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ABSTRACT:

With growing relevance in modern information society, passive microwave remote
sensing (MWRs in particular) represents a key part in influencing everyday life and
finds use in the climate applications of satellite data. The project described below deals
with the design of the digital control electronics of a Ground-based Radiometer (GBR)
sensor system. This GBR is proposed to be installed at the IRNSS reference stations
(INRES), with Ahmedabad and NewDelhi centres being chosen in the first phase.
Among the proposed design technologies to be used for the design of digital control
electronics, i.e., Microcontrollers, Field Programmable Gate Arrays (FPGAS),
Application Specific Integrated Chip (ASICs) and Programmable System on Chip
(PSoC), the FPGA has been considered in the first phase of research and development
because of its ability to provide true system level solutions in meeting the cost,
performance and power requirements. Along with it, the inbuilt ADC of Cypress
PSoC5LP family is also characterized. But due to time constraints, this was not used for
the R&D. Apart from the traditional method of data interfacing using RS232, wireless
data transfer using ZigBee module has also been tried for the first time for this project
and was found to be device compatible. Furthermore, printed circuit board (PCB) layout
and development of the actual board (hardware) is also done in due course of the
dissertation.

The project also includes the estimation of signal losses in the transmission links due to
hydrometeors, esp. rain at centimeter and millimeter wavelengths. The recommended
ITU-R-P618.8 Model is used for Ahmedabad and New Delhi INRES for rain
attenuation predictions for JJAS months from 2010-2014. Strong agreement was found
between literature and calculated values, with attenuation increasing with both
frequency and rain rate. These results may be used in future for determining the
attenuation caused in GSAT-14 signal links and study of how weather affects Ka-band
satellite communication.

Keywords: Microwave Radiometer, FPGA, PSoC, data interface, PCB design, rain
attenuation, ITU-R model.
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DESIGN OF THE DIGITAL CONTROL ELECTRONICS FOR A GROUND-BASED RADIOMETER SYSTEM
AND ESTIMATION OF RAIN ATTENUATION LOSSES IN THE SIGNAL TRANSMISSION LINK

CHAPTER 1: INTRODUCTION

1.1. GENERAL:

Remote Sensing has a growing relevance in the modern information society. It represents a key
technology as part of the aerospace industry and bears increasing economic relevance.
Furthermore, remote sensing exceedingly influences everyday life, ranging from weather
forecasts to reports on climate change or natural disasters [1]. Remote sensors can be either
passive or active. Passive sensors respond to external stimuli and which measure energy that is
naturally available. They can only be used to detect energy when the naturally occurring energy
is available. For all reflected energy, this can only take place during the time when the sun is
illuminating the Earth. Passive microwave radiometers have been at the forefront of the
emerging field of climate applications of satellite data. Even though the pool of researchers is
considerably smaller in passive microwave remote sensing than it is in visible and infrared
remote sensing, the characteristics of microwave radiometers in some ways lend themselves
more readily to climate applications.

A microwave radiometer (MWR) is a passive sensor that measures energy emitted at sub-
millimeter-to-centimeter wavelengths (at frequencies of 1-500 GHz). Their primary application
onboard spacecraft is measurement of atmospheric and terrestrial radiation, and hence, these are
mostly used for meteorological or oceanographic remote-sensing [2]. Microwave Radiometers
for ground-based, suborbital, and space flight observations have a long history of development.
Development of the Radiometers, as well as the Imagers and Spectrometers, requires a multi-
faceted team with expertise that includes instrument system design and system engineering,
algorithm development, microwave, RF, analog and digital circuit design, fabrication,
packaging design, instrument integration and test, field operations and data analysis.

1.2. BACKGROUND OF WORK:
Sometimes back, on January 5, 2014, ISRO launched GSAT-14, its 23rd geostationary Indian
communication satellite under its GSAT series of satellites. The main objectives of GSAT-14

mission are:

. To augment the In-orbit capacity of Extended C and Ku-band transponders
1
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. To provide a platform for new experiments.

Constructed by ISRO, the GSAT-14 spacecraft has a design life of 12 years. The satellite carries
six Ku-band and six Extended C-band transponders to provide coverage of the whole of India.
GSAT-14 also carries two Ka-band beacons which will be used to conduct attenuation studies
and research into how weather affects Ka-band satellite communications. The extent of signal
coverage of the GSAT-14 Ka band beacon signal is shown in Figure 1.2-1.

vt o | g— Vol bubni

a. Kaband 20GHz coverage b. Kaband 30GHz coverage

Figure 1.2-1: Ka Band Beacon Signal Coverage, Courtesy: ISRO

Indian Space Research Organization (ISRO), in collaboration with CNES and ONERA from
France is going to carry out an experiment for the propagation of Ka Band radio waves beacon
signal onboard the GSAT-14 satellite. For this reason, Space Applications Centre (SAC) has
also planned to establish earth receiving stations for experiments at New Delhi and Ahmedabad
in the first phase. Auxiliary equipments in addition to the beacon receiver will be a 20.2, 22.3,
30.5 and 31.5 GHz, 4 channel, sky-looking, Ka band Dicke Radiometer.

The digital electronics form the core of signal acquisition and data transmission in this
Radiometer. This project aims at designing digital control and data acquisition electronics for

2
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the ground-based radiometer (GBR). There are many companies that design the digital circuitry
for such instruments. However, this attempt by SAC is an in-house development. This is a
research and development project, which can further be extended to meet the project specific
requirements. This research would also include the in depth study of the various basic blocks
involved and the different technologies required in the realization of the desired design.

The presence of rain in the transmission path is the main cause for microwave system
degradation, particularly when operating at frequencies greater than 10 GHz. Rain drops absorb
and scatter radio waves, resulting in signal attenuation and reduction in the overall signal
availability and performance. Thus an attempt is made towards studying the amount of signal
attenuation in the Indian subcontinent region which experiences heavy rainfall during the
monsoon season (June-September). Here the rain attenuation prediction model recommended
by International Telecommunication Union Radio Communication sector (ITU) shall be used.

1.3. SENSOR DIGITAL CONTROL DESGIN:

The quest for highly integrated devices for product development offers more choices today than
ever before. However, the considerations still remaining are power consumption, cost, time-to-
market, volume and ease of development. In aerospace (sensor) applications there are special
requirements that demand powerful, highly reliable design tools and methodologies. It is
important that the tools necessary for the development of these applications not only understand
the condition under which they operate, but also the special development requirements
necessary to create them [3].

This thesis aims at designing digital control and data acquisition electronics for the Ground-
Based Radiometer (GBR) to be designed for Ahmedabad and New Delhi receiving earth
stations. The digital subsystems cater to the growing needs of data acquisition, data integration
and formatting and buffer storage, all performed simultaneously. The system control and the
real time data acquisition and processing are performed by the digital subsystem present within
the sensor payload. The main functions of the digital subsystem can be briefed as below:

e High precision digitization of moderate speed received video signals and calibration
signals of two channels.
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e Provision of programmable features for functional and operational flexibility like
gain/offset correction estimation.
¢ Initialization, command, control and configuration of receiver and other subsystems.

1.4. SENSOR REALIZATION TECHNOLOGIES:

With the advancement in technologies, design and construction of electronic devices has not
only become simpler but their numbers have multiplied manifolds. For these reasons, newer
avenues need to be searched that can provide numerous emerging technologies in the realization
of these systems. Of the most recent developments in the field of sensors’ digital subsystem
design, the following options are sited below:

° Programmable System on Chip (PSoC)
° Field Programmable Gate Arrays (FPGAS)
° Application Specific Integrated Circuits (ASICs)

The sensors’ digital electronics, in order to suit to the emerging applications, need to address
few of the design related issues. Firstly they should be manufacturable at low industrial costs.
Secondly, they should feature a good radiometric resolution, typically below 1 K, with small
integration time in accordance with the specific application. At the end, reduction in size,
weight and power consumption is a very important aspect in sensors network scenarios [4]. A
solution to the aforesaid constraints is the miniaturization of the sensor, which can be scaled
down to a single chip. Integrating a programmable processor and an adaptive sensor interface
into one system-on-chip (SoC) combines analog and digital processing capability and rapid
customization to different applications using the same integrated circuit. Single-chip integration
of these components enhances performance while simultaneously reducing size, cost and power
consumption [5]. Moreover, thermal stabilization system can also be easily implemented at
chip-level.

However, from the project point of view, a detailed comparison and trade-off study has also
been done between the various options available. Keeping in mind the above mentioned
limitations and their chip-level solution, the use of programmable system on chip (PSoC) has
been the first choice for the project.
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1.5. SIGNAL ATTENUATION IN TRANSMISSION LINKS:

The design of a satellite communications system is a complicated process involving many inter-
disciplinary interactions. In addition to this, signal link transmission in satellite communication
comes with its own limitations. Of the many difficulties associated with signal link
transmission, signal attenuation due to hydrometeors present in the atmosphere is of utmost
importance. Thus it becomes necessary that the planning of RF/Microwave radio systems must
include accounting for the propagation characteristics of the radio signal at that frequency
range.

The growing demand of communications services has congested the currently available radio
spectrum to such an extent that there is a need to go beyond and look for larger bandwidth and
newer frequency bands above 20 GHz [6]. At these radio frequencies, the signal will be affected
by various propagation impairments such as rain attenuation, cloud attenuation, tropospheric
scintillation, ionospheric scintillation, water vapor attenuation, and rain and ice depolarization.
Among all the propagation impairments, rain attenuation is the most important and critical
parameter [7]. Rain attenuation results in outages that compromise the quality of signal quality
and link availability, making it a prime factor to be considered in designing both terrestrial and
satellite links [8]. It severely affects the communication network by degrading the centimeter
and millimeter wavelengths (frequencies > 10GHz). They impose restriction on the path length
of the radio communication channel to be used as well as limit the use of higher frequencies
during line-of-sight microwave links and satellite communication. In tropical countries, like
India, experiencing heavy rainfall, the knowledge of rain attenuation is extremely important in
designing facilities for reliable ground and space based communication links [9].

The rain attenuation can be measured quite accurately by means of satellite beacon signals and
radiometers [10]. However, since propagation experiments are carried out only in a few places
in the world and for a limited number of frequencies and link geometry, their results cannot be
directly applied to all sites. For this reason, several attenuation models based on physical facts
and using available meteorological data have been developed to provide adequate inputs for
system margin calculations in all regions of the world. Of the many models available, we
choose to implement the ITU-R P.618.8 Model.
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1.6. PROBLEM STATEMENT:

The above mentioned project aims at designing a digital control and data acquisition electronic
circuit for a radiometer sensor system and realization of a ground-based radiometer system at
Ahmedabad and New Delhi receiving earth stations. For the design of the digital electronics,
four different technology options have been identified. Comparison and trade-off studies
between the different options are being carried out for the selection of the best option.
Furthermore, printed circuit board (PCB) development and actual hardware realization shall
also be done during the research period.

From the application point of view, the loss of microwave radiometer satellite signal during
transmission due to rain will also be done. The main purpose of setting up the earth station
radiometer was to measure the communication link losses for GSAT-14 due to atmospheric
interactions. The ITU model for calculation of rain attenuation prediction shall be used.

1.7. RESEARCH IDENTIFICATIONS:
1.7.1. RESEARCH OBJECTIVES:

° Identification of the digital electronics for a radiometer sensor.

o Comparison of the different hardware technologies identified for
implementation of the digital unit of a radiometer sensor.

° Miniaturization of the digital electronics of the ground-based radiometer
receiving earth station.

o Calculation of rain attenuation loss in the signal transmission link.

1.7.2. RESEARCH QUESTIONS:

. What are the basic blocks in the design of the digital circuitry of a ground-
based microwave radiometer?

o What are the different specifications needed for the ADC to be used in the
control circuit?

. What are the different design technologies used in realization of the digital
electronics of a radiometer sensor?

. Among the hardware options, which is the best in all aspects, i.e., cost,

accuracy, speed, reliability and reproducibility?
6
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. For the frequency bands of the Ground-based radiometer to be installed, what is
the amount of the signal loss due to rain?
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CHAPTER 2: LITERATURE REVIEW

2.1. MICROWAVE REMOTE SENSING:

With the advances in space technology, the use of microwaves has today become the heart of
remote sensing. Microwaves, because of their cloud penetrating and all weather capability, is
the answer to the question: Why to use microwaves? Apart from it, the ability to penetrate more
deeply into vegetation covers and the information available from microwave imagery
complementing the optical and infrared, make its use even more essential.

The science of microwave radiometry has established itself as an integral part in the general
field of the environmental remote sensing. Also called as passive microwave remote sensing,
microwave radiometry is the measurement of electromagnetic radiations emitted from the target
and observed by the antenna. Microwave radiometry finds its applications in a wide domain
ranging from astronomical studies, military applications and environmental monitoring.

211. MICROWAVE RADIOMETERS:

Microwave radiometers are highly sensible receivers designed to measure the incoherent
thermal electromagnetic emission by material media. The signal received by a radar receiving
antenna consists of energy scattered by the target after it has been illuminated by the radar
transmitting antenna. In case of radiometers, the transmission source is the target itself. The
energy received by the radiometer is due to the radiations self-emitted and/or reflected by the
scene and collected by the antenna.

The output of the antenna is expressed in terms of its antenna temperature, Ta. The goal of the
measurement is to relate the antenna temperature to the brightness temperature of the object
under consideration. Thus the task of the microwave radiometer is to measure this antenna
temperature with sufficient resolution and accuracy. The power P emitted by an object in
thermodynamic equilibrium is a function of its physical temperature T, and in the microwave
region P it is directly proportional to T [11].
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2.1.2. GROUND BASED RADIOMETER:

The present task at hand is the designing of both digital and control electronics for the proposed
GBR systems at Ahmedabad and New Delhi earth stations. As the GBR is designed to perform
multi-channel High Precision Data Acquisition System (HPDAS) function, it is preferred to be
mounted nearer to RF receiver unit, on the back side of the antenna, in the field. Thus keeping
in mind the above constraints, the digital subsystem is miniaturized in terms of weight, power &
volume. The Table 2.1-1 gives the design details of GBR.

Table 2.1-1: Technical Specifications of GBR

PARAMETERS VALUES
Type Dicke Switching
Operating Frequencies 20.2, 22.3, 30.5 and 31.5 GHz
Polarization Linear: Vertical and Horizontal
Bandwidth 3dB: £300MHz, 20dB: £500MHz
Dicke Switching Speed 1KHz
Integration Time 1 sec
Input Radiometric Range  10-350K
NEAT Required: 0.3K | Goal: 0.1K
ADC ENOB 14 bits

The system control and the real time data acquisition and processing are performed by the High
Precision Data Acquisition digital subsystem. The basic back-end digital configuration for a
radiometer system is shown below in Figure 2.1-1.
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Figure 2.1-1: Block Diagram of Radiometer System

2.1.2.1. DICKE RADIOMETER:

The book by Niel Skou and David Le Vine [12] elaborately described the radiometric
principles, types of radiometers available along with receiver types, etc. A brief excerpt is taken
from the book about the Dicke Switching Radiometer which is proposed to be used in this
project.

With fluctuations in atmospheric emission, and water vapor being the major culprit, adding to
the noise in the output of a simple total-power receiver at frequencies of 5 GHz and up, one way
to minimize these effects of fluctuations in both receiver gain and atmospheric emission is to
make a differential measurement by comparing signals from two adjacent feeds. This method of
switching rapidly between beams or loads is called Dicke switching. With the knowledge of the
difference between the antenna temperature and some known reference temperature, the
instabilities associated with the sensitivity of the measurement to gain and noise temperature is
significantly reduced. This is achieved using the Dicke Radiometer (DR). The basic block

10
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diagram of a Dicke Radiometer can be shown as below in the Figure 2.1-2:

Ta

¥

=+

+1 j\ L OVewr

Figure 2.1-2: Block Diagram of Dicke Radiometer

The input of the radiometer is rapidly switched between the antenna temperature and the
reference temperature. The switch frequency Fs is typically 1 kHz. The output of the square-law
detector is multiplied by +1 or —1, depending on the position of the Dicke switch, before
integration. The input to the integrator is altered between the two halves of Fs.

Vi =c(Ty + Ty)G {1}
Vi = —c(Tr + Ty)G {2}
Provided that the switch frequency Fs is so rapid that Ta, Tn, and G can be regarded as

constants over the period, and that the period is much shorter than the integration time, the
output of the radiometer is found as:

Vour = V1 +V, = c(Ty —Tp)G {3}

Since only half of the measurement time is spent on the antenna signal (the other half is spent
on the reference temperature), the sensitivity is poorer than for the total power radiometer. The
sensitivity of the Dicke radiometer can be given as:

AT =2 =2 4
= 14}

11
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2.1.2.2. NE4T:

The objective of a radiometer is to measure power, in terms of noise. However, in many
microwave applications, such as remote sensing of the Earth’s atmosphere, it is common to
express the power in the terms of equivalent temperature, called as the brightness temperature,
Tg. The output of the antenna is expressed in terms of its antenna temperature, Ta. The goal of
the measurement is to relate the antenna temperature to the brightness temperature of the object
under consideration. This concept was highlighted in [13].

NEAT, related to minimum resolvable temperature difference and was given by the equation:

B
= 5
NEAT SNR {5}

NEAT depended on various factors such as spectral bandwidth and background temperature.
Thus, an increase in NEAT was manifested as a loss of detail in imagery.

2.1.2.3. ADC ENOB:

The heart of the High Precision Data Acquisition System (HPDAS) is the Analog-to-Digital
Converter (ADC). To satisfy the dynamic range of temperature from 10° K-350° K in steps of
0.3°K, the choice of ADC to be used is very important. The speed of the ADC to be used need
not be high. However, the accuracy and precision of the measurement is highly essential. Thus
the book by W. Kester [14] gave detailed understanding of every term related to ADCs. While
ADC selection, the effective number of bits (ENOB) parameter was paid special attention.

An ADC is never able to achieve the ideal number of bits, falling short by 1 or 1.5 bits. The
practical number of bits with which the ADC operates is termed as the Effective Number of Bits
(ENOB). Calculation of ENOB can be given by:

SINAD — 1.76dB
ENOB = 6
0 6.02 10}

As the desired ENOB for the project is 14 bits, we test a 16-bit ADC.

