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Network analysis field has existed for decades, but the most commercial
analyzers were larger stand-alone benchtop instruments, expensive for
individual investment, low volume of production, complex collections of multiple
extra components, cables and support instruments. Today, the vector network
analyzer (VNA) still considers a huge investment for education, small-medium
industries, and researcher lab.

In this thesis, we make measurement evolution, delivering promising low-cost
VNA measurement system based reconfigurable Software Defined Radio
(SDR) platform. The main contribution of this research is the design of a low-
cost reconfigurable VNA based on SDR platform using minimal components
and utilize open source signal processing framework, GNU Radio software.
The traditional method utilizing the GNU Radio relies on its GUI Sink module
only were unable to extract baseband complex data immediately. A new
methodology to perform data acquisition from the GNU Radio Software is
developed in order to establish signal characteristic from SDRs.

This work was motivated by the possibility to realize a low cost and fast
development cycle time implementation of VNA using SDR integrate with the
test set components to define new terminology known as VNA of Software
Defined Instrumentation (VNA-SDI). This VNA-SDI platform operates in the 70
MHz to 6 GHz range, and support channel bandwidths from 200 kHz to 56
MHz. The commercial mechanical calibration standard used to validate one-
port calibration process applied on VNA-SDI. This proposes a measurement
system is to replace the commercial VNA with a low-cost portable unit that can
characterize, generate, transmit and receive signals, across a wideband with
good repeatability and stability.



The performance of the measurement system is verified by showing that the
Scattering parameters (S-parameters) of the one-port antenna as devices
under test have closed an agreement to results from a commercial VNA within
+/-10 dB offset.

The second contribution is introduced a method one-port self-calibration or
known virtual calibration, which uses impedance emulation block to provided
characteristic of OPEN, SHORT, and LOAD during performing calibration. This
impedance emulation block was implemented on GNU Radio block to
manipulate magnitude factor, phase offset and, phase delay. In consideration
of the application, the proposed approach reduces the mechanical complexity
of the calibration procedure significantly, by eliminating external calibration.
This enables simplified automation of the measurement setup, thus to make
VNA-SDI calibration faster, simpler, and easier than traditional mechanical
calibration.
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Lapangan analisis rangkaian telah wujud sejak berabad lamanya, tetapi
kebanyakan penganalisis komersial adalah alatan besar yang berdiri sendiri,
terlalu mahal untuk pelaburan secara individu, pengeluaran yang rendah,
pelbagai komponen tambahan yang kompleks, kabel-kabel dan alatan
sokongan yang lain. Hari ini, penganalisisi rangkaian vector masih dianggap
pelaburan yang tinggi bagi pendidikan, industry kecil-sederhana, dan makmal
penyelidik.

Di dalam tesis ini, kami menghasilkan suatu evolusi pengukuran, petanda yang
baik bagi sistem pengukuran analisis rangkaian vektor (VNA) berkos rendah
berdasarkan Radio Tektakrif Perisian (SDR). Sumbangan utama penyelidikan
ini adalah reka bentuk VNA yang boleh dikonfigurasi semula berkos rendah
berdasarkan platform SDR yang menggunakan komponen yang sedikit dan
gunakan rangka kerja pemprosesan isyarat sumber terbuka, iaitu perisian GNU
Radio. Kaedah tradisional dalam penggunaan GNU Radio hanya bergantung
kepada antara muka pengguna grafik sahaja tanpa mendapatkan data jalur
asasnya secara langsung. Maka, satu pendekatan mendapatkan pemerolehan
data daripada perisian GNU Radio telah berjaya dihasilkan sehingga lengkok
cirian isyarat diwujudkan daripada SDR.

Kerja ini terdorong daripada kemungkinan merealisasikan VNA yang
menggunakan SDR bersama komponen kelengkapan ujian untuk
menghasilkan istilah baru yang dikenali sebagai VNA Peralatan Tektakrif
Perisian (VNA-SDI) yang berkos rendah dan jangka masa pembangunan yang
pendek. Platform SDR ini beroperasi didalam julat 70 Mhz sehingga 6 GHz dan
menyokong saluran jalur lebar dari 200 kHz sehingga 56 MHz. Piawaian
mekanikal penentukuran daripada peralatan komersial digunakan untuk



mengesahkan penentukuran satu-pangkal oleh VNA-SDI. Alatan sistem
pengukuran yang dicadangkan ini mampu menggantikan VNA komersial
dengan unit mudah alih berkos rendah yang boleh mencirikan, menjanakan,
menghantar dan menerima isyarat merentas sepanjang jalur lebar dengan
kebolehulangan dan kestabilan yang baik.

