused by the autocorrelation numerator’s cumulative
sum with the fixed delay elements, which enables calculating correlation in a hardware
efficient iterative manner. Likewise for the autocorrelation denominator, the fixed
delay element controlling the length of running total confines the proposed system
to only a one pair of 8 and u values. However, this section explores how the
implementation could be further expanded to function with all DECT’s physical
layer {3, u} configurations.

In order for the numerator to function with other configuration values, various
modifications with different design approaches are be plausible. Nonetheless, sup-
porting different g factor values is the primary issue, as the variable determines the
required delay for the correlation. This is due to the factor specifying the size for Ng
term, that in turn defines the length of the time domain base sequence S. Likewise,
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a number of sequences that sets the needed number of summations in correlation
Equation (6) is characterized by u.

In order to achieve support for different configurations, one solution would be to
expand the numerator’s auxiliary buffer’s size and multiplex between different delay
sizes. The increased buffer is required to accommodate a larger number of samples
due to the increased delay set by other configuration values. As the number of terms
in Equation (4) equals size of Ng, and the number of base sequences depends on p,
the required auxiliary buffer size is then defined as

N [Ns:6=16-5-6, wheny =1
buf = Ng-8=16-8-8, otherwise.

Additionally, to allow dynamic change of 8, the term Z in c,,_z indices would
have to be runtime adjustable. In hardware, a dynamic switch between different delays
during operation could be achieved with multiplexing. Rewriting Equation (10) to
function with any g, and thus any delay, the new numerator cumulative sum is

Ym = Ym-1+Cm — 2Cm-32.8+ 2Cm-48.8 — 2Cm—64.8 + Cn—96.8- (16)

As the delay element in complex multiplier output c,, depends on the length of
time domain pattern S, the term can be redefined in cases of 8 > 1 from Equation (8)
to

k
m—Ng°

c(m) = xpux
As the numerator delays are only integer multiples of 3, a simple downsampler using
decimation could be used by taking every S sample. To avoid aliasing from higher
frequencies due to the downsampling, a lowpass filter is required to attenuate undesired
frequencies before decimation takes place.

The numerator has rudimentary support for u # 1 values, as the first seven
repetitions are always the same regardless of u. However, using fewer amounts of
repetitions will sacrifice autocorrelation’s accuracy, may cause false positives to occur
as the STF would be longer than sum’s memory, and add extra logic to the sample ring
buffer offset control. As the STF preamble with ¢ > 1 have the two additional base
sequences, the packet detection finite-state machine controlling the ring buffer offset
would have to determine how many sequences have been sent and then skip them. To
modify the implementation to correctly function with other u values, the main issue
arises from two new sums that would have to be taken into consideration.

The autocorrelation for time domain STF with c,, for {8 =1, u € {2,4,8}} con-
figuration would be

Ry (m) = R_ss(STFs, . ..,STF31) + R_s5(STF3,,...,STF47)
+ RSS(STF48, ceey STF63) + R_Ss(STF64, ceey STF79)
+ Rgs(STFgg, . ..,STFos) + Rss(STFog, . .., STF11)
+ Rss(STF112, ...,STF127) + Rss(STFqas, . .., STF143).
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For cumulative sum, this becomes

Yax(m) = you(m = 1) + Rgs(STF2s, . . ., STF143) + Rss(STFq12, ..., STF27)
+ Rss(STF%, ceey STF111) + Rgs(STFg(), ceey STF95)
+R_ss(STFes, . . ., STF79) + Rss(STEus, . . ., STFe3)
+R_s5(STFsy, ..., STF47) + R_ss(STFye, . . ., STFs;)

= Yux(m = 1) + yo(m) + y1 (m — 16) + y2(m — 32) + y3(m — 48)
— ya(m — 64) + ys(m — 80) — ys(m — 96) — y7(m — 112)