12
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2.2. SENSOR DESIGN:

In all remote sensing applications involving sensors, measurements are inter-related with other
subsystems such as process control and instrumentation applications. The sensor transfers the
signal from a given energy domain to the electrical domain. Afterwards the signal conditioning
circuit, generally relying on the use of operational amplifies; perform some or all of the
following tasks in the analog domain: output-to-voltage conversion, amplification, filtering,
linearization and/or demodulation. The resulting analog signal is then digitized using an analog-
to-digital converter. At the end, a digital system acquires, stores, processes, controls,
communicates and displays the digital value with information about the measurand.

Today sensor outputs may be digitized directly by high resolution ADCs. Linearization and
calibrations are then performed digitally, thus reducing cost and complexity. The digital
electronics form the core of data acquisition and signal transmission of the various sensors used,
both ground-based and space-borne. Thus various technologies in the realization of these
systems are the need of the hour.

Ferran Reverter (2012) [15] reviewed the use of microcontrollers directly with the sensors,
without requiring any analog circuitry. The paper discussed the options of interfacing resistor
and capacitor sensors directly. Simple and low-cost circuits were designed using these
technologies which have performed remarkably well for medium and high accuracies. A major
disadvantage of these systems was that the use of resistors and capacitors slow the performance
of the entire system due to longer time consumed in charging and dumping of the charges.

The document revision by BiPOM [16] discussed the usefulness of micro-controllers in
complex circuitry design as well as in communication with any output device. With a host of
advantages attached to micro-controllers like simple interfacing, high speed, low-cost for low
resolution requirements and low programming overhead, they also find application in sensor
design, such as temperature, humidity, pressure, etc. The document also discussed the analog-
to-digital interfacing and noise considerations.

The study by Rahul Ranjan (2012) et al. [17] in their paper aimed at creating an intelligence
monitoring system against theft by unidentified person using sensor technology. The project
included embedded system based smart home design, security surveillance using ZigBee

wireless communication module and internet based. This article described the embedded smart
13
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home remote control system in the general, including the system overall design, system
hardware platform and the realization of each part of interface circuit, data acquisition and
processing, video acquisition and processing and GSM communication software program
realization.

2.3. SENSOR TECHNOLOGIES:
2.3.1. FIELD PROGRAMMABLE GATE ARRAY (FPGA);

Ali Hayek (2012) et al. [18] highlighted the importance of flexibility and reliable computing
solutions provided by FPGAS against the presently used standard microprocessor systems. The
SRAM-based FPGAs can achieve desired safety integrity levels (SILs) at low design cost and
time. Moreover, FPGAs, with galaxy of advantages such as faster time to market, almost nil
non-recurring cost, simpler design cycles and most importantly field re-programmability, are
thus described as the perfect choice for communication and sensor based applications.

A survey report on the designs and implementations of research sensor nodes that rely on
FPGAs, either based upon standalone platforms or as a combination of microcontroller and
FPGA was presented by Antonio de la Piedra et al. (2012) [19] in the paper. The paper
presented a comparative study on the various FPGA architectures available, such as the
standalone, combinations of microcontrollers and FPGAs and FPGA coprocessors. These were
successfully implemented in designing sensor nodes.

A Lattice Semiconductor White Paper [20] gave an insight into the simple solution available for
the limitations, in terms of power, cost and footprint sizes, through the FPGA approach. Users
across all domains are thus now turning towards this cost-effective, low power requiring and
reusable option of FPGA.

The usage of FPGA is not limited to only communication or interfacing with sensor design.
This has been illustrated in a report by Synopsys Inc. [3]. Applications requiring powerful and
highly reliable designs are possible using FPGA design and verification tools.

Spartan-3AN FPGA Family Data Sheet by Xilinx (2010) [21] illustrated the FPGA device used

for the first phase of PCB design for the GBR. This chip consisted of 1400K system gates, 2816

configurable logic blocks (CLBs) with both LVDS and LVTT logic requiring 3.3V, 2.5V, 1.8V,

1.5V, and 1.2V for signaling. Macro-cells, D flipflops, counters, I/O banks and a galaxy of other
14
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functionalities are hosted on this single chip. The basic diagram of the FPGA is illustrated in
Figure 2.3-1with zoomed view of the internal structure.
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Figure 2.3-1: Structure of FPGA, Courtsey: SPARTAN FPGA Datasheet

2.3.2. APPLICATION SPECIFIC INTEGRATED CIRCUIT (ASIC):

An Application Specific Integrated Chip, or simply called as ASIC, is an integrated chip
designed for a particular use, rather than for a general purpose use. ASICs seem to be deemed as
the best option for high-volume applications. The cost and performance advantages reaped out
of ASIC gives it an upper hand. The fact that ASICs are built for specific applications allows
them to have a very high density of useful logic gates on the chip and use the resources
optimally. Thus greater gate count and lower power consumption gives ASIC a competitive
edge over FPGA.

15
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ASIC designs come in a number of available options, such as Classic Full Custom design,
Standard Cell design, Gate Array design and Field Programmable Logic design. By eliminating
the need to cycle through an integrated circuit production facility, both time to market and
financial risk can be substantially reduced in the Field Programmable Logic design. The two
major classes of field programmable logic, Programmable Logic Devices (PLDs) and FPGAsS,
have emerged as cost effective ASIC solutions because they provide low-cost prototypes with
nearly instant “manufacturing”. This class of device consists of an array of uncommitted logic
elements whose interconnect structure and/or logic structure can be personalized on-site
according to the user’s specification.

2.3.3. SYSTEM-ON-CHIP (SOC):

System-on-Chip (SoC) is basically a microcontroller with small FPGA on the same chip. It is
more geared towards complete flexibility and user interaction. The general idea with a system-
on-chip is to allow provide circuitry with multiplexers and other routing facilities such that the
signal can be routed through a number of circuits to produce many useful types of
stimulus/response pattern without the processor intervention. The basic diagram of
CYBC5868AXI-LP035 chip development board, belonging to the CY8C58LP family describing
all its components and signal interconnections is shown in Figure 2.3-2 below.

16
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Figure 2.3-2: PSoC Development Board, Courtesy: Cypress MicroSystems

Presented in the paper by David Tomanek (2010) [22] titled “What is PSOC?” is the description
of system on chip along with examples describing the various concepts. The necessity, structure
and operation of the device created by Cypress MicroSystems was briefly discussed in the
paper. The paper also reported about the usage, supporting softwares and compilers as well as
the power management of the PSoC device.

With increasing technological development, a SoC can be successfully used in interfacing
different activities using a personal computer. The technical note by J. Jayapandian (2006) [23]
studied about how innovative programmable embedded hardware like Programmable System on
Chip (PSoC) are solutions to complex embedded system designs. Simple designs used in
industrial/laboratory applications were implemented using PSoC and design software like
LabView. This approach also improved the experimental technique with good accuracy and
reliability.
17
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A paper by Qiong M. Li (2003) [24] showed the implementation of a configurable PWM
Controller using PSoC. The highlight of PSoC is that unlike most of the microprocessor-based
digital controllers that use fixed analog and digital peripherals, all the peripherals here were
programmable. Even communication between the user and the controller was done using
several communication protocols, like UART, SPI and 12C. Few drawbacks of PSoC like
provision of only analog filters and the impracticality to implement pure analog protection due
to the slew rate were also detected.

The development of a useful frequency based acquisition system, based on PSoC was reported
by R. Aragonis et al. (2004) [25]. The frequency-based data acquisition method Implemented,
using Indirect count methodology, in the circuit demonstrated the capability of PSoC being used
in specific processing systems at affordable costs. Also illustrated in the report is the versatility
of PSoC as a platform to acquire, condition, multiplex, process and transmit external analog
data to different external processors, liberating the main processor of tedious works while
allowing the system to spend time on processing instead of capturing data.

PSoC is a true system-level solution providing microcontroller unit (MCU), memory, analog,
and digital peripheral functions in a single chip. It offers a modern method of signal acquisition,
signal processing, and control with high accuracy, high bandwidth, and high flexibility. The
dynamic reconfiguration capability of a PSoC was discussed in the paper by Doboli et al.
(2009) [26]. Defining multiple controls using analog and digital configurations within the same
device was experimentally proven in this paper.

F. Alimenti et al. (2008) [4] in their paper have focused on the different advancements in the
field of remote sensing using the latest PSoC technology. The study tried to satisfy all the
requirements and constraints associated with the design of a microwave radiometer sensor for
forest fire detection and it was found that PSoC was a superior technology in terms of meeting
the cost, power and performance requirements of the system as well as miniaturizing the chip in
terms of size, weight, volume and power.

Integration of an 8-channel reconfigurable sensor interface with an 8-bit X-A A/D converter and

a 16-bit sensor signal processor was presented by Jinwen Xi et al. (2006) [5] in the paper.

Combined analog and digital processing capabilities of the SoC were used in integrating a

programmable processor with an adaptive sensor interface. Rapid customization to different

applications using the same integrated circuit feature was also provided in the same chip.
18
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Operations ranging from sensor signal processing to execution of softwares to support
interfacing configuration and calibration, ADC control and sensor data processing were all
carried out in the single chip. With simplified RISC architectural design, the SoC was able to
communicate with different input/output devices also.

2.4. RAIN ATTENUATION LOSS IN SIGNAL TRANSMISSION:
24.1. RADIOWAVE PROPAGATION AND TRANSMISSION:

Report of the NMO courses provided by the NavyMars Institute (1998) [27] gave a detailed
report on Electromagnetic waves, the induction a nd radiation fields associated with them and
also about the radio waves, their propagation and transmission. In depth knowledge about the
polarized radio waves, how these waves undergo reflection, refraction and diffraction due to the
atmosphere and the different types of propagation paths taken by radio waves. This report also
highlighted how transmission losses affect radio wave propagation, especially how
electromagnetic, man-made/natural interference, and ionospheric disturbances also affect radio
wave propagation. Other important topics covered in the report were tropospheric and
ionospheric scattering of electromagnetic waves, with details about radio waves. The different
operational frequency levels and their predictions based on atmospheric condition, like
temperature inversion, were also touched upon in the report.

24.2. LOSSES IN ATMOSPHERIC TRANSMISSION OF RADIO WAVES AND
ASSOCIATED MODELS:

From the presentation made by Kamran Ahmed [28] on the basic effects of propagation
anomalies were identified which further influence the communication satellite system
performances. The losses were broadly categorized under: Atmospheric, lonospheric and Rain
Attenuation losses. For a slant path, the primary Free-space-loss was calculated to be:

47tR\?
Where, R = distance between receiver and transmitter antennas

A = wavelength of the operating signal

Along with this, other losses such as the beam-spreading loss, polarization loss, scintillation
loss, weather loss, etc. were briefly described.
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A white paper series by LightPointe [29] discussed the underlying processes that impact the
radio signal propagation important in calculation of the statistical system availability for a
point-to-point radio transmission. With a short description about the various losses encountered
in the path of signal transmission, the equation in calculation for a Radio Link Budget was
discussed:

Br1p(dB) = Typ + Grx(dB) + Grx(dB) — Rapm {8}

Where, Tgs = Transmission power
Gr1x = Gain of Transmission Antenna
Grx = Gain of Receiver Antenna
Rge = Receiver Sensitivity

The post-graduation thesis of Samuel P. Mason (2011) [30] analyzed the near surface
propagation losses at 1.78 GHz for the experiment site, Near Earth Propagation-6 (NEP-6),
Panama City, Florida. Various instruments ranging from towers, probes and sensors were used
to collect the data which was at a later stage processed. The report concluded that
meteorological variance did not seem to have a concrete impact on propagation loss. However,
the antenna height played a direct role in propagation loss.

K. Sudhakar and M.V. Subramanyam (2011) [31] in their paper studied microwave
transmission through the atmosphere and its effects due to various atmospheric parameter
variations. During the course of the work, fluctuations in the angle-of-arrival of the signal from
targets were observed for microwave and millimeter waves due to presence of perturbers like
dust and smoke. Measurable signal parameters such as intensity and phase fluctuations showed
a 2dB peak-to-peak fluctuation.

Signal distortion due to variations in atmospheric conditions and the factors responsible for
degradation of this signal were highlighted in yet another paper by K. Sudhakar and M.V.
Subramanyam (2013) [32]. Weather conditions of rain and suspended particle such as water
vapor and fog, adversely affect the signal propagation at frequencies greater than 10 GHz were
discussed. To obtain the amount of signal loss, the ITU gaseous absorption model along with
ITU models on “Attenuation by Hydrometeors, in Particular Precipitation, and Other
Atmospheric Particles” were used. These models estimate the amount of signal loss by
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calculating the total specific attenuation rates. For a wide spectrum of frequencies and different
oxygen and water vapor density profiles, plots were generated to show the signal deteoration
along the horizontal path.

2.43. RAIN ATTENUATION LOSS PREDICTIONS AND ASSOCIATED MODELS:

T. Shiomi [33] has mentioned about how perturbers such as rain and obstacles affect the
formulation of link budget for a satellite broadcasting system, in order to quantify the system
parameters of a transmission channel. In the absence of water and water vapors in the
atmosphere, calculations of the effect of weather on radio wave propagation would be
comparatively simpler. However, due to the presence of some form of water (vapor, liquid, or
solid) these are taken care of in all calculations.

Attenuation because of raindrops is greater than attenuation because of other forms of
precipitation. This loss can be accounted for absorption, in which the raindrop, acts as a poor
dielectric and absorbs power from the radio wave and dissipates the power by heat loss or by
scattering [33]. With increase in frequencies above 100 MHz, raindrops cause greater
attenuation by scattering than by absorption as shown in Figure 2.4-1. Also, at transmission
frequencies below 5 GHz a radio signal typically does not experience high levels of attenuation
even at higher rain rates. However, attenuation at higher millimeter wave frequency levels can
be very high and can contribute significantly to signal fade. At frequencies above 6 GHz,
attenuation by raindrop scatter increases with increase in frequency.

RAINDROP =

\—-x,——\__&_—-/l

Figure 2.4-1: RF Energy loss from Scattering due to Raindrop
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The book by T. Pratt et al. [34] describe the depolarization of radio waves is due to the shape of
raindrops as shown in Figure 2.4-2. Due to the forces of the atmosphere, the raindrops which
were initially thought to be spherical in shape, undergo deformation and finally become disc-
like shapes. Rain scatter occurs when the transmitting antenna beam passes through a rain cell,
and the raindrops scatter a portion of the radio waves. The resulting scattering acts as an
interference to other communication systems operating in the same frequency band.

Moise

Temperature

Transmission Reception

RAIN

Rain Attenuation

H-Folarized

W-Polardzed

Interference from other systems

Figure 2.4-2: Interference due to Rain cell causing Depolarization, Courtesy: Satellite Communications,
Pratt et al.

The paper by Wei Zhang and Nader Moayeri (1999) [35] (IEEE 802.16 Broadband Wireless
Access Working Group) described the power-law form of rain specific attenuation in
calculating rain attenuation statistics. The power-law form is written as:

A = kR {9}
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Where, A= Specific Attenuation rate
R = rain rate (mm/hr)

K and o = power law constants, depending on frequency, raindrop size
distribution, rain temperature, and polarization.

Again, For linear and circular polarization, the parameters are defined as:

[ky + ky + (ky — ky)cos?6. cos2t]

k= > {10}
[kyay + kyay + (kyay — kyay)cos?0. cos2t]
a= ok {11}

Where, 6=path elevation angle

7=polarization tilt relative to the horizontal (for circular polarization, 7=45°)

Variations in k and a are on the basis of rain rate and different rain drop-size distribution of
Gamma, Log-normal, Laws and Parsons and Marshall and Palmer, which were also provided in
tabular format.

The values of the power parameters, ky, kv, an and av were given by the Recommendations
ITU-R P-838.3 (1999) [36] report. The values are given in a tabular form in Appendix.

There are two main methods for predicting the rain attenuation on the radio wave path: physical
and empirical methods.

Physical Methods: Physical methods the theoretical methods or analytical models which
recreate situations similar to reproduce the physical behavior involved in attenuation process.
As physical methods do not use all the input parameters, it has a number of numerical analysis
methods to provide solutions to intractable mathematical functions and formulations. Although
time consuming, the physical method is reliable because the results obtained from such
experiments are real problem based.
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Empirical Methods: It is based on measurement database stations in different climatic zones
within a particular zone. The knowledge of the qualitative behavior of absorption and scatter in
homogenous scattering media form the base for the different empirical models. Since a physical
method does not always require all the input parameters for analysis, the empirical models are
the most preferred. Some of the examples of empirical models are Crane’s Global model,
Crane’s Two-component model, International Telecommunication Union Recommendation
(ITU-R) models, Specific Attenuation Model (SAM) by Stutzman and Dishmna and
Dissanayake, Allnutt and Haidara (DAH) model.

The final report by COST 255 (2002) [10] elaborately described the various models for rain
attenuation studies. According to this report rain attenuation can be precisely measured by
means of satellite beacon signals and Radiometers. But the limitations of frequency, link
geometry and sporadic distribution of test sites make it difficult for obtaining accurate results.
Thus, the use of different attenuation models comes into play. From among a host of rain
attenuation models, some of the most commonly used are listed below:

Crane Global Model

Crane Two-component Model

Specific Attenuation Model (SAM) by Stutzman and Dishmna

Dissanayake, Allnutt and Haidara (DAH) model

International Telecommunication Union Recommendation (ITU-R) model, 618.8

akrwnPE

With a requirement of rain rate statistics at 1-minute integration time for the prediction of rain
attenuation in satellite and terrestrial links at any probability of exceedance, a method for the
calculation of the same was provided in the report by the International Telecommunication
Union Recommendation (ITU-R P837-6) (2013) [37]. The rainfall rate R,, exceeded for any
given percentage p of the average year and for any given location is calculated using the ITU-R
P-837.6 model. The latitudes and longitudes were divided into grid size of 1.125° and bilinear
interpolation technique was used to obtain the values of P, M; and f, for any given (lat, long).
Then for calculation of Rp, the following set of equations was used.