Prestasi sistem pengukuran ini disahkan melalui parameter serakan (S-
parameters) hasil peranti di bawah ujian ke atas antenna satu-pangkal dimana
keputusannya menyamai hasil keputusan dari VNA komersial didalam
lingkungan +/-10 dB ofset.

Sumbangan kedua ialah memperkenalkan sebuah kaedah penenyukuran diri
bagi satu pangkal atau dikenali sebagai penentukuran secara maya dengan
menggunakan penghantar yang tersedia ada di atas papan platform untuk
membekalkan ciri bagi BUKA, PINTAS dan BEBAN ketika melaksanakan
penentukuran. Di dalam mempertimbangkan sebuah aplikasi, pendekatan yang
dicadangkan ini akan mengurangkan kekompleksan mekanikal pada kaedah
penentukaran secara nyata dengan menghapuskan penentukaran luaran. Ini
membolehkan sebuah pengautomatikan diringkaskan ketika persediaan
pengukuran, oleh itu menjadikan penentukuran VNA-SDI ini lebih pantas,
ringkas dan mudah berbanding kaedah tradisional melalui penentukuran
mekanikal.
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CHAPTER 1

INTRODUCTION

1.1 Background

Software Defined Radio (SDR) is new technology being developed in the 21st
century widely used in academic research [1-3], engineers [4], and test industry
[5]. Recently, SDR approach for microwave instrumentation raised high
attention since adaptability in different environments and very convenient for
fast prototyping. The SDR transceivers are used in different instrumentation
and measurement system from magnitude and phase measurement [6], an
avionic system [7], and reference signals measurement [8].

SDR mainly dedicated to wireless communication but if the SDR used for
instrument or microwave testing platform, the new terminology called as
Software Defined Instrumentation (SDI). The SDI is a radical change from
traditional box-style instruments, where its functionality defined by their
hardware and limited software only, to instruments which are defined less by
their hardware but more accessible to the software that is under user control
[9]. Figure 1.1 shows the different physical structure between SDR and SDI.
Antenna or wireless communications channel are the front end components
entry, but in SDI, the devices under test (DUT) or wired cable are medium for
measurement.

Vg
—[}—LNA > ADC —>i&| >
0° DSP e - g
NV 90° B
—[—<Pa (< DAC }(—-%<
RF FrontEnd UPOrDown Digital Signal  User Interface
Signal Conversion Processing
—[—|LNA > ADC -»% >
out 0° DSP el g
90°
—[—<PA |¢ DAC }(—%<

Figure 1.1: General Block Diagram of SDR (top) and SDI (bottom)



Three categories of conventional measurement equipment: benchtop boxes,
modular and handheld type. The benchtop boxes instrument type used in
laboratory and manufacturing test applications required static test location and
at the same time, the device under test must bring to benchtop instrument port
for measurement [10]. The modular type instrument is defined as the RF
digitizer interfaces with processing software residing on the embedded
controller at the host personal computer (PC). One of the examples this
modular approach is Peripheral Component Interconnect extension for
instrumentation (PXI) currently a proven PC-based platform for measurement
and RF signal analysis [11]. Handheld instruments are low power utilization
consumption and regularly utilized for testing devices in the field, but this
instrument performs a limited set of measurements [12].

This work introduces a new category of SDI for vector network analyzer (VNA).
The VNA is a high precision instrument to measure magnitude and phase
signal properties from devices under test in the high frequency range. It is used
in applications in various fields in research and development (R&D), product
designers, manufacturing test engineers, brain tumour detection in biomedical
[13] and material defect detection [14]. VNA measurements characterize active
and passive RF components, such as an amplifier, filters, mixers, and antenna
in any development applications, where relatively small and low power VNAs
can be utilized. In production or testing, the VNA measurements are used to
determine the selected device under test meets user or client specification.

