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Bureaucracy destroys initiative. There is little that bureaucrats hate more than

innovation, especially innovation that produces better results than the old routines.

— Frank Herbert
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ABSTRACT

This study presents the design, implementation, and evaluation of an advanced
SDR platform that significantly enhances flexibility, performance, and expandability
in wireless communication systems. The research encompasses the development
of a base SDR platform operating from 100 MHz to 6 GHz, complemented by
a mmWave expansion card extending the frequency range up to 40 GHz. The
platform’s architecture integrates a powerful signal processing core, featuring both
FPGA-based hardware processing and a quad-core ARM CPU, enabling efficient

handling of complex signal processing tasks.

Key features of the developed SDR platform include a wide frequency range, high
bandwidth capabilities of up to 56 MHz, and flexible sampling rates up to 60 MSPS
(with potential for 120 MSPS). The system incorporates MIMO 2x2 functionality and
an on-board frequency synthesizer operating up to 18 GHz, enhancing its versatility
for various wireless applications. The platform’s expandability is demonstrated
through the successful integration of the mmWave expansion card, showcasing
its readiness for next-generation wireless technologies, including 5G and beyond.
Additionally, the SDR’s modular design approach, coupled with multiple power
options, such as USB-PD and a high-speed PCle interface for data offloading, ensures

adaptability to diverse research scenarios and future technological advancements.

Extensive laboratory and real-environment assessments validate the SDR plat-
form’s performance, confirming its compliance with and, in some instances, surpass-
ing initial design specifications. The research highlights the platform’s potential
for exploring new modulation schemes, investigating spectrum sharing techniques,
and developing novel wireless protocols. This work significantly contributes to the
field of software defined radio, providing a robust foundation for future research in
wireless communications, from IoT to fixed and cellular communications and radar

systems.

Keywords: SDR, mmWave, DSP, PCB, wireless.
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INTRODUCTION

The rapid evolution of wireless communication technologies has driven an un-
precedented demand for high-bandwidth, low-latency, and adaptable systems. As
the field progresses into the era of fifth-generation (5G) and beyond, millimeter-
wave (mmWave) frequencies have emerged as a promising solution to meet these
requirements. Concurrently, software defined radio technology has transformed
the landscape of radio communications by providing exceptional flexibility and

adaptability.

The convergence of wireless communication advancements and the evolution
of radio and electronics has motivated this research and development work. In
the following sections, a concise history of radio communications is presented to
contextualize this work. The motivation leading to the definition of the research
objectives is described, along with the objectives themselves. Additionally, the
document structure and highlights of the scientific contributions made through this

study are presented.

1.1 RADIO COMMUNICATION BRIEF HISTORY

Since 1890, when the first wireless transmissions took place, radios have expe-
rienced a continuous evolution, providing users the possibility to stay connected
with increasing transmission rates. Around mid 1930, band limited analog voice
communications saw great use (e.g., telephone lines). This was the first big milestone
in radio communication systems. The second world war also contributed extensively
to the development of communication systems, presenting updated technology that
allowed messages to be delivered and sent faster than ever before, and with higher
levels of security. In the 50s, analog television broadcasting occupied even more

bandwidth, in order to provide a better customer experience.

As miniaturization of computers began to happen, in the 60s, they started to show
interesting use cases for communication across long distances. Wired connectivity

was established via the United States Advanced Research Projects Agency Network



INTRODUCTION

(ARPANET), which later became the Internet. Wireless connections were facilitated
by satellites, as in 1962, Bell Labs launched the first active orbiting communications

satellite, offering yet another field of use for radio communications [1].

At the end of the 70s, cellular networks started to emerge, allowing people to
wirelessly communicate through voice from any public vehicle. The first cell phones,
big and bulky devices, provided to be hard to operate, not like modern smartphones,
which are effectively tiny pocket computers. These allow anyone who carries them
to connect with the rest of the world at speeds that were unimaginable a generation

ago.

In 1985, the United States Federal Communication Commission (FCC) officially
established the concept of unlicensed spectrum for industrial (902-928 MHz), scien-
tifical (2400-2483.5 MHz) and medical (5725-5850 MHz) (ISM) purposes, which led
to the creation of short range wireless communication standards, such as WiFi and

Bluetooth, which are now a part of daily communications media.

Even though multiple technologies have proven to be effective and achieved large
growth, there is one issue common to all of them: their radios and protocols are
mostly implemented through hardware based solutions, which offer little to no
programmability nor reconfigurability out of what was originally standardized, and
pose a potential problem shall an error occur in hardware, firmware or software. In
that case, there is usually no sensible way of correcting the problem. There is also the
potential for vulnerabilities, that are discovered many years after standardization
of the protocol, to be exploited, since their removal is not easily achievable. In
fact, a hardware based radio solution is usually limited to its original functionality,
and is not able to operate according to any other wireless protocols beyond that.
Software defined radios (SDRs) are one of the concepts that provide a solution to

this problem.

The term software defined radio was defined by Dr. Joseph Mitola in the 1990s
to refer a radio that can be reconfigured and reprogrammed easily via software,
although the concept had been introduced earlier by E-Systems [2]. The importance
of SDRs in modern societies cannot be overstated. Mitola’s 1992 IEEE publication
popularized the term among radio engineers [3]. Since its inception, SDR technology
has undergone significant evolution. As of 2025, SDRs play a crucial role in modern
societies by enabling flexible and cost-effective wireless communication systems,

supporting multiple radio protocols, and facilitating technological advancements.

Like most technologies, SDRs had been used and experimented with in military

environments, before being available for the general public [1]. The first operational
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SDR, known as Speakeasy [4] was developed by the United States’ Navy between
1991 and 1995. Besides the fact that the device occupied the entire backside of a
military transport vehicle, it could not be used for any other purpose than what the
hardware was originally built for. Its successor, Speakeasy 11, was more successful
and reusable, mainly due to advances in electronics and wireless communication

circuits.

Until around the mid-1990s, virtually all commercial radio frequency (RF)
transceivers were analog intensive, designed from the ground up with a specific
task in mind, and offering little to no configuration options at all. In the past two
decades, however, such analog-intensive radio transceivers have been evolving to
allow their reconfigurability, becoming more digitally intensive. RF performance of
highly integrated digital transceivers has been increasing continuously ever since,
due to the changing nature of RF circuit design. RF transceivers are going through
the same process which affected the field of analog audio in the 1980s and 1990s,
when innovative digital processing techniques (e.g., oversampling, noise shaping,

calibration, etc...) started being implemented [5].

Nowadays, the use of SDRs in the microwave and millimeter-wave bands have
become increasingly prominent and impactful. These advanced communication
systems exploit the high-frequency spectrum, enabling the transmission of large
amounts of data at remarkable speeds. With their broad bandwidth and enhanced
capacity, mmWave SDRs enable faster and more reliable wireless connections,
facilitating the realization of emerging technologies like 5G and beyond. Moreover,
the adaptability and reconfigurability of SDRs make them an ideal platform for
prototyping and testing new mmWave applications, fostering advancements in
wireless technology such as in Open Radio Access Networks (O-RANs). References
[6-8] present some examples of the usage of SDRs at mmWave frequencies, for a
variety of purposes. As the demand for high-speed, low-latency, and high-capacity
wireless communication continues to grow, mmWave SDRs hold immense promise for
revolutionizing connectivity across various industries and driving the next generation

of wireless innovation.

1.2 MOTIVATION

Over the past decade, high-frequency radios with wideband capabilities, high
dynamic range, spectral agility, modulation-agnostic features, and support for

multiple standards have garnered significant attention from multiple fields for their
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diverse range of applications. Simultaneously, recent technological advancements
have allowed architecture changes to radios that shrink their size, weight, power
consumption and cost (SWaP-C), while maintaining performance and evolving
toward software-programmable common hardware, that is, evolving to SDRs, which
are now considered as the future of mobile communications [9]. The operational
flexibility of this type of radio allows them to be used in various fields of activity,
such as telecommunications, transportation, aerospace, and defense, among other

potential applications.

A software defined radio is a type of radio system where components that have
been traditionally implemented by fixed-function electronic circuits, such as mixers,
filters, modulators and demodulators, are, instead, defined through software. As
though it may seem, a digital radio is not necessarily a software defined radio,
nor is one that can switch between modulation schemes through digital control. A
modern cellular phone may support multiple standards, such as Global System for
Mobile Communications (GSM) [second-generation (2G)], Wideband Code-division
Multiple Access (WCDMA) [third-generation (3G)], Long Term Evolution (LTE)
[fourth-generation (4G)| and even 5G. It is, internally, through automatic software
control, responsible for selecting the most appropriate standard to use at a given
moment in time. This defines the phone as a software-controlled radio, and not a
software defined radio [10]. For a radio device to be considered software-defined,
it must specifically implement a significant part of the signal processing tasks in
the digital domain, either software or firmware [11]. The FCC defines software
defined radio as a “generation of radio equipment that can be programmed quickly
to transmit and receive on any frequency within a wide range of frequencies, using

virtually any transmission format and any set of standards”.

One of the most significant advantages of SDRs is their ability to evolve with
technology and architecture. With software defined radios, users can update the
radio’s firmware with newer and more advanced signal processing algorithms, making
it possible to adapt to different communication systems and standards. As technology
continues to advance, SDRs will continue to progress with faster processors, enhanced

security, and more sophisticated algorithms.

The applications of SDRs are vast and range from improved wireless commu-
nication technologies to critical industries and fields. For example, in the defense
sector, SDRs are crucial in providing reliable and secure communication channels
for military forces, as well as in the development of multiband radar that requires

wideband, high dynamic range, and agile spectral monitoring devices. Electronic
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warfare also benefits from SDRs due to their ability to rapidly adapt to changing

signal environments and identify security threats.

With the ever increasing number of devices connected to the Internet, to form
an internet of things network, the need to adjust the network arises, in order to
accommodate the large collection of endpoints. A large number of wireless protocols
have been developed, such as ZigBee, Bluetooth Low Energy (BLE), Thread, and
multiple WiFi standards, each one offering different characteristics (e.g., data rate,
latency, complexity), thus, each one having its specific use cases [12]. The flexibility
of having a single internet of things (IoT) device capable of communicating using that
vast collection of protocols, switching between them on-the-fly, as its environment

changes, is a commodity made possible by SDRs.

In the transportation sector, SDRs can be integrated into vehicles to enable better
communication and navigation systems and, in the automotive industry, SDRs have
the potential to revolutionize vehicle-to-vehicle (V2V) and vehicle-to-infrastructure

(V2I) communication systems, improving safety, traffic flow, and passenger comfort.

SDRs are particularly relevant in the development of telecommunication equipment
and systems, which require immense flexibility to adapt to new standards and
protocols in order to meet the changing demands of users. With the rapidly evolving
development of wireless protocols and the increasing popularity of multi-protocol
compatible devices, the SDR paradigm has proven to be very promising, especially
in 5G cellular networks and beyond (e.g., 6G). The SDR enables the development
and implementation of new networks and frequency usage without requiring changes
to hardware and allows for rapid deployment of new protocols and enhancements

that enable much faster data download and upload speeds with low latency.

As the number of mobile communication standards increases rapidly, offering
new, faster, and improved services to the users, typical multimode radios that
use multiple RF frontend blocks are increasing in cost and complexity, driving up
the cost of the user terminal equipment. The use of such fixed architecture of RF
frontends makes the radio less flexible and unable to accommodate future revisions of
communication standards, or even new standards at all. An SDR would easily be able
to receive updates as standards evolve, as it is currently done to other components
of user terminal equipment. This concept can be equally applied to the mobile
network operator infrastructure (e.g., cellular base stations), as migrations (e.g
from Universal Mobile Telecommunications Service (UMTS) to High Speed Packet

Access) could be easily accomplished by uploading new software and reconfiguring
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the device, without any hardware changes, even though different modulations and

frequencies may be used.

SDRs are also essential in industry and manufacturing, where they can serve
as a reliable and cost-effective solution for adapting communication systems to
changing standards and protocols without the need for changing any hardware or
production machinery. Edge computing, and consequently Industry 4.0, can benefit
from the usage of SDRs since they perform signal processing in software, making
them well-suited for use in edge computing environments where resources are limited
and latency is a concern. Additionally, SDRs can be used to perform a wide range
of signal processing tasks, including modulation recognition, channel estimation,
and spectral analysis, making them useful tools for edge computing applications

like wireless network optimization and industrial automation.

Even in the research and development (R&D) field, regardless of whether it is in
an academic or industry environment, SDRs are becoming increasingly important
due to their flexibility and agility in adapting to new communication standards and
protocols. In fields such as electrical and electronic engineering, telecommunications,
and computer science, SDRs are enabling researchers to design, emulate, and test a
wide variety of wireless communication systems. By using SDRs, researchers can
rapidly prototype and evaluate communication systems in real-time, which can be
especially helpful in the design phase of a project. In addition to their versatility,
SDRs are also important for scientific research due to the potential for cost savings,
both in terms of hardware and software. Because SDRs allow for the development
of common hardware that can be programmed to fit a wide range of communication
standards, researchers can potentially avoid the need for costly specialized hardware.
Additionally, by taking advantage of open-source SDR software support libraries,
researchers can collaborate and build upon each other’s work, further reducing costs

and speeding up research progress.

The development and implementation of SDRs in scientific research is important
because it enables researchers to stay at the forefront of rapidly evolving commu-
nication technologies. As new communication standards emerge and existing ones
are updated, SDRs provide a platform for studying and developing new systems.
Furthermore, by using SDRs, researchers can gain insights into how communication
systems can be optimized for different applications. Overall, the continued study,
development, and implementation of SDRs in the context of scientific research is
vital for staying ahead of the curve in an ever-changing field of communication

technology.
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Although a software defined radio can appear to bring only advantages, when
compared to traditional fixed radios, there are some disadvantages associated with
the concept, such as lower dynamic range and higher power consumption. Besides
that, and as usually happens before any technology is standardized, programming an
SDR and maintaining the different pieces of software required can be a non-trivial
task. In recent years, however, several software solutions have appeared, aiming to
standardize both digital signal processing (DSP) [13-15] and the interface [16] with

the software defined radio hardware.

As SDRs continue to evolve, they are expected to make use of higher and higher
frequencies, including the mmWave band. While there are currently several SDRs
available in the market that operate at the lower end of the gigahertz frequency
spectrum, the trend is moving towards higher frequencies in order to accommodate
new and emerging communication technologies such as 5G and complex radar
systems. The mmWave bands offer a much larger bandwidth than traditional radio
bands, allowing for much faster data download and upload speeds with low latency.
Additionally, these bands have a large amount of unused spectrum, including

unlicensed bands, which can be used for new wireless protocols and applications.

Millimeter-wave bands are well-suited for short-range communications such as
indoor wireless networks, IoT devices, and vehicle-to-vehicle communications. Al-
though they have a shorter range than traditional radio bands, this can be mitigated
using beamforming and advanced signal processing techniques that are well-suited
to SDRs. Another advantage of using mmWave SDRs is the high level of security
that can be provided. The high frequency and directional nature of mmWave signals
make them harder to intercept and jam, which can improve overall security for

wireless communication systems.

Overall, the evolution of SDRs towards millimeter-wave bands has the potential
to greatly enhance wireless communication capabilities and enable new applications
in a wide range of fields, such as autonomous vehicles, smart infrastructure, and the

internet of things. These fields require low latency, high bandwidth, and reliability.

According to several market research reports, the global software defined radio
market will grow in the coming years. The market is being driven by factors such
as the increasing adoption of SDRs in military and defense applications, the rising
demand for advanced communication systems (e.g., 5G and future 6G), and the
growing need for spectrum-efficient and cost-effective radio solutions. According
to a report by MarketsandMarkets, the SDR market is expected to grow from 10
billion USD in 2022 to 12.5 billion USD by 2027, at a compound annual growth
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rate (CAGR) of 4.6% during the forecast period [17]. Another report by Fortune
Business Insights predicts the SDR market will grow from 11.60 billion USD in
2021 to 16.20 billion USD in 2028 at a CAGR of 5.3% during forecast period [18].
Overall, there appears to be a very positive outlook for the growth of the SDR

market in the coming years [19].

1.3 OBJECTIVES

The objective of this work is to explore the architectures and potential imple-
mentations of software defined radios, and to develop, implement, and test an SDR

capable of operating up to, and including, the millimeter-wave frequency region.

This thesis explores the convergence of the mmWave and SDR cutting-edge
technologies through the development of a mmWave SDR. By combining the high-
bandwidth capabilities of mmWave frequencies with the versatility of SDR platforms,
this research aims to contribute to the advancement of next-generation wireless

communication systems.

Through this research, this thesis aims to contribute to the growing field of
advanced communication systems and provide valuable insights into the capa-
bilities of software defined radios in mmWave applications and their design and

implementation.

1.4 DOCUMENT STRUCTURE

This thesis comprehensively addresses the development of a mmWave capable
SDR, encompassing the design goals, circuit schematic design, printed circuit board

(PCB) layout, firmware and software of the entire system.

This document is organized in seven chapters. Chapter 2 provides a compre-
hensive literature review of digitally intensive RF transceivers and presents the
SDR system architecture developed in light of this review. The chapter begins by
exploring fundamental concepts of digitally intensive RF transceivers, including
frequency conversion, signal domain conversion, digital signal processing, and key
performance parameters. It then examines various receiver topologies such as direct
conversion (homodyne), heterodyne, and direct RF sampling. The chapter also
discusses transmitter topologies, including two-step conversion, direct launch, and

RF digital-to-analog converters (RF digital-to-analog converters (DACs)). Digital
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processing options are compared, covering general-purpose central processing units
(CPUs), graphics processing units (GPUs), field-programmable gate arrays (FP-
GAs), DSPs, and application specific integrated circuits (ASICs). Subsequently, the
chapter presents a state-of-the-art review, providing a foundation for understanding
design choices and trade-offs in modern RF transceiver architectures, particularly
those employing digitally intensive approaches. The chapter concludes with the

SDR system architecture and the rationale behind its design choices.

Chapter 3 details the circuit development of the SDR base platform. It begins by
outlining the platform architecture, providing an overview of the system’s structure.
The chapter then delves into the functional block design, covering key components
such as the signal processing core, RF transceiver, mmWave synthesizer, clock
management, and power management systems. Special attention is given to the
expansion card interconnections, highlighting the platform’s modularity. The chapter
concludes with a discussion of the PCB stackup and layout, addressing the physical
implementation of the designed circuits. This comprehensive exploration of the
SDR base platform’s hardware development forms the foundation for the system’s
capabilities and performance, setting the stage for subsequent chapters on firmware,

software, and the mmWave expansion card.

Chapter 4 focuses on the firmware and software development for the SDR base
platform, detailing the integration of hardware and software components. It begins
with the FPGA design architecture, outlining the structure and operation of the
programmable logic. The chapter then introduces custom intellectual property (IP)
cores, such as the Advanced eXtensible Interface (AXI) inter-integrated sound
(I12S) Engine, AXI serial peripheral interface (SPI) Engine, AXI RF Timestamping,
AXI IRQ Controller, and AXI general purpose input/output (GPIO), which were
developed to support specific functionalities. Proprietary IP cores are also discussed,
including the PicoRV32 processor, direct memory access (DMA) controller, RF
transceiver interface, inter-integrated circuit (I2C) interface, peripheral component
interconnect express (PCle) to AXI bridge, and double data rate (DDR) 3 memory
interface. The software section covers key aspects such as firmware for power
management control, kernel device driver for addressing hardware components,
the userspace SoapySDR driver for interfacing with the SDR platform, and user
applications that enable practical usage of the system. This chapter provides a
comprehensive overview of the firmware and software components that enable

seamless operation of the SDR base platform.

Chapter 5 focuses on the design and development of the mmWave expansion

card, a critical component enabling the SDR, platform to operate in the mmWave
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frequency range. The chapter begins by addressing system design considerations,
including the functional architecture of the mmWave card, simulation requirements,
and PCB stackup. It then delves into circuit design, covering key aspects such as
frequency conversion, internal and external local oscillator (LO) generation and
conditioning, LO switching and monitoring, as well as control and monitoring
mechanisms. The estimated performance of the mmWave board is discussed next,
with attention to PCB layout and performance assessment. Finally, the chapter
concludes with an overview of the firmware and software developed to support the
mmWave expansion card, ensuring seamless integration with the SDR. platform.
This chapter provides a detailed exploration of the hardware and software aspects
of the mmWave expansion card, emphasizing its role in extending the platform’s

capabilities.

Chapter 6 presents a comprehensive performance evaluation of the developed
SDR system. The chapter begins by assessing the SDR, base platform, examining
its core functionalities and performance metrics. It then focuses on the mmWave
expansion card, providing detailed analysis of its capabilities and performance in
the millimeter-wave frequency range. The chapter concludes with a series of demon-
stration applications, showcasing practical use cases and real-world performance
of the complete SDR system. These demonstrations serve to validate the system’s
functionality and highlight its potential in various applications, providing concrete
evidence of the platform’s capabilities and the successful integration of the base

platform with the mmWave expansion card.

Chapter 7 concludes the thesis by summarizing the key findings and achievements
of the research. It reflects on the development of the SDR platform, including both
the base system and the mmWave expansion card, and evaluates how well the
initial objectives were met. The chapter discusses the significance of the work in the
context of current and future wireless communication technologies. Additionally,
it outlines potential areas for future R&D, suggesting improvements or extensions
to the current system. This final chapter provides closure to the thesis while also
defining possible paths for continued exploration in the field of software defined

radio and mmWave communications.

1.5 SCIENTIFIC CONTRIBUTIONS

The research and development conducted in this thesis has contributed to the

scientific community through the publication of a peer-reviewed paper and open-

10
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source software developments. The publication demonstrate the originality and
relevance of the work, addressing key challenges in the development of software

defined radios operating at mmWave frequencies.

As far as the author is aware, there currently does not exist a SDR platform that
comprises the flexibility and expandability offered by the platform presented in
this thesis, while maintaining an affordable cost and reduced size. Other solutions

working up to 40 GHz do exist, but at a cost exceeding 150,000 USD.

A conference paper, entitled Highly Flexible and Scalable Millimeter Wave Soft-
ware Defined Radio, was submitted, accepted, and presented at the IEEE 2274
Mediterranean Electrotechnical Conference (MELECON) in 2024, achieving further
publication in the conference proceedings. The paper briefly addresses the design
procedure of the SDR, presenting practical results obtained on the bench. The
paper is available at the end of this thesis, at appendix A. Additionally, this work
has also been pitched to the audience of the 17" Congress of the Portuguese URSI
Committee, in 2023. A journal paper is also in progress, which will contain the most

recent results and findings obtained with the SDR on the bench.

During the development of this SDR, several contributions were made to the
open-source digital signal processing library Liquid DSP, by Joseph D. Gaeddert
[15], which highly enhanced the performance of this library, while reducing the
computational power requirements, by leveraging vector processing instructions

present on modern x86/a64 CPUs.
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LITERATURE REVIEW AND SYSTEM ARCHITECTURE

In the field of modern communications, electronic radios have become a fun-
damental technology, significantly transforming the transmission and reception
of information over vast distances. Over the last few decades, commercial RF
transceivers have evolved from analog-intensive designs to more digitally intensive
and reconfigurable systems. Today, SDRs show great potential for use in microwave
and millimeter-wave bands, enabling high-speed data transmission and supporting
emerging technologies like 5G and beyond. Their adaptability makes them ideal for
prototyping and testing new millimeter-wave applications, contributing to advance-
ments in wireless technology and promising to revolutionize connectivity across

various industries.

This chapter explores the technologies and radio architectures used in modern
radios, including SDRs. It examines the extensive scientific and technical literature
related to electronic radios, tracing their development from early analog systems to
contemporary digital platforms. The chapter investigates the essential principles
underlying various radio topologies, with a particular focus on SDR technology. It
concludes by outlining the system architecture of the SDR to be developed, taking

into account the techniques and topologies discussed previously.

2.1 DIGITALLY INTENSIVE RF TRANSCEIVERS

Digitally intensive RF transceivers represent a significant evolution in wireless
communication technology, marking a shift from traditional analog-intensive designs
towards more digital implementations. These advanced transceivers leverage the
latest developments in digital circuit design and processing capabilities to enhance
performance, flexibility, and integration. Key characteristics include increased dig-
ital functionality, improved reconfigurability to support multiple communication
standards and frequency bands, and better scalability with advancing semiconductor
processes [20]. Notably, these transceivers demonstrate reduced sensitivity to process,

voltage, and temperature variations compared to their analog counterparts.
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The architecture of digitally intensive RF transceivers integrates digital baseband
processing, employing sophisticated digital signal processing blocks, and at least
one RF transceiver. Key components such as phase-locked loops (PLLs), transmit-
ters, and receivers are implemented with more digital circuitry, enabling improved
RF reconfigurability and power efficiency through effective digital power-saving
techniques. As depicted in fig. 2.1, a digital intensive RF transceiver fundamentally
comprises three main sections, concerning the signal: the frequency conversion stage

(also known as the RF frontend), the signal domain conversion and the DSP blocks.

RX RF b :
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5 n {1 | Processor [~ 1 toftomPC
TX RF ' P D DT Optional

; RE e DAC <« ! P

: Transmitter | = ! . fa :

" ““Frequency Signal domain Digital signal

conversion conversion processing

Figure 2.1: Architecture of a digitally intensive RF transceiver.

2.1.1  Frequency conversion

The frequency conversion block is the main RF /analog section of the transceiver.
In the transmit path, the signal center frequency is shifted from baseband or
intermediate frequency into the final desired RF carrier frequency, by a mixer (or
up-converter). It may also comprise one or more amplifiers, usually with variable

gain control, in order to adjust the output signal power, and filters.

At the receiver side, a low noise amplifier (LNA) is usually present as the first
active component in the chain, in order to optimize the overall noise figure of the
receiver, as will be explained later. There can also exist a tunable filter present
after the LNA, in order to band-limit the received signal. The filtered signal is then

shifted into an intermediate frequency (IF) or baseband through a mixer.

The configurability of the frequency conversion stage of a software defined radio is
of great importance to the overall flexibility of the transceiver itself. It might not be
reprogrammable, in the sense that it is not possible to modify the core behavior of the
components (i.e., a mixer will always mix two signals, and it is not possible to replace

it with something else), but it should offer the most possible tunable parameters
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to the software, in order not to be a bottleneck, such as: high LO frequency range,

high power dynamic range and highly configurable filter bandwidths.

2.1.2  Signal domain conversion

This section is where the transceiver actually becomes digital. The task of the
signal domain conversion stage is to make the transition between the analog and
the digital domains. In the transmitter, discrete samples from the digital domain
are converted into an analog voltage or current through a DAC, creating an analog
representation of the signal. There might also exist a filter after the DAC, in order
to suppress unwanted harmonic and spurious contents of the signal before the

frequency conversion stage.

In the receiver, the reverse operation is performed. The downconverted signal
from the frequency conversion stage is first conditioned, and then sampled and

discretized by an analog-to-digital converter (ADC).

Given that this section is also commonly not programmable, it is usually also
required that it offers some configurability, such as a wide range of supported

sampling frequencies.

2.1.3 Digital Signal Processing

Having covered the signal domain transitions, it is now possible to implement
almost any kind of signal processing techniques in the digital domain. This section
can comprise one or more digital signal processing devices, that should be completely
reprogrammable in the field. Commonly implemented digital processing blocks
include digital up- and downconverters, whose task is similar to the analog frequency
conversion block. They typically comprise one or more numerically controlled
oscillators (NCOs), which are used to generate local oscillator tones for the numerical
mixers, which work just like analog mixers, and perform the multiplication (complex
or real) in order to translate a signal up or down in frequency. There are also
digital filters, of which there exist two main types: finite impulse response (FIR)
and infinite impulse response (IIR). The cascaded integrator-comb (CIC) filter is
a special case of a FIR filter, and stands out in the DSP domain by its simplicity,
low resource usage and computational efficiency [21]. There also exist FIR filters

capable of implementing mathematical operations, such as derivatives or the Hilbert
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transform. The fast Fourier transform (FFT) and it’s inverse, the inverse fast Fourier
transform (IFFT), are also among commonly implemented algorithms in the digital
processing section, used, for example, in orthogonal frequency division multiplexing
(OFDM) modulation. It is common for digital transmission protocols to employ
some form of forward error correction (FEC) scheme, sometimes even concatenating
multiple algorithms in order to offer resilience to the transmitted data. Examples
include convolutional codes, turbo codes, low-density parity check (LDPC) codes
and Reed-Solomon codes. The decoding process for these algorithms is typically

very processing intensive, and is also performed by the digital processing block.

2.1.4 Key performance parameters

In order to later compare different existent software defined radio solutions, some
key performance indicators are now presented. The RF frontend performance plays
a critical role in any radio and it is also the main area of testing when qualifying
radio devices for regulatory standards for RF emissions (e.g., FCC, European

Telecommunications Standards Institute (ETSI)).

The important characteristics for the analog transmitting frontend are the follow-

ing:

e 1 dB compression point: This is the amount of output power the transmitter
can produce (OP14p) - and the corresponding input power (IP145) - when its
gain is 1 dB below the small-signal gain. The P45 is a large-signal performance
figure of merit (FOM). Ideally, no amplifier should be operated at it’s 1 dB
compression point, however, there are some modulation techniques that can
tolerate the impairments introduced by compressed amplifier operation. The
P14p should be as high as possible, without compromising on power efficiency

or space occupied by the device.

e Third order intercept point: This is a theoretical small-signal performance
parameter that represents the output (OIP3) or input (IIP3) point at which
the power of the third order intermodulation products would equal the power
of the wanted signal. This power level is not achievable in practice, as the
amplifier will reach saturation much before this point. It is obtained by linearly
extrapolating (beyond saturation) the curves that correlate the output power
of both the fundamental tone and intermodulation products, as depicted in
fig. 2.2. As P14p, the difference between this parameter and the operating

power point of an amplifier is a measure of how much distortion will be
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Figure 2.2: Output vs input power of an amplifier, highlighting the P15 and the theoretical
IP3 point [22].

introduced in the signal. The higher the OIP3 of a transmitter frontend, the
better. The overall IP3 of two cascaded devices can be given by

1 1
I1P3,Gs + 1P39

P3¢ = ( )_1 (W], (2.1)

where I P3¢ is the cumulative IP3 (OIP3 or IIP3) of both devices; IP3;
and IP3, are the individual IP3 value of stage 1 and 2, respectively, and
G2 represents the individual gain of stage 2. This formula can be applied

recursively to a chain of N devices to find out its cumulative IP3.

o Output power dynamic range: This is a parameter of the transmitting frontend
as a whole, and represents the range of transmitted signal power levels. Ideally
this should be as high as possible, in order to grant a wide range of possible

application fields for the SDR.

o Spurious emission: Unwanted signals can be present on the output of an SDR,
such as harmonics of the signal, local oscillator leakage tones, or intermodula-
tion distortion that leads to spectral regrowth and constellation deformation,
increasing the error vector magnitude (EVM). It is desired that any unwanted
component kept as attenuated as possible, in order for the signal to maintain
its integrity and avoid interferences with other wireless signals/systems. This
is sometimes hard to accomplish, especially when the frontend covers a wide

range of frequencies.

e Frequency stability: Both long and short-term frequency stability are impor-
tant. A long-term frequency deviation on the local oscillator can cause the

transmitted signal to drift off the receiving end filter bandwidth, or drift onto
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a neighboring channel, causing interference. Short term stability, represented
by phase noise, can cause in-phase and quadrature (IQ) constellation points to
move away from their correct location, worsening the EVM, the modulation

error rate (MER), and, consequently, the bit error rate (BER).

As far as the analog receiver frontend is concerned, besides spurious contents and

frequency stability, as described for the transmitter, the following are also critical

points:

o Sensitivity: This is the minimum signal power that has to be present at a

receiver’s input, while it still being able to discern signal from noise, and it
can vary between modulation techniques, since different modulations require

different levels of minimum signal-to-noise ratios.

Noise figure: The measure of how the receiver degrades the signal-to-noise
ratio present at its input. It is desired that the receiver has the lowest possible
noise figure, and this is accomplished, for example, by using a very good LNA,
with a low noise figure and high gain, as the first element of the receiving

chain, as proven by the Friis formula for noise:

B-1 F-l
Gi T GGy . Gt

Frx = Fi + (2.2)

where Frx is the overall receiver noise figure, F is the noise figure of the first
block, usually an LNA, G is the gain of the first block, F;, is the noise figure
of the n'” block in the receiver, and G,,_1 is the gain of the (n — 1) block in

the receiver.

Dynamic range: This parameter of the receiving frontend represents the range
of power levels it can tolerate on its input, while still working correctly. The
low end of this range is defined by its sensitivity, whilst, at the high end,
it is limited by the overloading of components in the chain or strong signal
handling performance. Ideally, a receiver should have the highest possible
dynamic range, meaning it can decode faint signals, while also tolerate higher

power ones.

As a whole system, several other parameters are considered important for a

software defined radio, such as:
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o Sampling rate: The sampling rate of the data domain conversion stage limits

the bandwidth that the radio is able to process, and, consequently, shortens
the list of protocols it supports. As per the Nyquist theorem, the sampling
frequency should be at least twice the bandwidth of the signal of interest.
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o Flexibility and reprogrammability: These parameters characterize the radio’s
capability for the modulation and air-interface algorithms and protocols to
be changed by solely loading new software onto the platform. The higher the

flexibility and reprogrammability, the more applications an SDR has.

o Adaptability: The SDR platform can adjust its capabilities as network or traffic
operational requirements change. This means that it has a broad range of
application scenarios. For example, a SDR can be used by a mobile phone
to connect to terrestrial cellular networks, and the same radio can, moments
later, be used to connect to satellites using a totally different modulation

scheme and protocol, when terrestrial coverage is lost.

o Computational power: The processing rate of the SDR platform, namely
operations per second (OPS). More computation power means more intensive

algorithms are supported by the platform, such as FEC algorithms.

o FEnergy efficiency: The relation between total power consumption and offered
performance. It is desired that an SDR has the best energy efficiency possible,

especially when the platform is expected to be operated on battery power.

2.2 RECEIVER TOPOLOGIES

The two most important receiver architectures, described below, are the super-
heterodyne receiver, useful for most high-tier broadband and narrowband applica-
tions, and the direct conversion receiver, for medium tier broadband applications.

Also addressed in this chapter is the more recent direct RF sampling architecture.

2.2.1 Direct conversion or Monodyne

The direct conversion receiver, depicted in fig. 2.3, is the form of software defined
radio whose architecture is the closest to a typical non-reconfigurable receiver, and
is suitable for delivering broadband data with medium performance specifications.
In this implementation, there is only one mixing stage involved, which directly
converts the signal from RF to baseband. In this type of receiver, the transition
from the analog to the digital domain only occurs when the signal is already mixed
down to baseband, thus, typically requiring lower processing power available on the

digital signal processor. Since the baseband consists of a complex IQ signal, two
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Figure 2.3: Direct conversion receiver architecture.

converters are necessary. In absence of an IF filter, all the protection from close-in

interferers must come from the I and Q low-pass filters (LPFs).

With a complex IQ baseband, the analog section does not need to know a priori
what type of modulation is being used, neither what kind of processing happens

after digital sampling.

Some of the advantages and disadvantages of this architecture are presented below
[23].

e Advantages

— Simpler architecture: only a single LO is required, the frontend can be

simplified, and the IF chain is removed;
— Lower cost;
— Lower component count and occupied area;

— Several hardware-driven tasks become software-driven, which makes
it easier to dynamically adjust the channel bandwidth, and allows for

flexible multimode operation;

— Signal domain converters run a lower sampling rates, requiring less digital

processing power.
o Disadvantages

— Linearity, spectral purity and IQ balance constraints are tighter than in

the superheterodyne topology;

— Two analog-to-digital converters are needed, one for the I and another

for the Q components;
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— The lower baseband frequencies are susceptible to various interference
sources, such as "1/f" (flicker) noise, DC offset, self-mixing, LO leakage
and generated Doppler interferers. Thus, baseband filters are usually
built to reject low frequencies, creating a void near DC, which is not
critical in broadband operation, since it covers only a small portion of
the signal bandwidth, but is often large enough to affect narrowband

voice applications.

2.2.2  Superheterodyne

The superheterodyne receiver, shown in fig. 2.4, is the right choice for delivering
high-performance narrowband and broadband receiver characteristics [23]. The RF
signal is first downconverted into an intermediate frequency with the help of the first
LO signal, often referred to as the "injection"'. The IF filter then protects against
close-in spurious signals, and the signal is split into two channels, designated as I
(in-phase) and Q (quadrature), each one being downconverted to baseband (zero

center frequency).