M, = BM; and Mg = (1 — )M, {12}
—B +VB? — 4AC 13
R, = 22 mm/hr 113}
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Where, A = a*b, B =a + c*In(P/Po) and C = c¢*In(P/Po)
a=1.09, b = (Mc+Ms)/21797P¢ and ¢=26.02b

Above mentioned were the different rain attenuation prediction models. However, the most
important input to these models is Roo1%, rain rate at 0.01% exceedance. Thus for obtaining
Ro.01%, firstly the long term rain rate is converted into short integration time of about 1-minute.
Long integration-time rainfall rate is not advised due to its failure to capture high-intensity
short-duration rain events and also it is not recommended for communication system design.
Therefore, 1-min integration time has been accepted worldwide as the most desirable in the
attenuation prediction studies [38]. Once converted into 1-minute integration time, the rain rate
at p% probability of exceedance is downscaled to 0.01% in order to be used as input to the
attenuation models. This study was presented in a Hydrology Project Training Module (2002)
[39]. Further included in the module were checking of homogeneity of rainfall data sets,
computation of basis statistics, fitting of frequency distribution and duration curves, etc.

The paper by J. S. Mandeep and S. I. S. Hassan (2008) [40] illustrated the importance of
conversion of long integration time data to 1-minute and its utility in the accurate rain
attenuation prediction. The paper highlighted the various methods of conversion, such as: Segal
method, Burgueno et al. method, Chebil and Rahman method, Joo et al. method and the most
widely used Moupfouma and Martin method. As most precipitation in Southeast Asia originated
from large mesoscale cloud masses, errors at 0.01% probability occurrence were most likely to
occur for frequent short-duration precipitation events. While Joo et al. method was found to be
least useful in tropical countries, Chebil and Rahman’s model showed minimum errors of <6%
at 0.01% probability of occurrence. Although Moupfouma and Martin’s method closely
followed the measured rainfall-rate data at 0.1% and 0.01% probability of occurrence, the Segal
model provided the best estimate.

A conversion method for probability of 1-minute rainfall rate from that for longer integration
time for a 3-year long rainfall dataset provided by ETRI was proposed by Joo Hwan Lee et al.
(1994) [41] in their paper. The study considered two kinds of distribution for the analysis of
measured rainfall data: mean and statistical distribution. The conversion was also carried out by:
calculating the relationship of time probability between 1-min and t-min distribution for the
same rain rate or obtaining the relationship between 1-min and t-min rain -rates for equal
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probability. A linear and a logarithmic regression model were proposed with the following set
of equations:

Ri(p) =aR;(p)+b for50% <p <0.01% (linear scale) {14}
logR;(p) = alogR.(p) +b for 5.0% < p < 0.01% (log — normal scale) {15}

Similar study was again made by Joo Hwan Lee et al. (2000) [42] in their paper. In this study 2
year rainfall measurements by ETRI were conducted using Optical Rain Gauge (ORG) to obtain
Probability Density Functions (PDF) and Cumulative Density Functions (CDF) using
Moupfouma distributions.

—ur b

(u + ;) {16}

17}

e
PDF,f(r) =a D

CDF,P(r=R)= a

Rb

Coefficients for the Moupfouma CDF were also derived for the various time integration of
rainfall data. The paper concluded with a new conversion method for various integration time
data based on available ETRI 2-year measurements. Again the data was validated with data
conversion methods for 1-minute rain rate distribution.

A.P.Gallois et al .(1989) [43] described an investigation in which attenuation predictions were
calculated using a number of models in the slant path for sites spread all over Europe. Seven
different models were used in the study, namely: ITU-R, Crane’s Global and Two-component,
Misme and Waldteufel, Rue, Leitao and Watson and Capsoni et. al.’s Exponential Cell Model.
With inputs to the model as rainfall, rain height and site specifications, contour maps were
plotted using the basic specific attenuation equation. The study concluded with near similar
values of attenuation for all the sites under experiment with % rms deviation ranging from
11.61-47.29%. Resemblance in prediction of attenuation was estimated for near future
calculations.

The comparative study between the ITU-R and Crane models was presented by William Myers
(1999) [44]. For long term fade probability calculations, differences in estimates were seen for
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both the models. However, both the models could not accurately predict attenuation for short
term rainfall events. Differences in results were also noticed due to location variations.

J. A. Garcia-Lopez et al. (1988) [45] presented four desirable features of simplicity, accuracy,
usage and homogenous behavior for calculating the rain attenuation predictions to be used in
satellite radio-link engineering. The proposed model used in the paper was the ITU-R. This
model described the specific attenuation rain rate which is frequency, polarization, elevation
angle and equivalent path length dependant. For the different test sites with varying climatic
conditions across the globe, the method is limited to low rain intensities having low elevation
angles.

Zhao Qingling and Jin Li (2006) [46] has presented the idea of measurement of rain specific
attenuation with simultaneous measurement of rain rate distribution. The rain attenuation
measurements are done taking into consideration the dropsize distribution at 35 GHz and 103
GHz. With the knowledge of important dropsize distribution models like Laws-Parsons,
Marshal-Palmer, Joss and Sekhon-Srivastava as well as the Crane’s model of rain attenuation, a
comparison was made. There is an exponential decrease of 0.2r in the probability that rain rate
would exceed ‘r’mm/hr during different rain events. With the statistics of rain attenuations in
agreement with previous studies, Qingling, concluded that rain restricts the path of radio
frequency and its knowledge is important in the design of a reliable earth-space as well as
terrestrial communication link.

L. D. Erniliani et al. (2004) [47] highlighted the importance of rain rate prediction and rain
attenuation studies in designing facilities for reliable ground and space based communication
links. With Columbia selected as their study area, contour maps for rain rates and attenuation
were developed using interpolation and kriging method. Moreover, a comparative study was
also made taking into account models developed by ITU, Rice and Holmberg and Chebil. These
models are used in the calculation of point rain rates, cumulative distribution function for
rainfall and attenuation studies. This study made use of the available local climatological data.
The study concluded that with an average deviation of 30% in modeled and measured values,
not all models can work equally well in all climatic conditions.

Tools for the prediction of rain rate and rain attenuation in the form of contour maps for varying

climatic conditions across Nigeria using an enormous rainfall data spanning over 30 years was

done by J. S. Ojo et al. (2008) [48]. Data used for the study was obtained from local
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climatological parameters. The rain rate prediction model which approximates a log-normal
distribution at the low rates, and a gamma distribution at high rain rate, developed by
Moupfouma and Martins was used. J. Chebil’s model for calculation of Ro.010, Was made which
served as an input to the rain rate model. Further, the famous ITU-R model for attenuation
prediction was used for completion. Kriging method using MATLAB was implemented in
construction of contour maps. The result from these maps served as important data in the
preliminary design for both terrestrial and earth-satellite microwave links, and also provided a
broad idea of rain attenuation to microwave engineers for the projected launching of other
future communication satellites.

P. A. Owolawi et al. (2012) [8] presented the study of 19 different sites spread over South
Africa for experimental rain rate measurement using ITU-R model. Planned for use in both
microwave and millimeter broadband wireless networks, the specific attenuation and total path
attenuation for rain rates at 0.01% exceedance were measured for horizontal, vertical and
circular polarized signals over 1-400 GHz frequency spectrum. In general, it was observed that
the fade depth progressively increased starting from the vertical polarization, circular
polarization and the highest fade depth is observed in horizontal polarization for different
experimental sites. Further, the outcomes of the experiment were extended to setting up of Line-
of-Sight microwave links.

24.4. CALCUALTING RAIN ATTENUATIONS IN TROPICS:

A review of literature on the rain attenuation at millimeter wavelengths and rain rate prediction
models for analysis of various systems particularly for the Indian subcontinent was made by R.
Bhattacharya et al. (2007) [6] . The paper has considered rain attenuation, analysis of intense
and moderate rain rates over Indian locations, surface point rain-rate prediction, slant path
attenuation statistics, attenuation and brightness temperature and water vapor attenuation.
Various models for rain attenuation prediction were compared and contrasted. Following the
pattern of rain rate, the calculation of attenuation using Gracia-Lopez model was found suitable
for northern India. Models were also introduced that calculated the attenuation on the basis of
rain-drop size distribution and were found to be highly regionalized.

Yussuff Abayomi 1.O. and Nor Hisham Haji Khamis (2012) [49] discussed the signal fading
and associated rain attenuation studies at millimeter wavelengths. With rainfall classified into

three categories and the tropic and sub-tropic regions divided into four major categories,
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existing rain attenuation mitigation techniques like Frequency diversity, Site diversity, Time
diversity, Power control and Reconfigurable antenna patterns were broadly discussed. Tropical
Rainfall Measurement Mission (TRMM) data served as rainfall data input for the different
attenuation models like SAM, DAH and ITU-R models. SAM and DAH models showed high
degree of correlation for all the frequency bands considered for slant-path attenuation for 0.01%
percentages of time exceedance. However good performance was shown using ITU-R model
due to the assumption of uniformity in the rainfall distribution along the slant path.

Illustrated in the study by Rafiqul MD Islam et al. (2012) [50] was the enhanced approach for
calculation of rain attenuation cumulative distribution function. Operating at 15 GHz and spread
over six different geographic DIGI-MINI LINKS across Malaysia, the study calculated new
coefficients for CD calculations. From the model the attenuation measurements were under- and
over-estimated at lower and higher rain rates respectively. However, the modified ITU-R model
showed close resemblance to the measured data. For data validation purpose, five Brazilian and
seven Nigerian locations were also identified.

The impact of rain playing a havoc in the path of signal transmission for tropical countries like
India, falling in the K-region of attenuation level, was discussed by Mukesh Chandra Kestwal et
al. (2014) [51] . In the paper, an exponential model for calculation of excess path attenuation
was recognized, which converted the rainfall into rain rates and the SAM model was run on
these data. 20 years of rainfall data was collected for the test site, Almora, and attenuation
values were obtained for frequencies 10, 20, 30 and 60 GHz. From the estimated values of the
total atmospheric attenuation , it was derived that with increase in frequency of the signal, the
attenuation also increases. Attenuation was also dependent on the rain rate at the location. From
the results obtained, it was proposed that similar studies can be extended for different regions
affected by torrential rain.

Nazar Elfadil et al. (2005) [52] has investigated rain attenuation prediction models for the
design of microwave terrestrial line-of-sight systems. Attenuation values were calculated using
the Rainsoftm MATLAB program which incorporated the ITU-R Rec.530 Prediction and
Global Crane Prediction Models. Rain attenuation plots were developed for three raindrop size
distributions as well as for different polarization effects using the two models. The report
showed that path loss varied normally with raindrop size distribution and rain rate. At the end it
was concluded that Global Crane prediction model overestimated the values for vertical
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polarization and ITU-R Recommendation 530 Prediction Model was preferred for rain with
99.99% of link availability due to much lower prediction on attenuation.

From among the various types of propagation impairments, rain attenuation is the most critical.
Thus the paper by M. Sridhar et al. (2012) [7] is an attempt towards these studies. Disdrometer
data was used to record rainfall intensity and measure the rain rate at 1-minute integration time.
ITU-R P-837.6 and ITU-R P-618.6 models were implemented for calculation of probability of
rain rate exceeding for an average year and rain attenuation prediction values, respectively. The
KL University at Guntur was selected as the experiment site. The conclusions from this study
were that with increase in rain rates and frequencies of signal propagation, the corresponding
rain attenuation values also increased. Also the attenuation decreased for increase in the time
exceedance of rainfall at a particular frequency for the location.

Animesh Maitra and Kaustav Chakravarty (2005) [53] have attempted to estimate instantaneous
attenuation from rain rates obtained from optical rain gauge data using the Specific Attenuation
Model (SAM). The Ku-band signal at 11.72 GHz from the NSS-6 geostationary satellite was
studied. A complete experimental setup was developed at University of Calcutta consisting of
antenna receivers, signal generators, attenuator and spectrum analyzer. Effective path lengths
calculated from SAM were found to be slightly greater than the actual path length, which
contributed to greater model values at higher rain rates.

An outage prediction model was proposed by Uzma Siddique et al. (2011) [54]. In addition to a
comparative study between the proposed outage model and ITU-R P-530.7, cumulative
distributions of microwave attenuation and the relationship between specific attenuation and
rainfall rate were done in the report. From the study it was derived that Pakistan can no longer
be considered under a single region (‘K’ region of rainfall intensity with 42 mm/hr rain). A
deviation of 0.05%-3% was observed between ITU standard model and the proposed solution.
Also the proposed solution could calculate worst month average which was significant in the
planning of mobile communication networks.

Although the various ITU-R models provide a good estimate of rain attenuation in the temperate
regions, they somewhat undervalue these calculations for tropical climate. With this idea, M. R.
Islam & A. R. Tharek (1999) [9] studied the simple specific attenuation model with modified
power coefficients. It was found in the study that the modeled and measured values did not
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match, with large deviation between them. Thus re-evaluation of these ITU-R models was
proposed for tropical countries.

Similar studies have also been carried out by Sharul Kamal.A.R et al. (2001) [55] where they
have reported that attenuation studies made with models valid for temperate regions do not
show good performance for tropical regions. Rainfall data obtained from two sources; TRMM
and local rain gauges, served as inputs to the different attenuation prediction model. Predicted
rain attenuations were underestimated by these models and the TRMM data showed lesser
attenuation values as compared to satellite receiver. Moreover, it was also concluded that ITU-R
models can be used to study the slant-path rain attenuation prediction data.

Many studies have also been done regarding the rain attenuation prediction along the satellite
link path taking into consideration the rain drop size distribution. A. Maitra (2004) [56] has also
highlighted the importance of drop size distribution (DSD) to indicate the variability in the
pattern of rain attenuation for tropical countries. Attenuation models for three Indian stations of
Dehradun, Guwahati and Kolkata were used in terms of log-normal distribution of DSD
represented by:

N(D) =

Ny —0.5(InD — ,u)ZJ (18

* ex
oDvV2m pl o2

Where, N= No. of drops
D= Diameter in unit volume
And Nr, u and o are considered as rain rate dependent distribution parameters.

It was observed that the rain attenuation values calculated using DSD at these locations
significantly varied from each other depending on the geographical positions as well as from the
calculated ITU-R model.

S. Das et al. (2010) [57] have also discussed the difference in attenuation values between ITU-R

model and those taking into account DSD for four different climatic condition test sites. For

different rain rates, significant variations in attenuation were observed between the two models.

The paper concluded that for lower rain rates and frequency range of 10-30 GHz the ITU-R
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model performed well but overestimated the attenuation values at rain rates greater than 30
mm/hr. Thus in the design of terrestrial and earth-space satellite communication transmission
links, the DSD is an important parameter to be kept under consideration.
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CHAPTER 3: STUDY AREA AND RESOURCES REQUIRED

3.1. STUDY AREA:

The areas under study are the two earth stations, at Ahmedabad (AES) and New Delhi (DES).
Our area of interest is the antenna used at these stations. Being one among the IRNSS Reference
Stations (INRES), the station and antenna details associated with AES and DES are given below
in the table 3.1-1:

Table 3.1-1: Table illustrating the IRNSS Reference Station (INRES) details

STATION PARAMETERS | Ahmedabad Earth Station (AES) | Delhi Earth Station (DES)

Station code: ISRO0303 ISRO0463
Latitude (deg) 23.02356 °E 77.23 °E
Longitude (deg) 72.515°N 28.61°N
Station height above MSL (m) 48.77 293
,(Ar\Tr:)tenna height above MSL 49.77 294
Antenna Polarization angle 21,70 19.6°
(deg)

Antenna Elevation angle (deg) 63° 56.4°

3.2. DATA SET USED:

Point rainfall data at the two earth stations were obtained from the Automatic Weather Station
(AWS) available at the stations. The AWS rainfall data was obtained for a 5 year period from
2010-2014. The Indian subcontinent receives maximum rainfall in the monsoon months of
June-September (JJAS). The AWS gives information about air temperature, atmospheric
pressure, humidity and rain for the particular location of installation. Thus hourly rainfall data
for AES and DES for the 122 days long Indian monsoon was obtained.

3.2.1. ANCILIARY DATA:

The ancillary data used in the rain attenuation prediction model are obtained from the antenna
details at the respective earth stations. The auxiliary data include the station location (latitude
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and longitude), its height above the sea level, the antenna height and its elevation and
polarization angle.

3.2.2. SOFTWARES USED:

e Cypress PSoC Creator2.1
e MATLAB

e Zuken’s CADSTAR

e Microsoft Office
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CHAPTER 4: METHODOLOGY

41. DIGITAL CIRCUITRY DEVELPOMENT:

In the digital control subsystem design for the ground-based radiometer antenna, we have taken
into consideration a number of options. These range from the choice of ADC to data interfacing.

The block diagram given below in Figure 4.1-1 shows the steps that need to be followed in this
process.

| prosecTstuDy |
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I LITERATURE SURVEY I
r r r
SUITABLE DIGITALCONTROLS STORAGE
DIGITIZER REALIZATION OR
SELECTION AND DATATRANSFER
| FORMATTING
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ADC PSoC. MICROCONTROLLER USBINTERAFCERS 232
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PERIPHERAL FPGA, ASIC ANY OTHER OPTION
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r
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r
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r
ACTUALHARDWARE
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Figure 4.1-1: Methodological flow diagram for digital control electronics design
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4.1.1. DIGITAL SUB-SYSTEM CONFIGURATION:

With reference to the basic block diagram of the digital sub-system shown above in Figure 2.1,
the received data has the following characteristics features: single ended, 0 to +5V, base band
signal of 1KHz bandwidth and termination with 100 K. For the purpose of a radiometer, the
board is designed to provide very accurate and precise data at the cost of data rates. Careful
choice of ADC peripheral components is properly done, so as to achieve 16 bits digitizer
resolution. VVoltage Reference device is provided externally as it is not in-built into the digitizer
device. Considering the key specification of temperature coefficient (TEMPCO) to be as low as
possible & stable for longer duration , REF43 device from Analog Devices is selected for
+2.5V voltage reference for the two digitizers. A standalone source of 4 MHz frequency is also
used to generate all the timings controls required for digital sub-system. The two channel
digitized data is fed simultaneously to digital controller & integrator for signal processing.
After an integration time of 1-sec, individual channel data is serialized & proper data packet
carried out in processor itself. For obtaining the data, RS-232 device is also interfaced with
same processor & serial data will be transferred to a Personnel Computer. As the entire system
is proposed to be mounted in the field, a wireless communication module is proposed to be
incorporated into the subsystem. Thus for this purpose the digital sub-system also contains
ZigBee based wireless communication device. Power supply for the components is generated
within the PCB using a LDO, provided by a 12V battery, connected just outside the package.
Utmost care is taken in filtering to remove the noise & ripples and achieve the desired digitizer
performance. Shown below in Figure 4.1-2 is the control and integrator module for the above
mentioned digital subsystem.
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|
1 1/P CLOCK @ 4 MHz :
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.
1
.
.