The calibration of a VNA is essential for precise measurements to characterize
devices under test. Numerous method calibrations were studied for N-port VNA
[15-18] to acquire systematic error models. In the basic practice, the error
terms can be derived from model equations by using a set of ideal standards or
user-fabricated or user-defined standards. Finally, the measurement of DUT
can be adjusted to show error-free measurement.

SDIs have developed as a promising approach for RF measurement or
microwave instrument due to advantages in low-cost hardware and flexible
software solutions. Instead of using fixed analog circuits, the latest SDI
technology are implemented using computing engine, for example, broadly
general-purpose microprocessor [19-20], digital signal processors (DSP) [21],
FPGA or advances ARM processor [22]. This preferred of new processing
engines, high level language such as Python is being utilized for post
processing in an open source framework [23].

The test equipment market analysis for SDR form Frost and Sullivan shows the
revenues in 2014 is $1.57 billion and expected to reach $2.83 billion in
2021[24]. This study obviously indicated the RF test equipment is most
promising for the development, manufacture and testing area. Now the test
equipment manufacturers have started to implement an instrument module
using SDI techniques.



1.2 Related Works

Some previous work has been done with the low-cost SDR hardware but in
order to complete the SDR/SDI environment, they still acquire commercial
Computer Aided Design (CAD) software, for example, MATLAB and Simulink
for DSP or communication system toolboxes [25-26]. This methodology
appears to the researcher in computer science lost to demonstrate
fundamental RF communication since they only apply a predefined block
without understanding the detail operation involved.

Most of the SDR is intended for RF wireless communication [27-28], but there
are some SDR implementation aims for RF measurement segments. In [4],
Lime Microsystems’ LimeSDR platform can be configured as scalar and vector
measurement. In this implementation, they not demonstrate a full standard
calibration procedure but only use a short standard for calibration.
Consequently, the accuracy of measurement is not addressed in detail.

In [29], the researchers work on the implementation of SDR based microwave
imaging system, which is built using a bladeRF SDR platform. The tunable
frequency range is between 300 MHz to 3800 MHz with 28 MHz bandwidth and
12-bit Analog to Digital Converter (ADC) bit resolution. This paper is more
focus on biomedical imaging application and limited VNA architecture has been
discussed.

A low-cost VNA implementation many discrete components are presented [30]
using Direct Digital Synthesizer (DDS), integrated detector, a STM32F4
processors General Purpose Input-Output (GPIO), many external switches and
a customize PCB board. This non-integrated system may reduce accuracy
measurement since many paths of the circuits contribute systematic error.

In [31], they introduced the concept of software-defined measurements (SDM)
to validate the functionality of VNA using a vector signal generator (VSG) for
up-conversion and a vector signal analyzer (VSA) for down-conversion of
Intermediate Frequency (IF). The proposed SDM architecture required a solid-
state switch in order the system utilizes an only single receiver. This
configuration considers bulky and expensive since two main commercial RF
instrument used to construct the complete network analysis system.

Phase measurement inconsistency highlighted in [32] when they implement a
stepped frequency of Ground Penetrating Radar on USRP-X310 SDR. This is
due the targeted hardware have a separate Phase Lock Loop (PLL) for the
transmitter and the receiver. As a sequence, the phase coherent is very
important especially design any instrumentation involved phase measurement
like network analyzer.



An embedded auto-calibration method is presented in [33] used for VNA one
port calibration. This electronic module comprises of switches, known
calibration standards and thru transmission line. The actual implementation
appears to be more on design external kits or fixture between VNA and
measurement port, not the actually embedded calibration inside of VNA
system.

1.3 Problem Statement

The fast and rapid changing in chip innovation in RF front-end conveys the
need to design an RF application without hardware-software limitation on
radios platform like SDR based. For clarity, the RF application can be deployed
quickly on an SDR just updating functionality of RF scheme by software
running on it without upgrading the hardware part [34].

To construct an RF measurement platform based on SDR technology, it must
ready to support measurement operation in multi-domains signals properties in
bandwidth, power and dynamic range. Not only concerns on RF domain, but
the robust RF measurement also needs to be an open source [35] where
measurement system design can meet minimum development time by the
concept of software reuse. This facilitates the RF measurement system more
scalability and compatible with new up and coming technology. This rise an
idea of a concept of user-programmable and reconfigurable test instruments to
testing and measurement field community which is previously they only
depends to the stringent commercial instrument.