\F—
Second
LO
AR A<
LNA RF Filter IF Filter ADC 90°
First : :

LO

Figure 2.4: Superheterodyne receiver architecture.

The use of an intermediate frequency allows for a less complex circuitry in the IF
signal path, as the design can be conceived to always operate on the same frequency
(e.g., there is no need for IF filters with configurable center frequency), since the
first LO can be adjusted such that the RF frequency of interest converts to the
(fixed) IF frequency for which the receiver was designed. This reduces complexity

without compromising the versatility of the receiver as a whole.

After the signal is downconverted to an IF, it is sampled, and handed over to
a baseband processor in order to perform the final downconversion to complex

baseband, detection and further processing on the received signal.
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Some of the advantages and disadvantages of this architecture are presented below
[23].
e Advantages
— Due to the use of an intermediate frequency and a two-step conversion
process, and since the quadrature baseband downconversion is done
at a fixed IF frequency and in the digital domain, most low-frequency

impairments (e.g., those introduced by a direct conversion receiver) can

be mitigated, achieving an outstanding overall performance;

— Only one analog-to-digital converter is needed, instead of two as in the

direct conversion receiver.

e Disadvantages

Increased overall complexity;

Higher cost;

Large component count and occupied area;

Less suitable for integration, due to large size of lumped elements for

lower operating frequencies (in the IF chain);

— The signal domain converter needs to run at a higher sampling rate, since

the signal is centered at IF and not at baseband.

2.2.3 Direct RF sampling

Recent technological advances have made possible the existence of higher speed
data converters than before, which, in turn, allow the direct synthesization or
capture RF signals without a conventional upconversion or downconversion with an
analog radio chain [24] [25].

A direct RF sampling receiver represents the peak digitization available in the
signal processing chain of a radio system nowadays. By feeding the output of the
LNA directly into a high-speed analog-to-digital converter, one then takes digital
control of the signal as soon as possible, allowing for greater flexibility. In fig. 2.5,
as an example, a direct conversion topology is represented. However, since the data
is already in the digital domain, which is completely reprogrammable, it is possible
to implement whatever one wishes to. This full digitization comes, however, at the
cost of very high data rates at the output of the RFADC, which not all digital

processors can deal with.
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Figure 2.5: Direct RF Sampling receiver architecture.

Some of the advantages and disadvantages of this architecture are presented below
[23].

o Advantages
— Highly simplified analog RF frontend;
— High configurability.

o Disadvantages

— Although the bill of materials (BOM) is reduced compared to a more

analog rich approach, the overall cost is still high;
— Typically requires higher power to operate;

— The signal domain converter needs to run at a very high sampling rate,
and requires at least some part of the digital processing chain to happen
at this sampling rate, until the signal is converted to baseband and

decimated.

2.3 TRANSMITTER TOPOLOGIES

The most important transmitter architectures, addressed below, are the two-step
conversion transmitter and the direct launch transmitter, which are useful for
most broadband applications [23]. The more recent "DAC to Antenna" topology is
also presented. All these architectures use an I1Q modulator (either in software or
hardware), and are suitable for both constant-envelope modulation methods, such
as binary phase shift keying (BPSK) or quadrature phase shift keying (QPSK); and

variable-envelope modulation schemes, such as quadrature amplitude modulation

(QAM).
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2.3.1 Two-step conversion transmitter

The two-step conversion transmitter, depicted in fig. 2.6, is analogous to the
superheterodyne receiver topology described earlier. The I and Q baseband com-
ponents are digitally upconverted into a digital intermediate frequency, which is
then converted into the analog domain through a digital-to-analog converter. After
the converter, a low-pass filter removes unwanted images of the signal created by
the conversion process. The mixer then simply shifts the IF signal to the final RF
transmission frequency. The band-pass filter (BPF) rejects unwanted image signal
produced by the final mixer. The signal is then amplified by the power amplifier
(PA) and transmitted through the antenna.

Sefgnd .
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90° / DAC PA

Q
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.
P

Figure 2.6: Two-step conversion transmitter architecture.

Since the design shares a lot of concepts with the superheterodyne receiver, the

advantages and disadvantages are also pretty much the same.

2.3.2  Direct launch transmitter

The direct launch transmitter, represented in fig. 2.7, shares much of its architec-
ture with the direct conversion receiver. Most low-cost and low-power broadband
applications, such as Bluetooth and WiFi, utilize direct-launch architectures, as
they are well designed for complementary metal-oxide semiconductor (CMOS)

system-on-chip (SoC) integration [23].

The digital baseband I and Q components are directly converted into the analog
domain by two DACs, low-pass filtered, and directly modulated onto the final RF
frequency by a quadrature (image-reject) mixer. The signal is then amplified by the

PA and transmitted through the antenna.
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Figure 2.7: Direct launch transmitter architecture.

This topology shares the advantages and disadvantages with its receiver reciprocal,

the direct conversion receiver.

2.3.3 RFDACs - "DAC to Antenna"

As with the direct RF sampling receiver, nowadays there also exist digital-to-
analog converters capable of running at a very high sampling rate, in the giga-samples
per second range, such as the one presented in [26], demonstrating that the reality

of a truly software defined radio is closer than ever.

The "DAC to Antenna" transmitter concept aims to prove precisely that. Using
an RF DAC running at 12 GSPS, one is capable of directly generating any signal up
to 6 GHz, requiring very little analog inflexible circuitry. fig. 2.8 represents a digital
implementation of a direct launch transmitter topology as an example. However,
since everything is digitally implemented, one takes complete control over the signal
generation, removing the limitations of fixed analog upconversion present in other

transmitter architectures.

2.4 DIGITAL PROCESSING

The digital processor makes up the bulk of a software defined radio, and can be
based on different types of commonly available processing hardware, such as general
purpose CPUs, GPUs, FPGAs, digital signal processors (DSPs) or ASICs [12]. In

this section, each one of the platforms is described and compared to each other.
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Figure 2.8: "DAC to Antenna' transmitter architecture.

2.4.1 General purpose CPU

General purpose CPUs are typically designed for personal computers or worksta-
tions. They are generally easier to develop applications for, using software libraries
like [14] or [15]. However, those come at the cost of a higher energy consumption to

achieve the same level of performance of other hardware [27].

2.4.2 GPU

Graphical processing units are, as the name implies, designed with graphics related
algorithm acceleration in mind. There are, however, common properties between
graphics processing and signal processing, not the least of which is the ability
to speed-up execution by running algorithms in parallel. GPUs typically consist
of multiple processing cores (e.g., NVIDIA’s compute unified device architecture
(CUDA) cores), which can be configured to run signal processing algorithms, as
demonstrated by [28]. There exist software abstraction layers, such as [29] and [30],
that allow easier integration of GPU accelerated signal processing algorithms in

already existing non-accelerated applications.

2.4.3 FPGA

FPGAs are semiconductor devices which consist of regular logic structures (e.g.,
a look-up table (LUT) and multiplexer, flip-flops) and interconnect, that are recon-

figurable to represent any kind of logic circuit, from single gates (e.g., AND, OR,
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XOR), to highly complex logic circuits. The advantages of the architecture of an
FPGA allow the designs to perform various computational operations in parallel.
Parallelism enables substantial data throughput at relatively low clock rates [31].
Nowadays, with techniques such as high-level synthesis (HLS), programming an
FPGA is becoming more accessible to software engineers and everyone who is used to
write code in programming languages with high levels of abstraction [32]. However,
in order to further optimize the implemented logic circuit, it is still needed to have

some knowledge of the underlying hardware architecture.

2.4.4 DSP

A DSP is a special type of microprocessor to process digital signals [33]. DSPs,
much like general purpose CPUs, are capable of implementing and executing complex
arithmetic and logic tasks [34]. DSPs, however, due to their architectural structure
(i.e., reduced instruction-set computing (RISC) architecture, single instruction-
multiple data (SIMD) extensions), tend to handle arithmetic operations, especially
multiplications, quicker. Since DSPs are capable of delivering high performance
with lower power, they are better candidates for SDR deployment, compared to

general purpose CPUs [35].

2.4.5 ASIC

Presented with the original concept of an application specific integrated circuit,
one might tend to question its applicability in a software defined radio environment,
where reconfigurability and flexibility are key. Digital ASICs can implement a logic
circuit, described in the same manner as it would be for an FPGA. The energy
efficiency is typically greater than that of an FPGA, and it can usually run at higher
frequencies. Despite not being able to alter the implemented circuit of ASICs, they
can be of great benefit, especially to the power consumption of the system [36],
without being a major hit in the overall flexibility, if employed in the correct places.
Processing chain components that are common to a wide range of applications, such
as digital downconverters, digital upconverters, may be implemented in an ASIC.
Regular structures, such as FIR filters, can also be implemented as an ASIC, given
that the computation required is not related at all with the frequency response of
the filter, i.e., the multiply-accumulate operation is common to all FIR filters, but

the shape of the frequency response is defined by its impulse response.
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2.5 STATE-OF-THE-ART REVIEW

Nowadays, building a test software defined radio platform for mmWave frequencies
is highly accessible, given the existence of integrated up and downconverters, that
can be combined with a lower frequency SDR to reach mmWave bands. Examples of
such converters are the ADMV1013 and ADMV1014, recently launched by Analog
Devices. These converters are highly flexible, allowing an LO input frequency from
5.4 GHz to 10.25 GHz, which is internally multiplied to achieve frequencies in the
mmWave band. Besides allowing baseband 1/Q data input from DC up to 6 GHz,
they can also perform frequency translation on an already modulated carrier, from
0.8 GHz to 6 GHz. The ADMV1013 and ADMV1014 offer exceptional performance
attributes that simplify the design and implementation of compact 5G mmWave
platforms. These advanced devices effectively cover the widely used 28 GHz and
39 GHz frequency bands, making them suitable for both backhaul and fronthaul
applications. Additionally, their capabilities extend to a wide range of ultrawide
bandwidth transmitter and receiver applications, further enhancing their versatility
and usability in diverse mmWave communication scenarios, and making them highly

suitable candidates for use in a mmWave SDR RF frontend [37].

The development of very fast data converters (DACs and ADCs) in academia
has demonstrated remarkable progress in pushing the boundaries of sampling rates,
available bandwidth and data acquisition speeds. In [38], the authors were able
to double what was state-of-the-art at the time, presenting an ADC with 60 GHz
of available bandwidth. However, despite the promising academic results, it is
important to acknowledge that the commercialization and mass production of such
high-speed converters still faces significant challenges. The transition from research
prototypes to market-ready products requires careful consideration of factors such

as reliability, power efficiency, cost-effectiveness, and scalability.

Currently, Analog Devices and Texas Instruments lead the commercial high-
speed ADC market. At the International Microwave Symposium in Boston, in
2019, Texas Instruments introduced the ADC12DJ5200RF, a 12-bit, 10.4 GSPS
RF-sampling ADC, with a usable bandwidth up to 8 GHz. Its performance was also
first demonstrated at this event. Analog Devices, however, leads the high-speed DAC
segment, with the AD917x family, achieving up to 12.6 GSPS, with a spurious-free
dynamic range (SFDR) better than -80 dBc at 1.84 GHz.

In the commercial off-the-shelf (COTS) department, there is Per Vices Corpo-
ration [39], a leading company in the field of software defined radios that has
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made significant contributions to the advancement and commercialization of SDR
technology. Their SDR platforms offer a wide range of capabilities and are designed
to meet the demanding requirements of modern wireless communication systems
and research applications. Currently listed on their website, there are three readily
available SDR models: Cyan, Chestnut and Crimson TNG. Relevant for this analysis
is the Cyan SDR, which offers a tuning range up to 18 GHz. Also pertinent is their
custom SDR configurator, which allows requesting the design of a software defined
radio platform which can tune up to 86 GHz, with an instantaneous TX and RX
bandwidth of 2.5 GHz. The implementation used to achieve such performance levels,

is, however, not disclosed.

Despite the remarkable evolution in high-speed converters, it is quite clear that,
in order to reliably reach frequencies in the mmWave range in the present day, a

direct or multiple conversion approach is still required.

In light of the significant advancements witnessed in high-speed converters, it
is indisputably evident that attaining frequencies within the mmWave bands, for
the time being, necessitates the adoption of a direct or multiple (superheterodyne)
conversion approach to ensure consistent and reliable performance. These facili-
tate the efficient translation of signals between the mmWave spectrum and lower
frequency bands, enabling seamless integration and seamless transmission of data
in current and near-future communication systems. Continued improvements in
high-speed converters, coupled with the refinement of direct and multiple conversion
approaches, hold the key to unlocking the full potential of the mmWave radio
spectrum and propelling the next generation of wireless communication technologies

to unprecedented heights.

2.6 SYSTEM ARCHITECTURE

The objective of this work is to explore the architecture and potential imple-
mentations of SDRs, and to develop, implement, and test a software defined radio
capable of operating across a wide frequency range, from several megahertz up to
tens of gigahertz, extending into the millimeter-wave frequency region, as stated in

section 1.3.

An SDR covering a frequency range from several megahertz up to the mmWave
frequency region should be based on frequency conversion techniques rather than
direct sampling for several important reasons. Firstly, the sampling rate required

for direct sampling of such a wide frequency range would be prohibitively high.
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According to the Nyquist-Shannon sampling theorem, the sampling rate must
be at least twice the highest frequency component to accurately represent the
signal. For a 40 GHz signal, this would require a sampling rate of at least 80 GHz,
which is far beyond the capabilities of current commercially available analog-to-
digital converters and digital-to-analog converters, as was shown in section 2.5,
although they can be found at the academic research level. Secondly, frequency
conversion techniques, such as heterodyning (or even a homodyne), allow for more
efficient and flexible signal processing. By using mixers to shift high-frequency
signals down to a lower intermediate frequency (or baseband), the SDR can work
with more manageable frequencies. This approach enables the use of lower-speed,
higher-resolution ADCs and reduces the computational requirements for digital
signal processing. Furthermore, frequency conversion techniques provide better noise
performance and dynamic range when compared to direct sampling at extremely
high frequencies. As the frequency increases, the noise figure of ADCs tends to
degrade, limiting the receiver’s sensitivity. By downconverting the signal before
digitization, the SDR, can maintain better signal quality and achieve a higher signal-
to-noise ratio. Finally, an SDR based on frequency conversion techniques rather
than direct sampling present significant advantages in managing spurious emissions
and improving SFDR. Direct RF sampling at such high frequencies would require
extremely high sampling rates (tens of giga samples per second), leading to increased
quantization errors and timing jitter in the ADCs and DACs, which in turn generate
unwanted spurious signals. These spurious emissions can interfere with signals of
interest, compromising data integrity and potentially masking weak signals, reducing
sensitivity. Therefore the SDR, architecture will be based on heterodyne conversion

techniques.

To cover such a wide frequency range and optimize the SDR performance, the
SDR was split into two subsystems: the SDR base platform and the expansion
module, as illustrated in fig. 2.9 by the high-level block diagram of the SDR system.
This design approach ensures that the SDR system is useful for as many application
scenarios as possible, since it is architectured in an expansible way, leaving, where

possible, room for future feature implementations.

The SDR base platform should house a base RF transceiver capable of handling
signals with frequencies from at least 100 MHz to 6 GHz. This RF transceiver
should employ a hybrid transmitter /receiver topology, employing a direct conversion
architecture and performing signal domain conversion (analog-to-digital and digital-
to-analog) directly at baseband, appropriate for RF signal bandwidths of at least
50 MHz, instead of RF sampling units (RFADCs and RFDAC). With the proposed
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Figure 2.9: SDR architecture block diagram.

architecture, RFADCs and DACs could be utilized in place of the conventional
transceiver, if it weren’t for their high prices, which is presently prohibitive. The
SDR base platform should support 2x2 multiple-input multiple-output (MIMO)
ports, with each TX/RX channel featuring two digitally selectable input/output
signal paths (for different frequency bands, for example). The output power should
reach up to +10 dBm for frequencies up to 6 GHz. Additionally, the base platform
should include an on-board frequency synthesizer, with the purpose of generating
the local oscillator for expansion modules (daughter cards). This synthesizer may
also be usable for other purposes, and should operate from several MHz up to at
least 18 GHz.

All digital signal processing and SDR, control occurs within the SDR base plat-
form, including on-board processing in hardware (e.g., FPGA) and/or software
processing on a central processing unit (e.g., ARM Cortex core), such as modulation,
demodulation, filtering, and block configuration, control, and monitoring. This block
serves as the "brain" of the radio. Data offloading should be performed via PCle at
up to 8 Gbps (Two-lane PCle Gen2 link).

The synchronization unit generates clocks for all the functional blocks, assuring
the required synchronization between clock signals, and should be able to support
at least a clock input and output to allow coherent (synchronized) operation of

connected devices on a system where the SDR may be employed.

The SDR base platform should be capable of operating via standard DC input
from 9 V to 24 V, universal serial bus power delivery (USB PD), or the power rail
provided by a PCle slot. It should comprise a power management unit (PMU),
responsible for generating, controlling, sequencing and monitoring all the power

supply rails required by the internal functional blocks of the radio (base platform
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and expansion cards). The power management unit of the SDR base platform must

be over-provisioned to accommodate various daughter cards.

The expansion module enhances the flexibility and modularity of the SDR system
by providing accommodation for various and different (specific applications) daughter
boards, such as satellite ground stations, fixed microwave or mmWave links, higher
power transmitting amplifiers, lower noise receiving frontends, among many others.
A daughter board can, when connected to the base platform, function as an up
and down frequency converter for the SDR base platform, effectively extending its
frequency range. This modular approach allows the SDR system to adapt to diverse
operational requirements and frequency bands beyond the capabilities of the base

platform alone.

The proposed architecture for the SDR system offers flexibility in various aspects,
such as frequency bands, bandwidths, sensitivities, and transmitted signal powers,
by accepting different frontend modules. Moreover, the SDR can be controlled via
a personal computer (PC) through the PCle bus, or by an attached single board
computer (SBC), exposing an Ethernet interface for data offloading. This topology
makes the SDR system highly versatile for a range of applications. The technical

specifications were also defined to cover the widest possible range of use cases.

To effectively cover the mmWave band, it is also necessary to develop an expansion
module compatible with the base platform. The mmWave module consists of a
transmitter and receiver chain that translate mmWave signals to and from lower
frequencies, respectively. This specialized card should encompass the 24 GHz to 40
GHz frequency range, capable of both transmitting (TX port) and receiving (RX
port) mmWave signals. The board should be designed to output signals with power
levels up to 0 dBm. The expansion board will interface with the SDR, base platform,
handling intermediate frequency signals centered at 3 GHz for both reception and
transmission. The IF channels (TX and RX ports) should, at minimum, match
the bandwidth capabilities of the SDR base platform’s RF channels, which is 50
MHz or greater. Implementing higher bandwidths would enhance the versatility of
the mmWave daughter board, enabling its use in systems beyond the SDR base
platform. To maximize flexibility, the board should be designed with the capability
to operate using either an internal local oscillator or an external one, such as the
on-board synthesizer integrated into the SDR base platform. The mmWave card
topology should support full-duplex operation of the transmitter and receiver paths,
with the additional feature of allowing different central frequencies for each path

(i.e., frequency-division duplex (FDD) operatoin). The mmWave module should
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be designed to receive power from the PMU of the SDR base platform, as well as

communicating with it for configuration, control and monitoring.
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This chapter addresses the process of designing the PCB for the base SDR
platform, which works up to 6 GHz. It is divided into three sections, where the
first comprises a comprehensive description of the platform architectures, using
a functional block diagram. The second section extensively addresses the circuit
design process, from the selection of components to their interconnections. Finally,
the PCB layout process is clarified in detail, including the challenges faced during

this process, and the methodology used to overcome them.

3.1 PLATFORM ARCHITECTURE

This section describes, in detail, the architecture of the SDR base platform.
To ensure the SDR usability in as many application scenarios as possible, it is
architectured in an expansible way, leaving, where possible, room for future feature
implementations, as can be seen by the top level block diagram of fig. 3.1. The
technical specifications were also defined to cover the widest possible range of use

cases.

The synchronization unit generates clocks for the digital logic and reference
signals for various functional blocks (i.e., transceiver and frequency synthesizers),
assuring the required synchronization between clock domains. It is comprised by
an internal clock source and a highly programmable clock generator integrated
circuit (IC). The synchronization unit allows the SDR user to input an external
clock source (e.g., from a GPS disciplined oscillator (GPSDO)) as well as providing
the user with a clock output for synchronizing external devices. The clock tree of
the platform should be as programmable as possible, allowing, for example, the user
to select which clock source to use (internal or external) for a certain clock output.

It should also achieve a determined output clock frequency with excellent precision.

The signal processing and SDR, control block is where all the digital signal pro-
cessing occurs, such as modulation, demodulation, filtering and block configuration,

control, and monitoring. This block serves as the "brain" of the radio and comprises
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Figure 3.1: Base SDR platform block diagram.

a FPGA, which communicates via PCle with an on-board Raspberry Pi compute
module 4 (CM4) or with an external Root Complex (host) through an edge connec-
tor. The FPGA should have more than enough logic resources for accelerating and
even completely implementing DSP algorithms, although it can be programmed
to serve simply as a translation layer between the RF transceiver and the host
controller. A block of DDR3 random access memory (RAM) is also included and
directly connected to the FPGA, which should further increase the flexibility of
the SDR when operating standalone. The integrated Raspberry Pi CM4 increases
flexibility by allowing digital signal processing to happen at the software level,

instead of at firmware or hardware level as would be the case of the FPGA.

The RF section comprises an agile RF transceiver which performs digital filtering,
signal domain conversion, frequency conversion (translation) and signal amplification.
The agile transceiver operates up to 6 GHz, but its output signals can be routed
to expansion cards (modules) which will further translate the signal into other
frequency bands. The base platform also includes a frequency synthesizer IC capable
of generating signals with frequency up to 18 GHz. These are meant to serve as LO

for expansion cards, but can be used for other diverse purposes.
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The base platform is architected such that further expansion is possible, and
this point should always be taken into consideration during the design phase.
In the future, additional expansion cards (other than the mmWave module, for
example) could be developed, either to extend the frequency span to higher or lower
frequencies, and/or to provide higher output power, among other desirable features.
The expansion modules will have access to the RF transceiver inputs and outputs,
the frequency synthesizer outputs, various power rails with different voltages and
current supply capabilities, general purpose digital I/O to/from the FPGA and a

clock signal from the synchronization unit.

Although not an essential component for the principal SDR operation goals,
an audio coder / decoder (CODEC) is also included in the design, as part of the
flexible architecture objective. This block allows easier interfacing with analog audio

peripherals.

3.2 FUNCTIONAL BLOCK DESIGN

In order to determine the needed components and start selecting suitable parts,
a highly simplified block diagram of the system was drawn, including just the main
sections of the SDR and the interconnections that may exist between them. This
diagram is represented in fig. 3.1, which is a visual representation of the architecture

briefly explained in section 2.6.

3.2.1 Signal processing core

The core of the system is an FPGA, given its high performance and flexibility, as
explained in section 2.4. When it comes to FPGA manufacturers, two names arise
immediately: Altera (now Intel) and Xilinx (now AMD). Although there are many
more manufacturers of FPGA ICs, Altera and Xilinx definitely offer the largest
ecosystem of products, tools and support. For that reason, and taking into account
previous experience with Xilinx products, a Xilinx 7-series FPGA was chosen,
namely the XC7A100T in an FGG484 package. This part contains 101440 logic cells,
240 DSP slices and 4860 kb of block RAM. The more than 280 general purpose
input/output lines are spread across four banks with each one supporting operation
on a different I/0 standard (e.g., LVITL, LVCMOS, LVPECL, LVDS; etc...). There
are drop-in replacement products in the same family which are pin-compatible with

this part, offering different amounts of logic resources, and even parts designer for
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lower power operation. This means that once the design is finalized, a cheaper part

can be installed, shall the design work correctly on said part.

Accompanying the FPGA, a single 512 MB DDR3 memory is used for general
purpose data storage, further increasing the flexibility of the SDR by offering the
ability to execute processing functions that require more memory than the FPGA
block RAM can offer.

The FPGA communicates with the application processor through PCle. The
processor can either be an integrated Raspberry Pi CM4 or any other PC with an
available PCle slot. The CM4 is a system-on-module (SoM) consisting mainly of a
Broadcom BCM2711 SoC, RAM and, optionally, non-volatile storage. The module
provides a lot of connectivity through two 100-pin board-to-board connectors, such
as two MIPI camera serial interfaces (CSIs), two MIPI display serial interfaces (DSIs)
and two high-definition multimedia interfaces (HDMIs) which can operate at 4K
resolution and 60 frames per second. Additionally, various low-speed communication
buses are also provided among with a single lane of PCle which can operate at 5
GT/s. The use of a socketed SoM directly contributes to future-proofing the SDR,
platform, as an upgraded version of the module can easily be swapped-in, instantly

providing higher computing power to the SDR.

3.2.2 RF transceiver

In regards to highly integrated ultra-wideband RF transceivers, Analog Devices
seems to lead the market. Many COTS software defined radio equipment seems to
utilize transceivers from the AD936x family. The Lime Microsystems LMS7002M
is also known in the SDR COTS market, however, in spite supporting a wider
bandwidth of 120 MHz, its frequency range is limited to 3.8 GHz, while the AD9361
can reach 6 GHz with a sample rate of up to 61.44 MSPS, a typical receiver noise
figure of 2 dB, a TX noise floor better than -157 dBm/Hz, while also offering
numerous digital signal processing and monitoring functions. In addition, the
Analog Devices parts seem to be better documented and supported, both by the
manufacturer and the community. As such, the AD9361 RF transceiver seems to
suite the needs of this project, covering frequencies from 70 MHz (47 MHz TX) all
the way up to 6 GHz at a maximum instantaneous bandwidth of 56 MHz. As can
be seen by the device internal block diagram in fig. 3.2, the transceiver comprises
three RX inputs and two TX outputs per channel, totaling six RX and four TX
independent connections. As per the SDR block diagram, fig. 3.1, all the four TX
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Figure 3.2: AD9361 functional block diagram [40].

outputs are exposed to the user. The A output of each channel is exposed directly
to the user, while the B output is used to feed an ADL5601 amplifier, whose output
is then available via an SMA connector. The ADL5601 is a general purpose gain
block from Analog Devices which operates at up to 4 GHz, and is used in the SDR
to provide an output with a higher power level than is normally provided by the
transceiver. The ADL5601 is chosen because of it’s package footprint, which is
compatible with many other general purpose amplifiers, including parts from other

vendors, adding to the versatility and flexibility of the SDR platform.

On the receiving side, the base SDR only exposes four inputs. The A input of
each receiver is exposed directly, as the A channel of the transmitters. The C input
of both receivers is also exposed to the user, however, it has the added capability of
supplying DC power to an external LNA or any other active device, through two
digitally controllable wideband Bias-Ts, implemented externally to the transceiver.
The B input of the receivers is not exposed, and its connection pads are shorted
to ground on the board, as per the manufacturer recommendation for unused RF

inputs.

The general purpose outputs (GPOs) of the transceiver, depicted in fig. 3.2, are
used to control the TX amplifiers and RX Bias-Ts. These digital outputs can be

directly associated with the transceiver signal processing chain control logic, such as
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to only supply power the relevant elements when needed (e.g., only power the TX
amplifiers when actively transmitting, or the RX Bias-Ts when additional gain is
needed from an external LNA). The crystal inputs depicted in fig. 3.2 (XTALP/N)
are used in this design as external clock inputs, connected to the synchronization

unit (fig. 3.1), as this is a configuration supported by Analog Devices.

3.2.3 mmWave synthesizer

As shown in the block diagram of fig. 3.1, a synthesizer capable of generating high-
frequency tones is included in the design. The purpose of this block is to generate
local oscillator signals for the expansion boards. Several parts were considered, mainly
from Analog Devices, such as the ADF4371. This part covers a large frequency
range, from 62.5 MHz to 32 GHz, however, it does not utilize a single output for the
entire frequency range, as can be seen in the functional diagram of fig. 3.3, meaning
plenty of additional components are needed shall an applications’ frequency range

cross the boundary between two of the ADF4371 outputs [41].
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Figure 3.3: ADF4371 functional block diagram [41].

The Renesas Electronics 8V97003 covers a frequency band from 171.875 MHz to 18
GHz, which is significantly lower than the ADF4371, however, besides accomplishing
a slightly lower phase noise floor of -236 dBc/Hz, it also outputs the entire range
through a single pair of differential outputs, as shown in its internal diagram in
fig. 3.4. Given that this will be the signal with the highest frequency of the entire
design, it will practically dictate the PCB materials that can be used. Achieving
a PCB design capable of reliably operating at or near 32 GHz requires careful
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Figure 3.4: 8V97003 simplified block diagram [42].

material selection, which quickly raises the cost of PCB manufacturing, and even at
18 GHz proves to be quite challenging. Because of this, a upper-end frequency of
18 GHz is decided to be enough for the purpose of this platform, considering the
lower power that can be extracted from the synthesizer at 32 GHz when utilizing a
typical FR-4 dielectric PCB. A more suitable substrate could, of course, be utilized,
such as Rogers 4350B or 4003C. However, it would significantly increase the cost
of the PCB, as mentioned before, for the sole purpose of generating a 32 GHz
tone with usable power levels. The decision to not support such high frequencies is
also justified by the fact that many converter architectures that operate on those
mmWave bands only require an input LO signal that is a divided-down version of

the final RF carrier frequency [43, 44].

In addition to the excellent voltage controlled oscillator (VCO) phase noise
performance, the 8V97003 also offers an input reference multiplier, as can be seen
in fig. 3.4, which allows clocking the phase-frequency detector (PFD) at a higher
frequency even when the actual input reference frequency is lower. A few relevant
benefits of operating the PFD at higher frequencies are improved phase detection
resolution, faster lock times and reduced spurious noise [45]. For those reasons, the

8V97003 synthesizer IC was ultimately chosen.

As can be seen in fig. 3.4, the PLL loop filter is expected to be implemented
externally to the IC, using discrete components. The loop filter is a critical component
that shapes the overall performance of the PLL by controlling stability, noise
rejection, and transient response. It determines how the PLL responds to phase
errors and affects key parameters such as lock time, jitter performance, and reference
spurs [46]. The implemented 3™ order passive loop-filter topology is depicted in
the schematic of fig. 3.5, and was designed with the considerations from various

Renesas Electronics provided application notes [47, 48]. The PLL loop bandwidth,
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Figure 3.5: mmWave synthesizer loop filter schematic.

fe, which influences not only the lock time but also the phase noise profile of the

synthesized signal, can be expressed by eq. (3.1),

_ Bs-Icp-Kveo

Je N o

(3.1)

where R is Rgos in fig. 3.5, Icp is the charge pump current, Ky oo is the the
VCO gain and N is the feedback divider. As can be seen, for a given PFD and
output frequency pair, the only remaining variable which affects the loop bandwidth
is the charge pump current, Iop. The 8V97003 IC offers a digitally controllable
charge pump, yielding a finer control over the loop bandwidth of the PLL. This
feature is exploited to achieve an automatic loop tuning when configuring the
synthesizer. At the schematic level, the value of Rs (Rgos) was picked such that
with a variation of the charge pump current, a wide variety of loop bandwidth
configurations was achievable, over a reasonable range of operating PFD frequencies,
as per the datasheet [42]. The whole loop filter, however, can be re-designed shall a
specific application of the SDR require so.

The remaining loop filter components also play crucial roles in the synthesizer
performance, as they directly determine the zero frequency, f., the first pole

frequency, f,, and the second pole frequency, f,2, as per the following equations:

1

fz = ma (3‘2)
where Cs is Cgi6 in fig. 3.5,
1
R — 3.3
fp Qﬂ_RSCP’ ( )
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where C) is Cg17 in fig. 3.5, and
(3.4)

where R3 and C5 are Rggg and Cgig, respectively, in fig. 3.5. As a rule of thumb,
to keep the PLL operating in a stable region, the relationship f, < f. < f, < fp2
should be respected [47]. As the only variable component is f., the aforementioned

control algorithm is crucial to ensure stability.

Regarding the output ports of the synthesizer, the datasheet mentions the require-
ment for external biasing, due to the open-collector nature of the complementary
outputs. This biasing can be implemented using resistive or reactive elements, but
the resistive topology is employed here due to the operating frequency limitations
introduced by reactive terminations. Radio frequency resistors from Vishay are used

to bias the outputs of the synthesizer, as depicted by fig. 3.6. To separate the DC
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Figure 3.6: mmWave synthesizer output network schematic.

level of the biased synthesizer outputs from the externally connected circuit, a DC-
block capacitor is used. A wideband 520L series DC-block from American Technical
Ceramics is employed here, as it is specified to introduce minimal attenuation up to
16 GHz, and recommended by the synthesizer IC manufacturer, Renesas Electronics.
As a single ended output is desired, the complementary ports of both channels are

terminated with another RF load resistor.

3.2.4  Clock management

The Skyworks Si5351 clock generator is responsible for synthesizing various clock

and synchronization signals required by certain system blocks, mainly the FPGA,
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the RF transceiver, mmWave synthesizer and expansion cards. This part, which is
functionally depicted in fig. 3.7, offers eight independent clock outputs which can
produce non-integer multiples of up to two different reference inputs. It is a compact
solution to distribute multiple reference signals, compared to utilizing a single crystal
per block. The two clock inputs are a key advantage in this application, allowing one
(the XA /XB) input to be used by an on-board 0.5 ppm temperature-compensated
crystal oscillator (TCXO) while exposing the second (the CLKIN) input to the user,
which can provide their own master clock if required. The system is then able to

either synchronize completely or selectively to this user-provided clock.
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Figure 3.7: Si5351C simplified block diagram [49].

Each MultiSynth depicted in fig. 3.7 divides the source clock by a configurable
fractional ratio and there’s an output stage for each of the MultiSynth divided
clocks. The source clock for the MultiSynth is one of two PLLs, which comprise a
programmable fractional feedback divider. The source clock for each PLL can be

originated on the TCXO or on an external clock.

3.2.5  Power management

The SDR platform can be powered externally through a two wire standard DC
power source, via the 12 V rail of the PCle edge connector or via USB PD. The PMU
is responsible for generating, controlling, sequencing and monitoring all the power
supply rails required by the internal functional blocks of the radio. It comprises a
power management controller (PMC) microcontroller, which, among other tasks,
handles USB PD communication and negotiation, selects the best power source to
use and correctly configures the voltage regulators to produce all the voltage rails

required by the system, while also sequencing them properly. Figure 3.8 depicts the
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SDR power supply tree, including the three aforementioned possible power inputs,
all the voltage regulators, voltage levels and maximum current supported by each
rail. This figure also contains the PMC and its connections to the power tree. This

detailed diagram is further explained in this section.
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Figure 3.8: Base SDR platform power management unit diagram.

There are several voltage rails needed to power all the working sections of the
SDR, each having different maximum power and noise constraints that should not be
overlooked. This, associated with the previously mentioned design goal of supporting
three different power sources for the SDR, means that the power management unit

is a quite complex system on its own.

When it comes to the architecture of the PMU, it is important to understand
the two fundamental voltage regulator families: linear regulators and switching
converters. Switching regulators and linear regulators each have their own strengths
and weaknesses, making them suitable for different applications. Switching regulators
are highly efficient, often exceeding 80-90%, as they use inductors, capacitors, and
switching elements to convert voltage with minimal power dissipation. However,
they introduce high-frequency noise and electromagnetic interference (EMI), which
can be problematic for sensitive analog or RF circuits which comprise the SDR.
On the other hand, linear regulators, while offering excellent noise performance

and fast transient response, suffer from poor efficiency, especially when the voltage
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drop between their input and output is significant, resulting in excessive energy loss
from heat dissipation. To achieve an optimal balance between the two, a common
approach is to use switching regulators as pre-regulators, setting their output voltage
slightly higher than the required final voltage, followed by linear low dropout (LDO)
regulators to provide clean, stable power to noise-sensitive components. This hybrid
approach maximizes efficiency while ensuring low noise, as the switching regulator
handles most of the power conversion efficiently, and the LDO removes residual
ripple and switching noise, delivering a quiet supply voltage ideal for precision
analog, RF, and low-noise digital applications [50]. This hybrid architecture can
clearly be observed in fig. 3.8.

The UPD301C is a multi-die integrated circuit designed for USB PD applications.
It contains not only a USB PD controller, but also a general purpose ARM Cortex-
MO0+ micro-controller unit (MCU). The architecture of the IC is quite interesting,
since the MCU is programmable independently of the controller, and thus offers a
lot of flexibility when it comes to the specific application scenario. In this use case,
it is used not only to manage the universal serial bus (USB) port power, but also to

manage the whole system power tree.