:Dlgitiler- 2

Figure 4.1-2: Block diagram of Controller and Integrator module
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4.12. DIGITIZER SELECTION:

Since the HPDAS handles the sensor data acquisition and processing requirements, like
integration of large number of input channels, its primary function is the data acquisition
involving high precision analog to digital conversions (ADCs). The choice of the right digitizer,
the digital processing activity as well as compatibility of both is done through literature survey.
Thus, the following options are discussed for ADC selection in the HPDAS. Again these
parameters are determined through the different ADC tests. Details of these tests are mentioned
below.

e Digitizers in a single package: ADS1278 from Texas Instrument having 8 separate
ADC:s in a single package with common controls available in commercial grade.

e Individual digitizers in separate packages: ADC161S626 from National Semiconductor
having 1 channel ADC available in very tiny plastic package but humidity and
corrosion prone.

o Inbuilt PSoC digitizer: CY8C58LP family from Cypress PSoC. The PSoC has only one
Y-A ADC built having only one channel. So for the realization of the eight-channel
GBR we may either use eight PSoCs or use one in a multiplexing mode. This
multiplexing can be done in two modes: cross-talk mode and isolation mode. As the
implementation of multiplexing technique requires a large setup consisting of test-beds
and power supply, the testing, although proposed, has not been done yet. This test aims
to find out the multiplexer’s different specifications before it can be interfaced with the
ADC for use.

The comparative block diagram of for the three available design options are presented below as
Figures 4.1-3, 4.1-4 and 4.1-5.
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Figure 4.1-5: Digitizer selection option 3- ADC inbuilt in PSoC

In the selection of any ADC, the different specifications that need to be considered are: Analog
Band width, Resolution, Sampling Clock, Integral Non Linearity (INL), Spurious Free Dynamic
Range (SFDR), Signal to Noise Ratio (SNR), Total Harmonic Distortion (THD), Effective
Number of Bits (ENOB), along with equal importance given to material used, package of
components and power consumption.

4.1.3. ADC TESING:

The performance of an ADC will be never ideal. During operation, a n-bit ADC never achieves
the entire n bits and falls short by a 1-1.5 bits. Thus the actual number of bits with which the
ADC operates is called as the Effective Number of Bits (ENOB). This loss in bits during
operation can be accounted due to the errors associated with the ADC. Of the number of errors
present, some important ones are listed below.

e Quantization error: With the sampling of an ADC done at every clock instant, the
difference of up to +1/2 LSB between the actual analog input and the exact value of
digital output is termed as the quantization error. However accurate the ADC maybe,
it will always have the quantization error. The quantization error is a function of time
and can be given by:
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RMS quantization error =

119}

ﬁ|a
N

Where, q = 1 LSB = 22

e Aperture jitter: With the application the clock, it is not necessary that the input
signal is always sampled at every clock event. The sample-to-sample variation at
every clock instant introduces an error, called as the aperture jitter. Measured in pico
seconds, the clock jitter depends on the material used in the quartz oscillator. Over
the time with long-term ADC use, causing aging effect which in turn also affects the
aperture jitter.

o PCB Development errors: PCB designing, component layout and grounding of the
signals also introduce errors within the design. Both analog and digital components
should be kept separately within the board. Apart from this, special care should be
taken for grounding of the signals. Separate analog and digital grounding create a
case of ground bounce. Thus both grounds should be connected to the power source
at the star point.

o Component selection errors: All the components used in the board should be of
high quality including the shielded cables.

e Instrument errors: However small, some error is always associated with the
instruments used. Proper calibration can minimize the error, but cannot remove it.

o Power supply errors: Special attention needs to be paid towards the power sources
used in operations. Earthing of devices and instruments should be done with utmost
care using proper cords and cables.

4.1.3.1. STATIC TESTS:

An ADC does not have a unique voltage input corresponding to each output code- there is a
small input voltage range equal to 1/2 LSB in width (for an ideal noiseless ADC) that will
produce the same digital output code. This is called as the quantization uncertainty, and it can
be the source of confusion when specifying and measuring ADC static transfer characteristics.
Any shift from this value during transition adds missing codes to the results. The static absolute
accuracy of an ADC can be described in terms of three fundamental kinds of errors. They are
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offset errors, gain errors and non-linearity errors. There are many methods to measure the static
errors of an ADC- the proper choice depends upon the specific objectives of the device.

Offset and Gain error:

In an ideal A/D converter, an input voltage of g/2 (0.5LSB) will just barely cause an output
code transition from zero to a count of one. Similarly the final transition code is obtained at FS-
1.5LSB. Any deviation from these values are called Zero Scale Error, Zero Scale Offset Error,
or Offset Error. Offset error is a constant and can easily be factored or calibrated out. This error
can be positive or negative when the first transition point is higher or lower than ideal,
respectively. Positive or negative offset errors are due to the inherent device properties, the dye
properties and inbuilt resistors used.

For the measurement of offset error, a DC input is given to the ADC with different steps within
the full scale range. For an n-bit ADC, the code corresponding to a given DC voltage is given
using the equation:

Vage x (2™ —1
Code = Vaex 2" — 1) {20}
Vrs

At the step voltages, ADC samples are collected and the corresponding codes are noted down.
At both the lower and higher end sides of the voltage, samples are taken which should
correspond to 0000 and FFFF codes. From the Figure 4.1-6(a) shown below, we can calculate
the offset errors associated with an ADC. Although given for a 3-bit ADC, the terminologies
can be extended for an n-bit ADC.

Any deviation of the ADC characteristics from the ideal slope of the ADC transfer function is

defined as the Gain Error, shown in Figure 4.1-7(b). Like the offset, gain error can be both
positive and negative. The gain error is expressed in percentage.
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Figure 4.1-6: Offset and Gain Error Calculation, Courtesy: Analog-Digital Conversion
Differential and Integral Non-Linearity Error:

When the input voltage changes from one voltage level to the adjacent voltage level, an ideal
ADC steps up or down +1/2 LSB without skipping a count or holding on the same count. The
Differential Non-Linearity (DNL) error can be termed as the maximum deviation from the ideal
step size of +1/2 LSB between ADC counts corresponding to two adjacent input voltage levels,
across the entire input range. Expressed in multiples of LSB, the DNL is an important
specification because a more negative differential non-linearity error can lead to missing codes
in the ADC. Differential non-linearity is due to encoding process and may vary considerably
depending on the ADC encoding architecture. These DNLs in the ADC transfer function
produce distortion products which not only depend on the amplitude of the signal but also the
positioning of the DNLs across the ADC transfer function.

Analogous to the linearity error of an amplifier, the Integral Non-Linearity (INL) error is

defined as the maximum deviation of the actual characteristics of the converter from the ideal

straight line characteristics. The magnitude of linearity error is the maximum deviation from a

“best straight line”, with the output swinging through its full-scale range. INL is expressed in %

of the full-scale range. The overall non-linearity of an ADC is due to the integral non-linearity

of the front-end and SHA as well as the overall integral non-linearity in the ADC transfer
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function. Overall integral non-linearity produces distortion products whose amplitude varies as
a function of the input signal amplitude. The Figure 4.1-7 below shows an example of an ideal
ADC output (blue line) with an ADC with INL (red line).
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Figure 4.1-7: Differential and Integral Non-Linearity Errors, Courtesy: Analog-Digital Conversion

4.1.3.2. DYNAMIC TESTS:

The only errors (ac or dc) associated with an N-bit ADC are those related to the sampling and
guantization processes. The maximum error an ideal converter makes when digitizing a signal is
+1/2 LSB. In addition to the quantization process using dc signal, quantization error for any ac
signal spanning more than a few LSBs can be approximated by the uncorrelated saw-tooth
waveform having peak-to-peak amplitude of g, the weight of an LSB. With widespread growth
in ac testing of ADCs, ac specifications such as SNR, SINAD, ENOB, THD, SIAND, etc., have
become integral parts of all sampling ADC datasheets. Of the numerous ADC ac specifications
few are sighted below. These specifications are vital to emerging applications in
communications, where wide dynamic range is of utmost importance.

Signal to Noise Ratio:
Signal-to-Noise Ratio (SNR) is the ratio of the rms signal amplitude to the mean value of the

root-sum-squares (rss) of all the spectral components. It does not include the signal harmonics
and the dc components, leaving only the noise terms. Plotted generally for the first 5 harmonics
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because of their dominance, SNR plots degrade at high frequencies. The equation for
calculating the SNR can be given as:

SNR = 6.02N + 1.76dB {21}

Signal-to-Noise and Distortion Ratio:

Similar to the SNR, the Signal-to-Noise-and-Distortion Ratio (SINAD) is also the ratio of the
rms signal amplitude to the mean value of the root-sum-square of all the spectral components,
including the harmonics, but excluding the dc. SINAD is a good indication of the overall
dynamic performance of an ADC as a function of input frequency because it includes all
components which make up the noise (thermal noise included) and distortion.

Effective Number of Bits:

As discussed earlier, an ADC is never able to achieve the ideal number of bits, falling short by a
few. The practical number of bits with which the ADC operates is termed as the Effective
Number of Bits (ENOB). Calculation of ENOB can be given by:

SINAD — 1.76dB
ENOB = 22
0 6.02 {22}

If the input signal is less than full-scale, the above equation must be corrected as follows:

SINAD — 1.76dB + Level of Signal below Full Scale
ENOB = =5 ZJ;Blg i {23}

Total Harmonic Distortion:

Defined as the ratio of the rms value of the fundamental signal to the mean value of the root-
sum-square of its harmonics (only the first 5 are significant), Total Harmonic Distortion (THD)
is specified with the input signal close to the full-scale. However THD can also be specified for
any specified voltage level. Like SFDR, THD is also used to test the quality of signals.
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Spurious Free Dynamic Range:

Used in a communication application, Spurious Free Dynamic Range (SFDR) of an ADC is
defined as the ratio of the rms signal amplitude to the rms value of the peak spurious spectral
content measured over the bandwidth of interest. SFDR is a quality testing parameter and
considers all sources of distortion, regardless of the origin. It is generally plotted as a function
of signal amplitude, expressed relative to the signal amplitude (dBc) or the ADC full-scale
(dBFS) shown in Figure 4.1-8.

FULL-SCALE (FS)

dB | SIGNAL (CARRIER)

SFDR (dBFS)

SFDR (dBc)

NOISE _
FLOOR

Figure 4.1-8: Spurious Free Dynamic Range

In order to test an ADC for the Static Test a DC signal was required. For the generation of DC
signal we have used Model 532 GPIB Remote Controlled Precision DC Source/Generator
from Krohn-Hite Corporation. A PSoC program to obtain the samples for a given input voltage
was written using PSoC Creator 2.1. Using the LabView code, an integrated circuit design was
made which included input being given to the PSoC kit from the DC source through GPIB and
output being written to a .txt file through the COM port. The UART was used for making the
connections. Once the input signal was switched on, voltages at 0.1V step size were generated.
For the 16 bit ADC used, a total number of 8192 samples were obtained for each level. The
codes obtained for the different input voltages are given below.

A MATLAB code was then run which would count the scattered codes and their number from
the ideal value for a particular voltage. The maximum scattered code corresponding to the
voltage was noted down and plotted against the voltage using MATLAB. Before plotting, an
ideal ADC transfer function was drawn. Now with the two plots together, we had a rough
estimate of the offset voltage. Again, the above equations used to calculate the offset error. The
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same procedure was followed for both the offset and gain error calculation. The entire
MATLAB code is presented in Appendix 1.

Similar procedure was followed for the Dynamic Testing using AC signal. A Function
Generator was used to generate AC signal of 2V peak-to-peak. Signal from the generator was
connected as an input to the PSoC Evaluation Board for testing. Program using PSoC
Creator2.1 was written which took AC input to generate codes. A COM-PORT connection was
made between the PSoC and the local computer which would receive the digital codes for the
corresponding AC inputs using Hyper Terminal Transfer. From the codes obtained, ADC noise
analysis and dynamic parameters calculations were done. Figure 4.1-9 below shows the process
flow for ADC Static and Dynamic tests.

GPIB Controlled
Precision DC
Source/Generator

PSoC 5LP
Evaluation Board
COM_PORT

COM_PORT - [ |
: —
File Write to e
system Hyper Terminal Transfer

Figure 4.1-9: Process Flow for ADC Static and Dynamic Test

4.1.4. SPARTAN FPGA:

In the first phase of designing the digital control electronics for the GBR, an option of

integrating packaged digitizers with FPGA is tested. For this the ADS1278 from Texas

Instrument is interfaced with Spartan FPGA from Xilinx having an inbuilt PROM, which

reduces the size of the PCB. The ADS1278 is a 8 channel, 24 bits Delta-Sigma ADC available

in a 84 pin ceramic flat package, with high temperature range. As per the requirements of the
46



DESIGN OF THE DIGITAL CONTROL ELECTRONICS FOR A GROUND-BASED RADIOMETER SYSTEM
AND ESTIMATION OF RAIN ATTENUATION LOSSES IN THE SIGNAL TRANSMISSION LINK

project only two channels and 16 bits of the ADC have been used. This reduction in the number
of bits is called as truncation. Features like re-programmability, simpler design, almost nil
NREs (non-recurring expenses) of the FPGA make it our first choice for the project. The
connections of ADC with FPAG for design of the controller and integrator module is shown
below in Figure 4.1-10.

VOLTAGE
REFERENCE
DEVICE
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7
=
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SPARTAN

FPGA

]

CRYSTAL
OSCILLATOR

Figure 4.1-10: Block Diagram of ADC1278 Interfacing with SPARTAN FPGA with Controls

Since the project aims at comparing the design aspects of various sensor technologies available
in the market, the option of using a Programmable System on Chip (PSoC) has also been
proposed. However, due to time constraints, the PSoC has only been used to create a controller
and integrator module (described later). Implementation of the PSoC in schematic has so far not
been done, but is definitely aimed for.

4.15. DATA INTERFACE:
4.1.5.1. UART MODULE WITH RS 232 INTERFACE:

The UART User Module is an 8-bit Universal Asynchronous Receiver Transmitter that handles

duplex RS-232 compliant data format serial communications over two wires. Received and

transmitted data format includes a start bit, optional parity, and a stop bit. The RS-232 is the

most widely used standard for serial interface communications. Due to its cheap, freely
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available and widespread use even over higher speed standards, RS232 is popular till date.
Application Programming Interface (API) firmware routines of any device are provided to
initialize, configure, and operate the UART. Even in the design of the control circuitry using the
FPGA, data interfacing is done using RS232. Figure 4.1-11 below illustrates the basic block
diagram of a UART connection.

Tx Int
Request
| Tx Control/Status Reqgister | Int Enable
TxBuffer
Empty Enable Tx Complete
Tx Data Ty Shift Tx
T Buffe -
Clock * EUTET ’7 Register Output
R by Rt Shift Ry Data
14:1 - Haan
Input Register Ry Buffer
Enable R Active Framing Owerrun | P4 Register Full
Errar Farity Error Error RxInt
1 Request

| Rx Control'Status Register | Int Enable

Figure 4.1-11: Block Diagram of UART with RS232

Moreover, interfacing between PC and PSoC chip to be used in the second phase of experiments
in GBR design, the RS232 is recommended for use. The UART User Module implements a
serial transmitter and receiver. The UART maps onto two PSoC blocks designated TX and RX,
in the PSoC Designer Device Editor. The TX PSoC block provides transmitter functionality and
the RX PSoC block provides receiver functionality. RX and TX operate independently. Each
have its own Control and Status register, programmable Interrupts, I/O, Buffer register, and
Shift register. They share the same enable, clock, and data format. Enabling and disabling is
performed using the API provided functions. The UART User Module clock is shared by both
the RX and TX components. The clock frequency selected must be eight times the frequency of
the required data bit rate. The clock is configured using the PSoC Designer Device Editor. The
data received and transmitted is a bit stream that consists of a start bit, eight data bits, an
optional parity bit, and a stop bit. The parity may be set to none, even, or odd, and is set using
the PSoC Designer Device Editor or using the UART API.
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A PSoC program is written to interface an ADC with the local computer using a UART for
transferring of data and control. Snapshots of the program used for data interfacing using RS232
connection with the UART is shown below in Figure 4.1-12. Again, Hyper Terminal connection

found within the computer is used for transferring the obtained digital codes as shown in Figure
4.1-13.
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Figure 4.1-12: Testing of UART Connection with PSoC using PSoC Creator2.1 Software
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Figure 4.1-13: Digital codes collected using RS232 and seen on desktop via Hyper Terminal
4.15.2. ZIGBEE WIRELESS MODULE:

With the radiometer module designed to be placed behind the antenna inside the earth station, in
the field, a newer technology of wireless data communication has been proposed. This wireless
network transfer is intended to be done using the ZigBee wireless module.

ZigBee is a wireless technology developed as an open global standard to address the unique
needs of low-cost, low-power consumption, and low rate, wireless M2M networks targeted
towards automation and remote control applications. The specification is a packet-based radio
protocol intended for low-cost, battery-operated devices that allow devices to communicate in a
variety of network topologies and can have battery life lasting several years. The ZigBee
standard operates on the IEEE 802.15.4 physical radio specification and operates in unlicensed
bands including 2400, 900 and 868 MHz.