There is a tremendous barrier between the concept of an RF microwave signal
and the implementation of SDR technology which is involved in many design
entry, simulation, and validation. To minimize this barrier normally involves of
researchers with multi-skill knowledge including RF microwave, the software-
hardware programming language in DSP and FPGA or embedded Linux as
well. The most well-known software that integrates analog and digital domain is
MATLAB and Simulink [36-37]. These resources may troublesome for RF
microwave researcher who lack in high level programming language and it is
highly cost investment for small RF measurement manufacturer or newly
researcher.

System on Chip is technology that combining different hardware components in
the one integrated chip like Xilinx Zynqg chip together with ARM processor and
FPGA in the same chipset. However, developing any Zynq based applications
must be using proprietary software, for example, Xilinx Vivado IDE [38-39]
used to pin assignment, address register assignment, design communication
drivers and developing the high-level application program to interact between
user and system. This process is very tedious and consumes a lot of
development cycle time because requires abilities and expertise on Hardware



Description Languages (HDL) and hardware interfaces which is less attractive
for non-hardware RF designer.

The RF measurement instrument using application-specific integrated circuit
(ASIC) based implementation require longer development cycle time for
production and restricted hardware-software interaction or interface. This
drawback in ASIC based design must replace with integrated circuit (IC) or
processor chips are more affordable, less expensive, have many resources
support, and equip with host target interfaces infrastructure [40].

Today, RF measurement instruments are closely identified to R&D segment,
test product functionality and characterization new devices or components in
the electronics industry [41]. To support this industrial demand, a proper
measurement infrastructure must be characterized accurately. This
infrastructure consists of the hardware itself, the device under test, and
calibration procedures. However, development RF measurement especially
network analyzer based on SDR platform appears to be less consideration
from researchers since they more incline toward characterizing their DUT using
commercial VNA.

VNA is a profoundly precision instrument used to measure the performance of
circuits or networks such as antennas, amplifiers, filters, and cables. To obtain
this type of instrument for individual investment is exceptionally costly because
very expensive, a larger stand-alone benchtop instrument, complex collections
of components, cables, and calibration kits [42]. The primary factor of high
investment to get a VNA is coming from a combination of signal generator and
measurement in one instrument together with the ability to sweep a wide
frequency range. Consequently, there is demand for designing a compact,
portable, less test set, low cost and ability to perform self-calibration are
required for education [43], small-medium industries or researcher lab.

Calibration is crucial in any hardware instrument including VNA before actual
measurement is measured. To perform a particular calibration, the VNA need
some external high precision component called standard kit or fixture which as
expensive if more exact and precise standard kits used. This type of calibration
involved manual human interaction, time consuming and high potential for the
wrong step during the calibration process. Another type of calibration is using
automatic calibration units or ECal (Electronics Calibration) module to replace
manual traditional mechanical standard calibration [44]. The drawback of this
module is only supported for the new model of commercial VNA, selected VNA
manufacturers and not compatible with industry standards SMA connectors
[45]. The researcher needs to maximize reconfigurable of SDR features to
emulate virtual standards calibration properties by changing impedances
connected to SDI measurement system.



1.4 Thesis Objectives

This study aims to provide these three objectives are listed below:

1. To design an S-parameter measurement system on targeted SDI
platform. The architecture of proposed SDI based on one-port
measurement system which utilizes only two receivers that can operate
up to 6 GHz frequency band, good isolation between transmitter-
receiver chain, established good calibration technique and should to
produced high repeatability and reproducibility.

2. To validate measurement system by measuring reflection coefficient of
S11 and perform calibration on sample DUT. The system performance
should be compared against existing commercial vector network
analyzer, to show that the proposed system can qualify into practice.

3. To develop a new calibration technique as known as virtual calibration.
This technique will utilize transmitters on board to emulate reflection
wave of standard short-open-load to replace traditional one-port
calibration procedure. The calibration should produce the comparison
result with the existing calibration technique, improve accuracy and
make calibration easier.

4. To validate and evaluate the functionality of virtual calibration by
comparing result measurement on the same sample unit against
results from objective number two. The result should show closed
agreement performance in accuracy, standard deviation, and
uncertainty estimation.