Correct sequencing of power rails in systems with multiple supply rails and ICs
that require different voltages is crucial for reliable operation and long-term stability.
The order in which different power rails are turned on and off can affect functionality,
performance, and even the longevity of components [51]. Many modern ICs have
internal protection diodes between power rails and I/O pins, and if the rails are
powered in the wrong sequence, unwanted current paths may form, potentially
damaging the IC. Some chips, especially FPGAs and processors, have separate core
and I/O voltages, and if, for example, the I/O rail is powered before the core, it
can result in latch-up, where excessive current flows through unintended paths,
permanently damaging the device. In this SDR platform, the power sequence is
guaranteed by the correct chaining of regulators, where the power-good indication

signal of the previous regulator is connected to the enable signal of the next one.

The UPD301C PMC is the first part of the SDR circuit to power-on, and is
always powered, no matter what the SDR is doing. At boot, it first decides which
power source is to be used (USB PD, PCle or external input), and connects it to
the system pre-regulator, allowing the rest of the system to power up following
the sequence depicted in fig. 3.9, ensured by the aforementioned chain connection
topology. During operation, the PMC communicates with the FPGA, which monitors

and manages the system power.
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Figure 3.9: Simplified PMU voltage rail power-up sequence.

The LT7182S is a feature-rich dual step-down switching regulator, with support
for configuration and telemetry via the power management bus (PMBus). It is used
in this system as a pre-regulator, due to its high input voltage tolerance of up to 20
V and high output current capability of up to 6 A per channel, continuously, or, at
most, one of the channels may provide 8 A. The first output channel of the device is
used to generate a 5.2 V voltage rail, which most of the remaining power tree uses
as input. The second output channel is used to generate the FPGA core voltage of

1.0 V, due to the high current that may be drawn by the FPGA on this rail.

The pre-regulator output voltage, among many other operating parameters, is con-
figurable via PMBus. This feature is used to reduce the system power consumption
and increase the system efficiency by allowing the FPGA to run at a slightly lower
core voltage when supported. It can also be useful to increase the voltage headroom
for some low-noise linear regulators that may offer better noise performance when
operated in that way, if needed. The PMBus interface is available to the PMC and
also to the FPGA, such that both devices can control the regulator, although only

one may be the bus master at a given time.

The MIC23155 and MIC23159 general purpose step-down switching regulators are
used to generate several voltage rails for the various system blocks. The MIC23155
is the single regulator IC version of the MIC23159. A 1.2 V rail, capable of sourcing
up to 2 A, is generated to feed the FPGA high-speed serial transceivers termination
voltage input. A 1.8 V rail is used to power the FPGA auxiliary logic, as required by
the manufacturer. A 1.35 V is generated to power the DDR3 memory and the two
associated interface pin banks on the FPGA, which are dedicated to communications
with this memory. An MIC5166 memory terminator power supply integrated circuit
is used to generate the termination voltage for the DDR3 address, command and
control interface lines, and also takes care of the reference voltage generation for
the input buffers. It requires a connection to the 1.35 V rail, but draws very little
power from this rail, as it’s only used as an internal reference. The bulk power is

drawn from the 5.2 V rail.

One of the remaining FPGA pin banks is powered by a 3.3 V rail, and is mainly

used to interface with the majority of the system peripherals, such as the mmWave
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synthesizer, the audio CODEC, the power management unit and the clock manager.
The last FPGA pin bank is powered by a 2.5 V rail, and is mainly used to interface
with the RF transceiver IC, whose interface supply pin is also fed from the 2.5 V

rail.

When designing a hybrid power distribution system, using a low-noise linear
regulator after a switching regulator, it is crucial to consider its power supply
rejection ratio (PSRR) performance across frequency to ensure effective noise
filtering. The PSRR can be given by

(3.5)

PSRR = 20log (AVOUT) :

AVin

where AVoyr is the variation in the output voltage of a device produced by the
variation in the input voltage that originated it, AV;y. As the switching regulator
introduces ripple and noise at its operating frequency, harmonics, and, sometimes,
sub-harmonics, the LDO’s ability to reject this noise depends on its PSRR across
the relevant frequency range. A high PSRR at the most critical and noisy frequency
ranges ensures that most of the ripple is attenuated, delivering a clean output voltage.
However, as PSRR typically decreases at higher frequencies, careful selection of
the LDO and proper layout techniques, such as input and output filtering using
low equivalent series resistance (ESR) capacitors, are essential to maximize noise
suppression and achieve optimal performance in the sensitive power domains of the
SDR.

As can be seen in fig. 3.8, the 2.5 V rail produced by the MIC23159 switching
converter is powering two ADMT7171 low-noise LDOs. These regulate the voltage
down to 1.3 V, which then power the RF transceiver IC core. This design allows a
very clean voltage rail to power the sensitive RF circuitry, while minimizing power
loss by reducing the voltage difference between the ADM7171 output and input, as
mentioned before. The 2.5 V rail is the lowest voltage rail in this design that can
be used to power the ADMT7171, since its minimum working input voltage is 2.3 V.
Figure 3.10 depicts the typical PSRR performance of the ADM7171 across frequency.
The previously mentioned behavior of a worse PSRR at higher frequencies can
clearly be observed, but a good PSRR of about -45 dB is also visible at around 3
MHz. This is the switching frequency of the MIC23159 regulator that precedes the
ADM7171 LDO. Higher order harmonics of the switching frequency will still be
attenuated by the LDO, as the PSRR is about -30 dB at up to 10 MHz, but this

higher frequency noise rejection is improved by the output filtering capacitors.

48



3.2 FUNCTIONAL BLOCK DESIGN

—— I 0ap = 100mA
—— I 0AD = 200mA
— ILOAD =500mA
-20 lLoap = 1A
— -0 oy
g /il N
2 /
o 60 w4l
-80
-100
1 10 100 1k 10k 100k 1M 10M

FREQUENCY (Hz)

Figure 3.10: ADM7171 PSRR vs frequency, at different loads, with a headroom of 800 mV
[52].

To power the mmWave synthesizer, again, two ADM7171 regulators are used.
This time, as the IC requires 3.3 V, the regulators are fed by the 5.2 V rail. As the
voltage headroom of 1.9 V is slightly higher than desired, it is decided to split the
mmWave synthesizer load between two LDOs, in order to facilitate the transfer of

the dissipated heat to the PCB.

The controllable integrated gain blocks on the RF transceiver outputs and the
Bias-Ts are powered by a clean 5.0 V rail, generated by an ADM7172, powered by
the 5.2 V rail. This is possible due to the very low dropout voltage of the ADM7172.
The ADM7170, ADM7171 and ADMT7172 belong to the same family of low-noise
linear regulators, and are pin-compatible with each other. The main difference is

the output current capability of 500 mA, 1 A and 2 A, respectively.

An ADP150 is used to power the audio CODEC with a clean 3.3 V source. It
is used instead of an additional ADMT7171 because the power consumption of the
CODEC is lower. The ADP150 is capable of delivering up to 150 mA of current.

3.2.6 Ezpansion card interconnections

The interface between the base SDR platform and the expansion cards is of
paramount importance and cannot be overlooked. It is designed to offer as much
flexibility as possible (e.g., power, communication, clock), without compromising

the functionality of the base platform.
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The interface consists of three groups of 2.54 mm spaced contact points, each
of the groups being organized in a 2 by 3 grid, as depicted in fig. 3.11. One of
the contact groups is entirely dedicated to delivering power to the expansion card,
where three voltage rails are available, as illustrated in fig. 3.11a. Two contacts
provide 5.2 V, directly from the pre-regulator of the PMU, while a third and fourth
contacts provide 2.5 V and 3.3 V, respectively, from switching regulators. The
last two contacts in this group carry the return current, and are connected to the
reference potential, i.e., ground. Each contact is rated to carry up to 3 A, which
allows an expansion card to consume up to 6 A of current, limited by the two ground
contacts. This is, of course, limited by the regulator’s current output capability, so

the designed current limit of the contacts should never be hit.
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Figure 3.11: Expansion card connectors pin diagrams: (a) Power connections; (b) 3.3 V
GPIO connections; (c) 2.5 V GPIO and clock connections.
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Regarding communications with the expansion card, there is a single group of
connections, fig. 3.11b, dedicated to five 3.3 V LVCMOS GPIOs directly connected
to the FPGA, along with a ground connection for the return current. This connector
is not intended for high-speed logic signals, but to carry slow management interfaces
such as I12C or infrequently switched control lines. Another set of three 2.5 V
LVCMOS GPIOs are available on the last group of contacts, as represented in
fig. 3.11c. The remaining three lines of this last group is arranged in a ground-
signal-ground (GSG) manner, and provide a direct clock line connected to the clock

management unit.

A GSG connection layout offers several advantages, particularly in high-frequency
applications, as expected for the clock signal. By placing ground pads on either side
of a signal pad, GSG layouts help control signal integrity by reducing parasitic effects
and providing a well-defined return path for high-speed signals. This minimizes

crosstalk, lowers signal distortion, and improves impedance matching. Additionally,
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the symmetric ground placement enhances EMI suppression and reduces the risk of

unwanted coupling between adjacent lines [53].

3.3 PCB STACKUP AND LAYOUT

Selecting the PCB stackup for the SDR base platform required balancing RF
performance, impedance control, and cost. While some RF traces are present,
the majority of them consists of short and constant impedance lines connecting
pre-matched components to each other and/or to connectors, meaning that com-
plex impedance matching networks are not necessary on the PCB itself. Ideally, a
PTFE/Teflon-based high-frequency dielectric would provide superior signal integrity,
lower dielectric loss, and minimal signal dispersion at high frequencies. However,
such materials significantly increase manufacturing costs and may impose tighter
fabrication constraints, making them less practical for this application. Instead,
a compromise was made using an FR-4 core and prepreg materials that ensure
controlled impedance while keeping fabrication costs reasonable. By carefully se-
lecting materials with well-characterized dielectric properties, it was possible to
maintain good signal integrity while ensuring manufacturability using standard

PCB fabrication processes.

Typically, an 8-layer PCB would be preferred for an extensive design as is the
base SDR platform, to achieve optimal isolation, power integrity, and routing
flexibility. Additional layers would allow improved shielding between signal layers,
reducing crosstalk and minimizing unwanted coupling. However, to keep fabrication
costs within a reasonable budget, a 6-layer stackup was chosen instead. Despite this
reduction in layer count, careful layer arrangement and routing strategies ensure that
the 6-layer configuration remains easily manageable, providing sufficient isolation
for RF traces while maintaining controlled impedance for high-speed signals. The
final stackup is detailed in table 3.1 and represents a practical balance between
performance, manufacturability, and cost-effectiveness, ensuring that the PCB meets

both electrical and mechanical requirements without unnecessary complexity.

During the initial PCB layout phase, components were strategically placed to
ensure short, direct connections between elements that needed to interface closely.
Key components were positioned with functional grouping in mind, minimizing
trace lengths to reduce parasitic effects and signal degradation. RF components,
connectors, and high-speed interfaces were arranged to optimize signal flow while

avoiding unnecessary routing complexity, as can be seen in fig. 3.12, which depicts
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Table 3.1: Base SDR platform PCB stackup.

Layer Material Type Thickness

Top Copper 35 pm
Prepreg 3313 0.0994 mm
Layer 2 Copper 15.2 pym
FR-4 Core 0.55 mm
Layer 3 Copper 15.2 um
Prepreg 2116 0.1088 mm
Layer 4 Copper 15.2 pm
FR-4 Core 0.55 mm
Layer 5 Copper 15.2 pm
Prepreg 3313 0.0994 mm
Bottom Copper 35 pum

a practically fully assembled PCB prototype with the functional component groups
identified. By prioritizing proximity and logical placement, it is possible to achieve
a cleaner layout, reducing trace meandering, ultimately enhancing signal integrity
and manufacturability. After roughly arranging the key components of the circuit

functional blocks, the trace routing task can be started.

L :___iSocket for Compute Module 4
.__‘mmWave Synth Audio CODEC
..__:FPGA + DDR3 Power Management Unit
i__iSystem Clocks Generator

Figure 3.12: Assembled PCB prototype of the base SDR platform with identified functional
sections.

52



3.3 PCB STACKUP AND LAYOUT

One of the routing challenges is the DDR3 memory interface, which connects
the FPGA to the memory IC, which requires careful placement of traces, and
cannot be overlooked. Length matching when routing a DDR3 interface is crucial to
ensure signal integrity, minimize timing skew, and achieve reliable high-speed data
transfers. DDR3 memory operates with strict timing requirements, and mismatches
in trace lengths can lead to data corruption, reduced performance, or complete
communication failure. The most critical signals in a DDR3 interface include
the clock, address/command/control, and data (DQ) buses, including the data
strobe (DQS), each of which requires careful routing to meet the necessary timing
constraints [54]. A summary of the trace length constrains which governed the

DDRS3 interface routing can be observed on fig. 3.13.
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Figure 3.13: Summary of trace length matching rules for the DDR3 interface.

The primary reason for length matching is to ensure that signals arrive at the
memory device or controller at the correct time relative to each other. Since signals

travel at different speeds depending on the PCB material and layer stack-up,
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any variation in trace length can cause timing misalignment. This is particularly
important for the data bus, where signals must be aligned within a tight timing
window, known as the setup and hold time, to be sampled correctly by the receiving
device. If signals arrive too early or too late, the data may be misinterpreted, leading

to read and write errors [55].

The DDR3 clock signal must be carefully matched with the address, command
and control signals to ensure proper synchronization. If the clock arrives too early
or too late relative to these signals, the memory may latch incorrect address or
command data. Similarly, within a byte lane, the DQ signals must be matched
with the corresponding DQS signal to maintain correct data timing. DDR3 uses a
source-synchronous clocking scheme, where the DQS signal aligns with data during
transmission. If length mismatches exist, some bits may arrive at the receiver too

soon or too late, causing bit errors [55].

A valuable reference for selecting the routing topology and defining the constraints
is the Xilinx provided application note [56]. Following the guidelines provided on
that document, among with the vast knowledge acquired from [54], the memory
interface was routed using stripline transmission lines in the internal layers 3 and 5
of the PCB. Striplines are formed by the traces at the aforementioned layers, using
reference planes at layers 2, 4 and, in the interface area, also on the bottom layer
(layer 6). A snapshot of the routed DDR3 interface is shown in fig. 3.14, where the

meanders that provide length matching can clearly be seen.
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Figure 3.14: Snapshot of the DDR3 trace layout and length matching.
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Also of increased importance for the correct performance of the SDR is the RF
transceiver parallel data interface. This interface comprises two 12-bit ports, two
clock signals and two framing signals, as depicted in fig. 3.2. Length matching of
these traces is not so critical, as the transceiver IC implements configurable delay
elements which allow timing mismatches to be corrected. The parallel interface
between the AD9361 and the FPGA is depicted in fig. 3.15, where the source-

synchronous nature of both 12-bit data ports can be seen. On the received data

AD9361 BBP
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o] PLL ’ {>—< >—l> ’
FEEDBACK
CLK GEN
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DATA

L

:\I
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DATA DATA
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-
I TXNRX I

CTRL I ENABLE I CTRL

Figure 3.15: Interface connections between the RF transceiver and the FPGA [57].

A

port, the RF transceiver actively drives the data and clock (DATA_CLK), which
the FPGA receives. On the transmitted data port, the FPGA derives a clock from
the clock signal received via the RX data port, and actively drives the 12 bits of
data synchronous to that derived clock (FB_CLK). The fully routed parallel data
ports, along with clocks, framing and other general purpose and slower control lines
can be observed in fig. 3.16. Layer 3 of the PCB is used to route these signals as

stripline transmission lines.

Figure 3.16: Snapshot of the RF transceiver parallel data interface routing.
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The power management unit section of the SDR, mostly condensed on the top right
corner of the PCB, as seen in fig. 3.12, is further subdivided in small circuits which
comprise each regulator depicted in fig. 3.8 along with all the passive components
required for their operation, which range from a couple of filtering capacitors for

linear LDOs to a slightly more complex layout for the switching regulators.

Power integrity (PI) is a critical aspect of the PCB layout, ensuring that power
delivery networks (PDNs) provide stable and noise-free voltage to the relevant cir-
cuits. Poor power integrity can lead to signal degradation, increased electromagnetic
interference, and system malfunctions [58]. Maintaining PI involves minimizing
voltage fluctuations and transients, reducing power supply noise, and ensuring PDNs

present a low impedance across different frequencies [59].

In switching converters, minimizing the power switching loop area is crucial for
enhancing efficiency and reducing EMI. A smaller loop area diminishes parasitic
inductance, leading to reduced voltage spikes and switching losses. This practice
not only improves the converter’s performance but also mitigates EMI, ensuring
compliance with regulatory standards and minimizing potential interference with
nearby electronic devices [60]. An example of a typical component placement which
minimizes the high-frequency switching current loop is depicted in fig. 3.17, which
shows the layout of both channels of the LT7182S pre-regulator, with the rough

current loop identified for one of the channels.

Figure 3.17: Snapshot of the pre-regulator routing, with the high-frequency signal loop
identified.

Bulk power transmission through the PCB is achieved through copper pours,
mostly in the internal PCB layers, which span the circuit areas that connect to
a particular power rail. The return current path is guaranteed by the PCB layer

2, which is completely filled with a ground pour, and also by several other layers
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where free space has been also filled with ground pours, properly stitched to layer 2

with vias. The global network of power copper pours can be seen in fig. 3.18.

Figure 3.18: Snapshot of the base SDR platform PCB with all the power pours filled.
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SDR BASE PLATFORM FIRMWARE AND SOFTWARE
DEVELOPMENT

Software defined radio technology has revolutionized the field of wireless com-
munications, offering unprecedented flexibility and adaptability in radio systems.
By implementing radio functions in software rather than hardware, SDRs enable
rapid prototyping, multi-standard operation, and dynamic reconfiguration of radio
parameters. This chapter delves into the intricate details of firmware and software
development for the SDR base platform, exploring the complex interplay between
hardware, firmware, and software components that form the backbone of the SDR
base platform. The chapter examines the digital architecture implemented in the
FPGA, addressing the design of key logic blocks, including custom and proprietary
IP cores specifically developed for this project, and covers the software stack, in-
cluding the Linux device drivers and their interface with userspace, which together
enable the creation of a versatile and powerful SDR. The chapter spans everything
from low-level FPGA firmware implementations to high-level user applications, pro-
viding a comprehensive overview of the technical challenges and solutions involved

in developing a state-of-the-art SDR system.

4.1 FPGA DESIGN ARCHITECTURE

The FPGA of the SDR base platform serves as a data processing unit, system
management and central hub for various interfaces, promoting communication, data
transfer, control and monitoring between different functional blocks, as illustrated
in fig. 3.1, ensuring seamless operation of the SDR platform. As can be seen, the
FPGA connects to the AD9361 RF transceiver, which handles digital filtering,
signal domain conversion, frequency conversion, and signal amplification. The
FPGA communicates with the Raspberry Pi CM4 via PCle, enabling high-speed
data exchange and allowing digital signal processing to occur at the software level.
Additionally, the FPGA interfaces with DDR3 memory to enhance the system’s
flexibility and performance. Other interfaces include 12C and SPI for management,

control and data transfer, I2S for audio data transfer, and Ethernet for network
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connectivity. The FPGA also controls GPIO lines and interfaces with the power

management unit.

In modern FPGA-based development, The Vivado IP Integrator provides a
powerful visual framework for assembling complex systems using pre-designed IP
cores, streamlining hardware design while maintaining flexibility for software-driven
signal processing. This section explores how the IP Integrator was leveraged to
create the architecture that is, effectively, the brain of the SDR, by integrating
multiple IP cores, from different vendors, including blocks specially designed for

this purpose, as presented in the previous sections.

To accomplish all the above-mentioned functions, an FPGA logic design capable
of data processing and digital bus communication for management, control and
data transfer must be developed and implemented, as illustrated in fig. 4.1. This
high-level bus block diagram outlines the architecture and components (and their
interconnections) involved in the firmware (and supporting software) development
for the FPGA used in the SDR base platform. Key elements include interfaces and
controllers such as GPIO, (Q)SPI, 12C, 12S, and PCle for high-speed communication
and data transfer. Memory and storage components include a DDR3 interface, a
BRAM scratchpad, and a memory-mapped SPI flash for non-volatile storage. The
processing units feature a PicoRV32 RISC-V core and multiple DMA controllers to
handle data transfers with minimal CPU intervention. Communication and data
management are handled by interconnected AXI buses, AXI stream point-to-point
interfaces, an interface IP for the RF transceiver. An RF timestamping core is
included to handle precise radio timing. System management components include
reset and clock management logic, an interrupt controller, and a non-volatile device
information core. Additional components include interconnections with a mmWave
synthesizer and an audio CODEC. The FPGA design also considers the interface
with expansion cards for added functionality. This comprehensive overview highlights

the integration of various elements to support SDR, applications.

In modern FPGA-based development, the Vivado IP Integrator provides a power-
ful visual framework for assembling complex systems using pre-designed IP cores,
streamlining hardware design while maintaining flexibility for software-driven signal
processing. This section explores how the IP Integrator was leveraged to create the
FPGA logic architecture that is, effectively, the brain of the SDR, by integrating
multiple IP cores, from different vendors, including blocks specially designed for

this radio.
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Figure 4.1: FPGA logic design high-level block diagram.
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The logic design employs many modern interfaces and techniques, as described
above and presented in fig. 4.1. The key IP cores that comprise the FPGA logic
design are listed in table 4.1. Their usage, interconnections between IPs, as well as
the challenges faced during the development are further addressed throughout this
section. As can be seen, there are several IPs from Xilinx, one from Wolf, C [61],
several from Analog Devices and nine proprietary IPs, developed specifically for

integration in this platform, to improve the functionality and flexibility of the SDR.

Table 4.1: Principal IP cores comprising the FPGA logic design, with resource usage and
brief purpose description.

Core Vendor LUT FF BRAM Purpose
PicoRV32 Wolf, C. 9905 996 0 General purpose system
[61] management.
XADC Wizard Xilinx 263 371 0 XADC hard IP interface.
MIG Xilinx 4804 4195 0 DDR3 interface.
Clock  synthesis  for
Clocking Wizard  Xilinx 1 0 0 DDR3, MMCM hard IP
interface.
AXI MM to e PCle interface with PC
PCle Xilinx 12582 10245 16 or CMA.
AXII2C 0 Xilinx 415 385 0 Audio CODEC control.
AXI I2C 1 Xilinx 415 385 o  General purpose system
control.
AXI12C 2 Xilinx 415 385 0 Expansion cards control.
AXI DMA 0 Ana.log 437 730 9 RF Transceiver T?( chan-
Devices nel 0 data streaming.
AXI DMA 1 Ana.log 432 731 9 RF Transceiver TX chan-
Devices nel 1 data streaming.
AXI DMA 2 Ana.log 370 798 1 RF Transceiver RX chan-
Devices nel 0 data streaming.
AXI DMA 3 Ana.log 371 798 1 RF Transceiver RX chan-
Devices nel 1 data streaming.
AXI DMA 4 Analog o0 7ag 2 12S TX data streaming.
Devices
AXI DMA 5 Ana'log 469 817 1 I2S RX data streaming.
Devices
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Core Vendor LUT FF BRAM Purpose
AXI AD9361 Ana.10g 0511 12673 0 RF Trans',celver parallel
Devices data bus interface.
AD9361 DAC  Analog RF Transceiver TX chan-
. 27 44 0 nel 0 datapath format-
Unpacker 0 Devices .
ting.
AD9361 DAC  Analog RF Transceiver TX chan-
. 27 44 0 nel 1 datapath format-
Unpacker 1 Devices .
ting.
AD9361 ADC  Analog RF Transceiver RX chan-
. 29 47 0 nel 0 datapath format-
Packer 0 Devices .
ting.
AD9361 ADC  Analog RF Transceiver RX chan-
. 29 47 0 nel 1 datapath format-
Packer 1 Devices .
ting.
AXI SPIO This 162 117 0 RF Transceiver control.
work
AXI SPI 1 This 162 117 0 mmWave  Synthesizer
work control.
This .
AXI QSPI MM 483 410 0 SPI Flash interface.
work
AXI RF Times-  This 517 2494 0 RF Transceiver sample
tamping work timing control.
AXI TRQ Con- This 1453 474 0 IRQ' multiplexing and
troller work routing.
AXI GPIO 0 This 10 195 0 RF Transceiver I/O con-
work trol.
AXI CPIO 1 This 10 195 0 mmWave  Synthesizer
work I/O control.
AXI GPIO 2 This 10 195 0 General purpose system
work I/O control.
AXT 128 This 507 403 0 Audio CODEC media in-
work terface.
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Figure 4.1 shows that the main interconnection mechanism utilized in the FPGA
design are AXI interfaces. The use of AXI in the design, particularly those that
employ a vast portfolio of IP cores, is justified by several technical and practical
advantages. AXI provides a standardized, high-performance interface that ensures
efficient data transfer, modular design, and seamless integration of custom and

third-party IP cores.

One of the primary reasons for using AXI interfaces is their scalability and
modularity. The AXI memory-mapped interface enables easy integration of multiple
peripherals in a hierarchical design, allowing efficient interconnection between
processor cores (e.g., ARM Cortex-A in Zynq SoCs, or the PicoRV32 [61] soft-core)
and custom accelerators. Similarly, AXI Stream interfaces facilitate high-speed
streaming data transfers between processing elements, such as DSP blocks, without
the overhead of address-based transactions. These modular capabilities significantly

reduce design complexity.

AXT’s well-defined protocol simplifies the integration of new hardware components,
reducing design time and verification effort in FPGA-based systems. The ability to
instantiate and connect multiple IP cores without requiring major modifications to
the overall architecture makes AXI the preferred choice in modern FPGA-based
designs as is the case with this software defined radio [62]. Furthermore, Xilinx’s
Vivado IP integrator provides built-in AXI interconnects that simplify the integration
of custom and third-party IP core, ensuring that different functional blocks can be
interconnected efficiently. Additionally, the block design environment allows visually
connecting AXI-based IP cores without manually handling low-level signal wiring,
which highly facilitates development of complex logic designs. Figure 4.2 provides a
comprehensive visualization of the address map of the global AXI memory-mapped
network, which globally interconnects all the IPs which expose AXI memory-mapped
master and slave interfaces. Figure 4.2a provides a global overview of the entire

address space, while fig. 4.2b details the peripheral IP configuration register region.

Table 4.2 summarizes the logic resource usage of the entire FPGA design, and it
is possible to observe that more than 35% of the LUTs (the resource with highest
utilization) are available for design expansion, such as additional DSP algorithm

implementations, aligning with the expandability objective of the SDR platform.
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Figure 4.2: AXI bus address map: (a) Main address space; (b) Detailed peripheral region.
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Table 4.2: FPGA design resource usage on a Xilinx Artix-7 A100T.

Resource  Utilization Available Utilization (%)

LUT 40597 63400 64.03
LUTRAM! 1936 19000 10.19
FF 46374 126800 36.57
BRAM 71.5 135 52.96
DSP 32 240 13.34
IO 138 285 48.42
GT 2 4 50.00
BUFG 10 32 31.25
MMCM 3 6 50.00
PLL 1 6 16.67
PCle? 1 1 100.0

L LUTs used as RAM.
2 Hard (i-e., fixed function) IP block on the package.

4.2 CUSTOM IP CORES

Despite the large repository of IP cores offered by Xilinx, not all the functionality
required in this project can be performed by such cores. In addition, some cores that,
on the surface may seem suited for a specific task, in reality show some deficiencies

and/or lack required features.

To overcome the aforementioned scenarios, several IP cores were developed, which
will be discussed next. All the cores are written in Verilog hardware describing
language (HDL) and testbenches have also been provisioned to perform basic

evaluation of their functionality.

4.2.1 AXI I25 Engine

An IP core was developed to interface with the utilized audio CODEC, which
primarily communicates with an audio processor through an I2S interface. Its
functional block diagram is given in fig. 4.3. The core is segmented as much as
possible, such that each Verilog always block can be correlated with a specific task.
As can be seen, the core has three main blocks, namely, the 12S serialization and
deserialization, the clock divider and the AXI register page block. As illustrated

in fig. 4.3, the core operates in two different clock domains, the AXI clock domain
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and the I12S clock domain, thus, clock domain crossing (CDC) logic is necessary
to minimize the risk of metastability when transferring signals between the two
asynchronous clock domains. Since most of the logic is synchronous to the 12S
clock, with the AXI clock domain being mostly used to drive the AXI4-Lite memory
mapped interface logic, metastability in CDC signals is avoided by employing a multi
flip-flop synchronizer in the signal’s path. As all signals that cross clock domains
are single-bit registered signals, no additional measures are required, i.e., to handle
multi-bit signal vectors. The AXI 12S engine IP has three main interfaces, an AXI4
Lite interface for reading and writing a set of registers (detailed in appendix B.1)
and two AXI4-Stream interfaces (a master and a slave) for carrying raw audio

samples to and from the serial 12S bus, as illustrated in fig. 4.3.

Slave AXI
L » SDOUT
To/From Stream 12S Seg:lallzer
DMAENgInes  pmaster AXI De-serializer
< SDIN
Stream
To/From
Audio CODEC
» MCLK
From |
Synchronization 125 Source > Cldck Divider » BCLK
Unit Clock !
ni : » LRCLK
s == - -
I 1
Slave AXI MM ﬁ AXI Register I
Lite I Page 1
i (Control & 1
IRQLine <«— 1 Status) I
1
\ —————— - '
AXI Clock domain
(aclk)

Figure 4.3: I2S engine IP core functional block diagram.

The clock divider block of fig. 4.3 comprises two similar clock dividers to generate
the BCLK and LRCLK 12S interface clocks. An additional divider is used to
generate a MCLK signal, which is not strictly needed by the 12S interface, but
serves as a timing clock for the audio CODEC (ADCs, DACs and DSP logic). All
dividers employ the same logic: a counter is incremented every rising edge of the 12S
source clock, the counter value is constantly compared to a set value, the counter

TOP value, and once this value is reached, it is reset back to zero. When the counter

67



SDR BASE PLATFORM FIRMWARE AND SOFTWARE DEVELOPMENT

is reset to zero, a signal is toggled. This signal is the output of the divider, i.e.,
BCLK, LRCLK or MCLK. The division factor is configurable at runtime to any

even integer multiple of the divider source clock.

Two asynchronous multiplexers are employed to implement the loopback feature.
This feature is included in the core for testing purposes, and is generally turned off
during normal operation, as it completely isolates the serial data input and output

pads and connects them internally.

The main I2S serialization and deserialization logic is governed by a finite state

machine (FSM), whose simplified state diagram is depisted in fig. 4.4. An enable

AXI OF/UF

BCLK synced

Figure 4.4: 12S serializer and deserializer FSM.

signal, controlled through the AXI4-Lite register interface, resets this state machine,
and keeps it in a reset state until enabled. In this state, the core applies back-pressure
in the slave AXI-Stream interface and does not output any data in the master
AXI-Stream interface. Data on the 12S bus is also ignored, but the clock signals may
or may not be toggling, as the clock dividers are gated by a separate enable signal.
When first enabled, the FSM moves to the RD__FIRST state. In this state, it asserts
tready on the slave AXI-Stream interface and waits for a data word to be received
(i.e., both tready and tvalid asserted in the same clock cycle). After acquiring the first
data word, containing either one 32-bit or two 16-bit audio samples, the machine
needs to align itself with the LRCLK falling edge, which indicates the start of an
12S frame, as depicted in fig. 4.5. The WAIT LRCLK SYNC FSM state performs
this synchronization. The LRCLK falling edge should coincide with the BCLK
falling edge, otherwise the clocks are not properly aligned. Data from the I2S master
is setup on the falling edge of BCLK, as shown by fig. 4.5, but not when this falling
edge coincides with the LRCLK falling edge. So, a second synchronization step is
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Figure 4.5: ADAU1372 12S timing diagram [63].

required, WAIT BCLK_SYNC, in which the machine waits for a rising BCLK
edge.

After the two synchronization states, the machine is ready to start I2S transactions,
so it moves to the ACTIVE state. In this state, there is only activity when BCLK
changes state. When it falls, the output shift register is shifted, setting up a new bit
in the data output line. When it rises, the input data bit is sampled, and shifted
into its own shift register. When the output shift register is about to become empty;,
a new data word is requested from the slave AXI-Stream interface. Similarly, when
the input shift register is full, the data word is output to the master AXI-Stream
interface and tvalid asserted, indicating to a master that valid data is present on the
bus and can be read. If, at any time, the AXI-Stream transactions are not completed
in time, the whole machine is reset, and the process starts over. This is because
the core has no buffering capability whatsoever, relying solely on the AXI-Stream
endpoints to be fast enough at reading and providing data to this core. This is
usually not a problem, since the core is designed to be interfaced with DMA engines
in both AXI-Stream interfaces and such engines generally have buffers of their own.
In addition to the described functionality, the core also supports being paused.
The core behavior when commanded to pause is similar to when data overflows
or underflows, with the exception that, in the pause state, the shift registers and

AXI-Stream logic is not reset.

The core is able to generate interrupt requests to an eventual companion processor
that may control it. It does so by setting different bits when certain pertinent actions
happen, such as the loss or acquisition of sync between different clocks, or FSM
state switching. These bits are then ORed together and a single request signal

is generated. The receiver of this interrupt request can then read the individual
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interrupt bits via the AXI4-Lite interface to figure out which event(s) triggered the

interrupt.

All the aforementioned control and status signals to the different logic portions
of the core are managed by the AXI master. The master accesses those bits via
32-bit registers, and the core has a dedicated logic section which implements the
AXI memory-mapped handshake protocol, required to complete read and write

transactions from and to those registers.

4.2.2 AXI SPI Engine

Although Xilinx provides a free-to-use and configurable quad SPI IP core, it is
very limited in functionality when it comes to the runtime programmability. Most
configuration options are only available as synthesis options, meaning they cannot
be changed on-the-fly when the design is running. Such inconvenience motivated
the development of an SPI IP core, which could fulfill all the requirements for this
design, namely: the ability to operate in single (SPI), dual and quad IO modes,
and the possibility to switch between modes in runtime; offering memory mapped
accesses to a flash memory (execute in-place (XIP) mode) while being able to enter
and exit such access modes in runtime, so that regular commands could be sent to
the flash memory, an impossible operation when using Xilinx’s IP core; and being
able to configure the SPI clock frequency in runtime. Given this set of goals, and the
two unique use cases in this project (interfacing with SPI flash memory and with
regular SPI peripherals), three versions of the core were created: An azi_gspi_mm
core, which is the fully featured core, with all the functions mentioned above; an
axi__qspi core, similar to the first, but lacking the memory mapped access mode;
and an axi_spi core, similar to the previous one, but lacking dual and quad 10

modes.

All the cores support the four SPI modes, i.e., the four combinations of CPOL
ans CPHA, as shown by fig. 4.6. DDR mode is not supported. The functional block
diagram of the implemented SPI engine IP is shown in fig. 4.7.

The multi-version approach allows saving some logic resources, when not all the
features of the core are required (i.e., no need to access a simple SPI peripheral
using memory mapped interfaces). Granted, cores with more features can still
be programmed to behave as the versions with less features during runtime. For

completeness, the axi_gspi_mm core will be covered here, given that it has the
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Figure 4.6: SPI modes and corresponding CPOL and CPHA settings.
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Figure 4.7: SPI engine IP core functional block diagram.

most features. All the synchronous logic in the core uses the same clock, so no

special handling of clock domain crossing signals is required.

The core exposes three interfaces: an AXI4-Lite interface that offers register
level access to configure and monitor the status of the core, and is documented at
appendix B.2; an AXI4-Full interface for memory mapped accesses to the SPI flash;

and, of course, the SPI interface itself, supporting multiple chip select lines.