In order to use ZigBee protocol, it has to be implemented in the hardware. ZigBee Transceiver
chip identified is IEEE 802.15.4 chipset, CC2530 SOC from Texas Instruments containing a
8-bit microcontroller and MAC processor along with RF interface in a small QFN40 package.
The CC2530 chipset comes with 256 KB of flash which holds the entire microcontroller code.
In order to realize the target of Tile Tele-commanding between multiple units, it is required to
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develop Application Software for CC2530 SOC; then this application software has to be
programmed into the internal flash memory which will store the application software; and to
verify the desired functionality by testing this code. For all these activities, various
developments and testing tools are required which includes the following:

e |AR Embedded Workbench
e Flash Programmer, and
e RF Packet Sniffer

As proposed in the project, a provision for wireless network communication was also provided
using the ZigBee module. Available in separate package, the ZigBee module was mounted on
the test board and its interfacing with the PSoC was done using programming. Two test boards
were prepared which were used for the purpose of transmitting and receiving the signals.
Similar to the RS232 interface using the UART, codes were written in PSoC Creator2.1 which
upon execution gave codes that were wirelessly accessible using the ZigBee. Sample codes
were collected and the Hyper Terminal connection module was used for view on the computer.

4.16. CONTROLLER AND INTEGRATOR CIRCUIT USING DIGITIZER:

As the main function of the digitizer is to act both as a controller and an integrator, the in-built
2-A ADC present in the PSoC chip was programmed to function as an integrator. The lone X-A
ADC present was used in single end mode for 16 bits at 16 kHz clock frequency. The Figure
4.1-14 shown below shows the Top Design layout of ADC acting as an integrator and controller
using the PSoC Creator2.1 software. The associated code is given in Appendix.
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Figure 4.1-14: Testing of PSoC’s inbuilt ADC using PSoC Creator2.1 software

4.1.7.

PREPARATION OF SCHEMATIC FOR GBR BOARD:

In the design of any digital circuitry, the schematic preparation is one important step, involving
the identification of the different electronics components, in-detail study of their datasheets to
know its controls and finally the interconnection between these components in order to
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complete the circuit. Similar is the case with the GBR project at hand. Below given are the
schematic blocks of the different electronics components used, like SPARTAN FPGA,
ADS1278, USB INTERFACE and most importantly the POWER SUPPLY to the board.

4.1.7.1. SPARTAN FPGA: POWER SUPPLY, 1/0 BANKS AND PROM CONFIGURATION:

The Spartan FPGA (U11) has 4 1/O banks each with 9 pins requiring 3.3V supply. For the
internal functioning of the macrocells, dedicated 1.2V supply is provided at the VCC_INT pins
as in Figure 4.1-15. The auxiliary pins also require a 3.3V supply, similar to the 10Bs. The
ground pins corresponding to each supply are earthed, providing an electrical stability to the
board. Also shown to the right, are the bypass-capacitor banks for the two supplies.

¢

FPGA SUPPLY s

Figure 4.1-15: Schematic diagram of FPGA, showing its I/Os and power inputs
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The next Figure 4.1-16 shows the 4 1/O banks present within the FPGA (U11B, U11C, U11D
and U11E) along with the 16 MHz crystal oscillator connection (U14) responsible for providing
the global/master clock control to the FPGA device. The various controls and data lines for the
dedicated banks, going into and out of the FPGA, have been identified and marked. The banks
of the FPGA have been assigned different dedicated pins for various operations and controls.
Like for example, for the control of the digitizer, ADS1278, ADC_INPUT, ADC_STROBE,
ADC _CLK, DIN and DOUT pins are given to the FPGA. Communication with PROM also
requires MODE selection pins (MODEO, MODE1, MODE2), SYNC pin, oscillator clock
(OSC_CLK), etc. given to the FPGA. Likewise, data interfacing with RS232 and wireless
ZigBee module also have data, clock and strobe pins provided for interconnection. Keeping in
mind few pins for future use, SPAREOQ to SPARE?7 pins are kept.
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Figure 4.1-16: Schematic diagram of FPGA 1/0 banks along with crystal oscillator

Communication of the FPGA with other devices for controls and data signals is done through
the PROM (U11A). Unlike other Xilinx FPGASs, one advantage associated with the Spartan
FPGA is that the PROM s built inside it, thus saving additional board space. The PROM has
the flags to all the dedicated signals, such as INIT, TDI, TDO, DONE, CCLK, etc. Upon
receiving the signal from the PROM, the FPGA acts accordingly. The jumper pins J3, J1 and J5
provided at the right side of the Figure 4.1-17 shows the different mode selection, MO, M1 and
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M2 respectively. As the PROM has a certain lifetime of operation, commands can also to be
given to the FPGA, bypassing the PROM. Such provision is made using the JTAG and Trans-
Receiver connections. Schematic symbols ST1, ST2 and U5 show the connections of the JTAG

and Trans-Receiver respectively.

U11A .
ST2 1o (—t]
FPGAMOY>——————— 10_LO1N_2/M0 10_L52P_2/DO/DIN'MISO - DATAIN 1 FTDO > 2
4 acd AE24 CLK 2 N 3gv ETCK 2 3
FPGAMI)>————— |0_L01P_2M1 10_L52N_2/CCLK >» CCLK 33v d 3 A FTMS ((45: 4
¢ INT 4 5
FPGAMZ>—————— 10_L02P_2M2 I0_L34N_2/D3 PP.C‘GPA.‘-‘\)—%— 5 T [—‘;“— 6
ais £16 7
aro | ) R &
—221 10_L19N_2vs0 10_L34P_2/INIT_B S INI 7 - 7B TOMPER
2221 10_L19P_ 2Vt SUSPEND_VCCAUX [—2— F TEJUMEER
—223 10 L17N_2vs2 DONE_VCCAUX 222155 DONE a3y
—2211 10_L02N_2Cs0 B PROG_B_VCCAUX 5> PROGRAM [
—22110_L17P_2RDWR B TCK_VCCAUX D> FTCK 2
2 10_L30N_2MOSUCS|_B TDI_VCCAUX ———KFTDI
3
10_L30P_2 TDO_VCCAUX >»FTDO 10
AE1g o4 FPGAMO
— 10_L32N_2/DOUT TMS_VCCAUX ——< FTMS
—223 10_L32P_2AWAKE F S PR OMER
FGG676 Y
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33v c13
1 I 10k g
Us < 0.01uF/50V FPGAM1Y)
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RS422 CLK D——T1BIN B0 |FE—REAAATE—NR
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€0 pL— "= AAAE_SH5Rs422 STR
N \ R49 47E
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Figure 4.1-17: Schematic diagram of FPGA’s PROM Configuration

4.1.7.2. ADS1278, POWER SUPPLY AND USB INTERFACE:

ADS1278, denoted by U15,

is used as the digitizer for control and integration purpose. It has 3

different power supplies 5V, 3.3V and 1.8V for its different control and data activities. ADC
receives analog data from the back-end of the receiver terminal through the connector K2, for
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power and analog interconnections. Two channels of single ended input is fed to the ADC along
with conditioned signal using the U8A and U8B unity gain buffers. A separate voltage
reference, U10, chip is also included for the ADC. Figure shown below, gives the schematic of
the ADC with its interconnections with the power connector, analog inputs, voltage reference,

outputs and control signals. Banks of pull-up and pull-down capacitors are also shown in Figure
4.1-18.
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Figure 4.1-18: Schematic diagram of ADS1278 showing connector and capacitor banks

The power supply of 12V is provided through the K2 connector, shown in the above figure.
However, for the different power requirements in the board, provision of voltage regulators,
termed as Low Droop-out Voltage (LDOs) are made. These units (U1, U2, U3 and U4) convert
the 12V to the required 5V, 3.3V, 1.2V and 1.8V respectively. The values of the resistors and
capacitors used, in series and parallel combinations, within the circuit of the LDOs determine
the output voltage for a fixed input as shown in Figure 4.1-19.

57



DESIGN OF THE DIGITAL CONTROL ELECTRONICS FOR A GROUND-BASED RADIOMETER SYSTEM
AND ESTIMATION OF RAIN ATTENUATION LOSSES IN THE SIGNAL TRANSMISSION LINK

AN +12VIN
1 | 3.3V
U1 +5VA A uz a
3 2 2
IN aouT IN wOouT
’ =]
_ LM7085 53 LM7085 e
POWERSUPPLY ;‘;_ 2l =1
FH R3 B 5 E
%2‘.’? seE
~F

P2 TP3
+12VIN
E u{vw u3 !i\ﬁ A ua

31 vIN gVOUT

TPs ™7 -]
o

NXT1117C

10uFi25V ][ C6

WROG-G

Figure 4.1-19: Schematic diagram of the power supply connections via Low Droop-Outs (LDOSs)

Finally at the end, the schematic for the USB interface (U6) is shown. RS232 is used for data
interfacing between the system and the local computer for data transfer as in Figure 4.1-20.
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Figure 4.1-20: Schematic diagram showing USB for data interfacing
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4.1.7.3. DESIGN OF PCB USING SOFTWARE, ZUKEN'S CADSTAR:

With the finalization of the schematic, the actual job of PCB design starts with the PCB layout.
Using Zuken’s CADSTAR software, the schematic is mapped into the PCB layout. This process
is called as ECO-UPDATE”. The eco-update contains all information related to the different
components to be used, a generation of Bill-of-Materials (BoM), components’ PCB footprint
selection and designated information related to the reference and component names. A PCB
may consists of two or more layers as per project specification.

Once the schematic is transferred to the PCB, the placement and routing of the components
begins. Size and shape of the PCB along with its package is decided. Quality Assurance and
Quality Control (QA & QC) guidelines are followed in relevant component placement as well
as to maintain the overall reliability of the board. Placement of holes and studs, for mechanical
stability of the board, are decided. Connector positions are also finalized.

As the board is designed to carry various electronic components and electrical connections,
calculations overall power consumption of the board is made. These calculations take into
account the voltage and current requirements of different components and their placement in the
board. With so many components present on the board, heat generated from them is an
important aspect to be taken care of. For the sake of it, proper heat dissipation arrangements are
made. Components are always operated on low stress levels as per the QA & QC guidelines.
Thermal vias, chotherm sheets, studs below component dye, etc. are a few options available for
management of thermal stress.

As mentioned earlier, a PCB is made up of number of layers, with the number depending upon
the complexity of the board. The top and bottom layers are used for the component placement,
where as routing between the components is done in top, bottom and in between layers also. For
the provision of power supply to the board, a separate arrangement of power layer is made. For
different voltage levels, different layers can be made, or else division of the layer into different
voltage levels can also be done. For electrical neutrality of the board, the corresponding ground
layer is also made. For mixed signal boards, provision for analog ground (AGND) and digital
ground (DGND) is also provided. The Figure 4.1-21 below shows the two important PCB
layers. The left image is of the TOP_ELEC with TOP_SILK and the right image shows the
BOTTOM_ELEC with BOTTOM_SILK. TOP_ELEC layer shows almost all the components
and their placement on the board. Routing done on the top layer are also visible. However, with
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a few components like resistors and capacitors soldered on the bottom layer, the
BOTTOM_ELEC does not show the components. But few routes are also seen on the bottom
layer.
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Figure 4.1-21: PCB layout diagram showing (a) TOP_ELEC and (b) BOTTOM_ELEC layers
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4.2. RAINATTENUATION CALCULATIONS:

It is evident from the literature surveys made that millimeter range waves are affected by
precipitation, especially due to rain. It has also been noticed that the attenuation increases with
rainfall rate, as well as with an increase in frequency, there is a significant increase in the
attenuation levels. The rain attenuation prediction loss is also dependent on raindrop size
distribution, rain rate, frequency and regions. However, the rain-drop size distribution is not
taken into account in this study of estimation of rain attenuation in the signal transmission link.
The following methodological flow diagram in Figure 4.2-1 shows the processes involved in
calculation of rain attenuation in the signal transmission link and a comparative study between
the two Earth-stations

‘lf A 4 ‘1! ‘1’ \ 4 i'
[ TRMM ] [ IMD ] GPCP Height of [ Elevation angle ] [ Latitude of ]
Earth station of Receiver Earth station
\ (above MSL) A 4
WV W | Frequency of I
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¢ \ 4 \ 4 \ 4 A\ 4 \ 4
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Mean annual Rainrate
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\ 4 \ 4

Chebil’s Model for Rain rate estimation RalnAttenustion
estimation of Ro.o1% (Moupfouma and Prediction (ITU-R
Martins Model) Model)

\ 4
1-minrainrate
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Figure 4.2-1: Methodology flow diagram showing Rain Attenuation Calculations
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4.2.1. RAINFALL DATA RETRIEVAL:

The rainfall data for the two earth stations, the Ahmedabad (AES) and New Delhi earth stations
(DES), under study was obtained from the respective Automatic Weather Station (AWS) data.
The details for the stations are given below:

e ISR0O0303_15F12F (SAC, Ahmedabad)
e ISR0O0463 (GD-SEOG-D, DES)

The rainfall data procured on an hourly basis from the AWS was converted to a daily data by
averaging over the entire period of acquisition as in Figure 4.2-2. This data obtained was the
rain rate (mm/hr). Similar averaging technique was applied on the calculated daily data over a
particular month for a period of 5 years. The cumulative distribution of rainfall over AES and
DES were for an integration time of 60 minutes. But for the rain data to be used in the
attenuation model, it was necessary to convert the available data to a shorter integration time, of
about 1-minute. For this purpose the model proposed in Characteristics of precipitation for
propagation modeling, ITU-R P-837.6.
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T — T —) % ) F—2 z AA | A8 | AC AD AE | AF | AG
Dail = Dail % Dail
Date rainf'ZII Rain_Rate § Date raianlI Rain_Rate Date rainfall Rainz Date rainf'avll

% (mm/hr) (mm/hr) m

(in mm) (in mm)
6/1/2010 0 Dl 7/1/2010 66667 8/1/2010 2 5.21538 9/1/2010
6/2/2010 50 2.0833333] 0.03 7/2/2010 af 947368 8/2/2010 ¥ S 9/2/2010
6/3/2010 120 3 7/3/2010 e 9277778 8/3/2010 L 8 6 9/3/2010
6/4/2010 120 3| 7/4/2010 8 01449 8/4/2010 A 9.9525 9/4/2010
6/5/2010 120 3 7/5/2010 i 2.3242424 8/5/2010 . 0.25 8 9/5/2010
6/6/2010 147 3 3| 7/6/2010 X 24359 8/6/2010 0.2 9/6/2010
6/7/2010 988 41.166667 0.686 7/7/2010 X 56 35 8/7/2010 f 0.29375 9/7/2010
6/8/2010 702" 9 7/8/2010 X 0.6436508 8/8/2010 9/8/2010
6/9/2010 1296 9 7/9/2010 6 8/9/2010 2067 2.65 9/9/2010
6/10/2010 1296 9 7/10/2010 ¥ 0.0568627 8/10/2010 34398 2.65 9/10/2010
6/11/2010 1296 9 7/11/2010 D.0666667 8/11/2010 4563 i 3 5 9/11/2010
6/12/2010 1296 9 7/12/2010 0.0666667 8/12/2010 4600 3 9/12/2010
6/13/2010 1296 9 7/13/2010 0.0666 8/13/2010 4400 3 33 9/13/2010
6/14/2010 1296 9 7/14/2010 g D.0770833 8/14/2010 3654 3 33 9/14/2010
6/15/2010 1202 54.636364) 0.9 b 7/15/2010 5| 8/15/2010 3.85 9/15/2010
6/16/2010 1265 0.916667 7/16/2010 5 8/16/2010 3.85 9/16/2010
6/17/2010 1523 66.217391 1.103623 7/17/2010 X 0.16 36 8/17/2010 3.85 9/17/2010
6/18/2010 1608 6667 7/18/2010 0.18 3 8/18/2010 3.85 9/18/2010
6/19/2010 737 1.116667 7/19/2010 0.18 3 8/19/2010 3.9 9/19/2010
6/20/2010 871 5667 7/20/2010 D.1833333 8/20/2010 5389 X 59841 9/20/2010
6/21/2010 1541 1.116667 7/21/2010 g 0.18819 8/21/2010 4303 268.9375 8229 9/21/2010
6/22/2010 1523 66.217391 3623 7/22/2010 L D.7319444 8/22/2010 821 273.6667 9/22/2010
6/23/2010 1523 66.217391 1.103623 7/23/2010 554 79. 3190476 8/23/2010 1415 2831 4.7166667 9/23/2010
6/24/2010 1541 1 667 7/24/2010 1647 3 745 8/24/2010 1133 283.25 4.7 9/24/2010
6/25/2010 1608 b667 7/25/2010 1387 . 3.852 B 8/25/2010 284 284 33 9/25/2010
6/26/2010 737 1 667 7/26/2010 2461 A 5 0833 8/26/2010 853 284.3333 : 89 9/26/2010
6/27/2010 871 5667 7/27/2010 4346 310.42857 5 095 8/27/2010 570 285 5| 9/27/2010
6/28/2010 1541 1 5667 7/28/2010 3 5 3 8/28/2010 1735 289.1667 4.8194444 9/28/2010
6/29/2010 938 6 7/29/2010 "323. 5.39 3| 8/29/2010 5.1666667| 9/29/2010
6/30/2010 1139 1.116667 7/30/2010 5.4333333 8/30/2010 o 5.4277778 9/30/2010

7/31/2010 5.4333333 8/31/2010

Figure 4.2-2: Conversion of daily rainfall data from AWS to 60 min integration time

42.2. CONVERSION OF RAINFALL DISTRIBUTION FOR VARIOUS
INTEGRATION TIME:

In order to predict reliable rain attenuation for a given location, an appropriate distribution of
rainfall rate for the site is required. And furthermore, the distribution is must be based on long-
term measured data with 1- minute integration time. Long integration-time rainfall rate is not
advised due to its failure to capture high-intensity short-duration rain events and also it is not
recommended for communication system design. Therefore, 1-min integration time has been
accepted worldwide as the most desirable in the attenuation prediction studies. The Rain Rate
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Statistics Conversion MATLAB program provided by ITU-R P837.6 is used for this purpose as
shown in Figure 4.2-3.