Yy niZ n

=" yu(m = 1) +zo(m) + z1(m = 16) + z22(m — 32) + z3(m — 43)
—z4(m — 64) + z5(m — 80) — zg(m — 96) — z7(m — 112)

=y (m—1)+c(m) —c(m—16) +c(m — 16) — c(m — 32)
+c(m—32)—c(m—48)+c(m —48) — c(m — 64)
—c(m—-64)+c(m—280) +c(m—80) —c(m—96)
—c(m—=96)+c(m—112) —c(m — 112) + c(m — 128)

= yu(m—=1)+c(m) —2c(m — 64) + 2c(m — 80) — 2¢(m — 96)
+c(m—128),

Thus, the running total of the time domain STF autocorrelation’s numerator
for {8 =1,u€{2,4,8}}is

Ym = Ym-1+Cm — 2Cm—-64 + 2C1n—80 — 2Cm—-96 + Cn—128- 17)

If we compare the derived Equation (17) to the implementation’s cumulative sum
Equation (10) in Section 4.1, it can be observed that the order of constants remain
unchanged while the delays increase by 2 - Ng = 32. Hence, modifying Equation (16)
to work for any physical layer configuration yields

Ym = Ym-1+Cm — 2Cm-32.p—k +2Cm—48.-k — 2Cm-64-p—k + Cn—-96.p—k > (18)
where
k= 0, when u =1
" |2Ng=2-16- B, otherwise.

Lastly, the skip counter in numerator that is responsible for filtering out invalid
correlation magnitudes must also be scaled. As the estimated signal power length will
increase in conjunction with the correlation, the preset value used to determine invalid
correlations should also be increased. As the preset constant depends on the length of
STF and S, a dynamic variant of this preset could be calculated as follows:

6-Ns-B, whenu=1

Skip threshold = {8 -Ng -, otherwise.

For the STF autocorrelator denominator, only the number of samples is a relevant
numeric as the module implements a simple cumulative sum. Therefore, if the position
of the last element could be modified during runtime, the module would work with any
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physical layer configuration when a single antenna system is considered. The rolling
sum Equation (13) in Section 4.2 for the denominator could then be rewritten as

E *
Ym = Ym=1 + XmXy + Xm—pXy_ s (19)

where
_[7-Ng=7-16-p, whenyu =1
p= 9-Ng=9-16-8, otherwise.

For both numerator and denominator, runtime adjusting of the delays requires
careful management. As both modules rely on cumulative sums to reduce amount of
parallel multiplications, algorithms (18) and (19) respectively, then the rolling sums
must be zeroed and delayed samples ignored when configuration changes occurs. In
hardware implementations, the former operation is a simple reset, but the latter depends
on the used hardware architecture. For example, resetting all memory elements during
runtime would be expensive time-wise, unless supported by hardware, yet could be
emulated by multiplexing read element with zeros until the memory has been filled
up to the required delay. Another solution for runtime changeable delays could be
implementing one or multiple first-in-first-out buffers, which use an auxiliary counter
to determine when to read from their respective internal buffer.

A major issue with the proposed modifications to the implemented STF packet
detection design is how the receiver is aware of the selected configuration. In the
optimal case, receiver and transmitter synchronize the used g and u values between
each other before or during transmissions. However, as the DECT-2020 New Radio is
designed towards network topology where new clients for a given access point can be
arbitrarily added and removed, such assumption will not hold if various physical layer
values are allowed within the network. To avoid conflicts with invalid configurations,
the receiver would have to blindly search for all possible combinations and select the
appropriate § and u value for a given decoded STF. As the proposed implementation
does not support such functionality without multiple parallel instances, the upper
layers of the protocol must handle cases where physical layer configurations between
transmission participants do not match.
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5 Results

Evaluation of the proposed thesis implementation was conducted with simulation in
software. The packet detection design was examined against a MATLAB reference
for logic assessment with a captured DECT-2020 New Radio physical layer packet.
Additionally, due to the proposed implementation using a fixed power scaling factor &
to scale estimated signal power for autocorrelation normalization, different values were
tested in three cases to validate the correctness of the selected scaling factors. The
implementation was additionally evaluated against other correlation designs in additive
white Gaussian noise (AWGN) with different SNR. Lastly, the thesis design’s resource
utilization was compared with openwifi project in targeted hardware architecture.