The modularity principle, described in section 4.2.1 allows this core to re-use
parts of the logic that were already described. The SPI interface clock is a divided
down version of the module clock (AXI aclk), generated by a clock divider with a

similar architecture as described in section 4.2.1. The big difference is that in the
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SPI clock divider, the division ratio can be any integer value and is not limited to
even integers. Odd division ratios are supported by generating asymmetric clocks
which do not have a duty cycle of 50%. For this, the TOP value of the counter
when the divided clock is 0 (TOPL) is different than the TOP value when it is 1
(TOPH), as can be seen in the timing diagrams of fig. 4.8. Figure 4.8a depicts the
clock divider architecture employed in the I2S core, while fig. 4.8b represents the

SPI clock divider. This increases flexibility at the cost of the aforementioned loss of

G TN N T T T I O I T O O
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div_clk a— TOP clk cycles —b— TOP clk cycles —c 4

Clock cycle
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div_clk a— TOPH clk cycles —h— TOPL clk cycles —¢ Y

Clock cycle

(b)

Figure 4.8: Clock divider module simplified waveforms: (a) Symmetric, TOP = 2; (b)
Asymmetric, TOPH = 3 and TOPL = 2.

symmetry. If a 50% duty cycle clock is required for some reason, an even division
ratio must be used. The interrupt request generation logic remains the same as the
one described in section 4.2.1, although the relevant events that trigger interrupts
differ. The AXI4-Lite memory mapped interface logic is also duplicated from the
12S core.

The SPI serialization and deserialization consists of a FSM which is governed by
control signals or the AXI4-Full interface when in XIP (memory-mapped) mode. A
simplified state diagram of this FSM is depicted in fig. 4.9. This machine accepts
a main enable input (spi_en), which effectively serves as a synchronous reset,
bringing everything to a known state. When enabled, the FSM sits in the initial
state (WAIT _XFER_REQ) until either a read or write request is received. A write
request always has priority over a read request, and is initiated by writing data to
the shift-register output data buffer and asserting the signal spi_sr_out_buf wvalid.

A read request, on the other hand, is communicated to the FSM simply by asserting

72



4.2 CUSTOM IP CORES

SCK synced

Figure 4.9: SPI serializer and deserializer FSM.

spi_rd_req. When either a read or write request is placed, the IO mode (count) for
that request must be already set on spi_io__mode, so that the transaction happens
in the desired mode, i.e. SPI, Dual SPI or QSPI.

The SPI clock signal (SCK) is free-running internally to the core, and only
allowed to propagate outside during a transaction. Due to this behavior, once a
request is made to the SPI FSM, the machine moves into a synchronization state
(WAIT_SCK_SYNC), similar to the stages that synchronize LRCLK and BCLK
in the I2S core (section 4.2.1). This stage synchronizes the machine to the sampling
edge of SCK. This can either be a rising or falling edge, depending on the clock
phase (CPHA) configuration of the core.

Once synchronized, the machine moves into the active transaction state, ACTIVE,
where it takes actions only on the edges of SCK. As it was synchronized to the
sampling edge before, the first edge to occur in this state is a setup edge. Here, the
machine sets the data IOs direction (input or output) according to the received
request and IO mode. If a write transaction was requested, the machine also shifts
the correct amount of data (1, 2 or 4 bits) out of the shift registers and into the data
10s. On the sample edges of SCK, the machine moves data from the data IO lines
into the shift register, if the transaction is a read. The machine works in byte mode,
and the shift register has a length of 8 bits, so when the full byte is transferred, a
new transaction can start. This may take eight, four or two clock cycles, depending
on the configured IO mode. The core supports back-to-back transfers, so it does not
need to go idle before subsequent requests. When a read transaction finishes, valid
data is placed in the spi_sr_in_ buf register and the signal spi_sr_in_ buf wvalid is
asserted to notify interested parties that the aforementioned data is ready to be

read.

As mentioned before, this SPI transaction state machine can be commanded

manually, by writing individual bytes to specific registers and initiating transactions,

73



SDR BASE PLATFORM FIRMWARE AND SOFTWARE DEVELOPMENT

via the AXI-Lite interface, or it can be used to automatically translate transactions
from the AXI-Full interface to SPI transactions. This automatic mode is configured
and enabled via a set of bits on the register map of the core, but, once engaged, no
further action is required. The logic that handles this translation is implemented
via another FSM, which, by default, sits in the READY state, as depicted in the
simplified state diagram of fig. 4.10. In this state, it asserts arready and waits for

arvalid, signaling a pending read transaction request. Once arready and arvalid are

Cont. Mode Req.

Figure 4.10: AXI MM to SPI FSM.

asserted, as per the AXI specification [64], a read address transaction takes place
on the araddr bus. This address is stored, along with arlen, arsize and arburst.
The core supports multi-burst transactions, depending on the arlen setting, as well
different data widths, up to the data bus width (64-bits by default) via the arsize
field. Additionally, unaligned addresses are supported, as required by the AXI spec.
The core does not support simultaneous transactions. As soon as a transaction is
received, arready is de-asserted, and is only asserted when the transaction finishes.
The core is able to reduce read latency by using the continuous read mode, present
on most SPI flash memories. This mode suppresses the instruction byte, sending
the address directly, reducing the read latency by 8 SCK clock cycles. Another
latency-reducing feature implemented by the core is the automatic identification
of sequential read requests. When a subsequent read request arrives via the AXI
bus, the core can detect when the address is contiguous to the last read address,
and continue reading from the SPI memory without re-sending the address. This
improves sequential read latency quite a bit. All this logic is implemented in the
READY state, and ultimately determines the next state the machine will move to.
If the address is contiguous, the machine skips most of the states, and moves directly
to the XFER_DATA state. If the address is not contiguous, but the memory is

already in continuous read mode, the machine pulses the CS line to restart the
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transfer, so it can supply the new address to the flash. This is done via two states:
RAISE CS and LOWER__CS which simply control the CS line and wait for a
configurable amount of clock cycles. If the flash is not yet in continuous read mode,
which happens on the first ever AXI transaction after memory-mapped mode is
enabled, the procedure to enable this mode is performed. The states XFER_INSTR,
XFER ADDR, XFER MODE and XFER DUMMY are all similar, in that they
command the SPI FSM to transfer the proper data to the flash, to place it in
the correct mode of operation. Once continuous read mode is enabled, only the
XFER_ADDR state is required, as explained before. Independently of the state
transitions that happen after the READY state, eventually, the machine will reach
the XFER__DATA state. The amount of time (or clock cycles) that the machine
spends in this state is entirely dependent on the length of the AXI transaction.
Bytes are requested to the SPI FSM via the spi_rd_ req signal, and data is streamed
out via the AXI read data bus (rdata, rvalid, rresp and rlast). Once the transaction
is completed, i.e., there is no more data to transfer, the machine moves back into
the READY state. The write address, data and response channels of the AXI4-Full
interface are present, however, the core does not currently support writing to the
SPI bus in this manner. All write transactions received on the AXI bus are answered

to with an OKAY response on bresp, but all data is discarded.

Three instances of the SPI IP core are used in this design. An SPI instance with
no memory mapping and quad IO is dedicated to the RF transceiver, while a similar

instance is dedicated to the mmWave synthesizer SPI interface.

The third instance is used to interface with the SPI flash, and is instantiated with
the full feature set, which includes the AXI4-Full interface which directly maps the

flash memory to the AXI address space, as explained above.

4.2.3 AXI RF Timestamping

The need for a timestamping specific core arises from the main limitation with
most of the COTS market SDRs that utilize the reference HDL design from Analog
Devices for the RF transceiver. That is, the lack of precise control over the time
where a group of data samples should be transmitted, and, similarly, the fact that the
receiver cannot be turned on or off at a specific point in time. This is a problem when
the SDRs are used in time-division multiplexing (TDM) (or time-division duplex
(TDD)) scenarios. This has sparked several discussions, and has impeded usage of

some AD9361 based SDRs in some scenarios. Since the start of this work, however,
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a couple of solutions to this problem have been developed. This timestamping IP
core aims to be yet another solution to the problem. A comprehensive register map

and additional documentation can be found at appendix B.3.

The core exposes a set of registers accessible via an AXI4-Lite interface, similar
to the other IP cores presented, as shown in the simplified block diagram in fig. 4.11.
The logic for the AXI interface is re-used from sections 4.2.1 and 4.2.2. There is a
nuance, however, since this core exposes some 64-bit registers which must be read
through the 32-bit data bus of the AXI-Lite interface. The correct read-out of data
is achieved by buffering half of the 64-bit value when the other half is read. When

reading the remaining bits via AXI, the buffered value is returned.
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Figure 4.11: RF Timestamping IP core functional block diagram.

The core works by implementing a 64-bit counter that is clocked by the sample
clock of the RF transceiver interface logic. Each clock cycle corresponds to a sample
being transacted on the parallel bus, so this is used as a time base. On the receive side,
there is a latch which can be armed on-demand. Once armed, the core looks for the
first clock cycle where data transmission starts between the RF transceiver and the
DMA engine, this happens when both the transceiver has valid data (rz_data_ ready
is asserted) and the DMA is ready to accept data (rx_dma_xfer req is asserted).

When this happens, the free-running counter value is latched and this value can be
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read via the AXI bus later. This latched value is the time tag for the first sample
that enters the DMA. Subsequent samples can be easily tagged by incrementing

the latched value, as the received samples are contiguous.

Transmitter and receiver timed control are realized by programming the desired
timestamp value via the AXI interface. The core constantly compares the current
free-running counter value with the programmed timestamps and asserts a signal
(either tz_enable or rz__enable) when a match occurs. These signals are used
externally by the design to either apply back-pressure to the TX DMA to inhibit
the transmitter operation or mask the data valid signal on the RX side to inhibit

the RX DMA from capturing the data samples.

This IP also implements an interrupt request mechanism. Certain key events
such as transmitter or receiver start and stop, data valid and overflow /underflow
signals are multiplexed together on a single interrupt line that is output from the
core. Interrupts can be individually masked and the interrupt source is readable via

a register on the AXI interface.

As the architecture of this core involves logic clocked by two different clock signals,
clock synchronization and crossing (CDC) measures are taken appropriately. All the
signals that cross clock boundaries are synchronized with multiple flip-flops, in an
attempt to minimize the probability of metastability. Data buses spanning multiple
bits are synchronized with delayed handshake signals to prevent data corruption.
As this core implements timing sensitive logic, it is architected in such a manner
that the CDC logic does not interfere with the repeatability of timing events. An
example of this is the comparison that takes place when enabling/disabling the
transmitter or receiver. The comparison is always running on the sample clock,

instead of on the AXI aclk domain.

4.2.4 AXI IRQ Controller

This custom IP core, whose internal block diagram is depicted in fig. 4.12, is used
to manage several interrupt request lines originating from other cores or externally
to the FPGA. It acts as a multiplexer and demultiplexer which allows routing of one
or more input interrupt request line to an output interrupt line, for connection to a
processor. The core also supports generation of PCle message signaled interrupts

(MSIs) from any interrupt source, when paired with a Xilinx AXI to PCle IP core.
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Figure 4.12: IRQ Controller IP core functional block diagram.

All the logic in the core is synchronous to a single clock, the AXI aclk clock.
However, all the interrupt line inputs are treated as asynchronous, and thus go
through a multi flip-flop synchronizer instead of being used directly. Edge detection
is performed on every interrupt line by passing the signal through yet another
flip-flop and comparing the data before and after the register. If they differ, then

an edge is detected. This is the working principle of a simple edge detector.

The communication with the PCle core is done thorough a couple of signals, as
documented by Xilinx [65]. The pcie__msi_enabled signal reports to this core if MSI
interrupts are supported at all, while the pcie _msi_vector width signal a 3-bit wide
vector which reports the number of available MSI interrupt vectors as negotiated
with the PCle root-complex (host). Both are used to validate requests for sending

message signaled interrupts that are placed to the PCle core during operation.

MSI requests are governed by a FSM which reads requests from a first-in first-out
(FIFO) buffer. The FSM is initialized to the IDLE state, where it sits indefinitely
until there is at least one entry on the FIFO. When this happens, the machine pops
the valid FIFO entry and sets the pcie__msi_vector and pcie__msi_request signals
accordingly. These signals are exposed out of the core and are also part of the
interface with the PCle core from Xilinx. The MSI request is considered accepted
by the PCle core when the signal pcie_msi_granted is asserted by it. Once this
happens, the FSM goes back to the IDLFE state to process further FIFO entries.
This process is illustrated by the simplified state diagram shown in fig. 4.13.

The AXI interface logic is once again replicated from all the other cores, and

exposes a couple of registers which allow reading the status of every interrupt line
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Figure 4.13: MSI handler FSM.

and allow an AXI master to clear a pending interrupt. Each input interrupt line
has a dedicated register in which its configurations are accessible. It is possible to
configure a line as rising edge, falling edge, high-level or low-level sensitive, and
route it to any of the destinations available. The detailed register map and bitfield

documentation is available at appendix B.4.

4.2.5 AXI GPIO

Although this may seem like a trivial piece of logic, Xilinx’s solution does not
quite accomplish some of the requirements introduced by the logic design associated
with this work. The free of charge GPIO IP core provided by Xilinx with the Vivado
suite allows the control of a variable number of GPIO lines via an AXI register
interface, but has a functionality limitation which results in the host not being
able to read the actual value of a GPIO line which is configured as an output.
This was the main motivation for developing a replacement solution, as this is an
important feature which facilitates coherency between software and hardware. When
an hardware component is controlled with a GPIO and a software routine needs to
check if said component is either enabled or disabled, it is crucial that the software
has access to the real value present on the GPIO pin, instead of the desired value it
previously set the pin to, since the real value on the pin can differ if an unexpected

condition is impeding the pin from achieving the commanded logic level externally.

The logic that makes up this IP core is quite simple, and is depicted in fig. 4.14. The
AXI register interface is carried over from other cores, therefore, it is not described
here in detail to avoid redundancy. There are three main registers associated with
GPIO functionality: A register to configure the GPIO direction, either input or

output; a register to set the output value of each GPIO line; and finally, a register
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to read the input data that’s actually present on a particular GPIO pin. The
input data is considered asynchronous and thus qualified using a multi flip-flop
synchronizer. Additionally, four extra registers are included to facilitate atomic
software interaction with the GPIOs. A write-one-to-set register is present for both
the GPIO direction and output value. This register behaves exactly as it name
implies. It it a write-only register, and any bit that is written to it as one results
in a bit being set in either the GPIO direction or output data register vector.
The complementary operation, write-one-to-clear, is also implemented through a
different register. These special registers allow atomic accesses to be performed by
software, avoiding the need for read-modify-write operations which may require

resource locking. The full register map is documented in appendix B.5.
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Figure 4.14: GPIO IP core functional block diagram.

Three instances of the GPIO IP core are used in the design. A GPIO instance is
dedicated to the RF transceiver general purpose control lines, such as the mappable
control and status signal buses, which expose several internal transceiver signals on
dedicated I/O lines, and associated DSP logic. Overcurrent flags for the RF output
amplifiers and bias-Ts are also available through this GPIO controller, as well as
an auxiliary reset signal for the entire FPGA RF processing logic. Another GPIO
core is also allocated to the mmWave synthesizer, used for the control and status
lines, such as a global mute, chip enable, reset and lock detection. The last GPIO
IP core is used for general purpose system control lines, such as auxiliary resets for
the various clock domains of the design, a PCle wakeup signal, a DDR3 interface
calibration status indicator, a global clock enable for the clock management IC (the
Si5351) and a PMBus enable signal.
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4.3 PROPRIETARY IP CORES

The FPGA architecture presented in fig. 4.1 uses several proprietary IP cores, as
listed in table 4.1. These cores play crucial roles in the operation and performance
of the SDR base platform. This section describes key aspects of the proprietary IP,
focusing on their implementation and functionality. It begins with an examination
of the PicoRV32, a compact RISC-V CPU core known for its efficiency and flexi-
bility [61]. The discussion then moves to the DMA controller IP, which facilitates
high-speed data transfers, and the RF transceiver interface, essential for wireless
communication. Additionally, the section covers the 12C interface IP, a widely used
protocol for inter-chip communication, and concludes with an exploration of the
PClIe to AXI bridge, which enables seamless integration between the PCle bus and
AXI-based systems. These proprietary IP cores represent key building blocks that

contribute to the overall capabilities and performance of the SDR.

4.3.1 PicoRV32

The PicoRV32 core, developed by Clifford Wolf [61], is a compact and efficient
implementation of the RISC-V instruction set architecture (ISA). It is designed
to be small, portable, and highly configurable, making it ideal for FPGA-based
applications and embedded systems where resource constraints are a primary concern.
Unlike more complex RISC-V cores, PicoRV32 prioritizes area efficiency over raw
performance, making it an excellent choice for applications that require minimal
resource usage while still benefiting from the flexibility and extensibility of the
RISC-V ecosystem. The entire core is implemented in a single Verilog file and also
includes glue logic for connection to AXI networks, which facilitates integration in

the Vivado workspace.

4.3.2 DMA Controller

The Analog Devices AXI DMA Controller IP [66] is a high-performance DMA
engine designed for efficient data movement without CPU intervention. It facilitates
high-speed data transfer between memory and peripherals using AXI memory-
mapped, AXI-stream and Analog Devices’ proprietary FIFO interfaces. This makes

it particularly useful in applications requiring low-latency, high-throughput data
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processing, such as this SDR. Unlike traditional CPU-driven data transfer methods,
the AXI DMA operates autonomously, reducing processor overhead and improving

system performance.

One of the key features of the Analog Devices AXTI DMA Controller is its support
for scatter-gather mode. This allows it to handle non-contiguous memory buffers
efficiently, reducing the need for large, continuous memory allocations. Additionally,
the DMA engine supports interrupt-driven operation, which notifies the system
upon transfer completion or errors, enabling responsive software control. With
configurable data widths and optimized support for high-speed ADCs, DACs, and
transceivers (such as the AD9361 utilized in this SDR), the DMA controller is
well-suited for the high-performance signal processing environments this SDR is

designed for.

The AXI stream to AXI memory-mapped translation capability allows seamless
integration between streaming data interfaces and addressable system memory. This
is essential in multiple blocks of this logic design where continuous high-speed data
must be efficiently moved, such as when interfacing with the RF transceiver and
the audio CODEC. Furthermore, the IP is tightly integrated with Analog Devices’
data converter solutions, ensuring optimal performance when paired with their

high-speed transceivers.

This design encompasses six instances of this DMA controller. One per receive
and transmit channel of the RF transceiver, one for sending data to the audio
CODEC via the I2S interface and another one for receiving audio samples via the
same interface. Although a simpler architecture could be achieved by, for example,
using a single DMA controller for both transceiver receive and transmit channels,
this slightly more complex architecture allows easier segmentation at the firmware
level, which also simplifies software development in an application where separate
applications may use different channels of the RF transceiver. Each DMA controller
IP comprises an AXI-Lite interface which allows access to several configuration

registers, as can be seen in fig. 4.2b.

4.3.3 RF Transceiver interface

The AXTI AD9361 IP core [67] from Analog Devices is designed for integration with
FPGA platforms to interface with the AD9361, AD9361 and AD9364 RF transceivers.
The core comprises AXI-Stream like interfaces and performs the translation to

the transceiver native parallel bus, allowing seamless data transfer between the

82



4.3 PROPRIETARY IP CORES

FPGA fabric and the transceiver, ensuring efficient high-speed communication. It
supports both transmit and receive paths, handling I/Q data streams while managing
synchronization, clocking, and control signals necessary for proper operation. Also
included in the core are several advanced features to enhance signal integrity and
system calibration. It integrates a pseudo-noise (PN) pattern generator and monitor
to aid in the interface calibration process and data integrity testing, ensuring the
system can perform self-calibration to achieve reliable communication between the
FPGA and the RF transceiver. As shown in the internal core block diagram of
fig. 4.15, the core also implements a digital direct synthesizer (DDS), enabling the
generation of test waveforms such as sine and cosine signals for system validation and
debugging. Additionally, it includes a DC removal block, which helps eliminate DC
offsets in received signals, improving dynamic range and signal accuracy, especially
in direct-conversion architectures. Also of particular importance is the included 1/Q
correction capability, which, when combined with the equalization features of the

RF transceiver IC, further improve signal quality.
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Figure 4.15: AXI AD9361 interface IP core [67].

The core includes an AXI-Lite control interface for configuration of the aforemen-
tioned features, enabling users to program settings such as DDS frequency, gain,
and digital baseband correction coefficients. It also integrates tightly with the DMA

engines, ensuring high-throughput data movement to and from memory.

The previously presented AD9361 and DMA IPs form the core of the RF signal

processing chain. Together with data packers and unpackers from Analog Devices
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and the RF Timestamping IP core developed in section 4.2.3, the I and Q data

samples are moved throughout the system.

The ADC data packer and DAC data unpacker IP cores [68] from Analog Devices
provide a way of combining multiple vectors of data into a single one, and vice versa.
This facilitates the interface with the fixed width bus of the DMA controllers. As the
RF transceiver interface IP core outputs up to 4 16-bit words (TXO0 I, TX0 Q, TX1
I, TX1 Q), which may not be valid at the same time (depending on the number of
channels being used), the packer IP can aggregate the active channels into a single,
wider bus, discarding data from invalid/inactive channels. Figure 4.16 exemplifies
the working behavior of the packer core under different operation scenarios. In this
example the core is configured with four 32-bit inputs (A through D) and a single
128-bit output. When the system signals the core that the four inputs contain valid
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Figure 4.16: Analog Devices data packer [68] behavior under different conditions: (a) 4
channels enabled; (b) 3 channels enabled; (c¢) 2 channels enabled.

data, the core packs each input sequentially into the output, as seen in fig. 4.16a.
During operation, if the D input is disabled, the core can automatically adapt,
omitting the D channel from the output, as depicted in fig. 4.16b. Figure 4.16¢
exemplifies the behavior in a scenario where two of the channels do not contain

valid data.

The RF Timestamping core is integrated into the transceiver datapath by applying
backpressure to the transmit and receive DMA engines via the tx_enable and
rr__enable signals mentioned in section 4.2.3. An example of this working principle
is depicted in fig. 4.17. In fig. 4.17a, an AXI-Stream transaction occurs normally,
when the transmitter is not being gated by the timestamping core. Every aclk clock
cycle where tvalid and tready are simultaneously asserted, a data transfer takes
place. In fig. 4.17b, the AXI-Stream rules still apply, but with an addition. A data

transaction can only happen when the tready, tvalid and tz_enable are all asserted.

84



4.3 PROPRIETARY IP CORES

aclk { f f f f f aclk f f f f f f f f f
data 777(__D1_ < D2 | D3 (D4 data 7 D1 ¢ D2 \ D3 ) D4
T

tvalid / tvalid / /
tready a tready a
w_enable 7000000000000 _snavle Oy \
Clock cycle Clock cycle

(a) (b)
Figure 4.17: TX gater.

4.3.4 I2C interface

A simple 12C core provided by Xilinx is used to interface with the PMU and
clock management IC, while a second instance of this core connects to two of the
expansion card interface I/O lines, for communications with installed expansion
cards. A third instance is used to interface with the audio CODEC I2C control
interface, while an 12S core (described in section 4.2.1) is used for the CODEC

media interface.

4.3.5 PCle to AXI bridge

The Xilinx AXI to PCle IP core serves as a high-speed interface between the
FPGA logic design and any PCle host. It acts as a bridge between the AXI memory-
mapped bus and PCle Gen 2.0, enabling efficient data transfer with minimal latency.
One of the core’s main strengths is its seamless integration with AXI-based logic
within the FPGA. By converting AXI transactions into PCle transaction layer
packets (TLPs), it ensures smooth communication between the host system and
the FPGA fabric. It provides scalable throughput by supporting multiple PCle
lane configurations (x1, x2, x4 and x8), although the available options depend on

hardware support.

In addition to high-performance data handling, the IP offers PCle base address
register (BAR) support, allowing the FPGA to be mapped into the host system’s
memory space. This feature simplifies communication between the FPGA and CPU,
abstracting address translation and facilitating low-latency read and write operations
initiated by the CPU. It is also possible to negotiate bus master capabilities with
the host system, and, when this is done, the FPGA gains direct access to a portion

of system memory. This is a powerful feature which allows other AXI bus masters
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inside of the FPGA to perform operations directly on the host system’s memory,
such as copying large amounts of data, without the host CPU intervention. Paired
with PCle message signaled interrupts, also supported by the core, the host can
then be informed of the end of a data transfer (among other relevant events) so
the CPU can further process it. When using this feature, the six upper regions
depicted in fig. 4.2a become "windows" into the host system’s memory, where the

DMA controllers can be pointed at to either read or write chunks of data.

4.3.6 DDRS8 Memory Interface

The Xilinx memory interface generator IP is a crucial component for interfacing
the DDR3 memory with the FPGA. This IP simplifies DDR3 memory controller
implementation by providing a pre-verified, configurable interface that meets JEDEC
standards. It supports multiple memory types, including DDR3 and (LP)DDR2 and
provides essential features like automatic timing calibration, command scheduling,
and error detection. It can be configured to work in different memory access modes,
including burst-based transactions and low-latency operations for performance
optimization. The IP supports multiple clocking modes, such as a single-ended
system clock or a differential clock to enhance signal integrity, while integrating
calibration logic to automatically adjust delays and ensure signal alignment, which

is crucial for achieving high-speed operation.

For ease of integration into AXI-based designs such as the SDR base platform, the
IP offers an AXI4 interface, allowing seamless connection with the AXI interconnect.
Burst length settings, read/write latency adjustments, and refresh interval configu-
rations are fine-tuned in the graphical interface in Vivado to optimize performance

for the specific workloads involved in the SDR.

A key aspect of MIG configuration is clocking. The MIG IP uses a memory
controller clock derived from the synchronization unit to generate the necessary
phase-aligned clocks for DDR3 read/write operations. The clocking scheme involves

a clock used for the physical layer and another clock for the AXI interface.

4.4 SOFTWARE

The software infrastructure is a fundamental component of the developed software

defined radio platform, serving as the critical interface between the custom FPGA
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logic, the designed PCB, and higher-level user applications. It orchestrates the
configuration, control, and data flow management, ensuring seamless integration
of the hardware elements while enabling flexible and efficient signal processing.
This software stack encompasses a low-level kernel driver, MCU firmware, and
higher-level control frameworks, effectively acting as the cohesive layer that binds
the system’s heterogeneous components discussed so far into a unified, functional
platform. Its robustness and optimization directly impact the SDR’s performance,

adaptability, and scalability, making it an essential aspect of the overall design.

4.4.1 Power management controller firmware

The power management controller firmware is the brain of the PMU, as it governs
the behavior of the SDR even before any of the signal processing components power

up. Thus, it plays an important role on the operation of the SDR.

The firmware for the ARM Cortex-M0+ micro-controller unit is developed in the
C programming language. In section 3.2.5, the implemented algorithm has already
been briefly mentioned. On boot, the MCU initiates all the peripherals, including
communication interfaces such as the 12C interface, which is firstly configured as
a master. Via the I12C interface, the pre-regulator is initialized and the desired
operation parameters are programmed into it, such as the output voltage, current
limits and switching frequency. Following that, all three main power sources are
checked using the ADC, and the highest level supply is selected to power the system.
When no power source meets the specified criteria (e.g., voltage greater than 7 V),
the PMC uses an LED to warn the user, and keeps checking all the sources until at

one is available.

When a power source is ultimately selected and connected to the system, the pre-
regulator is then enabled, which triggers the entire power tree as per the sequence
illustrated in fig. 3.9, and keeps monitoring the pre-regulator via its digital interface
to ensure it starts properly and no faults occur. After this is done, the PMC no
longer needs to behave as an 12C master, and is instead required to present itself as
a slave on the bus, so that the FPGA can communicate with it. Because of this, the
12C interface is re-initialized as a slave. At this point, the entire system power rails
are available, and the FPGA reset line is released, so that the device can initialize
from the SPI flash memory, and the CM4 enable signal is asserted, allowing the

operating system to boot, completing the power up sequence.
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4.4.2 Addressing and kernel device driver

The majority of the host system’s operations which interact with the SDR platform
hardware can be simplified to read and/or write operations, which are targeted at
the AXT address space on the FPGA. Everything from writing to a control register
of an IP core to moving large amounts of data (e.g., I/Q samples) can be simplified
to a read or write operation. Naturally, an operation of this kind requires an address,
which is either being written to, or read from. Due to the complexity of such a
system, however, several address domains exist, and between each domain there is
a block that performs address translation. Figure 4.18 illustrates, at a high (block)
level, this addressing scheme, while fig. 4.19 details the address translations that may

occur, with the block responsible for the translations. The PCle IP core, described in
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Figure 4.18: System address spaces summary.

section 4.3, can be seen in figs. 4.18 and 4.19 performing the translation between the
AXI bus, which is completely enclosed in the FPGA, and the PCle bus (i.e., PCle
TLPs), which addresses devices via a physical address. The Linux kernel, which
runs on the host CPU, as depicted in fig. 4.18, mainly uses kernel virtual addresses
(i.e., in memory allocated via kmalloc, a kernel memory allocation method), and
is responsible for properly translating addresses when accessing external physical
devices (e.g., on the PCle bus). To enforce security and process isolation, Linux
has separate virtual address regions: the kernel space and user space [69]. For this
reason, another address translation is needed when userspace processes need to
access, for example, the AXI bus on the FPGA. This conversion is performed by

the Linux kernel itself. The piece of kernel software responsible for interfacing with
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Figure 4.19: Translation between system address spaces.

physical system devices is the kernel device driver [70], which must be loaded onto

the host system in which the SDR is installed.

The developed Linux kernel driver provides an interface between the SDR FPGA
and the host system via PCle. It is designed to manage the FPGA’s resources by
enabling efficient communication, including register access, memory mapping, and
DMA operations. As part of the initialization process, the driver registers a PCle
device that matches the vendor and device identifiers programmed into the PCle IP
core. When a matching device is detected in the system, it sets up memory regions
using BARs and registers an interrupt handler in order to support event-driven

operations [70].

The implementation includes DMA buffer management functions that allow
dynamic allocation, deallocation, and querying of coherent memory buffers, which
are essential for high-speed data transfer between the host and FPGA. These buffers
ensure efficient memory access with minimal CPU overhead. The driver also provides
ioctl-based control interfaces, allowing userspace applications to request specific
FPGA operations, such as memory mapping, buffer allocation, and hardware queries
like retrieving the device’s serial number or design version. Additionally, the driver
handles interrupts using MSIs to notify the host about FPGA events, enhancing

performance by reducing polling overhead [70].

To ensure seamless integration with the Linux kernel and operating system in
general, the driver registers itself as a character device, making it accessible via
/dev/icyradioX. This allows applications (userspace processes) to interact with the

SDR through standard file operations like read, write, mmap, and poll [70]. The
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memory-mapped interface enables userspace applications, such as the SoapySDR
[16] support library, addressed in the next section, to directly access the AXI memory

space inside the FPGA, and thus make use of the SDR platform.

4.4.3 Userspace SoapySDR driver

SoapySDR is an open-source software defined radio abstraction layer that provides
a unified application programming interface (API) for interfacing with different
SDR hardware [16]. It serves as a hardware abstraction library, allowing applications
to interact with multiple SDR devices using a consistent API, regardless of the
underlying hardware differences. SoapySDR supports a wide range of COTS SDR
platforms, including LimeSDR, HackRF, RTL-SDR, USRP, and ADALM-Pluto,
making it a flexible solution for cross-platform SDR development. It also integrates
well with popular SDR frameworks such as GNU Radio [14], Pothos [71], and
SDRangel [72], enabling seamless signal processing and communication system
development. By providing a standard API for device discovery, configuration,
streaming, and tuning, SoapySDR simplifies SDR, application development, allowing
users to focus on high-level functionality rather than low-level hardware-specific
details. Building an SDR platform which integrates with the SoapySDR framework
is key to achieve high adoption of the developed SDR platform, due to the ease of

transition from other existing SDRs.

The SoapySDR support library developed for the SDR. presented in this work
is primarily developed using C++, aligning with the language choice of the core
SoapySDR framework. This selection leverages C++’s object-oriented features to
create a modular and extensible codebase, facilitating seamless integration with the

hardware that supports the SDR.

C++’s classes and inheritance are leveraged to achieve a comprehensive and
organized software library. Each block of the high level block diagrams of figs. 3.1
and 4.1 correspond to a C++ class, with proper inheritance and polymorphism
usage. A particularly useful example of this is the AXI bus peripherals. A base class
is created with simple register read and write methods, as well as properties such as
base address within the memory map. This base class is abstract and, therefore, not
instantiable. All the AXI bus slaves descend from this class and inherit its methods
and properties, further implementing more specific functions that are related with

the core’s functions.
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The object-oriented features of the language are also extensively used throughout
the library source code. A device on an I12C bus, for example, is implemented in its
own class, whose constructor method receives an 12C controller and slave address
as parameters. Besides fostering organization, this architecture also improves code
portability. Continuing the 12C slave example, this allows two or more instances of
the same slave device class to be present on different buses, or the same bus with

different slave addresses.

The SoapySDR driver also extensively employs multithreading to split the com-
putational load between multiple threads, which, with modern multi-core CPUs,
can be ran simultaneously. Multithreading is a programming paradigm that allows
concurrent execution of multiple threads within a single process, enabling improved
performance, especially in multi-core processors [73]. The C++11 standard intro-
duced the <thread> library, which is employed in the driver as a standardized way
to create and manage threads. However, with parallel execution comes the challenge
of data synchronization. When multiple threads access shared resources, issues like
race conditions and data corruption can occur. To prevent such problems, C++
provides synchronization primitives like mutexes (mutual exclusion) and atomic

variables, which are broadly utilized throughout the library.

A mutex ensures that only one thread at a time can access a shared resource
by locking and unlocking access points. Alternatively, atomic variables provide
lock-free synchronization mechanisms, ensuring that operations on shared data
are performed as atomic (i.e., non-interruptable) transactions. They are especially
useful in low-latency applications where mutex overhead is undesirable, such as
in the driver portions which handle real-time data streaming, e.g., from the RF

transceiver [73].

The developed SoapySDR support library interacts with the kernel device driver
through system calls. Since the SoapySDR support library runs in userspace, which
is a restricted environment with limited access to hardware resources, it must use
system calls to request services from the kernel, such as reading from or writing to
AXIT slaves residing on the FPGA. The kernel device driver, addressed in section 4.4.2,
exposes its functionality to user-space through system calls like open, read, write,
toctl, and mmap. These system calls act as an interface, allowing controlled access

to hardware while ensuring system stability and security [70].

The character device file created and registered by the driver (/dev/icyradioX)
represents the physical device. When a user-space program opens a device file

using open, the kernel routes the call to the device driver’s open function. Similarly,
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read and write system calls are mapped to driver-specific functions that handle
data transfer between the user application and the hardware. For more complex
interactions, such as interrupt notification and handling, ioctl (input/output con-
trol) provides a flexible mechanism to send commands or retrieve device-specific
information that does not fit into simple read/write operations. Additionally, mmap
is used by the SoapySDR support library to map device memory into user-space,

allowing high-performance direct memory access, e.g., for data streaming [70].

4.4.4  User applications

Alongside all the software packages which are crucial for the operation of the
SDR, an usage example application were also developed, to test and demonstrate
the flexibility of the developed SDR. This application is not a required element, but
a base that exemplifies the usage of the SoapySDR API to implement a transmitter
and receiver DSP chain, with the goal of transmitting and receiving a RF signal
modulated with a live video feed. Among the SoapySDR library, for interfacing
with SDR hardware, the Liquid DSP library [15] is also used to implement the core

of the signal processing chain.

Liquid DSP is a lightweight, open-source digital signal processing library designed
for SDR and wireless communications. It provides a broad collection of DSP
utilities, including signal filtering, modulation and demodulation, error correction,
equalization, and spectral analysis. Written in C, the library is optimized for
performance and portability, making it well-suited for use in embedded systems,
real-time SDR applications, and experimental wireless designs. A key feature of
this library is its modular architecture, which allows developers to integrate specific
DSP functions as needed. It supports a variety of modulation techniques (such as
amplitude, frequency and phase modulation, M-QAM, and OFDM) and includes
efficient implementations of FIR and IIR filters for signal conditioning. Its lightweight
nature, combined with minimal dependencies, makes it an excellent choice for custom
SDR development, wireless communication research, and real-time signal processing
applications [15]. The performance of this library is further boosted by usage of
SIMD implementation of core DSP algorithms.

The transmitter application, whose architecture is depicted in fig. 4.20, is designed
to be executed on an SDR with a CM4 installed, given that it takes advantage
of the hardware accelerated video encoders present on the BCM2711 SoC. It is,
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Figure 4.20: Demonstration streaming application transmitter simplified block diagram.

however, not limited to this use, since it’s usage is also possible on an SDR, which is

installed on a PCle slot of another host platform.

The transmitter captures live raw video frames from a camera, attached via CSI
to the CM4, performs H.264 encoding to reduce the required bitrate and packs the
stream into a Moving Picture Experts Group (MPEG) transport stream (TS), for
transmission over the radio link. Despite being an older CODEC, H.264 is employed
here due to the included hardware acceleration support of the BCM2711 SoC. Being
an older standard, it is also less computationally intensive, despite achieving lower

encoding efficiency (i.e., image quality vs bitrate).