The inputs to the software are given below:

e T-minute integrated P(R): percentage exceedance value between (0-100%)
e T-minute integrated P(R): rain rate values (mm/hr)

e Source integration time (minutes)

o Station details (latitude and longitude)

A provision of direct data input using .csv file is also given along with direct user input.

=R =R BRE Tt @ Wew to MATLAB? Watch this Video, see Demos, of read Getting Started.
All Files Type >> EXCELL_RSC_GUT

#) EXCELL_RSC_GULp P-code ..

K30 InputFileExample_PB37_B_Annex3.cow Micrasoft Offi

(2] INSTALL txt Text Docurnent

£ ITUR_PE37_1.mat MAT-file 5] A= ﬂ_i

[ LogPL_coeffs.dat DOAT File

= P1.dat DAT File Rainfall Rate Statistics Conversion
R1.dat DAT File
) wTin_sl_yy_ ERALDMAT TAT-file I

T-minute integrated PCR: percentage values [0%..100%]
001041
T-minute integrated POR): rain rate values [mmm]

Source integration time

Latitude [* M] Longitude [* E] Input source
60 2861 7723 Prowided by user ~
< £ Advanced setting: GA options
Command History TR Fopuistion size  Generation number
= = Exit

EXCELL_RSC_GUI ) 1000 15
plot(31.5,65.0364,30.5,64.7843,22.3,368.821
¥=(31.5,30.5,22.3,20.2]
E()=31.5,30.5,22.3,20.2: Usage
E()=1(31.5,30.5,22.3,20.2]) ; 1) Select 'Input source" 'Provided by user' requires to fillin all the fislds in this interface; 'Loaded from CSY file' prompts
X(4)=(31.5,30.5,22.3,20.2) ¢ the user to select a CSV containing formatted input data (possible multpls inputs)

2)Insert the vectors relative ta the T-minute integrated P(R), with values ssparated by blank spaces (2.6.1 23
3) Insert the sourcs integration time (between S and 50 minutes) and the geographical coordinates of the site (dearess in
X()=31.5,30.5,22.3,20.2> decimal formst; |atitude grester than -90° N and lawer than 90° I and longituds between -180° E and 180° E
(4)=31.5,30.5,22.3,20.2; 4 Click on "Start conversian’ results will ke displayed and saved in ASCH files P1.dat, K1.dat and LogPL_coeffs.dat

- : el Setting; GA Options’ allows to Set the two main o the Genetic Algarthm. Increasing
e (EB;JDB 64, 64.7843,36.8212,32. 16592 andhe generation number ususlly enhances the opti cedure, ot the expense of the
plot (X,

X(4)=31.5,30.5,22.3,20.2;

2

X()=31.5,30.5,22.3,20.2:
X(1=[31.5,30.5,22.3,20.2] : —
)
®=[31.5,30.5,22.3,20.2] k4 =[]

¥=[65.0364,64.7843,38.8212,32. 1699]

plot(x, 1) Single P(R), user input - Running conversion

T=[65.7457, 52.5955,37.5531,51.079] I |
plotiX, ¥)
S-x-- 4/30/15 2:42 PH —-%
LEXCELL_RSC_GUI ~

Figure 4.2-3: Screen-shot showing Rainfall Rate statistics converting 60 minute to 1 minute

Once the conversion is complete, a figure is generated depicting both the T-minute integrated
input P(R) (blue line) and the 1-minute integrated P(R) estimated by the SW (red line), like
shown in Figure 4.2-4.
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Figure 4.2-4: 1 minute rainfall conversion data

The software also produces additional data related to the coefficients of the power-law equation

[P(R) =P, ln%] followed in the conversion shown in Figure 4.2-5. An explanation of the
various parameters is listed below:

P1.dat and R1.dat: they contain respectively the probability and rain rate vectors of the
estimated 1-minute integrated P(R)

LogPL _coeffs.dat: it contains the values of the log-power law expression defining the
estimated 1-minute integrated P(R)
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T Ri.dat -Note... [~ |0 X] * P1.dat -Not...|- | O1/[X]

1.4527314e+001 5. 0000000e+000

1.70361862+001 3. 0000000e+000 [ Log - Notepad ETEBF
1.5104120e+001 2.00000002+000

2.3541467e+001 1. 0000000e+000

2.8266441e+001 5.0000000e-001 P0=2.3855e-005 n=10.2045 Ra=401.2395
3.1979658e+001 3.0000000e-001

3.5149937e+001 2.0000000e-001

4.1998245e+001 1.0000000e-001

4.8204152e+001 5.0000000e-002

5.3543223e+001 3. 0000000&-002

5.8279745e+001 2.0000000e-002

6.63768842+001 1.0000000e-002

7.4474022e+001 5.0000000e-003

8.0490392e+001 3. 0000000e-003

8.5753415e+001 2.0000000e-003

9.4750613e+001 1.0000000e-003

Figure 4.2-5: Power law coefficients

4.2.3. RAINFALL ATTENUATION PREDICTION MODEL, ITU-R P618-8:

ITU-R P 618.6 Model: Basically used for comparing the measured rain attenuation with ITU-R
predictions, this model is a step-by-step procedure for calculating rain attenuation cumulative
distribution function over the satellite link. The ITU-R model is a step-by-step procedure for
calculating rain attenuation cumulative distribution function over the satellite link [58]. The
ITU-R model provides the most accurate statistical estimate of attenuation on slant paths. This
model provides global rain statistics by dividing the earth into rain regions and assigning a rain
rate to each region along with the probability of that rain rate being exceeded. It can be used for
the frequencies from 4 - 55 GHz and 0.001 - 5% percentage probability range. The model uses
the rain rate at 0.01% probability level for the estimation of attenuation and then applies an
adjustment factor to the predicted rain fade depth for other probabilities [59]. Attenuation
predictions require first the estimation of a surface rain rate distribution and second the
prediction of the radio wave attenuation value distribution, given by the rain rate distribution
[60]. The model has been derived on the basis of the log-normal distribution, using similarity
principles. Inhomogeneities in rain, in both horizontal and vertical directions are accounted for
in the prediction [61]. The limit of the model being the number of station-years of
measurements available and not all stations fulfilled the one minute integration time
requirement. The geometry is shown below in Figure 4.2-6:

66



DESIGN OF THE DIGITAL CONTROL ELECTRONICS FOR A GROUND-BASED RADIOMETER SYSTEM
AND ESTIMATION OF RAIN ATTENUATION LOSSES IN THE SIGNAL TRANSMISSION LINK

R

frozen precipitation
tain height

lirmid prec ipitation
Earth-space path

Doame

Figure 4.2-6: Schematic presentation of an Earth-Space path giving the parameters to be input into
attenuation prediction process

The various steps involved in the model are given as follows:

1. Freezing height during rain (Hg) calculated from the absolute values of latitude and
longitude of the Earth station.

Hp =0.36 + hy {24}
Where, h,=0° isotherm height above mean sea level and can be obtained from Isotherm chart
provided by “Rain height model for prediction methods, Recommendation ITU-R P.839-3, ITU-

R P Sers., Int. Telecomm. Union, Geneva, 2001”

2. Slant path length (Ls) below rain height
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Hg — H
Ly =——23 {25}

s sin@
Where, Hs = altitude of earth station above mean sea level, in km

0 = elevation angle between the horizontal path and slant path

3. Horizontal projection of slant path (L)
L; = Lgcosf {26}
4. Rooiw Obtained from 1-min integration of rain rate data by using the frequency

dependent regression coefficients provided in ITU-R P.838 Recommendation and using

“Specific attenuation model for rain for use in prediction methods”, Recommendation
ITU-R P.838-3, ITUR P Sers., March 2005”
5. The specific attenuation yo.o1 (dB/km) for 0.01 % of time

Yo.01 = kR0.01a {27}

6. Path reduction factor (rno.01) horizontally adjusted for 0.01% of the time

1
Th,0.01 =
, T 28
14 0.78\/(%) —0.38{1 — exp(=2L¢)} {28
Horizontally adjusted rainy slant path length is calculated from:
LeTno01 >0

L _ ) cos@ ’ p {29}

h,0.01 — HR _ HS

sing ' P=

Where, p = tan~1{Z2— s

LGYn0.01
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7. Vertically adjusted path reduction factor (rv,0.01)

1
001 =
’ —6 \\ /L {30}
1++5m8 [31 (1 - exp(3 +90)) ?’;"'01 — 0.45]
(36— ¢;p <36°
Where, ¢ = {0 ;@ > 36°
8. Effective path length (Lefr)

Less = Lp0.017,0.01 {31}
and, Ap.01 = Yo.o1Llers {32}

The predicted attenuation exceeded for other percentages %p of an average year may be
obtained from the value of Aq.01 by using the following extrapolation:

A%p — A0.01 [0781] —{0.655+0.033Inp—0.0451n 4g 91—z sin 6(1-p)} {33}

Where, p = percentage probability of interest and z is given as,
p=1%,z=0 {34}

0 ;@ > 36°
p < 1%,z =1 —0.005(p — 36) ; > 25°and ¢ < 36°
—0.005(¢p —36) + 1.8 — 4.25sin6; 0 < 25°and ¢ < 36°

With the 1-minute integration time of rainfall data, as the primary input to the attenuation
model, the attenuation of signal transmission link due to rainfall was calculated. Ancillary
information like antenna details was also made available from the respective earth station. For
the ITU-R P618.8 model, calculation of 0° isotherm height was made by bilinear interpolation
shown in Figure 4.2-7. From the above bilinear interpolation calculations, the 0° isotherm
heights for AES and DES were found to be 4.921282933 km and 4.9158523 km respectively.
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Figure 4.2-7: Bilinear Interpolation for calculation of 0 deg isotherm height

Prior to the MATLAB program for ITU-R P618.8 model, specific attenuation parameters, Kk,
kv, on and o, were calculated for a range of frequency (1-400 GHz) at a step size of 0.1 GHz
as seen in Figure 4.2-8.

o) 9 : SpAR Coetfsiiss - MicrosoR Excel S

9 a
Home | It Pagelmout  Fomuia  Data  Reiew  View  Aoobat @-092x
B awon (AN [ (] Eweeret Genert - ] ;::‘f“"' A

ond ;,M”mm B2 DS A (B W (W Heagescenter- | [$ =% 0|8 ) Lo o D om
Cuobon g Font , Angrment 5 Nomber 2 toming
P10 c & I
A 8 c ) £ G G " | ) X L [ N o ° a R s i

1 Freq W W v

2 1 387605 35205 0312 088

3 11 502605 435605 09171 08343

4 12 618505 538505 03222 08386

s 13 733605 66605 09273 08929

5 14 843605 763605 09324 08972

7 15 9.64E05 8.66E05 09375 09015

[ 16 000008 96905 03426 09058

9 17 0000119 0.000107 09477 09101

10 18 0000131 0.000117 09528 09144 —

u 19 0000142 0.000128 09579 09187

1 2 0000154 0000138 0363 0523

1 21 0000179 0.000161 0705  0.3306

1 22 0000204 0000183 09788 039382

15 23 0000228 0.000206 09867 09458

16 24 0000253 000029 09946 0353

7 25 0000278 0000251 10025  0.61

1 26 0000303 0000274 10104 0.3686

13 27 0000328 0000297 10183 03762

2 28 0000352 0000319 10262 039838

21 23 0000377 000042 10341 039914

2 3 0000402 0000365 1042 0999

3 31 000027 0.000387 10499 10066

2 32 0000452 000041 10578 10142

3 33 000047 0000432 10657 10218

% 34 0000501 0.000455 10736 10254

27 35 0000526 0.000478 10815 1037

s 36 0000SS1 00005 10894 10436

» 37 000057 0.000523 10973 10522

) 38 00006 0000546 11052 10538

Y 39 0000625 0.000568 11131 10674

2 4 00006S 0000591 1121 1075

3 41 0000705 0.000639 113035 10845

u 42 00007 0000687 11397 1094

3 43 0000815 0.000735 114305 11035

Aesmatono . | g Tou Shams 2manan

Figure 4.2-8: Specific Attenuation coefficients calculation (1-400 GHz)
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Now the ITU-R P618.8 model was written using MATLAB taking the 1-minute rainfall data,
auxiliary antenna data, etc. to estimate rain attenuation predictions. A screenshot of the program
is given below in the Figure 4.2-9.

B Editor - C:\Documents and Settings\Shradha\Desktop\Shradha\Application\RainAttenuation\RainAttenuation_NDL.m*

File Edit Text Go Cel Tools Debug Desktop Window Help X
DA £$B9 0 S A kl-05 R0 R | s EDHF O
2| BeBE| -0 |+ |11 x| B2 @

37 -  Ho_NDL=4.9156523; 40 deg isotherm height above NSL at desired location at New Delhi in kst e
38

39 - [f_ndata, f_alldata, f_text]=xlsread('C:\Documents and SettingshShradha)Deskrop)Shradhalipplication)Rainitrenuacion\Sphte Coeffs.xlsx', 'Sheer3’, ' Az

40 - (kH_ndata, kH_alldata, kE_text]=xlsread('C:\Documents and Settings)Shradha)Desktop)Shracdhalipplication)RainAttennacion\Spite_Coeffs.xlex’, ' Sheetd', |Z
4l - [kV_ndata, kV_alldata, kV_text]=xlsread(’'C:\Documents and Settings)ShradhalDesktopShradhalipplication)Rainittenuation\Spitt Cosffs.xlsx', 'Sheetd', (=
4z - [aH_ndata, aH_alldata, aH_text]=xlsread('C:\Documents and Settings)ShradhalDeskrop'Shradhal Application) Rainkttennation)Spice Cosffs.xlsx', ' Sheetd',

43 = [aV_ndata, aV_alldata, aV_text]=xlsread('C:‘\Documents and Settings)Shradha)Desktop)\Shracdha)ipplication)RainAttennatvion\Sphve Coesffs.xlsx', 'Sheetd',

a4

45 - freqe22.3: %operating frequencies in GHz%

a6 - kH=0.097594; kV=0.089294; aH=1.08152; aV=1.0489;

a7 % for 3=1:3991;

48 % if 20.2==f ndata(j)

a3 5 kH=kH_ndata(j);

50 5 kV=kV_ndata(j):

51 5 aH=sH ndata(j):

sz ] av=av_ndaca()) :

53 % end

54 5 end

55 — Hr_AND=Ho_ANMD+0.36; =sFreezing height during rain for Ahwedabad in kmsh

56 — Hr_NDL=Ho_MDL+0.36; %Freezing height during rain for New Delhi in kms%

57

58 — if theta>=5

59 - Ls=(Hr_NDL-Hs)/sin(theta rad); #Slant path range in kst

60 - elseif theta<s

61 — Ls=2% (Hr_NDL-Hs)/{ (sin(theta rad) *sin(theta rad)+(2%(Hr_NDL-Hs) /Re))"0.S+sin{theta_rad)}; *Slant path range for elevation angles < Sdeg

62 = end

63 - Lg=Ls*cos (theta_rad): *Horizontal projection of slant paths

64

65

66 sCalculation of regression coefficients of Specific Attenuation, k & alphat

67 = k=[kH+kV+ (kH-kV) *cos (theta_rad) *cos (theta_rad) *cos(27t_rad)]/2; 3coeff 'k' to calculate SpAtts

68 - alpha=[ (kH*aH+kV*aV) + (kH*aH-kV*aV) *cos {theta_rad) *cos (theta_rad) fcos (27t_rad]]/ (2¥k); *coeff alpha to calculate sphtc®

69 — spAtt=k*(R"alpha); 3%Specific Attenuation in dB/km%

70

71 % horizontal pach adjustment factor, for 0.01% of the time:

72 = rh=1/ (1+0.78*sqrt ({Lg*sphtt/freq) -0.38% (1-exp(-2*Lg) )} ; *horizontal path adjustment factor:

73

74 - E_rad=atani{ (Hr_NDL-Hs)/ (Lg*rhi}; *in radian®

75 -  E_deg=E_rad®180/pi; %in degreet

76

77 = if E_degrtheta

7% - Lr=Lg*rh/cos (theta rad); :Adjusted rain pach length, in lont

79 - elseif E_deg<=theta

80 - Lr={Hr_NDL-Hs)/sin(theta_rad); ~|
< >

script Ln & Col 1

°) € | @ RainLossModels & RainAttenuation T Lierature Revie... | (@] Microsoft PowerP... | gl Estimation of Rai... ) MATLAB 7.5.0(... B Ed

Figure 4.2-9: Snapshot showing implementation of MATLAB program for attenuation calculations
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CHAPTER 5: RESULTS AND DISCUSSION

5.1. SENSOR DESIGN TECHNOLOGIES COMPARISON:

Sensor communication applications not only require high performance processing but also
flexible and reliable computing. Today, standard microprocessor systems are still application
oriented and aren’t suitable by implication for reliability-related and safety-related applications.
In order to achieve a certain safety integrity level (SIL), several measures, methodologies and
especially additional components should be considered, which leads to more and more complex
systems. For this reason, new application devices should be targeted. With newer upcoming
sensor development technologies available in the market, the Table 5.1-1 below shows a
comparative study between the three technologies, namely:

o Field Programmable Gate Array (FPGA)
o Application Specific Integrated Circuit (ASIC)
e Programmable System on Chip (PSoC)

Table 5.1-1: Comparative table showing three different sensor design technologies

DESIGN
SI.No. PARAMETERS FPGA ASIC PSoC
1 SPEED Slower in comparison with ASIC rules out FPGA | Slower than
' ASICs in terms of speed ASICs
But with  projects | Expensive as
For smaller applications, | involving complex and | compared to
2. COST FPGAs are very cost- | large volume designs, | both FPGA and
effective ASIC is more preferred | ASIC
to FPGA
Size of FPGAs is quite Small and
larger than the Smaller in size/area compact
3. SIZE/AREA corresponding ASIC design
than FPGAs
due to large number of
LUTs involved
With a large unwanted | ASIC designs allow for | Operate in low
POWER L . AN
4, REQUIREMENTS CII’CUI'[I’y_ mvolved_, power | power optimization to | power modes
wastage in FPGA is on the | the fullest.
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higher side

FPGAs have very small

Extended design

TIME TO | and simple design cycle, ASICS have longer cycle take longer
5. L . time to market as |
MARKET thus requiring little time to time to market
compared to FPGAs
market
| e s e | Wik sgral cesins | 2 et
' cannot be implemented n can :SK':mp emente
FPGAS using s
N " .| Customization
7 CUSTOMIZATION gggﬁ;lg“smm'za“on IS not gg;;lbﬁgsjgmgitg’lg 'S | of user modules
' possible
Because of the re-usability Prototyping Kkits
property, FPGAs are | Prototyping feature not | available at low
8. PROTOTYPING available for ASIC | available in ASICs cost
prototyping
NON RECURRING FPGAs are wvery cost| NRE is higher in Higher NREs
9. ENGINEERING/ effective ASICs
EXPENSES ' '
Due to the software that Simpler design
handles  the routing, | Design  cycles  of | cycle
10 SIMPLER DESIGN | placement and timing, | ASICs more intense
' CYCLE FPGAs have simpler and | and complex than
smaller designed cycles | FPGAs.
than ASICs.
FPGAs can be used for Prototyping and
different applications | With no prototyping | customization
11 REUSABLILITY because _of the  re- | feature, ASICs are not | features aI_Ic_)W
programming property, | preferred for | the reuseability
hence increasing the re- | reusability. of the device

usability.