5.1 MATLAB reference comparison

The comparison with MATLAB reference used a captured over-the-air DECT-2020
New Radio transmission with {8 =1, u = 1} configuration. The packet was sent
utilizing a commercial Nordic Semiconductor nRF9161 DK development board [63]
and recorded with a USRP B210 SDR [64]. The signal begins with a short sample of
noise, followed by the desired STF preamble, then by user data and finally ending in
noise again.

Both the MATLAB model and proposed implementation calculated signal power
and correlation, before trying to determine the STF sequence location. While power
and correlation operations are similarly in both reference and implementation, the
packet detection algorithm differ slightly. In case of MATLAB, the packet detection
causes a plateau due to simplified decision logic: if correlation exceeds the power,
a packet is declared as being detected. For the proposed implementation, the STF
preamble detection declaration occurs only once and after a delay, as explained in the
Section 4.3. The outputs are represented in the Figures 15a and 15b, for MATLAB and
thesis implementation respectively. With visual inspection, both figures are identical:
the signal power and correlation are of a similar shape and magnitude, while detection
occurs on the maximum correlation.

However, closer inspection around the correlation maximum reveals differences
of the detection algorithms. For MATLAB reference in Figure 16a, the detection
occurs around the correlation peak and forms a plateau due to the simplified decision
logic. In contrast, as the proposed implementation’s detection declaration is delayed
by the decision logic, the detection is delayed from the actual correlation’s peak as
can be observed in Figure 16b. While the packet occurrence notification has delay
compared to MATLAB reference, the implementation corrects this lag with the ring
buffer and offset control. With this correction, the timing synchronized outputs for the
MATLAB reference and the proposed design are identical for same input, which can
be confirmed in Figure 17.
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5.2 Power scaling factor comparison

The proposed implementation includes a power scaling factor « that is used the
control the receiver sensitivity of the packet detection process. Before the comparison
between autocorrelation’s numerator E [ X X*] and denominator o2, the signal power
estimation o= is scaled with « factor. The function of this scaling operation is to
aid determining if a preamble is present, as the detection is declared once numerator
exceeds denominator and lowering signal power reduces SNR requirement for STF
premable. However, if the transmission channel has interfering signals that are
autocorrelated, lowering the power scaling factor may cause the detector to falsely
flag these interfering signals as detected packets. Thus, lowering @ improves STF
discovery for signals with lower SNR in AWGN channels at the expense of increased
false positives in channels with interference.

The power scaling factor comparisons were done over various signal SNRs in
AWGN channel for different values of «, that can be calculated with at maximum of
three operands using only binary additions and shifts, in three test cases:

* packet detection rate with a ideal STF,

* false positive detection with co-channel interference from constant complex
signal, and

» false positive detection with co-channel interference from 802.11 legacy short
training field (L-STF).

The range of possible power scaling factor values was limited during the analysis in
order to keep the thesis implementation’s hardware resource utilization as similar as
possible between different factors. As the scaling of the estimated signal power is
done using a multiplication, only a limited subset of scaling factor constants allow
calculating the multiplication in hardware efficient manner by utilizing only binary
addition and bit-shifts.

The packet detection rate for various @ values over received signal SNRs can be
observed in Figure 18. As expected, the rate improvement correlates with decreasing
power scaling factor: 90 % packet rate for = 0.75 requires ~ 10dB SNR, while
factor of 0.5 requires only ~ 2.6 dB for similar rate. However, the figure contains three
points-of-interest that should be further analyzed: the perfect, or substantially better,
detection rate of small scaling factors, the almost linear improvements between factors
around a = 0.5, and the almost exponential increase of required SNR for same rate at
factors after @ = 0.6875.
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Figure 18: Comparison of the proposed implementation’s packet detection rate for
ideal generated STF sequence in an AWGN channel with various @ over preamble’s
SNR values.