The MPEG transport stream is well-suited for this application due to its robust-
ness, error resilience, and efficient multiplexing capabilities. Designed for real-time
streaming, the TS divides data into fixed-size packets (188 bytes) that include
synchronization markers, making it more tolerant to packet loss and suitable for
environments with high bit error rates, such as this wireless radio link. Additionally,
MPEG transport streams supports seamless multiplexing of multiple audio, video,
and metadata streams, ensuring efficient bandwidth utilization. The format’s flexi-
bility allows for adaptive bitrate streaming, and is capable of inserting filler packets
to match a constant bitrate, making it ideal for broadcasting applications where

maintaining signal integrity over varying network conditions is critical [74].

TS packets are then piped to the modulator application, which leverages several
Liquid DSP functions which scramble the data according to a repeatable pattern
(whitening), add redundancy (FEC) to the data, modulate the signal onto a carrier

and limit the signal bandwidth (pulse-shaping). Additional information is also
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appended to the TS bitstream, which helps a receiver to synchronize to the start of

each frame. A PN sequence is used for this effect.

PN sequences are integral to frame synchronization in this streaming radio link,
primarily due to their distinctive correlation properties. A key characteristic of PN
sequences is their impulse-like autocorrelation function, which exhibits a sharp peak
at zero lag and minimal values elsewhere. This sharp autocorrelation peak enables
receivers to precisely identify the start of a frame by correlating the incoming signal
with a locally generated PN sequence; the pronounced peak indicates accurate
alignment. Additionally, PN sequences are designed to have low cross-correlation
with other sequences, minimizing the likelihood of false synchronization due to

interference from other signals, ensuring reliable frame synchronization [75].

After the complete radio frames are assembled, the application then passes the

raw 1/Q samples to the SDR via the previously mentioned SoapySDR APIL

The receiver application, illustrated in fig. 4.21, comprises many blocks analogous

to the transmitter, despite performing the inverse functions. Raw I/Q data is
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Figure 4.21: Demonstration streaming application receiver simplified block diagram.

received from the SDR, via the SoapySDR interface API, which is then processed by
an automatic gain control (AGC) algorithm, which ensures a constant signal power,
and a timing recovery mechanism, which re-samples the signal at the maximum
symbol energy instant. After timing recovery, the symbols are demodulated and the
receiver is synchronized to the start of frames using the aforementioned PN sequence.
When a frame is detected, FEC decoding is performed to correct residual errors,

and after de-scrambling the received payload, the raw TS frames are provided at
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the application’s output, which are then directed to a media player, which displays

the received video stream on a computer monitor.
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MMWAVE EXPANSION CARD

The mmWave expansion card is a critical component designed to enhance the
capabilities of the SDR base platform by enabling operation at millimeter-wave
frequencies. This extension opens-up new possibilities for high-bandwidth commu-
nications and sensing applications. This chapter offers a comprehensive overview
of the mmWave expansion card design, focusing on key aspects such as system
design, circuit design, performance estimation, and firmware/software integration.
The chapter begins with an introduction to the mmWave card’s functional archi-
tecture and system design considerations, including simulation approaches and the
choice of PCB material stackup. It then explores the circuit design, emphasizing
the design of functional blocks that ensure the stability and optimal performance
of the overall mmWave system. The chapter also includes an assessment of the
estimated performance of the mmWave board, discussing and evaluating several key
performance parameters. Finally, the firmware and software necessary for monitoring

and controlling the mmWave expansion card within the SDR platform are addressed.

5.1 SYSTEM DESIGN CONSIDERATIONS

To design an SDR expansion card circuit that meets the desired operation and
satisfies the specifications outlined in section 2.6, it is first necessary to define the
system topology and the design approach for each functional block. Additionally,
in the RF domain, particularly at mmWave frequencies, circuit design must be
supported by simulations that require a thorough understanding of the material
properties used in the circuit board. The following subsections explore these essential

topics, which are crucial for designing the circuit of each functional block.

5.1.1 mmWave card functional architecture

The architecture is based on two single-conversion stages, one for up-conversion

and the other for down-conversion, as depicted in fig. 5.1. This figure shows a
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comprehensive and simplified functional block diagram of the mmWave expansion
card. The mmWave expansion card must have two IF ports, one for transmission
and the other for reception, with a bandwidth of at least 500 MHz centered at
3 GHz. These IF ports are meant to interface directly to the RF ports of the
SDR base platform, but can be connected to any other signal transceiver. The two
mmWave RF interface ports, one for transmission and the other for reception, can
be used to connect the mmWave expansion card to other devices (e.g., amplifiers
and filters), equipment and directly to transmitting and receiving antennas. The
mmWave expansion card must also have an internal local oscillator (LO) block and
also allow the operation with an external LO by providing a dedicated port for the
external signal. This architecture enables independent selection of LLO source for
both the up and downconverters, in order to support FDD operation. Moreover, this
LO design approach not only introduces operational flexibility but also broadens
its application range by enabling the use of external oscillators with very low
phase noise—something that cannot be achieved with highly integrated Si-based
wide tuning range variable-controlled oscillators. This enhancement maximizes the
potential of the SDR in demanding performance applications, particularly those
involving signals with high m-ary modulations, which are highly sensitive to LO
phase impairments. The selection between the use of the internal or the external
LO is performed in the LO selection blocks illustrated in fig. 5.1. The circuit design
is based on the selection of existing components suitable to operate in the mmWave
band that fulfill the desired performance. The PCB layout design considerations to
ensure optimal performance at high frequencies is also approached and sustained

by circuit-layout simulations.
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Figure 5.1: mmWave expansion card functional block diagram.
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5.1.2  Simulation considerations

Both circuit (schematic level) and electromagnetic (layout level) simulations
play a crucial role in the design and optimization of RF circuits before physical
implementation on a printed circuit board, especially at mmWave frequencies, where
even small layout variations can significantly impact performance. At these high
frequencies, parasitic effects, transmission line discontinuities, and coupling between
components become more pronounced, making accurate modeling crucial before
fabrication. Electromagnetic simulations are key for estimating undesired circuit
couplings that could lead to instability, such as oscillations in amplifiers caused by
positive feedback. Additionally, to estimate and fine-tune the performance of certain
functional devices developed directly on the PCB, such as directional couplers and
power dividers (which may not have a schematic model), electromagnetic simulations
are essential, as there is no other efficient method for evaluating their performance.
However, it is important to note that, in order to assess the circuit’s performance
using both circuit and electromagnetic simulations, it is necessary to have access
to the characteristics of the printed circuit board materials, including material
dimensions (e.g., conductor and dielectric thickness) and electrical properties (such
as conductor conductivity, dielectric permittivity, and the loss tangent of the

dielectric).

Using simulation tools, it is possible to gain valuable insights into the overall
circuit performance, identify potential issues, and refine designs without the costs
and time associated with multiple fabrication iterations. During the design process
of each functional block of the mmWave expansion card, both circuit and layout
simulations were conducted to fine-tune and optimize performance. The tool used

for this purpose was Cadence’s AWR Microwave Office.

5.1.3 PCB stackup

Before laying all the components on the PCB and routing all the interconnecting
traces, it is necessary to define the right material stacks suitable for mmWave and
general purpose layouts, since the board has important RF, power, analog and
digital parts all integrated together. It is also necessary to have a final decision on
the stackup before performing any kind of electromagnetic (EM) simulations, since
the material has to be defined in the simulation environment and plays a crucial role

in the results. Several possibilities were considered, mainly a full FR-4 symmetric

99



MMWAVE EXPANSION CARD

stackup, full Rogers manufactured materials stackup and hybrid solutions. Rogers
Corporation materials are well known in the industry for offering remarkable RF
performance and have well-defined models available for electromagnetic simulations,
but come at high cost. While the compromises for the base platform were tolerated
in favor of a cheaper PCB material stackup, the frequencies involved in the mmWave
expansion card are a order of magnitude higher than on the base SDR, and the
shortcomings of using FR-4 at these frequencies cannot be tolerated. No blind
and/or buried vias were considered, since they add quite a lot of manufacturing
cost and, although they can be though of as a nice-to-have feature, they are not a

strict requirement in this application.

Using the custom hybrid stack-up, depicted in table 5.1, with RO4350B between
the top layer and the first internal layer, while employing FR-4 at the remaining
layers, offers a balance between RF performance and cost efficiency in the mmWave
expansion card. The choice of RO4350B between the upper layers ensures a controlled
and stable dielectric environment for high-frequency signals. With a typical dielectric
constant of 3.48 and a low dissipation factor (tand) of around 0.0037 at 10 GHz,
this material minimizes losses and phase variations, which are critical at mmWave

frequencies.

Table 5.1: mmWave expansion card PCB stackup.

Layer Material Type Thickness

Top Copper 40.6 pm
RO4350B 0.254 mm

Layer 2 Copper 17.8 um
Prepeg 7628 0.5328 mm

Layer 3 Copper 17.8 pm
FR-4 Core 0.61 mm

Bottom Copper 40.6 pm

By placing RO4350B between the top signal layer and the first internal ground
plane, microstrip or grounded co-planar waveguide (CPWG) structures can maintain
consistent impedance and low insertion loss, crucial for preserving signal integrity.
Meanwhile, using FR-4 in the lower layers reduces manufacturing costs. FR-4 can
be tolerated in this situation, since no high-frequency signals are routed on those

layers.
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5.2 CIRCUIT DESIGN

This section discusses the design process of the electronic circuits and parts of
the PCB for the mmWave expansion card, which is intended to operate within
the 20 GHz to 40 GHz frequency range, as outlined in section 2.6. It also presents
the simulation results for the designed RF circuit, focusing on key performance
parameters such as return loss, insertion loss/gain, and stability. These simulations
provide valuable insights to ensure that the final PCB implementation meets the
required specifications, with minimal need for design adjustments. Due to the
complexity of the full signal chain, the design is divided into individual blocks that

are simulated separately.

5.2.1 Frequency conversion

The mmWave expansion card is designed around two main integrated circuits
from Analog Devices, the ADMV1013 [43] and ADMV1014 [44]. These are up and
downconverters, respectively, working in the 24 GHz to 44 GHz RF range. At the
time of design, these ICs represent the most integrated solution available, capable
of operating over such a wide frequency band, while maintaining good operating

performance, both appealing characteristics for use in software defined radios.

The ADMV1013 upconverter supports two frequency translation modes: direct RF
conversion from baseband IQ input signals and single sideband (SSB) upconversion
from quadrature (complex) intermediate frequency inputs. For this application,
the baseband input is disabled and left disconnected, enabling the insertion of
modulated complex IF signals ranging from 0.8 GHz to 6.0 GHz. These signals are
upconverted to a central frequency between 24 GHz and 44 GHz range by mixing
with an appropriate LO signal, conditioned on-chip. A divided (by 4) version of the
LO signal is supplied to the chip, which internally multiplies, filters, amplifies and
generates quadrature as required, before feeding the internal mixers. This divided
LO signal must have a power level that’s between -6 dBm and 6 dBm, to ensure
correct operation of the device. As such, the LO conditioning and distribution chain

of fig. 5.1 is designed to comply with those specifications.

The IC comprises a digital communication interface which allows quadrature
phase and mixer gate voltage adjustments to optimize sideband suppression and
local oscillator leakage nulling. The IC also contains programmable RF amplifiers,

and a power/envelope detector, which gives control over the RF output power of

101



MMWAVE EXPANSION CARD

the device. A simplified internal block diagram of the ADMV1013 is depicted in
fig. 5.2.

The ADMV1014 downconverter, shown in fig. 5.3, performs the inverse function of
the ADMV1013. These two ICs share similar internal blocks. The LO conditioning is
done in the same way as the upconverter, and the downconverter also supports both
direct-conversion and IF modes. As with the upconverter, the present expansion

card employs the IF operation mode.

ADMV1013

[=]
Z
U]
O

Figure 5.3: ADMV1014 internal block diagram [44].
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To avoid additional losses, the RF input and output ports of the down and
upconverter, respectively, are directly routed to 2.92 mm (K) connectors. The LO
input of each converter IC is routed to the local oscillator distribution chain, as per
the diagram of fig. 5.1, and the baseband connections are left floating, as explicitly

recommended in the datasheet for operation in IF mode.

The IF connections of both integrated circuits is complex (IQ), thus requiring a
hybrid coupler to be used in SSB conversion mode with a real (i.e., not complex) IF
signal. As the converters seem to operate best with an IF frequency of 3 GHz, the
QCN-34+ coupler from Mini-Circuits was chosen. This coupler presents at most a
4 degree phase unbalance and 1.2 dB amplitude unbalance in the entire band of
operation, from 2500 MHz to 3400 MHz, which can be corrected with the internal
converters’ tuners accessible through their digital interfaces. In the transmitter side,
a band-pass filter is placed before the coupler, while in the receiver side, the same
filter is placed after the coupler. This filter attenuates out-of-band interferers that
may be present in the IF signal. The filter used in both cases is the Mini-Circuits
BFCV-2895+, which has a 3 dB passband from 2220 MHz to 3570 MHz, as can
be seen by fig. 5.4. This fits perfectly with the used hybrid coupler, presenting a
slightly wider passband. Both the filter and coupler share component footprints with
components with different specifications, so that, even after the PCB is produced,
some room for experimentation still exists. This also adds to the flexibility of the

design.
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Figure 5.4: IF BPF S-Parameters.
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5.2.2 Internal LO generation

The internal LO generation is based on the same synthesizer IC as used in the
base platform, the 8V97003, from Renesas Electronics. It’s characteristics and
relevance for the use case have already been described in detail in section 3.2.3.
The schematic for this block is the same as in the base platform, including the RF
output network. As the synthesizer provides two independent RF outputs, one is
routed to the transmission chain (the upconverter) and the other is used in the

receiving chain (the downconverter).

5.2.3 Ezternal LO conditioning

The LO conditioning and distribution chain is presented in more detail at fig. 5.5.
It must operate between 5.4 GHz and 10.25 GHz and offer a controllable gain to
support a wide dynamic power range at the input. Contrary to the internal LO
synthesizer, the external LO chain offers only a single input. Thus, a power divider
is needed to feed both the transmitting and receiving chains. The following sections
detail the approach in designing both the variable gain amplifier section and the

power divider.

5.2.3.1 Variable gain amplification

The external LO conditioning comprises two amplifiers, a digitally controllable
attenuator, and a power divider. This combination, as a whole, constitutes a variable
gain amplifier, allowing different power levels at the input to be corrected on-board

to produce roughly the same power level at the converters LO input.

The amplifiers are two PMA2-123LN5+ from Mini-Circuits, chosen mainly for
their low noise figure of 1.4 dB in the band of interest, operating at an on-board
available voltage of 5 V, self-biasing circuitry and low external component count
requirements. Each amplifier presents a typical gain of 15.1 dB at 5 GHz and 11.6
dB at 10 GHz and an output 1 dB compression point of about 11.9 dBm in the
band of interest (5.4 GHz to 10.25 GHz).

Between the two amplifier sits an ADRF5720, from Analog Devices. This 6-bit
step attenuator has a configurable attenuation range of 0.5 dB to 31.5 dB in 0.5 dB
steps, and works at up to 40 GHz, way more than required for this application. Both

the attenuator and the amplifiers support operation without any external impedance

104



5.2 CIRCUIT DESIGN

YIUAS Teurajul
BUISN Uaym a|qenaryoy
apTd Aq paywi

‘ureISerp ¥oo[q ureyd ()] pIed uolsuedxo 9ARA\TIUL (GG 9INST ]

16595011

2av usy
* > >omiau Buiuonipuod

/ Bojeue o
(2d) wap
Indno Jonuo (g'21-) 5T~
01Gve-
670544Av 610544Aav
( cwm_u \4 wap
9+) S'e+ 6+) 5’9+
181MaAUOOUMOQ 01 o- r\ wgp £0026A8 ( ow 5
— O er | A e—————— el
aneMWIW O (§2+) G+
01 G- N PR
(sd) [
vs ﬂ zs [
[ — H X
RUAS TeuIaul ' g
BUISH UBLM B[qeAaIyoY : 3a
apTd Aq panwi : 23
i s
670S544Aav 610544Aav H
(vd) wgp !
Jalanuoadn (G72+) G+ ‘
«-—1 G| e
ane MWW O] wgp 0} G'p- \4 ner
(9+) e+ (6+) 59+
01 9- r\ B 0 g-
€S s
wgp
ndino Jonuoy (§z1-) ST
(9d) 0161z 1655011

YIUAS Teusayul

BUISN USUM 3|qensI oy
apTd Aq panwi

oav usy)
* ——> >jomiau Buiuonpuod
Boreue of

 ——— gpidAqpanun
+NIEZTZYNd *  *  02.54¥av +N1ETT-2VNd
/
[ _ _
>
wap _ wap wap _ wgp
ST+ 52T+ (1) 5e (62+) 2T+ (eTH) ge-
010 0391~ 01 6T~ 0} 5°0€-
/ apTd pue
apTd Aq papwiy 1amod nduj

e Aq pajwi

(td)
Joressush
TeuBis J1ayjo woi4
=[e}

YUAS anepwiw
¥ds aseg wolH

105



MMWAVE EXPANSION CARD

matching networks, due to the acceptable return loss present on their ports. However,
full cascaded stage simulations are performed to evaluate the behavior of the entire

chain of devices.

Figure 5.6 represents the physical layout of components and transmission lines
of the external LO amplification block. It comprises two amplifiers with a variable
attenuator in between, as previously described. The transmission lines are realized
through microstrips sized to present a characteristic impedance (Zp) of 50 Q). The
attenuator does not require any external component in the RF transmission lines,

however, the amplifiers do.

P2

A\

P1

Figure 5.6: External LO variable gain amplification chain EM simulation layout.

The amplifier IC manufacturer specifies that no DC level should be present at the
input of the amplifier, and, in the reference designs, suggests placing an inductor
connecting the input to ground to enforce this condition. It does, however, not
specify what exact component part number to use. A suitable component was
selected from Coilcraft’s 0402DC ceramic core inductor series, by analyzing their
frequency response. It can be seen in fig. 5.7 that the 8.8 nH inductor behaves like
an open circuit at the frequency of interest, while the other inductors do not. The
reflection coefficient of the 1 nH and 3 nH inductors, both having one terminal
shorted, are plotted in fig. 5.7 to demonstrate they would have a significant effect
on the return loss of the amplifier shall they be used instead of the 8.8 nH part. An
inductor with the same part number is used on the output side of the amplifier, to

provide the necessary bias current, as recommended by the manufacturer.

To isolate the DC level present on the transmission lines, a capacitor is placed
between blocks. This capacitor, from the ATC 600L family, is designed to operate
at the RF frequencies involved in this design, and presents itself almost as a short

circuit in the band of interest, as illustrated by the reflection coefficient of it in a
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series connection on fig. 5.8. This is the desired behavior, as opposed to the inductor
analyzed before, as this capacitor is placed in series with the different blocks and
should not affect the impedance matching between them, while the inductor is

placed in a shunt configuration.

— 1nH 1 —_— 2.2 pF

— 3nH --- VSWR =15

— 8.8 nH --- VSWR =2
0.2 5

=T =A
.~

02 052 5

|||I:'

-0.2

Figure 5.7: Return loss of three inductors Figure 5.8: Return loss of a 2.2 pF ATC

of Coilcraft’s 0402DC series,
from 5 GHz to 11 GHz, with
one of the terminals shorted to
ground.

600L microwave capacitor, from
5 GHz to 11 GHz, with one pad
terminated with an ideal 50 Q)
load.

Figure 5.9 traduces the electromagnetically simulated performance of the circuit,
in the form of it’s scattering (S) parameters. The simulation was performed with
the variable attenuator at it’s minimum attenuation setting. Se1, which represents
the small-signal gain of the block (when terminated to Z), is above 27.5 dB in
the whole band of interest, and above 30 dB up to 8.75 GHz. The output return
loss, S92, is below -20 dB up to 9.5 GHz, and below -15 dB on the entire operation
frequency range. This is of paramount importance, as it can significantly affect the
balance of the power divider, as will be seen next. The input return loss given by
S11 is acceptable, presenting a value below -10 dB for most of the band, and never
rising above -5 dB. The plot in fig. 5.10 shows the simulated stability assessment
parameters: Rollett’s stability factor, K, in pink, and B1, in blue, over a frequency
range up to 20 GHz. These factors are used to evaluate the unconditional stability
of the external LO amplification chain. As can be seen, K > 1 and B1 > 0 for the
entire plotted frequency range, which ensures the chain is unconditionally stable.
It is important to assess these parameters across a wider frequency band than
the band of interest, since any instability, even outside the operation frequency
band, could lead to unwanted oscillations, which can degrade the amplification and
linearity of the external LO conditioning circuit, negatively impacting the external
LO phase noise performance or even making it impossible to use the external LO

distribution chain. The data in the plot is obtained with the variable attenuator at

107



MMWAVE EXPANSION CARD

10 T T T T T I
, U V=5
8| — K LZ
— 6 =
a)
~
M4 .
2 |
1
| | | | I 0 | | | | | | | \f
5 6 7 8 9 10 11 0 5 10 15 20
Frequency (GHz) Frequency (GHz)

Figure 5.9: External LO variable gain am- Figure 5.10: External LO variable gain am-
plification chain EM simulated plification chain stability pa-
S-Parameters. rameters.

the lowest attenuation setting, which represents the worst-case scenario. Figure 5.11
depicts the variation in the gain of the entire LO conditioning chain with different
attenuator settings. As expected, the entire frequency range is attenuated by the

same amount.

40
sof TS~ —
o0 T~
wofFo— T

Sa1 (dB)

—10 | — A=0dB — A =10dB |
- — A=20dB—A =30dB |
_20 | | | | |

)

6 7 8 9 10 11
Frequency (GHz)

Figure 5.11: External LO variable gain amplification chain gain (S2;) variation with atten-
uator setting (A).

5.2.3.2 Power divider

Due to the wide operation band of the external LO signal, a reactive power
divider implementation is quite challenging and space consuming. For this reason, a
resistive power divider is instead designed using Vishay’s thin film high-frequency

resistors from the FC0402 series, interconnected with microstrip transmission lines.
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The layout, visible in fig. 5.12, corresponding to the structure depicted in fig. 5.13,
was then electromagnetically simulated and tuned to achieve the best performance
in the required operation frequency band. The simulation results of the optimized
structure are presented in fig. 5.14. Due to the symmetric behavior of the structure,
the return loss of the three ports (S11, S22 and Ss3) is very similar, differing by less
than 0.5 dB (due to the small implementation and component variations). The same
applies to parameters that represent transmission loss (S21, S31, Ss2, S12, S13, and
Sa3). To avoid cluttering the plot, only one representative value of each performance

parameter is shown.

It can be observed that the return loss of lower than -16 dB indicates a very good
50 () impedance match across the entire presented frequency band. The transmission

loss does not exceed 6.7 dB, and considering the minimum theoretical achievable

P3

Figure 5.12: Power splitter EM simulation Figure 5.13: Power splitter layout on the
layout. PCB prototype.
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Figure 5.14: Power splitter EM simulated and optimized S-Parameters.
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loss for this circuit topology is approximately 6.02 dB, the losses introduced by this

circuit are under 1 dB.

5.2.4 LO switching and monitoring

As illustrated in fig. 5.5, the external and internal LO signals converge at two
RF switches (S1 and S2), which allow selecting between the internal and external
LO signals. From this point on, there are two similar and mirrored signal paths,
one ending at the mmWave upconverter probe switch (S3) and the other one at the
downconverter probe switch (S4). The four RF switches used in the design are all
non-reflective, with part number ADRF5019, from Analog Devices. They operate
from 100 MHz to 13 GHz, and have a typical insertion loss of 0.8 dB in the center
of the design operation band. The non-reflective nature of the switch is crucial in
this design, meaning the unused LO signal is properly terminated to the system
impedance, minimizing unwanted reflections and, especially, maintaining the power

balance of the resistive divider.

At the output of the first RF switch in each path (S1 and S2), there is a directional
coupler to sample the signal. This coupler is designed using microstrip transmission
lines, and, similarly to the resistive power divider, the layout is EM simulated and
optimized to achieve the best performance in the band of interest. The isolated port
of the coupler is terminated using an FC0402 RF resistor, and the coupled port is
connected to an LTC5597 linear-in-dB RF power detector, from Analog Devices.
The detector operates up to 70 GHz with a 35 dB dynamic range and an error of +1
dB. The output voltage of the power detector is conditioned and monitored by the
control system to obtain and regulate the LO signal power at any given time. The

aforementioned structure layout, used for EM simulations, is depicted in fig. 5.15.

The electromagnetic simulation results, after optimization, are displayed in

fig. 5.16. The insertion loss of the coupler, traduced by Soi, is better than 0.1

Figure 5.15: Directional coupler EM simulation layout.
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Figure 5.16: Directional coupler EM simulated S-Parameters.

dB, minimizing the impact of the signal traveling through the coupler to its destina-
tion. The impedance match of the input and output ports, S11 and Sao, respectively,
is also very good, presenting a value better than -25 dB, while the impedance match
of the probe (coupled) port (S33) is better than -17.5 dB. The target coupling factor
(S31) of this design is -20 dB, and its layout was optimized to minimize variation of
this parameter over the 5 GHz to 10 GHz band. The achieved coupling factor is
within 0.3 dB of the target value at the band edges, while reaching a slightly higher
value of -18.9 dB in the center of the band. The isolation (S32) is better than -23 dB
in the whole band of interest, while the achieved directivity, D, given by S3; — S32,
is better than 10 dB in the lower half of the operation band, while falling slightly
below 5 dB near the upper end of the band (10 GHz). Although the directivity is
relatively low at the higher end of the frequency band of interest, it does not have
significant practical consequences due to the high return loss (greater than 20 dB
up to 10 GHz) of the non-reflective switches (S3 and S4) used (ADRF5019).

After power monitoring, the signal enters the common terminal of another RF
switch (S3 and S4, one for each LO path), which offers the ability to route the
signal directly to the up/downconverter, during normal operation, or to an external

connector for outside monitoring and calibration.

5.2.5 Control and Monitoring

The control and monitoring section of the mmWave expansion card is based on an
ARM Cortex-M4F from Silicon Labs’ EFM32 Giant Gecko series. The Cortex-M4F
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offers quite a lot of computing power, including a floating-point unit (FPU), needed
to implement the power control loops discussed previously, to quickly calculate the
coefficients to write to the internal synthesizer to set the frequency, among other
tasks. Silicon Labs also pack the device with rich analog features, aiding in the
accurate measurement of analog voltages generated throughout the system, crucial
for control. This MCU is the interface between all the on-board logic and the base
platform, as it communicates with the SDR FPGA via 12C.

5.3 MMWAVE BOARD ESTIMATED PERFORMANCE

This section presents the estimated performance of the mmWave expansion card,
focusing on key aspects of its design and evaluation. It is divided into two subsections:
the first discusses the design considerations and layout choices, based on the designs
outlined in section 5.2. The second subsection provides a detailed analysis of the
board’s simulated performance, evaluating key metrics such as signal integrity, loss,

and overall functionality.

5.3.1 PCB layout

The top layer of the PCB is used mainly for routing the RF traces, all as microstrip
lines, and for short traces connecting signals in the lower layers to surface mount
component pads. The second layer (counting from the top) is entirely dedicated to
ground, no exceptions are made. This ensures a large uninterrupted return path
for all the current flowing through the PCB signals. The third layer is dedicated
to power nets. Power is routed using big pours which span the entire area of the
PCB where that specific power rail needs to connect, and is brought to the top
layer using vias. The bottom layer is used for miscellaneous signal routing. It is
also used, in very few cases where two power planes cross, to route power nets.
All the empty space on all layers is filled with ground pours, except on the top
layer, near microstrip lines. Figure 5.17 shows both a render of the finished PCB
and a picture of the fully assembled prototype PCB. In fig. 5.17a, it is possible to
see where the ground plane has been retracted so it does not interfere with the
microstrip transmission lines. The mmWave up and downconverters are located
at the top center of the PCB, while the synthesizer is located at the center, and
the external LLO conditioning chain is just below, a little bit towards the left. The

voltage regulators are scattered around the RF circuit, so that they sit close to the
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Figure 5.17: mmWave expansion card PCB layout: (a) rendered top layer; (b) rendered
bottom layer; (c) assembled prototype.

block they are powering, as mentioned previously. The MCU sits in the bottom
right of the PCB. Just above the MCU sits the analog signal conditioning of the
control and monitoring system, and to the left of the MCU sits the digital interface
to the up and downconverters. In fig. 5.17b some traces can be seen, as well as the

footprint for the connectors which interface with the base SDR, platform.
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5.3.2 Performance assessment

Before fabrication, the entire chain of devices, as laid out on the PCB, has also
been simulated electromagnetically in order to assess potential issues that may not
be visible through the individual block simulation results. The layout used in this
simulation is depicted in fig. 5.18, and comprises the entire LO conditioning and
distribution chain. As the integrated up and downconverters rely on non-linear
properties to perform their function and because there are no models that capture
their performance that can be used, they have been omitted from this simulation
for simplicity. This is also possible due to the short length of the transmission lines

employed in those sections (up and downconverter) of the circuit.

) B
J oL L

P ¢
|

Figure 5.18: Complete LO conditioning and distribution chain EM simulation layout.

Due to the extended number of ports in this model, the most relevant results
are presented in a comprehensive manner in figs. 5.19 and 5.20. In fig. 5.19, it is
possible to observe the S-Parameters of higher importance that directly represent
the performance of the circuit when operating the mmWave downconverter with an
external LO, through correct positioning of the relevant RF switches. S5;, which
is always above 20 dB in the band of interest, represents the gain applied to
the external LO input (P1) before reaching the downconverter (P5). Most of the

difference between this parameter and the results from fig. 5.9 comes from the loss
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in the resistive power divider and the RF switches, as expected. The input return
loss, Si1, follows the results from from fig. 5.9, since there is no additional circuitry
with relevant effect here, while the output return loss, Sss, is kept below -10 dB
for the majority of the operation band, slightly peaking above -10 dB near 9 GHz.
Another parameter of paramount importance is the amount of leakage from the
internal LO signal that appears at the downconverter when the external LO is
selected. This figure is related to the Ss3 parameter, which is always better than
-33 dB in the entire band of interest.
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Figure 5.19: Complete LO signal chain sim- Figure 5.20: Complete LO signal chain sim-

ulation results, with external ulation results, with internal
LO routed to the downcon- LO routed to the upconverter.
verter.

Figure 5.20, in contrast, represents the opposite situation, i.e., the performance
of the circuit when delivering the internal LO signal to the upconverter. This is a
purely passive path, and, as such, the gain, Sys, is negative. It is, however, better
than -6 dB between 5 GHz and 10 GHz, which should ensure enough power transfer
between the synthesizer and the upconverter (and/or the downconverter). The input
and output return loss curves, Soo and Sy4, respectively, are very similar in behavior.
This is again expected for the selected LO path. They, for the most part, present a
good impedance match, with a value better than -15 dB. Near 9 GHz, the match
is slightly worse, but sill acceptable nonetheless, never exceeding -10 dB. The S4;
parameter related to the power of the signal appearing at the upconverter that
originated at the external LO input port, while the internal LO path is selected.
This is a relevant parameter when calculating isolation between both LO sources.
Despite the apparent low isolation which may be indicated by the value of this
parameter at 10 GHz (-10 dB), it is worth noting that there are other important

settings when determining isolation.
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The results presented in both figures are obtained with the variable attenuator
at its lowest attenuation setting, and this may not always be the case. Depending
on the external LO power level, the attenuation can be raised, and thus Sy will
decrease, naturally. Isolation between both LO signals is a highly dynamic parameter
which can be digitally maximized via the power monitoring and control system

which is implemented in the mmWave expansion card.

5.4 FIRMWARE AND SOFTWARE

This section provides information about the algorithms that run in the ARM
Cortex-M4F micro-controller unit of the mmWave expansion card, which mainly
cover the communication with the base SDR platform, control algorithms for on-
board power leveling loops, interfacing with the LO synthesizer and the mmWave

signal converters.

The software architecture of this microcontroller is very similar to the base plat-
form’s PMU, addressed in detail in section 4.4.1. As the processor core architecture
is the same, many sections of the software framework and environment can be
reused, mainly the MCU peripherals and communication interfaces initialization

process, which happens on boot.

The slave 12C interface algorithms and logic is also reused, as this microcontroller
also presents itself as a slave on the I2C bus which connects directly to the base
platform through the connectors described in section 3.2.6. The MCU in the mmWave
expansion card never behaves as a bus master on that 12C bus, leaving the FPGA
as the single master. A secondary 12C bus of the MCU is configured as master to
independently interface with PCB temperature sensors without disrupting traffic

between the FPGA and the expansion card.

A key aspect of the interface between the base platform and the expansion card
is the automatic enumeration and discovery capabilities. Due to the usage of the
12C bus, it is possible for the FPGA to perform a bus scan to detect all the slaves
present on the bus (i.e., expansion cards). The non-volatile memory of the MCU
is used to store operational parameters of the expansion card, such as working
frequency bands, power levels and calibration data. This data is then read by the
base SDR, via the 12C interface, which automatically incorporates the capabilities
of the expansion card in the list of attributes presented to the user through the
SoapySDR API. Applied to all future expansion cards, this feature allows seamless

integration and modularity of the entire system.
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The LO power control loop is based on the data acquired from the power sensors,
through the MCU ADC. A multi-point calibration is performed which allows
accurate correlation between the ADC sampled voltage and the LO power level.
This information is then used to regulate the power of the relevant (i.e., external
or internal, according to the RF switches) signal. The external LO signal power
is controlled through the variable attenuator, which is interfaced via SPI, and the
internal LO power is regulator via the configurable synthesizer’s output stage, which

offers twelve discrete levels of output power.
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This chapter presents the practical performance evaluation of the developed
systems using laboratory instruments for measurement and analysis. The first section
assesses the base SDR platform, evaluating its performance. The second section
focuses on the mmWave expansion card, performing bench tests with specialized
equipment to characterize its capabilities and performance metrics. Finally, the
chapter concludes with a practical demonstration, where the complete SDR system is
used to transmit and receive a live video feed, validating the combined functionality
of the base SDR platform and the mmWave expansion card in a real-world use case

scenario.

6.1 SDR BASE PLATFORM

To evaluate the base SDR platform, the transmitter outputs were connected to
an Agilent E4448A spectrum analyzer. As referred in section 3.2.2, one of the RF
transceiver outputs, TX1A, is exposed directly to the user, unlike TX1B, which
is first routed through an ADL5601 amplifier. Bench evaluation was performed
on both outputs, in order to evaluate the different performance of the raw and
amplified outputs. Figure 6.1 highlights the connection diagram depicted in the
bench setup of fig. 6.2, which was used to obtain the results shown in table 6.1
and figs. 6.3 and 6.4. With the SDR configured to output a single tone at various
RF frequencies with the maximum power setting, the output power of the tone was

measured using the spectrum analyzer, and recorded in table 6.1. It is possible to

Spectrum Analyzer

TX1A Output

Agilent E4448A oo oo oo
& .o CEEEEE
TX1B Output
SDR Base e P Do oo oo
Platform ® O ooo
(DUT) o ooooo
- R

=] oo ooo O

J

Figure 6.1: Instruments and connection diagram of the bench setup for testing the base
SDR platform transmitter.
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TX Connection to SA —»

Figure 6.2: Bench setup for testing the base SDR platform transmitter.

observe the difference in output power between the TX1A and the TX1B output,
as expected, the TX1B output provides a higher power output. For each of the six
measured conditions listed in table 6.1, the output signal spectrum is depicted in
fig. 6.3, up to 50 GHz. At 1 GHz (figs. 6.3a and 6.3b), it is possible to observe that
the spurious tone with higher power is the third harmonic, at 3 GHz, and it is more
than 15 dB below the fundamental tone. In the center of the operating band, at 3
GHz (figs. 6.3c and 6.3d), the second harmonic is the only visible spurious tone,
and is more than 40 dB below the fundamental tone, while at 6 GHz (figs. 6.3e
and 6.3f) all the harmonic content is below the noise floor of the instrument, given
its configuration parameters (e.g., resolution bandwidth, input attenuation, etc).
As with most wideband RF devices, the application system where the SDR will be

employed must provide output filtering to avoid disturbing neighboring channels.

Table 6.1: Summary of the fundamental tone output power of the SDR
base platform.