5.2.

ADC TEST AND DIGITIZER COMPARISON:

As already discussed, the design of a digital control circuitry for a ground-based radiometer
involves the integration of various parameters. These parameters include the selection of the
digitizer, the sensor design technology to be used, data interfacing options, etc. At the first
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place, in the selection of the perfect digitizer, the ADC AC and DC characteristics are tested.
For the same, three different ADC options were considered, namely:

o Single packaged ADC from Texas Instrument (ADS1278)
e Separate packaged individual ADC from National Semiconductors (ADC161S626)
e Inbuilt PSoC ADC from Cypress (CY8C58LP family)

52.1. ADC TESTS:
Since the first two options of digitizer selection were already tested and used in previous
projects, our main aim was to test the X-A ADC in PSoC. The Figure 5.2-1 given below shows

the results of the static test showing the actual code vs. ideal code values and the code
histogram.

INPUT DC VOLTAGE IDEAL CODE ACTUAL CODE (in Hex) |RaIS
(inV) Vac+(2"-1) CODE Tl
) .
Fs ‘._
15 OO0OF )
3063 OBF7

0.00778 248.956
0.1

e 8 2

3199.9511 -
PCER  ss99.85351 9461 24F5 -
“ 159997558 15857 3DF1
22399.658 22254 S6EE -
31999.5117 31854 7C6E -
38399.414 38251 956B coe isTocRAN )
479992675 47845 BAES fi-+ pr—t
57599.121 57445 E065 O it b Saaerpat]
65375.0024 65213 FEBD '|§ s

| i i

COUNTS

g 5

~o 2218 22 px:7] 22 226 228 23 2232
el DIGITAL OUTPUT CODE
.

Figure 5.2-1: Code histogram showing actual and ideal code
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Using the MATLAB code, tests have been carried out and the offset and gain errors were found
to be 0.00778 V and -0.62099% respectively in Figure 5.2-2. As the error is very small, the plot
has been zoomed in to show a clear deviation from the ideal characteristics.

~
ADC Counts.

i
0.08 01 0.12 0.14
Full Scale Voltage (in Volis) .

*;fff‘;:':fm} OFFSET ERROR ;’6.00778 v
GAIN ERROR =-0.62099 %

Ful Scale Voltage (in Volts)

Figure 5.2-2: MATLAB plot ADC DC characteristic, with gain and offset error

Due to certain limitations associated with the PSoC ADC, it was not the prime option for the
digitizer selection. Use of PSoC would have required additional multiplexer circuit or use of 8
PSoCs for realization of the 8-channel GBR. Thus due to time constraints and prioritization of
other test results, the dynamic tests have not been performed on the PSoC ADC. However, in
the due course of the project, similar tests would be carried on, which shall define its

performance characteristics.
5.2.2. DIGITIZER COMPARISON:

The Table 5.2-1 below shows a comparative study between the three ADC options available in
terms of the digitizer specifications.
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Table 5.2-1: Comparative table on Digitizer options

Sl DIGITIZER PSoC (as per
No. | SPECIFICATION ADC1615626 ADSI1278 datasheet)
National Cypress
. Make Semiconductors Texas Instruments MicroSystems
2 Architecture SAR Delta-Sigma Delta-Sigma
3 Analog Bandwidth 26MHz ( Full power) 62KHz
4 Analog i/p Voltage Range 0 to +5V 0 to +5V 0to +5V
5 Sampling Clock 250 ksps 128 ksps 48 ksps
6 Resolution 16 bits 24 bits 16 bits
7 Diff. Non Linearity (DNL) -0.5/+0.8 LSB * 1 bit
8 Integral Non Linearity (INL) | +£0.8 LSB +0.0012 % FSR * 2 bits
9 Signal to Noise Ratio (SNR) 88 dB 106 dB -
Signal to Noise Ratio +
A . B 100 dB
10 Distortion (SINAD) 88d 00d 48 dB
Total Harmonic Distortion
11 (THD) -104 dB -108 dB -
Spurious Free Dynamic Range
12 (SFDR) 108 dB 109 dB
Common Mode Rejection
1 . B 1 B B
3 Ratio(CMRR) 85d 08d 35d
14 No. of Analog channel One Eight One
15 Data O/P format 2’s compliment 2’s compliment
16 Power 5.3mW 245 mW
17 Package 10 pin Plastic 84 pin Ceramic FP | 100 pin TQFP
5.3. DATA INTERFACING:

5.3.1

RS232 USING UART:
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Once the analog inputs have been fed into the digitizer from the receiver end, and conversion
been done into digital codes, the data needs to be received at the output terminal. This transfer
using a USB device to a personal computer for further processing, is called as data interfacing.
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Data interfacing can be both transmission and receiving of data. For this, the globally accepted
RS232 link using an UART is used.

Earlier projects done at MSDPD/MRSA/SAC have already tested the compatibility of RS232
with the device used and found successful results. So, the work at hand was to check the
compatibility of RS232 with the PSoC device. The PSoC evaluation board has a provision for
data interfacing, which has been used for test purpose. A program, using PSoC Creator 2.1, was
written which displays the raw voltage count as the digital output for changing ADC input using
the LCD. Counts were also transferred to the local computer, using the UART, and view using
the Hyper Terminal communication accessory as seen in Figure 5.3-1.

[N e
Pl e tan vow

a A Trmter Help
D& =3 06 &

Vol tage Monitor:
18bc

Figure 5.3-1: Data interfacing through RS232 and UART
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5.3.2. WIRELESS COMMUNICATION USING ZIGBEE MODULE:

As the GBR is proposed to be mounted behind the antenna, in the field, a way of
communication apart from the RS232 is said to be the wireless network using ZigBee. This test
for wireless data interfacing is done for the first time in the study, using the PSoC. After being
tested successful with the PSoC evaluation board, it will be interfaced with the GBR board in
due course of time. For the time being, only testing for wireless communication has been
performed.

Data transmission using ZigBee basically consists of three major components-PSoC
development board, ZigBee transmitter module and ZigBee receiver module. Once data is
available at PSoC development board's UART, it is transmitted to ZigBee transmitter module's
UART through RS-232 communication as shown in Figure 5.3-2.

ZigBee transmitter module has 8051 microcontroller and radio module. When data is available
at its UART, 8051 microcontroller is interrupted and data is transferred to radio module's buffer
register. Now data is available to radio module for further transmission. Data is transmitted to
ZigBee receiver module under microcontroller's control from radio module. ZigBee receiver
also has 8051 microcontroller and radio module for data reception. As soon as data is available
at radio module's input, 8051 is interrupted for data reception. Now microcontroller transmits
data to PC through its UART module using RS-232 communication.
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1 1024 x T 8 San U HE 100% (=

PSOC ZIGBEE ZIGBEE
DEVELOPMENT  TRANSMITTER ~ RECEIVER
BOARD MODULE MODULE

Figure 5.3-2: Data interfacing through wireless ZigBee module

54. FINAL HARDWARE REALIZATION:

With the finalization of schematic for the HPDAS and layout design of the board being done
using Zuken’s CADSTAR, the PCB was sent for loading. A series of checks were undertaken
by the supervisor before the board was sent to the DESIGN CENTRE for the development of
the PCB. The following steps are necessarily undertaken for PCB design:

e A copy of documents related to all layers, like the TOP_SILK, TOP_ELEC, COPPER,
BOTTOM_SILK, etc. in the PCB design

e A GERBER (.grb) file is generated in the CADSTAR software. This file has all
necessary details

e Like the GERBER file, a NETLIST (IPC-D 356 Report) is also generated after PCB
layout, which checks for every net detail.

79



DESIGN OF THE DIGITAL CONTROL ELECTRONICS FOR A GROUND-BASED RADIOMETER SYSTEM
AND ESTIMATION OF RAIN ATTENUATION LOSSES IN THE SIGNAL TRANSMISSION LINK

e CAM 350 software checks if all the rules pertaining to PCB design are correctly
followed, like placement details, routing, etc.
e  After getting clearance from the CAM 350, the layout is sent for manufacturing.

Once the PCB was received after manufacturing, checks were conducted to see if there were
any short-circuit in the board. After clearance test, the board mounted with the required
components. Smaller elements, like resistors, capacitors, small ICs, etc. were done in the lab.
However, bigger and important components like the FPGA, digitizer ADS1278, connectors,
power regulators, etc. require precise placement without causing any damage to the board. A
dedicated department, called as the PFF at SAC is solely used for this purpose.

The Figure 5.4-1 below shows the HPDAS board for the Ground-based Radiometer project,
with the different components highlighted and marked.
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MOUNTINGHOLE
POWER AND
POWER ANALOG
REGULATOR INPUTS
(Do) CONNECTOR
SIGNAL PRINTED
: CIRCUITBOARD
CONDITIONER
ADCS1278 JUMPER
'$127 CONNECTION
SPARTANFPGA
RS232 CRYSTAL
INTERFACE OSCILLATOR
ACRYLIC SHEET
COVERING

Figure 5.4-1: HPDAS board of GBR showing the different components mounted

This Figure 5.4-2 below shows the interconnections made between the digital subsystem board
and the antenna receiver board inside one package. The harnesses used different
interconnections can clearly be seen from this image.

81



DESIGN OF THE DIGITAL CONTROL ELECTRONICS FOR A GROUND-BASED RADIOMETER SYSTEM
AND ESTIMATION OF RAIN ATTENUATION LOSSES IN THE SIGNAL TRANSMISSION LINK

Figure 5.4-2: Interconnection of HPDAS board with other electronic module via harness

5.5.  RAIN ATTENUATION PREDICTIONS:

Any signal transmission path is affected by the presence of atmospheric hydrometeors.
Calculations of the effect of weather on radio wave propagation would have been comparatively
simple if there were no water or water vapor in the atmosphere. However, some form of water
(vapor, liquid, or solid) is always present and must be considered in all calculations. Rain plays
a very important role in the transmission link, degrading the signal level with increase in rain
rate and frequency of propagation of the signal. In the present study, models have been run
which calculated the rain attenuation prediction losses at the proposed frequencies of operation
for the Ground-based Radiometer to be set-up at Ahmedabad and New Delhi earth receiving
stations.

The statistical analysis done using MATLAB by calculating cumulative distribution function for
every month showed that the rainfall rate is highest during the monsoon months of June-
September. From above literature surveys it was evident that the rain attenuation will be
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predominant during the above period of the year. ‘Characteristics of precipitation for
propagation modeling’, ITU-R P837.6 gave the conversion for any integration time, the value of
1-minute of rain rate for any percentage of time exceedance. The ITU-R P618.8 model,
‘Propagation data and prediction methods required for the design of Earth-space
telecommunication systems’ used for rain attenuation prediction was used to determine the
attenuation value for the given rain rate.

The rainfall rate was calculated using the ITU-R P. 837.6 model and the variation of the rainfall
rate (mm/hr) is shown in the Figure 5.5-1 below, for different time exceedance percentages. At
22.23 GHz operating frequency, it can be observed that the maximum rainfall rate was 130
mm/hr and 85.57 mm/hr for AES and DES respectively at 0.001% time of an average year.

File Edit

140

Rain Rate (mm/hr)

View

Insert

Tools Desktop Window Help

Dedse k|lRaQMe | €| 0EH =3

Rain Rate vs. % Time Exceedance

120+

100

FREQUENCY:22.23 GHz

— AES

—+— DES

1.5 2 25 3 35
% of Time Exceedance

Figure 5.5-1: Rain Rate vs. % time exceedence curve for AES and DES

The rainfall rate was 81.5147 mm/ hr and 60.01 mm/hr exceeded for 0.01% of an average year,
with 1-min integration time for AES and DES respectively. The obtained rainfall rate with
different % time exceedance of average year will be compared and studied with practical
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rainfall rates measured. The Table 5.5-1 below gives a detail about the rain rate (mm/hr) and

attenuation caused (dB) at the different percentage exceedance of time for an average year.

Table 5.5-1: Rain rate and Attenuation data for different % Time exceedance at 22.235 GHz

Ahmedabad Earth Station (AES) Delhi Earth Station (DES)

% Time Rain Rate Attenuation (dB) Rain Rate Attenuation

Exceedance (mm/hr) (mm/hr) (dB)

0.001% 130 50.0804 85.57 47.9545
0.01% 81.5147 38.7453 60.01 35.8212
0.1% 43.8 26.3803 38.1 28.9167
1% 19.4 14.6331 21.88 19.4915
5% 9.579 7.3087 13.99 13.1056

It can be inferred from the values that with increase in the rain rate, the attenuation also
increases. As can be seen, from the table, that AES has received higher rainfall for the given
time duration, the attenuation values corresponding to 0.01% time exceedance for AES and
DES are 38.7453 and 35.8212 respectively. Given below, the Figure 5.5-2 shows the attenuation
and rain rate values at 22.23 GHz for the various % of time exceedance. This plot clearly shows
that attenuation is directly proportional to the rain rate, i.e., with increase in rain rate,
attenuation increases. Although plotted only for one frequency of 22.23 GHz, similar trend can
be seen for the rest of the operating frequencies of the ground-based radiometer.
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Figure 5.5-2: Attenuation vs. Rain Rate @ 22.235 GHz

For the earth stations AES and DES, at rain rates of 81.5147 mm/hr and 60.01 mm/hr, the
attenuation of the signal is obtained using ITU-R P. 618.8 Recommendation for the frequency
range of 20-32 GHz. From the Figure 5.5-3 below, it is evident that the attenuation increases
with increase in frequency at a given rain rate.
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Figure 5.5-3: Attenuation vs. Frequency at 0.01% time exceedance

The rain attenuation was calculated for 0.001% to 5% of time exceedance percentages of an
average year as shown in Figure 5.5-4. The attenuation is 38.7453 dB and 35.8212 dB with
0.001% and 7.3087 dB and 13.1056 dB with 5% exceeded time of an average year.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1.CONCLUSIONS:

From the results obtained with necessary assumptions, depending on the research questions
associated with this study, flowing conclusions have been made.

e What are the basic blocks in the design of the digital circuitry of a ground-based
microwave radiometer?

Any sensor design is a combination of different blocks, all interfaced together to create
one system. Similarly, the ground-based radiometer system is also composed of
different subsystems. The signal after being received at the antenna, through the
reflector, feed horn and receiver, is given as an input to the digital subsystem. The main
blocks of the digital subsystem consist of the signal conditioner and digitizer, the
controller and integrator circuit, a digitizer characterization circuit and data interfacing
(including both RS232 and ZigBee wireless module option). Along with the above
components, crystal oscillator (for clock generation) and connector is also available.

e What are the different specifications needed for the ADC to be used in the control
circuit?

The heart of any digital system is the analog to digital converter. However, the selection
of ADC is a daunting task as it needs to consider the project requirement, speed, cost,
weight, volume, etc. For the choice of an ADC, it needs to have the required ENOB
after being integrated into the circuit for use. The different ADC specifications include
offset and gain error, differential and integral non-linearity error, signal-to-noise ratio,
signal-to-noise and distortion ratio, effective number of bits, total harmonic distortion
and spurious free dynamic range.
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What are the different design technologies used in realization of the digital electronics
of a radiometer sensor?

With advances in the field of design technologies, newer options in sensor design
technologies are available. Each of them comes with their own set of advantages and
disadvantages. Earlier, microcontrollers were used to perform complex circuitry
designs. But now they have been overshadowed by FPGAs, ASICs and the latest in the
market being PSoC.

The field-programmable gate array (FPGA) is a semiconductor device that can be
programmed after manufacturing. It contains programmable logic components called as
“logic blocks” and programmable interconnect. Instead of being restricted to any
predetermined hardware function, a FPGA allows you to program product features and
functions, adapt to new standards, and reconfigure hardware for specific applications
even after the product has been installed in the field—hence the name "field-
programmable”. Thus, it can be purchased off-the shelf and programmed by the user.

An Application Specific Integrated Chip is an integrated chip designed for a particular
use, rather than for a general purpose use. ASICs seem to be deemed as the best option
for high-volume applications. The cost and performance advantages reaped out of ASIC
gives it an upper hand. The fact that ASICs are built for specific applications allows
them to have a very high density of useful logic gates on the chip and use the resources
optimally. Thus greater gate count and lower power consumption gives ASIC a
competitive edge over FPGA.

System-on-Chip (SoC) is basically a microcontroller with small FPGA on the same
chip. It is more geared towards complete flexibility and user interaction. The general
idea with a system-on-chip is to allow provide circuitry with multiplexers and other
routing facilities such that the signal can be routed through a number of circuits to
produce many useful types of stimulus/response pattern without the processor
intervention. The objective of designing a programmable device is to develop a system
on a chip (SoC) that shall provide the cost, performance and power design that meets
the end product requirement. And thus the SoC approach can be considered as a good
compromise between FPGAs and ASICs. Integrating a programmable processor and an

adaptive sensor interface into one system-on-chip (SoC) combines analog and digital
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processing capability and rapid customization to different applications using the same
integrated circuit. Single-chip integration of these components enhances performance
while simultaneously reducing size, cost and power consumption.

e Among the hardware options, which is the best in all aspects, i.e., cost, accuracy, speed,
reliability and reproducibility?