In case of perfect, or substantially better, packet detection rates for power scaling
factors lower than 0.3125, these values cause the estimated signal power to fall close to
noise floor. In these cases even white noise may exceed the detection threshold, causing
the detector to falsely indicate presence of preamble in channel with only noise, as
the Figure 19 indicates. As such, while some of these values would improve packet
detection for attenuated signals in noisy channels, they will intrinsically introduce
false positive in channels without any intended transmissions. However, the factor
of 0.25 could be utilized in applications where ~ 18 % false detection rate due to noise
is an acceptable trade-off to improve packet detection. Therefore, @ smaller than 0.25
should be avoided due to their high false detection rate, while factor of 0.25 could be
utilized where false detection rate due to noise is allowed.

The other interesting observation from the Figure 18 is the improvement in detection
capability for similar rate increases almost linearly for a from 0.3125 to 0.6875. For
example, lowering the @ by one factor improves SNR value by ~ 1.2 dB for detection
rate value at 90 %. On the other hand, for fixed SNR value, change of @ by one step
improves or worsens detection by approximately 40 % on average. In comparison
for same miss rate, the change from factor 0.75 to 0.6875 lowers preamble’s SNR
requirement by ~ 2.9 dB. Furthermore, for factors over 0.6875 the SNR requirement
increases rapidly, as @ = 0.75 has perfect detection rate at 11 dB while factor of 0.8125
is unable to detect any preambles at same SNR. As such, power scaling factor 0.3125
would provide best performance when only the AWGN channel is considered.
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Figure 19: Comparison of the proposed implementation’s false packet detection rate
for a random noisy signal in an AWGN channel with various @ over signal’s SNR
values.

However, @ smaller than 0.6875 requires more complex timing synchronization,
as was discussed in Section 4.3. As the detection threshold is lowered, the side lobes
in autocorrelation function will also cause correlation to exceed power estimation,
causing possibly three packet detection events to occur: two for the side lobes and
one for the main lobe. Therefore, to correctly synchronize a given packet to the
correlation’s maximum peak at the main lobe, a more complex finite state-machine
would be needed. Not only would the FSM have to obtain the location of the peak in the
presence of side lobes, but additionally in cases where one or both of the side lobes may
not exceed estimated signal power. As such, an improved timing synchronization logic
that takes the autocorrelation’s side lobes into consideration would greatly enhance the
autocorrelation-based packet detector’s capabilities to detect signals with lower SNR.

The outcome of test cases with co-channel interference signals are shown in
Figures 20a, for constant complex signal, and 20b, for 802.11 L-STF. In both
cases, power scaling factors larger than 0.625 do not cause any false detection, while
factors 0.0625 to 0.3125 have comparable detection rate for both interference and
actual STF preamble. In case of @ > 0.625, addition of the cover sequence ¢, modifies
the STF pattern to require sign switching between base sequences, which introduces a
restricted form of cross-correlation to the autocorrelation [65]. Hence, sequences that
do not follow the restricted form of cross-correlation pattern, such as the L-STF, are
slightly less correlated and therefore require lower threshold to cause a false detection.
This result can be observed with 0.3125 < @ < 0.625, which have similar detection
rate trend when detecting STF or co-channel interference. However, with interfering
signals the false detection rate increase is not a steep and the signals require higher
SNR. For example, power scaling factor 0.5 has 90 % STF detection rate at 2.6 dB
SNR and same false rate for L-STF at 5.3 dB.
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(b) An interfering 802.11 L-STF.