Frequency TX1A! Fund. Power TX1B? Fund. Power

1 GHz -8.38 dBm 6.74 dBm
3 GHz -13.19 dBm 1.00 dBm
6 GHz -19.10 dBm -10.49 dBm

L RF output directly connected to the transceiver.
2 RF output from the ADL5601 gain block
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6.1 SDR BASE PLATFORM

TX1B Spurious Emissions @ 1 GHz
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Figure 6.3: Base SDR platform output spectrum while transmitting a single tone at max-

imum power: (a) frr = 1 GHgz, directly output from the RF transceiver; (b)
frr = 1 GHz, output via the on-board gain block; (c¢) frr = 3 GHz, directly
output from the RF transceiver; (d) frrp = 3 GHz, output via the on-board
gain block; (e) frr = 6 GHz, directly output from the RF transceiver; (f) frp
= 6 GHz, output via the on-board gain block.
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Following the single tone test, the SDR was configured to output a 64-QAM
modulated RF carrier centered at 3 GHz. The modulating signal was shaped by
a root-raised cosine (RRC) filter with roll-off coefficient, «, of 0.2, achieving an
occupied bandwidth of 2 MHz. Two attenuation levels were tested on each RF output,
totalling four different combinations, as depicted in fig. 6.4. Table 6.2 summarizes
the measured adjacent channel power ratio (ACPR) of each combination, which is

always better than -35 dBc.

Modulated Carrier Spectrum @ 3 GHz
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Figure 6.4: Base SDR platform output spectrum of a 64-QAM modulated carrier at frp =
3 GHz, output directly from the RF transceiver (TX1A) and via the amplified
output (TX1B), at maximum power and with A = 10 dB.

Table 6.2: Summary of the ACPR of a 64-QAM modu-
lated carrier at frr = 3 GHz output from
the SDR base platform.

Attenuation TX1Al TX1B2
0dB -38.17 dBc -35.81 dBc
10 dB -38.63 dBc -38.46 dBc

L RF output directly connected to the transceiver.
2 RF output from the ADL5601 gain block

With the results just presented, it is possible to consider the SDR transmitter
performance to be good. Nonetheless, there are some parameters that require
improvements, mainly, the output power of the SDR does not meet the initially set
goal of +10 dBm up to 6 GHz. This limitation has been investigated, and the cause
has already been identified to be related to the output connectors on the board.

More information is available further in this thesis, in section 7.2.
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6.2 MMWAVE EXPANSION CARD

To evaluate the achieved performance of the mmWave expansion card’s LO
amplification and distribution chain, a Copper Mountain Cobalt Series C4420 4-port
vector network analyzer (VNA) has been utilized, as can be seen in the connection
diagram of fig. 6.5. Figures 6.6 and 6.7 illustrate the bench setup utilized in in
the next measurements of the external LO conditioning and distribution chain.
The instrument was connected to the expansion card’s external LO input (P1 in
fig. 5.18), as well as the TX and RX LO monitoring port (P6 and P7, respectively,
in fig. 5.18). The LO monitoring switches (S3 and S4 in fig. 5.5) were configured to
route the LO signals to the probe connectors instead of the up and downconverter

1Cs, while S1 and S2 were configured to select the external LO signal path.

Vector Network Analyzer
Copper Mountain Cobalt Series C4420

PE0 TE0 rin il
"R QYR ©
/ / %

VNAP1 VNA P2 VNAP3
DUT P6
mmWave
Expansion Card
- (buT) A
DUT P1 DUT P7
T \ Ref. for
Internal Synth.
TCXO

Figure 6.5: Instruments and connection diagram of the bench setup for testing the mmWave
expansion card LO distribution chain.

With this bench setup, the external LO conditioning chain gain was measured,
obtaining the results presented in fig. 6.8. This figure depicts the measured small-
signal gain of the entire chain (Sg;) at four different attenuation levels, as set by the
on-board variable attenuator. Also overlayed in the plot of fig. 6.8 is the simulation
results of this parameter. It is possible to observe that the measured value closely
follows the simulated one, although the measured value presents some ripple. This
ripple may be caused by the u.FL pigtails used in the measurement setup, which
allow the connection of the VNA to the mmWave expansion card, as shown in
fig. 6.7.
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mmWave
Expansion
Card

Figure 6.6: Bench setup for testing the mmWave expansion card LO distribution chain.
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Figure 6.7: Connections of the Copper Mountain VNA ports to the mmWave expansion
card for testing the LO distribution chain.
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Figure 6.8: Measured mmWave expansion card external LO gain (Sg1) variation with the
variable attenuator setting (A).

Using the same setup of fig. 6.5, the RX LO selection switch (S2 in fig. 5.5)
was toggled, routing the internal LO signal to the upconverter, while the TX LO
selection switch (S1) was left in the external LO position. After this, Sg1 was again
measured with the VNA, showing no differences when compared to the initially
measured value. This measurement allowed the assessment of the RF switches’
internal termination load, as if a poor 50 () impedance match was present, the
balance of the RF power divider would have been disturbed, and, thus, Sg; would

change.

To assess the mmWave up and downconverter performance, a bench was first
prepared with an Agilent ESG E4438C signal generator and an Agilent E4448A
spectrum analyzer. As illustrated in fig. 6.9, this setup was used in three different
phases. First, to obtain reference values, such as signal power and distortion levels,
the signal generator was directly connected to the spectrum analyzer, as represented
by step 1 of fig. 6.9. The reference measurement allowed the correction of the
results obtained in the following steps, by considering, for example, the attenuation
introduced by the cables involved in the connections. Step 2 (of fig. 6.9) was used on
the bench to assess the mmWave upconverter’s conversion gain, spurious emissions,
LO feedthrough, image rejection and distortion, using both a two-tone signal,
to measure IP3, and a modulated carrier, to measure ACPR. The bench setup
corresponding to step 2 is depicted in fig. 6.10, which was initially used to obtain
the conversion gain of the mmWave transmitter, using a single tone signal from the
signal generator as its IF input and measuring the power of the upconverter signal

in the mmWave band with the spectrum analyzer. The results of this measurement

125



SYSTEM PERFORMANCE EVALUATION
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Figure 6.9: Instruments and connection diagram of the bench setup for testing the mmWave
expansion card with a signal generator and spectrum analyzer.
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Figure 6.10: Bench setup for testing the mmWave expansion card with a signal generator
and spectrum analyzer.
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can be observed in table 6.3 for various combinations of RF and IF frequencies. As
expected, the gain of the transmitter is higher at lower RF frequencies, achieving
a minimum gain of 8.1 dB at the maximum RF frequency of 40 GHz. The gain
variation with IF frequency is always better than 2.5 dB across all the measured RF
frequencies, and, for the measured RF frequencies below 33 GHz, it is better than 2
dB. It can also be observed that the maximum gain at a specific RF frequency is
always achieved when using an IF frequency of 2.5 GHz. It is worth noting that
the presented values correspond to the the gain of the entire transmitter chain,
as they include the insertion loss of the IF BPF and the hybrid coupler, as well
as residual insertion loss of the connecting PCB traces. The loss introduced by
the cables connecting the bench instruments to the mmWave expansion card were

de-embedded from the measurements, as explained before.

Table 6.3: Summary of the mmWave expansion card
transmitter conversion gain at different RF
and IF frequencies and maximum gain
(Verrrr = Veorrre = 1.8 V, control pins
of the ADMV1013).

RF Frequency IF Frequency (Gain

2.5 GHz 16.4 dB
23 GHz 3 GHz 15.6 dB
3.5 GHz 14.4 dB

2.5 GHz 15.9 dB
26.5 GHz 3 GHz 15.0 dB
3.5 GHz 14.3 dB

2.5 GHz 11.5 dB
33 GHz 3 GHz 9.4 dB
3.5 GHz 10.1 dB

2.5 GHz 10.3 dB
40 GHz 3 GHz 8.1dB
3.5 GHz 8.8 dB

Maintaining the same input signal (a single tone), the spectrum analyzer was used
to assess the spurious content of the upconverter’s output. Figure 6.11 represents
the results obtained during this test, depicting both full and narrow-span spectrum
plots at 26.5 GHz and 40 GHz. In both figs. 6.11a and 6.11b, several tones can be
seen. In these figures, the red traces correspond to measurements without an IF
signal (i.e., IF port terminated to 50 (2) and the blue ones are obtained with an IF

signal present at the input of the upconverter. As described in section 5.2.1, the
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upconverter (and the downconverter) receive a local oscillator signal at one fourth
of the final RF frequency, multiplying it internally. The multiplication process,
however, inherently produces several additional harmonics of the input LO tone.
Each of these harmonics will be mixed with the IF signal, producing copies of
this signal at each LO harmonic. Despite the IC including a filter to mitigate the
side-effects of this unwanted behavior, it is still possible to see some unwanted tones
in figs. 6.11a and 6.11b. In the red curves of both figures, only the LO harmonics
can be observed, as expected. However, in the blue curves, the harmonic mixing

behavior just described can be observed.
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Figure 6.11: mmWave upconverter output spectrum: (a) Full span with frp = 26.5 GHz,
with and without IF signal; (b) Full span with frr = 40 GHz, with and without
IF signal; (c¢) Narrow span with frp = 26.5 GHz; (d) Narrow span with frp
= 40 GHz.

As noted in section 5.2.1, both converter ICs contain digital tunable elements
to balance the IF in-phase and quadrature components’ phase and amplitude. By

tuning those elements while observing the output signal spectrum of the upconverter,
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it is possible to minimize the LO feedthrough and maximize the sideband (image)
rejection. Figures 6.11c and 6.11d depict the narrow-span capture of the spectrum
analyzer after performing the tuning process, while the image and LO rejection
figures are summarized in table 6.4. It can be seen that, at 26.5 GHz, both the LO
feedthrough and image rejection can be optimized to better than 40 dB, since these
effects are mainly caused by I/Q unbalance. At 40 GHz, adjusting I/Q balance
allows the transmitter to achieve acceptable levels of LO feedthrough and image
rejection of 31.5 dB and 27.5 dB, respectively. At such a high frequency, these
unwanted effects can be caused by other effects other than I/Q unbalance, such as

coupling between signal paths via the IC’s substrate.

Table 6.4: Summary of the mmWave expansion card transmitter
LO and image rejection at frp = 2.5 GHz, different RF
frequencies and maximum gain (Vorgr: = Vorrre = 1.8

V).
Frequency LO Rejection! Image Rejection!
26.5 GHz 40 dB 42.49 dB
40 GHz 31.5 dB 27.5 dB

! Digital tuners adjusted for maximum LO and image rejection.

While still keeping the bench setup of fig. 6.9, the signal generator was configured
to output a two-tone signal, followed by a 16-QAM modulated carrier with a
bandwidth of 10 MHz, in order to assess the distortion performance of the mmWave
transmitter. The OIP3 of the upconverter 1C, assessed with two tones spaced 1
MHz apart from each other, at different RF frequencies, is summarized in table 6.5.
The best performance is observed at 26.5 GHz, achieving a 17.25 dBm OIP3, while
at other operating frequencies, the OIP3 is always higher than 13 dBm.

Table 6.5: Summary of the OIP3 of the
mmWave expansion card trans-
mitter output at maximum gain

(Verroy = Verrrz = 1.8 V).

Frequency OIP3

23 GHz 15.5 dBm
26.5 GHz 17.25 dBm
33 GHz 14.1 dBm
40 GHz 13.75 dBm

With the aforementioned modulated IF carrier input, the ACPR of the output sig-

nal was measured, with results presented in table 6.6. At 23 GHz, two measurements
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were performed, each with a different gain, controlled by the voltage at the Vorgri
pin of the ADMV1013. At this frequency, it is possible to see a degradation of 1.5
dB in the ACPR when the gain is at its maximum (Vorgrr1 = 1.8 V), compared to
a 3 dB gain back-off (Vorgr: = 1.375 V). It is important to note that the ACPR of
the input IF signal was -36.5 dBc, determined using setup 1 of fig. 6.9, meaning that
it is not possible to obtain better results for either the up or downconverters. The
spectrum of the signals used to measure the ACPR performance of the upconverter
is depicted in fig. 6.12, where fig. 6.12a shows the variation of the spectral regrowth
with gain (Vorgrri) and fig. 6.12b traduces the performance at different RF carrier

frequencies.

Table 6.6: Summary of the ACPR of a 10 MHz 16-QAM modulated carrier
output from the mmWave expansion card transmitter.

Frequency Gain (Vorgr1)! Output Power ACPR

93 GHz 1375V 0.8 dBm -34.5 dBc

1.8V 3.13 dBm -33 dBc
26.5 GHz 1.8V 2.9 dBm -35 dBc
33 GHz 1.8V -2.8 dBm -35.5 dBc
40 GHz 1.8V -3.8 dBm -35.5 dBc

! Vorrre = 1.8 V - maximum value
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Figure 6.12: mmWave upconverter output spectrum, showcasing spectral regrowth of a
QAM modulated carrier: (b) vs RF frequency; (b) vs gain (Vorrri).

By leveraging setup 3, depicted in fig. 6.9, the evaluation of the mmWave receiver
chain is performed. This setup is similar to setup 2, however, it comprises a loopback

connection between the TX and RX RF connections. As the transmitter was
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previously characterized, it is possible to de-embed it from the measurement, leaving
only the receiver’s performance, at least for the measured parameters presented

here.

Similarly to the transmitter, the receiver conversion gain has been measured
on the bench, at several RF and IF frequency combinations, with all the results
compiled in table 6.7. It is, once again, possible to observe that the conversion gain
is higher at an IF frequency of 2.5 GHz, and, as noted before, the gain variation
across the measured IF frequency points is better than 2.5 dB. At 26.5 GHz, the

receiver achieves the highest measured gain value of 14.7 dB.

Table 6.7: Summary of the mmWave expansion card receiver
conversion gain at different RF and IF frequencies
and maximum gain (Vorgrr = 0 V, control pin
of the ADMV1014).

RF Frequency IF Frequency Gain!
23 GHz 3 GHz 12.6 dB
26.5 GHz 3 GHz 14.7 dB
33 GHz 3 GHz 9 dB
2.5 GHz 10 dB
40 GHz 3 GHz 9.1 dB
3.5 GHz 7.6 dB

! Digital tuners adjusted for maximum gain.

As important as the upconverter’s image rejection, it is also relevant to measure
this parameter in the receiver’s downconverter, as this parameter is crucial to
ensure only the wanted (upper) sideband is downconverted to IF. The transmitter
image rejection measurement process is quite simple, as the relevant tones are all
visible in the spectrum at the same time, due to the mix-up operation performed
by the transmit mixer. In the downconverter, however, it is not possible to discern
the desired downconverted sideband (fro + frr) from its image (fro — frr) in
the spectrum analyzer. To overcome this limitation, the methodology depicted in
fig. 6.13 was employed to indirectly obtain the image rejection. First, a tone with
frequency fro + frr is injected in the receiver’s RF input port, and the power is
measured at f;p, from the IF output port, as depicted in fig. 6.13a. Then, the same
procedure is followed, injecting instead a tone at fro — frr and recording the power
of the signal at frp, as shown in fig. 6.13b. By subtracting the measured values (in
dBm), the image rejection of the receiver can be determined. The entire procedure

that was just described was performed after tuning the digital control elements of
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Figure 6.13: Methodology for measuring the image rejection of the mmWave downconverter:
(a) setup for measuring the wanted sideband power; (b) setup for measuring
the unwanted sideband power.

the downconverter to achieve the best image rejection figure, and the results are
presented in table 6.8. The downconverter presents an excellent image rejection
of more than 57 dB at 23 GHz, and it is better than 45 dB for the entire set of
measured combinations, which ensure proper attenuation of the unwanted sideband

components.

Assessment of the receiver’s distortion performance was performed by following
the same procedure detailed previously for the transmitter, with the modulated
carrier signal, however, by employing setup 3 of fig. 6.9, the receiver IF output was
monitored instead of the TX RF output. It is worth noting that the achievable
ACPR may not be better than -35.5 dBc, as this is the best figure obtained from the
output of the transmitter. In table 6.9, the ACPR results of the receiver, obtained

Table 6.8: Summary of the mmWave expansion card receiver
image rejection at different RF and IF frequencies
and maximum gain (Vorgr = 0 V).

RF Frequency IF Frequency Rejection!

23 GHz 3 GHz 57.1 dB
26.5 GHz 3 GHz 46.9 dB
33 GHz 3 GHz 51.4 dB
2.5 GHz 55.25 dB
40 GHz 3 GHz 50.22 dB
3.5 GHz 47.2 dB

1 Digital tuners adjusted for maximum image rejection.
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Table 6.9: Summary of the ACPR of a 10 MHz 16-QAM
modulated carrier, at frp = 26.5 GHz and
frr = 3 GHz and maximum gain (Voprpgy, =
0 V), output from the mmWave expansion
card receiver.

IF Output Power ACPR
-17.9 dBm -35 dBc
-10.6 dBm -35 dBc
-1.7 dBm -35 dBc
3.2 dBm -26 dBc

at an RF and IF frequencies of 26.5 GHz and 3 GHz, respectively. It is possible to
observe in fig. 6.14 that little to no distortion is introduced by the receiver when
operated with an input power lower than -25.5 dBm. When operated at higher
power levels, the internal amplifiers of the downconverter start to enter saturation,
causing spectral regrowth of the signal. At an IF output power, however, the receiver
still achieves an acceptable ACPR of -26 dBc. To conclude, the bench setup was
leveraged to obtain the results in fig. 6.15, which represent the spectral contents of
the downconverter’s IF output up to 50 GHz. Besides the desired tone at 3 GHz
(frr), a direct result of the downconversion from 40 GHz (frr), two other tones
stand out of the noise floor of the instrument. A tone at 9.25 GHz, represents
leakage of the divided LO signal, which is input to the IC, and, at 18.5 GHz, the
second harmonic of the 9.25 GHz tone. Despite presenting power levels above the

spectrum analyzer’s noise floor, their power is more than 35 dB below the desired
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Figure 6.14: mmWave downconverter out- Figure 6.15: Full span spectrum of the

put spectrum, showcasing mmWave downconverter IF
spectral regrowth of a QAM output.
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power.
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IF output tone. This rejection is not only provided by the downconverter IC itself,

but also by the BPF employed on the IF output.

To assess the impedance matching of both RF and IF ports of the mmWave
expansion card up and downconverters, an Agilent E8361A VNA was connected

to the card, as depicted in the connection setups 1 and 2 of fig. 6.16. Figure 6.17
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Figure 6.16: Instruments and connection diagram of the bench setup for testing the mmWave
expansion card RF and IF ports return loss and loopback conversion gain.

traduces the IF ports’ return loss obtained with setup 1 of fig. 6.16, which generally
follow the return loss performance of the IF BPF filter, previously presented in
fig. 5.4, as expected. It stays below -10 dB for almost the entire 2.5 GHz to 3.5
GHz operating band, slightly peaking above -10 dB near 3 GHz. In fig. 6.18, the
return loss of the RF ports is presented, which, essentially, directly represents the

impedance match of the converters’ RF port. The transmitter does present a good
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Figure 6.17: mmWave card measured IF Figure 6.18: mmWave card measured RF
ports return loss (S11). ports return loss (S11).

impedance match of better than -10 dB in some frequency bands such as in the 20
GHz to 25 GHz, 30 GHz and 40 GHz bands. In some bands, however, the impedance
match can rise above -5 dB. As explained in section 5.2.1, the RF connections of
the converters was directly routed to high-frequency (2.92 mm) connectors, in order
to not introduce additional losses to the mmWave signals. It is not trivial to achieve
perfect impedance matching across such a wide range of frequencies, especially when
trying to design LNAs for minimum noise figure, as is the case in the mmWave
downconverter /receiver. Thus, it is suggested that the SDR user further optimizes

the antennas (or other connected equipment) for the impedance of the RF ports.

Using setup 3 of fig. 6.16, whose bench is depicted in fig. 6.19, the VNA was used
to measure the loopback gain of the cascaded transmitter and receiver chains, at

maximum, medium, and minimum gain levels. The maximum gain level corresponds

mmWave
Expansion

Figure 6.19: Bench setup for testing the mmWave expansion card RF and IF ports return
loss and loopback conversion gain, using a VNA.
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to all gain control voltages set to the maximum gain values, that is, TX Vorrri
and Vorgrrs set to 1.8 V and RX Vorgr set to 0 V. The medium gain level is
represented by all aforementioned control voltages being set to 0.9 V, the center
point of the gain scale. Finally, the minimum gain curves represent the gain of the
cascaded chain with TX Vorgr1 and Vorgre set to 0 V and RX Vorgyr set to 1.8 V.
The results of this measurement at different frequencies are presented in figs. 6.20
to 6.23. In all figures, the effect of the IF BPF can clearly be observed, as well as

the effect of the control voltages on the overall gain.
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Figure 6.20: mmWave expansion card full Figure 6.21: mmWave expansion card full
chain (TX + RX) conversion chain (TX + RX) conversion
gain at fpp = 20 GHz and gain at frp = 23.5 GHz and
different gain settings. different gain settings.
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Figure 6.22: mmWave expansion card full Figure 6.23: mmWave expansion card full

chain (TX + RX) conversion chain (TX + RX) conversion
gain at frr = 30 GHz and gain at frrp = 37 GHz and
different gain settings. different gain settings.

By using the Agilent E4448A spectrum analyzer’s phase noise analysis feature,
and with the bench setup depicted in fig. 6.24, the phase noise performance of the
mmWave expansion card’s internal LO synthesizer was assessed. As mentioned in

sections 3.2.3 and 5.2.2, with the externally implemented loop filter, it is possible to
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Figure 6.24: Instruments and connection diagram of the bench setup for testing the mmWave
expansion card internal LO synthesizer phase noise.

alter the PLL’s loop bandwidth using the digitally controllable charge pump current.
This feature was leveraged to obtain phase noise results for three different loop
bandwidth (f.) configurations: 10 kHz, 50 kHz and 100 kHz. Figures 6.25a, 6.25¢
and 6.25e traduce the phase noise of the synthesizer at 5 GHz, figs. 6.25b, 6.25d
and 6.25f at 7.5 GHz, figs. 6.26a, 6.26¢ and 6.26e at 9.25 GHz and figs. 6.26b, 6.26d
and 6.26f at 10.25 GHz. In all figures, it is possible to observe the clear difference on
the phase noise profile caused by the three different loop bandwidth configurations.
When the synthesizer is configured with a 10 kHz loop bandwidth (figs. 6.25a, 6.25b,
6.26a and 6.26b), it is possible to observe a slight peaking in the phase noise profile
of the synthesizer’s output. This behavior is due to the loop bandwidth (f. = 10 kHz)
being close to the zero frequency, f,, which, with the currently implemented loop
filter, is approximately 8 kHz. As referred in section 3.2.3, f. should not be inferior
to f,, and, as the PLL configuration approaches the point at which this condition
is violated, phase noise peaking starts to occur, leading to potential instability in
the system [48]. Is is also possible to observe that the loop bandwidth configuration
involves a trade-off between close-in and far-out phase noise performance, as within
the loop bandwidth (f < f.), the majority of the phase noise is originated in the
PLL reference, whereas outside of the loop bandwidth (f > f.), the VCO dominates
the phase noise performance of the entire PLL [76].
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Figure 6.25: Measured phase noise of the internal synthesizer of the mmWave expansion
card: (a) at foyr = 5 GHz and f. = 10 kHz; (b) at foyr = 7.5 GHz and f.
= 10 kHz; (¢) at foyr = 5 GHz and f, = 50 kHz; (d) at foyr = 7.5 GHz and
fe = 50 kHz; (e) at foyr = 5 GHz and f, = 100 kHz; (f) at foyr = 7.5 GHz
and f. = 100 kHz.
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Figure 6.26: Measured phase noise of the internal synthesizer of the mmWave expansion

card: (a) at foyr = 9.25 GHz and f. = 10 kHz; (b) at foyr = 10.25 GHz
and f. = 10 kHz; (¢) at foyr = 9.25 GHz and f, = 50 kHz; (d) at foyr =
10.25 GHz and f. = 50 kHz; (e) at foyr = 9.25 GHz and f, = 100 kHz; (f)
at foyr = 10.25 GHz and f. = 100 kHz.
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As mentioned in section 5.4, the RF power sensors utilized to measure the LO
signal power were calibrated across frequency. Figure 6.27 depicts the voltage read by
the MCU ADC across LO frequency, at three different synthesizer power levels. As
the synthesizer provides twelve discrete steps of power control, a measurement was
performed at levels 1 (minimum), 6 (mid-scale) and 12 (maximum). Through this
curve, and correlating with the actual LO power level measured with the spectrum
analyzer, the control system of the mmWave expansion card can accurately manage
the LO power level, ensuring the correct LO power reaches the mmWave up and

downconverter ICs.
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Figure 6.27: Voltage at the input of the MCU of the mmWave expansion card vs LO
frequency at different internal synthesizer power levels.

6.3 DEMONSTRATION APPLICATIONS

As presented in section 4.4.4, a set of transmitter and receiver demonstration
applications were developed with the aim of exemplifying the use of the SoapySDR
library to interface with the SDR. These applications were also levraged in the
laboratory to showcase the usage of the complete SDR platform, achieving over-
the-air transmission of a live video feed from a digital camera. Two scenarios were
tested, covering the base SDR platform, with a sub 6 GHz modulated carrier, and
the complete mmWave SDR, utilizing a similarly modulated carrier centered at 40

GHz.

A transmitter configuration, depicted in fig. 6.28, was assembled on a supporting

platform on wheels, for ease of transportation. This configuration comprises the
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~ TX mmWave
£ Antenna

Figure 6.28: Transmitter cart setup for a live video streaming demonstration using the SDR.

base SDR platform with a CM4 installed and a Vivaldi antenna working from 2.4
GHz to 10 GHz, which is used to transmit the sub 6 GHz modulated carrier. A
mmWave expansion card is also included in the transmitter setup, whose IF input
is connected to the base SDR platform. The RF output of the mmWave expansion
card is connected to an RF SPIN DRH40 double ridged horn antenna, operating at
up to 40 GHz, used for the mmWave transmission demonstration. Power supplies
for the SDR are also included in the transmitter cart, as can be seen in fig. 6.28,
as well as a laptop, connected via Ethernet to the base SDR, for controlling the

transmitter.

A second movable cart was used to assemble a receiving setup, with a host PC,
accompanying monitor and an SDR installed on a PCle slot. Figure 6.29 depicts
this receiver setup, prepared with a Vivaldi antenna similar to the one used on

the transmitter, for reception of the sub 6 GHz modulated carrier. In this figure,
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the carrier can be observed in the spectrum monitor and corresponding waterfall,
generated using the GQRX software [77]. This software uses GNU Radio [14] as
its core and offers an intuitive interface which allows monitoring the spectrum of
a connected SDR, among other basic features. This software is able to interface
with SoapySDR compatible SDRs, proving that the developed SoapySDR driver

works as intended. Similarly, fig. 6.30 depicts the same setup, but with a mmWave

SDR installed in
the PCle slot

Figure 6.29: Receiver cart setup for a live video streaming demonstration using the SDR at
sub 6 GHz bands.

horn antenna, again, similar to the one employed at the mmWave transmitter, to
receive the 40 GHz modulated carrier via the mmWave expansion card, which is
inserted onto the base SDR platform. In fig. 6.30 it is possible to observe the video
stream being played back on the PC’s monitor, as well as the received 64-QAM
signal constellation, also depicted in fig. 6.31b.
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Figure 6.30: Receiver cart setup for a live video streaming demonstration using the SDR at
mmWave frequencies.
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Figure 6.31: Base SDR platform demodulated signal constellation: (a) 16-QAM; (b) 64-

QAM.
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CONCLUSIONS AND FUTURE WORK

Throughout this work, the design, implementation, and evaluation of a cutting-
edge SDR platform that pushes the boundaries of flexibility, performance, and
expandability in wireless communication systems have been explored. The literature
review was first presented in chapter 2. This foundation was crucial in understanding
the state-of-the-art in digitally intensive RF transceivers and allowed informed
design choices to be made during the SDR architecture definition, also presented in

chapter 2, and throughout the following development process.

7.1 CONCLUSIONS

The circuit development of the SDR base platform, a critical phase that trans-
lated the SDR topology into practical hardware, was presented in chapter 3. Each
functional block was meticulously designed, including the signal processing core,
RF transceiver, mmWave synthesizer, clock management, and power management
systems. Special attention was given to the expansion card interconnections, a
feature that significantly enhances the platform’s modularity and future-proofing.
The chapter concluded with a discussion on the PCB stackup and layout, highlight-
ing the challenges and solutions in physically implementing the designed circuits.
The hardware development was complemented by extensive firmware and software
development, as outlined in chapter 4. This chapter explored the FPGA design
architecture, detailing both custom and proprietary IP cores that form the heart
of the SDR’s digital processing capabilities. Development of custom IP cores was
addressed, as well as their interconnection with several other proprietary IP cores.
The software section covered various aspects from low-level firmware to high-level
user applications, ensuring a complete and user-friendly SDR ecosystem. The de-
velopment of the mmWave expansion card was detailed in chapter 5. This card
extends the capabilities of the SDR platform into the millimeter-wave frequency
range, opening up new possibilities for research and applications in 5G and beyond.
The chapter provided an in-depth look at the system design considerations, circuit

design, and performance estimations of this expansion card. The integration of this
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card with the base platform demonstrates the success of the proposed modular

design approach and the platform’s expandability.

The laboratory and real environment assessment of the SDR base platform, the
mmWave expansion card and the mmWave SDR, which comprises both the SDR
base platform and the mmWave card, interconnected together, were performed and
presented in chapter 6, providing empirical evidence of the system’s capabilities.
Through a series of tests and demonstrations, it was proved that the SDR platform
meets and, in some cases, exceeds the initial design specifications. The frequency
range of the base platform, spanning from 100 MHz to 6 GHz, provides excellent
coverage for a wide range of applications. Moreover, the successful implementation
of the mmWave expansion card, operating from 24 GHz to 40 GHz, demonstrates
the platform’s expandability and readiness for next-generation wireless technologies.
The achieved bandwidth of 56 MHz meets the initial specification, providing ample
room for wideband signal processing and high data rate communications. The
implementation of MIMO 2x2 capability, with each TX/RX channel having two
digitally selectable input/output signal paths, offers flexibility in handling different
frequency bands and enhances the platform’s versatility. The ability to operate
from 500 ksps to over 60 MSPS, with the potential to reach over 120 MSPS when
exploiting undocumented features of the RF Transceiver, exceeds the originally set
specifications. This wide range of sampling rates makes this platform suitable for a

diverse array of applications, from narrowband IoT to wideband 5G communications.

A unique feature of the SDR is the inclusion of an on-board frequency synthesizer
operating from 170 MHz to 18 GHz. This wide-range synthesizer not only supports
the base platform’s operations but also provides a valuable resource for generating
local oscillator signals for daughter cards, including the mmWave expansion card.

This feature significantly enhances the platform’s expandability and future-proofing.

Frequency accuracy is a critical parameter of any SDR system, and the developed
platform achieves a respectable 0.5 ppm accuracy. Furthermore, the system was
designed with the flexibility to easily connect an external reference, allowing for
even greater accuracy when required. This feature ensures that the SDR can meet
the stringent timing requirements of various wireless standards and experimental

setups.

The processing capabilities of the SDR. platform are another relevant performance
metric. By incorporating both FPGA-based hardware processing and a powerful
quad-core ARM Cortex-A72 CPU running at 2.1 GHz, it was possible to conceive

a system capable of handling complex signal processing tasks with ease. This
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mixed approach to processing allows for optimal task distribution, with time-critical
operations handled in hardware while more complex, higher-level tasks can be
managed in software. Data offloading, often a bottleneck in SDR systems, has been
addressed through the usage of a PCle interface capable of speeds up to 8 Gbps.
This high-speed interface ensures that the developed and implemented platform
can handle the data rates required for advanced wireless protocols and research

applications without becoming a limiting factor.

Flexibility in power options was another design goal that has been successfully
met. The SDR can be powered via a standard DC input ranging from 9 V to 24 V,
USB PD, or directly from a PCle slot. This versatility in power options enhances
the platform’s usability across different scenarios, from laboratory setups to field
deployments. The over-provision of the power system ensures that the platform is
ready to support expansion cards that may have higher power requirements, further

extending the life and utility of the base system.

The developed SDR platform represents a significant advancement in the field of
software defined radios. Its combination of wide frequency range, high bandwidth,
flexible processing options, and expandability makes it a powerful tool for researchers
and developers in wireless communications. The integration of the mmWave ex-
pansion card demonstrates the platform’s readiness for next-generation wireless
technologies, including 5G and beyond. The adopted modular design approach
ensures that this SDR platform will remain relevant and useful for years to come.
As new wireless technologies emerge, the platform can be adapted and expanded to
overcome new challenges. The over-provisioned power system and flexible expansion

options provide a solid foundation for future developments.

Aside from achieving the primary objectives, this project has also opened up
several future research and development opportunities. In the broader context
of wireless communications research, the SDR platform provides a valuable tool
for exploring new modulation schemes, investigating spectrum sharing techniques,
and developing novel wireless protocols. Its flexibility and performance make it
suitable for a wide range of applications, from IoT, advanced RFID systems, and

fixed /mobile cellular communications to radar systems and beyond.

7.2 FUTURE WORK

As previously mentioned, the successful development and implementation of this

SDR platform have opened up various future R&D use cases. This section outlines
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potential areas for improvement and expansion, ensuring that the platform continues

to evolve and remain at the forefront of wireless communication technology.

7.2.1 Refinement of the SDR base platform

While the current base SDR platform has demonstrated excellent performance,
there are minor hardware issues that require attention. Specifically, the RF output
connectors’ footprint and the synchronization unit’s phase noise performance need
to be addressed. These refinements, though small, are crucial for enhancing the
overall reliability and usability of the platform. An extensive analysis of the RF
connectors footprint on the base SDR PCB, through 3D EM simulations, has
shown that the current implementation may impact RF performance, namely the
impedance matching and power output. Figure 7.1 showcases the issue and proposed
solution, which involves retracting the ground plane around the center contact of

the connectors.

Figure 7.1: Rectification of the RF connectors: (a) before rectification; (b) after rectification.

This rectified footprint has shown better performance in simulation, and will
hopefully improve signal integrity and reduce potential losses, particularly at higher
frequencies. This enhancement is critical for maintaining the platform’s performance

across its entire operational frequency range.

The current synchronization unit architecture ensures a highly flexible clock
distribution design, which aligns with the initial goals set for the platform. However,
the current implementation does not offer optimal phase noise performance. Thus,
this section of the base SDR platform needs to be refined in order to achieve an
even better performance. By rectifying these issues, it can be ensured that the SDR
provides a more robust and dependable foundation for various applications and

research projects.
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7.2.2 Base SDR platform improvements

Although the current development approach for the mmWave SDR follows tradi-
tional techniques, it is of paramount importance to gain insight and experience into
the field of mmWave SDR, design. This will enable the evolution of SDRs based on
sampling techniques, with the aim of first replacing the RF section with RF DACs
and ADCs, as explained in sections 2.2 and 2.3, followed by the replacement of the
mmWave module with ultra-fast RF DACs and ADCs, when economically viable.

This idea aims to evaluate the performance benefits of direct RF sampling and
generation. The use of high-speed converters could enhance the platform’s flexibility,
allowing it to operate over a wider frequency range without the need for multiple
analog front-end designs. This approach aligns well with the software-defined nature
of the platform, potentially enabling more of the signal chain to be implemented in
the digital domain. Nevertheless, the compatibility with existing expansion cards

should be guaranteed, ensuring the modularity of the platform.