The FPGA, ASIC and PSoC options are available for hardware implementation of the
digital control circuit, but at present only the FPGA option has been tried. The biggest
advantage associated with FPGA is its dynamic re-programmable capability. The
advantages associated with FPGA are listed below:

i.  Implementations can be updated in order to introduce new features even

partially and during run-time

ii.  Rapid prototyping

iii.  Long product life cycle to mitigate obsolescence risk

iv.  Current FPGAs include high-speed multipliers and adders that can work at the
highest supported frequency

v.  Reduction in area and energy consumption

vi.  Low cost and Low non-recurring expense (NRE)

Although ASIC and PSoC also provide an upper-hand as compared to FPGA in terms
of application, speed, handling higher frequencies, etc. the options are not yet tested for
this project. But both the options are definitely on the radar.

o For the frequency bands of the Ground-based radiometer to be installed, what is the
amount of the signal loss due to rain?

For the four frequency bands proposed to be used in the ground-based radiometer, rain
attenuation predictions have been carried out using the ITU-R 618.6 model. From the
calculations it was inferred that the attenuation increases with both rain rate as well as
with frequency. For the two earth stations under study (AES and DES), it was found
that in the monsoon months of June-September, from 2010-2014, AES has higher
attenuation with respect to the frequency, as compared to DES. However, the case
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reverses when attenuation is calculated with respect to rain rate, where DES has greater
values than AES.

6.2.RECOMMENDATIONS:
From the above results and their conclusions, the following recommendations are suggested:

e With only the FPGA being used in design implementation of the digital circuitry, other
options such as ASIC and PSoC can be tried.

e So far in the digitizer selection only the single packaged ADS1278 has been used.
Therefore other options like the inbuilt PSoC ADC and the individual digitizers
ADC161S626 also need to be tested for in the hardware.

e Data transmission using ZigBee wireless module has been also achieved. The use of
wireless module makes it efficient for outdoor activities as there is reduction in
complexity due to removal of wire handling and there is reduction in weight also.
However, only the ZigBee compatibility with the PSoC has been tested. Thus, it should
also be checked for compatibility with other options also.

e The rain attenuation calculations are done using point data from automatic weather
station (AWS) at the temporal resolution of 1-hour. This data has been converted to
smaller integration time of 1-minute. However, for the future, satellite data (like
TRMM) can be used with larger spatial coverage. This would help in determining the
attenuation loss over the entire Indian subcontinent. Contour maps for rain rate and
attenuations can also be generated from these, giving a better picture of the loss
calculations.

e In the present study only the ITU-R 618.6 model has been implemented. But since ITU-
R models are best suited for temperate climates, modifications in the model and specific
attenuation coefficients can produce better results for tropical countries India.
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APPENDIX:

The coefficients used in calculation of the specific attenuation for rain attenuations are given
below:

(Féel_? ;)ency K kv aH av

1 0.0000387 0.0000352 0.912 0.880
2 0.000154 0.000138 0.963 0.923
4 0.000650 0.000591 1121 1.075
6 0.00175 0.00155 1.308 1.265
7 0.00301 0.00265 1.332 1.312
8 0.00454 0.00395 1.327 1.310
10 0.0101 0.00887 1.276 1.264
12 0.0188 0.0168 1.217 1.200
15 0.0367 0.0335 1.154 1.128
20 0.0751 0.0691 1.099 1.065
25 0.124 0.113 1.061 1.030
30 0.187 0.167 1.021 1.000
35 0.263 0.233 0.979 0.963
40 0.350 0.310 0.939 0.929
45 0.442 0.393 0.903 0.897
50 0.536 0.479 0.873 0.868
60 0.707 0.642 0.826 0.824
70 0.851 0.784 0.793 0.793
80 0.975 0.906 0.769 0.769
90 1.06 0.999 0.753 0.754
100 1.12 1.06 0.743 0.744
120 1.18 1.13 0.731 0.732
150 131 1.27 0.710 0.711
200 1.45 1.42 0.689 0.690
300 1.36 1.35 0.688 0.689
400 1.32 1.31 0.683 0.684
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MATLAB CODES:

A. FOR STATIC TEST-

numbit=16; % ADC Resolution %

file name=input ('Enter The File Name',6 's');
fid=fopen(file name, 'rt'");

[vl temp,count]=fscanf (fid, "%x");

fclose (fid) ;

Dc_voltage=input ('Enter The DC Voltage in Volts:');

clc;
vl=vl temp(1:8192);
disp('*——————m—mmm e ++tttttt——m e

disp (' Number of Samples Read From the File are:')
length(vl)

vli=vl;

code=vl1l(:,1);

code count=zeros(l,2%numbit);

%dividing the full scale into 27N number of bins%
for i=l:size(code),

code count (code (i) +1)=code count (code(i)+1) + 1;
end

scatl=max (code_ count);

p_scatl=code count/scatl;

p_scat2=find(p_scatl~=0);

p_scat3=find(p_scatl==1);

p_scatd=code count;

disp(scatl)

disp(p_scat2)

disp(p_scat3)

disp ('The Captured Code is:')

disp(p_scat3-1)

Step Size=2.048/ (2"numbit-1);

Ideal Code=(Dc_voltage)/Step Size;

disp('The Ideal Code is :'")

disp(Ideal Code)

if isempty(p_scat2)

disp ('Percentage Scattering for unwanted codes is 0%'")
else

disp('The Scattered Codes are:')

disp(p_scat2-1)

disp ('The number of Occurences of Scattered Codes are:')
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disp(p_scat4(p scat2))

disp ('The Percentage of Respective Scattered Codes are:')
disp(p_scatd4 (p_scat2)*100/length(vl));

end

figure;

plot ([1:2%numbit],code count, '-r',p scat2-1,p scatl(p scat2));
title ('CODE HISTOGRAM ') ;

xlabel ('DIGITAL OUTPUT CODE');ylabel ('COUNTS'); grid on

B. DYNAMIC CODE:

date

file namel = input('Enter file name','s');
$Freg=input ('Enter the frequency');
Fs=input ('Enter the Sampling frequency');
disp ('Running') ;

warning off

fp=fopen (file namel, 'rt'");

CAPTURED SINl=fscanf (fp, '%x"',4096);

fclose (fp);

No of Samplesl=length (CAPTURED SINI);
i=0:1:No_of Samplesl-1;

No of Bits=12;
QUANTIZE_CAPTURE_SINE=CAPTURED_SIN1;

%....WEIGHTING OF SAMPLES IN TIME DOMAIN...%

WINDOW=hann (No_of Samplesl);
Swvtool (WINDOW)
Len Samples=No of Samplesl;

Coeff=[ 2.151527506679809e-001, $ Coefficients of Cosine Sum Window
3.731348357785249e-001, % Use this window for high
resolution measurments

2.424243358446660e-001,

.166907592689211e-001,

.077422105878731e-002,

.000904500852923e-002,

.639806917362033e-003,

.651660820997142e-004,

.884663168541479e-006,

.938617116029048e-007,

e N e N S S SR NS
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8.482485599330470e-01017;

Len wind=Len Samples;
%disp ('Length of window')
%disp (Len wind)

W = zeros(l,Len Samples);
for I=0:1:Len_ Samples-1
W(I+1)=Coeff(1l)-

Coeff (2) *cos (2*pi*I/Len wind)+Coeff (3) *cos (4*pi*I/Len wind) -
Coeff (4) *cos (6*pi*I/Len wind)+Coeff (5) *cos (8*pi*I/Len wind) -
Coeff (6) *cos (10*pi*I/Len wind)+Coeff (7)*cos (12*pi*I/Len wind) -
Coeff (8) *cos (14*pi*I/Len wind)+Coeff (9) *cos (16*pi*I/Len wind) -
Coeff (10) *cos (18*pi*I/Len wind)+Coeff (11) *cos (20*pi*I/Len wind);
end

WINDOW=W;

WINDOW=hann (No_of Samplesl)';
FFT Points=1*No of Samplesl;
$FFT_Points=4096;
QUANTIZE CAPTURE SINE = QUANTIZE_CAPTURE_SINE.*WINDOW';

QUANTIZE_CAPTURE_SPECTRUM fft(QUANTIZE_CAPTURE_SINE,FFT_POintS);
QUANTIZE_CAPTURE_SPECTRUM = abs(QUANTIZE_CAPTURE_SPECTRUM);
QUANTIZE_CAPTURE_SPECTRUM = fftshift(QUANTIZE_CAPTURE_SPECTRUM);
maXl:maX(QUANTIZE_CAPTURE_SPECTRUM);

max_index2=
find(QUANTIZE_CAPTURE_SPECTRUM==maX(QUANTIZE_CAPTURE_SPECTRUM));
max index21=
find(QUANTIZE_CAPTURE_SPECTRUM>:maX(QUANTIZE_CAPTURE_SPECTRUM)/5);
if (No_of Bits==8)

min index2l= min (max_ index21)+1;

max_ index22= max (max_ index21)-1;

1i=-2:1:2;
J=-2:1:2 ;
end

if (No of Bits==12)

min index2l= min(max index21)+1;
max_ index22= max (max_ index21l)-1;
i=-5:1:5;

j=-2:1:2 ;
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end

signal pow2=sum( (QUANTIZE CAPTURE SPECTRUM (min index21+i)) ."2)+sum( (QU
ANTIZE CAPTURE SPECTRUM (max index22+i))."2);

disp('signal pow2')

disp(signal pow2)

noise pow2=sum( (QUANTIZE CAPTURE SPECTRUM) ."2) -
sum(QUANTIZE_CAPTURE_SPECTRUM(round(No_of_Samplesl/Z)+i).A2)—
signal pow2;

disp('noise pow2')

disp(noise pow2)

B e e ettt SINAD & ENOB CALCULATION. & vt v vttt neeneennn %

THEORETICAL_SNR=6.0Z*No_of_Bits+1.76;

disp('THEORETICAL_SNR')

disp(THEORETICAL_SNR)

SINAD CAPTURE=10*1ogl0(signal pow2/noise pow2);
disp('SINAD_CAPTURE');

disp(SINAD_CAPTURE);

ENOB CALCULATED FORMULAE = (SINAD_CAPTURE -
1.7609125905568124208128900853062)/6.02;
disp('ENOB_CALCULATED_FORMULAE')

i=-5:1:5;

MSE Fundamental =

sum( (QUANTIZE CAPTURE SPECTRUM (min index21+i)).”2)+sum((QUANTIZE CAPTU
RE SPECTRUM (max_ index22+i)) ."2);

disp (MSE Fundamental)

G——mm———————— CALCULATION OF TOTAL HARMONICS POWER--—-—---—-—--———-———- %
MSE Harmonics = 0;

QUANTIZE_CAPTURE_SPECTRUMl =
QUANTIZE_CAPTURE_SPECTRUM(round(FFT_PointS/Z)+20:FFT_PointS);
Funda = find(QUANTIZE_CAPTURE_SPECTRUMI ==
max(QUANTIZE_CAPTURE_SPECTRUMl));

Nol = Funda-5:Funda+5;

QUANTIZE_CAPTURE_SPECTRUMI(Nol) = 0;

Harl = find (QUANTIZE_CAPTURE_SPECTRUMl ==
maX(QUANTIZE_CAPTURE_SPECTRUMI));

disp (Harl)

MSE Harmonics =

MSE Harmonics+2*sum( (QUANTIZE CAPTURE SPECTRUMI (Harl+i))."2);

QUANTIZE CAPTURE SPECTRUMI (Funda+i)=0;
Har2 = find (QUANTIZE CAPTURE SPECTRUM1 ==
max (QUANTIZE CAPTURE SPECTRUML)) ;
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MSE Harmonics =
MSE_Harmonics+2*sum((QUANTIZE_CAPTURE_SPECTRUMI(Harl+i)).A2);
QUANTIZE_CAPTURE_SPECTRUMl(Funda+i)=0;

Har3 = find (QUANTIZE_CAPTURE_SPECTRUM ==
maX(QUANTIZE_CAPTURE_SPECTRUMI));

MSE Harmonics =
MSE_Harmonics+2*sum((QUANTIZE_CAPTURE_SPECTRUMI(Harl+i)).A2);
QUANTIZE_CAPTURE_SPECTRUMl(Funda+i)=0;

disp (MSE Harmonics)

Harmonics Power=MSE Harmonics;

disp ('Harmonics Power')

disp (Harmonics_ Power)

%QUANTIZE_CAPTURE_SPECTRUMl(Har7+i)=O;

THD = 10*1logl0 (MSE Harmonics/MSE Fundamental) ;
disp ('THD')

disp (THD)

MSE Noise = noise pow2-MSE Harmonics;

SINAD CAPTURE;

SNR_CAPTURE = 10*1loglO(signal pow2/abs (MSE Noise));
disp('SNR_CAPTURE');

disp(SNR_CAPTURE)

QUANTIZE CAPTURE SPECTRUM =
QUANTIZE_CAPTURE_SPECTRUM/maX(QUANTIZE_CAPTURE_SPECTRUM);
QUANTIZE_CAPTURE_SPECTRUM = ZO*logIO(QUANTIZE_CAPTURE_SPECTRUM);
B e e et SEFDR CALCULATTION. &ttt ettt ettt e eseeessossessnsseas %
QUANTIZE CAPTURE SPECTRUM1 = QUANTIZE CAPTURE SPECTRUM;
dc_index=(No of Samplesl/2)-5:1:(No of Samplesl/2)+5;
QUANTIZE_CAPTURE_SPECTRUMl(dc_index) = -100;
QUANTIZE_CAPTURE_SPECTRUMZ = QUANTIZE_CAPTURE_SPECTRUMl;

Nol = max index2-5:max_ index2+5;

QUANTIZE CAPTURE SPECTRUMI (Nol) = -100;

Nol = [(min_ index2l-abs(i)): (min_index2l+abs(i))];
QUANTIZE_CAPTURE_SPECTRUMl(Nol):—loo;

Nol = [max index22-abs (i) :max_ index22+abs(i)];

QUANTIZE CAPTURE SPECTRUMI (max index22-abs (i) :max index22+abs (i))=-
100;

QUANTIZE CAPTURE SPECTRUMI (Nol)=-100;
QUANTIZE_CAPTURE_SPECTRUM(min_indele);
max(QUANTIZE_CAPTURE_SPECTRUMI);

SEFDR =
QUANTIZE CAPTURE SPECTRUM (min (find (QUANTIZE CAPTURE SPECTRUM2==max (QUA
NTIZE CAPTURE SPECTRUM2)))) - max(QUANTIZE CAPTURE SPECTRUMI) ;
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disp('SFDR in dB'")

SFDR=-SFDR;

disp (SFDR)

........... DISPLAY OF POWER SPECTRUM. ...ttt eennn
figure,plot(CAPTURED_SINI),title('CAPTURED SINE WAVE') ;
axis ([0 No of Samplesl min (CAPTURED SINI1)

max (CAPTURED SIN1)]),xlabel ('NO OF SAMPLES '),ylabel ('DATA RANGE') ;
i=-(No of Samplesl/2):1:(No of Samplesl/2)-1;
freq index = (Fs/No_of Samplesl)*i;

freq index=freq index/ (le6);

figure; plot(freq_index,QUANTIZE_CAPTURE_SPECTRUM),title('FFT SPECTRUM
OF CAPTURED SINE WAVE');

xlabel ('Frequency in MHz');

ylabel ('Normalized Amplitude in dB');
figure,plot(QUANTIZE_CAPTURE_SPECTRUM),title('FFT SPECTRUM OF CAPTURED
SINE WAVE') ;

xlabel ('Number of Samples');

ylabel ('Normalized Amplitude in dB');

C. CONTROLLER AND INTEGRATOR CODE:

#include <device.h>
#include <stdio.h>
#include <math.h>

/* Set the number of ADC samples used for calculations */
#define SAMPLES 512

/* Functions used in this project */

void Calculate (void) ;

/* Global variables used for storing calculated parameters */
uintl6 min,max;

uint32 ADC Sample Average;

uintl6 ADC Samples[SAMPLES];

uintl6é ADC Sample Index = Ou;

uint8 ADC_ Sample Available = 0Qu;

void main ()

{

/* Enable global interrupts */
CyGlobalIntEnable;

/* Start and initialize components */
isr SW2 Start();

isr SW1 Start();
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UART 1 Start();

UART 1 PutString("Voltage Monitor:");
UART 1 PutCRLF (0x20) ;

ADC DelSig Start();

LCD Char Start();

/* Start of infinite loop */

for(;;)

{

/* Call the function that calculates AVERAGE*/
Calculate();

CyDelay (1000u) ;

}

}

void Calculate (void)

{

/* Local variables used by this function */
uintl6 adc_ sample;

uintlé i, 73;

char res[2]; //char array

char resl[2];

/* Initialize variables */

adc_sample = 0;

/* Start ADC conversion */

ADC DelSig StartConvert();

//

for (3 = Ou; j < SAMPLES; Jj++)

{

ADC DelSig IsEndConversion (ADC DelSig WAIT FOR RESULT) ;
adc_sample = ADC DelSig GetResultlé6();

if (adc_sample >0xFFFF)

{

adc_sample =0xFFFF;

}

else if (adc_sample < 0)

{

adc_sample =0;

}

else

{

}

ADC Samples[ADC Sample Index++] =adc sample;
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sprintf (resl, "%x",adc_sample );
UART 1 PutString(resl);

UART 1 PutCRLF (0x20) ;

}

if (ADC Sample Index == SAMPLES)

{

ADC Sample Average = Ou;

for (i = Ou; i1 < SAMPLES; i++)

{

ADC Sample Average += ADC Samples([i];
}

ADC Sample Average /= SAMPLES;

ADC Sample Index = Ou;

sprintf (res, "%$x",ADC_Sample Average );
UART 1 PutString(res);

UART 1 PutCRLF (0x20) ;

}

}

/* [] END OF FILE */
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