Figure 20: Comparison of the proposed implementation’s false packet detection rate
for two different co-channel interference signals and various a values in an AWGN
channel over interfering signal’s SNRs.
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Additionally, factors 0.5 and 0.5625 peak at 8.5 dB for the interfering complex
constant signal, their false detection rate increasing before the peak and decreasing
after the peak when the signal’s SNR is increased. This is due to the autocorrelation
function of the constant signal achieving its maximum at the peak and remaining
constant thereafter, while the estimated signal power increases further in conjunction
with the signal’s SNR.

To evaluate if a scaling factor has sufficient properties, a quality metric Q,, is
proposed. The metric is calculated by

Om = (Rt) : (1 - Rfc) : (1 - wa) s (20)

where R; is a packet detection rate for ideal STF, Ry, is a false detection rate with
constant complex signal, and R, is the false packet detection rate with L-STF. Hence,
O, indicates a rate at which given threshold experiences either packet misses or
false detection events. A value of 1 indicates that all preambles are detected and no
false positives are detected, while value of 0 indicates that all preambles are missed,
interfering signal will always cause erroneous detection, or both.

By combining the detection rates for all three test cases to calculate the quality
metric Q,, with Equation (20), Figure 21 display the results over each respective
signal’s SNR. As the false packet detection rates were almost similar for both
cases, so are the quality factors. As can be observed from the figures, power
scaling factors [0.375,0.8125] gain Q,, values over 0.2. Additionally, range of «
at 0.375 — 0.5625 have similar structure by forming a downward U-shaped curve.
However, only scaling factors of 0.6825 and 0.75 have increasing Q,, that remains
at maximum quality, due to their lack of false positive detection. In addition, 0.625
receives the maximum quality, yet falls to 0.6. The U-shaped curves and the 0.625
decreasing are due to their sensitivity to co-channel interference. In channels without
any interference, such as the DECT’s technology exclusive spectrum, only the STF
detection rate in the first test case can be considered a valid metric.

Regardless, 0.6875 and 0.75 were deemed to provide a sufficient balance for a
between receiver sensitivity and false positive detection avoidance, in addition for their
for ability to utilize simplified peak locating in timing synchronization. Furthermore,
as the implementation aims to be utilized in a SDR platform, co-channel interference
in such cases can be an issue as the channel spectrum can be unknown before use.
However, if the spectrum is fixed to a channel without co-channel interference or false
positive detection events are allowed, then 0.3125 provides the best performance.
Unfortunately for the proposed implementation, the timing synchronization logic will
fail if @ < 0.6875 are utilized.
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Figure 21: Comparison of the proposed implementation’s quality factor for various «
values in an AWGN channel over different signals’ SNRs.

5.3 Packet detection algorithm comparison

The detection rate of thesis implementation was compared against a theoretical cross-
correlation, which was defined as Equation (1) in Section 2.1, and the reference
autocorrelation model presented in [59, Webinar Series (4): Technical II] for various
SNRs transmitted over simulated AWGN channel. The performance evaluation
comparison metrics were a packet detection rate with a ideal generated STF preamble
and a false positive detection rate with an interfering 802.11 L-STF preamble, where
both signals were additionally corrupted by white-additive Gaussian noise. For the
analysis, detection thresholds of 0.6875 and 0.75 were utilized for comparable results.

The cross-correlation was calculated by taking correlation between a saved version
of the ideal STF sequence’s complex conjugate and a sliding window over the received
signal. The window is a portion of the received signal with a size of STF. If the
normalized correlation between the saved sequence and the sliding window exceeded
a set threshold, the preamble was declared to be found.

The autocorrelation reference, from which the proposed implementation was
derived, is defined as

Ry = Z,
¢
where vy is
NR—l k
ym)= D r(m+r (m + k + Qp)ull 5=1),
k=0 b
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and ¢ is
Ng-1

6w =5 3% Irn+ P + -k + Q)P @

where N is the autocorrelation window size, Qp is the delay and u is the nth cover
sequence’s sign, is defined as

u(p) =c(p)-c(p+1),

where the p is nth cover sequence . such thatfor u =1, p =0,1,...,5. During the
simulation, delay Qp = 16 and window size Ng = N — Qp = 96 were utilized. While
the proposed implementation’s autocorrelation was derived from the reference, the
thesis deviates in calculating the estimated signal power in Equation (21).