7.2.3 Development of additional expansion cards

To further extend the capabilities and applications of the developed SDR platform,

several proposals for the development of new expansion cards arise:

e X-Band Ezxpansion Card: This card would enable operation in the 8-12 GHz
frequency range (possibly extending the lower end to 6 GHz, to provide a con-
tiguous operating range), opening up possibilities for satellite communication,

radar systems, and other applications in this band;

e Ku-Band expansion card: Operating in the 12-18 GHz range, this expansion
would be valuable for satellite communications, particularly for broadcast
or amateur satellite services. Extending the card’s operating range up to 20
GHz could help close the gap with the developed mmWave expansion card,
ensuring the SDR platform’s contiguous operation from 100 MHz to 40 GHz;

e High-Power 5G FR1 expansion card: Focusing on the 3.6 GHz band, this card
would incorporate a high-power amplifier suitable for 5G FR1 base-station
applications. This expansion would allow the SDR system to be used in more

realistic cellular network research and prototyping scenarios.
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7.2.4  Enhanced software and firmware development

While not explicitly mentioned in the provided future work topics, it’s important
to consider ongoing software and firmware development to fully leverage the hard-
ware capabilities of the SDR platform and its expansions. This could include the
development of optimized signal processing algorithms for specific applications (e.g.,
5G NR, radar processing, satellite communications). The creation of user-friendly
interfaces and software tools to simplify the configuration and operation of the SDR
across various use cases is also a relevant topic worth exploring. Further software
advanced features such as cognitive radio capabilities, dynamic spectrum access,

multi-standard operation, and digital pre-distortion may also be explored.
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During the development of the SDR platform, presented in this thesis, a conference
paper, entitled Highly Flexible and Scalable Millimeter Wave Software
Defined Radio, was submitted, accepted, and presented at the IEEE 22nd
Mediterranean Electrotechnical Conference (MELECON), which took
place in Porto, Portugal, on the 25th, 26th and 27th June, 2024. This paper is

available on the following pages.
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Abstract—This paper presents the project and implementation
of a Software Defined Radio (SDR) development platform capable
of operating in the Millimeter Wave (mmWave) frequency range.
The SDR is composed by a base card, operating from tens of MHz
up to 6 GHz, and an expansion daughter board, which performs
the frequency conversion to and from mmWave bands. The base
card comprises numerous programmable blocks and features,
making it highly flexible by itself. The SDR can transmit and
receive signals with a bandwidth of up to 56 MHz, and offloads
data via Peripheral Component Interconnect - Express (PCle)
to an on-board Raspberry Pi Compute Module 4 (CM4) or, via
a standardized edge connector, to any PCle host. The platform
can be powered from various sources, including Universal Serial
Bus - Power Delivery (USB PD), and the power budget is over-
provisioned, allowing additional expansion cards to be designed
and attached to the SDR, further increasing its capabilities. This
paper not only focuses on the architecture of the SDR, but also
presents experimental assessment results of the most important
performance characteristics.

I. INTRODUCTION

Over the past decade, high-frequency radios with wideband
capabilities, high dynamic range, spectral agility, modulation-
agnostic features, and support for multiple standards have gar-
nered significant attention from multiple fields for their diverse
range of applications. Simultaneously, recent technological
advancements have allowed architecture changes to radios
that shrink their size, weight, power consumption, and cost,
while maintaining performance and evolving toward software-
programmable common hardware, that is, evolving to Software
Defined Radio (SDR) devices. The operational flexibility of
this type of radio allows them to be used in various fields of
activity, such as telecommunications, transportation, aerospace,
and defense, among other potential applications [1]. In [2],
the authors utilized an SDR to characterize a communications
channel in a railway environment, while in [3], an SDR
was employed in a ground telecommand system for flight
termination purposes.

SDRs are advanced radio systems that can be programmed
to operate over a broad range of frequencies, modulations, and
communication protocols. Unlike traditional radio systems,
which can only be configured to operate in predetermined
states, i.e., on specific frequencies and using fixed modula-
tions schemes, SDRs utilize software-driven signal processing
to adapt to different frequency bands and communication
standards without requiring any hardware modifications. In
addition to offering flexibility and versatility, SDRs also have
several advantages over traditional radio systems, such as
lower costs, higher throughput, and enhanced security. These
capabilities make SDRs versatile, cost-effective, and ideal
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for use in modern societies where communication needs are
diverse and ever-changing, such as in telecommunications and
critical applications like defense, public safety and emergency
response, where a flexible radio system is essential to adapt to
different needs and environments.

Software Defined Radios are particularly relevant in the
development of telecommunication equipment and systems,
which require immense flexibility to adapt to new standards
and protocols in order to meet the changing demands of
users [4]. With the rapidly evolving development of wire-
less protocols and the increasing popularity of multi-protocol
compatible devices, the SDR paradigm has proven to be
very promising, especially in fifth-generation (5G) cellular
networks and beyond (e.g., 6G). A Software Defined Radio
enables the development and implementation of new networks,
in different frequency bands, without requiring changes to
hardware and allows for rapid deployment of new protocols
and enhancements that enable much faster data download and
upload speeds with low latency.

In the Research and Development (R&D) field, regardless
of whether it is in an academic or industry environment, SDRs
are becoming increasingly important due to their flexibility and
agility in adapting to new communication standards and pro-
tocols. In fields such as electrical and electronic engineering,
telecommunications, and computer science, SDRs are enabling
researchers to design, emulate, and test a wide variety of wire-
less communication systems [5]. By using SDRs, researchers
can rapidly prototype and evaluate communication systems
in real-time, which can be especially helpful in the design
phase of a project. In addition to their versatility, SDRs are
also important for scientific research due to the potential for
cost savings, both in terms of hardware and software. Because
SDRs allow for the development of common hardware that
can be programmed to fit a wide range of communication
standards, researchers can potentially avoid the need for costly
specialized hardware. Additionally, by taking advantage of
open-source SDR software support libraries, such as [6] [7]
[8] and [9], researchers can collaborate and build upon each
other’s work, further reducing costs and speeding up research
progress.

The development and implementation of SDRs in scientific
research is important because it enables researchers to stay at
the forefront of rapidly evolving communication technologies.
As new communication standards emerge and existing ones are
updated, SDRs provide a platform for studying and developing
new systems. Furthermore, by using SDRs, researchers can
gain insights into how communication systems can be opti-
mized for different applications. Overall, the continued study,
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Fig. 1. SDR block diagram.

development, and implementation of SDRs in the context of
scientific research is vital for staying ahead of the curve in an
ever-changing field of communication technology.

As Software Defined Radios continue to evolve, they
are expected to make use of higher and higher frequencies,
including the Millimeter Wave (mmWave) band. While the
SDR market already offers several platforms that operate at
the lower end of the gigahertz frequency spectrum, the trend is
moving towards higher frequencies in order to accommodate
new and emerging communication technologies such as 5G
[10] and complex radar systems. The mmWave bands offer
a much larger bandwidth than traditional radio bands, allow-
ing for much faster data transfer speeds with low latency.
Additionally, these bands offer a large amount of unused
spectrum, including unlicensed bands, which can be used for
new wireless protocols and applications.

Millimeter Wave bands are well-suited for short-range
communications such as indoor wireless networks, Internet of
Things (IoT) devices, and Vehicle to Vehicle (V2V) commu-
nications [11]. Although they have a shorter range than tradi-

tional radio bands, this can be mitigated using beamforming
and advanced signal processing techniques that are well-suited
for SDRs. Another advantage of using mmWave SDRs is the
high level of security that can be provided. The high frequency
and directional nature of mmWave signals make them harder
to intercept and jam, which can improve overall security for
wireless communication systems.

Overall, the evolution of SDRs towards Millimeter Wave
bands has the potential to greatly enhance wireless communi-
cation capabilities and enable new applications in a wide range
of fields, such as autonomous vehicles, smart infrastructure,
and the IoT. These fields require low latency, high bandwidth,
and reliability.

This work presents a practical implementation of a Soft-
ware Defined Radio platform capable of operating in the
Millimeter Wave frequency region. Contrary to, for example,
the solution proposed by [12], the architecture proposed in this
paper diverges from RFSoC lineups, due to their very high
cost.

This paper is organized as follows: In Section II the
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Fig. 2. SDR Power Management Unit block diagram.

overall architecture of the SDR is described. Following that,
Section III briefly details the measurement procedures and
presents the obtained results. Lastly, in Section IV, conclusions
from the developed work are drawn.

II. SDR ARCHITECTURE

This section describes, in detail, the architecture of the
developed SDR. To ensure the SDR is useful for as many
application scenarios as possible, it is architectured in an
expansible way, leaving, where possible, room for future
feature implementations. The technical specifications were also
defined to cover the widest possible range of use cases.

To achieve operation in the mmWave frequency band, the
proposed architecture consists of a sub-6 GHz SDR (covering
frequencies ranging from tens of megahertz up to 6 GHz) along
with a front-end module that extends the SDR functionality
into the mmWave band, as illustrated in Fig. 1. As shown
in the figure, the sub-6 GHz section comprises a Power
Management Unit (PMU), a signal processing and control
block, a Radiofrequency (RF) section, and a clock generation
and synchronization unit.

The mmWave SDR can be powered externally through
a two wire standard DC power source, via the 12 V rail
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of the Peripheral Component Interconnect - Express (PCle)
edge connector or via Universal Serial Bus - Power Delivery
(USB PD). The PMU is responsible for generating, controlling,
sequencing and monitoring all the power supply rails required
by the internal functional blocks of the radio. It comprises a
Power Management Controller (PMC) microcontroller, which,
among other tasks, handles USB PD communication and
negotiation, selects the best power source to use and correctly
configures the voltage regulators to produce all the voltage
rails required by the system, while also sequencing them
properly. Fig. 2 depicts the SDR power supply tree, including
the three aforementioned possible power inputs, all the voltage
regulators, voltage levels and maximum current supported by
each rail. This figure also contains the PMC and its connections
to the power tree.

The synchronization unit generates clocks for the digital
logic and reference signals for various functional blocks (i.e.,
transceiver and frequency synthesizers), assuring the required
synchronization between clock domains. It is comprised by a
Temperature-Compensated Crystal Oscillator (TCXO) and a
highly programmable clock generator Integrated Circuit (IC).
The synchronization unit allows the SDR user to input an
external clock source (e.g., from a GPS Disciplined Oscillator
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(GPSDO)) as well as providing the user with a clock output
for synchronizing external devices. The highly flexible clock
generator Integrated Circuit (IC) is fully programmable, al-
lowing the user to select which clock source to use (internal
TCXO or external clock) for a certain clock output, as well as
setting the division and multiplication ratio, in order to achieve
a determined output frequency.

The signal processing and SDR control block is where
all the digital signal processing occurs, such as modulation,
demodulation, filtering and block configuration, control, and
monitoring. This block serves as the “brain” of the radio
and comprises a Field-Programmable Gate Array (FPGA),
which communicates via PCle with an on-board Raspberry Pi
Compute Module 4 (CM4) or with an external Root Complex
(host) through the edge connector. The FPGA has more than
enough logic resources for accelerating and even completely
implementing Digital Signal Processing (DSP) algorithms,
although it can be programmed to serve simply as a translation
layer between the RF transceiver and the host controller.
512 MB of Double Data Rate 3 (DDR3) Random Access
Memory (RAM) are also included and directly connected to
the FPGA, which further increase the flexibility of the SDR
when operating standalone.

The RF section comprises an agile RF transceiver which
performs digital filtering, signal domain conversion, frequency
conversion (translation) and signal amplification. The agile
transceiver operates up to 6 GHz, but its output signals
can be routed to the mmWave module which performs the
translation to and from the mmWave band. The base platform
also includes a frequency synthesizer IC capable of generating
signals with frequency up to 18 GHz. These are meant to serve
as Local Oscillator (LO) for the mmWave module.

The base platform is designed such that further expansion
is possible. In the future, additional expansion cards other
than the mmWave module can be developed, either to extend
the frequency span to higher or lower frequencies, as well as
providing higher output powers, among other suitable features.
The expansion modules have access to the RF transceiver
inputs and outputs, the frequency synthesizer outputs, various
power rails with different voltages and current supply capa-
bilities, general purpose digital I/O to/from the FPGA and a
clock signal from the synchronization unit. Fig. 3 represents an
example board layout of an expansion module for the SDR,
including all the available connections, as mentioned previ-
ously. This debug expansion module was produced for testing
purposes, while the mmWave card is still in the development
phase.

Although not an essential component for the SDR opera-
tion, an audio Coder / Decoder (CODEC) is also included in
the design, as part of the flexible architecture objective. This
IC allows easier interfacing with analog audio peripherals.

Fig. 4 depicts the fully assembled SDR Printed Circuit
Board (PCB), which consists in a 6-layer FR-4 stackup. The
main constituent blocks present in Fig. 1 are also shown in
this figure for reference.

III. IMPLEMENTATION AND EXPERIMENTAL ASSESSMENT

Preliminary assessment of the base SDR platform transmit-
ter (up to 6 GHz) was performed by configuring the transmitter
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to output a carrier modulated by band-limited white noise at
various central frequencies. The FPGA was used to feed the
RF transceiver with random data, and the transceiver’s build-in
configurable Finite Impulse Response (FIR) filter was used to
limit the signal bandwidth to approximately 1.1 MHz.

One of the base SDR’s transmitter outputs was directly
connected to a Rohde & Schwarz FPL1007 spectrum ana-
lyzer, configured for Adjacent Channel Power Ratio (ACPR)
measurement. Table I summarizes the obtained ACPR results,
measured at different center frequencies, at the transceiver’s
maximum output power (internal transmitter attenuation con-
trol configured for 0 dB). As can be seen, the ACPR is worse
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TABLE 1. ACPR RESULT SUMMARY AT MAXIMUM POWER.
100 MHz 500 MHz 1 GHz 3 GHz 6 GHz
-40.23 dBc | -49.90 dBc | -45.29 dBc | -38.77 dBc | -33.03 dBc
10 3 GHz Modulated Carrier
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Fig. 5. Measured transmitter output spectrum at 3 GHz.

at the limit frequencies (100 MHz and 6 GHz) and attains its
best value of approximately -50 dBc at 500 MHz. However,
even at 6 GHz, where the ACPR achieves its worst value, the
transmit path of the SDR can be considered as having a good
linearity.

The measured output signal spectra obtained at 3 GHz for
four different transmitter path attenuations are illustrated in
Fig. 5. The presented signals spectra are all normalized by
the power at the center of the band. As can be seen, the used
attenuations do not have a visible impact on the close-in out-
of-band spectrum, since the sidebands are mainly originated in
the digital signal processing blocks. In this figure, the effect
of the sampling rate on the signal spectrum is also visible, i.e.,
the abrupt power decrease at 1.5 MHz from the carrier. Fig. 6
shows the spectrum of the five modulated carriers, 10 dB below
the maximum power level. The figure shows that the output
power increases when the frequency increases until it reaches
1 GHz. From there, the output power decreases monotonically.

Spurious and harmonic emissions were checked by con-
necting one of the transmitter outputs to an Agilent E4407B
spectrum analyzer while transmitting a single sinusoidal tone
generated by a Digital Direct Synthesizer (DDS) instantiated
inside the FPGA. Fig. 7 depicts the used lab bench setup,
where the sub-6 GHz SDR is loaded with the CM4 and the
placeholder daughter board (where the mmWave front-end will
be installed). In this configuration, the SDR works standalone,
i.e., the configuration, control and processing are all internal
(on the board) and only the monitoring is remotely performed
through cabled network. Fig. 8 shows the spectral footprint of
the SDR, from DC up to 26.5 GHz, while transmitting a single
carrier at 3 GHz, at the maximum output power. It is possible
to observe that the resulting spectrum is quite clean, given that
only the fundamental tone and its harmonics show up above
the analyzer noise floor. Table II summarizes the amplitudes
of the visible tones.
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TABLE IL WIDEBAND SPECTRUM TONE POWER.
3 GHz (Fundam.) 6 GHz 9 GHz 12 GHz 15 GHz
-21.85 dBm -75.46 dBm | -71.70 dBm | -65.15 dBm | -68.88 dBm

The receiver path of the sub-6 GHz SDR was also assessed.
For that, one of the RF inputs was fed with carriers signals
at different frequencies, generated by a Rohde & Schwarz
SMR 27 signal generator. The SDR was also tested as an
spectrum analyzer and an FM radio station receiver. All these
experimental tests run well, showing that the receiver path of
the sub-6 GHz SDR also works as expected.

The performance of the mmWave frequency synthesizer
was also experimentally evaluated, namely, its phase noise
profile was obtained utilizing an Agilent E4407B spectrum
analyzer configured for phase noise analysis. Fig. 9 shows
the results obtained while the synthesizer was locked at 18
GHz. Its output power was backed-off from the maximum
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value to prevent possible output stage compression artifacts
from contaminating the results. In this figure, three curves
are shown, for different charge pump current values, whose
variations directly affect the bandwidth of the loop filter. The
yellow curve represents the lowest charge pump current setting,
and, consequently, the widest bandwidth filter. The blue curve
represents the mid-scale charge pump current setting, and the
magenta curve the maximum value, yielding the narrowest
filter bandwidth. The effect of the charge pump current on the
filter bandwidth, and, consequently, on the phase noise profile
is clearly seen.

The presented phase noise results were obtaining by using
a wide loop filter bandwidth, in order to minimize the time
required to achieve a proper frequency and phase lock, and also
such that the phase noise of the synthesizer was dominated by
the reference phase noise. In the current design, the synthesizer
is not intended for fast frequency hopping applications, and is,
instead, going to be used to provide a Local Oscillator signal
to expansion modules, which should only require periodic

and quite coarse frequency jumps. Given this fact, a much
narrower loop bandwidth is tolerated, since fast lock times are
not critical, and narrowing the loop bandwidth will certainly
alleviate, to some extent, the shortcomings in the phase noise
of the synthesized tones.

IV. CONCLUSION

In the past decade, high-frequency radios with advanced
capabilities have gained attention across various fields, lead-
ing to the evolution of SDR devices. Particularly relevant
in telecommunications, aerospace, defense and R&D, SDRs
play a crucial role in adapting to evolving wireless proto-
cols. The SDR presented in this paper is highly flexible,
programmable and adaptable thanks to the utilized components
(FPGA, CM4, etc...) and the multiple ways in which they
can be interconnected and operated. The paper also presents
real (measured) performance results regarding the base SDR
board (up to 6 GHz), which traduce good transmitter RF
performance. Experimental results are also provided for the
mmWave frequency synthesizer, which achieves the expected
performance levels. Development is still ongoing, especially
regarding the mmWave expansion card, and further testing will
be required to fully evaluate the SDR RF performance.
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B.1 AXI 12S ENGINE IP REGISTER DOCUMENTATION

B.1.1 Register 0 - 0x00 - IP Version
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IP module major revision

MAJOR_REVISION[15:0] | R h0001 v[MAJ].[MIN] [PATCH]
MINOR_REVISION[7:0] R OO IP module minor revision
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PATCH REVISION[7:0] | R "h00 IP module patch revision

v[MAJ].[MIN].[PATCH]
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B.1.2 Register 1 - 0x04 - Status and Control

18 17 16
I I
CHAN_ MAX|[2:0]

10 9 8

I I I

_ LB_EN [PAUSED| PAUSE [ EN |CLKEN

2 1 0

Bitfield

Access

Default value

Description

SRSTN

b0

12S and AXI-Stream clock domain
synchronous reset (inverted), syn-
chronized to the AXI-Lite clock
domain. Used for debug purposes.

BITSZ

R/W

b0

Channel bit size (b0 = 16 bits,
'bl = 32 bits). Set to 'bl for 24-
bit size (packed into 32-bit word).
This field can only be changed
while the I2S is disabled (EN
= ’b0).

CHAN_ MAX][2:0)

R/W

"’b000

Number of channels in the frame
minus one. This field can only
be changed while the I2S is
disabled (EN = ’b0).

CHAN_ EN[7:0]

R/W

"h00

Bit mask of enabled slots (chan-
nels). Each bit corresponds to a
channel. This field can only be
changed while the 12S is dis-
abled (EN = ’b0).

LB_EN

R/W

b0

Enable loopback mode.

PAUSED

b0

Whether the 12S FSM is paused.

PAUSE

R/W

b0

Request the 12S FSM to be
paused.
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Bitfield | Access | Default value || Description
Enable the 12S FSM. The FSM can only
EN | R/W b0 be enabled when the clocks are enabled
(CLKEN = ’b1l).
Enable the I2S clock divider. The clock
CLKEN | R/W b0 divider can only be disabled when the

I2S FSM is disabled (EN = ’b0).

B.1.3 Register 2 - 0208 - IRQ Enable

31

SYNCO

29

28

Bitfield | Access | Default value || Description
TRQ mask for CDC synchronization hand-
, shake completion from i2s src_clk to aclk
SYNCL | R/W b0 (’b0 = Masked, 'b1 = Unmasked). Used for
debug purposes.
TRQ mask for CDC synchronization hand-
, shake completion from aclk to i2s_src_ clk
SYNCO | R/W b0 (’b0 = Masked, b1 = Unmasked). Used for
debug purposes.
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B.1.4 Register 8 - 020C - IRQ Pending

31 30

29 28

27 26 25 24

SYNCO

7 6 5 4 3 2 1 0

SYNC1

Bitfield Access

Default value

Description

CDC synchronization handshake from
12s__src__clk to aclk is complete. Write

SYNCL | R/WITC b0 1 to clear the pending interrupt flag. Used
for debug purposes.
CDC synchronization handshake from
SYNCO | R/WITC O aclk to i2s_src_clk is complete. Write

1 to clear the pending interrupt flag. Used
for debug purposes.

B.1.5 Register 4 - 0x10 - MCLK Divider Ratio

31 30

29 28

27 26 25 24

5 4

3 2 1 0

T

I
MCLK_ DIV[7:0]
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Bitfield | Access | Default value || Description
12S MCLK clock divider ratio. This
value determines the relationship
between the 12S input clock (fsyc)
d the MCLK clock .
MCLK_DIV[7:0] | R "h00 e Tae clock (fmcrx)

src

fucrk = 2.(MCLK_DIV[7:0]+1)
This field can only be changed
while the I2S clock divider is
disabled (CLKEN = ’b0).

B.1.6 Register 5 - Ox14 - BCLK Divider Ratio

T

I
BCLK_ DIV[7:0]

I I I

Bitfield | Access | Default value || Description
12S BCLK clock divider ratio. This
value determines the relationship
between the I12S input clock (fsc)
he BCLK clock .
BCLK DIV[7:0] | R h00 and the BCLK clock (fpcrx)

fperk = 5(BCLK _DIV[T0]+1)
This field can only be changed
while the I2S clock divider is

disabled (CLKEN = ’b0).
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B.1.7 Register 6 - 0x18 - LRCLK Divider Ratio

4 3

I I
LRCLK_ DIV][7:0]

I I I

Bitfield

Access

Default value

Description

LRCLK_ DIV[15:0]

'h00

12S LRCLK clock divider ratio.
This value determines the re-
lationship between the I2S in-
put clock (fs.) and the LRCLK
clock (fLRCLK)~

firerx = 5(LRCLE _ DIVT0]71)
This field can only be
changed while the I2S clock
divider is disabled (CLKEN
= ’b0).
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B.2 AXI SPI ENCGINE IP REGISTER DOCUMENTATION

B.2.1 Register 0 - 0z00 - IP Version

31 30 29 28 27 26 25 24
| | MAIJOR_REIVISION[1|5:8] |
23 22 21 20 19 18 17 16
| | MJIXJOR_REIVISION[ITO] |
15 14 13 12 11 10 9 8
| | MIINOR_REIDVISION[%:O] |
7 6 5 4 3 2 1 0
| | PAITCH_RE;VISIONWI:O] |
Bitfield | Access | Default value || Description
MAJOR_REVISION[15:0] | R ’h0001 IP module major revision
v[MAJ].[MIN].[PATCH]
MINOR_REVISION[7:0] | R h00 IP module minor revision
v[MAJ].[MIN].[PATCH]
PATCH REVISION[7:0] | R 'h00 g{ﬁ;ﬁﬁfﬁﬁgﬂ?gﬁ

B.2.2 Register 1 - 0x04 - Status and Control

31 30 29

23 22 21

FSM_IS[1:0] DIR

15 14 13
7 6 5

MMREQ LSBF

OouT VvV

I
- IOMODE[1:0] | CPOL

CPHA

EN

CLKEN
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Bitfield

Access

Default value

Description

IOMODE_ Q[1:0]

R

'b00

Current 10 mode latched by the
SPI FSM. Used for debug pur-
poses.

FSMSJ1:0]

'b00

Current SPI FSM state. Used for
debug purposes.

DIR

b0

Current transaction direction
latched by the SPI FSM. Used for
debug purposes.

IDLE

b0

Whether the SPI FSM is idle or

not.

IN_V

b0

Whether the SPI input data buffer
contains valid data or not.

OouT_V

b0

Whether the SPI output data
buffer contains valid data or not.

MMEN

b0

Whether the SPI memory-mapped
IO mode is enabled. This bit is
only available if the core is
configured to support MMIO
mode, otherwise it’s reserved.

MMREQ

R/W

b0

Request to enable (’bl) or disable
(’b0) the SPI memory-mapped 10
mode. The actual status of this
mode is available via the MMEN
bit. This bit is only available if
the core is configured to sup-
port MMIO mode, otherwise
it’s reserved.

LSBF

R/W

b0

Select between LSB-first mode
(’bl) or MSB-first mode (’b0).
This field can only be changed
while the SPI is idle (IDLE =
’b1) and MMIO mode is not
present or disabled (MMEN
= ’b0).
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Bitfield

Access

Default value

Description

IOMODE[1:0]

R/W

"'b00

Select the SPI IO mode to use on the
next transaction:

’b00: Standard SPI. MOSI is always
an output and MISO is always an in-
put, independently of the transaction
direction.

’b01: 3-wire mode. MISO is not used.
MOSTI IO direction is dependent on
the transaction direction.

’b10: Dual I0 mode. MOSI is DO and
MISO is D1. 10 direction is dependent
on the transaction direction and two
bits are clocked in/out at every SCK
cycle.

’b11: Quad IO mode. MOSI is DO,
MISO is D1, D2 and D3 are also
used. IO direction is dependent on
the transaction direction and four bits
are clocked in/out at every SCK cy-
cle. This mode is only available
if the core is configured to sup-
port quad mode. Otherwise this
setting will not apply and the pre-
vious value will be kept.

CPOL

R/W

b0

Select the SCK idle value. This bit is
the MSB of the SPI mode. This field
can only be changed while the
SPI is idle (IDLE = ’b1l).

CPHA

R/W

b0

Select the SCK sample/setup edge.
This bit is the LSB of the SPI mode.
This field can only be changed
while the SPI is idle (IDLE =
’b1).

EN

R/W

b0

Enable the SPI FSM. The FSM can
only be enabled when the clocks
are enabled (CLKEN = ’b1l).

CLKEN

R/W

b0

Enable the SPI clock divider. The
clock divider can only be disabled
when the SPI FSM is disabled
(EN = ’b0).
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B.2.3 Register 2 - 0208 - IRQ) Enable

31 30 29 28 27 26 25 24

Bitfield | Access | Default value || Description

TRQ mask for when valid data becomes avail-
IN. V| R/W b0 able on the SPI input data buffer ("’b0 =
Masked, 'b1 = Unmasked).

IRQ mask for when space becomes avail-
OUT _E | R/W b0 able on the SPI output data buffer ("b0 =
Masked, 'b1 = Unmasked).

TRQ mask for when the SPI FSM becomes

IDLE | R/W b0 idle ('b0 = Masked, b1 = Unmasked).

B.2.4 Register 3 - 0x0C - IRQ Pending

31 30 29 28 27 26 25 24

OUT_E| IDLE
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Bitfield Access Default value || Description
Valid data is available on the SPI input
IN_V | R/WITC b0 data buffer. Write 1 to clear the pending
interrupt flag.
Space is available on the SPI output data
OUT_E | R/WITC b0 buffer. Write 1 to clear the pending in-
terrupt flag.
IDLE | R/WITC O SPI FSM is idle. Write 1 to clear the
pending interrupt flag.

B.2.5 Register 4 - 0x10 - SCK Divider Ratio

31 30 29 28 27 26 25 24
| | DIVilI-I[15:8] | | |

23 22 21 20 19 18 17 16
| | DIV:H[?:O] | | |

15 14 13 12 11 10 9 8
| | DIV_IL[15:8] | | |

7 6 5 4 3 2 1 0
| | DIV:L[?:O] | | |
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Bitfield | Access | Default value || Description

SPI SCK divider counter top value
when the clock is high. This value, to-
gether with DIV L[15:0] determines
the relationship between the input clock
(factr:) and the SCK clock (fsck)-

fscx = DIV?H[15:0]f%klva[m:o]H

The fsox duty cycle, Dscr, when

DIV_ H[15:0] R "h0000 CPOL = ’b0, can be determined by:
- D _ DIV_H[15:0]+1
SCK = DIV _H[15:0]+DIV_L[15:0]+2"
When CPOL = ’bl, the duty cycle is

given by:

D _ DIV _L[15:0]+1

SCK = DIV _H[15:0]+DIV_L[15:0]+2"
This field can only be changed
while the SPI clock divider is dis-

abled (CLKEN = ’b0).

SPI SCK divider counter top value
when the clock is low. This value, to-
gether with DIV__H[15:0] determines
the relationship between the input clock
(facir) and the SCK clock (fsc k). This
field can only be changed while
the SPI clock divider is disabled
(CLKEN = ’b0).

DIV L[15:0] | R ’h0000

B.2.6 Register 5 - Ox14 - Command and output buffer

31 30 29 28 27 26 25 24

23 22 21 20 19 18 17 16

15 14 13 12 11 10 9 8
7 6 5 4 3 2 1 0
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Bitfield

Access

Default value

Description

READ

R/W

b0

Write ’bl to this bit to place a
read request to the SPI FSM.
This bit will read 'b1 while the
request is pending and will de-
assert to ’b0 when the request
has been accepted by the FSM.
Another request can then be
placed, even though the previ-
ous one may not be complete
already. The WRITE bit has a
higher priority than the READ
bit. If both are set, the READ
bit is ignored.

WRITE

R/W

b0

Write ’bl to this bit to
place a write request to the
SPI FSM. WRITE__DATA[T7:0]
should also be set to the desired
data to be written in the same
access. This bit will read ’bl
while the request is pending and
will de-assert to 'b0 when the re-
quest has been accepted by the
FSM. Another request can then
be placed, even though the pre-
vious one may not be complete
already. The WRITE bit has a
higher priority than the READ
bit. If both are set, the READ
bit is ignored.

WRITE_DATA[7:0]

R/W

"'h00

Data byte to be written when
the WRITE bit is set, ignored
otherwise. Read data corre-
sponds to the data associated
with the pending write com-
mand, if WRITE is also set.
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B.2.7 Register 6 - 0x18 - Input buffer

| | |
READ_ DATA[7:0]

Access

Default value

Description

b0

This bit is an alias of the IN_ V
bit of the Control and Status Reg-
ister (appendix B.2.2).

READ_ DATA([7:0]

"'h00

SPI input data buffer. When
IN_V is ’b0, this data is unde-
fined. When IN_V is ’bl, this
field contains valid data, and the
buffer is cleared afterwards. Ac-
cesses to this register should
always be 32-bit wide, as
the IN__V bit is necessary
to determine the wvalidity
of READ_ DATA[7:0]. When
MMIO mode is supported
and enabled (MMEN = ’bl),
reads to this register do not
clear the buffer.
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B.2.8 Register 7 - 0x1C - Shift-register peek

|
SPI_SR[7:0]

Bitfield | Access | Default value || Description
Internal SPI shift register. Read opera-
SPI_SR|[7:0] R ’h00 tions to this register do not cause any

side effects. Used for debug purposes.

B.2.9 Register 8§ - 0220 - Slave Select

31 30 29 28 27 26 25 24
| | | SPI_CIS[31:24] | | |

23 22 21 20 19 18 17 16
| | | SPI_CIS[23:16] | | |

15 14 13 12 11 10 9 8
| | | SPLCIS[15:8] | | |

7 6 5 4 3 2 1 0
I I I I I I I

SPI_CSJ[7:0]
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Bitfield | Access | Default value || Description

These bits directly control the CS
lines that are exposed out of the
IP core. Up to 32 lines are sup-
ported, with each bit of this field cor-
responding to a single CS line. This
field can only be changed while
MMIO mode is disabled (or un-
supported) (MMEN = ’b0).

SPI_CS[31:0] | R/W | 'hWFFFFFFFF

B.2.10 Register 9 - 0224 - MMIO Configuration and Status 1

This register is only available when the core is configured to support MMIO mode.
Otherwise, accesses to this address lead to undefined behaviour. This register can

only be changed while MMIO mode is disabled (MMEN = ’b0).

31 30 29 28 27 26 25 24
23 22 21 20 19 18 17 16

I
MODE_ BITS[7:0]

15 14 13 12 11 10 9 8
|

| | I
DUM_REM][1:0] | DUM_SIZE[1:0] | ADDR_REM][1:0]| ADDR_SIZE[1:0]

7 6 5 4 3 2 1 0
T T T T T T

I
RD_INSTR([7:0]

Bitfield | Access | Default value || Description

This bit is set to ’bl by the MMIO FSM once
CRDY R ho the f.irs.t access lr‘las been ‘made to the flash
and it is placed into continuous read mode.
Used for debug purposes.

Enables continuous read mode on the first
access to the flash. This usually requires
CEN | R/W b0 the correct mode bits to be configured
(via. MODE_ BITS|[7:0]) and enabled (via
MDEN).
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Bitfield

Access

Default value

Description

MODE_ BITS[7:0]

R/W

"h00

Data to be sent to the flash dur-
ing the mode bits phase of the
transaction.

DUM_ REM][1:0]

b00

Remaining dummy bytes on the
current transaction. Used for de-
bug purposes.

DUM._ SIZE[1:0]

R/W

"'b00

Number of dummy bytes to be
sent to the flash during each trans-
action:

’b00: No dummy bytes. The
dummy phase is skipped alto-
gether.

’b01: One dummy byte. This may
correspond to 8, 4 or 2 SCK cycles,
depending on the configured 10
mode.

’b10: Two dummy bytes. This
may correspond to 16, 8 or 4 SCK
cycles, depending on the config-
ured IO mode.

’b11: Three dummy bytes. This
may correspond to 24, 12 or 6
SCK cycles, depending on the con-
figured IO mode.

ADDR_REM]1:0]

'b00

Remaining address bytes on the
current transaction. Used for de-
bug purposes.

ADDR_ SIZE[1:0]

R/W

'b00

Number of address bytes to be
sent to the flash during each trans-
action:

’b00: One address byte.

’b01: Two address bytes.

’b10: Three address bytes.

’b11: Four address bytes.

RD_ INSTRJ[7:0]

R/W

"'h00

Data to be sent to the flash dur-
ing the instruction phase of the
transaction. This should be set ac-
cording to the selected 10 mode.
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B.2.11 Register 10 - 028 - MMIO Configuration and Status 2

This register is only available when the core is configured to support MMIO mode.
Otherwise, accesses to this address lead to undefined behaviour. This register can
only be changed while MMIO mode is disabled (MMEN = ’b0).

31 30 29 28 27 2 25 24
I I I
CS_LOW_ WAIT|7:0]

23 22 21 20 19 18 17 16
T

I I
CS_HIGH_WAIT][7:0]

15 14 13 12 11 10 9 8

7 6 5 4 3 2 1 0
I I I I
DATA_IOM[1:0] | DUM_IOM][1:0] | ADDR_IOM][1:0] | INSTR_IOM][1:0]

Bitfield | Access | Default value || Description

Number of f,qr cycles to

CS_LOW_WAIT[7:0] | R/W hoo wait after bringing CS low.

Number of f,qr cycles to

CS_HIGH_WAIT[7:0] | R/W hoo wait after bringing CS high.

SPI IO mode to use during
the data phase of transac-
DATA IOMJ[1:0] | R/W "b00 tions. The encoding is the
same as IOMODE[1:0] (ap-
pendix B.2.2).

SPI IO mode to use during
the dummy phase of trans-
DUM_IOM[1:0] | R/W "b00 actions. The encoding is the
same as IOMODE[1:0] (ap-
pendix B.2.2).

SPI IO mode to use during
the address phase of trans-
ADDR_IOM[1:0] | R/W "b00 actions. The encoding is the
same as IOMODE[1:0] (ap-
pendix B.2.2).
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Bitfield | Access | Default value || Description

SPI I0 mode to use during the
instruction phase of transactions.
The encoding is the same as

IOMODE]1:0] (appendix B.2.2).

INSTR_IOM[1:0] | R/W "b00

B.2.12  Register 11 - 0x2C - MMIO Configuration and Status 3

This register is only available when the core is configured to support MMIO mode.
Otherwise, accesses to this address lead to undefined behaviour. This register can
only be changed while MMIO mode is disabled (MMEN = ’b0).

31 30 29 28 27 26 25 24
T T T T T T
MMIO_FSM__STATE_NEXT(3:0] MMIO_FSM__STATEI3:0]
23 22 21 20 19 18 17 16

I I I
CS_ WAIT_REM][7:0]

Bitfield | Access | Default value || Description

Next SPI MMIO
FSM state. Used
for debug pur-
poses.

MMIO FSM_STATE NEXT[3:0] | R "b0000

Current SPI
MMIO FSM
state. Used for
debug purposes.