1.5 Scope of Thesis

RF measurement can be categorized into the linear and nonlinear
measurement [46]. This study is focused on the small signal measurement or
linear measurement which is no non-linear or large signal of devices
considered as measurement data such as intermodulation distortion (IMD) or 1
dB gain compression. Therefore, the results show in this thesis is related to the
magnitude and phase at the fundamental frequency. In this scope of work, the
functionality of a VNA is selected for implemented using the concept of
software-defined instrumentation known as VNA-SDI. The signal continuous
wave (CW) generator and receiver are integrated into one platform and no
additional RF measurement instrument required for the realization of proposes
VNA based on SDI platform.

There are generally two architectures option to build VNA-SDI measurement
system where the signal processing different in implementation path. The first
architecture is to utilize FPGA where all DSP blocks are designed and
instantiate into it. The second choice is to have host PC equips with General

6



Purpose Processors (GPPs) used to run GNU Radio signal processing
computation that off-loads from the main SDR board [47]. In this work, all
implementation or design entry completely on the host PC and this execution
way most appropriate for rapid prototyping and fast cycle design development.

The targeted SDI is based on principle direct conversion receiver or homodyne
receiver [48]. This type of conversion allows the RF frequency is being
transmitted with the same frequency of LO for conversion to zero baseband I/Q
signal frequency. Subsequently, fewer parts required to construct receiver and
minimum cost as well.

The speed of measuring is not the main research because the processing
baseband signals are done in remote PC which signals processing software
run on the host PC itself. All post processing to display any kind of plot graph
and calibration adjustment are compute in host PC, not in SDI itself.

The targeted SDI has two transceivers available on SDR platform. This limited
hardware configuration delivered only reflection coefficient measurement Sy1.
Only SMA-based antenna used as a DUT while measuring the sample devices.
This sample antenna is commercial dipole antenna from [49] where the optimal
frequency ranges are between 1 GHz until 3 GHz only.

1.6 Summary of Research Methodology

There are three phases to executes the research methodology in this work as
shown in Figure 1.2. The first phase is the design phase which is focused on
the development of a reflection coefficient block and impedance emulation
block where its implemented using GNU Radio. The next phase is
implementation activities on the targeted hardware and software. The targeted
hardware is RF Transceiver SDR which is consisting of Xilinx Zedboard and
FMCOMMS2 board from Analog Devices. The final phase is the measurement
phase. This part will verify the functionality of any design or scheme developed
during the design phase by measuring a sample device under test.
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Figure 1.2: The Three Phases of Research Methodology

This research area can be specifically divided into several individual
methodologies from RF domain to the digital domain as shown in Figure 1.3. In
the RF domain, design the travelling wave path and waveform separation using
discrete RF devices such as directional coupler and coaxial cable are
necessary to connect device under test and transceiver SDR. In SDR
hardware, identification and characterization of key parameters are needed to
ensure the hardware is performing in optimum condition. For example, the
maximum amplitude of CW or receiver gain value should be defined before this
SDR can generate or receive RF signal correctly from the RF domain.
Combination of SDR hardware and discrete components in the RF domain
formed SDI hardware portion. In SDI software, all post processing and plotting
graphical view are performed in host PC which connected to SDI hardware
through Gigabyte Ethernet infrastructure. A user application runs on host PC is
developed using Python programming language to prompt command to the
user, write files, import open source package and plot a good graphical
presentation of the measurement result. Finally, the integration of this SDI
hardware and SDI software are established a new concept of VNA-SDI
measurement system.
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The research study area will focus on the left side of Figure 1.4 which design of
network analyzer based on SDI technology as another classification of
instrument type. The SDI is the main framework to propose a new concept and
methodology for measuring key parameters of network properties, for example,
gain, reflection coefficient, phase, and voltage standing waveform ratio
(VSWR). This new concept of SDI also proposes a new technique of self-
calibration where no external standards kit used after SDI allow a user
accessing the any RF chain for baseband signal manipulation on sampling
rate, amplitude CW, bandwidth, gain, Automatic Gain Controller (AGC) and
local oscillator (LO). The best approach to reach and changes those RF chains
are applying Python programming language as a bridge between an application
programming interface (API) and RF hardware.
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Current calibration kits available in any commercial VNA can divide into
mechanical calibration or electronics calibration. Typically, a mechanical VNA
calibration kit consists of the following set of standards from OPEN, SHORT,
LOAD, adapters or waveguide [50]. Meanwhile, electronic calibration kits
consist of a module that can electronically provide various impedance states to
the VNA'’s test port. In this work, a new method calibration is proposed by the
introduced the magnitude and phase impedance to compensate amplitude of
traveling wave, thus a good precision and lower cost can be achieved as
shown in Figure 1.5.
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Finally, the summaries methodology flow can be depicted in Figure 1.6 to
achieve all the objectives of this thesis. The work starts with design a reflection
coefficient block that implemented through GNR Radio software. Then, the
realization of a complete SDI measurement system using the targeted board
and discrete RF components are assembled. Mechanical calibration is applying
in the following step before the S;; measurement is corrected and well match
with the measurement taken from commercial VNA system. This validation
process to ensure the implemented measurement system produces an almost
similar response as a commercial measurement system.