As a comparison, the reference calculates estimation from both the last 96 samples
and same sized portion delayed by 16 samples, before taking half of the resulting sum
for the two portions. Such approach halves the estimated signal power for the first and
last STF base sequence. The benefit in doing so is the perfect normalization with the
autocorrelation function: with an ideal STF, the maximum normalized correlation
result is 1 for reference and 96/112 ~ 0.8571 for the proposed implementation without
power scaling factor . Hence, the reference normalization is implemented as an
unbiased estimator, while the proposed implementation utilizes a biased estimator. As
the reference’s estimator in theoretical case estimates the variance perfectly, it allows
a wider dynamic range to be utilized with the detection threshold.

The drawback for using the unbiased estimator is the additional operand for the
sum, which increases logic utilization. Thus, the thesis implementation can be consider
a balance between accuracy and resource utilization for the autocorrelation. However,
an additional benefit for using the biased estimator is the channel calculation: in
DECT’s random access, a radio device must listen to the transmission channel and
determine if the channel is free to use before sending its own packets. As such, due
to the packet detector always sampling and thus calculating channel estimations, the
biased estimator can be used to obtain channel utilization.

For the evaluation, as a logic for the detection declaration in the autocorrelation
reference was not established, the preamble search algorithm was simplified to declare
STF found if the normalized autocorrelation exceeded given detection threshold.
For the thesis implementation, four iterations were used with different guard bands
and detection thresholds: no guard band with @ = 0.6875, guard band size of one
sample with @ = 0.6875, no guard band with o = 0.75, and guard band size of one
with @ = 0.75.

As can be observed from Figure 22, cross-correlation has the best packet detection
rate for a given threshold regardless of signal-to-noise ratio. This is an expected result
for an AWGN channel, where cross-correlation is the optimal solution for detecting
existence of a known sequence.

53



Packet detection rate (%)

Cross-correlation (0.6875) Cross-correlation (0.75) —-%-— Autocorrelation (0.6875) —-4-— Autocorrelation (0.75)

— % — Thesis (zero, 0.6875) © - Thesis (default, 0.6875) — % — Thesis (zero, 0.75) ----O--+ Thesis (default, 0.75)
100 T y RS
v /‘/ ;K/Ov :
90~ ! A O
; /| :
/ | J [
L | . O ¥ |
% oo e
| . ; [
70 = [ ! I | -
S |
60 - ? ‘/, 6 /* _
i ! ¥ ;) ©
50 — . | | 3 : m
I : |
i oo |
40 i / [ ; 7
W! ZT\l [Ke) % :‘:
30 | I * | 0] _
: | | :
|
10 15

SNR (dB)

Figure 22: Comparison of packet detection rates for different correlations, detection
thresholds and SNR values with an ideal generated STF preamble in AWGN channel.

In case of the reference autocorrelation, it requires signal to have approximately 4 dB
higher SNR than cross-correlation for equivalent packet detection rate with same
threshold. For example, while autocorrelation achieves 90 % packet detection rate
at 4.3 dB SNR for 0.6875 threshold, cross-correlation has same rate at 0.4 dB SNR.

Nonetheless, the reference model achieves better detection rate than proposed
implementation for same SNR regardless of selected guard band or scaling factor.
For example, the thesis implemention requires signal to have 2.6 dB higher SNR to
achieve 90 % detection rate with 0.6875 detection threshold than the reference. Due to
biased estimator in the thesis in comparison to the reference’s unbiased, the result was
as expected. Regardless, in the presence of interfering signal such as 802.11 L-STF,
the reference autocorrelation is only implementation that has false positives, as can be
observed from Figure 23. However, the interference must have relatively high SNR
than DECT’s STF to reliably cause false detection.