MMIO_FSM_STATE[3:0] | R "b0000

Remaining cy-
cles of the CS
CS_WAIT_REM][7:0] R ’h00 wait  counter.
Used for debug
purposes.
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B.2.13 Register 12 - 0x30 - MMIO Slave Select Mask

This register is only available when the core is configured to support MMIO mode.
Otherwise, accesses to this address lead to undefined behaviour. This register can
only be changed while MMIO mode is disabled (MMEN = ’b0).

31 30 29 28 27 26 25 24
I I I I I I I
MMIO_ CS[31:24]

23 22 21 20 19 18 17 16
| | | | | | |

MMIO_ CS[23:16]

15 14 13 12 11 10 9 8
| | | MMIO_ICS[15:8] | | |

7 6 b} 4 3 2 1 0
| | | MMIOLCS[?:O] | | |

Bitfield | Access | Default value || Description

These bits define the mask of bits
that will be toggled when automat-

ically asserting or de-asserting the
SPI CS lines.

MMIO__CS[31:0] | R/W ’h00000000

B.2.14  Register 13 - 034 - MMIO Diagnostics 1

This register is only available when the core is configured to support MMIO mode.
Otherwise, accesses to this address lead to undefined behaviour. This register can
only be changed while MMIO mode is disabled (MMEN = ’b0).

31 30 29 28 27 26 25 24
T T T
RD_REQ_CNT][31:24]

23 22 21 20 19 18 17 16
I I I
RD REQ CNT[23:16]
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15 14 13 12 11 10 9 8
T T T T

I
RD REQ CNT[15:8]

7 6 5 4 3 2 1 0
T T T T T T T

RD_REQ_CNT[7:0]

Bitfield | Access | Default value || Description

This bitfield represents the
number of read transactions
received on the AXI4-Full
interface which directly maps
to the SPI flash address
RD_REQ_CNT[31:0] | R/W ’h00000000 || space. The counter resets
when this register is read.
Reading this register also
buffers the current value of
CONT_RD_REQ_CNT/[31:0]
and clear it afterwards.

B.2.15  Register 14 - 0238 - MMIO Diagnostics 2

This register is only available when the core is configured to support MMIO mode.
Otherwise, accesses to this address lead to undefined behaviour. This register can
only be changed while MMIO mode is disabled (MMEN = ’b0).

31 30 29 28 27 26 25 24
T T T T T T T

CONT RD_REQ CNT[31:24]

23 22 21 20 19 18 17 16
I I I I I
CONT_RD_REQ_CNT[23:16]

15 14 13 12 11 10 9 8
I I I
CONT_RD_REQ CNT[15:8]

7 6 5 4 3 2 1 0
I I I
CONT_RD_REQ_CNT[7:0]
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Bitfield

Access

Default value

Description

CONT_RD_REQ CNT[31:0]

R/W

’h00000000

This bitfield repre-
sents the number of
read  transactions
received on  the
AXI4-Full interface
that were answered
without raising the
CS line, i.e., the ad-
dress was contiguous.
This register reflects
the buffered value
which is saved when
RD_REQ__CNTI[31:0]
is read, so it must be
read first.

B.3 AXI RF TIMESTAMPING IP REGISTER DOCUMENTATION

B.3.1 Register 0 - 0x00 - IP Version

31 30 29 28 27 26 25 24
| | MAIJOR7REIVISION[115:8] | |

23 22 21 20 19 18 17 16
| | MJIUORiR]éVISION[I?:O] | |

15 14 13 12 11 10 9 8
| | MIINOR_REI}VISION[%:O] | |

7 6 5 4 3 2 1 0
I I I I I I I

PATCH_REVISION|7:0]
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Bitfield | Access | Default value || Description
MAJOR,_REVISION[15:0] | R hooo1 || [P module major revision
- ' v[MAJ].[MIN].[PATCH]
MINOR. REVISION|[7:0] R H00 IP module minor revision
- ' v[MAJ].[MIN].[PATCH]
) , IP module patch revision
PATCH__REVISIONI7:0] R h00 v[MAJ].[MIN].[PATCH]

B.3.2 Register 1 - 0x04 - Status and Control

31 30 29 28 27 26 25 24
TRSTN RXS TXS SRST | SBST

23 22 21 20 19 18 17 16
CWREQ| CSTAT

15 14 13 12 11 10 9 8

SBDIS | SBEN

w
=
=
O

CDIS CEN

-3
(@)
ot
W~
w
()

Bitfield | Access | Default value || Description

RF sample clock domain synchronous re-
TRSTN R b0 set (inverted), synchronized to the AXI-Lite
clock domain. Used for debug purposes.

This bit indicates whether the internal clock

RXS R b0 gating logic is synchronized to the RX data
valid edge.
This bit indicates whether the internal clock
TXS R b0 gating logic is synchronized to the TX data
valid edge.

This bit is high when a pending clock syn-

SRST R b0 chronization request is pending.

This bit indicates whether the clock synchro-
SBST R b0 nization mechanism is currently bypassed
(’bl) or not (’b0).
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Bitfield | Access | Default value || Description
This bit is high when a pending counter
CWREQ R b0 write request is pending. Software should
not write to CTR[63:0] while this bit is "b1.
, This bit indicates whether the free-running
CSTAT R b0 counter is enabled ('bl) or disabled ('b0).
, Write bl to place a request for clock syn-
SREQ | R/W b0 chronization. This bit always reads as ’b0.
, Write 'b1 to disable the clock synchroniza-
SBDIS | R/W b0 tion bypass. This bit always reads as 'b0.
, Write bl to enable the clock synchroniza-
SBEN | R/W b0 tion bypass. This bit always reads as "b0.
, Write ’bl to disable the free-running
CDIS | R/W b0 counter. This bit always reads as ’b0.
CEN | R/W O Write 'b1 to enable the free-running counter.

This bit always reads as 'b0.

B.3.3 Register 2 - 0208 - IRQ Enable

SYNCO

C_WD

R1LV | ROLV | R1CM | ROCM | T1CM | TOCM
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Bitfield

Access

Default value

Description

SYNC1

R/W

b0

TRQ mask for CDC synchronization hand-
shake completion from ts_clk to aclk (b0 =
Masked, 'b1 = Unmasked). Used for debug
purposes.

SYNCO

R/W

b0

TRQ mask for CDC synchronization hand-
shake completion from aclk to ts_clk ("’b0 =
Masked, 'b1 = Unmasked). Used for debug

purposes.

C_WD

R/W

b0

IRQ mask for counter write completion (’b0
= Masked, 'b1 = Unmasked).

R1LV

R/W

b0

TRQ mask for when valid data is latched
into the RX1 latch ('b0 = Masked, 'bl =
Unmasked).

ROLV

R/W

b0

TRQ mask for when valid data is latched
into the RX0 latch (b0 = Masked, 'bl =
Unmasked).

R1CM

R/W

b0

TRQ mask for when a match occurs between
the counter value and the RX1 timestamp
(’b0 = Masked, 'b1 = Unmasked).

ROCM

R/W

b0

TRQ mask for when a match occurs between
the counter value and the RX0 timestamp
(’b0 = Masked, 'b1 = Unmasked).

T1CM

R/W

b0

IRQ mask for when a match occurs between
the counter value and the TX1 timestamp

(’b0 = Masked, 'b1 = Unmasked).

ToCM

R/W

b0

TRQ mask for when a match occurs between
the counter value and the TX0 timestamp
(’b0 = Masked, 'b1 = Unmasked).
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B.3.4 Register 8 - 020C - IRQ Pending

SYNCO [ C_WD | RILV | ROLV [ RICM | ROCM | TICM | TOCM

Bitfield Access Default value || Description

CDC synchronization handshake from
ts_clk to aclk is complete. Write 1 to clear

SYNC1 | R/WITC bo the pending interrupt flag. Used for debug
purposes.

CDC synchronization handshake from

) aclk to ts__clk is complete. Write 1 to clear

SYNCO | R/WITC b0 the pending interrupt flag. Used for debug
purposes.

) Counter write completion. Write 1 to clear

C_WD | R/WITC b0 the pending interrupt flag.

) Valid data is latched into the RX1 latch.

RILV | R/WITC bo Write 1 to clear the pending interrupt flag.

ROLV | R/WITC ho Valid data is latched into the RXO0 latch.

Write 1 to clear the pending interrupt flag.

Match between the counter value and the
RICM | R/WITC b0 RX1 timestamp occurred. Write 1 to clear
the pending interrupt flag.

Match between the counter value and the
ROCM | R/WITC b0 RXO0 timestamp occurred. Write 1 to clear
the pending interrupt flag.

Match between the counter value and the
TICM | R/WITC b0 TX1 timestamp occurred. Write 1 to clear
the pending interrupt flag
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Bitfield | Access | Default value || Description
Match between the counter value and the
TOCM | R/W b0 TXO0 timestamp occurred. Write 1 to clear
the pending interrupt flag

B.3.5 Register 4 - 0x10 - Sample counter low

31 30 29 28 27 26 25 24
| | | CTR[I31:24] |
23 22 21 20 19 18 17 16
| | | CTR[I23:16] |
15 14 13 12 11 10 9 8
| | | CTRI[15:8] |
7 6 5 4 3 2 1 0
| | | CTP%[?:O] |
Bitfield | Access | Default value || Description
Least significant bytes of the free-running
sample counter. Reading this register also
crrgiol| 1w | ooy | bl the et i of CTH5
ten value to be used when CTR[63:32] is
written.

B.3.6 Register 5 - 0x14 - Sample counter high

31 30 29 28 27 26 25 24
| | | CTR[|63:56] |

23 22 21 20 19 18 17 16
| | | CTR[I55248] |
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15 14 13 12 11 10 9 8
| | | CTR[I47:4O] | | |

7 6 5 4 3 2 1 0
| | | CTR[I39:32] | | |

Bitfield | Access | Default value || Description

Most significant bytes of the free-running
sample counter. This register reflects
the buffered value which is saved when
CTR[31:0] is read, so it must be read
CTRJ[63:32] | R/W ’h00000000 || first. Writing to this register triggers the
actual counter value writing operation,
together with the least significant bytes
saved when CTR[31:0] was written, so it
must be written first.

B.3.7 Register 6 - 0220 - Multi-channel Control and Status

This register has the same layout as registers 8 and 16 (appendix B.3.9). Writing
to this register has the same effect as writing to both of these registers atomically.
Read-only bits read as ’bl as long as at least one of the corresponding bits in

registers 8 or 16 are set.

B.3.8 Register 7 - 0x24 - Multi-channel Override Control

This register has the same layout as registers 9 and 17 (appendix B.3.10). Writing
to this register has the same effect as writing to both of these registers atomically.
This register always reads as "’h00000000.

194



B.3 AXI RF TIMESTAMPING IP REGISTER DOCUMENTATION

B.3.9 Registers 8 and 16 - 0x40 + n * 020 - Channel n Control and Status

27 26 25 24

LVALR | LVAL | LARM | LRSTA

19 18 17 16

RCSTA | TCSTA | RSTA | TSTA

11 10 9 8
TFDIS | TFEN |LDREQ |LAREQ

3 2 1 0
CRDIS | CREN | CTDIS | CTEN | RXDIS | RXEN | TXDIS | TXEN
Bitfield | Access | Default value || Description
This bit indicates whether the RX latch
LVALR R b0 invalidation process is ongoing (’bl) or not
(’b0). Used for debug purposes.
, This bit indicates whether the RX latch has
LVAL R b0 valid data ('bl) or not ('b0).
, This bit indicates whether the RX latch is
LARM R bo armed (’bl) or not (’b0).
, This bit indicates whether a RX latch arm
LRSTA R b0 request is pending (’b1) or not (’b0).
, This bit indicates the TX flush logic is en-
TESTA R b0 abled ("b1) or not ("b0).
This bit indicates the status of the manual
RMSTA R b0 RX control. This may not correspond to the
actual RX status.
This bit indicates the status of the manual
TMSTA R b0 TX control. This may not correspond to the
actual TX status.
ROSTA R O This bit indicates the status of the RX
counter.
TCOSTA R o This bit indicates the status of the TX

counter.
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Bitfield

Access

Default value

Description

RSTA

b0

This bit indicates the current status of the
RX control. This always traduces the actual
RX status.

TSTA

b0

This bit indicates the current status of the
TX control. This always traduces the actual
TX status.

TFDIS

R/W

b0

Write 'b1 to disable the TX flush logic. This
bit always reads as ’b0.

TFEN

R/W

b0

Write 'bl to enable the TX flush logic. This
bit always reads as ’b0.

LDREQ

R/W

b0

Write bl to request the RX latch to disarm.
This bit always reads as "bO0.

LAREQ

R/W

b0

Write b1 to request the RX latch to arm.
This bit always reads as "bO0.

CRDIS

R/W

b0

Write ’'bl to disable the RX counter match.
This bit always reads as ’'bO0.

CREN

R/W

b0

Write bl to enable the RX counter match.
This bit always reads as "bO0.

CTDIS

R/W

b0

Write bl to disable the TX counter match.
This bit always reads as "bO0.

CTEN

R/W

b0

Write bl to enable the TX counter match.
This bit always reads as ’b0.

RXDIS

R/W

b0

Write bl to manually disable the RX. This
bit always reads as 'b0. RX manual con-

trol is only available while the RX
counter is disabled (RCSTA = ’b0).

RXEN

R/W

b0

Write 'bl to manually enable the RX. This
bit always reads as 'b0. RX manual con-

trol is only available while the RX
counter is disabled (RCSTA = ’b0).

TXDIS

R/W

b0

Write ’bl to manually disable the TX. This
bit always reads as 'b0. TX manual con-

trol is only available while the TX
counter is disabled (TCSTA = ’b0).

TXEN

R/W

b0

Write 'b1l to manually enable the TX. This
bit always reads as 'b0. TX manual con-

trol is only available while the TX
counter is disabled (TCSTA = ’b0).
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B.3.10 Registers 9 and 17 - 0x44 + n * 0x20 - Channel n Override Control

31 30 29 28 27 26 25 24

23 22 21 20 19 18 17 16
- RFOS | TFUS | RDAS | TDAS |RDXRS| TDRS

15 14 13 12 11 10 9 8

RDAO | TDAO |RDXRO| TDRO | RDA TDA | RDXR | TDR

7 6 5 4 3 2 1 0

RDAV | RDAE | TDAV | TDAE |RDXRV |RDXRE| TDRV | TDRE

Bitfield | Access | Default value || Description

This bit indicates whether an overflow oc-
curred in the RX FIFO since the last time
this register was read. This bit clears when
read. Used for debug purposes.

RFOS R b0

This bit indicates whether an underflow oc-
curred in the TX FIFO since the last time
this register was read. This bit clears when
read. Used for debug purposes.

TFUS R b0

This bit indicates whether the tready signal
of the RX AXI-Stream has been high since
the last time this register was read. This bit
clears when read.

RDAS R b0

This bit indicates whether the tready signal
of the TX AXI-Stream has been high since
the last time this register was read. This bit
clears when read.

TDAS R b0

This bit indicates whether there has been
a RX DMA transfer request since the last
time this register was read. This bit clears
when read.

RDXRS R b0

This bit indicates whether there has been
valid data on the TX DMA since the last
time this register was read. This bit clears
when read.

TDRS R b0
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Bitfield | Access | Default value || Description
RDAO R O This bit reﬂect§ the overridden RX AXI-
Stream tready signal value.
TDAO R o This bit reﬂect's the overridden TX AXI-
Stream tready signal value.
RDXRO R O This bit reflects ‘Fhe overridden RX DMA
transfer request signal value.
TDRO R o This bit reﬂ'ects the overridden TX DMA
data ready signal value.
RDA R o This bit reflects Fhe non-overridden RX AXI-
Stream tready signal value.
TDA R o This bit reflects ’Fhe non-overridden TX AXI-
Stream tready signal value.
, This bit reflects the non-overridden RX
RDXR R b0 DMA transfer request signal value.
, This bit reflects the non-overridden TX
TDR R b0 DMA data valid signal value.
, This bit sets the value to override the RX
RDAV | R/W b0 AXI-Stream tready signal with.
This bit enabled (’bl) or disables ('b0) over-
RDAE | R/W b0 riding the RX AXI-Stream tready signal
value.
, This bit sets the value to override the TX
TDAV | R/W b0 AXI-Stream tready signal with.
This bit enabled (’bl) or disables ('b0) over-
TDAE | R/W b0 riding the TX AXI-Stream tready signal
value.
, This bit sets the value to override the RX
RDXRV | R/W b0 DMA transfer request signal with.
This bit enabled (’bl) or disables ('b0) over-
RDXRE | R/W b0 riding the RX DMA transfer request signal
value.
, This bit sets the value to override the TX
TDRV | R/W b0 DMA data valid signal with.
TDRE | R/W _ This bit enabled (’b1) or disables ('b0) over-

riding the RX DMA data valid signal value.
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B.3.11 Register 10 and 18 - 0248 + n * 0x20 - Channel n TX counter low

31 30 29 28 27 26 25 24
| | | | | | |
TX CTR[31:24]
23 22 21 20 19 18 17 16
| | | | | | |
TX_ CTR[23:16]
15 14 13 12 11 10 9 8
| | | | | | |
TX_CTRI15:§]
7 6 5 4 3 2 1 0
| | | | | | |
TX_ CTR[7:0]
Bitfield | Access | Default value || Description
Least significant bytes of the TX
counter match value which triggers
TX state change. Reading this regis-
ter also buffers the current value of
' , TX CTR[63:32]. Writing to this reg-
TX_CTR[3L:0] | R/W 000000000 ister buffers the written value to be
used when TX_CTR[63:32] is writ-
ten. This field may only be writ-
ten while the TX counter is dis-
abled (TCSTA = ’b0).

B.3.12  Register 11 and 19 - 0x4C + n * 020 - Channel n TX counter high

31 30 29 28 27 26 25 24
| | | TX_CTIR[63:56] | | |

23 22 21 20 19 18 17 16
| | | TXﬁCTIR[55:48] | | |

15 14 13 12 11 10 9 8
| | | TXﬁCTIR[47:4O] | | |

7 6 5 4 3 2 1 0
| | | TX_CTIR[39:32] | | |
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Bitfield

Access

Default value

Description

TX_ CTR[63:32]

R/W

’h00000000

Most significant bytes of the TX
counter match value which triggers
TX state change. This register re-
flects the buffered value which is
saved when TX CTRJ[31:0] is read,
so it must be read first. Writing
to this register triggers the actual
counter value writing operation, to-
gether with the least significant
bytes saved when TX CTRI[31:0]
was written, so it must be writ-
ten first. This field may only be
written while the TX counter
is disabled (TCSTA = ’b0).

B.3.13 Register 12 and 20 - 0z50 + n * 0z20 - Channel n RX counter low

31 30 29 28 27 26 25 24
| | | | | | |
RX_ CTR[31:24]
23 22 21 20 19 18 17 16
| | | | | | |
RX_ CTR[23:16]
15 14 13 12 11 10 9 8
| | | | | | |
RX__CTR]15:8]
7 6 5 4 3 2 1 0
| | | | | | |
RX__CTRI7:0]
Bitfield | Access | Default value || Description
Least significant bytes of the RX
counter match value which triggers
RX state change. Reading this regis-
ter also buffers the current value of
. , RX_ CTR][63:32]. Writing to this reg-
RX_CTR[31:0} | R/W h00000000 ister buffers the written value to be
used when RX__CTRI[63:32] is writ-
ten. This field may only be writ-
ten while the RX counter is dis-
abled (RCSTA = ’b0).
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B.3.14  Register 13 and 21 - 0x54 + n * 020 - Channel n RX counter high

31 30 29 28 27 26 25 24
| | | RXfCTIR[63:56] | | |

23 22 21 20 19 18 17 16
| | | RXiCTIR[55:48] | | |

15 14 13 12 11 10 9 8
| | | RX_CTIR[47:40] | | |

7 6 5 4 3 2 1 0
| | | RXfCTIR[39:32] | | |

Bitfield | Access | Default value || Description

Most significant bytes of the RX
counter match value which triggers
RX state change. This register re-
flects the buffered value which is
saved when RX__CTRJ[31:0] is read,
so it must be read first. Writing
to this register triggers the actual
counter value writing operation, to-
gether with the least significant
bytes saved when RX CTRI[31:0]
was written, so it must be writ-
ten first. This field may only be
written while the RX counter
is disabled (RCSTA = ’b0).

RX_CTR[63:32] | R/W | ’h00000000

B.3.15  Register 1 and 22 - 0258 + n * 0x20 - Channel n RX counter latch low

31 30 29 28 27 26 25 24
| | | RX_LAIT [31:24] | | |

23 22 21 20 19 18 17 16
| | | RX_LAIT[23:16] | | |
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15 14 13 12 11 10 9 8
T T T T T T T
RX_LAT([15:8]

7 6 5 4 3 2 1 0
I I I I I I I
RX_ LAT[7:0]

Bitfield | Access | Default value || Description

Least significant bytes of the latched
RX counter match value. Reading
this register also buffers the current
value of RX_LAT[63:32] and clears
RX LAT[31:0] R ’h00000000 || the latch valid flag (LVAL). The
data on this register is unde-
fined unless LVAL = ’bl in the
Control and Status Register (ap-
pendix B.3.9).

B.3.16  Register 15 and 23 - 0x5C + n * 0220 - Channel n RX counter latch high

31 30 29 28 27 26 25 24
I I I I I I I
RX_ LAT[63:56]
23 22 21 20 19 18 17 16

I
RX_LAT[55:48]

15 14 13 12 11 10 9 8
T T T T T T T
RX_ LAT[47:40]
7 6 5 4 3 2 1 0
I I I I I I I
RX_ LAT([39:32]

Bitfield | Access | Default value || Description

Most significant bytes of the latched
RX counter match value. This regis-
RX__LAT[63:32] R ’h00000000 || ter reflects the buffered value which
is saved when RX LATI[31:0] is
read, so it must be read first.
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B.4 AXI IRQ CONTROLLER IP REGISTER DOCUMENTATION

B.4.1 Register 0 - 0x00 - IP Version

31 30 29 28 27 26 25 24
T T T T T T T
MAJOR_REVISION|[15:8]
23 22 21 20 19 18 17 16
T T T T T T T
MAJOR__REVISIONI7:0]
15 14 13 12 11 10 9 8
T T T T T T T
MINOR_ REVISION]|7:0]
7 6 5 4 3 2 1 0
T T T T T T T
PATCH__REVISIONI7:0]
Bitfield | Access | Default value || Description
MAJOR_REVISION[15:0] | R "h0001 IP module major revision
- ' v[MAJ].[MIN].[PATCH]
MINOR. REVISION]T:0] R OO IP module minor revision
— ’ v[MAJ].[MIN].[PATCH]
) , IP module patch revision
PATCH__REVISION]7:0] R h00 v[MAJ].[MIN].[PATCH]

B.4.2 Register 1 - 0204 - IRQ Enable

31 30 29 28 27 26 25 24
| | | IRQ_EJ\I[31:24] | | |

23 22 21 20 19 18 17 16
| | | IRQiEi\I[23:16] | | |

15 14 13 12 11 10 9 8
| | | IRQil?jN[15:8] | | |

7 6 5 4 3 2 1 0
| | | IRQ_EN[?:O] | | |

203



APPENDIX B - CUSTOM IP CORES REGISTER MAP

Bitfield

Access

Default value

Description

IRQ_EN([31:0]

R/W

’h00000000

These bits mask the generation of in-
terrupts. Each bit controls a single
IRQ line. A set bit ('bl) enables the
corresponding line, while a clear bit
(’b0) disables it.

B.4.3 Register 2 - 0208 - IRQ) Enable (W1TS)

31 30 29 28 27 26 25 24
| | IIRQiEN:SET [31:24|1] | |
23 22 21 20 19 18 17 16
| | IIRQiEN:SET [23: 1(1)] | |
15 14 13 12 11 10 9 8
| | IIRQ_EN_ISET [15:83 | |
7 6 5 4 3 2 1 0
| | IIRQiENLSET [7 :0]I | |
Bitfield | Access | Default value || Description

IRQ_EN_SET[31:0]

R/W1

’h00000000

Writing one to any of these
bits sets the corresponding
TRQ__EN bit. Writing zero has
no effect. The read data is equal
to the IRQ enable register (ap-
pendix B.4.2).

B.4.4  Register 3 - 0z0C - IRQ) Enable (W1TC)

31 30 29 28 27 26 25 24
I I I I I I I
IRQ_EN_CLEAR[31:24]

23 22 21 20 19 18 17 16

I I I
IRQ_EN_CLEAR(23:16]
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15 14 13 12 11 10 9 8
I I I
IRQ_EN_CLEAR[15:8]

7 6 5 4 3 2 1 0
| | | | | | |
IRQ_EN_ CLEAR]T7:0]

Bitfield | Access | Default value || Description

IRQ_EN_CLEAR[31:0]

R/W1

’h00000000

Writing one to any of these
bits clears the correspond-
ing IRQ__EN bit. Writing
zero has mno effect. The
read data is equal to the
IRQ enable register (ap-
pendix B.4.2).

B.4.5 Register 4 - 0x10 - IRQ Pensing

31 30 29 28 27 26 25 24
ERQ_PENDB1QQI

23 22 21 20 19 18 17 16
ERQ;PE&DD3J@I

15 14 13 12 11 10 9 8
IIRQiPéNDD&al

7 6 5 4 3 2 1 0
IIRQ_PENDWﬂ]I
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Bitfield

Access

Default value

Description

IRQ PEND(31:0]

R/W

’h00000000

These bits indicate if any interrupt
is pending. Each bit is associated
with a single IRQ line. A set bit
(’b1) enables the corresponding in-
terrupt is pending, while a clear
bit ('b0) indicates it is not pending.
These bits are set when the con-
figured interrupt is triggered, but
must be manually cleared. Atomic
access registers are useful for this
(see appendices B.4.6 and B.4.7)

B.4.6 Register 5 - Ox14 - IRQ Pending (W1TS)

31 30 29 28 26 25 24
| IRlQiPENDLSET [31 :|24] | |
23 22 21 20 18 17 16
| IRIQiPENDLSET [23:|16] | |
15 14 13 12 10 9 8
| IRIQ_PENDI_SET [15I:8] | |
7 6 5 4 2 1 0
| III{QiPENlljiSET [7:IO] | |
Bitfield | Access | Default value || Description

IRQ_PEND_SET[31:0]

R/W1

Writing one to any of these
bits sets the correspond-
ing IRQ_PEND bit. Writ-

"h00000000 ing zero has no effect. The

read data is equal to the
IRQ pending register (ap-
pendix B.4.5).
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B.4.7 Register 6 - 0x18 - IRQ) Pending (W1TC)

31 30 29 28 27 26 25 24
| | | | | | |
IRQ_PEND_CLEAR|[31:24]
23 22 21 20 19 18 17 16
| | | | | | |
IRQ_PEND_ CLEAR|23:16]
15 14 13 12 11 10 9 8
| | | | | | |
IRQ_PEND_ CLEAR][15:8]
7 6 5 4 3 2 1 0
| | | | | | |
IRQ_PEND_CLEAR]|7:0]
Bitfield | Access | Default value || Description
Writing one to any of
these bits clears the cor-
responding TRQ__ PEND
) bit. Writing zero has no
IRQ_PEND_CLEAR|31:0] | R/W1 h00000000

effect. The read data
is equal to the IRQ
pending register (ap-
pendix B.4.5).

B.4.8 Register 7 - 0x1C - IRQ Acknowledged

31 30 29 28 27 26 25 24
| | | IRQiACIK[31:24] | | |

23 22 21 20 19 18 17 16
| | | 1RQ_A(5K[23;16] | | |

15 14 13 12 11 10 9 8
| | | IRQ_AICK[15:8] | | |

7 6 5 4 3 2 1 0
I I I I I I I

IRQ_ACK][7:0]
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Bitfield | Access | Default value || Description

These bits indicate if an interrupt
has been acknowledged by the core
and sent out to the configured des-
tination. Used for debug purposes.

IRQ_ ACK]J31:0] R ’h00000000

B.4.9 Register 8 - 0x40 - PCle MSI Status

FIFO_F|FIFO_E

3 2 1 0
I I
MSI_VEC_W[2:0]  [MSI EN

-
D
t
N

Bitfield | Access | Default value || Description

Whether the MSI request FIFO

FIFO_F R b0 is full or not.

Whether the MSI request FIFO

FIFO_E R b0 .
1s empty or not.

The number of MSI vectors avail-
able, as reported by the PCle
core.

’b000: 1 MSI vector available.
’b001: 2 MSI vectors available.
MSI_VEC_W/[2:0] R "b000 ’b010: 4 MSI vectors available.
’b011: 8 MSI vectors available.
’b100: 16 MSI vectors available.
’b101: 32 MSI vectors available.
’b110: Reserved.

’b111: Reserved.

Whether the PCle core reported

MSI_EN R b0 that MSIs are supported.
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B.4.10 Register 9 - Ox44 - PCle MSI request FIFO write pointer

31 30 29 28 27 26 25 24

7 6 5 4 3 2 1 0

| | | |

Bitfield | Access | Default value || Description

The current FIFO write pointer. Used

WR_PTR[4:0] R 'b00000
for debug purposes.

B.4.11  Register 10 - 0x48 - PCle MSI request FIFO read pointer

31 30 29 28 27 26 25 24

| | | |

Bitfield | Access | Default value || Description

The current FIFO read pointer. Used

RD_PTR[4:0] R "b00000
for debug purposes.
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B.4.12  Register 10 - 0x4C - PCle MSI request FIFO count

31 30 29 28 27 26

25 24

7 6 5 4 3 2 1

0
| | | | |

Bitfield | Access | Default value || Description
) , The number of valid entries currently in
CNT[5:0] R b000000 the FIFO. Used for debug purposes.

B.4.13 Registers 11-42 - 0x80 + 4n - IRQ n configuration

31 30 29 28 27 26 25

24

15 14 13 12 11 10 9 8
I
MODEJ1:0] PEND | EN
3 2 1 0

I
DEST[5:0]
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Bitfield

Access

Default value

Description

MODEJ1:0]

R/W

"'b00

The sensitivity mode of this interrupt.
’b00: High level.

’b01: Low level.

’b10: Rising Edge.

’b11: Falling Edge.

PEND

R/W

b0

This bits is a mirror of the correspond-
ing IRQ__PEND bit in the IRQ pending
register (appendix B.4.5)

EN

R/W

b0

This bits is a mirror of the corresponding
TRQ__EN bit in the IRQ enable register
(appendix B.4.2)

DEST|5:0]

R/W

’b000000

The destination where requests from this
TRQ line will be routed to.

’b000000: PCIe MSI vector 0 (if avail-
able).

’b000001: PCIe MSI vector 1 (if avail-
able).

’b011111: PCIe MSI vector 31 (if avail-
able).

’b100000: CPU IRQ line 0.

’b100001: CPU IRQ line 1.

’b111111: CPU IRQ line 31.

B.5 AXI GPIO IP REGISTER DOCUMENTATION

B.5.1 Register 0 - 0x00 - IP Version

31 30 29 28 27 26 25 24
| | MAIJOR_REIVISION[115:8] | |

23 22 21 20 19 18 17 16
| | MJIUOR_RPEVISION[I?:O] | |

15 14 13 12 11 10 9 8
| | MIINORiREI)VISION[%:O] | |

7 6 5 4 3 2 1 0
T T T T T T T

PATCH_REVISION][7:0]
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Bitfield | Access

Default value

Description

IP module major revision

MAJOR_ REVISION][15:0] R h0001 v[MAJ].[MIN].[PATCH]
MINOR_REVISTON[7:0] R OO IP module minor revision
- ' v[MAJ].[MIN].[PATCH]

PATCH REVISION|[7:0] R OO IP module patch revision

v[MAJ].[MIN].[PATCH]

B.5.2  Register 1 - 0x04 - GPIO Direction

31 30 29 28 27 26 25 24
| | | GPIOJT[31:24] | | |
23 22 21 20 19 18 17 16
| | | GPIO_IT[23:16] | | |
15 14 13 12 11 10 9 8
| | | GPIOJT[15:8] | | |
7 6 5 4 3 2 1 0
| | | GPIOLT [7:0] | | |
Bitfield | Access | Default value || Description
These bits control the data direction
of each GPIO. Each bit controls a sin-
GPIO_Tjgt0] | R/W | WFFFFRFEF | 5800 % S0 010 b an ot
while a clear bit ('b0) configures it as
an output.
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B.5.3 Register 2 - 0208 - GPIO Direction (W1TS)

31 30 29 28 27 26 25 24
I I I
GPIO T SET[31:24]

23 22 21 20 19 18 17 16
| | | | | | |

GPIO_T_SET|23:16]

15 14 13 12 11 10 9 8
I I I
GPIO_T_SET[15:8]

7 6 5 4 3 2 1 0
I I I I I
GPIO_T_SETI7:0]

Bitfield | Access | Default value || Description

Writing one to any of these
bits sets the corresponding
GPIO_T bit. Writing zero has
no effect. The read data is
equal to the GPIO direction
register (appendix B.5.2).

GPIO_T_SETI[31:0] | R/W1 | 'hFFFFFFFF

B.5.4  Register 3 - 0z0C - GPIO Direction (W1TC)

31 30 29 28 27 26 25 24
I I I
GPIO_T_CLEAR|31:24]

23 22 21 20 19 18 17 16
I I I
GPIO_T_CLEAR([23:16]

15 14 13 12 11 10 9 8
I I I
GPIO_ T CLEAR[15:]

7 6 5 4 3 2 1 0
I I I
GPIO_T_CLEAR[7:0]
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Bitfield

Access | Default value || Description

GPIO T CLEAR[31:0]

Writing one to any of
these bits clears the cor-
responding GPIO_ T bit.

R/W1 | '/hFFFFFFFF || Writing zero has no effect.

The read data is equal to
the GPIO direction regis-
ter (appendix B.5.2).

B.5.5 Register 4 - 0x10 - GPIO Output Data

31 30 29 28 27 26 25 24
| | | GPIOilO[31:24] | | |

23 22 21 20 19 18 17 16
| | | GPIO:O[23:16] | | |

15 14 13 12 11 10 9 8
| | | GPIO_IO[15:8] | | |

7 6 5 4 3 2 1 0
| | | GPIOLO [7:0] | | |

Bitfield | Access | Default value || Description

GPIO_0[31:0] | R/W

’h00000000

These bits control the data present
at each GPIO when configured as
an output. Each bit controls a sin-
gle GPIO. A set bit (’bl) configures
the corresponding GPIO to output
a high value, while a clear bit ("b0)
configures it to output a low value.
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B.5.6  Register 5 - Ox14 - GPIO Output Data (W1TS)

31 30 29 28 27 26 25 24
| | C;P10707ISET[31:24|1] | |
23 22 21 20 19 18 17 16
| | éPIOiOJSET[QB:HIS] | |
15 14 13 12 11 10 9 8
| | GPIO_O_SET[15:8] | |
7 6 5 4 3 2 1 0
| | IGPIOiOLSETW:O}I | |
Bitfield | Access | Default value || Description
Writing one to any of these
bits sets the corresponding
GPIO_O_ SET[31:0] | R/W1 | ’h00000000 Sflgﬁzg.bl;hzvﬁﬁ Z;;(t)ahiz
equal to the GPIO output data
register (appendix B.5.5).

B.5.7 Register 6 - 0x18 - GPIO Output Data (W1TC)

31 30 29 28 27 26 25 24
| | G13|107070|LEAR[31:I24] | |

23 22 21 20 19 18 17 16
| | GPlIOioiCILEAR[Q?):Ilb‘] | |

15 14 13 12 11 10 9 8
| | GPI’IOioiCIJLEAR[15I:8] | |

7 6 5 4 3 2 1 0
| | GIPIOiOiICLEAR[%IO] | |
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Bitfield | Access | Default value || Description

Writing one to any of these
bits clears the correspond-
ing GPIO_ O bit. Writing

GPIO_ O CLEAR([31:0] | R/W1 | ’h00000000 || zero has no effect. The read

data is equal to the GPIO
output data register (ap-
pendix B.5.5).

B.5.8 Register 7 - 0x1C - GPIO Input Data

31 30 29 28 27 26 25 24
| | | GPIOJI[31:24] | | |
23 22 21 20 19 18 17 16
| | | GPIOJI[23:16] | | |
15 14 13 12 11 10 9 8
| | | GPIO_II[15:8] | | |
7 6 5 4 3 2 1 0
T T T T T T T
GPIO_I[7:0]
Bitfield | Access | Default value Description
These bits reflect the value present
at each GPIO input, regardless of
GPIO_1[31:0] R HXXXXXXXX the direction of the GPIO. A set bit

('bl) indicates a high value present
at the GPIO’s input, while a clear
bit ("b0) indicates a low value.
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