The next flow is to design an impedance emulation block used to emulate
virtual calibration. This successful design impedance emulation is very
important so that the S;; measurement using virtual calibration is a similar
response with the measurement taken from mechanical calibration.
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1.7 Thesis Contributions

There are two main contributions of this thesis. The first contribution is the
implementation of a low-cost SDI-based measurement system for network
analysis. The definition of low cost in this project is not aiming for capital
investment, but more on open source resources for signal processing in remote
PC. On this contribution, the dependency on proprietary software and high-
level hardware programming to design dedicated signal processing blocks are
eliminated. Shorter design cycle time, shorter environment learning & minimum
system development tools are the benefit. Researchers in microwave
background can apply this advantage without fear they need to learn intensive
hardware design in programming mode. Now someone can produce a high-end
measurement product from off-the-shelf reconfigurable SDI for wideband VNA.
A hardware testbed is presented for compactness, low complexity,
networkability, mobility and field-deployable platform designed for data
acquisition.

The second contribution is the further development and characterization of the
reconfigurable calibration technique on SDR as an instrument measurement
system. This study allows a VNA measurement system based on SDR
technology to perform calibration without external standard kits which is
necessary tools used for commercial VNA system. A new technique to emulate
any impedance across the frequency band was implemented on SDI in a cost-
efficient way. This technique generates standard characteristic in virtual
calibration. Dependency on external calibration kits is eliminated, remove
expensive well-known standards, and no human error during calibration.

1.8 Thesis Organization

The documentation of this thesis is organized into six chapters. This thesis is
organized as follows. The second chapter will give an overview of the small
signal RF measurement system. The chapter explains how the measurement
of magnitude and phase of the signals will be defined namely S-Parameters.
The general structure of VNA, the source of error, and the calibration method
applied to give an overview of the research work. Finally, SDR technology for
VNA implementation is presented with utilizing some open source software for
baseband processing environment.

The third chapter focuses on the design of VNA based on targeted SDI
platform. A new methodology to optimize the open source of digital signal
processing software is contributed to this chapter. This technique then applies
to SDI on how signal characterization is performed to ensure SDI limitation and
capability generates CW signal and acquired valid data acquisitions.
Implementation VNA on SDR based is presented with design transceivers and
complex divider on GNU Radio software. Finally, the development of VNA-SDI
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system capable to display multiple format data presentation such as
magnitude, phase and Smith chart for user analysis and validation.

The fourth chapter describes the demonstration VNA-SDI measurement
system that capable to perform calibration and produce the high accuracy of
magnitude reflection coefficient measurement on the passive device under test.
The commercial mechanical calibration standard from Anritsu calibration kit
used to the realization of one-port Sy calibration in VNA-SDI system.

A new concept calibration using reconfigurable SDR is described in the fifth
chapter. The concept of magnitude and phase manipulation is explained clearly
when the magnitude and phase reflection coefficient emulation block is
introduced. This chapter gives a new method of calibration without using
external standard kits but utilizes on-board transceiver to emulate SHORT-
OPEN-LOAD standard conditions.

Finally, the sixth chapter presents a summary of the results from the previous
chapter as well as ideas on how these results can be used in the future.
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