As such, in channels with relatively low-powered or no interference, the proposed
implementation sacrifices detection capability for much lower computational com-
plexity due to avoiding division or numerous complex multiplications. In case of
strong co-channel interference, such as in ISM with other radio traffic, any signal with
high autocorrelation may cause false positive detection events for the reference design.
In such cases, the proposed implementation is a viable alternative to the reference
for given detection thresholds unless proper filtering is added before or after packet
detection to reject erroneous signals.
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Figure 23: False positive detection rate for an interfering 802.11 L-STF preamble with
different correlations and SNR values in AWGN channel. Each correlation includes
two detection threshold versions.

5.4 Resource utilization comparison

For the target FPGA on AMD Zyng-7000 SoC hardware, the logic usage of both
thesis” STF detection and openwifi’s 802.11 preamble are shown in Table 4.

Table 4: Comparison of thesis and openwifi logic utilizations in target FPGA.

Implementation Resource | Amount | From total
Thesis LUT 1307 2.5 %
STF_detection FF 1153 1.1 %
Power scaling factor (@ = 0.75) DSP 5 2.3 %
BRAM 0 0 %
Thesis LUT 1311 2.5 %
STF_detection FF 1153 1.1 %
Power scaling factor (@ = 0.6875) | DSP 5 2.3 %
BRAM 0 0 %
openwifi LUT 667 1.3 %
sync_short FF 943 0.9 %
Only L-STF DSP 6 2.7 %
detection BRAM 2.5 1.8 %
openwifi LUT 2901 5.5%
sync_short + FF 3641 3.4 %
sync_long DSP 42 19.1 %
Both synchronization fields BRAM 3 2.1%
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The explanations for different logic usage between thesis and openwifi imple-
mentations stems from preambles used in their respective radio technologies. For
DECT-2020 New Radio, synchronization, channel estimation, and frequency and
phase corrections are done by using the STF, as detailed in Section 2.4.1. In 802.11,
the legacy synchronization sequence used in openwifi is divided into two parts: L-STF
and legacy long training field (L-LTF).

The function of short field is initial timing synchronization, steer automatic gain
control, aid antenna diversity selection and coarse correction of phase and frequency
offsets. Such functionality is achieved by repeating same pattern 10 times, which
allows the receiver to divide the different operations into discrete serialized steps.
In openwifi’s implementation, only the first pattern is used to detect the packet and
timing synchronize, which significantly reduces logic utilization.

Nevertheless, L-LTF is used to fine tune both phase and frequency offsets, symbol
timing, and channel estimation. As the field has 160 samples allocated to it, openwifi
optimizes the calculation by only using it partially. Even then with only partial
synchronization, the logic utilization for the full legacy preamble in openwifi exceeds
that of the thesis. However, such comparison is not completely valid, as the sync_long
module in openwifi includes the aforementioned phase and frequency synchronization
that are missing from the proposed implementation. Therefore, a full satisfactory
resource utilization analysis between implementations and wireless protocols would
require a more complete design of the thesis implementation.

Regardless, an important note is that while the thesis implementation uses more
LUTs and FFs resources than openwifi’s synch_short for packet detection and timing
synchronization, the proposed design doesn’t require any BRAM memory units.
This is lack of BRAMs is achieved by using architecture-specific shift-registers for
numerator’s auxiliary buffer and denominator’s delay element, which are implemented
efficiently with only LUTs and FFs. However, such elements are not readily available
across different FPGA architectures, and as such the logic utilization might be higher
on other architectures. Hence, a ring buffer-based design approach would be be better if
portability of the implementation is required, due to it being readily available regardless
of architecture. The drawback for ring buffer is the requirement of pointers for each
index to access the memory, which becomes an issue for the numerator’s auxiliary
where five pointers are required. As pointers are typically designed as counters, each
additional pointer increases resource utilization. Nevertheless, the required logic to
access the memory with ring buffer can be reduced with fixed pointers.

For design clock speeds in the target FPGA, Table 5 summarizes performance
that openwifi and thesis implementations have achieved. The recorded values are
obtained from AMD Vivado’s post-implementation timing report with the modules
being synthesized and implemented as out-of-context. Thus, actual values for the
implementations may change due to different placing and routing when integrated as
part of a larger design.

As with logic utilization, maximum frequency gap between thesis and openwifi
stems from difference radio technology preamble structure, which changes design
approach for a given correlation and signal power implementation. In the proposed
thesis design, the STF autocorrelation numerator’s calculation requires multiple
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samples with different delays to be calculated in same clock cycle. In comparison,
the simplified structure of L-STF in 802.11 allows openwifi to spread the calculation
over multiple clock cycles. This spreading is known as pipelining, which shortens the
achievable clock frequency defining critical path in synchronous digital hardware at the
expense of additional processing latency. Even when the openwifi design includes both
training fields, the pipelining approach keep the achieved clock frequency relatively
high in comparison to the thesis implementation. Hence, utilizing same approach for
the thesis implementation would improve maximum frequency, as the autocorrelation
normalization comparison is the critical path. Furthermore, it is important to note that
the maximum sampling rate supported by both implementations is the same as their
maximum clock frequency.

Table 5: Comparison of thesis and openwifi achieved clock speeds in target FPGA.

Implementation Total delay | Maximum
(ns) frequency (MHz)
Thesis @ = 0.75 8.75 114.3
Thesis @ = 0.6875 8.75 114.3
openwifi 6.8 147.1
(short preamble detection)
openwifi (short + long) 7.7 129.9
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6 Conclusions

This thesis proposed an implementation for DECT-2020 New Radio physical layer
STF preamble detection and timing synchronization on an FPGA. The purpose of this
implementation was to be the foundation for a hardware-based SDR framework for
DECT, similar to a state-of-the-art IEEE 802.11 open-source project named openwifi.
The packet detector utilized an autocorrelation-based approach for detection and timing
synchronization, where correlation threshold and normalization were combined to
a power scaling factor @. To support verification with real-world captured data and
minimize design complexity, the implementation was designed for a fixed physical
layer configuration of {8 =1,u = 1}.

The proposed implementation was verified to be identical with its MATLAB
reference design in simulation with an over-the-air captured signal. However, the
design’s detection performance was lower than other correlation-based for same SNR
and detection threshold. and the achieved performance was further downgraded when
the implementation’s timing synchronization guard bands were increased. Nonetheless,
the proposed implementation had lower resource utilization, which was comparable to
the openwifi’s 802.11 design when protocol differences were considered. Furthermore,
various estimated signal power scaling factor a values were observed to analyze the
implementation’s performance over different detection thresholds.

Best to the author’s knowledge, the proposed implementation is the first fully FPGA-
based research topic for DECT-2020 NR. As such, the provided implementation can
be further utilized in other FPGA- and hardware-based use cases, such as FPGA-based
SDRs. While the thesis implementation has limitations that may restrict its use cases,
each of them have been addressed with possible solutions. The current limitations
of the implementation are as follows: insufficient support for timing synchronization
with power scaling factors smaller than 0.6875, missing support for run-time power
scaling factor selection, lacking support for configurations beyond {8 = 1, u = 1}, lack
of parametrization for selecting biased or unbiased signal power estimation, lack of
support for selecting the timing-synchronized data to start from STF or user data during
run-time, missing support to select run-time guard band sizes, architecture-based buffer
optimization that increases logic utilization between different FPGA architectures,
and inadequate maximum clock frequency in comparison to openwifi.

For future works, other than fixing the listed limitations, the thesis implementation
could be integrated as part of a SDR framework for DECT-2020 New Radio, or in other
hardware-based projects. Additionally, the simulation environment utilized during
this thesis could be expanded to encompass full DECT stack, creating a possibility for
software simulation of hardware-based DECT designs and research.
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